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Iridium(Ill) cyclometalated complexes have been used as models to study the effect that extended conjugation and

substitution pattern has on the photochromic behavior of azobenzene-appended 2-phenylpyridyl (ppy) ligands. For this
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purpose four azobenzene-containing ppy ligands were synthesized. With these ligands, nine iridium(lll) complexes
containing up to three appended azobenzenes were synthesized. Analysis of their photochromic behaviour by means of

UV-vis and 'H-NMR spectroscopy permitted us to conclude that the light-induced trans-to-cis isomerization of the

azobenzene was strongly inhibited upon coordination to the Ir(lll) cation when the electronic conjugation was extended

along the whole ligand. The use of an aliphatic spacer unit (either —-CH,— or —OCH,—) between the azobenzene and the ppy

fragment of the ligand sufficed to disrupt the electronic communication, and obtain photochromic organometallic

complexes.

Introduction

The development of photo-responsive compounds has
become an intensive area of research in recent years. They are
intended for the production of “smart chemical systems”,
whose properties and/or functionality are sensitive to changes
of the environment (light irradiation). The development of
such technological materials prompted the progress of light-
triggered chemical-switches. Surprisingly, in spite of their
importance and  versatility, photo-responsive
organometallics remain rather unexplored in comparison with

smart

their organic counterparts. One of the most simple strategies
to construct photo-responsive metal complexes is the
incorporation of organic photochromic units in the structure of
their Iigands.1‘2'3’4’5’6
acting as conventional spectators that tune the properties of

These photo-sensitive ligands, rather than

their complexes, transform them into dynamic smart entities
able to offer a functional response to an external stimulus.”
Driven by the importance of cyclometalated phenylpyridyl
ligands (ppy) in the construction of organometallic complexes,
recently we focussed on the development of photoswitchable
azobenzene-appended ppy derivatives.®

Due to their privileged physical, photochemical and
properties, a range of iridium(lll)
cyclometalated compounds have been extensively studied for

electrochemical
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a wide variety of applications including light-emitting diodes
(OLEDs) for lighting and displays,‘c"m’11 therapeutic
compounds,lz'13 bioanalytical probes,14 catalysts for water
splittingls’le'17 and photosensitizers in organic reactions.™®
Inspired by this diversity of uses, and by the potential of a new
generation of photo-controlled molecular-devices for these
applications, we used iridium(lll) tris-cyclometalated
compounds as initial models to study the photochromic
behaviour of azobenzene-appended ppy ligands upon
coordination. On those earlier examples, the azobenzene
fragment was incorporated at different positions of the phenyl
ring of ppy ligands. We noticed that azobenzene
photochromism was inhibited upon coordination of the ligand
to the Ir(lll) center, but this inhibition was less dramatic when
the photochromic unit was tethered on the 4 position of the
phenyl ring than when the same fragment was introduced in
meta with respect to the pyridine (position 3). A similar
influence on the substitution pattern was previously observed
by Nishihara, Otsuki and by us with cobalt, ruthenium and
iridium complexes of azobenzene-substituted bipyridyl ligands,
respectively. 2%

As part of our ongoing research on the construction of
photochromic organometallic complexes, the goal here is to
study the effect on the photochromism of the molecule of the
position of the azobenzene (in either the phenyl or pyridyl
moiety of 2-phenylpyridine ligands) and the influence of
electronic delocalization between the azobenzene unit and the
2-phenylpyridyl (ppy) fragment. For this purpose a new series
of azobenzene-containing iridium(ll1) cyclometalated
complexes has been synthesized. In all the examples the
photochromic unit binds the ppy ligand in meta with respect to
the metal center to minimize the electronic communication
with the metal center, and it has been appended either

J. Name., 2013, 00, 1-3 | 1
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directly or through saturated spacers (—CH,— or —OCH,—). An
example of one iridium(lll) bis-cyclometalated complex in
which the azobenzene was appended to an acetylacetonate
ancillary ligand will be also presented.

Results and discussion

We designed and synthesized a series of precursors for ppy
and acetylacetonate-type (acac) ligands that incorporate an
azobenzene fragment in their structure (1-5 Chart 1). Ligands
1 and 2 contain an appended azobenzene unit linked to either
the phenyl or pyridyl fragment of ppy through —OCH,— and —
CH,— connectors, respectively. They were intended to disrupt
the electronic conjugation between the chromophore and the
coordinating phenylpyridyl unit. Ligands 4 and 5, are analogues
of 1 and 2, but the azobenzene chromophore is directly
bonded to the phenylpyridyl fragment, and extended
conjugation along the ligand is envisioned. Finally, in ligand 3
the azobenzene has been appended on an acetylacetonate
ligand, bond to its central sp2 carbon. This ligand will be used
to construct heteroleptic Ir(Ill) complexes.

—N

4
@Ni‘

Chart 1. Azobenzene-containing ligands used in this work. The coordinating fragment of
the ligand and the azobenzene have been drawn in different colours.

Ligands syntheses

Synthetic routes towards ligands 1-5 are shown in Scheme 1.
Ligand 1 was obtained starting from 4-iodotoluene. 4-
Tolylboronic acid pinacol ester b, was obtained via Cul-
catalyzed coupling reaction of 4-iodotoluene  with
pinacolborane in THF at r.t., as previously reported for other
aryl boronates.””> Monobromination of the obtained compound
was successfully achieved by using substoichiometric
quantities of NBS in CCl, rendering the intermediate (4-
bromomethylphenyl)boronic acid pinacol ester, ¢ In our
hands, the use of larger proportions of NBS (as described in
literature) resulted in mixtures of compounds coming from
mono and dibromination of b. The intermediate d was
obtained by reacting a CH3CN/CH,Cl, (20:3, v/v) solution of 4-
(phenylazo)phenol and NaOH with ¢ at 95 °C for 48 h.
Palladium-catalyzed cross-coupling between 2-bromopyridine

2| J. Name., 2012, 00, 1-3

and d in THF/H,0 (2:1, v/v) gave the desired ligand, 1..(everall
yield 33%). Ligand 2 was synthesized thrdétigh'8 fot steprsite
starting from 4-nitrobenzyl alcohol. Initially, it was reduced to
the corresponding nitroso derivative f, diazo coupling of this
compound with aniline, and transformation of the benzylic
alcohol to a benzylic bromide gave 4-(phenylazo)benzyl
bromide h, according to published methodologies.?**> Finally,
palladium-catalyzed cross—coupling26 between the benzylic
bromide h and (6-phenyl-3-pyridyl)-boronic acid rendered
ligand 2 with a 39% overall yield.

Ligand 3, an acetylacetone that contains an azobenzene
fragment appended to the central sp2 carbon, was obtained
with a 36% vyield via Cul/L-proline-catalyzed arylation of
acetylacetone with 4-(phenylazo)iodobenzene, as described
for the synthesis of 3—pheny|—2,4—pentanedione.27

Ligands 4 and 5 were synthesized by palladium-catalyzed
cross-coupling between the corresponding brominated
phenylpyridine and 4-(phenylazo)phenyl boronic acid pinacol
ester in a mixture THF/H,0 (2:1, v/v). They were obtained with
60% and 88% vyield, respectively. Ligand 4 was previously
described by us.® These ligands were used as isolated
molecules only for comparative studies. When used in iridium
complexes they were constructed a posteriori by palladium-
catalyzed cross-coupling on bromo-phenylpyridyl iridium
compounds.

Iridium (1ll) complexes syntheses and characterization

Tris-cyclometalated  heteroleptic  iridium(lll) complexes
containing only one azobenzene-appended phenylpyridyl
ligand were synthesized using ligands 1, 2 and 4. Derivatives of
ligands 1 and 2 were obtained following the established
methodologies for the synthesis of tris-cyclometalated
meridional Ir(lll) complexes (i.e. chloride-iridium bond
cleavage from a dimeric bis-cyclometalated complex of the
type [Ir(C—N),Cl],, in acetone, using a chloride abstractor
(AgOTf), excess of ligand and NEt; as base), as shown in
Scheme 2. Following the aforementioned synthetic protocol,
heteroleptic complexes derived from ligands 1 and 2
containing two cyclometalated ligands: either 2-phenylpyridyl
([Ir(ppy)2(1)] and [Ir(ppy)a(2)]), 2-(2,4-difluorophenyl)pyridyl
([Ir(Fppy)2(1)]) or 2-(4-bromophenyl)pyridyl ([Ir(Brppy),(1)])
were obtained after purification by column chromatography
(Rf = 0.8-0.9, CH,Cl,) with yields in the range 35-50%.
Derivatives of ligand 4 ([Ir(ppy).(4)] and [Ir(Fppy),(4)]) were
obtained by Pd-catalyzed cross-coupling of 4-
(phenylazo)phenyl boronic acid pinacol ester with the
brominated precursors [Ir(ppy),(Brppy)] and [Ir(Fppy).(Brppy)],
respectively, as described previously (see Scheme 3).8’19

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. Synthetic routes towards ligands 1-5.
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Ei) Pinacolborane (1.5 equiv.), Cul (0.1 equiv.g, NaH (1.5 equiv.), THF, r.t., overnight; sat. sol. NH,CI. (ii) NBS (0.95 equiv.), BPO (0.05 equiv.), CCls, 100 °C, 2 h. (iii) 4-

Phenylazo)pheno (1 equiv.), NaOH (2 equiv.
equivx, 80 °C, overnight. (v) NH,CI (1.3 equiv.j, Zn (2.5 equiv.

Pd(PPhs), 83 mol%), DME/ethanol (12:1, v/v)
(0.2 equiv.
overnight.

Na,COs (2 M agq., 2.7 equiv.), 110 °C, overnight. (ixj Acetylacetone (3 equiv.}, K,COs (4 equiv.
, DMSO, 90 °C, 6 h; HCI 1 M aq. (x$ 4-(Phenylazo)phenyl boronic acid pinacol ester (1.1 equiv.), Pd(PPhs), (2 mol%), THF, Na,COs (1 M aq., 1.6 equiv.), 80 °C,

CH3CN/CH,Cl, XZO:B, v/v), 95 °C, 48 h. (iv) 2-Bromopyridine (1.1 equiv.), Pd(PPh3), (2 mol%), THF, Na,CO; (1 M aq., 3.0
, 2-methoxyethanol/water (10:1, v/v), r.t., 2h; FeCl;-6H,0 (1 equiv.), water, 0 °C, overnight. (vi) Aniline
(1.3 equiv.), CH3;CO,H/ethanol (1:9, v/v), r.t., 8 h. (vii) NBS (1.5 equiv.), PPh; (’1.5 equiv.), THF 7)

0 °C, overnight. (viii (G-Phenyl-3-pyridylf-boronic acid (1.5 equiv.),

Cul (0.1 equiv.), L-proline

Scheme 2. Synthetic routes towards complexes containing ligands 1, 2 and 2-(4-
bromophenyl)pyridine (Brppy).
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(i) AgOTf, acetone (55 °C, 2 h). (ii) Ligand 1, 2 or Brppy (4 equiv.), NEt3 (7.5
equiv.), acetone (55 °C, 15 h).
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Scheme 3. Synthetic routes towards heteroleptic complexes containing one
ligand 4.
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(i

Thé-(Phenylazo)phenyl boronic acid pinacol ester (1.1 equiv.), solvent 2:1 (v/v)

Na,COs,4. (1M, 29.4 equiv.), Pd(PPhs), (2 mol%), THF, 80 °C, overnight.

Compounds  [Ir(ppy)2(1)],  [Ir(ppy)a(2)],  [Ir(ppy)a(Brepy)l,
[Ir(Fppy)2(1)], [Ir(Fppy)2(Brppy)l, [Ir(Brppy)a(1)], [Ir(Brppy)sl,
[Ir(ppy)2(4)] and [Ir(Fppy).(4)] were synthesized and
characterized by NMR spectroscopy, elemental analysis (EA)
and mass spectrometry (MS). As expected, all the compounds
are C; symmetric according to their 'H-NMR spectroscopic
pattern, and although they are chiral (a mixture of A and A
isomers) they were obtained as racemates. Derivatives of
ligand 4 are fully aromatic, and it was not possible to
unambiguously assign all the signals of the spectra. Derivatives
of 1 and 2 present some distinctive signals; the highest-field

J. Name., 2013, 00, 1-3 | 3
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aromatic resonances in the ‘H-NMR spectrum of [Ir(ppy),(1)],
[Ir(Fppy),(1)] and [Ir(Brppy).(1)], assigned to the protons 10
and 13 of the two identical ppy ligands appear as two
independent signals due to the C; symmetry of the molecule.
In the case of the 2-(2,4-difluorophenyl)pyridyl derivative
[Ir(Fppy),(1)], these signals are high-field shifted, due to the
influence of the fluorine atoms in ortho and para positions to
these hydrogen atoms (Figure 1, top). The signals
corresponding to the carbon atoms directly bonded to these
protons also show an important high-field shift for compound
[Ir(Fppy),(1)], and present the characteristic splitting due to C—
F coupling (Figure 1, bottom). The most characteristic signals
of these compounds are the ones assigned to the —OCH,—
spacer unit, at around 5 ppm. These hydrogen atoms appear
as a broad singlet in the case of compound [Ir(ppy),(1)], but for
[Ir(Fppy),(1)] and [Ir(Brppy),(1)] their diastereotopic nature
can be induced from the shape of the signals. NMR simulation
permitted us to calculate the coupling constant from these
signals, which are within the expected range for diastereotopic
methylene protons ([Ir(Fppy),(1)]: 6 5.072, 5.057 (J = 11.76
Hz); [Ir(Brppy),(1)]: & 5.063, 5.036 (J = 12.46 Hz)) (see Figure
S99 in ESI).

Figure 1. NMR spectra of CDCl; solutions of complexes incorporating ligand 1.
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of
compounds [Irtppy)z(lg’] (A), [Ir(Fppy)2(1)] (B) an [Ir(Bery)z 1)] (C). Red Ilnes

indicate the shift of protons 10 and 13 of the two identical ppy ligands.

In compound [Ir(ppy),(2)], in which the azobenzene is linked to
the pyridyl fragment of one of the ppy ligands through a

4| J. Name., 2012, 00, 1-3

methylene spacer, the signals of such protons . appear. 3s.@
singlet at ~4 ppm in the 'H-NMR spectra ek BigE94GePESB17C
When considering the possibility of introducing more than one
photochromic azobenzene unit per complex, and based on our
former experience,&20 we applied a synthetic route based on a
posteriori Suzuki cross-coupling of azobenzene boronic acids
with bromo-containing iridium cyclometalated complexes.
Following this synthetic methodology we isolated two
azobenzene-containing iridium(lll) tris-cyclometalated
complexes, [Ir(4),(acac)] and [Ir(5),(acac)], starting from the
corresponding [Ir(Brppy),Cl], and [Ir(ppyBr),Cl]l, (ppyBr = 2-
phenyl-6-bromopyridyl) iridium dimers (Scheme 4). Both
iridium-dimers were cleaved using AgOTf, and acetylacetonate
(acac) was introduced as ancillary ligand rendering
dibrominated compounds [Ir(Brppy),(acac)], and
[Ir(ppyBr),(acac)] with 80% and 65% yield, respectively. Finally,
catalytic cross-coupling of these iridium complexes with 4-
(phenylazo)phenyl boronic acid pinacol ester rendered
compounds [Ir(4),(acac)] and [Ir(5),(acac)] containing two
photochromic units per complex with 80% and 86% vyield,
respectively, after purification by column chromatography.
Both compounds are C,-symmetric in solution, as observed by
NMR spectroscopy. A comparative analysis of the different 'H-
NMR and *C-NMR spectra, combined with COSY and HSQC
experiments, allowed us to identify the number of signals
expected in both cases. "H-NMR spectra of both complexes
show aromatic signals that account for the 32 aromatic
protons and the characteristic sharp resonances due to the 6
methyl and 1 C—H protons of the coordinated acetylacetonate
ligand (at ~1.9 ppm and ~5.3 ppm, respectively). Their purity
was also confirmed by elemental analysis and HR-MS
spectroscopy.

The synthesis of compounds containing three photochromic
azobenzene units per metal was also attempted by the
aforementioned a posteriori Pd-catalyzed cross-coupling on
preformed tris-brominated tris-cyclometalated complexes.
Homoleptic mer-[Ir(4);], a tris-cyclometalated Ir(lll) derivative
of ligand 4 was previously described by us.® Here, the synthetic
scope has been extended to obtain also heteroleptic Ir(lll)
compounds with three azobenzene units (Scheme 5).
Dibrominated iridium complex [Ir(Brppy),(1)] was refluxed
with 2.1 equiv. of 4-(phenylazo)phenyl boronic acid pinacol
ester in a mixture of THF/H,O (2:1, v/v) using 2 mol% of
Pd(PPhs), as catalyst and Na,CO3 as a base. This synthetic
procedure rendered azobenzene-containing complex [Ir(4),(1)]
with 92% vyield. The low solubility of compound [Ir(4),(1)] in all
the solvents assayed hampered characterization of this
compound by NMR spectroscopy, but EA and HRMS analyses
were consistent with the proposed formulation.

Finally, the family of azobenzene-appended Ir(lll) compounds
was extended by incorporating the azobenzene photochromic
unit, not on the ppy ligands, but on an acetylacetonate
ancillary ligand. An acetylacetone derivative containing an
azobenzene bond to the central sp2 carbon, ligand 3, was used
for this purpose. Ligand 3 was introduced as ancillary ligand
through [Ir(ppy),Cl], cleavage, as described above for other
compounds (Scheme 6). Following this synthetic protocol, a

This journal is © The Royal Society of Chemistry 20xx
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heteroleptic complex derived from ligand 3, containing two View Article Online
ppy ligands ([Ir(ppy),(3)]) was obtained as a pure compound DOI: 10.1039/C6DT01817C

after purification by column chromatography (Rf = 0.7, CH,Cl,)
with a yield of 23%.

The molecule is C,-symmetric in solution, as observed by NMR
spectroscopy. "H-NMR spectra of this compound shows the
resonances corresponding to the 25 aromatic protons, and at
high field (1.61 ppm) a sharp singlet assigned to two
equivalent methyl groups of the coordinated azobenzene-
appended acetylacetonate ligand.

Scheme 4. Synthetic routes toward compounds [Ir(4),(acac)] and [Ir(5),(acac)].
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(i) 2-(4-Bromophenyl)pyridine or 5-bromo-2-phenylpyridine (2.5 equiv.), 2-ethoxyethanol/H,0 13:1), 120 °C, 24 h. (ii) AgOTf, acetone (55 °C, 2 h). (iii) Acetylacetone (4
eguiv. , NEts (7.5 equiv.), acetone (55 °C, 15 h). ?Iiv) 4-(Phenylazoc$phenyl boronic acid pinacol ester (2.1 equiv.), solvent 2:1 (v/v) THF- Na;COs,q (1M, 29.4 equiv.),
Pd(PPhs), (2 mol%), 80 °C, overnight.

Scheme 6. Synthetic route towards [Ir(ppy)2(3)].
Scheme 5. Synthetic route towards compound [Ir(4),(1)].
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UV-vis absorption data
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measured in acetonitrile at room temperature. The main
absorption bands observed are presented in Table 1, and full
spectra are collected in ESI.

Table 1. UV/Vis spectroscopic data of ligands 1-5 and their iridium complexescle Online

Page 6 of 17
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Ligands 1-5 and their iridium complexes present two
absorption bands (A.,.x and A;) in the region 300-500 nm of the
UV-vis absorption spectra, characteristic of azobenzene
derivatives.” In the UV region, the high-intensity band (Amay) is
attributed to the m-it* transition, and in the visible region, the
low-intensity (A;) band is assigned to the symmetry-forbidden
n-rt* transition, due to the azobenzene fragment. In the case
of ligands 1, 4 and 5 the main absorption band is shifted to
lower energies compared to the one of azobenzene (316 nm),
probably due to the presence of an alkoxy substituent in the
former, and conjugated ppy fragments in the latter, in para
position with respect to the azo group.28 Instead, as expected,
ligands 2 and 3 present this r-t* transition band at a position
much closer to the one of pristine azobenzene.

Upon coordination to the Ir(lll) center, a negligible shift of the
absorption band associated with the m-mt* transition of the
azobenzene was observed in all cases. This is probably due to
the substitution pattern used for the construction of these
compounds, intended to minimize the electronic influence of
metal coordination on the chromophore, and reinforced in the
case of derivatives of 1 and 2 by the lack of conjugation
between the azobenzene and the ppy ligand. We previously
reported that azobenzenes appended at position 4 in the
phenyl ring of ppy ligands showed less efficient electronic
communication with the metal centre compared to
compounds substituted at positions 2 or 3.5% The same
position-dependent effect has been also observed for other
substituents appended on ppy Iigands.29

The presence of hydrogen, fluorine or bromine substituents in
the ppy ligands ([Ir(ppy).(1)], [Ir(Fppy)2(1)] and [Ir(Brppy),(1)],
respectively) does not produce any systematic change in the
main UV-vis absorption bands of their complexes compared to
the parent [Ir(ppy),(1)]. The molar absorptivity at A, in all the
complexes analyzed is proportional to the number of
azobenzenes in the complex, as anticipated.&zo'30

In the case of metal complexes containing ligands 1-5, broad
bands centered at 350-450 nm were also observed. These
probably arise from an overlap of the transitions with mixed
metal-to-ligand (*MLCT) and ligand-to-ligand ('ILCT) charge
transfer character with than from the weak n-mnt* transition of
the azobenzene group.’®*

6 | J. Name., 2012, 00, 1-3

Compound Amax [NM] A)\maxb A2 [nm]
(eM"em™) [nm] (lcm™]) (e[Mem™)
1 345 (1.7 x 10") — 444 (0.6 x 10°)
2 326 (2.2 x 10 — 435 (0.9 x 10°)
3 326 (2.0 x 10 — 439 (0.8 x 10°%)
4 348 (3.8 x 10") — 441 (1.4 x 10°)
5 347 (3.3 x 10 — 436 (1.5 x 10°)
[Ir(4)(acac)] 353 (6.8 x 10*) 5 (-407) 470 (8.4 x 10°)
[Ir(5)a(acac)] 349 (6.9 x 10 2 (-164) 486 (6.9 x 10°)
[Ir(ppy)(2)] 324 (3.5 x 10" -2 (164) 436 (5.0 x 10°)
[Ir(ppy)a(1)] 345 (3.2 x 10°) 0 454 (4.0 x 10°)
[Ir(Fppy)a(1)] 346 (3.1 x 10% 1(-82) 436 (4.0 x 10°)
[Ir(Brppy)»(1)] 343 (2.8 x 109 -2 (164) 448 (4.0 x 10°)
[Ir(4),(1)]° 349 (7.9x10% 4 (-327), 1(-82)° 486 (6.9 x 10°)
[Ir(ppy)2(3)] 327 (3.0 x-10%) 1(-82) 455 (3.7 x 10°)
[Ir(ppy)2(4)] 356 (3.7 x 10°) 8 (-646) 464 (5.4 x 10°)
[Ir(Fppy)2(4)] 352 (3.8 x 10°) 4(-327) 449 (5.6 x 10°)

Conditions: CH3CN, 2.5 x 10° M. ® Measured in CH,Cl; due to their low solubility
in CH3CN. ® MAmax = Amax(complex) = Amaligand). ¢ MAma = Amax([Ir(4)2(1)]) -
)\max(l). d DAmax = )\max([lr(4)2(1)]) - }\max(4)'

Cyclic voltammetry

The electrochemical properties of iridium complexes in
dimethylformamide (DMF) solution were examined using cyclic
voltammetry. The corresponding half-wave potentials are
summarized in Table 2. The HOMO and LUMO levels of all
complexes have been deduced by the equation Eyomo/Elumo
(eV) = —(4.8 + Eonset),32 and AE has been obtained as the
difference LUMO—HOMO.

The obtained voltammograms (Figures S94-S98 in ESI) and
redox potential values were compared with that of parent and
reference homoleptic mer-Ir(ppy)s, that is well described in the
literature. >34 According to the published data, the
voltammogram of mer-[Ir(ppy)s] exhibits two reversible
reduction peaks that can be assigned to the reduction of the 2-
phenylpyridine Iigands.36 On the other hand, the first
reversible oxidation wave is attributed to the Ir(IV)/Ir(lll) redox
couple.?*

As it has been reported before, the values of the redox
potentials of cyclometalated iridium complexes containing of
2-phenypyridyl ligands depend on the electron-donating or
electron-withdrawing nature of their substituents.®® In tris-
cyclometalated iridium(lll) compounds, the HOMO is
predominantly localized on the phenyl rings of the 2-
phenypyridyl ligands and on the iridium center, whereas the
LUMO resides mainly on the pyridine fragment of the
cyclometalated Iigands.39 Accordingly, a good correlation has
been found between the electronic parameters of substituents
present in these ligands and the redox potentials observed.***
The complexes studied here containing azobenzene units
appended on the ppy ligands exhibit their first oxidation peak
at potentials between 0.44 and 0.87 V vs. Fc/Fc' and their first
reduction peak potentials between —1.79 and —1.57 V (see
Table 2). The values found for the cathodic peak potential,
showed an important anodic shift with respect to those
corresponding to parent [Ir(ppy)s], as expected for an

This journal is © The Royal Society of Chemistry 20xx
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azobenzene-centered reduction, compared to the pyridyl-
centered reduction responsible of the first cathodic peak in
[Ir(ppy)s]. The oxidation peak potentials were also anodically
shifted, but to a lesser extent. Both shifts combined resulted in
smaller HOMO-LUMO (AE) gaps compared to the one of the
unsubstituted [Ir(ppy)s] complex. Since this effect is rather
unaffected by the anchoring of the azobenzene either on the
phenyl or in the pyridyl fragment (see for instance [Ir(4),(acac)]
vs. [Ir(5),(acac)]) of the ligand, it should be attributed to the
presence of the low-lying t* orbital of the azobenzene type
Iigands,“’21 rather than to the electron-withdrawing properties
of the azobenzene.*

Comparing the values of the oxidation potentials measured for
complexes containing one ligand 1 ([Ir(ppy).(1)], [Ir(Fppy).(1)]
and [Ir(Brppy),(1)]), it can be observed that the presence of
electron-withdrawing Br or F atoms on the phenyl fragment of
the ppy ligands caused an anodic shift of the corresponding
oxidation peak positions, indicating HOMO stabilization. The
reduction wave is almost not affected. This result can be also
found after comparing the voltammograms obtained for
another pair of complexes studied in this work ([Ir(ppy).(4)]
and [Ir(Fppy),(4)]). Consequently, halide-containing complexes
show larger AE values than their halide-free counterparts (see
Figure 2 for a representative example). This observation is in
agreement with the published data for other iridium
cyclometalated complexes, and well-established in the
literature 2203>40414445.46 The same effect was observed for
carborane-substituted cyclometalated Ir(lll) complexes, and it
was attributed to the electron-withdrawing character of the
appended carborane units.”

As it has been described for tris-cyclometalated Ir(lll)
complexes (vide supra), also in bis-cyclometalated Ir(lll)
compounds, the LUMO and HOMO are predominantly
localized on the pyridyl part of the 2-phenypyridyl ligands and
on the iridium center, and the phenyl region on the
cyclometalated ligand, respectively.45 Consequently, mainly
oxidation potentials are affected by modifications on the
ancillary ligand in this type of complex. This can be confirmed
by comparing the reported values for the model compound
[Ir(ppy),(acac)] (Eeq = —2.60 V and E,, = 0.41 V, DMF)* with the
ones obtained for complex [Ir(ppy).(3)]. In this case the
presence of the electron-withdrawing azobenzene on the
ancillary acetylacetonate ligand coordinated to the metal
center markedly increases the oxidation potential, compared
to the values of the parent [Ir(ppy).(acac)] complex. There is
only a minor effect of the appended azobenzene on the
reduction potential of this compound, as it is physically
separated and does not participate from the LUMO (associated
to the pyridyl part of the cyclometalated ligands). The small
influence observed could be due to the fact that the ancillary
ligand can still transmit its electronic nature via an inductive
effect passing through the central metal-atom.

Ligands 1 and 2 were designed to disrupt the electronic
conjugation between the ppy unit and the azobenzene
fragment existing in ligands 4 and 5. As it can be observed, the
decrease of m-conjugation found in [Ir(ppy).(1)] and
[Ir(ppy)2(2)] complexes result into a cathodic shift of the

This journal is © The Royal Society of Chemistry 20xx
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reduction potential from —1.61 V ([Ir(ppy)2(4)])id9amde 220 Y
([Ir(ppy)2(1)]) and —1.70 V ([Ir(ppy)2(2)]P¥8 F&/Fed/HatOig! in
the lowering of HOMO level of the iridium complex. This
behaviour is also found for halide containing complex pair B
([Ir(Fppy)2(1)] and [Ir(Fppy),(4)]), and has been reported for
other iridium complexes containing quinoline, quinoxaline and
pyrazolonate type Iigands.47

Figure 2: Cyclic voltammograms of [Ir(ppy).(1)], [Ir(Fppy)2(1)] and [Ir(Brppy),(1)].

[ir(ppy),(1)]
(r(Fppy).(1)]
[Ir(Brppy).(1)]

V vs Fc/Fec+

Conditions: 107 M, dry DMF cpntaining 0.1 M TBAPFs as the supporting
electrolyte, scan rate of 100 mV s .

Table 2: Electrochemical properties of the Ir complexes.

e Eor  Eomewed LUMO  Eomeos” ~ HOMO®  AE

v v Y *lev] v [eV] [eV)
lr(ppy)s]® -2.64 049  -241 -239 033 -5.13 275
[Ir(4)2(acac)]d -1.63 0.77 -1.43 -3.37 0.60 -5.40 2.03
[Ir(5),(acac)] -1.57 074 -1.40 -3.40 0.60 -5.40  2.00
[r(ppy)2(2)] -1.70 0.44  -1.53 -327  0.28 -5.08 1.81
[r(ppy)(1)] -1.79 051  -1.62 -3.18  0.34 -5.14  1.96
[Ir(Fppy)2(1)] -1.79 0.72 -1.61 -3.19 0.54 -5.34 2.15
[Ir(Brppy)2(1)] -1.78 0.87 -1.62 -3.18 0.70 -5.50  2.32
[r(ppy)2(3)] -2.50 075  -2.30 -250  0.44 -5.24 274
lr(ppy).(4)° -161 053 -1.44 -336 0.38 -5.18  1.82
[Ir(Fppy)2(4)]d -1.65 0.85 -1.46 -3.34 0.72 -5.52 2.18

? Potential values are reported versus Fc/Fc+. ® Determined from the onset
reduction potential.  Determined from the onset oxidation potential. 4 Data from
reference 8.

Photoisomerization studies.

Azobenzene and its derivatives are well-known to undergo
trans-to-cis and the reverse cis-to-trans isomerization
processes induced by irradiation at selected wavelengths, the
E isomer being the thermodynamically most stable one. %%
4930 The distinctive and characteristic spectroscopic patterns of
E and Z isomers allow convenient monitoring of the
photoisomerization process by either UV-vis or NMR
techniques.

According to the UV-vis spectra, the most indicative band to
follow the progress of the isomerization is the absorption at
around 325-350 nm (associated with the m-it* transition),
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which is substantially more intense for the trans isomer than
for the cis one. Due to the superposition of m-nt* transition
bands of cis and trans species, and lacking the spectra of
isolated cis derivatives the composition at the photostationary
state (PSS) cannot be directly extracted from these
experiments. Nevertheless, significant changes in the intensity
of this band upon irradiation are indicative of an efficient
isomerization processes, and minor changes point to a less
effective photoisomerization.

The spectra of 0.025 mM CH;CN solutions of free ligands 1-5
and their Ir(lll) complexes, before and after irradiation for 30
min, were recorded. The light wavelength was individually
optimized to maximize the composition of the cis isomer in the
PSS, following Monkowious’ procedure,51 as described
elsewhere.®? UV-vis absorption spectra of all the compounds
before and after irradiation are regrouped in the ESI. The most
relevant data are presented in Table 3.

According to the decrease in the intensity of the band assigned
to the m-m* transition of the azobenzene, ligands in which the
azobenzene is not conjugated with the ppy unit (1 and 2),
showed more efficient trans-to-cis photoisomerization than
ligands 4 and 5, in which extended aromaticity along the ligand
is presumed. This is probably due to the additional stabilization
of the trans form due to conjugation existent in ligands 4 and
5.

As already observed for other
8,20,52,53,54,55

azobenzene-appended
organometallic complexes, the photo-induced E to
Z isomerization is less efficient for the Ir(lll) complexes than for
the free ligands (see Table 3). A general trend could not be
established on comparison of the set of iridium compounds
analyzed. When comparing the results obtained for
compounds [Ir(4),(acac)] and [Ir(5),(acac)] the decrease in
intensity of the band associated to the m-m* transition was
seen to be slightly more pronounced when the azobenzene
was appended to the pyridyl ([Ir(5),(acac)]) than to the phenyl
([Ir(4),(acac)]) fragment. This could tentatively be attributed to
a lower steric hindrance when the azobenzene is appended on
the pyridyl of two ppy ligands in meridional bis-cyclometalated
complexes. When only one ppy ligand contains an appended
azobenzene (see [Ir(ppy).(1)] vs [Ir(ppy).(2)]) a larger extent of
isomerization was observed when the azobenzene was linked
to the phenyl fragment. Unfortunately, a direct comparison
cannot be made due to the different nature of the bridging
unit in ligands 1 and 2. According to UV-vis analysis, compound
[Ir(ppy)2(1)] was the one experiencing a larger extent of trans-
to-cis isomerization upon irradiation.

UV-vis spectroscopy is also useful to study and monitor the
reversibility of the process (i.e. thermally induced cis-to-trans
isomerization. After irradiation of the samples, and when the
PSS was reached, the reverse process was followed at 55 °C by
acquiring UV-vis spectra at regular time intervals. The
determined kinetic data (first order rate constants and half-life
times) are shown in Table 3.

8 | J. Name., 2012, 00, 1-3

Table 3. Kinetic data for the Z->E isomerization process. View Article Online

DOI: 10.1039/C6DT01817C

compound Airrad ° [nm] AAbsn—n* b k [sil] Ti2 [S]
1 347 1.12 0.9x10" 7600
2 327 1.30 0.4x10" 16000

3 332 0.37 1.3x10° 530

4 354 0.61 1.3x 10" 5500

5 353 0.55 1.1x 10" 6500
[Ir(4),(acac)] 366 0.17 1.2x10" 5900
[Ir(5),(acac)] 359 0.24 1.1x10" 6500
[Ir(ppy)2(2)] 328 0.12 0.3x 10" 21000
[Ir(ppy)2(1)] 349 0.29 1.2x10® 5600
[Ir(Fppy)2(1)] 349 0.26 1.1x10® 6300
[Ir(Brppy)a(1)] 349 0.17 1.2 x10® 5800
[Ir(ppy)a(3)] 331 0.12 0.8x10™ 8300
[Ir(ppy)2(4)] 367 0.12 1.2x 10" 6000
[Ir(Fppy)(4)] 359 0.15 1.3x10® 5500

CHsCN, 2.5 x 10° M, 55 °C. ° Optimized wavelength for the E->Z
photoisomerization. b AAbs..+ = Absorbance,.» (before irradiation) -
Absorbance, .+ (after irradiation). Complex [Ir(4),(1)] could not be analyzed due
to its poor solubility in CH3CN.

In general ppy-based ligands and their iridium complexes
showed thermally-induced back isomerization processes with
reaction rates within the same order of magnitude of the
values observed previously for other iridium azobenzene-
containing complexes (kss «« ~ 1.0 x 10™* s)%®* and
organoplatinum azobenzenes (kss -c ~ 4.5 x 107> s7%).56 From
this series, ligand 2 and its derivative [Ir(ppy),(2)], present a
larger stability of the cis form. Notably, ligand 3 showed one
order of magnitude larger rate constant, the half-life time
measured for the cis form is less than 10 min at 55 °C.
Surprisingly, derivative [Ir(ppy),(3)] (containing one ligand 3)
presented a rather slow thermal cis-to-trans isomerization (see
Table 3).

In order to quantify the efficiency of the photoisomerization
process (i.e. quantitative analysis of the composition of the
PSS) the photoisomerization process of the free ligands and
their iridium compounds was also analyzed by '"H-NMR
spectroscopy. It is worth mentioning that UV-vis and '"H-NMR
results obtained are not directly comparable due to the
different conditions used (i.e. irradiation wavelength, solvent
and concentration), but the general trend should be
analogous. It has been reported in the literature, that upon
trans-to-cis isomerization of azobenzene derivatives, the
resonances of their ‘H-NMR signals experience a shift the
spectra,‘r’z"r’s"w‘58’59’60 and the relative integration can be used to
quantify the isomers ratio in these samples.

"H-NMR spectra of ligands 1-5 and their iridium(lll) derivatives
were acquired in CDCl; at room temperature before and after
irradiation with monochromatic light at 365 nm until no
further change was observed. To calculate the cis/trans ratio in
the PSS the signals presenting less overlapping in the spectra
were individually selected, as detailed in Table 4. The complete
series of spectra are collected in the ESI.

This journal is © The Royal Society of Chemistry 20xx
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Table 4. Composition of the PSS according to "H-NMR spectroscopy.

Dalton Transactions

the acetylacetonate ligand was observed (at 5.30, and 5.36
ppm, respectively). Since only one new siAglet0dppear@d MaHis

Complex 6¢ [ppm] 87 [ppm] Z:E ratio

1 5.27 (-OCH,-) 5.13 (~OCH,-) 87:13

2 4.17 (-CHy-) 4.09 (-CH,-) -2
3 16.75(CHacac) 16.64 (CHacac) 50:50°
4 8.18 (CHppy) 8.12 (CHppy) 57:42
5 9.06 (CHppy) 8.93 (CHppy) 64:36
[Ir(4),(acac)] 5.30 (CHacac) 5.28 (CHacac) 15:85
[Ir(5),(acac)] 5.36 (CHacac) 5.33 (CHacac) 16:84
[Ir(ppy)2(2)] 3.81(-CH,-) 3.66(—CH,—) 15:85
[Ir(ppy)2(1)] 5.02 (-OCHy-) 4.85(-0CH,-) 35:65
[Ir(Fppy)2(2)] 5.06 (~OCH,-) 4.90 (-OCH,-) 39:61
[Ir(Brppy)a(1)] 5.05 (~OCH,-) 4.89 (-OCH,-) 40:60
[Ir(ppy)2(3)] 8.71 (CHppy) 8.63 (CHypy) 26:74

PSS composition could not be analyzed for ligand 2 due to complete ligand
degradation during the irradiation process. Ligand 3 shows partial degradation
during the irradiation process, and the composition of the PSS given represents
only the ratio between both isomers. Complex [Ir(4),(1)] could not be analyzed
due to its poor solubility in CDCl;. Complexes [Ir(ppy)2(4)] and [Ir(Fppy).(4)] could
not be analyzed due to overlap of aromatic proton resonances in the "H-NMR
spectra.

When looking at the spectra of the free ligands, as already
observed by UV-vis, under identical experimental conditions,
ligand 1 undergoes trans-to-cis photo-induced isomerization to
a larger extent than ligands 3-5, reaching 87% of the cis
isomer in the PSS (the exact products distribution at the PSS
for ligand 2 could not be determined accurately due to
decomposition).

According to the "H-NMR spectra, the photoisomerization is
less effective in iridium derivatives than in the free
azobenzene-appended ligands, as already inferred from the
UV-vis analysis (vide supra). The series of mono-azobenzene
complexes derived from ligand 1 ([Ir(ppy).(1)], [Ir(Fppy)2(1)]
and [Ir(Brppy),(1)]) present about 35-40% of Z isomer in the
PSS, respectively. Instead, derivative [Ir(ppy),(2)] presented a
smaller proportion of Z isomer in the PSS state (only 15%), in
agreement with our UV-vis observations. In the case of
compound [Ir(ppy),(3)] (containing one ligand 3) 26% of Z
isomer was observed in the PSS.

In most of the examples of compounds containing two
azobenzene-units reported in the literature, they do behave as
independent photoswitchable units, unless they are
conjugated (and with a specific substitution pattern) or belong
to a restrained macrocyclic ring.m'sz‘63 Compounds
[Ir(4),(acac)] and [Ir(5),(acac)], containing two independent
azobenzene-appended ligands, do not fulfill any of these
requirements. Therefore, in principle the isomerization of one
of the azobenzene units should not influence on the
isomerization of the second, and they have been analyzed as
independent chromophores. Compounds [Ir(4),(acac)] and
[Ir(5),(acac)] could exist in three isomeric forms (EE, EZ and
ZZ). The former and the latter are expected to be C, symmetric
in solution, but the EZ isomer, resulting from the isomerization
of just one of the azobenzene units, should show a C;i-
symmetry pattern by '"H-NMR spectroscopy. Upon irradiation
of samples of [Ir(4),(acac)] and [Ir(5),(acac)], a decay in the
intensity of the singlet assigned to the methylene proton of

This journal is © The Royal Society of Chemistry 20xx

region at slightly higher field (5.32 and 5.33 ppm) apparently
only one isomer was in equilibrium with the EE form in the
PSS). According to the integration of these signals, the
irradiated samples contain about 30% of this complex. The
splitting of some of the aromatic signals points to the
formation of a C;-symmetric compound upon irradiation, and
therefore it was assigned to the mono-isomerized EZ species
(See Figure 3). Taken this into account, the composition of the
PSS responds to overall E/Z azobenzene ratio of around 85/15.
It is worth mentioning that all the iridium complexes studied
recovered their original "H-NMR spectra after leaving the CDCl;
solution overnight at room temperature.

Figure 3. "H-NMR spectra of complex [Ir(5),(acac)].

)

10.4 10.0 96 9.2 8.8 8.4 8.0 76 7.2 6.8 6.4 6.0 56 5.2

'H-NMR spectra of complex [Ir(5),(acac)] in CDCl;, 300 MHz. before irradiation
(bottom) and after irradiation with monochromatic light at 365 nm for 1 h (top).

Finally, the efficiency of the photoisomerization reaction was
tested by measuring the quantum vyield associated with the
photoinduced trans-to-cis isomerization process. This was
achieved upon comparison with an appropriate standard
whose  photochemical properties have been well
characterized. Parent azobenzene, which has a known
photoisomerization quantum yield (® = 0.15) on irradiating at
a wavelength of 365 nm was used as a standard to determine
incident photon flux and allow quantification of the
isomerization reactions for the series of molecules
represented in Table 5, on taking into account the fraction of
incident photons absorbed and back photoreactions.64 See
experimental section for further details. Absolute quantum
yield values in the range 0.08-0.004 were determined.
Globally, the lowering of these values with respect to the
parent reference is attributed to the presence of the adjacent
heavy metal centre, as observed previously, notably through
the work of Nishihara.***> Among the series, the more
efficient chromophores with regard to the photoisomerization
process are those comprising a —OCH,—- spacer unit. The
structural integration of this unsaturated moiety effectively
decouples the m-systems facilitating the isomerization

process.‘ss"56 Similarly, this approach of decoupling m-systems
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has been effectively used in construction of modular
photoinduced electron transfer molecular systems with
predetermined properties.67

Table 5. Photoisomerization quantum yield of iridium complexes containing ligands 1-
5.

Complex (O
[Ir(4),(1)] 0.034
[Ir(4)(acac)] 0.01
[Ir(5)2(acac)] 0.006
[Ir(ppy)2(2)] 0.016
[Ir(ppy)2(2)] 0.067
[Ir(Fppy)a(1)] 0.036
[Ir(Brppy)2(1)] 0.078
[Ir(ppy)a(3)] 0.012
[Ir(ppy)2(4)] 0.004
[Ir(Fppy)2(4)] 0.014

In CHsCN, 2.5 x 10° M, 25 °C, excitation wavelength = 365 nm, using the
azobenzene (O = 0.15) in ethanol as a chemical actinometer

Experimental section.
General considerations

IrCl3:3H,0, Pd(PPhs),, 2-phenylpyridine, 2-(2,4-difluorophenyl)-
pyridine and other general chemicals were obtained from
commercial sources and used without further purification. 4-
Nitrosobenzyl alcohol £, 4-(phenylazo)benzyl alcohol g,24 4-
(phenylazo)benzyl bromide h,” 2-(4-bromophenyl)pyridine j,68
4-(phenylazo)phenyl boronic acid pinacol ester,” 4,% 5-bromo-
2-phenylpyridine k" [Ir(ppy);ClL,, """ [Ir(Fppy),Cll,, ™
[Ir(Brppy);CIL, "> [ir(ppy)a(Brppy),*  [Ir(Fppy)y(Brepy)),®
[Ir(Brppy)sl,® [Ir(ppy)2(4)1,° [Ir(Fppy),(4)],* [Ir(Brppy),(acac)],®
[Ir(4),(acac)]® and [Ir(4)3,]8 were synthesized following
published methodologies. Unless otherwise stated, NMR
spectra were recorded on a Bruker 300 AVANCE DPX
spectrometer equipped with a z gradient BBO probe.

Solvents were dried and purified by known procedures and
freshly distilled under nitrogen from appropriate drying agents
prior to use. All manipulations and reactions involving air
and/or moisture-sensitive compounds were performed under
an atmosphere of nitrogen using standard Schlenk techniques.
Characterization methods.

All electrochemical measurements were carried out in a sealed
glass cell under a N, atmosphere on 107% M solutions of iridium
complexes containing ligands 1-5 in anhydrous DMF
(containing 0.1 M TBAPFg as the supporting electrolyte) at a
scan rate of 100 mV s *. The working electrode was a glassy-
carbon rod (5 mm diameter) and a Pt wire encapsulated on a
porous glass tube was used as the counter electrode. The
potentials were controlled using a Metrohm Ag/AgCl reference
electrode. On the other hand a ferrocene/ferrocenium couple
(+0.352 V vs. Ag/AgCl) was used as the internal standard (1 x
107 M) and all potentials are related to it. The measurements
were performed using a Bio-Logic VMP3 potentiostat—
galvanostat.
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UV-vis absorption measurements were performed,with.an
Agilent 8453 diode-array spectrophotonétetOutifizingDI0 1 hin
cell-path quartz cuvettes (110 QS). Measurements of thermal
cis to trans isomerization rates were performed using a 25 uM
solution of ligands 1-5 and complexes [Ir(ppy),(1)],
[Ir(ppy)2(2)],  [Ir(Fppy)a(1)1,  [Ir(Brppy),(1)],  [ir(ppy).(4)],
[Ir(ppy)2(4)] and [Ir(ppy).(3)] in acetonitrile and a 9 uM
solution of complexes [Ir(4),(acac)], [Ir(5),(acac)] and [Ir(4),(1)]
in acetonitrile. To maximize the initial population of Z isomers
in the PSS, the procedure described by Monkowius was
followed.”™ Using a Shimadzu RF-540 fluorometer, a 3 mL
portion of each sample was irradiated at the corresponding
Amax (associated with its m—mt* transition band) until no further
change in the UV-vis absorption spectra was observed. The A
of the maximum observed after subtracting the first and last
spectra of the series was considered as the optimal light wave-
length to promote the Z-E photoisomerization (A,). Fresh
samples were irradiated at (A,) for 60 min, and then placed in
a UV-vis spectrophotometer. Their absorption spectral
changes were measured as a function of time for 10 hours. The
temperature was maintained at 55 °C, controlled with a HP
89090A Peltier temperature control accessory.

The degree of photoisomerization was measured by '"H-NMR.
2.5 x 10° M solutions of ligands 1-5 and their iridium
complexes in 0.5 mL of CDCl3 in a quartz NMR tube were
irradiated at room temperature at 365 nm, until no further
change in the "H-NMR spectra was observed. The composition
of trans and cis isomers were known from "H-NMR integration
of the recorded spectra.

Isomerization quantum yield were determined upon excitation
at 365 nm using azobenzene as chemical actinometer (O =
0.15). Electronic absorption spectra were measured on a
Varian Cary 100 UV-Vis spectrometer in a 1 x 1 cm quartz
optical cell. The light source for excitation in the photochromic
reaction was a 500 W xenon lamp of a Horiba Jobin Yvon
Fluorolog-3 (iHR320) fluorometer was used as an excitation
light in photochromic reactions, with a double
mononochromator (slit width = 10 nm). A 2.5 x 10™ M solution
of the trans isomer of the complexes in acetonitrile (3 mL)
were irradiated and the amount of converted material was
determined at 5 s intervals by UV-vis following the absorption
of the m-1t* band maximum.

Synthetic procedures

4-Tolylboronic acid pinacol ester, b. The title compound was
obtained following a general procedure reported for the
synthesis of aryl boronates.?”” Under N,, 4-iodotoluene (8.20 g,
37.6 mmol), copper(l) iodide (0.72 g, 3.8 mmol) and sodium
hydride (1.35 g, 56.3 mmol) were dissolved in 145 mL of
freshly distilled THF. Pinacolborane (7.23 g, 8.80 mL, 56.5
mmol) were added via syringe. The reaction mixture was
stirred overnight at r.t. and quenched by adding 180 mL of
saturated NH,Cl,q), and extracted with ethyl acetate (3 x 50
mL). The combined organic layers were dried over MgSQO,. The
solution was concentrated in vacuo and the residue was
purified by column chromatography (silica/hexane). After
elution of the unreacted 4-iodotoluene the polarity was
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gradually increased to pure ethyl acetate. The product was
obtained as yellow oil (7.75 g, 95%). The spectroscopic
characterization of this compound is in agreement with the
previously reported data.”’
(4-Bromomethylphenyl)boronic_acid pinacol ester, c. Benzoyl
peroxide (0.11 g, 0.45 mmol) was added to a solution of 4-
tolylboronic acid pinacol ester (2.00 g, 9.20 mmol) and NBS
(1.55 g, 8.70 mmol) in CCl, (60 mL) under an N, atmosphere.
The reaction mixture was maintained at reflux for 2 h. After
this period of time, the insoluble materials were filtered off
and the filtrate was evaporated. The resulting product was
isolated as a white solid (1.30 g, 50%) by recrystallization from
ethanol. Spectroscopic data are in agreement with the ones
previously published for this compound.23
4-(Phenylazo)phenol. The title compound was obtained
following a procedure analogous to the one reported for 4-
nitro-4’-hydroxyazobenzene.”® To a solution of aniline (1.86 g,
1.82 mL, 20.0 mmol) in 50 mL of distilled water and 8.5 mL of
concentrated HCI, was added dropwise (at 0 °C) a solution of
NaNO, (2.00 g, 29.0 mmol) dissolved in 50 mL of distilled
water. At the same temperature, a solution of sodium
hydroxide (1.04 g, 26.0 mmol), sodium carbonate (9.60 g, 90.0
mmol) and phenol (2.70 g, 28.7 mmol) in 50 mL of distilled
water was added slowly to the resulting diazonium salt
solution. The reaction mixture was stirred for 1 hour keeping
the solution at 0°C under N, atmosphere. The reaction
temperature was gradually raised to r.t. The mixture was
acidified with concentrated HCI. The product precipitated as a
brown solid. It was filtered, washed with water, and dried in
vacuo (4.00 g, 100%). The spectroscopic characterization of
this compound is in agreement with the previously reported
data.”

Compound d. 4-(Phenylazo)phenol (2.00 g, 10.1 mmol), (4-
bromomethylphenyl)boronic acid pinacol ester (3.58 g, 12.1
mmol) and NaOH (0.80 g, 20.0 mmol) were dissolved in 170 mL
of a degassed mixture of CH3CN/CH,Cl, (20:3, v/v). The
solution was then stirred and refluxed (95 °C) for 2 days under
N,. The solution was cooled to room temperature and gravity-
filtered to remove NaBr. After concentrating in vacuo, the
resulting solid was purified by column chromatography (silica,
CH,Cl,, Rf = 0.7). The title compound was obtained as an
orange solid (2.70 g, 65%).

'H NMR (300 MHz, CDCl5): & 7.97-7.88 (m, 6H), 7.57-7.47 (m,
5H), 7.12 (d, J = 9.0, 2H), 5.22 (s, 2H), 1.40 (s, 12H). *C NMR
(75 MHz, CDCl5): § 161.12 (1C, Cquar), 152.75 (1C, Cqua), 147.15
(1C, Cquat), 139.54 (1C, Cyuar), 135.10 (2C, CH), 130.35 (1C, CH),
129.00 (2C, CH), 126.52 (2C, CH), 124.72 (2C, CH), 122.55 (2C,
CH), 115.13 (2C, CH), 83.84 (2C, Cqyat), 70.14 (1C, CH,), 24.85
(4C, CH3), (C—B not seen). Elemental Analysis: calculated for
CysHy7BN,0s5: C, 72.48; H, 6.57; N, 6.76. Found: C, 72.52; H,
6.73; N, 6.41. Exact mass (MALDI) - m/z: 415.2186 for [M + H]".
Ligand 1. The compound d (2.65 g, 6.3 mmol) was dissolved in
38 mL of degassed THF. To this mixture, 2-bromopyridine (1.11
g, 0.67 mL, 7.0 mmol), Pd(PPhs), (2 mol%, 0.15 g, 1.3 mmol),
and Na,CO; (1 M aqg., 19 mL) were added successively under
nitrogen, and heated overnight at 80 °C. The reaction was
cooled to room temperature and 60 ml of water was added.
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The resulting mixture was extracted with ethyl acetate (s >.1Q
mL), dried (MgS0O,), filtered and evap&fatddliFoldcud18the
resulting solid was washed with ethanol and dried in vacuo;
the product was obtained as an orange powder (2.22 g, 95%).
'"H NMR (300 MHz, CDCls): & 8.74 (d, J = 4.6, 1H), 8.08 (d, J =
8.3, 2H), 7.96 (d, J = 9.0, 2H), 7.93-7.90 (m, 2H), 7.82—-7.78 (m,
2H), 7.60 (d, J = 8.4, 2H), 7.57-7.44 (m, 3H), 7.29-7.26 (m, 1H),
7.15 (d, J = 9.0, 2H), 5.26 (s, 2H). **C NMR (75 MHz, CDCl3): &
161.10 (1C, Cqyat), 156.96 (1C, Cquar), 152.71 (1C, Cquar), 149.62
(1C, CH), 147.15 (1C, Cqua), 139.18 (1C, Cquar), 137.22 (1C,
Cquat), 136.85 (1C, CH), 130.36 (1C, CH), 128.98 (2C, CH),
127.76 (2C, CH), 127.20 (2C, CH), 124.72 (2C, CH), 122.52 (2C,
CH), 122.24 (1C, CH), 120.63 (1C, CH), 115.13 (2C, CH), 69.92
(1€, CH,). Elemental Analysis: calculated for
C,4H1gN30-0.9CH,Cl,: C, 67.51; H, 4.74; N, 9.48. Found: C,
67.51; H, 4.69; N, 8.98. Exact mass (El) - m/z: 366.1603 for [M
+HJ".

(6-Phenyl-3-pyridyl)-boronic_acid.?’ The title compound was
obtained following a procedure analogous to the one reported
for 3-pyridyl-boronic acid.®* 5-Bromo-2-phenylpyridine (2.00 g,
8.6 mmol) was dissolved in 13 mL of distilled toluene and 4 mL
of distilled THF: Triisopropyl borate (2.30 mL, 10.2 mmol) and
n-Buli (1.6 M in hexane, 6.40 mL, 10.2 mmol) were added at -
40 °C under N, atmosphere, and the reaction mixture was
stirred for 1 hour at this temperature. The reaction mixture
was allowed to warm up to -20 °C and 10 mL of HCl(,q) (2 M)
were added. When the reaction mixture reached r.t., it was
quenched with water and treated with a NaOH aqueous
solution (5 M) until a neutral pH was reached. The mixture was
saturated with NaCl and it was extracted with THF (3 x 50 mL).
The combined organic layers were dried over MgSO,. The
solvent was removed in vacuo and the residue was washed
with ether and dichloromethane. The product was obtained as
a white solid (1.60 g, 95%).

"H NMR (300 MHz, MeOD): & 8.82 (s, 1H), 8.38 (d, J = 7.9, 1H),
8.03-7.95 (m, 3H), 7.60-7.55 (m, 3H). *C NMR (75 MHz,
MeOD): & 157.00 (1C, Cquat), 152.02 (1C, CH), 147.08 (1C, CH),
137.99 (1C, Cquar), 131.23 (1C, CH), 130.20 (2C, CH), 128.73
(2C, CH), 122.88 (1C, CH), (C—B not seen). Elemental analysis:
calculated for C;;H;,BNO, - 1.75 CH,Cl,: C, 44.05; H, 3.91; N,
4.03. Found: C, 43.80; H, 3.47; N, 4.42. Exact mass (EI) — m/z:
200.0884 for [M + H]" for [M + H]".

Ligand 2. (6-Phenyl-3-pyridyl)-boronic acid (300 mg, 1.50
mmol) and Pd(PPhs); (3 mol%, 35 mg, 0.03 mmol) were
dissolved in 10 mL of DME. The mixture was stirred under N,
at 50 °C for 10 min. To this solution, 4-(phenylazo)benzyl
bromide (280 mg, 1.00 mmol) dissolved in 3mL of
DME/ethanol (2:1, v/v) and Na,CO; (2 M aqg., 2.0 mL) were
added successively under nitrogen, and heated overnight at
110 °C with continuous stirring. The reaction was cooled to
room temperature and 50 mL of water were added. The
resulting mixture was extracted with ethyl acetate (5 x 10 mL),
dried (MgSQ,), filtered and the solvent removed in vacuo. The
resulting solid was purified on by column chromatography
(silica, CH,Cl,, Rf = 0.4); the product was obtained as a red
crystalline solid (140 mg, 40%).
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'"H NMR (300 MHz, CDCl5): 6 8.66 (d, J = 1.8, 1H), 8.03 (d, J =
6.9, 2H), 7.98-7.91 (m, 4H), 7.71 (dd, J = 8.1, 0.4, 1H), 7.61—
7.44 (m, 7H), 7.40 (d, J = 8.5, 2H), 4.14 (s, 2H). *C NMR (75
MHz, CDCls): & 155.68 (1C, Cquat), 152.64 (1C, Cquar), 151.37
(1C, Cquat), 149.95 (1C, CH), 143.11 (1C, Cquar), 139.10 (1C,
Cquat), 137.13 (1C, CH), 134.30 (1C, Cyyae), 130.90 (1C, CH),
129.57 (2C, CH), 129.05 (2C, CH), 128.80 (1C, CH), 128.71 (2C,
CH), 126.75 (2C, CH), 123.21 (2C, CH), 122.78 (2C, CH), 120.35
(1C, CH), 38.57 (1C, CH,). Elemental Analysis: calculated for
CysH1oN3: C, 82.49; H, 5.48; N, 12.03. Found: C, 82.63; H, 5.22;
N, 11.94. Exact mass (MALDI) - m/z: 350.1646 for [M + H]".
Ligand 3. 4-(phenylazo)iodobenzene (0.77 g, 2.5 mmol) was
dissolved in 10 mL of DMSO. To this mixture, acetylacetone
(0.75 g, 0.77 mL, 7.50 mmol), K,CO;3 (1.38 g, 10.0 mmol), Cul
(0.05 g, 0.3 mmol) and L-proline (0.06 g, 0.5 mmol) were
added successively under nitrogen, and heated at 90 °C for 6 h.
The reaction mixture was quenched with HCI (1 M, 100 mL)
and it was extracted with EtOAc (3 x 25 mL). MgSO, was added
to the organic fraction, filtered and evaporated in vacuo. The
resulting solid was purified by column chromatography (silica)
eluting with hexane/dichloromethane (5:1, v/v) (Rf = 0.3); the
product was obtained as a red crystalline solid (0.25 g, 36%).
'"H NMR (300 MHz, CDCl;): & 16.76 (s, 1H), 8.01-7.96 (m, 4H),
7.61-7.52 (m, 3H), 7.40-7.36 (m, 2H), 1.98 (s, 6H). >C NMR (75
MHz, CDCls): & 190.78 (2C, Cquat), 152.60 (1C, Cquar), 151.87
(1C, Cquat), 139.78 (1C, Cquar), 131.94 (2C, CH), 131.17 (1C, CH),
129.12 (2C, CH), 123.21 (2C, CH), 122.87 (2C, CH), 114.59 (1C,
Cquat), 24.20 (2C, CH3). Elemental Analysis: calculated for
Cy7H16N,0,: C, 72.84; H, 5.75; N, 9.99. Found: C, 72.76; H, 5.52;
N, 9.88. Exact mass (MALDI) - m/z: 281.1277 for [M + H]".
Ligand 5. 5-Bromo-2-phenylpyridine (300 mg, 0.130 mmol) was
dissolved in 4 mL of degassed THF. To this mixture, 4-
(phenylazo)phenyl boronic acid pinacol ester (430 mg, 0.140
mmol), Pd(PPh3), (2 mol%, 3 mg, 0.003 mmol), Na,CO; (1 M
ag., 2 mL) were added successively under nitrogen, and heated
overnight at 80 °C with continuous stirring. The reaction
mixture was heated overnight at 80 °C with continuous
stirring. The reaction was cooled to room temperature and 50
mL of water was added. The resulting mixture was extracted
with CH,Cl, (5 x 20 mL), dried over MgSQ,, filtered and
evaporated in vacuo. The product was washed with
dichloromethane (2 mL) and dried in vacuo. The product was
obtained as an orange powder (380 mg, 88%).

'H NMR (300 MHz, CDCl5): 6 9.06 (d, J = 1.9, 1H), 8.13-8.06 (m,
5H), 8.00 (d, J = 8.0, 1.4, 2H), 7.89 (d, J = 8.3, 1H), 7.85 (d, J =
8.5, 2H), 7.61-7.50 (m, 6H). *C NMR (75 MHz, CDCl;): &
156.27 (1C, Cquar), 152.28 (1C, Cquar), 151.79 (1C, Cquar), 147.66
(1C, CH), 139.64 (1C, Cquar), 138.41 (1C, Cquar), 134.67 (1C, CH),
133.54 (1C, Cquat), 130.75 (1C, CH), 128.74 (1C, CH), 128.71
(2C, CH), 128.42 (2C, CH), 127.20 (2C, CH), 126.47 (2C, CH),
123.25 (2C, CH), 122.52 (2C, CH), 119.99 (1C, CH). Elemental
Analysis: calculated for C,3H,7N3:0.5CH,Cl,: C, 74.70; H, 4.80;
N, 11.12. Found: C, 74.83; H, 4.77; N, 11.04. Exact mass
(MALDI) - m/z: 336.1495 for [M+H]".

Ir(ppyBr),Cll,. To a solution of 5-bromo-2-phenylpyridine
(3.00 g, 12.8 mmol) in 2-ethoxyethanol : H,0 (3:1, v/v; 60 mL)
was added IrCl3-3H,0 (1.80 g, 5.10 mmol) and the reaction
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mixture was heated to 120 °C for 24 h. The ygaction owas
cooled to room temperature and 50 mLISTIWat&FeraTaddéd
to precipitate the formed compound. The solution was gravity
filtered and the solid was washed with 20 mL of hexane, 20 mL
of ethanol and 50 mL of diethyl ether. The product obtained
was rather insoluble in all the solvents assayed (i.e. solubility is
less than 0.1 mg in 10 mL of CDCl;), it was a light-orange
powder (3.40 g, 96%). Low solubility hampered a complete
NMR characterization.

Elemental Analysis: calculated for CssH,sBrsClalr,Ng: C, 38.08; H,
2.03; N, 4.04. Found: C, 38.29; H, 2.44; N, 3.92.

Ir(ppyBr),(acac)]. [Ir(ppyBr),Cl],, (150 mg, 0.11 mmol) and
AgOTf (84 mg, 0.32 mmol) were dissolved in degassed acetone
(8 mL) and refluxed (55 °C) under nitrogen for 2 h. The solution
was cooled to room temperature and gravity-filtered to
remove AgCl. The filtrate was refluxed (55 °C) under nitrogen
for 1 h and added to a 1 h refluxed solution of acetylacetone
(45 pL, 0.43 mmol) and triethylamine (113 pL, 0.81 mmol)
dissolved in degassed acetone (4 mL). The resulting solution
was refluxed overnight under nitrogen. After removing the
solvent, the residue was purified by column chromatography:
silica/CH,Cl, (Rf = 0.8). It was obtained as a light-orange
powder (106 mg, 65%).

"H NMR (300 MHz, CDCl;): & 8.60 (d, J = 1.9, 2H), 7.87 (dd, J =
8.7, 2.1, 2H), 7.75 (d, J = 8.7, 2H), 7.54 (dd, J = 7.6, 1.2, 2H),
6.87 (td, 7.5, 1.3, 2H), 6.77 (td, 7.4, 1.4, 2H), 6.30 (d, J = 7.5,
2H), 5.31 (s, 1H), 1.87 (s, 6H). **C NMR (75 MHz, CDCly): &
185.11 (2C, Cquat), 167.58 (2C, Cquat), 148.75 (2C, CH), 147.31
(2C, Cquat), 143.49 (2C, Cyuat), 139.68 (2C, CH), 132.99 (2C, CH),
129.61 (2C, CH), 124.22 (2C, CH), 121.10 (2C, CH), 119.16 (2C,
CH), 115.78 (2C, Cquat), 100.78 (1C, CH), 28.77 (2C, CHj).
Elemental Analysis: calculated for C,;H,1Br,IrN,0O, - 2 C3HgO: C,
45.37; H, 3.81; N, 3.21. Found: C, 45.52; H, 4.14; N, 3.29. Exact
mass (MALDI) - m/z: 755.9575 for [M]* with (***Ir)("°Br).
[r(5),(acac)]. [Ir(ppyBr),(acac)] (60 mg, 0.079 mmol) was
dissolved in 4 mL of degassed THF. To this mixture, 4-
(phenylazo)phenyl boronic acid pinacol ester (54 mg, 0.174
mmol), Pd(PPh3), (2 mol%, 3 mg, 0.002 mmol), and Na,CO; (1
M ag., 2 mL) were added successively under nitrogen. The
reaction mixture was heated overnight at 80 °C with
continuous stirring. The reaction was cooled to room
temperature and 50 mL of water were added to precipitate
the formed compound. The solution was gravity filtered and
the solid was washed with hexane (20 mL). The resulting solid
was purified by column chromatography (silica) eluting with
dichloromethane (Rf = 0.7), obtaining 65 mg of the title
compound (86% yield) as a red powder.

"H NMR (300 MHz, CDCl3): 6 8.93 (d, J = 1.9, 2H), 8.12—-8.08 (m,
6H), 8.00 (m, 6H), 7.84 (d, J = 8.6, 4H), 7.66 (dd, J = 8.1, 1.2,
2H), 7.59-7.53 (m, 6H), 6.91 (dt, J = 7.4, 1.1, 2H), 6.78 (dt, J =
7.5, 1.3, 2H), 6.43 (dd, J=7.5, 0.8, 2H), 5.37 (s, 1H), 1.89 (s, 6H).
BC NMR (75 MHz, CDCly): & 184.55 (2C, Cquar), 167.33 (2C,
Cquat), 152.25 (2C, Cquat), 151.88 (2C, Cquar), 147.45 (2C, Cquar),
145.87 (2C, CH), 143.87 (2C, Cquat), 138.55 (2C, Cqua), 134.76
(2C, CH), 133.04 (2C, Cgquat), 132.86 (2C, CH), 130.83 (2C, CH),
128.93 (2C, CH), 128.72 (4C, CH), 126.89 (4C, CH), 123.76 (2C,
CH), 123.37 (4C, CH), 122.54, (4C, CH) 120.60 (2C, CH), 117.97
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(2C, CH), 100.34 (1C, CH), 28.34 (2C, CH3). Elemental Analysis:
calculated for C5;H3glrNgO, - 1 CgH44: C, 65.43; H, 5.11; N, 8.03.

Found: C, 65.10; H, 4.89; N, 7.91. Exact mass (MALDI) - m/z:
960.2776 for [M]* with (**Ir).

General procedure for the synthesis of

[Ir(ppy),(1)], [Ir(ppY),(2)] and [Ir(ppy),(3)1.
[Ir(ppy).Cll, (150 mg, 0.14 mmol) and AgOTf (108 mg, 0.42
mmol) were dissolved in degassed acetone (8 mL) and refluxed
under nitrogen for 2 h. The solution was cooled to room
temperature and gravity-filtered to remove AgCl. The filtrate
was refluxed under nitrogen (55 °C) for 1 h and addedtoa 1 h
refluxed solution of the corresponding ligand 1, 2 or 3 (0.56
mmol) and NEt; (147 pL, 1.05 mmol) in degassed acetone (4
mL). The resulting solution was refluxed overnight (55 °C)
under nitrogen. After removing the solvent, the residue was
purified by column chromatography.

Ir(ppy),(1)]. Purification by column chromatography:
silica/CH,Cl, (Rf = 0.8). [Ir(ppy).(1)] was obtained as an orange
powder (120 mg, 50%).

'H NMR (500 MHz, CDCl5): 6 8.07 (d, J = 5.0, 1H), 7.93 (d, J =
6.7, 2H), 7.90 (d, J = 7.7, 2H), 7.86 (d, J = 8.5, 2H), 7.78 (m, 3H),
7.69 (d, J = 5.9, 1H), 7.62 (m, 3H), 7.54-7.44 (m, 5H), 7.12 (d, J
= 7.1, 1H), 6.93 (m, 8H), 6.70 (d, J = 4.5, 2H), 6.63 (d, J = 5.6,
1H), 6.47 (d, J = 7.1, 1H), 4.98 (s, 2H). *C NMR (126 MHz,
CDCl3): & 178.38 (1C, Cguat), 175.06 (1C, Cquae), 170.59 (1C,
Cauat.), 168.12 (1C, Cquar), 167.98 (1C, Cyyar), 161.55 (1C, Cquat.),

159.14 (1C, Cquar), 153.35 (1C, CH), 152.91 (1C, Cquar), 151.34
(1C, CH), 147.88 (1C, CH), 146.87 (1C, Cquat), 145.49 (1C, Cquar),
144.84 (1C, Cquar), 142.32 (1C, Cquar), 137.24 (1C, CH), 137.22
(1C, Cquat), 136.62 (1C, CH), 135.61 (1C, CH), 134.15 (1C, CH),
132.81 (1C, CH), 130.59 (1C, CH), 130.36 (1C, CH), 130.07 (1C,
CH), 129.76 (1C, CH), 129.13 (2C, CH), 124.66 (2C, CH), 124.50
(1C, CH), 124.21 (1C, CH), 124.11 (1C, CH), 122.60 (2C, CH),
122.45 (1C, CH), 122.13 (1C, CH), 121.29 (1C, CH), 120.98 (1C,
CH), 120.68 (1C, CH), 119.18 (1C, CH), 119.01 (1C, CH), 118.67
(1C, CH), 118.48 (1C, CH), 115.44 (2C, CH), 71.04 (1C, CH,).
Elemental Analysis: calculated for CsgHsslrNsO: C, 63.87; H,
3.96; N, 8.10. Found: C, 64.43; H, 4.23; N, 7.60. Exact mass
(MALDI) - m/z: 865.2393 for [M]" with (***Ir).

Ir(ppy),(2)]. Purification by column chromatography:
silica/CH,Cl, (Rf = 0.8). [Ir(ppy).(2)] was obtained as an orange
powder (100 mg, 42%).

'H NMR (300 MHz, CDCl,): & 8.15 (dd, J = 5.8, 0.9, 1H), 7.98
(dd, J = 8.2, 1.5, 2H), 7.87-7.72 (m, 7H), 7.70-7.63 (m, 3H),
7.61-7.43 (m, 6H), 7.10 (d, J = 8.4, 2H), 7.02—6.84 (m, 7H), 6.72
(d, J = 1.3, 1H), 6.72 (dddd, J =7.1, 5.8, 2.4, 1.2, 1H), 6.63-6.61
(m, 1H), 6.56 (dd, J = 7.4, 1.3, 1H), 3.80 (s, 2H). *C NMR (75

MHz, CDCls): & 177.31 (1C, Cquar), 175.10 (1C, Cquar), 170.52
(1C, Cquat), 167.85 (1C, Cyuat), 166.65 (1C, Cqyyar), 159.40 (1C,
Cquat), 153.17 (1C, CH), 152.67 (1C, Cquar), 151.22 (1C, Cquar),
150.95 (1C, CH), 147.77 (1C, CH), 145.18 (1C, Cqua), 144.62
(1C, Cquar), 142.58 (1C, Cquar), 142.25 (1C, Cquar), 137.89 (1C,
CH), 136.75 (1C, CH), 135.40 (1C, CH), 134.63 (1C, Cguat),
133.90 (1C, CH), 132.57 (1C, CH), 130.96 (1C, CH), 130.60 (1C,
CH), 130.04 (1C, CH), 129.69 (1C, CH), 129.48 (1C, CH), 129.30
(2C, CH), 129.10 (2C, CH), 124.13 (1C, CH), 123.98 (1C, CH),
123.91 (1C, CH), 123.19 (2C, CH), 122.77 (2C, CH), 121.86 (1C,

compounds
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CH), 121.15 (1C, CH), 121.12 (1C, CH), 120.96 (1C,,CH). 11874
(1C, CH), 118.71 (1C, CH), 118.42 (1C, BAY,181R26-RTOLIEHY,
38.45 (1C, CH,). Elemental Analysis: calculated for CsgH34lrNs .
C3HgO: C, 64.88; H, 4.44; N, 7.72. Found: C, 64.75; H, 4.21; N,
7.59. Exact mass (MALDI) - m/z: 849.2443 for [M]" with (***Ir).
Ir(ppy),(3)]. Purification by column chromatography:
alumina/CH,Cl, (Rf = 0.7). [Ir(ppy),(3)] was obtained as an
orange powder (50 mg, 23%).

"H NMR (300 MHz, CDCls): & 8.71 (dd, J = 5.7, 0.7, 2H), 7.98—
7.89 (m, 6H), 7.83 (ddd, J= 8.1, 7.4, 1.5, 2H), 7.62 (dd, J = 7.7,
1.0, 2H), 7.59-7.47 (m, 3H), 7.33 (d, J= 8.9, 2H), 7.27 (ddd, J=
7.2,5.8,1.4,2H),6.86 (td, J=7.5,1.2, 2H), 6.74 (td, /= 7.4, 1.3,
2H), 6.33 (dd, J = 7.6, 0.9, 2H), 1.61 (s, 6H). °C NMR (75 MHz,
CDCl5): 6 182.99 (2C, Cquat), 168.35 (2C, Cquar), 152.33 (1C,
Cquat), 150.74 (1C, Cquar), 147.72 (2C, CH), 147, 63 (2C, Cquar),
146.15 (1C, Cquar), 144.26 (2C, Cquar), 136.50 (2C, CH), 132.69
(4C, CH), 130.44 (1C, CH), 128.65 (2C, CH), 128.62 (2C, CH),
123.45 (2C, CH), 122.61 (2C, CH), 122.33 (2C, CH), 120.88 (2C,
CH), 120.19 (2C, CH), 118.03 (2C, CH), 114.56 (1C, Cquat), 29.18
(2C, CH3). Elemental Analysis: calculated for CsgHs1IrN,O,: C,
60.06; H, 4.01; N, 7.18. Found: C, 59.85; H, 3.84; N, 7.05. Exact
mass (MALDI) - m/z: 780.2056 for [M]* with (***Ir).
Ir(Fppy),(1)]. [Ir(Fppy),Cll, (150 mg, 0.12 mmol) and AgOTf (95
mg, 0.37 mmol) were dissolved in degassed acetone (8 mL)
and refluxed under nitrogen for 2 h. The solution was cooled
to room temperature and gravity-filtered to remove AgCl. The
filtrate was refluxed under nitrogen for 1 h and addedtoa 1 h
refluxed solution of 1 (180 mg, 0.49 mmol) and NEt; (130 pL,
0.93 mmol) in degassed acetone (4 mL). The resulting solution
was refluxed overnight under nitrogen. After removing the
solvent, the residue was purified by column chromatography:
silica/CH,Cl, (Rf = 0.8). [Ir(Fppy).(1)] was obtained as a light
orange powder (92 mg, 40%).

"H NMR (300 MHz, CDCl5): & 8.22 (t, J = 9.1, 2H), 8.04 (dd, J =
5.8, 1.0, 1H), 7.98 (d, J=8.16, 1H), 7.95-7.88 (m, 5H), 7.81 (d, J
= 8.1, 1H), 7.70 (td, J = 8.0, 1.5, 1H), 7.62—7.48 (m, 6H), 7.18
(dd, J = 8.0, 1.8, 1H), 7.06—6.97 (m, 3H), 6.93 (d, J = 1.5, 1H),
6.77 (ddd, J = 6.9, 6.0, 1.3, 1H), 6.76 (ddd, J = 7.1, 5.9, 1.3, 1H)
6.52-6.42 (m, 2H), 6.05 (dd, J = 7.5, 2.3, 1H), 5.84 (dd, J = 9.2,
2.3, 1H), 5.06 (s, 2H). >C NMR (75 MHz, CDCly): & 180.51 (1C,
Cquat), 175.19 (1C, Cyyat), 167.75 (1C, Cyyat), 166.89 (d, J=8.1,
1C, Cquat), 164.87 (dd, J=10.1, J=257, 1C, Cyys), 164.59 (d,
1=6.8, 1C, Cqu,t), 163.84 (dd, J=12.4, J= 253, 1C, Cquat), 162.78
(d, J= 6.0, 1C, Cyqt), 162.27 (dd, J=10.9, J=262, 1C, Cgyat),
161.66 (dd, J=13.1, J=258, 1C, Cgyat), 161.26 (1C, Cqyat), 153.10
(1C, CH), 152.82 (1C, Cquar), 150.90 (1C, CH), 147.68 (1C, CH),
146.88 (1C, Cquat), 144.89 (1C, Cquat), 137.76 (1C, Cquar), 137.13
(1C, CH), 136.55 (1C, CH), 136.45 (1C, CH), 135.22 (1C, CH),
130.27 (1C, CH), 129.01 (2C, CH), 127.88 (1C, Cquar), 126.41
(1C, Cquat. cramenr2), 124.63 (1C, CH, CgHs), 124.57 (2C, CH),
122.80 (d, J= 21.3, 1C, CH, CsH,N(C11HgNF,)), 122.66 (1C, CH),
122.58 (d, J=19.0, 1C, CH), 122.51 (2C, CH), 122.29 (1C, CH),
121.48 (1C, CH), 121.17 (1C, CH), 119.43 (1C, CH), 115.32 (2C,
CH),113.71 (d, J=14.1, 1C, CH), 111.93 (d, J=16.3, 1C, CH), 97.42
(pst, J=27.2, 1C, CH), 95.47 (pst, J=27.1, 1C, CH), 70.67 (1C,
CH,). Elemental Analysis: calculated for CygH3oF4IrNsO - C3HgO:
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C, 59.15; H, 3.65; N, 7.04. Found: C, 59.17; H, 3.69; N, 6.80.
Exact mass (El) - m/z: 938.2110 for [M+H]" with (**3Ir).
Ir(Brppy),(1)]. [Ir(Brppy),Cl],, (150 mg, 0.11 mmol) and AgOTf
(84 mg, 0.32 mmol) were dissolved in degassed acetone (8 mL)
and refluxed under nitrogen for 2 h. The solution was cooled
to room temperature and gravity-filtered to remove AgCl. The
filtrate was refluxed under nitrogen for 1 h and addedtoa 1 h
refluxed solution of 1 (158 mg, 0.43 mmol) and triethylamine
(113 pL, 0.81 mmol) dissolved in degassed acetone (4 mL). The
resulting solution was refluxed overnight under nitrogen. After
removing the solvent, the residue was purified by column
chromatography: silica/CH,Cl, (Rf = 0.9). It was obtained as an
orange powder (74 mg, 35%).

'"H NMR 'H NMR (300 MHz, CDCl,): & 7.99-7.88 (m, 7H), 7.81—
7.74 (m, 3H), 7.67 (td, J = 7.7, 1.5, 1H), 7.60-7.47 (m, 8H),
7.18-7.09 (m, 3H), 7.03-6.95 (m, 3H), 6.93 (d, J=1.1, 1H) 6.80—
6.71 (m, 2H), 6.69 (d, J = 2.0, 1H), 6.50 (d, J = 1.9, 1H), 5.05 (d, J
= 2.2, 2H). ®C NMR (75 MHz, CDCl3): & 177.52 (1C, Cquat),
175.78 (1C, Cquat), 169.23 (1C, Cquat), 167.86 (1C, Cquar), 166.77
(1C, Cquat), 161.30 (1C, Cqyyat), 160.77 (1C, Cqyq), 153.10 (1C,
CH), 152.84 (1C, Cquat), 151.16 (1C, CH), 147.76 (1C, CH),
146.87 (1C, Cquar), 145.05 (1C, Cquar), 143.56 (1C, Cquar), 141.41
(1C, Cquat), 137.55 (1C, Cyuar), 136.90, (1C, CH) 136.69 (1C, CH),
136.02 (1C, CH), 135.12 (1C, CH), 134.67 (1C, CH), 132.79 (1C,
CH), 130.26 (1C, CH), 129.02 (2C, CH), 126.75 (1C, Cquat),
125.84 (1C, CH), 125.53 (1C, CH), 125.19 (1C, Cqua), 124.57
(2C, CH), 124.51 (1C, CH), 124.31 (1C, CH), 122.63 (1C, CH),
122.51 (3C, 2CH), 122.39 (1C, CH), 121.80 (1C, CH), 120.95 (1C,
CH), 119.24 (1C, CH), 118.99 (1C, CH), 118.79 (1C, CH), 115.46
(2C, CH), 70.70 (1C, CH,). Elemental Analysis: calculated for
CagH3,BraIrNsO + C3HgO: C, 54.45; H, 3.54; N, 6.48. Found: C,
54.24; H, 3.65; N, 6.17. Exact mass (MALDI) - m/z: 1021.0578
for [M]" with (**Ir)("°Br).

[ir(4),(1)]. [Ir(Brppy),(1)] (60 mg, 0.058 mmol) was dissolved in
4 mL of degassed THF. To this mixture, 4-(phenylazo)phenyl
boronic acid pinacol ester (40 mg, 0.129 mmol), Pd(PPhs), (2
mol%, 3 mg, 0.002 mmol), and Na,CO; (1 M aqg., 2 mL) were
added successively under nitrogen. The reaction mixture was
heated overnight at 80 °C with continuous stirring. The
reaction was cooled to room temperature and 50 mL of water
were added to precipitate the formed compound. The solution
was gravity filtered and the solid was washed with hexane (20
mL) and dichloromethane (10 mL). The compound was
obtained as a dark-orange powder (70 mg, 92%), rather
insoluble in all the solvents assayed (i.e. solubility is less than
0.8 mg in 10 mL of CDCl;). Low solubility hampered its NMR
characterization.

Elemental Analysis: calculated for C;gHs5olrNgO . 2CH,Cl, . 1CgH14:
C, 63.24; H, 4.63; N, 8.51. Found: C, 63.34; H, 4.09; N, 8.55.
Exact mass (MALDI) - m/z: 1225.3766 for [M]" with (***Ir).

Conclusions

As mentioned in the introduction, one of the main applications
of triscyclometalated iridium(lll) complexes is as phosphors for
the construction of OLEDs, due to the high quantum yield of
their phosphorescent relaxation processes. Nevertheless, in
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our earlier reports we already noticed that the presence,of
azobenzene fragments directly appended®® thE0RBEH IS RBTS-
or tris-cyclometalated iridium(lll) complexes quenched their
phosphorescence.s’20 As part of our ongoing research aimed to
the construction of photoswitchable
compounds, we synthesized four new ppy ligands containing
azobenzene fragments appended to the central ppy unit. They
were designed to study if the existence of electronic
conjugation between the ppy unit and the azobenzene is an
important parameter determining the extent of the
photoisomerization of the azobenzene upon coordination to
the metal centre. Eventually, we also aimed to recover, to
some extent, the emitting properties of the complexes.
Ligands in which the azobenzene was tethered to the ppy
fragment either directly or using aliphatic spacers, were used
for this purpose. In both cases ligands containing the
azobenzene linked to either the phenyl or the pyridyl fragment
of the ligand have been synthesized. With these ligands, nine
iridium(lll) complexes containing up to three appended
azobenzenes were constructed as model compounds to study
their photochromic behaviour upon metal coordination. The
photoisomerization of these complexes was monitored by
means of UV-vis and "H-NMR spectroscopy, and it permitted
us to conclude that the light-induced E->Z isomerization of the
azobenzene was strongly inhibited upon coordination to the
iridium center when the electronic conjugation was extended
along the whole ligand, but the use of aliphatic spacers
between the azobenzene and the coordinated ppy sufficed to
disrupt the electronic communication, and obtain
photochromic organometallic complexes. Currently, in our
laboratories, these photochromic ligands are being explored
for the construction of light-switchable organometallic
complexes.

Unfortunately, qualitative experiments indicated that any of
the compounds studied here show phosphorescence upon
light irradiation (365 nm). Nevertheless, the phosphorescence
was recovered upon reduction of the diazene functional group,
which makes them ideal candidates to be used as visual
reducing agent probes for imaging applications (as recently
published for related compounds).“'82 Detailed studies on
their selectivity and under
development in our group.

organometallic
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¥ During the preparation of this manuscript Fillaut et al.
reported a similar strategy in which ethynyl or triazoyl linkers
were also used effectively as spacers to disrupt the electronic
communication in azobenzene-appended bipyridyl ruthenium(ll)
complexes.54
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