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ABSTRACT  

Two complementary procedures are presented to prepare cis-pyridyl-iridium(III) emitters of the 

class [3b+3b+3b’], with two orthometalated ligands of the 2-phenylpyridine-type (3b) and a third 

ligand (3b’). They allowed obtaining four emitters of this class and to compare their properties 

with those of the trans-pyridyl isomers. The finding starts from IrH5(PiPr3)2, which reacts with 2-

(p-tolyl)pyridine to give fac-[Ir{κ2-C,N-[C6MeH3-py]}3], with an almost quantitative yield. 
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Stirring the latter in the appropriate amount of a saturated solution of HCl in toluene results in the 

cis-pyridyl adduct IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-Cl-[Cl-H-py-C6MeH4]} stabilized with p-

tolylpyridinium chloride, which can also be transformed into dimer cis-[Ir(µ-OH){κ2-C,N-

[C6MeH3-py]}2]2. Adduct IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-Cl-[Cl-H-py-C6MeH4]} directly 

generates cis-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-Isoqui]}] and cis-[Ir{κ2-C,N-[C6MeH3-

py]}2{κ2-C,N-[C6H4-py]}], by transmetalation from Li[2-(isoquinolin-1-yl)-C6H4] and Li[py-2-

C6H4]. Dimer cis-[Ir(µ-OH){κ2-C,N-[C6MeH3-py]}2]2 is also a useful starting complex when the 

precursor molecule of 3b’ has a fairly acidic hydrogen atom, suitable for removal by hydroxide 

groups. Thus, its reactions with 2-picolinic acid and acetylacetone (Hacac) lead to cis-Ir{κ2-C,N-

[C6MeH3-py]}2{κ2-O,N-[OC(O)-py]} and cis-Ir{κ2-C,N-[C6MeH3-py]}2{κ2-O,O-[acac]}. The 

stereochemistry of the emitter does not significantly influence the emission wavelengths. On the 

contrary, its efficiency is highly dependent on and associated with the stability of the isomer. The 

more stable isomer shows a higher quantum yield and color purity. 

INTRODUCTION 

Organic Light Emitting Diodes (OLEDs) are proposed as the near future for lighting and display 

applications; being the devices based on phosphorescent emitters, PHOLEDs, the most promising, 

since they improve the characteristics of those that use fluorescent dopants.1 The 5d metal 

containing PHOLEDs show rapid crossover between the S1-T1 states,2 allowing them to collect 

singlet and triplet excitons, thus achieving internal quantum efficiencies close to 100%.3 Vacuum 

thermal evaporation of the emissive dopant and subsequent vapor deposition is the predominant 

method for the manufacture of PHOLEDs.4 As a consequence, charge-neutral 5d metal complexes 

of high stability are required for commercial fabrication. In this context, octahedral iridium(III) 
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complexes are particularly suitable. Due to a high octahedral Δ0 splitting, the 5d6 electronic 

configuration of the metal center is always low spin, which maximizes the stabilization energy of 

the ligand field. This hinders the M-L ruptures, reducing the emitter decomposition pathways.5 

The iridium(III) complexes that contain three orthometalated groups, belonging to the 2-

phenylpyridine family, are archetypal emitters that should be especially highlighted. Due to their 

properties, these homoleptic compounds bearing three identical bidentate ligands donors of 3 

electrons each (3b) are at the forefront of photophysics6 and photochemistry.7 They may have a 

meridional (mer) or facial (fac) configuration. The mer-isomers are kinetically favored; they can 

be obtained by performing the reactions at moderate temperatures (< 150 ºC), which inhibit the 

formation of the thermodynamic fac-isomers.8 An efficient approach to selective mer-isomer 

preparation starts from IrCl3ꞏ3H2O and involves four steps (Scheme 1a). The salt is initially 

transformed into a dichloro-bridged iridium(III) dimer, trans-[Ir(µ-Cl)(3b)2]2, by reaction with the 

corresponding 2-phenylpyridine-type molecule, in 2-ethoxyethanol-water at reflux.9 Extraction of 

chloride ligands with AgBF4 in acetone followed by addition of water leads to the corresponding 

water solvate; a mononuclear cationic intermediate, which reacts with KOH to give a dihydroxide-

bridged dimer trans-[Ir(μ-OH)(3b)2]2.10 Characteristics of this class of dimers are the trans 

arrangement of the heterocycles in the mononuclear moiety and the retention of this arrangement 

in their reactions. Thus, treatment of the dihydroxide-bridged dimer with the 2-phenylpyridine-

type molecule in ortho-dichlorobenzene at 100 °C provides the mer-isomer.11 Rational preparation 

of the fac-isomers has been achieved mainly by two methods (Scheme 1b): isomerization of the 

mer-complexes and displacement of the acetylacetonate (acac) ligand from Ir(acac)3.8 

Isomerization from mer to fac can be induced thermally, photochemically,12 or by microwave 

irradiation;13 in most cases, the mer-isomer is generated in situ from IrCl3ꞏ3H2O. The acac 
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displacement is generally performed in glycerol at a temperature above 200 °C.14 It is noteworthy 

the marked differences in the electrochemical and photophysical properties observed between both 

types of isomers.15 The mer-isomers are easier to oxidize. They show less color purity and red-

shifted emissions relative to the fac-isomers. Furthermore, fac-isomers have longer lifetimes and 

higher quantum yields in solution.8 

Scheme 1. Methods of Synthesis of Homoleptic-Ir(III) Complexes 

 

The presence of different ligands in the coordination sphere of the iridium(III) center facilitates 

a better tuning of the photophysical and photochemical characteristics of the emitters; those 

stabilized by two different bidentate groups, [3b+3b+3b’],16 are the most common because they 

present less problems associated with ligand distribution equilibria and have fewer stereoisomers 

than the emitters of the class [3b+3b’+3b”], formed by three different bidentate ligands.17 Emitters 

of the class [3b+3b+3b’] usually contain two orthometalated 2-phenylpyridine-type groups, and a 

third 3b’ O,N-, C,N-, or O,O-donor ligand. The preparation of these complexes involves the 

replacement of the chloride bridges of trans-[Ir(μ-Cl)(3b)2]2 dimers by the 3b’ ligand (Scheme 

2).18 As a consequence of the use of these dimers, a common structural feature of the resulting 

emitters is the trans arrangement of the pyridyl groups.16,18 Thus, these species are heteroleptic 
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counterparts of the homoleptic mer-isomers. On the other hand, there is no general procedure that 

allows the preparation of analogs that carry cis-pyridyl groups, the equivalents of the homoleptic 

fac-isomers. The isomerization of trans-pyridyl to cis-pyridyl is highly dependent on the 3b’ 

ligand. It has a relative success by irradiation with visible or ultraviolet light, limited to particular 

cases,19 while it is generally partial by heat treatment including sublimation.20 In solution, the 

nature of the solvent seems to play a fundamental role.19 

Scheme 2. Preparation of Heteroleptic-Ir(III) Emitters 

 

Notable exceptions are the recently discovered iridaimidazo[1,2-a]pyridine21 and iridaoxazole22 

complexes with two orthometalated 2-(p-tolyl)pyridine ligands. Despite their heteroleptic nature, 

they show a fac arrangement of C- and N-donor atoms as the homoleptic emitters shown in Scheme 

1b. The procedure for their preparation involves substitution of the chloride bridges of the trans-

[Ir(μ-Cl)(3b)2]2 dimers by acetylides and uses the ability of these groups to act as building blocks. 

Unlike the dichloro-bridged dimers, the diacetylide-bridged dimers, trans-[Ir(μ2-η2-C≡CR)(3b)2]2, 

exchange the relative positions of the donor atoms of one of the 3b ligands to give cis-[Ir(μ2-η2-

C≡CR)(3b)2]2, with cis-pyridyl groups, which are thermodynamically preferred. Subsequent 

reactions of the acetylide bridges with 2-aminopyridine and amides give the respective 

diheterometallacycles (Scheme 3).21,22 
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Scheme 3. Synthesis of Iridaimidazo[1,2-a]pyridine and Iridaoxazole Complexes 

 

The recent discovery of these iridaimidazo[1,2-a]pyridine and iridaoxazole complexes and the 

thermodynamic preference of cis-[Ir(μ2-η2-C≡CR)(3b)2]2 over trans-[Ir(μ2-η2-C≡CR)(3b)2]2 led us 

to try to prepare a dichloro-bridged dimer, cis-[Ir(μ-Cl)(3b)2]2, with cis-pyridyl groups, with the 

aim of developing a synthetic procedure for preparing the heteroleptic equivalents of the 

homoleptic fac-isomers. This article describes a new procedure, more efficient than previously 

reported, to prepare homoleptic iridium(III) complexes containing three fac-arranged 2-

phenylpyridine-type orthometalated groups. It shows that these thermodynamic isomers are a 

useful starting point to obtain dimers cis-[Ir(μ-Cl)(3b)2]2, points out pathways to prepare 

heteroleptic equivalents of the homoleptic fac-isomers, and compares the electrochemical and 

photophysical properties of the trans- and cis-pyridyl heteroleptic isomers. 

RESULTS AND DISCUSSION 

Preparation of Tris(cyclometalated)-Iridium(III) fac-Homoleptic Emitters from a 

Polyhydride. Platinum group metal polyhydride complexes have a special ability to activate σ-

bonds, particularly C–H.23 Associated with this capacity is their importance in homogeneous 
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catalysis24 and recently also their use as starting compounds to develop novel procedures for the 

preparation of original osmium(II), osmium(IV), and iridium(III) phosphorescent emitters.25 

Inspired by such a relevant ability of polyhydride complexes, useful in markedly different fields, 

we decided to use iridium(V) pentahydride IrH5(PiPr3)2 (1) as starting material to obtain 

homoleptic fac-isomers, with orthometalated 2-phenylpyridine-type ligands, as just happened. 

This pentahydride is easily prepared in high yield (>75%), from the iridium(III) compound 

IrHCl2(PiPr3)2, by reaction with NaBH4; a significant improved procedure over those previously 

used.26 Its formation takes place via the tetrahydroborate intermediate IrH2{κ2-H,H-

[BH4]}(PiPr3)2.27 1-Phenylethanol was employed as a solvent because it prevents carbonylation of 

the metal center, given its secondary nature, unlike primary alcohols such as 2-ethoxyethanol. 

Additionally, 1-phenylethanol has also a reasonable boiling point of 204 °C. Its utilization has 

been successful in coordinating tetradentate and hexadentate ligands from pro-ligands that need 

two and three C-H activations, including a C(sp3)-H bond.28 

2-(p-Tolyl)pyridine, 4,5-dimethyl-2-phenylpyridine, and 1-phenylisoquinoline were selected as 

examples of 2-phenylpyridine-type molecules for validation of the starting-polyhydride method. 

The first as a representation of a substituted phenyl pro-ligand, the second as a substituted pyridyl 

case, and the third as a prototype of fused aromatic ring heterocycle. Treatment of complex 1 with 

5.0 equiv of these molecules, in refluxing 1-phenylethanol, for 72 h leads to the corresponding fac-

[Ir(3b)3] derivatives (Scheme 4). The pyridyl derivatives fac-[Ir{κ2-C,N-[C6MeH3-py]}3] (2) and 

fac-[Ir{κ2-C,N-[C6H4-pyMe2]}3] (3) were isolated as analytically pure yellow solids in high yields 

(~85%), after concentration of solutions in 1-phenylethanol and subsequent addition of diethyl 

ether, whereas the isoquinolyl counterpart fac-[Ir{κ2-C,N-[C6H4-Isoqui]}3] (4) was obtained as an 

analytically pure red solid, in almost quantitative yield, by the same procedure. 
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Scheme 4. Reactions of IrH5(PiPr3)2 with 2-(p-Tolyl)pyridine, 4,5-Dimethyl-2-

phenylpyridine, and 1-Phenylisoquinoline 

 

The X-ray diffraction analysis structure of the new emitter complex 3 (Figure 1) validates the 

method and further demonstrates the fac arrangement of the C- and N-donor atoms. The 

coordination polyhedron around the iridium center is the expected distorted octahedron with angles 

trans-C-Ir-N in the range 172.55(13)º-171.60(11)º. Consistent with the structure, the 1H and 

13C{1H} NMR spectra of this compound, in dichloromethane-d2, at room temperature show 

resonances for equivalent ligands, the most notorious signals being two singlets corresponding to 

the methyl groups, at 2.36 and 2.05 ppm in 1H and at 19.8 and 16.7 ppm in 13C{1H}. The 1H and 
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13C{1H} NMR spectra of 28 and 414d,e agree well with those previously reported for these 

compounds. 

 

Figure 1. Molecular diagram of complex 3 (displacement ellipsoids shown at 50% probability). 

All hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Ir-C(1) 

= 1.987(3), Ir-C(14) = 1.972(3), Ir-C(27) = 2.053(4), Ir-N(1) = 2.175(3), Ir-N(2) = 2.089(3), Ir-

N(3) = 2.118(3); C(1)-Ir-N(1) = 83.13(13), C(14)-Ir-N(2) = 86.15(13), C(27)-Ir-N(3) = 81.62(13), 

C(1)-Ir-N(2) = 172.55(13), C(14)-Ir-N(3) = 171.88(13), C(27)-Ir-N(1) = 171.60(11), N(1)-Ir-N(2) 

= 92.07(11), N(1)-Ir-N(3) = 92.61(12), N(2)-Ir-N(3) = 88.12(11). 

Starting Complexes with a cis-Pyridyl Arrangement. Aoki and co-workers previously 

reported the degradation of fac-[Ir(3b)3] isomers to trans-[Ir(μ-X)(3b)2]2 dimers, which show a 

trans arrangement of pyridyl groups. Reactions were carried out using halogenated Brønsted and 

Lewis acids, including solutions of HCl in 1,4-dioxane, in 1,2-dichloroethane as solvent. They 

propose the formation of five-coordinate intermediates [IrX(3b)2] as key species for the 

rearrangement of 3b ligands within mononuclear units.17c Obviously, the coordination capacity of 
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the solvent must play an essential role in the stabilization of said intermediates. Accordingly, we 

reasoned that one way to avoid the position exchange of the pyridyl groups in these mononuclear 

intermediates should be to shorten the existence of said unsaturated intermediates, by using a 

solvent with lower coordination ability that facilitates the dimerization. With this aim, we decided 

to employ saturated solutions of HCl in toluene (~ 0.20 M) as degradation agent and reaction 

solvent. 

Stirring homoleptic complex 2 in said solution, for 12 h, at room temperature effectively 

produces the extraction of one of the chelates from the iridium coordination sphere and the 

formation of a five-coordinate intermediate [IrCl(3b)2], which is not stabilized by toluene. 

However, this unsaturated intermediate, which has not yet undergone rearrangement of the pyridyl 

groups, does not experience dimerization. The surprising reason is its stabilization by saturation 

of the coordination vacancy of the iridium center by donating electrons from the chlorine atom of 

Cl-H-py-C6MeH4. This adduct results from the addition of solvated HCl, which is present in excess 

in the starting solution, to the released pyridine. Thus, the stable complex IrCl{κ2-C,N-[C6MeH3-

py]}2{κ1-Cl-[Cl-H-py-C6MeH4]} (5) with the pyridyl groups arranged in cis is formed (Scheme 

5). 
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Scheme 5. Preparation of Starting Materials to Generate Heteroleptic Emitters with cis-

Pyridyl Arrangement 

 

Complex 5 was isolated as a yellow solid with a yield of 86% and characterized by X-ray 

diffraction analysis. The structure (Figure 2) proves the cis arrangement of the heterocycles (N(1)-

Ir-N(2 ) = 96.0(2)º) and the coordination of the Cl(1) atom of pyridinium chloride, which is found 

cis to the chloride ligand Cl(2) in an octahedral environment around the iridium center (Cl(1)-Ir-

Cl(2) = 91.16(6)º). As expected, the iridium-chloride bond length (Ir-Cl(2) = 2.3935(16) Å) is 

significantly shorter (~ 0.12 Å) than the iridium-pyridinium chloride distance (Ir-Cl(1) = 

2.5151(16) Å). The heterocycle of one of the chelates is arranged in the trans position with respect 

to the phenyl group of the other chelate (N(1)-Ir-C(13) = 173.8(2)º), while the heterocycle of the 

latter is placed trans to the chloride ligand (N(2)-Ir-C(2) = 177.04(16)°). Thus, the pyridinium 

chloride is necessarily trans to the remaining phenyl group (Cl(1)-Ir-C(1) = 173.78(19)º). The 

iridium-phenyl distances of 2.004(6) (Ir-C(1)) and 2.006(6) (Ir-C(13)) Å are not sensitive to the 

group they have in trans. In contrast, the lengths of the iridium-heterocycle bonds are highly 

dependent on the trans influence of the group arranged in trans; the heterocycle located trans to 

the chloride ligand (Ir-N(2) = 2.019(6) Å) is further separated from iridium, around 0.11 Å, than 

the heterocycle living trans to the phenyl group of the other chelate (Ir-N(1) = 2.127(6) Å). It 
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should be mentioned the Cl(1)-H(3A) distance in the coordinated pyridinium chloride of 2.02(8) 

Å, which is about 1.0 Å shorter than the sum of the van der Waals radii of hydrogen and chloride 

(rvdw(H) = 1.20 Å, rvdw(Cl) = 1.75 Å).29 

 

Figure 2. Molecular diagram of complex 5 (displacement ellipsoids shown at 50% probability). 

All hydrogen atoms (except that of the pyridinium) are omitted for clarity. Selected bond distances 

(Å) and angles (deg):  Ir-C(1) = 2.004(6), Ir-C(13) = 2.006(6), Ir-N(1) = 2.127(6), Ir-N(2) = 

2.019(6), Ir-Cl(1) = 2.5151(16), Ir-Cl(2) = 2.3935(16), Cl(1)-H(3A) = 2.02(8), N(3A)-H(3A) = 

1.13(8); Cl(1)-Ir-Cl(2) = 91.16(6), N(2)-Ir-Cl(2) = 177.04(16), Cl(1)-Ir-C(1) = 173.78(19), N(1)-

Ir-N(2) = 96.0(2), C(1)-Ir-N(2) = 90.3(2), C(1)-Ir-N(1) = 80.0(2), C(13)-Ir-N(2) = 80.4(2), C(13)-

Ir-N(1) = 173.8(2). 

 

Pyridinium chloride of 5 can be abstracted from the iridium coordination sphere, in acetone, 

with a KOH solution in water. The abstraction produces the immediate dimerization of the 

[IrCl(3b)2] moiety, to afford the very insoluble cis-[Ir(µ-Cl){κ2-C,N-[C6MeH3-py]}2]2 (6) as a 
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yellow solid in 89% yield. Its binuclear nature is strongly supported by the MALDI-TOF spectrum 

of the yellow solid in dichloromethane, which shows a peak for m/z of 1093.2, corresponding to a 

C48H40ClIr2N4 ([M2 ‒ Cl]+) fragment. The extraction of the pyridinium chloride also takes place in 

dimethyl sulfoxide. In this solvent, complex 5 generates the solvate derivative cis-[IrCl{κ2-C,N-

[C6MeH3-py]}2{κ1-S-[S(O)Me2]} (7). As is typical for [Ir(μ-Cl)(3b)2]2 dimers,16k this species is 

also formed from the cleavage of the chloride bridges of 6, which occurs as a result of its 

solubilization in this highly coordinating solvent. Figure 3 shows the overwhelming difference 

between the spectra of 7, generated from 5 and 6, and that of its trans isomer resulting from the 

dissolution of the usual trans-[Ir(µ-Cl){κ2-C,N-[C6H3Me-py]}2]2 dimer in dimethyl sulfoxide. It is 

worth noting especially the resonances corresponding to the methyl substituents of the phenyl 

groups. The spectra of 7 (a and b) show markedly separated signals, at 2.44 and 1.89 ppm, 

compared to the analogous singlets of the spectrum of the trans-pyridyl isomer (c). In the low field 

region, between 10.2 and 9.6 ppm, the difference is also noticeable; while the spectra of 7 contain 

one doublet, the spectrum of the trans isomer contains two. 
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Figure 3. 1H NMR spectra (300 MHz, DMSO-d6, 298 K) of cis-[IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-

S-[S(O)Me2]} (7) generated from 5 (a) or 6 (b), and its comparison with its trans isomer (c). 

The low solubility of 6 in the usual organic solvents makes difficult to apply it, as a starting 

compound, for the preparation of heteroleptic emitters of the class [3b+3b+3b’], with the pyridyl 

groups of the 3b ligands arranged in cis. On the other hand, hydroxide complexes provide great 

versatility in organometallic synthesis due to the presence of the internal OH¯ base, which 

facilitates σ-bond heterolytic activation reactions,30 as shown in Scheme 1. This versatility inspired 

us to transform complex 6 into a related hydroxide-dimer complex. We first tried a method similar 

to the one shown in Scheme 1. However, all attempts were unsuccessful and complex mixtures of 

solvate species were formed. In view of such a situation, we decided to use a silver salt with a 

strongly coordinating anion, as a chloride extracting agent, and perform the transformation in one-

pot to avoid the formation of five-coordinate intermediate species. Thus, we selected silver acetate 
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as the chloride extraction agent and CsOH, which is more soluble than other alkali hydroxides, as 

the OH¯ source. As expected, the stirring of 6 with 5.0 equiv of the base and 1.0 equiv of the salt, 

in dichloromethane, at room temperature, for 60 h yields the desired cis-[Ir(µ-OH){κ2-C,N-

[C6MeH3-py]}2]2 (8) dimer. This complex was isolated as an orange solid in 56% yield. Figure 

S93 compares the 1H NMR spectra, in dichloromethane-d2, at room temperature, of 8 and of trans-

[Ir(µ-OH){κ2-C,N-[C6MeH3-py]}2]2, isomer containing pyridyl groups located in trans positions, 

which was prepared as shown in Scheme 1. The spectrum of 8 is more complex, since it reveals 

the presence of inequivalent chelates and equivalent hydroxide bridges, consistent with the isomer 

drawn in Scheme 5. It is worth mentioning the resonance chemical shift corresponding to the 

bridges, -0.45 ppm, which is shifted about 1 ppm towards downfield with respect to the resonance 

due to the hydroxide groups of trans-[Ir(µ-OH){κ2-C,N-[C6MeH3-py]}2]2 (-1.53 ppm). The 

dimeric nature of 8 is unquestionable, since the HRMS spectrum (electrospray ionization) in 

dichloromethane shows a peak for m/z of 1073.2501, corresponding to a fragment C48H41Ir2N4O 

([M2 - OH]+). Complex trans-[Ir(µ-OH){κ2-C,N-[C6H3Me-py]}2]2 is more stable than 8. 

Furthermore, the activation energy for the rearrangement of the pyridyl groups appears to be low; 

in toluene, at 100 ºC, the dimer 8 undergoes the transformation into trans-[Ir(µ-OH){κ2-C,N-

[C6MeH3-py]}2]2. The isomerization is quantitative after 12 h. This means that complex 8 is only 

a useful starting compound to prepare [3b+3b+3b’] emitters, with the pyridyl groups cis disposed, 

in low activation energy procedures; that is, when they require low reaction temperatures. 

Procedures for the Preparation of [3b+3b+3b’] Emitters with a cis-Pyridyl Arrangement. 

Complexes 5 and 8 are the suitable compounds when it is desired to maintain the cis arrangement 

of the pyridyl groups, although the use of 8 is limited to reactions that require temperatures lower 

than 100 ºC. 
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We chose the mononuclear complex 5 to obtain the desired emitters [3b+3b+3b’], which carry 

a 3b’ ligand of the orthometalated 2-phenylpyridine-type. The selection was motivated by the usual 

need to employ moderate temperatures to promote the activation of the ortho-CH bond of the 

heterocycle substituent. Furthermore, the presence of the chloride ligand in the starting complex 

makes it advisable to use a transmetalation agent to introduce 3b’. In this context, lithium is 

particularly suitable due to the accessibility of its reagents, which can be generated in situ by 

adding solutions of nBuLi, in hexane, to the appropriate bromo precursor. To validate the method, 

we selected 1-(2-bromophenyl)isoquinoline and 2-(2-bromophenyl)pyridine as 3b’ ligand 

precursors. Addition of 1.5 equiv of nBuLi, in hexane, to solutions of these halogenated derivatives, 

in tetrahydrofuran, at -78 °C and subsequent treatment of the resulting solutions with 0.5 equiv of 

5 at room temperature selectively led to complexes cis-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-

Isoqui]} (9a) and cis-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-py]} (10a), as desired (Scheme 

6a). 

 

 

 

 

 

 

 



 17

Scheme 6. Synthesis of [3b+3b+3b’] Emitters 

 

Isoquinolinyl complex 9a was isolated as red crystals in 35% yield after purification of the 

reaction crude by silica column chromatography. Figure 4 gives a view of the molecule. The 

structure confirms the fac arrangement of carbon and nitrogen atoms in an octahedral environment. 
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Figure 4. Molecular diagram of complex 9a (displacement ellipsoids shown at 50% probability). 

All hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Ir-C(1) 

= 2.001(3), Ir-C(16) = 2.017(3), Ir-C(28) = 2.007(3), Ir-N(1) = 2.110(3), Ir-N(2) = 2.127(3), Ir-

N(3) = 2.135(3); C(1)-Ir-N(1) = 78.53(13), C(16)-Ir-N(2) = 79.55(13), C(28)-Ir-N(3) = 79.22(14), 

C(28)-Ir-N(2) = 172.81(12), C(16)-Ir-N(1) = 172.04(12), C(1)-Ir-N(3) = 172.42(13). 

 

DFT Calculations (B3LYPG-D3//SDD(f)-6−31G**) reveal that complex 9a is 8.1 kcal mol-1 

more stable than its isomer 9b with pyridyl groups arranged in the trans position (Figure S1). 

Isomer 9b was prepared as a red solid in 22% yield, by treating a suspension of the dimer trans-

[Ir(µ-OH){κ2-C,N-[C6MeH3-py]}2]2, in dichloromethane, with 1.0 equiv of 2-phenylisoquinoline, 

at room temperature, for 7 days (Scheme 6b). The reaction implies the ortho-CH bond heterolytic 

activation of the phenyl substituent, assisted by the heterocycle, and promoted by the hydroxide 

bridges that act as internal base. The trans arrangement of the pyridyl groups (N(2)-Ir(1)-N(3) = 

174.2(2)º and 172.4(3)º) was confirmed by X-ray diffraction analysis. Figure 5 shows one of the 

two chemically equivalent but crystallographically independent molecules of the asymmetric unit. 
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Figure 5. Molecular diagram of one of the two chemically equivalent but crystallographically 

independent molecules of complex 9b (displacement ellipsoids shown at 50% probability). All 

hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Ir(1)-C(1) 

= 2.086(7), 2.091(7), Ir(1)-C(16) = 1.996(7), 2.002(7), Ir(1)-C(28) = 2.065(7), 2.054(9), Ir(1)-N(1) 

= 2.150(6), 2.139(7), Ir(1)-N(2) = 2.035(6), 2.041(7), Ir(1)-N(3) = 2.043(6), 2.046(6); N(2)-Ir(1)-

N(3) = 174.2(2), 172.4(3), C(28)-Ir(1)-C(1) = 174.0(3), 172.5(3), C(16)-Ir(1)-N(1) = 174.9(3), 

171.2(3), C(1)-Ir(1)-N(1) = 77.3(3), 77.0(3), C(16)-Ir(1)-N(2) = 80.3(3), 80.7(3), N(3)-Ir(1)-C(28) 

= 79.7(3), 79.8(4). 

 

Complex 10a was isolated in 56% yield. It had been previously generated by photoisomerization 

of a mer-pyridyl isomer 10b, which bears the pyridyl groups of orthometalated 2-p-tolylpyridine 

arranged in trans. DFT calculations reveal that the latter is 7.6 kcal mol-1 less stable than 10a 

(Figure S2). Isomer 10b was prepared for first time by reaction of the dimer trans-[Ir(µ-Cl){κ2-

C,N-[C6MeH3-py]}2]2 with 2-phenylpyridyne, in glycerol, at 150 ºC, using K2CO3 as external base 

for promoting the ortho-CH bond heterolytic activation of the phenyl group.19 However, a more 

appropriate method to obtain it is a transmetalation involving the cis-bis(aquo)iridium(III) cation 
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[Ir{κ2-C,N-[C6MeH3-py]}2(H2O)2]+ and the boronated aryl-proligand, in an also base-assisted 

reaction (Scheme 6c).32 

The dimer of hydroxide bridges 8 is a useful starting complex for preparing [3b+3b+3b’] 

derivatives with pyridyl groups cis arranged when the precursor molecule of the 3b’ ligand has a 

fairly acidic hydrogen atom, suitable to be abstracted by hydroxide groups. An example of this 

type of molecule is 2-picolinic acid. Although its deprotonation generates an asymmetric anion, 

which can form fac- and mer-pyridyl isomers while maintaining the cis arrangement of the pyridyl 

groups of the starting dimer, treatment of 8 with 1.0 equiv of the acid, in acetone, at room 

temperature, for 14 h selectively leads to the fac-pyridyl isomer Ir{κ2-C,N-[C6MeH3-py]}2{κ2-

O,N-[OC(O)-py]} (11a). This compound was isolated as an analytically pure yellow solid in 56% 

yield without further purification (Scheme 7a). 

Scheme 7. Preparation of [3b+3b+3b’]-Picolinate Isomers 
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The fac arrangement of the pyridyl groups was confirmed by X-ray diffraction analysis. Figure 

6 gives a view of the structure of the molecule. The isolation of 11a with the pyridyl groups of the 

orthometalated 2-(p-tolyl)pyridine ligands situated mutually cis is noticeable, since DFT 

calculations revealed that is 4.3 kcal mol-1 less stable than the isomer 11b containing such pyridyl 

groups in the trans position (Figure S3). Complex 11b has been previously prepared by reacting 

dimer trans-[Ir(µ-Cl){κ2-C,N-[C6MeH3-py]}2]2 with 2-picolinic acid in the presence of base 

(Scheme 7b).16a,c 

 

Figure 6. Molecular diagram of complex 11a (displacement ellipsoids shown at 50% probability). 

All hydrogen atoms are omitted for clarity. Selected bond distances (Å) and angles (deg): Ir-C(1) 

= 2.008(4), Ir-C(13) = 2.010(4), Ir-N(1) = 2.124(3), Ir-N(2) = 2.028(4), Ir-N(3) = 2.137(4), Ir-O(1) 

= 2.068(3); C(1)-Ir-N(2) = 80.04(19), C(13)-Ir-N(3) = 79.6(2), O(1)-Ir-N(1) = 78.53(12), C(1)-Ir-

N(3) = 176.10(16), C(13)-Ir-N(1) = 170.74(17), N(2)-Ir-O(1) = 174.13(15). 

 

The CH2 group of acetylacetone (Hacac) has acidic properties like 2-picolinic acid. Thus, dimer 

8 should be also suitable in principle to give the complex cis-Ir{κ2-C,N-[C6MeH3-py]}2{κ2-O,O-
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[acac]} (12a), with cis-pyridyl groups, by a procedure similar to that employed to generate 11a; 

using Hacac instead of 2-picolinic acid. As for 11, DFT calculations indicate that said isomer is 

4.0 kcal mol-1 less stable than the isomer that carries the heterocycles in the trans position, 12b 

(Figure S4). Unfortunately, the activation energy for the κ2-O,O-coordination of the acac ligand, 

generated from the protonation of hydroxide bridges, appears to be comparable to the activation 

energy for the rearrangement from cis-pyridyl to trans-pyridyl in mononuclear fragments. 

Consequently, the addition of 1.0 equiv of Hacac to solutions of 8, in acetone, at room temperature 

provides a mixture of the desired complex 12a and its isomer 12b in a molar ratio of about 1:1 

(Scheme 8). The low stereoselectivity of the reaction could tentatively be related to the ability of 

the acac ligand to act as κ1-C3-monodentate, allowing five-coordinate mononuclear intermediates 

capable of undergoing the cis-pyridyl to trans-pyridyl rearrangement.33 A more appropriate 

procedure to obtain 12a is the treatment of solutions of 5, in fluorobenzene, with 2.1 equiv of 

Tl(acac), at room temperature, for 16 h. Under these conditions the amount of 12a increases 

significantly, the reaction crude showing a 12a:12b molar ratio of 3:1. Isomer 12a was separated 

from the mixture by column chromatography on basic alumina and isolated as a yellow solid in 

40% yield. 
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Scheme 8. Preparation of [3b+3b+3b’]-acac Isomers 

 

Photophysical and Electrochemical Properties: Comparison between Isomers a and b. In 

order to obtain information on the influence of stereochemistry on the absorption and emission 

characteristics of iridium(III) heteroleptic emitters of type [3b+3b+3b’] as well as on the ease of 

oxidizing them, we comparatively studied the absorption and emission and electrochemical 

properties of the four pairs of a and b isomers discussed above. In addition, the same properties of 

homoleptic emitter 3 were also obtained, since this compound has not been previously reported 

and therefore its properties are not known. 

The UV-vis spectra of 3 and the a and b isomers of 9-12, in 2-methyltetrahydrofuran (2-

MeTHF), at room temperature are as expected for six-coordinate iridium(III) species (Figures S5a-

S13a). They show bands with intensities that depend on their position. Thus, the spectra can be 

divided into three regions: very strong absorptions lie below 320 nm (ε ≈ 50000-20000 M−1 cm−1), 

strong bands are observed between 350 and 450 nm (ε ≈ 15000-500 M−1 cm−1), and weak 
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absorptions appear at energies below 450 nm (ε < 4000 M−1 cm−1). The spectra were calculated in 

tetrahydrofuran by TD-DFT (B3LYP-D3//SDD(f)/6-31G**); Figures S5b-S13b show those 

obtained, whereas Tables S1-S9 collect the transitions that contribute to the bands of each one of 

them. In addition, Figures S14-S22 offer views of the most relevant orbitals and Tables S10-S18 

summarize the fragments involved in these orbitals. Table 1 lists some selected experimental 

absorptions assigned on these bases. 

Table 1. Selected Calculated (TD-DFT in THF) and Experimental UV−Vis Absorptions for 

3 and a and b isomers of 9-12 (in 2-MeTHF) and Their Major Contributions  

 exp 
(nm) 

ɛ (M-1 cm-1) 
Exc. 
energy 
(nm) 

oscilator 
strength, 
f 

Transition Character of the transition 

Complex 3 

286 54100 282 0.5461 HOMO-5 → LUMO (67%) (3b + 3b + 3b → 3b + 3b + 3b) 

379 13500 384 0.0641 HOMO-2 → LUMO (93 %) (Ir + 3b + 3b → 3b + 3b + 3b) 

402 8800 408 (S1) 0.0149 HOMO → LUMO (97%) (Ir + 3b + 3b + 3b → 3b + 3b + 3b) 

453 3000 454 (T1) 0 HOMO → LUMO (60%) (Ir + 3b + 3b + 3b → 3b + 3b + 3b) 

Complex 9a 

285 42500 293 0.1866 HOMO-4 →   LUMO+2 
(79%) 

(3b + 3b → 3b + 3b) 

382 10100 384  0.0474 HOMO-1 →  LUMO+1 (77%) (Ir + 3b → 3b) 

434 7100 440 0.1434 HOMO-2 →  LUMO (93%) (Ir + 3b + 3b’ → 3b’) 

481 3300 486 (S1) 0.0119 HOMO →  LUMO (94%) (Ir + 3b + 3b +3b → 3b’) 

567 500 565 (T1) 0 HOMO-3 →  LUMO (17%) (Ir + 3b + 3b’ → 3b’) 

    HOMO →  LUMO (59%) (Ir + 3b + 3b +3b → 3b’) 

Complex 9b 

280 43700 281 0.0406 HOMO-7 →  LUMO+1 (40%) (3b + 3b→ 3b) 

    HOMO-4 →  LUMO+3 (33%) (3b + 3b→ 3b + 3b’) 

383 9400 387  0.0819 HOMO-3 →  LUMO (67%) (Ir + 3b + 3b’→ 3b’) 

    HOMO-2 →  LUMO (23%) (Ir + 3b + 3b + 3b’ → 3b’) 

452 4000 444 (S1) 0.0625 HOMO-1 →  LUMO (97%) (Ir + 3b’ → 3b’) 

504 1200 506 (T1) 0 HOMO →  LUMO (84%) (Ir + 3b + 3b → 3b’) 
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Complex 10a 

284 27920 285 0.2592 HOMO-5 → LUMO (87%) (3b’→ 3b + 3b + 3b’) 

376 8200 387  0.0648 HOMO-2 → LUMO (52%) (Ir + 3b +3b’ → 3b + 3b + 3b’) 

    HOMO-1 → LUMO (39%) (Ir +3b + 3b → 3b + 3b + 3b’) 

408 5400 413 (S1) 0.0136 HOMO → LUMO (95%) (Ir + 3b + 3b + 3b’→ 3b + 3b + 3b’) 

449 2140 458 (T1) 0 HOMO-2→ LUMO+1 (11%) (Ir + 3b +3b’ → 3b + 3b + 3b’) 

    HOMO → LUMO (60%) (Ir + 3b + 3b + 3b’ → 3b + 3b + 3b’) 

Complex 10b 

276 62200 274 0.0466 HOMO-7 → LUMO+1 (26%) (3b + 3b → 3b + 3b’) 

    HOMO-7 → LUMO+2 (48%) (3b + 3b → 3b) 

384 9200 384 0.0225 HOMO-1 → LUMO+1 (96%) (Ir + 3b + 3b’ → 3b + 3b’) 

422 5900 430 (S1) 0.0427 HOMO → LUMO (81 %) (Ir + 3b + 3b → 3b + 3b’) 

    HOMO → LUMO+1 (16%) (Ir + 3b + 3b → 3b + 3b’) 

463 3800 460 (T1) 0 HOMO → LUMO+1 (24%) (Ir + 3b + 3b → 3b + 3b’) 

    HOMO → LUMO+2 (47%) (Ir + 3b + 3b → 3b) 

Complex 11a 

283 60400 287 0.0879 HOMO-4 → LUMO+2 (73%) (3b + 3b → 3b) 

350 10300 350  0.0553 HOMO-2 → LUMO+2 (15%) (Ir +3b’→ 3b) 

    HOMO → LUMO+3 (73%) (Ir + 3b + 3b → 3b + 3b + 3b’) 

406 4800 412 (S1) 0.0195 HOMO → LUMO (95%) (Ir + 3b + 3b → 3b’) 

466 700 465 (T1) 0 HOMO → LUMO (14%) (Ir + 3b + 3b → 3b’) 

    HOMO → LUMO+1 (57%) (Ir + 3b + 3b → 3b + 3b +3b’) 

Complex 11b 

269 23860 264 0.017 HOMO-6 → LUMO+3 (15%) (3b + 3b + 3b’→ 3b + 3b + 3b’) 

    HOMO-5 → LUMO+3 (52%) (3b + 3b + 3b’→ 3b + 3b + 3b’) 

353 4620 359 0.0266 HOMO-1 → LUMO (93%) (Ir + 3b + 3b’→ 3b + 3b + 3b’) 

419 2440 421 (S1) 0.0413 HOMO → LUMO+1 (97%) (Ir + 3b + 3b → 3b + 3b + 3b’) 

480 600 470 (T1) 0 HOMO → LUMO (18%) (Ir + 3b + 3b → 3b + 3b + 3b’) 

    HOMO → LUMO+1 (58%) (Ir + 3b + 3b → 3b + 3b + 3b’) 

Complex 12a 

298 32000 299 0.1281 HOMO-3 → LUMO+1 (81%) (3b + 3b → 3b + 3b) 

376 7200 379 0.0482 HOMO-1 → LUMO (43%) (Ir + 3b + 3b + 3b’→ 3b + 3b) 

    HOMO-1 → LUMO+1 (43%) (Ir + 3b + 3b + 3b’→ 3b + 3b) 

404 5300 419 (S1) 0.0173 HOMO → LUMO (90%) (Ir + 3b + 3b → 3b + 3b) 

471 1200 474 (T1) 0 HOMO → LUMO (67%) (Ir + 3b + 3b → 3b + 3b) 

    HOMO → LUMO+1 (12%) (Ir + 3b + 3b → 3b + 3b) 
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Complex 12b 

275 45600 276 0.032 HOMO-7 → LUMO+2 (27%) (3b + 3b + 3b’→ 3b’) 

    HOMO-3 → LUMO+2 (44%) (3b + 3b → 3b’) 

368 7000 374 0.042 HOMO-1 → LUMO (11%) (Ir + 3b’→ 3b + 3b) 

    HOMO-1 → LUMO+1 (83%) (Ir + 3b’→ 3b + 3b) 

423 3600 430 (S1) 0.0527 HOMO → LUMO (91%) (Ir + 3b + 3b → 3b + 3b) 

461 3200 475 (T1) 0 HOMO-3 → LUMO+1 (10%) (3b + 3b → 3b + 3b) 

    HOMO → LUMO (51%) (Ir + 3b + 3b → 3b + 3b) 

    HOMO → LUMO+1 (28%) (Ir + 3b + 3b → 3b + 3b) 

 

The higher energy bands are due to inter- and intraligand 1π-π* transitions. The absorptions in 

the region of 350-450 nm correspond mainly to spin-allowed charge transfers from the iridium 

center to the heterocycles combined with transitions from the orthometalated phenyl groups to the 

heterocycles. The tails after 450 nm imply formal spin-forbidden HOMO-LUMO transitions, 

which result from the large spin-orbit coupling provided by iridium. The HOMO of the homoleptic 

complex 3 is delocalized in the metal center (53%) and the orthometalated aryl groups that 

contribute with similar percentages (15-17% each), while the LUMO is distributed among the three 

heterocycles also in a homogeneous way (32-34%). The HOMO of the isoquinolyl derivatives 9a 

and 9b is not significantly different from that of 3; it is delocalized on the iridium atom (49 and 

41%, respectively) and the orthometalated aryl groups. However, LUMO is located almost 

exclusively on the isoquinolyl group, 94% in both cases. The tris(pyridyl) derivatives 10a and 10b 

present a situation similar to 3, although the metal contribution to the HOMO is higher for the fac-

pyridyl isomer than for the mer-pyridyl isomer (52% versus 42%) and the distribution of this 

orbital among the orthometalated groups is also more homogeneous for the first of them (14-18% 

versus 7-32%). Picolinate compounds 11a and 11b resemble isoquinolyl emitters 9; HOMO is 

delocalized in the metal center (≈ 44%) and homogeneously between the orthometalated p-tolyl 

groups (25-27% each), while LUMO is mostly centered on the pyridyl group of the picolinate 
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ligand (≈ 80%). Unlike picolinate, the acac ligand has minimal participation in the frontier orbitals 

of complexes 12a and 12b; the HOMO is like that of the picolinate counterparts, while the LUMO 

is distributed among the pyridyl groups.  

The calculated HOMO-LUMO gaps for 9a and 9b are consistent with the overwhelming 

participation of the isoquinolyl group in the LUMO. This group significantly stabilizes the LUMO 

of both isomers, compared to the LUMO of the other compounds, which gives rise to smaller 

values. In all cases, the HOMO-LUMO gap for the cis-pyridyl a derivative is between 0.15 and 

0.10 eV larger than the HOMO-LUMO gap for the trans-pyridyl b isomer. This is, however, a 

consequence of the greater stability of the HOMO of a complexes with respect to the HOMO of 

the respective b isomers, since the LUMO of both isomers has practically identical energy. For the 

nine complexes, the energy calculated for the HOMO and that obtained experimentally from the 

value of the corresponding redox anodic potential, versus Fc/Fc+, in dichloromethane (Figure S23) 

are in excellent agreement (Table 2). So, the calculated and experimental values reveal that the 

trans-pyridyl b isomers are easier to oxidize than the cis-pyridyl a isomers, consistent with the 

previously observed greater ease to oxidize the mer-homoleptic tris(pyridyl) derivatives with 

respect to their fac-isomers.8 
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Table 2. Electrochemical and DFT Molecular Orbitals Energy Data for 3 and a and b 

Isomers of 9-12 

complex 
𝑬𝟏/𝟐
𝒐𝒙  vs 

Fc/Fc+ (V) a 

obs (eV) calcd (eV) 

HOMO b HOMO LUMO HLG c 

3 0.05 -4.85 -4.91 -1.12 3.79 

9a 0.19 -4.99 -4.97 -1.72 3.25 

9b 0.11 -4.91 -4.86 -1.74 3.12 

10a 0.20 -5.00 -4.99 -1.23 3.76 

10b 0.09 -4.89 -4.86 -1.25 3.61 

11a 0.58 -5.38 -5.19 -1.45 3.74 

11b 0.47 -5.27 -5.05 -1.41 3.64 

12a 0.40 -5.20 -5.01 -1.25 3.76 

12b 0.38 -5.18 -4.93 -1.27 3.66 

a Measured under argon in dichloromethane/[Bu4N]PF6 (0.1 M), vs Fc/Fc+. b HOMO = - [𝑬𝟏/𝟐
𝒐𝒙  vs Fc/Fc + 

4.8] eV. c HGL = LUMO – HOMO. 

 

Emission measurements were performed upon photoexcitation, under three different conditions: 

on a 5 wt % poly(methyl methacrylate) (PMMA) doped film at room temperature, on 2-MeTHF 

at room temperature, and on 2-MeTHF at 77 K (Figures S24-S50). Table 3 lists the most notable 

features. Homoleptic complex 3 is a very efficient blue-green emitter (488-526 nm), reaching 

100% quantum yield on both PMMA film and 2-MeTHF at room temperature and lifetimes in the 

range 1.3-3.0 µs. Complexes 9a and 9b emit in the orange region between 574 and 622 nm, while 

the a and b isomers of 10-12 are green emitters (483-544 nm) in agreement with larger HOMO-

LUMO gaps. 
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Table 3. Photophysical Data for 3 and a and b isomers of 9-12 

calcd 
em 

(nm) 
media (T/K) em (nm)   (µs) a 

fwhm 
(nm)b 

ΦL kr (s-1) c knr (s-1) d kr/knr 

complex 3 
 PMMA (298) 502 1.3 70 ~ 1 7.7 ൈ 105   
497 2-MeTHF (298) 500 1.5 65 ~ 1 6.7 ൈ 105   
 2-MeTHF (77) 488, 526 3.0      

complex 9a 
 PMMA (298) 628 1.2 109 0.60 5.0 ൈ 105 3.3 ൈ 105 1.51 
640 2-MeTHF (298) 632 1.3 106 0.51 3.9 ൈ 105 3.8 ൈ 105 1.02 
 2-MeTHF (77) 602, 654 2.9 

     

complex 9b 
 PMMA (298) 622 1.5  

(1.95, 54.4%; 0.87, 45.6%) 
119 0.50 3.3 ൈ 105 3.3 ൈ 105 1.00 

624 2-MeTHF (298) 644 0.3 133 0.12 4.0 ൈ 105 2.9 ൈ 106 0.14 
 2-MeTHF (77) 574, 624 3.3      

complex 10a 
 PMMA (298) 512 1.28  

(1.33, 94.4%; 0.44, 5.6%) 
74 ~ 1 7.8 ൈ 105 

  

504 2-MeTHF (298) 512 1.6 72 0.98 6.1 ൈ 105 1.3 ൈ 104 46.92 
 2-MeTHF (77) 492, 530 4.0  

(5.1, 37.9%; 3.3, 62.1%)      

complex 10b 
 PMMA (298) 544 1.0 

 (1.1, 75.5%; 0.5, 24.5%) 
113 0.70 7.0 ൈ 105 3.0 ൈ 105 2.33 

543 2-MeTHF (298) 542 0.8  
(1.6, 44.8%; 0.1, 55.2%) 

119 0.09 1.1 ൈ 105 1.1 ൈ 106 0.10 

 2-MeTHF (77) 532 5.3  
(6.1, 64.5%; 3.8, 35.5%) 

 
    

complex 11a 
 PMMA (298) 510 1.1  

(1.5, 50%; 0.6, 50%)  
88 0.28 2.2 ൈ 105 5.5 ൈ 105 0.40 

510 2-MeTHF (298) 518 1.0 84 0.28 2.8 ൈ 105 7.2 ൈ 105 0.39 
 2-MeTHF (77) 492, 534 4.4 

     

complex 11b 
 PMMA (298) 502 1.5  

(1.6, 86.6%; 0.7, 13.4%) 
66 0.84 5.6 ൈ 105 1.1 ൈ 105 5.09 

515 2-MeTHF (298) 504 1.7 67 0.85 2.0 ൈ 105 0.9 ൈ 105 2.22 
 2-MeTHF (77) 483, 522 3.8      

complex 12a 
 PMMA (298) 523 0.94 

(0.61, 76.3%; 2.01, 23.7%) 
74 0.30 3.2 ൈ 105 7.4 ൈ 105 0.43 

506 2-MeTHF (298) 517 0.83 
(0.05, 50.0%; 1.62, 50.0%) 

65 0.30 3.6 ൈ 105 8.4 ൈ 105 0.43 

 2-MeTHF (77) 504, 541 4.7 
     

complex 12b 
 PMMA (298) 519 1.3 

(1.41, 80.7%; 0.72, 19.2%) 
65 ~ 1 7.7 ൈ 105   
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520 2-MeTHF (298) 517 1.6 62 0.79 4.6 ൈ 105 1.2 ൈ 105 3.83 
 2-MeTHF (77) 501, 539 4.59 

(6.52, 24.4%; 3.96, 75.6%) 
     

 a Relative amplitudes (%) are given in parentheses for biexponential decays. b Full width at half maximum. c Radiative 
rate constants calculated according to kr = ΦL/. d Radiationless deactivation rate constants calculated according to 
knr = (1 – ΦL)/. For biexponential decays the amplitude-weighted average lifetimes were used. 

 

The emissions start from the respective excited state T1, as confirmed by the excellent agreement 

between the wavelengths of the maxima, in 2-MeTHF, at room temperature and the values 

calculated for the energy differences between the optimized state T1 and the ground state singlet 

S0, considering tetrahydrofuran as solvent. Figure 7 shows the calculated spin density distribution 

for the T1 states at the minimum energy geometry of the a and b isomers of 9-12. There is no 

significant difference in their distribution between the isomers of 9, 11 and 12; it is on the same 

fragments of both isomers, the metal and the 2-phenylisoquinoline group at 9 and the metal and a 

2-p-tolylpyridine at 11 and 12. However, for 10 the situation is different; while it sits on the metal 

and 2-phenypyridine group of the a isomer, it sits on the metal and p-tolylpyridine ligands on the 

b isomer. 
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Figure 7. DFT calculated spin density for the T1 states of isomers a and b of complexes 9-12 at 

0.002 au contour level. 

The isomer stereochemistry does not show a significant influence on the experimental emission 

wavelengths, although pairwise comparison of the calculated values suggests trends: a very slight 

redshift for 9a compared to 9b and very slight blueshifts for 10a-12a with respect to 10b-12b. On 
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the contrary, the difference in quantum yield between isomers is dramatic in some cases and seems 

to be associated with the stability of the stereochemistry. The more stable isomer shows a higher 

quantum yield, 9a > 9b, 10a > 10b, 11b > 11a, and 12b > 12a. The more stable isomer also 

presents a higher color purity, lower fwhm value, although in this case the differences are very 

slight and are in the range of 3-47 nm. The lifetimes are short for the nine emitters, in the range of 

1 to 5 µs. The decrease in quantum yields is joined with the rise of the nonradiative rate constants 

(knr) along with a slight mitigation of the radiative ones (kr). 

CONCLUDING REMARKS 

This study reveals the discovery of two complementary methods to prepare phosphorescent 

iridium(III) heteroleptic emitters of the class [3b+3b+3b’], with two orthometalated 3b ligands, of 

the 2-phenylpyridine-type, with pyridyl groups arranged in cis, and a third ligand (3b’) C,N-, O,N-

, or O,O-donor. 

The ability of the pentahydride IrH5(PiPr3)2 to activate C-H bonds has certainly facilitated the 

discovery. This pentahydride activates an ortho-CH bond of 2-phenylpyridine-type molecules to 

produce the well-known fac-[Ir(3b)3] emitters in almost quantitative yield. Stirring these emitters 

in the appropriate amount of a saturated solution of HCl in toluene results in the release of one of 

the 3b ligands and the protonation of the resulting 2-phenylpyridine-like molecule to the 

corresponding pyridinium chloride. Departure of ligand 3b by addition of HCl to fac-[Ir(3b)3] 

generates an IrCl(3b)2 fragment, which maintains the cis arrangement of the pyridyl groups. This 

five-coordinate mononuclear fragment is then trapped by the pyridinium chloride, before the cis-

to-trans rearrangement of the pyridyl groups takes place. The adduct stabilized with the pyridinium 

chloride directly generates cis-pyridyl emitters of the class [3b+3b+3b’], with 3b’ being a C,N-
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ligand, by transmetalation reactions. In addition, it can be transformed into a cis-[Ir(µ-OH)(3b)2]2 

dimer, which is a useful starting complex for preparing [3b+3b+3b’] emitters with 3b’ being a 

O,N- or O,O-ligand, when the precursor molecule of 3b’ has a fairly acidic hydrogen atom, suitable 

for removal by hydroxide groups. 

The procedures discovered have made possible to prepare four emitters of class [3b+3b+3b’] 

with cis-pyridyl and to compare their emissive properties with those of their usual trans-pyridyl 

isomers; two with a 3b’ C,N-ligand, one with a 3b’ O,N-ligand, and one with a 3b’ O,O-ligand. 

DFT calculations indicate that the former are more stable than the respective trans-pyridyl isomers, 

while the second and third are less stable. The stereochemistry does not significantly influence the 

emission wavelengths of the emitter. On the contrary, its efficiency is highly dependent on and 

associated with the stability of the isomer. The more stable isomer shows a higher quantum yield 

and color purity. 

cis-Pyridyl iridium(III) emitters of the class [3b+3b+3b’] with two orthometalated 3b ligands, 

of the 2-phenylpyridine type, and a third 3b’ X,Y- or X,X-ligand are now easily accessible, through 

two complementary procedures, regardless of the relative stability of this stereochemistry with 

respect to others of the same stoichiometry. Therefore, we can say that two new synthetic tools 

have been discovered that will help in the effort to understand more deeply the influence of 

stereochemistry on the properties of this class of emitters. 

EXPERIMENTAL SECTION 

General Information. All reactions were carried out with exclusion of air using Schlenk-tube 

techniques or in a drybox. Instrumental methods and X-ray details are given in the Supporting 

Information. In the NMR spectra (Figures S78-S104) the chemical shifts (in ppm) are referenced 
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to residual solvent peaks (1H, 13C{1H}) or external 85% H3PO4 (31P{1H}), while coupling 

constants are given in hertz. IrHCl2(PiPr3)2,34 trans-[Ir(μ-Cl){κ2-C,N-[C6MeH3-py]}2]2,16c 10b,32 

11b,16c and 12b16a were prepared according to the reported procedures. 

Preparation of IrH5(PiPr3)2 (1). Methanol (drop by drop and very slowly) was added to a 

suspension of IrHCl2(PiPr3)2 (1.0 g) and NaBH4 (400.0 mg) in toluene (20 mL). During the 

methanol addition the evolution of hydrogen was observed, and the color of the solution turned 

from dark purple to colorless. Then the solvent was removed under vacuum and toluene (20 mL) 

was added. The resulting suspension was filtered to remove the sodium salts and the solution thus 

obtained was evaporated to dryness to afford a white residue. Addition of cold methanol afforded 

a white solid that was washed with methanol (2 x 5 mL) and dried under vacuum. Yield: 646 mg 

(73%). 1H NMR (300 MHz, C6D6, 298 K):  1.71 (m, 6H, PCH(CH3)2), 1.13 (dvt, JH-H = 6.9, N = 

13.7, 36H, PCH(CH3)2), -10.85 (t, JH-P = 12.2, 5H, Ir-H). 31P{1H} NMR (121 MHz, C6D6, 298 K): 

 45.7 (s, sextet under off-resonance conditions). These NMR data are in agreement with those 

reported for this compound.26c 

Reaction of 1 with 2-(p-Tolyl)pyridine: Preparation of fac-[Ir{κ2-C,N-[C6MeH3-py]}3] (2). 

A mixture of 1 (300 mg, 0.58 mmol) and 2-(p-tolyl)pyridine (496 L, 2.90 mmol) in 1-

phenylethanol (4 mL) was heated under reflux for 72 h. After this time, it was concentrated to 

approximately 0.1 mL. Addition of diethyl ether (5 mL) afforded a yellow solid which was washed 

with further portions of ether (5 × 5 mL) and dried in vacuo. Yield: 350 mg (86%). Anal. calcd. 

for C36H30IrN3 (%): C, 62.05; H, 4.34; N, 6.03. Found: C, 62.00; H, 4.50; N, 6.01. HRMS 

(electrospray, m/z) calcd for C36H30IrN3 [M]+: 697.2065; found 697.2069. 1H NMR (300 MHz, 

DMSO-d6, 298 K): δ 8.06 (d, JH-H = 8.3, 3H, py), 7.74 (m, 3H, py), 7.63 (d, JH-H = 8.0, 3H, p-
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tolyl), 7.37 (d, JH-H = 5.5, 3H, py), 7.05 (m, 3H, py), 6.62 (d, JH-H = 8.0, 3H, p-tolyl), 6.62 (s, 3H, 

p-tolyl), 2.00 (s, 9H, CH3). These 1H NMR data agree with those previously reported for this 

compound.8 

Reaction of 1 with 4,5-Dimethyl-2-phenylpyridine: Preparation of fac-[Ir{κ2-C,N-[C6H4-

pyMe2]}3] (3). A mixture of 1 (300 mg, 0.58 mmol) and 4,5-dimethyl-2-phenylpyridine (523 L, 

2.9 mmol) in 1-phenylethanol (1 mL) was heated under reflux for 72 h. After this time, it was 

concentrated to approximately 0.1 mL. Addition of diethyl ether (5 mL) afforded a yellow solid, 

which upon removal of the supernatant solution was washed with diethyl ether (5 × 5 mL) and 

finally it was dried in vacuo. Yield: 364 mg (85%). Anal. calcd. for C39H36IrN3 (%): C, 63.39; H, 

4.91; N, 5.69. Found: C, 62.99; H, 4.90; N, 5.71. HRMS (electrospray, m/z) calcd for C39H36IrN3Na 

[M + Na]+: 762.2431; found 762.2409. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 7.69 (s, 3H, py), 

7.61 (d, JH-H = 7.6, 3H, Ph), 7.31 (s, 3H, py), 6.84 (m, 3H, Ph), 6.73 (m, 3H, Ph), 6.67 (m, 3H, Ph), 

2.36 (s, 9H, CH3), 2.05 (s, 9H, CH3). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 164.3 (s, 

C py), 161.4 (s, C Ph), 147.0 (s, CH py), 146.9 (s, C py), 144.8 (s, C Ph), 137.0 (s, CH Ph), 131.5 

(s, C py), 129.3 (s, CH Ph), 123.8 (s, CH Ph), 119.9 (s, CH py), 119.8 (s, CH Ph), 19.8 (s, CH3), 

16.7 (s, CH3). 

Reaction of 1 with 1-Phenylisoquinoline: Preparation of fac-[Ir{κ2-C,N-[C6H4-Isoqui]}3] 

(4). A mixture of 1 (300 mg, 0.58 mmol) and 1-phenylisoquinoline (595 mg, 2.9 mmol) in 1-

phenylethanol (1 mL) was heated under reflux for 72 h. After this time, it was concentrated to 

approximately 0.1 mL. Addition of diethyl ether (5 mL) afforded a red solid, which upon removal 

of the supernatant solution was washed with diethyl ether (5 × 5 mL) and finally it was dried in 

vacuo. Yield: 434 mg (93%). Anal. calcd. for C45H30IrN3 (%): C, 67.14; H, 3.76; N, 5.22. Found: 

C, 67.00; H, 3.72; N, 5.22. HRMS (electrospray, m/z) calcd. for C45H29IrN3 [M  H]+: 804.1988; 
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found 804.1966. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.97 (m, 3H, Ar), 8.21 (d, JH-H = 8.0, 3H, 

Ar), 7.78 (m, 3H, Ar), 7.68 (m, 6H, Ar), 7.40 (d, JH-H = 6.2, 3H, Ar), 7.19 (d, JH-H = 6.2, 3H, Ar), 

6.89 (m, 9H, Ar). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 167.7 (s, C), 165.0 (s, C), 

145.8 (s, C), 140.2 (s, CH), 137.5 (s, CH), 137.1 (s, C), 130.7, 130.6, 130.0, 128.1, 127.9, 127.5 

(all s, CH), 126.9 (s, C), 120.9 (s, CH), 119.9 (s, CH). These NMR data agree with those previously 

reported for this compound.14d,e 

Reaction of 2 with Hydrogen Chloride: Preparation of IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-Cl-

[Cl-H-py-C6MeH4]} (5). Complex 2 (200 mg, 0.29 mmol) was added to a 22 mL HCl toluene 

solution (0.20 M). The resulting suspension was stirred at room temperature for 12 h. The solvent 

was removed under vacuo to afford an orange residue. Addition of diethyl ether (3 mL) afforded 

an orange solid that was washed with diethyl ether (2 x 3 mL) and dried in vacuo. Yield: 190 mg 

(86%). Anal. calcd. for C36H32Cl2IrN3 (%): C, 56.17; H, 4.19; N, 5.46. Found: C, 55.96; H, 4.19; 

N, 5.46. HRMS (electrospray, m/z) calcd for C24H20IrN2 [M – Cl]–: 529.1206; found 529.1229. 

Upon solution in dimethylsulfoxide-d6, 2-(p-tolyl)pyridinium chloride is released and complex cis-

[IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-S-[S(O)Me2]} (7) is formed. 1H NMR (300 MHz, DMSO-d6, 298 

K): δ 9.91 – 9.86 (m, 1H, CH Ar), 8.78–8.69 (m, 1H, CH Ar 2-(p-tolyl)-pyꞏHCl), 8.22–8.11 (3H, 

1H CH Ar + 2H CH Ar 2-(p-tolyl)-pyꞏHCl), 8.08-7.95 (4H, 2H CH Ar + 2H CH Ar 2-(p-tolyl)-

pyꞏHCl), 7.87 (s, 1H, CH Ar), 7.80–7.57 (5H, 4H CH Ar + 1H CH Ar 2-(p-tolyl)-pyꞏHCl), 7.54–

7.48 (m, 1H, CH Ar), 7.41–7.34 (m, 2H, CH Ar 2-(p-tolyl)-pyꞏHCl), 7.07–7.00 (m, 1H, CH Ar), 

6.99–6.91(m, 1H, CH Ar), 6.66–6.58 (m, 1H, CH Ar), 5.97 (s, 1H, CH Ar), 2.44 (s, 3H, CH3) 2.39 

(s, 3H, CH3, 2-(p-tolyl)pyꞏHCl), 1.89 (s, 3H, CH3). 13C{1H}-apt NMR (75.48 MHz, DMSO-d6, 

298 K): δ 190.4, 186.0, 168.5, 165.3, 152.0, 151.7 (all Cq Ar), 151.5, 149.9 (both CH, Ar), 142.5, 

142.0, 139.9 (all Cq Ar), 138.9, 138.5 (both CH, Ar), 138.0, 137.2 (both Cq Ar), 136.7, 135.0, 
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133.6, 130.1, 129.4, 129.1, 128.7, 128.4, 127.6, 127.3, 125.1, 124.2, 124.0, 123.7, 123.3, 122.8, 

119.8, 119.8 (all CH, Ar), 22.1, 21.9, 21.3 (all CH3). 

Preparation of cis-[Ir(µ-Cl){κ2-C,N-[C6MeH3-py]}2]2 (6). A solution of potassium hydroxide 

(85% weight, 66 mg, 1.00 mmol) in water (1 mL) was added over a solution of complex 5 (200 

mg, 0.26 mmol) in acetone (4 mL). The mixture was kept stirring at room temperature for 18 h, 

upon which an orange yellowish precipitate is formed. Then, the supernatant solution was removed 

and the solid washed with diethyl ether (3 x 4 mL) and dried under vacuo. Yield: 130 mg (89%). 

Anal. calcd. for C48H40Cl2Ir2N4 (%): C, 51.10; H, 3.57; N, 4.97. Found: C, 51.28; H, 3.86; N, 4.81. 

HRMS (MALDI, m/z) calcd. for C48H40ClIr2N4 [M - Cl]+: 1093.219; found 1093.514. Upon 

solution in dimethylsulfoxide-d6, complex cis-[IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-S-[S(O)Me2]} (7) 

is formed. 1H NMR (300 MHz, DMSO-d6, 298 K): δ 9.91–9.86 (m, 1H, CH Ar), 8.22–8.11 (m, 

1H, CH Ar), 8.08-7.95 (2H, CH Ar), 7.87 (s, 1H, CH Ar), 7.80–7.57 (4H, CH Ar), 7.54–7.48 (m, 

1H, CH Ar), 7.07–7.00 (m, 1H, CH Ar), 6.99–6.91(m, 1H, CH Ar), 6.66–6.58 (m, 1H, CH Ar), 

5.97 (s, 1H, CH Ar), 2.44 (s, 3H, CH3), 1.89 (s, 3H, CH3).  

Preparation of cis-[Ir(µ-OH){κ2-C,N-[C6MeH3-py]}2]2 (8). A mixture of 6 (335 mg, 0.297 

mmol), CsOHꞏH2O (498.6 mg, 2.97 mmol) and silver acetate (99.1 mg, 0.594 mmol) in 

dichloromethane (40 mL) was stirred protected from the light at room temperature during 60 h. 

After this time, the resulting suspension was filtered through Celite and the red liquors were 

evaporated to dryness. Addition of pentane (4 mL) afforded an orange solid that was further 

washed with pentane (2 x 2 mL) and dried in vacuo. Yield: 180 mg (56%). Anal. calcd. for 

C48H42Ir2N4O2 (%): C, 52.83; H, 3.88; N, 5.13. Found: C, 52.48; H, 3.61; N, 4.92. HRMS 

(electrospray, m/z) calcd for C48H41Ir2N4O [M - OH]+: 1073.2512; found: 1073.2501. 1H NMR 

(300 MHz, CD2Cl2, 298 K): δ 8.65 (m, 1H, CH py), 7.95 (d, JH-H = 8.1, 1H, py), 7.68-7.62 (m, 1H, 
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1H py), 7.59 (d, JH-H = 6.0, 1H p-tol), 7.55 (d, JH-H = 8.0, 1H py), 7.50 (d, JH-H = 7.8, 1H p-tol), 

7.23-7.18 (m, 1H, CH py), 6.93 (d, JH-H = 5.4, 1H py), 6.89 (d, JH-H = 7.9, 1H, p-tol), 6.78 (s, 1H, 

p-tol), 6.76-6.71 (m, 1H, py), 6.50-6.47 (m, 1H, p-tol), 6.39-6.34 (m, 1H, py), 6.16 (s, 1H, p-tol), 

2.14, 1.91 (both s, 3H each, CH3), -0.45 (s, 1H, OH). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 

K): δ 171.8, 166.3, 159.7 (all s, C Ar), 149.0, 147.7 (both s, CH Ar), 143.2, 142.4 (both s, C Ar), 

139.3 (s, CH Ar), 138.9, 138.2 (both s, C Ar), 136.9, 134.8, 134.7 123.9, 123.4, 122.0, 121.6, 

121.5, 120.2, 118.5, 117.2 (all s, CH Ar), 22.3, 21.4 (both s, CH3). 

Preparation of trans-[Ir(μ-OH){κ2-C,N-[MeC6H3-py]}2]2. A mixture of trans-[Ir(μ-Cl){κ2-

C,N-(C6MeH3-py)}2]2 (2.5 g, 2.216 mmol) and AgBF4 (863.5 mg, 4.432 mmol) in acetone (30 mL) 

was stirred at room temperature protected from the light during 2.5 h. After this time, the resulting 

suspension was filtered through Celite under argon to remove the silver salts, that were washed 

with acetone until the extracted solutions were colorless. Then, the combined brown yellowish 

solution was concentrated to ca. 10 mL. The addition of a 0.87 M solution of KOH formed an 

orange suspension that was stirred for 30 min. The suspension was filtered, and the orange solid 

was washed with distilled water (5 x 15 mL) and was dried in vacuo. Yield: 2.17 g (90%). Anal. 

calcd. for C48H42Ir2N4O2 (%): C, 52.83; H, 3.88; N, 5.13. Found: C, 52.53; H, 3.77; N, 5.01. HRMS 

(electrospray, m/z) calcd for C48H41Ir2N4O [M-OH]+: 1075.2539; found 1075.2515. 1H NMR (300 

MHz, CD2Cl2, 298 K): δ 8.63 (m, 2H, CH py), 7.95 (d, JH-H = 8.1, 1H, py), 7.59 (td, JH-H = 7.8, 

1.6, 2H py), 7.44 (d, JH-H = 7.9, 2H, p-tol), 6.67-6.50 (2H py + 2H p-tol), 5.73 (s, 2H, p-tol), 2.14, 

1.93 (s, 6H, CH3), -1.53 (s, 1H, OH). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 169.4, 

150.9 (both s, C Ar), 148.7 (s, CH Ar), 142.6, 139.0 (both s, C Ar), 135.8, 132.6, 123.9, 121.3, 

121.0, 118.1 (all s, CH Ar), 21.6 (s, CH3). 
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Preparation of cis-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-Isoqui]} (9a). A solution of 1-

(2-bromophenyl)isoquinoline (369 mg, 1.3 mmol) in THF (50 mL) was cooled to -78 °C and nBuLi 

(1.22 mL, 1.6 M in hexanes, 1.96 mmol) was added dropwise. After stirring at this temperature for 

2 h, 5 (500 mg, 0.65 mmol) was added into the lithiation flask, and the mixture was allowed to 

slowly warm to room temperature over 18 h. Then, it was concentrated to ca. 10 mL and the crude 

was purified by column chromatography (deactivated silica gel) using dichloromethane/pentane 

(gradient elution from 1:3 to 3:1). The pure fractions were combined and concentrated to give a 

red solid which was washed with further portions of pentane (3 × 5 mL) and it was dried in vacuo. 

Yield: 167 mg (35%). Anal. calcd. for C39H30IrN3 (%): C, 63.91; H, 4.13; N, 5.73. Found: C, 63.90; 

H, 4.05; N, 5.79. HRMS (electrospray, m/z) calcd for C39H31IrN3 [M + H]+: 734.2144; found: 

734.2146. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.97 (m, 1H, CH Ar), 8.21 (d, JH-H = 7.9, 1H, 

CH Ar), 7.87 (t, JH-H = 8.3, 2H, CH Ar), 7.80 (m, 1H, CH Ar), 7.648 – 7.5 (m, 6H, CH Ar), 7.50 

(d, JH-H = 7.5, 1H, CH Ar), 7.45 (d, JH-H = 6.2, 1H, CH Ar), 7.35 (d, JH-H = 9.7, 1H, CH Ar), 7.23 

(d, JH-H = 6.1, 1H, CH Ar), 6.99 (m, 2H, CH Ar), 6.90–6.60 (m, 5H, CH Ar), 6.62 (s, 1H, CH Ar), 

6.50 (s, 1H, CH Ar), 2.11, 2.05 (both s, 3H each, CH3). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 

298 K): δ 166.9, 165.2, 162.2, 161.3 (all s, C), 147.7, 147.2 (both s, CH Ar), 145.6, 141.7, 141.6 

(all s, C Ar), 139.9, (s, CH Ar), 139.9, 139.8 (both s, C Ar), 137.9, 137.7, 137.3 (all s, CH Ar), 

137.0 (s, C Ar), 136.4 (s, CH Ar), 133.1 (s, C Ar), 130.6, 129.9, 127.9, 127.4 (all s, CH Ar), 126.9, 

126.8 (both s, C Ar), 124.2, 121.9. 121.6, 121.4, 120.7, 119.6, 118.9 (all s, CH Ar), 21.9, 21.8 

(both s, CH3). 

Preparation of trans-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-Isoqui]} (9b). trans-[Ir(μ-

OH){κ2-C,N-(MeC6H3-py)}2]2 (100 mg, 0.092 mmol) and 1-phenylisoquinoline (38 mg, 0.183 

mmol) were suspended in dichloromethane (3 mL) and let stirring at room temperature for 7 days. 
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After this time, it was evaporated to dryness and the crude was washed with a mixture of 

dichloromethane:diethylether 2:1 (3 mL) and pentane (2 mL x 2). The red-orangish solid obtained 

was dried in vacuum. Yield: 29 mg (22%). Anal. calcd. for C39H30IrN3 (%): C, 63.91; H, 4.13; N, 

5.73. Found: C, 63.69; H, 4.05; N, 5.79. HRMS (electrospray, m/z) calcd for C39H31IrN3 [M + H]+: 

734.2144; found: 734.2134. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.98-8.93 (m, 1H, CH Ar), 

8.21 (d, JH-H = 7.8, 1H, CH Ar), 8.06 (d, JH-H = 6.0, 1H, CH Ar), 7.92 (d, JH-H = 6.0, 1H, CH Ar), 

7.82-7.73 (3H, CH Ar), 7.69 – 7.56 (3H CH Ar + 2H CH p-tol), 7.49 (2H, CH Ar), 7.23 (d, JH-H = 

6.2, 1H, CH Ar), 7.08-6.89 (3H, CH Ar), 6.82 (dd, JH-H = 8.0, 1.9, 1H, p-tol), 6.74 (dd, JH-H = 8.0, 

1.9, 1H, p-tol), 6.70–6.62 (2H, CH Ar), 6.40 (s, 1H, p-tol), 6.22 (s, 1H, p-tol), 2.16, 2.14 (both s, 

3H each, CH3). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 180.5, 176.1, 170.9, 170.1, 

168.1, 160.2, (all s, C), 153.5, 148.6 (both s, CH Ar), 147.4 (s, C Ar), 143.6 (s, CH Ar), 142.6, 

140.3, 140.2, 139.8 (all s, C Ar), 137.9 (s, CH Ar), 137.4 (s, C Ar), 135.9, 134.5, 133.9, 131.6, 

131.2, 130.9, 129.9, 128.4, 127.8, 127.4 (s, CH Ar), 126.9 (s, C Ar), 124.6, 124.3, 122.5, 122.0, 

121.3, 121.0, 120.7, 120.5, 118.7, 118.5 (all s, CH Ar), 22.0 (s, CH3). 

Preparation of cis-[Ir{κ2-C,N-[C6MeH3-py]}2{κ2-C,N-[C6H4-py]} (10a). A solution of 2-(2-

bromophenyl)pyridine (223 μL, 1.3 mmol) in THF (50 mL) was cooled to -78 °C and nBuLi (1.22 

mL, 1.6 M in hexanes, 1.96 mmol) was added dropwise. After stirring at this temperature for 2 h, 

5 (500 mg, 0.65 mmol) was added into the lithiation flask, and the mixture was allowed to slowly 

warm to room temperature over 18 h. Then, it was concentrated to ca. 10 mL and was purified by 

column chromatography (basic aluminum oxide) using dichloromethane/pentane (gradient elution 

from 1:3 to 3:1). The combined pure fractions were concentrated to dryness to give a yellow solid 

which was washed with further portions of pentane (3 × 5 mL) and dried in vacuo. Yield: 248 mg 

(56%). Anal. calcd. for C35H28IrN3 (%): C, 61.56; H, 4.13; N, 6.15. Found: C, 61.52; H, 4.02; N, 
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6.18. HRMS (electrospray, m/z) calcd for C35H28IrN3Na [M + Na]+: 706.1804; found: 706.1824. 

1H NMR (300 MHz, DMSO-d6, 298 K): δ 8.13 (d, JH-H = 8.2, 1H, CH Ar), 8.06 (m, 2H, CH Ar), 

7.75 (m, 4H, CH Ar), 7.64 (dd, JH-H = 8.0, JH-H = 2.2 , 2H, CH Ar), 7.41 (m, 3H, CH Ar), 7.09 (m, 

3H, CH Ar), 6.81 (m, 1H, CH Ar), 6.69 (m, 2H, CH Ar), 6.62 (d, JH-H = 9.5, 2H, CH Ar), 6.52 (s, 

1H, CH Ar), 6.48 (s, 1H, CH Ar), 2.00, 1.99 (both s, 3H each, CH3). 13C{1H}-apt NMR (75.45 

MHz, DMSO-d6, 298 K): δ 165.6, 165.6, 165.6, 161.0, 161.0, 161.0 (all s, C), 146.7, 146.6, 146.5 

(all s, CH Ar), 143.7, 141.2,141.2, 137.8, 137.8 (all s, C Ar), 136.9, 136.9, 136.8, 136.7. 136.3 (all 

s, CH Ar), 129.1, 128.9, 128.2, 125.3, 124.1, 124.1, 122.7, 122.2, 120.8. 119.5, 119.0, 118.7. 118.6 

(all s, CH Ar), 21.5, 21.5 (both s, CH3). The NMR data are in agreement with those reported for 

this compound.19 

Preparation of cis-Ir{κ2-C,N-[C6MeH3-py]}2{κ2-O,N-[OC(O)-py]} (11a). Complex 8 (100 

mg, 0.0916 mmol) and picolinic acid (22.6 mg, 0.1832 mmol) were dissolved in acetone (3 mL) 

and the resulting orange solution was stirred at room temperature for 14 h. After this time, the 

yellow suspension obtained was decantated. The orange supernatant solution was poured off, and 

the remaining yellow solid was washed with acetone (0.5 mL) and dried under vacuo. Yield: 67 

mg (56%). Anal. calcd. for C30H24IrN3O2 (%): C, 55.37, H, 3.72, N, 6.46. Found: C, 55.02; H, 

3.49; N, 6.34. HRMS (electrospray, m/z) calcd for C30H25IrN3O2 [M+H]: 652.1572; found 

652.1555. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.14 (d, JH-H = 7.8, 1H, CH Ar), 7.98 (d, JH-H = 

8.4, 1H, CH Ar), 7.90 (dt, JH-H = 7.8, JH-H = 1.5, 1H, CH Ar), 7.81-7.74 (2H, CH Ar), 7.61-7.49 

(6H, CH Ar), 7.34 (m, 1H, CH Ar), 7.28 (s, 1H, p-tol), 7.07 (m, 1H, CH Ar), 6.90 (d, JH-H = 8.1, 

1H, CH Ar), 6.72-6.70 (m, 2H, CH Ar), 6.37 (s, 1H, p-tol), 2.35, 2.04 (both s, 3H each, CH3). 

13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 174.5, 171.0, 166.7, 157.0, 151.0 (all s, C Ar), 

150.7 (CH Ar), 150.0 (s, C Ar), 147.2, 146.3 (both s, CH Ar), 142.8 (s, C Ar), 141.3, 140.9, 139.6 
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(all s, C Ar), 139.4, 138.3, 137.7, 136.3, 132.7, 128.6, 128.3, 124.4, 124.3, 123.5, 122.9, 122.7, 

121.8, 119.6, 118.8 (all s, CH Ar), 22.0, 21.7 (both s, CH3). 

Reaction of IrCl{κ2-C,N-[C6MeH3-py]}2{κ1-Cl-[Cl-H-py-C6MeH4]} (5) with Thallium 

Acetylacetonate. An orange suspension of 5 (250 mg, 0.32 mmol) in fluorobenzene (8 mL) was 

treated with Tl(acac) (207 mg, 0.68 mmol). The reaction was hold under vigorous stirring in the 

darkness during 16 h. After this time, the resulting bright yellow suspension was filtered through 

Celite to remove the thallium salts. The yellow solution obtained was concentrated to 

approximately 0.5 mL. Addition of diethyl ether (1 mL) afforded a yellow solid, which was further 

washed with diethyl ether (2 × 1 mL) and dried in vacuo. The 1H NMR spectrum of this crude 

solid shows a mixture 3:1 of cis-Ir{κ2-C,N-[C6MeH3-py]}2{κ2-O,O-[acac]} (12a) and trans-Ir{κ2-

C,N-[C6MeH3-py]}2{κ2-O,O-[acac]} (12b). Complex 12a was separated from the minor isomer 

by column chromatography (basic alumina) using n-hexane/dichloromethane (gradient elution 

from 100 to 0% n-hexane). Yield: 80 mg (39%). 

Data for 12a: Anal. calcd. for C29H27IrN2O2 (%): C, 55.49; H, 4.34; N, 4.46. Found C, 55.12; 

H, 4.44; N, 4.47. HRMS (electrospray, m/z) calcd for C29H27IrN2O2 [M]+: 628.1672; found: 

628.1696. 1H NMR (300 MHz, CD2Cl2, 298 K): δ 8.46 (m, 1H, CH py), 7.96 (d, JH-H = 8.2, 1H, 

CH py), 7.81 (m, 1H, CH py), 7.67 (m, 1H, CH py), 7.57 (d, JH-H = 7.9, 1H, CH tolyl), 7.52 (d, JH-

H = 7.9, 1H, CH tolyl), 7.48 (m, 1H, CH py), 7.41 (m, 1H, CH py), 7.29 (m, 1H, CH py), 7.23 (m, 

1H, CH tolyl), 6.94 (m, 1H, CH tolyl), 6.60 (m, 2H, CH py + CH tolyl), 6.34 (m, 1H, CH tolyl), 

5.29 (s, 1H, CH acac), 2.45, 2.02 (both s, 3H each, CH3 tolyl), 1.78, 1.73 (both s, 3H each, CH3 

acac). 13C{1H}-apt NMR (75.45 MHz, CD2Cl2, 298 K): δ 183.9, 183.2 (both s, C acac), 171.5 (s, 

C Ar), 166.1 (s, C Ar), 159.1 (s, C Ar), 151.3 (s, CH Ar), 147.0 (s, CH Ar), 146.9, 143.3, 142.2, 

140.2 (all s, C Ar), 139.8(s, CH Ar), 138.8 (s, C Ar), 138.0, 136.2, 133.4, 124.2, 124.1, 122.7, 
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122.4, 122.0, 120.9, 119.1, 118.0 (all s, CH Ar), 101.5 (s, CH acac), 28.6, 27.9 (both s, CH3 tolyl), 

22.1, 21.6 (both s, CH3 acac). 

ASSOCIATED CONTENT 

Supporting Information 

The Supporting Information is available free of charge on the ACS Publications web site. 

General information for the experimental section, structural analysis of complexes 3, 5, 9a, 9b, 

and 11a, computational details, energies of optimized structures, observed and calculated UV-vis 

spectra of 3 and a and b isomers of 9-12, analysis of computed UV/Vis data, theoretical analysis 

of molecular orbitals, cyclic voltammograms of 3 and a and b isomers of 9-12, photophysical 

studies, and NMR spectra (PDF). 

Atomic coordinates of optimized complexes (XYZ) 

 

Accession Codes  

CCDC 2284934-2284938 contain the supplementary crystallographic data for this paper. These 

data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing 

data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 

Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033 

AUTHOR INFORMATION 

Corresponding Author 

*maester@unizar.es 



 44

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

Financial support from the MICIN/AEI/10.13039/501100011033 (PID2020-115286GB-I00 and 

RED2022-134287-T), Gobierno de Aragón (E06_23R and LMP23_21), FEDER, and the 

European Social Fund. 

REFERENCES 

(1) Baldo, M. A.; O’Brien, D. F.; You, Y.; Shoustikov, A.; Sibley, S.; Thompson, M. E.; Forrest, 

S. R. Highly efficient phosphorescent emission from organic electroluminescent devices. Nature 

1998, 395, 151-154. 

(2) (a) Chou, P.-T.; Chi, Y.; Chung, M.-W.; Lin, C.-C. Harvesting luminescence via harnessing 

the photophysical properties of transition metal complexes Coord. Chem. Rev. 2011, 255, 2653-

2665. (b) Powell, B. J. Theories of phosphorescence in organo-transition metal complexes – From 

relativistic effects to simple models and design principles for organic light-emitting diodes. Coord. 

Chem. Rev. 2015, 295, 46-79. 

(3) Yersin, H.; Rausch, A. F.; Czerwieniec, R.; Hofbeck, T.; Fischer, T. The triplet state of 

organo-transition metal compounds. Triplet harvesting and singlet harvesting for efficient OLEDs. 

Coord. Chem. Rev. 2011, 255, 2622-2652. 

(4) (a) Baranoff, E.; Yum, J.-H.; Graetzel, M.; Nazeeruddin, M. D. Cyclometallated iridium 

complexes for conversion of light into electricity and electricity into light. J. Organomet. Chem. 

2009, 694, 2661-2670. (b) Xiao, L.; Chen, Z.; Qu, B.; Luo, J.; Kong, S.; Gong, Q.; Kido, J. Recent 

Progresses on Materials for Electrophosphorescent Organic Light-Emitting Devices. Adv. Mater. 

2011, 23, 926-952. (c) Fan, C.; Yang, C. Yellow/orange emissive heavy-metal complexes as 



 45

phosphors in monochromatic and white organic light-emitting devices. Chem. Soc. Rev. 2014, 43, 

6439-6469. (d) Yang, X.; Zhou, G.; Wong, W.-Y. Functionalization of phosphorescent emitters 

and their host materials by main-group elements forphosphorescent organic light-emitting devices. 

Chem. Soc. Rev. 2015, 44, 8484-8575. (e) Jou, J.-H.; Kumar, K.; Agrawal, A.; Li, T.-H.; Sahoo, 

S. Approaches for fabricating high efficiency organic light emitting diodes. J. Mater. Chem. C 

2015, 3, 2974-3002. (f) Huo, S.; Carroll, J.; Vezzu, D. A. K. Design, Synthesis, and Applications 

of Highly Phosphorescent Cyclometalated Platinum Complexes. Asian J. Org. Chem. 2015, 4, 

1210-1245. (g) Lu, C.-W.; Wang, Y.; Chi, Y. Metal Complexes with Azolate-Functionalized 

Multidentate Ligands: Tactical Designs and Optoelectronic Applications. Chem. Eur. J. 2016, 22, 

17892-17908. 

(5) Atwood, J. D. Inorganic and Organometallic Reaction Mechanisms; VCH: New York, 1997; 

Chapter 3. 

(6) (a) You, Y.; Park, S. Y. Phosphorescent iridium(III) complexes: toward high 

phosphorescence quantum efficiency through ligand control. Dalton Trans. 2009, 1267-1282. (b) 

Ulbricht, C.; Beyer, B.; Friebe, C.; Winter, A.; Schubert, U. S. Recent Developments in the 

Application of Phosphorescent Iridium(III) Complex Systems. Adv. Mater. 2009, 21, 4418-4441. 

(c) Liu, Z.; Bian, Z.; Huang, C. Luminescent Iridium Complexes and Their Applications. Top. 

Organomet. Chem. 2010, 28, 113-142. (d) You, Y.; Nam, W. Photofunctional triplet excited states 

of cyclometalated Ir(III) complexes: beyond electroluminescence. Chem. Soc. Rev. 2012, 41, 

7061-7084. (e) Zanoni, K. P. S.; Coppo, R. L.; Amaral, R. C.; Murakami Iha, N. Y. Ir(III) 

complexes designed for light-emitting devices: beyond the luminescence color array. Dalton 

Trans. 2015, 44, 14559-14573. (f) Omae, I. Application of the five-membered ring blue light-

emitting iridium products of cyclometalation reactions as OLEDs. Coord. Chem. Rev. 2016, 310, 



 46

154-169. (g) Henwood, A. F., Zysman-Colman, E. Lessons learned in tuning the optoelectronic 

properties of phosphorescent iridium(III) complexes. Chem. Commun. 2017, 53, 807-826. (h) Li, 

T.-Y.; Wu, J.; Wu, Z.-G.; Zheng, Y.-X.; Zuo, J.-L.; Pan, Y. Rational design of phosphorescent 

iridium(III) complexes for emission color tunability and their applications in OLEDs. Coord. 

Chem. Rev. 2018, 374, 55-92. (i) Lee, S.; Han, W.-S. Cyclometalated Ir(III) complexes towards 

blue-emissive dopant for organic light-emitting diodes: fundamentals of photophysics and 

designing strategies. Inorg. Chem. Front. 2020, 7, 2396-2422. 

(7) (a) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible Light Photoredox Catalysis with 

Transition Metal Complexes: Applications in Organic Synthesis. Chem. Rev. 2013, 113, 

5322−5363. (b) Arias-Rotondo, D. M.; McCusker, J. K. The photophysics of photoredox catalysis: 

a roadmap for catalyst design. Chem. Soc. Rev. 2016, 45, 5803-5820. (c) Teegardin, K.; Day, J. I.; 

Chan, J.; Weaver, J. Advances in Photocatalysis: A Microreview of Visible Light Mediated 

Ruthenium and Iridium Catalyzed Organic Transformations. Org. Process Res. Dev. 2016, 20, 

1156-1163. (d) Marzo, L.; Pagire, S. K.; Reiser, O.; König, B. Visible-Light Photocatalysis: Does 

It Make a Difference in Organic Synthesis? Angew. Chem. Int. Ed. 2018, 57, 10034-10072. (e) 

Chan, A. Y.; Perry, I. B.; Bissonnette, N. B.; Buksh, B. F.; Edwards, G. A.; Frye, L. I; Garry, O. 

L.; Lavagnino, M. N.; Li, B. X.; Liang, Y.; Mao, E.; Millet, A.; Oakley, J. V.; Reed, N. L.; Sakai, 

H. A.; Seath, C. P.; MacMillan, D. W. C. Metallaphotoredox: The Merger of Photoredox and 

Transition Metal Catalysis. Chem. Rev. 2022, 122, 1485-1542. 

(8) Tamayo, A. B.; Alleyne, B. D.; Djurovich, P. I.; Lamansky, S.; Tsyba, I.; Ho, N. N.; Bau, R.; 

Thompson, M. E. Synthesis and Characterization of Facial and Meridional Tris-cyclometalated 

Iridium(III) Complexes. J. Am. Chem. Soc. 2003, 125, 7377-7387. 



 47

(9) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, R. J. Photophysical Effects of Metal-Carbon 

Bonds in Ortho-Metalated Complexes of Ir(III) and Rh(III). J. Am. Chem. Soc. 1984, 106, 6647-

6653. 

(10) Boudreault, P.-L. T.; Esteruelas, A. M.; López, A. M.; Oñate, E.; Raga, E.; Tsai, J.-Y. 

Insertion of Unsaturated C-C Bonds into the O-H Bond of an Iridium(III)-Hydroxo Complex: 

Formation of Phosphorescent Emitters with an Asymmetrical β‑Diketonate Ligand. Inorg. Chem. 

2020, 59, 15877-15887. 

(11) McGee, K. A.; Mann, K. R. Selective Low-Temperature Syntheses of Facial and Meridional 

Tris-cyclometalated Iridium(III) Complexes. Inorg. Chem. 2007, 46, 7800-7809. 

(12) (a) Karatsu, T.; Nakamura, T.; Yagai, S.; Kitamura, A.; Yamaguchi, K.; Matsushima, Y.; 

Iwata, T.; Hori, Y.; Hagiwara, T.  Photochemical mer → fac One-way Isomerization of 

Phosphorescent Material. Studies by Time-resolved Spectroscopy for Tris[2-(4’,6’-

difluorophenyl)pyridine]iridium(III) in Solution. Chem. Lett. 2003, 32, 886-887. (b) Zheng, Y.; 

Batsanov, A. S.; Edkins, R. M.; Beeby, A.; Bryce, M. R. Thermally Induced Defluorination during 

a mer to fac Transformation of a Blue-Green Phosphorescent Cyclometalated Iridium(III) 

Complex. Inorg. Chem. 2012, 51, 290-297. 

(13) (a) Konno, H.; Sasaki, Y. Selective One-pot Synthesis of Facial Tris-ortho-metalated 

Iridium(III) Complexes Using Microwave Irradiation. Chem. Lett. 2003, 32, 252-253. (b) Ragni, 

R.; Plummer, E. A.; Brunner, K.; Hofstraat, J. W.; Babudri, F.; Farinola, G. M.; Naso, F.; De Cola, 

L. Blue emitting iridium complexes: synthesis, photophysics and phosphorescent devices. J. Mat. 

Chem. 2006, 16, 1161-1170. 

(14) (a) Dedeian, K.; Djurovich, P. I.; Garces, F. O.; Carlson, G.; Watts, R. J. A New Synthetic 

Route to the Preparation of a Series of Strong Photoreducing Agents: fac Tris-Ortho-Metalated 



 48

Complexes of Iridium(III) with Substituted 2-Phenylpyridines. Inorg. Chem. 1991, 30, 1685-1687. 

(b) Grushin, V. V.; Herron, N.; LeCloux, D. D.; Marshall, W. J.; Petrov, V. A.; Wang, Y. New, 

efficient electroluminescent materials based on organometallic Ir complexes. Chem. Commun. 

2001, 1494-1495. (c) Ostrowski, J. C.; Robinson, M. R.; Heegerb, A. J.; Bazan, G. C. Amorphous 

iridium complexes for electrophosphorescent light emitting devices. Chem. Commun. 2002, 784-

785. (d) Tsuboyama, A.; Iwawaki, H.; Furugori, M.; Mukaide, T.; Kamatani, J.; Igawa, S.; 

Moriyama, T.; Miura, S.; Takiguchi, T.; Okada, S.; Hoshino, M.; Ueno, K. Homoleptic 

Cyclometalated Iridium Complexes with Highly Efficient Red Phosphorescence and Application 

to Organic Light-Emitting Diode. J. Am. Chem. Soc. 2003, 125, 12971-12979. (e) Okada, S.; 

Okinaka, K.; Iwawaki, H.; Furugori, M.; Hashimoto, M.; Mukaide, T.; Kamatani, J.; Igawa, S.; 

Tsuboyama, A.; Takiguchi, T.; Ueno, K. Substituent effects of iridium complexes for highly 

efficient red OLEDs. Dalton Trans. 2005, 1583-1590. (f) Ren, B.-Y.; Guo, R.-D.; Zhong, D.-K.; 

Ou, C.-J.; Xiong, G.; Zhao, X.-H.; Sun, Y.-G.; Jurow, M.; Kang, J.; Zhao, Y.; Li, S.-B.; You, L.-

X.; Wang, L.-W.; Liu, Y.; Huang, W. A Yellow-Emitting Homoleptic Iridium(III) Complex 

Constructed from a Multifunctional Spiro Ligand for Highly Efficient Phosphorescent Organic 

Light-Emitting Diodes. Inorg. Chem. 2017, 56, 8397-8407. 

(15) Arroliga-Rocha, S.; Escudero, D. Facial and Meridional Isomers of Tris(bidentate) Ir(III) 

Complexes: Unravelling Their Different Excited State Reactivity. Inorg. Chem. 2018, 57, 12106-

12112. 

(16) (a) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.; Kwong, R.; Tsyba, I.; 

Bortz, M.; Mui, B.; Bau, R.; Thompson, M. E. Synthesis and Characterization of Phosphorescent 

Cyclometalated Iridium Complexes. Inorg. Chem. 2001, 40, 1704-1711. (b) Huo, S.; Deaton, J. 

C.; Rajeswaran, M.; Lenhart, W. C. Highly Efficient, Selective, and General Method for the 



 49

Preparation of Meridional Homo- and Heteroleptic Tris-cyclometalated Iridium Complexes Inorg. 

Chem. 2006, 45, 3155-3157. (c) Shin, I.-S.; Yoon, S.; Kim, J. I.; Lee, J.-K.; Kim, T. H.; Kim, H. 

Efficient green-colored electrochemiluminescence from cyclometalated iridium(III) complex. 

Electrochim. Acta 2011, 56, 6219-6223. (d) Baranoff, E.; Curchod, B. F. E.; Frey, J.; Scopelliti, 

R.; Kessler, F.; Tavernelli, I.; Rothlisberger, U.; Grätzel, M.; Nazeeruddin, M. K. Acid-Induced 

Degradation of Phosphorescent Dopants for OLEDs and Its Application to the Synthesis of Tris-

heteroleptic Iridium(III) Bis-cyclometalated Complexes. Inorg. Chem. 2012, 51, 215-224. (e) Li, 

L.; Wu, F.; Zhang, S.; Wang, D.; Ding, Y.; Zhu, Z. A heteroleptic cyclometalated iridium(III) 

fluorophenylpyridine complex from partial defluorohydrogenation reaction: synthesis, 

photophysical properties and mechanistic insights. Dalton Trans. 2013, 42, 4539-4543. (f) Kim, 

T.; Kim, H.; Lee, K. M.; Lee, Y. S.; Lee, M. H. Phosphorescence Color Tuning of Cyclometalated 

Iridium Complexes by o‑Carborane Substitution. Inorg. Chem. 2013, 52, 160-168. (g) Liu, C.; Lv, 

X.; Xing, Y.; Qiu, J. Trifluoromethyl-substituted cyclometalated iridiumIII emitters with high 

photostability for continuous oxygen sensing. J. Mater. Chem. C 2015, 3, 8010-8017. (h) Kim, J.; 

Lee, K. H.; Lee, S. J.; Lee, H. W.; Kim, Y. K.; Kim, Y. S.; Yoon, S. S. Red Phosphorescent Bis-

Cyclometalated Iridium Complexes with Fluorine-, Phenyl, and Fluorophenyl-Substituted 2-

Arylquinoline Ligands. Chem. Eur. J. 2016, 22, 4036-4045. (i) Pal, A. K.; Henwood, A. F.; Cordes, 

D. B.; Slawin, A. M. Z.; Samuel, I. D. W.; Zysman-Colman, E. Blue-to-Green Emitting Neutral 

Ir(III) Complexes Bearing Pentafluorosulfanyl Groups: A Combined Experimental and 

Theoretical Study. Inorg. Chem. 2017, 56, 7533-7544. (j) Kim, J.-H.; Kim, S.-Y.; Jang, S.; Yi, S.; 

Cho, D. W.; Son, H.-J.; Kang, S. O. Blue Phosphorescence with High Quantum Efficiency 

Engaging the Trifluoromethylsulfonyl Group to Iridium Phenylpyridine Complexes. Inorg. Chem. 

2019, 58, 16112-16125. (k) Lorenzo-Aparicio, C.; Gómez Gallego, M.; Ramírez de Arellano, C.; 



 50

Sierra, M. A. Phosphorescent Ir(III) complexes derived from purine nucleobases Dalton Trans. 

2022, 51, 5138-5150. 

(17) (a) Lepeltier, M.; Dumur, F.; Graff, B.; Xiao, P.; Gigmes, D.; Lalevée, J.; Mayer, C. R.  

Tris-cyclometalated Iridium(III) Complexes with Three Different Ligands: a New Example with 

2-(2,4-Difluorophenyl)pyridine-Based Complex. Helv. Chim. Acta 2014, 97, 939-956. (b) Cudré, 

Y.; de Carvalho, F. F.; Burgess, G. R.; Male, L.; Pope, S. J. A.; Tavernelli, I.; Baranoff, E. Tris-

heteroleptic Iridium Complexes Based on Cyclometalated Ligands with Different Cores. Inorg. 

Chem. 2017, 56, 11565-11576. (c) Tamura, Y.; Hisamatsu, Y.; Kumar, S.; Itoh, T.; Sato, K.; 

Kuroda, R.; Aoki, S. Efficient Synthesis of Tris-Heteroleptic Iridium(III) Complexes Based on the 

Zn2+-Promoted Degradation of Tris-Cyclometalated Iridium(III) Complexes and Their 

Photophysical Properties. Inorg. Chem. 2017, 56, 812-833. (d) Tamura, Y.; Hisamatsu, Y.; 

Kazama, A.; Yoza, K.; Sato, K.; Kuroda, R.; Aoki, S. Stereospecific Synthesis of Tris-heteroleptic 

Tris-cyclometalated Iridium(III) Complexes via Different Heteroleptic Halogen-Bridged 

Iridium(III) Dimers and Their Photophysical Properties. Inorg. Chem. 2018, 57, 4571-4589. (e) 

Dang, W.; Yang, X.; Feng, Z.; Sun, Y.; Zhong, D.; Zhou, G.; Wu, Z.; Wong, W.-Y. Asymmetric 

tris-heteroleptic iridium(III) complexes containing three different 2-phenylpyridine-type ligands: 

a new strategy for improving the electroluminescence ability of phosphorescent emitters. J. Mater. 

Chem. C 2018, 6, 9453-9464. (f) Adamovich, V.; Bajo, S.; Boudreault, P.-L. T.; Esteruelas, M. 

A.; López, A. M.; Martín, J.; Oliván, M.; Oñate, E.; Palacios, A. U.; San-Torcuato, A.; Tsai, J.-Y.; 

Xia, C. Preparation of Tris-Heteroleptic Iridium(III) Complexes Containing a Cyclometalated 

Aryl-N-Heterocyclic Carbene Ligand. Inorg. Chem. 2018, 57, 10744-10760. (g) Boudreault, P.-L. 

T.; Esteruelas, M. A.; Mora, E.; Oñate, E.; Tsai, J.-Y. Suzuki-Miyaura Cross-Coupling Reactions 



 51

for Increasing the Efficiency of Tris-Heteroleptic Iridium(III) Emitters. Organometallics 2019, 38, 

2883-2887. 

(18) Boudreault, P.-L. T.; Esteruelas, M. A.; Mora, E.; Oñate, E.; Tsai, J.-Y. Bromination and 

C-C Cross-Coupling Reactions for the C-H Functionalization of Iridium(III) Emitters. 

Organometallics 2021, 40, 3211-3222. 

(19) McDonald, A. R.; Lutz, M.; von Chrzanowski, L. S.; van Klink, G. P. M.; Spek, A. L.; van 

Koten, G. Probing the mer- to fac-Isomerization of Tris-Cyclometallated Homo and Heteroleptic 

(C,N)3 Iridium(III) Complexes. Inorg. Chem. 2008, 47, 6681-6691. 

(20) (a) Baranoff, E.; Curchod, B. F. E. FIrpic: archetypal blue phosphorescent emitter for 

Electroluminescence. Dalton Trans. 2015, 44, 8318-8329. (b) Wei, W.; Lima, S. A. M.; Djurovich, 

P. I.; Bossi, A.; Whited, M. T.; Thompson, M. E. Synthesis and characterization of phosphorescent 

isomeric iridium complexes with a rigid cyclometalating ligand. Polyhedron 2018, 140, 138-145. 

(21) Adamovich, V.; Benítez, M.; Boudreault, P. L.; Buil, M. L.; Esteruelas, M. A.; Oñate, E.; 

Tsai, J.-Y. Alkynyl Ligands as Building Blocks for the Preparation of Phosphorescent Iridium(III) 

Emitters: Alternative Synthetic Precursors and Procedures. Inorg. Chem. 2022, 61, 9019-9033. 

(22) Benítez, M.; Buil, M. L.; Esteruelas, M. A.; Izquierdo, S.; Oñate, E.; Tsai, J.-Y. Acetylides 

for the Preparation of Phosphorescent Iridium(III) Complexes: Iridaoxazoles and Their 

Transformation into Hydroxycarbenes and N,C(sp3),C(sp2),O-Tetradentate Ligands. Inorg. Chem. 

2022, 61, 19597-19611. 

(23) Esteruelas, M. A.; López, A. M.; Oliván, M. Polyhydrides of Platinum Group Metals: 

Nonclassical Interactions and σ‑Bond Activation Reactions. Chem. Rev. 2016, 116, 8770-8847. 

(24) Babón, J. C.; Esteruelas, M. A.; López, A. M. Homogeneous catalysis with polyhydride 

complexes. Chem. Soc. Rev. 2022, 51, 9717-9758. 



 52

(25) Buil, M. L.; Esteruelas, M. A.; López, A. M. Recent Advances in Synthesis of Molecular 

Heteroleptic Osmium and Iridium Phosphorescent Emitters. Eur. J. Inorg. Chem. 2021, 4731-

4761. 

(26) (a) Clerici, M. G.; Di Gioacchino, S.; Maspero, F.; Perrotti, E.; Zanobi, A. Activation of the 

C-H bond. Pentahydrido bis(tertiary-phosphine)iridium and related complexes as homogeneous 

catalysts for hydrogen transfer involving monoolefins. J. Organomet. Chem. 1975, 84, 379-388. 

(b) Werner, H.; Höhn, A.; Schulz, M. Vinylidene transition-metal complexes. Part 13. The 

reactivity of [IrH5(PPri
3)2] and [IrH2Cl(PPri

3)2] toward Alk-1-ynes: synthesis of four-, five- and 

six-co-ordinate iridium complexes containing alkynyl, vinyl and vinylidene ligands. J. Chem. Soc., 

Dalton Trans. 1991, 777-781. (c) Landau, S. E.; Groh, K. E.; Lough, A. J.; Morris, R. H. Large 

Effects of Ion Pairing and Protonic-Hydridic Bonding on the Stereochemistry and Basicity of 

Crown-, Azacrown-, and Cryptand-222-potassium Salts of Anionic Tetrahydride Complexes of 

Iridium(III). Inorg. Chem. 2002, 41, 2995-3007. 

(27) Werner, H.; Schulz, M.; Esteruelas, M. A.; Oro, L. A. IrCl2H(PiPr3)2 as catalyst precursor 

for the reduction of unsaturated substrates. J. Organomet. Chem. 1993, 445, 261-265. 

(28) (a) Benavent, L.; Boudreault, P.-L. T.; Esteruelas, M. A.; López, A. M.; Oñate, E.; Tsai, J.-

Y. Phosphorescent Iridium(III) Complexes with a Dianionic C,C’,N,N’-Tetradentate Ligand. 

Inorg. Chem. 2020, 59, 12286-12294. (b) Adamovich, V.; Benavent, L.; Boudreault, P.-L. T.; 

Esteruelas, M. A.; López, A. M.; Oñate, E.; Tsai, J.-Y. Pseudo-Tris(heteroleptic) Red 

Phosphorescent Iridium(III) Complexes Bearing a Dianionic C,N,C’,N’‑Tetradentate Ligand. 

Inorg. Chem. 2021, 60, 11347-11363. (c) Adamovich, V.; Benavent, L.; Boudreault, P.-L. T.; 

Esteruelas, M. A.; López, A. M.; Oñate, E.; Tsai, J.-Y. Ligand Design and Preparation, 

Photophysical Properties, and Device Performance of an Encapsulated-Type Pseudo-



 53

Tris(heteroleptic) Iridium(III) Emitter. Inorg. Chem. 2023, 62, 3847-3859. (d) Benavent, L.; 

Boudreault, P.-L. T.; Esteruelas, M. A.; López, A. M.; Oñate, E.; Tsai, J.-Y. Encapsulated-Type 

Iridium(III) Phosphorescent Emitters with a Hexadentate Ligand of Three Different Bidentate 

Units. Organometallics 2023, 42, 871-875. 

(29) Barrio, P.; Esteruelas, M. A.; Lledós, A.; Oñate, E.; Tomàs, J. Influence of the Cis Ligand 

on the H-H Separation and the Rotation Barrier of the Dihydrogen in Osmium-Elongated 

Dihydrogen Complexes Containing an Ortho-Metalated Ketone. Organometallics 2004, 23, 3008-

3015. 

(30) (a) Bryndza, H. E.; Tam, W. Monomeric Metal Hydroxides, Alkoxides, and Amides of the 

Late Transition Metals: Synthesis, Reactions, and Thermochemistry. Chem. Rev. 1988, 88, 1163-

1188. (b) Gilje, J. W.; Roesky, H. W. Structurally Characterized Organometallic Hydroxo 

Complexes of the f- and d-Block Metals. Chem. Rev. 1994, 94, 895-910. (c) Fulton, J. R.; Holland, 

A. W.; Fox, D. J.; Bergman, R. G. Formation, Reactivity, and Properties of Nondative Late 

Transition Metal-Oxygen and -Nitrogen Bonds. Acc. Chem. Res. 2002, 35, 44-56. (d) Roesky, H. 

W.; Singh, S.; Yusuff, K. K. M.; Maguire, J. A.; Hosmane, N. S. Organometallic Hydroxides of 

Transition Elements. Chem. Rev. 2006, 106, 3813-3843. (e) Nelson, D. J.; Nolan, S. P. Hydroxide 

complexes of the late transition metals: Organometallic chemistry and catalysis. Coord. Chem. 

Rev. 2017, 353, 278-294. 

(31) Esteruelas, M. A.; López, A. M.; Oñate, E.; San-Torcuato, A.; Tsai, J.-Y.; Xia, C. 

Preparation of Phosphorescent Iridium(III) Complexes with a Dianionic C,C,C,C-Tetradentate 

Ligand. Inorg. Chem. 2018, 57, 3720-3730. 



 54

(32) Maity, A.; Anderson, B. L.; Deligonul, N.; Gray, T. G. Room-temperature synthesis of 

cyclometalated iridium(III) complexes: kinetic isomers and reactive functionalities. Chem. Sci. 

2013, 4, 1175-1181. 

(33) (a) Oro, L. A.; Carmona, D.; Esteruelas, M. A.; Foces-Foces, C.; Cano, F. H. Synthesis and 

crystal structure of [Ir(acac-C3)(COD)(phen)]. J. Organomet. Chem. 1983, 258, 357-366. (b) 

Periana, R. A.; Liu, X. Y.; Bhalla, G. Novel bis-acac-O,O–Ir(III) catalyst for anti-Markovnikov, 

hydroarylation of olefins operates by arene CH activation. Chem. Commun. 2002, 3000-3001. (c) 

De Pascali, S. A.; Papadia, P.; Ciccarese, A.; Pacifico, C.; Fanizzi, F. P. First Examples of β-

Diketonate Platinum(II) Complexes with Sulfoxide Ligands. Eur. J. Inorg. Chem. 2005, 788-796. 

(d) Eppel, D.; Eryigit, A.; Rudolph, M.; Brückner, M.; Rominger, F.; Asiri, A. M.; Hashmi, A. S. 

K. Mechanochemical Gold(III)-Carbon Bond Formation. Angew. Chem. Int. Ed. 2021, 60, 13636-

13640. 

(34) Simpson, R. D.; Marshall, W. J.; Farischon, A. A.; Roe, D. C.; Grushin, V. V. Anionic 

Iridium Monohydrides. Inorg. Chem. 1999, 38, 4171-4173. 

  



 55

For Table of Contents Only: 

 

SYNOPSIS  

Two complementary procedures have been discovered to prepare cis-pyridyl-iridium(III) emitters 

of the class [3b+3b+3b’], with two orthometalated ligands of the 2-phenylpyridine type (3b) and 

a third ligand (3b’). These methods provide the entry to complexes with 3b’ being C,N-, N,O-, or 

O,O-ligands. The comparison of their photophysical properties with those of the usual trans-

pyridyl counterparts is provided. 


