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ABSTRACT: The design and synthesis of some cyclometalated iridium(I1I) e
complexes containing quinoline-type ligands as ancillary ligands are reported. 4, ; o Y
The emission spectra of Ir(II) complexes containing a quinolinolate (6, 8, N
10) moiety exhibit a single emission peak at ca. 590 nm, resulting in a red >\‘\>\\' Mop
colored emission. However, Ir(III) complexes containing 8-sulfonamidoquino- ~ # i |
line ligands (11, 13—21) exhibit two different emission peaks (dual emission)
at ca. 500 nm and ca. 600 nm upon excitation at 366 nm, resulting in a red-
colored emission for 11 and a pale yellow-colored emission for 14—18 at 298
K. Especially, a white emission was observed for 19 at 298 and 77 K in
dimethyl sulfoxide. The mechanistic studies based on time-dependent density
functional theory calculations and time-resolved emission spectroscopy
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suggest that this dual emission originates from two independent emission 530 600

states.

B INTRODUCTION

Since the pioneering work of Forrest," the design and synthesis
of cyclometalated Ir(IlI) complexes such as 1 and 2 (Scheme
1) have received wide attention due to their high emission
efficiency, excellent stability, and fact that the color emitted
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from them can be tuned from blue to red by varying the
ligands.” These attractive photophysical properties of Ir(IIl)
complex are now being applied to phosphorescent emitters for
organic hght emitting dlodes (OLEDs),” cell staining dyes,” pH
sensors, OXygen Sensors, ® molecules that induce and detect cell
death,” and asymmetric photoredox catalysis.*

It is known that white OLEDs have been developed in all
phosphor-doped devices with the potential for a 100% internal
quantum efficiency.” In general, white light OLEDs require a
combination of three different color emitters, blue, green and
red, which is achieved by the deposition of multilayers on top
of other components.”™'* Therefore, the development of metal
complexes that exhibit a white emission (namely, a white
emission from one compound) would be highly desirable in
terms of reducing the fabrication cost and energy consumption
of such materials.

The emission properties of cyclometalated Ir(III) complexes
can generally be controlled by the cyclometalated ligands and/
or ancillary ligands that are used. Recently, dual-emitting Ir(III)
complexes have been reported to be attractive candidates for
use as phosphorescent bioimaging probes.'' For example, Lo
and co-workers reported on a series of dual-emissive cyclo-
metalated Ir(III) polypyridine complexes (3a—d) that function
as luminescent sensors for various biomolecules (Scheme
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2)."'98 In addition, Lippard and co-workers reported on a new
class of dual-emissive cyclometalated Ir(III) complex 4 as a
ratiometric sensor of Cu(I)"' and Zn(II).'"®

Scheme 2
s
NH-R3
C4H9NH N =
PF
|r\ ( 6)
C4HoNH
— / p—
3a: R?= C,H; i
HN™ "NH
H H
3b: R3= CgHi;—HN S

o)
H
3¢: R3 = CgHyp—HN o ‘ o
O =R
5 HO

3d: }{3 = n-C18H37

S
Ir.
2N\ \N\
2 I/
N/\(\j
N N~
|\
L/f

Meanwhile, quinoline derivatives have been reported to be
versatile ligands for use in preparlng luminescent complexes of
aluminum(III) and other metals'” as electroluminophores and
electron-transporting compounds in OLEDs. For example,
electronic 7—z* transitions in the qulnohnolate hgands of an
AlQ; complex are responsible for light emission."” The highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of such complexes are located on
the phenoxide moiety and the pyridyl side of the ligand,
respectively,'* and can affect the emission wavelength. To date,
reports on the synthesis and photophysical properties of Ir(III)-
quinolinolate complexes have appeared,” albeit their phos-
phorescence intensity is low (® < 0.01) in solution.

Quinoline derivatives have also attracted considerable
attention in several scientific fields,'® and we have been
involved in the research on the functions of 8-quinolinols as
ligands in Zn**-selective fluorophores,'”*™° potent inhibitors of
dinuclear Zn** peptidase such as aminopeptidase from
Aeromonas proteolytica (AAP),"”*™" and potential candidates

for radioprotective agents that can be used to reduce acute side
effects of radiation therapy in the treatment of cancer.'’®'”"

This background prompted us to synthesize a series of
heteroleptic cyclometalated Ir(III) complexes containing
quinoline-type ligands such as 8-quinolinols, 8-mercaptoquino-
line, and 8-sulfonamidoquinoline as the ancillary ligand. We
report herein on the design and synthesis of the Ir(III)
complexes 5—8 and 10 with 8-quinolinol, 9 with 8-
quinolinethiol, 12 with 8-aminoquinoline, and 11 and 13—-21
with 8-sulfonamidoquinoline (Scheme 3), along with their
crystal structures and photophysical properties. Among them,
complexes 14—16 and 18—21 exhibit dual emission peaks at ca.
500 nm and ca. 600 nm at 298 K upon excitation at 366 nm in
solution as well as in the solid state. The emission spectra of 11,
14, and 19 at low temperature (77 K) were also measured in
glassy dimethyl sulfoxide (DMSO). It is noteworthy that
compound 19, which is composed of a cyclometalated 2-(2,4-
difluorophenyl)pyridine (F,ppy) ligand and an 8-sulfonamido-
quinoline ligand, exhibits close to a white emission at both 298
and 77 K. Time-dependent density functional theory (TD-
DFT) calculations were made, and time-resolved emission
spectra were obtained to collect information on the possible
mechanism for these phenomena.

B RESULT AND DISCUSSION

Design and Synthesis of Ir(ll) Complexes Having
Quinoline Derivatives and Quinoline Sulfonamide. The
Ir(III) complexes having quinolinol ligands (5—8) were
prepared from dichloro-bridged dimeric complex 22 and 8-
quinolinol (23) or the corresponding 8-hydroxyquinoline
derivatives (24—26)'® (Scheme 4). The complexes (9—21)
were synthesized by the treatment of dichloro-bridged 22,"" 28,
35, and 36 with the ligands such as 24, 8-quinolinethiol (27), 8-
aminoquinoline (29), and the corresponding sulfonamidoqui-
noline derivatives (30—34).

Fine yellow crystals of 14, 19, and 20 were obtained by slow
diffusion of hexanes to their solutions in CHCl; at room
temperature. Their X-ray single-crystal structures are presented
in Figure 1, and representative parameters and selected bond
lengths are listed in Tables 1 and 2, respectively.

As shown in Figure 1, the two pyridines on ppy ligands of 14,
19, and 20 have a trans configuration, and bond lengths of Ir—
N (ppy) and Ir—C (ppy) are 2.04—2.05 and 1.99-2.01 A,
respectively, which are consistent with those of Ir(ppy),(acac)
(acac: acetylacetonate).”® In addition, the Ir—N (quinoline)
and Ir—N (benzenesulfonamide) distances of 14, 19, and 20
are 2.13 and 2.18—2.19 A. As shown in Figure 1a, the distance
between the phenyl ring on the sulfonyl amide part and the
centroid of the pyridine ring on the ppy ligand is 3.47 A, which
indicates face-to-face 7—r stacking interactions. However, such
intramolecular interactions are minimal in the cases of 19 and
20 (Figure 1b,c).

Photophysical Properties of Heteroleptic Iridium
Complexes. The UV—vis absoption spectra of 5—10 (10
uM) in DMSO at 298 K are presented in Figure 2. The
absorption at ca. 275 nm is attributed to spin-allowed 7—r*
transitions of both the ppy ligands and the quinoline ligands.
The complexes also exhibit a weak absorption in the region of
ca. 350—500 nm, which is due to spin-allowed and spin-
forbidden metal—ligand change transfer (MLCT) transitions
and spin-forbidden 7z—7* transitions.>" All of the compounds
were recrystallized from CHCI; and hexanes at least twice
before measurements of UV—vis absorption and emission
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spectra. Note also the exactly the same spectra were observed
after recrystallization.

Emission spectra of 5—10 (10 pM) were measured in
degassed DMSO at 298 K (excitation at 366 nm), and their
quantum yields were determined based on the @ value of
Ir(mpiq); (® = 0.26) used as a reference.” Although Ir(III)
complexes 5,"*" 7, and 9 exhibited very weak emissions at room
temperature, 6, 8, and 10, which contain sulfonylamide groups

on the S and 7 positions of the quinoline ring, exhibit a red-
colored emission at ca. 590—600 nm with @ values of 0.13,
0.11, and 0.21, respectively, as shown in Figure 3. The emission
lifetimes of the Ir(III) complexes 6, 8, and 10 are on a
microsecond time scale, indicating that their emissions are due
to excited triplet states. All of the photophysical data of 5—10
are summarized in Table 3.

We synthesized Ir(III) complexes 11 and 13—21, containing
8-sulfonamidoquinoline ligands as the ancillary ligands. Their
UV—vis absorption spectra in DMSO (10 uM) are shown in
Figure S1 in Supporting Information. The absorption at ca. 275
nm is attributed to the spin-allowed 7—7* transitions of the
phenylpyridyl and quinoline ligands. The complexes also
exhibited a weak absorption in the region of ca. 350—530
nm, which are due to spin-allowed and spin-forbidden metal—
ligand change transfer (MLCT) transitions and spin-forbidden
m—n* transitions. The excitation spectra of 11, 14, and 19 (10
uM), which were measured in degassed DMSO (Figure S2 in
Supporting Information), were almost identical to their UV—vis
absorption spectra. Photophysical data of 11-21 are
summarized in Table 4.

The emission spectra of 11-21 in degassed DMSO
(excitation at 366 nm) were measured at 298 K (Figure 4
and Table 4). Interestingly, it was found that 14—16 that
contain arylsulfonamide groups (10 #M) exhibit dual emissions
at ca. 500 nm (high energy (HE) emission band) and ca. 620
nm (low energy (LE) emission band; total ® = 2.7 X 107> for
14, 3.7 X 107> for 15, and 3.0 X 107> for 16; Figure 4b).
However, 13, with a methylsulfonamide group, exhibits a broad
emission (450 to 600 nm), but the intensity of the LEB is very
weak as compared to the HEB (Figure 4a). Emission of 17 is
very weak and is not included in Figure 4.

Ir(III) complexes 11 containing 1-(4-methylphenyl)-
isoquinoline (mpiq), 18 containing 2-(4-methoxyphenyl)-
pyridine (mppy), or 19—21 containing 2-(2,4-difluorophenyl)-

yrldme (F,ppy) were also prepared because fac—Ir(mplq)3
(46),>" fac-Ir(mppy); (4b),” and fac-Ir(Fppy);''" exhibit
emissions at ca. 600 nm, ca. 497 nm, and ca. 475 nm,
respectively. As shown in Figure 4c, the LEB for 18-21 is
observed at ca. 620 nm. The HEB of 18 is observed at 487 and
512 nm, and those of 19—21 are observed as two emissions,
possibly due to their vibrationally structured feature (19: 474,
493 nm, 20: 476, 493 nm, and 21: 478, 494 nm, respectively).

The emission spectrum of 12 having no sulfonamide group
in degassed DMSO exhibits a broad emission band between
450 and 600 nm, suggesting that the presence of sulfonyl group
at 8-amino group of 14—16 and 18—21 is essential for apparent
dual color emission. The HEB of 14 and 19 were compared
with fac- and mer-forms of Ir(ppy); la and Ir(F,ppy); 1d
(Figure S3 in Supporting Information). The fact that HEB of
14 and 19 are different from emission maxima of la and 1d
indicates the contamination of la and 1d in the samples is
highly unlikely.

The emission maxima of 14 in CHCl;, CH,Cl,, DMSO, and
toluene are summarized in Figure S4 in Supporting Information
and Table 5, indicating that the peak height ratios between
HEB and LEB are almost identical in different solvents.”’

The emission spectra of 11, 14, and 19 in glassy DMSO** at
77 K exhibit a dual color emission with a hypsochromic shift
due to the rigidochromic effect (Figure 5).” Note that 19
exhibits a white-color emission, possibly due to a hypsochromic

shift.**
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In the emission spectra of 13—17 at 298 K in the solid state,
dual emission peaks (Figure S6 in Supporting Information)
were observed, and the LE bands have a strong emission
intensity compared to that in solutions. It should be added that
17 exhibits two peaks at 521 and 625 nm in the solid state,
while its emission is very weak in solution.

In addition, the emission spectra of 11, 14, and 19 in 5 wt %
doped in a poly(methyl methacrylate) (PMMA) polymer film
(5 wt %) were measured at ambient temperature (samples of
the PMMA film were prepared by using solutions of Ir(III)
complexes and maintaining the films at 40 °C for 24 h). In the
PMMA film, 11, 14, and 19 exhibited dual emission peaks with

different peak ratios compared to those in solution (Figure S7
in Supporting Information), possibly due to the suppression of
nonradiative pathways in the polymer.

Bunz and co-workers reported on the conversion of pictures
colors to digital data.”® In this work, we attempted a rather easy
and convenient method. Namely, emission pictures of 11, 14,
19, and 20 in degassed DMSO solutions were taken by several
digital cameras. Then, we selected the appropriate cameras that
exhibit similar colors as those recognized by our naked eyes and
analyzed these pictures by using the Adobe Photoshop software
without correction. In these measurements, we used at least 10
different points (10 different pixels) in the same picture and
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Figure 1. Perspective views of single crystal structures of (a) 14, (b) 19, and (c) 20 with 50% probability ellipsoids.

Table 1. Representative Crystallographic Parameters” of 14, 19, and 20

14
empirical formula C;;H,,IrN,0,S-CHCl,4
M, 903.27
crystal system monoclinic
space group P21/n
a (A) 19.194(5)

b (A) 9.114(5)

¢ (A) 19.709(2)
a (deg) 90

P (deg) 101.926(5)
7 (deg) 90

vV (A3) 3374(2)

Z 4

P e (grem™) 1.778

R 0.028

R, 0.0656
reflection measured/independent 17 488/6166
observed ref [I > 26(I)] 5349
GOF 0.996

19 20
C;,H,,F,IrN,0,S-CHCl, C;3H,5F,IrN,0;S
975.22 885.88
triclinic triclinic

PT PT
11.477(5) 10.355(5)
13.075(5) 11.129(5)
13.777(5) 16.199(5)
73.813(5) 85.020(5)
71.921(5) 77.980(5)
66.201(5) 84.218(5)
1770.0(12) 1812.4(13)
2 2

1.830 1.623
0.0435 0.0336
0.1096 0.0826
10243/7103 9253/6502
6326 5874

1.038 1.042

“The structures were solved by direct methods (Bruker APEX CCD) and refined by using least-squares techniques (SHELXL-97).

calculated average values to obtain RGB values of each sample.
These RGB values were converted into xy color coordinates to
be plotted in a chromaticity diagram (CIE 1931) as shown in

Figure 6, by using the “Data-E calculator of the ColorMine

library” (Table S1 in Supporting Information).””

As displayed

in Figure 6, 19 and 20 exhibit xy color coordinates (0.31, 0.32)

DOI: 10.1021/acs.inorgchem.5b02872
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Table 2. Selected Bond Lengths (A) of 14, 19, and 20

14 19 20
Ir-N,, 2.04, 2.05 2.04, 2.04 2.04, 2.05
Ir=Cpp, 2.00, 2.01 1.99, 2.00 1.99, 2.00
Ir—Nguinoline 2.13 2.13 2.13
Ir—Nyuifonamide 2.19 2.18 2.18
(@) 0.7
0.6 1
0.5k
3 044\t
£ :
£
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Figure 2. UV—vis spectra of Ir(III) complexes (a) S (plain curve), 6

(dotted curve), (b) 7 (plain curve), 8 (dotted curve), (c) 9 (plain
curve), and 10 (dotted curve) in DMSO at 298 K ([Ir complex] = 10

uM).

corresponding to a white emission at 77 K, which are similar to
those of white OLED (WOLED). For reference, a 2:5 mixture
of 37°° and 2 has xy color coordinates at x = 0.31 and y = 0.33
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Figure 3. Normalized emission spectra of Ir(tpy); (dashed curve), 6
(plain curve), 8 (bold curve), and 10 (short dotted curve) (10 uM) in
degassed DMSO at 298 K ([Ir complex] = 10 M and excitation at
366 nm). (inset) Picture of 6 (10 uM) taken under UV light (365

nm).

Table 3. Photophysical Properties” of 5—10 (10uM) in
Degassed DMSO at 298 K

UV—visible
absorption maxima emission quantum lifetime”
compound (nm) maxima (nm)  yield (®) 7 (us)

Ir(tpy); 300, 367, 453 516 0.50°
5 351, 406, 456
6 347, 400, 454 587 0.13 2.5
7 289, 350, 404, 464
8 352, 400, 456 588 0.11 5.7
9 346, 399, 490
10 345, 398, 489 600 021 2.0

“Excitation at 366 nm. Quantum yields were determined using
Ir(mpiq); as a reference (® = 0.26). YA 475 nm long wave pass filter
was used. “The quantum yield of Ir(tpy); was determined using
quinine sulfate in 0.1 M H,SO, (¢ = 0.55).

in DMSO at 298 K, which also produces a white-like colored
emission.

Mechanistic Studies of Dual Emissions. To study the
mechanism for the dual emission from the aforementioned
Ir(1II) complexes, TD-DFT calculations were performed for 6,
8, 10—16, and 18—21 by using the Gaussian09 program.”® The
results are summarized in Figure 7 and Table 6 with the main
transition characters. The HOMOs and LUMOs of 6, 11, 12,
14, and 19 are shown in Figure 7. In the case of 6, the TD-DFT
calculation results indicate that the emission peak at ca. 587 nm
originates from 3MLqu-mCT + 3LqumC transitions.

The major contribution of the triplet transition of 11,
exhibiting a single emission at 602 nm, is possibly due to
HOMO-1 — LUMO (*ML,,,CT). Interestingly, the HOMO
of 12, which is the parent compound of 14, is localized on the
phenyl ring of ppy, and the LUMO is localized on quinoline,
exhibiting a single emission at 557 nm with a low quantum
yield (@ = 1.5 X 107%).

The experimental results of emission of 14 at 496 nm and at
617 nm (Figure 4b and Table 4) are in good agreement with
theoretical values calculated by using TD-DFT (emissions at
493 and 652 nm) as listed in Table 6. Namely, the HOMO of
14 is mainly localized on the Ir center, quinoline ring (quin),
and nitrogen atom (n) of the sulfonamide group of quinoline,

DOI: 10.1021/acs.inorgchem.5b02872
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Table 4. Photophysical Properties of 11-21 (10 M) in Degassed DMSO at 298 K (excitation at 366 nm)

emission peaks (nm)

compounds UV—vis absorption maxima (nm) HEB“

1 294, 342, 445

12 347, 394, 424 557

13 343, 394, 444 500

14 343, 393, 443 496

15 341, 391, 441 496

16 340, 394, 439 500

17 346, 396, 446

18 30S, 374, 427 487, 512
19 331, 366, 417 474, 493
20 332, 370, 424 476, 493
21 330, 367, 423 478, 494

lifetime 7 (us)

LEB* quantum yield” (®) HEB LEB (total) HEB* LEB?
602 0.35 325
1.5 X 1072

623 0.12 1.63

617 1.6 X 1072 1.1 X 1072 (2.7 X 107%) 426 8.95
611 32X 107253 x 107% (3.7 X 1072) 5.14 9.65
622 23X 107274 x 1073 (3.0 X 1072) 2.98 7.88
617 3.6 X 1072 1.8 X 1072 (5.4 X 1072) 443 6.76
613 83X 1072 1.5 X 107> (9.8 x 107%) 2.10 10.99
617 45 % 107 7.0 X 1073 (5.2 x 107%) 2.12 10.01
615 48 X 1072 1.0 X 1072 (5.8 X 1072) 223 6.17

“HEB = higher energy emission band, and LEB = lower energy emission band. *Quantum yields for HEB and LEB were calculated and listed as well
as total @ values. “A 435 nm long wave pass filter was used. 9A 550 nm long wave pass filter was used.

and its LUMO is localized on the quinoline ring, whereas
LUMO+1 and LUMO+2 are mainly localized on the
phenylpyridine (ppy) ligands (Figure 7). This suggests that
the lowest-energy triplet excited state T; (1.90 eV),
corresponding to an emission at 617 nm, is a mixture of
3MLquinCT (d(ﬂ:) (II‘) - ”*(quin))) 3'LquinC (ﬂ(quin) -
7*(quin)) and *ILg,CT (n(sulfonamide) — 7z*(quin))
transitions. The second lowest-energy state T, (2.51 eV) of
14, corresponding to an emission at 496 nm, is composed of
*ML,,,CT (d(z) (Ir) = 7*(ppy)) and *Lg,L,,CT (#(quin)
- 7*(ppy))-

Similarly, lowest-energy triplet excited state T, (2.08 eV) for

19 is a mixture of *MLy;,,CT (d(#) (Ir) = 7*(quin)), *LgunC
(n(quin) — 7*(quin)) and *ILy;,CT (n(sulfonamide) —
7*(quin)) transitions (613 nm) by calculation, and its second
lowest-energy state T, (2.76 eV) is composed of *MLg,,, CT
(d(r) () — (Fyppy) and Ly, CT (n(quin) —
7*(F,ppy)) (476 nm by calculation). Then we conclude that
these two main transition states, T; and T,, contribute to the
dual emission of Ir(IIl) complexes 14—21 (Scheme S).

You et al. reported on tuning of the emission color of
heteroleptic Ir(III) complexes consisting of F,ppy ligands and a
variety of ancillary ligands.”” They concluded that the
interligand energy transfer between the cyclometalated F,ppy
ligand and the corresponding ancillary ligand is the most
probable mechanism, as supported by time-resolved emission
spectroscopy and the observation that the rise component in
time-resolved emission spectrum is strong evidence of an
interligand energy transfer.”””

Therefore, we hypothesize that the interligand energy
transfer (T; = T, in Scheme S) from HEB to LEB can be
attributed to dual emissions in our Ir(IIl) complexes, which
prompted us to measure the emission decay of 14 and 19
(excitation at 371 nm) at both HEB and LEB by using time-
resolved emission spectroscopy (Figure S8 in Supporting
Information and Figure 8). The emission decay of 14 at 496
nm provided a single-component emission lifetime of 1.7 us,
and biexponential emission decay is observed at 617 nm (z =
1.3 and 12 pus; Figure S8a in Supporting Information and Table
7; for comparison, the emission decay of 11 is shown in Figure
S8b in Supporting Information). The biexponential emission
decay at 617 nm (LEB) is deconvoluted into a prompt decay
component (7 = 1.3 us), whose contribution is 4% at 617 nm
and a slower decay (7 = 12 ps), whose contribution is 96% at

the same wavelengths (Table 7). The prompt decay of LEB
(1.3 pus) possibly corresponds to tailing of HEB.

Similar results were obtained from the emission decay curves
of 19, which provide a single-component emission lifetime of
1.9 us at 474 and 493 nm, respectively, and biexponential
emission lifetimes of 1.8 and 17 ys at 613 nm (Figure 8 and
Table 7). The time-resolved emission spectra indicate that both
HEB and LEB have lifetimes of ca. 1-2 us and that LEB
becomes dominant with a delay time of up to ca. 6 us. In both
time-resolved emission spectra, observed rise components are
negligible, and the emission maxima and lifetimes of HEB of 14
(r=1.7 ps) and 19 (7 = 1.9 ps) are nearly identical to those of
Ir(p%)y)z(acac) (7 = 1.6 ps)”® and Ir(F,ppy),(acac) (r = 1.0
ps).”" These results suggest that interligand energy transfer
between T| and T, is unlikely and that the dual emission of 14
and 19 ori%inates from the two independent emission states, T
and T,'"”" although we do not completely exclude the
possibility of very slow energy transfer from T, to T).

H CONCLUSION

In conclusion, we report herein on the synthesis and
photophysical properties of heteroleptic cyclometalated
iridium(III) complexes having the variety of quinoline
derivatives as ancillary ligands. The findings indicate that 14—
16 and 18-21 containing 8-sulfonamidoquinolines exhibit a
dual color emission at ca. 500 nm and ca. 600 nm upon
excitation at 366 nm at 298 K, and especially, 19 exhibits a
white-color emission at 298 K and at 77 K, as displayed in
chromaticity diagram (Figure 6) prepared by using digital
camera and convenient data conversion. The presence of
sulfonyl group on 8-aminoquinoline unit is essential for dual
color emission. The results of theoretical (TD-DFT)
calculations and time-resolved emission spectroscopy suggest
that dual emission of these complexes originates from two
independent emission states. This information provides useful
information for the design and synthesis of new metal
complexes and their applications to OLEDs and related
materials.

B EXPERIMENTAL SECTION

General Information. IrCl;-3H,0 was purchased from Kanto
Chemical Co. 'H NMR spectra (300 MHz) was recorded on a JEOL
Always 300 spectrometer. Electrospray ionization (ESI) mass spectra
(MS) were recorded on a Varian 910-MS. Thin-layer (TLC) and silica
gel column chromatographies were performed using Merck 5554
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Figure 4. Normalized emission spectra of (a) 11 (plain curve), 12
(dashed curve), and 13 (dotted curve), (b) 14 (bold curve), 15 (plain
curve), and 16 (short dotted curve), and (c) 18 (bold curve), 19
(plain curve), 20 (dashed curve), and 21 (short dotted curve) in
degassed DMSO at 298 K ([Ir complex] = 10 uM and excitation at
366 nm). (inset) Pictures of 11, 14, and 19 (10 uM) taken under UV
light (365 nm).

(silica gel) TLC plates and Fuji Silysia Chemical FL-100D,
respectively. Emission lifetimes were determined using a TSP-1000
(Unisoku Co, Ltd). Density functional theory (DFT) calculations®
were also carried out using the Gaussian09 program (B3LYP, the
LanL2DZ basis set for a Ir atom and the 6-31G basis set for H, C, S,
Br, O, N atoms). The commercial available DMSO (spectrophoto-
metric grade, Wako Chemical Co) was used for the measurement of
photophysical data. Negligible hazard exists in all synthetic procedures.

Synthesis of Di-u-chloro-tetrakis[k?(C2,N)-2-phenylpyridine]-
diiridium(lll) (22). 1rCl;:3H,0 was suspended in a mixture of 2-

Table S. Emission Peaks of 14 (10 M) in Various Solvents
at 298 K, and 11, 14, and 19 at 77 K

emission maxima (nm) temperature
complex solvent HEB“ LEB“ (X)
14 DMSO 496 617 298
14 CHC, 491 613 298
14 CH,Cl, 491 611 298
14 toluene 496 623 298
14 DMSO 483, 516 581 77
11 DMSO 597 77
19 DMSO 457, 489 567 77

“Excitation at 366 nm. HEB = higher energy emission band, and LEB
= lower energy emission band.
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~ 800 i 19
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2 PAd
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£ i ': 19 14 1
g ;
S 400 ;
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& :
200 i
0 — T T d T — T T d 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure S. Emission spectra of 11 (short dotted curve), 14 (bold
curve), and 19 (dashed curve) in glassy DMSO at 77 K. (inset)
Emission pictures of 11, 14, and 19 in glassy DMSO ([Ir complex] =
10 #M and excitation at 366 nm).

ethoxyethanol and water under Ar, to which 2-phenylpyridine had
been added. The resulting reaction mixture was stirred at 110 °C for
24 h to afford a dark brown reaction mixture containing a yellow
precipitate. The precipitate was isolated on a filter, washed with water,
ethanol, and acetone, and dried under vacuo. The NMR spectrum of
the material was found to be identical with that reported in the
literature.'™*

Di-p-chloro-tetrakis[ k*(C2,N)-2-mppy] diiridium (IIT) 35'° and di-
u-chloro-tetrakis[k*(C2,N)-2-dfppy]diiridium (III) 36'”° were synthe-
sized in a similar manner and were used for preparing 22.

Synthesis of Quinoline Derivatives. Compounds (24—26) were
synthesized as described in our previous paper.'’®'® The 8-
sulfonamidoquinoline ligands (29—34) were synthesized by reacting
8-aminoquinoline with the corresponding sulfonyl chlorides in
pyridine at 130 °C under microwave conditions.”> Reaction mixtures
were then poured into water, and the resulting solid was isolated on a
filter and washed with water. When no precipitate was formed, the
product was obtained by extracting the aqueous phase twice with
CH,Cl,. The organic layer was then dried over anhydrous sodium
sulfate and evaporated in vacuo to obtain a solid.

N-(Quinolin-8-yl)methylsulfonamine (30). Yield = 51% (40 mg).
Brown color solid. mp 132 °C. IR (ATR): v = 3287, 1504, 1472, 1305,
1146, 1087, 970, 829, 760, 545, 508 cm™. 'H NMR (300 MHz,
CDCL,) 5 8.93 (s, 1H), 8.83 (d, J = 4.2 Hz, 1H), 8.20 (d, ] = 8.3 Hz,
1H), 7.87 (d, ] = 6.9 Hz, 1H), 7.54 (ddd, ] = 12.5, 8.9, 5.4 Hz, 3H),
3.04 (s, 3H) ppm. EI-MS (m/z): Caled for CoH\N,0,S (M"):
222.0453. Found: 222.0467.
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Figure 6. Chromaticity diagram showing the xy color coordinates of
11, 14, 19, 20, and 37+2 (CIE 1931). The xy color coordinates of
these complexes were calculated from their RGB values. For details,
see Table SI in Supporting Information.

N-(Quinolin-8-yl)benzenesulfonamine (31). Yield = 57% (56 mg).
Off-white color solid. mp 120 °C. IR (ATR): v = 32185, 1503, 1407,
1355, 1306, 1160, 1086, 926, 785, 716, 684, 568, 557 cm ™. "H NMR
(300 MHz, CDCl;) § 9.25 (s, 1H), 8.76 (dd, ] = 4.2, 1.7 Hz, 1H), 8.10
(dd, J = 8.3, 1.6 Hz, 1H), 7.97—7.87 (m, 2H), 7.84 (dd, ] = 6.3, 2.7 Hz,
1H), 7.45 (dd, ] = 3.9, 2.5 Hz, 3H), 7.43—7.35 (m, 3H) ppm. EI-MS
(m/z): Calcd for C,oH;,N,0,S (M*): 284.0619. Found: 284.0616.

4-Bromo-N-(quinolin-8-yl)benzenesulfonamine (32). Yield = 49%
(62 mg). Off-white color solid. mp 218 °C. IR (ATR): v = 3223, 1572,
1504, 1410, 1268, 1304, 1157, 1084, 796, 740, 668, 614, 553 cm™'. 'H
NMR (300 MHz, CDCL,) § 9.23 (s, 1H), 8.76 (s, 1H), 8.12 (d, J = 8.2
Hz, 1H), 7.83 (d, ] = 7.1 Hz, 1H), 7.77 (d, ] = 8.7 Hz, 2H), 7.52—7.42
(m, SH) ppm. EI-MS (m/z): Caled for: C;sH;;BrN,0,S (M"):
361.97235. Found: 361.9724.

4-Methoxy-N-(quinolin-8-yl)benzenesulfonamine (33). Yield =
73% (80 mg). Gray color solid. mp 75 °C. IR (ATR): v = 3267,
1593, 1504, 1470, 1412, 1363, 1259, 1150, 1085, 920, 824, 787, 667,
549 cm™. 'H NMR (300 MHz, CDCl;) § 9.20 (s, 1H), 8.76 (dd, ] =
42, 1.7 Hz, 1H), 8.10 (dd, J = 8.3, 1.6 Hz, 1H), 7.91-7.75 (m, 3H),
7.53—7.34 (m, 3H), 6.92—6.70 (m, 2H), 3.76 (s, 3H) ppm. EI-MS
(m/z): Calcd for C;gH,N,05S (M*): 314.0725. Found: 314.0727.

N-(Quinolin-8-yl)quinoline-8-sulfonamine (34). Yield = 59% (69
mg). White color solid. mp 232 °C. IR (ATR): v = 3165, 1501, 1469,
1411, 1269, 1306, 1167, 1144, 834, 768, 700, 588, 502 cm™". 'H NMR
(300 MHz, CDCl,) § 10.55 (s, 1H), 9.20—9.00 (m, 1H), 8.75—8.57
(m, 1H), 8.52 (d, ] = 7.3 Hz, 1H), 8.21—8.03 (m, 1H), 8.04—7.83 (m,
3H), 7.64—7.48 (m, 1H), 7.46 (dd, J = 8.3, 4.3 Hz, 1H), 7.41-7.28
(m, 3H) ppm. EI-MS (m/z): Calcd for C;sH ;N;0,S (M"): 335.0728.
Found: 335.0722.

Synthesis of Ir Complexes 5—21. A general method was used for
preparing all of complexes: di-u-chloro-tetrakis[k*(C,,N)-2-
phenylpyridine]diiridium(III) 22 (1 equiv) was dissolved in a mixture
of CH,Cl, and EtOH (4:1 ratio), and the 8-hydroxyquinoline
derivatives (2.2 equiv) and Et;N (4S5 equiv) were then added. The
reaction mixture was refluxed for 20 h under argon. After evaporation
of the solvent, the residue was washed with ethanol to remove
unreacted ligand, and the resulting product was purified by silica gel

chromatography with CHCI; as an eluent and recrystallized from
hexanes/CHCI; or hexanes/CH,Cl,. Similar procedure was used for
the synthesis of Ir(Ill) complexes from dichloro-bridged Ir(III)
complexes 28, 35, and 36 and quinoline derivatives.

S: Yield = 66% (16 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 3370, 1603, 1567, 1457, 1384, 1324, 1221, 1157, 1058,
1028, 819, 728, 616, 508 cm™'. '"H NMR (300 MHz, CDCl,) § 8.81
(d, ] =4.7 Hz, 1H), 7.99 (d, ] = 8.4 Hz, 1H), 7.87 (d, ] = 7.9 Hz, 1H),
7.80 (d, J = 7.8 Hz, 1H), 7.67 (d, ] = 6.2 Hz, 2H), 7.60 (d, ] = 7.8 Hz,
4H), 7.54 (d, ] = 5.8 Hz, 1H), 7.42 (t, ] = 8.0 Hz, 1H), 7.10 (dd, J =
8.4, 4.8 Hz, 1H), 7.03 (m, 2H), 6.96—6.85 (m, 2H), 6.84—6.72 (m,
3H), 6.45 (d, ] = 7.9 Hz, 1H), 6.30 (d, ] = 6.9 Hz, 1H) ppm. ESI-MS
(m/z): Caled for C3HpN;O('Ir) (M+H'): 644.1442. Found:
644.1443. Elemental analysis was not carried out because the content
of iridium in § is >25%.

6: Yield = 62% (20 mg). Red color solid. mp > 300 °C. IR (ATR): v
= 1606, 1538, 1477, 1417, 1314, 1135, 1030, 961, 788, 716, 627, 552
cm™'. 'H NMR (300 MHz, CDCl;) 6 8.89 (d, J = 8.8 Hz, 1H), 8.58
(d, ] = 6.3 Hz, 1H), 8.49 (s, 1H), 7.89 (d, J = 8.4 Hz, 2H), 7.73 (t, ] =
7.5 Hz, 2H), 7.63 (d, ] = 8.0 Hz, 1H), 7.54 (d, ] = 6.9 Hz, 2H), 7.33
(d, ] = 8.8 Hz, 1H), 7.12 (s, 1H), 6.95—6.82 (m, 3H), 6.75 (d, ] = 7.4
Hz, 2H), 6.39 (d, ] = 6.7 Hz, 1H), 6.02 (d, ] = 7.7 Hz, 1H), 2.84 (s,
6H), 2.24 (s, 6H), 2.14 (s, 3H) ppm. ESI-MS (m/z): Calcd for
C36H3,NO:S,(P'Tr) (M*): 871.1602. Found: 871.1604. Anal. Calcd
for C34H3,IrN0;S,-0.25CHCL;: C, 48.22; H, 3.82; N, 7.76. Found: C,
48.60, H, 4.02; N, 7.49%.

7: Yield = 51% (20 mg). Red color solid. mp > 300 °C. IR (ATR): v
= 1587, 1538, 1502, 1456, 1315, 1138, 1048, 962, 815, 788, 815, 788,
719, 676, 577, 554 cm™'. 'TH NMR (300 MHz, CDCl,) & 8.94 (s, 2H),
8.86 (d, J = 8.8 Hz, 1H), 8.17 (d, ] = 8.3 Hz, 1H), 8.00 (d, J = 8.1 Hz,
1H), 7.87 (s, 2H), 7.73 (dd, ] = 7.7, 5.6 Hz, 4H), 7.45—7.34 (m, 2H),
7.31 (s, 1H), 7.18 (d, J = 6.2 Hz, 1H), 6.77 (s, 2H), 6.23 (s, 1H), 5.99
(s, 1H), 2.82 (s, 6H), 2.13 (s, 6H), 2.01 (d, J = 1.9 Hz, 3H) ppm. ESI-
MS (m/z): Caled for CygH;,N;O,S(*'Ir) (M*): 807.1988. Found:
807.1985. Anal. Calcd for CyqH;,IrNO;S,-0.33CHCl;: C, 51.41; H,
4.08; N, 8.25. Found: C, 51.59, H, 4.00; N, 7.94%.

8: Yield = 66% (52 mg). Orange color solid. mp > 300 °C. IR
(ATR): v = 1606, 1582, 1535, 1476, 1417, 1313, 1145, 1060, 970, 831,
754, 729, 667, 553 cm ™. "H NMR (300 MHz, CDCL;) 6 8.92 (d, ] =
8.8 Hz, 1H), 8.66—8.40 (m, 2H), 7.90 (dd, ] = 8.0, 4.3 Hz, 2H), 7.79—
7.68 (m, 2H), 7.65 (d, ] = 7.8 Hz, 1H), 7.57 (d, ] = 7.8 Hz, 1H), 7.43
(d, J = 5.7 Hz, 1H), 7.38 (d, ] = 7.5 Hz, 1H), 7.10 (ddd, ] = 7.3, 5.8,
1.4 Hz, 1H), 6.97—6.83 (m, 3H), 6.82—6.71 (m, 2H), 6.42—6.33 (m,
1H), 5.99 (d,J = 7.6 Hz, 1H), 523 (q, ] = 5.5 Hz, 1H), 446 (d, ] = 5.4
Hz, 1H), 2.72 (d, ] = 5.4 Hz, 2H), 2.15 (d, ] = 7.0 Hz, 4H), 1.87 (d, ]
= 5.5 Hz, 3H) ppm. ESI-MS (m/z): Calcd for C3,H3oN3O4S,(*'Ir)
(M*): 843.1288. Found: 843.1286. Anal. Calcd for C3,H;0IrNO;S,-
0.33CHCly: C, 46.61; H, 3.46; N, 7.92. Found: C, 46.40, H, 3.18; N,
7.66%.

9: Yield = 50% (17 mg). Red color solid. mp > 300 °C. IR (ATR): v
= 1604, 1553, 1474, 1415, 1335, 1294, 1267, 1208, 1159, 1060, 1028,
999, 820, 752, 681, 630, 560 cm™’. '"H NMR (300 MHz, CDCl,) §
9.80 (d, J = 6.5 Hz, 1H), 8.02 (t, ] = 6.5 Hz, 2H), 7.89—7.80 (m, 3H),
7.70—7.54 (m, 4H), 7.39 (d, ] = 5.7 Hz, 1H), 7.33 (d, 6.2 Hz, 2H),
7.14 (d, J = 8.0 Hz, 1H), 7.08 (d, ] = 5.0 Hz, 1H), 7.00 (t, ] = 7.2 Hz,
2H), 6.91 (d, ] = 3.8 Hz, 1H), 6.83—6.73 (m, 2H), 6.47 (d, ] = 7.2 Hz,
1H), 632 (d, J] = 7.6 Hz, 1H) ppm. ESI-MS (m/z): Calcd for
C3H,,N;S (P'Ir) (M+H'): 659.1134. Found: 659.1128. Elemental
analysis was not carried out because the content of iridium in 9 is
>25%.

10: Yield = 64% (16 mg). Red color solid. mp > 300 °C. IR (ATR):
v = 1605, 1582, 1512, 1475, 1446, 1415, 1323, 1263, 1208, 1136, 1060,
1030, 945, 808, 728, 639, 570 cm™'. 'H NMR (300 MHz, CDCl;) §
8.94 (s, 2H), 8.86 (d, ] = 8.8 Hz, 1H), 8.49 (t, ] = 3.2 Hz, 2H), 8.17 (d,
J = 8.3 Hz, 1H), 8.00 (d, ] = 8.1 Hz, 1H), 7.87 (s, 2H), 7.76—7.70 (m,
4H), 7.45—7.34 (m, 2H), 7.31 (s, 1H), 7.18 (d, ] = 6.2 Hz, 1H), 6.77
(s, 2H), 6.23 (s, 1H), 5.99 (s, 1H), 2.82 (s, 6H), 2.13 (s, 9H), 2.03 (s,
3H), 2.01 (s, 3H) ppm. ESI-MS (m/z): Calcd for
Cy6H,,NOS,(Fr) (M*): 999.2223. Found: 999.2208. Anal. Caled
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for CyH,,IrtN;O;S,: C, 55.18; H, 4.23; N, 6.99. Found: C, 5525, H,
4.11; N, 6.67%.

11: Yield = 92% (38 mg). Yellow color. mp > 300 °C. IR (ATR): v
= 1586, 1501, 1443, 1375, 1311, 1287, 1139, 1110, 1085, 941, 813,
741, 672, 579 cm™'. 'H NMR (300 MHz, CDCl;) § 9.05 (d, ] = 6.5
Hz, 1H), 8.93 (d, 6.0 Hz, 1H), 8.87 (d, 6.9 Hz, 1H), 8.10 (d, J = 8.0
Hz, 1H), 8.04 (dd, J = 8.2, 3.3 Hz, 2H), 8.01-7.96 (m, 1H), 7.87—
7.72 (m, 2H), 7.73-7.58 (m, 4H), 7.56 (dd, ] = 4.9, 1.5 Hz, 1H), 7.44
(t, J = 8.1 Hz, 1H), 7.29 (d, ] = 6.6 Hz, 2H), 7.17—7.04 (m, 4H), 7.01
(d, J = 6.5 Hz, 1H), 6.92 (t, ] = 7.4 Hz, 1H), 6.82 (d, ] = 6.7 Hz, 1H),
6.71 (dd, ] = 15.3, 7.5 Hz, 3H), 6.16 (d, ] = 2.8 Hz, 2H), 2.06 (s, 3H),
2.01 (s, 3H) ppm. ESI-MS (m/z): Caled for C,;H;N,0,S(*'Ir)
(M*): 910.2081. Found: 910.2097. Anal. Calcd for C,,H;IrN,O,S-
CH,Cl,: C, 57.82; H, 3.74; N, 5.62. Found: C, 57.77, H, 3.49; N,
5.66%.

12: Yield = 79% (19 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 2892, 1608, 1582, 1477, 1421, 1374, 1315, 1270, 1211,
1156, 1062, 1031, 828, 785, 730, 629, 556 cm™'. 'TH NMR (300 MHz,
DMSO-dg) 6 8.69—8.56 (m, 2H), 8.35—8.24 (m, 1H), 8.19 (d, J = 8.3

Hz, 1H), 8.03 (s, 1H), 7.98 (d, ] = 6.3 Hz, 2H), 7.84 (t, ] = 8.7 Hz,
4H), 7.73 (d, ] = 6.9 Hz, 2H), 7.63 (dd, ] = 8.4, 49 Hz, 1H), 7.17—
7.06 (m, 2H), 7.01—6.74 (m, 4H), 6.27 (dd, ] = 14.5, 6.5 Hz, 2H)
ppm. ESI-MS (m/z): Caled for CyH,N,(P'Ir) (M'): 643.1601.
Found: 643.1590. Elemental analysis was not carried out because the
content of iridium in 12 is >25%.

13: Yield = 71% (24 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1605, 1585, 1653, 1502, 1476, 1311, 1288, 1268, 1126,
1062, 1029, 956, 856, 826, 747, 665, 544, 520 cm™'. '"H NMR (300
MHz, CDCL;) § 9.24 (d, ] = 49 Hz, 1H), 8.16 (d, ] = 7.3 Hz, 1H),
8.09—8.00 (m, 1H), 7.92 (d, J = 7.9 Hz, 1H), 7.81 (d, ] = 8.3 Hz, 1H),
7.74 (dd, ] = 4.9, 1.5 Hz, 1H), 7.68—7.58 (m, 4H), 7.53 (t, ] = 8.1 Hz,
1H), 7.25 (s, 1H), 7.21-7.10 (m, 2H), 7.06 (t, ] = 6.6 Hz, 1H), 6.83—
6.73 (m, SH), 6.32 (d, ] = 7.6 Hz, 1H), 6.23 (d, ] = 7.5 Hz, 1H), 2.27
(s, 3H) ppm. ESI-MS (m/z): Caled for Cy,H,N,0,8(P'Ir) (M*):
720.1299. Found: 720.1303. Anal. Caled for C;,H,IrN,O,S-CHCl;:
C, 47.12; H, 3.12; N, 6.66. Found: C, 47.07, H, 2.73; N, 6.55%.

14: Yield = 46% (20 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1603, 1582, 1562, 1474, 1416, 1380, 1312, 1262, 1193,

DOI: 10.1021/acs.inorgchem.5b02872
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.5b02872

Inorganic Chemistry

Table 6. Calculated Triplet Transition States and Selected Frontier Orbitals of Compounds 6, 8, 10—16, 18—21

10

11

12

13

14

15

16

18

19

20

21

wavelength (nm) expt E (eV) expt
587 2.11
588 2.10
600 2.07
602 2.06
557 2.22
500 2.47
617 2.00
496 2.49
611 2.03
496 2.50
622 1.99
500 2.47
617 2.01
487 2.54
613 2.02
474 2.61
617 2.01
476 2.60
615 2.01
494 2.50

E (eV) TD-DFT

223
224
2.10

2.12

2.09
2.56

1.90
2.51

191
2.51

1.89
2.52

1.89
2.53

2.08
2.76
1.84
2.58

1.90
2.47

T,
T,
T,

T,

T,
T,

T,
T,

T,
T,

T,
T,

T,
T,

T,
T,
T,
T,

T,
T,

“Major contributions defined as >10% contribution to the transition.

state

assignment”
HOMO-1-LUMO (80%)
HOMO-1-LUMO (76%)
HOMO—-LUMO (54%)
HOMO—LUMO+1 (10%)
HOMO—LUMO (14%)
HOMO-1-LUMO (36%)
HOMO—LUMO (98%)
HOMO—LUMO+1 (20%)
HOMO—-LUMO+2 (28%)
HOMO—LUMO (88%)
HOMO—LUMO+1 (44%)
HOMO—LUMO+2 (18%)
HOMO—LUMO (88%)
HOMO—-LUMO+1 (36%)
HOMO—-LUMO+2 (20%)
HOMO—-LUMO (92%)
HOMO—-LUMO+1 (48%)
HOMO—LUMO+2 (20%)
HOMO—-LUMO (92%)
HOMO—LUMO+1 (26%)
HOMO—LUMO+2 (12%)
HOMO—LUMO (84%)
HOMO—LUMO+1 (84%)
HOMO—LUMO (86%)
HOMO—LUMO+1 (36%)
HOMO—-LUMO+2 (16%)
HOMO—LUMO (79%)
HOMO—LUMO+1 (68%)
HOMO—LUMO+2 (12%)

main transition character
3 3
MLinCT + "LguinC
3 3
MLquinCT + LqumC

3 3
MLiyypigCT + *LoginLingigCT

‘quin

3 3
MLy CT + *LyinLingigCT

*LipigC
*ML,,, CT + L, LinCT

3 3
MLy, CT + *Loyip Ly, CT

SML,yinCT + 3L inC + *IL,;, CT

quin quin quin
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MLy, CT + *LiyinLip, CT

SML,ioCT + °L,;,C + *IL,;,,CT

quin quin quin
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‘quin"~ppy
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'quin 'quin ‘quin
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ML, .CT + °L,,,,C + °IL,,;,,CT

quin ‘quin quin
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SML,;,CT + 3Leyi,C + *ILg,CT

quin’ ‘quin’ quin

3 3
MLippyCT + “LauinLpoppyCT

ML,,;,,CT + 3L,;,C + °IL_;,,CT

quin quin quin

3 3
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Scheme 5. Proposed Energy Diagram of 19
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Figure 8. Time-resolved emission spectra of 19 (10 uM) in DMSO at 298 K, excitation 371 nm. (inset) Emission decay curves at 474, 493, and 613

nm.

Table 7. Lifetimes” of 14 and 19 in Degassed Dimethyl
Sulfoxide at 298 K

comp emission (nm) lifetime 7 (us)
14 496 (HEB) 1.7 (100%)®
617 (LEB) 1.3 (4%), 12 (96%)
19 474 (HEB) 1.9 (100%)
493 (HEB) 1.9 (100%)
613 (LEB) 1.8 (2%), 17 (98%)

“Determined from emission decay curves monitored at each emission
wavelength. Excitation at 371 nm. “Values in parentheses are
distribution of each decay component in the emission intensity at
the indicated wavelength.

1139, 1115, 1084, 945, 844, 735, 581 cm™'. 'H NMR (300 MHz,
CDCl;) §9.23 (d, ] = 8.2 Hz, 1H), 8.26 (d, ] = 8.4 Hz, 1H), 8.02 (d, ]
= 8.3 Hz, 1H), 7.76 (dd, ] = 7.8, 4.2 Hz, 2H), 7.69—7.59 (m, 2H), 7.56
(d, J = 7.3 Hz, 2H), 7.49—7.36 (m, 2H), 7.13 (dd, ] = 8.0, 3.3 Hz, SH),
7.03 (d, J = 7.8 Hz 1H), 6.99—6.85 (m, 3H), 6.92—6.66 (m, SH), 6.37
(d, ] = 8.8 Hz, 1H), 6.15 (d, ] = 7.2 Hz, 1H) ppm. ESI-MS (m/z):
Caled for C;H,N,0,8('Ir) (M*): 782.1451. Found: 782.1455.
Anal. Calcd for Cy;H,,IrN,0,S-0.33CHCl;: C, 55.21; H, 3.43; N, 6.90.
Found: C, 55.60, H, 3.14; N, 6.93%.

15: Yield = 75% (48 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1604, 1571, 1502, 1474, 1417, 1386, 1297, 1268, 1158,
1136, 1058, 1028, 946, 858, 733, 602, 568 cm™'. 'H NMR (300 MHz,
CDCl;) §9.29 (d, ] = 5.7 Hz, 1H), 8.45 (d, J = 8.1 Hz, 1H), 8.05 (d, ]
= 8.3 Hz, 2H), 7.79 (d, ] = 8.5 Hz, 2H), 7.72—7.66 (m, 2H), 7.62—
7.51 (m, 2H), 7.39 (s, 2H), 7.23—7.09 (m, 4H), 7.00 (d, ] = 8.5 Hz,
2H), 6.95—6.86 (m, 2H), 6.85—6.73 (m, 2H), 6.69 (s, 2H), 6.38 (d, J
= 6.9 Hz, 1H), 6.06 (d, ] = 7.5 Hz, 1H) ppm. ESI-MS (m/z): Calcd for
C;,H,¢BrN,0,S (P'Ir) (M*): 860.0560. Found: 860.0570. Anal. Calcd
for C;,H,(IrN,0,S-CHCl;: C, 46.47; H, 2.77; N, 5.70. Found: C,
46.69, H, 2.52; N, 5.66%.

16: Yield = 64% (38 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1603, 1581, 1497, 1475, 1257, 1418, 1381, 1311, 1253,
1160, 1138, 1088, 1029, 942, 823, 761, 679, 628, 573 cm™'. "H NMR
(300 MHz, CDCl,) 6 9.26 (d, ] = 6.0 Hz, 1H), 8.26 (d, ] = 8.2 Hz,
1H), 8.02 (d, ] = 8.3 Hz, 1H), 7.84—7.69 (m, 3H), 7.69—7.52 (m,
4H), 7.47 (t, ] = 8.1 Hz, 2H), 7.17—7.07 (m, 2H), 7.03 (dd, ] = 5.5, 3.4
Hz, 3H), 6.92 (t, ] = 7.0 Hz, 1H), 6.87—6.61 (m, 4H), 6.49—6.31 (m,
3H), 6.15 (d, ] = 7.4 Hz, 1H), 3.74 (s, ] = 4.7 Hz, 3H) ppm. ESI-MS

(m/z): Caled for CiHpN,05S ('Ir) (M*): 812.1561. Found:
812.1563. Anal. Calcd for C53H,0IrN,O;S: C, 56.07; H, 3.59; N, 6.88.
Found: C, 55.69, H, 3.27; N, 6.74%.

17: Yield = 72% (45 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1604, 1581, 1561, 1496, 1475, 1456, 1417, 1380, 1309,
1286, 1262, 1191, 1119, 1061, 944, 847, 759, 593. 576 cm™. '"H NMR
(300 MHz, CDCl;) 6 9.58 (d, ] = 5.1 Hz, 1H), 9.30 (d, ] = 7.4 Hz,
1H), 8.41—8.33 (m, 1H), 8.03 (dd, J = 8.3, 1.5 Hz, 1H), 7.81 (dd, J =
8.3, 1.8 Hz, 1H), 7.72 (t, ] = 8.2 Hz, 2H), 7.65—7.56 (m, 2H), 7.52—
7.49 (m, 2H), 7.22 (d, J = 6.9 Hz, 1H), 7.17—6.88 (m, 8H), 6.88—6.72
(m, 4H), 6.66 (t, ] = 6.8 Hz, 1H), 6.38 (s, 1H), 5.93 (s, 1H), 5.83 (d, ]
= 7.7 Hz, 1H) ppm. ESI-MS (m/z): Calcd for C,oH,sN;0,S(*'Ir) (M
+H"): 834.1642. Found: 834.1642. Anal. Calcd for C,oH,sIrN;O,S-
0.SCHCl;: C, 54.37; H, 3.21; N, 7.83. Found: C, 54.70, H, 3.07; N,
7.62%.

18: Yield = 75% (21 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1590, 1548, 1460, 1427, 1311, 1275, 1213, 1143, 1108,
1085, 1036, 944, 860, 819, 774, 744, 713, 690, 582 cm™'. 'H NMR
(300 MHz, CDCl,) 6 9.12 (d, ] = 4.9 Hz, 1H), 8.17 (d, ] = 8.4 Hz,
1H), 8.01 (d, ] = 8.3 Hz, 1H), 7.79 (d, ] = 5.1 Hz, 1H), 7.67—7.55 (m,
3H), 7.55—7.45 (m, 3H), 7.45—7.37 (m, 2H), 7.18 (d, J = 8.2 Hz,
3H), 7.12 (dd, ] = 8.1, 4.9 Hz, 2H), 7.01-6.91 (m, 3H), 6.63 (s, 1H),
6.51 (dd, J = 8.3,2.6 Hz, 1H), 6.44 (dd, ] = 8.5, 2.6 Hz, 1H), 5.83 (d, ]
= 2.6 Hz, 1H), 5.72 (d, ] = 2.6 Hz, 1H), 3.57 (s, 3H), 3.55 (s, 3H)
ppm. ESI-MS (m/z): Caled for C30H; N,O,S(*'Ir) (M*): 842.1666.
Found: 842.1674. Anal. Calcd for C3yH3,IrN,O,S-CHCl;: C, 48.87; H,
3.35; N, 5.82. Found: C, 48.59, H, 3.73; N, 5.86%.

19: Yield = 97% (68 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1601, 1569, 1477, 1459, 1401, 1310, 1295, 1247, 1161,
1143, 1086, 987, 945, 842, 823, 754, 715, 689, 567 cm™'. 'H NMR
(300 MHz, CDCl;) 6 9.20 (dd, J = 5.9, 1.0 Hz, 1H), 8.27 (dd, ] = 8.2,
0.8 Hz, 1H), 8.19 (d, J = 8.3 Hz, 1H), 8.08 (dt, ] = 7.7, 3.9 Hz, 2H),
7.74 (dd, ] = 4.9, 1.5 Hz, 1H), 7.69 (t, ] = 8.2 Hz, 1H), 7.60 (t, ] = 8.4
Hz, 1H), 7.49 (t, ] = 8.1 Hz, 1H), 7.25-7.22 (m, 1H), 7.22—-7.12 (m,
4H), 7.06 (ddd, J = 7.3, 5.9, 1.3 Hz, 1H), 7.00 (t, ] = 7.8 Hz, 2H),
6.80—6.70 (m, 1H), 6.49 (t, ] = 7.9 Hz, 1H), 6.52—6.43 (m, 1H),
6.37—6.25 (m, 1H), 5.72 (dd, J = 8.1, 2.3 Hz, 1H), 5.58 (dd, J = 8.2,
2.3 Hz, 1H) ppm. ESI-MS (m/z): Calcd for C;,H,;F,N,0,S(*'Ir)
(M*): 854.1078. Found: 854.1066. Elemental analysis was not carried
out because the content of fluorine in 19 is >25%.

20: Yield = 69% (37 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1599, 1573, 1497, 1477, 1402, 1310, 1291, 1260, 1246,
1136, 1101, 1085, 985, 945, 859, 825, 782, 753, 663, 574 cm™. 'H

DOI: 10.1021/acs.inorgchem.5b02872
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.5b02872

Inorganic Chemistry

NMR (300 MHz, CDCLy) § 9.24 (d, ] = 5.7 Hz, 1H), 8.31 (d, ] = 8.1
Hz, 1H), 8.20 (d, J = 7.5 Hz, 1H), 8.07 (s, 2H), 7.77—7.56 (m, 3H),
7.50 (t, ] = 8.1 Hz, 1H), 7.24—7.12 (m, 3H), 7.11-6.97 (m, 3H), 6.77
(t, J= 6.2 Hz, 1H), 6.46 (d, ] = 8.1 Hz, 3H), 6.36 (m, 1H), 5.73 (d, ] =
8.0 Hz, 1H), 5.56 (d, J = 6.5 Hz, 1H), 3.75 (d, ] = 6.1 Hz, 3H) ppm.
ESI-MS (m/z): Caled for CygH,sF,N,0;S(*'Ir) (M*): 884.1184.
Found: 884.1206. Elemental analysis was not performed because the
content of fluorine in 20 is >25%.

21: Yield = 49% (26 mg). Yellow color solid. mp > 300 °C. IR
(ATR): v = 1601, 1568, 1557, 1504, 1476, 1402, 1310, 1245, 1291,
1126, 1101, 985, 957, 843, 824, 748, 568, 548, 523 cm™'. '"H NMR
(300 MHz, CDCl;) 6 9.15 (d, ] = 4.8 Hz, 1H), 8.34 (d, ] = 8.6 Hz,
1H), 8.21 (d, J = 8.1 Hz, 1H), 8.13 (dd, ] = 7.8, 4.6 Hz, 2H), 7.80—
7.64 (m, 3H), 7.56 (t, ] = 8.1 Hz, 1H), 7.25 (s, 1H), 7.22 (dd, ] = 8.3,
3.4 Hz, 2H), 7.09 (t, ] = 6.7 Hz, 1H), 6.80 (t, ] = 6.7 Hz, 1H), 6.54—
6.28 (m, 2H), 5.67 (ddd, ] = 15.5, 8.7, 2.3 Hz, 2H), 2.29 (s, ] = 6.5 Hz,
3H) ppm. ESI-MS (m/z): Caled for Cs;,H, F,N,0,S(*'Ir) (M*):
792.0917. Found: 792.0910. Elemental analysis was not carried out
because the content of fluorine in 21 is >25%.

X-ray Data Collection and Refinement. Single-crystal X-ray
studies were performed on a Bruker APEX II CCD diffractometer
equipped with a Bruker Instruments low-temperature attachment.
Data were collected at 100 K using graphite-monochromated Mo Ka
radiation (4 = 0.710 73 A). The frames were indexed, integrated, and
scaled using the SMART and SAINT software packages.> An
empirical absorption correction was applied to the collected reflections
with SADABS** using XPREP.*® All of the structures were solved by
the direct method using the program SHELXS-97 and were refined on
F* by the full-matrix least squares technique using the SHELXL-97
program package.*® All non-hydrogen atoms were refined anisotropi-
cally in the structure.

Crystal Data for 14. C;;H,,IrN,O,S-CHCl;, Mr = 903.27,
monoclinic, P21/n, a = 19.194(5), b = 9.114(5), ¢ = 19.709(5) A, a
=90, f = 101.926(5), y = 90°, V = 3374(2) A%, Z = 4, pye. 1.778
g.cm™, R = 0.0280 (for 5349 reflection with I > 26(I)), Rw = 0.0656
(for 6166 reflections), GOF = 0.996. CCDC 1439264 contains the
supplementary crystallographic data for the compound. Additional
crystallographic information is available in the Supporting Information.

Crystal Data for 19. CyH,;F,rN,O,S-CHCL, Mr = 975.22,
Triclinic, PT, a = 11.477(5), b = 13.075(5), ¢ = 13.777(5) A, a =
73.813(5), B = 71.921(5), y = 66.201(5)°, V = 1770.0(12) A3, Z = 2,
Pac = 1.830 gem™3, R = 0.0435 (for 6326 reflection with I > 26(1)),
Rw = 0.1096 (for 7103 reflections), GOF = 1.038. CCDC 1439265
contains the supplementary crystallographic data for the compound.

Crystal Data for 20. C3gH,sF,IrN,O,S, Mr = 885.88, monoclinic,
PT, a = 10.355(5), b = 11.129(5), ¢ = 16.199(5) A, a = 85.020, § =
77.980(5), v = 84.218(5) °, V = 1812(13) A% Z = 2, peye. 1.623 g
cm ™3, R = 0.0336 (for 5874 reflection with I > 26(I)), Rw = 0.0826
(for 6602 reflections), GOF = 1.042. CCDC 1439266 contains the
supplementary crystallographic data for the compound.

Measurements of Ultraviolet—Visible Absorption and
Luminescence Spectra. UV—vis spectra were recorded on a
JASCO V-550 UV-vis spectrophotometer, and emission spectra
were recorded on a JASCO FP-6200 and FP-6500 spectrofluorometer,
respectively. Sample solutions in quartz cuvettes equipped with Teflon
septum screw caps were degassed by bubbling Ar through the solution
for 10 min prior to making the luminescence measurements. The
quantum yields for luminescence (®) were determined by comparison
with the integrated corrected emission spectrum of Ir(mpiq); (2) (®
= 0.26).”> Equation 1 was used to calculate the emission quantum
yields, in which ®; and ®, denote the quantum yields of the sample
and reference compound, 7, and 7, are the refractive indexes of the
solvents used for the measurements of the sample and the reference
(1.477 for DMSO (7)), A, and A, are the absorbance of the sample
and the reference, and I, and I, stand for the integrated areas under the
emission spectra of the sample and reference, respectively (all of the Ir
compounds were excited at 366 nm for luminescence measurements in
this study). For the determination of @, in mixed-solvent systems, the
n values of the main solvents were used for the calculation.

= D(n’A L)/ (1 Al) (1)

The luminescence lifetimes of sample solutions of Ir(III) complexes in
degassed DMSO at 298 K were measured on a TSP1000-M-PL
(Unisoku, Osaka, Japan) instrument by using THG (355 nm) of
Nd:YAG laser, Minilite I (Continuum, CA, USA) as excitation source
and long wave pass filters (435 nm, 475 or 550 nm). The signals were
monitored with an R2949 photomultiplier. Data were analyzed using a
single exponential decay equation. Sample solutions in quartz cuvettes
equipped with Teflon septum screw caps were degassed by bubbling
Ar through the solution for 20 min prior to measuring the lifetime.

Time-Resolved Emission Spectroscopy. Emission decay was
measured at emission maxima corresponding to the emission from
Ir(IlI) complexes by the time-dependent single photon counting
method using a FluoroCube 1000U—S spectrofluorometer under 371
nm photoexcitation (NanoLED-440L, HORIBA) with a TBX-04
detector at 298 K.
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