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Biscyclometallated iridium complexes [Ir(ppz)2(X^Y)][PF6] (X^Y = pyridine imine) have been synthesised.

The pyridineimine ligands are prepared in situ during the complexation. The complexes show room temp-

erature emission between 640 and 780 nm in CH2Cl2 solution. The emission is red shifted compared

with the analogous bipyridine complex [Ir(ppz)2(bipy)][PF6]. DFT calculations have been used to shed light

on the influence of the imine substituent on the electrochemical and photochemical properties. In par-

ticular, the calculations suggests that there is a significant change in geometry between the ground state

and the first triplet excited state for arylimines but not for alkylimines, leading to much weaker emission

for the arylimine complexes. The work demonstrates that pyridineimines can be used as a substitute for

bipyridines in luminescent iridium complexes.

Introduction

Following the report by Thompson et al. in 19991 of an OLED
containing cyclometalated iridium complex [Ir(ppy)3] (Hppy =
2-phenylpyridine) as a dopant there has been a huge upsurge
of interest in complexes [Ir(C^N)3] and [Ir(C^N)2(X^Y)]. Cat-
ionic complexes [Ir(C^N)2(X^Y)]

+ have also been used in light
emitting electrochemical cells.2 The luminescence of these
complexes can be tuned by altering the heterocycle, the degree
of conjugation in the C^N ligand and/or the ancillary ligand
and by the use of substituents on the cyclometalated phenyl,
the directing heterocycle or the ancillary ligands or indeed
combinations of these.3 In cationic complexes [Ir(C^N)2(X^Y)]

+

the X^Y ligand has been usually a bipyridine or phenanthro-
line or substituted derivative, with some examples of pyridine
imidazoles,4 pyridine pyrazoles,5 and pyridine triazoles.6

However, changing substituents on a bipyridine is time-con-
suming from a synthetic viewpoint, hence, finding an alterna-
tive to bipyridine ligands that can be easily modified may
expand the usefulness of these complexes. Pyridineimines are

attractive alternatives since they have similar properties to
bipyridines (NN donor set and empty π*-orbitals) yet are much
easier to prepare by a simple condensation between pyridine-
2-carboxaldehyde and the relevant primary amine. The ready
availability of different amines and the one step preparation of
pyridineimines should allow much easier access to a wide
variety of different substituents in comparison to bipyridines
Despite these attractive properties, pyridineimines are much
less explored than bipyridine complexes.

Ruthenium complexes of general type 1 and 2 have been
reported.7 Complex 1 (R = Ph) displays a reversible Ru(II)/(III)
oxidation and a pyridineimine ligand centred reduction, the
redox potentials being approximately 0.1 and 0.35 V more
anodic than the corresponding ones in [Ru(bipy)3]

2+.7e These
data indicate that a pyridineimine is a better π-acceptor than
bipyridine; calculations suggest that the LUMO of a pyridine-
imine is about 0.2 eV lower in energy than that of bipyridine.7d

Complex 1 (R = Me) shows a similar effect but the shift to posi-
tive potentials is smaller than for R = Ph.7c Replacing another
bipyridine with a pyridineimine, complex 2, shifts the oxi-
dation and reduction to even more anodic potentials.7c,d The
π-acceptor properties of the pyridineimine are also manifest in
the 3MLCT emission of 1(R = Ph) which occurs at 770 nm, a
155 nm red shift in emission compared to [Ru(bipy)3]

2+ (λem =
615 nm) again consistent with a lower LUMO level in 1.7e The
synthesis of complexes 1 and 2 and their luminescence
suggests that pyridineimines are useful substitutes for bipyri-
dine in luminescent metal complexes.

†Electronic supplementary information (ESI) available. CCDC 922554–922560.
For ESI and crystallographic data in CIF or other electronic format see DOI:
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Recently some biscyclometallated iridium complexes with
salicylimine ligands have been reported which show interest-
ing photophysical properties, including enhanced emission in
the solid state in some cases.8 However, the first examples of
pyridineimines as ligands in biscyclometallated iridium com-
plexes was only reported last year.9 Here we report the prepa-
ration and characterisation of some examples of complexes
[Ir(C^N)2(X^Y)][PF6](X^Y = pyridine imine) and some prelimi-
nary findings of their luminescence which show that the
electrochemical and photophysical properties are affected by
the substituents on the imine.

Results and discussion
Synthesis

Our first attempts at preparation involved synthesis of the pyri-
dine imine ligand followed by complexation with the appropri-
ate [Ir(C^N)2Cl]2 dimer. Thus, dimer 3a, KPF6 and the ligand
(R2 = iPr), were heated in ethanol under microwave irradiation
for 30 min at 100 °C to form compound 8a in 85% yield.
Having established that the reaction worked well, the possibility
of forming the ligand in situ was investigated. The reactions of
dimers 3a–c with pyridine-2-carboxaldehyde and the relevant
amine and KPF6 were carried out in methanol at 60 °C under
microwave irradiation for 20 min, to form compounds 4a–c, 5a–
9a in good (>80%) yields (Scheme 1). In these reactions it is not
known whether the free pyridineimine ligands are generated
in situ or they are formed after coordination of pyridine-2-

carboxaldehyde to the metal.10 The success of this in situ
method, in principle, allows a high throughput screening
approach to be used for the synthesis of analogs.11

The 1H and 13C NMR spectra of complexes 4–9 are very
complicated due to the loss of C2-symmetry present in the
dimers, hence, in principle, all the protons of the C^N ligands
and those of the pyridine are inequivalent. Nevertheless
through the use of TOCSY, NOESY, COSY and HSQC we have
been able to assign the vast majority of signals in each case.
The features of complex 4b (R2 = p-C6H4Br) are explained in
detail. Important parts of the NOESY spectrum are shown in
Fig. 1 whilst important parts of the TOCSY, COSY and HSQC
spectra are in the ESI (Fig. S1a–c†).

We have established that in complexes of type,
[Ir(C^N)2(X^Y)] in addition to the characteristic high field
shifts for the phenyl protons next to the metal,12 there are
NOEs that are characteristic of the [Ir(C^N)2] fragment. Hence,
as expected there is an NOE between the two rings of a cyclo-
metallating ligand i.e. between the phenyl proton Hd and pyra-
zole proton He (similarly Hd′ and He′). Phenyl protons Ha and
Ha′ are observed at high field12 (δ 6.09 and 5.93 respectively)
and show weak NOEs to the pyrazole of the other cyclometal-
lating ligand (i.e. to Hg′ and Hg respectively). In 4b, Ha′ is to
higher field than Ha since it is affected by the ring current of
the neighbouring N-aryl substituent on the imine, confirmed
by an NOE between Ha′ and the ortho protons (H6/6′) of the
(p-C6H4Br) substituent on the imine. In addition to these fea-
tures, the imine proton H5 is easily identified as the most
downfield singlet, at δ 9.21. This signal also shows an NOE to
the same ortho protons (H6,6′). H5 and to pyridine proton, H4,
which is observed as a doublet of doublets at δ 8.38, and a

Scheme 1 Preparation of complexes 4–9 with NMR labelling scheme. Fig. 1 Important parts of the NOESY spectrum of 4b.
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weak NOE to a doublet at δ 7.46 which is therefore assigned to
the pyrazole proton which is pointing over the imine nitrogen
i.e. Hg. Hg′ is observed at a higher field than Hg (δ 6.88 com-
pared to δ 7.46), because it is shielded by the ring current of
the pyridyl ring confirmed in the X-ray structure. Assignment
of the methyl groups (Me and Me′) is possible due to the
observation of an NOE between protons Hb,d and Me and
between Hb′,d′ and Me′. The 13C NMR spectra show the
expected number of signals for the quaternary and CH
carbons. The FAB mass spectrum shows a molecular ion for
the cation at m/z 767.

The 1H NMR spectra of 4a and 4c are similar to 4b. The
imine proton H5 is the most downfield signal in each case (δ
9.33 and 9.20 respectively) and NOEs are similar to those
observed in 4b. The cyclometallated phenyl signals for 4a and
4c are slightly more complex than for 4b, having an extra
proton in place of the methyl, whilst for 4c four pyrazole
protons are replaced by four methyl signals, two on each pyra-
zole. The 13C NMR spectra show the expected signals and the
FAB mass spectra show peaks for the cations.

The 1H and 13C NMR spectra of 5a–7a (R2 = Ph, p-C6H4OH,
p-C6H4CO2H) are very similar to 4a and also to each other
except the signals of the R-groups. In all the complexes
the imine proton, H5 is always the most downfield signal
(between δ 9.43 to 9.19) and the phenyl protons Ha,a′ are
the most upfield (δ 6.06–6.27) and the key NOEs are similar
to those in 4b discussed above. The only significant difference
in the spectra is the chemical shift of the N-aryl meta protons
H7/7′ which vary from ca. δ 6.5 for R = OH through to δ 7.6
(R = CO2H), consistent with similar shifts for the free aryl-
amines.13 The 13C NMR spectra show the expected signals and
the FAB mass spectra show peaks for the cations in each one
of these.

The 1H NMR spectra of the alkyl substituted complexes 8a
and 9a are similar to 4a–7a with the phenyl protons Ha,a′ at
high field (ca. δ 6.2–6.4). The imine proton H5 is the most
downfield signal (δ 9.28 and 9.16 respectively) and it shows an
NOE to the isopropyl substituent (8a) or to the CH2 (9a). In 8a
the two methyl groups (δ 1.12 and 1.01) are inequivalent,
whilst in 9a the diastereotopic protons of the NCH2 group are
observed as two mutually coupled doublets (δ 4.60 and 4.42),
in both cases consistent with the chirality at the metal centre.
The 13C NMR spectra show the expected signals and the FAB
mass spectrum shows a molecular ion for the cations at m/z
627 for 8a and m/z 671 for 9a.

X-ray crystal structures

Several of the complexes have been characterised by X-ray crys-
tallography. The structures of 4a, 5a, and 6a, are shown in
Fig. 2 and those of 8a and 9a are shown in Fig. 3 with selected
bond lengths and angles in Table 1 (those of 4b and 4c are in
the ESI Fig. S2†). The structures show the same general fea-
tures with cis metallated carbons and trans nitrogen atoms, as
found for the bipyridine complexes.2c,14 The complexes are all
chiral and both enantiomers are observed in the unit cell. The
iridium has a distorted octahedral geometry reflecting the fact
that the three bidentate ligands have chelate angles of
ca. 75–80°. As expected, in all cases the Ir–N bonds trans to C
are significantly longer than those cis to C. The NvC imine
bond length [N(5)–C(24)] is similar in all the complexes. The
N(5)–C(25) bond length (from imine N to the substituent) varies
between 1.426(6) Å and 1.452(10) Å,15 in the aryl complexes
whilst for the two alkyl complexes 8a and 9a it is 1.497(7) Å and
1.500(13) Å respectively. Hence, it is significantly shorter ca.
0.06 Å in the aryl complexes suggesting some delocalisation
occurs in these complexes. On the other hand, in complexes
4–6 the aryl substituent is rotated out of the plane of the pyri-
dine imine (torsion angle C(24)–N(5)–C(25)–C(26) is 44 to 60°)
showing there is not complete delocalisation with the imine.

Geometries of the cations of 4a–9a have been calculated in
the low spin configuration. The computed geometries
compare well with the X-ray ones. For example, in the case of
4a (see Table S2 and Fig. S3a,b†) among the non-hydrogen
atoms the largest absolute deviations of the bond distances are
0.0818 and 0.060 Å corresponding to d(Ir–N5) and d(Ir–N6)
respectively, i.e. the Ir–N bonds to the pyridineimine ligand.
Taking into account the PF6

− counter ion the structure shows
a better agreement for the Ir–N5 and Ir–N6 bonds suggesting
that the pyridine imine ligand is rather sensitive to the local

Fig. 3 X-ray structures of the cations of 8a, and 9a with 50% displace-
ment ellipsoids, all H atoms omitted for clarity.

Fig. 2 X-ray structures of the cations of 4a, 5a and 6a with 50% displacement ellipsoids, all H atoms omitted for clarity.
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environment. Other distances are in fair agreement with the
experimental ones being in the range 0.0 to 0.02 Å whilst the
majority (72%) of the bond angles excluding hydrogen atoms
are within 1.0° compared to the experimental ones (see
Fig. S3a,b†). Larger differences were found in cases where the
experimental values were less well defined.

The computed phenyl torsion angle (θ) of the p-Br-phenyl
substituent is 43.4° which is close to the experimental value of
46.7°. Another parameter that is relevant to the photophysical
behaviour of imine ligands16 is the out-of-plane bending (OPB)
angle (χ) of the N(imine)–C(aryl) bond with respect to the
average plane of the N(imine)-atom of the pyridineimine, the
cyclometallated carbons and the iridium atom. Experimental
and computed values of −14.1 and −14.3° respectively are
found. Closely related information is the dihedral angle, τ,
defined by the C(aryl)–N(imine)–Ir–C(cis to imine). It amounts
to −13.4 and −12.2° for the experimental and computed data
respectively. The other compounds show comparable trends
and their optimized coordinates are reported in the ESI
(Table S9†).

Phenylimine conformational behaviour

We have recently shown9 that even a large 2-pyrenyl substitu-
ent on the imine nitrogen atom does not prevent some degree
of torsional freedom of the aromatic moiety around the N–C-
(aryl) bond. Since the conformational behaviour of the phenyl
imine ligand might be relevant to the photophysical behaviour
of the complex a detailed study of torsional potential in the
ground and first triplet excited state have been also under-
taken in the case of 4a.

The computed torsional energetic profile of S0 shows
another minimum exists which is more stable than the one
found in the solid state by 0.91 kcal mol−1 (Fig. 4) where the
aryl moiety has a torsion angle of −40.4°

The rotation of the aryl substituent around the N–C bond
also involves the out-of-plane bending of the carbon atom
bonded to the imine nitrogen atom such that the pyramidali-
zation of the nitrogen atom inverts and τ changes from −12.2
to +7.8°.

Electrochemistry

For cationic Ir(III) complexes [Ir(C^N)2(XY)]
+, the pure metal-

centred oxidation is reversible but it becomes less reversible as
the contribution of the cyclometallating phenyl(s) to the
HOMO increases.2c,6 The electrochemical properties of 4–8
were examined using cyclic voltammetry (Table 2) and have
also been modelled by DFT which shows good agreement with
the experimental values (see Fig. 5).

Fig. 4 The computed torsional energetic profile of S0 for 4a in DCM.

Table 2 Electrochemical dataa for 4–8

Entry Complex
Imine
substituent E1/2Ox E1/2Red1 E1/2Red2 ΔE1/2 (V)

1 4a (p-C6H4Br) 1.41 −0.93 −1.55b 2.34
2 4b (p-C6H4Br) 1.28 −0.93 −1.54b 2.21
3 4c (p-C6H4Br) 1.28 −0.95 −1.60b 2.23
4 5a Ph 1.39 −0.99 −1.60b 2.38
5 6a (p-C6H4CO2H) 1.41 −0.87 2.28
6 7a (p-C6H4OH) 1.28 −1.06 2.34
7 8a (iPr) 1.38 −1.25 2.63
8 [Ir(ppz)2(bipy)][PF6] 1.37 −1.38 2.75

a In dry acetonitrile (0.1 mol L−1 of Et4NClO4), scan rate 100 mV s−1, all
potentials are referenced vs. SCE using ferrocinium/ferrocene as an
internal standard against a Ag wire (Cp2Fe

+/Cp2Fe vs. SCE = +0.42 V).
b Irreversible wave.

Table 1 Selected bond lengths (Å) and bond angles (°)

4a (p-C6H4Br) 5a (C6H5) 6a (p-C 6H4CO2H)a 8a (iPr) 9a (CH2CO2Et)

Ir(1)–N(1) 2.003(4) 2.003(4) 2.035(8) 2.028(5) 2.009(8)
Ir(1)–N(3) 2.021(4) 2.020(4) 2.025(8) 2.034(4) 2.031(9)
Ir(1)–N(5) im 2.157(4) 2.143(4) 2.127(7) 2.166(4) 2.097(8)
Ir(1)–N(6) py 2.135(4) 2.124(4) 2.027(7) 2.133(4) 2.158(8)
Ir(1)–C(9) 2.027(5) 2.009(5) 1.998(10) 2.029(6) 2.022(9)
Ir(1)–C(18) 2.023(5) 2.020(5) 2.017(9) 2.010(5) 2.038(10)
N(5)–C(24) 1.288(6) 1.272(7) 1.282(11) 1.277(7) 1.297(12)
N(5)–C(25) 1.426(6) 1.436(6) 1.428(11) 1.497(7) 1.500(13)
N(1)–Ir(1)–N(3) 172.3(2) 171.4(2) 173.6(3) 171.5(2) 171.7(3)
N(1)–Ir(1)–C(9) 81.6(2) 79.7(2) 80.7(3) 79.5(2) 80.6(4)
N(3)–Ir(1)–C(18) 80.4(2) 79.7(2) 79.9(4) 80.7(2) 79.6(4)
N(5)–Ir(1)–N(6) 76.5(2) 76.5(2) 76.9(3) 75.8(2) 76.7(3)
Torsionb 46.7 48.9 56.7 (−59.6)

a Average values from two independent molecules in the unit cell. b Torsion angle C(24)–N(5)–C(25)–C(26).
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All the complexes 4–8 exhibit a reversible/quasi-reversible
oxidative process between 1.27 and 1.41 V and a reversible
reduction couple between −0.85 and −1.25 V. The relatively
small range of oxidation potentials (∼0.14 V) suggests that the
ionized “orbital” does not have a significant contribution from
the pyridineimine ligand. The HOMO and LUMO for 4a are
shown in Fig. 6 those for 5a–8a are in the ESI (Fig. S4†). The
HOMO’s of 4a–8a all involve the Ir atom and the two phenyl-
pyrazole ligands and only partially the Ir–N sigma bond of the
imine consistent with other cationic Ir(III) complexes.2c

Oxidation of 5a (R = Ph) occurs at 1.39 V very similar to
that, 1.37 V in [Ir(ppz)2(bipy)]PF6. Comparing complexes 4a–c,
introducing an electron donating Me-substituent(s) on the
C^N ligand either para to the metal (4b)14 or on the pyrazole
(4c) makes the complexes easier to oxidise as expected, but has
very little effect on the reduction potentials (Table 2, entries
1–3).

The reduction potentials span a wider range (∼ 0.40 V) than
the oxidation potentials, which suggests that substitution on
the pyridineimine ligand mainly affects the reduction, and is
consistent with the reduction being mainly pyridineimine
based similar to [Ir(C^N)2(bipy)]

+ complexes discussed in the
literature.2c This is supported by the DFT calculations which
show that the LUMO is always mainly localized on the
pyridineimine ligand (see Fig. 6 and ESI, Fig. S4†). However,

because a pyridineimine is a better π-acceptor than bipyridine
the reduction potentials are less cathodic, thus, reduction of 5a
occurs at −0.99 V whereas that of [Ir(ppz)2(bipy)]PF6 occurs at
−1.38 V. In addition, some complexes, also exhibit an irrevers-
ible second reduction about 0.6 V more cathodic between −1.55
and −1.60 V. Consistent with that, DFT calculations show that
the LUMO+1 is about 0.6 eV higher in energy than the LUMO
and is almost completely localized on the pyridine. In compari-
son, no second reduction potentials were observed in bipyridine
complexes of the same cyclometallated ligands.2c,14

Introducing electron withdrawing substituents (Br 4a,
CO2H 6a) on the para position of the N-aryl ring of the pyridi-
neimine ligand makes the complexes easier to reduce (by 0.05
to 0.1 V) compared to the N–Ph complex 5a. In contrast,
complex 7a (R = p-C6H4OH) is harder to reduce suggesting the
positive conjugative effect of OH outweighs the negative induc-
tive effects. Somewhat surprisingly 7a is easier to oxidise than
5a (by 0.1 V). This effect is reproduced, though to a lesser
extent by DFT computations. On the other hand adding an
explicit MeCN molecule H-bonded to the hydrogen atom of
the OH group there is a significant improvement in modelling
the oxidation potential and a small one in the reduction poten-
tial. This finding suggests that H-bonding may play a signifi-
cant role in this case. Upon changing the pyridineimine
substituent from Ph group 5a to iPr 8a the oxidation potential
is unaffected, however, the reduction potential of the latter is
considerably more cathodic (0.26 V). Since the LUMO is loca-
lised on the π orbital of the pyridineimine replacement of Ph
by iPr reduces the delocalization within this ligand and
increases the π-orbital energy and hence gives rise to an even
more cathodic reduction potential. Thus, altering the substitu-
ent on the imine N can tune the reduction potential by almost
0.4 V whilst having very little effect on the oxidation potentials.

Photophysical properties

The data from the UV-vis absorption spectra for complexes
4–8a are shown in Table 3 (absorption, emission and excitation

Fig. 5 (a) Experimental reduction potentials and calculated LUMO
energies for 4a–8a, (b) experimental oxidation potentials and calculated
HOMO levels for 4a–8a.

Fig. 6 Calculated HOMO left and LUMO right for 4a.

Table 3 Photophysical data in CH2Cl2

Entry Complex
λabs [nm]
(εmax [dm

3 mol−1 cm−1])
λem

a

[nm]
QYb

(%)

1 4a 236 (27 750), 330 (9690), 508 (400) 730 0.06
2 4b 241 (19 300), 339 (6580), 526 (180) 760 0.04
3 4c 247 (17 800), 339 (5670), 547 (160) 780 0.06
4 5a 235 (58 100), 325 (19 400), 506 (100) 715 0.33
5 6a 241 (14 560), 326 (5020), 521 (90) 735 0.49
6 7a 244 (24 150), 326 (6360), 375 (7640),

511 (240)
735 0.06

7 8a 255 (27 000), 323 (6500), 473 (60) 640 6

a Emission spectra under N2 or argon and have been corrected for
photomultiplier response. bQuantum yields were measured relative to
8a by decomposing the spectra and then integrating the decomposing
functions. It should be borne in mind that the aryl complexes are only
weakly emissive and in a range where the photomultiplier response is
weak therefore there is a significant error in these measurements. The
quantum yield of 8a was measured using an integrating sphere in
argon saturated solution.
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spectra are provided in the ESI, Fig. S5a–c†) and those for
representative compounds 4a, 5a, and 8a17 have been analysed
by decomposing in Gaussian functions18 in order to facilitate
comparison to the computational results as illustrated in
Fig. 7 for 4a. A detailed TD-DFT study has then been per-
formed for these representative compounds 4a, 5a and 8a.

Decomposition of the most intense absorption bands in
the range 230–270 nm (43 000–32 000 cm−1), showing only very
moderate features, is the result of four or five Gaussian func-
tions with large intensity (see Table S3 and Fig. S6 in ESI†).
According to the TD-DFT calculations this band is the envelope
of many closely spaced transitions of moderate intensity which
are assigned to the spin allowed multideterminantal inter- and
intra-ligand IL (π→π*) transitions although in some cases
some of the configurations involve molecular orbitals with a
non-negligible contribution from metal d-orbitals (see for
example orbital #160 for 4a in ESI Fig. S9†).

For the moderately intense absorption band in the range
270–440 nm (i.e., 32 000–22 500 cm−1) decomposition suggests
that it is mainly due to the three most intense Gaussian func-
tions that fall at around 31 000 (320 nm), 29 000 (340 nm) and
26 500 cm−1 (370 nm) (31031, 29 268 and 26 892, cm−1 for 4a)
and some further contributions of small intensity. Similar
description can be given for the other compounds 5a, and 8a
(Table S3 in ESI†).

TD-DFT calculations of the “free” cation in the gas phase
gave very poor agreement with the experimental data in this
region, irrespective of the basis set and exchange correlation
functional used. Introducing the contribution from the
dichloromethane solvent by means of the Self Consistent Reac-
tion Field approach19 reduced the disagreement but was still
unable to describe the features suggested by the decompo-
sition procedure. Recently the effect of ion pairing on absorp-
tion spectra has been reported to give better agreement
between calculated and experimental absorption spectra for

some related cyclometallated iridium complexes.20 Hence, the
effect of the anion was modelled, the two most stable ion pairs
were considered, i.e. the cation with the PF6

− close to the pyri-
dineimine side of the molecule (4a-PF6PI) and with the anion
close to the phenylpyrazole side (4a-PF6PZ) (see Fig. S7† in ESI
for their optimized structures and energies). This approach
shows a far better agreement with the experimental data and
suggests that these three species, the free cation and two ion
pairs, contribute to the experimental spectra (see ESI† for
more discussion).

TD-DFT calculations (Table 4) suggest that the lowest energy part
of the spectrum, in the range 320–650 nm (31 250–15 380 cm−1)
is due to two very low intensity transitions. These are S1 and S2
which are almost pure HOMO → LUMO and (HOMO−2) →
LUMO excitations respectively. For 4a, 5a and 8a the uniform
composition of the involved MO’s in terms of atomic orbitals
suggests these transitions can be described as spin allowed
metal + ligand to other-ligand charge transfer [dπ (Ir) + π C^N] →
π* (X^Y), i.e., broadly (1MLL’CT). Some further transitions due
to spin forbidden S0 → Tn excitations might give contributions
in different regions of the spectrum in particular close to spin
allowed transitions involving MO’s with large weight of metal
d-orbitals.

Preliminary experiments showed that all of the pyridine-
imine complexes 4–8 emit in solution (CH2Cl2) at room temp-
erature (Fig. 8 and Fig. S5b in ESI†). The aryl complexes in
particular emit at long wavelength, towards the NIR, however
the emission intensity is rather weak for these complexes.
Because the excitation spectra (see Fig. S5c in ESI†) look
similar for all the complexes the same excitation wavelength
(390 nm) was used in all cases. The complexes all show one
broad emission band at 640–740 nm (Table 3). The quantum
yields relative to the isopropyl complex 8a are shown in
Table 3, the aryl complexes are much weaker emitters than the
isopropyl complex. The isopropyl complex 8a showed an
observed lifetime of 145 ns in argon saturated solution and
100 ns in air. The lifetime suggests a triplet contribution to
the emission as does the significant reduction of intensity in
the presence of air.

Putting electron donating methyl substituent(s) on the C^N
ligand either para to the metal 4b or on the pyrazole 4c results
in a considerable red shift from 730 nm for 4a to 760 and
780 nm for 4b and 4c respectively. This is consistent with the
electrochemical data, which show an easier oxidation (raised
HOMO) for these complexes. Complexes with the electron
withdrawing N-aryl substituents on the pyridineimine (4a p-Br,
6a p-CO2H) are red shifted compared to 5a (R = H) though in
these cases the shift is due to a lowering of the LUMO consist-
ent with the easier reduction. An OH substituent also gives
a small red shift in the emission wavelength. Replacing the
N-aryl substituent on the imine with an isopropyl leads to a sig-
nificant blue shift to 640 nm, compared to 715 nm for 5a con-
sistent with the higher LUMO (more cathodic reduction) of 8a.

The results suggest that the emission always starts from
excited states which are strongly influenced by the HOMO and/
or LUMO energies and that are probably the lowest excited

Fig. 7 Low energy (270–650 nm) part of the absorption spectra of 4a.
(▲) Position of fitting Gaussian functions; TD-DFT computed intensities
and wavenumbers for 4a and ( ) PF6̄ on the phenylpyrazole side (4a-
PF6PZ) and ( ) PF6̄ on the phenylimine side (4a-PF6PI). ( ) 4a cation
(see Fig. S8 in ESI† for 5a and 8a).21
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triplet states in agreement with the “Kasha Rule”. We have
undertaken a detailed study of the triplet excited states for 4a,
5a, 8a and their PF6PI ion pairs which are considered

representative of all the complexes 4–8. Furthermore for 4a,
5a, and 8a the substituent on the imine is unlikely to have
specific (e.g., H-bond) interactions with the solvent.

Since some doubt has been cast22 on the reliability of the
TD-DFT triplet energies the triplet structures have been energy
minimized using the variational UKS approach for all three
compounds. The S0–T1 energy difference computed as ΔSCF
energy where T1 UKS and the S0 structures are at the S0
(ΔE(T1@T1:S0@S0) and T1 (ΔE(T1@T1:S0@T1)) relaxed geome-
try are reported in Table 5, column a and b. The former are too
“blue” compared to the experimental values showing a clear
effect of the ground state structure relaxation on the emission
energy. On the other hand using for the ground S0 state the
relaxed triplet geometry (i.e. vertical emission) the computed
wavelength values are 921, 832 and 682 nm. Although the rela-
tive trend of the computed wavelengths is still in the correct
order (4a > 5a > 8a) and the value of 8a is in reasonable agree-
ment with the experimental one, those of 4a and 5a are in
large disagreement.

The observed emission intensity from the excited state Ψκ

to the ground state singlet Ψ0 has two main contributions: one
from the spin–orbit coupling that mixes the pure singlet and
pure triplet states and one due to both the geometry and the
vibrational modification following the electronic reorganiz-
ation in the two different electronic states that can be taken

Table 4 Computed electronic transitions at D95(d))/SDD/M06/DCM level of theory for 4a–8a (data for the ion pairs is in the ESI Tables S4–7)

4a 5a 8a

λ (nm)
Excitation MOs
(contribution %)

λ (nm)
Excitation MOs
(contribution %)

λ (nm)
Excitation MOs
(contribution %)

ṽ (cm−1) ṽ (cm−1) ṽ (cm−1)
( f ) ( f ) ( f )

1 555 HOMO → LUMO (0.98) 544 HOMO → LUMO (0.98) 497 HOMO → LUMO (0.97)
18 020 18 388 20 105
(0.0019) (0.0016) (0.0001)

2 461 HOMO−3 → LUMO (0.03) 453 HOMO−3 → LUMO (0.04) 422 HOMO−2 → LUMO (0.98)
21 687 HOMO−2 → LUMO (0.95) 22 077 HOMO−2 → LUMO (0.94) 23 691
(0.0056) (0.0045) (0.0002)

3 415 HOMO−3 → LUMO (0.17) 408 HOMO−3 → LUMO (0.94) 381 HOMO−3 → LUMO (0.67)
24 088 HOMO−1 → LUMO (0.82) 24 489 HOMO−2 → LUMO (0.03) 26 267 HOMO−1 → LUMO (0.31)
(0.0427) (0.1185) (0.0769)

4 414 HOMO−5 → LUMO (0.02) 407 HOMO−1 → LUMO (0.99) 379 HOMO−3 → LUMO (0.30)
24 164 HOMO−3 → LUMO (0.75) 24 558 26 382 HOMO−1 → LUMO (0.67)
(0.0774) HOMO−1 → LUMO (0.18) (0.006) (0.0397)

5 374 HOMO−4 → LUMO (0.94) 367 HOMO−4 → LUMO (0.96) 343 HOMO−4 → LUMO (0.97)
26 758 27 229 29 117
(0.0187) (0.0058) (0.0006)

6 366 HOMO−6 → LUMO (0.39) 354 HOMO−6 → LUMO (0.91) 331 HOMO → LUMO+1 (0.94)
27 294 HOMO−5 → LUMO (0.51) 28 216 HOMO−5 → LUMO (0.03) 30 198
(0.3547) HOMO−4 → LUMO (0.04) (0.2469) (0.0006)

HOMO−3 → LUMO (0.03)

7 352 HOMO−6 → LUMO (0.56) 347 HOMO−6 → LUMO (0.03) 328 HOMO → LUMO +2 (0.91)
28 442 HOMO−5 → LUMO (0.43) 28 847 HOMO−5 → LUMO (0.94) 30 515
(0.0021) (0.002) (0.0823)

f = oscillator strength.

Fig. 8 Emission spectra for approximately equimolar solutions of
4a–8a. Inset expansion of aryl complexes 4a–7a.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans.

Pu
bl

is
he

d 
on

 1
3 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
ei

ce
st

er
 o

n 
29

/0
1/

20
14

 1
3:

25
:2

8.
 

View Article Online

http://dx.doi.org/10.1039/c3dt52975d


into account by the Franck-Condon factors. These modifi-
cations include also the counter ion in the case of ion pair. If
the M062X xc-functional is used, that takes better account of
the effect of charge separation including a large contribution
of the Hartree–Fock exchange, then agreement for the aryl
compounds is significantly better though the isopropyl wave-
length is now too blue. We note that decomposition of the
broad emission band of 8a (see Fig. S11†) suggests there are
two contributions a major one from the free cation and a
lesser one from the ion pair (see ESI for further discussion).

There is a large difference in the quantum yields of the
studied N-aryl derivatives (4a–7a) compared to the N-alkyl 8a

(8a is at least 10 times as intense see Table 3) that cannot
easily be justified by a different spin–orbit contribution. For
4a–8a and their ion pairs the coefficients of the d orbital of the
MO’s involved in the transition are very similar hence changes
in spin–orbit coupling do not justify the observed large differ-
ence in emission intensity even among the “free” cations. On
excitation different internal degrees of freedom can be modi-
fied, rotation of the N-aryl substituent in the ground state has
already been discussed (Fig. 4), in addition, change of the geo-
metry around the imine nitrogen atom can cause significant
changes in the coordination of the pyridineimine ligand.23

This can lead to large differences in the equilibrium geome-
tries in the S0, S1 and T1 states particularly evident in the “out
of plane” bending (OPLB) of the N–C(aryl) bond allowing the
Franck-Condon factors to further modulate the emission
intensity. Analysis of the molecular geometry of the S0, S1 and
T1 states in case of aryl (4a, 5a) and alkyl (8a) substituted
imine illustrates a striking difference between the two kinds of
molecule both in case of the free cation (Fig. 9), and the ion
pairs (see ESI, Fig. S10†).

The “out of plane” bending of the N(im)–C(aryl) bond
is defined by the dihedral angle between the planes
identified by the atoms C(im)–Ir–N(im) (light blue) and
Ir–N(im)–C(aryl/alkyl) (red). The dihedral is positive if the
rotation looking from the C(im) atom toward the Ir atom is
clockwise for superimposing the “light blue” to the “red
plane”.

Table 5 ΔE(T1→S0) computed at the unrestricted DFT SDD/D95(d)/
M06/DCM level of theory

ΔSCF
Exp

a b

4a 666 921 780
4a M062X 748
5a 638 832 715
5a M062X 718
8a 564 682 640
8a M062X 586

aT1 at T1 relaxed geometry, S0 at ground state geometry(T1@T1:S0@S0).
bT1 and S0 calculated at relaxed T1 geometry(T1@T1:S0@T1). For values
for ion pairs see ESI Table S8.

Fig. 9 Minimum energy structures of 5a (above) and 8a (below) in the ground (S0), first singlet (S1) and first triplet state (T1) computed at the D95/
SDD/M06/DCM level of theory. The angle between the planes is shown in parentheses.
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In the case of 5a the ground state S0, S1 and T1 have
minimum energy equilibrium geometries characterized by
angles ϕ of 8.5, 14.3 and 22.9° respectively, hence the geometry
of the first triplet excited state (Fig. 10) is considerably
different than in the ground state reducing the FC factors.
Similar behaviour is shown by the other aryl derivative 4a. On
the other hand in case of 8a the angles are −1.9, −2.7, and
−3.9° respectively and the ground and T1 states have closer
equilibrium geometries as in case of 8a so these effects are not
very relevant. Similar values are found if the ion pairs are con-
sidered (see ESI Fig. S10†).

Furthermore the geometry of the S1 and the T1 states are
closer in 8a than in the corresponding states of 5a making the
ISC process easier for 8a. In summary aryl-substituted pyridi-
neimines incur more difficult S1→T1 and T1→S0 ISC processes
than alkyl-substituted ones reducing the emission intensity of
aryl-substituted complexes.

Conclusions

In conclusion we have demonstrated that the use of pyridine-
imines in place of bipyridine in biscyclometallated iridium
complexes leads to complexes that are easier to reduce and
which emit at longer wavelengths. The longer wavelength
emission might make these complexes particularly suited to
biological applications. Variation in the substituent on the
imine leads to changes in emission wavelength that are con-
sistent with the electrochemical properties. DFT calculations
provide evidence for excited state geometry changes in
aryl-substituted pyridineimines which lead to significant
loss in emission intensity. The pyridineimine complexes are
easy to prepare, particularly since the pyridineimine ligand
can be prepared in situ from pyridine carboxaldehyde and the
relevant amine. The ready availability of a wide range of
amines with additional functionality means that further
modification of the complexes e.g. bioconjugation, should be
relatively easy.

Experimental
Materials and methods

All reactions were carried out under an inert atmosphere of
nitrogen and under microwave irradiation unless stated other-
wise. After work up all the complexes were air-stable. Micro-
wave reactions were carried out in a CEM-Discover commercial
microwave reactor. 1H, and 13C–{1H} NMR spectra were
obtained using a DRX 400 MHz spectrometer. Chemical shifts
were recorded in ppm (on δ scale with tetramethylsilane as
internal reference), and coupling constants are reported in Hz.
The labelling for NMR assignments is shown in the ESI.† FAB
mass spectra were obtained on a Kratos concept mass spectro-
meter using NOBA as matrix. The electrospray (ES) mass
spectra were recorded using a micromass Quattra LC mass
spectrometer in HPLC grade acetonitrile. UV-Vis absorption
measurements were carried out on a Shimadzu UV-1600 series
spectrometer in dry DCM. Luminescence studies were per-
formed in dry DCM using a Jobin Yvon Horiba Fluoromax-P
spectrofluorimeter. For emission measurements, all complexes
were excited at a wavelength of 390 nm using a filter of
450 nm. Electrochemical measurements were performed with
an Eco Chemie Autolab. All measurements were carried out in
a one-compartment cell under N2 gas, equipped with a Pt disc
working electrode, a Pt gauze counter electrode and a silver
wire reference electrode. The supporting electrolyte was
Et4NClO4 (0.1 mol L−1) in acetonitrile. Elemental analyses were
performed at London Metropolitan University. All starting
materials were obtained from Aldrich or Alfa Aesar.

Computational details

The decomposition of the absorption spectra was a non-linear
fitting of a set of Gaussian functions (see ref. 16). DFT compu-
tations were applied by using the meta-hybrid xc functional
M0624 as implemented in the Gaussian 09 suite of programs25

that has been shown to be effective in dealing with similar
complexes.26 Some preliminary calculations were performed
using the modified Perdew–Burke–Ehrzenov functional.27 Geo-
metry optimizations were performed using the Dunning/

Fig. 10 Energies of S0 (blue), S1 (green) and T1 (red) states at their relaxed and unrelaxed geometries and their optimized structures for 5a (left) and
8a (right). The black line (73.31 kcal mol−1) corresponds to the excitation energy.
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Huzinaga double-ζ (D95) basis sets,28 adding a set of polariz-
ation functions to the same basis set in case of C, N, P, F
atoms. The Stuttgart/Dresden ECP basis set and pseudopoten-
tial for small core taking into account relativistic effects were
used for Ir and Br.29 Default gradient and displacement
thresholds were used for the geometry optimization conver-
gence criteria. The dichloromethane (DCM) and acetonitrile
(ACN) solvents environment were modelled according to the
SCRF model.30 To confirm that the obtained geometries are
relative minima on the molecular energy hypersurface, analyti-
cal computation of the Hessian matrix with respect to the
nuclear coordinates at the same level of theory was performed.
The programs Molekel4.331 and Mercury CSD 2.032 were used
to draw chemical structures and orbital composition.

Time dependent DFT were computed using the same
exchange correlation functional. Calculations were performed
for both the cation in solution and in gas phase. Furthermore
the ion pairs with the PF6 were optimized starting from the
geometry of the crystal structure. Excited states for the calcu-
lation of the absorption spectra were computed using the opti-
mized geometries of the singlet ground state (vertical
excitation). The structure of the first triplet state has been com-
puted using the unrestricted wavefunction (UKS) within the
Kohn-Sham DFT.

The Hessian of the computed wavefunction has been
checked against possible internal instability.33 Emission ener-
gies were computed also as the difference (so called ΔSCF)
between the UKS molecular energy of the triplet state at the
relaxed geometry of the triplet state and the energy of the
singlet ground state at the triplet geometry (vertical de-
excitation).

General procedure for synthesis of [Ir(C^N)2(pyridineimine)]-
[PF6] (4–9)

The appropriate dimer, [Ir(C^N)2Cl]2, pyridine-2-carbox-
aldehyde (2.4 equiv.), KPF6 (2–2.4 equiv.) and the relevant
amine (2.4 equiv.) were placed in a microwave vial and the
solvent (3 ml) was added. Nitrogen was bubbled through the
solution for 2 min and the vial was then sealed with a septum
cap. The tube was placed in the microwave reactor and heated
under microwave irradiation. After this time the solvent was
removed in vacuo leaving behind a solid which was dissolved
in DCM (15 ml) and passed through celite. The filtrate was
reduced in volume and hexane was added slowly to induce pre-
cipitation. The precipitate was isolated, washed with hexane
and dried in vacuo. The compounds could be recrystallised
from DCM–hexane. Early attempts were carried out at 100 °C
for 30 min in ethanol but later milder conditions (20 min at
60 °C in methanol) were found to work just as well. Hence the
reactions are done under the milder conditions unless stated
otherwise. In the mass spectrometry data [M]+ will refer to just
the complex cation.

Synthesis of 4a. This was prepared from dimer 3a (50 mg,
0.049 mmol), 4-bromoaniline (20.3 mg, 0.118 mmol), pyri-
dine–2-carboxaldehyde (12.7 mg, 12 µL, 0.118 mmol) and
KPF6 (18.1 mg, 0.098 mmol) and after work up gave 4a as a red

solid (74 mg, 86%). Anal. Calcd for C31H25BrCl2F6IrN6P: C,
38.40, H, 2.60, N, 8.67. Found: C, 38.46, H, 2.51, N, 8.62%. 1H
NMR (CDCl3): δ 9.33 (1H, s, H5), 8.52 (1H, bd, J = 7.4, H4), 8.09
(2× overlapping 1H, td, J = 7.4, 1.5, H3, d, J = 2.0, He), 8.02–8.01
(2H, m, H1, e′), 7.53 (1H, d, J = 2.3, Hg), 7.46 (1H, ddd, J = 7.8,
5.5, 1.2, H2), 7.27 (1H, dd, J = 7.8, 1.2, Hd), 7.23–7.19 (2H, m,
H7, 7′), 7.07 (1H, dd, J = 7.8, 1.2, Hd′), 7.05 (1H, td, J = 7.8, 1.2,
Hc), 6.95 (1H, d, J = 2.3, Hg′), 6.90–6.84 (4H, m, H6, 6′, b, c′), 6.70
(1H, td, J = 7.8, 1.2, Hb′), 6.65 (1H, t, J = 2.5, Hf), 6.61 (1H, t, J =
2.5, Hf′), 6.25 (1H, dd, J = 7.4, 1.2, Ha), 6.05 (1H, dd, J = 7.4,
1.2, Ha′).

13C NMR: 169.14 (C5), 156.29 (C10), 150.40 (C1),
146.58 (C9), 142.33 (Ch), 142.02 (Ch′), 139.75 (C3), 139.70 (Cg),
138.55 (Cg′), 133.26 (Ca′), 133.07 (Ca), 132.09 (C7, 7′), 131.61
(C4), 131.14 (Ci′), 130.23 (Ci), 129.06 (C2), 127.03 (Cb), 126.69
(Cb′), 126.62 (Ce), 126.55 (Ce′), 124.07 (C6, 6′), 123.70 (Cc),
123.15 (Cc′), 123.06 (C8), 111.59 (Cd), 111.18 (Cd′), 108.80 (Cf),
108.58 (Cf′). MS (FAB): m/z 739 [M]+.

Synthesis of 4b. This was prepared from dimer 3b (60 mg,
0.055 mmol), 4-bromoaniline (22.7 mg, 0.132 mmol), pyri-
dine–2-carboxaldehyde (14.2 mg, 12.6 µL, 0.132 mmol) and
KPF6 (24.3 mg, 0.132 mmol) and after work up gave 4b as a red
solid (82 mg, 82%). Anal. Calcd for C32H27BrF6IrN6P: C, 42.11,
H, 2.98, N, 9.21. Found: C, 42.17, H, 3.03, N, 9.28%. 1H NMR
(CD2Cl2): δ 9.21 (1H, s, H5), 8.38 (1H, dd, J = 7.8, 1.2, H4),
8.16–8.10 (3H, m, H1, 3, e), 8.06 (1H, dd, J = 3.1, 0.8, He′), 7.52
(1H, ddd, J = 7.8, 5.5, 1.6, H2), 7.46 (1H, d, J = 2.3, Hg),
7.30–7.26 (2H, m, H7, 7′), 7.16 (1H, s, Hd), 6.98 (1H, s, Hd′), 6.88
(1H, d, J = 2.3, Hg′), 6.86–6.82 (2H, m, H6, 6′), 6.72 (1H, dd, J =
7.8, 0.8, Hb), 6.63 (1H, t, J = 2.7, Hf), 6.60–6.56 (2H, m, Hb′, f′),
6.09 (1H, d, J = 7.8, Ha), 5.93 (1H, d, J = 7.8, Ha′), 2.32 (3H, s,
Me), 2.24 (3H, s, Me′). 13C NMR: 168.90 (C5), 156.38 (C10),
151.55 (C1), 147.21 (C9), 142.79 (Ch), 142.53 (Ch′), 140.02 (C3),
139.90 (Cg), 138.65 (Cg′), 134.02 (Cc), 133.36 (Cc′), 133.28 (Ca′),
132.93 (Ca), 132.47 (C7, 7′), 131.22 (C4), 129.93 (C2), 128.18 (Cf),
127.83 (Cf′), 127.39 (Ce), 127.26 (Ce′), 127.17 (Ci′), 126.06 (Ci),
124.50 (C6, 6′), 123.33 (C8), 113.05 (Cd), 112.61 (Cd′), 108.87
(Cf), 108.70 (Cf′), 21.11 (Me), 21.03 (Me′). MS (FAB): m/z
767 [M]+.

Synthesis of 4c. This was prepared from dimer 3c (50 mg,
0.044 mmol), 4-bromoaniline (18.2 mg, 0.106 mmol), pyri-
dine–2-carboxaldehyde (11.3 mg, 10.1 µL, 0.106 mmol) and
KPF6 (19.5 mg, 0.106 mmol) and after work up gave 3c as a red
solid (73 mg, 89%). Anal. Calcd for C34H31BrF6IrN6P: C, 43.41,
H, 3.32, N, 8.93. Found: C, 43.35, H, 3.36, N, 8.84%. 1H NMR
(CD2Cl2): δ 9.20 (1H, s, H5), 8.39 (1H, dd, J = 7.8, 0.8, H4), 8.13
(1H, td, J = 7.8, 1.6, H3), 7.98 (1H, ddd, J = 5.4, 1.6, 0.8, H1),
7.53–7.49 (2H, m, H2, d), 7.22–7.18 (2H, m, H7, 7′), 7.10 (1H, dd,
J = 8.2, 1.2, Hd′), 7.06 (1H, ddd, J = 8.2, 7.4, 1.6, Hc), 6.91 (1H,
ddd, J = 8.2, 7.4, 1.6, Hc′), 6.81 (1H, td, J = 7.4, 0.8, Hb),
6.78–6.73 (3H, m, H6, 6′, b′), 6.35 (1H, dd, J = 7.4, 1.6, Ha), 6.21
(1H, dd, J = 7.8, 1.6, Ha′), 6.14 (1H, s, Hf), 6.06 (1H, s, Hf′), 2.84
(3H, s, MeB), 2.56 (3H, s, MeB′), 2.13 (3H, s, MeA) 1.56 (3H, s,
MeA′).

13C NMR: 167.98 (C5), 156.55 (C10), 151.19 (C1), 150.69
(Cg), 150.09 (Cg′), 146.53 (C9), 144.72 (Ci′), 144.54 (Ci), 142.16
(Ce), 141.71 (Ce′), 139.82 (C3), 133.92 (Ca), 133.84 (Ca′), 132.67
(Ch′), 132.13 (C7, 7′), 131.19 (C4), 130.61 (Ch), 130.18 (C2),
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125.98 (Cb), 125.81 (Cb′), 124.76 (C6, 6′), 123.99 (Cc), 123.55
(Cc′), 123.40 (C8), 113.23 (Cd), 112.83 (Cd′), 110.56 (Cf′), 110.44
(Cf), 14.76 (MeB), 14.45 (MeB′), 14.07 (MeA), 12.47 (MeA′). MS
(FAB): m/z 795 [M]+.

Synthesis of 5a. This was prepared from dimer 3a (50 mg,
0.049 mmol), aniline (11 mg, 10.8 µL, 0.118 mmol), pyridine–
2-carboxaldehyde (12.7 mg, 12 µL, 0.118 mmol) and KPF6
(18.1 mg, 0.098 mmol) and after work up gave 5a as a red solid
(58 mg, 75%). Anal. Calcd for C30H24F6IrN6P: C, 44.72, H, 3.00,
N, 10.43. Found: C, 44.81, H, 3.07, N, 10.39%. 1H NMR
(CD2Cl2): δ 9.19 (1H, s, H5), 8.36 (1H, bd, J = 7.4, H4), 8.17–8.07
(4H, m, H1, 3, e, e′), 7.54–7.51 (2H, m, H2, g), 7.34 (1H, bd, J =
8.2, Hd), 7.21–7.06 (5H, m, H7, 7′, 8, c, d′), 6.94–6.85 (5H, m,
H6, 6′, b, c′, g′), 6.68 (1H, td, J = 7.4, 1.2, Hb′), 6.65 (1H, t, J = 2.4,
Hf), 6.62 (1H, t, J = 2.4, Hf′), 6.27 (1H, dd, J = 7.4, 1.2, Ha), 6.07
(1H, dd, J = 7.4, 1.2, Ha′).

13C NMR: 168.55 (C5), 156.45 (C10),
151.57 (C1), 148.21 (C9), 142.90 (Ch), 142.62 (Ch′), 140.17 (C3),
140.05 (Cg), 138.71 (Cg′), 133.66 (Ca′), 133.40 (Ca), 131.63 (Ci′),
131.02 (C4), 130.60 (Ci), 129.89 (C2), 129.41 (C7, 7′), 129.36 (C8),
127.61 (Ce), 127.42 (Cb), 127.30 (Ce′), 126.77 (Cb′), 124.17 (Cc),
123.41 (Cc′), 122.57 (C6, 6′), 112.24 (Cd), 111.65 (Cd′), 108.99
(Cf), 108.84 (Cf′). MS (FAB): m/z 661 [M]+.

Synthesis of 6a. This was prepared from dimer 3a (100 mg,
0.097 mmol), 4-aminobenzoic acid (32 mg, 0.233 mmol), pyri-
dine-2-carboxaldehyde (25 mg, 22 µL, 0.233 mmol) and KPF6
(49 mg, 0.233 mmol) and after work up gave 6a as an orange-
brown solid (155 mg, 94%). Anal. Calcd for C31H24F6IrN6O2P:
C, 43.82, H, 2.85, N, 9.89. Found: C, 43.92, H, 2.79, N, 9.83%.
1H NMR (CD2Cl2): δ 9.36 (1H, s, H5), 8.48 (1H, d, J = 6.6, H4),
8.16 (1H, d, J = 2.7, He), 8.07–8.03 (3H, m, H1, 3, e′), 7.63–7.61
(3H, m, H7, 7′, g), 7.47 (1H, dd, J = 7.4, 5.1, H2), 7.34 (1H, dd, J =
7.8, 0.8, Hd), 7.10–7.06 (2H, m, Hc, d′), 6.94 (1H, d, J = 2.0, Hg′),
6.88–6.80 (4H, m, H6, 6′, b, c′), 6.66–6.63 (2H, m, Hb′, f ), 6.60
(1H, t, J = 2.3, Hf′), 6.26 (1H, dd, J = 7.8, 1.2, Ha), 6.06 (1H, dd,
J = 7.4, 1.2, Ha′).

13C NMR: 170.23 (C5), 168.89 (C11),
156.39 (C10), 151.42 (C1), 151.29 (C9), 142.91 (Ch), 142.56 (Ch′),
140.28 (C3), 140.11 (Cg), 138.84 (Cg′), 133.59 (Ca′), 133.36 (Ca),
132.61 (C8), 131.68 (C4), 131.47 (Ci′), 130.90 (C7, 7′), 130.53 (Ci),
130.01 (C2), 127.64 (Cb), 127.51 (Ce), 127.23 (Ce′), 126.83 (Cb′),
124.16 (Cc), 123.52 (Cc′), 122.55 (C6, 6′), 112.24 (Cd),
111.73 (Cd′), 109.07 (Cf), 108.87 (Cf′). MS (FAB): m/z 705 [M]+.

Synthesis of 7a. This was prepared from dimer 3a (40 mg,
0.039 mmol), 4-aminophenol (10.2 mg, 0.094 mmol) and pyri-
dine-2-carboxaldehyde (10.1 mg, 8 µL, 0.094 mmol) and after
work up gave 7a as a red solid (45 mg, 87%). Anal. Calcd for
C30H24ClIrN6O: C, 50.59, H, 3.40, N, 11.80. Found: C, 50.62, H,
3.31, N, 11.70%. 1H NMR (MeOD): δ 9.29 (1H, s, H5), 8.57 (1H,
d, J = 3.1, He), 8.47 (1H, d, J = 2.3, He′), 8.36 (1H, bd, J = 7.8,
H4), 8.19 (1H, td, J = 7.8, 1.6, H3), 8.10 (1H, d, J = 5.5, H1), 7.69
(1H, d, J = 2.3, Hg), 7.59 (1H, ddd, J = 7.8, 5.5, 1.2, H2), 7.53
(1H, dd, J = 7.8, 1.2, Hd), 7.32 (1H, dd, J = 7.8, 1.2, Hd′), 7.11
(1H, dd, J = 2.3, 0.8, Hg′), 7.06 (1H, td, J = 7.8, 1.2, Hc),
6.91–6.87 (3H, m, H6, 6′, c′), 6.84 (1H, td, J = 7.4, 1.2, Hb), 6.71
(1H, t, J = 2.3, Hf), 6.69 (1H, m, Hb′), 6.67 (1H, t, J = 2.3, Hf′),
6.51–6.47 (2H, m, H7, 7′), 6.26 (1H, dd, J = 7.8, 1.2, Ha), 6.09
(1H, dd, J = 7.4, 1.2, Ha′).

13C NMR: 166.03 (C5), 158.64 (C8),

156.84 (C10), 150.60 (C1), 142.85 (Ch), 142.63 (Ch′), 140.53 (C9),
139.34 (C3, g), 138.09 (Cg′), 132.98 (Ca′), 132.66 (Ca), 131.80 (Ci′),
130.68 (Ci), 129.41 (C4), 128.70 (C2), 127.58 (Ce), 127.29 (Ce′),
126.23 (Cb), 125.72 (Cb′), 123.78 (C6, 6′), 123.18 (Cc), 122.45
(Cc′), 114.92 (C7, 7′), 111.57 (Cd), 111.07 (Cd′), 108.15 (Cf),
107.96 (Cf′). MS (FAB): m/z 677 [M]+.

Synthesis of 8a. This was prepared from dimer 3a (70 mg,
0.068 mmol), 2-pyridine carbaldisopropylimine (24.2 mg,
0.164 mmol), and KPF6 (25 mg, 0.136 mmol) and after work
up gave 8a as an orange solid (89 mg, 85%). Anal. Calcd for
C27H26F6IrN6P: C, 42.02, H, 3.40, N, 10.89. Found: C, 41.92, H,
3.30, N, 10.81%. 1H NMR (CD2Cl2): δ 9.28 (1H, s, H5), 8.32 (1H,
bd, J = 7.6, H4), 8.24 (1H, dd, J = 2.8, 0.6, He′), 8.18 (1H, dd, J =
2.8, 0.6, He), 8.12 (1H, td, J = 7.8, 1.4, H3), 8.02 (1H, dd, J = 5.3,
1.2, H1), 7.48–7.45 (2H, m, H2, g), 7.35 (1H, dd, J = 3.4, 0.8,
Hd′), 7.34 (1H, dd, J = 3.4, 0.8, Hd), 7.11 (1H, td, J = 7.6, 1.4,
Hc), 7.05 (1H, td, J = 7.6, 1.4, Hc′), 6.92–6.88 (2H, m, Hb, g′),
6.86 (1H, td, J = 7.3, 1.2, Hb′), 6.67–6.65 (2H, m, Hf, f′), 6.36
(1H, dd, J = 7.5, 1.4, Ha′), 6.22 (1H, dd, J = 7.5, 1.4, Ha), 4.11
(1H, sept, J = 6.7, H6), 1.12 (3H, d, J = 6.5, MeA or B), 1.01 (3H,
d, J = 6.7, MeA or B).

13C NMR: 166.75 (C5), 156.42 (C9), 150.66
(C1), 142.73 (Ch′), 142.51 (Ch), 139.85 (Cg), 139.64 (C3), 138.14
(Cg′), 133.92 (Ca′), 132.63 (Ca), 131.25 (Ci), 130.56 (Ci′), 129.39
(C4), 128.74 (C2), 127.09 (Ce), 126.93 (Ce′), 126.85 (Cb), 126.47
(Cb′), 123.56 (Cc), 123.03 (Cc′), 111.67 (Cd′), 111.40 (Cd), 108.40,
108.34 (Cf, f′), 63.47 (C6), 22.17 (MeA or B), 21.82 (MeA or B). MS
(FAB): m/z 627 [M]+.

Synthesis of 9a. This was prepared from dimer 3a (40 mg,
0.039 mmol), glycine ethylester hydrochloride (13 mg,
0.090 mmol), pyridine–2-carboxaldehyde (10 mg, 9 µL,
0.090 mmol), triethylamine (9 mg, 12 µL, 0.090 mmol) and
KPF6 (17 mg, 0.090 mmol) and after work up gave 9a as an
orange-red solid (40 mg, 63%). Anal. Calcd for
C28H26F6IrN6O2P: C, 41.23, H, 3.21, N, 10.30. Found: C, 41.30,
H, 3.14, N, 10.37%. 1H NMR (CD2Cl2): δ 9.16 (1H, s, H5), 8.26
(1H, d, J = 7.4, H4), 8.15 (1H, d, J = 2.3, He), 8.11–8.07 (2H, m,
H3, e), 8.05 (1H, d, J = 5.5, H1), 7.77 (1H, dd, J = 2.3, 0.8, Hg),
7.49 (1H, ddd, J = 7.4, 5.5, 1.6, H2), 7.30 (1H, dd, J = 8.2, 0.8,
Hd), 7.27 (1H, dd, J = 8.2, 1.2, Hd′), 7.06 (1H, td, J = 7.4, 1.2,
Hc), 7.03 (1H, td, J = 7.8, 1.2, Hc′), 6.89 (1H, d, J = 2.3, Hg′), 6.86
(1H, td, J = 7.4, 1.2, Hb), 6.82 (1H, td, J = 7.4, 1.2, Hb′), 6.64
(1H, t, J = 2.3, Hf′), 6.61 (1H, t, J = 2.3, Hf ), 6.28 (1H, dd, J = 7.4,
1.2, Ha′), 6.22 (1H, dd, J = 7.8, 1.2, Ha), 4.60 (1H, dd, J = 15.6,
1.2, H6), 4.42 (1H, dd, J = 15.6, 1.2, H7), 3.84 (2H, q, J = 7.0,
H8), 1.05 (3H, t, J = 7.0, Me). 13C NMR: 173.57 (C5), 167.19 (C9),
156.12 (C10), 151.50 (C1), 143.23 (Ch′), 143.07 (Ch), 140.53 (Cg),
140.04 (C3), 138.72 (Cg′), 134.10 (Ca′), 133.33 (Ca), 131.55 (Ci),
130.33 (C4), 129.86 (Ci′), 129.77 (C2), 127.33 (Cb), 127.26 (Cb′),
127.08 (Ce), 126.89 (Ce′), 124.01 (Cc), 123.88 (Cc′), 111.98 (Cd),
111.79 (Cd′), 108.79 (Cf′), 108.68 (Cf ), 62.42 (C8), 61.83 (C6, 7),
14.02 (Me). MS (FAB): m/z 671 [M]+.

X-ray diffraction

Data were collected on a Bruker Apex 2000 CCD diffractometer
using graphite monochromated Mo-Kα radiation, λ = 0.7107 Å.
The data were corrected for Lorentz and polarisation effects
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and empirical absorption corrections were applied. The struc-
ture was solved by direct methods and with structure refine-
ment on F2 employed SHELXTL version 6.10.34 Hydrogen
atoms were included in calculated positions (C–H =
0.93–1.00 Å, O–H = 0.84 Å) riding on the bonded atom with iso-
tropic displacement parameters set to 1.5Ueq (O) for hydroxyl
H atoms, 1.5Ueq (C) for methyl hydrogen atoms and 1.2Ueq (C)
for all other H atoms. All non-hydrogen atoms were refined
with anisotropic displacement parameters without positional
restraints. Disordered solvent was removed the Squeeze option
in PLATON.35 Figures were drawn using the program ORTEP.36

Crystal data for 4a, 5a, 6a, 8a, and 9a are in Table 6 those for
4b and 4c are in the ESI, Table S1.† Coordinates have been de-
posited with the Cambridge crystallographic database CCDC
numbers CCDC 922554–922560.
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