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Abstract: Molecular phosphorescent heteroleptic bis-tridentate 

iridium(III) emitters have been prepared via η1-arene intermediates. 

In the presence of 4.0 mol of AgOTf, complex [{IrCl[κ3-N,C,N-

(pyC6HMe2py)]}(μ-Cl)]2 (1; pyC6H2Me2py = 1,3-di(2-pyridyl)-4,6-

dimethylbenzene) reacts with 9-(6-phenylpyridin-2-yl)-9H-carbazole 

(PhpyCzH) and 2-phenoxy-6-phenylpyridine (PhpyOPh) to give 

[Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyCzH)}]OTf (2) and 

[Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyOPh)}]OTf (3). The X-

ray diffraction structures of 2 and 3 reveal that the carbazolyl and 

phenoxy substituents of the C,N,C’ ligand coordinate to the metal 

center to form an η1-arene π-bond. Treatment of 2 and 3 with KOtBu 

produces the deprotonation of the coordinated carbon atom of the 

η1-arene group to afford the molecular phosphorescent [5t+4t’]-

heteroleptic iridium(III) complexes Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-

C,N,C’-(C6H4pyCz)} (4) and Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-

(C6H4pyOC6H4)} (5). They are green emitters, which display short 

lifetimes and high quantum yields of 0.73 (4) and 0.87 (5) in the solid 

state. 

Introduction 

Metal-arene binding is a topic of general interest in chemistry. 
Among the found interactions, the η1-coordination is one of the 
least common forms.[1] η1-Arene complexes are grouped into two 
extreme classes: σ- and π-complexes,[2] although a continuous 
transition between both types of species is observed.[3] These 
groups are established by means of differences in structural 
features, mainly through the α and β angles (Chart 1). σ-
Complexes display similar α and β angles, which are close to 
55º as a result of a significant rehybridization of the coordinated 
carbon from sp2 to sp3. Hard cations favor this class of 
compounds.[4] In contrast, softer ions form π-complexes, which 
are characterized by a β angle close to 90º, an α angle close to 
0º, and largely unperturbed arene rings from both structural and 
spectroscopic points of view.[5] The rehybridization of the 
coordinated atom in σ-complexes results in a positive charge in 

the aromatic ring, which activates towards nucleophilic attack. 
The coordination effect on the reactivity of the arene has been 
scarcely studied in π-complexes and nothing is known about the 
behavior of these species in the presence of nucleophiles or 
bases. 

 

Chart 1. Types of η1-coordinated arene complexes showing the angles 
between the arene plane and the ipso-substituent (α) and metal (β), 
respectively. 

Carbazole is an aromatic heterocyclic moiety, consisting of 
two benzene rings fused on either side of a five-membered 
nitrogen-containing ring. Carbazole derivatives display good 
hole-transporting ability and possess large triplet energy. As a 
consequence of that, they are widely used as host materials in 
the preparation of phosphorescent organic light-emitting diodes 
(PHOLEDs).[6] In addition, hole-transporting carbazole groups 
have been introduced into the core of a ligand coordinated to the 
phosphorescent transition metal emitter, in order to reduce the 
energy barrier height for the hole injection and to decrease the 
triplet-triplet annihilation. Four approaches have been 
developed: (i) direct use of carbazole as amide ligands to form 
homoleptic low coordinate transition metal complexes;[7] (ii) 
carbazolide groups used as central anionic linker in CNC-,[8] 
PNP-,[9] and NNN-pincer based[10] on bis(NHC), bis(phosphine), 
and bis(imino) ligands; (iii) chelate-supported metalated 
carbazole groups forming five-[11] and six- membered[12] 
heterometallarings; and (iv) carbazole groups used as peripheral 
arylamine substituents of coordinated bidentate ligands in 
homoleptic and heteroleptic complexes.[13] However, as far as 
we know, complexes containing a carbazole group coordinated 
as η1-arene are unprecedented. 

There is a growing interest in phosphorescent iridium(III) 
complexes because it appears to be possible to design 
heteroleptic species with bespoke excited-state properties, 
according to the requirements of a given application.[14] Some 
salts have been employed in light-emitting electrochemical cells 
(LECs)[15] and for OLED applications.[16] However, neutral 
compounds seem to be better emitters for device fabrication.[17] 
Thus, molecular iridium(III) derivatives are awaking more 
interest than iridium(III) salts. Most studies have focused on 
complexes containing two or three bidentate ligands.[18] 
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Complexes with tridentate ligands have received less attention, 
although they can be also tailored to express specific 
luminescent properties and they further generate less ligands 
redistribution issues. The stabilization of neutral heteroleptic 
iridium(III) complexes of this class implies the coordination of 
both a formal monoanionic tridentate ligand and a formal 
dianionic tridentate group. The four heterometallacyces formed 
in the resulting [5t+4t’][19] complexes are usually five-
membered.[20] Recently, Wu, Fox, Chi, and co-workers have 
reported complexes with one six-membered 
heterometallacycle.[17g] 

In the search for new molecular heteroleptic emitters of 
iridium(III), we decided to replace one of the phenyl substituents 
of 2,6-diphenylpyridine by carbazol-9-yl and phenoxy groups 
(Chart 2), in order to prepare [5t+4t’] complexes with one six-
membered heterometallaring in their structure. 9-(6-
Phenylpyridin-2-yl)-9H-carbazole (PhpyCzH) was prepared by 
Kim, Yoon, and coworkers in 2011,[21] although its reactivity with 
metals has not been studied, whereas 2-phenoxy-6-
phenylpyridine (PhpyOPh) was described by Luo, Hu, and 
coworkers in 2013[22] and it has proved to favor nonclassical 
interactions in the chemistry of transition metal polyhydrides.[23] 
During the preparation of the target compounds, we have 
discovered novel η1-arene intermediates involving the carbazolyl 
and phenoxy substituents of the pyridines. This paper reports 
the characterization of these intermediates, demonstrates that 
the coordination of the carbon atom to the metal cation produces 
an electrophilicity transfer from the metal to the Ir-CH hydrogen 
atom, and describes the photophysical properties of novel 
[5t+4t’] iridium complexes. 

 

Chart 2. Tridentate ligands (4t’) used in this study. 

Results and Discussion 

η1-Arene intermediates 

Williams and co-workers have previously reported that the 
iridium(III) dimer [{IrCl[κ3-N,C,N-(pyC6HMe2py)]}(μ-Cl)]2 (1; 
pyC6H2Me2py = 1,3-di(2-pyridyl)-4,6-dimethylbenzene) reacts 
with 2,6-diphenylpyridine, in the presence of silver 
trifluoromethanesulfonate (AgOTf), using molten 2,6-
diphenylpyridine itself as the reaction solvent, to give the [5t+4t’] 
derivative Ir[κ3-N,C,N-(pyC6HMe2py)][κ3-C,N,C-(C6H4pyC6H4)]. 
This compound is the result of the extraction of the chloride 
ligands of 1 and the ortho-CH activation of both substituents of 
the pyridine. It is obtained in moderate yield, about 40%, after 
chromatographic purification.[20a,b] 

The formation of five-membered heterometallacycles 
certainly favors the C−H bond activation processes. Thus, in 
contrast to the phenyl substituents of 2,6-diphenylpyridine, the 
carbazole group of PhpyCzH and the phenoxy substituent of 
PhpyOPh do not undergo any C−H bond activation reaction 
under the same conditions. Thus, in the presence of 4.0 mol of 
AgOTf, the reaction of 1 with both pyridines, using the molten 
pyridine itself as the reaction solvent, lead to the salts [Ir{κ3-
N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyCzH)}]OTf (2) and 
[Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyOPh)}]OTf (3), 
respectively, which were isolated as yellow solids in excellent 
yields of 89 and 87% (Scheme 1) and characterized by X-ray 
diffraction analysis. 

 

Scheme 1. Formation of η1-arene complexes 2 and 3. 

The structure of 2 has two cations and two anions chemically 
equivalent but crystallographically independent in the 
asymmetric unit. Figure 1 shows a drawing of one of the cations. 
The abstraction of the chloride ligands of 1 generates three 
unoccupied coordination positions at the metal center, which 
allows the coordination of the phenyl and carbazole substituents 
of the pyridine. The coordination of the phenyl group facilitates 
the heterolytic cleavage of one of its ortho-CH bonds by using 
other PhpyCzH molecule as external base;[24] the leading force 
for this activation appears to be the stability of the formed five-
membered heterometallacycle (N1−Ir1−C1 = 80.1(7) and 
78.8(7)º), which has no counterpart with any C−H bond 
activation reaction on the carbazole group. As a consequence, 
the structural integrity of the carbazole substituent is maintained 
after the coordination. The carbazole binds the metal center 
through its C1 atom (C13 in Figure 1) to form an η1-arene π-
complex, which displays Ir1−C13 bond lengths of 2.47(2) and 
2.41(2) Å whereas the separations between the iridium center 
and the hydrogen atom bonded to C13 (H13) of 2.468 and 2.411 
Å are significantly longer than those expected for an agostic 
interaction (1.8−2.2 Å).[25] In agreement with this, the 
Ir−H13−C13 angles of 77 and 82º, which compare well with 
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those found by Berman and Tilley for a series of η1-arene-
rhodium(III) complexes with bis(oxazoline)-4,6-dimethylbenzene 
ligands (74−78º),[5f] are more acute than the expected ones for 
an agostic interaction (90−130º).[25,26] The π-nature of the η1-
arene bond is strongly supported by the β and α angles, which 
exhibit values of 73.5 and 1º for one of the cations and 79.5 and 
5.6º for the other one. In agreement with the η1-coordination, the 
separation between the metal center and the adjacent carbons 
to the coordinated atom, C12 and C14, of 2.85(2) and 2.90(2) 
and 3.00(2) and 2.95(2), respectively for 2 and 2.920(4) and 
2.782(4), respectively, for 3 are between 0.3 and 0.6 Å longer 
than the Ir–C13 bond lengths; consequently, the parameters ρ1 
and ρ2 of 1.15 and 1.20 and 1.21 and 1.22 for 2 and 1.20 and 
1.14 for 3, calculated according to equations 1 and 2,[1] are 
similar and higher than 1. The metal center, the coordinated 
carbazole substituent, and the disubstituted pyridyl group form a 
six-membered heterometallaring with C13−Ir1−N1 angles of 
82.9(7) and 82.7(7)º. The polyhedron around the iridium atom, 
resulting from the coordination of the N,C,N- and C,N,C’-pincer 
ligands, can be rationalized as a distorted octahedron with 
C−Ir−C’, N−Ir−C, and N−Ir−N angles of 158.5(7) and 158.9(7)º 
(C1−Ir1−C13), 174.3(7) and 173.1(7)º (N1−Ir1−C30), and 
161.9(7) and 160.1(6)º (N3−Ir1−N4), respectively. 

C1

N1

N2 C13

H13

C22

N3

C30
N4

Ir1

C14C14C12

 

Figure 1. ORTEP diagram of one of the two independent cations of 2 in the 
asymmetric unit (50% probability ellipsoids). Hydrogen atoms (except H13) are 
omitted for clarity. Selected bond lengths (Å) and angles (deg) for both 
cations: Ir1–C1 = 2.002(18), 1.99(2), Ir1–C13 = 2.47(2), 2.41(2), Ir1–C30 = 
1.941(16), 1.934(19), Ir1–N1 = 2.155(16), 2.195(17), Ir1–N3 = 2.036(14), 
2.042(14), Ir1–N4 = 2.066(14), 2.045(15), Ir1···H13 = 2.468, 2.411; C1–Ir1–
C13 = 158.5(7), 158.9(7), N1–Ir1–C13 = 82.9(7), 82.7(7), N1–Ir1–C1 = 80.1(7), 
78.8(7), N3–Ir1–N4 = 161.9(7), 160.1(6), C30–Ir1–N3 = 79.7(7), 81.1(8), C30–
Ir1–N4 = 82.2(6), 79.0(8), C30–Ir1–N1 = 174.3(7), 173.1(7). 

ρ1 = Ir–C12 / Ir–C13    (1) 
ρ2 = Ir–C14 / Ir–C13     (2) 

 
The 13C{1H} and 1H NMR spectra of the salt, in 

[D2]dichloromethane, at room temperature suggest that the η1- 
arene bond is kept in solution, although the iridium center is 

involved in a dynamic position exchange process between the 
C13 and C22 carbon atoms of the carbazole. Thus, the 13C{1H} 
spectrum shows a relatively high field resonance[27] at δ 97.9, 
which appear as a broad singlet, for the inequivalent C13 and 
C22 atoms, whereas the 1H NMR spectrum also contains only 
one signal at δ 7.58 for the H13 and H22 atoms bonded to C13 
and C22, respectively. Singlets at δ 177.1 and 133.3 for the aryl 
metalated carbon atoms C30 and C1, respectively, in the 13C{1H} 
NMR spectrum are also characteristic spectroscopic features of 
the cation of 2. 

Figure 2 shows a view of the cation of 3. The structure 
demonstrates that it is a phenoxy counterpart of 2. The 
disubstituted pyridine undergoes the ortho-CH bond activation of 
the phenyl substituent and the η1-arene coordination of one of 
the ortho carbon atoms of the phenoxy substituent. As a result, 
the coordination polyhedron around the iridium atom can be 
rationalized as that of 2 with the phenoxy group in the position of 
the carbazole and C−Ir−C’, N−Ir−C, and N−Ir−N angles of 
158.56(14)º (C1−Ir−C13), 170.25(14)º (N1−Ir−C30), and 
160.94(12)º (N2−Ir−N3), respectively. The Ir−C13 bond length of 
2.437(4) Å compares well with that found in the carbazole 
derivative, whereas the separation between the metal center 
and the hydrogen atom bonded to C13 (H13) of 2.779 Å is even 
0.3 Å longer. In this case, the β and α angles exhibit values of 
83.5 and 18.1º, respectively. The 13C{1H} and 1H NMR spectra of 
this salt, in [D2]dichloromethane, are consistent with the π-
coordination of C13 to the iridium atom, which, even at 233 K, 
moves fast between the two ortho carbon atoms of the phenoxy 
group (C13 and C17). Thus, the 13C{1H} NMR spectrum shows a 
signal at δ 121.7 for both inequivalent carbon atoms, whereas 
the resonances corresponding to the metalated aryl carbons C1 
and C30 appear at δ 137.5 and 177.4, respectively. In 
agreement with the 13C{1H} 1H NMR spectrum, the 1H NMR 
spectrum displays only one resonance at δ 7.34 for the 
inequivalent ortho hydrogen atoms of the phenoxy group, H13 
and H17. 

C1

N3
N2
C30

N1

O1

C13
H13

Ir

C17

C14
C12

 

Figure 2. ORTEP diagram of the cation of 3 (50% probability ellipsoids). 
Hydrogen atoms (except H13) are omitted for clarity. Selected bond lengths 
(Å) and angles (deg): Ir–C1 = 2.003(4), Ir–C13 = 2.437(4), Ir–C30 = 1.947(4), 
Ir–N1 = 2.211(3), Ir–N2 = 2.038(3), Ir–N3 = 2.060(3), Ir···H13 = 2.779; C1–Ir–
C13 = 158.56(14), N1–Ir–C13 = 80.92(13), N1–Ir–C1 = 79.75(13), N2–Ir–N3 = 
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160.94(12), C30–Ir–N2 = 80.45(13), C30–Ir–N3 = 80.54(13), C30–Ir–N1 = 
170.25(14). 

Deprotonation of the hydrogen atom bonded to the 

coordinated carbon atom: formation of [5t+4t’] complexes 

bearing a six-membered heterometallacycle 

The π-coordination of the metal center to the C(13) carbon atom 
of the carbazolyl and phenoxy groups of 2 and 3 does not 
appear to disturb the aromaticity of the coordinated cycle, which 
display similar C–C bond lengths and angles along the ring. 
However, it enhances the acidity of the H13 hydrogen atom, as 
a result of an electrophilicity transfer from the metal cation to the 
C13–H13 bond. Thus, at room temperature, the addition of 4.0 
equiv of potassium tert-butoxide (KOtBu) to tetrahydrofuran 
solutions of 2 and 3 produces the deprotonation of the 
coordinated carbon atom and the formation of the [5t+4t’] 
complexes Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyCz)} (4) 
and Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyOC6H4)} (5), 
respectively, according to Scheme 2. The reactions are 
reversible. The addition of HOTf to dichloromethane solutions of 
4 and 5 regenerates the salts 2 and 3. 

 

Scheme 2. Formation of neutral [5t+4t´] complexes 4 and 5. 

The formation of the new [5t+4t´] complexes is strongly 
supported by the X-ray diffraction structure of 5 (Figure 3), which 
proves the deprotonation of the coordinated carbon atom C13 of 
3 and the formation a new dianionic C,N,C’-pincer ligand (4t’). 
The deprotonation generates a strong iridium-aryl bond with an 
Ir–C13 bond length of 2.095(4) Å, which is statistically identical 
to the Ir–C1 distance of 2.078(4) Å and about 0.2 Å longer than 
the Ir–C30 bond length of 1.918(4) Å. The coordination of the 
resulting C,N,C’-pincer ligand gives rise to a five-membered 
heterometallaring with a N1–Ir–C1 angle of 79.13(14)º, which is 
similar to that of 3 (79.75(13)), and a six-membered 

heterometallacycle with a N1–Ir–C13 angle of 88.56(14)º, which 
is very close to the ideal value of 90º for an iridium(III) complex. 
The generated coordination polyhedron around the iridium atom 
can be described as the expected distorted octahedron with C–
Ir–C’, N–Ir–C, and N–Ir–N angles of 166.92(16)º (C1–Ir–C13), 
176.13(14) (N1–Ir–C30), and 161.13(13) (N2–Ir–N3), 
respectively. 

N1

N2

N3
C30

C1

Ir

C13
O1

 

Figure 3. ORTEP diagram of 5 (50% probability ellipsoids). Hydrogen atoms 
are omitted for clarity. Selected bond lengths (Å) and angles (deg): Ir–C1 = 
2.078(4), Ir–C13 = 2.095(4), Ir–C30 = 1.918(4), Ir–N1 = 2.145(3), Ir–N2 = 
2.043(3), Ir–N3 = 2.044(3); C1–Ir–C13 = 166.92(16), N1–Ir–C13 = 88.56(14), 
N1–Ir–C1 = 79.13(14), N2–Ir–N3 = 161.13(13), C30–Ir–N2 = 80.42(15), C30–
Ir–N3 = 80.71(15), C30–Ir–N1 = 176.13(14). 

The 13C{1H} and 1H NMR spectra of 4 and 5, in 
[D2]dichloromethane, at room temperature, are consistent with 
the structure shown in Figure 3. The resonances corresponding 
to the metalated carbon atoms appear at δ 189.6 (C6HMe2), 
171.9 (C6H4), and 141.1 (Cz) for 4 and at δ 191.0 (C6HMe2), 
170.4 (C6H4), and 138.1 (OC6H4) for 5. 

Photophysical Properties of Complexes 4 and 5 

UV/vis absorption data of 2.5 x 10-5 M 2-methyltetrahydrofuran 
solutions of the molecular complexes 4 and 5, at room 
temperature, are collected in Table 1. The spectra of both 
complexes are similar (Figures S13 and S14 in the Supporting 
Information), showing three different zones: < 300, 300–440, 
and >440 nm. Time-dependent DFT calculations (B3LYP-
GD3//SDD(f)/6-31G**), computed in tetrahydrofuran, indicate 
that the more intense absorptions at the highest energy region 
correspond mainly to 1π–π* interligand and intraligand 
transitions. The bands in the zone of moderate energy 
correspond to allowed spin metal-to-ligand charge transfer 
(1MLCT) mixed with ligand-centered transitions. Thus, the 
absorptions at 440 nm for 4 and 432 nm for 5 are caused by a 
HOMO → LUMO transition. The HOMO is located at the metal  
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Table 1. Selected experimental UV-Vis absorptions of 4 and 5 (in 2-Me THF) and computed TD-DFT (in THF) vertical excitation energies and their 
major contributions.  

Complex λexp (nm) ε (M-1·cm-1) 
Excitation 

energy (nm) 

Oscillator 

strength (f) 
Transition 

Contribution 

(%) 

4 278 41920 278 0.1005 HOMO-3 → LUMO+4  64 

 318 18640 317 0.1346 HOMO-2 → LUMO+3  84 

 374 9040 374 0.0826 HOMO-2 → LUMO  85 

 440 3960 440 0.0839 HOMO → LUMO  92 

 502 1320     

5 300 14600 300 0.1503 HOMO-4 → LUMO+2  59 

     HOMO-5 → LUMO  16 

 344 6240 343 1.1055 HOMO-2 → L+1  75 

     HOMO → L+3 12 

 432 3240 432 0.1208 HOMO → LUMO  92 

  496  1200         

 
 

and both ligands (32% Ir + 27% N,C,N + 41% C,N,C’ for 4 and 
36% Ir + 44% N,C,N + 20% C,N,C’ for 5), while the LUMO is 
mainly centered on the pincer N,C,N ligand (88% for 4 and 92% 
for 5). The weak absorption tails after 440 nm are usually 
assigned to formally spin-forbidden 3MLCT transitions, caused 
by the large spin-orbit coupling introduced by the iridium 
center.[28] 

Complexes 4 and 5, are green emissive after photoexcitation 
in the solid state at room temperature and in 2-
methyltethahydrofuran at room temperature and at 77 K, 
displaying bands centered between 515 and 555 nm. Figure 4 
depicts the emission spectra whereas Table 2 summarizes 
calculated and experimental wavelengths, lifetimes, and 
quantum yields. The emissions can be attributed to T1 excited 
stated states originated by HOMO → LUMO charge transfer 
transitions. In accordance with this, good agreement is observed 
between the experimental wavelengths and those calculated by 
estimating the difference in energy between the optimized triplet 
state T1 and the singlet state S0, in tetrahydrofuran. The lifetimes 
lie in the range of 1–10 μs, whereas the quantum yields, 
measured in the solid state in a doped poly(methylmethacrylate) 
(PMMA) film at 5 wt %, are 0.73 for 4 and 0.87 for 5. The 
spectra in 2-methyltetrahydrofuran at 77 K shows that the 
emission is split into two bands, under these conditions. This is 
consistent with a change of the dominant character of the 
excited state from MLCT to ligand centered π–π*.[29] 

Conclusions 

This study has revealed that the replacement of a phenyl 
substituent of 2,6-diphenyl pyridine by a carbazol-9-yl or 
phenoxy group gives rise to disubstituted pyridines, which are 
useful to form dianionic C,N,C’-pincer ligands by means of the 
heterolytic C–H bond activation of both substituents of the 
pyridine. The cleavage of the C–H bond of the carbazolyl and 
phenoxy groups takes place through an η1-arene coordination of 
these substituents and affords a six-membered 
heterometallacycle with a N−Ir−C’ angle close to 90º. This ability 

of the pyridines 9-(6-phenylpyridin-2-yl)-9H-carbazole and 2-
phenoxy-6-phenylpyridine allows to prepare novel molecular 
phosphorescent [5t+4t’]-heteroleptic iridium(III) dopants for 
OLEDs with one six-membered heterometallacyle in their 
structure. They are green emitters, which display short lifetimes 
and high quantum yields. 

 
Table 2. Photophysical data of complexes 4 and 5 

Complex 
Calcd 

λem
[a]

 (nm) 

Media 

(T/K) 

λem 

(nm) 

λexc 

(nm) 

τ
[b]

 

(μs) 
Φ

[c]
 

4  
Powder 

(298) 
528 374 2.1 0.73 

 
554 

2-MeTHF 

(298) 
555 378 2.0 

 

  2-MeTHF 

(77) 

515, 

548 
379 10.1 

 

5  
Powder 

(298) 
524 422 1.3 0.87 

 550 
2-MeTHF 

(298) 
539 420 7.7  

  
2-MeTHF 

(77) 

516, 

545 
416 5.9  

[a] In THF. [b] Measurements at λmax. [c] Measurements in doped PMMA films 
at 5 wt %. 
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Figure 4. Emission spectra in neat solid powders at 298 K (a), in 2-MeTHF at 
298 K (b), and in 2-MeTHF at 77 K (c) for complexes 4 and 5. 

Experimental Section 

General Information. All reactions were carried out with rigorous 
exclusion of air using Schlenk-tube techniques. Solvents (except THF, 2-
MeTHF, and MeOH which were dried and distilled under argon) were 
obtained oxygen- and water-free from an MBraun solvent purification 
apparatus. 1H and 13C{1H} NMR spectra were recorded on Bruker 
Avance 400 MHz instrument. Chemical shifts (expressed in parts per 
million) are referenced to residual solvent peaks. Coupling constants J 
are given in hertz. C, H, and N analyses were carried out in a Perkin-
Elmer 2400 CHNS/O analyzer. High-resolution electrospray mass 
spectra were acquired using a MicroTOF-Q hybrid quadrupole time-of-
flight spectrometer (Bruker Daltonics, Bremen, Germany). UV-visible 
spectra were registered on an Evolution 600 spectrophotomer. Steady-
state photoluminescence spectra were recorded on a Jobin-Yvon Horiba 
Fluorolog FL-3-11 spectrofluorimeter. Lifetimes were measured using an 
IBH 5000F coaxial nanosecond flash lamp. Quantum yields were 
measured using the Hamamatsu Absolute PL Quantum Yield 
Measurement System C11347-11. 9-(6-Phenylpyridin-2-yl)-9H-
carbazole,[21] 2-phenoxy-6-phenylpyridine,[22] and [{IrCl[κ3-N,C,N-
(pyC6HMe2py)]}(μ-Cl)]2 (1)[20a,b] were prepared by the published methods. 

Preparation of [Ir{κ3-N,C,N-(pyC6HMe2py)][κ3-C,N,C’-
(C6H4pyCzH)}]OTf (2). 

 
Complex 1 (100 mg, 0.096 mmol), AgOTf (99 mg, 0.384 mmol), and 9-(6-
phenylpyridin-2-yl)-9H-carbazole (892 mg, 2.784 mmol) were heated at 
110 ºC with stirring in a Schlenk flask equipped with a Teflon stopcock, 
for 24 h, in the darkness. After cooling to room temperature, the product 
was extracted with ethanol (2 x 5 mL). The solution was filtered through 
Celite to remove the silver salts. The resulting solution was concentrated 
and a greenish yellow solid precipitated by addition of diethyl ether (10 
mL). This solid was washed with ether (3 x 8 mL) to remove the excess 
of 9-(6-phenylpyridin-2-yl)-9H-carbazole. Yield: 157 mg (89 %). 
Elemental analysis calcd (%) for C42H30F3IrN4O3S: C, 54.83; H, 3.29; N, 
6.09; S 3.49; found: C, 54.43; H, 3.50; N, 5.80; S, 3.49. HRMS 
(electrospray, m/z): calcd for C41H30IrN4 [M

+]: 771.2097; found: 771.2217. 
1H NMR (400 MHz, CD2Cl2, 298 K): δ= 8.55 (dd, H, 3JH-H = 3JH-H = 8.0, H4 
py), 8.20 (m, 2H, H3 + H5 py), 8.01 (d, 2H, 3JH-H = 8.4, HC’), 7.71 (dd, 2H, 
3JH-H = 7.6, 4JH-H = 1.0, H4” Cz), 7.64 (ddd, 1H, 3JH-H = 8.4, 3JH-H = 7.5, 4JH-

H = 1.7, HD’), 7.61–7.56 (m, 3H, H3’ C6H4 + H1” Cz), 7.04–6.97 (m, 5H, HF’ 
+ HD + H3” Cz), 6.94 (ddd, 2H, 3JH-H = 3JH-H = 7.5, 4JH-H = 1.0, H2” Cz), 
6.78 (ddd, 1H, 3JH-H = 3JH-H = 7.5, 4JH-H = 1.0, H4’ C6H4), 6.55 (ddd, 2H, 
3JH-H = 7.5, 3JH-H = 6.6, 4JH-H = 1.2, HE’), 6.48 (ddd, 1H, 3JH-H = 7.9, 3JH-H = 
7.5, 4JH-H = 1.5, H5’ C6H4), 5.57 (dd, 1H, 3JH-H = 7.9, 4JH-H = 1.0, H6’ C6H4), 
2.82 (s, 6H, CH3) ppm; 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): δ= 177.1 
(IrCA), 168.9 (NCB’), 163.5 (NC6 py), 155.8 (NC2N py), 151.7 (NCF’), 
144.0 (C2’ C6H4), 142.7 (C4H py), 142.4 (NC6” Cz), 138.9 (CCMe), 138.8 
(CD’H), 136.7 (CB), 134.4 (C6’H Ph), 133.3 (IrC1’ C6H4), 132.1 (C2”H Cz), 
131.8 (CDH), 131.0 (C5’H C6H4), 126.2 (C3’H C6H4), 126.0 (C5” Cz), 124.3 
(C4’H C6H4), 123.9 (CC’H), 123.7 (C4”H Cz), 122.8 (CE’H), 122.6 (C3”H 
cbz), 119.1 (C3/5H py), 118.4 (C3/5H py), 97.9 (C1”H cbz), 22.8 (CH3) ppm. 

Preparation of [Ir{κ3-N,C,N-(pyC6HMe2py)][κ3-C,N,C’-
(C6H4pyOPh)}]OTf (3). 

 
This complex was prepared as described for 2 starting from 100 mg 
(0.096 mmol) of 1, 99 mg (0.384 mmol) of AgOTf, and 688 mg (2.784 
mmol) of 2-phenoxy-6-phenylpyridine. A yellow solid was obtained. Yield: 
141 mg (87%). Elemental analysis calcd (%) for C36H27F3IrN3O4S: C 
51.06, H 3.21, N 4.97, S 3.79; found: C 51.28, H 3.28, N 4.56, S 3.99. 
HRMS (electrospray, m/z): calcd for C35H27IrN3O [M+]: 698.1783; found: 
698.1790. 1H NMR (400 MHz, CD2Cl2, 233 K): δ= 8.06 (d, 2H, 3JH-H = 8.0, 
HC’), 7.97 (dd, 1H, 3JH-H = 3JH-H = 8.0, H4 py), 7.91–7.86 (m, 3H, H3/5 py + 
HF’), 7.73 (ddd, 2H, 3JH-H = 3JH-H = 8.0, 4JH-H = 1.6, HD’), 7.60 (dd, 1H, 3JH-

H = 7.7, 4JH-H = 1.3, H3’ C6H4), 7.51 (m, 2H, Hm OPh), 7.40–7.31 (m, 3H, 
Hp + Ho OPh), 7.00 (m, 3H, HE’ + HD), 6.76 (d, 1H, 3JH-H = 8.0, H3/5 py), 
6.73 (ddd, 1H, 3JH-H = 3JH-H = 7.7, 4JH-H = 1.1, H4’ C6H4), 6.52 (ddd, 1H, 
3JH-H = 3JH-H = 7.7, 4JH-H = 1.3, H5’ C6H4), 6.00 (dd, 1H, 3JH-H = 7.7, 4JH-H = 
1.1, H6’ C6H4), 2.82 (s, 6H, CH3) ppm; 13C{1H} NMR (100 MHz, CD2Cl2, 
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298 K): δ= 177.4 (IrCA), 169.6 (NCB’), 166.3 (NC2O py), 162.8 (NC6 py), 
152.6 (OC OPh), 152.2 (NCF’H), 143.5 (C2’ C6H4), 141.7 (C4H py), 138.2 
(CD’H), 138.1 (CCMe), 137.6 (CB), 137.5 (IrC1’ C6H4), 136.7 (C6’H C6H4), 
130.9 (CmH OPh), 130.8 (CDH), 129.3 (C5’H C6H4), 127.2 (CpH OPh), 
125.0 (C3’H C6H4), 123.5 (CC’H), 122.7 (CE’H), 122.0 (C4’H C6H4), 121.7 
(CoH OPh), 114.2 (C3/5H py), 108.0 (C3/5H py), 22.6 (CH3) ppm. 

Preparation of Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyCz)} (4). 

 
A solution of KOtBu (77 mg, 0.686 mmol) in 5 mL of THF was slowly 
added via cannula (5-10 min) into a suspension of 2 (157 mg, 0.171 
mmol) in 5 mL of THF. The yellow suspension changed to a red-brown 
solution and, after 2 h, a yellow-brown solid appeared. The solvent was 
removed in vacuo and the product was extracted with CH2Cl2 (3 x 4 mL). 
The resulting solution was concentrated and a yellow-orange solid 
precipitated by diethyl ether addition (8 mL). The solid was washed with a 
1:2 dichloromethane/diethyl ether mixture (2 x 3 mL) and subsequently 
with pentane (3 x 8 mL). Yield: 51 mg (39%). Elemental analysis calcd 
(%) for C41H29IrN4: C 63.96, H 3.80, N 7.28; found: C 63.67, H 3.66, N 
7.64. HRMS (electrospray, m/z): calcd for C41H30IrN4 [M

++H]: 771.2099; 
found: 771.2094. 1H NMR (400 MHz, CD2Cl2, 298 K): δ= 8.20 (dd, 1H, 
3JH-H = 8.0, 4JH-H = 0.9, H3/5 py), 8.18 (d, 1H, 3JH-H = 7.3, H8” C6H4-Cz), 
8.14 (dd, 1H, 3JH-H = 3JH-H = 8.0, H4 py), 8.07 (d, 2H, 3JH-H = 8.4, HC’), 
8.00 (dd, 1H, 3JH-H = 8.0, 4JH-H = 0.9, H3/5 py), 7.96 (d, 1H, 3JH-H = 7.0, 
H11” C6H4-Cz), 7.80 (d, 1H, 3JH-H = 7.8, H3’ C6H4), 7.63 (dd, 2H, 3JH-H = 5.8, 
4JH-H = 1.0, HF’), 7.46 (ddd, 1H, 3JH-H = 8.5, 3JH-H = 7.3, 4JH-H = 1.3, H9” 
C6H4-Cz), 7.44 (ddd, 2H, 3JH-H = 8.4, 3JH-H = 7.4, 4JH-H = 1.7, HD’), 7.34–
7.28 (m, 2H, H4” C6H3-Cz + H10” C6H4-Cz), 7.04 (s, 1H, HD), 6.81 (ddd, 1H, 
3JH-H = 7.2, 4JH-H = 1.2, H4’ C6H4), 6.61 (ddd, 1H, 3JH-H = 3JH-H = 7.2, 4JH-H 
= 1.1, H5’ C6H4), 6.58–6.51 (m, 3H, H3” C6H3-Cz + HE’), 6.19 (dd, 1H, 3JH-H 
= 7.4, 4JH-H = 1.4, H2” C6H3-Cz), 6.18 (dd, 1H, 3JH-H = 7.2, 4JH-H = 1.2, H6’ 
C6H4), 2.96 (s, 6H, CH3) ppm; 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): 
δ= 189.6 (IrCA), 171.9 (IrC1’ C6H4), 168.8 (NCB’), 168.1 (NC6 py), 150.8 
(NCF’H), 150.5 (NC2N py), 146.2 (C2’ C6H4), 144.7 (NC6” Cz), 141.1 (IrC1” 
Cz), 139.9 (NC7” Cz), 138.3 (C4H py), 138.2 (C2”H C6H3-Cz), 138.0 (C6’H 
C6H4), 137.5 (CC), 136.0 (CB), 134.5 (CD’H), 129.7 (C12” C6H4-Cz), 128.8 
(C5’H Ph), 127.4 (CDH), 125.1 (C3’H C6H4), 124.9 (C9”H C6H4-Cz), 123.0 
(CC’H), 122.4, 122.4 (C3”H + C4”/10”H Cz), 121.9 (C4’H C6H4), 121.3 (CE’H), 
121.0 (C5” C6H3-Cz), 120.8 (C11”H C6H4-Cz), 115.4 (C8”H C6H4-Cz), 114.6 
(C3/5H py), 113.3 (C3/5H py), 113.3 (C4”/10”H Cz), 23.0 (CH3) ppm. 

Preparation of Ir{κ3-N,C,N-(pyC6HMe2py)}{κ3-C,N,C’-(C6H4pyOC6H4)} 
(5). 

 

This complex was prepared as described for 4 starting from 141 mg 
(0.158 mmol) of 3 and 71 mg (0.632 mmol) of KOtBu. A yellow-orange 
solid was obtained. Yield: 66 mg (56 %). Elemental analysis calcd (%) for 
C35H26IrN3O: C 60.33, H 3.76, N 6.03; found: C 60.20, H 3.89, N 5.88. 
HRMS (electrospray, m/z): calcd for C35H27IrN3O [M++H]: 698.1783; 
found: 698.1786. 1H NMR (400 MHz, CD2Cl2, 298 K): δ= 8.08 (d, 2H, 3JH-

H = 8.2, HC’), 8.07 (dd, 1H, 3JH-H = 3JH-H = 8.0, H4 py), 7.88 (dd, 1H, 3JH-H = 
8.0, 4JH-H = 0.9, H5 py), 7.73 (dd, 1H, 3JH-H = 7.5, 4JH-H = 1.2, H3’ C6H4), 
7.69 (ddd, 2H, 3JH-H = 5.8, 4JH-H = 1.7, 5JH-H = 0.8, HF’), 7.48 (ddd, 2H, 3JH-

H = 8.2, 3JH-H = 7.8, 4JH-H = 1.7, HD’), 7.32 (dd, 1H, 3JH-H = 8.0, 4JH-H = 0.9, 
H3 py), 7.03 (s, 1H, HD), 6.94 (dd, 1H, 3JH-H = 8.0, 4JH-H = 1.2, H3” OC6H4), 
6.74 (ddd, 1H, 3JH-H = 7.5, 4JH-H = 1.4, H4’ C6H4), 6.65–6.59 (m, 3H, HE’ + 
H4” OC6H4), 6.55 (ddd, 1H, 3JH-H = 3JH-H = 7.2, 4JH-H = 1.2, H5’ C6H4), 6.28 
(ddd, 1H, 3JH-H =3JH-H = 7.2, 4JH-H = 1.2, H5” OC6H4), 6.14 (dd, 1H, 3JH-H = 
7.2, 4JH-H = 1.9, H6” OC6H4), 6.09 (dd, 1H, 3JH-H = 7.2, 4JH-H = 1.4, H6’ 
C6H4), 2.95 (s, 6H, CH3) ppm; 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): 
δ= 191.0 (IrCA), 170.4 (IrC1’ C6H4), 168.4 (NCB’), 166.0 (NC6 py), 158.0 
(NC2O py), 154.6 (OC2” OC6H4), 149.9 (NCF’H), 144.5 (C2’ C6H4), 140.7 
(C6”H OC6H4), 139.0 (C4H py), 138.1 (IrC1” OC6H4), 137.8 (C6’H C6H4), 
137.0 (CB), 135.5 (CC), 134.1 (CD’H), 128.3 (C5’H C6H4), 126.8 (CDH), 
124.1 (C3’H C6H4), 123.0 (C5”H OC6H4), 122.7 (C4”H OC6H4), 122.5 
(CC’H), 121.3 (C4’H C6H4), 120.6 (CE’H), 115.1 (C3”H OC6H4), 113.2 (C5H 
py), 111.2 (C3H py), 22.4 (CH3) ppm. 

Structural Analysis of Complexes 2, 3, and 5. Single crystals were 
grown from a saturated solution in fluorobenzene at 243 K (2), by slow 
diffusion of diethyl ether into a dichloromethane solution at 243 K (3), and 
by slow evaporation of a dichloromethane solution at 298 K (5). X-ray 
data were collected on a Bruker Smart APEX DUO (3) or Bruker Smart 
APEX CCD (2, 5) diffractometer equipped with a normal focus, 2.4 kW 
sealed tube source (Mo radiation, λ = 0.71073 Å) operating at 50 kV and 
30 mA (5) or 40 mA (2, 3). Data were collected over the complete sphere. 
Each frame exposure time was 10 s (5), 20 s (2), or 30 s (3) covering 
0.3o in ω. Data were corrected for absorption by using a multiscan 
method applied with the SADABS program.[30] The structures were 
solved by Patterson or direct methods and refined by full-matrix least 
squares on F2 with SHELXL2016,[31] including isotropic and subsequently 
anisotropic displacement parameters. The hydrogen atoms were 
observed in the least Fourier Maps or calculated, and refined freely or 
using a restricted riding model. CCDC 1553073 (2), 1553074 (3), and 
1553075 (5) contain the supplementary crystallographic data for this 
paper. These data are provided free of charge by the Cambridge 
Crystallographic Data Centre. 

Crystal data for 2: C41H30IrN4, CF3O3S, 0.5(C6H5F), mol wt 968.01, 
orange, irregular block (0.158 x 0.094 x 0.093), monoclinic, space group 
P21, a: 14.950(2) Å, b: 13.7262(18) Å, c: 18.101(2) Å, β: 92.045(2)°, V = 
3712.0(9) Å3, Z = 4, Z’ = 2, Dcalc: 1.732 g cm-3, F(000): 1916, T = 100(2) 
K, μ = 3.720 mm-1. 34587 measured reflections (2 = 3−58o, ω scans 
0.3o), 16725 unique (Rint = 0.0782); minimum/maximum transmission 
factors 0.684/0.862. The final agreement factors were R1 = 0.0693 
(12222 observed reflections, I > 2σ(I)) and wR2 = 0.1457; Flack 
parameter 0.245(16); data/restraints/parameters 16725/1/1004; GOF = 
1.059. Largest peak and hole 3.241 (close to iridium atom) and -1.370 e 
Å-3. 

Crystal data for 3: C35H27IrN3O, CF3O3S, mol wt 846.86, yellow, irregular 
block (0.163 x 0.063 x 0.046), monoclincic, space group P21/c, a: 
9.6784(12) Å, b: 16.165(2) Å, c: 19.539(3) Å, β: 99.870(2)°, V = 
3011.8(7) Å3, Z = 4, Z’ = 1, Dcalc: 1.868 g cm-3, F(000): 1664, T = 100(2) 
K, μ = 4.570 mm-1. 37919 measured reflections (2 = 3−58o, ω scans 
0.3o), 7864 unique (Rint = 0.0552); minimum/maximum transmission 
factors 0.694/0.862. Final agreement factors were R1 = 0.0288 (5872 
observed reflections, I > 2σ(I)) and wR2 = 0.0623; 
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data/restraints/parameters 7864/0/441; GOF = 1.019. Largest peak and 
hole 1.316 (close to iridium atoms) and -0.980 e Å-3. 

Crystal data for 5: C35H26IrN3O, 2(CH2Cl2), mol wt 866.64, orange, 
irregular block (0.224 x 0.173 x 0.160), monoclinic, space group P21/c, a: 
12.2654(6) Å, b: 15.2776(8) Å, c: 17.6216(9) Å, β: 98.2780(10)°, V = 
3267.6(3) Å3, Z = 4, Z’ = 1, Dcalc: 1.762 g cm-3, F(000): 1704, T = 100(2) 
K, μ = 4.449 mm-1. 33528 measured reflections (2 = 3−57o, ω scans 
0.3o), 7836 unique (Rint = 0.0353); minimum/maximum transmission 
factors 0.694/0.862. Final agreement factors were R1 = 0.0315 (6675 
observed reflections, I > 2σ(I)) and wR2 = 0.0782; 
data/restraints/parameters 7836/0/417; GOF = 1.029. Largest peak and 
hole 2.132 (close to iridium atoms) and -1.326 e Å-3. 

Computational details: All calculations were performed at the DFT level 
using the B3LYP functional[32] supplemented with the Grimme’s 
dispersion correction D3[33] as implemented in Gaussian09.[34] The Ir 
atom was described by means of an effective core potential SDD for the 
inner electrons[35] and its associated double-ζ basis set for the outer ones, 
complemented with a set of f-polarization functions.[36] The 6-31G** basis 
set was used for the H, C, N, and O atoms.[37] All minima were verified to 
have no negative frequencies. The geometries were fully optimized in 
vacuo and in THF (ε = 7.4257) solvent using the continuum SMD 
model.[38] We performed TD-DFT calculations at the same level of theory 
in THF calculating the lowest 50 singlet-singlet excitations at the ground 
state S0. It has to be noticed that the singlet-triplet excitations are set to 0 
due to the neglect of spin-orbit coupling in the TDDFT calculations as 
implemented in G09. The UV/vis absorption spectra were obtained by 
using the GaussSum 3 software.[39] The phosphorescence emission 
compares well with the 0-0 transition calculated taking into account the 
zero point energies (zpe) of the geometries of both the optimized S0 and 
T1 states in THF. 
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