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Abstract

A series of ligands have been synthesized based upon a polysubstituted 2-
phenylquinoxaline core structure. These ligands introduce different combinations of
fluorine and methyl substituents on both the phenyl and quinoxaline constituent rings.
The resultant investigation of these species as cyclometalating agents for Ir(lll) gave
cationic complexes of the form [Ir(C*N)2(bipy)]PFs (where CAN = cyclometalating
ligand; bipy = 2,2’-bipyridine). X-ray crystallographic studies were conducted on four
complexes and each revealed the expected distorted octahedral geometry based
upon a cis-C,C and trans-N,N ligand arrangement at Ir(lll). Supporting computational
studies predict that each of the complexes share the same general descriptions for
the frontier orbitals. TD-DFT calculations suggest MLCT contributions to the lowest
energy absorption and a likely MLCT/ILCT/LLCT nature to the emitting state.
Experimentally, the complexes display tuneable luminescence across the yellow-

orange-red part of the visible spectrum (Aem = 579-655 nm).



Introduction

Quinoxaline compounds, which are fused nitrogen heterocyclic species, and their
syntheses have been studied for many decades. This is primarily because such
species have shown diverse biological activity,! (anti-viral, anti-bacterial and anti-
inflammatory properties) and promise in treatments towards pathophysiological
conditions such as epilepsy, Parkinson’s and Alzheimer's.?2 Such species are not
limited to biological studies: due to their highly conjugated nature, the attractive
electronic properties of quinoxalines have also gathered attention in materials

research as components of organic polymers for photovoltaic applications.?

Scheme 1. The molecular structure of 2-phenylquinoxaline (2-pgx).

Functionalized quinoxalines also represent a very attractive framework for the
development of ligands in coordination chemistry, including catalytic systems.* Their
relative ease of synthesis has enabled development of a wide variety of quinoxaline-
based ligands that can act as bi- or multidentate donors for different metal ions.> Of
relevance to the current work, 2-phenylquinoxaline (2-pgx, Scheme 1) and its
derivatives have been shown to be very effective cyclometalating (C*N) ligands for
Ru,® Rh,” Ir 8 and Pt.° Of these, the studies on Ir(Ill) species dominate in number, many
of which have been undertaken in the last few years. Typically, the resultant Ir(lll)
species of 2-pgx are luminescent in the red region and are thus bathochromically
shifted relative to the ubiquitous [Ir(ppy)2)(L)]* (ppy = 2-phenylpyridine) analogues; the
added conjugation of the 2-pgx framework can therefore modulate electronic, and
redox, properties of the complexes.

General interest in cyclometalated Ir(lll) species has increased significantly in
the last decade.'® It is well understood that the role of the ligands is pivotal in
determining the electronic and redox properties of the resultant Ir(lll) complexes and
therefore the potential applications. It is interesting to note that recent work by
Bernhard’s group has now shown how high-throughput screening approaches can be

applied to the rapid photophysical determination of a large library of heteroleptic



[Ir(CAN)2(N~N)]* complexes. The study describes an accurate model for predicting
emission color and suggests a framework for the rational design of complexes that
could be applied to Ir(lll) photocatalyst development.!" Furthermore, our own work'?
and others,'® have shown that machine-assisted synthesis of complexes is possible
using modern laboratory technology such as flow and microwave reactors, that
dramatically reduce the time taken to synthesize targets.

The growing interest and applications of Ir(lll) 2-pgx complexes is attributed to
the relative ease of functionality of the ligand structures and an ability to tune the
electronic properties of the complexes. Many applications of Ir(lll) quinoxaline
complexes are now reported, including triplet sensitizers,'* targeted photodynamic
therapy reagents,'® deep red to NIR phosphors'® including for biological applications,!”
phosphorescent OLEDs,'® and light emitting electrochemical cells.'?

Our own studies have investigated Ir(lll) 2-pgx species by considering different
substituents on the phenyl part of the ligand.2® Further tuning of the emission
properties can be achieved through substituents on the quinoxaline ring, and led to
application in triplet-triplet annihilation energy upconversion (TTA-UC),2" wherein the
Ir(Ill) complex acts as the photosensitizer. Targeted bioimaging studies, which make
use of the low energy red emission of a peptide conjugated Ir(lll) 2-pgx complex have
also been successfully demonstrated.??

It is clear that further control over the electronic properties of Ir(lll) 2-pgx
complexes is advantageous for developing potential optoelectronic and photonics
applications of such species. To do so requires exquisite control over the
functionalization of the 2-pgx framework. Therefore, in this study, we describe a
straightforward synthetic methodology for developing a hitherto unreported series of
polysubstituted 2-pgx species that allow variation of substituents across both the
phenyl and quinoxaline rings. This facilitates a rational approach to the modulation of
Ir(11l) photophysical properties using these ligands, providing significant control over
the emission features of the complexes that are demonstrated to luminesce across
the yellow-orange-red region of the visible spectrum.



Results and Discussion

Synthesis and characterization of polysubstituted 2-phenylquinoxalines

From a synthetic perspective, 2-pgx species can be obtained from a plethora of routes
and starting materials.?®> For example, the condensation of a 2-bromoacetophenone
reagent with a 1,2-phenyldiamine species is a common approach. Given that a wide
range of functionalized acetophenones are commercially available, our focus was
upon the use of 2-bromoacetophenone derivatives to facilitate the syntheses of 2-pgx
species. To expand our ligand base, it was necessary to identify a broadly applicable
brominating method for synthesizing the pre-requisite 2-bromoacetophenone species
(Scheme 2). While CuBr, HBr, N-bromosuccinimide and Brz are common reagents for
this purpose, they can often give mixtures of products, in particular over-brominated
species, which then necessitate purification. The use of Br2 often requires the co-
addition of strong acids or oxidizing agents to enhance reactivity. In this study, the use
of dioxane dibromide (a 1,4-dioxane compound with 1:1 bromine) as a solid form
brominating reagent which can be easily handled and avoids the use of co-reagents
to the reaction was investigated.?*

Thus, portion-wise addition of dioxane dibromide over 10 minutes at room
temperature to a stirring solution of the chosen acetophenone in dioxane gave mono-
bromination of the acetyl group in moderate-to-excellent yields. '"H NMR spectra of the
reaction products showed loss of the original methyl signal, and the appearance of a
new aliphatic singlet resonance at 4.35-4.85 ppm consistent with the formation of the
bromo-acetyl functional group. There was no evidence of dibrominated side products.
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Scheme 2. Synthetic route to the polysubstituted quinoxaline ligands using LH'® as
the example. Inset: general route to the Ir(lll) complexes.
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Scheme 3. Structures of the ten 2-pgx species synthesized in this study.

The 2-bromoacetophenone variants were then heated to reflux in ethanol with either
1,2-phenylenediamine, 4,5-difluoro-1,2-phenylenediamine or 4,5-dimethyl-1,2-
phenylenediamine to form the corresponding 2-pgx ligands (LH'19) in good yields
(Scheme 3). The majority of these quinoxalines are novel apart from LH® and LH¢,
which have been reported previously. 2526 Thus, ten ligands with variable electronic
character within both the phenyl and quinoxaline constituents were produced. It should
be noted that the trifluorophenyl moiety is a relatively uncommon donor unit for Ir(lll),
but has been incorporated into 2-phenylpyridine type ligands.?’

The new ligands were characterized using a range of spectroscopic and
analytical techniques. 'H, '3C, and where appropriate, '*F NMR spectroscopies were
particularly helpful. In all cases, the quinoxaline heterocycle was identified in "H NMR
spectra via a new singlet around 9.20 ppm assigned to the proton at the C3 position
of the quinoxaline ring. For LH', LH2, LH® and LH®, characteristic methyl resonances
were also observed in the aliphatic region at 2.3-2.6 ppm (Table 1). "°F{'H} NMR
spectroscopy provided helpful information on the fluorine environment(s) within LH2-10
(Table 2). The data shows that the fluorine substituents attached to the quinoxaline
ring tend to be more deshielded than those on the phenyl ring. In most cases the
unsymmetrical nature of the ligands leads to coupling between adjacent fluorines with
typical 3Jrr values around 19-22 Hz. A comparison of the '9F resonances for LH?® and
LH® clearly demonstrates the influence of adding an adjacent fluorine substituent to
the phenyl ring, with ca. 25 ppm upfield shift induced by the second fluorine; this is
further exemplified by the trifluorophenyl derivatives (LH19). 13C{'H} NMR spectra of
the trifluoro derivatives, LH®19, each gave a signature doublet of triplets ('Jcr ~ 250



Hz, 2Jcr ~ 10 Hz) pattern for the fluorine substituted carbon at the 4-position of the
phenyl ring. Satisfactory high resolution mass spectrometry (HRMS) data were

obtained for each new 2-pgx ligand.

Synthesis and characterization of the Ir(lll) complexes

All ligands, LH™°, were investigated as potential cyclometalating agents with Ir(ll).
The synthetic methodology was based upon previous reports.?® Firstly, reaction with
hydrated IrCls gave the dimeric species, [{Ir(L")2(u-Cl)}2], as a series of colored solids.
These dimeric species were subsequently used in a further reaction step with 2 eq.
2,2'-bipyridine (bipy), splitting the dimer and forming the target monometallic
complexes, [Ir(L")2(bipy)]PFe (Scheme 2). Further purification was required using
column chromatography (silica gel) and products were isolated as beige or red colored

solids.

[Ir(L?)2(bipy)IPFe [Ir(L°)2(bipy)]PFs [Ir(L®)(bipy)IPFe

[Ir(L")2(bipy)IPFg [Ir(L®)2(bipy)IPFg [Ir(L®)2(bipy)IPFg [Ir(L"0)(bipy)IPFs

Scheme 4. The structures of the iridium(lIl) complexes successfully isolated during

the study.



The majority of the complexes (Scheme 4) were successfully isolated using this
methodology. However, in our hands, despite repeated chromatographic purification
steps, it was not possible to obtain spectroscopically pure samples of [Ir(L3)2(bipy)]PFe
or [Ir(L%2(bipy)]PFes; both complexes are based upon the difluorophenyl-derived
ligands and are discussed later.

Table 1. A comparison of the methyl group 'H NMR resonances for the methylated
ligands and complexes.

CH: 81/ ppm? (ligand) CH: 81 / ppm? (complex)
LH! 2.36, 2.40, 2.52 (overlapping 6H) 1.75, 1.95, 2.27, 2.33
LH? 2.37,2.40 1.99, 2.29
LHe 2.52,2.53° 1.76,2.31°¢
LH® 2.52 (overlapping 6H) 1.67,2.17

a All spectra obtained in CDCI3 unless otherwise indicated; © spectra obtained in
(CD3)2CO; © spectra obtained in CD3CN.

Firstly, discussion will focus on the characterization of the successfully isolated
complexes. For example, formation of [Ir(L")2(bipy)]PFe was fully supported by 'H
NMR spectroscopy. The symmetry of the complex renders both cyclometalating
ligands as equivalent and therefore four unique methyl resonances were resolved in
the aliphatic region between 1.75 — 2.23 ppm (Table 1). The effect of coordination to
Ir(111) induces a small, but general upfield shift and a greater inequivalence among the
methyl groups. In the aromatic region the effect of cyclometalation results in five singlet
resonances associated with L. The most upfield aromatic resonance was ca. 6.2 ppm
and is indicative of the proton environment adjacent to the metalated carbon of the
ligand (Scheme 4 and Figure S1, Sl). This was observed for all complexes other than
[Ir(L&19)2(bipy)]PFs where the ligand is fluorinated at the carbon adjacent to the
coordinated carbon. In all cases, the most downfield quinoxaline ring singlet shifted to
around 9.8 ppm, again indicative of coordination.

For [Ir(L8)2(bipy)]PFs the inequivalence of the two methyl environments was
clearly indicated by '"H NMR spectroscopy, with two distinct singlets at 1.76 and 2.31
ppm. This again suggests that upon coordination to the Ir(lll) center, one of the
quinoxaline methyl groups becomes more shielded compared to the free ligand.
Subsequent elucidation of the solid-state structures (see later) suggests that this



shielding may be due to the orientation of one of the methyl groups with respect to the

bipy ligand.
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Scheme 5. A representation of the coordination of L with Ir(lll) identifying the four
unique methyl environments, the relatively shielded proton environments (in red and

pink), and the numbering convention for the quinoxaline moiety.

In all relevant cases, '°F{'"H} NMR spectral data were obtained and indicated a general
downfield shift (Table 2) versus the free ligands, consistent with a withdrawal of
electron density from the ligand upon coordination. In [Ir(L81%)2(bipy)]PFs, upon
coordination the three fluorine substituents on the phenyl ring become inequivalent.
Supporting HRMS data was obtained for all complexes (e.g. Figure S2, Sl) revealing
the parent cation in each case with an appropriate isotopic distribution for iridium.

Table 2. A comparison of the '®F{'H} NMR data for the successfully isolated
fluorinated Ir(Ill) complexes versus the corresponding free ligands. Data for
hexafluorophosphate anions is omitted.

Free ligand & (3Jer) / ppm Complex & (3Jrr) / ppm
LH? | -129.8(d, 20 Hz), -131.0 (d, 20 Hz) -123.8 (d, 22 Hz), -128.6 (d, 22 Hz)
LH3 -135.8 (d, 21 Hz), -136.4 (d, 21 Hz) Not isolated
LH* | -128.63 (d, 21 Hz), -129.32 (d, 21 Hz), Not isolated
-134.28 (d, 21 Hz), -135.77 (d, 21 Hz)

LH? -109.9 (s) -103.6 (s)
LHs 111.2 (s) -103.9 (s)
LH’ -109.9 (s), -106.5 (s),

-129.2 (d, 21 Hz), -130.1 (d, 21 Hz) -128.6 (d, 22 Hz), -133.1 (d, 22 Hz)
LH® -132.6 (d, 20 Hz),-157.5 (t, 20 Hz) -127.1 (dd, 22, 6 Hz),




-142.2 (dd, 22, 6 Hz), -156.0 — -156.2 (m)

LH® |  -132.9(d, 21 Hz), -158.2 (t, 21 Hz) -127.3 (dd, 22, 6 Hz), -142.7 (dd, 22, 6
Hz), -157.0 (dd, 22, 6 Hz)

LH' | -128.1 (d, 21 Hz), -128.5 (d, 21 Hz), -126.9 (dd, 22, 6 Hz), -127.9 (d, 22 Hz),

-132.3 (d, 20 Hz), -156.7 (t, 21 Hz) -131.4 (d, 22 Hz), -141.7 (dd, 19, 6 Hz),

-154.9 —-155.0 (m)

As noted earlier, the reactions of LH® and LH* yielded impure complexes. Firstly,
numerous attempts to purify putative [Ir(L3)2(bipy)]PFe using recrystallisation
approaches and column chromatographic techniques failed. Informatively, the 'H
NMR spectrum of the crude sample of [Ir(L3)2(bipy)]PFs showed four methyl
resonances, none of which were consistent with the presence of free ligand, and a
complicated aromatic region: the anticipated C> symmetry of the complex should
produce two methyl environments. Similarly, the "°F{"H} NMR spectrum also showed
more resonances than expected, but again all shifts were different to the free ligand.
HRMS data on crude [Ir(L3)2(bipy)]PFe showed a single cluster of peaks at m/z
887.2097, which was consistent with the expected formulation of [Ir(L3)2(bipy)]PFs.
Taken together it seems feasible that the desired complex has formed in the proposed

stoichiometry, but that a mixture of isomers was present in the sample.

Scheme 6. The different C*N cyclometalation modes available to L3.

Since there are two potential sites of ortho-metalation, at either the 2- or 6-position of
the phenyl ring (Scheme 6), it appears that both are accessible using the adopted
reaction conditions for the precursor dimer. Very similar observations were noted in
our attempts to isolate [Ir(L%)2(bipy)]PFe: the presence of numerous resonances in the
°F{'H} NMR spectrum again suggestive of a mixture of isomers in the sample. Since

the corresponding complexes of LH! and LH? gave single isomer products it is likely




that the differences in steric demand of Me versus F induce these contrasting

outcomes.

The X-ray crystal structures of [Ir(L')2(bipy)]PFes, [Ir(L2)2(bipy)]PFes,
[Ir(L%)2(bipy)]PFs and [Ir(L8)2(bipy)]PFs

Single crystals were obtained for [Ir(L')2(bipy)]PFs (dark red, shard-shaped),
[Ir(L2)2(bipy)]PFs (dark red, rod-shaped), [Ir(L8)2(bipy)]PFs (orange, block-shaped) and
[Ir(L3)2(bipy)]PFs (red, plate-shaped) following either vapor diffusion of diethyl ether in
to a dichloromethane or chloroform solution of the complex, or slow evaporation from
a MeCN solution ([Ir(L®)2(bipy)]PFe). Data collection parameters are presented in
Table S1, Sl.

In each case the obtained structures (Figures 1 and 2) confirmed the expected
coordination sphere at iridium, with the quinoxaline derived ligands coordinating in a
cyclometalating mode, resulting in a cis-C,C and trans-N,N coordination arrangement
at Ir(111).2° The monocationic complex unit is charge balanced by the presence of one
hexafluorophosphate counter ion. In each case there were solvents of crystallisation;
for [Ir(L5)2(bipy)]PFs there was a partial amount of disordered water present for which
solvent masking was employed. For [Ir(L")2(bipy)]PFs and [Ir(L2)2(bipy)]PFs the
dimethyl-substituted phenyl ring is coordinated to Ir(lll) via the 6-position, in a manner
that minimizes unfavorable steric clashes. For [Ir(L")2(bipy)]PFs the structure also
reveals that on each quinoxaline ring a methyl substituent lies directly above the plane
of the aromatic bipy ligand: the distance of C35 to the plane of the (C29-C34) ring is
3.565(14) A, with distance to ring centroid of 3.605(14) A. The proximity of this
arrangement may explain the observations from the '"H NMR data wherein one of the
methyl environments is relatively shielded. Selected bond lengths and bond angles for
all the structures are shown in Table S2, Sl and all Ir-C and Ir-N distances fall in the
typical range of complexes of this type.?°

10



Figure 2. X-ray structures of [Ir(L3)2(bipy)]PFes (left) and [Ir(L®)2(bipy)]PFe.

Computational studies: Density Functional Theory

To probe the effect of the ligand substituents on the electronic structure and the optical
properties of [Ir(L")2(bipy)]*, density functional theory (DFT) calculations were
performed on each of complexes. All calculations were undertaken using the B3LYP
functional with a 6-31G* basis set, and an SDD ECP for the central iridium atom.
Calculations were performed within an implicit acetonitrile solvent, consistent with the
spectroscopic measurements. Geometries of the complexes were optimized using the

prior method, and the resulting minimum energy structures compared against X-ray
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crystallographic data where available to demonstrate the suitability of the method. The
geometrical structures of iridium(lll) complexes obtained from the DFT optimizations
for [Ir(LY)2(bipy)]PFs and [Ir(L?)2(bipy)]PFs are in superb agreement with
crystallographic data (Figure 3).

Figure 3. Overlay of the crystal structures (blue) and DFT//B3LYP/6-31G*(SDD)
optimized structures (brown) for [Ir(L")2(bipy)]* (left) and [Ir(L2)2(bipy)]* (right).

Molecular orbital decomposition was performed on each of the experimentally isolated
versions of complex, using a basis of each individual ligand, as well as the central
iridium atom. This analysis (Table 3) predicts that the occupied molecular orbitals in
these Ir complexes have a significant metallic d-orbital character whilst the unoccupied
molecular orbitals are predominantly ligand-centered. In all cases, the HOMO is
composed of almost equal contributions from the metal center (32-35%) and from each
quinoxaline ligand (Q1/Q2), and negligible contribution from bipy (2%). For the
LUMOs, the two quinoxalines form pairs of pseudo-degenerate orbitals with
alternating contributions from each of the of the quinoxalines: e.g. the [Ir(L")2(bipy)]*
LUMO is comprised of contributions of 50% and 44% from the quinoxalines, Q1 and
Q2 respectively, whilst the LUMO+1 shows the reverse (Q1 = 44%; Q2 = 50%). The
metal contribution to the unoccupied orbitals is negligible. The bipy ligand is also
predicted to contribute little to the LUMO or LUMO+1, to which we attribute the majority
of the longer wavelength photoexcitation bands, although it is the dominant contributor
to the LUMO+2 orbital (96%). The significant change in iridium d-orbital contribution

12



to the electronic character of the HOMO compared to the LUMO/LUMO+1 (and indeed
even to higher lying unoccupied orbitals) suggests that the singlet excited states have

a significant degree of metal-to-ligand charge transfer (MLCT) character.

Table 3. A summary of the major calculated contributions to each MO from each part
of the complex. Q1 and Q2 are the quinoxaline ligands.

Ir 5d Q1 Q2 bipy
Complex HOMO-1 HOMO | LUMO LUMO+1 | LUMO LUMO+1 | LUMO+2
[Ir(LY)2(bipy)]* 4 32 | 50 44 44 50 95
[Ir(L2)2(bipy)]* 4 32 | 63 31 31 64 9
[Ir(L%)2(bipy)]* 8 35 | 48 48 47 48 96
[Ir(L8)2(bipy)]* 5 32 | 50 45 45 50 96
[Ir(L7)2(bipy)]* 6 33 | 41 54 54 41 96
[Ir(L®)2(bipy)]* 4 34 | 48 47 47 48 97
[Ir(L%)2(bipy)]* 2 32 | 48 47 | 46 47 97
[Ir(L"%2(bipy)]* 2 33 | 47 48 48 48 9

HOMO

LUmMmo LUMO+1 LUMO+2 LUMO+3 LUMO+4

Figure 4. Calculated Kohn-Sham frontier molecular orbitals for [Ir(L")2(bipy)]*.
Frontier orbitals for [Ir(L21%)2(bipy)]* can be found in Figures S3-S9, Sl.

To estimate the vertical excitation energies of the low-lying singlet and triplet excited
states of the complexes, TD-DFT calculations using the CAM-B3LYP functional were
carried out from the optimized ground-state geometries. In each case, the lowest 30
singlet-to-singlet spin-allowed and thirty singlet-to-triplet spin-forbidden transitions

13



were calculated and compared with the absorption spectra. The non-relativistic nature
of the calculations means that we predominantly examine the spin-allowed transitions,
but can use the spin-forbidden excitation energies to suggest absorption band
character. In all cases the calculated transitions were in reasonable agreement with
experimental absorption spectra discussed later (Table 4 and Figure 4). In the case of
[Ir(L")2(bipy)]*, the lowest spin-forbidden So— T1 transition was predicted to occur at
544 nm, attributed to a SMLCT transition which may become weakly allowed due to
spin—orbit coupling effects. These transitions correlate well with the broad,
structureless and somewhat weak feature observed in the experimental absorption
spectrum at 550 nm, discussed later.

The most important singlet transitions of [Ir(L')2(bipy)]* and their associated
oscillator strengths and configurations are summarized in Table 4, with analogous
data for [Ir(LZ1%)2(bipy)]* shown in Tables S3-S9, Sl. The longest wavelength singlet
excitation is expected to be intense HOMO to LUMO+1 transition at 409 nm
(f=0.2089), followed at higher energy by an intense HOMO to LUMO transition at 403
nm, suggesting "MLCT charge transfer in these shorter wavelength transitions. Again,
this is in good agreement with the structured absorption features between 350 nm < A
< 400 nm in the experimental spectrum. TD-DFT also predicts intense transitions
between 350 nm < A < 300 nm, including transitions with complex and mixed 'ILCT/
'LLCT/ '"MLCT characters. In the high-energy region (L < 300 nm), the calculations
indicate that in addition to ligand centered '(tr-1r*) transition, 'ILCT/ 'LLCT/ '"MLCT

have some contributions.
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Table 4. A description of the calculated MO contributions, excited state descriptions
and their associated transitions for [Ir(L")2(bipy)]* complex (Q1 and Q2 are the different

2-pgx ligands; bipy = bipyridine).

Moiety Contribution to Orbital Orbital Contribution to Excited State
(%)
Orbital Ir(5d) bipy Q1 Q2 | Excited State Contributing Transitions (> 10 %)
LUMO +4 1 76 12 11 1 (409 nm =0.2089) HOMO-1 > LUMO (10%)
LUMO +3 2 80 9 9 HOMO > LUMO+1 (83%)
LUMO +2 2 96 1 1 2 (403 nm f=0.0588) HOMO-1 > LUMO+1 (11%)
LUMO +1 4 2 44 50 HOMO - LUMO (83%)
LUMO 4 2 50 44
HOMO 32 2 33 33 3 (348 nm {=0.183) HOMO - LUMO+2 (88%)
HOMO -1 4 1 47 47
HOMO -2 10 1 45 45 4 (331 nm f=0.1855) HOMO -2 - LUMO (26%)
HOMO -3 20 3 39 39 HOMO -1 > LUMO +1(55%)
5 (330 nm f=0.2751) HOMO-2-> LUMO+1 (25%)

HOMO -4 22 4 39 35 HOMO -1 > LUMO (53%)

Table 5. Computed values for the absorption and emission maxima of the
experimentally isolated Ir(lll) complexes. Experimentally determined emission

wavelength maxima shown in parentheses.

Complex So—S1 Abs./nm  So— Tan Abs./nm Ti— So Em./nm
[Ir(LY)2(bipy)]* 409 544 694 (628)
[Ir(L2)2(bipy)]* 419 563 712 (655)
[Ir(L3)2(bipy)]* 385 502 664 (590)
[Ir(L®)2(bipy)]* 383 496 662 (585)
[Ir(L7)2(bipy)]* 390 510 670 (594)
[Ir(L8)2(bipy)]* 377 493 582 (579)
[Ir(L®)2(bipy)]* 375 486 583 (584)
[Ir(L19)2(bipy)]* 381 501 585 (583)

Comparison of DFT optimized singlet and triplet excited-state geometries afford the
computation of the lowest energy spin-forbidden band positions without requiring the
use of TD-DFT. This method was used to compute the vertical spin-forbidden emission
band of all complexes, and the results are shown in Table 5. This method affords a
good qualitative insight into the effect of ligand structure on the spectral properties of
the complexes. In particular, the predicted T1 — So wavelengths exhibit the correct

trend throughout the series. Although this approach tends to systematically
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underestimate the spin-forbidden transition energies, the values calculated for
[Ir(L&19)2(bipy)]* are remarkably well matched to experimental data.

Table 6. Calculated energies of the frontier orbitals of the iridium(lll) complexes and
their differences.

Complex HOMO energy (eV) LUMO energy (eV) AE
[Ir(L1) (bipy)]* -5.62 -2.54 3.08
[Ir(L2)2(bipy)]* -5.76 2.77 2.99
[Ir(L®)2(bipy)]* -6.03 -2.74 3.29
[Ir(L8)2(bipy)]* -5.95 -2.64 3.31
[Ir(L7)2(bipy)]* -6.1 -2.86 3.24
[Ir(L8)2(bipy)]* -6.15 -2.88 3.27
[Ir(L®)2(bipy)]* -6.08 2.77 3.31
[Ir(L19)2(bipy)]* -6.22 -3.00 3.22

TD-DFT calculations were used to investigate the effects of quinoxaline ligand
substitution pattern on electronic properties. As presented in Table 6, the calculations
predict that substitution of either phenyl or quinoxaline constituents can affect both
HOMO and LUMO energy levels (there is an interplay between the units), but that the
phenyl moiety is predicted to have a greater impact on HOMO and LUMO energy
levels and thus optical properties. For example, destabilization of the HOMO
(achieved by methylating the phenyl donor) and stabilization of the LUMO (achieved
by fluorinating the quinoxaline) are represented by [Ir(L2)2(bipy)]* which is predicted to
possess the smallest band gap. As discussed later, this is reflected in the largest
bathochromic shift in the emission wavelength and the shortest lifetime (cf. Energy
Gap rule). Conversely, sequential fluorination of the phenyl donor is predicted to result
in a progressive stabilization of the HOMO level and thus a blue shift in the emission
wavelengths. Trifluorination of the phenyl donor combined with a methylated
quinoxaline unit is thus predicted to give the largest band gap.

UV-visible absorption and fluorescence properties of the ligands

The electronic properties of the free ligands (LH' %) were obtained in aerated
acetonitrile solution at room temperature. The UV-vis. absorption spectra (for
example, Figure 5) showed a range of T-1* transitions < 375 nm which are associated
with different aromatic entities. Increasing the degree of methylation on the phenyl
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ring resulted in a bathochromic shift in the absorption features. Fluorination of the
quinoxaline had a smaller effect on the absorption spectra.

30000 1~

20000 -

10000 -

Molar absorption coefficient (M' cm™)

250 300 350 400 450 500
Wavelength (nm)

Figure 5. Example UV-vis. absorption spectra (MeCN) comparing LH® (dashed line)
and [Ir(L8)2(bipy)]PFe (solid line).

UV-vis. absorption and emission properties of the complexes

The data associated with UV-vis. absorption wavelengths is shown in Table 7 and
Figure 5. There are three general regions of absorption: firstly, higher energy features
at 230-320 nm with a high molar absorption coefficient, secondly a moderately intense
feature at 320-400 nm, and finally a weaker broad feature > 400 nm. A comparison
with the free ligand data implies that the bands observed 230-400 nm are associated
with ligand centered transitions n—=n*, which are bathochromically shifted upon
coordination to Ir(lll). Across the series of complexes, it is the position of the longest
wavelength band that varies appears most sensitive to the variation in ligand structure.
Prior studies on related Ir(lll) complexes have attributed these features to MLCT
features; typically, the broadness of these features can be attributed to both spin
allowed and spin forbidden contributions, the latter facilitated by the heavy Ir atom
(iridium possesses the largest spin-orbit coupling constant 3° of any metal in the d
block). In general, the presence of fluorine substituents on the phenyl ring results in a
significant blue shift of the MLCT features relative to the methylated variants. This is
in agreement with the TD-DFT calculations discussed earlier and can be related to the
contribution of the phenyl orbitals to the HOMO. A comparison of [Ir(L1)2(bipy)]PFes and
[Ir(L?)2(bipy)]PFs also demonstrates that addition of fluorine substituents to the
quinoxaline ring red shifts the absorption band, consistent with previous reports on 2-
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pgx complexes of Ir(lll).3" As discussed earlier, the supporting DFT calculations
suggest that the compositions of the important HOMO and LUMOs do not vary greatly
with the ligand structure, but rather the relative energies of the frontier orbitals are
modulated by the ligand substituents. These predictions and the relative trends are
supported by the experimental UV-vis. absorption data. Thus, as predicted by DFT,
the most red-shifted absorption is represented by [Ir(L2)2(bipy)]PFs, which combines
the dimethylated phenyl donor (raising the HOMO) and the difluorinated quinoxaline
(lowering the LUMO). Conversely, this analysis implies that a (poly)fluorinated phenyl
donor combined with a dimethylated quinoxaline fragment should provide a blue-
shifted absorption. Again, the spectroscopic data shows that trifluorination of the
phenyl donor ([Ir(L&19)2(bipy)]PFe) gave the most blue-shifted MLCT features in the

visible region.

Table 7. Absorbance and luminescence data for the isolated Ir(lll) complexes .2

Complex Aabs (€ x 10 M- cm™) Aem Aerated Degassed oe
/ nmP / nm¢ 7/ nsd 1/ nsd
[Ir(L")2(bipy)]PFe 485 sh (0.4), 378 (1.7), 628 253 1886 0.03
293 (3.1), 267 (3.5)
[Ir(L2)2(bipy)]PFs | 518 sh (0.4), 373 (2.1), 655 215 659 0.01
292 (3.1), 266 (3.6)
[Ir(L3)2(bipy)]PFe 460 sh (0.2), 359 (0.7), 590 430 3416 0.04
288 (2.4), 249 (2.7)
[Ir(L8)2(bipy)]PFs | 450 sh (0.7), 372 (2.4), 585 446 4872 0.08
286 (4.9)
[Ir(L")2(bipy)]PFs 449 sh (0.4), 362 (1.6), 594 571 1387 0.09
284 (2.5), 259 (2.9)
[Ir(L8)2(bipy)]PFs | 442 sh (0.2), 370 (1.8),357 579 747 5322 0.08
(1.1), 283 (1.9), 241 (1.8)
[Ir(L®)2(bipy)]PFs 439 (0.7), 379 (2.9), 363 584 612 6518 0.10
(2.2), 284 (4.6), 239 (4.3)
[Ir(L10)2(bipy)]PFs | 440 sh (0.2), 372 (1.0),360 583 535 1446 0.11
(1.0), 280 (1.6), 239 (1.8)

a All measurements obtained at room temperature in aerated MeCN; ® 1 x 105 M;
¢ hex = 450 nm; 9 observed lifetime, Aex = 295 or 355 nm; € quantum yield, versus
standard [Ru(bipy)s](PFs)2 in MeCN standard (@ = 0.016), Aex = 450 nm.
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Emission spectra of each of the complexes (Figure 6) were obtained in aerated
acetonitrile at ambient temperature with Aex = 355 nm. The complexes all exhibit a broad
emission profile comparable to those of the previously reported complexes bearing 2-
phenylquinoxaline ligands. The bands are typically featureless and broad, with only the
hypsochromically shifted variants displaying subtle vibronic features.

As expected, the onset and emission peak maxima are dependent on the nature
and the position of substituents located on the cyclometalated ligands, with peak tuning
demonstrated between 579 nm < A < 655 nm. The trends observed in the UV-vis.
absorption data are mirrored here: complexes that are fluorinated on the phenyl moiety,
[Ir(L5192(bipy)]PFe, show a relative hypsochromic shift compared to their methyl-
substituted analogues, [Ir(L")2(bipy)]PFe and [Ir(L3)2(bipy)]PFe. These experimental
observations were nicely predicted by the DFT calculations (Table 5) describing the trends
in Tt — So transition energies. It is noteworthy that the substitution on the phenyl ring in
cyclometalated ligand leads to a more profound shift in the emission bands while the
substitution on the quinoxaline moiety provides a much finer tuning parameter. Thus,
when utilized in tandem there is significant tunability of the photophysics afforded by this
polysubstituted ligand framework.

The observed lifetimes are typical of phosphorescent complexes in aerated solution
with values of 215-747 ns, wherein the peak emission energy seems to strongly
correlate with lifetime; the longest wavelength emitters, [Ir(L')2(bipy)]PFes and
[Ir(L2)2(bipy)]*, exhibit the shortest phosphorescence lifetimes, which accords with the
Energy Gap Law. The supporting quantum yields are up to ca. 11 % in aerated solution,
which indicates potential utility in applications, such as bioimaging, where good emissive
properties are advantageous in oxygenated media.3> As shown in Table 7, the
fluorinated-phenyl complexes in aerated solutions show a significant increase in the
lifetimes and quantum yields comparing with their methylated counterparts. Under
deoxygenated conditions the complexes all showed elongated lifetimes (Figure S10,
Sl), which in some cases were significantly increased (Table 7) to several
microseconds. The magnitudes of these lifetimes are consistent with the reduction in
302 quenching, affording the definitive assignment that the emissive state is triplet in
character. Low temperature (77K) data were also obtained for the complexes (MeCN
glass) and showed emission spectra that were closely reminiscent of the room
temperature profiles as well as replicating the trends within the series (Figure S11, Sl).
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The photophysical data for the Ir(lll) complexes support the assignment of a
phosphorescent state that is dominated by charge transfer character. In line with other
well-known d-block lumophores, SMLCT character contributes to the emission, and our
supporting DFT studies also predict that ILCT/LLCT (localized on the 2-pgx ligands)
make important contributions in these complexes. Thus the functionalization at both
the phenyl and quinoxaline moieties of the 2-pgx ligand yields excellent tuning of the
emission colors of the complexes.

Comparison of these characteristics with the benchmark complex
[Ir(ppy)(bipy)]* reveal some similarities and clear differences. In aerated MeCN, the
[Ir(ppy)(bipy)]* emission properties® (Lem 602 NM, dem 9.3%, Tobs 275 ns), attributed to
a mixed SMLCT/LLCT transition, are broadly comparable with some of the complexes
described here. For [Ir(ppy)z(bipy)]* the HOMO has been described as comprising
both Ir and phenyl character and is thus directly comparable to the 2-pgx Ir(lll)
complexes under discussion. However, in contrast, the LUMO of [Ir(ppy)z(bipy)]* is
predicted to be exclusively localised on the bipy ligand.32 These differences emphasize

the design principles of the 2-pgx based complexes described herein.

—— [Ir(L"),(bipy)]*
(Ir(L?),(bipy)]*

——[In(L%),(bipy)]’
[Ir(L®),(bipy)]*
[Ir(L"),(bipy)]*
[Ir(L®),(bipy)]*
[Ir(L®),(bipy)]*

—— [Ir(L"®),(bipy)]'

Emission intensity (Arb. Units)

T T T T T
550 600 650 700 750
Wavelength (nm)

Figure 6. Normalized emission spectra recorded for all isolated Ir(lll) complexes
(293 K, MeCN, 10° M).
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Transient Absorption Spectroscopy and Kinetics

Nanosecond transient absorption (TA) of all Ir(Ill) complexes were again recorded in
aerated acetonitrile using a pump wavelength of 355 nm and are shown in Figure 7. The
general spectral appearance of all eight complexes are nearly identical and are very similar
to the related Ir(lll) complexes previously reported.? The complexes all feature a ground
state bleach in the shorter wavelength spectral region (350 nm < A <400 nm), ascribed to
the pump-driven depletion of the ground state '"MLCT absorption band. This ground-state
bleaching splits into a doublet in the fluorinated-phenyl complexes, but does not form this
doublet structure in their methylated counterparts. The spectra also exhibit strong
increases in optical density in the regions 410 nm < A < 435 nm and 550 nm <A < 670
nm, assigned to triplet — triplet absorption bands (T1 — Tn transitions), with the longer
wavelength triplet absorption feature becoming significantly more intense and better
resolved in the fluorinated-phenyl complexes.
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Figure 7. Background subtracted transient absorption spectra of all complexes in

acetonitrile, Aexc = 355 nm. The grey line represents AOD = 0 in all cases.

As observed in Figure 7, each complex exhibits analogous TA features that shift
depending on the substituted cyclometalated ligand used. The spectral features in the
transient absorption spectra also follow the same ordering as the emission spectra
with respect to their band positions, with [Ir(L2)2(bipy)]PFs displaying features at longer
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wavelengths versus [Ir(L51%)2(bipy)]PFs at shorter wavelengths. In all cases we assign
the transient absorption spectra to a linear combination of ground state bleaching and
T1 — Tn excited state absorption bands. To further confirm this assignment, the
transient absorption spectrum of [Ir(L8)2(bipy)]* was simulated through combination of
a linear combination of a bleach taken from the inverse of the absorption spectrum
shown in figure 5 and the computed T1 — Tn excited state absorption bands. The
excited state absorption bands were generated from a TD-DFT calculation using the
optimized [Ir(L8)2(bipy)]* T1 geometry as the reference state. Thirty excited states were
included in the calculation, and the relative band intensities were taken directly and
are not altered in the simulation. A 50 nm convolution of the line spectrum was applied
to mimic the breadth of the bands. Using this approach there was excellent agreement
between the simulated (Figure S12, Sl) and experimental transient spectra with just a
slight shift in the position of the TD-DFT computed transitions.

The transient kinetics of all major TA features of the [Ir(L")2(bipy)]PFs and
[Ir(L®)2(bipy)]PFs complexes are shown in Figure 8 (and Figures S13-S15, SI); all
observable transitions decay monoexponentially. Within each of the datasets for
complex [Ir(L")2(bipy)]PFes and [Ir(L®)2(bipy)]PFe, the kinetic data suggest that all the
features exhibit similar decay lifetimes, suggesting that they all originate from the same
excitation and intersystem crossing processes that produce an emissive SMLCT state.
There is no evidence of fluorescence within these spectra.
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Figure 8. Kinetic traces of the major features of the transient spectra of
[Ir(L")2(bipy)]PFs (left) and [Ir(L8)2(bipy)]PFs (right) complexes in acetonitrile at room
temperature, aerated. Wavelengths and lifetimes of each trace are inset.

Conclusions

Dioxane dibromide is an excellent brominating reagent applicable to a range of
substituted acetophenones allowing a series of polysubstituted 2-phenylquinoxaline
species to be synthesized. This synthetic approach now allows control over the
electronic character of both the phenyl and quinoxaline donor consistuents of the 2-
pax ligands. The different substitution patterns of the ligands thus facilitate excellent
tuning of the phosphorescent emission wavelengths of the Ir(lll) complexes ranging
from yellow to deep red wavelengths. Through a combination of spectroscopic and
computational analyses, these complexes are shown to demonstrate a significant
MLCT/LLCT/ILCT character to their emission properties. This is achieved by
modulation of both HOMO (Ir and phenyl donor) and LUMO (quinoxaline) energies via
ligand substitution. Previous studies have shown that additional tuning of emissive bis-
cyclometalated Ir(Ill) complexes can be achieved using the ancillary ligand, which can
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often directly contribute to the LUMO level. However, our studies on 2-pgx complexes
of Ir(lll) has shown that ancillary ligands, such as 2,2’-bipyridine, picolinate or
pyrazinoate, primarily influence the HOMO energy level; they do not provide important
contributions to the LUMO.32 Therefore it is reasonable to assume that a similar effect
could be employed for the complexes described herein providing further subtle tuning
of spectral properties.

The ability to easily tune emission characteristics of such Ir(lll) species is key
to diverse, and ever-expanding optoelectronic and photoredox applications. For
example, the development of deep red emitters is a highly active area of research
within the study of organometallic phosphors for materials and biological
applications.3* Traditionally many Ir(lll) complexes that are successfully utilized in
OLED devices® tend to be neutral species, such as [Ir(C*N)a] or [(Ir(C*N)2(L*X)], and
further studies could consider the investigation of related homoleptic [Ir(2-pgx)s]
species based upon the types of ligands described herein. However, it is noteworthy
that significant recent progress has also been achieved with sublimable cationic Ir(lll)
species® including the use of bulky counter anions,3” suggesting that the Ir(l1l) species
described herein could have promise in such applications.

Experimental Section

General Experiments. All commercially available reagents were used as received.
Caution is advised when handling dioxane dibromide 38 (CAS 15481-39-7; not to be
confused with 1,4-dioxane dibromide, CAS 21992-70-1) as it is a flammable solid and
should be treated accordingly. 'H, ®F{'H} and 3C{'H} NMR spectra were recorded on
an NMR-FT Bruker 500 and 400 MHz spectrometer and recorded in CDCls, acetone-
ds, acetonitrile-as and DMSO-ds. 'H and 3C{'H} NMR chemical shifts (6) were
determined relative to residual solvent peaks with digital locking and are given in ppm.
Coupling constants are quoted in Hz. Low-resolution mass spectra were obtained by
the staff at Cardiff University. High-resolution mass spectra were carried out at the
EPSRC National Mass Spectrometry Facility at Swansea University. UV-Vis studies
were performed on a Shimadzu UV-1800 spectrophotometer as MeCN solutions (1 x
10° M). Photophysical data were obtained on a JobinYvon—Horiba Fluorolog
spectrometer fitted with a JY TBX picosecond photodetection module as MeCN
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solutions. Emission spectra were uncorrected and excitation spectra were instrument
corrected. The pulsed source was a Nano-LED configured for 295 or 459 nm output
operating at 1 MHz. Luminescence lifetime profiles were obtained using the
JobinYvon—Horiba FluoroHub single photon counting module and the data fits yielded
the lifetime values using the provided DAS6 deconvolution software. Quantum yield
measurements were obtained on aerated MeCN solutions of the complexes using
[Ru(bipy)s](PFe)2 in aerated MeCN as a standard (@ = 0.016).3° Spectra and lifetime
measurements made at 77 K were performed using an Oxford Instruments Optistat
DN2 variable temperature liquid nitrogen cryostat.

Transient absorption measurements

Transient absorption measurements were performed using an Edinburgh Instruments
LP920 spectrometer. Spectra were collected using a pump wavelength of 355 nm
(third harmonic of a Continuum Surelite Il Nd:YAG laser system). The probe for these
measurements was a Xenon lamp, with spectra available between 300 < A < 800 nm.
Wavelength dependent spectra were recorded with a 2.05 nm spectral resolution,
from an Andor ICCD camera, integrated over the first 500 ns after the pump laser
pulse. Spectra are shown as AODxe lamp, referred simply as AOD. Lifetime data was
generated using a photomultiplier to collect time resolved signals, with the bandwidth
of these data being identical to the camera resolution (2.05 nm). Lifetime data is fit
using the Origin 2020 software package, and each data set is fit using a
monoexponential function, with no evidence of multiexponential components. Lifetime

uncertainties are obtained from a standard Least-Squares fitting algorithm.
Computational methods

Electronic structure calculations were performed using density fitted-density functional
theory within the Gaussian 09 computational chemistry suite,*® using the Stuttgart-
Dresden (SDD) effective core potential and basis set in the treatment of the iridium,*!
with a 6-31G* basis set for all lighter atoms.*> Cationic complex geometry
optimizations were performed using the self-consistent reaction field model (SCRF),
treating the solvent implicitly as a dielectric continuum. As described earlier, the
solvent chosen was acetonitrile. Acetonitrile is characterized by an electrical
permittivity (¢) of 35.688 within the calculations. This models the solvent as
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surrounding a cavity in which the solute resides, with the cavity characterized by an
integral equation formalism for the polarizable continuum model (IEFPCM).

Geometry optimizations were performed using an ultrafine grid and very tight
convergence criteria, with minima by the calculation of harmonic vibrational
frequencies, in all cases demonstrating no imaginary frequencies. These stationary
points were used in single point TD-DFT calculations to compute vertical excitation
energies. All TD-DFT calculations were undertaken using a linear response approach.
All TD-DFT calculations were also performed with a long range corrected hybrid
functional (CAM-B3LYP).

Phosphorescence and spin-forbidden absorption bands were investigated using
unrestricted density functional theory to compute parameters associated with the first
triplet state (T1). Decomposition of the molecular orbital character was performed
using the GaussSum software package.*® Crystal structure overlays with optimised
computational structures has been performed using the Chimera software package,
which has also been used to calculate root mean squared deviation (RMSD) values

for these comparative structures.*

X-ray crystallography

Data collection and processing

Suitable crystals of [Ir(L")2(bipy)]PFe, [Ir(L2)2(bipy)]PFs, [Ir(L®%)2(bipy)]PFs and
[Ir(L®)2(bipy)]PFs were selected and data collected following a standard method.*® In
each case, a crystal was selected and mounted on a MITIGEN holder in perfluoroether
oil on either a Rigaku 007HF diffractometer equipped with Varimax confocal mirrors
and an AFC11 goniometer and HyPix 6000 detector (for [Ir(L)2(bipy)]PFs), or a Rigaku
FRE+ diffractometer equipped with VHF Varimax confocal mirrors and an AFC12
goniometer and HyPix 6000 detector (for [Ir(L2)2(bipy)]PFs, [Ir(L5%)2(bipy)]PFs and
[Ir(L®)2(bipy)]PFs). The crystals were kept at a steady T = 100(2) K during data
collection using an Oxford Cryosystems low-temperature device. The structures were
solved with the ShelXT#6 structure solution program using the Intrinsic Phasing
solution method and by using Olex2*’ as the graphical interface. The models were
refined with version 2018/3 of ShelXL*® using Least Squares minimisation.
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CCDC2090298-2090301 contains supplementary X-ray crystallographic data for
[Ir(LY2(bipy)]PFe,  [Ir(L2)2(bipy)]PFs, [Ir(L%)2(bipy)]PFe and [Ir(L8)2(bipy)]PFs
respectively. This data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or  from the  Cambridge
Crystallographic Data Centre, Union Road, Cambridge, CB2 1EZ; fax(+44) 1223-336-

033 or email: deposit@ccdc.cam.ac.uk.

Synthesis of the ligand precursors

Preparation of 2-bromo-(3,4-dimethylpohenyl)ethan-1-one 4°

Slow addition of dioxane dibromide (1.840 g, 1.1 eq, 7.425 mmol) in a solution of 1,4-
dioxane (20 mL) and diethyl ether (20 mL) to 3,4-dimethylacetophenone (1.000 g,
0.998 mL, 6.747 mmol) in the same solvent mixture, took place at room temperature
with stirring for 2 h. The pale yellow solution was added to water and extracted with
diethyl ether. The combined ether layers were dried over MgSOa4. The solvent was
reduced in vacuo, a minimum amount of hexane was added, and the resultant
suspension was filtered under suction to give the product as an off-white solid. Yield
= 1.364 g, 89 %.

Preparation of 2-bromo-(3,4-difluorophenyl)ethan-1-one 5°
As above, but using 3,4-difluoroacetophenone (1.00 g, 0.803 mL, 6.405 mmol) and
dioxane dibromide (1.747 g, 1.1 eq, 7.046 mmol). Yield = 0.311 g, 21 %.

Preparation of 2-bromo-(4-fluorophenyl)ethan-1-one %'

As above, but using 4'-fluoroacetophenone (3.00 g, 2.63 mL, 21.7 mmol) and dioxane
dibromide (5.92 g, 1.10 eq, 24.0 mmol) to give the brominated product as white
crystals. Yield = 2.51 g, 53 %.

Preparation of 2-bromo-(3,4,5-trifluorophenyl)ethan-1-one %2

As above, but using 3,4,5-trifluoroacetophenone (1.00 g, 0.751 mL, 5.743 mmol) and
dioxane dibromide (1.566 g, 1.10 eq, 6.317 mmol) to give the brominated product as
a yellow oil. Yield = 1.45 g, 99 %.
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Synthesis of the 2-phenylquinoxaline ligands

Preparation of 2-(3,4-dimethylphenyl)-6, 7-dimethylquinoxaline (LH?)
2-bromo-3,4-dimethylacetophenone (0.799 g, 3.520 mmol) and 4,5-dimethyl-1,2-
phenylenediamine (0.528 g, 3.870 mmol) were heated to reflux in ethanol (10 mL) for
24 h in an inert nitrogen atmosphere. The mixture was then filtered under reduced
pressure and washed with a small amount of ethanol and hexane. Yield = 0.374 g, 41
%. "H NMR (400 MHz, CDCl3) 81 = 9.20 (s, 1H), 7.97 (d, *JhH = 0.9 Hz, 1H), 7.90 (s,
1H), 7.88 (dd, 3JhH = 7.8, *hn 1.7 Hz, 1H), 7.84 (s, 1H), 7.31 (d, 3JhH = 7.8 Hz, 1H),
2.51 (overlapping, 6H), 2.40 (s, 3H), 2.36 (s, 3H) ppm. '*C{'H} NMR (101 MHz, CDCls)
oc=142.7, 140.8, 139.0, 137.7, 134.9, 130.5, 128.8, 128.7, 128.3, 125.0, 20.6, 20.5,
20.2, 19.9 ppm. FTIR (solid, cm™) (ATR) vmax: 2972, 2945, 2907, 1628, 1605, 1570,
1528, 1483, 1447, 1362, 1317, 1283, 1234, 1209, 1121, 1053, 1022, 1003, 991, 964,
943, 885, 862, 837, 794, 737, 716, 637, 623, 546, 488, 442, 428. UV-vis (MeCN): Amax
(e x 10*/L mol'" cm™) 214 (4.5), 265 (3.3), 348 (1.8) nm. HR MS (El+): m/z calc'd
262.1470 for C1sH1sN2; found 262.1465 [M+H]*.

Synthesis of 2-(3,4-dimethylphenyl)-6, 7-difluoroquinoxaline (LH?)

As with LH?, but using 2-bromo-3,4-dimethylacetophenone (0.998 g, 4.395 mmol) and
4 5-difluoro-1,2-phenylenediamine (760 mg, 1.2 eq, 5.274 mmol) to give the product
as an off-white solid. Yield =0.593 g, 50 %. 'H NMR (400 MHz, CDCI3) &+ = 9.27 (s,
1H), 7.96 (d, *Jun = 0.6 Hz, 1H), 7.88 (dd, 3UhF = 7.9, “JkF = 5.5 Hz, 2H), 7.86 — 7.81
(m, 1H), 7.32 (d, 3JhH = 7.9 Hz, 1H), 2.40 (s, 3H), 2.37 (s, 3H) ppm. 8C{'H} NMR (101
MHz, CDCI3) &¢c = 152.4 (d, ?Jcr = 3.1 Hz), 145.7 (d, ?Jcr = 3.2 Hz), 139.9, 137.9,
133.9, 130.7, 128.7, 125.1, 115.2 (dd, 2Jor = 17.2 Hz, 3Jcr = 1.6 Hz), 115.0 (dd, 2JcF =
17.2 Hz, 3Jcr = 1.6 Hz), 20.2, 20.0 ppm.'"®F{'H} NMR (376 MHz, CDCI3) dF = -129.8
(d, 3JrF = 20 Hz), -131.0 (d, 3Jrr = 20 Hz) ppm. FTIR (solid, cm™) (ATR) vmax : 3067,
2978, 2922, 1636, 1609, 1545, 1493, 1449, 1433, 1385, 1350, 1315, 1283, 1225,
1167, 1165, 1128, 1051, 1016, 988, 968, 926, 880, 862, 835, 752, 731, 710, 650, 613,
602, 546, 492, 463, 440. UV-vis (MeCN): Amax (¢ x 10*/L mol' cm™) 213 (5.5), 256
(2.9), 343 (1.9) nm. HR MS (El+): m/z calc’d 270.0969 for C1sH12F2N2; found 270.0970
[M+H]*.

Synthesis of 2-(3,4-difluorophenyl)-6,7-dimethylquinoxaline (LH®)
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As with LH', but using 2-bromo-3,4-difluoroacetophenone (0.311 g, 1.320 mmol) and
4,5-dimethyl-1,2-phenylenediamine (0.216 g, 1.2 eq, 1.586 mmol) to give the product
as a pale yellow solid. Yield = 0.209 g, 58 %. 'H NMR (400 MHz, CDCl3) &1 = 9.17
(s, 1H), 8.07 (ddd, 3hH = 11.4, *JkF = 7.7, *dhn = 2.2 Hz, 1H), 7.93 — 7.89 (m, 1H),
7.89 (s, 1H), 7.86 (s, 1H), 7.37 — 7.30 (m, 1H), 2.52 (overlapping, 6H) ppm. 3C{'H}
NMR (101 MHz, CDCls3) ¢ = 141.8, 141.5, 141.3, 140.9, 128.8, 128. 4, 124.0 — 123.3
(m), 117.7 (dd, 'Jcr = 151.8 Hz, 2Jor = 17.0 Hz), 117.4 (dd, 'Jor = 139.6, 2JcF = 17.7
Hz) 20.5, 20.4 ppm. "®F{'H} NMR (376 MHz, CDCI3) &F = -135.8 (d, 3Jrr = 21 Hz), -
136.4 (d, 3JrF = 21 Hz) ppm. FTIR (solid, cm™) (ATR) vmax: 3040, 2978, 2355, 1616,
1604, 1520, 1518, 1487, 1472, 1442, 1369, 1364, 1323, 1290, 1273, 1254, 1213,
1188, 1165, 1113, 1049, 1007, 1003, 976, 939, 897, 876, 829, 773, 710, 638, 583,
492, 457, 434. UV-vis (MeCN): Amax (¢ x 10*/L mol' cm") 203 (3.1), 262 (3.6), 340
(1.4) nm. HR MS (El+): m/z calc’d 270.0969 for C1sH12F2N2; found 270.0969 [M+H]*.

Synthesis of 2-(3,4-difluorophenyl)-6, 7-difluoroquinoxaline (LH*)

As with LH', but using 2-bromo-3,4-difluoroacetophenone (1.505¢g, 6.404 mmol) and
4 5-difluoro-1,2-phenylenediamine (0.923 g, 1.0 eq, 6.404 mmol) to give the product
as an off-white solid. Yield = 0.450 g, 25 %. '"H NMR (400 MHz, CDCl3) &1 = 9.25 (s,
1H), 8.08 (ddd, 3Jur = 11.2, 3UkH 7.6 Hz, *JkF 2.2 Hz, 1H), 7.95 — 7.90 (m, 1H), 7.87
(ddd, 3JnF = 10.2, 4UnF = 8.1 Hz, Suun = 2.0 Hz, 1H), 7.40 — 7.32 (m, 2H) ppm. "3C{'H}
NMR (101 MHz, CDCls) 8¢ = 154.6 — 153.4 (m), 153.0 — 150.7 (m), 150.0 — 149.8 (m),
142.8 (d, 3JcrF = 3.3 Hz), 140.0 — 138.6 (m), 133.4 (dd, 3Jcr = 5.8, “JcF= 3.9 Hz), 123.8
(dd, 3Jcr = 6.7, *Jor = 3.6 Hz), 117.6 (dd, "Jor = 145.8 Hz, 2Jcr = 18.3 Hz), 115.3 (dd,
2Jcr = 17.3 Hz, 3Jcr = 1.8 Hz), 115.1 (dd, 2Jcr = 17.3 Hz, 3Jcr = 1.9 Hz) ppm. "°F{'H}
NMR (376 MHz, CDCl3) &F = -128.6 (d, 3Jrr = 21 Hz), -129.3 (d, 3JFF = 21 Hz), -134.3
(d, 3Jrr = 21 Hz), -135.8 (d, 3Jrr = 21 Hz) ppm. FTIR (solid, cm™) (ATR) Vmax: 3042,
1636, 1609, 1508, 1476, 1445, 1410, 1350,1300, 1281, 1273, 1233, 1223, 1188, 1124,
968, 901, 889, 818, 779, 731, 706, 660, 611, 581, 494, 492, 451, 399. UV-vis (MeCN):
Amax (€ x 10%/L mol'cm™) 207 (3.6), 253 (2.5), 334 (1.4) nm. HR MS (El+): m/z calc'd
278.0467 for C14aHsF4N2; found 278.0470 [M+H]".

Synthesis of 2-(4-fluorophenyl)-6, 7-dimethylquinoxaline (LH®)
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As with LH', but using 2-bromo-4-fluoroacetophenone (1.00 g, 4.61 mmol) and 4,5-
dimethyl-1,2-phenylenediamine (753 mg, 1.2 eq, 5.53 mmol) to give the product as a
yellow solid. Yield = 0.58 g, 50 %. 'H NMR (400 MHz, de-acetone) d1 = 9.38 (s, 1H),
8.42 — 8.36 (m, 2H), 7.87 (s, 1H), 7.85 (s, 1H), 7.39 — 7.33 (m, 2H), 2.53 (s, 3H), 2.52
(s, 3H) ppm. 3C{'H} NMR (101 MHz, CDCl3) &¢c = 164.2 (d, 'Jcr = 250.2 Hz), 150.2,
142.2,141.3,141.2, 140.6, 140.5, 133.5, 129.5 (d, 3JcF = 8.5 Hz), 128.7, 128.3, 116.3
(?Jcr = 21.8 Hz), 20.61, 20.57 ppm. "*F{'H} NMR (376 MHz, CDClI3) &F = -111.2 (s).
FTIR (solid, cm™) (ATR) vmax: 1653 (C=N stretch), 1624 (C=N stretch), 1599, 1535,
1514, 1487, 1441, 1375, 1329, 1315, 1283, 1211, 1161, 1107, 1047, 1020, 1005,
1001, 951, 935, 887, 868, 843, 814, 795, 739, 729, 723, 675, 638, 628, 611, 594, 552,
513, 488, 457, 434, 419. UV-vis (MeCN): Amax (¢ x 10*/L mol' cm") 200 (2.9), 258
(3.3), 338 (1.3) nm. HR MS (El+): m/z calc’d 252.1063 for C16H13FN2; found 252.1063
[M+H]*.

Synthesis of 6, 7-difluoro-2-(4-fluorophenyl)quinoxaline (LH?)

As with LH', but using 2-bromo-4-fluoroacetophenone (1.00 g, 4.61 mmol) and 4,5-
difluoro-1,2-phenylenediamine (0.797 g, 1.2 eq, 5.53 mmol). The product was isolated
as an off-white solid. Yield = 0.462 g, 39 %. '"H NMR (400 MHz, CDCI3) &1 = 9.29 (s,
1H), 8.24 — 8.17 (m, 2H), 7.93 — 7.85 (m, 2H), 7.34 — 7.23 (m, 2H) ppm. *C{'H} NMR
(101 MHz, CDCl3) dc = 164.6 (d, "Jcr = 251.6 Hz), 154.3 — 153.3 (m), 151.1, 143.2 (d,
8Jcr = 3.1 Hz), 140.0 — 138.9 (m), 132.5, 129.7 (d, 3Jcr = 8.6 Hz), 116.6 (d, 2JcF = 21.9
Hz), 115.3 (dd, 2JcF = 17.3, 3Jcr = 1.7 Hz), 115.1 (dd, ?Jcr = 17.4, 3Jcr = 2.0 Hz) ppm.
°F{'H} NMR (376 MHz, CDCl3) & = -109.8 (s), -129.2 (d, 3Jrr = 21 Hz), -130.1 (d,
3Jrr = 21 Hz) ppm. FTIR (solid, cm™) (ATR) vmax: 3042, 1632, 1603, 1501, 1441, 1440,
1350, 1310, 1300, 1285, 1223, 1204, 1175, 1155, 1132, 1103, 1040, 1011, 955, 924,
885, 876, 868, 831, 787, 756, 731, 718, 650, 642, 608, 579, 509, 488, 451, 442. UV-
vis (MeCN): Amax (€ x 10*/L mol''cm™") 202 (3.4), 249 (2.1), 330 (1.2) nm. HR MS (El+):
m/z calc’d 261.0640 for C14H7F3N2; found 261.0641 [M+H]*.

Synthesis of 2-(3,4,5-fluorophenyl)quinoxaline (LHE)

As with LH', but using 2-bromo-3,4,5-fluoroacetophenone (1.146 g, 4.530 mmol) and
1,2-phenylenediamine (0.588 g, 1.2 eq, 5.44 mmol). The product was isolated as pale
yellow crystals. Yield = 0.500 g, 42 %. "H NMR (500 MHz, CDCIz) & 9.24 (s, 1H), 8.18
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—8.09 (m, 2H), 7.92 — 7.85 (m, 2H), 7.84 — 7.77 (m, 2H) ppm. 3C NMR (126 MHz,
CDCIl3) & 152.0 (ddd, "Jor = 250.9, 2Jcr = 10.2, 3Jor = 4.0 Hz), 149.5 - 148.3 (m), 141.4
(dt, 'Jcr = 256.7, 2Jcr = 15.4 Hz), 142.3, 142.1 (d, 3Jor = 5.6 Hz), 132.9 (dd, 3JcF = 7.5,
4Jcr = 4.5 Hz), 131.0, 130.6, 129.8, 129.4, 118.8 (dd, 2Jcr = 17.1, 3Jcr = 5.5 Hz) ppm.
F NMR (376 MHz, CDCI3) &F = -132.6 (d, 3Jrr = 20 Hz), -157.5 (t, 3JrF = 20 Hz) ppm.
FTIR (solid, cm™) (ATR) vmax: 2082, 1532, 1494, 1437, 1420, 1366, 1325, 1248, 1207,
1131, 1055, 1042, 978, 918, 891, 880, 775, 772, 749, 707, 694, 638, 618, 578, 530,
452, 444, 431. UV-vis (MeCN): Amax (¢ x 10*/L mol' cm™") 208 (1.42), 258 (2.5), 333
(1.0) nm. HR MS (ES*): m/z calc’d 261.0640 for C14H7FsNz; found 261.0647 [M+H]*.

Synthesis of 6,7-dimethyl-2-(3,4,5-fluorophenyl)quinoxaline (LH°)

As with LH', but using 2-bromo-3,4,5-fluoroacetophenone (0.947 g, 3.743 mmol) and
4,5-dimethyl-1,2-phenylenediamine (0.612 g, 1.2 eq, 4.49 mmol). The product was
isolated as an off-white solid. Yield = 0.508 g, 47 %. '"H NMR (500 MHz, CDCl3) 8 9.13
(s, 1H), 7.90 — 7.80 (m, 4H), 2.52 (overlapping s, 6H) ppm. 3C{'H} NMR (126 MHz,
CDCIl3) 6 151.9 (ddd, "Jor = 250.7, 2Jcr = 10.1, 3Jor = 3.8 Hz), 147.7 — 147.5 (m), 141.8
—141.1 (m), 133.4 — 133.2 (m), 128.8, 128.3, 111.6 (dd, ?Jcr = 17.3, 3JcF = 5.5 Hz),
20.6 (overlapping) ppm. "*F{"H} NMR (376 MHz, CDCI3) &F = -132.9 (d, 3JFF = 21 Hz),
-158.2 (t, SJrr = 21 Hz) ppm. FTIR (solid, cm™) (ATR) vmax: 2091, 1624, 1604, 1528,
1488, 1449, 1444, 1400, 1361, 1332, 1256, 1243, 1203, 1165, 1058, 1046, 1039,
1022, 1002, 979, 893, 887, 875, 764, 737, 705, 697, 643, 638, 558, 492, 463, 463,
458, 442, 434, 420. UV-vis (MeCN): Amax (€ x 10%/L mol' cm™) 211 (1.3), 263 (3.2),
342 (1.2) nm. HR MS (ES+): m/z calc’'d 289.0953 for C14H7F3N2; found 289.0951
[M+H]*.

Synthesis of 6, 7-difluoro-2-(3,4,5-fluorophenyl)quinoxaline (LH®)

As with LH', but using 2-bromo-3,4,5-fluoroacetophenone (1.453 g, 5.743 mmol) and
4 5-difluoro-1,2-phenylenediamine (0.993 g, 1.2 eq, 6.891 mmol). The product was
isolated as a pale yellow solid. Yield = 0.551 g, 38 %. '"H NMR (500 MHz, CDCl3) d
9.20 (s, 1H), 7.91 — 7.79 (m, 4H) ppm. '3C NMR (126 MHz, CDCl3) & 152.0 (ddd, 'JcF
=251.8, 2Jcr=10.2, 3Jor = 4.0 Hz), 153.2 (dd, 'Jcr = 256.1, 2JcF = 13.6 Hz), 152.8 (dd,
1Jcr = 257.8, 2JcF = 15.4 Hz), 148.9 — 148.5 (m), 141.6 (dt, '"Jor = 257.5, 2JcF = 15.4
Hz), 142.3 (d, 3Jor = 3.2 Hz), 132.3 (td, 3Jcr = 7.5, *JcF = 4.5 Hz), 115.3 (dd, 2JcF =
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17.3, 3Jor = 1.8 Hz), 115.1 (dd, 2Jcr = 17.4, 3Jcr = 1.9 Hz) ppm. 'SF{'H} NMR (376
MHz, CDCl3) &F =-128.1 (d, 3Jrr = 21 Hz), -128.5 (d, 3JFr = 21 Hz), -132.3 (d, 3JFF =
21 Hz), -156.7 (dd, 3Jrr = 21 Hz) ppm. FTIR (solid, cm™) (ATR) vmax: 2985, 1629, 1606,
1536, 1503, 1484, 1457, 1412, 1379, 1370, 1354, 1259, 1232, 1218, 1211, 1197,
1187, 1167, 1059, 1044, 985, 944, 937, 886, 877, 868, 843, 776, 746, 710, 692, 678,
639, 630, 611, 587, 532, 512, 496, 463, 446, 435. UV-vis (MeCN): Amax (€ x 104/L mol-
Tem™) 208 (2.2), 253 (2.1), 334 (1.2) nm. HR MS (ES+): m/z calc’'d 297.0451 for
C14H7F3N2z ; found 297.0454 [M+H]".

Synthesis of the Ir(lll) Complexes

Synthesis of Ir(lll) u-chloro bridged dimers:

The chloride-bridged dimer precursors of [(L")2Ir(u-Cl)2lr(L")2] were synthesized by the
Nonoyama route.?® Hydrated IrCls and LH" (2.0 eq, 0.881 mmol) dissolved in 2-
methoxyethanol and distilled water (3:1) (20 mL) and the mixture was heated to reflux
under a nitrogen atmosphere whilst stirring for 48 h. The reaction mixture was then
cooled to room temperature and precipitates formed upon addition of water (30 mL).
The solids were collected by filtration under reduced pressure, washed with water and
a small amount of ethanol, to give the crude products as orange solids, which were
used in subsequent steps without further purification or characterization.

Preparation of [Ir(L")2(bipy)]PFs

Upon cooling, saturated NH4PFs solution was added, and the product precipitated as
the PFs salt. The product was purified by silica gel column chromatography (DCM /
MeOH, 95:5), collecting the first red band that eluted. The solvent was removed in
vacuo and then product dissolved in a minimum amount of DCM and recrystallized
with diethyl ether. The product was filtered under reduced pressure and dried in an
oven overnight to give a red solid. Yield = 0.023 g, 10 %. 'H NMR (500 MHz, CDCls)
OH = 9.36 (s, 2H), 8.53 (d, 3JHH = 6.8 Hz, 2H), 8.10-8.05 (m, 2H), 8.01 (d, 3JnH = 4.9
Hz, 2H), 7.75 (s, 2H), 7.40-7.45 (m, 4H), 6.70 (s, 2H), 6.14 (s, 2H), 2.33 (s, 6H), 2.27
(s, 6H), 1.95 (s, 6H), 1.75 (s, 6H) ppm. 3C{'H} NMR (126 MHz, CDCl3) &c = 162.2,
155.9, 148.9, 147.9, 143.2, 141.8, 141.4, 140.9, 140.8, 140.5, 140.3, 139.6, 135.1,
131.9, 129.8, 128.7, 127.8, 125.5, 123.0, 20.4, 20.3, 19.8, 19.7 ppm. FTIR (solid, cm-
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) (ATR) vmax: 1597, 1518, 1447,1342, 1314, 1281, 1215, 1148, 1074, 1005, 835, 768,
662, 640, 556, 442, 426, 417, 403 cm™. UV-vis (MeCN): Amax (€ x 104/ L mol-! cm™)
267 (3.5), 293 (3.1), 378 (1.7), 485 (0.4) nm. HRMS m/z calcd 871.3100 for
CaeH42N6'?Ir; found 871.3391 [M — PFg]*.

Preparation of [Ir(L?)z(bipy)]PFs:

Prepared as for [Ir(L")2(bipy)]PFs but using [(L%)2Ir(u-Cl)2Ir(L4)2] (0.040 g, 0.026 mmol)
and 2,2’-bipyridine (0.009 g, 2.2 eq, 0.057 mmol) to yield a red solid (0.010 g, 19 %).
"H NMR (500 MHz, CDCls) dx 9.46 (s, 2H), 8.52 (d, J = 8.1 Hz, 2H), 8.15 - 8.11 (m,
4H), 8.00 — 7.98 (m, 2H), 7.92 (s, 2H), 7.84 (dd, J = 9.3, 8.3 Hz, 2H), 7.54 (ddd, J =
7.6, 5.5, 1.2 Hz, 2H), 6.73 (dd, J = 11.8, 7.5 Hz, 2H), 6.12 (s, 2H), 2.29 (s, 6H), 1.99
(s, 6H) ppm. "®F{'H} NMR (376 MHz, CDCl3) &F -72.6 (d, 'Jrp = 711 Hz), -123.8 (d,
8JrF = 22 Hz), -128.6 (d, 3Jrr = 22 Hz) ppm. 3C{'H} NMR (101 MHz, (CD3)2CO) &
156.7, 150.7, 149.7, 145.1, 143.6, 141.8, 141.4, 136.1, 133.0, 130.3, 130.1, 126.0,
111.6, 20.1, 19.5 ppm. UV-vis (MeCN): Amax (€ x 10*/ L mol'cm') 266 (3.6), 292 (3.1),
373 (2.1), 518 (0.4) nm. HRMS (El+): m/z calc'd 885.2074 for CazH3oNsF4'%Ir; found
885.2098 [M — PFe]*.

Preparation of [Ir(L%)2(bipy)]PFs:

Prepared as for [Ir(L1)2(bipy)]PFe but using [(L®)2Ir(u-Cl)2Ir(L3)2] (0.1 g, 0.0743 mmol)
and 2,2’-bipyridine (0.029 g, 2.2 eq, 0.16 mmol). Yield = 0.04 g, 34 %. 'H NMR (400
MHz, CDsCN) 81 = 9.43 (s, 2H), 8.39 (d, J = 8.4 Hz, 2H), 8.13 (dd, J = 8.7, 5.4 Hz,
2H), 8.01 (dd, J = 8.1, 4.8 Hz, 2H), 7.94 (d, J = 5.7 Hz, 2H), 7.56 (app. t, J = 7.8 Hz,
2H), 7.45 — 7.40 (m, 2H), 7.13 (d, J = 4.9 Hz, 2H), 7.13 — 7.08 (m, 2H), 6.92 (dd, J =
9.8, 7.3 Hz, 2H), 6.88 (d, J = 9.3 Hz, 2H), 5.98 (dd, J = 9.0, 2.3 Hz, 2H) ppm. 1°F{H}
NMR (376 MHz, CDCls) &F = -73.4 (d, 'Jre = 720 Hz), -103.6 (s) ppm. UV-vis (MeCN):
Amax (€ x 10%/ L mol* cm") 460 sh (0.2), 359 (0.7), 288 (2.4), 249 (2.7). HR MS (El+):
m/z calc’d 793.1636 for CagH24NeF2'%3Ir; found 793.1649 [M — PFe]*.

Preparation of [Ir(L6)2(bipy)]PFé:

Prepared as for [Ir(L')2(bipy)]PFs but using [(L8)2lr(u-Cl)21r(L®)2] (0.320 g, 0.219 mmol)
and 2,2-bipyridine (0.075 g, 2.2 eq, 0.482 mmol). Yield = 0.027 g, 16 %. 'H NMR (400
MHz, CDsCN) 81 = 9.50 (s, 2H), 8.32 (dd, 3JnF = 8.7, 3 5.6 Hz, 2H), 8.25 (d, 3k =
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8.2 Hz, 2H), 8.15 (d, 3k = 5.7 Hz, 2H), 8.02 — 8.07 (m, 2H), 7.79 (s, 2H), 7.53 — 7.58
(m, 2H), 7.05 — 6.99 (m, 2H), 6.78 (s, 2H), 6.21 — 6.16 (m, 2H), 2.31 (s, 6H), 1.76 (s,
6H) ppm. 3C{'H} NMR (101 MHz, CD3CN) 8¢ = 156.5, 150.4, 143.8, 142.2, 142.0,
141.2,130.6, 130.0, 125.6, 124.0, 20.3, 19.7 ppm. *F{'H} NMR (376 MHz, CDCl3) &F
— -73.6 (d, 'Urp = 720 Hz), -104.9 (s) ppm. FTIR (solid, cm™) (ATR) Vimax: 1587, 1566,
1526, 1445, 1341, 1258, 1196, 1123, 1065, 851, 810, 775, 735, 656, 557, 459, 446,
409. UV-vis (MeCN): Amax (€ x 10*/ L mol"' cm™') 286 (4.9), 372 (2.4), 450 (0.7) nm. HR
MS (El+): m/z calc’'d 849.2263 for CazHazNsF21%3Ir; found 849.2287 [M — PFe]*.

Preparation of [Ir(L?)2(bipy)]PFé:

Prepared as for [Ir(L")2(bipy)]PFs but using [(L7)2lr(u-Cl)21r(L7)2] (0.093 g, 0.062 mmol)
and 2,2-bipyridine (0.021 g, 2.2 eq, 0.014 mmol). Yield = 0.026 g, 21 %. 'H NMR (500
MHz, CD3CN) & 9.59 (s, 2H), 8.38 (dd, J = 8.8, 5.6 Hz, 2H), 8.28 (d, J = 8.1 Hz, 2H),
8.13 — 8.03 (m, 4H), 7.94 (dd, J = 10.3, 8.4 Hz, 2H), 7.56 (dd, J = 7.1, 6.0 Hz, 2H),
7.12 — 6.98 (m, 2H), 6.80 (dd, J = 12.4, 7.8 Hz, 2H), 6.28 (dd, J = 9.5, 2.5 Hz, 2H)
ppm. *C{'H} NMR (101 MHz, CD3sCN) &c = 165.7 (d, 'Jcr = 257.5 Hz), 164.4 (d, 3JcF
= 2.6 Hz), 156.8, 156.1 (d, 2JcF = 7.3 Hz), 150.3, 145.6 (d, 3Jcr = 3.1 Hz), 141.7, 141.0
(d, 3Jcr= 1.0 Hz), 140.9, 140.0 — 139.2 (m), 132.6, 132.5, 130.5, 126.5, 121.8 (d, 2JcF
= 19.0 Hz), 112.8 (d, 2Jcr = 23.7 Hz), 112.12 (d, 2Jcr = 22.7 Hz) ppm. '°F NMR (376
MHz, CD3CN) & -73.0 (d, 'Jrp = 720 Hz), -106.5 (s), -128.57 (d, 3Jrr = 22 Hz), -133.1
(d, 3Jrr = 22 Hz) ppm. FTIR (solid, cm™') (ATR) vmax: 1588, 1570, 1534, 1509, 1448,
1353, 1262, 1232, 1202, 1165, 1126, 1065, 1031, 835, 817, 765, 738, 669, 628, 556,
447, 418. UV-vis (MeCN): Amax (€ x 104/ L mol' cm'") 206 (4.8), 259 (2.9), 284 (2.5),
362 (1.6), 449 (0.4) nm. HR MS (ES+): m/z calc’d 867.1283 for C5gH,NgFg'%Ir; found

867.1292 [M — PFe]*.

Preparation of [Ir(L8)2(bipy)]PFs:

Prepared as for [Ir(L")2(bipy)]PFs but using [(L8)2Ir(u-Cl)2Ir(L8)2] (0.216 g, 0.145 mmol)
and 2,2’-bipyridine (0.050 g, 2.2 eq, 0.319 mmol). Yield = 0.054 g, 37 %. '"H NMR (500
MHz, (CD3)2CO) &H = 9.74 (s, 2H), 8.53 (dd, 3JuH = 5.6, *Jnx 0.8 Hz, 2H), 8.45 (ddd, J
= 10.8, 6.6, 1.6 Hz, 2H), 8.33 (d, J = 8.1 Hz, 2H), 8.20 — 8.10 (m, 2H), 7.92 (dd, J =
8.3, 1.1 Hz, 2H), 7.75-7.65 (m, 2H), 7.58 (ddd, J = 7.6, 5.6, 1.3 Hz, 2H), 7.20 — 7.10
(m, 4H) ppm. "°F{'H} NMR (376 MHz, CDCl3) & = -73.0 (d, 'Jrp = 720 Hz), -127.1 (dd,
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Jrr = 22, 6 Hz), -142.2 (dd, JrF = 22, 6 Hz), -156.0 — -156.2 (m) ppm. FTIR (solid, cm-
1) (ATR) vmax : 1705, 1628, 1604, 1539, 1478, 1469, 1417, 1367, 1298, 1200, 1141,
1137, 1045, 830, 677, 737, 674, 639, 556. UV-vis (MeCN): Amax (€ x 10%/L mol' cm)
208 (2.4), 241 (1.8), 283 (1.9), 357 (1.1), 370 (1.1), 442 (0.2) nm. HR MS (ES+): m/z
calc’'d 867.1283 for CasHzoNsFs'®Ir; found 867.1296 [M — PFe]*.

Preparation of [Ir(L°)2(bipy)]PFé:

Prepared as for [Ir(L")2(bipy)]PFs but using [(L®)zIr(u-Cl)2Ir(L%)2] (0.067 g, 0.042 mmol)
and 2,2-bipyridine (0.014 g, 2.2 eq, 0.092 mmol). Yield = 0.013 g, 28 %. 'H NMR (500
MHz, CD3CN) 81 = 9.31 (s, 2H), 8.22 (dd, 3t = 5.6, *Jrr = 0.8 Hz, 2H), 8.08 (ddd, J
= 10.8, 6.6, 1.6 Hz, 2H), 8.03 (d, J = 8.0 Hz, 2H), 7.94 — 7.89 (m, 2H), 7.63 (s, 2H),
7.49 (ddd, J = 7.6, 5.6, 1.3 Hz, 2H), 6.69 (s, 2H), 2.17 (s, 3H), 1.67 (s, 3H) ppm. 13C
NMR (126 MHz, CD3CN) & 161.6, 156.4, 150.0, 144.6, 143.4, 142.7, 141.9, 141.7,
141.1,130.1, 130.1, 125.6, 124.2, 113.8 (dd, 2JcF = 18.8, 3Jcr = 3.2 Hz), 113.3, 113.2,
20.1, 19.6 ppm. 1°F{'H} NMR (376 MHz, CDsCN) & = -127.3 (dd, 3Jrr = 22.0, 4Jrr 5.5
Hz), -142.7 (dd, 3Jrr = 18.9, “Jrr = 5.5 Hz), -157.0 (dd, 3JrF = 21.9, 19.0 Hz) ppm. FTIR
(solid, cm™) (ATR) vmax : 1559, 1533, 1481, 1466, 1437, 1369, 1297, 1163, 1045, 1026,
911, 855, 850, 796, 780, 738, 704, 672, 556, 520, 484, 453. UV-vis (MeCN): Amax (€ x
104/ L mol' cm™) 239 (4.3), 284 (4.6), 363 (2.2), 379 (2.9), 439 (0.7) nm. HR MS
(ES+): m/z calc'd 923.1909 for Ca2H2sNsFs'%Ir; found 923.1918 [M — PFe]*.

Preparation of [Ir(L")(bipy)]PFs:

Prepared as for [Ir(L")2(bipy)]PFs but using [(L'%)2Ir(u-Cl)2Ir(L1%)2] (0.069 g, 0.422
mmol) and 2,2’-bipyridine (0.014 g, 2.2 eq, 0.093 mmol). Yield = 0.015 g, 34 %. 'H
NMR (500 MHz, (CD3)2CO) & 9.78 (s, 2H), 8.57 (dd, J = 5.6, 0.8 Hz, 2H), 8.55 — 8.45
(m, 4H), 8.22 — 8.15 (m, 2H), 7.93 (dd, J = 10.2, 8.4 Hz, 2H), 7.73 (ddd, J = 7.6, 5.6,
1.3 Hz, 2H), 6.98 (dd, J = 12.2, 7.7 Hz, 2H) ppm. '°F{'H} NMR (376 MHz, (CD3)2CO)
OF = -72.5 (d, "Jrp = 740 Hz), -126.93 (dd, 3Jrr = 22.3, *Jrr = 5.7 Hz), -127.86 (d, 3JFr
=21.7 Hz), -131.44 (d, 3Jrr= 21.7 Hz), -141.70 (dd, 3Jrr = 19.2, *“Jrr= 5.7 Hz), -154.43
—-155.35 (m) ppm. FTIR (solid, cm™) (ATR) vmax: 2945, 1732, 1541, 1495, 1470, 1443,
1404, 1373, 1250, 1234, 1202, 1165, 1045, 1007, 837, 766, 673, 625, 557, 442, 419.
UV-vis (MeCN): Amax (€ x 104/ L mol cm™) 208 (2.7), 239 (1.8), 280 (1.6), 360 (1.0),
372 (1.0), 440 (0.2) nm. HR MS (ES+): m/z calc’d 939.0906 for CasH1sNsF10'93Ir; found
939.0911 [M — PFg]*.
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Associated Content

CCDC2090298-2090301 contains supplementary X-ray crystallographic data for
[Ir(L")2(bipy)]PFs,  [Ir(L2)2(bipy)]PFs, [Ir(L%)2(bipy)]PFs and [lr(L®)2(bipy)]PFe
respectively. This data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the  Cambridge
Crystallographic Data Centre, Union Road, Cambridge, CB2 1EZ; fax(+44) 1223-336-
033 or email: deposit@ccdc.cam.ac.uk.
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Acetophenones

2- Phenquumoxulmes

Yellow-to-deep red

R Iumophores

Cationic iridium(lll) complexes that
incorporate cyclometalated, polysubstituted
2-phenylquinoxaline ligands demonstrate
tuneable emission in the yellow-orange-red
region of the visible spectrum.
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