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ABSTRACT 

This thesis describes the investigation of Ir(I) and Rh(I) complexes as catalysts to 

facilitate the addition of X-H (X= Si, O and N) bonds across an alkyne C≡C triple bond. 

Towards this goal two new pincer ligands were prepared that contained a central NHC 

donor group linked to two pendent pyrazolyl donor groups by either a methyl (NCNMe) 

or ethyl (NCNEt) group. The longer ethyl linker of NCNEt led to a higher lability of one 

pyrazole donor. The coordination properties of the pincer ligands also varied depending 

on the nature of the metal centre and the complex with tridentate (κ3), bidentate (κ2) and 

monodentate (κ1) coordination modes all being observed. A bimetallic complex 

[Rh(NCNMe)CO]2(BPh4)2 was also prepared where the NCNMe ligand coordinated in an 

unusual bridging mode. 

The new pincer complexes were investigated as catalysts for the 

hydroamination, hydroalkoxylation and hydrosilylation of alkynes, and their reactivity 

was compared with two analogous complexes containing an NHC-pyrazolyl chelate. 

For the intra-molecular hydroamination of 5-phenyl-4-pentyn-1-amine the pincer ligand 

geometry was responsible for a decrease in catalyst activity, however, during the 

cyclisation of 4-pentynoic acid the pincer ligands appeared to stabilise the catalyst 

against deactivation resulting in higher reaction conversions. A marked difference was 

also observed between catalysts containing the NCNMe or NCNEt pincer ligands.  

A series of previously reported Ir(I) and Rh(I) complexes were also investigated 

as catalysts for the inter-molecular hydroamination of terminal alkynes with primary 

amines. Catalysts containing the weakly coordinating BArF anion were found to be 
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much more effective than complexes containing BPh4
-. In general, catalysts containing 

CO co-ligands were more beneficial than those containing COD, with iridium catalysts 

significantly more active than rhodium. The nature of the chelating ligand group, either 

bis(pyrazolyl)methane (bpm) or 1-[2-(diphenylphosphino)ethyl]pyrazole (PyP), had 

little impact on catalyst activity. The bimetallic system (µ-L)[Ir(CO)2]2(BArF)2 was 

found to be the most active catalyst of the series, particularly for the hydroamination of 

phenylacetylene and aniline, for which it is one of the most efficient catalysts known to 

date. 
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aniline (3.4) into E-N-(1-phenylethylidene)benzeneamine (3.5) catalysed by 1.5 mol% of 

complexes (µ-L)[Ir(CO)2]2(BArF)2 (4.6) and (µ-L)[Rh(CO)2]2(BArF)2 (4.7) at 100 °C in TCE-

d2 and toluene-d8.  
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Figure 4.2 Reaction profile of the inter-molecular hydroamination of phenylacetylene (3.3) and 

aniline (3.4) into E-N-(1-phenylethylidene)benzeneamine (3.5) catalysed by 3.0 mol% metal 

loading [Ir(PyP)(COD)]BPh4 (4.1), [Ir(bpm)(CO)2]BArF4 (4.4) and (µ-L)[Ir(CO)2]2(BArF)2 

(4.6) at 100 °C in TCE-d2. 
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Figure 4.3: Inter-molecular hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-

N-(1-phenylethylidene)benzeneamine (3.5) and acetophenone (4.13) with addition of 

deionized H2O performed in TCE-d2 at 100 °C using 1.5 mol % of (µ-L)[Ir(CO)2]2(BArF)2 

(4.6). 
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1.1 Transition metals in homogeneous catalysis 

Organometallic chemistry is based on the observation that the association between a 

metal centre and an organic fragment is able to significantly modify the properties of 

both components. The origins of this field are dated 1757, when the French pharmacist-

chemist Louis Claude Cadet de Gassicourt, prepared the first organometallic complex.1 

The industrial application of organometallic chemistry was then established as early as 

the 1880s when Ludwig Mond discovered that nickel easily reacted with CO to form 

gaseous Ni(CO)4, which could be then collected and under thermal decomposition 

would give pure nickel in return. Fifty years later, in the 1930s, the first catalytic 

application of an organometallic compound was explored and Co2(CO)8 was applied in 

hydroformylation catalysis.2 Later on, the significant development of metal complexes 

in catalysis, such as Wilkinson's catalyst [RhCl(PPh3)3] (where no M-C bond is 

present), has greatly expanded the field.3 

 

1.2 Catalysts in organic chemistry 

A catalyst is a substance able to lower the energy barrier between reactants and products 

without being consumed by the reaction. Because of the lower energy barrier a catalyst 

allows reactions to proceed at lower temperatures. A catalyst, nevertheless, doesn't 

affect the reaction equilibrium but only the reaction rate, therefore a catalyst can 

accelerate only thermodynamically favoured reactions. For a reaction where various 

pathways may proceed to the formation of a number of different products a catalyst may 

also be used to preferentially accelerate one pathway over others, providing a route 

towards more selective reactions. The advantage of lower reaction temperatures and 

more selective product formation address important economical and environmental 
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concerns. Catalysts in particular address the "Green Chemistry"4 principle of atom 

economy, according to which the formation of by-products is eliminated or reduced to 

minimise the environmental impact of a chemical process.5  

 

1.3 Homogeneous and heterogeneous catalysts 

Catalysts can be divided into two major groups: homogeneous and heterogeneous. 

Homogeneous catalysts are in the same phase as the substrates, usually within the same 

solution, while heterogenous catalysts are in a different phase, usually a solid catalyst 

suspended in solution. Heterogeneous catalyst are typically stable solids, relatively easy 

to handle and easily recyclable. They are also usually tolerant of extremely harsh 

reaction conditions. However, understanding heterogeneous catalyst structure and 

reaction mechanisms is difficult due to a poorly defined surface structure and a limited 

ability to observe the chemistry of surfaces. Therefore improvement of heterogenous 

catalyst design is still very empirical.6  

An important application of heterogeneous catalyst is the Haber-Bosch process, 

where under very high temperature (300-500 °C) and high pressure (150-200 bar), 

metallic iron or ruthenium are used to catalyse the combination of N2 and H2 gas to 

produce ammonia, NH3 (Scheme 1.1).7  

 

 

Scheme 1.1 

 

 

3H2 N2 2NH3
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Most new cars are also equipped with a catalytic converter, which consists of a 

heterogenous catalyst (usually platinum or palladium) able to absorb and dissociate NO 

into molecular N2 and oxidize CO to CO2 to minimise pollution.8 

Homogeneous catalysts are much less simple to use. They are often highly sensitive to 

extreme temperatures and deactivation by exposure to air or other contaminants. 

Separation of the catalyst from a reaction mixture is also typically problematic. 

Nevertheless, homogeneous catalysts have been found to be very useful, often able to 

reach much higher product selectivity and requiring the use milder reaction conditions 

than heterogeneous systems. A key advantage of homogeneous catalysts is their ability 

to be easily characterized via spectroscopic techniques. Plus, due to their molecular 

nature variations of steric and electronic properties can be easily introduced and the 

catalyst reactivity tailored to design.2  

An important commercial use of homogeneous catalyst is the Monsanto process. 

This process has been the source of 60% of the 3.5 Mt of acetic acid produced 

worldwide every year. Developed in 1966, the process utilizes a Rh(I) catalyst cis-

[Rh(CO)2I2]- to synthesise acetic acid from MeOH and CO with extremely high 

selectivity >99% and using only 0.001 mol L-1 of catalyst.7,9,10  

The hydrogenation of alkenes has also benefitted greatly from the application of 

homogeneous catalysts. Wilkinson's catalyst RhCl(PPh3)3 for example was one of the 

first systems developed to efficiently catalyse the reduction of simple alkenes.7 This led 

to the development of related systems that contained chiral phosphine ligands which 

were able to the catalyse the reduction of prochiral alkenes into enantiomerically 

enriched alkanes (Scheme 1.2).11  
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Scheme 1.2 

 

1.4 Transition metal complexes as catalysts 

Transition metals are able to accommodate a variety of coordination geometries and 

support a number of stable oxidation states, which makes them versatile metals for use 

in homogenous catalysis.12 Transition metals are also potent Lewis acids able to accept 

electron density from their surrounding ligands. For a substrate molecule coordinated to 

a metal complex, this Lewis acidity can result in the polarisation of a bond and/or the 

weakening of a bond by withdrawing electrons from a bonding orbital, thereby 

activating the substrate towards reaction. At the same time back donation of electron 

density from filled metal d-orbitals to antibonding π* or σ* orbitals of the substrate can 

further activate the coordinated substrate (Figure 1.1).2 

    

 

Figure 1.1: Bonding of a π-bond donor to a metal. Arrow a represents electron donation from the filled 

substrate π-bond to the empty dσ orbital on the metal; arrows b represent the back donation from the filled 

M(dπ) orbital to the empty substrate π* 

 

The hydrogenation of an alkene by Wilkinson's catalyst [Rh(PPh3)3Cl] provides an 

excellent example of how various oxidation states, coordination geometries and valence 

electron counts can combine to facilitate a catalytic reaction (Scheme 1.3). The initial 
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16e- Rh(I) species at first undergoes ligand loss to yield a 14e- intermediate. This is 

followed by the oxidative addition of H2, resulting in a change of oxidation number at 

the metal centre from I to III and an increase in coordination number from 3 to 5. 

Alkene coordination and insertion of the alkene into the Rh-H bond follow and the 

cycle concludes with the reductive elimination of the product and regeneration of the 

active 14e- Rh(I) species.7 

 

Scheme 1.3 

 

Each catalytic cycle is called a turnover. The turnover number (TON) corresponds to 

the moles of product formed per moles of catalyst and gives a measure of catalyst 

lifetime. When the turnover is measured against time, usually in hours, then the 

turnover frequency (TOF) is obtained, which provides a measure of the catalytic rate.2  

 

1.5 Catalyst structure 

The structure of a homogeneous catalytic system can be well-understood using 

spectroscopic techniques, which then allows us to tailor the electronic and steric 
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properties of the catalyst to suit the reaction needs. The catalytic activity of a metal 

complex is based on fine-tuning the three main complex components: the identity of the 

metal centre, the electronic and steric proprieties of the ligands and the properties of any 

uncoordinated counterion associated with a charged complex (Scheme 1.4). 

 

 

Scheme 1.4 

 

1.5.1 Metal properties 

Transition metal (TM) properties vary greatly across the periodic table. The early TMs 

are highly electropositive and therefore quite π-basic, resulting in a strong backdonation 

of electron density from the metal to the π* orbitals of unsaturated ligand groups such as 

CO, arenes, alkenes and alkynes.2 The lower oxidation states of the early TMs are also 

highly sensitive to oxidation and are therefore readily deactivated in the presence of air 

or other oxidising constituents. The greater stability of the higher oxidation states makes 

these metals reluctant to participate in reductive processes that are often necessary to 

facilitate the elimination of a product molecule from the metal complex.2 

Late transition metals, on the other hand, are more electronegative retaining their 

electrons more strongly. They are able to withdraw electrons from coordinated bonds 
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and thereby increase ligands susceptibility towards nucleophilic attack. Late transition 

metals are also considerably less sensitive to oxidation by air and the smaller difference 

in energy between oxidation states makes multiple oxidation states more available to 

participate in a catalytic cycle.2  

 

1.5.2 The nature of the ligand 

The nature of the ligand can greatly influence the electronic and steric properties of a 

metal complex depending on the geometry of the ligand, the number of coordinating 

groups and how strongly the ligand groups donate or withdraw electron density from 

the metal centre.2,13 The ligand therefore represents the most variable fragment in the 

complex design. While strongly coordinating ligands may stabilize electron deficient 

metal centers, more labile ligands are often necessary to create vacant coordination sites 

on the metal through which a substrate may bind. The steric bulk of a ligand can also 

influence the activity of a catalyst. Indeed, steric crowding around a complex may 

enhance the lability of a ligand or shield reactive sites on the metal from unwanted side 

reactions.14 For multitopic ligands that contain more than one donor group the lability 

and steric proprieties of the ligand can be tailored even further depending on what 

coordination geometry the donor groups adopt and the rigidity and steric bulk of the 

ligand scaffold. 

 

1.5.2.1 Multitopic ligands and ligand geometry 

In comparison to monodentate ligands, multitopic ligands are kinetically much less 

labile and thermodynamically more stable. This is due to the entropic penalty of 

displacing a single multitopic ligand with two or more monodentate ligands. As a result 

of the stronger metal ligand interaction multitopic ligands tend to yield complexes of 
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higher thermal stability. They also tend to inhibit unwanted decomposition pathways by 

occupying multiple coordination sites through which such reactions may otherwise 

proceed. Increasing the number of donor groups increases the degree of complex 

stabilization, however for a catalytic metal complex this can come at the cost of 

catalytic activity. A balance therefore needs to be established between these two 

opposing influences in order to generate an effective catalyst.2  

Multitopic ligands can be classified according to the number of donor groups 

they contain and the geometry of their coordination mode. Bidentate ligands have the 

simplest geometry coordinating in a chelating fashion to a metal centre, whereas 

tridentate ligands can coordinate to a metal centre in either a facial or pincer fashion 

(Scheme 1.5), all of which have been extensively utilized in homogeneous catalysis. 

Pincer ligands in particular have shown an extraordinary ability to stabilize highly 

reactive metal complexes and to dramatically improve the thermal stability of many 

catalysts.15,16 

 

 

Scheme 1.5 

 

A particular advantage of using multitopic ligand architectures is the ability to combine 

both strong and weak donor groups. Weakly coordinating ligands are often necessary as 

their high lability provides access to vacant coordination sites on the metal through 

which a reaction may proceed. However complete loss of the ligand can result in an 
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electron deficient metal centre that is more susceptible to decomposition. By combining 

both strong and weak donor groups it is possible for the weaker donor to dissociate 

temporarily while the stronger donor anchors the ligand to the complex thereby 

maintaining both catalyst reactivity and stability, a process known as hemilability.14 

     

1.5.2.2 Phosphorus donor ligands 

Phosphine donor ligands of the type PR3 (R = alkyl, aryl, O-alkyl/aryl) (Scheme 1.6) are 

one of the most widely used and versatile ligands with their electronic and steric 

properties easily altered over a wide range by varying the nature of the substituents (R). 

Phosphines are strong two electrons σ-donor ligands and generally weak π-acceptor 

ligands.17 They form strong metal-ligand bonds particularly with the late TM's where 

they are compatible with metals in both high and low oxidation states. They also exhibit 

a moderate trans influence, which increases the lability of ligands coordinated trans to 

the phosphine.2 

 

  

Scheme 1.6 

 

1.5.2.3 Nitrogen donor ligands  

The possibility of sp3, sp2 and sp hybridization for N-donor ligands gives a wide 

variation of steric and electronic properties for this donor group (Scheme 1.7). Nitrogen 
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donor ligands are good 2-electron σ-donors but very poor π-acceptors.13 Ligands with 

sp2 hybridized N-donors such as those found in imines and the N-heterocycles, 

imidazole, pyrazole, oxazole, pyridine etc., are particularly useful moieties for the 

coordination of transition metal complexes. They are stronger 2-electron σ-donors than 

sp3 N-donor groups and are easily incorporated into larger ligand structures. Compared 

to phosphines, N-donor ligands form weaker more labile metal-ligand bonds and for 

this reason their incorporation into larger multidentate ligand structures is often 

desirable.  

 

       

Scheme 1.7 

 

1.5.2.4 N-heterocyclic carbene donor ligands  

N-heterocyclic carbenes (NHCs) are compounds that contain an sp2 hybridized 

6-electron carbene moiety incorporated into an N-heterocyclic ring.18 In contrast to non-

heterocyclic carbenes, NHCs are significantly more stable. For the most common NHC 

motif based on an imidazole ring structure (Scheme 1.8), the interaction between the 

electron lone pairs of the two neighbouring nitrogen π-orbitals and the empty π-orbital 

of the carbene help stabilize the electron deficient carbon centre, allowing the 

coordination chemistry of the carbene's lone electron pair to be exploited.19 Overall, 

carbenes are very strong σ-donor ligands and very poor π-acceptor ligands. Because of 
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their strong σ-bonding character, NHCs are often compared to phosphines in term of 

their coordination chemistry, however NHCs are much stronger ligands than even the 

most basic phosphine ligand20 resulting in ligand-metal bonds of very low kinetic 

lability.21,22 Their complexes are therefore more tolerant of higher reaction temperatures 

and the  

coordinated carbene ligand itself is less susceptible to oxidation.   

 

     

Scheme 1.8 

 

1.5.2.5 The carbon monoxide ligand 

Carbon monoxide coordinates to a metal centre through both σ-bond donation of 

electron density from the lone electron pair on carbon and π-backbonding from filled 

metal d orbitals to the empty π* orbitals of the CO triple bond. CO is in fact an 

exceptionally π-acidic ligand in combination with electron rich late TMs (such as Rh(I) 

and Ir(I)). By removing electron density from the metal centre CO ligands not only 

stabilize lower oxidation states of the complex but also increases its Lewis acidity. The 

IR stretching frequency of the CO triple bond also provides a useful spectroscopic 

handle for the characterization of CO containing complexes. 

 

1.5.2.6 π-Coordinating ligands  

π-Coordinating ligands bond to a metal centre via donation of e- density from the 

π-electrons shared between a pair of multiply bonded atoms, such as in alkenes and 

alkynes. They also have the potential to accept e- density from the metal into their 
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π*-orbitals, however to a much lesser degree than CO. The combination of σ-donation 

and π-back bonding can weaken the π-bond of a coordinated substrate and increases its 

susceptibility to both nucleophilic and electrophilic attack depending on the oxidation 

state of the metal and the amount of back-bonding. 

 

1.6 Bimetallic complexes 

The use of bimetallic complexes in homogeneous catalysis has only recently received 

much attention. Bimetallic complexes contain two metals immobilized within one 

ligand scaffold. By bringing the two metal centres into close proximity an enhancement 

of catalyst activity is often observed which is greater than the sum of the individual 

monometallic units. Such enhancement is termed intermetallic “cooperativity"23,24 Early 

work into developing bimetallic catalysts was aimed at developing enzyme mimics for 

the hydrolysis of phophoesters.25 The	
  anthracene	
  bridged	
  di-­‐Cobalt	
  complex	
  (Scheme 

1.9 a)	
   for	
   example	
   was	
   shown	
   to	
   promote	
   the	
   hydrolysis	
   of	
   phosphoesters	
   at	
   a	
  

tenfold	
  greater	
  rate	
  than	
  the	
  analogous	
  mononuclear	
  complex.26	
  The first example 

of a bimetallic catalyst promoting an organic reaction was reported by Stanley and co-

workers who demonstrated that the Rh2 complex (Scheme 1.9 b) was a far superior 

catalyst for the hydroformylation of 1-hexene compared to its monometallic 

analogues.27 Bis-metallosalen complexes of Cr2 (Scheme 1.9 d), Al2 and Co2 have also 

been used for the asymmetric ring opening of epoxides resulting in increased 

enantioselectivities and catalyst activities up to several orders of magnitude greater 

compared to the monometallic analogues.25 Marks and coworkers have also reported 

half-sandwich indenyl Zr2 (Scheme 1.9 c) and Ti2 catalysts for the polymerisation of 

alkenes, which were up to 600 times more active than the related monometallic 
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catalysts. Bimetallic systems have been used as catalyst for a wide range of organic 

reactions such as the polymerization of olefins,28,29,30 the Heck coupling of aryl halides30 

and the hydrogenation of alkenes.31  

 

               

a)       b)  

c)  

 

       

d) 

Scheme 1.9 

 

As can be seen from the examples described above a variety of bimetallic 

arrangements can be used to enhance the catalyst activity. Typically such 

enhancement is highly sensitive to small changes in catalyst structure and is often 
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highly specific to a certain reaction or substrate. The application of bimetallic 

complexes across a broader range of catalytic transformations remains a significant 

challenge.  

 

1.7 Counter ion properties 

The nature of the counter ion is known to affect the catalytic efficiency of charged metal 

complexes.32 Coordinating anions such as halides and those containing basic oxygen 

groups such as sulfonates and ClO4
- readily bind to electrophilic metal centers and can 

therefore compete with substrates for coordination sites on the metal.33 Even anions 

with weakly basic fluorine substituents such as BF4
- and PF6

- have been shown on many 

occasions to bind to coordinatively unsaturated metal centres. In order to produce a 

more weakly coordinating anion the delocalization of the negative charge over a large 

area of non-nucleophilic moieties is desirable. Exchange of the fluorine atoms in BF4
- 

for phenyl groups therefore gave the larger BPh4
- ion. This anion was shown to be 

considerably less nucleophilic leading to a better separation of the complex ions and 

greater availability of the metal centre for substrate binding. However BPh4
- is still able 

to coordinate to a metal through its phenyl rings and was also shown to undergo B-Ph 

bond cleavage in the presence of strong Lewis acids.34  
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Scheme 1.10 

 

The addition of CF3 substituents onto the phenyl rings of BPh4
- gives the tetrakis(3,5-

trifluoromethylphenyl)borate anion (BArF) . The incorporation of electron-withdrawing 

and sterically bulky substituents has been shown to inhibit the π-coordinating ability of 

the arene substituents and also reduce the tendency for B-Ar cleavage. Since its 

development the BArF anion and related fluorinated aromatic borates have been widely 

applied in homogeneous catalysis. The weakly coordinating nature of this anion has led 

in many cases to significant improvements to both the catalysts efficiency and 

selectivity.34  
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considered here are classified by the nature of atom X, namely: hydroamination (X= N), 

hydroalkoxylation (X= O) and hydrosilylation (X= Si). 

 

1.8.1 Hydroamination 

The hydroamination of alkynes involves the addition of an amine N-H bond across an 

alkyne C≡C triple bond. This leads to the formation of new N-containing compounds 

(Scheme 1.11).35 This reaction can be performed with both primary and secondary 

amines to give enamines, however for primary amines the final product is typically the 

more thermodynamically stable imine tautomer. The reaction can be performed in either 

an inter- or intra-molecular fashion, with both Markovnikov and anti-Markovnikov 

regioisomers being possible. 

 

 

Scheme 1.11 
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ubiquitous constituents of biological systems and are therefore prime synthetic targets 

for the pharmaceutical and agrochemical industries. Prominent examples include the 

alkaloids (±)-monomorine,36 S-(+)-laudanosine,37 clavicipitic acid38,39 as well as the 

anti-fungal agent (+)-preussin (Scheme 1.12).40  

 

 

 

 

 

 

Scheme 1.12 

 

1.8.2 Hydroalkoxylation 

The hydroalkoxylation of alkynes involves the addition of an O-H bond across the 

alkyne C≡C triple bond. This leads to the formation of new O-containing compounds. 

Most commonly it is the intra-molecular cyclisation of alkynyl alcohols or alkynoic 
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exo- or endo- to the heterocycle (Scheme 1.13). Both isomers have similar 

thermodynamic stability with the regioselectivity of the reaction being determined by 

the type of catalyst used to perform the cyclisation.  

 

 

Scheme 1.13 

 

The synthesis of lactone containing compounds is highly desirable due to the high 

biological activity of this class of molecules. For example, compounds such as xerulinic 

acid have been shown to inhibit cholesterol production,41 fimbrolides have been 

investigated as anti-bacterials42,43 and aspergillumarin A44 has been applied as an anti-

fungal agent (Scheme 1.14). 

 

 

Scheme 1.14 
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biologically active products such as the HIV protease inhibitor UIC-94017 (Scheme 

1.16 a)45 and the fruit fly pheromone 1,7-dioxaspiro[5.5]undecane (Scheme 1.16 b).46 

 

 

Scheme 1.15 

 

   

 a)       b) 

Scheme 1.16 

 

1.8.3 Hydrosilylation 

The hydrosilylation of alkynes involves the addition of a Si-H bond across an alkyne 

C≡C triple bond. Hydrosilylation of carbon-carbon multiple bonds has been one of the 

most important laboratory and industrial methods for the formation of silicon-carbon 

bonds.47 The hydrosilylation of alkynes provides access to vinylsilanes which are useful 

intermediates in organic synthesis.48,49,50 Organosilane products have been extensively 
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depending on whether the silicon adds to the α or β carbon of the alkyne and the 

relative arrangement E or Z of the substituents (Scheme 1.17). Therefore the 

development of catalysts that are not only highly active but also achieve a high 

regioselectivity is quite challenging.  

 

 

Scheme 1.17 
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The work described in this thesis involves the design and synthesis of rhodium and 
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the addition of X-H bonds (X = S, O and N) to alkynes. The specific objectives were to: 
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catalysts for promoting the hydroamination (C-N bond formation), 

hydroalkoxylation (C-O bond formation) and hydrosilylation (C-Si bond 

formation) of alkynes; 

d. Compare the activity of these pincer complexes with analogous Rh(I) 

complexes containing a bidentate NHC-pyrazolyl ligand; 

e. Develop known Ir(I) and Rh(I) complexes as catalysts for the 

inter-molecular hydroamination of alkynes. The influence of the ligands, 

co-ligands and counter ions on the catalysts reactivity will be 

investigated and optimised under various solvent and temperature 

regimes with the aim of putting in place the most efficient catalyst. 

Bimetallic catalyst motifs will also be explored 

 

This thesis will be divided into three main parts. The first part, chapter 2, will focus on 

the synthesis of new pincer ligands and their complexes with Rh(I) and Ir(I). Chapter 3 

will focus on the application of these complexes and related systems in catalysis. 

Chapter 4 will be focused on the development of other Rh(I) and Ir(I) catalysts for the 

inter-molecular hydroamination reaction.  
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2.1 Introduction  
2.1.1 Pincer ligands  
Pincer ligands are tridentate ligands of the general formula EYE', where Y denotes the 

central donor atom and E/E' the two pendant donor atoms. These ligands are typically 

composed of a central phenyl or pyridyl ring joined at the ortho positions by a short 

linker X/X’ to the pendant donor groups (Scheme 2.1 a). This results in a relatively rigid 

ligand conformation that usually coordinates to a metal centre in a meridional (or 

pincer) fashion. The earliest complexes synthesised with pincer ligands were the square 

planar PCP1 and PNP2 metal halide complexes shown in Scheme 2.1(b) and (c).  

 

 

Scheme 2.1 

 

Since then the general structure of pincer ligands has diversified considerably. The 

central core is no longer restricted to a phenyl or pyridyl ring and a range of alternative 

heterocyclic and acyclic structures containing amide, carbene, alkyl, silyl or boryl donor 

groups have been reported. The nature of the pendant donors E/E' have been extensively 

modified as well with amine (NR3),3-5  imine (NR2),6,7 phosphine (PR2),5,7-11 phosphite 

(P(OR)2),12-14 ether (OR),15 thioether (SR),16,17 N-heterocyclic carbene (NHCs),18-22 and 

selenoether (SeR)23 donor groups having all been used.24,25 Further structural 

modifications have also been achieved through variation of the spacer groups X/X' from 
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alkyl chains of various length ((-CH2-)n) to heteroatom linkers such as amines (-NR-)26 

and ethers (-O-).3 Finally, the two spacers X/X' and the pendant donor atoms E/E' may 

not necessarily be identical, and asymmetric systems have been routinely synthesised25-

34,21,3,11 The facility through which a wide range of functional groups can be varied has 

made it possible to easily tune the electronic and steric properties of the pincer ligand 

and hence the reactivity of a coordinated metal centre. Such a great diversity of 

functionality has therefore led to the application of pincer ligand containing metal 

complexes as homogeneous catalysts for numerous transformations. 

 

2.1.2 Coordination properties of pincer ligands  

Pincer ligands first attracted attention due to the high thermal stability associated with 

many of their complexes, such as the PCP nickel(II) chloride complex synthesised by 

Shaw et al. (Scheme 2.1 b), which sublimes at 240 °C at 1 atmosphere without apparent 

signs of decomposition.1 The stability imparted by pincer ligands to the metal complex 

is thought in part to emerge from the rigid meridional coordination geometry that such a 

structure enforces. This limits the number of open coordination sites on the metal and 

the available coordination geometries of the complex, which can inhibit unwanted 

decomposition pathways.35 

 A tridentate coordination is not always observed upon use of pincer ligands and 

several other coordination modes are also possible. A bidentate (κ2) coordination mode 

is often observed when weakly coordinating side arms are present.36,37 Such binding 

was reported by Canovese et al. with an SNS palladium complex containing thioether 

sidearms (Scheme 2.2). This complex forms an equilibrium between the bidentate and 

pincer coordination modes in solution.38 Notably such hemilability had a beneficial 

impact on the rate of allene insertion into the Pd-Me bond. 
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Scheme 2.2 

 

Increasing the flexibility of the ligand by increasing the length of the linker groups X/X’ 

can lead to a facial coordination of the three donor groups. For example the dimeric 

ruthenium complex in Scheme 2.3 contains two PCP pincer ligands that are bound in a 

facial coordination manner. This is possible due to the longer ethylene linking groups 

between the central NHC ring and the pendant phosphorus donor atoms. It is interesting 

to note that with the fac-coordination mode the 6-electron pincer ligand is able to mimic 

the η5-binding mode of the cyclopentadienyl anion, which is a well established 

‘privileged’ ligand with proven potential in a wide range of applications.39 
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2.1.3 NHC pincer complexes 

N-heterocyclic carbenes (NHCs) are very strong σ-donor ligands that have a low kinetic 

lability and are able to confer a high thermal stability to a metal complex.40,41 For this 

reason the incorporation of NHCs into pincer ligand scaffolds is highly desirable. 

Typically, NHCs have been incorporated as the pendant donor groups about a central 

phenyl or pyridyl core and such CCC and CNC pincer ligands have been used in 

combination with a variety of metals for catalytic applications. Selected examples 

include the PdCNC complex (Scheme 2.4 a) which is an effective catalyst for the Heck 

reaction,42 the TiCCC complex (Scheme 2.4 b) which efficiently catalyses the 

intra-molecular hydroamination of amino alkenes,43 as well as the series of lanthanide 

CCC isoprene polymerisation catalysts (Scheme 2.4 c).44 

 

Scheme 2.4 

 

Much less explored are pincer systems that contain a central NHC donor group. Such 

systems have only been investigated in the last decade with much initial interest focused 

on dianionic NCN or OCO pincer complexes of the early transition metals, particularly 

group 4 (Ti, Zr and Hf) (Scheme 2.5).45-47 
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Scheme 2.5 

 

Dianionic selenolate (SeCSe)48 and thiolate (SCS) NHC pincer ligands have also been 

complexed to the late transition metals such as Rh, Pd and Pt (Scheme 2.6).45 Note for 

the rhodium SCS complexes, which contain an unusual ring-expanded NHC as the 

central donor group, both amidate49 and thiolate50 coordination modes can occur 

depending on the size of the substituent R. 

 

 

Scheme 2.6 
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phenyl linkers between the NHC and phosphine donor groups has also been published 

with complexes of Ni, Pd and Pt (Scheme 2.7 c).52  

Scheme 2.7 

 

The ethylene and ortho-phenyl linked PCP pincer ligands have also been coordinated to 

rhodium (Scheme 2.8). It is interesting to note that despite a very similar structure these 

two Rh complexes showed quite different reactivity. For example the structure of the 

ethyl linked complex53 (Scheme 2.8 a) could only be inferred due to its highly unstable 

nature which led to its oxidative degradation to yield a Rh(III) trichloride complex 

(Scheme 2.8 b). Alternatively, the analogous ortho-phenyl linked complex (Scheme 2.8 

c, X= Cl)54 is perfectly stable. However, if the ortho-phenyl linked complex contains a 

methyl or hydride ligand in place of chloride (Scheme 2.8 c, X= Me or H) then the 

complex undergoes an intra-molecular P-C bond cleavage to yield cyclometallated 

complexes (Scheme 2.8 d).  

a)

N N

Pd PPh2Ph2P

Cl

Cl

N N
P
Ar2

P
Ar2

Fe

Fe Pd

NCCH3

(PF6)2

b)          Ar= Ph, 3,5-(CF3)2C6H3, 
             3,5-(CH3)2C6H3

N N

M PiPr2
PiPr2

H

PF6

c)          M= Ni, Pd, Pt



Complexes with Pincer Ligands 	
  

 

 32 

Scheme 2.8  

 

Very recently, Ir(III) and Rh(I) complexes were reported that possess a PCP pincer 

ligand with a ring-expanded NHC as the central donor group (Scheme 2.9).55,56 

 

   

Scheme 2.9 
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 Scheme 2.10  

 

2.1.4 Objectives 

The aims of this chapter were to synthesise two new pincer ligand structures (Scheme 

2.11), which contain a strongly coordinating NHC as the central donor group and two 

weakly coordinating pyrazole arms. The pyrazole groups were to be joined to the 

central NHC donor by methyl or ethyl linker groups.  

 

 

Scheme 2.11 
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2.2 Results and discussion 

2.2.1 Synthesis of ligand precursors  

 

 

Scheme 2.12 
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free pyrazole base was not possible. Synthesis of the ligand precursor 

bis(ethylpyrazolyl)imidazolium tetraphenylborate NCNEt.HBPh4 (2.2) was achieved 

following an analogous procedure from the reaction of N-(2-bromoethyl)pyrazole with 

trimethylsilyl imidazole (Scheme 2.12 b). After anion exchange with NaBPh4 the 

desired product (2.2) was obtained in 72% yield. 

The 1H NMR spectrum of 2.1 (Figure 2.1 a) contains a characteristic high 

frequency singlet resonance at 9.62 ppm due to the imidazolium H2 proton, clearly 

indicating successful synthesis of the ligand precursor. A large singlet resonance at 6.58 

ppm due to the four methylene protons and a characteristic triplet at 6.40 ppm due to the 

pyrazole H4 proton were also observed. Similarly, the 1H NMR spectrum of ligand 

precursor 2.2 (Figure 2.1 b) contains a characteristic high frequency resonance for the 

imidazolium H2 proton at 8.72 ppm. This slightly lower frequency, compared with that 

of 9.62 ppm for the equivalent proton of compound 2.1, suggests there is a significant 

electronic impact on the imidazolium ring by increasing the length of the alkyl linkers 

from methyl to ethyl.  
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Figure 2.1: 1H (400 MHz, DMSO-d6) NMR spectra of the a) bis(methylpyrazolyl)imidazolium salt (2.1) 

and b) bis(ethylpyrazolyl)imidazolium salt (2.2). 

 
 

2.2.2 Synthesis of rhodium(I) and iridium(I) complexes containing the 

ligand NCNMe (2.1) 

2.2.2.1 Synthesis of [Rh(NCNMe)(COD)]BPh4 (2.3)  

 

Scheme 2.13 
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The Rh(I) complex [Rh(NCNMe)(COD)]BPh4 (2.3) (where COD= 1,5-cyclooctadiene) 

was synthesized by generating the pincer carbene ligand (NCNMe) in situ via reaction of 

the ligand precursor NCNMe.HBPh4  (2.1) with [Rh(µ-Cl)COD]2 and NaOEt in THF at 

room temperature for two hours. Removal of the volatiles and analysis of the crude 

residue by 1H NMR spectroscopy revealed the formation of multiple species (Scheme 

2.13). No trace of unreacted ligand precursor was detected but three new ligand 

containing products were observed, as clearly indicated by the presence of three distinct 

triplet resonances characteristic of the pyrazole H4 protons (Figure 2.2).  

 

Figure 2.2: a) 1H NMR (400 MHz, DMSO-d6) of the crude residue from the synthesis of Rh(I) complex 

2.3; b) three resonances due to the H4 Pz of isomeric products. 

 

Despite a series of recrystalization attempts using different solvent combinations, 

isolation of a single species was not achievable. The composition of the mixture 

however was revealed to be solvent dependent and stirring the crude product mixture in 

dichloromethane for 30 minutes gave a single new species. Such a transformation 

suggests that the three species present initially were in fact geometrical or structural 

isomers of each other, although further characterisation of these intermediates was not 

attempted. After stirring the crude mixture of unidentified isomers in dichloromethane, 
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addition of n-pentane afforded the desired product [Rh(NCNMe)(COD)]BPh4 (2.3) as a 

bright yellow powder (77 % yield).  

 

Figure 2.3: 1H (400 MHz, DMSO-d6) NMR spectrum of [Rh(NCNMe)(COD)]BPh4 complex (2.3). 

 

In the 1H NMR spectrum of 2.3 (Figure 2.3) only one set of resonances is present for 

the pyrazolyl protons and one singlet resonance for the imidazole H4 protons indicating 

that there is a plane of symmetry through the centre of the ligand. The resonances due to 

the methylene protons of the bridging ligand arms appear as two very broad singlets at 

6.63 and 6.36 ppm, one for each of the magnetically inequivalent geminal protons 

CHaHb. The width of these two peaks indicates that the geminal protons are undergoing 

exchange over the time frame of the signal acquisition, suggesting a relatively fluxional 

complex conformation. The resonances of the 1,5-cyclooctadiene (COD) ligand are also 

broadened. Notably, a large separation is observed for the two COD resonances 
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assigned to the alkene protons at 5.19 and 3.11 ppm, indicating a significant difference 

in the magnetic environment of these two groups. 

 

2.2.2.1.1 Solid state structure of [Rh(NCNMe)(COD)]BPh4 (2.3)  

Crystals of [Rh(NCNMe)(COD)]BPh4 (2.3) suitable for x-ray diffraction analysis were 

obtained by slow diffusion of n-pentane into a concentrated solution of the complex in 

dichloromethane. In contrast with pincer ligands of a similar geometry, which typically 

coordinate in a meridional fashion, the bis(methylpyrazolyl)carbene ligand (NCNMe) of 

complex 2.3 coordinates to the metal centre in a facial fashion (Figure 2.4). In 

combination with the COD co-ligand, the complex assumes a distorted trigonal 

bipyramidal geometry, where the axial plane is occupied by the carbene and one COD 

alkene donor, while the second COD alkene and the two pyrazole donors lay on a 

distorted equatorial plane. Note, the angle N-Rh-N of 88.77(10)° is far from the ideal 

trigonal bipyramidal angle of 120°. An axial plane of symmetry bisecting the two N-

donor groups is consistent with the symmetry shown in the 1H NMR spectrum 

suggesting a similar structure predominates in solution.        
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a) 

 

b) 

Figure 2.4: ORTEP diagram of the cationic fragment of [Rh(NCNMe)(COD)]BPh4 complex 2.3, with 

40% probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis a) and from 

the axial axis b). Selected bond lengths (Å) and angles (o): Rh-CNHC= 1.981(3), Rh-N= 2.267(2), Rh-N= 

2.270(2), Rh-CODax= 2.270(3)/2.273(3), Rh-CODeq= 2.097(3)/2.097(3), N-Rh-N= 88.77(10).  
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2.2.2.2 Synthesis of [Ir(NCNMe)(COD)]BPh4 (2.4) and 

[Ir(κ1-NCNMe)2(COD)]BPh4 (2.5)            

 

 

 Scheme 2.14 

 

The reaction of the imidazolium ligand precursor NCNMe.HBPh4 (2.1) with 

[Ir(µ-Cl)COD]2 and NaOEt in MeOH at room temperature for two hours gave a pale 

yellow precipitate and a bright orange solution (Scheme 2.14). The yellow precipitate 

was collected and recrystallized from THF/diethyl ether to give the desired pincer 

bound product [Ir(NCNMe)(COD)]BPh4 (2.4) in 46% yield. Reduction of the orange 

solution to dryness and recrystallization of the residue from dichloromethane/pentane 

gave a bright orange precipitate of the bis-carbene complex [Ir(κ1-NCNMe)2(COD)]BPh4 

(2.5) in 12% yield. 
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Figure 2.5: 1H (400 MHz, DMSO-d6) NMR spectrum of the [Ir(NCNMe)(COD)]BPh4 complex (2.4). 

 

The 1H NMR spectrum of the pincer complex 2.4 (Figure 2.5) contains a single set of 

resonances due to the pyrazole protons and one singlet resonance due to the imidazole 

H4 protons indicating a plane of symmetry through the centre of the ligand. The 

resonances assigned to the methylene protons are resolved as two sharp geminally 

coupled doublets at 6.65 and 6.16 ppm (2JHH= 13.4 Hz). Unusually, only 8 of the 

expected 12 COD proton resonances could be observed at room temperature. These 

were assigned to the alkyl (-CH2CH2-) COD protons, which appeared as two broad 

multiplets at 2.12 and 1.81 ppm. In an effort to identify the missing COD protons the 1H 

NMR spectrum of complex 2.4 was acquired at 268.15 K, 258.15 K and 248.15 K. As 

can be seen in Figure 2.6 (b-d) two broad singlets for the missing alkenic (-CH=CH-) 

protons resolve from the baseline of the spectrum as the temperature decreases. The 

broadness of the COD resonances at room temperature indicate a fluxional 
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conformation of the complex, similar to that observed for the analogous rhodium 

complex [Rh(NCNMe)(COD)]BPh4 (2.3). 

 

Figure 2.6: Variable temperature 1H NMR stacked spectra (600 MHz, THF-d8) of 2.4 showing the broad 

alkenic COD protons resonances as temperature is decreased from a) 298.15 K to b) 268.15 K, c) 258.15 

K and d) 248.15 K.  

 

The 1H NMR spectrum of the biscarbene complex [Ir(κ1-NCNMe)2(COD)]BPh4 (2.5) is 

characterised by a ligand:COD:BPh4 ratio of 2:1:1 indicating the coordination of two 

ligand groups to the iridium metal centre (Figure 2.7). As only one set of ligand 

resonance is observed the two ligands must occupy equivalent environments. Despite 

the pyrazole donor groups remaining uncoordinated, splitting of the methylene protons 

into geminally coupled doublet pairs (6.92 and 6.51 ppm, 2JHH= 13.4 Hz) is observed. 

Therefore, rotation of the ligand around the Ir-carbene bond must be impaired due to the 

steric bulk of the uncoordinated pyrazole arms. A single broad resonance for the COD 
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alkenic protons (-CH=CH-) also indicates a plane of symmetry bisecting these two 

donor groups. 

 

Figure 2.7: 1H (400 MHz, DMSO-d6) NMR spectrum of [Ir(κ1-NCNMe)2(COD)]BPh4 complex (2.5). 

 

2.2.2.2.1 Solid state structure of [Ir(NCNMe)(COD)]BPh4 (2.4) and 

[Ir(κ1-NCNMe)2(COD)]BPh4 (2.5)  

X-ray diffraction quality crystals of both complexes 2.4 (Figure 2.9) and 2.5 (Figure 

2.10) were grown by slow diffusion of n-pentane into a concentrated dichloromethane 

solution of the desired complex. The pincer coordinated iridium complex 2.4 adopts a 

similar structure to its rhodium analogue 2.3, as described above. The NCNMe ligand 

coordinates to iridium in a facial fashion to yield a distorted trigonal bipyramidal 

geometry. The carbene and one COD alkene group occupy the axial positions and the 
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second COD alkene and the two pyrazole donors lay on a distorted equatorial plane 

(N-Ir-N= 85.68(12)°). 

 

 

 a) 

 

 b) 

Figure 2.8: ORTEP diagram of the cationic fragment of [Ir(NCNMe)(COD)]BPh4 (2.4), with 40% 

probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis a) and from the 

axial axis b). Selected bond lengths (Å) and angles (°): Ir-CNHC= 1.995(4), Ir-N= 2.194(3), Ir-N= 

2.247(3), Ir-CODax= 2.210(4)/2.233(4), Ir-CODeq= 2.093(4)/ 2.093(4), N-Ir-N= 85.68(12). 
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a) 

 

b) 

Figure 2.9: ORTEP diagram of the cationic fragment of [Ir(κ1-NCNMe)2(COD)]BPh4 (2.5), with 40% 

probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis a) and from the 

axial axis b). Selected bond lengths (Å) and angles (o): Ir-C2NHC= 2.0463(3), Ir-C2`NHC= 2.048(3), Ir-

CODC1/2= 2.213(3)/2.180(3), Ir-CODC5/6= 2.210(3)/2.179(3), C2-Ir-C2’= 97.11(12). 
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The X-ray structure of the bis-NHC complex [Ir(κ1-NCNMe)2(COD)]BPh4 (2.5) 

confirmed the 1H NMR analysis, revealing a square planar geometry where two carbene 

ligands (NCNMe) and a chelating 1,5-cyclooctadiene co-ligand are coordinated to the 

Ir(I) centre. The two NCNMe ligands are coordinated to the metal centre only through 

the carbene donor with the two pyrazole arms remaining uncoordinated. The carbene-

metal bond lengths Ir-C2NHC and Ir-C2`NHC, were 2.0463(3) and 2.048(3) Å, 

respectively, which are comparable with the carbene-iridium bond lengths reported in 

the literature for other monodentate biscarbene iridium complexes (2.074(4) and 

2.076(3) Å).59 However, in comparison to the pincer complex 2.4, the Ir-C bond lengths 

of 2.5, Ir-C2NHC and Ir-C2`NHC, are longer which is an indication of a weaker carbene-

iridium bond strength. 

 

  

2.2.2.3 Synthesis of [Rh(µ-NCNMe)(CO)]2(BPh4)2 (2.6)  

 

 

Scheme 2.16 

 

The bimetallic Rh(I) complex [Rh(µ-NCNMe)(CO)]2(BPh4)2 (2.6) was synthesised by 

displacement of COD from [Rh(NCNMe)(COD)]BPh4 (2.3) under an atmosphere of CO 

(Scheme 2.16). Instead of the expected monomeric dicarbonyl complex the reaction led 

to the formation of a dinuclear species where each of the two NCNMe ligands coordinate 
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to two Rh(I) centres. The structure of 2.6 was confirmed by x-ray crystallography (see 

Section 2.3.3.1). 

Figure 2.10: 1H (400 MHz, DMSO-d6) NMR spectrum of [Rh(µ-NCNMe)(CO)]2(BPh4)2 complex (2.6). 

 

In the 1H NMR spectrum of 2.6 (Figure 2.10) only one set of ligand resonances is 

observed indicating that the two ligand groups are in equivalent environments. An 

unusually low frequency is observed for the pyrazole H3 proton indicative of strong 

magnetic shielding. In the 13C NMR spectrum of 2.6 at room temperature the resonance 

for the Rh-CO group could not be detected. The 13C{1H} NMR spectrum was therefore 

acquired at 193K, which revealed a single Rh-CO group resonance at 175.3 ppm (d, 

1JRh-C= 51.8 Hz), indicating that only one CO ligand is coordinated to each Rh nucleus 

and that both CO groups occupy equivalent environments. 

 The IR spectrum of 2.6 was acquired in both the solid state (KBr) and in 

solution (DMSO). In both cases only a single CO stretching frequency was observed at 

1998 cm-1. 
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2.2.2.3.1 Solid state structure of [Rh(µ-NCNMe)CO]2(BPh4)2 (2.6)  

X-ray quality crystals of complex 2.6 (Figure 2.11) were grown by slow diffusion of 

pentane into a concentrated solution of acetone.  

 

a) 

 

b) 

Figure 2.11: ORTEP diagram of the cationic fragment of [Rh(µ-NCNMe)CO]2(BPh4)2 (2.6), with 40% 

probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis a) and from the 

axial axis b). Selected bond lengths (Å) and angles (o): Rh1-Rh2= 3.341, Rh1-CNHC= 1.975(7), Rh2-

CNHC= 1.992(7), Rh1-CO= 1.783(8), Rh2-CO= 1.808(9), Rh1-NtransCO= 2.074(5), Rh2-NtransCO= 2.100(6), 

Rh1-NtransNHC= 2.103(6), Rh2-NtransNHC= 2.098(6). 
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The solid state structure of 2.6 was determined by X-ray crystallography which revealed 

the unusual dimeric nature of this complex  The solid state structure of 2.6 shows two 

square planar Rh centres bridged by two NCNMe ligands. Each NCNMe ligand forms a 

pyrazolyl-carbene chelate with one Rh centre while the second pyrazolyl donor 

coordinates to the other Rh centre. Each Rh centre is therefore coordinated by two 

pyrazolyl donor groups, one from each ligand, a carbene donor group and a CO ligand. 

The two Rh atoms are 3.341 Å apart which is too long to be considered a formal Rh-Rh 

bond.60-62 The pyrazole H3 proton can be seen to reside over the ring of another pyrazole 

group which accounts for the strong shielding observed in the 1H NMR spectrum. This 

correlation also confirms congruence between the solid state and solution structures of 

2.6. 

 

2.2.2.4 Synthesis of [Ir(NCNMe)(CO)2]BPh4 (2.7)  

 

 

Scheme 2.18 

 

The complex [Ir(NCNMe)(CO)2]BPh4 (2.7) was synthesised by displacement of the 

COD co-ligand from the complex [Ir(NCNMe)(COD)]BPh4 (2.4) under 1 atmosphere of 

CO (Scheme 2.18). Unlike the analogous Rh complex 2.6 which formed a dimeric 

species with only one CO molecule bound to Rh, the displacement of COD from 2.4 led 

to the expected dicarbonyl product. Unfortunately, the complex could not be isolated as 
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it was found to be unstable in the absence of a CO atmosphere, therefore the product 

could only be characterized in situ.  

Figure 2.12 shows the 1H NMR spectrum of a THF-d8 solution of 

[Ir(NCNMe)(COD)]BPh4 (2.4) before a) and after b) the introduction of a CO 

atmosphere. 

Figure 2.12: Stacked 1H NMR spectra (400 MHz, DMSO-d6) of a) [Ir(NCNMe)(COD)]BPh4 (2.3) and b) 

[Ir(NCNMe)(CO)2]BPh4 (2.7). 

 

Upon carbonylation the characteristic peaks of coordinated COD at 2.13 ppm and 1.85 

ppm disappear and two new resonances at 2.33 ppm and 5.5 ppm characteristic of free 

COD are observed. Upon carbonylation the two doublet resonances at 6.66 and 5.18 

ppm for the ligand methylene protons (CHaHb) also coalesced to give a large singlet at 

5.83 ppm. At 193 K this singlet resonance resolved back into two doublets (5.90 and 

5.79 ppm, 2JHH= 13.1 Hz), which indicated that fluctuation of the complex conformation 

is averaging these two signals at room temperature. The 13C{1H} NMR spectrum didn't 
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show any characteristic resonances due to the coordinated CO groups, possibly due to 

line broadening as a result of structural fluxionality of the complex. 

The solution state IR spectrum (THF) showed two intense bands at 2081 and 

2013 cm-1 for the CO stretching frequencies of complex 2.7, confirming that two CO 

ligands are bound to the metal centre.  

 

 

2.2.3 Synthesis of rhodium(I) and iridium(I) complexes containing the 

ligand NCNEt (2.2) 

2.2.3.1 Synthesis of [Ir(κ1-NCNEt)2(COD)]BPh4 (2.8)  

 

Scheme 2.19 

 

The reaction of the imidazolium ligand precursor NCNEt.HBPh4 (2.2) with 

[Ir(µ-Cl)COD]2 and NaOEt was attempted under a series of different reaction 

conditions. Both THF and methanol were used as solvent, and the reaction performed at 

room temperature or reflux, for either a few hours or overnight. In each case the only 

product that was isolated was the Ir(I) biscarbene complex [Ir(κ1-NCNEt)2(COD)]BPh4 

(2.8). The 1H NMR spectrum of 2.8 (Figure 2.13) revealed a ligand:BPh4:COD ratio of 

2:1:1 consistent with two carbene ligands coordinated to iridium. A single set of 

resonances for the NCNEt ligand protons is also observed indicating that both ligands 
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are in equivalent environments. Diastereotopic splitting of the ethyl proton resonances 

is also consistent with a restricted rotation of the Ir-carbene bond. 

 

  

Figure 2.13: 1H NMR (400 MHz, DMSO-d6) NMR spectrum of [Ir(κ1-NCNEt)2(COD)]BPh4 (2.8). 

 

2.2.3.1.1 Solid state structure of [Ir(κ1-NCNEt)2(COD)]BPh4 (2.8)  

X-ray diffraction analysis of single crystals of complex 2.8 revealed its solid state 

structure (Figure 2.14). The complex forms a distorted square planar configuration with 

both NCNEt ligands coordinated to Ir through only the carbenic carbon of the NHC 

donor. This is analogous to the structure obtained with [Ir(κ1-NCNMe)2(COD)]BPh4 

(2.5), described above.  
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a) 

 

b) 

Figure 2.14: ORTEP diagram of the cationic fragment of [Ir(κ1-NCNEt)2(COD)]BPh4 (2.8), with 40% 

probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis a) and from the 

axial axis b). Selected bond lengths (Å) and angles (o): Ir-C1ANHC= 2.041(2), Ir-C1BNHC= 2.052(3), Ir-

CODC1C/C2C= 2.200(3)/2.185(3), Ir-CODC5C/C6C= 2.193(3)/2.185(3), C1A-Ir-C1B= 93.79(10). 
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The carbene-iridium bond length of 2.041(2) and 2.052(3) Å in 2.8 are consistent with 

the carbene-iridium lengths reported in the literature for monodentate biscarbene 

complexes.59 However, the carbene-iridium bond length is extended with comparison to 

the carbene-iridium bond length in the pincer carbene complexes (2.4), indication of a 

weaker carbene-iridium bond strength in complex 2.8. 

 

2.2.3.2 Synthesis of [Rh(NCNEt)(COD)]BPh4 (2.9)  

 

 

Scheme 2.20 

 

Coordination of the ethyl bridged pincer ligand NCNEt to Rh(I) was achieved by 

reaction of the ligand precursor NCNEt.HBPh4 (2.2), [Rh(µ-Cl)COD]2 and an excess of 

NaOEt in THF at room temperature. The volatiles were removed in vacuo and 

recrystallization of the residue from dichloromethane/pentane gave pure 

[Rh(NCNEt)(COD)]BPh4 (2.9) in 37 % yield. The 1H NMR spectrum of 2.9 (Figure 

2.15) is consistent with a symmetric ligand with only a single set of pyrazolyl 

resonances and one singlet resonance for the imidazole H4 backbone (7.11 ppm). A 

series of overlapping multiplets were observed between 4.3 and 5.2 ppm due to the 

diasterotopic protons of the ethylene ligand arms. These spectral features are consistent 

with a solution state structure where both pyrazole donors are coordinated to Rh in an 

equivalent environment. 
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Figure 2.15: 1H (400 MHz, acetone-d6) NMR spectrum of [Rh(NCNEt)(COD)]BPh4 complex (2.9). 

 

2.2.3.2.1. Solid state structure of [Rh(NCNEt)(COD)]BPh4 (2.9)  

X-ray quality crystals of 2.9 were grown by slow diffusion of n-pentane into a 

concentrated dichloromethane solution of the complex. Despite the symmetry revealed 

in the 1H NMR spectrum, the crystal structure of 2.9 revealed an unsymmetric 

coordination environment where only one of the pyrazolyl donors was coordinated to 

the Rh centre to give a square planar complex (Figure 2.16). The fact that both 

tridentate (κ3) and bidentate (κ2) coordination modes are observed for the ligand (in 

solution and the solid state respectively) suggests that a relatively small difference in 

energy between the two configurations exists. Therefore it is possible that the κ2-

coordination mode may be readily accessible in solution. Such a hemilabile character of 

one of the pyrazolyl donors could have important consequences for the catalytic activity 
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of this complex where the creation of vacant coordination sites is often fundamental to 

the binding and activation of organic substrates.63 

 

 

 

a) 

 

b) 

Figure 2.16: ORTEP diagram of the cationic fragment of  [Rh(NCNEt)(COD)]BPh4 complex 2.9, with 

40% probability ellipsoids for the non hydrogen atoms, as viewed from the axial axis a) and from the 

equatorial axis b). Selected bond lengths (Å) and angles (o): Rh-CNHC= 2.037(2), Rh-N2A= 2.089(2), Rh-

CODtransNHC= 2.213(3)/2.179(2), Rh-CODtransN= 2.159(2)/2.122(2), CNHC-Rh-N2A= 85.37(8). 



Complexes with Pincer Ligands 	
  

 

 58 

Another example of a pincer ligand that displayed an equilibrium between tridentate 

and bidentate coordination was reported by Goldberg et al..63 The κ3 bound PCO pincer 

complex in Scheme 2.21 was observed to be in equilibrium with a dimeric κ2 bound 

complex. While the dimeric complex was present in <5 % abundance in solution, it was 

the only product that could be crystallised from the mixture. 

 

 

Scheme 2.21 

 

2.2.3.3 Synthesis of [Rh(NCNEt)(CO)2]BPh4 (2.10) 

 

 

Scheme 2.22 

 

The complex [Rh(NCNEt)(CO)2]BPh4 (2.10) was synthesised by displacement of the 

COD coligand from the complex [Rh(NCNEt)(COD)]BPh4 (2.9) under 1 atmosphere of 

CO (Scheme 2.22). When this reaction was performed in situ in acetone-d6 

displacement of the COD ligand could be clearly observed by replacement of 

coordinated COD resonances with those of free uncoordinated COD (Figure 2.17). The 

diastereotopic ethyl protons of 2.9 also resolved into a broad singlet at 5.10 ppm and a 
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triplet at 4.78 ppm (3JHH= 5.7 Hz). The broadness of the resonance at 5.10 ppm is 

consistent with a fluxional complex conformation. The observation of a single set of 

pyrazole resonances and only one singlet for the imidazole H4 protons (7.17 ppm) 

indicates a plane of symmetry bisects the pincer ligand.  

 

Figure 2.17: 1H (500 MHz, acetone-d6) NMR spectrum of [Rh(NCNEt)(CO)2]BPh4 complex (2.10). 

 

The presence of two CO groups was confirmed by IR spectroscopy (νCO= 2098 and 

2034 cm-1). Unfortunately, [Rh(NCNEt)(CO)2]BPh4 (2.10) was observed to decompose 

in the absence of a CO atmosphere precluding the isolation of this complex. A similar 

instability was also observed for the iridium dicarbonyl complex 

[Ir(NCNMe)(CO)2]BPh4 (2.7). 

 This is a clear example of how the length of the alkyl chain between pyrazole 

and NHC donor groups can effect the reactivity of [Rh(NCNMe)(COD)]BPh4 (2.3) and 

[Rh(NCNEt)(COD)]BPh4 (2.9). While the dicarbonyl complex [Rh(NCNEt)(CO)2]BPh4 
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(2.10) is formed upon reaction of 2.9 with CO, the unusual bimetallic complex 

[Rh(µ-NCNMe)(CO)]2(BPh4)2 (2.6) is formed when the shorter methylene bridged 

ligand (NCNMe) is present. 

 

2.2.4 Synthesis of [Ir(NCNMe)(PPh3)2(CO)BPh4 (2.1V) and 

[Ir(NCNEt)(PPh3)2(CO)]BPh4 (2.2V)  

 

 

Scheme 2.23 

 

The synthesis of complexes [IrNCNMe(PPh3)2(CO)]BPh4 (2.1V) and 

[IrNCNEt(PPh3)2(CO)]BPh4 (2.2V) was achieved by reaction of one equivalent of the 

ligand precursor NCNMe.HBPh4 (2.1) or NCNEt.HBPh4 (2.2) with one equivalent of 

Vaska's complex [Ir(PPh3)2(CO)Cl] and an excess of NaOEt in methanol under reflux. 

Both product 2.1V and 2.2V were isolated and recrystalized from thf/pentane to give 

bright yellow precipitates in each case. 

 For the NCNEt containing complex 2.2V the 1H NMR spectrum (Figure 2.18) 

clearly indicated that two PPh3 groups were retained on the complex (br multiplet, 30H, 

7.52-7.37 ppm). The 31P{1H} NMR spectrum of 2.2V also contained a singlet resonance 

at 21.8 ppm for the two chemically equivalent PPh3 groups. The 13C{1H} NMR 

spectrum of complex 2.2V supports the coordination of a carbonyl group to the Ir(I) 
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centre with a resonance observed at 176.6 ppm (t, 2JCP= 13.6 Hz). The CO group was 

also identified in the IR spectrum as an intense band at 2002 cm-1. 

 

Figure 2.18: 1H (400 MHz, THF-d8) NMR spectrum of [IrNCNEt(PPh3)2(CO)](BPh4) complex (2.1V).  

 

The spectral features of the NCNMe containing complex 2.1V were similar to 2.2V 

(31PPh3= 17.4 ppm, CO= 1997 cm-1). The 1H NMR spectrum, however, showed 

considerable broadening, possibly due to restricted rotation of the Ir-NHC bond due to a 

closer proximity of the pyrazole groups to the bulky PPh3 ligands. 

 

2.2.4.1 Solid state structure of [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V)  

An X-ray diffraction study on single crystals of [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V, 

Figure 2.18) showed a square planar coordination of the complex. The observed bond 

lengths are within the range expected for such ligands with very little distortion 
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observed on the complex geometry (P1A-Ir-CNHC= 92.56(5), P1B-Ir-CNHC= 90.05(5)). 

The iridium-carbene bond length is also within the range of monodentate carbene 

iridium complexes59 measuring  2.0711(19) Å. 

 

 

Figure 2.19: ORTEP diagram of the cationic fragment of complex [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V), 

with 40% probability ellipsoids for the non hydrogen atoms, as viewed from the equatorial axis. Selected 

bond lengths (Å) and angles (o): Ir-CNHC= 2.0711(19), Ir-CO= 1.863(2), Ir-P1A= 2.3240(5), Ir-P1B= 

2.3416(5), P1A-Ir-CNHC= 92.56(5), P1B-Ir-CNHC= 90.05(5). 

 

2.3 Summary and conclusions 

Two new pincer ligand precursors NCNMe.HBPh4 (2.1) and NCNEt.HBPh4 (2.2) were 

successfully synthesised. The coordination chemistry of the N-heterocyclic carbene 

derivatives NCNMe and NCNEt with rhodium(I) and iridium(I) was explored. The 

binding mode of these ligands was shown to be dependent on the nature of the metal 

centre (Rh or Ir), the length of the alkyl chain linking the NHC and pyrazole donor 

groups (methyl or ethyl) and the nature of the complex co-ligands (COD, CO or PPh3). 

Some of the divergent coordination properties are described below: 
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• In the solid state structure of [Rh(NCNMe)(COD)]BPh4 (2.3) the methylene 

linked ligand NCNMe coordinates in a facial κ3-manner. In contrast, the solid 

state structure of [Rh(NCNEt)(COD)]BPh4 (2.9) contains the ethylene linked 

ligand NCNEt coordinated in a chelating κ2-manner. 

• Upon carbonylation of [Rh(NCNMe)(COD)]BPh4 (2.3) the dimeric complex 

[Rh(NCNMe)(CO)2](BPh4)2 (2.6) is formed where the NCNMe ligand bridges the 

two Rh centres in an unusual κ2/κ1 coordination mode. However, upon 

carbonylation of [Rh(NCNEt)(COD)]BPh4 (2.9) or the analogous iridium 

complex [Ir(NCNMe)(COD)]BPh4 (2.4), then the monomeric dicarbonyl 

complexes [Rh(NCNEt)(CO)2]BPh4 (2.10) and [Ir(NCNMe)(CO)2]BPh4 (2.7) are 

formed with κ3 coorination of the pincer ligand. 

• In a reaction of the methylene linked ligand NCNMe with [Ir(µ-Cl)COD)]2 the κ3 

pincer coordinated complex [Ir(NCNMe)(COD)]BPh4 (2.4) is formed as the 

major product. Whereas upon reaction of the ethylene linked ligand NCNEt with 

[Ir(µ-Cl)COD)]2 only the bis-NHC product [Ir(NCNMe)2(COD)]BPh4 (2.5) could 

be isolated, where the two NCNEt ligands coordinate to Ir in a κ1 fashion through 

the NHC donor only.  

• When strongly coordinating co-ligands such as PPh3 are used then only 

monodentate (κ1) coordination of the pincer ligands is obtained, as was observed 

in [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V) and [Ir(NCNEt)(PPh3)2(CO)]BPh4 

(2.2V)   

Subsequent work looking at how these diverse structures and coordination properties 

impact the catalytic activity of these complexes is described in Chapter 3. 
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3.1 Introduction 

3.1.1 Reactivity of pincer complexes 

In organometallic catalysis pincer ligands have attracted much attention due to the 

stability they are able to confer to a metal complex, their compatibility with a wide 

range of metal atoms and their structural versatility, which makes their steric and 

electronic properties easily tuneable over a wide range of functional groups.1 Numerous 

studies have revealed a diverse reactivity for pincer bound complexes that have led to 

the application of pincer complexes in numerous catalytic reactions.2-5 

 

3.1.2 Pincer complexes in catalysis  

Pincer complexes have been used as catalysts in a huge variety of organic 

transformations. One of the first pincer complexes used in catalysis, synthesised in 1976 

by Shaw et al.,6 consisted of an aromatic-PCP ligand coordinated to a palladium metal 

centre and since then palladium in combination with aromatic-ECE (E= P, S, N) pincer 

ligands has been the most widely investigated pincer motif for catalysis. Palladium PCP 

pincer complexes have proved to be particularly effective catalysts for the coupling of 

aryl halides to olefins and aryl boronic acids, in the Heck7 (Scheme 3.1 a) and Suzuki8 

(Scheme 3.1 b) reactions respectively.9 These catalysts are notable for their high 

turnover numbers and their resistance to degradation at high temperature during 

catalysis.  
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a)  

 

b) 

Scheme 3.1 

 

Ruthenium pincer complexes have also received considerable attention, particularly by 

Milstein and co-workers. Milstein et al. were responsible for the development of pyridyl 

centred PNP and PNN ruthenium complexes, which proved to be very active catalysts 

for a range of novel transformations, such as the dehydrogenative coupling of alcohols 

to form esters,10 amides11 and imines12 (Scheme 3.2 a) as well as the NH activation of 

amines. A key factor in the reactivity of these systems was attributed to the non-

innocent nature of the PNP and PNN ligands which undergo an 

aromatization/dearomatization cycle of the aromatic backbone (Scheme 3.2 b).13-15   
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a) 

 

b) 

     Scheme 3.2 

 

 A diverse range of rare earth and early transition metal pincer complexes have 

also been investigated as catalysts. Lanthanide bis-carbene CCC pincer complexes were 

successfully applied in the highly selective polymerisation of isoprene, where 

exceptional thermal stabilities were exhibited.16-18 Analogous CCC pincer complexes of 

the group 4 metals (Scheme 3.3) have proved to be active catalysts for the 

intra-molecular hydroamination of amino alkenes, although very high reaction 

temperatures (up to 160 °C) and long reaction times (up to 90 hours) were required.19 
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 Scheme 3.3 

 

3.1.2.1 Ir and Rh complexes with pincer ligands  

Rhodium and iridium pincer complexes have proven to be exceptionally robust catalysts 

capable of activating highly unreactive bonds. The Iridium PCP complex [IrPCPiPr(H)2] 

(Scheme 3.4 a), for example, was the first catalyst to demonstrate the efficient 

dehydrogenation of an alkane in the absence of a H2 acceptor.20,21 The related PCP Rh 

pincer complex on the other hand, is an efficient catalyst for the Kumada coupling of 

aryl halides with aryl Grignards.22 This reaction was shown to proceed via a reactive 

Rh(I) intermediate which oxidatively cleaves the Ar-X bond.  

     

 

Scheme 3.4 

 

Rh and Ir pincer complexes containing a more electron donating aliphatic alkylidene 

backbone were synthesised and noted for the activation of small molecules, such as CO2 

(Scheme 3.5 a).23 Hartwig et al. also reported the oxidative addition of the N-H bond of 
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ammonia to an iridium (I) complex containing an aliphatic pincer ligand (Scheme 3.5 

b). This achievement has the potential to lead to the use of ammonia as a starting 

material in catalytic hydroamination reactions.24,25 A similar result was later achieved 

using a silyl centred PSiP iridium complex,26 while its hydride-phenyl derivative 

(Scheme 3.6) was shown to catalyse the borylation of benzene via cleavage of an 

unreactive aryl C-H bond.27  

 

 

 Scheme 3.5 

  

 

 Scheme 3.6 

 

Rh and Ir complexes containing bis-NHC CCC pincer ligands (Scheme 3.7) have been 

synthesised and applied as highly active catalysts for a variety of transformations, such 

as the intra-molecular hydroamination of amino alkenes,28 the hydrosilylation of 

alkynes (Scheme 3.7 b),29 and the dehydrogenation of alkanes.30  
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Scheme 3.7 

 

3.1.3 Iridium and rhodium catalysed addition of X-H bonds to alkynes 

The development of catalysts that facilitate the addition of X-H bonds across the C≡C 

triple bond of an alkyne is an important challenge in modern synthetic chemistry. This 

reaction is a highly atom economical method towards the synthesis of new X-C bonds, 

leading to the formation of no wasteful by-products. It is also a fundamental tool for the 

synthesis of many valuable complex organic molecules (see section 1.8, Chapter 1). 

Iridium and rhodium catalysts have proven to be particularly effective at facilitating the 

activation of alkynes towards X-H bond addition. The effectiveness of Rh and Ir metal 

complexes at catalysing the hydroamination (X= N), hydroalkoxylation (X= O) and 

hydrosilylation (X= Si) reactions is described below. 

 

3.1.3.1 Hydroamination 

In 2001 a simple in situ generated catalyst formed by combining [Rh(COD)2]BF4 and 

PCy3 was found to facilitate the inter-molecular hydroamination of terminal alkynes and 

anilines under mild conditions.31 Related Rh(I)COD catalysts containing neutral 

pyridyl-imine32 (Scheme 3.8 a) or anionic phenoxy-quinoline33 (Scheme 3.8 b) ligands 
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have also been used for the inter-molecular hydroamination of terminal alkynes. The 

phenoxy-quinoline containing complex, in analogy with the [Rh(COD)2]BF4 system, 

was effective at catalysing this reaction upon the addition of excess phosphine ligand to 

the solution. 

 

 

a) 

 

b) 

 Scheme 3.8 

 

Messerle et al. have developed a series of Ir(I) and Rh(I) catalysts featuring a selection 

of bidentate ligands containing nitrogen, phosphorus and N-heterocyclic carbene donor 

groups with COD and CO co-ligands (Scheme 3.9 a).34-36 These complexes were shown 

to efficiently catalyse the intra-molecular hydroamination reaction of 4-pentyn-1-amine 

(Scheme 3.9 b). 
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a) 

 

b) 

Scheme 3.9 

   

An in situ generated catalyst formed from combining [Rh(COD)(MeCN)2]BF4 and 

Xantphos ligands was effective at catalysing the cyclisation of amino-alkenes.37 The 

Xantphos ligand in this system was shown to bind to rhodium in a POP pincer fashion 

(Scheme 3.10).  
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N
N

PPh2

M

CO
CO N

N
PPh2

M

BPh4BPh4

BPh4

N N

N N
M

CO

CO

N
PPh2

M

BPh4

N

M= Ir/ Rh

H

NH2 N

O

R R

(NEt2)2P P(NEt2)2Rh

N

R= tBu/H

BF4



  Catalysis with Pincer Complexes        

 

 76 

shown that halide abstraction is essential for generating an active catalyst when Ir(III) 

and Rh(III) Cp* catalysts (Scheme 3.12) are used for the same reaction.39 Alternatively 

Crabtree et al. demonstrated that a cationic Ir(III) complex containing a weakly 

coordinating acetone ligand (Scheme 3.13) gave excellent hydroamination efficiencies 

without the need for any additives.40 
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3.1.3.2 Hydroalkoxylation 

a) Cyclisation of alkynoic acids 

 

 

 Scheme 3.14 

 

A number of Rh(I) and Ir(I) catalysts have been used for the cyclisation of alkynoic 

acids. Messerle et al. have utilised Rh(I)(CO)2 catalysts containing a variety of 

multitopic N-donor ligands (Scheme 3.14) for the cyclisation of 4-pentynoic and 5-

hexynoic acid. The bis(imidazolyl)methane complex (Scheme 3.15 a) was relatively 

slow achieving only 88% conversion for the cyclisation of 4-pentynoic acid after 15.5 

hours at 50 °C and 0.35 mol% catalyst.41 In comparison the complexes containing a 

third unbound N-donor group pendent to the chelate (Scheme 3.15 b) were slower 

catalysts, possibly via in situ κ3-coordination of the ligand inhibiting substrate 

coordination.42 The indolide complex (Scheme 3.15 c) was also a relatively efficient 

catalyst for the cyclisation of 4-pentynoic acid, achieving >95 % conversion after 3 

hours at 65 °C and 2 mol% catalyst. The analogous κ3-pincer complex (Scheme 3.15 d) 

achieved only 61 % conversion after 20 hours.43 
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Scheme 3.15 

 

The Rh(I)44 and Ir(I)45 phosphine containing systems (Scheme 3.16) were also reported 

to facilitate this reaction achieving quantitative conversion under mild conditions (24 

hours, room temperature, 5 mol% catalyst).  
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b) Dihydroalkoxylation of alkyne diols  

 

 

 
 

Scheme 3.17 

 

Many of the same systems found to be effective for the intra-molecular hydroamination 

of alkynyl amines have also been applied as catalysts for the hydroalkoxylation of 

alkynols. For example, the cyclometallated Ir(III) complex (Scheme 3.18 a) reported by 

Crabtree et al.40 was found to be an excellent catalyst for the cyclisation of a series of 

2-alkynylbenzyl alcohols, while Rh(I) and Ir(I) complexes of the type 

[M(bpm)(CO)2]BArF (M=Rh, Ir) (Scheme 3.18 b), reported by Messerle et al.,46 were 

highly efficient catalysts for the dihydroalkoxylation of alkynediols. 

  

 

Scheme 3.18 
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was reported by Field and Ward in 2003.47 They used neutral Ir(I) and Rh(I) complexes, 

containing either a chelating dppe ligand (Scheme 3.19 a) or two monodentate PPh2Me 

ligands (Scheme 3.19 b), for the hydrosilylation of both phenylacetylene and 

1-phenylpropyne using Et3SiH. The [Rh(dppe)(CO)Cl] complex was the most active of 

the series particularly for the hydrosilylation of 1-phenylpropyne where it gave 

complete conversion after 20 hours at 65 °C and 2 mol% catalyst. This is in contrast to 

the PPh2Me analogue, which was entirely inactive under the same conditions.  

 

 

Scheme 3.19 

 

An elegant example of how catalyst regioselectivity can be tuned by the correct choice 

of ligand was described by Faller et al. (Scheme 3.20).48 Whereas the dimeric Rh 
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phenylacetylene with Ph3SiH the BINAP (2,2′-bis(diphenylphosphino)-1,1'-binaphthyl) 

containing complex  [RhCp*BINAP](SbF6)2 gave almost exclusively the β-E isomer. 
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(Scheme 3.21) were also investigated as catalysts for the hydrosilylation of 

phenylacetylene.49 The Rh compound (5 mol %) was found to be the more effective 

catalyst achieving 86% conversion after 24 hours at room temperature, with a 

surprisingly high regioselectivity for the β-Z product (β-E:β-Z:α = 0:95:5). The 

analogous Ir compound (5 mol %) on the other hand achieved only 38% conversion 

over the same time with very poor product selectivity (β-E:β-Z:α = 42:45:13).  

 

 

Scheme 3.21 
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monodentate NHC ligands with a pendant secondary or tertiary amine substituent 

(Scheme 3.23 a and b),51,52 CCC pincer Rh(III) complex (Scheme 3.23 c)29 and pincer 

PCP Rh(III) complex (Scheme 3.23 d).53 The PCP containing complex (Scheme 3.23 d) 

was particularly notable for the prolonged activity of the complex, which allowed 

catalyst loadings as low as 0.001 mol% to be used, facilitating the quantitative 

hydrosilylation of phenylacetylene with Me2PhSiH over 24 hours at room temperature.  

 

 

Scheme 3.23 
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the reactivity of alkynes towards the addition of N-H bonds we investigated the intra-

molecular hydroamination of 5-phenyl-4-pentyn-1-amine as well as the inter-molecular 

hydroamination of phenylacetylene with aniline. The reactivity of alkynes towards O-H 

bond addition was explored by investigating the catalysed cyclisation of 4-pentynoic 

acid as well as the double hydroalkoxylation of the alkyne diol 

2-(5-hydroxypent-1-ynyl)benzyl alcohol. Finally we explored the addition of Si-H 

bonds to phenylacetylene and 1-phenyl-1-propyne using Et3SiH. For comparison we 

also included the previously reported complexes [Rh(NCMe)(COD)]BPh4 (2.11) and 

[Rh(NCMe)(CO)2]BPh4 (2.12) (Scheme 3.24), which contain a bidentate NHC-pyrazolyl 

ligand, into several of our catalytic studies. 
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3.2 Results and discussion 

3.2.1 Intra-molecular hydroamination of 5-phenyl-4-pentyn-1-amine (3.1) to 2- 

benzyl-1-pyrroline (3.2) 

 

 

  Scheme 3.25 

 

The six Ir(I) and Rh(I) pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

[Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(COD)]BPh4 (2.9), [Rh(NCNEt)(CO)2]BPh4 

(2.10),  and the two chelated Rh(I) complexes [Rh(NCMe)(COD)]BPh4 (2.11) and 

[Rh(NCMe)(CO)2]BPh4 (2.12) were tested as catalysts for the intra-molecular 

hydroamination of 5-phenyl-4-pentyn-1-amine (3.1) to 2-benzyl-1-pyrroline (3.2) 

(Scheme 3.25). The reaction was carried out at 100 °C in dioxane-d8 using 5 mol% 

catalyst and the reaction progress was monitored periodically by 1H NMR spectroscopy. 

(NB: for the bimetallic catalyst [(Rh(NCNMe)(CO)]2(BPh4)2 (2.6) only 2.5 mol% of 

catalyst was used to maintain a constant Rh loading of 5 mol%). Percent conversions 

were determined via comparison of the substrate and product integrals. Figure 3.1 

shows the percent conversion versus time for the complexes with COD co-ligand 2.3, 

2.4, 2.9 and 2.11.  
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Figure 3.1: Reaction profile for the hydroamination of 5-phenyl-4-pentyn-1-amine (3.1) to 

2-benzyl-1-pyrroline (3.2) in 1,4-dioxane-d8 at 100 °C using 5 mol % catalyst loading of 

[Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNEt)(COD)]BPh4 (2.9) and 

[Rh(NCMe)(COD)]BPh4 (2.11). 

 

A broad range of catalytic activities was observed for the complexes with COD 

co-ligands. The Ir pincer complex 2.4 was the most active catalyst of this series 

achieving 68% conversion to 2-benzyl-1-pyrroline (3.2) after 24 hours. Conversely, the 

analogous Rh pincer complex 2.3 was the least active catalyst of the series achieving 

only 29% conversion over the same time. Interestingly, increasing the length of the 

pincer ligand arm from methyl in complex 2.3, to ethyl in complex 2.9 results in a 

significant improvement of catalyst activity with complex 2.9 achieving a final 

conversion of 38% after 24 hours. In Chapter 2 we demonstrated how increasing the 
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groups (section 2.4.2.1, chapter 2). Here we can now see how that increased lability 

appears to lead to an increase in catalyst activity, presumably via allowing greater 

access to a vacant coordination site on Rh. This trend is further confirmed when we 

examine the catalytic activity of the chelated complex 2.11, which lacks a third donor 

group. Complex 2.11 achieves a final conversion after 24 hours of 48%, significantly 

higher than both 2.3 (29%) and 2.9 (38%). The Ir analogues of the ethyl bridged 

complex 2.9 and the chelate complex 2.11 could not be prepared, therefore an 

examination of this trend for Ir complexes is precluded. 

 

Figure 3.2 shows the percent conversion versus time for the complexes with CO 

co-ligands 2.6, 2.7, 2.10 and 2.12. Complexes [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

[Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(CO)2]BPh4 (2.10) and 

[Rh(NCMe)(CO)2]BPh4 (2.12) were generated in situ by displacement of the COD 

co-ligand under 1 atmosphere of CO from complexes 2.3, 2.4, 2.9 and 2.11, 

respectively. The reactions were performed under a CO atmosphere in dioxane-d8 at 100 

°C and periodically monitored by 1H NMR spectroscopy for 24 hours. 
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Figure 3.2: Reaction profile for the hydroamination of 5-phenyl-4-pentyn-1-amine (3.1) to 

2-benzyl-1-pyrroline (3.2) in 1,4-dioxane-d8 at 100 °C using 5 mol% catalyst loading of 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(CO)2]BPh4 (2.10) and 

[Rh(NCMe)(CO)2]BPh4 (2.12). 

 

The chelated Rh complex [Rh(NCMe)(CO)2]BPh4 (2.12) was the most active catalyst 

amongst this series achieving >98 % conversion of the substrate 

5-phenyl-4-pentyn-1-amine (3.1) to 2-benzyl-1-pyrroline (3.2) in only 12 hours. 

Complex 2.12 had a very fast initial rate converting 68% of the substrate in only the 

first two hours. The Ir complex [Ir(NCNMe)(CO)2]BPh4 (2.7) was the least active 

catalyst achieving 56 % conversion of 5-phenyl-4-pentyn-1-amine (3.1) in 24 hours. 

This is significantly slower than both rhodium pincer complexes 2.6 and 2.10, which 

achieved 98% and 83% conversion, respectively, after 24 hours. Rhodium is therefore a 

more suitable metal centre for complexes with CO co-ligands.  
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In order to compare the reactivity of complexes with COD co-ligands versus CO 

co-ligands, the catalytic performances of the eight catalysts after 12 hours is 

summarised in Table 3.1. 

 

Table 3.1: Catalytic efficiency of [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

[Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(COD)]BPh4 (2.9), [Rh(NCNEt)(CO)2]BPh4 

(2.10), [Rh(NCMe)(COD)]BPh4 (2.11) and [Rh(NCMe)(CO)2]BPh4 (2.12) for the 

cyclisation of 5-phenyl-4-pentyn-1-amine (3.1).[a]  

Catalyst 

 (COD) 

Conversion 

    (24 hrs) 

Catalyst 

   (CO) 

Conversion 

   (24 hrs) 

 

 55% 
 

 

37% 

 

 23% 

 

83% 

 

 33% 

 

68% 

 

 40% 
 

 

>98% 

 

[a] Reaction carried out in 1,4-dioxane-d8 at 100 °C using 5 mol% catalyst loading.  
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Among the eight catalysts tested on the intra-molecular hydroamination of 

5-phenyl-4-pentyn-1-amine (3.1), the chelated complex [Rh(NCMe)(CO)2]BPh4 (2.12) 

performed best reaching complete conversion after 12 hours. The carbonylated Rh 

complexes showed higher activity than their COD analogues. While the iridium 

complex [Ir(NCNMe)(CO)2]BPh4 (2.7) was the worst performing among the 

carbonylated complexes, its COD analogue [Ir(NCNMe)(COD)]BPh4 (2.4) was the 

fastest among the complexes with COD co-ligand. The chelating coordination of the 

NCMe ligand in complexes 2.11 and 2.12 proved to be more beneficial than the pincer 

ligand coordination for the intra-molecular hydroamination of 

5-phenyl-4-pentyn-1-amine (3.1) for both rhodium complexes with CO and COD co-

ligands.  

 

3.2.2 Inter-molecular hydroamination of phenylacetylene (3.3) and aniline (3.4) 

 

 

Scheme 3.26 

 

The inter-molecular hydroamination reaction is known to be significantly more 

challenging than the intra-molecular reaction. To fully explore the efficiency of our 

pincer complexes for the inter-molecular hydroamination reaction we therefore 

examined the catalytic activity of both the tetraphenylborate (BPh4) salt 

[Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 (2.7), as well as the analogous 

complexes containing the more weakly coordinating 
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tetrakis(3,5-trifluoromethylphenyl)borate (BArF) anion: [Rh(NCNMe)(COD)]BArF 

(2.3.BArF), [Ir(NCNMe)(COD)]BArF (2.4.BArF), (Rh(NCNMe)(CO)]2(BArF)2 

(2.6.BArF), [Ir(NCNMe)(CO)2]BArF (2.7.BArF). Messerle et al.54 have previously 

shown that substitution of BPh4
- with BArF leads to a significant enhancement of 

catalytic rate for Ir and Rh hydroalkoxylation catalysts. The reaction under investigation 

in this study is the inter-molecular hydroamination of phenylacetylene (3.3) and aniline 

(3.4) at 100 °C in dioxane-d8 using 5 mol% catalyst (Scheme 3.26), with the reaction 

progress monitored after 24 hours (Table 3.2). The complexes with CO co-ligand 2.6, 

2.7, 2.6.BArF and 2.7.BArF were generated in situ by performing the reaction under 1 

atmosphere of CO.  

The four BPh4
- complexes 2.3, 2.4, 2.6 and 2.7 although quite reactive on the 

intra-molecular hydroamination of 5-phenyl-4-pentyn-1-amine (3.1), barely reacted on 

the more challenging inter-molecular hydroamination reaction of phenylacetylene (3.3) 

and aniline (3.4). Interestingly, the substitution of BPh4
- with BArF did not lead to a 

consistent enhancement of reaction rate for all catalysts. For the complexes with COD 

co-ligand the final conversion after 24 hours was either less than (2.3BArF= 2%) or 

approximately equal (2.4BArF= 6%) to that achieved with BPh4
- complex 2.3 and 2.4 

(7 and 5%, respectively). 
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Table 3.2: Catalytic efficiency of [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

[Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNMe)(COD)]BArF (2.3.BArF), 

[Ir(NCNMe)(COD)]BArF (2.4.BArF), [Rh(NCNMe)(CO)]2(BArF)2 

(2.6.BArF) and [Ir(NCNMe)(CO)2]BArF (2.7.BArF) for the addition of 

phenylacetylene (3.3) to aniline (3.4).[a]  

 

Catalyst 

     Conversion 

     (24 hrs) 

X=BPh4  X=BArF 

 

 

5 % 

 

6% 

 

 

7 % 

 

2% 

 

 

< 1 % 

 

 

18% 

 

 

< 1 % 

 

 

32% 

 [a] Reaction carried out in 1,4-dioxane-d8 at 100 °C using 5 mol% catalyst loading.  
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than iridium (2.7.BArF), for the complexes with COD co-ligand the opposite is true 

with iridium (2.4.BArF) more active than rhodium (2.3.BArF). These outcomes are 

consistent with the results obtained on the intra-molecular hydroamination of 

5-phenyl-4-pentyn-1-amine (3.1). 

 

3.2.3 Hydroalkoxylation of 4-pentynoic acid (3.6) to 

γ-methylene-γ-butyrolactone (3.7) 

 

 

Scheme 3.27 

 

To explore the efficiency of the pincer complexes as catalyst for the addition of O-H 

bonds to alkynes we first explored the cyclisation of 4-pentynoic acid (3.6) to 

γ-methylene-γ-butyrolactone (3.7) (Scheme 3.27). The reaction was performed in THF-

d8 at 80 °C and the progress was monitored periodically by 1H NMR spectroscopy for 

24 hours. Figure 3.3 shows an example of the reaction progress as monitored by 1H 

NMR spectroscopy. 
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Figure 3.3: Stacked 1H NMR spectra (THF-d8, 600 MHz, 333K) of hydroxylation of 4-pentynoic acid 

(3.6) to γ-methylene-γ-butyrolactone (3.7) in THF-d8 at 80 °C at fixed time intervals: a) t=0; b) t= 4.3 hrs; 

c) t= 5.6 hrs; d) t= 12 hrs; e) t= 29 hrs. 

 

The Ir(I) and Rh(I) pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)COD]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 

(2.7), [Rh(NCNEt)(COD)]BPh4 (2.9), [Rh(NCNEt)(CO)2]BPh4 (2.10), and the chelated 

complexes [Rh(NCMe)(COD)]BPh4 (2.11) and [Rh(NCMe)(CO)2]BPh4 (2.12) were 

tested on this reaction. Note, the complexes with CO co-ligand were generated in situ 

from the corresponding COD containing complexes by performing the reactions under 

an atmosphere of CO. In Figure 3.4 the reaction profiles for the cyclisation of 

4-pentynoic acid (3.6) to γ-methylene-γ-butyrolactone (3.7) by complexes with COD 

co-ligand 2.3, 2.4, 2.9 and 2.11 are shown. 
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Figure 3.4: Reaction profile for the cyclisation of 4-pentynoic acid (3.6) in 1,4-dioxane-d8 at 100 °C 

using 5 mol% of Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNEt)(COD)]BPh4 

(2.9) and [Rh(NCMe)(COD)]BPh4 (2.11). 

 

Rh(NCNMe)(COD)]BPh4 (2.3) was found to be the most active catalyst amongst the four 

COD containing catalysts reaching complete conversion after 18 hours. Both catalysts 

[Rh(NCNEt)(COD)]BPh4 (2.9) and [Rh(NCMe)(COD)]BPh4 (2.11) only achieved a 

maximum conversion of 21 % after 24 hours. Surprisingly by introducing a slight 

change to the catalysts structure by increasing the length of the pincer ligand arm from 

methyl in complex 2.3 to ethyl in complex 2.9 leads to a dramatic decrease of the 

catalyst efficiency. The reaction profile for complex 2.11, which contains the chelating 

NHC-pyrazolyl ligand, appears strikingly similar to the catalytic profile of the pincer 

complex with the ethyl arm 2.9. This suggests that both catalysts are following a similar 

reaction pathway with both catalysts deactivating a short time into the reaction. In 

Chapter 2 we showed how increasing the length of the ligand arm increased the lability 
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of the second pyrazole donor group. Potentially it is the strongly 3-coordinated κ3 

binding mode of the methyl bridged NCNMe pincer ligand in complex 

[Rh(NCNMe)(COD)]BPh4 (2.3), that stabilizes it against decomposition thereby leading 

to a much more active catalyst. The analogous Ir complex [Ir(NCNMe)(COD)]BPh4 (2.4) 

was also found to be an effective catalyst for the cyclisation of 4-pentynoic acid (3.6), 

achieving a final conversion of 67 % after 24 hours. This catalyst showed a strikingly 

different reaction profile compared to the analogous Rh complex 2.3. For the iridium 

complex 2.4 the percent conversion increases linearly with time suggesting a zero order 

dependence on the substrate concentration. 

 

In Figure 3.5 are reported the reaction profiles for the cyclisation of 4-pentynoic acid 

(3.6) to γ-methylene-γ-butyrolactone (3.7) by complexes containing a CO co-ligand 2.6, 

2.7, 2.10 and 2.12. 
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Figure 3.5: Reaction profile for the cyclisation of 4-pentynoic acid (3.6) in 1,4-dioxane-d8 at 100 °C 

using 5 mol% of [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(CO)2]BPh4 

(2.10) and [Rh(NCMe)(CO)2]BPh4 (2.12). 

 

Among the CO containing complexes the bimetallic [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) 

reached the highest conversion (86%) in 24 hours. [Ir(NCNMe)(CO)2]BPh4 (2.7) was the 

slowest catalyst achieving 53 % conversion in the same time. Figure 3.5 highlights a 

difference in the reaction profiles for the four catalysts under investigation here. Both 

the bimetallic complex 2.6 and the iridium complex 2.7 show a linear increase in 

conversion versus time. This is in contrast to complex [Rh(NCMe)(CO)2]BPh4 (2.12) 

which contains a chelating ligand group, where a more conventional sigmoidal reaction 

profile is observed. The reaction profile of complex [Rh(NCNEt)(CO)2]BPh4 (2.10), 

which was shown to exhibit a higher lability of one pyrazole donor group, appears to lie 

somewhere in between these two extremes. Both complexes 2.12 and 2.10 show a very 

high initial catalytic activity achieving 61 % and 46 % conversion, respectively, within 
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the first 7 hours of reaction. However this is followed by a rapid deactivation of the 

catalyst leading to final conversions after 24 hours of only 78 % (2.12) and 62 %  

(2.10). In contrast, for complex [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) despite appearing as a 

relatively poorer catalyst over shorter time frames (< 7 hours), the activity of the 

catalyst is maintained over the whole 24 hours leading to the highest total conversion of 

86% for the series.  

 

In Table 3.3 are summarised the catalytic conversions of the eight complexes for the 

cyclisation of 4-pentynoic acid. The most active catalyst of the series was the pincer 

rhodium complex [Rh(NCNMe)(COD)]BPh4 (2.3) containing the COD co-ligand (> 98 

% conversion in 24 hours). The corresponding CO containing complex 

[Rh(NCNMe)(CO)2](BPh4)2 (2.6) was also highly active (86 % conversion in 24 hours) 

however a dramatic difference in reaction profile was observed between these two 

catalysts. The COD containing iridium complex [Ir(NCNMe)(COD)]BPh4 (2.4) was also 

more active than the analogous CO containing complex [Ir(NCNMe)(CO)2]BPh4 (2.7), 

with conversions of 67 % and 53 %, respectively, after 24 hours. However, this trend 

was not observed for the remaining COD containing complexes 

[Rh(NCNEt)(COD)]BPh4 (2.9) and [Rh(NCMe)(COD)]BPh4 (2.11) due to rapid 

deactivation of these catalysts during reaction.  
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Table 3.3: Catalytic efficiency of [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

[Ir(NCNMe)(CO)2]BPh4 (2.7), [Rh(NCNEt)(COD)]BPh4 (2.9), [Rh(NCNEt)(CO)2]BPh4 

(2.10), [Rh(NCMe)(COD)]BPh4 (2.11) and [Rh(NCMe)(CO)2]BPh4 (2.12) for the 

cyclisation 4-pentynoic acid (3.6) to γ-methylene-γ-butyrolactone (3.7).[a] 

Catalyst 

 (COD) 

Conversion 

(24 hrs) 

Catalyst 

(CO) 

Conversion 

(24 hrs) 

 

 67% 
 

 

53% 

 

 98% 

 

86% 

 

 21% 

 

62% 

 

 21% 
 

 

78% 

 

[a] Reaction carried out in 1,4-dioxane-d8 at 100 °C using 5 mol% catalyst loading.  
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3.2.4 Cyclisation of 2-(5-Hydroxypent-1-ynyl)benzyl alcohol (3.8) 

 

 

Scheme 3.28 

 

The pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 (2.7), 

[Rh(NCNEt)(COD)]BPh4 (2.9), [Rh(NCNEt)(CO)2]BPh4 (2.10) and chelated complexes 

[Rh(NCMe)(COD)]BPh4 (2.11) and [Rh(NCMe)(CO)2]BPh4 (2.12) were tested as 

catalysts for the dihydroalkoxylation of 2-(5-hydroxypent-1-ynyl)benzyl alcohol (3.8) 

(Scheme 3.28). NMR scale solutions of the diol and 5 mol% of the desired catalyst in 

deuterated 1,4-dioxane were prepared. The reactions were heated at 100 °C, however 

after 24 hours only a complex mixture of products could be identified. No characteristic 

peaks due to formation of the desired spiroketal products 3.9A and 3.9B were detected 

at any time during reaction.  

 

3.2.5 Catalysed hydrosilylation of alkynes 

The four Ir(I) and Rh(I) pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and 

[Ir(NCNMe)(CO)2]BPh4 (2.7), were investigated as catalysts for the hydrosilylation of 

both terminal and internal alkynes. The alkynes under investigation were 

phenylacetylene (3.3) and 1-phenylpropyne (3.10). The reactions were performed in 

acetone-d6 at 55 °C using Et3SiH as the reducing agent and 3 mol% catalyst. In situ 
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carbonylation of [Rh(NCNMe)(COD)]BPh4 (2.3) and [Ir(NCNMe)(COD)]BPh4 (2.4) was 

performed to displace the COD co-ligand and generate the complexes with CO 

co-ligand [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7) and the 

catalysis was carried out under 1 atmosphere of CO. The hydrosilylation of 

phenylacetylene (3.3) can lead to three different vinylsilane products β-cis (3.10A), 

β-trans (3.10B) and α (3.10C) (Scheme 3.29). The three isomers could be identified 

due to characteristic signals in their 1H NMR spectrum (Figure 3.6).   

 

 

Scheme 3.29 

 

Figure 3.6: 1H NMR spectrum (acetone-d6, 400 MHz, 333K) showing the three vinylsilanes products 

from the hydrosilylation of phenylacetylene (3.3) with triethylsilane using [Rh(NCNMe)(COD)]BPh4 

(2.3). 
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In Figure 3.7 are reported the catalytic conversions achieved by complexes 

[Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7) in acetone-d6 at 55 

°C after 24 hours.  

 

Figure 3.7: Product distribution at 24 hours for the hydrosilylation of phenylacetylene (3.3) in acetone-d6 

at 55 °C with 3 mol% of the pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 

(2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7). 

 

[Rh(NCNMe)(COD)]BPh4 (2.3) was the most active complex reaching a total conversion 

of 31%. The product distribution of β-trans:β-cis:α isomers of 14:3:1 clearly show how 

complex 2.3 favours the formation of the most thermodynamically stable β-trans 

product. [Ir(NCNMe)(COD)]BPh4 (2.4) proved to be quite inactive with an overall 

conversion of < 1%. A Rh metal centre is therefore more active than iridium for 

complexes with COD co-ligands. This outcome is reversed for complexes with CO 

co-ligands. Complex [Ir(NCNMe)(CO)2]BPh4 (2.7) reached 14 % total conversion with 
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the major formation of the β-trans product. In comparison the rhodium complex 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6) only reached a poor 9 % conversion in 24 hours. 

Interestingly, the regioselectivity of the reaction was different when using this 

bimetallic rhodium compound with only the β-cis isomer being formed. No signs of 

dehydrogenation or polymerization products were detected by 1H NMR for all catalytic 

reactions.55,56 

 

We also wished to investigate the hydrosilylation of non-terminal alkynes, we therefore 

examined the reaction of 1-phenylpropyne (3.11) with Et3SiH. The hydrosilylation of 

1-phenylpropyne (3.11) can potentially lead to the formation of four products, two pairs 

of isomers (E or Z) obtained from the addition of the Et3Si to either the phenyl (α) or 

methyl (β) end of the alkyne (Scheme 3.30). In this study only β-E (3.12A) and β-Z 

(3.12B) isomers were observed. 

 

 

Scheme 3.30 
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[Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7)  in acetone-d6 at 55 

°C after 24 hours.  

Figure 3.8: Product distribution at 24 hours for the hydrosilylation of 1-phenylpropyne (3.11) in acetone-

d6 at 55 °C with 3 mol% of the pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7). 

 

Complex [Rh(NCNMe)(COD)]BPh4 (2.3) achieved a total conversion of 37 % with an 

isomeric distribution of β-Z:β-E = 1.4:1. The bimetallic CO containing complex 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6), instead achieved an excellent conversion of 79 % with 

an inverse isomeric distribution of β-Z:β-E = 0.3:1. The iridium complexes 

[Ir(NCNMe)(COD)]BPh4 (2.4) and [Ir(NCNMe)(CO)2]BPh4 (2.7) on the other hand 

revealed to be entirely inactive catalysts for the transformation of non-terminal alkynes. 

A comparison of the maximum conversion achieved for the hydrosilylation of 
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complexes [Rh(NCNMe)(COD]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), 

[Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and [Ir(NCNMe)(CO)2]BPh4 (2.7) is reported in Table 

3.4. 

[Rh(NCNMe)(COD)]BPh4 (2.3) was the only complex to be active in the hydrosilylation 

of both phenylacetylene (3.3) and 1-phenylpropyne (3.11). The most surprising 

difference is that observed for the bimetallic complex [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 

which showed a very high activity toward the hydrosilylation of 1-phenylpropyne (3.11) 

(79 % conversion in 24 hours), yet was a very poor catalyst for the hydrosilylation of 

phenylacetylene (3.3) (7 % conversion in 24 hours). For both substrates complex 2.6 

showed a high regioselectivity toward the β-E isomer, which is opposite to that 

observed using the analogous COD complex 2.3, where the β-Z isomer was preferred. 

The catalytic activity of the iridium CO containing complex [Ir(NCNMe)(CO)2]BPh4 

(2.7) also showed a strong dependence on the identity of the substrate, with moderate 

conversions achieved for the terminal alkyne phenylacetylene (3.3) (23 % in 24 hours), 

yet no conversion for 1-phenylpropyne (3.11). The contrasting reactivity described here 

suggests that the mechanism through which the hydrosilylation reactions proceed is 

different for each catalyst.  
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Table 3.4: Hydrosilylation of phenylacetylene (R= H) (3.3) with Et3SiH and 1-

phenylpropyne (R= CH3) (3.11) with Et3SiH using [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) and 

[Ir(NCNMe)(CO)2]BPh4 (2.7) is reported in table 3.4.[a] 

Catalyst 

Conversion  

(24 hrs) 

Phenylacetylene 

(3.3) 

1-Phenylpropyne 

(3.11) 

 
31% 

(β-trans:β-cis:α=14:3:1) 

37% 

      (β-Z:β-E=1.4:1) 

 

    <1%  <1% 

 
      7% 

(β-trans:β-cis:α=0:0:1)  

 

79% 

   (β-Z:β-E =0.3:1) 

 
 23%  

 (β-trans:β-cis:α=1:0:0) 

  

<1% 

 

[a] Reaction carried in acetone-d6 at 55 °C using 3 mol% catalyst loading.  

 

3.3 Summary and conclusions 

The six Ir(I) and Rh(I) pincer complexes of [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)(CO)]2(BPh4)2 (2.6), 
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(2.10) and the two analogous chelated complexes [Rh(NCMe)(COD)]BPh4 (2.11) and 

[Rh(NCMe)(CO)2]BPh4 (2.12)  were tested as catalysts for a variety of X-H bond 

addition reactions to alkynes. For the intra-molecular hydroamination of 

5-phenyl-4-pentyn-1-amine (3.1) the pincer NCN ligand geometry proved to inhibit the 

activity of the catalysts compared to the bidentate N,C- ligand. The opposite was 

observed for the intra-molecular cyclisation of 4-pentynoic acid (3.6), where the pincer 

motif was found to stabilise the catalysts against deactivation resulting in higher overall 

conversions. Typically, it was the CO containing catalysts that were the most active for 

the addition of N-H and O-H bonds to alkynes, with the rhodium complexes of this 

group more efficient than iridium.  

 Apart from affecting the relative rates of reaction, the catalyst structure also 

appeared to have a pronounced impact on the mechanism for the cyclisation of 

4-pentynoic acid (3.6). For example, a sigmoidal reaction profile was observed with the 

rhodium complex [Rh(NCNMe)(COD)]BPh4 (2.3), however a linear reaction profile was 

observed with the analogous iridium complex [Ir(NCNMe)(COD)]BPh4 (2.4) and 

rhodium complex with CO co-ligand [Rh(NCNMe)(CO)]2(BPh4)2 (2.6). Similarly, the 

divergent substrate dependence and regioselectivities observed during the 

hydrosilylation of phenylacetylene and 1-phenylpropene suggest that the exact 

mechanism of the reaction is dependent on the catalysts identity. 

 The bimetallic rhodium complex [Rh(NCNMe)(CO)]2(BArF)2 (2.6.BArF) 

proved to be particularly advantageous for the inter-molecular hydroamination of 

aniline and phenyacetylene (3.3), where it was found to be the most active catalyst of 

the series. The analogous BPh4
- salt [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) was found to be 

the most active catalyst for the inter-molecular hydrosilylation of 1-phenylpropyne. 

Further work is needed to determine whether the bimetallic nature of these complexes is  
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retained during reaction and how any benefit is obtained from the close arrangement of 

the two metal centres.
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4.1 Introduction 
 

4.1.1 The inter-molecular hydroamination of alkynes 

Amines, enamines and imines are important chemical intermediates in the synthesis of 

natural compounds, pharmacological agents, fine chemicals, agrochemicals, dyes and 

many other valuable molecules.1 An important route to the synthesis of these 

compounds is hydroamination, which leads to the synthesis of N-containing 

compounds through the addition of an N-H bond across an unsaturated CC bond. 

During this process no side product formation occurs, making it a very atom efficient 

and environmentally attractive method. Hydroamination can occur either 

intra-molecularly (Scheme 4.1 a) or inter-molecularly (Scheme 4.1 b) and use either 

primary or secondary amines. For the hydroamination of alkynes with primary amines 

the resulting enamines often tautomarise to give the more stable imines as the final 

product. Both Markovnikov and anti-Markovnikov regioisomers are also possible.2  

 

 

Scheme 4.1 
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alkene, they are less sterically hindered and have more nucleophilic sp-hybridized C-

atoms.1 Although the hydroamination of alkynes is slightly exothermic2 there are a 

few factors that hamper the success of this reaction. Firstly, hydroamination is 

characterised by a high reaction barrier due to the electrostatic repulsion between the 

nitrogen electron lone pair and the electron rich π-bond. At the same time, the use of 

high reaction temperatures disfavors the formation of products due to the negative 

entropy of the reaction. Finally, the [2+2] cycloaddition of N-H across the C-C bond is 

orbital-forbidden under thermal conditions because of the high-energy difference 

between the π(CC) and σ(NH) bond energy. A catalyst is therefore necessary in order 

to lower the energy barrier enough for the reaction to proceed. 

 The much higher entropic penalty of bringing two separate molecules together 

during the inter-molecular hydroamination reaction significantly increases the difficulty 

of this process compared to the intra-molecular hydroamination reaction. One of the 

current challenges in this field is therefore the development of catalysts that can 

effectively facilitate the inter-molecular hydroamination of alkynes. 

 

4.1.2 Inter-molecular hydroamination catalysts 

4.1.2.1 Lanthanide and actinide complexes  

The first organolanthanide catalysts that were used for the hydroamination of alkynes 

were reported in 1996 by Tobin Marks et al..3 Catalysts of the general formula 

(Me2SiCp#
2)LnCH(SiMe3)2  (Cp#= η5-C5Me4, Ln= Sm, Lu, Nd) were used to promote 

the inter-molecular hydroamination of internal alkynes using primary aliphatic amines 

(Scheme 4.2). The reactions proceeded at 60 °C, yielding up to 91 % of the imine 

products, but a much extended reaction time of 3 days was required.  
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Scheme 4.2 

  

Eisen et al. have also used similar actinide based complexes of the type Cp*2AcMe2 

(Cp*= η5-C5Me5, Ac= U, Th) to promote the hydroamination of terminal alkynes.4 The 

uranium catalyst was reported to be very efficient for the hydroamination of aliphatic 

alkynes reaching up to 95 % conversion of 1-hexyne in 24 hours at 80 °C and only 0.2 

mol% catalyst loading (Scheme 4.3). The catalyst was much less efficient for the 

hydroamination of phenylacetylene (50 % conversion, 24 hours). When thorium was 

used as the catalyst the alternative Markovnikov regioisomers were exclusively formed, 

however much lower yields were obtained. 

 

 

Scheme 4.3 
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4.1.2.2 Early Transition Metal Complexes 

The first group IV metal catalysts that promoted the inter-molecular hydroamination of 

alkynes were reported in 1992 by Bergman et al..5 They found the zirconium(IV) 

bisamide complex Cp2Zr(NHAr)2 (Cp= η5-C5H5, Ar= 2,6-dimethylphenyl) catalyzed the 

inter-molecular addition of 2,6-dimethylaniline to internal alkynes at 120 °C and 3 

mol% catalyst (Scheme 4.4). Under these conditions the hydroamination of 

diphenylacetylene gave the enamine product over exceptionally long reaction times (60 

% after 13 days). 

 

 

Scheme 4.4 

  

In comparison, the structurally related titanium(IV) complex Cp2TiMe2 was shown to 

be a far more active and general catalyst for the inter-molecular hydroamination of 

internal alkynes with both aliphatic and aromatic amines. For example, the 

hydroamination of diphenylacetylene at 100 °C for 72 hours using 3 mol% Cp2TiMe2 
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as substrates (Scheme 4.5).6 
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Scheme 4.5 

 

More recently a zirconium ureate complex was reported by Schafer et al. to be an 

efficient catalyst for the hydroamination of alkynes using secondary amines (Scheme 

4.6).7 These reactions were performed at 100 °C for 16 hours with quite high catalyst 

loadings of 10 mol%. Under such conditions the efficiency of conversion to the 

corresponding enamine product was found to be much higher in the case of 

phenylacetylene (97 %) than in case of to the internal alkyne 1-phenyl-1-propyne (57 

%). 

 

 

Scheme 4.6 
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most commonly investigated for the inter-molecular hydroamination reaction. The 

first example of a Ru catalysed inter-molecular hydroamination reaction was 

published in 1999 using Ru3(CO)12.8 The hydroamination of phenylacetylene and N-

methylaniline was carried out in sealed glass tubes using 2 mol% of Ru3(CO)12 

catalyst at 70 °C for 18 hours in the absence of a solvent (Scheme 4.7). High 

conversions were achieved (85 %), however a ten-fold excess of amine was necessary 

for the reaction to proceed. The formation of an (amido)ruthenium hydride complex 

was proposed as the active inter-mediate for this reaction.10 

 

 

Scheme 4.7 

 

A palladium allyl complex containing a phosphine-imine chelate has recently been 

demonstrated to catalyse the hydroamination of phenylacetylene using a variety of 

amines (Scheme 4.8).12 The reaction was performed using only 0.5 mol% catalyst at 

70 oC for 22 hours. When aniline was used, high conversions were achieved (75 %), 

however cyclohexylamine gave very poor conversions (6 %). 
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Scheme 4.8 

 

A number of rhodium catalysts for the inter-molecular hydroamination reaction have 

been reported.13-15 In 2001 Beller et al. reported the application of the commercially 

available complex [Rh(COD)2]BF4 (COD= 1,5-cyclooctadiene) in combination with the 

phosphine ligand PCy3 as an exceptionally efficient catalyst for the inter-molecular 

hydroamination of terminal aliphatic alkynes and primary aromatic amines.16 For 

example, when 2 mol% Rh and 6 mol% PCy3 were combined with 1-octyne and aniline, 

then quantitative conversion of the substrates was achieved after 20 hours at room 

temperature (Scheme 4.9). The substrate scope of this reaction however was very 

limited. The combination of aniline and phenylacetylene gave less than 10 % 

conversion under the same conditions, while 1-octyne was entirely unreactive towards 

aliphatic amines. 

 

 

Scheme 4.9 
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combination with a halide abstracting reagent, was able to successfully catalyze the 

inter-molecular hydroamination of aromatic alkynes and amines.15 The 

hydroamination of phenylacetylene with aniline achieved 87 % conversion using 0.5 

mol% Rh and 1.5 mol% NH4PF6 at 80 °C after 12 hours (Scheme 4.10). The catalyst 

system was also able to tolerate a wide range of electron withdrawing and donating 

substituents on both substrates. 

 

Scheme 4.10 

 

Very few examples of iridium catalyzed inter-molecular hydroamination of alkynes 

have been reported in the literature.16 An interesting example reported by Messerle et al. 

involved the addition of phenylhydrazine to phenylacetylene.17 This reaction was 

performed at 100 °C using 5 mol% of the bis(pyrazolyl)methane (bpm) complex 

[Ir(bpm)(CO)2]BArF (BArF= tetrakis(3,5-trifluoromethylphenyl)borate), and resulted in 

74 % conversion after 22 hours (Scheme 4.11). 
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4.1.3 Ir(I) and Rh(I) Intra-molecular Hydroamination Catalysts  

Messerle et al. have developed a series of Ir(I) and Rh(I) catalysts featuring a selection 

of bidentate ligands containing nitrogen, phosphorus and N-heterocyclic carbene donor 

groups with COD and CO co-ligands (Scheme 4.12 a).18-20 These complexes were 

shown to efficiently catalyse the intra-molecular hydroamination reaction. The most 

efficient catalyst of this series was found to be the iridium COD complex 1 which 

contains a pyrazolyl-phosphine (PyP) chelate.18 This catalyst effected the 

hydroamination of 4-pentyn-1-amine (4a) to 2-methyl-1-pyroline (4b) (Scheme 4.12 b) 

within 30 minute at 60 °C and 1.4 mol% catalyst loading (turnover frequency, TOF= 

1800 h-1). 

 

 

a)   

 

 

b) 

Scheme 4.12 
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catalyst (TOF= 12 h-1).20 Similarly for the analogous rhodium complex with the PyP 

ligand 2 (TOF= 3 h-1) and Ir complex with carbonyl co-ligands 4 (TOF= 11 h-1).18 

Typically it was found that Rh(I) and Ir(I) complexes with carbonyl co-ligands were 

more active catalysts compared to the related systems with COD co-ligand. For example 

the iridium bis(pyrazolyl)methane (bpm) complex 5 was also a very efficient catalyst 

for the hydroamination of 4-pentyn-1-amine achieving complete conversion within 2.2 

hours at 60 °C and 1.4 mol% catalyst (TOF= 50 h-1).19  

 

4.1.4 Counter ion effects on Ir(I) and Rh(I) catalysts 

The nature of the counter ion in homogenous transition metal catalysts is well known to 

have a significant impact on catalyst efficiency. Weakly coordinating anions, such as 

tetrakis(3,5-trifluoromethylphenyl)borate (BArF), can lead to much improved catalyst 

activity. This is due to an extremely poor affinity of the anion for vacant coordination 

sites on the metal, which are therefore more available for reaction. The BArF anion is 

also more stable than BPh4
- towards B-Ar bond cleavage, which improves catalyst 

stability (see Section 1.7, Chapter 1). In 2010 Messerle et al. investigated the catalytic 

activity of Rh(I) and Ir(I) complexes of the type [M(bpm)(CO)2]X (where X= BPh4
- or 

BArF) for the dihydroalkoxylation of 2-(5-hydroxypent-1-ynyl)benzyl alcohol (Scheme 

4.13).21 They found that substitution of the BPh4
- counter ion for BArF led to a massive 

increase in reaction rate for both iridium and rhodium systems. For example, the BArF 

catalyst [Rh(bpm)(CO)2]BArF achieved complete conversion of the substrate after 0.22 

hours (TOF= 961 h-1) compared to a reaction time of 21 hours (TOF= 90 h-1) for the 

BPh4
- catalyst [Rh(bpm)(CO)2]BPh4 under identical conditions.  
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Scheme 4.13 

 

4.1.5 Bimetallic Ir(I) and Rh(I) Catalysts 
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bimetallic catalysts were shown to be much more active than the two monometallic 
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decreased. The application of these bimetallic systems towards related catalytic 
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Scheme 4.14 

 

4.1.6 Objectives  
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• The effect of the catalyst co-ligand on the efficiency of the catalyst will be 

explored by investigating both 1,5-cyclooctadiene (COD) and the strongly π-

basic carbon monoxide (CO) co-ligands. 

• The chelating ligand group will be varied from the mixed P,N-donor ligand 

1-[2-(diphenylphosphino)ethyl]pyrazole (PyP) to the more weakly coordinating 

N,N-donor ligand bis(1-pyrazolyl)methane (bpm). 

•  How the identity of the metal centre impacts the catalytic activity of the 

complex will be explored by testing both Rh(I) and Ir(I) complexes.  

• The catalytic efficiency of two bimetallic Ir(I) and Rh(I) complexes will be 

investigated in order to assess whether cooperative enhancement of the catalyst 

activity can be achieved for inter-molecular hydroamination. 

 

 

Scheme 4.15 
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4.2 Results and discussion 

4.2.1 Hydroamination of phenylacetylene (3.3) and aniline (3.4) 

4.2.1.1 Catalysts with P,N-donor ligand: [Ir(PyP)(COD)]BPh4 (4.1),    

[Ir(PyP)(COD)]BArF (4.2) and [Ir(PyP)(CO)]BArF (4.3) 

 

 

 

Scheme 4.16 

 

The reaction of phenylacetylene with aniline (Scheme 4.16) was carried out on a small 

scale in deuterated solvents within NMR tubes sealed under a N2 atmosphere. A 

catalyst loading of 3 mol% was used and reaction conversions were determined by 

acquisition of the 1H NMR spectrum of the solution and comparison of the substrate 

and product integrals with the integral of an internal standard 

(1,3,5-trimethoxybenzene) of known quantity. The results for the hydroamination of 

phenylacetylene (3.3) and aniline (3.4) using catalysts [Ir(PyP)(COD)]BPh4 (4.1), 

[Ir(PyP)(COD)]BArF (4.2) and [Ir(PyP)(CO)]BArF (4.3) are summarized in Table 4.1. 

 The first catalyst to be investigated was the tetraphenylborate salt 

[Ir(PyP)(COD)]BPh4 (4.1). The reaction was performed at 100 °C in a variety of 

solvents TCE-d2, toluene-d8 and 1,4-dioxane-d8 and after 24 hours no product 

formation was detected. However, the 1H NMR spectrum of the reaction solution 

revealed no trace of the phenylacetylene (3.3) starting material either and a broad 

lump in the aromatic region of the spectrum suggested the phenylacetylene (3.3) had 

oligomerized. The oligomerisation/polymerization of phenylacetylene (3.3) is 
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commonly observed under such vigorous reaction conditions when the rate of 

hydroamination is comparatively slow.23-25 

 

Table 4.1: Comparison of the catalytic activity of [Ir(PyP)(COD)]BPh4 (4.1), 

[Ir(PyP)(COD)]BArF4 (4.2) and [Ir(PyP)(CO)2]BArF4 (4.3) for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4).[a] 

Entry Catalyst Solvent 

Conversion  

(%) 

(1.5 hrs) (25 hrs) 

1 

 

 

TCE-d2 (100 °C) 
- <1 

2 
 

Tol-d8 (100°C) 
- <1 

3 

 

1,4-dioxane-d8 

(100°C) 

- <1 

4 

 

C6D6 (60 °C) - 26 26% 

5 CDCl3 (60 °C) - 13 

6 TCE-d2 (60 °C) - 18 

7 

 

C6D6 (60 °C) 29 >98 

8 CDCl3 (60 °C) 36 80 

9 TCE-d2 (60°C) 56 81 

10 Tol-d8 (100°C)  53 >98 

11 TCE-d2 (100°C) 45 67 

[a] 3 mol% catalyst loading used; 
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The ineffectual result for this catalyst was surprising considering its very high activity 

for the intra-molecular hydroamination reaction. For example, complete conversion of 

4-pentyn-1-amine (4a) to 2-methyl-1-pyroline (4b) (Scheme 4.12b) was achieved 

within 30 minutes using 1.4 mol% of [Ir(PyP)(COD)]BPh4 (4.1) at 60 °C.18 

Substitution of the BPh4
- anion in [Ir(PyP)(COD)]BPh4 (4.1) with the tetrakis(3,5-

trifluoromethylphenyl)borate (BArF) anion in [Ir(PyP)(COD)]BArF (4.2) resulted in a 

much improved catalyst activity. The hydroamination of phenylacetylene (3.3) and 

aniline (3.4) was performed at 60 °C in three different solvents: C6D6, CDCl3 and 

TCE-d2. The highest conversion was achieved in the non-chlorinated solvent C6D6 

with 26 % conversion to the E-N-(1-phenylethylidene)benzeneamine imine (3.5) after 

25 hours. Both CDCl3 and TCE-d2 gave considerably lower conversions, 18 % and 

13% respectively.  

 Substitution of the COD co-ligand in [Ir(PyP)(COD)]BArF (4.2) with the more 

π-acid carbonyl ligands in [Ir(PyP)(CO)2]BArF (4.3) also led to a dramatic 

improvement in the catalysts activity. At 60 °C catalyst 4.3 was able to reach complete 

conversion of the substrates (>98 %) to the desired imine (3.5) within 25 hours in 

C6D6. The catalyst performed less well in chlorinated solvents TCE-d2 (81 %) and 

CDCl3 (80 %). Although, the initial reaction rate after 1.5 hours was higher in TCE-d2 

(56 %) and CDCl3 (36 %) compared to C6D6 (29 %).  

 To see if [Ir(PyP)(CO)2]BArF (4.3) could tolerate harsher reaction conditions 

the catalysis was also performed at 100 °C. Complete conversion to product was still 

observed after 25 hours in toluene and an elevated initial reaction rate after 1.5 hours 

was recorded; 53 % conversion (100 °C) versus 29 % conversion (60 °C). For the 

chlorinated solvent TCE-d2, the catalysts performed worse at 100 °C compared to 60 

°C with a total conversion of only 67 % achieved after 25 hours. This result suggests 
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that the catalyst is decomposing in TCE-d2, a process that is accelerated at higher 

reaction temperatures. This would also account for the higher initial rates for 

[Ir(PyP)(CO)2]BArF (4.3) in CDCl3 and TCE-d2 at 60 °C despite a lower final 

conversion compared to the reaction in C6D6.  

 The much higher reactivity of the catalyst with CO co-ligand 

[Ir(PyP)(CO)2]BArF (4.3) compared to the catalyst with COD co-ligand 

[Ir(PyP)(COD)]BArF (4.2) is in contrast to the results obtained using the analogous 

BPh4
- salts [Ir(PyP)(CO)2]BPh4 (4) (see section 4.1.3) and [Ir(PyP)(COD)]BPh4 (4.1) 

for the intra-molecular hydroamination of 4-pentyn-1-amine. In this case 

[Ir(PyP)(CO)2]BPh4 (4) was found to be extremely unreactive (TOF= 11 h-1) 

compared to [Ir(PyP)(COD)]BPh4 (4.1, TOF= 1800 h-1).18  

 

4.2.1.2 Catalysts with N,N-donor ligands: [Ir(bpm)(CO)2]BArF (4.4) and 

[Rh(bpm)(CO)2]BArF (4.5)  

The hydroamination of phenylacetylene (3.3) and aniline (3.4) using 

[Ir(bpm)(CO)2]BArF (4.4) and [Rh(bpm)(CO)2]BArF (4.5) was performed using 3 

mol% catalyst at 100 °C in touene-d8, TCE-d2 and 1,4-dioxane-d8. Product conversions 

were determined after 24 hours and are summarized in Table 4.2. 
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Table 4.2: Comparison of the catalytic activity of [Ir(bpm)(CO)2]BArF (4.4) and 

[Rh(bpm)(CO)2]BArF (4.5) for the inter-molecular hydroamination of phenylacetylene 

(3.3) and aniline (3.4).[a] 

Entry Catalyst Solvent 
Conversion 

(%) (24 hrs) 

 

1 

 

 

Toluene-d8 

 

94 

 

2 
 

TCE-d2 

 

85 

(50%/0.4h) 

 

3 

 

1,4-dioxane-d8 

 

61 

 

4 

 

 

Toluene-d8 

 

22 

 

5 

 

TCE-d2 

 

10 

 

6 

 

1,4-dioxane-d8 

 

21 
[a] Reaction performed at 100 °C using 3 mol% catalyst loading 

 

The iridium catalyst [Ir(bpm)(CO)2]BArF (4.4) achieved the highest conversion in 

toluene-d8 (94 %), which was significantly more efficient than the reaction in TCE-d2 

(85 %) and 1,4-dioxane-d8 (61 %). The reaction in TCE-d2 gave a very fast initial 

reaction rate with 50 % conversion obtained after only 0.4 hours, however a further 

23.6 hours was required to obtain another 30 % conversion, indicating that the 

complex may be decomposing in this solvent. A similar result was described above for 

the PyP containing complexes 4.2 and 4.3. 

 The rhodium complex [Rh(bpm)(CO)2]BArF (4.5) was shown to be a much 

poorer catalyst than its iridium analogue 4.4. Complex 4.5 only achieved a maximum 
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N N

N N
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conversion of 22 % in toluene-d8, 21 % in dioxane-d8 and a very poor 10 % in TCE-d2. 

These results are comparable with the outcomes obtained for the intra-molecular 

hydroamination of 4-pentyn-1-amine (4a) (Scheme 4.12) using the BPh4
- catalysts 

[Ir(bpm)(CO)2]BPh4 (5) and [Rh(bpm)(CO)2]BPh4 (6).19 For the iridium complex 6 

complete conversion of 4-pentyn-1-amine (4a) to 2-methyl-1-pyroline (4b) was 

achieved after 2.2 hours at 60 °C using 1.5 mol% catalyst, whereas the rhodium 

complex 5 managed only 90 % conversion after 12 hours.  

 The highest conversion achieved using [Ir(bpm)(CO)2]BArF (4.4) (94%, 24 

hours) is comparable to that obtained with the PyP containing catalyst 

[Ir(PyP)(CO)2]BArF (4.3) (98%, 25 hours). Variation of the P,N-donor ligand in 4.3 to 

a N,N-donor ligand in 4.4 therefore has little impact on the catalysts efficiency.  

 

4.2.1.3 Bimetallic catalysts: (µ-L)[Ir(CO)2]2(BArF)2 (4.6) and 

(µ-L)[Rh(CO)2]2(BArF)2 (4.7)  

The catalytic efficiency of the bimetallic catalysts (µ-L)[Ir(CO)2]2(BArF)2 (4.6) and 

(µ-L)[Rh(CO)2]2(BArF)2 (4.7) for the hydroamination of phenylacetylene (3.3) and 

aniline (3.4) was performed at 100 °C in TCE-d2 or toluene-d8. For comparison to the 

monometallic catalysts described above only 1.5 mol% of the bimetallic complexes 

were used to give a total metal loading of 3 mol%. The reactions were performed in 

NMR tubes that were heated inside the NMR spectrometer with product conversions 

determined by periodic acquisition of the solutions 1H NMR spectrum. The resulting 

time-course plots are shown in Figure 4.1. 
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Figure 4.1: Reaction profile of the inter-molecular hydroamination of phenylacetylene (3.3) and aniline 

(3.4) into E-N-(1-phenylethylidene)benzeneamine (3.5) catalysed by 1.5 mol% of complexes 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) and (µ-L)[Rh(CO)2]2(BArF)2 (4.7) at 100 °C in TCE-d2 and toluene-d8.
  

 

The bimetallic iridium complex (µ-L)[Ir(CO)2]2(BArF)2 (4.6) proved to be the fastest 

catalyst reaching >98 % conversion in TCE-d2 and 93 % conversion in toluene-d8 after 

just 3 hours. Note, for the reaction performed in toluene-d8 a short delay of 

approximately 20 minutes was observed before the catalyst began to convert substrate to 

product. This is suspected to be the result of poor solubility of the isolated complex in 

this solvent, however during reaction the complex color is taken up into solution. This is 

in contrast to TCE-d2 where the bimetallic complex is entirely soluble.  

 For the corresponding bimetallic rhodium complex (µ-L)[Rh(CO)2]2(BArF)2 

(4.7) much lower catalytic activities were achieved with product conversions after 3 

hours of  40 % and 25 % in TCE-d2 and toluene-d8, respectively. A similar effect of 

solvent was observed here where TCE-d2 gave immediate conversion to product 
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compared to a short induction period observed in toluene-d8. 

 A comparison of the activity of the bimetallic iridium catalyst 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) with the fastest monometallic catalysts 

[Ir(PyP)(CO)2]BArF (4.3) and [Ir(bpm)(CO)2]BArF (4.4) in TCE-d2 is shown in Figure 

4.2. Similar reaction profiles are observed for all three catalysts with a rapid initial 

reaction rate followed by a prolonged climb to higher conversions. The bimetallic 

catalyst can be seen to maintain a higher activity across both regimes, which results in 

complete conversion of the substrate over short reaction times.  

 

 

Figure 4.2 Reaction profile of the inter-molecular hydroamination of phenylacetylene (3.3) and aniline 

(3.4) into E-N-(1-phenylethylidene)benzeneamine (3.5) catalysed by 3.0 mol% metal loading 

[Ir(PyP)(COD)]BPh4 (4.1), [Ir(bpm)(CO)2]BArF4 (4.4) and (µ-L)[Ir(CO)2]2(BArF)2 (4.6) at 100 °C in 

TCE-d2. 

 

In comparison to other hydroamination catalysts investigated for the reaction of 

phenylacetylene (3.3) with aniline (3.4) the bimetallic catalyst (µ-L)[Ir(CO)2]2(BArF)2 

(4.6) is among the fastest reported to date. The efficiency of the other catalysts that were 
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tested for this reaction is summarized in Table 4.3. As can be seen, for most catalysts 

only partial conversions are achieved over prolonged reaction times at elevated 

temperatures. The only catalyst which approaches the efficiency of 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) is an iridium(III) hydride complex (entry 7).  
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Table 4.3: Comparison of the catalytic efficiency of (µ-L)[Ir(CO)2]2(BArF)2 (4.6) with 

literature precedents for the inter-molecular hydroamination of phenylacetylene (3.3) 

and aniline (3.4) into E-N-(1-phenylethylidene)benzeneamine (3.5).  

Entry Catalyst 
Temperature 

(solvent) 

Reaction 

Time 
Conversion 

126 
Tl(OAc)3 

(2 mol%) 

60 oC 

(neat) 
7 h 57 % 

227 

 

180 W 

microwave 

(toluene) 

2 h 67 % 

39 
Ru3(CO)12 / NH4PF6 

(0.1 mol%) 

100 oC 

(neat) 
12 h 84 % 

412 

 

70 oC 

(THF) 
22 h 75 % 

513 
[Rh(COD)2]BF4 / PCy3 

(2 mol%) 

25 oC 

(toluene) 
20 h 10 % 

615 
[Rh(Cp*)Cl2]2 / NH4PF6 

(0.5 mol%) 

80 oC 

(toluene) 
12 h 87 % 

716 

 

110 oC 

(toluene) 
12 h 100 % 

8 

 

100 oC 

(TCE) 
3 h 100 % 

 

Ti
CH3

(3 mol%)

CH3

(0.5 mol%)
NtBu

Pd
PPh2

OTf

COIrN

PPh2

H

Cl

(0.5 mol%)

+ NaBArF
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N

N

N N

NN

N

N
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4.2.2 Hydroamination of aliphatic substrates with aniline 

To investigate whether the catalysts described in this work can be applied to substrates 

containing aliphatic substituents we included 1-heptyne and 1-hexylamine into our 

reaction schemes.  

 Initial investigations looked at using [Ir(bpm)(CO)2]BArF (4.4), 

[Rh(bpm)(CO)2]BArF (4.5) and (µ-L)[Ir(CO)2]2(BArF)2 (4.6) as catalysts for the 

hydroamination of 1-heptyne (4.8) and aniline (3.3) at 100 °C in toluene-d8 using 3 

mol% metal loading (Table 4.4). Interestingly two isomeric products were formed 

from this reaction depending on whether the phenyl group of the imine was located 

trans (Z) (4.9) or cis (E) (4.10) to the C5H11 alkyl chain. The fastest catalyst of the 

series was the bimetallic complex (µ-L)[Ir(CO)2]2(BArF)2 (4.6) which achieved 67 % 

conversion after 19 hours, more than twice as efficient than the analogous 

monometallic complex [Ir(bpm)(CO)2]BArF (4.4) (28 % conversion after 24 hours) 

The regioselectivity of both catalysts was similar (Z:E= 2:1) with the less sterically 

hindered Z (4.9) isomer favored. The rhodium catalyst [Rh(bpm)(CO)2]BArF (4.5) 

was found to be almost entirely unreactive towards 1-heptyne (4.8) giving less than 5 

% conversion after 24 hours.  

 In comparison to the hydroamination of phenylacetylene (3.3) and aniline (3.4) 

it is immediately apparent that aliphatic alkynes are considerably less reactive than 

aromatic alkynes using these catalysts.  
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Table 4.4: Comparison of the catalytic activity of [Ir(bpm)(CO)2]BArF (4.4), 

[Rh(bpm)(CO)2]BArF (4.5) and (µ-L)[Ir(CO)2]2(BArF)2 (4.6) for the inter-molecular 

hydroamination of aniline (3.4) and 1-heptyne (4.8). 

 

Entry Catalyst 
Conversion 

(time) 

1[c] 

 

67 % (19 hrs) 

Z:E = 44:23 

2 

 

28 % (24 hrs) 

Z:E = 19:9 

3 

  

<5 % (24 hrs)  

  

 

 

The influence of varying the amine substituent was investigated next. The 

hydroamination of phenylacetylene (3.3) and 1-hexylamine (4.11) was performed with 

the monometallic catalyst [Ir(bpm)(CO)2]BArF (4.4) and bimetallic catalyst 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) at 100 °C and 3 mol% metal loading (Table 4.5). In this 

case only the Z isomer was detected. After 19 hours the bimetallic catalyst 4.6 
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achieved 26 % conversion, compared to 18 % conversion after 24 hours for the 

monometallic catalyst 4.4. These conversions are considerably lower than what was 

obtained for the hydroamination of both phenylacetylene (3.3) and 1-heptyne (4.8) 

with aniline (3.4) suggesting that the nature of the amine substituent has the greatest 

impact on the reactions efficiency. 

 

Table 4.5: Comparison of the catalytic activity of [Ir(bpm)(CO)2]BArF (4.4), and 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) complexes for the inter-molecular hydroamination of 

phenylacetylene (3.3) and 1-hexylamine (4.11). 

 

Entry Catalyst 
Conversion 

(time) 

1 

 

26 % 

(19 hrs) 

2 

 

18 %  

(24 hrs) 

 

 

Finally, the combination of both aliphatic substrates was investigated. The 

hydroamination of 1-heptyne (4.8) and 1-hexylamine was performed with only the 
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most active catalyst of the series, (µ-L)[Ir(CO)2]2(BArF)2 (4.6), at 100 °C and 3 mol% 

metal loading (Scheme 4.16). After 19 hours 21 % conversion was achieved with only 

a single isomer (Z) observed from this reaction. Surprisingly, despite combining the 

two most difficult substrates the efficiency of this reaction was comparable to the 

hydroamination of phenylacetylene (3.3) with 1-hexylamine (4.11). Possibly it is the 

nature of the amine substituent only, which limits the efficiency of this reaction. 

 

 

Scheme 4.16 

 

4.2.3 Investigation of Imine Hydrolysis  

For many of the catalytic reactions performed above involving the hydroamination of 

aniline and phenylacetylene (3.3) the formation of the desired imine product was 

accompanied by the formation of a small amount of acetophenone (4.13) side product. 

To determine whether the acetophenone (4.13) originated from the hydrolysis of the 

imine product or the catalyzed hydration of phenylacetylene (3.3) (Scheme 4.17) the 

following investigations were performed. 
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Scheme 4.17 

  First, the hydration of phenylacetylene (3.3) was attempted by combining 

substrate 3.3, the bimetallic catalyst (µ-L)[Ir(CO)2]2(BArF)2 (4.6) (1.5 mol%) and a 

drop of deionized H2O in TCE-d2 and heating the solution at 100 °C for 24 hours. 

Under these conditions no acetophenone (4.13) was detected. Secondly the rate of 

imine hydrolysis was investigated by combining E-N-(1-

phenylethylidene)benzeneamine (3.5) with a drop of H2O in TCE-d2. After 19 hours at 

100 °C 53 % conversion to acetophenone (4.13) was observed indicating that the 

hydrolysis reaction proceeds at an appreciable rate under the conditions employed 

during catalysis.  

 Finally, the hydroamination of phenylacetylene (3.3) and aniline (3.4) using 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6) (1.5 mol%) was performed in TCE-d2 at 100 °C and 

monitored over prolonged reaction times. The time course plot shown in Figure 4.3 

shows the conversion to both imine (3.5) and acetophenone (4.13) products. Initially 

the imine product 3.5 is the major constituent, however, as time proceeds 3.5 is 

consumed and the concentration of acetophenone (4.13) increases. This clearly 

demonstrates that the acetophenone originates from hydrolysis of the imine. For this 

reason the sum of both acetophenone (4.13) and imine (3.5) products were included in 

the total percent conversions reported for all hydroamination reactions. 
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Figure 4.3: Inter-molecular hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine (3.5) and acetophenone (4.13) with addition of deionized H2O 

performed in TCE-d2 at 100 °C using 1.5 mol % of (µ-L)[Ir(CO)2]2(BArF)2 (4.6). 

 

4.3 Summary and Conclusions 

A series of Ir(I) and Rh(I) catalysts were investigated for the inter-molecular 

hydroamination reaction. The influence of counter ion, ligand groups, solvent and 

temperature on the efficiency of the catalysts was investigated allowing the following 

conclusions to be made: 

• The more weakly coordinating BArF counter ion resulted in much higher 

catalytic activities compared to BPh4
-; 

• CO co-ligands furnished far more efficient catalysts compared to COD co-

ligands; 

• Unexpectedly, the substitution of P,N-donor ligands for N,N-donor ligands had 

little impact on the catalyst activity; 

• The use of a bimetallic complex structure significantly increased the efficiency 
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of the catalyst in comparison to analogous monometallic structures; 

• Halogenated solvents tended to be unsuitable for the reaction of monometallic 

complexes due to catalyst deactivation, however the higher solubility of the 

bimetallic catalysts in these solvents proved advantageous; 

• Aliphatic substrates gave much lower conversions for all catalysts. 

• The formation of acetophenone was determined to be a product of imine 

hydrolysis due to the presence of adventitious water in the reaction mixture. 
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5.1 Summary and Conclusions 
The coordination and catalytic chemistry of a series of Ir and Rh complexes was 

investigated with the aim of facilitating X-H (X= Si, O and N) bond addition across an 

alkyne C≡C triple bond. Towards this end the following achievements were made: 

 

Synthesis of NCN pincer complexes 

Two new pincer ligand precursors; bis(methylpyrazolyl)imidazolium 

tetraphenylborate NCNMe.HBPh4 (2.1) and bis(ethylpyrazolyl)imidazolium 

tetraphenylborate NCNEt.HBPh4 (2.2) were synthesised. These ligands were coordinated 

to Rh(I) and Ir(I) metal centres to yield the following complexes: 

[Rh(NCNMe)(COD)]BPh4 (2.3), [Ir(NCNMe)(COD)]BPh4 (2.4), 

[Ir(NCNMe)2(COD)]BPh4 (2.5), [Rh(NCNMe)CO]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 

(2.7), [Ir(NCNEt)2(COD)]BPh4 (2.8), [Rh(NCNEt)(COD)]BPh4 (2.9), 

[Rh(NCNEt)(CO)2]BPh4 (2.10), [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V) and 

[Ir(NCNEt)(PPh3)2(CO)]BPh4 (2.2V). 

The length of the alkyl chain (methyl or ethyl) linking the NHC and pyrazole 

donor groups in NCNMe and NCNEt was found to have a pronounced impact on their 

coordination properties. Typically the longer ethyl linker of NCNEt led to a higher 

lability of the pyrazole donor groups. For example the NCNEt pincer ligand was 

observed to bind in a bidentate (κ2) coordination mode in [Rh(NCNEt)(COD)]BPh4 (2.9) 

and monodentate (κ1) in [Ir(NCNEt)2(COD)]BPh4 (2.8). In comparison a facial 

tridentate (κ3) coordination mode was observed for the analogous NCNMe containing 

complexes [Rh(NCNMe)(COD)]BPh4 (2.3) and [Ir(NCNMe)(COD)]BPh4 (2.4). 

An unusual bimetallic complex [Rh(NCNMe)CO]2(BPh4)2 (2.6) was also 

prepared which was shown to have a relatively short Rh-Rh distance of 3.341 Å.  
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Catalysed C-X bond formation using complexes with NCN pincer ligand 

The new pincer complexes [Rh(NCNMe)(COD)]BPh4 (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Rh(NCNMe)CO]2(BPh4)2 (2.6), [Ir(NCNMe)(CO)2]BPh4 

(2.7), [Rh(NCNEt)(COD)]BPh4 (2.9) and [Rh(NCNEt)(CO)2]BPh4 (2.10) were 

investigated as catalysts for the hydroamination, hydroalkoxylation and hydrosilylation 

of alkynes.  Their reactivity was compared with two analogous complexes 

[Rh(NCMe)COD]BPh4 (2.11) and [Rh(NCMe)(CO)2]BPh4 (2.12) containing an NHC-

pyrazolyl chelate (NCMe). Overall the Rh complexes showed to have a higher catalytic 

activity compared to the analogous Ir complexes. Complexes with CO co-ligands were 

also found to be more active than COD containing complexes for the addition of N-H 

and O-H bonds to alkynes.  

 Compared to the complexes 2.11 and 2.12 with N,C- bidentate ligands, the 

pincer ligand geometry was responsible for a decrease in catalyst activity for the 

intramolecular hydroamination of 5-phenyl-4-pentyn-1-amine (3.1). On the contrary, 

pincer ligands appeared to stabilise the catalyst against deactivation during the 

cyclisation of 4-pentynoic acid (3.6), resulting in higher catalytic activities. For the 

hydrosilylation of phenylacetylene (3.3) and 1-phenylpropyne (3.10) small changes in 

catalyst structure resulted in vastly different substrate dependencies and product 

regioselectivities. 

 

Catalysed inter-molecular hydroamination 

A series of Ir(I) and Rh(I) catalysts were investigated for the intermolecular 

hydroamination of terminal alkynes with primary amines. The influence of the metal 

centre, counterion, ligand groups, solvent and temperature on the catalyst efficiency was 

evaluated. It was observed that catalyst activity was strongly dependent on the nature of 
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the counter ion with complexes containing the weakly coordinating BArF anion found 

to be much more effective than complexes containing BPh4. In general catalysts 

containing CO coligands were more beneficial than those containing COD, with iridium 

catalysts significantly more active than rhodium. Surprisingly the nature of the chelating 

ligand group, either bis(pyrazolyl)methane (bpm) or 1-[2-

(diphenylphosphino)ethyl]pyrazole (PyP), had little impact on the activity of the 

catalyst.  

 The bimetallic system (µ-L)[Ir(CO)2]2(BArF)2 (4.6) was found to be much more 

efficient than any monometallic catalyst. This was particularly true for the 

hydroamination of phenylacetylene (3.3) and aniline (3.4) for which it is one of the 

most efficient catalysts known. 
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PART 1: E.1 GENERAL PROCEDURE 

E.1.1 General consideration 
 
All manipulations of metal complexes and air sensitive reagents were carried out using 

standard Schlenk techniques1 or in a nitrogen or argon filled glove box. For the 

purposes of air sensitive manipulations and in the preparation of metal complexes, 

solvents were dried and distilled under an atmosphere of nitrogen or argon using 

standard procedures and stored under nitrogen or argon in glass ampoules, each fitted 

with a Youngs© Teflon valve prior to use. Tetrahydrofuran (thf), diethyl ether, n-

pentane, and toluene were distilled from sodium-benzophenoneketyl. Dichloromethane 

(dcm) was distilled from calcium hydride. Methanol was distilled from 

dimethoxymagnesium. Dimethyl sulfoxide (dmso) was dried over molecular sieves (4 

Å) and degassed via three freeze-pump-thaw cycles prior to use.2 

 

The bulk compressed gases nitrogen (>99.5 %), argon (>99.5 %), carbon monoxide 

(>99.5 %) were obtained from British Oxygen Company (BOC Gases) or Linde Gas 

Pty. Ltd. 13C-Labelled carbon monoxide (>99 %) was obtained from Cambridge 

Isotopes Laboratories.  

 

Except where specified, chemicals were purchased from either Aldrich Chemical 

Company Inc. or Alfa Aesar Inc. and used as received. The metal halide salts 

RhCl3�xH2O and IrCl3�xH2O were purchased from Precious Metals Online PMO P/L 

and used without further purification. The metal precursors [Ir(µ-Cl)(COD)]2,3 [Rh(µ-

Cl)(COD)]2 4 and  [Ir(PPh3)2(CO)Cl]5 were synthesized using reported methods. The 

metal complexes [Ir(bpm)(CO)2]BArF,6 [Rh(bpm)(CO)2]BArF,6 

(µ-L)[Ir(CO)2]2(BArF)2,7 (µ-L)[Rh(CO)2]2(BArF)2,7 [Ir(PyP)(COD)]BPh4,8 
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[Ir(PyP)(COD)]BArF4 6
  and [Ir(PyP)(CO)2]BArF4 

6
 were prepared using the reported 

method. The metal complexes [Rh(NCNMe)(COD)]BArF, [Ir(NCNMe)(COD)]BArF, 

(Rh(NCNMe)(CO)]2(BArF)2, [Ir(NCNMe)(CO)2]BArF, [Rh(NCMe)(COD)]BPh4 and 

[Rh(NCMe)(CO)2]BPh4 were kindly provided by Dr. Michael J. Page. 

 

E.1.2 NMR spectroscopy 

 

Air sensitive NMR samples were prepared either in a nitrogen or argon filled glove box 

or on a high vacuum line by vacuum transfer of solvent into an NMR tube fitted with a 

concentric Teflon valve (Youngs©). Deuterated solvents for NMR purposes were 

obtained from Cambridge Isotopes Laboratories (CIL), except for CDCl3 which was 

purchased from either CIL or Aldrich Chemical Company Inc. Deuterated solvents used 

with air sensitive compounds were degassed via three freeze-pump-thaw cycles and 

were vacuum distilled from suitable drying reagents immediately prior to use or the 

solvents were handled exclusively under a nitrogen or argon atmosphere. 

The 1H, 13C and 31P NMR spectra were recorded on Bruker DPX300 (with an automatic 

sample changer), DPX300, DMX500, DMX400 and DMX600 spectrometers, operating 

at 300.13, 300.17, 400.23, 500.13 and 600.13 MHz (1H); 75.49, 75.48, 100.64, 125.76 

and 150.90 MHz (13C); 161.98 and 242.94 MHz (31P). The spectra were recorded at 298 

K unless otherwise specified. Chemical shifts (δ) are quoted in ppm. 1H NMR and 13C 

NMR chemical shifts were referenced internally to residual solvent resonances. 

Uncertainties in chemical shifts are typically ±0.01 ppm for 1H and ±0.05 ppm for 13C. 

Coupling constants (J) are given in Hz and have an uncertainty of ±0.05 Hz for 1H-1H 

and 1H-31P and ±0.5 Hz for 13C-103Rh couplings. The following abbreviations are used 

in reporting the multiplicity of NMR resonances: s, singlet; d, doublet; t, triplet; q, 

quartet; p, pentet; m, multiplet; br, broad. The following two-dimensional NMR 
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techniques were routinely used for the assignment of organic and organometallic 

compounds: COSY (COrrelation spectroscoSY), NOESY (Nuclear Overhauser Effect 

SpectroscopY), HSQC (Heteronuclear Single Quantum Coherence) and HMBC 

(Heteronuclear Multiple Bond Correlation). NMR data were processed using standard 

Bruker software (Topspin) version 3.1. 

 

E.1.3 Other characterisation techniques 

 

IR spectra were recorded using an ATI Mattson Genesis Series F.T.I.R. spectrometer or 

an Avatar 370 FTIR spectrometer.  

Elemental analyses were carried out at the Campbell Microanalytical Laboratory, the 

University of Otago, New Zealand and the Elemental Analysis Unit, The Research School 

of Chemistry, the Australian National University. 

Single crystal X-ray analysis was performed by Dr Mohan Bhadbhade at the Mark 

Wainwright Analytical Centre, University of New South Wales, Sydney. X-ray 

diffraction data were measured using a Bruker kappa APEXII CCD Area Detector 

Diffractometer using Mo Κ(alpha) radiation. The structures were solved with the use of 

SIR92 and refined using SHELXL-97 software package. 

High resolution mass spectra were acquired at the Bioanalytical Mass Spectrometry 

Facility (BMSF), the University of New South Wales, Australia. The ESI-MS spectra 

were obtained using a Micromass ZQ mass spectrometer. In reporting mass spectral data, 

M is defined as the molecular weight of the compound of interest. Alternatively, in the 

case of cationic compounds M is defined as the molecular weight of the cationic 

fragments. 
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PART 2: EXPERIMENTAL FOR CHAPTER 2 

E.2.1 Synthesis of NCN ligands 

E.2.1.1 Synthesis of NCNMe.HBPh4 (2.1)  

 

1-Hydroxy methyl pyrazole (1.6 g, 16.3 mmol) was dissolved 

in 70 ml of chloroform and an excess of SOCl2 (5 ml, 68.5 

mmol) was added drop-wise. The solution was refluxed 

overnight. The solvent was then reduced to dryness, the crude 

residue of 1-chloromethylpyrazole was suspended in dry toluene (70 ml), trimethylsilyl 

imidazole (1.2 ml, 8.2 mmol) added and left stirring overnight at reflux. The toluene 

was removed via cannula leaving a brown sticky solid behind. The residue was 

redissolved in dry and degassed methanol (160 ml) to which NaBPh4 (2.8g, 8.2 mmol) 

was added, resulting in the product as white precipitate which was filtered and washed 

with methanol (70 ml). 

Yield: 1.89 g, 42 %. 

 

1H NMR (400 MHz, dmso-d6) δ 9.62 (t, 4J= 1.5 Hz, 1H, Im H2), 8.10 (d, 3J= 2.4 Hz, 

2H, Pz H5), 7.84 (d, 3J= 1.4 Hz, 2H, Im H4/5), 7.65 (d, 3J= 1.3 Hz, 2H, Pz H3), 7.20 (m, 

8H, o- BPh4), 6.94 (t, 3J= 7.3 Hz, 8H, m- BPh4), 6.78 (t, 3J= 7.2 Hz, 4H, p- BPh4), 6.58 

(s, 4H, CH2), 6.40 (t, 3J= 2.0 Hz, 2H, Pz H4) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 163.4 (q, 1J(B-C)= 49.7 Hz, i- C of BPh4), 141.8 

(Pz C3), 136.9 (Im C2), 135.6 (o- C of BPh4), 131.7 (Pz C5), 125.3 (m- C of BPh4), 

122.4 (Im C4/5), 121.6 (p- C of BPh4), 107.2 (Pz C4), 61.6 (CH2) ppm. 

 

N N

BPh4

N N
NN

2.1
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ESI-MS (MeOH) m/z: 229.12 (100 %) [M- BPh4
-] 

Anal. Found: C, 76.34; H, 6.16; N, 15.07; Anal. Calc: C, 76.64; H, 6.06; N, 15.32. 

 

E.2.1.2 Synthesis of NCNEt.HBPh4 (2.2) 

  
Bromoethyl pyrazole was degassed via three freeze-pump-thaw 

cycles prior to use. Trimethylsilyl imidazole was dried over 

molecular 4 Å sieves and also degassed. Two molar equivalents 

of bromoethyl pyrazole (3.2 g, 18.3 mmol) were dissolved in 

dry and degassed toluene (70 ml) to which trimethylsilyl imidazole (1.3 g, 9.1 mmol) 

was then added. The mixture was refluxed overnight. The toluene was removed via 

cannula leaving a brown sticky solid behind. The crude product was redissolved in dry 

and degassed methanol (100 ml) to which NaBPh4 (3.1 g, 9.1 mmol) was added and 

stirred for 30 min. The resulting white precipitate was filtrated and washed with 

methanol (10 ml).  

Yield: 3.8g, 72%. 

 

1H (400 MHz, dmso-d6) δ 8.72 (t, 4J= 1.4 Hz, 1H, Im H2), 7.54 (d, 3J= 2.0 Hz, 2H, Pz 

H5), 7.47 (d, 3J= 1.3 Hz, 2H, Pz H3), 7.41 (d, 3J= 1.4 Hz, 2H, Im H4/5), 7.19 (m, 8H, o- 

BPh4), 6.93 (t, 3J= 7.4 Hz, 8H, m- BPh4), 6.79 (t, 3J= 7.2 Hz, 4H, p- BPh4), 6.23 (t, 3J= 

2.0 Hz, 2H, Pz H4), 4.55 (m, 8H, CH2) ppm. 

 

13C {1H} NMR (100 MHz, dmso-d6) δ 163.4 (q, 1J(B-C)= 49.3 Hz, i- C of BPh4), 139.7 

(Pz C3), 136.7 (Im C2), 135.5 (o- C of BPh4), 130.6 (Pz C5), 125.3 (m- C of BPh4), 

122.5 (Im C4/5), 121.5 (s, p- C of BPh4), 105.7 (s, Pz C4), 50.4 (CH2), 49.04 (CH2) ppm. 

 

N N

N NN N

BPh4

2.2
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Anal. Found: C, 77.46; H, 6.54; N, 14.37; Anal. Calc.: C, 77.08; H, 6.47; N, 14.58. 

 

E.2.2 Synthesis of Rh and Ir COD containing complexes with 

NCNMe.HBPh4 (2.1)  

E.2.2.1 Synthesis of [Rh(NCNMe)(COD)]BPh4 (2.3) 

 

The imidazolium ligand precursor NCNMe.HBPh4 (2.1) 

(0.175 g, 0.32 mmmol), [Rh(µ-Cl)(COD)]2 metal complex 

(0.093 g, 0.16 mmol) and NaOEt (0.11 g, 1.6 mmol) were 

suspended in dry and degassed thf (30 ml) and the mixture 

was stirred for 2 hrs at room temperature. The solvent was 

then removed under vacuum and the crude product was redissolved in dcm (20 ml). 

After stirring for 30 min, the resulting cloudy yellow solution was filtered and pentane 

(15 ml) was added to precipitate the product as a yellow powder which was then filtered 

and dried under vacuum. X-ray quality crystals were obtained by layering a dcm 

solution of (3.3) with pentane.  

Yield: 0.187 g, 77%. 

 

1H (400 MHz, dmso-d6) δ 8.00 (m, 4H, Pz H3/5), 7.44 (s, 2H, Im H4/5), 7.17 (m, 8H, o- 

BPh4), 6.92 (t, 3J= 7.4 Hz, 8H, m- BPh4), 6.78 (t, 3J= 7.2 Hz, 4H, p- BPh4), 6.63 (br s, 

2H, NCH2), 6.38 (t, 3J= 2.1 Hz, 2H, Pz H4), 6.36 (br s, 2H, NCH2), 5.19 (br s, 2H, CH 

of COD), 3.11 (br s, 2H, CH of COD), 2.40 (br s, 2H, CH2 of COD), 2.16 (br s, 2H, 

CH2 of COD), 2.00 (br s, 4H, CH2 of COD) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 184.0 (d, 1J(Rh-C)= 43.7 Im C2), 163.4 (q, 1J (B-

C)= 49.4 Hz, i- C of BPh4), 142.1 (Pz C3 or 5), 135.5 (o- C of BPh4), 132.2 (Pz C3 or 5), 

N N

N N
N N

BPh4

Rh

2.3
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125.3 (m- C of BPh4), 122.0 (Im C4/5), 121.5 (p- C of BPh4), 106.8 (Pz C4), 103.3 (CH 

of COD) 62.5 (NCH2), 51.7 (d, 1J (Rh-C)= 16.2, CH of COD), 34.0 (CH2 of COD), 28.2 

(CH2 of COD) ppm. 

 

ESI-MS (MeOH), m/z: 439.11 (100 %) [M- BPh4
-] 

 

E.2.2.2 Reaction of NCNMe (2.1) with [Ir(μ-Cl)(COD)]2  

 

Reaction of NCNMe.HBPh4 (2.1) with [Ir(µ-Cl)(COD)]2 gave two distinct products: a) 

[Ir(NCNMe)(COD)]BPh4 (2.4) and b) [Ir(NCNMe)2(COD)]BPh4 (2.5). 

The imidazolium ligand precursor NCNMe.HBPh4 (2.1) (0.31 g, 0.56 mmmol), 

[Ir(µ-Cl)(COD)]2 (0.19 g, 0.28 mmol) and NaOEt (0.095 g, 1.4 mmol) were suspended 

in dry and degassed methanol (30 ml) and the mixture stirred for 2 hrs at room 

temperature. A pale yellow precipitate was filtered from an orange solution. The 

precipitate was redissolved in thf (20 ml), filtered and the product 2.4 was recrystallised 

by addition of diethyl ether (10 ml). Reduction of the orange filtrate to dryness and 

recrystallization of the residue from dcm/pentane gave 2.5 as an orange solid. X-ray 

quality crystals of both complexes were obtained by layering dcm solutions of the 

complexes with pentane.  

[Ir(NCNMe)(COD)]BPh4 (2.4): Yield: 0.21 g, 46%.  

[Ir(NCNMe)2(COD)]BPh4 (2.5): Yield: 0.072 g, 12%. 
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a) [Ir(NCNMe)(COD)]BPh4 (2.4) 

 

1H NMR (400 MHz, dmso-d6) δ 8.06 (d, 3J= 2.3 Hz, 4H, Pz 

H3/5), 7.46 (s, 2H, Im H4/5), 7.17 (m, 8H, o- BPh4), 6.92 (t, 

3J= 7.4 Hz, 8H, m- BPh4), 6.78 (t, 3J= 7.2 Hz, 8H, p- BPh4), 

6.66 (d, 2J= 13.4 Hz, 2H, NCH2), 6.48 (t, 3J= 2.2 Hz, 2H, Pz 

H4), 6.18 (d, 2J= 13.4 Hz, 2H, NCH2), 2.13 (br s, 4H,CH2 of COD), 1.82 (br s, 4H, CH2 

of COD) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 163.4 (q, 1J (B-C)= 51.38 Hz, i- C of BPh4), 

142.5 (Pz C3 or 5), 135.5 (o- C of BPh4), 132.6 (Pz C3 or 5), 125.3 (m- C of BPh4), 121.5 

(p- C of BPh4 and Im C4/5), 107.3 (Pz C4), 62.9 (NCH2), 32.7 (br s, CH2 of COD) ppm. 

 

The CH and CH of COD are not visible in either 1H NMR or 13C {1H} NMR at room 

temperature. These signals appeared at 248K. 

 

1H (400 MHz, acetone-d6, 248K) δ 4.98 (br s, 2H, CH of COD), 2.76 (br s, 2H, CH of 

COD) ppm. 

 

Anal. Found: C, 60.65; H, 5.66; N, 9.67; Anal. Calc.: C, 60.84; H, 5.34; N, 9.90. 

 

ESI-MS (MeOH), m/z: 529.17 (100 %) [M- BPh4
-]. 

 

 

 

N N
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b) [Ir(NCNMe)2(COD)]BPh4 (2.5) 

1H (400 MHz, dmso-d6) δ 8.06 (d, 3J= 2.2 Hz, 4H, 

Pz H3 or 5), 7.62 (d, 3J= 1.5, 4H, Pz H3 or 5), 7.18 

(m, 8H, o- BPh4), 7.17 (s, 4H, Im H4/5), 6.92 (t, 

3J= 7.4 Hz, 12H, m- BPh4 and NCH2), 6.79 (t, 3J= 

7.1 Hz, 8H, p- BPh4), 6.51 (d, 2J= 13.4 Hz, 4H, 

NCH2), 6.41 (t, 3J= 2.0 Hz, 4H, Pz H4), 4.37 (br s, 4H, CH of COD), 2.42 (br s, 4H, 

CH2 of COD), 1.96 (br s, 4H, CH2 of COD) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 163.4 (q, 1J (B-C)= 49.2 Hz, i- C of BPh4), 141.3 

(Pz C3 or 5), 135.5 (o- C of BPh4), 132.0 (Pz C3 or 5), 125.3 (q, 3J (B-C)= 2.6 Hz, m- C of 

BPh4), 121.5 (p- C of BPh4), 122.0 (Im C3/5), 106.8 (Pz C4), 103.3 (CH of COD) 62.5 

(NCH2), 51.7 (CH of COD), 34.0 (CH2 of COD), 28.2 (CH2 of COD) ppm. 

 

ESI-MS (MeOH), m/z: 758.28 (100 %) [M- BPh4
-]. 

 

E.2.3 Synthesis of Rh and Ir CO containing complexes with 

NCNMe.HBPh4 (2.1)  

E.2.3.1 Synthesis of [Rh(NCNMe)(CO)]2(BPh4)2 (2.6) 

 

 [Rh(NCNMe)(COD)]BPh4 2.3 (0.100 g, 

0.132 mmol) was dissolved in dry and 

degassed thf. The solution was degassed 

via two freeze-pump-thaw cycles and then 

treated under an atmosphere of carbon 

N N NN
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N N
NN

BPh4

NN

NN
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N N N
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monoxide using a balloon until the bimetallic 2.6 complex precipitated leaving a clear 

solution. The solid product was filtered and washed with pentane. X-ray quality crystals 

were grown by layering pentane over an acetone solution of the complex.  

Yield: 0.051 g, 57% 

 

1H NMR (400 MHz, dmso-d6) δ 8.76 (d, 3J= 2.5 Hz, 2H, Pz H3' or 5'), 7.93 (d, 3J= 1.9, 

2H, Pz H3' or 5'), 7.81 (d, 3J= 2.3 Hz, 2H, Pz H5), 7.76 (d, 3J= 1.9, 2H, Im H4), 7.68 (d, 

3J= 2.0, 2H, Im H4'), 7.28 (d, 2J= 13.8 Hz, 2H, NCHa'), 7.17 (m, 16H, o- BPh4), 6.92 (t, 

3J= 7.4 Hz, 18H, m- BPh4 and NCHb'), 6.78 (t, 3J= 7.5 Hz, 8H, p- BPh4), 6.67 (t, 3J= 

2.4 Hz, 2H, Pz H4'), 6.62 (d, 2J= 13.8 Hz, 2H, NCHb), 6.42 (d, 2J= 13.5 Hz, 2H, 

NCHa), 5.70 (t, 3J= 2.4 Hz, 2H, Pz H4), 4.55 (d, 3J= 2.0 Hz, 2H, Pz H3) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 163.4 (q, 1J (B-C)= 49.0 Hz, i- C of BPh4), 146.8 

(Pz C5 or 3), 140.1 (Pz C5 or 3), 136.0 (Pz C5 or 3), 135.6 (o- C of BPh4), 133.0 (Pz C5 or 3), 

125.3 (m- C of BPh4), 124.7 (Im C4 or 5), 121.5 (p- C of BPh4), 120.1 (Im C4 or 5), 108.8 

(Pz C4), 107.0 (Pz C4) 63.4 (NCH2), 62.5 (NCH2) ppm. 

 

 13C{1H} NMR (150 MHz, acetone-d6, 193K) δ 189.2 (d, 1J (Rh-C)= 78.0, CO) ppm. 

 

IR (KBr disc): ν 1998 (br s, CO) cm-1. 

 

E.2.3.2 Synthesis of [Ir(NCNMe)(CO)2]BPh4 (2.7) 

 

The following reaction was carried out in situ as the 

product proved to be unstable in the absence of a CO 

2.7

N N

N N
N N
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atmosphere. In a Young's© NMR tube, [Ir(NCNMe)(COD)]BPh4 (2.4) (50 mg, 58.9 

µmol) was dissolved in dry and degassed thf-d8. The content of the Young's© NMR tube 

then was exposed to an atmosphere of CO for 10 minutes to give a bright yellow 

solution.  

 

1H NMR (600 MHz, thf-d8) δ 7.84 (d, 3J= 1.5 Hz, 2H, Pz H3), 7.63 (d, 3J= 2.2, 2H, Pz 

H5), 7.37 (m, 8H, o- BPh4), 7.02 (s, 2H, Im H4/5), 6.88 (t, 3J= 7.6 Hz, 8H, m- BPh4), 

6.75 (t, 3J= 7.1 Hz, 4H, p- BPh4), 6.41 (t, 3J= 2.4 Hz, 2H, Pz H4), 5.87 (br s, 4H, NCH2) 

ppm. 

 

13C{1H} NMR (150 MHz, thf-d8) δ 165.1 (q, 1J(B-C)= 49.0 Hz, i- C of BPh4), 145.4 

(Pz C3), 137.4 (o- C of BPh4), 133.9 (Pz C5), 126.0 (d, 3J(B-C)= 4.0 Hz, m- C of BPh4), 

123.2 (Im C4/5), 121.2 (p- C of BPh4), 108.6 (Pz C4), 64.2 (NCH2) ppm. 

 

1H NMR (600 MHz, thf-d8, 193K) δ 5.90 (d, 2J= 13.1 Hz, 2H, NCH2), 5.79 (d, 2J= 13.1 

Hz, 2H, NCH2) ppm. 

 

13C{1H} NMR (150 MHz, thf-d8, 193K) δ 181.7 (br s, CO) 

 

IR (thf): ν 2081 (s, CO), 2013 (s, CO) cm-1. 
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E.2.4 Synthesis of Ir and Rh COD containing complexes with 

NCNEt.HBPh4 (2.2) 

E.2.4.1. Synthesis of [Ir(NCNEt)2(COD)]BPh4 (2.8)  

An excess of NaOEt (0.088 g, 1.3 mmol),  

[Ir(µ-Cl)(COD)]2  (0.094 g, 0.14 mmol) and 

NCNEt.HBPh4 (2.2) (0.310, 0.54 mmol) 

were suspended in thf and stirred for 1 hr at 

room temperature. Filtered and the product 

precipitated by addition of diethyl ether. The product was further purified by 

recrystallization with thf/diethyl ether. X-ray quality crystals were grown by layering a 

dcm solution of (2.8) with pentane. 

Yield: 0.026 g, 16%;  

 

1H NMR (400 MHz, dmso-d6) δ 7.48 (d, 3J= 2.0 Hz, 4H, Pz H5), 7.45 (d, 3J= 1.6, 4H, 

Pz H3), 7.41 (s, 4H, Im H4/5), 7.17 (m, 8H, o- BPh4), 6.92 (t, 3J= 7.4 Hz, 8H, m- BPh4), 

6.78 (t, 3J= 7.1 Hz, 4H, p- BPh4), 6.21 (t, 3J= 2.0 Hz, 4H, Pz H4), 4.88 (m, 4H, NCH2), 

4.62 (m, 8H, NCH2), 4.32 (m, 4H, NCH2), 2.86 (br s, 4H, CH of COD), 2.02 (br s, 4H, 

CH2 of COD), 1.60 (m, 4H, CH2 of COD) ppm. 

 

13C{1H} NMR (100 MHz, dmso-d6) δ 164.4 (q, 1J(B-C)= 50.9 Hz, i- C of BPh4), 139.4 

(Pz C3), 135.5 (o- C of BPh4), 130.3 (Pz C5), 125.3 (m- C of BPh4), 121.5 (p- C of 

BPh4), 121.0 (Im C4/5), 105.6 (Pz C4), 75.6 (CH of COD) 50.4 (NCH2), 49.9 (NCH2) 

30.8 (CH2 of COD) ppm. 

 

ESI-MS (MeOH), m/z: 813.34 (100 %) [M- BPh4
-]. 
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E.2.4.2 Synthesis of [Rh(NCNEt)(COD)]BPh4 (2.9) 

 

An excess of NaOEt (0.071 g, 1.1 mmol), [Rh(µ-Cl)(COD)]2  

(0.101 g, 0.17 mmol) and the imidazolium ligand precursor 

NCNEt.HBPh4 (2.2) (0.200 g, 0.35 mmol) were suspended in 

dry and degassed acetone and stirred at room temperature for 

1 hr. The mixture was filtered and the product 2.9 

precipitated by addition of pentane. X-ray quality crystals were grown by layering a 

dcm solution of 2.9 with pentane. 

Yield: 0.0993 g, 37%; 

 

1H NMR (400 MHz, acetone-d6) δ 7.49 (m, 4H, Pz H3/5), 7.35 (m, 8H, o- BPh4), 7.11 (s, 

2H, Im H4/5), 6.92 (t, 3J= 7.4 Hz, 8H, m- BPh4), 6.78 (t, 3J= 7.1 Hz, 4H, p- BPh4), 6.23 

(t, 3J= 2.1 Hz, 2H, Pz H4), 5.32 (m, 2H, CH2), 4.67 (m, 6H, CH2) 3.82 (br s, 2H, CH of 

COD), 2.46 (br s, 2H, CH2 of COD), 2.07 (br s, 2H, CH2 of COD) ppm 

 

13C{1H} NMR (100 MHz, acetone-d6) δ 181.9 (Im C2), 163.9 (q, 1J(B-C)= 50.9 Hz, i- C 

of BPh4), 139.5 (Pz C3 or 5), δ 136.0 (o- C of BPh4), 130.0 (Pz C3 or 5), 125.0 (m-C of 

BPh4), 121.4 (Im C4/5), 121.2 (p- C of BPh4), 105.5 (Pz C4), 89.5 (CH of COD) 50.9 

(CH2), 50.7 (CH2) 30.2 (CH2 of COD), 28.8 (CH2 of COD) ppm. 

 

ESI-MS (MeOH), m/z: 467.14 (100 %)  [M- BPh4
-]. 

 

 

 

 

2.9

N N

N NN N
Rh

BPh4
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E.2.4.3 Synthesis of [Rh(NCNEt)(CO)2]BPh4 (2.10) 

The following reaction was carried out in situ as the product 

proved to be unstable in the absence of a CO atmosphere. In 

a Young's© NMR tube, [Rh(NCNEt)(COD)]BPh4 (2.9) (0.050 

g, 0.063 mmol) was dissolved in dry and degassed acetone-

d6. The content of the Young's© NMR tube then was exposed 

to an atmosphere of CO and left reacting for 10 minutes to give a yellow solution. The 

solution was frozen and the atmosphere replenished with CO to ensure complete 

displacement of the COD co-ligand with CO. 

 

1H NMR (500 MHz, acetone-d6) δ 7.65 (m, 4H, Pz H3/5), 7.35 (m, 8H, o- BPh4), 7.17 (s, 

2H, Im H4/5), 6.92 (t, 3J= 7.4 Hz, 8H, m- BPh4), 6.78 (t, 3J= 7.1 Hz, 4H, p- BPh4), 6.35 

(t, 3J= 2.2 Hz, 2H, Pz H4), 5.10 (br s, 4H, CH2), 4.78 (t, 3J= 5.7 Hz, 4H, CH2) ppm. 

 

IR (thf): ν 2098 (s, CO), 2034 (s, CO) cm-1. 

  

E.2.5 Synthesis of Ir(PPh3)2(CO) complexes with NCNMe.HBPh4 (2.1) 

and NCNEt.HBPh4 (2.2)  

E.2.5.1 Synthesis of [Ir(NCNMe)(PPh3)2(CO)]BPh4 (2.1V) 

 

The imidazolium ligand precursor NCNMe.HBPh4 

(2.1) (0.070 g, 0.13 mmol), Vaska's complex 

[Ir(PPh3)2COCl] (0.101 g, 0.13 mmol) and NaOEt 

(0.030 g, 0.4 mmol) were suspended in dry and 

N N

N

N

N

N

BPh4

Ir
Ph3P CO

PPh3

2.1V

N N

N NN N
Rh

BPh4

2.10

OC CO
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degassed methanol (25 ml). The reaction was refluxed overnight. The resulting yellow 

precipitate was filtrated and recrystallized from thf/pentane. X-ray quality crystals were 

grown by layering a thf solution of 2.1V with pentane. 

Yield: 0.042 g, 33%; 

 

1H NMR (400 MHz, thf-d8) δ 7.58-7.33 (m, 32H, PPh3 and Pz H5 or 3), 7.28 (m, 8H, o- 

BPh4), 7.06 (d, 3J= 2.0 Hz, 2H, Pz H5 or 3), 6.82 (t, 3J= 7.6 Hz, 8H, m-BPh4), 6.68 (t, 

3J= 7.2 Hz, 4H, p-BPh4), 6.14 (br s, 2H, Pz H4), 5.42 (br s, 2H, Im H4/5) ppm. 

 

31P{1H} NMR (161.98 MHz, thf-d6): 17.37 ppm;  

 

ESI-MS (MeOH), m/z: 973.25 (100 %) [M- BPh4
-] 

 

 

E.2.5.2 Synthesis of [Ir(NCNEt)(PPh3)2(CO)]BPh4 (2.2V) 

 

The imidazolium ligand salt 

NCNEt.HBPh4 (2.2) (0.104 g, 0.18 mmol), 

Vaska's complex [Ir(PPh3)2(CO)Cl] (0.14 

g, 0.18 mmol) and NaOEt (0.068 g, 1 

mmol) were suspended in dry and degassed methanol (25 ml). The reaction was left 

stirring overnight at reflux. The resulting yellow precipitate was filtered and 

recrystallized from thf/pentane. X-ray quality crystals were grown by layering a thf 

solution of 2.2V with pentane  

Yield: 0.069 g, 29%; 

 

N N

BPh4

Ir
Ph3P CO

PPh3
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N
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1H NMR (400 MHz, thf-d8) δ 7.52-7.37 (m, 32H, PPh3 and Pz H3), 7.28 (m, 8H, o- 

BPh4), 6.99 (d, 3J= 2.0 Hz, 2H, Pz H5), 6.82 (t, 3J= 7.6 Hz, 8H, m- BPh4), 6.68 (t, 3J= 

7.2 Hz, 4H, p- BPh4), 6.14 (t, 3J= 1.8 Hz, 2H, Pz H4), 6.11 (s, 2H, Im H4/5), 3.81 (t, 3J = 

7.1 Hz, 2H, NCH2), 3.40 (t, 3J= 7.1 Hz, 2H, NCH2) ppm. 

 

13C{1H} NMR (100 MHz, thf-d6) δ 176.7 (CO), 165.2 (q, 1J(B-C)= 48.8 Hz, i- C of 

BPh4), 140.3 (Pz C3), 137.2 (o- C of BPh4), 134.9 (t, 3J= 5.8 Hz, o, m, p- C of PPh3), 

132.8 (t, 1J(P-C)= 27.2 Hz, i- C of PPh3), 132.3 (PPh3), 130.4 (Pz C5), 129.9 (t, 1J= 4.6 

Hz, PPh3), 125.8 (m- C of BPh4), 123.8 (Im C4/5), 121.9 (p- C of BPh4), 106.5 (Pz C4), 

50.8 (NCH2), 50.0 (NCH2) ppm. 

 

31P{1H} NMR (161.98 MHz, thf-d6): 21.84 ppm;  

 

IR (thf) ν= 2002 (s, CO) cm-1; 

 

ESI-MS (MeOH), m/z: 1001.29 (100 %) [M- BPh4
-]. 
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PART 3: EXPERIMENTAL FOR CHAPTER 3 

E.3.1 Iridium(I) and Rhodium(I) Catalysed reactions  

All metal complex catalyzed reactions were performed on a small scale in NMR tubes 

fitted with a Young's© concentric Teflon valve. The NMR samples were prepared either 

in a nitrogen or argon filled glove box. Substrates were purchased from Sigma Aldrich, 

dried over the appropriate drying agent and distilled prior to use. Aniline, 

phenylacetylene and n-hexylamine were dried over CaH2 and 1-heptyne over activated 4 

Å molecular sieves. Deuterated solvents were purchased from Cambridge Isotope Labs 

and, with the exception of 1,1,2,2-tethrachloroethane, dried before use. 1H NMR spectra 

were recorded on Bruker Avance III 400 or Avance III 500 spectrometers. All spectra 

were recorded at 298K, unless otherwise stated. The temperature in the NMR magnet 

was calibrated using an Omega Microprocessor Thermometer (Model HH23). 1H NMR 

chemical shifts are referenced to internal solvent chemical shifts.  

 

E.3.1.2 General procedure 

 

Conversion of substrate to product was determined by integration of the product 

resonances relative to the substrate resonances in the 1H NMR spectrum. For inter-

molecular hydroaminations, 1,3,5-trimethoxybenzene was used as an internal standard. 

The catalyst µmol value reported here refers to a number of moles of metal centres and 

not of the complex. Complexes with CO co-ligand were prepared in situ in Young's© 

NMR tubes and the catalysis were performed under 1 atmosphere of CO . 
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E.3.1.3 Intra-molecular hydroamination of 5-phenyl-4-pentyn-1-amine (3.1) to 2-

methyl-1-pyrroline (3.2) 

 

 
 

0.6 ml of A stock solution (0.6 mL) in deuterated 1,4-dioxane-d8 of 5-phenyl-4-pentyn-

1-amine (0.15 M) was added to 2.5 µmol of catalyst in a Young's© NMR tube. The final 

catalyst concentration was 5 mol%. The tubes were then heated at 100 °C in a oil bath 

and the solution periodically monitored by 1H NMR. The identification of the product 

was confirmed by comparison with the product 1H NMR resonances reported in the 

literature.9 

 

Table E.1: Quantity of catalysts and substrates used for the intra-molecular 

hydroamination of   5-phenyl-4-pentyn-1-amine (3.1) to 2- benzyl-1-pyrroline (3.2) in 

dioxane-d8 at 100 °C using pincer complexes with BPh4 counter ion. 

Catalyst 
Mass of 

cat. (mg) 
Stock sol. (ml)c Mol (%) 

[Rh(NCNMe)COD]BPh4 (2.3) 4.9 5.2 5.0 

[Ir(NCNMe)COD]BPh4 (2.4) 5.1 4.8 5.0 

[Rh(NCNEt)(COD)]BPh4 (2.9) 4.8 4.9 5.0 

[Rh(NCMe)(COD)]BPh4 (2.11) 4.2 4.9 5.0 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6)a,b 4.6b 4.9 5.0 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 5.1b 4.8 5.0 

[Rh(NCNEt)(CO)2]BPh4 (2.10)a,b 4.9b 5.0 5.0 

[Rh(NCMe)(CO)2]BPh4 (2.12)a,b 4.2b 4.9 5.0 

a) complexes prepared in situ; b) mass refers to the analogous complex with COD co-ligand;  

c) M= 0.24 mol/L. 

Ph
NH2

1,4-dioxane-d8

5 mol% catalyst N

Ph

3.1 3.2
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E.3.1.4 Inter-molecular hydroamination of phenylacetylene (3.3) and aniline (3.4) 

 

 

 

0.6 ml of a stock solution of aniline (3.4, 0.15 M), phenylacetylene (3.3, 0.13 M) and 

internal strandard (0.04 M) in deuterated 1,4-dioxane-d8 was added to 2.5 µmol of 

catalyst in a Young's© NMR tube to reach a final concentration of 5 mol%. The tubes 

were then heated at 100 °C in an oil bath and the solution periodically monitored by 1H 

NMR. The identification of the product was confirmed by comparison with the product 

1H NMR resonances reported in the literature.9 

H2N
N1,4-dioxane-d8, 100 °C

5 mol % cat.

3.3 3.53.4
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Table E.2: Quantity of catalysts and substrates used for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine imine (3.5) in dioxane at 100 °C using pincer 

complexes. 

Catalyst 
Mass of 

cat. (mg) 

 Stock sol. 

(ml)c Mol (%) 

[Rh(NCNMe)(COD)]BPh4 (2.3) 4.7 5.0 5.0 

[Ir(NCNMe)(COD)]BPh4 (2.4) 5.1 4.8 5.0 

(Rh(NCNMe)(CO)]2(BPh4)2 (2.6)a,b 4.7b 5.0 5.0 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 5.2b 4.8 5.0 

[Rh(NCNMe)(COD)]BArF (2.3.BArF) 8.0 5.1 5.0 

[Ir(NCNMe)(COD)]BArF (2.4.BArF) 8.6 5.1 5.0 

(Rh(NCNMe)(CO)]2(BArF)2 (2.6.BArF)a,b 8.0b 5.1 5.0 

[Ir(NCNMe)(CO)2]BArF (2.7.BArF)a,b 8.5b 5.1 5.0 

a) complexes prepared in situ; b) mass calculated based on the molecular weight of the analogous  

complex with COD co-ligand; c) M= 0.25 mol/L. 

 

E.3.1.5 Catalysed hydroxylation of 4-pentynoic acid (3.6) 

 

 

  

0.5 ml of a stock solution of 5-pentynoic acid (3.6) (0.25 M) in deuterated 

1,4-dioxane-d8 was added to 6.0 µmol of catalyst in a Young's© NMR tube to reach a 

final concentration of 5 mol%.  The tubes were then heated at 100 °C in an oil bath and 

OH

O OO

3.6 3.7

5 mol% catalyst

1,4-dioxane-d8
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the solution periodically monitored by 1H NMR. The γ-methylene-γ-butyrolactone (3.7) 

product was indentified by comparison with 1H NMR from the literature.10  

 

Table E.3: Quantity of catalysts and substrates used for the hydroalkoxylation 4-

pentynoic acid (3.6) to γ-methylene-γ-butyrolactone (3.7) 100 °C using pincer 

complexes with BPh4
- counter ion. 

Catalyst 
Mass of 

cat. (mg) 
Stock sol. (ml)c Mol (%) 

[Rh(NCNMe)COD]BPh4 (2.3) 4.7 5.2 5.0 

[Ir(NCNMe)COD]BPh4 (2.4) 5.0 4.9 5.0 

[Rh(NCNEt)(COD)]BPh4 (2.9) 4.8 5.1 5.0 

[Rh(NCMe)(COD)]BPh4 (2.11) 4.3 5.2 5.0 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6)a,b 4.9 5.4 5.0 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 5.1 5.0 5.0 

[Rh(NCNEt)(CO)2]BPh4 (2.10)a,b 4.7 5.0 5.0 

[Rh(NCMe)(CO)2]BPh4 (2.12)a,b 4.3 5.2 5.0 

a) complexes prepared in situ; b) mass calculated based on the molecular weight of the analogous  

complex with COD co-ligand; c) M= 0.25 mol/L. 
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E.3.1.6 Catalysed dihydroalkoxylation of 2-(5-Hydroxypent-1-ynyl)benzyl alcohol 

(3.8)  

 

 

 

0.45 ml of a stock solution of 2-(5-Hydroxypent-1-ynyl)benzyl alcohol (3.8) (0.28 M) 

in deuterated 1,4-dioxane-d8 was added to 6.0 µmol of catalyst in a Young's© NMR tube 

to reach a final concentration of 5 mol%.  The tubes were then heated at 100 °C in an oil 

bath and the solution periodically monitored by 1H NMR. The 5,6- (3.9A) and 6,5- 

(3.9B) spiroketal products were indentified by comparison with 1H NMR from the 

literature.11,12 

OH

OH O

O O
O

3.8 3.9A 3.9B

1,4-dioxane-d8, 100 °C

5 mol % cat.
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Table E.4: Quantity of catalysts and substrates used for the dihydroalkoxylation of 

2-(5-Hydroxypent-1-ynyl)benzyl alcohol (3.8) into 5,6- (3.9A) and 6,5- (3.9B) 

spiroketals in dioxane-d8 at 100 °C using pincer complexes with BPh4
- counter ion. 

Catalyst 
Mass of 

cat. (mg) 
Stock sol. (ml)c Mol (%) 

[Rh(NCNMe)COD]BPh4 (2.3) 4.9 4.6 5.0 

[Ir(NCNMe)COD]BPh4 (2.4) 5.2 4.4 5.0 

[Rh(NCNEt)(COD)]BPh4 (2.9) 4.9 4.4 5.0 

[Rh(NCMe)(COD)]BPh4 (2.11) 4.2 4.4 5.0 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6)a,b 4.9b 4.6 5.0 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 5.2b 4.4 5.0 

[Rh(NCNEt)(CO)2]BPh4 (2.10)a,b 4.9b 4.4 5.0 

[Rh(NCMe)(CO)2]BPh4 (2.12)a,b 4.4b 4.6 5.0 

a) complexes prepared in situ; b) mass calculated based on the molecular weight of the analogous  

complex with COD co-ligand; c) M= 0.28 mol/L. 

 

 
E.3.1.7 Catalysed hydrosilylation of alkynes 

 

 

 
 
 

H
Et3SiH

H

Ph SiEt3
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Ph H

SiEt3

3.10B !-trans3.10A  !-cis

Et3Si

Ph H
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An aliquot of the desired alkyne (83 µmol) and Et3SiH (91 µmol) was added to a 

solution of catalyst (2.3 µmol, 3 mol%) in acetone-d6 (0.6 mL) in a Young's© NMR 

tube. The tubes were then heated at 55 °C in a sand bath and the progress of the reaction 

periodically monitored by 1H NMR. The vinylsilane products were indentified by 

comparison with 1H NMR data reported in the literature.13 

 

Table E.5: Quantity of catalysts and substrates used for the hydrosilylation of 

phenylacetylene (3.3) and Et3SiH in acetone-d6 at 60 °C using pincer complexes with 

BPh4
-
 counter ion. 

Catalyst 
Mass of cat.  

(mg) 

Mass of 3.3 

(mg) 

Mass of 

Et3SiH 

(mg) 

Mol 

(%) 

[Rh(NCNMe)COD]BPh4 (2.3) 1.9 8.5 9.7 3.0 

[Ir(NCNMe)COD]BPh4 (2.4) 2 8.8 9.6 3.0 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6)a,b 1.8b 8.3 9.9 3.0 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 2.1b 8.9 9.7 3.0 

a) complexes prepared in situ; b) mass calculated based on the molecular weight of the analogous  

complex with COD co-ligand;  

H

Ph SiEt3

CH3H

Ph CH3

SiEt3

3.12B !-Z3.12A !-E

CH3
Et3SiH

3.11
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Table E.6: Quantity of catalysts and substrates used for the hydrosilylation of 1-

phenylpropyne (3.11) and Et3SiH in acetone-d6 at 60 °C using pincer complexes with 

BPh4
- counter ion. 

Catalyst 
Mass of cat. 

(mg) 

Mass of 3.11 

(mg) 

Mass of 

Et3SiH 

(mg) 

Mol 

(%) 

[Rh(NCNMe)COD]BPh4 (2.3) 1.8 9.7 9.7 2.9 

[Ir(NCNMe)COD]BPh4 (2.4) 2.1 9.5 9.6 2.8 

[Rh(NCNMe)(CO)]2[BPh4]2 (2.6)a,b 2.0b 10.4 9.9 2.9 

[Ir(NCNMe)(CO)2]BPh4 (2.7)a,b 2.1b 9.4 9.7 2.8 

a) complexes prepared in situ; b) mass calculated based on the molecular weight of the analogous  

complex with COD co-ligand;  
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E.3.2 Crystallographic Data 

Crystallographic data for the solid state structures of [Rh(NCNMe)(COD)]BPh4  (2.3), 

[Ir(NCNMe)(COD)]BPh4 (2.4), [Ir(k1-NCNMe)2(COD)]BPh4  (2.5), [Rh(µ-

NCNMe)CO]2(BPh4)2 (2.6), Rh(NCNEt)(COD)]BPh4 (2.9) and 

[Ir(NCNMe)(PPh3)2(CO)BPh4 (2.1V). 

 

 

[Rh(NCNMe)(COD)]BPh4  (2.3) 

Crystal data 

Chemical formula C43H44BN6Rh 

Mr 845.46 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 156 

a, b, c (Å) 17.425 (3), 11.8512 (16), 21.719 (3) 

β (°) 108.686 (5) 

V (Å3) 4248.8 (11) 

Z 4 

Radiation type Mo Kα 

µ (mm-1) 0.57 

Crystal size (mm) 0.33 × 0.30 × 0.09 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction 
Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.837, 0.950 

No. of measured, independent and observed [I > 

2s(I)] reflections 
29496, 7459, 6533 

Rint 0.032 

(sin θ/λ)max (Å-1) 0.595 
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Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.038, 0.119, 1.04 

No. of reflections 7459 

No. of parameters 533 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 0.86, -0.47 
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[Ir(NCNMe)(COD)]BPh4 (2.4) 

 

Crystal data 

Chemical formula C43H44BIrN6 

Mr 917.94 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 163 

a, b, c (Å) 11.8066 (4), 9.6104 (3), 35.9142 (11) 

β (°) 95.944 (2) 

V (Å3) 4053.1 (2) 

Z 4 

Radiation type Mo Kα 

µ (mm-1) 3.34 

Crystal size (mm) 0.17 × 0.13 × 0.05 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction 
Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.599, 0.840 

No. of measured, independent and observed [I > 

2s(I)] reflections 
27051, 7108, 5974   

Rint 0.037 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.028, 0.059, 1.05 

No. of reflections 7108 

No. of parameters 505 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 0.77, -1.11 
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[Ir(κ1-NCNMe)2(COD)]BPh4  (2.5) 

 

 

Crystal data 

Chemical formula C55H56BIrN12 

Mr 1155.00 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 293 

a, b, c (Å) 10.3367 (3), 12.8201 (4), 19.6142 (7) 

α, β, γ (°) 92.847 (1), 102.154 (2), 94.312 (1) 

V (Å3) 2528.05 (14) 

Z 2 

Radiation type Mo Kα 

µ (mm-1) 2.80 

Crystal size (mm) 0.36 × 0.29 × 0.21 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.432, 0.591 

No. of measured, independent and observed [I > 

2σ(I)] reflections 

35831, 8907, 8566   

Rint 0.027 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.025,  0.066,  1.05 

No. of reflections 8907 

No. of parameters 641 

No. of restraints 0 
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H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 1.21, -1.56 
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[Rh(µ-NCNMe)CO]2(BPh4)2 (2.6) 

 

Crystal data 

Chemical formula C72H64B2N12O2Rh2  

Mr 707.44 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 12.6272 (4), 26.3368 (8), 22.9366 (7) 

β (°) 91.129 (1) 

V (Å3) 7626.3 (4) 

Z 8 

Radiation type Mo Kα 

µ (mm-1) 0.48 

Crystal size (mm) 0.13 × 0.09 × 0.07 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.939, 0.968 

No. of measured, independent and observed [I > 

2s(I)] reflections 

80179, 13379, 6866  

Rint 0.115 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.065, 0.194, 1.03 

No. of reflections 13379 

No. of parameters 884 

No. of restraints 39 

H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 0.75, -0.46 
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Rh(NCNEt)(COD)]BPh4 (2.9) 

 

Crystal data 

Chemical formula C45H48BN6Rh 

Mr 786.61 

Crystal system, space group Monoclinic, P21 

Temperature (K) 180 

a, b, c (Å) 11.6656 (3), 11.3435 (3), 14.6475 (4) 

β (°) 97.391 (1) 

V (Å3) 1922.18 (9) 

Z 2 

Radiation type Mo Kα 

µ (mm-1) 0.49 

Crystal size (mm) 0.36 × 0.17 × 0.09 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.846, 0.960 

No. of measured, independent and observed [I > 

2s(I)] reflections 

14078, 6146, 5963 

Rint 0.026 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.021, 0.055, 1.04 

No. of reflections 6146 

No. of parameters 478 

No. of restraints 1 

H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 0.33, -0.22 
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Absolute structure Flack H D (1983), Acta Cryst. A39, 876-881 

Flack parameter -0.017 (16) 
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[Ir(NCNMe)(PPh3)2(CO)BPh4 (2.1V) 

 

Crystal data 

Chemical formula C72H62BIrN6OP2 

Mr 1232.75 

Crystal system, space group ?, ? 

Temperature (K) 293 

a, b, c (Å) 13.4663 (3), 13.9568 (4), 17.4852 (4) 

α, β, γ (°) 88.321 (1), 88.690 (1), 68.105 (1) 

V (Å3) 3047.68 (13) 

Z 2 

Radiation type Mo Kα 

µ (mm-1) 2.29 

Crystal size (mm) 0.36 × 0.17 × 0.09 

Data collection 

Diffractometer Bruker kappa APEXII CCD Diffractometer 

Absorption correction – 

No. of measured, independent and observed [I > 

2s(I)] reflections 
66139, 10696, 10056   

Rint 0.028 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.018, 0.044, 1.96 

No. of reflections 10696 

No. of parameters 748 

No. of restraints 0 

H-atom treatment 
H atoms treated by a mixture of independent and 

constrained refinement 

Δ〉max, Δ〉min (e Å-3) 0.54, -0.39 
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PART 4: EXPERIMENTAL FOR CHAPTER 4 

E.4.1 Inter-molecular hydroamination catalysis of terminal alkynes with amines 

 

 

 

Terminal alkyne (86 µmol) and 1.2 molar excess of amine (104 µmol) were added to a 

solution of catalyst (2.3 µmol, 3 mol%) in a selected deuterated solvent (0.6 mL). The 

tubes were heated at either 60 °C or 100 °C using a sand or oil bath and the reaction 

progress periodically monitored by 1H NMR. The imine products were indentified by 

comparison with 1H NMR data reported in the literature.14 

 

Table E.7: Catalysed conversion of aniline (3.4) and 1-heptyne (4.8) in toluene-d8 at 

100 °C using bimetallic complexes with N,N- bidentate ligands. 

Catalyst 
Mass of cat. 

(mg) 

Mass of 3.4 

(mg) 

Mass of 4.8 

(mg) 

Mol 

(%) 

[Ir(bpm)(CO)2]BArF (4.4) 3.4 10.1 8.7 3 

[Rh(bpm)(CO)2]BArF (4.5) 3.1 10.2 8.7 2.9 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6)a 3.5 9.8 8.5 2.9 

a) mol% calculated on the number of metal centres. 

R1 R2 NH2

R1= Ph, C5H6 R2= Ph, C6H7

catalyst

solvent
R1

N
R2
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Table E.8: Catalysed conversion of phenylacetylene (3.3) and 1-hexylamine (4.11) in 

toluene-d8 at 100 °C using bimetallic complexes with N,N- bidentate ligands. 

Catalyst 
Mass of cat. 

(mg) 

Mass of 3.3 

(mg) 

Mass of 4.11 

(mg) 

Mol 

(%) 

[Ir(bpm)(CO)2]BArF (4.4) 3.4 9.1 10.7 3.0 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6)a 3.5 8.8 10.4 3.0 

a) mol% calculated on the number of metal centres. 

 

 

Table E.9: Catalysed conversion of 1-heptyne (4.8) and 1-hexylamine (4.11) in 

toluene-d8 at 100 °C using bimetallic complex (µ-L)[Ir(CO)2]2(BArF)2 (4.6). 

Catalyst 
Mass of cat. 

(mg) 

Mass of 4.8 

(mg) 

Mass of 4.11 

(mg) 

Mol 

(%) 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6)a 3.5 8.4 10.6 3.0 

a) mol% calculated on the number of metal centres. 

 

 

E.4.2 Inter-molecular hydroamination of phenylacetylene (3.3) and aniline (3.4) 

 

 

 

0.6 ml of a stock solution of phenylacetylene (3.3, 0.13 M), aniline (3.4, 0.15 M), 

internal strandard (0.04 M) in TCE-d2 was added to 2.4 µmol of catalyst in a Young's© 

NMR tube to reach a final concentration of 3 mol%. The tubes were then heated at 100 

°C in an oil bath and the solution periodically monitored by 1H NMR. The identification 

H2N
NTCE-d2

3 mol% cat.

3.3 3.53.4
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of the product was confirmed by comparison with the product 1H NMR resonances 

reported in the literature.9 

 

Table E.10: Quantity of catalysts and substrates used for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine imine (3.5) at 100 °C using Ir(I) complexes with P,N- 

and N,N- bidentate ligands in various solvents. 

Catalyst Solvent 

Mass of 

cat. 

(mg) 

Mass 

of 3.3 

(mg) 

Mass 

of 3.4 

(mg) 

Mol 

(%) 

[Ir(PyP)(COD)]BPh4 (4.1) TCE-d2 6.3 23.8 26.0 3.0 

[Ir(PyP)(COD)]BPh4 (4.1) Tol-d8 6.3 23.8 26.0 3.0 

[Ir(PyP)(COD)]BPh4 (4.1) 1,4-Dioxane-d8 6.3 23.8 26.0 3.0 

[Ir(PyP)(COD)]BArF (4.2) TCE-d2 10.1 23.8 26.0 3.0 

[Ir(PyP)(COD)]BArF (4.2) Tol-d8 10.1 23.8 26.0 3.0 

[Ir(PyP)(COD)]BArF (4.2) 1,4-Dioxane-d8 10.1 23.8 26.0 3.0 

[Ir(PyP)(CO)2]BArF (4.3) TCE-d2 9.4 23.8 26.0 3.0 

[Ir(PyP)(CO)2]BArF (4.3) Tol-d8 9.4 23.8 26.0 3.0 

[Ir(PyP)(CO)2]BArF (4.3) 1,4-Dioxane-d8 9.4 23.8 26.0 3.0 
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Table E.11: Quantity of catalysts and substrates used for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine imine (3.5) at 100 °C using complexes with N,N- 

bidentate ligands in various solvents. 

Catalyst Solvent 
Mass of 

cat. (mg) 

Mass of 

3.3 (mg) 

Mass of 

3.4 

(mg) 

Mol 

(%) 

[Ir(bpm)(CO)2]BArF (4.4) TCE-d2 8.9 23.8 26.0 3.0 

[Ir(bpm)(CO)2]BArF (4.4) Tol-d8 8.9 23.8 26.0 3.0 

[Ir(bpm)(CO)2]BArF (4.4) 1,4-Dioxane-d8 8.9 23.8 26.0 3.0 

[Rh(bpm)(CO)2]BArF (4.5) TCE-d2 8.2 23.8 26.0 3.0 

[Rh(bpm)(CO)2]BArF (4.5) Tol-d8 8.2 23.8 26.0 3.0 

[Rh(bpm)(CO)2]BArF (4.5) 1,4-Dioxane-d8 8.2 23.8 26.0 3.0 
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Table E.12: Quantity of catalysts and substrates used for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine imine (3.5) at 100 °C using bimetallic complexes with 

N,N- bidentate ligands. 

Catalyst Solvent 
Mass of cat. 

(mg)a 

Mass of 3.3 

(mg) 

Mass of 3.4 

(mg) 

Mol 

(%) 
(µ-L)[Ir(CO)2]2(BArF)2 

(4.6)  
TCE-d2 3.1 4.1 4.5 3.0 

(µ-L)[Ir(CO)2]2(BArF)2 

(4.6)  
Tol-d8 3.1 4.1 4.5 3.0 

(µ-L)[Rh(CO)2]2(BArF)2 

(4.7)  
TCE-d2 3.0 4.1 4.5 3.0 

(µ-L)[Rh(CO)2]2(BArF)2 

(4.7)  
Tol-d8 3.0 4.1 4.5 3.0 

a) mol% calculated on the number of metal centres. 

 

Table E.13: Quantity of catalysts and substrates used for the inter-molecular 

hydroamination of phenylacetylene (3.3) and aniline (3.4) into E-N-(1-

phenylethylidene)benzeneamine imine (3.5) in TCE-d2 at 100 °C using complexes with 

P,N- and N,N- bidentate ligands. 

Catalyst Mass of cat. (mg) Stock sola (ml) Mol (%) 

[Ir(PyP)(CO)2]BArF (4.3) 3.3 6.4 3.0 

[Ir(bpm)(CO)2]BArF (4.4) 3.1 6.4 3.0 

(µ-L)[Ir(CO)2]2(BArF)2 (4.6)b 3.1 6.2 3.0 

a) M= 0.13 mol/L; b) mol% calculated on the number of metal centres. 
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[Rh(NCNMe)(COD)]BPh4 (2.3) 

 

 

Table 1. Experimental details 

Crystal data 

Chemical formula C43H44BN6Rh 

Mr 845.46 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 156 

a, b, c (Å) 17.425 (3), 11.8512 (16), 21.719 (3) 

b (°) 108.686 (5) 

V (Å3) 4248.8 (11) 

Z 4 

Radiation type Mo Ka 

m (mm-1) 0.57 

Crystal size (mm) 0.33 × 0.30 × 0.09 

Data collection 

Diffractometer 
Bruker kappa APEXII CCD 

Diffractometer 

Absorption correction Multi-scan  
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SADABS (Bruker, 2001) 

 Tmin, Tmax 0.837, 0.950 

No. of measured, independent and 

observed [I > 2s(I)] reflections 
29496, 7459, 6533   

Rint 0.032 

(sin q/l)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.038,  0.119,  1.04 

No. of reflections 7459 

No. of parameters 533 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Dρmax, Dρmin (e Å-3) 0.86, -0.47 

Computer programs: APEX2 (Bruker, 2007), SHELXS-97 (Sheldrick, 2008), SHELXL-

97 (Sheldrick, 2008), SHELXTL-Plus (Sheldrick, 2008). 

 

Table 2. Selected geometric parameters (Å, º) 

Rh1—N2B 2.267 (2) C4B—H4B 0.9500 

Rh1—N2A 2.270 (2) C4B—C5B 1.362 (5) 

Rh1—C1C 2.097 (3) C4A—H4A 0.9500 

Rh1—C2C 2.097 (3) C4A—C5A 1.372 (6) 

Rh1—C2 1.982 (3) C4—H4 0.9500 

Rh1—C5C 2.270 (3) C4—C5 1.340 (5) 

Rh1—C6C 2.273 (3) C5C—H5C 0.9500 

N1B—N2B 1.363 (4) C5C—C6C 1.365 (5) 

N1B—C5B 1.350 (4) C5B—H5B 0.9500 
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N1A—N2A 1.367 (4) C5A—H5A 0.9500 

N1A—C5A 1.351 (5) C5—H5 0.9500 

N1—C2 1.351 (4) C6C—H6C 0.9500 

N1—C5 1.391 (4) C6C—C7C 1.501 (6) 

N1—C6B 1.464 (4) C6B—N1B 1.451 (4) 

N2B—C3B 1.330 (4) C6B—H6B1 0.9900 

N2A—C3A 1.342 (4) C6B—H6B2 0.9900 

N3—C4 1.393 (4) C6A—N1A 1.458 (4) 

N3—C6A 1.453 (4) C6A—H6A1 0.9900 

Cl1E—Cl2E 0.753 (15) C6A—H6A2 0.9900 

Cl1E—Cl3E 0.579 (16) C7C—H7C1 0.9900 

Cl1E—Cl4E 0.611 (13) C7C—H7C2 0.9900 

Cl1E—Cl5E 0.504 (16) C7C—C8C 1.452 (6) 

Cl1E—Cl6E 0.744 (17) C8C—H8C1 0.9900 

Cl1E—C1Ei 1.97 (4) C8C—H8C2 0.9900 

Cl2E—Cl3E 1.10 (2) C11D—C12D 1.389 (5) 

Cl2E—Cl4E 0.733 (16) C11D—C16D 1.381 (5) 

Cl2E—Cl5E 1.00 (2) C12D—H12D 0.9500 

Cl2E—Cl6E 0.833 (18) C12D—C13D 1.399 (5) 

Cl2E—C1Ei 1.70 (4) C13D—H13D 0.9500 

Cl3E—Cl4E 1.04 (2) C13D—C14D 1.362 (6) 

Cl3E—Cl5E 0.65 (2) C14D—H14D 0.9500 

Cl3E—Cl6E 0.568 (19) C14D—C15D 1.369 (5) 

Cl3E—C1Ei 2.03 (4) C15D—H15D 0.9500 

Cl4E—Cl5E 0.53 (2) C15D—C16D 1.400 (4) 

Cl4E—Cl6E 1.17 (2) C16D—H16D 0.9500 
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Cl4E—C1Ei 1.54 (4) C21D—C22D 1.400 (4) 

Cl5E—Cl6E 1.00 (2) C21D—C26D 1.404 (4) 

Cl5E—C1Ei 1.65 (4) C22D—H22D 0.9500 

Cl6E—C1Ei 2.03 (4) C22D—C23D 1.384 (4) 

C1E—Cl1E 1.79 (4) C23D—H23D 0.9500 

C1E—Cl1Ei 1.97 (4) C23D—C24D 1.387 (5) 

C1E—Cl2E 1.60 (4) C24D—H24D 0.9500 

C1E—Cl2Ei 1.70 (4) C24D—C25D 1.371 (5) 

C1E—Cl3E 1.48 (4) C25D—H25D 0.9500 

C1E—Cl4Ei 1.53 (4) C25D—C26D 1.392 (5) 

C1E—Cl4E 1.93 (4) C26D—H26D 0.9500 

C1E—Cl5Ei 1.65 (4) C31D—C32D 1.402 (4) 

C1E—Cl5E 1.77 (4) C31D—C36D 1.394 (4) 

C1E—Cl6E 1.20 (4) C32D—H32D 0.9500 

C1E—Cl6Ei 2.03 (4) C32D—C33D 1.397 (5) 

C1E—C1Ei 1.80 (7) C33D—H33D 0.9500 

C1D—H1D1 0.9900 C33D—C34D 1.374 (6) 

C1D—H1D2 0.9900 C34D—H34D 0.9500 

C1D—Cl1D 1.766 (8) C34D—C35D 1.372 (6) 

C1D—Cl1' 1.685 (10) C35D—H35D 0.9500 

C1D—Cl2D 1.659 (9) C35D—C36D 1.405 (5) 

C1D—Cl2' 1.827 (12) C36D—H36D 0.9500 

C1C—H1C 0.9500 C41D—C42D 1.378 (5) 

C1C—C2C 1.439 (5) C41D—C46D 1.411 (5) 

C1C—C8C 1.504 (5) C42D—H42D 0.9500 

C2C—H2C 0.9500 C42D—C43D 1.406 (6) 



Appendix  

 

 197 

C2C—C3C 1.527 (5) C43D—H43D 0.9500 

C2—N3 1.348 (4) C43D—C44D 1.388 (9) 

C3C—H3C1 0.9900 C44D—H44D 0.9500 

C3C—H3C2 0.9900 C44D—C45D 1.364 (8) 

C3C—C4C 1.507 (8) C45D—H45D 0.9500 

C3B—H3B 0.9500 C45D—C46D 1.391 (6) 

C3B—C4B 1.397 (5) C46D—H46D 0.9500 

C3A—H3A 0.9500 B1D—C11D 1.659 (4) 

C3A—C4A 1.405 (5) B1D—C21D 1.643 (4) 

C4C—H4C1 0.9900 B1D—C31D 1.656 (4) 

C4C—H4C2 0.9900 B1D—C41D 1.653 (4) 

C4C—C5C 1.466 (7)   

 

Cl2D—C1D—Cl1' 112.4 (6) C43D—C42D—H42D 118.1 

Cl2D—C1D—Cl1D 109.2 (5) C44D—C43D—C42D 119.1 (5) 

Cl1'—C1D—Cl1D 11.6 (4) C44D—C43D—H43D 120.5 

Cl2D—C1D—Cl2' 12.2 (8) C42D—C43D—H43D 120.5 

Cl1'—C1D—Cl2' 119.5 (6) C45D—C44D—C43D 119.3 (4) 

Cl1D—C1D—Cl2' 114.1 (5) C45D—C44D—H44D 120.3 

Cl2D—C1D—H1D1 109.8 C43D—C44D—H44D 120.3 

Cl1'—C1D—H1D1 98.5 C44D—C45D—C46D 120.4 (5) 

Cl1D—C1D—H1D1 109.8 C44D—C45D—H45D 119.8 

Cl2'—C1D—H1D1 116.2 C46D—C45D—H45D 119.8 

Cl2D—C1D—H1D2 109.8 C45D—C46D—C41D 122.9 (5) 

Cl1'—C1D—H1D2 117.2 C45D—C46D—H46D 118.6 

Cl1D—C1D—H1D2 109.8 C41D—C46D—H46D 118.6 
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Cl2'—C1D—H1D2 97.7 Cl6E—C1E—Cl3E 21.4 (12) 

H1D1—C1D—H1D2 108.3 Cl6E—C1E—Cl4Ei 153 (3) 

C2—Rh1—C2C 93.65 (12) Cl3E—C1E—Cl4Ei 141 (3) 

C2—Rh1—C1C 91.76 (13) Cl6E—C1E—Cl2E 30.6 (13) 

C2C—Rh1—C1C 40.14 (13) Cl3E—C1E—Cl2E 41.7 (13) 

C2—Rh1—N2B 82.29 (10) Cl4Ei—C1E—Cl2E 126 (3) 

C2C—Rh1—N2B 116.12 (12) Cl6E—C1E—Cl5Ei 140 (3) 

C1C—Rh1—N2B 155.39 (12) Cl3E—C1E—Cl5Ei 137 (3) 

C2—Rh1—N2A 82.03 (10) Cl4Ei—C1E—Cl5Ei 18.7 (8) 

C2C—Rh1—N2A 154.06 (12) Cl2E—C1E—Cl5Ei 110 (2) 

C1C—Rh1—N2A 114.15 (12) Cl6E—C1E—Cl2Ei 133 (3) 

N2B—Rh1—N2A 88.77 (10) Cl3E—C1E—Cl2Ei 116 (3) 

C2—Rh1—C5C 163.49 (13) Cl4Ei—C1E—Cl2Ei 25.5 (9) 

C2C—Rh1—C5C 80.42 (15) Cl2E—C1E—Cl2Ei 114 (2) 

C1C—Rh1—C5C 93.44 (14) Cl5Ei—C1E—Cl2Ei 34.7 (10) 

N2B—Rh1—C5C 86.50 (12) Cl6E—C1E—Cl5E 32.7 (14) 

N2A—Rh1—C5C 109.91 (13) Cl3E—C1E—Cl5E 20.7 (9) 

C2—Rh1—C6C 161.45 (13) Cl4Ei—C1E—Cl5E 123 (2) 

C2C—Rh1—C6C 90.93 (13) Cl2E—C1E—Cl5E 34.2 (11) 

C1C—Rh1—C6C 80.25 (13) Cl5Ei—C1E—Cl5E 117 (2) 

N2B—Rh1—C6C 111.66 (11) Cl2Ei—C1E—Cl5E 100 (2) 

N2A—Rh1—C6C 86.00 (11) Cl6E—C1E—Cl1E 17.3 (11) 

C5C—Rh1—C6C 34.98 (13) Cl3E—C1E—Cl1E 17.1 (8) 

C2—N1—C5 111.0 (3) Cl4Ei—C1E—Cl1E 137 (2) 

C2—N1—C6B 119.3 (2) Cl2E—C1E—Cl1E 24.8 (8) 

C5—N1—C6B 127.8 (3) Cl5Ei—C1E—Cl1E 126 (2) 
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N3—C2—N1 104.9 (2) Cl2Ei—C1E—Cl1E 116 (2) 

N3—C2—Rh1 126.3 (2) Cl5E—C1E—Cl1E 16.2 (6) 

N1—C2—Rh1 127.4 (2) Cl6E—C1E—C1Ei 83 (3) 

C2—N3—C4 110.7 (3) Cl3E—C1E—C1Ei 76 (3) 

C2—N3—C6A 119.9 (3) Cl4Ei—C1E—C1Ei 70 (2) 

C4—N3—C6A 127.9 (3) Cl2E—C1E—C1Ei 60 (2) 

C5—C4—N3 107.0 (3) Cl5Ei—C1E—C1Ei 61 (2) 

C5—C4—H4 126.5 Cl2Ei—C1E—C1Ei 54 (2) 

N3—C4—H4 126.5 Cl5E—C1E—C1Ei 55 (2) 

C4—C5—N1 106.4 (3) Cl1E—C1E—C1Ei 66 (2) 

C4—C5—H5 126.8 Cl6E—C1E—Cl4E 34.5 (14) 

N1—C5—H5 126.8 Cl3E—C1E—Cl4E 32.3 (11) 

N3—C6A—N1A 110.1 (3) Cl4Ei—C1E—Cl4E 119 (2) 

N3—C6A—H6A1 109.6 Cl2E—C1E—Cl4E 21.4 (8) 

N1A—C6A—H6A1 109.6 Cl5Ei—C1E—Cl4E 108 (2) 

N3—C6A—H6A2 109.6 Cl2Ei—C1E—Cl4E 100.0 (19) 

N1A—C6A—H6A2 109.6 Cl5E—C1E—Cl4E 15.7 (7) 

H6A1—C6A—H6A2 108.2 Cl1E—C1E—Cl4E 18.4 (6) 

C5A—N1A—N2A 111.2 (3) C1Ei—C1E—Cl4E 48.4 (19) 

C5A—N1A—C6A 129.3 (3) Cl6E—C1E—Cl1Ei 139 (3) 

N2A—N1A—C6A 119.4 (2) Cl3E—C1E—Cl1Ei 131 (2) 

C3A—N2A—N1A 105.0 (3) Cl4Ei—C1E—Cl1Ei 14.3 (7) 

C3A—N2A—Rh1 135.8 (2) Cl2E—C1E—Cl1Ei 112 (2) 

N1A—N2A—Rh1 119.03 (19) Cl5Ei—C1E—Cl1Ei 12.6 (7) 

N2A—C3A—C4A 111.0 (4) Cl2Ei—C1E—Cl1Ei 22.2 (7) 

N2A—C3A—H3A 124.5 Cl5E—C1E—Cl1Ei 111 (2) 
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C4A—C3A—H3A 124.5 Cl1E—C1E—Cl1Ei 123 (2) 

C5A—C4A—C3A 105.0 (3) C1Ei—C1E—Cl1Ei 57 (2) 

C5A—C4A—H4A 127.5 Cl4E—C1E—Cl1Ei 105.0 (17) 

C3A—C4A—H4A 127.5 Cl6E—C1E—Cl6Ei 119 (3) 

N1A—C5A—C4A 107.8 (3) Cl3E—C1E—Cl6Ei 109 (2) 

N1A—C5A—H5A 126.1 Cl4Ei—C1E—Cl6Ei 34.7 (11) 

C4A—C5A—H5A 126.1 Cl2E—C1E—Cl6Ei 93.5 (19) 

N1B—C6B—N1 109.1 (3) Cl5Ei—C1E—Cl6Ei 29.2 (10) 

N1B—C6B—H6B1 109.9 Cl2Ei—C1E—Cl6Ei 23.7 (8) 

N1—C6B—H6B1 109.9 Cl5E—C1E—Cl6Ei 89.5 (17) 

N1B—C6B—H6B2 109.9 Cl1E—C1E—Cl6Ei 102.0 (18) 

N1—C6B—H6B2 109.9 C1Ei—C1E—Cl6Ei 35.7 (17) 

H6B1—C6B—H6B2 108.3 Cl4E—C1E—Cl6Ei 84.1 (15) 

C5B—N1B—N2B 111.3 (3) Cl1Ei—C1E—Cl6Ei 21.4 (7) 

C5B—N1B—C6B 128.9 (3) Cl5E—Cl1E—Cl3E 73 (3) 

N2B—N1B—C6B 119.7 (2) Cl5E—Cl1E—Cl4E 56 (3) 

C3B—N2B—N1B 104.7 (3) Cl3E—Cl1E—Cl4E 123 (3) 

C3B—N2B—Rh1 134.6 (2) Cl5E—Cl1E—Cl6E 105 (3) 

N1B—N2B—Rh1 119.34 (19) Cl3E—Cl1E—Cl6E 49 (2) 

N2B—C3B—C4B 111.3 (3) Cl4E—Cl1E—Cl6E 118 (2) 

N2B—C3B—H3B 124.3 Cl5E—Cl1E—Cl2E 104 (3) 

C4B—C3B—H3B 124.3 Cl3E—Cl1E—Cl2E 111 (2) 

C5B—C4B—C3B 105.2 (3) Cl4E—Cl1E—Cl2E 64.0 (17) 

C5B—C4B—H4B 127.4 Cl6E—Cl1E—Cl2E 67.6 (16) 

C3B—C4B—H4B 127.4 Cl5E—Cl1E—C1E 79 (3) 

N1B—C5B—C4B 107.4 (3) Cl3E—Cl1E—C1E 49 (2) 
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N1B—C5B—H5B 126.3 Cl4E—Cl1E—C1E 93.8 (19) 

C4B—C5B—H5B 126.3 Cl6E—Cl1E—C1E 28.5 (17) 

C2C—C1C—C8C 124.5 (3) Cl2E—Cl1E—C1E 62.9 (18) 

C2C—C1C—Rh1 69.91 (18) Cl5E—Cl1E—C1Ei 46 (3) 

C8C—C1C—Rh1 113.6 (2) Cl3E—Cl1E—C1Ei 88 (2) 

C2C—C1C—H1C 117.8 Cl4E—Cl1E—C1Ei 38.2 (17) 

C8C—C1C—H1C 117.8 Cl6E—Cl1E—C1Ei 84.2 (17) 

Rh1—C1C—H1C 86.5 Cl2E—Cl1E—C1Ei 58.5 (17) 

C1C—C2C—C3C 123.5 (3) C1E—Cl1E—C1Ei 57 (2) 

C1C—C2C—Rh1 69.95 (18) Cl4E—Cl2E—Cl1E 48.5 (14) 

C3C—C2C—Rh1 115.2 (3) Cl4E—Cl2E—Cl6E 96 (2) 

C1C—C2C—H2C 118.3 Cl1E—Cl2E—Cl6E 55.7 (16) 

C3C—C2C—H2C 118.3 Cl4E—Cl2E—Cl5E 30.9 (16) 

Rh1—C2C—H2C 85.0 Cl1E—Cl2E—Cl5E 29.2 (13) 

C4C—C3C—C2C 113.8 (4) Cl6E—Cl2E—Cl5E 65.2 (19) 

C4C—C3C—H3C1 108.8 Cl4E—Cl2E—Cl3E 65.9 (19) 

C2C—C3C—H3C1 108.8 Cl1E—Cl2E—Cl3E 29.4 (12) 

C4C—C3C—H3C2 108.8 Cl6E—Cl2E—Cl3E 30.3 (14) 

C2C—C3C—H3C2 108.8 Cl5E—Cl2E—Cl3E 35.5 (12) 

H3C1—C3C—H3C2 107.7 Cl4E—Cl2E—C1E 106 (2) 

C5C—C4C—C3C 117.7 (4) Cl1E—Cl2E—C1E 92 (2) 

C5C—C4C—H4C1 107.9 Cl6E—Cl2E—C1E 46.9 (19) 

C3C—C4C—H4C1 107.9 Cl5E—Cl2E—C1E 82 (2) 

C5C—C4C—H4C2 107.9 Cl3E—Cl2E—C1E 63.3 (18) 

C3C—C4C—H4C2 107.9 Cl4E—Cl2E—C1Ei 64.5 (19) 

H4C1—C4C—H4C2 107.2 Cl1E—Cl2E—C1Ei 99.3 (19) 
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C6C—C5C—C4C 126.3 (5) Cl6E—Cl2E—C1Ei 101 (2) 

C6C—C5C—Rh1 72.61 (19) Cl5E—Cl2E—C1Ei 70.1 (18) 

C4C—C5C—Rh1 108.8 (3) Cl3E—Cl2E—C1Ei 90.4 (18) 

C6C—C5C—H5C 116.9 C1E—Cl2E—C1Ei 66 (2) 

C4C—C5C—H5C 116.9 Cl6E—Cl3E—Cl1E 81 (3) 

Rh1—C5C—H5C 88.5 Cl6E—Cl3E—Cl5E 110 (4) 

C5C—C6C—C7C 122.1 (4) Cl1E—Cl3E—Cl5E 48.0 (18) 

C5C—C6C—Rh1 72.4 (2) Cl6E—Cl3E—Cl4E 87 (3) 

C7C—C6C—Rh1 109.0 (2) Cl1E—Cl3E—Cl4E 29.5 (15) 

C5C—C6C—H6C 119.0 Cl5E—Cl3E—Cl4E 24.8 (19) 

C7C—C6C—H6C 119.0 Cl6E—Cl3E—Cl2E 48 (2) 

Rh1—C6C—H6C 88.6 Cl1E—Cl3E—Cl2E 39.7 (15) 

C8C—C7C—C6C 117.2 (3) Cl5E—Cl3E—Cl2E 64 (2) 

C8C—C7C—H7C1 108.0 Cl4E—Cl3E—Cl2E 39.8 (11) 

C6C—C7C—H7C1 108.0 Cl6E—Cl3E—C1E 50 (3) 

C8C—C7C—H7C2 108.0 Cl1E—Cl3E—C1E 114 (3) 

C6C—C7C—H7C2 108.0 Cl5E—Cl3E—C1E 106 (3) 

H7C1—C7C—H7C2 107.2 Cl4E—Cl3E—C1E 98.6 (18) 

C7C—C8C—C1C 115.8 (3) Cl2E—Cl3E—C1E 75 (2) 

C7C—C8C—H8C1 108.3 Cl6E—Cl3E—C1Ei 82 (3) 

C1C—C8C—H8C1 108.3 Cl1E—Cl3E—C1Ei 75 (2) 

C7C—C8C—H8C2 108.3 Cl5E—Cl3E—C1Ei 47 (2) 

C1C—C8C—H8C2 108.3 Cl4E—Cl3E—C1Ei 47.6 (15) 

H8C1—C8C—H8C2 107.4 Cl2E—Cl3E—C1Ei 56.8 (15) 

C21D—B1D—C41D 111.5 (2) C1E—Cl3E—C1Ei 59 (2) 

C21D—B1D—C31D 104.5 (2) Cl5E—Cl4E—Cl1E 52 (2) 
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C41D—B1D—C31D 113.0 (3) Cl5E—Cl4E—Cl2E 104 (3) 

C21D—B1D—C11D 112.1 (2) Cl1E—Cl4E—Cl2E 67.4 (19) 

C41D—B1D—C11D 104.7 (2) Cl5E—Cl4E—Cl3E 31 (2) 

C31D—B1D—C11D 111.3 (2) Cl1E—Cl4E—Cl3E 27.8 (13) 

C16D—C11D—C12D 114.4 (3) Cl2E—Cl4E—Cl3E 74.3 (19) 

C16D—C11D—B1D 125.2 (3) Cl5E—Cl4E—Cl6E 59 (3) 

C12D—C11D—B1D 120.4 (3) Cl1E—Cl4E—Cl6E 34.2 (13) 

C11D—C12D—C13D 122.8 (4) Cl2E—Cl4E—Cl6E 45.3 (15) 

C11D—C12D—H12D 118.6 Cl3E—Cl4E—Cl6E 29.1 (10) 

C13D—C12D—H12D 118.6 Cl5E—Cl4E—C1Ei 94 (3) 

C14D—C13D—C12D 120.6 (3) Cl1E—Cl4E—C1Ei 128 (2) 

C14D—C13D—H13D 119.7 Cl2E—Cl4E—C1Ei 90 (2) 

C12D—C13D—H13D 119.7 Cl3E—Cl4E—C1Ei 102.3 (19) 

C13D—C14D—C15D 118.9 (3) Cl6E—Cl4E—C1Ei 96.6 (17) 

C13D—C14D—H14D 120.5 Cl5E—Cl4E—C1E 64 (3) 

C15D—C14D—H14D 120.5 Cl1E—Cl4E—C1E 67.8 (17) 

C14D—C15D—C16D 119.5 (3) Cl2E—Cl4E—C1E 52.6 (19) 

C14D—C15D—H15D 120.2 Cl3E—Cl4E—C1E 49.1 (15) 

C16D—C15D—H15D 120.2 Cl6E—Cl4E—C1E 35.5 (13) 

C11D—C16D—C15D 123.8 (3) C1Ei—Cl4E—C1E 61 (2) 

C11D—C16D—H16D 118.1 Cl1E—Cl5E—Cl4E 72 (3) 

C15D—C16D—H16D 118.1 Cl1E—Cl5E—Cl3E 59 (3) 

C22D—C21D—C26D 115.2 (3) Cl4E—Cl5E—Cl3E 124 (4) 

C22D—C21D—B1D 121.3 (2) Cl1E—Cl5E—Cl6E 46 (2) 

C26D—C21D—B1D 123.3 (3) Cl4E—Cl5E—Cl6E 94 (3) 

C23D—C22D—C21D 122.9 (3) Cl3E—Cl5E—Cl6E 32.3 (18) 
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C23D—C22D—H22D 118.6 Cl1E—Cl5E—Cl2E 47 (2) 

C21D—C22D—H22D 118.6 Cl4E—Cl5E—Cl2E 45 (2) 

C22D—C23D—C24D 120.1 (3) Cl3E—Cl5E—Cl2E 81 (2) 

C22D—C23D—H23D 120.0 Cl6E—Cl5E—Cl2E 49.2 (13) 

C24D—C23D—H23D 120.0 Cl1E—Cl5E—C1Ei 122 (3) 

C25D—C24D—C23D 118.9 (3) Cl4E—Cl5E—C1Ei 68 (3) 

C25D—C24D—H24D 120.5 Cl3E—Cl5E—C1Ei 117 (3) 

C23D—C24D—H24D 120.5 Cl6E—Cl5E—C1Ei 96.8 (19) 

C24D—C25D—C26D 120.6 (3) Cl2E—Cl5E—C1Ei 75.1 (19) 

C24D—C25D—H25D 119.7 Cl1E—Cl5E—C1E 85 (3) 

C26D—C25D—H25D 119.7 Cl4E—Cl5E—C1E 100 (3) 

C25D—C26D—C21D 122.2 (3) Cl3E—Cl5E—C1E 54 (2) 

C25D—C26D—H26D 118.9 Cl6E—Cl5E—C1E 40.3 (15) 

C21D—C26D—H26D 118.9 Cl2E—Cl5E—C1E 63.7 (19) 

C36D—C31D—C32D 114.5 (3) C1Ei—Cl5E—C1E 63 (2) 

C36D—C31D—B1D 121.9 (3) Cl3E—Cl6E—Cl1E 50 (2) 

C32D—C31D—B1D 123.2 (3) Cl3E—Cl6E—Cl2E 102 (3) 

C33D—C32D—C31D 123.4 (3) Cl1E—Cl6E—Cl2E 56.7 (16) 

C33D—C32D—H32D 118.3 Cl3E—Cl6E—Cl5E 38 (2) 

C31D—C32D—H32D 118.3 Cl1E—Cl6E—Cl5E 29.2 (12) 

C34D—C33D—C32D 120.0 (4) Cl2E—Cl6E—Cl5E 65.6 (19) 

C34D—C33D—H33D 120.0 Cl3E—Cl6E—Cl4E 64 (3) 

C32D—C33D—H33D 120.0 Cl1E—Cl6E—Cl4E 27.5 (11) 

C35D—C34D—C33D 118.8 (4) Cl2E—Cl6E—Cl4E 38.7 (12) 

C35D—C34D—H34D 120.6 Cl5E—Cl6E—Cl4E 27.0 (12) 

C33D—C34D—H34D 120.6 Cl3E—Cl6E—C1E 109 (3) 
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C34D—C35D—C36D 120.7 (4) Cl1E—Cl6E—C1E 134 (3) 

C34D—C35D—H35D 119.7 Cl2E—Cl6E—C1E 103 (3) 

C36D—C35D—H35D 119.7 Cl5E—Cl6E—C1E 107 (2) 

C31D—C36D—C35D 122.6 (3) Cl4E—Cl6E—C1E 110 (2) 

C31D—C36D—H36D 118.7 Cl3E—Cl6E—C1Ei 82 (3) 

C35D—C36D—H36D 118.7 Cl1E—Cl6E—C1Ei 74.5 (16) 

C42D—C41D—C46D 114.6 (3) Cl2E—Cl6E—C1Ei 55.2 (17) 

C42D—C41D—B1D 124.9 (3) Cl5E—Cl6E—C1Ei 54.0 (16) 

C46D—C41D—B1D 120.4 (3) Cl4E—Cl6E—C1Ei 48.6 (13) 

C41D—C42D—C43D 123.7 (5) C1E—Cl6E—C1Ei 61 (3) 

C41D—C42D—H42D 118.1   

Symmetry code(s):  (i) -x+1, -y, -z+2. 

 

[Ir(NCNMe)(COD)]BPh4 (2.4) 

 

  

Table 1. Experimental details  

Crystal data 

Chemical formula C43H44BIrN6 
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Mr 917.94 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 163 

a, b, c (Å) 11.8066 (4), 9.6104 (3), 35.9142 (11) 

b (°) 95.944 (2) 

V (Å3) 4053.1 (2) 

Z 4 

Radiation type Mo Ka 

m (mm-1) 3.34 

Crystal size (mm) 0.17 × 0.13 × 0.05 

Data collection 

Diffractometer 
Bruker kappa APEXII CCD 

Diffractometer 

Absorption correction 
Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.599, 0.840 

No. of measured, independent and 

observed [I > 2s(I)] reflections 
27051, 7108, 5974   

Rint 0.037 

(sin q/l)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.028, 0.059, 1.05 

No. of reflections 7108 

No. of parameters 505 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Dρmax, Dρmin (e Å-3) 0.77, -1.11 
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Computer programs: APEX2 (Bruker, 2007), SHELXS-97 (Sheldrick, 2008), 

SHELXL-97 (Sheldrick, 2008), SHELXTL-Plus (Sheldrick, 2008). 

 

 

Table 2. Selected geometric parameters (Å, º) 

Ir1—C2 1.995 (4) B1D—C31D 1.659 (5) 

Ir1—C2C 2.093 (4) C11D—C16D 1.399 (5) 

Ir1—C1C 2.093 (4) C11D—C12D 1.404 (5) 

Ir1—N2A 2.194 (3) C12D—C13D 1.385 (5) 

Ir1—C5C 2.210 (4) C12D—H12D 0.9500 

Ir1—C6C 2.233 (4) C13D—C14D 1.389 (5) 

Ir1—N2B 2.247 (3) C13D—H13D 0.9500 

N1—C2 1.354 (5) C14D—C15D 1.367 (6) 

N1—C5 1.391 (5) C14D—H14D 0.9500 

N1—C6B 1.456 (5) C15D—C16D 1.389 (5) 

C2—N3 1.345 (5) C15D—H15D 0.9500 

N3—C4 1.388 (5) C16D—H16D 0.9500 

N3—C6A 1.454 (5) C21D—C22D 1.398 (5) 

C4—C5 1.324 (6) C21D—C26D 1.413 (5) 

C4—H4 0.9500 C22D—C23D 1.390 (5) 

C5—H5 0.9500 C22D—H22D 0.9500 

C6A—N1A 1.446 (5) C23D—C24D 1.380 (6) 

C6A—H6A1 0.9900 C23D—H23D 0.9500 

C6A—H6A2 0.9900 C24D—C25D 1.384 (6) 

N1A—C5A 1.339 (5) C24D—H24D 0.9500 

N1A—N2A 1.364 (4) C25D—C26D 1.383 (5) 
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N2A—C3A 1.325 (5) C25D—H25D 0.9500 

C3A—C4A 1.384 (6) C26D—H26D 0.9500 

C3A—H3A 0.9500 C31D—C32D 1.394 (5) 

C4A—C5A 1.359 (6) C31D—C36D 1.403 (5) 

C4A—H4A 0.9500 C32D—C33D 1.392 (5) 

C5A—H5A 0.9500 C32D—H32D 0.9500 

C6B—N1B 1.448 (5) C33D—C34D 1.377 (6) 

C6B—H6B1 0.9900 C33D—H33D 0.9500 

C6B—H6B2 0.9900 C34D—C35D 1.372 (6) 

N1B—C5B 1.331 (5) C34D—H34D 0.9500 

N1B—N2B 1.363 (4) C35D—C36D 1.384 (5) 

N2B—C3B 1.331 (5) C35D—H35D 0.9500 

C3B—C4B 1.385 (6) C36D—H36D 0.9500 

C3B—H3B 0.9500 C41D—C46D 1.391 (5) 

C4B—C5B 1.360 (6) C41D—C42D 1.401 (5) 

C4B—H4B 0.9500 C42D—C43D 1.381 (5) 

C5B—H5B 0.9500 C42D—H42D 0.9500 

C1C—C2C 1.463 (6) C43D—C44D 1.380 (6) 

C1C—C8C 1.508 (6) C43D—H43D 0.9500 

C1C—H1C 0.9500 C44D—C45D 1.371 (6) 

C2C—C3C 1.527 (6) C44D—H44D 0.9500 

C2C—H2C 0.9500 C45D—C46D 1.388 (5) 

C3C—C4C 1.512 (6) C45D—H45D 0.9500 

C3C—H3C1 0.9900 C46D—H46D 0.9500 

C3C—H3C2 0.9900 O1E—C4E 1.409 (6) 

C4C—C5C 1.510 (6) O1E—C1E 1.430 (5) 
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C4C—H4C1 0.9900 C1E—C2E 1.485 (7) 

C4C—H4C2 0.9900 C1E—H1E1 0.9900 

C5C—C6C 1.394 (6) C1E—H1E2 0.9900 

C6C—C7C 1.515 (6) C2E—C3E 1.518 (7) 

C7C—C8C 1.521 (6) C2E—H2E1 0.9900 

C7C—H7C1 0.9900 C2E—H2E2 0.9900 

C7C—H7C2 0.9900 C3E—C4E 1.479 (7) 

C8C—H8C1 0.9900 C3E—H3E1 0.9900 

C8C—H8C2 0.9900 C3E—H3E2 0.9900 

B1D—C41D 1.638 (5) C4E—H4E1 0.9900 

B1D—C21D 1.646 (6) C4E—H4E2 0.9900 

B1D—C11D 1.648 (5)   

 

C2—Ir1—C2C 94.82 (15) C8C—C7C—H7C2 109.0 

C2—Ir1—C1C 92.04 (15) H7C1—C7C—H7C2 107.8 

C2C—Ir1—C1C 40.91 (16) C1C—C8C—C7C 113.1 (4) 

C2—Ir1—N2A 82.94 (13) C1C—C8C—H8C1 109.0 

C2C—Ir1—N2A 159.95 (14) C7C—C8C—H8C1 109.0 

C1C—Ir1—N2A 119.09 (15) C1C—C8C—H8C2 109.0 

C2—Ir1—C5C 162.33 (16) C7C—C8C—H8C2 109.0 

C2C—Ir1—C5C 81.63 (16) H8C1—C8C—H8C2 107.8 

C1C—Ir1—C5C 96.34 (16) C41D—B1D—C21D 109.4 (3) 

N2A—Ir1—C5C 106.21 (14) C41D—B1D—C11D 108.4 (3) 

C2—Ir1—C6C 161.10 (16) C21D—B1D—C11D 107.2 (3) 

C2C—Ir1—C6C 89.66 (16) C41D—B1D—C31D 107.5 (3) 

C1C—Ir1—C6C 79.39 (16) C21D—B1D—C31D 113.5 (3) 
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N2A—Ir1—C6C 86.57 (14) C11D—B1D—C31D 110.8 (3) 

C5C—Ir1—C6C 36.57 (15) C16D—C11D—C12D 114.8 (3) 

C2—Ir1—N2B 80.60 (13) C16D—C11D—B1D 121.1 (3) 

C2C—Ir1—N2B 113.72 (14) C12D—C11D—B1D 124.0 (3) 

C1C—Ir1—N2B 153.28 (15) C13D—C12D—C11D 123.1 (4) 

N2A—Ir1—N2B 85.68 (12) C13D—C12D—H12D 118.5 

C5C—Ir1—N2B 84.99 (14) C11D—C12D—H12D 118.5 

C6C—Ir1—N2B 114.30 (14) C12D—C13D—C14D 119.9 (4) 

C2—N1—C5 110.4 (3) C12D—C13D—H13D 120.0 

C2—N1—C6B 118.3 (3) C14D—C13D—H13D 120.0 

C5—N1—C6B 128.3 (3) C15D—C14D—C13D 118.7 (4) 

N3—C2—N1 104.7 (3) C15D—C14D—H14D 120.7 

N3—C2—Ir1 126.6 (3) C13D—C14D—H14D 120.7 

N1—C2—Ir1 127.0 (3) C14D—C15D—C16D 121.0 (4) 

C2—N3—C4 110.9 (3) C14D—C15D—H15D 119.5 

C2—N3—C6A 119.3 (3) C16D—C15D—H15D 119.5 

C4—N3—C6A 128.4 (3) C15D—C16D—C11D 122.5 (4) 

C5—C4—N3 107.0 (4) C15D—C16D—H16D 118.8 

C5—C4—H4 126.5 C11D—C16D—H16D 118.8 

N3—C4—H4 126.5 C22D—C21D—C26D 114.1 (4) 

C4—C5—N1 107.0 (4) C22D—C21D—B1D 124.1 (3) 

C4—C5—H5 126.5 C26D—C21D—B1D 121.7 (3) 

N1—C5—H5 126.5 C23D—C22D—C21D 122.9 (4) 

N1A—C6A—N3 109.5 (3) C23D—C22D—H22D 118.6 

N1A—C6A—H6A1 109.8 C21D—C22D—H22D 118.6 

N3—C6A—H6A1 109.8 C24D—C23D—C22D 120.8 (4) 
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N1A—C6A—H6A2 109.8 C24D—C23D—H23D 119.6 

N3—C6A—H6A2 109.8 C22D—C23D—H23D 119.6 

H6A1—C6A—H6A2 108.2 C23D—C24D—C25D 118.7 (4) 

C5A—N1A—N2A 111.1 (3) C23D—C24D—H24D 120.7 

C5A—N1A—C6A 129.4 (3) C25D—C24D—H24D 120.7 

N2A—N1A—C6A 119.6 (3) C26D—C25D—C24D 119.8 (4) 

C3A—N2A—N1A 104.6 (3) C26D—C25D—H25D 120.1 

C3A—N2A—Ir1 134.0 (3) C24D—C25D—H25D 120.1 

N1A—N2A—Ir1 120.7 (2) C25D—C26D—C21D 123.7 (4) 

N2A—C3A—C4A 111.4 (4) C25D—C26D—H26D 118.2 

N2A—C3A—H3A 124.3 C21D—C26D—H26D 118.2 

C4A—C3A—H3A 124.3 C32D—C31D—C36D 114.3 (3) 

C5A—C4A—C3A 105.3 (4) C32D—C31D—B1D 126.3 (3) 

C5A—C4A—H4A 127.4 C36D—C31D—B1D 119.5 (3) 

C3A—C4A—H4A 127.4 C33D—C32D—C31D 123.0 (4) 

N1A—C5A—C4A 107.6 (4) C33D—C32D—H32D 118.5 

N1A—C5A—H5A 126.2 C31D—C32D—H32D 118.5 

C4A—C5A—H5A 126.2 C34D—C33D—C32D 120.4 (4) 

N1B—C6B—N1 109.0 (3) C34D—C33D—H33D 119.8 

N1B—C6B—H6B1 109.9 C32D—C33D—H33D 119.8 

N1—C6B—H6B1 109.9 C35D—C34D—C33D 118.7 (4) 

N1B—C6B—H6B2 109.9 C35D—C34D—H34D 120.7 

N1—C6B—H6B2 109.9 C33D—C34D—H34D 120.7 

H6B1—C6B—H6B2 108.3 C34D—C35D—C36D 120.3 (4) 

C5B—N1B—N2B 112.0 (3) C34D—C35D—H35D 119.8 

C5B—N1B—C6B 128.6 (4) C36D—C35D—H35D 119.8 



Appendix  

 

 212 

N2B—N1B—C6B 119.1 (3) C35D—C36D—C31D 123.4 (4) 

C3B—N2B—N1B 103.9 (3) C35D—C36D—H36D 118.3 

C3B—N2B—Ir1 135.1 (3) C31D—C36D—H36D 118.3 

N1B—N2B—Ir1 119.8 (2) C46D—C41D—C42D 114.5 (3) 

N2B—C3B—C4B 111.5 (4) C46D—C41D—B1D 125.2 (3) 

N2B—C3B—H3B 124.3 C42D—C41D—B1D 120.2 (3) 

C4B—C3B—H3B 124.3 C43D—C42D—C41D 123.5 (4) 

C5B—C4B—C3B 105.3 (4) C43D—C42D—H42D 118.3 

C5B—C4B—H4B 127.3 C41D—C42D—H42D 118.3 

C3B—C4B—H4B 127.3 C44D—C43D—C42D 119.4 (4) 

N1B—C5B—C4B 107.2 (4) C44D—C43D—H43D 120.3 

N1B—C5B—H5B 126.4 C42D—C43D—H43D 120.3 

C4B—C5B—H5B 126.4 C45D—C44D—C43D 119.5 (4) 

C2C—C1C—C8C 123.6 (4) C45D—C44D—H44D 120.3 

C2C—C1C—Ir1 69.5 (2) C43D—C44D—H44D 120.3 

C8C—C1C—Ir1 115.6 (3) C44D—C45D—C46D 120.0 (4) 

C2C—C1C—H1C 118.2 C44D—C45D—H45D 120.0 

C8C—C1C—H1C 118.2 C46D—C45D—H45D 120.0 

Ir1—C1C—H1C 85.0 C45D—C46D—C41D 123.1 (4) 

C1C—C2C—C3C 121.8 (4) C45D—C46D—H46D 118.5 

C1C—C2C—Ir1 69.6 (2) C41D—C46D—H46D 118.5 

C3C—C2C—Ir1 114.4 (3) C4E—O1E—C1E 105.6 (4) 

C1C—C2C—H2C 119.1 O1E—C1E—C2E 105.0 (4) 

C3C—C2C—H2C 119.1 O1E—C1E—H1E1 110.7 

Ir1—C2C—H2C 86.2 C2E—C1E—H1E1 110.7 

C4C—C3C—C2C 112.8 (4) O1E—C1E—H1E2 110.7 
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C4C—C3C—H3C1 109.0 C2E—C1E—H1E2 110.7 

C2C—C3C—H3C1 109.0 H1E1—C1E—H1E2 108.8 

C4C—C3C—H3C2 109.0 C1E—C2E—C3E 102.7 (4) 

C2C—C3C—H3C2 109.0 C1E—C2E—H2E1 111.2 

H3C1—C3C—H3C2 107.8 C3E—C2E—H2E1 111.2 

C3C—C4C—C5C 114.3 (4) C1E—C2E—H2E2 111.2 

C3C—C4C—H4C1 108.7 C3E—C2E—H2E2 111.2 

C5C—C4C—H4C1 108.7 H2E1—C2E—H2E2 109.1 

C3C—C4C—H4C2 108.7 C4E—C3E—C2E 104.7 (4) 

C5C—C4C—H4C2 108.7 C4E—C3E—H3E1 110.8 

H4C1—C4C—H4C2 107.6 C2E—C3E—H3E1 110.8 

C6C—C5C—C4C 125.0 (4) C4E—C3E—H3E2 110.8 

C6C—C5C—Ir1 72.6 (2) C2E—C3E—H3E2 110.8 

C4C—C5C—Ir1 107.8 (3) H3E1—C3E—H3E2 108.9 

C5C—C6C—C7C 123.0 (4) O1E—C4E—C3E 108.3 (4) 

C5C—C6C—Ir1 70.8 (2) O1E—C4E—H4E1 110.0 

C7C—C6C—Ir1 112.9 (3) C3E—C4E—H4E1 110.0 

C6C—C7C—C8C 112.8 (3) O1E—C4E—H4E2 110.0 

C6C—C7C—H7C1 109.0 C3E—C4E—H4E2 110.0 

C8C—C7C—H7C1 109.0 H4E1—C4E—H4E2 108.4 

C6C—C7C—H7C2 109.0   

 

C5—N1—C2—N3 -2.0 (4) C5C—Ir1—C2C—C3C 6.7 (3) 

C6B—N1—C2—N3 -164.0 (3) C6C—Ir1—C2C—C3C 42.5 (3) 

C5—N1—C2—Ir1 163.5 (3) N2B—Ir1—C2C—C3C -74.0 (3) 

C6B—N1—C2—Ir1 1.5 (5) C1C—C2C—C3C—C4C 89.7 (5) 
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C2C—Ir1—C2—N3 -124.9 (3) Ir1—C2C—C3C—C4C 9.5 (5) 

C1C—Ir1—C2—N3 -84.0 (3) C2C—C3C—C4C—C5C -29.0 (6) 

N2A—Ir1—C2—N3 35.1 (3) C3C—C4C—C5C—C6C -47.9 (6) 

C5C—Ir1—C2—N3 157.6 (4) C3C—C4C—C5C—Ir1 33.1 (5) 

C6C—Ir1—C2—N3 -21.7 (7) C2—Ir1—C5C—C6C -179.6 (4) 

N2B—Ir1—C2—N3 121.8 (3) C2C—Ir1—C5C—C6C 100.8 (3) 

C2C—Ir1—C2—N1 72.6 (3) C1C—Ir1—C5C—C6C 62.6 (3) 

C1C—Ir1—C2—N1 113.5 (3) N2A—Ir1—C5C—C6C -60.2 (3) 

N2A—Ir1—C2—N1 -127.4 (3) N2B—Ir1—C5C—C6C -144.3 (3) 

C5C—Ir1—C2—N1 -4.9 (7) C2—Ir1—C5C—C4C 58.3 (6) 

C6C—Ir1—C2—N1 175.8 (4) C2C—Ir1—C5C—C4C -21.2 (3) 

N2B—Ir1—C2—N1 -40.7 (3) C1C—Ir1—C5C—C4C -59.5 (3) 

N1—C2—N3—C4 1.7 (4) N2A—Ir1—C5C—C4C 177.7 (3) 

Ir1—C2—N3—C4 -163.9 (3) C6C—Ir1—C5C—C4C -122.1 (4) 

N1—C2—N3—C6A 169.2 (3) N2B—Ir1—C5C—C4C 93.7 (3) 

Ir1—C2—N3—C6A 3.6 (5) C4C—C5C—C6C—C7C -5.5 (6) 

C2—N3—C4—C5 -0.7 (5) Ir1—C5C—C6C—C7C -105.4 (4) 

C6A—N3—C4—C5 -166.7 (4) C4C—C5C—C6C—Ir1 99.9 (4) 

N3—C4—C5—N1 -0.6 (5) C2—Ir1—C6C—C5C 179.6 (4) 

C2—N1—C5—C4 1.7 (5) C2C—Ir1—C6C—C5C -76.3 (3) 

C6B—N1—C5—C4 161.3 (4) C1C—Ir1—C6C—C5C -116.2 (3) 

C2—N3—C6A—N1A -60.4 (5) N2A—Ir1—C6C—C5C 123.4 (3) 

C4—N3—C6A—N1A 104.6 (4) N2B—Ir1—C6C—C5C 39.7 (3) 

N3—C6A—N1A—C5A -119.2 (4) C2—Ir1—C6C—C7C -61.7 (6) 

N3—C6A—N1A—N2A 60.1 (4) C2C—Ir1—C6C—C7C 42.3 (3) 

C5A—N1A—N2A— 0.1 (4) C1C—Ir1—C6C—C7C 2.5 (3) 
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C3A 

C6A—N1A—N2A—

C3A 

-179.3 (3) N2A—Ir1—C6C—C7C -118.0 (3) 

C5A—N1A—N2A—Ir1 172.1 (2) C5C—Ir1—C6C—C7C 118.7 (4) 

C6A—N1A—N2A—Ir1 -7.4 (4) N2B—Ir1—C6C—C7C 158.3 (3) 

C2—Ir1—N2A—C3A 136.4 (4) C5C—C6C—C7C—C8C 92.9 (5) 

C2C—Ir1—N2A—C3A -138.9 (4) Ir1—C6C—C7C—C8C 11.5 (5) 

C1C—Ir1—N2A—C3A -135.2 (4) C2C—C1C—C8C—C7C -53.5 (6) 

C5C—Ir1—N2A—C3A -28.1 (4) Ir1—C1C—C8C—C7C 28.1 (5) 

C6C—Ir1—N2A—C3A -59.3 (4) C6C—C7C—C8C—C1C -25.0 (6) 

N2B—Ir1—N2A—C3A 55.4 (4) C41D—B1D—C11D—C16D -85.0 (4) 

C2—Ir1—N2A—N1A -32.7 (3) C21D—B1D—C11D—C16D 33.0 (4) 

C2C—Ir1—N2A—N1A 52.0 (5) C31D—B1D—C11D—C16D 157.3 (3) 

C1C—Ir1—N2A—N1A 55.7 (3) C41D—B1D—C11D—C12D 91.5 (4) 

C5C—Ir1—N2A—N1A 162.7 (3) C21D—B1D—C11D—C12D -150.5 (3) 

C6C—Ir1—N2A—N1A 131.5 (3) C31D—B1D—C11D—C12D -26.2 (5) 

N2B—Ir1—N2A—N1A -113.8 (3) C16D—C11D—C12D—C13D 0.0 (5) 

N1A—N2A—C3A—

C4A 

-0.4 (4) B1D—C11D—C12D—C13D -176.7 (3) 

Ir1—N2A—C3A—C4A -170.7 (3) C11D—C12D—C13D—C14D -0.9 (6) 

N2A—C3A—C4A—

C5A 

0.4 (5) C12D—C13D—C14D—C15D 1.5 (6) 

N2A—N1A—C5A—

C4A 

0.1 (5) C13D—C14D—C15D—C16D -1.2 (6) 

C6A—N1A—C5A—

C4A 

179.5 (4) C14D—C15D—C16D—C11D 0.3 (6) 

C3A—C4A—C5A— -0.3 (5) C12D—C11D—C16D—C15D 0.3 (5) 
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N1A 

C2—N1—C6B—N1B 60.3 (4) B1D—C11D—C16D—C15D 177.1 (3) 

C5—N1—C6B—N1B -97.9 (4) C41D—B1D—C21D—C22D 5.7 (5) 

N1—C6B—N1B—C5B 112.5 (4) C11D—B1D—C21D—C22D -111.6 (4) 

N1—C6B—N1B—N2B -61.1 (4) C31D—B1D—C21D—C22D 125.7 (4) 

C5B—N1B—N2B—C3B 0.2 (4) C41D—B1D—C21D—C26D -178.0 (3) 

C6B—N1B—N2B—C3B 174.8 (3) C11D—B1D—C21D—C26D 64.7 (4) 

C5B—N1B—N2B—Ir1 -169.1 (3) C31D—B1D—C21D—C26D -58.0 (4) 

C6B—N1B—N2B—Ir1 5.5 (4) C26D—C21D—C22D—C23D 1.8 (5) 

C2—Ir1—N2B—C3B -128.6 (4) B1D—C21D—C22D—C23D 178.4 (3) 

C2C—Ir1—N2B—C3B 140.2 (4) C21D—C22D—C23D—C24D 1.1 (6) 

C1C—Ir1—N2B—C3B 155.8 (4) C22D—C23D—C24D—C25D -2.3 (6) 

N2A—Ir1—N2B—C3B -45.1 (4) C23D—C24D—C25D—C26D 0.5 (6) 

C5C—Ir1—N2B—C3B 61.6 (4) C24D—C25D—C26D—C21D 2.7 (6) 

C6C—Ir1—N2B—C3B 39.2 (4) C22D—C21D—C26D—C25D -3.7 (5) 

C2—Ir1—N2B—N1B 36.6 (3) B1D—C21D—C26D—C25D 179.7 (3) 

C2C—Ir1—N2B—N1B -54.6 (3) C41D—B1D—C31D—C32D 143.9 (3) 

C1C—Ir1—N2B—N1B -39.0 (5) C21D—B1D—C31D—C32D 22.8 (5) 

N2A—Ir1—N2B—N1B 120.1 (3) C11D—B1D—C31D—C32D -97.8 (4) 

C5C—Ir1—N2B—N1B -133.1 (3) C41D—B1D—C31D—C36D -36.9 (5) 

C6C—Ir1—N2B—N1B -155.6 (3) C21D—B1D—C31D—C36D -158.0 (3) 

N1B—N2B—C3B—C4B 0.2 (5) C11D—B1D—C31D—C36D 81.4 (4) 

Ir1—N2B—C3B—C4B 167.0 (3) C36D—C31D—C32D—C33D -0.6 (5) 

N2B—C3B—C4B—C5B -0.5 (5) B1D—C31D—C32D—C33D 178.7 (4) 

N2B—N1B—C5B—C4B -0.6 (5) C31D—C32D—C33D—C34D 0.8 (6) 

C6B—N1B—C5B—C4B -174.5 (4) C32D—C33D—C34D—C35D -0.8 (6) 
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C3B—C4B—C5B—N1B 0.7 (5) C33D—C34D—C35D—C36D 0.5 (7) 

C2—Ir1—C1C—C2C -95.0 (2) C34D—C35D—C36D—C31D -0.3 (7) 

N2A—Ir1—C1C—C2C -178.1 (2) C32D—C31D—C36D—C35D 0.3 (6) 

C5C—Ir1—C1C—C2C 69.4 (2) B1D—C31D—C36D—C35D -179.0 (4) 

C6C—Ir1—C1C—C2C 102.0 (2) C21D—B1D—C41D—C46D -116.0 (4) 

N2B—Ir1—C1C—C2C -22.0 (4) C11D—B1D—C41D—C46D 0.6 (5) 

C2—Ir1—C1C—C8C 146.5 (3) C31D—B1D—C41D—C46D 120.4 (4) 

C2C—Ir1—C1C—C8C -118.5 (4) C21D—B1D—C41D—C42D 64.9 (4) 

N2A—Ir1—C1C—C8C 63.5 (4) C11D—B1D—C41D—C42D -178.5 (3) 

C5C—Ir1—C1C—C8C -49.1 (3) C31D—B1D—C41D—C42D -58.7 (4) 

C6C—Ir1—C1C—C8C -16.5 (3) C46D—C41D—C42D—C43D 1.9 (6) 

N2B—Ir1—C1C—C8C -140.5 (3) B1D—C41D—C42D—C43D -178.9 (4) 

C8C—C1C—C2C—C3C 1.1 (6) C41D—C42D—C43D—C44D -1.3 (6) 

Ir1—C1C—C2C—C3C -106.7 (4) C42D—C43D—C44D—C45D -0.3 (6) 

C8C—C1C—C2C—Ir1 107.8 (4) C43D—C44D—C45D—C46D 1.1 (6) 

C2—Ir1—C2C—C1C 87.5 (2) C44D—C45D—C46D—C41D -0.4 (6) 

N2A—Ir1—C2C—C1C 4.9 (5) C42D—C41D—C46D—C45D -1.1 (5) 

C5C—Ir1—C2C—C1C -109.9 (2) B1D—C41D—C46D—C45D 179.8 (4) 

C6C—Ir1—C2C—C1C -74.1 (2) C4E—O1E—C1E—C2E -37.8 (5) 

N2B—Ir1—C2C—C1C 169.4 (2) O1E—C1E—C2E—C3E 33.4 (5) 

C2—Ir1—C2C—C3C -155.9 (3) C1E—C2E—C3E—C4E -17.2 (6) 

C1C—Ir1—C2C—C3C 116.6 (4) C1E—O1E—C4E—C3E 26.5 (6) 

N2A—Ir1—C2C—C3C 121.5 (4) C2E—C3E—C4E—O1E -5.1 (7) 
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[Ir(κ1-NCNMe)2(COD)]BPh4  (2.5) 

 

       

Table 1. Experimental details 

Crystal data 

Chemical formula C55H56BIrN12 

Mr 1155.00 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 293 

a, b, c (Å) 10.3367 (3), 12.8201 (4), 19.6142 (7) 

α, β, γ (°) 92.847 (1), 102.154 (2), 94.312 (1) 

V (Å3) 2528.05 (14) 

Z 2 

Radiation type Mo Kα 

µ (mm-1) 2.80 

Crystal size (mm) 0.36 × 0.29 × 0.21 

Data collection 

Diffractometer Bruker kappa APEXII CCD 
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Diffractometer 

Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.432, 0.591 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 

35831, 8907, 8566   

Rint 0.027 

(sin θ/λ)max (Å-1) 0.595 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.025,  0.066,  1.05 

No. of reflections 8907 

No. of parameters 641 

No. of restraints 0 

H-atom treatment H-atom parameters constrained 

Δ〉max, Δ〉min (e Å-3) 1.21, -1.56 

Computer programs: APEX2 (Bruker, 2007), SHELXS-97 (Sheldrick, 2008), SHELXL-97 (Sheldrick, 

2008), SHELXTL-Plus (Sheldrick, 2008). 

 

Table 2. Selected geometric parameters (Å, º) 

Ir1—C2' 2.046 (3) C4C—C5C 1.527 (5) 

Ir1—C2 2.048 (3) C4C—H4C1 0.9700 

Ir1—C6C 2.179 (3) C4C—H4C2 0.9700 

Ir1—C2C 2.180 (3) C5C—C6C 1.399 (5) 

Ir1—C5C 2.210 (3) C6C—C7C 1.506 (5) 

Ir1—C1C 2.213 (3) C7C—C8C 1.530 (5) 

N1—C2 1.359 (4) C7C—H7C1 0.9700 

N1—C5 1.385 (4) C7C—H7C2 0.9700 
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N1—C6B 1.459 (4) C8C—H8C1 0.9700 

C2—N3 1.358 (4) C8C—H8C2 0.9700 

N3—C4 1.383 (4) B1D—C41D 1.647 (4) 

N3—C6A 1.462 (4) B1D—C31D 1.649 (4) 

C4—C5 1.329 (5) B1D—C11D 1.649 (4) 

C4—H4 0.9300 B1D—C21D 1.650 (4) 

C5—H5 0.9300 C11D—C12D 1.395 (5) 

C6A—N1A 1.438 (4) C11D—C16D 1.402 (5) 

C6A—H6A1 0.9700 C12D—C13D 1.396 (5) 

C6A—H6A2 0.9700 C12D—H12D 0.9300 

N1A—C5A 1.341 (5) C13D—C14D 1.385 (7) 

N1A—N2A 1.356 (4) C13D—H13D 0.9300 

N2A—C3A 1.319 (5) C14D—C15D 1.369 (7) 

C3A—C4A 1.390 (7) C14D—H14D 0.9300 

C3A—H3A 0.9300 C15D—C16D 1.391 (5) 

C4A—C5A 1.357 (7) C15D—H15D 0.9300 

C4A—H4A 0.9300 C16D—H16D 0.9300 

C5A—H5A 0.9300 C21D—C26D 1.398 (4) 

C6B—N1B 1.439 (5) C21D—C22D 1.405 (4) 

C6B—H6B1 0.9700 C22D—C23D 1.388 (5) 

C6B—H6B2 0.9700 C22D—H22D 0.9300 

N1B—C5B 1.345 (5) C23D—C24D 1.375 (5) 

N1B—N2B 1.352 (4) C23D—H23D 0.9300 

N2B—C3B 1.328 (5) C24D—C25D 1.379 (5) 

C3B—C4B 1.380 (6) C24D—H24D 0.9300 

C3B—H3B 0.9300 C25D—C26D 1.390 (5) 
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C4B—C5B 1.358 (6) C25D—H25D 0.9300 

C4B—H4B 0.9300 C26D—H26D 0.9300 

C5B—H5B 0.9300 C31D—C36D 1.398 (4) 

N1'—C2' 1.356 (4) C31D—C32D 1.406 (4) 

N1'—C5' 1.387 (4) C32D—C33D 1.386 (5) 

N1'—C6B' 1.456 (4) C32D—H32D 0.9300 

C2'—N3' 1.362 (4) C33D—C34D 1.381 (5) 

N3'—C4' 1.378 (4) C33D—H33D 0.9300 

N3'—C6A' 1.444 (4) C34D—C35D 1.378 (5) 

C4'—C5' 1.328 (5) C34D—H34D 0.9300 

C4'—H4' 0.9300 C35D—C36D 1.386 (5) 

C5'—H5' 0.9300 C35D—H35D 0.9300 

C6A'—N1A' 1.461 (4) C36D—H36D 0.9300 

C6A'—H6A3 0.9700 C41D—C42D 1.396 (5) 

C6A'—H6A4 0.9700 C41D—C46D 1.396 (5) 

N1A'—C5A' 1.329 (5) C42D—C43D 1.391 (5) 

N1A'—N2A' 1.334 (4) C42D—H42D 0.9300 

N2A'—C3A' 1.328 (5) C43D—C44D 1.374 (6) 

C3A'—C4A' 1.365 (6) C43D—H43D 0.9300 

C3A'—H3A' 0.9300 C44D—C45D 1.380 (6) 

C4A'—C5A' 1.359 (6) C44D—H44D 0.9300 

C4A'—H4A' 0.9300 C45D—C46D 1.387 (5) 

C5A'—H5A' 0.9300 C45D—H45D 0.9300 

C6B'—N1B' 1.426 (4) C46D—H46D 0.9300 

C6B'—H6B3 0.9700 C1E—Cl2' 1.348 (15) 

C6B'—H6B4 0.9700 C1E—C1E' 1.60 (2) 
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N1B'—C5B' 1.341 (5) C1E—Cl2E 1.729 (16) 

N1B'—N2B' 1.342 (5) C1E—Cl1E 1.743 (15) 

N2B'—C3B' 1.305 (7) C1E—Cl4E 1.82 (2) 

C3B'—C4B' 1.356 (8) C1E—Cl3E 1.982 (16) 

C3B'—H3B' 0.9300 Cl1E—Cl3E 0.578 (6) 

C4B'—C5B' 1.370 (7) Cl1E—Cl4E 1.192 (17) 

C4B'—H4B' 0.9300 Cl1E—C1E' 1.811 (18) 

C5B'—H5B' 0.9300 Cl2E—Cl2' 0.957 (6) 

C1C—C2C 1.404 (5) Cl2E—C1E' 1.332 (18) 

C1C—C8C 1.518 (5) Cl2'—C1E' 1.810 (18) 

C2C—C3C 1.509 (5) C1E'—Cl3E 1.535 (19) 

C3C—C4C 1.516 (6) C1E'—Cl4E 1.56 (2) 

C3C—H3C1 0.9700 Cl3E—Cl4E 1.194 (17) 

C3C—H3C2 0.9700 Cl4E—Cl4Ei 1.93 (3) 

 

C2'—Ir1—C2 97.11 (12) C8C—C7C—H7C1 108.7 

C2'—Ir1—C6C 87.02 (13) C6C—C7C—H7C2 108.7 

C2—Ir1—C6C 153.43 (14) C8C—C7C—H7C2 108.7 

C2'—Ir1—C2C 155.63 (13) H7C1—C7C—H7C2 107.6 

C2—Ir1—C2C 90.39 (13) C1C—C8C—C7C 112.9 (3) 

C6C—Ir1—C2C 96.58 (14) C1C—C8C—H8C1 109.0 

C2'—Ir1—C5C 88.14 (13) C7C—C8C—H8C1 109.0 

C2—Ir1—C5C 168.01 (13) C1C—C8C—H8C2 109.0 

C6C—Ir1—C5C 37.16 (14) C7C—C8C—H8C2 109.0 

C2C—Ir1—C5C 80.63 (13) H8C1—C8C—H8C2 107.8 

C2'—Ir1—C1C 164.58 (13) C41D—B1D—C31D 110.3 (2) 
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C2—Ir1—C1C 89.44 (13) C41D—B1D—C11D 109.7 (2) 

C6C—Ir1—C1C 81.03 (14) C31D—B1D—C11D 111.1 (2) 

C2C—Ir1—C1C 37.26 (13) C41D—B1D—C21D 109.4 (2) 

C5C—Ir1—C1C 88.18 (13) C31D—B1D—C21D 109.1 (2) 

C2—N1—C5 111.4 (3) C11D—B1D—C21D 107.2 (2) 

C2—N1—C6B 124.9 (3) C12D—C11D—C16D 115.0 (3) 

C5—N1—C6B 123.7 (3) C12D—C11D—B1D 123.7 (3) 

N3—C2—N1 103.3 (3) C16D—C11D—B1D 121.2 (3) 

N3—C2—Ir1 127.2 (2) C11D—C12D—C13D 122.5 (4) 

N1—C2—Ir1 129.3 (2) C11D—C12D—H12D 118.8 

C2—N3—C4 111.7 (3) C13D—C12D—H12D 118.8 

C2—N3—C6A 124.0 (3) C14D—C13D—C12D 120.3 (4) 

C4—N3—C6A 124.1 (3) C14D—C13D—H13D 119.9 

C5—C4—N3 106.7 (3) C12D—C13D—H13D 119.9 

C5—C4—H4 126.7 C15D—C14D—C13D 118.9 (4) 

N3—C4—H4 126.7 C15D—C14D—H14D 120.5 

C4—C5—N1 107.0 (3) C13D—C14D—H14D 120.5 

C4—C5—H5 126.5 C14D—C15D—C16D 120.2 (4) 

N1—C5—H5 126.5 C14D—C15D—H15D 119.9 

N1A—C6A—N3 112.5 (3) C16D—C15D—H15D 119.9 

N1A—C6A—H6A1 109.1 C15D—C16D—C11D 123.0 (4) 

N3—C6A—H6A1 109.1 C15D—C16D—H16D 118.5 

N1A—C6A—H6A2 109.1 C11D—C16D—H16D 118.5 

N3—C6A—H6A2 109.1 C26D—C21D—C22D 115.2 (3) 

H6A1—C6A—H6A2 107.8 C26D—C21D—B1D 123.6 (3) 

C5A—N1A—N2A 112.4 (3) C22D—C21D—B1D 120.9 (3) 
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C5A—N1A—C6A 127.4 (3) C23D—C22D—C21D 122.2 (3) 

N2A—N1A—C6A 120.2 (3) C23D—C22D—H22D 118.9 

C3A—N2A—N1A 104.0 (4) C21D—C22D—H22D 118.9 

N2A—C3A—C4A 111.7 (4) C24D—C23D—C22D 120.7 (3) 

N2A—C3A—H3A 124.1 C24D—C23D—H23D 119.7 

C4A—C3A—H3A 124.1 C22D—C23D—H23D 119.7 

C5A—C4A—C3A 105.5 (4) C23D—C24D—C25D 119.1 (3) 

C5A—C4A—H4A 127.3 C23D—C24D—H24D 120.4 

C3A—C4A—H4A 127.3 C25D—C24D—H24D 120.4 

N1A—C5A—C4A 106.4 (4) C24D—C25D—C26D 119.9 (3) 

N1A—C5A—H5A 126.8 C24D—C25D—H25D 120.1 

C4A—C5A—H5A 126.8 C26D—C25D—H25D 120.1 

N1B—C6B—N1 112.7 (3) C25D—C26D—C21D 122.9 (3) 

N1B—C6B—H6B1 109.1 C25D—C26D—H26D 118.5 

N1—C6B—H6B1 109.1 C21D—C26D—H26D 118.5 

N1B—C6B—H6B2 109.1 C36D—C31D—C32D 114.5 (3) 

N1—C6B—H6B2 109.1 C36D—C31D—B1D 123.5 (3) 

H6B1—C6B—H6B2 107.8 C32D—C31D—B1D 122.0 (3) 

C5B—N1B—N2B 111.1 (3) C33D—C32D—C31D 123.0 (3) 

C5B—N1B—C6B 129.0 (3) C33D—C32D—H32D 118.5 

N2B—N1B—C6B 119.9 (3) C31D—C32D—H32D 118.5 

C3B—N2B—N1B 104.4 (3) C34D—C33D—C32D 120.3 (3) 

N2B—C3B—C4B 112.2 (4) C34D—C33D—H33D 119.8 

N2B—C3B—H3B 123.9 C32D—C33D—H33D 119.8 

C4B—C3B—H3B 123.9 C35D—C34D—C33D 118.6 (3) 

C5B—C4B—C3B 104.5 (4) C35D—C34D—H34D 120.7 
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C5B—C4B—H4B 127.7 C33D—C34D—H34D 120.7 

C3B—C4B—H4B 127.7 C34D—C35D—C36D 120.4 (3) 

N1B—C5B—C4B 107.8 (4) C34D—C35D—H35D 119.8 

N1B—C5B—H5B 126.1 C36D—C35D—H35D 119.8 

C4B—C5B—H5B 126.1 C35D—C36D—C31D 123.1 (3) 

C2'—N1'—C5' 111.6 (3) C35D—C36D—H36D 118.5 

C2'—N1'—C6B' 124.0 (3) C31D—C36D—H36D 118.5 

C5'—N1'—C6B' 124.0 (3) C42D—C41D—C46D 114.5 (3) 

N1'—C2'—N3' 102.9 (3) C42D—C41D—B1D 122.9 (3) 

N1'—C2'—Ir1 128.8 (2) C46D—C41D—B1D 122.5 (3) 

N3'—C2'—Ir1 127.2 (2) C43D—C42D—C41D 123.2 (3) 

C2'—N3'—C4' 111.9 (3) C43D—C42D—H42D 118.4 

C2'—N3'—C6A' 124.5 (3) C41D—C42D—H42D 118.4 

C4'—N3'—C6A' 123.5 (3) C44D—C43D—C42D 120.0 (4) 

C5'—C4'—N3' 106.8 (3) C44D—C43D—H43D 120.0 

C5'—C4'—H4' 126.6 C42D—C43D—H43D 120.0 

N3'—C4'—H4' 126.6 C43D—C44D—C45D 119.0 (3) 

C4'—C5'—N1' 106.8 (3) C43D—C44D—H44D 120.5 

C4'—C5'—H5' 126.6 C45D—C44D—H44D 120.5 

N1'—C5'—H5' 126.6 C44D—C45D—C46D 119.9 (4) 

N3'—C6A'—N1A' 110.6 (3) C44D—C45D—H45D 120.0 

N3'—C6A'—H6A3 109.5 C46D—C45D—H45D 120.0 

N1A'—C6A'—H6A3 109.5 C45D—C46D—C41D 123.3 (3) 

N3'—C6A'—H6A4 109.5 C45D—C46D—H46D 118.4 

N1A'—C6A'—H6A4 109.5 C41D—C46D—H46D 118.4 

H6A3—C6A'—H6A4 108.1 Cl2'—C1E—C1E' 75.3 (10) 
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C5A'—N1A'—N2A' 111.8 (3) Cl2'—C1E—Cl2E 33.4 (4) 

C5A'—N1A'—C6A' 125.5 (3) C1E'—C1E—Cl2E 47.0 (8) 

N2A'—N1A'—C6A' 122.7 (3) Cl2'—C1E—Cl1E 133.9 (11) 

C3A'—N2A'—N1A' 104.2 (3) C1E'—C1E—Cl1E 65.5 (9) 

N2A'—C3A'—C4A' 112.1 (4) Cl2E—C1E—Cl1E 112.4 (8) 

N2A'—C3A'—H3A' 124.0 Cl2'—C1E—Cl4E 126.2 (12) 

C4A'—C3A'—H3A' 124.0 C1E'—C1E—Cl4E 53.9 (9) 

C5A'—C4A'—C3A' 104.4 (4) Cl2E—C1E—Cl4E 93.1 (9) 

C5A'—C4A'—H4A' 127.8 Cl1E—C1E—Cl4E 39.1 (6) 

C3A'—C4A'—H4A' 127.8 Cl2'—C1E—Cl3E 119.0 (10) 

N1A'—C5A'—C4A' 107.5 (4) C1E'—C1E—Cl3E 49.4 (8) 

N1A'—C5A'—H5A' 126.2 Cl2E—C1E—Cl3E 96.2 (7) 

C4A'—C5A'—H5A' 126.2 Cl1E—C1E—Cl3E 16.3 (2) 

N1B'—C6B'—N1' 113.6 (3) Cl4E—C1E—Cl3E 36.3 (6) 

N1B'—C6B'—H6B3 108.8 Cl3E—Cl1E—Cl4E 76.2 (11) 

N1'—C6B'—H6B3 108.8 Cl3E—Cl1E—C1E 106.0 (10) 

N1B'—C6B'—H6B4 108.8 Cl4E—Cl1E—C1E 73.8 (9) 

N1'—C6B'—H6B4 108.8 Cl3E—Cl1E—C1E' 53.1 (9) 

H6B3—C6B'—H6B4 107.7 Cl4E—Cl1E—C1E' 58.2 (9) 

C5B'—N1B'—N2B' 111.8 (3) C1E—Cl1E—C1E' 53.3 (7) 

C5B'—N1B'—C6B' 128.7 (3) Cl2'—Cl2E—C1E' 103.3 (9) 

N2B'—N1B'—C6B' 119.5 (3) Cl2'—Cl2E—C1E 50.9 (6) 

C3B'—N2B'—N1B' 104.7 (4) C1E'—Cl2E—C1E 61.3 (9) 

N2B'—C3B'—C4B' 112.2 (5) Cl2E—Cl2'—C1E 95.7 (8) 

N2B'—C3B'—H3B' 123.9 Cl2E—Cl2'—C1E' 45.8 (7) 

C4B'—C3B'—H3B' 123.9 C1E—Cl2'—C1E' 58.6 (8) 
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C3B'—C4B'—C5B' 105.6 (4) Cl2E—C1E'—Cl3E 149.4 (14) 

C3B'—C4B'—H4B' 127.2 Cl2E—C1E'—Cl4E 125.8 (15) 

C5B'—C4B'—H4B' 127.2 Cl3E—C1E'—Cl4E 45.4 (8) 

N1B'—C5B'—C4B' 105.6 (4) Cl2E—C1E'—C1E 71.7 (10) 

N1B'—C5B'—H5B' 127.2 Cl3E—C1E'—C1E 78.5 (10) 

C4B'—C5B'—H5B' 127.2 Cl4E—C1E'—C1E 70.3 (11) 

C2C—C1C—C8C 124.1 (3) Cl2E—C1E'—Cl2' 31.0 (5) 

C2C—C1C—Ir1 70.11 (19) Cl3E—C1E'—Cl2' 119.1 (11) 

C8C—C1C—Ir1 111.5 (2) Cl4E—C1E'—Cl2' 114.1 (12) 

C1C—C2C—C3C 125.1 (3) C1E—C1E'—Cl2' 46.1 (7) 

C1C—C2C—Ir1 72.63 (19) Cl2E—C1E'—Cl1E 132.7 (12) 

C3C—C2C—Ir1 109.3 (2) Cl3E—C1E'—Cl1E 17.5 (3) 

C2C—C3C—C4C 114.2 (3) Cl4E—C1E'—Cl1E 40.6 (8) 

C2C—C3C—H3C1 108.7 C1E—C1E'—Cl1E 61.2 (8) 

C4C—C3C—H3C1 108.7 Cl2'—C1E'—Cl1E 103.7 (9) 

C2C—C3C—H3C2 108.7 Cl1E—Cl3E—Cl4E 75.8 (11) 

C4C—C3C—H3C2 108.7 Cl1E—Cl3E—C1E' 109.3 (11) 

H3C1—C3C—H3C2 107.6 Cl4E—Cl3E—C1E' 68.3 (10) 

C3C—C4C—C5C 112.8 (3) Cl1E—Cl3E—C1E 57.7 (9) 

C3C—C4C—H4C1 109.0 Cl4E—Cl3E—C1E 64.3 (9) 

C5C—C4C—H4C1 109.0 C1E'—Cl3E—C1E 52.1 (8) 

C3C—C4C—H4C2 109.0 Cl1E—Cl4E—Cl3E 28.0 (5) 

C5C—C4C—H4C2 109.0 Cl1E—Cl4E—C1E' 81.2 (12) 

H4C1—C4C—H4C2 107.8 Cl3E—Cl4E—C1E' 66.3 (11) 

C6C—C5C—C4C 124.1 (3) Cl1E—Cl4E—C1E 67.2 (9) 

C6C—C5C—Ir1 70.25 (19) Cl3E—Cl4E—C1E 79.4 (10) 
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C4C—C5C—Ir1 111.9 (2) C1E'—Cl4E—C1E 55.8 (9) 

C5C—C6C—C7C 125.6 (3) Cl1E—Cl4E—Cl4Ei 138.2 (18) 

C5C—C6C—Ir1 72.6 (2) Cl3E—Cl4E—Cl4Ei 133.3 (17) 

C7C—C6C—Ir1 108.6 (2) C1E'—Cl4E—Cl4Ei 133.3 (17) 

C6C—C7C—C8C 114.1 (3) C1E—Cl4E—Cl4Ei 147.0 (16) 

C6C—C7C—H7C1 108.7   

 

C5—N1—C2—N3 -0.5 (4) C32D—C33D—

C34D—C35D 

-0.3 (6) 

C6B—N1—C2—N3 -177.6 (3) C33D—C34D—

C35D—C36D 

0.8 (6) 

C5—N1—C2—Ir1 -176.0 (2) C34D—C35D—

C36D—C31D 

-0.7 (6) 

C6B—N1—C2—Ir1 6.9 (5) C32D—C31D—

C36D—C35D 

0.0 (5) 

C2'—Ir1—C2—N3 104.7 (3) B1D—C31D—

C36D—C35D 

-177.2 (3) 

C6C—Ir1—C2—N3 7.1 (5) C31D—B1D—

C41D—C42D 

-110.5 (3) 

C2C—Ir1—C2—N3 -98.5 (3) C11D—B1D—

C41D—C42D 

12.2 (4) 

C5C—Ir1—C2—N3 -139.8 (5) C21D—B1D—

C41D—C42D 

129.5 (3) 

C1C—Ir1—C2—N3 -61.3 (3) C31D—B1D—

C41D—C46D 

68.7 (4) 

C2'—Ir1—C2—N1 -80.7 (3) C11D—B1D—

C41D—C46D 

-168.6 (3) 

C6C—Ir1—C2—N1 -178.3 (3) C21D—B1D— -51.3 (4) 



Appendix  

 

 229 

C41D—C46D 

C2C—Ir1—C2—N1 76.0 (3) C46D—C41D—

C42D—C43D 

-1.6 (5) 

C5C—Ir1—C2—N1 34.7 (7) B1D—C41D—

C42D—C43D 

177.6 (3) 

C1C—Ir1—C2—N1 113.3 (3) C41D—C42D—

C43D—C44D 

-0.9 (6) 

N1—C2—N3—C4 0.9 (3) C42D—C43D—

C44D—C45D 

2.0 (6) 

Ir1—C2—N3—C4 176.5 (2) C43D—C44D—

C45D—C46D 

-0.6 (7) 

N1—C2—N3—C6A 175.5 (3) C44D—C45D—

C46D—C41D 

-2.1 (6) 

Ir1—C2—N3—C6A -8.8 (4) C42D—C41D—

C46D—C45D 

3.1 (5) 

C2—N3—C4—C5 -0.9 (4) B1D—C41D—

C46D—C45D 

-176.1 (3) 

C6A—N3—C4—C5 -175.6 (3) Cl2'—C1E—Cl1E—

Cl3E 

26.7 (18) 

N3—C4—C5—N1 0.6 (4) C1E'—C1E—Cl1E—

Cl3E 

-7.8 (12) 

C2—N1—C5—C4 -0.1 (4) Cl2E—C1E—Cl1E—

Cl3E 

-4.5 (13) 

C6B—N1—C5—C4 177.1 (3) Cl4E—C1E—Cl1E—

Cl3E 

-70.0 (12) 

C2—N3—C6A—N1A 134.3 (3) Cl2'—C1E—Cl1E—

Cl4E 

96.7 (17) 

C4—N3—C6A—N1A -51.7 (4) C1E'—C1E—Cl1E—

Cl4E 

62.2 (11) 
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N3—C6A—N1A—

C5A 

110.2 (4) Cl2E—C1E—Cl1E—

Cl4E 

65.5 (12) 

N3—C6A—N1A—

N2A 

-70.3 (4) Cl3E—C1E—Cl1E—

Cl4E 

70.0 (12) 

C5A—N1A—N2A—

C3A 

-0.4 (5) Cl2'—C1E—Cl1E—

C1E' 

34.5 (13) 

C6A—N1A—N2A—

C3A 

180.0 (3) Cl2E—C1E—Cl1E—

C1E' 

3.4 (8) 

N1A—N2A—C3A—

C4A 

-0.1 (5) Cl4E—C1E—Cl1E—

C1E' 

-62.2 (11) 

N2A—C3A—C4A—

C5A 

0.6 (6) Cl3E—C1E—Cl1E—

C1E' 

7.8 (12) 

N2A—N1A—C5A—

C4A 

0.8 (5) C1E'—C1E—Cl2E—

Cl2' 

141.6 (12) 

C6A—N1A—C5A—

C4A 

-179.6 (4) Cl1E—C1E—Cl2E—

Cl2' 

137.4 (11) 

C3A—C4A—C5A—

N1A 

-0.8 (6) Cl4E—C1E—Cl2E—

Cl2' 

172.4 (11) 

C2—N1—C6B—N1B -107.7 (4) Cl3E—C1E—Cl2E—

Cl2' 

136.1 (9) 

C5—N1—C6B—N1B 75.6 (4) Cl2'—C1E—Cl2E—

C1E' 

-141.6 (12) 

N1—C6B—N1B—

C5B 

107.0 (4) Cl1E—C1E—Cl2E—

C1E' 

-4.2 (10) 

N1—C6B—N1B—

N2B 

-73.7 (4) Cl4E—C1E—Cl2E—

C1E' 

30.9 (11) 

C5B—N1B—N2B—

C3B 

0.1 (4) Cl3E—C1E—Cl2E—

C1E' 

-5.4 (9) 

C6B—N1B—N2B— -179.3 (3) C1E'—Cl2E—Cl2'— 34.1 (11) 
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C3B C1E 

N1B—N2B—C3B—

C4B 

-0.3 (4) C1E—Cl2E—Cl2'—

C1E' 

-34.1 (11) 

N2B—C3B—C4B—

C5B 

0.3 (5) C1E'—C1E—Cl2'—

Cl2E 

-28.0 (9) 

N2B—N1B—C5B—

C4B 

0.1 (5) Cl1E—C1E—Cl2'—

Cl2E 

-60.3 (14) 

C6B—N1B—C5B—

C4B 

179.4 (3) Cl4E—C1E—Cl2'—

Cl2E 

-9.4 (14) 

C3B—C4B—C5B—

N1B 

-0.2 (5) Cl3E—C1E—Cl2'—

Cl2E 

-52.0 (10) 

C5'—N1'—C2'—N3' 0.4 (4) Cl2E—C1E—Cl2'—

C1E' 

28.0 (9) 

C6B'—N1'—C2'—N3' -172.5 (3) Cl1E—C1E—Cl2'—

C1E' 

-32.2 (12) 

C5'—N1'—C2'—Ir1 -168.6 (2) Cl4E—C1E—Cl2'—

C1E' 

18.7 (12) 

C6B'—N1'—C2'—Ir1 18.5 (5) Cl3E—C1E—Cl2'—

C1E' 

-23.9 (9) 

C2—Ir1—C2'—N1' -82.5 (3) Cl2'—Cl2E—C1E'—

Cl3E 

-16 (3) 

C6C—Ir1—C2'—N1' 71.1 (3) C1E—Cl2E—C1E'—

Cl3E 

14 (2) 

C2C—Ir1—C2'—N1' 170.5 (3) Cl2'—Cl2E—C1E'—

Cl4E 

-77.2 (17) 

C5C—Ir1—C2'—N1' 108.3 (3) C1E—Cl2E—C1E'—

Cl4E 

-47.4 (15) 

C1C—Ir1—C2'—N1' 32.0 (6) Cl2'—Cl2E—C1E'—

C1E 

-29.7 (9) 
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C2—Ir1—C2'—N3' 111.0 (3) C1E—Cl2E—C1E'—

Cl2' 

29.7 (9) 

C6C—Ir1—C2'—N3' -95.4 (3) Cl2'—Cl2E—C1E'—

Cl1E 

-24.7 (18) 

C2C—Ir1—C2'—N3' 4.0 (5) C1E—Cl2E—C1E'—

Cl1E 

5.1 (12) 

C5C—Ir1—C2'—N3' -58.2 (3) Cl2'—C1E—C1E'—

Cl2E 

20.7 (6) 

C1C—Ir1—C2'—N3' -134.5 (4) Cl1E—C1E—C1E'—

Cl2E 

175.8 (10) 

N1'—C2'—N3'—C4' -0.3 (4) Cl4E—C1E—C1E'—

Cl2E 

-140.6 (13) 

Ir1—C2'—N3'—C4' 168.9 (2) Cl3E—C1E—C1E'—

Cl2E 

172.9 (12) 

N1'—C2'—N3'—C6A' 174.8 (3) Cl2'—C1E—C1E'—

Cl3E 

-152.1 (9) 

Ir1—C2'—N3'—C6A' -15.9 (5) Cl2E—C1E—C1E'—

Cl3E 

-172.9 (12) 

C2'—N3'—C4'—C5' 0.2 (4) Cl1E—C1E—C1E'—

Cl3E 

2.9 (4) 

C6A'—N3'—C4'—C5' -175.0 (3) Cl4E—C1E—C1E'—

Cl3E 

46.5 (8) 

N3'—C4'—C5'—N1' 0.0 (4) Cl2'—C1E—C1E'—

Cl4E 

161.3 (12) 

C2'—N1'—C5'—C4' -0.2 (4) Cl2E—C1E—C1E'—

Cl4E 

140.6 (13) 

C6B'—N1'—C5'—C4' 172.6 (3) Cl1E—C1E—C1E'—

Cl4E 

-43.6 (8) 

C2'—N3'—C6A'— -105.3 (4) Cl3E—C1E—C1E'— -46.5 (8) 
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N1A' Cl4E 

C4'—N3'—C6A'—

N1A' 

69.3 (4) Cl2E—C1E—C1E'—

Cl2' 

-20.7 (7) 

N3'—C6A'—N1A'—

C5A' 

-166.9 (4) Cl1E—C1E—C1E'—

Cl2' 

155.0 (9) 

N3'—C6A'—N1A'—

N2A' 

12.8 (5) Cl4E—C1E—C1E'—

Cl2' 

-161.3 (12) 

C5A'—N1A'—N2A'—

C3A' 

0.1 (5) Cl3E—C1E—C1E'—

Cl2' 

152.1 (10) 

C6A'—N1A'—N2A'—

C3A' 

-179.6 (3) Cl2'—C1E—C1E'—

Cl1E 

-155.0 (9) 

N1A'—N2A'—C3A'—

C4A' 

-0.2 (5) Cl2E—C1E—C1E'—

Cl1E 

-175.8 (10) 

N2A'—C3A'—C4A'—

C5A' 

0.2 (6) Cl4E—C1E—C1E'—

Cl1E 

43.6 (8) 

N2A'—N1A'—C5A'—

C4A' 

0.1 (6) Cl3E—C1E—C1E'—

Cl1E 

-2.9 (4) 

C6A'—N1A'—C5A'—

C4A' 

179.8 (4) C1E—Cl2'—C1E'—

Cl2E 

-139.2 (13) 

C3A'—C4A'—C5A'—

N1A' 

-0.2 (6) Cl2E—Cl2'—C1E'—

Cl3E 

170.8 (17) 

C2'—N1'—C6B'—

N1B' 

-131.9 (3) C1E—Cl2'—C1E'—

Cl3E 

31.6 (11) 

C5'—N1'—C6B'—

N1B' 

56.1 (5) Cl2E—Cl2'—C1E'—

Cl4E 

119.9 (16) 

N1'—C6B'—N1B'—

C5B' 

-102.0 (4) C1E—Cl2'—C1E'—

Cl4E 

-19.3 (12) 

N1'—C6B'—N1B'—

N2B' 

79.2 (5) Cl2E—Cl2'—C1E'—

C1E 

139.2 (13) 
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C5B'—N1B'—N2B'—

C3B' 

0.5 (6) Cl2E—Cl2'—C1E'—

Cl1E 

161.6 (14) 

C6B'—N1B'—N2B'—

C3B' 

179.5 (4) C1E—Cl2'—C1E'—

Cl1E 

22.4 (9) 

N1B'—N2B'—C3B'—

C4B' 

0.3 (7) Cl3E—Cl1E—C1E'—

Cl2E 

165 (2) 

N2B'—C3B'—C4B'—

C5B' 

-0.9 (7) Cl4E—Cl1E—C1E'—

Cl2E 

-98 (2) 

N2B'—N1B'—C5B'—

C4B' 

-1.0 (5) C1E—Cl1E—C1E'—

Cl2E 

-5.5 (13) 

C6B'—N1B'—C5B'—

C4B' 

-179.9 (4) Cl4E—Cl1E—C1E'—

Cl3E 

96.5 (14) 

C3B'—C4B'—C5B'—

N1B' 

1.1 (6) C1E—Cl1E—C1E'—

Cl3E 

-170.6 (14) 

C2'—Ir1—C1C—C2C 153.2 (4) Cl3E—Cl1E—C1E'—

Cl4E 

-96.5 (14) 

C2—Ir1—C1C—C2C -91.4 (2) C1E—Cl1E—C1E'—

Cl4E 

92.9 (13) 

C6C—Ir1—C1C—

C2C 

113.5 (2) Cl3E—Cl1E—C1E'—

C1E 

170.6 (14) 

C5C—Ir1—C1C—

C2C 

76.9 (2) Cl4E—Cl1E—C1E'—

C1E 

-92.9 (13) 

C2'—Ir1—C1C—C8C 33.2 (6) Cl3E—Cl1E—C1E'—

Cl2' 

152.3 (14) 

C2—Ir1—C1C—C8C 148.7 (3) Cl4E—Cl1E—C1E'—

Cl2' 

-111.2 (14) 

C6C—Ir1—C1C—

C8C 

-6.4 (3) C1E—Cl1E—C1E'—

Cl2' 

-18.3 (7) 

C2C—Ir1—C1C— -119.9 (4) C1E—Cl1E—Cl3E— 68.3 (10) 
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C8C Cl4E 

C5C—Ir1—C1C—

C8C 

-43.1 (3) C1E'—Cl1E—Cl3E—

Cl4E 

60.4 (11) 

C8C—C1C—C2C—

C3C 

1.4 (5) Cl4E—Cl1E—Cl3E—

C1E' 

-60.4 (11) 

Ir1—C1C—C2C—

C3C 

-101.7 (3) C1E—Cl1E—Cl3E—

C1E' 

7.9 (12) 

C8C—C1C—C2C—

Ir1 

103.1 (3) Cl4E—Cl1E—Cl3E—

C1E 

-68.3 (10) 

C2'—Ir1—C2C—C1C -163.1 (3) C1E'—Cl1E—Cl3E—

C1E 

-7.9 (12) 

C2—Ir1—C2C—C1C 88.6 (2) Cl2E—C1E'—Cl3E—

Cl1E 

-22 (3) 

C6C—Ir1—C2C—

C1C 

-65.7 (2) Cl4E—C1E'—Cl3E—

Cl1E 

65.2 (13) 

C5C—Ir1—C2C—

C1C 

-99.4 (2) C1E—C1E'—Cl3E—

Cl1E 

-8.4 (13) 

C2'—Ir1—C2C—C3C -41.1 (4) Cl2'—C1E'—Cl3E—

Cl1E 

-31.1 (16) 

C2—Ir1—C2C—C3C -149.5 (3) Cl2E—C1E'—Cl3E—

Cl4E 

-87 (3) 

C6C—Ir1—C2C—

C3C 

56.2 (3) C1E—C1E'—Cl3E—

Cl4E 

-73.6 (12) 

C5C—Ir1—C2C—

C3C 

22.5 (3) Cl2'—C1E'—Cl3E—

Cl4E 

-96.3 (14) 

C1C—Ir1—C2C—

C3C 

122.0 (4) Cl1E—C1E'—Cl3E—

Cl4E 

-65.2 (13) 

C1C—C2C—C3C—

C4C 

44.8 (5) Cl2E—C1E'—Cl3E—

C1E 

-13 (2) 
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Ir1—C2C—C3C—

C4C 

-37.1 (4) Cl4E—C1E'—Cl3E—

C1E 

73.6 (12) 

C2C—C3C—C4C—

C5C 

33.3 (5) Cl2'—C1E'—Cl3E—

C1E 

-22.7 (8) 

C3C—C4C—C5C—

C6C 

-93.0 (4) Cl1E—C1E'—Cl3E—

C1E 

8.4 (13) 

C3C—C4C—C5C—

Ir1 

-12.6 (4) Cl2'—C1E—Cl3E—

Cl1E 

-158.3 (15) 

C2'—Ir1—C5C—C6C -87.5 (2) C1E'—C1E—Cl3E—

Cl1E 

170.6 (14) 

C2—Ir1—C5C—C6C 156.2 (5) Cl2E—C1E—Cl3E—

Cl1E 

175.8 (12) 

C2C—Ir1—C5C—

C6C 

114.2 (2) Cl4E—C1E—Cl3E—

Cl1E 

88.9 (13) 

C1C—Ir1—C5C—

C6C 

77.5 (2) Cl2'—C1E—Cl3E—

Cl4E 

112.8 (15) 

C2'—Ir1—C5C—C4C 152.7 (3) C1E'—C1E—Cl3E—

Cl4E 

81.6 (13) 

C2—Ir1—C5C—C4C 36.4 (7) Cl2E—C1E—Cl3E—

Cl4E 

86.9 (12) 

C6C—Ir1—C5C—

C4C 

-119.8 (4) Cl1E—C1E—Cl3E—

Cl4E 

-88.9 (13) 

C2C—Ir1—C5C—

C4C 

-5.6 (3) Cl2'—C1E—Cl3E—

C1E' 

31.1 (11) 

C1C—Ir1—C5C—

C4C 

-42.3 (3) Cl2E—C1E—Cl3E—

C1E' 

5.2 (9) 

C4C—C5C—C6C—

C7C 

2.9 (6) Cl1E—C1E—Cl3E—

C1E' 

-170.6 (14) 

Ir1—C5C—C6C— -100.7 (4) Cl4E—C1E—Cl3E— -81.6 (13) 
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C7C C1E' 

C4C—C5C—C6C—

Ir1 

103.7 (3) C1E—Cl1E—Cl4E—

Cl3E 

-111.5 (10) 

C2'—Ir1—C6C—C5C 90.9 (2) C1E'—Cl1E—Cl4E—

Cl3E 

-54.9 (11) 

C2—Ir1—C6C—C5C -169.2 (2) Cl3E—Cl1E—Cl4E—

C1E' 

54.9 (11) 

C2C—Ir1—C6C—

C5C 

-64.9 (2) C1E—Cl1E—Cl4E—

C1E' 

-56.6 (9) 

C1C—Ir1—C6C—

C5C 

-98.9 (2) Cl3E—Cl1E—Cl4E—

C1E 

111.5 (10) 

C2'—Ir1—C6C—C7C -146.6 (3) C1E'—Cl1E—Cl4E—

C1E 

56.6 (9) 

C2—Ir1—C6C—C7C -46.7 (4) Cl3E—Cl1E—Cl4E—

Cl4Ei 

-95 (3) 

C2C—Ir1—C6C—

C7C 

57.6 (3) C1E—Cl1E—Cl4E—

Cl4Ei 

153 (3) 

C5C—Ir1—C6C—

C7C 

122.5 (4) C1E'—Cl1E—Cl4E—

Cl4Ei 

-150 (3) 

C1C—Ir1—C6C—

C7C 

23.6 (3) C1E'—Cl3E—Cl4E—

Cl1E 

117.9 (12) 

C5C—C6C—C7C—

C8C 

43.3 (5) C1E—Cl3E—Cl4E—

Cl1E 

60.7 (10) 

Ir1—C6C—C7C—

C8C 

-38.2 (4) Cl1E—Cl3E—Cl4E—

C1E' 

-117.9 (12) 

C2C—C1C—C8C—

C7C 

-92.2 (4) C1E—Cl3E—Cl4E—

C1E' 

-57.2 (9) 

Ir1—C1C—C8C—

C7C 

-12.2 (4) Cl1E—Cl3E—Cl4E—

C1E 

-60.7 (10) 
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C6C—C7C—C8C—

C1C 

34.0 (5) C1E'—Cl3E—Cl4E—

C1E 

57.2 (9) 

C41D—B1D—

C11D—C12D 

-97.2 (3) Cl1E—Cl3E—Cl4E—

Cl4Ei 

114 (3) 

C31D—B1D—

C11D—C12D 

25.0 (4) C1E'—Cl3E—Cl4E—

Cl4Ei 

-128 (3) 

C21D—B1D—

C11D—C12D 

144.1 (3) C1E—Cl3E—Cl4E—

Cl4Ei 

175 (3) 

C41D—B1D—

C11D—C16D 

79.9 (4) Cl2E—C1E'—Cl4E—

Cl1E 

116.3 (17) 

C31D—B1D—

C11D—C16D 

-157.9 (3) Cl3E—C1E'—Cl4E—

Cl1E 

-24.8 (5) 

C21D—B1D—

C11D—C16D 

-38.8 (4) C1E—C1E'—Cl4E—

Cl1E 

68.3 (10) 

C16D—C11D—

C12D—C13D 

2.2 (5) Cl2'—C1E'—Cl4E—

Cl1E 

82.9 (13) 

B1D—C11D—

C12D—C13D 

179.4 (3) Cl2E—C1E'—Cl4E—

Cl3E 

141.1 (17) 

C11D—C12D—

C13D—C14D 

-1.5 (6) C1E—C1E'—Cl4E—

Cl3E 

93.2 (11) 

C12D—C13D—

C14D—C15D 

-0.4 (6) Cl2'—C1E'—Cl4E—

Cl3E 

107.8 (13) 

C13D—C14D—

C15D—C16D 

1.5 (7) Cl1E—C1E'—Cl4E—

Cl3E 

24.8 (5) 

C14D—C15D—

C16D—C11D 

-0.8 (7) Cl2E—C1E'—Cl4E—

C1E 

48.0 (15) 

C12D—C11D—

C16D—C15D 

-1.0 (6) Cl3E—C1E'—Cl4E—

C1E 

-93.2 (11) 

B1D—C11D— -178.4 (4) Cl2'—C1E'—Cl4E— 14.6 (9) 
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C16D—C15D C1E 

C41D—B1D—

C21D—C26D 

154.1 (3) Cl1E—C1E'—Cl4E—

C1E 

-68.3 (10) 

C31D—B1D—

C21D—C26D 

33.4 (4) Cl2E—C1E'—Cl4E—

Cl4Ei 

-91 (3) 

C11D—B1D—

C21D—C26D 

-87.0 (3) Cl3E—C1E'—Cl4E—

Cl4Ei 

128 (3) 

C41D—B1D—

C21D—C22D 

-32.7 (4) C1E—C1E'—Cl4E—

Cl4Ei 

-139 (2) 

C31D—B1D—

C21D—C22D 

-153.5 (3) Cl2'—C1E'—Cl4E—

Cl4Ei 

-124 (2) 

C11D—B1D—

C21D—C22D 

86.1 (3) Cl1E—C1E'—Cl4E—

Cl4Ei 

153 (3) 

C26D—C21D—

C22D—C23D 

2.3 (5) Cl2'—C1E—Cl4E—

Cl1E 

-117.4 (14) 

B1D—C21D—

C22D—C23D 

-171.4 (3) C1E'—C1E—Cl4E—

Cl1E 

-94.9 (13) 

C21D—C22D—

C23D—C24D 

-1.3 (5) Cl2E—C1E—Cl4E—

Cl1E 

-122.6 (10) 

C22D—C23D—

C24D—C25D 

-0.7 (5) Cl3E—C1E—Cl4E—

Cl1E 

-26.4 (5) 

C23D—C24D—

C25D—C26D 

1.7 (5) Cl2'—C1E—Cl4E—

Cl3E 

-91.0 (15) 

C24D—C25D—

C26D—C21D 

-0.6 (5) C1E'—C1E—Cl4E—

Cl3E 

-68.5 (12) 

C22D—C21D—

C26D—C25D 

-1.3 (5) Cl2E—C1E—Cl4E—

Cl3E 

-96.2 (10) 

B1D—C21D—

C26D—C25D 

172.2 (3) Cl1E—C1E—Cl4E—

Cl3E 

26.4 (5) 



Appendix  

 

 240 

C41D—B1D—

C31D—C36D 

-20.3 (4) Cl2'—C1E—Cl4E—

C1E' 

-22.6 (14) 

C11D—B1D—

C31D—C36D 

-142.2 (3) Cl2E—C1E—Cl4E—

C1E' 

-27.7 (10) 

C21D—B1D—

C31D—C36D 

99.9 (3) Cl1E—C1E—Cl4E—

C1E' 

94.9 (13) 

C41D—B1D—

C31D—C32D 

162.6 (3) Cl3E—C1E—Cl4E—

C1E' 

68.5 (12) 

C11D—B1D—

C31D—C32D 

40.8 (4) Cl2'—C1E—Cl4E—

Cl4Ei 

96 (3) 

C21D—B1D—

C31D—C32D 

-77.2 (3) C1E'—C1E—Cl4E—

Cl4Ei 

118 (3) 

C36D—C31D—

C32D—C33D 

0.5 (5) Cl2E—C1E—Cl4E—

Cl4Ei 

91 (3) 

B1D—C31D—

C32D—C33D 

177.9 (3) Cl1E—C1E—Cl4E—

Cl4Ei 

-147 (3) 

C31D—C32D—

C33D—C34D 

-0.4 (5) Cl3E—C1E—Cl4E—

Cl4Ei 

-173 (4) 

Symmetry code(s):  (i) -x+1, -y+1, -z+1. 
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Rh(NCNEt)(COD)]BPh4 (2.9) 

 

 

Table 1. Experimental details 

Crystal data 

Chemical formula C45H48BN6Rh 

Mr 786.61 

Crystal system, space group Monoclinic, P21 

Temperature (K) 180 

a, b, c (Å) 11.6656 (3), 11.3435 (3), 14.6475 (4) 

b (°) 97.391 (1) 

V (Å3) 1922.18 (9) 

Z 2 

Radiation type Mo Ka 

m (mm-1) 0.49 

Crystal size (mm) 0.36 × 0.17 × 0.09 

Data collection 

Diffractometer Bruker kappa APEXII CCD 

Diffractometer 
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Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.846, 0.960 

No. of measured, independent and 

observed [I > 2s(I)] reflections 

14078, 6146, 5963   

Rint 0.026 

(sin q/l)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.021,  0.055,  1.04 

No. of reflections 6146 

No. of parameters 478 

No. of restraints 1 

H-atom treatment H-atom parameters constrained 

Dρmax, Dρmin (e Å-3) 0.33, -0.22 

Absolute structure Flack H D (1983), Acta Cryst. A39, 

876-881 

Flack parameter -0.017 (16) 

Computer programs: APEX2 (Bruker, 2007), SHELXS-97 (Sheldrick, 2008), SHELXL-97 (Sheldrick, 

2008), SHELXTL-Plus (Sheldrick, 2008). 

       

 

 

Table 2. Selected geometric parameters (Å, º) 

Rh1—C2 2.037 (2) C6C—C7C 1.526 (4) 

Rh1—N2A 2.089 (2) C6C—H6C 0.9500 

Rh1—C1C 2.122 (2) C7C—C8C 1.530 (4) 

Rh1—C2C 2.159 (2) C7C—H7C1 0.9900 
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Rh1—C5C 2.179 (2) C7C—H7C2 0.9900 

Rh1—C6C 2.213 (3) C8C—H8C1 0.9900 

N1—C2 1.361 (3) C8C—H8C2 0.9900 

N1—C5 1.388 (3) B1—C21D 1.643 (4) 

N1—C7B 1.456 (4) B1—C31D 1.655 (4) 

C2—N3 1.350 (3) B1—C41D 1.658 (3) 

N3—C4 1.390 (3) B1—C11D 1.667 (3) 

N3—C7A 1.460 (4) C11D—C12D 1.395 (4) 

C4—C5 1.326 (4) C11D—C16D 1.397 (4) 

C4—H4 0.9500 C12D—C13D 1.391 (4) 

C5—H5 0.9500 C12D—H12D 0.9500 

N1A—C5A 1.343 (3) C13D—C14D 1.371 (4) 

N1A—N2A 1.352 (3) C13D—H13D 0.9500 

N1A—C6A 1.466 (3) C14D—C15D 1.376 (4) 

N2A—C3A 1.341 (3) C14D—H14D 0.9500 

C3A—C4A 1.377 (4) C15D—C16D 1.389 (4) 

C3A—H3A 0.9500 C15D—H15D 0.9500 

C4A—C5A 1.370 (4) C16D—H16D 0.9500 

C4A—H4A 0.9500 C21D—C22D 1.392 (4) 

C5A—H5A 0.9500 C21D—C26D 1.413 (4) 

C6A—C7A 1.502 (4) C22D—C23D 1.387 (4) 

C6A—H6A1 0.9900 C22D—H22D 0.9500 

C6A—H6A2 0.9900 C23D—C24D 1.383 (4) 

C7A—H7A1 0.9900 C23D—H23D 0.9500 

C7A—H7A2 0.9900 C24D—C25D 1.381 (4) 

N1B—C5B 1.333 (4) C24D—H24D 0.9500 
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N1B—N2B 1.347 (3) C25D—C26D 1.382 (4) 

N1B—C6B 1.458 (4) C25D—H25D 0.9500 

N2B—C3B 1.340 (5) C26D—H26D 0.9500 

C3B—C4B 1.377 (5) C31D—C32D 1.399 (4) 

C3B—H3B 0.9500 C31D—C36D 1.411 (4) 

C4B—C5B 1.366 (4) C32D—C33D 1.382 (4) 

C4B—H4B 0.9500 C32D—H32D 0.9500 

C5B—H5B 0.9500 C33D—C34D 1.370 (5) 

C6B—C7B 1.519 (4) C33D—H33D 0.9500 

C6B—H6B1 0.9900 C34D—C35D 1.376 (4) 

C6B—H6B2 0.9900 C34D—H34D 0.9500 

C7B—H7B1 0.9900 C35D—C36D 1.383 (4) 

C7B—H7B2 0.9900 C35D—H35D 0.9500 

C1C—C2C 1.389 (4) C36D—H36D 0.9500 

C1C—C8C 1.501 (4) C41D—C46D 1.393 (4) 

C1C—H1C 0.9500 C41D—C42D 1.392 (4) 

C2C—C3C 1.519 (3) C42D—C43D 1.396 (4) 

C2C—H2C 0.9500 C42D—H42D 0.9500 

C3C—C4C 1.521 (4) C43D—C44D 1.379 (5) 

C3C—H3C1 0.9900 C43D—H43D 0.9500 

C3C—H3C2 0.9900 C44D—C45D 1.368 (4) 

C4C—C5C 1.516 (4) C44D—H44D 0.9500 

C4C—H4C1 0.9900 C45D—C46D 1.390 (4) 

C4C—H4C2 0.9900 C45D—H45D 0.9500 

C5C—C6C 1.358 (4) C46D—H46D 0.9500 

C5C—H5C 0.9500   
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C2—Rh1—N2A 85.37 (8) C3C—C4C—

H4C2 

108.8 

C2—Rh1—C1C 94.44 (9) H4C1—C4C—

H4C2 

107.7 

N2A—Rh1—C1C 147.90 (9) C6C—C5C—C4C 126.0 (3) 

C2—Rh1—C2C 95.82 (9) C6C—C5C—Rh1 73.38 (15) 

N2A—Rh1—C2C 174.11 (8) C4C—C5C—Rh1 108.06 (17) 

C1C—Rh1—C2C 37.86 (9) C6C—C5C—H5C 117.0 

C2—Rh1—C5C 157.65 (10) C4C—C5C—H5C 117.0 

N2A—Rh1—C5C 94.76 (9) Rh1—C5C—H5C 88.5 

C1C—Rh1—C5C 97.08 (9) C5C—C6C—C7C 123.8 (3) 

C2C—Rh1—C5C 81.94 (9) C5C—C6C—Rh1 70.62 (15) 

C2—Rh1—C6C 166.05 (10) C7C—C6C—Rh1 110.75 (19) 

N2A—Rh1—C6C 90.68 (9) C5C—C6C—H6C 118.1 

C1C—Rh1—C6C 81.84 (10) C7C—C6C—H6C 118.1 

C2C—Rh1—C6C 89.48 (10) Rh1—C6C—H6C 88.6 

C5C—Rh1—C6C 36.00 (11) C6C—C7C—C8C 111.0 (3) 

C2—N1—C5 111.0 (2) C6C—C7C—

H7C1 

109.4 

C2—N1—C7B 124.9 (2) C8C—C7C—

H7C1 

109.4 

C5—N1—C7B 122.8 (2) C6C—C7C—

H7C2 

109.4 

N3—C2—N1 104.0 (2) C8C—C7C—

H7C2 

109.4 

N3—C2—Rh1 128.20 (18) H7C1—C7C— 108.0 
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H7C2 

N1—C2—Rh1 127.43 (18) C1C—C8C—C7C 114.6 (2) 

C2—N3—C4 111.1 (2) C1C—C8C—

H8C1 

108.6 

C2—N3—C7A 127.2 (2) C7C—C8C—

H8C1 

108.6 

C4—N3—C7A 121.6 (2) C1C—C8C—

H8C2 

108.6 

C5—C4—N3 107.1 (2) C7C—C8C—

H8C2 

108.6 

C5—C4—H4 126.5 H8C1—C8C—

H8C2 

107.6 

N3—C4—H4 126.5 C21D—B1—

C31D 

110.34 (18) 

C4—C5—N1 106.8 (2) C21D—B1—

C41D 

109.2 (2) 

C4—C5—H5 126.6 C31D—B1—

C41D 

109.4 (2) 

N1—C5—H5 126.6 C21D—B1—

C11D 

109.4 (2) 

C5A—N1A—N2A 110.8 (2) C31D—B1—

C11D 

111.3 (2) 

C5A—N1A—C6A 130.4 (2) C41D—B1—

C11D 

107.18 (17) 

N2A—N1A—C6A 118.5 (2) C12D—C11D—

C16D 

113.9 (2) 

C3A—N2A—N1A 105.6 (2) C12D—C11D—

B1 

123.3 (3) 

C3A—N2A—Rh1 135.83 (18) C16D—C11D— 122.7 (2) 



Appendix  

 

 247 

B1 

N1A—N2A—Rh1 117.44 (15) C13D—C12D—

C11D 

123.1 (2) 

N2A—C3A—C4A 110.5 (2) C13D—C12D—

H12D 

118.4 

N2A—C3A—H3A 124.8 C11D—C12D—

H12D 

118.4 

C4A—C3A—H3A 124.8 C14D—C13D—

C12D 

120.6 (2) 

C5A—C4A—C3A 105.7 (2) C14D—C13D—

H13D 

119.7 

C5A—C4A—H4A 127.2 C12D—C13D—

H13D 

119.7 

C3A—C4A—H4A 127.2 C13D—C14D—

C15D 

118.6 (2) 

N1A—C5A—C4A 107.4 (2) C13D—C14D—

H14D 

120.7 

N1A—C5A—H5A 126.3 C15D—C14D—

H14D 

120.7 

C4A—C5A—H5A 126.3 C14D—C15D—

C16D 

119.9 (2) 

N1A—C6A—C7A 115.6 (2) C14D—C15D—

H15D 

120.0 

N1A—C6A—

H6A1 

108.4 C16D—C15D—

H15D 

120.0 

C7A—C6A—

H6A1 

108.4 C15D—C16D—

C11D 

123.7 (2) 

N1A—C6A—

H6A2 

108.4 C15D—C16D—

H16D 

118.1 
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C7A—C6A—

H6A2 

108.4 C11D—C16D—

H16D 

118.1 

H6A1—C6A—

H6A2 

107.4 C22D—C21D—

C26D 

114.5 (2) 

N3—C7A—C6A 114.8 (2) C22D—C21D—

B1 

124.0 (2) 

N3—C7A—H7A1 108.6 C26D—C21D—

B1 

121.5 (2) 

C6A—C7A—

H7A1 

108.6 C23D—C22D—

C21D 

123.4 (2) 

N3—C7A—H7A2 108.6 C23D—C22D—

H22D 

118.3 

C6A—C7A—

H7A2 

108.6 C21D—C22D—

H22D 

118.3 

H7A1—C7A—

H7A2 

107.5 C24D—C23D—

C22D 

120.1 (3) 

C5B—N1B—N2B 112.4 (3) C24D—C23D—

H23D 

120.0 

C5B—N1B—C6B 127.2 (3) C22D—C23D—

H23D 

120.0 

N2B—N1B—C6B 119.8 (3) C25D—C24D—

C23D 

118.7 (2) 

C3B—N2B—N1B 102.8 (3) C25D—C24D—

H24D 

120.6 

N2B—C3B—C4B 113.3 (3) C23D—C24D—

H24D 

120.6 

N2B—C3B—H3B 123.4 C24D—C25D—

C26D 

120.4 (2) 

C4B—C3B—H3B 123.4 C24D—C25D— 119.8 
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H25D 

C5B—C4B—C3B 103.6 (3) C26D—C25D—

H25D 

119.8 

C5B—C4B—H4B 128.2 C25D—C26D—

C21D 

122.9 (2) 

C3B—C4B—H4B 128.2 C25D—C26D—

H26D 

118.6 

N1B—C5B—C4B 107.9 (3) C21D—C26D—

H26D 

118.6 

N1B—C5B—H5B 126.0 C32D—C31D—

C36D 

113.2 (2) 

C4B—C5B—H5B 126.0 C32D—C31D—

B1 

123.6 (2) 

N1B—C6B—C7B 111.9 (2) C36D—C31D—

B1 

123.1 (2) 

N1B—C6B—

H6B1 

109.2 C33D—C32D—

C31D 

123.5 (3) 

C7B—C6B—

H6B1 

109.2 C33D—C32D—

H32D 

118.2 

N1B—C6B—

H6B2 

109.2 C31D—C32D—

H32D 

118.2 

C7B—C6B—

H6B2 

109.2 C34D—C33D—

C32D 

120.9 (3) 

H6B1—C6B—

H6B2 

107.9 C34D—C33D—

H33D 

119.6 

N1—C7B—C6B 111.2 (2) C32D—C33D—

H33D 

119.6 

N1—C7B—H7B1 109.4 C33D—C34D—

C35D 

118.4 (3) 
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C6B—C7B—

H7B1 

109.4 C33D—C34D—

H34D 

120.8 

N1—C7B—H7B2 109.4 C35D—C34D—

H34D 

120.8 

C6B—C7B—

H7B2 

109.4 C34D—C35D—

C36D 

120.2 (3) 

H7B1—C7B—

H7B2 

108.0 C34D—C35D—

H35D 

119.9 

C2C—C1C—C8C 127.0 (2) C36D—C35D—

H35D 

119.9 

C2C—C1C—Rh1 72.52 (13) C35D—C36D—

C31D 

123.7 (3) 

C8C—C1C—Rh1 108.35 (17) C35D—C36D—

H36D 

118.1 

C2C—C1C—H1C 116.5 C31D—C36D—

H36D 

118.1 

C8C—C1C—H1C 116.5 C46D—C41D—

C42D 

115.2 (2) 

Rh1—C1C—H1C 89.1 C46D—C41D—

B1 

119.6 (2) 

C1C—C2C—C3C 124.0 (2) C42D—C41D—

B1 

125.1 (2) 

C1C—C2C—Rh1 69.62 (14) C41D—C42D—

C43D 

122.7 (3) 

C3C—C2C—Rh1 111.97 (15) C41D—C42D—

H42D 

118.7 

C1C—C2C—H2C 118.0 C43D—C42D—

H42D 

118.7 

C3C—C2C—H2C 118.0 C44D—C43D— 120.1 (3) 
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C42D 

Rh1—C2C—H2C 88.4 C44D—C43D—

H43D 

120.0 

C2C—C3C—C4C 113.6 (2) C42D—C43D—

H43D 

120.0 

C2C—C3C—

H3C1 

108.8 C45D—C44D—

C43D 

118.8 (3) 

C4C—C3C—

H3C1 

108.8 C45D—C44D—

H44D 

120.6 

C2C—C3C—

H3C2 

108.8 C43D—C44D—

H44D 

120.6 

C4C—C3C—

H3C2 

108.8 C44D—C45D—

C46D 

120.6 (3) 

H3C1—C3C—

H3C2 

107.7 C44D—C45D—

H45D 

119.7 

C5C—C4C—C3C 113.7 (2) C46D—C45D—

H45D 

119.7 

C5C—C4C—

H4C1 

108.8 C45D—C46D—

C41D 

122.7 (3) 

C3C—C4C—

H4C1 

108.8 C45D—C46D—

H46D 

118.7 

C5C—C4C—

H4C2 

108.8 C41D—C46D—

H46D 

118.7 

 

C5—N1—C2—N3 -0.2 (3) C3C—C4C—

C5C—C6C 

-46.3 (4) 

C7B—N1—C2—

N3 

-167.7 (2) C3C—C4C—

C5C—Rh1 

35.9 (3) 

C5—N1—C2— 172.88 (17) C2—Rh1—C5C— -174.0 (2) 
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Rh1 C6C 

C7B—N1—C2—

Rh1 

5.4 (4) N2A—Rh1—

C5C—C6C 

-84.58 (17) 

N2A—Rh1—C2—

N3 

60.3 (2) C1C—Rh1—

C5C—C6C 

65.53 (18) 

C1C—Rh1—C2—

N3 

-87.5 (2) C2C—Rh1—

C5C—C6C 

100.33 (17) 

C2C—Rh1—C2—

N3 

-125.5 (2) C2—Rh1—C5C—

C4C 

62.8 (3) 

C5C—Rh1—C2—

N3 

151.6 (2) N2A—Rh1—

C5C—C4C 

152.22 (18) 

C6C—Rh1—C2—

N3 

-13.6 (5) C1C—Rh1—

C5C—C4C 

-57.7 (2) 

N2A—Rh1—C2—

N1 

-111.1 (2) C2C—Rh1—

C5C—C4C 

-22.87 (18) 

C1C—Rh1—C2—

N1 

101.1 (2) C6C—Rh1—

C5C—C4C 

-123.2 (3) 

C2C—Rh1—C2—

N1 

63.1 (2) C4C—C5C—

C6C—C7C 

-2.0 (4) 

C5C—Rh1—C2—

N1 

-19.8 (4) Rh1—C5C—

C6C—C7C 

-102.5 (3) 

C6C—Rh1—C2—

N1 

175.0 (3) C4C—C5C—

C6C—Rh1 

100.5 (3) 

N1—C2—N3—C4 -0.5 (3) C2—Rh1—C6C—

C5C 

170.5 (4) 

Rh1—C2—N3—

C4 

-173.52 (17) N2A—Rh1—

C6C—C5C 

97.18 (17) 

N1—C2—N3—

C7A 

177.2 (2) C1C—Rh1—

C6C—C5C 

-114.15 (18) 
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Rh1—C2—N3—

C7A 

4.2 (4) C2C—Rh1—

C6C—C5C 

-76.93 (17) 

C2—N3—C4—C5 1.1 (3) C2—Rh1—C6C—

C7C 

-69.7 (5) 

C7A—N3—C4—

C5 

-176.8 (2) N2A—Rh1—

C6C—C7C 

-143.0 (2) 

N3—C4—C5—N1 -1.1 (3) C1C—Rh1—

C6C—C7C 

5.7 (2) 

C2—N1—C5—C4 0.8 (3) C2C—Rh1—

C6C—C7C 

42.9 (2) 

C7B—N1—C5—

C4 

168.7 (2) C5C—Rh1—

C6C—C7C 

119.8 (3) 

C5A—N1A—

N2A—C3A 

-0.4 (3) C5C—C6C—

C7C—C8C 

94.1 (3) 

C6A—N1A—

N2A—C3A 

173.5 (2) Rh1—C6C—

C7C—C8C 

14.1 (3) 

C5A—N1A—

N2A—Rh1 

169.58 (18) C2C—C1C—

C8C—C7C 

-40.7 (4) 

C6A—N1A—

N2A—Rh1 

-16.6 (3) Rh1—C1C—

C8C—C7C 

40.9 (3) 

C2—Rh1—N2A—

C3A 

109.9 (2) C6C—C7C—

C8C—C1C 

-36.8 (4) 

C1C—Rh1—

N2A—C3A 

-159.2 (2) C21D—B1—

C11D—C12D 

13.1 (3) 

C2C—Rh1—

N2A—C3A 

8.0 (9) C31D—B1—

C11D—C12D 

135.2 (3) 

C5C—Rh1—

N2A—C3A 

-47.7 (2) C41D—B1—

C11D—C12D 

-105.2 (3) 

C6C—Rh1— -83.5 (2) C21D—B1— -170.6 (2) 
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N2A—C3A C11D—C16D 

C2—Rh1—N2A—

N1A 

-56.17 (17) C31D—B1—

C11D—C16D 

-48.4 (3) 

C1C—Rh1—

N2A—N1A 

34.8 (3) C41D—B1—

C11D—C16D 

71.2 (3) 

C2C—Rh1—

N2A—N1A 

-158.1 (7) C16D—C11D—

C12D—C13D 

1.7 (4) 

C5C—Rh1—

N2A—N1A 

146.26 (17) B1—C11D—

C12D—C13D 

178.4 (2) 

C6C—Rh1—

N2A—N1A 

110.44 (18) C11D—C12D—

C13D—C14D 

-0.3 (4) 

N1A—N2A—

C3A—C4A 

0.4 (3) C12D—C13D—

C14D—C15D 

-0.8 (4) 

Rh1—N2A—

C3A—C4A 

-166.72 (19) C13D—C14D—

C15D—C16D 

0.3 (4) 

N2A—C3A—

C4A—C5A 

-0.3 (3) C14D—C15D—

C16D—C11D 

1.3 (4) 

N2A—N1A—

C5A—C4A 

0.2 (3) C12D—C11D—

C16D—C15D 

-2.2 (4) 

C6A—N1A—

C5A—C4A 

-172.7 (3) B1—C11D—

C16D—C15D 

-178.9 (2) 

C3A—C4A—

C5A—N1A 

0.1 (3) C31D—B1—

C21D—C22D 

114.9 (3) 

C5A—N1A—

C6A—C7A 

-92.6 (4) C41D—B1—

C21D—C22D 

-5.3 (3) 

N2A—N1A—

C6A—C7A 

94.9 (3) C11D—B1—

C21D—C22D 

-122.4 (3) 

C2—N3—C7A—

C6A 

-30.8 (4) C31D—B1—

C21D—C26D 

-67.0 (3) 
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C4—N3—C7A—

C6A 

146.7 (3) C41D—B1—

C21D—C26D 

172.7 (2) 

N1A—C6A—

C7A—N3 

-42.4 (4) C11D—B1—

C21D—C26D 

55.7 (3) 

C5B—N1B—

N2B—C3B 

-1.2 (3) C26D—C21D—

C22D—C23D 

0.5 (4) 

C6B—N1B—

N2B—C3B 

-173.6 (2) B1—C21D—

C22D—C23D 

178.7 (3) 

N1B—N2B—

C3B—C4B 

1.2 (3) C21D—C22D—

C23D—C24D 

-0.7 (4) 

N2B—C3B—

C4B—C5B 

-0.8 (4) C22D—C23D—

C24D—C25D 

0.4 (4) 

N2B—N1B—

C5B—C4B 

0.8 (3) C23D—C24D—

C25D—C26D 

0.1 (4) 

C6B—N1B—

C5B—C4B 

172.5 (3) C24D—C25D—

C26D—C21D 

-0.4 (4) 

C3B—C4B—

C5B—N1B 

0.0 (3) C22D—C21D—

C26D—C25D 

0.1 (4) 

C5B—N1B—

C6B—C7B 

-97.4 (3) B1—C21D—

C26D—C25D 

-178.2 (2) 

N2B—N1B—

C6B—C7B 

73.7 (3) C21D—B1—

C31D—C32D 

1.0 (4) 

C2—N1—C7B—

C6B 

76.3 (3) C41D—B1—

C31D—C32D 

121.1 (3) 

C5—N1—C7B—

C6B 

-89.8 (3) C11D—B1—

C31D—C32D 

-120.6 (3) 

N1B—C6B—

C7B—N1 

52.2 (3) C21D—B1—

C31D—C36D 

-174.8 (2) 

C2—Rh1—C1C— -93.77 (15) C41D—B1— -54.6 (3) 
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C2C C31D—C36D 

N2A—Rh1—

C1C—C2C 

177.86 (14) C11D—B1—

C31D—C36D 

63.6 (3) 

C5C—Rh1—

C1C—C2C 

67.04 (15) C36D—C31D—

C32D—C33D 

-0.2 (4) 

C6C—Rh1—

C1C—C2C 

99.75 (15) B1—C31D—

C32D—C33D 

-176.3 (3) 

C2—Rh1—C1C—

C8C 

142.17 (18) C31D—C32D—

C33D—C34D 

-2.7 (5) 

N2A—Rh1—

C1C—C8C 

53.8 (3) C32D—C33D—

C34D—C35D 

2.9 (5) 

C2C—Rh1—

C1C—C8C 

-124.1 (2) C33D—C34D—

C35D—C36D 

-0.4 (4) 

C5C—Rh1—

C1C—C8C 

-57.01 (19) C34D—C35D—

C36D—C31D 

-2.6 (5) 

C6C—Rh1—

C1C—C8C 

-24.30 (18) C32D—C31D—

C36D—C35D 

2.8 (4) 

C8C—C1C—

C2C—C3C 

-3.2 (4) B1—C31D—

C36D—C35D 

178.9 (3) 

Rh1—C1C—

C2C—C3C 

-103.4 (2) C21D—B1—

C41D—C46D 

-69.2 (3) 

C8C—C1C—

C2C—Rh1 

100.1 (2) C31D—B1—

C41D—C46D 

170.0 (2) 

C2—Rh1—C2C—

C1C 

89.75 (15) C11D—B1—

C41D—C46D 

49.2 (3) 

N2A—Rh1—

C2C—C1C 

-168.9 (7) C21D—B1—

C41D—C42D 

106.1 (3) 

C5C—Rh1—

C2C—C1C 

-112.65 (16) C31D—B1—

C41D—C42D 

-14.8 (3) 
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C6C—Rh1—

C2C—C1C 

-77.32 (15) C11D—B1—

C41D—C42D 

-135.6 (3) 

C2—Rh1—C2C—

C3C 

-150.70 (18) C46D—C41D—

C42D—C43D 

-0.5 (4) 

N2A—Rh1—

C2C—C3C 

-49.3 (9) B1—C41D—

C42D—C43D 

-175.9 (2) 

C1C—Rh1—

C2C—C3C 

119.6 (2) C41D—C42D—

C43D—C44D 

1.1 (4) 

C5C—Rh1—

C2C—C3C 

6.90 (18) C42D—C43D—

C44D—C45D 

-0.2 (4) 

C6C—Rh1—

C2C—C3C 

42.23 (19) C43D—C44D—

C45D—C46D 

-1.2 (4) 

C1C—C2C—

C3C—C4C 

90.5 (3) C44D—C45D—

C46D—C41D 

1.9 (4) 

Rh1—C2C—

C3C—C4C 

10.9 (3) C42D—C41D—

C46D—C45D 

-1.0 (4) 

C2C—C3C—

C4C—C5C 

-31.8 (3) B1—C41D—

C46D—C45D 

174.7 (2) 

 

 

 

 

[Rh(µ-NCNMe)CO]2(BPh4)2 (2.6) 
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Table 1. Experimental details 

Crystal data 

Chemical formula C72H64B2N12O2Rh2  

Mr 707.44 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 150 

a, b, c (Å) 12.6272 (4), 26.3368 (8), 22.9366 (7) 

b (°) 91.129 (1) 

V (Å3) 7626.3 (4) 

Z 8 

Radiation type Mo Ka 

m (mm-1) 0.48 

Crystal size (mm) 0.13 × 0.09 × 0.07 

Data collection 

Diffractometer Bruker kappa APEXII CCD 

Diffractometer 
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Absorption correction Multi-scan  

SADABS (Bruker, 2001) 

 Tmin, Tmax 0.939, 0.968 

No. of measured, independent and 

observed [I > 2s(I)] reflections 

80179, 13379, 6866   

Rint 0.115 

(sin q/l)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.065,  0.194,  1.03 

No. of reflections 13379 

No. of parameters 884 

No. of restraints 39 

H-atom treatment H-atom parameters constrained 

Dρmax, Dρmin (e Å-3) 0.75, -0.46 

Computer programs: APEX2 (Bruker, 2007), SHELXS-97 (Sheldrick, 2008), SHELXL-97 (Sheldrick, 

2008), SHELXTL-Plus (Sheldrick, 2008). 

       

 

 

Table 2. Selected geometric parameters (Å, º) 

Rh1—C1E 1.783 (8) C31C—C32C 1.377 (10) 

Rh1—C6B 1.975 (7) C31C—C36C 1.411 (10) 

Rh1—N1B 2.074 (5) C32C—C33C 1.380 (12) 

Rh1—N5A 2.098 (6) C32C—H32C 0.9500 

O1E—C1E 1.150 (8) C33C—C34C 1.381 (13) 

Rh2—C2E 1.808 (9) C33C—H33C 0.9500 

Rh2—C6A 1.992 (7) C34C—C35C 1.377 (12) 
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Rh2—N1A 2.100 (6) C34C—H34C 0.9500 

Rh2—N6B 2.103 (6) C35C—C36C 1.370 (11) 

O2E—C2E 1.135 (9) C35C—H35C 0.9500 

N1A—C5A 1.317 (9) C36C—H36C 0.9500 

N1A—N2A 1.352 (8) C41C—C42C 1.399 (9) 

N2A—C3A 1.307 (10) C41C—C46C 1.399 (9) 

N2A—C1M 1.436 (10) C42C—C43C 1.397 (10) 

N3A—C6A 1.350 (8) C42C—H42C 0.9500 

N3A—C7A 1.405 (9) C43C—C44C 1.383 (11) 

N3A—C1M 1.431 (9) C43C—H43C 0.9500 

N4A—C6A 1.370 (9) C44C—C45C 1.339 (10) 

N4A—C8A 1.383 (8) C44C—H44C 0.9500 

N4A—C2M 1.430 (9) C45C—C46C 1.422 (10) 

N5A—C11A 1.331 (9) C45C—H45C 0.9500 

N5A—N6A 1.366 (7) C46C—H46C 0.9500 

N6A—C9A 1.344 (9) B1D—C21D 1.640 (11) 

N6A—C2M 1.435 (9) B1D—C41D 1.650 (10) 

C3A—C4A 1.339 (12) B1D—C31D 1.650 (11) 

C3A—H3A 0.9500 B1D—C11D 1.670 (10) 

C4A—C5A 1.390 (11) C11D—C16D 1.397 (10) 

C4A—H4A 0.9500 C11D—C12D 1.426 (10) 

C5A—H5A 0.9500 C12D—C13D 1.373 (11) 

C7A—C8A 1.320 (11) C12D—H12D 0.9500 

C7A—H7A 0.9500 C13D—C14D 1.374 (12) 

C8A—H8A 0.9500 C13D—H13D 0.9500 

C9A—C10A 1.338 (12) C14D—C15D 1.354 (12) 
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C9A—H9A 0.9500 C14D—H14D 0.9500 

C10A—C11A 1.367 (12) C15D—C16D 1.386 (10) 

C10A—H10A 0.9500 C15D—H15D 0.9500 

C11A—H11A 0.9500 C16D—H16D 0.9500 

N1B—C5B 1.320 (8) C21D—C22D 1.396 (9) 

N1B—N2B 1.363 (7) C21D—C26D 1.400 (9) 

N2B—C3B 1.345 (9) C22D—C23D 1.397 (10) 

N2B—C1N 1.443 (8) C22D—H22D 0.9500 

N3B—C6B 1.368 (8) C23D—C24D 1.370 (10) 

N3B—C7B 1.389 (9) C23D—H23D 0.9500 

N3B—C1N 1.448 (8) C24D—C25D 1.362 (10) 

N4B—C6B 1.363 (8) C24D—H24D 0.9500 

N4B—C8B 1.401 (9) C25D—C26D 1.377 (9) 

N4B—C2N 1.442 (8) C25D—H25D 0.9500 

N5B—N6B 1.339 (7) C26D—H26D 0.9500 

N5B—C11B 1.347 (9) C31D—C36D 1.382 (10) 

N5B—C2N 1.440 (9) C31D—C32D 1.387 (10) 

N6B—C9B 1.288 (9) C32D—C33D 1.349 (11) 

C3B—C4B 1.361 (11) C32D—H32D 0.9500 

C3B—H3B 0.9500 C33D—C34D 1.371 (14) 

C4B—C5B 1.392 (10) C33D—H33D 0.9500 

C4B—H4B 0.9500 C34D—C35D 1.383 (14) 

C5B—H5B 0.9500 C34D—H34D 0.9500 

C7B—C8B 1.334 (10) C35D—C36D 1.416 (11) 

C7B—H7B 0.9500 C35D—H35D 0.9500 

C8B—H8B 0.9500 C36D—H36D 0.9500 
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C9B—C10B 1.397 (11) C41D—C46D 1.382 (9) 

C9B—H9B 0.9500 C41D—C42D 1.383 (10) 

C10B—C11B 1.350 (11) C42D—C43D 1.401 (10) 

C10B—H10B 0.9500 C42D—H42D 0.9500 

C11B—H11B 0.9500 C43D—C44D 1.370 (11) 

C1M—H1M1 0.9900 C43D—H43D 0.9500 

C1M—H1M2 0.9900 C44D—C45D 1.374 (12) 

C2M—H2M1 0.9900 C44D—H44D 0.9500 

C2M—H2M2 0.9900 C45D—C46D 1.362 (10) 

C1N—H1N1 0.9900 C45D—H45D 0.9500 

C1N—H1N2 0.9900 C46D—H46D 0.9500 

C2N—H2N1 0.9900 C1F—C2F 1.473 (9) 

C2N—H2N2 0.9900 C1F—H1F1 0.9800 

B1C—C31C 1.627 (11) C1F—H1F2 0.9800 

B1C—C21C 1.641 (10) C1F—H1F3 0.9800 

B1C—C41C 1.647 (10) C2F—O1F 1.195 (9) 

B1C—C11C 1.653 (10) C2F—C3F 1.477 (9) 

C11C—C16C 1.387 (10) C3F—H3F1 0.9800 

C11C—C12C 1.404 (10) C3F—H3F2 0.9800 

C12C—C13C 1.358 (10) C3F—H3F3 0.9800 

C12C—H12C 0.9500 C1G—C2G 1.475 (10) 

C13C—C14C 1.345 (12) C1G—H1G1 0.9800 

C13C—H13C 0.9500 C1G—H1G2 0.9800 

C14C—C15C 1.357 (12) C1G—H1G3 0.9800 

C14C—H14C 0.9500 C2G—O1G 1.189 (9) 

C15C—C16C 1.411 (11) C2G—C3G 1.479 (10) 
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C15C—H15C 0.9500 C3G—H3G1 0.9800 

C16C—H16C 0.9500 C3G—H3G2 0.9800 

C21C—C26C 1.384 (9) C3G—H3G3 0.9800 

C21C—C22C 1.413 (10) C2H—O1H 1.189 (9) 

C22C—C23C 1.399 (11) C2H—C3H 1.476 (10) 

C22C—H22C 0.9500 C2H—C1H 1.486 (10) 

C23C—C24C 1.356 (12) C3H—H3H1 0.9800 

C23C—H23C 0.9500 C3H—H3H2 0.9800 

C24C—C25C 1.338 (11) C3H—H3H3 0.9800 

C24C—H24C 0.9500 C1H—H1H1 0.9800 

C25C—C26C 1.404 (10) C1H—H1H2 0.9800 

C25C—H25C 0.9500 C1H—H1H3 0.9800 

C26C—H26C 0.9500   

 

C1E—Rh1—C6B 94.4 (3) C24C—C25C—

H25C 

120.0 

C1E—Rh1—N1B 176.5 (3) C26C—C25C—

H25C 

120.0 

C6B—Rh1—N1B 87.7 (3) C21C—C26C—

C25C 

124.0 (8) 

C1E—Rh1—N5A 92.3 (3) C21C—C26C—

H26C 

118.0 

C6B—Rh1—N5A 170.5 (3) C25C—C26C—

H26C 

118.0 

N1B—Rh1—N5A 85.4 (2) C32C—C31C—

C36C 

111.7 (8) 

O1E—C1E—Rh1 176.0 (7) C32C—C31C— 127.9 (7) 
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B1C 

C2E—Rh2—C6A 91.5 (3) C36C—C31C—

B1C 

120.3 (7) 

C2E—Rh2—N1A 170.8 (3) C31C—C32C—

C33C 

125.2 (9) 

C6A—Rh2—N1A 87.3 (3) C31C—C32C—

H32C 

117.4 

C2E—Rh2—N6B 93.3 (3) C33C—C32C—

H32C 

117.4 

C6A—Rh2—N6B 171.6 (3) C32C—C33C—

C34C 

119.9 (9) 

N1A—Rh2—N6B 86.9 (2) C32C—C33C—

H33C 

120.1 

O2E—C2E—Rh2 176.4 (9) C34C—C33C—

H33C 

120.1 

C5A—N1A—N2A 105.2 (6) C35C—C34C—

C33C 

118.4 (9) 

C5A—N1A—Rh2 133.2 (5) C35C—C34C—

H34C 

120.8 

N2A—N1A—Rh2 121.6 (5) C33C—C34C—

H34C 

120.8 

C3A—N2A—N1A 111.7 (8) C36C—C35C—

C34C 

119.2 (9) 

C3A—N2A—C1M 130.4 (8) C36C—C35C—

H35C 

120.4 

N1A—N2A—

C1M 

117.8 (7) C34C—C35C—

H35C 

120.4 

C6A—N3A—C7A 110.6 (7) C35C—C36C—

C31C 

125.6 (8) 
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C6A—N3A—C1M 123.2 (7) C35C—C36C—

H36C 

117.2 

C7A—N3A—C1M 126.0 (7) C31C—C36C—

H36C 

117.2 

C6A—N4A—C8A 110.4 (7) C42C—C41C—

C46C 

115.8 (7) 

C6A—N4A—C2M 125.3 (6) C42C—C41C—

B1C 

119.8 (6) 

C8A—N4A—C2M 123.9 (7) C46C—C41C—

B1C 

124.4 (6) 

C11A—N5A—

N6A 

104.9 (6) C43C—C42C—

C41C 

121.1 (8) 

C11A—N5A—

Rh1 

126.2 (6) C43C—C42C—

H42C 

119.5 

N6A—N5A—Rh1 128.7 (5) C41C—C42C—

H42C 

119.5 

C9A—N6A—N5A 109.6 (7) C44C—C43C—

C42C 

122.9 (7) 

C9A—N6A—C2M 129.1 (7) C44C—C43C—

H43C 

118.6 

N5A—N6A—

C2M 

120.0 (6) C42C—C43C—

H43C 

118.6 

N2A—C3A—C4A 107.6 (9) C45C—C44C—

C43C 

116.3 (8) 

N2A—C3A—H3A 126.2 C45C—C44C—

H44C 

121.8 

C4A—C3A—H3A 126.2 C43C—C44C—

H44C 

121.8 

C3A—C4A—C5A 106.1 (9) C44C—C45C— 123.2 (8) 
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C46C 

C3A—C4A—H4A 127.0 C44C—C45C—

H45C 

118.4 

C5A—C4A—H4A 127.0 C46C—C45C—

H45C 

118.4 

N1A—C5A—C4A 109.4 (8) C41C—C46C—

C45C 

120.7 (7) 

N1A—C5A—H5A 125.3 C41C—C46C—

H46C 

119.7 

C4A—C5A—H5A 125.3 C45C—C46C—

H46C 

119.7 

N3A—C6A—N4A 104.4 (6) C21D—B1D—

C41D 

111.2 (6) 

N3A—C6A—Rh2 119.6 (6) C21D—B1D—

C31D 

112.9 (6) 

N4A—C6A—Rh2 135.9 (5) C41D—B1D—

C31D 

108.0 (6) 

C8A—C7A—N3A 106.7 (7) C21D—B1D—

C11D 

109.3 (6) 

C8A—C7A—H7A 126.6 C41D—B1D—

C11D 

106.7 (5) 

N3A—C7A—H7A 126.6 C31D—B1D—

C11D 

108.5 (6) 

C7A—C8A—N4A 107.9 (8) C16D—C11D—

C12D 

114.7 (7) 

C7A—C8A—H8A 126.1 C16D—C11D—

B1D 

123.6 (7) 

N4A—C8A—H8A 126.1 C12D—C11D—

B1D 

121.5 (7) 
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C10A—C9A—

N6A 

108.5 (8) C13D—C12D—

C11D 

121.5 (8) 

C10A—C9A—

H9A 

125.7 C13D—C12D—

H12D 

119.2 

N6A—C9A—H9A 125.7 C11D—C12D—

H12D 

119.2 

C9A—C10A—

C11A 

105.8 (9) C12D—C13D—

C14D 

121.5 (9) 

C9A—C10A—

H10A 

127.1 C12D—C13D—

H13D 

119.3 

C11A—C10A—

H10A 

127.1 C14D—C13D—

H13D 

119.3 

N5A—C11A—

C10A 

111.3 (9) C15D—C14D—

C13D 

118.7 (9) 

N5A—C11A—

H11A 

124.4 C15D—C14D—

H14D 

120.7 

C10A—C11A—

H11A 

124.4 C13D—C14D—

H14D 

120.7 

C5B—N1B—N2B 104.2 (6) C14D—C15D—

C16D 

121.1 (9) 

C5B—N1B—Rh1 133.0 (5) C14D—C15D—

H15D 

119.5 

N2B—N1B—Rh1 122.1 (4) C16D—C15D—

H15D 

119.5 

C3B—N2B—N1B 111.1 (6) C15D—C16D—

C11D 

122.5 (8) 

C3B—N2B—C1N 130.5 (7) C15D—C16D—

H16D 

118.8 

N1B—N2B—C1N 118.2 (5) C11D—C16D— 118.8 
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H16D 

C6B—N3B—C7B 112.9 (6) C22D—C21D—

C26D 

113.5 (7) 

C6B—N3B—C1N 122.4 (6) C22D—C21D—

B1D 

121.3 (6) 

C7B—N3B—C1N 124.7 (7) C26D—C21D—

B1D 

125.0 (7) 

C6B—N4B—C8B 111.5 (6) C23D—C22D—

C21D 

123.0 (7) 

C6B—N4B—C2N 125.7 (6) C23D—C22D—

H22D 

118.5 

C8B—N4B—C2N 122.1 (7) C21D—C22D—

H22D 

118.5 

N6B—N5B—

C11B 

110.8 (7) C24D—C23D—

C22D 

120.7 (8) 

N6B—N5B—C2N 120.6 (6) C24D—C23D—

H23D 

119.6 

C11B—N5B—

C2N 

127.6 (7) C22D—C23D—

H23D 

119.6 

C9B—N6B—N5B 105.4 (7) C25D—C24D—

C23D 

118.0 (8) 

C9B—N6B—Rh2 124.1 (6) C25D—C24D—

H24D 

121.0 

N5B—N6B—Rh2 130.1 (5) C23D—C24D—

H24D 

121.0 

N2B—C3B—C4B 108.0 (7) C24D—C25D—

C26D 

121.1 (7) 

N2B—C3B—H3B 126.0 C24D—C25D—

H25D 

119.4 
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C4B—C3B—H3B 126.0 C26D—C25D—

H25D 

119.4 

C3B—C4B—C5B 104.1 (7) C25D—C26D—

C21D 

123.7 (7) 

C3B—C4B—H4B 127.9 C25D—C26D—

H26D 

118.2 

C5B—C4B—H4B 127.9 C21D—C26D—

H26D 

118.2 

N1B—C5B—C4B 112.5 (7) C36D—C31D—

C32D 

114.3 (8) 

N1B—C5B—H5B 123.7 C36D—C31D—

B1D 

123.3 (7) 

C4B—C5B—H5B 123.7 C32D—C31D—

B1D 

122.4 (7) 

N4B—C6B—N3B 102.4 (6) C33D—C32D—

C31D 

125.6 (9) 

N4B—C6B—Rh1 136.6 (5) C33D—C32D—

H32D 

117.2 

N3B—C6B—Rh1 121.0 (5) C31D—C32D—

H32D 

117.2 

C8B—C7B—N3B 105.8 (7) C32D—C33D—

C34D 

118.8 (10) 

C8B—C7B—H7B 127.1 C32D—C33D—

H33D 

120.6 

N3B—C7B—H7B 127.1 C34D—C33D—

H33D 

120.6 

C7B—C8B—N4B 107.4 (7) C33D—C34D—

C35D 

120.3 (10) 

C7B—C8B—H8B 126.3 C33D—C34D— 119.8 
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H34D 

N4B—C8B—H8B 126.3 C35D—C34D—

H34D 

119.8 

N6B—C9B—

C10B 

112.4 (8) C34D—C35D—

C36D 

118.2 (10) 

N6B—C9B—H9B 123.8 C34D—C35D—

H35D 

120.9 

C10B—C9B—

H9B 

123.8 C36D—C35D—

H35D 

120.9 

C11B—C10B—

C9B 

103.7 (8) C31D—C36D—

C35D 

122.7 (9) 

C11B—C10B—

H10B 

128.1 C31D—C36D—

H36D 

118.6 

C9B—C10B—

H10B 

128.1 C35D—C36D—

H36D 

118.6 

N5B—C11B—

C10B 

107.6 (8) C46D—C41D—

C42D 

114.7 (7) 

N5B—C11B—

H11B 

126.2 C46D—C41D—

B1D 

123.3 (6) 

C10B—C11B—

H11B 

126.2 C42D—C41D—

B1D 

122.0 (7) 

N3A—C1M—

N2A 

110.9 (6) C41D—C42D—

C43D 

123.0 (8) 

N3A—C1M—

H1M1 

109.5 C41D—C42D—

H42D 

118.5 

N2A—C1M—

H1M1 

109.5 C43D—C42D—

H42D 

118.5 

N3A—C1M—

H1M2 

109.5 C44D—C43D—

C42D 

119.0 (8) 
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N2A—C1M—

H1M2 

109.5 C44D—C43D—

H43D 

120.5 

H1M1—C1M—

H1M2 

108.0 C42D—C43D—

H43D 

120.5 

N4A—C2M—

N6A 

109.8 (6) C43D—C44D—

C45D 

119.4 (8) 

N4A—C2M—

H2M1 

109.7 C43D—C44D—

H44D 

120.3 

N6A—C2M—

H2M1 

109.7 C45D—C44D—

H44D 

120.3 

N4A—C2M—

H2M2 

109.7 C46D—C45D—

C44D 

119.8 (8) 

N6A—C2M—

H2M2 

109.7 C46D—C45D—

H45D 

120.1 

H2M1—C2M—

H2M2 

108.2 C44D—C45D—

H45D 

120.1 

N2B—C1N—N3B 109.7 (5) C45D—C46D—

C41D 

124.0 (8) 

N2B—C1N—

H1N1 

109.7 C45D—C46D—

H46D 

118.0 

N3B—C1N—

H1N1 

109.7 C41D—C46D—

H46D 

118.0 

N2B—C1N—

H1N2 

109.7 C2F—C1F—H1F1 109.5 

N3B—C1N—

H1N2 

109.7 C2F—C1F—H1F2 109.5 

H1N1—C1N—

H1N2 

108.2 H1F1—C1F—

H1F2 

109.5 

N5B—C2N—N4B 111.7 (6) C2F—C1F—H1F3 109.5 
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N5B—C2N—

H2N1 

109.3 H1F1—C1F—

H1F3 

109.5 

N4B—C2N—

H2N1 

109.3 H1F2—C1F—

H1F3 

109.5 

N5B—C2N—

H2N2 

109.3 O1F—C2F—C1F 121.5 (15) 

N4B—C2N—

H2N2 

109.3 O1F—C2F—C3F 123.6 (16) 

H2N1—C2N—

H2N2 

107.9 C1F—C2F—C3F 114.8 (13) 

C31C—B1C—

C21C 

112.5 (6) C2F—C3F—H3F1 109.5 

C31C—B1C—

C41C 

106.5 (6) C2F—C3F—H3F2 109.5 

C21C—B1C—

C41C 

110.5 (6) H3F1—C3F—

H3F2 

109.5 

C31C—B1C—

C11C 

111.0 (6) C2F—C3F—H3F3 109.5 

C21C—B1C—

C11C 

109.0 (6) H3F1—C3F—

H3F3 

109.5 

C41C—B1C—

C11C 

107.2 (6) H3F2—C3F—

H3F3 

109.5 

C16C—C11C—

C12C 

114.6 (7) C2G—C1G—

H1G1 

109.5 

C16C—C11C—

B1C 

123.3 (6) C2G—C1G—

H1G2 

109.5 

C12C—C11C—

B1C 

121.9 (7) H1G1—C1G—

H1G2 

109.5 

C13C—C12C— 123.3 (9) C2G—C1G— 109.5 
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C11C H1G3 

C13C—C12C—

H12C 

118.4 H1G1—C1G—

H1G3 

109.5 

C11C—C12C—

H12C 

118.4 H1G2—C1G—

H1G3 

109.5 

C14C—C13C—

C12C 

121.4 (9) O1G—C2G—C1G 128.3 (18) 

C14C—C13C—

H13C 

119.3 O1G—C2G—C3G 131.7 (19) 

C12C—C13C—

H13C 

119.3 C1G—C2G—C3G 99 (2) 

C13C—C14C—

C15C 

118.4 (9) C2G—C3G—

H3G1 

109.5 

C13C—C14C—

H14C 

120.8 C2G—C3G—

H3G2 

109.5 

C15C—C14C—

H14C 

120.8 H3G1—C3G—

H3G2 

109.5 

C14C—C15C—

C16C 

121.3 (9) C2G—C3G—

H3G3 

109.5 

C14C—C15C—

H15C 

119.4 H3G1—C3G—

H3G3 

109.5 

C16C—C15C—

H15C 

119.4 H3G2—C3G—

H3G3 

109.5 

C11C—C16C—

C15C 

120.9 (8) O1H—C2H—C3H 127.7 (14) 

C11C—C16C—

H16C 

119.5 O1H—C2H—C1H 126.3 (13) 

C15C—C16C—

H16C 

119.5 C3H—C2H—C1H 105.9 (19) 



Appendix  

 

 274 

C26C—C21C—

C22C 

112.8 (7) C2H—C3H—

H3H1 

109.5 

C26C—C21C—

B1C 

125.9 (6) C2H—C3H—

H3H2 

109.5 

C22C—C21C—

B1C 

121.2 (7) H3H1—C3H—

H3H2 

109.5 

C23C—C22C—

C21C 

123.3 (8) C2H—C3H—

H3H3 

109.5 

C23C—C22C—

H22C 

118.4 H3H1—C3H—

H3H3 

109.5 

C21C—C22C—

H22C 

118.4 H3H2—C3H—

H3H3 

109.5 

C24C—C23C—

C22C 

119.8 (9) C2H—C1H—

H1H1 

109.5 

C24C—C23C—

H23C 

120.1 C2H—C1H—

H1H2 

109.5 

C22C—C23C—

H23C 

120.1 H1H1—C1H—

H1H2 

109.5 

C25C—C24C—

C23C 

120.0 (9) C2H—C1H—

H1H3 

109.5 

C25C—C24C—

H24C 

120.0 H1H1—C1H—

H1H3 

109.5 

C23C—C24C—

H24C 

120.0 H1H2—C1H—

H1H3 

109.5 

C24C—C25C—

C26C 

120.1 (8)   

 

C6B—Rh1—

C1E—O1E 

170 (11) C6B—N3B—

C1N—N2B 

58.3 (8) 
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N1B—Rh1—

C1E—O1E 

-64 (13) C7B—N3B—

C1N—N2B 

-123.6 (7) 

N5A—Rh1—

C1E—O1E 

-17 (11) N6B—N5B—

C2N—N4B 

74.6 (8) 

C6A—Rh2—

C2E—O2E 

-111 (12) C11B—N5B—

C2N—N4B 

-92.5 (8) 

N1A—Rh2—

C2E—O2E 

-28 (13) C6B—N4B—

C2N—N5B 

-106.3 (8) 

N6B—Rh2—

C2E—O2E 

62 (12) C8B—N4B—

C2N—N5B 

63.1 (8) 

C2E—Rh2—

N1A—C5A 

133.6 (18) C31C—B1C—

C11C—C16C 

150.6 (7) 

C6A—Rh2—

N1A—C5A 

-143.6 (7) C21C—B1C—

C11C—C16C 

26.1 (9) 

N6B—Rh2—

N1A—C5A 

42.4 (7) C41C—B1C—

C11C—C16C 

-93.5 (7) 

C2E—Rh2—

N1A—N2A 

-50 (2) C31C—B1C—

C11C—C12C 

-35.8 (9) 

C6A—Rh2—

N1A—N2A 

33.2 (5) C21C—B1C—

C11C—C12C 

-160.3 (6) 

N6B—Rh2—

N1A—N2A 

-140.8 (5) C41C—B1C—

C11C—C12C 

80.1 (8) 

C5A—N1A—

N2A—C3A 

-0.3 (8) C16C—C11C—

C12C—C13C 

3.7 (11) 

Rh2—N1A—

N2A—C3A 

-177.8 (5) B1C—C11C—

C12C—C13C 

-170.4 (7) 

C5A—N1A—

N2A—C1M 

-176.0 (6) C11C—C12C—

C13C—C14C 

0.1 (13) 

Rh2—N1A— 6.4 (8) C12C—C13C— -2.8 (14) 
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N2A—C1M C14C—C15C 

C1E—Rh1—

N5A—C11A 

-116.7 (6) C13C—C14C—

C15C—C16C 

1.5 (13) 

C6B—Rh1—

N5A—C11A 

17.4 (17) C12C—C11C—

C16C—C15C 

-4.8 (10) 

N1B—Rh1—

N5A—C11A 

60.7 (6) B1C—C11C—

C16C—C15C 

169.2 (7) 

C1E—Rh1—

N5A—N6A 

56.3 (6) C14C—C15C—

C16C—C11C 

2.5 (12) 

C6B—Rh1—

N5A—N6A 

-169.6 (12) C31C—B1C—

C21C—C26C 

119.8 (8) 

N1B—Rh1—

N5A—N6A 

-126.3 (5) C41C—B1C—

C21C—C26C 

1.0 (10) 

C11A—N5A—

N6A—C9A 

-0.8 (8) C11C—B1C—

C21C—C26C 

-116.6 (7) 

Rh1—N5A—

N6A—C9A 

-174.9 (5) C31C—B1C—

C21C—C22C 

-63.0 (9) 

C11A—N5A—

N6A—C2M 

-168.5 (6) C41C—B1C—

C21C—C22C 

178.1 (7) 

Rh1—N5A—

N6A—C2M 

17.3 (9) C11C—B1C—

C21C—C22C 

60.5 (9) 

N1A—N2A—

C3A—C4A 

1.1 (10) C26C—C21C—

C22C—C23C 

-0.2 (12) 

C1M—N2A—

C3A—C4A 

176.2 (8) B1C—C21C—

C22C—C23C 

-177.7 (8) 

N2A—C3A—

C4A—C5A 

-1.4 (10) C21C—C22C—

C23C—C24C 

-1.3 (14) 

N2A—N1A—

C5A—C4A 

-0.6 (8) C22C—C23C—

C24C—C25C 

2.7 (15) 



Appendix  

 

 277 

Rh2—N1A—

C5A—C4A 

176.5 (5) C23C—C24C—

C25C—C26C 

-2.6 (13) 

C3A—C4A—

C5A—N1A 

1.3 (10) C22C—C21C—

C26C—C25C 

0.3 (11) 

C7A—N3A—

C6A—N4A 

0.6 (7) B1C—C21C—

C26C—C25C 

177.6 (7) 

C1M—N3A—

C6A—N4A 

175.6 (6) C24C—C25C—

C26C—C21C 

1.1 (12) 

C7A—N3A—

C6A—Rh2 

178.5 (5) C21C—B1C—

C31C—C32C 

20.3 (10) 

C1M—N3A—

C6A—Rh2 

-6.4 (9) C41C—B1C—

C31C—C32C 

141.5 (8) 

C8A—N4A—

C6A—N3A 

0.8 (7) C11C—B1C—

C31C—C32C 

-102.2 (9) 

C2M—N4A—

C6A—N3A 

173.2 (6) C21C—B1C—

C31C—C36C 

-159.7 (6) 

C8A—N4A—

C6A—Rh2 

-176.6 (5) C41C—B1C—

C31C—C36C 

-38.4 (9) 

C2M—N4A—

C6A—Rh2 

-4.2 (11) C11C—B1C—

C31C—C36C 

77.9 (8) 

C2E—Rh2—

C6A—N3A 

138.4 (6) C36C—C31C—

C32C—C33C 

-2.2 (13) 

N1A—Rh2—

C6A—N3A 

-32.4 (5) B1C—C31C—

C32C—C33C 

177.9 (9) 

N6B—Rh2—

C6A—N3A 

14 (2) C31C—C32C—

C33C—C34C 

1.5 (17) 

C2E—Rh2—

C6A—N4A 

-44.4 (7) C32C—C33C—

C34C—C35C 

0.2 (16) 

N1A—Rh2— 144.7 (7) C33C—C34C— -1.0 (15) 
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C6A—N4A C35C—C36C 

N6B—Rh2—

C6A—N4A 

-169.3 (13) C34C—C35C—

C36C—C31C 

0.2 (14) 

C6A—N3A—

C7A—C8A 

-1.8 (8) C32C—C31C—

C36C—C35C 

1.3 (12) 

C1M—N3A—

C7A—C8A 

-176.6 (7) B1C—C31C—

C36C—C35C 

-178.7 (7) 

N3A—C7A—

C8A—N4A 

2.2 (8) C31C—B1C—

C41C—C42C 

-63.7 (8) 

C6A—N4A—

C8A—C7A 

-1.9 (9) C21C—B1C—

C41C—C42C 

58.8 (8) 

C2M—N4A—

C8A—C7A 

-174.5 (7) C11C—B1C—

C41C—C42C 

177.4 (6) 

N5A—N6A—

C9A—C10A 

0.6 (9) C31C—B1C—

C41C—C46C 

113.4 (7) 

C2M—N6A—

C9A—C10A 

167.0 (7) C21C—B1C—

C41C—C46C 

-124.1 (7) 

N6A—C9A—

C10A—C11A 

-0.2 (10) C11C—B1C—

C41C—C46C 

-5.5 (9) 

N6A—N5A—

C11A—C10A 

0.6 (9) C46C—C41C—

C42C—C43C 

1.6 (10) 

Rh1—N5A—

C11A—C10A 

175.0 (5) B1C—C41C—

C42C—C43C 

178.9 (6) 

C9A—C10A—

C11A—N5A 

-0.3 (10) C41C—C42C—

C43C—C44C 

-2.1 (11) 

C1E—Rh1—

N1B—C5B 

95 (5) C42C—C43C—

C44C—C45C 

0.8 (11) 

C6B—Rh1—

N1B—C5B 

-139.6 (7) C43C—C44C—

C45C—C46C 

0.9 (11) 
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N5A—Rh1—

N1B—C5B 

46.9 (7) C42C—C41C—

C46C—C45C 

0.0 (10) 

C1E—Rh1—

N1B—N2B 

-96 (5) B1C—C41C—

C46C—C45C 

-177.2 (6) 

C6B—Rh1—

N1B—N2B 

29.7 (5) C44C—C45C—

C46C—C41C 

-1.3 (11) 

N5A—Rh1—

N1B—N2B 

-143.8 (5) C21D—B1D—

C11D—C16D 

34.1 (9) 

C5B—N1B—

N2B—C3B 

-1.3 (7) C41D—B1D—

C11D—C16D 

-86.3 (8) 

Rh1—N1B—

N2B—C3B 

-173.2 (5) C31D—B1D—

C11D—C16D 

157.6 (6) 

C5B—N1B—

N2B—C1N 

-176.2 (6) C21D—B1D—

C11D—C12D 

-151.1 (6) 

Rh1—N1B—

N2B—C1N 

11.9 (7) C41D—B1D—

C11D—C12D 

88.6 (7) 

C11B—N5B—

N6B—C9B 

-2.3 (8) C31D—B1D—

C11D—C12D 

-27.5 (9) 

C2N—N5B—

N6B—C9B 

-171.4 (6) C16D—C11D—

C12D—C13D 

1.7 (11) 

C11B—N5B—

N6B—Rh2 

-175.4 (5) B1D—C11D—

C12D—C13D 

-173.6 (7) 

C2N—N5B—

N6B—Rh2 

15.6 (9) C11D—C12D—

C13D—C14D 

-0.7 (13) 

C2E—Rh2—

N6B—C9B 

-107.2 (7) C12D—C13D—

C14D—C15D 

1.0 (15) 

C6A—Rh2—

N6B—C9B 

18 (2) C13D—C14D—

C15D—C16D 

-2.3 (14) 

N1A—Rh2— 63.6 (6) C14D—C15D— 3.5 (13) 
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N6B—C9B C16D—C11D 

C2E—Rh2—

N6B—N5B 

64.7 (6) C12D—C11D—

C16D—C15D 

-3.0 (11) 

C6A—Rh2—

N6B—N5B 

-170.5 (15) B1D—C11D—

C16D—C15D 

172.2 (7) 

N1A—Rh2—

N6B—N5B 

-124.5 (6) C41D—B1D—

C21D—C22D 

40.2 (8) 

N1B—N2B—

C3B—C4B 

1.1 (9) C31D—B1D—

C21D—C22D 

161.7 (6) 

C1N—N2B—

C3B—C4B 

175.1 (7) C11D—B1D—

C21D—C22D 

-77.4 (8) 

N2B—C3B—

C4B—C5B 

-0.4 (9) C41D—B1D—

C21D—C26D 

-145.2 (6) 

N2B—N1B—

C5B—C4B 

1.0 (8) C31D—B1D—

C21D—C26D 

-23.6 (9) 

Rh1—N1B—

C5B—C4B 

171.6 (5) C11D—B1D—

C21D—C26D 

97.2 (7) 

C3B—C4B—

C5B—N1B 

-0.4 (9) C26D—C21D—

C22D—C23D 

0.1 (9) 

C8B—N4B—

C6B—N3B 

1.6 (7) B1D—C21D—

C22D—C23D 

175.3 (6) 

C2N—N4B—

C6B—N3B 

172.0 (6) C21D—C22D—

C23D—C24D 

-1.2 (10) 

C8B—N4B—

C6B—Rh1 

-177.8 (5) C22D—C23D—

C24D—C25D 

1.8 (10) 

C2N—N4B—

C6B—Rh1 

-7.4 (10) C23D—C24D—

C25D—C26D 

-1.4 (10) 

C7B—N3B—

C6B—N4B 

-1.4 (7) C24D—C25D—

C26D—C21D 

0.3 (10) 
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C1N—N3B—

C6B—N4B 

176.8 (6) C22D—C21D—

C26D—C25D 

0.4 (9) 

C7B—N3B—

C6B—Rh1 

178.1 (5) B1D—C21D—

C26D—C25D 

-174.7 (6) 

C1N—N3B—

C6B—Rh1 

-3.6 (8) C21D—B1D—

C31D—C36D 

-117.9 (8) 

C1E—Rh1—

C6B—N4B 

-36.6 (7) C41D—B1D—

C31D—C36D 

5.5 (9) 

N1B—Rh1—

C6B—N4B 

146.2 (7) C11D—B1D—

C31D—C36D 

120.8 (7) 

N5A—Rh1—

C6B—N4B 

-170.6 (11) C21D—B1D—

C31D—C32D 

64.0 (9) 

C1E—Rh1—

C6B—N3B 

144.0 (5) C41D—B1D—

C31D—C32D 

-172.6 (6) 

N1B—Rh1—

C6B—N3B 

-33.1 (5) C11D—B1D—

C31D—C32D 

-57.3 (9) 

N5A—Rh1—

C6B—N3B 

10.1 (17) C36D—C31D—

C32D—C33D 

3.6 (12) 

C6B—N3B—

C7B—C8B 

0.7 (8) B1D—C31D—

C32D—C33D 

-178.2 (8) 

C1N—N3B—

C7B—C8B 

-177.5 (6) C31D—C32D—

C33D—C34D 

-4.1 (14) 

N3B—C7B—

C8B—N4B 

0.4 (8) C32D—C33D—

C34D—C35D 

1.9 (15) 

C6B—N4B—

C8B—C7B 

-1.3 (8) C33D—C34D—

C35D—C36D 

0.2 (14) 

C2N—N4B—

C8B—C7B 

-172.1 (6) C32D—C31D—

C36D—C35D 

-1.2 (11) 

N5B—N6B— 2.5 (9) B1D—C31D— -179.4 (7) 
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C9B—C10B C36D—C35D 

Rh2—N6B—

C9B—C10B 

176.1 (5) C34D—C35D—

C36D—C31D 

-0.6 (12) 

N6B—C9B—

C10B—C11B 

-1.8 (10) C21D—B1D—

C41D—C46D 

-144.3 (7) 

N6B—N5B—

C11B—C10B 

1.3 (9) C31D—B1D—

C41D—C46D 

91.3 (8) 

C2N—N5B—

C11B—C10B 

169.4 (7) C11D—B1D—

C41D—C46D 

-25.2 (9) 

C9B—C10B—

C11B—N5B 

0.2 (9) C21D—B1D—

C41D—C42D 

38.9 (9) 

C6A—N3A—

C1M—N2A 

61.3 (9) C31D—B1D—

C41D—C42D 

-85.5 (8) 

C7A—N3A—

C1M—N2A 

-124.5 (7) C11D—B1D—

C41D—C42D 

158.0 (7) 

C3A—N2A—

C1M—N3A 

126.9 (8) C46D—C41D—

C42D—C43D 

-2.3 (12) 

N1A—N2A—

C1M—N3A 

-58.3 (8) B1D—C41D—

C42D—C43D 

174.8 (8) 

C6A—N4A—

C2M—N6A 

-110.0 (7) C41D—C42D—

C43D—C44D 

2.7 (14) 

C8A—N4A—

C2M—N6A 

61.5 (8) C42D—C43D—

C44D—C45D 

-2.2 (15) 

C9A—N6A—

C2M—N4A 

-90.1 (9) C43D—C44D—

C45D—C46D 

1.5 (16) 

N5A—N6A—

C2M—N4A 

75.0 (8) C44D—C45D—

C46D—C41D 

-1.2 (15) 

C3B—N2B—

C1N—N3B 

125.5 (8) C42D—C41D—

C46D—C45D 

1.5 (12) 
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N1B—N2B—

C1N—N3B 

-60.8 (8) B1D—C41D—

C46D—C45D 

-175.5 (8) 
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[Ir(NCNMe)(PPh3)2(CO)BPh4 (2.1V) 
 

 

 

Table 1. Experimental details 

 

Crystal data 

Chemical formula C72H62BIrN6OP2 

Mr 1232.75 

Crystal system, space group ?, ? 

Temperature (K) 293 

a, b, c (Å) 13.4663 (3), 13.9568 (4), 17.4852 (4) 

a, b, g (°) 88.321 (1), 88.690 (1), 68.105 (1) 

V (Å3) 3047.68 (13) 

Z 2 

Radiation type Mo Ka 

m (mm-1) 2.29 

Crystal size (mm) ××  

Data collection 
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Diffractometer ? 

Absorption correction – 

No. of measured, independent and 

observed [I > 2s(I)] reflections 
66139, 10696, 10056   

Rint 0.028 

(sin q/l)max (Å-1) 0.595 

Refinement 

R[F2 > 2s(F2)], wR(F2), S 0.018,  0.044,  1.96 

No. of reflections 10696 

No. of parameters 748 

No. of restraints 0 

H-atom treatment 
H atoms treated by a mixture of 

independent and constrained refinement 

Dρmax, Dρmin (e Å-3) 0.54, -0.39 

Computer programs: SHELXS97 (Sheldrick, 2008), SHELXL97 (Sheldrick, 2008). 

    

Table 2. Selected geometric parameters (Å, º) 

Ir1—C1D 1.863 (2) N1C—C4C 1.376 (2) 

Ir1—C3C 2.0711 (19) N1C—C2M 1.465 (2) 

Ir1—P1A 2.3240 (5) N2C—C3C 1.359 (2) 

Ir1—P1B 2.3416 (5) N2C—C5C 1.379 (2) 

C1D—O1D 1.145 (2) N2C—C1M 1.450 (2) 

P1A—C7A 1.821 (2) C4C—C5C 1.328 (3) 

P1A—C13A 1.8267 (19) C4C—H4C 0.9300 

P1A—C1A 1.8313 (19) C5C—H5C 0.9300 

C1A—C2A 1.382 (3) N3C—N4C 1.332 (3) 
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C1A—C6A 1.392 (3) N3C—C8C 1.333 (3) 

C2A—C3A 1.387 (3) N3C—C1M 1.427 (3) 

C2A—H2A 0.9300 N4C—C6C 1.326 (5) 

C3A—C4A 1.376 (3) C6C—C7C 1.361 (5) 

C3A—H3A 0.9300 C6C—H6C 0.9300 

C4A—C5A 1.363 (3) C7C—C8C 1.356 (4) 

C4A—H4A 0.9300 C7C—H7C 0.9300 

C5A—C6A 1.381 (3) C8C—H8C 0.9300 

C5A—H5A 0.9300 N5C—N6C 1.342 (2) 

C6A—H6A 0.9300 N5C—C11C 1.347 (3) 

C7A—C8A 1.384 (3) N5C—C2M 1.428 (2) 

C7A—C12A 1.390 (3) N6C—C9C 1.322 (3) 

C8A—C9A 1.380 (3) C9C—C10C 1.375 (4) 

C8A—H8A 0.9300 C9C—H9C 0.9300 

C9A—C10A 1.360 (3) C10C—C11C 1.338 (3) 

C9A—H9A 0.9300 C10C—H10C 0.9300 

C10A—C11A 1.366 (3) C11C—H11C 0.9300 

C10A—H10A 0.9300 C1M—H1M1 0.9700 

C11A—C12A 1.370 (3) C1M—H1M2 0.9700 

C11A—H11A 0.9300 C2M—H2M1 0.9700 

C12A—H12A 0.9300 C2M—H2M2 0.9700 

C13A—C18A 1.376 (3) B1E—C21E 1.639 (3) 

C13A—C14A 1.383 (3) B1E—C37E 1.646 (3) 

C14A—C15A 1.380 (3) B1E—C11E 1.655 (3) 

C14A—H14A 0.9300 B1E—C31E 1.657 (3) 

C15A—C16A 1.375 (4) C11E—C16E 1.388 (3) 
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C15A—H15A 0.9300 C11E—C12E 1.394 (3) 

C16A—C17A 1.365 (3) C12E—C13E 1.386 (3) 

C16A—H16A 0.9300 C12E—H12E 0.9300 

C17A—C18A 1.385 (3) C13E—C14E 1.375 (3) 

C17A—H17A 0.9300 C13E—H13E 0.9300 

C18A—H18A 0.9300 C14E—C15E 1.370 (3) 

P1B—C13B 1.8212 (19) C14E—H14E 0.9300 

P1B—C1B 1.8217 (19) C15E—C16E 1.388 (3) 

P1B—C7B 1.8339 (19) C15E—H15E 0.9300 

C1B—C2B 1.383 (3) C16E—H16E 0.9300 

C1B—C6B 1.399 (3) C21E—C26E 1.391 (3) 

C2B—C3B 1.384 (3) C21E—C22E 1.401 (3) 

C2B—H2B 0.9300 C22E—C23E 1.386 (3) 

C3B—C4B 1.366 (3) C22E—H22E 0.9300 

C3B—H3B 0.9300 C23E—C24E 1.373 (4) 

C4B—C5B 1.378 (3) C23E—H23E 0.9300 

C4B—H4B 0.9300 C24E—C25E 1.363 (4) 

C5B—C6B 1.373 (3) C24E—H24E 0.9300 

C5B—H5B 0.9300 C25E—C26E 1.391 (3) 

C6B—H6B 0.9300 C25E—H25E 0.9300 

C7B—C8B 1.375 (3) C26E—H26E 0.9300 

C7B—C12B 1.385 (3) C31E—C36E 1.391 (3) 

C8B—C9B 1.399 (3) C31E—C32E 1.404 (3) 

C8B—H8B 0.9300 C32E—C33E 1.384 (3) 

C9B—C10B 1.363 (4) C32E—H32E 0.9300 

C9B—H9B 0.9300 C33E—C34E 1.353 (3) 
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C10B—C11B 1.342 (4) C33E—H33E 0.9300 

C10B—H10B 0.9300 C34E—C35E 1.368 (3) 

C11B—C12B 1.385 (3) C34E—H34E 0.9300 

C11B—H11B 0.9300 C35E—C36E 1.394 (3) 

C12B—H12B 0.9300 C35E—H35E 0.9300 

C13B—C18B 1.382 (3) C36E—H36E 0.9300 

C13B—C14B 1.391 (3) C37E—C42E 1.391 (3) 

C14B—C15B 1.384 (3) C37E—C38E 1.409 (3) 

C14B—H14B 0.9300 C38E—C39E 1.369 (3) 

C15B—C16B 1.366 (3) C38E—H38E 0.9300 

C15B—H15B 0.9300 C39E—C40E 1.374 (3) 

C16B—C17B 1.374 (3) C39E—H39E 0.9300 

C16B—H16B 0.9300 C40E—C41E 1.369 (3) 

C17B—C18B 1.385 (3) C40E—H40E 0.9300 

C17B—H17B 0.9300 C41E—C42E 1.387 (3) 

C18B—H18B 0.9300 C41E—H41E 0.9300 

N1C—C3C 1.354 (2) C42E—H42E 0.9300 

 

C1D—Ir1—C3C 177.49 (8) C4C—N1C—C2M 123.93 (17) 

C1D—Ir1—P1A 87.28 (6) C3C—N2C—C5C 111.20 (17) 

C3C—Ir1—P1A 92.56 (5) C3C—N2C—C1M 124.82 (16) 

C1D—Ir1—P1B 90.22 (6) C5C—N2C—C1M 123.94 (17) 

C3C—Ir1—P1B 90.05 (5) N1C—C3C—N2C 103.40 (15) 

P1A—Ir1—P1B 176.319 (15) N1C—C3C—Ir1 130.10 (14) 

O1D—C1D—Ir1 177.4 (2) N2C—C3C—Ir1 126.41 (14) 

C7A—P1A— 105.55 (9) C5C—C4C—N1C 106.88 (18) 
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C13A 

C7A—P1A—C1A 102.86 (9) C5C—C4C—H4C 126.6 

C13A—P1A—

C1A 

101.49 (9) N1C—C4C—H4C 126.6 

C7A—P1A—Ir1 109.34 (6) C4C—C5C—N2C 106.93 (19) 

C13A—P1A—Ir1 117.18 (7) C4C—C5C—H5C 126.5 

C1A—P1A—Ir1 118.78 (6) N2C—C5C—H5C 126.5 

C2A—C1A—C6A 118.60 (18) N4C—N3C—C8C 112.1 (2) 

C2A—C1A—P1A 119.14 (15) N4C—N3C—C1M 120.5 (2) 

C6A—C1A—P1A 122.26 (15) C8C—N3C—C1M 127.3 (2) 

C1A—C2A—C3A 120.5 (2) C6C—N4C—N3C 104.6 (3) 

C1A—C2A—H2A 119.7 N4C—C6C—C7C 110.9 (3) 

C3A—C2A—H2A 119.7 N4C—C6C—H6C 124.5 

C4A—C3A—C2A 120.0 (2) C7C—C6C—H6C 124.5 

C4A—C3A—H3A 120.0 C8C—C7C—C6C 106.1 (3) 

C2A—C3A—H3A 120.0 C8C—C7C—H7C 127.0 

C5A—C4A—C3A 120.0 (2) C6C—C7C—H7C 127.0 

C5A—C4A—H4A 120.0 N3C—C8C—C7C 106.1 (3) 

C3A—C4A—H4A 120.0 N3C—C8C—H8C 126.9 

C4A—C5A—C6A 120.5 (2) C7C—C8C—H8C 126.9 

C4A—C5A—H5A 119.7 N6C—N5C—

C11C 

112.08 (18) 

C6A—C5A—H5A 119.7 N6C—N5C—C2M 119.93 (18) 

C5A—C6A—C1A 120.3 (2) C11C—N5C—

C2M 

127.97 (19) 

C5A—C6A—H6A 119.8 C9C—N6C—N5C 103.2 (2) 

C1A—C6A—H6A 119.8 N6C—C9C— 112.7 (2) 
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C10C 

C8A—C7A—

C12A 

117.79 (19) N6C—C9C—H9C 123.6 

C8A—C7A—P1A 118.91 (15) C10C—C9C—

H9C 

123.6 

C12A—C7A—

P1A 

123.19 (15) C11C—C10C—

C9C 

104.9 (2) 

C9A—C8A—C7A 120.8 (2) C11C—C10C—

H10C 

127.6 

C9A—C8A—H8A 119.6 C9C—C10C—

H10C 

127.6 

C7A—C8A—H8A 119.6 C10C—C11C—

N5C 

107.1 (2) 

C10A—C9A—

C8A 

120.5 (2) C10C—C11C—

H11C 

126.4 

C10A—C9A—

H9A 

119.7 N5C—C11C—

H11C 

126.4 

C8A—C9A—H9A 119.7 N3C—C1M—N2C 112.75 (17) 

C9A—C10A—

C11A 

119.5 (2) N3C—C1M—

H1M1 

109.0 

C9A—C10A—

H10A 

120.3 N2C—C1M—

H1M1 

109.0 

C11A—C10A—

H10A 

120.3 N3C—C1M—

H1M2 

109.0 

C10A—C11A—

C12A 

120.9 (2) N2C—C1M—

H1M2 

109.0 

C10A—C11A—

H11A 

119.6 H1M1—C1M—

H1M2 

107.8 

C12A—C11A— 119.6 N5C—C2M—N1C 113.15 (16) 
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H11A 

C11A—C12A—

C7A 

120.6 (2) N5C—C2M—

H2M1 

108.9 

C11A—C12A—

H12A 

119.7 N1C—C2M—

H2M1 

108.9 

C7A—C12A—

H12A 

119.7 N5C—C2M—

H2M2 

108.9 

C18A—C13A—

C14A 

118.37 (18) N1C—C2M—

H2M2 

108.9 

C18A—C13A—

P1A 

120.76 (15) H2M1—C2M—

H2M2 

107.8 

C14A—C13A—

P1A 

120.85 (16) C21E—B1E—

C37E 

109.06 (18) 

C15A—C14A—

C13A 

120.8 (2) C21E—B1E—

C11E 

110.45 (17) 

C15A—C14A—

H14A 

119.6 C37E—B1E—

C11E 

106.27 (17) 

C13A—C14A—

H14A 

119.6 C21E—B1E—

C31E 

110.18 (17) 

C16A—C15A—

C14A 

120.0 (2) C37E—B1E—

C31E 

111.09 (17) 

C16A—C15A—

H15A 

120.0 C11E—B1E—

C31E 

109.72 (17) 

C14A—C15A—

H15A 

120.0 C16E—C11E—

C12E 

114.56 (19) 

C17A—C16A—

C15A 

120.0 (2) C16E—C11E—

B1E 

123.31 (18) 

C17A—C16A—

H16A 

120.0 C12E—C11E—

B1E 

121.75 (18) 
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C15A—C16A—

H16A 

120.0 C13E—C12E—

C11E 

122.9 (2) 

C16A—C17A—

C18A 

119.9 (2) C13E—C12E—

H12E 

118.6 

C16A—C17A—

H17A 

120.1 C11E—C12E—

H12E 

118.6 

C18A—C17A—

H17A 

120.1 C14E—C13E—

C12E 

120.5 (2) 

C13A—C18A—

C17A 

121.0 (2) C14E—C13E—

H13E 

119.7 

C13A—C18A—

H18A 

119.5 C12E—C13E—

H13E 

119.7 

C17A—C18A—

H18A 

119.5 C15E—C14E—

C13E 

118.4 (2) 

C13B—P1B—C1B 103.74 (9) C15E—C14E—

H14E 

120.8 

C13B—P1B—C7B 103.49 (8) C13E—C14E—

H14E 

120.8 

C1B—P1B—C7B 103.83 (9) C14E—C15E—

C16E 

120.3 (2) 

C13B—P1B—Ir1 113.24 (6) C14E—C15E—

H15E 

119.8 

C1B—P1B—Ir1 115.30 (6) C16E—C15E—

H15E 

119.8 

C7B—P1B—Ir1 115.77 (6) C15E—C16E—

C11E 

123.3 (2) 

C2B—C1B—C6B 118.85 (18) C15E—C16E—

H16E 

118.4 

C2B—C1B—P1B 122.34 (15) C11E—C16E— 118.4 



Appendix  

 

 293 

H16E 

C6B—C1B—P1B 118.66 (14) C26E—C21E—

C22E 

114.4 (2) 

C1B—C2B—C3B 120.0 (2) C26E—C21E—

B1E 

124.0 (2) 

C1B—C2B—H2B 120.0 C22E—C21E—

B1E 

121.6 (2) 

C3B—C2B—H2B 120.0 C23E—C22E—

C21E 

122.7 (3) 

C4B—C3B—C2B 120.9 (2) C23E—C22E—

H22E 

118.7 

C4B—C3B—H3B 119.5 C21E—C22E—

H22E 

118.7 

C2B—C3B—H3B 119.5 C24E—C23E—

C22E 

120.6 (3) 

C3B—C4B—C5B 119.5 (2) C24E—C23E—

H23E 

119.7 

C3B—C4B—H4B 120.3 C22E—C23E—

H23E 

119.7 

C5B—C4B—H4B 120.3 C25E—C24E—

C23E 

118.9 (3) 

C6B—C5B—C4B 120.6 (2) C25E—C24E—

H24E 

120.6 

C6B—C5B—H5B 119.7 C23E—C24E—

H24E 

120.6 

C4B—C5B—H5B 119.7 C24E—C25E—

C26E 

120.2 (3) 

C5B—C6B—C1B 120.1 (2) C24E—C25E—

H25E 

119.9 
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C5B—C6B—H6B 119.9 C26E—C25E—

H25E 

119.9 

C1B—C6B—H6B 119.9 C21E—C26E—

C25E 

123.3 (2) 

C8B—C7B—

C12B 

118.36 (19) C21E—C26E—

H26E 

118.3 

C8B—C7B—P1B 122.17 (17) C25E—C26E—

H26E 

118.3 

C12B—C7B—P1B 119.45 (16) C36E—C31E—

C32E 

113.5 (2) 

C7B—C8B—C9B 119.9 (3) C36E—C31E—

B1E 

121.93 (18) 

C7B—C8B—H8B 120.0 C32E—C31E—

B1E 

124.53 (19) 

C9B—C8B—H8B 120.0 C33E—C32E—

C31E 

122.9 (2) 

C10B—C9B—

C8B 

120.3 (3) C33E—C32E—

H32E 

118.6 

C10B—C9B—

H9B 

119.8 C31E—C32E—

H32E 

118.6 

C8B—C9B—H9B 119.8 C34E—C33E—

C32E 

121.2 (2) 

C11B—C10B—

C9B 

120.2 (2) C34E—C33E—

H33E 

119.4 

C11B—C10B—

H10B 

119.9 C32E—C33E—

H33E 

119.4 

C9B—C10B—

H10B 

119.9 C33E—C34E—

C35E 

118.7 (2) 

C10B—C11B— 120.6 (3) C33E—C34E— 120.6 
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C12B H34E 

C10B—C11B—

H11B 

119.7 C35E—C34E—

H34E 

120.6 

C12B—C11B—

H11B 

119.7 C34E—C35E—

C36E 

119.9 (2) 

C11B—C12B—

C7B 

120.6 (2) C34E—C35E—

H35E 

120.0 

C11B—C12B—

H12B 

119.7 C36E—C35E—

H35E 

120.0 

C7B—C12B—

H12B 

119.7 C31E—C36E—

C35E 

123.7 (2) 

C18B—C13B—

C14B 

118.62 (18) C31E—C36E—

H36E 

118.2 

C18B—C13B—

P1B 

121.24 (15) C35E—C36E—

H36E 

118.2 

C14B—C13B—

P1B 

120.07 (16) C42E—C37E—

C38E 

113.5 (2) 

C15B—C14B—

C13B 

120.4 (2) C42E—C37E—

B1E 

123.14 (19) 

C15B—C14B—

H14B 

119.8 C38E—C37E—

B1E 

123.21 (19) 

C13B—C14B—

H14B 

119.8 C39E—C38E—

C37E 

123.4 (2) 

C16B—C15B—

C14B 

120.1 (2) C39E—C38E—

H38E 

118.3 

C16B—C15B—

H15B 

119.9 C37E—C38E—

H38E 

118.3 

C14B—C15B—

H15B 

119.9 C38E—C39E—

C40E 

120.7 (2) 
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C15B—C16B—

C17B 

120.4 (2) C38E—C39E—

H39E 

119.6 

C15B—C16B—

H16B 

119.8 C40E—C39E—

H39E 

119.6 

C17B—C16B—

H16B 

119.8 C41E—C40E—

C39E 

118.5 (2) 

C16B—C17B—

C18B 

119.8 (2) C41E—C40E—

H40E 

120.7 

C16B—C17B—

H17B 

120.1 C39E—C40E—

H40E 

120.7 

C18B—C17B—

H17B 

120.1 C40E—C41E—

C42E 

120.1 (2) 

C13B—C18B—

C17B 

120.7 (2) C40E—C41E—

H41E 

120.0 

C13B—C18B—

H18B 

119.7 C42E—C41E—

H41E 

120.0 

C17B—C18B—

H18B 

119.7 C41E—C42E—

C37E 

123.8 (2) 

C3C—N1C—C4C 111.59 (16) C41E—C42E—

H42E 

118.1 

C3C—N1C—C2M 124.18 (16) C37E—C42E—

H42E 

118.1 

 

C3C—Ir1—C1D—

O1D 

26 (6) C15B—C16B—

C17B—C18B 

0.4 (4) 

P1A—Ir1—C1D—

O1D 

-61 (5) C14B—C13B—

C18B—C17B 

-0.4 (3) 

P1B—Ir1—C1D—

O1D 

122 (5) P1B—C13B—

C18B—C17B 

176.55 (17) 
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C1D—Ir1—P1A—

C7A 

-53.45 (9) C16B—C17B—

C18B—C13B 

0.2 (3) 

C3C—Ir1—P1A—

C7A 

129.06 (8) C4C—N1C—

C3C—N2C 

0.5 (2) 

P1B—Ir1—P1A—

C7A 

-6.1 (3) C2M—N1C—

C3C—N2C 

-173.38 (16) 

C1D—Ir1—P1A—

C13A 

66.53 (10) C4C—N1C—

C3C—Ir1 

-176.16 (14) 

C3C—Ir1—P1A—

C13A 

-110.97 (9) C2M—N1C—

C3C—Ir1 

10.0 (3) 

P1B—Ir1—P1A—

C13A 

113.9 (2) C5C—N2C—

C3C—N1C 

-0.6 (2) 

C1D—Ir1—P1A—

C1A 

-170.96 (10) C1M—N2C—

C3C—N1C 

177.20 (16) 

C3C—Ir1—P1A—

C1A 

11.54 (9) C5C—N2C—

C3C—Ir1 

176.18 (13) 

P1B—Ir1—P1A—

C1A 

-123.6 (2) C1M—N2C—

C3C—Ir1 

-6.0 (3) 

C7A—P1A—

C1A—C2A 

180.00 (14) C1D—Ir1—C3C—

N1C 

-159.2 (16) 

C13A—P1A—

C1A—C2A 

70.92 (16) P1A—Ir1—C3C—

N1C 

-72.86 (16) 

Ir1—P1A—C1A—

C2A 

-59.13 (16) P1B—Ir1—C3C—

N1C 

104.55 (16) 

C7A—P1A—

C1A—C6A 

-0.17 (17) C1D—Ir1—C3C—

N2C 

24.9 (17) 

C13A—P1A—

C1A—C6A 

-109.26 (16) P1A—Ir1—C3C—

N2C 

111.18 (15) 

Ir1—P1A—C1A— 120.69 (14) P1B—Ir1—C3C— -71.42 (15) 
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C6A N2C 

C6A—C1A—

C2A—C3A 

-0.6 (3) C3C—N1C—

C4C—C5C 

-0.2 (2) 

P1A—C1A—

C2A—C3A 

179.21 (15) C2M—N1C—

C4C—C5C 

173.71 (18) 

C1A—C2A—

C3A—C4A 

0.4 (3) N1C—C4C—

C5C—N2C 

-0.2 (2) 

C2A—C3A—

C4A—C5A 

0.3 (3) C3C—N2C—

C5C—C4C 

0.6 (2) 

C3A—C4A—

C5A—C6A 

-0.7 (3) C1M—N2C—

C5C—C4C 

-177.31 (18) 

C4A—C5A—

C6A—C1A 

0.4 (3) C8C—N3C—

N4C—C6C 

3.6 (3) 

C2A—C1A—

C6A—C5A 

0.2 (3) C1M—N3C—

N4C—C6C 

-177.2 (2) 

P1A—C1A—

C6A—C5A 

-179.59 (15) N3C—N4C—

C6C—C7C 

-3.0 (4) 

C13A—P1A—

C7A—C8A 

-158.52 (16) N4C—C6C—

C7C—C8C 

1.5 (5) 

C1A—P1A—

C7A—C8A 

95.49 (17) N4C—N3C—

C8C—C7C 

-2.8 (3) 

Ir1—P1A—C7A—

C8A 

-31.64 (18) C1M—N3C—

C8C—C7C 

178.0 (2) 

C13A—P1A—

C7A—C12A 

25.4 (2) C6C—C7C—

C8C—N3C 

0.8 (4) 

C1A—P1A—

C7A—C12A 

-80.61 (19) C11C—N5C—

N6C—C9C 

0.8 (3) 

Ir1—P1A—C7A—

C12A 

152.27 (17) C2M—N5C—

N6C—C9C 

179.13 (19) 
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C12A—C7A—

C8A—C9A 

1.8 (3) N5C—N6C—

C9C—C10C 

-0.8 (3) 

P1A—C7A—

C8A—C9A 

-174.52 (18) N6C—C9C—

C10C—C11C 

0.6 (4) 

C7A—C8A—

C9A—C10A 

-0.8 (4) C9C—C10C—

C11C—N5C 

0.0 (3) 

C8A—C9A—

C10A—C11A 

-0.3 (4) N6C—N5C—

C11C—C10C 

-0.5 (3) 

C9A—C10A—

C11A—C12A 

0.4 (4) C2M—N5C—

C11C—C10C 

-178.7 (2) 

C10A—C11A—

C12A—C7A 

0.6 (4) N4C—N3C—

C1M—N2C 

79.0 (3) 

C8A—C7A—

C12A—C11A 

-1.7 (3) C8C—N3C—

C1M—N2C 

-101.8 (3) 

P1A—C7A—

C12A—C11A 

174.45 (19) C3C—N2C—

C1M—N3C 

-100.7 (2) 

C7A—P1A—

C13A—C18A 

96.64 (18) C5C—N2C—

C1M—N3C 

76.9 (2) 

C1A—P1A—

C13A—C18A 

-156.36 (17) N6C—N5C—

C2M—N1C 

83.7 (2) 

Ir1—P1A—

C13A—C18A 

-25.32 (19) C11C—N5C—

C2M—N1C 

-98.2 (3) 

C7A—P1A—

C13A—C14A 

-81.73 (19) C3C—N1C—

C2M—N5C 

-121.90 (19) 

C1A—P1A—

C13A—C14A 

25.3 (2) C4C—N1C—

C2M—N5C 

65.0 (2) 

Ir1—P1A—

C13A—C14A 

156.31 (16) C21E—B1E—

C11E—C16E 

-26.4 (3) 

C18A—C13A— -0.3 (4) C37E—B1E— 91.7 (2) 
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C14A—C15A C11E—C16E 

P1A—C13A—

C14A—C15A 

178.1 (2) C31E—B1E—

C11E—C16E 

-148.1 (2) 

C13A—C14A—

C15A—C16A 

-0.2 (4) C21E—B1E—

C11E—C12E 

160.97 (19) 

C14A—C15A—

C16A—C17A 

-0.1 (4) C37E—B1E—

C11E—C12E 

-80.9 (2) 

C15A—C16A—

C17A—C18A 

0.9 (4) C31E—B1E—

C11E—C12E 

39.3 (3) 

C14A—C13A—

C18A—C17A 

1.1 (3) C16E—C11E—

C12E—C13E 

-2.2 (3) 

P1A—C13A—

C18A—C17A 

-177.28 (18) B1E—C11E—

C12E—C13E 

171.0 (2) 

C16A—C17A—

C18A—C13A 

-1.5 (4) C11E—C12E—

C13E—C14E 

1.8 (3) 

C1D—Ir1—P1B—

C13B 

-54.63 (9) C12E—C13E—

C14E—C15E 

-0.1 (3) 

C3C—Ir1—P1B—

C13B 

122.88 (8) C13E—C14E—

C15E—C16E 

-1.1 (3) 

P1A—Ir1—P1B—

C13B 

-101.9 (2) C14E—C15E—

C16E—C11E 

0.7 (4) 

C1D—Ir1—P1B—

C1B 

-173.90 (9) C12E—C11E—

C16E—C15E 

0.9 (3) 

C3C—Ir1—P1B—

C1B 

3.61 (8) B1E—C11E—

C16E—C15E 

-172.1 (2) 

P1A—Ir1—P1B—

C1B 

138.8 (2) C37E—B1E—

C21E—C26E 

15.7 (3) 

C1D—Ir1—P1B—

C7B 

64.65 (10) C11E—B1E—

C21E—C26E 

132.2 (2) 
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C3C—Ir1—P1B—

C7B 

-117.84 (9) C31E—B1E—

C21E—C26E 

-106.4 (2) 

P1A—Ir1—P1B—

C7B 

17.4 (3) C37E—B1E—

C21E—C22E 

-165.6 (2) 

C13B—P1B—

C1B—C2B 

-14.56 (19) C11E—B1E—

C21E—C22E 

-49.1 (3) 

C7B—P1B—

C1B—C2B 

-122.47 (17) C31E—B1E—

C21E—C22E 

72.2 (3) 

Ir1—P1B—C1B—

C2B 

109.83 (16) C26E—C21E—

C22E—C23E 

-0.1 (4) 

C13B—P1B—

C1B—C6B 

170.02 (15) B1E—C21E—

C22E—C23E 

-178.9 (2) 

C7B—P1B—

C1B—C6B 

62.11 (16) C21E—C22E—

C23E—C24E 

0.2 (4) 

Ir1—P1B—C1B—

C6B 

-65.59 (16) C22E—C23E—

C24E—C25E 

-0.3 (4) 

C6B—C1B—

C2B—C3B 

-0.3 (3) C23E—C24E—

C25E—C26E 

0.3 (4) 

P1B—C1B—

C2B—C3B 

-175.74 (16) C22E—C21E—

C26E—C25E 

0.2 (3) 

C1B—C2B—

C3B—C4B 

0.6 (3) B1E—C21E—

C26E—C25E 

178.9 (2) 

C2B—C3B—

C4B—C5B 

-0.7 (4) C24E—C25E—

C26E—C21E 

-0.2 (4) 

C3B—C4B—

C5B—C6B 

0.7 (4) C21E—B1E—

C31E—C36E 

148.8 (2) 

C4B—C5B—

C6B—C1B 

-0.5 (3) C37E—B1E—

C31E—C36E 

27.9 (3) 

C2B—C1B— 0.3 (3) C11E—B1E— -89.4 (2) 
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C6B—C5B C31E—C36E 

P1B—C1B—

C6B—C5B 

175.88 (16) C21E—B1E—

C31E—C32E 

-31.6 (3) 

C13B—P1B—

C7B—C8B 

-100.88 (18) C37E—B1E—

C31E—C32E 

-152.5 (2) 

C1B—P1B—

C7B—C8B 

7.22 (19) C11E—B1E—

C31E—C32E 

90.2 (2) 

Ir1—P1B—C7B—

C8B 

134.63 (16) C36E—C31E—

C32E—C33E 

-1.1 (3) 

C13B—P1B—

C7B—C12B 

77.29 (18) B1E—C31E—

C32E—C33E 

179.3 (2) 

C1B—P1B—

C7B—C12B 

-174.61 (16) C31E—C32E—

C33E—C34E 

0.5 (4) 

Ir1—P1B—C7B—

C12B 

-47.20 (18) C32E—C33E—

C34E—C35E 

0.7 (4) 

C12B—C7B—

C8B—C9B 

1.3 (3) C33E—C34E—

C35E—C36E 

-1.3 (4) 

P1B—C7B—

C8B—C9B 

179.50 (18) C32E—C31E—

C36E—C35E 

0.5 (3) 

C7B—C8B—

C9B—C10B 

-0.8 (4) B1E—C31E—

C36E—C35E 

-179.8 (2) 

C8B—C9B—

C10B—C11B 

-1.1 (4) C34E—C35E—

C36E—C31E 

0.6 (4) 

C9B—C10B—

C11B—C12B 

2.4 (4) C21E—B1E—

C37E—C42E 

92.9 (2) 

C10B—C11B—

C12B—C7B 

-1.8 (4) C11E—B1E—

C37E—C42E 

-26.1 (3) 

C8B—C7B—

C12B—C11B 

0.0 (3) C31E—B1E—

C37E—C42E 

-145.4 (2) 
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P1B—C7B—

C12B—C11B 

-178.27 (18) C21E—B1E—

C37E—C38E 

-83.0 (2) 

C1B—P1B—

C13B—C18B 

-65.80 (18) C11E—B1E—

C37E—C38E 

157.88 (19) 

C7B—P1B—

C13B—C18B 

42.36 (18) C31E—B1E—

C37E—C38E 

38.6 (3) 

Ir1—P1B—

C13B—C18B 

168.48 (14) C42E—C37E—

C38E—C39E 

1.6 (3) 

C1B—P1B—

C13B—C14B 

111.14 (17) B1E—C37E—

C38E—C39E 

178.0 (2) 

C7B—P1B—

C13B—C14B 

-140.69 (17) C37E—C38E—

C39E—C40E 

-2.2 (4) 

Ir1—P1B—

C13B—C14B 

-14.57 (18) C38E—C39E—

C40E—C41E 

0.9 (4) 

C18B—C13B—

C14B—C15B 

0.0 (3) C39E—C40E—

C41E—C42E 

0.6 (4) 

P1B—C13B—

C14B—C15B 

-177.04 (16) C40E—C41E—

C42E—C37E 

-1.1 (4) 

C13B—C14B—

C15B—C16B 

0.7 (3) C38E—C37E—

C42E—C41E 

0.0 (3) 

C14B—C15B—

C16B—C17B 

-0.9 (4) B1E—C37E—

C42E—C41E 

-176.3 (2) 
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