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Abstract

Metalla-analogues of archetypical aromatic compounds have been
attracting a great deal of interest in recent years. Metallabenzenes,
where a methine unit in benzene has been formally replaced by a tran-
sition metal and its ancillary ligands, are a well-studied example which
fall into this class. However, examples where additional fused rings are
attached to the metallabenzene core are scarce and the chemistry of
these ‘fused-ring metallabenzenes’ is only just beginning to be explored.

The work described herein sought to contribute to our understand-
ing of these intriguing compounds. The focus was directed to two key
areas. Firstly, the chemistry of fused-ring metallabenzenes was ex-
plored. We were especially interested in how the ligand environment
about the metal could influence the reactions on the metallacyclic rings
and the ring substituents. Secondly, rational syntheses of new fused-
ring metallabenzenes were designed and executed. The chemistry of
these novel compounds was explored as well. An underlying theme
throughout the work was determining how the properties and chem-
istry of the metallacyclic species compared to their organic analogues.

The introduction begins with a brief overview of aromaticity in gen-
eral and how the properties of metallabenzenes and metallabenzenoids
meet this classification. This moves on to a description of the reported
synthetic routes to fused-ring metallabenzenes and the reactions which
they undergo.

Chapter 2 describes electrophilic aromatic substitution reactions of
iridabenzofurans, the metalla-analogue of benzo[b]furan. These com-
pounds contained only one ring substituent, making them ideally suited
for this purpose. Halogenation, nitration and thiocyanogenation reac-
tions were conducted, and it was determined that the regioselectivity
and extent of the reactions were determined by the ancillary ligands
on iridium, the formal charge of the complexes, and the nature of the
electrophile.

Several of the new compounds prepared by SEAr reactions were
well-suited for further reactions and this formed the basis for Chap-
ter 3. The nitration products from the previous chapter served as
precursors to the first metallabenzene derivatives with primary amino
substituents. These could then be used to prepare simple derivatives
such as alkylamines, sulfonamides, amides, as well as more unusual
imide derivatives. The ancillary ligands and formal charge were again
found to be important in determining the stability and extent of the
reactions.

The first metallabenzene derivatives containing a ring of saturated
carbons was described in Chapter 4. These were prepared by an ex-
tension of the synthesis used to prepare the iridabenzofurans. The
additional five- or six-membered fused-rings bestowed these tricyclic
iridabenzenes with an interesting new dimension to their chemistry.
Bromination and dehydrobromination of the five-membered rings led
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to new iridaindene derivatives, while the same reactions with six-
membered rings gave dihydroiridanaphthalene derivatives. A further
dehydrogenation of one of these allowed a metallanaphthofuran to be
obtained.

Extending the new procedure even further allowed the first metal-
laanthracene to be synthesised and this is described in Chapter 5. The
iridaanthracene is the next member of the metalla-analogues of linear
polycyclic aromatic hydrocarbons, for which only metallanaphthalenes
were previously known. Structurally, it has a number of features
in common with anthracene including fused-ring planarity and bond
length alternation. In reactions which parallel those of anthracene, the
iridaanthracene forms Diels-Alder adducts with dienophiles and on ox-
idation forms an unprecedented fused-ring metallaanthraquinone.
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1 Chapter One: Introduction

1.1 Preface

Metallabenzenes have become an established class of compounds, falling
under the banners of both organometallic and aromatic compounds. These
compounds can be thought of as analogues of benzene where one of the
CH units has been formally replaced by a transition metal and its ancillary
ligands (Chart 1.1). The field has grown immensely since first being consid-
ered theoretically1 in 1979 and first being prepared synthetically2 in 1982.
There are now examples of isolated metallabenzenes with osmium, iridium,
ruthenium, rhenium and platinum metal centres.3–9

While research into metallabenzenes has accelerated apace, an intimately
related subclass of compounds has emerged. Fused-ring metallabenzenes (or
metallabenzenoids) arise when secondary, tertiary or any number of cyclic
moieties are fused to a primary metallabenzene core through shared metal–
carbon or carbon–carbon bonds. The number of members of this subclass
could be potentially very large as the ring sizes, their composition, degree of
saturation and substituents may all be modified. The possibility of isomers
expands this subclass even further. Despite all the potential, there are still
only a few reported examples and the chemistry of fused-ring metallaben-
zenes remains significantly less developed.10

This chapter will begin by briefly exploring the development of the con-
cept of aromaticity. This will lead into discussion on the bonding of met-
allabenzenes and fused-ring metallabenzenes, and their physical and chem-
ical properties which provide evidence for their denomination as aromatic
species. The significant synthetic routes to fused-ring metallabenzenes will
then be discussed, followed thereafter by their important reaction chemistry.
The literature is covered up to January, 2016. A final comment will then be
made justifying the reasoning behind undertaking the current research and
its significance to the field.

Chart 1.1. Resonance structures and general form of metallabenzenes, including
numbering scheme.
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1.2 A brief history of aromaticity

The concept of aromaticity begins, as so much of our current scientific knowl-
edge does, in the laboratory of Michael Faraday. In 1825, during experiments
with the products of the pyrolysis of oil, Faraday was able to isolate the first
pure sample of benzene by repeated fractional distillations and crystallisa-
tions. Naming this new compound ‘bicarburet of hydrogen,’ he was able to
describe both its formula (as two proportions of carbon to one proportion of
dihydrogen gas) and a remarkable number of its properties.11 The molecu-
lar structure proved to be somewhat elusive, and it was not until 1865 that
Friedrich August Kekulé proposed the six-membered cyclohexatriene ring
structure with alternating and resonating single and double bonds.12 This
description introduced the concept of aromaticity and lay the foundation for
the monumental field it has grown into today.

As the field grew, heteroaromatic species arose as a distinct subclass
of aromatic compounds. Six-membered heteroaromatics can be consid-
ered analogues of benzene where a heteroatom has formally replaced one
CH unit. Pyridine, with the nitrogen heteroatom, was one of the first of
these compounds to be isolated as a pure liquid by Thomas Anderson in
1851.13 Its structure was also determined shortly after Kekulé’s description
of benzene.14 Further six-membered heterocycles are now known for which
aromatic descriptions are appropriate. These include, but are not limited
to, phosphabenzenes,15,16 arsabenzenes,Ashe03, 16 silabenzenes,17 stibaben-
zenes,18 stannabenzenes,19 germabenzenes20 and bismabenzenes.18

An ever-increasing number of compounds have now been described as
aromatic (Chart 1.2). Examples range from all-carbon molecules such as
cyclopentadienyl anions and cycloheptatrienyl cations, with five and seven
ring carbons respectively,21 to five-membered heterocycles such as pyrrole
and furan,22 and the large compounds which can be constructed from them
such as porphyrins.23 Some aromatic compounds do not incorporate carbon
at all, the classic example being borazine, a six-membered ring with alternat-
ing boron and nitrogen atoms.24 Homoaromatic compounds, which exhibit
aromaticity despite a saturated linkage, are another unusual class of aro-
matics. An example is the monohomotropylium cation, an eight-membered
C8H

+
9 carbon ring with one saturated CH2 unit. A simple explanation is that

the seven unsaturated carbons lie within a plane while the CH2 lies above
it, and there is sufficient π-delocalisation that a through-space interaction
allows the saturated unit to be ‘skipped.’25

Our definition of aromaticity has been challenged as more of these unusual
aromatic compounds are discovered. Even 150 years after its inception, a
precise definition of aromaticity remains elusive.26–28 Some early definitions,
such as the 4n + 2 π-electron Hückel rule, are no longer widely applicable.29
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Chart 1.2. Selected examples of compounds which challenge our definition of
aromaticity.

Secondary features such as coplanarity, bond lengths intermediate between
single and double bonds, special stability and reactivity and characteristic
NMR chemical shifts can be used to imply, but not to define, aromaticity.30

Computational methods which can be used as aromaticity criterion have
emerged in recent years31–34 but these methods each come with their own
limitations.

The possibility of aromaticity in a metallacycle was first explored by
Thorn and Hoffmann in 1979.1 This seminal report foretold of π-delocalisation
about six-membered metallacycles and three classes of metallabenzenes were
identified which should exhibit this phenomena. Although it did not fall
into one of the proposed classes, the first reported metallabenzene, the os-
mabenzene 1, was synthesised three years later by Roper and co-workers
by treatment of the osmium complex Os(CO)(CS)(PPh3)3 with acetylene
(Scheme 1.1).2,35 As 1 contains a fused three-membered Os–C–S metallathi-
irene ring, it can arguably be considered as an osmabenzothiirene, the met-
allacyclic analogue of organic benzothiirene.10 Methylation or protonation
of the sulfur atom opens the fused metallathiirene ring and gives osmaben-
zenes, 2 or 3.2
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Scheme 1.1. Synthesis of the first osmabenzene, 1, and derivatives 2–3.

1.3 Properties of metallabenzenes and metallabenzenoids

1.3.1 Bonding

Theoretical studies into the bonding modes of metallabenzenes have led
to a number of competing theories. Regardless of which model one might
subscribe to, the electronic structure agrees with an aromatic description.

In the original proposal by Thorn and Hoffmann, the five-carbon C5H5

fragment was considered to be a four π-electron donor (occupying the π1
and π2 bonding molecular orbitals) while the transition metal (Mn or Rh)
contributed an addition two π-electrons by donation from a dxz orbital (or
hybrid of appropriate symmetry) into the empty π3 bonding molecular or-
bital. This would provide a six π-electron species which satisfies Hückel’s 4n
+ 2 rule for aromaticity.1

A contrasting theory was offered by von Schleyer, in correspondence with
Bleeke, who suggested (on the basis of DFT calculations) that the dyz (or
appropriate hybrid) is also significantly involved. This results in an addi-
tional pair of filled molecular orbitals due to interaction with the filled 2π
orbital on the carbon fragment. This π4 interaction is weakly antibond-
ing but purportedly stabilised by mixing with another empty orbital on the
carbon fragment.3 An eight π-electron configuration has been supported by
further DFT studies conducted by Jia, Lin and Zhu, who used it to explain
the non-planarity observed for many metallabenzenes.36 While such a con-
figuration would clearly violate Hückel’s 4n + 2 rule, two of the molecular
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oritals have δ symmetry (i.e they are face-to-face interactions) and thus are
of Möbius character.3,37 Such complexes have a Möbius strip-type twist in
their delocalised structure, and the 4n + 2 rule does not apply.38

A third bonding model has also been offered by Fernández and Frenk-
ing. A DFT study of a model rhodabenzene determined that there were in
fact ten π-electrons involved, arising from the metal centre, the five-carbon
fragment, and contributions from the halide ligand on the metal. The ten π
electrons occupy five molecular orbitals, three of which are bonding and two
of which are weakly antibonding. The antibonding nature is purportedly
minimised by mixing with a vacant orbital on the C5H5 fragment.39,40 A
theoretical study has also found that heterometallabenzenes (where an ad-
ditional CH unit of a metallabenzene is formally replaced by a heteroatom)
are best described as ten π-electron species.41 However, not all metallaben-
zenes contain ancillary ligands that are capable of donating π electrons, in
which case there is a maximum of eight π-electrons involved in the bonding
model.

1.3.2 Structural properties

The structural features of benzene, the archetypical aromatic compound,
have given rise to a ‘structural criterion’ for aromatic compounds as a form
of indirect evidence for aromatic character. The two most significant features
which fall under this masthead include bond length equalization (i.e bond
distances falling midway between typical single and double bonds) and ring
planarity.

Fortuitously, single crystal X-ray structure determinations of a substan-
tial number of metallabenzenes and metallabenzenoids have been conducted.
In general, there is some degree of bond length alternation in the metal–
carbon and carbon–carbon distances of metallabenzenes3,5–7 and metal-
labenzenoids,10 but distances generally fall in between between single and
double bonds. For example, typical C–C bonds in metallabenzenes range
from 1.36–1.46 Å, midway between standard C–C single (ca. 1.46 Å) and
double (ca. 1.34 Å) bond lengths in a conjugated system42 and close to what
is found in benzene itself (1.398 Å).43,44 Similarly, the transition metal–
carbon bond lengths are generally midway between what would be expected
for the equivalent metal–carbon single and double bond lengths.45 These
observations are indicative of a delocalised π-system throughout the ring
structures.

While the MC5 ring structure is planar in many metallabenzenes and
metallabenzenoids, there are just as many which deviate from planarity.
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When this occurs it is almost exclusively the metal centre which is dis-
placed out of the ring plane, sometimes by as much as 0.50 Å, while the
carbon atoms remain coplanar.3,6,7,10 The causes of non-planarity has been
investigated in a computational study. On the basis of the eight π-electron
bonding model (vide supra), it was determined that the π4 antibonding in-
teraction (the HOMO in most cases) is reduced in non-planar structures.
However, non-planarity simultaneously decreases the bonding interactions
of the three π1––3 orbitals. The observed result is obtained by balancing
these opposing forces. Ancillary ligands (particularly trans to the TM–C
bonds) and ring substituents can both play a role in determining the pla-
narity (or lack thereof). Electron-withdrawing ligands and substituents tend
to act to reduce the electron density in the π4 molecular orbital and favour
planarity, while electron-donating counterparts will favour non-planarity.36

It was noted in the study that the electronic driving force towards non-
planarity is comparatively small and steric effects play a major role. Asym-
metric ligand environments above and below the metallabenzene ring favours
non-planarity, whereas bulky, symmetrical ligand environments, such as
those supplied by a pair of axial triphenylphosphine ligands, favours pla-
narity.36 This is of special interest as the vast majority of reported fused-
ring metallabenzenes, almost all of which contain a pair of PPh3 ligands,
have exhibited notable planarity.10 The exceptions are a few non-planar
metallanaphthalenes which each possess an asymmetrical axial ligand envi-
ronment.46–48

1.3.3 Spectroscopic properties

Additional indirect evidence for aromatic character comes from the char-
acteristic chemical shifts in the 1H and 13C NMR spectra. The down-field
chemical shifts of organic arenes (6.0–8.0 and 100–140 ppm in the 1H and
13C NMR spectra, respectively) arise due to the presence of a diatropic ring
current which acts to deshield the nuclei.49,50

For metallabenzenes, NMR experiments have found that ring nuclei re-
mote from the metal centre generally experience chemical shifts in the range
5.0–8.0 ppm and 120–160 ppm in the 1H and 13C spectra, respectively, in-
dicating the presence of a deshielding ring current.3,5–7 The 1H and 13C
nuclei adjacent to the metal are significantly deshielded due to their prox-
imity to the metal centre and their chemical shifts are typically found in
the ranges 10.0–18.0 ppm and 140–280 ppm, respectively. These chemical
shifts fall within the extremes of what are observed for the relevant nuclei in
transition metal–carbon single and double bonds, which demonstrates their
partial multiple bonding character.
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In fused-ring metallabenzenes, the 1H and 13C NMR chemical shifts of
nuclei in the primary MC5 ring are found in the same range as the related
metallabenzenes. However, the nature of the fused ring is highly important.
Based on the current evidence,10 when the fused ring supports a delocalised
π-system the chemical shifts appear further up-field compared to a related
metallabenzene. In contrast, when the fused rings are not capable of sup-
porting π-delocalisation the chemical shifts are not significantly affected and
are essentially identical to a related metallabenzene. However, it should be
noted that the limited number of known fused-ring metallabenzenes, and
the extensive substitution on many of these, precludes confident assertions
about aromaticity on the basis of the spectroscopic data alone.10

The ring current in 21 model metallabenzenes has been investigated com-
putationally. In this study, it was determined that 18-electron models pos-
sessed diatropic ring currents and therefore should be considered aromatic.
The 16-electron models possessed weakly paratropic ring currents and should
therefore be classed as antiaromatic.34 Although the electron counting in
this report has been called into question,7,40 four of the systems have been
reinvestigated and only minor differences were found.33 There are only two
reported examples of 16-electron metallabenzenes51 but they both appear
to be aromatic.

1.3.4 Theoretical measures of aromaticity

There are a significant number of theoretical methods which attempt to
quantify aromaticity.40 While many of these have been applied to metal-
labenzenes, the transition metal and ancillary ligands often perturb the cal-
culations and it can be difficult to interpret the results reliably.

Nucleus-independent chemical shift (NICS) is one such method whereby
a ‘dummy atom’ is placed in the centre of a cyclic molecule (for NICS-0) or
1 Å above this centre (for NICS-1) and the chemical shift of one or both of
these dummy atoms is determined. As the induced ring current in an aro-
matic species results in a shielding effect in the centre of the ring, a negative
NICS value is cited as evidence of aromaticity. Conversely, an antiaromatic
compound would be expected to return a positive value. The magnitude
does not necessarily correlate with the degree of aromaticity.52 Most met-
allabenzenes which were investigated using this method had negative NICS
values and therefore should be classed as aromatic under this criterion.53–57

However, the anisotropy of the metal centre and the proximity of the ancil-
lary ligands limits the reliability of this method.53

Magnetic susceptibility anisotropy (Δχ) is a related computational method
based on the degree of magnetization that arises in response to an applied
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magnetic field. Aromatic compounds tend to exhibit enhanced suscepti-
bility as their induced magnetic field opposes the externally applied field.
With this method, most metallabenzenes were found to be non-aromatic, al-
though the same limitations which arise in NICS calculations apply to this
method.53

Absolute hardness (η) is defined by dividing in half the HOMO and
LUMO orbital energy gap. This method is commonly used in organic chem-
istry to estimate the stability and reactivity of a molecule. As a quantitative
measure, larger η values correlate with greater aromatic nature.58,59 Metal-
labenzenes investigated using this method have η values ca. 25–65% of the
value obtained for benzene. This indicates that aromaticity is present but it
is much less extensive compared to traditional, organic aromatics.60,61 How-
ever, this method has also been shown to be of limited use in heterocyclic
compounds62 and so its applicability to metallabenzenes is uncertain.40

One of the fundamental concepts of aromaticity is thermodynamic sta-
bility when compared to a non-circularly conjugated analogue. It follows
that computational methods which measure the aromatic stabilisation en-
ergy (ASE) are considered as reliable indicators for aromaticity. Analysis of
metallabenzenes using this method61 or the improved isomerisation33,63 and
energy decomposition analysis methods39 have found that metallabenzenes
exhibit ASEs ca. 20–90% that of benzene. This implies that there can be
significant aromatic stabilization in metallabenzenes, although it is clearly
less extensive than in benzene.

1.3.5 Summary

Through the extensive studies conducted on metallabenzenes since their dis-
covery, the aromaticity in metallabenzenes is now well established. Nonethe-
less, a complete understanding of the nature of aromaticity in metallaben-
zenes remains elusive. This is due to the difficulties in defining aromaticity
and the limitations of traditional metrics when applied to metallabenzenes
and metallabenzenoids.40

On the basis of metallabenzene molecular orbital arrangements (Sec-
tion 1.3.1), π-delocalisation is almost certainly present and aromaticity is
achieved on this criterion. The question of how many π-electrons are involved
and therefore the type of aromaticity present (either Hückel or Möbius) de-
pends on the model. Although they are only indirect evidence of aromaticity,
the structural features (Section 1.3.2) and spectroscopic data (Section 1.3.3)
agree well with our expectations of aromatic species. The reaction chem-
istry, as another form of indirect evidence, is not so clear. Reactions both
typical and atypical of arenes have been observed (vide infra, Section 1.5).
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A number of theoretical measures of aromaticity have been used to deter-
mine the aromaticity of metallabenzenes, with mixed results (Section 1.3.4).
The NICS and magnetic susceptibility anisotropy methods suffer from influ-
ence by the anisotropy of the metal and the ancillary ligands, which makes
their applicability to metallabenzenes debateable. Absolute hardness and
aromatic stabilisation energy values for metallabenzenes have been found
to be 20–90% of the values obtained for benzene. These measures also
suffer from their own limitations, but indicate that a reasonable degree of
aromaticity is present in metallabenzenes. Greater insight in this area is
expected to arise as more powerful computational methods are developed in
the future.40

In general, metallabenzenes and fused-ring metallabenzenes are regarded
as possessing an appreciable degree of aromatic character within the pri-
mary MC5 ring, although it is not nearly as extensive as it is in traditional
aromatics such as benzene.

1.4 Synthetic routes to fused-ring metallabenzenes

The main synthetic routes to fused-ring metallabenzenes (Chart 1.3) can be
conveniently divided into two broad categories. The first method involves
migratory insertion of a carbon fragment into a pre-formed metallacyclic
ring. Ring expansion gives the metallabenzene MC5 core, and the fused
ring is usually formed as a consequence of the inserted species. The second
method involves modification of pre-formed metallabenzene to obtain the
additional fused ring. These generally arise from intramolecular reactions
involving a substituent on a metallabenzene.

1.4.1 Migratory insertion of thiocarbonyl ligands

The first reported metallabenzene, considered here as an osmabenzothiirene
due to its fused three membered Os–C–S ring, was generated in a reac-
tion involving the thiocarbonyl ligand of an osmium complex. Treatment
of Os(CO)(CS)(PPh3)3 with acetylene gas induced a [1 + 2 + 2] cyclisa-
tion between two molecules of acetylene and the thiocarbonyl ligand. The
osmabenzothiirene, 1, was isolated in 30% yield (Scheme 1.2). The sul-
fur moiety in this complex is relatively weakly associated with the osmium
metal and is readily protonated or methylated to give osmabenzenes 2–3
(Scheme 1.1, page 4).2 Using propyne gas rather than acetylene allows a
similar osmabenzothiirene, 4, to be prepared with methyl groups in the C2
and C4 positions (Scheme 1.3).64
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Chart 1.3. General forms of reported fused-ring metallabenzenes.

Scheme 1.2. Synthesis of osmabenzothiirene 1.

Scheme 1.3. Synthesis of osmabenzothiirene 4.
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Although the reaction intermediates were not detected, a computational
study has explored the mechanism of formation for osmabenzothiirene 1
(Scheme 1.2). It was determined that the most likely pathway involves co-
ordination of the first acetylene molecule (intermediate 1A) and migratory
insertion of the thiocarbonyl ligand to give a four-membered metallacy-
clobutenethione, 1B. The second acetylene then coordinates, forming 1C,
and ring expansion gives the metallacyclohexadienethione 1D. In the final
step, the ring is aromatised by coordination of sulfur to the metal, which
consequently forms the fused three-membered ring.53

An iridium analogue has also been prepared by treatment of an irid-
ium(I) complex, [Ir(NCMe)(CS)(PPh3)2][O3SCF3], with acetylene. The iri-
dacyclopentadiene intermediate, 5, can be isolated and is converted into the
iridabenzothiirene, 6, on gentle heating (Scheme 1.4).65 The isolation of 5
implies that the mechanism proposed for the formation of 1 is different here.

Scheme 1.4. Synthesis of iridabenzothiirene 6.

1.4.2 Migratory insertion of alkynes

Vinylidenes of the form M=C=CR1R2 have been strongly implicated as the
key intermediates in the synthesis of a number of metallabenzenes.66,67 Al-
though they are usually formed by protonation of a coordinated alkyne,
methyl propiolate (HC≡CCO2Me) is activated by the electron-withdrawing
ester function which allows it to undergo a rearrangement to form a vinyli-
dene, even in the absence of added acid. A further advantage of this reagent
is the carbonyl group which can potentially coordinate to the metal centre,
forming a stabilising fused ring and coordinatively saturating the metal cen-
tre. In light of these properties, it is not surprising that methyl propiolate
has facilitated the synthesis of a number of new fused-ring metallabenzenes.

Treatment of the osmium diphenylacetylene complex, 7, with an excess
of methyl propiolate (MP) gives the osmabenzofuran, 8, by insertion of two
molecules of the alkyne (Scheme 1.5). This compound is a metalla-analogue
of organic benzo[b]furan. It was proposed that the first step involves a cy-
clisation reaction between methyl propiolate and the coordinated dipheny-
lacetylene to give an osmacyclopentadiene, 7A. A second molecule of methyl
propiolate then coordinates and rearranges into the vinylidene intermediate,
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7B, which undergoes a one-carbon migratory insertion into the adjacent
osmium–carbon bond. The carbonyl oxygen of this second molecule coordi-
nates to the metal to give the fused five-membered metallafuran ring.68 It
is interesting to note that the thiocarbonyl ligand, which is usually prone to
migratory insertion reactions,2,64,65,69–73 does not participate in the reaction
at all.

Scheme 1.5. Synthesis of osmabenzofuran 8.

All reported metallabenzofurans have been prepared in reactions involv-
ing methyl propiolate (Scheme 1.6). These include the ruthenabenzofuran
9 (which can be prepared from two distinct starting materials),74–76 irid-
abenzofurans 11 and 12 (prepared from the iridacyclopentadiene 10, via
vinylidene intermediate 10A),77 and the ferrabenzofuran 14 (derived from
the dinitrogen complex 13, via vinylidene intermediate 13A).78,79

An iridabenzothiophene has also been prepared in a reaction involv-
ing methyl propiolate. The iridium complex IrI(CS)(PPh3)2 reacts with
two molecules of this alkyne to form a fused-ring iridacyclobutadiene, 15.
While this species is unreactive towards further alkynes, removal of the io-
dide ligand allows a third molecule of methyl propiolate to coordinate and
insert into the four-membered ring, forming the iridabenzothiophene, 16
(Scheme 1.7).80

The primary MC5 ring in metallabenzofurans and metallabenzothiophenes
clearly possess aromatic character, although it is suspected to be less exten-
sive than in comparable non-fused metallabenzenes. The important reso-
nance structures of both species are given in Chart 1.4. There is potential for
π-delocalisation about the fused five-membered rings, but with the current
evidence it is difficult to ascertain its extent. In metallabenzofurans, indirect
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Scheme 1.6. Synthesis of metallabenzofurans 9, 11–12 and 14.

Scheme 1.7. Synthesis of iridabenzothiophene 16.

Chart 1.4. Important resonance structures of the reported isomer of
metallabenzofurans (A–C) and metallabenzothiophenes (D–E), including

numbering scheme.

13



evidence such as bond lengths intermediate between single and double bonds,
aromatic NMR chemical shifts and reactivity (vide infra) indicate that the
metallafuran rings possess a moderate degree of π-delocalisation.68,74–77 Con-
versely, structural and spectroscopic evidence do not strongly support π-
delocalisation in the metallathiophene ring of 16; bond distances are more
appropriate for localised bonds and the NMR chemical shifts are outside of
expected aromatic ranges.80 Appropriate computational studies are required
in order to confirm these assertions.

The especially electron-deficient alkyne dimethyl acetylenedicarboxylate
(MeO2CC≡CCO2Me, DMAD) is also prone to insertion into metal-carbon
bonds and this reagent has been exploited in the synthesis of an iridanaph-
thalene, 19 (Scheme 1.8). Insertion of a molecule of DMAD into an Ir–Ph
bond of the tris(pyrazoyl)borate-supported dinitrogen complex 17 gives in-
termediate 17A, which undergoes metallation with loss of benzene to give
intermediate 17B. A second DMAD molecule can then insert into the Ir–
Cvinyl bond to give an isolable iridacycloheptatriene, 18.81 Insertion into the
Ir–Ph bond is also possible but does not ultimately lead to an iridanaphtha-
lene.82 Oxidative ring contraction of 18 into iridanaphthalene 19 is achieved
with an excess of tert-butyl hydroperoxide, via the ketoester 18A.46

Scheme 1.8. Synthesis of α-iridanaphthalene 19.

Two other metallanaphthalenes have been prepared by related methods.
The iridium complexes 20 react with 1,1-diphenyl-2-propyn-1-ol to generate
the allenylidene intermediate, 20A, via loss of H2O. This intermediate re-
acts with the methanol solvent to give the iridium vinyl carbene complexes,
21 (Scheme 1.9).83 Treatment with silver(I) abstracts the chloride ligand as
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insoluble silver chloride and initiates ortho-metallation of the γ-phenyl ring,
which completes the fused rings of the iridanaphthalenes, 22.84 Similarly, the
osmium complex OsCl2(PPh3)3 reacts with 1-phenylprop-2-yn-1-ol to give
23, from which the alkenyl carbyne complex, 24, is derived by treatment
with acid (Scheme 1.10).85 Metallation of the phenyl ring gives osmanaph-
thalene 24A as an intermediate which spontaneously loses HCl, HBF4 and
PPh3 to form the chloro-bridged bis(osmanaphthalene), 25.48

Scheme 1.9. Synthesis of the α-iridanaphthalenes 22.

Scheme 1.10. Synthesis of α-osmanaphthalene 25.

1.4.3 Migratory insertion of olefins

The tris(pyrazoyl)borate ligand has proven to bestow metal complexes with
stability which would perhaps not otherwise be easily attained. Exploiting
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this property has allowed a range of unusual metallacycles to be prepared.86

β-Iridanaphthalenes (Scheme 1.11), isomers of the α-iridanaphthalenes de-
scribed above, were prepared by carbene migratory insertion reactions. The
reactive aqua-α-iridaindene 26 can be isolated from the intermediate 17B
(Scheme 1.8, page 14) by introducing a large amount of water into the re-
action mixture. The aqua ligand is extremely labile and this allows olefins
of the form HC=CHR1 (R1 = H, Me, p-tolyl or OPh) to coordinate read-
ily to iridium. The coordinated alkenes rearrange into alkylidenes, 26A,
and insert exclusively into the Ir–Cphenylic bond to give benzannulated iri-
dacyclohexadiene intermediates, 26B. An α-proton elimination from 26B
furnishes the β-iridanaphthalenes, 27 (Scheme 1.11).47

Scheme 1.11. Synthesis of β-iridanaphthalenes 27.

It is worth noting the regioselective nature of the ring expansion reactions.
Insertion into the Ir–Cvinyl bond would have resulted in α-iridanaphthalenes,
which were not observed, indicating that insertion is exclusively into the Ir–
Cphenylic bond. The exception to this is the reaction with ethoxyacetylene
(HC≡CHOEt), which is not as selective and the expected β-iridanaphthalene
forms amongst other products which have methyl, rather than hydride, lig-
ands on iridium. This is proposed to be caused by the coordinated alkyne
initially rearranging into the more stable Ir=C(OEt)Me carbene before non-
selectively inserting into either of the Ir–C bonds.47

The three important resonance structures of α- and β-iridanaphthalenes
(F–H and I–K, respectively) are given in Chart 1.5. Structural and spectro-
scopic evidence indicates that there is a significant degree of delocalisation
about the two fused rings in both types of reported iridanaphthalenes.46–48,84
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Chart 1.5. Important resonance structures of α-metallanaphthalenes (F–H) and
β-metallanaphthalenes (I–K).

1.4.4 Modification of an η2-C(S)[M] function

Two iridabenzothiazolium cations have been prepared by annulation of the
η
2-C(S)Ir moiety in iridabenzothiirene 6 with appropriate organonitriles.

The nucleophilic sulfur atom is protonated on addition of triflic acid, open-
ing up the three-membered ring. Acetonitrile or p-tolunitrile must also be
present to coordinate to the iridium centre, giving intermediates 6A and
6B, respectively (Scheme 1.12), the former of which was detected spectro-
scopically. The iridabenzothiazolium cations, 28a and 28b, respectively,
were isolated following the addition of ethanol and NH4PF6. Although the
mechanism for this final step is not known, it was proposed that ethanol fa-
cilitates partial deprotonation of the SH and enables the nucleophilic sulfur
to attack the neighbouring nitrile.65 This process is reversible and addition
of bases such as triethylamine regenerates the iridabenzothiirene, 6.

Scheme 1.12. Synthesis of iridabenzothiazolium cations 28.

1.4.5 Modification of a hydroxy substituent

Modification of a m-hydroxyl group on a preformed metallabenzene has
led to a number of new fused-ring derivatives. The osmium complex 29 will
slowly convert into the m-metallaphenol, 30, when exposed to triethylamine
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in wet dichloromethane (Scheme 1.13). This is thought to proceed by initial
nucleophilic addition of water at the meta position give intermediate 29A,
followed by elimination of water from the para site. The hydroxy group of
the m-metallaphenol will react with phenyl, isopropyl and benzyl isocyanate
to form osmabenzoxazolones, 31a–c, and with isopropyl isothiocyanate to
form an osmabenzoxazolethione, 32. Nucleophilic attack by oxygen forms
the intermediates 30A, some of which were isolated and characterised. Nu-
cleophilic addition of the nitrogen to the osmium-bound C5 carbon gives
intermediates 30B, which dehydrate in the presence of oxygen and/or base
to form the bicyclic products.56

Scheme 1.13. Synthesis of osmabenzoxazolones 31a–c and
osmabenzoxazolethione 32.

Other annulation products are also possible from the m-metallaphenol,
30. With pyridine and triflic anhydride, the tricyclic complex 33 was formed
(Scheme 1.14). This is thought to proceed by a similar mechanism to the for-
mation of 31 and 32, with the initial hydroxyl addition ortho to the pyridine
nitrogen. The thiocyanate ancillary ligands on osmium can also participate
in the annulation reactions, and mixtures of the osmabenzoxazolethiones
34a–c were obtained when 30 was treated with pyridinium tribromide or
iron trichloride.56
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Scheme 1.14. Synthesis of the tricyclic osmium compound 33 and
osmabenzoxazolethiones 34a–c.

1.4.6 Modification of a thiocyanate substituent

The nucleophilic addition procedure used to prepare the m-metallaphenol
30 is not limited to water. The related osmium complex 35 can be converted
into a thiocyanate-substituted osmabenzene, 36, when treated with sodium
thiocyanate.87 A number of fused-ring metallabenzene derivatives have been
prepared from this reactive substituent (Scheme 1.15). Methoxide addition
to the thiocyanate carbon in 36 gives intermediate 36A. The resulting nu-
cleophilic nitrogen atom attacks at the C5 ring position to give intermediate
36B. Formal loss of hydrogen (facilitated by the methanol solvent) furnishes
the osmabenzothiazole, 37. This process is a formal intramolecular nucle-
ophilic substitution reaction.88

Osmabenzothiazole 37 can react further to give a number of fused-ring
derivatives. Prolonged heating in wet chloroform gives an osmabenzothia-
zolone, 38, through hydrolysis of the methoxy group in the thiazole ring
(Scheme 1.15). Furthermore, prolonged exposure of 37 to wet silver nitrate
results in the formation of an osmabenzoxazole sulfonic acid, 39. This was
proposed to form by sequential oxidation of the sulfur and carbon atoms in
the thiazole ring (intermediates 37A and 37B, respectively). A thiocyanate
ligand on the metal is displaced by the carbonyl oxygen in substituted os-
mabenzene 37B to complete the fused ring. The proton associated with the
osmaoxazole can also be reversibly removed with base to give an osmaben-
zoxazole sulfonate, 40.88
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Scheme 1.15. Synthesis of osmabenzothiazole 37, osmabenzothiazolone 38,
osmabenzoxazole sulfonic acid 39 and osmabenzoxazole sulfonate 40.
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1.4.7 Modification of an ethynylthio substituent

The thiocyanate substituent on osmabenzene 36 can be converted into
a thioalkyne, which has also proven to be a fertile source of fused-ring
metallabenzenes derivatives. Treatment of 36 with an excess of lithiated
phenylacetylene begets the thioalkyne-substituted osmabenzene, 41.89 This
can go on to react with iodine and water to give an osmabenzoxirene, 42
(Scheme 1.16).90 The mechanism was proposed to proceed by initial iodine
addition across the alkyne in the substituent to form intermediate 41A. Wa-
ter then adds by nucleophilic addition to the susceptible C5 carbon to form
an osmacyclohexadiene intermediate, 41B. Excess iodine mediates proton
loss from C5 to ultimately give an osmabenzoxirene, 42. This species is the
oxygen analogue of the metallabenzothiirenes (Section 1.4.1, page 9). The
oxygen is only weakly associated with the heptacoordinate osmium metal
centre. Addition of excess potassium hydroxide will convert this product
into an osmabenzoxathiole, 43 (Scheme 1.16), presumed to arise by the ini-
tial dissociation of iodine followed by addition of the dissociated oxygen to
the ethenylium group.90

Scheme 1.16. Synthesis of osmabenzoxirene 42 and osmabenzoxathiole 43.

These iodine-mediated electrophilic cyclisations have been extended fur-
ther. Addition of iodine and primary amines to osmabenzene 41 leads to the
formation of osmabenzazirines, 44a–c (Scheme 1.17), which are the nitrogen
analogues of metallabenzothiirenes and metallabenzoxirenes. These com-
plexes are presumably formed by an analogous mechanism to the osmaben-
zoxirene 42. The osmium–nitrogen interaction is comparably stronger than
the related osmium–oxygen interaction. Accordingly, these complexes do
not react further to form metallabenzothiazoles with one exception, for 2-
aminopyridine, which goes on to form a polycyclic osmabenzothiazolidine
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derivative, 45 (Scheme 1.17). The pendant pyridyl arm coordinates to the
osmium metal by displacement of a thiocyanate ligand and presumably fa-
cilitates the cyclisation.90

Scheme 1.17. Synthesis of osmabenzazirines 44, and polycyclic osmabenzenes
45–47.

Two other polycyclic metallabenzenes have been prepared through an
iodine-mediated process. Prolonged exposure of 41 to iodine allows a cy-
clisation reaction between the thioalkyne and a thiocyanate ancillary ligand
to take place, forming a polycyclic osmabenzene, 46 (Scheme 1.17). This
species can be considered as a fused combination of metallabenzene, met-
allapyridine, metallathiirene and thiete rings. The osmium metal lies at a
ring junction of the former three. Structural evidence indicates that the π-
bound isocyanate form, 46a, is an important resonance contributor for 46.
The metal-bound sulfur can be abstracted with copper(I) chloride to give
a tricyclic complex, 47, which can be considered as a metallaisoquinolyne
derivative.89

1.4.8 Fused rings via attack by ancillary ligands

In a slightly different approach to those described above, one coordinated
ligand of a metal centre may attack another to give rise to fused ring systems.

Lithiation of the ruthenium bromobiphenyl complex, 48, at –78 ℃ re-
sults in bond formation with a nearby CO ligand, presumably by nucleophilic
attack by a carbocation intermediate, forming the lithiated ruthenaphenan-
threne oxide, 49 (Scheme 1.18). This metallaphenanthrene derivative was
characterised spectroscopically and is stable up to 0 ℃. Alkylation at low
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temperatures ultimately gives π-benzyl complexes, 50, with the likely in-
termediate being an undetected ruthenaphenanthrene, 49A. The σ-bound
complex 51 could also be isolated by the addition of CO.91

Scheme 1.18. Synthesis of ruthenaphenanthrene oxide 49 and its derivatives.

The 8-hydroxyquinoline ligand has found utility in forming a number of
fused-ring ruthena- and osmabenzenes. This is largely due to the pyridyl
nitrogen which may coordinate to the metal and a hydroxyl group which
can act as a nucleophile. Ligand substitution for 8-hydroxyquinoline in the
ruthenabenzene 52 furnishes ruthenabenzene 53. Excess 8-hydroxyquinoline,
sodium acetate and an air atmosphere will slowly convert 53 into the poly-
cyclic ruthenabenzene, 54 (Scheme 1.19). The most likely mechanism in-
volves initial coordination of 8-hydroxyquinoline to give intermediate 53A.
The nucleophilic hydroxyl group attacks at the metal-bound carbon to give
intermediate 53B, which is oxidised in air (possibly after α-hydride migra-
tion to the metal) into the polycyclic complex, 54. The process of converting
53A to 54 can be considered as an intramolecular nucleophilic aromatic sub-
stitution (SNAr). The strongly electron-withdrawing PPh3 ring substituents
presumably reduce the electron density within the osmabenzene ring to the
extent where this is favourable.92

The polycyclic ruthenabenzene 54 reacts with strong acids and bases to
furnish more fused-ring derivatives. With excess hydrochloric acid the 8-
hydroxyquinolyl ligand can be displaced by chloride, forming fused ruthen-
abenzene 55 (Scheme 1.19). The C–P bonds can then be cleaved with excess
aqueous bases (Na2CO3 or NaOH) and one of the PPh3 ring substituents is
lost. This forms mixtures of 56a and 56b, the former being favoured due
to a steric influence exerted by the 8-hydroxyquinolyl substituent.92

Related fused-ring osmabenzenes have also been prepared which incor-
porate the 8-hydroxyquinoline ligand. Osmabenzene 57 can be converted
into a π-bound allene complex, 58, when treated with NaOH and PPh3
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Scheme 1.19. Synthesis of fused-ring ruthenabenzenes 54–56.

Scheme 1.20. Synthesis of fused-ring osmabenzenes 59–61.

24



(Scheme 1.20). Addition of further 8-hydroxyquinoline in air yields the
fused-ring osmabenzene, 59, through an identical mechanism as for the for-
mation of 53. Heating 58 with excess PPh3 in the presence of acid and
oxygen also formed fused-ring osmabenzene 60, with the η2-allene complex
61 as a minor side product. The product ratio was found to be dependent
on the acid used.93

1.5 Reactions of fused-ring metallabenzenes

The chemistry of fused-ring metallabenzenes is an area of great interest but
still remains somewhat undeveloped. This is largely due to the limited num-
ber of reported examples, as well as the extensive ring substitution present
in many of these. Nonetheless, some headway has been made into this area.
In reactions demonstrative of their aromatic nature, fused-ring metallaben-
zenes have been shown to undergo electrophilic substitutions and, to a lesser
extent, nucleophilic substitutions. They have also been shown to undergo
reactions not typically associated with arenes, including protonation and re-
arrangement into cyclopentadienyl complexes. Some reactions which metal-
labenzenes may undergo, including π-complexation to metal substrates,94–97

cycloaddition94,95,97–100 and metal oxidation94,95,101 currently have no par-
allels in fused-ring metallabenzene chemistry.

1.5.1 Electrophilic substitution

Electrophilic aromatic substitution (SEAr) is a classical reaction of arenes.
In fact, reacting with electrophiles by substitution rather than by addition
(as would be expected for olefins) is often cited as a defining characteristic
and as indirect evidence for aromatic character. One of the first osmaben-
zenes to be synthesised, 2b (Scheme 1.1, page 4) was shown to undergo
electrophilic halogenation and nitration in low yield. Substitution occurred
regioselectively para to the SMe group and thus follows traditional sub-
stituent directing effects.102 Iridabenzenes103 and osmabenzynes104,105 have
also been shown to react in a similar fashion.

The osmabenzofuran 8 undergoes electrophilic bromination when treated
with pyridinium tribromide ([PyH][Br3]), a convenient source of elemental
bromine. Substitution occurs exclusively at C6 on the metallafuran ring to
yield a monobrominated product, 62 (Scheme 1.21).68 Unfortunately this
reaction is not very informative as the extensive substitution in 8 means
only two sites on the metallacyclic rings were available for reaction.

The iridabenzofurans 11 and 12, which possess only a lone methoxy sub-
stituent at C7, are much better suited for investigations in this regard. With
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Scheme 1.21. Electrophilic bromination of osmabenzofuran 8.

the same [PyH][Br3] reagent, the cationic 11 is exclusively monobrominated,
at C6, to yield 63 (Scheme 1.22). In contrast, the neutral derivative, 12,
is exclusively dibrominated, at both C2 and C6, to give 64. The neutral
complex 12 also reacts with mercury trifluoroacetate to give a trimercurated
iridabenzofuran, 65, after trifluroacetate/bromide metathesis. Other prod-
ucts were not isolated but cannot be ruled out. The C–Hg bonds can be
selectively cleaved using [PyH][Br3] to give the tribrominated iridabenzofu-
ran, 66.77

Scheme 1.22. Electrophilic bromination and mercuration of iridabenzofurans 11
and 12.
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From these results it is clear that both the ancillary ligands and the nature
of the electrophile are involved in determining the extent and regioselectivity
of SEAr reactions of iridabenzofurans. Condensed Fukui functions, derived
from DFT, can be used to determine the most electrophilic and nucleophilic
sites in a compound. When computed for the iridabenzofuran complexes 11
and 12 it was found that the C6 site was the most susceptible to attack by
electrophiles, followed closely by C4 and C2. These results are consistent
with the experimental observations. The preference for substitution at C2
rather than C4 was attributed to steric constraints, which are not accounted
for by this computational method.77

1.5.2 Nucleophilic substitution

The related nucleophilic aromatic substitutions (SNAr), where substitution
is initiated by a nucleophile, is also possible in electron-deficient arenes. The
nucleophilic substitution of hydrogen in osma- and iridabenzenes has been
performed and was found to occur exclusively at C3. Nucleophilic addi-
tion gave isolable metallacyclohexa-1,4-diene intermediates which required
external oxidants to restore aromaticity through formal removal of hydride.
Condensed Fukui functions indicated that C3 was the most susceptible to at-
tack by nucleophiles, consistent with the experimental observations. C5 was
also found to be susceptible but is likely blocked sterically.106 The first step
in this SNAr process has been observed in other metallabenzenes,82,107 in-
cluding the unusual cine-substitution,108 and intramolecular SNAr reactions
have been implicated in the synthesis of several of the fused-ring systems
discussed above.88,92

There is a sole example of an intermolecular SNAr reaction in fused-ring
metallabenzenes. During silica gel column chromatography, hydroxide adds
γ- to iridium in the electron-deficient iridanaphthalene, 20. Formation of
the iridacyclohexa-1,4-diene product, 67 (Scheme 1.23), is reversible and 20
can be regenerated on treatment with ClC(O)CO2Me.46

Scheme 1.23. Nucleophilic addition of hydroxide to the iridanaphthalene 20.
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1.5.3 Protonation

Protonation of metallabenzenes has been shown to take place α to the
metal.94,96 In some cases protonation can instigate metallabenzene ring
opening through cleavage of metal–carbon bonds.109,110 Fused-ring metal-
labenzenes, on the other hand, react with protons in a manner determined
largely by the identity of the fused ring.

The metal-bound sulfur function in metallabenzothiirene complexes 1
(Scheme 1.1, page 4) and 6 (Scheme 1.12, page 17) are nucleophilic in nature
and are readily protonated by acids.2,65 On protonation, the metallathiirene
ring is converted into a thiol substituent, which was then used during the
synthesis of the iridabenzothiazolium complexes, 28. The osmanaphthalene
dimer 25 also reacts with acids in a process which involves the initial for-
mation of the osmanaphthalene hydride monomer, 24A, which is oxidised
into an osmanaphthalyne, 68 (Scheme 1.24).48

Scheme 1.24. Protonation of osmanaphthalene 25 to give osmanaphthalyne 68.

The osmabenzofuran 8 and the ruthenabenzofuran 9 have both been
shown to protonate at C6 on the metallafuran ring with anhydrous acids
to give the metallabenzenes 69 and 70–71, respectively (Scheme 1.25).68,76

The π-delocalisation in the metallafuran rings is disrupted by saturating the
C6 carbon and so this ring can simply be considered a ‘tethering arm.’ This
site of addition is consistent with the notion that the C6-carbon is the most
susceptible to attack by electrophiles.77 There is apparently a strong driv-
ing force to return the five-membered ring to aromaticity. Deprotonation
occurs promptly with mild bases, protic solvents or even just an alternative
ligand.68,76 For instance, addition of p-tolyl isocyanide to tethered ruthen-
abenzene 71 gave ruthenabenzofuran 72.76 An acid-catalysed transesterifi-
cation on the ester substituent at C4 has also been observed when heating
osmabenzofuran 8 with HCl and ethanol.68
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Scheme 1.25. Protonation of metallabenzofurans 8 and 9 into tethered
metallabenzenes, 69–71.

1.5.4 Rearrangement into cyclopentadienyl complexes

A significant, low energy decomposition route for metallabenzenes is the
direct coupling of the two metal-bound carbons to form cyclopentadienyl
ligands. Computational studies indicate that most metallabenzenes are ther-
modynamically unstable towards this process53,111–113 and metallabenzenes
have even been proposed as key intermediates in the formation of many cy-
clopentadienyl complexes.80,109,114–120 Theoretical studies have found that
the rearrangement progresses by first pinching together the metal-bound car-
bon atoms into a non-planar transition state with localised bonding about
the metallabenzene ring. An η1-cyclopentadienyl complex is then formed in
what can be considered a carbene migratory insertion. Ring slippage and/or
loss of an ancillary ligand leads to η3- or η5-cyclopentadienyl products. The
barrier to rearrangement was found to be dependent on the identity of the
metal, its coordination number, oxidation state and ancillary ligands, as
well as on the substituents on the metallabenzene ring.53,111–113 Experimen-
tal studies on series of iridabenzenes and osmabenzenes have supported the
conclusions made in these computational reports.112,121–123

Fused-ring metallabenzenes, particularly those with the metal in ring
junction positions, are generally thermally robust and do not undergo this
rearrangement as readily as metallabenzenes. Although not yet studied
computationally, an increase in the barrier to rearrangement arising from
additional fused rings would not be surprising. Examples of fused-ring met-
allabenzene rearrangement includes the transformation of ruthenaphenan-
threne oxide, 49, into an η1-cyclopentadienyl complex, 51 (Scheme 1.18,
page 23),91 and the isolation of ruthenium cyclopentadienyl complex, 73,
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from the reaction of ruthenabenzofuran 9 with acid (Scheme 1.26).76 Re-
lated reactions have also been reported where organic compounds have been
released by fused-ring metallabenzenes.84,92

Scheme 1.26. Thermal rearrangement of fused-ring ruthenabenzene 8 into the
cyclopentadienyl complex 73.

1.6 Motivation for the current research

Metalla-aromatics are of broad and current interest. Important advances
such as the isolation of aromatic metallapentalenes124–126 and metallapen-
talynes127,128 (the organic analogues of which are antiaromatic) are indica-
tive of their potential scope. The field of metallabenzenes and fused-ring
metallabenzenes has been growing steadily since their inception and they
have contributed significantly to our fundamental chemical understanding
of metalla-aromatics. Nonetheless, their applications in chemical and ma-
terials sciences remain limited92,127,129 and they are still, in some ways, a
scientific curiosity rather than an important chemical tool.

In order to expand the scope and develop applications for these species,
we first need to overcome several obstacles. Primarily, there is no current
general method for the synthesis of metalla-aromatics. Synthetic procedures
are typically specific and furnish only a small number of related complexes.
As many of these methods have led to extensively substituted species, this
has had a further consequence of hindering investigations into their reactiv-
ity, as well as into the possibility of their incorporation into more complex
materials. It is clear that fundamental chemical studies are required.

The current research sought to contribute towards addressing these lim-
itations, with a specific focus on fused-ring metallabenzenes. Chapter 2 be-
gins with a study of electrophilic substitutions of the largely unsubstituted
iridabenzofurans, 11 and 12. The regioselectivity and extent of halogena-
tion, nitration and thiocyanogenation reactions were shown to be dependent
upon differing the ancillary ligands and the nature of the electrophile. This
notion was extended in Chapter 3, where the effect of the metal and its ancil-
lary ligands were shown to control the chemistry of amino ring substituents
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of iridabenzofurans as well. In Chapter 4 the cyclisation and insertion re-
actions were modified to allow tricyclic fused-ring metallabenzenes to be
prepared. Exploring the chemistry of these compounds led to the isolation
of a number of new and interesting metalla-aromatics. Building on these
ideas, a rational synthesis of the first reported metallaanthracene was devel-
oped and this is described in Chapter 5. The properties and chemistry of
the iridaanthracene was shown to parallel those of organic anthracene.
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2 Chapter Two: Regioselective electrophilic sub-
stitutions of iridabenzofurans

2.1 Preface

The limited number of reported fused-ring metallabenzenes and their typ-
ically extensive ring substitution have prevented any extensive study into
the reaction chemistry of these intriguing compounds. Nonetheless, it is
expected that this subset of metalla-aromatics could grow to be very large
indeed. A large number of possibilities can be envisioned by variation of
the size of the rings, the transition metal, the heteroatoms in the rings and
the ancillary ligands on the metal, as well as all the possible isomers of
these combinations.10 Accordingly, an exploration of the reaction chemistry
of these compounds could prove to be valuable as the field develops.

The iridabenzofurans 11 and 12 are ideal candidates for such a study (see
Scheme 2.1 for the structure and numbering scheme used for the iridaben-
zofurans in this chapter). The metallabenzofuran cores possess only a single
methoxy substituent, on carbon C7, leaving the remainder of the ring system
open for potential reactions. This is coupled with a simple, high-yielding
synthesis from relatively inexpensive precursors which does not require any
particularly sensitive or exotic reagents.77

Previous work has taken advantage of these qualities and involved in-
vestigation of the electrophilic bromination and mercuration of 11 and 12.
Using pyridinium tribromide as a convenient source of bromine, it was found
that 11 undergoes bromination only once at C6, while 12 reacts exclusively
twice at C2 and C6 with no evidence of monobromination. Furthermore,
mercuration of 12 with mercury trifluoroacetate led to trisubstitution at
C2, C4 and C6. The regioselectivity was rationalised by a computational
analysis which determined that the preferred site of electrophilic substitu-
tion was C6, followed thereafter by C2 and C4.77 A more detailed discussion
of these results can be found in Section 1.5.1.

Although the previous work has been enlightening, several aspects would
benefit from further study. This chapter explores how variations of the
ligand environment and the reaction conditions can influence the extent and
regioselectivity of electrophilic substitution reactions of iridabenzofurans.
Specifically, the dependence of the reagent on the electrophilic bromination
of iridabenzofurans is considered, using either pyridinium tribromide or N -
bromosuccinimide (NBS) as the source of bromine. A small extension using
N -chlorosuccinimide (NCS) is also discussed. The electrophilic nitration
and thiocyanogenation reactions of iridabenzofurans are then explored. The
nature of the ligand environment, both axial and equatorial, was found
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to be important in determining the structural features and reactivity of
iridabenzofurans.

2.2 Synthesis of starting materials

The eponymous Vaska’s complex, IrCl(CO)(PPh3)2, may be prepared from
iridium trichloride trihydrate and excess triphenylphosphine in boiling dimethyl-
formamide (DMF).130 An acetonitrile solution of Vaska’s complex was then
treated with silver trifluoromethanesulfonate (silver triflate, AgOTf) in or-
der to abstract the chloride ligand and coordinate acetonitrile to iridium.
The cationic iridium(I) complex, [Ir(NCMe)(CO)(PPh3)2][O3SCF3], was iso-
lated as a yellow oil following column chromatography (Scheme 2.1).131 Care-
ful separation of the silver salts is important due to the possibility of forming
potentially explosive silver acetylide in the next step. A [1 + 2 + 2] cycli-
sation reaction between this iridium(I) complex and two molecules of ethyne
forms the iridacyclopentadiene, [Ir(C4H4)(NCMe)(CO)(PPh3)2][O3SCF3] (10),
as a beige microcrystalline solid.132 Ring expansion with methyl propiolate
in boiling 1,2-dichloroethane (DCE) furnishes the cationic iridabenzofuran,
[Ir(C7H5O{OMe–7})(CO)(PPh3)2][O3SCF3] (11), as bright orange crystals.
The neutral analogue of this complex, Ir(C7H5O{OMe–7})Cl(PPh3)2 (12),
can be derived from 11 by ligand exchange of CO for chloride and is isolated
as red crystals.77 Each of these steps are relatively simple to conduct and
the isolable yields are reliably 70% or greater.

Scheme 2.1. Synthesis of iridabenzofurans 11 and 12.
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2.3 Ligand exchange reactions

The identity of equatorial ancillary ligands has been shown to determine
the extent and regioselectivity of electrophilic bromination reactions of irid-
abenzofurans with pyridinium tribromide.77 They have also been shown to
play a role in determining the barrier to rearrangement of osmabenzenes into
cyclopentadienyl complexes.123 A number of computational studies have em-
phasised the importance of both axial and equatorial ligands on the structure
and chemistry of metallabenzenes and metallabenzenoids.36,39,53,113 How-
ever, synthetic studies to complement these computational reports have not
yet been conducted.

Phosphine ligands are found in the vast majority of metallabenzenes and
metallabenzenoids. Their combination of σ-donating and π-accepting prop-
erties means they coordinate strongly to transition metal centres and the
steric influences they exert are conducive to stable metalla-aromatics.36,99,112

In earlier work it was found that bidentate ligands could replace the equato-
rial ligand and one axial triphenylphosphine ligand of 12 following chlo-
ride abstraction with a silver(I) salt in a non-coordinating solvent. In
this way, Ir(C7H5O{OMe–7})(S2CNMe2)(PPh3) (74) could be prepared us-
ing sodium dimethyldithiocarbamate (NaS2CNMe2) and [Ir(C7H5O{OMe–
7})(C10H8N2)(PPh3)][O3SCF3] (75) could be prepared using 2,2’-bipyridine
(bipy) (Scheme 2.2).133 As single crystals suitable for X-ray analysis were
found to be difficult to obtain for the latter complex, the 1,10-phenanthroline
(phen) derivative, [Ir(C7H5O{OMe–7})(C12H8N2)(PPh3)2][O3SCF3] (76),
was also prepared by the same method and this was found to crystallise much
more readily. Prior abstraction of the chloride ligand provides an unisolated
intermediate with a weakly coordinated triflate or solvent molecule, which
acts as an essentially open coordination site. Presumably the first donor
atom of the bidentate ligands coordinates readily and the steric proximity
eases the displacement of a triphenylphosphine ligand. The retention of the
Ir–O bonding on coordination of the bidentate ligands provides further evi-
dence for a metallafuran (rather than dative ester coordination) description
for the Ir, C5—C7, O1 ring.

Selected 1H and 13C{1H} NMR data for the complexes 11–12 and 74–
76 are included in Table 2.1 and Table 2.2, respectively. The cationic com-
plexes, 75 and 76, exhibit chemical shifts similar to the cationic 11, and
the neutral complex, 74, exhibits shifts similar to neutral 12.

The single crystal X-ray structures of 74 and 76 have been determined
and the molecular structures are shown in Figure 2.1 and Figure 2.2, re-
spectively. In both cases, the geometry around the iridium metal is only
approximately octahedral as the bidentate ligands subtend L–Ir–L angles of
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Scheme 2.2. Synthesis of monophosphine iridabenzofurans 74–76.

11 12 74 75 76

H1 7.70 9.36 8.99 7.89 7.75
H2 5.92 5.93 6.20 6.08 6.01
H3 5.64 5.52 6.10 5.94 5.96
H4 5.58 4.68 5.42 5.22 5.33
H6 5.55 4.91 5.50 5.80 5.89

Table 2.1. Selected 1H NMR data (δ, ppm) for iridabenzofurans 11–12 and
74–76.

11 12 74 75 76

C1 128.20 148.61 144.96 137.65 137.37
C2 123.72 121.12 123.78 125.01 125.97
C3 140.97 141.05 141.06 141.45 141.56
C4 125.79 121.08 120.46 121.16 121.36
C5 197.60 193.71 198.34 190.69 189.89
C6 121.57 114.82 115.87 119.40 119.61
C7 184.87 182.97 183.89 184.78 184.87

Table 2.2. Selected 13C{1H} NMR data (δ, ppm) for iridabenzofurans 11–12
and 74–76.
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Figure 2.1. ORTEP diagram of 74 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.008(6), Ir–C5 2.015(5), Ir–O1 2.250(4), Ir–S1
2.4051(14), Ir–S2 2.4486(12), Ir–P 2.2707(13), C1–C2 1.361(8), C2–C3 1.454(9),
C3–C4 1.349(11), C4–C5 1.456(9), C5–C6 1.371(9), C6–C7 1.422(10), C7–O1
1.264(7).

72.5◦ and 78.1◦, respectively. Although the bond lengths about the metal-
lacyclic rings are similar to the bis(triphenylphosphine) complexes, 11 and
12, they are slightly less planar overall. The average deviation from the
Ir, C1–C7, O1 least-squares plane is 0.029 Å in 74 compared to 0.009 Å in
12. Similarly, the average deviation from the same plane in 76 is 0.049 Å,
compared to 0.019 Å in 11.

Typically in metallabenzenes the C1–C5 carbon atoms are coplanar and
the metal centre is displaced above their mean plane (sometimes by as much
as 0.5 Å).3,36,53 The C1–C5 carbon atoms in 74 and 76 are also coplanar but
the iridium metal is displaced by only 0.022 and 0.020 Å, respectively (cf.
0.084 and 0.012 Å in 11 and 12, respectively). The greatest contributors to
the overall non-planarity are therefore the atoms in the metallafuran ring.
These results are rather surprising as a computational study has indicated
that an unsymmetrical ligand environment above and below a metallaben-
zene ring, provided by two distinct ligands in the axial positions, provides a
driving force towards non-planarity.36
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Figure 2.2. ORTEP diagram of 76 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the triflate counter anion are not shown for
clarity. Selected distances [Å]: Ir–C1 2.000(4), Ir–C5 2.010(4), Ir–O1 2.220(3), Ir–
N1 2.111(3), Ir–N2 2.173(3), Ir–P 2.2858(10), C1–C2 1.344(6), C2–C3 1.442(6), C3–
C4 1.364(6), C4–C5 1.447(6), C5–C6 1.361(5), C6–C7 1.433(6), C7–O1 1.252(5).

2.4 Electrophilic bromination

With a small suite of iridabenzofurans in hand, the electrophilic bromination
reactions were explored.

As N -bromosuccinimide (NBS) can give rather different results to reac-
tions with bromine,134 the reactions of 11 and 12 were also investigated
with this reagent. With a fivefold excess of NBS, the previously reported
C6-substituted and C2,C6-substituted iridabenzofurans, 63 and 64 respec-
tively, were obtained. These products are identical to those obtained from
[PyH][Br3].

77 However, when the quantity of NBS was reduced to one equiv-
alent, monosubstitution of 12 occurred and the C6-bromoiridabenzofuran,
Ir(C7H4O){Br–6}{OMe–7})Cl(PPh3)2 (77), was isolated in 66% yield. This
is in stark contrast to the reaction with one equivalent of [PyH][Br3], where
only a mixture of unreacted 12 and disubstituted 64 was obtained. A possi-
ble reason for this may be due to the lower effective bromine concentration
when using NBS rather than pyridinium tribromide.134,135

To compare how a change in the axial ligands might influence the bromi-
nation reactions, the bidentate-containing iridabenzofurans, 74–76, were
also subjected to [PyH][Br3] or NBS at ambient temperature.

In the case of neutral 74, no tractable products were obtained when
one, two or five equivalents of either brominating agent was employed. It is
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Scheme 2.3. Bromination of iridabenzofurans 11 and 12 with NBS.

thought that the resulting mixture contained several brominated products
and their isomers. Some evidence for this was found in the mass spectrum
of a mixture obtained from 74 and one equivalent [PyH][Br3], where peaks
were observed at m/z = 788.0049, 867.9150 and 969.8229, relating to singly,
doubly and triply brominated products (calcd [M – H]+ 788.0033, 867.9118,
[M + Na]+ 969.8199, respectively). A number of decomposition products
are also thought to be present, perhaps due to the small ligand size allowing
greater access to the iridium metal centre.

In contrast, when cationic 75 or 76 was treated with one equivalent
of either reagent, monosubstitution occurs at C6 to form [Ir(C7H4O{Br–
6}{OMe–7})L2(PPh3)][O3SCF3] (78, L2 = bipy ; 79, L2 = phen), respec-
tively (Scheme 2.4). When a further equivalent of the reagent was added, a
second substitution takes place to give cationic C2,C6-dibromoiridabenzofurans,
[Ir(C7H3O{Br–2}{Br–6}{OMe–7})L2(PPh3)][O3SCF3] (80, L2 = bipy ; 81,
L2 = phen). This is unlike the cationic iridabenzofuran 11, which exclusively
monobrominates at C6 regardless of the quantity of [PyH][Br3] or NBS.77

Selected 1H and 13C{1H} NMR spectral data for all the brominated prod-
ucts are summarised in Table 2.3 and Table 2.4, respectively. The formu-
lation of 78 and 79 as monosubstituted iridabenzofurans is confirmed by
four resonances for the iridabenzofuran ring protons located in the 1H NMR
spectra. The splitting, coupling constants and COSY-interactions confirm
these four metallacyclic protons reside on the metallabenzene ring and there-
fore substitution has taken place at C6 on the metallafuran ring. Likewise,
three resonances in the 1H NMR spectra of 80 and 81 confirm C2- and
C6-substitution. The chemical shift of these protons, and of metallacyclic
carbon nuclei in the 13C{1H} NMR spectra, do not differ significantly from
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Scheme 2.4. Stepwise bromination of iridabenzofurans 75 and 76.

those of the unsubstituted complexes, 11 and 12. The most significant dif-
ferences occur for bromine-bearing carbon nuclei, which resonate at ca. 100
ppm compared to ca. 120 ppm in the unsubstituted complexes. Similar
chemical shifts were observed in the previously reported brominated irid-
abenzofurans.77

The single crystal X-ray structures of 79 and 81 have been determined
and the molecular geometry is shown in Figure 2.3 and Figure 2.4, respec-
tively. The formulations as mono- and dibrominated iridabenzofurans, re-
spectively, are confirmed. The Ir, C1–C7, O1 least-squares planes are rel-
atively planar — the average deviation from this plane is 0.042 Å (max.
0.092 Å for Ir) in 79 and 0.037 Å (max. 0.094 Å for C6) in 81. In the
unsubstituted analogue, 76, the average deviation was 0.049 Å (max. 0.101
Å for O1). Bond distances in the metallacyclic rings are not significantly
affected by the bromine substituents.

As moderate π-donors, the bromine substituents would be expected to
slightly increase the electron density in the antibonding HOMO and result
in a small increase in non-planarity of a metallabenzene ring.36 Indeed this
was found to be the case here; deviation of the iridium metal from the C1–
C5 mean plane increases from 0.020 Å in the unsubstituted 76, to 0.034 Å
in the monobrominated 79, to 0.067 Å in the dibrominated 81.

The distinction between the extent of bromination reactions of 11, 12,
74–76 may rely primarily on the electronic charge rather than on steric
influences. The electron-donating capability of the S2CNMe2 ligand in 74
exceeds that of all the other ligand combinations. This could cause the met-
allacycle to become relatively electron-rich and, together with the minimal
steric crowding, result in the apparently indiscriminate halogenation. The
electron donating capability of the bipy and phen complexes, 75 and 76
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63 77 64 78 79 80 81

H1 7.89 9.65 9.80 8.06 7.91 8.27 8.13
H2 5.98 6.01 – 6.16 6.08 – –
H3 5.75 5.58 5.36 6.06 6.08 5.99 5.98
H4 5.79 4.88 4.92 5.44 5.54 5.54 5.62

Table 2.3. Selected 1H NMR data (δ, ppm) for brominated iridabenzofurans 63,
64,77 77 and 78–81.

63 77 64 78 79 80 81

C1 131.44 153.38 142.83 141.82 141.33 133.30 132.78
C2 124.49 122.02 99.95 126.68 126.33 104.31 104.33
C3 142.89 144.05 145.23 143.98 144.02 146.61 146.47
C4 124.55 119.46 124.11 120.36 120.56 124.97 125.15
C5 189.31 186.07 182.82 181.92 181.06 178.42 177.43
C6 104.36 95.47 97.35 100.10 100.21 102.46 102.62
C7 179.48 177.99 179.00 179.59 179.64 180.25 180.31

Table 2.4. Selected 13C NMR data (δ, ppm) for brominated iridabenzofurans
63, 64,77 77 and 78–81.

Figure 2.3. ORTEP diagram of 79 showing 50% probability ellipsoids for non-
hydrogen atoms. Only the main fragment is shown for clarity. Selected distances
[Å]: Ir–C1 2.004(8), Ir–C5 1.998(8), Ir–O1 2.202(5), Ir–N1 2.142(6), Ir–N2 2.106(6),
Ir–P 2.3082(18), C1–C2 1.344(12), C2–C3 1.427(13), C3–C4 1.337(13), C4–C5
1.447(13), C5–C6 1.353(12), C6–C7 1.442(13), C7–O1 1.243(10), C6–Br 1.886(8).
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Figure 2.4. ORTEP diagram of 81 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, chloroform solvent and the triflate counter anion
are not shown for clarity. Selected distances [Å]: Ir–C1 1.993(3), Ir–C5 2.015(3), Ir–
O1 2.216(2), Ir–P 2.3111(8), Ir–N1 2.158(3), Ir–N2 2.105(3), C1–C2 1.344(5), C2–
C3 1.431(5), C3–C4 1.351(5), C4–C5 1.443(5), C5–C6 1.365(5), C6–C7 1.443(5),
C7–O1 1.247(4), C2–Br1 1.937(3), C6–Br2 1.901(3).

respectively, lie midway between the CO/PPh3 and Cl/PPh3 ligand combi-
nations in 11 and 12. This intermediate nucleophilicity may enable stepwise
bromination with [PyH][Br3].

The brominated complexes prepared here could potentially be useful as
substrates for cross-coupling reactions. In Sonogashira coupling, carbon–
carbon bonds are formed between an aryl or vinyl halide and a terminal
alkyne using palladium(0) and copper(I) catalysts.136 A test reaction was
conducted where a dichloromethane solution of 63, CuI, Pd(PPh3)4, tri-
ethylamine and trimethylsilylacetylene were heated under reflux overnight.
Under these conditions no cross-coupled product was detected, although a
small amount of Ir(C7H4O){Br–6}{OMe–7})I(PPh3)2 (82) formed by lig-
and exchange of CO for iodide. The spectroscopic and structural data of
this complex (Figure 2.5) agree with other neutral brominated iridabenzo-
furans. Although the desired cross-coupling product was not obtained, the
potential derivatives which could be obtained from cross-coupling reactions
of this type would be synthetically useful in producing differently substi-
tuted and even extended metallabenzenoid structures. This is therefore an
area of interest for future work.
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Figure 2.5. ORTEP diagram of 82 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and chloroform solvent are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.002(6), Ir–C5 2.035(6), Ir–O1 2.233(4), Ir–I
2.7323(5), C1–C2 1.328(10), C2–C3 1.414(11), C3–C4 1.336(10), C4–C5 1.416(8),
C5–C6 1.352(8), C6–C7 1.425(8), C7–O1 1.251(7), C6–Br 1.923(6).

2.5 Electrophilic chlorination

One instance of electrophilic chlorination has been alluded to in metallaben-
zene chemistry.102 In light of the successful reactions of iridabenzofurans
with NBS, an obvious progression was to prepare chlorinated iridabenzofu-
rans using the related reagent, N -chlorosuccinimide (NCS). NCS is a com-
paratively weaker halogenating reagent137 and no reaction was observed be-
tween the iridabenzofurans 11, 12, 74–76 and NCS at ambient temperature.
However, when cationic 11 and three equivalents of NCS were heated under
reflux in 1,2-dichloroethane, the C6 carbon of the metallafuran ring was chlo-
rinated and [Ir(C7H4O{Cl–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (83) was iso-
lated following purification by column chromatography (Scheme 2.5). No
evidence of further substitution of 11 was observed. In contrast, neutral
12 undergoes stepwise substitution under the same conditions. With one
equivalent of NCS the C6-substituted Ir(C7H4O{Cl–6}{OMe–7})Cl(PPh3)2
(84) is formed, while three equivalents of NCS gives the C2,C6-substituted
iridabenzofuran, Ir(C7H3O{Cl–2}{Cl–6}{OMe–7})Cl(PPh3)2 (85).

The proton and carbon NMR spectral data for complexes 83–85 are pro-
vided in Table 2.5 and Table 2.5, respectively. In all instances the chemical
shifts are similar to the related brominated complexes 63, 64 and 77. The
chemical shifts of the chlorine-bearing carbons (ca. 110 ppm) are shifted
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Scheme 2.5. Chlorination of iridabenzofurans 11 and 12 with NCS.

83 84 85

H1 7.83 9.60 9.29
H2 5.94 6.00 –
H3 5.74 5.57 5.26
H4 5.87 4.93 5.03

Table 2.5. Selected 1H NMR data (δ,
ppm) for the chloroiridabenzofurans

83–85.

83 84 85

C1 131.29 152.53 139.15
C2 124.22 121.82 112.97
C3 142.45 143.42 143.50
C4 122.17 117.03 121.99
C5 185.85 183.20 180.80
C6 115.49 106.94 108.70
C7 179.11 177.61 178.52

Table 2.6. Selected 13C{1H} NMR
data (δ, ppm) for the

chloroiridabenzofurans 83–85.

slightly up-field compared to the unsubstituted 11–12 (ca. 120 ppm), but
not as far as in related bromine-bearing carbons (ca. 100 ppm).

The single crystal X-ray structure of 85 has been determined and is
shown in molecular form in Figure 2.6. Chloro-substitution at C2 and C6 is
confirmed. The structural features are very similar to the dibromo analogue
64.77

Attempts to chlorinate monophosphine iridabenzofurans, 74–76, led to
mixtures of products which were difficult to separate. It is well known that
N -chlorosuccinimide is capable of undergoing a variety of other reactions
besides simple chlorination.137 Side reactions such as oxidation are particu-
larly likely due to the high temperatures and long reaction times required,
and the increased accessibility of the metal centres in these complexes.
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Figure 2.6. ORTEP diagram of 85 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and chloroform solvent are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.021(4), Ir–C5 2.009(4), Ir–O1 2.198(3), Ir–Cl1
2.4627(10), C1–C2 1.315(6), C2–C3 1.441(7), C3–C4 1.342(7), C4–C5 1.430(6), C5–
C6 1.381(6), C6–C7 1.462(7), C7–O1 1.250(5), C2–Cl2 1.802(4), C6–Cl3 1.742(4).

2.6 Electrophilic nitration

While aromatic nitrations are commonplace in organic chemistry, the only
reported example in metalla-aromatic chemistry is a low-yielding nitration
of an osmabenzene.102 The osmabenzene 2b (Scheme 1.1, page 4) was selec-
tively nitrated at the C4 position, para to its SMe substituent and therefore
following traditional directing effects. The product nitroosmabenzene was
obtained in 5% yield using a mixture of copper nitrate in acetic anhydride.
This relatively mild nitration method is known as ‘Menke nitration condi-
tions.’138–140

Building on an earlier report,141 the cationic, unsubstituted iridabenzofu-
ran 11 was treated with 2.5 equivalents of copper nitrate in acetic anhydride
at 0 ℃ for 1 hour. Nitration was found to occur exclusively at C2 on the met-
allabenzene ring and [Ir(C7H4O{NO2–2}{OMe–7})(CO)(PPh3)2][O3SCF3]
(86) was isolated in 52% yield as an amber solid (Scheme 2.6). No fur-
ther nitration, nor nitration in a different ring position, was observed even
when the reaction time was increased to twelve hours, the quantity of copper
nitrate was increased to 10 equivalents, or when the reaction temperature
was increased to 50 ℃. The carbonyl ligand is relatively labile and can be
displaced by chloride in refluxing n-propanol to form the neutral analogue,
Ir(C7H4O{NO2–2}{OMe–7})Cl(PPh3)2 (87), as an orange solid.
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Scheme 2.6. Electrophilic nitration of iridabenzofurans 11 and 12.

When the neutral, unsubstituted iridabenzofuran 12 was treated with five
equivalents of copper nitrate in acetic anhydride at 0 ℃, C2,C6-disubstituted
Ir(C7H3O{NO2–2}{NO2–6}{OMe–7})Cl(PPh3)2 (88) was obtained as a bright
red solid in 49% isolated yield (Scheme 2.6). This product was also acces-
sible via nitration of 87 under the same conditions, although this is a less
convenient route. Substitution occurs exclusively at C2 and C6 with no ev-
idence of any other isomers. Treatment of 12 with one equivalent of copper
nitrate resulted in a mixture of the unsubstituted, C6-monosubstituted and
C2,C6-disubstituted products. This suggests that 87 is a likely intermedi-
ate in the formation of 88. Increasing the quantity of copper nitrate to 20
equivalents, the contact time to 12 h, or the reaction temperature to 50 ℃
did not induce any further substitution or improve the yield of 88.

Selected 1H and 13C{1H} NMR spectroscopic data for the nitrated prod-
ucts are given in Table 2.7 and Table 2.8, respectively. The number of sig-
nals, their coupling constants and COSY correlations confirm that substitu-
tion occurs at C2 in 86 and 87, and at both C2 and C6 in 88. The presence
of electron-withdrawing nitro groups cause down-field shifts in neighbour-
ing nuclei. Most notably, in the 1H NMR spectra a resonance for H1 in
cationic 86 was found at 9.74 ppm, which is over 2 ppm further down-field
than in the cationic, unsubstituted complex 11 (7.70 ppm). Similarly, in
the neutral complexes, 87 and 88, the H1 signals were found at 12.08 and
12.36 ppm, respectively, over 2 ppm further down-field than in the neutral,
unsubstituted 12 (9.36 ppm). The trend is continued in the 13C{1H} NMR
spectra, where the C1 carbon signals were found at 139.76, 167.23, 173.58
ppm for 86–88, respectively, compared to 128.20 ppm in 11 and 148.61 ppm
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86 87 88 89

H1 9.74 12.08 12.36 9.79
H3 6.46 6.35 6.68 6.58
H4 5.92 5.03 5.83 6.22
H6 5.64 5.07 – –

Table 2.7. Selected 1H NMR data (δ,
ppm) for the nitroiridabenzofurans

86–89.

86 87 88 89

C1 139.76 167.23 173.58 141.32
C2 144.14 143.44 142.49 144.13
C3 132.66 132.77 140.84 133.68
C4 129.26 125.73 119.76 125.21
C5 193.62 191.67 195.19 ca. 188
C6 125.65 118.30 135.50 143.83
C7 186.40 184.51 176.99 180.16

Table 2.8. Selected 13C{1H} NMR
data (δ, ppm) for the

nitroiridabenzofurans 86–89.

in 12.77 The chemical shifts of the nitro-bearing carbon atoms are found at
ca. 140 ppm. This is down-field from the corresponding carbon nuclei in
the unsubstituted complexes (ca. 120 ppm) and close to the corresponding
carbon in nitrobenzene (148.16 ppm).142

The single crystal X-ray structures of nitroiridabenzofurans 86–88 have
been determined and the molecular geometries are shown in Figure 2.7,
Figure 2.8 and Figure 2.9, respectively. In all cases the geometry about
iridium is approximately octahedral and the metallacyclic ring atoms (Ir,
C1–C7, O1) are virtually coplanar. The average deviation from the least-
squares plane of the nine ring atoms is 0.010, 0.025 and 0.030 Å, respectively
(cf. 0.019 Å in 11 and 0.009 Å in 12).77 The nitro groups in the C2 positions
also lie close to this plane and the dihedral angles with the C2, N, O3–
O4 planes are 3.38◦, 11.4◦ and 7.8◦, respectively. The nitro group on C6
in 88, on the other hand, is significantly twisted and the dihedral angle
with C6, N, O5, O6 is 41.8◦. This most likely results from repulsive steric
interactions with the nearby methoxy group and H4 proton. The bond
lengths and their alternation in the metallacyclic rings are similar to reported
iridabenzenes3,5–7 and iridabenzofurans.77

There is an interesting distinction in the regioselectivity of the nitration
and bromination reactions of iridabenzofurans 11 and 12. While bromi-
nation occurs preferentially at C6, followed thereafter by C2, the order is
reversed in the nitration reactions. The acetic anhydride solvent used in the
nitration reactions does not appear to be responsible for directing substitu-
tion to C2 as bromination of 11 conducted in acetic anhydride still gave the
C6-substituted product.

Condensed Fukui functions were previously employed in order to ratio-
nalize the regioselectivity of bromination reactions and had found that C6
was the most susceptible towards electrophiles, followed closely by C4, C2
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Figure 2.7. ORTEP diagram of the cation of 86 showing 50% probability el-
lipsoids for non-hydrogen atoms. Hydrogen atoms, chloroform solvent and triflate
counter anion are not shown for clarity. Selected distances [Å]: Ir–C1 2.021(4), Ir–
C5 2.062(4), Ir–O1 2.186(3), Ir–C9 1.936(4), C1–C2 1.341(6), C2–C3 1.448(6), C3–
C4 1.344(6), C4–C5 1.442(5), C5–C6 1.366(6), C6–C7 1.440(6), C7–O1 1.264(5),
C2–N 1.488(5), N–O3 1.231(5), N–O4 1.234(5).

Figure 2.8. ORTEP diagram of 87 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and dichloromethane solvent are not shown for
clarity. Selected distances [Å]: Ir–C1 1.978(3), Ir–C5 2.007(3), Ir–O1 2.207(2), Ir–
Cl 2.4788(8), C1–C2 1.349(5), C2–C3 1.440(6), C3–C4 1.338(6), C4–C5 1.438(5),
C5–C6 1.380(5), C6–C7 1.417(5), C7–O1 1.255(4), C2–N 1.470(5), N–O3 1.238(4),
N–O4 1.239(5).
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Figure 2.9. ORTEP diagram of 88 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and dichloromethane solvent are not shown for
clarity. Selected distances [Å]: Ir–C1 1.963(4), Ir–C5 2.003(4), Ir–O1 2.213(3), Ir–Cl
2.4591(10), C1–C2 1.357(5), C2–C3 1.426(6), C3–C4 1.359(6), C4–C5 1.442(5), C5–
C6 1.382(5), C6–C7 1.450(5), C7–O1 1.252(4), C2–N1 1.473(5), N1–O3 1.238(5),
N1–O4 1.226(5), C6–N2 1.463(5), N2–O5 1.213(5), N2–O6 1.235(4).

and C1.77 It was noted that Fukui functions do not account for steric in-
fluences, which may be important for substitutions of larger groups such
as NO2. The C2 position is certainly more sterically accessible than C6,
C4 and C1. Comparisons to organic analogues also indicate that C2 might
be the preferable site for nitration. While 2-methylbenzo[b]furan is bromi-
nated by NBS or bromine at the 3-position, which relates to C6 on the irid-
abenzofurans,143,144 nitration of the same compound with nitric acid and
tin(IV) chloride gives a product mixture composed primarily of 2-methyl-6-
nitrobenzo[b]furan, which corresponds to C2-substitution of the iridabenzo-
furans.145 In general, the regioselectivity of nitrations of benzo[b]furans has
been found to be highly dependent on the nature and position of substituents
on the fused rings, as well as the nitrating reagent employed.146

When 74–76, containing the bidentate ligands, were exposed to the same
nitrating conditions only complex mixtures were obtained, as indicated by
a forest of peaks in the 31P{1H} NMR spectra. A large number of products
were obtained when one or five equivalents of copper nitrate were used, when
the reaction temperature was increased to room temperature and when the
contact time was increased to six hours. The products produced were in
low yield and were not separable by column chromatography or fractional
crystallisation. It appears that the nitration reactions of the bidentate com-
plexes are unselective. Indeed, in the mass spectrum of the products from
an attempt to nitrate 75 there were peaks observed at m/z = 792.1627,
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837.1481 and 882.1304 which relate to (possibly several isomers of) singly,
doubly and triply nitrated products (calcd [M – OTf]+ 792.1603, 837.1454,
882.1305, respectively). A number of decomposition products may also arise
due to the harshly acidic conditions and due to reactions at the compara-
tively more accessible iridium metal centre. In 75 and 76, nitration on the
bipy and phen ancillary ligands might also be possible.

A simple derivative of 88 was also prepared by placing a solution under an
atmosphere of CO gas and adding silver triflate. The yellow, cationic com-
plex, [Ir(C7H3O){NO2–2}{NO2–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (89),
was obtained by replacement of the chloride ligand for CO. The 1H and
13C{1H} NMR data are very similar to the other nitroiridabenzofuran com-
plexes (Table 2.7 and Table 2.8, respectively), and a strong infrared band
was identified at 2050 cm––1 and is assigned to the coordinated CO ligand.

Scheme 2.7. Ligand exchange of Cl for CO in nitroiridabenzofuran 88.

2.7 Synthesis of mixed nitro/chloro iridabenzofurans

During the investigations of the nitration reactions of 12, 1H and 31P NMR
spectroscopy of crude reaction mixtures indicated the presence of two other
minor products in addition to the 2,6-dinitroiridabenzofuran, 88. Fortu-
itously, these could be isolated in low (<5%) yield by careful column chro-
matography. Multinuclear NMR and high-resolution mass spectroscopy
experiments allowed these two species to be identified as the 6-chloro-2-
nitroiridabenzofuran, Ir(C7H3O{NO2–2}{Cl–6}{OMe–7})Cl(PPh3)2 (90),
and the 6-chloro-2,4-dinitroiridabenzofuran, Ir(C7H2O{NO2–2}{Cl–4}{NO2–
6}{OMe–7})Cl(PPh3)2 (91) (Scheme 2.8).

The origin of the chloro substituents on the metallafuran ring was thought
to arise from chloride ions released during partial decomposition of 12 dur-
ing the nitration reaction. To test this hypothesis, one equivalent of lithium
chloride was added to the Menke nitrating mixture immediately prior to the
addition of 12. As expected, with 2.5 equivalents of copper nitrate the major
product was the 6-chloro-2-nitroiridabenzofuran, 90, in 47% isolated yield
(Scheme 2.8). A small amount (ca. 10%) of the dinitroiridabenzofuran,
88, was also formed and could be separated by column chromatography.
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Scheme 2.8. Simultaneous electrophilic nitration and chlorination of
iridabenzofuran 12.

When the reaction was carried out in the same way, but with five equiv-
alents of copper nitrate, the major product formed was the 6-chloro-2,4-
dinitroiridabenzofuran, 91, which was isolated in 56% yield. Trace amounts
of 88 and 90 (<5%) were also formed and were separated by column chro-
matography. Treatment of 90 with 2.5 equivalents of copper nitrate in acetic
anhydride also results in the formation of 91 (62% isolated yield), although
this route is less convenient and provides an overall poorer yield. No other
regioisomers of these compounds were observed in any of these reactions.

In the 1H NMR spectra of 90 and 91, signals were observed at 12.15
and 12.55 ppm, respectively, for the H1 proton adjacent to iridium. These
are similar to the same signal in the dinitroiridabenzofuran 88 (12.36 ppm).
Two other proton signals for 90 were observed at 6.39 (H3) and 5.30 (H4)
ppm, which exhibit a COSY-correlation, while only one other aromatic pro-
ton signal, at 7.11 ppm (H3), was located in the spectra of 91.

In the 13C{1H} NMR spectra of the two complexes, the chloro-substituted
C6 carbons resonate at 110.56 and 112.06 ppm, respectively, similar to the
related carbon nuclei in chloroiridabenzofurans 83–85 (ca. 110 ppm). The
nitro-bearing carbons appear at 143.36 ppm (C2) in 90 and at 143.33 (C2)
and 143.46 ppm (C6) in 91, similar to the related carbon nuclei in nitroirid-
abenzofurans 86–88 (ca. 140 ppm).
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Figure 2.10. ORTEP diagram of 90 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms are not shown for clarity. Selected distances [Å]:
Ir–C1 1.965(3), Ir–C5 2.006(3), Ir–O1 2.2122(19), Ir–Cl1 2.4477(9), C1–C2 1.350(4),
C2–C3 1.435(4), C3–C4 1.352(4), C4–C5 1.436(4), C5–C6 1.374(4), C6–C7 1.428(4),
C7–O1 1.255(4), C2–N 1.475(4), N–O3 1.235(4), N–O4 1.232(3), C6–Cl2 1.761(3).

The single crystal X-ray structures of 90 and 91 have been determined
and the molecular geometry is shown in Figure 2.10 and Figure 2.11, respec-
tively. The structure of 90 confirms that the nitro substituent is attached at
C2 and the chloro substituent at C6. The metallacyclic ring atoms are rela-
tively co-planar; the average deviation from the Ir, C1–C7, O1 least squares
plane is 0.027 Å, the maximum occurring for C2 (0.045 Å). The substituents
lie only slightly above this mean plane (0.041 Å for N and 0.090 Å for Cl1).
The structure of 91 confirms that C2 and C4 bear nitro substituents and
C6 bears the chloro substituent. The bicyclic ring system in this complex
is also relatively co-planar (average deviation of 0.030 Å, the maximum of
0.081 Å for C6). Significant steric crowding displaces the ring substituents
on C4 and C6 outside of this mean plane. The chloro group on C6 lies 0.367
Å above the plane and the nitro group of C4 is twisted 64.7◦ from it. The
nitro group at C2, which is not so sterically crowded, is twisted only 9.2◦

from the mean plane. In both complexes the Ir–C1 distances are notably
shorter than the Ir–C5 distances and there is significant bond length alter-
nation about the metallacyclic rings. Nonetheless, they still fall within the
expected distances for iridabenzenes3,5–7 and iridabenzofurans.77

Although we do not have any direct evidence for the mechanism of the
mixed nitro/chloro reactions, a reasonable assumption is that the nitrat-
ing mixture is converting chloride anions into an active chlorinating agent
or agents. In his original report, Menke postulated that the intermediate
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Figure 2.11. ORTEP diagram of 91 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms and chloroform solvent are not shown for
clarity. Selected distances [Å]: Ir–C1 1.963(4), Ir–C5 2.017(4), Ir–O1 2.207(3),
Ir–Cl1 2.4418(11), C1–C2 1.349(6), C2–C3 1.422(6), C3–C4 1.354(6), C4–C5
1.441(5), C5–C6 1.362(6), C6–C7 1.453(6), C7–O1 1.249(5), C2–N1 1.497(5), N1–
O3 1.207(5), N1–O4 1.223(5), C4–N2 1.484(5), N2–O5 1.230(5), N2–O6 1.228(5),
C6–Cl2 1.739(4).

formed in the eponymous reaction is acetyl nitrate138–140 and this proposal
has been accepted elsewhere.147–149 Furthermore, the closely related benzoyl
nitrate has been shown to react with chloride ions to from nitryl chloride
and/or chlorine,150 both of which are powerful chlorinating reagents. It is
therefore likely that the added chloride is reacting with the acetyl nitrate in
solution to generate one or both of these species and these go on to halo-
genate 12. With five equivalents of copper nitrate sufficient acetyl nitrate
must remain in solution to effect dinitration in addition to chlorination and
form 91 as the major product.

When the quantity of lithium chloride used in the reactions was increased
to two equivalents, a dichlorinated product was not obtained and only a
mixture of 90 and 91 was formed. As nitryl chloride can act as a nitration
reagent as well,151,152 this may be indicative of a preference for nitration
over halogenation at C2.

2.8 An alternative method of iridabenzofuran halogenation

This rather unusual method of halogenation has been extended further.
Treatment of cationic 11 with copper nitrate (three equivalents) and lithium
chloride (one equivalent) in acetic anhydride results in the formation of the
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C6-chloroiridabenzofuran, 83, in 30% yield (Scheme 2.9). This species was
prepared earlier using N -chlorosuccinimide (Section 2.5, page 43). The C2-
nitro-substituted 86 was also formed, in ca. 10% yield, and some 11 (ca.
15%) remains unreacted. When 1.5 equivalents of copper nitrate and lithium
chloride are used, a mixture of 83 and 11 is formed in a 3:1 ratio, indicating
that chlorination is favoured under these conditions. A pure sample of 83
could not be obtained through this route as the two species could not be
separated by fractional crystallisation or column chromatography.

Scheme 2.9. Halogenation of iridabenzofurans using lithium halides and copper
nitrate in acetic anhydride.

When lithium bromide was used in place of lithium chloride, only bromi-
nated or nitrated products were obtained without any evidence of mixed
substitution products. Cationic 11 reacts with copper nitrate (three equiv-
alents) and lithium bromide (one equivalent) in acetic anhydride to give
the previously reported C6-bromoiridabenzofuran, 63, in 38% isolated yield
(Scheme 2.9). Nitrated products were not detected. Neutral 12 undergoes
dibromination with copper nitrate (five equivalents) and lithium bromide
(two equivalents) in acetic anhydride. The dibromoiridabenzofuran, 64,
was ultimately obtained after refluxing with excess lithium bromide in n-
propanol to ensure the ligand on iridium was exclusively bromide. The iden-
tity of these two products was confirmed by comparison of the 1H, 13C{1H}
and 31P{1H} NMR data with the values reported in the literature. Overall,
the yields were much poorer than the previously reported method which used
pyridinium tribromide.77 Trace amounts (<2%) of the nitroiridabenzofurans
86 and 87 could also be detected as minor products of this reaction.

There is a clear preference for forming brominated rather than nitrated
or mixed bromo/nitro products under these conditions. If we presume the
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active intermediate is generated by acetyl nitrate interaction with bromide
ions, then this can be explained by the greater ease with which bromide ions
are oxidised into bromine (whether directly or by decomposition of a nitryl
bromide intermediate).153,154

While a mixed bromo- and nitroiridabenzofuran could not be obtained
by adding lithium bromide to the nitrating mixture, it can be achieved
by simply treating the 2-nitroiridabenzofuran, 87, with pyridinium tribro-
mide. With one equivalent of this reagent the free C6 site is substituted to
give the 6-bromo-2-nitroiridabenzofuran, Ir(C7H3O){NO2–2}{Br–6}{OMe–
7})Cl(PPh3)2 (92) (Scheme 2.10). Further bromination was not observed
when five equivalents of [PyH][Br3] were used. The cationic nitroiridabenzo-
furan 86 and the neutral dinitroiridabenzofuran 88 did not undergo bromi-
nation, even when up to five equivalents of the reagent was employed.

Scheme 2.10. Synthesis of the 6-bromo-2-nitroiridabenzofuran 92.

The NMR spectroscopic data of 92 are very similar to the chloro ana-
logue, 90. Most significantly, the newly substituted C6 carbon resonates at
99.08 ppm in the 13C{1H} NMR spectrum, similar to the other brominated
species (ca. 100 ppm).77 The single-crystal X-ray structure has also been
determined and the molecular geometry is shown in Figure 2.12. The C2-
nitro-substitution and C6-bromo-substitution is confirmed. The structure is
otherwise very similar to the chloro analogue.
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Figure 2.12. ORTEP diagram of 92 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and chloroform solvent are not shown for clar-
ity. Selected distances [Å]: Ir–C1 1.986(4), Ir–C5 2.015(4), Ir–O1 2.214(3), Ir–Cl1
2.4650(13), C1–C2 1.354(6), C2–C3 1.433(7), C3–C4 1.338(6), C4–C5 1.445(6),
C5–C6 1.361(6), C6–C7 1.441(7), C7–O1 1.264(5), C2–N 1.484(6), N–O3 1.222(5),
N–O4 1.189(6), C6–Br 1.899(5).

2.9 Electrophilic thiocyanogenation

Thiocyanate substituents on osmabenzenes have proven to be immensely
effective in the preparation of fused-ring derivatives.87–89 In those species,
the thiocyanate group was incorporated into the osmabenzene ring during
the construction of the osmabenzene by nucleophilic addition to an alkyne
π-bound to the metal centre. While those investigations have certainly been
fruitful, the synthetic route cannot be extended to many other metalla-
aromatic species.

An alternative method to thiocyanate-substituted complexes, which could
prove to be more widely applicable, is via electrophilic substitution. When
heated to ca. 60 ℃, the unstable copper(II) thiocyanate salt decomposes
into copper(I) thiocyanate and releases (0.5 equivalents of) thiocyanogen,
(SCN)2. As a pseudohalogen, this species can react by electrophilic substi-
tution and follows typical directing effects.155

Mixtures of 11 or 12 and five equivalents of Cu(SCN)2 were heated under
reflux in a methanol and 1,2-dichloroethane (1:1) mixture for 30 min. A large
excess of the copper reagent is required for these reactions as thiocyanogen,
which forms in situ, is extremely sensitive towards hydrolysis with traces of
water and therefore a specific quantity of thiocyanogen cannot be reliably
generated.155 The copper(II) thiocyanate is poorly soluble in most solvents
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and so methanol is required to even partially dissolve it. Likewise, 1,2-
dichloroethane solvent is also required as 11 and 12 are not readily soluble in
alcohols. During the course of the reactions, a white precipitate of copper(I)
thiocyanate forms, which may be later separated by filtration through Celite.

The reaction of 11 with Cu(SCN)2 produced a small amount of one
new product, although the majority of 11 remained unreacted. Conversely,
the reaction of 12 with Cu(SCN)2 produced two new products, the mi-
nor one being identical to the new product formed from 11. The products
were isolated by column chromatography and subsequent characterisation
determined that the shared product was the disubstituted iridabenzofuran,
Ir(C7H3O{SCN–2}{SCN–6}{OMe–7})(NCS)(PPh3)2 (93), which was iso-
lated in 23% yield from 11 and in 22% yield from 12 (Scheme 2.11). This
species possesses two thiocyanate substituents, at C2 and C6, as well as hav-
ing the ancillary CO or Cl ligand exchanged for a thiocyanate. The related
disubstituted complex with a chloride ligand, Ir(C7H3O{SCN–2}{SCN–6}{OMe–
7})Cl(PPh3)2 (94), was also isolated as the major product from the reaction
with 12, in 62% yield.

Scheme 2.11. Synthesis of the thiocyanate-containing iridabenzofurans 93–96.

As no other product could be detected from the reaction of 11, it was
thought that CO/SCN ancillary ligand exchange preceded any substitu-
tion. To test this idea, the unsubstituted iridabenzofuran with a thio-
cyanate ancillary ligand, Ir(C7H5O{OMe–7})(NCS)(PPh3)2 (95), was pre-
pared by heating under reflux an n-propanol solution of 11 and excess potas-
sium thiocyanate (Scheme 2.11). Unexpectedly, when 95 was subjected
to the same conditions the C6-monosubstituted complex, Ir(C7H4O{SCN–
6}{OMe–7})(NCS)(PPh3)2 (96), was formed as the major product (57%
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93 94 95 96

H1 9.93 10.64 8.68 9.25
H2 – – 5.86 6.06
H3 5.88 5.86 5.53 5.90
H4 5.81 5.66 4.84 5.59
H6 – – 5.04 –

Table 2.9. Selected 1H NMR data (δ,
ppm) for the thiocyanate containing

iridabenzofurans, 93–96.

93 94 95 96

C1 163.77 169.05 144.42 154.90
C2 106.79 105.66 121.79 122.52
C3 146.96 146.78 141.60 148.16
C4 124.01 122.93 122.36 119.10
C5 204.22 204.19 194.20 207.24
C6 101.18 99.74 116.30 96.67
C7 180.87 180.78 183.43 180.22

Table 2.10. Selected 13C{1H} NMR
data (δ, ppm) for the thiocyanate

containing iridabenzofurans, 93–96.

isolated yield), and only a small amount (17% yield) of the disubstituted 92
was isolated. However, when an isolated sample of 96 was treated with a
further 10 equivalents of Cu(SCN)2, 96 was completely consumed and 93
was formed as the major product. These results support the notion of 11
being unreactive towards thiocyanogen and a reaction only occurs follow-
ing CO/SCN ligand exchange. Presumably the disubstituted product was
favoured in this reaction mixture because of the larger relative concentration
of thiocyanogen to 95.

The absence of cationic substitution products from 11 contrasts with the
other electrophilic substitutions explored thus far. Bromination, chlorina-
tion and nitration reactions of 11 have all led to monosubstituted products.
Presumably this is because thiocyanogen is a comparatively weaker elec-
trophile; the overall cationic charge and CO ligand must effectively reduce
the electron density in the metallacyclic rings of 11 to an extent where they
cannot react with thiocyanogen. Complex 95 is moderately more electron
rich due to its overall neutral charge and thiocyanate ancillary ligand. Mono-
substitution is therefore favoured, although it is possible to produce a dis-
ubstituted product with a large excess of thiocyanogen. Following CO/SCN
ligand exchange of 11, the ratio of intermediate 95 to thiocyanogen must
be sufficiently large to effect disubstitution. Finally, 12 is comparitively
electron rich and disubstitution occurs readily under these conditions.

Selected NMR data for compounds 93–96 are given in Table 2.9 and
Table 2.10. In general, the chemical shifts of the iridabenzofurans fall mid-
way between the shifts of the related nuclei in the bromoiridabenzofurans
and nitroiridabenzofurans. This is consistent with the electron-withdrawing
capacity of the thiocyanate substituents falling midway between bromo and
nitro substituents.

Single crystal X-ray structure determinations of 93–96 have been con-
ducted and the molecular geometries are shown in Figure 2.13, Figure 2.14,

58



Figure 2.13. ORTEP diagram of 93 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms are not shown for clarity. Selected distances [Å]:
Ir–C1 1.982(6), Ir–C5 1.996(7), Ir–O1 2.225(4), Ir–N3 2.090(5), C1–C2 1.328(9),
C2–C3 1.438(9), C3–C4 1.344(9), C4–C5 1.442(8), C5–C6 1.385(9), C6–C7 1.436(9),
C7–O1 1.258(8), C2–S1 1.807(6), C6–S2 1.780(7), S1–C9 1.698(8), S2–C10 1.704(8),
C9–N1 1.133(9), C10–N2 1.139(9).

Figure 2.15 and Figure 2.16, respectively. The structures confirm S -bound
C2,C6-thiocyanate disubstitution in 93 and 94, and S -bound C6-thiocyanate
monosubstitution in 96. The thiocyanate ligands are significantly bent out
of the metallacyclic ring planes towards one of the triphenylphosphine lig-
ands. However, only a lone singlet was observed on the 31P{1H} NMR
spectra for the phosphorus nuclei in each complex, indicating that this con-
formation is not rigidly maintained in solution and the two phosphorus nuclei
are equivalent on the NMR timescale. The thiocyanate ancillary ligands are
confirmed to be N -bound in 93, 95 and 96. Bond distances and other struc-
tural parameters are in agreement with the other iridabenzofurans discussed
earlier.

Reactions involving thiocyanate substituents on osmabenzenes have en-
abled a number of fused-ring derivatives such as osmabenzothiazoles to be
prepared.88 A thiocyanate substituent can also be converted into other useful
substituents such as an ethynylthio group, which has led to the preparation
of polycyclic osmabenzenes.89,90 Therefore, modification of the thiocyanate
substituents on iridabenzofurans 93, 94 and 96 could prove to be a fruitful
area for future research. One such reaction was conducted where 96 was
treated with sodium methoxide in methanol solvent at ambient conditions.
No colour change was observed, but after removing the methanol solvent
under reduced pressure and subjecting the residue to column chromatogra-
phy, a slow-moving red band containing Ir(C7H4O{SC[=NH]OMe–6}{OMe–
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Figure 2.14. ORTEP diagram of 94 showing 25% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms are not shown for clarity. Selected distances [Å]:
Ir–C1 1.943(12), Ir–C5 2.003(12), Ir–O1 2.208(8), Ir–Cl 2.450(3), C1–C2 1.365(17),
C2–C3 1.435(19), C3–C4 1.313(18), C4–C5 1.476(17), C5–C6 1.361(17), C6–C7
1.439(17), C7–O1 1.240(14), C2–S1 1.819(12), S1–C9 1.710(20), C9–N1 1.12(2),
C6–S2 1.771(12), S2–C10 1.67(2), C10–N2 1.140(20).

Figure 2.15. ORTEP diagram of 95 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms are not shown for clarity. Selected dis-
tances [Å]: Ir–C1 2.025(8), Ir–C5 1.985(15), Ir–O1 2.224(6), Ir–N 2.135(10), N–C9
1.125(13), C9–S 1.611(9), C1–C2 1.285(13), C2–C3 1.416(15), C3–C4 1.374(14),
C4–C5 1.440(17), C5–C6 1.387(17), C6–C7 1.463(14), C7–O1 1.281(11).
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Figure 2.16. ORTEP diagram of 96 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and cyclohexane solvent are not shown for clar-
ity. Selected distances [Å]: Ir–C1 1.981(4), Ir–C5 1.999(4), Ir–O1 2.225(3), Ir–N1
2.099(4), N1–C9 1.154(6), C9–S1 1.626(5), C1–C2 1.346(7), C2–C3 1.418(8), C3–
C4 1.356(7), C4–C5 1.451(6), C5–C6 1.387(6), C6–C7 1.435(6), C7–O1 1.260(5),
C6–S2 1.776(5), S2–C10 1.691(6), C10–N2 1.131(7).

7})(NCS)(PPh3)2 (97) was collected (Scheme 2.12). This compound bears
an O-methyl carbonimidothioate substituent at C6.

Scheme 2.12. Synthesis of the substituted iridabenzofuran 97.

The reaction most likely proceeds by initial nucleophilic attack of the
C6-thiocyanate carbon by methoxide to generate intermediate 96A. The
negatively-charged nitrogen in this intermediate accepts a proton from the
methanol solvent, furnishing the product iridabenzofuran, 97. This mecha-
nism parallels the first steps in the formation of the reported osmabenzoth-
iazoles.88 In that case, the negatively charged nitrogen in the intermediate
is subsequently involved in an intramolecular nucleophilic substitution at
carbon C5. In intermediate 96A none of the nearby sites are suitably elec-
trophilic and so a similar intramolecular reaction does not occur.
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Figure 2.17. ORTEP diagram of 97 showing 25% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms on the phenyl rings and the chloroform solvent
are not shown for clarity. Selected distances [Å]: Ir–C1 1.999(9), Ir–C5 2.006(8), Ir–
O1 2.235(5), Ir–N1 2.119(7), N1–C9 1.123(11), C9–S2 1.627(10), C1–C2 1.336(12),
C2–C3 1.415(13), C3–C4 1.334(13), C4–C5 1.436(12), C5–C6 1.380(11), C6–C7
1.449(12), C7–O1 1.248(10), C6–S1 1.753(8), S1–C10 1.786(16), C10–N2 1.227(18),
C10–O3 1.398(16), O3–C11 1.430(20).

Two singlets integrating for three protons are located at 3.36 and 3.71
ppm in the 1H NMR spectrum of 97, corresponding to the methoxy groups
on C7 and adjacent to the imine group, respectively. The ring protons are
located at 9.15 (H1), 6.03 (H2), 5.85 (H3) and 5.90 (H4) ppm. A broad
singlet at 6.39 ppm, for the imine nitrogen, is also present but disappears on
shaking the NMR solution with deuterium oxide. The metallacyclic carbon
nuclei give rise to signals in the 13C{1H} NMR spectrum in similar positions
to the precursor 96. The carbon associated with the carbonimidothioate
group is shifted down-field to 167.14 ppm (cf. 111.64 ppm for C6–SCN
in 96) and exhibits a 3-bond correlation to the methoxy hydrogens in the
1H–13C HMBC spectrum.

The single crystal X-ray structure of 97 has been obtained and the molec-
ular geometry is shown in Figure 2.17. The bond precision in the carbon-
imidothioate group is not high, most likely due to interaction with nearby
disordered chloroform solvent. Nonetheless, the carbon–sulfur bonds (C6–
S1 1.753(8), S1–C10 1.786(16) Å) are appropriate for C–S single bonds,
the carbon–nitrogen bond is appropriate for a C–N double bond (C10–N2
1.227(18) Å) and the carbon–oxygen bonds (C10–O3 1.398(16), O3–C11
1.430(20) Å) are appropriate for C–O single bonds.42
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2.10 Summary

In this chapter, electrophilic substitution reactions were described for a num-
ber of iridabenzofurans containing various ancillary ligand systems. The
substrates 11, 12, 74–76 were selected for their largely unsubstituted ring
systems and their simple, high-yielding syntheses.

The bromination reactions with N -bromosuccinimide and pyridinium tri-
bromide were explored first. It was found that mono-, di- or stepwise substi-
tution could be controlled largely by the electron-donating or withdrawing
capacity of the ancillary ligands. This notion holds true in the chlorination
reactions of 11 and 12 with N -chlorosuccinimide as well. The electrophilic
halogenation reactions consistently took place first at C6, followed thereafter
by C2. No other ring positions were halogenationed in these studies.

The nitration reactions of 11 and 12 were then explored using Menke
nitration conditions. In contrast to the halogenation reactions, electrophilic
nitration reactions occurred first at C2, followed next by C6 or C4. As
C6 has been determined computationally to be the most nucleophilic site,
the difference in regioselectivity was attributed to steric influences. During
the course of these investigations, unexpected mixed halogenation/nitration
products were obtained. These were proposed to arise from interactions
between the intermediates in the nitration mixture and halide salts.

The chapter closes with the reactions of 11 and 12 with thiocyanogen,
a pseudohalogen which added thiocyanate substituents to the ring systems.
As a comparatively weaker electrophile, thiocyanogen did not react with
the cationic iridabenzofuran, 11, directly but would react with the neutral
iridabenzofurans, 12 or 95, first at C6 followed by C2.

Throughout the chapter several observations were made regarding the
properties of iridabenzofurans. Overall it was determined that substitution
did not have significant impact on many of the spectroscopic and struc-
tural properties, which together imply that the aromaticity of the systems
are not compromised upon substitution. In congruence with expectations
from computational studies, differently sized ligands above and below the
metallacyclic ring plane were found to decrease its planarity, while electron-
withdrawing substituents increased the planarity. The reactivity towards
electrophiles of the complexes 74–76, which possess bidentate ligands, were
found to be notably different to the reactivity of the bis(triphenylphosphine)
complexes, 11 and 12. The distinction is presumed to arise from a combi-
nation of electronic and steric effects resulting from the bidentate ligands.

The studies in this chapter led to new iridabenzofurans with a range of
substituents in a variety of positions. The ancillary ligands and the nature
of the electrophile have both been shown to control the regioselectivity and
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the extent of electrophilic substitution reactions. Together these results pro-
vide a foundation for future work which could potentially see more complex
materials incorporating metalla-aromatics be developed.

2.11 Experimental section for Chapter Two

Unless otherwise stated, all experimental procedures were carried out at am-
bient temperature under nitrogen, using modified Schlenk techniques. When
vigorously dry conditions were required, solvents were dried over molecular
sieves or collected from an LC Technologies SP-1 solvent purifier. Oth-
erwise, solvents were of analytical purity and were used as received. All
reagents were used as received from the supplier unless otherwise stated.
Silica utilised for column chromatography was Scharlau brand, silica gel 60
Å, 0.04–0.06 mm (230–400 mesh ATSM). Alumina utilized for column chro-
matography was Merck brand, aluminium oxide 90 active neutral, activity
stage I, 0.063–0.200 mm (70 – 230 mesh ASTM). Celite was Sigma-Aldrich
brand, dried and untreated Celite® S.

High resolution mass spectra were recorded using a Bruker Daltronics
MicrOTOF-QII instrument using direct infusion (ESI). Carbon, hydrogen
and nitrogen elemental analyses were obtained from the Microanalytical
Laboratory, University of Otago. The ratio of solvent in a microanalytical
analysis sample, if present, was determined by integration of the solvent
signal in the 1H NMR spectrum of the sample. Infrared spectra (4000 to
400 cm––1) of solid samples were recorded on a Perkin-Elmer Spectrum
400 or a Bruker Vertex 70 spectrometer, using an ATR accessory. NMR
spectra were obtained at 300 K on either a Bruker Avance III 400 (operating
at 400.1, 100.6, 162.0 and 376.2 MHz for 1H, 13C{1H}, 31P{1H} and 19F,
respectively), or a Bruker Avance III 500 (operating at 500.1, 125.8, 202.5
and 470.6 MHz for 1H, 13C{1H}, 31P{1H} and 19F, respectively). 1H NMR
spectra recorded were referenced to the proteo-impurity in the solvent (δ
= 7.26 ppm in CDCl3,

13C{1H} NMR spectra were referenced to CDCl3
(δ = 77.16 ppm),156 31P{1H} and 19F{1H} NMR spectra were externally
referenced to 85% H3PO4 (δ = 0.00 ppm) and trifluoroacetic acid (δ =
–78.5 ppm), respectively. Assignments of bands in IR spectra were made by
consideration of their conventional absorption frequency and the absorption
frequencies of similar compounds reported in the literature. Assignments of
signals in NMR spectra were made on the basis of chemical shift positions
in the 1H, 13C{1H}, 19F{1H} and 31P{1H} spectra, the integral values in 1H
NMR spectra, and by use of two dimensional 1H––1H (COSY) and 1H––13C
(HSQC & HMBC) spectra. Signals in the 13C NMR spectra are accurate to
0.1 ppm but are quoted to 0.01 ppm in order to distinguish between closely
spaced peaks.
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For compounds containing a single triphenylphosphine ligand, the ipso-
, ortho- and meta-carbons within these rings appeared as doublets in the
13C{1H} NMR spectra while the para- carbons were observed as broad sin-
glets. For compounds containing two triphenylphosphine ligands, ipso-, or-
tho- and meta-carbons within these rings appeared as apparent triplets in
the 13C{1H} NMR spectra while the para-carbons were observed as broad
singlets. Apparent triplets are denoted by t’, while the apparent triplets
arising from coupling to two phosphorus nuclei are denoted by t” and the
range between the outermost signals (in Hz) is given in lieu of a coupling
constant.

The iridabenzofuran [Ir(C7H5O{OMe–7})(CO)(PPh3)2][O3SCF3] (11) used
as the starting material for this work was prepared in a four step process
from iridium trichloride trihydrate (Scheme 2.1, page 34).77,130–132 The neu-
tral iridabenzofuran, Ir(C7H5O{OMe–7})Cl(PPh3)2] (12), was prepared by
refluxing 11 and lithium chloride in n-propanol.77 N -Bromosuccinimide was
purified before use by recrystallisation from boiling deionised water (10 g per
100 mL), collecting the white precipitate which formed upon cooling, and
drying in vacuo.135 Copper(II) thiocyanate was prepared by adding an excess
of aqueous potassium thiocyanate to a solution of aqueous copper sulfate.
The black precipitate which formed was collected by filtration and washed
with water and acetone, then dried in vacuo. CAUTION: care must be
taken when handling this reagent, as the thiocyanogen (SCN)2 decomposi-
tion product can react with water to form highly toxic hydrogen cyanide.155

Charts in Section 7.2 contain diagrams of all new compounds prepared
in this work.

Ir(C7H5O{OMe–7})(S2CNMe2)(PPh3) (74)

To a stirred solution of 12 (100 mg, 0.112 mmol) in dichloromethane (10
mL), silver triflate (35.0 mg, 0.135 mmol) was added as a solid and the
mixture was stirred for 30 min at room temperature. After this time the
mixture was passed through a Celite pad, which was then washed with
dichloromethane, to remove the precipitate of AgCl. Sodium dimethyldithio-
carbamate (200 mg, 1.40 mmol) dissolved in the minimum volume of ethanol
was added to the filtrate and the mixture was stirred for a further 1 h.
The solvents were then removed under reduced pressure, the residue was
dissolved in dichloromethane and subjected to column chromatography (4
x 1 cm silica gel column), with dichloromethane as the eluent. The red
band was collected, methanol (10 mL) was added and on slow removal
of dichloromethane under reduced pressure a dark red precipitate formed,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 74 (69.2 mg, 0.0951 mmol, 86%) as dark red crystals. A crystal
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suitable for X-ray study was grown by slow evaporation of a dichloromethane
and methanol solution and proved to be a dichloromethane solvate.

MS (m/z, [M + Na]+): Calcd for C29H
193
30 IrO2S2NP+: 734.0897, found

734.0883.

Anal. Calcd for IrC29H29OS2NP: C, 49.00; H, 4.11; N, 1.97%. Found:
C, 49.10; H, 4.04; N, 2.06%.

IR (cm––1): 1551s, 1522s, 1434s, 1343s, 1260vs, 1145s, 1031s.

1H NMR (CDCl3, δ): 3.16 (s, 3H, NMe2), 3.28 (s, 3H, NMe2), 3.58 (s, 3H,
OCH3), 5.42 (d, 3JHH = 8.8 Hz, 1H, H4 ), 5.50 (s, 1H, H6 ), 6.10 (dd, 3JHH

= 8.7, 8.3 Hz, 1H, H3 ), 6.20 (dd, 3JHH = 8.3, 8.2 Hz, 1H, H2 ), 7.28–7.50
(m, 15H, PPh3), 8.99 (d, 3JHH = 8.4 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 38.44 (s, NMe2), 38.67 (s, NMe2), 52.58 (s,
OCH3), 115.87 (s, C6 ), 120.46 (s, C4 ), 123.78 (s, C2 ), 127.64 (d, 2JCP =
10.0 Hz, o-PPh3), 129.95 (s, p-PPh3), 131.09 (d, 1JCP = 55.0 Hz, i -PPh3),
134.19 (d, 3JCP = 10.0 Hz, m-PPh3), 141.06 (s, C3 ), 144.96 (d, 2JCP =
9.0 Hz, C1 ), 183.89 (s, C7 ), 198.34 (d, 2JCP = 6.2 Hz, C5 ), 212.48 (s,
S2CNMe2).

31P{1H} NMR (CDCl3, δ): 3.27 (s, PPh3).

[Ir(C7H5O{OMe–7})(C10H8N2)(PPh3)][O3SCF3] (75)

To a stirred solution 12 (100 mg, 0.112 mmol) in 1,2-dichloroethane (10
mL), silver triflate (35.0 mg, 0.135 mmol) was added as a solid. This solu-
tion was stirred for 30 min at room temperature before being passed through
a Celite pad, which was then washed with 1,2-dichloroethane. To the fil-
trate, 2,2’-bipyridine (40.0 mg, 0.252 mmol) was added as a solid and the
resulting mixture was heated under reflux for 3 h. The solvent was removed
under reduced pressure and the residue recrystallised from dichloromethane
and dibutyl ether, forming orange-red microcrystals which were collected by
filtration and washed with diethyl ether (3 x 5 mL) to give pure 75 (92.0 mg,
0.0996 mmol, 89%) as red-orange crystals. 1H NMR spectroscopy indicated
that ca. 0.33 equivalents of dichloromethane of solvation was present in this
sample.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C36H

193
31 IrO2N2P

+: 747.1753,
found 747.1748.

Anal. Calcd for IrC37H31O5N2SPF3·0.33CH2Cl2: C, 48.53; H, 3.45; N,
3.03%. Found: C, 48.53; H, 3.48; N, 2.88%

IR (cm––1): 1552s, 1435s, 1344s, 1260s, 1148s, 1032s, 851m.
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1H NMR (CDCl3, δ): 3.50 (s, 3H, OCH3), 5.22 (d, 3JHH = 10.0 Hz, 1H,
H4 ), 5.80 (d, 4JHP = 1.6 Hz, 1H, H6), 5.94 (dd, 3JHH = 9.9, 6.5 Hz, 1H,
H3 ), 6.08 (dd, 3JHH = 8.3, 6.6 Hz, 1H, H2 ), 7.17 (m, 1H, bipy), 7.36–7.55
(m, 16H, PPh3 & bipy), 7.89 (d, 3JHH = 8.4 Hz, 1H, H1 ), 8.22 (m, 2H,
bipy), 8.30 (m, 1H, bipy), 8.44 (m, 1H, bipy), 8.86 (d, 3JHH = 8.4 Hz, 1H,
bipy), 8.97 (d, 3JHH = 8.0 Hz, 1H, bipy).

13C{1H} NMR (CDCl3, δ): 53.59 (s, OCH3), 119.40 (s, C6 ), 121.16 (s,
C4 ), 125.01 (s, C2 ), 125.86 (s, bipy), 127.05 (s, bipy), 127.57 (d, 1JCP =
57.2 Hz, i -PPh3), 128.17 (s, bipy), 128.37 (d, 2JCP = 11.0 Hz, o-PPh3),
129.03 (s, bipy), 131.42 (s, p-PPh3), 134.99 (d, 3JCP = 10.0 Hz, m-PPh3),
137.65 (d, 2JCP = 8.0 Hz, C1 ), 140.51 (s, bipy), 140.72 (s, bipy), 141.45
(s, C3 ), 151.60 (s, bipy), 152.19 (s, bipy), 156.54 (s, bipy), 156.84 (s, bipy),
184.78 (s, C7 ), 190.69 (d, 2JCP = 6.4 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –3.88 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.11 (s, O3SCF 3).

[Ir(C7H5O{OMe–7})(C12H8N2)(PPh3)2][O3SCF3] (76)

To a solution of 12 (100 mg, 0.112 mmol) in 1,2-dichloroethane (10 mL),
silver triflate (35.0 mg, 0.136 mol) was added and stirred for 0.5 h be-
fore being passed through a Celite pad, which was then washed with 1,2-
dichloroethane. 1,10-Phenanthroline (60.0 mg, 0.333 mmol) dissolved in the
minimum of ethanol was added to the filtrate and the mixture was heated
under reflux for 3 h. After this time, the solution was cooled to room
temperature and the solvents were removed under reduced pressure. The
dichloromethane-soluble residue was collected, dibutyl ether was added and
on slow removal of the dichloromethane under reduced pressure an orange-
red precipitate formed, which was collected by filtration and washed with
diethyl ether (3 x 5 mL) and n-hexane (3 x 5 mL) to give pure 76 (83.0 mg,
0.090 mmol, 80%) as orange-red crystals. The crystal used for X-ray study
was grown by slow evaporation of a chloroform and n-heptane mixture.

ESI MS (m/z, [M – OTf]+): Calcd for C38H
193
31 IrN2O2P

+: 771.1749,
found 771.1770.

Anal. Calcd for IrC39H31O5P2N2SF3: C, 50.92; H, 3.40; N, 3.05%.
Found: C, 50.95; H, 3.39; N, 3.26%.

IR (cm––1): 1561s, 1339s, 1341s, 1279s, 1261s.

1H NMR (CDCl3, δ): 3.41 (s, 3H, OCH3), 5.33 (d, 3JHH = 9.3 Hz, 1H,
H4 ), 5.89 (s, 1H, H6 ), 5.96 (t’, 3JHH = 11.8 Hz, 1H, H3 ), 6.01 (t’, 3JHH =
13.8 Hz, 1H, H2 ), 7.38–7.44 (m, 6H, PPh3), 7.48–7.55 (m, 9H, PPh3), 7.66
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(m, 1H, phen), 7.75 (d, 3JHH = 9.0 Hz, 1H, H1 ), 7.93 (m, 1H, phen), 8.22
(d, 3JHH = 8.9 Hz, 1H, phen), 8.33 (d, 3JHH = 8.8 Hz, 1H, phen), 8.50 (d,
3JHH = 5.2 Hz, 1H, phen), 8.75 (d, 3JHH = 8.6 Hz, 1H, phen), 8.84 (m, 1H,
phen), 8.91 (d, 3JHH = 7.8 Hz, 1H, phen).

13C{1H} NMR (CDCl3, δ): 53.59 (s, OCH3), 119.61 (s, C6 ), 121.36 (s,
C4 ), 125.97 (s, C2 ), 126.10 (s, phen), 126.65 (s, phen), 126.76 (s, phen),
127.60 (d, 1JCP = 58.0 Hz, i -PPh3), 128.48 (d, 2JCP = 10.5 Hz, o-PPh3),
129.20 (s, phen), 131.09 (s, phen), 131.56 (s, p-PPh3), 131.93 (s, phen),
135.03 (d, 3JCP = 9.6 Hz, m-PPh3), 137.37 (d, 2JCP = 9.5 Hz, C1 ), 139.74
(s, phen), 139.98 (s, phen), 141.56 (s, C3 ), 147.16 (s, phen), 147.64 (s, phen),
152.20 (s, phen), 152.87 (s, phen), 184.87 (s, C7 ), 189.89 (d, 2JCP = 7.3
Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –3.89 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.07 (s, O3SCF 3).

Ir(C7H4O{Br–6}{OMe–7})Cl(PPh3)2 (77)

To a solution of 12 (25.0 mg, 0.0283 mmol) in dichloromethane (5 mL),
N -bromosuccinimide (5.20 mg, 0.0292 mmol) was added and the mixture
was stirred at room temperature for 1 h, during which time the red so-
lution did not appreciably change in colour. After this time, the solution
was subjected to column chromatography (5 x 1 cm silica gel column), with
dichloromethane as the eluent. A bright red band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure caused a purple-red precipitate to form, which was collected by filtra-
tion and washed with n-hexane (3 x 5 mL) to give pure 77 (18.1 mg, 0.0187
mmol, 66%) as purple-red crystals.

ESI MS (m/z, [M + Na]+): C44H
193
37 IrO2P

79
2 BrClNa+: 989.0645, found

989.0630.

IR (cm––1): 1551s, 1432s, 1419s, 1318s, 1092s, 690s.

1H NMR (CDCl3, δ): 3.39 (s, 3H, OCH3), 4.88 (d, 3JHH = 10.0 Hz, 1H,
H4 ), 5.58 (dd, 3JHH = 10.2, 7.2 Hz, 1H, H3 ), 6.01 (ddt, 3JHH = 8.4, 7.5
Hz, 4JHP = 1.9 Hz ,1H, H2 ), 7.27–7.38 (m, 18H, PPh3), 7.59–7.66 (m, 12H,
PPh3), 9.65 (dt, 3JHH = 8.6 Hz, 3JHP = 2.0 Hz , 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.90 (s, OCH3), 95.47 (t, 3JCP = 5.1 Hz,
C6 ), 119.46 (s, C4 ), 122.02 (s, C2 ), 127.60 (t”, 2,4JCP = 9.4 Hz, o-PPh3),
129.35 (t”, 1,3JCP = 53.5 Hz, i -PPh3), 130.05 (s, p-PPh3), 135.15 (t”, 3,5JCP

= 10.5 Hz, m-PPh3), 144.05 (s, C3 ), 153.38 (t, 2JCP = 9.3 Hz, C1 ), 177.99
(s, C7 ), 186.07 (t, 2JCP = 5.1 Hz, C5 ).
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31P{1H} NMR (CDCl3, δ): 0.72 (s, PPh3).

[Ir(C7H4O{Br–6}{OMe–7})(C10H8N2)(PPh3)][O3SCF3] (78)

To a solution of 75·0.33CH2Cl2 (50.0 mg, 0.0541 mmol) in dichloromethane
(5 mL), pyridinium tribromide (17.8 mg, 0.0557 mmol) was added as a solid
and the mixture was stirred for 1 h at room temperature, during which time
the initially orange solution turned red. The volatiles were removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (6 x 1 cm silica gel column), eluting first with dichloromethane
followed by 2% v/v methanol/dichloromethane. A red band was collected
and solvents removed under reduced pressure. The residue was recrystallised
from dichloromethane and n-hexane, forming red microcrystals which were
collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
78 (44.3 mg, 0.0454 mmol, 84%) as red crystals.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C36H

193
30 IrO2N2P

79Br+: 825.0838,
found 825.0846.

Anal. Calcd for IrC37H30O5N2SPF3Br: C, 45.59; H, 3.10; N, 2.87%.
Found: C, 45.65; H, 3.28; N, 2.70%.

IR (cm––1): 1429s, 1327s, 1258s, 1150s, 1094s, 1030s, 849s, 694s, 636s.

1H NMR (CDCl3, δ): 3.58 (s, 3H, OCH3), 5.44 (d, 3JHH = 10.0 Hz, 1H,
H4 ), 6.06 (ddd, 3JHH = 10.0, 6.8 Hz, 4JHH = 1.2 Hz, 1H, H3 ), 6.16 (t’d,
3JHH = 7.0 Hz, 4JHP = 1.2 Hz, H2 ), 7.19 (t’d, 3JHH = 6.7 Hz, 4JHH = 1.2
Hz, 1H, bipy), 7.39–7.55 (m, 16H, PPh3 & bipy), 8.06 (dd, 3JHH = 8.5 Hz,
4JHH = 1.2 Hz, 1H, H1 ), 8.20 (d, 3JHH = 5.3 Hz, 1H, bipy), 8.23 (t’d, 3JHH

= 7.8 Hz, 4JHH = 1.2 Hz, 1H, bipy), 8.32 (m, 2H, bipy), 8.89 (d, 3JHH =
8.1 Hz, 1H, bipy), 9.01 (d, 3JHH = 8.2 Hz, 1H, bipy).

13C{1H} NMR (CDCl3, δ): 55.23 (s, OCH3), 100.10 (s, C6 ), 120.36 (s,
C4 ), 125.35 (s, bipy), 126.56 (d, 1JCP = 51.3 Hz, i -PPh3), 126.68 (s, C2 ),
127.31 (s, bipy), 128.41 (s, bipy), 128.43 (s, bipy), 128.67 (d, 2JCP = 10.5
Hz, o-PPh3), 131.65 (s, p-PPh3), 134.85 (d, 3JCP = 9.6 Hz, m-PPh3), 140.96
(s, bipy), 141.05 (s, bipy), 141.82 (d, 2JCP = 8.8 Hz, C1 ), 143.98 (s, C3 ),
151.65 (s, bipy), 152.22 (s, bipy), 156.54 (s, bipy), 156.98 (s, bipy), 179.59
(s, C7 ), 181.92 (d, 2JCP = 8.2 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –5.13 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.12 (s, O3SCF 3).
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[Ir(C7H4O{Br–6}{OMe–7})(C12H8N2)(PPh3)][O3SCF3] (79)

To a solution of 76 (50.0 mg, 0.0526 mmol) in dichloromethane (5 mL),
pyridinium tribromide (16.8 mg, 0.0525 mmol) was added as a solid and the
mixture was stirred for 1 h at room temperature, during which time the
initially orange solution turned red. The volatiles were removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting first with dichloromethane
followed by 2% v/v methanol/dichloromethane. A red band was collected
and the solvents were removed under reduced pressure. The residue was
recrystallised from dichloromethane and dibutyl ether, forming red micro-
crystals which were collected by filtration and washed with diethyl ether (2
x 5 mL) and n-hexane (2 x 5 mL) to give pure 79 (38.8 mg, 0.0388 mmol,
74%) as red crystals. The crystal used for X-ray study was grown by slow
evaporation of a chloroform and n-heptane mixture and proved to contain
2.5 molecules of chloroform of solvation.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C38H

193
30 IrO2N2P

79Br+: 849.0858,
found 849.0880.

Anal. Calcd for IrC39H30O5N2SPF3Br: C, 46.90; H, 3.03; N, 2.80%.
Found: C, 46.80; H, 3.31; N, 2.67%.

IR (cm––1): 1555s, 1484s, 1428s, 1399s, 1324s, 1223s, 1094s, 1029s, 847s,
693s, 635s.

1H NMR (CDCl3, δ): 3.49 (s, 3H, OCH3), 5.54 (m, 1H, H4 ), 6.08 (m,
2H, H2 and H3 ), 7.40–7.57 (m, 15H, PPh3), 7.69 (dd, 3JHH = 8.4, 5.5 Hz,
1H, phen), 7.91 (m, 1H, H1 ), 7.96 (ddd, 3JHH = 8.4, 5.4 Hz, 4JHH = 1.2
Hz, 1H, phen), 8.23 (d, 3JHH = 8.9 Hz, 1H, phen), 8.33 (d, 3JHH = 8.9 Hz,
1H, phen), 8.49 (d, 3JHH = 5.1 Hz, 1H, phen), 8.71 (m, 1H, phen), 8.80 (dd,
3JHH = 8.5 Hz, 4JHH = 1.2 Hz, 1H, phen), 8.93 (dd, 3JHH = 8.5 Hz, 4JHH

= 1.2 Hz, 1H, phen).

13C{1H} NMR (CDCl3, δ): 55.19 (s, OCH3), 100.21 (s, C6 ), 120.56 (s,
C4 ), 126.33 (s, C2 ), 126.75 (s, phen), 126.98 (d, 3JCP = 3.0 Hz, phen),
127.02 (d, 1JCP = 58.8 Hz, i -PPh3), 128.25 (s, phen), 128.75 (d, 2JCP =
10.7 Hz, o-PPh3), 129.26 (s, phen), 131.15 (d, 3JCP = 2.4 Hz, phen), 131.74
(s, p-PPh3), 132.02 (s, phen), 134.86 (d, 3JCP = 9.5 Hz, m-PPh3), 140.07
(s, phen), 140.32 (s, phen), 141.33 (d, 2JCP = 8.9 Hz, C1 ), 144.02 (s, C3 ),
146.98 (s, phen), 146.56 (s, phen), 152.34 (s, phen), 153.00 (s, phen), 179.64
(s, C7 ), 181.06 (d, 2JCP = 7.9 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –5.11 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.05 (s, O3SCF 3).
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[Ir(C7H3O{Br–2}{Br–6}{OMe–7})(C10H8N2)(PPh3)][O3SCF3] (80)

To a solution of 75·0.33CH2Cl2 (50.0 mg, 0.0541 mmol) in dichloromethane
(5 mL), pyridinium tribromide (36.0 mg, 0.0113 mmol) was added as a solid
and the mixture was stirred for 1 h at room temperature, during which time
the initially orange solution turned red. The volatiles were removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting first with dichloromethane
followed by 2% v/v methanol/dichloromethane. A red band was collected
and the solvents were removed under reduced pressure. The residue was re-
crystallised from dichloromethane and n-hexane, forming red microcrystals
which were collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 80 (42.8 mg, 0.0406 mmol, 75%) as red crystals.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C36H

193
29 IrO2N2P

79Br81Br+:
904.9942, found 904.9988.

Anal. Calcd for IrC37H29O5N2SPF3Br2: C, 42.18; H, 2.77; N, 2.66%.
Found: C, 42.52; H, 3.01; N, 2.61%.

IR (cm––1): 1551s, 1432s, 1331s, 1257s, 1150s, 1094s, 1029s, 694s, 636s.

1H NMR (CDCl3, δ): 3.62 (s, 3H, OCH3), 5.54 (d, 3JHH = 10.4 Hz, 1H,
H4 ), 5.99 (dd, 3JHH = 10.3 Hz, 4JHH = 2.3 Hz, 1H, H3 ), 7.20 (t’d, 3JHH =
6.5 Hz, 4JHH = 1.5 Hz, 1H, bipy), 7.36–7.61 (m, 16H, PPh3 & bipy), 8.12 (d,
3JHH = 5.5 Hz, 1H, bipy), 8.27 (m, 2H, H1 and bipy), 8.33 (m, 2H, bipy),
8.92 (d, 3JHH = 8.2 Hz, 1H, bipy), 9.03 (d, 3JHH = 8.0 Hz, 1H, bipy).

13C{1H} NMR (CDCl3, δ): 55.75 (s, OCH3), 102.46 (s, C6 ), 104.31 (s,
C2 ), 124.97 (s, C4 ), 125.70 (s, bipy), 126.41 (d, 1JCP = 58.3 Hz, i -PPh3),
126.61 (s, bipy), 127.51 (s, bipy), 128.63 (s, bipy), 128.96 (d, 2JCP = 10.8
Hz, o-PPh3), 131.91 (s, p-PPh3), 133.30 (d, 2JCP = 9.1 Hz, C1 ), 134.79
(d, 3JCP = 9.5 Hz, m-PPh3), 141.32 (s, bipy), 141.47 (s, bipy), 146.61 (s,
C3 ), 151.63 (s, bipy), 152.02 (s, bipy), 156.68 (s, bipy), 156.99 (d, 3JCP =
1.7 Hz, bipy), 178.42 (d, 2JCP = 8.5 Hz, C5 ), 180.25 (s, C7 ). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): –6.75 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.13 (s, O3SCF 3).

[Ir(C7H3O{Br–2}{Br–6}{OMe–7})(C12H8N2)(PPh3)][O3SCF3] (81)

To a solution of 76 (50.0 mg, 0.0526 mmol) in dichloromethane (5 mL),
pyridinium tribromide (34.0 mg, 0.106 mmol) was added as a solid and the
mixture was stirred for 1 h at room temperature, during which time the
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initially orange solution turned red. The volatiles were removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting first with dichloromethane
followed by 2% v/v methanol/dichloromethane. A red band was collected
and the solvents were removed under reduced pressure. The residue was
recrystallised from dichloromethane and dibutyl ether, forming red micro-
crystals which were collected by filtration and washed with diethyl ether (2
x 5 mL) and n-hexane (2 x 5 mL) to give pure 81 (35.1 mg, 0.0313 mmol,
60%) as red crystals. 1H NMR spectroscopy indicated that ca. 0.5 equiva-
lents of dichloromethane of solvation was present in this sample. A crystal
suitable for X-ray structure determination was grown by slow evaporation
of a chloroform and cyclohexane solution and proved to be a chloroform
solvate.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C38H

193
29 IrO2N2P

79Br81Br+:
928.9942, found 928.9957.

Anal. Calcd for IrC39H29O5N2SPF3Br2·0.5CH2Cl2: C, 42.35 H, 2.70; N,
2.50%. Found: C, 42.52; H, 2.71; N, 2.53%.

IR (cm––1): 1549s, 1430s, 1390s, 1261s, 1153s, 1094s, 1031s, 842s, 695s,
636s.

1H NMR (CDCl3, δ): 3.55 (s, 3H, OCH3), 5.62 (dd, 3JHH = 10.4 Hz,
4JHH = 1.2 Hz, 1H, H4 ), 5.98 (dd, 3JHH = 10.5 Hz, 4JHH = 2.4 Hz, 1H,
H3 ), 7.44–7.61 (m, 15H, PPh3), 7.69 (dd, 3JHH = 8.2, 5.4 Hz, 1H, phen),
7.98 (ddd, 3JHH = 8.3, 5.5 Hz, 4JHH = 1.2 Hz, 1H, phen), 8.13 (d, 4JHH =
2.4 Hz, 1H, H1 ), 8.22 (d, 3JHH = 8.9 Hz, 1H, phen), 8.36 (d, 3JHH = 8.8
Hz, 1H, phen), 8.43 (d, 3JHH = 5.1 Hz, 1H, phen), 8.71 (m, 1H, phen), 8.77
(dd, 3JHH = 8.2 Hz, 4JHH = 1.2 Hz, 1H, phen), 8.94 (dd, 3JHH = 8.5 Hz,
4JHH = 1.3 Hz, 1H, phen).

13C{1H} NMR (CDCl3, δ): 55.86 (s, OCH3), 102.62 (s, C6 ), 104.33 (s,
C2 ), 125.15 (s, C4 ), 126.42 (d, 1JCP = 58.9 Hz, i -PPh3), 126.56 (s, phen),
126.96 (d, 3JCP = 3.5 Hz, phen), 128.18 (s, phen), 129.07 (d, 2JCP = 10.5
Hz, o-PPh3), 129.65 (s, phen), 131.31 (d, 3JCP = 2.3 Hz, phen), 132.06 (s,
p-PPh3), 132.18 (s, phen), 132.78 (d, 2JCP = 9.3 Hz, C1 ), 134.88 (d, 3JCP

= 9.6 Hz, m-PPh3), 140.29 (s, phen),140.79 (s, phen), 146.47 (s, C3 ), 147.16
(s, phen), 147.56 (s, phen), 152.19 (s, phen), 152.97 (s, phen), 177.43 (d,
2JCP = 8.3 Hz, C5 ), 180.31 (s, C7 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –6.89 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.14 (s, O3SCF 3).
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Ir(C7H4O{Br–6}{OMe–7})I(PPh3)2 (82)

A solution of 63 (25.0 mg, 0.0225 mmol), Pd(PPh3)4 (3.00 mg, 0.00260
mmol), CuI (3.00 mg, 0.0158 mmol) and triethylamine (50.0 μL, 68.9 mg,
0.681 mmol) in dichloromethane (10 mL) was heated under reflux overnight.
After this time, the solvents were removed under reduced pressure and
the residue dried in vacuo before being redissolved in dichloromethane and
subjected to column chromatography (10 x 1 cm silica gel column), with
dichloromethane as the eluent. A dark red band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure a purple-red precipitate formed, which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 82 (8.80 mg, 0.00831 mmol,
37%) as purple-red crystals. A crystal suitable for X-ray study was grown
by slow evaporation of a chloroform/n-heptane mixture and proved to be a
chloroform solvate.

ESI MS (m/z, [M – I]+): C44H
193
37 IrO2P

79
2 Br+: 931.1062, found 931.1043.

IR (cm––1): 1553s, 1507s, 1483s, 1433s, 1322s, 1089s, 690s.

1H NMR (CDCl3, δ): 3.47 (s, 3H, OCH3), 4.91 (d, 3JHH = 10.2 Hz, 1H,
H4 ), 5.49 (dd, 3JHH = 10.2, 9.4 Hz, 1H, H3 ), 6.06 (t’t, 3JHH = 7.7 Hz,
4JHP = 1.7 Hz ,1H, H2 ), 7.24–7.40 (m, 18H, PPh3), 7.55–7.70 (m, 12H,
PPh3), 9.98 (dt, 3JHH = 8.4 Hz, 3JHP = 1.7 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.13 (s, OCH3), 95.67 (t, 3JCP = 3.9 Hz,
C6 ), 119.09 (s, C4 ), 123.07 (t, 3JCP = 2.7 Hz, C2 ), 127.50 (t”, 2,4JCP =
10.2 Hz, o-PPh3), 130.06 (t”, 1,3JCP = 59.4 Hz, i -PPh3), 130.16 (s, p-PPh3),
135.52 (t”, 3,5JCP = 9.0 Hz, m-PPh3), 142.66 (s, C3 ), 150.69 (t, 2JCP =
9.0 Hz, C1 ), 178.93 (s, C7 ), 186.94 (s, C5 ).

31P{1H} NMR (CDCl3, δ): –5.36 (s, PPh3).

[Ir(C7H4O{Cl–6}{OMe–7})(CO)(PPh3)2][O3SCF3 (83)

A solution of 11 (25.0 mg, 0.0243 mmol) and N -chlorosuccinimide (10.5 mg,
0.0786 mmol) in 1,2-dichloroethane (5 mL) was heated under reflux for 6 h,
during which time the orange solution was observed to darken in colour. The
solvent was removed under reduced pressure and the residue was subjected
to column chromatography (6 x 1 cm silica gel column), eluting first with
dichloromethane then with 2% v/v methanol/dichloromethane. A bright
orange band was collected, n-hexane was added and on slow removal of the
dichloromethane under reduced pressure an orange precipitate formed which
was collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
83 (19.8 mg, 0.0188 mmol, 77%) as orange crystals.

73



Alternatively, to a solution of copper nitrate trihydrate (17.6 mg, 0.0728
mmol) and lithium chloride (1.03 mg, 0.0243 mmol) in acetic anhydride (3
mL) at 0 ℃ was added 11 (25.0 mg, 0.0243 mmol) and the solution stirred
for 1 h at reduced temperature. After this time, the volatiles were removed
in vacuo at room temperature and the dichloromethane-soluble residue was
passed through a Celite pad, which was then washed with dichloromethane,
to separate the blue-green copper salts and give an orange filtrate. The
filtrate was concentrated and subjected to column chromatography (6 x 1
cm silica gel column), eluting first with dichloromethane followed by 2%
v/v methanol/dichloromethane. A bright orange band was collected, n-
hexane (10 mL) was added and slow removal of the dichloromethane under
reduced pressure gave an orange precipitate of 83 (12.0 mg, 0.0114 mmol,
47%), which 1H NMR spectroscopy indicated contained ca. 0.3 equivalents
of unreacted 11 and ca. one equivalent of dichloromethane of solvation.

ESI MS (m/z, [M – O3SCF3]
+): C45H

193
37 IrO3P2Cl+: 915.1536, found

915.1525.

Anal. Calcd for IrC46H37O6P2ClSF3·0.3IrC46H38O6P2SF3·CH2Cl2: C,
50.15; H, 3.49%. Found: C, 50.33; H, 3.68% (sample prepared by the second
method).

IR (cm––1): 2051s ν(CO), 1552s, 1434s, 1347s, 1259s, 1148s, 1092s, 690s,
636s.

1H NMR (CDCl3, δ): 3.60 (s, 3H, OCH3), 5.74 (dd, 3JHH = 10.0, 6.7
Hz, 1H, H3 ), 5.87 (d, 3JHH = 10.2 Hz, 1H, H4 ), 5.94 (ddt, 3JHH = 9.0, 7.0
Hz, 4JHP = 1.9 Hz, 1H, H2 ), 7.30–7.37 (m, 12H, PPh3), 7.45–7.58 (m, 18H,
PPh3), 7.83 (dt, 3JHH = 9.0, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 56.36 (s, OCH3), 115.49 (s, C6 ), 122.17 (s,
C4 ), 124.22 (s, C2 ), 125.52 (t”, 1,3JCP = 58.8 Hz, i -PPh3), 129.20 (t”,
2,4JCP = 10.4 Hz, o-PPh3), 131.29 (t, 2JCP = 8.1 Hz, C1 ), 132.47 (s, p-
PPh3), 134.36 (t”, 3,5JCP = 11.1 Hz, m-PPh3), 142.45 (s, C3 ), 173.11 (t,
2JCP = 8.6 Hz, CO), 179.11 (s, C7 ), 185.85 (t, 2JCP = 9.0 Hz, C5 ). O3SCF3

not observed.

31P{1H} NMR (CDCl3, δ): 1.77 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.95 (s, O3SCF 3).

Ir(C7H4O{Cl–6}{OMe–7})Cl(PPh3)2 (84)

A solution of 12 (50.0 mg, 0.0566 mmol) and N -chlorosuccinimide (8.00
mg, 0.0599 mmol) in 1,2-dichloroethane (10 mL) was heated under reflux
for 3 h, during which time the red solution was not observed to change in
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colour. After this time, the volatiles were removed under reduced pressure
and the residue was subjected to column chromatography (10 x 1 cm silica
gel column), with dichloromethane as the eluent. A bright purple-red band
was collected, n-hexane (10 mL) was added and on slow removal of the
dichloromethane under reduced pressure a red precipitate formed which was
collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
84 (47.7 mg, 0.0473 mmol, 84%) as purple-red crystals. 1H NMR indicated
the presence of ca. one equivalent of dichloromethane of solvation in this
sample.

ESI MS (m/z, [M – Cl]+): C44H
193
37 IrO2P2Cl+: 887.1587, found 887.1597.

Anal. Calcd for IrC44H37O2P2Cl2·CH2Cl2: C, 53.63; H, 3.90%. Found:
C, 53.63; H, 4.00%.

IR (cm––1): 1556s, 1508s, 1432s, 1325s, 1090s, 1057s, 690s.

1H NMR (CDCl3, δ): 3.40 (s, 3H, OCH3), 4.93 (d, 3JHH = 9.5 Hz, 1H,
H4 ), 5.57 (dd, 3JHH = 9.1, 6.7 Hz, 1H, H3 ), 6.00 (ddt, 3JHH = 8.6, 6.3
Hz, 4JHP = 1.9 Hz, 1H, H2 ), 7.27–7.38 (m, 18H, PPh3), 7.60–7.66 (m, 12H,
PPh3), 9.60 (dt, 3JHH = 8.6 Hz, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.64 (s, OCH3), 106.94 (t, 3JCP = 2.6 Hz,
C6 ), 117.03 (s, C4 ), 121.82 (s, C2 ), 127.57 (t”, 2,4JCP = 9.6 Hz, o-PPh3),
129.40 (t”, 1,3JCP = 53.8 Hz, i -PPh3), 130.05 (s, p-PPh3), 135.15 (t”, 3,5JCP

= 10.2 Hz, m-PPh3), 143.42 (s, C3 ), 152.53 (t, 2JCP = 9.3 Hz, C1 ), 177.61
(s, C7 ), 183.20 (t, 2JCP = 7.1 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 1.07 (s, PPh3).

Ir(C7H3O{Cl–2}{Cl–6}{OMe–7})Cl(PPh3)2 (85)

A solution of 12 (50.0 mg, 0.0566 mmol) and N -chlorosuccinimide (33.6
mg, 0.252 mmol) in 1,2-dichloroethane (10 mL) was heated under reflux for
3 h. After this time, the volatiles were removed under reduced pressure
and the residue was subjected to column chromatography (10 x 1 cm silica
gel column), with dichloromethane as the eluent. A bright purple-red band
was collected, n-hexane (10 mL) was added and on slow removal of the
dichloromethane under reduced pressure a red precipitate formed, which
was collected by filtration and washed with n-hexane (3 x 5 mL) to give
pure 85 (42.6 mg, 0.0426 mmol, 75%) as red crystals. 1H NMR indicated
the presence of ca. 0.5 equivalents of dichloromethane of solvation in this
sample. A crystal suitable for X-ray study was grown from a chloroform/n-
heptane mixture and proved to be a chloroform solvate.

ESI MS (m/z, [M – Cl]+): C44H
193
36 IrO2P2Cl+2 : 921.1197, found 921.1200.
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Anal. Calcd for IrC44H36O2P2Cl3·0.5CH2Cl2: C, 53.46; H, 3.73%. Found:
C, 53.16; H, 3.79%.

IR (cm––1): 1553s, 1426s, 1333s, 1091s, 693s.

1H NMR (CDCl3, δ): 3.43 (s, 3H, OCH3), 5.03 (d, 3JHH = 10.4 Hz, 1H,
H4 ), 5.26 (dd, 3JHH = 10.2 Hz, 3JHH = 3.0 Hz, 1H, H3 ), 7.30–7.39 (m,
18H, PPh3), 7.58–7.62 (m, 12H, PPh3), 9.29 (dt, 4JHH = 2.8 Hz, 3JHP =
2.0 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.99 (s, OCH3), 108.70 (t, 3JCP = 3.3 Hz,
C6 ), 112.97 (t, 3JCP = 3.6 Hz, C2 ), 121.99 (s, C4 ), 127.79 (t”, 2,4JCP =
9.9 Hz, o-PPh3), 128.92 (t”, 1,3JCP = 54.0 Hz, i -PPh3), 130.28 (s, p-PPh3),
135.05 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 139.15 (t, 2JCP = 10.5 Hz, C1 ),
143.50 (s, C3 ), 178.52 (s, C7 ), 180.80 (t, 2JCP = 7.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.23 (s, PPh3).

[Ir(C7H4O{NO2–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (86)

To a stirred solution of copper nitrate trihydrate (568 mg, 2.35 mmol) in
acetic anhydride (20 mL) at 0 ℃, 11 (1.02 g, 0.996 mmol) was added as a
solid. Stirring was continued for 1 hour at reduced temperature, after which
time all were removed in vacuo at room temperature. The green residue was
extracted with dichloromethane and filtered through Celite, which was then
washed with dichloromethane, to separate the blue-green copper salts. n-
Heptane (40 mL) was added to the filtrate and the dichloromethane removed
under reduced pressure to form an amber precipitate which was collected
by filtration and washed with n-hexane (2 x 5 mL) to give pure 86 (580
mg, 0.513 mmol, 52%) as amber crystals. 1H NMR spectroscopy indicated
that ca. 0.66 equivalents of dichloromethane of solvation was present in
this sample. The crystal used for X-ray structural analysis was grown by
slow diffusion of CDCl3 and n-heptane in an NMR tube and proved to be a
chloroform solvate.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C45H

193
37 IrNO5P

+
2 : 926.1777,

found 926.1785.

Anal. Calcd for IrC46H37F3NO8P2S·0.66CH2Cl2: C, 49.55; H, 3.41; N,
1.24%. Found: C, 49.51; H, 3.61; N, 1.22%.

IR (cm––1): 2067s ν(CO), 1307m, 1261s, 1152m.

1H NMR (CDCl3, δ): 3.72 (s, 3H, OCH3), 5.64 (br t, 4JHP = 2.7 Hz, 1H,
H6 ), 5.92 (d, 3JHH = 10.5 Hz, 1H, H4 ), 6.46 (d, 3JHH = 10.8 Hz, 1H, H3 ),
7.30–7.69 (m, 30H, PPh3), 9.74 (s, 1H, H1 ).
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13C{1H} NMR (CDCl3, δ): 56.54 (s, OCH3), 124.67 (t”, 1,3JCP = 60.0
Hz, i -PPh3), 125.65 (t, 3JCP = 4.0 Hz, C6 ), 129.26 (s, C4 ), 129.42 (t”,
2,4JCP = 10.7 Hz, o-PPh3), 132.66 (s, C3 ), 132.93 (s, p-PPh3), 134.27 (t”,
3,5JCP = 10.8 Hz, m-PPh3), 139.76 (t, 2JCP = 7.6 Hz, C1 ), 144.14 (t, 3JCP

= 3.2 Hz, C2 ), 172.74 (t, 2JCP = 7.6 Hz, CO), 186.40 (s, C7 ), 193.62 (t,
2JCP = 6.1 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 2.11 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.98 (s, O3SCF 3).

Ir(C7H4O{NO2–2}{OMe–7})Cl(PPh3)2 (87)

A solution of 85 (1.00 g, 0.931 mmol) and lithium chloride (2.00 g, 47.2
mmol) in propan-1-ol (100 mL) was heated under reflux for 3 h. After this
time, the solution was cooled to room temperature, the solvent was removed
under reduced pressure and the residue dried in vacuo for 1 h. After this time
the residue was dissolved in dichloromethane and subjected to column chro-
matography (10 × 3 cm silica gel column), with dichloromethane as the elu-
ent. A dark orange band was collected, n-hexane (100 mL) was added and on
slow removal of the dichloromethane under reduced pressure an orange pre-
cipitate formed, which was collected by filtration and washed with n-hexane
(5 × 5 mL) to give pure 87 (653 mg, 0.684 mmol, 73%) as orange crystals. 1H
NMR spectroscopy indicated that ca. 0.25 equivalents of dichloromethane
of solvation was present in this sample. A crystal suitable for X-ray study
was grown by slow evaporation of a dichloromethane/cyclohexane mixture
and was proved to be a dichloromethane solvate.

ESI MS (m/z, [M – Cl]+): Calcd for 193IrC44H37O4P2N
+: 898.1824,

found 898.1842.

Anal. Calcd for IrC44H37NO4P2Cl·0.25CH2Cl2: C, 56.67; H, 3.96; N,
1.47%. Found: C, 55.86; H, 4.17; N, 1.44%.

IR (cm––1): 1549s, 1482s, 1433s, 1297s, 1171s, 1092s, 690s.

1H NMR (CDCl3, δ): 3.43 (s, 3H, OCH3), 5.03 (d, 3JHH = 10.4 Hz, 1H,
H4 ), 5.07 (t, 4JHP = 1.5 Hz, 1H, H6 ), 6.35 (dd, 3JHH = 10.2 Hz, 3JHH

= 3.0 Hz, 1H, H3 ), 7.27–7.40 (m, 18H, PPh3), 7.56–7.61 (m, 12H, PPh3),
12.08 (dt, 4JHH = 2.8 Hz, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.02 (s, OCH3), 118.30 (s, C6 ), 125.73 (s,
C4 ), 127.83 (t”, 2,4JCP = 9.7 Hz, o-PPh3), 128.31 (t”, 1,3JCP = 54.9 Hz,
i -PPh3), 130.56 (s, p-PPh3), 132.77 (s, C3 ), 134.90 (t”, 3,5JCP = 10.0 Hz,
m-PPh3), 143.44 (s, C2 ), 167.23 (t, 2JCP = 8.5 Hz, C1 ), 184.51 (s, C7 ),
191.67 (t, 2JCP = 6.5 Hz, C5 ).
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31P{1H} NMR (CDCl3, δ): 3.74 (s, PPh3).

Ir(C7H3O{NO2–2}{NO2–4}{OMe–7})Cl(PPh3)2 (88)

To a stirred solution of copper nitrate trihydrate (68.0 mg, 0.281 mmol) in
acetic anhydride (5 mL) at 0 ℃, 12 was added as a solid and the mixture
was stirred for 1 h. After this time, the volatiles were removed in vacuo
at room temperature, the residue was extracted with dichloromethane and
the extract was passed through a Celite pad, which was then washed with
dichloromethane. The filtrate was concentrated under reduced pressure and
subjected to column chromatography (8 × 1 cm silica gel column), with
dichloromethane as the eluent. A dark red band was collected, n-hexane
(10 mL) was added and on slow removal of the dichloromethane under re-
duced pressure a bright red precipitate formed, which was collected by fil-
tration and washed with n-hexane (3 × 5 mL) to give pure 88 (28.3 mg,
0.0277 mmol, 49%) as dark red crystals. 1H NMR spectroscopy indicated
that ca. 0.5 equivalents of dichloromethane of solvation was present in this
sample. The crystal used for X-ray study was grown by slow evaporation
of a dichloromethane/cyclohexane solvent mixture and proved to have two
molecules of dichloromethane per asymmetric unit.

ESI MS (m/z, [M – Cl]+): Calcd for 193IrC44H37O4P2N
+: 943.1678,

found 943.1687.

Anal. Calcd for IrC44H36N2O6P2Cl·0.5CH2Cl2: C, 52.36; H, 3.65; N,
2.74%. Found: C, 52.36; H, 3.69; N, 2.80%.

IR (cm––1): 1561s, 1541s, 1500s, 1481s, 1433s, 1344s, 1300s, 1092s, 691s.

1H NMR (CDCl3, δ): 3.51 (s, 3H, OCH3), 5.83 (d, 3JHH = 10.6 Hz, 1H,
H4 ), 6.68 (dd, 3JHH = 10.7 Hz, 4JHH = 3.0 Hz, 1H, H3 ), 7.31–7.57 (m,
30H, PPh3), 12.36 (dt”, 4JHH = 3.0, 3JHP = 3.6 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.54 (s, OCH3), 119.76 (s, C4 ), 127.25 (t”,
1,3JCP = 56.4 Hz, i -PPh3), 128.32 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 131.14 (s,
p-PPh3), 134.54 (t”, 3,5JCP = 9.7 Hz, m-PPh3), 135.50 (t, 3JCP = 5.1 Hz,
C6 ), 140.84 (s, C3 ), 142.49 (s, C2 ), 173.58 (t, 2JCP = 5.4 Hz, C1 ), 176.99
(s, C7 ), 195.19 (t, 2JCP = 5.4 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 3.31 (s, PPh3).
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[Ir(C7H3O{NO2–2}{NO2–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (89)

Silver triflate (7.00 mg, 0.0272 mmol) was added to 88 (25.0 mg, 0.0256
mmol) in dichloromethane (3 mL) and the solution placed under an atmo-
sphere of carbon monoxide. Stirring was continued for 2 h, during which
time the initially dark red solution turned orange-red. The CO gas was
purged and the solvents removed under reduced pressure. The residue was
redissolved in dichloromethane and subjected to column chromatography (6
x 1 cm silica gel column), eluting first with dichloromethane then with 2%
v/v methanol/dichloromethane. A yellow-orange band was collected and
the volatiles were removed under reduced pressure. Recrystallisation from
dichloromethane and n-hexane gave a yellow precipitate which was collected
by filtration and washed with n-hexane (3 x 5 mL) to give pure 89 (19.0
mg, 0.0170 mmol, 66%) as yellow-orange crystals.

ESI MS (m/z, [M – O3SCF3]
+): Calcd for C45H

193
36 IrN2O7P

+
2 : 971.1627,

found 971.1645.

IR (cm––1): 2050s ν(CO), 1547s, 1482s, 1434s, 1358s, 1261s, 1147s, 1093s,
1030s, 692s, 635s.

1H NMR (CDCl3, δ): 3.85 (s, 3H, OCH3), 6.22 (d, 3JHH = 10.8 Hz, 1H,
H4 ), 6.58 (dd, 3JHH = 10.9 Hz, 4JHH = 2.5 Hz, 1H, H3 ), 7.29–7.63 (m,
30H, PPh3), 9.79 (dt”, 4JHH = 2.5, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 58.32 (s, OCH3), 124.06 (t”, 1,3JCP = 59.7
Hz, i -PPh3), 125.21 (s, C4 ), 129.70 (t”, 2,4JCP = 10.6 Hz, o-PPh3), 133.03
(s, p-PPh3), 133.68 (s, C3 ), 134.14 (t”, 3,5JCP = 10.9 Hz, m-PPh3), 141.32
(t, 2JCP = 6.8 Hz, C1 ), 143.83 (s, C6 ), 144.13 (s, C2 ), 171.50 (t, 2JCP =
7.0 Hz, CO), 180.16 (s, C7 ). C5 (ca. 188 ppm by HMBC) and O3SCF3

not observed.

31P{1H} NMR (CDCl3, δ): 2.32 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.97 (s, O3SCF 3).

Ir(C7H3O{NO2–2}{Cl–6}{OMe–7})Cl(PPh3)2 (90)

To a solution of copper nitrate trihydrate (17.1 mg, 0.0708 mmol) in acetic
anhydride (3 mL) at 0 ℃ was added lithium chloride (1.20 mg, 0.0283 mmol)
followed immediately thereafter by 12 (25.0 mg, 0.0283 mmol). Stirring was
continued at reduced temperature for 1 h, after which time all the volatiles
were removed in vacuo. The residue was extracted with dichloromethane and
passed through a Celite pad, which was then washed with dichloromethane.
The filtrate was concentrated under reduced pressure and subjected to col-
umn chromatography (8 x 1 cm silica gel column), with dichloromethane as
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the eluent. A dark red band was collected, n-hexane was added and slow
removal of the dichloromethane under reduced pressure a bright red precip-
itate formed, which was collected by filtration and washed with n-hexane
(3 x 5 mL) to give pure 90 (14.1 mg, 0.0134 mmol, 47%) as red crystals.
1H NMR spectroscopy indicated that ca. one equivalent of dichloromethane
of solvation was present in this sample. The crystal used for X-ray study
was grown by slow evaporation of a dichloromethane/cyclohexane solvent
mixture.

ESI MS (m/z, [M + Na]+): C44H
193
36 IrNO4P2Cl2Na+: 990.1024, found

990.1033.

Anal. Calcd for IrC44H36O4P2NCl2·CH2Cl2: C, 51.34; H, 3.64; N, 1.33%.
Found: C, 51.36; H, 3.69; N, 1.36%.

IR (cm––1): 1552s, 1538s, 1482s, 1431s, 1337s, 1297s, 1092s, 691s.

1H NMR (CDCl3, δ): 3.47 (s, 3H, OCH3), 5.30 (d, 3JHH = 10.3 Hz, 1H,
H4 ), 6.39 (dd, 3JHH = 10.6 Hz, 4JHH = 2.9 Hz, 1H, H3 ), 7.29–7.42 (m,
18H, PPh3), 7.49–7.56 (m, 12H, PPh3), 12.15 (dt”, 4JHH = 3.0 Hz, 3JHP =
3.0 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.26 (s, OCH3), 110.56 (s, C6 ), 121.26 (s,
C4 ), 127.86 (t”, 1,3JCP = 56.0 Hz, i -PPh3), 128.10 (t”, 2,4JCP = 10.1 Hz,
o-PPh3), 130.76 (s, p-PPh3), 134.36 (s, C3 ), 134.71 (t”, 3,5JCP = 10.2 Hz,
m-PPh3), 143.36 (s, C2 ), 168.07 (t, 2JCP = 9.2 Hz, C1 ), 178.89 (s, C7 ),
185.94 (t, 2JCP = 5.9 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 3.66 (s, PPh3).

Ir(C7H2O{NO2–2}{Cl–4}{NO2–6}{OMe–7})Cl(PPh3)2 (91)

To a solution of copper nitrate trihydrate (68.4 mg, 0.283 mmol) in acetic
anhydride (5 mL) at 0 ℃ was added lithium chloride (2.40 mg, 0.0566 mmol)
as a solid, followed immediately thereafter by 12 (50.0 mg, 0.0566 mmol).
Stirring was continued for 1 h, after which time the volatiles were removed in
vacuo. The residue was extracted with dichloromethane and passed through
a Celite pad, which was then washed with dichloromethane. The filtrate was
concentrated under reduced pressure and subjected to column chromatog-
raphy (8 x 1 cm silica gel column), with dichloromethane as the eluent. A
dark red band was collected, n-hexane was added and slow removal of the
dichloromethane a bright red precipitate formed, which was collected by fil-
tration and washed with n-hexane (3 x 5 mL) to give pure 91 (33.1 mg,
0.0318 mmol, 56%) as bright red crystals. 1H NMR spectroscopy indicated
that ca. 0.33 equivalents of dichloromethane of solvation was present in this
sample. The crystal used for X-ray study was grown by slow evaporation
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of a chloroform/cyclohexane solvent mixture and proved to be a chloroform
solvate.

ESI MS (m/z, [M + Na]+): C44H
193
35 IrN2O6P2Cl2Na+: 1035.0874, found

1035.0893.

Anal. Calcd for IrC44H35O6P2N2Cl2·0.33CH2Cl2: C, 51.15; H, 3.45; N,
2.69%. Found: C, 51.18; H, 3.59; N, 2.66%.

IR (cm––1): 1561s, 1543s, 1526s, 1482s, 1433s, 1329s, 1303s, 1093s, 691s.

1H NMR (CDCl3, δ): 3.56 (s, 3H, OCH3), 7.11 (d, 4JHH = 2.8 Hz, 1H,
H3 ), 7.35–7.41 (m, 30H, PPh3), 12.55 (dt”, 4JHH = 2.9 Hz, 3JHP = 2.8 Hz,
1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.85 (s, OCH3), 112.06 (t, 3JCP = 2.4 Hz,
C6 ), 126.92 (t”, 1,3JCP = 56.0 Hz, i -PPh3), 128.51 (t”, 2,4JCP = 10.0 Hz,
o-PPh3), 131.20 (s, p-PPh3), 134.40 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 134.72
(s, C3 ), 143.33 (t, 3JCP = 2.4 Hz, C2 or C4 ), 143.46 (s, C2 or C4 ), 161.93
(t, 2JCP = 7.2 Hz, C5 ), 179.85 (s, C7 ), 180.39 (t, 2JCP = 7.5 Hz, C1 ).

31P{1H} NMR (CDCl3, δ): 4.46 (s, PPh3).

[Ir(C7H4O{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (63)

To a solution of copper nitrate trihydrate (8.81 mg, 0.0365 mmol) and
lithium bromide (2.11 mg, 0.0366 mmol) in acetic anhydride (4 mL) at
0 ℃ was added 11 (25.0 mg, 0.0243 mmol) as a solid, and the mixture was
stirred for 1 h. After this time, the volatiles were removed in vacuo at room
temperature and the dichloromethane-soluble component of the residue was
passed through a Celite pad, which was then washed with dichloromethane,
to separate the copper salts and give a red filtrate. The filtrate was concen-
trated under reduced pressure and subjected to column chromatography (6
x 1 cm silica gel column), eluting first with dichloromethane then with 2%
v/v methanol/dichloromethane. A red band was collected, n-hexane (5 mL)
was added, and on slow removal of the dichloromethane under reduced pres-
sure a red precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 63 (10.2 mg, 0.00920 mmol, 38%) as
red crystals.

The identity of this product was confirmed by comparison of the 1H,
13C{1H} and 31P{1H} NMR data with the values reported in the litera-
ture.77
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Ir(C7H3O{Br–2}{Br–6}{OMe–7})Cl(PPh3)2 (64)

To a solution of copper nitrate trihydrate (17.1 mg, 0.142 mmol) and lithium
bromide (5.00 mg, 0.0576 mmol) in acetic anhydride (3 mL) at 0 ℃ was
added 12 (25.0 mg, 0.0283 mmol) as a solid, and the mixture was stirred
at for 1 h. After this time, the volatiles were removed in vacuo and the
dichloromethane-soluble component of the residue was passed through a
Celite pad, which was then washed with dichloromethane. The solvent was
removed under reduced pressure, n-propanol (20 mL) and lithium bromide
(62.5 mg, 0.720 mmol) were added and the mixture was heated under reflux
for 3 h. After this time, the solvent was removed in vacuo and the residue
was dissolved in dichloromethane and subjected to column chromatography
(8 x 1 cm silica gel column), with dichloromethane as the eluent. A dark
red band was collected, n-hexane (5 mL) was added and slow removal of the
dichloromethane under reduced pressure a red precipitate formed, which was
collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
64 (14.1 mg, 0.0129 mmol, 45%) as dark red crystals.

The identity of this product was confirmed by comparison of the 1H,
13C{1H} and 31P{1H} NMR data with the values reported in the litera-
ture.77

Ir(C7H3O{NO2–2}{Br–6}{OMe–7})Cl(PPh3)2 (92)

To a solution of 88 (100 mg, 0.107 mmol) in dichloromethane (3 mL) was
added pyridinium tribromide (40.0 mg, 0.125 mmol) in methanol (5 mL).
The solution was stirred for 1 h, during which time the solution turned
bright red. After this time, the solvent was removed under reduced pressure,
forming a bright red precipitate which was collected by filtration and washed
with methanol (3 x 5 mL) to give pure 92 (83.3 mg, 0.0790 mmol, 74%) as
bright red crystals. 1H NMR spectroscopy indicated that ca. 0.5 equivalents
of dichloromethane of solvation was present in this sample. The crystal
used for X-ray structural analysis was grown by the slow evaporation of
a chloroform/cyclohexane solvent mixture and proved to be a chloroform
solvate.

ESI MS (m/z, [M + Na]+): C44H
193
36 IrNO4P2Cl79BrNa+: 1034.0478,

found 1034.0475.

Anal. Calcd for IrC44H36O4P2NClBr·0.5CH2Cl2: C, 50.67; H, 3.54; N,
1.33%. Found: C, 50.38; H, 3.34; N, 1.43%.

IR (cm––1): 1549s, 1481s, 1427s, 1334s, 1299s, 1090s, 1025s, 726s, 690s.
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1H NMR (CDCl3, δ): 3.46 (s, 3H, OCH3), 5.24 (d, 3JHH = 10.3 Hz, 1H,
H4 ), 6.40 (dd, 3JHH = 10.3 Hz, 4JHH = 2.9 Hz, 1H, H3 ), 7.30–7.42 (m,
18H, PPh3), 7.49–7.56 (m, 12H, PPh3), 12.19 (dt”, 4JHH = 2.9, 3JHP = 1.5
Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.50 (s, OCH3), 99.08 (t, 3JCP = 3.0 Hz,
C6 ), 123.64 (s, C4 ), 127.81 (t”, 1,3JCP = 55.8 Hz, i -PPh3), 128.12 (t”,
2,4JCP = 10.3 Hz, o-PPh3), 130.75 (s, p-PPh3), 134.71 (t”, 3,5JCP = 10.2
Hz, m-PPh3), 134.86 (s, C3 ), 143.49 (s, C2 ), 168.67 (t, 2JCP = 8.7 Hz, C1 ),
179.32 (s, C7 ), 183.93 (t, 2JCP = 6.6 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 3.34 (s, PPh3).

Ir(C7H3O{SCN–2}{SCN–6}{OMe–7})(NCS)(PPh3)2 (93)

A solution/suspension of either 11 (50.0 mg, 0.0485 mmol), 12 (50.0 mg,
0.0566 mmol) or 94 (50.0 mg, 0.0482 mmol) and copper(II) thiocyanate (60.0
mg, 0.334 mmol) in methanol (10 mL) and 1,2-dichloroethane (10 mL) was
heated under reflux for 30 min, during which time a white precipitate formed.
The solution was cooled to room temperature and passed through a Celite
pad, which was then washed with dichloromethane, and the filtrate was
collected. The solvents were removed under reduced pressure and the residue
was subjected to column chromatography (8 x 1 cm silica gel column), with
dichloromethane as the eluent. A red band was collected, n-hexane was
added and on slow removal of the dichloromethane under reduced pressure
a red precipitate formed, which was collected by filtration and washed with
n-hexane (3 x 5 mL) to give pure 93 (11.5 mg, 0.0112 mmol, 23% from 11;
13.0 mg, 0.0127 mmol, 22% from 12; 9.80 mg, 0.00956 mmol, 17% from
95) as red crystals. A crystal suitable for X-ray study was grown from a
chloroform/n-heptane mixture.

ESI MS (m/z, [M + Na]+): Calcd for C47H
193
36 IrO2P2S3N3Na+: 1048.0965,

found 1048.0973.

IR (cm––1): 2143m, 2095s ν(CN), 1577m, 1545s, 1434s, 1356s, 1190s,
1094s, 1062s, 863s, 706s.

1H NMR (CDCl3, δ): 3.50 (s, 3H, OCH3), 5.81 (d, 3JHH = 10.2 Hz, 1H,
H4 ), 5.88 (dd, 3JHH = 10.2 Hz, 4JHH = 2.4 Hz, 1H, H3 ), 7.38–7.52 (m,
30H, PPh3), 9.93 (br d, 4JHH = 2.2 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.64 (s, OCH3), 101.18 (t, 3JCP = 3.2 Hz,
C6 ), 106.79 (t, 3JCP = 2.8 Hz, C2 ) 110.56 (s, C–SCN), 111.73 (s, C–SCN),
124.01 (s, C4 ), 127.10 (t”, 1,3JCP = 55.8 Hz, i -PPh3), 128.68 (t”, 2,4JCP =
9.9 Hz, o-PPh3), 131.32 (s, p-PPh3), 134.26 (t”, 3,5JCP = 10.3 Hz, m-PPh3),
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137.95 (s, NCS), 146.96 (s, C3 ), 163.77 (t, 2JCP = 8.2 Hz, C1 ), 180.87 (s,
C7 ), 204.22 (m, C5 ).

31P{1H} NMR (CDCl3, δ): 3.67 (s, PPh3).

Ir(C7H3O{SCN–2}{SCN–6}{OMe–7})Cl(PPh3)2 (94)

A solution/suspension of 12 (50.0 mg, 0.0566 mmol) and copper(II) thio-
cyanate (60.0 mg, 0.334 mmol) in methanol (10 mL) and 1,2-dichloroethane
(10 mL) was heated under reflux for 30 min, during which time a white pre-
cipitate formed. The solution was cooled to room temperature and passed
through a Celite pad, which was then washed with dichloromethane, and
the filtrate was collected. The solvents were removed under reduced pres-
sure and the residue was subjected to column chromatography (8 x 1 cm
silica gel column), with dichloromethane as the eluent. A red band was
collected, n-hexane was added and on slow removal of the dichloromethane
under reduced pressure, a red precipitate formed, which was collected by
filtration and washed with n-hexane (3 x 5 mL) to give pure 94 (36.4 mg,
0.0348 mmol, 62%) as red crystals. The crystal used for X-ray structure
analysis was grown by slow evaporation of a chloroform/n-heptane mixture.
1H NMR indicated the presence of ca. 0.5 equivalents of dichloromethane
of solvation.

ESI MS (m/z, [M + Na]+): Calcd for C46H
193
36 IrO2P2S2N2ClNa+: 1025.0896,

found 1025.0919.

Anal. Calcd for IrC46H36O2P2N2S2Cl·0.5CH2Cl2: C, 53.44; H, 3.57; N,
2.68%. Found: C, 53.61; H, 3.66; N, 2.64%.

IR (cm––1): 2146s ν(CN), 1573m, 1548m, 1483s, 1433s, 1323s, 1093s,
745s, 708s.

1H NMR (CDCl3, δ): 3.55 (s, 3H, OCH3), 5.66 (d, 3JHH = 10.1 Hz, 1H,
H4 ), 5.86 (dd, 3JHH = 10.2 Hz, 4JHH = 2.2 Hz, 1H, H3 ), 7.33–7.7.44 (m,
30H, PPh3), 10.64 (br d, 4JHH = 2.2 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.54 (s, OCH3), 99.74 (s, C6 ), 105.66 (t,
3JCP = 2.9 Hz, C2 ), 110.85 (s, SCN), 111.91(s, SCN), 122.93 (s, C4 ),
127.97 (t”, 1,3JCP = 54.9 Hz, i -PPh3), 128.17 (t”, 2,4JCP = 10.0 Hz, o-
PPh3), 130.86 (s, p-PPh3), 134.66 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 146.78
(s, C3 ), 169.05 (t, 2JCP = 8.2 Hz, C1 ), 180.78 (s, C7 ), 204.19 (t, 2JCP =
5.7 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 2.23 (s, PPh3).
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Ir(C7H5O{OMe–7})(NCS)(PPh3)2 (95)

A solution of 11 (200 mg, 0.196 mmol) and potassium thiocyanate (600 mg,
6.17 mmol) in n-propanol (20 mL) was heated under reflux for 4 h. After
this time, the solvent was removed under reduced pressure, the residue was
dissolved in dichloromethane and subjected to column chromatography (4 x
1 cm silica gel column), with dichloromethane as the eluent. A red band was
collected, n-hexane was added and on slow removal of the dichloromethane
under reduced pressure, a red precipitate formed, which was collected by
filtration to give pure 95 (145 mg, 0.140 mmol, 71%) as red crystals. 1H
NMR indicated the presence of ca. 1.5 equivalents of dichloromethane of
solvation was present in this sample. The crystal used for X-ray study was
grown by slow evaporation of a chloroform/cyclohexane mixture.

ESI MS (m/z, [M + Na]+): Calcd for C45H
193
38 IrO2P2SNNa+: 934.1621,

found 934.1637.

Anal. Calcd for IrC45H38O2P2NS·1.5CH2Cl2: C, 53.78; H, 3.98; N,
1.35%. Found: C, 53.82; H, 4.16; N, 1.35%.

IR (cm––1): 2112s ν(CN), 2021s, 1547m, 1432s, 1170s, 1092s.

1H NMR (CDCl3, δ): 3.29 (s, 3H, OCH3), 4.84 (d, 3JHH = 9.9 Hz, 1H,
H4 ), 5.04 (t, 4JHP = 2.2 Hz, 1H, H6 ), 5.53 (dd, 3JHH = 9.5 Hz, 6.8 Hz, 1H,
H3 ), 5.86 (ddt, 3JHH = 8.5 Hz, 6.6 Hz, 4JHP = 2.2 Hz, 1H, H2 ), 7.29–7.41
(m, 18H, PPh3), 7.51–7.58 (m, 12H, PPh3), 8.68 (ddt, 3JHH = 8.6 Hz, 4JHH

= 1.7 Hz, 3JHP = 1.6 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 52.51 (s, OCH3), 116.30 (s, C6 ), 121.79 (s,
C2 ), 122.36 (s, C4 ), 127.81 (t”, 2,4JJCP = 10.0 Hz, o-PPh3), 128.94 (t”,
1,3JCP = 54.2 Hz, i -PPh3), 130.30 (s, p-PPh3), 130.64 (s, NCS), 134.90 (t”,
3,5JCP = 10.6 Hz, m-PPh3), 141.60 (s, C3 ), 144.42 (t, 2JCP = 9.5 Hz, C1 ),
183.43 (s, C7 ), 194.20 (m, C5 ).

31P{1H} NMR (CDCl3, δ): 2.95 (s, PPh3).

Ir(C7H4O{SCN–6}{OMe–7})(NCS)(PPh3)2 (96)

A solution of 94 (50.0 mg, 0.0549 mmol) and copper(II) thiocyanate (60.0
mg, 0.334 mmol) in methanol (10 mL) and 1,2-dichloroethane (10 mL) was
heated under reflux for 30 min, during which time a white precipitate formed.
The solution was cooled to room temperature and passed through a Celite
pad, which was then washed with dichloromethane, and the filtrate was
collected. The solvents were removed under reduced pressure and the residue
was subjected to column chromatography (10 x 1 cm silica gel column),
with dichloromethane as the eluent. A fast-moving red band was collected,
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n-hexane was added and on slow removal of the dichloromethane under
reduced pressure, a red precipitate formed, which was collected by filtration
and washed with n-hexane (3 x 5 mL) to give pure 96 (30.1 mg, 0.0311 mmol,
57%) as red crystals. A slower-moving red band of 93 was also collected
(9.80 mg, 0.00956 mmol, 17%) as red crystals. The crystal of 96 used for
X-ray study was grown by slow evaporation of a chloroform/cyclohexane
solvent mixture and proved to contain 1.5 equivalents of cyclohexane of
solvation.

ESI MS (m/z, [M + Na]+): Calcd for C46H
193
37 IrO2P2S2N2Na+: 991.1299,

found 991.1314.

IR (cm––1): 2096s ν(CN), 1573s, 1364s, 1189s, 1091s.

1H NMR (CDCl3, δ): 3.42 (s, 3H, OCH3), 5.59 (d, 3JHH = 10.2 Hz, 1H,
H4 ), 5.90 (dd, 3JJHH = 10.2, 8.2 Hz, 1H, H3 ), 6.06 (t’, 3JHH = 8.0 Hz, 1H,
H2 ), 7.34–7.44 (m, 18H, PPh3), 7.45–51 (m, 12H, PPh3), 9.25 (dm, 3JHH

= 8.6 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.10 (s, OCH3), 96.67 (t, 3JCP = 2.5 Hz,
C6 ), 111.64 (s, C6–SCN), 119.10 (s, C4 ), 122.52 (s, C2 ), 128.01 (t”, 1,3JCP

= 55.6 Hz, i -PPh3), 128.24 (t”, 2,4JCP = 9.6 Hz, o-PPh3), 129.13 (s, Ir–
NCS), 130.81 (s, p-PPh3), 134.83 (t”, 3,5JCP = 10.6 Hz, m-PPh3), 148.16
(s, C3 ), 154.90 (t, 2JCP = 8.7 Hz, C1 ), 180.22 (s, C7 ), 207.24 (t, 2JCP =
6.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 3.34 (s, PPh3).

Ir(C7H4O{SC[=NH]OMe–6}{OMe–7})(NCS)(PPh3)2 (97)

To a solution of 96 (20.0 mg, 0.0207 mmol) in dichloromethane (4 mL) and
methanol (4 mL) was added sodium methoxide (22.3 mg, 0.413 mmol) and
the resulting mixture was stirred overnight at room temperature. After this
time the solvents were removed under reduced pressure and the residue was
subjected to column chromatography (8 x 1 cm silica gel column), eluting
first with dichloromethane and then with 5% v/v acetone/dichloromethane.
A red band was collected, n-hexane was added and on slow removal of the
dichloromethane under reduced pressure a red precipitate formed, which was
collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
97 (13.9 mg, 0.0139 mmol, 67%) as red crystals. The crystal used for X-ray
structure determination was grown by slow evaporation of a chloroform/n-
heptane mixture and proved to be a chloroform solvate.

ESI MS (m/z, [M + Na]+): Calcd for C47H
193
40 IrO3P2S2N2Na+: 1023.1561,

found 1023.1583.
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Anal. Calcd for IrC47H40O3P2N2S2: C, 56.50; H, 4.04; N, 2.80%. Found:

IR (cm––1): 2108s ν(CN), 1545s, 1434s, 1317s, 1093s, 693s.

1H NMR (CDCl3, δ): 3.36 (s, 3H, OCH3 on C7), 3.71 (s, 3H, OCH3),
5.85 (ddd, 3JHH = 9.6, 7.8 Hz, 4JHH = 1.2 Hz, 1H, H3 ), 5.90 (d, 3JHH =
9.8 Hz, 1H, H4 ), 6.03 (t’t, 3JHH = 7.5 Hz, 4JHP = 1.6 Hz, 1H, H2 ), 6.39
(br s, NH ), 7.30–7.55 (m, 30H, PPh3), 9.15 (ddt, 3JHH = 8.4 Hz, 4JHH =
1.8 Hz, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.79 (s, OCH3), 55.30 (s, OCH3 on C7),
103.46 (s, C6 ), 120.61 (s, C4 ), 123.22 (s, C2 ), 128.02 (t”, 1,3JCP = 55.8 Hz,
i -PPh3), 128.16 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 128.29 (s, Ir–NCS), 130.79
(s, p-PPh3), 134.64 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 146.96 (s, C3 ), 153.13
(t, 2JCP = 7.7 Hz, C1 ), 167.14 (s, C6–SC (NH)OMe), 181.83 (s, C7 ), 204.51
(t, 2JCP = 6.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 4.28 (s, PPh3).
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3 Chapter Three: Derivatives of amino-functions
of iridabenzofurans

3.1 Preface

As an unfortunate consequence of the synthetic routes by which many fused-
ring metallabenzenes have been prepared, the metallacyclic rings are often
substituted with inert groups which do not lend themselves towards further
chemistry. In the few instances where a reactive substituent has been at-
tached onto a metallabenzene, the chemistry has proven to be immensely rich
and has allowed a variety of new metalla-aromatic products to be formed.
The η2-CS[M],65 thiocyanate,88 ethynylthio89,90 and hydroxy56 groups are a
few of the reactive substituents on metallabenzenes which have led to new
fused-ring metallabenzene products.

In the previous chapter the preparation of a number of iridabenzofurans
with nitro substituents is described. Derivatives of nitro groups are well
known in traditional organic chemistry and serve as precursors to a wide
variety of useful products.151,152 When we began our studies this chemistry
had not yet been extended to metallabenzenes or metallabenzenoids. Of
particular interest to us was the preparation of primary amines from the
nitro groups since these relatively simple derivatives have immense syn-
thetic utility in organic chemistry. The synthesis of two osmabenzenes with
secondary amine substituents has been reported recently108 but as yet a
metalla-aromatic with primary amine substituents has not been reported.
This was the inspiration for the research described in this chapter.

The investigation begins with the synthesis of iridabenzofurans with pri-
mary amino substituents in the C2 position. These were obtained by reduc-
tion of the 2-nitroiridabenzofurans prepared in Section 2.6 to 2-ammonium-
iridabenzofurans and subsequent deprotonation. From these amino groups,
derivatives were prepared with alkylamine, sulfonamide and amide func-
tions. The stability of the iridabenzofurans towards oxygen and the reactiv-
ity of the ring substituents appears to be determined largely by the ancillary
ligands on the iridium metal.

3.2 Reduction of nitroiridabenzofurans

There is quite a selection of conditions which can be used to reduce aro-
matic nitro groups in organic chemistry.157,158 Unfortunately, many of these
processes cannot be extended to metallaaromatics due to their thermal sen-
sitivity or because of the potential for redox reactions at other sites such as
the metal centre. Preliminary work had indicated that a metal powder in
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acidic media could provide a suitably mild yet effective method to reduce the
nitroiridabenzene 87.159 Application of a modified version of this method
allowed ammonium-substituted iridabenzofurans to be prepared.

Reduction of the nitro groups in 86 or 87 was achieved with zinc metal
powder and hydrochloric acid. The resulting iridabenzofurans, [Ir(C7H4O{NH3–
2}{OMe–7})(CO)(PPh3)2][O3SCF3]2 (98) and [Ir(C7H4O{NH3–2}{OMe–
7})Cl(PPh3)2][Cl] (99), respectively, contain an ammonium group at the
C2 position (Scheme 3.1).

Scheme 3.1. Synthesis of the ammonium-iridabenzofurans, 98,99, and
amino-iridabenzofurans 100, 101.

The synthetic procedure involves dropwise addition of concentrated hy-
drochloric acid to a mixture of 86 or 87 and zinc metal in dichloromethane
and ethanol at 0 ℃. Following the reaction, additional dichloromethane
was added and the solutions were washed with acidified deionised water.
The organic layers were collected and the products were obtained as orange
and red solids, respectively, on addition of n-hexane and removal of the
dichloromethane under reduced pressure. The ammonium complexes were
obtained in good yield and reasonable purity from this procedure. Further
purification of these two complexes was not possible due to the tendency of
the ammonium group to spontaneously deprotonate if subjected to column
chromatography or if the solvents were not sufficiently acidified. The result-
ing 2-aminoiridabenzofurans, formed on deprotonation, decompose rapidly
when exposed to air (vide infra). Acidification of the NMR samples with
triflic or hydrochloric acid, respectively, was required in order to characterise
these complexes.

Despite the large excess of chloride anions present during the reaction and
when washing with water acidified with HCl, 19F{1H} NMR spectroscopy
indicated that some triflate anions remained associated with the complex
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98. It is thought that the strong association arises from hydrogen bonding
interactions between the triflate anions and the ammonium group of 98.
To avoid having mixed counteranions in the product, the water used during
washing was instead acidified with a small amount of triflic acid. Attempts
to replace HCl with triflic acid during the reduction step was found to lead to
decomposition, even when dilute, and so HCl was still used for this purpose.
For 99 there is no possibility of mixed counteranions and so it is simpler to
acidify the water with HCl and maintain the chloride counteranion.

Deprotonation of these two complexes to give 2-aminoiridabenzofurans
can be easily achieved by treating 98 or 99 with a stoichiometric amount
of base. Thus, on addition of triethylamine under rigourously dry and
air-free conditions the aminoiridabenzofurans, [Ir(C7H4O{NH2–2}{OMe–
7})(CO)(PPh3)2][O3SCF3] (100) or Ir(C7H4O{NH2–2}{OMe–7})Cl(PPh3)2
(101) (Scheme 3.1), were obtained as red and intensely dark purple solids,
respectively.

The cationic 2-aminoiridabenzofuran, 100, was found to be air stable for
short periods and could be washed with deionised water to remove the tri-
ethylammonium salts without significant loss of product. It was determined,
by monitoring with 1H NMR spectroscopy, that solutions of cationic 100
which were open to air began to decompose after ca. 30 min, while solutions
of the neutral analogue, 101, would decompose within seconds of exposure
to air. The resulting mixtures of decomposition products were intensely
dark blue in colour and were NMR-inactive — signals in the 1H or 31P{1H}
NMR spectra were either absent or could not be distinguished from the back-
ground noise. For this reason, 101 could only be generated in situ under
strictly dry and air-free conditions. The samples used for characterisation
were obtained by treating 99 with triethylamine in dry dichloromethane and
evaporating the solvent in vacuo. Accordingly, the NMR sample contained
a reasonable quantity of triethylammonium salts which were ignored during
characterisation. Further reactions (vide infra) were conducted by deproto-
nating the ammonium complexes in situ as this was found to be far more
convenient and maximised the yields of the stable end products.

The spectroscopic evidence confirms the formulation of these four com-
pounds. In the ammonium compounds, 98 and 99, broad infrared bands at
3388 and 3413 cm––1, respectively, are assigned to N–H stretches. On depro-
tonation to give the amino complexes, 100 and 101, this band was shifted
to ca. 3100 cm––1, although they are broad and weak and so it is difficult
to pinpoint the centre accurately. The 1H and 13C{1H} NMR data for the
four complexes are given in Table 3.1 and Table 3.2, respectively. The most
significant chemical shifts are those of the H1 proton and C1 carbon nuclei.
In the 1H NMR spectrum of 98 and 99, the H1 signals are shifted 3–4 ppm
up-field (to 8.17 and 9.12 ppm, respectively) from the related signals in the
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98 99 100 101

NH2/3 7.93 8.34 ca. 7.4 ca. 7.3

H1 8.17 9.12 6.11 7.55
H3 5.50 5.41 5.15 5.07
H4 5.67 4.88 5.42 4.68
H6 5.60 5.00 5.59 4.99

Table 3.1. Selected 1H NMR data (δ, ppm) for the ammonium- and
aminoiridabenzofurans, 98–101.

98 99 100 101

C1 118.37 134.56 89.06 110.92
C2 120.61 117.47 132.60 129.26
C3 135.78 134.84 141.37 140.42
C4 129.73 126.31 128.60 125.61
C5 196.29 190.18 198.80 194.03
C6 123.57 118.40 121.16 115.15
C7 186.04 190.18 185.49 183.79

Table 3.2. Selected 13C{1H} NMR data (δ, ppm) for the ammonium- and
aminoiridabenzofurans, 98–101.

nitroiridabenzofurans 86 and 87 (9.74 and 12.09 ppm, respectively). On
deprotonation of the NH3 groups, the H1 chemical shifts are shifted even
further up-field, to 6.11 ppm in 100 and 7.55 ppm in 101. The NH protons
are located unusually far down-field (7.0–8.5 ppm), which may imply that
an iminium-type resonance form is important. The C1 resonances in the
13C{1H} NMR spectra of 97–100 are located at 118.37, 134.56, 89.06 and
110.92 ppm, respectively, also much further up-field than other iridaben-
zenes3,5,77 and iridabenzofurans.6

These are some of the most up-field H1 and C1 chemical shifts to be re-
ported for metallabenzenes and metallabenzenoids. There are only a small
number of reported examples which contain moderately electron-donating
substituents, and these are usually in the presence of electron-withdrawing
substituents as well.102,106,109,123,160–162 Amino substituents, which are strongly
electron-donating, are therefore very rare. There are only two reported ex-
amples of secondary amino substituents on osmabenzenes, but these com-
plexes also contained strongly electron-withdrawing phosphonium substituents
which may diminish the effect of the amino groups. The NMR chemical
shifts of the ring nuclei in these two osmabenzenes were located in typical
metallabenzene positions.108 It is also possible that partial paramagnetism
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can lead to abnormal NMR chemical shifts. This phenomena has been re-
ported for an osmapyridine, where the H1 signal was located at 48.01 ppm
in the 1H NMR spectrum.85 However, this appears unlikely in the case of
100 and 101 as the NMR signals were not as significantly shifted and were
not appreciably broadened.

It has been shown by computational measurements that electron-donating
groups in the C2 or meta position relative to the metal centre have only a mi-
nor destabilising effect on metallabenzenes towards thermal rearrangement
into cyclopentadienyl complexes.113 Other studies have found that bond
length localisation increases with electron-donating strength of para sub-
stituents in iridabenzenes129 and iridanaphthalenes.163 A reasonable expla-
nation for the high reactivity of 100 and 101 is therefore that the electron-
donating NH2 group increases the occupancy of the antibonding molecu-
lar orbitals, perhaps leading to partial bond localisation, and makes them
susceptible to decomposition reactions with oxygen. The strongly electron-
withdrawing carbonyl ligand and overall cationic charge must diminish this
effect in 100 and endows it with higher stability than 101.

In light of these results, it is not surprising that attempts to reduce the
two nitro groups in the 2,6-dinitroiridabenzofuran, 88 (Scheme 2.6, page 46)
were unsuccessful, causing decomposition of the metallacycle without any
evidence of amino-substituted products.

3.3 Alkylation of aminoiridabenzofurans

It was thought that alkylation of the amine function might stabilise com-
plexes towards decomposition and allow crystals suitable for X-ray structural
analysis to be grown. The simplest of these derivatives would of course
be the methylated products. Methyl iodide was not found to be a strong
enough alkylation reagent (even when twenty equivalents were used), but
stepwise treatment of 98 or 99 with triethylamine and methyl triflate gen-
erated dark orange-brown solutions. Washing the dichloromethane solu-
tions with water and careful column chromatography of the organic layer
ultimately furnished N,N,N -trimethylammonium-iridabenzofurans. The di-
cationic [Ir(C7H4O{NMe3–2}{OMe–7})(CO)(PPh3)2][O3SCF3]2 (102) and
the monocationic [Ir(C7H4O{NMe3–2}{OMe–7})Cl(PPh3)2][O3SCF3] (103),
were isolated in modest yield as yellow and dark orange solids, respectively
(Scheme 3.2).

Attempts were made to isolate products with only one or two methyl
groups on the nitrogen. However, after addition of one or two (stepwise)
equivalents of triethylamine and methyl triflate, 1H and 31P{1H}NMR spec-
troscopic analysis of the crude solutions showed that mixtures of mono-, di-

93



Scheme 3.2. Synthesis of quaternary ammonium iridabenzofurans, 102 and 103.

and trialkylated products were formed. Due to the low yield of each species
and the difficulty of separating them by column chromatography, the mono-
and dialklayed compounds were not isolated as pure compounds.

The three methyl groups in the iridabenzofurans 102 and 103 are equiv-
alent on the NMR timescale and gave rise to large singlets which integrate
for nine protons at 2.55 and 2.57 ppm, respectively, in the 1H NMR spectra.
This is slightly further up-field than is usually expected for trimethylam-
monium salts (3–4 ppm).164 This may be due to electron donation from
the iridabenzene ring increasing the shielding of these protons. About the
metallacyclic rings, signals in the 1H NMR spectrum of 101 were found at
8.77 (H1), 6.75 (H3), 6.50 (H4) and 5.24 (H6) ppm, and for 102 at 9.38
(H1), 6.17 (H3), 5.69 (H4) and 4.63 (H6) ppm. These are all within normal
ranges for iridabenzofurans.77,165 The C2 carbon nuclei resonated at 135.03
and 132.05 ppm, respectively, similar to the related nuclei in trimethylam-
monium iodide (138.1 ppm)166 and consistent with the presence of a mod-
erately electron-withdrawing substituent. The remaining carbon nuclei also
resonate in expected positions for iridabenzofurans.

The single crystal X-ray structures of 102 and 103 have been deter-
mined by X-ray crystallography and the molecular geometries are shown
in Figure 3.1 and Figure 3.2, respectively. The formulation as N,N,N -
trimethylammonium-iridabenzofurans is confirmed for both complexes. Many
of the structural features are consistent with other iridabenzofurans reported
in this work, including approximately octahedral geometry about the irid-
ium metal and planarity of the bicyclic ring system. Interestingly, while
the iridium–carbon distances are very similar in both complexes, the bond
length alternation in the carbon–carbon bonds are remarkably pronounced.
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Figure 3.1. ORTEP diagram of the dication 102 showing 50% probability ellip-
soids for non-hydrogen atoms. Hydrogen atoms, chloroform solvent and two triflate
counteranions are not shown for clarity. Selected distances [Å]: Ir–C1 2.023(6), Ir–
C5 2.050(6), Ir–O1 2.178(4), Ir–C12 1.956(6), C1–C2 1.342(8), C2–C3 1.469(8), C3–
C4 1.335(9), C4–C5 1.445(9), C5–C6 1.363(9), C6–C7 1.442(10), C7–O1 1.249(7),
C2–N 1.526(8), N–C9 1.494(8).

102 is also noteworthy as it is the first dicationic iridabenzofuran to be
structurally characterised.
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Figure 3.2. ORTEP diagram of the cation of 103 showing 50% probability el-
lipsoids for non-hydrogen atoms. Hydrogen atoms, a triflate counteranion and
minor disorder components are not shown for clarity. Selected distances [Å]: Ir–
C1 1.988(8), Ir–C5 1.979(9), Ir–O1 2.219(5), Ir–Cl 2.479(2), C1–C2 1.340(11),
C2–C3 1.435(12), C3–C4 1.344(11), C4–C5 1.451(11), C5–C6 1.352(11), C6–C7
1.453(12), C7–O1 1.252(10), C2–N 1.538(10), N–C9 1.502(11), N–C10 1.509(10),
N–C11 1.500(10).
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3.4 Sulfonamides from aminoiridabenzofurans

Sulfonamides are another simple derivative of amines which can be prepared
relatively simply from sulfonyl chlorides. To a dry, air-free dichloromethane
solution of 98 was added a large excess of p-toluenesulfonyl chloride (ca.
10 equivalents) and ca. 2.5 equivalents of triethylamine. The solution im-
mediately turned dark red, corresponding to the deprotonation and for-
mation of the amino complex, 100. The colour slowly changed to bright
orange as stirring was continued over the next 30 min, after which time
the cationic, 2-sulfonamide-iridabenzofuran, [Ir(C7H4O{NHSO2(p–tolyl)–
2}{OMe–7})(CO)(PPh3)2][O3SCF3] (104) was isolated as orange crystals
in 60% yield (Scheme 3.3). Under similar conditions, 99 could be converted
into the neutral, 2-sulfonamide-iridabenzofuran, Ir(C7H4O{NHSO2(p–tolyl)–
2}{OMe–7})Cl(PPh3)2 (105), which was isolated as a deep red solid in 73%
yield. Despite the large excess of reagents used, addition of only one tosyl
group was observed in all of the reactions conducted.

Scheme 3.3. Synthesis of the sulfonamide-substituted iridabenzofurans 104 and
105.

In the 1H NMR spectrum of 104 resonances for the metallacyclic ring
protons were observed at 7.72 (H1), 5.43 (H3), 5.60 (H4) and 5.60 (H6)
ppm. A slightly broadened singlet integrating for one proton was also lo-
cated at 6.00 ppm. This signal does not correlate to a carbon in the HSQC
spectrum and disappears on the addition of D2O, indicating that it is at-
tributable to the amide proton. The presence of the attached p-tolyl group
was also confirmed by doublets integrating for two protons each, at 7.12
and 7.42 ppm, for the two inequivalent sets of aromatic protons, and by a
large three-proton singlet at 2.35 ppm. Similar features were observed in
the 1H NMR spectrum of 105 (9.03 (H1), 5.37 (H3), 4.93 (H4), 4.97 (H6),
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4.94 (NH), 2.35, 7.06, 7.40 ppm (p-tolyl)). In the 13C{1H} NMR spectra,
the C2 carbon nuclei resonate at 126.94 and 126.07 ppm in 104 and 105,
respectively. These are only slightly down-field from the related signal in
the unsubstituted complexes (123.72 and 121.12 ppm, respectively), and is
consistent with this group being only weakly electron-withdrawing.

The single crystal X-ray structure of 104 has been determined and the
molecular geometry is shown in Figure 3.3. Attempts to grow crystals of
105 were unsuccessful, resulting in only oily solids in a wide range of crys-
tallisation conditions. The presence of the triflate counteranion may assist
in the crystallisation of 104, perhaps due to hydrogen bonding with the
amide proton favouring one conformation. The structure reveals that the
sulfonamide substituent is oriented such that the bulky p-tolyl group can re-
side in between two phenyl rings of a triphenylphosphine ligand. This form
must minimise the steric repulsions between the sulfonamide group and the
surrounding atoms. However, only a lone, sharp singlet was observed in the
31P{1H} NMR spectrum, indicating that, in solution, the phosphorus nu-
clei are in chemically equivalent environments and this conformation must
not be rigidly maintained on the NMR timescale. Bond lengths about the
metallacyclic rings are within the expected ranges for cationic iridabenzofu-
rans,77,165 and distances about the sulfonamide substituent are typical for
this group.42
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Figure 3.3. ORTEP diagram of the cation of 104 showing 50% probability ellip-
soids for non-hydrogen atoms. Hydrogen atoms, triflate counteranion and solvent
molecules are not shown for clarity. Selected distances [Å]: Ir–C1 2.037(5), Ir–C5
2.062(5), Ir–O1 2.200(4), Ir–C16 1.940(6), C1–C2 1.355(7), C2–C3 1.452(7), C3–C4
1.348(8), C4–C5 1.434(8), C5–C6 1.355(8), C6–C7 1.437(8), C7–O1 1.259(6), C2–N
1.437(7), N–S1 1.615(5), S1–O3 1.435(4), S1–O4 1.435(4), S1–C9 1.757(6).
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3.5 N -acylation of aminoiridabenzofurans

Amides are a further derivative of amino groups which are immensely impor-
tant for both biological and materials applications. One of the most versatile
and reliable methods for obtaining N -acylated amines is by treatment with
an acid chloride. Addition of an acyl group is accompanied by the loss of
an equivalent of HCl, which is usually trapped with a suitable base.167

A dry, air-free dichloromethane solution of 98 was treated with triethy-
lamine followed shortly thereafter by an excess of benzoyl chloride. After
stirring for one hour, the resulting red-orange solution was dried in vacuo and
the residue was subjected to column chromatography. The N -acylated prod-
uct, [Ir(C7H4O{NHC(O)Ph–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (105), was
ultimately obtained as a red-orange solid in 59% isolated yield (Scheme 3.4).
When 99 was treated with triethylamine followed by precisely one equiva-
lent of benzoyl chloride, the monoacylated product, Ir(C7H4O{NHC(O)Ph–
2}{OMe–7})Cl(PPh3)2 (107), was formed as a dark red solid in 86% isolated
yield.

Scheme 3.4. Synthesis of amidoiridabenzofurans, 106 and 107, and an
imidoiridabenzofuran, 108.

In the infrared spectrum of 106 one strong band at 2044 cm––1 is as-
signed to the CO ligand. A slightly less intense band, at 1688 cm––1, is
assigned to the amide carbonyl. Only one such band, at 1684 cm––1, arises
in the IR spectrum of 107. Selected 1H and 13C{1H} NMR data for both
species are given in Table 3.3 and Table 3.4, respectively. The chemical shifts
of the metallacyclic protons, their splitting and 2D NMR correlations are
consistent with the presence of a moderately π-electron-donating (N-bound)
amide substituent at C2. Three signals for the five protons of the benzoyl
group were located in the typical 7.4–7.6 ppm aromatic region.
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106 107 108 109 110 111

NH 8.10 6.47 – 6.93 5.92 –
H1 7.87 8.46 9.08 7.56 8.16 9.09
H3 5.98 6.04 5.52 5.86 5.98 5.48
H4 5.61 5.03 4.88 5.63 5.05 4.90
H6 5.49 4.86 4.83 5.37 4.76 4.83

Table 3.3. Selected 1H NMR data (δ, ppm) for the N -acylated
2-aminoiridabenzofurans, 106–111.

106 107 108 109 110 111

C1 112.94 136.72 141.40 112.70 137.49 141.70
C2 128.60 125.39 128.71 122.99 125.28 128.56
C3 142.75 140.55 141.71 143.00 141.43 141.39
C4 127.36 124.78 125.77 127.52 124.65 126.01
C5 199.51 193.19 193.13 198.71 193.52 192.75
C6 120.65 116.27 116.14 121.03 116.06 116.48
C7 185.56 184.24 184.02 185.56 184.22 184.03

Table 3.4. Selected 13C{1H} NMR data (δ, ppm) for the N -acylated
2-aminoiridabenzofurans, 106–111.

No other products were detected when 98 was treated with triethy-
lamine and benzoyl chloride, even when the amount of the acid chloride was
increased to 20 equivalents and the dichloromethane solution was heated
under reflux for six hours. In contrast, when 99 was treated with tri-
ethylamine and precisely one equivalent of benzoyl chloride trace amounts
(<2%) of a secondary product could be detected. On the basis of the 1H
NMR and mass spectroscopy data, this bright red solid was identified as
a N,N -diacylated aminoiridabenzofuran, Ir(C7H4O{N(C[O]Ph)2–2}{OMe–
7})Cl(PPh3)2 (108) (Scheme 3.4). Increasing the amount of benzoyl chlo-
ride to over twenty equivalents resulted in the formation of 108 as the major
product, in 54% isolated yield (based on 99). Some monoacylated product,
107, could also be recovered (36%). Heating the dichloromethane solution
under reflux and increasing the contact time to six hours was not found to
improve the yield of 108 any further. Treating an isolated sample of 107
with triethylamine and benzoyl chloride also results in the formation of 108,
although this is an overall less convenient route.

While the chemical shifts of nuclei in the metallacyclic rings were markedly
similar to those in the monoacylated precursor, the 1H NMR spectrum of
108 lacks a resonance for an amide proton, and the three signals for the two
phenyl rings on the amide integrate for a total of ten protons. Addition of
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Figure 3.4. ORTEP diagram of 108 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 1.986(3), Ir–C5 2.006(3), Ir–O1 2.240(2), Ir–
Cl 2.4737(9), C1–C2 1.346(5), C2–C3 1.445(5), C3–C4 1.350(5), C4–C5 1.437(5),
C5–C6 1.374(5), C6–C7 1.416(5), C7–O1 1.253(4), C2–N 1.464(4), N–C9 1.387(4),
C9–O3 1.216(4), N–C16 1.440(4), C16–O4 1.215(4).

a second acyl group results in small down-field shifts for the nearby nuclei
(see Table 3.3 and Table 3.4) in 108 compared to 107, a consequence of
the changes in electronic properties and through-space anisotropic effects
associated with the imide. An infrared band at 1648 cm––1 is assigned to
the two equivalent carbonyl groups in 108.

The single crystal X-ray structure of 108 has been determined and the
molecular geometry is shown in Figure 3.4. Attempts to grow crystals of 106
and 107 were unsuccessful despite the wide range of conditions attempted.
The structure of 108 confirms the presence of the N(C[O]Ph)2 imide func-
tion at the C2 position. The two carbonyl groups are directed away from
each other, onto opposite sides of the metallacyclic ring plane. The Ir–C
and C–C bond distances in the metallacyclic rings are intermediate between
typical single and double bonds42,45 and are fairly similar to other reported
iridabenzofurans.77,165 There is minor non-planarity in the ring system (av-
erage deviation from the Ir, C1–C7, O1 least squares plane is 0.063 Å, the
maximum occurring for the iridium atom, 0.111 Å) which can presumably
be explained in part by the considerable steric crowding.

There are a number of reported complexes where the two carbonyl groups
of an imide coordinate in a bidentate fashion to transition metal centers.168
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It was envisaged that 108 might also be able to act as a ligand in this man-
ner. However, when methanol solutions of 108 and either nickel(II) acetate
or copper(II) chloride were heated under reflux overnight there was no in-
dication of reaction and the starting materials were recovered unchanged.
From the crystal structure it can be seen that the carbonyl groups are ori-
entated away from each other and so it is likely that the cis conformation,
which would be required for coordination, is sterically disfavoured.

The ability for the neutral amino complex, 101, to undergo diacylation
under relatively mild conditions, compared to the exclusive monoacylation
of 100, is an interesting distinction. These results imply that exchange
of ancillary ligands on the metal (and, consequently, the electronic charge
present), can influence not only the reactions on the metallacyclic ring itself
(see Chapter 2) but the reactions on the substituents on those rings as well.

The initial acylation reaction will almost undoubtedly proceed by the
well-established amidation mechanism. In this process the amine nitrogen
acts as a nucleophile and attacks the carbonyl carbon of the acid chloride,
followed by loss of HCl to afford the amide.169 The mechanism for the second
acylation step is not as clear. A possible mechanism, identical to the one
found in traditional organic chemistry, involves the amide oxygen (rather
than the nitrogen) acting as the nucleophile. Initial nucleophilic attack at
the carbonyl carbon in the acid chloride forms an intermediate such as 107A
(Scheme 3.5). An electronic rearrangement, accompanied by the formal loss
of HCl, gives the intermediate 107B. The lone pair on the nitrogen can then
attack the nearby carbonyl carbon, which rearranges into the imide prod-
uct.170,171 Another possible mechanism involves the amide nitrogen acting
as the nucleophile a second time. This does not occur in organic amides
as the electron-withdrawing carbonyl makes the amide nitrogen much less
nucleophilic. This mechanism is thought to be less likely for the metalla-
analogue, 107, for the same reason.

The extent of the acylation reactions of the aminoiridabenzofurans can
also be controlled sterically. Under the same conditions used in the reactions
with benzoyl chloride, the cationic amino complex, 98, reacts with the bulky
pivaloyl chloride to form the monoacyl derivative, [Ir(C7H4O{NHC(O)tBu–
2}{OMe–7})(CO)(PPh3)2][O3SCF3] (109) (Scheme 3.6). Similarly, the neu-
tral amino complex, 98, reacts with pivaloyl chloride to form the monoa-
cylated product, Ir(C7H4O{NHC(O)tBu–2}{OMe–7})Cl(PPh3)2 (110). In
both cases there was no evidence of further acylation, even when the amount
of pivaloyl chloride used was increased to twenty equivalents. The bulky
tert-butyl groups are thought to either shield the amide group from further
reactions or make an imide product too sterically unfavourable to form.

The spectroscopic data for the two complexes 109 and 110 do not differ
significantly from the other amide complexes (see Table 3.3 and Table 3.4),
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Scheme 3.5. Possible mechanism for the formation of imidoiridabenzofuran 108.

Scheme 3.6. Synthesis of amidoiridabenzofurans, 109 and 110.

104



with the exception of a large singlet integrating for nine protons arising in
the 1H NMR spectra, at 1.11 and 1.06 ppm respectively, for the tert-butyl
group.

It stands to reason that, as diacylation can be performed in a stepwise
manner, two different acid chlorides could be added to obtain a mixed amide
product. Thus, an isolated sample of 107 (the monoacylated product formed
from benzoyl chloride) was treated with an excess of a second acid chloride.
As steric influences had been shown to be important in determining reac-
tivity as well, p-bromobenzoyl chloride was selected for this task due to its
similar size and reactivity to benzoyl chloride. Indeed, when 107 was treated
with triethylamine and a large excess of p-bromobenzoyl chloride the mixed
imide product, Ir(C7H4O{N(C[O]Ph)(C[O](Ph[Br–4])}{OMe–7})Cl(PPh3)2
(111), was isolated as a red solid in 31% yield (Scheme 3.7).

Unsurprisingly, the spectral data for 111 are remarkably similar to that
of 108 (see Table 3.3 and Table 3.4). Characterisation of this product relies
primarily on the high-resolution mass spectral data and the small chemical
shift differences in the 1H, 13C{1H} and 31P{1H} NMR spectra.

Scheme 3.7. Synthesis of a mixed imidoiridabenzofuran, 111.

The possibility of a mixed amide-sulfonamide product was also consid-
ered, by either acylation of the sulfonamide, 105, or by sulfonylation of
the amide, 107. However, treatment of 105 with triethylamine and 20
equivalents of benzoyl chloride did not lead to a mixed amide-sulfonamide
product, nor did treatment of 107 with triethylamine and 20 equivalents of
p-toluenesulfonyl chloride.

3.6 Summary

This chapter is concerned with the reactions of a primary amine functional
group on metalla-aromatic rings. Reactions which are commonplace for
anilines, such as alkylation, sulfonylation and acylation, were extended to
iridabenzofurans.
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Ammonium groups were installed at C2 in iridabenzofurans through re-
duction of nitroiridabenzofurans, 86 and 87 (prepared in Chapter 2), using
zinc metal in acidic media. The resulting complexes, 98 and 99, could
be readily deprotonated into the very reactive aminoiridabenzofurans, 100
and 101, respectively. The instability was postulated to be a result of the
strong electron-donating nature of the amino group. As these species could
not be structurally characterised, they were alkylated using methyl triflate
to give N,N,N -trimethylammonium derivatives, 102 and 103, respectively.
These species were much more stable and allowed single crystal structure
determinations to be performed.

Simple sulfonamides were prepared with p-tolylsulfonyl chloride. The
cationic derivative, 104, was structurally characterised and it was found that
the p-tolyl group tucks in between the phenyl rings of a triphenylphosphine
ligand. 31P{1H} NMR spectroscopy indicated that this conformation was
not rigidly maintained in solution.

N -Acylation of the amino groups with benzoyl chloride was performed.
It was found that an electron-rich aminoiridabenzofuran, 101, would acylate
twice with this reagent to give an imide product, 108, while a comparatively
electron-poor aminoiridabenzofuran, 100, would exclusively acylate once to
form only the amide derivative. The reactivity of 101 with two equivalents
of acid chloride allowed a mixed amide, 111, to be prepared. A reasonable
mechanism for the second acylation step is thought to be one where the
oxygen of the first amide group acts as the nucleophile. The amidation
reaction could also be controlled sterically, and addition of a bulky t-butyl
group prevents acylation from occurring a second time.
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3.7 Experimental section for Chapter Three

[Ir(C7H4O{NH3–2}{OMe–7})(CO)(PPh3)2][O3SCF3]2 (98)

To a solution of 86 (300 mg, 0.276 mmol) and zinc powder (210 mg, 3.21
mmol) in dichloromethane (5 ml) and ethanol (3 mL) at 0 ℃ was added
hydrochloric acid (0.300 mL, approx. 3.27 mmol) dropwise over several
minutes. Effervescence was observed and the orange solution appeared to
brighten. Stirring was continued for 2 h at 0 ℃, after which time addi-
tional dichloromethane (10 mL) was added and the solution was washed
with deionised water acidified with several drops of triflic acid (4 x 25 mL).
The bright orange dichloromethane layer was collected and dried in vacuo.
The residue was dissolved in dichloromethane, n-hexane was added and
on slow removal of the dichloromethane under reduced pressure, a yellow-
orange precipitate formed which was collected by filtration and washed with
n-hexane (3 x 5 mL) to give pure 98 (280 mg, 0.234 mmol, 85%) as yellow-
orange crystals. The NMR samples of this species required acidification with
trace triflic acid in order to be stable enough for collection.

ESI MS (m/z, [M – H – 2OTf]+): Calcd for C45H
193
39 IrNO3P

+
2 : 896.2032,

found 896.2040.

Anal. Calcd for IrC47H40O9P2NS2F6: C, 47.23; H, 3.37; N, 1.17%.
Found: C, 47.93; H, 3.70; N, 1.29%.

IR (cm––1): 3388br ν(NH3), 2046s ν(CO), 1552s, 1434s, 1259s, 1091s,
1028s, 691s, 637s.

1H NMR (CDCl3, δ): 3.47 (s, 3H, OCH3), 5.50 (d, 3JHH = 10.6 Hz, 1H,
H3 ), 5.60 (t, 4JHP = 3.3 Hz, 1H, H6 ), 5.67 (d, 3JHH = 10.6 Hz, 1H, H4 ),
7.35–7.70 (m, 30H, PPh3), 7.93 (m, 3H, NH 3), 8.10 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.57 (s, OCH3), 118.37 (t, 2JCP = 8.8 Hz,
C1 ), 120.61 (t, 3JCP = 3.7 Hz, C2 ), 123.57 (s, 3JCP = 4.7 Hz, C6 ), 125.29
(t”, 1,3JCP = 58.2 Hz, i -PPh3), 129.32 (t”, 2,4JCP = 10.6 Hz, o-PPh3),
129.73 (s, C4 ), 132.69 (s, p-PPh3), 134.39 (t”, 3,5JCP = 10.5 Hz, m-PPh3),
135.78 (s, C3 ), 173.13 (obs t, CO), 186.04 (s, C7 ), 196.29 (t, 2JCP = 10.0
Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –0.37 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.18 (s, O3SCF 3).
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[Ir(C7H4O{NH3–2}{OMe–7})Cl(PPh3)2][Cl] (99)

To a solution of 87 (200 mg, 0.214 mmol) and zinc powder (160 mg, 2.45
mmol) in dichloromethane (5 mL) and ethanol (3 mL) at 0 ℃ was added
hydrochloric acid (1.00 mL, approx. 10.9 mmol) dropwise over several min-
utes. Effervescence was observed and the orange solution turned bright
red. Stirring was continued for 1 h at 0 ℃, after which time additional
dichloromethane (15 mL) was added and the solution was washed with
deionised water acidified with a few drops of hydrochloric acid (4 x 25 mL).
The red dichloromethane layer was collected and dried in vacuo. The residue
was dissolved in dichloromethane, n-hexane was added and on slow removal
of the dichloromethane under reduced pressure, a red precipitate formed
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 99 (180 mg, 0.192 mmol, 90%) as red crystals. The NMR samples
of this species required acidification (with HCl in a drop of ethanol) in order
to prevent decomposition.

ESI MS (m/z, [M – Cl]+): Calcd for C44H
193
40 IrNO2P

+
2 : 904.1841, found

904.1840.

IR (cm––1): 3413br ν(NH3), 1224s, 1175m, 1091s.

1H NMR (CDCl3, δ): 3.40 (s, 3H, OCH3), 4.88 (d, 3JHH = 10.0 Hz, 1H,
H4 ), 5.00 (s, 1H, H6 ), 5.41 (dd, 3JHH = 9.6 Hz, 4JHH = 2.0 Hz, 1H, H3 ),
7.28–7.38 (m, 18H, PPh3), 7.60–7.67 (m, 12H, PPh3), 8.34 (s, 3H, NH3

+),
9.12 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 52.85 (s, OCH3), 117.47 (t, 2JCP = 3.6 Hz,
C2 ), 118.40 (s, C6 ), 126.31 (s, C4 ), 127.72 (t”, 2,4JCP = 9.9 Hz, o-PPh3),
128.80 (t”, 1,3JCP = 55.0 Hz, i -PPh3), 130.27 (s, p-PPh3), 134.56 (br s,
C1 ), 134.84 (s, C3 ), 134.98 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 184.32 (s, C7 ),
190.18 (t, 3JCP = 6.4 Hz, C5)

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

[Ir(C7H4O{NH2–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (100)

To a solution of 98 (100 mg, 0.0836 mmol) in dichloromethane (5 mL) was
added triethylamine (14.0 μL, 10.2 mg, 0.101 mmol), causing an immediate
colour change from yellow-orange to bright red. Stirring was continued for
5 min, after which time additional dichloromethane (15 mL) was added
and the solution was washed thrice with deionised water (3 x 20 mL). The
dichloromethane layer was collected and dried in vacuo for several hours
before being recrystallised from dichloromethane and n-hexane to form a
red-purple solid which was collected by filtration and washed with n-hexane
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(3 x 5 mL) to give 100 (64.9 mg, 0.0615 mmol, 74%) as red-purple crystals.
1H NMR spectroscopy indicated that ca. 1/8 equivalents of dichloromethane
of solvation was present in this sample.

ESI MS (m/z, [M – OTf]+): Calcd for C45H
193
39 IrNO3P

+
2 : 896.2032, found

896.2032.

Anal. Calcd for IrC46H39O6P2NSF3·0.125CH2Cl2: C, 52.48; H, 3.75; N,
1.33%. Found: C, 52.02; H, 3.72; N, 1.36%.

IR (cm––1): 2041 ν(CO), 1553s, 1435s, 1351s, 1146s, 1091s, 1029s, 692s,
636s.

1H NMR (CDCl3, δ): 3.46 (s, 3H, OCH3), 5.15 (dd, 3JHH = 9.9 Hz, 4JHH

= 2.1 Hz, 1H, H3 ), 5.42 (d, 3JHH = 10.1 Hz, 1H, H4 ), 5.59 (t, 4JHP = 3.0
Hz, H6 ), 6.11 (dt, 4JHH = 2.5 Hz, 3JHP = 2.4 Hz, 1H, H1 ), 7.37–7.55 (m,
32H, PPh3 & NH2).

13C{1H} NMR (CDCl3, δ): 54.37 (s, OCH3), 89.06 (obs t, C1 ), 121.16 (t,
3JCP = 4.4 Hz, C6 ), 126.48 (t”, 1,3JCP = 58.1 Hz, i -PPh3), 128.60 (s, C4 ),
128.82 (t”, 2,4JCP = 10.4 Hz, o-PPh3), 132.09 (s, p-PPh3), 132.60 (s, C2 ),
134.63 (t”, 3,5JCP = 10.8 Hz, m-PPh3), 141.37 (s, C3 ), 174.33 (t, 2JCP =
5.8 Hz, CO), 185.49 (s, C7 ), 198.80 (t, 2JCP = 10.2 Hz, C5 ). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): –0.96 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.97 (s, O3SCF 3).

In situ generation of Ir(C7H4O{NH2–2}{OMe–7})Cl(PPh3)2 (101)

Under rigorously air-free conditions, a bright red dichloromethane solution of
99 was treated with one equivalent of triethylamine, causing an immediate
colour change from bright red to intensely dark purple. Removal of the
volatiles in vacuo gives a seemingly black solid residue of 101, as a mixture
with HNEt3Cl, which was stable enough for characterisation.

ESI MS (m/z, [M – Cl]+): Calcd for C44H
193
39 IrNO2P

+
2 : 868.2083, found

868.2073.

IR (cm––1): 1551s, 1482s, 1432s, 1331s, 1172s, 1092s, 1030s, 691s.

1H NMR (CDCl3, δ): 3.39 (s, 3H, OCH3), 4.68 (d, 3JHH = 9.9 Hz, 1H,
H4 ), 4.99 (t, 4JHP = 2.2 Hz, H6 ), 5.07 (dd, 3JHH = 9.7 Hz, 4JHH = 2.9
Hz, 1H, H3 ), 7.24–7.40 (m, 20H, PPh3 & NH 2), 7.55 (dt, 4JHH = 2.7 Hz,
3JHP = 2.5 Hz, 1H, H1 ), 7.65–7.70 (m, 12H, PPh3).
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13C{1H} NMR (CDCl3, δ): 52.46 (s, OCH3), 110.92 (t, 2JCP = 12.2 Hz,
C1 ), 115.15 (s, C6 ), 125.61 (s, C4 ), 127.28 (t”, 2,4JCP = 9.4 Hz, o-PPh3),
129.26 (s, C2 ), 129.77 (s, p-PPh3), 130.04 (t”, 1,3JCP = 53.0 Hz, i -PPh3),
135.35 (t”, 3,5JCP = 9.9 Hz, m-PPh3), 140.42 (s, C3 ), 183.79 (s, C7 ), 194.03
(t, 2JCP = 6.6 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.17 (s, PPh3).

[Ir(C7H4O{NMe3–2}{OMe–7})(CO)(PPh3)2][O3SCF3]2 (102)

To a solution of 98 (50.0 mg, 0.0419 mmol) in dry dichloromethane (5 mL)
was added triethylamine (7.00 μL, 5.08 mg, 0.0502 mmol) followed 2–3 min-
utes thereafter by methyl triflate (approx 6.00 μL, 9.00 mg, 0.0548 mmol).
Stirring was continued for 3 min, after which time the addition of the same
amounts of triethylamine and methyl triflate was repeated twice more. After
this time, further triethylamine (20.0 μL, 14.5 mg, 0.143 mmol) was added
and the mixture stirred for 20 min to quench any residual methyl triflate
and triflic acid. The volatiles were removed in vacuo, the residue was dis-
solved in dichloromethane (10 mL) and thrice washed with deionised water
(3 x 10 mL). The yellow-orange organic layer was collected and dried in
vacuo once more. The residue was dissolved in dichloromethane and sub-
jected to column chromatography (6 x 1 cm silica gel column), eluting first
with dichloromethane, then with 2% v/v methanol/dichloromethane, then
finally with 5% methanol/dichloromethane. A yellow band was collected,
the solvents were removed under reduced pressure and the residue was re-
crystallised from dichloromethane and n-hexane to give a yellow precipitate
which was collected by filtration and washed with n-hexane (3 x 10 mL) to
give pure 102 (26.6 mg, 0.0201 mmol, 48%) as yellow crystals. 1H NMR
indicated the presence of ca. one equivalent of dichloromethane of solvation
was present in this sample. The crystal used for X-ray study was grown by
the slow evaporation of chloroform from a chloroform/cyclohexane mixture
and was found to contain 2.25 equivalents of chloroform per asymmetric
unit.

ESI MS (m/z, [M – OTf]+): Calcd for C49H
193
46 IrNO6P2SF+

3 : 1088.2102,
found 1088.2125.

Anal. Calcd for C50H46IrNO9P2S2F6·CH2Cl2: C, 46.33; H, 3.66; N,
1.06%. Found: C, 46.25; H, 3.79; N, 1.51%.

IR (cm––1): 2066s ν(CO), 1555s, 1482s, 1437s, 1240s, 1153s, 1027s, 754s,
695s, 636s.

1H NMR (CDCl3, δ): 2.55 (s, 9H, H9 ), 3.65 (s, 3H, OCH3), 5.24 (t, 4JHP

= 3.1 Hz, 1H, H6), 6.50 (d, 3JHH = 10.6 Hz, 1H, H4 ), 6.75 (dd, 3JHH =
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10.4 Hz, 4JHH = 3.0 Hz, H3 ), 7.37–7.59 (m, 30H, PPh3), 8.77 (br s, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 54.62 (s, OCH3), 55.36 (s, C9 ), 119.21 (t,
2JCP = 7.5 Hz, C1 ), 125.10 (s, C6 ), 125.29 (t”, 1,3JCP = 56.7 Hz, i -PPh3),
129.55 (t”, 2,4JCP = 10.6 Hz, o-PPh3), 132.81 (s, p-PPh3), 133.22 (s, C4 ),
133.73 (s, C3 ), 134.38 (t”, 3,5JCP = 10.6 Hz, m-PPh3), 135.03 (t, 3JCP =
4.1 Hz, C2 ), 171.84 (t, 2JCP = 8.5 Hz, CO), 186.17 (s, C7 ), 196.53 (t, 2JCP

= 9.5 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 4.04 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.23 (s, O3SCF 3).

[Ir(C7H4O{NMe3–2}{OMe–7})Cl(PPh3)2][O3SCF3] (103)

To a solution of 99 (50.0 mg, 0.0532 mmol) in dry dichloromethane (5 mL)
was added triethylamine (8.00 μL, 0.0574 mmol) followed 2–3 minutes there-
after by methyl triflate (approx 6.50 μL, 0.0594 mmol). Stirring was contin-
ued for 2–3 minutes more, after which time the addition of the same amounts
of triethylamine then methyl triflate was repeated twice more. After this
time, further triethylamine (20.0 μL, 14.5 mg, 0.143 mmol) was added and
the mixture stirred for 20 min to quench any residual methyl triflate and
triflic acid. The volatiles were removed in vacuo, the residue was dissolved
in dichloromethane (10 mL) and thrice washed with deionised water (3 x 10
mL). The orange organic layer was collected and dried in vacuo once more.
The residue was dissolved in dichloromethane and subjected to column chro-
matography (6 x 1 cm silica gel column), eluting first with dichloromethane,
then with 2% v/v methanol/dichloromethane. An orange-brown band was
collected, the solvents were removed under reduced pressure and the residue
was recrystallised from dichloromethane and n-hexane to give a dark orange
precipitate which was collected by filtration and washed with n-hexane (3 x
10 mL) to give pure 103 (31.6 mg, 0.0288 mmol, 54%) as dark orange crys-
tals. The crystal used for X-ray study was grown by the slow evaporation
of a dichloromethane/n-hexane mixture.

ESI MS (m/z, [M – OTf]+): Calcd for C47H
193
46 IrNO2P2Cl+: 946.2322,

found 946.2346.

Anal. Calcd for C48H46IrNO5P2ClSF3: C, 52.62; H, 4.23; N, 1.28%.
Found: C, 52.66; H, 4.28; N, 1.27%.

IR (cm––1): 1550s, 1434s, 1346s, 1252s, 1151s, 1094s, 1029s, 746s, 692s,
636s.
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1H NMR (CDCl3, δ): 2.57 (s, 9H, H9 ), 3.66 (s, 3H, OCH3), 4.63 (t, 4JHP

= 2.2 Hz, 1H, H6), 5.69 (d, 3JHH = 10.5 Hz, 1H, H4 ), 6.17 (dd, 3JHH =
10.5 Hz, 4JHH = 3.3 Hz, H3 ), 7.30–7.42 (m, 18H, PPh3), 7.52–7.60 (m, 12H,
PPh3), 9.38 (br s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.31 (s, OCH3), 54.54 (s, C9 ), 120.67 (s,
C6 ), 128.09 (t”, 2,4JCP = 9.9 Hz, o-PPh3), 128.84 (s, C3 ), 128.87 (t”,
1,3JCP = 55.4 Hz, i -PPh3), 129.81 (s, C4 ), 130.86 (s, p-PPh3), 132.05 (s,
C2 ), 134.73 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 135.73 (t, 2JCP = 8.8 Hz, C1 ),
185.11 (s, C7 ), 188.89 (t, 2JCP = 7.1 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 3.24 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.41 (s, O3SCF 3).

[Ir(C7H4O{NHSO2(p–tolyl)–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (104)

To a solution of 98 (50.0 mg, 0.0419 mmol) and p-toluenesulfonyl chloride
(81.0 mg, 0.425 mmol) in dry dichloromethane (5 mL) was added triethy-
lamine (14.0 μL, 10.2 mg, 0.101 mmol) and the mixture was stirred for
30 min. After this time additional dichloromethane (15 mL) was added
and the solution was washed with deionised water (5 x 10 mL). The or-
ange organic layer was collected, the solvents were removed under reduced
pressure and the residue was dried in vacuo. The residue was dissolved in
dichloromethane and subjected to column chromatography (10 x 1 cm silica
gel column), eluting with 2% v/v methanol/dichloromethane. A bright or-
ange band was collected, the volatiles were removed under reduced pressure
and recrystallisation of the residue from dichloromethane and dibutyl ether
furnished a bright orange precipitate which was collected by filtration and
washed with diethyl ether (2 x 5 mL) and n-hexane (3 x 5 mL) to give pure
104 (31.0 mg, 0.0250 mmol, 60%) as bright orange crystals. 1H NMR indi-
cated that ca. 0.5 equivalents of dichloromethane of solvation was present
in this sample. The crystal used for X-ray structure determination was
grown by slow evaporation of a chloroform/methanol/cyclohexane mixture
and proved to contain 1.5 molecules of chloroform, one molecule of methanol
and 0.5 molecules of cyclohexane per asymmetric unit.

ESI MS (m/z, [M – OTf]+): Calcd for C52H
193
45 IrO5P2SN+: 1050.2123,

found 1050.2141.

Anal. Calcd for C53H45IrO8P2S2NF3·0.5CH2Cl2: C, 51.75; H, 3.73; N,
1.13%. Found: C, 51.76; H, 3.91; N, 1.16%.

IR(cm––1): 3064br ν(NH), 2049s ν(CO), 1552s, 1435s, 1352s, 1255s, 1152s,
1092s, 1031s, 748s, 692s, 637s.
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1H NMR (CDCl3, δ): 2.35 (s, 3H, H13 ), 3.33 (s, 3H, OCH3), 5.43 (dd,
3JHH = 10.1 Hz, 4JHH = 1.6 Hz, 1H, H3 ), 5.60 (d, 3JHH = 9.8 Hz, H4 ),
5.60 (s, 1H, H6 ), 6.00 (s, 1H, NH ), 7.12 (d, 3JHH = 8.0 Hz, 2H, H11 &
H14 ), 7.42 (d, 3JHH = 8.3 Hz, 2H, H10 & H15 ), 7.34–7.55 (m, 30H, PPh3),
7.72 (dt, 3JHP = 2.4 Hz, 4JHH = 1.8 Hz, H1 ).

13C{1H} NMR (CDCl3, δ): 21.68 (s, C13 ), 54.55 (s, OCH3), 119.56 (t”,
2JCP = 8.9 Hz, C1 ), 122.26 (t, 3JCP = 4.7 Hz, C6 ), 125.95 (t”, 1,3JCP =
58.8 Hz, i -PPh3), 126.94 (s, C2 ), 127.23 (s, C11 & C14 ), 128.92 (s, C4 ),
129.09 (t”, 2,4JCP = 10.6 Hz, o-PPh3), 129.67 (s, C10 & C15 ), 132.31 (s,
p-PPh3), 134.54 (t”, 3,5JCP = 10.6 Hz, m-PPh3), 138.11 (s, C12 ), 141.81 (s,
C3 ), 143.13 (s, C9 ), 173.48 (t, 2JCP = 8.1 Hz, CO), 185.69 (s, C7 ), 196.45
(t, 2JCP = 9.4 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 0.44 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.94 (s, O3SCF 3).

Ir(C7H4O{NHSO2(p–tolyl)–2}{OMe–7})Cl(PPh3)2 (105)

To a solution of 99 (51.0 mg, 0.0531 mmol) and p-toluenesulfonyl chloride
(81.0 mg, 0.425 mmol) in dry dichloromethane (5 mL) was added triethy-
lamine (20.0 μL, 0.144 mmol) and the mixture was stirred for 30 min. After
this time additional dichloromethane (15 mL) was added and the solution
was washed with deionised water (5 x 10 mL). The red organic layer was
collected, the solvents were removed under reduced pressure and the residue
was dried in vacuo. The residue was then dissolved in dichloromethane and
subjected to column chromatography (5 x 1 cm silica gel column), eluting
first with dichloromethane followed by 2% v/v methanol/dichloromethane.
A red band was collected, the solvents were removed in vacuo and the residue
was recrystallised from dichloromethane and dibutyl ether to give a deep red
precipitate which was collected by filtration and washed with diethyl ether
(2 x 5 mL) and n-hexane (3 x 5 mL) to give pure 105 (41.0 mg, 0.0388
mmol, 73%) as dark red crystals.

ESI MS (m/z, [M – Cl]+): Calcd for C51H
193
45 IrNO4P2S

+: 1022.2170,
found 1022.2154.

Anal. Calcd for C51H43IrNO3P2Cl: C, 57.92; H, 4.29; N, 1.32%. Found:
C, 57.68; H, 4.40; N, 1.34%.

IR (cm––1): 3238br ν(NH), 1552s, 1433s, 1337s, 1160s, 1092s.

1H NMR (CDCl3, δ): 2.35 (s, 3H, H13 ), 3.24 (s, 3H, OCH3), 4.93 (d,
3JHH = 10.0 Hz, 1H, H4 ), 4.94 (s, 1H, NH ), 4.97 (t, 4JHP = 1.6 Hz, 1H,
H6), 5.37 (dd, 3JHH = 9.7 Hz, 4JHH = 2.5 Hz, H3 ), 7.06 (d, 3JHH = 7.6
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Hz, 2H, H11 & H15 ), 7.24–7.39 (m, 18H, PPh3), 7.40 (partially obscured
by PPh3, 2H, H12 & H14 ), 7.56–7.61 (m, 12H, PPh3), 9.03 (d, 3JHP = 2.4
Hz, H1 ).

13C{1H} NMR (CDCl3, δ): 21.70 (s, C13 ), 52.54 (s, OCH3), 116.73 (s,
C6 ), 125.86 (s, C4 ), 126.07 (s, C2 ), 127.22 (s, C11 & C14 ), 127.52 (t”,
2,4JCP = 9.9 Hz, o-PPh3), 129.35 (t”, 1,3JCP = 52.5 Hz, i -PPh3), 129.57 (s,
C10 & C15 ), 130.05 (s, p-PPh3), 131.03 (s, C11 & C15 ), 135.14 (t”, 3,5JCP

= 10.2 Hz, m-PPh3), 138.20 (s, C9 ), 141.02 (s, C3 ), 141.06 (t, 2JCP = 4.8
Hz, C1 ), 142.71 (s, C12 ), 183.96 (s, C7 ), 191.73 (t, 2JCP = 6.8 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 2.08 (s, PPh3).

[Ir(C7H4O{NHC(O)Ph–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (106)

To a solution of 98 (50.0 mg, 0.0419 mmol) in dry dichloromethane (5
mL) was added triethylamine (14.0 μL, 10.2 mg, 0.100 mmol), followed im-
mediately thereafter by benzoyl chloride (10.0 μL, 12.1 mg, 0.0861 mmol).
Stirring was continued for 15 min, after which time the volatiles were re-
moved in vacuo. The residue was dissolved in dichloromethane and sub-
jected to column chromatography (10 x 1 cm silica gel column), eluting with
2% v/v methanol/dichloromethane. A red-orange band was collected and
the solvents were removed under reduced pressure. Recrystallisation from
dichloromethane and n-hexane furnished a bright red-orange solid which
was collected by filtration and washed with n-hexane (3 x 5 mL) to give
pure 106 (28.2 mg, 0.0245 mmol, 59%) as red-orange crystals.

ESI MS (m/z, [M – Cl]+): Calcd for C52H
193
43 IrNO4P

+
2 : 1000.2297, found

1000.2327.

Anal. Calcd for C53H43IrNO7P2SF3: C, 55.40; H, 3.77; N, 1.22%. Found:
C, 54.96; H, 3.90; N, 1.24%.

IR (cm––1): 2044s ν(CO), 1688m ν(CO), 1550s, 1434s, 1252s, 1092s,
1030s, 746s, 692s, 637s.

1H NMR (CDCl3, δ): 3.47 (s, 3H, OCH3), 5.49 (t, 4JHP = 3.0 Hz, H6 ),
5.61 (d, 3JHH = 10.0 Hz, 1H, H4 ), 5.98 (d, 3JHH = 9.9 Hz, H3 ), 7.44 (d,
3JHH = 7.3 Hz, 2H, H12 & H14 ), 7.40–7.56 (m, 33H, PPh3, H12 & H13 ),
7.83 (d, 3JHH = 7.3 Hz, 2H, H11 ), 7.87 (m, 1H, H1 ), 8.10 (br s, 1H, NH ).

13C{1H} NMR (CDCl3, δ): 54.02 (s, OCH3), 112.94 (t, 2JCP = 9.0 Hz,
C1 ), 120.65 (s, C6 ), 126.08 (t”, 1,3JCP = 58.7 Hz, i -PPh3), 127.36 (s, C4 ),
127.59 (s, C11 & C15 ), 128.47 (s, C12 ), 128.60 (s, C2 ), 128.87 (t”, 2,4JCP

= 10.5 Hz, o-PPh3), 131.27 (s, C13 ), 132.08 (s, p-PPh3), 132.29 (s, C10 ),
134.70 (t”, 3,5JCP = 10.3 Hz, m-PPh3), 142.75 (s, C3 ), 165.79 (s, C9 ),
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173.94 (t, 2JCP = 9.0 Hz, CO), 185.56 (s, C7 ), 199.51 (t, 2JCP = 9.8 Hz,
C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.19 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.01 (s, O3SCF 3).

Ir(C7H4O{NHC(O)Ph–2}{OMe–7})Cl(PPh3)2 (107)

To a stirred solution of 99 (50.0 mg, 0.0532 mmol) in dichloromethane (5
mL) was added triethylamine (16.5 μL, 12.0 mg, 0.118 mmol) followed im-
mediately thereafter by benzoyl chloride (6.60 μL, 7.99 mg, 0.0568 mmol).
Stirring was continued for 15 min, after which time all the volatiles were
removed in vacuo. The residue was dissolved in dichloromethane and sub-
jected to column chromatography (5 x 1 cm silica gel column), eluting first
with dichloromethane then with 2% v/v methanol/dichloromethane. A red
band was collected, n-hexane (10 mL) was added and on slow removal of
the dichloromethane under reduced pressure a dark red precipitate formed,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 107 (45.3 mg, 0.0450 mmol, 86%) as dark red crystals.

ESI MS (m/z, [M – Cl]+): Calcd for C51H
193
43 IrNO3P

+
2 : 972.2348, found

972.2361.

Anal. Calcd for C51H43IrNO3P2Cl: C, 60.80; H, 4.30; N, 1.39%. Found:
C, 60.78; H, 4.36; N, 1.40.

IR (cm––1): 1684s ν(CO), 1548s, 1481s, 1433s, 1335s, 1172s, 1093s.

1H NMR (CDCl3, δ): 3.49 (s, 3H, OCH3), 4.86 (s, H6 ), 5.03 (d, 3JHH =
10.0 Hz, 1H, H4 ), 6.04 (dd, 3JHH = 10.0 Hz, 4JHH = 2.0 Hz, 1H, H3 ), 6.47
(s, 1H, NH ), 7.27–7.36 (m, 18H, PPh3), 7.41 (t’, 3JHH = 7.6 Hz, 2H, H12 ),
7.48 (t’, 3JHH = 7.1 Hz, 1H, 2H, H13 ), 7.56 (d, 3JHH = 7.1 Hz, 2H, H11 ),
7.68–7.72 (m, 12H, PPh3), 8.46 (m, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 52.67 (s, OCH3), 116.27 (s, C6 ), 124.78 (s,
C4 ), 125.39 (s, C2 ), 126.84 (s, C11 ), 127.22 (s, C11 & C14 ), 127.48 (t”,
2,4JCP = 9.1 Hz, o-PPh3), 128.60 (s, C12 ), 129.62 (t”, 1,3JCP = 54.2 Hz,
i -PPh3), 129.99 (s, p-PPh3), 131.09 (s, C13 ), 135.23 (t”, 3,5JCP = 9.5 Hz,
m-PPh3), 135.65 (s, C10 ), 136.72 (t, 2JCP = 9.4 Hz, C1 ), 140.55 (s, C3 ),
164.30 (s, C9 ), 184.24 (s, C7 ), 193.19 (t, 2JCP = 6.8 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 2.00 (s, PPh3).
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Ir(C7H4O{N(C[O]Ph)2–2}{OMe–7})Cl(PPh3)2 (108)

To a stirred solution of 99 (20.0 mg, 0.0213 mmol) in dichloromethane (5 ml)
was added triethylamine (10.0 μL, 7.26 mg, 0.0717 mmol), followed immedi-
ately thereafter by benzoyl chloride (58.4 μL, 70.7 mg, 0.503 mmol). Stirring
was continued for 1 h, after which time the volatiles were removed in vacuo.
The residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting with dichloromethane.
The first red band was collected, n-hexane was added and on slow removal of
the dichloromethane under reduced pressure a bright red precipitate formed,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 108 (13.0 mg, 0.0106 mmol, 54%) as bright red crystals. The
crystal used for X-ray analysis was grown by slow evaporation of chloroform
from a dichloromethane/n-hexane solvent mixture and proved to contain
1.5 equivalents of cyclohexane of solvation.

ESI MS (m/z, [M – Cl]+): Calcd for C58H
193
47 IrNO4P

+
2 : 1076.2610, found

1076.2609.

Anal. Calcd for C58H47IrNO4P2Cl: C, 62.67; H, 4.26; N, 1.26%. Found:
C, 62.27; H, 4.09; N, 0.96%.

IR (cm––1): 1648s ν(CO), 1547s, 1432s, 1330s, 1243s, 1168s, 1093s, 689s.

1H NMR (CDCl3, δ): 3.42 (s, 3H, OCH3), 4.83 (t, 4JHP = 2.0 Hz, 1H,
H6 ), 4.88 (d, 3JHH = 9.9 Hz, 1H, H4 ), 5.52 (dd, 3JHH = 10.0 Hz, 4JHH

= 2.5 Hz, 1H, H3 ), 7.10 (t, 3JHH = 7.7 Hz, 4H, H12 ), 7.20–7.32 (m, 24H,
PPh3 & H11, H13 ), 7.73–7.82 (m, 12H, PPh3), 9.08 (dt”, 4JHH = 2.5 Hz,
3JHP = 2.4 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 52.73 (s, OCH3), 116.14 (s, C6 ), 125.77 (s,
C4 ), 127.49 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 128.17 (s, C12 ), 128.71 (t, 3JCP

= 3.5 Hz, C2 ), 129.02 (s, C11 ), 129.86 (s, p-PPh3), 129.97 (t”, 1,3JCP =
54.0 Hz, i -PPh3), 131.44 (s, C13 ), 135.42 (t”, 3,5JCP = 9.9 Hz, m-PPh3),
137.28 (s, C10 ), 141.40 (t, 2JCP = 9.8 Hz, C1 ), 141.71 (s, C3 ), 172.37 (s,
C9 ), 184.02 (s, C7 ), 193.13 (t, 2JCP = 6.4 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.63 (s, PPh3).

[Ir(C7H4O{NHC(O)tBu–2}{OMe–7})(CO)(PPh3)2][O3SCF3] (109)

To a stirred solution of 98 (50.0 mg, 0.0419 mmol) in dichloromethane
(5 mL) was added triethylamine (14.0 μL, 10.2 mg, 0.101 mmol) followed
shortly thereafter by pivaloyl chloride (10.0 μL, 9.80 mg, 0.0813 mmol). Stir-
ring was continued for 15 min, after which time additional dichloromethane
(15 mL) was added and the solution was washed with deionised water (3 x 25
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mL). The orange organic layer was collected and dried in vacuo. The residue
was dissolved in dichloromethane and subjected to column chromatography
(10 x 1 cm silica gel column), eluting with 2% v/v methanol/dichloromethane.
A bright orange band was collected, the solvents were removed under re-
duced pressure and the residue recrystallised from dichloromethane and n-
hexane to give a bright orange solid which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 109 (23.4 mg, 0.0193 mmol,
46%) as bright orange crystals. 1H NMR indicated that ca. one equivalent
of dichloromethane was present in this sample.

ESI MS (m/z, [M – OTf]+): Calcd for C50H
193
47 IrNO4P

+
2 : 980.2608, found

980.2610.

Anal. Calcd for C51H47IrNO7P2SF3·CH2Cl2: C, 51.44; H, 4.07; N, 1.15.
Found: C, 50.96; H, 4.09; N, 1.24%.

IR (cm––1): 2036s ν(CO), 1660s ν(CO), 1550s, 1482s, 1435s, 1352s, 1256s,
1147s, 1093s, 1030s, 746s, 692s, 636s.

1H NMR (CDCl3, δ): 1.11 (s, 9H, H11 ), 3.52 (s, 3H, OCH3), 5.37 (t,
4JHP = 3.0 Hz, H6 ), 5.63 (d, 3JHH = 10.2 Hz, H4 ), 5.86 (dd, 3JHH = 10.1
Hz, 4JHH = 1.8 Hz, H3 ), 6.93 (br s, 1H, NH ), 7.42–7.53 (m, 30H, PPh3),
7.56 (d, 4JHH = 2.0 Hz, H1 ).

13C{1H} NMR (CDCl3, δ): 27.68 (s, C11 ), 39.10 (s, C10 ), 54.22 (s,
OCH3), 112.70 (t, 2JCP = 5.7 Hz, C1 ), 121.03 (s, C6 ), 122.99 (s, C2 ),
126.15 (t”, 1,3JCP = 58.5 Hz, i -PPh3), 127.53 (s, C4 ), 128.89 (t”, 2,4JCP

= 10.8 Hz, o-PPh3), 132.10 (s, p-PPh3), 134.64 (t”, 3,5JCP = 10.4 Hz, m-
PPh3), 143.00 (s, C3 ), 173.94 (t, 2JCP = 8.5 Hz, CO), 177.06 (s, C9 ),
185.56 (s, C7 ), 198.71 (t, 2JCP = 5.9 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.48 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.94 (s, O3SCF 3).

Ir(C7H4O{NHC(O)tBu–2}{OMe–7})Cl(PPh3)2 (110)

To a stirred solution of 99 (50.0 mg, 0.0532 mmol) in dichloromethane
(5 mL) was added triethylamine (16.5 μL, 12.0 mg, 0.118 mmol), followed
shortly thereafter by pivaloyl chloride (13.0 μL, 12.74 mg, 0.106 mmol). Stir-
ring was continued for 15 min, after which time additional dichloromethane
(15 mL) was added and the solution was washed with deionised water (3 x
25 mL). The red organic layer was collected and dried in vacuo. The residue
was dissolved in dichloromethane and subjected to column chromatography
(5 x 1 cm silica gel column), eluting with 2% v/v methanol/dichloromethane.
A dark red band was collected, n-hexane (20 mL) added and the volume
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of the solvent reduced to ca. 5 mL under reduced pressure at 0 ℃ to pre-
cipitate a dark red solid which was collected by filtration and washed with
ice-cold n-hexane (3 x 5 mL) to give pure 110 (33.5 mg, 0.339 mmol, 65%)
as dark red crystals.

ESI MS (m/z, [M – Cl]+): Calcd for C49H
193
47 IrNO3P

+
2 : 952.2660, found

952.2670.

IR (cm––1): 1666s ν(CO), 1548s, 1482s, 1433s, 1334s, 1093s, 692s.

1H NMR (CDCl3, δ): 1.06 (s, 9H, H11 ), 3.52 (s, 3H, OCH3), 4.76 (t,
4JHP = 1.9 Hz, H6 ), 5.05 (d, 3JHH = 10.0 Hz, H4 ), 5.92 (br s, 1H, NH ),
5.98 (dd, 3JHH = 10.1 Hz, 4JHH = 2.5 Hz, H3 ), 7.28–7.38 (m, 18H, PPh3),
7.64–7.70 (m, 12H, PPh3), 8.16 (dt”, 4JHH = 2.4 Hz, 3JHP = 2.30 Hz, H1 ).

13C{1H} NMR (CDCl3, δ): 27.80 (s, C11 ), 38.62 (s, C10 ), 52.64 (s,
OCH3), 116.06 (s, C6 ), 124.65 (s, C4 ), 125.28 (s, C2 ), 127.43 (t”, 2,4JCP =
9.4 Hz, o-PPh3), 129.69 (t”, 1,3JCP = 54.5 Hz, i -PPh3), 129.96 (s, p-PPh3),
135.26 (t”, 3,5JCP = 9.6 Hz, m-PPh3), 137.49 (t, 2JCP = 9.7 Hz, C1 ), 141.43
(s, C3 ), 175.12 (s, C9 ), 184.22 (s, C7 ), 193.52 (t, 2JCP = 6.6 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 2.27 (s, PPh3).

Ir(C7H4O{N(C[O]Ph)(C[O](Ph[Br–4])}{OMe–7})Cl(PPh3)2 (111)

A solution of 107 (20.0 mg, 0.0213 mmol) and p-bromobenzoyl chloride
(50.0 mg, 0.228 mmol) in dry dichloromethane (5 mL) was stirred for 1 h,
after which time triethylamine (16.5 μL, 12.0 mg, 0.118 mmol) was added
and stirring continued for a further 1 h. The volatiles were removed in
vacuo and the residue was dissolved in dichloromethane and subjected to
column chromatography (10 x 1 cm silica gel column), eluting with 2% v/v
acetone/dichloromethane. An orange band was collected and the solvents
were removed under reduced pressure. Recrystallisation of the residue from
dichloromethane and n-hexane gave an orange solid which was collected by
filtration and washed with n-hexane (3 x 5 mL) to give pure 111 (7.90 mg,
0.00664 mmol, 31%) as orange crystals.

ESI MS (m/z, [M – Cl]+): Calcd for C58H
193
46 IrNO4P

79
2 Br+: 1154.1715,

found 1154.1749.

IR (cm––1): 1652s, 1548s, 1483s, 1330s, 1241s, 1189s, 1121s, 1092s, 692s.

1H NMR (CDCl3, δ): 3.41 (s, 3H, OCH3), 4.83 (d, 4JHP = 2.0 Hz, 1H,
H6 ), 4.90 (d, 3JHH = 10.3 Hz, 1H, H4 ), 5.48 (dd, 3JHH = 10.2 Hz, 4JHH =
2.5 Hz, 1H, H3 ), 7.09 (d, 3JHH = 8.4 Hz, 2H, H11 or H16 ), 7.15 (d, 3JHH

= 8.2 Hz, 2H, H11 or H16 ), 7.22–7.34 (m, 23H, PPh3 & H12, H13, H17 ),
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7.72–7.78 (m, 12H, PPh3), 9.09 (dt”, 4JHH = 2.4 Hz, 3JHP = 2.3 Hz, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 52.76 (s, OCH3), 116.48 (s, C6 ), 126.01 (s,
C4 ), 126.25 (s, C18 ), 127.51 (t”, 2,4JCP = 9.4 Hz, o-PPh3), 128.38 (s, C11
or C16 ), 128.56 (t, 3JCP = 3.6 Hz, C2 ), 128.98 (s, C12 or C17 ), 129.92 (s,
p-PPh3), 129.93 (t”, 1,3JCP = 54.2 Hz, i -PPh3), 130.44 (s, C11 or C16 ),
131.48 (s, C12 or C17 ), 131.78 (s, C13 ), 135.38 (t”, 3,5JCP = 9.6 Hz, m-
PPh3), 135.91 (s, C10 or C15 ), 136.89 (s, C10 or C15 ), 141.39 (s, C3 ),
141.70 (t, 2JCP = 9.2 Hz, C1 ), 171.31 (s, C9 or C14 ), 172.12 (s, C9 or
C14 ), 184.03 (s, C7 ), 192.75 (t, 2JCP = 6.3 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.77 (s, PPh3).
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4 Chapter Four: Chemistry of tricyclic iridaben-
zenoids

4.1 Preface

Slowly but steadily the number of reported bicyclic fused-ring metallaben-
zenes has been increasing. There are now bicyclic examples with all-carbon
or heterocyclic fused rings with a range of sizes and compositions.10 The
possibility of extended metallabenzenoid structures has also begun to be ex-
plored in recent years, and there are currently a small number of examples
which contain three56,91 or more89,92,93 fused rings.

In organic chemistry, polycyclic aromatic compounds are commonplace
and find uses in a wide range of areas due to their unique electronic and
optical properties (although some have gained some notoriety for their role
as carcinogenic pollutants).172 The formal replacement of one of the carbon
units in molecules of this type may lead to metalla-aromatic products which
possess their own unique and useful properties.

Addition of a fused-ring onto a preformed metallabenzene or metallaben-
zenoid would not be a straightforward task. The sensitivity of metallaben-
zenes and their related compounds precludes the use of high temperatures,
harsh reagents or reaction conditions. Furthermore, the metallabenzene
substrates suitable for such reactions are currently rather limited. With
these considerations in mind, we speculated that a simpler route could in-
volve incorporation of the additional fused ring(s) into the structure from
the outset, by ring expansion of iridacyclopentadienes which already contain
the additional fused ring(s) desired.

In this work, cyclisation of linear alkyldiynes at an iridium(I) centre en-
abled the preparation of iridacyclopentadienes with saturated fused rings.
These have been converted into fused-ring metallabenzenes by ring expan-
sion with methyl propiolate. The tricyclic iridabenzenoids obtained are the
first examples of metallabenzenes where atoms in the fused ring are all sat-
urated carbons. The additional fused ring introduces a new feature which
imparts these complexes with chemistry distinct from the related iridaben-
zofurans described in Chapter 2. While exploring the chemistry of these
compounds it was discovered that double bonds could be introduced into the
fused rings. This led to the synthesis of other interesting metalla-aromatics
including metallaindene and metallanaphthalene derivatives.
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4.2 Synthesis of bicyclic fused-ring iridacyclopentadienes

The strategy adopted to synthesise fused-ring iridacyclopentadienes was in-
spired by an earlier report that [Ir(NCMe)(CO)(PPh3)2][ClO4] would react
with a stream of acetylene, undergoing a [2 + 2 + 1] cyclisation and fur-
nishing iridacyclopentadiene 10 in high yield (Scheme 4.1).132 In this initial
report, it was also described that 1,7-octadiyne could undergo cyclisation in
a similar manner, although the procedure and characterising data were not
given.

To prepare the fused-ring iridacyclopentadiene precursors the cationic
iridium(I) complex, [Ir(NCMe)(CO)(PPh3)2][O3SCF3] (prepared as described
in Section 2.2), was treated with slightly over one equivalent of 1,6-heptadiyne.
The initially bright yellow solution turned deep blue as the mixture was
stirred overnight. The resulting fused-ring iridacyclopentadiene, [Ir(C4H2{(CH2)3–
2, 3})(NCMe)(CO)(PPh3)2][O3SCF3] (112), was isolated as a dark blue
solid in remarkably high 93% yield (Scheme 4.1). This product contains a
five-membered ring which is fused to the iridacyclopentadiene core through
a shared C2–C3 bond. When the same iridium substrate was treated in-
stead with 1,7-octadiyne the related product with a fused six-membered ring,
[Ir(C4H2{(CH2)4–2, 3})(NCMe)(CO)(PPh3)2][O3SCF3] (113), was isolated
as a yellow-green solid in 94% yield. Dilute reaction mixtures and long con-
tact times were found to be important in ensuring good purity and yields.
This is likely to be because dilute solutions favour the intramolecular cy-
clisation, whereas concentrated solutions can lead to undesired byproducts
through intermolecular interactions.

Scheme 4.1. Synthesis of the iridacyclopentadienes 10, 112 and 113.

Selected 1H and 13C{1H} NMR spectral data for the two fused iridacy-
clopentadienes, as well as comparative data for unfused 10,132 are given in
Table 4.1. The high degree of symmetry of the metallacyclic rings means
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10 112 113

H1 & H4 6.14, 6.75 6.14, 6.75 6.30, 6.85
C1 & C4 132.00, 151.84 113.24, 132.81 121.76, 141.27
C2 & C3 143.12, 143.45 162.90, 163.70 151.09, 152.46

Table 4.1. Selected 1H and 13C{1H} NMR data (δ, ppm) for the
iridacyclopentadienes 10, 112 and 113.

that it is not possible to discern between some pairs of nuclei. Surprisingly,
the 1H NMR chemical shifts of the protons on the metal-bound carbons (H1
& H4, see Scheme 4.1 for the numbering schemes) and the 13C{1H} NMR
chemical shifts of the metal-bound carbons (C1 and C4) vary quite signifi-
cantly. The distinction must arise from the influence of the different trans
ligands. C1/C4 were shifted up-field in 112 and 113 compared to 10, indica-
tive of increased shielding arising from the nearby electron-donating alkyl
chain. In contrast, C2/C3 were shifted down-field in 112 and 113 compared
to 10. These shifts are more pronounced in 112 than in 113, probably due
to greater strain in the five-membered ring.173 The CH2 groups of the fused
rings give rise to several high-field resonances in the typical 0.5–2.0 ppm and
20–40 ppm range in the 1H and 13C{1H} NMR spectra, respectively.

Attempts to form iridacyclopentadienes with fused four or seven mem-
bered rings, using 1,5-hexadiyne or 1,8-nonadiyne under the same condi-
tions, were unsuccessful. This is thought to be due to a diminished driving
force towards cyclisation as attaining these ring geometries is less kinetically
and thermodynamically favourable.173

The crystal structure of 112 has been determined and the molecular
geometry is shown in Figure 4.1. The geometry about iridium is approx-
imately octahedral and two mutually trans triphenylphosphine ligands are
coordinated above and below the iridacyclopentadiene ring system. The Ir,
C1–C5, C7 atoms are essentially coplanar (the average deviation from the
mean plane is 0.019 Å) but C6 is displaced 0.54 Å above this plane. A
singlet for the two phosphorus nuclei in the 31P{1H} NMR spectrum in-
dicates that this conformation is not rigidly maintained in solution on the
NMR timescale. The iridium–carbon bond lengths (Ir–C1 2.102(4), Ir–C4
2.074(4) Å) are appropriate for iridium–carbon single bonds. The C1–C2
(1.338(6) Å) and C3–C4 (1.341(6) Å) distances are consistent with conju-
gated C–C double bonds and the C2–C3 distance (C2–C3 1.457(7) Å) is
consistent with a C–C single bond between two conjugated double bonds.
These Ir–C and C–C distances are similar to other iridacyclopentadiene
complexes.174,175 Bond lengths in the remote ring (C2–C5 1.517(6), C3–C7
1.506(7), C5–C6 1.527(8), C6–C7 1.535(8) Å) are all appropriate for C–C
single bonds.42
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Figure 4.1. ORTEP diagram of the cation of 112 showing 50% probability ellip-
soids for non-hydrogen atoms. Hydrogen atoms, triflate counteranion and solvent
molecules are not shown for clarity. Selected distances [Å]: Ir–C1 2.102(4), Ir–C4
2.074(4), Ir–C8 1.951(4), Ir–N 2.091(4), C1–C2 1.338(6), C2–C3 1.457(7), C3–C4
1.341(6), C2–C5 1.517(6), C3–C7 1.506(7), C5–C6 1.527(8), C6–C7 1.535(8).

4.3 Ancillary ligand exchange in iridacyclopentadienes

The labile acetonitrile ligands on 112 and 113 could be readily displaced
to furnish a number of simple derivatives. Addition of benzonitrile, p-tolyl
isocyanide or carbon monoxide to 112 gives cationic iridacyclopentadienes
of the form [Ir(C4H2{(CH2)3–2, 3})L(CO)(PPh3)2][O3SCF3] (L = NCPh,
114; L = CN(p-tolyl), 116; L = CO, 118) as blue or blue-green solids
(Scheme 4.2). Treatment of 112 with chloride yields a light green, neu-
tral complex, Ir(C4H2{(CH2)3–2, 3})Cl(CO)(PPh3)2 (120). Treatment of
113 with the same ligands gives the related complexes, [Ir(C4H2{(CH2)4–
2, 3})L(CO)(PPh3)2][O3SCF3] (L = NCPh, 115; L = CN(p-tolyl), 117; L
= CO, 119) and Ir(C4H2{(CH2)4–2, 3})Cl(CO)(PPh3)2 (121), respectively,
as yellow solids.

Selected 1H and 13C{1H} NMR data for the metallacyclic ring nuclei of
114–121 are given in Table 4.2. The spectral data are consistent with their
formulation as iridacyclopentadienes and the chemical shifts of nuclei in the
bicyclic rings are indicative of localised bonding. Ligand exchange results
in a sizeable chemical shift disparity between related pairs of nuclei. This is
particularly apparent in the 1H NMR spectrum of 120 and 121 where, for
example, the chemical shift difference between H1 and H4 is over 1.1 ppm.
These differences are probably the result of a combination of electronic and
through-space effects associated with the ancillary ligands.
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Scheme 4.2. Ancillary ligand substitution reactions of iridacyclopentadienes 112
and 113.

n Nuclei L = NCPh L = CN(p-tolyl) L = CO L = Cl

114 116 118 120

H1 & H4 6.19, 6.81 6.72, 6.76 6.80 5.62, 6.77
C1 & C4 113.71, 134.12 122.33, 125.19 122.91 123.62, 132.525
C2 & C3 163.25, 163.90 165.69, 167.06 167.61 158.26, 161.73

115 117 119 121

H1 & H4 6.34, 6.91 6.78, 6.85 6.88 5.82, 6.95
C1 & C4 122.17, 141.49 128.05, 128.65 130.79 131.73, 142.736
C2 & C3 151.34, 152.54 153.50, 154.98 155.29 146.77, 150.52

Table 4.2. Selected 1H and 13C{1H} NMR data (δ, ppm) for the
iridacyclopentadienes 114–121, with n atoms in the all-carbon fused rings and

ligands L.
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Figure 4.2. ORTEP diagram of 118 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms and the triflate counteranion are not
shown for clarity. Selected distances [Å]: Ir–C1 2.131(14), Ir–C4 2.051(15), Ir–
C8 1.974(15), Ir–C9 1.913(13), Ir–N 2.091(4), C1–C2 1.380(20), C2–C3 1.455(18),
C3–C4 1.330(19), C2–C5 1.491(18), C3–C7 1.530(20), C5–C6 1.510(20), C6–C7
1.510(20).

The single crystal X-ray structures of 118, 119 and 121 have been deter-
mined and the molecular geometries are shown in Figure 4.2, Figure 4.3 and
Figure 4.4, respectively. The iridacyclopentadiene structure and the ligand
substitution is confirmed in each. The structural parameters of the three
complexes are all very similar to those of the iridacyclopentadiene 112.

The benzonitrile and isocyanide derivatives, 114–117, were prepared
largely because it was envisioned that they may be capable of inserting
N or C into the iridacyclopentadiene ring, leading to fused metallapyridines
or metallabenzenes, respectively. Unfortunately, attempts to thermally in-
stigate migratory insertion, both in the presence and absence of an excess
of methyl triflate, were unsuccessful. Only starting materials were obtained
after six hours of heating under reflux in 1,2-dichloroethane.
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Figure 4.3. ORTEP diagram of 119 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the triflate counteranion are not shown for
clarity. Selected distances [Å]: Ir–C1 2.081(8), Ir–C4 2.095(10), Ir–C9 1.959(12),
Ir–C10 1.958(11), C1–C2 1.343(13), C2–C3 1.461(13), C3–C4 1.327(14), C2–C5
1.507(12), C3–C8 1.525(14), C5–C6 1.520(17), C6–C7 1.400(20), C7–C8 1.526(18).

Figure 4.4. ORTEP diagram of 121 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.086(4), Ir–C4 2.048(4), Ir–C9 1.916(4), Ir–Cl
2.5035(11), C1–C2 1.318(6), C2–C3 1.442(7), C3–C4 1.344(6), C2–C5 1.555(7),
C3–C8 1.506(6), C5–C6 1.514(8), C6–C7 1.520(9), C7–C8 1.534(9).
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4.4 Synthesis of tricyclic fused-ring iridabenzenes

Methyl propiolate has demonstrated propensity to take part in migratory
insertion and metallacyclisation reactions68,76,77,80,175 and so 112 and 113
were subjected to an excess of this reagent in boiling 1,2-dichloroethane.
The reaction presumably proceeds by initial alkyne coordination and rear-
rangement into a vinylidene ([Ir]=C=CHCO2Me) intermediate. Ring ex-
pansion of the iridacyclopentadiene by migratory insertion of the α-carbon
of this vinylidene forms the metallabenzene core. Finally, the carbonyl oxy-
gen of the ester function coordinates to the metal centre to form the fused
iridafuran. This mechanism has been implicated in the synthesis of other
metallabenzofurans68,76,77 and is consistent with deuterium-labeling stud-
ies undertaken for the synthesis of iridabenzenes from iridacyclopentadienes
and other alkynes.67

The reaction of 112 and methyl propiolate in boiling 1,2-dichloroethane
results in the formation of the tricyclic, cationic, fused-ring iridabenzene,
[Ir(C7H3O{(CH2)3–2, 3}{OMe–7})(CO)(PPh3)2][O3SCF3] (122), as an orange-
brown solid in 84% isolated yield (Scheme 4.3). This compound is comprised
of an iridabenzene, an iridafuran fused to the iridabenzene with a shared Ir–
C bond, and a five-membered carbon ring fused to the iridabenzene with a
shared C–C bond. The reaction of 113 under the same conditions results for-
mation of [Ir(C7H3O{(CH2)4–2, 3}{OMe–7})(CO)(PPh3)2][O3SCF3] (123)
as a bright orange solid in 53% yield, which differs only in the size of the
saturated carbon ring (six- rather than five-membered). These compounds
are new additions to the fairly rare class of polycyclic metalla-aromatics and
they are first members of this class where atoms in the fused ring are all
saturated sp3 hybridised carbons.

Scheme 4.3. Synthesis of the fused iridabenzofurans 122–127.
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122 123 124 125 126 127

H1 7.36 7.38 8.82 8.98 8.93 9.10
H4 5.47 5.53 4.37 4.39 4.54 4.53
H6 5.57 5.54 4.94 4.94 4.88 4.88

Table 4.3. Selected 1H NMR data (δ, ppm) for the tricyclic iridabenzenoids,
122–127.

122 123 124 125 126 127

C1 116.21 122.78 134.18 133.51 143.01 142.20
C2 139.24 133.91 136.34 136.57 130.50 131.04
C3 164.00 157.35 163.14 162.84 155.94 155.59
C4 121.89 119.02 117.24 117.21 120.88 120.81
C5 200.97 197.91 197.10 197.13 194.62 194.61
C6 118.23 125.24 111.30 111.24 111.66 111.52
C7 185.25 185.06 183.14 183.46 182.99 183.26

Table 4.4. Selected 13C{1H} NMR data (δ, ppm) for the tricyclic
iridabenzenoids, 122–127.

As was the case for the related iridabenzofurans,77 the carbonyl ligands
were found to be relatively labile and could be displaced by chloride or
bromide. Treatment of 122 or 123 with the appropriate lithium salt in
boiling n-propanol allowed the neutral analogues, Ir(C7H3O{C2–(CH2)n–
C3}{OMe–7})X(PPh3)2 (n = 3, X = Cl, 124; n = 3, X = Br, 125; n = 4,
X = Cl, 126; n = 4, X = Br, 127), to be prepared (Scheme 4.3). All four
of these complexes were isolated as red solids in 60–70% yield.

Selected 1H and 13C{1H} NMR spectral data for the complexes 122–
127 are presented in Table 4.3 and Table 4.4, respectively. The numbering
system used is given in Scheme 4.3. In the 1H and 13C{1H} NMR spectra,
the chemical shifts for nuclei in the metallacyclic rings are remarkably similar
to those in the unsubstituted iridabenzofuran analogues. Compared to 11
and 12, there are only minor up-field shifts in the signals of both proton
and carbon nuclei. These presumably arise due to increased shielding by
electron donation from the alkyl group. The C2 and C3 nuclei are the only
exceptions and these resonate ca. 10–20 ppm further down-field than the
related nuclei in 11 (123.72 (C2), 140.97 (C3) ppm) and 12 (121.12 (C2),
141.05 (C3) ppm). This is consistent with an alkyl group rather than a
proton at these positions. The saturated fused ring gives rise to triplets and
multiplets integrating for two protons each between 1.0–2.0 ppm in the 1H
NMR spectra and singlets between 15–40 ppm in the 13C{1H} NMR spectra.
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Figure 4.5. ORTEP diagram of 122 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, triflate counteranion, solvent molecules and
minor disorder components are not shown for clarity. Selected distances [Å]: Ir–C1
2.050(4), Ir–C5 2.069(5), Ir–O1 2.201(3), Ir–C12 1.935(5), C7–O1 1.268(6), C1–
C2 1.344(6), C2–C3 1.440(7), C3–C4 1.344(7), C4–C5 1.416(7), C5–C6 1.357(7),
C6–C7 1.432(8), C2–C8 1.524(7), C3–C10 1.512(7), C8–C9 1.478(15), C9–C10
1.523(14).

The single crystal X-ray structures of 122–127 have been determined and
the molecular geometries are shown in Figure 4.5–Figure 4.10, respectively.
In each case, the tricyclic ring system is constructed about an approximately
octahedral iridium centre. The iridabenzene and iridafuran rings are essen-
tially coplanar and the bond distances and angles are strikingly similar to
the related unsubstituted iridabenzofurans, 11 and 12. With the exception
of the C2–C3 bond (1.42–1.46 Å), the C–C bond distances in the fused five-
or six-membered carbon rings (1.51–1.54 Å) are appropriate for C–C single
bonds. The saturated fused rings in these were typically disordered over
two positions on each side of the Ir, C1–C7, O1 mean plane in an approx-
imately 1:1 ratio. As all the complexes exhibit a single PPh3 resonance in
the 31P{1H} NMR spectra, the phosphorus nuclei are in equivalent chem-
ical environments and therefore these conformations must not be rigidly
maintained in solution on the NMR timescale.
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Figure 4.6. ORTEP diagram of 123 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, triflate counteranion and solvent molecules are
not shown for clarity. Selected distances [Å]: Ir–C1 2.050(3), Ir–C5 2.056(3), Ir–O1
2.212(2), Ir–C12 1.938(3), C1–C2 1.341(4), C2–C3 1.466(4), C3–C4 1.341(4), C4–
C5 1.423(4), C5–C6 1.377(4), C6–C7 1.437(5), C7–O1 1.254(4), C2–C8 1.523(4),
C3–C11 1.516(4), C8–C9 1.520(5), C9–C10 1.533(5), C10–C11 1.528(5).

Figure 4.7. ORTEP diagram of 124 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms, triflate counteranion, solvent molecules
and minor disorder components. Selected distances [Å]: Ir–C1 2.013(4), Ir–C5
2.004(4), Ir–O1 2.219(3), Ir–Cl 2.4892(9), C1–C2 1.351(5), C2–C3 1.449(6), C3–
C4 1.337(6), C4–C5 1.442(6), C5–C6 1.388(6), C6–C7 1.421(6), C7–O1 1.262(5),
C2–C8 1.530(6), C3–C10 1.522(6), C8–C9 1.520(9), C9–C10 1.544(10).
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Figure 4.8. ORTEP diagram of 125 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and minor disorder components are not shown
for clarity. Selected distances [Å]: Ir–C1 2.062(13), Ir–C5 2.053(17), Ir–O1 2.203(9),
Ir–Br 2.6014(15), C1–C2 1.31(2), C2–C3 1.43(3), C3–C4 1.38(2), C4–C5 1.37(2),
C5–C6 1.36(2) , C6–C7 1.48(2), C7–O1 1.265(18), C2–C8 1.51(2), C3–C10 1.54(3),
C8–C9 1.498(18), C9–C10 1.537(19).

Figure 4.9. ORTEP diagram of 126 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.020(4), Ir–C5 1.987(4), Ir–O1 2.218(3), Ir–Cl
2.4911(10), C1–C2 1.356(6), C2–C3 1.459(7), C3–C4 1.350(7), C4–C5 1.419(6), C5–
C6 1.398(6), C6–C7 1.428(7), C7–O1 1.245(5), C2–C8 1.528(7), C3–C11 1.525(6),
C8–C9 1.514(8), C9–C10 1.272(10), C10–C11 1.518(9).
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Figure 4.10. ORTEP diagram of 127 showing 25% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.057(10), Ir–C5 1.980(9), Ir–O1 2.205(6), Ir–Br
2.6146(8), C1–C2 1.259(13), C2–C3 1.424(17), C3–C4 1.267(16), C4–C5 1.391(13),
C5–C6 1.438(14), C6–C7 1.513(14), C7–O1 1.258(10), C2–C8 1.548(19), C3–C11
1.560(16), C8–C9 1.250(30), C9–C10 1.540(30), C10–C11 1.530(20).

4.5 Protonation

It has previously been shown that cationic metallabenzofurans are resistant
to protonation while neutral metallabenzofurans can be protonated exclu-
sively at C6 on the metallafuran ring.68,76 In the same manner, cationic
122 and 123 resisted protonation from the very strong tetrafluoroboric
(HBF4) and triflic (HO3SCF3) acids, but neutral 124 or 126 reacted with
approximately one equivalent of triflic acid to furnish [Ir(C5H2{(CH2)n–
2, 3}{CH2CO2Me–5})(CO)(PPh3)2][O3SCF3] (n = 3, 128; n = 4, 129) as
dark green or blue-green solids, respectively (Scheme 4.4). Protonation at
C6 disrupts any π-delocalisation in the iridafuran ring and so it can now
be considered simply as a ‘tethering arm.’ Thus, 128 and 129 can be con-
sidered as metalla-analogues of the organic compounds indane and tetralin,
respectively.

Of the acids tested, triflic acid was the only one to successfully achieve
this transformation. Aqueous acids such as HCl and HBr, and strong an-
hydrous acids including tetrafluoroboric acid (as the diethyl ether complex)
and trifluoroacetic acid, were ineffective. Deprotonation of 128 or 129 took
place readily and 124 or 126 were recovered when bases such as triethy-
lamine, or even a few drops of protic solvents such as ethanol, were added.
Deprotonation appears to also be effected by adventitious water within a
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Scheme 4.4. Protonation reactions of tricyclic iridabenzenoids.

few hours of exposure to air at ambient conditions. This unfortunately pre-
cluded the collection of crystals suitable for X-ray structure determination.

There are markedly down-field chemical shifts in the NMR spectra of
the protonated complexes, 128 and 129, compared to their non-protonated
precursors. Specifically, the H1 protons were located at 12.00 and 12.48
ppm, respectively, in the 1H NMR spectra, which is over 3 ppm further
down-field than in the starting ‘iridabenzofuran-like’ 124 (8.82 ppm) and
126 (8.93 ppm). The H4 protons, at 6.83 and 6.76 ppm, respectively, are
also shifted approximately 2 ppm down-field following protonation (cf. 4.37
and 4.54 ppm in 124 and 126, respectively). The 13C{1H} NMR chemical
shifts of the C1 carbons (232.58 ppm in 128 and 221.60 ppm in 129) were
also notably down-field shifted (cf. 134.18 ppm in 124 and 143.01 ppm in
126). These chemical shifts are typical for iridabenzenes3,5–7 and similar
trends have been observed on protonation of metallabenzofurans into teth-
ered metallabenzenes.68,76 The saturated C6 site gives rise to singlets in the
1H NMR spectra integrating for two protons, at 3.00 and 2.90 ppm, respec-
tively, and singlets at 54.20 and 53.50 ppm, respectively, in the 13C{1H}
NMR spectra which were inverted in the DEPT-135 NMR experiment.

4.6 Electrophilic nitration

In Section 2.6 it was shown that under Menke nitration conditions (copper
nitrate in acetic anhydride at 0 ℃) the cationic iridabenzofuran 11 could be
nitrated exclusively once at C2, while the neutral iridabenzofuran 12 could
be nitrated twice at C2 and C6.
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The cationic tricyclic complexes 122 and 123 were not able to be nitrated
under the same conditions and were recovered unchanged. Presumably this
is because the favoured substitution site, C2, is blocked by the additional
fused ring. However, when the neutral complex, 124, was added to a solution
containing excess copper nitrate in acetic anhydride, disubstitution ensued
at the C4 and C6 sites. The heavily substituted product, Ir(C7HO{(CH2)3–
2, 3}{NO2–4}{NO2–6}{OMe–7})Cl(PPh3)2 (130), was isolated as a dark
blue solid (Scheme 4.5). Due to the extensive substitution there is only
one aromatic resonance, at 10.53 ppm, in the 1H NMR spectrum of this
species due to H1 on the metallacyclic rings. The resonances in the 13C{1H}
NMR spectrum, however, correspond well with the nitrated iridabenzofurans
discussed in Section 2.6.

Scheme 4.5. Nitration reactions of tricyclic iridabenzenoids.

The nitration of 126 was less successful. When subjected to Menke ni-
tration conditions with one, three or four equivalents of copper nitrate only
very small (<2%) amounts of a forest-green solid could be isolated following
separation of the copper salts and purification by column chromatography.
This solid appeared to be an impure sample of the C4,C6-dinitrated complex,
Ir(C7O{(CH2)4–2, 3}{NO2–4}{NO2–6}{OMe–7})Cl(PPh3)2 (130) (Scheme 4.5).
This assertion is made tentatively on the basis of 1H NMR spectral data
(10.57 (1H, H1 ), 3.55 (3H, OCH 3) ppm) and mass spectral data (m/z [M
+ Na]+, calcd 1055.1732, found 1055.1748). The isolated yield was unfortu-
nately too low to allow further purification or acquisition of a satisfactory
13C{1H} NMR spectrum. Substitution at C4 and C6 in 126 is possibly
hampered sterically (compared to 124) due to the larger size of its fused
ring.
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4.7 Electrophilic bromination

The additional fused ring on the tricyclic iridabenzenes discussed in this
chapter imparts an interesting new angle to the electrophilic bromination
reactions. The bromination reactions of the related unsubstituted iridaben-
zofurans, 11 and 12, have already been investigated thoroughly (both in the
literature77 and in the results from Section 2.4) and found that electrophilic
bromination was most favourable at C6, followed by C2. The extent of the
reaction was dependent on the reagent and ancillary ligands on iridium.

The additional saturated fused ring on the tricyclic fused-ring iridaben-
zenes, 122–127, means that these species have what can be considered as
‘metalla-benzylic’ sites. In organic chemistry, N -bromosuccinimide is well
known to be capable of brominating benzylic sites (the Wohl-Ziegler re-
action).135,176 This adds a new dimension to the electrophilic bromination
reactions and allowed a number of new, interesting metalla-aromatics to be
derivatised.

4.7.1 Reactions with pyridinium tribromide

As expected from the iridabenzofuran precedents,77 treatment of 122 or
123 with one equivalent of pyridinium tribromide yields [Ir(C7H2O{(CH2)n–
2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (n = 3, 132; n = 4, 133)
(Scheme 4.6). In these complexes the C6 carbons on the iridafuran rings
were exclusively brominated. The same products, in reduced yield, were
obtained when the quantity of [PyH][Br3] was increased to five equivalents,
with no sign of further reaction with this reagent.

The neutral complexes, 124 and 126, also reacted with [PyH][Br3] to fur-
nish exclusively C6-monobrominated products. Careful column chromatog-
raphy allowed the isolation of pure complexes with chloride ancillary ligands,
Ir(C7H2O{(CH2)n–2, 3}{Br–6}{OMe–7})Cl(PPh3)2 (n = 3, 134; n = 4,
136), as red or red-purple solids (Scheme 4.6). A moderate amount of chlo-
ride/bromide ancillary ligand exchange occurred during this process. The
bromide analogues, Ir(C7H2O{(CH2)n–2, 3}{Br–6}{OMe–7})Br(PPh3)2 (n
= 3, 135; n = 4, 137), could be obtained in improved yield as purple solids
by collecting all the fast-moving bands and subjecting them to a large excess
of bromide in boiling n-propanol. These complexes can also be prepared by
treatment of the bromide analogues, 125 or 127, with [PyH][Br3] directly.
Treatment of 124–127 with five equivalents of this reagent did not lead to
any further substitution.

It is not entirely surprising that only monosubstitution was observed.
Based on experimental and computational precedent, we expect substitution
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Scheme 4.6. Bromination reactions of fused iridabenzofurans with pyridinium
tribromide.

to occur at C2, C4 or C6.77 The C2 site is already occupied, and substitution
at C4 is likely to be sterically unfavourable due to the bulky fused ring
attached at C3. This leaves C6 as the sole site where substitution can take
place.

Selected 1H and 13C{1H} NMR data for the complexes 132–137 is pro-
vided in Table 4.5. The chemical shifts were found to be very similar to the
other reported monobromoiridabenzofurans.77 Most notably, the 13C{1H}
NMR chemical shift of C6, bearing the bromine substituent, was shifted
up-field (to 90–100 ppm) upon substitution (cf. 110–120 ppm in 122–127).

The single crystal X-ray structures of 132, 133 and 136 have been deter-
mined and the molecular geometries are shown in Figure 4.11, Figure 4.12
and Figure 4.13, respectively. These structures confirm the formulation as
tricyclic iridabenzenoids and that bromo-substitution has occurred at the
C6 position on the iridafuran ring. The two metallacyclic rings are essen-
tially coplanar and the bromine atom lies approximately within this plane.
The structural features are very similar to those of other brominated irid-
abenzofurans (Section 2.4) and the unsubstituted tricyclic iridabenzenoids
(Section 4.4).
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132 133 134 135 136 137

H1 7.53 7.57 9.12 9.27 9.27 9.44
H4 5.71 5.79 4.58 4.60 4.78 4.77
C1 120.28 126.84 139.42 138.86 148.83 147.89
C2 139.64 133.85 135.25 135.11 130.07 130.11
C3 166.71 160.21 162.24 162.42 159.78 158.99
C4 120.78 124.12 115.82 115.75 119.32 119.26
C5 192.36 189.08 182.49 182.53 186.03 186.03
C6 100.64 99.72 93.42 90.80 91.97 90.10
C7 179.75 179.52 179.26 178.34 177.81 178.40

Table 4.5. Selected 1H and 13C{1H} NMR data (δ, ppm) for the
monobrominated tricyclic iridabenzenoids 132–137.

Figure 4.11. ORTEP diagram of 132 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, triflate counteranion, solvent molecules and
minor disorder components are not shown for clarity. Selected distances [Å]: Ir–C1
2.043(4), Ir–C5 2.074(4), Ir–O1 2.198(3), Ir–C12 1.938(4), C1–C2 1.331(6), C2–
C3 1.460(6), C3–C4 1.344(6), C4–C5 1.421(6), C5–C6 1.376(6), C6–C7 1.447(6),
C7–O1 1.254(5), C2–C8 1.512(6), C3–C10 1.524(6), C8–C9 1.538(13), C9–C10
1.515(10), C6–Br 1.904(4).

138



Figure 4.12. ORTEP diagram of 133 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, triflate counteranion and solvent molecules are
not shown for clarity. Selected distances [Å]: Ir–C1 2.031(3), Ir–C5 2.061(3), Ir–O1
2.192(2), Ir–C13 1.931(4), C1–C2 1.344(5), C2–C3 1.459(5), C3–C4 1.350(5), C4–
C5 1.425(5), C5–C6 1.377(5), C6–C7 1.440(5), C7–O1 1.260(4), C2–C8 1.518(5),
C3–C11 1.503(5), C8–C9 1.523(5), C9–C10 1.538(6), C10–C11 1.533(6), C6–Br
1.905(4).

Figure 4.13. ORTEP diagram of 136 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.010(14), Ir–C5 2.011(12), Ir–O1 2.236(8), Ir–Cl
2.481(4), C1–C2 1.310(20), C2–C3 1.471(19), C3–C4 1.375(19), C4–C5 1.368(19),
C5–C6 1.395(17), C6–C7 1.450(20), C7–O1 1.255(16), C2–C8 1.520(20), C3–
C11 1.500(20), C8–C9 1.460(30), C9–C10 1.310(30), C10–C11 1.430(20), C6–Br
1.896(13).
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4.7.2 Reactions with N -bromosuccinimide

The reagent of choice for allylic and benzylic brominations has almost always
been N -bromosuccinimide due to the mild conditions required, the high se-
lectivity and tolerance of other functional groups. In organic chemistry this
is known as the Wohl-Ziegler reaction.135,176 The tricyclic complexes, 122–
127, possess two ‘metalla-benzylic’ positions, attached at the C2 and C3
carbons, which we foresaw as suitable for this type of reaction. Although
the addition of radical initiators such as AIBN or benzoyl peroxide is com-
monly required in organic chemistry, none were found to be necessary in the
reactions which follow.

Treatment of 122–127 with precisely one equivalent of NBS affords the
C6-monobromination products, 132–137, respectively, in yields comparable
to those obtained with pyridinium tribromide (Scheme 4.6). Substitution at
C6 on the iridafuran ring is clearly more electronically favoured than any
other site.

When two equivalents of NBS was added to a dichloromethane solution
of 126 the colour immediately changed from red to dark purple. Three
products were isolated through careful column chromatography of the crude
mixture and could be characterised. In addition to a small amount of mono-
brominated 136, a fast-moving purple band was collected which proved to be
an iridadihydronapthafuran, Ir(C7H2O{(CH2)2CH=CH–2, 3}{Br–6}{OMe–
7})Br(PPh3)2 (138) (Scheme 4.7). This complex, which was isolated as a
purple solid in 23% yield, contains a double bond between the C10 and
C11 carbons on the fused six-membered ring as well as a bromo-substituent
on C6 of the iridafuran ring. It also contains a bromide ancillary lig-
and due to chloride/bromide exchange (confirmed by an alternative syn-
thesis, vide infra). A slow-moving red band was also collected and proved
to be a C6,C11-dibrominated complex, Ir(C7H2O{(CH2)3CHBr–2, 3}{Br–
6}{OMe–7})Cl(PPh3)2 (139). Only a very small amount (8%) of this last
complex was isolated.

Presumably 138 was formed by ligand exchange and dehydrohalogena-
tion of 139. The mild conditions under which 138 was formed is rather
interesting as NBS-mediated dehydrogenation reactions typically require a
radical initiator (whether chemical or photolytic), heating and/or addition
of strong bases.177 Once isolated, 139 was moderately stable in a chloro-
form solution for several hours. This might imply that the loss of HBr is
promoted by a component of the reaction mixture acting as a mild base.
Unfortunately, the very small amount of 139 which was isolated prevented
further reactions where base would be added directly to try form an analogue
of 138 with a chloride ancillary ligand.
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Scheme 4.7. Brominaton reactions of fused iridabenzofurans with NBS.

The characterisation of the two complexes relies heavily on the NMR
spectral data. A lone singlet at –0.67 ppm was located in the 31P{1H}
NMR spectrum of 138, indicating that the two phosphorus atoms are in
equivalent environments. In contrast, 139 gives rise to a four-line, second-
order spectrum (–1.02, 0.98 ppm, ABq, 2JPP = 439 Hz), indicating that
the phosphorus nuclei are in chemically inequivalent environments and cou-
ple to one another. This is compelling evidence for the loss of the mirror
plane through the bicyclic ring system and, therefore, for chiral bromine
addition. Similar 31P{1H} NMR spectra were observed when asymmetric
iridacyclohexa-1,4-dienes were prepared by nucleophilic addition to metal-
labenzenes.106,178

In the 1H NMR spectra, the chemical shifts of the ring protons and their
splitting are presented in Chart 4.1. For 138, in addition to the H1 (9.20
ppm) and H4 (4.74 ppm) protons, down-field signals at 5.54 ppm (d, H11)
and 5.87 ppm (dt, H10) relate protons on the newly introduced double bond.
Two signals integrating for two protons each were also found, at 2.09 and
1.86 ppm, assigned to the CH 2 groups at the 8 and 9 positions, respectively.
In 139, the signal for H1 (9.17 ppm) was found in a similar position but H4
(5.38 ppm) was shifted down-field due to its proximity to the bromine on
C11. Several up-field resonances (1.18 (H9), 1.29 & 1.43 (H10), 1.96 (H8),
3.26 (H11) ppm) were located for protons on the fused carbon ring and their
positions, splitting and 2D-NMR correlations are consistent with bromine
substitution on an sp3 hybridised carbon.

In the 13C{1H} NMR spectra of 138, C10 and C11 were located at 134.85
and 132.21 ppm, respectively, which are typical positions for olefinic carbon
nuclei. For 139, C10 (27.00 ppm) remains in a region typical for saturated
alkanes while C11 (80.64 ppm) was shifted moderately down-field due to
deshielding by the attached bromine. The proton and carbon chemical shifts
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of these two products are reasonably similar to their organic analogues, 1,2-
dihydronaphthalene179 and 1-bromo-1,2,3,4-tetrahydronaphthalene,180 respec-
tively.

Chart 4.1. Selected 1H NMR data for 138–142, including chemical shifts of ring
protons (δ, ppm) and their splitting (s = singlet, d = doublet, t = triplet, m =

multiplet).

A single crystal X-ray structure determination of 138 was conducted
and the molecular geometry is shown in Figure 4.14. The atom connectivity
and formulation as an iridadihydronaphthofuran is confirmed but unfortu-
nately the poor bond precision (arising from deficiencies in the structure,
see Appendix Two) precludes meaningful bond distance comparisons.

Ancillary ligand exchange of chloride for bromide became a problem as
the quantities of NBS were increased. For this reason, all subsequent reac-
tions with NBS were conducted with complexes containing bromide ancillary
ligands.

When 125 was treated with precisely two equivalents of NBS, the first
substitution occurs at the expected C6 site while a second occurs at C10, a
‘metalla-benzylic’ position adjacent to C3. Unlike the earlier example with
the fused six-membered ring, there was no spontaneous elimination of HBr.
Instead, the major product was the chiral complex, Ir(C7H2O{(CH2)2CHBr–
2, 3}{Br–6}{OMe–7})Br(PPh3)2 (140), which was isolated as a purple solid
(Scheme 4.8).

The loss of the metallacyclic ring mirror plane presents itself in the
31P{1H} NMR spectrum, where the now inequivalent phosphorus atoms
couple to give rise to a four-line, second-order set of signals (-–1.99, 1.68

142



Figure 4.14. ORTEP diagram of 138 showing 25% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms, solvent molecules and minor disorder com-
ponents are not shown for clarity. Selected distances [Å]: Ir–C1 2.005(16), Ir–C5
2.025(14), Ir–O1 2.236(10), Ir–Br2 2.5962(16), C1–C2 1.40(2), C2–C3 1.43(2), C3–
C4 1.34(2), C4–C5 1.45(2), C5–C6 1.39(2), C6–C7 1.37(2), C7–O1 1.304(17), C2–
C8 1.50(2), C3–C11 1.45(2), C8–C9 1.41(3), C9–C10 1.52(3), C10–C11 1.35(3),
C6–Br1 1.861(13).

Scheme 4.8. Bromination reactions of fused iridabenzofurans with NBS.
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ppm, ABq, 2JPP = 373 Hz). The 1H NMR signals assigned to ring protons
are given in Chart 4.1. The five H8–H10 protons also reside in inequivalent
positions due to the distinct environments above and below the ring plane.
These gave rise to three signals with the appearance of broad multiplets.
The chemical shift of C10, which bears the bromine substituent in the fused
all-carbon ring, was shifted slightly down-field to 57.90 ppm (cf. 35.45 ppm
in 125) in the 13C{1H} NMR spectrum. This is in a similar position to the
related nuclei in 1-bromoindane (54.8 ppm).180,181

When 127 was treated with precisely two equivalents of NBS, the ma-
jor product formed was 138, which was isolated as a purple solid in 64%
yield (Scheme 4.8). Here, C6 on the metallafuran has been brominated and
a double bond has been installed between C10 and C11 in the fused all-
carbon ring. The double bond must arise from a dehydrohalogenation via
an intermediate such as 127A (the bromide analogue of 139), although this
intermediate was not isolated.

When 127 was treated with precisely three equivalents of NBS under the
same conditions, Ir(C7H2O{(CH2)2CH=CBr–2, 3}{Br–6}{OMe–7})Br(PPh3)2
(141) was ultimately obtained as a purple solid (Scheme 4.8). In this species,
C6 on the metallafuran ring has been brominated, a double bond has been
installed between C10 and C11, and C11 also bears a bromine substituent.
The same product was also obtained when 138 was treated with one equiv-
alent of NBS. We can reasonably assume that the synthesis of 141 proceeds
by initial formation of 138 followed by an electrophilic bromination at C11.

The presence of a mirror plane through the metallacyclic rings of 141
was confirmed by the lone singlet located at –1.10 ppm in the 31P{1H}
NMR spectrum. The 1H NMR spectral data for ring protons is given in
Chart 4.1. A down-field triplet integrating for 1H at 6.34 ppm corresponds
to H10, which couples to the 2H signal at 1.85 ppm assigned to H9. H9 is
itself split into a doublet of triplets due to additional coupling to the two
H8 protons (2.18 ppm) as well. In the 13C{1H} NMR spectrum, carbon
nuclei in the all-carbon fused ring give rise to signals at 33.80 (C8), 28.00
(C9), 137.81 (C10) and 129.97 (C11) ppm, which are comparable to the
signals observed for the related nuclei in the organic analogue, 1-bromo-3,4-
dihydronaphthalene.182,183

Increasing the stoichiometry of NBS above these limits was found to lead
to decomposition of the metallacycles. Specifically, when 125 was treated
with three or more equivalents of NBS, or when 127 was treated with four
or more equivalents of NBS, no tractable products were obtained. It is not
clear what is instigating the decomposition reactions. Interestingly, when
127 was treated with 4–5 equivalents of NBS, several very small signals
arose at 20–21 ppm in the 1H NMR spectrum of the crude mixture. These
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shifts are typical for iridium alkylidenes (Ir=CHR),184–187 which might arise
from intermediates en route to metallanaphthalenes.

It is worth noting that substitution was only observed at the ‘metalla-
benzylic’ position off C3 in all of the reactions conducted. The accessibility
of the two ‘metalla-benzylic’ sites is fairly similar and so the regioselec-
tivity is unlikely to be determined by steric considerations. The Wohl-
Ziegler reaction176 involves a radical propagation mechanism with atomic
bromine thought to be the most likely chain carrier (the Goldfinger mech-
anism).188–190 In this case, attack at the ‘metalla-benzylic’ position off C3
allows the radical in the intermediate to be positioned through resonance
meta to iridium and at the iridium metal itself (pathway A, Chart 4.2).
Positioning the radical at the metal centre is likely to be highly stabilising.
When the attack is at the benzylic position off C2 (pathway B), the poten-
tial resonance forms involve positioning the radical ortho and para to the
iridium metal, which is likely to be much less stable.

Chart 4.2. Resonance forms of the two possible radical intermediates generated
in the reaction of 127 with NBS. Pathway A is likely to be the most favourable

as it allows the radical to be positioned at iridium.

It is also rather interesting that the complexes with fused six-membered
rings spontaneously lose HBr under these conditions, while the species with
a fused five-membered ring did not. One explanation for this may be that
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there is a larger energy barrier to overcome when forming a cyclopenta-
diene derivative compared to a cyclohexa-1,3-diene derivative, due to the
greater ring strain in the former. Adding a double bond to a five-membered
ring is also likely to be less thermodynamically favourable than for the six-
membered analogue.

Reactions between the tricyclic iridabenzenoids 122–124, 126 and N -
chlorosuccinimide were also attempted. No reactions occurred at ambient
conditions but complex mixtures of products were formed upon heating in
boiling 1,2-dichloroethane. Unfortunately, pure products could not be iso-
lated from these mixtures by column chromatography or fractional crystalli-
sation. However, after 122 was treated with three equivalents of NCS and
heated under reflux for three hours, an orange band was collected during the
subsequent column chromatography. This was determined by 1H NMR spec-
troscopy to be an approximately 70:30 mixture of two monochlorinated iso-
mers, the C6-substituted 142a and the C4-substituted 142b (Scheme 4.9).
Although the complexes could not be purifier further, a crystal suitable for
X-ray study was obtained from this mixture. This crystal, the molecular
geometry for which is shown in Figure 4.15, was comprised of a mixture of
the two isomers in an approximately 87:13 ratio.

Scheme 4.9. Chlorination reaction of 122 with NCS.
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Figure 4.15. ORTEP diagram of 142 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, solvent molecules and minor disorder component
of the fused saturated ring are not shown for clarity. The occupancy of Cl1 is
86.6%, the occupancy of Cl2 is 13.4%. Selected distances [Å]: Ir–C1 2.047(4), Ir–C5
2.067(4), Ir–O1 2.189(3), Ir–C12 1.934(5), C1–C2 1.319(7), C2–C3 1.434(8), C3–
C4 1.353(7), C4–C5 1.436(6), C5–C6 1.366(6), C6–C7 1.440(7), C7–O1 1.254(5),
C2–C8 1.526(7), C3–C10 1.542(8), C8–C9 1.498(12), C9–C10 1.511(14), C4–Cl2
1.695(10), C6–Cl 1.741(5).

4.8 Synthesis of iridaindene derivatives

The successful installation of one double bond into the saturated six-membered
fused ring of 127 was a promising result and inspired us to attempt to do
the same in the the complexes with saturated five-membered rings. This
could lead to metallaindenes and perhaps even a metallaindenyl (the metalla-
analogues of organic indene and indenyl ligands, respectively).

The complex 140 could be considered as an isolable intermediate in a two-
step bromination-dehydrobromination reaction. The bromine was added in
the first step and, as is often the case in organic reactions of this type,
the second dehydrobromination step proceeds only after the addition of
base.177 Thus, when 140 was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) in refluxing 1,2-dichloroethane, Ir(C7H2O{CH2CH=CH–2, 3}{Br–
6}{OMe–7})Br(PPh3)2 (143) was isolated as a purple solid in 34% yield
(Scheme 4.10) following chromatographic purification. In this complex a
double bond had been installed between C9 and C10 via formal loss of
HBr and thus 143 is the first example of a metallaindene derivative where
the metal is incorporated into a metalla-aromatic six-membered ring. All
reported examples of metallaindenes have the metal located in the five-
membered ring only.47,191–193

147



Scheme 4.10. Dehydrohalogenation of 140 to give the neutral iridaindene
derivative, 143.

The identity of 143 as a metallaindenofuran was confirmed by NMR
spectroscopy. In the 1H NMR spectrum, H1 and H4 resonate at standard
iridabenzofuran positions (9.24 and 4.74 ppm, respectively). In the five-
membered carbon ring, H8 gives rise to a broad up-field signal at 2.49 ppm
integrating for two protons, while the presence of the double bonds causes
H9 and H10 to be shifted down-field to 6.13 ppm (doublet of triplets) and
5.75 ppm (doublet), respectively. The 31P{1H} NMR spectrum provides
further evidence for this conversion, as the phosphorus atoms are returned to
equivalency and this collapses the four-line, second-order spectrum observed
for 140 into a lone singlet for 143.

It was unfortunately discovered that the neutral metallaindene deriva-
tive, 143, was moderately unstable in solution and would decompose into
a mixture of unidentified products in a matter of hours. Furthermore, at-
tempts to form a metallaindenyl anion coordinated to an iridium(I) centre
by deprotonation, either with [Ir(OMe)(COD)]2,

194 or with n-BuLi or NaH
in the presence of [IrCl(COD)]2 (COD = 1,5-cyclooctadiene),195 did not lead
to any tractable products. Heating a solution of 143 and anhydrous FeCl2
in benzene under reflux, in an attempt to make an analogue of ferrocene,
was also unsuccessful.196 It was thought that a negatively charged metal-
laindenyl anion was perhaps too inherently reactive and perhaps a neutral
analogue, prepared from a cationic metallaindene, would provide more stable
products.
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To this end, 140 was placed under an atmosphere of carbon monox-
ide and treated with silver triflate in order to abstract the bromide an-
cillary ligand and exchange it for CO. Surprisingly, the expected product,
140A, was not obtained and instead the cationic metallaindene derivative,
[Ir(C7H2O{CH2CH=CH–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (144),
was isolated in 76% yield as a bright red-pink solid (Scheme 4.10). Presum-
ably 140A was initially formed as an intermediate but spontaneously loses
HBr, perhaps aided by the excess silver triflate in solution, to give 144
directly.

The spectral data for 144 confirm the formulation as a cationic metal-
laindene derivative. A strong infrared band at 2055 cm––1 is assigned to the
CO ligand. In the 1H NMR spectrum, the metallacyclic protons H1 and H4
resonate at 7.60 and 5.74 ppm, respectively, similar to other cationic irid-
abenzofurans.77 In the fused ring, H8 was observed as a broadened doublet
at 2.57 ppm integrating for two protons, while H9 (6.27 ppm, doublet of
triplets) and H10 (5.90 ppm, doublet) were found further down-field. These
chemical shifts are comparable to those found in organic indene (3.31, 6.50,
6.86 ppm, respectively).197

The cationic metallaindene derivative, 144, was indeed found to be more
stable and this allowed its single crystal X-ray structure to be determined.
The molecular geometry is shown in Figure 4.16. The iridium–carbon and
carbon–carbon bond lengths about the metallacyclic rings are comparable
to cationic iridabenzofurans.77 Within the fused carbon ring, the C2–C8
(1.541(9) Å) and C3–C10 (1.515(10) Å) bonds are consistent with single
bonds. The C8–C9 (1.465(12) Å) and C9–C10 (1.411(12) Å) distances cor-
respond well (within esd) with the related bonds in organic indene com-
pounds (approximately 1.46–1.54 and 1.34–1.39 Å, respectively).198–201 The
C9 atom, which was bent significantly out of the Ir, C1–C7, O1 ring plane
in all the saturated precursors, now lies approximately within it.

Ancillary ligand exchange of bromide for carbon monoxide was also con-
ducted for 138 and 141. Treatment of 138 with silver triflate under an at-
mosphere of CO led to a red-pink solution from which [Ir(C7H2O{(CH2)2CH=
CH–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (145) was isolated as a
red solid (Scheme 4.11). Under the same conditions, 141 reacted to form
[Ir(C7H2O{(CH2)2CH=CBr–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (146),
which was also isolated as a red solid.

Strong infrared bands at 2055 and 2061 cm––1 are assigned to the CO
ligand in 145 and 146, respectively. The NMR spectral data for the two
species are very similar. Chemical shifts of metallacyclic ring nuclei are
comparable to cationic iridabenzofurans77 and the shifts and splitting of
nuclei in the fused carbon ring are similar to those of the precursors. The
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Figure 4.16. ORTEP diagram of 144 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms on the phenyl rings, triflate counteranion, solvent
molecules and minor impurity components are not shown for clarity. Selected dis-
tances [Å]: Ir–C1 2.038(6), Ir–C5 2.079(5), Ir–O1 2.187(4), Ir–C12 1.940(6), C1–C2
1.314(8), C2–C3 1.441(9), C3–C4 1.341(9), C4–C5 1.420(8), C5–C6 1.377(8), C6–
C7 1.434(8), C7–O1 1.267(6), C2–C8 1.541(9), C3–C10 1.515(10), C8–C9 1.465(12),
C9–C10 1.411(12), C6–Br 1.905(5).

Scheme 4.11. Ancillary ligand of Br for CO in iridadihydronapthafurans, 138
and 141.
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Figure 4.17. ORTEP diagram of 145 showing 25% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms on the phenyl rings and the triflate counteranion
are not shown for clarity. Selected distances [Å]: Ir–C1 2.037(9), Ir–C5 2.050(9),
Ir–O1 2.203(5), Ir–C13 1.933(10), C1–C2 1.351(12), C2–C3 1.439(12), C3–C4
1.381(12), C4–C5 1.442(12), C5–C6 1.362(12), C6–C7 1.426(13), C7–O1 1.272(10),
C2–C8 1.515(12), C8–C9 1.528(14), C9–C10 1.503(15), C10–C11 1.367(15), C3–C11
1.449(13), C6–Br 1.906(8).

data collectively confirm that the only change is the identity of the ancillary
ligand.

The single crystal X-ray structure of 145 has been determined and the
molecular geometry is shown in Figure 4.17. In the fused all-carbon ring,
the C10–C11 distance (1.367(15) Å) is appropriate for a carbon–carbon dou-
ble bond. There is also multiple bonding character in the C2–C3 bond
(1.439(12) Å), which is associated with the metallabenzene ring, but the re-
maining distances (C2–C8 1.515(12), C8–C9 1.528(14), C9–C10 1.503(15),
C3–C11 1.449(13) Å) are all appropriate for carbon–carbon single bond and
are very similar to related organic compounds containing a 1,2-dihydronaphthalene
moiety.202,203

4.9 Attempted synthesis of metallaindenyls

It was hypothesised that a simple deprotonation of one of the H8 protons in
the stable metallaindene derivative, 144, would yield a neutral metallain-
denyl (the metalla-analogue of indenyl anions). Coordination to a suitable
metal substrate may also be required in order to isolate the complex. In the
organic analogues, deprotonation is usually achieved by strong bases such
as organolithium reagents or alkali metals such as sodium and potassium.
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The reactivity of these species means that the salts are only generated in
situ, and indenyl complexes are isolated following the addition of a metal
substrate.204,205

To our disappointment, preparing a metallaindenyl was not as simple
as had been expected. While there was no reaction with DBU, complex
mixtures (observed by 1H and 31P{1H} NMR spectroscopy) were obtained
when 144 was treated with sodium methoxide, potassium tert-butoxide, n-
butyl lithium, sodium hydride and ethylmagnesium bromide. Many of these
reagents have the potential to react at the iridium metal, at the coordinated
CO ligand or at the bromine on C6, which may be the source of some of the
unidentified products.

The most promising experiments were those conducted with lithium di-
isopropylamide (LDA) as the base. This well-known non-nucleophilic, hin-
dered base is less prone to the side reactions that some of the other bases
undergo.206 Either one or two equivalents of this base, at –78 ℃ in THF,
were added to an equally cold solution of 144. After stirring for two hours
at 0 ℃, the initially red solution had developed a purple hue. 1H NMR spec-
troscopic analysis of the crude mixture showed it to be comprised primarily
of the starting material but also indicated the presence of at least one new
product, which could potentially be a metallaindenyl intermediate such as
144A (Scheme 4.12). However, attempts to isolate the metallaindenyl itself,
or as a complex with a metal substrate to get a complex such as 147 (by
the addition of [IrCl(COD)]2 or [Ir(OMe)(COD)]2), were not successful.

Scheme 4.12. The expected, but largely unsuccessful, attempted synthesis of a
metallaindenyl derivative.

While our attempts at synthesising a metallaindenyl derivative did not
come to fruition, in future work we still expect that minor modifications to
the procedures developed could lead to such a species. The approach with
LDA may still be feasible with careful selection of an appropriate metal
substrate. Another possibility includes using a metal substrate which incor-
porates a reactive hydride to effect the deprotonation and coordination in a
single step. Alternatively, preparing a metallaindene derivative which does
not possess the C6-bromo substituent may prevent some of the observed side
reactions and allow the traditional bases such as n-butyllithium to be used.
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4.10 Synthesis of a metallanaphthofuran

It was also hypothesised that the tricyclic complexes containing a fused
six-membered rings could be dehydrogenated and aromatised. This could
provide a new synthetic route to the fairly rare metallanaphthalenes.46–48,84

In this case, the potential metallanaphthalene derivatives would be the β-
isomer, for which only a small related set is known.47

Treatment of the iridatetrahydronaphthalene derivatives, 123 or 126,
with a range of dehydrogenation agents including p-chloranil, 2,3-dichloro-
5,6-dicyanobenzoquinone (DDQ) or triphenylcarbenium triflate, either did
not react or led to intractable mixtures. Instead, we considered the iridadi-
hydronaphthalene derivatives, 138 and 145, where the first double bond
between C10 and C11 had already been installed by NBS bromination-
dehydrobromination. This left only C8 and C9 to be dehydrogenated in
order to aromatise the ring.

While 138 was resistant to dehydrogenation with excess p-chloranil even
in refluxing DCE, treatment with an excess of trityl triflate in dichloromethane
led to a very small amount (<2%) of a forest-green product which was iso-
lated only after three successive chromatographic purifications. NMR spec-
troscopy and mass spectrometry confirmed that this product was indeed the
metallanaphthalene derivative, Ir(C7H2O{(CH)4–2, 3}{Br–6}{OMe–7})Br(PPh3)2
(148) (Scheme 4.13). Interestingly, the 1H NMR spectrum of the crude mix-
ture also contained a few small peaks at ca. 20 ppm, the region typical of
localised iridium carbenes, which would be expected of an intermediate fol-
lowing hydride abstraction.

Treatment of 138 with a slight excess of DDQ in benzene, warmed to 40
℃ for one hour, allowed 148 to be obtained in a more reasonable 19% yield.
The hydroquinone precipitates as a brown solid which allows it to be easily
separated and pure 148 can be isolated after a single chromatographic pu-
rification step. In contrast, the cationic analogue, 145, completely resisted
reaction with a threefold excess of trityl triflate or DDQ, even after reflux-
ing in DCE for several days. Presumably this is because formal hydride
abstraction from a cationic complex, which is thought to be the first step in
the dehydrogenation, is much less favourable.

In the spectral data of 148, H1 appears at 11.89 ppm in the 1H NMR
spectrum and C1 and C5 at 197.14 and 182.77 ppm, respectively, in the
13C{1H} NMR spectrum. There is a notable down-field shift of the H1 and
C1 signals compared to the precursor, 138 (9.20 and 142.74 ppm, respec-
tively) and this is consistent with a moderate degree of carbene character
in the Ir–C1 bond. The few reported β-iridanaphthalenes have exhibited
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Scheme 4.13. Dehydrogenation of 138 with DDQ to form the
iridanaphthofuran 148.

Ir–C chemical shifts of ca. 295 and 155 ppm. The large disparity was at-
tributed to greater contributions from resonance forms where the all-carbon
ring is fully aromatic (which, for the most part, place a double bond be-
tween Ir and C1).47 The additional iridafuran ring in 148 can also support
π-delocalisation, which may contribute to ensuring this effect is not as great
in 148 compared to the reported β-iridanaphthalenes.

Protons in the fused all-carbon ring resonate at 6.14 (H8), 5.88 (H9), 6.19
(H10) and 5.89 (H11) ppm in the 1H NMR spectrum of 148, and the C8–C11
carbon nuclei resonate between 115 and 135 ppm in the 13C{1H} NMR spec-
trum. Although these are not quite as far down-field as in naphthalene itself
(1H: 7.38, 7.73 ppm, 13C: 126–134 ppm),207,208 they are located in identical
ranges to the related nuclei in the reported β-metallanaphthalenes.47

This procedure of sequential dehydrogenation provides a new synthetic
route to obtain metallanaphthalene derivatives. The chemistry of these com-
pounds has scarcely been explored.46,84 Optimising the syntheses to improve
the yield of 148, and modifying it to prepare related metallanaphthalene
derivatives, is expected to provide a foundation for which future work can
be conducted to fill this current gap in the literature.

4.11 Summary

A [2 + 2 + 1] cyclisation reaction between the linear alkyldiynes, 1,6-
heptadiyne or 1,7-octadiyne, and an iridium(I) centre allowed fused-ring iri-
dacyclopentadienes, 112 and 113, to be prepared. A number of derivatives
were also prepared from these two complexes by ancillary ligand exchange.

Metallacyclic ring expansion of 112 or 113 with methyl propiolate al-
lowed the tricyclic fused-ring iridabenzenes, 122–127, to be synthesised.
The all-carbon five- and six-membered rings which these possess are un-
precedented. While some of the chemistry of these compounds paralleled
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that observed for the related iridabenzofurans, dehydrogenation with N -
bromosuccinimide led to iridaindene derivatives, 143 and 144, and iridadi-
hydronaphthalene derivatives, 138, 141, 145 and 146, via bromination and
dehydrobromination.

A subsequent dehydrogenation of the iridadihydronaphthofuran 138 with
DDQ allowed the fused six-membered ring to be aromatised and an iri-
danaphthofuran, 148, was isolated. This two-step dehydrogenation proce-
dure provides a new synthetic route to the rather uncommon iridanaph-
thalenes and is expected to be a valuable asset in future work.
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4.12 Experimental section for Chapter Four

[Ir(C4H2{(CH2)3–2, 3})(NCMe)(CO)(PPh3)2][O3SCF3] (112)

To a dried flask containing IrCl(CO)(PPh3)2 (1.00 g, 1.28 mmol) and silver
triflate (350 mg, 1.36 mmol) was added acetonitrile (20 mL) and the solu-
tion stirred for 30 min. After this time, the solvent was removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (5 x 3 cm silica gel column), with 5% acetone/dichloromethane
as the eluent. A yellow band was collected and the solvents were removed
under reduced pressure to give Ir(NCMe)(CO)(PPh3)2 as a yellow oil. This
oil was dissolved in dichloromethane (20 mL), 1,6-heptadiyne (0.200 mL,
161 mg, 1.75 mmol) was added and the mixture was stirred overnight at
room temperature. After this time, n-hexane (50 mL) was added and slow
removal of the dichloromethane under reduced pressure gave a dark blue
precipitate which was collected by filtration and washed with n-hexane (5
x 10 mL) to give pure 112 (1.22 g, 1.19 mmol, 93%) as a dark blue micro-
crystals. The crystal used for X-ray study was grown by slow evaporation of
a chloroform/cyclohexane mixture at –20 ℃ and proved to be a chloroform
solvate.

ESI MS (m/z, [M – MeCN – OTf]+): Calcd for C44H
193
38 IrP2O: 837.2024,

found 837.2057.

Anal. Calcd for IrC47H41P2NO4SF3: C, 54.96; H, 4.02; N, 1.36%. Found:
C, 55.37; H, 4.11; N, 1.08%.

IR (cm––1): 2040s ν(CO), 1482m, 1434m, 1267s, 1031s, 693s.

1H NMR (CDCl3, δ): 0.96 (quintet, 3JHH = 7.1 Hz, 2H, H6 ), 1.30 (m,
2H, H5 or H7 ), 1.36 (m, 2H, H5 or H7 ), 1.80 (s, 3H, NCMe), 6.14 (s, 1H,
H1 or H4 ), 6.75 (s, 1H, H1 or H4 ), 7.39–7.48 (m, 30H, PPh3).

13C{1H} NMR (CDCl3, δ): 2.98 (s, CH3CN), 29.77 (s, C6 ), 30.12 (s, C5
or C7 ), 30.29 (s, C5 or C7 ), 113.24 (t, 2JCP = 13.8 Hz, C1 or C4 ), 122.73
(s, NCMe), 127.65 (t”, 1,3JCP = 58.8 Hz, i -PPh3), 128.20 (t”, 2,4JCP = 10.4
Hz, o-PPh3), 131.34 (s, p-PPh3), 132.81 (t, 2JCP = 11.5 Hz, C1 or C4 ),
134.57 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 162.90 (s, C2 or C3 ), 163.70 (t”,
3JCP = 3.6 Hz, C2 or C3 ), 172.51 (t, 2JCP = 7.1 Hz, CO). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): 2.28 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.96 (s, O3SCF3).
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[Ir(C4H2{(CH2)4–2, 3})(NCMe)(CO)(PPh3)2][O3SCF3] (113)

To a dried flask containing IrCl(CO)(PPh3)2 (3.00 g, 3.84 mmol) and silver
triflate (1.05 g, 4.08 mmol) was added acetonitrile (20 mL) and the solu-
tion stirred for 30 min. After this time, the solvent was removed in vacuo,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (5 x 3 cm silica gel column), with 5% acetone/dichloromethane
as the eluent. A yellow band was collected and the solvents were removed
under reduced pressure to give Ir(NCMe)(CO)(PPh3)2 as a yellow oil. This
oil was dissolved in dichloromethane (20 mL), 1,7-octadiyne (0.510 mL, 408
mg, 3.84 mmol) was added and the mixture was stirred overnight at room
temperature. After this time, n-hexane (50 mL) was added and slow removal
of the dichloromethane under reduced pressure gave a yellow-green precipi-
tate which was collected by filtration and washed with n-hexane (5 x 10 mL)
to give pure 113 (3.84 g, 3.61 mmol, 94%) as a yellow-green microcrystals.

ESI MS (m/z, [M – MeCN – OTf]+): Calcd for C45H
193
43 IrP2ON: 851.2184,

found 851.2179.

Anal. Calcd for IrC48H43P2NO4SF3·0.25CH2Cl2: C, 54.55; H, 4.13; N,
1.32%. Found: C, 54.68; H, 4.16; N, 1.07%.

IR (cm––1): 2040s ν(CO), 1482s, 1434s, 1264s, 1031s, 692s, 637s.

1H NMR (CDCl3, δ): 0.56 (m, 2H, H6 or H7 ), 0.63 (m, 2H, H6 or H7 ),
1.49 (t, 3JHH = 5.6 Hz, 2H, H5 or H8 ), 1.60 (by COSY and HSQC corre-
lations, obscured by H2O, H5 or H8 ), 1.82 (s, 3H, NCMe), 6.30 (s, 1H, H1
or H4 ), 6.85 (s, 1H, H1 or H4 ), 7.35–7.50 (m, 30H, PPh3).

13C{1H} NMR (CDCl3, δ): 3.03 (s, CH3CN), 23.47 (s, C6 or C7 ), 23.74
(s, C6 or C7 ), 31.25 (s, C5 or C8 ), 31.91 (s, C5 or C8 ), 121.76 (t, 2JCP

= 7.7 Hz, C1 or C4 ), 122.86 (s, NCMe), 127.65 (t”, 1,3JCP = 59.5 Hz,
i -PPh3), 128.26 (t”, 2,4JCP = 10.6 Hz, o-PPh3), 131.37 (s, p-PPh3), 134.50
(t”, 3,5JCP = 10.6 Hz, m-PPh3), 141.27 (t, 2JCP = 11.3 Hz, C1 or C4 ),
151.09 (br s, C2 or C3 ), 152.46 (t, 3JCP = 3.7 Hz, C2 or C3 ), 173.51 (t,
3JCP = 7.3 Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 2.07 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.97 (s, O3SCF3).

[Ir(C4H2{(CH2)n–2, 3})(NCPh)(CO)(PPh3)2][O3SCF3] (114, n = 3; 115,
n = 4)

To a solution of 112 (50.0 mg, 0.0486 mmol) in dichloromethane (4 mL) was
added benzonitrile (0.100 mL, 100 mg, 0.970 mmol) and the solution stirred
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for 1 h at room temperature, during which time the dark blue solution
lightened in colour. After this time, n-hexane (20 mL) was added and
the dichloromethane was removed under reduced pressure to give a light
blue precipitate which was collected by filtration and washed with n-hexane
(3 x 5 mL) to give pure 114 (40.2 mg, 0.0363 mmol, 75%) as light blue
crystals. 1H NMR indicated the presence of approximately 0.2 equivalents
of dichloromethane of solvation were present in this sample.

An identical procedure using 113 (50.0 mg, 0.0481 mmol) and benzoni-
trile (0.100 mL, 100 mg, 0.970 mmol) gave pure 115 (30.1 mg, 0.0273 mmol,
57%) as a pale yellow solid.

For 114:

ESI MS (m/z, [M – NCPh – OTf]+): Calcd for C44H
193
38 IrP2O: 837.2024,

found 837.2032.

Anal. Calcd for IrC52H43P2O4NSF3·0.2CH2Cl2: C, 56.68; H, 3.95; N,
1.27%. Found: C, 56.49; H, 4.26; N, 1.10%

IR (cm––1): 2267w ν(CN), 2029s ν(CO), 1434s, 1262s, 1030s, 692s, 636s.

1H NMR (CDCl3, δ): 1.01 (quintet, 3JHH = 7.2 Hz, 2H, H6 ), 1.34 (m,
2H, H5 or H7 ), 1.39 (m, 2H, H5 or H7 ), 6.19 (s, 1H, H1 or H4 ), 6.81 (s,
1H, H1 or H4 ), 6.82 (d, JHH = 8.0 Hz, 2H, NCPh-ortho), 7.36–7.55 (m,
30H, PPh3), 7.38 (t’, 3JHH = 7.7 Hz, 2H, NCPh-meta), 7.61 (t, 3JHH = 7.3
Hz, 1H, NCPh-para).

13C{1H} NMR (CDCl3, δ): 29.80 (s, C6 ), 30.22 (s, C5 or C7 ), 30.26 (s,
C5 or C7 ), 108.74 (s, NCPh-ipso), 113.71 (t, 2JCP = 7.1 Hz, C1 or C4 ),
122.95 (s, NCPh), 127.65 (t”, 1,3JCP = 58.7 Hz, i -PPh3), 128.41 (t”, 2,4JCP

= 10.3 Hz, o-PPh3), 129.39 (s, NCPh-meta), 131.52 (s, p-PPh3), 133.01 (s,
NCPh-ortho), 134.12 (t, 2JCP = 5.2 Hz, C1 or C4 ), 134.55 (t”, 3,5JCP =
10.5 Hz, m-PPh3), 135.24 (s, NCPh-para), 163.25 (s, C2 or C3 ), 163.90 (s,
C2 or C3 ), 172.50 (t, 2JCP = 7.3 Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 2.18 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.92 (s, O3SCF3).

For 115:

ESI MS (m/z, [M – NCPh – OTf]+): Calcd for C45H
193
40 IrP2O: 851.2184,

found 851.2194.

Anal. Calcd for IrC53H45P2O4NSF3: C, 57.70; H, 4.11; N, 1.27%. Found:
C, 57.78; H, 4.31; N, 1.28%.

IR (cm––1): 2027m, 2009s ν(CO), 1482s, 1434s, 1267s, 1150s, 1092s,
1030s, 747s, 692s, 636s.
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1H NMR (CDCl3, δ): 0.60 (m, 2H, H6 or C7 ), 0.66 (m, 2H, H6 or H7 ),
1.51 (br s, 2H, H5 or H8 ), 1.62 (partially obscured by H2O, 2H, H5 or H8 ),
6.34 (s, 1H, H1 or H4 ), 6.83 (dd, 3JHH = 8.4 Hz, 4JHH = 1.8 Hz, 2H,
NCPh-ortho), 6.91 (s, 1H, H1 or H4 ), 7.38 (t’ partially obscured by PPh3,
3JHH = 8.4 Hz, 2H, NCPh-meta), 7.39–7.47 (m, 30H, PPh3), 7.61 (tt, 3JHH

= 8.1 Hz, 4JHH = 1.6 Hz, 1H, NCPh-para).

13C{1H} NMR (CDCl3, δ): 23.46 (s, C6 or C7 ), 23.73 (s, C6 or C7 ),
31.22 (s, C5 or C8 ), 31.73 (s, C5 or C8 ), 108.74 (s, NCPh-ipso), 122.17 (t,
2JCP = 7.8 Hz, C1 or C4 ), 123.03 (s, NCPh), 127.62 (t”, 1,3JCP = 59.1 Hz,
i -PPh3), 128.45 (t”, 2,4JCP = 10.7 Hz, o-PPh3), 129.40 (s, NCPh-ortho),
131.52 (s, p-PPh3), 133.03 (s, NCPh-meta), 134.46 (t”, 3,5JCP = 10.9 Hz,
m-PPh3), 135.24 (s, NCPh-para), 141.49 (t, 2JCP = 11.3 Hz, C1 or C4 ),
151.34 (s, C2 or C3 ), 152.54 (t, 3JCP = 3.7 Hz, C2 or C3 ). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.93 (s, O3SCF3).

[Ir(C4H2{(CH2)n–2, 3})(CO)(CN(p–tolyl))(PPh3)2][O3SCF3] (116, n = 3;
117, n = 4)

To a solution of 112 (100.0 mg, 0.0972 mmol) in dichloromethane (5 mL) was
added a solution of p-tolyl isocyanide (13.7 mg, 0.117 mmol) in dichloromethane
(1 mL) dropwise over one minute. The resulting solution was stirred at
room temperature for 1 h, during which time the dark blue solution turned
dark green. The mixture was concentrated to ca. 2 mL and subjected to
column chromatography (6 x 1 cm silica gel column), eluting first with
dichloromethane then with 2% v/v methanol/dichloromethane. A dark
blue band was collected, n-hexane was added and on slow removal of the
dichloromethane under reduced pressure a green-blue precipitate formed
which was collected by filtration and washed with n-hexane (3 x 5 mL)
to give pure 116 (55.7 mg, 0.0505 mmol, 52%) as a green-blue solid.

An identical procedure using 113 (100.0 mg, 0.0961 mmol) and p-tolyl
isocyanide (14.0 mg, 0.120 mmol) gave pure 117 (46.6 mg, 0.0417 mmol,
43%) as a golden solid.

For 116:

ESI MS (m/z, [M – OTf]+): Calcd for C52H
193
45 IrP2ON: 954.2604, found

954.2592.

Anal. Calcd for IrC53H45P2O4NSF3: C, 57.70; H, 4.11; N, 1.27%. Found:
C, 57.91; H, 4.40; N, 1.52%.
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IR (cm––1): 2183s ν(CN), 2046s ν(CO), 1435s, 1264s, 1030s, 693s, 636s.

1H NMR (CDCl3, δ): 1.02 (quintet, 3JHH = 7.2 Hz, 2H, H6 ), 1.30 (m,
2H, H5 or H7 ), 1.36 (t, 3JHH = 7.3 Hz, 2H, H5 or H7 ), 2.33 (s, 3H, Me
of p-tolyl), 6.37 (d, 3JHH = 8.1 Hz, 2H, CNPh-ortho), 6.72 (t, 3JHP = 1.6
Hz, 1H, H1 or H4 ), 6.76 (s, 1H, H1 or H4 ), 7.05 (d, 3JHH = 8.2 Hz, 2H,
CNPh-meta), 7.38–7.50 (m, 30H, PPh3).

13C{1H} NMR (CDCl3, δ): 21.58 (s, Me of p-tolyl), 22.79 (s, C6 ), 30.29
(s, C5 or C7 ), 30.34 (s, C5 or C7 ), 119.99 (s, CNPh), 122.33 (t, 2JCP =
8.4 Hz, C1 or C4 ), 125.19 (t, 2JCP = 11.2 Hz, C1 or C4 ), 126.09 (s, CNPh-
ortho), 128.40 (t”, 1,3JCP = 59.2 Hz, i -PPh3), 128.56 (s, CNPh-ipso), 128.44
(t”, 2,4JCP = 10.5 Hz, o-PPh3), 130.17 (s, CNPh-meta), 131.66 (s, p-PPh3),
134.47 (t”, 3,5JCP = 10.4 Hz, m-PPh3), 141.72 (s, CNPh-para), 165.69 (br
s, C2 or C3 ), 167.06 (t, 3JCP = 3.9 Hz, C2 or C3 ), 169.76 (t, 2JCP = 6.9
Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –1.66 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.93 (s, O3SCF3).

For 117:

ESI MS (m/z, [M – OTf]+): Calcd for C53H
193
47 IrP2ON: 968.2762, found

968.2783.

Anal. Calcd for IrC54H47P2O4NSF3: C, 58.05; H, 4.24; N, 1.25%. Found:
C, 57.52; H, 4.49; N, 1.62%.

IR (cm––1): 2179s ν(CN), 2034s ν(CO), 1434s, 1263s, 1146s, 1092s, 1030s,
745s, 692s, 636s.

1H NMR (CDCl3, δ): 0.69 (m, 4H, H6 and H7 ), 1.54 (m partially ob-
scured by H2O, 4H, H5 and H8 ), 2.34 (s, 3H, CH3 on p-tolyl), 6.38 (d,
3JHH = 8.3 Hz, 2H, CNPh-ortho), 6.78 (s, 1H, H1 or H4 ), 6.85 (s, 1H,
H1 or H4 ), 7.05 (d, 3JHH = 8.3 Hz, 2H, CNPh-meta), 7.35–7.50 (m, 30H,
PPh3).

13C{1H} NMR (CDCl3, δ): 21.61 (s, C6 and C7 ), 23.62 (s, CH3 on p-
tolyl), 32.37 (s, C5 and C8 ), 121.81 (t, 2JCP = 7.7 Hz, CN(p-tolyl)), 122.86
(s, CNPh-ipso), 126.12 (s, CNPh-ortho), 128.66 (s, CNPh-meta), 127.65 (t”,
1,3JCP = 59.1 Hz, i -PPh3), 128.05 (s, C1 or C4 ), 128.48 (t”, 2,4JCP = 10.3
Hz, o-PPh3), 128.65 (s, C1 or C4 ), 131.66 (s, p-PPh3), 134.37 (t”, 3,5JCP

= 10.7 Hz, m-PPh3), 141.70 (s, CNPh-para), 153.50 (s, C2 or C3 ), 154.98
(t, 3JCP = 3.6 Hz, C2 or C3 ), 166.95 (t, 2JCP = 7.0 Hz, CO). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): –2.18 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.96 (s, O3SCF3).
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[Ir(C4H2{(CH2)n–2, 3})(CO)2(PPh3)2][O3SCF3] (118, n = 3; 119, n =
4)

A solution of 112 (100.0 mg, 0.0972 mmol) in dichloromethane (10 mL) was
placed in an atmosphere of carbon monoxide and stirred for 1 h. During
this time the dark blue colour did not appreciably change. The carbon
monoxide was carefully evacuated, n-hexane (50 mL) was added and the
dichloromethane was removed under reduced pressure to give a light blue
precipitate formed which was collected by filtration and washed with n-
hexane (3 x 5 mL) to give pure 118 (91.3 mg, 0.0900 mmol, 93%) as light blue
crystals. The crystal used for X-ray study was grown by slow evaporation
of a dichloromethane and cyclohexane solvent mixture.

An identical procedure was used with 113 (100 mg, 0.0961 mmol) to give
pure 119 (80.8 mg, 0.0786 mmol, 82%) as pale green crystals. The crystal
used for X-ray study was grown by slow evaporation of a chloroform and
cyclohexane solvent mixture.

ESI MS (m/z, [M – OTf]+): Calcd for C45H
193
38 IrP2O2: 865.1974, found

865.1947.

Anal. Calcd for IrC46H38P2O5SF3: C, 54.49; H, 3.78%. Found: C, 54.85;
H, 3.80%.

IR (cm––1): 2106s ν(CO), 2067s ν(CO), 1434s, 1263s, 1030s, 636s.

1H NMR (CDCl3, δ): 1.00 (quintet, 3JHH = 7.2 Hz, 2H, H6 ), 1.32 (m,
4H, H5 & H7 ), 6.80 (s, 2H, H1 & H4 ), 7.40–7.51 (m, 30H, PPh3).

13C{1H} NMR (CDCl3, δ): 30.29 (br s, C5, C6 & C7, overlapping),
122.91 (t, 2JCP = 10.8 Hz, C1 & C4 ), 127.41 (t”, 1,3JCP = 62.3 Hz, i -
PPh3), 128.67 (t”, 2,4JCP = 11.4 Hz, o-PPh3), 132.16 (s, p-PPh3), 134.55
(t”, 3,5JCP = 10.6 Hz, m-PPh3), 167.09 (t, 2JCP = 6.7 Hz, CO), 167.61 (s,
C2 & C4 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –3.28 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.98 (s, O3SCF3).

For 119:

ESI MS (m/z, [M – CO – OTf]+): Calcd for C46H
193
40 IrP2O2: 851.2184,

found 851.2212.

Anal. Calcd for IrC47H40P2O5SF3: C, 54.91; H, 3.92%. Found: C, 54.75;
H, 3.97%.

IR (cm––1): 2101s ν(CO), 2059s ν(CO), 1482s, 1434s, 1264s, 1142s, 1031s,
692s, 636s.
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1H NMR (CDCl3, δ): 0.58 (quintet, 3JHH = 3.0 Hz, 2H, H6 and H7 ), 1.55
(by COSY and HSQC, partially obscured by residual water peak, H5 and
H8 ), 6.88 (t, 3JHP = 1.6 Hz, 2H, H1 and H4 ), 7.38–7.43 (m, 12H, PPh3),
7.47–7.52 (m, 18H, PPh3).

13C{1H} NMR (CDCl3, δ): 23.24 (s, C6 and C7 ), 32.26 (s, C5 and C8 ),
127.36 (t”, 1,3JCP = 62.1 Hz, i -PPh3), 128.71 (t”, 2,4JCP = 10.8 Hz, o-
PPh3), 130.79 (t, 2JCP = 10.1 Hz, C1 and C4 ), 132.17 (s, p-PPh3), 134.43
(t”, 3,5JCP = 10.6 Hz, m-PPh3), 155.29 (t, 3JCP = 3.0 Hz, C2 and C3 ),
167.43 (t, 2JCP = 7.0 Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –3.81 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.98 (s, O3SCF3).

Ir(C4H2{(CH2)n–2, 3})Cl(CO)(PPh3)2 (120, n = 4; 121, n = 4)

A solution of 112 (50.0 mg, 0.0486 mmol) and lithium chloride (200 mg,
4.72 mmol) in methanol (5 mL) was stirred overnight at room temperature.
After this time, the solvent was removed under reduced pressure and the
yellow-green residue dissolved in dichloromethane and subjected to column
chromatography (4 x 1 cm silica gel column), with dichloromethane as the
eluent. A yellow-green band was collected, n-heptane (30 mL) was added
and on slow removal of the dichloromethane under reduced pressure a light
green precipitate formed, which was collected by filtration and washed with
n-hexane (3 x 5 mL) to give pure 120 (29.0 mg, 0.0332 mmol, 68%) as light
green crystals.

An identical procedure was used with 113 (50.0 mg, 0.0480 mmol) and
lithium chloride (100 mg, 2.36 mmol) to give pure 121 (33.4 mg, 0.0377
mmol, 78%) as a bright yellow solid.

For 120:

ESI MS (m/z, [M + Na]+): Calcd for C44H
193
38 IrP2ClONa: 895.1602,

found 895.1627.

IR (cm––1): 2016s ν(CO), 1432s, 1260s, 1088s, 690s.

1H NMR (CDCl3, δ): 1.00 (br s, 2H, H5 or H7 ), 1.18 (br s, 2H, H6 ),
1.65 (br s, 2H, H5 or H7 ), 5.62 (s, 1H, H1 or H4 ), 6.77 (s, 1H, H1 or H4 ),
7.28–7.50 (m, 18H, PPh3), 7.60–7.77 (m, 12H, PPh3).

13C{1H} NMR (CDCl3, δ): 28.88 (s, C5 or C7 ), 30.31 (s, C6 ), 30.65 (s,
C5 or C7 ), 123.62 (t, 2JCP = 5.2 Hz, C1 or C4 ), 127.43 (t”, 2,4JCP = 10.0
Hz, o-PPh3), 130.07 (s, p-PPh3), 131.02 (t”, 1,3JCP = 57.4 Hz, i -PPh3),
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132.52 (t”, 2JCP = 12.7 Hz, C1 or C4 ), 135.05 (t”, 3,5JCP = 10.0 Hz, m-
PPh3), 158.26 (s, C2 or C3 ), 161.73 (s, C2 or C3 ), 175.75 (t, 2JCP = 7.3
Hz, CO).

31P{1H} NMR (CDCl3, δ): –0.72 (s, PPh3).

For 121:

ESI MS (m/z, [M – Cl]+): Calcd for C45H
193
41 IrP2OCl: 851.2184, found

851.2178.

Anal. Calcd for IrC45H40P2OCl: C, 60.97; H, 4.55%. Found: C, 61.10;
H, 4.62%.

IR (cm––1): 2004m, 1990s ν(CO), 1482s, 1433s, 1094s, 744s, 692s.

1H NMR (CDCl3, δ): 0.67 (m, 2H, H6 or C7 ), 0.86 (m, 2H, H6 or H7 ),
1.13 (t, 3JHP = 5.8 Hz, 2H, H5 or H8 ), 1.84 (br s, 2H, H5 or H8 ), 5.82 (s,
1H, H1 or H4 ), 6.95 (s, 1H, H1 or H4 ), 7.29–7.38 (m, 18H, PPh3), 7.59–7.66
(m, 12H, PPh3).

13C{1H} NMR (CDCl3, δ): 24.22 (s, C6 or C7 ), 24.27 (s, C6 or C7 ),
30.22 (s, C5 or C8 ), 32.30 (s, C5 or C8 ), 127.45 (t”, 2,4JCP = 10.5 Hz, o-
PPh3), 130.07 (s, p-PPh3), 130.88 (t”, 1,3JCP = 57.6 Hz, i -PPh3), 131.73 (t,
2JCP = 5.8 Hz, C1 or C4 ), 134.99 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 142.73
(t, 2JCP = 12.1 Hz, C1 or C4 ), 146.77 (s, C2 or C3 ), 150.52 (t, 3JCP = 3.8
Hz, C2 or C3 ).

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

[Ir(C7H3O{(CH2)3–2, 3}{OMe–7})(CO)(PPh3)2][O3SCF3] (122)

A solution of 112 (500 mg, 0.486 mmol) and methyl propiolate (0.0900 mL,
85.1 mg, 1.01 mmol) in 1,2-dichloroethane (40 mL) was heated under reflux
for 3 h, during which time the initially blue-green solution turned brown-
orange. The volatiles were subsequently removed under reduced pressure,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (5 x 1 silica gel column), eluting first with dichloromethane fol-
lowed by 5% v/v acetone/dichloromethane. A brown-red band was collected
and the solvents were removed under reduced pressure. Recrystallisation
from dichloromethane and n-heptane gave an orange-brown solid which was
collected by filtration and washed with n-hexane (3 x 10 mL) to give pure
122 (437 mg, 0.408 mmol, 84%) as orange crystals. The crystal used for X-
ray study was grown by slow evaporation of a dichloromethane/cyclohexane
mixture.
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ESI MS (m/z, [M – OTf]+): Calcd for C48H
193
42 IrP2O3: 921.2236, found

921.2263.

Anal. Calcd for IrC49H42P2O6SF3: C, 55.00; H, 3.96. Found: C, 55.07;
H, 4.01%.

IR (cm––1): 2030s ν(CO), 1557m, 1436s, 1262s, 1152s, 1032s, 691s, 636s.

1H NMR (CDCl3, δ): 1.09 (quintet, 3JHH = 7.2 Hz, 2H, H9 ), 1.76 (t,
3JHH = 7.0 Hz, 2H, H8 ), 1.92 (m, 2H, H10 ), 3.39 (s, 3H, OMe), 5.47 (s,
1H, H4 ), 5.57 (t”, 4JHP = 5.8 Hz, 1H, H6 ), 7.34–7.57 (m, 30H, PPh3), 7.36
(s, partially obscured by PPh3, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.21 (s, C9 ), 35.80 (s, C8 ), 35.90 (s, C10 ),
54.26 (s, OMe), 116.21 (t, 2JCP = 9.4 Hz, C1 ), 118.23 (t”, 3JCP = 8.9
Hz, C6 ), 121.89 (s, C4 ), 126.03 (t”, 1,3JCP = 58.7 Hz, i -PPh3), 128.74 (t”,
2,4JCP = 11.0 Hz, o-PPh3), 132.15 (s, p-PPh3), 134.56 (t”, 3,5JCP = 10.4
Hz, m-PPh3), 139.24 (s, C2 ), 164.00 (s, C3 ), 174.66 (t, 2JCP = 8.2 Hz, CO),
185.25 (s, C7 ), 200.97 (t”, 2JCP = 8.4 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.23 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.99 (s, O3SCF3).

[Ir(C7H3O{(CH2)4–2, 3}{OMe–7})(CO)(PPh3)2][O3SCF3] (123)

A solution of 113 (500 mg, 0.480 mmol) and methyl propiolate (0.0900
mL, 85.1 mg, 1.01 mmol) in 1,2-dichloroethane (40 mL) was heated un-
der reflux for 3 h, during which time the initially yellow-green solution
turned dark orange-red. The volatiles were subsequently removed under
reduced pressure and the residue was subjected to column chromatogra-
phy (10 x 1 silica gel column), eluting first with dichloromethane then with
5% v/v acetone/dichloromethane. An orange-red band was collected and
the solvents were removed under reduced pressure. Recrystallisation from
dichloromethane and n-heptane gave a bright orange-red solid which was
collected by filtration and washed with n-hexane (3 x 10 mL) to give pure
123 (280 mg, 0.258 mmol, 53%) as orange-red crystals. The crystal used
for X-ray study was grown by slow evaporation of a chloroform/cyclohexane
mixture.

ESI MS (m/z, [M – OTf]+): Calcd for C49H
193
44 IrP2O3: 935.2395, found

935.2406.

Anal. Calcd for IrC50H44P2O6SF3: C, 55.39; H, 4.09. Found: C, 55.10;
H, 4.14%.

IR (cm––1): 2041s ν(CO), 1546s, 1434s, 1262s, 1145s, 1030s, 692s, 636s.
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1H NMR (CDCl3, δ): 0.99 (quintet, 3JHH = 6.7 Hz, 2H, H9 ), 1.11 (quin-
tet, 3JHH = 7.0 Hz, 2H, H10 ), 1.68 (t, 3JHH = 6.7 Hz, 2H, H11 ), 1.82 (t,
3JHH = 6.5 Hz, 2H, H8 ), 3.41 (s, 3H, OMe), 5.53 (t, 4JHH = 3.0 Hz, H4 ),
5.54 (s, 1H, H6 ), 7.33–7.56 (m, 30H, PPh3), 7.38 (assigned by COSY and
HSQC as obscured by PPh3, H1 ).

13C{1H} NMR (CDCl3, δ): 20.92 (s, C9 ), 22.19 (s, C10 ), 32.89 (s, C11 ),
34.07 (s, C8 ), 54.30 (s, OMe), 119.02 (t, 3JCP = 4.7 Hz, C4 ), 122.78 (t,
2JCP = 9.9 Hz, C1 ), 125.24 (s, C6 ), 126.00 (t”, 1,3JCP = 59.5 Hz, i–PPh3),
128.78 (t”, 2,4JCP = 10.7 Hz, o-PPh3), 132.21 (s, p-PPh3), 133.91 (t, 3JCP

= 3.9 Hz, C2 ), 134.52 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 157.35 (s, C3 ),
175.05 (t, 2JCP = 9.5 Hz, CO), 185.06 (s, C7 ), 197.91 (t, 2JCP = 9.6 Hz,
C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.47 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.96 (s, O3SCF3).

Ir(C7H3O{(CH2)3–2, 3}{OMe–7})Cl(PPh3)2 (124)

A solution of 122 (100 mg, 0.0935 mmol) and lithium chloride (200 mg,
4.72 mmol) in n-propanol (30 mL) was heated under reflux for 3 h, during
which time the initially brown-red solution turned bright red. After this
time, the solvent was removed in vacuo and the residue was subjected to
column chromatography (6 x 1 silica gel column), with dichloromethane as
the eluent. A red band was collected, n-hexane (20 mL) was added and
on reduction of the solvent volume to ca. 5 mL at 0 ℃ a red precipitate
formed, which was collected by filtration and washed with ice-cold n-hexane
(3 x 3 mL) to give pure 124 (61.5 mg, 0.0624 mmol, 68%) as red crystals. 1H
NMR spectroscopy indicated that ca. 0.67 equivalents of dichloromethane of
solvation was present in this sample. A crystal suitable for X-ray structure
determination was grown by the slow evaporation of chloroform from a chlo-
roform/ethanol mixture and proved to contain two equivalents of chloroform
of solvation.

ESI MS (m/z, [M – Cl]+): Calcd for C47H
193
42 IrP2O2: 893.2287, found

893.2320.

Anal. Calcd for IrC47H42P2O2Cl·23CH2Cl2: C, 58.14; H, 4.43%. Found:
C, 58.06; H, 4.82%.

IR (cm––1): 1553s, 1430s, 1259s, 1088s, 691s.

1H NMR (CDCl3, δ): 1.19 (quintet, 3JHH = 7.2 Hz, 2H, H9 ), 1.67 (t,
3JHH = 7.0 Hz, 2H, H10 ), 1.99 (t, 3JHH = 6.8 Hz, 2H, H8 ), 3.27 (s, 3H,
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OMe), 4.37 (s, 1H, H4 ), 4.94 (s, 1H, H6 ), 7.22–7.33 (m, 18H, PPh3), 7.65–
7.70 (m, 12H, PPh3), 8.82 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.54 (s, C9 ), 35.39 (s, C8 or C10 ), 35.43
(s, C8 or C10 ), 52.19 (s, OMe), 111.30 (s, C6 ), 117.24 (s, C4 ), 127.16 (t”,
2,4JCP = 9.6 Hz, o-PPh3), 129.67 (s, p-PPh3), 129.80 (t”, 1,3JCP = 52.8
Hz, i -PPh3), 134.18 (t, 2JCP = 10.8 Hz, C1 ), 135.31 (t”, 3,5JCP = 10.0 Hz,
m-PPh3), 136.34 (t, 4JCP = 3.2 Hz, C2 ), 163.14 (s, C3 ), 183.14 (s, C7 ),
197.10 (t”, 2JCP = 6.7 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 1.32 (s, PPh3).

Ir(C7H3O{(CH2)3–2, 3}{OMe–7})Br(PPh3)2 (125)

A solution of 122 (100 mg, 0.0935 mmol) and lithium bromide (200 mg, 2.30
mmol) in n-propanol (30 mL) was heated under reflux for 4 h, during which
time the initially brown-red solution turned bright red. After this time,
the solvent was removed in vacuo and the residue was subjected to column
chromatography (6 x 1 silica gel column), eluting with dichloromethane. A
red band was collected, n-hexane (50 mL) was added and on reduction of the
solvent volume to ca. 5 mL under reduced pressure at 0 ℃ a red precipitate
formed, which was collected by filtration and washed with ice-cold n-hexane
(3 x 3 mL) to give pure 125 (55.5 mg, 0.0570 mmol, 61%) as red crystals.

ESI MS (m/z, [M – Br]+): Calcd for C47H
193
42 IrP2O2: 893.2287, found

893.2318.

Anal. Calcd for IrC47H42P2O2Br: C, 58.02; H, 4.35. Found: C, 58.39;
H, 4.77%.

IR (cm––1): 1551s, 1430s, 1371s, 1328s, 1188s, 1091s, 908s, 729s, 691s,
518s.

1H NMR (CDCl3, δ): 1.21 (quintet, 3JHH = 7.1 Hz, 2H, H9 ), 1.65 (t,
3JHH = 7.0 Hz, 2H, H6 ), 2.05 (t, 3JHH = 6.8 Hz, 2H, H8 ), 3.31 (s, 3H,
OMe), 4.39 (s, 1H, H4 ), 4.94 (t, 4JHP = 1.8 Hz, 1H, H6 ), 7.22–7.34 (m,
18H, PPh3), 7.64–7.70 (m, 12H, PPh3), 8.98 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.54 (s, C9 ), 35.44 (s, C8 or C10 ), 35.45
(s, C8 or C10 ), 52.28 (s, OMe), 111.24 (s, C6 ), 117.21 (s, C4 ), 127.14 (t”,
2,4JCP = 9.4 Hz, o-PPh3), 129.72 (s, p-PPh3), 129.86 (t”, 1,3JCP = 53.1 Hz,
i -PPh3), 133.51 (t”, 3JCP = 10.2 Hz, C1 ), 135.45 (t”, 3,5JCP = 10.0 Hz,
m-PPh3), 136.57 (t, 4JCP = 3.5 Hz, C2 ), 162.84 (s, C3 ), 183.46 (s, C7 ),
197.13 (t”, 2JCP = 6.6 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).
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Ir(C7H3{(CH2)4–2, 3}{OMe–7})Cl(PPh3)2 (126)

A solution of 123 (500 mg, 0.461 mmol) and lithium chloride (500 mg, 11.8
mmol) in n-propanol (30 mL) was heated under reflux for 3 h, during which
time the initially orange-red solution turned dark red. After this time, the
solvents were removed in vacuo and the residue was subjected to column
chromatography (10 x 3 cm silica gel column), with dichloromethane as the
eluent. A dark red band was collected to which methanol (100 mL) was
added and on slow removal of the dichloromethane under reduced pressure
at 0 ℃, a red precipitate formed, which was collected by filtration and
washed with ice-cold methanol (3 x 5 mL) and n-hexane (3 x 3 mL) to give
pure 126 (278 mg, 0.295 mmol, 64%) as dark red crystals. The crystal used
for X-ray study was grown by slow evaporation of a chloroform/cyclohexane
mixture and proved to contain two equivalents of chloroform of solvation.

ESI MS (m/z, [M + Na]+): Calcd for C48H
193
44 IrP2O2ClNa: 965.2032,

found 965.2056.

Anal. Calcd for IrC48H44P2O2Cl: C, 61.17; H, 4.71. Found: C, 60.89; H,
4.75%

IR (cm––1): 1546s, 1483s, 1432s, 1380s, 1327s, 1151s, 745s, 693s.

1H NMR (CDCl3, δ): 1.14 (m, 4H, H9 and H10 ), 1.59 (t, 3JHH = 6.2 Hz,
2H, H11 ), 1.91 (t, 3JHH = 6.0 Hz, 2H, H8 ), 3.30 (s, 3H, OMe), 4.54 (s, 1H,
H4 ), 4.88 (t, 3JHP = 2.1 Hz, 1H, H6 ), 7.23–7.33 (m, 18H, PPh3), 7.63–7.67
(m, 12H, PPh3), 8.93 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 21.86 (s, C9 or C10 ), 23.20 (s, C9 or C10 ),
32.45 (s, C11 ), 33.46 (s, C8 ), 52.17 (s, OMe), 111.66 (s, C6 ), 120.88 (s,
C4 ), 127.20 (t”, 2,4JCP = 9.5 Hz, o-PPh3), 129.70 (t”, 1,3JCP = 53.4 Hz,
i -PPh3), 129.73 (s, p-PPh3), 130.50 (s, C2 ), 135.29 (t”, 3,5JCP = 10.2 Hz,
m-PPh3), 143.01 (t, 2JCP = 10.0 Hz, C1 ), 155.94 (s, C3 ), 182.99 (s, C7 ),
194.62 (t, 2JCP = 7.1 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 2.38 (s, PPh3).

Ir(C7H3{(CH2)4–2, 3}{OMe–7})Br(PPh3)2 (127)

A solution of 123 (50.0 mg, 0.0461 mmol) and lithium bromide (50.0 mg,
0.576 mmol) in n-propanol (20 mL) was heated under reflux for 3 h, during
which time the initially orange-red solution turned dark red. After this time,
the solvent was removed in vacuo and the residue was subjected to column
chromatography (10 x 3 cm silica gel column), with dichloromethane as the
eluent. A dark red band was collected to which methanol (100 mL) was
added and on slow removal of the dichloromethane under reduced pressure
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at 0 ℃, a red precipitate formed which was collected by filtration and washed
with ice-cold methanol (3 x 5 mL) and n-hexane (3 x 3 mL) to give pure 127
(32.6 mg, 0.0330 mmol, 72%) as red crystals. The crystal used for X-ray
study was grown by slow evaporation of a chloroform/cyclohexane mixture
and proved to be a cyclohexane solvate.

ESI MS (m/z, [M – Br]+): Calcd for C48H
193
44 IrP2O2: 907.2446, found

907.2435.

Anal. Calcd for IrC48H44P2O2Br: C, 58.41; H, 4.49%. Found: C, 58.31;
H, 4.71%

IR (cm––1): 1547s, 1483s, 1433s, 1381s, 1328s, 1151s, 1091s, 744s, 691s.

1H NMR (CDCl3, δ): 1.15 (m, 4H, H9 and H10 ), 1.56 (t partially ob-
scured by water peak, 2H, H11 ), 1.96 (t, 3JHH = 6.1 Hz, 2H, H8 ), 3.33 (s,
3H, OMe), 4.53 (s, 1H, H4 ), 4.88 (t, 3JHP = 2.1 Hz, 1H, H6 ), 7.21–7.40
(m, 18H, PPh3), 7.61–7.68 (m, 12H, PPh3), 9.10 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 21.86 (s, C9 or C10 ), 23.19 (s, C9 or C10 ),
32.48 (s, C11 ), 33.55 (s, C8 ), 52.25 (s, OMe), 111.52 (s, C6 ), 120.81 (s, C4 ),
127.16 (t”, 2,4JCP = 9.4 Hz, o-PPh3), 129.77 (s, p-PPh3), 129.78 (t”, 1,3JCP

= 53.5 Hz, i -PPh3), 131.04 (t, 4JCP = 3.6 Hz, C2 ), 135.40 (t”, 3,5JCP =
9.4 Hz, m-PPh3), 142.20 (t, 2JCP = 10.5 Hz, C1 ), 155.59 (s, C3 ), 183.26
(s, C7 ), 194.61 (t, 2JCP = 7.1 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.13 (s, PPh3).

[Ir(C5H2{(CH2)3–2, 3}{CH2CO2Me–5})Cl(PPh3)2][O3SCF3] (128)

To a solution of 124 (20.0 mg, 0.0216 mmol) in dichloromethane (5 mL) was
added a solution of triflic acid in dichloromethane (ca. 1 equivalent, 0.0226
mmol, 0.40 mL of an approximately 0.0565 mol L––1 solution prepared from
0.1 mL triflic acid in 20 mL of dichloromethane) was added, causing the red
solution to immediately turn dark green. Addition of n-hexane (20 mL) and
slow removal of the dichloromethane under reduced pressure gave a dark
green precipitate of pure 128 (21.0 mg, 0.0180 mmol, 84%), which were
collected as dark green crystals. 1H NMR indicated that ca. one equivalent
of dichloromethane of solvation was present in this sample.

ESI MS (m/z, [M – OTf – HCl]+): Calcd for C47H
193
42 IrP2O2: 893.2287,

found 893.2308.

Anal. Calcd for IrC48H43P2O5ClSF3·CH2Cl2: C, 50.58; H, 3.90%. Found:
C, 50.57; H, 3.82%

IR (cm––1): 1435s, 1159s, 1093s, 1029s, 747s, 694s, 637s.
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1H NMR (CDCl3, δ): 1.64 (quint, 3JHH = 7.1 Hz, 2H, H9 ), 2.33 (t, 3JHH

= 7.1 Hz, 2H, H10 ), 2.52 (t, 3JHH = 7.3 Hz, 2H, H8 ), 3.00 (s, 2H, H6 ),
3.66 (s, 3H, OMe), 6.83 (s, 1H, H4 ), 7.36–7.52 (m, 30H, PPh3), 12.00 (s,
1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.57 (s, C9 ), 34.25 (s, C10 ), 38.90 (s, C8 ),
54.20 (s, C6 ), 55.84 (s, OMe), 126.78 (t”, 1,3JCP = 57.8 Hz, i -PPh3), 127.72
(s, C4 ), 128.59 (t”, 2,4JCP = 10.5 Hz, o-PPh3), 131.82 (s, p-PPh3), 134.20
(t”, 3,5JCP = 10.0 Hz, m-PPh3), 141.79 (s, C2 ), 187.30 (s, C7 ), 189.67
(t”, 2JCP = 5.2 Hz, C5 ), 192.65 (s, C3 ), 232.58 (t, 2JCP = 10.8 Hz, C1 ).
O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 3.23 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.10 (s, O3SCF3).

[Ir(C5H2O{(CH2)4–2, 3}{CH2CO2–5})Cl(PPh3)2][O3SCF3] (129)

To a solution of 126 (20.0 mg, 0.0202 mmol) in dichloromethane (5 mL) was
added a solution of triflic acid in dichloromethane (ca. 1 equivalent, 0.0203
mmol, 0.36 mL of an approximately 0.0565 mol L––1 solution prepared from
0.1 mL triflic acid in 20 mL of dichloromethane) was added, causing the
red solution to immediately turn dark blue-green. Addition of n-Hexane (20
mL) and slow removal of the dichloromethane under reduced pressure gave a
dark blue-green precipitate of pure 129 (20.9 mg, 0.0177 mmol, 88%), which
were collected as dark blue-green crystals. 1H NMR indicated that ca. one
equivalent of dichloromethane of solvation was present in this sample.

ESI MS (m/z, [M – OTf – HCl]+): Calcd for C48H
193
45 IrP2O2Cl: 907.2444,

found 907.2468.

Anal. Calcd for IrC49H45P2O5ClSF3·CH2Cl2: C, 51.00; H, 4.02%. Found:
C, 50.65; H, 3.89%

IR (cm––1): 1624m, 1550m, 1435s, 1093s, 1030s, 694s, 637s.

1H NMR (CDCl3, δ): 1.34 (quint, 3JHH = 6.2 Hz, 2H, H9 ), 1.46 (quint,
3JHH = 6.4 Hz, 2H, H10 ), 2.12 (t, 3JHH = 6.2 Hz, 2H, H8 ), 2.34 (t, 3JHH

= 6.2 Hz, 2H, H11 ), 2.90 (s, 2H, H6 ), 3.68 (s, 3H, OMe), 6.76 (s, 1H, H4 ),
7.36–7.52 (m, 30H, PPh3), 12.48 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 21.15 (s, C10 ), 22.67 (s, C9 ), 32.05 (s, C8 ),
34.93 (s, C10 ), 53.50 (s, C6 ), 55.83 (s, OMe), 126.79 (t”, 1,3JCP = 57.9 Hz,
i -PPh3), 128.62 (t”, 2,4JCP = 10.5 Hz, o-PPh3), 130.42 (s, C4 ), 131.88 (s,
p-PPh3), 134.16 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 135.42 (s, C2 ), 182.74 (s,
C3 ), 187.19 (s, C7 ), 204.33 (t”, 2JCP = 6.2 Hz, C5 ), 221.60 (t, 2JCP = 3.4
Hz, C1 ). O3SCF3 not observed.
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31P{1H} NMR (CDCl3, δ): 3.92 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.18 (s, O3SCF3).

Ir(C7HO{(CH2)3–2, 3}{NO2–4}{NO2–6}{OMe–7})Cl(PPh3)2 (130)

To a solution of copper nitrate trihydrate (40.0 mg, 0.166 mmol) in acetic
anhydride (5 mL) at 0 ℃ was added a solution of 124 (20.0 mg, 0.0216
mmol) in dichloromethane (2 mL). Stirring was continued at reduced tem-
perature for 1 h, after which time all volatiles were removed in vacuo. The
residue was redissolved in dichloromethane and passed through a Celite
pad to remove the blue-green copper salts, which was then washed with
dichloromethane. The filtrate was subjected to column chromatography (6
x 1 cm silica gel column), eluting with dichloromethane. A blue band was
collected, n-hexane (10 mL) was added and on reduction of solvent volume
under reduced pressure, a blue precipitate formed, which was collected by
filtration and washed with ice cold n-hexane (3 x 2 mL) to give pure 130
(7.30 mg, 0.00717 mmol, 33%) as blue microcrystals.

ESI MS (m/z, [M + Na]+): Calcd for IrC47H40O6P2N2ClNa: 1041.1577,
found 1041.1589.

IR (cm––1): 1592s, 1582s, 1520s, 1434s, 1343s, 1320s, 1092s, 692s.

1H NMR (CDCl3, δ): 1.23 (quintet, 3JHH = 7.2 Hz, 2H, H9 ), 2.01 (t,
3JHH = 7.3 Hz, 2H, H10 ), 2.06 (t, 3JHH = 7.2 Hz, 2H, H8 ), 3.38 (s, 3H,
OMe), 7.32–7.42 (m, 18H, PPh3), 7.50–7.55 (m, 12H, PPh3), 10.53 (t, 3JHP

= 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.86 (s, C9 ), 36.27 (s, C8 ), 37.30 (s, C10 ),
54.04 (s, OMe), 127.51 (t”, 1,3JCP = 55.6 Hz, i -PPh3), 128.07 (t”, 2,4JCP =
10.1 Hz, o-PPh3), 130.66 (s, p-PPh3), 134.70 (t”, 3,5JCP = 9.7 Hz, m-PPh3),
135.94 (s, C6 ), 139.69 (s, C4 ), 164.99 (s, C2 or C3 ), 165.07 (t, 2JCP = 6.5
Hz, C1 ), 165.14 (s, C2 or C3 ), 175.11 (s, C7 ), C5 not observed.

31P{1H} NMR (CDCl3, δ): 3.44 (s, PPh3).

[Ir(C7H2O{(CH2)3–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (132)

To a solution of 122 (15.0 mg, 0.0140 mmol) in methanol (4 mL), was
added pyridinium tribromide (5.00 mg, 0.0156 mmol), causing the initially
orange solution to turn bright red. The mixture was stirred for 1 h at
room temperature, after which time the volatiles were removed in vacuo
and the residue was subjected to column chromatography (4 x 1 cm silica
gel column), eluting with 2% v/v methanol/dichloromethane. A bright red
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band was collected, the solvents were removed under reduced pressure and
the residue recrystallised from dichloromethane and n-heptane to give a red
solid which was collected by filtration and washed with n-hexane (3 x 5
mL) to give pure 132 (11.5 mg, 0.00983 mmol, 70%) as red crystals. 1H
NMR spectroscopy indicated that ca. 0.25 equivalents of dichloromethane of
solvation was present in this sample. The crystal used for X-ray structural
analysis was grown by slow evaporation of a chloroform/ethanol mixture
and was found to contain ca. 0.5 equivalents of ethanol.

Alternatively, the same product (yield: 10.5 mg, 0.00940 mmol, 67%) can
be prepared in an identical reaction where the brominating agent is replaced
with N -bromosuccinimide (2.70 mg, 0.0152 mmol) in dichloromethane (4
mL).

ESI MS (m/z, [M – OTf]+): Calcd for C48H
193
41 IrP2O

79
3 Br: 999.1325,

found 999.1370.

Anal. Calcd for IrC49H41P2O6SF3Br·0.25CH2Cl2: C, 50.55; H, 3.57.
Found: C, 50.40; H, 3.56%.

IR (cm––1): 2056s ν(CO), 1608m, 1550m, 1435s, 1343s, 1260s, 1032s,
693s, 636s.

1H NMR (CDCl3, δ): 1.14 (quintet, 3JHH = 7.1 Hz, 2H, H9 ), 1.84 (t,
3JHH = 7.0 Hz, 2H, H8 ), 1.95 (m, 2H, H10 ), 3.48 (s, 3H, OMe), 5.71 (s,
1H, H4 ), 7.29–7.56 (m, 30H, PPh3), 7.53 (s obscured by PPh3, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 24.33 (s, C9 ), 35.73 (s, C8 ), 36.52 (s, C10 ),
55.96 (s, OMe), 100.64 (t, 3JCP = 5.3 Hz, C6 ), 120.28 (t, 2JCP = 9.1 Hz,
C1 ), 120.78 (s, C4 ), 125.40 (t”, 1,3JCP = 58.9 Hz, i -PPh3), 129.05 (t”,
2,4JCP = 10.6 Hz, o-PPh3), 132.29 (s, p-PPh3), 134.43 (t”, 3,5JCP = 10.4
Hz, m-PPh3), 139.64 (t, 3JCP = 3.6 Hz, C2 ), 166.71 (s, C3 ), 172.93 (t, 2JCP

= 8.8 Hz, CO), 179.75 (s, C7 ), 192.36 (t”, 2JCP = 9.8 Hz, C5 ). O3SCF3

not observed.

31P{1H} NMR (CDCl3, δ): 1.77 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.96 (s, O3SCF3).

[Ir(C7H2O{(CH2)4–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (133)

To a solution of 123 (20.0 mg, 0.0184 mmol) in methanol (5 mL) was added
pyridinium tribromide (6.50 mg, 0.0203 mmol), causing the initially orange
solution to immediately turn bright red. The mixture was stirred for 1 h
at room temperature, after which time the volatiles were removed in vacuo
and the residue was subjected to column chromatography (4 x 1 cm silica
gel column), eluting with 2% v/v methanol/dichloromethane. A bright red
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band was collected, the volatiles were removed under reduced pressure and
recrystallisation of the residue from dichloromethane and n-heptane gave a
red solid which was collected by filtration and washed with n-hexane (3 x
5 mL) to give pure 133 (17.5 mg, 0.0150 mmol, 82%) as red crystals. The
crystal used for X-ray structure determination was grown by slow evapora-
tion of a chloroform/ethanol mixture and proved to be an ethanol solvate.

Alternatively, the same product (yield: 16.0 mg, 0.0138 mmol, 75%) can
be prepared in an identical reaction where the brominating agent is replaced
with N -bromosuccinimide (3.50 mg, 0.0197 mmol) in dichloromethane (5
mL).

ESI MS (m/z, [M – OTf]+): Calcd for C49H
193
43 IrP2O

79
3 Br: 1013.1482,

found 1013.1463.

Anal. Calcd for IrC50H43P2O6SF3Br: C, 51.64; H, 3.73. Found: C, 51.22;
H, 3.79%.

IR (cm––1): 2057s ν(CO), 1544m, 1435s, 1337s, 1262s, 1150s, 1030s, 694s,
637s.

1H NMR (CDCl3, δ): 1.01 (quintet, 3JHH = 6.8 Hz, 2H, H9 ), 1.13 (quin-
tet, 3JHH = 6.8 Hz, 2H, H10 ), 1.76 (t, 3JHH = 6.7 Hz, 2H, H11 ), 1.84 (t,
3JHH = 6.6 Hz, 2H, H8 ), 3.50 (s, 3H, OMe), 5.79 (s, 1H, H4 ), 7.30–7.35
(m, 12H, PPh3), 7.48–7.56 (m, 18H, PPh3), 7.57 (s, partially obscured by
PPh3, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 20.95 (s, C10 ), 22.05 (s, C9 ), 33.66 (s, C11 ),
33.83 (s, C8 ), 56.01 (s, OMe), 99.72 (s, C6 ), 124.12 (s, C4 ), 125.38 (t”,
1,3JCP = 59.2 Hz, i -PPh3), 126.84 (t, 2JCP = 8.2 Hz, C1 ), 129.09 (t”,
2,4JCP = 10.6 Hz, o-PPh3), 132.34 (s, p-PPh3), 133.85 (s, C2 ), 134.39 (t”,
3,5JCP = 10.5 Hz, m-PPh3), 160.21 (s, C3 ), 173.47 t, 2JCP = 5.7 Hz, CO),
179.52 (s, C7 ), 189.08 (t, 2JCP = 9.9 Hz, C5 )

31P{1H} NMR (CDCl3, δ): 1.92 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.95 (s, O3SCF3).

Ir(C7H2O{(CH2)3–2, 3}{Br–6}{OMe–7})X(PPh3)2 (X = Cl, 134; X =
Br, 135)

To a solution of 124 (40.0 mg, 0.0432 mmol) in dichloromethane (10 mL)
was added a solution of pyridinium tribromide (14.0 mg, 0.0438 mmol) in
methanol (5 mL) and the resulting mixture was stirred for 2 h at room
temperature. After this time, the volatiles were removed in vacuo and the
residue was subjected to column chromatography (8 x 1 cm silica gel col-
umn), eluting with dichloromethane. A purple band was collected, n-hexane
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was added and on slow removal of the dichloromethane under reduced pres-
sure a purple-pink precipitate formed, which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 134 (25.6 mg, 0.0234 mmol,
54%) as purple-pink crystals.

To obtain 135, all the fast-moving purple bands were collected, combined
and the solvents were removed in vacuo. To the residue was added lithium
bromide (50.0 mg, 0.576 mmol) and n-propanol (20 mL) and the mixture
was heated under reflux for 3 h. The solvent was removed in vacuo and the
residue was subjected to column chromatography (8 x 1 cm silica gel col-
umn), eluting with dichloromethane. A purple band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure a purple-pink precipitate formed which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 135 (35.5 mg, 0.0338 mmol,
78%) as purple-pink crystals. 1H NMR spectroscopy shows the presence
of ca. one equivalent of dichloromethane of solvation was present in this
sample.

For 134:

ESI MS (m/z, [M – Cl]+): Calcd for IrC47H41O2P
79
2 Br: 971.1394, found

971.1425.

IR (cm––1): 1549s, 1433s, 1326s, 1090s, 795s, 691s.

1H NMR (CDCl3, δ): 1.30 (m, 2H, H9 ), 1.73 (t, 3JHH = 6.8 Hz, 2H,
H8 ), 2.05 (t, 3JHH = 6.4 Hz, 2H, H10 ), 3.33 (s, 3H, OMe), 4.58 (s, 1H,
H4 ), 7.25–7.35 (m, 18H, PPh3), 7.60–7.66 (m, 12H, PPh3), 9.12 (t, 3JHP =
2.0 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 30.03 (s, C9 ), 35.52 (s, C10 ), 36.05 (s, C8 ),
53.84 (s, OMe), 93.42 (s, C6 ), 115.82 (s, C4 ), 127.50 (t”, 2,4JCP = 9.8 Hz,
o-PPh3), 129.48 (t”, 1,3JCP = 52.6 Hz, i -PPh3), 129.90 (s, p-PPh3), 135.11
(t”, 3,5JCP = 9.9 Hz, m-PPh3), 135.25 (partially obscured, C2 ), 139.42 (t,
2JCP = 10.3 Hz, C1 ), 162.24 (s, C3 ), 179.26 (s, C7 ), 182.49 (t”, 2JCP =
10.7 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

For 135:

ESI MS (m/z, [M – Br]+): Calcd for IrC47H41O2P
79
2 Br: 971.1376, found

971.1371.

Anal. Calcd for IrC47H41O2P2Br2: C, 53.67; H, 3.93. Found: C, 53.22;
H, 3.89%.

IR (cm––1): 1433s, 1326s, 1259s, 1090s, 690s.
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1H NMR (CDCl3, δ): 1.29 (quintet, 3JHH = 7.0 Hz, 2H, H9 ), 1.71 (t,
3JHH = 7.3 Hz, 2H, H8 ), 2.10 (t, 3JHH = 7.4 Hz, 2H, H10 ), 3.36 (s, 3H,
OMe), 4.60 (s, 1H, H4 ), 7.26–7.35 (m, 18H, PPh3), 7.59–7.64 (m, 12H,
PPh3), 9.27 (t, 3JHP = 1.8 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 29.89 (s, C9 ), 35.31 (s, C10 ), 36.04 (s, C8 ),
53.80 (s, OMe), 90.80 (s, C6 ), 115.75 (s, C4 ), 127.47 (t”, 2,4JCP = 9.1 Hz,
o-PPh3), 129.46 (t”, 1,3JCP = 53.7 Hz, i -PPh3), 129.94 (s, p-PPh3), 135.11
(t, 3JCP = 3.4 Hz, C2 ), 135.23 (t”, 3,5JCP = 9.9 Hz, m-PPh3), 138.86 (t,
2JCP = 10.3 Hz, C1 ), 162.42 (s, C3 ), 178.34 (s, C7 ), 182.53 (t”, 2JCP =
10.7 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.47 (s, PPh3).

Ir(C7H2O{(CH2)4–2, 3}{Br–6}{OMe–7})X(PPh3)2 (X = Cl, 136; X =
Br, 137)

To a solution of 126 (50.0 mg, 0.0531 mmol) in dichloromethane (4 mL)
was added pyridinium tribromide (17.0 mg, 0.0532 mmol) and the mixture
was stirred for 1h at room temperature. After this time, solvents were
removed under reduced pressure and the residue was subjected to column
chromatography (10 x 1 cm silica gel column), eluting with dichloromethane.
A red band was collected, n-hexane (20 mL) was added and on slow removal
of dichloromethane under reduced pressure, a red precipitate formed, which
was collected by filtration and washed with n-hexane (3 x 5 mL) to give pure
136 (17.0 mg, 0.0167 mmol, 31%) as red crystals. Alternatively, the same
product (yield: 31.0 mg, 0.0303 mmol, 57%) can be prepared in an identical
reaction where the brominating agent is replaced with N -bromosuccinimide
(3.50 mg, 0.0197 mmol) in dichloromethane (5 mL).

To obtain 137, all the fast-moving red-purple bands were collected, com-
bined, and the solvents were removed in vacuo. To the residue was added
lithium bromide (50.0 mg, 0.576 mmol) and n-propanol (20 mL) and the
mixture was heated under reflux for 3 h. The solvent was removed in vacuo
and the residue was subjected to column chromatography (6 x 1 cm silica gel
column), eluting with dichloromethane. A pink-purple band was collected,
n-hexane (20 mL) was added and on slow removal of dichloromethane under
reduced pressure, a pink-purple precipitate formed, which was collected by
filtration and washed with n-hexane (3 x 5 mL) to give pure 137 (18.0 mg,
0.0169 mmol, 32%) as pink-purple crystals.

For 136:

ESI MS (m/z, [M – Cl]+): Calcd for IrC48H43O2P
79
2 Br: 985.1551, found

985.1562.
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Anal. Calcd for IrC48H43O2P2BrCl: C, 56.44; H, 4.24. Found: C, 56.58;
H, 4.54%.

IR (cm––1): 1482s, 1434s, 1315s, 1092s, 691s.

1H NMR (CDCl3, δ): 1.18 (m, 4H, H9 & H10 ), 1.66 (t, 3JHH = 6.5 Hz,
2H, H11 ), 1.95 (t, 3JHH = 6.5 Hz, 2H, H8 ), 3.35 (s, 3H, OMe), 4.78 (s,
1H, H4 ), 7.25–7.36 (m, 18H, PPh3), 7.56–7.69 (m, 12H, PPh3), 9.27 (s, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 21.86 (s, C9 or C10 ), 23.10 (s, C9 or C10 ),
32.98 (s, C11 ), 33.28 (s, C8 ), 53.66 (s, OMe), 91.97 (s, C6 ), 119.32 (s, C4 ),
127.52 (t”, 2,4JCP = 9.5 Hz, o-PPh3), 129.20 (t”, 1,3JCP = 53.5 Hz, i -PPh3),
129.95 (s, p-PPh3), 130.07 (s, C2 ), 135.05 (t”, 3,5JCP = 9.9 Hz, m-PPh3),
148.83 (t, 2JCP = 10.0 Hz, C1 ), 159.78 (s, C3 ), 177.81 (s, C7 ), 186.03 (t,
2JCP = 7.2 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 1.82 (s, PPh3).

For 137:

ESI MS (m/z, [M – Br]+): Calcd for IrC48H43O2P
79
2 Br: 985.1551, found

985.1554.

IR (cm––1): 1576m, 1548m, 1482s, 1432s, 1320s, 1189m, 1090s, 692s.

1H NMR (CDCl3, δ): 1.21 (m, 4H, H9 & H10 ), 1.61 (t, 3JHH = 6.3 Hz,
2H, H11 ), 2.01 (t, 3JHH = 6.0 Hz, 2H, H8 ), 3.38 (s, 3H, OMe), 4.77 (s,
1H, H4 ), 7.27–7.40 (m, 18H, PPh3), 7.56–7.63 (m, 12H, PPh3), 9.44 (s, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 21.89 (s, C9 or C10 ), 23.13 (s, C9 or C10 ),
33.02 (s, C11 ), 33.41 (s, C8 ), 53.76 (s, OMe), 90.10 (s, C6 ), 119.26 (s, C4 ),
127.50 (t”, 2,4JCP = 9.7 Hz, o-PPh3), 129.34 (t”, 1,3JCP = 54.0 Hz, i -PPh3),
129.99 (s, p-PPh3), 130.11 (s, C2 ), 135.19 (t”, 3,5JCP = 10.1 Hz, m-PPh3),
147.89 (t, 2JCP = 10.1 Hz, C1 ), 158.99 (s, C3 ), 178.40 (s, C7 ), 186.03 (t,
2JCP = 5.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –0.48 (s, PPh3).

Ir(C7H2O{(CH2)2CH=CH––2, 3}{Br–6}{OMe–7})Br(PPh3)2 (138) and
Ir(C7H2O{(CH2)3CHBr–2, 3}{Br–6}{OMe–7})Cl(PPh3)2 (139)

To a solution of 126 (50.0 mg, 0.0531 mmol) in dichloromethane (4 mL)
was added N -bromosuccinimide (18.9 mg, 0.106 mmol) and the mixture
was stirred for 1 h at room temperature. After this time, the solvent was
removed under reduced pressure and the residue was subjected to column
chromatography (15 x 1 cm silica gel column), with dichloromethane as the
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eluent. A fast-moving purple band was collected, n-hexane (10 mL) was
added and on slow removal of the dichloromethane under reduced pressure,
a purple precipitate formed which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 138 (13.0 mg, 0.0122 mmol, 23%) as
dark purple crystals. The next red band was collected and isolated in the
same way and was identified as 136 (6.70 mg, 0.00656 mmol, 12%). Finally,
a slow-moving red band was collected and isolated to give pure 139 (4.50
mg, 0.00409 mmol, 8%) as a red-pink solid.

For 138:

ESI MS (m/z, [M + Na]+): Calcd for IrC48H41O2P2Br2Na: 1087.0455,
found 1087.0461.

Anal. Calcd for IrC48H41O2P2Br2: C, 54.19; H, 3.88. Found: C, 54.60;
H, 4.26%.

IR (cm––1): 1578m, 1545m, 1482s, 1433s, 1416s, 1319s, 1131s, 1091s,
743s, 619s, 517s.

1H NMR (CDCl3, δ): 1.86 (dt, 3JHH = 6.0, 4.8 Hz, 2H, H9 ), 2.09 (t, 3JHH

= 6.1 Hz, 1H, H8 ), 3.45 (s, 3H, OMe), 4.74 (s, 1H, H4 ), 5.54 (d, 3JHH =
9.5 Hz, 1H, H11 ), 5.87 (dt, 3JHH = 9.5, 4.5 Hz, 1H, H10 ), 7.27–7.35 (m,
18H, PPh3), 7.56–7.61 (m, 12H, PPh3), 9.20 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 26.61 (s, C9 ), 33.34 (s, C8 ), 53.87 (s, OMe),
94.28 (s, C6 ), 119.77 (s, C4 ), 127.54 (t”, 2,4JCP = 9.3 Hz, o-PPh3), 127.82
(t, 3JCP = 4.4 Hz, C2 ), 129.33 (t”, 1,3JCP = 53.7 Hz, i -PPh3), 129.98 (s,
p-PPh3), 132.21 (s, C11 ), 134.85 (s, C10 ), 135.10 (t”, 3,5JCP = 9.6 Hz,
m-PPh3), 142.74 (t, 2JCP = 10.5 Hz, C1 ), 150.20 (s, C3 ), 178.05 (s, C7 ),
184.87 (s, C5 ).

31P{1H} NMR (CDCl3, δ): –0.67 (s, PPh3).

For 139:

ESI MS (m/z, [M – Cl – HBr]+): Calcd for IrC48H41O2P
79
2 Br: 983.1376,

found 983.1382. (HBr appears to be lost in the mass spectroscopy process
to give a spectrum similar to 139.)

IR (cm––1): 1551s, 1481s, 1433s, 1314s, 1089s, 745s, 693s, 515s.

1H NMR (CDCl3, δ): 1.18 (m, 2H, H9 ), 1.29 (m, 1H, H10A), 1.43 (m,
1H, H10B), 1.96 (t, 3JHH = 6.3 Hz, 2H, H8 ), 2.97 (s, 3H, OMe), 3.26 (t,
3JHH = 6.1 Hz, 1H, H11 ), 5.38 (s, 1H, H4 ), 7.26–7.37 (m, 18H, PPh3),
7.50–7.58 (m, 12H, PPh3), 9.17 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 19.34 (s, C9 ), 27.00 (s, C10 ), 31.62 (s, C8 ),
53.85 (s, OMe), 80.64 (s, C11 ), 95.37 (s, C6 ), 118.80 (s, C4 ), 127.58 (dd,
2JCP = 13.7 Hz, 4JCP = 8.6 Hz, o-PPh3), 129.22 (dd, 1JCP = 46.0 Hz, 1JCP
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= 8.9 Hz, i -PPh3), 129.43 (dd, 1JCP = 46.0 Hz, 3JCP = 8.2 Hz, i -PPh3),
130.09 (s, p-PPh3), 130.15 (s, p-PPh3), 130.27 (s, C2 ), 135.16 (t”, 3,5JCP

= 15.8 Hz, m-PPh3), 148.71 (t, 2JCP = 9.3 Hz, C1 ), 157.20 (s, C3 ), 178.30
(s, C7 ), 185.86 (t, 2JCP = 6.2 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.02, 0.98 (ABq, 2JPP = 439 Hz, PPh3).

Improved synthesis of Ir(C7H2O{(CH2)2CH=CH–2, 3}{Br–6}{OMe–7})Br(PPh3)2
(138)

To a flask containing 127 (180 mg, 0.182 mmol) and N -bromosuccinimide
(64.9 mg, 0.325 mmol) was added dichloromethane (10 mL) and the mixture
was stirred for 30 min at RT. After this time, the solvent was removed under
reduced pressure and the residue was subjected to column chromatography
(10 x 1 cm silica gel column), with dichloromethane as the eluent. A fast-
moving purple band was collected, n-hexane (10 mL) was added and on slow
removal of the dichloromethane under reduced pressure, a purple precipitate
formed which was collected by filtration and washed with n-hexane (3 x
5 mL) to give pure 138 (124 mg, 0.117 mmol, 64%) as purple crystals.
A crystal suitable for X-ray structure determination was grown by slow
evaporation of a chloroform/ethanol mixture and contained two equivalents
of chloroform of solvation.

Ir(C7H2O{(CH2)2CHBr–2, 3}{Br–6}{OMe–7})Br(PPh3)2 (140)

To a flask containing 125 (20.0 mg, 0.0215 mmol) and N -bromosuccinimide
(7.70 mg, 0.0433 mmol) was added dichloromethane (4 mL) and the solution
was stirred for 30 min at room temperature. After this time, the solvent was
removed under reduced pressure and the residue was subjected to column
chromatography (6 x 1 cm silica gel column), with dichloromethane as the
eluent. A fast-moving purple band was collected, n-hexane (10 mL) was
added and on slow removal of the dichloromethane under reduced pressure,
a purple precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 140 (9.20 mg, 0.00876 mmol, 41%)
as purple crystals.

ESI MS (m/z, [M – Br]+): Calcd for IrC47H40O2P2Br2: 1051.0479, found
1051.0473.

Anal. Calcd for IrC47H40O2P2Br3: C, 49.93; H, 3.57. Found: C, 50.77;
H, 3.89%.

IR (cm––1): 1433s, 1325s, 1091s, 743s, 691s.
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1H NMR (CDCl3, δ): 1.73 (m, 2H, H9 ), 2.09 (m, 2H, H8 ), 3.52 (s, 3H,
OMe), 4.41 (m, 1H, H10 ), 5.14 (s, 1H, H4 ), 7.20–7.42 (m, 18H, PPh3),
7.52–7.66 (m, 12H, PPh3), 9.15 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 31.85 (s, C8 ), 36.36 (s, C9 ), 54.01 (s, OMe),
57.90 (s, C10 ), 96.54 (t, 3JCP = 4.3 Hz, C6 ), 118.30 (s, C4 ), 127.53 (d,
2JCP = 9.5 Hz, o-PPh3), 127.79 (d, 2JCP = 9.1 Hz, o-PPh3), 128.93 (dd,
1JCP = 46.4 Hz, 3JCP = 6.2 Hz, i -PPh3), 129.58 (dd, 1JCP = 46.8 Hz, 3JCP

= 6.6 Hz, i -PPh3), 130.09 (s, p-PPh3), 130.21 (s, p-PPh3), 133.43 (t, 3JCP

= 3.5 Hz, C2 ), 134.97 (d, 3JCP = 8.4 Hz, m-PPh3), 135.22 (d, 3JCP = 8.1
Hz, m-PPh3), 143.88 (t, 2JCP = 10.0 Hz, C1 ), 161.39 (s, C3 ), 178.61 (s,
C7 ), 187.48 (t, 2JCP = 6.9 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.99, 1.68 (ABq, 2JPP = 373 Hz, PPh3).

Ir(C7H2O{(CH2)2CH=CBr–2, 3}{Br–6}{OMe–7})Br(PPh3)2 (141)

To a flask containing 127 (20.0 mg, 0.0203 mmol) and N -bromosuccinimide
(10.8 mg, 0.0607 mmol) was added dichloromethane (4 mL) and the mixture
was stirred for 30 min at room temperature. After this time, the solvent was
removed under reduced pressure and the residue was subjected to column
chromatography (10 x 1 cm silica gel column), with dichloromethane as the
eluent. A fast-moving purple band was collected, n-hexane (10 mL) was
added and on slow removal of the dichloromethane under reduced pressure,
a purple precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 141 (13.1 mg, 0.0115 mmol, 56%) as
purple crystals.

ESI MS (m/z, [M + Na]+): Calcd for IrC48H40O2P2Br3Na: 1164.9560,
found 1164.9602.

Anal. Calcd for IrC48H40O2P2Br3: C, 50.45; H, 3.53. Found: C, 51.36;
H, 3.72%.

IR (cm––1): 1552s, 1482s, 1433s, 1418s, 1326s, 1313s, 1074s, 692s.

1H NMR (CDCl3, δ): 1.85 (dt, 3JHH = 7.9, 6.4 Hz, 2H, H9 ), 2.18 (t,
3JHH = 8.2 Hz, 2H, H8 ), 3.46 (s, 3H, OMe), 5.53 (s, 1H, H4 ), 6.34 (t, 3JHH

= 6.1 Hz, 1H, H10 ), 7.27–7.38 (m, 18H, PPh3), 7.54–7.62 (m, 12H, PPh3),
9.23 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 28.00 (s, C9 ), 33.80 (s, C8 ), 54.03 (s, OMe),
97.26 (t, 3JCP = 4.3 Hz, C6 ), 121.91 (s, C4 ), 125.78 (t, 3JCP = 5.2 Hz,
C2 ), 127.61 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 129.05 (t”, 1,3JCP = 53.4 Hz,
i -PPh3), 129.97 (s, C11 ), 130.24 (s, p-PPh3), 135.02 (t”, 3,5JCP = 9.6 Hz,
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m-PPh3), 137.81 (s, C10 ), 141.71 (t, 2JCP = 10.0 Hz, C1 ), 145.85 (s, C3 ),
178.25 (s, C7 ), 183.78 (t, 2JCP = 6.3 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.10 (s, PPh3).

[Ir(C7H2O{(CH2)3–2, 3}{Cl–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (142a) and
[Ir(C7H2O{(CH2)3–2, 3}{Cl–4}{OMe–7})(CO)(PPh3)2][O3SCF3] (142b)

To a solution of 122 (25.0 mg, 0.0233 mmol) in 1,2-dichloroethane (5 mL)
was added N -chlorosuccinimide (4.67 mg, 0.0350 mmol) and the mixture
was heated under reflux for 3 h, during which time the dark orange solution
turned bright red. The volatiles were removed in vacuo and the residue
was subjected to column chromatography (6 x 1 cm silica gel column), with
2% v/v methanol/dichloromethane as the eluent. A bright red band was
collected, the solvents were removed under reduced pressure and the residue
recrystallised from dichloromethane and n-hexane to give 142a and 142b
(8.00 mg, 0.00724 mmol, 31%) in a 70:30 mixture (as determined by 1H
NMR spectroscopy) as a red solid. A crystal suitable for X-ray analysis
was grown by slow evaporation of a dichloromethane/cyclohexane mixture
and proved to be a dichloromethane solvate of a 87:13 mixture of 142a
and 142b. Full characterisation of 142b was not possible due to its low
proportion within the sample.

ESI MS (m/z, [M – OTf]+): Calcd for C48H
193
41 IrP2O3Cl: 955.1849, found

955.1874.

For 142a:

1H NMR (CDCl3, δ): 1.14 (quintet, 3JHH = 7.1 Hz, 2H, H9 ), 1.88 (t,
3JHH = 7.1 Hz, 2H, H8 ), 1.93 (t, 3JHH = 7.1 Hz, 2H, H10 ), 3.50 (s, 3H,
OMe), 5.77 (s, 1H, H4 ), 7.30–7.58 (m, 30H, PPh3), 7.44 (obs by PPh3, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 24.34 (s, C9 ), 35.74 (s, C10 ), 36.54 (s, C8 ),
55.74 (s, OMe), 111.34 (s, C6 ), 118.25 (s, C4 ), 119.78 (t, 2JCP = 9.5 Hz,
C1 ), 125.41 (t”, 1,3JCP = 59.2 Hz, i -PPh3), 129.02 (t”, 2,4JCP = 10.7 Hz,
o-PPh3), 132.30 (s, p-PPh3), 134.41 (t”, 3,5JCP = 10.4 Hz, m-PPh3), 139.27
(t, 3JCP = 3.5 Hz, C2 ), 166.08 (s, C3 ), 173.30 (s, CO), 179.19 (s, C7 ),
193.68 (t”, 2JCP = 7.5 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.79 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.84 (s, O3SCF3).
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Ir(C7H2O{CH2CH=CH–2, 3}{Br–6}{OMe–7})Br(PPh3)2 (143)

A solution of 140 (20.0 mg, 0.0177 mmol) and DBU (2 drops) in 1,2-
dichloroethane (10 mL) was heated under reflux for 30 min. After this
time, the solvent was removed under reduced pressure and the residue was
subjected to column chromatography (10 x 1 cm silica gel column), eluting
with dichloromethane. The purple bands were collected and the solvent was
removed under reduced pressure. This residue was then subjected to col-
umn chromatography (20 x 1 cm silica gel column), eluting with 20% v/v
acetone/n-hexane. A purple band was collected and dried under reduced
pressure. Recrystallisation from dichloromethane and n-hexane at 0 ℃ gave
a purple solid which was collected by filtration and washed with n-hexane (3
x 5 mL) to give pure 143 (6.50 mg, 0.00619 mmol, 34%) as purple crystals.

ESI MS (m/z, [M – Br]+): Calcd for IrC47H39O2P2Br: 969.1238, found
969.1268.

IR (cm––1): 1549s, 1433s, 1319s, 1091s, 742s, 691s.

1H NMR (CDCl3, δ): 2.49 (br s, 2H, H8 ), 3.44 (s, 3H, OMe), 4.74 (s, 1H,
H4 ), 5.75 (d, 3JHH = 5.7 Hz, 1H, H10 ), 6.13 (dt, 3JHH = 5.7, 2.0 Hz, 1H,
H9 ), 7.22–7.34 (m, 18H, PPh3), 7.59–7.65 (m, 12H, PPh3), 9.24 (br s, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 40.05 (s, C8 ), 53.80 (s, OMe), 92.89 (t, 3JCP

= 3.4 Hz, C6 ), 113.67 (s, C4 ), 127.54 (t, 2,4JCP = 8.9 Hz, o-PPh3), 129.61
(t, 1,3JCP = 54.2 Hz, i -PPh3), 129.93 (s, p-PPh3), 134.01 (t, 3JCP = 3.5
Hz, C2 ), 135.12 (t, 3,5JCP = 9.5 Hz, m-PPh3), 135.87 (s, C10 ), 140.02 (t,
2JCP = 9.9 Hz, C1 ), 142.07 (s, C9 ), 164.80 (s, C3 ), 178.47 (s, C7 ), 187.87
(t, 2JCP = 10.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.23 (s, PPh3).

[Ir(C7H2O{CH2CH=CH–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (144)

To a solution of 140 (20.0 mg, 0.0177 mmol) in dichloromethane (10 mL)
in a Fisher-Porter bottle was added silver triflate (12.0 mg, 0.0467 mmol).
The mixture was placed under 20 psi of carbon monoxide and stirred for 30
min, during which time the mixture turned red. After this time, the gas was
carefully evacuated, the solution transferred to a round-bottomed flask and
the solvent was removed under reduced pressure. The residue was subjected
to column chromatography (10 x 1 cm silica gel column), eluting with 5% v/v
acetone/dichloromethane. A bright pink band was collected, n-hexane was
added and on slow removal of the dichloromethane under reduced pressure
a red-pink precipitate formed, which was collected by filtration and washed
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with n-hexane (3 x 5 mL) to give pure 144 (15.5 mg, 0.0135 mmol, 76%) as
red-pink crystals. The crystal used for X-ray structure determination was
grown by slow evaporation of a chloroform/n-heptane mixture and proved
to contain 0.5 equivalents of chloroform of solvation.

ESI MS (m/z, [M – OTf]+): Calcd for IrC48H39O3P
79
2 Br: 997.1187, found

997.1180.

Anal. Calcd for IrC49H39O6P2BrSF3·0.66CH2Cl2: C, 50.08; H, 3.34.
Found: C, 49.75; H, 3.82%.

IR (cm––1): 2055s ν(CO), 1331s, 1261s, 1093s, 1030s, 693s, 636s.

1H NMR (CDCl3, δ): 2.57 (br s, 3JHH = 2.7 Hz, 2H, H8 ), 3.50 (s, 3H,
OMe), 5.74 (s, 1H, H4 ), 5.90 (d, 3JHH = 5.9 Hz, 1H, H10 ), 6.27 (dt, 3JHH =
5.6, 2.6 Hz, 1H, H9 ), 7.32–7.37 (m, 12H, PPh3), 7.45–7.54 (m, 18H, PPh3),
7.60 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 40.47 (s, C8 ), 55.65 (s, OMe), 101.00 (t, 3JCP

= 4.6 Hz, C6 ), 118.12 (s, C4 ), 121.93 (t, 2JCP = 9.0 Hz, C1 ), 125.54 (t,
1,3JCP = 59.0 Hz, i -PPh3), 129.11 (t, 2,4JCP = 10.4 Hz, o-PPh3), 132.26 (s,
p-PPh3), 134.30 (t, 3,5JCP = 10.5 Hz, m-PPh3), 135.35 (s, C10 ), 136.73 (t,
3JCP = 3.2 Hz, C2 ), 145.33 (s, C9 ), 164.62 (s, C3 ), 172.81 (t, 2JCP = 8.8
Hz, CO), 179.72 (s, C7 ), 192.35 (t, 2JCP = 9.4 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 1.95 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.90 (s, O3SCF3).

[Ir(C7H2O{(CH2)2CH=CH–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (145)

To a solution of 138 (20.0 mg, 0.0188 mmol) in a Fisher-Porter bottle was
added silver triflate (5.00 mg, 0.0195 mmol). The mixture was placed un-
der a 20 psi atmosphere of carbon monoxide and stirred for 30 min, during
which time the mixture turned red-pink. After this time, the gas was care-
fully evacuated, the solution was transferred to a round-bottomed flask and
the solvent was removed under reduced pressure. The residue was subjected
to column chromatography (10 x 1 cm silica gel column), eluting with 2%
v/v acetone/dichloromethane. A bright red band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure, a red-pink precipitate formed, which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 145 (17.6 mg, 0.0146 mmol,
77%) as red-pink crystals. 1H NMR indicated the presence of approximately
0.5 equivalents of dichloromethane of solvation were present in this sam-
ple. Crystals suitable for X-ray structure determination were grown by slow
evaporation of a chloroform/ethanol mixture.
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ESI MS (m/z, [M – OTf]+): Calcd for IrC49H41O3P2Br: 1011.1325,
found 1011.1344.

Anal. Calcd for IrC50H41O6P2BrSF3·0.5CH2Cl2: C, 50.40; H, 3.52. Found:
C, 50.30; H, 3.52%.

IR (cm––1): 2055s ν(CO), 1541s, 1435s, 1418s, 1336s, 1260s, 1139s, 1093s,
1029s, 749s, 693s.

1H NMR (CDCl3, δ): 1.73 (m, 2H, H9 ), 1.92 (t, 3JHH = 6.3 Hz, 2H, H8 ),
3.55 (s, 3H, OMe), 5.73 (s, 1H, H4 ), 5.77 (d, 3JHH = 9.6 Hz, 1H, H11 ), 6.01
(dt, 3JHH = 9.6, 4.8 Hz, 1H, H10 ), 7.29–7.35 (m, 12H, PPh3), 7.45–7.57 (m,
18H, PPh3), ca. 7.5 (obs s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 26.47 (s, C9 ), 34.07 (s, C8 ), 55.96 (s, OMe),
102.94 (s, C6 ), 123.67 (t, 2JCP = 8.7 Hz, C1 ), 123.86 (s, C4 ), 125.34 (t”,
1,3JCP = 58.6 Hz, i -PPh3), 129.10 (t”, 2,4JCP = 10.4 Hz, o-PPh3), 130.56 (t,
3JCP = 3.8 Hz, C2 ), 131.55 (s, C11 ), 132.32 (s, p-PPh3), 134.25 (t”, 3,5JCP

= 10.5 Hz, m-PPh3), 138.10 (s, C10 ), 150.25 (s, C3 ), 173.44 (t, 2JCP =
8.9 Hz, CO), 179.34 (s, C7 ), 188.42 (t, 2JCP = 8.8 Hz, C5 ). O3SCF3 not
observed.

31P{1H} NMR (CDCl3, δ): 2.00 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.93 (s, O3SCF3).

[Ir(C7H2O{(CH2)2CH=CBr–2, 3}{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (146)

To a solution of 141 (10.0 mg, 0.00871 mmol) in a Fisher-Porter bottle was
added silver triflate (5.00 mg, 0.0195 mmol). The mixture was placed under
a 20 psi atmosphere of carbon monoxide and stirred for 30 min, during which
time the mixture turned red-pink. After this time, the gas was carefully
evacuated, the solution was transferred to a round-bottomed flask and the
solvent was removed under reduced pressure. The residue was subjected to
column chromatography (10 x 1 cm silica gel column), eluting with 2% v/v
methanol/dichloromethane. A bright pink band was collected, n-hexane was
added, and on slow removal of the dichloromethane under reduced pressure,
a red-pink precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 146 (8.80 mg, 0.00710 mmol, 82%)
as red-pink crystals.

ESI MS (m/z, [M – OTf]+): Calcd for IrC49H40O3P2Br2: 1091.0428,
found 1091.0454.

IR (cm––1): 2061s ν(CO), 1547s, 1427s, 1343s, 1262s, 1093s, 692s, 636s.
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1H NMR (CDCl3, δ): 1.72 (obs dt, 3JHH = 6.0, 5.5 Hz, 2H, H9 ), 2.00
(t, 3JHH = 5.9 Hz, 2H, H8 ), 3.57 (s, 3H, OMe), 6.44 (t, 3JHH = 4.9 Hz,
1H, H10 ), 6.48 (s, 1H, H4 ), 7.30–7.35 (m, 12H, PPh3), 7.47–7.56 (m, 18H,
PPh3), 7.59 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 27.93 (s, C9 ), 34.40 (s, C8 ), 56.21 (s, OMe),
105.51 (t, 3JCP = 4.5 Hz, C6 ), 123.25 (t, 2JCP = 8.1 Hz, C1 ), 124.50 (s,
C4 ), 125.27 (t”, 1,3JCP = 58.9 Hz, i -PPh3), 125.91 (t, 3JCP = 5.2 Hz, C2 ),
129.18 (t”, 2,4JCP = 10.4 Hz, o-PPh3), 132.34 (s, C11 ), 132.46 (s, p-PPh3),
134.27 t”, 3,5JCP = 10.0 Hz, m-PPh3), 140.78 (s, C10 ), 146.15 (s, C3 ),
173.41 (t, 2JCP = 7.4 Hz, CO), 179.48 (s, C7 ), 187.45 (t, 2JCP = 10.1 Hz,
C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 0.73 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –79.07 (s, O3SCF3).

Ir(C7H2O{(CH)4–2, 3}{Br–6}{OMe–7})Br(PPh3)2 (148)

A solution of 138 (50.0 mg, 0.0470 mmol) and DDQ (16.0 mg, 0.0705 mmol)
in dry benzene (5 mL) was warmed to 40 ℃ for 1 h. After this time, the
solvent was removed in vacuo and the residue was subjected to column chro-
matography (10 x 1 cm silica gel column), eluting first with dichloromethane
followed by 2% v/v acetone/dichloromethane. A green-brown band was
collected and the solvents were removed under reduced pressure. Recrys-
tallisation from dichloromethane and n-hexane gave a green-brown precip-
itate, which was collected by filtration and washed with n-hexane (3 x 5
mL) to give pure 148 (9.90 mg, 0.00895 mmol, 19%) as dark green crys-
tals. 1H NMR spectroscopy indicated the presence of ca. 0.5 equivalents of
dichloromethane of solvation was present in this sample.

ESI MS (m/z, [M + Na]+): Calcd for IrC48H39O2P2Br2Na: 981.1238,
found 981.1261.

IR (cm––1): 1612s, 1547s, 1465s, 1304s, 1190s, 1091s, 913s, 691s.

Anal. Calcd for IrC48H39O2P2Br2·0.5CH2Cl2: C, 52.75; H, 3.65. Found:
C, 52.27; H, 3.81%.

1H NMR (CDCl3, δ): 3.40 (s, 3H, OMe), 4.92 (s, 1H, H4 ), 5.88 (t’, 3JHH

= 7.1 Hz, 1H, H9 ), 5.89 (d, 3JHH = 7.7 Hz, 1H, H11 ), 6.14 (d, 3JHH = 7.7
Hz, 1H, H8 ), 6.19 (t’, 3JHH = 7.3 Hz, 1H, H10 ), 7.24–7.39 (m, 18H, PPh3),
7.59–7.66 (m, 12H, PPh3), 11.89 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 53.55 (s, OMe), 93.22 (t, 3JCP = 3.3 Hz,
C6 ), 112.03 (s, C4 ), 115.81 (s, C9 ), 127.61 (t”, 2,4JCP = 9.7 Hz, o-PPh3),
128.95 (t”, 1,3JCP = 54.9 Hz, i -PPh3), 129.58 (s, C11 ), 130.28 (s, p-PPh3),

183



132.20 (s, C10 ), 135.02 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 135.49 (s, C8 ),
136.14 (t, 3JCP = 3.0 Hz, C2 ), 153.91 (s, C3 ), 178.29 (s, C7 ), 182.77 (t,
2JCP = 6.0 Hz, C5 ), 197.14 (t, 2JCP = 9.0 Hz, C1 ).

31P{1H} NMR (CDCl3, δ): 1.26 (s, PPh3).
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5 Chapter Five: Synthesis and chemistry of an
iridaanthracene

5.1 Preface

With the current scarcity of reported fused-ring metallabenzenes, it is un-
surprising that metalla-analogues of linear polycyclic aromatic hydrocarbons
represent another undeveloped subclass of compounds. Currently, the only
reported examples of this type are metallanaphthalenes. The structures of
the reported examples are given in Chart 5.1.

The reported metallanapthalenes were each prepared by a distinct syn-
thetic method which was limited to only a few specific situations. The
α-iridanaphthalene 20 was prepared by oxidation of a fused-ring iridacyclo-
hexadiene,46 the α-iridanaphthalene 23 was formed by intramolecular C–H
activation of an alkenylcarbeneiridium complex,84 and olefin insertion into
benzannelated iridacyclopentadienes gave β-iridanaphthalenes, 27.47 An α-
osmanaphthalene, 25, has also been prepared by rearrangement of a vinyl
carbyne.48 Only one related tricyclic metallaaromatic hydrocarbon has been
reported and this is the lithium salt of a ruthenaphenanthrene oxide. This
species was detected spectroscopically in solution and is stable as long as it
is kept below 0 ℃.91

The reported reactions of metallanaphthalenes are limited to nucleophilic
addition of hydroxide to 20 at the γ-carbon46 and the formation of an organic
indanone from 23 by carbene migratory insertion.84

Chart 5.1. Structures of the reported metallanaphthalenes.

The successful preparation of tricyclic fused-ring metallabenzenes, by
the cyclisation of a linear alkyldiyne at an iridium(I) centre (Chapter 4),
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led us to consider the possibility of preparing larger structures using other
suitable dialkynes. Cyclisation of 1,2-bis(2-propynyl)benzene at the same
iridium(I) centre furnished a tricyclic fused-ring iridacyclopentadiene, into
which methyl propiolate could be inserted to give the first quadricyclic,
fused-ring iridabenzenes. These complexes shared much of the same chem-
istry as iridabenzofurans and the related tricyclic iridabenzenoids. Dehy-
drogenation of the central ring ultimately led to the isolation and character-
isation of the first metallaanthracene, 158. In reactions mirroring those of
organic anthracene, 158 reacts with strong dienophiles to give Diels-Alder
adducts and oxidation of the central ring led to an unprecedented metal-
laanthraquinone derivative, 165.

5.2 Synthesis of tricyclic fused-ring iridacyclopentadienes

In our efforts towards developing fused-ring metallabenzenes, the two im-
portant steps have involved 1) cyclisation of alkynes at an iridium(I) centre
to give iridacyclopentadienes and 2) insertion of methyl propiolate into these
iridacyclopentadienes to give fused-ring iridabenzenes. With this in mind,
we reasoned that a cyclisation reaction between 1,2-bis(2-propynyl)benzene
and [Ir(MeCN)(CO)(PPh3)2][O3SCF3] followed by metallacyclic ring expan-
sion with methyl propiolate could provide a simple and direct route to
quadricyclic fused-ring metallabenzenes.

A modified version of the literature methods was used to prepare 1,2-
bis(2-propynyl)benzene. A reaction between o-xylene and NBS gave 1,2-
bis(bromomethyl)benzene,209 a crystal structure of which has been previ-
ously reported210 but was also obtained during this work. The molecular
geometry of this highly symmetric molecule, and a diagram of its crystal
packing within the Fdd2 space group, is given in Figure 5.1. Trimethylsi-
lylacetylene and ethylmagnesium bromide react to form a Grignard in-
termediate, which undergoes copper(I)-catalysed cross-coupling with 1,2-
bis(bromomethyl)benzene to afford 1,2-bis(3-trimethylsilyl-2-propynyl)benzene
as a colourless or slightly opaque oil. Desilylation using a mixture of potas-
sium carbonate, methanol and water yields 1,2-bis(2-propynyl)benzene as a
pale yellow oil in ca. 55% yield over the two steps (Scheme 5.1).211,212 This
dialkyne is rather reactive and is best stored at low temperature and used
with minimal delay.

A bright yellow dichloromethane solution of the cationic iridium(I) sub-
strate, [Ir(NCMe)(CO)(PPh3)2][O3SCF3], was treated with a slight excess
of the alkyldiyne and the resulting solution was stirred at room tempera-
ture for 24 hours. From the resulting orange-brown mixture, the tricyclic
fused-ring iridacyclopentadiene, [Ir(C12H10)(CO)(NCMe)(PPh3)2][O3SCF3]
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Scheme 5.1. Synthesis of 1,2-bis(2-propynyl)benzene.

Figure 5.1. Left: ORTEP diagram of 1,2-bis(bromomethyl)benzene showing
50% probability ellipsoids for non-hydrogen atoms. Selected distances [Å]: C1–
C1’ 1.431(7), C1–C2 1.388(6), C2–C3 1.383(7), C3–C3’ 1.406(10), C1–C4 1.486(7),
C4–Br 1.972(4). Right: Packing diagram of 1,2-bis(bromomethyl)benzene in the
Fdd2 space group, viewed along the c axis.
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(149), was isolated in 72% yield as a beige solid by simple recrystallisation
(Scheme 5.2).

Scheme 5.2. Synthesis of tricyclic fused-ring iridacyclopentadiene 149.

Signals for the H1 and H4 protons (see Scheme 5.2 for the numbering
system used) on the metal-bound carbons were found at 6.36 and 7.02 ppm,
respectively, in the 1H NMR spectrum of 149. Signals were also located
at 2.60 and 2.71 ppm for H5/12 on the saturated sites, and between 6.7–
7.1 ppm for protons on the remote benzene ring. In the 13C{1H} NMR
spectrum, C1 and C4 were observed at 119.65 and 139.65 ppm, respectively.
The H1/4 and C1/4 chemical shifts are characteristic of vinylic proton and
carbon atoms σ-bonded to iridium and are very similar to those found in
other iridacyclopentadienes.77,132,174

The labile acetonitrile ligand in 149 can readily be displaced on treat-
ment with ligands which coordinate more strongly. Addition of chloride gave
the neutral derivative, Ir(C12H10)Cl(CO)(PPh3)2 (150), and under an at-
mosphere of carbon monoxide the cationic derivative, [Ir(C12H6{H2–5}{H2–
12})(CO)2(PPh3)2][O3SCF3] (151), was formed (Scheme 5.3). Both species
were isolated as pale yellow solids. The spectral data for 150 and 151 were
very similar to those of 149.

The single crystal X-ray structures of 150 and 151 have been determined
and confirm the tricyclic, fused-ring iridacyclopentadiene formulation. The
molecular geometries are shown in Figure 5.2 and Figure 5.3, respectively.
Within the iridacyclopentadiene rings the iridium–carbon distances (Ir–C1,
2.055(4) and Ir–C4, 2.106(3) Å in 150, Ir–C1 2.117(8), Ir–C4 2.084(8) Å in
151) are appropriate for Ir–C(sp2) single bonds and the carbon–carbon bond
distances are appropriate for two conjugated double bonds. The central
sp3 hybridised carbons cause the tricyclic ring system to be significantly
bent; the least-squares planes formed by the iridacyclopentadiene (Ir, C1–
C4) and remote benzene rings (C6–C11) intersect at an angle of 42◦ and
40◦, respectively.
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Scheme 5.3. Ancillary ligand substitution reactions of 149.

Figure 5.2. ORTEP diagram of 150 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.055(4), Ir–C4 2.106(3), Ir–C13 1.942(4), Ir–
Cl 2.4970(9), C1–C2 1.336(5), C2–C3 1.464(5), C3–C4 1.351(5), C2–C5 1.509(5),
C3–C12 1.511(5), C5–C6 1.512(5), C6–C7 1.393(6), C6–C11 1.418(6), C11–C12
1.508(5), C7–C8 1.370(6), C8–C9 1.373(6), C9–C10 1.378(6), C10–C11 1.395(5).
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Figure 5.3. ORTEP diagram of 151 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the triflate counteranion are not shown for
clarity. Selected distances [Å]: Ir–C1 2.117(8), Ir–C4 2.084(8), Ir–C13 1.958(10),
Ir–C14 1.963(10), C1–C2 1.371(11), C2–C3 1.449(11), C3–C4 1.311(10), C2–C5
1.505(11), C3–C12 1.524(11), C5–C6 1.515(11), C6–C7 1.399(11), C7–C8 1.373(11),
C8–C9 1.385(12), C9–C10 1.368(11), C10–C11 1.389(11), C11–C12 1.514(11), C6–
C11 1.407(11).

5.3 Synthesis of quadricyclic fused-ring iridabenzenes

When 149 is treated with methyl propiolate in boiling 1,2-dichloroethane
[Ir(C15H11O{OMe–7})(CO)(PPh3)2][O3SCF3] (152) is formed in 73% yield
as an orange solid (Scheme 5.4). This quadricyclic fused-ring iridaben-
zene can be alternatively viewed as an 8,15-dihydroiridaanthrafuran (see
Scheme 5.4 for the numbering system used). The ring expansion presumably
proceeds by the initial rearrangement of a coordinated methyl propiolate lig-
and into a vinylidene ligand. Insertion of the α-carbon of the vinylidene into
the iridacyclopentadiene ring gives the iridabenzene core, and subsequent
coordination of the ester carbonyl oxygen completes the fused iridafuran
ring. The same mechanism was proposed for the formation of metallaben-
zofurans68,76,77 and the tricyclic species prepared in Chapter 4.

The carbonyl ligand of 152 was found to be moderately labile and could
be displaced by chloride or bromide on treatment with the appropriate
lithium salt in boiling n-propanol. The neutral analogues, Ir(C15H11O{OMe–
7})X(PPh3)2 (X = Cl, 153; X = Br, 154), were formed as red solids in good
yield.

The spectral data for 152–154 are similar to the related iridabenzofurans.
In the 1H NMR spectrum of 152, the H1, H4 and H6 protons are located at
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Scheme 5.4. Synthesis of the quadricyclic fused-ring iridabenzenes.

7.65, 5.54 and 5.56 ppm, respectively (cf. 7.70, 5.58, 5.55 ppm, respectively,
in the cationic iridabenzofuran 11).77 Similarly, the same protons in 153
were found at 9.10, 4.51 and 5.00 ppm, respectively (cf. 9.36, 4.68 and
4.91 ppm, respectively, in the neutral iridabenzofuran 12).77 In all three
complexes the saturated H8 and H12 protons gave rise to singlets in the
2.6–3.2 ppm range, which integrate for two protons, and the protons in the
benzene remote from the iridium metal resonated in the typical aromatic
region.

The single crystal X-ray structures of 152 and 153 have been deter-
mined and confirm the 8,15-dihydroanthrafuran formulation. The molecu-
lar geometries are shown in Figure 5.4 and Figure 5.5, respectively. The
Ir–C and C–C bond distances in the metallacyclic rings of both complexes
correspond well with reported iridabenzofurans.77,165 The C2–C8, C8–C9,
C3–C15, C14–C15 bond distances in the central ring are appropriate for
single bonds, and the distances in the ring remote from the metal are ap-
propriate for a substituted benzene ring. The metallacyclic ring atoms are
relatively coplanar, but the sp3 hybridised carbons in the central rings bend
the remote benzene ring outside of this plane significantly — the angle be-
tween the Ir, C1–C7, O1 and C9–C14 least-squares planes are 42.0◦ and
43.5◦, respectively. A lone singlet in the 31P NMR spectra of 152 and 153
indicates that this geometry is not rigidly maintained in solution and the
phosphorus atoms are equivalent on the NMR timescale.
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Figure 5.4. ORTEP diagram of 152 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms and the triflate counteranion are not
shown for clarity. Selected distances [Å]: Ir–C1 2.064(6), Ir–C5 2.055(7), Ir–O1
2.207(4), Ir–C17 1.938(8), C1–C2 1.346(9), C2–C3 1.450(9), C3–C4 1.346(10), C4–
C5 1.446(9), C5–C6 1.359(9), C6–C7 1.410(10), C7–O1 1.260(8), C2–C8 1.530(9),
C3–C15 1.521(10), C8–C9 1.514(9), C9–C14 1.370(11), C14–C15 1.511(12), C9–C10
1.380(11), C10–C11 1.399(11), C11–C12 1.342(14), C12–C13 1.399(14), C13–C14
1.408(11).

Figure 5.5. ORTEP diagram of 153 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 1.989(10), Ir–C5 1.966(11), Ir–O1 2.236(6), Ir–Cl
2.474(3), C1–C2 1.352(14), C2–C3 1.472(15), C3–C4 1.324(13), C4–C5 1.444(14),
C5–C6 1.387(14), C6–C7 1.416(15), C7–O1 1.253(13), C2–C8 1.522(14), C3–
C15 1.563(14), C8–C9 1.522(15), C9–C14 1.407(16), C14–C15 1.502(14), C9–C10
1.372(15), C10–C11 1.395(17), C11–C12 1.360(18), C12–C13 1.363(16), C13–C14
1.399(15).
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5.4 Electrophilic protonation and bromination of quadricyclic
fused-ring iridabenzenes

While the cationic 152 is unreactive towards strong anhydrous acids such as
HBF4 and HO3SCF3, the neutral derivative, 153, could be protonated by
triflic acid at C6 on the iridafuran ring. The tethered fused-ring iridaben-
zene, [Ir(C13H10{CH2CO2Me–5})Cl(PPh3)2][O3SCF3] (155), was isolated
as a blue solid (Scheme 5.5). Saturation of the C6 carbon disrupts any π-
delocalisation within the five-membered ring and so it can now be considered
simply as a ‘tethering arm.’

The addition of weak bases or even protic solvents such as ethanol causes
the proton to be lost from 155 and 153 is reformed almost stoichiometrically.
Readily reversible protonation was also noted for metallabenzofurans68,76

and the tricyclic iridabenzenoids described in Chapter 4. Chemical shifts
in the NMR spectra of 155 correspond well with the tethered iridabenzene
formulation and are comparable to other iridabenzenes.65–67,94,103 Important
resonances in the 1H NMR spectrum includes singlets at 12.17 ppm for H1
and at 3.21 ppm, which integrates for two protons, for the H6 protons on
the now saturated C6 site.

Scheme 5.5. Protonation of 153 into the tethered fused-ring iridabenzene 155.

Electrophilic bromination has been shown to occur preferentially at the
C6 site in metallabenzofurans (followed by C2 and C4)68,77 and, if N -
bromosuccinimide is used, at the benzylic position attached to C3 for the
tricyclic fused-ring iridabenzofurans described in Chapter 4. As expected,
when the cationic 152 or the neutral 153 were treated with one equivalent
of NBS or pyridinium tribromide, substitution of hydrogen for bromine oc-
curred exclusively at the C6 site in both complexes to give [Ir(C15H10O{Br–
6}{OMe–7})(CO)(PPh3)2][O3SCF3] (156) and Ir(C15H10O{Br–6}{OMe–
7})Cl(PPh3)2 (157), respectively. These compounds were isolated as or-
ange and red-purple crystalline solids, respectively, in moderate yields.

The brominated products exhibit similar spectroscopic properties to their
precursors. Most notably, substitution of hydrogen for bromine causes an
up-field shift for C6 of approximately 20 ppm in the 13C{1H} NMR spectrum
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Scheme 5.6. Electrophilic bromination of 152 and 153.

of 156 and 157, to 101.53 and 92.61 ppm, respectively (cf. 119.20 and 112.46
ppm in 152 and 153, respectively). The same trends and chemical shifts
were observed on the bromination of iridabenzofurans.77

The single crystal X-ray structure of 157 has been determined and the
molecular geometry is shown in Figure 5.6. Although the bond precision is
not high, the structure confirms that the metallacyclic ring system is intact
and that substitution has taken place at the C6 site.

Reactions with greater quantities of brominating agents were attempted
but did not lead to any isolable products. The large number of possible
reactive sites (aromatic and benzylic ring positions, or even at the metal
itself) could be a potential source of some of the low-yield products generated
in the product mixtures.
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Figure 5.6. ORTEP diagram of 157 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clarity.
Selected distances [Å]: Ir–C1 1.950(17), Ir–C5 2.010(18), Ir–O1 2.253(11), Ir–Cl
2.474(4), C1–C2 1.29(2), C2–C3 1.41(2), C3–C4 1.39(2), C4–C5 1.44(2), C5–C6
1.38(2), C6–C7 1.39(2), C7–O1 1.286(18), C2–C8 1.53(2), C3–C15 1.52(2), C8–
C9 1.51(3), C9–C10 1.38(3), C9–C14 1.42(3), C14–C15 1.56(3), C10–C11 1.43(3),
C11–C12 1.35(3), C12–C13 1.39(3), C13–C14 1.42(3), C6–Br 1.885(17).

5.5 Synthesis of an iridaanthracene

To achieve three linearly fused, six-membered aromatic rings, and thus the
first metallaanthracene, it stood only to dehydrogenate the central ring of
the 8,15-dihydrometallaanthrafurans, 152 or 153. In the organic analogues,
aromatisation of 9,10-dihydroanthracene to give anthracene can be achieved
with a number of standard oxidants including molecular oxygen (typically in
the presence of a catalyst),213,214 DDQ215,216 and other quinones.217 Some
other less standard methods, such as treatment with strong bases,218 are
also known. Dehydrogenations of other polycyclic aromatic hydrocarbons
have been achieved using metal catalysts at high temperature, sulfur and
selenium, NBS bromination-dehydrobromination and treatment with triph-
enylcarbenium (trityl) salts.219

The quadricyclic complexes, 152 and 153, were subjected to a number
of these reaction conditions. Both compounds remained unchanged after
six hours when treated with one equivalent of Pd/C in refluxing benzene,
whether in the presence or absence of air and/or cyclohexene as a hydro-
gen acceptor. Furthermore, both species were found to generate complex
mixtures of unidentified products when treated with NBS, CuCl2, n-butyl
lithium or hydrogen peroxide at room temperature. Stirring with elemental
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sulfur instigated decomposition through loss of the triphenylphosphine lig-
ands — triphenylphosphine sulfide could be identified as a large peak at 42
ppm in the 31P{1H} NMR spectra of the crude mixtures. While 152 was un-
reactive towards quinone oxidants, 153 was found to decompose with DDQ
at or above 0 ℃. Treatment of 153 with the more weakly oxidising quinones,
p-chloranil and benzoquinone, gave rise to new products (vide infra), but
not the desired metallaanthracene.

The breakthrough finally came when 153 was treated with an excess of
trityl triflate. The triphenylcarbenium cation acts as a strong hydride ab-
stracting reagent (the key step in the mechanism), and subsequent proton
loss affords the dehydrogenated product.219,220 The trityl cation exists as
a range of possible salts but for consistency with the other complexes pre-
pared in this work the triflate salt was selected for use. Trityl triflate was
prepared by a modified version of the literature methods,221,222 by treatment
of triphenylmethyl bromide with an equimolar amount of silver triflate in
dry 1,2-dichloroethane.

A solution of 153 in dry 1,2-dichloroethane was treated with a slight ex-
cess of the trityl triflate solution and the resulting mixture was heated under
reflux for 10 min. Purification of the resulting orange-brown solution by col-
umn chromatography allowed the iridaanthracene, [Ir(C13H8{CH2CO2Me–
5})Cl(PPh3)2][O3SCF3] (158), to be isolated in 37% yield as orange-brown
crystals (Scheme 5.7). This is the first example of a metallaanthracene.

Scheme 5.7. Synthesis of the tethered iridaanthracene, 158.

While we do not have evidence for the mechanism of this reaction, it is
reasonable to assume that the trityl cation first abstracts a hydride from
either C8 or C15. The resulting cationic intermediate could then rearrange
by proton transfer from the remaining saturated carbon to C6 on the irida-
furan ring. The saturation of the C6 carbon in 158 disrupts any potential
π-delocalisation about the five-membered iridafuran ring and so it can be
regarded simply as a ‘tethering arm.’ The π-delocalisation is therefore lim-
ited to the three linear, fused six-membered rings. A reaction between 152
and the trityl cation does not occur, presumably because this would form a
less favourable, higher energy dicationic intermediate.
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5.6 Properties of an iridaanthracene

The changes in both the spectroscopic and the structural properties be-
tween the 8,15-dihydroiridaanthrafurans and the iridaanthracene are quite
remarkable.

Selected 1H and 13C{1H} NMR spectral data for 158 and its precursors
are given in Table 5.1 and Table 5.2, respectively. In the 1H NMR spectrum
of 158, the signal for H1 was found at the very low-field position of 17.14
ppm. This is far further down-field than any other reported iridabenzenes
(10–13 ppm)3,5,6 and falls within the typical region observed for iridium
alkylidenes LnM=CHR (16–18 ppm).184–186 However, all other ring protons
were observed between 7.01 and 7.82 ppm, which is in the normal aromatic
region and close to the proton chemical shifts found for anthracene itself
(7.4—8.5 ppm).223–225 The two protons on C6 of the tethering arm were
observed at 2.24 ppm, which is appropriate for protons on an sp3 hybridised
carbon.

In the 13C{1H} NMR spectrum, the metal-bound carbon C1 was also
observed at the very low-field position of 275.12 ppm, almost 140 ppm
down-field of the C1 signal in the 8,15-dihydroiridaanthracenes, 152 and
153. Conversely, the other metal-bound carbon, C5, was not so strongly
down-field shifted in 158 and resonates at 154.58 ppm. This is almost 40
ppm up-field of the corresponding signals in 152 and 153. Signals for the
corresponding atoms in iridabenzenes (H1/5 and C1/5) were found at char-
acteristically down-field values, although the shifts are usually not as great
(ca. 10–14 ppm and 170–240 ppm, respectively).3,5,6 The remaining 13C{1H}
signals for the iridaanthracene ring carbon nuclei were found in the range
123.3–145.8 ppm, similar to anthracene itself (125.3–131.6 ppm).223–225 The
signal for C6 was located at 47.49 ppm, within the expected region for a
saturated carbon.

The molecular structure of 158 has been obtained by single crystal X-ray
structure determination and the molecular geometry is shown in Figure 5.7.
The geometry about iridium is approximately octahedral. The tricyclic met-
allaanthracene system is moderately planar (the average deviation from the
Ir, C1–C5, C8–C15 least-squares plane is 0.055 Å, the maximum of 0.132
Å occurring for C1). The relatively short Ir–C1 distance (1.913(4) Å) is
consistent with considerable multiple bonding character, whereas the Ir–C5
distance (2.017(4) Å) is comparably much longer, suggesting reduced multi-
ple bonding character between these atoms. This disparity in Ir–C distances
is in stark contrast to iridabenzenes, where the Ir–C distances are typically
very similar.3,5–7 The short/long bond length alternation between these two
bonds follows the same alternation found in the corresponding C–C bonds
in anthracene (i.e. 1.368(4) and 1.410(4) Å, respectively).226 The remaining
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152 153 158 159 160

H1 7.65 9.10 17.14 17.26 15.77
H4 5.54 4.51 7.01 7.01 7.71
H6 5.66 5.00 2.24 2.16 3.09
H8 3.01 3.08 7.58 7.56 8.79
H15 2.76 2.67 7.68 7.68 ∼7.4

Table 5.1. Selected 1H NMR data (δ, ppm) for the polycyclic iridabenzenes 152,
153 and the iridaanthracenes 158–160.

152 153 158 159 160

C1 121.95 140.59 275.12 ∼280 256.51
C2 131.09 129.07 129.06 129.14 130.52
C3 154.29 153.15 142.32 141.49 140.46
C4 124.61 120.26 123.34 123.50 127.90
C5 198.47 195.15 154.58 155.14 154.21
C6 119.20 112.46 47.49 47.13 48.48
C7 185.17 183.13 189.66 190.13 192.52
C8 41.99 41.80 145.78 146.02 154.45
C15 40.80 40.61 128.80 128.93 ∼130

Table 5.2. Selected 13C{1H} NMR data (δ, ppm) for the polycyclic
iridabenzenes 152, 153 and the iridaanthracenes 158–160.

198



Figure 5.7. ORTEP diagram of 158 showing 50% probability ellipsoids for
non-hydrogen atoms. Hydrogen atoms, solvent molecules and the triflate coun-
teranion are not shown for clarity. Selected distances [Å]: Ir–C1 1.913(4), Ir–C5
2.017(4), Ir–O1 2.228(3), C1–C2 1.413(5), C2–C3 1.444(5), C3–C4 1.446(5), C4–
C5 1.327(5), C5–C6 1.526(5), C6–C7 1.488(6), C7–O1 1.241(5), C2–C8 1.410(5),
C8–C9 1.399(6), C9–C10 1.432(6), C10–C11 1.363(6), C11–C12 1.399(7), C12–C13
1.377(6), C13–C14 1.418(6), C14–C15 1.414(6), C3–C15 1.378(5), C9–C14 1.426(6).

C–C bond distances are remarkably similar to those found in anthracene
itself. A comparison between selected bond lengths in anthracene226 and
the iridaanthracene 158 is given in Chart 5.2. Within the five-membered
‘tethering arm’ of 158, the C5–C6 (1.526(5) Å) and C6–C7 (1.488(6) Å)
distances are much longer than the corresponding distances in 152 (C5–C6
1.359(9), C6–C7 1.410(10) Å) and are consistent with C–C single bonds.

Chart 5.2. Comparison of selected bond lengths (Å, esds 0.004 or 0.005 Å) in
anthracene226 and the metallaanthracene 158.

The structural and spectral data for 158 indicates that there is greater
multiple bond character in the Ir–C1 bond than in the Ir–C5 bond. As a
corollary, this also implies that C1 is more carbene-like in nature than C5.
These observations can be rationalised in a qualitative way using the valence
bond structures A–D depicted in Chart 5.3. These four resonance structures
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are identical to those used to explain the characteristics of anthracene but
with one CH group replaced with the iridium metal and its ancillary ligands.
If the combined contributions from B–D are more dominant than the lone
contribution from A, as is the case for anthracene, this would result in
greater Ir–C1 multiple-bonding (or carbene) character. This would, in turn,
result in the observed short Ir–C1 distance and the large down-field H1 and
C1 chemical shifts in their respective NMR spectra. Furthermore, there
would be reduced Ir–C5 multiple-bonding character in this situation, which
would result in the observed elongated Ir–C5 distance and a moderate up-
field chemical shift for C5 in the 13C{1H} NMR spectra. In reality, the π-
bonding will be more complex than this simple qualitative picture, especially
considering that more than one d -orbital of iridium will be involved in the
detailed molecular orbital description.39

Chart 5.3. Possible resonance structures for 158.

Anthracene is perhaps most well known for its blue fluorescence when
irradiated with UV light.227,228 While a number of strong absorbances were
observed in the UV-Vis spectrum of the iridaanthracene 158 (λmax (log ε):
217 (4.85), 227 (4.49), 264 (4.30), 331 (4.02)), no fluorescence was observed
when the complex was irradiated at these wavelengths.

The stability of the iridaanthracene 158 is also rather interesting. No
appreciable decomposition could be observed by 1H NMR spectroscopy after
two weeks when chloroform solutions were left at ambient conditions in
contact with air. While the C6 position in related tethered iridabenzenes will
spontaneously deprotonate unless kept in strictly acidic conditions,68,76 158
could tolerate protic solvents and/or neutral conditions without proton loss.
A reaction does occur on the addition of strong bases such as triethylamine,
however complex mixtures were formed which could not be purified.
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5.7 Ancillary ligand exchange in an iridaanthracene

The chloride ancillary ligand in 158 could be simply exchanged by halide ab-
straction. Thus, treatment of a dichloromethane solution of 158 with silver
triflate followed by the addition of bromide furnished the related iridaan-
thracene, [Ir(C13H8{CH2CO2Me–5}{OMe–7})Br(PPh3)2][O3SCF3] (159),
as an orange-brown solid (Scheme 5.8). Similarly, treatment of 158 with the
same silver(I) salt under an atmosphere of carbon monoxide furnished the di-
cationic derivative, [Ir(C13H8{CH2CO2Me–5})(CO)2(PPh3)2][O3SCF3]2 (160),
as a dark green solid. Unlike the monocationic iridaanthracenes, 160 was
found to be unstable in solution and complex mixtures were formed within
a few hours at ambient conditions.

Scheme 5.8. Ancillary ligand exchange reactions of the iridaanthracene 158.

Selected 1H and 13C{1H} NMR spectral data for 159 and 160 are in-
cluded in Table 5.1 and Table 5.2, respectively. The exchange of chloride for
bromide has minimal effect on the chemical shifts. However, there are mod-
erate differences between the mono- and dicationic iridaanthracenes. For
instance, in the 1H NMR spectra, the chemical shifts of the H1 protons in
158 (17.14 ppm) and 159 (17.26 ppm) are very similar, but have shifted up-
field in 160 to 15.77 ppm. The H4 protons, on the other hand, were shifted
down-field from 7.01 ppm in both 158 and 159 to 7.71 ppm in 160. Similar
trends in the chemical shifts were observed when moving from neutral to
monocationic iridabenzofurans.77,165

5.8 Diels-Alder cycloaddition reactions of an iridaanthracene

Diels-Alder cycloadditions are one of the classical reactions of organic an-
thracenes. The central ring acts as a diene and strong dienophiles are able
to add across it to furnish [4 + 2] adducts.229 In a reaction drawing upon
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the synthesis of the organic analogue,230 158 was heated under reflux in 1,2-
dichloroethane with an excess of maleic anhydride. Cycloaddition between
the central ring (the diene) and the double bond of maleic anhydride (the
dienophile) occurs to give Ir(C15H9O{OMe–7}{C4H2O3–8, 15})Cl(PPh3)2
(161) (Scheme 5.9), which can be isolated in 61% yield as a red solid. The
proton on C6 was spontaneously lost during the reaction and transforms
the tethering arm back into a fused iridafuran ring. Considering 161 as a
neutral, fused-ring iridabenzofuran, the spontaneous deprotonation mirrors
behaviour observed for other metallaabenzofurans.68,76

Scheme 5.9. Diels-Alder cycloaddition of iridaanthracene 158 and maleic
anhydride.

In the 1H NMR spectrum of 161, the four singlets between 2.4 and 3.9
ppm were assigned to the four inequivalent protons attached to the saturated
carbon atoms in the fused rings. These carbon atoms are observed in the
13C{1H} NMR spectrum as four singlets in the 45–49 ppm range. The chem-
ical shifts of metallacyclic ring protons in the 1H NMR spectrum, H1 (9.04
ppm) H4 (4.97 ppm) and H6 (4.99 ppm), have returned to positions nor-
mal for iridabenzofurans.77,165 Adduct formation removes the mirror plane
present through the ring system in 158 and accordingly the two inequiva-
lent triphenylphosphine ligands in 161 give rise to a four-line, second-order
spectrum in the 31P{1H} NMR spectrum.

The Diels-Alder reaction of the iridaanthracene 158 can be extended to
other dienophiles. Treatment of 158 with the quinones p-chloranil or p-
benzoquinone led to the Diels-Alder adducts Ir(C15H9{OMe–7}{C6Cl4O2–
8, 15})Cl(PPh3)2 (162) or Ir(C15H9{OMe–7}{C6H4O2–8, 15})Cl(PPh3)2 (163),
respectively, as red solids (Scheme 5.10). These two quinones can also act
as an oxidant for dehydrogenation of the precursor to the iridaanthracene,
153, and give the Diels-Alder adducts directly in a one-pot reaction. Thus,
treatment of 153 with p-chloranil or p-benzoquinone led to 162 or 163, as
red solids in vastly superior (over 50% isolated) yield compared to the two
step procedure.

This method can also be used to obtain the maleic anhydride adduct from
153 directly. When a 1,2-dichloroethane solution of 153, 1.5 equivalents of
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Scheme 5.10. One-pot dehydrogenation and cycloaddition with p-chloranil or
p-benzoquinone to give the Diels-Alder adducts 162 and 163.

p-chloranil and 10 equivalents of maleic anhydride were heated under reflux,
161 was isolated in 82% yield. This is a vast improvement over the two-
step procedure. A small amount of 162 (5%) was also formed but could be
separated by column chromatography.

Presumably this one-pot reaction proceeds by initial dehydrogenation
of 153 into the iridaanthracene 158 (or its C6-deprotonated derivative),
which then undergoes cycloaddition with the excess dienophile in solution
(either unreacted quinone or maleic anhydride). The two quinones are rela-
tively mild dehydrogenation reagents and so the reactions proceeded rather
slowly. One day of refluxing in DCE with three equivalents of p-chloranil
was required to completely consume the 153 starting material (monitored
by 1H NMR spectroscopy), whereas the reaction with ten equivalents of the
even weaker oxidant, p-benzoquinone, required four days under otherwise
identical conditions. Free iridaanthracene was not detected while monitor-
ing the reaction, which probably indicates that, under these conditions, the
dehydrogenation step is rate-determining and cycloaddition occurs rapidly
upon forming the iridaanthracene.

In the 1H NMR spectrum of 162, two singlets at 4.22 and 4.28 ppm
arise for H8 and H15, respectively, on the now saturated carbons. Due to
their proximity to the nearby electron-withdrawing chlorine atoms, these
are slightly further down-field than the same protons in the spectra of 163
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(3.88 and 3.68 ppm, respectively). The protons associated with the dou-
ble bond on the remote side of the benzoquinone component of 163 were
in similar enough environments that they resonate with the appearance of
a broad doublet, at 6.16 ppm, integrating for 2H. The metallacyclic ring
protons and carbons in both complexes are in standard positions for a neu-
tral iridabenzofuran.77,165 In both complexes loss of the mirror plane results
in the inequivalent phosphorus atoms giving rise to four-line, second-order
spectra in the 31P{1H} NMR spectra.

Diels-Alder cycloadditions can often be reversible and so the three adducts
were tested for this behaviour. However, for all three complexes no free iri-
daanthracene could be detected by 1H NMR spectroscopy after six hours
of refluxing in benzene (b.pt 80 ℃), nor upon heating to 150 ℃ in the
solid state in vacuo. Furthermore, treatment of the benzoquinone adduct
with a ten-fold excess of maleic anhydride (a stronger dienophile than ben-
zoquinone) in boiling benzene for 4 hours did not form any of the maleic
anhydride adduct, 161. When the solvent was changed to toluene, a small
amount of 161 could be identified after 8 hours at reflux (b.pt 110 ℃), but
this was amongst a number of other unidentified decomposition products.

During the course of these studies, reactions utilising lower reagent sto-
ichiometries were also attempted. When 153 was treated with just 1.5
equivalents of p-chloranil, a small amount of the red p-chloranil adduct,
162 (13%), was formed in addition to a reasonable quantity of a distinct
orange product. Examination of the 1H NMR spectrum indicated that two
new singlets had appeared, at 4.60 and 5.51 ppm (appropriate for phenolic
OH groups), and in the infrared spectrum a broad band at 3387 cm––1 had
appeared in the region typical of hydroxyl groups. The parent peak in the
high-resolution mass spectrum was consistent with the loss of two chlorine
atoms from the p-chloranil adduct.

It is thought that the reaction begins by undergoing the usual dehydro-
genation of 153 and subsequent cycloaddition. However, as the p-chloranil
in solution begins to run out, the adduct itself begins to act as the dehy-
drogenation reagent. In this process, H2 is formally added to 162 while Cl2
is formally lost from the saturated carbons. This returns the six-membered
ring to aromaticity and results in a fused hydroxyquinone moiety in the
product. The structure and supposed mechanism of formation for this ten-
tatively formulated product, Ir(C15H9{OMe–7}{C6Cl2O2–8, 15})Cl(PPh3)2
(164), is given in Scheme 5.11. There is organic precedent for reactions
involving the hydrogenation of Diels-Alder adducts with p-chloranil, which
convert the fused quinones into hydroxyquinones alongside the formal loss
of Cl2. Some of these examples have made use of Pd/C and H2,

231 acetic
acid and zinc dust,232 or 1,3-dienes233 to afford the reduction.

204



Scheme 5.11. Synthesis and possible mechanism of formation of 164.

In addition to undergoing Diels-Alder [4 + 2] cycloadditions, organic
anthracene is capable of dimerising by a photo-catalysed [4 + 4] cycloaddi-
tion.234 However, no reaction was observed by 1H or 31P{1H} NMR spec-
troscopy when a solution of the iridaanthracene 158 was irradiated for 6 h
using a 1 kW tungsten halogen lamp. The bulky triphenylphosphine ligands
may make such a dimer sterically inaccessible.

5.9 Oxidation of an iridaanthracene into an iridaanthraquinone

In a further reaction which parallels the chemistry of anthracene,235,236 the
iridaanthracene can undergo oxidation of the central ring. Treatment of 158
with a fivefold excess of pyridinium tribromide in dichloromethane that has
not been dried resulted in the oxidation of C8 and C15, as well as deprotona-
tion and bromination of C6, to give the unprecedented iridaanthraquinone
derivative, Ir(C15H6{Br–6}{OMe–7}{=O–8}{=O–15})Br(PPh3)2 (165), in
42% isolated yield (Scheme 5.12).

The signal for H1 (13.25 ppm) in the 1H NMR spectrum falls midway
between that of the corresponding proton in the neutral iridadihydroanthra-
furan 153 (9.10 ppm) and the iridaanthracene 158 (17.14 ppm). H4 was
observed at 6.08 ppm and the protons on the terminal benzene ring give rise
to four multiplet signals between 7.65 and 8.27 ppm. In the 13C{1H} NMR
spectrum, C1 and C5 were observed at similar down-field positions (180.64
and 184.35 ppm, respectively). The C8 and C15 carbonyl carbon nuclei
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Scheme 5.12. Oxidation of metallaanthracene 158 into metallaanthraquinone
165.

resonated at 177.19 and 173.55 ppm, respectively, close to their expected
positions (cf. 183.0 ppm in 9,10-anthraquinone).237

The molecular structure of 165 (Figure 5.8) has been determined by X-
ray crystallography. The two Ir–C1 and Ir–C5 distances are almost equal
(1.984(5) and 2.009(4) Å, respectively) and the C–C distances in the met-
allacyclic rings are normal for metallabenzofurans.68,76,77,165 The two met-
allacyclic rings are essentially coplanar, but the entire ring system is bent
at the central carbonyl groups. The Ir, C1–C7, O1 and terminal benzene
least-squares planes intersect at an angle of 29◦. Nonetheless, a lone singlet
for the two triphenylphosphine ligands in the 31P{1H} NMR spectrum of
165 indicates that this conformation is not rigidly retained in solution and
the two phosphorus atoms are equivalent on the NMR timescale.
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Figure 5.8. ORTEP diagram of 165 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the chloroform solvent are not shown for clar-
ity. Selected distances [Å]: Ir–C1 1.984(5), Ir–C5 2.009(4), Ir–O1 2.236(3), Ir–Br1
2.5904(5), C1–C2 1.341(7), C2–C3 1.466(6), C3–C4 1.346(7), C4–C5 1.430(7), C5–
C6 1.383(7), C6–C7 1.410(7), C7–O1 1.244(6), C2–C8 1.483(7), C3–C15 1.482(7),
C8–C9 1.498(8), C9–C14 1.384(7), C9–C10 1.391(8), C10–C11 1.410(9), C11–
C12 1.378(10), C12–C13 1.362(9), C13–C14 1.392(8), C14–C15 1.503(8), C6–Br2
1.903(4), C8–O3 1.240(6), C15–O4 1.227(6).

5.10 Summary for Chapter Five

In this chapter, the rational synthesis of the first metallaanthracene, the
iridaanthracene 158, is described.

The route to the iridaanthracene involves the initial cyclisation of a specif-
ically selected alkyldiyne at an iridium(I) centre to afford the tricyclic, fused-
ring iridacyclopentadiene, 149. The identity of this species was further con-
firmed by characterisation of the simple derivatives, 150 and 151, which
were obtained by ancillary ligand exchange at iridium.

The second step of the synthesis involved migratory insertion of methyl
propiolate into the iridacyclopentadiene ring of 149. This gave a cationic,
quadricyclic fused-ring iridabenzene, 152, which was comprised of a met-
allabenzene ring, a metallafuran ring and two six-membered carbon rings,
only one of which was fully unsaturated. Ancillary ligand exchange reac-
tions were also possible for this complex and the neutral derivatives, 153
and 154, were obtained in this way. Simple electrophilic protonation and
bromination reactions of these species are described.

The reaction between 153 and trityl triflate, coupled with proton mi-
gration to the metallafuran ring, allowed the central carbon ring to be
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aromatised and the first metallaanthracene to be isolated. The iridaan-
thracene, 158, is comprised of three linear, six-membered aromatic rings,
one of which was metallacyclic, and a five-membered ‘tethering arm,’ within
which π-delocalisation is not possible. The spectral and structural data of
the iridaanthracene can be rationalised by comparison to its organic ana-
logue, anthracene.

The iridaanthracene 158 undergoes reactions classically associated with
anthracene. Several Diels-Alder adducts could be prepared by a cycload-
dition reaction between the central ring of the iridaanthracene and strong
dienophiles including maleic anhydride, p-chloranil and benzoquinone. Fur-
thermore, selective oxidation allowed an unprecedented anthraquinone deriva-
tive, 165, to be prepared.

5.11 Experimental section for Chapter Five

UV/Vis spectra were recorded on a Shimadzu UV-3600 Plus spectropho-
tometer. Fluorescence spectra were recorded on a Perkin Elmer LS55 lumi-
nescence spectrometer.

1,2-Bis(bromomethyl)benzene was prepared from o-xylene and NBS by
the literature method.209 Copper(I) chloride was prepared by treating an
aqueous solution of copper(II) chloride with sodium sulfite and collecting
the water-insoluble precipitate.238 Triphenylmethylcarbenium triflate (trityl
triflate) was prepared by a modified version of a literature method,221 by
stirring a 1,2-dichloroethane solution of an equimolar amount of triphenyl-
methyl bromide and silver triflate for 2 h, during which time silver bromide
precipitated from the yellow solution. This ‘stock solution’ (which always
contained a small amount of triphenylmethanol due to adventitious water)
was stored under nitrogen with protection from light and was used by care-
fully withdrawing the yellow solution with a gas-tight syringe. The quality
of this reagent deteriorates significantly over time and so it is best used
within 2–3 days.

1, 2–Bis(2–propynyl)benzene

This compound was prepared in a two step process from the initial starting
material 1,2-bis(bromomethyl)benzene by a modified version of the litera-
ture methods.211,212

To a solution of trimethylsilylacetylene (1.00 mL, 0.690 g, 7.02 mmol) in
dry THF (20 mL) at 0 ℃ was added ethylmagnesium bromide (1.0 M THF
solution, 7.10 mL, 7.10 mmol) slowly over several minutes. The mixture
was subsequently heated to 40 ℃ for 1 h, after which time CuCl (100 mg,
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1.01 mmol) and 1,2-bis(bromomethyl)benzene (620 mg, 2.35 mmol) and the
mixture was heated under reflux overnight. After cooling to room temper-
ature, the mixture was quenched with aqueous, saturated NH4Cl (30 mL)
and extracted with n-hexane (5 x 30 mL). The combined organic phase was
washed with water (3 x 50 mL) and brine (3 x 50 mL) and dried over an-
hydrous Na2SO4. The solvent was removed under reduced pressure and the
residue subjected to column chromatography (20 x 1 cm silica gel column),
eluting first with n-hexane then with 2% v/v ethyl acetate/n-hexane. The
colourless solution obtained from the latter eluent was dried under reduced
pressure to afford 1,2-bis(3-trimethylsilyl-2-propynyl)benzene as a colour-
less or slightly opaque oil which was used immediately in the following step.
Spectroscopic data were identical to that reported in the literature.211,212

To a solution of the oil collected in the previous step in methanol (20
mL) and diethyl ether (20 mL) was added potassium carbonate (500 mg,
3.70 mmol) as a solid and the mixture was stirred vigorously for 3 h. After
this time, deionised water (10 mL) was added and stirring continued for a
further 15 min. The reaction mixture was then extracted with ether and
the combined extracts were washed with water (3 x 25 mL) and brine (3
x 25 mL) before being dried over anhydrous sodium sulfate. The ether
solvent was removed carefully under reduced pressure (at room temperature
or below) to afford 1,2-bis(2-propynyl)benzene (approximately 200 mg, 1.30
mmol, 55% over two steps) as a pale yellow oil which was stored at 4 ℃ or
below and used with minimal delay in subsequent reactions. Spectroscopic
data were identical to that reported in the literature.211

[Ir(C12H10)(CO)(NCMe)(PPh3)2][O3SCF3] (149)

To a dried flask containing IrCl(CO)(PPh3)2 (100 mg, 0.128 mmol) and sil-
ver triflate (35.0 mg, 0.136 mmol) was added acetonitrile (10 mL) and the so-
lution was stirred for 30 min at RT. After this time the solvent was removed
in vacuo and the residue was subjected to column chromatography (5 x 1 cm
silica gel column), eluting with 10% v/v acetone/dichloromethane, in order
to separate the product from the silver salts. The bright yellow solution was
collected and dried under reduced pressure to give [Ir(NCMe)(CO)(PPh3)2][OTf]
as a yellow oil. This oil was redissolved in dichloromethane (10 mL) and
treated with 1,2-bis(2-propynyl)benzene (50.0 mg, 0.325 mmol). Stirring
was continued at RT for 24 h, during which time the colour gradually
changed to orange-beige. After this time, n-hexane (20 mL) was added and
on slow removal of dichloromethane under reduced pressure, a beige precip-
itate formed which was collected by filtration and washed with n-hexane (5
x 10 mL) to give pure 149 (105 mg, 0.0923 mmol, 72%) as beige crystals.
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1H NMR indicated that ca. 0.5 equivalents of dichloromethane of solvation
was present in this sample.

ESI MS (m/z, [M – NCMe – OTf]+): Calcd for 193IrC49H40P2O: 899.2182,
found 899.2174.

Anal. Calcd for IrC52H43P2NO4SF3·0.5CH2Cl2: C, 55.72; H, 3.92; N,
1.24%. Found: C, 55.69; H, 3.93; N, 1.06%.

IR (cm––1): 2018s ν(CO), 1482s, 1435s, 1264s, 1147s, 1093s, 1030s, 746s,
692s, 636s.

UV (CH2Cl2), λmax (log ε): 228.5 (4.97).

1H NMR (CDCl3, δ): 1.87 (s, 3H, NCMe), 2.60 (br s, 2H, H5 or H12 ),
2.71 (br s, 2H, H5 or H12 ), 6.36 (br s, 1H, H1 or H4 ), 6.71 (m, 1H, H7 or
H10 ), 6.79 (m, 1H, H7 or H10 ), 6.96 (m, 2H, H8 and H9 ), 7.02 (br s, 1H,
H1 or H4 ), 7.33–7.40 (m, 30H, PPh3).

13C{1H} NMR (CDCl3, δ): 3.16 (s, NCMe), 37.98 (s, C5 or C12 ), 38.52
(s, C5 or C12 ), 119.65 (t, 2JCP = 7.6 Hz, C1 or C4 ), 123.15 (s, NCMe),
125.42 (s, C8 or C9 ), 125.51 (s, C8 or C9 ), 127.43 (t”, 1,3JCP = 58.6 Hz,
i -PPh3), 127.49 (br s, C7 and C10 overlapping), 128.17 (t”, 2,4JCP = 10.3
Hz, o-PPh3), 131.39 (s, p-PPh3), 134.38 (t”, 3,5JCP = 10.5 Hz, m-PPh3),
137.20 (s, C6 or C11 ), 137.43 (s, C6 or C11 ), 139.65 (t, 2JCP = 11.2 Hz,
C1 or C4 ), 151.15 (s, C2 or C3 ), 152.13 (t, 3JCP = 3.3 Hz, C2 or C3 ),
173.01 (t, 2JCP = 7.2 Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 2.03 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.99 (s, O3SCF3).

Ir(C12H10)Cl(CO)(PPh3)2 (150)

To a solution of 149 (50.0 mg, 0.0459 mmol) in dichloromethane (4 mL)
was added a solution of lithium chloride (50.0 mg, 1.18 mmol) in methanol
(4 mL). Stirring was continued for 1 h, after which time additional methanol
(10 mL) was added and the dichloromethane was removed under reduced
pressure to give a pale yellow precipitate, which was collected by filtration
and washed with methanol (2 x 5 mL) and n-hexane (1 x 5 mL) to give pure
150 (39.7 mg, 0.0406 mmol, 89%) as yellow crystals. 1H NMR indicated
that ca. 0.5 equivalents of dichloromethane of solvation was present in this
sample. The crystal used for X-ray study was grown by slow evaporation of
a chloroform/n-heptane mixture and proved to be a chloroform solvate.

ESI MS (m/z, [M + Na]+): Calcd for 193IrC49H40P2OClNa: 957.1770,
found 957.1760.
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Anal. Calcd for IrC49H40P2OCl·0.5CH2Cl2: C, 61.90; H, 4.27%. Found:
C, 61.70; H, 4.32%.

IR (cm––1): 2028s ν(CO), 1483s, 1433s, 1094s, 746s, 691s.

UV (CH2Cl2), λmax (log ε): 236 (4.62), 254.5 (4.57).

1H NMR (CDCl3, δ): 2.27 (br s, 2H, H5 or H12 ), 2.99 (br s, 2H, H5 or
H12 ), 5.82 (br s, 1H, H1 or H4 ), 6.65 (m, 1H, H7 or H10 ), 6.87 (m, 1H, H7
or H10 ), 6.97 (m, 2H, H8 and H9 ), 7.05 (br s, 1H, H1 or H4 ), 7.18–7.31
(m, 18H, PPh3), 7.55–7.62 (m, 12H, PPh3).

13C{1H} NMR (CDCl3, δ): 37.34 (s, C5 or C12 ), 39.13 (s, C5 or C12 ),
125.17 (s, C8 or C9 ), 125.20 (s, C8 or C9 ), 127.22 (s, C7 or C10 ), 127.42
(t”, 2,4JCP = 10.3 Hz, o-PPh3), 127.64 (s, C7 or C10 ), 129.77 (t, 2JCP = 5.9
Hz, C1 or C4 ), 130.09 (s, p-PPh3), 130.77 (t”, 1,3JCP = 57.5 Hz, i -PPh3),
134.84 (t”, 3,5JCP = 10.2 Hz, m-PPh3), 138.47 (s, C6 or C11 ), 138.62 (s,
C6 or C11 ), 140.37 (t, 2JCP = 12.3 Hz, C1 or C4 ), 146.65 (s, C2 or C3 ),
150.11 (t, 3JCP = 4.0 Hz, C2 or C3 ), 176.39 (t”, 2JCP = 8.0 Hz, CO).

31P{1H} NMR (CDCl3, δ): –1.77 (s, PPh3).

[Ir(C12H10)(CO)2(PPh3)2][O3SCF3] (151)

A solution of 149 (50.0 mg, 0.0459 mmol) in dichloromethane (10 mL)
in a Fisher-Porter bottle was placed under a 30 psi atmosphere of car-
bon monoxide for 3 h, during which time the solution turned a brighter
yellow colour. The vessel was carefully evacuated, n-hexane (30 mL) was
added and the solution transferred to a round-bottom flask. Slow removal of
the dichloromethane under reduced pressure gave a pale yellow precipitate,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 151 (46.9 mg, 0.0436 mmol, 95%) as yellow crystals. The crystal
used for X-ray study was grown by slow evaporation of a chloroform and
cyclohexane mixture.

ESI MS (m/z, [M – OTf]+): Calcd for 193IrC50H40P2O2: 927.2131, found
927.2118.

Anal. Calcd for IrC51H40P2O5SF3: C, 56.92; H, 3.75%. Found: C, 56.57;
H, 3.74%.

IR (cm––1): 2104s ν(CO), 2054s ν(CO), 1482s, 1435s, 1268s, 1150s, 1092s,
1030s, 747s, 692s, 637s.

1H NMR (CDCl3, δ): 2.68 (br s, 4H, H5 & H12 ), 6.77 (dd, 3JHH = 5.4
Hz, 4JHH = 3.5 Hz, 2H, H7 & H10 ), 6.98 (br s, 2H, H1 & H4 ), 7.00 (dd,
3JHH = 5.4 Hz, 4JHH = 3.4 Hz, 2H, H8 & H9 ), 7.34–7.43 (m, 30H, PPh3).
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13C{1H} NMR (CDCl3, δ): 38.77 (s, C5 & C12 ), 125.86 (s, C8 & C9 ),
127.10 (t”, 1,3JCP = 62.0 Hz, i -PPh3), 127.58 (s, C7 & C10 ), 128.60 (t”,
2,4JCP = 11.3 Hz, o-PPh3), 129.36 (t, 2JCP = 9.5 Hz, C1 & C4 ), 132.14
(s, p-PPh3), 134.32 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 136.48 (s, C6 & C11 ),
155.26 (s, C2 & C3 ), 167.11 (t, 2JCP = 6.8 Hz, CO). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): –3.52 (s, PPh3).

19F{1H} NMR (CDCl3, δ):. –77.99 (s, O3SCF3).

[Ir(C15H11O{OMe–7})(CO)(PPh3)2][O3SCF3] (152)

To a solution of 149 (85.0 mg, 0.0780 mmol) in 1,2-dichloroethane (10 mL)
was added methyl propiolate (69.4 μL, 65.6 mg, 0.780 mmol) and the re-
sulting mixture was heated under reflux for 3 h. The volatiles were removed
under reduced pressure and the residue was dried in vacuo before being dis-
solved in dichloromethane and subjected to column chromatography (5 x 1
cm silica gel column), with 5% v/v acetone/dichloromethane as the eluent.
An orange band was collected, the solvents were removed under reduced
pressure once more and the residue was recrystallised from dichloromethane
and n-hexane to give a bright orange solid which was collected by filtration
and washed with n-hexane (3 x 5 mL) to give pure 152 (64.4 mg, 0.0569
mmol, 73%) as bright orange crystals. The crystal used for X-ray structural
characterisation was grown by slow evaporation of a chloroform/cyclohexane
mixture and contained two molecules of chloroform and one molecule of cy-
clohexane of solvation.

ESI MS (m/z, [M – OTf]+): Calcd for 193IrC53H44P2O3: 983.2395, found
983.2423.

Anal. Calcd for IrC54H44P2O6SF3: C, 57.29; H, 3.92%. Found: C, 56.82;
H, ; 4.18%.

IR (cm––1): 2044s ν(CO), 1548s, 1483s, 1434s, 1349s, 1264s, 1148s, 1093s,
1030s, 748s, 692s, 636s.

UV (CH2Cl2), λmax (log ε): 222 (5.08).

1H NMR (CDCl3, δ): 2.76 (s, 2H, H15 ), 3.01 (s, 2H, H8 ), 3.38 (s, 3H,
OCH3), 5.54 (br s, 1H, H4 ), 5.66 (t, 4JHP = 3.0 Hz, 1H, H6 ), 6.90 (dd,
3JHH = 6.5 Hz, 4JHH = 2.0 Hz, H10 or H13 ), 6.95 (dd, 3JHH = 6.5 Hz,
4JHH = 2.0 Hz, H10 or H13 ), 7.11 (m, 2H, H11 and H12 ), 7.29–7.40 (m,
30H, PPh3), 7.65 (br s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 40.80 (s, C15 ), 41.99 (s, C8 ), 54.31 (s, OMe),
119.20 (t, 3JCP = 4.4 Hz, C6 ), 121.95 (t, 2JCP = 9.4 Hz, C1 ), 124.61 (s,
C4 ), 125.88 (t”, 1,3JCP = 58.7 Hz, i -PPh3), 126.24 126.26 126.47 126.50 (all
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s, C10–C13 ), 128.68 (t”, 2,4JCP = 10.5 Hz, o-PPh3), 131.09 (s, C2 ), 132.11
(s, p-PPh3), 134.43 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 136.56 (s, C9 or C14 ),
137.44 (s, C9 or C14 ), 154.29 (s, C3 ), 174.88 (t”, 2JCP = 8.8 Hz, CO),
185.17 (s, C7 ), 198.47 (t, 2JCP = 10.0 Hz, C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 0.68 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.88 (s, O3SCF3).

Ir(C15H11O{OMe–7})X(PPh3)2 (X = Cl, 153; X = Br, 154)

A solution of 152 (50.0 mg, 0.0442 mmol) and lithium chloride (100 mg,
2.36 mmol) in n-propanol (10 mL) was heated under reflux for 3 h, during
which time the initially orange solution turned bright red. The solvent was
subsequently removed under reduced pressure and dried in vacuo for 1 h
before the residue was dissolved in dichloromethane and subjected to column
chromatography (10 x 1 cm silica gel column), with dichloromethane as the
eluent. A red band was collected, n-hexane was added and on slow removal
of the dichloromethane under reduced pressure a red precipitate formed,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 152 (29.9 mg, 0.0302 mmol, 68%) as red crystals. The crystal
used for X-ray study was grown by slow evaporation of a chloroform and
cyclohexane mixture and was found to contain 0.5 equivalents of chloroform
and one equivalent of cyclohexane of solvation.

An identical procedure using 152 (50.0 mg, 0.0442 mmol) and lithium
bromide (150 mg, 1.73 mmol) was used give pure 154 (24.5 mg, 0.0237
mmol, 54%) as red crystals.

For 153:

ESI MS (m/z, [M – Cl]+): Calcd for 193IrC52H44P2O2: 955.2446, found
955.2477.

Anal. Calcd for IrC52H44P2O2Cl: C, 63.05; H, 4.48%. Found: C, 63.12;
H, 4.70%.

IR (cm––1): 1556s, 1433s, 1383s, 1336s, 1148s, 1092s, 1029s, 692s.

UV (CH2Cl2), λmax (log ε): 232 (4.73).

1H NMR (CDCl3, δ): 2.67 (s, 2H, H15 ), 3.08 (s, 2H, H8 ), 3.30 (s, 3H,
OCH3), 4.51 (s, 1H, H4 ), 5.00 (t, 4JHP = 2.0 Hz, 1H, H6 ), 6.90 (m, 1H, H10
or H13 ), 6.95 (m, 1H, H10 or H13 ), 7.08 (m, 2H, H11 and H12 ), 7.13–7.19
(m, 12H, PPh3), 7.24–7.30 (m, 6H, PPh3), 7.57–7.63 (m, 12H, PPh3), 9.10
(br s, 1H, H1 ).
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13C{1H} NMR (CDCl3, δ): 40.61 (s, C15 ), 41.80 (s, C8 ), 52.30 (s, OMe),
112.46 (t, 3JCP = 2.8 Hz, C6 ), 120.26 (s, C4 ), 125.46 125.95 125.96 126.33
(all s, C10–C13 ), 127.17 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 129.07 (t, 3JCP

= 3.8 Hz, C2 ), 129.63 (t”, 1,3JCP = 53.3 Hz, i -PPh3), 129.68 (s, p-PPh3),
135.22 (t”, 3,5JCP = 10.3 Hz, m-PPh3), 137.28 (s, C9 ), 139.20 (s, C14 ),
140.59 (t, 2JCP = 10.5 Hz, C1 ), 153.15 (s, C3 ), 183.13 (s, C7 ), 195.15 (t,
2JCP = 7.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 0.80 (s, PPh3).

For 154:

ESI MS (m/z, [M – Br]+): Calcd for 193IrC52H44P2O2: 955.2446, found
955.2457.

Anal. Calcd for IrC52H44P2O2Br: C, 60.35; H, 4.28%. Found:

IR (cm––1): 1483s, 1448s, 1433s, 1320s, 1150s, 1092s, 692s.

1H NMR (CDCl3, δ): 2.64 (s, 2H, H15 ), 3.13 (s, 2H, H8 ), 3.32 (s, 3H,
OCH3), 4.52 (s, 1H, H4 ), 5.00 (s, 1H, H6 ), 6.89 (m, 1H, H10 or H13 ),
7.00 (m, 1H, H10 or H13 ), 7.09 (m, 2H, H11 and H12 ), 7.12–7.20 (m, 12H,
PPh3), 7.25–7.30 (m, 6H, PPh3), 7.55–7.62 (m, 12H, PPh3), 9.25 (br s, 1H,
H1 ).

13C{1H} NMR (CDCl3, δ): 40.63 (s, C15 ), 41.89 (s, C8 ), 52.39 (s, OMe),
112.42 (t, 3JCP = 3.4 Hz, C6 ), 120.18 (s, C4 ), 125.52 125.94 125.99 126.39
(all s, C10–C13 ), 127.14 (t”, 2,4JCP = 9.6 Hz, o-PPh3), 129.27 (t, 3JCP

= 3.6 Hz, C2 ), 129.66 (t”, 1,3JCP = 53.1 Hz, i -PPh3), 129.72 (s, p-PPh3),
135.35 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 137.27 (s, C9 ), 139.08 (s, C14 ),
139.92 (t, 2JCP = 10.7 Hz, C1 ), 152.93 (s, C3 ), 183.45 (s, C7 ), 195.16 (t,
2JCP = 7.2 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.25 (s, PPh3).

[Ir(C13H10{CH2CO2Me–5})Cl(PPh3)2][O3SCF3] (155)

A solution of 153 (20.0 mg, 0.0202 mmol) in dichloromethane (1 mL) was
treated with a solution of triflic acid in dichloromethane (ca. 1 equivalent,
0.0226 mmol, 0.40 mL of an approximately 0.0565 mol L––1 solution prepared
from 0.1 mL triflic acid in 20 mL of dichloromethane), causing a rapid
colour change from red to blue-green. Addition of n-hexane (20 mL) and
slow removal of the dichloromethane under reduced pressure caused a blue
precipitate to form, which was collected by filtration and washed with n-
hexane (5 x 5 mL) to give pure 155 (13.0 mg, 0.0114 mmol, 56%) as blue
crystals.
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ESI MS (m/z, [M – OTf – HCl]+): Calcd for 193IrC52H44P2O2: 955.2444,
found 955.2467.

IR (cm––1): 1624m, 1549m, 1434s, 1261s, 1151s, 1093s, 1029s, 692s, 636s.

1H NMR (CDCl3, δ): 3.21 (s, 2H, H6 ), 3.29 (s, 2H, H8 ), 3.44 (s, 2H,
H15 ), 3.66 (s, 3H, OCH3), 7.03 (d, 3JHH = 7.3 Hz, 1H, H10 ), 7.06 (s,
1H, H4 ), 7.16 (m, 1H, H11 or H12 ), 7.20 (m, 2H, H13, and H11 or H12 ),
7.31–7.48 (m, 30H, PPh3), 12.17 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 39.47 (s, C8 ), 41.72 (s, C15 ), 54.91 (s, C6 ),
55.79 (s, OMe), 126.60 (t”, 1,3JCP = 58.3 Hz, i -PPh3), 126.43 126.88 126.96
127.56 (all s, C10–C13 ), 128.56 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 129.91 (s,
C4 ), 131.82 (s, p-PPh3), 134.13 (t”, 3,5JCP = 9.0 Hz, m-PPh3), 134.79 (s,
C9 ), 135.12 (t, 3JCP = 5.4 Hz, C2 ), 136.07 (s, C14 ), 181.71 (s, C3 ), 187.26
(s, C7 ), 194.58 (t, 2JCP = 5.2 Hz, C1 ), 232.91 (t, 2JCP = 4.7 Hz, C5 ).
O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 3.71 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.06 (s, O3SCF3)

[Ir(C15H10O{Br–6}{OMe–7})(CO)(PPh3)2][O3SCF3] (156)

A solution of 152 (20.0 mg, 0.0177 mmol) and N -bromosuccinimide (3.20
mg, 0.180 mmol) in dichloromethane (5 mL) was stirred at room temper-
ature for 1 h. After this time, the solvent was removed under reduced
pressure and the residue was subjected to column chromatography (6 x
1 cm silica gel column), eluting first with dichloromethane then with 2%
v/v methanol/dichloromethane. An orange band was collected, the solvents
were removed under reduced pressure and the residue was recrystallised from
dichloromethane and n-hexane to give an orange solid which was collected
by filtration and washed with n-hexane to give pure 156 (15.4 mg, 0.0127
mmol, 72%) as orange crystals.

ESI MS (m/z, [M – OTf]+): Calcd for 193IrC53H43P2O
79
3 Br: 1061.1500,

found 1061.1522.

Anal. Calcd for IrC54H43P2O6BrSF3: C, 53.56; H, 3.58%. Found: C,
53.50; H, 3.87%.

IR (cm––1): 2052s ν(CO), 1435m, 1422m, 1341s, 1259s, 1189s, 1092s,
1029s, 795s, 692s, 636s.

1H NMR (CDCl3, δ): 2.86 (s, 2H, H15 ), 3.03 (s, 2H, H8 ), 3.48 (s, 3H,
OCH3), 5.78 (s, 1H, H4 ), 6.93 (m, H10 or H13 ), 7.00 (m, H10 or H13 ),
7.13 (m, 2H, H11 and H12 ), 7.20–7.50 (m, 30H, PPh3), 7.85 (br s, 1H, H1 ).
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13C{1H} NMR (CDCl3, δ): 41.50 (s, C8 or C15 ), 41.69 (s, C8 or C15 ),
56.00 (s, OMe), 101.53 (t, 3JCP = 5.4 Hz, C6 ), 123.42 (s, C4 ), 125.27
(t”, 1,3JCP = 58.8 Hz, i -PPh3), 126.13 (t, 2JCP = 7.1 Hz, C1 ), 126.30
126.39 126.41 126.61 (all s, C10–C13 ), 128.99 (t”, 2,4JCP = 10.6 Hz, o-
PPh3), 132.25 (s, p-PPh3), 132.82 (s, C2 ), 134.30 (t”, 3,5JCP = 10.6 Hz,
m-PPh3), 135.33 (s, C9 or C14 ), 137.33 (s, C9 or C14 ), 157.15 (s, C3 ),
173.17 (t”, 2JCP = 8.6 Hz, CO), 179.67 (s, C7 ), 189.88 (t, 2JCP = 9.6 Hz,
C5 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 1.28 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.88 (s, O2CCF3).

Ir(C15H10O{Br–6}{OMe–7})Cl(PPh3)2 (157)

A solution of 152 (20.0 mg, 0.0202 mmol) and N -bromosuccinimide (3.60
mg, 0.0202 mmol) in dichloromethane (4 mL) was stirred at room tem-
perature for 30 min, during which time the initially red solution turned
red-purple. The mixture was concentrated to ca. 1 mL under reduced pres-
sure and subjected to column chromatography (6 x 1 cm silica gel column),
with dichloromethane as the eluent. A purple band was collected, n-hexane
(10 mL) was added and on slow reduction of the solvent volume under re-
duced pressure at 0 ℃ a red-purple precipitate formed, which was collected
by filtration to give pure 157 (11.8 mg, 0.0110 mmol, 55%) as red-purple
crystals. The crystal used for X-ray structure determination was grown by
slow evaporation of a chloroform and n-heptane solution and proved to be
a chloroform solvate.

ESI MS (m/z, [M + Na]+): Calcd for 193IrC52H43P2O
79
2 BrNaCl: 1091.1115,

found 1091.1125.

IR (cm––1): 1553s, 1483s, 1435s, 1365s, 1328s, 1093s, 692s, 633s.

1H NMR (CDCl3, δ): 2.75 (s, 2H, H15 ), 3.12 (s, 2H, H8 ), 3.35 (s, 3H,
OCH3), 4.75 (s, 1H, H4 ), 6.93 (m, 1H, H10 or H13 ), 7.00 (m, 1H, H10 or
H13 ), 7.10 (m, 2H, H11 and H12 ), 7.15–7.22 (m, 12H, PPh3), 7.27–7.32 (m,
6H, PPh3), 7.51–7.58 (m, 12H, PPh3), 9.39 (br s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 41.04 (s, C15 ), 41.57 (s, C8 ), 53.82 (s, OMe),
92.61 (t, 3JCP = 3.8 Hz, C6 ), 118.70 (s, C4 ), 125.62 125.91 126.09 126.49
(all s, C10–C13 ), 127.50 (t”, 2,4JCP = 9.9 Hz, o-PPh3), 129.21 (t”, 1,3JCP =
53.7 Hz, i -PPh3), 129.63 (t, 3JCP = 2.9 Hz, C2 ), 129.88 (s, p-PPh3), 135.00
(t”, 3,5JCP = 10.1 Hz, m-PPh3), 137.12 138.86 (both s, C9 and C14 ), 146.04
(t, 2JCP = 9.5 Hz, C1 ), 156.81 (s, C3 ), 178.04 (s, C7 ), 186.78 (t, 2JCP =
6.5 Hz, C5 ).
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31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

[Ir(C13H8{CH2CO2Me–5})Cl(PPh3)2][O3SCF3] (158)

A solution of 153 (50.0 mg, 0.0505 mmol) in dry 1,2-dichloroethane (2
mL) was treated with a solution of triphenylcarbenium triflate (3.00 mL of
a ca. 0.0310 mol L––1 solution, ca. 0.093 mmol), causing an immediate
colour change from red to dark green. The mixture was heated under re-
flux for 10 min, during which time the solution turned dark orange-brown.
After this time, the solution was cooled to room temperature and the sol-
vents were removed under reduced pressure. The residue was dissolved in
dichloromethane and subjected to column chromatography (10 x 1 cm sil-
ica gel column), eluting first with dichloromethane, then with 5% v/v ace-
tone/dichloromethane. A slow-moving orange-brown band was collected and
the solvents were removed once more under reduced pressure. Recrystallisa-
tion of the residue from dichloromethane and n-hexane furnished an orange-
brown solid, which was collected by filtration and washed with n-hexane (3
x 5 mL) to give pure 158 (21.3 mg, 0.0187 mmol, 37%) as dark orange
crystals. The crystal used for X-ray study was grown by slow evaporation
of a chloroform/n-heptane mixture and was found to contain approximately
2.33 equivalents of chloroform per asymmetric unit.

ESI MS (m/z, [M – OTf]+): Calcd for 193IrC52H43P2O2Cl: 989.2046,
found 989.2060.

Anal. Calcd for IrC53H43P2O5ClSF3: C, 55.91; H, 3.81%. Found: C,
55.63; H, 3.78%.

IR (cm––1): 1596m, 1484s, 1435s, 1222s, 1093s, 1029s, 747s, 693s, 637s.

UV (CH2Cl2), λmax (log ε): 217 (4.85), 227 (4.49), 264 (4.30), 331 (4.02).

1H NMR (CDCl3, δ): 2.24 (s, 2H, H6 ), 3.81 (s, 3H, OCH3), 7.01 (s, 1H,
H4 ), 7.33–7.37 (m, 12H, PPh3), 7.41–7.46 (m, 19H, PPh3 & H11 or H12 ),
7.58 (br s, 1H, H8 ), 7.68 (s, 1H, H15 ), 7.71 (d, 3JHH = 8.0 Hz, 1H, H10 or
H13 ), 7.73 (t’, 3JHH = 6.3 Hz, 1H, H11 or H12 ), 7.82 (d, 3JHH = 6.3 Hz,
1H, H10 or H13 ), 17.14 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 47.49 (s, C6 ), 56.19 (s, OMe), 123.34 (s, C4 ),
126.57 (s, C10 or C13 ), 127.22 (t”, 1,3JCP = 57.5 Hz, i -PPh3), 128.20 (s,
one of C10–C13 ), 128.61 (t”, 2,4JCP = 10.3 Hz, o-PPh3), 128.80 (s, C15 ),
129.06 (s, C2 ), 132.03 (s, p-PPh3), 133.64 (s, one of C10–C13 ), 134.10 (t”,
3,5JCP = 10.1 Hz, m-PPh3), 135.35 (s, one of C10–C13 ), 138.76 (s, C9 ),
141.51 (s, C14 ), 142.32 (s, C3 ), 145.78 (s, C8 ), 154.58 (t, 2JCP = 8.0 Hz,
C5 ), 189.66 (s, C7 ), 275.12 (t, 2JCP = 8.0 Hz, C1 ). O3SCF3 not observed.

217



31P{1H} NMR (CDCl3, δ): 1.30 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.94 (s, O3SCF3).

[Ir(C13H8{CH2CO2Me–5})Br(PPh3)2][O3SCF3] (159)

To a solution of 158 (25.0 mg, 0.0182 mmol) in dichloromethane (10 mL)
was added silver triflate (5.00 mg, 0.0195 mmol). Stirring was continued
for 30 min, during which time the orange-brown solution turned green. Af-
ter this time, lithium bromide (10.0 mg, 0.115 mmol) was added and the
colour of the solution immediately returned to orange-brown. The solvent
was removed under reduced pressure and the residue was subjected to col-
umn chromatography (8 x 1 cm silica gel column), eluting with 10% v/v
acetone/dichloromethane. An orange-brown band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure, an orange-brown precipitate formed which was collected by filtration
and washed with n-hexane (3 x 5 mL) to give pure 159 (16.0 mg, 0.0135
mmol, 74%) as dark orange crystals.

ESI MS (m/z, [M – HBr – OTf]+): Calcd for 193IrC52H43P2O2Br: 953.2288,
found 953.2318.

Anal. Calcd for IrC53H43P2O5BrSF3: C, 53.81; H, 3.66%. Found: C,
54.06; H, 4.23%.

IR (cm––1): 1592s, 1435s, 1352s, 1146s, 1092s, 748s, 695s, 637s.

1H NMR (CDCl3, δ): 2.16 (s, 2H, H6 ), 3.88 (s, 3H, OCH3), 7.01 (s, 1H,
H4 ), 7.30–7.38 (m, 12H, PPh3), 7.40–7.48 (m, 19H, PPh3 & H11 or H12 ),
7.56 (br s, 1H, H8 ), 7.68 (s, 1H, H15 ), 7.73 (m, 2H, two of H10–H13 ), 7.82
(d, 3JHH = 8.0 Hz, 1H, H10 or H13 ), 17.26 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 47.13 (s, C6 ), 56.34 (s, OMe), 123.50 (s,
C4 ), 126.69 (s, one of C10–C13 ), 127.38 (t”, 1,3JCP = 57.2 Hz, i -PPh3),
128.26 (s, one of C10–C13 ), 128.56 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 128.93
(s, C15 ), 129.14 (s, C2 ), 132.06 (s, p-PPh3), 133.69 (s, one of C10–C13 ),
134.24 (t”, 3,5JCP = 9.9 Hz, m-PPh3), 135.45 (s, one of C10–C13 ), 138.95
(s, C9 ), 141.49 (s, C3 or C14 ), 141.53 (s, C3 or C14 ), 146.02 (s, C8 ), 155.14
(s, C5 ), 190.13 (s, C7 ). O3SCF3 not observed, C1 out of range (above 280
ppm).

31P{1H} NMR (CDCl3, δ): –0.53 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.91 (s, O3SCF3).
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[Ir(C13H8{CH2CO2Me–5})(CO)2(PPh3)2][O3SCF3]2 (160)

A solution of 158 (25.0 mg, 0.0182) and silver triflate (7.00 mg, 0.0272
mmol) in dichloromethane (5 mL) was subjected to an atmosphere of carbon
monoxide. Stirring was continued for 30 min, during which time the initially
orange solution turned emerald-green. The mixture was left to stand under
an atmosphere of CO in an ice bath for 30 min, then passed through filter
paper. The filtrate was collected, n-hexane (10 mL) was added and on
slow removal of the dichloromethane under reduced pressure a dark green
precipitate formed, which was collected by filtration and washed with n-
hexane (3 x 5 mL) to give pure 160 (18.2 mg, 0.0142 mmol, 78%) as a dark
green solid.

ESI MS (m/z, [M – 2OTf – CO]2+): Calcd for 193IrC52H43P2O2: 477.1182,
found 477.1206; [M – H – CO]2+): Calcd for 193IrC53H42P2O3: 954.2364,
found 954.2360.

IR (cm––1): 2088m, 2050m, 1557m, 1483s, 1436s, 1278s, 1224s, 1160s,
1028s, 748s, 693s, 637s.

1H NMR (CDCl3, δ): 3.09 (br s, 2H, H6 ), 3.81 (s, 3H, OCH3), 7.28–7.62
(m, 31H, PPh3 & H15 ), 7.40 (obscured, H11 by COSY), 7.68 (d, 3JHH =
8.3 Hz, 1H, H13 ), 7.71 (s, 1H, H4 ), 7.81 (t’, 3JHH = 7.7 Hz, 1H, H12 ), 8.03
(d, 3JHH = 8.3 Hz, 1H, H10 ), 8.79 (s, 1H, H8 ), 15.77 (s, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 48.48 (s, C6 ), 58.08 (s, OMe), 124.02 (t”,
1,3JCP = 59.9 Hz, i -PPh3), 127.90 (s, C4 ), 129.83 (t”, 2,4JCP = 10.4 Hz,
o-PPh3), ca. 130 (C15 by HMBC), 130.52 (s, C2 ), 131.01 (s, C13 ), 133.30
(s, C11 ), 133.46 (s, p-PPh3), 133.73 (s, C9 ), 134.03 (t”, 3,5JCP = 10.1 Hz,
m-PPh3), 136.41 (s, C10 ), 138.63 (s, C12 ), 140.46 (s, C3 ), 142.92 (s, C14 ),
154.21 (t, 2JCP = 8.6 Hz, C5 ), 154.45 (s, C8 ), 171.99 (t, 2JCP = 8.3 Hz,
CO), 192.52 (s, C7 ), 256.51 (t, 2JCP = 4.7 Hz, C1 ). O3SCF3 not observed.

31P{1H} NMR (CDCl3, δ): 0.00 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –77.94 (s, O2CCF3).

Ir(C15H9O{OMe–7}{C4H2O3–8, 15})Cl(PPh3)2 (161)

A solution of 158 (40.0 mg, 0.0404 mmol), p-chloranil (15.0 mg, 0.0610
mmol) and maleic anhydride (40.0 mg, 0.408 mmol) in 1,2-dichloroethane
(15 mL) was heated under reflux for 12 h, during which time the initially
dark red solution turned brown-orange. The solvent was removed under
reduced pressure and the residue was subjected to column chromatography
(10 x 1 cm silica gel column), eluting first with dichloromethane followed
by 2% v/v acetone/dichloromethane. An orange-red band was collected,
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n-hexane was added and on slow removal of dichloromethane under reduced
pressure a red-pink precipitate formed, which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 161 (36.0 mg, 0.0331 mmol,
82%) as red crystals. A red band of 162 (2.40 mg, 0.00195 mmol, 5%) was
also recovered.

Alternatively, a solution of 158 (25.0 mg, 0.0221 mmol) and maleic an-
hydride (20.0 mg, 0.204 mmol) in 1,2-dichloroethane (10 mL) was heated
under reflux for 30 min. The solvent was removed under reduced pressure,
the residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting with dichloromethane then
with 2% v/v acetone/dichloromethane. A red band was collected, n-hexane
was added and on slow removal of the dichloromethane under reduced pres-
sure a red precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 161 (15.1 mg, 0.0136 mmol, 61%)
as red crystals. 1H NMR spectroscopy indicated that ca. 0.3 equiv. of
dichloromethane of solvation was present in this sample.

ESI MS (m/z, [M + Na]+): Calcd for 193IrC56H44P2O5ClNa: 1109.1879,
found 1109.1887.

Anal. Calcd for IrC56H44P2O5Cl·0.3CH2Cl2: C, 60.81; H, 4.04%. Found:
C, 60.78; H, 3.95%.

IR (cm––1): 1862m, 1780s ν(C=O), 1553s, 1435s, 1378s, 1340s, 1190s,
1146s, 924s, 693s, 520s.

UV (CH2Cl2), λmax (log ε): 261 (5.05), 435.5 (4.03), 499 (4.00).

1H NMR (CDCl3, δ): 2.49 (dd, 3JHH = 9.2, 3.6 Hz, 1H, CH on MA
moiety off C8), 2.61 (dd, 3JHH = 9.2, 3.6 Hz, 1H, CH on MA moiety off
C15), 3.39 (s, 3H, OCH3), 3.69 (d, 3JHH = 3.4 Hz, 1H, H15 ), 3.85 (d, 3JHH

= 3.5 Hz, 1H, H8 ), 4.97 (s, 1H, H4 ), 4.99 (t”, 4JHP = 2.0 Hz, 1H, H6 ), 6.77
(d, 3JHH = 7.2 Hz, 1H, H10 or H13 ), 7.06 (d partially obscured by PPh3,
3JHH = 7.2 Hz, 1H, H10 or H13 ), 7.07–7.10 (m, 6H, PPh3), 7.12 (t partially
obscured by PPh3,

3JHH = 7.2 Hz, 1H, H11 or H12 ), 7.18 (t, 3JHH = 7.3
Hz, 1H, H11 or H12 ), 7.28–7.35 (m, 14H, PPh3), 7.39–7.42 (m, 4H, PPh3),
7.54–7.58 (m, 6H, PPh3), 9.04 (t”, 3JHP = 3.2 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 45.55 (s, CH on MA moiety off C15), 46.60
(s, CH on MA moiety off C8), 47.84 (s, C15 ), 48.97 (s, C8 ), 52.61 (s, OMe),
116.41 (br s, C6 ), 119.44 (s, C4 ), 124.56 (s, C10 or C13 ), 124.78 (s, C10 or
C13 ), 127.31 (d, 2JCP = 10.1 Hz, o-PPh3), 127.44 (s, C11 or C12 ), 127.61
(d, 2JCP = 9.6 Hz, o-PPh3), 128.17 (s, C11 or C12 ), 129.02 (dd, 1JCP =
49.8 Hz, 3JCP = 3.5 Hz, i -PPh3), 129.69 (dd, 1JCP = 50.2 Hz, 3JCP = 3.5
Hz, i -PPh3), 129.82 (s, p-PPh3), 129.87 (partially obscured, C2 ), 130.31 (s,
p-PPh3), 134.81 (d, 3JCP = 8.8 Hz, m-PPh3), 135.17 (d, 3JCP = 8.7 Hz,
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m-PPh3), 135.44 (s, C9 or C14 ), 137.73 (s, C9 or C14 ), 141.18 (t”, 2JCP

= 9.0 Hz, C1 ), 151.71 (s, C3 ), 171.20 (s, C=O), 171.56 (s, C=O), 183.44
(s, C7 ), 192.96 (t, 2JCP = 6.9 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –1.05, 4.31 (ABq, 2JPP = 379 Hz, PPh3).

Ir(C15H9O{OMe–7}{C6Cl4O2–8, 15})Cl(PPh3)2 (162)

A solution of 153 (20.0 mg, 0.0202 mmol) and p-chloranil (15.0 mg, 0.0610
mmol) in 1,2-dichloroethane (10 mL) was heated under reflux overnight.
After this time, the solvent was removed under reduced pressure and the
residue was subjected to column chromatography (10 x 1 cm silica gel col-
umn), eluting with dichloromethane. A slow-moving red band was collected,
n-hexane was added and on slow removal of dichloromethane under reduced
pressure a red-pink precipitate formed, which was collected by filtration and
washed with n-hexane (3 x 5 mL) to give pure 162 (13.2 mg, 0.0107 mmol,
53%) as red crystals.

Alternatively, a solution of 158 (20.0 mg, 0.0145 mmol) and p-chloranil
(40.0 mg, 0.163 mmol) in 1,2-dichloroethane was heated under reflux for
1 h. The solvent was subsequently removed under reduced pressure and
the residue was subjected to column chromatography (15 x 1 cm silica gel
column), eluting with dichloromethane. A red band was collected and dried
in vacuo to give pure 162 (3.50 mg, 0.00284 mmol, 19%) as a red solid.

ESI MS (m/z, [M + Na]+): Calcd for 193IrC58H42P2O4Cl5Na: 1257.0498,
found 1257.0538.

Anal. Calcd for IrC58H42P2O4Cl5: C, 56.43; H, 3.43%. Found: C, 55.73;
H, 3.86%.

IR (cm––1): 1781 ν(C=O), 1715 ν(C=O), 1573s, 1434s, 1382s, 1338s,
1188s, 1149s, 1093s, 744s, 692s.

1H NMR (CDCl3, δ): 3.53 (s, 3H, OCH3), 4.22 (s, 1H, H8 ), 4.28 (s, 1H,
H15 ), 4.63 (t, 4JHP = 1.9 Hz, 1H, H6 ), 5.11 (s, 1H, H4 ), 6.65 (br d, 3JHH

= 7.4 Hz, 1H, H10 or H13 ), 6.99 (t’d, 3JHH = 7.3 Hz, 4JHH = 1.2 Hz, 1H,
H11 or H12 ), 7.04 (br d, 3JHH = 7.4 Hz, 1H, H10 or H13 ), 7.09 (t’d, 3JHH

= 7.3 Hz, 4JHH = 1.2 Hz, 1H, H11 or H12 ), 7.05–7.48 (m, 30H, PPh3), 9.23
(t”, 3JHP = 3.6 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 52.73 (s, OMe), 55.71 (s, C15 ), 56.48 (s, C8 ),
70.92 (s, C15–C (Cl)), 72.78 (s, C8–C (Cl)), 116.78 (t, 3JCP = 2.8 Hz, C6 ),
122.77 (s, C4 ), 125.33 (t”, 3JCP = 3.1 Hz, C2 ), 125.56 (s, C10 or C13 ),
125.95 (s, C10 or C13 ), 127.33 (d, 2JCP = 9.7 Hz, o-PPh3), 127.72 (br s, o-
PPh3), 127.77 (partially obscured, s, C11 or C12 ), 128.71 (s, C11 or C12 ),
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129.77 (dd, 1JCP = 50.2 Hz, 3JCP = 3.8 Hz, i -PPh3), 129.84 (s, p-PPh3),
130.15 (br s, p-PPh3), 130.46 (partially obscured dd, 1JCP = 47.7 Hz, 3JCP

= 4.3 Hz, i -PPh3), 134.87 (br s, m-PPh3), 135.46 (s, C14 ), 138.11 (s, C9 ),
143.36 (s, C=C(Cl)), 144.18 (s, C=C(Cl)), 147.00 (t, 2JCP = 8.8 Hz, C1 ),
147.46 (s, C3 ), 179.85 (s, C=O), 180.15 (s, C=O), 183.51 (s, C7 ), 193.33
(t, 2JCP = 5.6 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –2.43, 2.75 (ABq, 2JPP = 375 Hz, PPh3).

Ir(C15H9O{OMe–7}{C6H4O2–8, 15})Cl(PPh3)2 (163)

A solution of 153 (40.0 mg, 0.0404 mmol) and p-benzoquinone (44.0 mg,
0.408 mmol) in 1,2-dichloroethane (10 mL) was heated under reflux for 4
days, during which time the initially red solution turned red-brown and a
brown solid had precipitated. The solvent was removed under reduced pres-
sure and the residue was subjected to column chromatography (10 x 1 cm sil-
ica gel column), eluting first with dichloromethane to separate a yellow band
of the excess p-benzoquinone, followed by 2% v/v acetone/dichloromethane,
from which a dark red band was collected. n-Hexane (10 mL) was added
and on slow removal of the dichloromethane under reduced pressure, a dark
red precipitate formed which was collected by filtration and washed with
n-hexane (3 x 5 mL) to give pure 163 (24.5 mg, 0.0219 mmol, 54%) as
dark red crystals. 1H NMR spectroscopy indicates the presence of ca. 0.25
equivalents of dichloromethane of solvation in the analytical sample.

ESI MS (m/z, [M – Cl]+): Calcd for 193IrC58H46P2O4: 1061.2500, found
1061.2533.

Anal. Calcd for IrC58H46P2O4Cl·0.25CH2Cl2: C, 62.59; H, 4.19%. Found:
C, 62.69; H, 4.29%.

IR (cm––1): 1671s ν(CO), 1549s, 1432s, 1338s, 1142s, 1091s, 693s.

1H NMR (CDCl3, δ): 2.24 (dd, 3JHH = 9.6, 2.9 Hz, 1H, CH on BQ
moiety off C8), 2.39 (dd, 3JHH = 9.6, 2.6 Hz, 1H, CH on BQ moiety off
C15), 3.38 (s, 3H, OCH3), 3.68 (d, 3JHH = 2.6 Hz, 1H, H15 ), 3.88 (d, 3JHH

= 2.9 Hz, 1H, H8 ), 4.94 (t”, 4JHP = 2.2 Hz, 1H, H6 ), 4.98 (s, 1H, H4 ),
6.16 (d, 3JHH = 2.5 Hz, 2H, CH=CH on BQ), 6.67 (dd, 3JHH = 6.9 Hz,
4JHH = 1.5 Hz, 1H, H10 or H13 ), 6.91 (dd, 3JHH = 7.0 Hz, 4JHH = 1.5 Hz,
1H, H10 or H13 ), 7.00 (t’d, 3JHH = 7.2 Hz, 4JHH = 1.5 Hz, 1H, H11 or
H12 ), 7.03–7.10 (m, 7H, PPh3 & H11 or H12 ), 7.20–7.40 (m, 18H, PPh3),
7.55–7.61 (m, 6H, PPh3), 8.98 (t”, 3JHP = 2.0 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 48.54 (s, CH on MA moiety off C15), 49.47
(s, CH on MA moiety off C8), 51.61 (s, C15 ), 52.46 (br s, C8 & OMe),
115.40 (br s, C6 ), 118.40 (s, C4 ), 124.11 (s, C10 or C13 ), 124.33 (s, C10 or
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C13 ), 126.42 (s, C11 or C12 ), 127.19 (d, 2JCP = 9.7 Hz, o-PPh3), 127.37
(s, C11 or C12 ), 127.53 (d, 2JCP = 9.6 Hz, o-PPh3), 129.08 (dd, 1JCP

= 49.0 Hz, 3JCP = 3.8 Hz, i -PPh3), 129.66 (d, 4JCP = 1.6 Hz, p-PPh3),
129.75 (dd, 1JCP = 49.8 Hz, 3JCP = 4.3 Hz, i -PPh3), 130.19 (d, 4JCP =
1.8 Hz, p-PPh3), 131.55 (t”, 3JCP = 4.0 Hz, C2 ), 134.87 (d, 3JCP = 9.0 Hz,
m-PPh3), 135.17 (d, 3JCP = 9.0 Hz, m-PPh3), 137.19 (s, C14 ), 139.53 (s,
C9 ), 140.68 (t”, 2JCP = 9.8 Hz, C1 ), 140.69 (s, CH=CH on BQ), 141.02
(s, CH=CH on BQ), 154.41 (s, C3 ), 183.33 (s, C7 ), 193.91 (t, 2JCP = 6.6
Hz, C5 ), 198.43 (s, C=O), 198.82 (s, C=O).

31P{1H} NMR (CDCl3, δ): –1.44, 4.95 (ABq, 2JPP = 378 Hz, PPh3).

Ir(C15H9O{OMe–7}{C6Cl2O2–8, 15})Cl(PPh3)2 (164)

A solution of 153 (50.0 mg, 0.0505 mmol) and p-chloranil (18.6 mg, 0.0758
mmol) in 1,2-dichloroethane (10 mL) was refluxed for 24 h, during which
time the solution did not appreciably change in colour. The solvent was re-
moved under reduced pressure and the residue was dissolved in dichloromethane
and subjected to column chromatography (10 x 1 cm silica gel column),
eluting with dichloromethane. The second orange-red band was collected,
n-hexane (10 mL) was added and on slow removal of the dichloromethane
under reduced pressure, an orange precipitate formed which was collected by
filtration to give pure 164 (39.8 mg, 0.0341 mmol, 68%) as orange crystals.
The first red band was also collected and was identified as 162 (8.00 mg,
0.00648 mmol, 13%).

ESI MS (m/z, [M – H]+): Calcd for 193IrC58H44P2O4Cl3: 1163.1331,
found 1163.1342.

IR (cm––1): 3387br ν(OH), 1554s, 1433s, 1337s, 1190s, 1092s, 1028s, 692s,
519s.

1H NMR (CDCl3, δ): 3.36 (s, 3H, OCH3), 4.60 (s, 1H, OH ), 4.61 (s, 1H,
H15 ), 5.04 (s, 1H, H4 ), 5.15 (t, 4JHP = 1.7 Hz, 1H, H6 ), 5.38 (s, 1H, H8 ),
5.51 (s, 1H, OH ), 7.04–7.46 (m, 34H, PPh3 & H10–H13 ), 9.76 (t”, 3JHP =
2.0 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 49.03 (s, C15 ), 52.62 (s, OMe), 84.11 (s, C8 ),
115.98 (t, 3JCP = 3.2 Hz, C6 ), 117.05 (s, C(OH)–C=CC(OH)), 118.79 (s,
C4 ), 119.02 (s, C (Cl)), 119.06 (s, C (Cl)), 123.61 (s, C(OH)–C=CC(OH)),
125.01 126.36 (s, two of C10–C13 ), 127.28 (m, two sets of overlapping t”,
o-PPh3), 127.89 128.71 (s, two of C10–C13 ), 128.92 (s, C2 ), 129.05–129.48
(m, 2 sets of overlapping dd, i -PPh3), 129.85 (s, p-PPh3), 130.04 (s, p-
PPh3), 134.89 (t”, 2,4JCP = 10.4 Hz, m-PPh3), 135.04 (t”, 2,4JCP = 9.4
Hz, m-PPh3), 135.83 (s, C9 ), 139.43 (s, C14 ), 143.41 (s, C (OH)), 145.09
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(s, C (OH)), 152.29 (s, C3 ), 155.98 (t, 2JCP = 8.9 Hz, C1 ), 183.44 (s, C7 ),
192.96 (t, 2JCP = 7.0 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): –0.02 (br s, PPh3).

Ir(C15H6O{Br–6}{OMe–7}{=O–8}{=O–15})Br(PPh3)2 (165)

To a solution of 158 (25.0 mg, 0.0220 mmol) in dichloromethane (5 mL)
was added a solution of pyridinium tribromide (35.2 mg, 0.110 mmol) in
methanol (5 mL) and the resulting mixture was stirred at room temper-
ature for 1 h. After this time, the solvents were removed under reduced
pressure and the residue was subjected to column chromatography (8 x 1
cm silica gel column), eluting first with dichloromethane followed by 2%
v/v acetone/dichloromethane. A dark brown band was collected and the
solvents were removed under reduced pressure. The residue was dissolved
in dichloromethane, silver triflate (6.00 mg, 0.0234 mmol) was added as a
solid and the mixture was stirred for 30 min. After this time, lithium bro-
mide (10.0 mg, 0.115 mmol) in methanol (5 mL) was added and stirring was
continued for 15 min, during which time a white precipitate formed. The
solvents were once again removed under reduced pressure, the residue was
dissolved in dichloromethane and was subjected to column chromatography
(8 x 1 cm silica gel column), eluting with 2% v/v acetone/dichloromethane.
A dark brown band was collected, n-hexane (10 mL) was added and on
slow removal of the dichloromethane and acetone under reduced pressure
a brown precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 165 (10.5 mg, 0.00919 mmol, 42%) as
brown crystals. The crystal used for X-ray study and elemental analysis was
grown by slow evaporation of a chloroform/n-heptane mixture and proved
to be a chloroform solvate.

ESI MS (m/z, [M + Na]+): Calcd for 193IrC52H39P2O4Br2Na: 1165.0197,
found 1165.0240.

Anal. Calcd for IrC52H39P2O4Br2·CHCl3: C, 50.47; H, 3.20%. Found:
C, 50.62; H, 3.36%.

IR (cm––1): 1665m ν(CO), 1642m ν(CO), 1556m, 1434s, 1362s, 1270s,
1092s, 692s.

UV (CH2Cl2), λmax (log ε): 225 (4.91), 420.5 (3.69).

1H NMR (CDCl3, δ): 3.45 (s, 3H, OCH3), 6.08 (s, 1H, H4 ), 7.21–7.40
(m, 18H, PPh3), 7.50–7.56 (m, 12H, PPh3), 7.65 (t’d, 3JHH = 7.5 Hz, 4JHH

= 1.4 Hz, 1H, H11 or H12 ), 7.70 (t’d, 3JHH = 7.6 Hz, 4JHH = 1.8 Hz, 1H,
H11 or H12 ), 8.00 (dd, 3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 1H, H10 or H13 ),
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8.27 (dd, 3JHH = 7.8 Hz, 4JHH = 1.5 Hz, 1H, H10 or H13 ), 13.25 (t, 3JHP

= 2.1 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 54.66 (s, OCH3), 103.92 (s, C6 ), 124.20 (s,
C4 ), 126.77 (s, C10 or C13 ), 127.76 (s, C10 or C13 ), 127.91 (t”, 1,3JCP =
54.1 Hz, i -PPh3), 127.93 (t”, 2,4JCP = 9.0 Hz, o-PPh3), 130.69 (s, p-PPh3),
131.23 (t, 3JCP = 2.6 Hz, C2 ), 132.73 (s, C11 or C12 ), 133.90 (s, C9 or
C14 ), 134.07 (s, C11 or C12 ), 134.85 (s, C9 or C14 ), 134.98 (t”, 3,5JCP =
10.1 Hz, m-PPh3), 139.94 (s, C3 ), 173.55 (s, C15 ), 177.19 (s, C8 ), 178.64
(s, C7 ), 180.64 (t, 2JCP = 6.8 Hz, C1 ), 184.35 (t, 2JCP = 5.1 Hz, C5 ).

31P{1H} NMR (CDCl3, δ): 1.33 (s, PPh3).
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6 Appendix One: Other metallacycles prepared in
this work

During the course of this work a number of other metallacycles were prepared
which did not fit into the narrative of the other chapters. Nonetheless,
these species were interesting in their own right or may themselves lead to
interesting new sets of fused-ring metallabenzenes in future work. They
have been included here in the hopes that their chemistry will be explored
further.

6.1 Metallacycles incorporating a thiocarbonyl ligand

Several tricyclic fused-ring iridabenzenes that were discussed in Chapter 4
were prepared by migratory insertion of methyl propiolate into fused-ring
iridacyclopentadienes. It was envisioned that other species may be able to
insert in the same way. The thiocarbonyl ligand is known to readily undergo
migratory insertion reactions into metal–carbon bonds64,65,69–73 and this
was even exploited in the synthesis of the first metallabenzene.2 Naturally,
reactions involving thiocarbonyl ligands were explored briefly during this
work.

6.1.1 Spiro metallacycles

Insertion of a CS ligand into the Ir–C bond of an iridacyclopentadiene,
5, had been previously used to successfully prepare an iridabenzene, 6
(Scheme 6.1).65 It had also been shown that the addition of dimethyldithio-
carbamate to 6 displaces the acetonitrile ligand and the sulfur from iridium,
generating an iridacyclohexadienethione, 166. The nucleophilic thione sul-
fur could then be methylated to restore aromaticity to the six-membered ring
and form the iridabenzene, 167.178 A crystal structure of this previously-
reported species was serendipitously obtained during the course of this work
(Figure 6.1).

The reaction was found to take a different course when dimethyldithiocar-
bamate was added to the iridacyclopentadiene, 5, prior to the formation of
6. A five-membered metallacycle formed from iridium, the CS2 group of the
dimethylthiocarbamate and the carbon of the CS ligand. The rather unusual
spiro compound, Ir(C4H4)(SC[–NMe2]SC[=S])(PPh3)2 (168) (Scheme 6.1),
was isolated as a red solid in 70% yield. This complex can be thought of as
iridacyclopentadiene and irida-1λ4,3-dithiole-4-thione rings, fused in a spiro
fashion at iridium. Presumably the complex forms by initial displacement of
the labile acetonitrile ligand in 5 by one of the sulfur donors in ––S2CNMe2.
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Scheme 6.1. Synthesis of spiro metallacyclic complexes, 168 and 169.

Figure 6.1. ORTEP diagram of 167 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, solvent molecules and the triflate counteranion
are not shown for clarity. Selected distances [Å]: Ir–C1 2.014(7), Ir–C5 2.027(7), Ir–
S1 2.4637(17), Ir–S2 2.4580(17), C1–C2 1.392(9), C2–C3 1.363(9), C3–C4 1.414(10),
C4–C5 1.347(9), C1–S3 1.728(7), S3–C7 1.800(7), S1–C6 1.720(7), C6–S2 1.711(7),
C6–N1 1.340(8).
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The remaining non-coordinated sulfur could subsequently attack the elec-
trophilic CS carbon to complete the five-membered ring.

In the 1H NMR spectrum of 168, signals at 7.36, 7.61 ppm (H1 and H4)
and 5.10, 5.76 ppm (H2 and H3) are in expected positions for iridacyclopen-
tadienes. The metal-bound carbons for 168 resonate at 136.45 and 168.72
ppm (C1 and C4) and 135.14 ppm (C5) in the 13C{1H} NMR spectrum,
which are appropriate for Ir–C single bonds. The large down-field shift for
C6 (207.27 ppm) results from deshielding by nitrogen and the two nearby
sulfur atoms. An infrared band at 962 cm––1 was assigned to the thione.

The thione sulfur in 168 is nucleophilic in nature and could be read-
ily alkylated on treatment with methyl triflate. The cationic derivative,
[Ir(C4H4)(SC[NMe2]SC[–SMe])(PPh3)2][O3SCF3] (169), was obtained as green
crystals in good yield (Scheme 6.1). The Ir–C5 bond now possesses some
multiple bonding character and so this ring can now be considered as an
irida-1λ4,3-dithiole with a thiomethyl substituent.

The major evidence for the transformation to 169 are the new singlets
assigned to the –SMe group, at 2.29 and 26.67 ppm in the 1H and 13C{1H}
NMR spectra, respectively. The chemical shifts of other nuclei in the irida-
cyclopentadiene ring were similar to the related nuclei in the precursor.

The single crystal X-ray structure of 169 was determined and confirms
the formulation as a bicyclic spiro complex fused at iridium (Figure 6.2).
The Ir–C and C–C bond distances within the iridacyclopentadiene ring
are consistent with conjugated double bonds. The distances in the irida-
1λ4,3-dithiole ring (Ir–C5 2.013(8), C5–S2 1.727(9), S2–C6 1.767(9), C6–S1
1.690(8), S1–Ir 2.417(2) Å) are intermediate between typical single and dou-
ble bonds and may indicate that there is some degree of π-delocalisation in
this ring. The C5–S3 bond (1.704(9) Å) is also rather short for a carbon-
sulfur single bond and so resonance forms involving a double bond between
these atoms may also be important in determining the overall structure.
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Figure 6.2. ORTEP diagram of 169 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, solvent molecules and the triflate counteranion
are not shown for clarity. Selected distances [Å]: Ir–C1 2.069(8), Ir–C4 2.124(8), Ir–
C5 2.013(8), Ir–S1 2.417(2), C1–C2 1.315(12), C2–C3 1.445(13), C3–C4 1.326(12),
C5–S2 1.727(9), S2–C6 1.767(9), C6–S1 1.690(8), C6–N1 1.332(10), C5–S3 1.704(9),
S3–C7 1.787(8).

6.1.2 CS insertion into bicyclic iridacyclopentadienes

In light of the reliable, high-yielding synthesis of the iridabenzene 6 by CS
insertion (Scheme 6.1), it was reasoned that the same ligand may insert into
fused-ring iridacyclopentadienes such as those described in Chapter 4.

To obtain a fused-ring iridacyclopentadiene containing the thiocarbonyl
ligand, a dichloromethane solution of [Ir(CS)(NCMe)(PPh3)2][O3SCF3]

103

was treated with 1,6-heptadiyne and stirred for two hours at 0 ℃. Unlike the
related species prepared in Chapter 4, the reaction does not occur cleanly
and a large number of side products were formed. Column chromatogra-
phy was found to worsen the situation and resulted in further loss of the
desired product. To improve the overall yield, chloride was added in a fi-
nal step to replace the acetonitrile ligand and generate a neutral product,
which was found to be easier to purify. The fused-ring iridacyclopentadiene,
Ir(C4H2{(CH2)3–2, 3)Cl(CS)(PPh3)2 (170), was isolated as a yellow solid in
low 24% yield (Scheme 6.2). This species is comprised of an iridacyclopen-
tadiene ring fused with a five-membered cyclopentane ring through a shared
C–C bond.

The spectral data for 170 were found to be very similar to that of its non-
fused analogue103 and the related species in Chapter 4. Specifically, signals
for the H1 and H4 protons (see Scheme 6.2 for the numbering system used)
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were located at 5.42 and 6.68 ppm in the 1H NMR spectrum, and C1 and
C4 were found at 129.28 and 134.22 ppm in the 13C{1H} NMR spectrum.
These chemical shifts are consistent with Ir–C single bonds. The carbon of
the CS ligand resonates much further down-field, at 283.07 ppm, similar to
CS ligands in other iridium complexes.65,80,103

Attempts to form the related species with a fused six-membered cyclo-
hexane rings, via treatment with 1,7-octadiyne rather than 1,6-heptadiyne,
were unsuccessful. One possible explanation for this is that assembly of
the six-membered fused rings are too slow compared to the rate of the side
reactions.

Scheme 6.2. Synthesis of fused-ring iridabenzenes, 171 and 172.

Insertion of the CS carbon into the iridacyclopentadiene ring of 170
does not occur under ambient conditions. However, on heating in a 1,2-
dichloroethane solution under reflux for eight hours, ring expansion occurs
to give the fused-ring iridabenzene, Ir(C5H2{S–1}{(CH2)3–2, 3})Cl(PPh3)2
(171), as a dark yellow solid in 71% isolated yield (Scheme 6.2). In addition
to the fused iridabenzene and five-membered carbon rings, this complex
contains an iridathiirene Ir–C–S ring.

The H5 protons resonate at 11.90 ppm in the 1H NMR spectrum of
171, indicative of Ir–C1 multiple bonding character. In the 13C{1H} NMR
spectrum, C1 (245.85 ppm) and C5 (158.33 ppm) are shifted much further
down-field and were located in typical iridabenzene positions.3,5–7 The fused-
five membered ring gives rise to three signals in both the 1H and 13C NMR
spectra in typical alkyl positions.

The nucleophilic sulfur in 171 is only weakly coordinated to iridium
and can be readily alkylated by methyl triflate, furnishing Ir(C5H2{SMe–
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1}{CH2)3–2, 3})Cl2(PPh3)2 (172) as a purple solid in 42% isolated yield.
Additional chloride is required in order to coordinate to iridium in the site
previously occupied by sulfur. 172 can be considered as a metalla-analogue
of organic indane.

The appearance of singlets at 1.69 ppm and 21.32 ppm in the 1H and
13C{1H} NMR spectra, respectively, confirm that the sulfur has been methy-
lated. The NMR spectral data (eg. 1H: 11.58 (H5), 6.28 (H2) ppm, 13C{1H}:
223.89 (C1), 189.63 (C5) ppm) are otherwise very similar to 171 and other
reported iridabenzenes.3,5–7

While CS insertion into a fused-ring iridacyclopentadiene did result in two
new and rather interesting fused-ring iridabenzenes, the initial cyclisation
step was unreliable and yields were consistently low. This, coupled with
the financial expense of the initial reagents, meant that this route was too
inefficient to pursue further and it was ultimately decided that research could
be better directed elsewhere.

6.2 Fused-ring iridacycles via acid-promoted vinylidene in-
sertion

The work which follows in this section was inspired by a previously-reported
synthetic route to iridabenzenes. It had been shown that the labile acetoni-
trile ligand in the iridacyclopentadiene 10 could be replaced by a σ-bound
alkynyl ligand, on treatment with phenylacetylene and triethylamine, to give
a neutral derivative, 173 (Scheme 6.4).239 Addition of an appropriate acid
could then convert the coordinated alkynyl into a vinylidene intermediate,
173A, which inserts into an Ir–C bond to give an iridacyclohexadiene, 174.
This species has an interesting agostic interaction between the α-hydrogen
on the phenyl ring and iridium.174 Addition of a further equivalent of acid
aromatised the six-membered ring and furnishes a dicationic iridabenzene,
175.66

We reasoned that this procedure could be extended and that other alkynes
might insert into the iridacyclopentadienes 10, 112 or 113. One alkyne
which was of specific interest was 2-ethynylpyridine as this could allow the
pyridine nitrogen to coordinate to iridium following the insertion step. To
this end, the three iridacyclopentadienes were each treated with a tenfold
excess of 2-ethynylpyridine and triethylamine. While the original report
stated that only one equivalent of alkyne and triethylamine was necessary,239

it was found that only very small amounts of the products were formed un-
der these conditions and a large excess of the reagents were required to
achieve satisfactory yields. The neutral products could be separated from
the charged starting materials simply by alumina column chromatography.
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Scheme 6.3. Previously reported synthesis of iridabenzenes via acid-promoted
vinylidene insertion.

After a final purification by recrystallisation, the neutral iridacyclopentadi-
enes, Ir(C4H2{(CH2)n–2, 3})(CO)(CC{o–Py})(PPh3)2 (n = 0, 176; n = 3,
177; n = 4, 178), were obtained as yellow solids in good yield (Scheme 6.4).

As the phenylacetylene and p-tolylacetylene analogues of 177 had not
yet been reported, these were also prepared in the same manner. The two
complexes, Ir(C4H4{(CH2)3–2, 3})(CO)(CCR)(PPh3)2 (R = Ph, 179, R =
p-tolyl, 180), were isolated as yellow solids (Scheme 6.4).

The collective spectroscopic data confirm the formulation of 176–180 as
iridacyclopentadienes with σ-bound alkynyl ligands. In the infrared spectra
of each complex, the C≡C triple bond in the coordinated alkynyl gives rise
to a strong band in the 2100–2120 cm––1 range. A second strong band, in the
1990–2010 cm––1 range, is assigned to the CO ligand in each complex as well.
The NMR spectral data are unremarkable and correspond well with other
iridacyclopentadienes described in this work and in the literature.174,239

Single crystal X-ray structure determinations have been conducted for
176, 177, 179 and 180. The molecular geometries are shown in Figure 6.3–
Figure 6.6, respectively. The Ir–C bond distances are consistent with single
bonds, and the C–C bond distances in the metallacyclic ring in each complex
are consistent with conjugated double bonds. The Ir–C bond distances for
the coordinated alkynyl (ca. 2.08–2.12 Å) are typical for terminal acetylides
and the C≡C distances (1.14–1.20 Å) are consistent with triple bonds.

The next step in the proposed synthesis involved treatment with acid.
In the original synthesis, β-protonation converted the coordinated alkynyl
into a vinylidene, which subsequently inserted into the iridacyclopentadiene
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Scheme 6.4. Coordination of alkynes to iridacyclopentadienes.

Figure 6.3. ORTEP diagram of 176 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and solvent molecules are not shown for clar-
ity. Selected distances [Å]: Ir–C1 2.089(3), Ir–C4 2.091(4), Ir–C5 2.076(3), Ir–C12
1.933(4), C1–C2 1.367(5), C2–C3 1.504(5), C3–C4 1.292(5), C5–C6 1.203(4), C6–
C7 1.437(4).
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Figure 6.4. ORTEP diagram of 177 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms, solvent molecules and minor disorder com-
ponents are not shown for clarity. Selected distances [Å]: Ir–C1 2.104(3), Ir–C4
2.121(3), Ir–C8 2.093(4), Ir–C15 1.908(3), C1–C2 1.329(5), C2–C3 1.459(5), C3–
C4 1.340(4), C2–C5 1.519(4), C3–C7 1.512(5), C5–C6 1.535(9), C6–C7 1.537(8),
C8–C9 1.145(5), C9–C10 1.447(5).

Figure 6.5. ORTEP diagram of 179 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the minor disorder component are not
shown for clarity. Selected distances [Å]: Ir–C1 2.123(8), Ir–C4 2.117(8), Ir–C8
2.096(7), Ir–C16 1.929(8), C1–C2 1.338(12), C2–C3 1.457(14), C3–C4 1.363(12),
C2–C5 1.514(12), C5–C6 1.360(20), C7–C6 1.680(30), C3–C7 1.482(13), C8–C9
1.182(9), C9–C10 1.452(10).

235



Figure 6.6. ORTEP diagram of 180 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms and the minor disorder component are not
shown for clarity. Selected distances [Å]: Ir–C1 2.113(3), Ir–C4 2.117(3), Ir–C8
2.121(3), Ir–C17 1.936(3), C1–C2 1.347(5), C2–C3 1.463(5), C3–C4 1.334(5), C2–
C5 1.508(5), C3–C7 1.515(5), C5–C6 1.399(11), C6–C7 1.609(12), C8–C9 1.128(5),
C9–C10 1.469(5).

ring.66 When suspensions of 176–178 in diethyl ether were treated with
an ethereal solution of tetrafluoroboric acid (as the diethyl ether complex,
HBF4·Et2O), the pyridine nitrogen on the coordinated alkynyl was preferen-
tially protonated and the cationic iridacyclopentadienes, [Ir(C4H2{(CH2)n–
2, 3})(CO)(CC[o–PyH])(PPh3)2][BF4] (n = 0, 181; n = 3, 182; n = 4,
183), precipitated as bright yellow or orange solids in very high yields
(Scheme 6.5). Only one equivalent of HBF4 was required to complete the
transformation, but the products were found to be unreactive towards fur-
ther acid and so an excess could be used without harm. Presumably the
overall cationic charge makes a second protonation unfavourable.

Protonation of the pyridine nitrogen has little influence on the spec-
troscopic properties of the complexes. In the 1H NMR spectra, the NH
protons were located in the 7.3–7.4 ppm range and thus were obscured
by the triphenylphosphine multiplet. Nonetheless, 1H–13C HMBC exper-
iments confirmed a correlation with nearby carbon nuclei on the pyridine
ring. Resonances at ca. –151 ppm in the 19F{1H} NMR spectra confirmed
the presence of BF4 counteranions.

The single crystal X-ray structures of 182 and 183 were collected and
the molecular geometries are given in Figure 6.7 and Figure 6.8, respectively.
The structural data are very similar to the precursor iridacyclopentadienes.
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Scheme 6.5. Protonation of the o-pyridylacetylide ligand in
iridacyclopentadienes 176–178.

The well-resolved BF4 counter anion in each structure confirms that the
complexes are overall monocationic.

Although they were found to be unreactive towards further protonation,
it was thought that a thermal rearrangement might allow the vinylidene in-
termediates to form by migration of the pyridinium protons. On heating 1,2-
dichloroethane solutions of the complexes, 181–183, under reflux for several
hours the fused-ring iridacyclohexadienes, [Ir(C5H2{(CH2)n–2, 3}{CHPy–
5})(CO)(PPh3)2][BF4] (n = 0, 184; n = 3, 185; n = 4, 186), were formed
and could be isolated as orange solids in moderate yields (Scheme 6.6). Some
of the unprotonated iridacyclopentadienes, 176–178, respectively, could also
be recovered as a fast-moving yellow band during column chromatography.

Presumably these reactions occur via migration of the pyridinium pro-
tons to the β-position of the coordinated alkynyls, generating vinylidene
intermediates. The recovery of some of the unprotonated iridacyclopentadi-
enes could suggest that β-proton addition is not necessarily an exclusively
intramolecular process. Insertion of the α-carbon of the vinylidene into an Ir–
C bond expands the iridacyclopentadiene into an iridacyclohexa-1,3-diene.
Coordination of the pyridine nitrogen to iridium completes the additional
iridapyrrole ring. These products are analogous to the iridacyclohexadienes
prepared previously (Scheme 6.3),66,174 with a pyridine nitrogen coordinat-
ing to iridium rather than an agostic interaction with hydrogen.
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Figure 6.7. ORTEP diagram of 182 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms on the phenyl rings and solvent molecules are
not shown for clarity. Selected distances [Å]: Ir–C1 2.104(4), Ir–C4 2.117(4), Ir–C8
1.913(4), Ir–C9 2.036(4), C1–C2 1.326(6), C2–C3 1.458(7), C3–C4 1.365(6), C2–
C5 1.527(7), C3–C7 1.517(7), C5–C6 1.479(9), C6–C7 1.512(9), C9–C10 1.215(6),
C10–C11 1.416(6).

Figure 6.8. ORTEP diagram of 183 showing 25% probability ellipsoids for non-
hydrogen atoms. Triphenylphosphine phenyl rings and solvent molecules are not
shown for clarity. Selected distances [Å]: Ir–C1 2.096(14), Ir–C4 2.115(13), Ir–C9
2.008(17), Ir–C16 1.910(15), C1–C2 1.311(18), C2–C3 1.417(19), C3–C4 1.381(18),
C2–C5 1.56(2), C3–C8 1.50(2), C5–C6 1.48(2), C6–C7 1.53(3), C7–C8 1.51(2), C9–
C10 1.225(17), C10–C11 1.45(2).
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Scheme 6.6. Thermal rearrangement of iridacyclopentadienes, 181–183, into
fused-ring iridacyclohexadienes, 184–186.

The characterisation data for the resulting complexes, 184–186, corre-
spond well with other reported iridacyclohexa-1,3-dienes.66,174 Specifically,
the infrared bands assigned to C≡C in the precursors are absent in the
IR spectra of 184–186. All the protons signals in the 1H NMR spectra
exhibited one-bond 1H–13C HSQC correlations to carbon nuclei, which con-
firms that none can relate to a proton on the pyridine nitrogen. In the 1H
NMR spectra, resonances for the metallacyclic ring protons were found in
the 5.00–7.00 ppm range, which is the expected region for conjugated double
bonds in a non-aromatic metallacycle. H1 was located at 7.83, 7.22 and 6.52
ppm for 184–186, respectively, consistent with iridium–carbon single bond
character and close to that of the reported 174 (6.64 ppm).

The structure of 184 has been determined by X-ray crystallography and
the molecular geometry is given in Figure 6.9. The formulation of 184 was
confirmed as a tricyclic fused-ring system consisting of iridacyclohexa-1,3-
diene, iridapyrrole and pyridine rings. The ring system consisting of the
Ir, C1–C11, N atoms is markedly planar — the greatest deviation from
the mean plane of the thirteen atoms is only 0.070 Å, occurring for C10.
The iridium–carbon bond distances (Ir–C1 2.071(7), Ir–C5 2.091(6) Å) are
consistent with single bonds and the carbon–carbon bond distances in the
metallacyclic rings are appropriate for conjugated double bonds.

The final step in the reported procedure involved addition of a final equiv-
alent of acid, which served to protonate C6 and aromatise the six-membered
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Figure 6.9. ORTEP diagram of 184 showing 50% probability ellipsoids for non-
hydrogen atoms. Hydrogen atoms on the phenyl rings and the counter anion are
not shown for clarity. Selected distances [Å]: Ir–C1 2.071(7), Ir–C5 2.091(6), Ir–N
2.174(5), Ir–C12 1.947(7), C1–C2 1.322(9), C2–C3 1.421(9), C3–C4 1.336(9), C4–
C5 1.427(8), C5–C6 1.346(8), C6–C7 1.434(9), C7–N 1.377(7), C7–C8 1.398(9),
C8–C9 1.366(9), C9–C10 1.396(9), C10–C11 1.377(9), C11–N 1.332(8).

metallacyclic ring.66 Unfortunately, there was no reaction when the irida-
cyclohexadiene complexes, 184–186, were treated with a further equivalent
of HBF4 at room temperature, both in the presence and absence of added
acetonitrile. Moving to a stronger acid, HO3SCF3, or heating solutions con-
taining HBF4 instigated decomposition of the metallacycles and no tractable
products could be obtained.

Finding a solution to overcome this obstacle would be an exciting avenue
for future work. One possibility could involve replacement of the carbon
monoxide ligand with an anionic ligand such as a halide. The overall neutral
product would presumably be more susceptible towards protonation. A
successful synthesis may lead to iridabenzenes where the properties could
be changed by reversible protonation of the pendant pyridyl arm — a pH-
dependent iridabenzene.

6.3 Summary

A number of new and interesting metallacycles were described in this chap-
ter.
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The thiocarbonyl ligand proved to be useful in generating some unique
spiro metallacyclic compounds, 168 and 169. Insertion of CS into an iri-
dacyclopentadiene also allowed a small amount of metallaindanes, 171 and
172, to be prepared.

Vinylidene insertion into iridacyclopentadienes was extended to include
2-ethynylpyridine. In a three step process, the acetylide is initially coordi-
nated to iridium by displacement of acetonitrile. The pyridine nitrogen could
then be selectively protonated. The key step involved inducing a thermal re-
arrangement of the protonated complexes to give fused-ring iridacyclohexa-
1,3-dienes with a pendant pyridyl coordinating to iridium. These complexes
are expected to lead to a suite of fused-ring iridabenzenes with interesting
properties in future work.

6.4 Experimental section for Appendix One

The iridium(I) thiocarbonyl complex, IrCl(CS)(PPh3)2, was prepared from
Vaska’s complex in a three-step procedure following the literature method.73

The cationic derivative, [Ir(CS)(NCMe)(PPh3)2][O3SCF3], and the cycli-
sation product with ethyne, [Ir(C4H4)(CS)(NCMe)(PPh3)2][O3SCF3], were
prepared from this substrate according to the literature methods.65

Ir(C4H4)(SC[NMe2]SC[=S])(PPh3)2 (168)

To a yellow solution of 5 (1.00 g, 0.997 mmol) in methanol (15 mL) was
added sodium dimethyldithiocarbamate (322 mg, 1.99 mmol) in methanol
(4 mL) dropwise over 1 min. The mixture was stirred for a further 5 min,
during which time a red precipitate formed, which was collected by filtration
and washed with ice-cold methanol (2 x 5 mL) and n-hexane (1 x 5 mL) to
give pure 168 (651 mg, 0.698 mmol, 70%) as red crystals.

ESI MS (m/z, [M+H]+): Calcd for 193IrC44H41S3P2N: 934.1506, found
934.1536.

Anal. Calcd for IrC44H40S3P2N: C, 56.63; H, 4.32; N, 1.50. Found: C,
55.90; H, 4.24; N, 1.45.

IR (cm––1): 1431s, 1093s, 962s ν(CS), 693s.

1H NMR (CDCl3, δ): 3.01 (s, 3H, S2CNMe2), 3.31 (s, 3H, S2CNMe2),
5.10 (d, 2JHH = 6.0 Hz, 1H, H2 or H3 ), 5.76 (dt, 2JHH = 8.4 Hz, 3JHP

= 2.4 Hz, 1H, H2 or H3 ), 7.13–7.68 (m, 30H, PPh3), 7.36 (d, partially
obscured by PPh3, H1 or H4 ), 7.61 (d, 2JHH = 6.0 Hz, 1H, H1 or H4 ).
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13C{1H} NMR (CDCl3, δ): 43.68 (s, S2CNMe2), 48.18 (s, S2CNMe2),
126.50 (t”, 2,4JCP = 9.6 Hz, o-PPh3), 129.20 (s, p-PPh3), 132.07 (t”, 1,3JCP

= 54.5 Hz, i -PPh3), 135.14 (t, 2JCP = 5.0 Hz, C5 ), 135.45 (t”, 3,5JCP =
9.5 Hz, m-PPh3), 136.16 (s, C2 or C3 ), 136.45 (t, 2JCP = 13.0 Hz, C1 or
C4 ), 149.10 (s, C2 or C3 ), 168.72 (m, C1 or C4 ), 207.37 (s, C6 ).

31P{1H} NMR (CDCl3, δ): –5.46 (s, PPh3).

[Ir(C4H4)(SC[NMe2]SC[SMe])(PPh3)2][O3SCF3] (169)

To a red solution of 168 (600 mg, 0.643 mmol) in dichloromethane (4 mL)
was added methyl triflate (141 μL, 1.29 mmol) and the resulting green mix-
ture was stirred for five minutes. After this time, diethyl ether (100 mL) was
added with rapid stirring to form a green precipitate, which was collected
by filtration and washed with diethyl ether (3 x 10 mL) to give pure 169
(577 mg, 0.526 mmol, 82%) as green microcrystals. A single crystal used for
X-ray analysis was grown from a chloroform/n-heptane solution and proved
to be a chloroform solvate.

ESI MS (m/z, [M – OTf]+): Calcd for 193IrC45H43S3P2N: 948.1662,
found 948.1714.

Anal. Calcd for IrC45H40S4O3F3P2N: C, 50.35; H, 3.95; N, 1.28. Found:
C, 50.28; H, 3.88; N, 1.29.

IR (cm––1): 1536m ν(CN), 1433m, 1262s, 1155s, 1091, 1029s, 921s, 693s.

1H NMR (CDCl3, δ): 2.29 (s, 3H, SMe), 3.42 (s, 3H, S2CNMe2), 3.46 (s,
3H, S2CNMe2), 5.27 (m, 1H, H2 or H3 ), 5.78 (m, 1H, H2 or H3 ), 7.17–7.45
(m, 30H, PPh3), 7.63 (d, 3JHH = 8.0 Hz, 1H, H1 or H4 ), 7.81 (d, 3JHH =
8.0 Hz, 1H, H1 or H4 ).

13C{1H} NMR (CDCl3, δ): 26.67 (s, SMe), 45.03 (s, S2CNMe2), 49.67
(s, S2CNMe2), 127.15 (t”, 2,4JCP = 9.9 Hz, o-PPh3), 129.91 (t”, 1,3JCP =
56.9 Hz, i -PPh3), 130.51 (s, p-PPh3), 134.20 (t”, 2JCP = 13.8 Hz, C5 ),
134.71 (t”, 3,5JCP = 9.3 Hz, m-PPh3), 134.98 (t”, 2JCP = 5.0 Hz, C1 or
C4 ), 141.87 (s, C2 or C3 ), 150.36 (t”, 3JCP = 4.5 Hz, C2 or C3 ), 155.90
(t”, 2JCP = 6.2 Hz, C1 or C4 ), 198.44 (s, C7 ).

31P{1H} NMR (CDCl3, δ): –5.50 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –78.10 (s, O3SCF 3).
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Ir(C4H2{(CH2)3–2, 3)Cl(CS)(PPh3)2 (170)

Ir(CS)Cl(PPh3)2 (250 mg, 0.314 mmol) and silver triflate (82.0 mg, 0.318
mmol) were added to a flame-dried flask, which was subsequently evacuated
for 1 h. Acetonitrile (15 mL) was then added and the resulting orange so-
lution was stirred for 10 min. After this time, the acetonitrile was removed
in vacuo, the residue was extracted with dichloromethane (10 mL) and vac-
uum filtered through a 3 x 3 cm silica gel pad. The pad was washed with
dichloromethane (1 x 5 mL) and 20% v/v acetone/dichloromethane (3 x 5
mL) to elute an orange filtrate. The solvents were removed under reduced
pressure and the residue was dried in vacuo.

The orange residue was dissolved in dichloromethane (20 mL) at 0 ℃ and
treated with 1,6-heptadiyne (35.9 μL, 28.9 mg, 0.314 mmol). Stirring was
continued for 2 h at reduced temperature, during which time the initially
bright orange mixture turned dark orange-brown. After this time, lithium
chloride (100 mg, 2.35 mmol) in methanol (10 mL) was added and stirring
was continued for 30 min. The solvents were once more removed under re-
duced pressure and the residue was subjected to column chromatography (6
x 1 cm silica gel column), eluting with dichloromethane. A yellow band was
collected, n-hexane was added and on slow removal of the dichloromethane
under reduced pressure, a yellow precipitate formed, which was collected by
filtration and washed with n-hexane (3 x 5 mL) to give pure 170 (66.0 mg,
0.0742 mmol, 24%) as yellow microcrystals.

ESI MS (m/z, [M + Na]+): Calcd for C44H
193
38 IrP2SNa: 911.1385, found

911.1410.

Anal. Calcd for IrC44H38P2SCl: C, 59.48; H, 4.31%. Found: C, 59.20;
H, 4.28%.

IR (cm––1): 1481m, 1434s, 1285s, 1092s, 742s, 692s.

1H NMR (CDCl3, δ): 1.19 (t, 3JHH = 6.8 Hz, 2H, H5 or H7 ), 1.29 (quin-
tet, 3JHH = 7.0 Hz, 2H, H6 ), 1.69 (m, 2H, H5 or H7 ), 5.42 (s, 1H, H1 or
H4 ), 6.68 (s, 1H, H1 or H4 ), 7.28–7.27 (m, 18H, PPh3), 7.67–7.72 (m, 12H,
PPh3).

13C{1H} NMR (CDCl3, δ): 29.10 (s, C5 or C7 ), 30.34 (s, C6 ), 30.85 (s,
C5 or C7 ), 127.28 (t”, 2,4JCP = 10.3 Hz, o-PPh3), 129.28 (t, 2JCP = 5.3
Hz, C1 or C4 ), 130.06 (s, p-PPh3), 130.44 (t”, 1,3JCP = 57.8 Hz, i -PPh3),
134.22 (t, 2JCP = 13.1 Hz, C1 or C4 ), 135.34 (t”, 3,5JCP = 10.0 Hz, m-
PPh3), 157.41 (s, C2 or C3 ), 162.92 (t, 3JCP = 3.6 Hz, C2 or C3 ), 283.07
(t, 2JCP = 8.2 Hz, CS).

31P{1H} NMR (CDCl3, δ): 0.43 (s, PPh3).
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Ir(C5H2{S–1}{(CH2)3–2, 3})Cl(PPh3)2 (171)

A solution of 170 (100 mg, 0.113 mmol) in 1,2-dichloroethane (20 mL) was
heated under reflux for 8 h, during which time the yellow-orange solution
was observed to darken in colour. The solvent was removed in vacuo, the
residue was dissolved in dichloromethane and subjected to column chro-
matography (10 x 1 cm silica gel column), eluting with dichloromethane.
A yellow band was collected, n-hexane was added and on slow removal of
dichloromethane under reduced pressure, a dark yellow precipitate formed,
which was collected by filtration and washed with n-hexane (3 x 5 mL) to
give pure 171 (71.5 mg, 0.0805 mmol, 71%) as dark yellow microcrystals.

ESI MS (m/z, [M – Cl]+): Calcd for C44H
193
38 IrP2S: 853.1799, found

853.1814.

IR (cm––1): 1558s, 1432s, 1090s, 895s, 742s, 692s.

1H NMR (CDCl3, δ): 1.47 (quintet, 3JHH = 7.2 Hz, 2H, H7 ), 1.74 (t,
3JHH = 7.3 Hz, 2H, H6 ), 2.35 (t, 3JHH = 7.2 Hz, 2H, H8 ), 5.46 (s, 1H, H2 ),
7.27–7.37 (m, 18H, PPh3), 7.53–7.71 (m, 12H, PPh3), 11.90 (t, 3JHP = 3.0
Hz, 1H, H5 ).

13C{1H} NMR (CDCl3, δ): 24.48 (s, C7 ), 35.87 (s, C6 ), 36.65 (s, C8 ),
116.52 (s, C2 ), 127.53 (t”, 2,4JCP = 9.3 Hz, o-PPh3), 129.69 (t”, 1,3JCP =
54.7 Hz, i -PPh3), 130.16 (s, p-PPh3), 135.14 (br s, m-PPh3), 141.74 (s, C3 ),
158.33 (t, 2JCP = 8.7 Hz, C5 ), 174.89 (s, C4 ), 245.85 (t, 2JCP = 8.7 Hz,
C1 ).

31P{1H} NMR (CDCl3, δ): 3.41 (s, PPh3).

Ir(C5H2{(C2, C3–CH2)3{SMe}–1)Cl2(PPh3)2 (172)

A solution of 171 (100 mg, 0.113 mmol) in dry dichloromethane (10 mL)
was treated with methyl triflate (70.0 μL, 0.105 mg, 0.640 mmol), causing
the initially yellow solution to rapidly turn dark red. Stirring was contin-
ued for 2 h at RT, after which time lithium chloride (50.0 mg, 1.18 mmol)
in methanol (10 mL) was added, causing an immediate colour change to
bright purple. Stirring was continued for a further 30 min, after which
time the solvents were removed under reduced pressure and the residue was
subjected to column chromatography (6 x 1 cm silica gel column), elut-
ing with dichloromethane. A purple band was collected, n-hexane (20 mL)
was added and on slow removal of dichloromethane under reduced pressure
a purple precipitate formed, which was collected by filtration and washed
with n-hexane (3 x 5 mL) to give pure 172 (45.0 mg, 0.0479 mmol, 42%) as
purple microcrystals.
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ESI MS (m/z, [M – Cl]+): Calcd for C45H
193
41 IrP2SCl2: 903.1710, found

903.1727.

Anal. Calcd for IrC45H41P2SCl2: C, 50.64; H, 3.87%. Found: C, 51.16;
H, 3.77%.

IR (cm––1): 1573s, 1482s, 1434s, 1092s, 692s.

1H NMR (CDCl3, δ): 1.41 (quintet, 3JHH = 7.6 Hz, 2H, H7 ), 1.69 (s,
3H, SMe), 1.85 (t, 3JHH = 7.3 Hz, 2H, H8 ), 2.38 (t, 3JHH = 7.4 Hz, 2H,
H6 ), 6.28 (s, 1H, H2 ), 7.21–7.31 (m, 18H, PPh3), 7.64–7.70 (m, 12H, PPh3),
11.58 (t, 3JHP = 1.6 Hz, 1H, H5 ).

13C{1H} NMR (CDCl3, δ): 21.32 (s, SMe), 24.39 (s, C7 ), 34.12 (s, C8 ),
37.92 (s, C6 ), 119.44 (s, C2 ), 127.16 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 129.74
(s, p-PPh3), 130.23 (t”, 1,3JCP = 55.2 Hz, i -PPh3), 135.32 (t”, 2,4JCP = 8.9
Hz, , m-PPh3), 136.92 (s, C4 ), 175.73 (s, C3 ), 189.63 (t, 2JCP = 6.9 Hz,
C5 ), 223.89 (t, 2JCP = 5.0 Hz, C1 ).

31P{1H} NMR (CDCl3, δ): –12.12 (s, PPh3).

Ir(C4H4)(CO)(CC{o–C5H5N})(PPh3)2 (176)

To a solution of 10 (100 mg, 0.100 mmol) in dichloromethane (5 mL)
was added 2-ethynylpyridine (48.9 μL, 49.9 mg, 0.484 mmol) and triethy-
lamine (67.5 μL, 49.0 mg, 0.484 mmol). The mixture was stirred for 2 h at
room temperature, after which time the solvent was removed under reduced
pressure and the residue was dried in vacuo. To the residue was added
dichloromethane and the mixture subjected to column chromatography (3 x
1 cm neutral alumina), eluting with dichloromethane until the column ran
clear. To the pale yellow filtrate was added n-hexane (30 mL) and slow
removal of the dichloromethane under reduced pressure gave an off-white
precipitate which was collected by filtration and washed thoroughly with
n-hexane (5 x 20 mL) to give pure 176 (72.0 mg, 0.0801 mmol, 80%) as
pale yellow crystals. The crystal used for X-ray structure determination
was grown by evaporation of a chloroform/n-heptane mixture and proved
to be a chloroform solvate.

ESI MS (m/z, [M + H]+): Calcd for C48H
193
39 IrP2ON: 900.2136, found

900.2157.

Anal. Calcd for IrC48H38P2ON: C, 64.13; H, 4.26; N, 1.56%. Found: C,
64.07; H, 4.48; N, 1.60%.

IR (cm––1): 2110s ν(C≡C), 1990s ν(CO), 1579s, 1435s, 1092s, 687s.
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1H NMR (CDCl3, δ): 5.62 (dm, 3JHH = 7.8 Hz, 1H, H1 or H4 ), 6.19
(m, 1H, H2 or H3 ), 6.57 (dt, 3JHH = 7.9 Hz, 3JHP = 1.0 Hz, C≡CPy{H-
2}), 6.82 (dd, 3JHH = 7.7 Hz, 3JHH = 2.1 Hz, H2 or H3 ), 6.86 (m, 1H,
C≡CPy{H-4})), 7.02 (dm, 3JHH = 7.7 Hz, 1H, H1 or H4 ), 7.27–7.34 (m,
18H, PPh3), 7.33 (partially obscured m, 1H, C≡CPy{H-3}), 7.72–7.79 (m,
12H, PPh3), 8.34 (dm, 3JHH = 5.1 Hz, 1H, C≡CPy{H-5}).

13C{1H} NMR (CDCl3, δ): 94.12 (t, 2JCP = 7.0 Hz, C≡CPy), 115.06 (s,
C≡CPy), 119.36 (s, C≡CPy{C-4}), 126.70 (s, C≡CPy{C-2}), 126.69 (t,
4JCP = 5.2 Hz, ≡CPy{C-1}), 127.44 (t”, 2,4JCP = 10.3 Hz, o-PPh3), 130.05
(s, p-PPh3), 131.64 (t”, 1,3JCP = 58.1 Hz, i -PPh3), 134.93 (s, C≡CPy{C-
3}), 135.02 (t”, 3,5JCP = 10.6 Hz, m-PPh3), 140.33 (br s, C1 or C4 ), 144.64
(t”, 2JCP = 4.3 Hz, C2 or C3 ), 146.66 (t”, 2JCP = 11.0 Hz, C1 or C4 ),
148.94 (s, C≡CPy{C-5}), 149.92 (t, 2JCP = 6.5 Hz, C2 or C3 ), 174.00 (t,
2JCP = 6.4 Hz, CO).

31P{1H} NMR (CDCl3, δ): –2.58 (s, PPh3).

Ir(C4H2{C2, C3–(CH2)3})(CO)(CCR)(PPh3)2 (R = o-Py, 177; R = Ph,
179; R = p-tolyl, 180)

To a solution of 112 (100 mg, 0.0972 mmol) in dichloromethane (5 mL) was
added 2-ethynylpyridine (48.9 μL, 49.9 mg, 0.484 mmol) followed by triethy-
lamine (67.5 μL, 49.0 mg, 0.484 mmol), causing the initially blue/purple
solution to turn orange-brown. Stirring was continued for 2 h, after which
time the volatiles were removed under reduced pressure and the residue was
dried in vacuo. The residue was subjected to column chromatography (3 x
1 cm neutral alumina), eluting with dichloromethane, until the column ran
clear. To the pale yellow filtrate was added n-hexane (20 mL) and on slow
removal of the dichloromethane under reduced pressure, a yellow precipi-
tate formed, which was collected by filtration and washed with n-hexane (3
x 5 mL) to give pure 177 (68.0 mg, 0.0724 mmol, 74%) as yellow crystals.
The crystal selected for X-ray structure determination was grown by slow
evaporation of a chloroform/cyclohexane mixture.

An identical procedure was used to obtain 179 (77.5 mg, 0.0826 mmol,
85%) as yellow crystals by replacing the alkyne with phenylacetylene (0.0500
mL, 46.5 mg, 0.456 mmol). The crystal selected for X-ray structure determi-
nation was grown by slow evaporation of a chloroform/cyclohexane mixture.

An identical procedure was used to obtain 180 (72.0 mg, 0.0756 mmol,
78%) as yellow crystals by replacing the alkyne with 4-ethynyltoluene (106
mg, 0.913 mmol). The crystal selected for X-ray structure determination
was grown by slow evaporation of a chloroform/cyclohexane mixture.
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For 177:

ESI MS (m/z, [M + H]+): Calcd for C51H
193
43 IrP2ON: 940.2447, found

940.2460.

Anal. Calcd for IrC51H42P2ON.0.25CH2Cl2: C, 64.10; H, 4.46; N, 1.46%.
Found: C, 64.14; H, 4.55; N, 1.37%.

IR (cm––1): 2106m ν(C≡C), 2078m, 2012s ν(CO), 1580m, 1554m, 1482s,
1460m, 1434s, 1091s, 753s, 690s.

1H NMR (CDCl3, δ): 0.98 (m, 2H, H5 or H7 ), 1.16 (quintet, 3JHH = 7.0
Hz, 2H, H6 ), 1.53 (m, 2H, H5 or H7 ), 6.38 (br s, 1H, H1 or H4 ), 6.43 (br s,
1H, H1 or H4 ), 6.54 (dt, 3JHH = 8.0 Hz, 5JHP = 1.0 Hz, 1H, C≡CPy{H-2}),
6.84 (ddd 3JHH = 7.4 Hz, 5.1 Hz, 4JHH = 1.3 Hz, 1H, C≡CPy{H-4}), 7.26
(partially obscured by PPh3, 1H, C≡CPy{H-3}), 7.27–7.31 (m, 18H, PPh3),
7.69–7.7.5 (m, 12H, PPh3), 8.31 (dm, 3JHH = 4.8 Hz, 1H, C≡CPy{H-5}.

13C{1H} NMR (CDCl3, δ): 29.42 (s, C5 or C7 ), 30.41 (s, C6 ), 30.91
(s, C5 or C7 ), 95.73 (t, 2JCP = 14.0 Hz, C≡CPy), 114.36 (s, C≡CPh),
119.17 (s, C≡CPy{C-4}), 124.31 (t, 2JCP = 12.9 Hz, C1 or C4 ), 126.65 (s,
C≡CPy{C-2}), 127.24 (t”, 2,4JCP = 10.3 Hz, o-PPh3), 127.61 (s, C≡CPy{C-
1}), 129.81 (s, p-PPh3), 131.79 (t”, 1,3JCP = 56.9 Hz, i -PPh3), 133.86 (t”,
2JCP = 7.3 Hz, C1 or C4 ), 134.89 (s, C≡CPy{C-3}), 134.99 (t”, 3,5JCP =
10.3 Hz, m-PPh3), 148.79 (s, C≡CPy{C-5}), 160.45 (s, C2 or C3 ), 165.22
(t, 3JCP = 3.6 Hz, C2 or C3 ), 173.34 (t, 2JCP = 6.4 Hz, CO).

31P{1H} NMR (CDCl3, δ): –1.41 (s, PPh3).

For 179:

ESI MS (m/z, [M + Na]+): Calcd for C52H
193
43 IrP2ONa: 961.2314, found

961.2348.

Anal. Calcd for IrC52H43P2O.0.25CH2Cl2: C, 65.42; H, 4.57%. Found:
C, 65.47; H, 4.59%.

IR (cm––1): 2110m ν(C≡C), 2069m, 1994s ν(CO), 1483s, 1434s, 1092s,
1028s, 742s, 691s.

1H NMR (CDCl3, δ): 1.04 (m, 2H, H5 or H7 ), 1.21 (quintet, 3JHH =
7.1 Hz, 2H, H6 ), 1.50 (m, 2H, H5 or H7 ), 6.39 (m, 2H, H1 and H4 ), 6.67
(dm, 3JHH = 7.1 Hz, 2H, C≡CPh{CH -2})), 6.97 (m, 1H, C≡CPh{CH -4})),
7.03 (t’m, 3JHH = 7.2 Hz, 2H, C≡CPh{CH -3})), 7.28–7.35 (m, 18H, PPh3),
7.70–7.80 (m, 12H, PPh3).

13C{1H} NMR (CDCl3, δ): 29.55 (s, C5 or C7 ), 30.48 (s, C6 ), 30.83 (s,
C5 or C7 ), 89.84 (t, 2JCP = 14.0 Hz, C≡CPh), 112.72 (s, C≡CPh), 124.24
(s, C≡CPh{CH-4}), 125.09 (t, 2JCP = 13.2 Hz, C1 or C4 ), 127.20 (t”,
2,4JCP = 10.3 Hz, o-PPh3), 127.53 (s, C≡CPh{CH-3}), 129.76 (s, p-PPh3),
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130.89 (s, C≡CPh{C -1}), 131.05 (s, C≡CPh{CH-2}), 132.02 (t”, 1,3JCP =
58.1 Hz, i -PPh3), 133.58 (t”, 2JCP = 6.9 Hz, C1 or C4 ), 134.98 (t”, 3,5JCP

= 10.4 Hz, m-PPh3), 160.31 (s, C2 or C3 ), 164.87 (s, C2 or C3 ), 173.65 (t,
2JCP = 7.3 Hz, CO).

31P{1H} NMR (CDCl3, δ): –2.59 (s, PPh3).

For 180:

ESI MS (m/z, [M + Na]+): Calcd for C53H
193
45 IrP2ONa: 975.2473, found

975.2480.

IR (cm––1): 2112m ν(C≡C), 2078m, 1991s ν(CO), 1508m, 1481m, 1434s,
1092s, 745s, 691s.

1H NMR (CDCl3, δ): 1.05 (t, 3JHH = 6.8 Hz, 2H, H5 or H7 ), 1.22
(quintet, 3JHH = 7.1 Hz, 2H, H6 ), 1.52 (m, 2H, H5 or H7 ), 2.26 (s, 3H,
Ph{CH 3-4}), 6.39 (br s, 1H, H1 or H4 ), 6.41 (br s, 1H, H1 or H4 ), 6.59
(d, 3JHH = 8.0 Hz, 2H, C≡CPh{Me-4}{CH -2})), 6.86 (d, 3JHH = 7.9 Hz,
2H, C≡CPh{Me-4}{CH -3})), 7.26–7.42 (m, 18H, PPh3), 7.66–7.80 (m, 12H,
PPh3).

13C{1H} NMR (CDCl3, δ): 21.36 (s, C≡CPh{CH3-4})), 29.54 (s, C5 or
C7 ), 30.48 (s, C6 ), 30.83 (s, C5 or C7 ), 87.93 (t, 2JCP = 14.5 Hz, C≡CPh),
112.53 (s, C≡CPy), 125.07 (t, 2JCP = 13.3 Hz, C1 or C4 ), 127.18 (t”, 2,4JCP

= 10.2 Hz, o-PPh3), 127.43 (t, 4JCP = 5.2 Hz, C≡Ph{Me-4}{C -1}), 128.28
(s, C≡Ph{Me-4}{CH-3}), 129.73 (s, p-PPh3), 130.71 (s, C≡Ph{Me-4}{CH-
2}), 132.07 (t”, 1,3JCP = 58.1 Hz, i -PPh3), 133.75 (s, C≡Ph{Me-4}{C -4}),
133.76 (t”, 2JCP = 6.6 Hz, C1 or C4 ), 134.98 (t”, 3,5JCP = 10.4 Hz, m-
PPh3), 160.23 (s, C2 or C3 ), 164.82 (s, C2 or C3 ), 173.67 (t, 2JCP = 7.5
Hz, CO).

31P{1H} NMR (CDCl3, δ): –2.70 (s, PPh3).

Ir(C4H2{C2, C3–(CH2)4})(CO)(CC[o–Py])(PPh3)2 (178)

To a solution of 113 (100 mg, 0.0960 mmol) in dichloromethane (5 mL) was
added 2-ethynylpyridine (48.9 μL, 49.9 mg, 0.484 mmol) followed by triethy-
lamine (67.5 μL, 49.0 mg, 0.0484 mmol), causing the initially blue/purple
solution to turn yellow-orange. Stirring was continued for 1 h, after which
time the volatiles were removed under reduced pressure and the residue was
dried in vacuo. The residue was then subjected to column chromatography
(6 x 1 cm silica gel column), eluting with dichloromethane, until the column
ran clear. To the yellow filtrate was added n-hexane (20 mL) and on slow
removal of the dichloromethane under reduced pressure a yellow precipitate
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formed, which was collected by filtration and washed with n-hexane (3 x 5
mL) to give pure 1245 (64.3 mg, 0.0675 mmol, 70%) as yellow crystals.

ESI MS (m/z, [M + H]+): Calcd for C52H
193
45 IrP2ON: 954.2604, found

954.2613.

IR (cm––1): 2104s ν(C≡C), 2010s ν(CO), 1579m, 1553m, 1482m, 1460m,
1433s, 1237m, 1090s, 739s, 700s.

1H NMR (CDCl3, δ): 0.64 (m, 2H, H6 or H7 ), 0.77 (m, 2H, H6 or H7 ),
1.16 (m, 2H, H5 or H8 ), 1.74 (m, 2H, H5 or H8 ), 6.48 (br s, 1H, H1 or
H4 ), 6.52 (dt, 3JHH = 8.0 Hz, 5JHP = 1.0 Hz, 1H, C≡CPy{H-2}), 6.54
(br s, 1H, H1 or H4 ), 6.84 (ddd 3JHH = 7.3 Hz, 5.0 Hz, 4JHH = 1.0 Hz,
1H, C≡CPy{H-4}), 7.27–7.32 (m, 18H, PPh3), 7.32 (partially obscured by
PPh3, 1H, C≡CPy{H-3}), 7.65–7.71 (m, 12H, PPh3), 8.32 (br d, 3JHH =
4.9 Hz, 1H, C≡CPy{H-5}.

13C{1H} NMR (CDCl3, δ): 24.37 (s, C6 or C7 ), 24.71 (s, C6 or C7 ),
31.94 (s, C5 or C8 ), 33.49 (s, C5 or C8 ), 95.94 (s, C≡CPy), 114.48 (s,
C≡CPy), 119.23 (s, C≡CPy{C-4}), 126.72 (s, C≡CPy{C-2}), 127.26 (t”,
2,4JCP = 10.2 Hz, o-PPh3), 127.45 (t, 4JCP = 5.2 Hz, ≡CPy{C-1}), 129.81
(s, p-PPh3), 130.07 (s, C≡CPy{C-3}), 131.07 (t”, 1,3JCP = 58.1 Hz, i -
PPh3), 133.98 (t, 2JCP = 13.3 Hz, C1 or C4 ), 134.93 (t”, 3,5JCP = 10.9 Hz,
m-PPh3), 141.54 (t”, 2JCP = 7.1 Hz, C1 or C4 ), 147.78 (br s, C2 or C3 ),
148.74 (s, C≡CPy{C-5}), 153.61 (t, 3JCP = 3.8 Hz, C2 or C3 ), 174.18 (t,
2JCP = 7.2 Hz, CO).

31P{1H} NMR (CDCl3, δ): –0.89 (s, PPh3).

[Ir(C4H4)(CC[o–PyH])(CO)(PPh3)2][BF4] (181)

To a solution/suspension of 176 (20.0 mg, 0.0222 mmol) in diethyl ether
(3 mL) was added dropwise over 1 min a separately prepared solution of
tetrafluoroboric acid (0.650 mL, ca. 0.0238 mmol, from a solution prepared
from 0.100 mL HBF4.OEt2 in 20 mL diethyl ether, approx. 0.0367 mol
L––1). A bright yellow precipitate formed, which was collected by filtration
and washed with diethyl ether (5 x 5 mL) to give pure 181 (21.0 mg, 0.0213
mmol, 96%) as yellow crystals.

ESI MS (m/z, [M – BF4]
+): Calcd for C48H

193
39 IrP2ON: 900.2136, found

900.2145.

Anal. Calcd for IrC48H39P2ONBF4: C, 58.42; H, 3.98; N, 1.42%. Found:
C, 58.30; H, 4.23; N, 1.44%.

IR (cm––1): 2107s ν(C≡C), 2077m, 2019s ν(CO), 2002m, 1620m, 1605m,
1248s, 1162s, 1022s, 618s.
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1H NMR (CDCl3, δ): 5.78 (d, 3JHH = 7.4 Hz, 1H, H1 or H4 ), 6.19 (m,
1H, H2 or H3 ), 6.67 (d, 3JHH = 8.4 Hz, 1H, PyH-2 ), 6.95 (m, 1H, H1 or
H4 ), 7.02 (dd, 3JHH = 7.5 Hz, 4JHH = 1.8 Hz, 1H, H2 or H3 ), 7.24 (t’,
3JHH = 6.6 Hz, 1H, PyH-4 ), 7.32–7.40 (m, 19H, PPh3 & PyNH ), 7.52–7.60
(m, 12H, PPh3), 7.78 (t, 3JHH = 7.6 Hz, 1H, PyH-3 ), 8.47 (d, 3JHH = 5.7
Hz, 1H, PyH-5 ).

13C{1H} NMR (CDCl3, δ): 77.22 (t, 2JCP = 8.4 Hz, C≡CPy), 107.78 (t,
2JCP = 7.0 Hz, C≡CPy), 120.34 (s, PyC-4 ), 127.74 (t”, 2,4JCP = 9.7 Hz,
o-PPh3), 128.98 (s, PyC-2 ), 130.47 (t”, 1,3JCP = 59.2 Hz, i -PPh3), 130.60
(s, p-PPh3), 134.87 (t”, 3,5JCP = 10.5 Hz, m-PPh3), 141.64 (s, PyC-5 ),
141.68 (t, 2JCP = 5.3 Hz, C1 or C4 ), 141.89 (s, PyC-3 ), 144.85 (t”, 2JCP

= 5.7 Hz, PyC-1 ), 144.89 (s, C2 or C3 ), 146.98 (t, 2JCP = 9.0 Hz, C1 or
C4 ), 147.76 (s, C2 or C3 ), 173.17 (s, CO).

31P{1H} NMR (CDCl3, δ): –1.23 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –151.10 (s, BF4).

[Ir(C4H2{(CH2)3–2, 3})(CC[o–PyH])(CO)(PPh3)2][BF4] (182)

To a solution/suspension of 177 (50.0 mg, 0.0532 mmol) in diethyl ether
(3 mL) was added dropwise over 1 min a separately prepared solution of
tetrafluoroboric acid (1.80 mL, ca. 0.0661 mmol, from a solution prepared
from 0.100 mL HBF4.OEt2 in 20 mL diethyl ether, approx. 0.0367 mol
L––1). A bright orange precipitate formed, which was collected by filtration
and washed with diethyl ether (5 x 5 mL) to give pure 182 (48.8 mg, 0.0475
mmol, 89%) as bright orange crystals. The crystal used for X-ray structure
determination was grown by slow evaporation of a chloroform/n-heptane
mixture and proved to be a chloroform solvate.

ESI MS (m/z, [M – BF4]
+): Calcd for C51H

193
43 IrP2ON: 940.2447, found

940.2480.

Anal. Calcd for IrC51H43P2ONBF4: C, 59.65; H, 4.22; N, 1.36%. Found:
C, 59.50; H, 4.22; N, 1.39%.

IR (cm––1): 2101s ν(C≡C), 2072s, 2002s ν(CO), 1619s, 1599s, 1434s,
1092s, 638s.

1H NMR (CDCl3, δ): 1.12 (m, 4H, H6 & H5 or H7 ), 1.48 (br s, 2H, H5
or H7 ), 6.44 (t”, 3JHH = 1.8 Hz, 1H, H1 or H4 ), 6.53 (s, 1H, H1 or H4 ),
6.77 (d, 3JHH = 8.1 Hz, 1H, PyH-2 ), (t’d, 3JHH = 6.8 Hz, 4JHH = 1.4 Hz,
1H, PyH-4 ), 7.29–7.41 (m, 19H, PPh3 & PyNH ), 7.50–7.60 (m, 12H, PPh3),
7.84 (t’d, 3JHH = 8.0 Hz, 4JHH = 1.5 Hz, 1H, PyH-3 ), 8.38 (br d, 3JHH =
6.7 Hz, 1H, PyH-5 ).
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13C{1H} NMR (CDCl3, δ): 29.85 30.46 30.70 (s, C5–C7 ), 77.36 (t, 2JCP

= 8.4 Hz, C≡CPy), 106.60 (br s, C≡CPy), 120.26 (s, PyC-4 ), 125.25 (t,
2JCP = 11.6 Hz, C1 or C4 ), 127.56 (t”, 2,4JCP = 10.2 Hz, o-PPh3), 129.09
(s, PyC-2 ), 130.22 (t, 2JCP = 7.6 Hz, C1 or C4 ), 130.42 (s, p-PPh3), 130.50
(t”, 1,3JCP = 58.9 Hz, i -PPh3), 134.79 (t”, 3,5JCP = 10.3 Hz, m-PPh3),
138.87 (s, PyC-5 ), 140.77 (s, PyC-1 ), 143.27 (s, PyC-3 ), 162.12 (s, C2 or
C3 ), 165.56 (t’, 4JCP = 3.8 Hz, C2 or C3 ), 172.46 (t, 2JCP = 7.0 Hz, CO).

31P{1H} NMR (CDCl3, δ): 0.89 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –151.25 (s, BF4).

[Ir(C4H2{(CH2)4–2, 3})(CC[o–PyH])(CO)(PPh3)2][BF4] (183)

To a solution/suspension of 178 (20.0 mg, 0.0210 mmol) in diethyl ether
(3 mL) was added dropwise over 1 min a separately prepared solution of
tetrafluoroboric acid (0.600 mL, ca. 0.0220 mmol, from a solution prepared
from 0.100 mL HBF4.OEt2 in 20 mL diethyl ether, approx. 0.0367 mol
L––1). A bright orange precipitate formed, which was collected by filtra-
tion and washed with diethyl ether (5 x 5 mL) to give pure 183 (20.4 mg,
0.0185 mmol, 88%) as bright orange crystals. 1H NMR indicated the pres-
ence of ca. 0.75 equivalents of dichloromethane of solvation. The crystal
selected for X-ray structure determination was grown by slow evaporation
of a chloroform/cyclohexane mixture.

ESI MS (m/z, [M – BF4]
+): Calcd for C52H

193
45 IrP2ON: 954.2606, found

954.2605.

Anal. Calcd for IrC52H45P2ONBF4·0.75CH2Cl2: C, 57.36; H, 4.24; N,
1.27%. Found: C, 57.25; H, 4.27; N, 1.28%.

IR (cm––1): 2097s ν(C≡C), 2068s, 2003s ν(CO), 1618m, 1596s, 1434s,
1270m, 1093s, 693s.

1H NMR (CDCl3, δ): 0.63 (m, 2H, H6 or H7 ), 0.74 (m, 2H, H6 or H7 ),
1.30 (br t’, 3JHH = 5.2 Hz, 2H, H8 or H11 ), 1.70 (br s, 3JHH = 5.2 Hz, 2H,
H8 or H11 ), 6.50 (br s, 1H, H1 or H4 ), 6.61 (s, 1H, H1 or H4 ), 6.72 (d,
3JHH = 8.1 Hz, 1H, PyH-2 ), 7.21 (t’d, 3JHH = 7.1 Hz, 4JHH = 1.6 Hz, 1H,
PyH-4 ), 7.31–7.38 (m, 18H, PPh3), 7.37 (br s, PyNH ), 7.49–7.54 (m, 12H,
PPh3), 7.81 (t’d, 3JHH = 7.5 Hz, 4JHH = 1.7 Hz, 1H, PyH-3 ), 8.41 (br d,
3JHH = 6.8 Hz, 1H, PyH-5 ).

13C{1H} NMR (CDCl3, δ): 24.24 (s, C6 or C7 ), 24.44 (s, C6 or C7 ),
32.26 (s, C8 or C11 ), 33.10 (s, C8 or C11 ), 77.37 (partially obscured,
C≡CPy), 106.87 (t, 2JCP = 4.5 Hz, C≡CPy), 120.13 (s, PyC-4 ), 127.59 (t”,
2,4JCP = 10.2 Hz, o-PPh3), 129.12 (s, PyC-2 ), 130.41 (s, p-PPh3), 130.44
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(t”, 1,3JCP = 59.0 Hz, i -PPh3), 134.72 (t”, 3,5JCP = 10.3 Hz, m-PPh3),
134.86 (s, C1 or C4 ), 138.10 (t”, 2JCP = 7.1 Hz, C1 or C4 ), 139.11 (t”,
2JCP = 5.7 Hz, PyC-1 ), 141.02 (s, PyC-5 ), 142.92 (s, PyC-3 ), 150.19 (s,
C2 or C3 ), 153.84 (s, C2 or C3 ), 173.22 (t, 2JCP = 7.7 Hz, CO).

31P{1H} NMR (CDCl3, δ): 0.29 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –151.29 (s, BF4).

[Ir(C5H4{CHPy–5})(CO)(PPh3)2][BF4] (184)

A solution of 181 (100 mg, 0.103 mmol) in 1,2-dichloroethane was heated
under reflux for 3 h. After this time, the solvent was removed under reduced
pressure and the residue was subjected to column chromatography (12 x 1
cm silica gel column), eluting first with dichloromethane followed by 2%
v/v methanol/dichloromethane. An orange band was collected, the solvents
were removed under reduced pressure and the residue was recrystallised
from dichloromethane and n-hexane. The orange crystals which formed
were collected by filtration and washed with n-hexane (3 x 5 mL) to give
pure 184 (64.5 mg, 0.0663 mmol, 64%) as orange crystals. The crystal
used for X-ray analysis was grown by slow evaporation of a chloroform and
n-heptane mixture.

ESI MS (m/z, [M – BF4]
+): Calcd for C48H

193
39 IrP2ON: 900.2136, found

900.2162.

Anal. Calcd for IrC48H39P2ONBF4·CH2Cl2: C, 56.04; H, 3.90; N, 1.34%.
Found: C, 55.70; H, 3.68; N, 1.41%.

IR (cm––1): 2013s ν(CO), 1607s, 1465s, 1434s, 1090s, 744s, 692s, 516s.

1H NMR (CDCl3, δ): 4.76 (dd, 3JHH = 10.1, 9.6 Hz, 1H, H3 ), 5.00 (d,
3JHH = 10.1 Hz, 1H, H4 ), 5.93 (t’, 3JHH = 9.1 Hz, 1H, H2 ), 6.30 (t’, 3JHH

= 6.4 Hz, 1H, H10 ), 6.47 (t, 3JHP = 4.1 Hz, 1H, H6 ), 6.77 (d, 3JHH = 8.2
Hz, 1H, H8 ), 7.19 (t’, 3JHH = 7.8 Hz, 1H, H9 ), 7.28–7.42 (m, 30H, PPh3),
7.73 (d, 3JHH = 5.5 Hz, 1H, H11 ), 7.83 (d, 3JHH = 9.9 Hz, 1H, H1 ).

13C{1H} NMR (CDCl3, δ): 121.46 (t, 2JCP = 6.3 Hz, C1 ), 121.88 (s,
C10 ), 122.15 (s, C8 ), 128.03 (t”, 1,3JCP = 58.2 Hz, i -PPh3), 128.49 (t”,
2,4JCP = 10.4 Hz, o-PPh3), 128.67–129.27 (m, C2, C4, C5 ), 131.43 (s, p-
PPh3), 134.55 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 134.68 (s, C9 ), 135.93 (t,
3JCP = 5.5 Hz, C6 ), 139.23 (s, C3 ), 153.68 (s, C11 ), 166.28 (s, C7 ), 174.20
(by HMBC, CO).

31P{1H} NMR (CDCl3, δ): –8.88 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –153.82 (s, BF4).
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[Ir(C5H2{(CH2)4–2, 3}{CHPy–5})(CO)(PPh3)2][BF4] (185)

A solution of 182 (50.0 mg, 0.0494 mmol) in 1,2-dichloroethane was heated
under reflux for 3 h. After this time, the solvent was removed under reduced
pressure and the residue was subjected to column chromatography (12 x 1
cm silica gel column), eluting first with dichloromethane followed by 2%
v/v methanol/dichloromethane. An orange band was collected, the solvents
were removed under reduced pressure and the residue was recrystallised
from dichloromethane and n-hexane. The orange crystals which formed
were collected by filtration and washed with n-hexane (3 x 5 mL) to give
pure 185 (18.20 mg, 0.0180 mmol, 36%) as orange crystals.

ESI MS (m/z, [M – BF4]
+): Calcd for C51H

193
43 IrP2ON: 940.2449, found

940.2464.

Anal. Calcd for IrC52H45P2ONBF4·CH2Cl2: C, 60.00; H, 4.36; N, 1.35%.
Found: C, 59.98; H, 4.48; N, 1.56%.

IR (cm––1): 2004s ν(CO), 1602m, 1482sm 1471s, 1434s, 1092s, 1054s,
692s.

1H NMR (CDCl3, δ): 0.94 (quintet, 3JHH = 7.1 Hz, 2H, H13 ), 1.39 (t,
3JHH = 7.2 Hz, 2H, H14 ), 1.91 (t, 3JHH = 7.2 Hz, 2H, H12 ), 4.92 (s, 1H,
H4 ), 6.28 (t’, 3JHH = 6.9 Hz, 1H, H10 ), 6.36 (t, 3JHP = 3.3 Hz, 1H, H6 ),
6.62 (d, 3JHH = 8.0 Hz, 1H, H8 ), 7.09 (t’, 3JHH = 7.2 Hz, 1H, H9 ), 7.22
(t, 3JHP = 3.2 Hz, 1H, H1 ), 7.24–7.45 (m, 30H, PPh3), 7.80 (d, 3JHH = 5.9
Hz, 1H, H11 ).

13C{1H} NMR (CDCl3, δ): 23.73 (s, C13 ), 34.72 (s, C14 ), 36.86 (s, C12 ),
120.88 (s, C10 ), 121.67 (s, C2 ), 122.56 (s, C4 ), 128.00 (t”, 1,3JCP = 57.6
Hz, i -PPh3), 128.34 (t”, 2,4JCP = 10.4 Hz, o-PPh3), 128.71 (t, 3JCP = 4.5
Hz, C5 ), 131.32 (s, p-PPh3), 132.06 (s, C6 ), 134.00 (t, 3JCP = 6.8 Hz, C1 ),
134.51 (t”, 3,5JCP = 9.8 Hz, m-PPh3), 138.85 (s, C9 ), 140.61 (s, C3 ), 153.14
(s, C11 ), 154.70 (s, C8 ), 167.44 (s, C7 ), 172.05 (s, CO).

31P{1H} NMR (CDCl3, δ): –8.45 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –153.58 (s, BF4).

[Ir(C5H2{(CH2)4–2, 3}{CHPy–5})(CO)(PPh3)2][BF4] (186)

A solution of 183 (100 mg, 0.0961 mmol) in 1,2-dichloroethane was heated
under reflux for 3 h. After this time, the solvent was removed under reduced
pressure and the residue was subjected to column chromatography (12 x 1
cm silica gel column), eluting first with dichloromethane followed by 2%
v/v methanol/dichloromethane. An orange band was collected, the solvents
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were removed under reduced pressure and the residue was recrystallised
from dichloromethane and n-hexane. The orange crystals which formed
were collected by filtration and washed with n-hexane (3 x 5 mL) to give
pure 186 (76.0 mg, 0.0730 mmol, 76%) as orange crystals.

ESI MS (m/z, [M – BF4]
+): Calcd for C52H

193
45 IrP2ON: 954.2606, found

954.2613.

IR (cm––1): 1997s ν(CO), 1581s, 1482s, 1459s, 1433s, 1091s, 691s.

1H NMR (CDCl3, δ): 0.66 (m, 2H, H14 ), 0.78 (m, 2H, H13 ), 1.20 (t,
3JHH = 6.8 Hz, 2H, H15 ), 1.78 (br s, 2H, H12 ), 6.51 (s, 1H, H4 ), 6.52 (s,
1H, H1 ), 6.75 (t’, 3JHH = 7.0 Hz, 1H, H10 ), 6.78 (d, 3JHH = 8.5 Hz, 1H,
H8 ), 7.22–7.35 (m, 19H, PPh3 & H6 ), 7.59–7.65 (m, 13H, PPh3 & H9 ), 8.12
(d, 3JHH = 6.0 Hz, 1H, H11 ).

13C{1H} NMR (CDCl3, δ): 24.21 (s, C13 ), 24.52 (s, C14 ), 31.85 (s, C15 ),
33.38 (s, C12 ), 120.03 (s, C10 ), 127.38 (t”, 2,4JCP = 10.6 Hz, o-PPh3),
128.24 (s, C8 ), 128.35 (t, 3JCP = 4.6 Hz, C5 ), 130.11 (s, p-PPh3), 131.19
(t”, 1,3JCP = 58.9 Hz, i -PPh3), 131.36 (s, C6 ), 132.26 (s, C4 ), 134.74 (t”,
3,5JCP = 10.5 Hz, m-PPh3), 138.80 (s, C9 ), 140.44 (t”, 2JCP = 7.0 Hz, C1 ),
143.94 (s, C7 ), 145.19 (s, C11 ), 149.19 (s, C2 ), 153.97 (s, C3 ), 173.83 (t,
2JCP = 8.1 Hz, CO).

31P{1H} NMR (CDCl3, δ): –8.78 (s, PPh3).

19F{1H} NMR (CDCl3, δ): –153.02 (s, BF4).
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7 Appendix Two: Crystallographic details

7.1 Single crystal X-ray structure refinement details

X-ray intensities were recorded on a Siemens SMART diffractometer with a
Bruker APEX-II detector using graphite-monochromated Mo Kα radiation
(λ = 0.71073 Å), with the exception of 152 and 165, which were collected
using Cu Kα radiation (λ = 1.54184 Å), at the temperatures indicated. For
each crystal structure presented in this thesis, CIF files are available as
part of the supporting information in the attached disk and a summary of
the X-ray data is provided in the tables below. Data were integrated and
corrected for Lorentz and polarization effects using SAINT.240 Intensities
were corrected using multi-scan methods.241 The structures were solved by
direct or Patterson methods using the SHELXS-97 or SHELXS-2013 pro-
grams,242,243 or in rare cases with the SIR92 program.244 The structures
were refined by full-matrix least-squares on F2 using the SHELXL-97 or
SHELXL-2013 programs,242,243 operated through WinGX245 or OLEX2.246

Some structural features, such as least-squares planes, were calculated us-
ing the Mercury program.247,248 Unless otherwise stated, hydrogen atoms
were located geometrically and refined using a riding model. Diagrams were
produced using ORTEP3.245

7.1.1 Refinement details for structures described in Chapter Two

The asymmetric unit in the crystal structure of the compound 79 was found
to contain two parent molecules and five chloroform solvent molecules. The
refinement was complicated by disorder in four of the solvent molecules and
by the presence of a small impurity of compound 81. The solvent molecules
were refined over two positions with approximate ratios of 86:14, 79:21, 73:27
and 70:30. The minor components of these were refined isotropically. The
minor impurity of 81 differed by a only single bromine substituent, which
was modelled with ca. 9% occupancy.

The structural refinement of compound 81 was complicated by disorder
in the chloroform solvent (modelled over two positions in a ratio of ca. 68:32)
and in the triflate counteranion (modelled over three positions in a ratio of
ca. 68:20:13). The two minor components of the triflate anion were refined
isotropically, with the smallest component also requiring distance restraints.

The crystal of compound 86 exhibited disorder in both the triflate coun-
terion and the chloroform of solvation. The former was modelled over two
positions in an approximately 58:42 ratio, both of which required distance
and thermal parameter constraints, and the minor component was refined
isotropically. The chloroform solvent was modelled over two sites, one of

255



which was threefold disordered about the C–Cl axis. These were refined to
partial occupancies of 0.31:0.21:0.23:0.22, and all atoms were refined isotrop-
ically with distance constraints.

The crystal of compound 89 which was selected for X-ray structure de-
termination was grown from a slightly impure sample and was found to
contain a trace (<2%) inclusion of 88 which could not be adequately mod-
eled through disordered components. Thirteen reflections relating to the
nitro group of this impurity were excluded from the refinement.

The crystal of compound 91 used for X-ray structure determination con-
tained approximately one molecule of disordered chloroform per asymmetric
unit. This was modelled over four positions in the ratio 0.29:0.28:0.29:0.18.
C–Cl distances were constrained to be the same, all atoms were refined with
isotropic thermal parameters, and the hydrogen atoms for the solvent were
not included in the refinement.

The crystal structure of 95 contained two parent molecules per asymmet-
ric unit. The methoxy group on one of these molecules was poorly behaved,
seemingly due to interaction with diffuse solvent, which prevented ideal con-
vergence. Isotropic thermal parameters and distance restraints were applied
to the methoxy group which allowed a reasonable structure to be obtained.

Some residual electron density located about the heavy atoms (Ir, P)
indicated that there may a small degree of full molecule disorder present in
the crystal of 96. Due to their weak intensity, these were simply modelled as
disordered oxygen atoms with isotropic thermal parameters. The unit cell
also contained 1.5 molecules of cyclohexane of solvation, one of which was
disordered over two positions and modelled in a ratio of 78:22 (the minor
component refined isotropically), while the second resides about a special
position with half of the molecule on either side.

There was approximately one molecule of disordered chloroform solvent
in the crystal of 97. This was refined over two positions with a ratio of
57:43. The atoms were treated isotropically and required distance restraints
in order to model sensibly.

7.1.2 Refinement details for structures described in Chapter Three

Approximately 2.25 molecules of chloroform per molecule of 102 was found
to be present in the crystal selected for X-ray structure determination. The
partially occupant solvent molecule was located on an inversion centre and
was modelled over two positions in a 0.25:0.25 ratio. The atoms were refined
isotropically and required distance restraints, and a hydrogen atom was not
located for this molecule.
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A crystal of 103 was grown by slow evaporation of a dichloromethane
and n-hexane mixture. The high-angle data collected during the X-ray
acquisition was unfortunately found to be of poor quality and a small portion
had to be excluded. The refinement was complicated further by significant
disorder characteristics in the crystal structure. The methyl group on carbon
C7 was disordered over two positions in a ratio of ca. 56:44. The triflate
counter anion was also disordered over two positions, in a ratio of ca. 65:35.
Several distance and thermal parameter restraints were required. There was
also a region of heavily disordered solvent molecules which could not be
effectively modelled and so the SQUEEZE algorithm was invoked.249 The
calculation indicated that approximately 100 electrons were present per unit
cell in the solvent accessible void, which corresponds well with two molecules
of n-hexane (100 electrons).

Crystals of compound 104 were grown from a three-solvent mixture of
chloroform, methanol and cyclohexane. The crystal selected for X-ray study
was found to contain 1.5 molecules of chloroform, one molecule of methanol
and 0.5 molecules of cyclohexane per asymmetric unit. The 0.5 equivalents
of chloroform and cyclohexane arose as the molecules resided on special po-
sitions. The former was disordered about this position by rotation about a
C–Cl axis and was refined with 50% occupancy for each component. Dis-
tance restraints were also required. A hydrogen atom was not located for
this chloroform molecule. Distance restraints were also used when modelling
the cyclohexane solvent. The methanol solvent was refined isotropically.

The refinement of compound 108 was complicated by significantly dis-
ordered n-hexane solvent molecules. One molecule was located and refined
over two positions with a ratio of ca. 67:33. A second was located on an
inversion centre and was refined with 50% occupancy per asymmetric unit.
All solvent atoms were refined isotropically and required distance restraints,
and hydrogen atoms could not be affixed for some atoms in the latter n-
hexane molecule.

7.1.3 Refinement details for structures described in Chapter Four

The triflate counteranions of 119 were found be disordered over two special
positions, and further disordered about those positions. A reasonable model
was obtained by refining some of these atoms isotropically, and with the
aggressive use of distance restraints. The two positions were refined with an
approximate ratio of 53:47.
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The chloroform solvent in the crystal structure of 121 exhibited rota-
tional disorder about the C–H axis. This was modelled over the two posi-
tions in a ratio of ca. 61:39, and the carbon atom in the minor component
was refined isotropically.

The C6 carbon and its two hydrogens were disordered over two positions
within the crystal structure of 122, located above and below the ring plane.
These were refined to a ratio of ca. 53:47.

An isolated peak in the difference map was located very close to an inver-
sion centre in the crystal structure of compounds 122 and 123. The most
reasonable models were obtained when this was modelled as solvent water
with 50% occupancy on each side of the inversion centre. Hydrogen atoms
were not located for this molecule. Furthermore, in the structure of 122 the
C9 carbon and its two hydrogens were also disordered over two positions,
above and below the ring plane, and were refined with a ratio of ca. 55:45.

The crystal structure of 124 contained two equivalents of chloroform of
solvation. Both of these were disordered around a C–Cl axis, and were
refined with 50% occupancy in each site. Hydrogen atoms were not located
for these two molecules. The C9 carbon and its two hydrogens were also
disordered over two positions, above and below the ring plane, and were
refined with 50% occupancy in each site.

The crystal data collected for 125 was of rather low quality and a num-
ber of thermal parameter restraints were required to elucidate a reasonable
structure. The C9 carbon and its associated protons were disordered over
two positions in a ratio of ca. 55:46.

Crystals of 126 grew in an orthorhombic lattice setting. Refinement of
half of the complex allowed the second half to be generated by symmetry, as
the metallacyclic rings lay on a mirror plane. The C9 and C10 carbons were
refined over two positions with 50% occupancy at each site. Two molecules
of chloroform solvent were also present, both of which were also refined over
two positions in a 50:50 ratio.

The quality of the X-ray data collected for 127 was reduced by a poorly
defined cyclohexane molecule, which was refined with full occupancy as the
minor disordered components could not be located. Similarly, a minor dis-
ordered component for the C8 to C11 carbon atoms was likely present but
could not be located and resulted in elongated ellipsoids for these atoms.

The methyl group of an ethanol solvent molecule was found to reside on
an inversion centre in the crystal structure of compound 133. This was
modelled with 50% occupancy over the two positions, and hydrogen atoms
were not located for the methyl and oxygen groups. The C9 carbon and its
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two hydrogens were also disordered over two positions, above and below the
ring plane, and were refined with a ratio of ca. 69:31.

One equivalent of ethanol solvent was present in the crystal structure of
134. This was found to be disordered over two positions, which were refined
with a ratio of ca. 54:46. Distance restraints were required and some atoms
were treated isotropically.

The crystal structure of compound 136 was complicated by a small
amount of full molecule disorder. Only the heavy atoms (Ir, P, Cl, Br)
gave rise to residual peaks which could be identified in the difference map.
These heavy atoms were refined with a ratio of ca. 89:11. Two molecules of
chloroform solvent also exhibited positional disorder, and both were refined
over two sites in ratios of ca. 68:32 and 64:36.

The crystal of 138 grew in an orthorhombic setting with the space group
Pnma. The high degree of symmetry of this group complicated the solution
of the disordered components and solvent. Two chloroform molecules and
bromine substituent were modelled as disordered over two positions in a
50:50 ratios. Extensive use of restraints was required.

A crystal of 142, obtained from the chlorination reaction of 122 was
found to contain a mixture of two isomers, namely 142a and 142b. These
isomers are distinct in only the site of chloro-substitution, and were refined
to an approximate ratio of 87:13. The five-membered saturated ring was
also disordered and refined over two positions in an approximate ratio of
76:24. Finally, a molecule of dichloromethane solvent was disordered about
a special positions, for which the occupancy was set at 50% for each site and
hydrogen atoms were not located.

Crystals of compound 144 were grown by slow evaporation of a chloro-
form and n-heptane mixture and were found to contain 0.5 equivalents of
chloroform per molecule of 144. A small impurity appeared to be present
of an almost identical compound with the C11 site was substituted with
bromine, and was modelled as a disordered component with ca. 15% occu-
pancy.

The crystals of 145 were grown by slow evaporation of a chloroform and
ethanol mixture and were found to contain significantly disordered solvent
about an inversion centre. This could not be effectively modelled through
disordered components and so the SQUEEZE algortihm249 was invoked.
The calculation determined that ca. 60 electrons were present in the solvent
accessible void, which corresponds well with one molecule of chloroform (58
electrons).
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7.1.4 Refinement details for structures described in Chapter Five

The crystal of the starting material 1,2-bis(bromomethyl)benzene used for
X-ray structure determination was found to be twinned and was refined as
a 2-component inversion twin.

The high-angle data collected for the crystal of 151 was found to be
rather weak and could not be integrated. This data was excluded from the
structural refinement.

Compound 153 was found to diffract weakly at high angles and this
necessitated the exclusion of some data blocks from the refinement. The
crystal obtained contained 0.5 equivalents of chloroform and one equivalent
of cyclohexane per two molecules of the parent species. The cyclohexane
solvent was found to be significantly disordered and could not be effectively
modelled, which necessitated the use of the SQUEEZE algorithm.249 The
calculation indicated that approximately 49 electrons were present in the
solvent accessible void within the asymmetric unit, corresponding well with
one molecule of cyclohexane (48 electrons). The disordered solvent also
appeared to influence one phenyl ring on a triphenylphosphine ligand, for
which the thermal displacement parameters were restrained to be equal for
all atoms in this ring.

A combination of weak data and a small amount of full molecule disor-
der which could not be modelled contributed to the less than satisfactory
refinement of the crystal of 157. The carbon atoms in several of the phenyl
rings were restrained to have similar anisotropic displacement parameters.

The refinement of 158 was complicated by a region of disordered chlo-
roform solvent molecules. One molecule of chloroform was disordered over
two positions in a ratio of 66:34. A second molecule, with only partial oc-
cupancy, resided on a special position and was refined as being disordered
over two positions, each with 33% occupancy. A hydrogen atom was not
located for this molecule.

7.1.5 Refinement details for structures described in Appendix
One

The crystal structure of 167 contained two molecules of the parent com-
pound per asymmetric unit and three molecules of chloroform solvent. One
of the two triflate counterions was found to be disordered and was mod-
elled over two positions in an approximate 52:48 ratio. Several distance and
isotropic thermal parameters were required.
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The chloroform solvent in the crystal of 169 was found to be disordered
over two positions in a ratio of approximately 61:39. Distance and thermal
parameter restraints were required to model these effectively.

Significantly disordered solvent was also present in the structure of 176.
As this could not adequately be modelled with disordered components, the
SQUEEZE algorithm249 was utilised. The calculations indicated that ap-
proximately 59 electrons were present in the solvent accessible void, com-
mensurate with one molecule of chloroform (58 electrons).

The C6 carbon in the saturated fused ring of 177 was disordered over
two positions in an approximate ratio of 57:43.

The crystal of 179 appeared to contain diffuse solvent, which could not
satisfactorily be modelled with disordered components, nor did the situation
significantly improve when the SQUEEZE algorithm was invoked.249 As a
reasonable structure had already been obtained, the solution is presented
without modelling of the solvent. The C6 atom was also disordered over
two positions in an approximate ratio of 61:39.

The C6 atom in the saturated fused ring of 180 was disordered over two
positions in an approximate ratio of 54:46.

The chloroform solvent in the structure of 182 was found to be disordered
over two positions in an approximate ratio of 60:40.

The chloroform solvent in the structure of 183 was found to be disordered
over two positions and was refined with a 50:50 ratio. High-angle data blocks
were collected but were not found to be useable and had to be excluded from
the refinement.
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74·CH2Cl2 76 79·2.5CHCl3 81·CHCl3

Empirical formula
C29H29IrNO2PS2

·CH2Cl2
C39H31F3IrN2O3PS

C39H30IrN2O5PSF3Br
·2.5CHCl3

C39H29Br2IrN2O5PSF3

·CHCl3
Formula weight (g.mol––1) 795.75 919.89 1297.21 1197.06
Crystal system monoclinic monoclinic triclinic triclinic
Space group Cc P21/n P-1 P-1
a (Å) 19.4925(4) 9.9658(4) 15.0203(3) 11.3862(4)
b (Å) 13.8739(3) 12.0414(5) 17.8936(3) 12.2959(4)
c (Å) 11.2204(2) 29.9229(12) 18.8050(3) 16.7615(6)
α (◦) 90 90 76.0440(10) 96.085(2)
β (◦) 100.3140(10) 92.585(2) 88.9060(10) 95.222(2)
γ (◦) 90 90 73.2700(10) 115.979(2)
V (Å3) 2985.38(10) 3587.2(3) 4690.46(14) 2072.72(12)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 4 4 2
Calc ρ (g.cm––3) 1.770 1.703 1.837 1.918
F(000) 1568 1816 2532 1160
μ (mm––1) 4.874 3.888 4.262 5.491
Crystal size (mm) 0.26 x 0.30 x 0.33 0.08 x 0.18 x 0.36 0.05 x 0.26 x 0.40 0.24 x 0.29 x 0.32
2θ (min, max) (◦) 1.81, 27.91 1.36, 27.87 1.12, 27.72 1.87, 27.79
Reflections collected 17449 40596 88938 45412
Unique reflections 6109 8441 21601 9673
Completeness 99.8% 98.7% 98.1% 98.8%
T (min., max.) 0.2961, 0.3638 0.5902, 0.7456 0.1709, 0.2621 0.5610, 0.7456
Goodness-of-fit on F2 1.104 1.018 1.037 1.117
R, wR2 (observed) 0.0254, 0.0742 0.0362, 0.0676 0.0586, 0.1450 0.0276, 0.0630
R, wR2 (all data) 0.0261, 0.0746 0.0580, 0.0738 0.0959, 0.1647 0.0321, 0.0646
Largest peak/hole (eÅ––3) 1.122, –1.579 1.077, –1.007 1.849, –2.633 1.041, –0.922

Table 7.1. X-ray data summary for 74, 76, 79 and 81.
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82·CHCl3 85·CHCl3 86·CHCl3 87·CH2Cl2

Empirical formula
C44H37BrIIrO2P2

·CHCl3

C44H36Cl3IrO2P2

·CHCl3

C46H37F3IrNO8P2S
·CHCl3

C44H37ClIrNO4P2

·CH2Cl2
Formula weight (g.mol––1) 1178.05 1076.58 1193.33 1018.26
Crystal system triclinic monoclinic monoclinic monoclinic
Space group P-1 C2/c P21/c P21/c
a (Å) 12.2151(2) 12.870(6) 11.0544(1) 18.2683(9)
b (Å) 12.6741(2) 20.699(10) 16.6389(1) 9.3450(5)
c (Å) 15.2720(2) 32.576(15) 25.8602(1) 25.3659(11)
α (◦) 87.8510(10) 90 90 90
β (◦) 80.9170(10) 99.955(2) 90.440(1) 109.5150(10)
γ (◦) 65.0690(10) 90 90 90
V (Å3) 2116.02(6) 8547.5(7) 4756.41(5) 4081.6(3)
T (K) 99(2) 99(2) 92(2) 99(2)
Z 2 8 4 4
Calc ρ (g.cm––3) 1.849 1.673 1.666 1.657
F(000) 1140 4256 2364 2024
μ (mm––1) 5.131 3.612 3.152 3.591
Crystal size (mm) 0.35 x 0.35 x 0.35 0.28 x 0.32 x 0.38 0.14 x 0.22 x 0.24 0.10 x 0.34 x 0.37
2θ (min, max) (◦) 2.19, 27.79 1.884, 28.013 1.57, 26.39 2.34 to 27.86
Reflections collected 45378 52325 27360 46507
Unique reflections 9882 10246 9682 9620
Completeness 98.7 99.8 99.3% 99.1%
T (min., max.) 0.1862, 0.2621 0.5637, 0.7456 0.4740, 0.6430 0.1789, 0.2621
Goodness-of-fit on F2 1.072 1.123 1.105 1.070
R, wR2 (observed) 0.0427, 0.1159 0.0350, 0.0794 0.0330, 0.0678 0.0296, 0.0642
R, wR2 (all data) 0.0484, 0.1191 0.0400, 0.0812 0.0330, 0.0678 0.0384, 0.0676
Largest peak/hole (eÅ––3) 2.939, –4.156 2.573, –1.728 1.662, –1.306 2.176, –1.416

Table 7.2. X-ray data summary for 82, 85, 86 and 87.
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88·2CHCl3 90 91·CHCl3 92·CHCl3

Empirical formula
C44H36ClIrN2O6P2

·2CH2Cl2
C44H36Cl2IrNO4P2

C44H35Cl2IrN2O6P2

·CHCl3

C44H36BrClIrNO4P2

·CHCl3
Formula weight (g.mol––1) 1148.19 967.78 1131.14 1131.61
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P21/c P21/n P21/c P21/c
a (Å) 15.111(10) 14.748(4) 11.816(3) 18.355(9)
b (Å) 15.125(11) 18.571(5) 18.301(5) 9.868(5)
c (Å) 19.902(14) 14.814(4) 21.148(6) 25.105(12)
α (◦) 90 90 90 90
β (◦) 92.866(4) 108.570(12) 99.083(17) 108.232(3)
γ (◦) 90 90 90 90
V (Å3) 4543.0(5) 3846.09(18) 4515.8(2) 4318.9(4)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 4 4 4
Calc ρ (g.cm––3) 1.679 1.671 1.664 1.740
F(000) 2280 1920 2236 2224
μ (mm––1) 3.354 3.739 3.373 4.383
Crystal size (mm) 0.18 x 0.18 x 0.18 0.22 x 0.26 x 0.32 0.12 x 0.12 x 0.16 0.10 x 0.10 x 0.36
2θ (min, max) (◦) 1.69, 27.80 1.70, 27.74 1.95, 27.75 1.71, 27.94
Reflections collected 81413 44686 54059 50982
Unique reflections 10667 8989 10587 10255
Completeness 99.3% 99.2% 99.5% 99.1%
T (min., max.) 0.2071, 0.2622 0.3808, 0.4934 0.6321, 0.7456 0.5088, 0.7456
Goodness-of-fit on F2 1.160 1.091 1.057 1.026
R, wR2 (observed) 0.0313, 0.0750 0.0253, 0.0601 0.0357, 0.0784 0.0413, 0.0864
R, wR2 (all data) 0.0361, 0.0769 0.0306, 0.0621 0.0468, 0.0830 0.0624, 0.0941
Largest peak/hole (eÅ––3) 2.250, –1.411 1.540, –1.032 1.787, –1.295 1.482, –1.382

Table 7.3. X-ray data summary for 88, 90, 91 and 92.
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93 94 95 96·1.5C6H12·O

Empirical formula C47H36IrN3O2P2S3 C47H36IrN3O2P2S3 C45H38IrNO2P2S
C46H37IrN2O2P2S2

·C6H12·O
Formula weight (g.mol––1) 1025.11 1002.56 911.04 1110.27
Crystal system monoclinic triclinic triclinic triclinic
Space group P21/n P-1 P1 P-1
a (Å) 9.7880(5) 9.4457(10) 11.0710(4) 10.9090(3)
b (Å) 24.0930(12) 13.0986(12) 13.0406(5) 12.7240(3)
c (Å) 18.1600(8) 16.9541(19) 16.5180(6) 18.6370(5)
α (◦) 90 81.601(6) 79.022(2) 93.9030(16)
β (◦) 99.433(3) 86.716(7) 79.830(2) 97.6330(16)
γ (◦) 90 88.172(6) 77.807(2) 98.1290(16)
V (Å3) 4224.6(4) 2071.2(4) 2265.07(14) 2528.28(11)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 2 2 2
Calc ρ (g.cm––3) 1.612 1.608 1.336 1.458
F(000) 2040 996 908 1124
μ (mm––1) 3.428 3.507 3.097 2.831
Crystal size (mm) 0.10 x 0.10 x 0.34 0.12 x 0.14 x 0.36 0.10 x 0.27 x 0.36 0.10 x 0.10 x 0.34
2θ (min, max) (◦) 1.416, 28.034 2.16, 27.70 1.89, 27.85 1.88, 27.82
Reflections collected 48414 29874 43308 57660
Unique reflections 10009 8929 19804 11977
Completeness 97.7 95.1 99.2 99.7
T (min., max.) 0.5527, 0.7456 0.1813, 0.2620 0.6171 0.5924, 0.7456
Goodness-of-fit on F2 0.973 1.167 0.7456 1.027
R, wR2 (observed) 0.0551, 0.0911 0.0901, 0.1814 0.0515, 0.1257 0.0430, 0.0880
R, wR2 (all data) 0.1093, 0.1071 0.1216,0.1986 0.0634, 0.1334 0.0570, 0.0934
Largest peak/hole (eÅ––3) 1.797, –1.688 1.509, –1.637 1.324, –1.383 1.432, –1.107

Table 7.4. X-ray data summary for 93, 94, 95 and 96.
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97·CHCl3 102·CHCl3 103 104·1.5CHCl3·CH3OH·0.5C6H14

Empirical formula C46H36ClIrN2O2P2S2
C50H46F6IrNO9P2S2

·2.25CHCl3
C48H46ClF3IrNO5P2S

C53H45IrNO8P2S2F3

·1.5CHCl3·CH3OH·0.5C6H12

Formula weight (g.mol––1) 1119.45 1505.72 1095.58 1453.34
Crystal system triclinic triclinic triclinic triclinic
Space group P-1 P-1 P-1 P-1
a (Å) 11.0730(14) 14.4395(7) 12.1545(3) 11.6779(4)
b (Å) 13.7850(19) 14.4492(7) 14.6329(3) 13.3867(4)
c (Å) 18.537(2) 15.6829(8) 15.3179(4) 21.4719(7)
α (◦) 71.137(8) 70.723(3) 80.291(2) 75.484(2)
β (◦) 79.488(7) 83.467(3) 84.816(2) 89.933(2)
γ (◦) 82.551(8) 84.397(3) 72.706(2) 66.456(2)
V (Å3) 2625.0(6) 3062.3(3) 2561.61(11) 2960.43(17)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 2 2 2 2
Calc ρ (g.cm––3) 1.416 1.633 1.420 1.629
F(000) 1116 1497 1096 1457
μ (mm––1) 2.875 2.666 2.814 2.649
Crystal size (mm) 0.16 x 0.20 x 0.28 0.10 x 0.18 x 0.32 0.05 x 0.14 x 0.30 0.10 x 0.10 x 0.38
2θ (min, max) (◦) 1.17, 28.06 1.42, 27.85 2.169, 20.939 1.72, 27.95
Reflections collected 55283 65900 36707 50874
Unique reflections 12049 14411 5390 13882
Completeness 94.4 99.0 98.7 99.5
T (min., max.) 0.5668, 0.7456 0.5911, 0.7456 0.1873, 0.2538 0.2043, 0.2621
Goodness-of-fit on F2 0.959 0.994 1.049 1.013
R, wR2 (observed) 0.0734, 0.1531 0.0549, 0.1156 0.0424, 0.0829 0.0520, 0.1096
R, wR2 (all data) 0.1464, 0.1785 0.1017, 0.1362 0.0595, 0.0885 0.0781, 0.1215
Largest peak/hole (eÅ––3) 1.377, –1.605 1.556, –1.397 0.622, –0.694 2.121, –1.464

Table 7.5. X-ray data summary for 97, 102, 103 and 104.
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108·1.5C6H14 112·CHCl3 118 119

Empirical formula
C58H47ClIrNO4P2

·1.5C6H14

C47H41F3IrNO4P2S
·CHCl3

C46H39F3IrNO5P2S C47H40F3IrO5P2S

Formula weight (g.mol––1) 1240.90 1146.38 1014.97 1027.99
Crystal system monoclinic monoclinic triclinic monoclinic
Space group C2/c P21/n P1 C2/c
a (Å) 27.7004(6) 11.9120(3) 10.8992(6) 13.3636(4)
b (Å) 18.5196(4) 27.1100(7) 11.7101(6) 18.8635(6)
c (Å) 24.1775(5) 15.2100(4) 18.4580(10) 38.8990(12)
α (◦) 90 90 96.745(4) 90
β (◦) 108.8310(10) 107.2890(16) 104.823(4) 98.348(2)
γ (◦) 90 90 107.528(3) 90
V (Å3) 11739.2(4) 4689.9(2) 2122.8(2) 9701.9(5)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 8 4 2 8
Calc ρ (g.cm––3) 1.404 1.624 1.588 1.408
F(000) 5063 2280 1010 4096
μ (mm––1) 2.423 3.187 3.328 2.914
Crystal size (mm) 0.12 x 0.22 x 0.38 0.12 x 0.20 x 0.20 0.05 x 0.20 x 0.36 0.10 x 0.10 x 0.35
2θ (min, max) (◦) 1.75, 27.79 1.59, 27.86 1.17, 28.07 1.89, 27.85
Reflections collected 68328 55314 46887 49444
Unique reflections 13809 11114 19045 11353
Completeness 99.4 99.6 99.4 98.3
T (min., max.) 0.5456, 0.7456 0.2151, 0.2621 0.3638, 0.4918 0.5160, 0.7456
Goodness-of-fit on F2 1.037 1.020 1.038 1.105
R, wR2 (observed) 0.0373, 0.0775 0.0389, 0.0890 0.0602, 0.1356 0.0772, 0.1890
R, wR2 (all data) 0.0554, 0.0840 0.0551, 0.0964 0.0948, 0.1517 0.1096, 0.2033
Largest peak/hole (eÅ––3) 0.985, –0.807 1.292, –1.388 1.051, –1.309 3.295, –1.940

Table 7.6. X-ray data summary for 108, 112, 118 and 119.
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121·CHCl3 122·0.5H2O 123·0.5H2O 124·2CHCl3

Empirical formula
C45H40ClIrOP2

·CHCl3

C49H42F3IrO6P2S
·0.5H2O

C50H44F3IrO6P2S
·0.5H2O

C47H42ClIrO2P2

·2CHCl3
Formula weight (g.mol––1) 1005.73 1079.03 1093.06 1167.13
Crystal system monoclinic triclinic triclinic orthorhombic
Space group P21/n P-1 P-1 Pnma
a (Å) 15.1710(5) 11.6980(8) 11.7830(5) 18.7439(4)
b (Å) 16.5850(6) 12.5120(9) 12.4820(5) 16.6508(3)
c (Å) 16.3880(6) 16.9500(12) 17.2400(7) 15.4977(3)
α (◦) 90 72.142(4) 70.319(2) 90
β (◦) 92.22411) 79.032(5) 78.737(2) 90
γ (◦) 90 70.307(4) 70.011(2) 90
V (Å3) 4120.3(3) 2212.8(3) 2234.40(16) 4836.85(16)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 2 2 4
Calc ρ (g.cm––3) 1.621 1.619 1.625 1.603
F(000) 2000 1078 1094 2320
μ (mm––1) 3.613 3.200 3.170 3.252
Crystal size (mm) 0.20 x 0.24 x 0.36 0.12 x 0.20 x 0.28 0.15 x 0.15 x 0.25 0.12 x 0.26 x 0.38
2θ (min, max) (◦) 1.82, 27.84 1.90, 25.80 1.26, 27.84 2.49, 27.87
Reflections collected 49334 34649 48447 31585
Unique reflections 9736 8341 10399 5937
Completeness 99.4 97.9 97.8 99.6
T (min., max.) 0.6277, 0.7456 0.2057, 0.2596 0.6656, 0.7456 0.5170, 0.7456
Goodness-of-fit on F2 1.150 1.062 1.034 1.045
R, wR2 (observed) 0.0369, 0.0864 0.0340, 0.0711 0.0269, 0.0607 0.0290, 0.0673
R, wR2 (all data) 0.0495, 0.0921 0.0473, 0.0760 0.0331, 0.0635 0.0378, 0.0712
Largest peak/hole (eÅ––3) 1.411, –1.062 1.599, –0.972 1.729, –0.749 0.877, –0.583

Table 7.7. X-ray data summary for 121, 122, 123 and 124.
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125 126·2CHCl3 127·2C6H12 132·0.5CH3CH2OH

Empirical formula C47H42BrIrO2P2
C48H44ClIrO2P2

·2CHCl3

C48H44BrIrO2P2

·C6H12

C49H44BrF3IrO6P2S
·CH3CH2OH

Formula weight (g.mol––1) 972.85 1181.16 1071.04 1171.96
Crystal system triclinic orthorhombic triclinic monoclinic
Space group P-1 Pnma P-1 P21/n
a (Å) 10.6770(4) 18.7497(5) 10.7885(5) 11.4380(2)
b (Å) 12.2326(4) 16.6273(5) 12.2854(5) 27.3110(6)
c (Å) 18.5920(8) 15.5326(4) 17.4890(7) 15.3410(3)
α (◦) 97.732(3) 90 91.597(3) 90
β (◦) 100.240(3) 90 95.458(3) 102.2290(12)
γ (◦) 92.324(2) 90 93.954(2) 90
V (Å3) 2362.67(16) 4842.4(2) 2300.62(17) 4683.53(16)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 2 4 2 4
Calc ρ (g.cm––3) 1.367 1.620 1.546 1.662
F(000) 964 2352 1076 2324
μ (mm––1) 3.771 3.249 3.881 3.879
Crystal size (mm) 0.10 x 0.20 x 0.20 0.10 x 0.25 x 0.35 0.05 x 0.10 x 0.34 0.12 x 0.18 x 0.28
2θ (min, max) (◦) 1.885, 28.160 1.79, 27.74 1.66, 28.16 1.55, 27.79
Reflections collected 49780 31320 51250 55853
Unique reflections 11420 5892 11005 11013
Completeness 99.6 99.9 97.5 99.5
T (min., max.) 0.5153, 0.7456 0.5344, 0.7456 0.5775, 0.7456 0.1801, 0.2621
Goodness-of-fit on F2 0.948 1.043 1.034 1.067
R, wR2 (observed) 0.0929, 0.1955 0.0303, 0.0623 0.0592, 0.1209 0.0345, 0.0874
R, wR2 (all data) 0.2408, 0.2492 0.0416, 0.0661 0.1237, 0.1439 0.0443, 0.0912
Largest peak/hole (eÅ––3) 3.511, –1.397 0.761, –0.920 1.469, –2.617 2.617, –0.967

Table 7.8. X-ray data summary for 125, 126, 127 and 132.

269



133·CH3CH2OH 136·2CHCl3 138·2CHCl3 142·0.5CH2Cl2

Empirical formula
C50H43F3IrO6P2S
·CH3CH2OH

C48H43BrClIrO2P2

·2CHCl3

C48H41Br2IrO2P2

·2CHCl3

C48H42ClIrO3P2

·0.5CH2Cl2
Formula weight (g.mol––1) 1209.02 1260.06 1302.50 1147.94
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21/c P21/n Pnma P21/n
a (Å) 11.4970(2) 15.3330(9) 19.0095(6) 11.4530(2)
b (Å) 27.5650(4) 19.7890(11) 16.4693(6) 27.3890(5)
c (Å) 15.4500(2) 16.4470(9) 15.6525(5) 15.2060(3)
α (◦) 90 90 90 90
β (◦) 102.7810(9) 91.196(4) 90 101.4790(9)
γ (◦) 90 90 90 90
V (Å3) 4775.02(13) 4989.3(5) 4900.4(3) 4674.50(15)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 4 4 4
Calc ρ (g.cm––3) 1.682 1.677 1.765 1.631
F(000) 2408 2488 2552 2288
μ (mm––1) 3.808 3.955 4.788 3.145
Crystal size (mm) 0.10 x 0.10 x 0.34 0.32 x 0.35 x 0.35 0.05 x 0.24 x 0.28 0.08 x 0.28 x 0.36
2θ (min, max) (◦) 1.54, 27.78 1.61, 27.89 1.685, 28.206 2.04, 27.82
Reflections collected 57194 56794 26583 55899
Unique reflections 11164 11770 6183 11009
Completeness 99.0 98.9 99.5 99.5
T (min., max.) 0.5900, 0.7456 0.5091, 0.7456 0.4655, 0.7456 0.1876, 0.2621
Goodness-of-fit on F2 1.026 1.158 1.012 1.040
R, wR2 (observed) 0.0305, 0.0666 0.0920, 0.2229 0.0729, 0.1761 0.0389, 0.0935
R, wR2 (all data) 0.0395, 0.0698 0.1096, 0.2307 0.1715, 0.2108 0.0547, 0.1007
Largest peak/hole (eÅ––3) 1.529, –1.023 3.424, –5.396 2.529, –2.227 2.199, –0.954

Table 7.9. X-ray data summary for 133, 136, 138 and 142.
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144·0.5CHCl3 145

1,2-bis(bromo-

methyl)benzene 150·CHCl3

Empirical formula
C49H39BrF3IrO6P2S

·0.5CHCl3
C50H41BrF3IrO6P2S C8H8Br2

C49H40ClIrOP2

·CHCl3
Formula weight (g.mol––1) 1191.39 1160.94 263.96 1053.77
Crystal system monoclinic monoclinic orthorhombic triclinic
Space group P21/n P21/n Fdd2 P-1
a (Å) 11.4880(3) 11.4820(6) 13.5716(8) 12.0716(4)
b (Å) 27.3160(8) 27.8288(17) 15.6986(9) 13.1313(4)
c (Å) 15.4570(4) 15.4019(9) 7.9594(5) 14.4702(4)
α (◦) 90 90 90 73.075(2)
β (◦) 102.5470(17) 101.617(4) 90 88.846(2)
γ (◦) 90 90 90 75.856(2)
V (Å3) 4734.7(2) 4820.6(5) 1695.79(18) 2124.66(12)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 4 8 2
Calc ρ (g.cm––3) 1.671 1.600 2.068 1.647
F(000) 2356 2296 1008 1048
μ (mm––1) 3.893 3.767 9.481 3.508
Crystal size (mm) 0.08 x 0.16 x 0.34 0.05 x 0.32 x 0.35 0.32 x 0.32 x 0.38 0.05 x 0.21 x 0.38
2θ (min, max) (◦) 1.542, 28.247 1.953, 28.794 3.239, 28.288 1.47, 26.97
Reflections collected 57770 54460 2677 43842
Unique reflections 11568 11297 911 9145
Completeness 99.9 96.5 99.3 99.9
T (min., max.) 0.5711, 0.7456 0.5557, 0.7456 0.3759, 0.7456 0.5967, 0.7455
Goodness-of-fit on F2 1.045 1.011 1.129 1.040
R, wR2 (observed) 0.0494, 0.1078 0.0676, 0.1459 0.0303, 0.0908 0.0310, 0.0630
R, wR2 (all data) 0.0861, 0.1215 0.1696, 0.1932 0.0316, 0.0914 0.0415, 0.0668
Largest peak/hole (eÅ––3) 1.507, –1.146 2.596, –6.041 0.697, –1.030 0.810, –1.005

Table 7.10. X-ray data summary for 144, 145, 1,2-bis(bromomethyl)benzene and 150 .
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151 152 153·0.5CHCl3·C6H12 157·CHCl3

Empirical formula C51H40IrO5P2S C54H44F3IrO6P2S
C52H44ClIrO2P2

·0.5CHCl3·C6H12

C52H43BrClIrO2P2

·CHCl3
Formula weight (g.mol––1) 1076.10 1132.09 1134.30 1188.73
Crystal system triclinic triclinic monoclinic triclinic
Space group P-1 P-1 P21/n P-1
a (Å) 11.6188(3) 12.2026(5) 11.0600(2) 12.1217(15)
b (Å) 11.9136(3) 12.4989(7) 23.2762(4) 12.6779(15)
c (Å) 16.1728(4) 16.8465(4) 37.8842(8) 16.844(2)
α (◦) 80.650(2) 93.231(3) 90 89.755(8)
β (◦) 87.154(2) 96.231(3) 93.5480(10) 84.420(7)
γ (◦) 88.639(2) 113.944(5) 90 64.783(7)
V (Å3) 2205.92(10) 2320.13(18) 9734.0(3) 2328.7(5)
T (K) 99(2) 100.0(1) 99(2) 99(2)
Z 2 2 8 2
Calc ρ (g.cm––3) 1.620 1.620 1.548 1.695
F(000) 1072 1132 4584 1176
μ (mm––1) 3.208 7.183 2.991 4.065
Crystal size (mm) 0.08 x 0.22 x 0.24 0.044 x 0.096 x 0.128 0.05 x 0.10 x 0.22 0.05 x 0.26 x 0.42
2θ (min, max) (◦) 1.28, 23.01 3.9990, 76.5670 1.03, 22.13 2.12, 27.65
Reflections collected 34543 20378 145058 20121
Unique reflections 6128 8158 12117 9910
Completeness 99.6 99.7 99.8 91.2
T (min., max.) 0.5132, 0.7834 0.571, 0.903 0.6091, 0.7447 0.1454, 0.2621
Goodness-of-fit on F2 1.024 1.038 1.081 0.904
R, wR2 (observed) 0.0492, 0.0828 0.0472, 0.0530 0.0588, 0.1165 0.0929, 0.1722
R, wR2 (all data) 0.0762, 0.0952 0.1204, 0.1240 0.0903, 0.1277 0.2446, 0.2192
Largest peak/hole (eÅ––3) 1.693, –0.913 3.061, –2.247 0.977, –1.165 3.469, –1.698

Table 7.11. X-ray data summary for 151, 152, 153 and 157.

272



158·2.33CHCl3 165·CHCl3 167·3CHCl3 169·CHCl3

Empirical formula
C53H43ClF3IrO5P2S
·2.33CHCl3

C52H39Br2IrO4P2

·CHCl3

2C46H43IrNO3P2S4F3

·3CHCl3

C46H43IrNO3P2S4

·CHCl3
Formula weight (g.mol––1) 1417.05 1261.16 2552.49 1216.56
Crystal system triclinic triclinic monoclinic monoclinic
Space group P-1 P-1 P21/c P21/c
a (Å) 11.9890(4) 12.2900(12) 24.5620(8) 18.9842(10)
b (Å) 15.7090(5) 12.6660(13) 14.4190(4) 17.4613(9)
c (Å) 16.9340(5) 16.8100(18) 30.4470(10) 16.9004(8)
α (◦) 66.7910(16) 89.517(7) 90 90
β (◦) 76.4900(17) 84.715(7) 108.3720(17) 115.500(3)
γ (◦) 80.2940(18) 65.985(6) 90 90
V (Å3) 2839.596(16) 2378.8(4) 10233.5(6) 5056.5(5)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 2 2 4 4
Calc ρ (g.cm––3) 1.657 1.761 1.657 1.598
F(000) 1407 1236 5080 2424
μ (mm––1) 2.878 4.769 3.123 3.079
Crystal size (mm) 0.14 x 0.28 x 0.32 0.08 x 0.26 x 0.34 0.08 x 0.26 x 0.38 0.08 x 0.24 x 0.26
2θ (min, max) (◦) 1.33, 27.83 1.95, 25.02 1.409, 27.893 1.665, 28.044
Reflections collected 63435 38009 118098 51381
Unique reflections 13388 7894 24251 12095
Completeness 99.2 94.1 99.9 99.9
T (min., max.) 0.6455, 0.7456 0.5042, 0.7456 0.1525, 0.2622 0.5370, 0.7456
Goodness-of-fit on F2 1.035 1.080 1.018 1.040
R, wR2 (observed) 0.0390, 0.0801 0.0653, 0.0945 0.0571, 0.1190 0.0590, 0.1439
R, wR2 (all data) 0.0549, 0.0861 0.1091, 0.1038 0.1144, 0.1395 0.1088, 0.1681
Largest peak/hole (eÅ––3) 1.844, –1.743 1.008, –0.875 2.659, –2.285 2.584, –1.562

Table 7.12. X-ray data summary for 158, 165, 167 and 169.
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176·CHCl3 177·C2H5OH 179 180

Empirical formula
C48H38IrNOP2

·CHCl3

C51H43IrNOP2

·C2H5OH C52H43IrOP2 C53H45IrOP2

Formula weight (g.mol––1) 1018.30 985.06 938.00 952.03
Crystal system monoclinic triclinic monoclinic monoclinic
Space group P21/c P-1 P21/c P21/n
a (Å) 11.6370(5) 12.1635(3) 20.1560(5) 12.1390(2)
b (Å) 15.5590(7) 13.4074(4) 10.0660(2) 20.4740(4)
c (Å) 24.8820(10) 14.9746(4) 25.6950(7) 17.9290(3)
α (◦) 90 69.9310(10) 90 90
β (◦) 92.293(3) 83.8180(10) 111.6300(16) 107.8950(8)
γ (◦) 90 71.4250(10) 90 90
V (Å3) 4501.5(3) 2174.30(10) 4846.2(2) 4240.39(13)
T (K) 99(2) 99(2) 99(2) 99(2)
Z 4 2 4 4
Calc ρ (g.cm––3) 1.503 1.505 1.286 1.491
F(000) 2024 992 1880 1912
μ (mm––1) 3.252 3.187 2.854 3.263
Crystal size (mm) 0.10 x 0.10 x 0.36 0.32 x 0.36 x 0.38 0.08 x 0.16 x 0.28 0.22 x 0.28 x 0.32
2θ (min, max) (◦) 2.10, 28.03 2.05, 27.82 1.09, 27.84 2.02, 27.77
Reflections collected 52739 47382 58799 49328
Unique reflections 10756 10138 11494 9949
Completeness 98.6 98.3 99.7 99.5
T (min., max.) 0.5160, 0.7456 0.5424, 0.7456 0.5813, 0.7456 0.5933, 0.7456
Goodness-of-fit on F2 1.033 1.288 1.048 1.124
R, wR2 (observed) 0.0322, 0.0666 0.0284, 0.0792 0.0450, 0.0837 0.0302,0.0781
R, wR2 (all data) 0.0453, 0.0698 0.0303, 0.0802 0.0804, 0.0913 0.0400, 0.0827
Largest peak/hole (eÅ––3) 1.212, –1.047 2.192, –1.770 2.016, –1.025 1.483, –1.273

Table 7.13. X-ray data summary for 176, 177, 179 and 180.
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182·CHCl3 183·CHCl3 184

Empirical formula
C51H43BF4IrNOP2

·CHCl3

C52H45BF4IrNOP2

·CHCl3
C48H39BF4IrNOP2

Formula weight (g.mol––1) 1146.18 1160.21 986.75
Crystal system monoclinic monoclinic monoclinic
Space group P21/n P21/n P21/n
a (Å) 13.8538(6) 13.9392(5) 17.9063(7)
b (Å) 12.1360(5) 12.1738(4) 11.6407(5)
c (Å) 28.9328(13) 28.8964(11) 20.4673(8)
α (◦) 90 90 90
β (◦) 94.136(3) 94.060(2) 105.545(2)
γ (◦) 90 90 90
V (Å3) 4851.8(4) 4891.2(3) 4110.2(3)
T (K) 99(2) 99(2) 99(2)
Z 4 4 4
Calc ρ (g.cm––3) 1.569 1.576 1.595
F(000) 2280 2312 1960
μ (mm––1) 3.038 3.014 3.383
Crystal size (mm) 0.10 x 0.14 x 0.38 0.10 x 0.10 x 0.34 0.10 x 0.12 x 0.42
2θ (min, max) (◦) 1.41, 27.84 1.413, 21.284 2.36, 27.88
Reflections collected 57857 35715 45128
Unique reflections 11488 5430 9757
Completeness 99.7 99.5 99.4
T (min., max.) 0.5506 , 0.7456 0.5932, 0.7446 0.5526, 0.7456
Goodness-of-fit on F2 1.022 1.015 0.996
R, wR2 (observed) 0.0392, 0.0807 0.0584, 0.1191 0.0543, 0.0876
R, wR2 (all data) 0.0607, 0.0885 0.0930, 0.1337 0.1110, 0.1025
Largest peak/hole (eÅ––3) 1.862, –1.095 1.257, –0.834 1.580, –1.879

Table 7.14. X-ray data summary for 182, 183 and 184
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7.2 Structures of the new compounds prepared in this work

Chart 7.1. Structures of the new compounds described in Chapter Two.
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Chart 7.2. Structures of the new compounds described in Chapter Three.
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Chart 7.3. Structures of the new compounds described in Chapter Four.
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Chart 7.4. Structures of the new compounds described in Chapter Five.
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Chart 7.5. Structures of the new compounds described in Appendix One.
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Sci. 2013, 3, 105–122.
(29) Schleyer, P. v. R. Chem. Rev. 2001, 101, 1115–1118.
(30) Von Schleyer, P. R.; Jiao, H. Pure Appl. Chem. 1996, 68, 209.
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