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(57) ABSTRACT

Claimed is a cyclometallated organometallic light emitting
complex having two tridentate ligand portions sharing a
central heterocycle “A” providing a binding-site for each of
the two metals (formula I): Formula (I): A more illustrative
embodiment is formula (XII): Characterizing for the inven-
tion is that either one of XI and X2 and either one of Y1 and
Y2 is carbon. The dinuclear complexes are for use in
OLED:s.
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LIGHT EMITTING COMPOUNDS

[0001] This invention relates to light emitting and phos-
phorescent compounds. Specifically, the invention relates to
light emitting compounds with particular application in
organic light emitting diodes.

BACKGROUND

[0002] Phosphorescent organic light emitting diodes
(OLED:s) have attracted considerable commercial and aca-
demic interest for application in high-quality, energy effi-
cient flat-panel displays. Complexes based on cyclometal-
lated second and third row transition metal centres (in
particular iridium and platinum) exhibit highly efficient
phosphorescence and have commonly been incorporated in
these devices. OLEDs operate on the principle of electrolu-
minescence. Typical OLEDs consist of several layers which
are sandwiched between electrodes (Tang, et al., Appl. Phys.
Lett. 1987, 51, 913). Upon applying an electric field, holes
are injected from the anode and electrons are injected from
the cathode of the OLED and migrate towards each other.
When the charge carriers meet, they recombine with the
emission of light of a certain wavelength according to the
nature of the emitter used. The recombination process cre-
ates both singlet (25% probability) and triplet (75% prob-
ability) excitons. In simple organic molecules triplet exci-
tons do not effectively produce emission of light and,
therefore, the theoretical quantum efficiency is limited to
approximately 25%. However, the introduction of metal
centres like platinum and iridium, facilitates inter-system
crossing between singlet and triplet states and promotes
efficient radiative decay from triplet states to a ground state.
Thus the use of cyclometallated second and third row
transition metal centres in OLEDs allows the harvesting of
both singlet and triplet type excitons therefore increasing the
maximum obtainable internal quantum efficiency of the
device. The introduction of two or more metal centres may
further facilitate inter-system crossing between singlet and
triplet states and thus may further increase efliciency.
[0003] In addition, complexes of this type are known to
have further applications such as light emitting units of
sensory molecular systems whose emission is modulated
upon binding of a target analyte or as intrinsically emissive
probes that may localize in selected organelles in living
cells. Furthermore, they are under investigation as potential
photocatalysts for “water splitting” to generate hydrogen, as
sensitizers of energy and electron-transfer reactions and are
also relevant to processes involving the conversion of solar
energy to electrical energy. For these applications efficient
absorption and emission in the red region of the electro-
magnetic spectrum is desired. Introducing a second metal
centre is one way of shifting absorption and emission into
the red without the need to extend the conjugation system of
the ligand and potentially minimizes non-radiative decay
pathways associated with band gap law which would lead to
a decrease in quantum eficiency.

[0004] To date a variety of highly luminescent cyclomet-
allated complexes with transition metal centres have been
synthesized and many have been used in OLEDs and the
other technological fields mentioned above. Typically such
compounds contain a single metal centre surrounded by a
number of ligands which bind to the metal via one or more
donor atoms. Examples of cyclometallated complexes with
one metal centre are disclosed in Brulatti et al., Inorganic
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Chemistry, 2012, 51(6), 3813-3826, wherein a series of
monoirdium complexes based on tridentate NCN ligands are
described. Luminescent cyclometallated complexes contain-
ing two metal centres have also been synthesized. Examples
include bidentate ligands including di-iridium cyclometal-
lated complexes (Tsubovama et al., Dalton Transactions,
2004, (8), 1115-1116), platinum and iridium mixed metal
complexes (Kozhevnikov et al., Inorganic Chemistry, 2011,
50(13), 6304-6313) and bimetallic complexes incorporating
bidentate carbine ligands (Tennyson et al., Inorganic Chem-
istry, 2009, 48(14), 6924-6933). However, octahedral com-
plexes formed from such ligands are often chiral and when
two or more metal centres are present in one molecule
complications can arise due to the formation of mixtures of
diastereomers. As diastereomers have different chemical and
physical properties characterisation of diastereomeric mix-
tures is very difficult and because the physical properties of
the compounds contained therein are not uniform, applica-
tion in OLEDs is compromised. To enhance the suitability of
cyclometallated complexes for OLEDs it is therefore highly
desirable that the diastereomers can be separated. Another
approach is to use nonchiral metal centres. However, a very
limited number of nonchiral multimetallic cyclometallated
complexes have been investigated to date and none have
demonstrated high luminescent yields for application to
OLED:s. For example, di-ruthenium complexes coordinated
by bis NCN cyclometallated ligands wherein the metal
centres are connected by a flexible linker are known (Yang
et al., Organometallics 2012). In addition, cyclometallated
complexes with mixed metal centres held by cyclometallat-
ing terdentate ligands have been also synthesized (Wu et al.,
Organometallics 2012, 31(3), 1161-1167).

[0005] Despite the existence of multimetallic cyclometal-
lated metal complexes, their full potential has yet to be
realized. What is therefore needed are new highly lumines-
cent multimetallic complexes which are easily synthesised
and can deliver high luminescent quantum yields and be
applied to OLEDs and other technology fields.

BRIEF SUMMARY OF THE DISCLOSURE

[0006] In accordance with the present invention there is
provided a cyclometallated organometallic light emitting
complex having a first tridentate ligand portion coordinated
with a first metal and a second tridentate ligand portion
coordinated with a second metal, the complex having a
structure according to Formula (I):

Formula ()

B2
2
Z v
[
A W2 MZ/
(T,

wherein:

A is an aromatic heterocyclic moiety including coordinating
heteroatoms W' and W?;

M! and M? are metal atoms and may be the same or
different;
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B' is a ligand moiety including coordinating atoms X' and
X? and

B? is a ligand moiety including coordinating atoms Y' and
Y?, wherein B' and B> may be the same or different;

said first tridentate ligand portion includes atoms X*, X* and
W' coordinated to metal atom M';

said second tridentate ligand portion includes atoms Y*, Y?
and W? coordinated to metal atom M?;

wherein at least one of atoms X', X? is connected to said
metal atom M' via an organometallic bond and/or wherein
at least one of atoms Y, Y? is connected to said metal atom
M? via n organometallic bond;

7' and 7> are one or more bonds or one or more connecting
moieties by which B' and B? are respectively joined to A and
7' and 7> may be the same or different;

[0007] Preferably, at least one of X', X? Y' and Y? is
carbon.

[0008] Preferably, at least one of X* and X* is carbon and
at least one of Y' and Y? is carbon.

[0009] Preferably, the complex of the invention is phos-
phorescent.

[0010] Preferably, W' and W*> are each independently
selected from the group consisting of nitrogen, sulphur and
oxygen.

[0011] In much preferred embodiments, W' and W* are
nitrogen.

[0012] Preferably, M' and M? are transition metals.
[0013] In preferred embodiments, M* and M? are each
independently selected from the group consisting of iridium,
palladium, osmium, rhenium, ruthenium, platinum and gold.
[0014] In further preferred embodiments, M" and M? are
each independently selected from the group consisting of
iridium, palladium, rhenium, platinum and gold.

[0015] In some preferred embodiments, M' and M* are
each independently selected from iridium and platinum.
[0016]
[0017] Inother embodiments, one of M' and M is iridium
and the other of M* and M? is platinum.

[0018] Preferably in embodiments of the invention each of
X', X?, Y' and Y is independently selected from carbon,
nitrogen, sulphur and oxygen.

[0019] Particularly preferably in embodiments of the
invention each of X', X? Y' and Y* is independently
selected from carbon and nitrogen.

[0020] Preferably one of X' and X is nitrogen and the
other is carbon.

[0021] Preferably one of Y* and Y? is nitrogen and the
other is carbon.

In some embodiments, M' and M? are iridium.

[0022] Preferably, Z' represents a single bond.
[0023] Preferably, Z* represents a single bond.
[0024] Inan embodiment, Aisa4, 5, 6,7 or 8-membered

ring or two or more fused rings wherein said two or more
fused rings preferably consist of 8, 9, 10, 11, 12, 13 or 14
ring atoms.

[0025] Preferably, A is an azine moiety, the term “azine”
having the meaning defined hereinbelow.

[0026] Insome preferred embodiments, A is selected from
the group consisting of pyrimidine, pyridiazine, pyrazine,
triazine and tetrazine and wherein W' and W* are the
nitrogen atoms of said pyrimidine, pyridazine, pyrazine,
triazine or tetrazine ring.
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[0027] Preferably, A is a selected from the group consist-
ing of pyrimidine, pyridazine, pyrazine and wherein W' and
W? are the nitrogen atoms of said pyrimidine, pyridazine or
pyrazine ring.

[0028] In some embodiments, A is a bicyclic, tricyclic or
polycyclic fused ring system.

[0029] In other embodiments, A may be a bicyclic fused
ring system selected from the group consisting of napthy-
ridine, phthalazine, quinoxaline and quinazoline and
wherein W' and W are the nitrogen atoms of said bicyclic
fused ring system.

[0030] In further embodiments, A is tricyclic fused ring
system selected from the group consisting of benzocinno-
line, benzoquinoxaline, pyridoquinoline, benzoquinazoline
and phenazine and wherein W' and W? are the nitrogen
atoms of said tricyclic fused ring system.

[0031] Preferably, B' and B* each independently comprise
at least one aromatic moiety.

[0032] Preferably, B' has the general formula:

@23 G?
X! X2

E! E?

Formula (I)

wherein G and G* represent first and second aromatic
moieties respectively and Z° is one or more bonds or one or
more connecting moieties by which the first aromatic moiety
G is joined to the second aromatic moiety G, X* and X? are
defined as above; and E' and E? each independently repre-
sent a coordination bond to M".

[0033] Preferably, B* has the general formula:

Y2 y!

E* E?

Formula (IIT)

wherein G* and G* represent first and second aromatic
moieties respectively and Z° is one or more bonds or one or
more connecting moieties by which the first aromatic moiety
G’ is joined to the second aromatic moiety G*; Y and Y* are
defined as above; and E* and E* each independently repre-
sent a coordination bond to M.

[0034] Thus in embodiments of the invention, the complex
according to the invention has the general formula:

Formula (IV)

Ak A

l A

\Ml /W W\M /Yl Gt

] \
(T (1),
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wherein each of M', M2, X', X2 Y1, Y2, WL W2, TY, T2, m,
n, G, G? G%,G* A, 71, 7%, 73 and 79 is as defined above.
[0035] In some preferred embodiments of the invention,
the complex according to the invention has the general
formula:

Formula (V)
Q Q
w! A’ 1 3
\ [ \M /Y G
\
(®, r (1),

wherein A' is an aromatic heterocyclic moiety including a
six-membered aromatic ring said aromatic ring including
coordinating atoms W' and W2, wherein R* represents one
or more groups selected from: H and a substituent, which
substituents may be the same or different; and wherein each
of M', M>, X', X2, Y', Y2, W', W2, T', T?, m, n, G', G°,
G, G, 71, 72, 77 and 7° is as defined above.

[0036] In some preferred embodiments, R is H.

[0037] Preferably A'is a six-membered aromatic hetero-
cyclic ring which includes coordinating atoms W, and W2,
[0038] Preferably in Formulas (IV) and (V), W* and W?>
each represent nitrogen.

[0039] Preferably in Formulas (I), (IV) or (V) said first
aromatic moiety G' is represented by the formula:

Formula (VI)
R4
R? z
N
%
RZ
Rl

wherein X' is carbon, nitrogen, sulphur or oxygen and
preferably carbon or nitrogen; R', R? R?, and R* are each
independently selected from the group consisting of: H and
a substituent; Z* represents a bond to 7>, or where 7° is a
bond, is that bond and E' represents a coordination bond to
M.

[0040] Preferably in Formulas (II), (IV) or (V) said second
aromatic moiety G* is represented by the formula:

Formula (VII)
R6
R? R’
/ ‘
>
ZS )TZ 7 1
El

wherein X? is as defined for X! as above; R®, R® and R” are
each independently selected from the group consisting of: H
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and a substituent; 7> represents a bond to 7>, or where 77 is
abond, is that bond; E represents a coordination bond to M>
and 7' is defined as above.

[0041] Preferably in Formula (I1), (IV) or (V) said first
aromatic moiety G’ is represented by the formula:

Formula (VIID)
Rll
71 RO
x
vl
BTN N
RS

wherein Y is as defined for X' as above; R®, R®, R'® and R
are each independently selected from the group consisting
of: H and a substituent; 7’ represents a bond to Z°, or where
7° is a bond, is that bond and B> represents a coordination
bond to M2.

[0042] Preferably in Formula (IID), (IV) or (V) said second
aromatic moiety G* is represented by the formula:

Formula (IX)
R13

ZZ \TZ ZS

E4

wherein Y? is as defined for X' as above; R'%, R'® and R™
are each independently selected from the group consisting
of: H and a substituent; 7® represents a bond to Z°, or where
7% is a bond, is that bond; E* represents a coordination bond
to M? and Z* is defined as above.

[0043] In embodiments of the invention each of R', R?,
R3, R* RS, RS, R7, R®, R%, R!°, R', R'2 R'* and R™ may
independently be selected from the group consisting of: H,
a substituted or unsubstituted hydrocarbyl group, a substi-
tuted or unsubstituted hydrocarbyloxy group, hydroxy, car-
boxy, carboxamido, imino, alkanoyl, ester, amide, cyano,
nitro, amino and halogen.

[0044] In embodiments of the invention, the complex has
the structure:

Formula (X)
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wherein:

A, M! and M2, X! and X2, Y and Y2, Z! and 7° and T*, T2,
m, 1, and R' to R'* are defined as above.

[0045] In these embodiments, preferably W' and W* are
nitrogen.

[0046] In further embodiments of the invention, the com-
plex has the structure:

Formula (XI)
RS Rl3
R’ RY
R3 RIO
7! Y
Yl
> Z 1Al w2 | g
R \ M! /W A W\I\AZ / R
R! I | RS
(T, R (T%),

wherein A", M! and M?, X' and X3, Y* and Y, 7! and Z? and
T, T2 m, n, R* and R' to R' are defined as above.
[0047] Preferably A'is a six-membered aromatic hetero-
cyclic ring which includes coordinating atoms W' and W~
[0048] In these embodiments, preferably W' and W* are
nitrogen.

[0049] Inembodiments of the invention, A or A'is selected
from the group consisting of: pyrimidine, pyridazine, pyra-
Zine, triazine, tetrazine, napthyridine. phthalazine, quinoxa-
line, quinazoline, benzocinnoline, benzoquinoxaline, pyri-
doquinoline and benzoquinazoline.

[0050] In embodiments of the invention, the complex has
the structure:

Formula (XII)

wherein:

M! and M2, W! and W2, X! and X2, Y* and Y3, Z! and 72,
R* R' to R™, T, T2 m and n are defined as above.

In the embodiments of Formula (X1I), preferably W' and W>
are nitrogen.

[0051] Particularly preferably in embodiments of Formu-
las (X), (XI) and (XII) each of X', X, Y' and Y? is
independently selected from carbon and nitrogen.

[0052] Preferably in these Formulas one of X* and X2 is
nitrogen and the other is carbon.

[0053] Preferably one of Y* and Y? is nitrogen and the
other is carbon.

[0054] Preferably in embodiments of the invention R* is
independently selected from the group consisting of: H,
substituted and unsubstituted hydrocarbyl groups, substi-
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tuted and unsubstituted hydrocarbyloxy groups, hydroxy,
carboxy, carboxamido, imino, alkanoyl, ester, amide, cyano,
nitro, amino and halogen.

[0055] Inembodiments of the invention, R*, R%, R? and R*
and R®, R®, R* and R are each independently selected
from the group consisting of: H, substituted and unsubsti-
tuted hydrocarbyl groups, substituted and unsubstituted
hydrocarbyloxy groups, hydroxy, carboxy, carboxamido,
imino, alkanoyl, ester, amide, cyano, nitro, amino and halo-
gen.

[0056] Inembodiments of the invention, R', R?, R* and R*
and R® R®, R*® and R are H.

[0057] Inembodiments of the invention, R®, R® and R” and
R'?, R"® and R™* are each independently selected from the
group consisting of: substituted and unsubstituted hydrocar-
byl groups, substituted and unsubstituted hydrocarbyloxy
groups, hydroxy, carboxy, carboxamido, imino, alkanoyl,
ester, amide, cyano, nitro, amino and halogen.

[0058] Inembodiments of the invention, R>, R® and R” and
R'?, R"® and R™* are each independently selected from the
group consisting of: C,_;, alkoxy and halogen.

[0059] In embodiments of the invention, R®, R”, R'* and
R'* are halogen and R® and R*? are C,_, , alkoxy.

[0060] Preferably, the coordinating atoms of X' and X>
and Y' and Y? are each independently selected from the
group consisting of nitrogen, carbon, sulphur and oxygen.
Most preferably the coordinating atoms of X' and X* and Y*
and Y* are each independently selected from carbon and
nitrogen. Preferably at least one of X* and X* and at least one
of Y' and Y? is nitrogen.

[0061] In preferred embodiments, X' is nitrogen and Y' is
nitrogen.

[0062] In further preferred embodiments, X* is carbon and
Y? is carbon.

[0063] In other embodiments, X' is carbon and Y' is
carbon.
[0064] In other embodiments, X' and Y are carbon and

X* and Y* are nitrogen.

[0065] Insome preferred embodiments, B* and B? are the
same.

[0066] In some preferred embodiments, Z' and 7 each
represent a single bond.

[0067] Insuch embodiments, the complex may be used in
an organic light emitting diode. In other aspects, the inven-
tion relates to an organic light emitting diode comprising the
complex as defined herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0068] Embodiments of the invention are further
described hereinafter with reference to the accompanying
drawings, in which:

[0069] FIG. 1 shows absorption and emission spectra for
the monoiridum complex PH-98-I1 and di-iridium com-
plexes PH-98-1 and PH-98-III at room temperature;

[0070] FIG. 2 shows absorption and emission spectra for
the monoiridium complex PH-98-II recorded at room tem-
perature (RT) and at 77K

[0071] FIG. 3 shows absorption and emission spectra for
the di-ridium complex PH-98-1 recorded at room tempera-
ture (RT) and at 77K.

[0072] For convenience, carbon atom ranges disclosed in
this specification are defined by reference to the end points
of the range. However, all intermediate carbon atom num-
bers of any specifically mentioned range are also disclosed.
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Thus, C,_s means a moiety having 1, 2, 3, 4, 5 or 6 carbon
atoms, C,_, means a moiety having 1, 2, 3 or 4 carbon atoms,
C;_¢ means a moiety having 3, 4, 5 or 6 carbon atoms and
C,_; means a moiety having 1, 2 or 3 carbon atoms.
[0073] The term “each independently selected from the
group comprising” or “each independently selected from the
group consisting of” or grammatical or linguistic equivalents
or variations thereof is intended to mean that each of the
listed ‘R” groups may be selected from the group indepen-
dently of the other ‘R’ groups (here the term ‘R’ group refers
to any group R, R, R, R?, R®, R*, R%,R%, R7, R®, R etc.).
Therefore, each ‘R’ group may be the same as or different
from any other ‘R’ group. For the avoidance of doubt, the
phrase “R" and R? are each independently selected from the
group consisting of: H and a substituent” covers the follow-
ing cases in which (1) R' is H and R? is a substituent, (2) R*
is Hand R' is a substituent, (3) R" is H and R* is H and (4)
R' is a substituent and R* is a substituent. When R' is a
substituent and R is a substituent, R* and R* may be the
same substituents or may be different substituents since they
are each “independently selected” R groups. The same
applies to other pairs or combinations of ‘R’ groups.
[0074] Throughout this specification unless specified oth-
erwise, whenever a specific value is quoted for a tempera-
ture, pressure or time, the temperature, pressure or time
quoted is approximate rather than the precise temperature,
amount of pressure or amount of time.

[0075] The term “substituent”, unless specified otherwise,
means a non-hydrogen moiety, for example a hydroxy,
carboxy, carboxamido, imino, alkanoyl, cyano, cyanom-
ethyl, nitro, amino, halogen (e.g. fluoro, chloro or bromo),
C,., haloalkyl (e.g. trifluoromethyl), C, , alkoxy (e.g.
methoxy, ethoxy or propoxy), C, ;, haloalkoxy (e.g. trifluo-
romethoxy), hydrocarbyl or hydrocarbyloxy group. The just
mentioned groups included in the definition of the term
“substituent” may be each independently unsubstituted or
substituted (wherever chemically possible and appropriate)
with from 1 to 11 substituents selected from the group
consisting of: hydroxy, carboxy, carboxamido, imino,
alkanoyl, cyano, cyanomethyl, nitro, amino, halogen (e.g.
fluoro, chloro or bromo), C,_,, alkyl (e.g. methyl, ethyl or
propyl), C,_, haloalkyl (e.g. trifluoromethyl), C,_,, alkoxy
(e.g. methoxy, ethoxy or propoxy), C, ;. haloalkoxy (e.g.
trifluoromethoxy), C;_ cycloalkyl (e.g. cyclohexyl), aryl
(e.g. phenyl), aryl-C, , alkyl (e.g. benzyl) or C,_, alkyl
aryl.

[0076] Any compound within the scope of general For-
mula (I) and having a substituent or substitution which has
a materially adverse effect on the light emitting properties of
the compound (as compared to a compound which is oth-
erwise identical but lacks said substituent or substitution) is
excluded from the scope of the present invention.

[0077] Hydrocarbyl and hydrocarbyloxy groups disclosed
herein may have, for example, from 1 to 12, e.g. from 1 to
6 carbon atoms.

[0078] Exemplary hydrocarbyl groups include those con-
sisting of one or a combination of moieties selected from:
alkyl, cycloalkyl, alkenyl, cycloalkenyl and aryl (e.g. phe-
nyl), as is the case of phenylalkyl groups. For example, the
term “hydrocarbyl” may be a non-hydrogen group selected
from the group consisting of: alkyl (e.g. C,_, , alkyl); alkenyl
(e.g. C,_,, alkenyl); aryl (e.g. phenyl); cycloalkyl (e.g. C; 4
cycloalkyl); cycloalkenyl (e.g. C,_¢ cycloalkenyl); alkyl alk-
enyl (e.g. C,_,, alkyl C,_,, alkenyl), alkenyl alkyl (e.g. C; |,
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alkenyl C, |, alkyl), aryl alkyl (e.g. phenyl C, _, , alkyl, such
as benzyl); alkyl aryl (e.g. C, , alkyl phenyl), alkyl
cycloalkyl (e.g. C,_,, alkyl C;_ cycloalkyl), cycloalkyl alkyl
(e.g. C, ¢ cycloalkyl C, |, alkyl); cycloalkenyl alkyl (e.g.
C,s cycloalkenyl C,_, alkyl), and alkyl cycloalkyl (e.g.
C,. 1, alkyl C,_; cycloalkyl). The above mentioned hydro-
carbyl groups may be optionally interrupted by —O—,
—S— or —NR—.

[0079] It should be noted that the present invention is not
limited to a particular subset of substituents and the skilled
person may select the combination of substituents to modify
the properties of the compound. For example, the colour of
the emitted light may be tuned by selecting substituents with
specific absorption and emission characteristics.

[0080] The present invention provides a compound having
a first tridentate ligand portion coordinated with a first metal
and a second tridentate ligand portion coordinated with a
second metal. The incorporation of respective tridentate
ligand portions to coordinate the first and second metal
atoms M* and M? ensures the synthesis of compounds of the
present invention is both easier and more efficient than the
synthesis of related compounds of the prior art. This is in
contrast to, for example, the synthesis of cyclometallated
octahedral complexes with two metal centres wherein each
metal atom is respectively coordinated to three bidentate
ligands. Complexes of this latter type are chiral and their
synthesis may result in mixtures containing diastereomers
with different physical and chemical properties. The synthe-
sis of such complexes is inefficient and because a mixture is
obtained with non-uniform properties, additional laborious
separation steps may be required to isolate only those
compounds with the requisite properties. Contrary to this,
the synthesis of compounds of the present invention results
in a non-chiral compound, a single enantiomer (right handed
or left handed) or a mixture of enantiomers (right handed
and left handed). Consequently, the properties of the com-
pounds obtained are uniform. No diastereomers with differ-
ent chemical and physical properties are therefore produced
and where mixtures of enantiomers are obtained, these can
easily be resolved.

[0081] The compounds of the present invention are lumi-
nescent and thus are able to emit light as a result of the
excitation of atoms by energy other than heat. More pat-
ticularly, the compounds of the invention are phosphores-
cent, wherein phosphorescence is defined as the emission of
radiation that occurs when there is a change in spin multi-
plicity between a triplet excited state and a singlet ground
state.

[0082] The compounds of the present invention are able to
achieve as high, if not higher, quantum efficiency than those
compounds of the prior art which the inventors believe are
structurally related. Notably, compounds of the invention
exhibit a luminescent quantum yield of greater than 59% at
wavelengths around 622 nm and 625 nm. Particularly,
compounds of the invention can exhibit a luminescent
quantum yield of greater than 60% and specifically a lumi-
nescent quantum yield of 65% at wavelengths around 622
nm and 625 nm.

[0083] The compounds of the present invention are cyclo-
metallated organometallic complexes. As the complexes of
the invention are organometallic, they comprise at least one
carbon-metal bond to enable coordination of the ligand
moiety to the metal atom. Typically, the carbon-metal bond
is a covalent bond. The presence of an organometallic
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carbon-metal bond defining the coordination of the metal
atom with the ligand moiety thus distinguishes the com-
plexes of the invention from coordination polynuclear com-
plexes of the prior art which do not exhibit such a organo-
metallic bonding arrangement.

[0084] Inembodiments of the invention, at least one of X',
X2, Y" and Y? is carbon. In certain embodiments, at least one
of X' and X? is carbon and at least one of Y' and Y? is
carbon. Thus in some embodiments, the complexes of the
invention may comprise at least two carbon-metal bonds for
coordination with the respective metal atoms M* and M?.
The first tridentate ligand portion and the second tridentate
ligand portion can therefore each be connected to their
respective metal atoms M' and M? by means of metal-
carbon covalent bonds.

[0085] In embodiments of the invention, W' and W? are
each independently selected from the group consisting of
nitrogen, sulphur and oxygen. In much preferred embodi-
ments, W' and W? are nitrogen.

[0086] In preferred embodiments of the invention, M* and
M? are transition metals. Typically, M* and M? are second
and third row transition metals but could be any other
transition metal with which luminescent properties may be
obtained. In preferred embodiments, M* and M? are each
independently selected from the group consisting of iridium,
platinum, palladium, osmium, rhenium, ruthenium and gold.
[0087] Inanembodiment, M' and M? are the same. In one
embodiment M* and M? are iridium. In other embodiments,
compounds of the present invention may comprise mixed
metal centres wherein M' and M? are different. In one
particular embodiment, one of M' and M? is iridium and the
other is platinum. The invention is not necessarily limited in
this regard and M* and M? could comprise other combina-
tions of transition metals and particularly any combination
of those transition metals listed above.

[0088] In some preferred embodiments, M' and M? are
each independently selected from iridium and platinum.
Compounds of the invention containing iridium and/or plati-
num as metal centres advantageously demonstrate particu-
larly high luminescent quantum yields.

[0089] The compounds of the present invention comprise
an aromatic heterocyclic moiety, A, containing coordinating
heteroatoms W' and W2, The aromatic heterocyclic moiety
links the first metal centre, M, to the second metal centre,
M2. The incorporation of the aromatic moiety strongly
connects the metal centres. Crucially, the linkage group A is
rigid such that M' cannot rotate with respect to M>. The
heterocyclic aromatic linkage in this configuration encour-
ages the compound to behave as a single luminophore. Thus
the aromatic heterocyclic moiety, A, can be represented by
any of a number different moieties providing the moiety
contains heteroatoms to coordinate to the metal atoms, M*
and M?, and maintains a rigid planar configuration between
the metal atoms.

[0090] Inan embodiment, Aisa4, 5, 6,7 or 8-membered
ring. In another embodiment, A comprises two or more fused
rings wherein said two or more fused rings preferably
consist of 8, 9, 10, 11, 12, 13 or 14 ring atoms. By means of
example, the two fused rings of a napthyridine moiety
consist of 10 atoms.

[0091] In a preferred embodiment, A is an azine moiety
wherein azine is defined as an organic compound having a
six-membered aromatic ring and wherein the aromatic ring
comprises at least one nitrogen atom. In embodiments of the
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invention, A is selected from the group consisting of pyrimi-
dine, pyridiazine, pyrazine, triazine and tetrazine. In such
embodiments, moiety A comprises at least two nitrogen
atoms. When A is selected from pyrimidine, pyridazine or
pyrazine, A comprises two nitrogen atoms as part of the
pyrimidine, pyridazine or pyrazine ring and W' and W* are
those nitrogen atoms. When A is selected from triazine and
tetrazine, A comprises more than two nitrogen atoms as part
of the triazine and tetrazine ring and W' and W? may be
respectively any suitably located two nitrogen atoms form-
ing part of the triazine or tetrazine ring.

[0092] In embodiments wherein A comprises a fused ring
system, A may comprise a bicyclic, tricyclic or polycyclic
fused ring system.

[0093] In embodiments wherein A comprises a bicyclic
fused ring system, A may be selected from the group
consisting of napthyridine, phthalazine, quinoxaline and
quinazoline. In such embodiments, A comptises two nitro-
gen atoms as part of the napthyridine, phthalazine, quinazo-
line or quinoxaline bicyclic ring system and W' and W* are
those nitrogen atoms. For example, A may have the core
structure comprising the following wherein lines extending
from W' and W? represent coordinate bonds to the metal
atoms M' and M> respectively and lines extending from
either aromatic ring represent a bond or connecting moieties
by which the bicyclic ring system is joined to each tridentate
ligand portion:

@
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-continued
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[0094] The structures numbered (1) to (4) represent alter-
native isomeric forms of the aromatic heterocyclic moiety
when A is a napthyridine. Structure (5) represents a phthala-
zine, (6) is a quinazoline and (7) is a quinoxaline. Further
configurations or arrangements based on these structures are
not precluded and the invention is not to be limited in this
regard.

[0095] In embodiments wherein A comprises a tricyclic
fused ring system, A may be selected from the group
consisting of pyridoquinoline, benzoquinoxaline and ben-
zoquinazoline. In such embodiments, A comprises two nitro-
gen atoms as part of the pyridoquinoline, benzoquinoxaline
and benzoquinazoline tricyclic ring system and W' and W
are those nitrogen atoms. For example, A may have the core
structure comprising the following wherein lines extending
from W' and W represent bonds to the metal atoms M* and
M? respectively and lines extending from an aromatic ring
represent a bond or connecting moieties by which the
tricyclic ring system is joined to each tridentate ligand
portion:

O

®

®
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[0096] The structures numbered (8) to (11) represent alter-
native isomeric forms of the aromatic heterocylic moiety
when A is a pyridoquinoline. Structure (12) represents a
benzoquinazoline and (13) represents a benzoquinoxaline.
Further configurations or arrangements based on these struc-
tures are not precluded and the invention is not to be limited
in this regard.

[0097] In other embodiments A may comprise a tricyclic
fused ring system wherein A is selected from benzocinnoline
or phenazine. In yet other embodiments A may comprise a
polycyclic fused ring system, wherein A is formed from
more than three fused rings.

[0098] In positions at which the aromatic heterocyclic
moiety A is not coordinated to a metal atom or joined to the
rest of a terdentate ligand portion, A may be substituted with
hydrogen to the extent necessary to satisfy the valence of the
atoms at such positions. Alternatively, A may comprise one
or more substituents in such positions.

[0099] In embodiments of the invention, the coordinating
atoms of X' and X* and Y' and Y? are each independently
selected from the group consisting of nitrogen, carbon,
sulphur and oxygen. In preferred embodiments, the coordi-
nating atoms of X' and X* and Y* and Y* are each indepen-
dently selected from carbon and nitrogen.

[0100] In one embodiment each tridentate ligand portion
bridges the metal to which it is attached in a C'N'N
coordination mode. In such embodiments, X' and Y are
carbon, X? and Y? are nitrogen and W' and W? are nitrogen.

[0101] In other embodiments, each tridentate ligand por-
tion bridges the metal to which it is attached in a C"C'N
coordination mode. In such embodiments, X' and X* are
carbon, Y* and Y* are carbon and W' and W? are nitrogen.

[0102] In preferred embodiments each tridentate ligand
portion bridges the metal to which it is attached in an N"C'N
coordination mode. In such preferred embodiments, X* and
Y! are nitrogen, X* and Y* are carbon and W' and W? are
nitrogen.

(13)
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[0103] In some embodiments, B'and B* are the same.
[0104] In other embodiments, B' and B? are different.
When B' and B? are different, the arrangement of corre-
sponding coordinating atoms W' and W*, X' and X* and Y*
and Y2 may follow the same pattern such that each tridentate
ligand portion adopts the same coordination mode (e.g.
N"C'N and N'C"N).

[0105] Alternatively, one of the corresponding coordinat-
ing atoms W' and W2 X' and X* and Y' and Y? may be
different such that the first tridentate ligand portion adopts
one coordination mode with the first metal centre (e.g.
N"C'N) and the second tridentate ligand portion adopts a
different coordination mode with the second metal centre
(e.g. C'N'N).

[0106] Insome embodiments of the invention, R>, R® and
R” and R'?, and R'* are each independently selected from
the group consisting of C, , alkoxy and halogen

[0107] In some embodiments of the invention, R® and R*
are C,_¢ alkoxy.

[0108] Insome embodiments of the invention, R® and R'?
are hexyloxy.
[0109] Insome embodiments of the invention, R*, R”, R'?

and R are halogen.

[0110] Insome embodiments of the invention, R*, R7, R'?
and R** are fluorine.

[0111] In some embodiments of the invention, R® and R*?
are halogen.

[0112] Insome embodiments of the invention, R® and R*?
are fluorine.

[0113] In some embodiments of the invention, Z' and Z>
each represent a single bond.

[0114] The compounds of the present invention may com-
prise auxiliary ligands T* and T. The auxiliary ligands T*
and T? may be the same or different. The number of auxiliary
ligands is dependent on the coordination requirements of the
metal centre. For example, the metal centre in embodiments
of the invention wherein the metal is iridium will be hexa-
cordinate. The auxiliary ligands required to satisfy the
coordination requirements of a hexacordinate metal species
could therefore comprise a tridentate ligand, a bidentate
ligand and a monodentate ligand, or three monodentate
ligands. If the cyclometallated complex in accordance with
the present invention comprises two hexacoordinate metal
species, such as two iridium metal centres, a number of
combinations of auxiliary ligands are possible. By means of
illustration, the complex could comprise two tridentate
ligands each coordinated respectively to M' and M?, two
bidentate ligands and a monodentate ligand coordinated to
M and two bidentate ligands and a monodentate ligand
coordinated to M? or three monodentate ligands coordinated
to M" and three monodentate ligands coordinated to M. The

OC5H13 OC6H13

T. F F F F F T F
e e —_—
OH HO
OH N P OH N.
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above-described alternatives are of course not exhaustive
and other combinations of respective tridentate, bidentate
and monodentate ligands at each metal centre will be
possible (for example, a tridentate ligand could be coordi-
nated to M* and a bidentate ligand and a monodentate ligand
could be coordinated to M?).

[0115] Alternatively, the metal centre in embodiments of
the invention wherein the metal is platinum will be tetraco-
ordinate. In this particular case the auxiliary ligand may
comprise a single monodentate ligand coordinated to the
metal. Thus for embodiments of the invention comprising
two platinum metal centres, a single monodentate ligand
will be coordinated respectively to M* and M. For embodi-
ments of the invention comprising mixed metal centres, each
metal having a different coordination requirement (for
example iridium and platinum), various combinations of
ligands to satisfy the respective coordination requirements
will again be possible. Thus it will be understood by the
skilled practitioner that a variety of combinations of triden-
tate, bidentate and monodentate auxiliary ligands are fore-
seeable depending on the respective coordination require-
ments at each metal centre and the invention is not to be
limited to any particular set of combinations in this regard.
[0116] Suitable tridentate ligands may be selected from,
but are not limited to, the list consisting of: 2,2"6'2"-
terpyridine (tpy), 2,6-diphenylpyridine, 2,6-pyridinedicar-
boxylate, 6-phenyl-2-pyridinecarboxylic acid and 2,6-bis(2-
benzimidazoyl)pyridine

[0117] Suitable bidentate ligands may be selected from,
but are not limited to, the list consisting of: 2-(p-tolyl)
pyridine, 2,2'-bipyridine, acetylacetonate and 2-pyridinecar-
boxylic acid.

[0118] Suitable monodentate ligands may be selected
from, but are not limited to, the list consisting of: chloride,
bromide, iodide, cyano, thiocyanato, carbon monooxide,
azido, phenolate, alkynyl and dimethyl sulfoxide.

[0119] In an embodiment, 2-(p-tolyl)pyridine is coordi-
nated to M' and/or M>.

[0120] In an embodiment, chloride is coordinated to M’
and/or M?,
[0121] Inan embodiment, 2-(p-tolyl)pyridine and chloride

are coordinated to M* and/or M?
[0122] The invention will now be exemplified by refer-
ence to the following examples:

EXAMPLE 1

PH-98-1 and PH-98-I1I

[0123] Di-iridium compounds PH-98-I and PH-98-II1
were synthesized according to the following reaction
scheme:

OC6H13 OC6H13

\_/

/
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-continued

PH-98-1I

Synthesis of 2,4-difluoro-3-hexyloxybenzene

(PH-34)
[0124]
PH-34
OCgH3
F F
[0125] A mixture of K,CO; (33 g, 770 mmol), acetonitrile

(100 mL), 2,4-diflurophenol (5 g, 38 mmol), 1-bromohexane
(6 mL, 45.5 mmol), and a catalytic amount of sodium iodide
was heated under reflux for 14 hours. After cooling to room
temperature, brine (60 mL) and ethyl acetate were added,
layers were separated and the aqueous layer was treated with
more ethyl acetate (3x30 mL). The combined organic layers
were dried over anhydrous MgSO,, filtered and evaporated
to dryness. No further purification is required before the next
step. Colourless oil (7.77 g, 95%). 'H NMR (400 MHz,
CDCl,) 6 6.89 (m, 3H), 4.11 (t, 2H, J=6.1 Hz); 1.74 (q, 2H,
J=1.1 Hz); 1.45 (m, 2H); 1.32 (m, 4H); 0.89 (t, 3H, J=6.1
Hz). *C NMR (68 MHz, CDCl,) 157.66 (d, J=5.7 Hz),
155.19 (d, J=5.7 Hz), 122.56 (dd, J=9.0 Hz), 112.17 (m),
74.90, 31.60, 29.99, 25.39, 22.66, 14.09.

PH-98-1

Synthesis of 2,4-difluoro-3-hexyloxyphenyl boronic
acid (PH-46)

[0126]
PH-46
B(OH),
F F
006H 3
[0127] To a stirred solution of 2,4-difluoro-3-hexyloxy-

benzene (6 g, 28 mmol) in dry THF (50 mL), at -78° C.,
n-butyllithium (1.6 M solution in hexane, 20 mL, 32 mmol)
was added slowly. Solution was stirred at —78° C. for 2
hours. Triisopropylborate (7.7 mL, 30.8 mmol) was added
slowly and the mixture was stirred over night. During this
time the temperature slowly reached room temperature. The
mixture was acidified by addition of 4M aqueous hydro-
chloric acid. Brine (30 ml) was added, layers separated and
the aqueous layer was extracted with ethyl acetate. Com-
bined organic layers were dried over MgSQO,, and all volatile
components were removed by rotary evaporation under
reduced pressure. The product was then purified by column
chromatography (SiO,, petroleum ether/ethyl acetate, 1/1).
NMR spectra are not well resolved.
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Synthesis of
2-(2,4-difluoro-3-hexyloxyphenyl)pyridine (PH-39)

[0128]

PH-39
N
P
N
F F
OCgH 3
[0129] A mixture of 2,4-difluoro-3-hexyloxyphenyl

boronic acid (3.50 g, 13.6 mmol), 2-bromopyridine (1.79 g,
11.3 mmol), potassium carbonate (7.51 g, 54.4 mmol),
toluene (25 mL), ethanol (2 mL) and water (18 mL) was
deoxygenated by bubbling nitrogen through the mixture for
20 minutes. Pd(PPh;), (618 mg, 0.6 mmol) was added and
the mixture was heated under reflux for 15 hours. Brine (30
ml) was added and the layers separated.

[0130] Aqueous layer was extracted with ethyl acetate
(3%20 ml). Combined organic layers were dried over
MgSQO, filtered and the solvent was removed by rotary
evaporation under reduced pressure. The product was puri-
fied by column chromatography (SiO,, Hexane/FtOAc,
from 9/1 to 7/3, v/v) to give the desired product as colourless
0il (2.98 g,76%). 'HNMR (270 MHz, CD,Cl,) § 8.69 (ddd,
1H, J=4.8 Hz, J=1.7 Hz, J=1.8 Hz, J=1.2 Hz), 7.76 (m, 2H),
7.64 (ddd, 1H, J=9.0 Hz, ]=8.2 Hz, J=6.2 Hz), 7.27 (ddd, 1H,
J=6.8 Hz, I=4.9 Hz, J=2.0 Hz), 7.02 (ddd, 1H, J=10.0 Hz,
J=9.0 Hz, J=2.0 Hz), 4.15 (t, 2H, J=13.2 Hz), 1.77 (q, 2H,
1=6.8 Hz), 1.47 (m, 2H), 1.33 (m, 4H), 0.91 (m, 3H). '*C
NMR (68 MHz, CD,Cl,) 173.45, 160.08, 147.73 (m), 146.
17, 126.00, 135.78 (d, J=54.4 Hz), 435.49 (d, I=5.4 Hz),
98.81 (dd, J=4.2 Hz), 55.20, 53.63, 49.01, 46.26, 37.46,
23.25.

Synthesis of 2,4-difluoro-3-hexyloxy-5-(2-pyridyl)
phenyl boronic acid (PH-40)

[0131]
PH-40
AN
F B(OH),
N
F F
OCH3

[0132] n-Butyllithium (1.6 M solution in hexane, 7.6 mL,

12.2 mmol, ) was added slowly with stirring to a solution of
2-(2,4-difluoro-3-hexoxybenzene)pyridine (2.978 g, 10.2
mmol) and N,N,N'N',N-pentamethyldiethylenetriamine
(2.13 mL, 10.2 mmol) in dry THF (20 mL) at -78° C.
Solution was stirred at —=78° C. for 2 hours. Triisopropyl-
borate (2.8 mL, 12.2 mmol) was added slowly and the
mixture was allowed to warm to room temperature over a
period of 14 hours. The mixture was neutralised by addition
of diluted acetic acid. Brine (15 mL) was added, layers
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separated and the aqueous layer was extracted with ethyl
acetate (3x15 mL). Combined organic layers were dried
over MgSQ,, filtered and all volatiles were removed under
reduced pressure. The crude product was used in the next
step without further purification. 'H NMR (270 MHz,
CDCl,) 8 8.85 (d. 1H, J=5.3 Hz); 8.31 (dd, 1H, J=8.2 Hz);
8.01 (d, 1H, J=7.8 Hz); 7.59 (m, 2H); 4.13 (t, 2H, I=6.4 Hz);
1.72 (m, 2H); 1.43 (m, 2H); 1.33 (m, 4H); 0.86 (t, 3H, I=7.0
Hz).

Synthesis of bisterdentate ligand PH-45

[0133]

PH-45

[0134] A mixture of K,CO; (1.656 g, 12 mmol), 2,4-
difluoro-3-hexyloxy-5-(2-pyridyl)phenyl boronic acid (1 g,
3 mmol) and 4.6-dichloropyrimidine (186 mg, 1.25 mmol)
water (5 mL), toluene (7 mL) and ethanol (1 mL) was
deoxygenated by bubbling N, through the mixture for 20
minutes. Pd(PPh,), (103 mg, 0.1 mmol) was then added and
the mixture was heated under refluxed for 15 hours. Brine
(15 mL) was added and the phases were separated. The
aqueous layer was extracted with ethyl acetate (3x10 mL).
The combined organic layers were dried over MgSO,,
filtered and evaporated to dryness. The product was purified
by column chromatography (SiO,, Heptane/EtOAc, form
9/1 to 7/3). Colourless solid (672 mg, 82%). mp ‘H NMR
(270 MHz, toluene-dg) d 9.30 (d, 1H, J=1.4 Hz), 9.15 (dd,
2H, J=8.6 Hz), 8.54 (ddd, 2H, J=4.9 Hz, J=2 Hz, ]=0.7 Hz),
8.39 (d, 1H, J=1.5 Hz), 7.59 (ddd, 2H, J=7.9 Hz, J=2 Hz,
J=0.7 Hz), 7.14 (ddd, 2H, J=9.6 Hz, J=7.6 Hz), 6.67 (ddd,
2H, J=7.6 Hz, J=4.9 Hz, J=1.2 Hz), 2.08 (m, 4H), 1.69 (m,
4H), 1.41 (m, 4H), 1.26 (m, 8H), 0.90 (dd, 6H, J=6.7 Hz).
3C NMR (68 MHz, toluene-dg) & 160.0, 159.2, 158.1,
158.0, 157.8, 157.7, 154.3, 154.1, 153.9, 152.3, 149.9,
135.8,128.2,127.7,127.3,75.2,31.7,30.2, 25.5, 22.8, 19.6.

Synthesis of PH-98-I1

[0135]

PH-98-11
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[0136] A mixture of PH-45 (200 mg, 0.3 mmol), 2-ethoxy-
ethanol (15 mL), water (5 mL) and IrC1,*nH,0 (110 mg,
0.3 mmol) was heated under reflux for 12 hours. After
cooling to room temperature, water was added and the
formed dark orange precipitate was filtered off. The solid
was washed with water and dried. To this solid, 2-(p-tolyl)
pyridine (2 ml, excess) and AgOTf (234 mg, 0.91 mmol)
were added and the mixture was stirred at 115° C. for 10 h.
The mixture was treated with DCM and brine. The aqueous
layer was extracted 3 times with DCM, the combined
organic layer was dried over MgSO,, filtered and DCM was
removed by rotary evaporation. The excess of 2-(p-tolyl)
pyridine was distilled off in vacuum (160° C., 2 mmHg). The
residue was applied to a column (silica gel DCM). The
column was first eluted with pure DCM followed by a
mixture of DCM/ethylacetate, 3/2). Fractions containing the
product were combined and evaporated to dryness to give
the monoiridium complex. Yield (162 mg, 51%). HRMS for
[Cso—H,-FItNsO,]" caled. 1018.3295. found 1018.3285.
Elemental Analysis caled for C5oH,,F,IrN;O,C1C, 57.00%;
H, 4.50%; N, 6.65%. found C, %; H, %; N, %. 'H NMR
(CDCl;, 400 MHz) 3 10.07 (dd, 1H, J=0.9 Hz, J=5.5 Hz),
8.67 (d, 1H, J=4.9 Hz), 8.50 (s, 1H), 8.35 (dd, 1H, J=8.2 Hz),
8.26 (s, 1H), 8.13 (d, 1H, J=8.2 Hz), 8.03 (d, 1H, J=8.2 Hz),
7.96 (ddd, 1H, J=1.5 Hz, J=7.8 Hz), 7.73 (m, 2H), 7.65 (m,
2H), 7.51 (m, 2H), 7.25 (ddd, 1H, J=1.8 Hz, ]=5.0 Hz, J=6.8
Hz), 6.89 (ddd, 1H, J=1.4 Hz, J=4.6 Hz, J=6.0 Hz), 6.60 (dd,
1H, J=1 Hz, J=7.8 Hz), 5.76 (s, 1H), 4.22 (m, 4H), 1.87 (m,
7H), 1.51 (m, 10H), 0.94 (m, 6H). *C NMR (CDCl,, 100
MHz) 8 178.57, 173.09, 173.04, 165.96, 164.77, 159.50,
158.41, 157.25 (dd, J=5 Hz, =51 Hz), 156.73, 156.63,
154.74 (dd, J=5 Hz, J=51 Hz), 152.07, 151.30, 150.01,
149.57, 144.49, 140.76, 139.98, 138.04, 137.27, 136.60,
136.49, 130.06, 129.87, 125.03 (dd, J=3 Hz, 10 Hz), 124 45,
124.24, 124.15, 124.11, 123.49, 12336, 123.00, 122.86,
122.51, 122.21 (d, J=3 Hz), 121.01 (dd, J=4 Hz, ]=8 Hz),
117.77, 117.33 (dd, J=10 Hz), 75.71, 75.61, 31.75, 31.62,
30.21, 30.08, 25.63, 25.63, 22.77, 22.68, 21.54, 14.28,
14.14. Two bisiridium complexes PH-98-1 (15 mg, 3%) and
PH-98-III (5 mg, 2%) have also been isolated (see below).

Synthesis of PH-98-1 and PH-98-I1I

[0137]

PH-98-1
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PH-98-III

@ indicates text missing or illegible when filed

[0138] A mixture of PH-45 (100 mg., 0.15 mmol),
IrCl;*nH,0 (117 mg, 0.32 mmol) 2-ethoxyethanol (4.5 mL)
and water (1.5 mL) was heated under reflux for 12 hours.
After cooling to room temperature, water was added. The
formed solid was filtered off, washed with water and dried.
A mixture of this solid, 2-(p-tolyl)pyridine and AgOTT (235
mg, 2.35 mmol) stirred at 115° C. for 10 h. The mixture was
treated with DCM and brine. The aqueous layer was
extracted with DCM (3x20 mL), The combined organic
phase was dried over MgSQO,, filtered and DCM was
removed by rotary evaporation. The excess of 2-(p-tolyl)
pyridine was then distilled off in vacuum (160° C., 2
mmHg). The residue was applied to a column (silica gel
DCM). The column was first eluted with pure DCM fol-
lowed by a mixture of DCM/ethylacetate, 3/2). Fractions
containing corresponding product were combined and
evaporated to dryness. PH-98-1 higher Rf value (54 mg,
25%) HRMS for [M-CI]* Caled 1414.3363. found 1414.
3372. 'H NMR (CDCl,, 400 MHz) 3 9.52 (d, 2H, J=5 Hz),
8.62 (s, 1H), 8.40 (d, 2H, J=8.0 Hz), 7.95 (d, 2H, J=8.0 Hz),
7.86 (ddd, 2H, J=1.4 Hz, ]=7.8 Hz), 7.56 (ddd, 2H, J=1.5 Hz,
J=1.8 Hz), 745 (d, 2H, J=8.0 Hz), 7.37 (d, 2H, J=5.0 Hz),
7.17 (m, 2H), 6.80 (ddd, 2H, J=1.5 Hz, J=6.5 Hz, ]=7.4 Hz),
6.54 (d, 2H, J=7.0 Hz), 5.60 (s, 1H), 4.17 (m, 4H), 1.89 (m,
10H), 1.55 (m, 8H), 1.40 (m, 4H), 0.95 (m, 6H). **C NMR
(CDCl,, 100 MHz) 8 179.18, 172.57 (d, J=7 Hz), 165.78 (d,
J=1.0 Hz), 164.95, 160.37, 158.87 (dd, J=2 Hz, I=17.4 Hz),
156.17 (dd, J=2.4 Hz, J=14.2 Hz), 150.95, 148.64, 143.76,
140.50, 139.90, 137.75, 137.23, 136.62, 129.96 (dd, I=15.8
Hz), 124.49, 124.18, 123.86, 123.43, 123.31, 122.88, 121.
94, 121.50 (d, J=3.9 Hz), 118.37, 114.40 (dd, J=11.9 Hz),
75.66, 31.70, 30.12, 29.78, 25.56, 22.72, 21.56, 14.17.

[0139] PH-98-III lower Rf value (42 mg 19%). PH-98-III
HRMS for [M-2C1]** caled. 689.1824. found 689.1823. 'H
NMR (CDCl,, 400 MHz) & 9.78 (d, 2H, J=5.0 Hz), 8.63 (s,
1H), 8.04 (d, 2H, J=7.6 Hz), 7.81 (m, 4H), 7.57 (ddd, 2H,
J=1.6 Hz, J=7.5 Hz), 7.33 (m, 4H), 7.22 (d, 2H, J=6.0 Hz),
7.07 (s, 1H), 6.79 (ddd, 2H, J=1.5 Hz, =6 Hz, ]=7.5 Hz),
6.41 (s, 2H, J=8.0 Hz), 4.20 (m, 4H), 1.90 (m, 4H), 1.78 (s,
6H), 1.58 (m, 8H), 1.43 (m, 8H), 0.97 (m, 6H). *C NMR
(CDCl,, 100 MHz) $ 179.02, 172.47 (d, J=5.7 Hz), 165.82
(d, J=6.6 Hz), 164.25, 160.36, 158.78 (dd, J=1.9 Hz, J=21.0
Hz), 156.09 (dd, J=2.9 Hz, J=20.5 Hz), 150.96, 149.40,
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144.26, 139.79, 139.62, 137.99, 137.17, 135.82, 130.06 (dd.
J=15.7Hz), 129.58, 126.86, 124.24, 123.94,123.47, 123 31,
123.2,122.86, 122.04, 121.48 (d, I=3.8 Hz), 118.17, 114.14
(dd, J=11.9 Hz), 75.70, 31.73, 30.18, 29.79, 25.58, 22.74,
2135, 14.18

EXAMPLE 2
PH-174

EXAMPLE 2

PH-174

[0140]

PH-174

[0141] K,PtC1l, (126 mg, 0.3 mmol) was added to a
solution of bisterdentate ligand PH-45 (200 mg, 0.3 mmol)
in acetic acid (50 mL). The reaction was heated under reflux
for 10 h and the reaction was stirred at room temperature
until an orange precipitate appeared. The precipitate was
filtered off and no further purification was performed. The
crude material was dissolved in a mixture of 2-ethoxyetha-
noliwater (20 mL, 3/1, v/v) at 80° C. and IrCl,*nH,O (120
mg, 0.33 mmol) was added. The mixture was heated under
reflux for 8 h. At room temperature, water (20 mL) was
added and the dark solid was filtered off and washed with
water (10 mL). The dark solid was air dried and was
recovered in toluene (20 ml). 2-p-tolylpyridine (56 mg, 0.33
mmol) and AgOTT (338 mg, 1.32 mmol) were added to the
solution and the mixture was heated under reflux for 10 h.
The mixture was concentrated under vacuum and the dark
solid was recovered with CH,Cl, (30 mL) and washed with
brine (10 mL). The organic layer was dried over MgSO4,
filtered and solvent was removed by rotary evaporation. The
compound was purified by semi preparative chromatogra-
phy (AlO,, CH,CI/EtOAc, 95/5). The compound was
recovered as a dark purple powder (20 mg, 5%). "H NMR
(CDCl,, 400 MHz) 3 10.00 (d, 1H, J=1.2 Hz), 9.07 (s, 1H),
8.68 (s, 1H), 8.34 (s, 1H), 8.14 (d, 1H, J=8.0 Hz), 8.08 (d,
1H, J=4 Hz), 7.84 (m, 2H), 7.70 (ddd, 1H, I=1.3 Hz, I=7.8
Hz), 7.62 (m, 1H), 7.52 (d, 1H, J=8.0 Hz), 7.21 (m, 1H), 6.93
(ddd, 1H, J=1.2 Hz, J=7.2 Hz), 6.59 (d, 1H, J]=8.0 Hz), 5.70
(s, 1H), 4.23 (t, 2H, J=6.6 Hz), 4.09 (t, 2H, J=6.6 Hz), 1.90
(m, 4H), 1.55 (m, 4H), 1.39 (m, 8H), 0.95 (m, 6H). *C
NMR (CDCl,, 100 MHz) 6 164.14, 160.67, 151.97, 15191,
149.58, 143.51, 141.24, 139.85, 139.75, 138.72, 13747,
136.46, 124.43, 123.80, 213.57 (dd, J=6.2 Hz), 12337,
123.25, 119.22, 70.63, 31.72, 31.64, 30.21, 30.03, 25.60,
25.46, 22.75, 22.68, 21.46, 14.18, 14.13, 13.84.
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EXAMPLE 3
PH-167-1 and PH-167-1

Synthesis of bisterdentate ligand PH-139
[0142]

PH-139

OCgHy3

[0143] A mixture of K,CO; (3.4 g, 0.24 mmol), 2.,4-
difluoro-3-hexyloxy-5-(2-pyridyl)phenyl boronic acid (2.04
2, 6.1 mmol) and 2,5-dichloropyrazine (719 mg, 2.5 mmol)
in a mixture of water (20 mL), toluene (40 mL) and ethanol
(2 mL) was deoxygenated by bubbling N, through the
mixture for 20 minutes. Pd(PPh;), (250 mg, 0.24 mmol) was
then added and the mixture was heated under refluxed for 15
hours. Brine (40 ml) was added and the phases were
separated. The aqueous layer was extracted with ethyl
acetate (3%x20 mL). The combined organic layers were dried
over MgSO,, filtered and evaporated to dryness. The prod-
uct was purified by column chromatography (SiO,, Petro-
leum ether/EtOAc, from 9/1 to 6/4). Colourless solid (630
mg, 38%). "H NMR (400 MHz, CDCl,)  9.15 (d, 1H, J=2.0
Hz), 8.74 (ddd, 2H, J=1.2 Hz, J=5.2 Hz, ]=6.4 Hz), 8.39 (dd,
2H, J=8.4 Hz), 7.78 (m, 4H), 4.23 (t, 4H, J=6 Hz), 1.83 (q,
4H, J=7.2 Hz), 1.34 (m, 4H), 1.36 (m, 8H), 0.90 (t, 6H, J=7.2
Hz). *C NMR (100 MHz, CDCl,) 8 152.40, 150.05, 146 85,
144.58, 144.46, 136.63, 125.49, 12531, 124.40, 12432,
122.86, 12134 (m), 75.57, 31.32, 30.10, 25.46, 22.68,
14.13.

Synthesis of PH-167-1 and PH-167-111

[0144]

PH-167-III
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-continued

PH-167-1

[0145] A mixture of PH-139 (200 mg, 0.30 mmol),
IrCl;*nH, 0 (109 mg, 0.30 mmol) 2-ethoxyethanol (25 mL)
and water (9 mL) was heated under reflux for 12 hours. After
cooling to room temperature, water was added. The formed
solid was filtered off, washed with water and dried. The
crude material was put in suspension in toluene (20 mL) and
2-(p-tolyl)pyridine (56 mg, 0.33 mmol) and AgOTf (314
mg, 1.2 mmol) stirred at 115° C. for 10 h under inert
atmosphere. At room temperature, brine was added to the
mixture, the organic layer was collected and the aqueous
layer extracted with DCM (3x10 mL). The combined
organic layers were dried over MgSO, and the solvent
remove by rotary evaporation. The crude material was
purified using aluminium oxide preparative chromatography
using CHCl;/ethyl acetate (7/3, v/v) as eluent to give
PH-167-1 and PH-167-111. PH-167-111: '"H NMR (400 MHz,
CDCl,) 810.07 (d, 2H, J=2.8 Hz), 8.12 (s, 2H), 8.09 (s, 2H),
8.47 (m, 6H), 7.61 (m, 6H), 7.49 (d, 2H, J=7.6 Hz), 6.85
(ddd, 2H, J=2.1 Hz, J=5.9 Hz, J=7.0 Hz), 6.55 (dd, 2H, J=1.2
Hz, J=8.0 Hz), 5.63 (d, 2H, J=1.2 Hz), 4.09 (dt, 4H, J=1.2
Hz, J=6.5 Hz), 1.83 (m, 4H), 1.41 m, 8H), 0.98 (t, 6H, J=6.8
Hz). *C NMR (100 MHz, CDCl,) 8 164.58, 151.82, 149.65,
14431, 143.34, 140.94, 139.90, 138.26, 137.51, 13747,
129.82, 123.92, 123.69, 122.90, 122.73, 118.90, 75.65,
62.83, 31.69, 30.04, 29.78, 25.56, 22.92, 21.44. PH-167-1
has very similar analytical data.

EXAMPLE 4

N-170-3
Synthesis of bisterdentate ligand PH-144

[0146]

PH-144
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[0147] A mixture of K,CO; (3.3 g, 0.24 mmol), 2,4-
difluoro-3-hexyloxy-5-(2-pyridyl)phenyl boronic acid (2.0
2, 6.0 mmol) and 2,5-dichloropyrazine (372 mg, 2.5 mmol)
in a mixture of water (40 mL), toluene (20 mL) and ethanol
(2 mL) was deoxygenated by bubbling N, through the
mixture for 20 minutes. Pd(PPh;), (250 mg, 0.24 mmol) was
then added and the mixture was heated under reflux for 15
hours. Brine (40 mL) was added and the phases were
separated. The aqueous layer was extracted with ethyl
acetate (3x20 mL). The combined organic layers were dried
over MgSO,, filtered and evaporated to dryness. The prod-
uct was purified by column chromatography (SiO,, Petro-
leum ether/EtOAc, from 7/3 to 5/5). Colourless solid (1.3 g,
79%). 'H NMR (400 MHz, CDCL,) § 9.15 (d, 1H, J=2.0 Hz),
8.71 (ddd, 2H, J=1.4 Hz, J=4.9 Hz, J=6.2 Hz), 8.51 (dd, 2H,
J=8.4 Hz), 8.01 (s, 2H), 7.77 (m, 4H), 7.28 (ddd, 2H, J=1.9
Hz,J=4.8 Hz, J=6.6 Hz), 4.23 (t, 4H, ]=6.8 Hz), 1.83 (q, 4H,
J=1.1 Hz), 1.51 (m, 4H), 1.34 (m, 8H), 0.90 (t, 6H, J=7.0
Hz). “C NMR (100 MHz, CDCL,) 8 156.69 (d, J=5.7 Hz),
156.20 (d, I=4.7 Hz), 154.21, 154.12, 153.67 (d, ]=4.7 Hz),
152.53, 149.96, 136.61, 127.07 (d, J=8.6 Hz), 125.60, 125.
44 (dd, J=3.8 Hz, J=11.4 Hz), 124.30 (d, J=7.6), 122.85,
121.44 (dd, J=3.3 Hz, J=10.0 Hz), 75.57, 31.62, 30.09,
25.45, 22.68, 14.13.

Synthesis of N-170-3

[0148]

N-170-3

[0149] The ligand PH 144 (1 eq, 205 mg, 0.31 mmol) was
dissolved in ethoxyethanol (12 20 ¢m®) with stirring and
heating. Water (4 ¢cm?) and iridium chloride hydrate (226
mg, 0.62 mmol) were added and the mixture was heated
under reflux for 30 min and then stirred at 90° C. for 16
hours. The solvent was evaporated to dryness and the
residue was treated with 5 ml of methanol. The solid formed
was filtered, washed with methanol to give red solid. This
solid was put in a test tube, DMSO (2 ml) was added and the
mixture was heated at 170° C. for 5 minutes. Water was
added and the mixture was extracted with chloroform.
Organic layer was separated, washed with brine and dried
over MgSO,. The solvent was removed by rotary evapora-
tion. The residue was treated with methanol. The solid was
filtered off washed with methanol to give N-170-3. Yield 110
mg.
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EXAMPLE 5
PH-214-11

Synthesis of 2,3,4-trifluoro-3-hexyloxyphenyl
boronic acid (PH-161)

[0150]
PH-161
F
T T
B(OH),
[0151] To a stirred solution of 2,3,4-trifluoro-3-hexyloxy-

benzene (10 g, 75.7 mmol) in dry THF (100 mL), at -78° C.,
n-butyllithium (1.6 M solution in hexane, 48 mL, 75.7
mmol) was added slowly. Solution was stirred at -78° C. for
2 hours. Triisopropylborate (35 mL, 151.4 mmol) was added
slowly and the mixture was stirred over night. During this
time the temperature slowly reached room temperature. The
mixture was acidified by addition of 4M aqueous hydro-
chloric acid. Brine (30 mL) was added, layers separated and
the aqueous layer was extracted with ethyl acetate. Com-
bined organic layers were dried over MgSO,, and all volatile
components were removed by rotary evaporation under
reduced pressure. The product was then washed with petro-
leum ether (20 mL) and the bright white solid was filtered
out (8.6 g, 65%). NMR spectra are not well resolved.

Synthesis of PH-184

[0152]
PH-184
F
F F
O
(0]
g
/
o N.
~
0]
[0153] N-Methyliminodiacetic acid (1.57 g, 9.4 mmol)

was added to a solution of PH-161 (1.50 g, 8.53 mmol) in
DMSO (15 mL) and Toluene (35 mL). The solution was then
heated under reflux for 3 h. At room temperature, water was
added and the white precipitate was filtered off, washed with
water and air dried. The product was obtained as a white
powder (4.28 g, 87%). No further purification was carried
out.
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Synthesis of PH-179
[0154]
PH-179
F
F F
X
. N
[0155] 2-bromopyridine (1.38 g, 8.71 mmol) was added to

a solution of PH-184 (3 g, 10.45 mmol) in 1,4-dioxane (100
mL) and the mixture was degassed for 20 min by bubbling
N,. A degassed aqueous solution of K;PO, (22 mL, 3 M)
was added, the mixture was then degassed during 5 min,
Pd(PPH,),, (508 mg, 0.34 mmol) was added and the mixture
was heated at 110° C. for 15 h. At room temperature, layers
were separated and the aqueous layer was extracted with
ethyl acetate (3x10 mL). The combined organic layers were
washed with brine, dried over MgSO, and all volatile
compounds were removed under vacuum. A chromatogra-
phy column (SiO,, Petroleum ether/Ethyl acetate, 7/3) gave
the desired compounds (1.4 g, 64%).

Synthesis of PH-196

[0156]
PH-196
F
F F
N B(OH),
/ N
[0157] n-Butyllithium (1.6 M solution in hexane, 4.7 mL,

7.44 mmol) was added slowly with stirring to a solution of
PH-179 (1.3 g, 6.2 mmol) and N,N,N'N',N-pentamethyldi-
ethylenetriamine (1.6 mL, 7.44 mmol) in dry THF (40 mL)
at -78° C. Solution was stirred at -78° C. for 2 hours.
Triisopropylborate (2.9 mL, 12.4 mmol) was added slowly
and the mixture was allowed to warm to room temperature
over a period of 14 hours. The mixture was neutralised by
addition of diluted acetic acid. Brine (15 mL) 20 was added,
layers separated and the aqueous layer was extracted with
ethyl acetate (3x15 mL). Combined organic layers were
dried over MgSO,, filtered and all volatiles were removed
under reduced pressure. The crude product was used in the
next step without further purification.



US 2016/0359124 Al

Synthesis of PH-197

[0158]
PH-197
F
F F
(0]
(0]
X g’
\ ;
F
>\/N\
9)
[0159] N-Methyliminodiacetic acid (1.02 g, 6.1 mmol)

was added to a solution of PH-196 (1.40 g, 5.53 mmol) in
DMSO (11 mL) and Toluene (24 mL). The solution was then
heated under reflux for 3 h. At room temperature, water was
added and the white precipitate was filtered off, washed with
water and air dried. The product was obtained as a white
powder (2.045 g, quantitative). No further purification was
carried out. 'H NMR (400 MHz, DMSO-d,) 8 8.71 (d, 1H,
J=4.0 Hz), 7.93 (ddd, 1H, J=1.6 Hz, J=7.5 Hz), 7.83 (ddd,
1H, J=2.2 Hz, J=6.8 Hz, ]=8.6 Hz), 7.78 (d, 1H, ]=7.6 Hz),
7.42 (m, 1H), 4.40 (d, 2H, J=17.6 Hz) 4.12 (17.6 Hz), 2.67
(s, 3H). 1*C NMR (100 MHz, DMSO-d,) & 169.43, 155.00
(d, I=7.7 Hz), 125,53 (d, J=6.7 Hz), 151.44, 151.20 (d,
J=10.5 Hz), 150.47, 148.67 (d, J=10.5 Hz), 137.69, 129.80
(d, J=8.6 Hz), 124.78 (dd, J=3.4 Hz, 8.1 Hz), 124.59 (d, 1 7.6
Hz), 1213.94, 62.97, 48.21.

Synthesis of PH-200

[0160]

PH-200

[0161] 2-4-dichloropyrimidine (178 mg, 1.2 mmol) was
added to a solution of PH-197 (1.0 g, 2.8 mmol) in 1,4-
dioxane (14 mL) and the mixture was degassed for 20 min
by bubbling N,. A degassed aqueous solution of K;PO, (3
mlL, 3 M) was added, the mixture was then degassed for an
additional 5 min, Pd(PPH,), (161 mg, 0.14 mmol) was
added and the mixture was heated at 110° C. for 15 h. At
room temperature, brine (20 mL) was added, layers were
separated and the aqueous layer was extracted with ethyl
acetate (3x10 mL). The combined organic layers were dried
over MgSO, and all volatile compounds were removed
under vacuum. A chromatography column (Si0,, Petroleum
ether/Ethy] acetate, from 8/2 to 5/5) gave the desired com-
pounds (60 mg, 10%). "H NMR (400 MHz, CDCI,) § 9.41
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(d, 1H, J=1.2 Hz), 8.77 (ddd, 211, J=1.4 Hz, 1-4.7 Hz), 8.67
(ddd, 2H, 1=2.7 Hz, I=8.3 Hz), 8.31 (d, 11, J=1.2 Hz), 7.81
(m, 4H), 7.33 (m, 2H).

Synthesis of PH-214-11 and PH-214-I

[0162]

PH-214-11

PH-214-1

[0163] A mixture of PH-200 (40 mg, 0.08 mmol),
IrCl;*nH,O (54 mg, 0.18 mmol) 2-ethoxyethanol (6.5 mL)
and water (2 mL) was heated under reflux for 12 hours. After
cooling to room temperature, water was added. The formed
solid was filtered off, washed with water and dried. The
crude material was put in suspension in toluene (15 mL) and
2-(p-tolyD)pyridine (29 mg, 0.17 mmol) and AgOTf (123
mg, 0.48 mmol) stirred at 115° C. for 10 h under inert
atmosphere. At room temperature, brine was added to the
mixture, the organic layer was collected and the aqueous
layer extracted with DCM (3x10 mL). The combined
organic layers were dried over MgSO, and the solvent
removed by rotary evaporation. The crude material was
purified using aluminium oxide preparative chromatography
using CHCl,/ethyl acetate (7/3, v/v) as eluent. Two products
were isolated:

[0164] PH-214-I: 'H NMR (400 MHz, CDC1,) 8 10.05 (d,
1H, J=5.6 Hz), 8.68 (d, 1H, J=4.8 Hz), 8.52 (ddd, 1H, J=2.0
Hz, J=8.2 Hz), 8.49 (s, 1H), 8.28 (d, 1H, J=0.8 Hz), 8.14 (d,
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1H, J=8.0 Hz), 8.05 (d, 1H, =8.0 Hz), 7.98 (ddd, 11, I=1.9 continued

Hz, 1=7.8 Hz), 7.76 (m, 2H), 7.68 (m, 2H), 7.52 (m, 2H), PH.98T
7.27(ddd, 1H, J=1.7 Hz, J=4.7 Hz, 1=6.6 Hz), 6.93 (ddd, 1H,
J=1.4 Hz, 1=6.0 Hz, 1=7.4 Hz), 6.61 (dd, 1H, J=1.0 Hz.
J=8.2 Hz), 5.75 (s, 1H), 1.96 (s, 3H).

[0165] PH-214-11: 'H NMR (400 MHz, CDCL,) 8 9.51 (d,
2H, J=5.6 Hz), 8.62 (s, 1H), 8.06 (d, 2H, J=8.0 Hz), 7.96 (d.
2H, 1=8.0 Hz), 7.88 (ddd, 2H, J=1.3 Hz, J=5.7 Hz), 7.6
(ddd, 2H, 1=1.5 Hz, 7.8 Hz), 7.46 (d, 2H, I=7.2 Hz), 7.38 (4,
2H, J=5.6 Hz), 7.19 (31, m), 6.83 (ddd, 21, J=1.4 Hz, J=6.4
Hz, J=7.4 Hz), 6.57 (d, 2H, J=8.0 Hz), 5.59 (s. 2H), 1.93 (s.
6H).

Photophysical Properties

[0166] The luminescent and photophysical properties of PH-98-I11
the following mono-iridium complex and di-iridium com-
plexes from example 1 were investigated:

PH-98-11

Absorption and emission spectra for the di-iridium com-
plexes PH-98-1 and PH-98-II1 and for the monoiridium

N complex, PH-98-II, recorded at room temperature and at
77K are shown in FIGS. 1, 2 and 3. The photophysical
properties of di-iridium complexes PH-98-1 and PH-98-I11

were measured and compared to the monoiridium complex
PH-98-1I. The results showing emission data for each com-
plex are displayed in Table 1:

TABLE 1

Emussion data for Iridium complexes PH-98-1, PH-98-1I and PH-98-III
Emission data in degassed CH,Cl, at 298K

ke/ 2k,  kgoaa/  Emission at TIK®

Complex  h,/nm &, @ vns® 10°s7t 10°s7' 18 M7t A, /mm T/ns

PHOY8-2 595 059 2800 2.1 1.3 8.5 562 13000
[450]

PH98-1 622 0.65 760 8.6 4.6 2.8 617,666 3700
[520]

PHO8-3 625 065 730 89 48 37 620,672 3500
[460]

Dmeasured using [Ru(bpy)s]Cl, as the standard.

®Walues in air-cquilibrated solution in parenthesis.
(“t'lg and 2k, are the radiative and non-radiative decay rate constants, estimated from the quantum yield and
lifetime assuming that the emissive state is formed with unitary efficiency.

@DBiomolecular rate for quenching by O, estimated from the luminescence lifetimes in degassed and
air-equilibrated solutions, and taking [O;] = 2.2 mM in CH,Cl, at p = 1 atm air and T = 298K.

@1 diethyl ether/isopentane/ethanol (2:2:1 v/v).
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[0167] As demonstrated by the values in Table 1 and as
depicted in FIG. 1, considerable changes in the propetties
are induced by the addition of a second metal centre whereas
little difference is observed between PH-98-1 and PH-98-111
which differ only by stereochemical configuration. The data
in Table 1 shows that the addition of the second metal centre
causes a 27 nm and a 30 nm red-shift in emission for the
complexes PH-98-1 and PH-98-I1I respectively. Despite the
red-shift, luminescent quantum yields remained high (65%
for both PH-98-1 and PH-98-1II). In fact, the luminescent
quantum yield for the di-iridium complexes (65%) is greater
than for the monoiridium complex PH-98-11 (59%). This is
despite the band gap law which implies that red-shift would
ordinarily result in a decrease in quantum yield. Such
luminescent quantum yields and quantum efficiency
achieved by the compounds of the present invention are
comparable with the best known red-emitters. It should also
be pointed out that the Stokes shift in bimetallic compounds,
equating to the difference between positions of the band
maxima of the absorption and emission spectra, is very small
and this is in accordance with the experimental data. Fur-
thermore, the emission spectra for PH-98-1 as shown in FIG.
3 changes very little when cooling from room temperature to
77 K (the absorption and emission spectra for PH-98-1II
recorded at 77K and room temperature are not shown but
were very similar to that of PH-98-I). This is in contrast to
the emission spectra for the monoirdidum complex PH-98-11
as shown in FIG. 2, wherein a considerable shift in the
emission spectra is noted when cooling from room tempera-
ture to 77 K. This data indicates that the system is very rigid
for the bimetallic compounds PH-98-I and PH-98-1II, which
is a favourable factor in achieving high quantum yields.
[0168] Table 1 also shows that the introduction of the
second metal centre for the complexes PH-98-1 and PH-98-
11T results in a decrease of the emission life time () at 298K
compared to the monometallic complex PH-98-1I (760 and
730 ns for PH-98-1 and PH-98-1II respectively versus 2800
ns for PH-98-II). Characteristics such as those exhibited by
PH-98-1 and PH-98-III are particularly suited to OLEDs
where a short emission life time is preferable. Compounds
that demonstrate short emission life times minimise the
probability of triplet-triplet annihilation whereas compounds
with a longer lifetime of emission, such as those with only
a single metal centre, are more likely to undergo decay
without the emission of light.

[0169] The compounds of the present invention may be
incorporated into OLED devices using techniques familiar
to those skilled in the art. Thus the present invention also
includes OLEDs and other such devices comprising the
compounds described herein.

[0170] Throughout the description and claims of this
specification, the words “comprise” and “contain” and varia-
tions of them mean “including but not limited to”, and they
are not intended to (and do not) exclude other moieties,
additives, components, integers or steps. Throughout the
description and claims of this specification, the singular
encompasses the plural unless the context otherwise
requires. In particular, where the indefinite article is used,
the specification is to be understood as contemplating plu-
rality as well as singularity, unless the context requires
otherwise.

[0171] Features, integers, characteristics, compounds,
chemical moieties or groups described in conjunction with a
particular aspect, embodiment or example of the invention
are to be understood to be applicable to any other aspect,
embodiment or example described herein unless incompat-
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ible therewith. All of the features disclosed in this specifi-
cation (including any accompanying claims, abstract and
drawings), and/or all of the steps of any method or process
so disclosed, may be combined in any combination, except
combinations where at least some of such features and/or
steps are mutually exclusive. The invention is not restricted
to the details of any foregoing embodiments. The invention
extends to any novel one, or any novel combination, of the
features disclosed in this specification (including any
accompanying claims, abstract and drawings), or to any
novel one, or any novel combination, of the steps of any
method or process so disclosed.

[0172] The reader’s attention is directed to all papers and
documents which are filed concurrently with or previous to
this specification in connection with this application and
which are open to public inspection with this specification,
and the contents of all such papers and documents are
incorporated herein by reference.

1.-38. (canceled)
39. A complex of Formula (V):

Formula (V)

wherein

R* represents one or more groups selected from: H and a
substituent, which substituents may be the same or
different;

A' is selected from the group consisting of pyrimidine,
pyridiazine, pyrazine, and triazine, and

wherein W' and W? are the nitrogen atoms of said
pyrimidine ring;

wherein M" and M are each, independently, iridium or
platinum;

wherein G* and G? represent first and second aromatic
moieties respectively and Z* is one or more bonds by
which the first aromatic moiety G' is joined to the
second aromatic moiety G* and

wherein G* and G* represent first and second aromatic
moieties respectively and Z° is one or more bonds by
which the first aromatic moiety G* is joined to the
second aromatic moiety G*;

wherein X', X? and W' are coordinated to metal atom M*;

wherein Y*, Y2 and W* are coordinated to metal atom M?;

wherein at least one of atoms X' and X* is connected to
said metal atom M" via an organometallic bond and/or
wherein at least one of atoms Y and Y* is connected to
said metal atom M* via an organometallic bond;
wherein each of X', X?, Y' and Y? is independently
carbon or nitrogen;

7' and Z* are one or more bonds;

T' and T* are auxiliary ligands in which m and n are 0 or
an integer sufficient to satisfy the respective coordina-
tion requirements of M' and M?, and where m and n are
2 or more, each respective auxiliary ligand may be the
same or different.
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40. The complex according to claim 39, wherein at least
one of X*, X?, Y' and Y* is carbon.

41. The complex according to claim 39, wherein at least
one of X' and X? is carbon and at least one of Y' and Y* is
carbon.

42. The complex according to claim 39, wherein each of
Y! and Y? is independently carbon or nitrogen.

43. The complex according to claim 39, wherein one of Y*
and Y? is nitrogen and the other is carbon.

44. The complex according to claim 39 wherein the
substituent is selected from the group consisting of hydroxy,
carboxy, carboxamido, imino, alkanoyl, cyano, cyanom-
ethyl, nitro, amino, halogen, C, ,, alkyl, C, ;, haloalkyl,
C,.;, alkoxy, C,_,, haloalkoxy, C,_ cycloalkyl, aryl, aryl-
C,.5 alkyl, and C,_, alkyl aryl.

45. An organic light emitting diode (OLED) comprising
or including a complex as claimed in claim 39.

46. The complex according to claim 39, having the
structure of Formula (XI):

Formula (XI)

Dec. 8, 2016

wherein A', M* and M?, X' and X>, Y! and Y?, Z' and 7?;
T!, T2, m, n, R* and R! to R'* are as hereinabove
defined.

47. A complex according to claim 39, having the structure
of Formula (XII):

Formula (XII)

wherein:

M!and M?, W' and W?, X' and X?, Y and Y?, Z* and 72,
R* R! to R¥, T!, T%, m and n are as hereinabove
defined.



THMBW(EF)

RE(EFR)AGE)

HAT R E(ZFRR)AGE)

FRI& B A

EHA

H M2 TF S0k
S\EREERR

BEG®)

RHALED
US20160359124A1 NI (»&E)B
US15/239160 BiEH

MERCK PATENT GMBH

MERCK PATENT GMBH

KOZHEVNIKOV VALERY
LANOPIERRE HENRI

KOZHEVNIKOV, VALERY
LANOPIERRE-HENRI

HO1L51/00 CO7F15/00 CO9K11/06

patsnap

2016-12-08

2016-08-17

HO01L51/0085 C09K11/06 HO1L51/009 CO7F15/0033 C09K2211/185 HO1L51/5016 C09K2211/1007
C09K2211/1044 HO1L51/0087 CO7F15/0086 CO9K2211/1029 HO1L51/5012 HO5B33/14

2012014258 2012-08-09 GB
PCT/GB2013/052128 2013-08-08 WO
2013009420 2013-05-24 GB

US9911929

Espacenet USPTO

FMeRREBILNENEBERRESY  HEERAN = WE&LHs ,
HEARLERA , AR EEPHNE—MRELELS () X

(1) : EEHEAMENERARER (X))  RNEAHFIEETXIFX2
FRE—ANFYIRY2RWE— MR, X&EEYHATOLED, p!

Formula (T)

BZ
1 )
A\,
/‘\Yl
/Wl A WQ\\ 2/


https://share-analytics.zhihuiya.com/view/541aa325-7c2c-44f3-8027-26e3e2a8b955
https://worldwide.espacenet.com/patent/search/family/048986158/publication/US2016359124A1?q=US2016359124A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220160359124%22.PGNR.&OS=DN/20160359124&RS=DN/20160359124

