
1 An Unprecedented Family of Luminescent Iridium(III) Complexes
2 Bearing a Six-Membered Chelated Tridentate C^N^C Ligand
3 Claus Hierlinger,†,‡ Thierry Roisnel,† David B. Cordes,‡ Alexandra M. Z. Slawin,‡ Denis Jacquemin,§,∥

4 Veŕonique Guerchais,*,† and Eli Zysman-Colman*,‡

5
†Institut des Sciences Chimiques de Rennes, UMR 6226 CNRS-Universite ́ de Rennes 1, Campus de Beaulieu, 35042 Rennes Cedex,

6 France

7
‡Organic Semiconductor Centre, EaStCHEM School of Chemistry, University of St. Andrews, St. Andrews, Fife, KY16 9ST, United

8 Kingdom

9
§UMR CNRS 6230, Universite ́ de Nantes, CEISAM, 2 rue de la Houssinier̀e, 44322 Nantes Cedex 3, France

10
∥Institut Universitaire de France, 1, Rue Descartes, 75005 Paris Cedex 5, France

11 *S Supporting Information

12 ABSTRACT: A new family consisting of three luminescent
13 neutral Ir(III) complexes with the unprecedented [Ir(C^N^C)-
14 (N^N)Cl] architecture, where C^N^C is a bis(six-membered)
15 chelating tridentate tripod ligand derived from 2-benzhydryl-
16 pyridine (bnpy) and N^N is 4,4′-ditert-butyl-2,2′-bipyridine
17 (dtBubpy), is reported. X-ray crystallography reveals an
18 unexpected and unusual double C−H bond activation of the
19 two distal nonconjugated phenyl rings of the bnpy coupled with
20 a very short Ir−Cl bond trans to the pyridine of the bnpy ligand.
21 Depending on the substitution on the bnpy ligand, phosphor-
22 escence, ranging from yellow to red, is observed in dichloro-
23 methane solution. A combined study of density functional
24 theory (DFT) and time-dependent DFT (TD-DFT) corrobo-
25 rates the mixed charge-transfer nature of the related excited states.

26 ■ INTRODUCTION

27 Nearly all of the photoactive iridium(III) complexes that are
28 used as emitters in electroluminescent devices,1−6 as dyes in
29 solar cells,7−9 in nonlinear optics (NLO),10−12 as photoredox
30 catalysts,13,14 as solar fuels,15 and in bioimaging16,17 contain
31 conjugated five-membered chelated ligands, such as the
32 commonly used 2-phenylpyridine (ppyH), 2,2′-bipyridine
33 (bpy), acetylacetonate (acac), and picolinate (pic). Photoactive
34 iridium complexes containing a six-membered cyclometalating
35 chelate are very rare, and the few reported examples can be
36 categorized into two families of complexes: those containing
37 conjugated18−21 or nonconjugated22−24 bidentate cyclometalat-
38 ing ligands. For instance, in 2008, Song et al.22 obtained a
39 phosphorescent Ir(III) complex [Ir(dfb-pz)2(fptz)] (where
40 (dfb-pz)H = 2,4-difluorobenzyl-N-pyrazole and fptz = 3-
41 trifluoromethyl-5-(2-pyridyl) triazole) containing a nonconju-
42 gated N-benzylpyrazole ligand to form a six-membered chelated
43 framework. This complex is a blue emitter in dichloromethane
44 with λem = 437 and 460 nm (ΦPL = 10% and τe = 0.10 μs). The
45 methylene spacer of the cyclometalated ligand effectively
46 interrupts theπ-conjugation to produce a significant blue shift,
47 compared to [Ir(dFppy)2(fptz)] (where (dFppy)H = 2-(2,4-
48 difluorophenyl)pyridine and fptz = 3-trifluoromethyl-5-(2-
49 pyridyl) triazole), which uses a five-membered ring chelate

50C^N ligand and the same ancillary ligand (λem = 460 and 489
51nm in dichloromethane).25 By contrast, Zhu et al.18 reported in
522005 the iridium(III) complex [Ir(bis[2-(N-carbazolyl)-
53pyridinato-N,C3′)picolinate] ([Ir(cpy)2(pico)]) containing a
54six-membered chelating framework where the ligand is fully
55conjugated, leading to yellow luminescence in the recrystallized
56solid state with λem = 538 nm (ΦPL = 5%).
57In an ongoing effort in our group to develop charged blue-
58emitting phosphors for solution-processed light-emitting
59electrochemical cells (LEECs) and organic light emitting
60diodes (OLEDs), we investigated the coordination of 2-
61benzhydrylpyridine (bnpyH2) derivatives with Ir(III) in order
62 f1to access six-membered chelate complexes T1−T3 (Figure 1a).
63Surprisingly, given the prior art, upon sequential treatment of
64IrCl3·6H2O with bnpyH2 and then 4,4′-di-tert-butyl-2,2′-
65bipyridine (dtBubpy) in a one-pot reaction,26 T1 was not
66obtained. Instead, neutral complex [Ir(bnpy)(dtBubpy)Cl], 1,
67was isolated. The formation of 1 arises from a highly unusual
68double C−H bond activation27 of the bnpyH2 ligand, which
69binds to the iridium in a tripodal fashion. Following a similar
70synthetic protocol, analogues 2 and 3, functionalized with
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71 either electron-donating tert-butyl or electron-withdrawing
72 trifluoromethyl groups meta to the Ir−C bonds, were obtained.
73 To the best of our knowledge, this is the first report of an
74 iridium complex of the form [Ir(C^N^C)(N^N)Cl] and one in
75 which the tridentate bis-cyclometalated ligand is a tripod
76 featuring two six-membered metallacycles.28 Indeed, the
77 complex with the closest binding motif is [Ir(bppy) (bpy)Cl],29

78 where bppy is 2-([1,1′-biphenyl]-3-yl)pyridine. This previous
79 complex possesses a related [Ir(C^C^N)(N^N)Cl] structure,
80 but the bppy ligand coordinates to the iridium in the more
81 commonly observed planar five-membered chelate fashion. It is
82 a very poorly luminescent near-IR emitter in CH2Cl2 (λem =
83 725 nm, ΦPL = 8.4 × 10−2%). Ir(III) complexes bearing
84 monocyclometalating planar tridentate bis(five-membered)
85 chelate ligands (e.g., N^N^C29 or N^C^N30−35) and a
86 cyclometalating bidentate ligand, C^N, have on the other
87 hand been more widely explored, while Kozhevnikov has
88 reported dinuclear Ir(III) complexes with a bridging ligand
89 featuring two N^C^N motifs.36,37

90 ■ RESULTS AND DISCUSSION
s1 91 Synthesis. Compounds L1, L2, and L3 (Scheme 1) were

92 synthesized in two steps via a Grignard reaction38 followed by a
93 reduction step38 and obtained as solids in good yields. A

94mixture of the corresponding proligand and IrCl3·6H2O in 2-
95ethoxyethanol/H2O (3:1) was refluxed. After 19 h, the ancillary
96ligand 4,4′-di-tert-butyl-2,2′-bipyridyl was added at once, and
97heating was continued for 6 h to give the neutral complexes 1−
983 as solids in a one-pot synthesis26 in 45%, 51%, and 55% yield,
99respectively (Figure 1a). Complexes 1−3 were characterized by
100

1H, 13C, and, for 3, 19F NMR spectroscopy; ESI-HR mass
101spectra; elemental analysis; and melting point determination
102(see Figures S21−S30 in the Supporting Information (SI) for
103NMR and ESI-HR mass spectra).
104Crystal Structures. Single crystals of sufficient quality of
1051−3 were grown from CH2Cl2/Et2O at −18 °C. The structures
106of 1−3 were determined by single-crystal X-ray diffraction
107(Figure 1b, Table S1).39 All three complexes possess a distorted
108octahedral geometry with the tridentate tripod ligand
109coordinated to the iridium to form two six-membered chelated
110rings. Both cyclometalating carbon atoms are trans to the
111pyridine rings of the dtBubpy, and the pyridyl unit of the bnpy-
112type ligands is trans to the chloride. This contrasts with the
113configuration of the Ir−Cl bond in previously reported Ir(III)
114complexes,29,31,32,36,37,40,41 where an Ir−C bond is trans to the
115chloride ligand. For 1−3, the Ir−Cl bond [2.375(3) Å for 1,
1162.3612(8) Å for 2, and 2.369(2) Å for 3] is in the same range as
117that found for [Ir(tpy) (dmbpy)Cl]2+ (2.357 Å, where tpy =
1182,2′:6′,2″-terpyridine and dmbpy = 4,4′-dimethyl-2,2′-bipyr-
119idine)42 but is significantly shorter (by ca. 0.1 Å) than the Ir−Cl
120bond in other cyclometalated tridentate Ir(III) com-
121plexes.29,31,32,36,37,40,41 Given the short Ir−CC^N^C bonds
122[2.048(13) and 2.064(6) Å for 1, 2.028(4) and 2.031(3) Å
123for 2, and 2.017(7) and 2.027 Å for 3], this leads also to a
124correspondingly shorter Ir−NC^N^C bond [2.055(11) Å for 1,
1252.044(3) for 2, and 2.032(7) Å for 3] compared to the Ir−
126NdtBubpy bonds [2.158(10) and 2.159(11) Å for 1, 2.127(3) and
1272.140(3) Å for 2, and 2.122(6) and 2.133(5) Å for 3]. The bite
128angle of the N^N ligand is unremarkable at 75.60(4)° for 1,
12975.85(12)° for 2, and 76.1(2)° for 3 and in line with cationic
130Ir(III) complexes of the form [Ir(C^N)2(N^N)]

+.43−47 Owing
131to the presence of the six-membered chelates, the C−Ir−C
132bond angle is significantly larger (85.60(5)° for 1, 85.65(15)°

Figure 1. (a) Scheme for the proposed synthesis of the initial targets (T1−T3) and the synthesis of complexes 1−3. (a, i) IrCl3·6H2O, 2-
ethoxyethanol/H2O (3:1), reflux, 19 h; (ii) dtBubpy, reflux, 6 h. (b) aq. NH4PF6. (b) Solid-state structures of 1−3. Thermal ellipsoids correspond to
a 50% probability level. Solvent molecules are omitted for clarity.

Scheme 1. Synthesis of Intermediates A1−A3 and Target
Ligands L1−L3a

a(a, 1) Mg, 1,2-dibromoethane, THF, N2, reflux, 4 h. (2) Methyl
picolinate, THF, 0 °C to r.t., 90 min; (b, 1) HOAc, 57% HI. (2)
NaOHaq., 0 °C to r.t.; (c, 1) PBr3, reflux, 2 h. (2) Zn, HOAc, (3)
NaOHaq., 0 °C to r.t.
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133 for 2, and 84.(3) for 3) than the NdtBubpy−Ir−NdtBubpy bond
134 angle.
135 Electrochemical Properties. The electrochemical behav-
136 ior for 1−3 was evaluated by cyclic voltammetry (CV) and
137 differential pulse voltammetry (DPV) in deaerated CH2Cl2
138 solution at 298 K at a scan rate of 50 mV s−1 using Fc/Fc+ as
139 the internal reference and referenced with respect to SCE.48

t1f2 140 The electrochemistry data can be found in Table 1, and the

141 f2voltammograms are shown in Figure 2. All complexes exhibit a
142quasi-reversible single electron oxidation peak, which is
143attributed to the Ir(III)/Ir(IV) redox couple with contributions
144from the bnpy-type ligand. Complex 2 displays a lower
145oxidation potential (0.80 V) than 1 (0.87 V), both of which are
146notably lower than [Ir(mesppy)2(dtBubpy)]PF6 (E1/2;ox. = 1.17
147V in deaerated CH2Cl2, where mesppy is 2-phenyl-4-mesityl-
148pyridinato).49 Conversely, 3 shows a significantly anodically
149shifted oxidation potential at 1.14 V. The CVs of 1−3 show
150irreversible reduction waves that are monoelectronic as inferred
151 f3from the respective DPVs. DFT calculations (Figure 3a)

152indicate that both the HOMO and HOMO−1, which are close
153in energy (see Figure S34 in the SI), involve the iridium and
154chloride atoms and the two phenyl rings of the bnpy ligand.
155The LUMO is almost exclusively localized on the dtBubpy
156ligand, while the LUMO+1 is primarily on the pyridyl ring of
157the bnpy ligand. Therefore, we conclude that the reduction is
158based on the ancillary ligand. The reduction potentials of 1 and
1592 are each found at −1.82 V, while the reduction wave of 3 at
160−1.62 V is anodically shifted by 200 mV compared to 1 and 2.
161All three complexes are significantly more difficult to reduce
162than [Ir(mesppy)2(dtBubpy)]PF6 (E1/2;red. = −1.15 V), which
163also shows an irreversible reduction in CH2Cl2.

49

164Photophysical Properties. The normalized UV−vis
165absorption spectra of 1−3 recorded in CH2Cl2 at 298 K are
166 f4depicted in Figure 4 and the data summarized in Table S2 in
167the SI. All complexes show similar absorption profiles. The
168invariance of the intense high-energy (ε on the order of (1−
1691.5) × 104 M−1 cm−1) absorption bands below 300 nm are
170ascribed to 1π−π* ligand-centered (1LC) transitions localized
171on the dtBubpy ligand. Two moderately intense bands (ε on
172the order of (3−5) × 103 M−1 cm−1) in the region of 340−360
173nm and 390−405 nm are assigned to mixed charge-transfer
174transitions with the former consisting of more metal-to-ligand/
175ligand-to-ligand charge-transfer (1MLCT/1LLCT) character
176while the latter, according to TD-DFT calculations, implicate
177an intraligand CT (1ILCT) from the phenyl rings to the pyridyl
178heterocycle of the bnpy-type ligand (see Figure S34 and Table
179S3 in the SI). Weak bands (ε on the order of 103 M−1 cm−1)
180with onsets between 470 and 510 nm and tailing to 580 nm are
181attributed to a mixture of 1MLCT/1LLCT and spin-forbidden
182

3MLCT/3LLCT transitions involving the dtBubpy ligand.
183Introduction of the tert-butyl groups in 2 results in only a
184small red-shift of the CT bands below 340 nm, whereas the
185trifluoromethyl groups in 3 produce a significant blue-shift of

Table 1. Luminescent and Electrochemical Properties of
Complexes 1−3

λem
a

[nm]
ΦPL

a,b

[%]
τe
c

[ns]
kr
d × 10−5

[s−1]
knr
e × 10−5

[s−1]
Epa

f

[V] Epc
f [V]

1 619 8 318 2.52 28.93 0.87 −1.82
2 630 6 239 2.51 39.33 0.80 −1.81
3 581 26 718 3.62 10.31 1.14 −1.62

aλexc = 420 nm, recorded at 298 K in deaerated CH2Cl2 solution.
b[Ru(bpy)3]PF6 in MeCN as reference (ΦPL = 1.8% in aerated MeCN
at 298 K).51 cλexc = 378 nm. dkr = ΦPL/τe.

eknr = [(1 − ΦPL)/τe].
fMeasurements were carried out in degassed CH2Cl2 at a scan rate of
50 mV s−1 with Fc/Fc+ used as the internal reference, and referenced
with respect to SCE (Fc/Fc+ = 0.46 V in CH2Cl2).

48

Figure 2. Cyclic voltammograms (in solid lines) and differential pulse
voltammetry (in dotted lines) carried out in degassed CH2Cl2 at a scan
rate of 50 mV s−1, with Fc/Fc+ as the internal reference, referenced to
SCE (0.46 V vs SCE).48

Figure 3. (a) Representation of the four frontier MOs of 1. (b) Side
and top views of the spin density distribution for the lowest triplet
state (T1) of 1.
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186 these bands, trends that are corroborated by TD-DFT
187 calculations (Figure S35 in the SI).
188 The normalized photoluminescence (PL) spectra of 1−3 in
189 degassed CH2Cl2 are shown in Figure 4, and the data are
190 summarized in Table 1. Upon photoexcitation at 420 nm, all
191 complexes show a broad and unstructured profile, indicative of
192 an emission with mixed CT character. In line with the trends
193 observed in the absorption spectra and the oxidation potentials
194 in the CVs, the emission maxima are 581, 619, and 630 nm for
195 3, 1, and 2, respectively. These emission maxima match very
196 closely to the vertical phosphorescence energies calculated by
197 spin-unrestricted DFT, which predicts emissions at 573, 613,
198 and 622 nm, respectively. The calculations reveal that the
199 emissive triplet state is localized on the iridium, chlorine, and
200 dtBubpy but does not include significant contributions from the
201 bnpy ligand (Figures 3b and S36 in the SI). The photo-
202 luminescence quantum yield (ΦPL) of 1 is 8%, which is lower
203 than that of the yellow-emitting [Ir(ppy)2(dtBubpy)]PF6 (ΦPL
204 = 64% in CH2Cl2, λem = 570 nm, where ppyH is 2-
205 phenylpyridine).50 The ΦPL of 2 is 6% while that of 3 is
206 26%. All three complexes show emission lifetimes, τe, in the
207 submicrosecond regime. The radiative rate constants, kr, for 1
208 and 2 are similar (2.52 vs 2.51 × 105 s−1, respectively).
209 However, 2 exhibits a significantly larger nonradiative rate
210 constant, knr (39.33 × 105 s−1), compared to 1 (28.93 × 105

211 s−1). Complex 3 possesses both the largest kr (3.62 × 105 s−1)
212 and the smallest knr values (10.31 × 105 s−1) in accordance with
213 the energy gap law.

214 ■ CONCLUSIONS

215 In conclusion, a new family of luminescent iridium(III)
216 complexes bearing an unprecedented tripodal bis(six-mem-
217 bered) chelate tridentate ligand has been prepared through a
218 highly unusual double cyclometalation reaction. The emission
219 can be tuned through substitution on the cyclometalating aryl
220 rings. DFT calculations support a mixed charge-transfer
221 emission. Current efforts are focused on further modulating
222 the electronics through a combination of modifications of the
223 ancillary di-imine and the monodentate chloride ligands. This

224unprecedented tripodal ligand will open new perspectives for
225the design of tridentate Ir luminophores.

226■ EXPERIMENTAL SECTION
227General Procedure for Compound A1−A3. An oven-dried flask
228was charged under a nitrogen atmosphere with magnesium turnings
229(0.911 g, 37.50 mmol, 5 equiv) and THF (80 mL) followed by 2 mL
230of 1,2-dibromoethane. After the observation of gas evolution, the
231corresponding bromo derivative (22.50 mmol, 3 equiv) in THF (40
232mL) was added dropwise. The reaction mixture was heated under
233stirring and kept at reflux for 4 h, resulting in a color change of the
234solution to gray. The reaction mixture was then cooled in an ice bath,
235and a solution of methyl picolinate (7.50 mmol, 1.00 equiv) in THF
236(40 mL) was added carefully. The mixture turned dark gray−black.
237The solution was allowed to warm to room temperature and was
238stirred for 90 min. The reaction mixture was quenched with aqueous
239NH4Cl and extracted with Et2O. The combined organic layers were
240dried over MgSO4, and the solvent was evaporated, leaving a residue,
241which was purified over silica (10% EtOAc in petroleum ether as the
242solvent). The desired fractions were combined, and the solvent was
243evaporated, leaving the title compound.
244Diphenyl(pyridin-2-yl)methanol A1. Compound A1 was prepared
245according to the general procedure and was obtained as a colorless
246solid (1.686 g, 6.45 mmol). Yield: 86%. Rf: 0.51 (10% EtOAc in
247petroleum ether on silica). Mp: 103 °C. Litt.52: 102−103 °C. 1H NMR
248(400 MHz, CDCl3): δ 8.60 (d, J = 4.7 Hz, 1H), 7.64 (td, J = 7.8, 1.8
249Hz, 1H), 7.40−7.21 (m, 11H), 7.12 (d, J = 7.9 Hz, 1H), 6.28 (s, 1H).
250

13C NMR (101 MHz, CDCl3): δ 163.2, 147.7, 146.1, 136.4, 128.1,
251127.9, 127.3, 122.9, 122.3, 80.8. HR-MS (FTMS+) [M + H]+

252Calculated (C18H15NOH): 262.1226. Found: 262.1226. CHN Calcd
253for C18H15NO: C, 82.73; H, 5.79; N, 5.36. Found: C, 82.68; H, 5.73;
254N, 5.41. The compound characterization is in agreement with that
255previously reported.53

256Bis(4-(tert-butyl)phenyl)(pyridin-2-yl)methanol A2. Compound
257A2 was prepared according to the general procedure and was obtained
258as a colorless solid (1.994 g, 5.34 mmol). Yield: 71%. Rf: 0.39 (10%
259EtOAc in petroleum ether on silica). Mp: 156 °C. Litt.54: 156 °C. 1H
260NMR (400 MHz, CDCl3): δ 8.58 (d, J = 3.2 Hz, 1H), 7.67−7.60 (m,
2611H), 7.33−7.28 (m, 4H), 7.24−7.12 (m, 6H), 6.19 (s, 1H), 1.30 (s,
26218H). 13C NMR (101 MHz, CDCl3): δ 163.8, 150.1, 147.7, 143.3,
263136.4, 127.9, 124.9, 123.1, 122.3, 80.6, 34.6, 31.5. HR-MS (FTMS+)
264[M + H]+ Calculated (C26H31NOH): 374.2478. Found: 374.2476.
265CHN Calcd for C26H31NO: C, 83.60; H, 8.37; N, 3.75. Found: C,

Figure 4. Normalized UV−vis absorption and photoluminescence spectra of 1−3 in CH2Cl2 at 298 K.
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266 83.45; H, 8.51; N, 3.88. The compound characterization is in
267 agreement with that previously reported.54

268 Pyridin-2-ylbis(4-(trifluoromethyl)phenyl)methanol A3. Com-
269 pound A3 was prepared according to the general procedure and was
270 obtained as a beige solid (1.893 g, 4.76 mmol). Yield: 64%. Rf: 0.26
271 (10% EtOAc in petroleum ether on silica). Mp: 164 °C. 1H NMR
272 (400 MHz, CDCl3): δ 8.64 (d, J = 7.4 Hz, 1H), 7.75−7.69 (m, 1H),
273 7.60 (s, 4H), 7.44 (s, 4H), 7.31 (d, J = 8.5 Hz, 1H), 7.13 (d, J = 9.7
274 Hz, 1H), 6.50 (s, 1H). 13C NMR (101 MHz, CDCl3): δ 161.5, 149.4,
275 148.2, 136.9, 130.4, 130.1, 129.7, 129.4, 128.5, 125.2, 125.1, 125.1,
276 125.1, 123.1, 122.7, 80.4, 77.4, 77.1, 76.7. 19F NMR (376 MHz,
277 CDCl3): δ −62.59. HR-MS (FTMS+) [M + H]+ Calculated
278 (C20H13F6NOH): 398.0974. Found: 398.0965. CHN Calcd for
279 C20H13F6NO: C, 60.46; H, 3.30; N, 3.53. Found: C, 60.51; H, 3.36;
280 N, 3.59.
281 2-Benzhydrylpyridine L1. A mixture of A1 (0.837 g, 3.21 mmol),
282 aqueous 57% HI (2.5 mL), and HOAc (13 mL) was heated to 100 °C
283 for 4 h. The resulting mixture was then cooled to 0 °C and basified to
284 pH 9 with an aqueous NaOH solution (2 M). Ethyl acetate (100 mL)
285 was added, and the mixture was washed successively with an aqueous
286 NaHSO3 solution and brine. The combined organic layers were dried
287 over MgSO4, and the solvent was evaporated. The residue was purified
288 over silica (10% EtOAc in petroleum ether as the solvent). The
289 desired fractions were combined and the solvent evaporated leaving a
290 beige solid (0.788 g, 3.21 mmol). Yield: 74%. Rf: 0.3 (10% EtOAc in
291 petroleum ether on silica). Mp: 95 °C. 1H NMR (400 MHz, CDCl3):
292 δ 8.64 (d, J = 4.1 Hz, 1H), 7.66−7.59 (m, 1H), 7.33 (t, J = 7.3 Hz,
293 4H), 7.24 (dd, J = 21.8, 7.2 Hz, 6H), 7.18−7.10 (m, 2H), 5.76 (s, 1H).
294

13C NMR (101 MHz, CDCl3): δ 163.2, 149.5, 142.7, 136.4, 129.4,
295 128.4, 126.5, 123.8, 121.4, 59.4. HR-MS (FTMS+) [M + H]+

296 Calculated (C18H15NH): 246.1277. Found: 246.1277. The compound
297 characterization is in agreement with that previously reported.55

298 2-(Bis(4-(tert-butyl)phenyl)methyl)pyridine L2. A mixture of the
299 A2 (0.900 g, 2.41 mmol), aqueous 57% HI (2.70 mL), and HOAc
300 (13.20 mL) was heated to 100 °C for 4 h. The resulting mixture was
301 then cooled to 0 °C and basified to pH 9 with an aqueous NaOH
302 solution (2 M). Ethyl acetate (100 mL) was added, and the mixture
303 was washed successively with an aqueous NaHSO3 solution and brine.
304 The combined organic layers were dried over MgSO4, and the solvent
305 was evaporated. The residue was purified over silica (10% EtOAc in
306 petroleum ether as the solvent). The desired fractions were combined
307 and the solvent evaporated, yielding the title compound as oil (0.655 g,
308 1.83 mmol). Yield: 76%. Rf: 0.33 (10% EtOAc in petroleum ether on
309 silica). 1H NMR (400 MHz, CDCl3): δ 8.62−8.56 (m, 1H), 7.62−7.56
310 (m, 1H), 7.31 (s, 4H), 7.10 (s, 6H), 5.62 (s, 1H), 1.29 (s, 18H). 13C
311 NMR (126 MHz, CDCl3): δ 163.8, 149.6, 149.2, 139.9, 136.5, 129.0,
312 125.4, 123.9, 121.4, 58.7, 34.5, 31.5. HR-MS (ASAP+) [M + H]+

313 Calculated (C26H31NH): 358.2535. Found: 358.2534.
314 2-(Bis(4-(trifluoromethyl)phenyl)methyl)pyridine L3. A mixture of
315 A3 (0.500 g, 1.26 mmol, 1 equiv) and PBr3 (25 mL) was vigorously
316 stirred and heated and kept at 110 °C for 2 h. The mixture was then
317 cooled to r.t. and was carefully poured onto ice, and aqueous NaOH (2
318 M) was added until the pH was neutral. The organic layer was dried
319 over MgSO4, and the solvent was evaporated, leaving a residue which
320 was dissolved in acetic acid (50 mL). Then, zinc dust (0.799 g, 12.60
321 mmol, 10 equiv) was added. The mixture was stirred at r.t. After 1 h,
322 20 mL of water was carefully added, and aqueous NaOH (2 M) was
323 added until the pH was neutral. The organic layer was dried over
324 MgSO4, and the solvent was evaporated, leaving a residue which was
325 purified over silica (10% EtOAc in petroleum ether as the solvent).
326 The desired fractions were combined, and the solvent was evaporated,
327 leaving colorless oil (0.117 mg, 0.31 mmol). Yield: 24%. Rf: 0.55 (20%
328 EtOAc in petroleum ether on silica). 1H NMR (400 MHz, CDCl3): δ
329 8.63 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.66 (td, J = 7.7, 1.9 Hz, 1H), 7.57
330 (d, J = 8.2 Hz, 4H), 7.30 (d, J = 8.1 Hz, 4H), 7.20 (ddd, J = 7.6, 4.8,
331 1.1 Hz, 1H), 7.10 (dt, J = 7.9, 1.1 Hz, 1H), 5.75 (s, 1H). 13C NMR
332 (126 MHz, CDCl3): δ 161.4, 150.1, 146.0, 137.0, 129.8, 129.3, 125.7,
333 125.3, 124.0, 122.2, 58.9. 19F NMR (376 MHz, CDCl3): δ −62.50.
334 HR-MS (FTMS+) [M + H]+ Calculated (C20H13F6NH): 382.1030.
335 Found: 382.1023.

336General Procedure for the One-Pot Protocol. A mixture of the
337corresponding ligand (1.2 equiv) and IrCl3·6H2O (1 equiv) in 2-
338ethoxyethanol (15 mL) and H2O (5 mL) was heated under stirring to
339125 °C. After 19 h, 4,4′-di-tert-butyl-2,2′-bipyridine (1.5 equiv) was
340added, and heating was continued. After 6 h, the solvent was
341evaporated, leaving a solid, which was filtered over silica (1% MeOH in
342CH2Cl2). The desired fractions were combined, and the solvent was
343evaporated, leaving a solid which was washed with diethyl ether. After
344filtration, the desired complex was obtained as a solid.
345[Ir(bnpy)(dtBubpy)Cl] (1). The general one-pot protocol using
3460.114 g (0.38 mmol) of IrCl3·6H2O was followed, and 1 was obtained
347as a red solid (0.127 g, 0.0.13 mmol). Yield: 45%. Mp: 320 °C
348(decomp.). 1H NMR (400 MHz, CD2Cl2): δ 8.75 (d, J = 5.8 Hz, 2H),
3498.42 (d, J = 1.7 Hz, 2H), 7.70 (dd, J = 7.3, 1.4 Hz, 2H), 7.53 (d, J = 7.5
350Hz, 1H), 7.49 (dd, J = 5.9, 1.9 Hz, 3H), 7.24 (dd, J = 7.1, 1.6 Hz, 2H),
3517.19 (d, J = 5.9 Hz, 1H), 6.90 (dtd, J = 26.4, 7.3, 1.5 Hz, 4H), 6.45−
3526.39 (m, 1H), 5.28 (s, 1H), 1.50 (s, 18H). 13C NMR (126 MHz,
353CD2Cl2): δ 165.4, 162.6, 157.4, 151.8, 151.3, 143.9, 141.4, 138.7,
354137.0, 125.8, 124.0, 123.8, 123.4, 122.7, 122.1, 120.8, 69.7, 35.9, 30.8.
355HR-MS (ASAP+) [M−Cl]+ Calculated (C36H37IrN3): 704.2618.
356Found: 704.2618. CHN Calcd for C36H37ClIrN3·3/2 H2O: C, 56.42;
357H, 5.26; N, 5.48. Found: C, 56.45; H, 5.24; N, 5.28.
358[Ir(dtBubnpy)(dtBubpy)Cl] 2. The general one-pot protocol using
3590.088 g (0.30 mmol) of IrCl3·6H2O was followed, and 2 was obtained
360as a red solid (0.129 g, 0.15 mmol). Yield: 51%. Mp: 331 °C
361(decomp.). 1H NMR (400 MHz, CD2Cl2): δ 8.79 (d, J = 5.9 Hz, 2H),
3628.42 (d, J = 2.0 Hz, 2H), 7.80 (d, J = 2.1 Hz, 2H), 7.49−7.42 (m, 4H),
3637.13 (d, J = 7.7 Hz, 3H), 6.89 (dd, J = 7.7, 2.1 Hz, 2H), 6.38 (ddd, J =
3647.0, 5.9, 2.0 Hz, 1H), 5.22 (s, 1H), 1.51 (s, 18H), 1.32 (s, 18H). 13C
365NMR (126 MHz, CD2Cl2): δ 166.0, 162.6, 157.5, 151.7, 151.3, 147.8,
366141.1, 140.4, 136.8, 135.9, 123.7, 123.6, 122.7, 122.4, 120.8, 118.8,
36768.6, 35.9, 34.9, 32.1, 30.9. [M−Cl]+ Calculated (C44H53IrN3)
368816.3869. Found: 816.3867. CHN Calcd for C44H53ClIrN3: C,
36962.06; H, 6.27; N, 4.93. Found: C, 61.96; H, 6.31; N, 5.02.
370[Ir(dtfmbnpy)(dtBubpy)Cl] 3. The general one-pot protocol using
3710.060 g (0.20 mmol) of IrCl3·6H2O was followed, and 3 was obtained
372as a yellow solid (0.096 g, 0.11 mmol). Yield: 55%. Mp: 324 °C
373(decomp.). 1H NMR (400 MHz, CD2Cl2): δ 8.59 (d, J = 5.8 Hz, 2H),
3748.44 (d, J = 2.0 Hz, 2H), 7.98 (d, J = 2.0 Hz, 2H), 7.62−7.48 (m, 4H),
3757.37 (d, J = 7.7 Hz, 2H), 7.20−7.15 (m, 3H), 6.50 (ddd, J = 7.5, 5.9,
3761.7 Hz, 1H), 5.46 (s, 1H), 1.51 (s, 18H). 13C NMR (126 MHz,
377CD2Cl2): δ 163.5, 163.3, 157.3, 151.9, 151.1, 147.4, 142.2, 137.6,
378134.7, 127.6, 126.7, 124.5, 124.3, 123.5, 123.4, 121.2, 119.4, 69.2, 36.0,
37930.8. 19F NMR (376 MHz, CD2Cl2): δ −61.58. [M−Cl]+ Calculated
380(C38H35F6IrN3): 840.2364. Found: 840.2379. CHN Calcd for
381C38H35F6IrN3: C, 52.14; H, 4.03; N, 4.80. Found: C, 52.10; H, 4.16;
382N, 4.74.

383■ ASSOCIATED CONTENT
384*S Supporting Information
385The Supporting Information is available free of charge on the
386ACS Publications website at DOI: 10.1021/acs.inorg-
387chem.7b00328.

388NMR and MS spectra for all precursors, C^N^C ligands
389and complexes, supplementary crystallographic data,
390supplementary electrochemical and photophysical data,
391description of the DFT/TD-DFT protocol, and supple-
392mentary DFT and TD-DFT computational results
393(PDF)
394X-ray crystallographic structures of 1−3, CCDC:
3951519101−1519103 (CIF)

396■ AUTHOR INFORMATION
397Corresponding Authors
398*E-mail: veronique.guerchais@univ-rennes1.fr.
399*E-mail: eli.zysman-colman@st-andrews.ac.uk. Web: http://
400www.zysman-colman.com.

Article

E

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b00328
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b00328
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00328/suppl_file/ic7b00328_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00328/suppl_file/ic7b00328_si_002.cif
mailto:veronique.guerchais@univ-rennes1.fr
mailto:eli.zysman-colman@st-andrews.ac.uk
http://www.zysman-colman.com
http://www.zysman-colman.com
http://dx.doi.org/10.1021/acs.inorgchem.7b00328


401 ORCID
402 Denis Jacquemin: 0000-0002-4217-0708
403 Eli Zysman-Colman: 0000-0001-7183-6022
404 Notes
405 The authors declare no competing financial interest.

406 ■ ACKNOWLEDGMENTS
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415 Council and the Reǵion des Pays de la Loire for financial
416 support in the framework of a Starting Grant (Marches
417 -278845) and the LUMOMAT RFI project, respectively. This
418 research used computational resources of (1) the GENCI-
419 CINES/IDRIS, (2) the CCIPL (Centre de Calcul Intensif des
420 Pays de Loire), (3) a local Troy cluster.

421 ■ REFERENCES
(1)422 Chi, Y.; Chou, P.-T. Transition-metal phosphors with cyclo-

423 metalating ligands: fundamentals and applications. Chem. Soc. Rev.
424 2010, 39, 638.

(2)425 Henwood, A. F.; Zysman-Colman, E. Luminescent Iridium
426 Complexes Used in Light-Emitting Electrochemical Cells (LEECs).
427 Top. Curr. Chem. 2016, 374, 1.

(3)428 Zhou, G.; Wong, W. Y.; Yang, X. New design tactics in OLEDs
429 using functionalized 2-phenylpyridine-type cyclometalates of iridium-
430 (III) and platinum(II). Chem. - Asian J. 2011, 6, 1706.

(4)431 Fan, C.; Yang, C. Yellow/orange emissive heavy-metal complexes
432 as phosphors in monochromatic and white organic light-emitting
433 devices. Chem. Soc. Rev. 2014, 43, 6439.

(5)434 Costa, R. D.; Ortí, E.; Bolink, H. J.; Monti, F.; Accorsi, G.;
435 Armaroli, N. Luminescent Ionic Transition-Metal Complexes for
436 Light-Emitting Electrochemical Cells. Angew. Chem., Int. Ed. 2012, 51,
437 8178.

(6)438 Omae, I. Application of the five-membered ring blue light-
439 emitting iridium products of cyclometalation reactions as OLEDs.
440 Coord. Chem. Rev. 2016, 310, 154.

(7)441 Henwood, A. F.; Hu, Y.; Sajjad, M. T.; Thalluri, G. K.; Ghosh, S.
442 S.; Cordes, D. B.; Slawin, A. M.; Samuel, I. D.; Robertson, N.; Zysman-
443 Colman, E. Unprecedented Strong Panchromic Absorption from
444 Proton-Switchable Iridium(III) Azoimidazolate Complexes. Chem. -
445 Eur. J. 2015, 21, 19128.

(8)446 Baranoff, E.; Yum, J.-H.; Graetzel, M.; Nazeeruddin, M. K.
447 Cyclometallated iridium complexes for conversion of light into
448 electricity and electricity into light. J. Organomet. Chem. 2009, 694,
449 2661.

(9)450 Mayo, E. I.; Kilsa, K.; Tirrell, T.; Djurovich, P. I.; Tamayo, A.;
451 Thompson, M. E.; Lewis, N. S.; Gray, H. B. Cyclometalated
452 iridium(iii)-sensitized titanium dioxide solar cells. Photochem. Photo-
453 biol. Sci. 2006, 5, 871.

(10)454 Wang, J.; Wang, W. Y.; Fang, X. Y.; Qiu, Y. Q. Carborane tuning
455 on iridium complexes: redox-switchable second-order NLO responses.
456 J. Mol. Model. 2015, 21, 95.

(11)457 Dragonetti, C.; Colombo, A.; Marinotto, D.; Righetto, S.;
458 Roberto, D.; Valore, A.; Escadeillas, M.; Guerchais, V.; Le Bozec, H.;
459 Boucekkine, A.; Latouche, C. Functionalized styryl iridium(III)
460 complexes as active second-order NLO chromophores and building
461 blocks for SHG polymeric films. J. Organomet. Chem. 2014, 751, 568.

(12)462 Zhao, H.; Simpson, P. V.; Barlow, A.; Moxey, G. J.; Morshedi,
463 M.; Roy, N.; Philip, R.; Zhang, C.; Cifuentes, M. P.; Humphrey, M. G.
464 Syntheses, Spectroscopic, Electrochemical, and Third-Order Nonlinear

465Optical Studies of a Hybrid Tris{ruthenium(alkynyl)/(2-phenyl-
466pyridine)}iridium Complex. Chem. - Eur. J. 2015, 21, 11843.

(13) 467Teegardin, K.; Day, J. I.; Chan, J.; Weaver, J. Advances in
468Photocatalysis: A Microreview of Visible Light Mediated Ruthenium
469and Iridium Catalyzed Organic Transformations. Org. Process Res. Dev.
4702016, 20, 1156.

(14) 471Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Visible Light
472Photoredox Catalysis with Transition Metal Complexes: Applications
473in Organic Synthesis. Chem. Rev. 2013, 113, 5322.

(15) 474McDaniel, N. D.; Bernhard, S. Solar fuels: thermodynamics,
475candidates, tactics, and figures of merit. Dalton Trans. 2010, 39, 10021.

(16) 476Lo, K. K. Luminescent Rhenium(I) and Iridium(III)
477Polypyridine Complexes as Biological Probes, Imaging Reagents, and
478Photocytotoxic Agents. Acc. Chem. Res. 2015, 48, 2985.

(17) 479Lo, K. K.-W.; Zhang, K. Y. Iridium(iii) complexes as therapeutic
480and bioimaging reagents for cellular applications. RSC Adv. 2012, 2,
48112069.

(18) 482Zhu, R.; Lin, J.; Wen, G.-A.; Liu, S.-J.; Wan, J.-H.; Feng, J.-C.;
483Fan, Q.-L.; Zhong, G.-Y.; Wei, W.; Huang, W. Color Tuning Based on
484a Six-membered Chelated Iridium(III) Complex with Aza-aromatic
485Ligand. Chem. Lett. 2005, 34, 1668.

(19) 486Li, H.-C.; Chou, P.-T.; Hu, Y.-H.; Cheng, Y.-M.; Liu, R.-S.
487Synthesis, Characterization, and Photophysical Properties of Iridium
488Complexes with an 8-Phenylquinoline Framework. The First Six-
489Membered Chelated Iridium Complexes for Electroluminance.
490Organometallics 2005, 24, 1329.

(20) 491Hallett, A. J.; White, N.; Wu, W.; Cui, X.; Horton, P. N.; Coles,
492S. J.; Zhao, J.; Pope, S. J. Enhanced photooxidation sensitizers: the first
493examples of cyclometalated pyrene complexes of iridium(III). Chem.
494Commun. 2012, 48, 10838.

(21) 495Thamilarasan, V.; Jayamani, A.; Manisankar, P.; Kim, Y.-I.;
496Sengottuvelan, N. Green-emitting phosphorescent iridium(III) com-
497plex: Structural, photophysical and electrochemical properties. Inorg.
498Chim. Acta 2013, 408, 240.

(22) 499Song, Y. H.; Chiu, Y. C.; Chi, Y.; Cheng, Y. M.; Lai, C. H.;
500Chou, P. T.; Wong, K. T.; Tsai, M. H.; Wu, C. C. Phosphorescent
501iridium(III) complexes with nonconjugated cyclometalated ligands.
502Chem. - Eur. J. 2008, 14, 5423.

(23) 503Zhang, F.; Ma, D.; Duan, L.; Qiao, J.; Dong, G.; Wang, L.; Qiu,
504Y. Synthesis, characterization, and photophysical and electrolumines-
505cent properties of blue-emitting cationic iridium(III) complexes
506bearing nonconjugated ligands. Inorg. Chem. 2014, 53, 6596.

(24) 507Chang, C.-F.; Cheng, Y.-M.; Chi, Y.; Chiu, Y.-C.; Lin, C.-C.;
508Lee, G.-H.; Chou, P.-T.; Chen, C.-C.; Chang, C.-H.; Wu, C.-C. Highly
509Efficient Blue-Emitting Iridium(III) Carbene Complexes and
510Phosphorescent OLEDs. Angew. Chem., Int. Ed. 2008, 47, 4542.

(25) 511Yeh, S.-J.; Chen, C.-T.; Song, Y.-H.; Chi, Y.; Ho, M.-H. Efficient
512and bright blue-emitting phosphorescent materials. J. Soc. Inf. Disp.
5132005, 13, 857.

(26) 514For examples, see: Ladouceur, S.; Fortin, D.; Zysman-Colman,
515E. Enhanced Luminescent Iridium(III) Complexes Bearing Aryltria-
516zole Cyclometallated Ligands. Inorg. Chem. 2011, 50, 11514.

(27) 517Lin, C. H.; Chang, Y. Y.; Hung, J. Y.; Lin, C. Y.; Chi, Y.; Chung,
518M. W.; Lin, C. L.; Chou, P. T.; Lee, G. H.; Chang, C. H.; Lin, W. C.
519Iridium(III) complexes of a dicyclometalated phosphite tripod ligand:
520strategy to achieve blue phosphorescence without fluorine substituents
521and fabrication of OLEDs. Angew. Chem., Int. Ed. 2011, 50, 3182.

(28) 522Chi, Y.; Chang, T.-K.; Ganesan, P.; Rajakannu, P., Emissive Bis-
523Tridentate Ir(III) Metal Complexes: Tactics, Photophysics and
524Applications. Coord. Chem. Rev. 2016, DOI: 10.1016/j.ccr.2016.11.016.

(29) 525Koga, Y.; Kamo, M.; Yamada, Y.; Matsumoto, T.; Matsubara, K.
526Synthesis, Structures, and Unique Luminescent Properties of
527Tridentate C∧C∧N Cyclometalated Complexes of Iridium. Eur. J.
528Inorg. Chem. 2011, 2011, 2869.

(30) 529Williams, J. A.; Wilkinson, A. J.; Whittle, V. L. Light-emitting
530iridium complexes with tridentate ligands. Dalton Trans 2008, 2081.

(31) 531Obara, S.; Itabashi, M.; Okuda, F.; Tamaki, S.; Tanabe, Y.; Ishii,
532Y.; Nozaki, K.; Haga, M.-a. Highly Phosphorescent Iridium Complexes
533Containing Both Tridentate Bis(benzimidazolyl)-benzene or -pyridine

Article

F

http://orcid.org/0000-0002-4217-0708
http://orcid.org/0000-0001-7183-6022
http://dx.doi.org/10.1016/j.ccr.2016.11.016
http://dx.doi.org/10.1021/acs.inorgchem.7b00328


534 and Bidentate Phenylpyridine: Synthesis, Photophysical Properties,
535 and Theoretical Study of Ir-Bis(benzimidazolyl)benzene Complex.
536 Inorg. Chem. 2006, 45, 8907.

(32)537 Brulatti, P.; Gildea, R. J.; Howard, J. A. K.; Fattori, V.; Cocchi,
538 M.; Williams, J. A. G. Luminescent Iridium(III) Complexes with
539 N∧C∧N-Coordinated Terdentate Ligands: Dual Tuning of the
540 Emission Energy and Application to Organic Light-Emitting Devices.
541 Inorg. Chem. 2012, 51, 3813.

(33)542 Gildea, L. F.; Batsanov, A. S.; Williams, J. A. Bright orange/red-
543 emitting rhodium(III) and iridium(III) complexes: tridentate
544 N∧C∧N-cyclometallating ligands lead to high luminescence efficien-
545 cies. Dalton Trans 2013, 42, 10388.

(34)546 Kuwabara, J.; Namekawa, T.; Haga, M. A.; Kanbara, T.
547 Luminescent Ir(III) complexes containing benzothiazole-based
548 tridentate ligands: synthesis, characterization, and application to
549 organic light-emitting diodes. Dalton Trans 2012, 41, 44.

(35)550 Ashizawa, M.; Yang, L.; Kobayashi, K.; Sato, H.; Yamagishi, A.;
551 Okuda, F.; Harada, T.; Kuroda, R.; Haga, M. A. Syntheses and
552 photophysical properties of optical-active blue-phosphorescent iridium
553 complexes bearing asymmetric tridentate ligands. Dalton Trans 2009,
554 1700.

(36)555 Daniels, R. E.; Culham, S.; Hunter, M.; Durrant, M. C.; Probert,
556 M. R.; Clegg, W.; Williams, J. A.; Kozhevnikov, V. N. When two are
557 better than one: bright phosphorescence from non-stereogenic
558 dinuclear iridium(III) complexes. Dalton Trans 2016, 45, 6949.

(37)559 Lanoe, P. H.; Tong, C. M.; Harrington, R. W.; Probert, M. R.;
560 Clegg, W.; Williams, J. A.; Kozhevnikov, V. N. Ditopic bis-terdentate
561 cyclometallating ligands and their highly luminescent dinuclear
562 iridium(III) complexes. Chem. Commun. 2014, 50, 6831.

(38)563 Shi, B. F.; Maugel, N.; Zhang, Y. H.; Yu, J. Q. Pd(II)-catalyzed
564 enantioselective activation of C(sp2)-H and C(sp3)-H bonds using
565 monoprotected amino acids as chiral ligands. Angew. Chem., Int. Ed.
566 2008, 47, 4882.

(39)567 CCDC 1519101−1519103 contain the supplementary crystallo-
568 graphic data for this paper. These data are provided free of charge by
569 The Cambridge Crystallographic Data Centre.

(40)570 Yang, L.; Okuda, F.; Kobayashi, K.; Nozaki, K.; Tanabe, Y.; Ishii,
571 Y.; Haga, M.-a. Syntheses and Phosphorescent Properties of Blue
572 Emissive Iridium Complexes with Tridentate Pyrazolyl Ligands. Inorg.
573 Chem. 2008, 47, 7154.

(41)574 Chirdon, D. N.; Transue, W. J.; Kagalwala, H. N.; Kaur, A.;
575 Maurer, A. B.; Pintauer, T.; Bernhard, S. [Ir(N^N^N)(C^N)L]+: a
576 new family of luminophores combining tunability and enhanced
577 photostability. Inorg. Chem. 2014, 53, 1487.

(42)578 Yoshikawa, N.; Sakamoto, J.; Kanehisa, N.; Kai, Y.; Matsumura-
579 Inoue, T.; Takashima, H.; Tsukahara, K. (4,4′-Dimethyl-2,2′-
580 bipyridine)chloro-(2,2′:6′,2″-terpyridine)-iridium(III) hexafluorophos-
581 phate. Acta Crystallogr., Sect. E: Struct. Rep. Online 2003, 59, m830.

(43)582 Ladouceur, S.; Fortin, D.; Zysman-Colman, E. The role of
583 substitution on the photophysical propertiesof 5,5′-diaryl-2,2′-
584 bipyridine (bpy*) in [Ir(ppy)2(bpy*)]PF6 complexes: A combined
585 experimental and theoretical study. Inorg. Chem. 2010, 49, 5625.

(44)586 Henwood, A. F.; Bansal, A. K.; Cordes, D. B.; Slawin, A. M. Z.;
587 Samuel, I. D. W.; Zysman-Colman, E. Solubilised bright blue-emitting
588 iridium complexes for solution processed OLEDs. J. Mater. Chem. C
589 2016, 4, 3726.

(45)590 Bunzli, A. M.; Bolink, H. J.; Constable, E. C.; Housecroft, C. E.;
591 Junquera-Hernandez, J. M.; Neuburger, M.; Orti, E.; Pertegas, A.;
592 Serrano-Perez, J. J.; Tordera, D.; Zampese, J. A. Thienylpyridine-based
593 cyclometallated iridium(iii) complexes and their use in solid state light-
594 emitting electrochemical cells. Dalton Trans. 2014, 43, 738.

(46)595 Costa, R. D.; Ortì, E.; Bolink, H. J.; Graber, S.; Schaffner, S.;
596 Neuburger, M.; Housecroft, C. E.; Constable, E. C. Archetype Cationic
597 Iridium Complexes and Their Use in Solid-State Light-Emitting
598 Electrochemical Cells. Adv. Funct. Mater. 2009, 19, 3456.

(47)599 Liu, S.-J.; Zhao, Q.; Fan, Q.-L.; Huang, W. A Series of Red-
600 Light-Emitting Ionic Iridium Complexes: Structures, Excited State
601 Properties, and Application in Electroluminescent Devices. Eur. J.
602 Inorg. Chem. 2008, 2008, 2177.

(48) 603Connelly, N. G.; Geiger, W. E. Chemical Redox Agents for
604Organometallic Chemistry. Chem. Rev. 1996, 96, 877.

(49) 605Rota Martir, D.; Hedley, G. J.; Cordes, D. B.; Slawin, A. M. Z.;
606Escudero, D.; Jacquemin, D.; Kosikova, T.; Philp, D.; Dawson, D. M.;
607Ashbrook, S. E.; Samuel, I. D. W.; Zysman-Colman, E. Exploring the
608self-assembly and energy transfer of dynamic supramolecular iridium-
609porphyrin systems. Dalton Trans. 2016, 45, 17195.

(50) 610Yuan, Y. J.; Yu, Z. T.; Gao, H. L.; Zou, Z. G.; Zheng, C.; Huang,
611W. Tricyclometalated iridium complexes as highly stable photo-
612sensitizers for light-induced hydrogen evolution. Chem. - Eur. J. 2013,
61319, 6340.

(51) 614Suzuki, K.; Kobayashi, A.; Kaneko, S.; Takehira, K.; Yoshihara,
615T.; Ishida, H.; Shiina, Y.; Oishi, S.; Tobita, S. Reevaluation of absolute
616luminescence quantum yields of standard solutions using a
617spectrometer with an integrating sphere and a back-thinned CCD
618detector. Phys. Chem. Chem. Phys. 2009, 11, 9850.

(52) 619Yang, J.; Dudley, G. B. [1,2]-Anionic Rearrangement of 2-
620Benzyloxypyridine and Related Pyridyl Ethers. J. Org. Chem. 2009, 74,
6217998.

(53) 622Lim, H. J.; Smith, C. R.; RajanBabu, T. V. Facile Pd(II)- and
623Ni(II)-Catalyzed Isomerization of Terminal Alkenes into 2-Alkenes. J.
624Org. Chem. 2009, 74, 4565.

(54) 625Karthikeyan, I.; Arunprasath, D.; Sekar, G. An efficient synthesis
626of pyrido[1,2-a]indoles through aza-Nazarov type cyclization. Chem.
627Commun. 2015, 51, 1701.

(55) 628Song, G.; Su, Y.; Gong, X.; Han, K.; Li, X. Pd(0)-Catalyzed
629Diarylation of sp3 C−H Bond in (2-Azaaryl)methanes. Org. Lett.
6302011, 13, 1968.

Article

G

http://dx.doi.org/10.1021/acs.inorgchem.7b00328



