AR
W Durham

University
Durham E-Theses

Synthesis and optoelectronic properties of new
ethynylated pyrazine derivatives

Liang Zhao

How to cite:

Zhao, Liang (2003) Synthesis and optoelectronic properties of new ethynylated pyrazine derivatives.
Masters thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/3083/ is made to the metadata record in Durham E-Theses

e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/3083/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

SYNTHESIS AND OPTOELECTRONIC PROPERTIES OF NEW

ETHYNYLATED PYRAZINE DERIVATIVES

LIANG ZHAO, B.ScC.

GRADUATE SOCIETY

DEPARTMENT OF CHEMISTRY

UNIVERSITY OF DURHAM

A copyright of this thesis rests
with the author. No quotation
from it should be published
without his prior written consent
and information derived from it
should be acknowledged.

A Thesis submitted for the degree of Master of Science

at the University of Durham

October 2003

2 8 APR 2004




STATEMENT OF COPYRIGHT

The copyright of this thesis rests with the author. No quotation from it should be published
without his prior written consent and information derived from it should be acknowledged.

DECLARATION

The work described in this thesis was carried out in the Department of Chemistry at the
University of Durham, between October 2002 and September 2003. All the work was carried
out by the author unless otherwise stated, and has not previously been submitted for a degree
at this or any other university.

I



TABLE OF CONTENTS

N 3 ] 1 o Tt e v

Acknowledgements .......vvvvviiiiieiiiiiimiiiiiiiiiiiiiiiiiiii it aeans \4
1 Introduction......coviiieiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiariteiitesiasrisnsenaaeone 1
1.1 Conjugated polymers and oligOMEers. ..........ooii it e, 1
1.2 Photoluminescence (PL)..... ..o 1
1.3 Organic Light Emitting Devices (OLED)............cooiiiiiiiiiii 2
1.3.1 A Brief history of electroluminescence (EL).............c..coo i 3
1.3.2  The general structures and mechanism of operation of OLEDs....................... 4
1.3.3  Low molecular weight materials.............ccoviiii i, 8
1.3.3.1 Electron transport Mitters. . .........oouiuiniit ittt e 9
1.3.3.2 DOPant EIMIEIETS. . ...\ iet ittt ettt et et ettt e 10
1.3.3.3 Electron transport and hole blocking materials..................oocoiiiiiiiiiinc 12
1.3.3.4 Hole transport materials.........o.oouieiiiei i 13
1.3.3.5 Electron and hole transport €mitters. ..........coooeiiiiiiiiiiiiir e 14
1.3.4 Conjugated polymers in OLEDS. ... 15
13,5 O OMIErS. . ittt e e e 19
1.4 Trends and future of OLEDS. ... e 20
1.5 The choice of target product...........oooviit i, 21
2 Results and DiscussSion........ooiviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie i 25
2.1 IEPOAUCHION. ...ttt et e e e e 25
2.2 Synthesis of 2,5-Dibromo-3,6-dimethylpyrazine 32...............coviiiiiiiinnn 25
2.3 Catalysed reactions to diaryleneethynylpyrazine derivatives........................... 26
2.4 Properties of diaryleneethynylpyrazine derivatives...............oooveeniinnnni o 29
241 N R . 29
2.4.2 Crystal SIUCIUIE. ...\t et e e e e e 30
2.4.3 Quantum chemical calculations. .......... .o 32
2.4.4 Cyclic VOItammetry. . ..ot e 37
2.4.5 Absorption and photoluminescence studies on 37,38,40............................. 38
2.5 CONCIUSIONS. ..ttt ettt e e e 42
3 Experimental Procedures.......ccocviiiiiineiiiniiiieiiiineiieriinerississesssssersneseneen 43
3.1 ADBDIEVIATIONS. ..t 43
3.2 GenETal. .o 43
0 B 0T T 5 43
32 ADALY SIS, 1ottt 44
3.2.3 Computational Procedure. . ........ooooiiiiiii i e 45
3.2.4 Synthetic Details. .. ..o 46
S (5 a0 1 e 55

III



ABSTRACT

Several diaryleneethynylpyrazine derivatives, in which the pyrazine unit is electron-deficient,
have been synthesised using Sonogashira palladium-catalysed cross-coupling reactions.
Compound 32, an important intermediate in the synthesis of diaryleneethynylpyrazine
derivatives was made by a modified literature procedure which improved the yield.
Examination of optical absorption and photoluminescence spectra of compound 37 shows
that the pyrazine unit does not change the behaviour significiently compared to analogue 42,
while compound 38 shows pyridine substituents have a profound effect on the photophysics
of these pyrazine systems. The redox properties of representative compound 37 were studied
by cyclic voltammetry, which shows that reduction of 37 to its radical anion occurs as a
reversible process at high negative potentials of ca. —1.87 V. The X-ray crystal structure of 37
is also presented. Quantum mechanical calculations of the geometry and electronic structure
were performed for compound 37; the known phenylene analogue 42 was calculated at the
same level for comparison. The results show that the energies of both HOMO and LUMO
orbitals of 37 are decreased compared to 42. The calculated value of the HOMO-LUMO gap
of 37 (3.56 V) is close to that estimated from the red edge of the longest wavelength

absorption (382 nm = 3.25 eV).
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Chapter One: Introduction

1.1 Conjugated polymers and oligomers

The development of conjugated polymers, e.g. polyacetylene, polypyrrole and polythiophene
with interesting semiconducting properties, as a result of doping by chemical or
electrochemical means, took place throughout the 1980s and 1990s and for many years
research was driven by the search for metallic and even superconducting properties in these
types of materials'. Reports of devices with potentially useful properties began to appear in
the literature in the late-1980s, e.g. ficld effect transistors (FETs) based on electrochemically
deposited poly(3-methylthiophene)?. 1t is now widely appreciated that many conjugated
oligomers (rather than high molecular weight polymers) possess similar semiconducting
properties, making them also suitable for device applications®. Extensive studies on the
generation of charge carriers and electronic conduction in conjugated polymers laid the basis
for what is currently one of the most exciting areas of research in conjugated organic systems,
namely the development of their photoluminescent (PL) and electroluminescent (EL)

properties.

1.2 Photoluminescence (PL)

Luminescence is described as light emitted by a cold excited body, in contrast with the light
emitted by incandescent bodies. Because of the quantum nature of light and considering only
low excitation conditibns, one absorbed photon can induce at best one luminescence photon
whose energy is necessarily smaller than (or equal to) that of the excited photon (Stokes’

law). Luminescence can be categorised by the manner in which the excited statc is formed.




Photoluminescence is the type used in spectroscopy and occurs when light is absorbed by a
molecule. It can be described as a three-step process: 1. absorption of one photon of the
excitation source creating in the material a primary excitation; 2. evolution of this primary
excitation by energy relaxation or energy transfer toward secondary excitation at lower
energy; 3. coupling of this secondary excitation to light, giving rise to the spontaneous
emission of one luminescence photon. Other types of Iluminescence include
electroluminescence (involving a reaction releasing energy as light rather than heat), and

bioluminescence (for example in special organs of deep sea fish to help attract prey).

Fluorescence on the other hand, results in emission from a singlet-excited state. Here the
electron is of opposite spin to the one in the ground state and so the transition is allowed
resulting in a much shorter lifetime that is of the order of nanoseconds. Therefore, to the
naked eye it appears that light is only emitted whilst the molecule is being excited.
Photoluminescence allows the best control over the excitation conditions and for that reason
is the most useful process for studying the fundamental properties of luminescent materials
for fluorescent tubes and cathode-ray tubes, which took place in the 1940s. The study of
photoluminescence in organic and semiconductor materials started at the end of the 1950s
and developed very rapidly with the advent of lasers. The tremendous improvements in
semiconductor quality linked to microelectronic applications, in terms of purity and doping
control, allowed the identification of well-established luminescence mechanisms. Conversely,
photoluminescence has become a very common non-destructive test of semiconductor

structures.

1.3 Organic light emitting devices (OLED)



1.3.1 A brief history of electroluminescence (EL)

EL is a non-thermal generation of light resulting from the application of an electric field to a
substrate®. Tn 1936 EL was first discovered for an inorganic material by Destriau et al when
observing high field electroluminescence from a ZnS phosphor powder dispersed in an
isolator and sandwiched between two electrodes.’ In the 1960s and 1970s, inorganic EL

gained some industrial use in EL powder lamps, and in the late 1980s in flat panel displays.

In 1963 EL for an organic material was first observed for crystals of anthracene.’ However,
the lifetimes and efficiencies of the resulting devices were significantly lower than those
obtained for inorganic counterparts at the time. In 1987 a striking breakthrough occurred
when the first double-layer device using organic molecular materials was reported by Tang
and VanSlyke’, and great improvement in luminous efficiency and colour tunability had been
achieved. Later in 1990 the highly fluorescent conjugated polymer poly(p-phenylenevinlyene)
(PPV) 1 was used in the formation of organic light-emitting diodes (OLEDs) by Friend et al®.
Although PPV synthesised directly by polymerisation of its monomer is insoluble and
difficult to process, Friend et al found a way to make PPV-OLEDs by the use of a soluble
precursor polymer (the method is shown in Scheme 1). As a consequence of this contribution,
the spin-coating method of conjugated polymer deposition was demonstrated for the first

time, opening up the possibility of producing large area displays from OLED materials.
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Compared to traditional inorganic materials, organic materials have some obvious advantages

for OLEDs;

o usually OLEDs’ thickness is less than 2 mm,;
o the device has a wide viewing angle;

o the operating voltage of OLEDs is low;

e the colour range of OLEDs is wide;

o the power consumption is low;

o OLEDs made from polymers can be used to fabricate flexible displays.
1.3.2 The general structures and mechanism of operation of OLEDs

Under an applied voltage, oppositely charged carriers (electrons at the cathode and holes at
the anode) are injected into the emissive layers from the opposing contacts, and are swept
through the device by the high electric field. Some of the electrons and holes combine within
the emissive materials to form triplet and singlet excited states. The singlets are distinguished
from the excited states of photoluminescenece (PL), the fluorescence process resulting from

photoexcitation of the ground state.
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[rradiation of a fluorescent polymer excites an electron from the HOMO to the
LUMO. In a typical conjugated polymer, two new energy states ar¢ generated upon
relaxation within the original HOMO-LUMO energy gap and are each filled with one
electron of opposite sign (singlet excited state). The excited polymer may then relax
to the ground state with emission of light at a longer wavelength than that absorbed

(photoluminescence).

In a polymer LED, electrons are injected into the LUMO (to form radical anions) and
holes into the HOMO (to form radical cations) of the electroluminescent polymer.
The resulting charges migrate within the polymer chains under the influence of the

applied electric field. When a radical anion and a radical cation combine on a single



conjugated segment, singlet and triplet exited states are formed, of which the singlets

can emit light.
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Figure 2 Single layer devices ITO: indium tin oxide.
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Figure 3 Multi-layer devices ETL: electron transport layer; EL: emitting layer; HTL: hole

transport layer.

One of the potential important usages of OLEDs is to make coloured flat panel displays;

there are several ways’ to realize this goal.

a) Blue, green, and red OLEDs
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b) OLEDs tunable from blue to red emission based on the voltage, current, local temperature,

or another device parameter
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¢) OLEDs with a spectrally broad white emission, covered with red, green, or blue absorption

filters (figure 6)
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As most small molecular materials can only have one or two specific functions required for
OLEDs (such as fluorescence, electron and hole transport) multilayer devices are fabricated
to achieve improved results. According to their function in the EL devices, low molecular

weight materials can be classified into five groups:

electron transport emitters;

dopant emitters;

electron transport and hole blocking materials;

hole transport materials;

electron and hole transport emitters.

1.3.3.1 Electron transport emitters



Metal chelates, for example compound 3 (Alq;), are the most common electron transport
emitters used in the fabrication of organic devices. The photoluminescence efficiency of Algs
thin films is around 32%.'° In order to change the emission wavelength and the energetic
position of the frontier orbital, many derivatives of Alqs have been synthesized and their

physical characteristics studied.'’

Besides Alqs and its derivatives, other metal chelates'?, lanthanide'® and boron'* complexes
have also been studied as electron transport emitters in OLEDs. Zinc complex 4 revealed a
yellow luminance of 16 200 cd m? in a standard device configuration (ITO/TPD
13/4/Mg:In). "> One of the most remarkable electron transport emitters besides Alg; is
beryllium complex 5, which achieved a brightness of 19 000 ¢cd m™ and a luminous efficiency
of 35 Im W' in a two-layer device configuration (ITO/TPD/5/Mg:In). ' Lanthanide
complexes of the general structure 6 have been used as luminescent dopants and electron
transport emitters in EL devices with external quantum efficiencies up to 1%. '’ Spectral
narrowing and luminescence enhancement were reported for multilayer structures based on

europium and terbium complexes. "®

I R’
=N, O—
\M/
N © {
< R?
74
a N ) M = Tb, Eu, Dy, Gd
zn< o R = CHg, phenyl, 2-thienyl
\ N R? = CH3,CF3, phenyl
/)
4 5 6

1.3.3.2 Dopant emitters
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Solid-state organic fluorescent dyes tend to suffer from various degrees of quenching which
typically causes broadening and bathochromic shifts of the emission bands. These problems
can be overcome by doping or dispersing fluorescent dyes as guests within a host matrix,
which typically serves as a hole and/or an electron transport material. In this way, self-
quenching can be minimized. To achieve high electroluminescene efficiency, there are three
criteria to follow.

e the materials should be evaporable and exhibit high fluorescence quantum yields;

e cnergy levels of the host and the guest should be complementary;

e narrow emission bands of the dopants are favourable to maintain chromatic purity.

Tang et al dramatically raised the external quantum efficiency of their [TO/2/Alq,/Mg:Ag
device to a value of 2.5% by doping the Alqg; layer with small amounts of compounds 7 or
8."” However, if the concentration of dopant is too high, the devices’ performance will be

affected unfavourably.

N
I\N o So
L

7

The most frequently used dopant is rubrene 9. Compared to analogous undoped devices,

improved stability and a doubling of the luminous efficiency to 2.35 Im W' have been

11



achieved by doping 5 wt% rubrene into the TPD layer of a simple two-layer device (TPD 13:

9/Alq:/Mg:Ag).°

QD
900 e
O O

1.3.3.3 Electron transport and hole blocking materials

1,3,4-Oxadiazole derivatives possess the important properties for device fabrication of
forming uniform thin films by vacuum sublimation and exhibiting large ionisation potentials
for efficient hole blocking.*' The most important low molecular weight compound of this
family is 2-biphenyl-4-yl-5-(4-tert-butylphenyl)-1,3,4-oxadiazole 10 (PBD), first utilized by

Tsutsui et al. "%

1,3,4-Triazoles are another interesting class of electron-deficient thermostable materials

similar to oxadiazoles. Triazoles were first used by Kido et al as electron transporting and

12



hole blocking materials.”® The most representative derivative is 3-(1,1'-biphenyl-4-yl)-5-(4-
tert-butylphenyl)-4-phenyl-4H-1,2,4-triazole 11, which is not only a good electron

transporter but also a better hole blocker than PBD 10. "

Taking advantage of the hole blocking qualities of triazole 11, Horhold et al. fabricated a
highly efficient three-layer device (ITO/TPD/11:12/11/Ca:Al) with a luminous efficiency of
3 Im W', a maximum brightness of about 5500 ¢d m? and a luminance of 500 c¢d m™ at

moderate voltages (7 V). *

1.3.3.4 Hole transport materials

A numerous array of materials have been developed as hole transport materials in OLEDs.

N,N'-Diphenyl-N,N’ -bis(3-methylphenyl)-1,1°-biphenyl-4,4’ -diamine (TPD) 13 and N,N'-

13



bis(1-naphthyl)-N,N'-diphenyl-1,1"-biphenyl-4,4’-diamine (NPD) 14 have been extensively

studied in this context.®

R2

R1\©L ) QRz
R Z@N Q O N@\W

13 R' =CH3 R?=H

Q -
OO

14
1.3.3.5 Electron and hole transport emitters

With the aim of achieving both efficient charge transport and fluorescence in a single
molecule, several structures incorporating both electron transporting oxadiazole units and
hole transporting diphenylamine groups have been synthesized. The most efficient device
was based on compound 15 with Alqs as the electron injecting layer.’® An external quantum
efficiency of 4%, a luminous efficiency of 3.75 Im W™, and a maximum luminance exceeding
19 000 cd m™ was achieved in the most successful device based on this compound. However,
the durability of the device under operating conditions was disappointing (the initial

brightness decayed to half its intensity in less than 1 h).

14
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1.3.4 Conjugated polymers in OLEDs

An attraction of low molecular weight materials or small oligomers is that they can
frequently be purified by column chromatography or recrystallisation and their molecular
structures can be unambiguously characterised by standard analytical techniques (NMR
spectroscopy, elemental analysis, single crystal X-ray diffraction, etc.). However, their main
disadvantage is the expensive and technologically inconvenient process of vapour deposition
required to make thin films. In comparison, conjugated polymers are much easier to process

and at the same time can exhibit good fluorescent properties.

PPV was the first extensively studied polymer in this context. PPV is a bright yellow,
fluorescent polymer, with an EL emission maximum at A 551nm (2.25 e¢V) and 520 nm (2.4
eV) in the yellow-green region of the visible spectrum.® However, PPV synthesized directly
from a monomer is insoluble, intractable, and infusible, making the material very difficult to
process. The problem was solved by preparing PPV via a processable precursor polymer

(scheme 1).

15
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synthesis of PPV a) terahydrothiophene, MeOH, 65°C; b) Na OH, MeOH/H,0
or BuyNOH, MeOH,0°C c) neutralization (HCI); d) dialysis (water); ) MeOH,
50°C; f) 220°C, HCI (g) Ar, 22h; g) 180-300°C, vacuum, 12h.

Scheme 1

The introduction of substituents into the PPV skeleton has also enabled the generation of
PPVs that are soluble in a range of standard organic solvents. In 1991, Braun and Heeger
reported a red—orange emitting OLED based on the unsymmetrically substituted soluble PPV
derivative poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylenevinylene] (16), ¥’ and this
material has remained as the bench-mark polymer for most EL device studies. A variety of
PPV derivatives containing long alkyl and alkoxy chains, cholestanyloxy and
oligoethenyloxy substituents have been synthesized by polycondensation, Wittig-, or Heck-

type reactions.

16
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Up to now, the highest external quantum efficiency that has been obtained for a single-layer
OLED is 2.1%.%® This OLED, developed at Philips laboratories in 1996, was based on
dialkoxy-substituted PPV derivative 17 and possessed a brightness of 100 cd m? with a

luminous efficiency of 3 Im W™ at an operating voltage of 2.8 V.

Conjugated polymers tend to have low electron affinities making electron injection more
difficult than hole .injection. One way to overcome the problem is by the attachment of
electron withdrawing cyano groups to the vinylene bonds of PPV. CN-PPV 18 was studied
by Friend and Holmes et al®, Internal efficiencies of 0.2% were reported for a single-layer
configuration AI/CN-PPV/metal (Al or Ca). Several other electron withdrawing substituents

have been tried, although none surpasses CN-PPV.

17
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The fabrication of blue inorganic LEDs is difficult and expensive, therefore, blue emission is
of considerable importance in OLED research. Blue OLEDs were first reported by Leising et
al in 1992 using poly(p-phenylene) (PPP) 19 as the active layer in the device™ to obtain

external quantum efficiencies for simple single-layer devices of 0.05%.

Similar to PPV, PPP is also hard to process due to its insolubility and infusibility. In order to
improve processability, PPP derivatives bearing solubilizing side chains, such as alkyl, aryl,
alkoxy, or perfluoroalkyl, have been synthesized.’® However, a drawback associated with this
substitution is that the presence of the chains leads to increased distortion of adjacent rings,
which causes a blue-shift of the emission which is often accompanied by a réduction of
fluorescence quantum yield. In an effort to overcome these problems, Scherf and Miillen et al
developed ladder-type PPP derivatives 20-‘22 which comprise a rigid planarized polymer

3! The best performance reported to date for PPP-based diodes with an external

backbone.
efficiency beyond 4% was achieved with a blend of ladder-type polymer 21b and small

amounts of poly(3-decylthiophene) 23 in a single-layer configuration (ITO/21b:23/Al).*

18



20 R" = H, R? = CgH43, R3 = p-tBuCgHy (a), p-C1oH21CgHa (b)
21 R" = CHg, R? = CgHy3, R® = p-tBuCgHy (a), p-C1oH21CgH4 (b)

C1oH21

/ \

22 23

1.3.5 Oligomers

In general, oligomers have similar physical properties and processability suitable for the
fabrication of devices. However, they are different from conjugated polymers, which have
randomly dispersed defects leading to a statistical distribution of lumophore lengths.
Oligomers provide strict control of the effective conjugated length as a result of their
controlled synthesis, thereby providing more precise control of the absorption and emission
properties. Therefore, oligomers are routinely synthesized as model compounds to study
structure/property relationships in the corresponding polymers. However, on account of their
controllable and rigorously defined structure, conjugated oligomers have also been used as

novel materials in their own right and as alternatives to polymers in electrooptical

~applications.

19



1.4 Trends and future of OLEDs

From the late 1990s, many properties of OLEDs have begun to meet the requirements for
application in displays. The luminance has reached 100 ¢d m™ with a luminous efficiency of
10 Im W', However, the life-time of OLEDs still needs improvement. For most applications,
operating lifetimes should be above 10,000 hours and minimum storage times of five years
are required. After rigorous study of device architectures and optimization of the emitting
material, a deeper understanding of degradation and device failure mechanisms can be gained.
Solid state morphology is decisively important to both lifetime and efficiency. Layer-wise
topographic analyses of OLEDs have been carried out using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), and
scanning tunneling microscopy (STM) as analytical methods.” Besides lifetime, “black
spots” are another problem for commercial usage of OLEDs in displays. These are caused by
local electrical short-circuits ** . Their occurrence was found to be accompanied by
morphological changes that lead to delamination of the semiconductor film from the metal
surface. Long-term loss of efficiency of OLEDs associated with the decrease of quantum
efficiency and luminance along with an increase in voltage, while the device is stressed under
constant current, has been attributed to impurities in the emissive zone, introduced either

during device fabrication or produced by electrochemical reactions™.

As a whole, OLEDs have been greatly improved during the last few years with respect to
reliability, efficiency and tunability, and are now commercially competitive to their inorganic
counterparts in some cases. Currently, devices based on conjugated polymers and low

molecular weight materials compete for prevalence in the field of organic

20



electroluminescence, and the optimisation of diodes based on both types of materials is
proceeding rapidly. The polymer approach seems to be less sensitive to higher temperatures
and affords the promise of much lower fabrication costs. Whilst the production of sublimed
molecular film devices typically requires vapor deposition, conjugated polymers offer the
possibility of manufacturing large area displays by simple roll-to-roll coating techniques.
However, the two concepts are not mutually exclusive, since combinations of both
approaches have already been demonstrated. For the near future, it appears that both
technologies with their specific advantages and drawbacks will coexist and develop side-by-
side with each other. Although efficiency and durability of devices still need to be further
improved with respect to high-end applications, the prospects are that these obstacles are not

insurmountable and will soon be overcome if the current rate of progress continues.

1.5 The choice of target product

Conjugated polymers based on electron-deficient heterocyclic units, in particular systems
containing electron-withdrawing imine nitrogen atoms (C=N), have attracted considerable
interest as electron-transporting layers in the fabrication of multilayer devices.
Polyheterocycles with high electron affinities enable the construction of highly efficient
OLEDs, even with air-stable electrodes. As examples, the efficiency of multilayer devices is
significantly improved by using poly[2,2"-(p-phenylene)-6,6’-bis(3-phenquuinoxaline)]

(PPQ) 24 as electron transit layer. *

21



Pyridine derivatives have been applied in blue-emitting devices, as the electron-deficient
moiety’’. Compared to benzene, pyridine is an electron-deficient aromatic heterocycle, with a
localized lone pair of electrons in an sp® orbital on the nitrogen atom; consequently, the
derived polymers have increased electron affinity, improved electron-transporting properties,
and the symmetry of poly(phenylene) systems is broken. Polymer 25 was synthesized as

electron-transporting layers in LEDs™.

25
R= n-CGH13 X=Br (a), Ph (b)

Polymers 26 (a-c) were made to combine the merits of PPP and polypyridine (PPy)*’

OCgH17 OCgH17 OCgH17
X N NS
\ 7
Hy7CeO N H,,Cg0 H,,Cg0
a b Y
26
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Conjugated oligomers with an alternating phenylene-pyrimidine structure have been
synthesized *°. Blue light-emitting electroluminescent devices with an external quantum

efficiency up to 1.8% have been fabricated by using compound 27 as the emitting layer.

OCgH17
N —N
R < > 4 \ S ) < > R
N= N
H47CgO
27

R = H (a), OC4Hg (b), t-Bu (c)

Compound 28, with a similar pyrazine system was also reported”’.

Me Me
Me N N=— Me
Me 7\ \ Me
Me —N N Me
Me  mMeO Me
28

The electron injection is significantly improved in OLEDs made with polymer 29, which

contains a pyrazine unit in the backbone, compared to alkoxy-substituted PPV derivatives.*

23



My work which is described in the following chapters has focussed on the synthesis and
properties of new pyrazine derivatives, which is a heterocycle hitherto largely ignored as a

component of luminescent materials.

24



Chapter Two: Resuits and Discussion

2.1 Introduction

As discussed in Chapter one, we sought to explore new electron-transporting materials and
we recognised the following potential advantages of pyrazine derivatives in this context.

o The heterocycle is electron-deficient;

e It can be symmetrically functionalised;

e The optoelectronic properties, including luminescence, of its derivatives are largely

unexplored.

Herein we describe our work on 2,5-dibromo-3,6-dimethylpyrazine 32 as the starting
material for the synthesis of a series of new pyrazine derivatives and an exploration of their
structural and optoelectronic properties. We targeted a series of diaryleneethynylpyrazines
for our studies, because there is much current interest in oligoarylecthynylenes as highly
conjugated molecules with potential uses as molecular wires and in light emitting devices®.
The alkyne bond can be considered as having cylindrical geometry, which helps to maintain
conjugation along the molecular axis from one aromatic ring to the next. The extent of this
conjugation will be influenced by twisting of the aromatic rings out of the overall plane, with

more twist leading to less conjugation and hence lower intramolecular conductivity*.

2.2 Synthesis of 2,5-dibromo-3,6-dimethylpyrazine 32

Although 2,5-dibromopyrazine is known,* previous work in our laboratory46 had failed to

- reproduce -the -literature -synthesis (namely, a Sandmeyer reaction on 2-amino-5-
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bromopyrazine) in sufficient yield to provide enough material for further reactions. We,
therefore, chose to use 2,5-dibromo-3,6-dimethylpyrazine 32 as our starting reagent. An
outline synthesis has been reported for this compound, although details in the literature are

lacking.*’

The starting material is commercial alanine anhydride 30. Reaction of 30 with a mixture of
phosphoryl chloride and phosphorus pentachloride at 105 °C is reported to give 2,5-dichloro-
3,6-dimethylpyrazine 31 in 12% yield*®. We repeated this reaction and obtained 31 in a yield
of 30%. Conversion of compound 31 into the dibromo analogue 32 using phosphorus
tribromide gave the desired product in 31% yield®. In a typical reaction we obtained 1.0 g of

analytically pure compound 32, and this appears to be the good scale for this reaction.

e

i POCls, PCls, 105 °C, 24 h

ii PBr3, 170 °C, 24 h
2.3 Catalysed reactions to diaryleneethynylpyrazine derivatives

Having developed a reliable route to compound 32 we were able to explore displacement of
the bromine atoms in Sonogashira palladium-catalysed reactions to obtain

diaryleneethynylpyrazine derivatives, which are hitherto an unexplored family of compounds.
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The Sonogashira coupling reaction®® proceeds via the catalytic cycle shown in Scheme 3. The
reaction is usually performed under an inert atmosphere of nitrogen or argon as the presence
of any oxygen can lead to homocoupling of the acetylene component to give diynesSI.
Because both bromide sites are reactive sites in compound 32 , we can get two different

products respectively, by changing the ratio of reactants.

HX-amine R'C=CH

PhsP Cl
T pgt”
PhPp” CI
CuC =CR HX-amine
RC=CCu  ¢ux
i . PhsP
Cycle B ¥ pglt”
Phsp” TR
i
\ CuXx R'C=CH [
C=CR
PhsP C=CR . RX Cycle A PhaP pg!”
~ P
/Pd”\ , > Pd°(PPha), PhsP” TR
PhsP C=CR F\
RC=CC=CR
Scheme 3

Pd-catalyzed cross-coupling reaction of terminal acetylenes with sp® halides: i, oxidative

addition; ii, transmetallation; iii, reductive elimination.

Initial reactions concerned cross-coupling of 32 with 2-methyl-3-butyn-2-ol, and products 33
and 34 were obtained arising from displacement of one or both of the bromine atoms,
respectively, with yields of 35% and 36%. Treatment of 33 and 34 with base gave the

_ unsubstituted alkyne products 35 and 36 (Scheme 4), with yields of 23% and 25%.
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N N
33 34
ii ii
—N 4?:N
= }\1/ — Br \N/ —
35 36

Scheme 4 : i 2-Methyl-but-3-yn-2-ol, Pd(PPh;),Cl; as catalyst 65 °C, 1 h

ii NaOH in THF, 130 °C, 2 h

Similarly, 2,5-dibromo-3,6-dimethylpyrazine 32 reacted with two equivalents of a series of
arylalkyne derivatives to give the corresponding diaryleneethynylpyrazine products shown in

Scheme 5 .
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37 yield: 41%

O ==

38 yield:31%

L O-O= =00

Br
30 39 yield: 24%

— - O={=0n

yield 38%
o O=4=C
41 yield: 23%

Scheme 5

i 2-Methyl-but-3-yn-2-ol, Pd(PPh;),Cl; as catalyst, 65 °C, 1 h

2.4 Properties of diaryleneethynylpyrazine derivatives

2.4.1 NMR

Of this series of compounds, 2,5-dimethyl-3,6-bis(phenylethynyl)pyrazine 37 was the most

extensively studied. Its °C NMR spectrum is shown in Figure 6.
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CH,7

\ CH, 8

solvent CHCI;

CH, 9

\\ CHj 2.
C, 1 C,3 / C.5 C. 4

Figure 7 °C NMR spectrum of coumpound 37 in CDCl;

2.4.2 Crystal structure

Crystals of compound 37 were grown from hexane solution and the X-ray crystal structure
was solved by Dr Andrei Batsanov. The molecule of 37 (Fig. 8) is located at a
crystallographic inversion centre. Thus the two phenyl rings are parallel, but the pyrazine

ring is inclined to their planes by 14.2°. Molecules in the crystal form a layer of a brickwork
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pattern (Fig. 8), parallel to the (0 0 1) plane. The long axes of all molecules, belonging to the
same layer, are strictly parallel, while those in the adjacent layers are inclined to the latter by
ca. 45°. In fact, packing within the layer is not particularly close, due to the non-planar
conformation of the molecule. The separation between the mean planes of contacting
molecules (3.49 A) and the shortest intramolecular C...C distances (3.46-3.48 A) correspond
to normal van der Waals contacts. A phenyl! ring of one molecule overlaps with the pyrazine

ring of another, but the overlap is only partial (Fig. 9).

Figure 8: Molecular structure of 37. Thermal ellipsoids are drawn at 50% probability level.

Atoms, generated by the inversion center, are primed. Bottom: layer of molecules in the

crystal structure; projection on the (0 0 1) plane.
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Figure 9 Overlap of molecules of 37 within a layer.

2.4.3 Quantum chemical calculations

We also performed quantum mechanical calculations of the geometry and electronic structure
for compound 37. The geometry and the electronic structure of 37 was calculated by DFT
methods at the B3LYP/6-311G(2d,p) level of theory. For reference, the known phenylene

analogue 42+

was calculated at the same level and both these results were compared with X-
ray diffraction single crystal structures for both compounds. Both calculated structures, 37
and 42, are essentially flat and all three aromatic rings lie in the plane. There is generally a
good agreement between the calculated and the X-ray experimental bond distances: mean
discrepancies are 0.006 and 0.007 A, respectively (Fig. 10), which are in the range of the
accuracy of X-ray experiments. The calculated triple bonds are somewhat longer (by 0.003—
0.008 A) and the single bonds (between the aromatic rings and sp-hybrid carbon atoms) are
somewhat shorter (by 0.008-0.012 A) than found in experiments, but again this is a quite

reasonable difference between theory and experiment, taking into account that the first is for

an isolated molecule in a gas phase, and second one is for a condensed matter structure.
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1.386 1.386
(1.382) [1 379] {1.384]
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{1.205) [1.201]
1.423 1.420 1 420 1423 O
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1.386 1.327 1.386
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Figure 10 B3LYP/6-311G(2d,p) calculated bond distances in phenylene 42 and
dimethylpyrazine 37 derivatives. Bond distances from X-ray analysis are given in
parentheses for comparison (distances for two independent molecules from X-ray crystal
structure of phenylene derivative 42 are given in parentheses and square brackets,
respectively®?). The top figures shows bond distances in the rings and bottom figures show

acyclic bond distances.
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Orbital energy level analysis indicates that for pyrazine derivative 37 (as compared to 42) the
energies of both HOMO and LUMO orbitals are decreased (by 0.17 and 0.33 eV,
respectively) with, as expected, more pronounced changes in the LUMO energy due to the
electronegative nitrogen atoms. As a result the HOMO-LUMO gap (£y) is contracted by 0.17

eV, from 3.72 eV for 42 to 3.56 eV for 37.

For compound 42 the HOMO is located on the C—C triple bonds as well on the central 1,4-
phenylene ring, with only minor population on the end phenyl moieties. The main population
at the central ring is on C-1 and C—4, which form bonding orbitals with adjacent carbons. In
37, the HOMO is also located on the triple C—C bonds and on the central ring. The
electronegative nitrogen atoms in the pyrazine ring result in somewhat different localization
of the HOMO on it, exclusively on ring's carbon atoms resulting in quinoidal-type population.
The LUMO in 42 populates the exocyclic C—C single bond and C-2,3, C-5,6 bonds of the
phenylene ring resulting in quinoidal central moiety. Similar localization of the LUMO on
exocyclic C-C single bonds is observed for 37, whereas on the central pyrazine ring the

LUMO is localized on nitrogen atoms (Fig. 12)

Population of unoccupied molecular orbitals LUMO+1 to LUMO+4 is similar for both
molecules (Figure 13), 42 and 37: LUMO+1 is shifted to the end phenyl rings which become
essentially quinoidal; LUMO+2 is localized on the central ring forming antibonding orbitals
between C2-C3, C5-C6 and N1-C6, C3-N4 for 42 and 37, respectively. Structures
LUMO+3 and LUMO+4 for both compounds are near the same, with population on the
terminal phenyl rings. For occupied HOMO-1 to HOMO-4 orbitals, the structures of

HOMO-1, and HOMO-3 orbitals for both compounds are quite similar, whereas a big
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Normalised spectra of 38 in cyclohexane. Absorbance, excitation for
420 nm emission wavelength, emission for 278 nm excitation
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Figure 17

The major absorption, emission and excitation maxima are given in Table 1. The
absorbances of these compounds were recorded between 230 nm and 400 nm, and the
profiles were devoid of vibrational fine structure. The spectra of 37 and 40 are characterised
by two broad bands, with the longer wavelength bands centred at 354 nm and 359 nm for 37
and 40 respectively and are broadly similar to that of observed for 1,4-
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bis(phenylethynyl)benzene (42) Compound 38 is characterised by a broad absorbance

band at 278 nm.

All emission spectra were found to be independent of excitation wavelength. Compound 37
and 40 show similar fluorescence profiles and the excitation spectra coincide well with the
corresponding absorption spectra. There is also a small Stokes shift between the excitation

and emission spectra. The emission spectram of 37 and 40 have some vibrational fine
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structure and again resemble the spectra observed for 42. Compound 37 has emission peaks
at 379 nm and 395 nm while the emission of 40 is slightly blue shifted with peaks at 384 nm
and 403 nm. The difference in the excitation and emission profiles is attributed to differences
in the geometric arrangement of the nuclei in the ground and excited states. This is a result
of the low barrier to rotation about the alkynly-aryl single bond*®. The excitation spectra
represent a thermally populated distribution of ground state conformations. The vibrational
structure in the emission spectra is indicative of an S, state with a larger barrier to rotation
from the lowest energy planar orientation of the rings. The ethynyl substituents in 40 only

slightly lower the S excited state.

The pyridine substituents have a profound effect on the photophysics of these pyrazine
systems. Compound 38 is not very emissive and the excitation and absorption spectra are
dissimilar suggesting that the emission arises from an impurity, which could not be detected
in the NMR spectra. The excitation spectrum shows two broad bands of similar intensities at
352 nm and 277 nm, which would suggest an extended m-conjugation. However the
absorbance at 352 nm is shown to be extremely weak in comparison to the band at 277 nm.

The emission spectrum is broad with a peak at 404 nm and is devoid of vibrational structure.

Table 1. The absorption and steady state emission and excitation.

ABSORPTION EMISSION EXCITATION
37 286(b), 354(b) 379, 395 (b) 283(b), 357(b)
40 291, 359(b), | 384, 403, 418 287, 360, 374(sh)
376(sh)
38 Not very|278(b) 404(b) 277(b), 352(b)
emissive
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Key: b - broad, bw — broad and weak, sh — shoulder

2.5 Conclusions

Efficient synthetic methodology has been developed for the synthesis of
diaryleneethynylpyrazine derivatives from commercially available alanine anhydride.
Compound 37 has been thoroughly characterised by single crystal X-ray analysis, cyclic
voltammetry, absorption and photoluminescence spectra, together with quantum chemical
calculations. The presence of the pyrazine unit in the structure enhances the electron

accepting properties compared to the phenyl analogue 42.
These results suggest that future work could involve the use of compound 37 as an electron-

transport material in OLED structures. The use of 2,5-dibromo-3,6-dimethylpyrazine 32 as a

reagent for new oligoarylene structures should also be explored, cross-coupling methodology.
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Chapter Three: Experimental Procedures

This final chapter provides the experimental procedures for the novel compounds presented

in this thesis.
3.1 Abbreviations

DCM: methylene dichloride

THEF: tetrahydrofuran

POCIs: phosphoryl chloride

Cul: copper(I) iodide

Pd(PPh;),Cl;: dichlorobis(triphennylphosphine)palladium(IT)
PBrj3: phosphorus tribromide

MgSO4: magnesium sulfate

NaOH: sodium hydroxide

NMR: Nuclear Magnetic Resonance

MS: Mass Spectrum
3.2 General
3.2.1 Reactions

All reactions which required inert or dry atmospheres, were carried out under a blanket of

argon, which was dried by passage through a column of phosphorus pentoxide. THF was
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dried according to standard procedures. All reagents employed were of standard reagent

grade and purchased from Aldrich and used as supplied.

3.2.2 Analysis

'H NMR spectra were recorded on a Varian VXR 400s at 400 MHz or a Varian Inova 500 at
500 MHz using the deuteriated solvent as lock. Chemical shifts are quoted in ppm, relative to
tetramethylsilane (TMS), using TMS or the residual solvent as internal reference. '*C NMR
were recorded using broad band decoupling, on the Varian VXR 400s or Varian Inova 500 at
100 MHz and 125 MHz, respectively. The following abbreviations are used in listing NMR

spectra: s = singlet, d = doublet, t = triplet, q = quartet.

Electron Impact (EI) mass spectra were recorded on a Micromass AutoSpec spectrometer

operating at 70 eV with the ionisation mode as indicated.

An Ati Unicam UV/VIS UV2 spectrometer was used to record the absorption spectra of the
samples, which were held in a 1cm path length cuvettes. Emission and excitation spectra
were recorded using a Jobin-Yvon Horiba Fluorolog 3-22 Tau-3 spectrofluorimeter. The
spectra of dilute solutions with absorbance of less than 0.1 in the 200 nm to 400 nm range

were recorded using conventional 90 degree geometry.

The X-ray diffraction experiment was carried out on a Bruker 3-circle diffractometer with a

SMART 6K CCD area detector, using graphite-monochromated Mo-K, radiation (A =
0.71073 A). The crystal was maintained at low temperature (T = 120 K), using a Cryostream

(Oxford Cryosystems) open-flow N; cryostat. The structure was solved by direct methods
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and refined by full-matrix least squares against F° of all data, using SHELXTL software.
Crystal data: CyH 6N,, M = 308.37, monoclinic, space group P2,/c (No. 14), a = 9.059(1), b
= 7.515(1), ¢ = 12.102(4) A, 8=92.33(1)°, U=823.2(3) A’, Z=2,D.= 1244 gcm™, p =
0.07 mm™". Full sphere of reciprocal space was covered by four sets of 0.3° ® scans, each set
with different ¢ and/or 20 angles, yielding 10,887 reflections with 20 <55°, of which 1891
were independent (R, = 0.039). All non-hydrogen atoms were refined in anisotropic
approximation, all H atoms were located in a difference Fourier map and refined in isotropic

approximation. The refinement of 240 parameters converged at R=0.038 [for 1465 reflections

with F2 =¢(F%)] and wR(F2) = 0.115 [for all data).

Cyclic voltammetry experiments were performed on a BAS CVS50W electrochemical
analyzer with iR compensation. Platinum wire, platinum disk (& 1.6 mm) and Ag/Ag" (0.01
AgNO; in acetonitrile) were used as counter, working, and reference electrodes, respectively.
CV experiments were performed in dry acetonitrile with 0.1 M BuyNPF¢ as supporting

' The potentials were referred to

electrolyte. The scan rate was varied from 50 to 2000 mV s~
Fc/Fc” couple as the internal reference, which showed a potential of +0.08 V vs. Ag/Ag’ in

our conditions.

3.2.3 Computational procedure

The ab initio computations of compounds 42 and 37 were carried out with the Gaussian 98
package of programs at both density-functional theory (DFT) levels using Pople's 6-311G
split valence basis set supplemented by two d-polarisation functions on heavy atoms and p-
polarisation functions on hydrogens. DFT calculations were carried out using Becke's three-
parameter hybrid exchange functional * with either Lee—Yang—Parr gradient-corrected

correlation functional > (B3LYP). Thus, both geometries were optimised with B3LYP/6-
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31G(2d,p) and electronic structures were calculated at the same level. Contours of five
highest occupied and five lowest unoccupied molecular orbitals were visualised using
Molekel v.4.2 program.” No constraints of bonds/angles/dihedral angles were applied in the

calculations and all the atoms were free to optimise.
3.2.4 Synthetic details

2,5-Dichloro-3,6-dimethylpyrazine 31

O

To alanineanlydride 30 (25g 0.176mol) in POCI; 150ml, PCls 9g was added, the mixture was
reflux at 105°C for 24h. The mixture was cooled to room temperature, and excess POCl; was
removed by vacuum distillation. Cold brine was added slowly with stirring and a white solid
formed after standing for 12 h. Then the mixture was extracted with DCM, and the lower
layer was collected. The DCM layer was dried with MgSQ,. The solvent in the filtrate was
removed by vacuum evaporation and the residue was chromatographed on silica eluted with
DCM, followed by crystallization from hexane to yield a white solid of compound 31 (9.3g
31%); m.p. = 73.1-74.1 °C Found C, 40.12; H, 3.78; N, 15. 63%. CsHsCI,N; requires C,
40.71 H, 3.42 N, 15.82% MS (EI): m/z 176 (M, 100%); 8 4 (CDCl3) 2.61 (6 H's CH;3). 8 ¢

(CDCl3) : 21.24 145.60 149.77

2,5-Dibromo-3,6-dimethylpyrazine 32
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To 31 (5.37g 30mmol), PBr; 15ml was added. The mixture was stirred at reflux (oil bath
temperature 170 °C) for 24h. The mixture was cooled to room temperature, and excess PBr;
was removed by vacuum distillation. Cold brine was added slowly with stirring and a white
solid formed after standing for 12 h. The mixture was extracted with DCM, and the lower
layer was collected. The DCM layer was dried by MgSQ,. The solvent in the filtrate was
removed by vacuum evaporation and the residue was chromatographed on silica eluted with
DCM, followed by crystallization from hexane to yield a white solid of compound 32 (2.8g,
35%); m.p. = 84.4-85.8 °C Found C, 26.76; H, 2.52; N, 10.35%. C¢H¢Br,N; requires C, 27.10
H, 2.27 N, 10.53% MS (ED): m/z 266 (M" 100%); 6 (CDCl;) 2.58 (6 H's CH3). 8¢

(CDCl3) :22.97 138.80. 152.43

4-[5-(3-Hydroxy-3-methyl-but-1-ynyl)-3,6-dimethylpyrazin-2-yl]-2-methyl-but-3-yn-2-ol

33

>:N\ — /on

HO>:\\N‘/<_\

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.43g, 1.6mmol) and 2-Methyl-but-
3-yn-2-0l (0.4g, 3.2mmol) in dry THF (6.1ml), Cul powder (9.lmg) was added.
Triethylamine (0.8ml, 5.7mmol) was added using a syringe, and the solution was stirred at
20°C for 10 min to obtain a clear solution. Pd(PPh;),Cl; (27mg) was added in one portion

and the mixture was stirred at 20°C for 1 h, followed by reflux at 65°C for another 2 h. The
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mixture was cooled to room temperature, and the solid formed during the reaction was
removed by suction filtration. The solvent in the filtrate was removed by vacuum evaporation
and the residue was chromatographed on silica eluted with DCM, followed by crystallization
from hexane to yield a yellow solid of compound 33 (0.15g, 35%); m.p. = 170.0-170.8°C
Found: C, 70.43; H, 7.67; N, 10.02%. C,cH2oN,O; requires C, 70.56 H, 7.40 N, 10.29%; MS

(EI): m/z 272 (M", 100%); & ;; (CDCl3) 1.68 (12 H s CH;) 2.50 (2 H, s OH) 2.60 (6 H s CH3);

8 ¢ (CDCl3) 21.62 31.04 65.48 79.06 101.29 135.84 152.75

4-(5-Bromo-3,6-dimethylpyrazin-2-yl)-2-methyl-but-3-yn-2-ol 34

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.43g, 1.6mmol) and 2-methyl-but-
3-yn-2-ol (0.27g, 1.6mmol) in dry THF (6.1ml), Cul powder (9.1mg) was added.
Triethylamine (0.8ml, 5.7mmol) was added using a syringe, and the solution was stirred at
20°C for 10 min to obtain a clear solution. Pd(PPh;),Cl, (27mg) was added in one portion
" and the mixture was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The
mixture was cooled to room temperature, and the solid formed during the reaction was
removed by suction filtration. The solvent in the filtrate was removed by vacuum evaporation
and the residue was chromatographed on silica eluted with DCM, followed by crystallization
from hexane to yield a yellow solid of compound 34 (0.15g, 36%); m.p. = 168.5-169.1°C

Found: C, 48.86; H, 5.13; N, 10.22%. C,;H3BrN;O requires C, 49.09 H, 4.87 N, 10.41%;
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MS (EI): m/z 209 (100%), 270 (M" 29%); 8 i (CDCl3) 1.63 (6 H s CH3) 2.60 (1 H, s OH)

2.50 (6 Hs CH;); 6 ¢ (CDCl3) 21.3023.37 65.53 77.75 100.95 135.95 139.16 151.40 153.71

2,5-Diethynyl-3,6-dimethylpyrazine 35

4-[5-(3-Hydroxy-3-methyl-but-1-ynyl)-3,6-dimethylpyrazin-2-yl]-2-methyl-but-3-yn-2-ol 33
(0.51g, 0.2mmol) was added in THF 8ml. NaOH 1.3g was added in the mixture, and the
solution was stirred at 20°C for 0.5 h, followed by reflux at 130°C for 2h. The mixture was
filtrated, and solid was removed. The solvent in the filtrate was removed by vacuum
evaporation and the residue was chromatographed on silica eluted with DCM, solvent was
removed by vacuum evaporation and a brown solid was yield of compound 35 (0.07g, 25%);
m.p. = 155.1-156.0°C Found: C, 76.67; H, 5.34; N,17.74%. C)oHgN; requires C, 76.90 H,

5.16 N, 17.94%; MS (EI): m/z 156, (M 100%); § ;; (CDCl,) 2.61 (6 H's CH;) 3.48 (2 H s

CH); 6 ¢ (CDCl3) 21.53 84.38 135.75 153.28

2-Bromo-5-ethynyl-3,6-dimethylpyrazine 36
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4-(5-Bromo-3,6-dimethylpyrazin-2-yl)-2-methyl-but-3-yn-2-ol 34 (0.32g, 1.2mmol) was
added in THF 5ml. NaOH 0.8g was added in the mixture, and the solution was stirred at 20°C
for 0.5 h, followed by reflux at 130°C for 2h. The mixture was filtrated, and solid was
removed. The solvent in the filtrate was removed by vacuum evaporation and the residue was
chromatographed on silica eluted with DCM, solvent was removed by vacuum evaporation
and a brown solid was yield of compound 36 (0.06g, 0.23%); m.p. = 144.2-145.1°C Found:
C, 45.13; H, 3.55; N, 12.96%. CsH;BrN, requires C, 45.53 H, 3.34 N, 13.27%; MS (EI): m/z
211, (M" 100%); 8 4 (CDCls) 2.60 (6H s CH;3) 3.46 (1 Hs CH); 6 ¢ (CDCl3) 21. 23.31 83.73

135.24 139.75 151.62 154.09

2,5-Dimethyl-3,6-bis-phenylethynylpyrazine 37

/\:>:N\: =

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.51g, 2.0 mmol) and ethynyl-
benzene (0.49g, 4.8 mmol) in dry THF (7.0 ml), Cul powder (10.6mg) was added.
Triethylamine (0.9ml) was added using a syringe, and the solution was stirred at 20°C for 10
min to obtain a clear solution. Pd(PPh;),Cl; (32mg) was added in one portion and the mixture
was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The mixture was
cooled to room temperature, and the solid formed during the reaction was removed by
suction filtration. The solvent in the filtrate was removed by vacuum evaporation and the
residue was chromatographed on silica eluted with DCM, followed by crystallization from
hexane to yield a yellow solid of compound 37 (0.25g, 41%); m.p. = 169.1-170.0°C Found: C,

85.44; H, 5.21; N, 9.15%. C2,H¢N; requires C, 85.69 H, 5.23 N, 9.08%; MS (EI): m/z 308,
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(M* 100%); 8 14 (CDCl3) 2.69 (6 H s CHs) 7.32 (6 H s CH) 7.58 (4 H s CH); 6 ¢ (CDCLy)

21.75 86.45 96.72 121.85 128.51 129.49 132.06 136.24 153.02

2,5-Dimethyl-3,6-bis-pyridin-2-ylethynyl-pyrazine 38

C=L =0

To the solution of 2,5-dibromo-3,6-dimethyl-pyrazine 32 (0.48g, 1.8 mmol) and 1-
ethynylpyridine (0.50g, 48 mmol) in dry THF (7.0 ml), Cul powder (10.0mg) was added.
Triethylamine (0.9ml) was added using a syringe, and the solution was stirred at 20°C for 10
min to obtain a clear solution. Pd(PPh;),Cl, (30mg) was added in one portion and the mixture
was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The mixture was
cooled to room temperature, and the solid formed during the reaction was removed by
suction filtration. The solvent in the filtrate was removed by vacuum evaporation and the
residue was chromatographed on silica eluted with DCM, followed by crystallization from
hexane to yield a yellow solid of compound 38 (0.16g, 31%); m.p. = 201.2-201.9°C Found:
C,77.24; H, 4.57; N, 17.89%. CyH4N4requires C, 77.40 H, 4.55 N, 18.05%; MS (EI): m/z

277 (100%), 310 (M", 27%); & 1 (CDCl3) 2.60 (6 H s CH3) 7.31 (2 Hs CH) 7.48 (2 H's CH)

8.56 2 Hs CH); 6 ¢ (CDCl3) 20.13 72.46 123.31 127.26 135.34 137.42 149.41 153.97

2,5-Bis-biphenyl-4-ylethynyl-3,6-dimethyl-pyrazine 39

51



OO0

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.40g, 1.5 mmol) and 4-ethynyl-
biphenyl (0.80g, 4.0 mmol) in dry THF (10.0 ml), Cul powder (8.3mg) was added.
Triethylamine (0.8ml) was added using a syringe, and the solution was stirred at 20°C for 10
min to obtain a clear solution. Pd(PPh;),Cl; (25mg) was added in one portion and the mixture
was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The mixture was
cooled to room temperature, and the solid formed during the reaction was removed by
suction filtration. The solvent in the filtrate was removed by vacuum evaporation and the
residue was chromatographed on silica eluted with DCM, followed by crystallization from
hexane to yield a yellow solid of'compound 39 (0.16g, 24%);, m.p. = 188.0-188.7°C ; MS
(ED): m/z 460, (M" 100%); HRMS (EI) (M+) caled. for C3sHN, 460.19395; Found

460.19385; & (CDCl3) 2.62 (6 H's CH3) 7.18 (2 H's CH) 7.29 (4 H s CH) 7.38 (8 H s CH)
7.61 (4 Hs CH); 8 ¢ (CDCly) 14.68 74.66 81.84 120.63 127.07 127.14 127.88 128.93 132.97

140.10 141.97 156.91

2,5-Bis-(4-ethyl-phenylethynyl)-3,6-dimethyl-pyrazine 40

~-O={0=C

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.44g, 1.6 mmol) and 1-ethyl-4-

ethynyl-benzene (0.65g, 5.0 mmol) in dry THF (7.0 ml), Cul powder (9.1mg) was added.

52



Triethylamine (0.8ml!) was added using a syringe, and the solution was stirred at 20°C for 10
min to obtain a clear solution. Pd(PPh;),Cl, (27mg) was added in one portion and the mixture
was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The mixture was
cooled to room temperature, and the solid formed during the reaction was removed by
suction filtration. The solvent in the filtrate was removed by vacuum evaporation and the
residue was chromatographed on silica eluted with DCM, followed by crystallization from
hexane to a yield yellow solid of compound 40 (0.22g, 38%); m.p. = 196.5-198.3°C MS (EI):
m/z 364, (M" 100%); HRMS (EI) (M+) calcd. for CsH24N; 364.19395; Found 364.19400; &

n(CDCl3) 1.19 (6 HtJ=7.6 Hz CH3) 2.62 (4 Hq J= 7.6 Hz CH;) 2.68 (6 H s CH3) 7.15

(4H d J = 8 Hz CH) 7.48 (4H d J = 8 Hz CH); 8 ¢ (CDCl;)15.89 22.15 29.78 86.20 97.81

119.73 128.22 132.31 136.23 148.34 152.68

2,5-Bis-(4-chloro-phenylethynyl)-3,6-dimethyl-pyrazine 41

S — \Q — ()

To the solution of 2,5-dibromo-3,6-dimethylpyrazine 32 (0.45g, 1.7 mmol) and 1-chloro-4-
ethynyl-benzene (0.52g, 3.8 mmol) in dry THF (7.0 ml), Cul powder (9.3mg) was added.
Triethylamine (0.8ml) was added using a syringe, and the solution was stirred at 20°C for 10
min to obtain a clear solution. Pd(PPh;),Cl, (28mg) was added in one portion and the mixture
was stirred at 20°C for 1 h, followed by reflux at 65°C for another 1.5 h. The mixture was
cooled to room temperature, and the solid formed during the reaction was removed by
suction filtration. The solvent in the filtrate was removed by vacuum evaporation and the

residue was chromatographed on silica eluted with DCM, followed by crystallization from
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hexane to a yield yellow solid of compound 41 (0.14g, 23%); m.p. = 190.5-191.1°C MS (EI):
m/z 270 (100%), 376(M", 58%); HRMS (EI) (M+) calcd. for C2,H,4C1,N; 376.05340; Found
376.05329; & (CDCl3) 2.69 (6 H s CH;) 7.31 (4 Hs CH) 7.48 (4 Hs CH) 6 ¢ (CDCly)

20.93 74.66 81.84 120.63 127.20 133.21 141.56 156.45
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