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ABSTRACT: The luminescent studies of cyclometalated Ir(III) complexes have
attracted considerable interests in recent years. To fulfill the needs of emission ¢
wavelengths in various areas, the strategic emission color tuning of iridium(III)  «Sco 1) ~omepotoyntress a‘L’ r>
complexes is vital for their applications as phosphorescent materials. However, a feasible =
color-tuning method for iridacycles with fused carbon-rings (C"C) has not been
reported yet. Herein, a convenient color-tuning strategy for C"C-based Iridacycles is
accomplished with the aid of DFT calculations. The developed synthetic protocol
allowed facile modifications on C*C units and N*N units via a one-pot synthesis starting
from iridium vinyl complexes, accessing the novel phosphorescent iridapolycycles

[(N*N)Ir(C C)CIPPh,]*.

B INTRODUCTION

Cyclometalated Ir(III) complexes have been widely employed
in organic light-emitting diodes (OLEDs)," chemosensors,
bioimaging,” photocatalysts,* and other fields® over the past few
years. Their excellent luminescent properties include high
quantum yield at room temperature and relatively long
phosphorescent lifetime. In addition, the tunable emission
color is also considered as an advantageous feature® due to
varied needs of emission wavelengths from different application
areas.

A variety of cyclometalating ligands (C"N ligand) and
ancillary ligands (N"N or L"X ligand) have been exploited to
form Ir(III) complexes with specific characteristic emission
wavelength.” Density functional theory (DFT) calculations
have recently been used to study these unique complexes with
the aim of obtaining a quantitative structure—property
relationship elucidation.® For example, the highest occupied
molecular orbital (HOMO) of a 2-phenylpyridyl Ir(III)
complex mainly localized on metal center and the phenyl
rings, whereas the lowest unoccupied molecular orbital
(LUMO) primarily distributed on the pyridine rings.” There-
fore, structural modifications targeted at increasing/decreasing
of the energy gap between HOMO and LUMO could achieve
the blue-/redshift of the emission peaks. So far, most of these
approaches involve strategic emission wavelenogth tuning of
C"N-based cyclometalated Ir(Il[) complexes.'® Surprisingly,
there are no reports on rational color-tuning strategy for
iridacycles with metal core embedded in the all-carbon rings
(C"C) to the best of our knowledge. Only very few studies
have been reported on the luminescent properties of iridacycles
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with metal-embedded cyclic all-carbon frameworks,'" although
the related synthesis and reactivity of these iridacycles have
been widely investigated,'” thus posing limitations in the
development of color-tuning strategy.

We have previously demonstrated that iridacyclopentadiene
derivatives represent a promising scaffold for intriguing
modification of emission wavelength."> However, the quantum
yields of these iridacyclopentadiene derivatives are not
sufficient to be used as phosphorescent materials, partially
due to the inappropriate orbital distribution in the LUMO. In
addition, multistep synthesis and time-consuming purification
were required for the previous synthetic manipulations to
obtain these phosphorescent iridapolycycles. Hence, a con-
venient method to obtain iridapolycycles would circumvent the
need for tedious structural modification, thereby providing an
efficient color-tuning strategy for C"C-based iridacycles.

Herein we developed a sequential color-tuning strategy that
is efficient for iridapolycycles [(N"N)Ir(C"C)CIPPh;]* to
simultaneously achieve enhancement of the emission intensity
and multicolor emission (Figure 1). DFT calculations disclosed
the orbital distributions in the HOMO/LUMO of these C"C-
based complexes, which indicated modifying the N"N ligand
and C"C ring should result in fine color tuning of efficient
phosphorescence emission in the visible region. On the basis of
computational studies, further structural modification leading to
a particular color shift and satisfactory phosphorescent
efficiency has been achieved.
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Figure 1. Sequential color-tuning strategy for iridapolycycles [(N"N)-

Ir(C"C)CIPPh;]* via a one-pot synthesis from iridium vinyl
complexes.

B RESULTS AND DISCUSSION

Structural Design with the Aid of Computational
Analysis. Our previous work shows that iridapolycycle 3 can
be obtained through the reaction of benzo-iridacyclopentadiene
(2-benzo) with 2,2-bipyridyl (Scheme 1)."* The HOMO of 3 is

Scheme 1. Synthesis of Compound 3 via the Reaction of 2-
benzo with 2,2-Bipyridyl
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mainly localized on metal center and the C’C framework,
which almost does not overlap with its LUMO (Figure 2).
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Figure 2. Chemical structures and orbital distributions in LUMO/
HOMO of iridapolycycles 3—12. DFT calculations were performed
using the Gaussian 09 suite of progra.ms,14 and the LANL2DZ basis
set'> was used to treat the Ir, P, Br, S, and Cl atoms, whereas the 6-
31G basis set was used to treat all other atoms.

Thus, we speculated that unique orbital distribution in the
HOMO/LUMO of 3 can be exploited to achieve emission
color tuning by modifying the C*C units and N*N units,
respectively.

To test this possibility, a series of iridapolycycles (4—12,
Figure 2) with different C*C or NN structures used as
templates were surveyed computationally to investigate the
effect of structural modulation on the photophysical properties.
DEFT calculations were performed on these iridapolycycles to
estimate the orbital distributions in their HOMO/LUMO
(Figure 2) and energy levels (Figure 3). As expected, all these
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Figure 3. Calculated HOMO and LUMO levels of iridapolycycles (a)
3—7 and (b) 8—12.

iridapolycycles display similar orbital distributions in their
HOMO/LUMO to those of 3, indicating the possibility for
color-tuning approaches based on tailoring the C"C units and
N”N units of these iridapolycycles.

As shown in Figure 3, modification of N*N ligands leads to
strong influence in the energy gaps (AEs) of compounds 4—7.
The changes in AE are dominated by the differences of their
LUMOs. For example, compound 4 with a more rigid N"N
ligand (1,10-phenanthroline) has increased energy levels of
both LUMO and HOMO compared to 3, yet the AE of 4 is
increased due to a higher energy LUMO. Similar trends can be
found in other iridapolycycles. For § and 7, electron-donating
tert-butyl and methoxyl groups on the N*N unit give rise to the
increase of their LUMO energy levels, leading to greater AEs
when compared with 3, whereas the electron-withdrawing
bromine atoms on the N*N ligand of 6 result in a significant
decrease in its LUMO energy level and AE. Therefore, altering
the N”N ligands has a much greater impact on the energy levels
of LUMO, which could be employed as a tuning strategy
toward their LUMO energy levels.

As for the C"C modifications of iridapolycycles, the HOMO
energy levels can be dramatically affected, resulting in
considerable differences in the AEs calculated for 3, 8, 10,
and 12. For example, electron-withdrawing halogen atoms on
the C"C units of 8 and 10 lead to lower HOMO energy levels
and increased AEs, while the replacement of the benzene ring
in the C"C unit with an electron-rich thiofuran ring can
increase the HOMO energy level and obviously reduce AE of
iridapolycycle 12. Thus, a tuning method toward the HOMO
energy levels of iridapolycycles could be achieved by C"C
modifications based on the DFT calculations.

The effect of simultaneous modifications of the C*C and
NN units was also investigated by model iridapolycycles 9 and
11. In comparison with $ and 8, the AE of 9 is even larger due
to the cooperative effect of an electron-donating group on the
N”N unit and an electron-withdrawing group on the C"C unit.
Similarly, the larger AE of 11, compared with 3, 7, and 10, also
demonstrates the feasibility of the combined tuning strategy via
modifications on C*C and N"N sequentially.

To further estimate the consistency of calculation results and
experimental findings, the lowest singlet (S,;) and triplet states
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(T,) of compounds 3—12 were investigated by TD-DFT
calculations (Table S2). According to the computational results,
all the lowest excited states S; and T of those compounds can
be attributed to the transition from HOMO to LUMO without
exception. On the basis of the frontier orbital distribution, a
combination of [dzy) — 7¥ny)] metal-to-ligand charge
transfer (MLCT) and [7c) = 7¥x'n] ligand-to-ligand
charge transfer (LLCT) is responsible for the emission nature
of 3—12. Thus, the AEs between HOMO and LUMO of 3—12
were expected to be consistent with their phosphorescent
energies, leading to blue-shifted emissions found in 4, S, and
7—11 with higher AEs and red-shifted emissions found in 6
and 12 with lower AEs, in comparison with those of 3.

DFT calculations were performed to estimate the influence
of the grafting position of the substituents on the color-tuning
direction of the compounds. According to the frontier
molecular orbitals for compounds 13’—15" (Table S3), the
position change of tert-butyl group from the para site to para
site of the N*N ligand leads to a significant increasing of the
AEs of 13; however, the shift of bromine position on NN
ligand rarely changes the AEs. Besides, the effect of substituents
position on C*C ligand is not obvious, according to the
comparison of AEs of compounds 15" and 8.

Synthesis and Characterization. On the basis of the
above computational analysis, iridapolycycles 4—12 were
synthesized to accomplish the color-tuning strategy exper-
imentally. Unlike the traditional color-tuning methods for C*N-
based cyclometalated Ir(III), the easy-to-prepare iridium vinyl
complexes have been introduced in this method as a main
contribution for HOMO orbital. To simplify our previous
reaction procedure, we tested a one-pot synthesis method to
prepare the iridapolycycles directly from iridium vinyl
complexes. To our delight, 4—12 were efficiently synthesized
by treatment of 1, 1-Br, or 1-F with the corresponding NN
ligands in the presence of trimethylamine oxide and sodium
hexafluorophosphate under refluxing in chloroform (Scheme
2). In addition, a 64% yield of 3 was achieved by the one-pot
synthesis, which is slightly higher than our previously reported
method"” (60%, the yield of 2-benzo was considered). In this
event, compound 12 is failed to be obtained through this one-
pot method from the corresponding iridium vinyl complex.
Compound 12 can only be synthesized by treatment of 2-

Scheme 2. One-Pot Synthesis for Iridapolycycles
[(N*N)Ir(C"C)CIPPh;]* from Iridium Vinyl Complexes
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thieno'” with 2,2-bipyridyl via a ligand substitution reaction
(Scheme 3). All the iridapolycyclic products have been
characterized by multinuclear NMR spectroscopy and
elemental analysis.

Scheme 3. Synthesis of Iridapolycycles 12 from Thieno-
iridacyclopentadiene 2-thieno
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The structures of 4—6, 8—10, and 12 have also been
confirmed by X-ray diffraction. The crystallographic details are
listed in Table S1, and their selected bonds distances and angles
are listed in Table 1. X-ray structural analysis (Figure 4) shows
that these iridapolycycles adopt approximate octahedral
geometry, having the NN units perpendicular to the coplanar
C"C frameworks. The Ir1—C1 (1.988(8)—2.022(5) A) and
Ir1—C4 (2.021(7)—2.042(7) A) bonds are of similar lengths to
what was found in 3 (1.981(7) A and 2.027(7) A). The bond
distances and bond angles in these structures are nearly
identical despite the different N"N ligands and substituents
bearing on the C"C units.

The thermal stability and photostability of these iridapoly-
cycles were evaluated by taking 3—5 and 8 as representative
examples (Table S4). As indicated by NMR spectrometry, all
the solid samples remain unchanged at 160 °C in air for at least
10 h, with slight decomposition appeared after 14 h. In addition
to the acceptable thermal stability, 3—5 and 8 show excellent
photostability in deuterated CH,Cl, under 7 days of irradiation
by 12 W blue LEDs (12 W). No significant decomposition was
observed on the fifth day and less than 5% of the compounds
decomposed on the sixth day (Table S5). The solubilities of 3—
S and 8 were also tested. As shown in Table S6, 3—5 and 8 are
highly soluble in dichloromethane (DCM), chloroform,
tetrahydrofuran (THF), DMSO, and acetone, while they
show very low solubility in toluene and H,O. The solubility
in toluene of these compounds can be increased significantly
when a little amount DCM or chloroform is added, but they
barely dissolve in a 1:1 DMSO—H,O mixture.

Since triphenylphosphonium groups (PPh;*) have been
generally introduced in molecular probes targeting mitochon-
dria,'® these iridapolycycles bearing PPh;" could be expected to
achieve specific subcellular localization in bioimaging. Although
lipophilicity can facilitate the shift through phospholipid
bilayers of mitochondria,'® the hydrophilic groups 1s often
adopted to reduce the cytotoxicity of the systems.'” Thus,
except for the stability, photostability, and solubility, the
balance of hydrophilicity and lipophilicity might also be
important for iridapolycycles 4—12 to be exploited as
biosensing probes.

Photoluminescence Properties. The emission maxima
(Aem), absolute PL quantum yield (®p), and luminescent
lifetime (7) of 4—12 are measured and summarized in Table 2.
Red-emissive iridapolycycles 6 and 12 have significant reduced
@y and 7. Meanwhile, the introduction of methoxyl groups to
N”N ligand of [(N"N)Ir(C"C)CIPPh;]" also evokes reductions
of ®@p; and 7in 7 and 11. On the basis of their ®@p; and 7 data,
the experimentally measured radiative and nonradiative rate
constants (k, and k,,, respectively) of 4—12 were summarized
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Table 1. Selected Bond Distances (A) and Bond Angles (deg) in 4—6, 8—10, and 12

4 5 6

Ir1-C1 2.013(8) 1.997(4) 2.002(5)
Ir1-C4 2.025(8) 2.042(5) 2.036(5)
Ir1-P1 2.293(2) 2.2924(12) 2.2857(12)
Ir1-Cl1 2.4975(19) 2.4858(13) 2.4862(12)
Ir1-N1 2.161(7) 2.163(4) 2.157(4)
Ir1-N2 2.110(7) 2.097(4) 2.106(4)
C1-C2 1.340(12) 1.349(7) 1.349(7)
C2-C3 1.480(11) 1.477(6) 1.477(6)
C3-C4 1.410(12) 1.419(6) 1.422(7)
Cl-Ir1-C4 79.9(3) 80.43(18) 80.31(19)
C2—C1-Ir1 116.9(6) 117.0(3) 116.8(3)
C1-C2-C3 115.5(7) 115.4(4) 115.5(4)
C2—-C3—-C4 112.1(7) 112.8(4) 112.4(4)
C3—-C4-1Irl 115.5(5) 114.2(3) 114.6(3)

8 9 10 12
1.990(4) 1.996(5) 1.988(8) 2.022(5)
2.036(4) 2.035(5) 2.021(7) 2.023(5)
2.2943(11) 2.2875(13) 2.289(2) 2.2882(12)
2.4938(10) 2.4641(13) 2.474(2) 2.4740(12)
2.163(3) 2.144(4) 2.147(6) 2.174(4)
2.107(4) 2.100(4) 2.113(6) 2.115(4)
1.359(6) 1.368(6) 1.343(11) 1.349(6)
1.470(6) 1.467(7) 1.477(11) 1.466(7)
1.431(5) 1.423(7) 1.430(11) 1.383(7)
80.83(16) 80.4(2) 80.5(3) 80.08(19)
116.8(3) 116.9(4) 117.2(6) 116.6(4)
115.5(4) 114.9(4) 115.0(7) 113.4(4)
112.7(3) 113.0(4) 112.4(7) 115.8(4)
114.0(3) 114.5(4) 114.1(5) 113.8(4)
(d)
\/ \I
|
/ s

c3
c4
An2 / s1

Figure 4. Molecular structures of (a) 4, (b) 5, (c) 6, (d) 8, (e) 9, (f) 10, and (g) 12 (50% probability thermal ellipsoids). The counteranion and

phenyl moieties in PPh; are omitted for clarity.

Table 2. Photophysical Data of 4—12 in Deaerated CH,Cl,
at RT as Well as Their Experimentally Measured Radiative
and Nonradiative Rate Constants

compound A, (nm) @y 7 (ns)® k(105 sk, (10° s
4 559 45% 582 0.77 0.95
S 551 48% 421 1.1 12
6 615 9.6% 104 0.93 8.7
7 561 32% 315 1.0 2.2
8 551 64% 495 1.3 0.7
9 53§ 40% 408 1.0 1.5
10 RS 39% 360 1.1 1.7
11 549 24% 269 0.90 2.8
12 642 <1% 138 <0.1 72

“®p; and 7 were measured on an Edinburgh FLS980 spectropho-
tometer equipped with an integrating sphere at RT. bParameters k,
and k,, were calculated according to the equations k, = ®p /7 and k,, =

1 - @)/

in Table 2. All compounds have high k, values, except for 12,
which may be attributed to the strong spin—orbit coupling of
the iridium core and thus promote the fast energy transfer from
the singlet to the triplet state.*'*" In addition, the values of k,,
for 6, 7, 11, and 12 are obviously larger than those of other
compounds. We inferred that the relatively narrow energy gaps
between HOMO and LUMO of 6 and 12 might be responsible
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for their extremely high k,, values, which are in good agreement
with the energy gap law.'® Previous report demonstrated that
the sulfur atom in the ligands can considerably deteriorate the
@y of the Ir(110) complexes,18b which can explain the low ®p;,
and k, value of 12. The increasing vibrational freedom of the
methoxyl substituted compounds 7 and 11 can be attributed to
a subtle balance of their abnormal @y, 7, and k,."*" However,
the complexity of the interaction prevents us from achieving a
thorough understanding of the balance.

Figure S displays the UV—vis absorption and normalized
emission spectra of iridapolycycles 3—12. To ensure the
accurate comparisons, the previously reported compound 3"
was redetermined under the same conditions. The maximum
emission wavelength of 3 was confirmed to be 580 nm. As
shown in Figure Sa,c, all these iridapolycycles have intense
absorption bands below 4 = 350 nm, which can be assigned to
spin-allowed 7 — 7% intraligand transitions. The weak
absorption bands from 350 to 580 nm, greatly depending on
the structures, are attributed to a combination of MLCT and
LLCT." The absorption peaks of compounds 6, 9, 11, and 12
were further investigated in wavelength region between 460 to
540 nm. TD-DFT calculations (Table S2) demonstrated that
the 500 nm centered adsorption bands of the compounds is
closely related to the transition from HOMO-1 to LUMO,
which can also be attributed to MLCT/LLCT character.

DOI: 10.1021/acs.organomet.7b00699
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Figure S. (a) Absorption spectra and (b) normalized emission spectra
of 3—7 in CH,Cl, at RT; (c) absorption spectra and (d) normalized
emission spectra of 8—12 in CH,Cl, at RT.

In accordance with the computational results, the A, of
compound 4 bearing an 1,10-phenanthrolin ligand exhibits a 20
nm blueshift when compared with that of 3. The electron-
donating substituents on the N"N unit of § lead to blue-shift
effects on their emission color, while the A, of 6 is significantly
red-shifted by the aid of electron-withdrawing group on the
NN unit (Table 2, Figure Sb).

The experimental results for 8, 10, and 12 are also in line
with theoretical calculations. The 4, of iridapolycycles 8, 10,
and 12 are 551, 555, and 642 nm, suggesting the efficient color
modulation. The electron-withdrawing groups on the C*C unit
indeed can trigger a blueshift, while the replacement of benzene
ring by thiophene ring in the C*C unit of 12 resulted in a
dramatic redshift from 580 to 642 nm (Table 2, Figure Sd).
Compared to the emission of 2-thieno,"” introducing a rigid
NN ligand in 12 induces a 20 nm redshift of emission
maximum and a slight emission enhancement (Figure 6).

—— 2-thieno
—12

=642 nm

o
1=
S

I
S
S

1Aem= 6201

@
=3
S

Intensity (a.u.)
0
8

5
8

T T T
600 650 700

Wavelength (nm)

T
550 750

Figure 6. Emission spectra (1.0 X 10™* mol/L) of 2-thieno and 12 in
CH,CL, at RT.

It is noteworthy that the emission of 9 shifts to 535 nm in the
green region (Table 2, Figure 5d), which can be assigned to the
combined effect of two electron-donating tert-butyl groups in
the N*N unit and one electron-withdrawing bromine atom in
the C*C unit. Both the frontier orbital distribution and the
electronic effects of the substituent groups are important for the
emission shift. Grafting an electron-withdrawing group onto the
C"C unit would decrease the ¢ donation of the ligand as well as
the electron density of iridium center, thus generate a stabilized
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HOMO,™ while the electron-donating group of the N*N part
would lead to a destabilized LUMO."™

The measured wavelength shifts in A, of these compounds
are in good agreement with the DFT-calculated trends of the
AEs. The spectra clearly show that the tuning effect could be
further enhanced by the synergy of modifications on both the
C"C and N"N units. We noticed that compounds 7 and 11
bearing methoxyl groups have the largest AEs among the
calculated iridapolycycle models; however, these present
abnormal emission wavelengths (4., = 561 and 549 nm)
compared to that of 9 (4, = 535 nm). The blue-shifted
adsorption bands in compounds 7 and 11 (Figures Sa,c) are
consistent with the trend of their energy bandgaps, while their
emission maxima (Table 2) are not fully compatible with the
energy levels of T, (Table S2) and the AEs (Figure 3).
Although the electron-donating effect of methoxyl groups on
NN unit of 7 and 11 appear to be diminished when they are
photon-excited, the synergetic modification on both C*C and
NN units is evident in compound 11 compared to compounds
7 and 3.

H CONCLUSION

We developed a convenient method for the emission color
modulation of iridapolycycles [(N*N)Ir(C*C)CIPPh;]*. Our
experimental results support the theoretically deduced
conclusion that the color modulation of the emitted light
primarily depends on the structural modifications on the N*N
ligands and the C"C frameworks. On the basis of satisfactory
performance in luminescence, we expect that this method
would provide a predictable and precise color-tuning strategy
for promisingly achieving phosphorescent devices with
iridapolycycles architecture. The investigation paves the way
for exploiting iridacycles with metal core embedded in the all-
carbon rings in the field of luminescent materials.

B EXPERIMENTAL SECTION

Syntheses and Materials. All manipulations were performed at
room temperature under a nitrogen atmosphere using standard
Schlenk techniques unless otherwise stated. Solvents were distilled
from sodium/benzophenone (diethyl ether) or calcium hydride
(DCM) under N, prior to use. Other reagents were used as received
from commercial sources without further purification.

General Methods. NMR spectroscopic experiments were
performed on Bruker Avance III 850 MHz spectrometer, Bruker
Avance III 500 MHz and Bruker Avance IT 400 MHz. The 'H and *C
NMR chemical shifts shown are relative to TMS, and the 3'P NMR
chemical shifts shown are relative to 85% H;PO,. Elemental analyses
were performed on an Elementar Vario EL III elemental analyzer.
UV—visible absorption spectra were recorded using a Hitachi U-3900
ultraviolet—visible spectrophotometer and fluorescence spectra were
measured with a Hitachi F-7400 fluorophotometer. Luminescent
lifetimes and absolute quantum yields were measured on an Edinburgh
FLS 980 spectrophotometer equipped with an integrating sphere in
room temperature.

Theoretical Calculations. The DFT and TD-DFT calculations
were performed using the Gaussian 09 suite of programs,'* and the
LANL2DZ basis set'> was used to treat the Ir, P, Br, S, and Cl atoms,
whereas the 6-31G basis set was used to treat all other atoms.

Preparation of 1-Br. 1-Bromo-4-ethynylbenzene (87 mg, 0.48
mmol) and PPh; (346 mg, 1.32 mmol) were added to a solution of
[IrH(CO)CI(PPh;);]BF, (500 mg, 0.44 mmol) in chloroform (10
mL). The mixture was stirred in N, at room temperature for 3 h to
give a clear solution. The solvent was removed under vacuum, and the
addition of diethyl ether (3 X 10 mL) to the residue produced 1-Br as
a white solid (534 mg, 92%). 'H NMR (400.0 MHz, CDCLy): 5 = 10.2
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(d, ¥Jpn = 369 Hz, 1H, IrCH), 5.8—7.9 (m, 49H, PPh; and phenyl),
—8.3 (td, ¥Jpy = 16.2 Hz, “Jpy = 14.8 Hz, 1H, IrH). *'P NMR (161.9
MHz, CDCL): § = 19.9 (s, CPPh;), —1.0 (s, IrPPh;). '*C NMR
(100.6 MHz, CDCL,): & = 187.4 (m, IrCH), 1642 (t, Jpc = 7.2 Hz,
CO), 118.0—137.0 (m, PPh; and Pheny), 121.9 (d, 'Jpc = 58.4 Hz,
IrCHC(PPh,)). Anal. Caled for CgHsBBrCIF,IrOP;: C §7.70, H
3.92. Found: C 57.43, H 3.77.

Preparation of 1-F. 1-Ethynyl-4-fluorobenzene (S8 mg, 0.48
mmol) and PPh; (346 mg, 1.32 mmol) were added to a solution of
[IrH(CO)CI(PPh;);]BF, (500 mg, 0.44 mmol) in chloroform (10
mL). The mixture was stirred in N, at room temperature for 3 h to
give a clear solution. The solvent was removed under vacuum, and the
addition of diethyl ether (3 X 10 mL) to the residue produced 1-F as a
white solid (470 mg, 85%). '"H NMR (400.0 MHz, CDCL,): 5 = 10.2
(d, %oy = 36.3 Hz, 1H, IrCH), 6.0—~7.8 (m, 49H, PPh; and phenyl),
—8.2 (td, YJpy = 162 Hz, *Jpyy = 15.3 Hz, 1H, IrH). *'P NMR (161.9
MHz, CDCL): § = 19.8 (s, CPPh,), —1.0 (s, IrtPPh;). *C NMR
(100.6 MHz, CDCL,): 6 = 187.8 (m, IrCH), 163.7 (d, *Jpc = 250.4 Hz,
CF), 163.6 (t, JJpc = 7.1 Hz, CO), 115.4—134.8 (m, PPh, and Phenyl),
1212 (d, YJpc = $7.4 Hz, IrCHC(PPh;)). Anal. Calcd for
Cg;H,,BCIF{IrOP,: C 60.51, H 4.11. Found: C 60.74, H 4.35.

Preparation of 4. 1,10-Phenanthrolin (108 mg, 0.60 mmol),
sodium hexafluorophosphate (120 mg, 0.71 mmol), and trimethyl-
amine oxide (60 mg, 0.80 mmol) were added to a solution of 1 (150
mg, 0.12 mmol) in chloroform (10 mL). The mixture was refluxed for
about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of
diethyl ether (10 mL) to the solution gave a yellow precipitate. After
filtration, the crude product was subjected to column chromatography
(alumina gel; eluted with dichloromethane/acetone, 30:1 v/v).
Compound 4 was obtained as a light-yellow solid (87 mg, 61%). 'H
NMR (400.0 MHz, CD,CL,): § = 10.1 (d, oy = 19.9 Hz, 1H, IrCH),
8.0-9.3 (m, 6H, 1,10-phenanthroline), 7.1-8.0 (m, 30H, PPhy; 2H,
1,10-phenanthroline), 52—6.4 (m, 4H, phenyl). 3P NMR (202.5
MHz, CD,Cl,): § = 11.7 (s, CPPh;), —10.1 (s, IrPPh,), —144.5 (quint,
Upr = 708.5 Hz, PF,). *C NMR (100.6 MHz, CD,CL,): § = 191.8 (d,
e = 9.6 Hz, IrCH), 152.5, 151.9, 149.2, 149.1, 146.8, 146.2 (s, 1,10-
phenanthroline), 151.4 (d, ¥pc = 19.6 Hz, IrCHC(PPh,)C), 144.8
(dd, *Jpc = 18.8 Hz, *Jpc = 6.4 Hz, IrC), 120.9—137.7 (m, PPh,,
phenyl, and 1,10-phenanthroline), 118.9 (d, Toc 87.9 Hz,
IrCHC(PPh,)). Anal. Caled for CyqH,sCIE(IrN,Py: C 57.07, H 3.68,
N 2.38. Found: C 57.16, H 4.05, N 2.21.

Preparation of 5. 4,4'-Di-tert-butyl-2,2-bipyridine (160 mg, 0.60
mmol), sodium hexafluorophosphate (120 mg, 0.71 mmol), and
trimethylamine oxide (60 mg, 0.80 mmol) were added to a solution of
1 (150 mg, 0.12 mmol) in chloroform (10 mL). The mixture was
refluxed for about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of n-
hexane (10 mL) to the solution gave a yellow-green precipitate. After
filtration, the crude product was subjected to column chromatography
(alumina gel; eluted with dichloromethane/acetone, $0:1 v/v).
Compound 5 was obtained as a yellow-green solid (72 mg, 47%).
"H NMR (500.2 MHz, CDCL,): § = 9.9 (d, ¥Jp; = 20.2 Hz, 1H, IrCH),
8.0—8.8 (m, 4H, bipyridyl), 7.0—~7.9 (m, 30H, PPhy; 2H, bipyridyl),
5.3—6.5 (m, 4H, phenyl), 1.3—1.5 (s, 18H, tert-butyl). '"H NMR (500.2
MHz, CDCL,): 6 = 9.9 (d, ¥y = 202 Hz, 1H, IrCH), 8.0—8.8 (m, 4H,
bipyridyl), 7.0-7.9 (m, 30H, PPhy; 2H, bipyridyl), 5.3—6.5 (m, 4H,
phenyl), 1.3—1.5 (s, 18H, tert-butyl). *C NMR (125.8 MHz, CDCL,):
& = 193.7 (d, ¥Jpc = 10.1 Hz, IrCH), 163.8 (d, YJpc = 27.4 Hz,
I[rCHC(PPh,)C), 156.3, 155.9, 152.6, 152.4, 149.6 (s, bipyridyl), 145.0
(dd, Yo = 19.0 Hz, 3fpc = 6.8 Hz, IrC), 120.0—134.7 (m, PPh,,
phenyl, and bipyridyl), 120.0 (d, 'Jyc = 85.3 Hz, [rCHC(PPh;)), 35.6,
35.5, 30.4, 30.3 (s, tert-butyl). Anal. Calcd for Cg,HsoCIF(IrN,P;: C
58.79, H 4.69, N 2.21, found: C 58.54, H 4.38, N 2.32.

Preparation of 6. 4,4’-Dibromo-2,2'-bipyridine (187 mg, 0.60
mmol), sodium hexafluorophosphate (120 mg, 0.71 mmol), and
trimethylamine oxide (60 mg, 0.80 mmol) were added to a solution of
1 (150 mg, 0.12 mmol) in chloroform (10 mL). The mixture was
refluxed for about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of
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diethyl ether (10 mL) to the solution gave a light-red precipitate. After
filtration, the crude product was subjected to column chromatography
(alumina gel; eluted with dichloromethane/acetone, 20:1 v/v).
Compound 6 was obtained as a red solid (56 mg, 35%). 'H NMR
(400.0 MHz, CD,Cl,): 6 = 9.7 (d, *Jpy = 20.3 Hz, 1H, IrCH), 8.1-8.6
(m, 4H, bipyridyl), 7.0~7.8 (m, 30H, PPhy; 2H, bipyridyl), 5.2—6.4
(m, 4H, phenyl). P NMR (161.0 MHz, CD,CL): § = 118 (s,
CPPh,), —10.4 (s, IrPPh;), —144.5 (quint, op = 712.7 Hz, PF). BC
NMR (100.6 MHz, CD,CL): & = 190.3 (d, ¥pc = 9.7 Hz, IrCH),
1553 (d, Ypc = 32.1 Hz, I'CHC(PPh,)C), 152.2, 151.4, 1512, 149.6
(s, bipyridyl), 144.6 (dd, *Jpc = 18.6 Hz, *Jpc = 6.7 Hz, IrC), 121.4—
135.7 (m, PPh,, phenyl, and bipyridyl), 118.8 (d, YJpc = 85.3 Hg,
IrCHC(PPh;)). Anal. Caled for CgH,Br,CIFJIrN,Py: C 4942, H
3.15, N 2.13. Found: C 49.07, H 2.85, N 1.97.

Preparation of 7. 4,4’-Dimethoxy-2,2"-bipyridine (130 mg, 0.60
mmol), sodium hexafluorophosphate (120 mg, 0.71 mmol), and
trimethylamine oxide (60 mg, 0.80 mmol) were added to a solution of
1 (150 mg, 0.12 mmol) in chloroform (10 mL). The mixture was
refluxed for about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of
diethyl ether (10 mL) to the solution gave a yellow precipitate. After
filtration, the crude product was subjected to column chromatography
(alumina gel; eluted with dichloromethane/acetone, $0:1 v/v).
Compound 7 was obtained as a yellow-green solid (77 mg, 52%).
'"H NMR (400.0 MHz, CD,CL): 6 = 9.8 (d, ¥,y = 19.4 Hz, 1H,
IrCH), 8.0—-8.6 (m, 2H, bipyridyl), 6.7—7.8 (m, 30H, PPhy; 4H,
bipyridyl), 5.3—6.3 (m, 4H, phenyl), 3.8—4.0 (s, 6H, dimethoxy). *'P
NMR (161.9 MHz, CD,Cl,): § = 11.6 (s, CPPh;), —9.6 (s, IrPPh,),
—144.5 (quint, oz = 705.6 Hz, PF). ®C NMR (100.6 MHz,
CD,CL): 6 = 193.1 (d, ¥pc = 9.3 Hz, IrCH), 166.9, 166.5, 157.0,
156.6, 153.1, 150.0, (s, bipyridyl), 151.7 (d, *[pc = 202 Hg,
IrCHC(PPh,)C)), 1454 (dd, Ype = 19.5 Hz, e = 5.6 Hz, IrC),
109.1—133.7 (m, PPhs, phenyl, and bipyridyl), 119.5 (d, Jpc = 87.7
Hz, IrCHC(PPh,)), 56.0, 559 (s, dimethoxy). Anal. Calcd for
CysH, CIFJIN,0,P5: C 5538, H 3.90, N 2.31. Found: C 5520, H
409, N 2.34.

Preparation of 8. 2,2'-Bipyridine (94 mg, 0.60 mmol), sodium
hexafluorophosphate (120 mg, 0.71 mmol), and trimethylamine oxide
(60 mg, 0.80 mmol) were added to a solution of 1-Br (160 mg, 0.12
mmol) in chloroform (10 mL). The mixture was refluxed for about 72
h in nitrogen atmosphere. The solution was then concentrated to
approximately 1 mL under vacuum. Addition of diethyl ether (10 mL)
to the solution gave a light-yellow precipitate. After filtration, the crude
product was subjected to column chromatography (alumina gel; eluted
with dichloromethane/acetone, 20:1 v/v). Compound 8 was obtained
as a yellow solid (83 mg, 55%). "H NMR (500.2 MHz, CDCl,): § =
10.0 (d, *Jpy = 21.6 Hz, 1H, IrCH), 8.0—8.9 (m, 6H, bipyridyl), 7.1—
7.9 (m, 30H, PPhy; 2H, bipyridyl), 5.2—6.5 (m, 3H, phenyl). >'P NMR
(202.5 MHz, CDCl,): § = 11.5 (s, CPPh;), —10.8 (s, IrPPh,), —144.5
(quint, YJpr = 712.3 Hz, PFy). *C NMR (125.8 MHz, CDCL,): § =
193.2 (d, YJpc = 9.6 Hz, IrCH), 156.4, 155.7, 152.4, 152.3, 149.7 (s,
bipyridyl), 1513 (d, Jpc = 20.0 Hz, I'CHC(PPh;)C), 148.6 (dd, Ypc
= 18.5 Hz, ¥Jpc = 6.4 Hz, IrC), 122.9—140.0 (m, PPh;, phenyl, and
bipyridyl), 119.3 (d, YJpc = 87.6 Hz, [rCHC(PPh;)). Anal. Calcd for
Cg,H,,BrCIFIrN,P,: C 52.58, H 3.43, N 2.27. Found: C 52.2, H 3.13,
N, 1.91.

Preparation of 9. 4,4'-Di-tert-butyl-2,2"-bipyridine (160 mg, 0.60
mmol), sodium hexafluorophosphate (120 mg, 0.71 mmol), and
trimethylamine oxide (60 mg, 0.80 mmol) were added to a solution of
1-Br (160 mg, 0.12 mmol) in chloroform (10 mL). The mixture was
refluxed for about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of n-
hexane (10 mL) to the solution gave a yellow-green precipitate. After
filtration, the crude product was subjected to column chromatography
(alumina gel; eluted with dichloromethane/acetone, S0:1 v/v).
Compound 9 was obtained as a yellow-green solid (S1 mg, 31%).
'"H NMR (400.0 MHz, CD,CL): 6 = 9.9 (d, ¥y = 202 Hz, 1H,
IrCH), 8.0—-8.7 (m, 4H, bipyridyl), 7.0-=7.9 (m, 30H, PPhy; 2H,
bipyridyl), 5.1—6.5 (m, 3H, phenyl), 1.3—1.4 (s, 18H, tert-butyl). *'P
NMR (161.9 MHz, CD,Cl,): § = 11.8 (s, CPPh;), —10.2 (s, IrPPh,),
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—144.4 (quint, "oz = 711.0 Hz, PFs). *C NMR (100.6 MHz,
CD,CL): 6 = 193.2 (d, ¥Jpc = 9.8 Hz, IrCH), 163.3 (d, ¥Jpc = 20.0 Hz,
I[rCHC(PPh,)C), 1554, 155.0, 151.5, 151.0, 148.7 (s, bipyridyl), 148.4
(dd, *pc = 18.9 Hz, *Jpc = 6.3 Hz, IrC), 120.0~134.7 (m, PPh,,
phenyl, and bipyridyl), 118.5 (d, 'Jpc = 88.0 Hz, IrCHC(PPh,)), 34.8,
29.3 (m, tert-butyl). Anal. Calcd for Cg,HggBrCIF(IrN,P,: C 55.34, H
4.34, N 2.08. Found: C 55.51, H 4.37, N 2.21.

Preparation of 10. 2,2’-Bipyridine (94 mg, 0.60 mmol), sodium
hexafluorophosphate (120 mg, 0.71 mmol), and trimethylamine oxide
(60 mg, 0.80 mmol) were added to a solution of 1-F (150 mg, 0.12
mmol) in chloroform (10 mL). The mixture was refluxed for about 72
h in nitrogen atmosphere. The solution was then concentrated to
approximately 1 mL under vacuum. Addition of diethyl ether (10 mL)
to the solution gave a yellow precipitate. After filtration, the crude
product was subjected to column chromatography (alumina gel; eluted
with dichloromethane/acetone, 20:1 v/v). Compound 10 was
obtained as a yellow solid (60 mg, 43%). 'H NMR (400.0 MHz,
CD,CL): 6 = 9.8 (d, *Jpy = 19.7 Hz, 1H, IrCH), 7.9-8.7 (m, 6H,
bipyridyl), 7.0—7.8 (m, 30H, PPhy; 2H, bipyridyl), 4.8—6.3 (m, 3H,
phenyl). 3P NMR (161.9 MHz, CD,CL,): § = 11.6 (s, CPPh,), —10.6
(s, IrPPh,), —144.5 (quint, 'Jpr = 709.1 Hz, PF4). *C NMR (100.6
MHz, CD,CL): 6 = 190.3 (d, ¥pc = 9.7 Hz, IrCH), 160.7, 1582,
155.5, 155.1, 151.8, 149.1 (s, bipyridyl), 149.3 (dd, *Jpc = 19.6 Hz, *Jpc
= 5.1 Hz, IrC), 148.0 (d, ¥Jpc = 19.2 Hz, I'CHC(PPh,)C)), 107.0—
138.8 (m, PPh,, phenyl, and bipyridyl), 119.1 (d, Jpc = 87.4 Hg,
IrCHC(PPh;)). Anal. Calcd for C¢,H,,CIF,IrN,P;: C 55.32, H 3.61, N
2.39. Found: C 5528, H 3.31, N 2.20.

Preparation of 11. 4,4-Dimethoxy-2,2'-bipyridine (130 mg, 0.60
mmol), sodium hexafluorophosphate (120 mg, 0.71 mmol) and
trimethylamine oxide (60 mg, 0.80 mmol) were added to a solution of
1-F (150 mg, 0.12 mmol) in chloroform (10 mL). The mixture was
refluxed for about 72 h in nitrogen atmosphere. The solution was then
concentrated to approximately 1 mL under vacuum. Addition of
diethyl ether (10 mL) to the solution gave a yellow-green precipitate.
After filtration, the crude product was subjected to column
chromatography (alumina gel; eluted with dichloromethane/acetone,
50:1 v/v). Compound 11 was obtained as a yellow-green solid (70 mg,
47%). "H NMR (400.0 MHz, CD,CL,): 6 = 9.7 (d, ’Jpy = 20.3 Hz, 1H,
IrCH), 8.0-8.6 (m, 2H, bipyridyl), 6.7—7.8 (m, 30H, PPh;; 4H,
bipyridyl), 4.9—6.2 (m, 3H, phenyl), 3.9—4.0 (s, 6H, dimethoxy). *'P
NMR (161.9 MHz, CD,Cl,): § = 11.7 (s, CPPh;), —10.0 (s, IrPPh,),
—1444 (quint, YJpz = 711.1 Hz, PF). *C NMR (100.6 MHz,
CD,CL): 6 = 191.1 (d, Ypc = 9.3 Hz, IrCH), 167.0, 166.7, 160.6,
158.1, 157.0, 156.5, 153.0, 150.0 (s, bipyridyl), 149.3 (dd, ¥Jpc = 19.6
Hz, 3Jpc = 5.1 Hz, IrC), 148.0 (d, *Jpc = 19.2 Hz, I'rCHC(PPh;)C)),
106.8—133.9 (m, PPh;, phenyl, and bipyridyl), 118.8 (d, ‘Jpc = 87.8
Hz, IrCHC(PPh,)), 56.1, $56.0 (s, dimethoxy). Anal. Calcd for
CssH,CIF,IrN,O,P5: C 54.57, H 3.76, N 2.27. Found: C 54.92, H
405, N 2.24.

Preparation of 12. 2,2’-Bipyridyl (135 mg, 0.86 mmol) and
sodium hexafluorophosphate (170 mg, 1.01 mmol) were added to a
solution of 2-thieno (200 mg, 0.17 mmol) in chloroform (15 mL).
The mixture was heated in N, under reflux in a Schlenk tube for about
48 h. The solution was then concentrated to approximately 1 mL
under vacuum. Addition of diethyl ether (10 mL) to the solution gave
a red precipitate. After filtration, the crude product was subjected to
column chromatography (alumina gel; eluted with dichloromethane/
acetone, 30:1 v/v). Compound 12 was obtained as a red solid (64 mg,
32%). "H NMR (400.0 MHz, CD,CL,): § = 9.8 (d, *J,; = 18.9 Hz, 1H,
IrCH), 7.9-8.8 (m, 6H, bipyridyl), 7.1-7.9 (m, 30H, PPh;; 2H,
bipyridyl), 6.6 (d, *Jyy = 4.7 Hz, 1H, SCH), 5.1 (d, ¥Jyy = 44 Hz, 1H,
SCHCH). P NMR (161.9 MHz, CD,Cl,): § = 9.5 (s, CPPh;), —11.5
(s, IrPPh;), —144.5 (quint, YJpr = 712.1 Hz, PFy). *C NMR (100.6
MHz, CD,CL): & = 184.1 (d, ¥pc = 10.0 Hz, IrCH), 155.8, 155.2,
152.1, 150.0 (s, bipyridyl), 141.4 (dd, ¥Jpc = 18.7 Hz, *Jpc = 6.5 Hg,
IrC), 141.0 (d, Jpe = 19.8 Hz, IrCHC(PPh,)C), 123.4—134.0 (m,
PPh,, phenyl, and bipyridyl), 122.6 (s, SCHCH), 119.6 (s, SCH),
118.3 (d, Ypc 88.4 Hz, IrCHC(PPh,)). Anal. Calcd for
Cg,H,,CIFJIIN,P,S: C 53.82, H 3.56, N 2.41. Found: C $3.51, H
3.43, N 2.38.
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Crystallographic Details. Single-crystal X-ray diffraction data
were collected on an Oxford Gemini S Ultra or a Rigaku R-AXIS
SPIDER IP CCD area detector using graphite-monochromated Mo
Ka radiation (4 = 0.71073 A). Multiscan absorption corrections
(SADABS) were applied. Using Olex2, the structure was solved with
the ShelXT structure solution program using Direct Methods and
refined with the ShelXL refinement package using Least Squares
minimization. All non-H atoms were refined anisotropically unless
otherwise stated. Hydrogen atoms were placed at idealized positions
and refined as riding atoms unless otherwise stated. Further details on
crystal data, data collection, and refinements are summarized in Table
S1. CCDC 1473807—1473813 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Center via www.ccdc.cam.
ac.uk/data_request/cif.
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