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ABSTRACT: A series of dinuclear Pt(II) bis-aryl complexes with visible-light-absorbing Ir(IIl)—cyclometalate units were
synthesized, and their molecular structure and photophysical and electrochemical properties were investigated. The dinuclear
complexes underwent reductive elimination upon visible-light irradiation at ambient temperature to afford the corresponding
biaryls. The photoredox process at the Ir center induces the oxidation of the Pt(II)—Ar, center to [Pt—Ar,|(III) to accelerate

reductive elimination.

B INTRODUCTION

Recently, direct C—H functionalization has become a powerful
tool in organic synthesis. Of all the various transition metals, Pd
complexes are particularly useful, and a vast number of their
reactions have been reported to date.' However, examples of
catalytic transformation reactions with metals from the same
group as Pd are very limited,” although Pt complexes possess
high potential for oxidative addition of various nonactivated
C—H bonds.> One of the reasons for this is the reluctance of
Pt complexes to undergo reductive elimination. Thus, it is
important to control and accelerate the reductive elimination
of various Pt complexes to increase the variety of C—H
functionalization.

Reductive elimination is an important elementary reaction
that eliminates a product from a metal center to form a new
bond. The substrate scope and catalytic activity of the coupling
reactions in various molecular transformations are largely due
to this reductive elimination step and the preceding oxidative
addition step. For compounds of group 10 metals, the reaction
rate of the reductive elimination step follows the order Ni >
Pd > Pt.* Important factors that can accelerate this step are (a)
the steric bulk® and electronic effects® of the ancillary ligands,
(b) the electronic effects of ligands on the metal center,” and
(c) the oxidation state of the metal center. Thus, fine tuning of
the ancillary ligand is necessary for the construction of high-
performance catalytic reaction systems. If it were possible to
control one of these factors through external stimuli, it would
be possible to control the reaction itself. Recently, Bergman
and Tilley have reported the drastic acceleration of reduc-
tive elimination from a diarylplatinum complex by usin
tris(pentafluorophenyl)borane as a remote Lewis acid trigger.
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In this report, formation of the Pt(IV) intermediate contributed
to the acceleration. Light is an innocent, clean, switchable, and
easily controlled external stimulus for organic systems, in con-
trast to chemical and thermal triggers. If the reactivity can be
tuned with light as an external stimulus,” it would be of great
advantage to realize various catalytic transformations.

The complex tris(bipyridyl)ruthenium(II) ([Ru(bpy),]**)
has been well studied because of its outstanding photochemical
properties such as the generation of a long-lived triplet excited
state upon visible-light irradiation through the metal-to-ligand
charge-transfer (MLCT) process.'® Additionally, in the pre-
sence of an electron donor or electron acceptor, the excited
species ({Ru(bpy);]>*}*) can accept or donate one electron to
induce redox processes. In other words, the photoexcited
species of the Ru complex can act as a strong one-electron
oxidizing or reducing agent. Cyclometalated iridium(III)
complexes bearing phenylpyridine ligands act as one-electron
photoredox agents, similar to the case for the tris(bipyridyl)-
ruthenium(II) complex."" Because of its higher photoredox
potential in comparison to that the corresponding tris-
(bipyridyl)ruthenium(IT) complex,"” cyclometalated iridium-
(1) complexes are frequently used as photoredox catalysts in
various organic transformations.'?

We have been investigating visible-light-driven catalytic
transformations of various organic molecules using Ru—Pd
dinuclear complexes composed of a tris(bipyridyl)ruthenium
derivative and a Pd—alkyl moiety.14 In these reactions, active
excited species were generated via an intramolecular energy
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Scheme 1. Syntheses of Ir—Pt Dinuclear Complexes
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transfer;'** thus, the dinuclear motif of the Ru—Pd complex was
essential for the reactions. We have also demonstrated the
effectiveness of a facile intramolecular electron transfer for the
dinuclear Ru system to generate high-oxidation-state Ru(IV)—
oxo species in the photoredox-mediated catalytic oxygenation
of sulfides."® On the basis of this background, we started to
investigate the reductive elimination of dinuclear Ir—Pt bis-aryl
complexes to take advantage of the intramolecular electron
transfer process.

Here, to control the reductive elimination of metal com-
plexes by using light as an external stimulus, we introduced
a photoredox Ir(Ill)—cyclometalate moiety into the diary-
Iplatinum complexes, to develop visible-light-driven reductive
elimination.

B RESULTS AND DISCUSSION

Syntheses and Structures. Syntheses. The synthetic
scheme for the dinuclear Ir—Pt bis-aryl complexes is sum-
marized in Scheme 1. We chose the cyclometalated Ir complex
1 with 2-(2,4-difluorophenyl)pyridine (dfppy) as the light-
absorbing unit, since 1 possessed better photophysical
properties, such as long excited-state lifetime, among the
related Ir(III) compounds with 2,2'-bipyrimidine (bpm) as the
ligand.'® It is also known that photoexcited species of cyclo-
metalated Ir complexes having electron-withdrawing fluorinated
phenylpyridine ligands possess redox potentials higher than
those of the corresponding cyclometalated Ir complexes
with nonsubstituted phenylpyridine ligands and other Ru(II)
diimine complexes.'*

The light-absorbing unit 1 was synthesized by treating the
dichloride dimer [(dfppy),IrCl], with bpm, followed by the
addition of KPFj to isolate the product as a PFg salt. Dinuclear
Ir—Pt complexes 2a—c were synthesized through the reaction
of 1 with the diarylplatinum precursors (DMSO),PtAr, (Ar =
phenyl, 4-methylphenyl, 4-chlorophenyl)'” in acetonitrile (50 °C,
2 h). Similarly, on reaction with Pt precursors that have different
aryl groups (Ar # Ar),'® the corresponding unsymmetrical

compounds 2d,e were formed in a straightforward manner. All of
the dinuclear Ir—Pt complexes have been unambiguously
characterized on the basis of 'H and "*C NMR and MS spectro-
scopic data.

Structures. The molecular structures of 2ab were deter-
mined through single-crystal X-ray diffraction. ORTEP dia-
grams of the two compounds with anions omitted are shown
in Figure 1, and crystallographic data and selected structural
parameters are shown in Table 1 and Table S1 (Supporting
Information), respectively.

Ir—N and Ir—C bond lengths are within the normal ranges
reported for various Ir(ppy); complexes.'® Although the pyrim-
idine rings in 1 were slightly twisted (ZN5—C26—C27—N6 =
—13.2°) probably due to electronic repulsion between the NS
and N6 lone pairs,*® the corresponding angles became much
smaller after coordination to the Pt unit (£N5—C26—C27—N6 =
1.1(12)° in 2a, #ZN5—C26—C27-N6 = —1.9(14)° in 2b;
Table 1). Turning our attention to the Pt centers, we found that
the Pt—N and Pt—C bond lengths were very similar to those in
the mononuclear Pt complex (bpy)PtMes, (Table 1).*!

Photophysical and Electrochemical Properties. Elec-
tronic Absorption and Emission Data. All UV—vis absorption
spectra have been measured in DMF solutions at ambient tem-
perature (Figure 2), and data are collected in Table 2. Emission
spectra were measured by 365 nm excitation, and quantum
yields were calculated relative to the value of [Ru(bpy),;]CL, in
acetonitrile (® = 0.062).>

In the UV—vis absorption spectra, a broad and intense
absorption band is observed in the range 200—300 nm, which
can be assigned to ligand-centered (LC) '7—z* transitions of
the cyclometalated and ancillary ligands. On the other hand,
broad absorption bands at longer wavelengths (310—410 nm)
are attributed to charge transfer transitions with mixed metal to
ligand and ligand to ligand charge transfer (MLCT/LLCT)
character.”® On comparison of the spectra of the mononuclear
Ir and dinuclear Ir—Pt complexes, the introduction of the Pt
unit apparently gives rise to the characteristic band (around
520 nm) in the lower energy region. It is known that the
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Figure 1. Crystal structures of (a) 2a and (b) 2b with anions omitted.

Table 1. Structural Parameters for 1 and 2a,b

1 2a 2b Pt(I]\J/II?s’zu
Bond Lengths (A)
r—Cl11 2.024(8) 1.997(8)  2.02111)
Ir—C22 2.035(7) 2.013(8)  2.025(9)
Ir-N1 2.045(7) 2.060(7)  2.034(10)
Ir—N2 2.053(7) 2.045(7)  2.047(9)
r—N3 2.174(5) 2.133(6)  2.138(8)
r—N4 2.133(7) 2.149(7)  2.164(9)
Pt—NS$ 2.110(7)  2.089(9) 2.095(8)
Pt—N6 2.135(7)  2.128(8) 2.090(8)
Pt—C31 2.003(8)  2.001(11)  2.016(10)
Pt—C37 2.051(9)  1.991(11)  2.032(9)
Bond Angles (deg)
C11-Ir—N1 79.8(3) 80.5(3) 79.3(S)
C22-Ir—N2 80.1(3) 80.2(3) 81.1(4)
N3—Ir—N4 76.4(2) 78.1(3) 77.7(3)
N2-Ir—N4 83.8(3) 88.7(3) 85.6(3)

Torsion Angles (deg)

N5—C26—C27-N6  —132(11)  L1(12) —~1.9(14)

diarylplatinum complex (bpy)PtPh, shows a broad mixed metal
ligand to ligand char§e transfer (MMLLCT; dp_c — 7¥y,)
band around 450 nm.”* The solutions of 1 and (bpy)PtPh, are
pale yellow, whereas the solution of 2a is black owing to the
red-shifted and extremely broad MMLLCT band of 460—
660 nm. The spectra of the para-substituted Ir—Pt dinuclear
complexes 2b,c and unsymmetrical bis-aryl complexes 2d,e

were almost identical with that of 2a. Complex 1 displays an
intense emission with a maximum at 608 nm. In comparison
with mononuclear complex 1, all of the dinuclear Ir—Pt com-
plexes display weak emissions due to energy transfer to the Pt
center or by partial self-absorption.

CV Spectral Data. The electrochemical behaviors of 1 and
2a—e were investigated by cyclic voltammetry (CV) in aceto-
nitrile (Figure 3), and the data are summarized in Table 3. The
CV chart of 1 displays two reversible waves in the cathodic
region at —1.36 and —2.04 V and one quasi-reversible wave in
the anodic region at +1.26 V. The first two reversible waves are
attributed to one-electron processes of the bipyrimidine (bpm/
bpm*®~) and cyclometalated (dFppy/dFppy®~) ligands, respec-
tively. The quasi-reversible wave is attributed to the oxidation
process of the highest occupied molecular orbital, which is
dominated by Ir—C ¢ bond character (demgnated as Ir—C/Ir/
C**).?>*® The CV charts of dinuclear complexes 2a—e exhibit
additional irreversible peaks at ~1.0 V, which can be attributed
to the [Pt—Ar]"/[Pt—Ar]™ oxidation process (vide infra).
There have not been many platinum(IIl) derivatives charac-
terized until now; most of them are binuclear species with a
Pt—Pt bond. However, a few monomeric Pt(IlI) complexes
have been structurally and electrochemically described and
authenticated.”** Among them, a reversible one-electron
redox couple (Pt(II)/Pt(IlI)) of a platinum complex, (bpm)-
PtMes, (Mes = mesityl), was shown to be 0.45 V vs Fc/Fc*,
because of effective axial protection by two mesityl groups. A
highly irreversible wave in anodic oxidation as a result of Pt"
formation was reported in the a-diimine LPtPh, complexes
in the range 0.64—0.96 V, similar to the case for the Ir—Pt
complexes.”®

With respect to the aryl substituent on the Pt center, the
slight peak shifts of 2b,c in comparison to that of 2a are due to
the electronic nature of the para substituents of the aryl ligand.
The other three peaks shift to the anodic side by 0.3—0.6 V
because the electron density decreased as a result of intro-
duction of the Pt unit. The redox potential of the Pt—Ar moiety
is much lower than those of the corresponding Ir'™" processes,
indicating that Ir(IV) species resulting from the photochemical
processes may bring about the subsequent oxidation of the
[Pt—Ar]" moiety to [Pt—Ar]™,

In order to gain additional information on the electro-
chemical behavior, we have conducted DFT calculations for
complexes 2—-c and the dicationic form of 2a ([2a]*). The
following basis sets were used 1n the ground-state geometry
optimization using Gaussian 09 program packages: Lanl2DZ
for Ir and Pt, 6-31G+ for N and C atoms coordinated to Pt and
Ir, 6-31G for Cl in complex 2c, and 3-21G for the other C, F,
H, and N atoms. The Ir—N, Ir—C, Pt—N, and Pt—C bond
lengths and the chelate angles between Ir and ppy, Ir and
bpm, and Pt and bpm ligands of the optimized structures of
2a—c reproduced the experimental results well within 1-2%
differences (Figure S6 in the Supporting Information).

The highest occupied molecular orbital (HOMO) of 2a is
depicted in Figure 4, and the other corresponding other mole-
cular orbitals of 2a—c are given in the Supporting Information.*®
For complexes 2a—c, the HOMO consists of conjugated
platinum d orbitals and 7 orbitals equally delocalized on two
aryl ligands. When Mulliken charges were compared between
[2a]* (dication) and 2a (monocation), the corresponding
values of the platinum center and the sum of the 12 carbon
atoms of the phenyl groups were considerably increased in
[2a]*, while the Ir center and other atoms did not show
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Figure 2. UV—vis absorption and emission (4., 365 nm) spectra.
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Table 2. Absorption and Emission Spectroscopic Data of
Ir—Pt Complexes”

emission

complex absorption, nm (¢, 100 M~ em™) 4., nm® D,

1 266, 315, 365 608 0.032

(bpy) 264 (0.167), 294 (0.159), 413 (0.034) 5467 0.0011¢

PtPh,

2a 267 (0.569), 314 (0.269), 354 (0.143), 604 00019
514 (0.028)

2b 264 (0.496), 312 (0.220), 357 (0.115), 601 0.0011
512 (0.023)

2 264 (0.517), 312 (0.226), 360 (0.118), 603 00013
504 (0.027)

2d 264 (0.519), 312 (0.218), 356 (0.115), 601 0.0011
515 (0.022)

2e 265 (0.512), 315 (0.220), 362 (0.119), 601 0.0015
508 (0.027)

“Measured in DMF. bxlg 365 nm. “Quantum yield relative to TB in
MeCN (® = 0.062).>* ). 532 nm, measured in THF, reported by
Zalis et al>*
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Figure 3. Cyclic voltammograms of Ir—Pt complexes.

significant changes (Table S6 in the Supporting Information).
Additionally, Mulliken spin density is localized over the Pt atom
(0.3066) and the carbon atoms of the phenyl ligands. These
results show that the first oxidation peak in CV spectra is not a

purely metal based but is a redox process of the Pt—Ar
hybrid orbitals with metal participation, which can described as
[Pt—Ar]"/[Pt—Ar]™,

Photolysis of Ir—Pt Complexes. All light-driven reductive
elimination reactions were performed in 5 mm i.d. Pyrex NMR
tubes containing a mixture of 0.01 mmol of Ir—Pt complex and
10 equiv of electron acceptor dissolved in 0.45 mL of deuter-
ated solvent. The tube was placed in a beaker filled with water
(thermal trap), and the sample was irradiated by a Xe lamp with
an L-42 cutoff filter or an LED lamp (4 425 nm, 3 W). For the
dark reactions, the sample tubes were wrapped with aluminum
foil and irradiated.

Results of visible-light-driven reductive eliminations under
various conditions are summarized in Table 4. Under these
conditions, LED lamp irradiation (4 425 nm) led to a much
higher yield of the biaryl (entry 1 vs 2). When other solvents
(entries 2—S) and acceptors (entries S—8) were tested, the
reaction in DMSO-d; with methylviologen (MV**) as an
electron acceptor led to the highest yields. Consequently, the
conditions in entry 8 were selected for the following reactions.
When either acceptor or light was not present, the reactivity
decreased drastically (entries 9 and 10). Upon irradiation of 2a
under the selected conditions, the "H NMR signals of biphenyl
gradually grew, while in the dark, only the signals of mono-
nuclear Ir complex 1 were observed because of decomposition
(Figure S2 in the Supporting Information).

Reductive elimination of the other Ir—Pt dinuclear symmetri-
cal and unsymmetric bisaryl complexes 2b—e was examined
under the selected conditions, and the results are summarized
in Table 5. All of the complexes formed the corresponding
biaryls together with a mononuclear Ir complex ([(dfppy),lr-
(bpm)]*) and a Pt(0) mirror. If the substituents (X, Y) on the
aryl ligands were either H or CHj, the biaryl yield became 80%
after 36 h of irradiation (entries 1, 2, and 4). On the other
hand, the yield gradually lowered according to the number of
electron-withdrawing groups introduced into the X and/or Y
position (entries 3 and S). The trend was similar to the reduc-
tive elimination of various Pd(II) complexes with diphosphine
ligands.” Of note, biaryl formed in the reaction of an
unsymmetric bis-aryl complex (2e) did not contain biphenyl
(X, Y = H) or 4,4'-dichlorobiphenyl (X, Y = Cl) (Figure S4 in
the Supporting Information). The result rules out the
intermolecular aryl transfer process in the reaction. When a
1/1 mixture of mononuclear Ir complex 1 and Pt(bpy)(p-tol),
((2,2'-bipyridyl)bis(4-methylphenyl)platinum) was irradiated
under the same conditions, only a small amount of 4,4'-
dimethylbiphenyl (entry 6) was formed (7%), and MV** was
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Table 3. Electrochemical Data of Ir—Pt Complexes®

reduction oxidation
complex dFppy/dFppy*~ bpm/bpm®~ [Pt—Ar]"/[Pt—Ar]™ Ir—C/Ir—C**
1 —2.04 -1.36 1.26
2a ~1.50 -0.77 1.02 (irr) 1.57
2b -1.50 —0.77 091 (irr) 1.63
2c —145 -0.73 1.08 (irr) 1.57
2d -1.50 —0.77 1.03 (irr) 1.59
2e —147 —0.75 1.05 (irr) 1.57

“Measurements were carried out in CH;CN with 0.1 M [Bu,N]BF,; values are given in units of V vs E(Fc/Fc"). irr stands for an irreversible redox

‘wave.

Ir-PtPh, (2a)

LUMO

HOMO

Figure 4. Frontier orbitals of 2a.

quickly consumed through the photoredox reaction with 1. The
result clearly indicates the importance of the dinuclear Ir—Pt
motif in the reductive elimination.

From the above results, it is clear that the reductive elimi-
nation from the diarylplatinum(II) complexes giving biaryls was
driven by the photoredox process at the Ir site. All of the

Table S. Reductive Elimination of Biaryls®

T :Nl _]PF6 X hv X
£ ,[\/Nﬂ'>m/©/ LA + [l + PYO)
X" \@\\( DMSO-dy, it O
F | [Ir] = [(dfppy),lr(bpm)]PFe
complex X Y time (h)  yield (%)b
1 2a H H 36 88
2 2b CH, CH, 36 83
3 2c Cl Cl 72 SS
4 2d H CH, 36 81
S 2e H Cl 48 61
6 1+ (bpy)Pt(tol),  CH,  CH, 36 7

“General conditions: complex (0.01 mmol), MV** (0.10 mmol), in
DMSO-d, irradiation with 3 W blue LED lamp (425 + 15 nm) at a
distance of S cm away from the light source. *Determined by 'H NMR
using 1,4-dimethoxybenzene as an internal standard.

reactions proceeded under remarkably mild conditions for
diarylplatinum reductive elimination, which normally requires
heating to nearly 100 °C in bis-phosphine systems.®

In all of the reactions, the presence of an electron acceptor
and visible light is necessary to accelerate the reductive elimi-
nation (Table 4, entries 8—10). In order to confirm that the
acceleration is based on an oxidative quenching operated at the

Table 4. Visible-Light-Mediated Reductive Elimination of Biphenyl®

| PFe)

visible light
,_N ~ ‘“\mPh electron acceptor O
E ||r\ \\5 el oy O + [l + PYO)
N
FRU
[ = [(dFppy).lr(bpm)])(PFs)
2a
entry solvent acceptor (A) light source time (h) yield (%)°®

1 CD,CN BQ xenon lamp 72 10°
2 CD;CN BQ blue LED 72 56°
3 CD,NO, BQ blue LED 72 12
4 acetone-dg BQ blue LED 72 43
S DMSO-dg BQ blue LED 60 76
6 DMSO-dg duroquinone blue LED 60 28
7 DMSO-dg 1,4-dinitrobenzene blue LED 60 63
8 DMSO-d; MV blue LED 36 88
9 DMSO-dg none blue LED 60 32
10 DMSO-dg MV no light 60 0

“Conditions: 0.01 mol of Ir—Pt complex, 10.0 equiv of electron acceptor, room temperature. Irradiation was delivered at a distance of S cm away

from the light source.
internal standard.

Determined by 'H NMR using 1,4-dimethoxybenzene as an internal standard. “Determined by GC using mesitylene as an
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Figure S. (a) Stern—Volmer studies of [Ir(dFppy),(bpm)](PF,) (1).
Conditions: A, 400 nm, A, 580 nm. (b) Emission spectra for 1
(Aex 365 nm).

Ir center, we performed a luminescence quenching study,
whose results are shown in Figure S (Stern—Volmer plot).>" As
shown in the figure, the emission intensity decreases as
the acceptor concentration ([MV?']) increases (Figure 4a).
The ratio I/I (I, = emission intensity without acceptor,
I = emission intensity with acceptor) is proportional to the
acceptor concentration, which shows that MV** takes part in
the photoredox quenching of the Ir(IlI)—cyclometalate unit
through one-electron transfer. As the slope of the plot is larger
in the DMSO solution, it supports the result that the reaction
rate is much faster in DMSO than in CH;CN (Table 4). The
progress of electron transfer can be visually confirmed by the
color change of the reaction solution from dark red to dark
blue-green, which is due to the formation of a methylviologen
radial cation (MV"**, dark blue) through one-electron reduction.

A plausible reaction mechanism of the visible-light-driven
reductive elimination of the Ir—Pt complexes is presented in
Scheme 2. Upon irradiation, the Ir(III)—Pt(II) complex is
excited to [Ir(III)—Pt(II)]*, which undergoes one-electron
transfer to MV>* to form the Ir(IV)—Pt(II) species. Formation
of the Ir(IV)—Pt(II) species induces an intramolecular electron
transfer from the Pt(II)—Ar, center to Ir(IV) to generate the
Ir(III)—[Pt—Ar, ] (III) species, resulting in the subsequent
reductive elimination step to produce the biaryl product.
Currently, we do not know the exact mechanism of the reaction
that generates the Ir(Ill) complex 1 and Pt(0).

Photolysis of Ir—Pt Complexes in the Presence of
Diphenyliodonium Salt. Next, we focused on the sacrificial
electron acceptor as a radical source that needs to be used in
the reductive elimination process. Diaryliodonium salts are
often used as a radical source, since they generate aryl radicals

Scheme 2. Plausible Mechanism of Visible-Light-Driven
Reductive Elimination

Mv2+ Mve @)

(D) (")/Ar@ (D) (”)/Ar (v) (")/Ar
|r—Pt\ —>| Ir—Pt —
Ar Ar Ar
red. elimn. (ny ()
—> Ir—Pt + Ar—Ar
(U]
Ir +Pt

through one-electron reduction.”” Thus, diaryliodonium salts
can act as both a sacrificial electron acceptor and an aryl radical
source. To extend the quantitative reductive elimination of the
reaction using the aryl radical, the photoreaction in the pre-
sence of a diaryliodonium salt was performed, and the results
are summarized in Table 6. Irradiation of a DMF solution of
Ir—Pt bis-tolyl complex 2b with diphenyliodonium hexafluo-
rophosphate generated 4,4’-dimethylbiphenyl (65%) together
with 4-methylbiphenyl®* (18%) and trace amounts of biphenyl
(entry 1). When the irradiation was performed on the solution
with a mixture of mononuclear Pt and Ir complexes, only trace
amounts of 4-methylbiphenyl were formed with unidentified
byproducts (entry 2). Thus, the dinuclear Ir—Pt motif is
essential in the C—C bond-forming reductive elimination.
Under the same conditions, when a solution of mononuclear Ir
complex 1 was irradiated, the reaction did not take place at all
(entry 3). Similarly, when either the diphenyliodonium salt
(entry 4) or light (entry S) was eliminated from the reaction
conditions, only a trace amount of dimethylbiphenyl was
formed. These results strongly suggest that the photoredox
process of dinuclear Ir—Pt complexes with the diaryliodonium
salt generates the aryl radical in the solution, which is involved
in the reductive elimination to form the biaryls. When the
reaction of 2a with bis(4-methylphenyl)iodonium hexafluo-
rophosphate was performed, similar amounts of biphenyl and
4-methylbiphenyl were formed (entry 6).

B SUMMARY

We have synthesized a series of diarylplatinum complexes,
which incorporated an Ir(III)—cyclometalate moiety as a
photoredox site. The electrochemical and photophysical studies
show that the photoredox-active Ir moiety can oxidize Pt(Il)—Ar,
to [Pt—Ar,|(III) via an intramolecular electron transfer. In the
presence of a sacrificial electron acceptor, the Ir—Pt dinuclear
complexes underwent photoredox-mediated reductive elimination,
resulting in the quantitative formation of the corresponding
biaryls at ambient temperature. Additionally, using a
diphenyliodonium salt as both an electron acceptor and an
aryl radical source, photoirradiation of the Ir—Pt complex
afforded biaryls originating not only from the starting complex
but also from the jodonium salt. The dinuclear motif was
essential for these reactions. Our results indicate the possibility
of molecular transformation by the combination of photoredox
processes from metal complexes with various radical sources.

B EXPERIMENTAL SECTION

General Procedures. Unless otherwise noted, all reactions were
carried out under a nitrogen atmosphere. The solvents have been
purified and dried according to standard methods. Methanol (Mg
methoxide), CH;NO, (CaCl,), and DMSO (CaSO,) were treated
with the appropriate drying agents, distilled, and stored under N,.
CH,Cl,, Et,0, and THF were purified through columns containing
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Table 6. Reductive Elimination of Biaryls in the Presence of Diaryliodonium Salt?

_|PF6
PF
| i I _l 6 CH
N
| =N /©/ (R H CH3) °
3 r Ve N—p
|\N’ N \©\
N A DMSO-dg, rt ch HsC
F |
Entry Complex Product”
I 2b
65% 18% trace
2¢ (bpy)Pt(p-tol), + 1 + unidentified byproducts
trace
3 1 N.D.
¢ =
O trace
5° 2b N.D.
¢ 2
6% 32% 34%

“General condltlons complex (0.01 mmol), diaryliodonium salt (0.012 mmol), in DMSO-dy, irradiation with 3 W blue LED lamp (425 + 15 nm)
for 36 h. “Products were determined by GC-MS. Yields were calculated on the basis of the mole ratio vs starting complex (2a or 2b) using GC data.
“In CD;CN. Undetermined byproducts were observed. “No diaryliodonium salt. “No light. Bis(4-methylphenyl)iodonium hexafluorophosphate

([1(p- tol)z PF) was used.

alumina and alumina—Cu catalyst and stored under a N, atmosphere.
NMR solvents were dried over molecular sieves, degassed, and stored
under N,. Other chemicals were purchased and used as received.
The '"H NMR spectra were acquired on a Bruker AVANCE-400
(400 MHz) instrument. The NMR chemical shifts were referenced to
residual proton signals in the deuterated solvent. UV—vis and emission
spectra were obtained on JASCO V-670 and Hitachi F-7000
fluorescence spectrometers, respectively. Electrochemical measure-
ments were recorded on a Hokutodenkou HZ-5000 analyzer
(observed in CH,CN; [("Bu,)BF,] = 0.1 M; Ag/AgCl reference
electrode; Pt working electrode; reported with respect to the [FeCp,]/
[FeCp,]* couple). Elemental analysis was performed with a LECO
CHNS-932 VTF-900 instrument. Gas chromatography was carried out
with a Shimadzu QP-5000 spectrometer. Single-crystal X-ray mea-
surements were carried out on a Bruker SMART APEX II ULTRA
diffractometer.
Preparation of 1.

Under a nitrogen atmosphere, 2-(2,4-difluorophenyl)pyridine
(dfppy; 3.10 g, 16.0 mmol) was added to a 2-ethoxyethanol/
H,0 (160.0 mL, 3/1 v/v) solution of IrCl;:3H,0 (2.82 g,
8.00 mmol). The reaction mixture was stirred at 110 °C for
24 h. After the mixture was cooled to room temperature,
the precipitate was filtered and washed with H,O and Et,O.
The residue was dried in vacuo to afford the Ir dimer
[(dfppy),IrCl], (420 g, 3.44 mmol, 86.1%). To a CH,Cl,/
MeOH (180 mL, 2/1 v/v) solution of the Ir dimer (0.60 g,
0.49 mmol) was added 2,2’-bpm (0.20 g, 1.27 mmol), and the
reaction mixture was stirred at 50 °C for 5 h. After the mixture
was cooled to room temperature, KPFg (1.0 g) was added, the
mixture was stirred for 4 h, and the solvent was evaporated
under reduced pressure. The crude product was dissolved in
CH,CI,, and filtered through Celite to remove insoluble
inorganic salts. The filtrate was evaporated, and the resulting
solid was chromatographed on a silica gel with CH,Cl,/
MeOH 95/5 (v/v) as eluent . The combined orange bands
were evaporated. The solid was precipitated from CH,Cl,/
Et,0, washed with Et,O and n-hexane several times, and then
dried in vacuo to afford the title compound as a yellow
powder (0.69 g, 0.79 mmol, 80%).

'"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by '"H—'"H COSY, HMQC, and HMBC): 9.20 (dd, J = 5.2
and 2.0 Hz, 2 H, H,), 840 (dd, ] = 5.2 and 2.0 Hz, 2 H, H)), 8.35
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(d,J=84Hz, 2 H,H,),7.94 (dd, ] = 8.4 and 7.4 Hz, 2 H, H,), 7.82
(d,J = 6.0 Hz, 2 H, Hy), 7.72 (dd, ] = 5.2 and 5.2 Hz, 2 H, H,,), 7.11
(ddd, J = 7.4, 6.0, 2.0 Hz, 2 H, H.), 6.68 (ddd, Ji;_r = 9.6, 9.2 Hz,
Yu_u = 24 Hz, 2 H, Hy), 5.82 (dd, Ji_r = 9.2 Hz, ¥Jy_y = 24 Hz, 2 H,
Hj). BC{'H} NMR (100 MHz, CD;NO,, room temperature, 5/ppm):
166.4, 164.3 (dd, Jcr = 209.0, 13.0 Hz, C;), 165.2 (d, Jor = 7.0 Hz, C,),
163.8, 161.7 (dd, Jcr = 203.0, 13.0 Hz, C,), 163.5 (C,), 161.6 (C)),
159.6 (C,), 153.3 (d, Jcr = 7.0 Hz, Cy), 151.4 (Cy), 141.3 (C,), 129.8
(Cy), 1269 (C,), 1255 (C)), 125.3 (C,), 115.5 (d, Jcr = 18.0 Hz, C)),
100.5 (t, Jop = 27.0 Hz, C,,). ESI-MS: m/z 731 [M PF(]*. Anal. Calcd
for C40H;N(IrPF,y: C, 41.15; H, 2.07; N, 9.60. Found: C, 40.84; H,
2.07; N, 9.49.
Preparation of 2a.

" ](PFe)

In air, [Ir(dFppy),(bpm)](PF) (288.6 mg, 0.33 mmol) and
(DMSO),PtPh, (202.2 mg, 0.40 mmol) were dissolved in
CH,CN (10 mL). The solution was stirred for 120 min at
55 °C, and the solvent was removed under reduced pressure.
The residue was washed with Et,O and n-pentane several times
and dried under vacuum. The product was obtained as a black
solid (3714 mg, 92%). Black crystals of [Ir(dFppy),(bpm)-
PtPh,](PF,) suitable for crystallographic studies were grown
by diffusing Et,O vapors into a solution of the complex in
CH,CN.

"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by 'H—'H COSY): 8.90 (dd, ] = 1.8, 5.5 Hz, 2 H, H,), 8.70
(dd, J=1.7,5.5 Hz, 2 H, H)), 8.36 (d, ] = 8.4 Hz, 2 H, H,), 8.00—7.94
(m, 4 H, Hy, H,), 7.86 (t, ] = 5.4 Hz, 2 H, H,), 7.34 (d, ] = 6.8 Hz, 4
H, Hy), 7.16 (t, ] = 6.6 Hz, 2 H, H,), 6.96 (t, ] = 7.2 Hz, 4H, H,), 6.84
(t,J=72Hz, 2H, H,), 6.71 (ddd, ] = 2.0, 9.2, 12.0 Hz, H,), 5.82 (dd,
J = 22, 86 Hz, 2H, H)). ®C NMR (400 MHz, CD;NO,, room
temperature, 6/ppm): 1654 (C,), 164.6, 162.5 (C), 163.3 (C,),
162.0, 159.9(C,), 157.2 (C)), 157.0 (C,), 150.6 (Cd), 148.3 (Cy),
1408 (C,), 140.0 (Cy), 1376 (C,), 1284 (C,), 1282 (Cy), 1272
(C)), 124.1 (C,), 123.8 (C,), 122.8 (C;), 114.0 (C)), 99.5 (Cy).

Preparation of 2b.

"] (PFe)

S
R
,u-“"‘
\

tol

In air, [Ir(dFppy),(bpm)](PF,) (68.4 mg, 0.078 mmol) and
(DMSO),Pt(tol), (50.0 mg, 0.094 mmol) were dissolved in
CH,CN (5 mL). The solution was stirred for 120 min at S5 °C,
and the solvent was removed under reduced pressure. The
residue was washed with Et,O and n-pentane several times and
dried under vacuum. The product was obtained as a black solid
(78.7 mg, 91%). Black crystals of [Ir(dFppy),(bpm)Pt(tol),]-
(PFg) suitable for crystallographic studies were grown by
diffusing Et,O vapors into a solution of the complex in CH;CN.

"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by '"H—"H COSY): 8.96 (dd, ] = 1.6 and 5.6 Hz, 2 H, H,),
8.71 (dd, J = 1.6 and 5.6 Hz, 2 H, H,), 8.36 (d, ] = 8.4 Hz, 2 H, H,),

8.00—-7.94 (m, 4 H, Hy and Hy), 7.86 (t, ] = 5.6 Hz, 2 H, H,)),
7.27-7.10 (m, 6H, H, and H,), 6.80 (d, ] = 7.6 Hz, 2 H, H,), 6.71
(ddd, J = 12.2, 9.6, 2.4 Hz, 2 H, H,), 5.82 (dd, ] = 8.8, 2.4, Hz, 2 H,
H,), 2.17 (s, 6 H, Ar-CH,). "C NMR (400 MHz, CD;NO,, room
temperature, 6/ppm): 167.1 (C,), 166.3, 164.1 (C), 164.9 (C,),
163.7, 161.5 (C,), 158.7 (C)), 158.6 (C,), 1522 (Cy), 150.0 (Cy),
141.7 (Cp), 139.0 (Cy), 1382 (C,), 133.5 (Cy), 1302 (C,,), 1299
(C), 129.7 (Cy), 1256 (C,), 1254 (C), 115.6 (Cy), 1011 (Cy), 21.1
(Ar-CHj;). Anal. Calcd for C,yH3,F,oIrN4PPt + CH,CN: C, 42.69; H,
2.73; N, 7.58. Found: C, 42.31; H, 2.87; N, 7.26.
Preparation of 2c.

"] (PFe)

In air, [Ir(dFppy),(bpm)](PF) (68.4 mg, 0.080 mmol) and
(DMSO),Pt(C¢H,-p-Cl), (50.0 mg, 0.095 mmol) were
dissolved in CH;CN (5 mL). The solution was stirred for
120 min at 55 °C, and the solvent was removed under reduced
pressure. The residue was washed with Et,O and n-pentane
several times and dried under vacuum. The product was
obtained as a black solid (90 mg, 87%).

"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by '"H—"H COSY): 8.86 (dd, ] = 1.6 and 5.6 Hz, 2 H, H,),
8.71 (dd, J = 1.6 and 5.6 Hz, 2 H, H;), 8.37 (d, ] = 8.8 Hz, 2 H, H,),
7.98 (t,J = 3.6 Hz,2 H, H,), 795 (d, ] = 7.6 Hz, 2 H, Hy), 7.87 (t, ] =
5.6 Hz, 2 H, H,),7.32 (d,] = 7.6 Hz, 4 H, Hq), 7.20 (t, ] = 8.8 Hz, 2
H,H,), 699 (d,]=7.6 Hz, 4 H,H,), 6.71 (ddd, ] = 2.0, 9.2, 11.2 Hz, 2
H, H,), 5.81 (dd, ] = 2.0, 8.4 Hz, 2 H, H)). *C NMR (400 MHz,
CD;NO,, room temperature, /ppm): 167.0 (C,), 166.4, 164.1 (C)),
1649 (C,), 163.7, 161.7 (C,), 159.1 (Cy), 1587 (C,), 152.2 (Cy),
149.8 (Cy), 141.8 (Cp), 1403 (Cy), 1302 (C,,), 130.0 (Cy), 129.8
(C), 1257 (C), 1255 (C)), 115.6 (Cy), 1012 (Cy). Anal. Caled for
C,H,CLF, ItN¢PPt: C, 38.99; H, 2.03; N, 6.50. Found: C, 38.49, H,
2.13; N, 6.58.

Preparation of 2d.

"] (PFe)

In air, [Ir(dFppy),(bpm)](PF¢) (152.5 mg, 0.17 mmol) and
(DMSO),PtPh(CH,-p-Me) (108.6 mg, 0.21 mmol) were dis-
solved in CH,CN (S mL). The solution was stirred for 120 min
at 55 °C, and the solvent was removed under reduced pressure.
The residue was washed with Et,O and n-pentane several times
and dried under vacuum. The product was obtained as a black
solid (189.6 mg, 90%).

"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by '"H-'"H COSY): 8.970-8.893 (m, 2 H, H,, H,), 8.71
(ddd, J = 0.8, 1.6, 5.6 Hz, 2 H, H,), 8.36 (d, ] = 8.8 Hz, 2 H, H,), 7.98
(t, J=7.6 Hz, 2 H, Hy), 7.95 (d, ] = 5.6 Hz, 2 H, Hy), 7.87—7.86 (m,
2H, H,),7.33 (t ] = 7.2 Hz, 2 H, H,), 7.21-7.14 (m, 4 H, H, and
H,), 6.983—6.94 (m, 2 H, Hv), 6.85-6.79 (m, 2 H, H, and H,)), 6.71
(ddd, J=2.4,9.6,12.4 Hz, 2 H, Hy), 5.8 2(dd, J = 2.4 and 8.8 Hz, 2 H,
H)), 2.17 (s, 3 H, Ar-CH;). C NMR (400 MHz, CD;NO,, room
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temperature, 6/ppm): 167.1 (C,), 166.3, 163.8 (C), 164.9 (C,),
163.7, 161.6 (C,), 158.8 (C)), 158.6 (C, and C,), 152.3 (C,), 150.1
(Cp), 1417 (Cp), 1392 (Cy), 139.0 (C,), 130.0 (C,), 1298 (C,),
129.7 (C,), 125.7 (C,), 125.6 (C)), 1254 (C, or C,), 1244 (C,),
115.5 (Cj), 101.1 (Cy), 21.5 (Ar-CH;). Anal. Caled for
C3H;0F oItNGPPt + 0.7CH,CLy: C, 40.25; H, 2.44; N, 6.43. Found:
C, 40.10; H, 2.35; N, 6.93.
Preparation of 2e.

"~ ](PFe)

In air, [Ir(dFppy),(bpm)](PF¢) (98.5 mg, 0.011 mmol) and
(DMSO),PtPh(C¢H,p-Cl) (729 mg, 0.013 mmol) were
dissolved in CH;CN (5 mL). The solution was stirred for
120 min at 55 °C, and the solvent was removed under reduced
pressure. The residue was washed with Et,O and n-pentane
several times and dried under vacuum. The product was
obtained as a black solid (126.7 mg, 89%).

"H NMR (400 MHz, CD;NO,, room temperature, §/ppm) (signal
assigned by '"H—"H COSY): 8.88 (d, ] = 5.2 Hz, 2H, H,), 8.71 (d, ] =
5.2 Hz, 2H, H)), 8.36 (d, ] = 8.4 Hz, 2H, H,), 7.98 (t, ] = 8.0 Hz, 2H,
H,), 7.93 (d, ] = 5.6 Hz, 2H, Hy), 7.87 (t, ] = 5.2 Hz, 2H, Hm), 7.36—
7.31 (m, 4 H, H; and H,), 7.16 (t, ] = 6.8 Hz, 2 H, H,), 6.99—6.84 (m,
4H,H,and H,), 6.86 (t, ] = 6.8 Hz, 1 H, H,), 6.71 (ddd, ] = 2.0, 9.2,
12.0 Hz, 2 H, H,). 3C NMR (400 MHz, CD;NO,, room temperature,
8/ppm): 167.0 (C,), 1662, 164.1 (C)), 163.6, 161.5 (C,), 159.0 (C)),
158.6 (C,), 152.2 (Cy), 149.9 (C)), 141.9 (C,), 141.7 (C,), 140.9 (C,),
1404 (C, or C,), 139.1 (C, or C,), 130.1 (C,,), 129.8 (C,), 129.0 (C,
or C,), 128.5 (C, or C,), 125.7 (C,), 125.6 (C.), 124.6 (C,), 115.5
(C), 101.1 (C,). Anal. Caled for Cy,H,,CIF,oIrNgPPt + 0.5 CH;CN:
C, 40.35; H, 2.24; N, 7.11. Found: C, 40.45; H, 2.24; N, 7.35.

General Procedure for Visible-Light-Mediated Reductive
Elimination of Biaryl from 2. Irradiation of visible light was
performed with a Somakogaku xenon lamp (150 W) or a Relyon LED
lamp (3 W X 2; 1 425 nm). The Ir—Pt complex (0.01 mmol), MV**
(47.6 mg, 0.10 mmol), and 1,4-dimethoxybenzene (2.0 mg as an
internal standard) were dissolved in DMSO-d¢ (0.45 mL) in a 5 mm
id. NMR tube. The reaction mixture was degassed by a freeze—
pump—thaw cycle. The reaction was carried out at room temperature
(water bath) under visible-light irradiation (placed at a distance of
S cm from the light source). Biaryl products formed in the reaction
were determined by "H NMR and GCMS spectra.

Crystal Structure Determination. The crystallographic data and
the results of the structure refinements are summarized in Table SI in
the Supporting Information. Lorentz and polarization corrections and
empirical absorption corrections were made during the data reduc-
tion.>* The structures were solved by a combination of direct methods
(SHELXS-86)* and Fourier synthesis (DIRDIF94).36 Unless other-
wise stated, all non-H atoms were refined anisotropically, and all H
atoms were fixed at the calculated positions.
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Tables, figures, and a CIF file giving crystal data, bond dis-
tances, and bond angles for 1 and 2a,b, optimized geometries of
2a—c and 2a‘, frontier orbitals of 2a—c, NMR spectra, and
GCMS data of the reductive elimination reactions. The Sup-
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