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ABSTRACT: A simple and versatile route for modifying picolinate ligands coordinated to
iridium is described. Reacting a p-chloro iridium(C”N) dimer (where C*N is a
phenylpyridine based ligand) with bromopicolinic acid (HpicBr) yields the corresponding
iridium(C”N)2(picBr) complexes (1-4 and 11), which were readily modified by a
Sonogashira reaction to give eight alkyne-substituted picolinate complexes (5-10, 12 and 13).
The luminescent behaviour of these complexes shows that the position of substitution about

the picolinate ring has both an effect on photophysical behaviour as well as the reactivity.

Introduction
Complexes containing a Ir(C*N)2(A) where (A = bidentate ancillary ligand) have frequently
been employed in OLEDSs because of their phosphorescence, quantum yield, emission
tunablitiy and short lifetimes (typically 1-20 us). Due to the modular nature of the
complexes, it is possible to tune the energy of the excited state and emission by substituting
the ligands in addition to controlling solubility etc.!® These properties make them ideal for
OLEDs but have also been used to sensitise the emission of another molecules. The most
successful examples of this are the iridium—lanthanide complexes, in which the iridium
complex is tethered to a lanthanide complex. By choosing ligands judiciously, it is possible to
tune the Ty energy of the iridium complex in such that it is sufficiently above the lanthanide
Do, allowing for a photo-induced energy transfer.®® Such systems have been employed in
bioimaging, in particular for in vivo 'Oz sensing.t® 1/

Depending on the nature of the tether between the iridium complexes and other
molecules, energy transfers can occur via two different mechanisms: i) Forster energy

transfers, which are common in unconjugated tethers but decay exponentially with distance



and rely on dipole-dipole coupling between transition dipole moments of the donor and
acceptor;'® and ii) Dexter energy transfers, which involve the electron exchange between
donor and acceptor. tend to favour conjugated tethers, but which can occur over a 20 A
distance between the sensitizer and emitter.°

The most common approach to joining iridium sensitizers to an emitter is to attach the
tether to the ancillary ligand of the iridium complex. This approach is favoured because the
conditions required to coordinate the primary ligands are often harsh and lead to ligand
exchange, but in contrast, the ancillary ligand coordinating conditions are typically mild,
allowing for the ligand to be modified prior (or post) to coordination. The two most modified
types of ancillary ligands are acetylacetonate (acac) and diimine ligands (e.g., 1,10-
phenanthroline [phen] or 2,2"-bipyridine [bpy]). Acetylacetonate has been extensively
modified at the beta methyl (B-methyl) positions with an assortment of aromatic and alkyl
groups;2%-28 the unoccupied orbitals of acac tend to be high in energy and therefore have little
involvement in the photophysics of the complexes. Recently, however, Zeissel et al., by
substituting the central position with aromatic groups containing accessible triplet states, have
demonstrated that it is possible to introduce an interligand energy transfer.?®- 2" Diimine
ligands tend to have low-lying " orbitals, which result in the iridium complexes’ lowest
unoccupied molecular orbitals (LUMOS) being strongly diimine in character. These have
been tethered by a variety of groups including alkanes and napthylene to lanthanide
complexes, to enhance their emission via either Forster or Dexter energy transfers.® 122829

Pyridine-2-carboxylate (pic) has been used extensively as a blue-shifting ancillary
ligand in the production of OLED materials,*-3? but surprisingly further elaboration of this
ligand has largely been unexplored. One of the few examples that have been explored was 5-
ethynylpicolinate attached to polyoxometalates (POMs), which demonstrated their potential

for charge separation.3*3 All other examples of pic modification have involved the addition



of electron-donating groups which raise the energy of the pic orbitals, thereby reducing their
involvement in the frontier orbitals of the complex and properties of the excited state.®8 In
the current investigation, we sought to examine the effects of substituting varied alkynes at
different positions (Figure 1) around pic upon the photophysical properties of the complexes
and establish which sites had the greatest effects in creating a pathway for the addition of

other functional groups.

Figure 1. Pyridine-2-carboxylate positional labels.

Experimental Section

General details. NMR spectra were recorded in deuterated solvent solutions on a
Varian VNMRS-600 spectrometer and were referenced against solvent resonances (*H, *C).
Electrospray mass spectra (ESMS) data were recorded on a TQD mass spectrometer (Waters
Ltd, UK) in acetonitrile or MALDI TOF MS data were recorded on a Bruker Autoflex 11
ToF/ToF. Microanalyses were performed by Elemental Analysis Service, London
Metropolitan University, UK. Electrochemical analyses of the complexes were carried out
using a PalmSens EmStat? potentiometer, with platinum working, platinum counter and
platinum pseudo reference electrodes, from solutions in acetonitrile containing 0.1 M
supporting electrolyte (tetrabutylammonium hexafluorophosphate [TBAPFe]), with a scan
rate of 100 mVs™. The ferrocene/ferrocinium couple was used as the internal reference.
Analytical grades of solvents were used: [Ir(PPy)2Cl]>*® and ((4-
ethynylphenyl)ethynyl)triisopropylsilane* were synthesised according to literature methods.

All other chemicals were sourced from standard suppliers.

Synthesis of Ir(ppy)z(pic-X-Br) complexes. [(ppy)2IrCl]2 (0.50 g, 0.46 mmol),
bromopicolinic acid (0.28 g, 1.38 mmol), and K2CO3 (0.38 g, 2.76 mmol) were dissolved in
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anhydrous acetone (30 mL), and the solution was heated to reflux overnight under nitrogen.
The solvent was removed in vacuo, leaving a yellow solid, which was dissolved in
dichloromethane (DCM) and filtered. The yellow filtrate was purified by column
chromatography on silica, eluted using a gradient from dichloromethane to acetone, yielding
a yellow-orange solid. Crystals were grown by layer diffusion of methanol into a

dichloromethane solution.

Ir(ppy)2(pic-3-Br) 1. Yield: 0.52 g (80 %). *H-NMR (CDCl,) & 8.70 (dd (Jnn =6, 1
Hz), 1H), 8.14 (dd (Jnn = 8, 1 Hz), 1H), 7.95 (dt (Jun = 8, 1 Hz), 1H), 7.89 (dt (Jhn =8, 1
Hz), 1H), 7.83 (dd (Jun = 8, 1 Hz), 1H), 7.80-7.75 (m, 2H), 7.66 (dd (Jnn = 6, 1 Hz), 2H),
7.54 (dd (Jun =6, 2 Hz), 1H), 7.19 (ddd (Jun =7, 6, 1), 1H), 7.12 (dd (Jun = 8, 5 Hz), 1H),
7.02 (ddd (Jnn = 7, 5, 1 Hz), 1H), 6.97-6.91 (m, 2H), 6.82-6.77 (m, 2H), 6.36 (dd (JuH =8, 1
Hz), 1H), 6.16 (dd (Jun = 8, 1 Hz), 1H) ppm. BC-NMR (CD:Cl) &: 169.9, 168.4, 167.4,
148.6, 148.5, 148.4, 147.6, 144.5, 144.2, 137.4, 137.3, 132.3, 132.2, 129.8, 129.4, 127.7,
125.0, 124.5, 124.1, 122.4, 121.5, 121.1, 119.2, 118.7 ppm. MALDI: m/z 701.0 [M]*. Anal.
Calc. for C2gH19BrIrNzO2: C, 47.93; H, 2.73; N, 5.99 %. Found: C, 47.86; H, 2.79; N, 6.05
%.

Ir(ppy)2(pic-4-Br) 2. Yield: 0.56 g (87%). *H-NMR (CD.Cl>) & 8.69 (d (Jun = 6 Hz),
1H), 8.44 (d (Jnn = 2 Hz), 1H), 7.96 (d (Jun = 8 Hz), 1H), 7.90 (d (Jnn = 8 Hz), 1H), 7.81-
7.75 (m, 2H), 7.67 (m, 2H), 7.59 (d (Jnn = 6 Hz), 1H), 7.56 (d (Jun = 6 Hz), 1H), 7.50 (dd
(Jnn =6, 2 Hz),1H), 7.18 (td (Jnn =7, 2 Hz), 1H), 7.03 (td (Jnn = 7, 2 Hz), 1H), 6.96 (m,
2H), 6.81 (m, 2H), 6.39 (d (JuH = 8 Hz), 1H), 6.20 (d (JuH = 8 Hz), 1H) ppm. °C-NMR
(CD2CIp) 6: 171.0, 168.5, 167.4, 153.3, 148.9, 148.8, 148.7, 148.2, 146.5, 144.3, 144.2,
137.5,137.4,134.8, 132.2, 131.7, 131.4, 129.9, 129.5, 124.5, 124.1, 122.4, 121.7, 121.3,
119.2, 118.7. ESMS: m/z 702.0359 [M+H]". Anal. Calc. for C2sH19BrIrNzO2: C, 47.93; H,
2.73; N, 5.99 %. Found: C, 48.02; H, 2.73; N, 6.06 %.

Ir(ppy)2(pic-5-Br) 3. Yield: 0.34 g (53 %). *H-NMR-(CD2Cl,) &: 8.67 (s, 1H), 8.15
(d (Jun = 8 Hz), 1H), 8.04 (d (JuH = 8 Hz), 1H), 7.95 (d (Jun = 8 Hz), 1H), 7.90 (d (JHH =8



Hz), 1H), 7.79-7.76 (m, 3H), 7.68-7.65 (m, 2H), 7.55 (d (Jnn = 6 Hz), 1H), 7.18 (t (JuH = 8
Hz), 1H), 7.02 (t (Jun = 8 Hz), 1H), 6.98 (t (Jun = 8 Hz), 1H), 6.93 (t (Juw = 8 Hz), 1H), 6.81
(t Qun = 8 Hz), 1H), 6.37 (d (Jnn = 7 Hz), 1H), 6.15 (d (Jun = 7 Hz) ppm. BC-NMR (CD:Cl,)
0:171.4,168.4,167.4,151.1, 149.2, 148.6, 148.4, 148.2, 146.2, 144.2, 144.1, 140.5, 137.4,
137.4,132.3,132.1, 129.9, 129.4, 129.1, 124.8, 124.5, 124.0, 122.4, 122.4, 121.3, 119.1,
118.8 ppm. MALDI: m/z 701.0 [M]*. Anal. Calc. for C2sH19BrIrNzO2: C, 47.93; H, 2.73; N,
5.99 %. Found: C, 47.91; H, 2.89; N, 6.06 %.

Ir(ppy)2(pic-6-Br) 4. Yield: 0.55 g (85 %). *H-NMR (CD.Cly) &: 8.59 (dt (Jun =6, 1
Hz), 1H), 8.35 (dd (Jun = 8, 1 Hz), 1H), 7.95-7.89 (m, 3H), 7.81-7.76 (m, 3H), 7.64-7.60 (m,
3H), 7.14 (ddd (Jun = 7, 6, 1 Hz), 1H), 7.05 (ddd (Jun = 7, 6, 1 Hz), 1H), 6.92 (td (Jun =8, 1
Hz), 1H), 6.85 (td (Jun = 8, 1 Hz), 1H), 6.74 (td (Jnn =7, 2 Hz), 1H), 6.68 (td (JhH =7, 2
Hz), 1H), 6.31 (dd (Juu = 8, 1 Hz), 1H), 6.00 (dd (Jur = 8, 1 Hz), 1H) ppm. 3C-NMR
(CD2ClIp) 6: 172.0, 168.6, 167.6, 155.5, 150.4, 149.5, 147.9, 145.0, 143.9, 143.8, 143.8,
139.5, 137.3, 137.3, 133.3, 133.1, 131.3, 129.3, 129.0, 127.0, 124.0, 123.9, 122.6, 121.8,
121.6, 120.4, 119.2, 118.5 ppm. MALDI: m/z 701.0 [M]*. Anal. Calc. for C2sH1sBrIrNzOy:
C, 47.93; H, 2.73; N, 5.99 %. Found: C, 47.91; H, 2.82; N, 5.90 %.

Triisopropylsilyl acetylene coupling procedure. In a nitrogen-degassed atmosphere,
Ir(ppy)2(pic-X-Br) (0.10 g, 0.14 mmol), Cul (0.003 g, 0.014 mmol), and [Pd(PPh3).Cl>] (0.01
g, 0.014 mmol) were dissolved in anhydrous tetrahydrofuran (THF) (20 mL) before
triethylamine (NEts, 7 mL) was added. After three freeze-pump-thaw cycles, triisopropylsilyl
acetylene (Tips-CCH, 0.1 mL, 0.446 mmol) was added, and the solution was heated
overnight at 50°C. The reaction mixture was evaporated to dryness, and the product was
isolated and purified using column chromatography on silica gel, using a solvent gradient

from DCM to acetone to afford an orange-red solid.

Ir(ppy)2(pic-3-C=C-Tips) 5. Yield: 0.55 g (85 %). *H-NMR (CD2Cl,) & 8.75 (d (Jnm
=6 Hz), 1H), 7.99 (d (JuH = 8 Hz), 1H), 7.93 (d (Jun = 8 Hz), 1H), 7.88 (d (Jun = 8 Hz), 1H),
7.78-7.72 (m, 3H), 7.65 (d (Jun = 8 Hz), 2H), 7.53 (d (Jun = 6 Hz), 1H), 7.22 (t (Jun = 6 Hz),



1H), 7.18 (t (Jum = 6 Hz), 1H), 7.01 (t (Jum = 6 Hz), 1H), 6.96-6.92 (M, 2H), 6.82-6.77 (m,
2H), 6.37 (d (Jun = 8 Hz), 1H), 6.17 (d, (Jun = 8 Hz), 1H), 1.18 (pseudo s, 21H) ppm. *C-
NMR (CD2Cly) 6: 170.5,168.4, 167.4, 152.2, 149.2, 148.8, 148.2, 147.9, 147.7, 144.3, 144.2,
137.3,137.2,132.3, 132.2, 129.8, 129.3, 126.6, 124.8, 124.4, 124.0, 122.4, 121.4, 121.0,
119.1, 118.6, 103.2, 102.3, 18.4, 11.3 ppm. MALDI: m/z 803.2 [M]*. Anal. Calc. for
Cs9H40IrN3O2Si-CH2Clo: C, 54.10; H, 4.77; N, 4.73 %. Found: C, 54.52; H, 4.75; N, 4.91 %.

Ir(ppy)2(pic-4-C=C-Tips) 6. Crystals were grown by layer diffusion of methanol into
a dichloromethane solution. Yield: 0.10 g (90 %). *H-NMR (CD2Cl,) &: 8.69 (d (Jun = 6 Hz),
1H), 8.27 (d (Jun = 2 Hz), 1H), 7.96 (d (Jun = 8 Hz), 1H), 7.90 (d (Jun = 8 Hz), 1H), 7.78 (m,
2H), 7.71 (d (Jun = 6 Hz), 1H), 7.67 (m, 2H), 7.56 (d (Jun = 6 Hz), 1H), 7.32 (dd (Jum = 6, 2),
1H), 7.18 (td (Juw = 7, 2 Hz), 1H), 7.03 (td (Jun = 7, 2 Hz), 1H), 6.96 (M, 2H), 6.81 (m, 2H),
6.39 (d (Jun = 8 Hz), 1H), 6.20 (d (Jnn = 8 Hz), 1H), 1.13 (pseudo s, 21H) ppm. *C-NMR
(CD2CI2) 6 171.8, 168.6, 167.4, 152.1, 149.5, 148.6, 148.2, 148.1, 146.9, 144.3, 144.2, 137 .4,
137.3, 133.0, 132.3, 132.2, 130.4, 130.0, 129.8, 129.4, 124.4, 124.1, 122.4, 122.3, 121.6,
121.1,119.2,118.7, 102.9, 101.1, 18.3, 11.1 ppm. ESMS: m/z 804.2634 [M+H]*. Anal. Calc.
for C3gH40lrN3O2Si: C, 58.33; H, 5.02; N, 5.23 %. Found: C, 58.24; H, 5.12; N, 5.19 %.

Ir(ppy)2(pic-5-C=C-Tips)2 7. Crystals were grown by layer diffusion of methanol
into a dichloromethane solution. Yield: 0.058 g (51 %). *H-NMR (CD2Cly) &: 8.70 (dt (Jun =
6, 1 Hz), 1H), 8.21 (dd (Jnn = 8, 1 Hz), 2H), 7.95-7.89 (m, 3H), 7.79-7.74 (m, 3H), 7.67 (ddd
(Jnn =8, 4, 1 Hz), 2H), 7.58 (d (JuH = 6 Hz), 1H), 7.17 (ddd (JuH =7, 6, 1 Hz), 1H), 7.00
(ddd (Jun =7, 6, 1 Hz), 1H), 6.98-6.93 (m, 2H), 6.84-6.80 (m, 2H), 6.41 (dd (Jnn = 8, 1 HZ),
1H), 6.22 (dd (Jun = 8, 1 Hz), 1H), 1.07 (pseudo s, 21H) ppm. 3C-NMR (CD,Cly) §: 171.8,
168.4, 167.5, 151.1, 150.8, 149.0, 148.6, 148.3, 146.5, 144.3, 144.1, 139.9, 137.4, 137.3,
132.3,132.2,129.8, 129.4, 127.4, 124.8, 124.4, 124.1, 122.4, 122.3, 121.5, 121.3, 119.1,
118.8,101.4, 99.5, 18.2, 11.0 ppm. MALDI: m/z 803.2 [M]". Anal. Calc. for C3gHaolrN3O2Si
: C, 58.33; H, 5.02; N, 5.23 %. Found: C, 58.22; H, 5.21; N, 5.19 %.



Ir(ppy)2(pic-6-C=C-Tips) 8. Crystals were grown by evapouration of a benzene
solution. Yield: 0.051 g (45 %). 'H-NMR (CD2Cly) &: 8.52 (dd (Jun = 6, 2 Hz), 1H), 8.27 (dd
(JnH =8, 2 Hz), 1H), 8.11 (dd (JnH = 6, 2 HZ), 1H), 7.93 (dt (Jnn = 8, 1 HZz), 1H), 7.86-7.83
(m, 2H), 7.79 (td (Jun = 8, 2 Hz), 1H), 7.71 (td (Jun = 8, 2 Hz), 1H), 7.61 (dd (Jun = 8, 1 Hz),
2H), 7.56 (dd (Jun = 8, 1 Hz), 1H), 7.10 (td (Inn = 8, 1 Hz), 1H), 7.03 (td (Inn = 8, 1 Hz),
1H), 6.90 (td (JuH = 8, 1 Hz), 1H), 6.80 (td (Jun = 8, 1 Hz), 1H), 6.72 (td (Jun = 8, 1 Hz),
1H), 6.63 (td (Jnn = 8, 1 Hz), 1H), 6.33 (dd (Jun = 8, 1 Hz), 1H), 5.98 (dd (JnH = 8, 1 Hz),
1H), 0.99-0.95 (m, 21H) ppm. *C-NMR (CDCl,) 8: 172.4, 168.6, 167.9, 153.3, 149.8,
149.2, 147.5, 146.4, 144.9, 143.9, 143.5, 137.3, 1371, 137.0, 135.4, 133.0, 131.5, 129.4,
1292, 127.2,124.0, 123.8, 122.4, 121.6, 121.4, 119.1, 118.2, 105.6, 103.6, 18.6, 11.5 ppm.
MALDI: m/z 803.3 [M]". Anal. Calc. for C3gHaolrN30O2Si-%2CH2Cl2: C, 56.11; H, 4.89; N,
4.97 %. Found: C, 56.04; H, 4.63; N, 4.50 %.

Coupling procedure for HC=C-CsHs-C=C-Tips. In a nitrogen-degassed
atmosphere, Ir(ppy)2(pic-X-Br) (0.20 g, 0.285 mmol), Cul (0.006 g, 0.029 mmol),
[Pd(PPh3)2Cl2] (0.02 g, 0.029 mmol), and HC=C-CsHs-C=C-Tips (0.097 g, 0.343 mmol)
were dissolved in anhydrous THF (30 mL). After three freeze-pump-thaw cycles, NEts (7
mL) was added, and the solution was heated to 50°C for 12 hours. The reaction mixture was
evaporated to dryness, and the product was isolated and purified using column

chromatography on silica eluted by a gradient of DCM to acetone to afford an orange solid.

Ir(ppy)2(pic-4-C=C-CsH4-C=C-Tips) 9. Crystals were grown by layer diffusion of
methanol into a dichloromethane solution. Yield: 0.22 g (87%). *H-NMR (CDCly) §: 8.71 (d
(Jun =6 Hz), 1H), 8.33 (d (Jun =2 Hz), 1H), 7.95 (d (Jun = 8 Hz), 1H), 7.89 (d (Jun = 8 Hz),
1H), 7.75-7.68 (m, 3H), 7.67 (d (Jun = 8 Hz), 2H), 7.57 (d (Jrun = 6 Hz), 1H) 7.56-7.44 (m,
4H), 7.38 (dd (JuH = 6, 2 Hz), 1H), 7.18 (ddd (Jun =7, 6, 1 Hz), 1H), 7.01 (ddd (Jhn =7, 6, 1
Hz), 1H), 6.96 (t (Jun = 7 Hz), 1H), 6.89 (t (Jnn = 7 Hz), 1H), 6.84 (t (Jnn = 7 Hz), 1H), 6.79
(t (Jnn =7 Hz), 1H), 6.40 (d (Jun = 8 Hz), 1H), 6.20 (d (Jnn = 8 Hz), 1H), 1.15 (pseudo s,
21H) ppm. 3C-NMR (CD,Cl,) &: 171.8, 168.6, 167.4, 152.2, 149.5, 148.7, 148.2, 146.9,
144.3, 144.2, 137.4, 137.3, 132.8, 132.3, 132.0, 131.9, 130.0, 129.8, 129.4,129.4,124.9,
124.4,124.1,122.4,122.3,121.6,121.2,121.1, 119.2, 118.7, 106.1, 96.5, 94.1, 87.6, 18.4,
11.3. ESMS: m/z 904.2953 [M+H]". Anal. Calc. for C47H44IrN30O2Si : C, 62.50; H, 4.91; N,
4.65 %. Found: C, 62.57; H, 4.97; N, 4.55 %.



Ir(ppy)2(pic-5-C=C-CsHas-C=C-Tips) 10. Yield: 0.11 g (45 %). *H-NMR (CD3CN)
d: 8.62 (dd (Jun = 6, 1 Hz), 1H), 8.17 (d (Jun = 8 Hz), 1H), 8.10 (dd, (Jnn = 8, 2 Hz), 1H),
8.06 (d (Jnn = 8 Hz), 1H), 8.03 (d (Jun = 8 Hz, 1H), 7.90-7.89 (m, 2H), 7.80 (d (Jux = 2 Hz),
1H), 7.76-7.72 (m, 3H), 7.48-7.44 (m, 4H), 7.27 (td (Jun = 7, 1 Hz), 1H), 7.12 (td (Jun = 7,1
Hz), 1H), 6.96 (td (J = 7, 1 Hz), 1H), 6.91 (td (J = 7, 1 Hz), 1H), 6.83 (td (J = 7, 1 Hz), 1H),
6.77 (td (Jnn = 7, 1 Hz), 1H), 6.37 (d (Jun = 7 Hz), 1H), 6.14 (d, (Jnn = 7 Hz), 1H), 1.18-1.10
(m, 21H) ppm. BC-NMR (CD.Cly) 5: 171.8, 168.4, 167.5, 150.9, 150.4, 148.8, 148.6, 148.2,
146.6, 144.3, 144.1, 140.1, 137.4, 137.3, 132.3, 132.2, 131.9, 131.5, 129.9, 129.4, 127.6,
124.6,124.5,124.0, 122.4, 122.3, 121.6, 121.2, 119.1, 118.8, 106.1, 95.2, 93.9, 85.84, 18.3,
11.2 ppm. MALDI: m/z 903.2 [M]". Anal. Calc. for C47Ha4lrN30.Si-2CH30 : C, 60.85; H,
5.42; N, 4.34 %. Found: C, 60.72; H, 5.32; N, 4.48 %.

Ir(Phppy)2(pic-4-Br) (11). 2,4-diphenylpyridine (Phppy, 1.00 g, 4.32 mmol) and
IrClz-3H20 (506 mg, 1.44 mmol) were added to a solution of 2-ethoxyethanol:water (30 mL,
1:1) and heated to 110°C for 8 hours. The solution was cooled to room temperature and
poured into water (100 mL). The orange precipitate was collected by filtration, dissolved in
DCM, dried over MgSOa, and passed through a silica plug eluted by DCM; the solvent was
removed. The solid was subsequently added to a suspension containing 4-bromopicolinic acid
(872 mg, 4.32 mmol) and K>CO3z (596 mg, 4.32 mmol) in acetone (50 mL). The suspension
was heated to 50°C for 12 hours before the solvent was removed, dissolved in DCM, and
filtered. The filtrate was purified via silica chromatography eluted by acetone, and the
emissive fraction was collected; the solvent was then removed to yield the product. Crystals
were grown by evaporation of a DCM and MeOH solution. Yield: 601 mg (49 %). *H-NMR
(CD2Cl2) 6: 8.72 (d (Inn = 6 Hz), 2H), 8.46 (d (Jnn = 2 Hz), 1H), 8.16 (d (Jun = 2 Hz), 1H),
8.11 (d (Jnm = 2 Hz), 1H), 7.79-7.77 (m, 6H), 7.64 (d (Jun = 6 Hz), 1H), 7.61 (d (Jun = 6 Hz),
1H), 7.58-7.55 (m, 4H), 7.53-7.50 (m, 3H), 7.42 (dd (Jun = 6, 2 Hz), 1H), 7.26 (dd (JuH = 6,
2 Hz), 1H), 7.01-6.96 (m, 2H), 6.87-6.82 (m, 2H), 6.52 (d (Jun = 8 Hz), 1H), 6.33 (d (JuH =8
Hz), 1H) ppm. 3C-NMR (CD:Cl,) &: 171.0, 168.6, 167.4, 153.3, 149.9, 149.7, 149.1, 148.9,
148.6, 148.2, 146.7, 144.3, 144.1, 137.1, 137.0, 134.8, 132.4, 131.6, 131.4, 129.9, 129.7,
129.5,129.1, 127.1, 124.4,124.1, 121.6, 121.2, 120.6, 120.5, 116.9, 116.3 ppm. MALDI: m/z
853.0 [M]*. Anal. Calc. for C4oH27BrIrNsO2-CH2Cl,: C, 52.46; H, 3.11; N, 4.48 %. Found: C,
52.28; H, 3.12; N, 4.42 %.



Ir(Phppy)2(pic-4-C=C-Tips) (12). The same procedure as previously described for
complexes 5-8 except 11 was used in place of Ir(ppy)2(pic-X-Br) to yield an orange solid.
Crystals were grown by evaporation of a DCM and MeOH solution. Yield: 123 mg (92 %).
'H-NMR (CD:Cly) &: 8.74 (d (Jun = 6 Hz), 1H), 8.31 (d (Jnn = 2 Hz), 1H), 8.17 (d (Jun = 2
Hz), 1H), 7.80-7.78 (m, 7H), 7.63 (d (Jun = 6 Hz), 1H), 7.58-7.56 (m, 4H), 7.53-7.50 (m,
3H), 7.42 (dd (JuH = 6, 2 Hz), 1H), 7.35 (Jnn = 6, 2 Hz), 1H), 7.25 (dd (Jun = 6, 2 Hz), 1H),
7.02-6.97 (m, 2H), 6.86-6.84 (m, 2H), 6.53 (dd (Jnn = 8, 1 Hz), 1H), 6.36 (dd (JuH = 8, 1 Hz),
1H), 1.14 (pseudo s, 21H) ppm. 3C-NMR (CD:Cly) : 171.9, 168.6, 167.5, 152.1, 149.8,
149.6, 148.6, 148.3, 148.2, 147.0, 144.3, 144.1, 137.2, 137.1, 133.0, 132.5, 130.4, 130.0,
129.8, 129.7, 129.5, 129.1, 127.1, 124.4, 124.1, 121.6, 121.2, 120.6, 120.4, 116.9, 116.3,
102.9, 101.1, 18.3, 11.1 ppm. MALDI: m/z 955.3 [M]". Anal. Calc. for
Cs1HaglrN302Si-CHCl2: C, 60.04; H, 4.84; N, 4.04 %. Found: C, 59.95; H, 4.79; N, 3.99 %.

Ir(Phppy)2(pic-4-C=C-CesHas-C=C-Tips) (13) The same procedure as previously
described for complexes 9 and 10 except 11 was used in place of Ir(ppy)2(pic-X-Br) to yield
an orange solid. Yield: 131 mg (89 %). *H-NMR (CDCls) &: 8.82 (d (J = 6 Hz), 1H), 8.40 (s,
1H), 8.08 (s, 1H), 8.04 (s, 1H), 7.78 (d (Jnn = 6 Hz), 1H), 7.75-7.68 (m, 5H), 7.56-7.44 (m,
12H), 7.36-7.34 (m, 2H), 7.15 (dd (Jnn = 6, 2), 1H), 6.97 (t (Jnn = 8 Hz), 1H), 6.89 (t (InH =
8 Hz), 1H), 6.85 (t (Jun = 8 Hz), 1H), 6.79 (t (Jnn = 8 HZz), 1H), 6.54 (dd (Inn = 8, 1 Hz),
1H), 6.31 (d (Jun = 8 Hz), 1H), 1.13 (pseudo s, 21H) ppm. 3C-NMR (CDCls) §: 169.2,
167.6, 149.7, 149.6, 149.2, 148.9, 148.0, 147.2, 144.1, 144.0, 137.3, 137.1, 132.9, 132.7,
132.6, 132.1, 131.8, 130.3, 130.0, 129.7, 129.6, 129.4, 129.2, 127.1, 125.0, 124.3, 124.0,
121.6,121.1, 120.3, 120.2, 116.8, 116.1, 106.1, 97.0, 94.1, 87.6, 18.6, 11.2 ppm. MALDI:
m/z 1055.5 [M]". Anal. Calc. for CsgHs2IrNsO-Si: C, 67.15; H, 4.97; N, 3.98 %. Found: C,
66.89; H, 4.79; N, 3.89 %.

Crystallography
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The single crystal X-ray data for all compounds were collected at 120.0(2) K on a
Bruker D8Venture 3-circle diffractometer (Photon100 CMOS detector, IuS microsource,
focusing mirrors, AMoKa, A = 0.71073 A) equipped with Cryostream (Oxford Cryosystems)
open-flow nitrogen cryostat. Following multi-scan absorption corrections and solution by
direct methods, the structures were refined against F2 with full-matrix least-squares using the
SHELXTL* and OLEX2% software. Anisotropic displacement parameters were employed
for the non-disordered non-hydrogen atoms. The crystallographic and refinement parameters
are listed in supporting information. Crystallographic data for the structures have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publication

CCDC-1533394-1533402.

Computational. Density functional theory (DFT) calculations were carried out using the
Gaussian 09 package (Gaussian, Inc)*’, all results were displayed using GaussView*® and
GaussSum®. All calculations used the B3LYP level set employing two different basis sets,
SDD and 6-31G(d)/LANL2DZ, geometrically optimised in a DCM solvent field using the
SCRF-PCM method. As a means of validating the computational models the structural
accuracy were compared to with the experimental data by measuring the mean average
deviation (MAD) values of the X-ray crystallography and vibrational data shown in Tables

S4.1, finding SDD to be the best suited for these complexes.

RESULTS AND DISCUSSION

Synthesis. In our initial strategy to synthesise alkynyl-substituted picolinate
Ir(ppy)2(pic)-based complexes, we attempted to prepare the picolinic acid derivatives prior to
complexation and to prevent the sequestration of the catalyst by the respective picolinic acid
these complexes were attempted with the corresponding ethyl-ester. However, it was found

that under the Sonogashira conditions required for coupling (typically including heating to
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60-80°C) the bromo substituted ethylpicolinate became unstable. Although *H NMR and
mass-spectrometry indicated that the desired product was the major species, many additional
species were formed that proved difficult to separate. To avoid this problem, the bromo-
substituted picolinic acid (Hpic-Br) was coordinated to the Ir(ppy)2 or Ir(Phppy): first, to
yield the respective bromo-substituted Ir(ppy)2(pic-Br) complexes 1, 2, 3, 4 and 12, and these
reacted further with a range of reagents (see Scheme 1). It was necessary to perform the
reaction of the Hpic-Br with the [Ir(ppy)2Cl]2 in an aprotic solvent (acetone) to prevent
solvolysis of the bromide. The yields of complexes 1, 2 and 4 ranged from 80% to 87%,
while the limited solubility of complexes 3 and 11 greatly reduced the yield to 53% and 49%
respectively, largely because the low solubility of the complex made purification difficult.
As a means of assessing the reactivity of the metallo-synthons, complexes 1, 2, 3, 4 and 11
were reacted under Sonogashira conditions (PdCI>(PPhs)z, Cul, EtsN, THF, 70°C) with either
triisopropylsilyl acetylene (HC=C-Tips) to give complexes 5, 6, 7, 8 and 12 respectively or
with (4-ethynylphenyl)ethynyl)triispropylsilane (HC=C-CesH4-C=C-Tips) to give complexes
9, 10 and 13 respectively. The reaction between complex 2 and HC=C-Tips to give complex
6 was fast, rapidly proceeding to completion in under six hours at only 50°C and gave a yield
of 90%. The reaction with complex 1 (to give complex 5) required a higher temperature but
still gave an 85% yield. When complex 3 (to give complex 7) was used, the yield dropped
significantly to 51%, mainly owing to the insolubility of complex 3 even when heated.
Finally, the reaction of complex 4 with HC=C-Tips (to form complex 8) gave a yield of only
35%, however, this reflects the difficulty in purifying the complex: unlike the other
complexes, this compound could not be purified by chromatography because of its instability
on silica, therefore it was necessary to purify the complex by fractional recrystallization. As

expected the use of 2,4-diphenylpyridine in place of 2-phenylpyridine for complex 11 had no
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impact on the reactivity of the complex with HC=C-Tips (to give complex 12), and had the
advantage that the improved solubility allowed for a more efficient purification.

The positional difference in reactivity of the complexes became even more pronounced when
HC=C-C¢H4-C=C-Tips was reacted with complexes 2, 3 and 11 the alkyne substituted
complexes 9 (87% yield), 10 (45% yield) and 13 (89% yield) were formed in a similar
fashion to the -C=C-Tips analogues. However, when complex 1 or 4 was used, no product
was observed. The limited reactivity of complex 4 could be attributed to the combination of
steric hindrance about the bromo-reactive site and the increased size and rigidity of HC=C-
CeH4-C=C-Tips compared to HC=C-Tips. The proposed reason for the absence of product
when reacting with complex 1 could be attributed to the formation of an intermediate species
in which a PdCl, fragment coordinated to both the carbonyl group of the pic and ortho
alkyne, destabilising the complex, though not isolated. The major species detected by
MALDI at m/z 921.6 corresponds to the Tips deprotected complex coordinated to PdCl».
Bian and Huang demonstrated that such coordination behaviour is possible where a pic
substituted with an ortho phenol was able to coordinate a BF, fragment and lanthanides(111)
ions.* 3940 |n the shorter analogous complex 5 had the Tips group act to sterically hinder the
alkyne effectively preventing efficient coordination to the Pd(ll) ion.

This research demonstrates that for the bromopicolinates the 4-position of the pyridine is the
most reactive, while complexes 3, 5 and 6 had lower reactivity. In these examples, complexes
substituted at the 5-position complexes had lower solubility. In an attempt to further extend
the length of the ethynyl-phenylene groups 1-(tert-butyl)-4-((4-ethynylphenyl)ethynyl),
benzene was reacted with complex 2. However, the material formed proved to be insoluble in
all available solvents, preventing purification and characterisation; therefore, we could only
speculate that the desired product had been formed but the increased length had significantly

reduced the complexes solubility. This would indicate that should the length of these
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complexes be further extended, they would require additional solubilising groups, possibly on

the 2-phenylpyridine ligands.

R | AN 7 | R R | N | AN
Br
N Cl N N N
g Ir< Ir N —I> d Ir d
Z ¢ Cl C| AN ¢ \o o
| |
B AN 2 i F 2 i AN 2

Scheme 1. Schematic synthesis of complexes 1-13: i) Acetone, K2COs, and 3-bromopicolinic
acid, R’ = H (1); 4-bromopicolinic acid, R’ = H (2); 5-bromopicolinc acid, R’ = H (3); 6-
bromopicolinic acid, R’ = H (4) or 4-bromopicolinic acid, R’ = Ph (11); ii) THF, EtsN,
Pd(PPhs)2Cl. and triisopropylsilylacetylene {5 (position 3), 6 (position 4), 7 (position 5), 8
(position 6) or 12 (position 4)} or ((4-ethynylphenyl)ethynyl)triispropylsilane {9 (position 4),

10 (position 5) or 13 (position 4)}.

Molecular Structures.

The composition of the complexes 2-6, 8, 10-12 have been confirmed by single-crystal X-ray

crystallography. The details of the SXRD experiments are given in S, the CCDC numbers for
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structures are 1533394-1533402. In all determined structures Ir-atoms adopt usual and
expected slightly distorted octahedral coordination. Planar ppy moieties are mutually
perpendicular and its nitrogen atoms are located in opposite vertices of the coordination
octahedron, typical of iridium complexes containing an Ir(ppy)2 fragment. The geometrical
parameters of the complexes are close to the values reported for Ir(PPy)z(pic),*? however, in
the case of 6-substituted Pic complexes 4 and 8 steric repulsion between the 6-substitutent and

one of the ppy groups results in slight distortion of the coordination octahedrons: the

corresponding N(pic)-Ir-C(ppy) angles are increased to 104.01(6) and 105.2(2)° - respectively.

The average value of analogous angles in other studied compounds is 97.1°. The described
complexes show a wide variety of different intermolecular interactions in crystals, mainly the
C-H...O and C-H...Hal (Br, Cl) weak hydrogen bonds, but only in the structure 12 was a direct

7...7 interaction between ppy systems found.

Figure 2. Crystal structure of 4. Thermal ellipsoids are displayed at 50 % probability,

hydrogen atoms and solvent molecules removed for clarity.
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Figure 3. Crystal structure of 8. Thermal ellipsoids are displayed at 50 % probability,
hydrogen atoms, disorder and solvent molecules removed for clarity.

Figure 4. Crystal structure of 9. Thermal ellipsoids are displayed at 50 % probability,
hydrogen atoms, disorder and solvent molecules removed for clarity.

Computational

A brief investigation was performed using DFT calculations to study the electronic
structures of complexes 1-13. Initial geometries for the complexes were based on the
crystallographic structures of complexes 26, 8, 11 and 12. The highest-occupied-molecular-
orbital (HOMO) for each of the complexes exclusively consisted of iridium and the phenyl
group of phenylpyridine, with negligible contributions from either the pic or its substituents.
As a result, the energy level of this orbital varied less than 0.08 eV for all of the complexes.
The lowest-unoccupied-molecular-orbital (LUMO) showed significant variation between the

complexes. The LUMO of the bromo-substituted complexes (1-4) was >90% pic in character
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with negligible contribution from the bromine in any of the positional isomers. The energy
level of the LUMO was ca. -2.3 eV for complexes 1-4 and 10. The ethynyl-Tips-substituted
complexes (5-8 and 11) showed a pic-dominated orbital extending onto the alkyne m-orbitals
with a 7% (complex 5) to 16% (complex 6). It is noted that the LUMO orbital energies of the
complexes 6 and 7 are ca. 0.2 eV lower than complexes 5 and 8, suggesting a small effect
arising from positional differences. The extended complexes containing the -C=C-CgHa-
C=C-Tips moiety, 9, 10 and 13 showed an significantly increased degree of localisation on
the alkynyl arene in the LUMO with up to 40% contribution from the R group (-C=C-Ce¢Ha-
C=C-Tips). As a result, the LUMO energy level for each of these complexes was lowered to -

2.64 — -2.60 eV (see Figure 5).

Figure 5. LUMO orbital diagram for complex 9.

Electrochemistry

Cyclic voltammograms were recorded for all of the complexes in 0.1 M TBAPFs in
dichloromethane and referenced against ferrocene (i.e., Ev FeCp2 / [FeCp2]* = 0.00 V). Each
of the iridium complexes (1-13) displayed a single reversible oxidation wave, primarily
attributed to the Ir(111)/Ir(IV) couple (see Table 1). Reduction waves were not observed

within the solvents electrochemical window.
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The bromo-substituted complexes (1-4 and 11) displayed a small difference with
respect to positional substitution, with the highest oxidation potential occurring for complex 4
(Eox = 0.56 V) while the lowest was complex 1(Eox = 0.51V), which could be attributed to the
distortion about the metal centre induced by the steric hindrance of the bromine. Complex 3
also showed a higher oxidation potential, indicating that the substitution about the 5 position
had a significant electron-withdrawing effect, more so than any other position. When
substituted with 2,4-diphenylpyridine was used in place of 2-phenylpyridine, no effect was
observed e.g. complex 2 Eox = 0.53 V while complex 11 Eqx = 0.53 V. This is attributed to the
localisation at the HOMO of the complex is dominated by the iridium and phenylate group of
the ppy ligand and the iridium and as a result modifications made to the pyridine of the ppy
ligand had a negligible effect on the oxidation potential of the complex. Substituting the
bromo group of the pic with an alkyne (complexes 5-10 and 12-13) resulted in a small change
in oxidation potentials for all of the complexes e.g. complex 2 Eox = 0.53V while complex 9
Eox = 0.51V. The lack of impact on the oxidation potentials is consistent with the
computational models which show the pic is most significantly involved in the LUMO and as

a result has a limited effect on the oxidation potentials of the molecules.

Photophysical properties

Each of the complexes displayed the characteristic absorption bands assigned as
3MLCT in the range 400-500 nm, with only slight variations in the m—* observed for the
bromo complexes (1-4 and 11) and -C=C-Tips substituted complex (5-8 and 12). However,
for the -C=C-Cg¢H4-C=C-Tips substituted complexes (9, 10 and 13), showed broadened bands
below 400 nm owing to the enhancement of the charge transfer transition between the
iridium-ppy and the substituted pic, confirmed by the TD-DFT calculations. The absorption

of complex 10 was red-shifted ca. 20 nm (415 cm™) compared to complex 9, suggesting that
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there was greater electronic coupling with the 5 position rather than the 4 position of the

picolinate.

80

—10
—13
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Figure 6. Electronic absorbance spectra of 9, 10 and 13 recorded in CH2Cl..

Each of the complexes displayed a single featureless emission peak attributed to it being
MLCT in nature, supported by the short pure radiative lifetimes (0.74-4.10 pS). Complex 4’s
peak had a negligible intensity suggesting that the geometric distortion caused by the bromide
in the 6 position of the pic significantly destabilises the triplet energy state. Complexes 1 and
2 emitted at 611 and 614 nm and complexes 3 and 4 emitted at 589 nm, showing no distinct
correlation between the orientations of the bromines about the pic. However, for the -C=C-
Tips substituted complexes, a trend became more significant. Complexes 6 (Aemis = 616 nm)
and 7 (Aemis = 636 nm) were notably red-shifted compared to complex 5 (Aemis = 582 nm) and
8 (Aemis = 590 nm), showing the substitutions about the 4 and 5 positions of the pic have the
greatest impact on the optical behaviour of the complexes. This was further exaggerated with
the -C=C-CgH4-C=C-Tips substituted complexes (9, 10 and 13), in which the emissions were
further red-shifted to 648 nm (complex 10) and 631 nm (complex 9) respectively. This was

attributed to the increased conjugation red-shifting emissions.
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\Figure 7. Normalised emission spectra of Ir(ppy)2(pic), 1, 2, 3 and 11 recorded in CH2Cl>

excited at 410 nm.

The radiative rate coefficient (kr) determined for the complexes 1-6 and 8-13 ranged from
2.44-6.31x10° s typical for Ir(ppy)2(pic) complexes and 7 having a higher value of 13.5x10°
st % while all of the complexes had non-radiative rate constant (knr in the range of 32-
542x10° st significantly higher than that of than that of the parent molecule Ir(ppy)2(pic)
(where knr = 19.17x10° s%) resulting in low PLQY values, this is attributed to the significant

charge transfer to the pic ligand. In addition to the charge transfer the bromo complexes (1-4)

have higher knr values than that of their -C=C-Tips complexes (5-8) due to the heavy atom
effect of the bromine, although this difference becomes less significant for the available -C=

C-CeH4-C=C-Tips substituted complexes (9 and 10) due to the additional modes for rotation

around the free-rotator of the alkyne substituent. The replacement of ppy with Phppy had a
negligible effect on either k or knr due to the phenyl groups limited contribution to either the

HOMO or LUMO of the complexes.
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Table 1. Electrochemical data, emission wavelength, PLQY, lifetimes for the iridium complexes.

Complex | Ex(0x) G lé‘bf_‘:lgtliﬂgm,l) KEQ;;S‘)‘“‘ Lifetime (1, ps) P'(‘q%Y (eT\j) (1?’) s (1?)n5r s Purleifﬁ?r%aeuve
) ) (To, s)

Ir(ppy)2(pic)*2 | 0.51 505 | 0514 0.147 286 | 1917 |2.98
1 051 | 263(4.93), 397(0.56) 614 | 0.038 0010 |240 | 263 |261 |380
2 053 | 262(4.82), 397 611 | 0.039 0017 | 248|436 |252 |229
3 055 | 261(2.99), 396,435 503 | 0072 0040 | 255|556 |133 |1.80
4 056 | 262(5.10), 395(0.64) 589 * | - : 259 | - : :

5 0.50 | 266(5.71), 398(0.47) 582 | 0.058 0030 | 257|517 |167 |1.93
6 0.50 | 268(5.65), 329, 430 616 | 0.155 0070 | 233|452 |60 221
7 052 | 268(6.40), 352, 400 636 | 0.065 0088 | 234|135 |140 |074
8 050 | 261(5.48), 398, 440 s0 | 0278 0010 |250|360 |32 278
9 051 | 329(3.35), 352, 435 648 | 0.111 0036 |227|631 |83 159
10 0.51 ggggg)l)zggg‘jg% 324(4.43), 631 | 0.041 0010 |238|244 |241 |410
11 053 | 262(6.79), 271(6.75), 337(2.85), 413 541 | 0.088 0036 | 296|443 |109 | 226
12 053 | 272(8.32), 340(3.17) 622 | 0.170 0079 | 235|465 |542 |215
13 052 | 272(8.18), 330(6.31) 644 | 0.118 0068 | 227|576 |79 1.74

*low emission
The radiative kr and non-radiative knr values in neat film were calculated according to the equations:

kr = @/t and knr = (1 - ®@)/1, from the quantum yields @ and the lifetime t values.
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Conclusion

Thirteen new bis(2-phenylpyridine)(picolinate)iridium(IV) complexes were
synthesised by initially reacting the respective brominated picolinic acid with the
corresponding bis(2-phenylpyridine)iridium to produce complexes 1-4. These complexes
were reacted with the respective alkyne under Sonogashira conditions to yield the alkyne-
substituted complexes. Based on the differences observed in the emission spectra of the
complexes, the 4 and 5 positions had the greatest red-shifting effect and therefore have the

strongest electronic coupling of all the positions.
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