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A facile route has been developed for the preparation of a new family of oligophenyls based on a 2,5,2',5'-tetra-aryl
substituted biphenyl structural motif. The cruciform terphenyl dimer 2,5,2',5'-tetra(4-tert-butylphenyl)-1,1’-biphenyl
(2) has been prepared in a two step protocol as a representative of this interesting class of materials. The thermal
behaviour of the cruciform was analysed by DSC and shows that 2 forms an amorphous glass when cooled from the
isotropic melt. Subsequent heating reveals a glass transition temperature at 130 °C. X-Ray single crystal structure
analysis of 2,2'-bis(4-tert-butylphenyl)-1,1’-biphenyl (4) and 2 shows that both these molecules with a quater-phenyl
substructure adopt a folded solid-state structure. Examining the '"H NMR spectra of 2 and 4 reveals that the
interactions that induce this folding in the solid-state are sufficiently strong to bias foldamer formation also in
solution. Consequently, it is reasonable to assume that the folded conformation within the lattice is due to
intramolecular n—7 interaction rather than being imposed by crystal packing. The optical properties of the cruciform
terphenyl dimer 2 are discussed relative to the linear analogue 1,4-bis(4-tert-butylterphenyl)benzene (3).

Introduction

Organic based n-conjugated materials are expected to be viable
components in a diverse range of optoelectronic devices includ-
ing organic field-effect transistors (OFETs),! electroluminescent
diodes (OLEDs),” lasers® and photovoltaic cells.* Phenylene
based polymers and oligomers are an intensively studied class
of conjugated materials due to their excellent thermal and
chemical stability.> Furthermore, their optical properties make
them especially promising candidates as efficient blue emitters
in electroluminescent devices and organic solid-state lasers.®
Although initial investigations concentrated on the design of
soluble polymeric materials, lately research has intensified in
the oligomer approach.” Unfortunately, with increasing chain
length oligophenyls exhibit extremely low solubility. On the
other hand, an advantage of the small molecule approach is
that standard purification techniques result in facile removal of
impurities and ill-defined end groups. Moreover, knowledge of
the exact constitution and conformation of oligomers allows
precise structure—property correlations to be deduced.

It has recently become clear that the subject of nanoscopic
and macroscopic order in m-conjugated systems is extremely
important, as it is the solid-state morphology that determines
the efficiency of electronic or optoelectronic devices. Recent
findings have shown that it is often advantageous to apply
amorphous materials e.g. for OLED applications, as aggregates
tend to promote non-radiative recombination processes.® Such
processes represent a serious drawback in organic based light
emitting diodes and solid-state laser applications. Conversely,
efficient intermolecular interaction can greatly enhance the
charge carrier mobility. Accordingly, polymers and oligomers
that encourage substantial intermolecular m—m overlap are

1 Electronic supplementary information (ESI) available: full analytical
details (Figs. S1-S9). See http://dx.doi.org/10.1039/b508125d
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often excellent charge transporting components for OFETs.
Therefore, to be able to control the spatial orientation and
packing of both oligomers and polymers when they assemble in
the solid state is a worthwhile, although non-trivial endeavour.
This in turn is dependent on the proficiency of the chemist
to design and prepare structurally defined m-architectures and
correlate the solid-state morphology to the chemical structure.

According to Shirota, disrupting the capacity of a material to
planarize enhances the likelihood of glass formation.® Moreover,
a shape that discourages crystallisation or prevents strong
intermolecular packing should in general enhance the solubility.
Representative topologies of such molecular glasses include
starburst structures,>'® spiro-type'! and tetra-phenylmethane
based oligomers.”? In this contribution we describe a new
and efficient synthetic strategy for the construction of cruci-
form m-conjugated oligomers based on the 2,5,2',5-tetra-aryl
substituted-1,1’-biphenyl core.

2,5,2',5'-tetra-arylsubstituted-1,1'-biphenyl core

To date the number of publications, which include crys-
tallographic data of related ortho-oligoaryls that adopt he-
lical or folded pattern solid-state patterns are still relatively
meagre.”® Significantly though, the question as to whether
intramolecular - stacking rather than crystal packing biases
some of these ortho-quateraryls towards foldamer formation
has not been unequivocally communicated. To our knowledge,
no previous study has probed the solution conformation of
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ortho-quateraryls. Such solution data would be very useful to
identify the driving forces, which induce torsionally flexible
molecules to adopt a folded structure. However, in the case
where signal assignment is possible, a '"H NMR study is ideal
for a reliable elucidation of the structure in solution. Herein, we
show that our cruciform dimers exhibit a coiled conformation
both in the solid-state and in solution and that the driving forces
for foldamer formation are in fact rn-related.

Results and discussion
Synthesis

The key step in the synthesis of the cruciform structure utilizes
the different reactivity of bromo and chloro groups in a
Suzuki-type aryl-aryl coupling reaction. Thus the reaction of
2.4 equivalents of 4-tert-butylbenzene boronic acid with 1,4-
dibromo-2-chlorobenzene allows a selective coupling between
the two bromo groups and the boronic acid moiety leaving
the chloro group in place for further reactions (Fig. 1). The
reaction was carried out using a microwave assisted protocol
utilizing Pd(Ph;),Cl, as the catalyst and powdered KOH as the
base." The solid material was weighed into a 10 mL vial and
then sealed under argon with an aluminium cap containing a
septum. THF was then added and the reaction mixture was
heated for 10 minutes using microwaves (300 W). A maximum
temperature setting of 110 °C was employed and maintained
automatically by the microwave set-up.”® Purification of the
chloro-substituted cruciform precursor 1-chloro-2,5-bis(4-tert-
butylphenyl)benzene (1) was accomplished by column chro-
matography to give 1 in 95% yield.

Cl

The cruciform terphenyl dimer 2,5,2',5-tetra(4-tert-
butylphenyl)-1,1-biphenyl (2)"* was readily available via a
Nickel-mediated Yamamoto type coupling of 1.7 Again the
reaction was expedited using microwave heating (300 W) for
12 minutes.”® Maximum power was applied for the full duration
of the reaction and the temperature increased to ca. 220 °C. The
pure cruciform 2 was realised in 82% yield after column
chromatography. Two model compounds were synthesised in
order to assist with the structural and optical characterisations
of the cruciform molecule. Hence using a microwave-assisted
Suzuki coupling the linear oligophenylene 1,4-bis(4-tert-
butylphenyl)benzene (3) and the ortho-quaterphenyl compound
2,2'-bis(4-tert-butylphenyl)-1,1-biphenyl (4) were prepared
from the reaction of 4-tert-butylbenzene boronic acid with 1,4-
dibromo-benzene and 2,2'-dibromo-1,1'-biphenyl respectively.

X-Ray crystallography

The crystal structures of 2 and 4 have been elucidated from
single crystals obtained from solutions of dichloromethane
and THF respectively, and the crystallographic details are
given in the experimental section. Analysis of the molecular
structures of 2 and 4 reveals that both adopt a folded helical
conformation, which is characterised by an almost parallel
orientation of the terminal phenyl rings combined with a
partial overlap. The helical conformation of 2 and 4 is not
continued within the crystal packing of the molecules and no
noteworthy intermolecular contacts are found. The molecular
coordination number™ is ten for the molecules of 2, which are
situated on a two-fold crystallographic symmetry axis while each
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Fig. 1 Reagents and synthetic conditions: (a) Pd(PPh;),Cl,, solid KOH in THF, uW (300 W), 10 min, (temp. ~120 °C); (b) Ni(COD), in

toluene/DME, pW (300 W), 10 min, (temp. ~220 °C).
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molecule of 4 lies within contact range of twelve neighbouring
molecules. The ortho-quaterphenyl 4 is a substructure of the
cruciform 2 and consequently it is of interest to see how the
conformational features of these substructures vary in different
packing environments.

Of particular interest are the inter-ring distances between the
offset phenyl rings of the C11 and C11" atoms in 2 and of the C11
and C41 atoms in 4. Offset parallel geometries are believed to
be favourable for m—r interactions.” From among the various
geometric descriptors for m—m interactions the present work
utilises atom—atom contacts and centroid—mean plane distances,
rather than ring—centroid to ring—centroid distances. In terms
of the cut-off criterion for m-stacking, atom—atom distances
<3.6 A are considered as relatively strong m—n interactions.?”
However, it should be noted that a purely geometrical analysis of
intermolecular distances is only an indirect measure of electronic
interactions.'**

The two perspectives of 2 illustrated in Fig. 2 show that its
above-mentioned phenyl rings are more or less parallel with
a dihedral angle of 6.5° formed by their planes. The closest
approach between these rings is C11-C11’ [3.1646(17) A] with
an additional six separations in the range 3.4-3.6 A (3.4 A
being the van der Waals diameter of a carbon atom). There is
substantial overlap between the two zert-butyl substituted phenyl
rings [(C11-C16) and (C11'-C16)] in 2 with the interplanar
distance between them being 3.34 A. This is defined as the
shortest distance between the ring centroid of one ring and the
least squares plane of the other ring.

Fig. 2 Two perspective views of the molecular structure of compound
2. In addition to the values given in the text, the dihedral angle between
the ring planes formed by C11 to C16 and C21 to C26 is 44.8°, and
between the planes formed by C21 to C26 and C21' to C26' is 62°.

In the crystal structure of 4 there is again considerable
overlap between the homologous 4-terz-butylphenyl units (C11-
C16) and (C41-C46) and the interplanar distances between the
respective m-systems are 3.30 and 3.46 A (Fig. 3). The planes
of these phenyl rings of 4 are distinctly less parallel (dihedral
angle 16.1°), but the shortest contact between them [C11-C41,
3.1379(14) A] compares well with that of 2. In accord with the
ring planes in 4 being more splayed than those of 2, the number
of additional inter-ring C—C distances less than 3.6 A is reduced
to four as compared to six in 2. The reduced ring slippage and

Fig. 3 Two perspective views of the molecular structure of compound
4. The planes formed by C11 to C16 and C21 to C26 intersect at 44.1°.
The dihedral between C21 to C26 and C31 to C36 is 56.4° and the
dihedral angle between C31 to C36 and C41 to C46 is 47.2°.

tilt in 2 is accompanied by increased twisting in the central
biphenyl moiety. Thus, the C21-C22-C31-C32 torsion angle in
4 is 6.6(3)° smaller than the corresponding torsion angle value
of 2 [C24-C23-C23-C24/, 63.0(2)°].

NMR spectroscopy

The compounds 24 display good solubility in common organic
solvents, which allowed a detailed characterisation of the
materials by NMR spectroscopy. Fig. 4 shows the aromatic
region of the proton NMR spectrum of the terphenyl dimer
2 and the model ortho-quaterphenyl compound 4. The most
notable feature in both spectra is the high-field position of
two directly coupled doublets. For 4 they are found at 6 =
6.34 and 6.87 ppm with a coupling constant of 8.2 Hz and
represent the four protons of the 4-fert-butylphenyl units. This
kind of shielding effect has been observed in conformationally
rigid carbohelicenes and is due to the increased overlap of the
aromatic rings.”* A similar upfield shift of the aromatic protons
has been reported in fluorenyl substituted flexible polyolefins in
which the fluorene side-chain units adopt a cofacial arrangement
and is supported with X-ray crystallographic data.? Well-
defined conformations have also been achieved using a variety
of flexible oligomers by means of solvophobic, electrostatic,
hydrogen bonding and metal-ligand interactions.* In view of

=
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Fig.4 'H NMR spectra of 2 and 4 in C,D,Cl,.
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this we propose that the ortho-quaterphenyl 4 also forms a folded
conformation in solution, wherein the outer tert-butylphenyls
adopt an offset m-stacked arrangement (see inset Fig. 4). This
intrinsic tilted-displaced pattern most probably originates from
the strong o-m attraction between the protons of one fert-
butylphenyl unit and its homologous neighbour. A slight tilt
between the corresponding fert-butylphenyl rings results in a
larger upfield shift of the two protons (labelled “e” in Fig. 4)
closest to the central biphenyl unit. A 2D ROESY spectrum
illustrates the through space connectivity between the upfield
doublet at 6 = 6.34 ppm and the peak at § = 6.87 ppm and
validates the proposed n-stacked conformation.t Analysis of the
'"HNMR and correlated NMR spectrat allows a full assignment
of the structure based on the proposed coiled conformation and
is presented in Fig. 4. This implies that the internal driving forces
that predispose the conformational dynamics of the molecule to
favour a folded helical type conformation in the solid-state result
from m-related intramolecular interactions.

The similarities between the '"H NMR spectra of 4 and 2
suggest that the cruciform molecule 2 likewise adopts a folded
conformation in solution. For example, the "H NMR spectrum
of 2 again shows a pair of coupled high field doublets at
0 = 6.51 and 6.93 ppm due to the increased overlap of the
two tert-butylphenyl rings. The spatial proximity between the
upfield doublet at 6 = 6.51 ppm and the proton signal H, at
0 = 7.21 ppm from the central tetra-substituted biphenyl unit
is manifested by the strong coupling between the signals in
the 2D ROESY spectrum of 2 (Fig. 5). Analysis of the 'H-
'"H COSY, 'H-'H COSYLR and the ROESY spectra of 2
allows an unambiguous assignment of all the protons in the
molecule (see inset Fig. 4).7 Additionally, a study of the effect
of temperature on the solution conformation was conducted by
variable temperature (VT) '"H NMR.t Up to 70 °C the pattern
remained symmetrical and relatively unchanged demonstrating
the robustness of the interaction. As expected, upon cooling to
a temperature of —50 °C the highfield doublets become broader
and are shifted even further upfield by ~0.2 ppm due to a slowing
of the molecular dynamics.

g h f e
d a

V\ J?LA/J\LJU M U\
LE
— b ot
P
E @g Mw E o

'1 Rl o =

== A 2
t% ! @ ﬁﬂ@ 9 u“ i )
— i "

——r ———
78 76 74 72 70 68 66 F2[ppm]

Fig. 5 '"H-'H ROESY NMR spectrum of 2 in C,D,Cl,.

Thermal properties

Thermal stability and high glass transition temperatures (7',)
are prerequisites when considering amorphous materials as
components for electronic and optoelectronic devices as OLED
degradation is often linked with morphological changes within
the active organic material. The thermal behaviour of the
oligomers 2 and 4 was analysed by differential scanning
calorimetry (DSC) in the temperature range from —20 °C to
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300 °C with heating and cooling rates of 10 °C min~'. The
DSC curves for a recrystallised sample of 4 are presented in
Fig. 6. During the first cycle an endothermic peak due to
melting was observed at 97 °C. When the isotropic liquid was
subsequently cooled a glass was spontaneously formed with a
T, at 25 °C. The resulting glass sample is morphologically stable
and in the successive heating cycles no recrystallisation occurred
upon heating well above the melting point. In the heating cycles
a constant 7', at 28 °C is observed.

3“heating
— Tg 28°C

1.2

3 / 2" heating
8 1.04—
3
= 1*heatin
© g
3
T
0.8
— 1% cooling

I

TI°C

Fig. 6 DSC traces for 4.

The DSC traces for a recrystallised sample of the cruciform
terphenyl dimer 2 are shown in Fig. 7. The first heating curve
displays only one endothermic peak at 275 °C which is assigned
to the transition into the isotropic melt. Analogous to the ortho-
quaterphenyl compound 4 only a 7, at 128 °C is observed
in the following cooling cycle. The subsequent heating cycles
of the cruciform structure 2 display quite marked differences
to the quaterphenyl derivative compound 4. First, the T, of
2 is over one hundred degrees higher than that of 4 but the
larger molecule displays a greater tendency to recrystallise. The
second heating curve not only shows a 7, at 135 °C but also
an endothermic recrystallisation peak at ~248 °C followed
by the melting transition at 276 °C. This thermal behavior is
reproducible even after several repeated cycles. Although the
glassy state formed from the isotropic melt is not stable at
temperatures above 200 °C the 7, is already quite high. We
expect that further modifications to the oligophenyl will result in
a higher T, and suppress recrystallisation. Variations already in
progress include: extending the length of the arms, introducing
substituents which induce intermolecular interactions such as
hydrogen bonding or dipolar interactions and the incorporation
of the structurally more rigid 9,9 -dialkylfluorene unit.

3“heating

T 2™heating _

Heat Flow (a.u.)
>

0.8
1¥heating

064

1¥cooling

T T T T 1
0 50 100 150 200 250 300
T/I°C

Fig.7 DSC traces for 2. The inset shows the T, area.

Optical spectroscopy

While the crystallographic data reflect the solid-state structure
of the material, the optical properties mirror the interplay
between the molecular structure and the electronic properties.



Table 1 Photophysical data for the cruciform 2 and the linear terphenyl 3
Absorption/nm PL/nm’ Stokes shift*
Entry CHCL* Film CHCl; Film 1/ 2max — 1/ Zem
2 281 (53 800) 277 394 406 10200
3 287 (33800) 280 336 356 5100

“ Extinction coefficient in brackets (M~ cm™). ? Film excited at absorption A,,,. ¢ Calculated from the solution values.

The optical spectra of the cruciform terphenyl dimer 2 and
the linear terphenyl analogue 3 were examined both in dilute
solution and as spin cast film and the data are presented in
Table 1. The optical properties of the chromophore 3 are typical
of para-oligophenylenes in general.

The absorption spectrum is broad and featureless with a
maximum (4,,,) at 287 nm (Fig. 8). This may indicate that
the chromphore adopts an essentially non-planar ground state
configuration due to the strong steric hindrance between the
phenyl rings. The solution PL spectrum on the other hand
(Fig. 8) is more resolved and displays the 0—0 emission maximum
(Zem) at 336 nm accompanied by vibronic side bands at 352
and 368 (sh) nm. These optical band features are characteristic
of chromophores that adopt a more planar arrangement upon
photexcitation due to an increased bond order of the exocyclic
phenyl-phenyl bonds. In agreement with a large topology
change between the ground and excited states, compound 3
exhibits a relatively large Stokes shift of 5100 cm™ (calculated
from 1/An — 1/4m). The solid-state optical features of 3 are
similar to those in solution. The absorption band shape remains
featureless and the A, is red-shifted by only 20 nm. Such minor
differences in the optical properties are commonly associated
with a change in the environment on going from solution to the
film.

—— UV-vis Chloroform
----- PL Chloroform
--------- PL Film

Intensity (a.u.)

T T T T T T T
300 350 400 450 500 550 600
Wavelength (nm)

Fig. 8 Absorption and PL spectra of 3.

A comprehensive study by Berlman ez al. on the electronic
spectra of oligophenyls illustrated that subtle changes in the
substitution patterns of alkyls along the chromophore backbone
can have dramatic effects on the spectroscopic properties.® Her
results indicated that alkyl substitution on the central phenyl
ring of para-terphenyls results in substantial disturbance to the
planarity of the chromophore. The signatures of these steric
effects include: (i) a blue-shift of the A, (il) a reduction in
the extinction coefficient, (iii) a broader and less structured
fluorescence spectrum and (iv) an increased Stokes shift. The
optical spectra of the cruciform chromophore 2 are presented in
Fig. 9. The absorption spectrum of 2 is broad and structureless
and is more or less similar to the linear analogue 3. The long
wavelength absorption maximum is slightly blue-shifted (6 nm)
which is consistent with an increase in the distortion within
the terphenyl arms in the ground state. On the other hand,
there is quite a significant difference between the PL spectra

281 394 406

—— UV-vis Chloroform
----- PL Chloroform
»»»»»»»» PL Film

1.0+

0.8
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0.4 4
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0.2
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T T T T T 1
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Wavelength (nm)

T T T
250 300 350

Fig. 9 Absorption and PL spectra of 2.

of 2 and 3. The emission maximum of 2 is much broader and
bathochromically shifted by ca. 60 nm relative to the emission
maximum of 3.

In a first view, the features of the optical spectra of 2 are
in agreement with a highly distorted ground-state conformation
with a large change in topology upon photoexcitation. However,
the NMR data unambiguously illustrate that folding due to the
strong intramolecular n—r interaction is not restricted to the
solid state of 2. Regarding this, the larger bathochromic shift of
the PL band for the cruciform dimer 2 compared to that of the
linear analogue 3 has to be related to these intramolecular mt-
interactions. As the cruciform 2 clearly has a stacked ground
state configuration prior to photoexcitation it is feasible to
contend that the A., band at 394 nm arises from the presence
of an intramolecular excited state dimer. The characteristic
signature for the formation of excimers is a weak, broad and
red-shifted emission. The quantum yield of 2 was obtained in
solution and in thin film versus anthracene as the standard and
gave yields of @ of 0.13 and 0.06 respectively. This fluorescence
intensity is already quite low in solution which lends credence
to the formation of excimers due to an interaction between
the arms. Curiously however, the cruciform terphenyl dimer
2 exhibits a substantial hyperchromicity of the A, relative to
the para-terphenyl 3. Conversely, hypochromic effects have been
reported for m-stacked base pairs in a double helical strand in
DNA and additionally for n-stacked polymers.?*»?* However,
the two terphenyl chromophores that form the cruciform 2 are
covalently linked, and thus are able to interact electronically,
which may explain the observed hyperchromicity. A more in-
depth study including time-resolved fluorescence experiments is
required to fully elucidate these effects.

Nonetheless, the optical properties of the cruciform terphenyl
dimer 2 as a representative of this new family of cruciform
oligophenyls make them promising candidates for stimulated
emission and lasing experiments due to their large Stokes shift,
which eliminates reabsorption effects. At the same time, the fact
that 2 already displays a relatively large T, bodes well for the
use of such oligomers as active components for blue-emitting
OLEDs. However, it remains to be seen what effect the presence
of the stacked ground-state conformation has on the electronic
properties.
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Conclusion

We have presented an efficient method for the synthesis of
2,5,2',5-tetra(4-tert-butylphenyl)-1,1’-biphenyl (2) as a proto-
type of a new family of cruciform-type m-systems based on
the 2,5,2',5-tetra-aryl substituted-1,1’-biphenyl structural motif.
Examination of the X-ray structure and '"H NMR data of 2
and the ortho-quaterphenyl model compound 2,2'-bis(4-tert-
butylphenyl)-1,1-biphenyl (4) reveals the presence of strong
n-related interactions within these molecules both in solution
and in the solid-state. Both 2 and 4 form glassy materials upon
cooling the samples from the isotropic melt. For the cruciform
para-terphenyl dimer 2 the glass transition temperature at ca.
130 °C is more than 100 degrees higher than that of the model
compound 4. In solution the oligophenyl 2 absorbs in the
ultraviolet region (4,,, = 281 nm) while the emission is blue
in colour (4, = 394 nm). The large Stokes is very probably
related to the formation of intramolecular excimers as a result of
the strong m—m interaction. Ongoing synthetic work involves the
synthesis and characterisation of related cruciform oligoaryls
with extended arms including 9,9'-dialkylfluorenyl, perfluo-
roalkylphenyl, 4,4 -dialkyltriphenylamine and 2,5-thienyl units
as well as the incorporation of such cruciform oligoaryl building
blocks into polymers. Furthermore, theoretical studies are also
underway in order to correlate the structure and the optical
properties.

Experimental

All reactions were carried out under an argon atmosphere. The
solvents were used as commercial p.a. quality. 'H- and *C-NMR
data were obtained on a Bruker ARX 400 spectrometer. Phase
transitions were studied by differential scanning calorimetry
(DSC) with a Bruker Reflex II thermosystem at a scanning
rate of 10 °C min~' for both heating and cooling cycles. The
UV-Vis and fluorescence spectra were recorded on a Jasco V-
550 spectrophotometer and a Varian-Cary Eclipse spectrometer
respectively. Low-resolution mass spectrometry was obtained
on a Varian MAT 311A operating at 70 ¢V (Electron Impact,
EI) and reported as m/z and percentage relative intensity.
FD mass measurements were carried out on a ZAB 2-SE-
FDP. Microwave assisted synthesis was performed usinga CEM-
Discovery monomode microwave utilizing an IR-temperature
sensor, magnetic stirrer and sealed in 10 mL glass vials with
aluminium caps with a septum. All reactions were monitored
and controlled using a personal computer.

Synthesis of 1-chloro-2,5-bis(4-zerz-butylphenyl)benzene (1) via a
non-aqueous microwave procedure

A dried 10 mL microwave tube was charged with 1-chloro-2,5-
dibromobenzene (0.1 g, 0.37 mmol), 4-tert-butyl-phenylboronic
acid (0.14 g,0.79 mmol), KOH (0.12 g, 2.14 mmol), Pd(PPhs;),Cl,
(0.013 g, 0.02 mmol) and sealed under argon with an aluminium
cap with a septum. Dry THF (4 mL) was added via a syringe
and the reaction was irradiated with microwaves (300 W) for
10 min with air-cooling to keep the temperature between 110 and
115 °C. The mixture was poured into water and then extracted
with dichloromethane, which was subsequently washed with
water and brine, dried over MgSO, and the solvent was removed
by rotary evaporation. The residue was purified by column
chromatography on silica gel with hexanes—ethyl acetate (99 : 1)
as eluent to give 1 in 95% yield. 'H NMR (400 MHz, C,D,Cl,,
80°C): 0 7.64 (d, 1H, J = 1.9 Hz), 7.52 (m, 3H), 7.43 (m, 6H),
7.37(d, 1H, J =8.0 Hz), 1.34 (s, 9H), 1.33 (s, 9H) ppm. *C NMR
(100 MHz, CD,Cl,,80°C):0 = 151.3,150.7, 141.3, 138.9, 136.3,
136.0,132.9,132.1,129.4,128.4,126.8, 126.2, 125.5, 125.3, 34.8,
34.8, 31.7, 31.6 ppm. FD-MS: 377.0 (100.0). Elemental analysis
calculated for C,sH,,Cl: C, 82.84; H, 7.75. Found: C, 82.81; H,
7.46%.
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Synthesis of 2,5,2',5'-tetra(4-tert-butylphenyl)-1,1’-biphenyl (2)
via a Yamamoto coupling

A dried 10 mL microwave tube was charged with 1 (0.10 g,
0.27 mmol), Ni(COD), (109 mg, 0.40 mmol), 2,2-bipyridyl
(62 mg, 0.40 mmol), COD (43 mg, 0.40 mmol) and sealed
under argon with an aluminium cap with a septum. Dry DMF
(1 mL) and toluene (3 mL) were added via a syringe and the
reaction was irradiated with microwaves (300 W) for 12 min at a
temperature of ~220 °C. The mixture was poured into water and
then extracted with dichloromethane. The organic phase was
subsequently washed with 2N HCI, water, brine and dried over
Na,SO,. After the solvent was removed by rotary evaporation
the residue was purified by column chromatography on silica
gel with hexanes—toluene (95 : 5) as eluent to give 2 in 82%
yield. "H NMR (400 MHz, C,D,Cl,, 80 °C): 6 7.63 (d, 2H,
J =1.7Hz), 7.53 (dd, 2H, J = 8.2, J = 1.8 Hz), 7.49 (d, 4H,
J = 8.4 Hz), 7.38 (d, 4H, J = 8.4 Hz), 7.21 (d, 2H, J = 8.1),
6.93 (d, 4H, J = 8.3 Hz), 6.51 (d, 4H, J = 8.5 Hz), 1.29 (s,
18H), 1.23 (s, 18H) ppm. "C NMR (100 MHz, C,D,Cl,, 80 °C):
0 150.7, 148.9, 140.5, 139.8, 139.3, 137.8, 137.5, 130.6, 130.5,
128.9, 126.8, 126.1, 126.0, 124.8, 34.7, 34.5, 31.6 ppm. FD-MS:
682.4 (100.0). Elemental analysis calculated for Cs,Hss: C, 91.44;
H, 8.56. Found: C, 90.75; H, 8.12%.

Synthesis of 1,4-bis(4-terz-butylterphenyl)benzene (3) via a
non-aqueous microwave procedure

A dried 10 mL microwave tube was charged with
1,4-dibromobenzene (0.06 g, 0.25 mmol), 4-tert-butyl-
phenylboronic acid (0.105 g, 0.59 mmol), KOH (0.16 g,
2.86 mmol), Pd(PPh;),Cl, (0.013 g, 0.02 mmol) and sealed
under argon with an aluminium cap with a septum. Dry THF
(4 mL) was added via a syringe and the reaction was irradiated
with microwaves (300 W) for 10 min with air-cooling to keep
the temperature between 110 and 115 °C. The mixture was
poured into water and then extracted with dichloromethane,
which was subsequently washed with water and brine, dried
over MgSO, and the solvent was removed by rotary evaporation.
The residue was purified by column chromatography on silica
gel with hexanes-toluene (97 : 3) as eluent to give 3 in 90%
yield. 'H NMR (400 MHz, C,D,Cl,, 80 °C): 4 7.63 (s, 4H), 7.56
(dd, 4H, J = 1.8 Hz, J = 6.5 Hz), 7.43 (dd, 4H, J = 1.9 Hz,
J =6.5Hz), 1.35 (s, 18H) ppm. *C NMR (100 MHz, C,D,Cl,,
80°C):6150.7,139.7,137.7,127.3, 126.8, 126.0, 34.9, 31.6 ppm.
FD-MS: 342.9 (100.0). Elemental analysis calculated for CysH:
C,91.17; H, 8.83. Found: C, 91.12; H, 8.99%.

Synthesis of 2,2'-bis(4-tert-butylphenyl)-1,1'-biphenyl (4) via a
non-aqueous microwave procedure

A dried 10 mL microwave tube was charged with 2,2’-dibromo-
1,1'-biphenyl (0.04 g, 1,28 mmol), 4-tert-butyl-phenylboronic
acid (0.091 g, 0.51 mmol), KOH (0.086 g, 1.54 mmol),
Pd(PPh;),Cl, (0.09 g, 0.012 mmol) and sealed under argon with
an aluminium cap with a septum. Dry THF (4 mL) was added
via a syringe and the reaction was irradiated with microwaves
(300 W) for 10 min with air-cooling to keep the temperature
between 110 and 115 °C. The mixture was poured into water and
then extracted with dichloromethane, which was subsequently
washed with water and brine, dried over MgSO, and the solvent
was removed by rotary evaporation. The residue was purified by
column chromatography on silica gel with hexanes—toluene (95 :
5) as eluent to give 41in 82% yield. '"H NMR (400 MHz, C,D,Cl,,
25°C):07.42(dd,2H,J=1.6Hz,J=7.4Hz),7.31 (dtd,4H,J =
1.5Hz,J=73Hz, J=18.1Hz),7.11 (dd,2H,J = 1.4 Hz, J =
7.5Hz), 6.87 (d, 4H, J = 8.2 Hz), 6.34 (d, 4H, J = 8.2 Hz), 1.25
(s, 18H) ppm. “C NMR (100 MHz, C,D,Cl,, 32 °C): ¢ 148.6,
140.9, 140.4, 137.9, 132.1,129.9, 128.7, 127.8, 127.4, 124.6, 34.5,
31.7 ppm. FD-MS: 418.2 (100.0). Elemental analysis calculated
for C,H,: C, 91.81; H, 8.19. Found: C, 91.88; H, 8.51%.



Crystal structure determination of compounds 2 and 4

Crystal data for 2: C;,Hs, Mr = 682.98 g mol™!, colourless,
crystal dimensions 0.16 x 0.16 x 0.08 mm, monoclinic C2/¢ (no.
15), at 100 K. a = 26.1849(6), b = 15.8390(4), ¢ = 10.0760(2) A,
S =103.7280(10)°, ¥V = 4059.57(16) A3, Z =4, Doyy. = 1.117 mg
m~3, 4 =0.062mm™", 0., =31.66°, 57798 total reflections, 6300
unique, R;,, = 0.097, 241 refined parameter R = 0.064, wR =
0.153, highest residual electron density peak 0.5 ¢ A=, Crystal
data for 4: C;,H;,, Mr = 418.59 g mol™', colourless, crystal
dimensions 0.26 x 0.18 x 0.12 mm, monoclinic P 21/¢ (no. 14),
at 100 K. @ = 7.68070(10), b = 13.23650(10), ¢ = 24.2500(3) A,
B = 93.2000(10)°, V = 2461.55(5) A}, Z = 4, Doy = 1.130 mg
m=3, u=0471mm™", 6., = 69.16°, 15596 total reflections, 4157
unique, R;, = 0.039, 296 refined parameters R = 0.042, wR =
0.108, highest residual electron density peak 0.2 ¢ A=. CCDC
reference numbers: 274217 for 2 and 274216 for 4.1
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