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TRIAZOLIUM AND TETRAZOLIUM DERIVATIVESAS ORGANIC LIGHT
EMITTERS

PRIORITY BENEFIT
This application claims the benefit of U.S. Provisional Application No.
61/570,398 filed on December 14, 2011, the contents of which are hereby incorporated
herein in its entirety. The contents of any patents, patent application, and references cited

throughout this specification are hereby incorporated by reference in their entireties.

BACKGROUND OF THE INVENTION

Organic light-emitting diodes (OLEDS) exploit the ability of particular materials
to emit light when they are excited by means of an electric current. OLEDs have been
actively researched because of their capability to emit bright light at alow driving
voltage. An OLED generaly comprises alight emitting layer (or aplurality of organic
layers including alight emitting layer) in between apair of opposing electrodes. With an
electric field applied to the opposing electrodes, electrons and positive holes are injected
into the light emitting layer, where they are recombined to form excitons, which emit
light. The light emitted from the light emitting layer can be used, for example, to display
an image in an electroluminescence device.

OLEDs that emit red, green, and blue light are employed to prepare afull-colored
OLED display. Also, efficient white light producing OLED devices are considered to be
useful in several applications, such as paper-thin light sources, backlights in LCD

displays, automotive dome lights, and room lighting.

SUMMARY OF THE INVENTION

Provided herein are organic compounds that have been found to display
electroluminescence in the visible region of the electromagnetic spectrum. Accordingly,
these compounds are useful as emitter molecules for OLED applications. For example,
these compounds can be used as host molecules in the emitter layer of an OLED. Itis
also possible to use these compounds in other layers of OLEDs, for example in the
electron transport layer. The compounds can emit white, red, green, or blue light when
excited. Inone embodiment, these molecules emit white light when excited, thus making
them useful for white OLED (WOLED) applications. In another embodiment, these

compounds emit blue or green light when excited.



WO 2013/090771 PCT/US2012/069832

These compounds can be synthesized easily, and can therefore be produced on a
large scale.
Accordingly, in one aspect, provided herein is an organic light-emitting diode

(OLED) comprising at least one compound of the formula I:

R/ N\,
I N@— A\\:>
N\N, i \\::__//
\ X
5 R?

wherein

A isan optional fused phenyl ring;

Rlis selected from the group consisting of H, Ci-zalkyl, C(0)Ci- zakyl, CN, and

10 C(0)OCi- galkyl;

R2is selected from the group consisting of CN, NO,, Ci_salkyl and aryl, wherein
the aryl is optionally independently substituted one or more times with halogen, Ci_galkyl
or OCi_gakyl; and

X" isan anion or adianion.

15 In another aspect, provided herein is an organic light-emitting diode comprising at

least one compound of the formula Ila:

N‘NI \\::-_/,

(X)2

N REEEN
N\ ’\%_D_ A /:)

RTN\ /7

(Ha)
wherein
20 A isan optional fused phenyl ring;

R3is selected from the group consisting of H, Ci-galkyl, C(0)Ci_gakyl, CN, and
C(0)OCi- galkyl; and

X" isan anion or adianion.
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In another aspect, provided herein is an organic light-emitting diode comprising at
least one compound of the formula I1:

(X)2

wherein
R3is selected from the group consisting of H, Ci_gakyl, C(0)Ci_galkyl, CN, and
C(0)OCi_galkyl; and

X isan anion or adianion.

10 In still another aspect, provided herein is a compound of the formularl:
R /7 N\,
| N®— A RN
N\N/ ‘\_—:—_//
X
~ ]
™
\R2
)
wherein

A is an optiona fused phenyl ring;

15 Rlis selected from the group consisting of H, C(0)Ci_galkyl, CN, and C(0)OCi .
calkyl;
R2is selected from the group consisting of H, halogen, Ci-zalkyl and OCi-4alkyl;
and
X" isan anion or adianion.
20 In another aspect, provided herein is acompound of the formula lla':
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wherein
A is an optional fused phenyl ring;
5 R3is selected from the group consisting of H, Ci_galkyl, C(O)Ci-galkyl, CN, and
C(0)OCi_galkyl; and
X" isan anion or adianion.

In another aspect, provided herein is acompound of the formula IT:

(X)2

10
wherein
R3is selected from the group consisting of H, Ci_galkyl, C(0)Ci_galkyl, CN, and
C(0)OCi gakyl; and
15 X isan anion or adianion.

DETAILED DESCRIPTION OF THE FIGURES
FIGURE 1 shows the UV/Vis spectra of some triazolium derivatives described
herein (5 x 105M, CH;CN).
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FIGURE 2 shows fluorescence emission spectra of some triazolium derivatives
described herein (5 x 10"°M, CH;CN).

FIGURE 3 shows the 'H NMR spectrum of 2a, a salt of formula I", in CD3;CN at
294 K.

FIGURE 4 shows the ®C NMR spectrum of 2a, asalt of formula I, in CD;CN at
294 K.

FIGURE 5 shows the 5 NMR spectrum of precursor | b in CDC1; at 294 K in the
presence of the minor Z isomer.

FIGURE 6 shows the *C NMR spectrum of precursor | b in CDC1; at 294 K in
the presence of the minor Z isomer.

FIGURE 7 showsthe 8 NMR spectrum of 2b, a salt of formula Il&, in CDsCN at
294 K.

FIGURE 8 shows the C NMR spectrum of 2b, asalt of formula Ila, in CD3CN
a 294 K.

FIGURE 9 shows the ball and stick drawing of the crystal structure of 2a, a salt of
formula I'. The hydrogen atoms and the counterion were omitted for clarity.

FIGURE 10 shows the UV/Vis absorption (5.0 x 10~ ®>M) and normalized

emission spectra of 2a and 2b in H,0 .

DETAILED DESCRIPTION OF THE INVENTION

Triazoliumand Tetrazolium Compounds

The organic compounds described herein are suitable for use in OLEDs. In
particular, they can be used in the electron transport layer or in the light-emitting layer of
an OLED. The compounds can be employed as emitter substances in OLEDSs, as they
display luminescence (electroluminescence) in the visible region of the electromagnetic
spectrum. These compounds make it possible to display electroluminescence in the
white, red, green and blue regions of the electromagnetic spectrum. It is also possible to
display electroluminescence both in the blue region and in the white region of the
electromagnetic spectrum.

Accordingly, in one aspect, provided herein is an organic light-emitting diode

(OLED) comprising at least one compound of the formula I:
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R /N |
[ W&l AN
N /N \ >>
[\\l X- o
R2

wherein

A isanoptional fused phenyl ring;

R1lis selected from the group consisting of H, Ci-galkyl, C(0)Ci_ galkyl, CN, and
C(0)OCi_ galkyl;

R?is selected from the group consisting of CN, NO ,, Ci_galkyl and aryl, wherein
the aryl is optionally independently substituted one or more times with halogen, Ci_galkyl
or OCi-gakyl; and

X isan anion or adianion.

The anion can be ahalide ion, a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In one embodiment, R1is selected from the group consisting of C(0)Ci_ galkyl,
CN, and C(0)OCi- galkyl. In another embodiment, Rlis selected from the group
consisting of C(0)Ci alkyl, CN, and C(0)OCi _alkyl.

In an embodiment, R2 of formula | can be phenyl that isoptionally independently
substituted one or more times with halogen, Ci_galkyl or OCi_galkyl.

In one embodiment of formula I, A is not present.

For the OLED described above, the compound of formula | can be in one or more

of the following forms:

0 (0] (0]
/\O / \ /\O / \ /\O / \ / \
] ®_ [ N= [ N=
N N\ ‘ N\ ‘ , (-D_
N‘N' N N X- N N
X N X
@ x @
Br OCH;
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0 N 0
5 7 N\ SN\ 7 N\
® @ &)
I N= I N= NN=
NNy NNy \N? X
78\
| N®_ /@ A\
N‘N/ : [ N=
X or N<p
\ X-
@ CH,
In one embodiment of these forms, X" is perchlorate.
5 In another aspect, provided herein is an organic light-emitting diode comprising at

least one compound of the formula Ila

10 wherein
A isanoptiona fused phenyl ring;
R3is selected from the group consisting of H, Ci_galkyl, C(0)Ci_galkyl, CN, and
C(0)OCi_ galkyl; and
X" isan anion or adianion.
15 The anion can be ahalide ion, a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).
In an embodiment of Formula Ila,

A isnot present;



WO 2013/090771 PCT/US2012/069832

R’ is selected from the group consisting of H, Ci-gakyl, C(0)Ci- galkyl, CN, and
C(0)OCiakyl or C(0)OC 3-galkyl; and

X" isan anion or adianion.

In another aspect, provided herein is an organic light-emitting diode comprising at

5 least one compound of the formula II:

(X)2

wherein
10 R3is selected from the group consisting of H, Ci-gakyl, C(0)Ci- gakyl, CN, and
C(0)OCi_ galkyl; and
X" isan anion or adianion.
The anion can be ahalide ion, a sulfate ion, aperchlorate ion, a

hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

15 Compound lIla can be represented by one of the following compounds:
0 (@]
e /® D ~ o i /®_
I N= N
N/ “N
N
X or X
X X
N
-N N~
N~ =
o) 0]

In an embodiment of these compounds, X' is perchlorate.
In one embodiment of any of the OLEDs comprising a compound of formula I,

formula Ila, or formula Il, the compounds are used as emitter molecules. In another
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embodiment, the compounds are used ashost molecules in an emitter layer. In another
embodiment, the compound of formula 1, lla, or Il emits white, green, or blue light. Ina
particular embodiment, the compound of formula I, lla, or Il emits white or blue light.
Accordingly, the compounds can be used in OLEDs that produce white, green, or blue
light.

In another aspect, provided herein is a compound of the formula r:

R' /®\ .

wherein

A isanoptional fused phenyl ring;

R1lis selected from the group consisting of H, C(0)Ci- &akyl, CN, and C(0)OCi-
galkyl;

R?is selected from the group consisting of H, halogen, Ci-galkyl and OCi_galkyl;
and

X" isan anion or adianion.

In an embodiment, the halide ion is a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In one embodiment of formula , R1is selected from the group consisting of
C(0)Ci_galkyl, CN, and C(0)OCi_ galkyl. In still another embodiment, Rlis selected from
the group consisting of C(0)d_ salkyl, CN, and C(0)OCi_ salkyl.

In another embodiment of formula I, R?is selected from the group consisting of
halogen, Ci-galkyl, and OCi-5alkyl. In another embodiment, R2isin the para position.

In another embodiment of I', A is not present.

Specific, non-limiting examples of compounds of formula I are shown below:
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0 Q 0
— /@ A , /_\ /\OW 0 /@\
I N= Noy Nog I N=
N-\' N N N<y'
X X
ol ok
Br OCH,
N N\
N /@ \ /@ \ /@_
| N= / N= N’ N
NaN© N-N or "N
5 In aparticular embodiment of these compounds, X" is perchlorate.
In another aspect, provided here is acompound of claim lla:
RS /7 N\ __
| N@— A\:>
N‘N, \\::—_/
(X)2
N =2
N \ ’ \
S5\ A
R3 \ -
(IIa")
10 wherein

A isanoptiona fused phenyl ring;
R3is selected from the group consisting of H, Ci_galkyl, C(0)Ci_galkyl, CN, and

C(0)OCi_galkyl; and

X" isan anion or adianion.

15 The anion can be ahalide ion, a sulfate ion, aperchlorate ion, a

hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In an embodiment of Formula 1la,

A isnot present;

10
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R3is selected from the group consisting of H, Ci-gakyl, C(0)Ci- galkyl, CN, and
C(0)OCiakyl or C(0)OC 3-galkyl; and
X" isan anion or adianion.

In another aspect, provided here is acompound of claim IT:

(X)2

wherein

R3is selected from the group consisting of H, Ci-gdkyl, C(0)Ci- gakyl, CN, and
C(0)OCi- galkyl; and

X" isan anion or adianion.

The anion can be ahalide ion, a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In one embodiment, the compound of formula I1a is one of the following

compounds:
0]

0
N-y “N
X or
5
NN N\’N‘I\ED
S5 o b
W A B

In one embodiment of these compounds, X' isperchlorate.

X
X

In another aspect, provided herein is acompound of formula Ill1:

11
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N @ \\\
1 N— Y
\N X =y

R2

(I

wherein R2, X™ and ring A have the meanings given for Formula 1. Also provided
herein isan OLED device comprising acompound of formula Ill.

The anion of Formula 1ll can be ahalide ion, a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In one embodiment of Formula 111, R1is selected from the group consisting of
C(0)Ci- galkyl, CN, and C(0)OCi- galkyl. In another embodiment, Rlis selected from the
group consisting of C(0)d_ salkyl, CN, and C(0)OCi_ salkyl.

In an embodiment, R2of formula 111 can be phenyl that is optionally
independently - substituted one or more times with halogen, Ci_galkyl or OCi_galkyl.

In one embodiment of formula 111, A is not present.

In another aspect, provided herein is acompound of formula 1V:

R3
\

R N N
j/<\® PA
N N7

’\\‘ X
R2
(V)

wherein R, R2, X" and ring A have the meanings given for formula |, and R3is H
or Ci_galkyl. Also provided herein isan OLED device comprising acompound of
formula 1V.

The anion of formula IV can be ahalide ion, a sulfate ion, aperchlorate ion, a
hexafluorophosphate ion, or aborate ion (eg. , atetrafluoroborate ion).

In one embodiment, Rlis selected from the group consisting of C(0)Ci_ galkyl,
CN, and C(0)OCi_ galkyl. In another embodiment, Ris selected from the group
consisting of C(0)d_ zalkyl, CN, and C(0)OCi_ salkyl.

In an embodiment, R2of formula IV can be phenyl that is optionally

independently - substituted one or more times with halogen, Ci-galkyl or OCi-galkyl.

12
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In another embodiment, R3is H or methyl.

In one embodiment of formula 1V, A isnot present.

Asused herein, the term "anion" refers to any anion that is appropriate for use in
an OLED. Non-limiting examples of such ions include, but are not limited to, CI', Br', I,
I3, HSO4', sO4?, NO3, CIV , BF,, PFg, AsFg, SbFg, FeCly', Fe(CN) ¥, and anions of
various sulfonic acids. In aparticular embodiment, the anion is ahalide ion, a sulfate ion,
aperchlorate ion, ahexafluorophosphate ion, or aborate ion (e.g., atetrafluoroborate
ion).

Asused herein, the term "dianion" refers to any dianion that is appropriate for use
inan OLED. When adianion isused with compounds of formulae I, I, Il or 1V, there
will bea?2 to 1ratio of organic molecule to dianion.

Asused herein, the term "alkyl" refers to afully saturated branched or unbranched
hydrocarbon moiety. Preferably the akyl comprises 1to 20 carbon atoms, more
preferably 1to 16 carbon atoms, 1to 10 carbon atoms, 1to 7 carbon atoms, 1to 6
carbons, 1to 4 carbons, or 1to 3 carbon atoms. Representative examples of alkyl
include, but are not limited to, methyl, ethyl, n-propyl, iso-propyl, n-butyl, sec-butyl, iso-
butyl, zerz-butyl, n-pentyl, isopentyl, neopentyl, n-hexyl, 3-methylhexyl, 2,2-
dimethylpentyl, 2,3-dimethylpentyl, n-heptyl, n-octyl, n-nonyl, n-decyl and the like.
Furthermore, the expression " Cy-C,-alkyl", wherein x is 1-5 and y is 2-10 indicates a
particular alkyl group (straight- or branched-chain) of aparticular range of carbons. For
example, the expression Ci-C4-alkyl includes, but is not limited to, methyl, ethyl, propyl,
butyl, isopropyl, tert-butyl and isobutyl.

The term "aryl" includes aromatic monocyclic or multicyclic e.g., tricyclic,
bicyclic, hydrocarbon ring systems consisting only of hydrogen and carbon and
containing from six to nineteen carbon atoms, or six to ten carbon atoms, where the ring
systems may be partially saturated. Aryl groups include, but are not limited to, groups
such as phenyl, tolyl, xylyl, anthryl, naphthyl and phenanthryl. Aryl groups can aso be
fused or bridged with alicyclic or heterocyclic rings which are not aromatic so asto form

apolycycle (eg., tetralin).

OLED Devices Comprising Triazolium and Tetrazolium Derivatives

Also provided herein are OLED devices comprising the compounds provided

herein (i.e., compounds of formula I, formula Ila, formula 11, formula lla, formula 1T,

13
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formula 11, and formula 1V, as well as specific compounds disclosed herein).

Essentially, OLEDs are made up of an anode, ahole transport layer, alight-emitting

layer, an electron-transport layer, and a cathode. The compounds provided herein can be
used as emitter molecules in the light-emitting layer. Also provided herein is alight-
emitting layer comprising at least one of the compounds described herein. The further
layers in the OLED can be made up of any material which is customarily used in such
layers and is known to those skilled in the art. A person skilled in the art will be able to
select the structure of the OLEDs in such away that it is optimally matched to the organic
compounds described herein as emitter substances.

The compounds provided herein can be present without further additives in the
light-emitting layer. However, it is aso possible for further compounds and/or
compositions to be present in the light-emitting layer. For example, afluorescent dye can
be present in order to alter the emission color of the organic compound used as emitter
molecule. Furthermore, adiluent material can be used. This diluent material can be a
polymer, for example poly(N-vinylcarbazole) or polysilane. However, the diluent
material can likewise be a small molecule, for example 4,4'-N,N'-dicarbazol ebi pheny|
(CBP) or tertiary aromatic amines.

The abovementioned individual layers of the OLED can in turn be made up of 2
or more layers. For example, the hole transport layer can be made up of alayer into
which holes are injected from the electrode and alayer which transports the holes away
from the hole injection layer to the light-emitting layer. The electron transport layer can
likewise consist of aplurality of layers, for example alayer into which electrons are
injected by the electrode and alayer which receives electrons from the electron injection
layer and transports them to the light-emitting layer. These layers can be selected
according to factors such as energy level, heat resistance and charge carrier mobility and
also energy difference between the layers mentioned and the organic layers or the metal
electrodes.

Provided below arebrief descriptions of the anode, hole transport layer, light-
emitting layer, and cathode components of and OLED. These descriptions are meant to
be non-limiting.

The anode is an electrode which provides positive charge carriers. It can, for
example, be made up of materials comprising ametal, a mixture of various metals, a

metal alloy, ametal oxide or amixture of various metal oxides. Asan alternative, the

14



10

15

20

25

30

WO 2013/090771 PCT/US2012/069832

anode can be a conductive polymer. Suitable metals include the metals of groups Ib, IVa,
Va, and Via and the transition metals of group V111 of the periodic table of the elements.
The anode can be made to be transparent to light by using mixed metal oxides of groups
lib, llIb, and IVDb, for example indium-tin oxide (ITO). Itisalso possible for the anode to
comprise an organic material, for example polyaniline. At least one of the anode or
cathode should be at least partialy transparent to enable the light produced to be emitted.

Suitable materials for the hole transport layer of the OLEDs described herein are
disclosed, for example, in Kirk-Othmer Encyclopedia of Chemical Technology, 4th
edition, Vol. 18, pages 837 to 860, 1996, which is incorporated herein by reference. Both
hole-transporting molecules and polymers can be used as the hole transport material.
Non-limiting examples of hole-transporting polymers are selected from the group
consisting of polyvinylcarbazoles, (phenylmethyl)polysilanes and polyanilines. Itis
likewise possible to obtain hole-transporting polymers by doping polymers such as
polystyrene and polycarbonate with hole-transporting molecules.

Suitable electron-transporting materials for OLEDs described herein can include,
for example, metals chelated with oxinoid compounds, eg., tris(8-
quinolinolato)auminum (Alg,), compounds based on phenanthroline, e.g., 2,9-dimethyl-
4,7-diphenyl-1,10-phenanthro line (DDPA) or 4,7-diphenyl-l,10-phenanthroline (DPA),
and azole compounds such as 2-(4-biphenylyl)-5-(4-t-butyl phenyl)-1,3,4-oxadiazole
(PBD) and 3-(4-biphenylyl)-4-phenyl-5-(4-t-butyl phenyl)-1,2,4-triazole  (TAZ). The
electron-transporting layer can serve either to aid electron transport or as abuffer layer or
barrier layer to avoid quenching of the exciton at the boundaries of the layers of the
OLED. The layer preferably improves the mobility of the electrons and reduces
guenching of the exciton.

The cathode is an electrode that serves to introduce electrons or negative charge
carriers. The cathode can be any metal or nonmetal that has alower work function than
the anode. Suitable materials for the cathode are selected from the group consisting of
alkali metals of group la, for example Li, Cs, akaline earth metals of group Ila, metas of
group lib of the periodic table of the Elements including the rare earth metals and the
lanthanides and actinides. Metals such as auminum, indium, calcium, barium, samarium
and magnesium and combinations thereof can also beused. Furthermore, lithium-
containing organometallic compounds or LiF can also be applied between the organic

layer and the cathode to reduce the operating voltage.
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The OLEDs comprising the compounds provided herein can further comprise
additional layers that are known to those skilled in the art. For example, afurther layer
can be applied between the hole transport layer and the light-emitting layer in order to aid
transport of the positive charge and/or to match the band gap of the layers to one another.
As an dternative, this further layer can serve as protective layer. In an analogous way,
additional layers can be present between the light-emitting layer and the electron-
transport layer to aid transport of the negative charge and/or to match the band gap
between the layers to one another. Asan alternative, this layer can serve as protective
layer.

The OLED comprising the compounds described herein can be produced by well-
known methods. The OLED is generaly prepared by successive vapor deposition of the
individual layers on asuitable substrate. Suitable substrates are, for example, glass or
polymer films. The vapor deposition can be carried out using customary techniques such
as thermal vaporization, chemical vapor deposition and others. In an alternative process,
the organic layers can be applied from solutions or dispersions in suitable solvents, with
coating techniques known to those skilled in the art being employed.

The OLEDs comprising the compounds described herein can beused in all
devices in which electroluminescence isuseful. Examples of such devices include
stationary and mobile video display units (VDUs). Stationary VDUSs are, for example,
VDUs of computers, televisions, VDUs in printers, kitchen appliances and advertising
signs, lighting and information

signs. Mobile VDUs are, for example, VDUs in mobile telephones, laptops, vehicles and
destination displays on buses and trains.

The compounds provided herein aso have utility in light emitting el ectrochemical
cells. Accordingly, in one embodiment, provided herein is alight emitting
electrochemical cell comprising acompound provided herein.

The compounds provided herein also have utility as an organic semiconductor in
optical electronic devices, more typically used asorganic field effect transistors (OFET)
inintegrated electronic devices, such asliquid crystal display (LCD), electronic paper,
organic light emitting diode (OLED) display panel, organic radio frequency identification
(ORFID) tags, organic photovoltaic (OPV), sensor devices, and analog and digital

electronics.
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Asdiscussed above, the disclosed compounds also emit white light when excited,
which makes them useful for white OLEDs. White OLED emission can be used to
prepare afull-color device using red, green, and blue (RGB) color filters. The RGB
filters may be deposited on the substrate (when light transmission is through the
substrate), incorporated into the substrate, or deposited over the top electrode (when light
transmission is through the top electrode). When depositing a RGB filter array over the
top electrode, abuffer layer of appropriate thickness, for example from 1to 1000 nm,
may be used to protect the top electrode. The buffer layer may comprise inorganic
materials, for example, silicon oxides and nitrides, or organic materials, for example,
polymers, or multiple layers of inorganic and organic materials. Methods for providing
RGB filter arrays are well known in the art. Lithographic means, inkjet printing, and

laser thermal transfer arejust afew of the methods RGB filters may be provided.

Experimental

General Synthesis of 1,2,3-Triazolium and Tetrazolium Derivatives

of Formulae I, I', lla, Il, Il &, and 11" Formed via Cu(ll) Oxidative Cyclization of
Hydrazones
4¢ IR
S-Sy Ry 7\ 1
I CU(CIO/MeCN  ‘eoo M
H. N . u( a/Me . == N’N
N 60 °C, 12 h, 60-80% clo, |
4 R
R2 2

Scheme 1. Syntheses of derivatives via Cu(l1) oxidative cyclization of hydrazones.
General Procedures. 1 mmol of the appropriate hydrazone starting material was
dissolved in 5 mL acetonitrile, and the well stirred solution was heated to 60°C.
Copper (1) perchlorate hexahydrate (Cu(C10,),-6H,0) (4 mmol; 4 equiv) was then added
to the solution. The reaction mixture was kept at 60°C overnight. The reaction mixture
was then filtered, and 30 mL 5% (wt.) perchloric acid (HC10,) solution was added to the
filtrate. The formed precipitate was collected by filtration and subjected to
recrystallization from acetonitrile and 5% (wt.) perchloric acid (HC10,) solution. Yields
60-80%.
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= 1) 0]
@Ym (Do~
N o™ Re) 0
|N Cu(CIO ), [AIr N
HN

|
. - ‘N-N

CHLCN/60°C /75% Clo,

la 2a

Scheme 2. Synthesis of 2a, a[l,2,3]triazolo[l,5-a]pyridinium  salt of formula T.
Procedurefor 2a: Compound | awas synthesized according to aliterature
5  procedure. 1 Compound | a was dissolved in 5 mL of acetonitrile (CH4CN) and the well-
stirred solution was heated to 60°C. Copper(ll) perchlorate hexahydrate
(Cu(C10 4)2—6H20) (0.741 g, 0.002 mol; 2 equiv.) was then added to the solution. The
reaction mixture was kept at 60°C overnight. The reaction mixture was then filtered, and
30 mL 5% (wt.) perchloric acid (HC10,) solution was added to the filtrate. The
10 precipitate was collected by filtration and subjected to recrystallization from acetonitrile
and 5% (wt.) HC10, solution. The final product 2a was obtained as alight yellow
powder (0.276 g, 75%); m.p.: decomposes > 220°C; H NMR (500 MHz, CD3CN) & 8.98
(dd, J=7.1, 0.5 Hz, HI), 881 (dd, J = 8.8, 1.1 Hz, H4), 8.36 (dd, /= 8.3, 7.7 Hz, H2),
8.02 - 7.94 (m, H3), 7.90 (tdd, J = 10.4, 5.1, 2.9 Hz, H7), 7.87 - 7.80 (m, H5, H6), 4.61
15 (g, J=71Hz -CH,), 149 (t, J= 7.1 Hz, -CH 3 ) ppm; ¥C NMR (75 MHz, CDsCN) &
159.06, 137.92, 136.69, 134.61, 134.31, 134.28, 133.48, 132.14, 127.96, 125.59, 125.22,
122.43, 110.60, 64.26, 14.33 ppm. MS (ESI): m/z found [M*] for Ci5H1,N30 ,* 268.2
(calcd. 268.3).

10 ; o)
SN
. . N-N
e 2 o m i ) clo,
1) HCI/HBF,, H,0 NaOAc, SN o~ Cu(ClOy), / Air ‘
2) NaNO,, H,0, -15°C H,0, DMSO, -0°C CH,CN 760°C / 71% clor
4
_ HN.
NH, N, BF, |N \N'N\N
/
ko @_%
X o) 4 -
20
b 2b

Scheme 3. Synthesis of 2b, a[l,2,3]triazolo[l,5-a]pyridinium  salt of formula lla.
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Procedurefor Ib: The diazotiation procedure of 1,4-phenylenediamine was
modified from aprevisouly reported method.2 1,4-phenylenediamine (0.54 g, 0.005 mol)
was suspended in 2.5 concentrated hydrochloric acid (HCI) and was cooled to 15°C using
adry ice/lbenzyl acohol bath. A solution of 4 mL concentrated HCl and 4 mL 40%
fluoroboric acid (HBF,) was precooled to 15°C and added dropwise to the suspension.
After 15 min, acold solution (2 mL) of sodium nitrite (NaNO2 , 1.38 g, 0.02mol; 4
equiv.) was added dropwise to the suspension. After stirring for 1h, the diazonium salt
was collected by filtration. After washing with asmall amount of water, the diazonium
salt was added in small portions to a suspension of ethyl-2-pyridylacetate (1.5 mL, 0.01
mol; 2 equiv.) and sodium acetate (5.01 g, 0.032 mol; 6.4 equiv.) in an ice bath-cooled
solution of 9 mL dimethyl sulfoxide (DMSO) and 15 mL water. The reaction mixture
was stirred overnight, during which the product precipitated out. The precipitate was
collected by filtration, re-dissolved in methylene chloride (CH,CI,), washed twice with 30
mL saturated potassium bicarbonate (K,CO5) solution and dried over magnesium sulfate
(MgS0 ,). The crude product was then subjected to silica gel column chromatography
(ethyl acetate/lhexane 1:5) to give | b asadark yellow powder (2.20 g, 88%) m.p. 155.1 -
1555 °C; 1 NMR (300MHz, CDC13) 6 14.98 (s, N-H), 8.71 - 8.60 (m, HI), 8.28 (d, J =
8.4 Hz, H4), 7.85 - 7.76 (m, H3), 7.39 (s, H5), 7.31 - 7.21 (2m, H2), 4.38 (q, J = 7.1 Hz,
-CH ,-), 145 (t, J = 7.1 Hz, -CH 3 ) ppm; 13C NMR (75 MHz, CDCI3) & 165.92, 153.11,
146.39, 139.24, 136.85, 124.78, 124.32, 122.15, 116.13, 61.08, 14.58 ppm. M S (El): m/z
found [M*] for C,,H,,Ng0 ,+ 460 (calcd. 460).

The 'H NMR spectrum of 2a, asalt of formula I, shows that all aromatic signals
are shifted downfield relative to the parent hydrazone, which is consistent with the
development of apositive charge in the pyridyl ring. 1 This effect is more pronounced in
2b, the salt of formula Ila, where the phenyl proton signal is shifted downfield to 8.33
ppm as opposed to 7.38 ppm in Ib. Moreover, the spectrum does not contain the
hydrazone N-H proton, which is anindication that the oxidative cyclization has taken

place.

The crystal structure of 2a, asalt of formula I (Figure 9) confirms the formation
of the triazolopyridinium ring. The newly formed ring system is perfectly planar, and
the distance between N2 and N3 is 1.364(2) A, which is dlightly longer than that in the
neutral triazolopyridine (1.351(4)A). 3 The CI-NI  bond length is 1.324(2) A, which is
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longer than in hydrazone I a (1.305(2) A), but still within the C=N double bond range.
The phenyl substituent at position 2 is not coplanar with the triazolopyridinium ring, and
the dihedral angle between them is 63.40(5)°. Thisisin sharp contrast with the coplanar
hydrazone Ia, 1 or 2-substituted [l,2,3]triazoles, 4 in which the aryl substituents are usually
coplanar or have very small dihedral angles with the triazole cores. Since no significant
intermolecular interactions were observed in the extended structure, the large dihedral an-

gle can be attributed to the eectronic structure in N2.

X-ray crystal data were collected using a Bruker CCD (charge coupled device)
based diffractometer equipped with an Oxford Cryostream low-temperature apparatus
operating at 173 K. Datawere measured using w and f scans of 0.5° per frame for 30 s.
The total number of images was based on results from the program COSMO® where
redundancy was expected to be 4.0 and completeness of 100% out to 0.83 A. Cell
parameters were retrieved using APEX || software® and refined using SAINT on all
observed reflections. Data reduction was performed using the SAINT software’ which
corrects for Lp. Scaling and absorption corrections were applied using SADABS8 multi-
scan technique, supplied by George Sheldrick. The structures are solved by the direct
method using the SHELXS-97 program and refined by least squares method on F2 ,
SHEL XL-97, which are incorporated in SHELXTL-PC V 6.10.° All non-hydrogen atoms
arerefined anisotropically. All hydrogens were calculated by geometrical methods and
refined as ariding model.

Table 1: Crystal Data and Parameters for 2a, asalt of formulaT.

CCDC No. 887676
Empirical formula CigH,, CIN3O
Formula weight 367.74
Temperature 173(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group Fix I'n
Unit cell dimensions a= 13.7923(7) A
a=90°
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Volume

Z

Density (calcd.)
Absorption coefficient

F ooo

Crydtal size

©range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to ©= 25.36°
Absorption correction

Max. and min. transmission
Refinement method

Data/ restraints / parameters
Goodness-of-fit on F2

Final R indices [I| > 20(DN)]
R indices (al data)

Largest diff. peak and hole

PCT/US2012/069832

b = 5.9508(3) A

B = 100.5400(10)°
c=19.9335(11) A

7=90°

1608.44(15) A3

4

1519 Mg-m-3

0.277 mm-1

760

0.49x0.33x0.04 mm3

1.66 to 25.39°

-16<h< 16

-7<k<7

-24<1<24

24909

2947 [R, = 0.0287]
100.0%

Semi-empirical from equivalents
0.9896 and 0.8758
Full-matrix least-squares on F2
294710/ 254

1.047

« 1=0.0401, wR, = 0.1110
Rl =0.0468, wR2 = 0.1178
0.422 and -0.332 e-A-

Both 2a and 2b have good solubility in water and polar organic solvents, such as
acetone, CH;CN and EtOH. The UV/Vis spectra of 2a and 2b in H,0 (Figure 10) show

absorption maxima (Amac) around 300 nm, and no appreciable solvatochromism is

observed for both compounds. It is noteworthy that the extinction coefficient of 2b at Ay

is nearly the double of that of 2a. Considering the fact that the triazolopyridinium ring is
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not in conjugation with the phenyl ring, the increase in extinction coefficient in 2b
most probably results from the contribution of the additional triazolopyridinium unit. The
H,0 solution of 2a emits green-blue light upon exicitation at 300 nm with aquantum yield
of 0.05+0.02, whereas 2b emits deep blue light with amuch higher quantum vyield
(0.30+0.02). The more than eight fold enhancement in quantum yield from 2b to 2ais
much more significant than the increase in extinction coefficient. On one hand, 2b has
one additional fluorophore than 2a. On the other hand, since the non-conjugated phenyl
ring is able to quench fluorescence via electron transfer, 1 the introduction of a second
electron-withdrawing  triazolopyridinium  unit in 2b can help reduce its quenching effect
leading to the increase in quantum vyield. For comparison, the photopysical properties of
2a and 2b were aso studied in CH,CN, and it was found that these properties are almost

identical to those in H,0 .

Table 2. A summary of phaoiaphysical properties of 1 and 2 is
cHacN solution®
Al Ay (8)  PLAW ($")  Skhes shift  FWHM
Coa  302(111000 469 (0,05) 167/11790 13 1/6008
ob  311(22100: 412 (030) 101/7882  94/5097

CADS, Agyg fad F Ay, are sapartd la s, and the extinction ceetficieni £ is
em~' . Rtokex shift amf FWHM are reported it both

caleudsted in L -l
nn: s\ om Y 11:0.02.

3
we

The emission spectra of 2a and 2b reveal several interesting photophysical
properties (Table 2). Both compounds have very broad emission profiles, spanning over
the visible range, especially 2a that spans from 370 to over 600 nm. Furthermore, the full
widths at half maximum (FWHM) for both compounds are aslarge as 100 nm. Both 2a
and 2b exhibit mega Stokes shifts (above 100 nm), which isnot a common phenomenon
for simple organic dyes. 11 Asmentioned before, this property isimportant for preventing
self-quenching and light scattering. The CIE (Commission Internationale de I'eclairage)
1931 color space chromaticity diagram was used to determine the color of the emissions,
and the results show that from 2a to 2b, the color goes from green-blue (0.153, 0.187) to
deep blue (0.154, 0.090), demonstrating the color tunability of the triazolopyridinium
compounds.

Time-dependent density functional theory (TDDFT) caculations were performed

on models of 2a and 2b to elucidate the quantum mechanical origins of the
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triazolopyridinium UV/Vis and fluorescence spectra. The computations utilized the PBE
density functional, 2 atriple-zeta basis set, 3 and the COSMO continuum solvation model
as implemented within ORCA 2.9.1.* Based upon the TDDFT results, the electronic
transition responsible for the prominent UV/Vis transitions near 380 nm can be described
as HOMO - LUMO transitions (The experimental and calculated excitation wavelengths
are different because of limitations in the TDDFT formalism). Consistent with the
experiment, TDDFT predicts that extinction coefficient for 2b is approximately triple that
of 2a. Inspection of the MOs involved in this transition provides an explanation for the
relative intensities of this band in 2a and 2b. In both cases, the HOMO is antibonding
with respect to the triazolopyridinium-phenyl bond. For 2a, the LUMO isa
triazolopyridinium-based mixture of triazolopyridinium and phenyl m-orbitals, whereas
the LUMO is aphenyl-based mixture of the same two orbitals in 2b. Consequently, there
is better orbital overlap of the HOMO and LUMO in 2b compared to 2a, resulting in a
more intense UV/Vis transition.

The TDDFT calculations also clarify the origin of the broad bandshapes in the
UV/Vis and fluorescence spectra of 2a and 2b. A TDDFT difference density difference
plot shows that the UV/Vis transition has significant charge transfer character with
electron density being donated by the phenyl substituent to the triazolopyridinium unit.

In contrast, the altered LUMO in 2b means that the UV/Vis transition may be described
asTi-1*. Consequently, significant differences are expected between the
triazolopyridinium and phenyl mt-bond strengths in the ground and excited electronic
states, especialy for the charge transfer transition of 2a.

Two [1,2,3]triazolo[l,5-fl]pyridinium salts were synthesized from 2-
pyridylphenylhydrazones via anovel Cu(ll)-mediated oxidative ring closure reaction. The
synthesized mono- (2a) and bis- (2b) triazolopyridiums are water soluble, show blue
fluorescence, possess broad emission profiles and exhibit mega-Stokes shifts. Since the
positive charge center of the triazolopyridinium ring can be susceptible to nucleophilic

attack, 15'16 these compounds can be promising in terms of anion sensing.
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CLAIMS

1. An organic light-emitting diode (OLED) comprising at least one compound of the

formula 1:

R/ N\ _.
N A
N\N/ \\::-_//

\ X

R2

0]

wherein

A isan optiona fused phenyl ring;

Rlis selected from the group consisting of H, Ci-zalkyl, C(0)Ci- zakyl, CN, and
C(0)OCi- galkyl,

R2is selected from the group consisting of CN, NO,, Ci_sakyl and aryl, wherein
the aryl is optionally independently substituted one or more times with halogen, Ci_galkyl
or OCi_gakyl; and

X" is an anion or adianion.

2. The OLED of claim 1, wherein the anion isahaide ion, a sulfate ion, a

tetrafluoroborate ion, aperchlorate ion, ahexafluorophosphate ion, or aborate ion.

3. The OLED of any one of claims 1-2, wherein R1is selected from the group
consisting of C(0)Ci- galkyl, CN, and C(0)OCi- galkyl.

4. The OLED of any one of claims 1-3, wherein R1is selected from the group
consisting of C(0)d_ salkyl, CN, and C(0)OCi_sakyl.

5. The OLED of any one of claims 1-4, wherein R2isphenyl and is optionally
independently substituted one or more times with halogen, Ci-zalkyl or OCi-galkyl.

6. The OLED of any one of claims 1-5, wherein A is not present.
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7. The OLED of any one of claims 1-6, wherein the compound of formula is one of

the following compounds:

o 0 0
—~ 7 N\ —~ 78\
o) o) T a
I N= N N @
Ny N N N’ N
X N
Br OCH,
0 N 0
N
/\O /@\ = /@\ /@\
I N= I N= Nl N=
N NN "N x
7 N\
®_ N\
N N o
N x or N- N
N ox
CHs
8. The OLED of claim 7, wherein X" is perchlorate.
10 9. An organic light-emitting diode comprising at least one compound of the formula

ITa:

ON=C A

N\N/ \\_—:—_/,

(X)2

_N =2

N N ’ \

N— )

A G N
R \
(Ha)
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wherein

A is anoptional fused phenyl ring;

R3is selected from the group consisting of H, Ci _gakyl, C(0)Ci- gakyl, CN, and
C(0)OCi_galkyl; and

5 X is an anion or adianion.

10. An organic light-emitting diode comprising at least one compound of the formula
I

(X)2

10

Uy

wherein
R3is selected from the group consisting of H, Ci~akyl, C(0)Ci_galkyl, CN, and
C(0)OCi- gakyl; and

15 X isan anion or adianion.

11. The OLED of any one of claims 9 or 10, wherein the anion isahalide ion, a
sulfate ion, atetrafluoroborate ion, aperchlorate ion, ahexafluorophosphate ion, or a
borate ion.

20
12. The OLED of any one of claims 9-11, wherein the compound of formulall or lla

is one of the following compounds:
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x or
X
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0o
13. The OLED of claim 12, wherein X" is perchlorate.
14. The OLED of any of claims 1-13, wherein the compounds are used as emitter
molecules.
15. The OLED of any of claims 1-13, wherein the compounds are used as host

molecules in an emitter layer.

16.

The OLED of any of claims 1-13, wherein the compound emits white, green, or

blue light.

17.

The OLED of any of claims 1-13, wherein the OLED produces white, green, or

blue light.

18.

A compound of the formula I':

1 A\
Rﬁ/(/@“"‘\\\
| N=( A

N\ ’
N -
=

|
\\2
R

@)

| N 4

wherein

A is anoptional fused phenyl ring;
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R' is selected from the group consisting of H, C(0)Ci- galkyl, CN, and C(0)OCi .
ealkyl;

R2is selected from the group consisting of H, halogen, Ci-galkyl and OCi_galkyl;
and

X" isan anion or adianion.

19. The compound of claim 18, wherein the anion is ahalide ion, asulfate ion, a

tetrafluoroborate ion, aperchlorate ion, ahexafluorophosphate ion, or aborate ion.

20. The compound of any one of claims 18-19, wherein R1is selected from the group
consisting of C(0)d_ galkyl, CN, and C(0)OCi_ galkyl.

21. The compound of any one of claims 18-19, wherein R1is selected from the group
consisting of C(0)Ci- salkyl, CN, and C(0)OCi- sakyl.

22. The compound of any one of claims 18-21, wherein R2is selected from the group
consisting of halogen, Ci-galkyl, and OCi*alkyl.

23. The compound of any one of claims 18-22, wherein R2is in the para position.
24, The compound of any one of claims 18-22, wherein A is hot present.

25. The compound of any one of claims 18-24, wherein the compound of formula I is

0 Q Q 0
D I N= I N= &
N Nepy Ny N
Noy N N N<y
i: X- ¢ X f
. X
Br

OCH,

29
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(@]
| N= N, N= N’ N=
N\N N or °N

<) <} <)
26.  The compound of claim 25, wherein X" is perchlorate.

5 27. A compound of formulalla’

RS /7 N\ _,
’ N(-D_ A\\:)

N\NI \\_—:—_/I

(X)2

_N r_::\\
\ Ns=( A2

RN\ /7

(Ha')
wherein
10 A is an optional fused phenyl ring;

R3is selected from the group consisting of H, Ci-6alkyl, C(0)Ci-6alkyl, CN, and
C(0)OCi- akyl; and

X isan anion or adianion.
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28. A compound of formula Ir:

(X)2

5 wherein
R3is selected from the group consisting of H, Ci_galkyl, C(0)Ci_gakyl, CN, and
C(0)OCi_alkyl; and

X is an anion or adianion.

10 29. The compound of any one of claims 27-28, wherein the anion is ahalide ion, a
sulfate ion, atetrafluoroborate ion, aperchlorate ion, ahexafluorophosphate ion, or a
borate ion.

30. The compound of any one of claims 27-28, wherein the compound of formula IT

15 orlld isone of the following compounds:

o) 0 \
\ N /
-0 ’ /@_ (@] ’ N@_
N N No. .
N N
X or X
X X
-N
-N N~
Y —~ N\ /
\_/ T
o]

31 The compound of claim 30, wherein X is perchlorate.
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