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Recent Advances in Synthesis of Molecular Heteroleptic
Osmium and Iridium Phosphorescent Emitters

Maria L. Buil,”’ Miguel A. Esteruelas,*® and Ana M. Lépez™

The application of new procedures of organometallic synthesis
based on alternative starting complexes has given rise to a
significant enhancement in the preparation of osmium(lV),
osmium(ll), and iridium(lll) emitters, since 2012. The choice of
the precursors should be done taking into account its ligands,
since they may cooperate in the emitter synthesis. Three
different functions are clearly pointed out in the revised
procedures: the ligands of the starting compounds can direct
the selectivity of competitive ruptures of o-bonds of the

1. Introduction

Organic-light-emitting-diode (OLED) technology is viewed as
the immediate future for display and lighting applications,
particularly OLEDs employing phosphorescent emitters (PHO-
LEDs). The relevance of PHOLEDs is due to their better
characteristics compared to devices using fluorescent emissive
compounds."”’ Phosphorescent emitters based on 5d metals
display a fast intersystem crossing between the lowest-lying
singlet and the emissive triplet excited states,” which enable
them to harvest both singlet and triplet excitons and to reach
internal quantum efficiency almost 100%.°" Green and red
PHOLEDs have achieved the commercial requirements for the
lighting and display fields. On the contrary, blue PHOLEDs
remain a challenge. While cationic transition-metal complexes
are mainly employed for light-emitting electrochemical cells,”
neutral-charge compounds are the preferred ones for the
fabrication of PHOLEDs by vacuum thermal evaporation.”’ This
latter deposition method is the predominant one in commercial
manufacturing.

The highest occupied molecular orbital (HOMO) of the
emitters involves the metal and some of its ligands, whereas
the lowest unoccupied molecular orbital (LUMO) extends on *
orbitals of some ligand. As a consequence, the HOMO-LUMO
gap and the energy of the excited states are metal and ligand
dependent and therefore can be controlled by a judicious
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chromophores, without having direct participation in the
activation; on the contrary, they can directly participate in the
generation of a ligand, being a part of the new coordinated
group; and the ligands can also act as internal base in o-bond
heterolytic activation reactions. In addition, the ability of the
polyhydrides OsH¢(P'Pr;), and IrHs(P'Prs), to activate C—H bonds
is pointed out as one of the determining factors of the success
in many cases.

selection of the metal and ligands of the emissive complex. For
instance, osmium(ll) affords shallower HOMO energy levels than
iridium(lll). Thus, most of the luminescent osmium(ll) com-
pounds emit from green to red, being easier to get blue
emission from iridium(lll) complexes.”*@ The presence of
electron-withdrawing groups in the phenyl moiety of an
orthometalated 2-phenylpyridine usually produces a blue shift
with respect to the unsubstituted chromophore,” while the
increase of the conjugation of the heterocycle by fused
aromatic rings gives rise to a red shift.®! Hence, in principle, it is
conceivable to design stable complexes with tailored photo-
physical properties in agreement with the requirements of a
given application.

There is certainly great interest in phosphorescent emitters
of osmium and iridium. Out of the two, those of osmium are
the least developed, essentially because of the difficulty of their
synthesis.*® By contrast, the iridium(lll) emitters are situated at
the vanguard of the current photophysics®'” and
photochemistry."" With some exceptions,? the majority of the
emissive compounds of these elements are homoleptic or
heteroleptic mononuclear derivatives. Homoleptic compounds
are molecules formed by a metal core surrounded by equal
ligands. Heteroleptic complexes bear at least two different
ligands. Taking into account the denticity and the number of
electrons donated, the ligands can be grouped into: mono-
dentate donating 1 or 2 electrons (Im and 2m); bidentate
donating 2, 3, or 4 electrons (2b, 3b, and 4b); tridentate
donating 3, 4, 5, or 6 electrons (3t, 4t, 5t, and 6t); and
tetradentate donating 6 or 7 electrons (6tt and 7tt).

Heteroleptic compositions allow a better fine tuning of the
photophysic features of the emitters than the homoleptic
ones."™*"3) As a consequence, OLED research companies display
a great interest in heteroleptic emitters. In this context, it
should be noted that for a given heteroleptic composition, a
number of isomers with different stereochemistry are feasible,
with increasing number of isomers as the number of different
donor atoms around the metal center increases. Furthermore,
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each isomer can have its own photophysical characteristics.
Thus, selective synthesis of the preferred isomer is highly
desirable. An additional issue, to the existence of structural
isomers, is the high tendency of the heteroleptic complexes to
produce mixtures of compounds as a result of ligand redistrib-
ution equilibria. The preparation methods involving one-pot
procedures give statistical blends of ligand distribution prod-
ucts, where the maximum yield of each one is already low
before the necessary column chromatography separation."!
The synthesis through the consecutive coordination of the
ligands is a tedious multi-step procedure,"” which has only a
partial success when they are very different. Three approaches
have been principally used to solve these challenges: selective
ligand post-functionalization,"® decrease of groups around the
metal center by using ligands with higher denticity,"**'” and
binding different ligands by means of a linker."® The former
usually requires the use of catalysts, whereas the second and
third approaches give rise to more rigid systems. At first,
distortions associated to the rigidity were considered a
disadvantage for the emission efficiency.'” However, it was
soon realized that increasing the strength of the metal-ligand
bond may on the contrary have positive effects, in addition to
increase the stability of the emitter.”” By this way, tetradentate
ligands have been employed as tools to enhance the photo-
luminescence quantum yield (®) of d® ion complexes,”" even of
those with weaker spin—orbit coupling and thermally accessible
metal-centered d-d states.*?

The development of efficient synthetic methodologies to
the preparation of heteroleptic phosphorescent emitters with
bespoke photophysical properties is currently one of the
biggest demands of the OLED companies. Our research group is
not unfamiliar with this need and is strongly working on it since
2012. This account contextualizes our effort on the design and
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development of new synthetic procedures to the synthesis of
emitters of this class based on osmium and iridium.

2. Osmium(lV) Emitters

Osmium(ll) complexes show not easy color tuning, particularly
with respect to the high energy region, as a consequence of the
small HOMO-LUMO gap. Osmium(lV) species with a pentago-
nal-bipyramidal structure exhibit a deeper HOMO level, which
in principle makes easier to reach the high energy region. Thus,
osmium(lV) compounds, in addition to being more difficult to
oxidize than osmium(ll) ones, can offer more flexibility for color
tuning. Moreover, OLED devices based on osmium(lV) emitters
should be more resistant to the formation of an exciplex.”
Although PHOLEDs based on osmium(lV)-emitters are undoubt-
edly promising and challenging, emissive complexes of this
central ion have received limited attention. This may be due in
part to the difficulty of their synthesis and the believe that the
facile interconversion between the several structures possible
for these compounds, which are close in energy, could lead to a
dynamic quenching of the phosphorescence.

Polyhydrides of platinum group metals have proven an
amazing ability to activate o-bonds. In agreement with it, the
d*hexahydride OsH4(P'Prs), (1) enables the activation of C—H
bonds of a wide variety of organic molecules,*” including some
chromophore. Such ability has opened the door to emissive
osmium(lV) compounds. This first generation includes dihydride
and trihydride derivatives of the general formulas
OsH;(XY)(P'Pr;), and OsH,(XYZ)(P'Prs),, which bear chelate and
pincer chromophores, respectively.

Complex 1 activates the C(sp?)—H bond at 3-position of the
[4]-carbohelicene substituent of 1-methyl-4-(2-pyridyl)benzo[g]
phenantrene and its 2-pyrazinyl counterpart. The reactions lead
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to the [6]-azaosmahelicene derivatives 2 and 3 (Scheme 1).
These trihydride-d*-heterometalahelicenes are red phosphores-
cent emitters (624-683 nm) both in solid state, at 298 and 77 K,
and in different solvents such as methanol, acetone, tetrahy-
drofuran, dichloromethane, and toluene, at 77 K.* Similarly to
the [4]-carbohelicene substituent, the phenyl group of 2-
phenyl-imidazole, -benzimidazole, -thiazole, and -benzothiazole
undergoes ortho-CH bond activation to give the corresponding
trihydride-osmium(lV) complexes 4-7, which are also emissive
when photoexcitated, in the solid state and in toluene solution,
at 298 and 77 K. As expected, the emission energy decreases
when the NH group is replaced by a sulfur atom and with the
existence of a fused six-membered ring in the azole. Thus,
imidazole derived complexes 4 and 5 exhibit blue and green
emission (490-515 and 564-581 nm), respectively, whereas the
thiazol compound 6 emits in the yellow region (588-607 nm)

and complex 7, bearing a benzothiazole group, is red emissive
(654-683 nm).””

Hexahydride complex 1 also causes the rollover cyclo-
metalation of 2,2'-bipyridines to give the corresponding cyclo-
metalated products, including the trihydride derivatives 8-10 as
a result of the C—H bond activation of 2,2-bipyridine, 6-metyl-
2,2'-bipyridine, and 6-phenyl-2,2-bipyridine (Scheme 2). The
activation of the more sterically accessible positions is kineti-
cally preferred. However, the isolated products result from a
thermodynamic control of the reactions. Thus, the selectivity
observed is the result of the trapping, by the heteroatom of a
pyridyl ring, of the intermediate resultant from the activation of
an ortho-CH bond of the other pyridyl unit, despite this position
is sterically encumbered and therefore its activation is slow.””)
The orthometalated bipyridine ligands of complexes 8-10
undergo further cyclometalation promoted by a second mole-
cule of 1. Complexes 8 and 9 afford the binuclear-hexahydrides
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Scheme 1. Preparation of complexes 1-7.
4
RSN N P'Pr3/ \R T'Pr3
N  Ho, ‘ s N 1 :"m,o
H S’ — —Os
toluene / A rd \N/\\ -2 H, H/’ NS |
iP o -2 H2 PiPI'3 Pipr3 PIPI'3
r
NoH R =H (8), Me (9) R=H (11), Me (12)
H//,,,, S\\\/H
H” [ \H
iPryP PP
"3 PROSNTYS L.
1 N~ Ho| s N 1
H—O0s' —_—
NP
toluene / A H/ | N} -3H
-2H, P'Prs
10
Scheme 2. Preparation of complexes 8-13.
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11 and 12. They result from the ortho-CH bond activation of the
N-coordinated ring and the coordination of the nitrogen atom
of the cyclometalated pyridyl ring. The hexahydride 1 is also
able of activating the phenyl substituent of complex 10, which
undergoes an additional orthometalation to afford the pentahy-
dride 13. In contrast to 11 and 12, complex 13 is formed by two
different osmium(lV) fragments bridged by an asymmetric
pentadentate ligand, which acts as a monoanionic C,N-chelate
with the trihydride OsH;(P'Pr;), unit and as a dianionic C,N,C-
pincer with the dihydride OsH,(P'Pr;), moiety.”®

The HOMO of the binuclear derivatives 11-13 spreads out
over the osmium-bridge-osmium system (Figure 1) with com-
parable participation of the three fragments, whereas the
LUMO is mainly centered on the bridging heterocycle. The
cyclic voltammograms of 11-13 exhibit three quasi-reversible
oxidation peaks ([0s,)/[0s,]%, [0s,]7/[0s,)*", and [Os,)**/
[Os,I*"). The separations between successive waves are long,
which yields large values of the comproportionation equili-
brium constant K. (eq 1, n=4, 5), suggesting the formation of
class lll radicals, in agreement with the Robin-Day classification,
with the odd electron fully delocalized.” UV-vis-NIR spectroe-
lectrochemical studies on 12 and 13, revealed intervalence
charge transfer transition (IVCT) bands in the spectra of the
monocations, which are the key characteristic of a mixed-
valence species. Upon oxidation of [12]" to [12]** the IVCT
band disappears. However, an intense IVCT was observed in the
spectrum of [13]**. On the basis of this spectrum and DFT
calculations, cation [13]*" was described as a diradical. The
spectrum of both trications also showed IVCT bands. According
to the values of the delocatization parameter,®” cation [12]**
fits into class Il, whereas ITCV bands of the cations resultant
from the three consecutive oxidations of complex 13 give
values, which belong to class Ill. Cation [12]* seems to be a
species of the borderline class Il/class Ill.

The mononuclear complexes 8-10 and binuclear derivatives
11-13 are orange-red phosphorescent emitters (546-728 nm)

Figure 1. HOMO of complexes 11-13.
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upon photoexcitation, in doped poly(methyl methacrylate)
(PMMA) film at 5 wt% at 298 K and 2-methyltetrahydrofuran (2-
MeTHF) at 298 K and 77 K. Their emission spectra are very
similar, which is in agreement with the small differences found
between the compounds, for the DFT calculated HOMO-LUMO
energy gaps (3.26-3.54 eV). The observed lifetimes are between
1.5 and 5.2 ps. The quantum yields are low (1-8%) being higher
for the binuclear compounds than for the mononuclear species.
This poor efficiency has been ascribed to the low values of the
radiative rate constants.*®

Complex 1 also activates the N-H bond of 2-(1H-pyrazol-3-
ylpyridine. The activation leads to 14, bearing the N,N'-
pyrazolate-pyridyl chromophore. The reaction of 14 with methyl
trifluoromethanesulfonate (MeOTf) produces the methylation of
the free nitrogen atom of the pyrazolate group to give the salt
15 (Scheme 3). Complex 14 and salt 15 are also emissive in the
orange-red (553-660 nm) region with quantum yields, in PMMA
film at 5wt %, of 0.20 and 0.08, respectively.®"”

K
08" 1—0s" + Os™IL|—Qs*) === 2 Os™12L|—0s2) (1)

The dihydride-osmium(lV) emitters reported so far generally
display modest quantum yields and, in some cases, low stability.
To improve the efficiency as well as the stability of this class of
emitters, the chelating chromophore was replaced by a pincer.
It was thought that the higher strength of the metal-ligand
bonding, because of the triple interaction, should exert a
positive effect on the thermal induced extinction.”” The
chromophores used for this aim include N,N',C—, C,N,C'—, C,N,C—,
and N,C,C-donor dianions.

Complex 1 activates a bond of each substituent of 2-
phenyl-6-(1H-pyrazol-3-yl)pyridine, namely, an ortho-CH of the
phenyl and the N—H of the pyrazolyl. The cleavages afford the
osmium(lV) dihydride derivative 16, which coordinates a
dianionic N,N'C-pincer ligand (Scheme 4) to form a planar
metallapolycycle containing five fused rings. The dianionic
ligand of 16 can be transformed into a monoanionic counter-
part through the reaction with MeOTf, which adds the methyl
group to the free nitrogen atom of the pyrazolyl moiety, to give
the salt 17. Its dihydride cation has Brensted—Lowry acid
character. The reaction with KBuO gives the osmium(ll)
monohydride 18, as a consequence of the deprotonation and
simultaneous reduction of the metal center. The pincer
coordination of the tridentate ligand enforces a trans-C—Os—N
angle of around 150°, quite different from the ideal value of
180° for an octahedron. This destabilizes the 2 + oxidation state
of the metal ion, while it favors the 4+ oxidation state with a
pentagonal-bipyramidal structure. As a result, the monohydride
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Scheme 3. Preparation of complexes 14 and 15.
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Scheme 4. Preparation of complexes 16-20.

osmium(ll) complex 18 is unstable in toluene solutions, at room
temperature, evolving into the dihydride osmium(IV) derivative
19 by dissociation of the pyrazolyl group and succeeding
oxidative addition of the C—H bond at 4-position of the
pyrazolate ring. The transformation causes a change in the
pincer ligand from monoanionic N,N',C to dianionic CGN,C. The
new CN,C' ligand imposes the same structural rigidity as the
N,N',C pincer. Similarly to 16, compound 19 transforms its
dianionic CN,C’-pincer ligand into monoanionic, by reaction
with MeOTf. The addition of the methyl group to the free
nitrogen atom, which yields 20, converts the pyrazolyl moiety
into a remote N-heterocyclic carbene.?"

The N,N'-moiety of the pincer of the dihydride complexes
16 and 17 is similar to the chelating N,N-chromophore of the
trihydride compounds 14 and 15. In agreement with this,
dihydrides 16 and 17, as well as 19, are also orange-red
emissive (590-685 nm). The comparison of the photophysical
features of both classes of emitters revealed some interesting
findings. While the denticity of the polydentate ligand has little
effect on the emission color and the lifetimes, which are
between 0.8 and 5.8 us, it does determine the quantum yield in
PMMA film (5 wt%). The molecular dihydrides 16 and 19,
possessing a pincer ligand, reach quantum yields of 0.59 and
0.45, which are threefold and twofold, respectively, the
quantum yield of 14, bearing the chelating chromophore,
whereas the quantum yield of the pincer salt 17 (0.16) is twice
that of the salt 15. A noticeable feature, which is evident in the
spectra in 2-MeTHF at 298 K (Figure 2), is that the rigidity
enforced by the pincer ligands result in narrower emissions.
This characteristic, which is highly desirable for the OLED
application, seems to be due to a less marked difference
between the structures of the excited-state and the ground-
State.[13b'32]

The transformation of 18 into 19 is a clear proof supporting
the use of the pincer bite angles as a tool for stabilizing
particular oxidation states of the central ion of the emitter. The
bite angles of a pincer can be judiciously modified through the
introduction of adequate variations in the ligand, away from
the donor atoms. For instance, the attachment of an oxygen

Eur. J. Inorg. Chem. 2021, 4731-4761 www.eurjic.org

4735

-
°
;

— 14
— 15
— 16
- 17
— 19

o
2]
1

Normalized Intensity (a.u.)

o
=]

500 600 700 800
Wavelength (nm)

Figure 2. Emission spectra of complexes 14-17 and 19 in 2-MeTHF at 298 K.

atom between the pyridine and one of the phenyl substituents
of 2,6-diphenylpyridine affords 2-phenoxy-6-phenylpyridine.
The latter should give rise to a trans-C—M—C bite angle more
open than the former. To better understand the effect of this
angle on the photophysical properties of the OsH,(XYZ)(P'Prs),
emitters, the reactions of 1 with both pyridines was also
investigated (Scheme 5).%% Treatment of the hexahydride with
the pyridines, in toluene, under reflux yields the compressed
dihydrides 21 and 22, bearing the corresponding C,N,C- and
C,N,C-pincer ligands. Although both pyridines react of the same
manner, the difference between them has a remarkable
chemical influence. 2,6-Diphenylpyridine promotes the forma-
tion of the osmium(IV) compound 23, as a result of the addition
of HBF, to 21, whereas 2-phenoxy-6-phenylpyridine favors the
stabilization of the osmium(ll) elongated dihydrogen species 24
and 25, in the reaction of 22 with HBF, and then with
acetonitrile. Complex 23 also has a higher propensity to
experience the reductive elimination of the orthometalated
phenylpyridine than 24. In acetonitrile, the reductive elimina-
tion gives 26. Osmium(lV) compounds 21 and 22 display yellow
emission. However, while complex 21 exhibits a quantum yield
of 0.56 in 2-MeTHF at 298 K, its counterpart 22 is poorly
emissive, showing a quantum yield of 0.03 under the same
conditions. The presence of an oxygen atom between the
pyridine ring and one of its phenyl substituents, which opens
the C—Os—C' angle, disfavors the 4+ oxidation state of the
osmium and ruins the efficiency of the emitter.?

Hexahydride 1 is perhaps the transition metal-polyhydride
with the maximum ability to activate o-bonds. Accordingly, it
has been used to carry out infrequent bond ruptures, including
the B-type fragmentation of the four-membered ring of -
lactams. The reaction with (&)-cis-1-(4-methoxyphenyl)-3-
phenoxy-4-(pyridine-2-yl)azetidin-2-one affords the compressed
dihydride 27, bearing a dianionic C,C',N-pincer ligand, as a result
of the degradation of the azetidone core and the additional
ortho-CH bond activation of the phenoxy substituent
(Scheme 6). Complex 27 is yellow emissive (540-571 nm) on
photoexcitation in solid state at 298 K and in toluene solution
at 298 and 77 K. The lifetimes are between 1.1 and 6.6 ps,
whereas the emission quantum yield is 0.06 in the solid state.™
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which afford short lifetimes and narrow emission. This brings
about better color purity and longer device lifetime. The most
straight synthetic method to prepare transition-metal NHC
complexes is direct metalation of azolium salts. This strategy
requires the presence at the starting complex of a strong
Bronsted base, which gives rise to labile ligands as a
consequence of the deprotonation of the salts. Some neutral
transition-metal polyhydride complexes have proven to be
basic enough to cause the deprotonation of imidazolium and
benzimidazolium salts, including the hexahydride complex 1.
However, products are highly dependent upon of the anion of
the salt and the reaction solvent.

Treatment of dimethylformamide solutions of 1 with 1,3-bis
(3-methylbenzimidazolium-1-yl)benzene tetrafluoroborate and
1,3-bis(3-methylimidazolium-1-yl)benzene tetrafluoroborate,
under reflux, affords the osmium(ll)-hydride-carbonyl complexes
28 and 29 (Scheme 7), resultant from a one-pot synthesis
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Scheme 7. Preparation of complexes 28 and 29.

involving three reactions, namely, direct metalation of one of
the NHC groups of the salt, activation of the C—H bond at 6-
position of the benzene linker, and metal carbonylation as a
consequence of the solvent decarbonylation.®®

The C—H bond activation of the benzene ring at the 6-
position places the second benzimidazolium or imidazolium
unit in a para position with respect to the metal center,
preventing its metalation, while the activation at the 2-position
is necessary for the coordination of the second NHC unit. The
anion of the salt decides the position of the C—H bond of the
linker that is broken and therefore the bidentate or tridentate
nature of the resulting ligand. In contrast to the BF,-salts, the

© 2021 The Authors. European Journal of Inorganic Chemistry published
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iodide counterparts of 1,3-bis(3-methylbenzimidazolium-1-yl)
benzene, 1,3-bis(3-methylimidazolium-1-yl)benzene, and 1,3-
bis-(methylbenzimidazolium-1-yl)-5-trifluoromethylbenzene re-
act with 1, in dimethylformamide, under reflux to give the
iodide salts of the pincer osmium(lV)-dihydride complexes 30 a-
32a (Scheme 8), resultant from the C—H bond activation at the
2-position of the aryl linker and the metalation of both NHC
units. Cations of these salts are quite acidic and can be easily
deprotonated with K'BuO, in tetrahydrofuran, to give the
corresponding osmium(ll)-monohydride derivatives 33-35. The
hydride abstraction is reversible. The addition of HBF, to the
monohydrides causes the quantitative formation of the corre-
sponding BF,-salts 30b-32b, which cannot be obtained
through the direct reaction between 1 and the tetrafluorobo-
rate azolium salts.

Homoleptic osmium(ll) complexes bearing two C,C',C-pincer
ligands have been synthesized from the corresponding osmium
(I-monohydride derivatives (Scheme 9). The reaction of 33
with 1,3-bis(3-methylbenzimidazolium-1-yl)benzene tetrafluoro-
borate and trimethylamine, in dimethylformamide, under reflux
yields the neutral homoleptic complex 36. Under identical
conditions, the reaction of 35 with 1,3-bis(3-meth-
ylbenzimidazolium-1-yl)-5-trifluoromethylbenzene  tetrafluoro-
borate leads to 37.

The monohydride complexes 33-35 also allow to synthesize
heteroleptic osmium(ll) emitters featuring two different C,C,C-
pincer ligands (Scheme 10). Reaction of dimethylformamide
solutions of 35 with 1,3-bis(3-methylbenzimidazolium-1-yl)
benzene tetrafluoroborate and 1,3-bis(3-methylimidazolium-1-
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Scheme 8. Preparation of complexes 30-35.
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Scheme 9. Preparation of complexes 36 and 37.

yl)benzene tetrafluoroborate, in the presence of trimethylamine
(15 equiv), under reflux yields the heteroleptic derivatives 38
and 39 of the class [5t+5t], which can be also prepared
starting from the respective monohydrides 33 and 34 and 1,3-
bis(3-methylbenzimidazolium-1-yl)-5-trifluoromethyl  benzene
tetrafluoroborate.

This methodology is useful to prepare even heteroleptic [5t
+ 5t'T emitters containing an heterocyclic linker in one of the
C,C'C-pincer ligands (Scheme 11). Under the standard condi-
tions, the reaction of 33 with 3,5-bis(3-methylbenzimidazolium-
1-yl)-2,6-dimethylpyridine tetrafluoroborate leads to 40, which
gives 41 by abstraction of the NH proton with KBuO, in
tetrahydrofuran.
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Scheme 11. Preparation of complexes 40 and 41.

Complexes 36-39 and 41 are phosphorescent emitters in
the blue-green region (475-578 nm), in the solid state at 298 K
and in toluene, at 298 and 77 K. Compound 37 displays light
blue emission with a quite high quantum yield of 0.62.
Therefore, it was selected as an emitter for the fabrication of a
device. Figure 3 shows the structure of the device and
summarizes its main characteristics at 1000 cd/m? The effi-
ciency is comparable to that of modern iridium-based
devices"*"?*” The electroluminescence spectrum displays a
peak at 476 nm with full width at half-maximum of 50 nm and
CIE coordinates of (0.14, 0.26). The device starts to emit light at
3V, while the brightness is 1000 cd/m?” at 6.6 V, which becomes
10000 cd/m* at 9.5V. At a brightness of 100 cd/m? the
maximum power efficiency is 17 Im/W. The external quantum
efficiency (EQE) is 19.2% at a luminance of 1000 cd/m? and the
device keeps on highly efficient at higher brightness although
significant efficiency roll-off was noticed at brightnesses
>10000 cd/m>.®

The hexahydride complex 1 also promotes the metalation
of the benzimidazolium units and the ortho-CH bond activation
of the phenyl substituents of 1,1'-diphenyl-3,3'-ethylenedibenzi-
mizazolium dibromide, in dimethyl sulfoxide, at 140°C. The
multiple C—H bond activation leads to the bis(solvento)
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compound 42, bearing a dianionic C,C',C,C-tetradentate ligand
in a sawhorse-type coordination mode, with two trans-disposed
phenyl groups and two cis-disposed NHC units (Scheme 12).
The dimethyl sulfoxide molecules can be displaced by bidentate
ligands to afford osmium(ll) emitters of the class [6tt+4b].
Compound 42 reacts with the diphosphines 1,2-bis-(diphenyl-
phosphino)ethylene and 1,2-bis-(diphenylphosphino)benzene,
in tetrahydrofuran, to yield 43 and 44, respectively. During the
reactions, a change in the disposition of the donor atoms of the
tetradentate ligand takes place. In contrast to that observed for
42, the phenyl groups of 43 and 44 are mutually cis-oriented.
Complex 44 is emissive in the orange region (550-600 nm) with
a photoluminescence quantum yield of 0.05 in PMMA film.5®
Compounds related to 44, bearing two free phenylbenzimi-
dazolylidene groups, were also prepared to gain insight into
the influence of the ethylene linker on the disposition of the
donor atoms of the tetradentate ligand and on the photo-
physical properties. They were obtained according to
Scheme 13, starting from the tetrakis(solvento) complexes 45
and 46 via a two steps procedure.” These compounds initially
react with 1,2-bis-(diphenylphosphino)benzene in dichlorome-
thane to afford 47 and 48. The subsequent treatment of
dimethylformamide solutions of 47 and 48 with the iodide salts

© 2021 The Authors. European Journal of Inorganic Chemistry published
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Figure 3. Structure and performance data of the device based on complex 37. Abbreviations: HIL, hole-injector layer; HTL, hole-transporting layer; EML,
emissive layer; ETL, electron-transporting layer; EIL, electron-injector layer.
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Scheme 12. Preparation of complexes 43 and 44.

of 1-phenyl-3-methyl-1H-benzimidazolium and 1-phenyl-3- 630 nm) with a quantum yield of 0.05 in PMMA film. A deeper
methyl-1H-5,6-dimethyl-benzimidazolium, in the presence of 10  comparison of the spectra indicates that the —CH,CH,— chain
equiv. of triethylamine, at 110°C produces the substitution of  favors narrower and bluer emissions.>®

the remaining acetonitrile molecules, by the corresponding

orthometalated benzimidazolylidene ligand, to generate 49 and

50 with the same disposition for the donor atoms as 44; i.e., the

—CH,CH,— chain does not decide the structure of the latter.

Complexes 49 and 50 also exhibit orange emission (600-
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3. Iridium(lll) Emitters of 0.21, in PMMA film at 5 wt%. In 2-MeTHF solution, the

The value and usefulness of the hexahydride complex 1 as
starting material to the preparation of phosphorescent emitters
is not an inherent property of this compound or even of the
element. It is related to its polyhydride character and the ability
of complexes of platinum group metals of this class, to activate
o-bonds. Such ability is also manifested in the iridium
pentahydride 51. Thus, in agreement with 1, complex 51
promotes the activation of an ortho-CH bond of both
substituents of the pyridines 2,6-diphenylpyridine and 2-
phenoxy-6-phenylpyridine (Scheme 14), being the orthometala-
tion of phenyl much quicker than that of phenoxide. Treatment
of 51 with 2,6-diphenylpyridine, in toluene, under reflux gives
the iridium(lll) monohydride complex 52, after 14 h. Under the
same conditions, the activation of both substituents of 2-
phenoxy-6-phenylpyridine takes place after one week in a
sequential manner. The phenyl activation gives the dihydride
intermediate 53, which evolves to the double activation
product 54 releasing a hydrogen molecule.

Complex 52 is a moderate phosphorescent emitter (Table 1),
which exhibits green emission (540 nm) with a quantum yield

PiPr3 fl
Hoii,, e \H Ph" N""Ph
H ‘\ -3 H,
PPr, toluene PiPr,
4
toluene | ph SN 0
Al4h Ph
-2H,
P'Prs PiPr
3
S S
| JN= 7| N=
Ir. O Ir
H/ ‘ \H lIDh - H, H/’
i toluene PiPr
P'Pr3 A7d 3
53 54

Scheme 14. Preparation of complexes 52-54.
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emission is red shifted (601 nm at 298 K and 581 nm at 77 K),
while the quantum yield remains (0.23). In contrast to that
observed for the osmium compounds 21 and 22, the incorpo-
ration of the oxygen atom causes a significant blue shift of the
emission and a notable increase in the efficiency of the emitter.
Therefore, complex 54 displays green-blue emission (538-
473 nm), with quantum yields of 0.87 in PMMA film at 5 wt%
and 0.96 in 2-MeTHF at 298 K.B¥

The comparison of the iridium(lll) derivatives 52 and 54
with the osmium(lV) counterparts 21 and 22 emphasizes the
crucial role of the bite angle of pincer ligands on the photo-
physical features of these emitters. The emissions are attributed
to T, excited states. Their geometries largely depend on the
presence of the oxygen atom between the pyridine ring and a
phenyl group. While for iridium(lll) it favors the octahedral
geometry of the T, state, since the phenoxy-iridium-pyridine
angle is close to the ideal of 90°, for osmium(IV) it disfavors the
pentagonal-bipyramidal arrangement of the T, state due to the
deviation of the phenoxy-osmium-pyridine angle from the ideal
of 72°.

Coherent synthetic methods for the preparation of phos-
phorescent heteroleptic iridium(lll) emitters of the class [3b+
3b'+2 m+1 m'], based on 2-phenylquinoline and acetylaceto-
nate (acac), with controlled stereochemistry, have also been
developed starting from the pentahydride 51 (Scheme 15 and
Scheme 16).*”

Complex 51 activates an ortho-CH bond of the phenyl
substituent of 2-phenylquinoline to give the dihydride deriva-
tive 55. This compound acts as a Bransted base. So, its reaction
with HBF, causes the release of molecular hydrogen, as a
consequence of the protonation of a basic hydride, and the
formation of salt 56. The reaction of the five-coordinate
monohydride cation with Kacac produces the displacement of
one of the phosphines and the coordination of the O,0-chelate
to regioselectively form the six-coordinate molecular monohy-
dride 57 (Scheme 15)

Complex 56 allows to prepare alkenyl derivatives related to
57 in two steps, namely, alkyne insertion and successive acac
coordination. Its unsaturated character enables the insertion of
the C—C triple bond of terminal alkynes into the Ir—H bond.
Thus, the reactions of 56 with phenylacetylene and acetylene
afford the five-coordinate styryl (58) and vinyl (59) derivatives,
respectively. Complexes 58 and 59 react with Kacac to afford
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Table 1. Photophysical properties of the iridium(lIl) emitters.
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.

PMMA-298K 540 0.6 0.21 35x10° 1.3%x10° 34
3.83 green 2-MeTHF-298K 601 0.3 0.23 7.7x10° 2.6x10°

2-MeTHF-77K 581 5.2

PMMA-298K 481,513 1.5 0.87 58x10° 8.7x10* 34
3.83 green-blue 2-MeTHF-298K 482, 515 2.0 0.96 48x10° 2.0x10*

2-MeTHF-77K 473, 509, 538 6.7

PMMA-298K 575 1.2 0.75 6.3%x10° 2.1x10° 40
3.35 yellow 2-MeTHF-298K 562 0.6

2-MeTHF-77K 525,564 6.6

PMMA-298K 581 14 0.04 29x10* 6.9%10° 40
2.82 yellow-orange 2-MeTHF-298K 592 0.6

2-MeTHF-77K 535,570 5.7

PMMA-298K 570, 606 1.9 0.64 34x10° 1.9%10° 40
3.21 yellow 2-MeTHF-298K 577 0.8

2-MeTHF-77K 526, 564 4.0

PMMA-298K 613 1.2 0.27 2.3x10° 6.0x10° 40
3.28 orange 2-MeTHF-298K 605 14

2-MeTHF-77K 551,591 31

PMMA-298K 565 1.8 0.28 1.5x10° 4.0%x10° 40
3.64 yellow 2-MeTHF-298K 584 2.8

2-MeTHF-77K 536,573 6.0

PMMA-298K 619, 665 1.1 0.52 47x10° 4.4x10° 41
3.18 red 2-MeTHF-298K 622, 667 14 0.62 44x10° 2.7x10°

2-MeTHF-77K 599, 653,712 25

PMMA-298K 638, 670 1.0 0.32 3.2x10° 6.8x10° 41
3.13 red 2-MeTHF-298K 628, 668 0.8 0.35 44x10° 2.7x10°

2-MeTHF-77K 608, 658, 723 24
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Table 1. continued
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.
PMMA-298K 626, 669 0.9 0.50 56x10° 56x10° 41
3.17 red 2-MeTHF-298K 627, 668 1.2 0.52 43x10° 4.0%10°
2-MeTHF-77K 605, 659, 719 2.5
PMMA-298K 642, 672 0.9 0.31 34x10° 7.6x10° 41
3.16 red 2-MeTHF-298K 641 1.3 0.35 2.7x10° 50x10°
2-MeTHF-77K 617,672,733 2.1
PMMA-298K 527 0.4 0.32 9.0x10° 1.9%10° 44
3.59 green 2-MeTHF-298K 528 1.0 0.41 39x10° 56x10°
2-MeTHF-77K 511, 548, 596 5.6
PMMA-298K 526 0.9 0.82 9.4x10° 2.1x10° 44
3.62 green 2-MeTHF-298K 527 1.8 0.86 48x10° 7.9%10*
2-MeTHF-77K 509, 547, 594 49
PMMA-298K 529 0.6 0.84 1.4x10° 2.7x10° 44
3.61 green 2-MeTHF-298K 529 1.7 0.98 56x10° 1.2x10*
2-MeTHF-77K 512, 550, 597 54
PMMA-298K 652 13 0.70 54x10° 23x10° 46
3.16 red 2-MeTHF-298K 619 1.8 0.93 52x10° 3.9%x10*
2-MeTHF-77K 597, 652 33
PMMA-298K 629 13 0.71 55x10° 22x10° 46
3.15 red 2-MeTHF-298K 618 1.8 0.78 43x10° 1.2x10°
2-MeTHF-77K 580, 623 33
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Table 1. continued
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.
PMMA-298K 510 1.5 0.86 5.7x10° 9.3x10* 46
3.66 green 2-MeTHF-298K 516 1.4 0.67 48x10° 24x10°
2-MeTHF-77K 495, 532 5.0
PMMA-298K 498 13 0.77 59x10° 1.8x10° 46
3.70 green 2-MeTHF-298K 505 1.1 0.90 8.2x10° 9.1x10*
2-MeTHF-77K 484,517 4.1
PMMA-298K 495 1.1 0.87 7.9x%10° 1.2x10° 46
3.75 green 2-MeTHF-298K 494 0.2 0.56 2.8x10° 2.2x10°
2-MeTHF-77K 475, 506 5.6
PMMA-298K 497 1.0 0.72 7.4%x10° 29%10° 46
3.77 green 2-MeTHF-298K 489 0.6 0.74 1.3x10° 43x10°
2-MeTHF-77K 465. 496 3.9
PMMA-298K 636 0.2 0.34 1.7x10° 3.3x10° 46
3.15 red 2-MeTHF-298K 632 0.9 0.40 44x10° 6.7x10°
2-MeTHF-77K 606, 637 2.7
PMMA-298K 510, 541 1.2 0.37 3.1x10° 53x10° 50
3.49 green 2-MeTHF-298K 512, 547 0.8 035 44x10° 8.1x10°
2-MeTHF-77K 503, 542 9.7
PMMA-298K 514, 541 0.5 0.40 8.0x10° 1.2x10° 50
3.54 green 2-MeTHF-298K 514, 547 0.6 0.37 6.2x10° 1.1x10°
2-MeTHF-77K 502, 540 8.8
PMMA-298K 509, 534 25 0.61 24x10° 1.6x10° 50
3.57 green 2-MeTHF-298K 506, 540 14 0.64 46x10° 26x10°
2-MeTHF-77K 491, 529 25
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Table 1. continued
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.
PMMA-298K 508, 535 2.1 0.68 3.2x10° 1.5x10° 50
3.61 green 2-MeTHF-298K 507, 538 1.5 0.52 35x10° 32x10°
2-MeTHF-77K 493, 532 3.6
PMMA-298K 564, 609 25 0.30 1.2x10° 2.8x10° 50
3.30 green-yellow 2-MeTHF-298K 576, 624 1.3 0.20 1.5x10° 6.2x10°
2-MeTHF-77K 547,594 3.0
PMMA-298K 528 2.1 0.73 35x10° 1.3x10° 52
3.47 green 2-MeTHF-298K 555 20
2-MeTHF-77K 515, 548 10.1
PMMA-298K 524 13 0.87 6.7x10° 1.0x10° 52
3.55 green 2-MeTHF-298K 539 77
2-MeTHF-77K 516, 545 5.9
PMMA-298K 490, 525, 560 2.1 0.73 35x10° 1.3%x10° 55
3.84 green 2-MeTHF-298K 496, 531, 567 1.2 0.60 5.0x10° 33x10°
2-MeTHF-77K 482, 520, 550 59
PMMA-298K 590 4.1 0.49 1.2x10° 1.2x10° 55
3.70 yellow-green 2-MeTHF-298K 542 4.1 0.56 1.4x10° 1.1x10°
2-MeTHF-77K 506, 543, 585 11.7
~ PMMA-298K 509 17 093  55x10°  41x10° 56
N NYN 3.76 green 2-MeTHF-298K 510 39 ~1 26x10°
2-MeTHF-77K 478, 506 4.8
111

Eur. J. Inorg. Chem. 2021, 4731-4761

www.eurjic.org

4744

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


www.eurjic.org

Eur]JIC

European Journal of Inorganic Chemistry

Minireviews

doi.org/10.1002/ejic.202100663

Chemistry
Europe

European Chemical
Societies Publishing

Table 1. continued
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.
PMMA-298K 485 13 0.87 6.7x10° 1.0x10° 56
3.81 blue-green 2-MeTHF-298K 473 1.6 0.73 46x10° 1.7%x10°
2-MeTHF-77K 455, 484 3.1
PMMA-298K 509 1.7 0.93 5.5%x10° 41x10* 56
3.79 green 2-MeTHF-298K 492 3.1 ~1 3.2x10°
2-MeTHF-77K 473, 506 4.5
PMMA-298K 508 1.8 0.96 53x10° 2.2x10* 56
3.78 green 2-MeTHF-298K 492 24 ~1 42x10°
2-MeTHF-77K 476, 510 4.4
PMMA-298K 474, 502 1.1 0.87 76%x10° 1.1x10° 59
3.98 blue-green 2-MeTHF-298K 478, 508, 541 2.0 0.54 2.7%x10° 23x10°
2-MeTHF-77K 468, 503, 534 2.9
PMMA-298K 551 2.2 0.71 3.3x10° 1.4x10° 59
3.71 green 2-MeTHF-298K 552 2.3 0.66 2.8x10° 14x10°
2-MeTHF-77K 527,562 45
PMMA-298K 645 1.4 0.08 57x10* 6.6x10° 62
3.61 red 2-MeTHF-298K 645 2.6 0.13 5.0x10* 34x10°
2-MeTHF-77K 601, 647 3.8
e
PMMA-298K 681 0.7 0.57 8.1x10° 6.1x10° 62
3.27 red 2-MeTHF-298K 682 0.8 0.58 74%x10° 53%x10°
2-MeTHF-77K 665,715 1.2
PMMA-298K 679,720 0.9 0.17 1.9x10° 9.2x10° 62
3.13 red 2-MeTHF-298K 676 1.5 0.25 1.7x10° 50x10°
2-MeTHF-77K 650, 701 1.8
‘ ™
Z 122
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Table 1. continued
Complex HLG" [eV] Emission color Medium hem [NM] T [us] (2] k™ [s7"] k.9 [s7"] Ref.
PMMA-298K 663 1.2 0.29 24x10° 59%10° 62
3.16 red 2-MeTHF-298K 668 23 0.22 9.6x10° 3.4x10°
2-MeTHF-77K 646, 699 13
PMMA-298K 669 14 0.18 1.3x10° 59x10° 62
3.35 red 2-MeTHF-298K 663 1.6 0.17 1.1x10° 52x10°
2-MeTHF-77K 617, 647 2.7
PMMA-298K 663 1.6 0.23 14x10° 48%x10° 62
3.14 red 2-MeTHF-298K 668 1.5 0.38 2.5x10° 41x10°
2-MeTHF-77K 649, 698 2.2
PMMA-298K 678 1.2 0.16 1.3%x10° 7.0x10° 62
3.32 red 2-MeTHF-298K 666 1.8 0.19 1.1x10° 45x%x10°
2-MeTHF-77K 608, 652 3.6
PMMA-298K 694, 715 4.6 0.16 3.5x10* 1.8x10° 62
3.05 red 2-MeTHF-298K 692 2.0 0.12 6.0x10* 44%10°
2-MeTHF-77K 668, 709 1.3
128
PMMA-298K 681 2.1 0.13 6.2x10* 41%x10° 62
3.04 red 2-MeTHF-298K 732 14 0.14 1.0x10° 4.4x10°
2-MeTHF-77K 671,729 1.5
Ir "
\N = )
o
129
[a] DFT-calculated HOMO-LUMO gap. [b] k,= @/. [c] k., = (1-P)/t.

the neutral alkenyl species 60 and 61, in a similar manner to
their hydride precursor 56 (Scheme 16).

Chloride compounds related to 57, 60, and 61, were
synthesized through cis-dichloride intermediates 62 and 63
(Scheme 17). These five-coordinate species were prepared by
consecutive addition of 1 equiv. of the corresponding
phosphine and 1 equiv. of 2-phenylquinoline to IrCl,(tht); in
refluxing decalin. Complexes 62 and 63 react with Kacac, under
the same conditions as 56, 58, and 59, to yield 64 and 65.
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Complexes 57, 60, 61, 64, and 65 display yellow-orange
emission (613-525 nm), when photoexcited, in PMMA film at
5 wt% at 298 K and 2-MeTHF at 298 and 77 K. The observed
lifetimes are in the range of 0.6-6.6 ps, while the quantum
yields in the film vary between 0.75 and 0.04 (Table 1). The
monodentate ligand has little effect on the color, with the
emission showing a slight change from yellow to orange in
the order H < CH=CH, < CH=CHPh < Cl. On the contrary, the
quantum yields display marked dependence on the mono-

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


www.eurjic.org

Eur]JIC Minireviews

European Journal of Inorganic Chemistry

doi.org/10.1002/ejic.202100663

Chemistry
Europe

European Chemical
Societies Publishing

PPrs m PraP
‘ H N“>ph  Hi ‘

Hu, o h,
" Ir—H Ir
H ‘\H -2H, H/|
PPry P'Prs
51 55
HBF,
_H2
PryP
Hm,,,l‘ Kacac  H, ‘ .
r
07 | TN\ -keF,
o (PP
57

Scheme 15. Preparation of complexes 55-57.
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56 R = Ph (58), H (59)
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Scheme 16. Preparation of complexes 58-61.
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R = iPr (62), Ph (63) R =Pr (64), Ph (65)

Scheme 17. Preparation of complexes 62-65.

dentate ligand, increasing in the order CH=CHPh<Cl<
CH=CH, < H.

A new methodology of synthesis to generate, on the metal
coordination sphere, emitters with an asymmetrical S-diketo-
nate ligand was developed in 2020. The procedure should
facilitate a better adjustment on the emissive properties of f-
diketonate-containing emitters, given the wide variety of
substituents that can be introduced at the carbonyl groups. The
procedure involves the addition of the O—H bond of iridium(lll)-

Eur. J. Inorg. Chem. 2021, 4731-4761 www.eurjic.org
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hydroxo compounds across the activated C—C multiple bond of
alkynes and olefins bearing carbonyl substituents, in accord-
ance with the hydroxoacid nature of this type of transition
metal species.”"

The methodology was optimized using orthometalated 1-
phenylisoquinoline as chromophore and was stimulated by
earlier studies on the d°pentacoordinate osmium(ll) com-
pounds OsH(XH)(CO)(P'Pr;), (XH=OH, SH), which in the presence
of dimethyl acetylenedicarboxylate afford OsH{x>X,0-[XC-
(CO,CH,)CHC(OCH,)OTHCO)(PPry), (X=0,“* S™). It was thought
that an iridium system [Ir(OH)(3b),], where the 3b unit is an
orthometalated 1-phenylisoquinoline, should show similar re-
activity to the osmium(ll) complexes, because both iridium and
osmium are third row platinum group metals and such iridium
fragment also contains a d®-unsaturated metal center. The
dimeric complexes [Ir(u-OH)(3b),], are the stable form of the
unsaturated [Ir(OH)(3b),] counterparts. The hydroxide dimeric
complex containing orthometalated 1-phenylisoquinoline was
prepared according to Scheme 18. Treatment of acetone
solutions of the dinuclear chloride-bridged complex [Ir(u-
C)(3b),]l, 66 with AgBF, followed by filtration, to remove the
AgCl, and addition of water gives the bis(aquo) mononuclear
complex 67. The coordination of the water molecules to the
acidic iridium center of 67 increases the Brensted acidity of
these ligands, enabling their deprotonation. Accordingly, the
reaction of acetone solutions of 67 with KOH affords the desired
hydroxo-bridged dinuclear complex 68. Although maintaining
the N,N-trans orientation, both racemic and meso isomers are
possible, only the less sterically congested enantiomeric pair is
selectively formed. In agreement with this, DFT calculations
indicate that the enantiomers are 14.8 kcalmol™" more stable
than the meso form.

1. AgBF,
acetone

- AgCl
2. H,0

.,,lr,\

Crl
N\
of
67

-2H0 | KOH (aq)
- KBF,

acetone

Scheme 18. Preparation of complexes 67 and 68.
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Reaction of 68 with dimethyl acetylenedicarboxylate in
toluene at 120°C leads to 69, as a consequence of the trans-
insertion of the C—C triple bond of the alkyne into the O—H
bond and the coordination of one of the carboxylate
substituents to the iridium center (Scheme 19). The C—C double
bond of 3-(4-methylphenyl)-1-phenylprop-2-en-1-one similarly
inserts into the O—H bonds of 68 to give at first a dihydro-(3-
diketonate intermediate, resulting of a regioselective addition
(H to C, and O to Cg). The dihydro-3-diketonate group of this
intermediate rapidly eliminates molecular hydrogen to yield 70.
The aromatization of the O,0-bidentate ligand seems to be the
driving force to the formation of the asymmetrical 5-diketonate.
Methyl vinyl ketone also reacts with 68 in a similar manner to
the previous unsaturated ketone to give 71. However, in this
case the reaction affords an additional compound 72 bearing a
new asymmetrical S-diketonate ligand. The formation of the
latter can be explained as follows: the basic nature of the OH
group induces the condensation of two molecules of the
ketone with elimination of one molecule of ethylene to give
hex-5-ene-2,4-dione, which protonates the bridges of 68 and
coordinates to the iridium center.

Complexes 69-72 are red phosphorescent emitters (Ta-
ble 1). The substituents of the p-diketonate ligands have an
insignificant effect on the emission color, which appears in the
599-672 nm range. This is consistent with almost equal DFT-

MeO,C————CO,Me

Toluene
120°C, 24 h

o)
Ph*/\©\

100°C, 36 h

1/2

Scheme 19. Preparation of complexes 69-72.
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calculated HOMO-LUMO energy gaps (3.13-3.18¢€V). The
observed lifetimes are between 0.8-2.5 pus. As opposed to the
emission color, the quantum vyields display marked dependence
on the substituents of the jS-diketonate ligand, in both PMMA
film and 2-MeTHF. Particularly noticeable are those of complex
69, containing an electron releasing methoxy substituent and
an electron accepting carboxylate group (0.62 in 2-MeTHF and
0.52 in 5wt% PMMA film), and complex 71, which contains
only a methyl substituent (0.52 in 2-MeTHF and 0.50 in 5 wt%
PMMA film).“"

Heteroleptic iridium(lll) emitters of the type [3b+3b"+3b"]
have been recently prepared, by an elegant procedure, in twice
the yield expected for the usual one-pot procedure. The novel
complexes bear an orthometalated 2-phenylpyridine substi-
tuted on the phenyl at the ortho position with respect to the
pyridyl (Scheme 20). The procedure is noteworthy not only by
the yields afforded but also because it allows to study the
influence of the substituents, at this elusive position, of the
chromophore on the photophysical properties of the
emitters."”

Dimers [Ir(u-Cl)(177>—COE),], (73, COE=cyclooctene) and [lr-
(u—Cl)(*—COD)1, (74, COD=1,5-cyclooctadiene) activate ortho-
C-H and ortho-C—Br bonds of the phenyl ring of 2-(2-
bromophenyl)pyridine in a competitive way. The selectivity of
the reactions is directed by the olefin of the precursor dimer
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Br

N=

2-ethoxyethanol

135°C
[Ir(u-CI)(COE)2]2
73 2. Kacac
60 °C

toluene | RB(OH),, K3PO4
90°C | Pd(OAc),, PPhy

R = Me (76), Ph (77)

Scheme 20. Preparation of complexes 75-77.

and the experimental conditions.*” The cyclooctene dimer 73,

in 2-ethoxyethanol at 135°C, induces the two cleavages in the
same extension. Therefore, the tris-heteroleptic complex 75
bearing two different orthometalated 2-phenylpyridines, one of
them with the phenyl ring brominated at an ortho position with

[Ir(u-C1)(COD)]2
74

(PhMelm)Agl | CH,Cl,

Scheme 21. Preparation of complexes 78-81.
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respect to the N-heterocycle, is selectively formed in high yield
(82%). In spite of the steric hindrance, the brominated position
was post-functionalizated by Suzuki-Miyaura cross-coupling
using RB(OH), (R=Me, Ph) in the presence of Pd(OAc),/4 PPh,
(10 mol%) and K;PO,. The resulting emitters 76 and 77 were
isolated as pure yellow solids in a total yield of approximately
60% relative to the precursor 73, after column chromatogra-
phy.

Complexes 75-77 display green phosphorescence (509-
597 nm, Table 1). The substituent of the phenyl group does
not affect the emission color; the spectra of the three
compounds being almost the same. However, the quantum
yield is substituent-dependent. Thus, the replacement of the
bromide of 75 by a methyl or phenyl group increases the
efficiency of the emissive compound between 2 and 3 times.
Thus, the heteroleptic derivatives 76 and 77 exhibit very high
quantum yields between 0.98-0.82, in both PMMA films and
2-MeTHF .14

Heteroleptic dimers of the class [Ir(u-Cl)(3b)(3b")], containing
an orthometalated 1-phenyl-3-methylimidazolylidene (PhMelm)
ligand, which allows an easy access to [3b+3b'+3b"] hetero-
leptic emitters, have been prepared in high yield by a direct
procedure (Scheme 21).¥ The NHC ligand was initially coordi-
nated to the iridium center of dimer 74 through transmetala-
tion from the silver-NHC complex (PhMelm)Agl, which was
generated in situ. The transmetalation gives the square-planar
mononuclear compound 78, which was isolated in 92% yield.
Complex 78 reacts with aryl-N-heterocycles such as 1-phenyl-
isoquinoline,  2-phenylpyridine, and 2-(2,4-difluorophenyl)

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


www.eurjic.org

Eur]JIC

European Journal of Inorganic Chemistry

Minireviews

doi.org/10.1002/ejic.202100663

Chemistry

Europe

pyridine, in methanol, under reflux (3-5 days) to afford the
heteroleptic dimers 79-81, as a result of the ortometalation of
the coordinated phenyl-NHC ligand and the added aryl-hetero-
cycle. In addition, the semi-hydrogenation of the coordinated
diolefin, which is released as cyclooctene, takes place. The
dimers were obtained as mixtures of the isomers a and b

HX

acetona / H,O

e
- Hacac @(J\\OHz
NN—

—

85a (X = BF,, OTY)

7 N\

propan-2-ol

Scheme 23. Preparation of complexes 85-86.
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displayed in Scheme 21, in 81-70% yield. The structure of 79a
was confirmed by X-ray diffraction analysis.

The chloride bridges of complexes 79-81 were broken and
further replaced by an acac ligand, through reaction with Kacac
(Scheme 22). The respective acac complexes 82-84 were
formed as mixtures of isomers a (NHC trans to N) and b (NHC
trans to O) and obtained as pure solids in 10-60% yield after
separation by column chromatography.

The substitution of the acac ligand of 82a by an orthometa-
lated 2-phenyl-5-methylpyridine group gives rise to an interest-
ing [3b+3b'+3b"] emitter, containing two distinct orthometa-
lated aryl-N-heterocycles and an orthometalated aryl-NHC. The
procedure involves a base-assisted transmetalation from the
boronated aromatic proligand to a cis-bis(aquo) intermediate
(Scheme 23). Treatment of 3/1 acetone/water solutions of 82a
with excess of HBF, or HOTf (7 equiv) causes the protonation of
the acac group and its replacement by two water molecules, to
afford the water-solvato salts 85a. In the presence of K;PO,, the
borane 2-(2-pinacolborylphenyl)-5-methylpyridine transmeta-
lates the N,C-ligand to the cation of the salts. The reaction leads
to a mixture of two isomers, 86a and 86a', which differs in the
orientation of the cyclometalated 2-phenyl-5-methyl-pyridine.
The molar ratio between them does not depend on the molar
ratio between the boronated precursor and iridium, in a range
of 1 to 15. Conversely, the amount of 86a increases as the
amount of K;PO, increases; at K;PO,/iridium molar ratio > 40,
this isomer is exclusively formed.

The phenylisoquinolinate derivatives 82a, 82b, and 86a
exhibit red emission, showing bands in the range of 580-
652 nm, whereas compounds 83a, 83b, 84a, and 84b show
green emission in the range of 465-532 nm (Table 1). The
change in the orientation of the C,C-ligand causes a minimal
modification in the emission color. The emissions of isomers b
are slightly blue shifted with respect to those of the respective
isomers a. As expected, the presence of two fluoride substitu-
ents in the orthometalated phenylpyridine of 84 also results in
a moderate blue shift. The quantum yields in a PMMA film are
in the range of 0.87 and 0.70 for the acac species 82-84,
whereas it drops to 0.34 for 86a. The same is true in 2-MeTHF
where the quantum yields for the acac complexes are between
0.93 and 0.56, while that of 86a is 0.40.

The effect of the substitution of an orthometalated CN-
ligand by a C,C-aryl-NHC one has been analyzed by comparison
of two similar OLED devices, one based on 82a and the other
one on 87. The latter coordinates two cyclometalated 1-
phenylisoquinoline groups and an acac ligand. Figure 4 shows
the structure of the devices, the formulas of the compounds
used in their construction, and their performance data. The
substitution of the CN-ligand by the C,C-moiety results in
higher luminous and power efficacies. Thus, the comparison
reveals that the performance of the OLED based on 82a is
higher or similar to that of the OLED based on 87, demonstrat-
ing that [3b+3b'+3b"] complexes can be used as phosphor-
escent emitters in PHOLEDs despite their high propensity to
ligand redistribution.

The use of pincer ligands decreases the number of
structural isomers. With this principle in mind, the pincer
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82a 0.656 0.343 616 93 7.4 13.0 12.9 55 3600
87 0.681 0.317 631 84 8.3 8.0 1.5 3.0 3500

[a] Full width at half-maximum of the emission peak in the electroluminescence spectrum. [b] Luminous efficacy. [c] External
quantum efficiency. [d] Power efficacy. [e] Lifetime as the time the luminance drops to 95% of its initial value.

Figure 4. Structure and performance data of the devices based on complexes 82a and 87. Abbreviations: HIL, hole-injector layer, HTL, hole-transporting layer,

EML, emissive layer, ETL, electron-transporting layer, EIL, electron-injector layer.

coordination of 1,3-di(2-pyridyl)benzene (dpybH) was early
attempted to build bis-tridentate iridium(lll) emitters of the
type [5t+4t1"" In 2004, Williams etal. carried out the
reaction between IrCl;-3H,0 and dpybH under diverse
conditions. Unfortunately, the activation of the C—H bond at
the undesired 4-position of the benzene ring occurred,
producing a bidentate ligand instead of the preferred
pincer.® To gain a solution to this issue, 1,3-di(2-pyridyl)-4,6-
dimethylbenzene (dpyMebH), with protected 4 and 6 posi-
tions, was prepared and subsequently reacted with
IrCl;-3H,0 in 2-ethoxyethanol. As expected, the reaction
afforded the desired dimer [IrCl(u-Cl)(dpyMeb)], (88)."" This
compound is in fact a useful precursor to prepare [5t+4t']
emitters, notwithstanding, we described in 2020 a synthetic
procedure to obtain this type of emitters with the dpyb
ligand as the 5t part of the structure.®® The procedure was
inspired by a previous work by Soro, Stoccoro, Manassero,
etal. on palladium.®" Initially the transmetalation of the
dpyb from the mercury reagent Hg(dpyb)Cl to IrCl;-3H,0 was
tried to synthesize a dimer related to that of Williams with
dpyMeb. Although the desired dimer 89 was obtained in
high yield (70 %; Scheme 24a), it is very insoluble in the usual
solvents. At 80°C, in dimethyl sulfoxide, the chloride bridges
are broken and mononuclear species 90 is formed (23%);
however, most of the dimer decomposes to a mixture of
unidentified products. Against this background, complex 73

Eur. J. Inorg. Chem. 2021, 4731-4761 www.eurjic.org

4751

a) 7 N\
=N

Hg-Cl B
N
7\

, DMSO
IrCly-3H,0 :
ethoxyethanol / ' 80°C
water
80°C,24h

- HgCl,

g9

b)
i X S
_N Hg N_~
|
Cl
1/2 [Ir(u-Cl)(COE),],
73 THF, tt, 4h
- COE
,Hg

Scheme 24. Preparation of complexes 90 and 91.

was employed as an alternative iridium precursor. The
reaction of 73 with the mercury reagent, in tetrahydrofuran
at room temperature, provided the iridium(lll) derivative 91
in 51% yield (Scheme 24b). The process involves the transfer
of the dpyb and chloride ligands from the mercury to the
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iridium center, which is attached by the oxidation from
iridium(l) to iridium(lll) and the reduction from mercury(ll) to
mercury(0).5” Complex 91 is a useful precursor to synthesize
[5t+4t'] emitters, in contrast to 89 and 90. Its treatment with
2-(1H-imidazol-2-yl)-6-phenylpyridine and 2-(1H-benzimida-
zol-2-yl)-6-phenylpyridine, in the presence of Na,CO,, at
135°C, for 3 days afforded 92 and 93, respectively (Sche-
me 25a). The dpyMeb counterparts 94 and 95 were similarly
prepared starting from the Williams’s dimer 88 (Scheme 25b).

Complexes 92-95 display green emission (490-550 nm) in a
doped PMMA film at 5 wt% and in 2-MeTHF (Table 1). The
introduction of methyl groups at 3- and 5-position of the aryl
group of the dipyridine-5t ligand or the substitution of the
imidazole moiety by benzimidazole in the 4t’ pincer does not
affect the emission wavelength, which is in agreement with
comparable HOMO-LUMO energy gaps for the four compounds
(3.49-3.61 eV). On the other hand, complexes 94 and 95
bearing the methyl-substituted dpyMeb ligand exhibit higher
quantum yields (between 0.50 and 0.70) than 92 and 93 (about
0.40), whereas the replacement of imidazole by benzimidazole
in the 4 t' pincer has little or no effect on the phosphorescence
efficiency of the emitters.

The effect of the uncoordinated N-atom of the 4t' ligand on
the emissive features of 95 was studied by changing the
benzimidazole fragment by an indole group. The synthesis of
the emitter with the indole unit, 97, was more complicated
than that of 95, requiring two steps and a strong base such as
K'BuO (Scheme 26). In the first step, the reaction of 88 with 2-
(6-phenylpyridine-2-yl)-1H-indole and excess of the base
(2.5 equiv), in 2-ethoxyethanol, at 110°C for 14 h gave the
monohydride intermediate 96. In the second step, the heating
of 96 in p-xylene, at 140°C, for 4 days caused the ortho-CH
bond activation of the phenyl substituent of the N,N-bidentate
ligand and the relief a dihydrogen molecule, to give the desired
emitter 97 in accordance with the known ability of platinum

AN
Ph IN/ N
HN\/)

N32003
2-ethoxyethanol
135°C,72h

A
LN

Ph™ °N HN/\/)

Na,CO3
2-ethoxyethanol
135°C, 72 h

12

94

Scheme 25. Preparation of complexes 92-95.
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Scheme 26. Preparation of complexes 96 and 97.

group metal hydride complexes to promote the intramolecular
activation of aryl-C—H bonds.”” This complex exhibits greenish-
yellow emission (547-624 nm) (Table 1). The presence of an
indole instead of a benzimidazole in the 4t' ligand destabilizes
the HOMO. As a consequence, the HOMO-LUMO energy gap
decreases to 3.30eV, which produces a red-shift of the
emission. In addition, a decrease of the quantum yield until
0.20-0.30 is also noted.”™

The heterocyclic substituent of the pyridine in the 4t' ligand
of complexes 94, 95, and 97 has also been replaced with
carbazolyl and phenoxy groups, with the aim of analyzing the

Na,CO3 /
2-ethoxyethanol / N
135°C, 36 h

Na,CO3
2-ethoxyethanol
135°C, 24 h
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impact of the formation of a six-membered metallaring on the
photophysical properties of this class of emitters.*? In this
context, it should be further mentioned that carbazole deriva-
tives are commonly used as host materials in PHOLEDs, due to
their good hole-transporting capacity and high triplet energy.”™

Complex 88 reacts with molten 9-(6-phenylpyridin-2-yl)-9H-
carbazole and 2-phenoxy-6-phenylpyridine, in the presence of a
silver salt (AgOTf), to give 98 and 99 (Scheme 27). The X-ray
diffraction structures reveal that the carbazole of 98 and
phenoxide of 99 coordinate to the iridium center through an
n'-arene r bond. The reaction of both intermediates with KO'Bu
gives rise to the respective [5t+4t'] derivatives 100 and 101, as
a result of the deprotonation of the coordinated carbon atom
of the 5'-arene group.

Complexes 100 and 101 are green emissive, displaying
bands centered between 515 and 555nm (Table 1). The
quantum yields, in doped PMMA films (5 wt %), are 0.73 for 100
and 0.87 for 101.5? Emitter 101 is also an efficient photocatalyst
for the synthesis of 3,3'-bioxindoles by dimerization of 3-
bromooxindoles (Scheme 28).>%

The 5t ligand of complexes 94 and 95 has been replaced
with 5-tert-butyl-1,3-bis(3-isopropylimidazolylidene)phenyl. Be-
cause a dimer similar to 88 with this NHC ligand was not
known, the first challenge was to obtain it. The strategy for its
synthesis involved the used of [Ir(u—OMe)(n*~COD)], (102) as
starting material, since it bears a methoxide ligand able of
carrying out the direct metalation of imidazolium salts. Treat-
ment of 102 with a stoichiometric amount of the iodide salt of
5-tert-butyl-1,3-bis(3-isopropylimidazolium)benzene and an ex-
cess of Kl, in 2-ethoxyethanol, at 120°C for 18 h led to the
iodide-bridged dimer 103, which was isolated in 47% yield
(Scheme 29). Complex 103 is very insoluble in the usual
solvents (chlorinated solvents, acetone, alcohols, diethyl ether,
and hydrocarbons). Nevertheless, the iodide bridges can be
broken in acetonitrile, under reflux, to afford the mononuclear

12

Scheme 27. Preparation of complexes 98-101.
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101 (0.5 mo%)

Br R3
24 W Blue LED

RZ
mo
N

DIPEA (1.5 equiv)

h1 Ar, dry THF
15h, rt
R' R2 R Product Isolated yield
Me H Me a (R*R*):meso 1:1 72%
Me OMe Me b (R*R*):meso 1.2:1 51%
Benzyl H Me ¢ (R*R*:meso 1.2:1 47%
Benzyl OMe Me d (R*R*):meso 1:1 30%
Me H Allyl e (R*R*):meso 1.2:1 70%
Me OMe Allyl f (R*R*):meso 1:1 25%
Benzyl H Allyl g (R*R*):meso 1:1 13%
Benzyl OMe Allyl h (R*R*):meso 1:1 20%

Scheme 28. Synthesis of 3,3'-bioxindoles using 101 as photocatalyst.

solvato complex 104. Its X-ray structure reveals that, as
expected, the C,C',C-ligand acts as a pincer with a NHC—Ir—NHC
angle of approximately 155°.5%

Dimer 103 reacts with 2-(1H-imidazol-2-yl)-6-phenylpyridine
and 2-(1H-benzimidazol-2-yl)-6-phenylpyridine, in the presence
of Na,CO,;, under conditions similar to those employed to
obtain 94 and 95. The reactions give the NHC-counterparts 105
and 106 (Scheme 30). These compounds are green (482-
567 nm) and yellowish green (506-590 nm) phosphorescent
emitters (Table 1). The quantum yield of 105 (0.73) is signifi-
cantly higher than that of 106 (0.49) in a doped PMMA film (5
wt%). However, in 2-MeTHF solution both emitters exhibit
similar efficiency (=/0.60).

_‘ OTf

KO'Bu

- KOTf
- 'BuOH

99
101
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\ N\\""
[Ir(1-OMe)(COD)],
102 Ki
2-ethoxyethanol
120 °C

Na,CO3
2-ethoxyethanol
120 °C

\ N
H ~NH N

N
103 —
—————— <Z=N—ir
Na,COg N2 N”

"N

2-ethoxyethanol \© >\N
/=

120 °C N\)

TR

106

Scheme 30. Preparation of complexes 105 and 106.

A PHOLED device containing complex 106 as emitter was
compared with a parallel device based on fac-lr(ppy); (107;
Hppy = 2-phenylpyridine), which is one of the most successful
green phosphorescent emitters in the area of OLED display
technology, with the aim of evaluating this type of [5t+4t']
complexes as phosphorescent emitters. The schematic structure
of the device, including the chemical structures of the device
materials, and performance data are given in Figure 5. Although
complex 106 proves its usefulness for manufacturing OLED
devices, the overall performance of its device is poorer than
that of 107.
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Dimer 102 is also a suitable precursor to obtain an
interesting [Ir(u-Cl)(6tt)], dimer, bearing two cyclometalated
phenylimidazolylidene units connected by a butylene chain,
which allowed us an easy entry to blue-green [6tt + 3b] emitters
displaying quantum yields close to unity.”® The use of the
pentahydride 51 as starting material is not recommended in
this case, since it gives a dinuclear complex with a bridging bis
(NHQ)-ligand.®” Treatment of suspensions of 102 with 1,1'-
diphenyl-3,3-butylenediimidazolium diiodide and NaO'Bu in 2-
methoxyethanol, at 130°C, for 6 h gives the iodide-bridged
dimer 108 in 65% yield (Scheme 31). Abstraction of the iodide
bridges with AgOTf, in acetone/dichloromethane, followed by
the addition of a KOH methanol solution leads to the
methoxide-hydroxide-bridged dinuclear compound 109. This
compound was isolated in 47 % yield and characterized by X-
ray diffraction analysis. Its structure revealed that the two
imidazolylidene moieties are mutually cis-oriented,” in contrast
to that observed in the [Ir(u-Cl)(3b),], dimers, containing two
free cyclometalated Aryl-NHC ligands, where the NHC groups
are mutually trans-disposed.”® The abstraction of the halide
ligands of 108 with AgOTf, in acetone/dichloromethane, affords
a complex mixture of solvato compounds. In acetonitrile, this
mixture affords the mononuclear bis(acetonitrile) derivative
110, as a white solid in 71% yield. Cation of 110 is the true
precursor of the blue-green emitters.

Complex 110 heterolytically activates the ortho-CH bond of
the phenyl substituent of a variety of 2-phenylpyridines, using
(piperidinomethyl)polystyrene as an external base. The reac-
tions were carried out in fluorobenzene, under reflux, and
tolerated substituents at both the phenyl and pyridyl groups
(Scheme 32). Thus, 2-phenylpyridine, 2-(2,4-difluorophenyl)
pyridine, 2-(p-tolyl)pyridine, and 5-methyl-2-phenylpyridine af-
forded the respective derivatives 111-114 as pure solids, in
high yields (80-95 %), without extra purification.®®

A9 11
7 N7 RN (2 =
Ok S Ly}
LR 2\ @
Ph Pho N T i L

[Ir(-OMe)(COD)]; ———————— N e e

Ir — /N
102 NaO'Bu &\%\' ¢ /

2-methoxyethanol, A N N N
e
108
;;23)23/ CH,CI 1. AgOTH
e acetone / CH,Cl,
2. MeCN

Scheme 31. Preparation of complexes 108-110.
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EIL LiIF_10A
ETL Algs 400 A
HBL H1 50 A

H1 : emitter (10%)
. 350 A
HTL NPD 450 A
HIL HAT-CN 100 A
anode ITO 750 A

i, O Q. Y
e o o LT

S A
%NQN ®
I ! 2
=N— e
N2 N( I'>\ | \N/ \N\/ l
@ =N 7
emitters

HAT-CN CN

CIE coordinates

At 1000 cd/m?

Emitter (10%)  x Y Amax[nm] Fwhmi@[nm] max EQEP![%] Voltage [V] LE[ [cd/A] EQE [%] PEM [Im/W]
106 0.458 0530 552 85 12.0 8.0 28.8 9.3 11.3
107 0.304 0630 518 68 14.3 5.8 46.9 13.1 255

[a] Full width at half-maximum of the emission peak in the electroluminescence spectrum. [b] External quantum efficiency. [c]

Luminous efficacy. [d] Power efficacy.

Figure 5. Structure and performance data of the devices based on complexes 106 and 107. Abbreviations: HIL, hole-injector layer, HTL, hole-transporting
layer, EML, emissive layer, HBL, hole-blocking layer, ETL, electron-transporting layer, EIL, electron-injector layer.

=\ Tlorf
N NvN 1 R?
Il .NCMe =\
N IS - -
&3\/ Plishie (piperidinomethyl)-
N polystyrene
110
11 H H H
112 F F
13 H H Me
14 Me H H

Scheme 32. Preparation of complexes 111-114.

Complexes 111-114 display blue-green phosphorescent
emission (455-510 nm) with lifetimes between 1.3 and 4.8 us
(Table 1). The quantum yields of the four compounds in PMMA
films are close to unity (0.87-0.96), whereas they are ~1 for 111,
113, and 114 and 0.73 for 112 in 2-MeTHF at 298 K.

An interesting approach to the solution of the issues
associated to the preparation of heteroleptic [3b+ 3b'+3b"]
emitters is to link two different bidentate ligands, 3b and 3b',
to generate an heteroleptic 6e-donor tetradentate ligand,
6tt'. In this manner, without undermining the heteroleptic
character of the emitter, the ligand distribution possibilities
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are reduced. This allows higher reaction yields and enables
the chromatographic separation. Moreover, a better struc-
tural control should be achieved as a consequence of the
higher rigidity of the system, which results in a decrease in
the number of viable sterecisomers. In the search for
confirming the goodness of this idea, 2-phenyl-6-(1-phenyl-1-
(pyridin-2-yl)ethyl)pyridine has been recently prepared and
its coordination to iridium investigated. This molecule, which
is formed by attached 2-phenylpyridine and 2-benzylpyridine
moieties, reacts with the dimer 74 in alcohols as solvent. The
products obtained depend upon the alcohol nature and its
refluxing temperature. Primary alcohols produce the carbon-
ylation of the iridium center, while secondary ones must have
a high boiling temperature to promote the ortho-C—H bond
activation of the phenyl rings of the proligand.”® Thus,
complexes 115, 116, and 117 were obtained in 2-eth-
oxyethanol, propan-2-ol, and 1-phenylethanol, respectively.
The reaction of complex 117 with Kacac affords the acac
derivative 118 (Scheme 33). The latter can be seen as a
pseudo-tris(heteroleptic) compound of iridium(lll), whose
coordination sphere is formed by three different bidentate
moieties, an orthometalated 2-phenylpyridine, an orthometa-
lated 2-benzylpyridine, and an acac. The X-ray structures of
115 and 118 disclose that the ligand design enforces a
mutually cis disposition of the pyridine units, which is in
contrast to that usually found for hetreoleptic iridium(lll)
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Scheme 33. Preparation of complexes 115-118.

complexes containing two orthometalated 2-phenylpyridines.
Other two ligands of this class have been used with a similar
purpose. The 2,2'-(1-(6-(3-trifluoromethyl-1H-pyrazol-5-yl)
pyridin-2-yl)ethane-1,1-diyl)dipyridine  molecules  afford
monoanionic N,N',N",N"-tetradentate ligands (7tt'), which
stabilize sky blue [7tt' 4 2b] emitters,™® whereas the replace-
ment of one peripheral pyridine with a phenyl group leads to
2-(3-trifluoromethyl-1H-pyrazol-5-yl)-6-(1-phenyl-1-(pyridyn-
2-yl)ethyl)pyridine, which forms a dianionic N,N',C,N"-tetra-
dentate ligand 6tt'. This anion uses the free N-atom of the
pyrazolate group to afford a green binuclear emitter.®"

Complexes 115 and 118 are phosphorescent emitters, as
expected (Table 1). The former exhibits blue-green emission
(468-541 nm), whereas the latter displays emission in the green
region (527-562 nm). This difference is in agreement with the
DFT-calculated HOMO-LUMO gap, smaller for 118 (3.71eV)
than for 115 (3.98 eV). The lifetimes are alike for both emitters
(1.1-4.5 ps). The quantum yield of 115 in PMMA is considerably
higher than in 2-MeTHF (0.87 vs 0.54); consequently, the ratio
between the radiative and nonradiative rate constants is
>5 times greater in the film than in the solution. Contrary to
115, compound 118 shows similar photoluminescence quan-
tum yields in both media (0.71 vs 0.66) and also similar ratios
between the rate constants.®

The phenylpyridine group of 2-phenyl-6-(1-phenyl-1-(pyri-
din-2-yl)ethyl)pyridine has been replaced with a phenylisoqui-
noline unit in the search for red emitters with structural rigidity
similar to that of 1187 The resulting organic molecule, 1-
phenyl-3-(1-phenyl-1-(pyridine-2-yl)ethyl)isoquinoline, reacts
with the dimers 73 and 74 in 2-ethoxyethanol and 1-phenyl-
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ethanol to afford the dimer 119 and the carbonyl derivative
120, respectively, which were isolated in 82% and 66 % yields.
The X-ray structure of 120 revealed that, in these compounds,
the N-heterocyclic rings are mutually cis-disposed and the
phenyl rings are also cis-arranged, as in complexes 115, 117,
and 118. (Scheme 34).

Dimer 119 reacts with Kacac and Li[py-2-C¢H,]. The
reactions lead to the acac-derivative 121, an isoquinolyl
counterpart of 118, and the tris-heterocyclic species 122 with
a fac-disposition of the nitrogen containing rings. Both
compounds retain the disposition of the tetradentate ligand
on the metal coordination sphere (Scheme 35). Such a
disposition is also present in the acetonitrile-solvato 123
(Scheme 36). In contrast to the dimer 119, the mononuclear
solvento complex 123 is the starting point to interesting
pyridyl-benzyl position exchanges. Treatment of fluoroben-
zene solutions of 123 with 2-phenylpyridine and
(piperidinomethyl)polystyrene under reflux leads to a mixture
of 124, a mer-isomer of 122 retaining the tetradentate ligand
disposition, and the salt 125 bearing the phenyl ring of the
benzyl group n*-coordinated to metal center of the cation.
The formation of this cation implies a hydrogen-transfer
reaction at the iridium coordination sphere from the phenyl
substituent of the incoming pyridine to the aryl unit of the
benzyl moiety of the tetradentate ligand. Furthermore, the
anticipated position exchange between the pyridyl and
phenyl rings of the benzylpyridine group takes place. Under
the same conditions as those employed with 2-phenyl-
pyridine, the reaction of 123 with 2-(p-tolyl)pyridine gives a
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Scheme 34. Preparation of complexes 119 and 120.
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Scheme 35. Preparation of complexes 121 and 122.

mixture of 126 and 127. In the absence of base, in refluxing
2-propanol, the salts 125 and 127 are selectively formed.

The #5’-coordination enhances the acidity of the ortho-CH
bond. As a consequence of the acidity increase, the addition of
KO'Bu to tetrahydrofuran solutions of the salts 125 and 127
produces the deprotonation of the coordinated bond and the
formation of the respective mer-isomers 128 and 129, bearing
the phenyl groups of the tetradentate ligand disposed mutually
trans and the pyridyl ring of the bidentate ligand situated trans
to the isoquinolyl group (Scheme 37).

Complexes 120-122 and 124-129 are red emitters (Table 1)
with emission in the range of 601-732 nm, which exhibit short
lifetimes (0.7-4.6 ps) and quantum yields in PMMA film at 5 wt
% and 2-MeTHF between 0.08 and 0.58. The acac-derivative
121, with a noticeable quantum yield of about 0.60, was used
as a dopant for a red PhOLED and the device was compared
with that of 87. Figure 6 maps the devices structure, the

R=H (124), Me (126) R = H (125), Me (127)

Scheme 36. Preparation of complexes 124-127.

R = H (125), Me (127) R = H (128), Me (129)

Scheme 37. Preparation of complexes 128 and 129.
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[a] Full width at half-maximum of the emission peak in the electroluminescence spectrum. [b] Luminous efficacy. [c] External
quantum efficiency. [d] Power efficacy. [e] Lifetime as the time the luminance drops to 95% of its initial value.

Figure 6. Structure and performance data of the devices based on complexes 82a and 87. Abbreviations: HIL, hole-injector layer, HTL, hole-transporting layer,

EML, emissive layer, ETL, electron-transporting layer, EIL, electron-injector layer.

chemical components, and the main performance data.
Although complex 121 proves to have applicability to the
fabrication of OLED devices; its features are in general poorer
than those of 87.

4. Summary and Outlook

The improvement of the features of phosphorescent emitters of
osmium, iridium, and platinum has been traditionally based on
the design of organic chromophores, which coordinate the
desired 5d metal by means of a limited number of standard
methods. Previous pages show a different point of view.
Without wishing in any way to detract from the importance of
organic synthesis, the progress of the field is based on the
application and development of new procedures of organo-
metallic synthesis and the search for alternative starting
complexes. As a result of this strategy, there has been a
significant enhancement in the synthesis of osmium(lV),
osmium(ll), and iridium(lll) emitters since 2012, which has
allowed the discovery of novel classes of emitters of these
central ions, being particularly noticeable the advances in
osmium(lV). The ongoing progress is mainly a consequence of
the ability of the alternative starting compounds used to
promote the activation of o-bonds of the chromophores, which
certainly facilitates their entry into the metal coordination
sphere. The use of more rational synthetic strategies involving
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more organometallic chemistry is other feature to be high-
lighted.

The relevance of the osmium-hexahydride OsHq(P'Pr;),
should be pointed out, since it has allowed the preparation of
most of the currently known osmium(lV) emitters, which in
some cases reach quantum yields of about 0.60 for orange-red
emissions, although it is certainly necessary much more effort
to achieve the full maturity of this class of emitters. Further-
more, this starting complex has proven to be an excellent entry
to homoleptic and heteroleptic osmium(ll) emitters, including
the blue emitter 37 which has demonstrated its usefulness in
the manufacture of OLED devices with a device efficiency
comparable to that of the state-of-the art iridium(lll)-based
devices. In line with OsH4(P'Pr;), the iridium-pentahydride
IrH;(P'Pry), is other manifestation of the usefulness of polyhy-
dride complexes as synthetic precursors to the preparation of
emitters, in this case in the iridium chemistry. The ability of the
polyhydrides of platinum group metals to activate C—H bonds
has undoubtedly been the determining factor in these
successes.

The choice of the starting compound should be done taking
into account the function of its ligands during the synthesis,
since they are not just mere spectators, which fine-tune the
electron density of the central ion and its surrounding space,
but can also cooperate in the synthesis of the emitter. Three
different functions have been clearly identified in the revised
procedures: they can direct the selectivity of competitive
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ruptures of o-bonds of the chromophores without having direct
participation in the activation; on the contrary, they can directly
participate in the generation of a ligand, on the metal
coordination sphere, being a part of the new coordinated
group; and they can act as an internal base in o-bond
heterolytic activation reactions.

The reaction conditions are other aspect to pay special
attention to. Many reactions are performed in alcohols or
oxygenated organic solvents and their choice is a crucial step in
the planning of the synthesis. Not only because they decide the
solubility of reagents and products and the maximum temper-
ature, but also because they may be sources of the carbonyl
ligand, in particular when high temperatures are necessary.

In summary, novel and creative organometallic synthesis is
necessary to design and develop new and better phosphor-
escent emitters.
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