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Abstract

N-Heteroaryl carbazoles were synthesized with thermal heating in the presence of Cu(l) catalyst and used as main ligands
for the preparation of heteroleptic Ir(Ill) complexes. In these Ir(Ill) complexes, 6-membered ring structures of Ir-ligand chela-
tion were found by single crystal X-ray diffraction. The blue shift of photoluminescence for Ir(IlI) complexes was observed
in the case of the strong bond formation between Ir and ancillary ligands. It also has been clearly shown that the higher
electron density of heteroaryl aromatic ring influenced shorter maximum photoluminescence wavelength (A ma) of Ir(I)
complexes. Since the new Ir(Ill) complexes showed good phosphorescent emission, they could be potentially used as OLED
materials in the emission Layer.
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Figure 1. Basic structure of OLED device.
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2.1. 7171 H Al

2 AN S AN ESY TR A 3 AHEHS
ARGl SRty 3 s AdAEAe] BASaL 9= INM-ALA00
71715 AFE3FATE NMR solvent= MerckAFe] CDCL 2} DMSO-de S
A3l o, TMS (tetramethylsilane) & UF-EFEZAE ARESkaL 3
SH 0]F(6)S ppmTE EAISHATE GC-MS spectrai= Shimazu
QP-1000 GC-MS (CNU Chemistry Core Facility)S AF2-5tich 94
AL FEUEty 3 e85 B8k Q1 Thermo Scientific
AR FLASH 2000 R 3sigivy. 5339 g Eq]e 77}
MecasysA}2] Optizen POP UV/vis spectrophotometer 2 HORIBAAFS]
Fluoromax-4 spectrofluorometer 7]715 A8t Atk Xeray 24
T-Z38412 Bruker SMART CCD-based diffractometerS AFE-3FIt}
B Ao AR A|eRS Aldrich, TCI, Junsei, Acros 5(2]4H 2] Al<k
& A glo] ARSI, WiEkR] ek Aleke: Akl ARSI

2.2. 2IZt=0| &Y

22.1. FE|ZHES] 8E[19,20]

2.2.1.1. 9~(Pyridin-2-yl)-9H-carbazole (la)

9H-carbazole 2.9 g (17.44 mmol, 1 eq), 2-bromopyridine 2.75 g
(17.44 mmol, leq), CsCOs (5.7 g, 17.44 mmol, 1 eq), Cul 0.33 g (0.1
mmol 10 mol%), LiCl 0.74 g (17.44 mmol, 1 eq)E seal tubeol] ¥
% DMF 30 mLE %1, 160 C oil bathollA] 48 h &<t RESAIF T,

S5 & NH,Cl X3} =8-93} ethyl acetateS ©]-8-3197 extraction
SIATE 17152 MgSO, 2 %3 - 553 T columns: ©]&-3)
1 FElste] 3 g (yield: 71%) 2Sich

mp. 89~91 T

'H NMR (400 MHz, CDCL): & 8.71 (d, 1H, J = 1.6 Hz), 8.11 (d,
2H, J = 7.6 Hz), 7.89 (td, 1H, J = 7.6, 1.6 Hz), 7.82 (d, 2H, J = 4.0
Hz), 7.61 (d, 1H, J = 4.4 Hz), 7.42 (t, 2H, J = 7.2 Hz), 7.29 (m, 3H)

BC NMR (100 MHz, CDCL): & 151.76, 149.56, 139.51, 138.46,
126.18, 124.27, 121.19, 120.88, 120.16, 119.06, 111.07

MS m/z (relative intensity): 244.1 (M+, 100), 242.9 (73), 241.7 (10),
121.5 (13)

Anal. Calcd for C;;HpNy: C, 83.58; H, 4.95; N, 11.47. Found: C,
83.34; H, 4.86; N, 11.96

o

2.2.1.2. 9-(pyrimidine-2-yl)-9H-carbazole (Ib)

Ia s} 22 WH © 2 9H-carbazole @} 2-bromopyrimidine 2] W&
O FHH 61%2] FEE IS & USTh

mp. 112 C

'H NMR (400 MHz, CDCL): & 8.83 (m, 4H), 8.06 (d, 2H, J = 7.6
Hz), 7.50 (t, 2H, J = 7.6, 1.6 Hz), 7.36 (t, 2H, J = 7.6 Hz), 7.08 (t,
1H, J = 4.8 Hz)

C NMR (100 MHz, CDClL;): 8 157.9, 139.1, 126.6, 125.8, 122.4,
119.5, 116.2, 116.0

2.2.1.3. 9-(4-Methylpyridin-2-yl)-9H-carbazole (Ic)
la $d3 22 W O 2 9H-carbazole™} 2-bromo-4-methylpyridine

o WoERE 0% FEE AE 5 Ak
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mp. 75~77 C

'H NMR (400 MHz, CDCLy): & 8.55 (s, 1H, J = 4.8 Hz), 8.10 (d,
2H, J = 7.6 Hz), 7.80 (d, 2H, J = 8.4 Hz), 7.43 (td, 3H, ] = 7.6, 1.6
Hz), 7.30 (td, 2H, ] = 7.6, 0.8 Hz), 7.10 (dd, 1H, J = 4.8, 0.8 Hz),
2.5 (s, 3H)

BC NMR (100 MHz, CDClLy): 8 151.7, 149.9, 149.2, 139.5, 126.1,
124.1, 122.4, 120.7, 120.1, 119.7, 111.1, 21.2

222. BxE|ZHESl EH[17,21]

2.2.2.1. (Pyridine-2-yl)amidrazone

2-Cyanopyridine (3 g, 29 mmol), hydrazine monohydrate (1.6 g, 32
mmol)E flaskel] B AR2of|A] wHksicE g-do] F3d u)7lX]
ethanolS YT 24 h Wit & A E A9 vAE et &
2 AH Azt

mp. 94~96 C

'H NMR (400 MHz, CDCL): & 8.50 (d, 1H, J = 4.1 Hz), 8.00 (d,
1H, J = 8.0 Hz), 7.67 (t, 1H, J = 6.2 Hz), 7.24 (d, 1H, J = 6.2 Hz),
5.39 (s, 2H, NH,), 4.60 (s, 2H, NH,)

2.2.2.2. 2-(3-phenyl-1H-1,2,4-triazol-5-yl)pyridine (Ila)

(Pyridine- 2-yl)amidrazone (1 g, 7.3 mmol)¥} Na,CO; (0.773 g, 7.3
mmol)E flaskell Y3 DMAA (7.5 mL)%} THF (2.5 mL)E 7}k 0
TollA wrkstel th flaskol benzoyl chloride (1.03 g, 7.3 mmol)2}
DMAA (2.5 mL)E ¥1l ©] 95 amldrazone mixture®l] AA3] 7}
st} 255 AA3E] AR7HA] &8 F 24 h w8} TAE filtersk
11 &3} ethanol 2 A oJFt) o] 1AlE AZ3E & ethylene glycol (10
mL)E 200 CTollA 1 h B2 reflux3th. L7714 2131 £ filters}al
SHTE AojFo] A9 solidE 68%2] FEE 1.1 g& AU

mp. 210~213 C

'H NMR (400 MHz, DMSO-ds): & 8.73 (d, 1H, J = 4.3 Hz), 8.18
(d, 1H, J = 7.8 Hz), 8.10 (d, 1H, J = 7.0 Hz), 8.02 (t, IH, J = 7.6
Hz), 7.60~7.60 (m, 4H)

2.2.2.3. 2-(3-(3,5-bis(trifluoromethyl)phenyl)-1H-1,2,4-triazol-5-yl) py-

ridine (IIb)

(Pyridine-2-yl)amidrazone 2} 3,5-bis(trifluoromethyl)benzoyl chloride
(2.02 g, 7.3 mmol)&] WSO ZHE A TAE 63%°] TEE 4
Atk

mp. 250~253 C

'H NMR (400 MHz, DMSO-ds): & 8.74 (d, 1H, J = 4.8 Hz), 8.60
(s, 2H), 8.23 (m, 2H), 8.03(t, 1H, J = 8.0 Hz), 8.57 (t, 1H, J = 7.6 Hz)

2.2.2.4. 2-(3-p-tolyl-1H-1,2,4-triazol-5-yl)pyridine (Ilc)

(Pyridine-2-yl)amidrazone @} p-toluoyl chloride=4-E &
50%°] &= A3tk

mp. 246~248 C

'H NMR (400 MHz, DMSO-dg): 8 8.72 (d, 1H, J = 4.8 Hz), 8.16
(d, 1H, J = 7.8 Hz), 8.00 (m, 3H), 7.53 (dd, 1H, J = 7.0, 5.3 Hz),
7.32 (d, 2H, J = 8.1 Hz), 3.36 (br, 1H), 2.37 (s, 3H)

Aol IAE

2.2.2.5. 2-(3-(4-methoxyphenyl)-1H-1,2 4-triazol-5-yl)pyridine (IId)
(Pyridine-2-yl)amidrazone @} 4-ethoxybenzoyl chloride ®F-E] 34 9]

25t Ml 32 A M 2 &, 2021

5 .
A

AIA - 8 - A=

IAE 57%2] 5 At

mp. 183~186 c

'H NMR (400 MHz, DMSO-d¢): 6 8.68 (d, 1H, J = 4.4 Hz), 8.14
(d, 1H, J = 7.8 Hz), 8.00 (m, 3H), 749 (dd, 1H, J = 5.8, 5.4 Hz),
7.05 (d, 2H, J = 8.5 Hz), 3.80(s, 3H)

2.2.2.6. 2-(3-(4-methoxyphenyl)-1H-1,2,4-triazol-5-yl)pyridine (IId)
(Pyridine-Z-yl)amidrazoneF’Jr 4-ethoxybenzoyl chloride Z5-E] & A19]
AAE 57%2] TER AU

mp. 183~186 T

'H NMR (400 MHz, DMSO-de) : & 8.68 (d, 1H, J = 4.4 Hz), 8.14
(d, 1H, J = 7.8 Hz), 8.00 (m, 3H), 7.49 (dd, 1H, J = 5.8, 5.4 Hz),
7.05 (d, 2H, J = 8.5 Hz), 3.80 (s, 3H)

2.2.2.7. 2-(3-Phenyl-1H-1,2 4-triazol-5-yl)pyrazine (Ile)

Flask®]l cyanopyrazine (3 g, 29 mmol), hydrazine monohydrate (1.6
g, 32 mmol)E HiL F2olA wrkelT gofo] Frgeid w 71
ethanolS ¥+r} 24 h wHF & A E = A9 solidE filterstal &
E R o]FE0] (Z)-pyrazine-2-carbohydrazonamide S 314 A2 64%2]

HE 25 g dof AxsIch

mp. 116~120 C

(Z)-pyrazine-2-carbohydrazonamide (1 g, 7.3 mmol)¥} benzoyl chlor-
ide =HE] 319l Ia o W 5D el oJste] gMe] 1A
= 43%9 FEE A3k

mp. 207~209 C

'H NMR (400 MHz, DMSO-dg) : & 9.34 (d, 1H, J = 1.6 Hz), 8.78
(d, 2H, J = 2.4 Hz), 8.11 (d, 2H, J = 8.4 Hz), 7.52 (m, 3H)

2.3. Ir(ln) =22| &4[17,22]

2.3.1. Di-p-chlorotetrakis[9-(pyrimidin-2-yl)-9H-carbazole] iridium
complex2| &
9-(Pyrimidin-2-yl)-9H-carbazole (1.4 g, 5.7 mmol)< IrCl; - H,O (0.85

g, 2.85 mmol) 2} 2-ethoxyethanol (12 mL)Z} H,O (4 mL)S flaskel ¥
3124 h F<F reflux$teh HEEAITEO] AU 225 AF27H] A48
SE F A 55 Yol A HEAIth &2 filtersto] 5
A UAE 70%0] FER 1.4 g= 4o o] uAE viE olgw &
=9 FA e o]k

2.3.2. Bis[9-(pyrimidin-2-yl)-9H-carbazole] iridium acetoacetone (1)

Di-p-chlorotetrakis[9-(pyrimidin-2-yl)-9H-carbazole] iridium (0.36 g,
0.25 mmol)= acetylacetone (0.06 g, 0.63 mmol)$2} sodium carbonate
(0.067 g, 0.63 mmol)®} 2-ethoxyethanol (8 mL)¥} 7 flaskoll EiL
130 Coll#] 24 h B2t reflux$t & E%2F 2714 *Wol HE S E
< HF o] AS MEATE §NL filterdto] P2 FEA 114
£ methylene chloride® columndt § MC-hexane 0. % |27 3sto] F
FA TAE 51%°] FEE ATk

'H NMR (400 MHz, CDCIF;): 8 8.93 (d, 2H), 8.69 (t, 2H), 8.48 (d,
2H), 8.03 (d, 2H), 7.52 (t, 4H), 7.40 (t, 2H), 6.86 (t, 2H), 6.73 (t, 2H),
6.35 (d, 2H), 4.88 (s, 1H), 1.56 (s, 6H)

2.3.3. Bis[9-(pyrimidin-2-yl)-9H-carbazole] iridium picolinate (2)
Di-p-chlorotetrakis[9-(pyrimidin-2-yl)-9H-carbazole] iridium (0.7 g,
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0.489 mmol)= picolinic acid (0.15 g, 1.22 mmol)$} sodium carbonate
(0.13 g, 1.22 mmol)2} 2-ethoxyethanol (14 mL)¥} 7 flaskell EaL
130 CTollA 24 h B9 reflux3t & 255 A2714] AAJs] Y &
S 35 9o 448 MEAIILE 84 filtersto] A2 IAE me-
thylene chloride 2} methanol® column¥t ¥ MC, hexane .2 #2473}
o T3 TAE 51%°) FEE Ak

'H NMR (400 MHz, CDCL): & 891 (d, 1H), 8.83 (s, 1H), 8.77
(d, 2H), 8.47 (d, 1H), 822 (d, 1H), 8.15 (d, 1H), 8.06 (d, 1H), 7.97
(t, TH), 7.85 (t, 2H), 7.70 (d, 1H), 7.52 (m, 4H), 7.46 (m, 2H), 7.10
(t, 1H), 6.89 (m, 2H), 6.79 (1, 1H), 6.16 (d, 1H)

2.3.4. Bis[9-(pyrimidin-2-yl)-9H-carbazole] iridium 2-(3-(3,5-bis(tri-
fluoromethyl)phenyl)-1H-1,2,4-triazol-5-yl) pyridine (3)

Di-p-chlorotetrakis[9-(pyrimidin-2-yl)-9H-carbazole] iridium (0.6 g,
0.42 mmol)= 2-(3-(3,5-bis(trifluoromethyl)phenyl)-1H-1,2 4-triazol-5-yl)
pyridine (0.375 g, 1.04 mmol)2} sodium carbonate (0.11 g, 1.04 mmol)
9} 2-ethoxyethanol (12 mL)Z} 37 flaskell Wil 130 CollA] 24 h &<+
refluxst § 55 L7 AAs] wE § B8 97 do] A4S A
SAIZIt) AL filtersto] A2 TAE methylene chloride® column$t
T MC, hexane 0.2 AAAst] T34 vAE 75%2] FE&EZ AUTh

'H NMR (400 MHz, CDCLy): 6 8.72 (d, 1H), 8.41 (m, 4H), 8.00
(m, 5H), 7.94 (d, 1H), 7.88 (d, 1H), 7.74 (m, 2H), 7.64 (m, 2H), 7.53~
7.43 (m 4H), 7.13 (t, 1H), 7.05 (t, 1H), 6.94 (t, 1H), 6.84 (d, 1H), 6.49
(t, 1H), 6.41 (t, 1H), 6.30 (d, 1H)

2.3.5. Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium2| EHY

9-(pyridin-2-yl)-9H-carbazole (1.5 g, 6.14 mmol)S IrCls - HO (0.916
g, 3.07 mmol) 9} 2-ethoxyethanol (12 mL)¥} H,O (4 mL)= flaskol] 2
3124 h 3% reflux sttt REEATlo] Aubd 25 22717 AJA 8]
W § ] B8 Yol AAS AEAZITE &9 filterdto] 54
TAE 64%2] TEE 1.4 g2 ¥ o] A= Az olgw A=
o] @dell ol-gskaitt

2.3.6. Bis[9-(pyridin-2-yl)-9H-carbazole] iridium acetoacetone (4)

Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium (0.5 g, 0.337
mmol)= acetylacetone (0.84 g, 0.084 mmol)$2} sodium carbonate (0.09
g, 0.84 mmol)?} 2-ethoxyethanol (10 mL)Z} &7 flaskell ¥ 130 T
oA 24 h BRF reflux ¥t F 255 F27HA] A8 e 55
ZF go] ARE MEAIRITh &AL filtersto] P A IAE
thylene chloride®} Hexane®] 1 : 4 H|&Z columndt & =& 1%
37%°] FEE ATk

'H NMR (400 MHz, CDCly): & 8.19 (d, 2H), 8.09 (t, 4H), 7.98 (d,
2H), 7.61 (t, 2H), 7.48 (m, 4H), 7.41 (t, 2H), 6.60 (t, 4H), 5.98 (d, 2H),
5.00 (s, 1H), 1.53 (s, 6H)

me-

I

=

uj

2.3.7. Bis[9-(pyridin-2-yl)-9H-carbazole] iridium picolinate (5)

Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium (0.7 g, 0.49
mmol)< picolinic acid (0.14 g, 0.127 mmol)2} sodium carbonate (0.12
g, 0.127 mmol)$} 2-ethoxyethanol (14 mL)¥} 37 flaskell €3 130 C
oA 24 h FRt reflux¥ & 2EE AL27HA] AA3] Y & 55 ¥
ZF o] 2Y& AE A 4 filtersto] ¥& =7 1A S me-
thylene chloride®. columndte] =ghd] TAIE 42%°] &= A3k

d 183

I

'"H NMR (400 MHz, CDCL): & 839 (d, 1H), 8.16 (m, 2H), 8.10
(d, 1H), 8.04 (d, 1H), 7.96 (d, 1H), 7.74 (m, 4H), 7.62 (t, 3H), 7.47
(m, 4H), 7.37 (t, 1H), 7.13 (¢, 1H), 6.93 (t, 1H), 6.77 (t, 1H), 6.60 (t,
1H), 644 (t, 1H), 6.32 (d, 1H), 5.93 (d, 1H)

2.3.8. Bis[9-(pyridin-2-yl)-9H-carbazole] iridium 2-(3-phenyl-1H-1,2,
4-triazol-5-yl)pyridine (6)

Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium (1.5 g, 1.05
mmol)S 2-(3-phenyl-1H-1,2,4-triazol-5-yl)pyridine (0.58 g, 2.62 mmol)
2} sodium carbonate (0.28 g, 2.62 mmol)$} 2-ethoxyethanol (30 mL)
7} 7 flaskell WL 130 TollA 24 h F refluxdt § 255 2
7 AAE] G F w8 B Yol A4S AEAIITE §lS filter
Sto] A& =gk I A|E methylene chloride 2} methanol®] 50 : 1 H]&
2 columndto] i IA|E 42%9] FEE Ak

'H NMR (400 Mhz, CDCl;): & 8.23 (d, 1H), 8.18 (m, 2H), 8.07
(d, 1H), 7.85 (t, 2H), 7.75 (m, 2H), 7.64 (m, 4H), 7.58 (d, 1H), 7.46
(m, 8H), 7.13 (m, 3H), 7.04 (t, 1H), 6.84 (m, 2H), 6.58 (d, 1H), 6.46
(t, 1H), 6.04 (d, 1H)

2.3.9. Bis[9-(pyridin-2-yl)-9H-carbazole] iridium 2-(3-(3,5-bis(triflu-
oromethyl)phenyl)-1H-1,2 4-triazol-5-yl) pyridine (7)

Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium (1 g, 0.70
mmol)&  2-(3-(3,5-bis(trifluoromethyl)-phenyl)-1H-1,2,4-triazol-5-yl)
pyridine (0.6 g, 1.75 mmol)$} sodium carbonate (0.2 g, 1.75 mmol)$}
2-ethoxyethanol (20 mL)¥} &7 flaskoll Y2 130 ColA] 24 h E<F
reflux¥ - X5 27 A8 U & 28 I go] AHS
AEAZY, GNS filtersto] P2 =4 T A E methylene chloride
9} hexane®] 5 : 1 H-EZ columndlo] =4 FAE 55%2] &=
A3t

'H NMR (400 MHz, CDCL): & 8.16 (m, 3H), 8.08 (d, 1H), 7.99
(s, 2H), 7.87 (d, 2H), 7.75 (t, 2H), 7.70 (m, 2H), 7.54 (m, 8H), 7.36
(t, 1H), 7.06 (t, 1H), 6.89 (m, 2H), 6.59 (d, 1H), 6.48 (t, 1H), 6.39
(t, 1H), 6.06 (d, 1H)

2.3.10. Bis[9-(pyridin-2-yl)-9H-carbazole]iridium 2-(3-phenyl-1H-1,2,
4-triazol-5-yl)pyrazine (8)

Di-p-chlorotetrakis[9-(pyridin-2-yl)-9H-carbazole] iridium (0.7 g, 1.23
mmol)& 2-(3-phenyl-1H-1,2 4-triazol-5-yl) pyrazine (0.274 g, 1.23
mmol) 2} sodium carbonate (0.13 g, 1.23 mmol)$2} 2-ethoxyethanol (14
mL)7} §7] flaskel] HaL 130 CollM 24 h E<F reflux®t 5 255 7
7] MAE) Y B 25 I o] S AEAITE 89S filter
Sto] & WA 1S methylene chloride®t MeOHS] 50 @ 1 H]&
2 columndte] T34 IAE 55%2] TEE ATk

'H NMR (400 MHz, CDCL): & 9.32 (d, 1H), 8.18 (t, 3H), 8.09 (d,
1H), 7.87 (t, 2H), 7.76 (d, 1H), 7.70 (d, 1H), 7.66 (t, 2H), 7.60 (d,
1H), 7.48 (m, 9H), 7.15 (m, 3H), 7.06 (t, 1H), 6.85 (t, 1H), 6.60 (d,
1H), 6.47 (t, 1H), 6.40 (t, 1H), 6.03 (d, 1H)

2.3.11. Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium
IrCl; - 3H,0 (1.15 g, 3.87 mmol), 9-(4-methylpyridin-2-yl)-9H-car-
bazole (2 g, 7.74 mmol)S 2-ethoxyethanol/H,O (3 : 1) 20 mLol =5

N, gas 3FollA] 24 h £t reflux A7tk ¥HS 8 5 Aleog Wz}

Appl. Chem. Eng., Vol. 32, No. 2, 2021
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A 713, H,O 50 mLE Yol 15~30 minZt IRHAIZITE A E A2
olFato], SHT9} hexane O ANolF1 1A AES 11x7]oA
AZANA 5524 14749 product 2.5 g (yield = 87%)2 ATk

2.3.12. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium acetoace-
tone (9)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole]
(0.5 g, 0.337 mmol)= acetylacetone (0.84 g, 0.084 mmol)2} sodium
carbonate (0.09 g, 0.84 mmol)2} 2-ethoxyethanol (10 mL)Z} $H4| flask
o ¥a1 130 CTellAl 24 h E<t reflux st & 255 2714 AA138] vt
T =2 I Yol S AT 84S filtersto] 2 et
A 735 methylene chloride®} hexane®] 1 : 4 H]EZ columndt & =
T AAE 37%9 FEE A3k

'H NMR (400 MHz, CDCl;): & 8.08 (d, 2H), 8.01 (d, 2H), 7.93
(d, 2H), 7.85 (s, 2H), 7.46 (t, 4H), 7.35 (t, 2H), 6.79 (t, 2H), 6.51 (d,
2H), 6.08 (d, 2H), 4.94 (s, 1H), 2.35 (s, 6H), 1.55 (s, 6H)

Anal. Calcd for CqH33IrN4O,: C, 61.10; H, 4.13; N, 6.95; O, 3.97.
Found: C, 60.28; H, 3.98; N, 6.74; O, 3.67

iridium

-

2.3.13. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium picolinate (10)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (1
g, 0.674 mmol)S- picolinic acid (0.2 g, 1.68 mmol)2} sodium carbonate
(0.18 g, 1.68 mmol)$} 2-ethoxyethanol (20 mL)Z} $H7] flaskel] YL
130 CTollA] 24 h 59 refluxdt & 55 A=27k4] AAJs] @& &
=2 I go] AHE AT EAE filterdto] A =2
= methylene chloride®} methanol®] 10 : 1 B]-&Z columndt
A IAE 2% FEE A3Th

"H NMR (400 MHz, CDCly): 6 8.19 (d, 1H), 8.12 (t, 2H), 7.99 (d,
1H), 7.95 (d, 1H), 7.89 (s, 1H), 7.74 (d, 1H), 7.69 (d, 2H), 7.65 (s,
1H), 7.57 (d, 1H), 7.51 (d, 1H), 7.42 (m, 4H), 7.30 (t, 1H), 7.02 (t,
1H), 6.90 (t, 1H), 6.73 (t, 1H), 6.46 (d, 1H), 6.32 (d, 1H), 6.23 (d,
1H), 5.94 (d, 1H)

Anal. Calcd for CyHsIrNsO,: C, 60.85; H, 3.65; N, 8.45; O, 3.86.
Found: C, 59.31; H, 3.60; N, 8.49; O, 4.00

_l::
Ll
N

2.3.14. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium 2-(3-phe-
nyl-1,2,4-triazol-5-yl)pyridine (11)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (1
g, 0.674 mmol)S 2-(3-phenyl-1,2,4-triazol-5-yl) pyridine (0.6 g, 1.69
mmol) 2} sodium carbonate (0.18 g, 1.69 mmol)%} 2- ethoxyethanol 20
mL)¥} &7 flaskell ¥l 130 ColA 24 h F<F reflux3t & 255
R M W F S A Yol AAE AN 9%
filterdto] A2 2 T AE methylene chloride® columndt -
hexane ©. & A A7sto] gt AE 50%°] FEE A9ch

'H NMR (400 MHz, CDClLy): & 8.17 (t, 2H), 8.06 (m, 2H), 7.76
(d, 1H), 7.61 (m, 8H), 7.55 (d, 1H), 7.40 (m, 6H), 7.13 (m, 3H), 7.04
(t, 1H), 6.85 (d, 1H), 6.81 (t, 1H), 6.60 (d, 1H), 6.17 (d, 1H), 6.06
(d, 1H), 2.20 (d, 6H)

Anal. Calcd for C4H34IrNg: C, 63.48; H, 3.70; N, 12.09. Found: C,
63.51; H, 3.99; N, 12.45

o
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2.3.15. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium 2-(3-(3,5-
bis(trifluoromethyl)phenyl)-1H-1,2,4-triazol-5-yl) pyridine (12)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (1
g, 0.674 mmol) 2-(3-(3,5-bis(trifluoromethyl)-phenyl)-1H-1,2 4-triazol-
5-yDpyridine (0.6 g, 1.69 mmol)?} sodium carbonate (0.18 g, 1.69
mmol) 2} 2-ethoxyethanol (20 mL)Z} &7 flaskell YWl 130 CollA] 24
h X reflux st § 255 A7 AMs] W - 25 3% Jol 2
e AEAITE §A8% filtersto] 9 541 1A S methylene chlor-
ideZ column3t & MC, hexaneC.Z AAA3I] ek TAE 50%
o] &R Aotk

'H NMR (400 MHz, CDCL): & 8.18 (t, 2H), 8.06 (d, 1H), 8.01 (s,
2H), 7.94 (d, 1H), 7.79 (d, 1H), 7.70~7.49 (m, 8H), 7.56 (d, 1H), 7.50~
7.36 (m, 4H), 7.05 (t, 1H), 6.88 (t, 2H), 6.60 (d, 1H), 6.30 (d, 1H),
6.21 (d, 1H), 6.08 (d, 1H), 2.21 (d, 6H)

Anal. Calcd for Cs HsFelrNg: C, 57.62; H, 3.03; N, 10.54. Found:
C, 57.58; H, 3.24; N, 10.34

2.3.16. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium 2-(3-phe-
nyl-1H-1,2,4-triazol-5-yl)pyrazine (13)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (0.5
g, 0.337 mmol)& 2-(3-phenyl-1H-1,2,4-triazol-5-yl)pyrazine (0.19 g,
0.84 mmol) 2} sodium carbonate (0.09 g, 0.84 mmol)2} 2- ethoxyethanol
(10 mL)Z} 7 flaskell Y3 130 TolA] 24 h &<F refluxst
Eﬂﬁmﬂﬁﬁd7%a;%%zw“%ﬂ@@;ﬁgnﬂwim"
< filtersto] ¥ WA 7 A|E methylene chloride®} methanol =
column3t & MC, hexaneO.Z AAA 3] F3A A5 50%2] T5
2 A3l

'H NMR (400 MHz, CDCL): & 9.31 (s, 1H), 8.18 (t, 2H), 8.06 (d,
1H), 7.99 (d, 1H), 7.77 (d, 1H), 7.69 (m, 4H), 7.61 (d, 1H), 7.47 (m,
8H), 7.15 (m, 3H), 7.06 (t, 1H), 6.86 (t, 1H), 6.61 (d, 1H), 6.30 (d,
1H), 6.23 (d, 1H), 6.06 (d, 1H), 2.22 (d, 6H)

Anal. Calcd for CysH34IrNo: C, 62.05; H, 3.69; N, 13.57. Found: C,
61.91; H, 3.99; N, 13.36

2.3.17. Bis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium 2-(3-(4-
methylphenyl)-1H-1,2,4-triazol-5-yl)pyridine (14)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (1
g, 0.674 mmol)S 2-(3-(4-methylphenyl)-1H-1,2,4-triazol-5-yl)pyridine
0.6 g, 1.69 mmol)2} sodium carbonate (0.18 g, 1.69 mmol)2} 2-ethox-
yethanol (20 mL)¥} &7 flaskell ¥ 130 CollA 24 h E<F refluxdt
% erE AL ANE] e T ES Tk do] 29 AFAI,
LBS filtersto] B2 52 1A S methylene chloride® column3t §-
MC, hexane©.Z At =T TAE 61%2] 52 AUk

'H NMR (400 MHz, CDCL): & 8.17 (t, 2H), 8.06 (m, 2H), 7.76 (d,
1H), 7.67 (m, 4H), 7.62 (m, 3H), 7.55 (d, 1H), 7.45 (m, 4H), 7.37 (d,
2H), 7.03 (t, 1H), 6.93 (d, 2H), 6.84 (t, 1H), 6.80 (t, 1H), 6.59 (d, 1H),
6.29 (d, 1H), 6.19 (d, 1H), 6.07 (d, 1H), 2.27 (s, 3H), 2.20 (d, 6H)

Anal. Calcd for CsoH37IrNg: C, 63.74; H, 3.96; N, 11.89. Found: C,
63.48; H, 4.28; N, 11.78
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Figure 2. Synthesis of (a) main and (b) ancillary ligands, and (c) chemical structures of ligands.

2.3.18. Bis[9-(4-methylpyridin-2-y1)-9H-carbazole] iridium 2-(3-(4-
methoxyphenyl)-1H-1,2,4-triazol-5-yl)pyridine (15)

Di-p-chlorotetrakis[9-(4-methylpyridin-2-yl)-9H-carbazole] iridium (0.7
g, 0.47 mmol)S 2-(3-(4-methoxyphenyl)-1H-1,2,4-triazol-5-yl)pyridine
(0.29 g, 1.18 mmol)?} sodium carbonate (0.13 g, 0.13 mmol)$} 2-e-
thoxyethanol (14 mL)Z} 3] flaskell 232 130 CollA] 24 h 52 re-
fluxsh 5 L5 27 AA38] b F =5 3% Yol 24s A
AL 95 filterslo]l U2 =4 1AE methylene chloride®
column3t ¥ MC, Hexane 2. & AAG3lo] =it 1IAE 63%2] &
2 A3

'H NMR (400 MHz, CDCl;): & 8.17 (t, 2H), 8.07 (t, 2H), 7.76 (d,
1H), 7.65 (m, 7H), 7.52 (d, 1H), 7.40 (m, 6H), 7.01 (t, 1H), 6.83 (t,
1H), 6.77 (t, 1H), 6.64 (d, 2H), 6.56 (d, 1H), 6.29 (d, 1H), 6.16 (d,
1H), 6.06 (d, 1H), 2.17 (d, 6H), 1.93 (s, 3H)

Anal. Calcd for CsoH37IrNgO: C, 62.68; H, 3.89; N, 11.70; O, 1.67.
Found: C, 62.32; H, 3.64; N, 11.82; O, 1.68
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Figure 3. Chemical structures of heteroleptic Ir(IIl) complexes 1~15.
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Table 1. Crystal Data and Structure Refinement for Ir(Ill) Complex 14 and 15.
Ir(IlT) complex 14 15
Empirical formula CsoHaoNslr Cs1.25H37NsOlr
Formula weight 945.10 973.09
Temperature/K 298(2) 298(2)
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 17.0897(14) 15.321(2)
b/A 18.3425(17) 18.101(2)
c/A 18.9731(17) 18.130(2)
all 68.521(4) 77.198(7)
Br° 73.283(3) 68.332(6)
v /° 74.895(4) 79.494(6)
Volume/A® 5219.5(8) 4528.6(11)
V4 4 4
0 carcg/em’ 1.203 1.427
w/mm’’ 2.595 2.994
F(000) 1892.0 1942.0
Crystal size/mm’ 0.05 x 0.05 x 0.05 0.05 x 0.05 x 0.05
Radiation/ A MoKa (4 = 0.71073) MoKa (4 = 0.71073)
26 range for data collection/° 4.35 to 56.108 4.272 to 50.822
Index ranges <h =22 24 <k =24 24 <1=<24 -18=<h=18 -2 <k=2]-2=1=21
Reflections collected 144289 91644

Independent reflections

Data/restraints/parameters 25057/0/1198 16309/0/1108
Goodness-of-fit on F* 1.040 1.019
Final R indexes [I>=2¢ (I)] R; = 0.0663, wR, = 0.1690 R; = 0.0601, wR, = 0.1347
Final R indexes [all data] R; = 0.1249, wR, = 0.2001 R; = 0.1213, wR, = 0.1605
Largest diff. peak/hole / e A? 3.85/-0.86 1.50/-1.64

25057 [Rine = 0.1534, Rgigma = 0.1014]

16309 [Rine = 0.1708, Rgigma = 0.1187]

(©]

Figure 4. Crystal structures of (a) 14 and (b) 15.
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Figure 6. PL spectra of some Ir(IIl) complexes with different main
ligands (3: —, 7: —, 12: -*9).

triazole® 2z} WSIAIZ] Al F o) 2 (A )0 1914 30
2 45E b %07 o)lsds

PL AHEZHL MLCT &} 347} 284 Ir & 1~394 Rxazt
T acact Ir-0 A% 22 2ES A3k pice -0 A3 kel
Ir-N A% sz 252 dAst) ¥ 28FE7) triazole?! Ir 2HE 3
oAM= I-N A 27/ E ¥ BEEzrerE At N ¢ 234
o= I-ORT ¢ #orw r] 73t Ao, ZE (o4 307 4
= G 2= F AV Y AR d-x” ofluA] 227F 5 AR
o] EAL A= 'MLCTS *MLCTO BEJ 5] 3L Figure 5914 Hol= v}
9} ol 104 302 ZA-S dapgo R olFeh= PL AHERS A
ks

% ggict

&
7, 129] PL Hth 253 3P A ) Z2H2} 570, 534, 502 nmo| vk F
Y= ¥t nd} Agsls (-C) olz2nby g FEe Axpd s
7} EFS Aal] FIFFHOR olgshe ZoE 4EA L, FE
B2 A7} k¥ AYehs (IeN) ofZvte 1] FE2 A st
FTE Aml] FEFHORE o)Fshs A 0E I QUrh25]. Figure
604 HolF= 8 A3 AWshd Ir 2= 3, 7, 12614 FRH=

38t H 32 A A 2 = 2021

QG - 94 - 1GE

o] Wk Aavt k¥ A8 (I-N) ob2nle] 1)) wslo]n
3,7, R& 252 A%l AAS Eiels olmnlE] R0 Hx)
Tt ARE ol g Azl #A AlE|el dR]sict olefst A=
AT 23t ofZulE FEo] At dert AAH LUMO level S 3%
o] A¥H S F HOMO-LUMO oflU#] #JolE S7MAZ7] whito 2 3
At

4.2 B
2 AolME /7] A7) g AxjellA FFo] e A& §
ARS Z537] $138 Wl O 2 spin-orbit coupling®] & 7HES X
shet A2 (1) 228 F4J3FSIT) 9-Arylated carbazoles 71
o Cu Fu|& ©]8-8l N-arylations ©]-§-3to] /dsl3lom, o)& +
e AR (1) 2HE2 A 9704 Wo] BaE five-memberd
chelated”} o} six-membered chelated Tr(Ill) 2H=Y-S X-ray 24T+
2 BTty FE olElEID) FES] UV-vis AHEROR
'MLCT$} *MLCTZ <13l ol2]F 2% 2jzt= 7hol] 7l spin-orbit
coupling®] WAL TGAFAFE L] Hol7} ElstA o
S & g AUATE ok PL AHER S Fa TRl F4 a5dxt
s}l Adeles vEd nee] AEE WElE Sl dEude] W
ghIgt = AN, HA A FA7EA 9] thekst S ob= g}
gIakGit o) - FEtEe] JYd uels) s
shz 7MY AAdA) Fast 9 s] wiEolt
A=), AR vl Aol F 1EE 7 -type
AA A FHe] AAAR] dolE s Aol 7]
o

g}. ]

S

Fr
J

ek

4

iy,

KR
=
il

o T g
i o

=
1x
i
4

2
s
2
X
N
)

AN T ST ST < )

ol
F[F
ol
_Y:I,
e
4
i)

£

2 Ab
o] A= Faulgn ATl &) X g3tk
Referneces

1. S.-J. Zou, Y. Shen, F.-M. Xie, J.-D. Chen, Y.-Q. and Li, J.-X. Tang,
Recent advances in organic light-emitting diodes: Toward smart
lighting and displys, Mater. Chem. Front., 4, 788-820 (2020).

2. M. Aleksanrova, Specifics and challenges to flexible organic
light-emitting devices, Adv. Mater. Sci. Eng., 2016, Article 1D
4081697 (2016).

3. Y. G. Ma, H. Y. Shen, and C. M. Che, Electroluminescense from
triplet metal-ligand chrage-transfer excited state of transition metal
complexes, Synth. Met., 94, 245 (1998).

4. M. A. Baldo, D. F. O'Brien, Y. You, A. Shoustikov, S. Sibley, M.
E. Thompson, and S. R. Forrest, Highly efficient phosphorescent
emissionfrom organicelectroluminescent device, Nature, 395, 151-
154 (1998).

5. C. Adachi, M. A. Baldo, M. E. Thompson, and S. R. Forrest, Nearly
100% internal phosphorescence efficiency in an organiclight emitting
device, J. Appl. Phys., 90, 5048 (2001).

6. T. Yu, L. Liu, Z. Xie, and Y. Ma. Progress in small-molecule lu-
miniscent materials for organic light-emitting diodes, Sci. China
Chem., 58, 907-915 (2015).

7. H. Xu, R. Chen, Q. Sun, W. Lai, Q. Su, W. Huang, and X. Liu,
Recent progress in metal-organic complexes for optoelectronic ap-



10.

11.

12.

13.

14.

15.

16.

17.

18.

9-Arylated Carbazoles F2]7F=F AE-31= Heteroleptic Iridium(Ill) Z-&2] $/dy} 3384 54 189

plications, Chem. Soc. Rev., 43, 3259 (2014).

. H. Shin, J.-H. Lee, C.-K. Moon, J.-S. Huh, B. Sim, and J.-J. Kim,

Sky-blue phosphorescent OLED with 34.1% external quantum effi-
ciency using a low refractive index electron transporting layer,
Adv. Mater., 28, 4920-4925 (2016).

. A. R. BM. Yusoff, A. J. Huckba, and M. K. Nazeeruddin, Pho-

sphorescent neutral iridium (III) complexes for organic light-emit-
ting diodes, Top. Curr. Chem., 375, 39 (2017),

N. Okamura, K. Ishiguro, T. Maeda, and S. Yagi, Luminescent
properties of novel bis-cyclometalated iridium(IIl) complex bearing
a phosphine oxide-appended diketonate ligand for solution-proc-
essed multilayer OLEDs, Chem. Lett., 46, 1086-1089 (2017).

Z. Chen, H. Zhang, D. Wen, W. Wu, Q. Zeng, S. Chen, and W.-Y.
Wong, A simple and efficient approach toward deep-red to near-in-
frared-emitting iridium(III) complexes for organic light-emitting di-
odes with external quantum efficiencies of over 10%, Chem. Sci.,
11, 2342-2349 (2020).

P. Ledwon, Recent advances of donor-acceptor type carbazole-based
molecules for light emitting applications, Org. Electron., 75, 105422
(2019).

B. Wex and B. R. Kaafarani, Perspective on carbazole-based or-
ganic compounds as emitters and hosts in TADF applications, J.
Mater. Chem. C, 5, 8622-8653 (2017).

M. Hong, M. K. Ravva, P. Winget, and J.-L. Bredas, Effect of
substituents on the electronic structure and degradation process in
carbazole derivatives for blue OLED host materials, Chem. Mater-.,
5791-5798 (2016).

C. S. Oh, D. S. Pereira, S. H. Han, H.-J. Park, H. F. Higginbotham,
A. P. Monkman, and J. Y. Lee, Dihedral angle control of blue
thermally activated delayed fluorescent emitters through donor sub-
stitution position for efficient reverse intersystem crossing, ACS
Appl. Mater. Interfaces, 10, 35420-3542 (2018).

J. Jayakumar, T-L. Wu, M.-J. Huang, P.-Y. Huang, T.-Y. Chou,
H.-W. Lin, and C.-H. Cheng, Pyridine-carbonitrile-carbazole-based
delayed fluorescence materials with highly congested structures and
excellent OLED performance, ACS Appl. Mater. Interfaces, 11,
21042-21048 (2019).

E. Orselli, G. S. Kottas, A. E. Konradsson, P. Coppo, R. Frolhlich,
L. De Cola, A. V. Dijken, M. Bulchel, and H. Borner, Blue-emit-
ting iridium complexes with substituted 1,2,4-triazole ligands? Syn-
thesis, photophysics, and devices, Inorg. Chem., 46, 11082-11093
(2007).

S.-Y. Baek, S.-Y. Kwak, S.-T. Kim, K. Y. Hwang, H. Koo, W.-J.
Son, B. Choi, S. Kim, H. Choi, and M.-H. Baik, Ancillary ligand
increases the efficiency of heteroleptic Ir-based triplet emitters in
OLED devices, Nat. Commun., 11, 2292 (2020).

19. J. K. Kwon, J.H. Cho, Y.-S. Ryu, S. H. Oh, and E. K. Yum, N-ar-
ylation of carbazole by microwave-assisted ligand-free Cul reaction,
Tetrahedron, 67, 4820-4825 (2011).

20. J. H. Cho, Y.-S. Ryu, S. H. Oh, J. K. Kwon, and E. K. Yum,
Diversification of carbazole by LiCl-mediated Cul reaction, Bull.
Korean Chem. Soc., 32, 2461-2464 (2011).

21. F. H. Case, The preparation of hydrazidines and as-triazines related
to substituted 2-cyanopyridines, J. Org. Chem., 30, 931-933 (1965).

22. A. R. McDonald, M. Lutz, L. S. von Chrzanowski, G. P. M. van
Klink, A. L.Spek, and G. von Koten, Probing the mer- to fac-iso-
merization of tris-cyclometallated homo and heteroleptic (C,N)3
iridium(III) complexes, Inorg. Chem., 47, 6681-6691 (2008).

23. M. Nonoyama, Benzo[h]quinolin-10-yl-N iridium(IIl) complexes,
Bull. Chem. Soc. Jpn., 47, 767 (1974).

24. (a) A. L. Spek, PLATON, an integrated tool for the analysis of the
results of a single crystal structure determination, Acta Crystallogr.
Sect. A, 46, C34 (1990). (b) A. L. Spek, PLATON, A Multipurpose
Crystallographic Tool, Utrecht University, Utrecht (1998).

25. S. Lamansky, P. Djurovuch, O. Murpky, F. Abdel-Razzaq, H. Lee,
P. E. Adachi, C. Burrows, and M. E. Thompson, Highly phosphor-
escent bis-cyclometalated iridium complexes: Synthesis, photo-
physical characterization, and use in organic light emitting diodes,
J. Am. Chem. Soc., 123, 4304-4312 (2001).

26. M. G. Colombo, T. C. Brunold, T. Riedener, H. U. Guedel, M.
Fortsch, and H.-B. Buergi, Facial tris cyclometalated Rh*" and Ir**
complexes: Their synthesis, structure, and optical spectroscopic pro-
perties, Inorg. Chem., 33, 545-550 (1994).

Authors

Se Hwan Oh; M.Sc., Grad. Student, Department of Chemistry,
Chungnam National University, Daejeon 34134, Korea; shorvital
(@gmail.com

Eul Kgun Yum; Ph.D., Professor, Department of Chemistry, Chungnam
National University, Daejeon 34134, Korea; ekyum@cnu.ac.kr

Younghoon Kim; M.Sc., Grad. Student, Department of Chemistry,
Chungnam National University, Daejeon 34134, Korea; kimyh3509
(@postech.ac.kr

Yung-Jae Im; M.Sc., Grad. Student, Department of Chemistry,
Chungnam National University, Daejeon 34134, Korea; livress12
(@gmail.com

Jungseok Heo; Ph.D., Professor, Department of Chemistry, Chungnam
National University, Daejeon 34134, Korea; jungseokheo@cnu.
ac.kr

Yeong-Joon Kim; Ph.D., Professor, Department of Chemistry, Chungnam
National University, Daejeon 34134, Korea; y2kim@cnu.ac.kr

Appl. Chem. Eng., Vol. 32, No. 2, 2021



