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Abstract 
 

Metallabenzenes are an intriguing class of complexes which occupy a niche in the field of 

organometallic chemistry. The combination of a metal atom (LnM) with an unsaturated 

bidentate five-carbon donor (C5R5) pushes the boundary for the definition of aromatic 

compounds and presents challenges for the synthetic and theoretical chemist alike. Two key 

issues in this area currently require redress: firstly, there are no general synthetic routes to 

metallabenzenes and secondly, their reaction chemistry has not been widely studied. The 

work described in this thesis provides straight-forward and robust syntheses of iridabenzenes 

and a detailed exploration of their reactivity behaviour. 

The introductory chapter provides a review of metallabenzene chemistry and the general 

properties, syntheses and reactivity of these complexes. The significance and aims of the 

current research are subsequently outlined. 

In Chapter 2, a simple, high-yielding route to the iridabenzene  

[Ir(C5H4{S}-1)(MeCN)(PPh3)2][OTf] (92) is described. The reaction chemistry of 92 is rich 

and varied, and as such most of the new compounds presented in this work are derived from 

this starting material. One special feature of 92 is its α-thiolate substituent. This highly 

nucleophilic functional group has the propensity to engage with acids and methylating agents, 

allowing the preparation of a number of iridabenzenes with different sulfur-containing 

substituents and ligand sets. Notable examples include the iridabenzene thiol  

Ir(C5H4{SH}-1)Cl2(PPh3)2 (101), its disulfide oxidation product [Ir(C5H4{S}-1)Cl2(PPh3)2]2 

(102) and the dicationic bis(aquo) complex [Ir(C5H4{SMe}-1)(H2O)2(PPh3)2][OTf]2 (107); 

the first structurally characterised metallabenzene with aquo ancillary ligands. 

Chapter 3 focuses on the syntheses and properties of fused-ring iridabenzenoids. Several 

different bicyclic morphologies were obtained via the unique annulation reactions of 92 or 

the chloro derivative Ir(C5H4{S}-1)Cl(PPh3)2 (93) with organonitriles and alkynes. These 

comprised iridabenzothiazolium dications [Ir(C5H4{NH=CR)S}-1)(RCN)(PPh3)2][PF6]2 (109, 

R = Me; 114, R = p-tolyl), iridabenzothiophenes Ir(C5H4{CH=CRS}-1)(C≡CR)(PPh3)2 (117, 

R = Ph; 129, R = Fc) and novel iridabenzothietes Ir(C5H4{C(=CHR)S}-1)(C≡CR)(PPh3)2 
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(e.g. 119, R = Ph). Significantly, these reactions were adaptive and could incorporate a range 

of acetylene substrates. Thus it was possible to introduce several different functional groups 

to the iridabenzene core. 

Chapter 4 describes the nucleophilic aromatic substitution of iridabenzenes. The cationic 

complexes [Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2][X] (142a,b; X = OTf, I) were reacted 

with nucleophiles such as hydride, hydroxide, acetylides and cyclopentadienyl to afford 

iridacyclohexadienes. The iridacyclohexadienone Ir(C5H3{SMe}-1{=O}-5)(κ2-

S2CNMe2)(PPh3)2 (150) formed directly from 142b using hydroxide as the nucleophile under 

aerobic conditions. The first alkynyl-substituted iridabenzenes, namely 

[Ir(C5H3{SMe}-1{C≡CR}-3)(κ2-S2CNMe2)(PPh3)2][Tf2CPh] (156, R = SiMe3; 157, R = Ph) 

were prepared from the corresponding iridacyclohexadienes upon oxidation with DDQ. 

Thermal treatment of the cyclopentadienyl-substituted iridacyclohexadiene  

Ir(C5H4{SMe}-1{C5H5}-3)(κ2-S2CNMe2)(PPh3)2 (158) in the presence of palladium on 

carbon generated the first iridafulvalene Ir(C5H3{SMe}-1{=C5H4}-3)(κ2-S2CNMe2)(PPh3)2 

(159) after the loss of dihydrogen. This unique, cross-conjugated iridacycle is formally  

re-aromatised via metal complexation through the cyclopentadienylidene ring, and with 

[IrCl(COD)]2 the diiridium π-adduct [Ir(C5H3{SMe}-1{η5-(C5H4)Ir(COD)}-3)(κ2-

S2CNMe2)(PPh3)2][PF6] (162) was produced. 

The work described constitutes a solid synthetic platform from which future development of 

conducting or optically active materials may be explored. 
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1.1 General introduction 

 

The concept of aromaticity is useful for predicting the stability, reactivity and physical 

properties of many compounds and spans across several areas of chemistry. It was Faraday’s 

experiments with coal tar which led to the discovery of benzene in 18251 but the actual 

structure of this molecule was not deduced until 1865 by Kekulé.2 Research with benzene and 

related compounds around this period flourished and developed into a burgeoning chemical 

industry and the field of organic synthesis.  

The archetypical aromatic heterocycle is pyridine, which was originally isolated by Anderson 

from bone oil.3 Pyridine can be considered as an analogue of benzene whereby one CH unit is 

formally replaced with an isolobal nitrogen atom. Throughout the 20th century chemists 

began to explore the possibility of synthesising other heterocyclic derivatives and many 

examples, including phosphabenzene,4 arsabenzene,5 silabenzene6 and stibabenzene7 (among 

others) have been prepared. All of these compounds are comprised of a  

six-membered ring containing five carbon atoms and one main-group heteroatom or 

fragment. An aromatic description is accurate in each of these cases.8 

In 1979, Thorn and Hoffman were the first to consider the concept of benzene analogues in 

which one transition metal element and its ancillary ligands formally replace the methine unit 

of benzene (see Figure 1.1).9 Just three years after this report was made the first 

osmabenzene was isolated and characterised by Roper et al.10 and since then research in this 

area has developed significantly. Stable metallabenzene complexes containing osmium, 

iridium, ruthenium, platinum and rhenium centres are now known and many studies 

concerning the synthesis, structure, bonding and reactivity of these compounds have been 

published.  

The remainder of this chapter focuses on the structural, magnetic and electronic properties of 

metallabenzenes along with a discussion regarding their aromaticity. The most important 

routes to metallabenzenes will then be described, followed by some key reactivity behaviour. 

The chapter concludes with a commentary on the significance and aims of the current 

research.  
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1.2 Properties of metallabenzenes  

 

Ever since the inception of metallabenzene theory9 and chemistry,10 a number of studies have 

aimed to address the question of whether or not metallabenzenes are aromatic. While 

aromaticity itself is not directly quantifiable,11 there are several criteria which can be 

attributed to these systems. These can include structure, electronic structure, aromatic 

stabilisation energy and reactivity, and are discussed in the subsequent text. 

 

1.2.1 Magnetic properties 

 

The 1H and 13C nuclei in metallabenzene rings typically display NMR signals in the regions 

expected for aromatic compounds; namely 5.6–8.0 ppm and 120–160 ppm, respectively.12 

These rings are capable of sustaining diatropic ring currents, which in turn account for their 

low-field chemical shifts. Nuclei in positions adjacent to the metal centres experience further 

deshielding effects and resonances around 10.5–14.0 (1H) and 170–250 ppm (13C) are 

typical.12 It is notable that these ranges fall in between those reported for typical M–CHalkenyl 

and M=CHcarbene compounds, suggesting that the metal–carbon bonds in metallabenzenes 

have partial multiple bond character.  

The NICS method can be used to quantify the level of magnetic aromaticity possessed by a 

cyclic molecule. This calculation utilises one dummy atom placed in the centre of the ring as 

a measure of the NICS-0 value and another one angstrom above the ring for the NICS-1 

value. The chemical shift of the dummy atom is calculated and it is found that aromatic 

Figure 1.1: Schematic representation of a metallabenzene indicating the ring numbering system. 
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molecules such as benzene give negative values while anti-aromatic molecules give positive 

values.13 NICS-0 and NICS-1 computations have been carried out for nine model 

metallabenzenes, where it was concluded that an aromatic description was accurate in most 

cases.14 However, the authors note that the applicability of NICS to metallabenzenes may be 

limited due to the influence of out-of-plane ligands and the anisotropy of the metal atom.14 

A more recent DFT study involved the visualisation of diatropic (delocalised) and paratropic 

(localised) ring currents for 21 model metallabenzenes.15 The experiment indicated that the 

model 18 electron iridabenzenes and rhodabenzenes investigated were capable of sustaining 

diatropic ring currents. However, it was stated that the model 16 electron osma- and 

ruthenabenzenes only displayed paratropic ring currents and so were deemed non-aromatic. 

Owing to the seemingly inconsistent electron counting systems used and the suite of model 

complexes chosen, it is difficult to interpret these results with confidence. 

 

1.2.2 Structural properties 

 

Single crystal X-ray structure determinations have been used to characterise a significant 

number of metallabenzenes. The C–C bond lengths in these rings are commonly found to be 

close to those of benzene (1.398 Å)16 and fall in between the ideal carbon–carbon single and 

double bond distances of 1.54 and 1.34 Å, respectively.16a This suggests that the π-bonding 

systems in metallabenzenes are delocalised, which lends support to an aromatic model. In 

addition, the metal–carbon distances are intermediate in length between the corresponding 

M–Calkenyl and M=Ccarbene bonds,12,17 and is again suggestive of partial multiple bond 

character.  

The optimal angle for an sp2 hybridised carbon is 120°; the C–C–C and M–C–C angles for 

metallabenzenes are normally slightly larger at around 124° and 130°, respectively.17 This 

can be rationalised by the longer M–C bonds relative to C–C distances and the typical  

C–M–C angles of approximately 90°. 

While benzene rings are normally planar, this is not always the case for the MC5 rings in 

metallabenzenes. In situations where the metallacyclic ring does deviate from planarity, the 
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five carbon atoms are usually coplanar while the metal atom can be displaced by a distance of 

up to 0.5 Å from this plane. 

A recent computational study was undertaken by Zhu, Jia and Yin in order to rationalise these 

observations.18 The authors demonstrated that metallabenzenes have four occupied π-orbitals, 

namely π1, π2, π3 and π4. While π1, π2 and π3 are bonding in nature, the π4 level is anti-

bonding with respect to the metal atom (see Figure 1.2). π4 is the HOMO for many 

metallabenzenes, and as the metallabenzene ring becomes distorted this unfavourable orbital 

interaction is lessened. A deviation from planarity simultaneously decreases favourable 

interactions for the remaining π-orbitals. Thus the overall planarity of the metallacyclic ring 

is influenced by the balance between these two opposing forces. 

Ancillary ligands at the metal centre, especially those in positions trans to the metal–carbon 

bonds, also have an influence on ring planarity. Strong π-acceptor ligands (such as CO) have 

the effect of stabilising the planar form by withdrawing electron density from the π4 hybrid 

orbital, while good π- or σ-donors (e.g. NH3 or Cl) favour a non-planar structure.18 Often 

fused-ring metallabenzenoids19-21 are comprised of essentially planar MC5 units.  

 

1.2.3 Bonding models for metallabenzenes 

 

Metallabenzenes are quite distinctive in that the metal atom contributes d electronic orbitals 

to the bonding systems. This can lead to interesting phenomena, such as non-planar rings 

which remain fully conjugated.18 The original theoretical publication on metallabenzenes by 

Thorn and Hoffman treated the five carbon atom portion of the metallacyclic ring as a 

monoanionic four electron donor.9 The authors predicted that the resulting metallabenzene 

rings would show some delocalisation and aromatic character, and contain six π-electrons. 

A later DFT study proposed that the π-bonding systems in metallabenzenes were comprised 

of seven molecular orbitals, thought to arise from both dxz and dyz contributions from the 

metal.18 Of these seven orbitals, four are filled, which subsequently led to the assertion that 

these metallacycles were eight π-electron species. While this fact seems to contravene the  
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[4n + 2] Hückel rule for aromaticity, the metal orbitals partake in δ interactions with the 

carbon fragment, consistent with a Möbius model.22 

Fernández and Frenking also carried out a DFT investigation of metallabenzenes in order to 

gauge the aromaticity of these compounds.23 Part of the work centred on the development of 

a molecular orbital diagram for the model complex Rh(C5H5)Cl2(PH3)2, with a special focus 

on the involvement of π-orbitals. The diagram is reproduced in Figure 1.3, where seven 

occupied π-orbitals are visible. Of these, 5b1 and 7b1 have no contributions from the C5H5 

ligand and therefore do not take part in metallabenzene π-bonding. The remaining five 

occupied π-orbitals have coefficients at both the metal and the carbon fragment, suggesting 

that this model rhodabenzene is a ten π-electron system. This electron count would satisfy the 

[4n + 2] Hückel rule with n = 2. Other metallabenzenes containing Pd, Pt, Rh, Ir, Ru and Os 

metal centres were also studied, and in each case the metallacyclic ring comprised a ten π-

electron system. 

For the model rhodabenzene considered in Figure 1.3, the five occupied π-orbitals are 4b1, 

2a2, 6b1, 3a2 and 4a2 in order of increasing energy. The first three of these are bonding 

orbitals with respect to Rh, and have been described previously.18 The 3a2 and 4a2 orbitals 

are anti-bonding and arise as a result of contributions from the rhodium dyz, chlorine pπ and 

the C5H5 2a2 orbitals.23  

Figure 1.2: Depiction of the π4 molecular orbital in metallabenzenes. 
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1.2.4 Aromaticity of metallabenzenes 

 

Metallabenzene rings exhibit many of the structural hallmarks of aromatic systems. For 

example, the carbon–carbon bond lengths show equalisation and are intermediate between 

typical single and double bond distances. The same can be said with regard to the  

metal–carbon bond lengths. Additionally, in many cases the six atoms which comprise the 

metallacyclic rings are coplanar. However, in some instances the metal atom deviates from 

the plane formed by the five carbon atoms. Non-planar structures may be stabilised by 

Figure 1.3: Molecular orbital diagram of a model rhodabenzene, showing contributions 
from the metal and carbon fragments. Reproduced with permission from reference [23]. 

© 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim. 
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favourable orbital overlap between the metal centre and the five-carbon fragment. Full 

conjugation may be retained in the MC5 ring in spite of this.18 

The 1H and 13C NMR chemicals shifts in metallabenzenes appear downfield of the regions 

expected for typical alkene groups, suggesting that inductive ring currents are present. The 

characteristic low-field signals for Cα and CHα indicate that the metal–carbon bonds have 

partial multiple bond character. The applicability of NICS calculations to metallabenzenes, 

while limited, seem to be supportive of an aromatic description.14 

Metallabenzenes undergo reactions common to benzene, for example electrophilic aromatic 

substitution,24-26 and these will be discussed in Section 1.4 of this chapter. Furthermore, the 

substituents already present at the ring are found to influence the site of electrophilic attack 

by normal directing effects common to benzene systems. Other benzene-like reaction 

behaviour has been observed, including nucleophilic addition,27,28 nucleophilic aromatic 

substitution of hydrogen,20,29 and the formation of metallabenzene π-complexes with the 

Mo(CO)3 fragment.30-32  

Some metallabenzenes react in cycloaddition processes31-36 and cyclopentadienyl 

formation,37-40 of which there are no counterparts in conventional arene chemistry. These 

processes directly involve the metal centre and suggest that metallabenzenes are less aromatic 

than benzene, but do not infer that aromaticity is wholly absent for the former. 

While attributes such as low-field NMR chemical shifts, bond length equalisation and 

reactivity tend to correlate with aromatic behaviour, the aromatic stabilisation energy 

calculation provides a more direct measure. The ASE can be thought of as the relative 

stability of a conjugated π-system compared to an acyclic reference compound.  

Fernández and Frenking presented a detailed computational study involving 21 model 

metallabenzenes and their aromatic stabilisation energies, as determined through energy 

decomposition analysis.23 The model compounds consisted of metallabenzenes containing 

Pd, Pt, Rh, Ir, Ru and Os metal atoms, with variations on the formal oxidation states, charges 

and other ligands present at the metal centres. In every case, the metallabenzenes were 

aromatic with ASEs ranging from 8.7 to 37.6 kcal mol–1. When benzene was analysed by the 

same method the ASE was 42.5 kcal mol–1. Thus, metallabenzenes can retain up to 88% of 

the aromatic stabilisation energy of benzene. 
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1.3 Syntheses of metallabenzenes 

1.3.1 Insertion of a C1 fragment into a pre-formed MC4 ring 

 

Chin et al. utilised the migratory insertion of vinylidenes to form iridabenzenes (see Scheme 

1.1).41,42 Treatment of the iridacyclopentadiene 1 with HBF4 gives the iridacyclohexadiene 2, 

presumably via the vinylidene intermediate 1A. One aryl proton in 2 partakes in an agostic 

interaction with the metal centre, and this is disrupted upon the addition of MeCN, forming 3. 

In the process, the carbonyl ligand is displaced by acetonitrile and the exo alkene group 

undergoes a change in configuration. Further protonation of either 2 or 3 in the presence of 

acetonitrile gives the dicationic benzylidene-substituted iridabenzene 4. When 2 is subjected 

to acidification with HCl the neutral dichloro complex 5 is afforded. A deuteration 

experiment confirmed that the acid addition is confined to the meso position. 

Several fused-ring metallabenzenoids were prepared in a similar fashion. In each case, a 

cationic vinylidene is the proposed intermediate. The iridacyclopentadiene 6 undergoes 

reaction with methyl propiolate at 84 °C to give the iridabenzofuran (7, see Scheme 1.2).24 

Likewise, the osmabenzofuran 843 incorporates two units of the same alkyne, while the 

ruthenabenzofuran 919,44 is comprised of three molecules (see Scheme 1.3). Chapter 3 of this 

thesis is concerned with the reactions of iridabenzenes to form fused-ring iridabenzenoids.  

A great majority of known metallabenzenes contain two (or three) ancillary phosphine 

ligands. The work of Paneque’s group is an exception, where every reported complex 

contains the IrTpMe2 fragment.45 The tetra-substituted iridacyclopentadiene 10 undergoes 

reversible two-atom insertion of propene at 20 °C, furnishing the iridacycloheptadiene (11, 

see Scheme 1.4).46,47 At 60 °C, the alkene is thought to rearrange to the carbene 4B, which 

inserts only one atom into the adjacent iridacycle. Hydride migration from the 

iridacyclohexadiene adduct 4C ensues to give the iridabenzene 12.  

Roper and co-workers later developed an iridabenzene synthesis from the thiocarbonyl 

complex IrCl(CS)(PPh3)2
25 (13, see Scheme 1.5). Removal of the chloro ligand from 13 with 

silver triflate followed by the addition of acetylene gas and lithium chloride 
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Scheme 1.1: Syntheses of iridabenzenes via migratory insertion of a vinylidene unit  

Scheme 1.2: Synthesis of an iridabenzofuran (7) 
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Scheme 1.3: Syntheses of osma- and ruthenabenzofurans 

 

Scheme 1.4: Formation of the iridabenzene 12 

Scheme 1.5: Synthesis of an iridabenzene via migratory insertion of thiocarbonyl 
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resulted in the formation of the iridacyclopentadiene 14. Migratory insertion of the CS ligand 

can be induced by heating in the presence of methyl triflate and the neutral iridabenzene 15 is 

formed upon the addition of LiCl. A re-investigation of this reaction sequence involved the 

isolation of two key cationic intermediates which are further discussed in Chapter 2 of this 

thesis. 

 

1.3.2 Insertion of a C2 fragment into a pre-formed MC3 ring 

 

The first osmabenzene (17, see Scheme 1.6) was synthesised from similar starting materials, 

namely the osmium(0) thiocarbonyl complex 16 and acetylene gas.10 Although no 

intermediates were detected, computational methods revealed that 17 formed by the 

sequential coordination of one alkyne, followed by CS migratory insertion generating the 

osmacyclobutenethione 6B.14 In a later step, both carbon atoms of an acetylene molecule 

insert into the four-membered metallacyclic ring to give 17. When propyne was utilised in 

place of ethyne, an analogous osmabenzene formed with methyl groups at positions 2 and 5 

of the osmabenzene ring.48 

In a recent development, the first rhenabenzenes were prepared from C2 ring expansion of the 

associated rhenacyclobutadienes (18, see Scheme 1.7).49 Although earlier research had 

described very similar chemistry, the only end products were rhenium cyclopentadienyl 

complexes.50 In the later study, computational methods predicted that the rhenabenzene ring 

would be stabilised by alkoxy groups, and so ethoxyethyne was combined with the 

rhenacyclobutadienes 18.49 The rhenabenzenes 19 and 20 were isolated in low yields. It was 

found that the phenyl derivative formed only one rhenabenzene isomer (19a), while 

ethoxyacetylene inserted into both Re–C bonds of 18b to give both 19b and 20b. 
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1.3.3 Ring contraction of iridacycloheptatrienes 

 

The iridium butadiene complex 21 reacts with DMAD at 60 °C, forming the 

iridacyclopentadiene 10 (see Scheme 1.8).27,28,51 At 90 °C an additional alkyne unit 

undergoes insertion to give the iridacycloheptatriene 22. Treatment of this complex with 
tBuOOH results in oxidative ring contraction of the γ-carbon from which the 

Scheme 1.6: Synthesis of the first osmabenzene (17) 

Scheme 1.7: Syntheses of the first rhenabenzenes 
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iridacyclohexadiene 23 can be isolated. The carbonyl group coordinates to the metal centre in 

this compound and after extended contact with tBuOOH, a Baeyer-Villiger oxidation is 

proposed to occur, giving intermediate 8A. The methyloxalate substituent then migrates to 

the metal to afford the iridabenzene 24.  

The above method was also used to prepare an iridanaphthalene – the first benzannulated 

metallabenzene derivative (see Scheme 1.9).27,28,51 The diphenyl iridium complex 25 

proceeds through a similar C2 insertion of DMAD, along with ortho metallation and benzene 

loss, to give the iridaindene intermediate 9B. A second acetylene inserts, forming both 

possible fused-ring bicyclic iridacycloheptatrienes (26 and 27). Upon oxidation with 
tBuOOH, both 26 and 27 undergo oxidative ring contraction to the iridacyclohexadienes 28 

and 29 respectively. 28 contains a chelating cyclohexadienone ring and no further reaction 

takes place. 29 is a benzannulated analogue of 23 above, and furnishes the iridanaphthalene 

30 after an additional oxidation step. 

Scheme 1.8: Synthesis of an iridabenzene via ring contraction of an iridacyclohexadiene 
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1.3.4 From 2,4-dimethylpentadienide  

 

The five carbon atoms of an iridabenzene ring can be sourced from 2,4-dimethylpentadienide 

upon reaction with chlorotris(triethylphosphine)iridium(I) (31, see Scheme 1.10). The 

metallation step is proposed to form intermediate 10A, which then undergoes oxidative 

addition of one C–H bond to produce the iridacyclohexadiene 32.52 The hydride ligand on 

this complex is abstracted as methane using methyl triflate, giving an equilibrium mixture of 

33 and 10B.33 In the solid-state 33 is the dominant structure, but in solution the α-hydrogens 

exchange and most probably pass through the symmetrical hydrido complex 10B. The action 

of LDA formally removes one proton and generates the iridabenzene 34.53 The 

Scheme 1.9: Synthesis of the first iridanaphthalene (30) 
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pentacoordinate iridium(I) centre lends itself towards oxidative addition reactions and these 

are considered in a later section of this chapter. 

 

1.3.5 From lithiated (Z)-vinylcyclopropenes 

 

A versatile approach to metallabenzene synthesis was developed by Haley and co-workers 

(summarised in Scheme 1.11). The nucleophilic vinylcyclopropenes utilised were designed to 

propagate metallabenzenes in one step, without any further modification. The lithiated  

(Z)-vinylcyclopropenes 35a-f were prepared at –78 °C and quenched with various Vaska-type 

complexes. For R = Ph and L = PPh3, the iridabenzene 37a(i) was generated directly.54,55 It 

was suggested that this product formed via the intermediates 11A, 36a(i) and 11B. Further 

experiments with IrCl(CO)(PMe3)2 revealed that only the iridabenzvalene 36a(vii) was 

isolated in this case.36 

A systematic investigation was carried out by varying the phosphine ligand L (i-vii; R = Ph) 

and it was discovered that the product distribution was highly dependent on the steric bulk of 

Scheme 1.10: Synthesis of the iridabenzene 34 
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the phosphine.36 For example, the PEt3 complex gave the iridabenzvalene 36a(vi) exclusively 

while the PMePh2 derivative formed a mixture of both 36a(iv) and 37a(iv). The 

iridabenzvalenes rearranged to the corresponding iridabenzenes at room temperature, or with 

gentle warming in the cases of 36a(vi) (L = PEt3) and 36a(vii)  

(L = PMe3). 

The rate of iridabenzvalene-iridabenzene rearrangement can be further influenced by alkyl 

substitution on the cyclopropene ring and NMR spectroscopy was used to monitor the 

transformations in this reaction sequence. For the PPh3 complexes 36b-e(i) the trend followed 

the order of Me = Et > iPr > tBu, indicating that the rate of rearrangement decreases with 

increased electron donation to the cyclopropene ring.38,39 A similar trend was observed for the 

PMe3 variants 36a-e(vii), but as a whole the reaction rates were markedly slower than that for 

the PPh3 complexes.27 

The use of the trimethylsilyl-substituted cyclopropene 35f was also investigated in reactions 

with IrCl(CO)(PR3)2.37 It was discovered that when the iridium complexes contained 

sterically undemanding phosphine ligands such as PMe2Ph, PEt3 and PMe3, only the 

iridabenzvalenes 36f(v-vii) were obtained, even upon heating to 75 °C. However, for the 

bis(triphenylphosphine) complex, a mixture of 36f(i) and 37f(i) was produced along with the 

Scheme 1.11: Syntheses of iridabenzenes by Haley et al. 
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corresponding cyclopentadienyl complex. Cyclopentadienyl formation of metallabenzenes is 

considered in a later section. 

Lithiated vinylcyclopropenes have also found use in metallabenzene syntheses involving 

platinum, and to date represent the only viable routes to platinabenzenes. Treatment of 

PtCl2(COD) with two equivalents of 35a afforded the platinabenzene 38 in low yield. A 

proposed mechanism for this reaction is provided in Scheme 1.12.32,56 Formation of the σ-

vinyl intermediate 12A is expected to proceed to the platinabenzene 12B, which rearranges to 

the cyclopentadienyl complex 12C. A further metallation step occurs (12D) and ultimately 

the platinabenzene 38 is generated.  

The Cp” moiety in complex 38 is derived from the vinyl cyclopropene itself – a fact which 

led researchers to an investigation with a platinum substrate which already contained a 

cyclopentadienyl ligand (see Scheme 1.13). The action of iodine on the platinum dimer 39 

gave the complex Pt(Cp*)I(CO) (40) which then underwent metallation with three different 

lithiated vinylcyclopropenes (35a,b,e).32,57 While the methyl derivative gave the 

platinabenzene 42b directly,32 the σ-alkenyl adducts 41a and 41e were both isolable – only 

converting to the corresponding platinabenzenes after standing in C6D6 solution at room 

temperature over several days. 

Haley et al. expected that this synthetic strategy would provide avenues to numerous 

metallabenzenes, but in practice no other examples eventuated other than the platina- and 

iridabenzenes described above. Rhodabenzvalenes could be prepared but failed to rearrange 

to the rhodabenzenes,58 while ruthenabenzenes were proposed to form but only the 

corresponding ruthenocenes were detected.12 
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Scheme 1.12: Synthesis of the first platinabenzene (38) 

Scheme 1.13: Syntheses of platinabenznes from PtCp*I(CO) 
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1.3.6 From pentadiyn-3-ol 

 

An important class of osma- and ruthenabenzenes are the phosphonium-substituted 

metallacycles prepared by the research groups of Jia and Xia. The osmabenzene 44a formed 

on treatment of OsCl2(PPh3)3 with pentadiyn-3-ol and triphenylphosphine (see  

Scheme 1.14). A likely reaction sequence involves the π-coordination of one alkyne group to 

the metal (14Aa) followed by nucleophilic attack of triphenylphosphine to give the 

metallated complex 43a.59 This compound precipitates out of THF solution as it forms.60 

However, when the reaction is carried out in dichloromethane solution, a second nucleophilic 

addition takes place to generate the osmacyclohexadiene intermediate 14Ba, which 

subsequently loses hydroxide to furnish the cationic osmabenzene 44a.  

The analogous ruthenabenzene (44b, see Scheme 1.14) was obtained from RuCl2(PPh3)3 and 

presumably follows the same reaction pathway.61 44b was the first stable ruthenabenzene 

synthesised and can also be prepared in 70% yield from a “one-pot” synthesis employing 

RuCl3∙3H2O as the metal substrate.62 

 

1.3.7 From ethynylvinylcarbinols 

 

A closely related osmabenzene was prepared in a similar reaction utilising OsCl2(PPh3)3 and 

pent-1-ene-4-yne-3-ol at 0 °C (see Scheme 1.15).63 The cyclic η2-alkene complex 45 forms 

initially and is structurally similar to 43a. Heating a suspension of 45 and NaHCO3 under 

reflux in dichloromethane afforded a mixture of the mono-substituted osmabenzene 46 and 

the cyclic η2-allene 47. It was proposed that loss of hydroxide leads to the formation of an 

equilibrium mixture of 15A and 15B, which are formally deprotonated from the α and β 

positions, respectively, to give 46 and 47.  

A slightly different synthesis entailed the reaction of ethynylmethylvinylcarbinol with 

OsCl2(PPh3)3 (see Scheme 1.16). At room temperature a cyclic η2-alkenyl complex (48) 

formed as a result of dehydration between the γ-hydroxy and methyl groups. Upon the 
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Scheme 1.14: Syntheses of osma- and ruthenabenzenes from pentadiyn-3-ol 

Scheme 1.15: Formation of the osmabenzene 46 from pent-1-ene-4-yne-3-ol 
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addition of benzonitrile both chloro ligands were displaced to afford 49, and after extended 

periods the coordinated alkene tautomerised to the η2-allene complex 50. At 60 °C, in the 

presence of PhCN, a second rearrangement occurred to form the osmabenzene 51. The 

monocationic species 52 was accessible upon treatment of 51 with NaBPh4. 

 

1.4 Reactivity of metallabenzenes 

1.4.1 Electrophilic substitution 

 

One of the defining characteristics of an aromatic system is that it preferentially undergoes 

electrophilic substitution (SEAr), as opposed to the addition reactions typical for olefins 

Scheme 1.16: Formation of osmabenzenes from ethynylmethylvinylcarbinol 
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compounds. Instances of SEAr have been demonstrated for several metallabenzenes and 

metallabenzenoids.  

The osmabenzene 53, which contains a thioether group, was successfully nitrated with copper 

nitrate in acetic anhydride to give the nitroosmabenzene 54a (see Scheme 1.17).26 

Bromination with bromine and iron catalyst – and also chlorination with PhICl2 – took place 

to afford the halogenated osmabenzenes 54b and 54c, respectively. In each case, the 

substitution occurred para to the electron-releasing SMe group, indicating that the expected 

directing effects of this substituent also apply to metallabenzenes. 

The iridabenzene 15 is also susceptible to bromination; in this case pyridinium tribromide 

was used as the Br2 source, affording 55 (see Scheme 1.17).25 Like the osmium example 

above, bromination was limited to the position para to the SMe group, even when an excess 

of the electrophile was used.  

Fused-ring metallabenzenoids have also been reported to undergo SEAr reactions. The 

osmabenzofuran 8 has a heavily-substituted metallacyclic ring and yields the mono-bromo 

product 56 upon treatment with [pyH][Br3] (see Scheme 1.18).43  

Conversely, the cationic iridabenzofuran 7 has a relatively unsubstituted ring system and may 

undergo poly-substitution reactions (see Scheme 1.18).24 Depending on the ancillary ligands 

present at the metal, the overall charge of the complex and the electrophile chosen, the 

substitution behaviour of these iridabenzofurans can be carefully controlled to give mono-, 

di- or tri-substituted products. The combination of 7 with pyridinium tribromide resulted in 

the formation of the mono-brominated iridabenzofuran 57, even with an excess of the 

reagent. The neutral iridacyclic derivative 58, obtained after replacing the carbonyl ligand 

with chloride, was shown to brominate exactly twice: once on the five-membered ring and 

once on the six-membered ring to give 59. In a separate experiment between 58 and 

mercury(II) trifluoroacetate, the tri-mercurated iridabenzofuran 60 was produced. Subsequent 

treatment of this compound with a source of bromine gave the tri-brominated compound 61. 
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Scheme 1.17: Electrophilic aromatic substitution of osma- and iridabenzenes 

Scheme 1.18: Electrophilic aromatic substitution of osma- and iridabenzofurans 
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1.4.2 Nucleophilic substitution 

 

Certain electron-deficient arene rings will undergo nucleophilic addition and this reaction is 

also known for metallabenzenes. The cationic iridabenzene 62 and the related osmabenzene 

63 are both attacked by borohydride at the Cγ position (C3) to afford the 

metallacyclohexadienes 64a and 65a respectively (see Scheme 1.19).29 In this investigation, 

the nucleophilic reagents methyllithium and sodium ethoxide were also used, which formed 

the corresponding metallacyclohexadienes 64b,c and 65b. Treatment of these substrates with 

the oxidants DDQ or copper(II) chloride proceeded with the formal loss of hydride to 

generate the cationic metallabenzenes 66b,c and 67b. This was an important breakthrough in 

metallabenzene chemistry as it allowed direct functionalisation of the metallacyclic ring. 

Such nucleophilic aromatic substitution reactions could lead to a wide variety of useful 

derivatives. An extension of this work is presented in Chapter 4. 

 

1.4.3 π-Complexation 

 

In certain cases, a second metal fragment can bind to a metallabenzene ring. Like 

conventional arenes, the iridabenzene 32, forms an adduct with Mo(CO)3 (68, see Scheme 

1.20).30,31 Because the p-xylene ligand in Mo(η6-C6H5{Me}-1{Me}-4)(CO)3 was displaced in 

this reaction, it is inferred that the metallabenzene is more electron rich than xylene itself.64 

Within the bimetallic complexes the molybdenum-bound carbonyl ligands are equivalent, as 

determined by solution-state 13C NMR spectroscopy.30,31 This indicates that the Mo(CO)3 

fragment rotates freely relative to the iridabenzene ring, as it typically does for other  

arene-Mo(CO)3 compounds.65  

The platinabenzene 42a also forms a π-complex with Mo(CO)3 (69, see Scheme 1.20).32 An 

open-faced geometry at the metal centre appears to be a necessary prerequisite for this type of 

interaction, as six-coordinate metallabenzenes have not been reported to partake in  

π-complexation reactions with Mo(CO)3. 
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Scheme 1.19: Nucleophilic aromatic substitution reactions of irida- and osmabenzenes 

Scheme 1.20: Coordination of Mo(CO)3 to metallabenzenes 
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The diiridium complex 70 shown in Scheme 1.20 was also isolated as a minor product upon 

heating of the crude reaction mixture of 36a(f) to 75 °C.37 

 

1.4.4 Cycloaddition 

 

Cycloadditions of the benzene ring can only be induced under forcing photochemical 

conditions.66 In contrast, a small number of metallabenzenes undergo cycloaddition processes 

under relatively mild circumstances. 1,4-cycloadducts are formed between 34 and maleic 

anhydride,33 nitrosobenzene,33 carbon disulfide34 and oxygen31 (71-75 respectively, see 

Scheme 1.21). With carbon dioxide, the 1,2-cycloadduct 75 is produced, which comprises a 

strained four-membered ring fused to an iridacyclohexadiene.35  

The iridabenzenes 37a(i-vii), which are also pentacoordinate iridium(I) species, give closely 

related 1,4-cycloadducts with maleic anhydride, dimethyl maleate and oxygen.36 Likewise, 

the platinabenzene 42a couples with maleic anhydride to form the platinacycle (76, see 

Scheme 1.21).32 

As a result of these cycloaddition transformations, the aromatic nature of the metallabenzene 

ring is disrupted, whereby one carbon ring atom becomes saturated and the formal oxidation 

number of the metal increases by two. Computational studies with the model iridabenzene 

Ir(C5H5)(PH3)3 indicated that the 1,4-cycloaddition reactions proceed in a concerted fashion, 

whereby the substrates initially approach the metallabenzene ring aligned along the Ir–Cγ 

vector before undergoing cycloaddition.67 The LUMO of CS2 has the correct symmetry to 

overlap with the iridabenzene HOMO in a [4 + 2] cycloaddition reaction. Interestingly, the 

CO2 addition represents a [2 + 2] process, which is usually symmetry forbidden. In this 

example of a concerted cycloaddition reaction the CO2 substrate approaches the Ir–C bond 

perpendicularly, forming a new carbon–carbon bond before undergoing a rotation to make 

the Ir–O bond all in one concerted step. Although the four-membered ring is strained in the 

resulting cycloadduct, some stabilisation is afforded by the conjugated double bonds in the 

six-membered ring.67 
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1.4.5 Oxidation 

 

The iridium(I) metallabenzene 34 undergoes oxidative addition and simple oxidation 

reactions at the metal centre. For example, the six-coordinate iridium(III) complexes 77a and 

77b are obtained from 34 and bromine and iodine respectively (see Scheme 1.22).33 No 

halogenation of the metallabenzene ring was observed in this instance, although this may be 

due to the fact that the preferred sites of electrophilic attack (Cβ) are blocked by methyl 

groups. The dicationic Ir(III) compound 78 was prepared from silver tetrafluoroborate in 

acetonitrile solution33 and the iridabenzene 37a(vii) forms an analogous product under the 

same conditions.54 

Scheme 1.21: Selected cycloaddition reactions of metallabenzenes 
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The addition of dihydrogen to 34 ultimately results in destruction of the metallabenzene ring 

and the formation of iridium polyhydrides (see Scheme 1.22).31,33 This decomposition 

process is thought to occur via oxidative addition intermediate 21A which undergoes α-

hydride migration to give the iridacyclohexadiene adduct 32.33 It is thought that further 

hydrogenation then ensues to afford branched pentenes and pentadienes, along with 

IrH3(PEt3)3 and IrH5(PEt3)2. 

 

1.4.6 Cyclopentadienyl formation 

 

One further reaction which destroys the metallabenzene ring is the formation of 

cyclopentadienyl complexes via coupling of the two metal-bound carbon atoms. It has been 

recognised that this is a common decomposition route for metallabenzenes and calculations 

have shown most metallabenzenes are thermodynamically unstable with respect to 

cyclopentadienyl rearrangement.14,68 Therefore, an understanding of this phenomenon is of 

great practical importance to the design of robust synthetic methods towards these 

compounds. Several studies have focused upon factors which contribute towards the stability 

of metallabenzenes. 

Scheme 1.22: Oxidation and oxidative addition reactions of the iridabenzene 34 
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An investigation of this nature was conducted with the set of iridabenzenes shown in Scheme 

1.23.37-39 The iridabenzenes 37a(i) and 37a(vii) are quite robust and no rearrangement was 

detected upon heating of these materials to 100 °C. Similarly, 37b(i), 37c(i) and 37d(i) were 

unchanged after heating at 75 °C for 48 hours. However, the introduction of bulky tBu or 

SiMe3 groups to the R position promoted the formation of Cp” complexes. It was shown that 

37f(i) was fully converted to 79f(i) at 75 °C in 24 hours, while 37e(i) rearranged to 79e(i) at 

50 °C after only 15 hours. 

The iridabenzvalenes 36f(i,iii,iv), which combine sterically demanding phosphine ligands 

with a trimethylsilyl ring substituent, are thermally unstable and are transformed into the 

corresponding cyclopentadienyl complexes 79f(i,iii,iv) at 75 °C (see Scheme 1.23). It is very 

likely that the iridabenzenes 37f(i,iii,iv) are intermediates in these instances. As previously 

mentioned, the iridabenzvalene derivatives 37f(v-vii) (with PMe2Ph, PEt3 and PMe3 ligands) 

are stable towards heating.37 

The osmabenzenes 80a-e and 81a-d are also susceptible to thermally induced 

cyclopentadienyl formation (see Scheme 1.24).40 Upon heating of toluene solutions of the 

blue osmabenzene isomers 80a-c at 110 °C for one hour, a mixture of the corresponding Cp” 

complexes 82a-c and 83a-c formed. 80d and 80e, with the weakly coordinating 

trifluoroacetate and triflate anions, produced the cationic cyclopentadienyl complexes 82d 

and 82e exclusively after heating. The brown isomers 81a and 81b afforded a similar mixture 

of 82a,b and 83a,b. Interestingly, solutions of 81c and 81d were stable towards heating, 

which suggests that there may be more than one possible pathway by which these 

transformations may occur. 

Certain metallabenzenes afford free cyclopentadienyl anions upon thermolysis. The 

ruthenabenzene 44b is remarkably stable and survives heating in air at 100 °C for five hours 

in the solid state (see Scheme 1.25).62 When the temperature was increased to 150 °C, the 

cyclopentadienyl anion 84 formed as the chloride salt after five hours. The dicationic  

2,2’-bipyridine ruthenabenzene derivative (85) is less stable and gives 84 after only two hours 

at 100 °C in air.62 The fused-ring ruthenabenzenoid 86 exhibits even higher thermal stability 

and the quinolate-substituted cyclopentadienyl salt 87 was produced upon heating a sample of 

86 at 170 °C for five hours.21 
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Scheme 1.23: Cyclopentadienyl formation of iridabenzenes and iridabenzvalenes 

Scheme 1.24: Cyclopentadienyl formation from two isomeric osmabenzenes 

 

Scheme 1.25: Decomposition of ruthenabenzenes and ruthenabenzenoids 
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1.5 Significance and aims of research 

 

Metallabenzenes have been the subject of a considerable number of studies over the past 

several decades. Thus, it is somewhat surprising that these compounds have not found 

widespread use in chemistry or materials fields. Section 1.3 of this chapter described the 

numerous routes towards metallabenzenes. It is possible that a lack of general synthetic 

methodology has hindered progress in this area. In addition, the known examples of 

metallabenzenes seldom contain functionality that lends itself towards further modification, 

thereby limiting the scope of further reaction chemistry. 

A primary aim of the current research was to prepare iridabenzenes with extended chain or 

ring structures which maintain connections to the metallacyclic core by conjugated linkers. It 

was envisioned that this type of functionalisation could allow the incorporation of 

metallabenzenes into polymers or other materials, and that the combination of a 

metallabenzene with an organic π-electron system could produce compounds with interesting 

properties. For example, Martin and co-workers recently described the potential application 

of metallabenzenes as chromophores for non-linear optics in a theoretical investigation.69 

Time-dependent DFT was used to analyse six model metallabenzenes, some of which were 

substituted on the metallacyclic ring with ethenyl or butadienyl groups. These 

metallastilbenes demonstrated notable second-order hyperpolarisabilities, indicating that they 

would be ideal candidates for NLO. 

In order to study metallabenzenes with conjugated substituents, a simple, high-yielding route 

to an iridabenzene from commonly available starting materials was required. Chapter 2 of 

this thesis describes the syntheses of iridabenzenes with α-thiolate substituents, along with an 

investigation of their reactivity towards electrophiles. It was subsequently discovered that 

these iridabenzenes had the ability to undergo annulation reactions with unsaturated 

substrates under some circumstances, and this chemistry is presented in Chapter 3. These 

compounds were amenable to functionalisation and alkene, alkyne, alcohol and halogenated 

groups were incorporated by selecting an appropriate synthon. The fourth chapter of this 

work is concerned with nucleophilic substitution reactions of a cationic iridabenzene, with a 

special focus on appending functional groups directly to the metallacyclic ring. 



 

 

 

 

 

 

 

 

Chapter 2 

Syntheses and Reactions of 

Iridabenzenes with α-thiolate Groups 
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2.1 Iridabenzenes derived from IrCl(CS)(PPh3)2 

2.1.1 Previous work 

 

Wright and co-workers were the first to synthesise an iridabenzene from IrCl(CS)(PPh3)2 (13, 

see Scheme 2.1).25 The iridabenzene 15 was formed via insertion of a thiocarbonyl ligand 

into the iridium–carbon bond of an iridacyclopentadiene (Ir(C4H4)Cl(CS)(PPh3)2, 14), 

followed by methylation at sulfur and the addition of chloride. While 15 can be prepared as a 

pure compound in 56% yield,25 in practice it was found that the conversions of this material 

could be as low as 20% and of variable purity. The step which formed 14 from 13 proved to 

be especially problematic. It was suspected that impure starting materials were a cause of 

these difficulties and so further investigation into the preparation of these reagents was 

warranted. As it was anticipated large quantities of 13 would be required in this research, the 

opportunity was taken to optimise and upscale a known method leading to this compound.  

 

2.1.2 Routes to IrCl(CS)(PPh3)2 (13) 

 

13 was originally prepared in low yield from IrCl(PPh3)3 and CS2,70 and later using 

IrCl(N2)(PPh3)2.71 Both syntheses involve poorly defined intermediates, which incorporate 

varying quantities of CS2 units in metallacyclic bonding arrangements.  

A one-pot reaction sequence to 13 beginning with IrCl(CO)(PPh3)2 (Vaska’s compound) and  

O-aryl chlorothionoformates (ArOC{=S}Cl) was subsequently described by Hill et al.72 This 

synthesis, outlined in Scheme 2.2, proceeds via: i. oxidative addition of the C–Cl bond to the 

Ir(I) centre; ii. hydride-chloride metathesis; iii. acid cleavage of the aryloxy group with loss 

of CO; and iv. base-assisted dehydrochlorination to furnish IrCl(CS)(PPh3)2 in an overall 

yield of 75% over four steps. While the above method has merits in its simplicity, it does 

require the use of O-aryl chlorothionoformates, which are relatively expensive (ca. 

NZ$50/gram) and have a strongly disagreeable odour. 
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An earlier strategy devised by Roper and co-workers (shown in Scheme 2.2) began from 

Vaska’s compound and used carbon disulfide as the source of CS.73,74 Here, IrCl(CO)(PPh3)2 

was dissolved in neat CS2 and treated with methyl triflate to give the dihapto dithioester 

complex [Ir(η2-C{S}SMe)Cl(CO)(PPh3)2][OTf] (88) in quantitative yield. The Ir–S bond was 

cleaved by nucleophilic attack of hydride at the metal centre, which formed 

Ir(C{=S}SMe)ClH(CO)(PPh3)2 (89). 89 contains a metal hydride in addition to the SMe 

moiety of the thioester, and these groups are perfectly arranged to undergo thermally-induced 

Scheme 2.2: Syntheses of IrCl(CS)(PPh3)2 (13)72-74 

Scheme 2.1: Synthesis of the iridabenzene 1525 
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reductive elimination of methanethiol and decarbonylation to afford 13. The reported yield 

over three steps was 69%. 

Roper’s method was deemed the most attractive route to 13 as the three steps were 

straightforward, high-yielding and did not require particularly exotic reagents or sensitive 

metal complexes. The following section describes modifications to these procedures which 

were used to synthesise 13 in improved yield, scale and purity. 

 

2.1.3 Optimisation and up-scaling of Roper’s method 

 

Using the original procedure74 as a guideline, IrCl(CO)(PPh3)2 (7.178 g) was dissolved in 

neat CS2 (160 mL) and MeOTf (2.6 mL) was added. In the improved synthesis, the amounts 

of Vaska’s compound and CS2 were scaled up by a factor of 3.6 but the quantity of methyl 

triflate was reduced from 5 to 2.5 mol equivalents per equivalent of IrCl(CO)(PPh3)2. The 

contact time was increased to twelve hours to accommodate the lower concentration of 

MeOTf. After this period, diethyl ether was added to the suspension to precipitate 88 as a 

finely divided solid, which was isolated by filtration and recrystallised in quantitative yield 

from dichloromethane/diethyl ether. When benzene was used as the precipitant (in accord 

with the original preparation), the gelatinous product proved very difficult to dry and so it 

appears that the use of diethyl ether is a marked improvement on the original method. 

For the second step, 88 was suspended in ethanol and a filtered solution of sodium 

borohydride (2.5 mol equivalents) in ethanol was added to the mixture. Five minutes was 

sufficient time for the reaction to complete; longer periods lead to partial decomposition and 

lower yields. The orange solid was collected by filtration and washed thoroughly with 

ethanol. Recrystallisation of this solid and further washing with ethanol removed the last 

traces of NaBH4 and produced pure 89 in 84% yield. 

Formation of 13 was accomplished by heating a suspension of 89 under reflux in tert-butanol 

for one day. The original method called for a stream of nitrogen to be passed through the 

suspension, presumably in an effort to sweep off evolved methanethiol and carbon monoxide. 

However, the bubbling tube was prone to blockage during the reaction and was ultimately 
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found to be unnecessary. Instead, a two-way adapter was attached to the top of the condenser 

and gaseous by-products were vented under one atmosphere of positive nitrogen pressure. 

After a 24 hour period, the solid was collected by filtration and washed with ethanol. 13 was 

used as prepared without further purification. The yield for this process was 95% with an 

overall conversion from Vaska’s compound of 80% after three steps. 

 

2.1.4 Reactions of IrCl(CS)(PPh3)2 (13) 

 

With a good supply of pure 13 in hand, the reaction sequence to iridabenzene 15 that was 

originally carried out by Wright et al.,25 was reinvestigated. Of particular interest was the 

isolation of the cations [Ir(MeCN)(CS)(PPh3)2][OTf] (90) and 

[Ir(C4H4)(MeCN)(CS)(PPh3)2][OTf] (91), which had been prepared previously but were not 

obtained as pure compounds.25 

The action of silver triflate upon 13 in acetonitrile gives 90 as the sole iridium-containing 

product. However, silver triflate can be present as an impurity, and so steps were taken to 

mitigate this issue. The acetonitrile solvent was completely removed under vacuum and the 

residue extracted with dichloromethane and filtered through a silica gel pad. The filter pad 

was then washed with 20% v/v acetone:dichloromethane to elute the remaining product. On 

the addition of hexane to the filtrates, pure 90 was precipitated as a bright orange, highly 

crystalline solid in 95% yield. 

Contrary to the previous report,25 the solid form of 90 was found to be indefinitely stable 

under an air atmosphere, although solutions of 90 are somewhat oxygen sensitive. As part of 

the current research, concordant elemental analyses and a crystal structure of 90 were 

determined. The crystal was grown by vapour diffusion of hexane into a dichloromethane 

solution of 90 in an H-tube under nitrogen, using deoxygenated solvents. The molecular 

structure of 90 is shown in Figure 2.1. Selected refinement parameters for this and all other 

crystal structures are collated in an appendix following the main body of this thesis, and a 

disk attached to the inside back cover contains .cif files and structure factor tables. 
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In the solid state, 90 presents a square planar geometry with bond angles at the metal ranging 

from 88.31(6)–91.37(6)°. The thiocarbonyl ligand has Ir–C and C–S distances of 1.813(2) 

and 1.552(2) Å, respectively. [Ir(CO)2(CS)(PPh3)2][PF6], a rare literature example of an 

iridium thiocarbonyl complex, has a trigonal bipyramidal structure and corresponding Ir–C 

and C–S distances of 1.867(18) and 1.511(18) Å respectively.75 In spite of their radically 

different coordination geometries there are only slight differences in the C–S bond lengths 

between these two compounds. This demonstrates the insensitivity of thiocarbonyl ligands 

relative to carbonyl ligands with regard to a changing ligand environment. In 90, the triflate 

counterion aligns nearly parallel to the acetonitrile ligand and packs adjacent to one phenyl 

ring with distances of 3.119(2) (O3∙∙∙C2), 3.020(3) (O3∙∙∙C3), 3.073(3) (O3∙∙∙C17) and 

3.166(3) Å (O3∙∙∙C18). 

Figure 2.1: Molecular structure of 90. Thermal ellipsoids are set at 50% probability. Hydrogen atoms on phenyl 
rings are omitted. 
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Passing a stream of ethyne through a solution of 90 in dichloromethane at 0 °C for 15 

minutes gave the iridacyclopentadiene [Ir(C4H4)(MeCN)(CS)(PPh3)2][OTf] 91 in a formal  

[2 + 2 + 1] cycloaddition reaction involving two molecules of the alkyne and the iridium 

centre. The observed colour change from orange to yellow differs from that reported in the 

original publication where at ambient temperature a green-black transition was noted.25 As 

will become apparent in the next section, to obtain pure 91 it was necessary to cool the 

solution to 0 °C before the acetylene gas was introduced. The cationic complex precipitated 

out of solution in 94% yield upon the addition of hexane at this temperature. 

In the 31P NMR spectrum of 91, a singlet at 2.73 ppm was assigned to the equivalent, 

mutually trans triphenylphosphine ligands. The 1H NMR spectrum gave rise to two multiplets 

at 7.20 and 6.53 ppm for the α-CH protons and a signal at 5.84 ppm integrating for two 

protons for the β-CH nuclei of the iridacyclopentadiene ring. The corresponding 13C NMR 

peaks were found at 152.55, 136.03, 144.50 and 142.36 ppm for the two α- and two β-

carbons, respectively. The thiocarbonyl carbon gave a resonance at 279.13 ppm and in the IR 

spectrum ν(CS) was assigned to a band at 1305 cm–1. In comparison, the related neutral 

complex Ir(C4H4)Cl(CS)(PPh3)2 has ν(CS) at the slightly lower value of 1294 cm–1.25 This is 

expected, as the Ir–C back-donation should decrease in a cationic complex, leading to a 

higher IR stretching frequency for the C–S bond. 

Layering hexane on a CDCl3 solution of 91 in an NMR tube and cooling the system at –18 °C 

for several days yielded yellow single crystals which were analysed by X-ray diffraction. 

While the crystal diffracted well, there was disorder evident where the C1–C4 ring and 

thiocarbonyl ligand displayed two orientations in proportions of 0.71 and 0.19. A similar 

disorder motif is observed for the crystal structures of 93 and 94. The model for 91 only 

refined satisfactorily when some bond distances were fixed and the thermal parameters for 

carbon atoms were defined as isotropic. Thus the solution demonstrates the expected atom–

atom connectivity but information regarding bond distances and angles cannot be inferred 

with great confidence. The molecular structure is shown in Figure 2.2. 
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2.1.5 Migratory insertion reactions of the thiocarbonyl ligand in 91 

The iridacyclopentadiene 14 showed no evidence of migratory insertion involving the CS 

ligand, even when heated to 80 °C.25 However, when this compound was treated with methyl 

triflate at 60 °C, followed by the addition of chloride, the iridabenzene 15 was obtained (refer 

to Scheme 2.1).  

In contrast, the thiocarbonyl ligand of the cationic complex 91 readily inserts into the 

adjacent Ir–C bond of the iridacyclopentadiene. This occurs when solutions of 91 are allowed 

to stand at room temperature for approximately one day. The process accelerates to 

Figure 2.2: Molecular structure of 91 with thermal ellipsoids set at 50% probability. Hydrogen atoms, one solvent 
molecule, the triflate counterion and the lesser weighted disorder component are omitted. 
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completion within three hours when the complex is heated in refluxing dichloromethane 

solution. By this method, the iridabenzene [Ir(C5H4{S}-1)(MeCN)(PPh3)2][OTf] (92) can be 

prepared in yields of over 90% from 13 and on scales of at least 6 g.  

This result is consistent with the general observation that migratory insertion reactions 

involving organo-groups and adjacent CO or CS ligands tend to be more favourable in 

cationic complexes when compared with the corresponding neutral analogues.  

The three-step method from IrCl(CS)(PPh3)2 (13, shown in Scheme 2.3), can be carried out 

as a one-pot synthesis. This represents one of the simplest and most efficient routes to a 

metallabenzene reported to date. The atom numbering for the metallabenzene ring shown in 

Scheme 2.3 will be used consistently throughout this thesis. 

The 1H NMR spectrum of 92 shows a signal characteristic of a metallabenzene at 12.47 ppm, 

assigned to H5. This signal is shifted considerably down-field compared to the α-CH group in 

the iridacyclopentadiene 91 and is indicative of increased multiple bonding to the metal and 

its associated anisotropic deshielding. The other metallabenzene protons in 92 were assigned 

to peaks at 7.50, 6.81 and 6.24 ppm, for H3, H4 and H2, respectively. 

Evidence for metallabenzene formation is also provided in the 13C NMR spectrum of 92, with 

resonances at typically low field positions of 243.85 and 176.90 ppm assigned to C1 and C5, 

respectively. Corresponding peaks for C3, C4 and C2 were observed at 153.93, 127.38 and 

117.58 ppm, respectively.  

The crystal structure of 92 was also determined and the molecular structure is depicted in 

Figure 2.3. The overall form of 92 has the two triphenylphosphines occupying axial positions 

and the remaining ligands situated on the equatorial plane. The complex possesses a large 

open face at the metal – the bond angle of S1-Ir–N is 126.98(5)° – and this feature may 

explain some of the reactivity of the compound. The iridabenzene ring is nearly planar, with 

the iridium atom displaced 0.065(3) Å from the least-squares fit through C1–C5. 

The relatively short Ir–C1 and Ir–C5 distances (1.934(2) and 1.988(2) Å, respectively) 

support the proposal of increased multiple bond character between the metal–carbon bonds. 

There is a very slight but significant alternation in the length of the C–C distances within the 
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Scheme 2.3: Synthesis of the iridabenzene 92 in 90% overall yield

Figure 2.3: Molecular structure of 92 displaying 50% probability thermal ellipsoids. Hydrogen atoms on phenyl rings, 
the triflate counterion and one solvent molecule are omitted. 
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iridabenzene ring (C1–C2, 1.397(3); C2–C3, 1.366(4); C3–C4, 1.422(4) and C4–C5, 1.366(3) 

Å). All distances clearly fall in the range expected for aromatic compounds and are typical of 

those observed in other metallabenzenes. Parameters associated with the α-thiolate group are 

2.6328(6) Å for Ir–S1, 1.663(2) Å for C1–S1 and 93.78(10)° for the Ir–C1–S1 angle. The 

fairly long Ir–S1 distance in 92 indicates that this bond is relatively weak, and this point will 

be considered further in relation to the complexes 93 and 94 (vide infra). 

92 is an ideal substrate for metallabenzene research and forms the starting point for 

subsequent new compounds described in this thesis. It can be prepared by a straightforward 

and high-yielding synthesis, meaning large quantities can be made available for reactivity 

studies. 92 is easily handled due to its excellent stability towards oxygen, moisture and heat. 

Also, the compound is readily soluble in chlorinated solvents, alcohols and THF. Due to its 

improved solubility, it is possible to carry out reactions at high concentration, allowing for 

short reaction times and simple work-up procedures. 

92 could potentially undergo aromatic substitution reactions as its metallabenzene ring bears 

only one substituent. The sulfur functional group could also serve as a site for 

functionalisation. In addition, a weakly-coordinating acetonitrile ligand is present at the metal 

centre which could be replaced with other ligands in metathesis processes. Some of these 

reactions are discussed in the following section. 

 

2.2 Ligand exchange reactions of 92  

2.2.1 Reaction with halides 

 

In order to further explore the chemistry and structure of metallabenzenes with α-thiolate 

functional groups, some simple derivatives were prepared. The addition of lithium chloride to 

a solution of 92 in methanol resulted in the precipitation of the neutral complex Ir(C5H4{S}-

1)Cl(PPh3)2 (93, see Scheme 2.4). The bromide analogue Ir(C5H4{S}-1)Br(PPh3)2 (94, see 

Scheme 2.4) can be made from 92 in a similar fashion (using lithium bromide) or by halide 

metathesis of 93. Both complexes were isolated as brown solids. Selected NMR data for both 
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93 and 94 are presented in Table 2.1 which, as expected, reveals a marked similarity between 

the two compounds. 

For both 93 and 94, the peaks assigned to H5 are in similar positions to H5 in compound 92 

(at 12.47 ppm), whereas the other proton signals are shifted slightly up-field (c.f. 92: 7.50, 

6.81 and 6.24 ppm, for H3, H4 and H2, respectively). This is most likely due to changes in 

formal charges between the complexes, but could also be explained by the replacement of an 

acetonitrile ligand with halide. 

Crystal structures of 93 and 94 were obtained and are depicted in molecular form in Figure 

2.4. Both structures exhibited disorder of the iridabenzene moieties, which were modelled 

with partial occupancies of 0.89:0.11 for 93 and 0.75:0.25 for 94. The overlap of sulfur atoms 

with the opposing carbon fragments necessitated the use of distance restraints and isotropic 

refinement for some atoms in the minor constituents. Selected structural data for the major 

fractions are given in Table 2.2. 

The six-membered ring in 93 is essentially planar with the iridium atom deviating 0.017(3) Å 

from the least-squares plane formed by C1–C5. The Ir–C1 and Ir–C5 bond lengths are closer 

together in value than the corresponding distances in 92 (c.f. 1.934(2) and 1.988(2) Å, 

respectively). The structure of 92 indicated that some C–C bond length alternation was 

occurring in the metallabenzene ring, and the situation is similar for 93. For the latter, both 

the Ir–S1 distance and the Ir–C1–S1 angle increase relative to the same parameters in 92 (c.f. 

2.6328(6) Å and 93.78(10)°, respectively). These data indicate that the attraction of the  

α-thiolate group to the metal centre is lessened for the neutral 93 when compared to the 

cationic 92. 

While the structure for 94 is of lesser quality, valid comparisons may still be made with 93 

and 92. The metallacyclic ring in 94 deviates more significantly from planarity compared 

Scheme 2.4: Syntheses of the neutral halide derivatives 93 and 94 
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Table 2.2: Selected bond distances (Å) and angles for 93 and 94 

93 94  93 94 
C1–C2 1.407(3) 1.400(8) 

 

Ir–S1 2.7144(7) 2.7977(17) 
C2–C3 1.370(4) 1.402(11) C1–S1 1.672(3) 1.646(6) 
C3–C4 1.434(4) 1.395(10) Ir–X 2.4784(5) 2.5902(5) 

C4–C5 1.364(4) 1.378(9) Ir–C1–S1 96.99(12)° 100.6(3)° 
Ir–C1 1.945(2) 1.981(6) S1–Ir–X 119.300(19)° 115.96(4)° 

Ir–C5 1.963(3) 1.945(6) X Cl Br 
 

Table 2.1: Selected NMR data (δ, ppm) for 93 and 94 

 1H 13C 31P 
Atom 93 94 93 94 93 94 

1 – – 249.47 248.58 3.26 1.00 
2 5.65 5.66 118.71 118.24 
3 6.80 6.76 149.40 149.42 
4 6.54 6.55 125.99 126.21 
5 12.45 12.58 171.43 171.86 

Figure 2.4: Molecular structures of a) 93 and b) 94. Thermal ellipsoids are set at 50% probability and 
disordered components are not shown. 
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with 92 and 93, where the iridium atom is located 0.092(8) Å from the least-squares plane 

calculated for the five carbon atoms in 94. It is possible that the increased donor strength of 

bromide relative to chloride is the cause of this effect, as good π- and σ-donor ligands 

generally lead to non-planar metallabenzenes.18 

The C–C distances around the iridabenzene ring are nearly equivalent; this is reflected in a 

mean deviation of 0.007(5) Å for these measurements. The interaction between the sulfur and 

iridium atoms in 94 appears to decrease further when moving to the bromide analogue, as 

indicated by increases to both the Ir–S1 distance and Ir–C1–S1 angle. 

92, 93 and 94 all have similar bonding arrangements compared to the osmabenzene  

Os(C5H2{S}-1{Me}-2{Me}-5)(CO)(PPh3)2 (95)48 and the dihapto-thiocarbamoyl iridium 

complex Ir(η2-C{=S}NMe2)Cl2(PPh3)2 (96).76 The relevant crystallographic parameters are: 

Os–S1, 2.4990(12) Å; C1–S1, 1.689(6) Å; Os–C1–S1, 84.0(2)° for 95, and Ir–S1, 2.4265(17) 

Å; C1–S1, 1.704(7) Å; Ir–C1–S1, 82.3(3)° for 96. In IrH(S=C(OH)Ph)(κ2-OC(S)Ph)(PPh3)2 

(97) the iridium–sulfur distance for the monodentate thiobenzoic acid ligand is 2.352(1) Å 

with a corresponding carbon–sulfur bond length of 1.740(6) Å.77 

It is evident that the metal–sulfur interactions are significantly shorter, and thus presumably 

stronger, in 95-97 than they are in the aforementioned iridabenzenes 92, 93 and 94. It is 

therefore reasonable to expect that the sulfur atoms in these latter compounds would display a 

certain degree of thione character, and so should react readily with electrophiles. The 

alkylation chemistry of 92 and 93 is presented in a proceeding section of this chapter. In 

Chapter 3 annulation reactions which directly involve the sulfur moieties of 92 and 93 are 

discussed. 

 

2.2.2 Reaction of 92 with dialkyldithiocarbamates 

 

Along with halide salts, 92 also adds the bidentate diethyl- and dimethyldithiocarbamates to 

give Ir(C5H4{=S}-1)(κ2-S2CEt2)(PPh3)2 (98a) and Ir(C5H4{=S}-1)(κ2-S2CNMe2)(PPh3)2 (98b, 

see Scheme 2.5). If the reaction is carried out in methanol, the pure complexes precipitate out 

of solution as orange solids as they form. 
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98a presented a singlet at –11.71 ppm in the 31P NMR spectrum. There are multiple peaks in 

the range of 7.50–7.01 ppm which integrate for a total of 30 protons in the 1H NMR 

spectrum. These observations indicate that the diethyldithiocarbamate ligand adds to the 

metal complex in the medial plane and that two PPh3 ligands are present in a mutually trans 

arrangement. 

In the up-field region of the 1H NMR spectrum for 98a, no peaks attributable to an 

acetonitrile ligand were present. Signals representing the two chemically inequivalent ethyl 

groups were found at 3.04 (q, 3JHH = 6.9 Hz), 2.73 (q, 3JHH = 7.2 Hz), 0.79 (t, 3JHH = 6.9 Hz) 

and 0.56 ppm (t, 3JHH = 7.2 Hz). 13C NMR resonances for the carbon nuclei on the ethyl 

chains were located at 45.08, 43.02, 12.39 and 11.80 ppm for the two CH2 and CH3 groups, 

respectively. 

On the basis of splitting patterns and correlations in the COSY experiment, the remaining 

resonances in the 1H NMR spectrum were assigned to protons in a metallacyclic ring. A peak 

for H5 was observed at 10.57 ppm, almost 2 ppm up-field of the equivalent nucleus in 92. 

The two signals at 6.53 (H4) and 5.61 ppm (H2) in the 1H NMR spectrum of 98a are very 

similar to those identified for 92. The chemical shift for H3 was found at 5.83 ppm. 

The metal-bound carbons for 98a appeared at 260.99 (C1) and 154.64 ppm (C5) in the 13C 

spectrum. While C5 shifted to a higher field position compared with C5 in 92, the opposite 

effect was observed for C1. The other ring carbons in 98a were assigned to peaks at 137.21 

(C2), 135.98 (C3) and 126.10 ppm (C4).  

Finally, the infrared spectrum of 98a contained absorbance bands characteristic of a bidentate 

dithiocarbamate ligand at 1493 cm–1 for ν(CN) and 999 cm–1 for ν(CS) and additionally a 

weak stretch at 987 cm–1 assigned to ν(C=S). 

Scheme 2.5: Syntheses of the iridacyclohexadienethiones 98a and 98b 
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The above data strongly suggest that 98a should be viewed as a neutral 

iridacyclohexadienethione with localised π-bonds, rather than as an aromatic compound. The 

up-field NMR shifts experienced by H5 and C5 in the iridacyclic ring of 98a, compared with 

those of 92 and 93, indicate decreased multiple bonding to the metal takes place. Conversely, 

C1 in 98a moves to a more deshielded environment, as would be expected on the formation 

of a thione species. 

The dimethyldithiocarbamate analogue 98b is similarly prepared from 92, which has the 

additional benefits of decreased solubility in alcohols and simplified NMR spectra. The NMR 

chemical shifts of 98b are expectedly similar to those of 98a, with the exception of new  
1H NMR signals at 2.55 and 2.26 ppm, and 13C NMR signals at 39.64 and 37.20 ppm, 

assigned to the two inequivalent methyl groups.  

Attempts to grow single crystals of 98a and 98b were unsuccessful. Solutions of these 

compounds in benzene, toluene and THF seemed to be air stable, but formed oils upon their 

evaporation. While the iridacyclohexadienethiones can be dissolved and manipulated for a 

short time in halogenated solvents, over extended periods decomposition to a mixture of 

intractable products occurred. This phenomenon was even observed when the typically inert 

haloalkane DCE was used. Alkylation of the thione sulfur atom is a plausible explanation for 

this apparent instability and requires further investigation. 

The propensity of the iridacyclohexadienethione sulfur atoms to alkylate was exploited to 

furnish cationic S-methyl substituted iridabenzenes. These reactions will be considered in the 

context of Chapter 4. 

As the iridabenzene 34 readily undergoes cycloadditions (refer to Scheme 1.21),33,35 it was 

envisaged that 98a or 98b might engage with similar unsaturated reagents in the same 

fashion. A formal [4 + 2] Diels-Alder reaction was attempted between 98b and maleic 

anhydride (see Scheme 2.6), however the 1H NMR spectrum of the crude reaction mixture 

exhibited a myriad of peaks and no cycloaddition products could be detected. There was 

some indication of protonation at C=S due to maleic acid or other impurities, but the products 

proved unstable under the conditions used and their subsequent isolation was rendered 

impracticable. 
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The iridacyclohexadienethiones can be thought of as cyclic α,β-unsaturated thiones. As such, 

they could potentially be susceptible to nucleophilic conjugate addition. Treatment of a 

solution of 98b with malonodinitrile and base did not give the expected addition product and 

only starting material was recovered (see Scheme 2.6). Successful nucleophilic addition 

reactions involving cationic iridabenzenes will be discussed in Chapter 4. 

 

2.2.3 Carbonylation of 92 

 

As demonstrated in Sections 2.2.1 and 2.2.2 above, the acetonitrile ligand bound to 92 is 

labile and can be easily displaced by halides and dithiocarbamate salts. The preparation of 

other iridabenzenes with alternative neutral two-electron donor ligands was of interest. Donor 

groups positioned trans to the Ir–C1 bond could impart interesting electronic changes to the 

iridabenzene ring. 

Dichloromethane solutions of 92 underwent carbonylation readily, requiring only 

atmospheric CO pressure and two minutes contact time (see Scheme 2.7). An associated 

colour change from brown to orange was observed during this reaction.  

[Ir(C5H4{S}-1)(CO)(PPh3)2][OTf] (99) was obtained in 87% yield upon precipitation with 

hexane.  

The 1H NMR resonance for H5 in this compound was found at 12.17 ppm, shifted slightly 

up-field relative to the starting material. Peaks assigned to the remaining metallabenzene ring 

CH units demonstrated relative down-field shifts, viz. 7.61, 7.17 and 6.51 ppm for H3, H4 

and H2, respectively. 

In the 13C NMR spectrum of 99, peaks at 244.77, 113.79, 161.01 129.41 and 166.78 ppm 

were assigned to C1–C5 respectively. When compared with the starting material 92, the 

carbonyl ligand is seen to provide a shielding effect to position 5 on the ring, whilst 

deshielding position 3. The 13C signal for CO was located at 177.20 ppm and presented as a 

triplet as a result of coupling to the two equivalent phosphorus nuclei (2JCP = 11.9 Hz). 

Additionally, the infrared spectrum for this material contained a strong band at 2021 cm–1 for 

ν(CO). 
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Unlike 92, 99 had limited synthetic utility. The immovable carbonyl ligand shut down 

reactions involving the metal centre and made the thiolate group impervious to alkylations, 

even at 80° C. 

  

Scheme 2.6: Reactions attempted with 98b 

Scheme 2.7: Synthesis of the carbonyl and pyridine derivatives 99 and 100 
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2.2.4 Coordination of DMAP to 92 

 

4-(Dimethylamino)pyridine (DMAP) is notable for its use as a strong base and acylation 

catalyst.78 It has two chemically equivalent methyl groups and a para substitution pattern, 

which facilitates simple recognition by NMR spectroscopy. Treatment of a dichloromethane 

solution of 92 with 1.5 mol equivalents of DMAP resulted in the formation of  

[Ir(C5H4{S}-1)(DMAP)(PPh3)2][OTf] (100), which was isolated by precipitation from 

dichloromethane/diethyl ether as a brown solid (see Scheme 2.7).  

The distinctive aromatic signals for the DMAP ligand were observed as doublets in the 1H 

NMR spectrum of 100 at 7.61 and 5.87 ppm for the ortho and meta positions of the pyridine 

ring, respectively. The two equivalent methyl groups were observed as a singlet integrating 

for six protons at 2.88 ppm. By comparison, the proton signals for free DMAP are found at 

8.21 (ortho), 6.46 (meta) and 2.96 ppm (NMe2). 

The iridabenzene ring of 100 gave rise to 1H NMR peaks at 12.20 (H5), 7.35 (H3), 7.22 (H4) 

and 6.15 ppm (H2). The 13C NMR signals were found at 251.22 (C1), 175.01 (C5), 153.23 

(C3), 129.29 (C4) and 117.69 ppm (C2). These NMR data are comparable to those observed 

for 92. 

The IR spectrum for 100 contained two new bands associated with the DMAP ligand at 1623 

and 1223 cm–1. 

While 100 is a stable analogue of 92, the DMAP ligand could also be used as an internal base 

for the formation of acetylide complexes. These reactions will be discussed further in  

Chapter 3. 

 

2.2.5 Other reactions 

 

In this section, some additional reactions of 92 and 93 will be briefly mentioned that were 

attempted but from which pure products could not be isolated. The acetonitrile ligand of 92 

could not be displaced by other solvent molecules, such as acetone, THF or water. The action 
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of sodium borohydride on 92 did not give a metal-hydride complex and appeared to instigate 

decomposition of the starting material. Cyclopentadienyl anions (as the lithium or thallium(I) 

salts) did not react with 92 or 93 to give the corresponding η5-Cp complexes and only starting 

materials were returned. The action of pyridinium tribromide on 92 or 93 (which was used to 

brominate the iridabenzene 1525) gave a mixture of products in both cases. It is suspected that 

the presence of HBr leads to the formation of thiols, which could potentially be oxidised by 

bromine to disulfide or sulfoxy compounds.  

Additionally, σ-acetylide complexes of the type Ir(C5H4{S}-1)(C≡CR)(PPh3)2 may be 

accessed from 92 upon its reaction with a terminal alkyne and base. These processes will be 

discussed further in Chapter 3. 

 

2.3 Sulfur functionalisation in thiolate-substituted iridabenzenes  

 

Section 2.2 above discussed ligand substitution processes of the iridabenzene 92. In the 

following section, some transformations involving the sulfur moieties present in 93 and 92 

are introduced.  

 

2.3.1 Protonation studies of 93 

 

The original publication concerning the synthesis of osmabenzene 17 gave some indication to 

its reactivity.10 The α-thiolate group on the osmabenzene, referred to as an η2-CS function, 

was alkylated with MeI or protonated with HCl to give the corresponding thioether or thiol 

(see Scheme 2.8). The iridabenzene 15 also contains an SMe group, which was installed as a 

part of its preparation.25  
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The treatment of 93 with concentrated HCl in methanol/dichloromethane solution 

immediately brought about a colour change from brown to purple. Precipitation of a purple 

solid was accomplished by removal of the dichloromethane solvent. The purple solid was 

collected and analysed as the thiol-substituted iridabenzene Ir(C5H4{SH}-1)Cl2(PPh3)2 (101, 

see Scheme 2.9). 

The 1H NMR spectrum of 101 (recorded in CD2Cl2) reveals a signal at 11.83 ppm for H5. 

Peaks at 7.01, 6.63 and 6.31 ppm were assigned to H3, H2 and H4. A broad peak at 9.46 ppm 

which roughly integrated for one proton was attributed to SH. A D2O exchange experiment 

could not be used to confirm the presence of exchangeable protons as it caused 101 to revert 

back to the starting material. 

The 13C NMR spectrum of 101 showed broad signals at 239.33 ppm for C1 and 192.49 ppm 

for C5. Due to very limited solubility it was not possible to prepare concentrated solutions for 

NMR study. Thus the three-bond coupling to the two equivalent triphenylphosphine ligands 

was not resolved. Other peaks corresponding to the metallacyclic carbon nuclei were found at 

150.80 (C3), 129.62 (C2) and 121.69 ppm (C4).  

Scheme 2.8: Reaction of the osmabenzene 17 with electrophilic reagents10 

Scheme 2.9: Synthesis of the thiol-substituted iridabenzene 101 
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A band at 2319 cm–1 in the infrared spectrum was assigned to the SH stretching mode. In the 

osmabenzene example, ν(SH) was found at 2380 cm–1. 

A crystal of 101 suitable for X-ray diffraction was grown from dichloromethane and 

methanol acidified with HCl. The structure solution was complicated by indeterminate unit 

cell symmetry. Analysis of the reflection data indicated the highest symmetry was probably 

orthorhombic, but a sensible model could not be constructed. This was possibly due to the 

iridium atom lying on at least one symmetry element. 

Reflections for the crystal were then collected in a monoclinic setting (β = 90.151(5)°) and 

solved in space group P21. In this crystal system the iridabenzene ring assumed two 

orientations and needed bond distance restraints and isotropic temperature factors fitted for 

some atoms. The molecular structure of 101 is shown in Figure 2.5. Due to the issues 

encountered in the solution of 101, it is not appropriate to discuss bond distances and angles. 

The proton attached to sulfur was not located in the Fobs/Fcalc difference map. 

101 has poor solubility in most solvents, although it does dissolve sparingly in 

dichloromethane. If dichloromethane solutions of 101 are allowed to stand, the complex loses 

HCl and the starting material 93 is reformed. Solutions containing the acid are stable to air 

for periods of days.  

One reaction typical of thiols is oxidation to the corresponding disulfides. A solution of 101 

in dichloromethane and methanol (acidified with HCl to prevent reversion to the starting 

material) was reacted with a dichloromethane solution of iodine. The mixture turned green 

and the crude product crystallised upon the removal of dichloromethane. As some halide 

metathesis occurred, the crude solid was re-dissolved in dichloromethane and methanol 

containing lithium chloride. After stirring for a twelve hour period, the pure compound 

[Ir(C5H4{S}-1)Cl2(PPh3)2]2 (102, see Scheme 2.10) was crystallised from this solution. 

The sole singlet peak in the 31P NMR spectrum of 102, observed at –13.72 ppm in CD2Cl2, 

indicates that the triphenylphosphine ligands are equivalent and that there is free rotation 

about the disulfide linkage. 
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In the 1H NMR spectrum, a signal due to SH is absent and the peak for H5 shifts slightly 

down-field to 12.32 ppm compared with H5 in 101. The other metallabenzene 1H NMR 

signals of 102 are in similar positions to those of the monomeric thiol 101. The iridacyclic 

ring carbons C1–C5 of 102 were assigned to peaks at 224.47, 124.08, 151.89, 122.96 and 

202.51 ppm in the 13C NMR spectrum. In comparison with 101, the metal-bound carbon 

atoms of 102 show the most variability, with C1 shifting up-field by approximately 15 ppm, 

and C5 moving down-field by about 10 ppm.  

The IR spectrum contains no band associated with SH. While aryl disulfides have a 

characteristic stretch for the S–S bond around 500–430 cm–1,79 there were other absorbances 

in this region which prevented unambiguous assignment in the case of 102. 

As a crystal structure for 102 was not obtained during the course of this investigation, the 

most compelling piece of evidence for the formation of the disulfide bond was given by the 

Figure 2.5: Molecular structure of 101 with 50% probability thermal ellipsoids. One disorder component is omitted. 
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high resolution mass spectrum of the complex. A peak at m/z 1731.2071 corresponds to a 

molecular ion that has lost one chloride ligand. The calculated peak for C82H68Cl3Ir2P4S2  

[M – Cl]+ is m/z 1731.1984. (see Figure 2.6). 

Dimers of metallabenzenes are rare in the literature, the only reported examples being  

chloro-62 and diisocyanide-80 bridged species linked through the metal atoms. 102 therefore 

represents another class of metallabenzene dimer, where the connecting atom is located on 

the metallabenzene ring. 

Graziani and co-workers reported the oxidative addition of diphenyldisulfide to 

tetrakis(triphenylphosphine)platinum(0) to give complexes of the form Pt(SPh)2(PPh3)2.81 

Reactions between 102 and Pt(PPh3)4 were attempted under various conditions, but no 

platinum-substituted iridabenzene products were obtained. Steric repulsions between the 

bulky triphenylphosphine ligands on both metal complexes may have been too great to permit 

this process.  

Scheme 2.8: Oxidation of the iridabenzene thiol 101 to the disulfide 102 
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2.3.2 Alkylation studies of 93 

 

93 is rapidly methylated by methyl triflate in solutions containing acetonitrile to afford the 

bright red iridabenzene [Ir(C5H4{SMe}-1)Cl(MeCN)(PPh3)2][PF6], after anion exchange with 

NH4PF6 (103, see Scheme 2.11). 

In the 1H NMR spectrum of 103 two singlet peaks integrate for three protons each, at 1.71 

ppm for the acetonitrile methyl group and 2.10 ppm for the S-methyl component. The 

metallabenzene ring protons are found at 5.57 (H2), 6.79 (H3), 7.06 (H4) and 12.43 ppm 

(H5). 

The 13C NMR spectrum for 103 contains peaks at 21.69 ppm for the S-methyl and 2.66 ppm 

for the acetonitrile methyl groups. The quaternary carbon for the latter ligand resides at 

123.01 ppm. Peaks for the carbon atoms bound to iridium are located at 231.32 ppm for C1 

and 182.50 ppm for C5. The remaining nuclei in the iridabenzene were assigned to signals at 

151.46 (C3) 125.33 (C4) and 121.13 ppm (C2). 

Figure 2.6: ESI+ mass spectrum of 102. 
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The crystal structure of 103 was determined and a molecular form is depicted in Figure 2.7. 

The observed geometry shows the acetonitrile ligand positioned cis to the iridabenzene 

carbon bearing the SMe substituent (C1). Methylation of the α-thiolate group has the effect of 

untethering the sulfur atom from the iridium centre and as a result the iridium–sulfur distance 

increases from 2.7144(7) Å in 93 to 3.1184(8) Å in 103. Additionally, the iridabenzene ring 

is rendered non-planar and the iridium atom deviates 0.330(4) Å from the plane of best fit 

through C1-C5. The C1-S distance also increases to 1.716(3) Å, a bond length typical of 

thioethers in metallabenzenes.25 The observation of ring distortion is in accord with the 

reported theory that the presence of π- and σ-donor ligands (such as chloride) will tend to 

favour a non-planar form of the metallabenzene.18 

The Ir–C1 (2.000(3) Å) and Ir–C5 (1.988(3) Å) distances are very similar, indicating a good 

degree of multiple bonding to the metal and electronic delocalisation around the iridabenzene 

ring. The C–C distances show some degree of alternation, with distances of 1.407(4)  

(C1–C2), 1.365(4) (C2–C3), 1.417(5) (C3–C4) and 1.356(4) Å (C4–C5). The Ir–C bond 

lengths increase slightly in length for 103 when compared with 93, while the C–C distances 

are similar for both compounds. 

 

2.3.3 Carbonylation of 103 

 

A carbonyl derivative of 103 was prepared by passing a stream of CO through a 

dichloromethane solution of the iridabenzene at atmospheric pressure.  

Pure [Ir(C5H4{SMe}-1)Cl(CO)(PPh3)2][PF6] (104) was obtained as an orange solid on 

crystallisation from ethanol (see Scheme 2.12). 

Scheme 2.9: Formation of the S-methyl substituted iridabenzene 103 
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The 1H NMR spectrum of 104 shows a peak attributable to H5 at 10.97 ppm, significantly up-

field compared to H5 in 103. It is suspected that the carbonyl ligand situated trans to H5 

induces a shielding effect upon this nucleus. Resonances for the remaining signals were 

found at 7.22 (H3), 7.12 (H4) and 6.20 ppm (H2). 

Figure 2.7: Molecular structure of 103. Thermal ellipsoids are set at 50% probability. The PF6 counterion and a 
solvent of crystallisation are omitted. 

Scheme 2.10: Formation of the carbonyl compound 104 
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In the 13C NMR spectrum of 104, a triplet peak at 171.55 ppm (2JCP = 7.4 Hz) was assigned 

to the CO ligand. The iridabenzene carbons were similarly located at 228.05 (C1) 123.06 

(C2) 156.92 (C3), 128.00 (C4) and 189.72 ppm (C5), close to where they reside for 103. 

Upon gently warming a solution of 104 in acetonitrile, 103 is reformed quantitatively. The 

increased lability of the CO ligand of 104 is consistent with its very high infrared ν(CO) band 

at 2090 cm-1 (compared with 2021 cm-1 for 99). 

 

2.3.4 Alkylation studies of 92 

 

It was found that iodomethane was capable of methylating the sulfur group in 92. Due to the 

weaker alkylating strength of MeI compared to methyl triflate, the reaction was permitted to 

run for 20 hours. During this time, the solution turned blood red and pure  

[Ir(C5H4{SMe}-1)I(MeCN)(PPh3)2][OTf] (105) precipitated on the addition of diethyl ether 

(see Scheme 2.13). 

Although they are formed from different starting materials, 105 is the iodo analogue of 103. 

The 1H NMR chemical shifts for 105 are 13.05 (H5), 7.22 (H4), 6.79 (H3), 5.67 (H2), 2.25 

(SMe) and 1.80 ppm (MeCN). While most of these peaks come close to the positions they are 

found in for 103, H5 is observed to shift down-field by approximately 0.6 ppm in 105.  

The corresponding 13C NMR resonances for 105 were observed at 229.96 (C1), 179.65 (C5), 

150.91 (C3), 126.15 (C4) and 120.71 ppm (C2). The acetonitrile ligand presented signals at 

123.42 ppm for the nitrile carbon and 21.66 ppm for the methyl group. 

Crystals of 105 suitable for an X-ray structure determination were grown from 

dichloromethane/hexane. The triflate counterion was disordered over two positions in a ratio 

of 0.57:0.43. Some overlap of atoms occurred, so distance restraints and isotropic 

temperature factor refinement of all atoms in these counterions was required. Refinement of a 

nearby phenyl ring was influenced by the disordered counterion, and was subsequently 

modelled in two orientations with partial occupancies of 0.54 and 0.46. In addition, isotropic 

temperature factors were used for atoms in the two rings and the S-methyl carbon. The 
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molecular structure is shown in Figure 2.8. Due to the aforementioned disorder 

characteristics, standard uncertainties for bond distances and angles are larger in the structure 

of 105 than they are for 103.  

It is evident from the crystal structure that the most stable conformation of ligands places the 

iodo ligand trans to the iridabenzene carbon bearing the thioether group (C1). As Table 2.3 

indicates, the degree of bond length alternation increases on moving from the chloro 

compound 103 to the iodo analogue 105. However, in the latter structure, the metallabenzene 

ring is more planar, with the iridium atom displaced 0.265(16) Å from the least-squares plane 

intersecting the five ring carbons. Interestingly, the opposite behaviour was observed between 

the structures of 93 and 94, where the bromo complex (94) contained a less planar 

metallabenzene ring than that of the chloro derivative (93). It would be of interest to prepare 

and crystallise the S-methylated bromo analogue  

[Ir(C5H4{SMe}-1)Br(MeCN)(PPh3)2]+ in order to properly gauge the effect of different 

halogen ligands on the metallabenzene ring planarity. 

Methylation of 92 with the alternative methylating agent, MeOTf, in the presence of excess 

acetonitrile gave the bright red iridabenzene [Ir(C5H4{SMe}-1)(MeCN)2(PPh3)2][PF6]2 (106) 

after anion exchange with NH4PF6 (see Scheme 2.14). It is interesting to note that in the 

absence of acetonitrile, the methylation reaction does not occur, even at elevated 

temperatures. This may suggest that the mechanism involves initial coordination of one 

further acetonitrile ligand to the metal, followed by alkylation of the resultant 

iridacyclohexadienethione. 

In the 1H NMR spectrum (recorded in CD2Cl2), the iridabenzene protons of 106 appeared at 

11.59 (H5), 7.03 (H4), 6.90 (H3), and 6.29 ppm (H2), and the methyl protons of the two 

inequivalent acetonitrile ligands were observed at 2.17 and 1.99 ppm.  

Scheme 2.11: Methylation of 92 with MeI 
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Figure 2.8: Molecular structure of 105. Thermal ellipsoids are set at 50% probability. One disordered phenyl ring 
and the triflate counterion are omitted. 

Scheme 2.12: Synthesis of the dicationic iridabenzene 106 

Table 2.3: Bond length comparison 
between 105 and 103 (Å) 

105 103 
C1–C2 1.428(16) 1.407(4) 
C2–C3 1.343(15) 1.365(4) 
C3–C4 1.415(15) 1.417(5) 
C4–C5 1.340(16) 1.356(4) 
Ir–C1 2.008(11) 2.000(3) 
Ir–C5 1.997(11) 1.988(3) 
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The 13C NMR spectrum of 106 displayed peaks at 224.42 and 180.75 ppm, which were 

assigned to the metal-bound carbons C1 and C5 respectively. There were also signals at 

155.41 (C3), 127.52 (C4) and 123.59 ppm (C2). The two inequivalent CN carbons resonated 

at 127.41 and 126.46 ppm. In the shielded region, peaks at 22.57 (SMe), 3.60 (NMe) and 3.25 

ppm (NMe) were observed. 

The IR spectrum for 106 contains two weak bands at 2320 and 2295 cm-1 corresponding to 

the ν(CN) modes. 

A crystal structure for 106 was not obtained. However, during the course of investigations 

with the bis(triflate) salt of this compound, orange blocks formed from CDCl3 in an NMR 

tube. X-ray crystallography identified the solid state structure to be the bis(aquo) complex 

[Ir(C5H4{SMe}-1)(H2O)2(PPh3)2][OTf]2∙2(H2O) (107). Although 107 represents the first 

known metallabenzene complex with aquo ligands, its synthesis could not be replicated. 

Attempts to displace the two acetonitrile ligands by heating solutions of 106 in wet acetone or 

THF were unsuccessful. Mass and NMR spectra of the single crystals were inconclusive – 

apparently due to decomposition during analysis. Thus, the structure represents the sole 

characterising data for this compound. A molecular form is depicted in Figure 2.9a. 

107 crystallised into a monoclinic lattice with the low symmetry space group Pc (Z = 2). Two 

water ligands occupy the equatorial plane along with the iridabenzene moiety. There is a 

notable hydrogen bonding network formed by the two aquo ligands, the two triflate 

counterions and two additional solvent waters (see Figure 2.9b). A merohedral twin law was 

also elucidated, which took the form of the matrix [–1 0 0   0 1 0   0 0 –1] (i.e. racemic 

twinning) and was refined to a fractional component of 0.29.  

The iridabenzene ring shows distinct non-planarity, with the iridium atom displaced 

0.444(12) Å from the least-squares fit formed by atoms C1–C5. The complex is 

approximately octahedral and most angles involving the metal approach 90°. The bond angle 

formed by O1–Ir–O2 is 83.90(13)°, compared with the C1–Ir–C5 angle of 89.4(2)° for the 

iridabenzene. The Ir–O1 and Ir–O2 distances are 2.196(5) and 2.193(5) Å, respectively. 

These are comparable to the Ir–O bond length of 2.223(2) Å, determined for a cationic 

iridium complex with an aquo ligand situated trans to a σ-aryl group.82  
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Figure 2.9: Molecular structures of a) 107 and b) 107 showing hydrogen bonding network (thermal ellipsoids are set at 50% probability). For a), the triflate counterions and solvent 
molecules are omitted. For b), phenyl rings are omitted. 
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For the organometallic component of 107, the Ir–C1 and Ir–C5 bond lengths are 1.954(9) and 

1.973(8) Å, respectively – bond lengths which are both shorter than the corresponding 

distances in the monocationic complex 103. Other parameters associated with the 

iridabenzene are: C1–C2, 1.409(10); C2–C3, 1.380(8); C3–C4, 1.424(8) and C4–C5,  

1.335(9) Å. Like many of the other metallabenzenes studied in this work, a degree of carbon–

carbon bond length alternation is apparent in the structure of 107. 

 

2.3.5 Protonation studies of 92 

 

When a solution of 92 in dichloromethane was treated with acetonitrile and triflic acid, a 

colour change from brown to red was observed, akin to the methylation reaction forming 106 

above. The reaction could be carried out in CD2Cl2, facilitating direct NMR analysis of the 

products. Peaks at 11.50 (H5), 7.04 (H4), 6.90 (H3) and 6.89 ppm (H2) were assigned to 

protons on the metallabenzene ring. There were also signals at 2.03 and 2.02 ppm for the two 

acetonitrile methyl groups and a singlet peak at 7.23 ppm for SH. These data, which are very 

similar to those found for 106, provide evidence for the formation of the thiol compound 

[Ir(C5H4{SH}-1)(MeCN)2(PPh3)2][OTf]2 (108, see Scheme 2.15).  

When ethanolic NH4PF6 was added to the solutions of the thiol in an attempt to crystallise the 

product, there was a colour change to green and a new compound formed. It was discovered 

that the sulfur atom attacks the coordinated acetonitrile ligand to produce the 

iridabenzothiazolium dication [Ir(C5H4{NH=C(Me)S}-1)(MeCN)(PPh3)2][PF6]2 (109, see 

Scheme 2.13). The formation, structure and chemistry of these complexes, and other  

fused-ring metallabenzenoids, comprises Chapter 3 of this thesis. 
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2.4 Summary for Chapter 2 

 

In Chapter 2, the synthesis of the α-thiolate substituted iridabenzene 92 from IrCl(CS)(PPh3)2 

(13) was described. The reaction was shown to be a straightforward and high-yielding entry 

point into iridabenzene chemistry. Complex 92 displays versatility in its reactivity due to the 

presence of a relatively unsubstituted metallabenzene ring, an easily displaced acetonitrile 

ligand and a reactive sulfur functional group. A number of derivatives of 92 which retained 

the α-thiolate substituent were prepared. These included the chloro (93), bromo (94), 

carbonyl (99) and DMAP (100) ligated species. 

The iridacyclohexadienethiones 98a and 98b were formed from 92 upon its reaction with 

bidentate dialkyldithiocarbamate ligands. It was apparent from the NMR spectra of these 

compounds that multiple bonding interactions between the metal and the adjacent carbon 

atoms were lessened relative to the parent metallabenzenes. In addition, the sulfur groups 

displayed enhanced nucleophilicity and were especially prone to alkylation – even with 

deactivated substrates such as 1,2-dichloroethane. 

Simple reactions of the α-thiolate groups in 92 and 93 were carried out to give thiol- and 

thioether-substituted iridabenzenes. A range of neutral and cationic complexes were prepared 

Scheme 2.13: Syntheses of the intermediary thiol 108 and the iridabenzothiazolium 109 
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and it was found that the ancillary ligands and formal charge present on the metal bore little 

influence on the spectroscopic and structural parameters of these compounds. In the crystal 

structures of the S-alkylated metallabenzenes 103, 105 and 107, the metallabenzene rings 

deviated from planarity. In contrast, the α-thiolate substituted iridabenzenes  

92-94 displayed MC5 rings that were more planar. 

The thiol group on 101 was susceptible to oxidation with iodine and the iridabenzene 

disulfide 102 was formed. In contrast, the cationic thiol 108 was stable under anhydrous 

conditions, but rapidly converted into the iridabenzothiazolium 109 upon the addition of 

water.  
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2.5 Experimental for Chapter 2 

2.5.1 General experimental 

 

Unless otherwise stated, all experimental procedures were carried out at ambient temperature 

under nitrogen using modified Schlenk techniques. All solvents were of analytical purity and 

were used as received, with the exception of acetonitrile (distilled from calcium hydride), 

THF (distilled from sodium/benzophenone), “dry benzene” (distilled from barium oxide) and 

“dry dichloromethane” (dried using an MBRAUN MB SPS-800 solvent purification system). 

“Hexane” refers to n-hexane of at least 95% purity. Alumina utilised for column 

chromatography was activity II, pH 10 and of 50–150 μm particle size. 

Charts in the appendix contain diagrams of all new compounds prepared. 

Elemental analyses were carried out by the Microanalytical Laboratory, Otago. Infrared 

spectra were recorded on a Perkin-Elmer Spectrum 400 using an ATR accessory. Mass 

spectra were recorded using either a Varian VG 70-SE (FAB) or a Bruker microTOF-QII by 

direct infusion (ESI). NMR spectra were recorded at 300 K on either Bruker Avance 300 

(operating at 300.1, 75.5, 121.5 and 282.4 MHz for 1H, 13C, 31P and 19F, respectively) or 

Bruker DRX 400 or Avance III 400 (operating at 400.1, 100.6, 162.0 and 376.2 MHz for 1H, 
13C, 31P and 19F, respectively) spectrometers. 1H NMR spectra were referenced either to TMS 

(δ = 0.00 ppm) or the proteo-impurity in the solvent (δ = 7.26 ppm for CDCl3 or 5.32 ppm for 

CD2Cl2). 13C NMR spectra were referenced to CDCl3 (δ = 75.00 ppm) or CD2Cl2 (δ = 53.84 

ppm). 31P and 19F NMR spectra were externally referenced to 85% H3PO4 (δ = 0.00 ppm) and 

trifluoroacetic acid (δ = –78.5 ppm) respectively.  

X-ray intensity data were recorded using a Siemens SMART diffractometer with a Bruker 

APEXII detector using graphite-monochromated Mo-Kα radiation (λ = 0.71073) at the 

temperatures indicated in the appendix. Data were integrated and corrected for Lorentz and 

polarization effects using SAINT.83 Intensities were corrected using multiscan methods.84 

The structures were solved by direct or Patterson methods and refined by full-matrix least-

squares on F2 using SHELXS97 and SHELXL9785 through WinGX.86 Hydrogen atoms, 

except where noted, were located geometrically and refined using a riding model. Some 
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intramolecular distances and least-squares planes were calculated using the OLEX 2 

program.87 Structural diagrams were oriented with ORTEP388 and subsequently rendered 

with POV-Ray. For each crystal structure presented in this thesis, key parameters are 

presented in the appendix. Structure factor tables and .cif files are available on the attached 

disk  

IrCl(CO)(PPh3)2 (“Vaska’s compound”) was prepared in accordance with Collman et al.89 As 

a precaution against oxygen the DMF solvent was refluxed under nitrogen for one hour prior 

to adding the solid reagents. 

 

2.5.2 Improved procedure for the preparation of  

[Ir(η2-C{S}SMe)Cl(CO)(PPh3)2][OTf] (88) 

IrCl(CO)(PPh3)2 (7.178 g, 9.20 mmol) was dissolved in CS2 (160 mL) and MeOTf (2.6 mL, 

23.0 mmol) was added. The solution was stirred for 12 h then diethyl ether (300 mL) was 

added with rapid stirring. The precipitate was allowed to settle, filtered, washed thoroughly 

with diethyl ether (5 x 30 mL) and hexane (5 x 30 mL) and recrystallised from 

dichloromethane/diethyl ether (CAUTION: Filtrate and washings contain unreacted MeOTf 

and CS2. Some CS2 may adhere to solid). Yield: 10.170 g (100%, the solid was incorporated 

one mol equivalent of dichloromethane). Other spectral data were as reported.74 

 

2.5.3 Improved procedure for the preparation of  

IrClH(C{=S}SMe)(CO)(PPh3)2 (89)  

In a 500 mL round-bottomed flask, 88 (10.170 g, 9.20 mmol) was dissolved/suspended in 

ethanol (100 mL). NaBH4 (871 mg, 23 mmol) dissolved in ethanol (50 mL) was filtered and 

added to the solution (CARE: some gas evolution). The mixture was stirred for 5 min, then 

the orange solid was filtered and washed thoroughly with ethanol (5 x 30 mL) and 

recrystallised from dichloromethane/ethanol. Yield: 6.853 g (84%); spectral data 

corroborated with the literature values.74 
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2.5.4 Improved procedure for the preparation of IrCl(CS)(PPh3)2 (13)  

A 500 mL round-bottomed flask was charged with 89 (6.487 g, 7.44 mmol) and tert-butanol 

(250 mL). A condenser was attached to the flask and a two-way adapter with a nitrogen 

bubbler inlet and a paraffin bubbler outlet affixed. The suspension was heated to reflux in a 

mantle or oil bath. As the apparatus came up to temperature, the nitrogen flow was adjusted 

to produce a positive pressure on the exhaust bubbler. Heating was continued for  

24 h, after which time the mixture was filtered while warm and the mustard-yellow solid 

washed with ethanol (5 x 30 mL) and hexane (30 mL). 13 (5.634 g, 95%) was used without 

further purification. 

 

2.5.5 [Ir(MeCN)(CS)(PPh3)2][OTf] (90)  

13 (5.360 g, 6.73 mmol), AgOTf (1.747 g, 6.80 mmol, 1.01 equivalents) and Celite (~1 g) 

were added to a flask, which was subsequently evacuated for approximately 30 min. 

Acetonitrile (170 mL) was added to the solids; a precipitate of silver chloride formed 

immediately and the solution turned bright orange. The mixture was stirred for 10 min, then 

the acetonitrile removed under reduced pressure at 30 °C and the orange solid dried under 

high vacuum for 1 h at room temperature. The residue was extracted with dichloromethane 

(100 mL) and vacuum-filtered through a pad of 3 x 3 cm silica gel/dichloromethane. The pad 

was then carefully washed with dichloromethane (20 mL) and 20% v/v 

acetone:dichloromethane (50 mL) to elute an orange solution. Pure 90 was crystallised as a 

bright-orange crystalline solid by the slow addition of hexane (250 mL) to the combined 

filtrates (yield = 6.073 g, 95%). The crystal used for the X-ray diffraction study was grown 

by vapour diffusion of deoxygenated hexane into a deoxygenated dichloromethane solution 

of 90 in an H-tube. Analysis calculated for C40H33F3IrNO3P2S2: C, 50.52; H, 3.50; N, 1.47. 

Found: C, 50.38; H, 3.43; N, 1.46. The spectral data were identical with those previously 

reported.74  
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2.5.6 [Ir(C4H4)(CS)(MeCN)(PPh3)2][OTf] (91)  

A solution of 90 (500 mg, 0.52 mmol) in dichloromethane (10 mL) at 0 °C, was treated with 

a slow stream of ethyne gas passing through the solution at atmospheric pressure for 15 min, 

resulting in a colour change from orange to yellow. Pure 91 was crystallised as a yellow solid 

by the slow addition of hexane at low temperature to prevent isomerisation to the 

iridabenzene 92 (see below) (yield = 497 mg, 94%). The crystal used for the X-ray diffraction 

study was grown at –18 °C, by slow diffusion of hexane into a CDCl3 solution of 91 in an 

NMR tube and proved to be a CDCl3 solvate. Analysis calculated for 

C44H37F3IrNO3P2S2∙H2O: C, 51.76; H, 3.85; N, 1.37. Found: C, 51.97; H, 4.01; N, 1.33 

(NMR spectroscopy revealed the presence of ca. 1 mol equivalent of water in the analytical 

sample). IR (cm–1): 2291 ν(CN), 1305 ν(CS), 1264, 1141, 1028, 636 (OTf). MS (FAB+, 

NBA) calculated for C43H37IrNP2S [M – OTf]+: m/z 854.1751. Found: m/z 854.1760. 1H 

NMR (CDCl3, δ): 7.75–7.13 (m, 30H, PPh3), 7.20 (partially obscured, d (from DQF-COSY), 

H1 or H4), 6.53 (d, 3JHH = 6.0 Hz, 1H, H1 or H4), 5.84 (m, 2H, H2 and H3), 1.94 (s, 3H, 

MeCN). 13C NMR (CDCl3, δ): 279.13 (t, 2JCP = 8.3 Hz, CS), 152.55 (t, 2JCP=10.6 Hz, C1 or 

C4), 144.50 (t, 3JCP=3.0 Hz, C2 or C3), 142.36 (s, C2 or C3), 136.03 (t, 2JCP = 6.8 Hz, C1 or 

C4), 134.69 (t”, 3,5JCP = 10.6 Hz, m-PPh3),90 131.41 (s, p-PPh3), 128.04 (t”, 2,4JCP = 10.6 Hz,  

o-PPh3), 126.84 (t”, 1,3JCP = 58.9 Hz, i-PPh3), 123.87 (s, MeCN), 2.90 (s, MeCN). 31P NMR 

(CDCl3, δ): 2.73 (s, PPh3). 19F NMR (CDCl3, δ): –78.99 (s, OTf ). 

 

2.5.7 [Ir(C5H4{S}-1)(MeCN)(PPh3)2][OTf] (92)  

91 (1.89 g, 1.88 mmol) was dissolved in dichloromethane (70 mL) and the solution heated 

under reflux for 3 h, over which time the solution turned brown. The solution was cooled to 

room temperature and hexane slowly added to afford brown crystals of pure 92 (1.72 g, 

91%). A single crystal used for the X-ray diffraction study was grown from a 

dichloromethane solution of 92 layered with hexane and proved to be a dichloromethane 

solvate. Analysis calculated for C44H37F3IrNO3P2S2: C, 52.69; H, 3.72; N, 1.40. Found: C, 

52.66; H, 3.86; N, 1.38. IR (cm–1): 1261, 1150, 1030, 637 (OTf). MS (FAB+, NBA) 

calculated for C41H34IrP2S [M – OTf – MeCN]+: m/z 813.1486. Found: m/z 813.1483. 1H 

NMR (CDCl3, δ): 12.47 (d, 3JHH = 6.3 Hz, 1H, H5), 7.50–7.27 (m, 30H, PPh3), 7.50 (partially 
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obscured by phenyl, m, 1H, H3), 6.81 (t’, 7.8 Hz, 1H, H4), 6.24 (d, 3JHH = 9.0 Hz, 1H, H2), 

1.83 (s, 3H, MeCN). 13C NMR (CDCl3, δ): 243.85 (t, 2JCP = 5.3 Hz, C1), 176.90 (t, 2JCP = 8.3 

Hz, C5), 153.93 (s, C3), 134.24 (t”, 3,5JCP = 10.6 Hz, m-PPh3), 131.49 (s, p-PPh3), 128.45 (t”, 
2,4JCP = 10.6 Hz, o-PPh3), 126.75 (t”, 1,3JCP = 56.6 Hz, i-PPh3), 127.47 (s, MeCN), 127.38 (t, 
3JCP = 1.9 Hz, C4), 117.58 (s, C2) 2.35 (s, MeCN). 31P NMR (CDCl3, δ): 5.77 (s, PPh3). 19F 

NMR (CDCl3, δ): –79.03 (s, OTf ). 

The reaction forming 92 can be scaled up with proportional increases in reagent quantities 

and solvent volumes. Additionally, the steps involving crystallisation of 90 and 91 may be 

omitted in favour of using dichloromethane solutions of these directly in the subsequent 

reactions to prepare 92. 

 

2.5.8 Ir(C5H4{S}-1)Cl(PPh3)2 (93) 

92 (200 mg, 0.21 mmol) was dissolved in methanol (10 mL) and a solution of LiCl (88 mg 

2.08 mmol) in methanol (5 mL) was slowly added. The mixture was stirred for 5 min then the 

brown (sometimes tan) precipitate of pure 93 collected by filtration and washed with 

methanol (5 mL) (yield = 145 mg, 82%). A single crystal used for the X-ray diffraction study 

was grown from a dichloromethane solution of 93 layered with ethanol. Analysis calculated 

for C41H34ClIrP2S: C, 58.04; H, 4.04. Found: C, 57.62; H, 4.09. MS (FAB+, NBA) calculated 

for C41H34ClIrP2S [M]+•: m/z 848.1174. Found: m/z 848.1184. 1H NMR (CDCl3, δ): 12.45 (m, 

1H, H5), 7.56–7.29 (m, 30H, PPh3), 6.80 (t’, 7.6 Hz, 1H, H3), 6.54 (t’, 7.2 Hz, 1H, H4), 5.65 

(d, 3JHH = 8.8 Hz, 1H, H2). 13C NMR (CDCl3, δ): 249.47 (t, 2JCP = 5.0 Hz, C1), 171.43 (t, 
2JCP = 9.1 Hz, C5), 149.40 (s, C3), 134.99 (br s, m-PPh3), 130.19 (s, p-PPh3), 129.27 (t”, 
1,3JCP = 55.8 Hz, i-PPh3), 127.46 (t”, 2,4JCP = 5.0 Hz, o-PPh3), 125.99 (t, 3JCP = 1.4 Hz, C4), 

118.71 (s, C2). 31P NMR (CDCl3, δ): 3.26 (s, PPh3). 

 

2.5.9 Ir(C5H4{S}-1)Br(PPh3)2 (94) 

93 (93 mg, 0.01 mmol) was dissolved in dichloromethane (4 mL) and a solution of LiBr (213 

mg, 2.45 mmol) in methanol (6 mL) was added. The mixture was stirred for 16 h then 

methanol (10 mL) was added and the tan precipitate of pure 94 collected by filtration and 
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washed with methanol (3 x 5 mL) (yield = 72 mg, 74%). A single crystal used for the X-ray 

diffraction study was grown from a dichloromethane solution of 94 layered with ethanol. 

Analysis calculated for C41H34BrIrP2S∙CH2Cl2: C, 51.59; H, 4.04. Found: C, 51.62; H, 4.09 

(NMR spectroscopy showed the presence of 1 mol equivalent of dichloromethane of 

crystallisation). MS (ESI+) calculated for C41H34IrP2S [M – Br]+: m/z 813.1481. Found: m/z 

813.1452. 1H NMR (CDCl3, δ): 12.58 (m, 1H, H5), 7.56–7.27 (m, 30H, PPh3), 6.76 (t’, 8.0 

Hz, 1H, H3), 6.55 (t’, 7.3 Hz, 1H, H4), 5.66 (d, 3JHH = 9.0 Hz, 1H, H2). 13C NMR (CDCl3, 

δ): 248.58 (t, 2JCP = 5.2 Hz, C1), 171.86 (t, 2JCP = 8.7 Hz, C5), 149.42 (s, C3), 135.26 (br s, 

m-PPh3), 130.19 (s, p-PPh3), 129.50 (t”, 1,3JCP = 55.9 Hz, i-PPh3), 127.39 (t”, 2,4JCP = 9.6 Hz, 

o-PPh3), 126.21 (t, 3JCP = 2.8 Hz, C4), 118.24 (t, 3JCP = 0.8 Hz, C2). 31P NMR (CDCl3, δ): 

1.00 (s, PPh3). 

 

2.5.10 Ir(C5H4{=S}-1)(κ2-S2CNEt2)(PPh3)2 (98a) 

92 (138 mg, 0.14 mmol) was dissolved in methanol (10 mL) and a solution of NaS2CNEt2 

(162 mg, 0.72 mmol) in methanol (5 mL) was added drop-wise over a one minute period. The 

mixture was stirred a further 5 min then the red-brown precipitate of pure 98a was collected 

by filtration and washed with methanol (2 x 5 mL) and hexane (5 mL). Yield: 78 mg (57%). 

Analysis calculated for C46H44IrNP2S3∙H2O: C, 56.42; H, 4.73; N, 1.43. Found: C, 56.27; H, 

4.48; N, 1.43 (NMR analysis shows the presence of 1 mol equivalent of water). IR (cm–1): 

1493 ν(CN), 999 ν(CS), 987 ν(C=S). MS (FAB+, NBA) calculated for C46H45IrNP2S3 [M]+•: 

m/z 962.1819. Found: m/z 962.1809. 1H NMR (CDCl3, δ): 10.57 (dd, 3JHH = 9.3 Hz,  
4JHH = 1.0 Hz, 1H, H5), 7.50–7.01 (m, 30H, PPh3), 6.53 (t’, 8.1 Hz, 1H, H4), 5.83 (t’, 9.6 Hz, 

1H, H3), 5.61(d, 3JHH = 9.9 Hz, 1H, H2), 3.04 (q, 3JHH = 6.9 Hz, 2H, NCH2Me), 2.73 (q,  
3JHH = 7.2 Hz, 2H, NCH2’Me), 0.79 (t, 3JHH = 6.9 Hz, 3H, NCH2Me), 0.56 (t, 3JHH = 7.2 Hz, 

3H, NCH2Me’). 13C NMR (CDCl3, δ): 260.99 (t, 2JCP = 6.7 Hz, C1), 202.60 (s, S2CNEt2), 

154.64 (t, 2JCP = 10.6 Hz, C5), 137.21 (s, C2), 135.98 (t, 4JCP = 1.1 Hz, C3), 135.56 (t”,  
3,5JCP = 9.4 Hz, m-PPh3), 130.62 (t”, 1,3JCP = 53.7 Hz, i-PPh3), 129.25 (s, p-PPh3), 126.56 (t”, 
2,4JCP = 9.3 Hz, o-PPh3), 126.10 (t, 3JCP = 3.4 Hz, C4), 45.08 (s, NCH2Me), 43.02 (s, 

NCH2’Me), 12.39 (s, NCH2Me), 11.80 (s, NCH2Me’). 31P NMR (CDCl3, δ): –11.71 (s, PPh3). 
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2.5.11 Ir(C5H4{=S}-1)(κ2-S2CNMe2)(PPh3)2 (98b) 

92 (3.110 g, 3.10 mmol) was dissolved in methanol (50 mL) and a solution of 

NaS2CNMe2∙H2O (1.000 g, 6.20 mmol) in methanol (10 mL) was added drop-wise over a 1 

min period. The mixture was stirred a further 5 min then the red-brown precipitate of pure 

98b was collected by filtration and washed with methanol (2 x 5 mL) and hexane (5 mL). 

Yield: 2.671 g (92%). Analysis calculated for C44H40IrNP2S3: C, 56.63; H, 4.32; N, 1.50. 

Found: C, 56.28; H, 4.26; N, 1.52. IR (cm–1): 1501 ν(CN), 1005 ν(CS), 996 ν(C=S). MS 

(ESI+) calculated for C44H41IrNP2S3 [M + H]+: m/z 934.1498. Found: m/z 934.1514. 1H NMR 

(CDCl3, δ): 10.57 (dd, 3JHH = 9.5 Hz, 4JHH = 1.1 Hz, 1H, H5), 7.46–7.21 (m, 30H PPh3), 6.52 

(dd, 3JHH = 8.5, 7.5 Hz, 1H, H4), 5.91 (t’, 8.1 Hz, 1H, H3), 5.71 (d, 3JHH = 9.9 Hz, 1H, H2), 

2.55 (s, 3H, NMe), 2.26 (s, 3H, NMe’). 13C NMR (CDCl3, δ): 260.67 (t, 2JCP = 6.7 Hz, C1), 

204.31 (s, S2CNMe2), 154.86 (t, 2JCP = 12.0 Hz, C5), 137.60 (s, C2), 136.10 (s, C3), 135.54 

(t”, 3,5JCP = 9.4 Hz, m-PPh3), 130.55 (t”, 1,3JCP = 53.8 Hz, i-PPh3), 129.31 (s, p-PPh3), 126.41 

(t”, 2,4JCP = 9.8 Hz, o-PPh3), 125.98 (t, 3JCP = 1.7 Hz, C4), 39.64 (s, NMe), 37.20 (s, NMe’). 
31P NMR (CDCl3, δ): –11.34 (s, PPh3). 

 

2.5.12 [Ir(C5H4{S}-1)(CO)(PPh3)2][OTf] (99) 

92 (200 mg, 0.20 mmol) was dissolved in dichloromethane (5 mL) and CO bubbled through 

the solution at atmospheric pressure for 2 min. The solution turned orange and hexane was 

slowly added to afford rust-red crystals of pure 99 (172 mg, 87%). Analysis calculated for 

C43H34F3IrO4P2S2∙CH2Cl2: C, 49.16; H, 3.38. Found: C, 49.38; H, 3.43 (NMR spectroscopy 

showed the presence of 1 mol equivalent of dichloromethane of crystallisation). MS (FAB+, 

NBA) calculated for C42H34IrOP2S [M – OTf]+: m/z 841.1435. Found: m/z 841.1434. IR  

(cm–1): 2021 ν(CO), 1261, 1147, 1030, 692 (OTf). 1H NMR (CDCl3, δ): 12.17 (d, 3JHH = 7.7 

Hz, 1H, H5), 7.61 (partially obscured, t’, 7.9 Hz, 1H, H3) 7.57–7.22 (m, 30H, PPh3), 7.17 

(partially obscured, t’, 8.3 Hz, 1H, H4), 6.51 (d, 3JHH = 8.6 Hz, 1H, H2). 13C NMR (CDCl3, 

δ): 244.77 (t, 2JCP = 6.6 Hz, C1), 177.20 (t, 2JCP = 11.9 Hz, CO) 166.78 (t, 2JCP = 8.4 Hz, C5), 

161.01 (s, C3), 134.24 (t”, 3,5JCP = 10.8 Hz, m-PPh3), 132.35 (s, p-PPh3), 129.41 (t,  
3JCP = 1.3 Hz, C4), 128.89 (t”, 2,4JCP = 11.0 Hz, o-PPh3), 126.28 (t”, 1,3JCP = 60.0 Hz,  



75 

 

i-PPh3), 113.79 (s, C2). 31P NMR (CDCl3, δ): –0.44 (s, PPh3). 19F NMR (CDCl3, δ): -79.02 

(s, OTf ). 

 

2.5.13 [Ir(C5H4{S}-1)(DMAP)(PPh3)2][OTf] (100) 

92 (172 mg, 0.17 mmol) and 4-(dimethylamino)pyridine (DMAP, 31 mg, 0.26 mmol) were 

dissolved in dichloromethane (5 mL) and the solution was stirred for 10 min. Diethyl ether 

(50 mL) was added with rapid stirring and pure 100 was collected by filtration and washed 

with diethyl ether (2 x 5 mL) and hexane (5 mL) (yield: 164 mg, 88%). Analysis calculated 

for C49H44F3IrN2O3P2S2∙H2O: C, 53.40; H, 4.21; N, 2.54. Found: C, 53.64; H, 4.17; N, 2.52 

(NMR spectroscopy revealed the presence of ca. 1 mol equivalent of water of crystallisation). 

IR (cm–1): 1623, 1223 (DMAP), 1265, 1145, 1030, 691 (OTf). MS (ESI+) calculated for 

C41H34IrP2S [M – OTf – DMAP]+: m/z 813.1480. Found: m/z 813.1515. 1H NMR (CDCl3, δ): 

12.20 (dd, 3JHH = 7.8 Hz, 4JHH = 1.6 Hz, 1H, H5), 7.61 (d, 3JHH = 6.4 Hz, 2H,  

DMAP{CH}-2), 7.43–7.11 (m, 30H, PPh3), ~7.35 (obscured, 1H, H3), 7.22 (t’, partially 

obscured, 7.6 Hz, 1H, H4), 6.15 (d, 3JHH = 8.6 Hz, 1H, H2), 5.87 (d, 3JHH = 7.1 Hz, 2H, 

DMAP{CH}-3), 2.88 (s, 6H, NMe2). 13C NMR (CDCl3, δ): 251.22 (t, 2JCP = 5.4 Hz, C1), 

175.01 (t, 2JCP = 8.6 Hz, C5), 153.53 (s, CNMe2), 153.23 (s, C3), 152.43 (br t, 3JCP = 2.6 Hz, 

DMAP{CH}-2), 134.11 (t”, 3,5JCP = 10.3 Hz, m-PPh3), 131.16 (s, p-PPh3), 129.29 (t,  
3JCP = 1.2 Hz, C4), 128.19 (t”, 2,4JCP = 10.0 Hz, o-PPh3), 127.33 (t”, 1,3JCP = 54.9 Hz, i-PPh3), 

117.69 (s, C2), 107.36 (s, DMAP{CH}-3), 39.06 (s, NMe2). 31P NMR (CDCl3, δ): –0.73 (s, 

PPh3). 19F NMR (CDCl3, δ): –79.01 (s, OTf ). 

 

2.5.14 Ir(C5H4{SH}-1)Cl2(PPh3)2 (101) 

93 (277 mg, 0.33 mmol) was dissolved in dichloromethane (10 mL) and methanol (10 mL). 

Concentrated HCl (56 μL, ~0.7 mmol) was added and the mixture was stirred for 2 min. The 

purple precipitate of pure 101 was collected by filtration and washed with ethanol (3 x 5 mL)  

(yield = 257 mg, 89%). A single crystal was grown from a dichloromethane solution of 92 

layered with acidified ethanol. Analysis calculated for C41H35Cl2IrP2S∙⅓CH2Cl2: C, 54.37; H, 

3.94. Found: C, 54.40; H, 4.04 (NMR analysis shows the presence of ca. 0.3 mol equivalents 

of dichloromethane. IR (cm–1): 2319 ν(SH). MS (FAB+, NBA) calculated for C41H34ClIrP2S 
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[M – HCl]+•: m/z 848.1174. Found: m/z 848.1165. 1H NMR (CD2Cl2, δ): 11.83 (dd 3JHH = 8.2 

Hz, 4JHH = 1.5 Hz, 1H, H5), 9.46 (br s, SH), 7.73–7.25 (m, 30H, PPh3), 7.01 (ddd, 3JHH = 9.1, 

7.2 Hz, 4JHH = 1.9 Hz 1H, H3), 6.63 (d, 3JHH = 9.1 Hz, 1H, H2), 6.31 (t’, 7.8 Hz, 1H, H4). 13C 

NMR (CD2Cl2, δ): 239.33 (br m, C1), 192.49 (br m, C5), 150.80 (s, C3), 135.58 (t”, 3,5JCP = 

9.4 Hz, m-PPh3), 130.55 (s, p-PPh3), 130.54 (t”, partially obscured, 1,3JCP = 55.9 Hz, i-PPh3), 

129.62 (s, C2), 127.63 (t”, 2,4JCP = 10.2 Hz, o-PPh3), 121.69 (s, C4). 31P NMR (CD2Cl2, δ):  

–13.78 (s, PPh3). 

 

2.5.15 [Ir(C5H4{S}-1)Cl2(PPh3)2]2 (102) 

101 (246 mg, 0.28 mmol) was dissolved/suspended in dichloromethane (10 mL) and 

methanol (5 mL). Conc. HCl (3 drops) and then I2 (144 mg, 0.56 mmol) dissolved in 

dichloromethane (3 mL) was added. The solution turned green and stirring was continued for 

5 min after which time the dichloromethane was removed under reduced pressure. The blue 

solid was collected by filtration then redissolved in dichloromethane (10 mL). LiCl (353 mg, 

8.34 mmol) dissolved in methanol (4 mL) was added and the mixture stirred 12 h. 

Dichloromethane (10 mL) and methanol (10 mL) were added to ensure all solids were 

dissolved then the dichloromethane was removed under reduced pressure. Pure 102 was 

collected by filtration as a turquoise solid and washed with methanol (3 x 10 mL) (yield  

= 214 mg, 87%). Analysis calculated for C82H68Cl4Ir2P4S2∙CH2Cl2: C, 53.81; H, 3.81. Found: 

C, 54.03; H, 3.71 (NMR analysis shows the presence of 1 mol equivalent of 

dichloromethane). MS (ESI+) calculated for C82H68Cl3Ir2P4S2 [M – Cl]+: m/z 1731.1984. 

Found: m/z 1731.2071. 1H NMR (CD2Cl2, δ): 12.32 (ddd, 3JHH = 8.1 Hz, 4JHH = 3.9 Hz, 5JHH 

= 0.3 Hz, 2H, H5), 7.62 (m, 60H, PPh3), 6.88 (ddd, 3JHH = 9.1, 7.3 Hz, 4JHH = 1.9 Hz, 2H, 

H3), 6.30 (d, 3JHH = 9.0 Hz, 2H, H2), 6.24 (t’, 7.7 Hz, 2H, H4). 13C NMR (CD2Cl2, δ): 

224.47 (t, 3JCP = 2.3 Hz, C1), 202.51 (t, 3JCP = 6.5 Hz, C5), 151.89 (s, C3), 135.14 (t”,  
3,5JCP = 9.8 Hz, m-PPh3), 130.08 (s, p-PPh3), 129.61 (t”, partially obscured, 1,3JCP = 55.9 Hz, 

i-PPh3), 127.33 (t”, 2,4JCP = 10.0 Hz, o-PPh3), 124.08 (s, C2), 122.96 (s, C4). 31P NMR 

(CD2Cl2, δ): –13.72 (s, PPh3).  
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2.5.16 [Ir(C5H4{SMe}-1)Cl(MeCN)(PPh3)2][PF6] (103) 

A solution of 93 (100 mg, 0.12 mmol) in dry dichloromethane (5 mL) was treated with 

MeCN (10 μL, 0.19 mmol) and MeOTf (27 μL, 0.24 mmol), which quickly turned the brown 

solution red. After stirring for 15 minutes, NH4PF6 (96 mg, 0.59 mmol) dissolved in hot 

ethanol (5mL) was added and the mixture stirred a further 10 minutes. On removing the 

dichloromethane under reduced pressure, red crystals of pure 103 were obtained, which were 

collected by filtration (121 mg, 98%). The crystal used for the X-ray diffraction study was 

grown by slow evaporation of a CDCl3 solution in an NMR tube and contained one molecule 

of CDCl3 per asymmetric unit. Analysis calculated for C44H40ClF6IrNP3S∙½CH2Cl2: C, 

48.95; H, 3.78; N, 1.28. Found: C, 48.85; H, 3.77; N, 1.29 (NMR spectroscopy showed the 

presence of ca. 0.5 mol equivalents of CH2Cl2 in the analytical sample). IR (cm–1): 2297 

ν(CN), 824 ν(PF). MS (ESI+) calculated for C42H37ClIrP2S [M – MeCN – PF6]+: m/z 

863.1403. Found: m/z 863.1401. 1H NMR (CDCl3, δ): 12.43 (d, 3JHH = 8.4 Hz, 1H, H5), 

7.60–7.33 (m, PPh3 30H), 7.06 (t’, 3JHH = 7.6 Hz, 1H, H4), 6.79 (dt’, 3JHH = 8.8, 1.6 Hz, 1H, 

H3), 5.57 (d, 3JHH = 9.6 Hz, 1H, H2), 2.10 (s, 3H, SMe), 1.71 (s, 3H, MeCN). 13C NMR 

(CDCl3, δ): 231.32 (t, 2JCP = 4.0 Hz, C1), 182.50 (t, 2JCP = 8.0 Hz, C5), 151.46 (s, C3), 

134.52 (t”, 3,5JCP = 9.1 Hz, m-PPh3), 130.93 (s, p-PPh3) 128.30 (t”, partially obscured, 1,3JCP = 

58.4 Hz, i-PPh3), 127.98 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 125.33 (s, C4), 123.01 (s, MeCN), 

121.13 (s, C2), 21.69 (s, SMe), 2.66 (s, MeCN). 31P NMR (CDCl3, δ): –11.95 (s, PPh3),  

–144.26 (sep, 1JPF = 713 Hz, PF6). 19F NMR (CDCl3, δ): –74.17 (d, 1JFP = 712 Hz, PF6).  

 

2.5.17 [Ir(C5H4{SMe}-1)Cl(CO)(PPh3)2][PF6] (104) 

CO was bubbled through a solution of 103 (163 mg, 0.16 mmol) in dichloromethane (2 mL) 

for a period of 2 min at atmospheric pressure, which turned the solution orange. Ethanol  

(5 mL) was added and DCM removed under reduced pressure to afford pure 104 as an orange 

solid (yield = 79 mg, 49%). Analysis calculated for C43H37ClF6IrOP3S: C, 49.83; H 3.60. 

Found: C, 49.56; H, 3.61. IR (cm–1): 2090 ν(CO), 828 ν(PF). MS (ESI+) calculated for 

C43H37ClIrOP2S [M – PF6]+: m/z 891.1346. Found: m/z 891.1290. 1H NMR (CDCl3, δ): 10.97 

(dd, 3JHH = 9.5 Hz, 4JHH = 1.5 Hz. 1H, H5), 7.55–7.42 (m, PPh3 30H), 7.22 (dt’,  
3JHH = 7.0, 1.5 Hz, 1H, H3), 7.12 (t’, 8.3 Hz, 1H, H4), 6.20 (d, 3JHH = 9.4 Hz, 1H, H2), 2.27 
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(s, 3H, SMe). 13C NMR (CDCl3, δ): 228.05 (t, 2JCP = 3.7 Hz, C1), 189.72 (t, 2JCP = 10.8 Hz, 

C5), 171.55 (t, 2JCP = 7.4 Hz, CO), 156.92 (s, C3), 134.15 (t”, 3,5JCP = 9.9 Hz, m-PPh3), 

131.94 (s, p-PPh3) 128.50 (t”, 2,4JCP = 11.0 Hz, o-PPh3), 127.48 (t”,1,3JCP = 59.5 Hz, i-PPh3), 

128.00 (s, C4), 123.06 (s, C2), 25.81 (s, SMe). 31P NMR (CDCl3, δ): –15.13 (s, PPh3), 

 –144.25 (sep, 1JPF = 713 Hz, PF6). 19F NMR (CDCl3, δ): –74.12 (d, 1JFP = 713 Hz, PF6).  

 

2.5.18  [Ir(C5H4{SMe}-1)I(MeCN)(PPh3)2][OTf] (105) 

A solution of 92 (54 mg, 0.05 mmol) in dichloromethane (2 mL) was treated with MeI  

(27 μL, 0.43 mmol). The solution was stirred for 20 h, after which time diethyl ether (50 mL) 

was added with rapid stirring and the red solid collected by filtration (24 mg, 39%). On 

concentrating the filtrate under reduced pressure, a second crop of red crystals of pure 105 

were obtained, which were collected by filtration (24 mg, 39%). A single crystal was grown 

from a dichloromethane solution of 105 layered with hexane. Analysis calculated for 

C45H40F3IIrNO3P2S2∙CH2Cl2: 44.92; H, 3.44; N, 1.14. Found: C, 44.84; H, 3.35; N, 1.33 

(NMR spectroscopy showed the presence of ca. 1 mol equivalent of dichloromethane in the 

analytical sample). IR (cm–1): 1267, 1150, 1030, 692 (OTf). MS (FAB+, NBA) calculated for 

C42H37IIrP2S [M – OTf – MeCN]+: m/z 955.0765. Found: m/z 955.0781. 1H NMR (CDCl3, 

δ): 13.05 (d, 3JHH = 8.4 Hz, 1H, H5), 7.58–7.33 (m, 30H, PPh3), 7.22 (t’, 7.8 Hz, 1H, H4), 

6.79 (t’, 8.1 Hz, 1H, H3), 5.67 (d, 9.3 Hz, 1H, H2), 2.25 (s, 3H, SMe), 1.80 (s, 3H, MeCN). 
13C NMR (CDCl3, δ): 229.96 (t, 2JCP = 4.5 Hz, C1), 179.65 (t, 2JCP = 9.1 Hz, C5), 150.91 (s, 

C3), 134.84 (t”, 3,5JCP = 9.5 Hz, m-PPh3), 130.93 (s, p-PPh3), 128.97 (t”, 1,3JCP = 57.1 Hz,  

i-PPh3), 127.78 (t”, 2,4JCP = 4.5 Hz, o-PPh3), 126.15 (s, C4), 123.42 (s, MeCN), 120.71 (s, 

C2), 21.66 (s, SMe), 3.36 (s, MeCN). 31P NMR (CDCl3, δ): –17.31 (s, PPh3). 19F NMR 

(CDCl3, δ): –79.15 (s, OTf ). 

 

2.5.19 [Ir(C5H4{SMe}-1)(MeCN)2(PPh3)2][PF6]2 (106)  

92 (100 mg, 0.10 mmol) was dissolved in dry dichloromethane (5 mL), and MeCN (52 μL, 

0.98 mmol) and then MeOTf (23 μL, 0.21 mmol) were added. The solution instantly turned 

red upon the addition of methyl triflate. After 15 min, NH4PF6 (81 mg, 0.50 mmol) dissolved 
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in hot ethanol (5 mL) was added to the stirred solution and dichloromethane removed under 

reduced pressure. Maroon crystals of pure 106 were collected by filtration and washed with 

ethanol (2 x 3 mL, 103 mg, 86%). Analysis calculated for C46H43F12IrN2P4S: C, 46.04; H, 

3.61; N, 2.33. Found: C, 45.74; H, 3.48; N, 2.33. IR (cm–1): 2320, 2295 ν(CN), 824 ν(PF). 

MS (FAB+, NBA) calculated for C46H43IrN2P3SF6 [M – PF6]+: m/z 1055.1894. Found: m/z 

1055.1869. 1H NMR (CD2Cl2, δ): 11.59 (d, 3JHH = 8.4 Hz, 1H, H5), 7.53–7.34 (m, 30H, 

PPh3), 7.03 (t’, 7.5 Hz, 1H, H4), 6.90 (t’, 7.2 Hz, 1H, H3), 6.29 (d, 3JHH = 9.3 Hz, 1H, H2), 

2.52 (s, 3H, SMe), 2.17 (s, 3H, MeCN), 1.99, (s, 3H, MeCN). 13C NMR (CD2Cl2, δ): 224.42 

(t, 2JCP = 4.5 Hz, C1), 180.75 (t, 2JCP = 7.5 Hz, C5), 155.41 (s, C3), 134.45 (t”, 3,5JCP = 10.6 

Hz, m-PPh3), 132.60 (s, p-PPh3), 129.23 (t”, 2,4JCP = 12.0 Hz, o-PPh3), 127.52 (s, C4), 127.41 

(s, MeCN), 126.46 (s, MeCN), 125.30 (t”, 1,3JCP = 58.1 Hz, i-PPh3), 123.59 (s, C2), 22.57 (s, 

SMe), 3.60 (s, MeCN), 3.25 (s, MeCN). 31P NMR (CD2Cl2, δ): –2.45 (s, PPh3),  

–44.28 (sep, 1JPF = 711 Hz, PF6). 19F NMR (CD2Cl2, δ): –73.46 (d, 1JFP = 709 Hz, PF6).



 

 

 

 

 

 

 

 

Chapter 3 

Fused-Ring Metallabenzenoids 
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3.1 Preface 

3.1.1 Previous work 

 

Fused-ring metallabenzenoids are compounds where an MC5 ring shares an edge with another 

ring. Generally speaking, these compounds are less commonly encountered in the literature 

than discrete metallabenzenes. Figure 3.1 illustrates some representative examples. 

An important member of this family is the iridanaphthalene 30, prepared by Paneque et al.28 

In this complex an iridium atom, along with its Tp and methyloxalate ligands, formally 

replaces the α-carbon in naphthalene. The Tp moiety seemingly puts great steric pressure on 

the IrC5 ring, displacing the iridium centre 0.76 Å out of the plane formed by the carbon 

atoms. However, the C–C bond lengths in 30 agree well with those found in naphthalene 

itself.91 An osmanaphthalene (110) was subsequently assembled by the Xia group.92 

Within the metallabenzene field, metallabenzofurans are the most widely studied bicyclic 

framework and examples of iron,93,94 ruthenium,19,44,95 osmium43 and iridium24 have been 

reported. In these cases, the metal atoms and their ancillary ligands formally occupy a 

bridgehead position of benzofuran. Structural and spectroscopic studies of these compounds 

indicate diminished electronic delocalisation in the six-membered rings, as compared to other 

metallabenzenes. In particular, multiple bonding interactions between the metal atoms and α-

carbons appear to be lessened.  

The iridabenzothiophene 111, formed by ring expansion of a bicyclic iridacyclobutadiene, is 

a related compound with a similar 6-5 fused-ring system.96 In difference to the 

metallabenzofurans, 111 has three carbon atoms connecting to iridium, whereas the former 

are in possession of a chelating oxygen tether.  

The osmabenzothiazole 112 and its oxidation product, the osmabenzoxazole 113 also fit into 

this category.20 The synthesis of 112 differs from the other complexes mentioned as it was 

prepared by formal annulation of an existing osmabenzene with thiocyanate. Treatment of 

112 with silver(I) nitrate forms 113, which contains a sulfonic acid group and an oxazole ring 
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which coordinates back to osmium via the oxygen atom. The ring system in 113 is 

reminiscent of the metallabenzofurans. 

A related fused-ring ruthenacycle (86) is formed from 8-hydroxyquinoline and a 

ruthenabenzene.21 The nitrogen component partakes in a donor interaction with the metal 

centre while the alcohol group attacks the RuC5 ring, which is then oxidised with O2. 

Interestingly, the seventeen atoms of this tetracyclic system are coplanar within 0.0726 Å. 

  

Figure 3.1: Representative examples of fused-ring metallabenzenoids. [Ir] = IrTpMe2 
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3.1.2 Significance of research 

 

As fused-ring iridabenzenoids are less widely studied than the monocyclic variety, more 

information regarding their synthesis, structure and reactivity is required. An extension of this 

concept would involve the incorporation of functional groups onto the new ring systems, 

which becomes feasible when multifunctional synthons are considered. 

As a guiding principle, these compounds should maintain a conjugated linkage back to the 

iridabenzene ring to allow the possibility of electronic communication. In order to fabricate 

polymeric materials, multiple points of attachment to the metal complex would be required 

and the functionality conferred would ideally lend itself to coupling chemistry. 

 

3.2 Annulation with nitriles 

3.2.1 Iridabenzothiazoliums derived from 92 and organonitriles 

 

At the close of Chapter 2, a reaction between the iridabenzene 92, acetonitrile and triflic acid 

was carried out in an attempt to generate the cationic thiol 108. It appeared that 108 did 

indeed form under anhydrous conditions, but upon the addition of water or ethanol a different 

green product, formulated as the iridabenzothiazolium 109, was obtained.  

Four 1H NMR peaks (CD2Cl2) at 12.35 (H5), 6.86 (H2), 6.75 (H4) and 6.55 ppm (H3) were 

assigned to protons within the six-membered iridacyclic ring of 109, along with carbon atoms 

at 232.31 (C1), 210.85 (C5), 170.23 (C3), 127.19 (C4) and 125.51 ppm (C2) observed in the 
13C NMR experiment. These chemical shifts lie near those found for 92 and 106 and suggest 

the presence of a delocalised aromatic ring current and Ir–C multiple bonds. 

The 1H NMR spectrum for 109 contains a broad resonance at 10.23 ppm which integrates for 

approximately one proton, attributable to the NH group on the five-membered ring. An 

acetonitrile ligand was identified in the 13C NMR spectrum with peaks at 2.97 and 128.29 
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ppm for the methyl and nitrile carbons, respectively. The NH stretch was assigned to a band 

at 3289 cm–1 in the IR spectrum. 

The second acetonitrile unit is incorporated into a fused ring and displays vastly different 

NMR signals. The methyl group shifts down-field to 21.86 ppm, while the NH=C peak is 

found at 190.01 ppm. Clearly the new arrangement of this moiety has a profound effect on its 

local electronic structure. A resonance for the N=C group in the 13C NMR spectrum for the 

osmabenzothiazole 112 resides at a very similar position of 188.6 ppm.20 

If acetonitrile is replaced by p-tolunitrile in the procedure described above, the tolyl analogue 

[Ir(C5H4{NH=C(C6H4{Me}-4)S}-1)(NCC6H4{Me}-4)(PPh3)2][PF6]2 (114) is formed. 

Spectroscopically, 114 is very similar to 109, with the exception of new aryl signals 

corresponding to the tolyl groups. The X-ray crystal structure of 114 was determined and is 

shown in molecular form in Figure 3.2. 

The solution of the crystal structure of 114 was complicated by disordered anions, 

triphenylphosphine rings and solvent molecules. The fluorine atoms in one 

hexafluorophosphate unit were found to occupy three unique positions in the ratio of 

0.78:0.14:0.09. All P–F distances were restrained to be the same as the benign PF6 anion and 

fluorine atoms on the two minor fractions were constrained with equal anisotropic 

displacement parameters. 

There was partial disorder of two of the triphenylphosphine rings, which were refined with 

site occupation factors of 0.52:0.48 and 0.55:0.45, respectively. The carbon atoms in these 

rings were refined with some distance restraints and isotropic thermal parameters applied. 

A region of the unit cell contained heavily disordered solvent and so the SQUEEZE 

algorithm97 was invoked. The calculation indicated that approximately 87 electrons per 

asymmetric unit occupied the solvent accessible void. This observation is commensurate with 

the presence of two molecules of dichloromethane (84 electrons per asymmetric unit) or one 

molecule of dichloromethane and one molecule of hexane (92 electrons per asymmetric unit). 

Another dichloromethane molecule was located in a second region of the unit cell. It too had 

two disordered orientations (in a ratio of 0.72:0.28) which were refined to have the same  

C–Cl distances. The carbon atoms were refined with isotropic thermal parameters. 
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The structure of 114 unambiguously confirms the fused-ring constitution of this complex. 

114 has an iridium atom at a bridgehead position, whereas the metal atom in the homologous 

osmabenzothiazole 112 resides in the α-position. For 114, the two rings are fairly planar, with 

the metal displaced 0.090(6) and 0.092(6) Å from the least-squares planes through  

C1–C5, and C1, S, C6 and N1, respectively (the two deviations are opposite in sign).  

An interesting structural feature is the close approach of one hexafluorophosphate to the 

protonated nitrogen on the five-membered ring. While this counterion is disordered, the 

major fraction (0.78) takes part in a F1∙∙∙H interaction with an intermolecular distance of 

3.037(7) Å. This contact, while less than the sum of the two van der Waals radii (ca. 3.15 

Å),98 is close to the upper range of hydrogen bond distances of this type.99 

The four carbon–carbon bonds (C1–C2: 1.397(6); C2–C3: 1.381(6); C3–C4: 1.406(7) and 

C4–C5: 1.357(6) Å) in the six-membered ring show no significant alternation and are similar 

Figure 3.2: Molecular structure of 114. Triphenylphosphine rings, one PF6 counterion, solvent molecules and minor 
disorder components are omitted. 
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to those reported for compounds in Chapter 2. The Ir–C1 and Ir–C5 bond lengths (1.952(4) 

and 2.010(4) Å, respectively) are similar to other iridabenzenes, especially the dicationic 107 

(c.f. Ir–C1: 1.944(9) and Ir–C5: 1.973(9) Å). 

Within the iridathiazolium ring of 114, the C1–S and S–C6 bond lengths are 1.755(4) and 

1.756(4) Å, respectively. These are similar to the distances recorded for the corresponding 

bonds in the 2-methylbenzo[d]thiazolium cation (1.717(9) and 1.741(9) Å, respectively).100 

The C6–N1 distance within the iridathiazolium ring of 114 is 1.290(5) Å, consistent with a 

carbon–nitrogen double bond. The corresponding C–N bond distance in the 2-

methylbenzo[d]thiazolium cation is 1.278(11) Å.100 The Ir–N1 bond length is 2.129(3) Å, 

slightly longer than for the acetonitrile ligand (2.094(4) Å for Ir–N2). As expected for a 

nitrile, the C14–N2 separation is much shorter at 1.133(6) Å. Most of the bond angles in the 

five-membered ring approach 120°, with exceptions for C1–Ir–N1 and C1–S–C6 (83.61(15) 

and 100.0(2)°, respectively). 

A possible mechanistic pathway (see Scheme 3.1) for the formation of the 

iridabenzothiazolium dications could involve an incipient thiol which undergoes 

deprotonation on the addition of proton acceptors such as ethanol and/or water. The thiolate 

intermediate is disposed towards attack of the coordinated nitrile ligand, which is 

subsequently protonated at nitrogen to give the iridabenzothiazoliums 109 and 114. It is 

important to note that ammonium hexafluorophosphate, which was added to facilitate 

crystallisation, is not necessary to bring about this transformation. 

It was found that the same iridabenzothiazolium compounds (i.e. dicationic species with a 

nitrile ligand) formed from the neutral iridabenzene 93, apparently resulting from dissociation 

of chloride. 

109 and 114 are stable for days in aerobic solutions that contain traces of acid. However, in 

the absence of acid, the stability of these compounds in solution is much reduced. Upon the 

addition of bases such as triethylamine or sodium acetate to solutions of 109 (or 114 in the 

presence of acetonitrile), the iridathiazolium nitrogen atom is rapidly deprotonated and the 

iridabenzene 92 is reformed almost quantitatively by NMR spectroscopy. This reactivity 

contrasts with that of a 2-osmapyridinium complex prepared by Xia et al. which can be 

deprotonated by n-butyllithium, leaving the OsNC4 ring intact.101 
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The unexpected reactivity displayed by the sulfur function to form iridabenzothiazolium 

systems prompted a new avenue of investigation. As the fragility of 109 and 114 precluded 

any further study on their part, attention was turned to more robust analogues. 

 

3.3 Annulation with acetylenes 

3.3.1 Iridabenzothiophenes from Ir(C5H4{S}-1)Cl(PPh3)2 (93) 

 

Iridabenzothiophenes have previously been described by Roper et al.96 The syntheses 

involved treatment of IrI(CO)(PPh3)2 with RC≡CH (R = H, Ph or CO2Me) at 80 °C. An 

iridacyclobutadiene fused to a second five-membered sulfur-containing ring (115) was 

formed without further ring expansion. However, upon removal of the iodo ligand from the 

Scheme 3.1: Proposed mechanism for the formation of iridabenzothiazolium compounds 
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ester-substituted metallacycle 115 and treatment of the resultant cation with additional methyl 

propiolate and lithium chloride, the iridabenzothiophene 111 was obtained (see Scheme 3.2). 

The neutral iridabenzene 93, which has an α-thiolate group affixed to C1 and a chloro ligand 

at the metal, could potentially interact with acetylenes in a similar way. As the six-membered 

ring is already in place, it remains only to insert an acetylene unit into the metal–sulfur bond 

in order to give the analogous iridabenzothiophene. 

No iridabenzothiophenes were formed from reaction mixtures of 93 and the internal alkynes 

diphenylacetylene, bis(trimethylsilyl)acetylene or DMAD, even at temperatures up to 110 °C. 

One likely explanation is that a terminal acetylene is required to approach the metal centre 

and the above substrates are simply too bulky. 

A solution of 93 and five equivalents of phenylacetylene in dichloromethane afforded an 

assortment of compounds over 24 hours at room temperature. By replacing the solvent with 

DCE and heating the mixture at 50 °C, the two isomeric iridabenzothiophenes 

Ir(C5H4{CPh=CHS}-1)Cl(PPh3)2 (116a) and Ir(C5H4{CH=CPhS}-1)Cl(PPh3)2 (116b) formed 

in near-equal amounts as the major products (see Scheme 3.3). After column chromatography 

on alumina gel, a blue solid predominantly comprised of 116a and 116b was isolated. The 

two isomers could not be purified further and were analysed as a mixture by NMR 

spectroscopy. Using COSY, DEPT-135, HSQC and HMBC experiments, it was possible to 

fully assign the NMR peaks for both components (see Table 3.1). 

The 1H NMR spectrum of the mixture revealed that the signals assigned to H5 are shifted  

up-field relative to those found in the starting material 93. The remaining protons on the  

six-membered rings reside in similar positions. 116a is substituted by a phenyl ring on Cα and 

CHβ presents a singlet resonance at 7.48 ppm. For 116b, the substitution pattern is reversed 

and a multiplet peak at 9.22 ppm corresponds to CHα. It is apparent that the downfield 

chemical shift induced by the metal upon its neighbouring atoms extends to the 

iridathiophene ring. However, the magnitude of this effect is more noticeable for nuclei in the 

iridabenzene ring, where the iridium–carbon multiple bonding interactions are greater. 
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The unsubstituted nature of Cα in 116b appears to perturb C1 and C5 in the 13C NMR 

spectrum, with signals for these atoms shifted ca. 25 ppm down-field relative to 116a. In 

addition, Cα in 116b is deshielded by ca. 32 ppm compared with Cα in 116a. 

Although 116a and 116b were not isolated as pure compounds, their NMR data are strikingly 

similar to those reported for 111.96 The impure mixture also gives rise to a peak in the mass 

spectrum at m/z 915.1922, correlated with the molecular ion after the dissociation of one 

chloride ligand (calculated peak for C49H40IrP2S: [M – Cl]+ m/z 915.1950). 

In one final experiment, a solution of 93 in DCE was heated to reflux and then treated with 

phenylacetylene. Upon chromatographic work-up of the reaction mixture on alumina gel 

eluting with dichloromethane, an aquamarine band was observed, which was fractionally 

Scheme 3.3: Formation of the iridabenzothiophenes 116a and 116b 

Scheme 3.2: Step-wise reaction of methyl propiolate with IrI(CS)(PPh3)2
96 

  

Table 3.1: Selected NMR data for 116a and 116b (δ, ppm) 

 1H 13C 31P 
Atom 116a 116b 116a 116b 116a 116b 

1 – – 226.95 253.72 –10.00 –0.55 
2 5.62 5.78 117.45 119.62 
3 6.75 5.97 150.67 155.71 
4 6.64 124.46 121.39 
5 11.75 11.44 196.79 219.12 
α – 9.22 136.92 168.63 
β 7.48 – 137.43 143.94 
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crystallised from ethanol. This gave a dark green solid which, while remaining impure, 

consisted mainly of Ir(C5H4{CH=CPhS}-1)(C≡CPh)(PPh3)2 (117, see Scheme 3.4). 

Infrared analysis of 117 revealed the presence of a band at 2097 cm-1, which was assigned to 

ν(C≡C). The 13C NMR spectrum displayed triplet signals at 118.60 (3JCP = 3.7 Hz) and 92.20 

(3JCP = 20.6 Hz) ppm for IrC≡CPh and IrC≡CPh, respectively. In comparison to the reaction 

which formed 116a and 116b, the increased temperature seemingly facilitated the substitution 

of chloride with acetylide, even in the absence of base. 

The 1H NMR spectrum for 117 has a broad triplet peak at 8.85 ppm (3JHP = 0.8 Hz) 

corresponding to the proton on the α-carbon comprising the five-membered ring. This signal, 

along with those found for the iridabenzene ring, are nearly identical to those found for 116b. 

An exception is the peak for H5, which shifts up-field to 10.50 ppm for the acetylide-

substituted iridium complex 117 (c.f. H5 in 116b: 11.44 ppm).  

The 13C NMR spectrum of 117 closely resembles that of 116b. C1, which is trans to the new 

acetylide ligand, exhibits a down-field-shifted signal at 275.47 ppm. 

In spite of its impure constitution, crystals of 117 were procured which were of sufficient 

quality for an X-ray structure determination. The molecular structure, shown in Figure 3.3, 

depicts a planar bicyclic ring system where the iridium atom is displaced 0.074(6) and 

0.024(7) Å from the planes formed by the non-metal atoms of the six- and five-membered 

rings, respectively. It is interesting to note that, unlike the iridabenzothiazolium 114, the 

phenyl ring attached to Cβ is almost coplanar with the five-membered ring. This is 

exemplified by the torsion angle of 4.0(7)° for Cα–Cβ–Phipso–Phortho and could indicate that 

the ground state conformation is stabilised by an overlap of π-orbitals on these connected 

rings.  

Interestingly, the complex comprises four iridium–carbon bonds. Connections to the 

iridabenzene and acetylide components are of similar distance, viz. 2.011(4), 2.069(4) and 

2.061(4) Å for C1–, C5– and C14–Ir, respectively. The bond length for Ir–C6 is slightly 

longer at 2.128(4) Å. Carbon–carbon distances around the six-membered ring show traits of 

long-short alternation, with measurements of 1.439(7) (C1–C2), 1.343(7) (C2–C3), 1.416(7) 

(C3–C4) and 1.355(6) Å (C4–C5). In comparison, the corresponding C–C bond lengths in the 

iridabenzothiazolium 114 were found to be more uniform. In 117, The C6–C7 distance
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of 1.313(6) Å is shorter, consistent with a formal double bond. The acetylene linkage has an 

even shorter distance of 1.209(6) Å for C14–C15. All bond angles in the five-membered ring 

are very similar to those observed for 114, but the sulfur atom in 117 is unsymmetrically 

bonded to its neighbours (1.679(5) Å for C1–S and 1.805(5) Å for C7–S). In comparison, the 

bonding distances for 3-chlorobenzo[b]thiophene-2-carbonyl chloride are 1.731(4) and 

1.736(4) Å for the two carbon–sulfur bonds and 1.376(6) Å for the formal C=C bond in the 

five-membered ring.102 The longer Ir–C6 bonds in 117 may be responsible for this effect as 

the metallacyclic ring system must adjust to accommodate them. 

Figure 3.3: Molecular structure of 117 with 50% thermal ellipsoids. Phosphine phenyl rings are omitted. 

Scheme 3.4: Synthesis of the iridabenzothiophene 117 
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The point at which the chloride ligand of 93 is exchanged during the reaction sequence is 

unclear. It was noted that 116a and 116b were present as impurities in samples of 117, even 

after prolonged reaction periods at the elevated temperature. This indicates that chloride-

acetylide metathesis does not readily occur after the second ring has formed. A likely 

scenario involves initial displacement of the chloro ligand with one σ-acetylide ligand, which 

would preclude some approach paths of the second incoming alkyne. This may help to 

explain why the formation of the β-isomer is favoured for 117, whereas the product ratio of 

116a:116b was roughly 1:1 at a reaction temperature of 50 °C. 

Thus far, there are no literature examples of metallabenzene complexes which incorporate 

acetylide ligands. Importantly, these groups could also find use as conjugated linkers for 

materials with extended π-bonding systems or polymers containing metallabenzenes. In light 

of the favourable discovery of 117, the syntheses of acetylide substituted iridabenzenes were 

pursued further. 

 

3.3.2 Interaction of 92 with phenylacetylene 

 

A viable candidate for σ-acetylide formation is the cationic iridabenzene 92. It was 

demonstrated in Chapter 2 that the acetonitrile ligand present at the metal centre could be 

replaced with simple donor ligands and halides. These methods could be extended to 

encompass alkynyl groups upon reaction of 92 with a deprotonated terminal acetylene.  

The reactions between 92 (or 93) and metallated acetylenes such as PhC≡CLi or 

Me3SiC≡CMgBr gave no tractable products. A different strategy employing phenylacetylene, 

triethylamine and 92 at room temperature in dichloromethane, resulted in the successful 

formation of the orange-brown Ir(C5H4{S}-1)(C≡CPh)(PPh3)2 (118, see Scheme 3.5). This 

approach was used by Chin et al. in their syntheses of acetylide-substituted 

iridacyclopentadienes.42,103 The labile DMAP ligand on iridabenzene 100 could also be used 

in place of 92 and Et3N, but in practice the pyridinium salt by-product proved difficult to 

remove upon work-up and so the simpler method starting from 92 was preferred. 
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The metallacyclic proton and carbon signals of 118 are very similar to those obtained for 92 

and 93. The most notable difference is observed for C1 in 118, which shifts down-field to 

271.57 ppm (c.f. 243.85 and 249.47 for 92 and 93, respectively). A possible explanation is 

that the new acetylide ligand, which is trans to C1, deshields this nucleus. A similar effect 

was seen for the iridabenzothiophene 117, discussed earlier in this chapter. The acetylide 

moiety exhibits a band in the IR spectrum at 2087 cm–1 for ν(C≡C) and resonances in the 13C 

NMR spectrum at 120.82 and 99.74 ppm for IrC≡CPh and IrC≡CPh, respectively. 

From a mechanistic perspective, it is possible that the acetonitrile ligand in 92 is initially 

replaced by the alkyne in an η2-mode. This may then rearrange to the vinylidene and 

subsequently be deprotonated to generate the σ-acetylide. 

While stable in the solid state, 118 is found to decompose to a mixture of products when 

dissolved. It should be noted that the reaction described above only proceeds to 118 when 

exactly one mol equivalent of acetylene is used. Under these conditions, yields are only 

moderate (ca. 38%) and the product requires stringent purification. With an excess of reagent, 

an entirely different compound forms. These transformations are expounded upon in the 

following text. 

 

3.3.3 Formation of benzylideneiridabenzothiete 

 

The synthetic method proceeding from 92 to 118 was modified to include five mol 

equivalents of phenylacetylene relative to 92. The solution went through a colour change 

from brown to orange over one hour, and eventually turned deep blue over 18 hours. 

Chromatographic purification of this mixture on alumina gel, eluting with dichloromethane, 

gave a blue band which was crystallised from ethanol. Although the colour was nearly 

Scheme 3.5: Formation of the acetylide-substituted iridabenzene 118 
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identical to that seen for the mixture of iridabenzothiophenes 116a,b, a product formulated as 

the benzylideneiridabenzothiete Ir(C5H4{C(=CHPh)S}-1)(C≡CPh)(PPh3)2 (119, see Scheme 

3.6) was obtained instead. Where 117 consisted of a five-membered iridathiophene ring in 

which both acetylenic carbons bridged the iridium and sulfur atoms, 119 is comprised of an 

iridabenzene fused to a four-membered Ir–C–S–C ring with a formal exo double bond. 

The NMR spectra of 119 and 117 are closely matched, as demonstrated in Table 3.2. Within 

the IrC5 ring the metal-bound carbons of 119 show the most variability in the 13C NMR 

spectrum, where C1 and C5 are ca. 20 ppm up-field of their counterparts in 117. The triply-

bonded carbons show nearly identical chemical shifts between the two compounds. Major 

differences arise between the four- and five-membered ring sections of the compounds. In 

119 the resonance for Cα is in the region expected for a vinyl group and up-field of the peak 

for Cα in 117. 

Absolute confirmation of the structure of 119 was provided by a single crystal X-ray 

diffraction study. The molecular form is depicted in Figure 3.4.  

The fused-ring iridabenzene framework of 119 shows a fairly high degree of planarity; the 

iridium atom is displaced 0.088(5) Å from the least-squares fit through C1–C5. The four-

membered ring is also flat, demonstrated by the four torsion angles’ range of approximately 

±4°. The phenyl-substituted alkene is configured with cis geometry with respect to the metal 

centre; i.e. the phenyl group is on the same side of the alkene as the iridium atom. 

The four C–C bonds in the six-membered ring of 119 show bond length alternation, with 

distances of 1.416(6) (C1–C2), 1.363(6) (C2–C3), 1.432(6) (C3–C4) and 1.359(6) Å (C4–

C5). These values are similar to those found for the iridabenzothiophene 117. The C1– and 

C5–Ir distances of 1.999(4) and 2.050(4) Å in 119 are also comparable to those in 117.  

The C–S bond lengths in 119 show no significant differences compared with those observed 

in 117. The Ir–C6 distance in the four-membered ring of 119 is 2.200(4) Å, whereas the  

Ir–C6 distance in the five-membered ring of 117 is 2.128(4) Å. This increase in 119 could be 

attributed to a relief of ring strain within the four-membered ring. 119 has one 
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 Figure 3.4: Molecular structure of 119 with 50% thermal ellipsoids. Triphenylphosphine rings are omitted. 

Scheme 3.6: Synthesis of the benzylideneiridabenzothiete 119 

Table 3.2: Selected NMR data for 119 and 117 (δ, ppm) 

 1H 13C 31P 
Atom 119 117 119 117 119 117 

1 – – 249.15 275.47 0.88 –9.04 
2 5.78 5.72 118.56 121.13 
3 6.68 5.95 150.98 155.84 
4 6.66 6.52 124.46 121.35 
5 10.66 10.50 190.57 210.43 
α – 8.85 124.29 163.91 
β 7.29 – 134.58 146.99 

IrC≡C – – 93.17 92.20 
IrC≡C – – 119.09 118.60 
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formal double bond measuring 1.364(6) Å associated with atoms C6–C7 in the fused-ring 

component. 

The bond angles observed in the thiete ring are expectedly small. The angles Ir–C1–S and  

Ir–C6–S in 119 are 105.0(2) and 93.98(18)° respectively, while the angles subtended by S 

and Ir are 89.5(2) and 71.37(16)° for C1–S–C6 and C1–Ir–C6 respectively. 

There is only one structurally characterised organic arylthiete, and crystal structures of 

benzothietanes are exceedingly rare. One relevant example is the 

bis(arylthio)benzothietane104 (120, see Scheme 3.7). A notable feature is its acute C–S–C 

bond angle of 74.4(2)°, while the C–C–C angle opposite this is 99.5(3)°. Conversely, the 

iridabenzothiete 119 demonstrated angles which were acute at the metal and larger at sulfur. 

The benzylidenethietoquinoline (121, see Scheme 3.7)105 is probably the closest known 

analogue of 119. While an X-ray crystal structure was presented, no bond length or angle 

information was made available. The authors’ molecular depiction appears to indicate the 

presence of an acute angle at sulfur. 

Previously synthesised arylthietanes and arylthietes (see Scheme 3.7) have been derived from 

GaMe3-mediated C–F activation/coupling of three CF3-substituted thiophenol units (120),104 

Friedländer reaction between 2-aminobenzaldehydes and thietanones (121),105 incipient 

benzynes and thioketones (122),106 ring contraction and CO extrusion of a 

(hydro)benzothiophenone under flash vacuum pyrolysis (123),107 and Diels-Alder 

cycloaddition of an isobenzofuran with thietesulfone, followed by acid-promoted dehydration 

(124).108 124 could be elaborated to naphthothietesulfones (125) by the way of condensation 

reactions with benzaldehyde. Attempts to reduce the sulfur function with LiAlH4 only 

resulted in saturation of the pendant alkene (126, see Scheme 3.7).109 

In contrast, 119 is formed via nucleophilic attack of sulfur on an alkyne unit. It is likely that 

the first step in this reaction involves formation of the σ-acetylide complex 118 from the 

cationic complex 92. This was confirmed by treating 118 with additional phenylacetylene, 

which fully converted into 119. Triethylamine and/or its conjugate acid were not required to 

facilitate this process. The presence of a fused four-membered ring in the final product is 

consistent with the formation of an incipient vinylidene at some stage of the reaction. 

Assuming that the first step involves the formation of 118, a second alkyne could approach 

the complex from either (A) the thiolate or (B) the acetylide face (see Scheme 3.8). 
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Scheme 3.7: Synthetic routes to arylthietes and arylthietanes 



98 

 

For Pathway A, the incoming acetylene would coordinate, rearrange to the vinylidene and 

finally couple with the thione sulfur. For Pathway B, an isomeric vinylidene is formed via 

protonation from a second phenylacetylene molecule. The conversion of an acetylide ligand 

bound to a square-planar rhodium complex into a vinylidene on the addition of a terminal 

alkyne has been reported.110 In this case, the key intermediate was formed upon oxidative 

addition of ethyne or phenylacetylene to the metal centre to give a rhodium(III) hydride, 

which underwent β-addition to give the vinylidene complex. If a similar process transpired in 

Scheme 3.8: Proposed mechanisms for the formation of iridabenzothietes 
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Pathway B, the oxidative addition product would be a seven-coordinate iridium(V) species. A 

third pathway involving proton transfer between phenylacetylene and the sulfur function of 

the iridabenzene cannot entirely be ruled out, but seems less likely than (A) and (B) above, 

given that base is present in the reaction mixture. 

By using two different alkynes, Pathway A was confirmed as the most probable route for this 

transformation. Starting with the phenylacetylide complex 118, p-tolylacetylene was added to 

give a blue solution. A preliminary X-ray structure proved that the phenylacetylide ligand 

remains intact and that the p-tolylacetylene units were incorporated into the iridathiete ring 

exclusively. In practice, the mixed alkyne experiments were difficult to perform, owing to the 

arduous preparation of 118. The “one-pot” synthetic method beginning from 92 was much 

simpler and allowed many iridabenzothiete compounds to be isolated. 

 

3.3.4 Formation of benzylideneiridabenzothiete derivatives  

 

Syntheses of benzylideneiridabenzothietes could be extended to utilise alkynes other than 

phenylacetylene and p-tolylacetylene. Treatment of a solution of 92 with  

1,4-diethynylbenzene and triethylamine in dichloromethane gave the blue acetylene-

substituted product Ir(C5H4{C(=CH(C6H4{C≡CH}-4)S}-1)(C≡C(C6H4{C≡CH}-4))(PPh3)2 

(127, see Scheme 3.9).  

The 1H and 13C NMR spectra for 127 were nearly identical to those seen for 119 with respect 

to the ring systems common to both. Interestingly, 127 contains three alkyne functional 

groups, one of which is sigma-bound to the metal centre and two that are present as terminal 

C≡CH units. Similar to those observed in previously discussed compounds, the metal-bound 

acetylide exhibits signals at 98.23 and 119.18 ppm in the 13C NMR spectrum for the Ir–C≡C 

and Ir–C≡C carbons, respectively. The ethynylphenyl substituent comprising the Ir–C≡C 

ligand has peaks at 84.45 and 75.78 ppm for C≡CH and C≡CH in the 13C NMR spectrum and 

a singlet at 3.06 ppm in the 1H NMR spectrum for C≡CH. Comparable values were found for 

the other terminal ethynylphenyl substituent, viz. 85.75, 77.21 and 3.03 ppm, respectively. 
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ν(C≡CH) was observed at 3288 cm–1 in the infrared spectrum, while the ν(C≡C) modes 

overlapped to give one broad band centred at 2076 cm–1. 

The crystal structure of 127 was determined and a molecular representation is shown in 

Figure 3.5. The IrC5 ring, where iridium is displaced 0.046(6) Å from the five carbon atoms, 

is more planar than for 119. The four torsion angles in the IrC2S ring, ranging from –0.47(17) 

to 0.42(19)°, are also smaller for 127. While most C–C and C–S distances are comparable 

between 127 and 119, the C1–C2 bond length in the former has decreased by about 0.03 Å to 

1.389(6) Å. It is possible that a more planar ring structure is brought about by an increase of 

π-electron density afforded by the alkyne substituents. 

An interesting structural feature of 127 is that the two terminal acetylene units have identical 

C–C distances (1.175(7) Å). This value is only slightly shorter than the metal-bound 

acetylide, which has a C–C separation of 1.209(6) Å.  

Another iridabenzothiete analogue was prepared which contains 4-iodophenyl groups 

attached to both the thiete ring and the acetylide ligand. The alkynes were formed by in situ 

deprotection of 4-iodophenylethynyltrimethylsilane with TBAF∙3H2O, as inspired by Hill et 

al.111 Because this latter reagent is incompatible with halogenated solvents, the reaction was 

carried out in THF. A similar chromatographic purification step and crystallisation gave 

Ir(C5H4{C(=CH(C6H4{I}-4)S}-1)(C≡C(C6H4{I}-4))(PPh3)2 (128, see Scheme 3.10) as a pure 

blue solid in a modest yield of 30%. 

With 1H NMR peaks at 10.70 (H5), 6.72 (H3), 6.67 (H4) and 5.79 ppm (H2), and 13C NMR 

peaks at 248.20 (C1), 190.79 (C5), 151.30 (C3), 124.86 (C4) and 118.72 ppm (C2), the 

chemical shifts of the atoms in the iridabenzene ring do not appear to be changed 

significantly by the new halophenyl substituent. The acetylide and thiete carbon nuclei also 

exhibit similar chemical shifts. The quaternary carbons substituted by iodide give one 

Scheme 3.9: Synthesis of iridabenzothiete derivative 127 



101 

overlapping peak at 88.79 ppm, significantly up-field from the other signals in the phenyl 

rings. 

The crystal structure of 128, illustrated in molecular form in Figure 3.6, was also obtained. 

The iridabenzene ring planarity (0.065(4) Å displacement of Ir from the five-carbon plane) is 

intermediate between those of 30 and 35 but still fairly small in comparison to some of the 

other iridabenzenes studied in this work. The four torsion angles calculated for the iridathiete 

ring are not significantly different from 0°. Other structural parameters were very similar to 

the phenyl and ethynylphenyl analogues. 

While further reactions of these functionalised compounds were not attempted in this 

research, the opportunity remains open for future endeavours. The iodophenyl components of 

128 could be used in metal-catalysed cross-coupling processes such as Suzuki, Heck or 

Scheme 3.10: Formation of the iodophenyl iridabenzothiete derivative 128 

Figure 3.5: Molecular structure of 127 with thermal ellipsoids set at 50% probability. Triphenylphosphine phenyl 
rings are omitted. 
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Sonogashira reactions. Likewise, the free acetylene groups in 127 might partake in the 

aforementioned reactions, coordinate to additional metals or form bridging butadiyne chains 

by way of oxidative coupling. Step-growth polymerisation reactions also become feasible due 

to the presence of two functional groups in both of 127 and 128. 

The successful preparation of 127 and 128 illustrates that the method forming 

benzylideneiridabenzothietes could have general synthetic utility. Numerous derivatives 

could be formed on combination of 92 with differently substituted arylacetylenes and base. It 

follows that alkynes bearing non-aryl functional groups could also be utilised, and these 

investigations are detailed in the following section. 

3.4 Interaction of 92 with other acetylenes 

Following a similar procedure to that used in Section 3.3.4 above, 92 was treated with 

trimethylsilylacetylene and triethylamine in dichloromethane. This afforded a product 

Figure 3.6: Molecular depiction of 128 with thermal displacement ellipsoids displayed at 50% probablity. 
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mixture which could not be purified by crystallisation and appeared to deteriorate during 

column chromatography. Desilylation was considered a likely decomposition route in these 

cases as many peaks at approximately 0–1 ppm were observed in the 1H NMR spectrum of 

the crude product mixture. The use of methyl propiolate similarly lead to intractable products. 

With cis-Pt(C≡CH)2(dppe)112 a promising colour change to blue occurred, but this quickly 

dissipated and only decomposition products were observed by NMR spectroscopy. 

 

3.4.1 Interaction of 92 with ferrocenylacetylene 

 

In a similar experiment, 92 was combined with ferrocenylacetylene and triethylamine at room 

temperature, resulting in a colour change to burgundy. The mixture was subjected to 

chromatographic purification on alumina gel eluting with dichloromethane and a dark red 

solid was obtained on crystallisation. Unexpectedly, and in spite of using identical conditions 

to those which formed the iridabenzothietes in the above sections, the product was found to 

consist solely of the β-substituted iridabenzothiophene  

Ir(C5H4{CH=C(Fc)S}-1)(C≡CFc)(PPh3)2 (129, see Scheme 3.11). 

The NMR spectra of 129 were entirely consistent with those of an iridabenzothiophene; 

indeed the spectra are very similar to those obtained for 117. The presence of an 

iridathiophene ring was confirmed by a singlet proton resonance centred at 8.29 ppm and 

peaks in the 13C NMR spectrum at 160.41 and 141.93 ppm for CH=CFc and CH=CFc, 

respectively.  

In the 1H NMR spectrum of 129, the cyclopentadienyl groups gave rise to several peaks in 

the region between 3.95 and 3.76 ppm which integrated for a total of 18 protons. The 

corresponding signals for carbons in the C5H5 and C5H4 rings were located between 74.63 

and 65.48 ppm in the 13C NMR spectrum. The ipso carbon linking one Cp ring to the 

iridathiophene moiety displayed a peak moderately down-field of this area at 87.27 ppm.  

The crystal structure of 129 was determined and a molecular depiction is shown in Figure 

3.7. This complex is distinctive in that the iridabenzene ring appears buckled. C4 is displaced
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0.0500(15) Å from the plane of best fit through the five iridabenzene carbon atoms while the 

iridium atom sits 0.184(3) and 0.099(3) Å out of the C5 (iridabenzene) and C3S 

(iridathiophene) planes, respectively. By comparison, the relevant distances for the metal 

displacement in 117 were 0.074(6) and 0.024(7) Å. The difference can probably be attributed 

to the bulky ferrocenyl groups in the former complex. However, in spite of the differences in 

bond angles, variations in bond lengths between the two studied iridabenzothiophenes are 

only slight. 

Figure 3.7: Molecular structure of 129 with 50% thermal ellipsoids. Triphenylphosphine rings and solvent molecules 
are omitted. 

Scheme 3.11: Formation of the iridabenzothiophene 129 
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The ferrocene units show structural characteristics expected of metallocenes, for example 

angles between the normals of the two planes formed by each five membered ring are 

3.06(9)° and 6.33(10)° for the two moieties. Ferrocene-1 (for Fe1) exhibits a slight staggering 

of the Cp rings with a twist angle of approximately 17°, while ferrocene-2 (Fe2) has 

essentially eclipsed Cp rings with a twist angle of around 2°. 

The formation of the iridabenzothiophene 129 is intriguing, given that iridabenzothietes are 

obtained from 92 and arylacetylenes under similar conditions. The first steps of a plausible 

mechanism probably involve the alkyne’s coordination, vinylidene rearrangement and 

deprotonation to give the ferrocenylacetylide ligand. It is postulated that the steric bulk of this 

ferrocene and/or the triphenylphosphine ligands inhibits the rearrangement of a second 

incoming FcC≡CH group into a ferrocenylvinylidene intermediate. Instead, a π-coordination 

mode persists long enough for the subsequent annulation step to occur. The β-substituted 

iridabenzothiophene is produced exclusively, thus providing support for this mechanism. 

While no electrochemical studies of 129 were carried out in this research, this is an obvious 

direction for future studies. Intriguing considerations for further analysis include the extent of 

electrical communication between the two ferrocenyl units under redox conditions, and the 

role played by metallabenzenes in systems such as this. 

 

3.4.2 Formation of an allylidene-substituted iridabenzothiete 

 

The combination of 92 with 2-methylbut-1-en-3-yne and triethylamine afforded a blue 

solution which was separated chromatographically on alumina gel eluting with 

dichloromethane. The highly soluble product was not isolated as a pure compound, but was 

logically formulated as the allylidene-substituted iridabenzothiete 

Ir(C5H4{C(=CHC(Me)=CH2)S}-1)(C≡CC(Me)=CH2)(PPh3)2 (130, see Scheme 3.12) by 

NMR spectroscopy and high resolution mass spectrometry. 

The 1H NMR spectrum of 130 reveals peaks at 10.71 (H5), 6.86 (H3), 6.60 (H4) and 5.83 

ppm (H2) for the iridabenzene ring, similar to those discussed for other iridabenzothietes in 

previous sections. The β-proton on the exo double bond attached to the thiete ring is observed 
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as a distinct singlet at 6.72 ppm. The adjacent =CH2 group displays peaks at 4.56 and 4.38 

ppm with second-order characteristics. Similar chemical shifts were observed at 4.47 and 

4.28 ppm for the alkene =CH2 group attached to the acetylide ligand. 

The shared IrC5, IrC2S and IrC≡C components of 130 and other iridabenzothietes allows 

meaningful comparisons to be made between the 13C NMR spectra for these species. The  

six-membered ring of 130 displays resonances at 244.75 (C1), 199.66 (C5), 151.31 (C3), 

123.32 (C4) and 117.66 ppm (C2), while the thiete ring shows peaks at 134.61 and 115.04 

ppm for the HC= (β) and IrCS (α) carbons, respectively. The latter signal shifts ca. 10 ppm 

up-field compared to the same 13C nucleus in 119. By the same comparison, C5 in 130 

experiences a down-field shift by a similar magnitude. IrC≡C displays a triplet signal at 91.68 

ppm (3JCP = 19.9 Hz), while a triplet peak for IrC≡C was located at 121.42 ppm (3JCP = 2.9 

Hz). 

The vinyl substituent associated with the iridathiete ring has 13C NMR peaks at 145.59 and 

108.71 ppm for the quaternary and terminal positions. The group attached to the acetylide 

ligand shows similar peaks at 131.90 and 112.31 ppm. 

 

3.4.3 Formation of a vinylcarbinol-substituted iridabenzothiete 

 

One other functionalised alkyne, which was utilised as a five-carbon synthon to give 

osmabenzenes is 3-methyl-1-penten-4-yn-3-ol (see Scheme 1.16). The iridabenzothiete-

forming reaction was attempted between 92, the alkyne and triethylamine. The reaction 

mixture was maintained at 0 °C for 19.5 hours and then chromatographed on alumina gel 

eluting with dichloromethane. A leading yellow band was collected and evaporated to 

Scheme 3.12: Synthesis of an allylidene-substituted iridabenzothiete (130) 
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dryness. The resulting orange solid, which analysed as the acetylide complex by NMR, IR, 

MS and elemental analysis as Ir(C5H4{S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 (131, see 

Scheme 3.13), was produced in 3% yield. A slow-moving purple fraction was collected and 

crystallised from hexane to give a diastereomeric mixture of the iridabenzothietes 

Ir(C5H4{C(=CHC(Me)(OH)CH=CH2)S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 (132, see 

Scheme 3.13) in a yield of 36%.  

The orange product (131) displayed signals in the 1H and 13C NMR spectra indicating that the 

acetylide ligand had formed in the absence of a second fused ring. In the 1H NMR spectrum 

these included three distinctive doublet-of-doublet peaks at 5.50, 4.91 and 4.60 ppm for the 

alkenyl group and 0.80 ppm for the hydroxyl proton. In the 13C NMR experiment, resonances 

at 144.45 and 110.80 ppm were assigned to the =CH and =CH2 carbons, while the IrC≡C and 

IrC≡C nuclei gave peaks at 127.70 and 90.59 ppm respectively. The chemical shifts 

attributable to the iridabenzene ring were very similar to those observed for 118, which 

contained a phenylacetylide ligand. 

In this experiment the alkyne was utilised as a racemate and so two enantiomers of 131 are 

produced in the reaction. A singlet resonance at 3.89 ppm was present in the 31P NMR 

spectrum corresponding to the two triphenylphosphine ligands. 

Conversely, the 31P NMR spectrum of the purple compound (132) contains two sets of AB 

multiplets (see Figure 3.8). The two peaks have similar chemical shifts but differing second-

order coupling. As two acetylene units were incorporated into each metal complex, both 

diastereomers are produced along with their enantiomers (see Figure 3.9). 

The 1H NMR spectrum of 132 is complex in nature. Peaks for the iridabenzene protons were 

located at 10.20 (H5), 6.38 (H4), 6.27 (H3) and 5.27 ppm (H2). As these nuclei are distant 

from the chiral centres, any differences between the isomers are small, and hence only one set 

of peaks are detected. The 13C NMR spectrum similarly contains five signals at 251.08 (C1), 

187.30 (C5), 151.19 (C3), 123.45 (C4) and 117.37 ppm (C2) for the iridabenzene ring. 

Nearer to the stereogenic carbons the situation differs. Olefinic protons associated with the 

iridathiete moiety are observed as singlets at 6.13 and 6.11 ppm which integrate for 0.5 

protons each relative to the iridabenzene signals. Resonances for the alkene groups in both 1H 
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Scheme 3.13: Reaction of 92 with ethynylmethylvinylcarbinol and NEt3 

Figure 3.8: 31P NMR spectrum of the diastereomeric mixture of 132. 

Figure 3.9: The four possible stereoisomers of 132. 
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and 13C NMR spectra occupy similar regions to 131, where two distinct peaks are found for 

each position in 132. 

An X-ray structure determination was also undertaken with a single crystal of 132, where the 

molecule crystallised into a monoclinic setting with space group P21/n. For each of the thiete 

and acetylenic substituents, disorder was present corresponding to the superimposition of 

chiral groups with (S) and (R) configurations. The absolute stereochemistry at the two chiral 

centres was assigned arbitrarily, owing to the non-centrosymmetric nature of the space group. 

For the thiete portion the (S):(R) ratio refined to 0.69:0.31, while the (S):(R) ratio for the 

acetylenic moiety was 0.59:0.41. Due to the overlap of atoms, distance restraints and equal 

anisotropic displacement parameter constraints were applied. The (S, S) and (R, R) forms are 

depicted in Figure 3.10 but it must be noted that it would be equally valid to show the (S, R) 

and (R, S) isomers. The non-unity ratio of the chiral residues is probably due to a 

crystallisation effect, as both diastereomers were equally represented in the NMR spectra of 

132. 

The iridabenzene ring in 132 is more planar than in the phenyl analogue 119. The iridium 

atom has a deviation of only 0.011(4) Å from the least-squares plane fitted through C1–C5. 

The four-membered ring is also flat, where the four torsion angles around the iridathiete ring 

are approximately ±2°. The increased planarity in 132, relative to 119, may be due to the 

influence of the electron-releasing hydroxyl group or the unsaturated alkene function. 

The bond lengths in the iridabenzene ring of 2.001(3) (Ir–C1), 2.049(3) (Ir–C5), 1.411(4) 

(C1–C2), 1.366(5) (C2–C3), 1.420(4) (C3–C4) and 1.366(4) (C4–C5) Å are not significantly 

different from those in 119. The same applies for bond distances in the iridathiete ring of 132. 

The atoms comprising the chiral groups were subjected to distance restraints; therefore it is 

inappropriate to discuss their bonding parameters. 

It is unknown why the α-thiolate compound 131 was isolated in this reaction, albeit in very 

low yield. The ratio of 131:132 did not change after extended periods or by increasing the 

amount of alkyne or base. It is possible that the hydroxyl groups were complicit in 

decomposition processes which diverted the reaction to unidentified products. The reaction 

between 92 and a different alkynol is detailed in the following section. 
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Figure 3.10: Molecular structures of (S, S) (top) and (R, R) (bottom) 132. Thermal ellipsoids are set at 50% 
probability and phenyl rings are omitted. 



111 

 

3.5 Syntheses and reactions of vinylideneiridabenzothietes 

3.5.1 Interaction of 92 with 1,1-diphenyl-2-propyn-1-ol 

 

A proposed key step in the formation of iridabenzothietes, covered earlier in this chapter, is 

the metal-assisted rearrangement of an alkyne to the vinylidene. If the vinylidene could be 

further induced to convert into the corresponding allenylidene, higher cumulogues of these 

compounds would be accessible. 

To test this hypothesis, the iridabenzene 92 was treated with excess Ph2C(OH)C≡CH in 

dichloromethane. After crystallisation from hexane, the vinylideneiridabenzothiete 

[Ir(C5H4{C(=C=CPh2)S}-1)(MeCN)(PPh3)2][OTf] (133) was obtained as pure purple crystals 

in quantitative yield (98%, see Scheme 3.14). 

The infrared spectrum of 133 displayed absorbance bands at 2290 and 1876 cm–1 for the 

ν(CN) and ν(C=C=C) stretching modes, respectively. The latter stretching frequency is 

midway between those reported for IrCl(=C=C=CPPh2)(PiPr3)2 (1825 cm–1)113 and 

Ir(CH=C=CMe2)Cl2(CO)(PPh3)2 (1925 cm-1).114 

The aliphatic region of the 1H NMR spectrum of 133 contained only a singlet at 1.84 ppm for 

the acetonitrile methyl group. Protons on the iridabenzene ring were assigned to signals at 

10.92 (H5), 7.23 (H3), 6.52 (H2) and 6.34 ppm (H4). Compared to the 

benzylideneiridabenzothiete 119, H2 shifts down-field by ca 0.8 ppm while the remaining 

peaks are in similar positions. 

In the 13C NMR spectrum of 133, the iridabenzene ring carbons give rise to signals at 223.65 

(C1), 197.51 (C5), 152.81 (C3), 123.01 (C4) and 117.01 ppm (C2). The resonance for C1 in 

133 is notably different from that of 119 (249.15 ppm). For the allene unit protruding from 

the iridathiete ring, peaks at 71.56, 200.35 and 109.27 ppm were assigned to the α-, β- and γ-

carbons, respectively. In comparison, the α- and β-carbon resonances in 119 were 124.29 and 

134.58 ppm respectively. The two phenyl groups attached to Cγ are equivalent and exhibit 

peaks at 136.42, 128.73, 127.81 and 126.57 ppm.  
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The crystal structure of 133 was obtained and is illustrated in molecular form in Figure 3.11. 

The triflate counterion was partially disordered over two positions in a 0.54:0.46 ratio. One 

disordered dichloromethane solvent molecule was also present in three orientations with site 

occupation factors of approximately 0.56, 0.23 and 0.25. For both moieties, distance 

restraints were applied and the partially weighted atoms (excepting chlorine) were refined 

with isotropic thermal parameters. 

Like the other iridabenzothietes studied, 133 contains a 6,4-fused ring system. As expected 

for a vinylidene moiety, the diphenyl terminus is rotated 91.2(2)° from the iridathiete ring 

plane. The angle subtended by C6–C7–C8 is 174.8(6)° and the two C=C bonds are 1.292(8) 

and 1.336(8) Å in length for C6–C7 and C7–C8 respectively. Parameters associated with the 

four-membered ring are very similar to those in 119, which contained a benzylidene 

fragment. The C6–S and C6–Ir distances in 133 are 1.809(6) and 2.212(6) Å, respectively. 

Likewise, the iridabenzene ring has bond lengths of 1.962(6) (Ir–C1), 1.410(8) (C1–C2), 

1.354(8) (C2–C3), 1.425(9) (C3–C4), 1.359(9) (C4–C5) and 2.034(6) Å (C5–Ir), which are in 

accord with the structure of 119. However, the iridium atom in 133 is displaced only  

0.011(8) Å from the least-squares fit through C1–C5. 

Selegue first reported the reaction between 1,1-diphenyl-2-propyn-1-ol and  

RuCl(η5-Cp)(PMe3)2 to give the cationic ruthenium allenylidene complex 

[Ru(=C=C=CPh2)(η5-Cp)(PMe3)2][PF6].115 The key step was β–γ dehydration of the 

vinylidene intermediate. Hill and co-workers later described the five-membered ruthenacycle 

Ru(C2S2{=C=CPh2}-1{NMe2}-3)(κ2-S2CNMe2)(CO)(PPh3).116 This complex was prepared 

by treating the parent allenylidene with dimethyldithiocarbamate. It is proposed in the current 

work that a similar rearrangement of the alkynol occurs in the case of 133, forming an 

iridium allenylidene intermediate. Subsequent intramolecular attack by sulfur would then

Scheme 3.14: Synthesis of the vinylideneiridabenzothiete 133 
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afford the vinylideneiridabenzothiete product in a fashion similar to that described in Section 

3.3 above. 

133 contains only one C3 unit whilst retaining the acetonitrile ligand present in the starting 

material. In other words, a second molecule of 1,1-diphenyl-2-propyn-1-ol is not incorporated 

into the product despite being present in excess. This could suggest that either the acetonitrile 

ligand binds tightly to the metal once the iridathiete ring has formed, or that further 

coordination of the acetylene is disfavoured. The former scenario seems likely, based on the 

reactivity studies of 133 discussed in the subsequent text.  

Figure 3.11: Molecular structure of 133 with 50% displacement ellipsoids. Solvent molecules, the triflate counterion 
and triphenylphosphine phenyl rings are omitted. 
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3.5.2 Reaction chemistry of vinylideneiridabenzothietes 

 

Like the iridabenzene 92, 133 bears an acetonitrile ligand. In a similar vein to the metathesis 

processes discussed earlier, carbonyl, acetylide and halide exchange reactions were carried 

out (see Scheme 3.15). As the chemistry is general and was considered previously, only an 

overview of the syntheses are described. Table 3.3 contains selected NMR data and C=C=C 

stretching frequencies for the new compounds. 

Carbonylation of 133 required CO pressures of 25 psi and contact times of four hours to give 

134 as a purple solid after crystallisation. In contrast, the iridabenzene 92 readily exchanged 

acetonitrile for carbonyl at atmospheric pressure within minutes. The NMR data for 134 

suggests that the new carbonyl ligand exhorts a shielding influence on H5, C5 and Cα. The 

CO ligand exhibits a peak at 173.91 ppm in the 13C NMR spectrum and a ν(CO) band at  

2029 cm-1 in the infrared spectrum. The ν(C=C=C) mode absorbs at a higher energy than for 

the other vinylideneiridabenzothietes studied. 

Treatment of 133 with p-tolylacetylene and triethylamine for 19.5 hours afforded the  

σ-acetylide complex 135 as purple crystals after column chromatography and crystallisation. 

The parallel reaction of 92 with phenylacetylene occurred much more rapidly to give 118. In 

the 13C NMR spectrum of 135, a signal at 59.36 ppm was assigned to the α-carbon on the 

four-membered ring. In addition, the alkynyl ligand displays a band at 2091 cm-1 in the 

infrared spectrum and peaks at 119.97 and 93.84 ppm in the 13C NMR spectrum. These 

values are similar to those for the other acetylide complexes discussed earlier. 

The crystal structure of 135 was obtained and a graphical representation is shown in Figure 

3.12. The complex crystallised with two independent molecules per asymmetric unit in space 

group P–1 (molecule one (for Ir1) is displayed in Figure 3.12 and the corresponding bonding 

parameters are tabulated in Table 3.4). The p-tolylacetylide groups on both iridabenzothietes 

were disordered, and were refined with partial occupancies of 0.50:0.50 for molecule one and 

0.67:0.33 for molecule two. In addition, approximately two molecules of dichloromethane 

per asymmetric unit were located and refined with fractional occupancies of 0.46, 0.21, 0.32, 

0.35, 0.27, 0.33 and 0.27. Distance restraints and isotropic thermal parameters for atoms in 

disordered groups were required to achieve a sensible model. Key bonding distances for 133, 
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Scheme 3.15: Reactions of the vinylideneiridabenzothiete 133 

Table 3.3: Selected 1H, 13C and 31P NMR (δ, ppm) and IR (cm-1) data for the compounds 133-136 

 133 134 135 136 
L MeCN CO C≡CR Cl 

H2 6.52 6.87 6.30 6.14 
H3 7.23 7.51 7.12 7.17 
H4 6.34 6.42 6.42 6.42 
H5 10.92 9.31 10.24 11.29 
C1 223.65 235.83 246.21 225.26 
C2 117.01 121.40 117.76 116.82 
C3 152.81 155.19 150.31 150.07 
C4 123.01 124.53 121.68 121.99 
C5 197.51 180.25 195.15 201.09 
Cα 71.56 58.70 59.36 73.90 
Cβ 200.35 199.21 200.98 202.73 
Cγ 109.27 112.55 106.96 107.46 

PPh3 5.71 2.92 0.37 –1.15 
ν(C=C=C) 1876 1902 1873 1868 
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Figure 3.12: Molecular structures of 135 (top) and 136 (bottom). Thermal ellipsoids are calculated with 50% 
probability and solvent molecules, triphenylphosphine phenyl rings and disordered components are omitted. 
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Table 3.4: Selected bond distances (Å) for 133, 135 and 136 

 133 135 136 

Ir–C1 1.962(6) 2.020(4) 1.956(3) 
Ir–C5 2.034(6) 2.034(4) 2.009(3) 

C1–C2 1.410(8) 1.397(5) 1.405(4) 
C2–C3 1.354(8) 1.374(6) 1.374(4) 
C3–C4 1.425(9) 1.419(6) 1.420(5) 
C4–C5 1.359(9) 1.350(6) 1.366(4) 
Ir–C6 2.212(6) 2.201(4) 2.223(3) 

C6–C7 1.292(8) 1.297(5) 1.301(4) 
C7–C8 1.336(8) 1.334(6) 1.332(4) 

135 and 136 are given in Table 3.4. In the structure of 135, the main difference appears to be 

a slight increase in the Ir–C1 distance, which is trans to the new acetylide ligand.  

The indigo coloured chloro analogue 136 was also prepared by stirring a solution of 133 in 

dichloromethane/methanol with excess lithium chloride. Again, the acetonitrile ligand proved 

to be difficult to displace, and the reaction only reached completion in three hours. The 

crystal structure was determined and a molecular view is depicted in Figure 3.12. The 

structural and spectral data for 136 were very similar to those of 133. 

Protonation studies were also carried out for the compounds 133–136. In general, it was 

found that the reaction of 133 or 135 with acids produced intractable mixtures, while 134 was 

returned unaltered. 

The action of concentrated HCl on a solution of 136 gave two products in similar ratios, as 

ascertained by NMR. The iridabenzothiete Ir(C5H4{C(=CHC(Cl)Ph2)S}-1)Cl(PPh3)2 (137, 

see Scheme 3.16) resulted from a formal addition of HCl across the Cβ–Cγ bond of the 

vinylidene linkage. The iridabenzothietene [Ir(C5H4{=C(CH=CPh2)S}-1)Cl(PPh3)2][Cl] (138, 

see Scheme 3.16) was also produced in this system, but is more conveniently prepared from 

triflic acid. The synthetic method and characterising data for the triflate salt (139) follow in 

the proceeding text.  

137 could not be isolated as a pure compound as it formed in concert with 138 and partially 

reverted back to the starting material 136 upon crystallisation and/or chromatography. To 

obtain spectral data for 137, a solution of 136 in CDCl3 was treated with HCl and then passed 
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through a small plug of alumina gel. This removed the cationic 138 and the solution was  

re-acidified to give a sample enriched in 137. 

In the 1H NMR spectrum of this impure mixture, peaks at 12.58 (H5), 7.39 (H2), 7.09 (H3) 

and 6.36 ppm (H4) were assigned to protons on the six-membered iridabenzene ring of 137. 

The chemical shift for H5 is further down-field than that for other iridabenzothietes, and this 

is most likely due to the presence of a chloro ligand at the metal in lieu of a σ-acetylide. The 

singlet resonance for the thiete proton (CHβ) was located at 5.18 ppm, whereas for other 

iridabenzothiete complexes the CHβ peak resided at around 6–7 ppm. It is postulated that 

either the chlorodiphenylmethyl group provides a shielding effect to the CHβ nucleus, or that 

the stereochemistry of the alkene in 137 differs to what was observed for the other 

compounds. Although no solid-state structure was obtained, it appears likely that the sp3 

hybridised carbon is positioned trans to the iridium centre. The alternative configuration 

would lead to an improbable arrangement of the various phenyl rings and chlorine atoms. 

The 13C NMR spectrum of 137 contained signals at 236.56, 204.97, 152.42, 123.96 and 

122.08 ppm for C1, C5, C3, C4 and C2, respectively. The presence of an iridathiete ring was 

confirmed on locating peaks at 107.07 and 134.43 ppm for the α- and β-carbons. 

Additionally, the chloro-substituted quaternary carbon gave rise to a distinctive signal at 

44.44 ppm. 

Scheme 3.16: Reaction between 136 and HCl 



119 

 

A plausible intermediate in this reaction is the carbocation 16A (see Scheme 3.16), as 

suggested by the split product distribution. The formal positive charge on this proposed 

intermediate would be stabilised by the two adjacent phenyl groups and nucleophilic attack of 

chloride at Cγ would then give the neutral iridabenzothiete 137. The starting material 136 

could potentially be reformed after β-γ elimination of HCl. Another scenario is possible 

where no nucleophilic attack at the γ-carbon of 16A takes place and instead an electronic 

redistribution occurs to formally place the positive charge on iridium. This becomes much 

more feasible when the acid anion is non-nucleophilic; the reaction of 136 with triflic acid is 

considered below. 

A solution of 136 in benzene was treated with triflic acid, and a red solid precipitated which 

formulated as the cationic iridabenzothietene [Ir(C5H4{=C(CH=CPh2)S}-1)Cl(PPh3)2][OTf] 

(139, see Scheme 3.17).  

A singlet at –15.69 ppm in the 31P NMR spectrum of 139 (CD2Cl2) was assigned to the 

equivalent, mutually trans triphenylphosphine ligands. The corresponding resonance for 136 

was found at –1.15 ppm.  

The 1H NMR spectrum of 139 (recorded in CD2Cl2) reveals that the metallacyclic protons 

have experienced notable down-field shifts, especially for nuclei proximal to the metal centre. 

The iridabenzene ring gave rise to peaks at 14.40 (H5), 7.88 (H3), 7.40 (H4), and 6.19 ppm 

(H2). The situation is similar for the carbon resonances, with signals at 272.81 (C1), 219.42 

(C5), 155.91 (C3), 136.95 (C4) and 123.48 ppm (C2). 

For the iridathietene component, a singlet resonance at 8.93 ppm was attributed to the olefinic 

proton on the β-carbon. In the 13C NMR spectrum, peaks at 198.26, 140.64 and 159.94 ppm 

were assigned to the α-, β- and γ-carbons, respectively. For the iridabenzothiete precursor 

136, the related signals were located at 73.90, 202.73 and 107.46 ppm, respectively. In 

addition, the phenyl groups attached to the γ-carbon in 139 are rendered non-equivalent by 

NMR, and a band for the C=C=C stretch was no longer present in the IR spectrum. 

The remarkable changes observed in the NMR spectra of 139 provide compelling evidence 

that the iridium-carbon bond in the four-membered ring has significant carbene character. 

The most dramatic change in the 13C NMR spectrum of 139 is for Cα, which shifted to  
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198.26 ppm. In comparison, the iridium allenylidene complex IrCl(=C=C=CPPh2)(PiPr3)2 

displayed a resonance at 199.3 ppm for the Ir=C nucleus in the 13C NMR spectrum.113 

To further investigate the bonding properties of 139 an X-ray diffraction study was 

undertaken using a crystal grown from CDCl3/hexane in an NMR tube. When specimens of 

139 were mounted from oil, the crystals deteriorated rapidly, probably due to solvent loss. 

This problem was overcome by quickly selecting a crystal and cooling the sample loop to  

93 K. There were, however, issues with solvent and anion disorder, likely due to the fragility 

of the crystals. 

In the asymmetric unit, four molecules of CDCl3 were located (one about an inversion centre) 

but their positions were poorly defined and the model could not be refined to convergence. 

The SQUEEZE algorithm97 was used to remove the offending solvent molecules and the 

resultant count of 218 electrons per asymmetric unit was in accord with that of the four 

CDCl3 units (212 electrons). 

Two of the triphenylphosphine phenyl rings were disordered over two positions in 0.50:0.50 

and 0.53:0.47 ratios and the carbon atoms were refined with isotropic temperature factors. 

The triflate counterion was also disordered over two positions with partial site occupancies of 

0.52 and 0.48. Appropriate distance restraints were applied to all of these groups and carbon, 

oxygen and fluorine atoms were refined with isotropic thermal parameters. 

The molecular structure of 139 is illustrated in Figure 3.13. It can be seen that the carbon 

chain linked to the four-membered ring has a new orientation compared to the 

iridabenzothiete precursor 136. The CH=CPh2 component lies roughly in the plane of the 

IrC2S ring with transoid geometry, perhaps to minimise steric interactions. The C6–C7–C8 

angle is no longer linear and has a bond angle of 127.8(3)°. Although the C6–C7 interaction 

formally constitutes a single bond, its length of 1.398(5) Å is not significantly different from 

Scheme 3.17: Synthesis of the iridabenzothietene 139 
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the C7–C8 distance of 1.380(5) Å. This may indicate the presence of a delocalised resonance 

structure in this section of the compound.

This trend continues within the iridathietene ring. The Ir–C6 bond length in 139 contracts 

considerably to 2.095(3) Å and the two C–S distances are almost identical at 1.747(4) and 

1.750(3) Å for C1–S1 and C6–S1 respectively. These C–S distances are only slightly longer 

than those in 3-chlorobenzo[b]thiophene-2-carbonyl chloride (1.731(4) and 1.736(4) Å)102 

and are comparable to those in thiopyrylium triflate (1.637(3) and 1.664(3) Å).117 For all of 

the related iridabenzothietes described in this thesis, the Ir–C6 bond lengths were 

approximately 2.200 Å and the two C–S distances differed by about 0.1 Å. 

It is clear that the four-membered ring adapts to accommodate a shorter iridium–carbon bond. 

However, the Ir–C6 distance in 139 is considerably longer than the Ir=C bond length 

observed for a fused-ring benzannulated iridafulvene 140 (1.903(3) Å, see Figure 3.14).118 In 

 
Figure 3.13: Molecular structure of 139 shown with 50% probability displacement ellipsoids. Triphenylphosphine 

phenyl rings and the triflate counterion are omitted. 
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addition, the carbene nucleus in 140 gave rise to a 13C NMR signal at 296.5 ppm, 

considerably down-field of the iridathietene carbon in 139 (198.26 ppm). This indicates that 

the π-bonding within the iridathietene section of 139 is delocalised along the  

Ir–Cα–Cβ–Cγ bonds. 

The iridabenzene ring of 139 is fairly planar, with iridium displaced 0.046(5) Å from the 

least-squares fit through C1–C5. The Ir–C1 and Ir–C5 distances of 1.954(4) and 2.037(4) Å 

are similar to those of the cationic complex 133, but the C–C bond lengths of 1.373(6)  

(C1–C2), 1.370(7) (C2–C3), 1.412(7) (C3–C4) and 1.364(6) Å (C4–C5) show a high degree 

of equalisation. 

For the first time, a metallabenzene has been isolated in conjunction with a carbene-like 

donor. This ligand contains a unique π-bonding system and could be utilised as a conduit for 

electrical communication to the iridabenzene moiety. 

 

3.6 Summary for Chapter 3 

 

In this chapter, annulation reactions of the iridabenzenes 92 and 93 were described. This 

involved coupling of the respective α-thiolate groups with unsaturated substrates. 

The iridabenzothiazolium complexes 109 and 114 were obtained from 92 upon attack of the 

thiolate sulfur on an adjacent aceto- or p-tolunitrile ligand. It was first necessary to protonate 

the sulfur atom, allowing the organonitrile to coordinate to the metal. The ring-closing step 

was initiated by adding a proton acceptor such as water in the presence of acid. Upon the 

Figure 3.14: Benzannulated iridafulvene 140.118 
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addition of base and acetonitrile to solutions of 109 or 114 this process was reversed and the 

starting material 92 was reformed. 

A reaction between 93 and phenylacetylene at 50 °C gave both possible isomers of the 

iridabenzothiophenes 116a,b in equal amounts. At higher temperature, the 

iridabenzothiophene 117 was produced, which contained a phenylacetylide ligand. In this 

case, the major product was the β-isomer, suggesting that the acetylide ligand may have 

formed initially and subsequently directed the approach of a second incoming alkyne. 

Treatment of 92 with phenylacetylene and base afforded the σ-acetylide complex 118 in 38% 

yield. While exploring optimum conditions for this transformation, the 

benzylideneiridabenzothiete 119 was unexpectedly synthesised. In difference to the 

iridabenzothiophenes, the alkyne unit which eventually formed the four-membered ring 

presumably underwent rearrangement to the vinylidene before coupling with the sulfur group. 

By utilising different acetylenes, analogues of 119 were prepared which added a variety of 

new functional groups onto the iridabenzothiete framework. 

When 92 was combined with the propargylic alcohol Ph2C(OH)C≡CH, the 

vinylideneiridabenzothiete 133 was furnished. The structure of 133 was similar to that of the 

other iridabenzothietes but contained a C=C=C unit. The chloro analogue 136 was 

susceptible to protonation at the β-carbon of the vinylidene component and the 

iridabenzothietene 139 was generated when triflic acid was utilised. The NMR spectra and  

X-ray structural data of 139 indicated that additional delocalisation of the π-electron system 

takes place. 
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3.7 Experimental for Chapter 3 

 

All alkynes were purchased from Sigma Aldrich and used as received. Triethylamine was of 

analytical grade and used without further purification. 

 

3.7.1 [Ir(C5H4{NH=C(Me)S}-1)(MeCN)(PPh3)2][PF6]2 (109) 

92 (100 mg, 0.10 mmol) was dissolved in dichloromethane (5 mL) and MeCN (52 μL, 1.00 

mmol) and HOTf (18 μL, 0.12 mmol) were added. The solution instantly turned red and was 

stirred for 15 minutes. NH4PF6 (96 mg, 0.59 mmol) dissolved in hot ethanol (5 mL) was 

added. The solution turned green and a green precipitate was formed. Further precipitation 

was effected by the removal of dichloromethane under reduced pressure and dark green 

crystals of pure 109 were collected by filtration and washed with ethanol (2 x 3 mL) (100 mg, 

81%). Analysis calculated for C45H41F12IrN2P4S: C, 45.57; H, 3.48; N, 2.36. Found: C, 45.55; 

H, 3.68; N, 2.38%. IR (cm–1): 3289 ν(NH), 2325, 2295 ν(CN), 824 ν(PF). MS (FAB+, NBA) 

calculated for C45H41IrN2P3SF6 [M – PF6]+: m/z 1041.1737. Found: m/z 1041.1746. 1H NMR 

(CD2Cl2, δ): 12.35 (d, 3JHH = 8.4 Hz, 1H, H5), 10.23 (br s, 1H, NH), 7.58–7.36 (m, 30H, 

PPh3), 6.86 (d, 3JHH = 8.7 Hz, 1H, H2), 6.75 (t’, 8.1 Hz, 1H, H4), 6.55 (t’, 7.8 Hz, 1H, H3), 

1.92 (s, 3H, MeCN), 1.87 (s, 3H, NH=C(Me)S). 13C NMR (CD2Cl2, δ): 232.31 (s, C1), 

210.85 (s, C5), 190.01 (s, NH=C(Me)S), 170.23 (s, C3), 134.63 (t”, 3,5JCP = 9.0 Hz, m-PPh3), 

133.07 (s, p-PPh3), 129.38 (t”, 2,4JCP = 10.6 Hz, o-PPh3), 128.29, (s, MeCN), 127.19 (s, C4), 

125.51 (s, C2), 123.54 (t”, 1,3JCP = 58.9 Hz, i-PPh3), 21.86 (s, NH=C(Me)S), 2.97 (s, MeCN). 
31P NMR (CD2Cl2, δ): 12.18 (s, PPh3), –144.18 (sep, 1JPF = 711 Hz, PF6). 19F NMR (CD2Cl2, 

δ): –73.2 (d, 1JFP = 709 Hz, PF6). 

 

3.7.2 [Ir(C5H4{NH=C(C6H4{Me}-4)S}-1)(NCC6H4{Me}-4)(PPh3)2][PF6]2 (114)  

114 was prepared by the same procedure used for 109, except that the MeCN was replaced by 

(C6H4{Me}-4)CN (117 mg, 1.00 mmol) (yield = 107 mg, 80%). Analysis calculated for 

C57H49F12IrN2P4S∙EtOH: C, 45.57; H, 3.48; N, 2.36. Found: C, 45.55; H, 3.68; N, 2.38% 
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(NMR spectroscopy showed the presence of 1 mol equivalent of ethanol of crystallisation). 

The crystal for X-ray structural analysis was grown from dichloromethane/hexane and proved 

to be a dichloromethane solvate. IR (cm–1): 3291 ν(NH), 2258 ν(CN), 824 ν(PF). 1H NMR 

(CD2Cl2, δ): 12.87 (d, 3JHH = 8.4 Hz, 1H, H5), 10.36 (br s, 1H, NH), 7.55–7.32 (m, 38H, 

PPh3 and C6H4{Me}-4{CH}), 7.22 (t’ partially obscured, 9.3 Hz, 1H, H4), 6.91 (d, 3JHH = 8.7 

Hz, 1H, H2), 6.65 (t’, 7.8 Hz, 1H, H3), 2.49 (s, 3H, C6H4{Me}-4), 2.44 (s, 3H, C6H4{Me}-4). 
13C NMR (CD2Cl2, δ): 229.82 (s, C1), 209.74 (s, C5), 185.62 (s, NH=C(C6H4{Me}-4)S), 

168.78 (s, C3), 146.97 (s, C6H4{Me}-4{C}-4), 146.53 (s, C6H4{Me}-4{C}-4), 134.05 (t”, 
3,5JCP = 10.6 Hz, m-PPh3), 133.87 (s, C6H4{Me}-4{CH}), 132.36 (s, p-PPh3), 129.60 (s, 

C6H4{Me}-4{CH}), 129.58 (s, C6H4{Me}-4{CH}), 129.15 (t”, 2,4JCP = 11.3 Hz, o-PPh3), 

128.14 (s, NCC6H4{Me}-4), 127.96 (s, C6H4{Me}-4{CH}), 127.42 (s, C4), 126.55 (s, 

NH=CC6H4{Me}-4{C}-1), 125.40 (s, C2), 123.00 (t”, 1,3JCP = 58.9 Hz, i-PPh3), 104.46 (s, 

NCC6H4{Me}-4{C}-1), 22.12 (s, C6H4{Me}-4), 21.66 (s, C6H4{Me}-4). 31P NMR (CD2Cl2, 

δ): 11.68 (s, PPh3), –143.96 (sep, 1JPF = 713.2 Hz, PF6). 19F NMR (CD2Cl2, δ): –73.19 (d, 
1JFP = 713.7 Hz, PF6). 

 

3.7.3 Ir(C5H4{CPh=CHS}-1)Cl(PPh3)2 (116a) and  

Ir(C5H4{CH=CPhS}-1)Cl(PPh3)2 (116b) 

93 (103 mg, 0.12 mmol) was dissolved in 1,2-dichloroethane (15 mL) and phenylacetylene 

(67 μL, 0.61 mmol) was added. The brown solution was heated to 50 °C for 5 h, during 

which time the colour changed to blue. The solvent was removed under reduced pressure and 

the residue chromatographed on 7 x 3 cm alumina gel eluting with dichloromethane. The blue 

band was collected and pumped to dryness to give 116a and 116b as a blue oil (28 mg yield, 

24%). The compound could not be purified further. MS (ESI+) calculated for C49H40IrP2S  

[M – Cl]+: m/z 915.1950. Found: m/z 915.1922.  

For Ir(C5H4{CPh=CHS}-1)Cl(PPh3)2 (116a): 

1H NMR (CDCl3, δ): 11.75 (dd, 3JHH = 9.8 Hz, 4JHH = 1.4 Hz, 1H, H5), 7.79–7.64 (m, 12H, 

m-PPh3), 7.35–7.03 (m, 21H, o-PPh3, p-PPh3, CPh=CH{CH}-3 and CPh=CH{CH}-4), 6.64 

(m, 1H, H4), 7.53 (dd, 3JHH = 7.8 Hz, 4JHH = 1.6 Hz, 2H, CH=CPh{CH}-2), 7.48 (s, 1H, 

CPh=CH), 6.75 (tm, 8.9 Hz, 1H, H3), 5.62 (d, 3JHH = 8.9 Hz, 1H, H2). 13C NMR (CDCl3, δ): 
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226.95 (weak t, C1), 196.79 (t, 2JCP = 9.5 Hz, C5), 150.67 (s, C3), 137.43 (s, CPh=CH), 

136.92 (t, 2JCP = 9.3 Hz, CPh=CH), 135.07 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 130.60 (t”, 1,3JCP = 

55.8 Hz, i-PPh3), 129.72 (s, p-PPh3), 128.58 (s, CPh=CH{C}-1), 128.19 (s,  

CPh=CH{CH}-3), 128.02 (s, CPh=CH{CH}-2), 127.71 (s, CPh=CH{CH}-4), 127.01 (t”, 
2,4JCP = 9.8 Hz, o-PPh3), 124.46 (s, C4), 117.45 (s, C2). 31P NMR (CDCl3, δ): –10.00 (s, 

PPh3). 

For Ir(C5H4{CH=CPhS}-1)Cl(PPh3)2 (116b): 

1H NMR (CDCl3, δ): 11.44 (d, 3JHH = 10.1 Hz, 1H, H5), 9.22 (m, 1H, CH=CPh), 7.79–7.64 

(m, 12H, m-PPh3), 7.35–7.03 (m, 21H, o-PPh3, p-PPh3, CH=CPh{CH}-3, CH=CPh{CH}-4), 

6.84 (dd, partially obscured, 3JHH = 8.1 Hz, 4JHH = 1.4 Hz, 2H, CH=CPh{CH}-2), 6.64 (m, 

1H, H4), 5.97 (tm, 8.2 Hz, 1H, H3), 5.78 (d, 3JHH = 9.4 Hz, 1H, H2). 13C NMR (CDCl3, δ): 

253.72 (weak t, C1), 219.12 (t, 2JCP = 8.4 Hz, C5), 168.63 (t, 2JCP = 12.6 Hz, CH=CPh), 

155.71 (s, C3), 143.94 (t, 3JCP = 1.8 Hz, CH=CPh), 138.20 (t, 4JCP = 0.8 Hz, CH=CPh{C}-1), 

134.86 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 131.40 (t”, 1,3JCP = 56.3 Hz, i-PPh3), 129.80 (s,  

p-PPh3), 127.39 (s, CH=CPh{CH}-3), 127.13 (t”, 2,4JCP = 9.8 Hz, o-PPh3), 125.52 (s, 

CH=CPh{CH}-4), 124.83 (s, CH=CPh{CH}-2), 121.39 (s, C4), 119.62 (s, C2). 31P NMR 

(CDCl3, δ): –0.55 (s, PPh3). 

Some peaks are a product of overlap between both isomers. 

 

3.7.4 Ir(C5H4{CH=CPhS}-1)(C≡CPh)(PPh3)2 (117)  

93 (111 mg, 0.13 mmol) was dissolved in DCE (4 mL) and heated to reflux. Phenylacetylene 

(71 μL, 0.66 mmol) was added and the mixture heated at reflux for 3 h, over which time the 

solution changed colour to blue-green. All volatiles were removed in vacuo and the residue 

was taken up in dichloromethane and chromatographed on 10 x 3 cm alumina gel eluting 

with dichloromethane. The sea-green band was collected and fractionally crystallised from 

ethanol to give 117 as blue-green crystals which were collected by filtration (32 mg yield, 

24%). The product was not purified further. Compounds 116ab were found to be the primary 

contaminants. The crystal of 117 used for X-ray structural analysis was grown from 

dichloromethane/ethanol and proved to be a dichloromethane solvate. IR (cm–1): 2097 
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ν(C≡C). MS (ESI+) calculated for C57H45IrNaP2S [M + Na]+: m/z 1039.2241. Found: m/z 

1039.2167. 1H NMR (CDCl3, δ): 10.50 (d, 3JHH = 10.5 Hz, 1H, H5), 8.85 (br t, 3JHP = 0.8 Hz, 

1H, CH=CPh), 7.89 (m, 12H, m-PPh3), 7.24 (m, 18H, o-PPh3 and i-PPh3), 7.05 (m, 6H, 

CH=CPh{CH}-3, CH=CPh{CH}-4, C≡CPh{CH}-3 and C≡CPh{CH}-4), 6.79 (dm, 3JHH = 

6.7 Hz, 2H, CH=CPh{CH}-2), 6.71 (dm, 3JHH = 6.9 Hz, 2H, C≡CPh{CH}-2), 6.52 (dd, 3JHH 

= 10.7, 6.8 Hz, 1H, H4), 5.95 (t’, 8.1 Hz, 1H, H3), 5.72 (d, 3JHH = 9.5 Hz, 1H, H2). 13C NMR 

(CDCl3, δ): 275.47 (t, 2JCP = 1.5 Hz, C1), 210.43 (t, 2JCP = 8.3 Hz, C5), 163.91 (t, 2JCP = 12.5 

Hz, CH=CPh), 155.84 (s, C3), 146.99 (t, 3JCP = 3.3 Hz, CH=CPh), 139.14 (t, 4JCP = 0.8 Hz, 

CH=CPh{C}-1), 134.68 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 132.74 (t”, 1,3JCP = 57.0 Hz, i-PPh3), 

130.30 (t, 5JCP = 1.1 Hz, C≡CPh{CH}-2), 130.05 (t, 4JCP = 2.2 Hz, C≡CPh{C}-1), 129.51 (s, 

p-PPh3), 127.88 (s, CH=CPh{CH}-3 or C≡CPh{CH}-3), 127.50 (s, CH=CPh{CH}-3 or 

C≡CPh{CH}-3), 127.05 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 125.29 (s, CH=CPh{CH}-4 or 

C≡CPh{CH}-4), 125.04 (s, CH=CPh{CH}-2), 123.96 (s, CH=CPh{CH}-4 or  

C≡CPh{CH}-4), 121.35 (s, C4), 121.13 (s, C2), 118.60 (t, 3JCP = 3.7 Hz, C≡CPh), 92.20 (t, 
3JCP = 20.6 Hz, C≡CPh). 31P NMR (CDCl3, δ): 0.88 (s, PPh3). 

 

3.7.5 Ir(C5H4{S}-1)(C≡CPh)(PPh3)2 (118) 

92 (151 mg, 0.15 mmol) was dissolved in dry dichloromethane (15 mL) then Et3N (23 μL, 

0.17 mmol) and phenylacetylene (18 μL, 0.17 mmol) added. The mixture was stirred for 2.25 

h, then ethanol (10 mL) was added and dichloromethane removed under reduced pressure. 

The slightly orange precipitate of pure 118 was collected by filtration and washed with 

ethanol (1 mL) and hexane (3 x 5 mL) (52 mg yield, 38%). Analysis calculated for 

C49H39IrP2S∙¼CH2Cl2: C, 63.24; H, 4.26. Found: C, 63.68; H, 4.44 (NMR spectroscopy 

showed the presence of 0.25 mol equivalents of dichloromethane. IR (cm–1): 2087 ν(C≡C). 

MS (ESI+) calculated for C49H40IrP2S [M + H]+: m/z 915.1950. Found: m/z 915.1974. 1H 

NMR (CDCl3, δ): 12.31 (m, 1H, H5), 7.59–7.22 (m, 30H, PPh3), 7.12 (t’, 7.8 Hz, H3), 6.90 

(t’, 7.3 Hz, C≡CPh{CH}-3), 6.82 (t’, 7.2 Hz, C≡CPh{CH}-4), 6.66 (t’, 7.4 Hz, H4), 6.27 (d, 
3JHH = 6.8 Hz, C≡CPh{CH}-2), ~6.24 (obscured by C≡CPh{CH}-2, H2). 13C NMR (CDCl3, 

δ): 271.57 (t, 2JCP = 5.4 Hz, C1), 173.45 (t, 2JCP = 8.4 Hz, C5), 152.12 (s, C3), 134.99 (t”, 
3,5JCP = 10.1 Hz, m-PPh3), 131.12 (t”, 1,3JCP = 56.5 Hz, i-PPh3), 130.53 (s, C≡CPh{CH}-2), 

129.81 (s, p-PPh3), 127.29 (t”, 2,4JCP = 10.3 Hz, o-PPh3), 127.03 (s, C≡CPh{CH}-3), 125.34 
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(t, 3JCP = 1.2 Hz, C4), 123.88 (s, C≡CPh {CH}-4), 120.82 (s, C≡CPh), 115.26 (s, C2), 99.74 

(t, 2JCP = 20.1 Hz, C≡CPh). 31P NMR (CDCl3, δ): 3.46 (s, PPh3). 

 

3.7.6 Ir(C5H4{C(=CHPh)S}-1)(C≡CPh)(PPh3)2 (119)  

92 (300 mg, 0.30 mmol) was dissolved in dichloromethane (2 mL) and triethylamine (62 μL, 

0.45 mmol) and phenylacetylene (83 μL, 0.75 mmol) was added. The solution was stirred for 

15 h, over which time it turned blue. The mixture was chromatographed on 8x3 cm alumina 

gel eluting with dichloromethane. The blue band was collected and crystallised from ethanol 

to give pure 119 as dark blue crystals (202 mg yield, 66%). The crystal for X-ray structural 

analysis was grown from dichloromethane/ethanol. Analysis calculated for C57H45IrP2S: C, 

67.37; H, 4.46. Found: C, 67.26; H, 4.49. IR (cm–1): 2106 ν(C≡C). MS (ESI+) calculated for 

C57H45IrP2S [M]+•: m/z 1016.2341. Found: m/z 1016.2357. 1H NMR (CDCl3, δ): 10.66 (m, 

1H, H5), 7.75 (m, 12H, m-PPh3), 7.49 (d, 3JHH = 7.6 Hz, 2H, C=CHPh{CH}-2), 7.29 (s, 1H, 

C=CHPh), 7.19 (t’, 7.3 Hz, 6H, p-PPh3), 7.06 (t’, 7.6 Hz, 12H, o-PPh3), 7.15 (m, partially 

obscured, C≡CPh{CH}-4), 7.12 (m, partially obscured C≡CPh{CH}-3), 6.91 (t’, 7.2 Hz, 1H, 

C=CHPh{CH}-4), 6.82 (d, 3JHH = 8.4 Hz, 2H, C≡CPh{CH}-2)), 6.73 (t’, partially obscured, 

8.0 Hz, 2H, C=CHPh{CH}-3), 6.68 (m, partially obscured by H4, 1H, H3), 6.66 (m, partially 

obscured by H3, 1H, H4), 5.78 (d, 3JHH = 8.5 Hz, 1H, H2). 13C NMR (CDCl3, δ): 249.15 (t, 
2JCP = 4.9 Hz, C1), 190.57 (t, 2JCP = 9.3 Hz, C5), 150.98 (s, C3), 140.53 (s, C=CHPh{C}-1)), 

134.94 (t”, 3,5JCP = 10.2 Hz, m-PPh3), 134.58 (s, C=CHPh), 131.79 (t”, 1,3JCP = 56.6 Hz,  

i-PPh3), 130.51 (t, 5JCP = 0.8 Hz, C≡CPh{CH}-2), 129.70 (t, 4JCP = 1.1 Hz, C≡CPh{C}-1)), 

129.47 (s, p-PPh3), 127.78 (s, C≡CPh{CH}-3), 127.36 (s, C=CHPh{CH}-2), 127.13 (s, 

C=CHPh{CH}-3), 126.92 (t”, 2,4JCP = 10.2 Hz, o-PPh3), 124.46 (t, 3JCP = 1.0 Hz, C4), 124.29 

(t, partially obscured, 2JCP = 9.2 Hz, C=CHPh), 124.10 (s, C≡CPh{CH}-4), 123.98 (s, 

C=CHPh{CH}-4) 119.09 (t, 3JCP = 2.9 Hz, C≡CPh), 118.56 (s, C2), 93.17 (t, 2JCP = 19.3 Hz, 

C≡CPh). 31P NMR (CDCl3, δ): –9.04 (s, PPh3). 
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3.7.7 Ir(C5H4{C(=CH(C6H4{C≡CH}-4)S}-1)(C≡C(C6H4{C≡CH}-4))(PPh3)2 (127)  

92 (100 mg, 0.10 mmol) was dissolved in dichloromethane (2 mL) and triethylamine (33 μL, 

0.25 mmol) and treated with 1,4-diethynylbenzene (116 mg, 0.92 mmol) and stirred for  

18 h. The mixture turned green and was chromatographed on 10 x 3 cm alumina gel eluting 

with dichloromethane. The blue band was collected and blue crystals of pure 127 were 

obtained upon crystallisation from ethanol (59 mg, yield 55%). The crystal for X-ray 

structural analysis was grown from benzene/ethanol. Analysis calculated for C61H45IrP2S: C, 

68.27; H, 4.32. Found: C, 68.20; H, 4.19 (NMR spectroscopy showed the presence of ca. 0.5 

mol equivalents of water in the analytical sample). IR (cm–1): 3288 ν(C≡CH), 2076 ν(C≡C). 

MS (ESI+) calculated for C61H45IrNaP2S [M + Na]+: m/z 1087.2242. Found: m/z 1087.2163. 
1H NMR (CDCl3, δ): 10.72 (dm, 3JHH = 9.5 Hz, 1 H5), 7.73–7.02 (m, 30H, PPh3), 7.39 (d, 
3JHH = 8.4 Hz, 2H, C=CH(C6H4{C≡CH}-4{CH}-2)), 7.25 (d, partially obscured, 3JHH = 8.4 

Hz, 2H, C≡C(C6H4{C≡CH}-4{CH}-3)), ~7.24 (obscured, C=CH(C6H4{C≡CH}-4)), 6.85 (d, 
3JHH = 8.4 Hz, 2H, C=CH(C6H4{C≡CH}-4{CH}-3)), ~6.73 (m, obscured by H3, 1H, H4), 

~6.72 (m, obscured by H4, 1H, H3), 6.70 (d, partially obscured, 3JHH = 8.3 Hz, 2H, 

C≡C(C6H4{C≡CH}-4{CH}-2)), 5.80 (d, 3JHH = 8.4 Hz, 1H, H2), 3.06 (s, 1H, 

C≡C(C6H4{C≡CH}-4)), 3.03 (s, 1H, C=CH(C6H4{C≡CH}-4)). 13C NMR (CDCl3, δ): 248.22 

(t, 2JCP = 5.0 Hz, C1), 190.94 (t, 2JCP = 9.8 Hz, C5), 151.35 (s, C3), 141.43 (s, 

C=CH(C6H4{C≡CH}-4{C}-1)), 134.83 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 133.69 (s, 

C=CH(C6H4{C≡CH}-4)), 131.56 (t”, 1,3JCP = 55.9 Hz, i-PPh3), 131.45 (s, 

C≡C(C6H4{C≡CH}-4{CH}-3)), 131.17 (s, C=CH(C6H4{C≡CH}-4{CH}-3)), 130.22 (t, 5JCP = 

1.7 Hz, C≡C(C6H4{C≡CH}-4{CH}-2)), 130.02 (t, 4JCP = 1.9 Hz,  

C≡C(C6H4{C≡CH}-4{C}-1)), 129.67 (s, p-PPh3), 128.04 (t, 2JCP = 8.9 Hz, 

C=CH(C6H4{C≡CH}-4)), 127.29 (s, C=CH(C6H4{C≡CH}-4{CH}-2)), 127.02 (t”, 2,4JCP = 

10.0 Hz, o-PPh3), 124.87 (s, C4), 119.18 (t, 3JCP = 3.0 Hz, C≡C(C6H4{C≡CH}-4)), 118.76 (s, 

C2), 117.27 (s, C≡C(C6H4{C≡CH}-4{C}-4)), 116.72 (s, C=CH(C6H4{C≡CH}-4{C}-4)), 

98.23 (t, 2JCP = 19.2 Hz, C≡C(C6H4{C≡CH}-4)), 85.75 (s, C=CH(C6H4{C≡CH}-4)), 84.45 (s, 

C≡C(C6H4{C≡CH}-4)), 77.21 (s, from DEPT-135, C=CH(C6H4{C≡CH}-4)), 75.78 (s, 

C≡C(C6H4{C≡CH}-4)). 31P NMR (CDCl3, δ): –9.08 (s, PPh3).  
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3.7.8 Ir(C5H4{C(=CH(C6H4{I}-4)S}-1)(C≡C(C6H4{I}-4))(PPh3)2 (128)  

92 (102 mg, 0.10 mmol) and Me3SiC≡C(C6H4{I}-4) (152 mg, 0.51 mmol) were dissolved in 

THF (4 mL), then NEt3 (71 μL, 0.51 mmol) and TBAF∙3H2O (55 mg, 0.17 mmol) were 

added. The solution was stirred for 15 h and then the reaction mixture chromatographed on 

alumina gel eluting with dichloromethane. The turquoise band was collected and crystallised 

from ethanol. Pure 128 was obtained as dark blue crystals and washed with ethanol (2 x 10 

mL) and hexane (10 mL). Yield: 38 mg (30%). The crystal for X-ray structural analysis was 

grown from dichloromethane/hexane and proved to be a dichloromethane solvate. Analysis 

calculated for C57H43I2IrP2S∙½CH2Cl2: C, 52.70; H, 3.38. Found: C, 52.69; H, 3.37 (NMR 

spectroscopy showed the presence of 0.5 mol equivalents of dichloromethane in the 

analytical sample). IR (cm–1): 2078 ν(C≡C). MS (ESI+) calculated for C57H43I2IrNaP2S  

[M + Na]+: m/z 1291.0174. Found: m/z 1291.0088. 1H NMR (CDCl3, δ): 10.70 (dd, 3JHH = 

9.7 Hz, 4JHH = 1.6 Hz, H1), 7.66 (m, 12H, m-PPh3), 7.43 (d, 3JHH = 8.3 Hz, 2H, 

C≡C(C6H4{I}-4{CH}-3)), 7.20 (m, 6H, p-PPh3), ~7.16 (obscured, C=CH(C6H4{I}-4)), 7.15 

(d, partially obscured, 3JHH = 8.3 Hz, 2H, C=CH(C6H4{I}-4{CH}-2)), 7.05 (m, 12H, o-PPh3), 

6.97 (d, partially obscured, 3JHH = 8.5 Hz, 2H, C=CH(C6H4{I}-4{CH}-3)), ~6.72 (m, 

obscured by H4, 1H, H3), ~6.67 (m, obscured by H3, 1H, H4), 6.49 (d, 3JHH = 8.4 Hz, 2H, 

C≡C(C6H4{I}-4{CH}-2)), 5.79 (d, 3JHH = 8.4 Hz, 1H, H2). 13C NMR (CDCl3, δ): 248.20 (t, 
2JCP = 4.9 Hz, C1), 190.79 (t, 2JCP = 9.9 Hz, C5), 151.30 (s, C3), 140.11 (s,  

C=CH(C6H4{I}-4{C}-1)), 136.54 (s, C≡C(C6H4{I}-4){CH}-3), 136.09 (s,  

C=CH(C6H4{I}-4{CH}-3)), 134.82 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 132.99 (s,  

C=CH(C6H4{I}-4)), 132.21 (t, 5JCP = 1.7 Hz, C≡C(C6H4{I}-4{CH}-2)), 131.59 (t”, 1,3JCP = 

56.2 Hz, i-PPh3), 129.67 (s, p-PPh3), 129.45 (s, C=CH(C6H4{I}-4{CH}-2)), 128.76 (t, 4JCP = 

1.1 Hz, C≡C(C6H4{I}-4{C}-1)), 127.01 (t”, 2,4JCP = 10.1 Hz, o-PPh3), 126.65 (t, partially 

obscured, 2JCP = 9.0 Hz, C=CH(C6H4{I}-4)), 124.86 (s, C4), 118.72 (s, C2), 118.02 (t, 3JCP = 

1.3 Hz, C≡C(C6H4{I}-4)), 96.61 (t, 2JCP = 19.2 Hz, C≡C(C6H4{I}-4)), 88.79 (s, 

C=CH(C6H4{I}-4{C}-4) and C≡C(C6H4{I}-4{C}-4)). 31P NMR (CDCl3, δ): –9.22 (s, PPh3). 
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3.7.9 Ir(C5H4{CH=C(Fc)S}-1)(C≡CFc)(PPh3)2 (129) 

To a solution of 92 (127 mg, 0.13 mmol) in dichloromethane (2 mL) containing triethylamine 

(18 μL, 0.13 mmol), HC≡CFc (0.059 g, 0.28 mmol) was added. The colour of the solution 

gradually changed from brown to burgundy and stirring was continued for 19 h. The mixture 

was then chromatographed on 6 x 3 cm alumina gel eluting with dichloromethane. The purple 

band was collected and pure 129 was crystallised from ethanol as a dark red crystalline solid 

and washed with ethanol (2 x 10 mL) and hexane (10 mL). Yield 85 mg (54%). The crystal 

for X-ray structural analysis was grown from dichloromethane/benzene and proved to be a 

benzene solvate. Analysis calculated for C65H53Fe2IrP2S: C, 63.37; H, 4.34. Found: C, 63.15; 

H, 4.48. IR (cm–1): 2105 ν(C≡C). MS (ESI+) calculated for C65H53Fe2IrNaP2S [M + Na]+: m/z 

1255.1570. Found: m/z 1255.1486. 1H NMR (CDCl3, δ): 10.59 (d, 3JHH = 10.6 Hz, 1H, H5), 

8.29 (s, 1H, CH=C(Fc), 7.86–7.28 (m, 30H, PPh3), 6.55 (dd, 3JHH = 10.6, 6.9 Hz, 1H, H4), 

5.93 (t’, 7.89 Hz, 1H, H3), 5.79 (d, 3JHH = 9.5 Hz, 1H, H2), 3.95 (m, partially obscured, 2H, 

CH=CFc{CH}-3), 3.94 (br s, 5H, CH=CFc{C5H5} or C≡CFc{C5H5}), 3.89 (m, 2H, 

C≡CFc{CH}-3), ~3.86 (obscured, 2H, CH=CFc{CH}-2), 3.85 (br s, 5H, CH=CFc{C5H5} or 

C≡CFc{C5H5}), 3.76 (m, 2H, C≡CFc{CH}-2). 13C NMR (CDCl3, δ): 275.88 (t, 2JCP = 5.6 

Hz, C1), 209.27 (t, 2JCP = 8.8 Hz, C1), 160.41 (t, 2JCP = 12.44 Hz, CH=CFc), 155.53 (s, C3), 

141.93 (t, 3JCP = 1.8 Hz, CH=CFc), 134.87 (t”, 3,5JCP = 10.1 Hz, m-PPh3), 132.73 (t”, 1,3JCP = 

56.5 Hz, i-PPh3), 129.49 (s, p-PPh3), 126.90 (t”, 2,4JCP = 9.9 Hz, o-PPh3), 121.58 (s, C4), 

121.15 (s, C2), 112.92 (t, 3JCP = 1.8 Hz, C≡CFc), 87.27 (s, CH=CFc{C}-1), 84.67 (t, 3JCP = 

21.03 Hz, C≡CFc), 74.63 (t, 4JCP = 1.1 Hz, C≡CFc{C}-1), 69.56 (s, C≡CFc{CH}-2), 69.10 

(s, CH=CFc{C5H5} or C≡CFc{C5H5}), 68.65 (s, CH=CFc{C5H5} or C≡CFc{C5H5}), 67.00 

(s, CH=CFc{CH}-3), 66.28 (s, C≡CFc{CH}-3), 65.48 (s, C=CFc{CH}-2). 31P NMR (CDCl3, 

δ): –0.41 (s, PPh3). 

 

3.7.10 Ir(C5H4{C(=CHC(Me)=CH2)S}-1)(C≡CC(Me)=CH2)(PPh3)2 (130)  

92 (300 mg, 0.30 mmol) was dissolved in dichloromethane (2 mL) and triethylamine (62 μL, 

0.45 mmol) and 2-methylbut-1-en-3-yne (142 μL, 1.50 mmol) was added. The solution was 

stirred for 10 h and subsequently chromatographed on 11 x 3 cm alumina gel eluting with 

dichloromethane. The blue band was evaporated to dryness to give 130 as an oily solid (103 
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mg, yield 36%). The compound could not be purified further. IR (cm–1): 2055 ν(C≡C). MS 

(ESI+) calculated for C51H46IrP2S [M + H]+: m/z 945.2419. Found: m/z 945.2364. 1H NMR 

(CDCl3, δ): 10.71 (d, 3JHH = 10.2 Hz, 1 H5), 7.79–7.23 (m, 30H, PPh3), 6.72 (s, 1H, 

C=CHC(Me)=CH2), 6.86 (t’, 8.1 Hz, 1H, H3), 6.60 (dd, 3JHH = 10.2, 7.6 Hz, 13JHH = 8.8 Hz, 

1H, H2), 4.56 (dd, 2JHH = 2.3 Hz, 4JHH = 1.4 Hz, C=CHC(Me)=CH2(trans)), 4.47 (dd, 2JHH = 

2.2 Hz, 4JHH = 1.4 Hz, C≡CC(Me)=CH2(trans)), 4.38 (br s, C=CHC(Me)=CH2(cis)), 4.28 (br d, 
2JHH = 3.1 Hz, C≡CC(Me)=CH2(cis)), 1.46 (s, 3H, C=CHC(Me)=CH2 or C≡CC(Me)=CH2), 

1.45 (s, 3H, C=CHC(Me)=CH2 or C≡CC(Me)=CH2). 13C NMR (CDCl3, δ): 244.75 (t, 2JCP = 

4.3 Hz, C1), 199.66 (t, 2JCP = 8.2 Hz, C5), 151.31 (s, C3), 145.59 (s, C=CHC(Me)=CH2), 

134.98 (t”, 3,5JCP = 9.8 Hz, m-PPh3), 134.61 (s, C=CHC(Me)=CH2), 131.97 (t”, 1,3JCP = 56.8 

Hz, i-PPh3), 131.90 (s, C≡CC(Me)=CH2), 129.53 (s, p-PPh3), 126.84 (t”, 2,4JCP = 10.2 Hz, o-

PPh3), 123.32 (s, C4), 121.42 (t, 3JCP = 2.9 Hz, C≡CC(Me)=CH2), 117.66 (s, C2), 115.04 (t, 
2JCP = 10.8 Hz, C=CHC(Me)=CH2), 112.31 (s, C≡CC(Me)=CH2), 108.71 (s, 

C=CHC(Me)=CH2), 91.68 (t, 3JCP = 19.9 Hz, C≡CC(Me)=CH2), 24.51 (s, C≡CC(Me)=CH2), 

22.12 (s, C=CHC(Me)=CH2). 31P NMR (CDCl3, δ): –2.82 (s, PPh3).  

 

3.7.11 Ir(C5H4{S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 (131) and 

Ir(C5H4{C(=CHC(Me)(OH)CH=CH2)S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 

(132)  

A solution of 92 (335 mg, 0.33 mmol) was dissolved in dichloromethane (4 mL) and cooled 

to 0 °C. Triethylamine (93 μL, 0.67 mmol) and 3-methyl-1-penten-4-yn-3-ol (180 μL, 1.67 

mmol) were added and the solution was stirred at 0 °C for 19.5 h, over which time the colour 

changed to purple. The mixture was chromatographed on 20 x 3 cm alumina gel eluting with 

dichloromethane. A yellow band consisting of 131 was collected and pumped to dryness (10 

mg, yield 3%); this was followed by a faint green band which was discarded. A purple band 

was collected after approximately 300 mL of eluent had passed through the column. A pure 

purple solid consisting of 132 was crystallised from hexane and collected by filtration (121 

mg, yield 36%). The crystal of 132 used for X-ray structural analysis was grown from 

dichloromethane/hexane. 
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For Ir(C5H4{S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 (131): 

Analysis calculated for C47H41IrOP2S∙½CH2Cl2: C, 60.02; H, 4.45. Found: C, 60.42; H, 4.73 

(NMR spectroscopy showed the presence of 0.5 mol equivalents of dichloromethane). IR 

(cm–1): 3573 ν(OH), 2025 ν(C≡C). MS (ESI+) calculated for C47H40IrOP2S [M – H]+: m/z 

907.1899. Found: m/z 907.1842. 1H NMR (CDCl3, δ): 12.26 (m, H5), 7.54–7.28 (m, 30H, 

PPh3) 7.16 (t’, 8.1 Hz, 1H, H3), 6.66 (t’, 8.1 Hz, 1H, H4), 6.28 (d, 3JHH = 8.6 Hz, 1H, H2), 

5.50 (dd, 3JHH = 17.0, 10.1 Hz, 1H, C≡CC(Me)(OH)CH=CH2), 4.91 (dd, 3JHH = 17.1 Hz, 2JHH 

= 1.8 Hz, 1H, C≡CC(Me)(OH)CH=CH2(cis)), 4.60 (dd, 3JHH = 10.1 Hz, 2JHH = 1.8 Hz, 1H, 

C≡CC(Me)(OH)CH=CH2(trans)), 0.91 (s, 3H C≡CC(Me)(OH)CH=CH2), 0.80 (s, 1H, 

C≡CC(Me)(OH)CH=CH2). 13C NMR (CDCl3, δ): 271.56 (t, 2JCP = 5.2 Hz, C1), 173.55 (t, 
2JCP = 8.6 Hz, C5), 152.03 (s, C3), 144.45 (s, C≡CC(Me)(OH)CH=CH2), 134.99 (t”, 3,5JCP = 

9.0 Hz, m-PPh3), 130.96 (t”, 1,3JCP = 55.7 Hz, i-PPh3), 129.92 (s, p-PPh3), ~127.70 (m, 

obscured, C≡CC(Me)(OH)CH=CH2), 127.27 (t”, 2,4JCP = 9.0 Hz, o-PPh3), 125.38 (s, C4), 

115.45 (s, C2), 110.80 (s, C≡CC(Me)(OH)CH=CH2), 90.59 (t, 2JCP = 19.8 Hz, 

C≡CC(Me)(OH)CH=CH2), 68.79 (s, C≡CC(Me)(OH)CH=CH2), 30.27 (s, 

C≡CC(Me)(OH)CH=CH2). 31P NMR (CDCl3, δ): 3.89 (s, PPh3). 

 

For Ir(C5H4{C(=CHC(Me)(OH)CH=CH2)S}-1)(C≡CC(Me)(OH)CH=CH2)(PPh3)2 (132):  

MS (ESI+) calculated for C53H49IrNaO2P2S [M + Na]+: m/z 1027.2450. Found: m/z 

1027.2482. Analysis calculated for C53H49IrO2P2S: C, 63.39; H, 4.92. Found: C, 63.32; H, 

4.97. IR (cm–1): 3438 ν(OH), 2100 ν(C≡C). 1H NMR (CDCl3, δ): 10.20 (br d, 3JHH = 9.9 Hz, 

1H H5), 7.91–7.25 (m, 30H, PPh3), 6.38 (t’, 8.5 Hz, 1H, H4), 6.27 (t’, 7.7 Hz, 1H, H3), 6.13 

(s, 0.5H, C=CHC(Me)(OH)CH=CH2), 6.11 (s, 0.5H, C=CH’C(Me)(OH)CH=CH2), 5.94 (dd, 
3JHH = 16.95, 10.36 Hz, 0.5H, C≡CC(Me)(OH)CH=CH2), 5.86 (dd, 3JHH = 16.99, 10.26 Hz, 

0.5H, C≡CC(Me)(OH)CH’=CH2), 5.45 (dd, partially obscured, 3JHH = 17.17, 10.30 Hz, 0.5H, 

C=CHC(Me)(OH)CH=CH2), ~5.30 (dd, partially obscured, 3JHH = 10.74 Hz, 0.5H, 

C=CHC(Me)(OH)CH’=CH2), ~5.27 (d, partially obscured, 3JHH = 8.4 Hz, 1H, H2), 4.94 (m, 

partially obscured, 1H, C=CHC(Me)(OH)CH=CH2), 4.83 (m, partially obscured, 1H, 

C≡CHC(Me)(OH)CH=CH2), 4.72 (m, partially obscured, 1H, C≡CHC(Me)(OH)CH=CH2), 

4.61 (m, partially obscured, 1H, C=CHC(Me)(OH)CH=CH2), 3.34 (br s, 0.5H, 

C=CHC(Me)(OH)CH=CH2), 3.21 (br s, 0.5H, C=CHC(Me)(OH’)CH=CH2), 1.75 (br s, 1H, 
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C≡CC(Me)(OH)CH=CH2), 1.34 (s, 1.5H, C≡CC(Me)(OH)CH=CH2), 1.23 (s, 1.5H, 

C≡CC(Me’)(OH)CH=CH2), 0.75 (s, 1.5H, C=CHC(Me)(OH)CH=CH2), 0.61 (s, 1.5H, 

C=CHC(Me’)(OH)CH=CH2). 13C NMR (CDCl3, δ): 251.08 (t’, 2JCP = 2.5 Hz, C1), 187.30 

(t’, 2JCP = 10.3 Hz, C5), 151.19 (s, C3), 145.92 (s, 0.5C, C≡CC(Me)(OH)CH=CH2), 145.78 

(s, 0.5C, C≡CC(Me)(OH)C’H=CH2), 145.04 (s, C=CHC(Me)(OH)CH=CH2), 136.27 (s, 

0.5C, C=CHC(Me)(OH)CH=CH2), 136.22 (s, 0.5C, C=C’HC(Me)(OH)CH=CH2), 134.70 (m, 

m-PPh3), 132.10 (m, i-PPh3), 129.57 (br s, p-PPh3), 127.26 (m, o-PPh3), 123.45 (br s, C4), 

121.84 (t’, 3JCP = 1.5 Hz, C≡CC(Me)(OH)CH=CH2), 117.37 (s, C2), 110.47 (s, 0.5C, 

C=CHC(Me)(OH)CH=CH2 or C≡CC(Me)(OH)CH=CH2), 110.38 (s, 0.5C, 

C=CHC(Me)(OH)CH=C’H2 or C≡CC(Me)(OH)CH=C’H2), 109.65 (s, 0.5C, 

C=CHC(Me)(OH)CH=CH2 or C≡CC(Me)(OH)CH=CH2), 109.42 (s, 0.5C, 

C=CHC(Me)(OH)CH=C’H2 or C≡CC(Me)(OH)CH=C’H2), 105.07 (t’, partially obscured, 
2JCP = 7.94 Hz, 0.5C, C=CHC(Me)(OH)CH=CH2), 105.02 (t’, partially obscured, 2JCP = 8.3 

Hz, 0.5C, C=CHC(Me)(OH)CH=CH2), 79.55 (t’, partially obscured, 2JCP = 18.2 Hz, 0.5C 

C≡CC(Me)(OH)CH=CH2), 79.47 (t’, partially obscured, 2JCP = 18.4 Hz, 0.5C 

C≡CC(Me)(OH)CH=CH2), 75.49 (s, 0.5C, C=CHC(Me)(OH)CH=CH2), 75.42 (s, 0.5C, 

C=CHC’(Me)(OH)CH=CH2), 68.84 (s, partially obscured, 0.5C, C≡CC(Me)(OH)CH=CH2), 

68.78 (s, partially obscured, 0.5C, C≡CC’(Me)(OH)CH=CH2), 30.44 (s, partially obscured, 

0.5C, C≡CC(Me)(OH)CH=CH2), 30.32 (s, partially obscured, 0.5C, 

C≡CC(Me’)(OH)CH=CH2), 27.63 (s, 0.5C, C=CHC(Me)(OH)CH=CH2), 27.18 (s, 0.5C, 

C=CHC(Me’)(OH)CH=CH2). 31P NMR (CDCl3, δ): –9.19, –11.96, –14.16, –16.92 (AB, 

PPh3), –10.09, –12.85, –13.33, –16.10 (AB, P’Ph3). 

 

3.7.12 [Ir(C5H4{C(=C=CPh2)S}-1)(MeCN)(PPh3)2][OTf] (133)  

To a flask containing 92 (1.000 g, 1.00 mmol) and Ph2C(OH)C≡CH (500 mg, 2.40 mmol) 

dichloromethane (10 mL) was added. The solution gradually turned purple and was stirred for  

14 h, after which time hexane (ca. 100 mL) was added to precipitate the purple crystals. Pure 

133 (1.161 g, yield 98%) was collected by filtration and washed with diethyl ether (20 mL) 

and hexane (2 x 20 mL). The crystal for X-ray structural analysis was grown from 

dichloromethane/hexane and proved to be a dichloromethane solvate. Analysis calculated for 

C59H47F3IrNO3P2S2∙⅔CH2Cl2: C, 57.33; H, 3.90; N, 1.12. Found: C, 57.41; H, 4.05; N, 1.10 
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(NMR spectroscopy showed the presence of ca. 0.7 mol equivalents of dichloromethane in 

the analytical sample). IR (cm–1): 2290 ν(CN), 1876 ν(C=C=C), 1267, 1147, 1031, 636 

(OTf). MS (ESI+) calculated for C56H44IrP2S [M – OTf – MeCN]+: m/z 1003.2263. Found: 

m/z 1003.2267. 1H NMR (CDCl3, δ): 10.92 (d, 3JHH = 9.5 Hz, 1H, H5), 7.41–7.16 (m, 40H, 

PPh3 and C=C=CPh2), ~7.23 (m, obscured, 1H, H3), 6.52 (d, 3JHH = 8.9 Hz, 1H, H2), 6.34 

(t’, 8.6 Hz, 1H, H4) 1.84 (s, 3H, MeCN). 13C NMR (CDCl3, δ): 223.65 (t, 2JCP = 4.2 Hz, C1), 

200.35 (s, C=C=CPh2), 197.51 (t, 2JCP = 6.7 Hz, C5), 152.81 (s, C3), 136.42 (s, 

C=C=CPh2{C}-1), 134.48 (t”, 3,5JCP = 10.7 Hz, m-PPh3), 131.37 (s, p-PPh3), 128.73 (s, 

C=C=CPh2{CH}-2 or C=C=CPh2{CH}-3), 128.28 (t”, 2,4JCP = 10.9 Hz, o-PPh3), 127.81 (s, 

C=C=CPh2{CH}-2 or C=C=CPh2{CH}-3), 127.31 (t”, 1,3JCP = 58.3 Hz, i-PPh3), 126.57 (s, 

C=C=CPh2{CH}-4), 126.01 (s, MeCN), 123.01 (s, C4), 117.01 (s, C2), 109.27 (s, 

C=C=CPh2), 71.56 (t, 2JCP = 9.6 Hz, C=C=CPh2), 2.84 (s, MeCN). 31P NMR (CDCl3, δ): 5.71 

(s, PPh3). 19F NMR (CDCl3, δ): –79.07 (s, OTf ).  

 

3.7.13 [Ir(C5H4{C(=C=CPh2)S}-1)(CO)(PPh3)2][OTf] (134)  

A solution of 133 (56 mg, 0.47 mmol) in dichloromethane (4 mL) was pressurised with CO 

(25 psi) in a Fischer-Porter bottle and stirred for 4 h. Excess gas was vented and pure 134 was 

crystallised from diethyl ether as a purple solid and collected via filtration (32 mg, yield 

57%). Analysis calculated for C58H44F3IrO4P2S2∙⅔CH2Cl2: C, 56.97; H, 3.69. Found: C, 

56.91; H, 3.66 (NMR spectroscopy showed the presence of ca. 0.66 mol equivalents of 

dichloromethane in the analytical sample). IR (cm–1): 2029 ν(CO), 1902 ν(C=C=C), 1265, 

1149, 1031, 635 (OTf). MS (ESI+) calculated for C57H44IrOP2S [M – OTf]+: m/z 1031.2212. 

Found: m/z 1031.2226. 1H NMR (CDCl3, δ): 9.31 (dd, 3JHH = 9.9 Hz, 4JHH = 0.7 Hz, 1H, H5), 

~7.51 (m, partially obscured, 1H, H3), 7.47–7.16 (m, 40H, PPh3 and C=C=CPh2), 6.87 (d, 
3JHH = 9.0 Hz, 1H, H2), 6.42 (t’m, 8.9 Hz, 1H, H4). 13C NMR (CDCl3, δ): 235.83 (t, 2JCP = 

6.0 Hz, C1), 199.21 (s, C=C=CPh2), 180.25 (t, 2JCP = 6.4 Hz, C5), 173.91 (t, 2JCP = 10.9 Hz, 

CO), 155.19 (s, C3), 135.51 (s, C=C=CPh2{C}-1), 134.23 (t”, 3,5JCP = 11.0 Hz, m-PPh3), 

132.30 (s, p-PPh3), 128.84 (t”, 2,4JCP = 12.3 Hz, o-PPh3), 128.76 (s, C=C=CPh2{CH}-2 or 

C=C=CPh2{CH}-3), 128.03 (s, C=C=CPh2{CH}-2 or C=C=CPh2{CH}-3), 127.45 (s, 

C=C=CPh2{CH}-4), 127.16 (t”, 1,3JCP = 61.2 Hz, i-PPh3), 124.53 (s, C4), 121.40 (s, C2), 
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112.55 (s, C=C=CPh2), 58.70 (t, 2JCP = 4.5 Hz, C=C=CPh2). 31P NMR (CDCl3, δ): 2.92 (s, 

PPh3). 19F NMR (CDCl3, δ): –79.18 (s, OTf ).  

 

3.7.14 Ir(C5H4{C(=C=CPh2)S}-1)(C≡C(C6H4{Me}-4))(PPh3)2 (135)  

A solution of 133 (102 mg, 0.09 mmol) dissolved in dichloromethane (2 mL) and 

triethylamine (60 μL, 0.43 mmol) was treated with HC≡C(C6H4{Me}-4) (55 μL, 0.43 mmol). 

The mixture was stirred for 19.5 h and subsequently chromatographed on 3 x 3 cm alumina 

gel eluting with dichloromethane. The purple band was collected and crystallised from 

ethanol to give 67 mg (70%) of pure 135 as purple crystals, which were washed with ethanol 

(2 x 10 mL) and hexane (10 mL). The crystal for X-ray structural analysis was grown from 

dichloromethane/ethanol and contained approximately two molecules of dichloromethane per 

asymmetric unit. Analysis calculated for C65H51IrP2S: C, 69.81; H, 4.60. Found: C, 69.96; H, 

4.62. IR (cm–1): 2091 ν(C≡C), 1873 ν(C=C=C). MS (ESI+) calculated for C65H51IrNaP2S [M 

+ Na]+: m/z 1141.2712. Found: m/z 1141.2684. 1H NMR (CDCl3, δ): 10.24 (dd, 3JHH = 9.7 

Hz, 4JHH = 0.8 Hz, 1H, H5), 7.71–7.01 (m, 40H, PPh3 and C=C=CPh2), ~7.12 (m, partially 

obscured, 1H, H3), 6.73 (d, 3JHH = 8.0 Hz, 2H, C≡C(C6H4{Me}-4{CH}-3)), 6.42 (t’, 8.6 Hz, 

1H, H4), 6.30 (d, 3JHH = 8.8 Hz, 1H, H2), 6.22 (d, 3JHH = 8.1 Hz, 2H, C≡C(C6H4{Me}-

4{CH}-2)), 2.19 (s, 3H, C≡C(C6H4{Me}-4)). 13C NMR (CDCl3, δ): 246.21 (t, 2JCP = 4.0 Hz, 

C1), 200.98 (s, C=C=CPh2), 195.15 (t, 2JCP = 7.5 Hz, C5), 150.31 (s, C3), 137.86 (s, 

C=C=CPh2{C}-1), 135.05 (t”, 3,5JCP = 13.4 Hz, m-PPh3), 133.34 (s, C≡C(C6H4{Me}-4{C}-

4)), 131.67 (t”, 1,3JCP = 57.6 Hz, i-PPh3), 129.90 (s, C=C=CPh2{CH}-2 or C=C=CPh2{CH}-

3), 129.71 (s, p-PPh3), 128.69 (s, C≡C(C6H4{Me}-4{CH}-2)), 127.98 (s, C=C=CPh2{CH}-2 

or C=C=CPh2{CH}-3), 127.40 (s, C≡C(C6H4{Me}-4{CH}-3)), 127.12 (t”, 2,4JCP = 10.1 Hz, 

o-PPh3), 126.69 (t, 4JCP = 1.9 Hz, C≡C(C6H4{Me}-4{C}-1)), 125.40 (s, C=C=CPh2{CH}-4), 

121.68 (s, C4), 119.97 (t, 3JCP = 3.0 Hz, C≡C(C6H4{Me}-4)), 117.76 (s, C2), 106.96 (s, 

C=C=CPh2), 93.84 (t, 3JCP = 20.38 Hz, C≡C(C6H4{Me}-4)), 59.36 (t, 2JCP = 10.2 Hz, 

C=C=CPh2), 21.06 (s, C≡C(C6H4{Me}-4)). 31P NMR (CDCl3, δ): 0.37 (s, PPh3). 
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3.7.15 Ir(C5H4{C(=C=CPh2)S}-1)Cl(PPh3)2 (136)  

A solution of 133 (570 mg, 0.48 mmol) in dichloromethane (10 mL) was treated with a 

solution of LiCl (126 mg, 2.97 mmol) in methanol (10 mL) and the mixture stirred for 3 h. 

Methanol (50 mL) was added and dichloromethane removed under reduced pressure to give 

pure 136 as indigo crystals (373 mg, yield 72%) which were washed with methanol  

(3 x 15 mL). The crystal for X-ray structural analysis was grown from benzene/ethanol and 

proved to be a benzene solvate. Analysis calculated for C56H44ClIrP2S∙¼CH2Cl2: C, 63.84; H, 

4.36. Found: C, 63.74; H, 4.23 (NMR spectroscopy showed the presence of ca. 0.25 mol 

equivalents of dichloromethane in the analytical sample). IR (cm–1): 1868 ν(C=C=C). MS 

(ESI+) calculated for C56H45ClIrP2S [M + H]+: m/z 1039.2029. Found: m/z 1039.2015. 1H 

NMR (CDCl3, δ): 11.29 (d, 3JHH = 9.3 Hz, 1H, H5), 7.62–7.07 (m, 40H, PPh3 and 

C=C=CPh2), ~7.17 (m, partially obscured, 1H, H3), 6.42 (t’, 8.4 Hz, 1H, H4), 6.14 (d, 3JHH = 

9.0 Hz, 1H, H2). 13C NMR (CDCl3, δ): 225.26 (t, 2JCP = 4.0 Hz, C1), 202.73 (s, C=C=CPh2), 

201.09 (t, 2JCP = 7.3 Hz, C5), 150.07 (s, C3), 137.62 (s, C=C=CPh2{C}-1), 135.15 (t”, 3,5JCP 

= 9.6 Hz, m-PPh3), 130.23 (t”, 1,3JCP = 57.2 Hz, i-PPh3), 130.05 (s, p-PPh3), 128.80 (s, 

C=C=CPh2{CH}-2 or C=C=CPh2{CH}-3), 127.50 (s, C=C=CPh2{CH}-2 or 

C=C=CPh2{CH}-3), 127.26 (t”, 2,4JCP = 10.2 Hz, o-PPh3), 125.70 (s, C=C=CPh2{CH}-4), 

121.99 (s, C4), 116.82 (s, C2), 107.46 (s, C=C=CPh2), 73.90 (t, 2JCP = 4.5 Hz, C=C=CPh2). 
31P NMR (CDCl3, δ): –1.15 (s, PPh3). 

 

3.7.16 Ir(C5H4{C(=CHC(Cl)Ph2)S}-1)Cl(PPh3)2 (137)  

A solution of 136 (14 mg, 0.01 mmol) in CDCl3 (0.4 mL) was treated with conc. HCl (1 

drop) and allowed to stand for 10 min. The mixture was passed through a 1.5 cm plug of 

alumina gel eluting with CDCl3. The purple eluate was collected, treated with conc. HCl (1 

drop) and the mixture transferred to an NMR tube. 137 was not isolated as a pure compound 

due to its instability. MS (ESI+) calculated for C56H45Cl2IrNaP2S [M + Na]+: m/z 1097.1605. 

Found: m/z 1097.1519. 1H NMR (CDCl3, δ): 12.58 (dd, 3JHH = 8.0 Hz, 4JHH = 1.0 Hz, 1H, 

H5), 7.66–7.20 (m, 40H, PPh3 and C=CHC(Cl)Ph2), ~7.39 (m, obscured, 1H, H2), 7.09 (t’m, 

7.2 Hz, 1H, H3), 6.36 (t’, 7.7 Hz, 1H, H4), 5.18 (s, 1H, C=CHC(Cl)Ph2). 13C NMR (CDCl3, 

δ): 236.56 (t, 2JCP = 5.1 Hz, C1), 204.97 (t, 2JCP = 6.2 Hz, C5), 152.42 (s, C3), 140.99 (s, 
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C=CHC(Cl)Ph2{C}-1), 135.06 (t”, 3,5JCP = 9.5 Hz, m-PPh3), 134.43 (br t, 3JCP = 2.2 Hz, 

C=CHC(Cl)Ph2), 131.96 (s, C=CHC(Cl)Ph2{CH}-4), 129.96 (s, p-PPh3), 129.56 (t”, 1,3JCP = 

56.2 Hz, i-PPh3), 128.59 (s, C=CHC(Cl)Ph2{CH}-2 or C=CHC(Cl)Ph2{CH}-3), 127.93 (s, 

C=CHC(Cl)Ph2{CH}-2 or C=CHC(Cl)Ph2{CH}-3), 127.25 (t”, 2,4JCP = 10.0 Hz, o-PPh3), 

123.96 (s, C4), 122.08 (s, C2), 107.07 (s, C=CHC(Cl)Ph2), 44.44 (s, C=CHC(Cl)Ph2). 31P 

NMR (CDCl3, δ): –12.00 (s, PPh3). 

 

3.7.17 [Ir(C5H4{=C(CH=CPh2)S}-1)Cl(PPh3)2][OTf] (139)  

To a solution of 136 (323 mg, 0.30 mmol) in dry benzene (50 mL), HOTf (32 μL, 0.36 mmol) 

was added drop-wise over 1 min. The mixture was stirred for 1 h, after which time pure 140 

was collected as a red solid and washed with diethyl ether (2 x 5 mL) and hexane  

(10 mL). Yield: 140 mg (40%). The crystal for X-ray structural analysis was grown by slow 

diffusion of hexane into a CDCl3 solution of 140. Four CDCl3 molecules were located but 

were ultimately excluded from the refinement (vide supra). Analysis calculated for 

C57H45ClF3IrO3P2S2∙CH2Cl2: C, 54.70; H, 3.72. Found: C, 54.30; H, 3.61 (NMR spectroscopy 

showed the presence of ca. 1 mol equivalent of dichloromethane in the analytical sample). IR 

(cm–1): 1263, 1136, 1030, 635 (OTf). MS (ESI+) calculated for C56H45ClIrP2S [M – OTf]+: 

m/z 1039.2024. Found: m/z 1039.2052. 1H NMR (CD2Cl2, δ): 14.40 (dd, 3JHH = 9.8 Hz, 4JHH 

= 1.1 Hz, 1H, H5), 8.93 (s, 1H, =CCH=CPh2), 7.88 (t’, 7.7 Hz, 1H, H3), 7.81 (tt, 3JHH = 6.2 

Hz, 4JHH = 3.0 Hz, 1H, =CCH=CPh2{CH}-4), 7.62 (m, partially obscured, 1H, 

=CCH=CPh2{CH}-4’), 7.56–7.32 (m, 36H, PPh3, =CCH=CPh2{CH}-2, =CCH=CPh2{CH}-3 

and =CCH=CPh2{CH}-3’), ~7.40 (m, obscured 1H, H4), 6.48 (d, 3JHH = 7.1 Hz, 2H, 

=CCH=CPh2{CH}-2’), 6.19 (d, 3JHH = 8.3 Hz, 1H, H2). 13C NMR (CD2Cl2, δ): 272.81 (t, 
2JCP = 8.7 Hz, C1), 219.42 (t, 2JCP = 9.4 Hz, C5), 198.26 (t, 2JCP = 3.4 Hz, =CCH=CPh2), 

159.94 (s, =CCH=CPh2), 155.91 (s, C3), 140.64 (s, =CCH=CPh2), 138.41 (s, 

=CCH=CPh2{C}-1), 136.95 (t, 3JCP = 0.8 Hz, C4), 136.11 (s, =CCH=CPh2{C}-1’), 134.69 (s, 

partially obscured, =CCH=CPh2{CH}-4), 134.52 (t”, 3,5JCP = 9.8 Hz, m-PPh3), 131.92 (br s, 

p-PPh3), 131.83 (s, partially obscured, =CCH=CPh2{CH}-4’), 131.65 (s, =CCH=CPh2{CH}-

3’), 130.85 (s, =CCH=CPh2{CH}-2 or =CCH=CPh2{CH}-3), 130.43 (s, =CCH=CPh2{CH}-2 

or =CCH=CPh2{CH}-3), 128.74 (t”, partially obscured, 1,3JCP = 58.6 Hz, i-PPh3), 128.34 (t”, 
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2,4JCP = 10.8 Hz, o-PPh3), 127.27 (s, =CCH=CPh2{CH}-2’), 123.48 (s, C2). 31P NMR 

(CD2Cl2, δ): –15.69 (s, PPh3). 19F NMR (CD2Cl2, δ): –79.11 (s, OTf ). 



 

 

 

 

 

 

 

 

Chapter 4 

Nucleophilic Aromatic Substitution 

Reactions of Iridabenzenes 
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4.1 Preface 

4.1.1 Previous work 

 

Nucleophilic aromatic substitution (SNAr) is a reaction class which has been extensively 

studied in organic chemistry.119 A typical substrate for this process is an electron deficient 

arene, often possessing fluoro or nitro substituents (see Scheme 4.1). Upon nucleophilic 

attack a σX adduct is formed, which is often unstable and will subsequently lose X– to form 

the substituted arene. However, in some instances the σX adducts may be isolated as Jackson-

Meissenheimer intermediates.120 

In the specific case where X = H, hydride loss is normally disfavoured and must be promoted 

by either the addition of an external oxidant121 or intramolecular abstraction by an adjacent 

auxiliary group.122  

Paneque et al. provided the first account of nucleophilic addition involving a metallabenzene, 

where, upon silica gel chromatography, hydroxide attacked the γ-carbon of an 

iridanaphthalene (30, see Scheme 4.2).28 In this process, the γ-OH substituent displaced the 

methyloxalate ligand and the reaction was reversed by ClC(O)CO2Me. The closely related 

iridabenzene 24 behaved in a similar fashion but required acid catalysis (see Scheme 4.2).27  

An intramolecular nucleophilic substitution was later published by Xia and co-workers.20 

Upon the addition of sodium methoxide to the thiocyanate-substituted osmabenzene 141,  

C–N bond formation ensued and gave the fused-ring osmabenzothiazole 112 (see Scheme 

4.3). A proposed intermediate for this transformation is the σH adduct 3A, which loses 

hydride in the form of H2.20 

Wright et al. then demonstrated the first examples of intermolecular SNAr reactions with 

metallabenzenes (see Scheme 4.4).29 The metallacyclohexadiene σH adducts were isolated 

and subsequently oxidised to afford the substituted metallacycles. Importantly, the method 

showed synthetic utility in that both osma- and iridabenzenes could be coupled with a range 

of different nucleophiles, and provided an indication that the “reaction class for 

metallabenzenes could evolve into one of considerable scope.”29  
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Scheme 4.2: Nucleophilic attack upon iridanaphthalene and iridabenzenes27,28 

Scheme 4.1: Schematic representation of SNAr 

Scheme 4.3: Intramolecular nucleophilic aromatic substitution of an osmabenzene20 
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Chapter 4 of this thesis describes the nucleophilic aromatic substitution of an iridabenzene. 

The main impetus was to produce hydroxyl-, alkynyl- and cyclopentadienyl-substituted 

iridabenzenes. These compounds would have inherent functionality and therefore could be 

useful in subsequent transformations. 

 

4.2 Selection of iridabenzene substrates 

 

A metallabenzene substrate suitable for nucleophilic aromatic substitution ideally 

incorporates a formally cationic metal centre, inert and robust ancillary ligands, and a six-

membered metallacyclic ring with few substituents.  

The iridabenzene 62 was first synthesised by McIntosh,123 who discovered its ability to 

participate in nucleophilic addition reactions. This work was later extended by Ferguson.124 

62 was prepared by displacing both chloride ligands from the iridabenzene 15 with 

diethyldithiocarbamate and crystallising the complex as the hexafluorophosphate salt (see 

Scheme 4.5). A much more direct route from the iridacyclohexadienethiones 98a and 98b 

has become available by using the new methodology for iridabenzene preparation described 

earlier in this thesis. 

Scheme 4.4: Intermolecular nucleophilic aromatic substitution of hydrogen on osma- and iridabenzenes29 
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In Chapter 2, the syntheses of 98a and 98b from the cationic complex 92 were described, 

along with their propensity to alkylate under mild conditions. It was found that the alkylation 

reaction could be controlled by dissolving the complex in dichloromethane and adding a 

methylating agent without delay. This was accompanied by an instantaneous colour change 

from orange to emerald green, and the product precipitated from solution upon the addition of 

diethyl ether. No anion exchange was necessary and yields of 95% were typical. 

As an extension to work carried by McIntosh and Ferguson, it was rationalised that the 

dimethyl homologue of 62 would be a more suitable candidate for reactions with 

nucleophiles. Due to its rigidity, the dimethyldithiocarbamate ligand was expected to 

facilitate more stable crystallisations. In addition, the two methyl groups would give rise to 

far simpler signals in NMR spectra, unlike the case for two inequivalent ethyl chains, in 

which the protons experience diastereotopic splitting. 

The iridabenzene [Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2][OTf] (142a) was obtained upon 

treatment of the iridacyclohexadienethione 98b with methyl triflate (see Scheme 4.5). As 

expected, the NMR data of 142a match closely with those of the known diethyl compound 

62,29 indicating that the different N-alkyl groups bear no influence on the metallabenzene 

moiety. The 1H NMR signals for 142a at 12.33 (H5), 7.08 (H4), 6.85 (H3) and 5.88 ppm (H2) 

also resemble those of the cationic 103, which constituted a thiomethyl-substituted 

iridabenzene with chloro and acetonitrile ancillary ligands. For 142a, the up-field region of 

the NMR spectrum contained singlet peaks at 2.56 and 2.26 ppm, assigned to the two N-

methyl groups, along with a singlet at 2.09 ppm for the SMe protons. 

Scheme 4.5: Syntheses of cationic dialkyldithiocarbamate-ligated iridabenzenes 
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The 13C NMR spectrum of 142a displayed peaks at 235.14 (C1), 191.58 (C5), 152.92 (C3), 

126.75 (C4) and 120.81 ppm (C2), again similar to the related compounds 62 and 103. The 

chemical shifts observed for the metal-bound carbons in 142a are more consistent with a 

delocalised bonding model when compared with the iridacyclohexadienethione 98b, which 

gave rise to 13C NMR signals at 260.67 ppm for C1 and 154.86 ppm for C5. Additionally, 

peaks for the two NMe and SMe nuclei in 142a were located at 37.53, 35.70 and 22.48 ppm, 

respectively.  

By replacing the methyl triflate used in the above preparation with iodomethane, the iodide 

salt [Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2][I] (142b) formed (see Scheme 4.5). It is 

notable that this reaction went to completion immediately, whereas a similar experiment 

involving 92 and MeI required 20 hours of contact time before affording 105. For 92, the 

sulfur group maintains a bonding interaction with the metal centre and therefore is less 

nucleophilic than that for 98b. 

A crystal structure of 62 has been reported,29 however the bond length precision was low (R1 

(I > 2σ): 0.091; R1(all data): 0.226). Whilst the triflate salt 142a failed to grow suitable 

crystals, a reasonable structure of 142b was determined in this work. A molecular depiction is 

shown in Figure 4.1. 

Some disorder problems were encountered with the solution for 142b. The iodide counterion 

is present in two overlapping locations, with partial site occupancies of 0.64 and 0.36. The 

anions are surrounded by two of the triphenylphosphine phenyl rings, the iridabenzene 

fragment and four deuterochloroform molecules, the latter of which align along the C–D 

axes. The CH(D)∙∙∙I intermolecular contact distances range from 3.564(15) to 4.053(8) Å, 

demonstrating fairly weak interactions. One of the solvent molecules exhibits rotational 

disorder for the chlorine atoms and was modelled with partial occupancies of 0.53:0.47. This 

defect appears to extend to two additional triphenylphosphine phenyl rings (not associated 

with the counterion), which were located over two sites each in the same ratio. The carbon 

atoms in these rings were refined with isotropic thermal parameters, and no further 

constraints or restraints were applied to the model. 

The iridabenzene ring of 142b is considerably buckled: C4 is displaced 0.033(5) Å from the 

least-squares plane through the five carbon atoms and the metal atom deviates by 0.405(9) Å 

from the same plane. Within the iridabenzene ring, the metal-carbon distances are 2.010(7) 
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and 2.015(7) Å for Ir–C1 and Ir–C5 respectively, while the carbon–carbon bond lengths are 

1.418(10) (C1–C2), 1.376(11) (C2–C3), 1.403(10) (C3–C4) and 1.362(9) Å (C4–C5). These 

bonding parameters are similar to those observed for many of the iridabenzenes examined in 

Chapter 2, for instance the cationic complex 103 (Ir–C1, 2.000(3); Ir–C5, 1.988(3); C1–C2, 

1.407(4); C2–C3, 1.365(4); C3–C4, 1.417(5); C4–C5, 1.356(4) Å. 

The routes to 142a and 142b are simple and high-yielding. The remainder of this chapter 

focuses on the reactivity of these compounds with various nucleophiles. 

 

Figure 4.1: Molecular structure of 142b with thermal ellipsoids set at 50% probability. Phenyl rings, solvent 
molecules and anions are omitted. 
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4.3 Preliminary nucleophilic addition reactions 

4.3.1 Reaction with hydride  

 

The reaction between the iridabenzene 62 and the hydride source NaBH4 was initially 

reported by McIntosh.29,123 In the current work, a parallel experiment utilising the 

dimethyldithiocarbamate iridabenzene analogue 142a was carried out as a foray into 

nucleophilic aromatic additions of this type. Upon addition of an ethanol solution of NaBH4 

to a dichloromethane solution of 142a, the green colour of the reaction mixture rapidly 

dissipated and a colourless solid of pure Ir(C5H3{SMe}-1{H2}-3)(κ2-S2CNMe2)(PPh3)2 (143, 

see Scheme 4.6) was obtained after crystallisation from dichloromethane/ethanol. 

From the 1H NMR spectrum of 143, it is clear that the metallacyclic ring no longer possesses 

a delocalised π-bonding system. The chemical shift for H5 moves significantly up-field to 

7.77 ppm and a multiplet signal at 2.48 ppm, integrating for two protons, was assigned to H3a 

and H3b. Peaks at 5.65 and 4.39 ppm were attributed to H4 and H2 respectively. 

The 13C NMR spectrum of 143 similarly reflects these dramatic changes. The metal-bound 

carbons C1 and C5 give rise to peaks at 113.29 and 111.75 ppm respectively; approximately 

100 ppm up-field of the corresponding signals in 142a. Resonances for C4 (124.18 ppm) and 

C2 (113.87 ppm) are also in the expected alkenyl region while the saturated C3 nucleus was 

assigned to a peak at 38.28 ppm. 

The 31P NMR spectrum of 143 contains one singlet resonance at –5.23 ppm for the two 

equivalent, mutually trans triphenylphosphine ligands. As a hydride nucleophile was added 

to an existing CH group, the molecular symmetry of the complex is maintained by the way of 

an equatorial mirror plane. It is demonstrated in the following sections that the addition of 

other nucleophiles to 142a and 142b can produce asymmetrical products. 

The site of nucleophilic attack was confined solely to C3 and the complex remains quite 

stable towards air in both the solid state and solution. This behaviour mirrors that for the 

known diethyl complex 64a (refer to Scheme 1.19).29 In a new development, 143 proved to 

be susceptible to protonation at C2. Here, a dichloromethane solution of 143 was treated with 
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1.5 mol equivalents of Tf2CHPh and the cyclic carbene complex [Ir(C5H2{SMe}-1{H2}-

2{H2}-3)(κ2-S2CNMe2)(PPh3)2][Tf2CPh] (144, see Scheme 4.6) precipitated as pure yellow 

crystals upon the addition of diethyl ether. 

The 1H NMR spectrum of 144 comprises multiplet peaks at 7.98 and 6.01 ppm for H5 and H4 

respectively. The six-membered ring contains two saturated carbons (C3 and C2) which give 

rise to signals at 2.42 (H3a and H3b, multiplet) and 1.03 ppm (H2a and H2b, triplet,  
3JHH = 5.9 Hz), each integrating for two protons.  

Evidence for carbene formation is provided by the 13C NMR spectrum of 144. A triplet peak 

at 293.39 ppm (2JCP = 5.3 Hz) was assigned to C1, whereas the corresponding signal for C1 

in the iridabenzene 142a resides at 235.14 ppm. Resonances for C4 (126.86 ppm) and C5 

(116.77 ppm) are in only slightly different positions to those for 143, and the peaks assigned 

to C2 (48.12 ppm) and C3 (30.84 ppm) fall inside the aliphatic region. 

The protonation reaction is regiospecific and gives 144 as the sole product. This observation 

can be rationalised by the fact that C1 bears a thioether substituent and will form a more 

stable carbene than C5. Thus the preferred site of protonation is at C2 and not C4. In  

Chapter 3, the vinylideneiridabenzothiete 136 was similarly protonated at the β-carbon of the 

C=C=C group, resulting in the formation of the iridabenzothietene 139. 

Scheme 4.6: Formation of non-aromatic iridacyclohexadienes 
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While 144 appears to be stable in the solid form under ambient conditions, aerobic solutions 

of the complex are found to decompose at room temperature within one day. The mixture, 

analysed by NMR and mass spectrometry, contains small amounts of the iridacyclohexadiene 

143 and the iridabenzene 142 with formal losses of proton and dihydrogen, respectively. 

However the major components of the mixture are the cationic hydride [IrH(κ2-

S2CNMe2)(PPh3)3]+ and the cyclopentadiene C5H5{SMe}-2 (145 and 146, see Scheme 4.7). 

The product distribution of 145:146:143:142 was approximately 1:1:0.5:0.25. 

Using 31P NMR spectroscopy, the previously known compounds 142 and 143 were readily 

identified, along with triphenylphosphine oxide (δ = 29.22 ppm). A doublet signal centred at 

–1.98 ppm had roughly twice the peak height of a triplet resonance at –4.08 ppm, and the two 

peaks shared the same coupling constant of 2JPP = 14.5 Hz. This suggested that the novel 

iridium complex contained three triphenylphosphine ligands, two of which were equivalent. 

The 1H NMR spectrum of the same mixture contained a multitude of peaks but some 

assignments could still be made based on previous data and correlation spectroscopy. Two 

resonances of near-equal intensity were observed in the hydride region, viz. one triplet at  

–15.73 ppm and one overlapping doublet of triplets at –16.52 ppm (see Figure 4.2). 

The latter signal is indicative of one metal hydride coupling to two sets of distinct phosphorus 

nuclei and the 2JHP coupling constants were 12.2 and 15.9 Hz for the doublet and triplet 

components respectively. This splitting pattern is in accord with the data obtained in the 31P 

NMR spectrum, and as the 2JHP coupling constants are nearly equal in magnitude, it is likely 

that 145 contains a meridional arrangement of PPh3 ligands where the hydride is placed cis to 

three phosphorus donors. The possibility of a facial isomer was ruled out as the 

dimethyldithiocarbamate ligand displayed two separate 1H NMR signals at 2.48 and 2.43 

ppm for the inequivalent methyl groups. The fac isomer of 145 would only give rise to one 

NMe signal due to the presence of an additional mirror plane. 

The triplet peak located at –15.73 ppm (with 2JHP = 13.6 Hz) suggested that this hydride 

coupled to two equivalent phosphorus-containing ligands only. It is proposed that a rapid and 

reversible dissociation of the equatorial triphenylphosphine takes place, giving the 

coordinatively unsaturated compound [IrH(κ2-S2CNMe2)(PPh3)2]+ (8A, see Scheme 4.8). A 

singlet resonance was located at 8.39 ppm in the 31P NMR spectrum. On the basis of a 1H–31P 

correlation experiment, this signal was assigned to the two equivalent PPh3 groups in 8A.  
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The ESI+ mass spectrum of the mixture contained one peak at m/z 838.1449 for [M – PPh3]+ 

(calculated for C39H37IrNP2S2 = m/z 838.1477), which lends support to the lability of one 

triphenylphosphine ligand. 

A related compound, namely mer-IrH(SC6H4{SiPh3}-2)2(PPh3)3, was previously described by 

Dilworth et al.125 The hydride resonance was observed as an apparent quartet at –16.4 ppm. 

Figure 4.2: 1H NMR spectrum (hydride region) for 145 (δ, ppm). 

Scheme 4.7: Decomposition of 144 to the cationic hydride 145 and the cyclopentadiene 146 

Scheme 4.8: Possible dissociation equilibrium for 145 
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However the 31P NMR spectrum and crystal structure proved that the three 

triphenylphosphine ligands were present in a meridional geometry. 

As a result of the decomposition process, 1-methylthio-cyclopenta-1,3-diene (146) formed 

from the iridacylic moiety of 144. 146 is itself unstable and degrades after several days in 

solution. The mixture contains 1H NMR resonances at 6.47, 6.28 and 6.13 ppm for the 

olefinic protons, along with peaks at 3.06 and 2.39 ppm for the CH2 and SMe groups 

respectively. The 1H NMR data for 146 are in full agreement with those reported in the 

literature, where the compound was originally prepared from cyclopentadienyl thallium and 

MeSCl.126 Additionally, an ion for 146 was located in the ESI+ mass spectrum at m/z 

113.0417 for [M + H]+ (calculated for C6H9S [M + H]+ = m/z 113.0419).  

Certain metallabenzenes are known to rearrange to the corresponding cyclopentadienyl metal 

complexes, and cases have been reported for iridium,37-39 osmium40 and ruthenium127 

substrates. It was demonstrated computationally that this process occurs upon coupling of the 

metal-bound carbons in a formal carbene migratory insertion reaction.14 The  

η1-cyclopentadienyl intermediate can then either undergo ring slippage to an η3 mode or 

furnish an η5-cyclopentadienyl complex.14 

When the metallacyclic ring possesses large triphenylphosphonium substituents, thermolysis 

can afford the free cyclopentadienyl anions.21,62 Additionally, six-membered metallacycles 

possessing saturated carbon atoms, such as the platina-128 and rhodacyclohexadienes,129 

liberate cyclopentadienes on heating to 70–80 °C. These last examples bear a close 

resemblance to the observed behaviour of 144. Bleeke and co-workers later prepared an 

iridacyclohexene, however no decomposition behaviour was mentioned by the authors.130 

A proposed mechanism for the conversion of 144 into 145 and 146 is presented in Scheme 

4.9. In the first step, the two metal-bound carbon atoms undergo C–C coupling, with 

concomitant scission of the Ir–C5 bond. This η1-cyclopentadienyl ligand then rearranges to 

an η3 form. Following this, hydride is abstracted by the metal and the free cyclopentadiene 

146 is released. The coordinatively unsaturated iridium complex would then sequester a 

triphenylphosphine in a ligand redistribution reaction, to give 145 as the meridional isomer. 

It is interesting that both the iridabenzene 142a and the iridacyclohexadiene 143 appear to be 

stable towards cyclopentadienyl (or cyclopentadiene) formation, whereas the 
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iridacyclohexadiene isomer 144 is very unstable in solution. Even though 142a possesses 

iridium–carbon bonds with multiple bond character, the aromatic nature of this compound 

evidently raises the activation energy barrier to this particular degradation pathway. In 

contrast, the localised bonding structure of 144 provides an avenue for decomposition via 

coupling of the two metal-bound carbon atoms. 

 

4.3.2 Reaction with iodide 

 

It was envisioned that the iodide counterion of the iridabenzene 142b could act as a 

nucleophile to ultimately give an iodo-substituted iridabenzene. While no evidence of 

nucleophilic addition of iodide was observed at room temperature, a DCE solution of 142b 

was heated to reflux in an attempt to drive the reaction. NMR analysis of the crude mixture 

suggested the iridabenzene ring had not been attacked, but one of the products was identified 

as the neutral, mono-phosphine iridabenzene Ir(C5H4{SMe}-1)I(κ2-S2CNMe2)(PPh3) (147, 

see Scheme 4.10) by comparison with the previously known chloro analogue.123 

In the 31P NMR spectrum of the impure mixture, a new peak at –8.94 ppm was attributed to 

the complex, along with proton signals at 13.66 (H5), 7.69 (H3), 7.25 (H4) and 6.89 ppm 

Scheme 4.9: Plausible mechanism on the degradation of 144 
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(H2) in the 1H NMR spectrum. The down-field chemical shift experienced by H5 is 

indicative of a new ligand environment around the metal, and the data closely match those 

obtained by McIntosh for the structurally characterised chloro compound (viz. 13.62 (H5), 

7.67 (H3), 7.22 (H2) and 6.87 ppm (H2)).123 

147 was formed upon the coordination of iodide to the metal centre in tandem with the 

displacement of one triphenylphosphine ligand. It was not possible to separate the 

components of this mixture and so the isolation of 147 was not pursued. However, the 

experiment did indicate that nucleophiles could attack the metal centre under thermal 

conditions. 

 

4.3.3 Reaction with hydroxide 

 

Oxygen nucleophiles were similarly considered in this research, particularly as their 

incorporation into iridabenzene systems could provide access to synthetically versatile 

substrates. Iridaphenols and their alkylated derivatives were desired targets, requiring the 

hydroxide nucleophile for their formation. The iridaphenols could also be derivatised to the 

corresponding triflates or tosylates, which could subsequently find use in cross-coupling 

reactions. 

McIntosh’s treatment of the iridabenzene 62 with ethanolic tetraethylammonium hydroxide 

yielded the ethoxy-substituted iridacyclohexadiene 64c (refer to Scheme 1.19)123 The 

synthesis of this compound was optimised by utilising sodium ethoxide as the nucleophile.29 

Ferguson later found that an hydroxide-substituted osmacyclohexadiene (148) could be 

Scheme 4.10: Iodide attack at the metal centre of 142b 
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successfully prepared by treating the osmabenzene 63 with tetramethylammonium hydroxide 

in THF solvent (see Scheme 4.11).124 This product proved to be intractable and was hence 

oxidised in situ with DDQ, which was found to formally undergo dehydrogenation to give the 

osmacyclohexadienone (149, see Scheme 4.11).  

In a similar experiment, the iridabenzene 142b was permitted to react with 

tetraethylammonium hydroxide in THF/water for eighteen hours under an air atmosphere. A 

crude solid precipitated on the addition of water, and this was collected by filtration and 

purified by column chromatography. The yellow eluate proved to be the 

iridacyclohexadienone Ir(C5H3{SMe}-1{=O}-5)(κ2-S2CNMe2)(PPh3)2 (150, see Scheme 

4.12), which was obtained in 14% yield. Unexpectedly, the ketone substituent was found to 

reside on the α-position of the iridacyclic ring (C5).  

The 31P NMR spectrum of 150 consists of one singlet resonance at –11.13 ppm for the two 

equivalent triphenylphosphine ligands. Although a likely intermediate is an hydroxyl-

substituted iridacyclohexadiene, this unsymmetrical species would give rise to a more 

complicated signal in the 31P NMR spectrum. It is inferred that an oxidation step occurred by 

the formal loss of dihydrogen. 

The 1H NMR spectrum of 150 revealed three peaks associated with the metallacyclic 

component of the compound. These were a doublet-of-doublets at 6.15 ppm (3JHH = 9.9, 7.7 

Hz) for H3, and two doublets at 5.59 (3JHH = 7.6 Hz) and 4.55 ppm (3JHH = 10.0 Hz), 

assigned to H2 and H4 respectively. This splitting pattern is consistent with an 

iridacyclohexadienone formulation where the ketone functional group is placed alpha to the 

iridium centre. 

The 13C NMR spectrum for 150 revealed signals at 212.39 and 156.36 ppm for C5 and C1 

respectively, which were confirmed as quaternary carbons by the use of the DEPT-135 

experiment. The remaining iridacyclohexadienone 13C nuclei were assigned to peaks at 

142.45 (C3), 117.93 (C4) and 114.41 ppm (C2). As expected, the ketone group induces a 

deshielding effect towards C5 while C1 shifts up-field relative to the same ring position in 

142b. The general effect upon the metallacyclic ring is a loss of multiple bond character in 

the metal–carbon bonds, as is subsequently demonstrated in the X-ray crystal structural data. 
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A single crystal of 150 grew from a CDCl3 solution of the complex and a molecular 

representation is presented in Figure 4.3. The iridacyclic ring of 150 is fairly planar – the 

iridium atom deviates only 0.049(3) Å from the plane of best fit through the five carbon 

atoms. The C5–O distance is expectedly short at 1.250(3) Å, and the oxygen terminus is 

approached by the carbon atom of a deuterochloroform molecule (C46∙∙∙O = 3.023(3) Å). 

Table 4.1 provides a comparison of the bond lengths within the metallacyclic rings of 150 

and 142b, along with those of a related iridacyclohexadienone prepared by Bleeke and Behm 

(151, see Scheme 4.13).131 For 150, the localisation of π-character within bonds is much 

more apparent. The iridium–carbon distances increase in length to 2.045(2) and 2.037(2) Å 

for Ir–C1 and Ir–C5 respectively, while the formal carbon–carbon double bonds C1–C2 

(1.352(4) Å) and C3–C4 (1.348(3) Å) are more compact than the corresponding distances 

within the iridabenzene ring of 142b. It follows that the formal C–C single bonds C2–C3 

(1.441(3) Å) and C4–C5 (1.454(4) Å) are lengthened in 150.  

Scheme 4.11: Ferguson’s syntheses of the osmacyclohexadienol 148 and the osmacyclohexadienone 149124 

Scheme 4.12: Formation of the iridacyclohexadienone 150 



156 
 

Figure 4.3: Molecular structure of 150 with 50% probability thermal ellipsoids. Phenyl rings are omitted. 
 

Table 4.1: Bond length comparison (Å) between 150, 142b, and 151131 

150 142b 151 
Ir–C1 2.045(2) 2.010(7) 2.052(17) 
Ir–C5 2.037(2) 2.015(7) 1.987(19) 
C1–C2 1.352(4) 1.418(10) 1.332(26) 
C2–C3 1.441(3) 1.376(11) 1.438(31) 
C3–C4 1.348(3) 1.403(10) 1.340(31) 
C4–C5 1.454(4) 1.362(9) 1.523(27) 

 

Scheme 4.13: Synthesis of the iridacyclohexadienone 151 upon oxidation with N2O131 
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There are only slight differences between the structures of 150 and 151. The presence of a 

PMe3 ligand trans to C5 in the latter complex appears to lengthen the C4–C5 distance to 

1.523(27) Å, while Ir–C5 contracts to 1.987(19) Å. 

151 was prepared from the iridabenzene 34a (see Scheme 4.13).131 This process was thought 

to involve a formal cycloaddition between N2O and the iridabenzene ring, followed by 

nitrogen extrusion and α-hydride migration to the metal.  

A proposed mechanism for the formation of 150 is given in Scheme 4.14. It is not entirely 

clear why the nucleophile prefers to attack at C5 (α to iridium) and not C3 (γ), as previously 

observed.124 One possible explanation is that an unstable (γ-hydroxyl)iridacyclohexadiene 

forms which reverts back to the starting material under the conditions employed.  

In an alternative pathway (see Scheme 4.14), it is proposed that hydroxide firstly attacks C5, 

and this is followed by migration of hydride to the metal atom of the resulting 

iridacyclohexadienol with the displacement of triphenylphosphine. The reaction mixture 

which produces 150 is both aerobic and basic, and these conditions would facilitate oxidative 

loss of the hydride ligand, re-coordination of triphenylphosphine and deprotonation of the 

cationic iridaphenol. 

Future work involving 150 could involve alkylation of the keto group to give a new cationic 

iridabenzene. This compound would contain two electron withdrawing groups and could 

show enhanced affinity for nucleophiles at the unsubstituted C3 position. As such, 

optimisation of the reaction forming 150 was investigated further. 

The addition of five equivalents of triphenylphosphine neither increased the yield nor 

suppressed the formation of the α-keto product. Oxidants, such as DDQ, basic hypochlorite 

or oxygen gas, were either added during the reaction with hydroxide or in a work-up step. 

Different forms of base were also tried, such as potassium hydroxide under phase-transfer 

catalysis, and tetramethylammonium hydroxide. Ultimately these modifications made no 

impact on the final yield and no improvements were forthcoming, in spite of these efforts. 

Carbanion nucleophiles were expected to form much more stable and tractable 

iridacyclohexadiene complexes. These reactions are discussed in Sections 4.4 and 4.5 of this 

chapter. 
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4.4 Acetylides as nucleophiles 

4.4.1 Addition of (trimethylsilyl)acetylide and phenylacetylide 

 

Ferguson studied the reactions between carbanion nucleophiles and irida- and 

osmabenzenes.124 Methyllithium, n-butyllithium, and malonyldinitrile (CH2(CN)2) in the 

presence of sodium hydride were used in these experiments. In general, the 

metallacyclohexadiene σH-adducts exhibited higher stability than was found for the hydroxy- 

and ethoxy-substituted metallacycles.29,123,124 

It was envisioned that nucleophilic addition reactions of this type could be extended to 

include carbanions with inherent functionality. Terminal alkynes were initially considered as 

Scheme 4.14: Possible mechanism for the formation of 150 
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they are readily deprotonated to form the corresponding acetylides. Once appended to a 

metallabenzene, alkynes would also have the potential to partake in further reactions via the 

triple bond or, depending on the particular acetylene chosen, the CSi or CH terminus. 

Alkynyl-substituted metallabenzenes have not yet been reported, so their syntheses and 

characterisation would be an important contribution to this area of research. 

In the current investigation, trials were conducted between the iridabenzene 142a and 

metallated acetylenes. In practice, both the Grignard reagent TMSC≡CMgBr132 and 

(trimethylsilyl)acetylene, deprotonated in situ by sodium hydride, failed to add to the 

metallabenzene ring of 142a. n-butyllithium can also be used as a base for this process, 

although a side reaction involving cleavage of the C–Si bond is possible.  

Holmes et al. described a very convenient route to TMSC≡CLi.133 Here, a solution of 

bis(trimethylsilyl)acetylene in THF was treated with MeLi∙LiBr for one hour at room 

temperature. The mono-desilylated alkyne formed exclusively and was used directly in 

nucleophilic addition reactions.133  

Following the above procedure, five mol equivalents of the lithiate were cannulated into a 

THF solution of 142a. The green solution rapidly changed to a pale brown colour. After 25 

minutes of stirring, the solvent was removed under reduced pressure and the crude product 

purified by chromatography on alumina gel eluting with dichloromethane. The light orange 

band was collected and pure Ir(C5H4{SMe}-1{C≡CSiMe3}-3)(κ2-S2CNMe2)(PPh3)2 (152, see 

Scheme 4.15) obtained as an off-white, crystalline solid after crystallisation from hexane.  

The 31P NMR spectrum of 152 contains an AB multiplet with peaks at –4.73, –7.43, –7.67 

and –10.37 ppm (see Figure 4.4). As observed for other metallacyclohexadienes,29,123,124 the 

splitting pattern is a result of strong coupling between the two chemically inequivalent 

mutually trans triphenylphosphine groups.  

Peaks for the metallacyclic protons were located at 7.21 (H5), 5.60 (H4) 4.59 (H2) and 3.20 

ppm (H2) in the 1H NMR spectrum. These reside in similar positions to those of the hydride 

analogue 152 and confirm the loss of the aromatic ring system. A singlet at 0.11 ppm, 

integrating for nine protons, was attributed to the three equivalent SiMe groups. 
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In the 13C NMR spectrum, signals at 125.65, 118.18, 115.88, 114.35 and 39.37 ppm were 

assigned to C4, C1, C5, C2 and C3, respectively. Two peaks at 114.09 and 81.39 ppm arose 

due to the C≡CSiMe3 and C≡CSiMe3 carbons of the alkynyl moiety, and a signal for the 

equivalent methyl groups was located at 0.48 ppm. The presence of a C≡C bond was also 

identified in the IR spectrum by a band at 2162 cm–1 corresponding to the symmetric stretch. 

The structure of 152 was determined by single-crystal X-ray diffraction and solved in the 

centrosymmetric space group P21/c. A molecular representation of 152 is shown in Figure 

4.5. The trimethylsilyl group exhibited some rotational disorder and so the carbon atoms were 

constrained with equal anisotropic displacement parameters. One hexane solvent molecule 

co-crystallised with the complex about an inversion centre, but the spatial resolution of atoms 

was poor. No other peaks appeared in the difference map for this hexane molecule and so the 

Scheme 4.15: Synthesis of the alkynyl-substituted iridacyclohexadiene 152 

Figure 4.4: 31P NMR spectrum of 152 (δ, ppm). 



161 

carbon atoms were refined without hydrogens and with isotropic temperature factors (Uiso = 

0.19, 0.22, 0.22 for C51-C53 respectively).  

The metallacyclic ring of 152 assumes a boat conformation where the atoms C1, C2, C4 and 

C5 are coplanar within ±0.01 Å. Both the iridium atom and C3 are displaced from this plane

by 0.180(11) and 0.142(11) Å respectively. 152 contains a chiral centre at C3 but was found 

to crystallise as a racemate. 

The bonding parameters within the IrC5 ring of 152 provide compelling evidence for an 

iridacyclohexadiene formulation. The Ir–C1 and Ir–C5 distances of 2.056(6) and 2.059(6) Å 

are notably longer than those in the iridabenzene 142b. The bond lengths for C2–C3  

(1.524(9) Å) and C3–C4 (1.514(10) Å) can be classified as single bonds, while the distances 

for C1–C2 (1.336(9) Å) and C4–C5 (1.328(9) Å) are typical for carbon–carbon double 

bonds.16a  

Figure 4.5: Molecular representation of 152 with 50% probability displacement ellipsoids. Hydrogen atoms on 
phenyl rings and solvent molecules are omitted. 
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The valence angles for the iridacyclohexadiene ring also provide support for the proposed 

structure. The angles subtended by the sp2 carbons are similar, viz. 129.9(5), 130.8(5), 

127.5(6) and 127.0(6)° for Ir–C1–C2, Ir–C4–C5, C1–C2–C3 and C3–C4–C5, respectively. 

The bond angles about C3 (115.7(6), 109.3(6) and 111.0(7)° for C2–C3–C4, C2–C3–C7 and 

C4–C3–C7, respectively) are much smaller and reflect the alternate hybridisation of this 

atom. 

Expectedly, the alkynyl group is almost perfectly linear, with bond angles of 179.1(10)° for 

C3–C7–C8 and 177.8(9)° for C7–C8–Si. The C7–C8 triple bond distance is 1.208(11) Å, 

with C3–C7 and C8–Si connections of 1.450(11) and 1.853(9) Å respectively.  

The reaction which affords 152 may be adjusted to give iridacyclohexadienes with other 

alkynyl substituents. Replacement of the lithium (trimethylsilyl)acetylide with lithium 

phenylacetylide, in the above procedure, gave the tan coloured phenyl derivative 

Ir(C5H4{SMe}-1{C≡CPh}-3)(κ2-S2CNMe2)(PPh3)2 (153, see Scheme 4.16). 

The 31P NMR spectrum of 153 is comprised of an AB multiplet similar to that of 152, with 

peaks at –3.58, –7.19, –7.39 and –11.00 ppm.  

In the iridacyclic ring of 153, all of the proton resonances shift down-field relative to those of 

152. The 1H NMR assignments are: 7.94 (H5), 5.72 (H4), 4.70 (H2) and 3.31 ppm (H2). The 

differences may be attributable to the differing electronic properties of silyl and phenyl 

groups. 

The iridacyclohexadiene carbon nuclei of 153 are in similar chemical environments to those 

observed for 152. The 13C NMR spectrum contains peaks at 125.52 (C4), 118.22 (C1), 115.61 

(C5), 114.58 (C2) and 38.81 ppm (C3). The 13C NMR resonances of the alkyne group are 

different however, with peaks at 97.15 and 79.05 ppm attributable to the acetylenic carbons 

bound to the iridacyclohexadiene and phenyl rings, respectively. Interestingly, the former 

nucleus demonstrates weak five-bond coupling to phosphorus, with a coupling constant of  

3.3 Hz. 

The ν(C≡C) band in the IR spectrum of 153 is 2211 cm–1, at a higher energy than the alkynyl 

stretch of 152. 
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153 was similarly characterised by X-ray crystallography and the molecular view is presented 

in Figure 4.6. The asymmetric unit also contains two ethanol molecules near an inversion 

centre that have hydrogen bonding O∙∙∙HO contacts of 2.749(10) Å for O1∙∙∙HO2 and 

2.685(8) Å for O2’∙∙∙HO1. Together the oxygen atoms form a diamond-shaped motif which 

extends into the adjacent unit cell. 

Complex 153 is structurally similar to 152 in that the iridacyclohexadiene moiety is boat-

shaped. However, the ring in 153 is significantly more deformed as Ir and C3 deviate 

0.294(6) and 0.201(6) Å, respectively, from the plane of best fit through C1, C2, C4 and C5.  

Bond lengths for the iridacyclohexadiene ring of 153 closely match those in 152. The  

metal–carbon distances of 2.053(4) and 2.057(4) Å for Ir–C1 and Ir–C5, along with the 

carbon–carbon distances of 1.518(5) and 1.521(5) Å for C2–C3 and C3–C4 respectively, 

comprise the formal single bonds. The C1–C2 and C4–C5 distances (1.319(5) and 1.328(5) Å 

respectively) are markedly shorter and confirm the presence of C–C double bonds. The  

C7–C8 bond length of 1.191(5) Å is dependent on the electronic properties of the phenyl 

substituent and is found to be slightly shorter in 153 than in the SiMe3 analogue 152. 

Because the preparation of alkynyl-substituted iridacyclohexadienes is straightforward, the 

synthetic method has the potential to be extended. Different acetylenes could be employed in 

future work, provided the substrate will tolerate lithiation. A butadiynyl analogue of 152 

could readily be synthesised, as the methodology for mono-desilylation/lithiation of 

bis(trimethylsilyl)butadiyne is well known.133 Such a compound may find use in the 

preparation of rigidly-linked metallacycles.  

A key goal in the current investigation was to prepare alkynyl-substituted iridabenzenes. This 

would require the formal removal of hydride from the iridacyclohexadienes 152 and 153 

through oxidation processes that are detailed in the proceeding section. 

Scheme 4.16: Synthesis of the phenylacetylide-substituted iridacyclohexadiene 153 
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4.4.2 Oxidation of (alkynyl)iridacyclohexadienes 

Previous work has revealed that several metallacyclohexadienes were susceptible to oxidation 

under an air atmosphere.29,123,124 This often occurred with the loss of the alkyl or alkoxyl 

substituent to reform the parent metallabenzene. The oxidation process could be tailored to 

give the substituted metallabenzene by adding an external oxidant such as DDQ, tBuOOH or 

CuCl2. Solutions of the iridacyclohexadienes 152 and 153, were impervious to oxidation by 

air over periods of days. Thus, the oxidant DDQ was employed in an effort to generate 

alkynyl-substituted iridabenzenes.

A dichloromethane solution of 152 was treated with DDQ and the iridabenzene 

[Ir(C5H3{SMe}-1{C≡CSiMe3}-3)(κ2-S2CNMe2)(PPh3)2][DDQH] (154, see Scheme 4.17) 

was obtained as a brown solid upon the addition of diethyl ether. Infrared analysis of this 

material confirmed the presence of the hydroquinonate anion (DDQH–) with bands at 2207, 

Figure 4.6: Molecular structure of 153, with 50% displacement ellipsoids. Solvent molecules and hydrogen atoms on 
triphenylphosphine phenyl rings are omitted. 
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1700 and 1450 cm-1 for ν(CN), ν(C=C) and ν(CC)aromatic respectively.134 The IR spectrum 

lacked a band for ν(OH), but these can be absent for quinones which partake in hydrogen 

bonding (vide infra).135 Complex 154 could not be purified any further, and elemental 

analyses did not corroborate the expected molecular formula. In spite of this, a single crystal 

of 154 was obtained from dichloromethane/hexane and analysed by X-ray diffraction. 

The crystal structure of 154 was complicated by some minor disorder characteristics. Like the 

iridacyclohexadiene precursor 152, the trimethylsilyl group presented two conformations in a 

ratio of 0.55:0.45. The carbon atoms in each fraction were constrained with equal anisotropic 

displacement parameters. One phenyl ring was also disordered and modelled in two 

orientations with partial site occupancies of 0.52:0.48. Due to the overlap of atoms, it was 

necessary to refine the carbon atoms in these rings with isotropic temperature factors and to 

apply distance restraints. The complex crystallised with one molecule of dichloromethane, 

which was disordered over two positions in a ratio of 0.59:0.41. The carbon atoms in these 

solvent molecules were similarly refined without hydrogens and with isotropic thermal 

parameters and distance restraints. The molecular structure of 154 is depicted in Figure 4.7.  

The five carbon atoms in the iridabenzene ring of 154 are essentially coplanar, with a 

maximum deviation of 0.027(3) Å for C4 from the least-squares fit. The iridium atom is 

displaced 0.253(5) Å from the same C5 plane, whereas the iridium atom in the structure of 

142b demonstrated a deviation of 0.405(9) Å.  

Bonding parameters for 154 are collated in Table 4.2 and compared with those from the 

structures of 152 and 142b. It is clear that the delocalised multiple bond network has returned 

in 154, with M–C distances of 2.015(4) and 2.019(4) Å for Ir–C1 and Ir–C5 respectively. The 

C–C distances also display a higher degree of equalisation as compared to 152, and 

demonstrate bond lengths of 1.416(5) (C1–C2), 1.379(5) (C2–C3), 1.438(5) (C3–C4) and 

1.356(5) Å (C4–C5).  

Scheme 4.17: Oxidation of 152 to the iridabenzene 154 
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In comparison with 152, the angles at C3 in 154 increase to 124.8(3), 118.5(3) and 116.6(3)° 

for C2–C3–C4, C2–C3–C7, and C4–C3–C7, respectively. The bond length for C7–C8 is 

unchanged at 1.208(6) Å and the C3–C7 and C8–Si distances (1.438(5) and 1.851(4) Å) are 

similar to those of 152. The C3–C7–C8 and C7–C8–Si angles for 154 (177.3(4) and 

177.9(4)° respectively) remain linear. 

Table 4.2: Bond length comparison (Å) for 154, 152 and 142b 

 154 152 142b 
Ir–C1 2.015(4) 2.056(6) 2.010(7) 
Ir–C5 2.019(4) 2.059(6) 2.015(7) 
C1–C2 1.416(5) 1.336(9) 1.418(10) 
C2–C3 1.379(5) 1.524(9) 1.376(11) 
C3–C4 1.438(5) 1.514(10) 1.403(10) 
C4–C5 1.356(5) 1.328(9) 1.362(9) 

 

Figure 4.7: Molecular structure of 154 with 50% probability displacement ellipsoids. Hydrogen atoms on phenyl 
rings, anions, solvent molecules and minor disorder components are omitted. 
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In addition to representing the first example of an alkynyl-substituted metallabenzene, the 

structure of 154 contains a reduced quinone moiety which balances the formal positive 

charge of the iridium complex. The hydroquinonate group is located near a crystallographic 

centre of inversion and partakes in a π-stacking interaction with another anion (see Figure 

4.8). The centroid–centroid distance for these two rings is 3.249(3) Å, which may indicate 

that a better formulation for this moiety is [DDQH]2
2–. In comparison, the π-stacking distance 

for [Et4N][DDQ∙] (155a, see Figure 4.9) is 2.906(6).136 Hydrogen atoms for the anion in 154 

were not located in the difference map and are possibly disordered around one or both 

oxygen atoms. However, the presence of a hydrogen bond between one of the oxygen atoms 

and the SMe group of the iridabenzene is strongly supported by the short intermolecular 

distance of 2.968(3) Å for S1∙∙∙HO1 (see Figure 4.8).  

The C6 ring of the DDQH fragment is fairly planar, with a maximum deviation of 0.031(3) Å 

for C51. The relatively short C–O bond lengths of 1.252(5) (C51–O1) and 1.243(5) Å  

(C54–O2) suggest that the anion may possess some quinoid character. Further support for this 

theory is provided in the C–C distances of 1.468(6) (C51–C52), 1.370(6) (C52–C53), 

1.471(6) (C53–C54), 1.447(6) (C54–C55), 1.401(6) (C55–C56) and 1.448(7) Å (C56–C51), 

which seem to suggest the presence of carbon–carbon single and double bonds. Structurally, 

the hydroquinonate anion in 154 is found to be more comparable to [Et4N][DDQ∙] (155a)136 

than the dihydroquinone DDQH2 (155b, see Figure 4.9).137 For 155a, the two C–O distances 

are 1.248(3) and 1.244(4) Å and the six C–C bond lengths range from 1.363(4) to 1.471(4) 

Å.136 For 155b, the C–O distances are longer at 1.335(3) and 1.339(3) Å, while the C–C 

lengths are highly equalised and range from 1.386(3) to 1.413(3) Å.137 Although the infrared 

data obtained for 154 suggest the counteranion takes the form of DDQH–, the radical 

formulation DDQ– ∙ cannot be ruled out. Further study is required to ascertain the true nature 

of this moiety. 

Attempts were made to replace the DDQH counterion so as to adjust the solubility 

characteristics of 154 and improve its purity during isolation. Simple metathesis reactions 

between solutions of 154 and, for example, ammonium hexafluorophosphate, were 

ineffective – perhaps due to the anion’s strong affinity for the iridabenzene. A method was 

developed whereby the iridacyclohexadiene 152 was firstly oxidised with DDQ in 

dichloromethane, followed by treatment with Tf2CHPh in situ. The mixture was then purified 

on alumina gel, eluting with 2% v/v ethanol/dichloromethane, to give an olive green band 
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which was dried to give pure [Ir(C5H3{SMe}-1{C≡CSiMe3}-3)(κ2-

S2CNMe2)(PPh3)2][Tf2CPh] (156, see Scheme 4.18) as a dark green solid. 

The NMR chemical shifts for 156 are identical to those for 154, but spectra for the Tf2CPh 

salt were much easier to interpret, owing to the compound’s increased solubility and pure 

constitution. As the iridabenzene ring in 156 possesses an equatorial mirror plane, the 

triphenylphosphine ligands are rendered equivalent and give rise to one singlet at –8.74 ppm 

in the 31P NMR spectrum. 

The 1H NMR spectrum of 156 contains only three peaks for the metallabenzene protons at 

12.19, 7.04 and 5.76 ppm for H5, H4 and H2, respectively. The observed splitting pattern of 

two doublets (3JHH = 9.3 Hz) and one singlet is consistent with the presence of a 

metallabenzene substituted at both C1 and C3. A signal at 0.25 ppm integrating for nine 

protons was assigned to the SiMe3 group. 

Figure 4.9: Idealised structures of DDQ anions 154 and 155a,b.136,137 

Figure 4.8: Packing diagram of 154 showing intermolecular bonding. Phenyl rings and solvent molecules are omitted. 
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In the 13C NMR spectrum of 156 peaks for the iridabenzene carbons were located at 229.45 

(C1), 187.50 (C5), 147.19 (C3), 129.23 (C4) and 123.37 ppm (C2). These signals are very 

similar to those recorded for the cationic iridabenzene 142b. Peaks for the alkynyl carbons in 

156 were located at 107.32 and 109.62 ppm for C≡CSiMe3 and C≡CSiMe3 respectively. 

Compared to 152, the latter resonance shifts down-field by almost 30 ppm. A signal at  

–0.48 ppm was attributable to the trimethylsilyl component. 

The infrared spectrum of 156 was devoid of any absorbances for DDQ species, but did 

contain a medium intensity band at 2158 cm-1 for ν(C≡C). 

The procedure described above was also successful in the oxidation of the 

iridacyclohexadiene 153. Sequential treatment of a dichloromethane solution of 153 with 

DDQ, and Tf2CHPh, followed by chromatographic purification, gave the dark green 

phenylethynyl-substituted iridabenzene [Ir(C5H3{SMe}-1{C≡CPh}-3)(κ2-

S2CNMe2)(PPh3)2][Tf2CPh] (157, see Scheme 4.18). 

As expected, the spectral properties of 157 are similar to those of 156 and again support a 

metallabenzene formulation. The 31P NMR spectrum was comprised of a sole singlet at –8.83 

ppm for the equivalent PPh3 ligands. 

In the 1H NMR spectrum of 157, peaks at 12.21, 7.15 and 5.86 ppm were assigned to the 

three iridabenzene protons (H5, H4 and H2 respectively). These also resemble the signals for 

the starting cationic metallabenzene 142b (viz. 12.33 (H5), 7.08 (H4), and 5.88 ppm (H2)). 

The 13C NMR spectrum of 157 contained resonances at 227.19 (C1), 186.73 (C5), 148.12 

(C3), 129.31 (C4) and 123.14 ppm (C2) for the metallacycle and two signals at 103.33 and 

Scheme 4.18: Formation of alkynyl-substituted iridabenzenes 
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93.30 ppm for C≡CPh and C≡CPh, respectively. Finally, a band for ν(C≡C) was located at 

2195 cm–1 in the infrared spectrum. 

156 and 157 could potentially serve as useful reagents in future work involving 

metallabenzenes. The acetylenic groups may partake in simple additions with halides or 

acids, act as donors for π-coordination to metals, or form conjugated polymers. Pericylic 

chemistry could also be used to build up novel ring systems or frameworks which incorporate 

multiple iridabenzenes. Some of the possible products might include Diels-Alder adducts, 

triazoles derived from a “Click” reaction with azides or substituted benzenes arising from 

formal [2 + 2 + 2] cyclotrimerisation of the triple bond. 

As 156 contains a trimethylsilyl protecting group, it only remains to perform a desilylation 

step to gain access to the terminal alkyne. Such a target might be realised with conventional 

reagents such as TBAF or methanolic base. The C≡CH functionality could then be subjected 

to a host of reactions such as: metal-mediated coupling to suitable organic halides, oxidative 

dimerisation, σ-coordination as an acetylide ligand in metal complexes, or even 

metallabenzene ring annulation of the type discussed in Chapter 3. 

Many of these processes would maintain a conjugated link back to the iridabenzene ring, 

potentially enabling electronic communication with the metallacyclic core. 

 

4.5 Cyclopentadienyl as a nucleophile 

4.5.1 Formation of a (cyclopentadienyl)iridacyclohexadiene 

 

The successful application of metallated acetylenes in the aforementioned SNAr reactions 

inspired an investigation into cyclic carbanion substrates and the synthesis of extended ring 

structures. These could include various phenyl or pyridyl synthons, accessed by direct 

lithiation or lithium-halogen exchange of an appropriate bromo- or iodo derivative. 

Precursors of this type are easily prepared or procured from commercial sources and thus 

offer extensive means of derivatisation of metallabenzenes. 
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An important target was considered to be a metallabenzene which possesses a 

cyclopentadiene substituent. Like alkynes, cyclopentadienes possess a relatively acidic proton 

and unsaturated carbon–carbon bonds which can partake in further reactions. 

Cyclopentadienides were therefore selected as nucleophiles to use in this research. Several 

different forms of cyclopentadienyl reagents based on the parent C5H5 anion were tested, 

including the sodium, lithium and thallium compounds. While all three demonstrated efficacy 

in nucleophilic addition reactions with iridabenzenes, CpTl was chosen as the ideal reagent as 

its synthesis is simple and affords multi-gram quantities of a storable product.138 

Dry, distilled THF was introduced to a flask containing 142b and CpTl and the resulting 

green mixture was stirred for twenty minutes. Over this time, the solution turned light orange 

and a pale yellow precipitate of thallium(I) iodide formed. The THF solvent was then 

removed under reduced pressure and the residue subjected to column chromatography on 

alumina gel eluting with dichloromethane. The orange band was collected and crystallised 

from hexane to give amber microcrystals of pure Ir(C5H4{SMe}-1{C5H5}-3)(κ2-

S2CNMe2)(PPh3)2 (158, see Scheme 4.19).  

The 31P NMR spectrum of 158 contained a characteristic AB multiplet with peaks at –7.21,  

–7.52, –7.74 and –8.08 ppm for the two triphenylphosphine ligands, themselves rendered 

inequivalent by the unsymmetrical iridacyclohexadiene ring. 

The six-membered ring gave rise to signals at 7.75 (H5), 5.73(H4), 4.82 (H2) and 3.16 ppm 

(H3) in the 1H NMR spectrum. These chemical shifts are very similar to those displayed by 

the previously mentioned iridacyclohexadienes. Four peaks at 6.32 (H10), 6.14 (H9), 5.84 

(H8) and 2.62 ppm (H11) were assigned to the cyclopentadienyl substituent in 158. The 

signal for H11 integrated for two protons and was located far up-field of the other resonances. 

It is apparent that during the course of the reaction the C5H5 group tautomerises as to avoid 

H–H interactions at the ring positions 3 and 7. 

In the 13C NMR spectrum resonances at 128.98, 118.55, 117.06, 115.78 and 47.18 ppm were 

assigned to C4, C2, C1, C5 and C3, respectively. These data support the formulation of an 

iridacyclohexadiene ring which is saturated at C3. The quaternary carbon on the five-

membered ring (C7) displayed a peak at 156.40 ppm and exhibited long-range coupling to 

phosphorus (5JCP = 2.2 Hz). Other signals for the cyclopentadiene ring were located at 132.34 

(C9), 129.54 (C10), 123.95 (C8) and 42.44 ppm (C11).  
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As 158 contains a cyclopentadiene group, it was thought that half-sandwich or metallocene 

complexes could be prepared upon the addition of a suitable metal substrate and base. 

Various compounds, such as iron(II) chloride, RuCl2(DMSO)4,139 [RuCl2(p-cymene)]2
140 and 

[IrCl(COD)]2
141 were trialled in reactions with 158, and the resulting mixtures analysed by 

NMR spectroscopy. In every case, it was found that either no reaction occurred or the C3–C7 

bond was cleaved, which gave the metal η5-(C5H5) adduct and the cationic iridabenzene 

[Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2]+ (142). 

One possible rationale for this observation is that the desired product forms to some extent 

but is inhibited by unfavourable interactions at the saturated C3 position. These problems 

could be alleviated if the iridacyclohexadiene were to be oxidised in the first instance and this 

methodology is considered in the subsequent section. 

 

4.5.2 Formation of an iridafulvalene 

 

Like the other iridacyclohexadienes studied, oxidation of 158 would require the formal loss 

of hydride to generate the iridabenzene. The oxidants trityl tetrafluoroborate and copper(II) 

chloride were trialled in separate experiments with 158, but both proved to be ineffective. 

When 158 was treated with DDQ, a deep red oily solid formed which had poor solubility in 

halogenated solvents. The DMSO-d6 NMR spectrum of this red product contained no signals 

attributable to metallacyclic compounds. It is possible that an oxidation reaction occurred, but 

the products may have been diverted to other materials, and no further investigations were 

made in this area. 

Scheme 4.19: Formation of the cyclopentadienyl-substituted iridacyclohexadiene 158 
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The oxidation of metallacyclohexadienes can sometimes be thermally induced.124 Heating a 

sample of 158 to 100 °C in the solid state under vacuum did not give an oxidised product, 

although these conditions did solicit a tautomeric exchange within the five-membered ring (as 

evidenced by some slight shifts in the 1H NMR spectrum; see Scheme 4.20). As only partial 

conversion occurred, it was not possible to characterise this compound. 

It was found that heating benzene solutions of 158 to reflux for periods of hours gave a 

mixture of compounds. Triphenylphosphine was added to the solution in an effort to suppress 

reactions at the iridium centre, but there was little change in the product distribution. 

A successful transformation was ultimately achieved when palladium on carbon was added to 

the reaction mixture. A solution of 158 with 1.5 mol equivalents of palladium, in the form of 

10 wt.% Pd/C, was stirred for 2.5 hours in oxygen-free benzene at room temperature and then 

heated to reflux for eleven hours. After the solution cooled, the charcoal residue was removed 

by filtration and washed with dichloromethane to extract the product. Large quantities of 

palladium were required to give reasonable yields (ca. 47%), although the catalyst could be 

recycled with no apparent loss of activity. Upon reduction of the solvent volume and addition 

of hexane, a pure orange solid precipitated which proved to be the iridafulvalene 

Ir(C5H3{SMe}-1{=C5H4}-3)(κ2-S2CNMe2)(PPh3)2 (159, see Scheme 4.21). 

The 31P NMR spectrum of 159 contained one singlet at –7.15 ppm for the mutually trans 

triphenylphosphine ligands suggesting that symmetry has been restored to the iridacyclic ring 

of the complex.  

In the 1H NMR spectrum, a signal for H3 was absent and the remaining three peaks in the 

six-membered ring were shifted down-field by 1–2 ppm. A signal for H5 was located at 9.58 

ppm while H2 was assigned to a singlet resonance at 6.03 ppm. COSY experiments indicated 

an approximate chemical shift of 7.3 ppm for the H4 nucleus, which was obscured by the 

PPh3 signals. 

The five-membered ring gave rise to signals at 6.45 (H11), 6.23 (H8), 6.15 (H10) and 6.12 

ppm (H9), which were assigned partially on the basis of NOESY correlations to H2 and H4. 

All peaks were in the alkenyl region and integrated for one proton each. A formal loss of 

dihydrogen from 158 takes place, which is facilitated by the palladium on carbon catalyst. 

Without this additive, the reaction is less clean and yields a mixture of products. A possible 
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mechanism for the reaction involves a tautomerism step, which places one hydrogen on C7 – 

thus facilitating the elimination of H2 across the C3–C7 bond (see Scheme 4.22). 

The metal-bound carbon nuclei of 159 were assigned to peaks at 153.12 (C1) and 144.75 ppm 

(C5) in the 13C NMR spectrum. Also observed in this region were signals at 151.02 and 

137.20 ppm for C3 and C7 respectively. A resonance at 127.63 ppm was assigned to C4, and 

two peaks at 123.22 and 123.13 ppm attributed to C8 and C9. A signal at 117.91 ppm was 

provided by C10 while a peak at 117.52 ppm was due to a coincident resonance for C2 and 

C11.  

Both C1 and C5 shift considerably down-field upon formation of the iridafulvalene. This 

suggests that the degree of conjugation increases in this compound, though the extent to 

which this phenomenon occurs is less than that for an iridabenzene ring with a delocalised  

π-electron system. C3 and C11 also experience down-field shifts in 159 which are 

commensurate with their unsaturated nature. The 13C NMR resonances for carbons in the 

five-membered ring are detected in regions similar to those documented for sesquifulvalene 

(i.e. 5,7-fulvalene, 160, see Figure 4.10).142 

Scheme 4.20: Possible tautomerism process for 158 

Scheme 4.21: Formation of the iridafulvalene 159 
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In order to further explore the nature of this novel cross-conjugated ring system, an X-ray 

diffraction study was undertaken using a single crystal of 159 grown from 

dichloromethane/hexane. The complex crystallised into a monoclinic unit cell with space 

group C2/m. All atoms comprising the iridafulvalene and dimethyldithiocarbamate 

components were found to lie on the crystallographic mirror plane (x, 0.5, z) and as a 

consequence, the triphenylphosphine ligands are related by symmetry. The asymmetric unit 

also contained one molecule of dichloromethane and one molecule of hexane. Atoms for both 

of these solvent units were found to lie coplanar with the mirror plane. The hexane molecule 

was located near a centre of inversion. A rendering of the structure is given in Figure 4.11. 

All atoms in the iridafulvalene moiety are perfectly coplanar, as imposed by the 

crystallographic symmetry. This planarity is in accord with a 6,5-azafulvalene (161, see 

Figure 4.10) which demonstrated a twist angle of only 2.6° between the planes of the two 

Figure 4.10: Selected fulvalene (160, left) and azafulvalene (161, right) structures. 

Scheme 4.22: Possible mechanism for the formation of 159 
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rings.143 Crystallographic refinement of 159 was also attempted in lower symmetry space 

groups, but the planar ring system remained in all cases. Distances within the iridafulvalene 

indicate that the π-bonding is intermediate between that of the iridacyclohexadiene and 

iridabenzene forms. The bond length for Ir–C1 (2.041(7) Å) is consistent with a localised 

valence bond structure, whereas the Ir–C5 distance of 2.012(8) Å is significantly shorter. The 

C1–C2 and C4–C5 lengths (1.381(10) and 1.349(11) Å respectively) agree within standard 

uncertainty limits, as do the C2–C3 (1.419(10) Å) and C3–C4 (1.451(9) Å) bonds. In 

comparison with the alkynyl-substituted iridacyclohexadienes 152 and 153, the C1–C2 and 

C4–C5 distances are longer in 159 and the C2–C3 and C3–C4 separations shorter. The 

relevant carbon–carbon distances generally agree well with those in 161 (which are given in 

Table 4.3). 

Figure 4.11: Molecular structure of the iridafulvalene 159 with thermal ellipsoids set at 50% probability. Solvent 
molecules and hydrogen atoms on phenyl rings are omitted. 
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An important point to evaluate in the consideration of electron delocalisation across the six- 

and five-membered rings, is whether the C3–C7 bond in 159 has significant π-character. Its 

length of 1.421(10) Å is comparable with a C–C single bond and the corresponding bond 

distance in the azafulvalene 161 is more compact at 1.388(5) Å.143 Additionally, the  

C2–C3–C4 angle in 159 is 121.1(7)°, which is slightly larger than the 113.3(3)° angle for this 

position in 161. 

In the structure of 159, the C7–C8, C9–C10 and C7–C11 distances (1.442(10), 1.450(12) and 

1.450(10) Å, respectively) are much longer than the bond lengths for C8–C9 (1.357(12) Å) 

and C10–C11 (1.368(11) Å). The described bonding distances are consistent with the C–C 

distances in 161. It is likely that the zwitterionic resonance form shown in Scheme 4.23 plays 

a role in the bonding situation of 159. 

For the first time, a metallacyclic fulvalene has been prepared and fully characterised. From 

NMR and X-ray structural data it was determined that some electron delocalisation occurs 

within the cross-conjugated rings. It would be interesting to carry out computational 

modelling studies of 159 to calculate and visualise the orbital makeup of the system. Studies 

of this type may provide the foundation for construction of charge transfer (CT) complexes 

involving the iridafulvalene and suitable acceptors, such as quinones or electron-deficient 

alkenes. The CT motif could represent an exciting extension of metallabenzene chemistry 

towards functional molecular electronics. 

Further reactions of 159 would likely focus on the five-membered carbocyclic ring. In the 

following section, it is shown that metal atoms have the propensity to engage with the 

cyclopentadienylidene fragment, and that this drastically alters the electronic and structural 

properties of the iridacycle. 

  

Table 4.3: Selected bond distances (Å) for the iridafulvalene (159) and the azafulvalene (161) 

159 161  159 161 
C1–C2 1.381(10) 1.350(5) 

 

C7–C8 1.442(10) 1.444(4) 
C2–C3 1.419(10) 1.430(4) C8–C9 1.357(12) 1.357(5) 
C3–C4 1.451(9) 1.428(4) C9–C10 1.450(12) 1.413(4) 
C4–C5 1.349(11) 1.357(5) C10–C11 1.368(11) 1.367(6) 
C3–C7 1.421(10) 1.388(5) C7–C11 1.450(10) 1.437(4) 
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4.5.3 Metal π-complexation reactions of an iridafulvalene 

 

The zwitterionic structure depicted in Scheme 4.23 may be used to describe a resonance 

contributor for the iridabenzvalene 159. This form of the complex can be thought of as a 

cationic iridabenzene with a cyclopentadienyl substituent, and as such, the latter component 

might be expected to react with suitable metal reagents.  

To test this hypothesis, solutions of 159 were treated with a number of metal salts and 

complexes. It was anticipated that a dicationic iridabenzene dimer bridged by a ferrocene unit 

would form upon combination of two equivalents of 159 with one equivalent of iron(II) 

chloride. Unfortunately, there was no evidence for this transformation under a variety of 

conditions – even in the presence of the halide abstractor silver(I) triflate. Similar results 

were obtained with both RuCl2(DMSO)4
139 and [RuCl2(p-cymene)]2.140 When a chloroform 

solution of 159 was stirred with [OsBr2(p-cymene)]2
144 at room temperature, a mixture of 

intractable products formed. However, some indication was given of a reaction between the 

osmium centre and the iridacycle, as evidenced by the appearance of several new peaks in the 
1H NMR spectra of the crude reaction mixture. 

A final experiment was performed utilising the coordinatively unsaturated 

chloroiridium(cyclooctadiene) dimer.141 A sample of 159 and 0.5 mol equivalents of 

[IrCl(COD)]2 were dissolved in dichloromethane, instantly forming a purple solution. The 

mixture was stirred for twenty minutes, after which time ammonium hexafluorophosphate 

was added as an ethanolic solution. Removal of the dichloromethane solvent afforded purple 

crystals of the pure iridium π-complex [Ir(C5H3{SMe}-1{η5-(C5H4)Ir(COD)}-3)(κ2-

S2CNMe2)(PPh3)2][PF6] (162, see Scheme 4.24). 

Scheme 4.23: Proposed resonance forms for 159 
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The 31P NMR spectrum of 162 contained one singlet at –8.52 ppm. This suggests that rotation 

about the C3–C7 bond occurs freely on the NMR timescale. A band at  

833 cm-1 in the IR spectrum was attributed to the P–F stretching mode of the 

hexafluorophosphate counterion. 

The 1H (and 13C) NMR chemical shifts for 162, along with those for 158, 159 and 157 are 

provided in Table 4.4. It is apparent that a delocalised iridabenzene ring forms in 162 under 

the described reaction conditions, as shown by the 1.8 ppm down-field chemical shift 

observed for H5 relative to the same position in 159. By comparison, the corresponding peak 

for H5 in 142a resides at 12.33 ppm. It seems reasonable that the metallated cyclopentadienyl 

substituent in 162 plays a role in this shielding effect. Resonances for H4 and H2 were 

located at 6.87 and 6.20 ppm which are only slightly different from those in 159. 

For the five-membered ring in 162, only two 1H NMR signals were located, both with a 

relative integral of two protons each. Using NOESY data, two apparent triplets at 5.54 (0.9 

Hz) and 5.15 ppm (1.1 Hz) were assigned to H9/H10 and H8/H11 respectively. The up-field 

shifts experienced by these nuclei, along with their perceived equivalency, are consistent with 

a cyclopentadienyl formulation for this ring. 

Two broad singlet signals were expressed by the cyclooctadiene ligand: one at 4.00 ppm with 

an integral of four protons for the alkenyl groups, and another at 1.79, ppm integrating for 

eight protons associated with the methylene positions. The NMR spectral data indicate that 

the COD ligand is free to rotate about the second iridium centre. 

In the 13C NMR spectrum of 162, the most dramatic differences were ascribed to C1 and C5, 

with observed chemical shifts of 214.11 and 180.68 ppm respectively. For reference, the 

Scheme 4.24: Synthesis of the π-adduct 162 



180 

values in 142a were 235.14 (C1) and 191.58 ppm (C5). Signals for the C2, C3 and C4 nuclei 

in 162 showed little variation from those in 159 (see Table 4.4). The electronic nature of the 

metallated substituent in 162 clearly has different electronic properties compared to the 

phenylacetylide group in 157b, as exemplified by the differences in both the 1H and 13C 

NMR data. 

For the cyclopentadienyl ring in 162, all 13C NMR resonances were found to shift up-field 

relative to the signals in 159. The quaternary carbon C7 displayed a peak at 100.60 ppm 

while two signals at 88.44 and 80.64 ppm were attributed to C9/C10 and C8/C11 

respectively. The alkenyl and methylene carbons of the cyclooctadiene ligand gave rise to 

peaks at 53.57 and 33.52 ppm respectively. 

To further understand the bonding situation in 162, a single crystal specimen was grown and 

analysed by X-ray diffraction. The complex cation crystallised with one molecule of 

dichloromethane solvent per asymmetric unit. Slight disorder characteristics were observed 

for two of the methylene units on the COD ring. Carbon atoms in the minor component, 

Table 4.4: Selected 1H and 13C NMR data (δ, ppm) for 158, 159, 162 and 157 

 158 159 162 157 
H2 4.82 6.03 6.20 5.86 
H3 3.16 – – – 
H4 5.73 ~7.3 6.87 7.15 
H5 7.75 9.58 11.38 12.21 
H8 5.84 6.23 5.15 – 
H9 6.14 6.12 5.54 – 

H10 6.32 6.15 5.54 – 
H11 2.62 6.45 5.15 – 
C1 117.06 153.12 214.11 227.19 
C2 118.55 117.52 117.96 123.14 
C3 47.18 151.02 159.52 148.12 
C4 128.98 127.63 125.90 129.31 
C5 115.78 144.75 180.68 186.73 
C7 156.40 137.20 100.60 – 
C8 123.95 123.22 80.64 – 
C9 132.34 123.13 88.44 – 

C10 129.54 117.91 88.44 – 
C11 42.44 117.52 80.64 – 
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which represented 14% of the sample, were refined with isotropic thermal parameters and 

without hydrogens. A graphical representation of the major component is displayed in Figure 

4.12. 

The iridabenzene ring in 162 was exhibited a fair degree of planarity, with the most notable 

deviations from the least-squares plane through C1–C5 being 0.029(2) and 0.130(5) Å for C4 

and Ir respectively. The five carbon atoms of the cyclopentadienyl ring are also coplanar; 

here the maximum deviation is 0.025 Å for C11. Angles between the two ring planes were 

found to twist by approximately 7.6° and fold by 8.5° (see Figure 4.13 for a pictographic 

explanation). The COD ring is positioned in a way which fills the cleft between two of the 

triphenylphosphine phenyl rings. 

It is interesting that the complex crystallises with only small twist and fold angles for the  

Cp–Ir moiety. The expected steric repulsions between the COD and PPh3 phenyl rings – 

along with H∙∙∙H interactions between the IrC5 and C5 components – do not result in a 

significant rotation of the organometallic substituent with respect to the iridabenzene ring. It 

is possible that an electronic delocalisation effect takes place, as evidenced by the C3–C7 

distance of 1.461(5) Å. This bond length in 162 increases somewhat compared to 159 

(1.421(10) Å), but is still shorter than the Caryl–Ccyclopentadienyl bonds for both Ir(η5-

C5H4{quinoline}-1)(C2H4)2 (1.483(8) Å)145 and Ir(η5-C5H4{Ph}-1{SiMe3}-2)(CO)(PPh3) 

(1.498(5) Å).39  

The iridium–carbon and carbon–carbon bond distances for 162 and 159 are assembled in 

Table 4.5. It can be seen that the Ir1–C1 and Ir1–C5 bond lengths within 162 are shortened to 

2.015(3) and 2.007(3) Å respectively. In addition, the C–C distances attain closer uniformity 

for each of the iridabenzene and cyclopentadienyl rings. 

Within the cyclopentadienyl–iridium group, Ir2 is separated from the C7–C11 centroid by 

1.8948(16) Å and the individual iridium–carbon distances range from 2.211(4) to 2.283(4) Å. 

These values agree closely with those of Ir(Cp’)(COD)146 and confirm that the Cp ring in 162 

acts as an η5 anionic ligand.  
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Figure 4.12: Molecular structure of 162 with 50% probability thermal ellipsoids. Hydrogen atoms on phenyl rings, 
counterions, solvent molecules and minor disorder components are omitted. 

 

Table 4.5: Bond length comparison (Å) for 162 and 159 

162 159  162 159 
Ir–C1 2.015(3) 2.041(7) 

 

C3–C7 1.461(5) 1.421(10) 
Ir–C5 2.007(3) 2.012(8) C7–C8 1.440(5) 1.442(10) 
C1–C2 1.393(5) 1.381(10) C8–C9 1.424(5) 1.357(12) 
C2–C3 1.398(5) 1.419(10) C9–C10 1.411(6) 1.450(12) 
C3–C4 1.425(5) 1.451(9) C10–C11 1.423(5) 1.368(11) 
C4–C5 1.367(5) 1.349(11) C7–C11 1.455(5) 1.450(10) 

Figure 4.13: Schematic representations of twist and fold angles (left and right respectively). 
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Upon coordination of an iridium(COD) fragment to the five-membered ring of 162 it appears 

that the adjacent metallacyclic ring is aromatised. This is a fascinating extension of the 

iridafulvalene system which augments the known examples of metal π-coordination to 

metallabenzenes.30-32 The reaction chemistry of 159 warrants further investigation, which 

may in turn lead to the desired metallocene-bridged iridabenzene dimers or provide an 

attachment point for polymeric structures. A systematic study of the iridafulvalene in 

conjunction with different metal substrates could generate a suite of iridabenzenes with 

varied electronic properties. 

 

4.6 Summary for Chapter 4 

 

In this chapter, nucleophilic addition reactions of metallabenzenes were discussed. Firstly, 

routes to the starting iridabenzene cations 142a and 142b were described, which involved 

methylation of the iridacyclohexadienethione 98b. These syntheses were more 

straightforward and higher-yielding than previously described methods, thus allowing the 

majority of research described in this thesis to focus on new reaction chemistry utilising these 

materials. Additionally, a crystal structure of the iridabenzene 142b was obtained, which 

proved useful in comparisons between the various iridacyclic compounds prepared. 

The reaction of sodium borohydride with 142a proceeded, as expected, to give the 

iridacyclohexadiene 143, which can be thought of as a cyclic alkenyl complex 143 was 

susceptible to protonation at the β-carbon (C2) which gave the cyclic carbene 144. In turn, 

144 was unstable in solution and primarily decomposed into the hydridoiridium complex 

(145) and 2-(methylthio)cyclopentadiene (146).  

When 142b was treated with tetraethylammonium hydroxide in aerobic THF, transformation 

to the α-iridacyclohexadienone 150 ensued. It is thought that the hydroxide nucleophile 

attacked the metallabenzene ring at C5 and subsequently underwent a metal-assisted 

oxidation step through the formal loss of dihydrogen. 

The attack of lithiated acetylenes on the iridabenzene ring of 142a provided ready access to 

the alkynyl-substituted iridacyclohexadienes. Both the trimethylsilyl (152) and phenyl (153) 
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derivatives were prepared from the corresponding alkyne. Solutions of these compounds were 

stable to air, but DDQ proved to be a valuable oxidant and formally abstracted hydride from 

the metallacyclic rings to give the substituted iridabenzenes. A crystal structure determination 

of the hydroquinonate salt 154 was carried out, although it was ultimately necessary to 

quench this anion with acid to furnish the pure complexes 156 and 157. 

The cyclopentadienyl-substituted iridacyclohexadiene 158 was afforded upon combination of 

cyclopentadienylthallium(I) with the iridabenzene 142b. The oxidation of 158 was 

accomplished under treatment with palladium on carbon via formal dehydrogenation. The 

resultant iridafulvalene 159 is a new type of cross-conjugated metallacycle. When 159 was 

treated with [IrCl(COD)]2 and NH4PF6, coordination of the cyclooctadiene–iridium fragment 

to the cyclopentadienylidene ring occurred, leading to formation of the π-complex 162. 

Spectroscopic and structural analyses indicated that an aromatic iridabenzene ring was 

present in this complex. 
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4.7 Experimental for Chapter 4 

 

Solutions of nBuLi (in hexane) and MeLi∙LiBr (in diethyl ether) were used with nominal 

concentrations of 1.6 and 1.5 mol L-1 respectively. CpTl was prepared by a modified 

procedure using thallium acetate.138 [IrCl(COD)]2 was prepared by the literature method.141 

Tf2CHPh147 was received as a generous gift from John Spencer, Victoria University of 

Wellington, New Zealand. 

 

4.7.1 [Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2][OTf] (142a)  

A solution of 98b (647 mg, 0.69 mmol) in dichloromethane (4 mL) was treated with MeOTf 

(152 μL, 1.39 mmol) without delay, instantly resulting in a colour change of the red-brown 

solution to dark green. The solution was stirred for 5 min and then diethyl ether (100 mL) 

added with rapid stirring to precipitate a dark green solid. Pure 142a was collected by 

filtration and washed with diethyl ether (3 x 10 mL). Yield: 726 mg (95%). Analysis 

calculated for C46H43F3IrNO3P2S4∙⅔CH2Cl2: C, 48.58; H, 3.87; N, 1.21. Found: C, 48.22; H, 

3.72; N, 1.30 (NMR spectroscopy showed the presence of ca. 0.66 mol equivalents of 

dichloromethane in the analytical sample). IR (cm–1): 1501 ν(CN), 1263, 1142, 1030, 635 

(OTf), 998 ν(CS). MS (ESI+) calculated for C45H43IrNP2S3 [M – OTf]+: m/z 948.1655. 

Found: m/z 950.1626. 1H NMR (CDCl3, δ): 12.33 (dd, 3JHH = 7.3 Hz, 4JHH = 0.1 Hz, 1H, H5), 

7.34 (m, PPh3 30H), 7.08 (t’, 8.0 Hz, 1H, H4), 6.85 (t’, 7.8 Hz, 1H, H3), 5.88 (d, 3JHH = 9.2 

Hz, 1H, H2), 2.56 (s, 3H, S2CNMe2), 2.26 (s, 3H, S2CNMe2), 2.09 (s, 3H, SMe). 13C NMR 

(CDCl3, δ): 235.14 (t, 2JCP = 4.5 Hz, C1), 205.70 (s, S2CNMe2), 191.58 (t, 2JCP = 8.7 Hz, C5), 

152.92 (s, C3), 134.88 (t”, 3,5JCP = 10.0 Hz, m-PPh3), 130.85 (s, p-PPh3), 128.05 (t”, 1,3JCP = 

56.9 Hz, i-PPh3), 127.32 (t”, 2,4JCP = 10.0 Hz, o-PPh3), 126.75 (s, C4), 120.81 (s, C2), 37.53 

(s, S2CNMe2), 35.70 (s, S2CNMe2), 22.48 (s, SMe). 31P NMR (CDCl3, δ): –9.06 (s, PPh3). 19F 

NMR (CDCl3, δ): -79.15 (s, OTf ). 
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4.7.2 [Ir(C5H4{SMe}-1)(κ2-S2CNMe2)(PPh3)2][I] (142b)  

A solution of 98b (2.556 g, 2.73 mmol) in dichloromethane (30 mL) was treated with MeI 

(853 μL, 13.7 mmol) without delay, instantly producing a dark green solution. The solution 

was stirred for 5 min and then diethyl ether (300 mL) added with rapid stirring to precipitate 

a dark green solid. Pure 142b was collected by filtration and washed with diethyl ether  

(3 x 10 mL). Yield: 2.985 g (94%). The crystal for X-ray structural analysis was grown upon 

layering hexane on a solution of 142b in CDCl3 in an NMR tube and contained four CDCl3 

molecules per asymmetric unit. Analysis calculated for C46H45Cl2IIrNP2S3∙CH2Cl2: C, 47.63; 

H, 3.91; N, 1.21. Found: C, 47.33; H, 3.79; N, 1.26 (NMR spectroscopy showed the presence 

of 1 mol equivalent of dichloromethane in the analytical sample). IR (cm–1): 1498 ν(CN), 998 

ν(CS). 

 

4.7.3 Ir(C5H3{SMe}-1{H2}-3)(κ2-S2CNMe2)(PPh3)2 (143)  

A solution of 142a (301 mg, 0.27 mmol) dissolved in dichloromethane (5 mL) was treated 

with a filtered solution of NaBH4 (52 mg, 1.37 mmol) in ethanol (6 mL). After a 10 min 

period dichloromethane was removed under reduced pressure to give pure 143 as a colourless 

solid. Yield: 207 mg (79%). Analysis calculated for C45H44IrNP2S3: C, 56.94; H, 4.67; N, 

1.48. Found: C, 56.70; H, 4.96; N, 1.62. IR (cm–1): 1501 ν(CN), 999 ν(CS). MS (ESI+) 

calculated for C45H45IrNP2S3 [M + H]+: m/z 950.1811. Found: m/z 950.1858. 1H NMR 

(CDCl3, δ): 7.77 (dt, 3JHH = 11.6 Hz, 3JHP = 0.1 Hz, 1H, H5), 7.64–7.12 (m, PPh3 30H), 5.65 

(dm, 3JHH = 9.7 Hz, 1H, H4), 4.39 (m, 1H, H2), 2.58 (s, 3H, S2CNMe2), 2.48 (m, 2H, H3), 

2.24 (s, 3H, S2CNMe2), 1.55 (s, 3H, SMe). 13C NMR (CDCl3, δ): 209.67 (s, S2CNMe2), 

135.48 (t”, 3,5JCP = 8.9 Hz, m-PPh3), 131.83 (t”, 1,3JCP = 51.5 Hz, i-PPh3), 128.74 (s, p-PPh3), 

126.17 (t”, 2,4JCP = 8.9 Hz, o-PPh3), 124.18 (t, 3JCP = 1.8 Hz, C4), 113.87 (t, 3JCP = 1.2 Hz, 

C2), 113.29 (t, 2JCP = 8.5 Hz, C1), 111.75 (t, 2JCP = 11.0 Hz, C5), 38.28 (s, C3), 37.12 (s, 

S2CNMe2 ), 18.36 (s, SMe). 31P NMR (CDCl3, δ): –5.23 (s, PPh3). 
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4.7.4 [Ir(C5H2{SMe}-1{H2}-2{H2}-3)(κ2-S2CNMe2)(PPh3)2][Tf2CPh] (144)  

143 (90 mg, 0.10 mmol) and Tf2CHPh (51 mg, 0.14 mmol) were dissolved in 

dichloromethane (4 mL), forming a yellow solution. The mixture was allowed to stir for 30 

min before the addition of diethyl ether (50 mL) with rapid stirring. The yellow crystals of 

pure 144 were collected by filtration and washed with diethyl ether (2 x 10 mL) and hexane 

(10 mL). Yield: 112 mg (90%). Analysis calculated for C54H50F6IrNO4P2S5: C, 49.68; H, 

3.86; N, 1.07. Found: C, 49.61; H, 3.91; N, 1.00. IR (cm–1): 1500 ν(CN), 999 ν(CS), 1163, 

1022, 625 (Tf2CPh). MS (ESI+) calculated for C45H45IrNP2S3 [M – Tf2CPh]+: m/z 950.1811. 

Found: m/z 950.1825. 1H NMR (CDCl3, δ): 7.98 (m, 1H, H5), 7.54–7.12 (m, PPh3 and 

Tf2CPh, 35H), 6.01 (m, 1H, H4), 2.42 (s, 3H, S2CNMe2), 2.19 (s, 3H, S2CNMe2), 2.11 (m, 

2H, H3) 1.97 (s, 3H, SMe), 1.03 (t, 3JHH = 5.9 Hz, 2H, H2). 13C NMR (CDCl3, δ): 293.39 (t, 
2JCP = 5.3 Hz, C1), 206.18 (s, S2CNMe2), 136.28 (s, Tf2CPh{CH}-2), 135.09 (t”, 3,5JCP = 9.7 

Hz, m-PPh3), 130.85 (s, p-PPh3), 131.86 (s, Tf2CPh{C}-1), 128.51 (t”, 1,3JCP = 55.0 Hz,  

i-PPh3), 127.32 (t”, 2,4JCP = 9.7 Hz, o-PPh3), ~127.3 (obscured, Tf2CPh{CH}-3), 127.19 (s, 

partially obscured, Tf2CPh{CH}-4), 126.86 (t, 3JCP = 3.4 Hz, C4), 121.95 (partially obscured, 

q, 1JCF = 328.9 Hz, Tf2CPh), 116.77 (t, 2JCP = 8.4 Hz, C5), 69.87 (br s, Tf2CPh), 48.12 (s, C2), 

38.42 (s, NMe2), 37.16 (s, NMe2), 30.84 (s, C3), 26.77 (s, SMe). 31P NMR (CDCl3, δ):  

–12.66 (s, PPh3). 19F NMR (CDCl3, δ): –79.04 (s, Tf2CPh). 

 

4.7.5 Ir(C5H3{SMe}-1{=O}-5)(κ2-S2CNMe2)(PPh3)2 (150)  

142b (0.179 g, 0.17 mmol) was dissolved in a mixture of THF (10 mL) and water (1 mL). 

Et4NOH (0.7 mL, 35% w/w aqueous solution, 1.66 mmol) was added and the mixture stirred 

for 18 h under an air atmosphere. Water (20 mL) was added in order to precipitate the crude 

product, which was collected by filtration. The yellow solid was chromatographed on a  

5 x 3 cm alumina gel column, eluting with dichloromethane. The yellow band was collected 

and pure 150 crystallised as a yellow solid from hexane. Yield = 23 mg (14%). The crystal 

used for X-ray structural analysis was grown by slow evaporation of a CDCl3 solution of 150 

and proved to be a CDCl3 solvate. Analysis calculated for C45H42IrNOP2S3∙¼CH2Cl2: C, 

55.21; H, 4.35; N, 1.42. Found: C, 55.51; H, 4.57; N, 1.43 (NMR spectroscopy showed the 

presence of ca. 0.25 mol equivalents of dichloromethane in the analytical sample). IR (cm–1): 
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1501 ν(CN), 998 ν(CS). MS (ESI+) calculated for C45H43IrNOP2S3 [M + H]+: m/z 964.1604. 

Found: m/z 964.1484. 1H NMR (CDCl3, δ): 7.64–7.15 (m, PPh3, 30H), 6.15 (dd, 3JHH = 9.9, 

7.7 Hz, 1H, H3), 5.59 (d, 3JHH = 7.6 Hz, 1H, H2), 4.55 (d, 3JHH = 10.0 Hz, 1H, H4), 2.40 (s, 

3H, S2CNMe2), 2.34 (s, 3H, S2CNMe2), 1.77 (s, 3H, SMe). 13C NMR (CDCl3, δ): 212.39 (t, 
2JCP = 6.8 Hz, C5), 207.47 (s, S2CNMe2), 156.36 (t, 2JCP = 7.6 Hz, C1), 142.45 (s, C3) 135.85 

(t”, 3,5JCP = 10.1 Hz, m-PPh3), 131.23 (t”, 1,3JCP = 53.7 Hz, i-PPh3), 128.95 (s, p-PPh3), 

126.09 (t”, 2,4JCP = 9.0 Hz, o-PPh3), 117.93 (s, C4), 114.41 (s, C2), 38.64 (s, NMe2), 38.23 (s, 

NMe2), 18.98 (s, SMe). 31P NMR (CDCl3, δ): –11.13 (s, PPh3). 

 

4.7.6 Ir(C5H4{SMe}-1{C≡CSiMe3}-3)(κ2-S2CNMe2)(PPh3)2 (152) 

In a flame-dried flask, a solution of Me3SiC≡CSiMe3 (241 μL, 1.08 mmol) in THF (10 mL) 

was treated with MeLi∙LiBr (717 μL, 1.5 M in Et2O, 1.08 mmol) drop-wise over 1 min. The 

solution was stirred at room temperature for 1 h, then the lithiate was cannulated into a 

solution of 142a (236 mg, 0.22 mmol) in THF (20 mL). The green solution turned brown and 

stirring was continued 25 min, after which time all volatiles were removed under reduced 

pressure. The residue was chromatographed on 3 x 3 cm alumina gel, eluting with 

dichloromethane. The light orange band was collected and pure 152 crystallised from hexane 

as off-white crystals. Yield: 120 mg (53%). The crystal used for X-ray structural analysis was 

grown by layering hexane on a dichloromethane solution of 152 and proved to be a hexane 

solvate. Analysis calculated for C50H52IrNP2S3Si∙¼CH2Cl2: C, 56.58; H, 4.96; N, 1.31. 

Found: C, 56.70; H, 5.03; N, 1.42 (NMR analysis showed the presence of ca. 0.25 mol 

equivalents of dichloromethane). IR (cm–1): 2162 ν(C≡C), 1506 ν(CN), 999 ν(CS). MS 

(ESI+) calculated for C50H53IrNP2S3Si [M + H]+: m/z 1046.2206. Found: m/z 1046.2212. 1H 

NMR (CDCl3, δ): 7.63–7.20 (m, 30H, PPh3), 7.21 (d, 3JHH = 7.4 Hz, 1H, H5), 5.60 (br d, 
3JHH = 9.1 Hz, 1H, H4), 4.59 (s, H2), 3.20 (br t’, 7.1 Hz, 1H, H3), 2.50 (s, 3H, NMe2), 2.20 (s, 

3H, NMe2), 1.57 (s, 3H, SMe), 0.11 (s, 9H, C≡CSiMe3). 13C NMR (CDCl3, δ): 209.57 (s, 

S2CNMe2), 135.63 (dd, 3JCP = 5.3 Hz, 5JCP’ = 3.2 Hz, m-PPh3), 135.34 (dd, 3JCP = 5.1 Hz, 
5JCP’ = 3.1 Hz, m-PPh3’), 132.40 (dd, 1JCP = 34.5 Hz, 3JCP’ = 16.5 Hz, i-PPh3), 129.95 (dd, 
1JCP = 35.6 Hz, 3JCP’ = 16.8 Hz, i-PPh3’), 128.99 (s, p-PPh3), 128.85 (s, p-PPh3’), 126.31 (m,  

o-PPh3), 125.65 (t’, 3JCP = 4.3 Hz, C4), 118.18 (t’, 2JCP = 7.7 Hz, C1), 115.88 (t’, 2JCP = 10.5 

Hz, C5), 114.35 (br t’, 3JCP = 1.3 Hz, C2), 114.09 (t’, 5JCP = 1.5 Hz, C≡CSiMe3), 81.39 (s, 
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C≡CSiMe3), 39.37 (s, C3), 38.11 (s, NMe2), 37.01 (s, NMe2), 18.47 (s, SMe), 0.48 (s, 

C≡CSiMe3). 31P NMR (CDCl3, δ): –4.73, –7.43, –7.67, –10.37 (AB, PPh3). 

 

4.7.7 Ir(C5H4{SMe}-1{C≡CPh}-3)(κ2-S2CNMe2)(PPh3)2 (153) 

In a flame-dried flask, a solution of HC≡CPh (61 μL, 0.55 mmol) in THF (10 mL) was 

cooled to 0 °C and treated with nBuLi (345 μL, 1.6 M in hexanes, 0.55 mmol) drop-wise over 

1 min. The solution was stirred at 0 °C for 1 h, then the lithiate was cannulated into a solution 

of 142a (202 mg, 0.18 mmol) in THF (20 mL). The green solution turned brown and stirring 

was continued at room temperature for 20 min, after which time all volatiles were removed 

under reduced pressure. The residue was chromatographed on 3 x 3 cm alumina gel, eluting 

with dichloromethane. The light orange-brown band was collected and pure 153 was 

crystallised from hexane as tan crystals. Yield: 133 mg (69%). A crystal suitable for X-ray 

structural analysis was grown from a dichloromethane solution of 153 layered with ethanol 

and contained two molecules of ethanol per asymmetric unit. Analysis calculated for 

C53H48IrNP2S3∙¼CH2Cl2: C, 59.74; H, 4.57; N, 1.31. Found: C, 60.03; H, 4.79; N, 1.33 

(NMR showed the presence of ca. 0.25 mol equivalents of dichloromethane). IR (cm–1): 2211 

ν(C≡C), 1502 ν(CN), 997 ν(CS). MS (ESI+) calculated for C53H49IrNP2S3 [M + H]+: m/z 

1050.2125. Found: m/z 1050.2090. 1H NMR (CDCl3, δ): 7.94 (dd, 3JHH = 7.4 Hz, 4JHH = 1.9 

Hz, 1H, H5), 7.67–7.25 (m, 35H, PPh3 and C≡CPh), 5.72 (dd, 3JHH = 9.7, 2.0 Hz, 1H, H4), 

4.70 (s, H2), 3.31 (ddt, 3JHH = 7.6, 5.0 Hz, 4JHH = 2.6 Hz, 1H, H3), 2.53 (s, 3H, NMe2), 2.22 

(s, 3H, NMe2), 1.61 (s, 3H, SMe). 13C NMR (CDCl3, δ): 209.57 (s, S2CNMe2), 135.67 (dd, 
3JCP = 5.5 Hz, 5JCP’ = 3.7 Hz, m-PPh3), 135.36 (dd, 3JCP = 5.6 Hz, 5JCP’ = 3.7 Hz, m-PPh3’), 

132.42 (dd, 1JCP = 32.8 Hz, 3JCP’ = 18.2 Hz, i-PPh3), 131.42 (s, C≡CPh{CH}-2), 129.95 (dd, 
1JCP = 33.7 Hz, 3JCP’ = 18.5 Hz, i-PPh3’), 129.04 (s, p-PPh3), 128.91 (s, p-PPh3’), 127.99 (s, 

C≡CPh{CH}-3), 126.42 (dd, 2JCP = 6.1 Hz, 4JCP’ = 3.1 Hz, m-PPh3), 126.22 (dd, 2JCP = 6.3 

Hz, 4JCP’ = 3.1 Hz, m-PPh3’), 126.77 (s, C≡CPh{CH}-4), 125.52 (t’, 3JCP = 4.4 Hz, C4), 

125.04 (s, C≡CPh{C}-1), 118.22 (t’, 2JCP = 7.8 Hz, C1), 115.61 (t’, 2JCP = 10.6 Hz, C5), 

114.58 (br t’, 3JCP = 2.9 Hz, C2), 97.15 (t’, 5JCP = 3.3 Hz, C≡CPh), 79.05 (s, C≡CPh), 38.81 

(t, 4JCP = 2.0 Hz, C3), 38.15 (s, NMe2), 37.02 (s, NMe2), 18.53 (s, SMe). 31P NMR (CDCl3, 

δ): –3.58, –7.19, –7.39, –11.00 (AB, PPh3). 
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4.7.8 Ir(C5H3{SMe}-1{C≡CSiMe3}-3)(κ2-S2CNMe2)(PPh3)2][Tf2CPh] (156) 

152 (85 mg, 0.08 mmol) was dissolved in dichloromethane (4 mL) and DDQ (22 mg, 0.10 

mmol) added as a solid. The straw-coloured solution instantly turned dark brown and was 

stirred for 5 min. Tf2CHPh (38 mg, 0.11 mmol) was added as a solid and the mixture stirred a 

further 15 min, over which time the dihydroquinone was observed to precipitate. The reaction 

mixture was chromatographed on 2 x 3 cm alumina gel, eluting with 2% v/v 

ethanol/dichloromethane. The olive green band was collected, hexane added and the 

dichloromethane removed under reduced pressure. The resultant oil was separated from the 

supernatant and dried under vacuum to give pure 156 as a dark green solid (101 mg, 89%). A 

crystal of suitable quality was not obtained in this investigation, however crystals of the 

DDQH salt (154) were grown from dichloromethane/hexane and contained one molecule of 

dichloromethane per asymmetric unit. Analysis calculated for C59H56F6IrNO4P2S5Si∙C6H14: 

C, 52.54; H, 4.75; N, 0.94. Found: C, 52.18; H, 4.65; N, 1.05 (NMR spectroscopy showed the 

presence of ca. 1 mol equivalent of residual hexane in the analytical sample). MS (ESI+) 

calculated for C50H51IrNP2S3Si [M – Tf2CPh]+: m/z 1044.2050. Found: m/z 10442052. IR 

(cm–1): 2158 ν(C≡C), 1503 ν(CN), 1160, 1020, 625 (Tf2CPh), 1000 ν(CS). 1H NMR (CDCl3, 

δ): 12.19 (dt, 3JHH = 9.3 Hz, 3JHP = 2.1 Hz, 1H, H5), 7.54–7.19 (m, 35H, PPh3 and Tf2CPh), 

7.04 (d, 3JHH = 9.3 Hz, 1H, H4), 5.76 (s, 1H, H2), 2.53 (s, 3H, NMe2), 2.23 (s, 3H, NMe2), 

2.05 (s, 3H, SMe), 0.25 (s, 9H, C≡CSiMe3). 13C NMR (CDCl3, δ): 229.45 (t, 2JCP = 4.5 Hz, 

C1), 205.33 (s, S2CNMe2), 187.50 (t, 2JCP = 8.5 Hz, C5), 147.19 (s, C3), 136.16 (s, 

Tf2CPh{CH}-2), 134.65 (t”, 3,5JCP = 9.3 Hz, m-PPh3), 132.12 (s, Tf2CPh{C}-1), 130.86 (s, p-

PPh3), 129.23 (br t, 3JCP = 2.3 Hz, C4), 128.01 (t”, 1,3JCP = 57.1 Hz, i-PPh3), 127.46 (t”, 2,4JCP 

= 9.8 Hz, o-PPh3), ~127.3 (obscured, Tf2CPh{CH}-3), 127.11 (s, partially obscured, 

Tf2CPh{CH}-4), 123.37 (s, C2), 121.92 (partially obscured, q, 1JCF = 329.2 Hz, 

Tf2CPh),109.62 (s, C≡CSiMe3), 107.32 (s, C≡CSiMe3), 68.81 (br s, Tf2CPh), 38.68 (s, 

NMe2), 37.50 (s, NMe2), 22.37 (s, SMe), –0.48 (s, C≡CSiMe3). 31P NMR (CDCl3, δ): –8.74 

(s, PPh3). 19F NMR (CDCl3, δ): –77.92 (s, Tf2CPh). 
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4.7.9 Ir(C5H3{SMe}-1{C≡CPh}-3)(κ2-S2CNMe2)(PPh3)2][Tf2CPh] (157) 

153 (123 mg, 0.17 mmol) was dissolved in dichloromethane (4 mL) and DDQ (33 mg, 0.15 

mmol) was added as a solid. The pale brown-coloured solution instantly turned dark brown 

and was stirred for 5 min. Tf2CHPh (54 mg, 0.15 mmol) was added as a solid and the mixture 

stirred a further 15 min, over which time the dihydroquinone was observed to precipitate. The 

reaction mixture was chromatographed on 4 x 3 cm alumina gel, eluting with 2% v/v 

ethanol/dichloromethane. The olive green band was collected, hexane added and the 

dichloromethane removed under reduced pressure. The resultant oil was separated from the 

supernatant and dried under vacuum to give pure 157 as a dark green solid (129 mg, 78%). 

Analysis calculated for C62H52F6IrNO4P2S5∙½C6H14: C, 53.97; H, 4.11; N, 0.97. Found: C, 

53.79; H, 4.01; N, 1.08 (NMR spectroscopy showed the presence of ca. 0.5 mol equivalents 

of residual hexane in the analytical sample). IR (cm–1): 2195 ν(C≡C), 1501 ν(CN), 1163, 

1021, 625 (Tf2CPh), 999 ν(CS). MS (ESI+) calculated for C48H47IrNP2S3 [M – Tf2CPh]+: m/z 

1048.1969. Found: m/z 1048.1971. 1H NMR (CDCl3, δ): 12.21 (dt, 3JHH = 9.2 Hz, 3JHP = 0.5 

Hz, 1H, H5), 7.54 (d, 3JHH = 6.7 Hz, 2H, Tf2CPh{CH}-2), 7.50 (dd, 3JHH = 8.2 Hz, 4JHH = 0.2 

Hz, 2H, C≡CPh{CH}-2), 7.42 (t’, partially obscured, 8.6 Hz, 2H, C≡CPh{CH}-3), 7.39 (m, 

30H, PPh3), ~7.38 (m, obscured, 1H, C≡CPh{CH}-4), ~7.26 (m, partially obscured, 1H, 

Tf2CPh{CH}-4), 7.23 (t’, 7.2 Hz, 2H, Tf2CPh{CH}-3), 7.15 (d, 3JHH = 9.2 Hz, 1H, H4), 5.86 

(s, 1H, H2), 2.54 (s, 3H, NMe2), 2.24 (s, 3H, NMe2), 2.06 (s, 3H, SMe). 13C NMR (CDCl3, 

δ): 227.19 (t, 3JCP = 4.4 Hz, C1), 205.54 (s, S2CNMe2), 186.73 (t, 2JCP = 8.5 Hz, C5), 148.12 

(s, C3), 136.19 (s, Tf2CPh{CH}-2), 134.68 (t”, 3,5JCP = 9.4 Hz, m-PPh3), 132.55 (s, 

C≡CPh{CH}-2), 131.99 (s, Tf2CPh{C}-1), 130.85 (s, p-PPh3), 130.64 (s, C≡CPh{CH}-4), 

129.31 (s, C4), 128.77 (s, C≡CPh{CH}-3), 128.08 (t”, 1,3JCP = 56.9 Hz, i-PPh3), 127.45 (t”, 
2,4JCP = 10.1 Hz, o-PPh3), ~127.3 (obscured, Tf2CPh{CH}-3), 127.14 (s, partially obscured, 

Tf2CPh{CH}-4), 123.14 (s, C2), 121.99 (partially obscured, q, 1JCF = 328.8 Hz, Tf2CPh), 

121.48 (s, C≡CPh{C}-1), 103.33 (s, C≡CPh), 93.30 (s, C≡CPh), 68.86 (br s, Tf2CPh), 38.68 

(s, NMe2), 37.48 (s, NMe2), 22.26 (s, SMe). 31P NMR (CDCl3, δ): –8.83 (s, PPh3). 19F NMR 

(CDCl3, δ): –77.92 (s, Tf2CPh). 
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4.7.10 Ir(C5H4{SMe}-1{C5H5}-3)(κ2-S2CNMe2)(PPh3)2 (158) 

To a dry flask charged with 142b (1.000 g, 0.93 mmol) and CpTl (376 mg, 1.40 mmol), THF 

(25 mL) was added. The mixture was stirred for 20 min, over which time the green solid 

dissolved, the solution transitioned to a light orange colour and a pale yellow precipitate 

formed. The solvent was removed under reduced pressure and the residue chromatographed 

on 10 x 3 cm alumina gel, eluting with dichloromethane. The orange band was collected and 

concentrated to ca. 15 mL and hexane added to precipitate pure 158 (660 mg, 70%) as amber 

microcrystals. Analysis calculated for C50H48IrNP2S3∙½CH2Cl2: C, 57.45; H, 4.68; N, 1.33. 

Found: C, 57.41; H, 4.67; N, 1.30 (NMR spectroscopy showed the presence of ca. 0.5 mol 

equivalents of dichloromethane in the analytical sample). IR (cm–1): 1500 ν(CN), 998 ν(CS). 

MS (ESI+) calculated for C50H49IrNP2S3 [M + H]+: m/z 1014.2125. Found: m/z 1014.2059 

(some interference was observed with the ion corresponding to C50H47IrNP2S3). 1H NMR 

(CDCl3, δ): 7.75 (m, partially obscured, 1H, H5), 7.72–7.20 (m, 30H, PPh3), 6.32 (m, 1H, 

H10), 6.14 (br d, 3JHH = 4.9 Hz, H9), 5.84 (br s, H8), 5.73 (dd, 3JHH = 9.8, 1.7 Hz, 1H, H4), 

4.82 (br s, 1H, H2), 3.16 (m, 1H, H3), 2.62 (br d, 3JHH = 2.5 Hz, 2H, H11), 2.50 (s, 3H, 

NMe2), 2.20 (s, 3H, NMe2), 1.59 (s, 3H, SMe). 13C NMR (CDCl3, δ): 209.82 (s, S2CNMe2), 

156.40 (t’, 5JCP = 2.2 Hz, C7), 135.63 (m, m-PPh3), 132.49 (dd, 1JCP = 32.6 Hz, 3JCP’ = 17.9 

Hz, i-PPh3), 132.34 (s, C9), 130.36 (dd, 1JCP = 33.7 Hz, 3JCP’ = 18.2 Hz, i-PPh3’), 129.54 (s, 

C10), 128.98 (t’, partially obscured, 3JCP = 4.4 Hz C4), 128.86 (s, p-PPh3), 128.80 (s, p-

PPh3’), 126.24 (dd, 2JCP = 6.2 Hz, 4JCP’ = 3.1 Hz, m-PPh3), 126.08 (dd, 2JCP = 6.3 Hz, 4JCP’ = 

3.2 Hz, m-PPh3’), 123.95 (s, C8), 118.55 (t’, 3JCP = 1.4 Hz, C2), 117.06 (t’, 2JCP = 7.9 Hz, 

C1), 115.78 (t’, 2JCP = 10.4 Hz, C5), 47.18 (t’, 4JCP = 0.9 Hz, C3), 42.44 (s, C11), 38.08 (s, 

NMe2), 37.05 (s, NMe2), 18.44 (s, SMe). 31P NMR (CDCl3, δ): –7.21, –7.52, –7.74, –8.08 

(AB, PPh3). 

 

4.7.11 Ir(C5H3{SMe}-1{=C5H4}-3)(κ2-S2CNMe2)(PPh3)2 (159) 

158 (362 mg, 0.357 mmol) and Pd/C (570 mg, 10 wt.% Pd, 0.536 mmol, 1.5 mol equivalents) 

were added to frozen deoxygenated benzene (20 mL) and the system pumped on under 

vacuum. The mixture was thawed under nitrogen and stirred at room temperature for 2.5 h 

and then heated at reflux for 11 h. The solution was cooled, filtered and the charcoal residue 
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washed with dichloromethane (5 x 2 mL) until the washings eluted free of colour. The filtrate 

was reduced to ca. 15 mL and pure 159 crystallised from hexane as an orange solid (119 mg, 

33%). An additional 50 mg (14%) was obtained from the filtrate. The crystal used for X-ray 

structural analysis was grown from a dichloromethane solution of 159 containing hexane. Per 

asymmetric unit, one molecule of dichloromethane and one molecule of hexane were present. 

Analysis calculated for C50H46IrNP2S3∙½CH2Cl2: C, 57.56; H, 4.50; N, 1.33. Found: C, 

57.57; H, 4.85; N, 1.38 (NMR spectroscopy showed the presence of ca. 0.5 mol equivalents 

of dichloromethane in the analytical sample). IR (cm–1): 1501 ν(CN), 999 ν(CS). MS (ESI+) 

calculated for C50H47IrNP2S3 [M + H]+: m/z 1012.1968. Found: m/z 1012.1945. 1H NMR 

(CDCl3, δ): 9.58 (dt, 3JHH = 9.8 Hz, 3JHP = 2.5 Hz, 1H, H5), 7.55–7.14 (m, 30H, PPh3), ~7.3 

(obscured by PPh3, 1H, H4), 6.45 (m, 1H, H11), 6.23 (m, 1H, H8), 6.15 (m, 1H, H10), 6.12 

(m, 1H, H9), 6.03 (s, 1H, H2), 2.52 (s, 3H, NMe2), 2.26 (s, 3H, NMe2), 1.69 (s, 3H, SMe). 13C 

NMR (CDCl3, δ): 208.23 (s, S2CNMe2), 153.12 (t, 2JCP = 8.0 Hz, C1), 151.02 (t, 4JCP = 2.9 

Hz, C3), 144.75 (t, 2JCP = 10.7 Hz, C5), 137.20 (t, 5JCP = 3.0 Hz, C7), 135.11 (t”, 3,5JCP = 9.0 

Hz, m-PPh3), 130.13 (t”, 1,3JCP = 53.6 Hz, i-PPh3), 129.30 (s, p-PPh3), 127.63 (t, 3JCP = 3.5 

Hz, C4), 126.47 (t”, 2,4JCP = 9.2 Hz, o-PPh3), 123.22 (s, C8 or C9), 123.13 (s, C8 or C9), 

117.91 (s, C10) 117.52 (s, C2 and C11), 38.31 (s, NMe2), 37.27 (s, NMe2), 19.00 (s, SMe). 
31P NMR (CDCl3, δ): –7.15 (s, PPh3). 

 

4.7.12 [Ir(C5H3{SMe}-1{η5-(C5H4)Ir(COD)}-3)(κ2-S2CNMe2)(PPh3)2][PF6] (162) 

159 (110 mg, 0.109 mmol) and [IrCl(COD)]2 (37 mg, 0.054 mmol) were dissolved in 

dichloromethane (5 mL), instantly forming a purple solution. The solution was stirred for 20 

min, then NH4PF6 (54 mg, 0.331 mmol) dissolved in ethanol (6 mL) was added. 

Dichloromethane was slowly removed under reduced pressure to afford purple crystals of 

pure 162 (74 mg, 47%) which were collected by filtration and then washed with ethanol  

(2 x 10 mL) and hexane (10 mL). A further 28 mg (18 %) was recovered from the filtrate. A 

crystal suitable for X-ray structural analysis was grown from a dichloromethane solution of 

162 layered with cyclohexane. Analysis calculated for C58H58F6Ir2NP3S3∙CH2Cl2: C, 45.97; 

H, 3.92; N, 0.91. Found: C, 45.96; H, 3.89; N, 0.85 (NMR spectroscopy showed the presence 

of 1 mol equivalent of dichloromethane in the analytical sample). IR (cm–1): 1502 ν(CN), 999 

ν(CS), 833 ν(PF). MS (ESI+) calculated for C58H58Ir2NP2S3 [M – PF6]+: m/z 1312.2460. 
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Found: m/z 1312.2355. 1H NMR (CDCl3, δ): 11.38 (dt, 3JHH = 9.5 Hz, 3JHP = 1.1 Hz, 1H, 

H5), 7.40–7.28 (m, 30H, PPh3), 6.87 (d, 3JHH = 9.5 Hz, 1H, H4), 6.20 (s, 1H, H2), 5.54 (t’, 

0.9 Hz, 2H, H9 and H10), 5.15 (t’, 1.1 Hz, 2H, H8 and H11), 4.00 (br s, 4H, COD{=CH}), 

2.51 (s, 3H, NMe2), 2.31 (s, 3H, NMe2), 2.04 (s, 3H, SMe), 1.79 (br s, 8H, COD{CH2}). 13C 

NMR (CDCl3, δ): 214.11 (t, 2JCP = 2.5 Hz, C1), 206.22 (s, S2CNMe2), 180.68 (t, 2JCP = 8.3 

Hz, C5), 159.52 (s, C3), 134.81 (t”, 3,5JCP = 8.8 Hz, m-PPh3), 130.62 (s, p-PPh3), 127.93 (t”, 
1,3JCP = 56.2 Hz, i-PPh3), 127.19 (t”, 2,4JCP = 9.6 Hz, o-PPh3), 125.90 (s, C4), 117.96 (s, C2), 

100.60 (s, C7), 88.44 (s, C9 and C10), 80.64 (s, C8 and C11), 53.57 (s, COD{=CH}), 38.54 

(s, NMe2), 37.50 (s, NMe2), 33.52 (s, COD{CH2}), 21.67 (s, SMe). 31P NMR (CDCl3, δ):  

–8.52 (s, PPh3), –144.16 (sep, 1JPF = 712.8 Hz, PF6). 19F NMR (CDCl3, δ): –73.28 (d, 1JFP = 

712.8 Hz, PF6). 
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Final Conclusions 
 

The work presented in this thesis provides a significant contribution to the area of synthetic 

metallabenzene chemistry.  

The synthesis of the cationic iridabenzene 92 from IrCl(CS)(PPh3)2, represents one of the 

most simple and high-yielding routes to a metallabenzene to date. This iridabenzene has 

many attractive features, including high stability, good solubility and multiple reactive sites 

for potential functionalisation.  

Ligand exchange and reactivity studies of the sulfur function in 92 were described in  

Chapter 2. The thiol and disulfide compounds 101 and 102 were the expected products 

arising from protonation and oxidation of these sulfur groups, respectively. The 

iridabenzothiazolium salts 109 and 114 – via the reaction of 92 with triflic acid, an 

organonitrile and water – revealed new research avenues into fused-ring iridabenzenoids.  

The syntheses and properties of this class of compounds were reported in Chapter 3. These 

included iridabenzothiazolium, iridabenzothiophene and iridabenzothiete complexes. The 

latter group was studied extensively and derivatives with an array of functional groups were 

prepared by varying the alkyne substrate. The cationic vinylideneiridabenzothiete 133 

contained a cumulated double bond. The neutral chloro variant 136 was susceptible to 

protonation, and the iridabenzothietene 139 was generated upon treatment of 136 with triflic 

acid. NMR and structural analysis suggested that 139 contained an extended and delocalised 

π-electron system and as such, could possess intriguing properties. 

The fourth chapter of this work focused on nucleophilic aromatic substitution of 

iridabenzenes in order to append functional groups directly onto the metallacyclic ring. With 

hydroxide, the iridacyclohexadienone 150 was produced directly, while the alkynyl- and 

cyclopentadienyl-substituted iridacyclohexadienes required oxidation. The metallabenzenes 

156 and 157 represent the first members of this class which contain acetylene substituents, 

and could potentially provide new directions for further derivatisation. The oxidation product 

of the cyclopentadienyl-substituted iridacyclohexadiene 158 is the iridafulvalene 159 – the 
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first cross-conjugated metallacycle. The five-membered ring of this compound has the ability 

to engage with metal complexes. Upon reaction with [IrCl(COD)]2 the iridacycle was  

re-aromatised to the π-complex 162. 

Summarily, the work undertaken has opened up several promising areas for further research. 

The functionality which has been appended to the iridabenzene and iridabenzenoid systems is 

amenable to coupling reactions and photophysical studies. Future investigations with these 

compounds may very well lead to exciting materials containing metallabenzenes.  
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Compound number 90 91 92 93 94 
Empirical formula C40H33F3IrNO3P2S2 C44H37F3IrNO3P2S2∙2CHCl3 C44H37F3IrNO3P2S2∙CH2Cl2 C41H34ClIrP2S C41H34BrIrP2S 
Formula weight (gmol–1) 950.93 1241.74 1087.93 848.41 892.79 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/m P21/c P21/n C2 
a (Å) 11.3443(2) 9.0949(4) 11.7510(4) 10.48800(10) 21.3875(8) 
b (Å) 31.3349(7) 24.4651(11) 14.4940(4) 23.3013(3) 10.1740(4) 
c (Å) 10.8952(2) 11.1313(5) 26.2936(8) 13.9979(2) 19.1823(7) 
α (°) 90 90 90 90 90 
β (°) 99.4090(10) 92.955(2) 96.204(2)  94.3100(10) 114.920(2) 
γ (°) 90 90 90 90 90 
V (A3) 3820.84(13) 2473.51(19) 4452.1(2) 3411.19(7) 3785.4(2) 
T (K) 90(2) 93(2) 123(2) 93(2) 93(2) 
Z 4 2 4 4 4 
ρ (calc., g cm-1) 1.653 1.667 1.623 1.652 1.567 
μ (mm–1) 3.741 3.224 3.338 4.177 4.749 
F(000) 1880 1228 2160 1680 1752 
Crystal size (mm) 0.35 x 0.30 x 0.24 0.24 x 0.16 x 0.14 0.41 x 0.37 x 0.20 0.28 x 0.10 x 0.10 0.22 x 0.20 x 0.10 
θ (min, max, °) 1.30, 27.94 1.66, 27.98 1.56, 35.05 2.13, 27.96 1.17, 26.00 
Reflections collected 61063 47088 137969 42878 20582 
Independent reflections 9148 [R(int) = 0.0234] 6064 [R(int) = 0.0373] 19395 [R(int) = 0.0511] 8178 [R(int) = 0.0306] 7276 [R(int) = 0.0346] 
Completeness 99.9% 99.4% 98.5% 99.7% 99.9% 
T (max, min) 0.4671, 0.3543 0.6610, 0.5116 0.5549, 0.3415 0.6801, 0.3876 0.6481, 0.4214 
Data/restraints/parameters 9148 / 0 / 470 6064 / 6 / 315 19395 / 0 / 533 8178 / 11 / 445 7276 / 12 / 440 
Goodness-of-fit on F2 1.169 1.078 1.111 1.054 1.020 
R, wR2 (observed data) 0.0182, 0.0405 0.0265, 0.0634 0.0296, 0.0680 0.0206, 0.0451 0.0235, 0.0519 
R, wR2 (all data) 0.0189, 0.0408 0.0278, 0.0640 0.0438, 0.0799 0.0256, 0.0468 0.0251, 0.0523 
Largest peak/hole (eÅ–3) 0.942 / -1.009 3.154 / -0.857 1.837 / -1.358 1.344 / -1.076 0.659 / -0.452 

R = ���Fo� - �Fc��/��Fo�      wR2 = {�[w(Fo2 - Fc2)2]/�[w(Fo2)2]}1/2 
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Compound number 101 103 105 107 114 
Empirical formula C41H34Cl2IrP2S C44H40ClF6IrNP3S∙CHCl3 C45H41F3IIrNO3P2S2 C44H41F6IrO8P2S3∙2H2O C57H49F12IrN2P4S∙CH2Cl2 
Formula weight (gmol–1) 883.78 1168.76 1145.95 1198.12 1423.05 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21 P21/c P21/c Pc P21/n 
a (Å) 10.017(5) 14.6537(2) 16.4789(5) 11.452(5) 12.5325(2) 
b (Å) 14.784(5) 10.25470(10) 14.5807(4) 11.414(5) 34.4058(4) 
c (Å) 11.599(5) 30.3488(4) 18.5492(5) 18.215(5) 15.2538(2) 
α (°) 90 90 90 90 90 
β (°) 90.151(5) 94.6800(10) 96.345(2) 101.090(5) 102.7850(10) 
γ (°) 90 90 90 90 90 
V (A3) 1717.7(13) 4545.29(10) 4429.6(2) 2336.5(16) 6414.23(15) 
T (K) 90(2) 90(2) 90(2) 93(2) 90(2) 
Z 2 4 4 2 4 
ρ (calc., g cm-1) 1.709 1.708 1.718 1.703 1.474 
μ (mm–1) 4.227 3.383 3.931 3.140 2.369 
F(000) 874 2312 2244 1196 2832 
Crystal size (mm) 0.16 x 0.12 x 0.08 0.28 x 0.20 x 0.17 0.17 x 0.14 x 0.09 0.20 x 0.15 x 0.15 0.18 x 0.12 x 0.10 
θ (min, max, °) 1.76, 27.95 1.39, 28.02 1.87, 27.99 1.14, 28.49 1.49, 27.82 
Reflections collected 22098 58385 55690 24718 71216 
Independent reflections 8128 [R(int) = 0.0338] 10937 [R(int) = 0.0467] 10623 [R(int) = 0.1204] 8797 [R(int) = 0.0281] 15188 [R(int) = 0.0532] 
Completeness 99.8% 99.4% 99.3% 95.8% 99.8% 
T (max, min) 0.7285, 0.5512 0.5970, 0.4509 0.7174, 0.5530 0.6502, 0.5724 0.7976, 0.6751 
Data/restraints/parameters 8128 / 11 / 429 10937 / 0 / 552 10623 / 31 / 509 8797 / 2 / 597 15188 / 33 / 762 
Goodness-of-fit on F2 1.233 1.044 1.015 1.039 1.126 
R, wR2 (observed data) 0.0482, 0.1093 0.0295, 0.0584 0.0635, 0.1541 0.0272, 0.0698 0.0478, 0.0918 
R, wR2 (all data) 0.0498, 0.1099 0.0411, 0.0619 0.1598, 0.2013 0.0288, 0.0707 0.0627, 0.0960 
Largest peak/hole (eÅ–3) 2.062 / -4.079 1.095 / -0.561 3.718 / -1.625 1.010 / -1.001 1.233 / -2.841 
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Compound number 117 119 127 128 129 
Empirical formula C57H45IrP2S∙CH2Cl2 C57H45IrP2S C61H45IrP2S C57H43I2IrP2S C62H50Fe2IrP2S∙C6H6 
Formula weight (gmol–1) 1101.06 1016.13 1064.17 1267.91 1271.12 
Crystal system Monoclinic Triclinic Monoclinic Monoclinic Triclinic 
Space group P21/c P-1 P21/c P21/c P-1 
a (Å) 16.3209(3) 12.0365(10) 16.8323(5) 17.1638(2) 13.1902(2) 
b (Å) 16.6686(3) 12.9109(10) 14.9111(4) 14.6901(2) 13.4185(2) 
c (Å) 17.5815(3) 16.219(2) 18.7257(5) 18.7415(2) 16.4389(3) 
α (°) 90 98.149(7) 90 90 79.6210(10) 
β (°) 95.0800(10) 99.451(7) 92.4590(10) 92.5040(10) 75.6560(10) 
γ (°) 90 113.973(4) 90 90 71.9170(10) 
V (A3) 4764.20(15) 2210.2(4) 4695.6(2) 4720.93(10) 2662.74(7) 
T (K) 97(2) 90(2) 93(2) 93(2) 93(2) 
Z 4 2 4 4 2 
ρ (calc., g cm-1) 1.535 1.527 1.505 1.784 1.585 
μ (mm–1) 3.065 3.179 2.997 4.287 3.173 
F(000) 2208 1020 2136 2456 1278 
Crystal size (mm) 0.15 x 0.15 x 0.05 0.20 x 0.10 x 0.06 0.22 x 0.13 x 0.10 0.16 x 0.15 x 0.12 0.31 x 0.17 x 0.17 
θ (min, max, °) 1.25, 28.00 1.77, 27.99 1.21, 26.00 1.19, 27.99 1.61, 27.98 
Reflections collected 64331 51205 82269 63383 62502 
Independent reflections 11454 [R(int) = 0.0639] 10421 [R(int) = 0.0915] 9239 [R(int) = 0.1251] 11375 [R(int) = 0.0449] 12791 [R(int) = 0.0372] 
Completeness 99.7% 97.8% 100.00% 99.80% 99.6% 
T (max, min) 0.8618, 0.6564 0.8321, 0.5689 0.7537, 0.5585 0.6272, 0.5471 0.6145, 0.4395 
Data/restraints/parameters 11454 / 0 / 596 10421 / 0 / 550 9239 / 0 / 586 11375 / 0 / 568 12791 / 0 / 667 
Goodness-of-fit on F2 1.029 1.008 1.001 1.022 1.038 
R, wR2 (observed data) 0.0369, 0.0779 0.0383, 0.0733 0.0342, 0.0707 0.0275, 0.0533 0.0224, 0.0475 
R, wR2 (all data) 0.0600, 0.0863 0.0563, 0.0790 0.0573, 0.0786 0.0396, 0.0568 0.0280, 0.0494 
Largest peak/hole (eÅ–3) 1.569 / -1.200 0.916 / -1.387 1.513 / -0.854 0.978 / -0.816 0.806 / -0.571 
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Compound number 132 133 135 136 139 
Empirical formula C53H49IrO2P2S C59H47F3IrNO3P2S2∙CH2Cl2 C130H102Ir2P4S2∙2.5CH2Cl2 C56H44ClIrP2S∙C6H6 C57H45ClF3IrO3P2S2 
Formula weight (gmol–1) 1004.12 1278.16 2443.79 1116.67 1188.64 
Crystal system Monoclinic Monoclinic Triclinic Triclinic Triclinic 
Space group P21/n P21/c P-1 P-1 P-1 
a (Å) 11.087(5) 11.814(5) 12.710(5) 11.795(5) 11.5655(3) 
b (Å) 19.874(5) 13.708(5) 21.030(5) 14.293(5) 14.5745(4) 
c (Å) 20.095(5) 34.975(5) 21.483(5) 16.918(5) 20.8086(5) 
α (°) 90 90 81.182(5) 69.283(5) 71.1300(10) 
β (°) 93.971(5) 91.883(5) 74.882(5) 71.155(5) 75.6610(10) 
γ (°) 90 90 85.774(5) 71.442(5) 81.6540(10) 
V (A3) 4417(3) 5661(3) 5475(3) 2456.8(15) 3207.51(14) 
T (K) 93(2) 93(2) 93(2) 93(2) 93(2) 
Z 4 4 2 2 2 
ρ (calc., g cm-1) 1.510 1.500 1.483 1.510 1.231 
μ (mm–1) 3.184 2.638 2.699 2.920 2.282 
F(000) 2024 2560 2456 1124 1188 
Crystal size (mm) 0.30 x 0.27 x 0.18 0.32 x 0.12 x 0.12 0.25 x 0.20 x 0.20 0.20 x 0.12 x 0.08 0.24 x 0.16 x 0.10 
θ (min, max, °) 2.03, 27.84 1.60, 28.04 0.98, 28.04 1.32, 28.03 1.06, 27.96 
Reflections collected 54521 73929 127463 58564 76086 
Independent reflections 10445 [R(int) = 0.0418] 13601 [R(int) = 0.1240] 26293 [R(int) = 0.0602] 11799 [R(int) = 0.0684] 15345 [R(int) = 0.0667] 
Completeness 99.6% 99.1% 99.1% 99.2% 99.3% 
T (max, min) 0.5980, 0.4485 0.7425, 0.4857 0.6143, 0.5518 0.7999, 0.5927 0.8039, 0.6104 
Data/restraints/parameters 10445 / 50 / 545 13601 / 31 / 707 26293 / 71 / 1385 11799 / 0 / 604 15345 / 19 / 615 
Goodness-of-fit on F2 1.046 1.025 1.025 1.016 1.064 
R, wR2 (observed data) 0.0265, 0.0551 0.0558, 0.1037 0.0366, 0.0763 0.0307, 0.0588 0.0373, 0.0938 
R, wR2 (all data) 0.0408, 0.0608 0.1145, 0.1216 0.0647, 0.0879 0.0428, 0.0625 0.0436, 0.0966 
Largest peak/hole (eÅ–3) 1.093 / -0.549 1.278 / -1.596 2.442 / -0.903 0.868 / -0.936 1.644 / -0.903 
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Compound number 142b 150 152 153 154 
Empirical formula C45H43IIrNP2S3∙4CHCl3 C45H42IrNOP2S3∙CHCl3 C47H52IrNP2S3Si∙C6H14 C53H48IrNP2S3∙2C2H6O C57H51Cl2IrN3O2P2S3Si∙CH2Cl2 
Formula weight (gmol–1) 1552.50 1082.48 1081.37 1141.38 1354.24 
Crystal system Triclinic Triclinic Monoclinic Monoclinic Triclinic 
Space group P-1 P-1 P21/c P21/c P-1 
a (Å) 11.5651(6) 11.384(5) 21.1220(11) 17.597(5) 10.3323(3) 
b (Å) 14.7474(7) 14.143(5) 10.5598(5) 13.383(5) 16.7714(5) 
c (Å) 18.5250(10) 14.896(5) 24.6686(12) 23.280(5) 17.4737(5) 
α (°) 87.165(3) 98.861(5) 90 90 100.687(2) 
β (°) 80.622(3) 96.076(5) 114.110(3) 109.226(5) 96.350(2) 
γ (°) 73.376(3) 110.460(5) 90 90 95.305(2) 
V (A3) 2987.0(3) 2186.9(14) 5022.2(4) 5177(3) 2937.34(15) 
T (K) 95(2) 92(2) 97(2) 93(2) 93(2) 
Z 2 2 4 4 2 
ρ (calc., g cm-1) 1.726 1.644 1.430 1.464 1.531 
μ (mm–1) 3.481 3.490 2.906 2.804 2.681 
F(000) 1520 1080 2184 2320 1358 
Crystal size (mm) 0.28 x 0.12 x 0.05 0.22 x 0.12 x 0.12 0.41 x 0.07 x 0.02 0.23 x 0.10 x 0.05 0.29 x 0.15 x 0.05 
θ (min, max, °) 2.23, 28.03 1.57, 27.93 1.06, 27.97 1.78, 28.10 1.24, 27.94 
Reflections collected 68948 53274 119493 92688 140989 
Independent reflections 14344 [R(int) = 0.1190] 10343 [R(int) = 0.0488] 12011 [R(int) = 0.1436] 12573 [R(int) = 0.0615] 13990 [R(int) = 0.0767] 
Completeness 99.2% 98.7% 99.4% 99.6% 99.2% 
T (max, min) 0.8452, 0.4423 0.6795, 0.5140 0.9442, 0.3820 0.8725, 0.5648 0.8776, 0.5103 
Data/restraints/parameters 14344 / 0 / 651 10343 / 0 / 517 12011 / 0 / 529 12573 / 0 / 602 13990 / 42 / 702 
Goodness-of-fit on F2 1.008 1.049 1.060 1.020 1.035 
R, wR2 (observed data) 0.0539, 0.1144 0.0234, 0.0522 0.0458, 0.0960 0.0370, 0.0847 0.0363, 0.0888 
R, wR2 (all data) 0.0985, 0.1354 0.0277, 0.0539 0.0940, 0.1222 0.0610, 0.0947 0.0495, 0.0949 
Largest peak/hole (eÅ–3) 2.293 / -2.046 1.026 / -0.542 3.282 / -1.788 1.967 / -0.735 2.291 / -0.877 
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Compound number 159 162 
Empirical formula C47H39IrNP2S3∙CH2Cl2∙C6H14 C58H57F6Ir2NP3S3∙CH2Cl2 
Formula weight (gmol–1) 1139.21 1540.46 
Crystal system Monoclinic Triclinic 
Space group C2/m P-1 
a (Å) 25.388(5) 11.6096(4) 
b (Å) 14.791(5) 14.1767(5) 
c (Å) 16.954(5) 19.2568(6) 
α (°) 90 68.949(2) 
β (°) 128.541(5) 86.666(2) 
γ (°) 90 76.596(2) 
V (A3) 4980(2) 2876.20(17) 
T (K) 93(2) 93(2) 
Z 4 2 
ρ (calc., g cm-1) 1.520 1.779 
μ (mm–1) 3.016 4.967 
F(000) 2300 1510 
Crystal size (mm) 0.24 x 0.11 x 0.11 0.33 x 0.05 x 0.05 
θ (min, max, °) 1.54, 27.92 1.13, 27.94 
Reflections collected 46179 67574 
Independent reflections 6171 [R(int) = 0.0723] 13753 [R(int) = 0.0507] 
Completeness 99.4% 99.6% 
T (max, min) 0.7326, 0.5314 0.7893, 0.2910 
Data/restraints/parameters 6171 / 0 / 322 13753 / 0 / 697 
Goodness-of-fit on F2 1.093 1.031 
R, wR2 (observed data) 0.0490, 0.1311 0.0261, 0.0558 
R, wR2 (all data) 0.0627, 0.1440 0.0393, 0.0615 
Largest peak/hole (eÅ–3) 5.289 / -2.247 1.920 / -1.421 
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