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ABSTRACT: Formazans have attracted a lot of attention in
coordination chemistry since the early 1940s because of their unique
properties engendered by the nitrogen-rich conjugated backbone.
Although many studies have been done using formazanates to chelate
transition metals, research using formazanates as building blocks for
polynuclear compounds and supramolecular chemistry remains rare. In
this paper, we describe a synthetic strategy that uses a pyridyl-
substituted bis(formazanato)nickel complex as a metalloligand to
further assemble with two [Ir(CAN),]* centers (CAN is the cyclo-
metalating ligand). The trimetallic complexes represent a new binding
mode for flexidentate pyridyl-substituted formazanates and a new
structural class of polynuclear formazanate complexes. This work
expands the chemistry of polynuclear formazanate complexes, for the first time pairing 3d and 5d metals in the same assembly. The
redox chemistry of these trimetallic complexes, evaluated via cyclic voltammetry, is described. The compounds described in this work
are luminescent, and studies of bis-cyclometalated iridium model complexes lacking the formazanate bridge confirm that the
phosphorescence arises from the iridium center.
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H INTRODUCTION

Metal chelates of conjugated ligands hold an important
position in inorganic research, especially for ligands bearing
one or more 7* orbitals low enough in energy to allow
properties like successive electron transfers,' intense color,”
and multiple stable redox states.” Particularly, redox-active
formazanates are desirable in this context because of their facile
synthesis, which allows easy tuning of these key properties

these compounds. For instance, boron formazanate-chelated
complexes exhibit not only tunable redox properties but also
can show near-IR photoluminescence,'” leading to a wide
range of applications such as optoelectronic materials and cell-
imaging agents. Zinc complexes of formazanates can store up
to two electrons in a single formazanate ligand, allowing the
potential for multielectron chemical transformations.'* Fur-
thermore, formazanate ligands have been applied in the
development of spin-crossover materials because of the unique

through substituent modification. Formazanate ligands offer
several unique and potentially useful traits, and one important
feature is their ability to engage in both oxidative and reductive
redox chemistry because both the highest occupied (HOMO)
and lowest unoccupied (LUMO) molecular orbitals are mainly
composed of orbitals centered on the 1,2,4,5-tetraazapenta-
diene (NNCNN) backbone.* Compared with related families
of ligands, the LUMO is low in energy, and therefore
formazanate complexes may be expected to readily engage in
ligand-based reduction reactions.”® Moreover, the low-lying 7*
orbital and small z7—7* gap result in electronic transitions that
occur in the visible spectrum, and the absorption and emission
properties of formazanate complexes are easily tunable by
modifying the ligand structure.”

A variety of formazanate complexes of main-group elements
and first- and second-row transition metals have been
extensively reported,””™'" and our group’s recent work has
expanded the coordination chemistry of this ligand class to
third-row 5d metals.'""'* These studies devoted much effort to
not only explore the coordination chemistry of formazanate
ligands but also investigate the optical and redox properties of
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magnetic properties in these cobalt and iron complexes.'”"®
Although there are many studies on mono- and bis-
(formazanate) mononuclear complexes,'’ ™' polynuclear
compounds involving formazanates have not received much
attention. The development of multimetallic coordination
complexes is a topic of broad interest because of the potential
of crafting multifunctional platforms for applications as single-
molecule magnets,20 catalysts,ZI and biosensors.”” Given the
above-mentioned desirable redox and optical properties of
formazanates, continued development of the chemistry of
polynuclear formazanate compounds can bring new insights
and discoveries to the above fields. Additionally, formazans are
convenient substrates for constructing polynuclear complexes
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because of their coordination flexibility'”**** and simple

synthesis, making it easy to have additional coordination sites
at different positions to template polynuclear assemblies.

Recognizing that formazanates are ideally suited as redox-
active and chromophoric bridging ligands for multimetallic
assemblies, we have expanded the chemistry of formazanates in
this context. We had previously developed the coordination
chemistry and reactivity of formazanate ligands in third-row
transition metals such as platinum'"*** and iridium'>*” and
recently used analogous building blocks in combination with
dinucleating formazanates to access several bimetallic com-
plexes featuring cyclometalated platinum and iridium centers
spanned by pyridyl-substituted formazanate ligands.”® In this
work, we use one of these same pyridyl formazanates to
assemble a new class of trimetallic compounds, which include a
3d metal (nickel) partnered with two Sd metal centers
(iridium). These new constructs further our understanding of a
few concepts related to multimetallic, redox-active formazanate
assemblies. From the standpoint of fundamental coordination
chemistry, these complexes demonstrate a unique binding
mode for polynucleating formazanates, in which two
formazanates bind a single metal (Ni**) in a bis-chelate
arrangement, with each formazanate terminated by coordina-
tion of the pyridine substituent to the secondary metal
fragment (cis-cyclometalated iridium). We chose nickel
primarily because it permitted the simple synthesis of a
diamagnetic bis-chelate metalloligand, but, in principle, the
synthetic methodology can be expanded to a range of
transition and main-group metals that have been coordinated
to formazanates in this way.4

This work allows us to evaluate the effects of this unique
formazanate binding mode on the electrochemical and
photophysical properties, in part made possible by studies of
pyridine-terminated cyclometalated iridium model complexes
also included in this paper. We find that the electrochemical
features of all building blocks—the bis(formazanate) nickel
complex and cyclometalated iridium centers—are preserved
and minimally perturbed in the trimetallic assemblies,
suggesting that frontier molecular orbitals are mainly localized
and not in strong communication. Another of our major goals
in the study of formazanate complexes of third-row transition
metals has been to elucidate triplet-state photophysical
processes involving formazanates. Until now, we have
established that formazanate ligands effectively quench the
triplet excited states of cyclometalated iridium and platinum
complexes, which is true in both monometallic formazanate
complexes of platinum and iridium," "> as well as dinuclear
assemblies”” that we had previously investigated. In all of these
previous complexes, the formazanate was directly chelated to a
photophysically active 5d metal, and in the bimetallic
assemblies, the bridging ligand consisted of a single
formazanate ligand. In the present work, we designed
complexes in which the formazanate chelates a 3d metal,
which should be largely inactive in the triplet-state photo-
physics, with a longer bis-chelate metalloligand spanning the
two photoactive metal centers, and we found that this had
pronounced effects on the triplet-state photophysics. In
particular, the phosphorescence originating from the cyclo-
metalated iridium fragments was not completely quenched in
these assemblies, showing that the energy-transfer dynamics in
Sd formazanate complexes are strongly dependent on the
coordination mode of the formazanate.
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B EXPERIMENTAL SECTION

Materials. Reactions were executed in a N, atmosphere using
standard Schlenk techniques. Starting materials and reagents were
purchased from commercial sources and used directly without further
purification. Tetrahydrofuran (THF) and toluene for UV-—vis
spectroscopy and dichloromethane (DCM) for electrochemical
measurements were dried by a Grubbs Solvent Purification System.
The iridium dimers [Ir(CAN),(u-Cl)], and the formazan Fz were
prepared by following literature procedures.”**’ Tetrabutylammo-
nium hexafluorophosphate (TBAPF) was recrystallized from hot
ethanol, and ferrocene was purified by sublimation before use in cyclic
voltammetry (CV) experiments.

Physical Methods. 'H, F, and C{'H} NMR spectra were
recorded at room temperature using a JEOL ECA-500 or ECA-600
NMR spectrometer. The electrospray ionization mass spectrometry
(ESI-MS) experiments were carried out by the Mass Spectrometry
Facility at The University of Texas at Austin, using an Agilent 6530
Q-TOF mass spectrometer and operated in positive ionization mode
with a spray voltage of 3.5 kV. All trimetallic compounds were
characterized by two different NMR nuclei and ESI-MS, except for
compound 3, which was not amenable to *C{'H} NMR analysis
because of its poor solubility. UV—vis absorption spectra were
measured in THF, toluene, and methanol (MeOH) solutions in
screw-capped 1 cm quartz cuvettes sealed with a cap and septum. An
Agilent Cary 8454 UV—vis spectrophotometer was used to record
UV—vis absorption spectra. Luminescence lifetimes were measured
on a Horiba DeltaFlex Lifetime System, using appropriate pulsed-
diode excitation. Steady-state emission spectra were measured using a
Horiba FluoroMax-4 spectrofluorometer with appropriate long-pass
filters to exclude stray excitation light from detection. Samples for
emission spectra were prepared in a nitrogen-filled glovebox using dry,
deoxygenated solvents to exclude air. Samples for low-temperature
emission were stored in a quartz electron paramagnetic resonance
(EPR) tube with a high-vacuum valve and immersed in liquid
nitrogen using a finger Dewar. Emission quantum yields were
determined via a relative method, using tetraphenylporphyrin in
toluene as the standard, which has a reported fluorescence quantum
yield (®g) of 0.11.>° CV measurements were carried out with a CH
Instruments 602E potentiostat using a three-electrode system,
interfaced with a nitrogen glovebox via wire feedthroughs. Using a
3-mm-diameter glassy carbon working electrode, platinum wire
counter electrode, and silver wire pseudoreference electrode,
measurements were performed in a DCM solution with 0.1 M
TBAPF; as the supporting electrolyte. All potentials displayed in this
work were referenced to an internal standard of ferrocene.

X-ray Crystallography Details. A crystal of 9 was mounted on a
Bruker Apex II three-circle diffractometer using Mo Ka radiation (4 =
0.71073 A). The data were collected at 123(2) K and processed and
refined within the APEXII software. The structure was solved by
intrinsic phasing in SHELXT and refined by standard difference
Fourier techniques in the program SHELXL.! Hydrogen atoms were
placed in calculated positions using the standard riding model and
refined isotropically; all non-hydrogen atoms were refined anisotropi-
cally. The pyridine ligand was rotationally disordered and modeled as
two-part positional disorder, with distance restraints (SADI) and
rigid-bond restraints (SIMU and DELU) used to restrain the
disordered atoms. The structure also included heavily disordered
solvent electron density that could not be satisfactorily refined,
necessitating the use of the SQUEEZE function in PLATON.*

Synthesis of Complex 1. The pyridyl-substituted formazan Fz
(100 mg, 0.30 mmol), 0.1 mL of triethylamine (excess), and ethanol
(10 mL) were combined and stirred for 30 min. Then nickel acetate
tetrahydrate (38 mg, 0.15 mmol) was added to the reaction mixture
and allowed to reflux in open air for 16 h. After cooling to room
temperature, the solvent was removed using rotary evaporation, and
the residue was washed with ethyl acetate/hexanes (1:9 v/v) three
times and then redissolved in 20 mL of CH,Cl,. After the filtration to
remove the precipitate, the filtrate was concentrated in vacuo to afford
complex 1 as a brown solid. Yield: 84 mg (77%). '"H NMR (600
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Scheme 1. Synthesis of Trimetallic Bis(formazanate) Complexes
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MHz, CDCly): 6 8.72 (s, 4H, a-PyH), 7.99 (s, 4H, -PyH), 7.49 (d, ]
= 6.7 Hz, 8H, ArH), 6.89 (d, J = 7.7 Hz, 8H, ArH), 2.30 (s, 12H,
CH,).

Synthesis of Complex 2. [Ir(F,ppy),(¢-Cl)], (127 mg, 0.10
mmol) and complex 1 (72 mg, 0.10 mmol) were combined in CH,Cl,
(15 mL), and the mixture was stirred at 40 °C under a N, atmosphere
for 24 h. The solvent was removed using rotary evaporation, and the
crude product was recrystallized from chloroform/hexane to afford
complex 2 as a brown solid. Yield: 138 mg (69%). 'H NMR (600
MHz, CDCly): § 9.99 (d, ] = 6.0 Hz, 2H, F,ppy ArH), 8.34 (d,] = 9.9
Hz, 2H, ArH), 8.24 (d, ] = 6.0 Hz, 2H, ArH), 8.20 (d, ] = 8.4 Hz, 2H,
ArH) 8.17—-7.67 (m, 8H, ArH), 7.36 (d, ] = 7.9 Hz, 8H, tolyl ArH),
7.28 (t,] = 7.4 Hz, 2H, ArH), 7.11 (t, ] = 6.7 Hz, 2H, ArH), 6.84 (d, ]
= 7.8 Hz, 8H, tolyl ArH), 6.44 (t, ] = 9.5 Hz, 2H, F,ppy ArH), 6.34 (t,
] =10.9 Hz, 2H, F,ppy ArH), 5.84 (dd, ] = 8.6 and 2.4 Hz, 2H, F,ppy
ArH), 5.63 (dd, ] = 8.6 and 2.4 Hz, 2H, F,ppy ArH), 2.29 (s, 12H,
CH,). YF NMR (470 MHz, CDCL,): § —107.04 (q, ] = 9.9 Hz, 2F),
—108.13 (q, ] = 9.6 Hz, 2F), —109.67 (t, ] = 12.0 Hz, 2F), —110.60 (t,
J = 11.8 Hz, 2F). HRMS-ESL Calcd for CgyHgoCLFgIr,N,,Ni ([M —
Cl]*): m/z 1895.3277. Found: m/z 1895.3261.

Synthesis of Complex 3. The title compound was prepared by
the general method described above for complex 2 using [Ir(ppy),(u-
Cl], (107 mg, 0.10 mmol). Yield: 124 mg (69%). '"H NMR (600
MHz, CD,CL): § 9.97 (d, ] = 5.9 Hz, 2H, ppy ArH), 8.31 (d, ] = 5.9
Hz, 2H, ArH), 8.06—7.49 (m, 20H, ArH), 7.38 (d, J = 7.8 Hz, 8H,
tolyl ArH), 7.30 (t, J = 6.6 Hz, 2H, ArH), 7.14 (t, ] = 6.7 Hz, 2H,
ArH), 6.94 (t, ] = 7.6 Hz, 2H, ArH), 6.92—6.81 (m, 12H, tolyl ArH +
ArH), 6.76 (t, ] = 7.4 Hz, 2H, ppy ArH), 6.42 (d, ] = 7.6 Hz, 2H, ppy
ArH), 6.22 (d, ] = 7.5 Hz, 2H, ppy AtH), 2.28 (s, 6H, CH;), 2.27 (s,
6H, CH,). HRMS-ESL Calcd for CgHeCLILNNi ([M — CI]*):
m/z 1751.4031. Found: m/z 1751.4009.

Synthesis of Complex 4. The title compound was prepared by
the general method described above for complex 2 using [Ir(bt),(u-
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Cl)], (130 mg, 0.10 mmol). Yield: 132 mg (65%). 'H NMR (600
MHz, CD,Cl,): § 10.26 (br s, 2H, PyH), 10.15 (d, ] = 8.4 Hz, 2H, bt
ArH), 8.06 (s, 2H, ArH), 8.00 (d, J = 8.0 Hz, 4H, ArH), 7.94 (d, ] =
8.0 Hz, 2H, ArH), 7.75—7.67 (m, 8H, ArH), 7.54 (t, ] = 7.6 Hz, 2H,
ArH), 7.42 (t, ] = 7.7 Hz, 2H, ArH), 7.37 (s, 8H, tolyl ArH), 7.26 (t, ]
=7.8 Hz, 2H, ArH), 7.07 (d, ] = 8.3 Hz, 2H, ArH), 7.00 (t, ] = 7.5 Hz,
2H, ArH), 6.93 (t, ] = 7.5 Hz, 2H, ArH), 6.88—6.81 (m, 10H, tolyl
ArH + ArH), 6.75 (t, ] = 7.9 Hz, 2H, bt ArH), 6.55 (d, ] = 7.7 Hz, 2H,
bt ArH), 6.37 (d, ] = 7.7 Hz, 2H, bt ArH), 2.27 (s, 12H, CH,).
BC{'H} NMR (151 MHz, CDCL): § 180.9, 180.4, 153.9, 152.1,
150.8, 150.6, 150.3, 149.0, 148.5, 145.1, 141.3, 141.0, 137.9, 133.6,
133.1, 132.1, 131.8, 131.5, 130.9, 128.8, 128.0, 127.0, 126.3, 125.7,
125.6, 125.0, 124.1, 123.0, 122.9, 122.0, 121.8, 121.5, 120.3, 119.6,
119.3, 21.20. HRMS-ESL Calcd for Co,HgCLIr,NNiS, ([M —
CI]*): m/z 1976.2929. Found: m/z 1976.2901.

Synthesis of Complex 5. The title compound was prepared by
the general method described above for complex 2 using [Ir(piq),(u-
Cl)], (127 mg, 0.10 mmol). Yield: 115 mg (58%). 'H NMR (600
MHz, CD,ClL,): 6 10.02 (d, ] = 6.5 Hz, 2H, piq ArH), 9.17—8.81 (m,
6H, ArH), 8.26 (t, ] = 6.9 Hz, 6H, ArH), 8.05—7.60 (m, 20H, ArH),
7.49 (d, ] = 6.6 Hz, 2H, ArH), 7.36 (d, ] = 8.4 Hz, 8H, ArH), 7.03 (t, ]
= 7.7 Hz, 2H, ArH), 6.96 (t, ] = 7.8 Hz, 2H, ArH), 6.82 (s, 10H,
ArH), 6.73 (t, ] = 7.5 Hz, 2H, piq ArH), 6.49 (d, ] = 7.8 Hz, 2H, piq
ArH), 6.31 (d, ] = 7.8 Hz, 2H, piq ArH), 2.27 (s, 6H, CHy), 2.24 (s,
6H, CH;). BC{'H} NMR (151 MHz, CDCL,): § 169.2, 168. 7, 154.8,
152.8, 151.4, 150.9, 148.8, 146.1, 146.0, 145.0, 143.1, 141.8, 137.9,
137.2, 136.9, 132.7, 131.9, 131.0, 130.9, 130.2, 129.8, 129.1, 128.8,
128.0, 127.9, 127.5, 127.2, 127.0, 126.62, 126.58, 126.1, 123.0, 120.8,
120.7, 120.4, 119.7, 119.0, 20.8. HRMS-ESI. Calcd for
C100H7CLILN,Ni ([M — CI]*): m/z 1951.4661. Found: m/z
1951.4626.

Synthesis of Model Complex 6. [Ir(F,ppy),(¢-Cl)], (127 mg,
0.10 mmol) was dissolved in a minimum amount of CH,Cl,, and then

https://doi.org/10.1021/acs.inorgchem.2c00726
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pyridine (16 mg, 0.20 mmol) and ethanol (10 mL) were added. The
mixture was refluxed under a N, atmosphere for 12 h. The solvent was
removed using rotary evaporation, and the crude product was
recrystallized from chloroform/hexane to afford complex 6 as a
bright-yellow solid. Yield: 96 mg (67%). '"H NMR (500 MHz,
CDCl,): 6 9.90 (dd, J = 5.8 and 1.0 Hz, 1H, F,ppy ArH), 8.32 (d, ] =
8.5 Hz, 1H, ArH), 8.15 (d, ] = 8.3 Hz, 1H, ArH), 8.02 (dd, J = 5.8 and
0.8 Hz, 1H, ArH), 7.87-7.70 (m, 4H, ArH), 7.36—7.20 (m, 4H,
ArH), 7.06 (m, ] = 7.3, 5.9, and 1.3 Hz, 1H, ArH), 6.41 (m, 1H, F,ppy
ArH), 6.33 (m, 1H, F,ppy ArH), 5.78 (dd, ] = 8.6 and 2.3 Hz, 1H,
F,ppy ArH), 5.59 (dd, ] = 8.8 and 2.3 Hz, 1H, F,ppy ArH). ’F NMR
(470 MHz, CDCly): 6 —106.93 (q, ] = 9.4 Hz, 1F), —108.07 (m, ] =
9.4 Hz, 1F), —109.60 (t, J = 11.5 Hz, 1F), —110.56 (t, ] = 11.3 Hg,
1F).

Synthesis of Model Complex 7. The title compound was
prepared by the general method described above for complex 6 using
[Ir(ppy),(u-Cl)], (107 mg, 0.10 mmol). Yield: 84 mg (68%). 'H
NMR (600 MHz, CD,Cl,): 6 9.82 (d, ] = 5.5 Hz, 1H, ppy ArH), 8.91
(brs, 2H, PyH), 8.07 (d, ] = 5.4 Hz, 1H, ArH), 7.91 (d, ] = 8.1 Hz,
1H, ArH), 7.79-7.73 (m, 2H, ArH), 7.69 (q, ] = 8.4 Hz, 2H, ArH),
7.58 (d, ] = 7.7 Hz, 1H, ArH), 7.52 (d, ] = 7.5 Hz, 1H, ArH), 7.26—
7.16 (m, 3H, ArH), 7.05 (t, ] = 6.2 Hz, 1H, ppy ArH), 6.86 (t,] = 7.2
Hz, 1H, ppy ArH), 6.82 (t, ] = 7.3 Hz, 1H, ppy ArH), 6.77 (t, ] = 7.4
Hz, 1H, ppy ArH), 6.70 (t, ] = 7.2 Hz, 1H, ppy ArH), 6.31 (d, ] = 7.6
Hz, 1H, ppy ArH), 6.13 (d, ] = 7.5 Hz, 1H, ppy ArH). “C{'H} NMR
(126 MHz, CD,CL,): & 168.2, 167.8, 151.7, 150.9, 150.8, 149.6, 148.7,
144.22, 144.20, 137.1, 137.0, 136.8, 132.1, 131.4, 131.1, 130.2, 129.6,
129.1, 125.3, 124.2, 123.8, 122.5, 122.1, 1212, 121.1, 119.2, 118.4.

Synthesis of Model Complex 8. The title compound was
prepared by the general method described above for complex 6 using
[Tr(bt),(u-Cl)], (130 mg, 0.10 mmol). Yield: 88 mg (60%). '"H NMR
(600 MHz, CDCL,): & 10.30 (br s, 1H, PyH), 10.03 (d, ] = 8.4 Hz,
1H, bt ArH), 8.00 (br s, 1H, PyH), 7.87 (d, ] = 8.0 Hz, 1H, ArH),
7.81 (d, ] = 8.1 Hz, 1H, ArH), 7.66 (tt, ] = 7.6 and 1.5 Hz, 1H, ArH),
7.63=7.54 (m, 3H, ArH), 7.46—7.42 (m, 1H, ArH), 7.35—7.26 (m,
2H, ArH), 7.08—6.98 (m, 2H, ArH), 6.88 (td, ] = 7.6 and 0.9 Hz, 1H,
bt ArH), 6.81 (td, ] = 7.6 and 0.9 Hz, 1H, bt ArH), 6.74 (td, ] = 7.6
and 1.3 Hz, 1H, bt ArH), 6.68 (td, ] = 7.6 and 1.3 Hz, 1H, bt ArH),
6.64 (d, ] = 8.4 Hz, 1H, bt ArH), 6.41 (d, J = 7.7 Hz, 1H, bt ArH),
6.32 (d, ] = 7.6 Hz, 1H, bt ArH). 3C{'H} NMR (126 MHz, CDCl,):
5 180.4, 151.8, 150.1, 147.7, 141.1, 140.9, 137.1, 133.6, 132.9, 132.0,
131.8, 131.3, 130.9, 128.0, 126.8, 126.2, 125.7, 125.6, 125.0, 123.8,
1229, 122.0, 121.7, 121.6, 119.9.

Synthesis of Model Complex 9. The title compound was
prepared by the general method described above for complex 6 using
[Ir(piq),(u-Cl)], (127 mg, 0.10 mmol). Yield: 98 mg (69%). 'H
NMR (500 MHz, CD,CL,): & 993 (d, J = 6.4 Hz, 1H, piq ArH),
9.20—8.74 (m, 4H, ArH), 8.21 (d, ] = 8.0 Hz, 1H, ArH), 8.18 (d,] =
7.9 Hz, 1H, ArH), 8.04 (d, ] = 6.4 Hz, 1H, ArH), 8.00—7.93 (m, 2H,
ArH), 7.78—7.66 (m, SH, ArH), 7.61 (d, ] = 6.4 Hz, 1H, ArH), 7.43
(d, J = 6.4 Hz, 1H, ArH), 7.21 (t, ] = 6.7 Hz, 2H, ArH), 6.97 (t, ] =
7.0 Hz, 1H, piq ArH), 6.93 (t, ] = 7.6 Hz, 1H, piq ArH), 6.77 (t, ] =
8.0 Hz, 1H, piq ArH), 6.69 (t, J = 7.4 Hz, 1H, piq ArH), 6.41 (d, ] =
6.6 Hz, 1H, piq ArH), 6.24 (d, ] = 6.6 Hz, 1H, piq ArH). BC{'H}
NMR (126 MHz, CD,Cl,): § 169.1, 168.6, 154.4, 151.8, 145.9, 142.9,
141.7, 137.1, 137.0, 136.8, 132.6, 131.8, 131.0, 130.9, 130.23, 130.17,
129.8, 129.1, 127.94, 127.86, 127.4, 127.2, 127.0, 126.5, 125.3, 120.9,
120.8, 120.7, 120.3.

B RESULTS AND DISCUSSION

Synthesis. Scheme 1 outlines the synthetic method for
trimetallic complexes 2—5 with two phosphorescent [Ir-
(CAN),]* centers (CAN = cyclometalating ligand) connected
by a bis(formazanato)nickel(II) bridge. The 4-pyridyl-sub-
stituted formazanate ligand Fz, reported in our previous
work,”® was chosen for this study because its pyridine
coordination site is far from the formazanate backbone,
allowing it to coordinate in a predictable way to secondary
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metal centers. The bis(formazanato)nickel(II) metalloligand 1
was prepared by mixing the free formazan Fz with 0.5 equiv of
nickel(II) acetate hydrate in refluxing ethanol overnight. The
"H NMR spectrum of 1 is displayed in Figure S1, which shows
that 1 is diamagnetic, consistent with the expected square-
planar structure found in other nickel bis(formazanate)
complexes.33 However, there is some line broadening in the
'H NMR spectrum of 1, which may be a result of an
equilibrium between the major square-planar (diamagnetic)
form and a tetrahedral (paramagnetic) form. The other
precursor, the iridium chloro-bridged dimer [Ir(CAN),(u-
Cl),], was prepared by refluxing IrCl;-nH,0 with 2.5 equiv of a
cyclometalating ligand following a well-known procedure.**
Four different cyclometalating ligands, 2-(2,4-difluorophenyl)
pyridine (F,ppy), 2-phenylpyridine (ppy), 2-phenylbenzothia-
zole (bt), and 1-phenylisoquinoline (piq), were used, which
typically produce blue, green, yellow, and red phosphor-
escence, respectively, in cyclometalated iridium complexes. All
of the trimetallic complexes 2—3 were synthesized in CH,Cl,
by mixing complex 1 and the respective iridium dimer in a 1:1
ratio. Also shown in Scheme 1, the trimetallic complexes can
alternatively be synthesized by first coordinating the free
pyridylformazan to iridium, accessin% a precursor described in
our previous work on these ligands,” and then treating with
nickel(II) acetate. Although the target compounds were
formed by this route, we also observed the formation of
insoluble side products, making it difficult to purify the desired
compounds and isolate them in a satisfactory yield. The
trimetallic complexes were characterized by high-resolution
mass spectrometry, which shows a clear [M — CI]* peak in
each case. 'H, "F (complex 2), and "“C{'H} NMR
spectroscopy (Figures S2—S8) are likewise consistent with
the product formulation, showing the presence of two
[Ir(CAN),]* fragments per Ni(Fz), and the C, symmetry at
each iridium center.

Model complexes 6—9, which replicate the iridium
coordination environment in 2—3 but lack the formazanate
bridge, were synthesized by mixing the cyclometalated iridium
dimers and pyridine in refluxing ethanol overnight, which
simplifies the purification process because the products are
only sparingly soluble in ethanol (Scheme 2). These

Scheme 2. Synthesis of Pyridine-Terminated Model
Complexes

Cl
N
7N N\ N/
Cu,,, \ wCl,, e Pyridine (1 equiv) C\[r ,,,,,, N -
P NN > i\ :\ />
c / ‘ C  Ethanol, reflux, 12h CJ
N N 6: C*N = F,ppy
7: C N = ppy
8: CAN = bt
9: C”N = piq

compounds were likewise characterized by multinuclear
NMR (Figures S9—S16). The 'H NMR spectra show a
broadening of the 'H resonances associated with the pyridine
ring, most obviously in ppy complex 7 where a broad, nearly
coalesced peak is observed at 8.91 ppm (Figure S11). In other
cases, most notably complex 8, pyridine "H resonances are
likewise broad but more easily identifiable, and their
integration (one proton each) is again suggestive of hindered
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rotation of the pyridine (Figure S13). The molecular structure
of piq complex 9 was validated by single-crystal X-ray
diffraction. The structure of 9 is shown in Figure 1, and the
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Figure 1. Molecular structure of complex 9, determined by single-
crystal X-ray diffraction. Ellipsoids are shown at the 50% probability
level with hydrogen atoms omitted for clarity.

crystal structure refinement data are summarized in Table SI.
The C, symmetry of 9 is evident, with the normal trans
arrangement of the nitrogen atoms in the CAN ligands. The
Ir—N distance to the pyridine ligand [2.2190(15) A] is almost
0.2 A longer than the other two Ir—N distances [2.0333(15)
and 2.0386(14) A] because of the sizable trans influence of the
cyclometalated phenyl ring. Rotational disorder of the pyridine
ring was observed, consistent with the 'H NMR spectra
described that show a broadening of the resonances associated
with the pyridine ring.

Electrochemistry. The redox properties of the new
complexes were evaluated by CV, with overlaid voltammo-
grams shown in Figure 2 and redox potentials summarized in

3 kfﬁ/’:ﬁ
zp —

] &g&?

coa b b b b b b n b

15 10 05 00 -05 -10 -15 -20 -25
E vs Fc/Fc* (V)

Figure 2. Overlaid cyclic voltammograms of complexes 1—S5, recorded
in CH,Cl, with a 0.1 M TBAPF electrolyte. Currents are normalized
to bring all of the traces into the same scale, and the arrows indicate
the scan direction.

Table 1. All complexes, including nickel metalloligand 1 and all
trimetallic complexes 2—S, show two irreversible reduction
waves in the range of —1.42 to —1.52 Vand —1.79 to —1.89 V,
respectively. The first reduction wave remains irreversible even
when reversing the scan direction prior to the onset of the
second wave (Figure S26 and Table S3). Comg)ared with
known bis(formazanate) complexes of nickel>**~*” and other
metals,”'*'® which have successive one-electron reductions of

8792

Table 1. Summary of Electrochemical Data for Complexes
1-5 and Previously Reported Fz Complexes

E™/V E*V
Ir(F,ppy),(FzH)(C1)* 0.88 —1.45
Ir(Fyppy),(u-F2)Ir(Fyppy),(CD)” 0.52 -1.79
Pt(ppy) (u-Fz)Ir(F,ppy),(C)* 0.47 —1.48
1 0.46 1527 —1.85°
2 0.48, 0.80 —1.42,% —1.79%
3 0.50 -1.51,% —1.89°
4 0.50, 0.64 —1.44° —1.82°
s 0.48 —1.48% —1.87°

“4-Pyridylformazanate complexes from our previous report are
. 28 b ; .
included for an easy comparison. Irreversible waves. E, . is

reported.

pc

the formazanate ligands spaced by less than 0.5 V, all of
complexes 1—5 behave similarly. Nickel bis(formazanates) are
known to adopt square-planar coordination environments,"*>
hence, their diamagnetic ground states, although structural
equilibrium with a tetrahedral form is certainly possible with
nickel(II). The 'H NMR spectrum of metalloligand 1 shows
some broadening, which may be caused by such a structural
equilibrium, and it is likely that the irreversible nature of the
reduction waves is a consequence of a structural distortion
following reduction. Nevertheless, the potentials of these waves
and their minor shifts upon coordination to iridium indicate
that these features correspond to the successive one-electron
reduction of each formazanate and demonstrate that
coordination of the pyridine ring to a secondary metal center
has a minor impact on the LUMO energy. Table 1 also
summarizes previous iridium complexes that we reported that
contain pyridylformazan Fz coordinated to iridium through the
pyridine ring.”® The first reduction potential in nickel-
coordinated 2 is very similar to that of the previously reported
complex Ir(F,ppy),(FzH)(Cl),”® in which the formazanate
core is not coordinated to a metal, suggesting little
contribution of the nickel center to the LUMO. In these
complexes with a single formazanate bridging ligand, only a
single reduction wave is observed, in contrast to the two waves
observed in 1-3, further underscoring the conclusion that the
two waves represent successive reduction of the two
formazanates. No reduction feature could be observed from
model complexes 6—9 (Table S3), further suggesting it is
exclusively the formazanate—nickel bridge that is involved in
the reduction feature.

One or two reversible oxidation waves are observed in 1-S,
and the potential depends subtly on whether the pyridine is
coordinated to iridium. The oxidation potential in 1 is 0.46 V,
and in 2—S5, the first oxidation potential is anodically shifted by
only 0.02—0.04 V, suggesting that the formazanate-centered
HOMO can be stabilized to a small extent by coordination
with iridium(III) through pyridine. The first oxidation
potentials are minimally responsive to the cyclometalating
ligand on iridium, again indicating that the HOMO in these
complexes is majority formazanate-centered and has little
contribution from the iridium center. Only complexes 2 and 4
have a second oxidation feature, which we assign to the formal
IV/I'™ couple of the [Ir(CAN),]* fragments, and the larger
current of this wave suggests that the two iridium centers are
electronically decoupled and oxidized at the same potential. In
3 (CAN = ppy) and S (CAN = piq), the single oxidation wave
has a larger current than either wave observed in 2 and 4,
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suggesting that the formazanate- and iridium-centered
oxidation waves are overlapped in 3 and S. These assignments
are supported by the oxidation potentials of the pyridine-
terminated model complexes 6—9 (Figure S27 and Table S4).
The formal Ir"V/Ir'™ potentials of the model complexes 6 (CAN
= F,ppy) and 8 (CAN = bt) are nearly identical with the
second waves observed in 2 and 4, which respectively have the
same C/N ligand. In 7 and 9, CAN = ppy and piq, this redox
process occurs at a less positive potential, almost identical with
the oxidation wave in metalloligand 1, consistent with the
overlay of the formazanate and Ir"/Ir™ oxidation couples in 3
and S. The observation of separate redox features for the nickel
formazanate bridge and the cyclometalated iridium centers,
minimally perturbed by assembly, is consistent with minimal
electronic communication in the trimetallic complexes, a
concept that is further born out in the photophysical studies
described below. Other insights come from comparing
complex 2 to the dinuclear complexes with the same
formazanate ligand in our previous work’® (Table 1). In
cases where Fz chelates one metal center and coordinates
another through pyridine, the oxidation potentials are all quite
similar, again consistent with the oxidation being centered on
the formazanate HOMO. The bis-chelate arrangement of 2—§
enables the second reduction feature, as described above, but
for reasons that remain unclear also makes the reduction waves
become irreversible.

Photophysics. The trimetallic formazanate complexes are
all highly colored, appearing deep brown in solution. UV—vis
absorption spectra for the complexes are shown in Figure 3.
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Figure 3. Overlaid UV—vis absorption spectra of complexes 1-S5,
recorded in THF at room temperature.

The lowest-energy transition occurs near 760 nm in complexes
1-5. In comparison, the absorption wavelength maximum of
the free formazan Fz is 482 nm, and the large red shift
observed upon coordination to nickel is consistently observed
in many other nickel, platinum, and iridium formaza-
nates.'”'%3° In line with the CV data described above, which
are consistent with frontier molecular orbitals primarily
localized on the formazanate, we assign this low-energy
transition as a formazanate-centered 7 — #* transition,
perturbed by the chelation to nickel but minimally effected
by the pyridine-coordinated iridium(III) center.

Additionally, in all of the trimetallic complexes 2—5, there
are intense peaks in the UV (4 < 350 nm) that depend on the
identity of the cyclometalated ligands. These absorption
features are assigned to localized # — #* transitions from
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the CAN ligand, superimposed with the higher-energy
formazanate-centered transitions that are apparent in metal-
loligand 1. A weak Sd(Ir) — #*(CAN) metal-to-ligand charge-
transfer (MLCT) shoulder can be observed between 460 and
550 nm in all trimetallic formazanate complexes. This band red
shifts and is most clearly evident in complexes 4 and §, which
have the more conjugated CAN ligands bt and piq. UV—vis
spectra were also measured in three solvents of varying polarity
(toluene, THF, and MeOH), as shown in Figures S17—S20.
Small but measurable blue shifts can be observed for both the
formazanate 7 — n* bands and the [Ir(CAN),]* MLCT bands
as the solvent polarity increases, verifying some amount of
charge-transfer character in these absorption transitions.
Iridium(III) and platinum(II) formazanates that we
previously studied are not photoluminescent in the visible
region at room temperature or 77 K,'""*** which we presume
is due to a nonradiative deactivation pathway involving low-
energy formazanate-centered states. However, in this work all
of the trimetallic complexes 2—35 exhibit photoluminescence, as
shown in Figure 4 and summarized in Table 2. Complex 2

Normalized Emission
Normalized Emission

— 77K

s FTTTRITETI P TTRTT AT FRTTRTTNTI FETTRETTN] FRTTTRTINI RTTRNITT]
450 500 550 600 650 700 750
A nm

Normalized Emission
Normalized Emission

sl el AN,

fin
450 500 550 600 65
A/ nm

Figure 4. Overlaid photoluminescence emission spectra of complexes
2—5. Room temperature photoluminescence spectra in solution
(CH,Cl,) are shown as dashed lines, and low-temperature spectra in
frozen CH,Cl,/toluene (1:3) at 77 K are drawn as solid lines.

luminesces only at 77 K, and complex 3 only has very weak
emission at room temperature, whereas complexes 4 (Dpy, =
0.27) and § (®p = 0.06) exhibit notable photoluminescence
properties. All of these complexes have clearly defined vibronic
structures in their emission spectra except complex S, which
suggests that complexes 2—4 have an emissive state that is
mixed *MLCT /triplet ligand-centered (*°LC) and in complex 5
the emissive state is more purely *MLCT.

To further investigate the relationship between the structure
and emission properties, we prepared model complexes
Ir(CAN),(pyridine)(Cl) (6—9) and measured their photo-
physical properties. Their photoluminescence spectra are also
shown in Figure 4 along with the trimetallic complexes,
arranged by the CAN ligand. Excitation spectra for 6—9, which
match perfectly with their absorption spectra, are shown in
Figures S22—S2S5. The photoluminescence color is mainly
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9 SiFy e 4excitaton | 2 §| @ 5 excitation | S
ar i 8 excitation | 8 2 9 excitation | &
77 K room temperature uE.l B § uEJ §
kox kX ? X <3 ©
105/ 107/ 2 g3 8
A/nm A/nm T/us D, st st S g g . IS
o = \ I
2 439(sh), 460, a a a z 3z : 2
492, L Lt de L T
530(sh) 300 350 400 450 500 550 300 350 400 450 500 550
3 452(sh), 484, 459(sh), 490, 031  <0.001 A/ nm A nm
gééksh) gégg:ﬁ;’ Figure S. Overlaid excitation spectra of pyridine model complexes
4 499(sh), 540, $13(sh), 547 16 027 075 20 with the excitation and absorption spectra of the trimetallic complexes
s84,  593(sh) 4 and s.
638(sh)
5 576%4(2}1), 600, 57657(25?5)};)616: 35 006 018 27 quantum yield of complex 4 (Table S2), which decreases at
6 459, 491 470, 500(sh) 023 008 15 40 longer wavelengths, where the [Ir(CAN),]* fragment absorbs
524(sh) s42(sh) ' ' ' less compared with the formazanate bridge. A third factor in
7 485, 520, 501, 532(sh), 020  0.13 6.5 44 the reduced quantum vyields is another form of inner-filter
563(sh) 575(sh) effect, the reabsorption of emitted light by the formazanate
8 541,658}11, SSgb 59ﬁ, 23 0.71 3.1 13 bridge. Consistent with this idea, complexes 4 and $, with
63 S ) 54(sh) : lower-energy phosphorescence in a spectral region where the
? 56685(15 ), 600, 619, 659(sh) 23 0» 1.3 31 formazanate absorbs weakly (Figure 2), experience smaller

“This compound is not luminescent at room temperature in solution.

dominated by the cyclometalating ligands, spanning most of
the visible spectrum, with sky-blue emission in 6 (CAN =
F,ppy), green emission in 7 (CAN = ppy), yellow-orange
emission in 8 (CAN = bt), and red emission in 9 (CAN = piq).
Complexes 2—5 have nearly identical photoluminescence
profiles compared with model complexes 6—9, which have
the same CAN ligand, suggesting that only the [Ir(CAN),]*
center is involved in the emission process and not the nickel
bis(formazanate) bridge.

Although the photoluminescence spectra of trimetallic
complexes 2—5 and model complexes 6—9 are nearly identical,
the photoluminescence quantum yields are at least a factor of
2.6X smaller in the formazanate-bridged assemblies. We
suggest three possible factors contributing to this attenuation
of the quantum yield. First, there is likely a nonradiative decay
pathway involving dissipation of the excited-state energy into a
lower-energy formazanate-centered excited state. In previously
described iridium formazanates, no phosphorescence was
observed,"**® so apparently this nonradiative deactivation is
less efficient in the bridged trimetallic complexes described
here, especially in 3—5, where room-temperature phosphor-
escence is observed. One other factor is revealed by comparing
the excitation spectra of model complexes 8 and 9 with the
excitation and absorption spectra of the trimetallic complexes 4
and § (Figure S). The analogous data for complex 3 are shown
in Figure S21. The excitation spectra of the trimetallic
complexes match well with their absorption spectra and with
the excitation spectra of the model complex in the UV region.
However, from the near-UV region (ca. 350 nm) into the
visible region, there is a negative deviation of the excitation
spectrum from the absorption spectrum, where the formaza-
nate also has intense absorption. These observations indicate
that phosphorescence in the trimetallic complexes occurs via
direct excitation of the [Ir(CAN),]" fragments, with the inner
filter effect of the nickel bis(formazanate) bridge reducing the
number of photons that excite the iridium centers and
contributing to the lower ®@yp;. Further evidence of inner-filter
effects comes from the excitation-wavelength-dependent
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attenuations in ®p; compared with higher-energy emitters 2
and 3. We cannot deconvolute the extent to which these three
factors contribute to the attenuation in Pp; in the
formazanate-bridged complexes, but the experimental evidence
suggests that all three may be at play.

One other noteworthy observation in this work is the
comparative photoluminescence properties of the pyridine/
chloride model complexes 6—9. There are sporadic reports on
this structure type for cyclometalated iridium, with all but piq
complex 9 having literature precedent. These reports include a
structural investigation”® and applications in oxygen sensitiza-
tion,” metal-ion sensing,40 and electrophosphorescence,”" but
a detailed and systematic account of their photophysics is not
available from these previous works. In these complexes,
photoluminescence in the blue-to-green regions (6 and 7; CAN
= F,ppy and ppy) is weak, as we have observed for a number of
other blue-phosphorescent chloride-terminated cyclometalated
iridium complexes.”” The photoluminescence in the yellow-
orange-to-red region, in complexes 8 and 9 (CAN = bt and pigq,
respectively), is much stronger (Table 2). These relative trends
are upheld in the formazanate-bridged trimetallic complexes
and are consistent with the known effects of weak-field ligands
on *MLCT phosphorescence. Chloride is a weak-field ligand,
leading to energetically accessible nonemissive ligand-field (d—
d) states, which can be readily populated in the higher-energy
emitters. In the compounds with lower-energy phosphor-
escence, the T; *MLCT state is substantially separated from
the deactivating ligand-field states, allowing efficient phosphor-
escence to occur. These trends further underscore the
importance of ancillary li§ands in determining excited-state
dynamics, a point that we™** and others** have elaborated on
in many studies on cyclometalated iridium complexes.

B CONCLUSION

Here we describe a synthetic strategy for trimetallic cyclo-
metalated Ir(III) complexes using a bis(formazanato)nickel
complex as the bridge between two [Ir(CAN),]* metal centers.
This work represents an advance in the coordination chemistry
of formazanate ligands, showcasing a unique Dbis-chelate-
bridging binding mode for flexidentate pyridyl-substituted
formazanates. All of these trimetallic formazanate complexes
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can be synthesized in mild laboratory conditions in a one-pot
1:1 self-assembly process, simply purified by precipitation. One
of our major goals for studying these types of compounds is to
understand how the multiple electroactive and photoactive
building blocks combine to dictate the physical properties of
the assemblies, and here we find that both the bis-
(formazanate) metallo-bridging ligand and the bis-cyclo-
metalated iridium fragments are key determinants of the
electrochemical and photophysical properties. The electro-
chemical reduction processes are centered exclusively on the
bis(formazanato)nickel(II) bridge, whereas the oxidation
processes involve a combination of the bridging ligands and
cyclometalated iridium units. The low-energy UV-—vis
absorption features arise from the formazanate bridge, whereas
photoluminescence in the trimetallic complexes is assigned to
phosphorescence originating from cyclometalated iridium.
Comparison of the excited-state dynamics of the trimetallic
complexes and the pyridine-terminated model complexes
reveals that phosphorescence is partially quenched by the
formazanate bridge because of a combination of energy-
transfer and inner-filter effects. However, in contrast to
previous Sd formazanate complexes where the formazanate
completely quenched the triplet state, in this work we find less
efficient triplet-state quenching, which preserves some of the
native photophysics of the iridium centers. This distinction
demonstrates that the triplet-state photophysics in these
multimetallic constructs are dependent on the binding mode
and length of the formazanate-derived bridging ligand. In
summary, this work demonstrates a new class of multimetallic
coordination complexes templated by a strategically designed
formazanate ligand and shows that the electronic and optical
properties of these assemblies are controlled by a combination
of the formazanate bridging ligands and the coordinated
cyclometalated iridium nodes. The results motivate continued
studies on multimetallic complexes spanned by redox-active
formazanate ligands to further elucidate how the coordination
mode, secondary metal, and other structural aspects influence
the optoelectronic properties.
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