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ELECTROLUMINESCENT DEVICES BASED
ON PHOSPHORESCENT IRIDIUM AND
RELATED GROUP VIII METAL
MULTICYCLIC COMPOUNDS

FIELD OF THE INVENTION AND RELATED
ART

[0001] The present invention relates to novel phosphores-
cent materials, and to electroluminescent devices containing
them.

[0002] An organic electroluminescent device is generally
comprised of a pair of electrodes forming an anode and a
cathode, and one layer or multiple layers comprising a hole
transporting layer, emission layer (with an emissive material)
and electron transporting layer. Into the organic layer(s),
holes and electrons are injected from the anode and the cath-
ode, respectively, thus resulting in excitons within the emis-
sion material. When the excitons transition to the ground
state, the emissive material emits light.

[0003] According to the first study by Eastman Kodak Co.
(“Appl. Phys. Lett”, vol. 51, pp. 913 (1987), an organic elec-
troluminescent device which comprised a layer of an alu-
minium quinolinol complex (as electron transporting and
luminescent material) and a layer of a triphenylamine deriva-
tive (as ahole transporting material) resulted in luminescence
of about 1,000 cd/m? under an application of a voltage of 10
V. Examples of related U.S. patents include U.S. Pat. Nos.
4,539,507, 4,720,432 and 4,885,211.

[0004] The luminescence of such devices may fall into one
of two main categories—fluorescence and phosphorescence,
based on whether the luminescent material is a fluorescent
material or a phosphorescent material. The mechanism
through which the luminescence is obtained differs between
these categories of materials. Recently, there has been
increasing interest in the use of phosphorescent materials in
such devices since these materials tend to provide higher
quantum yield.

[0005] As an example, studies by Baldo et al. revealed a
promising (organic light emitting diode) OLED using phos-
phorescent material as dopant. The quantum yield of the
phosphorescent OLED was significantly improved (U.S. Pat.
No. 6,830,828). OLED devices comprising both small mol-
ecule and polymeric organic materials as components have
been reported.

[0006] Although in the past twenty years OLEDs have
shown significant progress in their performance, there still
remain problems that need to be solved. For example, emis-
sion material properties can be improved in terms of the
tunability of the light that the OLED can emit. Thus, there is
an ongoing interest in developing new phosphorescent mate-
rials with new or improved properties.

SUMMARY OF THE INVENTION

[0007] The presentinvention provides a new range of phos-
phorescent materials. The present invention also provides
new organic electroluminescent devices containing such
phosphorescent materials.
[0008] According to a first aspect, there is provided an
organic electroluminescent device comprising:
[0009] a pair of electrodes comprising an anode and a
cathode, and
[0010] oneor more layers of organic compound arranged
between the pair of electrodes,
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wherein the organic compound layer, or one or more of the
organic compound layers, comprises a phosphorescent mate-
rial;

wherein the phosphorescent material comprises a complex of
ametal atom M selected from Ir, Pt, Rh, Pd, Ru and Os and at
least one ligand [, wherein the ligand L is represented by
formula (1):

NA
* Q
€ B

wherein:

[0011] ring A is a S5-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
containing at least one nitrogen atom as represented in
formula (1), which is bound to the metal atom at the
asterisk (%),

[0012] ring B is a 5- or 6-membered carbocycle or het-
erocycle which is unsubstituted or substituted by one or
more substituents, containing a carbon atom as repre-
sented in formula (1) which is bound to the metal atom at
the asterisk (*),

[0013] rings A and B are joined by a direct covalent bond
as represented in formula (1),

[0014] rings A and B are joined via a tether Q, wherein

[0015] Q is a linear, branched or cyclic alkyl, aryl or
alkyl-aryl tether of between 3 and 20 carbon atoms in
length, wherein one or more of the carbon atoms in the
tether may be replaced with —O—, —S— —CO—,
—C0,—, —CH=CH—, —NH—, —CONH—,
—C=N—, —Si— and —P—, wherein the atoms
—Si— and —P— contain substituents based on their
valency, and wherein any carbon, nitrogen, silicon or
phosphorous atom of the tether may contain one or more
substituents selected from the group consisting of halo-
gen, cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, carbam-
ate, phosphine, phosphate, phosphonate, sulphide, sul-
phone, sulphoxide, alkenyl, aryl, alkyl, heteroaryl, alky-
nyl, silyl, and substituents containing a functional group
that can be polymerised or a polymer chain, or two
substituents may together form a ring or fused ring sys-
tem.

[0016] The phosphorescent material can be used as an
emission material in the organic electroluminescent device.
The phosphorescent material may form a layer of the device,
or a component of a layer of the device. For example, the
phosphorescent material may be present as a dopant within a
host material, wherein the host material may be an electron
transporting material or a hole transporting material or both.
[0017] The possible substituents in rings A and B of the
phosphorescent material used in the device may indepen-
dently be selected from the group consisting of:

[0018] halogen, cyano, amide, imine, imide, amidine,
amine, nitro, hydroxy, ether, carbonyl, carboxy, carbon-
ate, carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl, and

&y
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substituents containing a functional group that can be
polymerised or a polymer chain, and
[0019] substituted or unsubstituted alkyl, substituted or
unsubstituted aryl and substituted or unsubstituted
alkyl-aryl wherein:
[0020] one or more of the carbon atoms in the alkyl,
aryl or alkyl-aryl may be replaced with an atom or
group selected from the group consisting of: —O—,
—S—, —C0—, —CO,—, —CH=CH—,
—CONH—,—C—N—, —NH—, —Si—and —P—
(wherein the atoms —Si— and —P— contain sub-
stituents for neutrality based on their valency),
[0021] the substituents on the alkyl, aryl or alkyl-aryl
are selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl,
and substituents containing a functional group that
can be polymerised or a polymer chain, and
[0022] thealkyl, aryl or alkyl-aryl may additionally be
connected to the tether Q, or the alkyl, aryl or alkyl-
aryl may be attached via two points to its core ring (A
or B) to form a fused ring or ring system.
[0023] According to a second aspect, there is provided an
organic electroluminescent device comprising:
[0024] a pair of electrodes comprising an anode and a
cathode, and
[0025] oneor more layers of organic compound arranged
between the pair of electrodes,
wherein the organic compound layer, or one or more of the
organic compound layers, comprises a phosphorescent mate-
rial;
wherein the phosphorescent material has a formula (2):
ML, L', 2)

wherein:

M is a metal atom selected from Ir, Pt, Rh, Pd, Ru and Os,
L is a ligand represented by formula (1), as defined above,
L' is a bidentate ligand of a different identity to L,

m is an integer selected from 1, 2 and 3, and

n is an integer selected from 0, 1 and 2.

[0026] According to a third aspect, there is provided a phos-
phorescent material comprising a complex ofa metal atom M
selected from Ir, Pt, Rh, Pd, Ru and Os and at least one ligand
L, wherein the ligand L is represented by formula (1), as
defined above.

[0027] According to a fourth aspect, there is provided a
phosphorescent material of formula (2):

ML, L', @
wherein:

M is a metal atom selected from Ir, Pt, Rh, Pd, Ru and Os,
L is a ligand represented by formula (1), as defined above,
L' is a bidentate ligand of a different identity to L,

m is an integer selected from 1, 2 and 3, and

nis an integer selected from 0, 1 and 2.

[0028] According to a fifth aspect, there is provided a
method for the production of a phosphorescent material com-
prising:

[0029] reacting a precursor complex of ametal M, with a
ligand L, in a ratio suitable to result in a product con-
taining the desired number of ligands L being co-ordi-
nated to the metal M, optionally followed by:

Apr. 4,2013

[0030] reacting the product with another ligand L' in a
ratio suitable to introduce the desired number of ligands
L' into the product,
wherein:
M is a metal atom selected from Ir, Pt, Rh, Pd, Ru and Os,
L is aligand represented by formula (1), as defined above, and
L' is a bidentate ligand of a different identity to L.
[0031] According to a sixth aspect, there is provided an
organic electroluminescent device comprising the phospho-
rescent material of the third or fourth aspect.
[0032] According to a seventh aspect, there is also provided
the use of a phosphorescent material of the third or fourth
aspect in an organic electroluminescent device.
[0033] According to an eighth aspect, there is also provided
the use of a phosphorescent material of the third or fourth
aspect as an emission material in an organic electrolumines-
cent device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 11s a schematic illustration of the basic struc-
ture of an organic electroluminescent device according to a
first embodiment of the invention.

[0035] FIG. 2 1s a schematic illustration of the basic struc-
ture of an organic electroluminescent device according to a
second embodiment of the invention.

[0036] FIG. 3 is a schematic illustration of the basic struc-
ture of an organic electroluminescent device according to a
third embodiment of the invention.

[0037] FIG. 4 is a schematic illustration of the basic struc-
ture of an organic electroluminescent device according to a
fourth embodiment of the invention.

[0038] FIG. 5 shows the emission spectrum of the com-
pound exemplified below as 10 at room temperature.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0039] The phosphorescent material for use in the organic
electroluminescent device of the present application com-
prises a complex of a metal atom M selected from Ir, Pt, Rh,
Pd, Ru, and Os and at least one ligand L of formula (1).

[0040] The phosphorescent material may, in some embodi-
ments be homoleptic (i.e. containing the same ligands that fall
within the scope of the ligand L represented by formula (1)).

[0041] In alternative embodiments, the phosphorescent
material may be heteroleptic (i.e. containing different ligands
falling within the scope of the ligand L represented by for-
mula (1), or containing at least one ligand falling within the
scope of the ligand L represented by formula (1) and other
ligands (e.g. bidentate ligands L' having the formula (5), (6) or
(7) set out below)).

[0042] The term “material” in the expression “phosphores-
cent material” is used in its broadest sense to refer to any
chemical substance containing the required metal and ligand
of formula (1), and extends to compounds, complexes, poly-
mers, monomers and the like materials. It will be understood
that some forms of the phosphorescent material are polymer
forms. The reference to the material being “phosphorescent”
indicates that the material has the property of being capable of
emitting light following excitation, through transitioning of
the excitons to ground state. This is typically from a triplet
exciton state.
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[0043] The phosphorescent material may be referred to as a
phosphorescent complex, or a phosphorescent organometal-
lic complex.

[0044] According to some embodiments, the metal atom is
Ir. Such phosphorescent materials containing Ir as the metal
atom may be referred to as phosphorescent iridium com-
plexes.

[0045] In the case of phosphorescent iridium complexes,
iridium tends to form a hexa-coordinate complex with the
subject ligands. The ligand of formula (1) coordinates to the
iridium at two coordination sites. The phosphorescent mate-
rial may comprise up to 3 ligands L of formula (1), or may
comprise one or two ligands of formula (1), and one or more
additional ligands.

[0046] Inthe case where the metal atom is hexa-coordinate,
and all of the ligands of the complex are bidentate, the phos-
phorescent material may comprises 3 bidentate ligands, spe-
cifically between one and three ligands L of formula (1), and
0, 1 or 2 further ligands L.

The phosphorescent material may be of formula (2):

ML,L', 2)

wherein M and L are as defined previously, L' is a bidentate
ligand ofa different identity to L, m is an integer selected from
1, 2 and 3, and n is an integer selected from 0, 1 and 2.
[0047] Where the metal atoms are hexa-coordinate, such as
in the case of Ir, Ru, Rh or Os, m+n=3.

[0048] Details of the further ligands L' that may be present
in the phosphorescent material are set out below.

[0049] Inthe case of some of the metal atoms, such as Pt or
Pd, the phosphorescent material may comprise 1 or 2 ligands
L of formula (1), and O or 1 additional bidentate ligands. Thus,
for these metal atoms, in formula (2), m+n=2.

Ring A

[0050] Theligand L represented by formula (1) contains an
A ring which is a 5-membered aromatic or non-aromatic
heterocycle containing at least one nitrogen atom, wherein
the nitrogen atom can bind (or is bound) to the metal atom.
The other 4 atoms in the A ring may be selected from carbon
(containing H or a substituent), nitrogen (optionally contain-
ing H or a substituent), oxygen and sulphur atoms.

[0051] Examples of A rings encompassed in the present
application are as follows:

rings containing N and C, such as pyrazoles, pyrazolines,
imidazoles, imidazolines, triazoles, tetrazoles;

rings containing N, C and O, such as oxazoles oxazolines,
oxadiazoles;

rings containing N, C and S, such as thiazoles, thiazolines,
thiadiazoles;

and their fused derivatives. Some of these rings are illustrated
by, but not restricted to, the examples below:

Ry * Rig

/ \N —N / \N —N
¢ / c / Ry
(B)\ 4 Ryy B Roy
Ray
Q Q
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-continued

AN
<0
B N/ )

/
Q

[0052] According to one embodiment, the 4 atoms other
than the nitrogen atom illustrated in Formula (1) in the A ring
are carbon or nitrogen, wherein the carbon atoms contain H or
a substituent and the nitrogen atoms may contain H or a
substituent.
[0053] Possible substituents on the atoms inthe A ring (e.g.,
the substituents R, , to R, , shown in the examples of ring A
depicted above) can be selected from the group consisting of:
[0054] halogen, cyano, amide, imine, imide, amidine,
amine, nitro, hydroxy, ether, carbonyl, carboxy, carbon-
ate, carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl, and
substituents containing a functional group that can be
polymerised or a polymer chain, and
[0055] substituted or unsubstituted alkyl, substituted or
unsubstituted aryl and substituted or unsubstituted
alkyl-aryl, wherein:

[0056] one or more of the carbon atoms in the alkyl,
aryl or alkyl-aryl may be replaced with an atom or
group selected from the group consisting of: —O—,
—$—, —CO0—, —CO,—, —CH=—CH—,
—C=(C—, —NH—, —CONH—, —C=N—,
—Si— and —P— (wherein the atoms —Si— and
—P— contain substituents for neutrality based on
their valency),

[0057] the substituents on the alkyl, aryl or alkyl-aryl
are selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
and substituents containing a functional group that
can be polymerised or a polymer chain, and

[0058] the alkyl, aryl or alkyl-aryl may additionally be
connected to the tether Q, or the alkyl, aryl or alkyl-
aryl may be attached via two points to ring A to form
a fused ring or ring system.

Ring B

[0059] The ligand L represented by formula (1) contains a
B ring which is a 5-membered or 6-membered aromatic or
non-aromatic carbocycle or heterocycle containing a carbon
atom which is (or can be) bound to the metal atom (as illus-
trated in formula (1)).

[0060] Theother4or5 atoms in the B ring are selected from
carbon (containing H or a substituent), nitrogen (which may
be substituted or unsubstituted), oxygen and sulphur atoms.
As some examples, the B ring may be selected from the group
consisting of: rings containing ouly C, such as: benzene,
cyclohexene, cyclohexadiene, cyclopentene and cyclopenta-
diene; rings containing N and C, such as: pyridine,
pyridazines, pyrimidines, pyrroles, pyrazoles, dihydropy-
ridines, dihydropridazines, dihydropyrimidines, pyrroline,
pyrazolines;
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[0061] rings containing O and C, such as: pyranes, diox-
ins, furanes, dihydropyranes, dihydrofuranes;

rings containing S and C, such as: thiophenes, dihy-
drothiophenes;
rings containing N, C and O, such as: oxazines, oxazoles,
dihydrooxazines;
rings containing S, C and O, such as: oxathiazines, dihy-
drooxathiazine;
rings containing N, C and S, such as: thiazoles;
rings containing N, C, O and S, such as: oxathiazoles;
and their fused derivatives.
[0062] Some possible ring structures for ring B are illus-
trated by, but not restricted to, the examples below:
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-continued

[0063] According to one embodiment, the 4 or 5 atoms
other than the illustrated carbon atom in the B ring are each
carbon, nitrogen or sulphur.
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[0064] Possible substituents on the atoms in the Bring (e.g.,
the substituents R, ; to R shown in the examples of ring B
depicted above) can be selected from the group consisting of:

[0065] halogen, cyano, amide, imine, imide, amidine,
amine, nitro, hydroxy, ether, carbonyl, carboxy, carbon-
ate, carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl, and
substituents containing a functional group that can be
polymerised or a polymer chain, and

[0066] substituted or unsubstituted alkyl, substituted or
unsubstituted aryl and substituted or unsubstituted
alkyl-aryl, wherein:

[0067] one or more of the carbon atoms in the alkyl,
aryl or alkyl-aryl may be replaced with an atom or
group selected from the group consisting of: —O—,
—S—, —CO0—, —CO,—, —CH=CH—,
—C=C—, —NH—, —CONH—, —C=N—,
—Si— and —P— (wherein the atoms —Si— and
—P— contain substituents based on their valency),

[0068] the substituents on the alkyl, aryl or alkyl-aryl
are selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
and substituents containing a functional group that
can be polymerised or a polymer chain, and

[0069] the alkyl, arylor alkyl-aryl may additionally be
connected to the tether Q, or the alkyl, aryl or alkyl-
aryl may be attached via two points to ring B to form
a fused ring or ring system.

[0070] Rings A and B are joined by a direct covalent bond
as represented in formula (1).

[0071] Rings A and B are also joined via a tether Q.

Tether Q

[0072] Qisalinear, branched or cyclic alkyl, aryl or alkyl-
aryl tether of between 3 and 20 carbon atoms in length,
wherein:

[0073] one or more of the carbon atoms in the tether may
be replaced with —O—, —S—, —CO—, —CO,—,
—CH=CH—, —(C=C—, —NH—, —CONH—,
—C—=N—, —Si— and —P— (wherein the atoms
—Si— and —P— contain substituents based on their
valency),

[0074] any carbon, nitrogen, silicon or phosphorous
atom of the tether may contain one or more substituents
(e.g., those depicted below as R, , to Re,) selected from
the group consisting of halogen, cyano, amide, imine,
imide, amidine, amine, nitro, hydroxy, ether, carbonyl,
carboxy, carbonate, carbamate, phosphine, phosphate,
phosphonate, sulphide, sulphone, sulphoxide, alkenyl,
aryl, alkyl, heteroaryl, alkynyl, silyl, and substituents
containing a functional group that can be polymerised or
a polymer chain, or two substituents may together form
aringor fused ring system. The ring or fused ring system
may optionally be attached or fused to one or both of
rings A and B.
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-continued
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[0076] It will be noted that the tether is of at least 3 carbon
atoms in length. When combined with the atoms from the A
and B rings, this results in the formation of a minimum
7-membered ring. A tether of 4 atoms in length (being carbon,
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or substitutes for carbon) forms an 8-membered ring, and so
forth for increasing tether lengths.

Specific Embodiments of Ligand L

[0077] According to one embodiment, the ligand L is of the
formula (3):

&)

wherein Q and ring B are as defined previously, and wherein:
A' and A? are each independently selected from the group
consisting of: C, N, O and S, wherein the C or N may be
substituted or unsubstituted,

A and A* are selected from the group consisting of: C and N,
wherein the C may be substituted or unsubstituted.

[0078] According to one embodiment, the ligand L is of
formula (4):

)

wherein Q is as defined previously, and wherein:

[0079] A’ and A” are each independently selected from the
group consisting of: C, N, Oand S, wherein the C or N may be
substituted or unsubstituted,

A and A* are selected from the group consisting of: C and N,
wherein the C may be substituted or unsubstituted,

B! and B are each independently selected from the group
consisting of: C, N, O and S, wherein the C or N may be
substituted or unsubstituted,

B?, when present, is selected from the group consisting of: C,
N, O and S, wherein the C or N may be substituted or unsub-
stituted,

bisOorl,

B*is selected from the group consisting of: C and N, wherein
the C may be substituted or unsubstituted, and

[0080] B’isC.

[0081] The optional substituents on A', A%, B!, B* and B?
(when present) are as described previously for the optional
ring substituents for rings A and B.

[0082] According to some embodiments, A and A” are C or
N, wherein the C or N is unsubstituted or substituted. Accord-
ing to some embodiments, B*, B and B? (when present) are
selected from C, N or S, wherein the C or N is unsubstituted
or substituted.
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[0083] Examples of suitable ligands L include, but are not

restricted to, the following:

Rs

R{

Rs

R{
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_ -continued
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wherein:

R, R, Ry, Ry, Ry, Ry, Ry, Ry, R and R, can be indepen-
dently selected from the group consisting of:

[0084] halogen, cyano, amide, imine, imide, amidine,
amine, nitro, hydroxy, ether, carbonyl, carboxy, carbon-
ate, carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl, and
substituents containing a functional group that can be
polymerised or a polymer chain, and

[0085] substituted or unsubstituted alkyl, substituted or
unsubstituted aryl and substituted or unsubstituted
alkyl-aryl, wherein:

[0086] one or more of the carbon atoms in the alkyl,
aryl or alkyl-aryl may be replaced with an atom or
group selected from the group consisting of: O,
—8—, —CO0—, —(CO0,—, —CH=—CH—,
—C=C—, —NH—, —CONH—, —C—N—,
—Si— and —P— (wherein the atoms —Si— and
—P— contain substituents based on their valency),

[0087] the substituents on the alkyl, aryl or alkyl-aryl
are selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
and substituents containing a functional group that
can be polymerised or a polymer chain.

Further Ligands L

[0088] Ingeneral, any ligands known in the art may be used
as the further ligands that may be complexed with the metal
atom, when the number of ligands L of formula (1) are not
sufficient to fill all co-ordination sites for the metal atom.
These may be monodentate, or multidentate, such as biden-
tate, tridentate, tetradentate or so forth. Bidentate ligands are
preferred.
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[0089] According to some embodiments, the further
ligands 1 are bidentate. Some examples are those of formulae
(5), (6) and (7) set out below:

©)

NY
i 0
Ny
wherein:
[0090] ring Y is a 5-, 6- or 7-membered heterocycle

which is unsubstituted or substituted by one or more
substituents, containing at least one nitrogen atom as
represented in the formula, which can bind to the metal
atom at the asterisk (¥),

[0091] ring Y'is a 5-, 6- or 7-membered heterocycle
which is unsubstituted or substituted by one or more
substituents, and containing at least one nitrogen atom as
represented in the formula which can bind to the metal
atom at the asterisk (*), and

[0092] rings Y and Y are either joined by a direct cova-
lent bond or via a linker J as represented in formula (5),
wherein J, when present, is a B, C, O, N, P, Si or S atom
which is covalently bonded to both rings Y and Y' and
which may be substituted or unsubstituted depending on
its valency;

<9

(©)

wherein:

[0093] ringY is as defined previously,

[0094] Zis a ligand component connected via a covalent
bond to ring Y, and connected to the metal atom via X,
and

[0095] Xisan N, O, S or P atom which can bind to the

metal M at the asterisk (*), wherein the N or P atom is
unsubstituted or is substituted;

©)
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wherein:

G is a ligand component comprising one or two substituted or
unsubstituted carbon atoms, which is connected covalently to
two O-atoms, and

the O atoms can each bind to the metal M at the asterisk (*).

Y andY"

[0096] Each of Y andY", for each of formulae (5) and (6),
are independently selected from 5-, 6- or 7-membered het-
erocycles which are unsubstituted or substituted by one or
more substituents. Y and Y' contain at least one nitrogen atom
as represented in formula (5) and formula (6).

[0097] The other 4, 5 or 6 atoms in the Y and Y' rings are
selected from carbon (containing H or a substituent), nitrogen
(which may be substituted or unsubstituted), oxygen, sulphur
and silicon (which may be substituted or unsubstituted)
atoms.

[0098] As some examples, the Y and Y' rings (which con-
tain at least one nitrogen atom) may be selected from the
group consisting of:

rings containing N and C, such as: pyrazoles, pyrazolines,
imidazoles, imidazolines, triazoles, tetrazoles, pyrrolidines,
pyrrolines, pyrrols, imidazolidines, pyrazolidines, pip-
eridines, pyridines, dihydropyridines, pipirazines, dihydro-
pyrazines, pyrazines, pyridazines, dihydropyridazines, dihy-
dropyrimidines, pyrimidines, dihydrotriazines, triazines,
azepines, dihydroazepines, tetrahydroazepines, azepanes,
diazepines, dihydrodiazepines, tetrahydrodiazepanes, diaz-
epanes;

rings containing N, C and O, such as: oxazoles oxazolines,
oxadiazoles, dioxazoles, oxatriazoles, morpholines,
oxazines, dihydrooxazines, oxadiazines, dihydrooxadiaz-
ines;

rings containing N, C and S, such as: thiazoles, thiazolines,
thiadiazoles, thiomorpholines, thiazines, dihydrothiazines;
rings containing N, C, O and S, such as: oxathiazoles;

and their fused derivatives;

and sila-containing variants of the above rings.

[0099] The possible substituents on the atoms in the Y and
Y' rings can be independently selected from the group con-
sisting of:

[0100] halogen, cyano, amide, imine, imide, amidine,
amine, nitro, hydroxy, ether, carbonyl, carboxy, carbon-
ate, carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl, and
substituents containing a functional group that can be
polymerised or a polymer chain, and

[0101] substituted or unsubstituted alkyl, substituted or
unsubstituted aryl and substituted or unsubstituted
alkyl-aryl, wherein:

[0102] one or more of the carbon atoms in the alkyl,
aryl or alkyl-aryl may be replaced with an atom or
group selected from the group consisting of: O,
—S—, —C0—, —CO,—, —CH=CH—,
—C=C—, —NH—, CONH, —C—N—, —Si—
and —P— (wherein the atoms —Si— and —P—
contain substituents based on their valency),

[0103] the substituents on the alkyl, aryl or alkyl-aryl
are selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
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and substituents containing a functional group that
can be polymerised or a polymer chain, and

[0104] thealkyl, arylor alkyl-aryl may additionally be
connected to another ring of the ligand, or the alkyl,
aryl oralkyl-aryl may be attached via two points to the
subject ring to form a fused ring or ring system.

Ligand Component J

[0105] J, when present, is chosen from B, C, O, N, P, Si, S,
which may be substituted or unsubstituted depending on its
valency. Such substituents may independently be chosen
from:

[0106] a linear, branched or cyclic alkyl, aryl or alkyl-
aryl group of between 1 and 20 carbon atoms in length,
wherein one or more of the carbon atoms in the linear,
branched or cyclic alkyl, aryl or alkyl-aryl group may be
replaced with O, —S— —CO—, —CO,—,
—CH=—CH—, —(C=(C—, —NH—, —CONH—,
—C—N—, and wherein any carbon or nitrogen atom of
the linear, branched or cyclic alkyl, aryl or alkyl-aryl
group may contain one or more substituents selected
from the group consisting of halogen, cyano, amide,
imine, imide, amidine, amine, nitro, hydroxy, ether, car-
bonyl, carboxy, carbonate, carbamate, phosphine, phos-
phate, phosphonate, sulphide, sulphone, sulphoxide,
alkenyl, aryl, alkyl, heteroaryl, alkynyl, silyl, and sub-
stituents containing a functional group that can be poly-
merised or a polymer chain, or two substituents may
together form a ring or fused ring system; or

[0107] 5-, 6- and 7-membered carbocycles or hetero-
cycles, which may themselves be unsubstituted or sub-
stituted.

[0108] Examples of 5-6- and 7-membered carbocycles or
heterocycles include: rings containing C, such as: benzenes;
rings containing N and C, such as: pyrrolidines, pyrrolines,
pyrrols, imidazolidines, imidazolines, imidazoles, pyrazo-
lidines, pyrazolines, pyrazoles, triazoles, tetrazoles, pip-
eridines, pyridines, dihydropyridines, pipirazines, dihydro-
pyrazines, pyrazines, pyridazines, dihydropyridazines,
dihydropyrimidines, pyrimidines, dihydrotriazines, triazines,
azepines, dihydroazepines, tetrahydroazepines, azepanes,
diazepines, dihydrodiazepines, tetrahydrodiazepanes, diaz-
epanes;

rings containing N, C and O, such as: oxazolines, oxazoles,
oxadiazoles, dioxazoles, oxatriazoles, morpholines,
oxazines, dihydrooxazines, oxadiazines, dihydrooxadiaz-
ines; rings containing N, C and S, such as: thiazolines, thia-
zoles, thiadiazoles; rings containing N, C, O and S, such as:
oxathiazoles, thiomorpholines, thiazines, dihydrothiazines;
and

sila-containing variants of the above rings

Ligand Component 7.

[0109] Z is a ligand component connected via a covalent
bond to ring Y, and connected to the metal atom via X.
[0110] In the context of ligand component Z, the term
“ligand component” refers to any group or moiety that may be
located between ring Y and the atom X through which the
ligand is attached to the metal atom. As an example, the ligand
component may be selected from:

a linear, branched or cyclic alkyl, aryl or alkyl-aryl group of
between 1 and 20 carbon atoms in length, wherein: one or
more of the carbon atoms in the ligand component may by
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replaced with —O—, —S— —CO—, —CO,—,
—CH=—CH—, —(=C—  —NH—, —CONH—,
—C—=N—, —Si— and —B— (wherein the —Si— and
—B— contain substituents based on their valency.), and
wherein any carbon, nitrogen, silicon or boron atom of the
ligand component may contain one or more substituents
selected from the group consisting of halogen, cyano, amide,
imine, imide, amidine, amine, nitro, hydroxy, ether, carbonyl,
carboxy, carbonate, carbamate, phosphine, phosphate, phos-
phonate, sulphide, sulphone, sulphoxide, alkenyl, aryl, alkyl,
heteroaryl, alkynyl, silyl, and substituents containing a func-
tional group that can be polymerised or a polymer chain, or
two substituents may together form a ring or fused ring sys-
tem; or

5-6- and 7-membered carbocycles or heterocycles, which
may be unsubstituted or substituted.

[0111] Examples of 5-6- and 7-membered carbocycles or
heterocycles include:

rings containing C, such as: benzenes;

rings containing N and C, such as: pyrrolidines, pyrrolines,
pyrrols, imidazolidines, imidazolines, imidazoles, pyrazo-
lidines, pyrazolines, pyrazoles, triazoles, tetrazoles, pip-
eridines, pyridines, dihydropyridines, pipirazines, dihydro-
pyrazines, pyrazines, pyridazines, dihydropyridazines,
dihydropyrimidines, pyrimidines, dihydrotriazines, triazines,
azepines, dihydroazepines, tetrahydroazepines, azepanes,
diazepines, dihydrodiazepines, tetrahydrodiazepanes, diaz-
epanes;

rings containing N, C and O, such as: oxazolines, oxazoles,
oxadiazoles, dioxazoles, oxatriazoles, morpholines,
oxazines, dihydrooxazines, oxadiazines, dihydrooxadiaz-
ines; rings containing N, C and S, such as: thiazolines, thia-
zoles, thiadiazoles; rings containing N, C, O and S, such as:
oxathiazoles, thiomorpholines, thiazines, dihydrothiazines;
and

sila-containing variants of the above rings

Ligand Component X

[0112] X is selected from: N, O, S or P atoms. X forms a
monovalent bond with the metal M at the asterisk (*).

[0113] When atom X is N or P, the N and P atoms may
contain one or more substituents selected from the group
consisting of: alkyl, aryl, alkyl-aryl (wherein one or more of
the carbon atoms in the alkyl, aryl, alkyl-aryl may be replaced
with N, O, S, P or Si, said replacement atoms containing H or
another substituent as required given the valency of the atom),
halogen, cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, carbamate,
phosphine, phosphate, phosphonate, sulphide, sulphone, sul-
phoxide, alkenyl, alkynyl or silyl.

Ligand Component G

[0114] G is a ligand component comprising one or two
substituted or unsubstituted carbon atoms and may addition-
ally form part of a fused ring system. Suitable substituents
include: alkyl, aryl, alkenyl, heteroaryl, halogen, cyano,
amide, imine, imide, amidine, amine, nitro, hydroxy, ether,
carbonyl, carboxy, carbonate, carbamate, phosphine, phos-
phate, phosphonate, sulphide, sulphone, sulphoxide, alkynyl,
silyl and substituents containing a functional group that can
be polymerised or a polymer chain. Optionally, two substitu-

12
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ents may together form a ring or fused ring system. G is
covalently connected to two O atoms via a single or double
bond.

[0115] Examples of ligands L' of formula (5), (6) and (7)

include the following:
N
O~
— g/ N

Q)
tBu

N

/) \_/ | .

_

O OG
K >

©)

OH
o Q)
0]
OH / i
Complexes:
[0116] As described above, the phosphorescent material

may be of formula (2):
ML,L, @

wherein M and L are as defined previously, L' is a bidentate
ligand ofa different identity to L, m is an integer selected from
1, 2 and 3, and n is an integer selected from 0, 1 and 2.
According to one embodiment, m+n=3.

[0117] Combining various embodiments described above,
the phosphorescent material of one embodiment of the inven-
tion is of formula (2):

ML, L, @
wherein:
[0118] M is selected from Ir, Pt, Rh, Pd, Ru and Os,

[0119]

NA
R Q
C B

L is a ligand of formula (1):

@
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wherein:

[0120] ring A is a S-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
containing at least one nitrogen atom as represented in
formula (1), which is bound to the metal atom at the
asterisk (*),

[0121] ring B is a 5- or 6-membered carbocycle or het-
erocycle which is unsubstituted or substituted by one or
more substituents, containing a carbon atom as repre-
sented in formula (1) which is bound to the metal atom at
the asterisk (¥),

[0122] rings A and B are joined by a direct covalent bond
as represented in formula (1),

[0123] rings A and B are joined via a tether Q, wherein

[0124] Q is a linear, branched or cyclic alkyl, aryl or
alkyl-aryl tether of between 3 and 20 carbon atoms in
length, wherein one or more of the carbon atoms in the
tether may be replaced with —O— —S— —CO—,
—C0,—, —CH=CH—, —(C=C—, —NH—,
—CONH—, —C=N—, —Si— and —P—, wherein
the atoms —Si— and —P— contain substituents based
on their valency, and wherein any carbon, nitrogen, sili-
con or phosphorous atom of the tether may contain one
or more substituents selected from the group consisting
ofhalogen, cyano, amide, imine, imide, amidine, amine,
nitro, hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sulphide,
sulphone, sulphoxide, alkenyl, aryl, alkyl, heteroaryl,
alkynyl, silyl, and substituents containing a functional
group that can be polymerised or a polymer chain, or two
substituents may together form a ring or fused ring sys-
term, wherein the ring or fused ring system may option-
ally be attached or fused to one or both of rings A and B,
[0125] m is an integer selected from 1, 2 and 3,
[0126] L'isabidentate ligand selected from ligands of

formula (5), formula (6) and formula (7):

®

wherein:

[0127] ring Y is a 5-, 6- or 7-membered heterocycle
which is unsubstituted or substituted by one or more
substituents, containing at least one nitrogen atom as
represented in the formula, which is bound to the metal
atom at the asterisk (*),

[0128] ring Y' is a 5-, 6- or 7-membered heterocycle
which is unsubstituted or substituted by one or more
substituents, and containing at least one nitrogen atom as
represented in the formula which is bound to the metal
atom at the asterisk (*), and

[0129] rings Y and Y" are either joined by a direct cova-
lent bond or via a linker J as represented in formula (5),
wherein J, when present, is a B, C, O, N, P, Si or S atom
which is covalently bonded to both rings Y and Y' and
which may be substituted or unsubstituted depending on
its valency;

13
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X—Z
wherein:

[0130] ringY is as defined previously,

[0131] Zisa ligand component connected via a covalent
bond to ring Y, and connected to the metal atom via X,
and

[0132] XisanN, O, S or P atom bound to the metal M at
the asterisk (*), wherein the N or P atom is unsubstituted
or is substituted;

™
O
Y4
O/
wherein

G is a ligand component comprising one or two substituted or

unsubstituted carbon atoms, which is connected covalently to

two O-atoms; and

the O-atoms are each bound to the metal at the asterisk (¥),
[0133] nis an integer selected from 0, 1 and 2, and
[0134] m+n=2 or 3.

Preparation of the Phosphorescent Materials

[0135] The phosphorescent materials of the present inven-
tion can be prepared by using synthetic procedures such as
those described for example in:

[0136] Nonoyama, M., Bull. Chem. Soc. Jpn., 1974, 47,
767
[0137] Sergey Lamansky, Peter Djurovich, Drew Murphy,

Feras Abdel-Razzaq, Raymond Kwong, Irina Tsyba, Man-
fred Bortz, Becky Mui, Robert Bau, and Mark E. Thomp-
son /norg. Chem. 2001, 40, 1704-1711

[0138] Sergey Lamansky, Peter Djurovich, Drew Murphy,
Feras Abdel-Razzaq, Hae-Eun Lee, Chihaya Adachi, Paul
E. Burrows, Stephen R. Forrest and Mark E. Thompson J.
Am. Chem. Soc. 2001, 123, 4304-4312

[0139] The phosphorescent materials can be simply pre-
pared by:
[0140] reacting a precursor complex ofthe metal M, with

the ligand L, in a ratio suitable to result in a product
containing the desired number of ligands 1. being co-
ordinated to the metal M, optionally followed by:
[0141] reacting the product with another ligand L' in a
ratio suitable to introduce the desired number of ligands
L' into the product.
[0142] An example of this technique will be described
below using Ir as a representative metal. However, it will be
appreciated that corresponding phosphorescent materials
containing the other metals can be prepared by corresponding
techniques.
[0143] In one example, a precursor complex of Ir (as the
metal), the precursor complex comprising substitutable
ligands (in this case, 3 CH;COCHCOCH, ligands) is reacted
with 3 molar equivalents of ligand L to produce Ir(L),.
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L
— Il3

Ir(CH;COCHCOCH;);

[0144] In another example, a precursor complex of Ir com-
prising substitutable ligands (in this case, the complex is
1rCl;.3H,0, and the ligands are —Cl and H,O) is reacted with
2 molar equivalents of ligand L to produce [Ir[.,Cl] 5, and this
product is reacted with another molar equivalent of ligand L
to produce IrL;.

2L L
[1Cl3*3H0 —— = [[L,Cl]; —— Tl

[0145] In another example, a precursor complex of Ir com-
prising substitutable ligands (in this case, the complex is
IrCl;.3H,0, and the ligands are —C,; and H,0) is reacted
with 2 molar equivalents of ligand L to produce [1r(L),Cl],,
and this product is reacted with one molar equivalent of ligand
L' to produce IrL,L".

'

2L L
[CLe3H,0 ——» [IL,ClJ, ——» IL,L'

[0146] In another example, a precursor complex of Irin the
+1 oxidation state with substitutable ligands (e.g. alkene
ligands in a m* hapticity, in this case 1,5-cyclooctadiene) is
reacted with 3 molar equivalents of ligand L to produce IrL,
directly.

3xL
[Ir(COD);|BFy —» IiL3

DEFINITIONS OF CHEMICAL TERMS

[0147] The term “heterocycle”, “heterocyclic” or “hetero-
cyclic group” is well understood in the art of chemistry, and is
used to refer to any cyclic groups having between one and five
rings, and between 3 to 50 (preferably 5 to 20) ring atoms, of
which at least one atom is a heteroatom. In certain embodi-
ments, the heterocyclic group is specifically a 5-membered,
6-membered or 7-membered heterocyclic group (a single-
ring heterocyclic group), however the optional substituents
for these groups may form a second ring that is fused to the
main heterocyclic ring. The heteroatoms may be selected
from one or more of O, N, S, Si and P. One subclass of
heterocyclic groups are the heteroaromatic (or heteroaryl)
groups, which are aromatic groups containing one or more
heteroatoms selected from one or more of O, N and S. Such
heteroaromatic groups also fall within the definition of aryl
group. Some specific examples for heterocyclic groups which
may constitute certain moieties in the phosphorescent mate-
rial are outlined above. Other examples of “heterocyclic
groups”, “heteroaromatic groups”, or “heteroaryl groups”
include moieties of imidazole, benzimidazole, pyrrole, furan,
thiophene, benzothiophene, oxadiazoline, indoline, carba-
zole, pyridine, quinoline, isoquinoline, benzoquinone, pyra-
zoline, imidazolidine, piperidine, etc.

[0148] The term “cyclic” is used in its broadest sense to
refer to cyclic groups and linked or fused ring systems having
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between 3 and 50 ring atoms, which may be carbocyclic
(containing carbon ring-atoms only) or heterocyclic (contain-
ing carbon atoms and at least one heteroatom), and may be
saturated or unsaturated. The number of rings is suitably
between 1 and 3, preferably 1 or 2. In the case of 5-, 6- and
7-membered cyclic groups, these are single rings containing
5, 6 or 7 ring atoms. In some embodiments, the cyclic group
is a carbocycle, that is, a ring containing carbon atoms as the
ring atoms. In other instances where the number of ring atoms
is not identified, the cyclic group may contain a single ring of
any suitable number of ring atoms, or up to 5 linked or fused
rings each containing any suitable number of ring atoms.
[0149] The term “alkyl” refers to linear or branched alkyl
groups or cyclic alkyl groups, comprising between 1 and 20
carbon atoms. These are derived from alkanes. Examples of
linear alkyl groups include methyl, propyl or decyl, and
examples of branched alkyl groups include iso-butyl, tert-
butyl or 3-methyl-hexyl. Examples of cyclic alkyl groups
include cyclohexyl and fused alkyl cyclic ring systems.
[0150] The term “aryl” or “aryl group” is well understood
in the art of chemistry, and is used to refer to any aromatic
substituent. The aromatic substituent preferably contains
from 1 aromatic ring, up to 4 fused aromatic rings, and
between 5 and 50 ring atoms. Aromatic groups are cyclically
conjugated molecular entities, containing 4n+2 delocalised ©t
electrons, where n=0 or a positive integer (Hiickel 4n+2-rule).
Any aromatic groups conforming to this rule are within the
definition of aryl. The aryl group may be carbocyclic (i.e.
contain carbon and hydrogen only) or may be heteroaromatic
(i.e. contain carbon, hydrogen, and at least one heteroatom).
The aryl group may be monocyclic such as a phenyl, or a
polycyclic aryl group such as naphthyl or anthryl. Examples
of aryl groups include a phenyl group, biphenyl group, ter-
phenyl group, naphthyl group, anthryl group, pyrenyl group,
etc. The term “aryl” is also used to describe an aromatic ring
with any degree of substitution.

[0151] The term “alkyl-aryl” refers to a group contairing
an alkyl group connected to an aryl group.

[0152] The term “tether” refers to a chain that joins two
groups together, such as the two rings A and B.

[0153] The term “halogen” or halo refers to fluorine, chlo-
rine, bromine and iodine.

[0154] Theterm amide refers to substituents containing the
group —C(O)NRR', wherein R and R' are selected from H,
alkyl, aryl or alkyl-aryl groups, which have been defined
previously. The term “imide” refers to substituents containing
the group —C(O)NRC(O)R', wherein R and R' are selected
from H, alkyl, aryl or alkyl-aryl groups. The term “imine”
refers to substituents containing the group —C(=NR)R',
wherein R and R' are selected from H, alkyl, aryl or alkyl-aryl
groups. The term “amidine” refers to substituents containing
the group —C(—=NR)NR'R", wherein R, R' and R" are
selected from H, alkyl, aryl or alkyl-aryl groups.

[0155] Theterm “amine” refers to the amino group —NH,,
and also to secondary and tertiary alkylamino, arylamino and
alkylarylamino groups. Examples of an “arylamino group”
include a diphenylamino group, ditolylamino group, isopro-
pyldiphenylamino group, t-butyldiphenylamino group, diiso-
propyldiphenylamino group, di-t-butyldiphenylamino group,
dinaphthylamino group, naphthylphenylamino group, etc.
Examples of an “alkylamino group” include dimethylamino
group, diethylamino group, dihexylamino group, etc.

[0156] “Nitro” refers to —NO,. “Cyano” refers to
—C=N. “Hydroxy” refers to —OH.
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[0157] “Ether” refers to groups containing an ether group
R—O—R', wherein R and R" are selected from H, alkyl, aryl
or alkyl-aryl groups, which have been defined previously.
[0158] “Carbonyl” refers to substituents containing a car-
bonyl group —C—0. Such groups include ketones (—COR),
aldehydes (—CHO), carboxylic acids (—CO,H), enones
(—C—0—CR—CR'R"), esters (—CO,R), acyl halides
(—COhalogen), acid anhydrides (—C(=0)—0—C
(=0)—R") and carbonates R—O—C(—0)—O—R' as
examples, where each of R, R'and R" is an alkyl or arvl group.
“Carboxyl” refers to substituents containing a carboxylate
group (RCO,7), where R is alkyl or aryl, as examples. “Car-
bamate” refers to substituents containing a carbamate group
—O—C(=0)—NRR!, where R and R are typically alkyl or
aryl, or may together form a ring.

[0159] “Phosphine” refers to —PR,, wherein R is selected
from H, alkyl, aryl or alkyl-aryl. “Phosphate” refers to sub-
stituents containing the PO, group, with any suitable end
groups such as H, aryl and/or alkyl. Examples include —OP
(=0)—(OR),, where each R is independently H, alkyl, aryl,
etc. “Phosphonate” refers to a moiety derived from the
removal of an atom from a phosphonate of the formula O—P
(OR),R".

[0160] “Sulphide” refers to —SR where R is H, alkyl or
aryl, as an example. “Sulphone” refers to groups containing
the unit —S(=—0),—, such as —S(=—0),—R where R is
alkyl or aryl, as examples. “Sulphoxide” refers to groups
containing the unit—S(—0)—, such as —S(—0)—R where
R is alkyl or aryl, as examples.

[0161] “Alkenyl” refers to hydrocarbon chains of between
2 and 20 carbon atoms in length containing at least one
—C—C— group. Examples include vinyl, allyl (including
substituted variants thereof) and all isomers of propenyl,
butenyl, heptenyl, hexenyl, etc. “Alkyny!” refers to hydrocar-
bon chains of between 2 and 20 carbon atoms in length
containing at least one —C=C— group. Examples include
propynyl, butynyl, heptynyl, hexynyl, etc.

[0162] “Silyl” refers to a moiety of the formula —SiR,
(wherein R is any substituent, such as H, alkyl, aryl, etc), and
silyl ethers —SiR',OR" where R' and R" are any suitable
substituents such as alkyl, aryl, and alkyl-aryl, etc. Further
examples include a trimethylsilyl group, triethylsilyl group,
t-butyldimethylsilyl group, vinyldimethylsilyl group, propy-
Idimethylsilyl group, methyldiphenylsilyl group, dimeth-
ylphenylsilyl group, triphenylsilyl group, etc.

[0163] According to some embodiments, the ligand may
contain a substituent which contains a functional group that
can be polymerised or a polymer chain. The functional group
or polymer chain may be attached via any suitable divalent
linking group, which may be referred to as —R,;,..,-
Examples of divalent linking groups include —O—,
—NH—, —Nalkyl-, —Narvl-, -alkyl- (such as —(CH,),—),
—CO,—, —CO—, -aryl-, -heteroaryl-, and combinations
thereof. Combinations include, as examples, —O-aryl-,
—NH-aryl-, —Nalkyl-aryl-, —(CH,)_ -aryl-.

[0164] Functional groups that can be polymerised include
—Ryer- 'CR,—CHR,, where R,,,,...is as defined above, R;
is hydrogen, alkyl, aryl or heteroaryl, and R, is hydrogen, a
halogen atom, nitro group, acetyl group, acrylate group,
amide group, cyano group, carboxylate group, sulphonate
group, an aryl, an alkyl or a heterocyclic group. Each of these
substituents may be further substituted by one or more further
substituents selected from the range of possible substituents
for A rings identified previously. The point of attachment of
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the monomer segment is via the carbon atom marked ‘C. The
monomer may be polymerised subsequently to form a poly-
meric version of the phosphorescent material. Other
examples of functional groups that can be polymerised
include amino acids, lactams, hydroxy acids, lactones, aryl
halides, boronic acids, alkynes, epoxides and phosphodi-
esters.

[0165] When a pair of substituents together form a ring or
fused ring system, the ring may be a single ring of between 5
and 20 atoms in size, in which the ring is carbocyclic or
heterocyclic (i.e. the atoms are selected from carbon and
heteroatoms), or a fused ring system of between 5 and 50
atoms in size, and containing from 2 to 4 rings. The fused ring
system may also be fused to other rings of the subject com-
pound—such as the A or B ring in the case of ligands L of
formula (1). Examples of suitable rings and fused rings
include those described above in the context of cyclic.

Properties of the Phosphorescent Material

[0166] Through selection of the appropriate combination
of ring atoms for rings A and B, as well as substituents on
these rings, the ancillary ligand(s) L', and the length and
identity of the tether Q, it is possible to control the colour of
the phosphorescent light emission from the material. Thus,
the phosphorescent materials of the present invention can be
used to fabricate organic electroluminescent devices which
can be tuned to produce an emission colour from 400-800 nm.

Organic Electroluminescent Devices

[0167] The invention provides an organic electrolumines-
cent device comprising:
[0168] a pair of electrodes comprising an anode and a
cathode, and
[0169] oneormorelayers oforganic compound arranged
between the pair of electrodes,
[0170] wherein the organic compoundlayer, or one or more
of the organic compound layers, comprises a phosphorescent
material as described above.
[0171] Theorganic electroluminescent device according to
the present invention is composed of organic compounds
layer(s) aligned between an anode and a cathode.
[0172] The organic layer(s) may be constituted by:
[0173] asingle layer doped with a phosphorescent mate-
rial of the present application, or
[0174] multiplelayers of which at least one layer may be
doped with a phosphorescent material of the present
application, or
[0175] multiplelayers of which at least one layer may be
comprised entirely of a phosphorescent material of the
present application.
[0176] In the organic electroluminescence device of the
present application, the organic compound layer comprising
the above-mentioned phosphorescent material of the present
application may be formed separately, or together, with the
other layers (if any other layers are present) between the pair
of electrodes (cathode and anode). Suitable formation tech-
niques include vacuum deposition or solution process.
[0177] The thickness of the organic compound layer may
be preferably less than at most 10 pm, more preferably less
than 0.5 pum, even more preferably 0.001-0.5 pum.
[0178] Specific embodiments of the invention will now be
described in further detail with reference to the accompany-
ing figures, which illustrate a range of possible arrangements
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for the device of the present invention. It will be understood
that these embodiments are provided by way of example only,
and are not intended to limit the scope of the invention.

[0179] The organic electroluminescent device of embodi-
ments of the present application may have a single layer
structure comprised only of the compound as defined by
formula (1) as shown in FIG. 1 or be a multiple layered
structure of two or more layers as shown in FIGS. 2, 3 and 4.

[0180] More specifically, FIG. 1 is a schematic cross sec-
tion of a first embodiment of the organic electroluminescent
device of the present invention. In FIG. 1, the organic elec-
troluminescent device includes a substrate 1, an anode 2
(deposited on the substrate 1), an emission layer 3 (deposited
on the anode 2) and a cathode 4 (deposited on the emission
layer 3). In this embodiment, the emission layer 3 forms a
single organic compound type-layer. This single layer may be
composed entirely of a compound having hole transporting
ability, electron transporting ability and luminescence ability
(associated with the re-combination of electrons and holes)
based on its own propetties, or through combination of the
properties of that material with a host or dopant. According to
some embodiments, the phosphorescent material of the
present application can serve as a dopant. According to other
embodiments, the phosphorescent material of the present
application can function as a hole or electron transporting
layer.

[0181] InFIG. 1, the emission layer 3 may preferably have
a thickness of 5 nm to 1 pm, more preferably 5 to 50 nm.

[0182] FIG. 2 shows another embodiment of the organic
electroluminescent device ofthe present invention in the form
of a multiple layer-type device including a hole transporting
layer 5 and an electron transporting layer 6.

[0183] Referring to FIG. 2, the organic electroluminescent
device includes a substrate 1 and an anode 2 (deposited on the
substrate 1). The hole transporting layer 5 is deposited on the
anode 2. The electron transporting layer 6 is deposited on the
hole transporting layer 5, and a cathode 4 is deposited on the
electron transporting layer 6. In this embodiment, the hole
transporting layer 5 and the electron transporting layer 6 may
contain the phosphorescent material of the present applica-
tion as a dopant(s) for forming a emission layer 3.

[0184] Inthe embodiment of FIG. 2, each of the hole trans-
porting layer 5 and the electron transporting layer 6 may have
the thickness of 5 nm to 1 um, more preferably 5 nm to 50nm

[0185] FIG. 3 shows another embodiment of the organic
electroluminescent device of the present invention in the form
of amultiple layer-type device comprising a hole transporting
layer 5, an emission layer 3 and an electron transporting layer
6. In FIG. 3, the organic electroluminescent device includes a
substrate 1, an anode 2 (deposited on the substrate 1), a hole
transporting layer 5 (deposited on the anode 2), an emission
layer 3 (deposited on the hole transporting layer 5), an elec-
tron transporting layer 6 (deposited on the emission layer 3)
and a cathode 4 (deposited on the electron transporting layer
6). In this embodiment, each of the hole transporting layer 5,
the emission layer 3 and the electron transporting layer 6 may
be formed by use of a hole transporting compound, an emis-
sive compound and an electron transporting compound,
respectively or as a mixture of these kinds of compounds. The
phosphorescent material of the present application can form
the emission layer 3, or be a component (such as a dopant) of
the hole transporting layer 5, or be a component (such as a
dopant) of the electron transporting layer 6.
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[0186] FIG. 4 shows another embodiment of the organic
electroluminescent device of the present invention with mul-
tiple layers comprising a hole injection layer 7, a hole trans-
porting layer 5, an emission layer 3 and an electron transport-
ing layer 6. In FIG. 4, the organic electroluminescent device
includes a substrate 1, an anode 2 (deposited on the substrate
1), a hole injection layer 7 (deposited on the anode 2), a hole
transporting layer 5 (deposited on the hole injection layer 7),
an emission layer 3 (deposited on the hole transporting layer
5), an electron transporting layer 6 (deposited on the emission
layer 3) and a cathode 4 (deposited on the electron transport-
ing layer 6). In this embodiment, each of the hole injection
layer 7, the hole transporting layer 5, the emission layer 3 and
the electron transporting layer 6 may be formed by use of a
hole injection compound, a hole transporting compound, an
emissive compound and an electron transporting compound,
respectively, or as amixture ofthese kinds of compounds. The
phosphorescent material of the present application can form
the emission layer, or be acomponent (suchas a dopant) in the
hole transporting layer 5 or the electron transporting layer 6.

[0187] InFIGS.1,2,3 and 4, each layer may be formed by

either vacuum deposition or wet process using low molecular

weight or polymer compounds or a mixture of low molecular
weight and polymer compounds. Each thickness of the layer

3, 5 and 6 may preferably range from 1 nm to 1 um. Each of

the thickness of the cathode and the anode may be preferably

100-200 nm

[0188] The organic layer structures in the devices shown in

FIGS. 1, 2, 3 and 4 represent the basic structure, respectively,

so that the structure may be appropriately optimized depend-

ing on characteristics demanded. Examples of suitable modi-
fications include the incorporation of one or more additional
layers.

[0189] For example, the hole transporting layer may be

altered to comprise a hole injection layer (deposited on the

anode) and hole transporting layer (deposited on the hole
injection layer).

[0190] More specific embodiments of the device structure

other than those of FIGS. 1, 2, 3 and 4 are shown below, but

not restricted to these device structures.

[0191] (1) Anode/hole transporting layer/emission layer/
electron transporting layer/electron injection layer/cath-
ode

[0192] (2) Anode/hole injection layer/emission layer/elec-
tron transporting layer/electron injection layer/cathode

[0193] (3) Anode/charge blocking layer/hole transporting
layer/emission layer/electron transporting layer/cathode

[0194] (4) Anode/hole transporting layer/emission layer/
electron transporting layer/charge blocking layer/cathode

[0195] (5) Anode/inorganic semiconductor/charge block-
ing layer/hole transporting layer/emission layer/charge
blocking layer/cathode

[0196] (6) Anode/charge blocking layer/hole transporting
layer/emission layer/electron transporting layer/charge
blocking layer/cathode

[0197] (7) Anode/charge blocking layer/hole injection
layer/hole transporting layer/emission layer/electron
transporting layer/electron injection layer/cathode

[0198] (8) Anode/charge blocking layer/hole injection
layer/hole transporting layer/emission layer/electron
transporting layer/electron injection layer/charge blocking
layer/cathode

[0199] In the embodiments described above, more prefer-

able device structures are (1), (2), (3), (7) and (8), although
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this is not a restriction. According to some embodiments, the _continued
phosphorescent material of the present application may be
formed as an emission layer, or as a dopant in a hole transport

layer or an electron transport layer. According to some
embodiments, there is provided the use of the phosphorescent
material of the present application as an emission material in
an organic electroluminescence device, or as a dopant in a _
hole transport layer, or as a dopant in an electron transporting N N
layer. / :
[0200] Insome embodiments, the phosphorescent material N—C:u N
of the present application may be used in combination with :
one or more of a hole injection material, a hole transporting \ N N
compound (or material), an electron transporting compound N =
and/or an additional emission compound, examples of which
may include the following:
[0201] Exemplary hole transporting materials/compounds
include:
CH;
= |
X Sy CH;
N N
C} - |
CL, AN
H;C N
3 X7 /©
N
Y

NP SSNE
ool 5

CH; CH;
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-continued
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CH,
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-continued
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[0202] Exemplary electron transporting materials/com-
pounds include:

(0]
/ Be
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-continued
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N

e

[0203] As a material for the anode (e.g. 2 in the Figures), it
is preferred to use one having a large work function, examples
of which may include metals, such as gold, platinum, nickel,
palladium, cobalt, selenium, vanadium and their alloys; metal
oxides, such as tin oxide, zinc oxide, indium zinc oxide (IZO)
and indium tin oxide (ITO) and electroconductive polymers,
such as PEDOT:PSS, polyaniline, polypyrrole and poly-
thiophene and derivatives thereof. These compounds may be
used singly or in combination of two or more species.

[0204] As a material for the cathode (e.g. 4 in the Figures),
it is preferred to use one having a smaller work function,
usually under 4.0 eV, examples of which may include; metals
such as sodium, magnesium, calcium, lithium, potassium,
aluminium, indium, silver, lead, chromium and their alloys,
or oxides.

[0205] The charge blocking layer may be deposited adja-
cent to either electrode to avoid current leakage as mentioned
in embodiments (3) to (8). As the charge blocking material, it
is preferred to use an inorganic compound, examples of which
may include aluminium oxide, lithium fluoride, lithium
oxide, caesium oxide, magnesium oxide, magnesium fluo-
ride, calcium oxide, calcium fluoride, aluminium nitride, tita-
nium oxide, silicon oxide, silicon nitride, boron nitride, vana-
dium oxide.

[0206] The substrate (e.g., 1 shown in the Figures) for the
organic electroluminescence device of the present invention
may include an opaque substrate made from any suitable
material, such as metal or ceramics, or a transparent substrate
made from any suitable transparent material such as glass,
quartz, plastics, etc.

[0207] The devices of the present application can be pro-
vided in the form of a stacked organic electroluminescent
(EL) device. The present application also extends to elec-
tronic devices comprising the organic electroluminescent
device of the present invention, including displays and light
sources.

EXAMPLES

[0208] The present invention will be described below in
detail with preparation examples and the device examples,
but the present invention is not intended to be restricted to
these examples.
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Example 1
[0209]
(0]
i. NaH, HCO,Et
Toluene
_—
ii. NoHy, FtOH
H
A /
N N
|/ N
Mel, K,CO3 \ /
DMF

[0210] To asuspension of NaH (80%, 1.9 g, 62.8 mmol) in
toluene (100 ml) was added a solution of 6,7,8,9-tetrahydro-
5H-benzo[7]annulen-5-one (5 g, 31.2 mmol) and ethyl for-
mate (5 mL, 61.4 mmol) in toluene (50 mL) dropwise at 0° C.
Upon complete addition, methanol (0.01 mL) was added and
the reaction was warmed to room temperature. After 2 h the
reaction was quenched by the addition of aqueous NH,C1(20
ml) and extracted into EtOAc (100 mL), dried over MgSO,,
and the solvent was evaporated. The crude product was dis-
solved in EtOH (50 mL) and hydrazine hydrate (2.3 mL, 36.8
mmol) was added. The reaction mixture was heated at an oil
bath temperature of 95° C. After 1.5 hours the reaction was
worked up. The solution was cooled to room temperature and
solvent was evaporated under reduced pressure. Precipitation
from heptane gave the crude N—H pyrazole which was used
without further purification. '"H NMR (200 MHz, CDCl,)
7.78-7.74 (1H, m, ArH), 7.47 (1H, s, pzH), 7.26-7.20 (3H, m,
ArH), 2.86-2.80 (4H, m, CH,CH,), 2.12-2.00 (2H, m, CH,,).
The crude pyrazole (4 g, 21.7 mmol), and K,CO, (3 g, 21.7
mmol) were taken up in DMF (10 mL). lodomethane (1.4 mL,
21.7 mmol) was then added and the reaction mixture was
allowed to stir at an oil bath temperature of 80° C. for 1 hour.
The reaction was then allowed to cool to room temperature
and diluted with water (100 mL) and extracted with EtOAc
(50 mL). The organic phase was washed twice more with
water (2x100 mL). The combined organic phases were dried
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over MgSO, and the solvent was evaporated to give a mixture
of N-methylated pyrazoles in a 6:1 ratio by 'H NMR. Purifi-
cation by chromatography on silica (CH,Cl, as eluant) gave
2.8 g (65% yield) of the desired N-methylpyrazole 1 (first
eluting isomer, confirmed by NOESY). 'H NMR (400 MHz,
CDCl,) 7.97-7.93 (1H, m, ArH), 7.27-7.16 (4H, m, 3xArH
and pzH). 3.92 (3H, s, NCH), 2.83-2.70 (4H, m, CH,CH,),
2.13-2.00 (2H, m, CH,). The product was confirmed by GC-
MS, m/z=198.

Example 2
[0211]

F. i. NaH, HCO,Ft
Toluene

——
ii. NpIly, EtOH

H
N~ N
F \ / Mel, K,CO;
DMF

[0212] A solution of 2-fluoro-6,7.8,9-tetrahydro-5H-benzo
[7]annulen-5-one (2 mL, 13 mmol) and ethyl formate (1.6
mL, 19.5 mmol) in toluene (50 mL) was added dropwise to a
suspension of NaH (0.58 g, 19.5 mmol) in toluene (100 mL)
at 0° C. Upon complete addition methanol (0.05 ml, 1.302
mmol) was added and the reaction allowed to stir at room
temperature. Gas evolution was observed. The reaction was
monitored by 'H NMR after 1.5 hours and showed ca. 50%
conversion. A further 1 equivalent of NaH (0.58 g) and 1.5
equivalents of EtOCHO (1.5 mL) was then added and the
reaction was allowed to stir at room temperature over night.
The reaction was deemed complete by 'H NMR analysis. The
reaction was quenched by the addition of aqueous NH,C1 (50
mL), and extracted into EtOAc (100 mL). The organic phase
was washed with water (100 mL) and brine (100 mL), dried
over anhydrous MgSO, and the solvent was evaporated. The
crude reaction product was then taken up in EtOH (50 mL)
and hydrazine hydrate (0.98 ml, 19.5 mmol) was added. The
reaction was heated at oil bath temperature of 90° C. for 1
hour and then cooled to room temperature and the solvent was
concentrated. The crude product precipitated and was washed
with heptane and isolated as yellow solid (2.2 g, 84% yield).
'H NMR (200 MHz, CDCl,) 7.50-7.44 (2H, m, ArH and
pzH),7.18-7.10 (1H, m, ArH), 6.94-6.85 (1H, m, ArH), 2.86-
2.77 (4H, m, CH,CH,), 2.10-2.97 (2H, m, CH,). The crude
pyrazole (5 g, 24.7 mmol) was taken up in DMF (25 mL) and
iodomethane (2.3 ml, 37.1 mmol) and K,CO; (5.1 g, 37.1
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mmol) were added. The reaction mixture was heated at an oil
bath temperature of 100° C. for 1 hour. The reaction was then
cooled to room temperature, diluted with water (100 mL) and
extracted with EtOAc (50 mL). The organic phase was then
washed twice with water (2x100 mL), dried over MgSO, and
the solvent was evaporated. The crude product was obtained
as a 6:1 mixture of regioisomers (by "H NMR). Purification
was carried out by chromatography on silica (CH,Cl, to 2%
MeOH in CH,Cl, as eluant). The desired N-methylpyrazole 2
was isolated as the first eluting isomer (3.2 g, 60% yield) and
confirmed by NOESY. 'H NMR (400 MHz, CDCl,) 7.70-7.
67 (1H, m, ArH), 7.20 (1H, s, pzH), 7.11-7.07 (1H, m, ArH),
6.88-6.83 (1H, m, ArH), 3.91 (3H, s, NCH,). 2.79-2.73 (4H,
m, CH,CH,), 2.02-1.99 (2H, m, CH,).

Example 3
[0213]
0]
i. NaH, CF;CO,Et
Toluene
ii. N,Hy, EtOH
N
N\/ CF;
/ MeI, K2C03
—_—
DMF
N,
N\/ / CF;
3
[0214] Sodium hydride (2.00 g, 66.8 mmol) was suspended

in THF (100 mL) and 6,7,8,9-tetrahydro-5H-benzo[7]an-
nulen-5-one (5 mL, 33.4 mmol) was added dropwise. The
reaction was heated at reflux for 2 hours. The reaction mixture
was then allowed to cool to room temperature and ethyl
trifluoroacetate (5.9 ml, 50 mmol) was added via a syringe.
Stirring was continued at room temperature for 2 hours. The
reaction was worked up by quenching with 0.5M KHSO,
(100 mL) and extracted with EtOAc (100 mL). The organic
phase was washed with water (100 mL) and dried over
MgSO,,. The solvent was evaporated to give the crude N—H-
pyrazole which was used without further purification. The
N—H-pyrazole was taken up in EtOH and hydrazine hydrate
(2.5 mL, 50.1 mmol) was added. The reaction was allowed to
stir at an oil bath temperature of 80° C. for 1 hour and then
cooled to room temperature and the solvent was evaporated.
The crude pyrazole was isolated and used without further
purification. 'H NMR (400 MHz, CDCl,), 7.53-7.51 (1H, m,
ArH),7.33-7.21 (3H, m, ArH), 2.93 (2H, m, CH,), 2.82 (2H,
m, CH,), 2.07-2.10 (2H, m, H,). The crude pyrazole (3.9 g,
15.4 mmol), K,CO; (4.3 g, 30.9 mmol) and iodomethane (1.1
ml, 17 mmol) were combined in DMF (30 mL) at room
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temperature and allowed to stir for 1 hour. The reaction was
worked up by diluting with water (100 mL) and extracting
into EtOAc. The organic phase was washed a further 2 times
with water (100 mL), dried over MgSO, and the solvent was
evaporated under reduced pressure. The crude product was
isolated as a 1:1 mixture of regioisomers (by 'H NMR) which
was purified by chromatography on silica (10% FEtOAc in
hexane as eluant). 1.8 g (46% yield) of desired N-methylpyra-
zole 3 was isolated (first eluting isomer, confirmed by
NOESY). 'H NMR (CDCl,, 400 MHz) 7.90-7.92 (1H, m,
ArH), 7.30-7.17 (3H, m, ArH), 4.03 (3H, br s, NCHy,), 2.84-
2.76 (4H, m, CH,CH,), 2.12-2.06 (2H, m, CH,,). "F (CDCl,,
188 MHz)-58.4 ppm

Example 4

[0215]

+  LClgexH,0  ——

ZZRN cl

NN
N

[0216] A 250 ml one necked flask was charged with 1.8 g
(9.1 mmol) of the pyrazole ligand 1, 1.3 g (3.6 mmol) IrCl,
and 48 ml of a 3:1 mixture of 2-ethoxyethanol and water. The
mixture was degassed with N, for 20 min and heated under an
atmosphere of nitrogen at an oil bath temperature of 125° C.
for 2.5 hours. After this time the reaction was complete by
NMR analysis. The solvent was removed under vacuum and
the residue was refluxed in 22 ml acetone to remove the
by-product. The product was collected by filtration and dried
under vacuum to give 1.95 g (69%) of the desired dimer 4. 'H
NMR (200 MHz, CD,Cl,), 7.35 (4H, s, pzH), 6.59-6.37 (8H,
m, ArH), 5.70-5.59 (4H, m, ArH), 3.80 (12H, s, NCH,),
3.10-2.86 (16H, m, CH,), 2.27-1.75 (8H, m, CH,)) ppm. ESI-
MS: m/z calc. [CogHogN, M r*°Cl,]™ 655.1, found 655.2;
m/z cale. [C, H, N, *'Ir]* 585.2, found 585.2.

[0217] Ligand 1 may alternatively be reacted with other
metal reagents derived from Pt, Rh, Pd, Ru or Os.
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Example 5

[0218]

\
P2,

+  IClxH,0 —

[0219] A 50 ml one necked flask was charged with 1.2 g
(5.55 mmol) of the fluoro-pyrazole ligand 2, 783 mg (2.22
mmol) IrCl; and 30 ml of a 3:1 mixture of 2-ethoxyethanol
and water. The mixture was degassed with N, for 20 min and
heated under an atmosphere of nitrogen at an oil bath tem-
perature of 125° C. for 1 hour. Afier this time the reaction was
complete by NMR analysis. The solvent was removed under
vacuum and the residue refluxed in 20 ml acetone to remove
the by-product. The product was collected by filtration and
dried in vacuum to give 1.3 g (72%) of the desired dimer 5. *H
NMR (200 MHz, CDCl,), 7.20 (4H, s, pzH), 6.50-6.39 (4H,
m, ArH), 6.11-5.98 (4H, m, ArH), 3.57 (12H, s, NCH,),
3.05-2.82 (16H, m, CH,), 2.15-2.01 (4H, m, CH,), 1.95-1.72
(4H, m, CH,) ppm. "*F NMR (188 MHz, CDCl,)-116.10
ppm. ESI-MS: m/z cale. [C, H,,N,F,""'Ir*°CL,]~ 691.1,
found 691.0; m/z cale. [C, H, N, F,***Ir]* 621.2, found 621.
2.

[0220] Ligand 2 may alternatively be reacted with other
metal reagents derived from Pt, Rh, Pd, Ru or Os.

Example 6
[0221]

F:C

S
P2,

+  IChLexH0
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-continued

[0222] The pyrazole 3 (1 g. 3.76 mmol) and iridium(III)
chloride (0.571 g, 1.71 mmol) were combined in ethoxyetha-
nol (10 ml)/water (3 ml) and degassed. The reaction mixture
was heated under an atmosphere of N, at an oil bath tempera-
ture of 130° C. for 4 hours. The reaction was then allowed to
cool to room temperature and concentrated. The crude reac-
tion residue was taken up in CH,Cl, and washed with water,
saturated aqueous NaHCO,; and brine, dried over MgSO,, and
the solvent was evaporated. The crude product was treated
with Et,0 and the yellow precipitate was filtered. Dimer 6 (1
g, 77% yield) was used without further purification. 'HNMR
(200 MHz, CDCl,), 6.53-6.43 (8H, m, ArH), 5.55-5.50 (4H,
m, ArH), 4.06 (12H, br s, NCH,), 3.17-2.94 (16H, m,
CHZCHZD), 2.26-2.13 (4H, m, CHH), 1.91-1.79 (4H, m,
CHH). *°F (CDCl,, 188 MHz)-57.5 ppm. ESI-MS: m/z calc.
[C28H24N4F619111§5C12]‘ 791.1, found 791.1; m/z calc.
[CoeHL NP Ie]* 723.2, found 723.2.

[0223] Ligand 3 may alternatively be reacted with other
metal reagents derived from Pt, Rh, Pd, Ru or Os.

Example 7
[0224]

/Z\

~N
7 >Ir

23
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[0225] Dimer4 (100 mg, 0.08 mmol), picolinic acid (25 mg
0.20 mmol) and sodium carbonate (90 mg, 0.85 mmol) were
taken up in 4 ml of 2-ethoxyethanol. The mixture was
degassed with N, and heated under an atmosphere of nitrogen
at an oil bath temperature of 60° C. for one hour. After this
time the reaction was complete as indicated by NMR analy-
sis. The solvent was removed under reduced pressure,
CH,(Cl, was added and the excess Na,CO, was filtered off.
The remaining solution was reduced to half its volume, the
product was precipitated into n-hexane and collected by fil-
tration to give 76 mg (67%) of the desired heteroleptic com-
plex 7.

[0226] 'H NMR (200 MHz, CDCL,), 8.35-8.25 (1H, m,
pyH), 7.89-7.79 (2H, m, pyH), 7.38-7.28 (1H, m, pyH), 7.13
(1H, s, pzH), 7.06 (1H, s, pzH) 6.67-6.48 (4H, m, ArH),
6.17-6.09 (1H, m, ArH), 5.86-5.75 (1H, m, ArH), 3.84 3H, 5,
NCH,), 3.02 3H, s, NCH,) 3.12-2.73 (8H, m, CH,), 2.23-1.
84 (4H, m, CH,) ppm. EI-MS: m/z calc. C,,H,,'*'IrN,O,
707.2, found 707.2.

0]
\ OH \
N F
Na2C03
Ethoxyethanol
O
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Example 8

[0227]

[0228] Dimer 5 (1.19 g, 0.9 mmol), 2-(3-tert-butyl-1H-1,2,
4-triazol-5-yl)pyridine (457 mg 2.26 mmol) and sodium car-
bonate (958 mg, 9 mmol) were dissolved in 159 ml 2-ethoxy-
ethanol. The mixture was degassed with N, and heated under
an atmosphere of nitrogen at an oil bath temperature of 90° C.
for ninety minutes. After this time the reaction was complete
as indicated by NMR analysis. The solvent was removed
under reduced pressure, CH,Cl, was added and the excess
Na,CO; was filtered off. The solvent was removed and the
residue was purified by chromatography on silica (EtOAc:
hexane mixtures as eluent) to give 1.29 g of the desired
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‘Bu
al
[\
\ N 7
| H
y N
N2,CO; -
Ethoxyethanol
B
N F
>Ir
N N N
\ %
N=
. Bu

product 8 (86% yield). "H NMR (200 MHz, CDCl,) 8.21-8.
10 (1H, m, ArH), 7.84-7.66 (2H, m, ArH), 7.06-6.96 (1H, m,
Arfl), 6.93-6.87 (2H, m, ArH), 6.75-6.58 (2H, m, ArH), 6.40-
6.22 (2H, m, ArH), 3.12-2.99 (4H, m, CH,), 2.96 (3H, s,
NCH,), 2.94 (3H, s, NCH;), 2.88-2.62 (4H, m, CH,), 2.17-
1.96 (4H, m, CH,), 132 (9H, s, C(CH,), ppm. "°F NMR
(CDCl,, 188 MHz)-112.6, -114.9 ppm EI-MS: nm/z cale.
C,,H,,F," N, 822.3, found 822 4.

Example 9
[0229]

N5.2C03
Ethoxyethanol

9
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[0230] Dimer 6 (50 mg, 0.033 mmol), 2-(3-tert-butyl-1H-
1,2.4-triazol-5-yl)pyridine (17 mg. 0.082 mmol) and sodium
carbonate (8.74 mg, 0.082 mmol) were taken up in 2-ethoxy-
ethanol (10 mL) and heated under an atmosphere of nitrogen
at an oil bath temperature of 80° C. for 90 minutes. The
reaction mixture was allowed to cool to room temperature and
the solvent was evaporated. The residue was diluted in
CH,Cl, and filtered through a pad of celite. Purification of the
crude product was carried out by chromatography on silica
(4:1 EtOAc/Hexane as eluant) to give 50 mg of the desired
product 9 (82% vield). "H NMR (200 MHz, CDCl,) 8.21-8.
16 (1H, m, ArH), 7.74-7.73 (1H, m, ArH), 7.63-7.61 (1H, m,
ArH),7.06-6.99 (1H, m, ArH), 6.73-6.67 (4H, m, ArH), 6.13-
6.09 (1H, m, ArH), 5.97-5.89 (1H, m, ArH), 3.24 (3H, s,
NCH;), 3.15 (3H, s, NCHj;), 3.08-2.98 (8H, m, CH,), 2.21-
1.99 (4H, m, CH,) 1.32 (9H, s, C(CH,);. EI-MS: m/z calc.
C,oH.F P N 922.3, found 922 3. Structure confirmed by
x-ray crystallography.

Example 10

[0231]

Apr. 4,2013

[0232] Dimer 5 (150 mg, 0.11 mmol), 2-(3-tert-butyl-1H-
1,2 4-triazol-5-yl)pyrazine (69 mg. 0.34 mmol) and sodium
carbonate (121 mg, 1.14 mmol) were dissolved in 20 ml
2-ethoxyethanol. The mixture was degassed with N, and
heated under an atmosphere of nitrogen at an oil bath tem-
perature of 80° C. for ninety minutes. After this time the
reaction was complete as indicated by NMR analysis. The
solvent was removed under reduced pressure, CH,Cl, was
added and the excess Na,CO, was filtered off. The solvent
was removed and the residue was purified by chromatography
on silica (EtOAc as eluent) to give 144 mg of the desired
product 10 (77% vield). "H NMR (200 MHz, CDCl,) 9.38
(1H, d, I=1.4 Hz, pyzH), 8.25 (1H, d, J=3.1 Hz, pyzH), 7.74
(1H, dd, J=3.1, 1.4 Hz, pyzH), 6.93 (1H, s, pzH), 6.91 (1H, s,
pzH), 6.77-6.57 (2H. m, ArH), 6.45-6.21 (2H, m, ArH). 3.11-
2.98 (4H, m, CH,) 2.96 (3H, s, NCH,), 2.92 (3H, s, NCH,),
2.89-2.59 (4H, m, CH,), 2.18-1.91 (4H, m, CH,), 1.33 (9H, s,
C(CH,); ppm. "°F NMR (CDCl,, 188 MHz)-112.4, -115.3
ppm ESI-MS: m/z cale. [CagHagF 5™ IrNo+1]™ 824.2, found
824.2. Emission 2 at 295.15 K (excitation A of 340 nm, THF)
572 nm. Q.Y. 0.10 (absolute, THF).

[0233] The emission spectrum of this compound is shown
in FIG. 8.

N3.2C03
Ethoxyethanol

=
'z
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Example 11
[0234]
N N
|\ [
™~ L~
7 RN N
/ \Cl/ ~
L -2 L —Is
4
5
[0235] Dimer 4 (150 mg, 0.12 mmol), 2-(1H-pyrazol-5-yl)

pyridine (43 mg 0.3 mmol) and sodium carbonate (128 mg,
1.2 mmol) were dissolved in 21 ml 2-ethoxyethanol. The
mixture was degassed with N, and heated under an atmo-
sphere of nitrogen at an oil bath temperature of 80° C. for
ninety minutes. After this time the reaction was complete as
indicated by NMR analysis. The solvent was removed under
reduced pressure, CH,Cl, was added and the excess Na,CO,
was filtered off. The solvent was removed and the residue was
purified by chromatography on silica (EtOAc: NEt;, 99:1 as
eluent) to give 130 mg of the desired product 11 (74% yield).
'H NMR (200 MHz, CDCl,) 7.76-7.52 (4H, m, ArH), 7.03-
6.94 (2H, m, ArH), 6.90-6.81 (1H, m, ArH), 6.76-6.67 (1H,
m, ArH), 6.66-6.54 (4H, m, ArH), 6.14-6.03 (1H, m, ArH),
6.03-5.91 (1H, m, ArH), 3.12-2.96 (4H, m, CH,) 3.03 (6H, s,
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[\
NN

/N

N3.2C03
Ethoxyethanol

NCH,), 2.95-2.64 (4H, m, CH,), 2.26-184 (4H, m, CH,)
ppm. EI-MS: m/z calc. C,,H,," " IrN; 729.2, found 729.2.

Example 12
[0236]

\ — HO

N N

/ N\
I

N S

N3.2C03
FEthoxyethanol

12

[0237] Dimer 5 (150 mg, 0.11 mmol), 2-(benzo[d]thiazol-
2-yl)phenol (78 mg. 0.34 mmol) and sodium carbonate (121
mg, 1.1 mmol) were dissolved in 20 m1 2-ethoxyethanol. The
mixture was degassed with N, and heated under an atmo-
sphere of nitrogen at an oil bath temperature of 90° C. for
ninety minutes. After this time the reaction was complete as
indicated by NMR analysis. The solvent was removed under
reduced pressure, CH,Cl, was added and the excess Na,CO,
was filtered off. The solvent was removed and the residue was
purified by chromatography on silica using EtOAc:hexane
mixtures as eluent to give 155 mg of the desired product 12
(80% yield). 'H NMR (200 MHz, CDCl,) 7.73-7.59 (1H, m,
ArH),7.57-7.37 (1H, m, ArH), 7.22-6.99 (3H, m, ArH), 6.98-
6.80 (3H, m, ArH), 6.64-6.36 (4H, m, ArH), 6.31-5.99 (2H,
m, ArH) 3.81 (3H, s, NCH,), 3.35 (3H, s, NCH,) 3.22-2.59
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(8H, m, CH,), 2.22-1.76 (4H, m, CH,) ppm. °F NMR
(CDCl,, 188 MHz) -112.1, -115.4 ppm EI-MS: m/z cale.
CoH,,F, " TN, OS 847.2, found 847.2.

Example 13

[0238]

N3.2C03
Ethoxyethanol

[0239] Dimer 6 (50 mg, 0.03 mmol), tropolone (10 mg,
0.08 mmol) and sodium carbonate (8.74 mg, 0.08 mmol)
were taken up in 2-ethoxyethanol (10 mL) and heated under
an atmosphere of nitrogen at an oil bath temperature of 80° C.
for 90 minutes. The reaction mixture was allowed to cool to
room temperature and the solvent was evaporated. The resi-
duewas diluted in CH,Cl, and filtered through a pad of celite.
The crude product was treated with methanol/water (10 mL,
9:1) and the brown precipitate was filtered to give the purified
product 13 (50 mg, 72%). 'H NMR (200 MHz, CDCl,) 7.34-
7.24 3H, m, CH), 7.12-7.06 (2H, m, C11), 6.58-6.56 (4H, m,
ArH), 5.94-5.86 (2H, m, ArH), 3.96 (6H, br s, NCH,), 3.10-
2.85 (8H, m, CH,), 2.27-2.16 (2H, m, CHH) 2.05-1.90 (2H,
m, CHH). EI-MS: m/z cale. CsH,oF 7 11rN, 0, 842.2, found
8423

Example 14

[0240]

X

N Lo A HO (6]
/Ir\Cl/ Ir\ Na,COs
Ethanol/Water
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-continued

N, O> <
v \O/

[0241] Dimer 6 (100 mg, 0.06 mmol), methacrylic acid (14
uL, 0.16 mmol) and sodium carbonate (17 mg, 0.16 mmol)
were taken up in ethanol/water (4:1, 5 mL) and heated under
an atmosphere of nitrogen at an oil bath temperature of 90° C.
for 90 minutes. The reaction mixture was allowed to cool to
room temperature and the solvent was evaporated. The resi-
due was diluted in CH,Cl, (20 mL) and washed with water
(20 mL), saturated NaHCO, (20 mL) and dried over anhy-
drous MgSO,. The solvent was evaporated to give the desired
product 14 (0.1 g, 75%) as a yellow solid. 'H NMR (200
MHz, CDCl;) 6.55-6.50 (4H, m, ArH), 6.04 (1H, br s, CHH),
5.79-5.77 (2H, m, ArH), 5.43 (1H, br s, CHH), 4.17 (6H, brs,
NCH,), 3.13-2.91 (8H, m, CH,), 2.23-2.15 (2H, m, CHH)
2.03-1.93 (2H, m, CHH), 1.90 (3H, br s, CH,). EI-MS: m/z
cale. C,,H,oF 1 IrN,0, 808.2, found 808.2.

Fxample 15
[0242]

Me;OBF4
—_—
CH,CL,

OFEt

10% HCI
—_—

EtOH

[0243] 2.3.4,5-tetrahydro-1H-benzo[c]azepin-1-one (1 g,
6.2 mmol) was combined with trimethyloxonium tetrafluo-
roborate (0.92 g, 6.2 mmol) in CH,Cl, (10 mL) under a
nitrogen atmosphere. After 2 hours, the reaction was worked
up. The solvent was evaporated and the crude material was
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treated with diethyl ether and precipitate filtered. 1.5 g (91%)
of 1-methoxy-4,5-dihydro-3H-benzo[c]azepine tetrafluo-
roborate was isolated as a colourless solid. 'H NMR (200
MHz, CDCl;) 7.73-7.64 (2H, m, ArH), 7.53-7.39 (2H, m,
ArH) 4.48 (3H, s, OCH,), 3.60 (2H, t, J=6.7 Hz, CH,) 2.91
(2H, t, I=7.3 Hz, CH,), 2.54-2.30 (2H, m, CH,). Without
further purification, the 1-methoxy-4,5-dihydro-3H-benzo|c]
azepine tetrafluoroborate (0.15 g) was taken up in aminoac-
etaldehyde diethylacetal (1 mL) and the reaction heated at an
oil bath temperature of 100° C. for 1 hour. The reaction was
cooled to room temperature and the solvent was evaporated
under high vacuum. The crude residue was taken up in 10%
HCl(aq)/EtOH (1:1, 10 mL) and heated at reflux for 2 hours.
The reaction was allowed to cool to room temperature and the
solvent concentrated. The pH was adjusted by the addition of
saturated NaHCO, (50 mL) and the crude product was
extracted with CH,Cl, (2x50 mL), dried over MgSO,, and
solvent evaporated under reduced pressure. Purification by
chromatography on silica (1:1 EtOAc/hexane) gave 70 mg
(66%) of the pure 6,7-dihydro-5H-benzo[climidazo[1,2-a]
azepine 15. 'H NMR (400 MHz, CDCL,), 7.78-7.75 (1H, m,
ArH), 7.35-7.28 (2H, m, ArH), 7.22-7.24 (1H, m, ArH), 7.11
(1H, d, I=1.2 Hz, ArH), 6.99 (1H, d. I=1.2 Hz, ArH), 3.90
(2H,1,1=6.7Hz, CH,),2.71 (2H,t,J=7.0Hz, CH,), 2.31 (2H,
m, CH,).

[0244] Ligand 15 may be reacted with IrCl; to form a tris
heteroleptic complex in a manner outlined in examples 4-14.
Alternatively, Ligand 15 may be reacted with other metal
reagents derived from Pt, Rh, Pd, Ru or Os.

Example 16
[0245]
[(COD),I|BF4
_ e
N A N
15 16
[0246] 6,7-dihydro-5H-benzo[c]imidazo[1,2-a]azepine 15

(70 mg, 0.38 mmol) was combined with [bis(1,5-cyclopenta-
diene)iridium(I)]tetrafluoroborate (47 mg, 0.09 mmol) in 1,2-
propanediol (1 mL) and freeze pump thaw degassed. The
reaction mixture was heated at an oil bath temperature of 180°
C. for 18 hours. The reaction was allowed to cool to room
temperature and degassed water was added. The yellow pre-
cipitate was collected by filtration. The excess freeligand was
removed by washing through with methanol leaving the tris
(6,7-dihydro-5H-benzo[c]imidazo[1,2-a]azepine-N,C?)iri-
dium (IIT) 16 as a single fac isomer (determined by a single set
of signals in the NMR spectrum indicating a symmetrical
isomer). *H NMR (400 MHz, CD,Cl,) 6.83 (3H, d, J=1.4 Hz,
ArH), 6.76-6.74 (3H, m, ArH), 6.60-6.52 (6H, m, ArH}), 6.38
(3H, d, J=1.4 Hz, ArH), 4.29-4.19 (6H, m, CH,), 3.17-3.04
(6H, m, CH,), 2.28-2.16 (6H, m, CH;).). EI-MS: m/z calc.
Cy6H,5' 7 ItN 741.9, found 742.2.
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Example 17
[0247]
0}
NH
PCls, toluene
Cl O
)k NH.
N t-Bu N/ ’
H
NEts, toluene
N,
N/
\ \>—t—Bu
N
17
[0248] 2.3,4,5-tetrahydro-1H-benzo[c]azepin-1-one (0.92

g, 5.7 mmol) was dissolved in toluene (10 ml) and PCl, (1.188
2, 5.7 mmol) was added. The reaction mixture was heated at
an oil bath temperature 0f 120° C. for 1 hour. The reaction was
then cooled to room temperature and concentrated to dryness
under vacuum. The residue was redissolved in toluene (10
ml) and re-evaporated to ensure removal of all POCl, by-
product. The crude residue was then taken up in toluene (20
mL), triethylamine (0.95 ml, 6.85 mmol) and pivalohydrazide
(0.729 g, 6.28 mmol) were added and the reaction mixture
heated at reflux for 3 hours. Tlc analysis showed the presence
of the desired product. The reaction was cooled to room
temperature and diluted with EtOAc (30 mL). The organic
phase was then washed with aqueous NaOH (2N, 20 mL).
The product was extracted from the organic phase by washing
with 10% aqueous HCI (2x20 mL). The pH of the aqueous
phase was adjusted to pH 11 with 2 N NaOH and the product
was extracted into CHCI; (100 mL). The organic phase was
dried over MgSO, and the solvent was evaporated under
reduced pressure. A pale brown solid was obtained which
could be purified by chromatography on silica (60% EtOAc
increasing to 80% EtOAc in hexane) to give 17 as an off white
solid (0.97 g, 70% yield). '"H NMR (200 MHz, CDCl;) 7.84-
7.76 (1H, m, ArH), 7.42-7.37 (2H, m, ArH), 7.29-7.25 (1H,
m, ArH), 4.00 (2H, t,J,=6.6 Hz, CH,), 2.69 (2H, 1, ],=7.1 Hz,
CH,), 228 (2H, tt, J,=6.6H, 1,=7.1 Hz, CH,). 1.52 (9H, s,
tBu).

[0249] Ligand 17 may be reacted with Ir to form a tris
heteroleptic or homoleptic complex in a manner outlined in
examples 4-16. Alternatively, Ligand 17 may be reacted with
other metal reagents derived from Pt, Rh, Pd, Ru or Os.
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Example 18 Example 19
[0250] [0253]
0}
O
KOBu, ‘BuONO
Bry
0
Bt
/< § A N/< —~OH
Q Br S = S /N 8
C@ o -
NH, TNHOAc
DMF

[0251] Bromine (1.59 g, 0.5 ml) was added dropwise over
30 minutes to a solution of 6,7,8,9-tetrahydro-SH-benzo[7]
annulen-5-one (1.6 g, 10.0 mmol) in diethyl ether (20 ml) at
0° C. The solution was allowed to stir overnight coming
slowly to room temperature. The reaction was then diluted
with diethyl ether (150 ml) and transferred to a separatory
funnel The organic phase was washed with aqueous thiosul-
phate (2x100 mL) and water (2x100 mL), dried over MgSQO,,
and solvent removed under reduced pressure to give 2.47 g
crude pale yellow liquid which was purified by chromatog-
raphy onsilica (gradient elution from 100% petroleum spirits
(40-60) to 8:2 Petroleum Spirits: DCM) to give 6-bromo-6,
7,8,9-tetrahydro-5H-benzo[7]annulene-5-one (2.69 g, 48%)
as a pale yellow liquid. *H NMR (400 MHz, CDCl,) & 7.58
(1H, d,1=7.6Hz, ArH), 7.40 (1H,t,J=7.5 Hz, ArH), 7.28 (1H,
t,1=7.6 Hz, ArH), 7.18 (1H, d, I=7.6 Hz, ArH), 4.86-4.84 (1H,
m, CHH), 3.05-2.98 (1H, m, CHH), 2.92-2.85 (1H, m, CHH),
2.41-2.35 (1H, m, CHH), 2.31-2.25 (1H, m, CHH), 2.05-1.97
(2H, m, CHH). 6-bromo-6,7,8,9-tetrahydro-SH-benzo[ 7 ]an-
nulen-5-one (239 mg, 1.0 mmol) and thioacetamide (100 mg,
1.3 mmol) were heated in DMF (10 ml) at an oil bath tem-
perature of 80° C. for 33 hours. After this time the solution
was cooled to room temperature and the solvent removed in
vacuo. The crude residue was diluted with CH,Cl, (150 mL)
and washed with saturated aqueous NaHCO; (50 mL) and
water (2x50 mL), dried over MgSO,, and the solvent evapo-
rated to give a crude orange oil. Purification by chromatog-
raphy on silica (gradient elution of 100% CH,CI, to 9:1
CH,CL,:EtOAc) gave 18 as clear, colourless oil. ‘H NMR
(400 MHz, CDCl,) 8 7.97-7.95 (1H, d, Aril), 7.29-7.26 (1H,
m, ArH), 7.21-7.16 (2H, m, ArH), 2.94-2.86 (2H, m, CH,)
2.77-2.74 2H, m, CH,), 2.68 (3H, s, CH,), 2.20-2.14 (2H, m,
CH,).

[0252] Ligand 18 may be reacted with Ir to form a tris
heteroleptic or homoleptic complex in a manner outlined in
examples 4-16. Alternatively, Ligand 18 may be reacted with
other metal reagents derived from Pt, Rh, Pd, Ru or Os.

19

[0254] Potassium tert-butoxide (2.5 g, 22.2 mmol) was
taken up in ethanol (25 ml) and the mixture stirred at room
temperature for 30 min. of 6,7,8,9-tetrahydro-5SH-benzo[7]
annulen-5-one (1.0 g, 6.25 mmol) was then added, and the
mixture allowed to stir a further 30 minutes at room tempera-
ture. Tert-butyl nitrite (1.35 g, 13.1 mmol) was added drop-
wise and the resulting solution stirred overnight at room
temperature. The reaction was diluted with water (25 mL),
and the reddish solution acidified (pH 1-3) with concentrated
HCI. The acidic mixture was then extracted with diethyl ether,
and separated, dried over MgSO, and the solvent evaporated
to give a crude solid. Purification by chromatography onssilica
(gradient elution, 100% petroleum spirits (40-60) to 100%
DCM to a 9:1 mixture of DCM: EtOAc) gave the 6-(hydroxy-
imino)-6,7,8,9-tetrahydro-5H-benzo[ 7]annulen-5-one as a
pale tan solid (0.56 g, 48%) (Hydroxyimino)-6,7,8,9-tetrahy-
dro-5H-benzo[7]annulen-5-one (567 mg, 3.0 mmol), ammo-
nium acetate (900 mg, 11.6 mmol)., and propionaldehyde
(0.22 ml, 3.0 mmol) were stirred in acetic acid (30 ml) at room
temperature until TLC analysis indicated the ketoxime had
been consumed. The acetic acid was then removed by evapo-
ration under reduced pressure. The crude residue was diluted
in 300 ml DCM. The organic phase was then washed with
saturated NaHCO; (150 mL), water (2x150 mL) and dried
over anhydrous MgSO,. Removal of the solvent under
reduced pressure gave 480 mg of crude material as a dark
brownish oil. Purification by chromatography on silica (gra-
dient elution of 100% DCM to 95 DCM, 5% MeOH) gave the
N-hydroxy-imidazole 19 (260 mg, 40%) as a pale brown oil.
'HNMR (400 MHz, CDCI,) 8 8.96 (1H, br s, OH), 7.67-7.66
(1H, m, ArH), 7.04-6.96 (3H, m, ArH), 2.77-2.74 (2H, m,
CH,), 2.69-2.67 (2H, m, CH,), 2.68-2.58 (2H, q. I=7.6 Hz,
CH,), 1.89-1.84 (2H, m, CH,), 1.04-1.00 (3H, t, J=7.6 Hz,
CH,).

[0255] Ligand 19 may be reacted with Ir to form a tris
heteroleptic or homoleptic complex in a manner outlined in
examples 4-16. Alternatively, Ligand 19 may be reacted with
other metal reagents derived from Pt, Rh, Pd, Ru or Os.
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Example 20

[0256] An organic electroluminescent device was fabri-
cated in the following manner:
[0257] An ITO patterned glass substrate was successively
sonicated in acetone and iso-propanol for 15 minutes and
dried. Then PEDQOT:PSS was spin coated on top of the ITO at
a spin-speed of 4000 rpm for 1 min and baked on hot plate at
150° C. for 15 min.
[0258] The thickness of the PEDOT:PSS layer was deter-
mined to be 40 nm. After this the substrate was transferred
into a glove box and an emission layer was spin coated on top
of the PEDOT:PSS layer at a spin-speed of 3000 rpm for 1
min and baked at 80° C. for 30 min. A solution consisting of
PVK, PBD, TPD and compound 10, dissolved in chloroben-
zene, was used to form the emission layer. The weight ratio of
the four components was 65:25:9:6. The thickness of the
emission layer was determined to be 90 nm. Then layers of
TPBi (hole blocking layer, 20 nm), LiF (electron injection
layer, 1 nm) and Al (cathode, 120 nm) were subsequently
deposited under a vacuum of 1x107> Pa.
[0259] When a voltage was applied between the anode and
the cathode, the device emitted light with a maximum wave-
length of 565 nm. The CIE colour coordinates were (0.49;
0.49). The maximum current efficiency was 20 cd/A at a
brightness of 1800 cd/m* and a voltage of 15 V. The maximum
brightness was 20000 cd/m?” at 21 V.
[0260] This example clearly demonstrates that when a
phosphorescent material disclosed herein is included in an
organic electroluminescent device disclosed herein, the
device emits light (see also FIG. 5).
[0261] It is to be understood that referring herein to any
prior art publication does not constitute an admission that the
publication forms a part of the common general knowledge in
the art, in Australia or any other country.
[0262] In the claims which follow and in the preceding
description of the invention, except where the context
requires otherwise due 1o express language or necessary
implication, the word “comprise” or variations such as “com-
prises” or “comprising” is used in an inclusive sense, i.e. to
specify the presence of the stated features but not to preclude
the presence or addition of further features in various embodi-
ments of the invention.

1. An organic electroluminescent device comprising:

apair of electrodes comprising an anode and a cathode, and

one or more layers of organic compound arranged between

the pair of electrodes,

wherein the organic compound layer, or one or more of the
organic compound layers, comprises a phosphorescent mate-
rial;
wherein the phosphorescent material comprises a complex of
ametal atom M selected from Ir, Pt, Rh, Pd, Ru and Os and at
least one ligand L, wherein the ligand L is represented by
formula (1):

)

N A
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wherein:

ring A is a 5-membered heterocycle which is unsubstituted
or substituted by one or more substituents, containing at
least one nitrogen atom as represented in formula (1)
which is bound to the metal atom at the asterisk (*),

ring B is a 5- or 6-membered carbocycle or heterocycle
which is unsubstituted or substituted by one or more
substituents, containing a carbon atom as represented in
formula (1) which is bound to the metal atom at the
asterisk (*),

rings A and B are joined by a direct covalent bond as
represented in formula (1),

rings A and B are joined via a tether Q, wherein

Q is a linear, branched or cyclic alkyl, aryl or alkyl-aryl
tether of between 3 and 20 carbon atoms in length,
wherein one or more of the carbon atoms in the tether
may be replaced with —O— —S— —CO—,
—C0,—, —CH=—CH—, —(C=C—, —NH—,
—CONH—, —C=N—, —Si— and —P—, wherein
the atoms —Si— and —P— contain substituents based
on their valency, and wherein any carbon, nitrogen, sili-
con or phosphorous atom of the tether may contain one
or more substituents selected from the group consisting
of halogen, cyano, amide, imine, imide, amidine, amine,
nitro, hydroxy, ether, carbonyl, carboxy. carbonate, car-
bamate, phosphine, phosphate, phosphonate, sulphide,
sulphone, sulphoxide, alkenyl, aryl, alkyl, heteroaryl,
alkynyl, silyl, and substituents containing a functional
group that can be polymerised ora polymer chain, or two
substituents may together form a ring or fused ring sys-
tem.

2. The device of claim 1, wherein the substituents in rings
A and B of the phosphorescent material are independently
selected from the group consisting of:

halogen, cyano, amide, imine, imide, amidine, amine,

nitro, hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sulphide,
sulphone, sulphoxide, alkenyl, alkynyl, silyl, and sub-
stituents containing a functional group that can be poly-
merised or a polymer chain, and

substituted or unsubstituted alkyl, substituted or unsubsti-
tuted aryl and substituted or unsubstituted alkyl-aryl,
wherein:

one or more of the carbon atoms in the alkyl, aryl or
alkyl-aryl may be replaced with an atom or group
selected from the group consisting of: —O—, —S—,
—C0—, —CO,—, —CH=—CH—, —C=C—,
—NH—, —CONH—, —C—N—, —Si— and
—P—, wherein the atoms —Si— and —P— contain
substituents for neutrality based on their valency,

the substituents on the alkyl, aryl or alkyl-aryl are
selected from the group consisting of: halogen, cyano,
amide, imine, imide, amidine, amine, nitro, hydroxy,
ether, carbonyl, carboxy, carbonate, carbamate, phos-
phine, phosphate, phosphonate, sulphide, sulphone,
sulphoxide, alkenyl, alkynyl, silyl and substituents
containing a functional group that can be polymerised
or a polymer chain, and

the alkyl, aryl or alkyl-aryl may additionally be con-
nected to the tether Q, or the alkyl, aryl or alkyl-aryl
may be attached via two pointstoits core ring (A or B)
to form a fused ring or ring system.
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3. The device of claim 1, wherein the phosphorescent mate-
rial comprises 1, 2 or 3 ligands L of formula (1), and 0, 1 or 2
bidentate ligands L' of a different identity to ligand L.

4. The device of claim 3, wherein the ligand L' of the
phosphorescent material is a ligand of formula (5), a ligand of
formula (6) or a ligand of formula (7):

)

wherein:

ring Y is a 5-, 6- or 7-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
containing at least one nitrogen atom as represented in
the formula, which is bound to the metal atom at the
asterisk (*),

ring Y' is a 5-, 6- or 7-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
and containing at least one nitrogen atom as represented
in the formula which is bound to the metal atom at the
asterisk (*), and

rings Y andY" are either joined by a direct covalent bond or
via a linker J as represented in formula (5), wherein J,
when present, is a B, C, O, N, P, Si or S atom which is
covalently bonded to both rings Y andY" and which may
be substituted or unsubstituted depending on its valency;

{

wherein:
ring Y is as defined in formula (5),
7 is a ligand component connected via a covalent bond to
ring Y, and connected to the metal atom via X, and

X is an N, O, S or P atom bound to the metal M at the
asterisk (*), wherein the N or P atom is unsubstituted or
is substituted

(6)

™

wherein

G is a ligand component comprising one or two substituted or
unsubstituted carbon atoms, which is connected covalently to
two O atoms, and

the O atoms are each bound to the metal at the asterix (*).
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5. The device of claim 1, wherein ligand L of the phospho-
rescent matetial is of the formula (3):

)

Al_
N/ A3
\A/‘ \
Q
B

hiof

wherein:

—,

A' and A” are each independently selected from the group
consisting of: C, N, O and S, wherein the C or N may be
substituted or unsubstituted,

A® and A* are selected from the group consisting of: C and
N, wherein the C may be substituted or unsubstituted.

6. The device of claim 5, wherein the ligand L of the
phosphorescent material is of the formula (4):

)

wherein:

B*' and B? are each independently selected from the group
consisting of: C, N, O and S, wherein the C or N may be
substituted or unsubstituted,

B?, when present, is selected from the group consisting of:
C, N, O and S, wherein the C or N may be substituted or
unsubstituted,

bisOorl,

B* is selected from the group consisting of: C and N,
wherein the C may be substituted or unsubstituted, and

B*isC.

7. The device of claim 6, wherein the ligand L of the

phosphorescent material is selected from the group consisting
of:
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-continued

Ry

wherein:
R;, Ry, Ry, Ry, Ry, Re, Ry, Ry, Ry and R are indepen-
dently selected from the group consisting of:
halogen, cyano, amide, imine, imide, amidine, amine,
nitro, hydroxy, ether, carbonyl, carboxy, carbonate,
carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl,
and substituents containing a functional group that
can be polymerised or a polymer chain, and
substituted or unsubstituted alkyl, substituted or unsub-
stituted aryl and substituted or unsubstituted alkyl-
aryl, wherein:
one or more of the carbon atoms in the alkyl, aryl or
alkyl-aryl may be replaced with an atom or group
selected from the group consisting oft —O—,
—S—, —CO0—, —CO,—, —CH=—CH—,
—(C=C—, —NH—, —CONH—, —C=N—,
—Si— and —P—, wherein the atoms —Si— and
—P— contain substituents based on their valency,
the substituents on the alkyl, aryl or alkyl-aryl are
selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
and substituents containing a functional group that
can be polymetrised or a polymer chain.
8. The device of claim 1, wherein the phosphorescent mate-
rial is of formula (2):

ML, L', @

and wherein:

L' is a bidentate ligand of a different identity to L,

m is an integer selected from 1, 2 and 3, and

n is an integer selected from 0, 1 and 2.

9. A phosphorescent material comprising a complex of a
metal atom M selected from Ir, Pt, Rh, Pd, Ru and Os and at
least one ligand L, wherein the ligand L is represented by
formula (1):

)

N A
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wherein:

ring A is a 5-membered heterocycle which is unsubstituted
or substituted by one or more substituents, containing at
least one nitrogen atom as represented in formula (1)
which is bound to the metal atom at the asterisk (*),

ring B is a 5- or 6-membered carbocycle or heterocycle
which is unsubstituted or substituted by one or more
substituents, containing a carbon atom as represented in
formula (1) which is bound to the metal atom at the
asterisk (*),

rings A and B are joined by a direct covalent bond as
represented in formula (1),

rings A and B are joined via a tether Q, wherein

Q is a linear, branched or cyclic alkyl, aryl or alkyl-aryl
tether of between 3 and 20 carbon atoms in length,
wherein one or more of the carbon atoms in the tether
may be replaced with O, —S—, —CO—, —CO,—,
—CH=—CH—, —(C=C—, —NH—, —CONH—,
—C=N—, —Si— and —P—, wherein the atoms
—Si— and —P— contain substituents based on their
valency, and wherein any carbon, nitrogen, silicon or
phosphorous atom of the tether may contain one or more
substituents selected from the group consisting of halo-
gen, cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, carbam-
ate, phosphine, phosphate, phosphonate, sulphide, sul-
phone, sulphoxide, alkenyl, aryl, alkyl, heteroaryl, alky-
nyl, silyl, and substituents containing a functional group
that can be polymerised or a polymer chain, or two
substituents may together form a ring or fused ring sys-

tem.
10. The phosphorescent material of claim 9 having the
formula
ML,L, )
wherein:

L' is a bidentate ligand of a different identity to L,

m is an integer selected from 1, 2 and 3, and

nis an integer selected from 0, 1 and 2.

11. The phosphorescent material of claim 10, wherein
m+n=2 or 3.

12. The phosphorescent material of claim 10, wherein the
ligand L' is a ligand of formula (5), a ligand of formula (6) or
a ligand of formula (7):

)

wherein:

ring Y is a 5-, 6- or 7-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
containing at least one nitrogen atom as represented in
the formula, which is bound to the metal atom at the
asterisk (*),

ring Y' is a 5-, 6- or 7-membered heterocycle which is
unsubstituted or substituted by one or more substituents,
and containing at least one nitrogen atom as represented
in the formula which is bound to the metal atom at the
asterisk (*), and
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rings Y andY" are either joined by a direct covalent bond or
via a linker J as represented in formula (5), wherein J,
when present, is a B, C, O, N, P, Si or S atom which is
covalently bonded to both rings Y andY" and which may
be substituted or unsubstituted depending on its valency;

{

wherein:
ring Y is as defined in formula (5),
7 1s a ligand component connected via a covalent bond to
ring Y, and connected to the metal atom via X, and
X isan N, O, S or P atom bound to the metal M at the
asterisk (*), wherein the N or P atom is unsubstituted or
is substituted,;

(6)

™

wherein:

G is a ligand component comprising one or two substituted or

unsubstituted carbon atoms, which is connected covalently to

two O atoms, and

the O atoms are each bound to the metal at the asterix (*).
13. The phosphorescent material of claim 12, wherein the

ligand L of the phosphorescent material is selected from the

group consisting of:

Rs

Rj

R;

Rz

R3

]

=
/«/l\

Zi

z

Z,

-continued

Rs

Rs

Rs
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_ -continued
Ry R,
/ Py
N M
/
Rs
R3
— R4 —
— r _
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O
Rg >
=N /
N
Ry \
N R,
Rg R
Rg Ro
R;
Rs 0
Rj
Rs Rs
Rio~
Rs =
/
=N /
N
Ry \ —
N R,
Rs R
R Ry R, |
N%\
R, N
-~
N \\*
L~
Rs /N
Riq
Ry Rs
L Ry _
wherein:

R, R,, R;, Ry, R, Re, R, Ry, Ry and R, are indepen-
dently selected from the group consisting of:
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halogen, cyano, amide, imine, imide, amidine, amine,
nitro, hydroxy, ether, carbonyl, carboxy, carbonate,
carbamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl,
and substituents containing a functional group that
can be polymerised or a polymer chain, and
substituted or unsubstituted alkyl, substituted or unsub-
stituted aryl and substituted or unsubstituted alkyl-
aryl, wherein:
one or more of the carbon atoms in the alkyl, aryl or
alkyl-aryl may be replaced with an atom or group
selected from the group consisting of: —O—,
-—8—, —CO0—, —CO,—, —CH—CH—,
—(C=C—, —NH—, —CONH—, —C=N—,
—S8i— and —P—, wherein the atoms —Si— and
—P— contain substituents based on their valency,
the substituents on the alkyl, aryl or alkyl-aryl are
selected from the group consisting of: halogen,
cyano, amide, imine, imide, amidine, amine, nitro,
hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sul-
phide, sulphone, sulphoxide, alkenyl, alkynyl, silyl
and substituents containing a functional group that
can be polymerised or a polymer chain.
14. A method for the production of a phosphorescent mate-
rial comprising:
reacting a precursor complex of a metal M, witha ligand L,
in a ratio suitable to result in a product containing the
desired number of ligands L being co-ordinated to the
metal M, optionally followed by:
reacting the product with another ligand L' in a ratio suit-
able to introduce the desired number of ligands L' into
the product,
wherein:
M is a metal atom selected from Ir, Pt, Rh, Pd, Ru and Os,
L is a ligand represented by formula (1):

NS A
* Q
C B

wherein:

ring A is a 5-membered heterocycle which is unsubstituted
or substituted by one or more substituents, containing at
least one nitrogen atom as represented in formula (1),
which can bind to the metal atom at the asterisk (*),

ring B is a 5- or 6-membered carbocycle or heterocycle
which is unsubstituted or substituted by one or more
substituents, containing a carbon atom as represented in
formula (1) which can bind to the metal atom at the
asterisk (*),

rings A and B are joined by a direct covalent bond as
represented in formula (1),

rings A and B are joined via a tether Q, wherein

Q is a linear, branched or cyclic alkyl, aryl or alkyl-aryl
tether of between 3 and 20 carbon atoms in length,
wherein one or more of the carbon atoms in the tether
may be replaced with —O— —S— —CO—,

@
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—C0O,—, —CH—CH—, —(C=C—, —NH—, substituents may together form a ring or fused ring sys-
—CONH—, —C—N—, —Si— and —P—, wherein ten, and

the atoms —S8i— and —P— contain substituents based 1" is a bidentate ligand of a different identity to L.

on their valency, and wherein any carbon, nitrogen, sili-
con or phosphorous atom of the tether may contain one
or more substituents selected from the group consisting
of halogen, cyano, amide, imine, imide, amidine, amine,
nitro, hydroxy, ether, carbonyl, carboxy, carbonate, car-
bamate, phosphine, phosphate, phosphonate, sulphide,
sulphone, sulphoxide, alkenyl, aryl, alkyl, heteroaryl,
alkynyl, silyl, and substituents containing a functional
group that can be polymerised or a polymer chain, or two ook ok ko ®

15. An organic electroluminescent device comprising the
phosphorescent material of claim 9.

16. Use of the phosphorescent material of claim 9 in an
organic electroluminescent device.

17. Use of the phosphorescent material of claim 9 as an
emission material in an organic electroluminescent device.
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