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C. ABSTRACT of Ph.D Thesis 

 

Development of Iridium Metallacycles with Arylated Dipyrido-annulated Carbenes 

 
Chapter 1 discussed the carbene species, a divalent neutral carbene species, which had been 

considered an intermediate in the field of synthetic chemistry owing to its high reactivity. Since 

fully characterized N-heterocyclic carbenes (NHCs), in which the empty p orbital of carbene carbon 

was diminished by π-donating from adjacent nitrogen atoms was reported in the 1990s, NHCs 

became a bench-handling chemical in the 21st century. Carbenes and their metal complexes have 

been widely used from laboratory scales for fundamental science to the extremely large ones in 

the industry because of the carbene’s structural diversity and facile tuning of electronic and steric 

parameters. Recently, the research direction of carbene chemistry has been orientated to design 

to enhance the strong s-donating and π-accepting ability of carbene carbons originating from 

neighboring atoms or functional groups. In contrast, the are few examples of carbenes with π-

donation, and their application has not been explored. In this thesis, we focused on the dipyrido-

annulated carbene (dpa-NHC), which extends the carbene backbone with two aromatic ring fusions. 

The dpa-NHC chemistry was reported by only a couple of groups including us. Although the 

investigation of catalytic activity and luminescent behavior of phosphine-anchored dpa-NHC 

complexes was reported, their potential exhibition based on a π-rich system of arylated dpa-NHC 

has remained and the research question of this thesis.  

Chapter 2 discussed the establishment of a synthetic method for the cyclization of arylated dpa-

NHC to iridium centers as LX2-type pincer ligands. Meridional tridentate NHC-based pincer ligands 

contribute to a substantial growth in modern organometallic chemistry in both homogeneous 

catalysis and luminescence materials. Among all NHC-based pincer ligands, dianionic LX2-type CCC-

pincer ones constitute the smallest sub-category owing to the limited ligand frameworks suitable 

for complexation. This work reports a one-pot, high-yield synthesis of a homoleptic anionic all-

carbon bis-pincer Ir(III) complex directly from 

a bis(aryl)-substituted dipyrido-annulated 

(dpaAr2) imidazolium salt and [Ir(cod)Cl]2 via a 

cascade of deprotonation/C-H activation 

processes. Both experimental complexation 

chemistry and computational mechanistic 

investigation suggest that the large bite angle 

• Facile C-H activation
• Redox active metallacycle

All-carbon ligated anionic Ir(III) Complex

Ir

Cs

π-rich dpaAr2-NHC
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and π-rich character of the dpaAr2-NHC are responsible for its facile complexation as a dianionic LX2-

type CCC-pincer ligand precursor. The all-carbon ligated Ir(III) complex bearing a π-conjugated 

ligand scaffold showed remarkably low oxidation potentials, which allows future investigations in 

its redox chemistry and photophysical properties. 

Chapter 3 discussed the oxidation behaviors of the newly synthesized anionic iridium complex 

with dpa-NHC based pincer ligands. Synthetic strategies to access high-valent iridium complexes 

usually requires use of π donating ligands bearing electronegative atoms (e.g. amide or oxide) or s 

donating electropositive atoms (e.g. boryl or hydride). Besides the h5-(methyl)cyclopentadienyl 

derivatives, high-valent h1 carbon-ligated iridium complexes are challenging to synthesize. To meet 

this challenge, this work reports the oxidation behavior of an all-carbon-ligated anionic bis(CCC-

pincer) IrIII complex. Being both s and π donating, the diaryl dipyrido-annulated N-heterocyclic 

carbene (dpa-NHC) IrIII complex allowed a stepwise 4e– oxidation sequence. The first 2e– oxidation 

led to an oxidative coupling of two adjacent aryl groups, resulting in formation of a cationic chiral 

IrIII complex bearing a CCCC-tetradentate ligand. A further 2e– oxidation allowed isolation of a high-

valent tricationic complex with a ground triplet state. These results close a synthetic gap for carbon-

ligated iridium complexes and demonstrate the electronic tuning potential of organic π ligands for 

unusual electronic properties. 
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GENERAL INTRODUCTION 

1.1. Carbenes and their complexes 

The term ‘carbene’ refers to chemical species of neutral carbon(II) with six electrons, which is 

isolobal to neutral boranes. This makes them highly electron-deficient species and, therefore, highly 

reactive. Carbenes can adopt a single or a triplet state depending on how electrons occupy the orbitals. 

Singlet carbenes have occupied sp2 and empty p orbitals because of the different energy levels 

between sp2 and p orbitals. Whereas there are two half-filled p orbitals obeying Fund’s rule for triplet 

carbenes[1]. On the other hand, A long history of continuous effect has been put in the synthesis and 

isolation of these species[2].  

Carbenes are widely used as ligands in organometallic chemistry. Earlier studies by Fischer and 

Schrock led to the isolation and characterization of metal-stabilized carbenes corresponding to 

singlet and triplet states called “Fischer’s carbene”[3] and “Schrock carbenes”[4], respectively. (Figure 

1.1.) Fischer carbene complexes have been prepared by the electrophilic attack of carbon atoms in 

M–CºE (E = O or N–R). late transition metal elements favor Fischer’s carbenes owing to the high 

electronegativity and filled d-orbitals lower in energy., Because of the singlet carbene character, 

these Fischer carbenes work as both s-donating and π-accepting ligands, and M–C bonds consist of 

the covalent bonds. Additionally, the lone pair of adjacent heteroatoms stabilize their carbene 

moieties. (Figure 1.1.A) 

By contrast, deprotonation of a-elimination of alkyl groups on the earlier transition metal center 

has provided the Schrock carbene complexes. Alternatively, the diazomethane derivatives or 

dichrolomethylbenzene as carbene precursors are available[2] The M–C bonds are considered as 

covalent double bonds., Thus, carbene centers show nucleophilic natures as well as weak s and 

strong π-acceptors. Schrock carbenes also refers to high-oxidation-state earlier transition metal 

alkylidene complexes, which often shows nucleophilic carbene reactivity (Figure 1.1.B) 
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Figure 1.1. Bonding of Fischer and Schrock carbene complexes.[5] 
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1.2. N-Heterocyclic carbenes and their analogs 

In 1988, Bertrand reported the first isolable free carbene that had silyl and phosphonyl bulky 

substituents[6] (Figure 1.2.A). Three years later, Arduengo successively isolated and fully 

characterized N-heterocyclic carbenes (NHCs, Figure 1.2.B and C)[7], which led to a rapid expansion 

in various fields of synthetic chemistry. The origin of stabilizing carbenes is a large contribution to 

the resonance structure of ylide. These breakthroughs provided an effective strategy, from which 

hundreds of thermally stable carbene were synthesized, isolated and fully structurally characterized. 

In the 1990s, for example, Arduengo also reported NHCs with saturated backbone, which 

demonstrated that aromatic stabilization was independent for isolable carbene[8]. In addition, Alder 

fully characterized the acyclic diamino carbenes[9], which expanded the designs of carbene 

significantly  

In the 2000s, Bertrand reported that N, C-heterocyclic carbene (also called CAAC) was 

successively isolated, which has higher s-donating and π-accepting properties than those of 

NHCs.[10] This is because of the replacement of nitrogen with more electropositive sp3 carbon, is 

more s-donating, and thus increases the s-donating ability of the carbene carbon. Since only one π-

donating amino group is left by the carbene center, the π-stabilization is reduced significantly, 

leaving the carbene center highly π-acidic. (Figure 1.2.D.) The push-pull style carbene could be 

prepared when the electropositive atoms were employed. For instance, Baceiredo reported the 

synthesis and isolation of a B, P-acyclic carbene[11]. The electron-deficient boron moiety serves as a 

π-acceptor to the carbene carbon in view of the donor-accepter interaction in the NBO analysis. 

Indeed, the precursor has a stronger interaction with adjacent nitrogen, reflecting the  significantly 

shortened P–C bond distance (1.634(3) to 1.563(13), Figure 1.2.E.) 

More recently, the structural diversity of carbene has developed rapidly in the last five years. 

Recent carbene chemistry revealed the introduction of transition metal atoms in the carbene 

frameworks. When the electron-rich late transition metal atoms such as Rh(I)[12] and Au(I)[13] were 

introduced to neighboring carbene carbon. The inclusion of a base metal fragment has been shown 

to increase the nucleophilicity of the carbene carbon enhanced owing to the electronic repulsion 

between lone pairs on carbene carbon and filled d-orbitals of the metal center, illustrated by NLMO 

and MOs compared with the H and Si substituted carbenes[13] (Figure 1.2.F). 
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Figure 1.2. Selected examples of crystalline carbenes. [6,7,18–27,8,28–31,9,10,13–17] 
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1.3. Application of NHCs in synthetic chemistry 

In comparison with the Fischer and Schrock carbene complexes, NHC takes advantage of using 

as a ligand. These varieties of carbenes made chemists strategize the designs of carbenes in view of 

the electronic and steric controls with the several factors of Backbone, ring size, neighboring atoms, 

and their substituents. (Figure 1.3 A). Taking the donating/accepting ability into account, atoms 

adjacent to carbene carbons are an important factor in determining both s-donating and π-accepting 

ability based on the electronegativity of the atoms and (hyper)conjugation.  

These electron properties were reflected in bond distances of both carbon-boron and boron-boron 

bonds in the solid-state structure of carbene-stabilized diboryne[32] (Figure 1.3.B). In the case of the 

IPr, The bond distance of both C–B and B–B bonds were 1.487(3)/1.495(3) Å and 1.449(3) Å, 

respectively. When the SIPr, which has a slightly strong π-accepting ability, was employed, the C–

B bond was somewhat shortened (1.480(2)/1.482(2) Å), whereas the B–B bond elongated to 1.465(2) 

Å. Furthermore, the MeCAAC ligand made this length changes more remarkable. These experimental 

results imply that the π-accepting nature of the carbene carbon got enhanced the multiplicity of C–

B bond and reduced that of B–B bond in diboryne species. In addition, their frameworks take control 

of electronic properties. For example, electron-withdrawing substituents such as cyano or chloro 

groups reduced s-donating nature and enhanced π-accepting properties.  

The steric factor is critical to the various selectivity in catalysis and the kinetic stabilization 

preventing dimerization. For instance, The steric parameter reflected the regioselectivity for copper-

catalyzed borylation of terminal alkynes (Figure 1.3.C)[33]. When IMes was employed as a ligand for 

the copper complex, the trans-isomer was obtained as a major product, whereas when the Dipp 

substituted NHCs was used, the cis isomer was obtained as a major product. Other control of the 

steric parameters, such as a change to a 6-membered NHC improved yields and selectivity. One 

particular useful steric parameters is percent buried volume (Vbur)[34], which can be estimated 

computationally. 
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Figure 1.3. steric and electronic control of carbene derivatives 
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fluorescence (TADF) process[35–39]. These short-lifetime luminescent materials are good candidates 

for organic light-emitting diodes (OLEDs) 

In addition to organometallic molecular chemistry, carbenes are also used in nanoparticles and 

nano-cluster materials, a rapidly expanding field. The facile and fine control of electronic and steric 

factors allows systematical screening for suitable conditions for desired structures, functions, and 

stability in heterogeneous catalytic reactions. 

 

Figure 1.4. Application of carbene in synthetic chemistry 

In the fundamental aspect of molecular structure and bonding, carbene played a crucial role in 

stabilization of chemical species of unusual oxidation state, particularly low-valent main-group 

element species[40,41]. The bonding between carbene and main-group elements can be considered as 

a donor-accepter type dative bond, firstly described by Frenking[42]. A typical example is Arduengo’s 

NHC. In contrast, when strong π-acidic carbenes such as CAAC were used with lighter and high 

electropositive elements such as boron or beryllium, the carbene-element bonds are often found 

covalent in nature with multiple bond characters. (See Figure 1.5) Currently, the library of isolable 

and fully characterized main-group element species with formal low oxidation states of 0 or I are 

rapidly growing. This new class of compounds shows versatile reactivity towards small organic 

substrates, including H2, CO, CO2 N2O, N2, and O2, which is a mimic of transition metal 

complexes[43].  
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Figure 1.5. Selected examples of fully carbene-stabilized low-valent main-group element species that 
were selected in the ref. 41. All compounds were fully characterized.  

In addition to stabilizing the low-valent species, carbene derivatives have been used to stabilize 

in the field of high-valent transition metal complexes because of the strong coordination toward 
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addition, smaller orbitals size caused Pauli repulsion between 3s/3p orbitals of metal elements 

and their ligands. To stabilize the 3d-metal complexes with a high oxidation state, electronegative 
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p interaction toward the metal center. The role of NHCs in this field is to support the multiple 

bonds, which is explained by theoretical calculation[44].  
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electron-donating ability and lie higher in energy than nitrogen or oxygen-based ligands. 
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3d metal complexes, 4d and 5d transition metals are unfavored in high oxidation states, owing to the 

high electronegativity and unfavorable half-filled d-orbitals, especially late transition metal elements, 

the high valent complexes mostly have halide ligands (Figure 1.6 B[50,51] and C[52–54]).  

 
Figure 1.6. Selected examples of transition-metal NHC complexes with high oxidation states[45] 

 

However, owing to the highly electron-deficient nature, the π-acidity of carbene affected the 

decomposing pathway[44]. For example, Figure 1.7.A illustrated Cl ligands in cis positions were able 

to interact with carbene’s empty p-orbitals, which led to the dissociation of the NHC fragments from 

the metal centers. An example of this decomposition route can be found in Sack’s copper(I) NHC 

complex. Upon chemically induced oxidation by SelectFluor, DFT studies showed the energetically 
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from the nucleophilic attack from the halide to the electrophilic carbene center to yield the 

experimentally observed halogenated imidazolium salts (Figure 1.7.B)[55]. 
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for carbene complexes, had a higher activation energy (ca. 10 kcal/mol higher in energy) by 

comparison (Figure 1.7 C) .[56]  

 

Figure 1.7 Disadvantages of carbenes toward stabilization of high valent transition metal complexes 
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1.4. π-Donating carbene ligands 

Owing to the empty p orbital, singlet carbene as ligands are often evaluated as a π-acceptor. As 

mentioned above, the π-accepting ability of carbene is used to stabilize the low-valent main-group 

element species; however, it causes the decomposition of high-valent transition metal complexes. A 

fundamental question that is interesting to us is whether carbenes can be π rich. If so, what chemical 

and physical properties do these π-rich carbenes offer?  

Currently, there are three strategies to increase the π-donation of NHCs. One is pushing the π-

electrons from nitrogen atoms to the empty p orbitals of carbene carbons by neighboring atoms. 

Schreiner reported an example: substituents on the nitrogen of NHCs have an alcohol group 

(NOHCs). The lone pairs on oxygen pushed the π-donation, resulting in strong π-donation on carbene. 

These natures were confirmed by NMR spectroscopy with selenium adducts and gold complex as 

well as free NHCs. Note that NHC-selenium adducts having highly bulky substituents such as 

adamantyl and tert-butyl groups show large shifts to lower magnetic fields in 77Se NMR 

spectroscopy owing to the non-classical hydrogen bonding with the selenium.[58] Considering that it 

could be said that NOHCs have stronger π-donation compared with Arduengo’s NHCs (Figure 1.8). 

 

Figure 1.8. Strong π-donation character of NOHCs and NMR spectroscopic data for the 
evaluation of π-donors[59]. 

The second example reported by our group is a 2-electron reduction of a B, N-heterocyclic carbene 
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products depending on the co-ligand on Au(I) precursors[60]. In the case of the phosphine-coordinated 

Au(I) complex with Tri-tert-butyl-azadiboriridine, the trivalent boron had Lewis acidity, which 
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heterocyclic anionic BNC on Au(I) center. Looking at it from another perspective, neutral BNC 

coordinates to the Au(I) center, illustrating the remarkable low magnetic field shift of 13C{1H} NMR 

(dC = 251.3 ppm) By the reduction with elemental lithium in DME, the 2-electron reduction took 
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C bond distance was dramatically shortened (2.064(3) Å to 2.017(3) Å). The NBO and IBO analysis 

illustrated that the lone pairs were on the two nitrogen atoms and one carbon atom. This BNBNC 
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five-membered ring showed 6π aromaticity, supported by NICS calculation. Owing to the 

localized lone pair on carbene carbon, the 6π-BNC ligand had strong π-donation, reflecting the 

shorting Au–C bond distance (Figure 1.9)[61]. 

 

Figure 1.9. Synthesis and DFT-based bonding description of the B, N-heterocyclic carbene gold 
complex 

The last strategy is the annulation of NHC rings, increasing the energy of π-orbitals via the 

expansion of conjugation. This nature was theoretically demonstrated that HOMO of dpa-NHC 
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13.4)[63] and carbodicarbene with two BIMe ligands (dC = 110.2 ppm)[64]. It is notable that dpa-

NHC is working the same as Arduengo’s NHCs, although they have the larger contribution of 

hidden carbone nature than those of NHCs.  
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Figure 1.10. Molecular orbitals of free NHCs. These were calculated in the level of theory for M05-
2X/6-311G(d,p). 

 

The parent dpa-NHC was first reported by Weiss[65]. Their synthetic route was the cyclization of 

bipyridine using arsenic ylide with a release of triphenyl arsine. The imidazolium salt was 

deprotonated with t-BuOK at –30 °C in situ generations in which 13C{1H} NMR indicated a signal 

at d = 196.41. The free carbene was trapped by selenium to yield C=Se species. This paper said that 

the dpa-NHC could work as both electron-acceptor and electron-donor moieties(Figure 1.11. C). The 

dpa-NHC chalcogen adducts were investigated by CV, indicating that the first oxidative waves were 

observed around 0.3 V (vs Fc/Fc+). The SOMO of 1-electron oxidized the dpa-NHC sulfur adduct 

was delocalized in both π-orbital of dpa-NHC and p-orbital sulfur moieties, describing the resonance 

structures of 13π elections in Figure 1.11 C. However, the chemical oxidation of these species has 

not been achieved yet[66]. 
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Figure 1.11. Synthesis and reactivity of the parent dpa-NHC reported by Weiss. 

 

A couple of years later, Kunz reported the dpa-NHC as a ligand toward organometallic 

complexes[67]. She reported the complexation of parent and 2.10-di-tert-butyl dpa-NHCs to 

various transition metal fragments such as M(CO)5, (M = Cr or W)[67], CuI[68], Rh(I)[68,69], and 

Pd(II)[70]. They established the following chemistry. 1) Facile synthesis and first full 

characterization of 2,10-di-tert-butyl dpa-NHC. Previous method was double SN2 reaction from 

bipyridine to methylene iodide, which took 5 days and low yield. New method, describing in the 

next chapter in detail, was reported in similar yields (total 26% yield), however, it took only 3 

day including workup steps[17]. Later, I improved the larger scale (´3.5) and higher yield (~85%). 

2) The two complexation methodologies were developed, which one was the typical route of NHC 

complexation, and another was direct oxidative addition of brominated imidazolium salt toward 

Pd(0). 3) Evaluation of donor/accepter properties by TEP using RhCl(CO)2(NHC), 77Se{1H} 

NMR signal of selenium adduct, and molecular orbitals. They mentioned that the overall donating 

ability of dpa-NHC originated from π-donor rather than weak π-acceptor. The “built-in umpolung” 

of dpa-NHC suggested by Weiss could be shown by electrochemical study, and Kunz predicted 

to be able to stabilize the high oxidation state species with smaller number of ligands. [69].  
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Figure 1.12 Summarized scheme of the dpa-NHC chemistry developed by Kunz 

 

Recently, de Ruiter reported a successful synthesis of bis(diisopropylphosphino)dpa-NHC and 

complexation toward FeCl2 provided a paramagnetic iron(II) complex. The two chloride ligands 

were replaced to hydride by NaHBEt3 to yield the Fe1 complex with the N2 coordination[71]. The 

Fe(II)  [(PCP)FeCl2] could be reduced by KC8 under the N2 atmosphere, in which an Fe(0) complex 
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indicated unique catalysis. They found the Fe1 in C6D6 showed slow exchange from H to D at the 

iron center. Applied that, the deuterium exchange from C6D6 to various (hetero)arene[71]. 

Furthermore, Fe1 was available to the hydroboration of the terminal alkyne with HBpin, which 

regioselectivity depended on the temperature. Separately prepared (PCP)Fe(II)-HBpin adduct did 

not show the catalytic activity whereas absence of HBpin provided the alkyne dimerization. These 

studies indicated that alkyne ligation is the first step in the hydroboration[74]. Although Fe1 did 

not have catalytic activity for olefin isomerization, Fe(0) complex Fe2 was available to the olefin 

isomerization with a maximum of 160,000 turn-over number. This reactivity difference between 

Fe1 and Fe2 was the oxidation states and/or spin states for the active intermediates[72](Figure 

1.14.B).  

 

Figure 1.13 Summarized scheme of the dpa-NHC chemistry developed by de Ruiter. 
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With these dpa-NHCs, our groups reported the Cl, SPh, PPh2 substituted dpa-NHCs were ligated 

to rhodium and made the pincer form as LCL type ligand (L = PPh2
[75], SPh[76], and Cl[76]). While the 

coordination to the Rh(I) center gave the same behavior of Arduengo’s NHC, oxidation with I2 

allowed to form the pincer ligands in the case of L = Cl or SPh. PPh2 derivatives had the different 

behavior that coordination to Rh(I) center formed the pincer ligand. The PCP–Rh(I) complex can be 

also oxidized to the Rh(III) by I2
[75,76]. Functionalization by electrophilic bromination followed by 

cross coupling reaction gave the arylated dpa-NHC, which was confirmed by the complexation with 

Au(I) centers[77]. (Figure 1.14.A)  

In particular, the PPh2 derivatives were applied for the coordination chemistry of multi-nuclear 

coinage complexes. One equivalent of the metal precursors gave the dimeric complexes. The gold 

bi-nuclear complexes were obtained with the stoichiometric dpa-NHC and Au precursors. Specially, 

an asymmetrical [(NHCAuCl)(NHCAuPAr3)]Cl was prepared by use of the AuClSMe2 , whereas 

Au(tht)2OTf, or halide abstraction from the [(NHCAuCl)(NHCAuPAr3)]Cl yielded the symmetrical 

[(NHCAuPAr3)2](OTf)2. Both dimeric complexes showed strong Au–Au interactions. Additionally, 

one more equivalent of a gold precursor, Au(tht)2OTf, toward both symmetrical and asymmetrical 

Au dimeric complexes provided the tetra-nuclear complex with solvent (DMF) coordination[78]. In 

the case of Ag species, the symmetrical complexes of [(NHCAgPAr3)2](OTf)2 could be characterized. 

As opposed to the Au complexes, [(NHCAgPAr3)2](OTf)2 observed the dynamics for switching 

coordination sites with the dissociation process for its activation barrier of 25.3 kcal/mol. The 

dimeric complexes nuclear Cu complex was prepared in the same manner as those of Au or Ag 

complexes. However, the structure had asymmetrical bi-nuclear complexes with solvent 

coordination. Interestingly, one of the carbene carbon on the dpa-NHC coordinated with both Cu 

centers[79]. It is the reasonable structure that the dpa-NHC coordinated to one of two Cu centers as 

s-coordination and unconventional π-coordination from dpa-NHC toward another Cu center. This 

would be the experimental evidence for the ‘hidden carbone’ nature[62].  
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Figure 1.14. Synthesis and complexation of bis-functionalized dpa-NHC developed by our group. 
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1.5. Ligand synthesis 

Scheme 1.1 described the synthesis of arylated dpa-NHC with the latest procedure. Original 

procedure was reported previously, but the overall yield was very low. To study for the suitable 

condition of formation of pincer ligand, large scale synthesis, facile workup, and high yield required.  

 

Scheme 1.1. Overall scheme for the synthesis of arylated dpa-NHC 

 

This reaction shown in Scheme 1.2 is an SN2 reaction in acetonitrile between 1 and phenacyl 
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Scheme 1.2. First step as a SN2 reaction of bipyridine to the alkyl bromide 

To complete generation of the central 5-membered ring, compound 2 was dissolved in dry 

pyridine and the reaction with bromine was carried out at 60 °C (boiling point of Br2). Note that Br2 

should be added as neat. When Br2 dissolved in pyridine, the heat was generated and suddenly 

became black slily, likely over-reaction between Br2 and pyridine. It takes five minutes to complete 
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Merck, other activated alumina was not available). If sonicate was used for hydrolysis, the amount 

of solvent could be reduced. The product must be dry enough to use the next reaction. Instated of 

evaporation of MeOH/H2O, KPF6 aq. was added to filtrate in order to decrease solubility toward 

water[68]. Note that the product was so moist, which required dryness as much as possible by 

washing with ether, followed by drying in vacuo. 

 

Scheme 1.3. Cyclization to form a dpa-NHC framework 

 
 The imidazolium salt 3 was treated by t-BuOK, resulting in free carbene being generated in 
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was regioselective. Next, bromination took place with the addition of C2Cl4Br2, giving a dark-red 

solution. This mechanism should be the E2 elimination of C2Cl4Br2, which lithiated carbon atom 

attacked to bromine atoms. Finally, the lone pair of sulfur attacks methyl iodide via SN2 reaction at 

room temperature. It should turn dark orange. When the reaction mixture warmed up to room 

temperature before the addition of methyl iodide, The solution color changed to dark yellow. This 

was likely because the tetrachloroethylene worked as a nucleophile. Although this is a different 

process from the original scheme (scheme 1.4.), the same treatment, namely adding MeI into the 

freshly prepared THF solution or suspension followed by reduction by NaBH4 in MeOH, can finally 

yield the desired product 6 (see below).  

A suspension of 5 in MeOH was treated by adding NaBH4 portion-wise, which produced the 

imidazolium salt 6. NaBH4 is a hygroscopic chemical, so it is better to weigh that in a vial. Note that 

NaBH4 is gradually decomposed in MeOH. If NaBH4 was added too fast, the reaction did not 

complete. In addition, when an excess amount of NaBH4 was added into the reaction mixture, the 

dpa-NHC framework was decomposed to yield the bipyridine[80]. The next reaction required pure 6, 
which can be obtained from recrystallization in acetone. Any NMR-silent byproduct or thiol 

derivatives may compromise the palladium catalysts. 

 

Scheme 1.5. Functionalization of dpa-NHC 
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inorganic salt, palladium waste must be removed. Previously, reprecipitation with THF/Et2O was 

carried out for workup. However, the yield is moderate (~45%), which is not always reproducible 

purification. Sometimes the phosphine remained in the residue, or the decomposition products 

could not be removed completely. As a result of the various trials of purification, washing with 

fluorobenzene, followed by hexane is the best method to obtain the pure 7. Once washed with 

fluorobenzene, the brown paste was obtained, which was solidified by hexane to provide the 

yellow solid of 7 in better yield (~60 %). 

 

Scheme 1.6. Arylation of dpa-NHC through Suzuki-Miyaura coupling reaction 

Generation of NHC, 8 was carried out in the same procedure of non-substituted dpa-NHCs.[67] 
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Figure 1.15.Synthesis and characterization of free dpa-NHC 8 
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1.6. Aim and outline of this thesis. 

This thesis explores the complexation methodology of the arylated dpa-NHC as a pincer ligand 

and applies that complex in redox chemistry. The pincer ligand – the term was coined by van Koten 

in 1989[81] – is a crucial design in the coordination chemistry of view, and various kinds of pincer 

complexes have been investigated since the first spectroscopic detection[82] and structural 

characterization[83] of pincer complexes in the late of 1970s. Along with their development, the 

design of the pincer ligand became varied. Indeed, Fill and Bourissou reported the electron-rich 

metal complexes tetra or tridentate ligands bearing s-accepting borane centers (Z-type ligands), 

respectively[84,85]. After breaking through the synthesis stage, pincer complexes with Z-type ligands 

is getting powerful tools in catalysis with electron-rich metals such as gold and platinum[86]. The 

traditional 1-electron donor (X-type) and 2-electron donor (L-type) ligands also provide the different 

properties in the view of the charge and/or formal oxidation state in the various transition metal 

center. Therefore, the development of the complexation route is getting essential work. Our group 

has been investigating the synthesis and application of bis-functionalized dpa-NHC. While the sulfur 

or phosphine-substituted dpa-NHC could work as pincer ligands, arylated dpa-NHC had not been 

applied for a pincer ligand. In this thesis, we envisioned that the LX2-type pincer based on dpa-NHC 

framework could be formed via cyclometallation. Cycloemtallated NHC complexes have been 

studied in the view of applications for catalysis[87–89] or luminescent materials[90–92]. We also 

imagined that such a dpa-NHC pincer complex would be available for applications such as 

homogeneous catalysis, luminescent materials, and electron-transfer transits. 
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Chart 1.1. Ligand design and concept of iridium metallacyles with dpa-NHC 

 

Chapter 2 discusses  the synthetic routes for complexation to Ir and its cyclometallation. [dpa-

NHC]Ir(I) complexes were obtained via transmetallation to Ag(I). Homoleptic complexes were 
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DEVELOPMENT OF COMPLEXATION STRATEGY FOR ARYLATED 
DIPYRIDO-ANNULATED NHC AS A DIANIONIC PINCER LIGAND 
TOWARD AN IRIDIUM CENTER 

2.1. Introduction 

Owing to the design flexibility in both electronic and steric properties, NHCs[93] based pincer 

ligands have been used widely across the fields of catalysts[94] as well as light-emitting materials[95]. 

The 2-electron L-type neutral carbon donor in the carbene is usually a stronger s donor than the 

group 15 nitrogen and phosphorus donors, providing complementary reactivity and/or properties 

upon complexation to the metal center compared to pyridine and phosphine systems. Using Green’s 

formalism[96], NHC-based pincers can be categorized into neutral (L3), anionic (L2X) or dianionic 

(LX2) systems, allowing controllable access to different charges on metal complexes with different 

oxidation states.  

L3-type NHC pincer ligands were classified as mostly two systems: NHC-core and bis-NHC-

anchor pincer ligands.  While the library of L3- or L2X-type systems is expanding rapidly, examples 

of those bearing dianionic LX2-type ligands remain sporadic due to limited metal-complexation 

strategies.[97] The most common design involves NHC core bearing group 15 and 16 anionic 

chelating moieties such as alkoxide, and amides[98] In most of these cases, the preparation procedure 

was the same as NHC-core L3-type pincer ligands, and complexation was achieved through 

deprotonation.  

 
Figure 2.1 Complexation strategy of LX2-type NHC pincer ligands 
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However, this strategy is less effective in synthesizing dianionic all-carbon (CCC-)pincers, whose 

complexation to the metal center mostly relies on cyclometallation through C-H bond activation 

processes. To date, there are very few ligand scaffolds and complexation strategies that allow access 

to LX2-type CCC-pincer complexes (Figure 2.2). In the cases of cyclometallation via sp3 C-H bond 

activation, almost all the examples were obtained from IMes-Ir(III) polyhydride complexes 

(C1).[99,100] A similar approach has been successfully applied to an anionic ruthenium complex, which 

was prepared from Ru(IXy)Cp*Cl (IXy=1,3-bis(2,6-dimethylphenyl)imidazole-2-ylidene) treated 

with PhCH2K stepwise (C2)[101]. An exception is Canac’s phosphino-ylide CCC-pincer ligand 

bearing an NHC core, which complexed to palladium centers easily upon deprotonation (Figure 2.2, 

C3).[102]  

In addition to the limited and highly reactive metal precursors typically required for double C-H 

bond activation in anionic CCC-pincers,[89,103,104] cyclometallation via sp2 C-H bond activation also 

suffers from a less favoring (smaller) bite angle. Since the first report on a dianionic CCC-pincer of 

a hexaphenylcarbodiphosphorane system by Cavell (C4),[105] Esteruelas and Xia (C5)[106], Tu 

(C6)[107] and Danopoulos (C7)[108] reported the Rh, Os, Ir and Pd complexes bearing bis-aryl tethered 

NHC pincer ligands, respectively. Each features a strained 5-membered metallacycle, which makes 

them more susceptible to M–C bond cleavage, compromising stability, and thus hindering their 

applications in systematic reactivity and property investigations. 

 
Figure 2.2 Selected examples of the late transition metal complexes bearing CCC-LX2 NHC 

pincer ligands. 
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dpa-NHC pincer ligand. Based on the literature, three proposals were suggested (Chart 2.1). Route 

A was suggested by Aldridge’s examples, in which the free 6Mes ligand coordinated to the iridium 

center with C–H activation on an ortho-methyl group simultaneously[109]. This likely caused the 

facile approach toward the coordination space of the iridium center. This simulation might be close 

to our dpa-NHC 8; thus, this strategy was employed. Besides that, two strategies were inspired by 

Peris’ report[110]. Route B describes the stepwise reaction of complexation followed by 

cyclometallation. In this case, we can confirm each step and make it easy to trace the reaction. 

Although this system would give us a good understanding of the reaction mechanism, the overall 

yield could be low because one workup step is required in the complexation step. Route C provides 

the one-pod cyclometallation by using bases such as acetates, carbonates, amines, alkoxides, amides, 

hydroxides, or, sometimes Ag2O. This direct synthesis would allow us to obtain the desired complex 

with a good yield. However, the reaction might take through undesired pathways, which usually 

require harsh conditions such as reflux of acetonitrile, toluene, and 2-ethoxyethanol in the presence 

of bases.  

 

Chart 2.1 A strategy map to obtain the desired dpa-NHC-based LX2 pincer iridium complex. 
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2.2. Initial attempts for complexation of dpaAr2-NHC toward iridium 
complexes as a pincer ligand 

Cyclometallation is an intramolecular reaction of a metal complex, in which the C–H bonds on 

the ligand(s) cleaved and the C–M bonds were newly formed. The product has a cyclic structure 

containing the metal center. A general strategy is through oxidative addition of the C–H bond. 

Initially, the s-coordination of the C–H bond occurred, followed by the C–H bond being cleaved. 

This process is favored by electron-rich metal centers, which have strong electron-donating ligands 

owing to the increase in the electron density on the metal center. To date, cyclometallation with 

strong L-type donors such as pyridines[111], NHCs[112], phosphines[113], and silylenes[114], was 

established. Whereas the single cyclometallation was readily undergoing, the double 

cyclometallation was highly challenging owing to the geometry limitation. In addition, harsh 

conditions were required because the double cyclometallated ligands provide pincer ligands, which 

are usually thermodynamically stable species[115]. The dpa-NHC has strong s and π-donating nature 

as well as the aryl moieties are fixed around coordination space to the metal center. Thus, we 

developed the first strategy for cyclometallation by following these methods using the harsh 

conditions with iridium precursors. 

The initial attempted condition for the complexation of carbene 8 as a pincer system was using 

Ir(OAc)3 as a starting material. Generally, cyclometallation on the iridium center was performed 

with iridium chloride, however, that iridium source contained water as iridium chloride hydrate. 

Although several conditions were employed to obtain the desired iridium complex, the fragment of 

1327.40979 (called complex X) was only observed as an iridium-containing species by HRMS. Any 

other species corresponding to iridium was not detected. In addition to this iridium species, a needle 

crystal was isolated by recrystallization with a toluene/hexane two-layer system. SCXRD illustrated 

the ring-opening byproduct 10. This decomposition was readily assigned in both 1H and 19F NMR 

(dF = –62.20 ppm). 

 
Scheme 2.1 Attempted cyclometallation of 8 with Ir(OAc)3 
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decomposed to bipyridine. Therefore, Cs2CO3 was added to the reactant to quench the acid. However, 

the base seemed not to work. The yield of complex A was quite low (~ 15%) because of unmatched 

stoichiometry between Ir and carbene. Additional carbene 8 was added to accelerate the generation 
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of the detected complex. Although I tried different conditions of their stoichiometries of 1:1, 1:2, 

and 1:3 ratios respectively, the results were the same behaviors of the 1:1 reaction. The bottleneck 

of this reaction was the solubility of Ir(OAc)3 toward organic solvent. There is an experimental 

fact that the starting material of Ir(OAc)3 remained in the reaction form even though three 

equivalents of carbene 8 were used. Then, I changed starting materials, which are soluble in 

organic solvents. 

 
Figure 2.3 Solid-state stricture of 10. Hydrogen atoms are omitted for clarity. The ellipsoid 

was set as 50% probability. 

 

For the sake of preparing the desired pincer complexes, Ir(I) starting materials were employed 

as an alternative strategy. I employed four Ir(I) complexes, [IrCl(olefine)2]2, IrCl(PPh3)2L (L = 

PPh3 or CO), which were well-known that oxidative addition facially happens at Ir(I) center in 

the same condition as using Ir(OAc)3 (Scheme 2.2).  

 

 
Scheme 2.2.  Summary of attempted cyclometallation of dpaAr2-NHC from iridium(I)  
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after mixing with carbene 8 at –30 °C. The initial step of this reaction was predicted to be the 

coordination of free carbene 8, which yielded two possible intermediates (11A or 11B). In 

comparison with the 1H NMR spectrum of [IrCl(coe)2]2, the olefin signal was observed at 5.61 ppm, 

which could be assigned as free coe. Thus, 11B might be generated as major species. After 

acceleration by reflux of toluene, a signal of –60.7 ppm disappeared. This signal could be considered 

intermediate likely complex 11C or 11B. A new signal at –61.96 ppm in 19F NMR could be the 

thermodynamic product, which could be complex A, the second coordination of free carbene 8 might 

happen. However, any species was not isolated nor detected, thus this condition was not suitable 

(Figure 2.4).  

] 

Figure 2.4 Attempted cyclometallation of 8 with [IrCl(coe)2]2 to complex 11 
 

We hypnotized two coordination styles, which were difficult to control the coordination either 

coe dissociation or monomerization, thus, [IrCl(cod)]2 was employed owing to be sure for producing 

the IrCl(cod) fragment by preventing first dissociation of olefin ligand using bidentate cod ligands. 

Toluene reaction of 8 plus [IrCl(cod)]2 was monitored by 19F NMR by each 30 °C (Figure 2.5). Even 

though the reaction temperature raised to 80 °C, the reaction did not happen according to 19F NMR. 

When the temperature reached to reflux, new two signals were grown. One of two signals was 

assignable to 10 based on the previous experiment. Another signal was not identified yet; however, 

compared to the [IrCl(coe)2]2 reaction, the reaction proceeding was clean. Unfortunately, the product 

was not isolated likely due to the similar solubility among 8, 10, and product, or the highly crystalline 

10.  
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Figure 2.5. Stacked 19F NMR spectra for monitoring reaction toward complex 12 

 

IrCl(PPh3)3, the iridium analog of a Wilkinson catalyst, is one of the iridium sources. This 

complex has doublet and triplet signals in 31P{1H} NMR spectroscopy corresponding to trans and 

cis PPh3, respectively Thus, we can monitor the iridium species by 31P{1H} NMR spectroscopy. 

Firstly,  the reaction was monitored at room temperature for 18 h, some reaction happened. Both 
19F and 31P{1H} NMR spectra indicated that the starting materials of 8 and IrCl(PPh3)3, 

respectively. After acceleration of the cyclometallation by heating at 60 °C for 6 h, initial iridium 

species were consumed completely, and a couple of doublet signals were observed. Two signals 

(or, one double doublet signal) around –90 ppm indicated the hypervalent phosphorus species, 
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62.53 and –62.77). This situation could be considered in two matters: forming an iridium complex 
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Figure 2.6 Attempted cyclometallation of 8 with IrCl(PPh3)3 

 

Also, trans-Ir(CO)Cl(PPh3)2, Vaska’s complex, was employed. This complex has only one signal 

on the 31P NMR spectrum, so the reaction can be monitored more easily. Even though the reaction 

was performed under reflux conditions for 12 hours, the iridium starting material remained and a 

relative amount of free carbene 8 was decomposed to 10. New signals in both 19F and 31P{1H} NMR 

spectra suggest that the asymmetrical species might be generated. The 31P{1H} NMR spectra showed 

two large singlets, which suggests there were two major species, which are consistent with the 19F 

NMR spectra. In any case, the products of iridium complexes have not been characterized yet (Figure 

2.7).  

 

 
Figure 2.7 Attempted cyclometallation of 8 with IrCl(CO)(PPh3)2 
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Instead of the iridium centers, rhodium starting materials such as [RhCl(cod)]2 or Rh(PPh3)3Cl 

were employed because of the NMR-active Rh centers, providing the coupling with 1H or 13C 

nuclei. Although a similar condition for iridium starting materials was attempted, desired 

complexes 15 or 16 were obtained (Scheme 2.3). 

 

Scheme 2.3 Attempted complexation of dpa-NHC toward Rh centers. 

 

In conclusion, cyclometallation from free carbene 8 was not clean reaction because of the 

thermal decomposition to provide bipyridine 10. However, cyclometallated iridium dpa-NHC 

complexes might be detected like scheme 2.1. by MS. Therefore, there had still chances to obtain 

the desired cyclometallated iridium complexes. To overcome this problem, the stepwise reaction, 

which was a coordination of dpa-NHC followed by cyclometallation, was investigated. According 

to the screening, the [Ir(cod)Cl]2 seems to be the best iridium source, therefore, [Ir(cod)Cl]2 was 

selected as an iridium precursor. 

 

 
Scheme 2.4 complexation of dpaAr2-NHC with silver transmetallation. 
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solid in 81% yield. (Scheme 2.4). The silver intermediate was confirmed by NMR and HRMS. In 1H 
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NMR spectra, the signals were in good agreement with the 8-AuI complex. Chemical shifts of 

complex 17 shifted downfield due to the electronegativity (Ag:1.93, Au:2.54).  

 
Figure 2.8 Stacked 1H NMR spectra of complex 17 and its gold analog. 

 

Single crystals of 18 were obtained from a CH2Cl2/n-hexane two-layer system. The solid-state 

structure of 18 from an X-ray crystallographic analysis shows an unremarkable Ir–Ccarbene distance 

of 2.064(2)/2.066(2) Å, falling in the typical range of those observed in Ir–NHC complexes. 

However, due to the bulky cyclooctadiene, the Ir(I) centre is forced out of the carbene backbone with 

an elongated Ir-Cl bond (2.3998(6)/2.4098(7) Å, Figure 2.9), comparable to that observed for the 

[Ir(IAd)(cod)Cl] complex (2.394(3) Å, Table 2.1).[116]  

 
Figure 2.9 Solid-state structure of 18. The ellipsoids were set at 30% probabilities. Periphery 

atoms on ligands and solvent molecules are omitted for clarity. 

A. dpa-NHCAgI (17)

B. dpa-NHCAuI

CDCl3

6.806.856.906.957.007.057.107.157.207.257.307.357.407.457.507.557.607.657.707.757.807.857.907.958.00
f1 (ppm)

1

2

Front View Side ViewFront view Side view



 

 

36 

 
Table 2.1 Bond length around iridium centers of IrCl(cod)(NHC) complexes 

 

VT 1H NMR experiments revealed that the four broad signals at room temperature, assignable to 

aryl groups, sharpened at –60 °C. The 19F NMR spectrum shows a sharp singlet at –62.4 ppm with 

no changes at until dropping temperature to –60 °C (Figure 2.19). The 13C{1H} NMR spectrum of 

18 in CD2Cl2 revealed a singlet at 161 ppm, assignable to the carbene carbon atom, upfield-shifted 

in comparison to the free carbene 8 (dC = 196 ppm in C6D6) and other dpa-NHC complexes in the 

literature[68–70,75,77–79,117].  

 
Figure 2.10 VT NMR of complex 18 

 

After obtaining the iridium complex, ligand substitution reactions were carried out for 

carbonyl(CO), phosphines, and phosphates (Scheme 2.5). In short, the carbonyl reaction has 
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ligand substitution to CO ligands on complex 18 did not work well. In CH2Cl2 solution, 

Ir(NHC)Cl(CO)2 complex was readily decomposed to give the imidazolium salt with iridium 

counter-anion detected by X-ray crystallographic study. Although toluene was useful in providing 

ligand substitution, complex 19 was not fully characterized yet. Phosphine and phosphite were also 

used for ligand substitution as well as CO. However, neither phosphine nor phosphite was not 

providing clean products 19. 

 

 
Scheme 2.5 Ligand substitution reaction from the cod ligand. 

 

Ligand substitution seems to be hard because of sterically hindrance. Normal [Ir(NHC)Cl(cod)] 

complexes have vacant dz2 orbitals without hindrance, which allows the first incoming ligand can 

be coordinated to the iridium center. Then, 18-electron trigonal bipyramidal geometry would be 

formed. After the original ligand was dissociated, the second incoming ligand was ligated. This 

“associative” process generally occurred. In the case of NHC with bulky substituents such as 

adamantyl (IAd), CO substitution was much slower than typical ones like IMes, IDr, and ItBu[116] 

because of the satirical hindrance for metal dz2 orbitals. For complex 18, its dz2 orbital was mostly 

covered by aryl groups. These prevent coordination toward the dz2 orbital.  

X-ray analysis on the red crystals of 20 in Figure 2.12 revealed a square planar geometry of the Ir(I) 

in the solid-state structure, residing in plane of the carbene backbone (Figure 4). The Ir-Ccarbene 

distance of 2.054(6) Å is similar to that in 3. The Ir–C3 distance of 1.934(9) Å is slightly shorter 

than Ir–C2 and Ir–C4 (1.967(7) and 1.927(7) Å respectively), reflecting the structural trans effect of 

the dpa-NHC. The NMR spectra of 20 is unremarkable. The signal of carbene carbon was not 

observed in the 13C{1H} NMR spectrum.  
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Figure 2.11 Solid-state structures of 20 The ellipsoids were set at 30% probabilities. 

Periphery atoms on ligands are omitted for clarity. 
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2.3. Cyclometallation of arylated dpa-NHC 

Braunstein reported the detailed mechanistic investigation of the formation of iridium(III) 

complexes bearing m-phenylene-linked bis-NHC described in Scheme 2.6. This reaction mechanism 

was summarized in scheme 2.5. The initial step of this reaction was the complexation of NHC by 

base (Cs2CO3 or NEt3), which isolated by brief refluxing in MeCN and fully characterized. Oxidative 

addition of the C–H bond between heterocyclic moieties took place accompanied by the ligand 

substitution from cod to two MeCN ligands. Afterward, deprotonation (or reductive elimination of 

HX) yielded the iridium(I) species bearing the mono-cyclometallated NHC ligand. Finally, the 

oxidative addition of the C–H bond between nitrogen atoms on the imidazolium ring provided the 

desired pincer complex. The hydride on iridium was confirmed by the deuterium experiment[103].  

What is noticeable for the pincer complex is coordinated MeCN ligands. One MeCN readily 

replaced by iodide, which was from the carbene precursor. When weakly coordinated counter-anions 

such as BF4 or PF6, ligand exchange did not occur. If bulky substituents such as t-butyl or adamantyl, 

coordinatively unsaturated iridium(III) complexes were obtained with the open coordination space 

trans to the aryl group[89], or mixed NHC/abnormal NHC pincer ligands were synthesized[118].   

 
Scheme 2.6 Proposed reaction mechanism of pincer NHC complex by Braunstein[103] 

 

For the NHC-core pincer ligands with aryl anchors, Tu investigated with DFT calculation 

(Scheme 2.7).[107] After NHC complexation toward [IrCl(cod)]2, the first metallation took place. In 

the case of h4-cod coordination, these activation barriers were no lower than 30 kcal/mol, which 

were inconsistent with their experimental condition of room temperature (298 K). In particular, base-

promoted metalation required much high energy barriers (85.2 kcal/mol) likely owing to the steric 

L

L

N N
N N

n-Bun-Bu Ir X

I–

L

L
N N

N N
n-Bu

n-Bu Ir
X

I–

H

Oxidative 
addition

L

L

N N
N N

n-Bu
n-Bu Ir

I–

Deprotonation

Oxidative 
addition

2 I–

N N
N N

n-Bun-Bu
L

L

N N

N N
n-Bun-Bu

IrH

I–

[IrCl(cod)]2, Cs2CO3
MeCN

Complexation

L = MeCN



 

 

40 

repulsion between the base of HMDS and NHC substituents. Alternatively, it provided a 

reasonable energy barrier (23.0 kcal/mol) to change the coordination mode of cod from h4 to h2. 

Afterward, oxidative addition of C–H activation at the opened coordination space. Noticeably, 

such a C–H activation process was favored in their NHC with spiro-bicycles. In the case of 5 or 

6-membered NHC with phenyl substituents on nitrogen, higher activation energy is required than 

that of a spiro-bicycles system. Elimination of HCl, which was quenched by HMDS, and 

spontaneous re-coordination of free olefin moiety of cod gave a bidentate-NHC iridium(I) 

complex. This intermediate was almost the same as Braunstein’s, which yielded the pincer 

complex through the second C–H activation with oxidative addition. 

 
Scheme 2.7 Proposed reaction mechanism of pincer NHC complex by Tu 

 

In short, the formation of NHC-pincer iridium complexes consisted of first C–H activation, 

deprotonation of Ir–H, and second C–H activation. Based on the reported mechanism for 

cyclometallation, we hypothesized that complex 18 would undergo cyclometallation. Oxidative 

addition of C–H bond at ortho position on aryl moieties provided the one-side cyclometalled Ir(III) 

complex. Afterward, deprotonation by a base such as Cs2CO3, followed by the second oxidative 

addition might yield the desired iridium pincer complex (Scheme 2.8). 
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Scheme 2.8 First expected reaction mechanism for cyclometallation of 18 

 

To promote C–H bond activation for synthesis and isolation of any Ir(III) complex, reaction 

mixture of complex 18 in toluene or acetonitrile were refluxed overnight in the presence of the base 

(Cs2CO3). All attempts led to mixtures of unidentified products, which was an inseparable mixture. 

All attempts to obtain heteroleptic pincer complexes told us that this method could not be suitable. 

In view of the DFT calculation, the first oxidative addition of the C–H bond was unfavored in the 

Gibbs energy (DG0
R = 14.6 kcal/mol). In addition, cyclometallation from complex 20 was attempted 

upon reflux in MeCN in the presence of Cs2CO3. 1H and 19F NMR spectra suggested no reaction. 

This is due to the electron-deficient metal center by π-withdrawing isocyanide ligands.  

 
Figure 2.12 Attempted cyclometallation from 18 
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However, a one-pot reaction of 7 and over quarter equivalents of [Ir(cod)Cl]2 at the reflux of 

acetonitrile in the presence of Cs2CO3 afforded a major product isolated as a wine-red solid (Scheme 

2.9). Note that Cs2CO3 was hygroscopic, which made a decomposition during the reaction. Therefore, 

this base must be dry prior to use. (We can dry it up in vacuo overnight.) 19F NMR spectrum of the 

product in CD3CN showed a sharp singlet at –62.9 ppm corresponding to the four chemically 

equivalent –CF3 groups. 1H NMR indicated the formation of the pincer ligand based on dpa-NHC 

framework. Various 1D and 2D techniques were used for the assignment of all the observed signals. 

In the 13C{1H} NMR spectrum, a singlet at 151 ppm was assigned to the carbene carbon atom, which 

is more up-field shifted than that of the Ir(I) complex 18. The iridium-bound sp2 carbon atoms are 

assigned to the most down-field singlet at 159.78 ppm. 

 

Scheme 2.9 Optimized cyclometallation reaction from the NHC precursor 7 

Single crystals of this product were obtained from the slow diffusion of n-pentane into a saturated 

THF solution. Its solid-state structure in Figure 2.14 A showed an octahedral bis(CCC-pincer) 

iridium structure with S4 symmetry, bearing six σ Ir–C bonds with the carbene moieties trans to each 

other (Figure 2.13 A). The axial Ir–Ccarbene distance of 1.990(5) Å is shorter than the equatorial 

iridium-aryl distances (2.109(4) Å and 2.092(3) Å), similar to those observed in octahedral Ir(III) 
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the counter-ion, the salt metathesis of iodide was attempted. Taking into consideration the counter-

anion source from imidazolium salt 7, this cyclometallation was carried out using 7 with PF6
–.  The 

product and single crystal were obtained in the same manner; however, the SCXRD analysis showed 
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the same structure in the case of 7 with iodide. On the other hand, the Cs+ ion was confirmed by 

trapping with cryptand (Scheme 2.10). In the presence of a cryptand, 24 can be recrystallized with 

ion separation (Figure 2.13 B). The dissociation of the cesium cation did not change the bonding 

features of the anionic iridium complex. In the crystal lattice of 24, the counter ion Cs+ bridges two 

adjacent molecules through π-coordination to aryl moieties, forming a chain structure in the crystal 

lattice (Figure 2.13 C). The Cs–C distances range between 3.420(2) Å to 3.750(2) Å.  

 

Scheme 2.10 A Cs+ trapping experiment 

 
Figure 2.13. Solid-state structures of 23 and 24. The ellipsoids were set at 30% probabilities. 
Periphery atoms on ligands are omitted for clarity. The cesium ion for 23 has an occupancy of 0.5, 
disordered from its special position.  
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To understand the reaction mechanism, this reaction has been monitored by 1H and 19F NMR 

spectroscopy in J. Young’s tube (See Figure 2.14 and 15). After mixing chemicals, the spectra 

revealed the reaction did not occur immediately. For 40 hours at room temperature, the complexation 

of imidazolium 7 to 18 slowly took place. Warming up until reflux accelerated this reaction. 19F 

NMR spectroscopic monitoring suggested the couple of intermediates was generated and then 

consumed, which finally served the product 23 and unreacted 7. However, any intermediate was not 

observed as a single product, which suggested that the rate-determination step seemed to be in the 

early stage.  

 

Figure 2.14 Stacked 1H NMR (400 MHz) spectra for cyclometallation from 7(†) to 23(#) 
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Figure 2.15 Stacked 19F NMR (376 MHz) spectra for cyclometallation from7(†) to 23(#) 
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Figure 2.16 1H NMR spectra comparison of trials to cyclometalation with no additive, PhCN, DMAP, 
and t-BuNC. 

 

The selection of base was also important for this reaction. When K2CO3 was employed instead of 

Cs2CO3, complex 23 with potassium cation was not obtained according to the 1H NMR spectra of 

the crude product. On the other hand, by addition the same equivalent of 18-crown-6 or [2,2,2]-

cryptand to K2CO3 to increase its solubility of K2CO3 such as 18-crown-6 or [2,2,2]-cryptand helped 

the formation of complex 23 with probably additive-potassium counter-cation fragments. In addition, 

using Cs2CO3 with their additives, complex 23 with cesium adducts (crown ether or cryptand) were 

obtained with the same efficiency as the original condition. According to these experiments, we 

could suggest that counter-cation did not affect the reaction mechanism, and the solubility of 

carbonate was important. Compared with the potassium cation, the cesium cation is larger so that a 

larger number of solvent molecules were able to interact with the cation. The crown ether and 

cryptand increase the solubility of byproduct salt, making isolating the desired product difficult. 

Thus, the most practical method to synthesize complex 23 was to employ Cs2CO3 only (Figure 2.17).  
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Figure 2.17  Stacked NMR spectra (in CD3CN) of crude products toward 23 with various bases. 

Additionally, the mechanism of the formation of 23 was investigated by DFT theoretical calculations. 

(Figure 2.18) According to our best mechanistic proposal, the reaction starts from 7 and Cs2CO3, 

which produces cesium iodide and cesium carbonate through TS1(H)I (DG1
‡ = 19.3 kcal/mol). The 

free carbene complexes to the monomeric [IrCl(cod)] exothermically (DGR1 = -34.8 kcal/mol) to 

form 18 (See Figure 2.19 A. for the equilibrium between monomer and dimer). From here, a second 

Cs2CO3 assists in the first C-H bond activation: cesium chloride is first obtained, and via TS18®INT-1 

(DG2
‡ = 26.4 kcal/mol), CsHCO3 and INT-1 are produced (DGR2 = -25.7 kcal/mol)[121,122]. 

Interestingly, generated CsHCO3 reduced the decomposition barrier of H2CO3 (Figure 2.19. B–D). A 

third cesium carbonate molecule repeats this process downhill deprotonating one more 7 [TSINT-

1®INT-2: DG3
‡ = 23.4 kcal/mol], releasing the cod ligand, CsI, CsHCO3 and coordinating the second 

carbene in INT-2 (DGR3 = -22.4 kcal/mol). At this point, the oxidation state of the metal center 

remained the same. However, given the proximity of the ancillary phenyl rings, an oxidative addition 

activates one C-H bond from the second coordinated carbene ligand [TSINT-2®INT-3: DG4
‡ = 22.6 

kcal/mol] to form an Ir(III) center. The Ir(III) hydride complex INT-3 is only -4.3 kcal/mol (DGR4) 

below INT-2. Still, it triggers a third C-H bond activation mediated by the Ir center [TSINT-3®INT-4: 

DG5
‡ = 24.0 kcal/mol], eliminating H2 to yield INT-4 as an intermediate. This neutral species 

undergoes its fourth C-H bond activation mediated by Cs2CO3 [TSINT-4®23: DG6
‡ = 10.1 kcal/mol] to 

get one more cesium bicarbonate and the anionic Ir(III) complex 18 (with Cs+ as counterion). This 
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reaction is highly exergonic. Although some energy barriers are somewhat high, the reaction can be 

achieved under the reflux conditions described above. Because of its cascade nature, each early 

reaction step releases enough kinetic energy to prevent slowing down the next one until completing 

the whole process.  

 

Figure 2.18 Calculated mechanism of the formation of 23 from 7 calculated at the 
(SMD:acetonitrile)ONIOM[ω-B97XD/(6-31G(d), mod- LANL2DZ):PM6] level. 
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Figure 2.19 Predicted mechanism of side reaction during the formation of 23 form 7. calculated at 
the (SMD:acetonitrile)ONIOM[ω-B97XD/(6-31G(d), mod- LANL2DZ):PM6] level. 

 

As described in Scheme 2.6. and 2.7, other reaction mechanisms could be considered. First, C–H 

activation should occur through a concerted metallation deprotonation process. If our 

cyclometallation occurred according to Braunstein’s mechanism, the cod ligand should have 

replaced acetonitrile from the INT-1. However, Our DFT results implied that this exchange toward 

INT-5 is thermally unfavored (DG0
R = 25.4 kcal/mol, see Scheme 2.11.A.). In addition, the HOMO 

of complex 18 was delocalized on π-orbitals of cod moieties. Based on those, the C–H activation of 

cod ligand could happen simultaneously[123].  

With respect to Tu’s mechanism, one of two olefin moieties was dissociated to make coordination 

space for C–H s-coordination. We did not calculate that pathway. However, the last intermediate 

was the same as INT-1; therefore, the last process is important in mechanisms. The oxidative 

addition from INT-1 was estimated in the higher-lying Gibbs energy as 11.7 kcal/mol with the typical 

transition state of oxidative addition of 31.0 kcal/mol toward generation of INT-6. Compared with 

the most favored pathway (from INT-1	to	INT-2, DG‡ = 23.2 kcal/mol), their Gibbs energy for both 

the transition state and the product were unfavored (See Scheme 2.11 B).  
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Scheme 2.11. DFT studies for the different reaction pathways suggested by other groups. 

 

The last deprotonation/metalation step of the calculated mechanism was verified experimentally. 

The protonation of 23 in acetonitrile by equimolar of Et3N•HCl (Scheme 2.12) led to a relatively 

clean formation of a neutral Ir(III) complex 25 (INT-4 in Figure 2.18), from which reddish brown 

single crystals were obtained (NMR yield ca. 80%). The solid-state structure of 25 revealed that one 

aryl group was protonated concurrently with an Ir-C bond cleavage (shown in Scheme 2.10), leaving 

the Ir(III) with a square pyramidal coordination geometry. The closest distances between iridium and 

the protonated aryl group, Ir-C3 (2.713(5) Å) and Ir-H3 (2.6613 Å) are significantly longer than 

those of (h2-CC)-Ir coordination in 18 (2.091(2)-2.165(2) Å). The 1H NMR spectrum of 25 showed 

two sets of doublets for the protonated aryl group, suggesting no strong localized coordination 

between the metal and aryl groups in solution at room temperature. In figure 2.14. a signal at 4.5 

ppm appeared once and disappeared at the end of the monitoring. According to the 1H 1D and 1H-
1H COSY 2D NMR spectra of 25, the generation of INT-4 was observed during our monitoring.  
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2.4. Electronic properties of 23 

The oxidation state of Ir(III) was confirmed by X-ray absorption near edge structure (XANES) 

measurements. Figure 2.22 shows the Ir L3-edge XANES spectra. The strong peak appearing at the 

absorption edge was assigned to the 2p ® 5d electronic transition and the oxidation state of Ir can 

be determined by the peak intensity. The peak intensity of 23 was similar to that of R which is an 

Ir(III) reference compound. Both absorptions are lower than that of Ir(IV)O2, suggesting the 

oxidation state of 23 is close to Ir(III). 

 
Figure 2.20. Normalized Ir-L3 edge XANES spectra for complex 23 (black solid line), reference 
compounds R (grey solid line), IrO2 (black dotted line) and Ir(0) powder (grey dashed line). An 
expansion of a) is shown in b).  

 

Both NMR and UV-Vis spectra of 24 in acetonitrile are almost identical to those of 23, which 

suggests a facile dissociation of the ion pair in the solution (Figure 2.23). The UV-vis spectra of 23 

and 24 showed a broad absorption with a maximum of 450 nm and 452 nm, respectively. 

Unfortunately, both 23 and 24 are non-emissive in solution and solid-state. Although the 
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spectroscopic comparison reviled the almost the same, 23 has a half-life of about 3 days in 

acetonitrile in air, significantly longer than that of 24, which is about 3 hours.  

 

Figure 2.21 Spectroscopic comparison between 23 and 24 

Cyclic voltammetry (CV) measurement of 23 from the open-circuit voltage in acetonitrile showed 

four redox events (Figure 2.22). The first redox step at DE1/2 = –0.51 V (vs Fc/Fc+) was reversible in 

a separate experiment, while the second redox event was found irreversible. The DE1/2 of the first 

redox step is much lower than those observed in typical Ir(III) complexes. It is, however, comparable 

to Rohde’s dialkyldiarylguanidinato Ir(III) complexes ([Ir{ArNC(NR2)NAr}3], DE1/2 = –0.27 - –0.41 

V vs Fc/Fc+)[124] and Crabtree’s mononuclear pyridine-alkoxide Ir(III) system (DE1/2 = –0.18 - –0.69 

V vs Fc/Fc+)[125–127], both of which could be oxidized to afford isolable Ir(IV) and/or Ir(V) complexes. 

The facile oxidation of 23 is likely due to the extended conjugation between the metal d orbitals with 

the π-rich CCC-dpaAr2-NHC pincer ligand.  

On the other hand, the second redox event corresponding to Ir(IV/V) couple was found to be 

irreversible at room temperature. However, when measured at –45°C, the voltammogram showed 

three reversible waves. These results suggest that while the oxidation from Ir(III) to Ir(V) may be 

possible at low temperatures, the Ir(V) species generated after 2e–-oxidation undergoes an 

A. UV–Vis spectra (0.10 mM MeCN solution)

23

24

0

0.5

1

1.5

2

2.5

3

3.5

4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

350 400 450 500 550 600 650 700 750 800

ε
/ 1

04
L 

m
ol
–1

cm
–1

Wavelength / nm

complex 4
λmax = 450 nm (ε=1.38×104) 
          complex 4･crypt
λmax = 452 nm (ε=1.45×104)

23

24

B. 1H NMR (600 MHz, CD3CN) 

6.06.16.26.36.46.56.66.76.86.97.07.17.27.37.47.57.67.77.87.98.08.18.28.38.48.5
f1 (ppm)

1

2

Cs+

CF3N N

t-Bu t-Bu

Ir–

F3C CF3NN

t-But-Bu

F3C

23

[2,2,2]-cryptand
THF, RT, 16 h Cs+

CF3N N

t-Bu t-Bu

Ir–

F3C CF3NN

t-But-Bu

F3C

24

N
O

O
N

O

O O

O

0

0.5

1

1.5

2

2.5

3

3.5

4

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

350 400 450 500 550 600 650 700 750 800

ε
/ 1

04
L 

m
ol
–1

cm
–1

Wavelength / nm

complex 4
λmax = 450 nm (ε=1.38×104) 
          complex 4･crypt
λmax = 452 nm (ε=1.45×104)

23

24

Cs+

CF3N N

t-Bu t-Bu

Ir–

F3C CF3NN

t-But-Bu

F3C

23

[2,2,2]-cryptand
THF, RT, 16 h Cs+

CF3N N

t-Bu t-Bu

Ir–

F3C CF3NN

t-But-Bu

F3C

24

N
O

O
N

O

O O

O



 

 

53 

irreversible chemical reaction rapidly in solution at room temperature (See Chart 2.2). This CV also 

suggested the third signal close to 0.35 V was observed at –45 °C. This could be assigned as the 

ligand-based redox wave. CV measurements of both compound 7 and 8 were conducted. While 8 

was decomposed during measurement, two redox waves were observed in compound 7. Thus, this 

wave could be ligand-based redox behaviors. 

 

 

Figure 2.22. CV of complex 23 in MeCN solution with 0.1 M TBAPF6. Scan rate : 100 mV/sec. 

 

Chart 2.2 Expected oxidation behaviour from complex 23 
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2.5. Conclusion 

This capture discusses the search of suitable reaction conditions to obtain the arylated dpa-NHC 

pincer complex. Three general strategies were investigated, including 1) heating free arylated dpa-

NHC to promote the cyclometallation (intramolecular C–H activation), 2) stepwise formation via 

simple complexation of dpa-NHC, and 3) the one-pot synthesis from dpa-NHC precursors. While 

the first trial did not afford desired results due to the thermal stability of carbene, the complexation 

of dpa-NHC with silver oxide provided the Ir(I)–NHC complex. Using that complex, the 

cyclometallation was attempted in the presence of the base. This cyclometallation made the product 

afforded a complex mixture. In order to tune the reactivity, the co-ligand was added to the 

cyclometallation condition. Strong donating co-ligands did not improve the selectivity, whereas the 

isocyanide could give the ligand exchange of both cod and halide ligands on iridium, which did not 

allow cyclometallation even at elevated temperatures. Lastly, the one-pot synthesis from dpa-NHC 

precursor gave the cyclometallated product with dpa-NHC-based pincer ligand. The charge and 

oxidation state of the new iridium complex were confirmed by trapping with cryptand and XANES 

study, respectively. NMR monitoring of this reaction suggested that the rate determination step could 

be in the early stage and any intermediate could not be identified. Based on DFT study, the reaction 

mechanism could be considered as the first cyclometallation that occurred after complexation, which 

was the rate determination step. Afterward, the second complexation, followed by the sequential 

cyclometallation, yielded the product.  
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TRACING OXIDATION BEHAVIOUR FROM AN ANIONIC IRIDIUM 
COMPLEX TO A TRI-CATIONIC IRIDIUM COMPLEX BEARING 
DYPIRIDO-ANNULATED NHC-BASED MULTIDENTATE LIGANDS 

3.1. Introduction  

Since Zhou, Schrobilgen, and Riedel achieved the detection and characterization of the formal 

oxidation state of IX on the iridium center[128], iridium became to have the largest number of its 

formal oxidation states in the periodic table[129]. In contrast to the readily available, well-studied 

Ir(III) complexes, those with high-oxidation states such as Ir(IV) and Ir(V) are fundamentally 

interesting chemical species[130] in view of the rapidly growing oxidation catalysis field[88,131,132] as 

well as their role as intermediates in the direct C-H activation in various homogeneous catalytic 

processes[133–137] Readily available access to iridium’s higher oxidation states and larger metal 

coordination space are thought to provide opportunities for alternative reactivities in catalytic cycles 

that are previously inaccessible[2], such as C–H, H2O[131] and H2
[138] oxidation.  

 

Figure 3.1. Various oxidation states on iridium centers and the crucial role for high oxidation state 
iridium species in catalysis 

One strategy to isolate their high-valent species is employing electropositive elements as donor 

sites. Electron density increased due to a partial anionic charge on an iridium center. In the last 



 

 

56 

decade, seven-coordinated Ir(V) polyhydride complexes bearing strong s-donors such as Al[139], 

Si[140–144], and Ga[145] were fully characterized. Note that Don Tilley’s silyl complex was an exception 

of the six-coordinated iridium complex with highly distorted octahedral geometry[142]. Another 

strategy is using π-donating ligands, which enable metal-centered oxidation. Cp* has a much strong 

donating ability and gives thermal stability to high valent iridium species.  

 

Chart 3.1. First strategy to stabilize Ir(V) complex by electropositive donors 

Alternative strategy is using π-donating ligand to stabilize the high valent Ir(IV) and/or Ir(V) 

complexes. An early work by Levason in 1980s was the systematic investigation of cis- and trans-

L2IrX4 (X = Cl or Br) using pnictogen and chalcogen donors, suggesting that electronic properties 

of ligands were key factors to stabilize electron-poor Ir(IV) species rather than kinetic 

stabilization[146,147] After the structural characterization of formally Ir(IV)Cl4 species bearing 1,10-

phenanthroline A in 1988[147], π-donating (π-rich) ligands have been employed to access the high 

oxidation states of iridium complexes (Chart 1). Eisenstein and Crabtree investigated the redox 

behaviour of their cyclometallated Ir(III) biphenyl complexes B[148], which π-orbital on biphenyl 
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complexes. Using strong π-donating donors such as phenoxide (E)[150], amide (F)[151] guanidinato 

(G)[124] or alkoxide (H)[125,152] ligands, their potential indicated remarkably lower than the reference 

of ferrocene/ferrocenium (Fc/Fc+) couple. Especially, the pyridine-alkoxide ligand could stabilize 

with the Ir(V) complexes[126,153,154] ). Through the metal-ligand secondary π interactions, the usually 

low-lying filled 5d orbitals are destabilized (a phenomenon known as anisotropic field oxidation 

enhancement, AFOE)[155], which allows further oxidization. In addition to the selected examples in 

chart 3.1 or 3.2, various ligand designs such as bis-phosphino amide pincer ligands[156–159], salen 

tetradentate ligand[160], and Kläui tripodal ligand[161] were available to access the iridium complexes 

with high oxidation states   

 

Chart 3.2. Potential chart for Ir(III/IV) redox couple referenced on Fc/Fc+ 
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special substituents were required. With this concept, the iridacycles could be oxidized as well as 

showing the reactivity for aromatic compounds[163]. In 1991, Bleeke demonstrated the chemical 

reactivity of the iridabenzene with various chemicals. Reaction with iodine yielded the diiodide 

iridabenzene with the dissociation of phosphines, which was said metal-centered oxidation[164]. The 

unique behavior for only metallabenzene was isomerization. For example, Angelici investigated the 

redox behavior of the h4-thiophene iridium complex. Oxidation of the thiophene complex made a 

product of iridathiabenzene in good yield. Treatment of iridathiabenzene by a base such as 

triethylamine or basic alumina got the h4-thiophene complex reversibly[165].  

While the insertion of the metal fragment into the benzine ring made a big difference, the 

polycyclic aromatic hydrocarbon with the metal fragment was rarely studied. To the best of ours 

knowledge, Yin, and Liu prepared iridium-containing PAHs that have various ring functionality. 

Their study suggested that the HOMO should have the contribution of iridium’s d-orbitals, supported 

by both red-shift of the tail in UV-Vis absorption and theoretical calculation. The electronic 

properties, however, showed a reversible redox wave with potentials over 0.8 V, which indicated 

that their iridium complexes could hardly be oxidized. Considering these results, a new ligand design 

for facile oxidation of iridium complexes was proposed: a π-rich conjugated system that allows 

effective interactions between ligand’s extended π-orbital and metal d-orbitals.  

 

Chart 3.3. Redox chemistry of iridabenzene derivatives 
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nature of empty p-orbital in carbenes[65,66,69], which is expected to prevent from migration of ligands 

to the carbene center at the metal complexes with high oxidation states[44]. Herein, we report the total 

four-electron chemical oxidation of homoleptic anionic Ir(III) complex 1 bearing bis-pincer ligands. 

The first two-electron oxidation provided the seven-coordinated Ir(V) intermediate at low 

temperature, which warming to allow the oxidative coupling of C–C bonds. On the other hand, later 

two-electron oxidation accessed the high-spin state of the iridium complex. 

 

Figure 3.2 A strategy map in chapter 3 
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3.2. 2-Electron oxidation of the anionic bis-pincer complex 23 

The irreversible second oxidation suggests that a chemical reaction occurs after a 2-electron 

oxidation. This potential was –0.16 V in the MeCN solution, so the oxidants having potential 

around 0 V such as trityl (–0.11 V), ferrocenium (0 V), and Ag+ (0.04 V) were employed. The 2e–

-chemical oxidation of complex 23 was optimized as using 2 equivalents of AgOTf in MeCN at 

room temperature, yielded a reddish black solution with precipitation of elemental Ag, from 

which dark red crystals of complex 28 were obtained in 83% yield (Scheme 3.1).  

 

Scheme 3.1. 2-electron oxidation of 23 

In order to obtain the solid-state structure for single crystals for X-ray analysis, counter-anion 
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mixture of CH2Cl2/n-hexane at room temperature. X-ray crystallographic studies of its single 

crystals revealed a spiro-Ir(III) cationic complex resulting from an oxidative C-C bond coupling 

of two adjacent aryl groups of the originally separate dpa-NHC units Its solid-state structure also 

suggested an octahedral anionic CCCC-tetradentate iridium structure (Figure 3.3). This complex 

had coordinated acetonitrile, which came from solvent. The equatorial Ir–Ccar distances of 
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Å. Compared with the starting material 23, bond distances show no change, whereas the bond 

angle of Ccar–Ir–Ccar was dramatically changed from 180° to 102.4(2)°. Two acetonitrile 

molecules were confirmed as ligands on the iridium center. Ir–N distances are 2.062(5) Å and 

2.080(5) Å, which were in good agreement with Ir–NCMe distances of trans-NHC (~ 2.07(1)) Å.  
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Figure 3.3. Solid-state structures of 28 The ellipsoids were set at 30% probabilities. Periphery 
atoms on ligands and counter anion of [BArF

4]– are omitted for clarity. 

The 1H and 13C{1H} NMR spectra of 28 showed twice as many signals as those of 23, indicating 

that the previously 4-fold symmetry of chemically equivalent protons of 23 in solution had reduced 

to 2-fold (figure 3.4). Systematic studies by 1H-1H and 1H-13C 2D coupling experiments allowed the 

assignment of a small singlet at 153.8 ppm to be the Ir-bound aryl carbon atoms, slightly up-field 

shifted than that in 23 (161.4 ppm). Another small singlet at 161.4 ppm was assigned to the carbene 

carbon atom, which is about 10 ppm down-filed shifted than that of 23 (153.8 ppm, See Figure). 

This oxidative coupling reaction at room temperature is consistent with the irreversible 2nd redox 

event observed in the CV at room temperature. 

 

Figure 3.4. 1H NMR spectra of complex 23 and 28.  

While the ferrocenium cation also provided the same product (because of the facile workup, Ag+ 
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the trityl cation and the second wave of complex 28, therefore the trityl cation worked as not only 

an oxidant but also an electrophile (Figure 3.5 A).  

Interestingly, the purplish black solution was obtained when the SbCl6 anion was employed as 

a counter-anion of trityl. The single crystal was prepared by a two-layer system of CH2Cl2/hexane. 

The X-ray analysis indicated the analog of complex 28, bearing two Cl– ligands on the iridium 

center instead of MeCN. In addition, the counter-anion could be the SbCl4 with seesaw geometry 

(Figure 3.5 B). Owing to the bad data quality and no reproducibility, publishable data could not 

be obtained. The UV-Vis-NIR absorption spectroscopy illustrated the NIR absorption with a very 

wide half-width (over 300 nm) observed as well as an onset of 1000 nm for the UV-Vis absorption 

band (Figure 3.5 C). 

 

Figure 3.5 oxidation of 28 by trityl cation 
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3.3. Mechanistic study 

In order to observe and identify the intermediate for this ligand-transformation reaction, one-

electron oxidation was attempted. To target the oxidation protentional of only the first redox wave 

(> –0.2 V), B(C6F5), B(OPh3), (CAACMe)B(C6F5)3, TCNQ, C2Cl6, I2, O2 and [Cp*2Fe]+ were 

employed. In the cases of all organic radicals except (CAACMe)B(C6F5), the reagents did not work 

as oxidants, but electrophiles, which is the same as a side product of trityl oxidation (Figure 3.6 A) 

The oxidation with (CAACMe)B(C6F5)3 showed no reaction, probably this was not strong enough to 

oxidize the iridium complex, or too bulky for carbene to get close to each other. Oxidation reactions 

by I2, or O2 afforded an orange-colored solution, which was NMR silent. However, the UV-Vis-NIR 

absorption spectra did not show any red to NIR absorption, a characteristic band for Ir(IV) species 

(Figure 3.6 B and C). 

 

 

Figure 3.6 Attempted detection of complex 26. 
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indicating the paramagnetic species' generation. The signal at –40 ppm in 1H NMR was consistent 

with the [FeCp*2][OTf] even though less than one equivalent was added, which implied the 

reaction was slow. [FeCp*2][OTf] does not have electrophilicity different from organic oxidants. 

Only oxidation occurred regardless of the same potential of 23 for the first redox wave (Figure 

3.7).  

 

Scheme 3.2 one electron oxidation of complex 23 

 

Figure 3.7 1H NMR screening for oxidation of 23 by 0.5 equivalent of [FeCp*2][OTf]. 

Based on the NMR study, [FeCp*2][OTf] was employed for detection and isolation of Ir(IV) 

intermediate 26. In an in situ reaction of 23 with 0.5 equivalent of the [FeCp*2]OTf, a weak signal 

assignable to Ir(IV) species was detected by X-band electron paramagnetic resonance (EPR) 

spectroscopy at 4.2 K. The difference spectrum between those of the reaction mixture and the 
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ligand and the Ir center. A calculated spin-density plot of 26 indicates the radical is metal-based, 

with some degree of delocalization at one dpa-NHC moiety, reflecting the small g anisotropy or 

averaged isotropic g value of 1.943(Figure 3.8 A).  

Theoretical calculation supported the EPR result. The spin density plot in Figure 3.8 B illustrated 

the largest contribution from the iridium center (32.9 %) This value is close to the Dorta’s Ir(IV) 

complex (33%)[151]. Interestingly, the next largest contributions were from the C=C π orbital on the 

5-membered ring of dpa-NHC. (ca. 8%) Weiss’s calculation suggested that SOMO for analogs of 

compound 4 demonstrated the large contribution of the π-orbitals on the ortho- and para-positions, 

which is constated with our theoretical results[66]. In addition, IBO analysis showed that the electron-

occupied d-orbitals were found as two full and one half-filled 5d orbitals (Figure 3.8 C). Especially, 

the half-filled one had a strong interaction with one carbene’s p-orbitals for the b-electrons. This 

suggested half-filled d-orbital was interacted with π-orbital of dpa-NHC efficiently, which could 

reflect the anisotropy of g value in complex 26. 

 

Figure 3.8. Detection and DFT study of Ir(IV) complex 26 

 

The EPR studies were carried out with stronger oxidants such as Ag+ and [thianthrene]+. As 

described, the oxidation of 23 with Ag+ provided the complex 28, therefore, the intermediates must 

contain 26. The in-situ EPR measurement was conducted by use of 0.5 equiv. of AgOTf at –40 °C. 
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The spectrum was taken at 77 K (liq, N2), which was likely assignable by red stars in Figure XX. 

Owing to the too strong potential and/or highly reactive species the additional signals 

corresponding to likely complex 27 were probably observed. (Figure 3.9) 

 

Figure 3.9. X-band EPR spectra of in situ oxidation of 23 by AgOTf in MeCN measured at 77 K.  

Complex 23 was treated with the cationic thianthrene radical, and the oxidation was monitored 

by VT-EPR measurements. Although a small amount (0.2 equiv.) of thianthrene radical cation 

was used, the signal corresponding to this oxidant was observed (Figure 3.10 A). In a similar 

manner, the oxidation by using [Cp*
2Fe][OTf] also showed residue signals of the Fe(III) oxidant, 

the subtracted spectrum was compared with that of[Cp*
2Fe][OTf]. The sharp signal appeared in 

a different region, whereas a broad signal was obtained in the same field, which is highlighted by 

a gray box in Figure 3.10. However, NMR monitoring suggested a different product from 

complex 26. The spin density was attributed to the reaction mechanism, in which the π orbital of 

C=C on the 5-membered ring was reacted with thianthrene. 19F NMR spectra implied that the up-

filed shifted from starting material, likely addition of thianthrene[168] toward complex 26 (Scheme 

3.2).  
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Figure 3.10 Spec oxidation of 23 by thianthrenyl radical cation 

Although the oxidizing potential, as well as the stoichiometry of [Cp*2Fe][OTf] (0.9 equiv.) used 

in the reaction, should not be enough for 2e– oxidization of 23, the cationic Ir(III) 28 was observed 

together with regeneration of 23 by 1H NMR spectroscopy after 2-3 days at room temperature. This 

suggests the neural Ir(IV) can readily disproportionate to form an Ir(V)/Ir(III) ion pair, from which 

the cationic Ir(V) undergoes reductive elimination to generate complex 26. 

While increasing the equivalency of [Cp*
2Fe][OTf] made the reaction rate faster, less than 0.5 

equivalent of oxidant led to recovery of the starting material 23 after the generation of the 

paramagnetic species 26. NMR screening revealed a slow consumption of the [Cp*
2Fe][OTf] and 

generation of Cp*
2Fe. Taking the use of the J. Young tube into account, the transient paramagnetic 

complex 26 could be light-sensitive (Figure 3.11 and 3.12).  
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Figure 3.11. 1H NMR monitoring of [Cp*
2Fe][OTf] oxidation in CD3CN 

 

Figure 3.12 19F NMR monitoring of [Cp*2Fe][OTf] oxidation in CD3CN 
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UV-Vis absorption spectroscopic measurements of 23 with 0 ~ 2.0 equivalent of AgOTf did not 

show clear isosbestic points in the overlaid spectra, suggesting the reaction was not strictly stepwise 

(Figure 3.13). Likely more than two species were present simultaneously over the course of oxidation. 

This was in good agreement with the NMR studies, corroborating a disproportionation behavior of 

the neutral Ir(IV) species 26. 

 

Figure 3.13 stacked UV-Vis spectra for tracing oxidation of 23 

 

An in situ NMR experiment involving  23 with 2 equivalents of AgOTf at –40 °C in acetonitrile-

d3 revealed a clean generation of a diamagnetic species (not 27, but 29, Scheme3.3). Its 1H NMR 

spectrum revealed a complete loss of chemical equivalency in the structure, which led us to propose 

a pentagonal bipyramidal Ir(V) structure with coordination of acetonitrile as a ligand (Figure 3B, 3). 

At temperatures above 0 °C, Complex 29 readily converts to the oxidative coupling product 28 

quantitatively, presumably via reductive elimination. When the CV was taken at 0 °C, the 

voltammogram illustrated the same as that at room temperature, which had the second irreversible 

oxidation wave. This result supported reductive elimination from complex 29 around 0 °C (Figure 

3.14).  
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Scheme 3.3 Detection of Ir(V) intermediates 

 

Figure 3.14 VT-1H NMR spectra of in situ generation of 29 toward 23 

 

The possible structure of intermediate 29 was investigated by theoretical calculations using 

DFT methods (Figure 3.15). Both the hypothesized acetonitrile-coordinated pentagonal 

bipyramidal Ir(V) structure (29) and the octahedral structure without the addition of nitrile (27) 

were optimized. The 7-coordinated structure 29 has been predicted to be the thermodynamically 

more stable isomer (by 22.1 kcal/mol), which then undergoes reductive elimination by C-C 

coupling of the two adjacent aryl groups with a small energy barrier (8.4 kcal/more), followed by 

coordination of an additional acetonitrile to generate 28. For oxidative coupling, the acetonitrile 

is also important. When this reaction was carried out in THF, the analog of complex 29 was not 

obtained.   
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Figure 3.15 Computated reaction mechanism from 2-electron oxidized iridium complex 23 (= 29) to the 
tetradentate iridium complex 28 

To obtain information about electronic states, the IBO analysis was carried out. Focus on the 5d 

orbitals of the iridium center. Only two occupied d-orbitals were predicted, suggesting the oxidation 

state of V on the iridium center of complex 29. On the other hand, π-orbitals seemed to remain those 

of dpa-NHC (Figure 3.16 A, see also Figure 1.10). These IBO results provided that the good 

explanation toward d-orbital spitting of the pentagonal bipyramidal geometry, in which two lowest 

lying energy levels were only occupied (Figure 3.16 B). Based on the experimental and theoretical 

investigation, The transient intermediate complex 29 was characterized as the seven-coordinated 

Ir(V)complex with pentagonal bipyramidal geometry triggered by MeCN-coordination. 
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Figure 3.16 Description of 29 based oon DFT study. 

To summarize the mechanistic study in scheme 3.4, 1-electron oxidation of 23 was conducted 

at metal-centered to yield the EPR-active transient Ir(IV) species 26. Further 1-electron oxidation 

provided the Ir(V) complex 29 with the additional coordination of an acetonitrile ligand at low 

temperature. These high-valent iridium species have d5 octahedral and d4 pentagonal bipyramidal 

geometry, predicted by DFT calculation. During warming up to room temperature, it completes 

the formation of 28 that reductive elimination and subsequent second acetonitrile coordination. 

The calculated low activation barrier of 8.4 kcal/mol supported the thermal instability of complex 

29, observed by the VT-NMR study. When the oxidant was smaller equivalent than two, once 

complex Ir(IV) species 26 was generated. Then, disproportionation underwent to the ion pair of 

[Ir(V)][Ir(III)] species, followed by salt metathesis with Cs salt giving the complex 23 and 29.  
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Scheme 3.4 Reaction mechanism of oxidatively induced ligand transformation reaction. 
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3.4. Reactivity study of 28 

A neutral acac sprio-Ir(III) complex 31 was obtained in 80% yield by a simple ligand exchange 

using a stoichiometric amount of 28 and Lithium acetylacetonate (Scheme 3.5). X-ray 

crystallographic studies of single crystals of 31 revealed an octahedral structure similar to that of 

28 (Figure 3.17). The 13C{1H} NMR spectrum of 31 showed a down-field shift for the metal-

bound aryl and carbene carbon atoms (167.2 ppm and 171.5 ppm, respectively) compared to those 

observed in 28.  

The isoelectronic BTPA ligand (bis-diisopropylthiophosphoryl amide) was also employed, and 

the exchange was conducted in the same manner as the synthesis of the acac complex. Although 

the yield was lower than that of acac complex due to the solubility difference of the ligand source, 

the BTPA complex was fully characterized. The 31P{1H} spectra indicated the slightly down-field 

shift from 63.1 ppm to 61.4 ppm, likely the coordination of phenyl-substituted BTPA ligands 

toward Ir(III) centers. 19F NMR spectrum remained the two signals close to those of acac complex, 

indicating the electronic properties were so similar. The single crystal was obtained from the 

concentrated acetonitrile solution. The solid-state structure of BTPA complexes revealed similar 

bond distances and angles in acac or MeCN complexes.  

 

 

Scheme 3.5. Ligand exchange from MeCN to LX-type bidentate ligands 
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Figure 3.17 solid-state structures of the neutral iridium complex with the CCCC-tetradentate bis(dpa-
NHC) ligand 31 and 32. The ellipsoids were set at 30% probabilities. Periphery atoms on ligands 

and solvent molecules are omitted for clarity 

The L-type ligands were also employed for ligand exchange reactions. The tbubpy was a famous 

bidentate L2-type ligand, and ligand and counter-anion exchange were carried out in DCM 

simultaneously. The t-bubpy complex 33 was obtained in good yield (89%). Owing to the facile 

evaporation of Et2O from the crystal lattice as well as the solution, the data quality of crystallographic 

analysis was not good. The 13C{1H} NMR illustrated the signal of the carbene carbon slight down-

field shift from 161.4 ppm in the MeCN complex (from OTf complex; BArF
4 complex showed 

overlapping with the signal of the ipso carbon of BArF
4 anion to the 163.01 ppm).  

The coordinated acetonitrile was slowly exchanged to the CO ligands in the DCM under the CO 

atmosphere toward 33 (Figure 3.18). The reaction was monitored by 1 H NMR, which initial spectra 

after just purged CO gas show a broad and messy spectrum. Twenty-four hours later, however, the 

clean conversation to CO complex was confirmed by a color change to orange as well as 1H NMR, 

which signals of dpa-NHC framework were obviously down-field shifted whereas those of aryl 

moieties remained (Figure 3.18 C). Although the clean conversion was observed, the single crystal 

was not obtained in the ambient atmosphere. This is likely recrystallization in the CO atmosphere 

required. When this CO complex dissolved in MeCN, the MeCN was coordinated immediately.  
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Figure 3.18 Ligand exchange from MeCN to L-type ligands 

  UV-Vis absorption spectra were taken in MeCN for complex 28, 31, 32, and, 33. The spectra of all 

complex were similar, and there are trends between cationic complex (28 and 33) and neutral 

complex (31 and 32) . Cationic complexes have red-shifted and larger absorption maxima, whereas  

the neutral complex showed vice versa. These trends might be the co-ligand effects through π-

donation toward iridium centers.  

  TD-DFT calculation of 28 was conducted. These characteristic absorptions were assigned as 

HOMO to LUMO+1, +2, and +3 at 495, 479, and 469 nm, respectively. Compared with the typical 

iridium(III) complexes, the contribution of iridium's orbital toward HOMO was smaller, which was 

brought by the conjugated π-orbital of dpa-NHC frameworks. This small contribution made complex 

28 its low redox potential saying later. (Figure 3.19).. 
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Figure 3.19 UV-Vis absorption spectra of Ir(III) complexes with spiral tetradentate ligands and TD-
DFT study of 28 

Catalytic activity was investigated for alkane or ammonia borane dehydrogenation. Whereas 

dehydrogenation of cyclooctane catalyzed by MeCN complex was not proceeded until heated up to 

40 °C, that of ammonia borane gave the H2, detected by 1H NMR. 11B NMR screening experiment 

suggested that the signal of ammonia borane (quartet, 1JBH = 96 Hz) was reduced while that of 

borazine derivatives (doublet, 1JBH = 141 Hz) was enhanced. Other signals were too small to estimate 

their coupling constant, likely too strong borate anion and/or ammonia borane. Based on the 

chemical shift, three intermediates could be predicted (Figure 3.20). 

 

Figure 3.20 Catalytic dehydrogeneration of ammonia borane 
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3.5. 2-Electron oxidation of MeCN complex 28 

Three complex 28, 31, and 33 showed two reversible waves in their CV measurement at room 

temperature in MeCN or C6H5F for 28 only (Figure 3.21 and 3.22, respectively). The two redox 

events of the cationic Ir(III) complex 28 with ΔE1/2 at –0.05 V and 0.28 V (vs Fc/Fc+) were slightly 

more positive than the corresponding potentials observed for the neutral complex 31 at –0.24 V 

and 0.110 V vs Fc/Fc+ as expected. All of these are significantly lower than those observed for 

most Ir(III)-NHC complexes[119,169] The spiro tetradentate iridium complexes also consist of two 

dpa-NHC moieties, which have both strong s and π donors. This nature could work to stabilize 

electron-poor iridium spices implying the possible access to the high-valent Ir(IV) and/or Ir(V) 

spices. It is notable that complex 28 was a rare example of the cationic iridium(III) complex with 

remarkably low redox potentials, which allowed to be oxidized chemically. (See also Chart 3.4). 

 

Figure 3.21 CV of CCCC-tetradentate spiro-Ir(III) complexes in MeCN 

 

Figure 3.22 CV of complex 28 in fluorobenzene 
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Chart 3.4 Redox potential chart of iridium(III) complexes including complex 28. 

Encouraged by the low reversible redox couples observed for 28, chemical oxidation using 

AgSbF6 was carried out in fluorobenzene at room temperature (Scheme 3.6). The dicationic complex 

35 from 1e– oxidation could not be isolated. However, when a large excess (5 equivalent) of AgSbF6, 

the reaction mixture gradually turned from dark red to purplish black, from which a black solid was 

isolated. The product 36 could be detected by ESI-HRMS as (m/z = 469.14854, z = 3), which tends 

to contain dicationic species 35 (m/z = 703.72367, z = 2)) as an impurity (Figure 3.23). 
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Scheme 3.6 oxidation of 28 

 

Figure 3.23 ESI-HRMS of complex 35 and 36 
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Figure 3.24 UV-Vis-NIR absorption spectra to trace oxidation behaviour of complex 28 in fluorobenzene. 

Recrystallization in fluorobenzene at room temperature yielded purplish-black single crystals 

(36). X-ray analysis revealed that the solid-state structure of 36 consists of a tricationic iridium 

complex with three hexafluoroantimonate anions (Figure 3.25). The bond angles around the Ir centre 

in 36 are similar to those observed in the cationic (28, 33) and neutral (31 32) complexes, despite of 

the changes in overall charges (Table 3.1). Remarkably, the Ir–CNHC bond distances in 36 were 

significantly shorter than those observed in 28 (1.974(6)/1.977(5) Å) and 31 (1.926(6)/1.929(6) Å), 

showing an increased multiple bond character after oxidation. In addition, the central imidazole ring 

in dpa-NHC showed a reversed single-double bond alternation in 36 compared with those in 28 
(Table 3.1), suggesting significantly different electronic structures in these complexes after oxidation. 

Computational analysis at the wB97X-D/[6-31G(d), LANL2DZ] was performed to compare the 

calculated bond distance with experimental data. In the case of the complex 28, although the Ir–CNHC 

distances were estimated slightly longer, the other parameters were good agreement with the 

experimental data. For complex 36, two-electron oxidation could give the triple open-shell species 

such as Schneider’s iridium PNP pincer complexes with nitrile[158] or oxo ligands[159]. Thus, DFT 

calculations were conducted for both the singlet state and the triplet state of complex 36. The 

experimental distance seemed to be good agreement with the 36-S, however, it is noted that the 

contribution from the triplet state could not be ignored because of the not irrelevant value. 
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Figure 3.25 solid-state structure of 36. The ellipsoids were set at 30% probabilities. Periphery atoms 
on ligands and solvent molecules are omitted for clarity 

Table 3.1 Experimental and calculated bond distances of complex 28 and 36 

 
 

Sb
F

N
N

C

Ir

Front view

Side view

36-T (cal)36-S (cal)36 (exp)28 (cal)28 (exp)Complexes

176.3177.2175.9(2)178.2176.2(2)CAr–Ir–CAr

103.6104.4102.9(3)104.0102.4(2)CNHC–IrCNHC

83.981.185.1(2)88.185.42(19)N–Ir–N

1.977, 1.9761.926, 1.9251.926(6), 1.929(6)2.018, 2.0181.974(6), 1.977(5)Ir–CNHC

2.013, 2.0132.111, 2.1112.105(7), 2.109(6)2.099, 2.0992.092(5), 2.087(5)Ir–CAr

2.119, 2.1172.142, 2.1422.096(6), 2.089(6)2.092, 2.0922.061(5), 2.081(5)Ir–NCMe

1.400, 1.4001.409, 1.4091.418(8), 1.418(8)1.371, 1.3711.376(6), 1.378(6)C1–N11

1.395, 1.3951.416, 1.4161.424(8), 1.410(8)1.370, 1.3701.379(6), 1.376(6)C1–N21

1.381, 1.3811.378, 1.3781.378(9), 1.374(8)1.397, 1.3971.413(6), 1.404(6)N11–C11

1.425, 1.4251.378, 1.3781.387(9), 1.375(8)1.395, 1.3951.411(6), 1.397(6)N21–C22

1.378, 1.3781.431, 1.4311.414(9), 1.418(9)1.382, 1.3821.382(7), 1.375(7)C11–C22

28 36
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To figure out the origin of reversed single-double bond alternation, the electron density of the 

metal center was investigated by XANES. The spectra obtained from a solid sample of 36 at room 

temperature showed lower white line intensity than those of 23 and 28 due to the electron sufficiency 

of iridium species, suggesting the oxidation state of the iridium center in 36 is close to those in 23 

and 28 (Figure 3.26). 

 

Figure 3.26 Ir L3 (left) and L1 (right) edge XANES spectra. 

Additional investigation was carried out to support the XANES spectra results. The IBO analysis 

of complex 23, 28, and, 36. As described in Chapter 2, the XANES spectrum of 23 was so close to 

the known Ir(III) complex R. IBO results of 23 illustrated the three occupied d-orbitals. Owing to 

the ideal bite angle of the dpa-NHC-based pincer ligands, two of three d-orbitals have π-interaction 

with carbon atoms (Figure 3.27 A). The same applies to complex 28, which was the typical Ir(III) 

cationic complex (Figure 3.27 B) of complex 36 indicated that the three occupied d-orbitals as well 

as complex 23 and 28, which implied the oxidation state of 36 was similar to those of 23 and 28. It 

is noticeable that one of the three d-orbital in complex 36-S has a relatively strong interaction 

between carbene’s p-orbitals compared with that of 36-T. This could be the root of the remarkable 

shortening Ir–CNHC  distances (Figure 3.27 C and D).  
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Figure 3.27  IBO analysis of Ir centers of 23, 28 and 36 

In addition to the bond distance calculation and IBO analysis, we estimated NBO charge By 

increasing the total charge of the complex, only NBO charge on the CCCC-tetradentate ligand 

increased dramatically, whereas the iridium center and coordinated MeCN remained compared 
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with the mono-cationic complex. These NBO charge differences were good agreement with the IBO 

analysis and experimental XANES spectra. The single-triplet energy gaps of mono and tri-cationic 

complexes were estimated. That ST-gap for complex 28 showed –34.3 kcal/mol, which is the singlet 

ground state with the large gap. This is in good agreement with the typical Ir(III) complex. On the 

other hand, tri-cationic complex 36 estimated the ST-gap of +1.3 kcal/mol, predicting the triplet 

ground state (Table 3.2) .  

Table 3.2 Computated ST gap and NBO charge among 28, 35, 36 

 
 

For the purpose of the experimental confirmation of the triplet ground state in complex 36, VT-

EPR measurements of 36 in 1,2-difluorobenzene were carried out between 4.2 and 16.7 K. A signal 

with both |DMs| = 1 and 2, characteristic of a triplet state was observed at 4.2 K, which decreased as 

the temperature increased. Above 55K, the signal at both regions weakened significantly, with little 

changes to further temperature rise. The intensity of this signal at both regions increased again when 

the sample was cooled again, supporting a triplet ground state.  

It is known that the absorption area of the EPR signal is proportional to the magnetic susceptibility, 

which shows temperature dependence following the Bleaney–Bowers equation[170]. A plot of the AT 

v.s.1/T allowed a good fitting (R2 = 0.9747, Figure ), yielding an DES-T
exp of 0.12 ± 0.02 kcal/mol 

(Figure 3.28).  

Summary of NBO charges per fragment
Total ChargeMeCNMeCNIrLigandST gapComplexes

+1.000+0.190+0.190+0.637–0.017–34.3 kcal/mol28 [Ir]+

+2.000+0.201+0.207+0.682+0.910––––35 [Ir]2+

+3.000+0.220+0.219+0.683+1.878+1.3 kcal/mol36 [Ir]3+
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Figure 3.28 VT-EPR of complex 36 between 4.2 K and 16.9 K including Bleaney–Bowers plot, where 
A is the EPR signal intensity, T is the absolute temperature, C is the constant, R (cal/mol K) is the gas 

constant, and DES-T
exp (cal/mol) is the energy gap between singlet and triplet states. 

Magnetic properties were moreover investigated with SQUID methodology (Figure 3.29). The 

cT value of 36 reduced with decreasing temperature. Note that solid state of 36 undergoes slow 

decomposition in air, making quantitative evaluation challenging. The cT value of 36 decreases 

with decreasing temperature, resembling the magnetic behavior reported for pincer-type Ir(III) 

complex that exhibit large zero-field splitting.[158,159], or presence of the temperature-independent 

paramagnetism. Upon further lowering the temperature, a magnetic anomaly (an increase in cT 

value) was observed around 55 K, which suggests the presence of a triplet state. 

 

Figure 3.29 Plot of χT versus temperature for complex 36 in the temperature range of (a) 2 to 300 K and 
(b) below 100 K. 

VT-NMR of complex 36 showed the similar behavior. 1H and 19F NMR in THF-d8 illustrated 

the broad signals between 60 °C and –80 °C. Moreover, the signal became broader when the 

temperature decreased, implying the open-shell nature of 36. In 2017, Harris demonstrated that 
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the chemical shift of VT 19F NMR for paramagnetic transition metal complex is utilized as the 

thermometers for spin-crossover in Fe(II) complexes[171]. Figure 3.30 B illustrated the T or 1000/T 

vs DdF plots referenced fluorobenzene as 0 ppm. Note that owing to the further spitting signals at 

60 °C, the plot at 60 °C was not taken These plots suggested the paramagnetic species are more 

prominent over the entire temperature range. Negative coefficients of the fitting line indicated the 

Curie behavior, which indicated the presence of open-shell species over –80 °C. New signals 

appeared at 20 °C and increased the signal intensity at higher temperature. These new signals could 

be the other spin state(s) of complex 36, likely one of the reasons reflecting the increase in cT value 

over 150 K. 

 

Figure 3.30 NMR study of complex 36 

DFT calculation was conducted to understand where each radical was located. Table 3.4 

summarizes the NBO charge difference between complex 28 and 36, and spin density plot of 36. 

(Table 3.3) Both calculation results suggested that each radical was delocalized on each dpa-NHC 

fragment and the iridium center. NBO charge differences from complex 36 to 28 provided over 0.1 

at C13 and C23, connected to the t-Bu groups, and C1, C11, C15, C21, and C25 have 0.05 to 0.06 

differences. Note that the iridium center has a close value of 0.046. Focus on the spin density. the 

value tendency followed the NBO charge difference except for C1, namely carbene carbon. This 

large spin density could be derived from the orbital coefficient of C1, which was demonstrated by 

Weiss’s calculation of dpa-NHC chalcogen adducts. Interestingly, the spin density of the iridium 

center was larger than those of C13 and C23, unmatched by the NBO charge difference. This is likely 

that the iridium center is able to interact with both dpa-NHC fragments. 
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Table 3.3 NBO charge deffeirence between 28 and 36, and spin density of 36. 

 
IBO analysis of complex 36 was furthermore carried out for the π-orbital of arylated dpa-NHC 

fragments. In the case of 36-T, π-electron on dpa-NHC moieties, including aryl rings, illustrated 

the typical π-orbitals for dpa-NHC for (a) and (c) in Figure 3.31 A. On the other hand, IBO result 

of (b) and (d) provided that the delocalization of π-electron was likely the bipyridine-like π-

orbitals, which could increase the nature of carbons species stabilized by bipyridine ligands. This 

bipyridne-like character appeared in IBO results of 36-S (Figure3.31 B (e) and (f) ). What is 

notable to mention is the one of the π bonds illustrated the spreading through two dpa-NHC 

moieties. This suggested the 36-S could be lying the open shell singlet species (Figure 3.31 B 

(g) ). 
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Figure 3.31 IBO analysis of 36 

Finally, to understand the stability of the oxidation process from 28 to 36, we analyzed possible 

aromatic stabilization in the complex 28 using the electron density of delocalized bonds 

(EDDB)[172,173]. The EDDBG(r) function isocontours from three different views are shown in Figure 

3.27. We analyzed the effectiveness of cyclic delocalization of electrons in two (planar) 6-membered 

rings (the 6-MR containing IrCNHCNCCCAr) and one (twisted) 11-membered circuit containing 

among others CNHCIrCNHC (Figure 3.31). The calculated EDDB-based population of cyclically 

delocalized electrons in both the six- and eleventh-membered cycles is 0.3 e–, which is close to zero 

and far from the population of delocalized electrons in the archetypical aromatic ring of benzene (5.3 

e–)[174]. Therefore, despite the extensive electron π-delocalization in the ligands, the 5d orbitals of the 

Ir atom are not involved in aromatic stabilization. This notwithstanding, the EDDBG(r) function 

clearly show the extended delocalization over ligands and much more effective conjugation of the 

Ir–C bonds compared to the coordinative covalent bonds Ir–N (Figure 3.32). 

 

Figure 3.32. The isovalue contours (τ = 0.02) of the global electron density of delocalized bonds (EDDBG) 
and the corresponding EDDB-electron populations in complexes 28, 35, and 36-T (red numbers refer to 
the corresponding relative change of the global EDDB-population due to oxidation). 

(a) 13 × π Bonds (alpha) (b) 12 × π Bonds (beta) (c) 13 × π Bonds (alpha) (d) 12 × π Bonds (beta)

A. IBO analysis of 36-T (ground state)

B. IBO analysis of 36-S

(e) 12 × π Bonds (f) 12 × π Bonds (g) 1 × π Bonds
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In conclusion, complex 36 could be described as an iridium(III) tri-cationic complex with 

CCCC-tetradentate ligand, which is open-shell, and triplet ground state di-radical species 

delocalized on each dpa-NHC fragment. The singlet-triple gap is estimated as 0.12 ± 0.02 

kcal/mol. Because of the delocalization of radicals through dpa-NHC fragments and the iridium 

center, the bond distance related to these moieties dramatically changed in comparison with the 

starting material complex 28. Especially the remarkably shortening Ir–CNHC distance originated 

from the reduced repulsion between Ir center and carbene carbon. A similar phenomenon was 

reported by England and Ye, describing that the carbodicabene (CDC) iron complex, shows the 

remarkable C–Fe shortening distance versus the remaining Fe–N bond after oxidation on the 

CDC ligand[175,176]. In addition to their iron complex, including cobalt and chromium center, there 

are few examples of the complexes bearing open shell diradical on ligands (Figure 3.33)[175–180]. 

Most of the example complexes have anti-parallel spins on ligands, whereas, complex 36 was the 

ground state of parallel spins (triplet) on dpa-NHC ligand, which is rarely reported even though 

the organic diradicals. 

 
Figure 3.33 Selected examples of the TM complexes bearing open shell diradical on ligands.  
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We carried out TD-DFT calculation to follow the oxidation as well as understand the 

absorption spectra (Figure 3.34). Interestingly, 36-S has a remarkably distinctive absorption 

band in the NIR region. TD-DFT suggested this band corresponded to the HOMO-LUMO 

transition (a). In consideration of the IBO results, This transition could be assigned as an 

intraligand charge transfer (ILCT) because of the transition between dpa-NHC moieties 

linked by biaryl fragment. Despite the unique properties of 36-S, that of 36-T has these 

bands below 600 nm. For example, transition (c) seemed to be like the lowest-energy 

transition of 28. Probably, owing to the low-lying energy of a-LUMO by tri-cationic 

character or half-filled orbital, the required transition energy got lower. It is notable that any 

transition does not have a spin-flip system. 

 

 

Figure 3.34 TD-DFT calculation of 36 and corresponding transition description 
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According to the tracing reaction in Figure 3.23, complex 35 should be generated. Thus, its 

detection was attempted (Scheme 3.7). Although an oxidant of silver cation lightly less than 

stoichiometry afforded the brown suspension of the reaction mixture, complex 35 could not be 

isolated, likely due to the almost same solubility of 28. the EPR spectrum of the crude product of 

complex 35 was taken even though considering the no effect of EPR-silent species of closed shell 

complex 28 (Figure 3.35). The signal was observed between 3000 and 3700 G, implying that 

ligand-center oxidation could happen. A couple of iridium(III) complexes bearing radicals on 

redox non-innocent ligands showed a similar region.[138,181,182] The calculated spin density 

illustrated that the radical were delocalized on one of two dpa-NHC and the Ir center (14.6%) 

Compared with that of Thompson’s iridium(III) and platinum semiquinolinate complexes 

(~5 %)[181], the value of 35 was larger. However, the anisotropy seemed to be small, probably due 

to the measurement at higher temperature. 

 

Scheme 3.7 Generation of  complex 35 

 

Figure 3.35 Detection of complex 35 

IBO analysis of complex 36, indicated the d-orbitals of iridium and π-orbitals of dpa-NHC 

tetradentate ligand trended the that of complex 36, namely three occupied d-orbitals and a dpa-NHC 

style π-orbital plus another b bipyridine-type π-orbitals. These results supported the ligand-center 

oxidation from 28 at one dpa-NHC fragment, followed by another framework (Figure 3.36). 
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Figure 3.36 IBO analysis of complex 35 

TD-DFT calculation was conducted in order to follow the monitoring oxidation. Figure 3.37 

illustrated the UV-Vis-NIR spectra of in situ generated 35 in fluorobenzene and TD-DFT results, 

which was in good agreement with the experimental spectrum. One of the most characteristic ones 

was the absorption at 605.3 nm (transition (a)) from b-HOMO–4 to b-LUMO. This absorption 

seemed to be close to Thompson's iridium(III) semiquinoline complex[183]. This cause likely because 

of the energy level reduction of b-LUMO by oxidation (Originally, b-electron was fulfilled in 

HOMO in complex 28. That is why the absorption wavelength became red-shifted although the 

donor orbital  is lying lower in energy (b-HOMO–4). Other large oscillator strength looked similar 

transition compared with those of complex 28.  

13 x π Bonds (alpha)
13 x π Bonds (beta) 

13 x π Bonds (alpha) 12 x π Bonds (beta)

Ir d-orbital alpha
Ir (0.93) C (0.01) C(0.01)

Ir d-orbital beta
Ir (0.93) C (0.01) C(0.01)

Ir d-orbital alpha
Ir (0.95) 

Ir d-orbital beta
Ir (0.95)

Ir d-orbital alpha
Ir (0.93) C (0.03) C(0.03)

Ir d-orbital beta
Ir (0.76) C1 (0.14) C2(0.03)
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Figure 3.37 UV-Vis-NIR spectrum of complex 35 in fluorobenzene with the results of TD-DFT 
calculation. Transitions (a) to (c) correspond to the described MOs. TD-DFT study was performed at the 
level of  (SMD:fluorobenzene)M06/def2svpp//oniom(wB97X-D/[6-31G(d),LANL2DZ]:pm6). 

3.6. Reactivity investigation for 36 

Finally, the reactivity of complex 36 was investigated. Rauchfuss reported the Cp*Ir(III) 

complex bearing redox non-innocent ortho-aminophenol oxidized H2 and Et3Si–H to proton 

trapped by 2,6-di-tert-butylpyridine[138]. Following that, the oxidation of H2, Et3Si–H, and pinB–

H were attempted using AgSbF6 and complex 36 as a catalyst (2.5 mol%) In the case of hydrogen, 

the reaction mixture turned from blacky purple to deep red, implying that complex 36 was reduced 

the complex 28. Although the reduction was confirmed by NMR as well as the color change, the 

protonation of 2,6-di-tert-butylpyridine was not observed. Even though the color change was 

observed, the precipitation of elemental silver was not generated, which suggested likely complex 

28 was reduced by hydrogen gas. (Scheme 3.8) 

 

Scheme 3.8 Oxidation of E–H (E = H or BR2 or SiR3) catalyzed by complex 36 
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On the other hand, Et3SiH, and HBpin were oxidized through the iridium catalyst 36. (64% and 

> 95% NMR yield respectively) whereas the non-poler H–H bond, the H moieties in E–H bonds 
have partial negative charges according to the electronegativity. In addition, HBpin has oxygen 

atoms that can coordinate toward the metal center. Taking the enhancement of Lewis acidity by tri-

cation complex 36 into account, the O-coordination of HBpin accelerated the oxidation process, 

reflecting the yield compared with that of HSiEt3.(Figure 3.38)  

 

Figure 3.38 NMR spectra of the crude products for E–H oxidation 

 
With respect to the E moieties after oxidation, the product was predicted using the 11B{1H} NMR. 

Two signals at 21.5 and 19.7 ppm were observed, which could be assignable as pinB–O–Bpin, and 

pinB–OH, respectively. (Proton-coupled 11B NMR got no coupling with H, providing the 

consumption of HBpin, See Figure 3.39). When sampling, a wet CD2Cl2 was used. Thus, the water 

was contaminated in the sample, which could be from the Bpin radicals. Applying this prediction to 

the SiEt3H oxidation, Et3Si–O–SiEt3, and/or Et3Si–OH were observed; however, these species were 

not observed yet. Using these potentials, the oxidative borylation/silylation of the organic molecules 

such as olefine are planning to the next stage as an application of catalysis for complex 36.  
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Figure 3.39 Stacked 11B and 11B{1H} NMR spectra of the crude product for H–Bpin oxidation 
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3.7. Conclusion 

By using the diaryl-substituted dpa-NHC as a LX2 ligand for a rigid and stable iridium 

metallacycle, the strong s and π donating properties allowed versatile redox behavior from the 

anionic bis(CCC-pincer)iridium complex 23. The first 2e– oxidation led to oxidative coupling of the 

adjacent aryl groups, resulting in a racemic mixture of chiral cationic IrIII complex (28) bearing a 

figure of 8 tetradentate L2X2 type CCCC-ligand. Although the intermediate IrIV (26) and IrV (29) 

complexes could not be isolated, they were long-lived enough for characterization by CV, EPR and 

NMR experiments. Shown by a reversible CV voltammogram, a further 2e– oxidation from complex 

28 was possible. A chemical oxidation by excess AgSbF6 afforded a tricationic high-valent iridium 

complex 36. Although 36 was expected to have a +V oxidation state formally, iridium L3-edge 

energies measured from XANES suggested a physical oxidation state lower than +III. Computational 

studies suggested a triplet ground state for 36, with a small singlet-triplet energy difference of 1.3 

kcal/mol. Spin-density population suggested a major spin contribution from the dpa-NHC ligands 

(16.4% from each carbene center) and a significant contribution from the metal (9.3%). The ground 

triplet state was confirmed by low-temperature detection of a characteristic half-field signal by VT-

EPR as well as magnetic properties measured by SQUID, which afforded an experimentally 

estimated singlet-triplet energy difference of 0.12+0.02 kcal/mol. 

The carbon-ligated metallacycles of iridium reported in this study closed the electronegativity 

gap in the synthetic strategies for high-valent iridium. The present case of the tricationic complex 36 

demonstrated that despite a seemingly high-valency (with a formal oxidation state of +V), the 

physical oxidation state of the metal centre may be very different (~ +III). In the oxidation steps 

from 28 to 36, the CCCC-tetradentate ligand worked as a redox-non-innocent ligand, aromatically 

stabilizing the triplet state as the overall charge increased, demonstrating the electronic tuning 

potential of π-conjugated carbon ligands.  
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SUMMARY AND OUTLOOK 

The chemical species of ‘carbene’ has been known in the 120 years ago, which was postulated as 

an intermediate of cyclopropanation Since the breakthrough report for the first isolation of the NHC 

by Arduengo in 1991, the carbene chemistry rapidly exploded in recent three decades. The trend of 

carbene in the 21st century was toward an increase in the π-acidic properties such as CAACs, boron-

substituted carbene, and acyclic carbenes. These carbenes were easily tunable in the view of the 

electronic and steric characters, which make their transition metal complexes applied in various 

fields of catalysts and luminescent materials. Additionally, the carbenes were widely used in main-

group chemistry, especially low-valent boron, and silicon chemistry, which work to cap the empty 

p-orbitals.  

Whereas the large application of carbenes in low-valent species, the high-valent transition metal 

complexes with carbenes remain sporadic owing to the empty p-orbitals. Generally, the 3d transition 

metal complexes with formally high oxidation states require electronegative ligands such as halogen, 

nitrogen, and oxygen. Lone-pairs on these ligands (X) easily interacted to the carbene’s p-orbitals, 

which resulted in the insertion of X into the metal-carbon bond, or dissociation with the carbene-X 

adduct. Focus in the 4d and 5d transition metal complexes, the high-valent organometallic complexes 

were rarely reported because of their nature of large gap for each d-orbitals. Even though the formal 

oxidation state was higher in the metal center, the physical oxidation state of the metal centers could 

be assigned as lower oxidation states by inverted ligand field theory. 

To overcome the undesired decomposition or reduce the barrier for high oxidation states, we 

engaged in the π-rich carbene. Alkoxide substitution on the nitrogen of NHC brought about pushing 

electrons toward the NHC ring. And the highly π-acidic carbenoid complexes of antiaromatic nature 

could be reduced to the 6π-carbene system, in which π-electron was localized on carbene carbon, 

predicted by theoretical calculations. While these carbene systems seem to be difficult to utilize the 

multidentate ligands, the ring-expanded NHC (dipyrido-annulated NHC, dpa-NHC) have been 

studied by a couple of groups. Dpa-NHC took advantage of the high-lying π-orbitals in energy, which 

could work as a strong π-donor, compared with Arduengo’s NHCs in both experimental and 

theoretical points of view. Even though the dpa-NHC has a stronger carbone (carbon(0) species) 

character, Weiss, Kunz, de Ruiter, and we demonstrated working as carbene based on NMR studies 

of their own and complexes.  

The parent and 2,10-di-t-butyl substituted (para-position from pyridio ring) dpa-NHCs were 

reported by Weiss and Kunz, respectively. In addition, our group established how to introduce the 



 

 

99 

functional groups at ortho positions. The phosphine-functionalized dpa-NHCs were well-studied in 

the field of coordination chemistry in coinage metal or iron complexes applied in homogeneous 

catalysis. On the other hand, arylated dpa-NHC was developed in synthesis; however, the application 

as pincer ligands had been elusive.  

With this carbene, we envision a new LX2 pincer ligand based on the dpa-NHC framework. In 

addition to the electronic advantage, the topological analysis according to the percent varied volume 

showed 67.2%. This value was significantly larger than other arylated NHCs, which provided 

spherical 6-membered metallacycles with an ideal bite angle. However, reported LX2-type 

metallacycles have a poor library owing to the facile cleavage of M–C bonds from the highly strained 

rings containing metal centers. Due to these reasons, a new LX2-type ligand system that allows easy 

complexation to afford stable complexes is highly desirable. 

We made three complexation strategies to obtain desired metallacycles, direct double 

cyclometallation from 8, stepwise synthesis, and cascade formation from the imidazolium salt 7. In 

the first method, toluene-reflux with 8, spontaneously reacting any iridium precursor (Route A) gave 

a decomposition 10. According to 19F NMR studies and HRMS results, Ir(OAc)3 brought about the 

double coordination of 8 with a couple of C–H bond activation. Remarkably, [Ir(cod)Cl]2 resulted 

in a relatively reduced amount of decomposition and one (or two) products. 

 In the manner of [Ir(cod)Cl]2 as an iridium source, stepwise synthesis was attempted (Route B). 

The early stage of the desired complex was the successful synthesis of IrCl(cod)(dpa-NHC) 19 via 

transmetallation by use of Ag. With this complex, the base-promoting C–H activation was attempted, 

which resulted in an unassignable complex mixture. Although any supporting ligands were added in 

this process, desired C–H activation was not obtained.  

Interestingly, the one-pod reaction of 7 and [Ir(cod)Cl]2 in the presence of Cs2CO3 provided the 

desired but doubly dpa-NHC pincer-coordinated iridium complex (Route C). The counter-ion and 

its oxidation state were confirmed by trapping with [2,2,2]-cryptand and XANES study respectively. 

The number of dpa-NHC pincer could not be controlled by stoichiometry, which the rate-

determining step was the first cyclometallation from 19 by theoretical calculation. After that, the 

energy profile illustrated the downhill process reflecting the experimental result. In addition, the 

retro-reaction of cyclometallation with the weak acid produced the Ir–C bond cleavage complex 25, 

which was predicted as the last intermediate by DFT calculation (Scheme 4.1). 



 

 

100 

 

Scheme 4.1. Cyclometallation of arylated dpa-NHC toward iridium centers. 

 

A unique property of complex 23 is oxidation behavior. According to CV, four oxidation wave 

was observed, and which second one was irreversible. Low-temperature CV measurement became 

reversible on the second wave. Chemical two-electron oxidation formed a spiro Ir cationic complex 

through an oxidative C-C bond coupling of two adjacent aryl groups of the originally separate dpa-

NHC units. This transformation reaction took a metal-centered oxidation, which detected the one-

electron and two-electron oxidized intermediates by extremely low-temperature EPR and low-

temperature NMR studies, respectively. The key process was the MeCN coordination in high-valent 

Ir intermediate, supported by DFT calculation. The low-lying activation barrier for reductive 

elimination implied the generation of the thermally unstable Ir(V) complex (Scheme 4.2). 

Several ligands facilely replaced coordinated acetonitrile ligands such as two L-type, L–L 

bidentate, and L–X bidentate ligands. These supporting ligands made electronic properties slightly 

changed. For example, the redox potentials became only little shifts, likely depending on the π-

donating/withdrawing abilities of supporting ligands. Although the electronic properties had 

differences, the structural parameters remained slimier. Unfortunately, the catalytic abilities of the 

complex were not able to be found including the alkane dehydrogenation and direct C–H borylation 

on aromatic compounds. 
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Scheme 4.2. Oxidatively induced ligand transformation from the anionic iridium complex 23 

 

The CV showed the two reversible redox waves, which had the similar potential for the third and 

fourth ones of complex 23. Encouraged by the low reversible redox couples observed for 4, chemical 

oxidation using excess AgSbF6 was carried out in fluorobenzene at room temperature. This led to 

the isostructural iridium complex with the three counter-anion of the SbF6
–. While the bond angles 

remained the same, this oxidation resulted in dramatic changes in the bond distance, exhibiting the 

bond alternation on dpa-NHC framework. By specific investigation of both experimental and 

theoretical insights, the oxidation mainly took place on each dpa-NHC framework favorable triplet 

ground state. The oxidation state was predicted using XANES and IBO analysis, suggesting the equal 

or smaller than +III. The singlet-triplet energy gap of 0.12 kcal/mol was estimated using EPR and 

SQUID measurements. Compared with the reported open-shell transition metal complex with redox 

non-innocent ligand(s), the contribution from the iridium center was larger, reflecting the slight 

anisotropic g value and small spin density population. This tri-cationic complex can oxidize 

negatively polarized hydride species such as borane and silane. This trace exhibited that the dpa-

NHC allowed to access high-valent transition metal complexes as well as to demonstrate working as 

a redox non-innocent ligand (Figure 4.1). 
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Figure 4.1 Oxidation of complex 28 

Our establishment of base-promoted cyclometallation of arylated dpa-NHC could apply to other 

transition metal centers. Avoiding the direct C–H activation took advantage in the cyclometallation 

for remaining oxidation states or unfavored metal center for C–H activation such as coinage metals. 

This aspect made organometallic chemistry developed the new methodology and enchaining the 

candidate for application toward luminescent materials.  

We could also give our prospects through only-one property of CCCC-tetradentate iridium 

complexes; the oxidative coupling provided the racemic products, which could be separated 

enantiomers by use of the chiral counter-anion of borate or phosphate. Through this assumption, we 

can turn over the chiral nature and its application such as circular polarization or catalysis of 

asymmetrical functionalization via nucleophilic attack to E+ generated with the oxidation by enantio-

pure tri-cationic iridium complex.  
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EXPERIMENTAL SECTION 

5.1. General remarks 

All manipulations involving the air- and moisture-sensitive compounds were carried out under 

an argon atmosphere using the standard Schlenk and workups were carried out on the bench unless 

mentioned. Inert gases (both N2 and Ar) were passed through a dry column of P2O5. All glassware 

was dried in 80 °C ovens. Acetonitrile (acetonitrile-d3) and dichloromethane (dichloromethane-d2) 

were pre-dried with CaCl2, then distilled with CaH2 under N2. THF, hexane, Et2O, and toluene were 

dried by distillation with Na and stored over molecular sieves prior to use. Benzene-d6 was purified 

by use of potassium mirror and stored in molecular sieves 4A.  
1H (500 MHz), 13C{1H} (125 MHz), 19F (480 MHz), NOESY and COSY were recorded using a 

JEOL ECA-500 spectrometer. 1H (600 MHz), 13C{1H} (150 MHz) 19F (564 MHz) and any 2D NMR 

(1H-1H COSY, NOESY, 1H-13C HMQC and 1H-13C HMBC) were recorded using a JEOL ECA-600 

spectrometer. The chemical shifts (δ) were referenced to C6D6 (1H: δ = 7.16 ppm, 13C: δ = 128.26 

ppm), CD2Cl2 (1H: δ = 5.32 ppm, 13C: δ = 53.84 ppm) and CD3CN (1H: δ = 1.93 ppm, 13C: δ = 118.62 

ppm) as external standard and from internal CFCl3 for 19F (δ= 0.00 ppm). High-resolution mass 

spectra (HRMS) were recorded with a Thermo Fischer Scientific samples. UV/Vis absorption 

spectra of 0.10 mM sample in acetonitrile was recorded on UV-1650 PC (SHIMADZU) in ambient 

atmosphere at room temperature. Cyclic voltametric measurement was performed by using 

ALS/CHI610E potentiostat/galvanostat in 0.1 M [nBu4N][PF6] solution with argon atmosphere. 

Working, counter and reference electrode were employed as glassy carbon, platinum wire and 

saturated calomel electrodes, respectively. Internal referenced was employed as the redox couple of 

ferrocene and ferrocenium as 0 V. The EPR spectra were taken by using a Bruker ELEXSYS E500 

spectrometer and simulated by WinSimphonia. The internal reference of ferrocene was used. The XPS 

spectra was collected using a monochromatic 1486.7 eV Al Kα X-ray source of ESCA-3400 HSE 

X-ray photoelectron spectrometer with 0.5 eV system resolution. The energy scale was calibrated 

using C 1s (285 eV) on the carbon tape.  

Crystals suitable for the X-ray structural determination were mounted on a Bruker SMART 

APEXII CCD diffractometer and irradiated with graphite monochromated Mo Kα radiation (l = 

0.71073 Å) for data collection. Or crystals suitable for the X-ray structural determination were 

mounted on a Rigaku XtaLAB Synergy DW system and irradiated with graphite monochromated 

Mo Kα radiation (l = 0.71073 Å) for data collection. The data were processed using the CrysAlisPro 

suite.  
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All structures were solved by an intrinsic phasing method using the SHELXT program (ver. 

2014/4–2014/5)[184]. Refinement on F2 was carried out using full-matrix least-squares with the 

SHELXL[185] and expanded using Fourier techniques. All nonhydrogen atoms, except those of 

disordered solvents, were refined using anisotropic thermal parameters. Hydrogen atoms were 

assigned to idealized geometric positions and included in structure factor calculations. The SHELX 

was interfaced with SHELXLE GUI for most of the refinement steps[186]. All the pictures of the 

molecules were prepared using Pov-Ray 3.6.[187]  
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5.2. Synthetic procedures 

Chapter 1 

• Synthesis of 2 

 
A colorless suspension of 4,4’-di-tert-butyl-2,2’-bipyridyl (5.40 g, 20.1 mmol) and a-

bromoacatophenone (4.20 g, 21.1 mmol) in acetonitrile (70 mL) was refluxed until the color changed 

to reddish. The solution was evaporated as much as possible. Bubbly orange solid was used for next 

reaction without further purification was not carried out. 
1H NMR (400 MHz, CDCl3)  

d 1.32 (s, 9H), 1.50 (s, 9H), 6.99 (s, 2H), 7.39 (dd, 3J = 5 Hz, 4J = 2 Hz, 1H), 7.47 (t, 3J = 8 Hz, 2H), 

7.60 (s,1H), 7.62 (t, 3J = 8 Hz, 1H), 7.84 (d, 4J = 2 Hz, 1H), 8.00 (dd, 3J = 8 Hz, 4J = 1 Hz, 2H), 8.06 

(dd, 3J = 7 Hz, 4J = 2 Hz, 1H), 8.34 (d, 3J = 5 Hz, 1H), 9.86 (d, 3J = 7 Hz, 1H) *Unable to find the 

coupling partner of the dot-lined proton which possesses the Coupling Const. 4J = 1 Hz.  

 

• Synthesis of 3 

 
A reddish solution of crude 1 (ca. 9.5 g) in pyridine was heated up to 60 °C, then Br2 (1.2 mL, 

23.4 mmol) was added and stirred at the same temperature for 5 min. (Note that pyridine reacted 

with Br2 to afford black sticky solid, thus Br2 must be added as neat) The solution was evaporated 

and MeOH and water (both 250 mL) were added for hydrolysis. the yellow precipitation was filtered 

off with Aluminum oxide 90. KPF6 (4.00 g, 21.7 mmol) was added to the filtrate, which yielded 

brown precipitation. MeOH was evaporated as much as possible and then collected by filtration with 

a Kiriyama funnel. Brown solid was dried in vacuo. This brown crude was used for the next reaction 

without further purification. 
1H NMR (400 MHz, CDCl3) 
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d = 1.42 (s, 18H), 7.44 (dd, 3J = 7 Hz, 4J = 2 Hz, 2H), 7.93 (d, 4J = 1 Hz, 2H), 9.14 (dd,3J = 7 Hz, 4J 

= 1 Hz, 2H),11.6 (s, 1H) *Unable to find the coupling partner of the dot-lined proton which possesses 

the Coupling Const. 4J = 2 Hz. 

 

• Synthesis of 4 

 
A brown suspension of crude 2 (ca. 11 g) and element sulfur (664 mg, 2.59 mmol) in dry THF 

was stirred under inert gas atmosphere at room temperature. t-BuOK (2.56 g, 22.8 mmol) was added 

into the suspension, resulting dark red solution and stirred for 1 h. Byproduct salts were filtered off 

from reaction mixture with Celite. The filtrate was evaporated, and crude product was washed with 

hexane and crystallized in acetone at –20 °C gave 4 as reddish orange solid in 78% yield from 4,4’-

di-tert-butyl-2,2’-bipyridyl 1. 
1H NMR (400 MHz, DMSO-d6)  

d = 1.38 (s, 18H), 7.30 (dd, 3J = 8 Hz, 4J = 2 Hz, 2H), 8.20 (s, 2H), 8.43 (d, 3J = 8 Hz, 2H) *Unable 

to find the coupling partner of the dot-lined proton which possesses the Coupling Const. 4J = 2 Hz. 

 

• Synthesis of 5 

 
A solution of dry 4 (1.00 g, 3.20 mmol) in dry THF was cooled to –78 °C. t-BuLi in pentane 

solution (1.62 M, 4.8 ml, 7.77 mmol) was added dropwise with additional funnel and stirred for 1.5 

h. 1,2-Dibromotetrachloroethane (3.42 g, 8.00 mmol)was added with solid-insertion tube under inert 

gas atmosphere then, stirred further 2 h. Iodomethane was added into reaction solution by use of 

syringe at –78 °C. The reaction mixture was warmed to room temperature and stirred additional 1 h. 

THF was removed from reaction solution, then extracted with CH2Cl2 and wash with water, then 

dried over with Na2SO4. The salt was removed by filtration then, filtrate was also removed overnight. 

Addition/removal cycles with acetone following hexane was carried out, which gave 5 as dark-brown 

solid. Note that product contained 6 as well as 5 based on 1H NMR spectra. 
1H NMR (400 MHz, CDCl3)  

d = 1.56 (s, 18 H), 1.96 (s, 3 H), 8.05 (s, 2 H), 8.70 (s, 2 H). 
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• Synthesis of 6 

 
A suspension of crude 5 in MeOH (50 mL) was stirred under air. NaBH4 was added (296 mg, 

7.68 mmol, as portion-wise with generation of small amount of bubble. After addition of NaBH4, 

this mixture was stirred for 1 h. Remained NaBH4 was quenched with small amount of NH4I, then 

MeOH was removed. The residue was extracted with CH2Cl2 and wash with water, then dried over 

with Na2SO4. The salt was removed by filtration then, the filtrate was also removed. The residue was 

washed with hexane and Et2O followed by recrystallization with acetone yielded 6 as brown solid 

(1.10 g, 1.95) in 61% yield (from 4). 
1H NMR (400 MHz, CDCl3) 

d = 1.52 (s, 18 H), 7.84 (s, 2 H), 9.01 (s, 2 H), 9.75 (s, 1 H). 

 

• Synthesis of 7 

 
Method A 

A solution of 6 (1.15 g, 2.03 mmol p-(trifluoromethyl)phenylboronic acid (949 mg, 5.00 mmol) 

and Pd(PPh3)4 (353 mg, 0.30 mmol, 15 mol%) in degassed EtOH (44 mL) was prepared. Degassed 

K2CO3 (680 mg, 4.92 mmol) aq. (8 mL) was added. The reaction mixture was heated up until reflux 

behavior was observed and continued that temperature for 18 h. After cooled to r.t., the reaction 

solution was allowed to be evaporated. Extraction with CH2Cl2 followed by wash with water and dry 

over Na2SO4. The filtrate was evaporated and wash with hexane to remove CH2Cl2. The residue was 

purified in precipitation with THF/Et2O (1:400 ratio) yielded imidazolium salts 7 as yellow powder 

(600 mg, 0.861 mmol) in 42% yield. 

Method B 

A solution of 6 (800 mg, 1.42mmol), p-(pinacolboryl)benztrifluoride (756 mg, 2.85 mmol) and 

Pd(PPh3)4 (245 mg, 0.212 mmol, 15 mol%) in degassed EtOH (32 mL) was prepared. Degassed 

K2CO3 (390 mg, 2.85 mmol) aq. (8 mL) was added. The reaction mixture was heated up until reflux 
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behavior was observed and continued that temperature for 18 h. After cooled to r.t., the reaction 

solution was allowed to be evaporated. Extraction with CH2Cl2 followed by wash with water and dry 

over Na2SO4. The filtrate was evaporated and wash with hexane to remove CH2Cl2. The residue was 

purified in crystallizing acetone/Et2O yielded imidazolium salts 7 (614 mg, 0.882 mmol) as yellow 

solid in 63% yield. 
1H NMR (CDCl3, 400 MHz) 

d = 1.49 (s, 18 H), 7.38 (s, 2 H), 7.87 (d, 3JHH = 8 Hz, 4 H), 8.20 (s, 2 H), 8.27 (d, 3JHH = 8 Hz, 4 H), 

8.95 (s, 1 H). 
13C{1H} NMR (CDCl3, 100 MHz) 

d = 30.58, 35.61, 110.44 (q, 3JCF = 2 Hz), 112.70, 120.89 (q, 1JCF = 276 Hz )121.80, 124.31, 125.01, 

127.11 (q, 2JCF = 4 Hz), 130.20, 133.02, 133.32, 135.07, 147.80.  

19F NMR (CDCl3, 376 MHz) 

d = –63.45 (s, 6F) 

 

• Synthesis of 8 

 
To a stirred yellow suspension of 7 (203 mg, 291 µmol) in THF (25 mL), t-BuOK (35.0 mg, 312 

µmol) was added at room temperature. The solution changed to orange immediately and was stirred 

for 20 min. After evaporation of volatiles, the residue was extracted with hexane. Filtration of the 

hexane extract followed by evaporation in vacuo afforded 1 (105 mg, 185µmol) as an orange solid 

in 64% yield. Single crystals of 8 were prepared by recrystallization from a toluene/pentane two-

layer system at –30 °C in glovebox.  
1H NMR (600 MHz, C6D6)  

δ = 1.17 (s, 18H, t-Bu), 6.75 (d, 2H, 4JHH = 2 Hz, Ha), 7.29 (d, 4H, 3JHH = 8 Hz, Hc), 7.56 (d, 2H, 4JHH 

= 2 Hz, Hb), 7.90 (d, 4H, 3JHH = 8 Hz, Hd)  
13C{1H} NMR (150 MHz, C6D6) 

δ = 30.01 (C(CH3)3), 34.25 (C(CH3)3), 111.20 (C3), 115.89 (C5), 124.51 (q, 1JCF = 225 Hz, C11), 

124.67 (C2), 130.27 (q, 2 JCF = 34 Hz, C10), 130.60 (C9), 133.91 (q, 3JCF = 6 Hz, C8), 138.86 (C7), 

139.66 (C6), 140.74 (C4), 196.37 (C1)  
19F NMR (564 MHz, C6D6) 

δ = –62.40 (s, 6F) 

NN
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Chapter 2 

• Synthesis of 18 

  
A yellow suspension of 7 (142 mg, 204 μmol) and Ag2O (55.0 mg, 238 μmol) in CH2Cl2 

(10 mL) was stirred for 2 h in the dark. The reaction mixture was filtered, and the filtrate was 
freed of volatiles in vacuo to afford silver intermediate 17 a yellow solid. Then, a THF (10 
mL) solution of [IrCl(cod)]2 (70.0 mg, 104 μmol) was added to the reaction vessel of 17. 
After stirring of the reaction mixture for 2 h, the inorganic salts were filtered off. Evaporation 
of the filtrate in vacuo followed by washing with hexane and Et2O provided complex 18 as 
an orange solid (150 mg, 166 μmol) in 81% yield. Single crystals suitable for X-ray 

diffraction were obtained from a DCM/hexane two-layer system at –20 °C. 
 
NMR Data of silver intermediate 17 
1H NMR (500 MHz, CD2Cl2) 
 δ = 1.43 (s, 18H, t-Bu). 6.98 (d, 2H, 4JHH = 2 Hz), 7.65 (d, 4H, 3JHH = 8 Hz), 7.76 (d, 4H, 
3JHH = 8 Hz) 7.91 (d, 2H, 4JHH = 2 Hz)  
13C{1H} NMR (125 MHz, CD2Cl2)  
δ = 30.04, 34.84, 111.65, 119.26, 124.51 (q, 1JCF = 225 Hz, CF3), 124.55, 126.94 (q, 3JCF = 6 

Hz), 129.86, 132.27 (q, 2 JCF = 34 Hz), 136.59, 137.98, 143.70  
A signal of the carbene carbon cannot be found because of the coupling of NMR-active 
nuclear of silver (107/109Ag) 

19F NMR (470 MHz, CD2Cl2) 
 δ = –62.69 (s, 6F) 
 
Spectra data of complex 18 
1H NMR (600 MHz, CD2Cl2) 
 δ = 0.69–0.73 (br, 2H Hj), 0.94–0.99 (br, 2H Hh), 1.23–1.29 (br, 2H, Hi), 1.38 (s, 18H, t-
Bu), 1.60–1.68 (br, 2H, Hk) 1.96–2.00 (m, 2H, Hl), 3.53 (m, 2H, Hg), 6.84 (d, 2H, 4JHH = 2 
Hz, Hb), 7.60–7.68 (br, 2H, Hf), 7.64–7.73 (br, 2H, Hd) 7.75–7.81 (br 2H, Hc, overlapping 
with Ha) 7.76 (d, 2H, 4JHH = 2 Hz, Ha) 8.28–8.34 (br, 2H, He)  
*Peaks of Hc, Hd, He and Hf became doublet (3JHH = 8 Hz) at –40 °C. 
13C{1H} NMR (150 MHz, CD2Cl2) 
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 δ = 27.51 (C15), 29.95 (C(CH3)), 32.09 (C14), 34.40 (C(CH3)), 49.06 (C13), 81.70 (C16), 
111.47 (C3), 121.52 (C5), 124.51 (q, 1JCF = 225 Hz, CF3), 124.02–124.28 (br, overlapped 
with 2 peaks, C9/C11), 129.57 (C8), 130.12 (q, 2JCF = 28.5 Hz C10), 134.78 (C12), 137.82 
(C7), 139.76 (C6), 141.20 (C4), 160.94 (C1)  
19F NMR (564 MHz) 
 δ = –62.36 (s, 6F) 
ESI-HRMS (positive) 
[C41H42N2F6IrCl] Calc. for 869.28814 as [M–Cl]+, found for 869.28693 as [M–Cl]+  
 

• Synthesis of complex 20.  

 
An orange suspension of NHC precursor 7 (71.1 mg, 102 μmol), dry Cs2CO3 (43.0 mg, 

132 μmol), t-BuNC (35.3 mg, 424 μmol) and [IrCl(cod)]2 (36.4 mg, 54.1 μmol) in MeCN (5 
mL) was refluxed for 16 h. After cooling to room temperature, the reaction mixture was 

filtered to remove any insoluble salts and the collected filtrate was evaporated in vacuo. The 
resulting residue was washed with hexane to afford the desired product 20 as reddish solid 
(80 .3 mg, 79.6 µmol) in 78 % yield. Single crystals suitable for X-ray diffraction were 
prepared by DCM/hexane at –20 °C.  
1H NMR (600 MHz, CD2Cl2) 
 δ = 1.321 (s, 9H, trans-t-BuNC), 1.327 (s, 18H, cis-t-BuNC), 1.42 (s, 18H, t-Bu on dpa-
NHC). 6.94 (d, 2H, 4JHH = 2 Hz, Hb), 7.55 (d, 4H, 3JHH = 8z Hz, Hd), 7.59 (d, 4H, 3JHH = 8 
Hz, Hc) 7.94, (d, 2H, 4JHH = 2 Hz, Ha)  
13C{1H} NMR (150 MHz, CD2Cl2)  
δ = 30.04 (CH3 for cis-t-BuNC), 30.14(CH3 of trans-t-BuNC), 30.28, 34.75 (C(CH3)3 for 
dpa-NHCs), 56.48(C(CH3)3 for trans-t-BuNC), 57.02 (C(CH3)3 for cis-t-BuNC), 111.75 
(C3) 119.69 (C5), 123.65 (q, 3JCF = 2 Hz, C9), 124.44  (q, 1JCF = 225 Hz, CF3), 125.13(C2), 
129.86(C8), 130.32  (q, 2JCF = 34 Hz, C10), 136.88 (C7), 139.10 (C6), 143.06 (C4), 148.45 
(CNt-Bu of cis), Signals of the isocyanide sp carbon atoms (CNtBu) and the carbene carbon 
atom were not observed. 
19F NMR (564 MHz, CD2Cl2)  
δ = –62.50 (s, 6F) 
ESI-HRMS (positive) 
Calc. [C48H57N5F6Ir]+ for 1010.41474, found for 1010.41418 as [M]+ 

[IrCl(cod)]2, Cs2CO3, t-BuNC
MeCN, Reflux, 18 h
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• Synthesis of complex 23 

 
A solution of 7 (165 mg, 237 μmol), dry Cs2CO3 (370 mg, 1.10 mmol), and [IrCl(cod)]2 

(39.6 mg, 59.5 μmol) in dry MeCN (5 mL) was refluxed for 16 h. After cooling to room 
temperature, the inorganic salt was filtered through Celite and the collected filtrate was 
evaporated in vacuo to afford a dark purple solid. In a glovebox, further washing with Et2O 
followed by hexane provided complex 23 as a wine-red solid (145 mg, 100 μmol) in 84 % 
yield (based on iridium). Single crystals suitable for X-ray diffraction were prepared by slow 
diffusion of pentane into THF solution of 23 at room temperature.  
1H NMR (600 MHz, CD3CN)  
δ = 1.51 (s, 36H, t-Bu), 6.16 (d, 4H, 4JHH = 2 Hz, He), 6.72 (dd, 4H, 3JHH = 8 Hz, 4JHH = 2 
Hz, Hd) 7.72 (d, 4H, 4JHH = 2 Hz, Hb), 7.82 (d, 4H, 3JHH = 8 Hz, Hc), 8.17 (d, 4H, 4JHH = 2 
Hz, Ha)  
13C{1H} NMR (150 MHz, CD3CN)  
δ = 30.79 (CH3), 35.62 (C(CH3)), 111.58 (C5), 115.38 (C3), 116.36 (q, 3JCF = 6 Hz, C11), 
124.98 (q, 2JCF = 28.5 Hz, C10), 125.09 (C7), 125.74 (C12), 125.89 (q, 1JCF = 225 Hz, CF3), 

138.16(C6), 140.46(C2), 141.36 (q, 3JCF = 6 Hz, C9), 141.79 (C4), 152.43 (C1), 160.73 (C8),  
19F NMR (564 MHz, CD3CN)  
δ = –62.90 (s, 12F) 
ESI-HRMS (Negative)  
Calc. [C66H58N4F12Ir]– for 1325.39424 found for 1325.39428 as [M]–  
 

• Preparation of 24 

 
In a glovebox, a solution of iridium complex 23 (31.2 mg, 21.4 μmol) and (2,2,2)-cryptand 

(8.1 mg, 21.5 μmol) in THF (2 mL) was stirred for 1 h at room temperature. Hexane was 
added to the THF solution to precipitate 24 as a brownish red solid in 84% yield (33.6 mg, 
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17.8 μmol). X-ray-quality single crystals of 24 were obtained was obtained from 
recrystallization in CD3CN at room temperature.  
1H NMR (600 MHz, CD3CN)  
δ: 1.50 (s, 36H, t-Bu), 2.48 (t, 9H, N–CH2CH2–) 3.45 (t, 9H, N–CH2CH2–), 3.53 (s, 18H, 

OCH2), 6.14 (d, 4H, 4JHH = 2 Hz, He), 6.69 (dd, 4H, 3JHH = 8 Hz, 4JHH = 2 Hz, Hd) 7.76 (d, 
4H, 4JHH = 2 Hz, Hb), 7.78 (d, 4H, 3JHH = 8 Hz, Hc), 8.14 (d, 4H, 4JHH = 2 Hz, Ha)  

13C{1H} NMR (150 MHz, CD3CN)  
δ = 29.84 (CH3), 34.67 (C(CH3)), 111.58 (C5), 115.38 (C3), 116.36 (q, 3JCF = 6 Hz, C11), 
124.52 (q, 2JCF = 28.5 Hz, C10), 125.09 (C7), 124.11 (C12), 124.76 (q, 1JCF = 225 Hz, CF3), 
137.2 (C6), 139.55 (C2), 140.43 (q, 3JCF = 6 Hz, C9), 140.83 (C4), 151.54 (C1), 159.81 (C8).  
19F NMR (564 MHz, CD3CN) 
 δ = –62.96(s, 12F) 

Elemental Analysis 
Cal. for C, 54.99%; H, 5.05%; Cs, 7.24%; F, 12.43%; Ir, 10.48%; N, 4.58%; O, 5.23%  
found for C, 55.08%; H: 5.06%; N: 4.33% 
 

• Generation of 25 

 
In a glovebox, NEt3•HCl (3.5 mg, 24.7 μmol) was added to a solution of 23 (36.5 mg, 23.7 

μmol) in MeCN (1 mL) and stirred for 24 h. After remove of the solvent, the resulting residue 

was extracted by Et2O. The ether extract was then filtered. Further removal of the volatiles 
afforded 25 with a small amount of 7 Recrystallization of this crude product in CD3CN (NMR 
sample) afforded single crystals of 25, however, we were not able to remove 7 from the 
mixture.  
1H NMR (500 MHz, CD3CN)  
δ = 1.36 (s, 9H, t-Bu3), 1.47 (s, 9H, t-Bu2), 1.55 (s, 18H, t-Bu1), 4.61 (d, 1H, 4JHH = 2 Hz HE), 
6.57 (d, 1H, 3JHH = 8 Hz, HD), 6.61 (2H, 3JHH = 8 Hz, Hg), 6.71 (d, 2H, 3JHH = 8 Hz, Hd), 6.75 

(d, 2H, 4JHH = 2 Hz, Hb), 6.92 (d, 2H, 4JHH = 2 Hz, He), 7.16 (d, 2H, 3JHH = 8 Hz, Hd), 7.59 
(d, 2H, 3JHH = 8 Hz, HC), 7.64 (d, 2H 4JHH = 2 Hz, HB), 8.16 (d, 2H 4JHH = 2 Hz, overlapped 
with HA and Ha), 8.17 (d, 2H 4JHH = 2 Hz, Hb), 8.37 (d, 2H, 3JHH = 2 Hz, Hc), 8.42 (d, 2H, 
4JHH = 2 Hz, Ha) 
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13C{1H} NMR (125 MHz, C6D6)  
δ = 29.73, 29.84, 30.39, 34.22, 34.61, 34.77, 110.53, 110.97, 111.98, 114.81, 116.91, 117.52, 
117.58, 118.88, 123.24, 123.55, 124.36, 124.64, 125.18, 125.37, 126.23, 126.51, 126.51, 
127.06, 129.02, 130.09, 133.76, 135.68, 135.91, 137.11, 138.87, 138.91, 142.04, 142.09, 

143.38, 144.10, 144.62, 153.45, 156.38. Some signals were overlapped with the residual 
C6D6 peak. Signals corresponding to CF3 and C-CF3 could not be observed due to coupling 
to fluorine. 
19F NMR (480 MHz, C6D6)  
δ = –62.13 (s, 6F, CF3), –63.36 (s, 3F, CF3), –63.48 (s, 3F, CF3) 

ESI-HRMS (positive)  

[C66H57N4F12Ir] Cal. for 1327.40992, found for 1327.40930 as [M+H]+ 

 

• Synthesis of 1,3-bis(N-methyl-imidazolium)-4,6-dimethylbenzene diiodide 

 
Methyl iodide (1.0 mL, 16.1 mmol) was added to a solution of 1,3-bis(imidazolyl)-4,6-

dimethylbenzene (495 mg, 2.07 mmol) in MeCN (10 mL) and the reaction solution was stirred for 

24 h at room temperature. Removal of volatiles followed by recrystallization from a MeCN/Et2O 

two-layer system provided 1,3-bis(N-methyl-imidazolium)-4,6-dimethylbenzene diiodide (807 mg, 

1.55 mmol) as a yellow solid in 75% yield.  
1H NMR (600 MHz, DMSO-d6)  

δ = 2.32 (s, 6H, Ar-CH3), 3.97 (s, 6H, N- CH3), 7.70 (s, 1H, Aryl), 7.83 (s, 1H Aryl), 8.00 (s, 2H, 

imidazolium), 8.05 (s, 2H, imidazolium), 9.49 (s, 2H, NCHN). 
13C{1H} NMR (150 MHz, DMSO-d6)  

δ = 16.96 (Ar-CH3), 36.31 (N-CH3), 123.52 (imidazolium), 124.19 (imidazolium), 124.67 (CH of 

aryl), 132.41 (C of Aryl), 134.41 (CH of aryl), 135.97 (C of aryl), 137.73 (NCHN).  

ESI-HRMS (positive) 

[C16H20N4]2+ Cal. 134.08434 found 134.08369 as [M]2+ 
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• Synthesis of reference complex R 

 

A suspension of 1,3-bis(N-methyl-imidazolium)-4,6-dimethylbenzene diiodide (110 mg, 213 µmol), 

dry Cs2CO3 (496 mg, 1.52 mmol), KI (108 mg, 650 µmol), and [IrCl(cod)]2 (33.3 mg, 50.0 µmol) in 

MeCN (3 mL) was refluxed for 60 h. After cooling to room temperature, the inorganic salts were 

filtered off and the filtrate was evaporated in vacuo to afford an orange-yellow solid. 

Recrystallization from a MeCN/Et2O two-layer system provided complex R as an off-white solid 

(42.0 mg, 49.4 µmol) in 48% yield.  
1H NMR (600 MHz, CD3CN)  

d = 2.54 (s, 12H, Ar-CH3), 2.71(s, 12H, N-CH3), 6.80 (d, 4H, 4JHH = 2 Hz, NHC ring), 6.89 (s, 2H, 

trans to Ir) 7.90 (d, 4H, 4JHH = 2 Hz, NHC ring) 
13C{1H} NMR (150 MHz, CD3CN)  

d = 19.53 (Ar-CH3), 36.59 (N-CH3), 119.51 (C of Aryl), 119.80 (C of NHC), 121.66 (C of NHC), 

129.44 (Aryl), 143.75 (Ir–CAryl), 146.96 (C of Aryl), 162.05 (Ir–Ccar) 

ESI-MS (positive)  

[C32H34IrN8]+ Cal. 723.25384 and found 723.25336 as [M]+ 
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Chapter 3 

• Synthesis of 28 

 
Cold MeCN (5 mL) was added to the pre-cold complex 23 (146 mg, 100 μmol) and AgOTf (58.0 

mg, 220 μmol) in a brown vial, and the suspension was stirred for 1 hour at –30 °C. Afterward, the 

reaction mixture was allowed to warm up to room temperature. This suspension was filtered with a 

pad of Celite and MeCN was removed in vacuo. Extraction with toluene followed by washing with 

pentane provided complex 28 as a dark rad solid (133 mg, 83 μmol) in 83% yield.  
1H NMR (600 MHz, CD3CN)  

δ 1.32 (s, 18H, Hf), 1.50 (s, 18H, Hf), 5.73 (d, J = 2 Hz, He), 6.22 (d, J = 8 Hz, 2H, Hc), 6.53 (d, J 

= 2 Hz, 2H, He), 6.59 (d, J = 2 Hz, 2H, Hb), 6.87 (d, J = 8 Hz, 2H, Hd), 7.39 (d, J = 8 Hz, 2H, Hd), 

7.76 (d, J = 2 Hz, 2H, Hb), 7.97 (d, J = 2 Hz, 2H, Ha), 8.04 (d, J = 2 Hz, 2H, Ha), 8.10 (d, J = 8 Hz, 

2H, Hc) Coordinated MeCN ligands were replaced by CD3CN, and accordingly, a singlet signal of 

free CH3CN was observed.  
13C{1H} NMR (151 MHz, CD3CN)  

δ 29.77(overlapping both CH3 of t-Bu group), 34.40(C14), 34.93(C14’), 112.15(C3’), 112.82(C3’), 

114.69(MeCN), 120.16(q, 3JCF = 6 Hz, C9), 121.17(q, 3JCF = 6 Hz, C11’), 123.99(q, 3JCF = 6 Hz, 

C9’), 125.07(C5’), 125.54(C2), 124.94(q, 1JCF = 250 Hz, CF3), 126.70(C2’), 126.90(C8) 127.62(q, 
2JCF = 30 Hz C10/C10’), 130.39(C8’), 135.75(C7’), 135.94(q, 3JCF = 6 Hz, C11), 140.17(C7), 

141.31(C6), 144.03(C4’), 145.20(C4), 153.75(C12), 161.37(C1). 
19F NMR (565 MHz, CD3CN)  

δ –79.28 (s, 3F, OTf), –63.78(s, 6F, CF3 of biaryl linker), –62.49(s, 6F, CF3 of cyclometallated aryl). 

ESI-MS (Positive)  

Calc. for 1325.39427, found for 1325.39478 as [M–2´MeCN] 
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• Counter-anion Exchange from OTf– to BArF4–  

 
DCM (4 mL) was added to complex 28･OTf (71.0 mg, 45.6 µmol) and NaBArF

4 (42.0 mg, 47.3 

µmol) in a Schlenk flask, and the suspension was stirred for 2 hours at room temperature. The 

reaction mixture was filtered with a pad of Celite, and DCM was removed in vacuo followed by 

further washing with pentane provided complex 28･BArF
4 as dark red solid (91.8 mg, 40.4 μmol) in 

89% yield. Single crystals suitable for X-ray diffraction were obtained from the slow evaporation of 

a mixture of DCM and hexane at room temperature. 
1H NMR (600 MHz, Acetonitrile-d3) 

δ 1.32 (s, 18H, Hf), 1.50 (s, 18H, Hf), 5.73 (d, J = 2 Hz, He), 6.22 (d, J = 8 Hz, 2H, Hc), 6.54 (d, J = 2 

Hz, 2H, He), 6.59 (d, J = 2 Hz, 2H, Hb), 6.87 (d, J = 8 Hz, 2H, Hd), 7.39 (d, J = 8 Hz, 2H, Hd), 7.64 (s, 

8H, BArF
4), 7.68 (s, 12H, BArF

4), 7.76 (d, J = 2 Hz, 2H, Hb), 7.97 (d, J = 2 Hz, 2H, Ha), 8.04 (d, J = 2 

Hz, 2H, Ha), 8.10 (d, J = 8 Hz, 2H, Hc). Coordinated MeCN ligands were replaced by CD3CN, and 

accordingly, a singlet signal of free CH3CN was observed. 
13C{1H} NMR (151 MHz, Acetonitrile-d3)  

δ 29.77(overlapping both CH3 of t-Bu group), 34.39(C14), 34.92(C14’), 112.15(C3’), 112.82(C3’), 

114.69(MeCN), 117.75(para-BArF
4) 120.16(q, 3JCF = 6 Hz, C9), 121.17(q, 3JCF = 6 Hz, C11’), 

123.99(q, 3JCF = 6 Hz, C9’), 125.07(C5’), 125.54(C2), 124.60(q, 1JCF = 285 Hz, CF3-BArF
4), 

124.94(q, 1JCF = 250 Hz, CF3 on dpa-NHC tetradentate ligand), 126.70(C2’), 126.90(C8) 127.62(q, 
2JCF = 30 Hz C10/C10’), 129.00(q, 2JCF = 32 Hz, meta-BArF

4), 130.39(C8’), 134.74(ortho-BArF
4), 

135.75(C7’), 135.94(q, 3JCF = 6 Hz, C11), 140.17(C7), 141.31(C6), 144.03(C4’), 145.20(C4), 

153.75(C12), 161.70(q, 1JCB = 50 Hz, ipso-BArF
4) The signal of C1 (bound to Ir center) was 

overlapping with the signal of ipso-C of BArF
4. 

19F NMR (565 MHz, Acetonitrile-d3)  

δ –63.81(s, 6F, CF3 of biaryl linker), –63.15(s, 24F, BArF
4), –62.51 (s, 6F, CF3 of cyclometallated 

aryl). 
11B{1H} NMR (193 MHz, Acetonitrile-d3)  

δ –7.64 (s, 1B, BArF
4

–). 
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• Detection of the transient iridium(IV) intermediate 26 by EPR Spectroscopy  

 
 A vial was charged with complex 23 (2.4 mg, 1.64 µmol) and decamethylferrocenium triflate (0.5 

mg, 0.8 µmol, ca. 0.5 equiv.). MeCN (0.15 mL) was added via a micropipette to the vial. After the 

reaction solution was shaken for 5 min, PrCN (0.85 mL) was added via a micropipette. A portion 

of this solution (0.3 mL) was transferred to an EPR tube. Then, the sample was frozen with liquid 

nitrogen until measurement.  

 

• Detection of the transient iridium(V) intermediate 29 by NMR spectroscopy 

 
A J. Young tube was charged with complex 1 (13.2 mg, 9.04 µmol) and AgOTf (6.0 mg, 23.4 

µmol, 2.6 equiv.). CD3CN was added by vacuum transfer. This sample was then stored in an acetone 

bath, kept around –60 °C until the measurement. The pre-cooled sample was injected into the NMR 

machine, which was cooled at –20 °C beforehand. 
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• Synthesis of 31 

 
THF was added to complex 28 (47.1 mg, 30.3 µmol) and acac-Li (4.3 mg, 40.5 µmol) in a 

Schenk tube, and the suspension was stirred for 24 hours at room temperature. THF was evaporated 

in vacuo, then the residue was filtrated with hexane. After evaporation in vacuo, a dark pink solid of 

31 (34.7 mg, 24.3 µmol) was obtained in 80% yield. Single crystals suitable for X-ray diffraction 

were obtained from the slow evaporation of MeCN at room temperature. 
1H NMR (500 MHz, Methylene Chloride-d2)  

δ 1.08 (s, 6H, CH3 of acac), 1.31 (s, 18H, Hf), 1.46 (s, 18H, Hf), 4.48 (s, 1H, CH of acac), 5.84 (d, J = 2 

Hz, He), 6.17 (d, J = 8 Hz, 2H, Hc), 6.32 (d, J = 2.0 Hz, 2H, He), 6.40 (d, J = 2 Hz, Hb), 6.81 (d, J = 8.0 

Hz, 2H, Hd), 7.19 (d, J = 8 Hz, 2H, Hd), 7.32 (d, J = 2 Hz, 2H, Hb), 7.54 (d, J = 2 Hz, 2H, Ha), 7.67 (d, 

J = 2 Hz, 2H, Ha), 7.84 (d, J = 8 Hz, 2H, Hc). 
13C{1H} NMR (126 MHz, Methylene Chloride-d2)  

δ = 26.39(CH3 of acac), 30.10, 30.18(both CH3 of t-Bu group), 34.20, 34.73, 99.23 (CH of acac), 

110.10(C3’), 111.95(C3), 112.94(C5), 118.66(C9), 121.26(C11’), 123.20(C9’), 123.52(C5’), 

124.86(C8), 125.50(C2), 125.63(C2’), 127.59(C10/C10’), 129.70(C8’), 135.87(C12’), 

136.05(overlapping both C6’ and C7’), 137.62(C11), 139.42(C7), 141.83(C6), 142.82(C4’), 

144.12(C4), 167.20(C12), 171.53(C1), 183.60 (CO of acac) The signal of CF3 moieties were not 

observed. 
19F NMR (471 MHz, Methylene Chloride-d2) 

 δ = –63.53(s, 6F, CF3 of biaryl linker), –62.21(s, 6F, CF3 of cyclometallated aryl). 

APCI-MS (Positive) 

Calc. for 1424.438879 as [C71H63N4O2F12Ir], found for 1424.44153 as [M] 

  

284: rac-[IrIII]X

Ir
C

NHC C

NCMe

NHC

MeCN
R

R

OTf –

Li(acac) Ir
C

NHC C

O

NHC

O
R

R

–LiOTf

5-acac: rac-[IrIII]31



 

 

119 

• Synthesis of 32 

 
Toluene (3 mL) was added to complex 28 (47.0 mg, 30.2 µmol) and TBPA-Na (13.4 mg, 40.0 

µmol) in a Schenk tube, and the suspension was stirred for 24 hours at room temperature. Toluene 

was evaporated in vacuo, then the residue was filtrated with hexane. After evaporation in vacuo, a 

dark pink solid of 32 (34.4 mg, 20.5 µmol) was obtained in 68% yield. Single crystals suitable for 

X-ray diffraction were obtained from the slow evaporation of MeCN at room temperature. 
1H NMR (500 MHz, Methylene Chloride-d2)  

δ 0.55 (m, 6H, CH of i-Pr), 1.30 (s, 18H, Hf), 1.32 (m, 12H, CH3 of i-Pr) 1.50 (s, 18H, Hf), 1.52 (m, 

12H, CH3 of i-Pr), 5.55 (s, 2H, He), 6.30 (s, 2H, Hc), 6.40 (d, J = 8 Hz, 2H, Hc), 6.77 (d, J = 8 Hz, 

2H, Hd), 7.18 (d, J = 8 Hz, 2H, Hd), 7.42 (s, 2H, He), 7.53 (s, 2H, Hb), 7.56 (s, 2H, Ha), 7.62 (s, 

2H, Ha), 7.91 (d, J = 8 Hz, 2H, Hc). 
19F NMR (471 MHz, Methylene Chloride-d2)  

δ –63.30 (s, 6F, CF3 of biaryl linker), –61.51 (s, 6F, CF3 of cyclometallated aryl).  
31P{1H} NMR (243 MHz, Methylene Chloride-d2)  

δ 55.07 (s, 2P, BTPA). 
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• Generations of 35 

 
Complex 28 (20.3 mg, 13.1 µmol) and AgSbF6 (3.6 mg, 9.79 µmol) were charged in a Schleck 

tube, and fluorobenzene (1.5 mL) was added at room temperature. The reaction mixture immediately 

changed from dark red to dark brown. The suspension was filtrated with a pad of Celite. After 

removal of fluorobenzene, the crude product of 35 was used for its spectroscopic detection.  

ESI-HRMS (positive) 

Calc. for 703.72344, found for 703.72430 as [M]2+ 

 

• Generations of 36 

 
Complex 28 (100 mg, 64.3 µmol) and AgSbF6 (113 mg, 330 µmol) were charged in a Schleck 

tube, and fluorobenzene (7.5 mL) was added at room temperature. The suspension was stirred for 1 

hour, and the solvent was removed via a pipette. The black sticky crude was extracted with DCM 

and filtrated with a pad of Celite. After concentrating DCM, a fluorobenzene solution of TBASbF6 

(75.1 mg, 157 µmol) was layered and stand it for 1 day, affording the black solid (96.4 mg, 45.6 

µmol) in 71% yield based on the clean conversion to complex 36. The solid-state structure of 36 was 

obtained in the same manner.  

ESI-HRMS (positive) 

Cal. for 469.14878, found for 469.14854 as [M]3+ 
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5.3. Computational methodology 

• Chapter 2 

Gas-phase theoretical calculations were performed using the Gaussian16 program[188]. Reaction 

mechanisms described herein were developed by exploring the potential energy surface through a 

combined semi-empirical-DFT approach (two-layered ONIOM scheme)[189–191]. Most of the dpa-

NHC ligands and metal complex as well as other secondary fragments were considered as the high 

layer and treated with the hybrid, range-separated density-functional w-B97XD[192], which considers 

dispersion interaction through a range separation (22% for short range and 100% Hartree-Fock for 

long range). The electronic configurations of this inner layer were described with a Pople’s split-

valence basis set of double-z quality with one polarization function (for atoms heavier than 

hydrogens), 6-31G(d) but for iridium the Couty-Hall modified LANL2DZ basis set was used[193–195] 

from the basis set exchange website[196]. For the outer part, we defined the tert-butyl ligands as the 

steric hindrance contributors described at the semi-empirical PM6 level[197], as it can give good weak 

interactions such as hydrogen bonds and has been shown to be significantly better for reproducing 

ab initio TS structures and barrier heights[198].  

Geometry optimizations were carried out without symmetry constraints, and the stationary points 

were characterized by analytical frequency calculations, i.e. energy minima (reactants, intermediates 

and products) must exhibit only positive harmonic frequencies whereas each energy maximum 

(transition state) exhibits one and only one negative frequency. From these last calculations, zero-

point energy (ZPE) and thermal and entropy corrections were obtained, which were added to the 

electronic energy to express the calculated values as Gibbs free energies. 

Calculations were also performed to include the solvent effect through the PCM model using the 

SMD parameters according to Truhlar’s model[199–203] with acetonitrile as solvent (e = 35.688). We 

also took some experimental solvation free energies for naked Cs cation and anion chloride in 

acetonitrile from the literature considered for our calculations[204]. As a result, the composite level of 

theory can be expressed as follows: (SMD:acetonitrile)ONIOM[w-B97XD/(6-31G(d),mod-

LANL2DZ):PM6]. The optimized 3D structure was drawn by use of CYLview20.[205]  

 

• Chapter 3 

Density Functional Theory (DFT) calculations were performed using the quantum chemical 

software Gaussian 09 rev E.01.[206] Geometry optimizations were done employing a combined semi-

empirical-DFT approach (two-layered ONIOM scheme[207], 1) the high-layer corresponds to the 

metal center and the central core of the bis-arylated dipyrido-annulated N-heterocyclic carbenes 

which was calculated using the range-separate hybrid density-functional wB97X-D[192] in 

combination with a mixed Pople basis set: 6-31G(d) for C, N, F and H atoms and the relativistic 
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pseudopotential LANL2DZ[208] for Ir metal center. 2) The low-layer was set up for the tBu groups 

which are described at the semi-empirical PM6 level. For the proposed reaction mechanism of 29 to 

28, the implicit inclusion of acetonitrile solvent was done using the SMD variant of the PCM model 

proposed by Truhlar in single-point calculations over the optimized geometries calculated at the 

same level of theory mentioned above. Furthermore, single point calculations were performed with 

a bigger basis set over the optimized structures to correct the electronic energy: a 6-311+G(d,p) for 

C, N, F and H atoms and LANL2TZ(f) [208] for Ir metal center.  

Spin density populations for complexes 26, 35 and 36 were obtained by integrating the electron 

spin density in the atomic space defined by Becke[209] (Becke spin population) and were calculated 

at the ONIOM(wB97X-D/[6-31G(d),LANL2DZ]:PM6) level using the Multiwfn software version 

3.8[210]. This level of theory was also used to calculate NBO charges (NBO software version 7.0.[211]) 

and to obtain the Charge Decomposition Analysis (CDA) diagrams. Intrinsic Bond Orbitals (IBO) 

were calculated over the optimized structure at the PBE0/def2-SVP level using the IBOView 

program.[212] 

For the TD-DFT calculations, a single point calculation over the optimized geometries was 

carried out using the M06[213] functional in conjunction with the def2-SVP basis set[214] and 

fluorobenzene solvent was included implicitly with the aforementioned PCM(SMD) model[199–203]. 

The one-electron density matrix (required for the bond order and electron density of delocalized 

bonds (EDDB) analyses) was calculated at the wB97X/def2-SVPP level of the theory, as 

implemented in Gaussian G16 C.01, to reliably access the effect of exchange interactions at long 

distances. The previously obtained geometry was used, i.e. wB97X/def2-SVPP//ONIOM(wB97X-

D/[6-31G(d),LANL2DZ]:PM6). The natural population analysis was used to perform the charge and 

bond order analyses. The RunEDDB program (ver. 2021-12-12)[215] was used to perform the Ir-

atomic-block diagonalization and perform the EDDB analysis utilizing the global EDDB function, 

EDDBG(r), and the path-resolved EDDB function, EDDBP(r), to assess cyclic delocalization of 

electrons in the cycles including Ir atom. The optimized 3D structure was drawn by use of 

CYLview20.[205] 
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APPENDIX 

7.1.  NMR data 

 

 
Figure.7.1. 1H NMR chart of compound 3 (400 MHz) in CDCl3 
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Figure.7.2 1H NMR chart of compound 4 (400 MHz) in CDCl3 

 

 
Figure.7.3. 1H NMR chart of compound 5 (400 MHz) in CDCl3 
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Figure.7.4. 1H NMR chart of compound 6 (400 MHz) in CDCl3  

 
Figure.7.5. 1H NMR chart of compound 7 (400 MHz) in CDCl3 
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Figure.7.6. 13C {1H} NMR chart of compound 7 (100 MHz) in CDCl3 

 

 
Figure.7.7 19F NMR chart of compound 7 (376 MHz) in CDCl3 
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Figure.7.8 1H NMR chart of free carbene 8 (600 MHz, C6D6) 

 
Figure.7.9 13C{1H} NMR chart of 8 (150 MHz, C6D6) 
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Figure 7.10 19F NMR chart of free carbene 8 (576 MHz, C6D6) 

 

 
Figure.7.11 1H NMR chart of silver complex 17 (500 MHz, CD2Cl2)  
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Figure.7.12 13C{1H} NMR chart of 17 (125 MHz, CD2Cl2) 

 
Figure.7.13 19F NMR chart of silver complex 17 (470 MHz, CD3CN)  
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Figure.7.14 1H NMR chart of complex 18 (600 MHz, CD2Cl2) 

 
 

 
Figure.7.15 13C{1H} NMR chart of complex 18 (150 MHz, CD2Cl2) 
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Figure 7.1619F NMR chart of complex 18 (576 MHz, CD2Cl2) 

 
Figure 7.17 1H-1H COSY chart of complex 18 
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Figure.7.18 1H-1H COSY chart of complex 18 

 
Figure.7.19 1H-1H NOESY chart of complex 18 
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Figure.7.20 1H-1H NOESY chart of complex 18 

 
Figure.7.21 1H-13C HMQC chart of complex 18 
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Figure.7.22 1H-13C HMQC chart of complex 18 

 
Figure.7.23 1H-13C HMBC chart of complex 18 
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Figure.7.24 1H-13C HMBC chart of complex 18 

 

 
Figure.7.25 1H NMR chart of complex 20 (600 MHz, CD2Cl2). 
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Figure.7.26 13C{1H} NMR chart of complex 20 (150 MHz, CD2Cl2) 

 

 
Figure.7.27 19F NMR chart of complex 20 (564 MHz, CD2Cl2) 
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Figure.7.28 1H NMR chart of complex 23 (600 MHz, CD3CN) 

	

 
Figure 7.2913C{1H} NMR chart of complex 23 (150 MHz, CD3CN) 
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Figure.7.30 19F NMR chart of complex 23 (564 MHz, CD3CN) 

 

 
Figure.7.31 1H-1H COSY chart of complex 23 
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Figure.7.32 1H-13C HMQC chart of complex 23 

 

 
Figure.7.33 1H-13C HMBC chart of complex 23 
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Figure.7.34 1H-13C HMBC chart of complex 23 

 

 
Figure.7.35 1H NMR chart of complex 24 (600 MHz, CD3CN) 
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Figure.7.36 13C{1H} NMR of complex 24 (150 MHz, CD3CN) 

 

 
Figure.7.37 19F NMR of complex 24 (576 MHz, CD3CN) 
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Figure.7.38 1H NMR chart of complex 25 (500 MHz, CD3CN) 

 
Figure.7.39 1H-1H COSY chart of complex 25 in CD3CN 
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Figure 7.401H-1H COSY chart of complex 25 in CD3CN 

 
Figure.7.41 1H-1H NOESY chart of complex 25 in CD3CN 
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Figure 7.42 1H-1H NOESY chart of complex 25 in CD3CN 

 
Figure.7.43 13C{1H} NMR of complex 25 (125 MHz, CD3CN) 
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Figure.7.44 Zoomed 13C{1H} NMR chart of complex 25 (125 MHz, CD3CN) from 110 to 165 ppm 

	

 
Figure.7.45 19F NMR chart of complex 25 (470 MHz, CD3CN) 
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Figure.7.46 1H NMR chart of 1,3-bis(N-methyl-imidazolium)-4,6-dimethylbenzene diiodide (600 MHz, 

CD3CN) 

 
Figure.7.47 13C{1H} NMR chart of 1,3-bis(N-methyl-imidazolium)-4,6-dimethylbenzene diiodide (150 

MHz, DMSO-d6) 
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Figure.7.48 1H NMR chart of complex R (600 MHz, CD3CN) 

 
Figure.7.49 13C{1H} NMR chart of complex R (150 MHz, CD3CN) 
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Chart 7.1 numbering schemes of the tetradentate ligand on the iridium 

 

 

Figure 7.50 1H NMR chart of complex 28 (X– = OTf) (600 MHz, acetonitrile-d3) 
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Figure 7.51 13C{1H} NMR chart of complex 28 (X– = OTf) (151 MHz, Acetonitrile-d3) 

 

 

Figure 7.52 13C{1H} NMR chart of complex 28 (X– = OTf) (151 MHz, Acetonitrile-d3), ● = CF3 
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Figure 7.53 19F NMR chart of complex 28 (A– = OTf) (565 MHz, acetonitrile-d3) 

 

Figure 7.54 COSY chart of  complex 28 
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Figure 7.55 NOESY chart of complex 28 

 

Figure 7.56 NOESY chart of complex 28 
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Figure 7.57 1H–13C HMQC chart of complex 28 

 

Figure 7.58 1H–13C HMBC chart of complex 28 
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Figure 7.59 1H–13C HMBC chart of 28 

 

Figure 7.60 1H–13C HMBC chart of complex 28 
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Figure 7.61 1H NMR chart of complex 28 (X– = BArF
4) (600 MHz, acetonitrile-d3) 

 

Figure SA1 13C{1H} NMR chart of complex 28 (X– = BArF
4) (151 MHz, Acetonitrile-d3) 
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Figure 7.62 13C{1H} NMR chart of complex 28 (X– = BArF
4) (151 MHz, Acetonitrile-d3) ● = CF3 

 

Figure.7.63 19F NMR chart of complex 28 (X– = BArF
4) (565 MHz, acetonitrile-d3) 
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Figure SA2 11B{1H} NMR chart of complex 28 (X– = BArF
4) (193 MHz, Acetonitrile-d3) 

 

Figure 7.64 1H NMR chart of complex 31 (500 MHz, dichloromethane-d2) 
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Figure 7.65 13C{1H} NMR chart of complex 31 (125 MHz, dichloromethane-d2) 

 

Figure 7.66 13C{1H} NMR chart of complex 31 (125 MHz, dichloromethane-d2) 
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Figure 7.67 19F NMR chart of complex 31 (470 MHz, dichloromethane-d2) 

 

Figure 7.68 1H NMR chart of complex 32 (500 MHz, dichloromethane-d2) 
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Figure 7.69 19F NMR chart of complex 32 (470 MHz, dichloromethane-d2) 

 

Figure 7.70 31P{1H} NMR chart of complex 32 (243 MHz, dichloromethane-d2). 
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Figure 7.71 1H NMR chart of complex 36 (500 MHz, THF-d8) at 20 °C 

 

Figure 7.72 VT-1H NMR chart of complex 36 (500 MHz, THF-d8) 
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Figure 7.73 19F NMR chart of complex 36 (470 MHz, THF-d8) at 20 °C 

 

Figure 7.74 VT-19F NMR chart of complex 36 (470 MHz, THF-d8) 
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7.2. Crystallographic Data 

 

Table 7.1 Crystal data and structure refinement for compound 8 (CCDC No. 2077110) 

Identification code  compound 8  

Empirical formula  C20 H19 F3 N  

Formula weight  330.36  

Temperature  173(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1  

Unit cell dimensions a = 10.7247(18) Å a= 103.741(2)°. 
 b = 13.137(2) Å b= 107.370(2)°. 
 c = 13.304(2) Å g = 93.611(2)°. 

Volume 1719.5(5) Å3  

Z 4  

Density (calculated) 1.276 Mg/m3  

Absorption coefficient 0.097 mm-1  

F(000) 692  

Crystal size 0.381 x 0.363 x 0.241 mm3 

Theta range for data collection 1.982 to 27.185°. 

Index ranges -13<=h<=13, -16<=k<=16, -17<=l<=17 

Reflections collected 19488  

Independent reflections 7570 [R(int) = 0.0219] 

Completeness to theta = 26.000° 99.40%  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7570 / 261 / 505  

Goodness-of-fit on F2 1.03  

Final R indices [I>2sigma(I)] R1 = 0.0542, wR2 = 0.1343 

R indices (all data) R1 = 0.0681, wR2 = 0.1430 

Extinction coefficient n/a  

Largest diff. peak and hole 0.550 and -0.444 e.Å-3 

 

  



 

 

169 

Table 7.2 Crystal data and structure refinement for compound 18 (CCDC No. 2077111) 

Identification code  compound 18  

Empirical formula  C41.06 H42.13 Cl1.13 F6 Ir N2 

Formula weight  909.87  

Temperature  173(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1  

Unit cell dimensions a = 12.0016(10) Å a= 90.6300(10)°. 

 b = 17.2729(14) Å b= 106.1580(10)°. 

 c = 18.7698(15) Å g = 91.5680(10)°. 

Volume 3735.2(5) Å3  

Z 4  

Density (calculated) 1.618 Mg/m3  

Absorption coefficient 3.717 mm-1  

F(000) 1811  

Crystal size 0.128 x 0.100 x 0.060 mm3 

Theta range for data collection 1.767 to 29.221°. 

Index ranges -16<=h<=16, -23<=k<=22, -25<=l<=24 

Reflections collected 45541  

Independent reflections 18471 [R(int) = 0.0188] 

Completeness to theta = 26.000° 99.20%  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18471 / 126 / 1051 

Goodness-of-fit on F2 1.019  

Final R indices [I>2sigma(I)] R1 = 0.0227, wR2 = 0.0508 

R indices (all data) R1 = 0.0303, wR2 = 0.0534 

Extinction coefficient n/a  

Largest diff. peak and hole 1.065 and -0.712 e.Å-3 
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Table 7.3.Crystal data and structure refinement for compound 20 (CCDC No. 2077113) 

Identification code compound 20 
Empirical formula C49 H59 Cl2 F6 I Ir N5 

Formula weight 1222.01  

Temperature 173(2) K  

Wavelength 0.71073 Å  

Crystal system Monoclinic  

Space group P21/c  

Unit cell dimensions a = 15.226(12) Å a= 90°. 

 b = 10.859(8) Å b= 94.107(15)°. 

 c = 34.39(3) Å g = 90°. 

Volume 5672(8) Å3  

Z 4  

Density (calculated) 1.431 Mg/m3  

Absorption coefficient 3.046 mm-1  

F(000) 2424  

Crystal size 0.325 x 0.307 x 0.250 mm3 

Theta range for data collection 1.187 to 28.036°. 

Index ranges -15<=h<=20, -14<=k<=11, -43<=l<=45 

Reflections collected 33358  

Independent reflections 13602 [R(int) = 0.0280] 

Completeness to theta = 26.000° 100.00%  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 13602 / 180 / 688 

Goodness-of-fit on F2 1.11  

Final R indices [I>2sigma(I)] R1 = 0.0482, wR2 = 0.1325 

R indices (all data) R1 = 0.0629, wR2 = 0.1400 

Extinction coefficient n/a  

Largest diff. peak and hole 2.359 and -1.410 e.Å-3 
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Table 7.4.Crystal data and structure refinement for compound 23 (CCDC No. 2077112) 

Identification code  compound 23 
Empirical formula  C74 H72 Cs F12 Ir N4 O2 

Formula weight  1602.46  

Temperature  123(2) K  

Wavelength  0.71073 Å  

Crystal system  Monoclinic  

Space group  C2/c  

Unit cell dimensions a = 32.535(11) Å a= 90°. 
 b = 9.541(3) Å b= 118.673(3)°. 
 c = 24.126(8) Å g = 90°. 

Volume 6571(4) Å3  

Z 4  

Density (calculated) 1.620 Mg/m3  

Absorption coefficient 2.662 mm-1  

F(000) 3200  

Crystal size 0.280 x 0.270 x 0.230 mm3 

Theta range for data collection 1.762 to 28.056°. 

Index ranges -42<=h<=42, -12<=k<=12, -31<=l<=31 

Reflections collected 38041  

Independent reflections 7956 [R(int) = 0.0192] 

Completeness to theta = 25.242° 100.00%  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7956 / 294 / 537  

Goodness-of-fit on F2 1.067  

Final R indices [I>2sigma(I)] R1 = 0.0157, wR2 = 0.0395 

R indices (all data) R1 = 0.0164, wR2 = 0.0399 

Extinction coefficient n/a  

Largest diff. peak and hole 0.734 and -0.452 e.Å-3 
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Table 7.5.Crystal data and structure refinement for compound 24 (CCDC No. 2077115) 

Identification code  compound 24 

Empirical formula  C86.67 H93.34 Cs F12 Ir N7.33 O6 

Formula weight  1886.83  

Temperature  123(2) K  

Wavelength  0.71073 Å  

Crystal system  Triclinic  

Space group  P-1  

Unit cell dimensions a = 15.575(13) Å a= 80.132(19)°. 

 b = 25.32(2) Å b= 84.508(8)°. 

 c = 33.43(3) Å g = 85.925(13)°. 

Volume 12907(18) Å3  

Z 6  

Density (calculated) 1.456 Mg/m3  

Absorption coefficient 2.050 mm-1  

F(000) 5716  

Crystal size 0.152 x 0.084 x 0.042 mm3 

Theta range for data collection 1.696 to 27.974°. 

Index ranges -20<=h<=20, -33<=k<=33, -44<=l<=44 

Reflections collected 155152  

Independent reflections 61174 [R(int) = 0.0478] 

Completeness to theta = 26.000° 99.50%  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 61174 / 1380 / 3261 

Goodness-of-fit on F2 1.037  

Final R indices [I>2sigma(I)] R1 = 0.0494, wR2 = 0.1035 

R indices (all data) R1 = 0.0788, wR2 = 0.1137 

Extinction coefficient n/a  

Largest diff. peak and hole 2.378 and -1.695 e.Å-3 
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Table 7.6 Crystal data and structure refinement for Compound 25 (CCDC No. 2077114) 

Identification code  Compound 25 
Empirical formula  C66 H57 F12 Ir N4 

Formula weight  1326.35 
 

Temperature  123(2) K 
 

Wavelength  0.71073 Å 
 

Crystal system  Monoclinic 
 

Space group  P21/n 
 

Unit cell dimensions a = 16.568(16) Å a= 90°. 
 

b = 19.859(19) Å b= 92.76(3)°. 
 

c = 17.670(17) Å g = 90°. 

Volume 5807(10) Å3 
 

Z 4 
 

Density (calculated) 1.517 Mg/m3 
 

Absorption coefficient 2.383 mm-1 
 

F(000) 2664 
 

Crystal size 0.146 x 0.112 x 0.013 mm3 

Theta range for data collection 1.544 to 25.116°. 
 

Index ranges -19<=h<=19, -23<=k<=23, -21<=l<=21 

Reflections collected 56056 
 

Independent reflections 10338 [R(int) = 0.1252] 

Completeness to theta = 25.116° 99.90% 
 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10338 / 272 / 830 
 

Goodness-of-fit on F2 0.884 
 

Final R indices [I>2sigma(I)] R1 = 0.0366, wR2 = 0.0664 

R indices (all data) R1 = 0.0597, wR2 = 0.0712 

Extinction coefficient n/a 
 

Largest diff. peak and hole 1.818 and -1.256 e.Å-3 
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Table 7.7 Crystal data, Data collection, and structure refinement of 28 

Identification code Compound 28 
CCDC number 2257592 
Chemical formula C102H74BF36IrN6 
Formula weight 2270.68 
Crystal system Triclinic 
Space group P-1 
Temperature / K 123 

a, b, c / Å a = 15.042 (14)  
 b = 18.150 (17)  
 c = 18.576 (18)  
a, b, g / ° a = 84.525 (14)  
 b = 76.023 (13)  
 g = 84.449 (12)  
Volume /Å3 4885 (8) 

Z 2 

µ (mm−1) 1.49 

Crystal size (mm) 0.12 × 0.06 × 0.04 
Tmin 0.836 
Tmax 0.944 
No. of measured 35653 
No. of independent 17149 
No. of observed [I > 2σ(I)] reflections 12589 
Rint 0.069 

(sinθ/λ)max (Å−1) 0.595 
R [F2 > 2σ(F2)] 0.052 
wR(F2) 0.105 
Goodness-of-fit on F2 1.01 
No. of reflections 17149 
No. of parameters 1509 
No. of restraints 330 
Δρmax (e Å−3) 0.77 
Δρmin (e Å−3) −1.08 
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Table 7.8 Crystal data, Data collection, and structure refinement of 31 

Identification code Compound 31 
CCDC number 2257593 
Chemical formula C77H72F12IrN7O2 
Formula weight 1547.61 
Crystal system Triclinic 
Space group P-1 
Temperature / K 123 

a, b, c / Å a = 13.835 (11)  
 b = 14.886 (11)  
 c = 17.538 (15)  
a, b, g / ° a = 97.034 (7)  
 b = 99.75 (3)  
 g = 91.746(14)  
Volume /Å3 3528 (5) 

Z 2 

µ (mm−1) 1.97 

Crystal size (mm) 0.21 × 0.09 × 0.05 
Tmin 0.757 
Tmax 0.913 
No. of measured 37918 
No. of independent 14347 
No. of observed [I > 2σ(I)] reflections 13074 
Rint 0.033 

(sinθ/λ)max (Å−1) 0.625 
R [F2 > 2σ(F2)] 0.025 
wR(F2) 0.061 
Goodness-of-fit on F2 1.04 
No. of reflections 14347 
No. of parameters 1083 
No. of restraints 199 
Δρmax (e Å−3) 1.07 
Δρmin (e Å−3) −0.64 
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Table 7.9 Crystal data and structure refinement for Compound 32 

Identification code  Compound 32 
Empirical formula  C78 H87 F12 Ir N6 P2 S2 

Formula weight  1678.84 
 

Temperature  100(2) K 
 

Wavelength  0.71073 Å 
 

Crystal system  Monoclinic 
 

Space group  P-1 
 

Unit cell dimensions a = 15.2806(3)Å a= 90°. 
 

b = 19.859(19) Å b= 92.76(3)°. 
 

c = 17.670(17) Å g = 90°. 

Volume 5807(10) Å3 
 

Z 4 
 

Density (calculated) 1.517 Mg/m3 
 

Absorption coefficient 2.383 mm-1 
 

F(000) 2664 
 

Crystal size 0.146 x 0.112 x 0.013 mm3 

Theta range for data collection 1.544 to 25.116°. 
 

Index ranges -19<=h<=19, -23<=k<=23, -21<=l<=21 

Reflections collected 56056 
 

Independent reflections 10338 [R(int) = 0.1252] 

Completeness to theta = 25.116° 99.90% 
 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10338 / 272 / 830 
 

Goodness-of-fit on F2 0.884 
 

Final R indices [I>2sigma(I)] R1 = 0.0366, wR2 = 0.0664 

R indices (all data) R1 = 0.0597, wR2 = 0.0712 

Extinction coefficient n/a 
 

Largest diff. peak and hole 1.818 and -1.256 e.Å-3 

 

  



 

 

177 

Table 7.10 Crystal data and structure refinement for Compound 33 

Identification code  Compound 33 
Empirical formula  C120 H101 F36 Ir N6 O 

Formula weight  2530.07 
 

Temperature  123(2) K 
 

Wavelength  0.71073 Å 
 

Crystal system  Monoclinic 
 

Space group  P-1 
 

Unit cell dimensions a = 14.863(14)Å a= 79.550(19)°. 
 

b = 19.605(18) Å b= 87.872(10)°. 
 

c = 21.470(15) Å g = 81.217(15)°. 

Volume 6080(10) Å3 
 

Z 2 
 

Density (calculated) 1.382 Mg/m3 
 

Absorption coefficient 1.202 mm-1 
 

F(000) 2554 
 

Crystal size 0.222 x 0.216 x 0.061 mm3 

Theta range for data collection 1.544 to 25.116°. 
 

Index ranges -17<=h<=17, -22<=k<=22, -25<=l<=25 

Reflections collected 20108 
 

Independent reflections 14305 [R(int) = 0.1252] 

Completeness to theta = 25.116° 99.50% 
 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters   
 

Goodness-of-fit on F2 1.043 
 

Final R indices [I>2sigma(I)] R1 = 0.0592, wR2 = 0.01493 

R indices (all data) R1 = 0.0954, wR2 = 01672 

Extinction coefficient n/a 
 

Largest diff. peak and hole   
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Table 7.11 Crystal data, Data collection, and structure refinement of 36 

Identification code Compound 36 
CCDC number 2257594 
Chemical formula C82H72F32IrN6Sb3 
Formula weight 2306.9 
Crystal system Triclinic 
Space group P-1 
Temperature / K 100 

a, b, c / Å a = 13.6795 (3) 
 b = 18.2795 (4)  
 c = 18.8256 (4)  
a, b, g / ° a =111.009 (2)  
 b = 103.697 (2)  
 g = 95.981 (2)  
Volume /Å3 4175.70 (17) 

Z 2 

µ (mm−1) 2.67 

Crystal size (mm) 0.08 × 0.05 × 0.04 
Tmin 0.872 
Tmax 1.000 
No. of measured 54102 
No. of independent 16368 
No. of observed [I > 2σ(I)] reflections 12296 
Rint 0.05 

(sinθ/λ)max (Å−1) 0.617 

R [F2 > 2σ(F2)] 0.053 
wR(F2) 0.144 
Goodness-of-fit on F2 1.02 
No. of reflections 16368 
No. of parameters 1307 
No. of restraints 762 
Δρmax (e Å−3) 2.13, 
Δρmin (e Å−3) −2.00 
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7.3. Optimized Structure 

Table 7.12 Relationship between color and corresponding elements in optimized structures 

Color White Gray Blue Red Green Orange Dark-yellow 
Element H C N O F Cl Ir 
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Figure 7.75 Optimized structure of 7 (cation moiety only) 

 

 
Figure 7.76 Optimized structure of 18 

Front view side view

Front view side view
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Figure 7.77 Optimized structure of INT1 

 
Figure 7.78 Optimized structure of INT2 

 
Figure 7.79 Optimized structure of INT3 
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Figure 7.80 Optimized structure of INT4 

 

 
Figure 7.81 Optimized structure of 23 
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• Chapter 3 

 
Figure 7.82 Optimized structure of 26 

 
Figure 7.83 Optimized structure of 27 

 
Figure 7.84 Optimized structure of 28 
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Front view side view
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Figure 7.85 Optimized structure of 29 

 
Figure 7.86 Optimized structure of 30 

 

 
Figure 7.87 Optimized structure of 35 
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Figure 7.88 Optimized structure of 36-S 
 

 
Figure 7.89 Optimized structure of 36-T 
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7.4. Cyclic Voltammetry 

 

Figure 7.90 Cyclic voltammetry of complex 23 at room temperature 

 

Figure 7.91 Cyclic voltammetry of complex 23 at –45 °C.  
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Figure7.92 Cyclic voltammetry of complex 28 at room temperature.  

 

 

Figure 7.93 Cyclic voltammetry of complex 28 at room temperature. 
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Figure 7.94 Cyclic voltammetry of complex 31 at room temperature. 

 

 

Figure 7.95 Cyclic voltammetry of complex 33 at room temperature  
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7.5. EPR Data 

 

Figure 7.96 EPR chart of decamethylferrocenium triflate [Cp*2Fe][OTf] at 4.2 K 

 

 

Figure 7.97 EPR chart of in situ RT oxidation of 23 by [Cp*2Fe][OTf] measured at 4.2 K 
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Figure 7.98 EPR chart of in situ RT oxidation of 23  by AgOTf measured at 77 K 

 

 

Figure 7.99 EPR chart of thianthrenium hexafluoroantimonate at 60 K 
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Figure 7.100 EPR chart of in situ RT oxidation of 23 by thianthrenium radical cation measured at 60 K 

 

Figure 7.101 EPR chart of 35 at 200 K 
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Figure 7.102 VT-EPR chart of 36 

  

1000 1500 2000 2500 3000 3500 4000 4500 5000
Field / G

4.2 K
5.4 K
6.2 K
7.8 K
9.7 K

12.3 K
14.9 K
16.9 K
19.1 K
28.0 K
34.0 K



 

 

192 

7.6. XPS Data 

 
Figure 7.103 XPS spectra of complex 23 in Ir 4f region. Black line: experimental, Red line: 

cumulation, Blue line: Ir 4f spectra, Gray line: decomposition.  

 

 

 

Figure7.104 XPS spectra of trans-IrCl(CO)(PPh3)2 in Ir 4f region. Black line: experimental, Red 
line: cumulation, Blue line: Ir 4f spectra. 
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Figure7.105 XPS spectra of IrCl(CO)(PPh3)3 in Ir 4f region. Black line: experimental, Red line: 

cumulation, Blue line: Ir 4f spectra, Purple line: decomposition 

 

 

 
Figure7.106 XPS spectra of complex R in Ir 4f region. Black line: experimental, Red line: 

cumulation, Blue line: Ir 4f spectra,  

 
 

Table 7.13 summarized XPS chemical shifts of 4 organoiridium complexes 

Complexes 23 trans-IrCl(CO)(PPh3)2 IrCl(PPh3)3 R 
Ir 4f5/2 /eV 62.0 61.6 60.8 62.0 
Ir 4f7/2 /eV 65.0 64.6 63.8 65.0 
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