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Iridium(i) N-heterocyclic carbene complexes: an
experimental and theoretical study of structural,
spectroscopic, electrochemical and
electrogenerated chemiluminescence properties+

Gregory J. Barbante,? Egan H. Doeven,® Paul S. Francis,® Bradley D. Stringer,®
Conor F. Hogan,*® Peyman R. Kheradmand,® David J. D. Wilson® and
Peter J. Barnard*®

Four cationic heteroleptic iridium(i) complexes have been prepared from methyl- or benzyl-substituted
chelating imidazolylidene or benzimidazolylidene ligands using a Ag(l) transmetallation protocol. The syn-
thesised iridium(i) complexes were characterised by elemental analysis, *H and **C NMR spectroscopy
and the molecular structures for three complexes were determined by single crystal X-ray diffraction.
A combined theoretical and experimental investigation into the spectroscopic and electrochemical pro-
perties of the series was performed in order to gain understanding into the factors influencing photo-
luminescence and electrochemiluminescence efficiency for these complexes, with the results compared
with those of similar NHC complexes of iridium and ruthenium. The NAC coordination mode in these
complexes is thought to stabilise thermally accessible non-emissive states relative to the case with
analogous complexes with CAC coordinated NHC ligands, resulting in low quantum yields. As a result
of this and the instability of the oxidised and reduced forms of the complexes, the electrogenerated
chemiluminescence intensities for the compounds are also low, despite favourable energetics. These
studies provide valuable insights into the factors that must be considered when designing new NHC-

www.rsc.org/dalton based luminescent complexes.

Introduction

Providing a versatile synthetic framework and fine control of
electronic properties, N-heterocyclic carbenes (NHC) are emer-
ging as a useful option for the development of novel lumines-
cent materials."™* In recent years, luminescent complexes of
metals such as Cu(1),”® Ag(1),”® Au(1),”*™* Ni(u),"* Pd(u),"*"*
Pt(n),"™" Ir(m),"* 2" Ru(n),”>>” 0s(u),*® Re(1),>**° Zr(v),** and
Hf(1v),*" incorporating NHC ligands have been devised for a
wide range of fundamental investigations, photoluminescence
applications and light-emitting devices. Similarly, NHC
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ligands have recently been exploited to manipulate the electro-
chemical and spectroscopic properties of metal complexes for
electrogenerated chemiluminescence (also known as electro-
chemiluminescence or ECL).>***%*% In a typical ECL reaction,
the complex is electrochemically oxidised before receiving an
electron from a strong reductant to generate its electronically
excited state.**™**

ECL can be separated into two operational modes that are
distinguished by the source of the reductant; in annihilation
ECL it is derived from electrochemical reduction of the metal
complex itself, whereas in co-reactant ECL it is formed by the
concurrent oxidation of a sacrificial reagent such as tri-n-propyl-
amine (TPA). While the latter is important for the develop-
ment highly sensitive analytical applications, the importance
of the former lies in the insights that can be gained into the
design and operation of light emitting devices (LEDs), in par-
ticular light emitting electrochemical cells (LECs). Control of
the electronic properties of each ligand of a complex allows
tuning of not only the energetics of the reactions required to
generate the excited species, but also the emission colour.
This is of great interest for the development of mixed metal-
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complex ECL systems™*™® for multiplexed analysis in the case
of co-reactant ECL; or for colour tuneable LEDs in the case of
annihilation ECL.

We have previously examined the electrochemical, photo-
luminescence and ECL properties of four Ru(i) complexes that
each contain two bipyridine (bpy) ligands and a pyridine-
functionalised imidazoylidene- or benzimidazolylidene-NHC
ligand (5-8 in Scheme 1a).*> Compared to the benchmark ECL
emitter [Ru(bpy)s]**, annihilation ECL intensities of the four
Ru(u) complexes ranged between 7% and 95%. Moreover, the
imidazoylidene-NHC analogues exhibited a bathochromic shift
(8-13 nm) due to destabilisation of the metal-based highest
occupied molecular orbital (HOMO) with only minor destabili-
sation of the bpy ligand-based lowest unoccupied molecular
orbital (LUMO). In contrast, the complexes containing a benz-
imidazolylidene-NHC were hypsochromically shifted (7-12 nm)
due to HOMO stabilisation (with little or no effect on the
LUMO), in which case it was concluded that n-back bonding
mitigated the typically strong c-donation of NHCs. Park and
reported a wider spread of emissions (from
greenish-yellow to red) in the annihilation and co-reactant ECL
of three Ru(un) complexes bearing tridentate NHC ligands

co-workers?®

12:R=H
13:R=CH,
14: R = OCH,
15:R=Cl
16:R=F

(d)

Ir ‘©

% N‘@ 3:R=CH,

4:R=Bn
Scheme 1 (a—c) Representative Ru(i) and Ir() complexes incorporating
NHC ligands that have been previously examined for their ECL
activity.2®%233 (d) The Ir(in) complexes examined in this study.
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(9-11, Scheme 1b), but their ECL intensities were not com-
pared to [Ru(bpy)s]**

We also recently reported the ECL properties of five Ir(i)
complexes that each contained two cyclometalated 2-(phenyl)-
pyridine (ppy) ligands and a 2,4-disubstituted phenyl-imid-
azoylidene NHC ligand (12-16, Scheme 1c).** The addition of
electron withdrawing halogen substituents on the phenyl ring
of the NHC ligand alone shifted the emission maxima from
532 nm to 524 nm (Cl) or 490 nm (F), which was predomi-
nantly attributed to their stabilising inductive effects on the
substantially metal-based HOMO, compared to the ppy-based
LUMO. In contrast, resonance electron-donation of the
methoxy substituents was not significant due to its meta posi-
tion. Reasonably intense annihilation ECL was observed from
each of the Ir(m) complexes, but only the difluoro derivative
produced significant ECL via the co-reactant pathway.** These
findings, in conjunction with other ECL investigations,”” led
us to propose a plot of oxidation potential versus emission
colour as a convenient guide to the energy sufficiency of novel
metal complexes for co-reactant ECL. Herein, we report the
first examination of ECL with Ir(m) complexes containing a
pyridyl-imidazoylidene- or pyridyl-benzimidazolylidene-NHC
ligand (1-4, Scheme 1d). This not only provides new insight
into the potential application of NHC ligands in ECL systems,
but also aptly illustrates the additional factors apart from ener-
getics that must be considered, when using an oxidation
potential versus emission wavelength plot, as a predictor of co-
reactant ECL ability.

Results and discussion
Synthesis

The desired azolium salts I'I, II-Br, III-I and IV-Br (Scheme 2),
were prepared by heating either 1-(2-pyridyl)imidazole or 1-(2-
pyridyl)benzimidazole with the appropriate alkyl halide
(methyl iodide or benzyl bromide) in CH3;CN as has been
described previously.*

Formation of the [Ir(ppy).(C"N)]" complexes (where C*N is
a bidentate NHC ligand derived from the azolium salts I,
II-Br, III'I and IV-Br) was carried out using Ag(i) transmetalla-
tion utilising Ag,O and the dinuclear Ir(m) precursor com-
pound, [Ir(ppy),Cl],, in a 1:1 mixture of CH,Cl, and CH;0H
(Scheme 3).'® Initial attempts to synthesise the Ir(m) complexes

N
R

R X R X
I CHj | Il CH, |
Il CH,CgHs Br IV CH,CgHs Br

Scheme 2 Structures of the azolium salts I1, II-Br, lll-l and IV:Br.
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4 PFg IV.Br CH,CgHs 27.3%

Scheme 3 Synthesis of iridium(i) complexes 1:(PF¢)—4:(PF¢). Reagents
and conditions: (a) 1. azolium salt, Ag,O in a mixture of CH,Cl, and
CHsOH (1:1), 80 °C, 4 h; 2. [Ir(ppy)>Cll2, 17 h; 3. aq. KPFs.

utilising the hexafluorophosphate salts of the azolium cations,
resulted is very low yields (3-8%). In subsequent attempts the
halide salts of the azolium cations (I'I, II-Br, III'I and IX-Br)
were used and increased yield of the recrystallised Ir(ur) com-
plexes were obtained (20-54%).

Characterisation

The structure of the azolium salts and the [Ir(ppy),(C"N)]"
complexes were confirmed by "H and >C NMR spectroscopy
and in the case of the 1-PFg, 3-PF, and 4-PFg, by X-ray crystallo-
graphy. The predicted number of signals were obtained in the
"H and "*C spectra for the synthesised [Ir(ppy),(C*N)]" com-
plexes, consistent with the low symmetry structures (C; point
group). Fig. S1 and S27 show representative '"H and *C NMR
spectra for compounds 2-PFs and 3-PFs (ESIf). As expected,
upon coordination of the NHC unit, the signal for the azolium
salt procarbenic proton was lost from the "H NMR spectra and
a characteristic down-field chemical shift was observed for the
carbenic (NHC) carbon atom, occurring at 177.5, 178.7, 187.4
and 188.8 ppm for the *C spectra of complexes 1-PF¢—4-PF,
respectively. For complexes 3-PF¢ and 4-PFg, where the NHC is
substituted with a benzyl group, the protons of the methylene
linker are non-equivalent and a characteristic AX pattern
was observed. These methylene protons are enantiotopic and
non-equivalent as a result of the chirality associated with the
octahedral tris(bidentate) Ir(u) complexes (A and A).

Single crystals of the Ir(ur) complexes 1-PFs, 3-PFs and 4-PF,
were grown by slow evaporation of methanol solutions of each
compound. The structure of 1-PF, has been reported pre-
viously'® and is included here for the purpose of comparison.
The X-ray crystal structures of the Ir(m) cations 1', 3" and 4"
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Fig. 1 ORTEP®! representations of the X-ray crystal structures of the
Ir(m) cations: (a) 1*, (b) 3* and (c) 4*. The PFs~ anions have been omitted
for clarity. Thermal ellipsoids are shown at 40% probability. Labelled
according to cif files. Selected bond distances given in Table 1.

Table 1 Selected bond distances for compounds 1%, 3* and 4* from
X-ray crystallography®

Bond distance 1" 3" 4"

Ir-N1 2.140(5) 2.170(4) 2.147(2)
Ir-N2 2.050(4) 2.058(4) 2.050(2)
Ir-N3 2.044(5) 2.049(3) 2.035(2)
Ir-C1 2.075(5) 2.061(4) 2.046(2)
Ir-C2 2.007(5) 2.015(4) 2.009(2)
Ir-C3 2.051(5) 2.046(4) 2.053(2)

“For the purpose of comparison, a common labelling is used here that
differs slightly from Fig. 1 (cif file labelling).

are shown in Fig. 1, with selected bond distances collated in
Table 1 and crystal refinement data summarised in Table 2.
The molecular structures all display slightly distorted octa-
hedral coordination geometries (C; point group) around the
Ir(m) centres with two cyclometalating ppy ligands and the
bidentate NHC-pyridine unit. In each case the pyridine groups
of the cyclometallated ppy ligands are trans to each other,
while the ppy phenyl rings are cis to each other.

=
C3n, | “\\f@
v \ -N
C 7
Cz l 1N /

The Ir-Cyyyc (Ir-C1 in Table 1) bond distance for the imidazolyl-
idene containing complex (1') is 2.075(5) A, which is slightly
longer than 2.064 A from the crystal structure of Zhang et al.
for the same compound,'® and consistent with previously
reported iridium imidazolylidene complexes. For an analogous
complex of 1" with two cyclometalating 2-(2,4-difluorophenyl)-
pyridine ligands, the Ir-Cypc bond distance is 2.060(5) A.>°

This journal is © The Royal Society of Chemistry 2015
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Table 2 Electrochemical and ECL properties of 1-PFg—4-PFg, in comparison with [Ru(bpy)s1(PFg), and related Ru(i) and Ir(i) complexes containing

NHC ligands26-3233

Epe®  Ewd®™ AE ECL Amax  Rel. ECL Rel. ECL PL Ay, PLQuantum  Excited state

Group Complex (\%] \%) (\%] (nm) annihil. coreact. (nm) yield (¢pr) lifetime (ps)

[Ru(bpy);](PFs), 0.89 —1.75  2.64 618 100 100 0.087 0.850
[1r(ppy)2(NAC:)]* 1-PF, 0.76  —2.43  3.19 499 7.4 1.5 501 <0.005 0.034

2-PF¢ 0.80 -2.39 3.19 499 2.0 1.0 502 <0.005 0.033

3-PFg 0.92 -2.30 3.22 498 7.0 3.2 499 <0.005 0.030

4-PFg¢ 0.89 —-2.30 3.19 499 3.4 0.4 499 <0.005 0.026
[Ru(bpy),(N~C:)?*  5-(PFq), 0.85 —1.78  2.62 628 68 622 0.01

6-(PFe), 0.84 -1.78  2.63 633 95 629 0.021

7-(PF)s 0.90 -1.75 2.66 613 7 611 0.007

8:(PFs)s 0.92 -1.76 2.68 608 52 619 0.004
[Ru(:CAN~C:),]** 9.(PFq), 091 -1.84 275 613 563 0.013

10-(PF6)2 0.65 —-2.41 2.79 536 532 0.008

11-(PFy), 0.68 -1.96 2.64 631 584 0.0008
[Ir(ppy)»(CC2)] 12 0.24 —272 296 532 31 0 529 0.498 1.98

13 0.21 —-2.73 2.95 537 10 0 533 0.420 1.59

14 0.25 —-2.72 2.98 531 48 0 525 0.621 1.97

15 0.36 -2.61 2.97 524 17 0.1 507 0.683 2.03

16 0.66 —2.57 3.23 490 103 20 487 0.531 2.06

@ o or E values for reversible or irreversible peaks, as stated in original papers. In the case of 1-PFs-4-PF, the values are E taken at a scan rate

of 0.1V s~ (see Fig. 3a). ® Only first reduction potential listed.

Zhang et al.*® reported an Ir-Cyyc distance of 2.068(6) A for
a compound similar in structure to 2" (differs in having a
Nyuc-Ph rather than Nyyc-CH,Ph substituent). Slightly shorter
Ir-Cnuc bond distances have been reported for a homoleptic
Ir(m) complex of a cyclometalated imidazolylidene-based NHC
ligand (1.91 and 1.97 A)*® and a naphthyridine-functionalized
Ir(m)-NHC (1.93(1) A).*°

For the benzimidazolylidene-containing complexes the
Ir-Cnic bond distances are 2.061(4) and 2.046(2) A for 3" and
4", respectively, which are relatively consistent and also similar
to that determined for the imidazolylidene containing
complex 1'. Previously reported benzimidazolylidene-contain-
ing structures include a series of complexes closely related to
2" with a variety of cyclometalating 2-(phenyl)pyridine ligands,
with Ir-Cyyc bond distances in the range of 2.060(5) to
2.076(4) A.***° For a homoleptic Ir(u) complex of a cyclometa-
lated benzimidazolylidene-based NHC ligand (fac-Ir(pmb)s),
the average Ir-Cypc bond distance was 2.026(7) A.>?

A marked trans influence from the carbene is apparent,
with a significant elongation of the Ir-Cppy bond trans to the
Cnrc donor (2.051(5), 2.046(4) and 2.053(2) A for 1, 3" and 4%,
respectively) when compared to the other Ir-Cppy bond dis-
tances of 2.007(5), 2.015(4) and 2.009(2) A for 1%, 3" and 4",
respectively. The trans effect is observed in similar NHC-
containing iridium(m) complexes.'8 %43

Absorption spectroscopy

The absorption spectra of the complexes 1-PFs-4-PF, were
recorded in acetonitrile solutions at room temperature (Fig. 2a
and Table S7t). The absorption bands at high energy
(<340 nm) can be assigned to n—n* transitions involving the
co-ordinated heterocyclic ligands, whereas the weaker bands
(>340 nm) can be assigned to spin-allowed metal-to-ligand
charge-transfer (‘MLCT) transitions in addition to spin-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Absorption spectra and (b) photoluminescence emission
spectra (lex = 400 nm) of complexes 1-PFg (purple line), 2-PFg (red),
3-PF¢ (green) and 4-PF¢ (blue) at 10 uM and 1 uM, respectively, in aceto-
nitrile at room temperature.
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forbidden *MLCT transitions promoted by the strong spin-
orbit coupling of the heavy-atom metal centre.>**°

Photoluminescence spectroscopy

Complexes 1-PF¢-4-PF, each showed blue-green phosphores-
cent emission at room temperature in acetonitrile under deaer-
ated conditions. Despite the differences in the structure of the
NHC ligand, the photoluminescence spectra of 1.-PF.—4-PFg
(Fig. 2b) were quite similar, exhibiting maximum intensity at
499-502 nm, with a prominent shoulder or peak at ~470 nm
and a broad shoulder at ~540 nm. These emissions have much
more structure than those of the [Ru(bpy),(N*C:)]** complexes
containing pyridyl-imidazoylidene (Fig. 1a: 5-(PF¢), and
6-(PF¢),) or pyridyl-benzimidazolylidene-NHCs (7-(PF¢), and
8:(PFg),),>> or the [Ir(ppy).(C~C:)] complexes containing
phenyl-imidazoylidene-NHCs (Fig. 1c: 12-16),> which is
indicative of weak MLCT character and a pronounced LC n—n*
contribution.'®* The photoluminescence quantum yields of
the [Ir(ppy).(N~C:)]" complexes 1-PFe—4-PF, in acetonitrile
were all less than 1%, which is poor compared to the
[Ir(ppy)2(CAC:)] complexes 12-16 (42-68%),”> but close to
those of the [Ru(bpy),(N*C:)]** complexes 5-(PF4),~8-(PFq),
(0.4-2%).%* Similarly, Zhang et al.'® reported a low quantum
yield of 0.5% for complex 1-PFs in degassed acetonitrile at
room temperature, which was attributed to significant non-
radiative energy-transfer to solvent. Baranoff and co-workers’
reported a quantum yield of 0.6% for a complex that differed
from 3-PFs by a methyl group on the pyridyl ring of the
pyridylbenzimidazolylidene NHC ligand. The difference in
quantum yields between the C~C coordinated and N~C co-
ordinated iridium NHC complexes is striking. For example,
complexes 12 and 1 differ by only one atom, yet their efficien-
cies of photoluminescence are 0.498 and 0.006 respectively.
This may be explained by differing abilities of the two types of
NHC ligand to de-stabilise thermally accessible metal centred
(*MC) non-emissive states. The short lifetimes of complexes
1-4 compared with those of 12-16 tend to support this con-
clusion. A similar theory was suggested by Thompson and co-
workers®® for tris-cyclometalated (N~C) iridium complexes and
by Baranoff and co-workers®® on the basis of temperature-
dependent excited-state lifetime measurements on complexes
with similar NHC ligands to ours.

Electrochemistry

The redox properties of 1-PFs-4-PF, were studied using cyclic
voltammetry and the results are compared with selected data
from previous papers***>?? in Table 2. All complexes displayed
reduction peaks between —1.30 and —1.43 V vs. Fc, which were
chemically irreversible (i.e. no return peak) at all scan rates
tested, (Fig. 3a). Similarly, at 0.1 V s™", irreversible peaks due
to oxidation of the complexes were seen between 0.76 and
0.92 V vs. Fc. However, these oxidation processes became more
chemically reversible at slightly elevated scan rates. For
example, when complexes 1-PF, and 2-PF, were scanned at
rates >0.1 Vs~ and complexes 3-PFs and 4-PF at rates >0.5 V

s~', they exhibited responses that were semi-reversible

8568 | Dalton Trans., 2015, 44, 8564-8576
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Fig. 3 (a) Cyclic voltammetric responses (scan rate = 0.1 V s™) for

complexes 1:PFg—4:-PFg and [Ru(bpy)sl(PFe)> (1 mM) dissolved in aceto-
nitrile containing 0.1 M [BusN]PFs. (b) Change in the oxidative cyclic
voltammetric response from irreversible to reversible for complex 4-PFg
as the scan rates were increased from 0.08 to 25.00 V s,

chemically (ipox > Iprea) and became fully reversible (i, ox/
Ipred = 1) at scan rates of greater than or equal to 1, 5, 3 and
5V s~! for complexes 1-PFg, 2-PFg, 3-PF, and 4-PF, respectively
(Fig. 3Db).

The oxidation potentials, which in this case can be formally
assigned to the Ir***" redox couple (although the HOMO is
delocalised over the phenyl ring of the ppy ligands), were
similar in magnitude to those of the Ru?"*" couple in
[Ru(bpy);]*" and the previously reported [Ru(bpy),(N~C:)]**
complexes 5-(PFg),-8:(PFs),, but much more positive than the
Ir*"** couple of the [Ir(ppy),(C*C:)] complexes 12-16. This is
due to the much greater electron donation of the orthometalat-
ing ring of the phenyl-imidazoylidene or phenyl-benzimid-
azolylidene NHC ligands than the nitrogen lone pair of their
pyridyl analogues.

As observed for the [Ru(bpy),(N*C:)]** complexes,®” the
benzimidazolylidene-NHC ligand of complexes 3-PFs and 4-PF¢
resulted in more positive oxidation potentials and larger
HOMO-LUMO gaps than the analogous imidazolylidene-NHC

This journal is © The Royal Society of Chemistry 2015
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ligand of 1-PFs and 2-PFs, which can be attributed to stabilis-
ation of the HOMO by benzimidazolylidene n-backbonding. In
contrast to the oxidation potentials, the (primarily ligand-
based) first reduction potentials of complexes 1-PFs—4-PF, were
more akin to those of the [Ir(ppy),(C*C:)] series than the
[Ru(bpy);]*" and [Ru(bpy),(N~C:)]** complexes, because the
bipyridine ligands are much more easily reduced than the
phenylpyridine or NHC ligands.

Electrogenerated chemiluminescence

Under oxidative potential with TPA as a co-reactant, the relative
ECL intensities of the [Ir(ppy),(N~C:)]" complexes 1-PF-4-PF,
were 0.4-3.2% that of [Ru(bpy);>*]. These are higher than that
of [Ir(ppy).(C~C:)] complexes 12-15 (<0.1%; Table 2), but
much lower than that of the difluoro derivative 16 (20%).** In
contrast, under annihilation conditions, the ECL intensities of
complexes 1-PFs-4-PF¢ (<7.4%) were poorer than those of
either the [Ir(ppy).(C"C:)] (10-103%) or [Ru(bpy),(N~C:)]**
(7-95%) series. These findings can be effectively rationalised
by considering the dominant factors that determine the rela-
tive intensities in each mode of ECL. In the case of co-reactant
ECL using relatively high concentrations of TPA, the major
reaction pathway can be summarised as follows,”” where M is
the metal-complex electrochemiluminophore, and P is other
products.

M-e —M" (1)
TPA —e” — TPA'" (2)
TPA"" — TPA" + H" (3)
M' +TPA" — M* +P (4)
M* — M + v (5)

Intense co-reactant ECL with TPA could be expected from
complexes that: (i) have an appropriately high oxidation poten-
tial, so that there is sufficient excess energy in reaction (4) to
generate the product in an electronically excited state; (ii) are
sufficiently stable in their oxidised form; and (iii) have a high
luminescence quantum yield. With respect to factor (i), we
recently introduced a graph of oxidation potential versus emis-
sion wavelength indicating the ‘wall of energy sufficiency’ for
co-reactant ECL with TPA,** which can be derived from the
following relationship for the free energy of reaction (4):

AG = Ered - on + EES (6)

In the case of co-reactant ECL with TPA, the E,.q is E(TPA’),
which has been previously reported as —2.1 V (vs. Fc).”” The
energy of the excited state, Egs, is best taken from the
maximum emission wavelength at low temperature, but may
be estimated using room temperature data to a first approxi-
mation. As illustrated by Fig. 4, there is clearly sufficient free
energy for the generation of the excited states in the
[1(ppy)a(N"C:)]" (1-PFe-4-PFy), [Ru(bpy)s(N*C:)" (5-(PFe),-
8:(PFg),), and [Ru(:CAN~C:),]** (9:(PFe),-11+(PF;),) complexes,
but members of the previously investigated [Ir(ppy).(C"C:)]

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 'Wall of energy sufficiency’ for co-reactant ECL with TPA. The
dashed line represents the critical oxidation potential required for ECL
for a luminophore with a given emission colour. Solid circles show the
position of [Ir(ppy)>(NAC:)]* complexes 1-PFs—4-PF¢ (green circles), [Ru-
(bpy)>(NAC:)1?* complexes®2 5:(PFg),—8-(PF¢), (orange), [Ru(:CANAC:),1%*
complexes®®  9:(PFg),—11-(PFg), (purple), and I[Ir(ppy)»(CAC:)] com-
plexes®® 12—16 (blue).

series fall on both sides of the ‘wall’. Complexes 12-14, which
showed no co-reactant ECL with TPA (Table 2) were found to
be energy insufficient. Complex 15, which exhibited weak co-
reactant ECL intensity, was adjacent to the wall, whereas
complex 16, which gave the most intense co-reactant ECL, was
positioned well within the energy sufficient zone. Complexes
1-PF4-4-PF, were positioned even further away from the wall
(near the [Ru(bpy);]*" reference complex), but their corres-
ponding co-reactant ECL intensities were much poorer than
those of either complex 16 or [Ru(bpy);]**. Although complexes
1-PFs-4-PF, have oxidation potentials that would certainly
provide adequate free energy upon reaction with TPA" to gene-
rate the excited state, their co-reactant ECL is limited by
factors (ii) and (iii). Due to the apparent instability of their
dications, the voltammetric responses for the oxidation of
complexes 1-PFs-4-PFs were only reversible at relatively fast
scan rates (Fig. 3b), whereas the oxidation of [Ru(bpy)s]**
(Fig. 3a) and complex 16 are fully chemically reversible at rela-
tively low scan rates.*> Moreover, the photoluminescence
quantum yields of 1-PF¢—4-PF4 (<1%) were poor compared to
[Ru(bpy)s]** (9%) and the [Ir(ppy).(C"C:)] complexes 12-16
(42-68%).

In the case of annihilation ECL, the reductant utilised to
generate the electronically excited state is derived from electro-
lysis of the metal complex:

M+e — M (7)
M™+M — M*+M (8)

Entering the E,y, Ereq and Egg data from Table 2 into eqn (6)
shows that the annihilation reaction (8) of each complex has
sufficient free energy to generate the product in an electroni-
cally excited state. Here, however, the reversibility of both the
oxidation and reduction potentials must be considered, in
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addition to the luminescence quantum yield. Complex 16 for
example, exhibited an annihilation ECL intensity that was
103% that of [Ru(bpy);]**, which can be attributed at least in
part to its greater quantum yield, as both complexes have
highly reversible oxidation and reduction potentials.*?
Although complexes 12-15 also have high quantum yields,
their oxidation potentials were less reversible, which can
account for their moderate annihilation ECL intensities
(10-48%). The [Ru(bpy),(N~C:)]** complexes 5-(PF4),~8-(PFy),
exhibit reversible Ru**"-oxidation and bipyridine-ligand-
reduction potentials, but they have poorer luminescence
quantum yields than [Ru(bpy);]*", somewhat accounting for
their reduced but still significant annihilation ECL intensities
(7-95%). In contrast, weak annihilation ECL was observed
from complexes 1-PFs—4-PF, due to a combination of their low
quantum yields and their instability in both the oxidised and
reduced form as revealed by the limited reversibility of their
reduction and oxidation processes.

Theoretical studies

The mPW1PW91/SDD,6-31+G(d) gas-phase optimized geome-
tries (Table 2) of the iridium complexes 1-4 (omitting PFy~
counter-ions) are in good agreement with the X-ray structures
(Table 1), with differences between calculated and experi-
mental Ir-N and Ir-C bond distances for 1%, 3", and 4" all less
than 0.07 A (mean absolute deviation of 0.02 A).

The mPW1PWO91 calculated bond distances and Wiberg
bond indices (WBI) for Ir-N and Ir-C reflect the difference
between the imidazolylidene (1" and 2*) and benzimidazolyl-
idene (3" and 4") containing complexes (see Table 3). In 1" and
2", the Ir-Cyyc bond distance is slightly longer than those for
3" and 4%, and this small difference is reflected in the WBI
values (indicative of bond order). For the other coordination
bonds (Ir-N and Ir-Cyuc), there is no appreciable difference in
bond distances and WBI values between the imidazolylidene
(1" and 2") and benzimidazolylidene (3" and 4') containing
complexes. The well-known trans influence®*®' from the NHC
group is replicated in the theoretical results, with calculated
Ir-Cppy(trans) bond distances (2.048-2.051 A) significantly
longer than the other Ir1-Cppy(cis) bond distances
(2.004-2.008 A) (Table 3).

Table 3 Selected mPW1PW91/SDD,6-31+G(d) calculated bond dis-
tances (A) for complexes 12*—42*, Wiberg bond indices (WBI) from
mPW1PW91/SDD, TZVP single point calculations inclusive of acetonitrile
solvent

Ir-Cnuc Ir-Nnuc Ir-Cppy trans Ir-Cppy

A WBI A WBI A WBI A WBI
1** 2,075 047 2201 024 2048 055 2.004 0.71
22" 2,075 0.47 2200 024 2.048 0.55 2.004 0.71
3** 2064 0.49 2188 024 2051 055 2.007 0.71
4% 2069 049 2189 024 2.051 055 2.008 0.70
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Analysis of the frontier MOs (Fig. 5, S4-77) indicates that
for all compounds, the singlet HOMO is comprised of contri-
butions from the iridium d and phenyl = orbitals, distributed
across both ppy ligands. The singlet LUMO is comprised of a
majority contribution from the auxiliary NHC ligand, with a
smaller contribution from the ppy ligands. In the imidazolyl-
idene complexes (1'-2") the contribution is ~30%, whereas in
the benzimidazolylidene complexes (3'-4") it is ~15%. Similar
subtle differences are noted in the LUMO+1 between 1'-2°
(~60% NHC) and 3'-4" (~80% NHC), and also in the HOMO
-1 for 12" (~15% Ir) and 3'-4" (7% Ir). For other relevant
frontier orbitals in 1'-4", there is no discernible difference
between contributions from the different fragments.

For all of 1'-4", the singlet-state HOMO and LUMO do
overlap (i.e. they are not entirely orthogonal), which suggests
that the HOMO and LUMO energies cannot be easily ‘tuned’
by substitution of the ligands. Moreover, the triplet state
density (Fig. S8t) does not share the same spatial extent as the
singlet HOMO and LUMO.

It is instructive to compare the characteristics of the MOs of
the Ir compounds considered here and the analogous Ru com-
pounds (bpy in place of ppy) considered previously.** With Ru,
the HOMO, HOMO-1 and HOMO-2 are all largely metal
based, whereas in the Ir compounds the HOMO-1 is mostly
associated with the ppy ligand (the HOMO and HOMO-2 are
metal based). For the unoccupied MOs, the density plots are
qualitatively similar however there is a different energy order-
ing. With Ru, the LUMO and LUMO+1 are associated with the
bpy ligands and the LUMO+2 resides on the auxiliary NHC
ligand, whereas in the Ir compounds the LUMO and LUMO+2
are associated with the ppy ligand and the LUMO+1 resides on
the NHC ligand. That is, with Ir the NHC n* MO is stabilised
relative to the Ru compounds and hence may be expected to
have a greater impact on photophysical and electrochemical
properties.

Calculated energies of valence orbitals of complexes 1'-4"
are included in Table 4. The energy of the HOMOs of 3" and 4"
are slightly lower than those for 1" and 2°. It is suggested that
the benzimidazolylidene exerts a greater stabilising influence
on the metal-based HOMO than does the imidazolylidene. The
blue-shifted MLCT bands from the absorption spectra of 3"
and 4" are consistent with the benzimidazolylidene exerting a
stabilising influence on the metal-based HOMO. There is no
discernible LUMO energy difference. The HOMO-LUMO
energy gap of 1'-2" is less than that of 3'-4", which is consist-
ently reproduced by mPW1PW91, B3LYP and MO06 density
functionals. The larger HOMO-LUMO gap for 3" and 4" (con-
sistent with the analysis of luminescence spectra) arises from
the lower HOMO energies of 3" and 4".

Calculation of electronic excitations with TD-DFT
(mPW1PW91) supports the above discussion of the spectro-
scopic and electrochemical results (Fig. S9, Table S5t), with
transitions in the visible region best described as MLCT, and
transitions in the UV region of the spectrum dominated by
intra-ligand charge transfer (ILCT) and ligand-centred (LC)
transitions.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 B3LYP/SDD,tzvp//mPW1PW91/SDD,6-31+G(d) calculated molecular orbital energy diagram including HOMO-LUMO gaps (mPW1PW91/SDD,
tzvp result in parentheses), and surface plots of the HOMO and LUMO for 1-4. Acetonitrile solvent correction included with single-pint SCRF.

Units of eV.

Conclusions

A family of four heteroleptic iridium(m) complexes of the form
[Ir(ppy)2(C*N)]PFs (where C*N is a pyridyl-imidazolylidene or
pyridyl-benzimidazolylidene NHC ligand) were synthesized in
a relatively straight forward manner using a Ag(1) transmetalla-

This journal is © The Royal Society of Chemistry 2015

tion protocol. A combined theoretical and experimental inves-
tigation into the spectroscopic and electrochemical properties

of the series was performed with a view to gaining a better
understanding into reasons behind the varying efficiency of
the photoluminescence and electrochemically generated
luminescence observed for such complexes. To this end, the
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Table 4 DFT calculated HOMO, LUMO and HOMO-LUMO energies
(ev)?

mPW1PW91 B3LYP

HOMO LUMO AE HOMO LUMO AE
12 —6.12 —1.89 4.23 —5.83 -2.01 3.82
2% —-6.13 -1.90 4.23 —5.86 —2.04 3.82
3% —6.18 —1.89 4.28 —5.89 —2.02 3.87
4 —6.20 -1.91 4.29 -5.91 —2.04 3.87

“SDD,TZVP basis set and effective core potential with acetonitrile PCM
SCREF.

properties of the four complexes were compared with those of
similar NHC complexes of iridium and ruthenium recently
reported by ourselves and others in the literature.

The photoluminescence quantum yields for 1.-PFs—4-PF,
were all found to be below 1%, contrasting with the strongly
luminescent complexes 12-16. The lesser abilities of the N~C
coordinated ligands to de-stabilise thermally accessible non-
emissive states, compared to the C*C variety, is the most likely
reason for this.*® Varying the structure and substituents on the
NHC ligand in compounds 1-PF¢-4-PFs had a negligible effect
on the colour of the emission with A, being virtually identi-
cal in each case. This is explained by the fact that neither of
the frontier orbitals is located on or in close proximity to the
NHC ring of the auxiliary ligand, as determined from DFT
calculations, therefore electron donating or withdrawing
effects on these orbitals tend to be weak and to be directed
with approximately equal influence toward the HOMO and
LUMO. In the case of the ruthenium analogues 5-8, where
moderate differences in A, were observed, the HOMO was
substantially metal based, allowing this orbital to be directly
influenced by structural differences in the NHC moiety. The
electrochemical results bear out this analysis; for example,
although the oxidation potentials of 1-PF¢-4-PF, differ by up to
160 mV, the gap between oxidation and reduction processes
(the electrochemical HOMO-LUMO gap) is almost invariant at
about 3.20 + 0.01 V. The electrochemical responses for 1-PF¢-
4-PF, are characterised by chemical irreversibility of both the
oxidative and reductive processes, pointing to instability in
both the oxidised and reduced forms of the complexes, though
the oxidation couple become reversible at faster scan rates.
The electrochemiluminescence intensities (both annihilation
and co-reactant modes) observed for compounds 1-PF4—4-PFg
were quite weak. This is due a combination of low photo-
luminescence quantum yield and instability in the oxidised
and reduced forms of the complex. A plot of oxidation poten-
tial versus emission wavelength was constructed to rationalise
the influence of energetics on ECL intensity for these and the
previously investigated NHC complexes (5-16). This plot
demonstrates that favourable energetics is necessary, but is
not the only condition required for intense ECL. For example,
1-PF¢-4-PFs have favourable energetics for ECL but their
efficiency is confounded by unfavourable kinetic and photo-
physical factors. On the other hand, compounds 12-15 exhibit
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high photoluminescence quantum yields and reversible
electrochemistry, but unfavourable energetics. In the cases of
16 and [Ru(bpy),;]**, however, all constraints are satisfied and
intense ECL is observed.

Experimental section
General

All reagents were purchased from Sigma-Aldrich and were of
analytical grade or higher and were used without further puri-
fication unless otherwise stated. Dry CH;CN and THF were dis-
tilled from CaH, and sodium benzophenone ketyl under
nitrogen, respectively. Ligands I-IV were prepared using pre-
viously published procedures.”> NMR spectra were recorded
using Bruker ARX-300 (300.14 MHz for "H, 75.48 MHz for *C)
and referenced to solvent resonances. Microanalyses were per-
formed by the Microanalytical Laboratory at the ANU Research
School of Chemistry, Canberra, Australia. All compounds were
prepared in air unless otherwise specified.

Absorption and photoluminescence spectroscopy

UV-visible absorption spectra were collected using a Cary 300
Bio UV-Vis spectrophotometer (Varian Australia, Mulgrave,
Vic., Australia) with 1 cm path length quartz cells. Photo-
luminescence spectra were collected with a Cary Eclipse
Spectrofluorimeter (Varian Australia), using a 1 cm quartz
cuvette (5 nm bandpass, 1 nm data interval, PMT voltage:
800 V). Emission spectra correction factors were established
using an Optronic Laboratories spectral irradiance standard
(model OL 245M) with constant current source (model OL
65A). UV-visible and photoluminescence spectra were recorded
at 10 uM and 1 pM concentrations respectively in acetonitrile.
Lifetimes were measured with a Nanolog (HORIBA Jobin Yvon
IBH) spectrometer using the time correlated single photon
counting (TCSPC) option and correlated by a time-to-ampli-
tude converter (TAC) in forward TAC mode. 10 puM solutions
were prepared in an air-tight four-sided quartz cuvette in a
oxygen-free glovebox using acetonitrile which had been purged
using the freeze-pump-thaw method. The complexes were
excited using a Nanoled 340 (344 nm) laser pulsed at 100 kHz
repetition rate. The emitted photons were detected by a
thermoelectrically cooled TBX picosecond single-photon detec-
tor with the emission band width set to 10 nm. Signals were
collected using a FluoroHub counter and the decay curves
were fitted to a single exponential using DAS6 software
(HORIBA Jobin Yvon IBH). Weighted residuals averaging
around zero and a y* < 1.2 were used to judge a good fit.

Electrochemistry and electrogenerated chemiluminescence

Experiments were performed using Autolab PGSTAT 101 (for
cyclic voltammograms) and Autolab PGSTA12 (for chrono-
amperometry and cyclic voltammograms with ECL detection)
potentiostats (Metrohm Autolab B.V., Netherlands). The
electrochemical cell consisted of a cylindrical glass cell with a
quartz window base and Teflon cover with spill tray. The cell

This journal is © The Royal Society of Chemistry 2015
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was encased in a custom-built light-tight faraday cage. A con-
ventional three electrode configuration, consisting of a glassy
carbon 3 mm diameter working electrode, shrouded in Teflon
(CH Instruments, Austin, TX, USA), reference electrode and
gold wire counter electrode. Potentials were referenced to the
ferrocene/ferrocenium couple measured in situ (1 mm) in each
case. ECL spectra were obtained using an Ocean Optics CCD,
model QE65pro, interfaced with our electrochemical cell using
an optic fibre (1.0 m, 1.0 mm core diameter), collimating lens,
and custom cell holder, and the acquisition was triggered
using a HR 4000 Break-Out box in conjunction with the poten-
tiostat. The complexes were prepared in freshly distilled aceto-
nitrile at a concentration of 1 mm for voltammetric and ECL
measurements, with 0.1 m tetrabutylammonium hexafluoro-
phosphate (TBAPFs) as the supporting electrolyte, with a co-
reactant (TPA) concentration of 10 mm for ECL experiments.
Prior to each experiment, the working electrode was polished
using 0.3 pm and then 0.05 pm alumina with water on a felt
pad, sonicated in MilliQ water (1 min), rinsed in freshly dis-
tilled acetonitrile and dried with a stream of N,. The working
electrode was then positioned at an appropriate distance
(~2 mm) from the bottom of the cell for detection of the ECL
signal, and the solution was purged with grade 5 argon for
15 min prior to measurement. ECL spectra were recorded
using a 45 s integration time, and single 40 s chronoampero-
metry pulse at 1.4 V. Spectra were integrated to determine the
relative ECL intensities and compared with the ECL spectrum
of the standard ([Ru(bpy);]”") measured under identical
conditions.

X-ray crystallography

Single crystals of the iridium complexes 1-(PFs), 3-(PFs) and
4-(PF,) suitable for X-ray diffraction studies were grown by slow
evaporation of methanol solutions of each compound. Crystallo-
graphic data for all structures determined are given in
Table 2. Crystals were mounted on a glass fibre in paratone oil
and cooled rapidly to 173 K in a stream of cold N, using an
Oxford low-temperature device. Diffraction data were measured
using an Oxford Gemini dual-wavelength X-ray diffractometer
mounted with molybdenum (Mo) and copper (Cu) X-ray
sources (graphite-monochromated Mo-Ka and Cu-Ka radi-
ation, 4 = 0.71073 A and 4 = 1.54184 A, respectively). Data were
reduced and corrected for absorption using the CrysAlis Pro
program.®® The SHELXL2013-2 program® was used to solve
the structures with Direct Methods, with refinement by the
Full-Matrix Least-Squares refinement techniques on F°. The
non-hydrogen atoms were refined anisotropically and hydro-
gen atoms were placed geometrically and refined using the
riding model. Coordinates and anisotropic thermal parameters
of all non-hydrogen atoms were refined. All calculations were
carried out using the program Olex®.®® Images were generated
by using ORTEP-3.”" Further XRD details are provided in the
ESL.f CCDC 1031786-1031788 contains the supplementary
crystallographic data for this paper.
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Theoretical calculations

Density functional theory (DFT) calculations were carried out
within the Gaussian 09 suite of programs.®* Ground state
geometries were optimised in the absence of solvent with
B3LYP*™® and mPW1PW91°%% functionals in conjunction
with the 6-31+G(d) basis set’®””? for non-metal atoms and the
SDD basis set and MWB core potential for iridium.”>’* Only
mPW1PW91 results are presented since it has been shown pre-
viously that this functional yields reliable results.*>”>”® Single-
point energy calculations were carried out at the optimised
geometries using the SDD basis and core potential (MWB)">7*
for Ir and the TZVP basis set”” for all other atoms. The polari-
sable continuum model (PCM)’® self-consistent reaction field
(SCRF) was used to model solvent effects at the gas-phase opti-
mised geometries with a solvent of acetonitrile, consistent
with the experimental system. Frontier MO energies were cal-
culated using DFT MOs. Excitation energies to singlet and
triplet excited states were investigated with TD-DFT”° with 40
states calculated. An SCF convergence criteria of 107% a.u. was
employed throughout. Molecular orbital analysis was carried
out with the AOMix program®® and NBO 5.9.%!

Synthesis

1-PFs: A mixture of II (0.2 g, 0.66 mmol) and Ag,O (0.23 g,
0.94 mmol) in 1:1 CH,Cl,~CH;0H (50 mL) was heated in the
dark at 80 °C for 4 h under N,. [Ir(ppy).Cl], (0.37 g,
0.35 mmol) was added and this temperature was maintained
for 17 h. The hot reaction mixture was filtered through celite
and water (30 mL) and KPF, (0.6 g, 3.2 mmol) were added to
the filtrate. After 1 h the bright green precipitate was collected
and recrystallised from methanol giving the product as a
bright green solid (Yield: 0.3 g, 53.5%). 'H NMR (d¢-DMSO):
5(ppm) = 8.49 (d, J = 2.1 Hz, 1H), 8.32 (d, J = 8.1 Hz, 1H),
8.17-8.24 (m, 3H), 7.96 (d, J = 5.4 Hz, 1H), 7.84-7.92 (m, 4H),
7.57 (t,J = 5.4 Hz, 2H), 7.50 (d, J = 2.1 Hz, 1H), 7.40 (t, ] = 6.3,
6.6 Hz, 1H), 7.12 (t, J = 6.9, 8.4 Hz, 2H), 7.00 (t, ] = 7.2, 6.9 Hz,
1H), 6.91 (dd, J = 6.9, 5.4 Hz, 2H), 6.77 (t, J = 7.2, 6.9 Hz, 1H),
6.24 (d, J = 7.2 Hz, 1H), 6.09 (d, J = 6.9 Hz, 1H), 3.07 (s, 3H,
CH,3). "*C NMR(d,-DMSO): §(ppm) = 177.5, 167.9, 166.6, 164.0,
153.6, 153.2, 149.2, 149.1, 149.0, 144.6, 142.8, 141.8, 138.5,
137.7, 130.5, 130.3, 129.7, 125.5, 125.0, 124.6, 124.3, 123.6,
122.8, 121.1, 120.2, 119.9, 117.9, 112.9, 36.3. Found: C, 46.43;
H, 3.16; N, 8.74%. C3,H,sNsPFIr requires C, 46.27; H, 3.13;
N, 8.70%.

2-PF¢: This compound was prepared as described for 1-(PFs)
from II-Br (0.2 g, 0.63 mmol), Ag,0 (0.22 g, 0.95 mmol) and
[Ir(ppy).Cl], (0.34 g, 0.32 mmol) in 1:1 CH,Cl,-CH;0H
(50 mL). The product was obtained as a bright yellow solid
after recrystallisation from a mixture of methanol and water.
(Yield: 0.17 g, 30.1%). "H NMR (ds-DMSO): §(ppm) = 8.60 (s,
1H), 8.35 (d, J = 8.4 Hz, 1H), 8.16-8.24 (m, 2H), 7.99 (d, J =
5.7 Hz, 1H), 7.81-7.93 (m, 4H), 7.62 (d, J = 5.7 Hz, 1H),
7.49-7.57 (m, 3H), 7.40 (t, J = 6.6, 6.3 Hz, 1H), 7.11 (t,J = 7.2,
6.3 Hz, 3H), 6.97 (t, ] = 7.5, 7.2 Hz, 3H), 6.89 (t, ] = 6.6, 7.2 Hz,
1H), 6.70-6.76 (m, 2H), 6.31 (d, J = 7.5 Hz, 2H), 6.19 (d, J =
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6.9 Hz, 1H), 6.05 (d, J = 7.2 Hz, 1H), 4.80 (dd, J = 15.3 Hz, 2H,
-CH,). >C NMR (ds-DMSO): §(ppm) = 178.7, 167.9, 166.5,
163.7, 153.5, 153.2, 149.1, 148.6, 144.5, 143.0, 141.8, 138.6,
137.5, 136.4, 130.5, 130.4, 130.2, 129.6, 128.2, 127.4, 125.8,
125.0, 124.9, 124.4, 123.4, 122.8, 120.9, 120.3, 119.9, 119.0,
113.1, 52.1. Found: C, 48.39; H, 3.27; N, 8.09%.
C35H,,N;5PFIr-CH;0H requires C, 48.76; H, 3.52; N, 7.90%.

3-PFg: This compound was prepared as described for 1-(PFy)
from III (0.2 g, 0.59 mmol), Ag,O (0.2 g, 0.89 mmol) and [Ir-
(ppy)2Cl], (0.32 g, 0.29 mmol) in 1: 1 CH,Cl,-CH;0H (50 mL).
The product was obtained as a bright green solid after recrys-
tallisation from hot methanol (Yield: 0.09 g, 19.8%). 'H NMR
(de-DMSO): §(ppm) = 8.71 (d, J = 8.7 Hz, 1H), 8.48-8.52 (m,
1H), 8.18-8.25 (m, 4H), 7.87-7.90 (m, 4H), 7.67-7.70 (m, 2H),
7.63 (d, J = 5.1 Hz, 1H), 7.51-7.56 (m, 2H), 7.43 (t, J = 6 Hz,
1H), 6.99-7.10 (m, 3H), 6.92 (dd, J = 5.7, 4.2 Hz, 2H), 6.84 (t,
J =6 Hz, 1H), 6.28 (d, J = 6.6 Hz, 1H), 6.06 (d, J = 6.3 Hz, 1H),
3.31 (s, 3 H, CHj3). *C NMR (de-DMSO): §(ppm) = 187.4, 167.5,
166.5, 164.5, 154.3, 153.8, 149.6, 149.2, 144.4, 142.9, 142.0,
138.7, 137.9, 136.4, 131.2, 130.6, 130.5, 130.3, 129.9, 125.2(2),
125.1, 124.9, 124.7, 123.9, 123.6, 123.0, 121.4, 120.3(2), 114.0,
112.9, 112.5, 33.4. Found: C, 50.45; H, 3.32; N, 7.95%.
C37H,oN5PF¢Ir requires C, 50.54; H, 3.52; N, 8.09%.

4-PF4: This compound was prepared as described for 1-(PFg)
from IV-Br (0.2 g, 0.55 mmol), Ag,O (0.19 g, 0.82 mmol) and
[Ir(ppy).Cl], (0.3 g, 0.27 mmol) in 1:1 CH,Cl,-CH;0H
(50 mL). The product was obtained as a bright yellow solid
after recrystallisation from acetonitrile (Yield: 0.14 g, 27.3%).
'H NMR (de-DMSO): §(ppm) = 8.76 (d, J = 8.4 Hz, 1H), 8.57 (d,
J = 8.4 Hz, 1H), 8.17-8.25 (m, 3H), 7.82-7.90 (m, 4H), 7.72 (t,
J =6, 6.3 Hz, 2H), 7.53 (t, /] = 6.4 Hz, 1H), 7.35-7.47 (m, 4H),
7.00-7.11 (m, 4H), 6.85-6.93 (m, 3H), 6.71-6.74 (m, 2H),
6.15-6.21 (m, 3H), 6.02 (d, J = 6.6 Hz, 1H), 5.19 (dd, J =
16.5 Hz, 2H, -CH,). "*C NMR (d,-DMSO): §(ppm) = 188.8,
167.5, 166.5, 164.4, 154.2, 153.9, 149.5, 149.4, 148.7, 144.4,
143.0, 141.9, 138.8, 137.7, 135.5, 135.3, 131.9, 130.5, 130.3,
130.2, 129.7, 128.7, 128.1, 127.1, 125.3, 125.1, 124.9, 124.6,
124.0, 123.4, 123.1, 121.1, 120.3, 120.1, 117.5, 114.3,
113.4, 112.8, 49.9. Found: C, 53.49; H, 3.67; N, 7.78%.
C41H31N5PFIr-0.5CH;CN requires C, 53.02; H, 3.44; N, 8.10%.
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