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If

By Rudyard Kipling

If you can keep your head when all about you
Are losing theirs and blaming it on you,
If you can trust yourself when all men doubt you,
But make allowance for their doubting too;
If you can wait and not be tired by waiting,
Or being lied about, don’t deal in lies,
Or being hated, don’t give way to hating,

And yet don’t look too good, nor talk too wise:

If you can dream—and not make dreams your master;
If you can think—and not make thoughts your aim;
If you can meet with Triumph and Disaster
And treat those two impostors just the same;

If you can bear to hear the truth you’ve spoken
Twisted by knaves to make a trap for fools,

Or watch the things you gave your life to, broken,

And stoop and build ’em up with worn-out tools:

If you can make one heap of all your winnings
And risk it on one turn of pitch-and-toss,

And lose, and start again at your beginnings



And never breathe a word about your loss;
If you can force your heart and nerve and sinew
To serve your turn long after they are gone,
And so hold on when there is nothing in you

Except the Will which says to them: ‘Hold on!”

If you can talk with crowds and keep your virtue,
Or walk with Kings—nor lose the common touch,
If neither foes nor loving friends can hurt you,
If all men count with you, but none too much;
If you can fill the unforgiving minute
With sixty seconds’ worth of distance run,
Yours is the Earth and everything that’s in it,

And—which is more—you’ll be a Man, my son!
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Abstract

Soluble processable organic semiconductors offer several advantages over their traditional
inorganic counterparts. They can be processed by a variety of large-area techniques, are
lightweight, robust and flexible. Furthermore, their properties can be readily tuned by
modifications to the chemical structure of the semiconductor. This influences both the
fundamental optoelectronic properties, such as band gap and energy levels, as well as the

physical properties such as molecular aggregation and thin-film morphology.

This work is focussed upon the potential of 1,1’-binaphthyl (BN) derivatives as building blocks
in the development of new materials for organic photovoltaics (OPV) applications. Due to
steric interaction between the protons in the 8,8 position, BN is inherently twisted with a
torsional angle of about 90°. Incorporation of BN into organic semiconducting materials was
therefore expected to lead to non-planar materials with suppressed crystallisation in the solid
state. This strategy was explored for novel acceptor materials for organic solar cells, in which
large scale crystallisation can lead to detrimental device performance and stability. Two classes
of BN cored semiconductors were synthesised, containing either diketopyrrolopyrrole or
rhodanine end-groups with varying alkyl sidechains. Their optoelectronic performance is

reported, along with preliminary device data.

Functionalised BN derivatives also exhibit atropisomerism, and their incorporation into
organic semiconducting polymers and small molecules was also explored as an approach to

afford chirally active, electronically functional materials.
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1. Introduction

1.1 Organic semiconductors: An Overview

1.1.1 Definition of organic semiconductors

Organic semiconductors are materials made of mainly C and H, including a few heteroatoms
such as O, S, N etc. They find application in many devices such as solar cells, field-effect-
transistors (FETs) and light-emitting diodes (LEDs). Therefore, they are a class of material that
combines the electronic properties of semiconductors with the mechanical and chemical
benefits of organic material (e.g. polymers). The chemical and mechanical benefits usually
refer to solubility (thus enabling solution processing techniques such as printing) and their light
weight and flexible nature. The fundamental properties of organic semiconductors can be tuned

via chemical synthesis.
1.1.2 Semiconductivity in organic materials

A carbon atom has one 2s orbital and three 2p orbitals. The s and p orbitals can hybridise to
produce three different hybridisations: sp®, sp? and sp hybridisation (Figure 1-1). For sp® and

sp hybridisation, one 2p orbital and two 2p orbitals remain unhybridised respectively.

2k

Sp Sp Sp

Figure 1-1: sp’, sp? and sp hybridisation of carbon 2s and 2p orbitals.

In Figure 1-2, ethane, ethene and ethyne are used as examples to demonstrate the orbital
hybridisation mentioned above. The o bond between two carbon atoms is formed via
overlapping of two hybridised orbitals, sp>-sp* (for ethane), sp>-sp? (for ethene) and sp-sp (for

ethyne). Within an ¢ bond, electrons are shared between two atoms and are localised in space.
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However, for ethene and ethyne, in addition to ¢ bonds, there are also m bonds forming due to

overlapping of unhybridised p orbitals. The electrons in @ bonds are delocalised.

An organic semiconductor is mainly made of sp? hybridised carbon atoms with 7 orbitals
overlapping each other typically across the entire molecular backbone. Its structure appears as
alternating single and double bonds (also known as conjugation). This allows electrons to
delocalise across entire molecular backbone. Upon injection of charge, current can thus move

along the molecular backbone and hop between molecules.

% R2

%coc@ @ DD

Ethane Ethene Ethyne
sp3-sp’ sp2-sp? Sp-sp
G bond
7 bond

Figure 1-2: Molecular orbital diagrams of an sp* hybridised ethane molecule (left), an sp?
hybridised ethene molecule (middle) and an sp hybridised ethyne molecule (right).

1.1.3 The fundamental electronic difference between inorganic and

organic semiconductors

Traditional inorganic semiconductors have a low band gap, for example: 1.1 eV for Si, 0.67
eV for Ge. At room temperature, free charge carriers can be generated by thermal excitation
from the valence band to the conduction band. The concentration of charge carriers generated

is given by

N = Neffe_Eg/ZkT (1)
where Ny is the effective density of valence or conduction band states, £, is band gap, k is
Boltzmann constant, and T is temperature. The intrinsic conductivities of inorganic
semiconductors range from 10® to 102 Q! cm™! with the dielectric constant as large as &, =

11. Such a large dielectric constant screens coulomb interaction between electrons and holes

.



(known as dielectric screening). Therefore, light absorption at room temperature creates free

electrons and holes.

On the other hand, the typical dielectric constant for organic semiconductors is about &, = 3.5.
Therefore, photoexcitation does not create free holes and electrons, but bound electron-hole
pairs, with a coulomb binding energy of about 0.5 - 1.0 eV. These are called excitons. The fact
that organic semiconductors cannot generate free electrons and holes means that their
conductivities arise from extrinsic approaches, such as charge injection at electrodes and/or

chemical doping.

1.1.4 Two different classes of organic semiconductor materials

1.1.4.1 Small molecules

Organic semiconducting small molecules are typically crystalline materials with a high degree
of order in the solid state. Depending on their processing, they can be utilized as single crystals
or polycrystalline thin films, or amorphous glasses. For example, molecular beam deposition
of pentacene to a -196 °C substrate results in amorphous pentacene thin film, whereas
deposition at room temperature gives a highly ordered crystalline thin film with very few grain

boundaries.!

Organic semiconductors that form crystals have a point lattice and basis. The basis is composed
of molecules rather than atoms, which are commonly observed for inorganic crystals. Examples
include naphthalene, tetracene, pentacene etc. Within the crystal, molecules are held together
by van der Waals forces. Due to the high degree of order, molecular crystals typically have
relatively high charge carrier mobility with values for single crystals up to 40 cm? V!’
reported for rubrene” (a derivative of tetracene). The integration of such single crystals into
practical devices is challenging, however. For that reason, the deposition of molecular
semiconductors like pentacene into thin films has been intensely investigated. Such films can
be formed via a variety of high vacuum deposition techniques. The charge carrier mobility and
transistor performance are very sensitive to the deposition process (substrate temperature,
deposition rate etc.) since such films are polycrystalline and the grain boundaries between
crystallites are the rate limiting step for charge transport. In addition, it is worth mentioning

that soluble small molecules can form polycrystalline films as well.



1.1.4.2  Polymers

A polymer is a macromolecule composed of many repeating units. Usually the number of
repeating units needs to be greater than 100 for a molecule to be considered as a polymer.?
Anywhere up to 20 repeating units is called an oligomer, between 20 and 100 repeating units
maybe called either a long oligomer or a short polymer depending on what the author would

like to emphasize. Polymers can be amorphous or semicrystalline in nature.

1.1.4.2.1 Polymer structures and nomenclature

The arrangement of repeating units in the polymer backbone can vary to form different
structures. For example, the simplest polymer consisting of a repeat sequence of the same
monomer (here termed A) would be a homopolymer. If two different co-monomers are used
(here termed A and B) then several different arrangements are possible; ... ABABABABAB...
is known as alternating copolymer; ...AAAAABBBBB... is called a diblock
copolymer; ... ABBAABABBBAAB... is a statistical (or random) copolymer.

Nowadays, most organic semiconducting polymers fall into the category of main chain
polymers, where electronically active units form the backbone of the polymer chain. However,
if the electronically active parts are in the side chain and the backbone is electronically inert,

they are referred as side chain polymers (Figure 1-3).

(1) (ii)
ok PN
N N
Side chain homopolymer Main chain homopolymer

Figure 1-3: Examples of (i) a side chain polymer poly(vinylcarbazole); (ii) a main chain
polymer P(2,7-carbazole).

1.1.4.2.2 Polymer distribution

When a batch of polymer is synthesized, it will contain a distribution of polymers with different

chain sizes. Therefore, finding a meaningful method to characterize the size distribution
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becomes vitally important. Here we introduce weight average molecular weight (M,,) and

number average molecular weight (M,,), which are commonly used in this field.

In mathematics, the average value x for any given quantity with a distribution of values x; is
given by:

x = Z XiDi @

L

where p; is the probability of x; occurring. Therefore, for polymers if the probability for
molecules with molar mass M; occurring is proportional to its number fraction, then probability

becomes

_ N 3
Pi= /Zij ©

where N; is the number of molecules with molar mass M;. Substituting p; in equation (2) with

equation (3) and replacing x; with M;, this yields number average molecular weight (M,).

— Ny o LM, “4)

Similarly, if the probability for molecules with molar mass M; occurring is proportional to its

weight fraction.

p; = NiM; )
bOZiNM;

Substituting p; in equation (2) with equation (5) and replacing x; with M;, one obtains the

weight average molecular weight (M,,).

— N;M; , N;M? 6
MW — Z( l l )Ml — Zl 4 L ( )
— X N; M 2 N;M;

The polydispersity index PDI (or ), which measures the spread of distribution, can be

obtained by dividing weight average molecular weight (M,, ) by the number average molecular

weight (M,,).

PDI = MW/M @)



Another quantity one maybe particularly interested in is the degree of polymerization (DP); it
measures the average number of repeating units a polymer chain has. The degree of
polymerization can be obtained by dividing (number) average molecular weight by the molar

mass of the single repeating unit.

The distribution of polymers is typically measured via size exclusion chromatography (SEC),
also called gel permeation chromatography (GPC). It is a technique that separates polymers
purely based on their hydrodynamic radius in solution. An SEC instrument is composed of a
pump to push the solvent (e.g. chlorobenzene) through the system, an injection port for sample
injection, a column for holding a stationary phase and several detectors as well as software

control.

The polymer sample is first dissolved in solvent. When dissolved, the polymers swell and
typically fold upon themselves to form spherical structures. The higher molecular weight
polymer molecules will form bigger spheres or more formally the polymer will have a larger
hydrodynamic radius. The dissolved sample is then injected into the system to pass a column

pre-packed with porous polymer beads (e.g. cross-linked polystyrene) with various pore sizes.

Polymers that are larger than the pore size get carried straight past by the mobile phase. Smaller
polymers that can fit into the pore and will therefore have a more tortuous route through the
column, taking a longer time to exit the column compared to the large ones. Upon leaving the
column, the polymeric material is detected (by a variety of techniques) to produce a
chromatogram, which shows the amount of material leaving the column at any one time with
higher molecular weight polymer emerging first. The molecular weight is then determined by
referencing to a calibration curve made with narrow polydispersity polymers of known

molecular weight.

Some conjugated polymers can be problematic for SEC analysis because of their tendency to
aggregate in solution. This gives a larger hydrodynamic radius and therefore can result in an

over-estimation of molecular weight.

1.1.5 General synthetic approaches for organic semiconductors

Transition metal, particularly palladium, catalyzed cross-coupling is the most commonly
encountered approach for the syntheses of organic semiconductors. Such reactions are

important for forming carbon-carbon bonds between sp? hybridized systems and are thus very
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important for organic semiconductors which are fully conjugated materials. Scheme 1-1 depicts
the general catalytic cycle for a palladium catalyzed cross-coupling reaction. The first step is
an oxidative addition where the palladium catalyst is inserted into an aryl-halide or aryl-
pseudohalide bond (R — X, where X represents halides and/or triflate and R, is a sp® hybridized
aromatic or vinylene carbon). During this process the oxidation state of the palladium changes
from zero to +2. Here we ignore the geometry of the resulting Pd(II) complex, but often the
oxidative insertion affords a trans complex, which rapidly isomerizes to the cis complex shown.
The cis complex can also be directly formed via the use of a bidentate ligand. Following
oxidative addition, a transmetallation step occurs where X is replaced by an aromatic or a vinyl
group R». The final step is reductive elimination where palladium (II) gets reduced back to
palladium (0) with Ry, R2 being eliminated from the cycle and forming a bond between each

other, R; — Ro.

R 1 - R2 R 1 X
Pd(0)L,
Reductive elimination Oxidative addition
- RZ _ X
LoPd(D) L,Pd(IN)
R 1 N R :
MX MR,
Transmetallation

Scheme 1-1: General catalytic cycle for palladium catalysed cross-couplings.

For the transmetallation step, M denotes boronic acid and its derivatives (Suzuki); ZnCl and its
derivatives (Negishi); SnMes or SnBuj (Stille). Stille and Suzuki cross-coupling reactions are
most commonly used for the syntheses of organic semiconductors.* For Stille cross-coupling,
it runs under neutral conditions and can tolerate a large number of functional groups rendering

it the favorable choice. However, organotin is highly toxic, thus it is only feasible to conduct
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reactions at laboratory scale. Suzuki cross-coupling reactions on the other hand are regarded as
generally non-toxic, but they occur under basic conditions, which can be intolerable for some
functional groups. An added complication is that the reaction often occurs in biphasic
conditions, with an aqueous base and a phase transfer catalyst. Furthermore, Suzuki cross-
coupling typically requires more optimization than the Stille due to the additional factors and

for small-scale reactions Stille is often preferred.

1.2 Organic photovoltaics (OPVs)

1.2.1 Basic Operating principle

Organic solar cells operate differently from their inorganic counterparts. Because of the low
dielectric constant, electron-hole pairs (known as excitons) generated due to photoexcitation
are coulombically bound. Therefore, to generate free electrons and holes, a blend of two
different semiconductors is usually required. These are called the donor, for the electron rich
semiconductor and acceptor for the electron deficient semiconductor. The LUMO-LUMO (or
HOMO-HOMO) offset between donor and acceptor should be sufficiently large to break the
exciton binding energy. The magnitude of this energy is a much debated value, but an oft-

quoted figure is ~ 0.3 eV’

Figure 1-4 depicts the energy level diagram of a simple binary system, in which photoexcitation
of the donor material generates a coulomb bound electron-hole pair (exciton) (Figure 1-4 1).
The exciton then diffuses towards donor-acceptor interface where it dissociates into free charge
carriers via a charge transfer (CT) state (Figure 1-4 ii). Similarly, the acceptor material can also
absorb photons and generate excitons and having the holes transferred to the donor if the
difference between HOMO energies of donor and acceptor is sufficiently large. The dissociated
free charge carriers can then drift/diffuse towards their respective electrodes to be collected

(Figure 1-4 iii).

However, there are various loss mechanisms which can limit the charge collection. For example,
the charges generated at the interface can recombine back to the ground state. This is referred
as geminate recombination. Charges can also recombine with other free charge carriers known
as non-geminate recombination / bimolecular recombination. Both loss mechanisms can

greatly lower organic solar cell devices’ efficiencies.



(ii)

e
|

LUMO (i) (e

|AELUMO

AR LUMO

(iii)
h* h* E

HOMO
 e—

donor | BE, om0

HOMO

acceptor

Figure 1-4: Energy level diagram for a simple binary donor-acceptor heterojunction system:
1): photo-excitation of the donor material to generate an exciton; ii) charge dissociation and
transfer at the donor-acceptor interface; iii) diffusion / drift of free charge carriers towards

respective electrodes.

During an exciton’s short lifespan, it typically diffuses up to ~ 10 nm® (for solution processed
materials, vacuum deposited materials tend to have longer exciton diffusion length) before
recombination. Since free charge carriers can only be generated at donor-acceptor interface, if
the exciton does not reach the interface it results in a loss in efficiency. The short diffusion
length poses a great challenge in active layer morphology engineering. To tackle this issue,
scientists have come up with the idea of the bulk heterojunction. Figure 1-5 (a) shows the ideal
bulk heterojunction morphology’ where donor and acceptor interpenetrate each other like inter-
digitated fingers with a domain size close to twice the exciton diffusion length, thus allowing
optimal free charge generation and current flow. However, practically it is very difficult to
achieve such defined active layer morphology on the required length scale. More typically both
the donor and acceptor material are cast from a common solvent and a random mixture of
domains is produced, something like Figure 1-5 (b). Control of the deposition conditions, as

well as post-processing steps like annealing are necessary to produce the required phase
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segregation on the 10-20 nm length scale. Typically, the cartoon of Figure 1-5 (b) is an
oversimplification, and as well as donor and acceptor domains, mixed domains of both

materials are also formed.

Cathode Cathode

Anode Anode

{a) Ideal morphology (b) Real morphology

Acceptor

Donor

Figure 1-5: (a): ideal bulk heterojunction morphology; (b): actual morphology one usually
gets for solution processed fabrication.

1.2.2 Basic device architecture

For a conventional binary bulk heterojunction solar cell, the active layer is typically
sandwiched between two electrodes, a cathode and an anode. The cathode is usually made of a
low work function metal such as aluminium and the anode is usually a high work function
indium tin oxide. An electron transport layer is often sandwiched between the cathode and the
active layer, it blocks holes from travelling thus reduces non-geminate recombination.
Similarly in between the anode and the active layer, a hole transport layer often poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT: PSS) is used to block electrons
(Figure 1-6 left). However, this conventional architecture has drawbacks. At first, aluminium
is susceptible to oxidation. Furthermore, PEDOT: PSS is acidic, it can potentially react with
the active layer and etch ITO. All these are detrimental to device performance. To tackle these

issues, the inverted device architecture was introduced (Figure 1-6 right). It uses relatively air
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stable metals such as Ag as anode and replaces acidic PEDOT: PSS with MoOs. An n-type

semiconductor such as ZnO/ TiOx is typically used to facilitate electron collection.

Reflective cathode Reflective anode

Electron transport layer / Hole transport layer

Active layer Active layer

Hole transport layer
Transparent anode Transparent cathode

substrate substrate

Figure 1-6: Conventional non-inverted device architecture (left) and inverted (right).

1.2.3 Characterisation of device performance

When an organic solar cell device is made, it is typically tested under standard illumination
condition of AM 1.5G, 100 mW cm and a current-voltage (J-V) curve is therefore generated

(e.g. Figure 1-7).

On the J-V curve, there are open-circuit voltage (Voc), short-circuit current (Js¢) and fill factor

(FF). These are the key parameters used for determining solar cell efficiency.

Broadly speaking the short-circuit current (Jsc) is related to the number of photons an organic
semiconductor can absorb, the greater the absorption, the greater the current. Therefore,

materials with a low band gap are favoured since they will absorb more of the solar spectrum.

On the other hand, open-circuit voltage (Vo) is related to the difference between the HOMO
of the donor and the LUMO of the acceptor (Figure 1-8 B). There is always a compromise
between Jsc and Vo as lowering band gap to generate more current will also cause a drop in Vc.
In addition, one also needs to consider the LUMO-LUMO offset between donor and acceptor

since it needs to be greater than the exciton bind energy to generate free charge carriers.
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Figure 1-7: Current-voltage (J-V) curve of an illuminated solar cell.

A B
LUMO ~—
e I Eoﬁset
Q} Iy
— — VDC
HOMO Donor —
R h* | Acceptor Donor
Acceptor
-

Electric field

Figure 1-8: Energy level diagrams of a binary organic solar cell when A) the electrodes are
short-circuited producing maximum photocurrent (Jsc) and B) when there is open circuit with
no current but maximum voltage (Vo).

Fill factor (FF) measures the squareness of J-V curve. It is the ratio between maximum power
output (Pm) of a device and the theoretical potential maximum output of the device and it is
given by:

]SC‘/OC ]SC‘/OC
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If a device had fill factor of 1, it would have achieved open-circuit voltage without losing any
current. This is not practically possible. Another parameter is power conversion efficiency
(PCE), which is commonly used for comparing different devices’ performances. The power
conversion efficiency of a device is defined as the ratio between maximum power output of the

device (Pm) and the input power of incident light (Pin; 100 mW cm for standard condition):

PCE = P_m _ ]me _ FF ']choc (9)
Py, P; Py,

1.2.4 Molecular design

At the outset of this PhD, donor materials had been studied extensively and people’s interest
towards organic solar cells had shifted to the development of alternative non-fullerene small
molecule acceptors. Acceptor materials based on fullerene derivatives such as PCs1BM (Figure
1-9) all have common drawbacks.® Firstly, fullerene acceptors have poor absorption in the
visible and near IR region. Secondly, it is very difficult to chemically modify fullerene. At last,
fullerene acceptors tend to phase segregate and form large domains that are detrimental to
device performance. Therefore, seeking alternative non-fullerene acceptors that can tackle

these issues became a hot topic.

Figure 1-9: Chemical structure of PCs1BM.

We have chosen to synthesize non-fullerene small molecule acceptors based on the 1, 1°-

binaphthalene core. Due to steric interaction between the protons in the 8, 8’- position, 1, 1°-
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binaphthalene is inherently twisted with a torsional angle of about 90" (Figure 1-10). Therefore,
it might be beneficial to active layer morphology as it may be able to prevent formation of large
domains when blending with donor material. Furthermore, with suitable substituents in the 2
and 2’ position, since binaphthalene is axially chiral we can potentially study the effect of
relative ratio of each enantiomer on the morphology and device efficiency, which is an area

that has not been well investigated.

The chirality of binaphthalene arises from atropisomerism, which is caused by hindered
rotation about a single bond. The steric strain barrier to rotation is high enough to allow for

isolation of individual conformer.

As for 1, 1’-binaphthalene, the rotation along the axial 1, 1’-bond is constrained. The
corresponding two conformers were found to rotate plane polarized light in opposite directions.

Therefore, two enantiomers are possible (R- and S-, Figure 1-11).

In chapter 2 and 3, the syntheses of different binaphthalene based acceptor series will be

discussed along with the corresponding devices’ performance.

Figure 1-10: Viewing 1, 1°-binaphthalene from above shows it has approximately 90°
torsional angle.
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R-enantiomer S-enantiomer

Figure 1-11: Two axially chiral enantiomers of 1, 1’-binaphthyl.

1.3 Organic light-emitting diodes (OLEDs)

Fundamentally, organic light-emitting diodes work exactly opposite of how organic solar cells
work. In organic solar cells, electrical current is generated after light absorption whereas for
OLED:s, electrons and holes are injected into the material and recombine to give out light. More

detailed explanations are given in the following sections.

1.3.1 Jablonski diagram

Figure 1-12 depicts three different electronic configurations in the ground and excited state. So
refers to singlet ground state where electrons are paired with each other with one spin up and
one spin down. Promoting one electron to a higher energy level while maintaining the same
spin state as before generates singlet excited state Si. However, if the electron spin is reversed

after excitation, it is known as a triplet excited state T;.

+%] |
+1+1
sand

Figure 1-12: Electronic configuration in ground and excited states.
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Figure 1-13: partial Jablonski diagram; a) fluorescent emission (singlet) and b)
phosphorescent emission (triplet).

Fluorescence occurs when an electron decays back to the ground state So from the singlet state
S1 with emission of a photon. Similarly, phosphorescence refers to photon emission from triplet
to ground state (Figure 1-13). Phosphorescence has a much longer lifetime than fluorescence
because transfer from T to So requires spin flip, which takes place over a long period of time,
due to the Pauli exclusion principle. (Pauli exclusion principle states that any two fermions of

the same type cannot occupy the same quantum state simultaneously).

T is lower in energy compared to Si, therefore phosphorescence emits light with a longer
wavelength. Energy transfer from singlet to triplet (S1 to T1) state is known as inter-system
crossing (ISC) and it is normally prohibited. However, such a rule can be broken if the
phosphorescent emitting material has a heavy metal center, such as platinum or iridium, due to

spin-orbit coupling.

1.3.2 Basic device architecture

Figure 1-14 depicts an example of OLED device architecture where on a glass substrate the
emission layer is sandwiched between two electrodes. It is called emission layer because it is

where electrons and holes are expected to recombine to emit photons.

Normally, other layers such as hole injection layer, electron transport layer are also

incorporated using material suitable for each function to maximize device efficiency.
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Cathode (opaque) C_) Electrons

Electron transport layer

5-10V =
Emission layer A
Hole transportation layer

Hole injection layer

ITO anode (transparent) + )| Holes

Glass substrate

Figure 1-14: Basic device architecture of an OLED device.

1.3.3 Chiral emissive OLEDs

Photons are uncharged, massless and have spin number of 1. Each photon has two circular

polarization states, left and right-circular polarization.” !

In the right-circular polarization state, photons propagate as clockwise helices. Photons in the
left-circular polarization state, they propagate as anti-clockwise helices.”!! The clockwise/
anti-clockwise helical propagation mode has chiral character. Therefore, it offers a beam of

light chirality. This forms the basis of chiral optics.!?1¢

R, R,=%N 0.0 N-CH(CeH,3),
99 : 5

Figure 1-15: Examples of organic CPL emitters.
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The emission of right- or left-circularly polarized light by any chiral non-racemic luminescent

systems is known as circularly polarized luminescence (CPL).!>!

Figure 1-15 depicts a few examples of organic CPL emitters.!”!® One common feature among
all of them is that they all contain either chiral side chain or chiral chromophores in their

structures.

Circularly polarized luminescence (CPL) has attracted great attention and interest due to its
potential applications in many different aspects. For example, in three-dimensional displays'®
where circularly polarized light gives better resolution; in spintronic based devices for
communication of spin information;* in bio-responsive imaging?' and in the development of

more efficient LCDs!? and OLEDs.??

As for our project, since binaphthyl is chiral, we thought it would be interesting to synthesize
a few chiral emissive binaphthyl based polymers for organic light-emitting diode (OLED)
application. This is further discussed in Chapter 4.
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2. The Synthesis of Diketopyrrolopyrrole

Flanked 1,1°-Binaphthyl Materials

2.1 Overview

Ar O
~NS
R- NmN- R
—
O Ar

R =H, alkyl, aryl, acyl
Ar = aryl or heteroaryl

Figure 2-1: General structure of DPPs.

Figure 2-2: Chemical structure of DPP(TBFu); with two chiral carbons circled.

Diketopyrrolopyrroles (DPPs) are a group of organic pigments discovered in the early 70s.%

They are commonly employed as pigments in paints, varnish and are used in high quality

printing?* 28 due to their intense colour, excellent stability, low solubility and simple synthesis.

They can be made soluble via N-functionalization, after which they show strong fluorescence

with near unity quantum yield.?*! Depending on the nature of the sidechain, DPP can also
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show a strong tendency to aggregate in the solid state with close intermolecular contacts and
high charge carrier mobility. Because of these characteristics, DPP derivatives have been
studied extensively in organic semiconducting applications, such as organic light emitting

diodes (OLEDs), organic solar cells and organic field effect transistors (OFETs).32-7

As mentioned in order to make soluble and processable DPP derivatives, they must be
functionalized with flexible sidechains. Typical sidechains include linear or branched alkyl
sidechains, and the nature of the sidechain has an important influence on the assembly of the
DPP in the solid state. Very large or bulky sidechains tend to suppress the aggregation of the
DPP cores, whereas smaller or more linear sidechains can help to promote self-assembly.
Many reported DPP derivatives utilize branched 2-ethylhexyl groups as the solubilizing
sidechain. Although the solubilizing power is high, the 2-ethylhexyl group contains a chiral
centre and the attachment of two such groups to the DPP core therefore potentially creates a
mixture of different enantiomers. Surprisingly few studies have investigated this aspect,

especially since different enantiomers might show different packing in the solid state.*-

Initially Nguyen and co-workers>® were able to separate the different enantiomers of a DPP
containing p-type semiconductor. Three different isomers of compound DPP(TBFu): (Figure
2-2) functionalised with two 2-ethylhexyl groups (R,R; S,S and meso (S,R and R,S)) were
separated and their performance in thin-film transistors investigated. Interestingly the R,R- and
S,S-enantiomers showed very similar crystal structures, thin-film morphologies and FET
properties, while the mesomer exhibited different characteristics. According to their single-
crystal structures, the meso isomer had a coplanar backbone favouring intermolecular m — &t
stacking with a shorter n — r distance. In contrast the chiral compounds (R,R - and S,S - isomers)
exhibit twisted conjugated backbone with inferior intermolecular stacking and reduced FET
performance. A later study by Castellano®® synthesized similar DPP derivatives using
enantiomerically enriched alkylating agents, allowing the preparation of single enantiomers.
Such materials exhibited very similar optoelectronic properties in solution, but significantly

different packing in the solid state.

Such studies clearly highlight that the presence of chiral centres can have an important role on
the solid state properties of conjugated materials. In our approach, our target material also
contained a binaphthyl core. Such a core has axial chirality due to the restricted rotation around
the 1,1’-binaphthyl bond. Our initial target material utilized DPP functionalised with 2-

ethylhexyl groups, but due to the presence of three potential chiral centres in this molecule, a
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second target was designed using a symmetrical branched alkyl sidechain on the DPP (Figure
2-3). This affords a material with a single chiral centre, which should be simpler to prepare

and/or separate.

DPP(EH) DPP(BH)

Figure 2-3: Chemical structures of DPP(EH) and DPP(BH).

The binaphthyl core was chosen due to the twisted, cruciform shape it bestows on the target
material. Materials with a twisted 3D geometry have been used to reduce intermolecular
interactions and in solar cell blends have been shown to suppress the formation of large
domains.*** Such large domains are detrimental to solar cell performance, since they reduce
interfacial area and therefore exciton harvesting.***> Although such twisting can suppress large
domains, it may have detrimental effects on intermolecular n-mt stacking and thus charge
transport ability of the acceptors in the blends.*® In addition, the presence of the chiral centre
is interesting for the possible emission (or detection)*’* of circularly polarised light, which

has found applications in many different areas such as quantum computing,®® asymmetric

51,52 19,22

synthesis and display technology.

In this chapter, two different DPPs were synthesized (Figure 2-3) with different solubilizing
sidechains. These were combined with a binaphthyl core for potential applications in OPV's
and OLEDs. Section 2.2 focuses on the development of racemic binaphthyl-DPP(EH) series.
Section 2.3 focuses on the development of enantioenriched binaphthyl and DPP(BH) based

molecule.
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2.2 Binaphthyl and DPP(EH) series

2.2.1 Synthesis

The first target molecule was BNDPP(EH) (Figure 2-4), in which two thiophene flanked DPP
cores were attached to 2,2’-positions of a 1,1’-binaphthyl core. An obvious retrosynthetic
strategy to such a material would be the addition of a suitably functionalized thienylDPP
derivative to a dibromo binaphthyl derivative via some type of cross-coupling. Therefore, our
initial work focused on the optimization of the cross-coupling reaction. Rather than using
valuable DPP derivatives, the initial screening used simple thiophene to make the thienyl

substituted binaphthyl BNT.

BNDPP(EH)

Figure 2-4: Chemical structures of BNDPP(EH) and BNT.

2.2.1.1 2,2'-Di(thiophen-2-yl)-1,1"-binaphthalene (BNT)

Following a thorough literature search, two methods>*>*

were found particularly interesting
with regard to the synthesis of BNT, which was a known compound. The first approach®® used
toxic organo-tin based starting materials (Stille) with only 35 % yield, whereas the second
approach®® was the Negishi cross coupling utilizing the much safer thienyl-2-zinc chloride.
This was reported to proceed in near quantitative yield (85 % for thermal reflux) (Scheme 2-1).

Despite the better yield of the Negishi coupling, because the synthesis of BNT was used as
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reference for the synthesis of BNDPP(EH) we still favoured the Stille route initially. This was
because organozinc halides are normally prepared in situ and cannot be purified prior to use,
whereas trialkyl tin derivatives are typically stable and can therefore usually be purified. Given
we planned to use a thienyl flanked DPP as the organometallic partner, the potential to separate
and purify a mono-substituted organotin reagent appeared advantageous. Therefore, given that
the reported Stille was published more than fifteen years ago, and that more robust and
functional new catalysts had been introduced since then, it would be sensible to re-optimize

the reaction with different catalysts to try to improve the yield.

S
COL, O
Br
OO Br Pd(PPhs),
THF

S
OO E/)—ZnCl
I
OO I Pd(PPh;),
THF

2.2

A

85 %

Scheme 2-1: Synthesis of BNT via Stille and Negishi approach with reported literature
yields.

Pd(dba), and PEPPSI-IPr were initially chosen for the reaction of commercially available 2-
(tributylstannyl)thiophene with racemic 2,2’-dibromo-1,1’-binaphthyl. In particular the latter
catalyst has reasonable air stableness with excellent reported reactivity.>>¢ However, after
extended reaction in THF both catalysts only gave small amount of mono-substituted side
product 2.3 (Scheme 2-2 and Table 2-1) with majority still being unreacted starting material.
The steric bulkiness of the ligands and the butyl groups of the organo-tin compound maybe the
reason for the slow reaction. It is also worth mentioning that the reported reaction using
Pd(PPh3)s was also repeated prior to trying with different catalysts. However, only 15 %

isolated yield was obtained vs 35 % from the literature.

-23 -



S
O, O
Br
OO Br Catalyst
THF

2.1

23

Scheme 2-2: Optimization of synthesis of BNT via Stille cross coupling with different
catalysts.

Table 2-1: Results for the optimization of synthesis of BNT with different catalysts.

Catalyst Ligand Solvent Additives Yield / %
PEPPSI-IPr --- Toluene - -
PEPPSI-IPr -—- Toluene DMF; Cul -—-

Pd(dba)> P(Cy)s Toluene — —

The reaction with Pd(dba), was refluxed overnight whereas PEPPSI-IPr reactions were conducted at
room temperature.

Given the slow reaction via attempted Stille cross coupling, the alternative Negishi cross
coupling was attempted (Scheme 2-3 and Table 2-2 ). Initially the optimal catalyst loading of
Pd(PPhs)4 was investigated, since in this project 2,2'-dibromo-1,1'-binaphthalene was used
instead of 2,2'-diiodo-1,1'-binaphthalene (which the literature used). Three parallel reactions
were run consecutively, each with 6 eq. of thienyl-2-zinc chloride, and with the only difference
being the catalyst loading starting from 10 mol%. Hexadecane was also used as internal
standard and the reactions were monitored by GC. GCMS analysis showed quantitative
conversion in all cases suggesting 5 mol% Pd(PPhs)4 should be enough for the purpose (Table
2-2).
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Scheme 2-3: Optimization of synthesis of BNT via Negishi cross coupling.

Table 2-2: Different catalyst loading attempted for the synthesis of BNT via Negishi cross

coupling.
Pd(PPh3)s / mol% GCMS yield “
5 Quantitative
7.5 Quantitative
10 Quantitative

“Measured against hexadecane as internal standard. All the parallel reactions were conducted with
100 mg of 2,2'-dibromo-1,1'-binaphthalene and 6 eq. of 2-thienylzinc chloride under reflux of THF
for two days.

Having established the optimal 5 mol% catalyst loading, the amount of the 2-thienylzinc
chloride was subsequently investigated. Four parallel reactions were investigated with 3, 4, 5
and 6 equivalents of thienyl-2-zinc chloride. Only the reaction with 6 equivalents showed a full
conversion to the desired product, and those with lower loadings all contained some of the
mono-substituted side product 2.3. Based on those results, the optimal reaction conditions were
established and extended to a much larger scale using 1 g and 5 g of starting material. Both

reactions achieved near quantitative yield of BNT.

Just as the optimization for the synthesis of BNT was completed, an interesting piece of
literature was published, in which Feringa et al°’ synthesized (R)-2,2'-<(2,2'-dimethoxy-[1,1'-
binaphthalene]-3,3'-diyl)dithiophene (2.5) by direct coupling between 2-thienyllithium and
(R)-3,3'-dibromo-2,2'-dimethoxy-1,1'-binaphthalene (2.4) in neat condition (i.e. no solvent)
with 81 % yield (Scheme 2-4).

This synthetic method was intriguing and could avoid the use of expensive thienyl-2-zinc

chloride. Therefore, this method was also investigated for the preparation of BNT.
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Scheme 2-4: Synthesis of 2.5 by direct coupling between 2-thienyllithium and 2.4 without
solvent.

Table 2-3: Synthesis of BNT via direct coupling between 2.1 and 2-thienyl lithium.

Catalyst Catalyst Reaction BNT Mono-coupled Starting
loading / time product 2.3 material
mol%
Pd(PPhs)4 5 3 days n/a v v
Pd(PPhs)4 10 Overnight n/a v v
Pd(PPhs)4 15 Overnight n/a v v
PEPPSI-IPr 5 Overnight n/a v v
PEPPSI-IPr 10 Overnight n/a v v
Pd(dppf)Cl» 5 Overnight n/a v
Pd(#-BusP)» 2 Overnight n/a v
Pd(z-BusP)» 5 Overnight n/a v
Pd(z-BusP)» 10 Overnight n/a v

All the reactions were carried out at room temperature in neat condition.

Four different catalysts, Pd(PPh3)4, PEPPSI-IPr, Pd(dppf)Cl> and Pd(z-BusP), were tested for
the direct coupling between 2.1 and 2-thienyl lithium. Pd(PPh3)s (entry 1, 2, 3, Table 2-3) and
PEPPSI-IPr (entry 4, 5, Table 2-3) showed some sort of reactivity as their corresponding TLCs
showed the mono-coupled product 2.3. However, none of the desired product was observed,
and varying the corresponding catalyst loadings did not alter the outcome. Whereas for other
catalysts including Pd(#-BusP),, only starting material was observed after reaction. This was

surprising since Pd(z-BusP), was the catalyst that worked so well in the published study.®’
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Possibly because three tert-butyl groups are sterically too bulky for oxidative addition to

happen at the 2,2’-positions of the binaphthyl.

To conclude, the synthesis of BNT was successfully optimized via Negishi approach. With 5
mol% Pd(PPh3)s, 6 equivalents of 2-thienylzinc chloride and 2 days of reflux in THF,
quantitative yields of BNT can be obtained.

2.2.1.2  2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c[pyrrole-1,4-dione {DPP(EH)}

K,COj5 (18-crown-6)
2-ethylhexyl bromide,
DMF, 100 - 145 °C

Na, (FeCly),

S
E/)—CN -

diethyl succinate,
2-methylbutan-2-ol, 110 °C

2.6 2.7

DPP(EH)

Scheme 2-5: Synthetic route towards DPP(EH) from thiophene-2-carbonitrile.

DPP(EH) was synthesized via a two-step synthesis (Scheme 2-5) starting from 2-
cyanothiophene. For the synthesis of 2.7, when dissolving sodium in 2-methylbutan-2-ol, some

860 added a trace amount of FeCls, whilst some®®? did not. Both reactions

literature
with/without FeCl; were investigated and the addition of FeCl; was favoured since it
significantly reduced sodium dissolution time. This is possibly because sodium is very reactive
and it instantly interacts with moist in the air to form a sodium hydroxide layer when taken out
of storage container, whereas addition of FeCls helps with dissolution by interacting with the
protective layer and exposing the underneath reactive elemental sodium. It is worth mentioning
that reactions with/without FeCls; gave similar yield. The crude DPP (2.7) was very poorly

58,59,61,62 advised

soluble in common solvents due to a lack of solubilizing group. The literature
purification by washing the crude compound with lots of hot methanol until a colourless filtrate

was observed. However, based on our practical experience we found that it was impossible to
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obtain colourless filtrate, and the crude product was used once the majority of the coloured by-

products were removed.

R = 2-ethylhexyl

DPP(EH) 2.12 213

Scheme 2-6: Proposed mechanism for the synthesis of DPP(EH).

As for the synthesis of DPP(EH), the weak base potassium carbonate was used to deprotonate
the crude DPP (2.7) (Scheme 2-6). The nucleophilic amide anion then attacks the 2-ethylhexyl

62,63 also added a trace

bromide, possibly via Sn2, to produce the product. Some literature
amount of 18-crown-6 during the reaction, to encapsulate the potassium ion to enhance the
basicity of carbonate and nucleophilicity of the amide. As for this project, both syntheses
with/without 18-crown-6 were tested and no significant difference on the final yield was

observed.

Scheme 2-6 shows the proposed mechanism for the formation of DPP(EH), along with two
possible side products 2.12 and 2.13, which are formed due to the resonance between

intermediates 2.8 and 2.9.
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For the reaction quench and work-up, two different approaches were tried. Method 1¢! involved
quenching the crude with ice/water solution before extraction with DCM, then the combined
organic phases were washed with plenty of water to remove residual DMF followed by drying
with brine and Na>SO4. Method 2% involved pouring the cooled crude mixture into a large
amount of distilled water, followed by stirring for 1 h and vacuum filtration. The solid was
washed with water and methanol to remove residual DMF and water before drying under
vacuum. After having tried out both methods, which offered similar yield, method 2 was
strongly favoured as extracting DMF with water in method 1 proving to be laborious and
difficult, especially on a large scale. In both cases the resulting crude products were purified
by column chromatography. The desired product eluted second, with some of 2.12 and 2.13
observed at lower and higher Rf values in agreement with the literature.5*%° The desired product

was isolated with an average 30 % yield.

2.2.1.3  6,6'-([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-diyl))bis(2,5-
bis(2-ethylhexyl)-3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c[pyrrole-

1,4-dione) {BNDPP(EH)}

o) )
N N
1 O N \ /& 1)-78 °C, LDA \ N N A 7\ Pd(PPhj;),, 2.1
S S S S~ ~7ZnCl —> BNDPP(EH)
g N 2) ZnCl, in THF o N THF, reflux
DPP(EH) 2.14

Scheme 2-7: Synthesis of BNDPP(EH) via Negishi cross coupling.

The first attempt for the synthesis of BNDPP(EH) was conducted based on the already

optimized reaction condition for the synthesis of BNT. Thus 2.14 (Scheme 2-7) was made in
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situ by lithiating DPP(EH) with one equivalent of LDA at low temperature, followed by the
addition of ZnCl; solution. To the resulting solution, Pd(PPh3)4 and 2.1 were subsequently
added and the resulting mixture was refluxed for 2 days (although it was noted that no change
in the TLC was observed after overnight reflux). The subsequent work-up and purification by
column chromatography gave the desired product with only 5 % isolated yield (entry 1, Table
2-4). It is worth mentioning that substantial amounts of homo-coupled DPP(EH) (72 mg vs 17
mg of the desired product) were also isolated along with the major side product, which was
mono-coupled product with one unreacted bromine, DPP(EH) and 2.1. The low yield was

disappointing, but could be explained by several reasons:

1. Both LDA and the resulting organozinc reagents are susceptible to hydrolysis by water.
They were synthesized in situ and it was difficult to monitor their successful formation.

2. If organozinc formation proceeded without problem, sterically it was very demanding
to incorporate two DPP(EH) units at the 2,2’-positions of binaphthyl.

3. Since there is significant amount of homo coupled DPP(EH), it suggests a competing
path (Path B) was happening along the desired path (Path A), where 12 could potentially
undergo ligand exchange with 2.14 to form 13, followed by reductive elimination to

produce homo coupled DPP(EH) (Scheme 2-8).%

To try to tackle problem 3, 2.14 was lowered to 3 equivalents while maintaining the same
catalyst loading (entry 2, Table 2-4). This was hoped to reduce the presence of excess
organozinc chloride. However, the result was like previous with just 4 % isolated yield for the
desired product. This also suggested that the formation of 2.14 was less likely to be the cause
for the low yield (i.e. problem 1 on the list). Further optimization with increased catalyst

loading yielded no improvement in the final yield (entry 3).

Table 2-4: First set of optimizations for the synthesis of BNDPP(EH).

2.14/ eq. Pd(PPhs3)4 / mol% Time Yield / %
6 5 2 days 5
3 5 Overnight 4
3 7.5 Overnight 4

All the reactions were refluxed in THF under inert atmosphere with 100 mg of 2,2’-dibromo-
1,1’binaphthyl.
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Pd(PPhs),

2PPh,
DPP(EH)-DPP(EH) 21

Pd(PPhs),

OO } OO Pd(PPhs),
_DPP(EH) DPP(EH)(path A OO B]?r

(PPh;),Pd~ppp(EH) Br
; T ™M™ ]

Path B 2.14

Pd(PPh3)2 ZnCI1Br
: I ZnCl 2. : DPP(EH)

Scheme 2-8: Formation of mono-coupled product with one unreacted bromine and homo-
coupled DPP(EH).

In case the problem was due to low yields of the formation of 2.14 the syntheses of 2.15 and
2.18 was attempted (Scheme 2-9). Both the boronic ester and trimethyl tin derivatives should
be air-stable and therefore could potentially be purified by chromatographic methods.
Interestingly treatment with one equivalent of LDA under identical conditions to the formation
of the organozinc reagent, followed by the addition of either trimethyltin chloride or 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane afforded a mixture of mono and
disubstituted products, together with some unreacted starting material. This suggested that a
similar mixture of organozinc reagents were also formed, which could also reduce yield. In
the case of the boronic ester and organotin compounds, our attempts to separate the desired
mono-coupled product by silica gel column chromatography were unsuccessful, as it was found
that the C-B and C-Sn bonds cleaved on the column. At that time, there was no preparative

GPC available in the group.

Due to these difficulties, it was decided to investigate the alternative cross-coupling in which
the organometallic derivative was included on the binaphthyl component. Thus 2.19 was

synthesized with 20 % yield (Scheme 2-10) by treatment of 2,2’-dibromo-1,1’-binaphthyl with
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four equivalents of n-BuLi followed by trapping with trimethyltin chloride. After work-up, it
was found that 2.19 was reasonably stable on silica and it could be isolated via flash
chromatography. However, the synthesis was not continued as the overall yield was low and
the high toxicity of trimethyl tin was a concern. At this stage, it was decided to investigate a

second target compound.

1)-78 °C, LDA

DPP(EH)

SnMe3

Scheme 2-9: Attempted mono-functionalization of DPP(EH) with trimethyl tin chloride and
2-isopropoxy-4.,4,5,5-tetramethyl-1,3,2-dioxaborolane.

mono-Br-DPP(EH)

(), hosee s (2
Br . SnMe; mono-Br-DPP(EH)

2) Me;SnCl
)MesSnCl ™ Y SnMey > BNDPP(EH)

CXyT om Oy e

20 %
2.1 2.19

Scheme 2-10: Attempted synthesis of BNDPP(EH) via Stille cross coupling, the synthesis
was stopped after the synthesis of 2.19.
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2.2.1.4 6,6'-([1,1'-Binaphthalene]-2,2'-diylbis([2,2"-bithiophene]-5',5-
diyl))bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c[pyrrole-1,4-dione) {BNTDPP(EH)}

BNTDPP(EH)

Figure 2-5: Chemical structure of BNTDPP(EH).

At this point it was apparent that direct cross-coupling of 2,2°-dibromo-1,1’-binaphthyl with
any DPP derivative was problematic, but we had established a successful protocol to the
preparation of the thienyl functionalized binaphthyl compound BNT. This appeared to be a
good candidate for further functionalization, since the thienyl group should be easy to
functionalize in the alpha position. Subsequent cross-coupling with DPP was envisaged to be
less problematic, since the steric environment at this position should be less crowded. Therefore,
a new target material with an additional thiophene spacer, BNTDPP(EH) (Figure 2-5) was

focused upon.

In terms of synthetic strategy, Li et al. published a paper where binaphthyl based conjugated
polymer 2.23 was synthesized via Negishi polymerization (Scheme 2-11).% His synthesis of
organozinc reagent 2.21 was therefore adopted for the synthesis of BNTDPP(EH). Such an
approach required the mono-bromination of DPP(EH). This was successfully achieved in 44 %

yield by the treatment of DPP(EH) with one equivalent of NBS. The resulting crude compound
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was a mixture of mono- and dibromo-DPP(EH), with some unreacted starting material and was

purified by column chromatography using hexane and DCM as eluent.

Br,, DCM Br— |
- |\ Br
e sen
S 2.20
N\ I | N\ — + ' -
T
1) -78 °C, n-BuLi OO
S
BNT 2) ZnCl, in THF, C1Zn— | N\
78 °C -R.T O O [ =2ncCl
221 2.23

Scheme 2-11: Synthesis of binaphthalene based conjugated polymer 2.23 via Negishi
polymerisation.

The synthetic route for the synthesis of BNTDPP(EH) is shown in Scheme 2-12, and Table 2-5
illustrates the optimizations conducted. The first optimization (entry 1, Table 2-5) followed the
exact same literature® method for the synthesis of 2.21, with 5 mol% Pd(PPhs)s and 6
equivalents of mono-Br-DPP(EH) as coupling partner. After work-up and purification by
column chromatography an encouraging yield of 14 % was found. Increasing the catalyst
loading up to 15 mol% did not improve yield (entry 2 and 3). Because 2.21 was synthesized in
situ and its formation could not be monitored quantitatively, the amount of #n-BuLi and ZnCl»
were increased substantially to ensure 2.21 was not the limiting factor (entry 4). However, the

resulting yield (19 %) remained more or less the same.

As an alternative, the reaction with reversed polarity was also investigated (Scheme 2-13).
Thus, BNT was readily brominated in the alpha positions by treatment with bromine. Reaction
of the resulting 2.20 with six equivalents of the organozinc derivative of DPP (2.14) with 5
mol% Pd(PPhs)s afforded 15 % yield, which was similar to the previous approach. It appears
that incorporation of the spacing thiophene unit has helped relieve steric hindrance to a certain

extent around the binaphthyl core since the yield improved (vs. 5 % for BNDPP(EH)).
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¢

i S
n-BuLi, THF  ClZn \ mono-Br-DPP(EH)
> I 7101 BNTDPP(EH)

ZnCl, in THF OO S THF, Pd(PPh;),

BNT 2.21

Scheme 2-12: Proposed synthetic route for the synthesis of BNTDPP(EH) via Negishi cross
coupling.

Table 2-5: Optimization of synthesis of BNTDPP(EH) via Negishi cross coupling.

n-Buli / eq. ZnCly in THF / eq. Pd(PPh3)4 / mol% Yield / %

3 4 5 14

3 4 10 15

3 4 15 12

6 8 15 19
All the reactions were conducted with 6 eq. of mono-Br-DPP(EH) under reflux for 2 days with
isolated yield.

Bred® I OO 6 eq.2.14, Pd(PPh;),
\ TN_p, >  BNTDPP(EH)
OO S THEF, reflux 2 days
15 %
2.20

Scheme 2-13: Reversing polarity between 2.21 and mono-Br-DPP(EH) for the synthesis of
BNTDPP(EH).

Aside from the Negishi approach, the syntheses of 2.24 and 2.25 (Figure 2-6) were also
attempted via the dilithiation and quenching with trimethyltin chloride and 2-isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane respectively. Although the crude products appeared to
be predominately the desired products, attempts to purify them by column chromatography

also failed for the same reason as that for 2.15 and 2.18, cleavage of the organometallic group.
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oo 3@

2.24 2.25

Figure 2-6: Bi-functionalization of BNT with trimethyl tin (2.24) and boronic ester (2.25).

On that note and to conclude, BNTDPP(EH) was successfully synthesized via Negishi cross
coupling with slightly better yield (around 15 %) than BNDPP(EH) (5 %).

2.2.2 Optoelectronic & Thermal Properties

2.2.2.1 Ultraviolet-visible Spectroscopy (UV-Vis) & Cyclic Voltammetry (CV)

0.6 1
10]g —Thinfim ] —RT.

S
L os —— Solution ¢4 ——58°C
S o6 .
g 0.4 0.2 1
o 02 1
§ 0.0 0.0
400 600 800 400 ' 600
Wavelength (nm) Wavelength (nm)
2 10d¢ - 5
s "\ —1.36x10° M
g 1 /) ——1.14x10°M
S 05 ——9.14x10°M
s | ——6.87 x 10°M
2 459 x 10° M
00 T T T
400 600

Wavelength (nm)

Figure 2-7: UV-Vis of BNDPP(EH): a) normalized thin film and solution (CHCl3) UV-Vis
at R.T.; b) solution (CHCI3) UV-Vis at R.T and 58 °C of the same concentration; ¢)
normalized solution (CHCl3) UV-Vis at R.T. with various concentrations.
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The UV-Vis absorption spectra of BNDPP(EH) (Figure 2-7) show a doublet type peak around
570 nm, similar to that for many DPP-containing molecules. The two longer wavelength peaks
(ca 540, 580 nm) are ascribed to vibronic transitions, commonly referred as 0 — 0 (ca. 580 nm)
and 0 — 1 (ca. 540 nm) transitions, with different relative ratios depending on the type of
aggregate (for example H or J type aggregates). When the relative intensity of 0 — 0 over 0 — 1
is greater than 1, J type aggregation is favored, whereas a less than unity ratio indicates H
aggregation is favoured.®’” As for BNDPP(EH), the relative ratio of the vibronic peaks are
greater than 1, indicating J type aggregation is favored. However, upon film formation, the
relative ratio became close to unity. This is tentatively attributed to the coexistence of both J
and H type aggregates (Figure 2-7 a). Furthermore, the thin film absorption is slightly red-
shifted (9 nm) (Table 2-6), suggestive of increased intermolecular contacts and ordering.
Varying concentration does not change the relative ratio of the two vibronic peaks (Figure 2-7
c), indicative of predominant J aggregates in all solution concentration. Additional evidence of
BNDPP(EH) J aggregates in solution came from temperature controlled UV-Vis spectroscopy
study where upon increasing the temperature of the same solution, the relative intensity of the
two vibronic peaks changes significantly, with the 580 nm peak becoming less pronounced
(Figure 2-7 b), whereas if H type aggregate was favoured, it would have the similar relative

ratio throughout despite changing in temperature.®

—~ 1.04 —— Thin film
< o0s]a —— Solution
Ef 0.6—:
S 04-
_Q B
5 02-
< v : : . - ;
400 600 800
——3.26x10°M
06 ——4.22x10°%M
21b 4.86 x 10° M
0.5
04 5.50 x 10°M
——6.44x10%M
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o
w

T T T
400 600
Wavelength (nm)

Figure 2-8: UV-Vis absorption spectra of BNTDPP(EH): a) normalized absorption of thin
film vs solution (CHCl3); b) various concentrations in CHCl; at R.T.
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Like that of BNDPP(EH), the thin film UV-Vis absorption spectrum of BNTDPP(EH) is also

red-shifted compared to its solution spectrum (Figure 2-8 a).

3 07a —— BNDPP(EH)
5 287 —— BNTDPP(EH)
o 0641

c E
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(7] 4

g 0.0

400 600 800

Wavelength (nm)

104 p —— BNDPP(EH)
—— BNTDPP(EH)
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o
N

T T T
400 600
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Figure 2-9: Normalized UV-Vis of BNDPP(EH) and BNTDPP(EH): a) thin film; b) solution

(CHCIs).
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Figure 2-10: Cyclic voltammograms of a) BNTDPP(EH) and b) BNDPP(EH) in DCM
solutions. Measurements were taken in DCM/[n-BusN]PFg solutions (0.1 M) at a scan rate of
0.1 Vs
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Figure 2-9 draws the comparison between the UV-Vis absorptions of BNDPP(EH) and
BNTDPP(EH) in solution and thin film. For both thin film and solution, the absorption onset
and maxima of BNTDPP(EH) are slightly red-shifted compared to BNDPP(EH). This is a
result of increased effective conjugation length due to incorporation of an additional thiophene

unit.

The solution CV measurements of BNDPP(EH) and BNTDPP(EH) suggested BNTDPP(EH)
has a narrower energy gap with higher HOMO and lower LUMO compared to BNDPP(EH)
(Figure 2-10 and Table 2-6). They are in good agreement with UV-Vis measurements above.
Both compounds were found to be somewhat soluble in acetonitrile, therefore, their

corresponding thin film CV measurements could not successfully be obtained.

For BNTDPP(EH), both the oxidation and reduction peaks appear to be reversible. Whereas
for BNDPP(EH), although both oxidation peaks are reversible, the reduction peak is not.

Table 2-6: Frontier energy levels and UV-Vis data of BNDPP(EH) and BNTDPP(EH).

E HOMO E LUMO E HOMO-LUMO Eavs/ }Mmax(solution) Xmax(thin Esolution /

/ eV / eV / eV eV / nm fmy/  10°M!
nm cm’!
BNDPP(EH) -5.27 -3.08" 2.19 2.02 579 588 7.60
BNTDPP(EH) -5.14 -3.19 1.95 1.91 579 579 8.86

The energies of HOMOs and LUMOs were measured by solution CV referencing against Fc¢/Fc* redox

ox/red

couple (4.8 €V): Eyomo,/Lumo = - (E; T 4.8) eV; * The cathodic peak potential of corresponding

CV was used instead. Eabs are energy gaps calculated from the onset absorption of solution UV-Vis
measurements of the acceptors.

2.2.2.2 DFT Study

In this section, all the computational simulations were performed using DFT with B3LYP, 6-
31G(d,p) basis set. In order to simplify the calculations, all the alkyl side chains were
substituted with methyl groups. For BNDPP(EH) and BNTDPP(EH), there are many possible
geometries, finding the corresponding geometry with lowest ground state energy is complex
and challenging, even with all the alkyl chains replaced with methyl groups. Therefore, to
further simplify the tasks involved, the lowest energy ground state for DPP flanked with

thiophene end groups was determined first before combining with 1,1’-binaphthyl core for
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BNDPP. As for BNTDPP, since there is an additional bridging thiophene unit, the geometry of

that unit was arbitrarily chosen and from that the ground state geometry was then simulated.

’ g J“ ‘J J:J J s # 9°
-9 2 @9 e
> q’ " 9 O)‘ ® J(JP‘,J,/“ J{J: %9° °
J‘ _JJ 8 9 ) h v) }; > 4 9 9
Thiophenes pointing at the Thiophenes pointing away One thiophene pointing
carbonyl group from carbonyl group away and one facing

carbonyl group

-1673.2624 -1673.2699 -1673.2662

Figure 2-11: Different ground state geometries of DPP with their corresponding energies in
Hartree.

There are three possible geometries available for DPP flanked with thiophene units, with each
thiophene (imaging the thiophene unit as an arrow with S atom being the tip of the arrow) either
facing towards the carbonyl group (Figure 2-11, left) or away (Figure 2-11, middle) or mixed
(one towards, one away, Figure 2-11, right). Their corresponding DFT simulations suggested
that the conformer with thiophene units pointing away from the carbonyl group has the lowest
ground state energy, in agreement with literature results.%” Therefore, this geometry was chosen
to combine with the 1,1’-binaphthyl core for BNDPP. It is also worth mentioning that the most
stable conformer (Figure 2-11, middle) was deduced based on the strongest intramolecular
hydrogen bonds stabilizing the planar shape of the molecule on its own in its gaseous state.
However, the one with thiophenes pointing towards carbonyls are favoured when

intermolecular interactions are considered. %%7°

As a result, BNDPP also has three geometries available (Figure 2-12) (strictly speaking, since
1,1’-binaphthyl core is chiral, there are more than three possible geometries available, but in

this case, the enantiomers should have the same energetics and we are only looking at S —).

Looking at the pointing directions of the bridging thiophene units, the BNDPP with left
bridging thiophene pointing inwards and right bridging thiophene pointing outwards has the
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lowest ground state energy (Figure 2-12 middle), although the difference in energy when

compared to other two geometries is minor.

“ @’ ‘2 2
\)\" JJ J\Q ol
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’{ ‘ ) B ‘&JJ‘* “‘J
L. Wy s
e lee ¥, P27 e %%
B % g e
. i o
23 52 0% R
Left bridging thiophene Left bridging thiophene Both bridging thiophenes
pointing outwards, right pointing inwards, right pointing outwards

bridging thiophene pointing  bridging thiophene pointing
inwards outwards

-4114.7540 -4114.7551 -4114.7546

Figure 2-12: Different ground state geometries of BNDPP with their corresponding energies
in Hartree.

Now moving to BNTDPP, as mentioned earlier, the geometry of the additional bridging
thiophene units were arbitrarily chosen, and the resulting geometry after optimization was

assumed to be the lowest ground state geometry of BNTDPP (Table 2-7 left).

A comparison of the dihedral angles of the binaphthyl cores was then drawn between the lowest
energy ground state geometries of BNDPP and BNTDPP. As expected, the BNTDPP has a
smaller dihedral angle (71.32 ° vs 77.71 ° for BNDPP) on the binaphthyl core suggesting it is
more flexible, as a result of incorporation of one additional bridging thiophene elevating steric
clash to a certain extent. Furthermore, BNTDPP has a narrower HOMO-LUMO energy gap
with a higher lying HOMO.
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Table 2-7: Comparison between DFT results of BNTDPP (left) and BNDPP (right).

BNTDPP BNDPP
-5218.3930 -4114.7551
D=7732° D=7771°

HOMO — 4.76 eV HOMO — 4.82 eV
E,=2.19 eV E,=231eV

- 5218.3930 and - 4114.7551 were ground state energies in the units of Hartree. D is the dihedral
angle of the corresponding binaphthyl core.
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2.2.2.3 TGA and DSC

BNTDPP(EH) exhibited sufficient thermal stability to be incorporated into OPV devices,

showing 5% weight loss (T5d) at a temperature as high as 397 °C in thermogravimetric analysis
(TGA, Figure 2-13).

Initial differential scanning calorimetry (DSC) results (black, red and blue lines) indicate that
the material melts at around 250 °C (the measured melting point is 242.3 — 243.2 °C) on the
first heating cycle, but without an obvious crystallization on cooling. The 2™ and 3™ heating
cycles exhibited a small peak at 250 °C. The lack of a crystallisation peak on cooling is likely
due to slow crystallization. Therefore, a new cycle (green line) was repeated with holding of
temperature at 120 °C for 3 hours (the peak circled in purple was due to holding temperature
at 120 °C for 3 hours) to allow sufficient time for crystallization. However, the resulting
melting peak at 250 °C still appeared much smaller vs the 1% cycle. This suggests that the
material crystallizes very slowly, likely due to the nature of twisted binaphthyl backbone.

a b
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E 001
2 -05
2 1.0 v
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T - T T 1 "1 BOT—T T T 71—
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E 77 —— 3rd cycle
2 0.0
o ] —— Holding at 120 °C for 3 h
= -0.54
QJ E
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T T T T T T
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Temperature (°C)

Figure 2-13: DSC (top right and bottom left, with rate of 10 °C min") and TGA (top left) of
BNTDPP(EH).
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2.2.2.4  Device performance

Due to low yield and limited amount of material for BNDPP(EH), organic solar cell device

performance tests were only conducted for BNTDPP(EH).

The HOMO and LUMO energies of BNTDPP(EH) from CV suggested it is a better donor
candidate than an acceptor as its energetics hardly match well with other available donors
(Figure 2-14 and Figure 2-15). Therefore, it was used as a donor material to blend with acceptor

3.6 and PC71BM (Figure 2-16 and Figure 2-17).

The results of device testing were disappointing as first few trials all showed no output current
upon illumination, for blends with both PCBM and 3.6. The reasons for the lack of performance
are unclear, and due to the limited amount of material further investigation was limited.
However, because the binaphthyl core is chiral and its enantioenriched/enantiomerically pure
isomer might be useful for detecting/modifying circularly polarized light in OLED application,

our next focus was on the synthesis of enantioenriched binaphthyl DPP based compound.

-2.30
3 3.08
- 233 -3.19
-3.46
PTAA
P3HT ADC2 SS'PT(
(51)  HQ2-16  prepB-T | gy)
(D2)
= .25 526 -5.14
536
5.47

Figure 2-14: HOMO and LUMO energies of other donor materials vs BNTDPP(EH).
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PFBDB-T

Figure 2-15: Chemical structures of the donors in Figure 2-14.
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-3.19

-3.58
BNT 4.2
DPP(
EH) 3.6
PC,,BM
-5.14
-5.87

-6

Figure 2-16: HOMO and LUMO energy levels of acceptor 3.6 and PC71BM with respect to
BNTDPP(EH).

PC,,BM

Figure 2-17: Chemical structures of acceptor 3.6 and PC71BM.
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2.3 Enantio-enriched binaphthyl and DPP(BH) based

molecule

DPP(EH) DPP(BH)

Figure 2-18: DPP(EH) with atom numeration and DPP(BH).

OO [ D DPP(BH) OO [ D—DPP(BH)

or

OO \S ;- DPP(BH) OO \S/ DPP(BH)

R-BNTDPP(BH) S-BNTDPP(BH)

DPP(BH) =

Figure 2-19: Chemical structures of R-BNTDPP(BH) and S-BNTDPP(BH).

Figure 2-18 shows the structure of DPP(EH) with atom numeration; as discussed it has two

chiral centers, carbon 22 and 30 (the ones that are two carbons away from nitrogen). This will
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create complexity when cross-coupling it with 1,1°-binaphthyl core as it will produce several
diastereomers. To tackle this problem and simplify the matter, an additional two carbons were
added to each alkyl chain to make it achiral - DPP(BH). The following session will discuss the
synthesis and characterization of enantioenriched BNTDPP(BH) (Figure 2-19).

2.3.1 Synthesis

2.3.1.1 2,5-Bis(2-butylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-

c[pyrrole-1,4-dione {DPP(BH)}

\/irj\/\/
2.26

Figure 2-20: Chemical structure of 5-(bromomethyl)nonane.

The synthesis of DPP(BH) follows the exact same method as that for DPP(EH) except that the
alkylating agent, 5-(bromomethyl)nonane 2.26 (Figure 2-20), was not commercially available

and needed to be synthesized first.

KO'Bu
methyltriphenylphos
(0] -phonium bromide hydroboration \/io)\/\/
\/\)j\/\/ > \/\)]\/\/ >
Toluene oxidation
2.27 70 % 2928 67 %
0 ) ° 2.29

1) pyridine, 0°C
2)0°C -R.T, Br,

triphenylphosphine \/irj\/\/

DCM
94 % 2.26

Scheme 2-14: Proposed synthetic route for the synthesis of 2.26.
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Scheme 2-14 shows the synthetic route towards the synthesis of 2.26, which is a known

synthesis, starting from commercially available 2.27.7!

2.3.1.1.1 5-Methylenenonane (2.28)"!

Br

H H
H ,Ph  KOBu
H)—P-Ph — Hi\ﬁ:iﬁ -~ H*P:gﬁ
H Ph Ph Ph
230 231
Ph
. Ph.j-Ph _ Ph.tlph Ph_ph o
s o FSk o OUXTH . OPlpy o 508 4 ph-pPoph
oA HH \/\)"/HJ\ H Bu# :
Bu Bu v Ph
227
2.32 2.33

Scheme 2-15: Mechanism for the synthesis of 5-methylenenonane 2.28.

The first step of synthesis towards 2.26 involves converting 2.27 into the symmetrical alkene
2.28. This  proceeded via  Wittig  olefination  (Scheme  2-15)  where
methyltriphenylphosphonium bromide 2.30 was first converted to reactive ylide 2.31 by
potassium tert-butoxide, this then undergoes stepwise interaction with 5-nonanone 2.27 to form
a four-membered cyclic intermediate 2.32. 2.32 then ring opens to produce the desired 2.28
and triphenylphosphine oxide 2.33. The driving force for last step is the formation of a very
stable triphenylphosphine oxide.

The synthesis of 2.28 was complicated by the fact that 2.28 and toluene have very similar
boiling points, and therefore initial attempts to remove the toluene under reduced pressure
resulted in significant loss of product. To circumvent this, silica was added to the reaction
mixture after work-up before the solvent was removed under reduced pressure. The majority
of 2.28 adhered to the silica and could be subsequently purified by filtering through a pad of

silica using hexane as eluent.

Methyltriphenylphosphonium bromide 2.30 was poorly soluble in toluene. It formed a cloudy

suspension when dissolving in toluene. In the literature’! procedure, it suggested ~ 21 mL of
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toluene per gram of 2.30. However, I found that a more concentrated solution of 15 mL of
toluene per gram of 2.30 worked well without a drop in yield. This helped with scale-up
significantly as it allowed for 20 g of 2.27 to be reacted in one batch (with the use of 2.5 L

round bottom flask) compared to only 10 g for the original conditions.

Aside from using toluene as solvent, THF was also investigated. Even though 2.30 was highly
soluble in THF allowing a more concentrated solution to be used, for the same given amount
of reaction time, the yield obtained was much lower than that for toluene (22 % vs. 70 %). The
lower yield probably relates to the reduced rate of reaction at the lower temperature of refluxing

THF versus refluxing toluene.
2.3.1.1.2 2-Butylhexan-1-ol (2.29)

HO

\/\)]\/\/ 1) borane dimethyl sulfide \/\J\/\/

2) ethanol, 3.0 M aq. NaOH,
35 wt% H202

2.28 2.29

67 % (lit. 69 %)

Scheme 2-16: Synthesis of 2.29 via Nolte et al. method.”’

Nolte et al.”! synthesized 2.29 with 69 % yield (Scheme 2-16). An initial small-scale test
reaction gave 67 % yield. However, upon attempting to scale up, a noticeable issue was
immediately spotted, the literature approach used a very large excess of aqueous NaOH and
hydrogen peroxide (87.5 mL of 3.0 M aq. NaOH and 87.5 mL of 35 wt% H>O, per gram of
2.28). It was difficult to scale up the synthesis by following the exact literature procedure and

further optimization was required.

Following the exact same method but with much less 3.0 M aq. NaOH and 35 wt% H>0», 17.5
mL each (still in great molar excess) per gram of 2.28. The result was somewhat surprising as

the yield was dropped to 29 %. Borane dimethyl sulfide was then swapped with more reactive
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borane-THF complex, which is sterically much less bulky, and the yield was increased to 67 %.

Subsequent scale up syntheses gave an average yield about 70 %.

2.3.1.1.3 5-(Bromomethyl)nonane (2.26)"°

1) pyridine, 0°C
2) 0 °C - R.T, Bry,
\/H\OJ\/\/ triphenylphosphine \/irj\/\/
DCM
2.29 2.26

\/

Scheme 2-17: Converting alcohol 2.29 into alkyl halide 2.26.

Ph.*.0O + | N

+
ll)n/\ Bu P

“Br 2.34

Q Bu
Ph - P - Ph + Br\)\
Il’h Bu

2.33 2.26
Scheme 2-18: Proposed mechanism for the synthesis of 2.26.
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The conversion of the alcohol to the bromide was achieved by a modified Appel reaction. A
solution of 2.29 in pyridine was added to a preformed solution of triphenylphosphine dibromide,

which was formed by adding liquid bromine to triphenylphosphine in DCM at low temperature.

Scheme 2-18 depicts the proposed reaction mechanism for the synthesis of 2.26.
Triphenylphosphine interacts with bromine to produce cationic 2.35, the oxygen of 2.29 then
donates a lone pair to the phosphonium ion with elimination of bromide, the bromide anion
then attacks the carbon atom of the C-O bond via Sn2 to produce the desired product 2.26 and
triphenylphosphine oxide 2.33.

As for the project, an initial test reaction used commercially available triphenylphosphine
dibromide and it offered 40 % yield. Substituting the commercial one with freshly synthesized
triphenylphosphine dibromide improved the yield to 86 %.

The subsequent synthesis of DPP(BH) was conducted following the exact same procedure as

that for DPP(EH) with 30 % yield.

2.3.1.2 Enantioenriched BNT

OO 1) 0 °C, pyridine OO
oH  2) triflic anhydride 0 °C - R.T‘ OTf

Y o

94 %
2.37 2.38

Scheme 2-19: Synthesis of (R)-(-)-1,1’-bi-2-naphthol bis(trifluoromethanesulfonate).

Having established a route to the DPP with symmetrical side chains, our attention turned to the
binaphthyl derivative. Single enantiomers of 2,2'-diiodo-1,1'-binaphthalene and 2,2'-dibromo-
1,1'-binaphthalene were commercially available on request, but they were prohibitively
expensive. However the alcohol functionalised analogue, R)-(+)-1,1’-bi(2-naphthol) (2.37,
Scheme 2-19), was commercially available and inexpensive (100 g for £ 38.00, Fluorochem)’.
Although an alcohol is not a suitable partner for a cross-coupling reaction, it is readily

convertible to a triflate, which is well-established as a good leaving group for Pd catalysed
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cross-coupling reactions. The synthesis of the bis(triflate) 2.38 was readily achieved by
treatment of the R enantiomer with triflic anhydride in pyridine, affording a high yield of 94%.
The optical rotation was in good agreement with the literature ([a]*p = -155.4 (¢ = 1.01,
chloroform) vs. lit.”* [a]*°p = -147.7 (¢ = 1.01, chloroform)) suggesting no loss of optical

activity during the reaction.

OO 2-thienylzinc chloride OO 7\
OTf catalyst, additive

OTf >
S S ¢ o+

2.38 R-BNT

Scheme 2-20: Unsuccessful Negishi cross coupling between 2.38 and 2-thienylzinc chloride.

Table 2-8: Optimization of Negishi cross coupling between 2.38 and 2-thienylzinc chloride.

Catalyst Catalyst loading / mol% Additives Yield / %
Pd(PPhs)4 5 - -
Pd(PPhs)4 5 LiOAc -

PEPPSI-IPr 5 -- -
Pd(amphos)Cl» 5 -- --

All the reactions were conducted with 6 eq. of 2-thienylzinc chloride in an oven-dried 20 mL
microwave vial under following reaction conditions: 30 s pre-stirring; 90 °C 1 min, 120 °C 30 min.

With the triflate in hand, we substituted it for the dibromide in our established Negishi cross-
coupling with 2-thienylzinc chloride (Scheme 2-20). However, disappointingly only starting
material was observed at the end of reaction (entry 1, Table 2-8). Additives are sometimes used
to promote the reaction with triflate. Based on the use of LiOAc in a Stille reaction, this was
attempted in the current example but had no effect (entry 2). Alternative catalysts (entry 3 and
4) all came back with the same negative results. The additional steric bulkiness of the triflate
group may be supressing oxidative addition in this reaction, although we note that the triflate
starting group has been successfully used in the synthesis of (S)-2,2'-dibutyl-1,1'-binaphthalene

(Figure 2-22) via Kumada cross-coupling.”
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As an alternative, we considered the conversion of the triflate to the diamino compound 2.39
and then to the di-iodo (or dibromo) 2.40 by the Sandmeyer reaction. This should be amenable

to the Negishi cross coupling following our established procedure (Scheme 2-21).

i-Pr [—\ i-Pr
© i-PrTi-Pr
@—P——Pd Cl—ll)d—CI
@ R

! I, |
280

Pd(PPh;), PEPPSI-IPr

t-Bu Cl t-Bu
\ | | | /
N P—Pd—P N
/ I I I \
t-Bu Cl t-Bu

Pd(amphos)Cl,

Figure 2-21: Chemical structures of the catalysts used in Table 2-8.

CC
99

Figure 2-22: Chemical structure of (S5)-2,2'-dibutyl-1,1'-binaphthalene.
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Pd(amphos)Cl,,
OO benzophenone imine, OO KI, NaNO,, OO
OTf KOBu NH, 48% HBr I

g

>

OTf NH 1
OO Toluene OO 2 DMSO OO

2.38 2.39 240

Pd(PPhs),, OO A
2-thienylzinc chloride S
S

e
.

OO

R-BNT

Scheme 2-21: Alternative approach for the synthesis of R-BNT.

2.3.1.2.1 (R)-(+)-1,1"-binaphthyl-2,2’-diamine (2.39)

Pd(amphos)Cl,,
OO benzophenone imine, OO OO
OTf K%Bu NH, OTf

b
>

N\

OTf NH, NH,
scAlNE N ¢ Al ¢4

2.38 2.39 241

Scheme 2-22: Synthesis of 2.39 using Siva et al. method.”®

The initial attempted synthesis of 2.39 (Scheme 2-22) was based on the publication of Siva et
al. using a Pd catalyzed Buchwald coupling.”® However, the desired product could not be
synthesized, even though numerous attempts were made. Table 2-9 shows various parallel
reactions conducted in attempt to synthesize 2.39. All reactions were tested against a genuine
sample of 2.39 (purchased at small scale). All the reactions contained starting material and a

second product, which was initially assumed to be the mono-substituted side product 2.41.
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However, characterization confirmed it was actually [1,1'-binaphthalene]-2,2'-diol (a chemical
structure of its R-configuration is 2.37 as shown in Scheme 2-19), which presumably resulted
from hydrolysis of the triflate during aqueous work-up. The reason behind the lack of reaction

was unclear.

Table 2-9: Unsuccessful optimizations of the synthesis of 2.39.

Pd(amphos)Cl> / mol% Benzophenone imine / eq. KOBu/ eq. Yield / %
a tiny spoon amount 2.3 2 --
5 23 2 --
5 3.5 3 --
10 3.5 3 --
10 6 6 --

All the reactions were conducted in toluene at 95 °C; reaction time for entry 1 is up to 2 days; reaction
time for the rest is overnight. Reaction work-up used 1.5 N HCI for neutralization followed by
addition of aq. NaOH for basification, before extracting with ethyl acetate, washing with brine and
drying with sodium sulfate.

Zhang et al.”’ published a patent in which 2.39 was synthesized directly from 2.37 (Scheme
2-23). Although the underlying mechanism is unknown, our attempts to repeat the reaction met
with reasonable success and 2.39 was isolated with 22 % yield in an initial attempt (lit. 88 %).
However, the corresponding optical rotation measurement suggested that a certain extent of
epimerization occurred during reaction ([a]*’p =+ 76.3 (¢ = 0.5, chloroform) vs. lit.”® [a]*°p =
+ 244 (¢ = 0.5, chloroform)) possibly due to heating at high temperature (150 °C), thus

rendering this synthetic approach unfavourable.

OO 1) K,COs, K1, 50 °C, 24 h OO
2)KOH, 150 °C, 4 h NH,
\)LNH2 -

oo e oo

2.37 2.39

22 % (lit. 88 %)

Scheme 2-23: Synthesis of 2.39 via Zhang et al. method.”’
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2.3.1.2.2 (8)-2,2'-diiodo-1,1'-binaphthalene (2.43)

At this point during the investigation of Zhang et al.’s method, a lower cost commercial supply
of (5)-(-)-1,1"-binaphthyl-2,2'-diamine (2.42) was found. Therefore, attention focused on the

conversion to the di-iodo compound 2.43.

C.,., O
SCANNNeCE

242 2.43

Figure 2-23: Chemical structures of (S)-(-)-1,1’-binaphthyl-2,2'-diamine (2.42) and (S)-1,1'-
binaphthalene-2,2'-diiodo.

OO 1) K1, NaNO, 00
NH,  2)48%HBr .

L
Y o

Xy o oY

2.42 2.43
250 mg 16 %
15¢g 45 % (lit. 53 %)

Scheme 2-24: Synthesis of (S)-1,1'-binaphthalene-2,2'-diiodo (2.43) following Yamamoto’s
method.

The traditional method’”®®! for converting (S)-(-)-1,1'-binaphthyl-2,2'-diamine (2.42) to (S)-
1,1'-binaphthalene-2,2'-diiodo (2.43) involves low temperature, multi-step addition of reagents,
a large amount of concentrated acid with excess foam formation (which is not safe), and is
often time consuming. However, Yamamoto et al.®? proposed a much safer and time-saving
method (Scheme 2-24) in which the whole reaction was conducted at room temperature with a
small amount of concentrated HBr without excess foam formation, and a reaction time of just

1h. The only drawback was that the method is only applicable to two specific amounts: 250 mg
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and 1.5 g scale, with larger quantities reporting to afford an inferior yield.®? As for this project,
both scales were attempted with 16 % and 45 % yield for 250 mg and 1.5 g of 2.42 (Scheme
2-24) respectively.

2.3.1.2.3 §-2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (S-BNT)

The synthesis of S-BNT followed the exact same method as that for the racemic one, except
the reaction time was much shorter, with just one-hour reflux in THF compared to 2 days for
2.1, without compromising in yield (96 %). Corresponding optical rotation measurement gave
[a]*p =+ 17.0 (¢ = 1.0, chloroform) (lit.>* [a]*!p = -15.7 (¢ = 1.0, chloroform) for its R —

enantiomer) suggesting no epimerization occurred despite heating.
2.3.1.3 §8-6,6'-(/1,1'-binaphthalene]-2,2'-diylbis([2,2'-bithiophene]-5',5-

diyl))bis(2,5-bis(2-butylhexyl)-3-(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c[pyrrole-1,4-dione) {S-BNTDPP(BH)}

OO 7 catalyst
n-BuLi, THF W ,.cI  mono-Br-DPP(BH)

- S L
S-BNT : - > S-BNTDPP(BH)
ZnCl, in THE O O \ S/ ZnCl THF
Pd(PPhs), 0%
PA(ACN)Cl, 5%

Scheme 2-25: Synthetic route of S-BNTDPP(BH).

The exact same method used for the synthesis of BNTDPP(EH) was adopted for the synthesis
of S-BNTDPP(BH) (Scheme 2-25). However, the result was somewhat disappointing as there
was no desired product at the end of reaction. It is possible that adding additional two carbons
on DPP(EH) has further increased the steric clash for oxidative addition, therefore ultimately
preventing the formation of S-BNTDPP(BH). Therefore, Pd(PPh3)s was swapped with
sterically less bulky PA(ACN)Cl.. Gratifyingly the reaction worked, albeit in low yield (5 %
isolated yield, ~ 15 mg of product for 100 mg of S-BNT). Due to time constraint, further
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optimization was not conducted. Corresponding optical rotation measurement offered [a]*°p of
approximately -18000. Such a number clearly indicates a problem with the measurement, in
this case possibly because the molecule absorbs at the sodium D line (589 nm), which in turn
interferes with the optical rotation measurement. Unfortunately, a polarimeter with a different

light source was not available.

2.3.1.3.1 Analytical HPLC analysis

A racemic version of BNTDPP(BH) was synthesized for method development. Unfortunately,
numerous attempts from both the HPLC-MS technician and myself gave no satisfactory result.
Figure 2-24 shows the best separation achieved with DCM, where a doublet type peak appeared

around 25 min time corresponding to the two enantiomers.

DAD1 B, Sig=5054 Ref=oll (FuchtenHD seq 2019-10-07 14-17-52001-P1-E2-HD BNTDPP rac 2.0)
mAL ﬂ
35 -

o
30
25
20
15

10 | \
s - p— _ .ﬂ' \ —

=] 10 15 20 25 30 rary

Figure 2-24: Best separation achieved on analytical HPLC with DCM.

-59 -



2.3.2 Opto-electric properties

2.3.2.1 Ultraviolet-visible Spectroscopy (UV-Vis)

—— BNTDPP(EH) —— BNTDPP(EH)
ola T S-BNTDPP(BH) ., | —— S-BNTDPP(BH)
ja 10010
08 098 ]
5 061 0.96
S o4l 0.94
Q e 0.92
2 024 0.90
50-0 T T T i |O'88_|'|'|'|'|'|
8 400 600 800 520 540 560 580 600 620
2 Wavelength (nm) Wavelength (nm)
©
()
N 1.0
= C —— BNTDPP(EH) thin film
g 08 —— S-BNTDPP(BH) thin film
g 0.6

T T T
400 600 800 1000
Wavelength (nm)

Figure 2-25: Comparison of solution and thin film UV-Vis of BNTDPP(EH) and
enantioenriched S-BNTDPP(BH): a) solution UV-Vis of the materials; b) zoom in of a; ¢)
thin film UV-Vis of the materials.

Both thin film and solution UV-Vis of enantioenriched S-BNTDPP(BH) appear slightly blue
shifted compared to that of BNTDPP(EH) (Figure 2-25 and Table 2-10). This is possibly
because the longer alkyl chain of butylhexyl disrupts aggregation more significantly than

ethylhexyl.

Table 2-10: Comparison of UV-Vis results of BNTDPP(EH) and S-BNTDPP(BH).

Amax (solution)/ nm Amax (thin ﬁlm)/ nm Esolution / 10*M' cm!
BNTDPP(EH) 579 579 8.86
S-BNTDPP(BH) 577 573 9.34

- 60 -



2.3.2.2  Circular dichroism

[ == Thin film
25 Conc. solution
Dilute solution
_. 20
[s14]
0]
©°
£
I
]
o
=
L
o
—
o
3 A S
bt
S
5 |
210
-15 | 1 . 1 . 1 . 1 . 1
300 400 500 600 700

Wavelength (nm)

Figure 2-26: Circular dichroism spectra of S-BNTDPP(BH): thin film was casted at 10
mg/mL concentration, so is the concentration of the conc. solution CD measurement; dilute
solution CD was measured by diluting the conc. solution for approximately 8 fold.

Solution circular dichoism showed a positive absorption maximum at 609 nm (Figure 2-26 red
line), and a negative absorption maximum at 317 nm. There was no change in the absorption
wavelength observed when diluting concentration. However, as for thin film, its absorptions

are slightly red-shifted vs solution.

Due to time constraint, further analyses were not conducted.
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3.Binaphthyl Rhodanine Based Small

Molecule Acceptors

3.1 Overview

Rhodanine derivatives have been commonly incorporated in dye chemistry for the fabrication
of strong push-pull chromophores.®>35 At the onset of this PhD, there had been several high
performance small molecule donors published containing rhodanine groups.®* However,
very few acceptor materials had contained rhodanine units.”® End-capping of a conjugated core
with the rhodanine group affords electron withdrawing character to the periphery of the
molecule due to the ketone and thioketone groups.”! Furthermore, rhodanine allows for

tunability of solubility via alteration of the imide alkyl chain.

CN
NC
\ S CgHy7 CsHiz >//_<CN
N
SaatSeatoa i
O
Flu-CNRH
S
»\ CsHy7CsHiz O N//
N S
s S>=
O
Flu-RH

Figure 3-1: Chemical structure of Flu-CNRH and Flu-RH.

Conventional tuning of rhodanine involves modification on the alkyl chain attached to the
nitrogen and/or on the thioketone. Modification of the thioketone typically involves the
conversion to a dicyanomethylene group, which is even more electron withdrawing than the
thioketone and therefore can further lower the HOMO and LUMO of acceptor molecules. An
example of such a system is shown on Figure 3-1, where Flu-CNRH has lower lying HOMO
and LUMO than its non-modified counterpart Flu-RH. This in turn enables Flu-CNRH to
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match the energetics of various low band gap donor materials with which Flu-RH was not

compatible.®?

The optimization of solubility and film morphology can be achieved via side-chain engineering
in terms of length and bulkiness. For example, ITBTR-C6 end-capped with linear hexyl
substituted rhodanine groups showed optimal film morphology with highest power conversion
efficiency of 8.26 % among ITBTRs with various linear chain lengths (i.e. C2, C4, C6 and
C8).%

Scheme 3-1: Synthetic routes towards binaphthyl and rhodanine based acceptors.

As for this chapter, three rhodanine derivatives (3.2, 3.3, 3.4, Scheme 3-1) with various alkyl
chains attached to nitrogen were end-capped to BNT to produce a new acceptor series (3.5, 3.6,
3.7, Scheme 3-1). The electron withdrawing nature of rhodanine derivatives combined with the
electron rich nature of BNT is thought to reduce band gap via the push-pull effect. This in turn
will enable absorption of solar spectrum to a wider range, which is beneficial to device
performance. The effect of the side chain length and bulkiness on the film morphology and

solar cell efficiency was the focus of interest.
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The following is divided into two sections. Section 3.2 will focus on the synthetic details of the
target compounds. Section 3.3 will discuss their corresponding opto-electronic properties along

with some device data.

3.2 Syntheses

Scheme 3-1 shows the general synthetic routes towards the target acceptors. In this section, the
detailed syntheses of 3.1, 3.2 and 3.4 will be explored first before moving onto the final

discussion of coupling between 3.1 and rhodanine derivatives.

3.2.1 5,5'-([1,1'-Binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde)
3.1)

Compound 3.1 was synthesized via the Vilsmeier-Haack reaction (Scheme 3-2). Four
optimizations were conducted. The best yield (79 %, entry 2, Table 3-1) was achieved with 40
eq. of DMF, 30 eq. of POCI3 and a reaction temperature of 65 °C for 3 days. Lowering the
relative amount of POCI; and shortening reaction time results in only mono-coupled side

product 3.8 (entry 1, Table 3-1).

DMF, POCl;

BNT — » O
1,2-dichloroethane

Scheme 3-2: Vilsmeier-Haack synthesis of 3.1.

Three days of reaction time is rather long, and therefore investigations were undertaken to see
if a similar yield could be achieved with shorter reaction time but higher reaction temperature.
Unfortunately, increasing reaction temperature while shortening reaction time (entry 3, Table

3-1) resulted in inferior yield, only 7.5 % isolated. The corresponding TLC showed an
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additional product forming with greater polarity. This might potentially be an over-formylated

BNT (3.9, Scheme 3-2).

Another attempt keeping the same high temperature while lowering the relative amount of
POCI; (entry 4, Table 3-1) eliminated 3.9 from the side products but with only 40 % isolated
yield for the desired product. Therefore, increasing temperature in an attempt to shorten
reaction time and maintain the same high yield was not a feasible approach in this case. The

reaction for three days was therefore repeated as the best conditions.

Table 3-1: Optimization of the synthesis of 3.1.

DMF / eq. POCl3/ eq. Reaction time  Temperature / °C Yield” / %
40 5.0 12h 65 --
40 30 3 days 65 79
40 30 2 days reflux 7.5
40 15 2 days reflux 40

a isolated yield of 3.1.

3.2.2 3-(2-Ethylhexyl)-2-thioxothiazolidin-4-one (3.2)

C.H
0 ' S
25 PrOH
HOJ\/S\H’S\)LOH + HzN\/\CH —_— O N
S 49 A /1h 2—
S)QS
3.16 3.17

69 % (lit. 77 %)

Scheme 3-3: Synthesis of 3-(2-ethylhexyl)-2-thioxothiazolidin-4-one.

3-(2-Ethylhexyl)-2-thioxothiazolidin-4-one (3.2) was synthesized according to literature
procedure®® (Scheme 3-3). Scheme 3-4 depicts its corresponding mechanism. The amino group

of 2-ethylhexylamine 3.18 attacks the carbonyl to form intermediate 3.19, followed by
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deprotonation of the resulting amide by triethylamine and ring closure by attack at the

thiocarbonyl and elimination of thioglycolic acid.

O) \)(i C4H9 C4H9
S S C.H
HO \[Sr OH gy ,0 2 OS NEts CzlgS
NH oo N
S OH S OH
C,H
oy s H
C4Hy O S 0
3.18 3.19 3.20
C4Hg
C,Hs

OH
- 5 Os_N + /\\(
T =S HS %
S

39 3.21

Scheme 3-4: Mechanism of the synthesis of 3.2.

3.2.3 3-Butyl-2-thioxothiazolidin-4-one (3.4)

Botta et al.”® synthesized 3-butyl-2-thioxothiazolidin-4-one (3.4) using the similar approach to
that of 3.2. Nevertheless, his approach used 1,2—dimethoxyethane (DME) as solvent and the
reaction mixture was heated at 90 °C in a microwave reactor for just 10 minutes. It is also worth
mentioning that in his approach 3.4 was used in the next step of coupling directly without

isolation (Scheme 3-5).

a) DME, TEA R
Q 0 90 °C, MW, 10 mi O N |
, , 10 min
HOJK/S\H/S\)LOH + RlNHz > Rz\i >=S
S b) R,CHO S

110 °C, MW, 5 min

Scheme 3-5: Simplified reaction scheme for the work of Botta et al.”
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As for this project, following the exact same literature procedure® but attempting to isolate 3.4
first resulted in only 24 % yield. The yield was successfully improved to 65 % by extending

the reaction time to 1 hour (Scheme 3-6).

O O

0
DME, TEA
HOJ\/S\H’S\)LOH + HNTS - TN
=S
3.4

S 90 °C, MW, T

T=10min, 24 %
T=1h, 65 %

Scheme 3-6: Optimization of the synthesis of compound 3.4 by extending heating time to 1
h.

3.2.4 (5Z,5'E)-5,5'-(([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-(2-ethylhexyl)-2-

thioxothiazolidin-4-one) (3.6)

NH4OAC
AcOH
+ 0 _—

TN 120°C /24 h
s)§S

3.1 32

Scheme 3-7: Synthesis of (5Z,5'E)-5,5'-(([1,1'-binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-(2-ethylhexyl)-2-thioxothiazolidin-4-one) (3.6).

The synthesis of acceptor 3.6 was inspired by Martin et al. and McCulloch et al.’s work.”"%

The initial attempt used 5 equivalents of 3.2 and 6.4 equivalents of ammonium acetate in hot

acetic acid for 24 hours. The crude product was purified by column chromatography over silica
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(eluent: DCM:hexane = 2:1) to afford a 92 % yield, with the desired product appearing as an
orange-red solid (Scheme 3-7).

3.2.5 (5Z,5'E)-5,5'-(([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)
3.5) & (5Z,5'E)-5,5'-(([1,1'-binaphthalene]-2,2'-diylbis(thiophene-
5,2-diyl))bis(methaneylylidene))bis(3-butyl-2-thioxothiazolidin-4-
one) (3.7)

The syntheses of 3.5 and 3.7 are discussed here together as they form an interesting story of

discovery and understanding through an iterative process.

$ 8
o o [ )

IO Jrmmenn - 3.22
Crude Co 3.3

Figure 3-2: a) TLC of the synthesis of 3.5 after 24 h reflux (Left: crude spot; Middle: co-
spot; Right: compound 3.3 spot); b) possible mono-coupled side product.

Since the synthesis of 3.6 with branched ethylhexyl side chains was a great success with the
first attempt achieving a 92 % yield, the same conditions were used for the synthesis of 3.5.
However, the result was disappointing, since TLC of the crude reaction (Figure 3-2 a) obtained
after 24 h of reflux showed two new spots, in addition to excess rhodanine. Our initial thoughts
were that the reaction was not complete, and that mono-coupled side product 3.22 (Figure 3-2

b) was present. Given that 3.3 (5 eq.) and ammonium acetate (6.4 eq.) were in excess, the
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reaction was continued for 60 h. During this time, the TLC did not change. In case that stopping
and restarting the reaction had caused an unexpected problem, the reaction was repeated with
more ammonium acetate (8 eq.) Again, the crude product appeared identical, with two spots
apparent on TLC analysis. Increasing the amount of base used in the reaction clearly did not
convert the suggested mono-coupled side product 3.22 into the desired one. Therefore, a new
batch with different base (triethylamine) and solvent (chloroform) were attempted. However,

the crude reaction still displayed two spots.

The two spots were very close running (Rf= 0.33, 0.32 with eluent: DCM:hexane = 2:1),
nevertheless an attempt was made to separate them by column chromatography. Despite a long
and tedious fractionation process, it appeared that every fraction still contained both spots, and

that no separation had occurred.

If NMR analysis was performed at the time for the two dots coming off the column together,
further attempts at optimisation would have stopped here. However, instead we believed the
difficulty associated with purification was due to poor solubility of short ethyl chain on
rhodanine 3.3, rendering the entire molecule less soluble comparing to 3.6. Therefore, in order
to tackle with what we believed the solubility issue, additional two carbons were added to form

3.7.

H.DAIHD 77
MS56721 Sm (SG, 3x1) 5: Diode Array
90

13668 Range: 6.483¢-1
Area

Time  Height Area  Area%
-5.469-8 200 452631 13668.22 100.00

AU

Figure 3-3: UV trace of LCMS of compound 3.7.
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Figure 3-4: Possible different polarities due to different £-, Z- conformations of 3.7.

While synthesizing 3.7 under the same conditions as for 3.6, the identical problem was
encountered as that for 3.5 (i.e. the first two dots on TLC could not be separated). However, it
was noticed that there was a large amount of solid precipitate forming on the vessel wall after
cooling the reaction mixture to room temperature. The solid was isolated via recrystallization
in acetic acid and analysis by NMR and HRMS (see Appendix) appeared fully consistent with
the expected product. Despite this, the TLC still exhibited two close running spots. Further
evidence of the two dots being the same product comes from LCMS (Figure 3-3) where only
one peak was shown, and melting point analysis gave a sharp transition (214 — 215 °C). A
possible explanation for the observation of two spots on TLC was that a mixture of £ and Z
isomers was forming in the reaction (Figure 3-4). Due to the different configurations these
isomers could have different polarities, and on TLC they appear to be separate. It is possible
that even if they were separated on the column, they quickly interconvert under exposure to

light.

The synthesis of 3.5 was then revisited and pure 3.5 was successfully isolated with a sharp
melting point (235 - 236 °C) and clean NMR spectra (see Appendix) even though TLC still

existed as two dots.

On the other hand, acceptor 3.6 only showed one spot on TLC. This might be because ethyl-

hexyl side chain is sterically bulky and only one conformation is favoured.
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3.3 Opto-electric, thermal properties & computational
simulation

3.3.1 DFT

Table 3-2: Comparison of E, E; E, Z and Z, Z isomers.

* -l* | an *‘\*‘R fz

38 .-*?"“f by 29"
2R 35%% o sty 2y 8% >3
49 @ ' 9 . 4 9 o
J_J‘. 9
s .
E E E Z Z,Z
-4111.6635 -4111.6685 -4111.6742

LUMO -2.68 eV

.

HOMO -5.60 eV HOMO -5.64 eV HOMO -5.68 eV

In this section, all the computational simulations were performed using DFT with the 6-31G(d,
p) basis set and all the alkyl chains were replaced with methyl groups for the ease of calculation.

Furthermore, all the simulations were conducted with the identical geometry for binaphthyl
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core and thiophene, except the geometry for rhodanine units where different orientations (i.e.
E, E; E, Z and Z, Z) will be examined.

Among all three geometries (Table 3-2), the Z, Z orientation has the lowest ground state energy
with lowest lying HOMO and LUMO, which makes sense as the lowest lying HOMO and
LUMO are also least susceptible to oxidation and reduction respectively, rendering it the most

stable conformer.

3.3.2 Cyclic Voltammetry (CV)

3.6
—35 s .

Current

f

T T T T T T T T
2.0 -1.5 -1.0 0.5 0.0 0.5 1.0 1.5
Potential (V vs. Fc/Fc*)

Figure 3-5: Cyclic voltammograms of 3.5, 3.6 and 3.7 in DCM solutions. Measurements
were taken in DCM/[n-BusN]PFs solutions (0.1 M) at a scan rate of 0.1 V s\

Thin film cyclic voltammetry could not be obtained for the binaphthyl rhodanine series as they
are too soluble in the acetonitrile solvent used for measurements. Therefore, solution CV was
performed instead in dichloromethane, referenced against ferrocene/ferrocenium. The HOMO
level of ferrocene was taken to be -4.8 eV. The onset of reduction and oxidation were used to
extract the HOMO and LUMO levels. In all cases the reduction peaks were irreversible, and
with the exception of 3.5 the oxidation was also irreversible. 3.5 showed a reversible oxidation
peak. Interestingly both 3.5 and 3.7 with ethyl and butyl sidechains showed very similar
profiles, however 3.6 with bulkier ethylhexyl sidechains cleared exhibited a higher onset of
oxidation, suggesting a deeper HOMO level.
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Table 3-3: Frontier molecular orbital energetics of 3.5, 3.6 and 3.7 calculated from solution

CV.
Enomo / €V Erymo / €V Enomo-Lumo / €V
3.5 (Et) -5.67 -3.35 2.32
3.6 (EH) -5.85 -3.63 2.22
3.7 (Bu) -5.64 -3.49 2.15

The HOMO, LUMO energies were calculated by referencing against ferrocene/ferrocenium redox

d
Couple: EHOMO/LUMO = - (Eg;:g:te + 48) eV.

3.3.3 Ultraviolet-visible Spectroscopy (UV-Vis)
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Figure 3-6: a) normalized solution UV-Vis; b) expanded plot of a; ¢) normalized thin film
UV-Vis and d) expanded plot of c.

Table 3-4: Solution UV-Vis data of 3.5, 3.6 and 3.7.

Amax (nm) Xonset (nm) g (10*M'em™)
3.5 (Et) 448 517 6.00
3.6 (EH) 452 517 6.61
3.7 (Bu) 450 517 6.42
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Both solution and thin film UV-Vis of the three molecules have absorption maximum at ca.
450 nm. However, for solution UV-Vis, a small redshift in absorption maximum of 2 nm is
observed for every increase in alkyl chain size from ethyl to butyl to ethylhexyl (Figure 3-6 b).
All materials showed the same onset wavelength in solution at 517 nm, suggesting an identical
optical band gap. This is different to the results of the CV measurements. Moving from solution
to thin film does not change the absorption maxima, but a new shoulder peak at ca. 480 nm

appears, likely as a result of molecular aggregation.

3.34 TGA & DSC
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Figure 3-7: TGA analyses of 3.5, 3.6 and 3.7. under nitrogen atmosphere.

All three acceptors exhibited sufficient thermal stability to be incorporated into OPV devices,
showing 5 % weight loss (T5d) at a temperature with average above 400 °C in
thermogravimetric analysis (Figure 3-7). Their DSC analyses (Figure 3-8) showed a similar
trend as that for BNTDPP(EH), with the first cycle showing a protruding melting peak and
featureless second and third cycle, implying very slow crystallization possibly due to the

twisted binaphthyl core.
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Figure 3-8: DSC analyses of 3.5, 3.6 and 3.7 at a heat rate of 10 °C min™! under nitrogen
atmosphere.

3.3.5 OPYV device performance

The performance of 3.6 as an acceptor in OPV devices was investigated using two donors

polymers, regioregular P3HT and a low bandgap donor-acceptor ADC2 (Figure 3-9), which

1.97

was first reported by Zhang et a The device architecture was glass/ITO/ZnO/active

layer/MoOs/Ag, a so-called inverted device architecture.

Figure 3-9: Chemical structure of ADC2.
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For ADC2 and 3.6, the best power conversion efficiency of 1.22 % was achieved for the blend
ratio of 1:1 after thermal annealing at 120 °C, with Js of 3.91 mA cm™ and Voe of 1.01 V
(Figure 3-10 and Table 3-5).

,| ——ADC2:3.6
——P3HT:3.6

©

Current Density (mA cm)

-2

/
T T T T T T T
0.0 0.3 0.6 0.9 1.2

Voltage (V)

Figure 3-10: J-V curve of 3.6 with donor P3HT and ADC2 under standard testing conditions.

Table 3-5: Best solar cell device testing results for 3.6 with ADC2 and P3HT.

Blend (ratio) Thermal Jse (MA Voe (V) FF PCE (%)
annealing cm)
ADC2:3.6 120 °C 3.91 1.01 0.31 1.22
(1:1)
P3HT:3.6 120 °C 3.44 0.82 0.44 1.24
(1:2)

For P3HT and 3.6, the best power conversion efficiency of 1.24 % (via thermal annealing at
120 °C) was achieved for the blend ratio of 1:2 with Js of 3.44 mA cm™ and Voc 0of 0.82 V. In
both cases the low fill factors obtained were limiting the performance, and possibly suggests

that poor electron mobility is hindering charge extraction.

-76 -



Even though the efficiencies are low compared to the state-of-art commonly reported in the
literature with an average value of around 10 % from other acceptor materials, it is worth
mentioning that they all show high open circuit voltage suggesting 3.6 can be a potential

candidate for semi-transparent and/or tandem devices.
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4.Binaphthyl Based Polymers

4.1 Overview

Circularly polarized (CP) light has attracted interest in fields like spintronics?’, high efficiency

1922 and quantum optical computing.’® Conventionally, for the field of light emitting

displays
displays, it was produced from a non-polarized light source using filters. However, such
generation mechanism leads to loss in display brightness and efficiency,”® and often requires
complicated device architectures. Thus, to tackle those issues, direct generation of CP light
from emissive source has been a focus of interest in light emitting display field such as OLEDs,

which is the focus of this chapter.

The dissymmetry factor (g factor), ranging from +2 to -2, is used to measure the relationship
between right- and left- components of circularly polarized light. A g factor of +2 or -2
corresponds to fully left- or right-handed CP light respectively, whilst a g factor of zero

corresponds to light with no circular polarization. The equation used for g factor calculation is

I— IR
I+ IR

defined by = 2 , where [ refers to light intensity.

Organic materials that emit circularly polarized light directly often contain chiral components
as mentioned earlier in Chapter 1. In this Chapter, the syntheses of three different 1,1’-
binaphthyl based polymers were attempted (starting from racemic ones), and their

corresponding optical properties and computational simulation were studied.

4.2 Synthesis

The synthetic route started from 2.20, as reported in Chapter 2. Three co-monomers were
investigated, either benzothiadiazole (BT), benzodithiophene (BDT) or 9,9-dioctylfluorene (FS8)
(Scheme 4-1). The latter two co-monomers contained solubilizing side chains whereas the
benzothiadiazole (BT) did not. We hypothesised that the contorted nature of the polymer might
prevent close aggregation of the conjugated backbones and therefore promote solubility even
without additional solubilizing groups, and therefore selected BT as a suitable co-monomer.

The three co-monomers varied in terms of their electronic nature, from electron rich (BDT) to
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neutral (fluorene) to electron poor (benzothiadiazole) in order to tune the optical band gap and

emission wavelength of the resulting polymers.

Q Pd(PPhy),
P(BNTBT) !_N BT Aliquat 336 P(BNTEFS)
2M aq. K2C03
Pd(PPhj;), B-0O Toluene
Aliquat 336 3 110 °C
2M aq. K,CO; 7{< 3 days o CgH;7,CgHy7 o
Toluene B BI
110 °C o O 0
w00 )
\ I \ Br
o9
2.20
C,H;
CiHo 7=
sz(dba)3
P(o-tol); S
chlorobenzene —\Sn 74 -Sti—
130 °C / g \
3 days
7S
= CyH;s
BpT  CaHly

P(BNTBDT)

Scheme 4-1: Preparation of three different polymers based on 1,1’-binaphthyl core.
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The co-monomers were all commercially available. For the Suzuki polymerisation of BT and
F8 co-monomers, the reactions were refluxed for three days in toluene in the presence of
Pd(PPh3)s, 2M K>COs and a phase transfer catalyst to ensure good mixing between the organic
and aqueous phase. For the Stille polymerisation of BDT, no additional base was required, and
the polymerisation was performed in refluxing chlorobenzene. After reaction, the crude
polymers were precipitated into methanol. Low weight oligomers and catalyst residues were
removed by Soxhlet extraction with methanol, acetone and hexane. The final polymers were
scraped off from the thimble, followed by drying under vacuum to afford 86%, 84% yield for
P(BNTFS8) and P(BNTBDT) respectively.

During the polymerisation with BT to afford P(BNTBT) it was observed that a precipitate
began to form after a couple of hours, presumably due to poor solubility in the reaction solvent.
After work-up the solid could not be redissolved in common solvents like chlorobenzene or
1,2-dichlorobenzene, even with heating. The poor observed solubility suggests that solubilizing
side chains are required for processability. In the case of P(BNTF8) and P(BNTBDT) soluble
materials were obtained in both cases. The molecular weight was measured by Gel Permeation
Chromatography (GPC) in 1,2-dichlorobenzene against polystyrene standard. P(BNTFS8) had
a number average molecular weight (M,,) of 8,400 Da with a weight average (M,,) of 18,000

Da. P(BNTDBT) had a M,, of 17,000 Da, a M,, of 37,000 Da (Table 4-1).

Due to time constraint, the synthesis of enantioenriched/enantiomerically pure 1,1’-binaphthyl

based polymers was not investigated.

Table 4-1: Weight average and number average molecular weights of the polymers.

M, / Da M,, / Da PDI
P(BNTFS) 8,400 18,000 2.14
P(BNTBDT) 17,000 37,000 2.15

4.3 Optical properties & Computational simulation

4.3.1 Ultraviolet-visible (UV-Vis) & Fluorescence Spectroscopy

The UV-Vis spectrum of P(BNTFS) in chloroform has an absorption maximum at 400 nm

(Figure 4-1 a, c¢). Upon film formation (Figure 4-1 c) the spectra are very similar in shape, with
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a maximum around 400 nm, although a new shoulder begins to emerge at longer wavelength.
As for P(BNTBDT) (Figure 4-1 d), the peak at 423 nm becomes more protruding for thin film
compared to its solution, which is possibly due to increased vibronic absorption at 423 nm as
a result of change of aggregation at solid state. The similar solution and thin film UV-Vis
absorption is a possible sign that the polymers cannot effectively planarise in the solid state,

due to the twisting binaphthyl group in the backbone.

The solution emission spectrum of P(BNTF8) was measured with excitation wavelength of 400
nm (Figure 4-1 a), and its corresponding Stokes shift was 51 nm. As for P(BNTBDT) (Figure
4-1 b), the emission spectrum was measured with excitation wavelength of 440 nm, and its

corresponding Stokes shift was 72 nm.
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Figure 4-1: Normalized solution absorption and emission spectra of a) P(BNTFS) and b)
P(BNTBDT) in chloroform; Normalized UV-Vis absorption spectra of ¢) P(BNTFS8) and d)
P(BNTBDT). All the films were made via spin coating with solution concentration of 10
mg/mL.

Table 4-2: Solution absorption and emission maxima of the polymers.

)Lmax, absorption/ nm Xmax, emission / M
P(BNTFS) 400 451
P(BNTBDT) 440 512

The absorption and emission maxima were measured in chloroform.
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4.3.2 DFT

a)

b)

LUMO =-1.75 eV
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Continue of the previous

¢)

HOMO = -4.98 eV

Figure 4-2: a) optimized ground state geometry, b) LUMO electron density plot and ¢)
HOMO electron density plot of P(BNTFS).
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Continue of the previous

(b)

LUMO =-2.00 eV

HOMO = -4.83 ¢V

Figure 4-3: a) optimized ground state geometry, b) LUMO electron density plot and c)
HOMO electron density plot of P(BNTBDT).
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DFT optimizations of P(BNTFS8) and P(BNTBDT) were conducted using B3LYP with basis
set of 6-31G (d, p) for finding the ground state geometry, followed by frequency analysis for
verification. In order to simplify the calculations and reduce analysis time, three repeating units
were used for each polymer with long alkyl chains substituted with methyl groups, and the
relative geometry within each repeating unit was kept identical. Both polymers exhibit a highly
contorted backbone, principally as a result of the binaphthyl group but additional twisting is

observed between the other aromatic co-monomers.

The HOMO and LUMO were found to be - 4.98 eV and - 1.75 eV respectively for P(BNTFS).
The HOMO of P(BNTBDT) was calculated to be — 4.83 eV and its LUMO was — 2.00 eV.
Their corresponding HOMOs and LUMOs electron density plots are shown in Figure 4-2 and
Figure 4-3. The contorted shape of optimized geometries is as expected due to twisted nature
of binaphthyl core. Therefore, it is difficult for polymers to aggregate and planarize, rendering

solution and thin film UV-Vis absorption spectra similar.

4.4 Conclusions

Two soluble polymers based on a racemic binaphthyl co-monomer were prepared. Both
polymers exhibited very similar solution and solid-state UV-Vis absorption, likely as a result
of their highly contorted backbone. These proof-of-concept synthetic studies suggest that the
use of enantiomerically pure binaphthyl co-monomer is a valid strategy towards chirally pure

polymers.
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5. Conclusions

Chapter 2: Binaphthyl DPP Based Materials

Chapter 2 first looked at the material combination between 1,1’-binaphthyl core and DPP(EH).
The syntheses of racemic BNDPP(EH) and BNTDPP(EH) were successful via Negishi cross-
coupling with BNDPP(EH) had much lower yield (~ 5 %) compared to that of BNTDPP(EH)
(~ 20 %). This improvement in yield is possibly due to relief of steric hindrance as a result of
incorporation of an additional bridging thiophene unit for BNTDPP(EH) and is further justified
by DFT analysis, where a smaller dihedral angle was observed for the binaphthyl core of
BNTDPP, suggesting a greater degree of freedom. Opto-electronic properties of the materials
were investigated with UV-Vis analysis and cyclic voltammetry. Solar cell device performance
was tested for BNTDPP(EH) with negative feedback suggesting it is not a potential candidate
in this field.

As for outlook, since the lab now has a preparative GPC, the syntheses of DPP boronic esters
or its tin derivatives may deserve a revisit to investigate the possibility of having higher overall
yields, so more devices and studies can be tested. In addition, the thin film morphology of solar

cell blends is of interest to help to understand the lack of photocurrent for BNTDPP(EH).

The second part of Chapter 2 looked at the synthesis and characterisation of enantioenriched
BNTDPP(BH) with potential application for circularly polarized light (CPL) detection or
modification. DPP(BH) was synthesized first in the exact same manner as that for DPP(EH) to
eliminate chirality on the ethylhexyl side chain, therefore allowing focus solely on the chirality
of binaphthyl core. The same method used for the synthesis of BNTDPP(EH) did not work for
BNTDPP(BH), and this problem was overcome by replacing Pd(PPh3)s with sterically much
less bulky Pd(ACN)>Cl, which in turn gave a yield of ca. 15 %. Due to time constraint, further
optimizations were not conducted for the improvement of the yield, and only UV-Vis and
circular dichroism measurements were taken. The enantiomeric excess (ee) analysis for
enantioenriched S-BNTDPP(BH) was not successful because it absorbs at sodium line and
attempted analytical chiral HPLC analysis failed to separate. Therefore, as for outlook, one
could carry on more optimizations, and possibly try a polarimeter with longer wavelength (800
nm) or different HPLC columns if possible, for ee determination. In addition, more

characterisations such as making a device for tests in CPL applications.
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Chapter 3: Binaphthyl Rhodanine Based Small Molecule Acceptors

First section of chapter 3 looked at the syntheses of binaphthyl rhodanine based acceptors 3.5
(Et), 3.6 (EH) and 3.7 (Bu). In which, 3.5 and 3.7 displayed an interesting phenomenon on
TLC showing dumbbell liked two dots as a result of different polarities due to possible fast
inter-converting stereo-configurations. NMR, mass spectroscopy and LCMS techniques were
used for validation of the purity of the compounds. For 3.6, only one dot was observed on TLC,

possibly because of steric clash imposed by bulky ethylhexyl chains.

The second section of chapter 3 looked at the opto-electric (UV-Vis and CV) and thermal
properties of the compounds, where TGA analyses of all three compounds displayed great
thermal stability with average T5d (temperature with 5 % weight loss) temperature of greater
than 400 °C. DSC analyses displayed similar outcome as that for BNTDPP(EH), where first
cycle showed a very pronounced melting peak followed by featureless second and third cycle,
suggesting very slow rate of crystallization, which is possibly correlated to the nature of twisted
binaphthyl core. DFT computational simulation with B3LYP, 6-31G(d, p) basis set and
simplified alkyl chain suggested Z, Z - configuration has the lowest ground state energy at
gaseous state. Moving to device performance test for 3.6 (EH), ADC-2 and regio-regular P3HT
as donors showed best power conversion efficiencies around 1.2 % after thermal annealing at
120 °C with high open circuit voltage but low short circuit current compared to other common

high-performance non-fullerene acceptors in literature.

As for outlook, more OPV device testing could be conducted to further optimize efficiencies.
Furthermore, since the test results showed high open circuit voltage, it may be good to test out

for tandem or semi-transparent devices.
Chapter 4: Binaphthyl Based Polymers

The original objective of chapter 4 was to synthesize and analysis of enantiomerically pure /
enantioenriched 1, 1°- binaphthyl based polymers for potential application in
detection/modification of circularly polarized light. However, due to time constraint, only
racemic versions were synthesized from test runs. Three different polymers were attempted,
P(BNTFS), P(BNTBDT) and P(BNTBT), in which P(BNTBT) could not be synthesized due
to poor solubility, and P(BNTF8), P(BNTBDT) were synthesized successfully via Suzuki and
Stille polymerization respectively. Opto-properties via UV-Vis absorption spectroscopy and

photoluminescence spectroscopy were studied with corresponding stoke shift values calculated.
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Furthermore, DFT simulations with B3LYP, 6-31G(d, p) basis set were also conducted for the

two successful polymers.

As for outlook, the synthesis of enantioenriched version can be attempted. A comparison can
then be drawn between racemic and enantioenriched compounds to further elucidate the

differences in molecular packing and opto-electronic properties.
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6. Experimental

General Experimental Techniques

All reactions were conducted in oven-dried glassware under inert atmosphere unless otherwise
stated. All reagents and solvents were used directly without further purification unless
otherwise stated. Commercially available 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) was purified by recrystallization (acetone). Reaction
progress was monitored by analytical thin layer chromatography (TLC) on silica gel coated
aluminium oxide F254 plates. Developed TLCs were visualized under UV light and/or stained
with iodine. Column chromatography was performed employing silica gel 60 A, particle size
40 - 63 um. All "H and '*C NMR spectra were recorded at 400 MHz and 101 MHz respectively
at ambient temperature in CDCl; (with / without TMS as internal standard) unless otherwise
noted and chemical shifts were reported in ppm. IR spectra are reported in cm™'. Mass spectra

were obtained from the Imperial College Mass Spectrometry Service or Swansea National
Mass Spectrometry Facility. Melting points were uncorrected. Number-average (M,,) and

weight-average (M,,) were determined by Agilent Technologies 1200 series GPC running in
1,2-dichlorobenzene at 80 °C, using two PL mixed B columns in series, and calibrated against
narrow polydispersity polystyrene standards. UV-vis spectra were recorded on a UV-1601
Shimadzu UV-vis spectrometer. Cyclic voltammetry (CV) was carried out with a standard
three-electrode cell in a 0.1 M tetrabutylammonium hexafluorophosphate ((TBA)PF6) solution
in dichloromethane at room temperature with a scanning rate of 0.1 V s!. A Pt rod working
electrode (1.6 mm diameter), a Pt wire counter electrode, and an Ag/AgCl reference electrode
were used. The oxidation / reduction potentials were calibrated with respect to a standard
ferrocene/ferrocenium (FOC) redox system (assuming the energy level of FOC is 4.8 eV below

vacuum) for estimating the energy levels of molecules.
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6.1 Chapter 2

Thiophen-2-ylzinc(II) chloride (~ 0.3 M in THF)
n-BuLi, ZnCl, in THF

S S
[/) > [/)—ZnCl
THEF, -78 °C to 0 °C

To a solution of thiophene (2.1 g, 25.0 mmol) in anhydrous THF (14 mL) at 0 °C was added n-

BuLi (9 mL, 2.5 M in hexane, 22.5 mmol) dropwise, followed by stirring at 0 °C for 30 min.
The mixture was then cooled to - 78 °C, ZnCl, (43.8 mL, 0.7 M in THF, 30.0 mmol) was added

dropwise. The resulting mixture was warmed to R.T. and used as it is.

2,2'-Di(thiophen-2-yl)-1,1'-binaphthalene (BNT)

S
E/)—SnBu3
99 _ S
Br PEPPSI-IPr R <
Br B | \
OO Toluene ] ] S

To a solution of 2,2'-dibromo-1,1'-binaphthyl (100 mg, 0.24 mmol), PEPPSI-IPr (8.26 mg,

0.012 mmol) in anhydrous toluene (3 mL) was added 2-(tributylstannyl)thiophene (0.17 mL,
0.53 mmol). The mixture was stirred overnight at room temperature. Reaction monitored by
TLC (eluent: hexane/CHCl3 = 3/1) showed majority being starting material (Rf = 0.4) and
mono-coupled side product (Rf =0.33):

2-(2'-Bromo-[1,1'-binaphthalen]-2-yl)thiophene

mp 169 — 170 °C. "H NMR (400 MHz, CDCls) § 8.04 (d, J = 8.6 Hz, 1H), 7.99 — 7.82 (m, 4H),
7.77 (d, J = 8.8 Hz, 1H), 7.52 — 7.43 (m, 2H), 7.34 — 7.22 (m, 2H), 7.19 (d, J = 8.5 Hz, 1H),
7.13 (d, J = 8.5 Hz, 1H), 7.05 (dd, J = 5.1, 1.2 Hz, 1H), 6.87 (dd, J = 3.7, 1.2 Hz, 1H), 6.77
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(dd, J= 5.1, 3.7 Hz, 1H). 3C NMR (101 MHz, CDCl3) § 142.5, 136.9, 134.7, 133.9, 132.9,
132.6, 132.4, 131.8, 130.2, 129.9, 128.9, 128.3, 128.2, 127.6, 127.4, 127.1, 126.7, 126.5-126.3
(6 C), 124.3. HRMS (pAPCI) m/z calcd for C24H16BrS [M+H]" 415.0151, found 415.0142.

S
E/)_SHBLI?,
99 ¢
Br PEPP\S/I-IPr R ’

X >
l l Br Toluene, DMF, Cul OO S

To a solution of 2,2'-dibromo-1,1'-binaphthyl (100 mg, 0.24 mmol), PEPPSI-IPr (16.5 mg,
0.024 mmol) in anhydrous toluene (3 mL) was added 2-(tributylstannyl)thiophene (0.17 mL,
0.53 mmol), DMF (0.6 mL) and Cul (9.26 mg, 0.049 mmol). The mixture was stirred overnight

at 100 °C. TLC showed majority being starting material and mono-coupled side product.

S
20
OO pr  Pd(dba), P(Cy) \S,
- ’ \

O O Br Toluene I | S

To a solution of 2,2'-dibromo-1,1’-binaphthyl (100 mg, 0.24 mmol), Pd(dba), (14.0mg, 0.024
mmol) in anhydrous toluene (3 mL) was added 2-(tributylstannyl)thiophene (0.17 mL, 0.53

mmol), P(Cy)3 (27.3 mg, 0.097 mmol). The mixture was stirred overnight at room temperature.

TLC showed majority being starting material and mono-coupled side product.

S
E/)—ZnCI
CCL, raom,
SO
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To a solution of 2,2'-dibromo-1,1'-binaphthalene (1 g, 2.43 mmol) and Pd(PPh3)4 (0.14 g, 0.121
mmol, 5 mol%) in anhydrous THF (30 mL) was added thiophen-2-ylzinc(II) chloride (45.5 mL,
0.3 M in THF, 14.6 mmol). The resulting mixture was refluxed for 2 days. The mixture was
cooled to room temperature and filtered through a silica pad using THF as eluent. The filtrate
was concentrated in vacuo and subjected to silica gel column chromatography (eluent:
hexane/CHCI3 = 3:1) to afford the product as a light yellow-green solid (0.94 g, 92 %). mp 196
—200 °C (lit.>* mp 195 — 200 °C). '"H NMR (400 MHz, CDCl3) § 8.01 (d, J = 8.6 Hz, 2H), 7.92
(d, J= 8.3 Hz, 2H), 7.86 (d, J = 8.6 Hz, 2H), 7.48 — 7.41 (m, 2H), 7.25 — 7.21 (m, 4H), 6.99
(dd, J = 4.9, 1.4 Hz, 2H), 6.74 — 6.66 (m, 4H). '3C NMR (101 MHz, CDCls) § 142.7, 134.1,
133.3, 132.7 (2 C), 128.8, 128.0, 127.6, 126.9, 126.8, 126.5, 126.2, 126.1, 126.1. MS (EI) m/z
418.1 (M", 100%).

The reaction was repeated as above using 2,2'-dibromo-1,1'-binaphthalene (5.0 g, 12.1 mmol),
Pd(PPh3)4 (0.705 g, 0.610 mmol, 5 mol%), anhydrous THF (95 mL) and thiophen-2-ylzinc(II)
chloride (242 mL, 0.3 M in THF, 72.6 mmol) to afford the product as a light yellow-green solid
(4.8 2,95 %).

Thiophen-2-yllithium (~ 0.9 M in THF)

ES) 0 °C, n-BuLi, 30 min ES)—
> Li
7 THF 7

To a solution of thiophene (2.1 g, 25.0 mmol) in anhydrous THF (14 mL) at 0 °C was added n-
BuLi (9 mL, 2.5 M in hexane, 22.5 mmol) dropwise, followed by stirring at 0 °C for 30 min. It

was then warmed to room temperature and used as it is.

CCOL O L

O‘ Br o p4(PPhy), O O S

To 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243 mmol) and Pd(PPh3)s (14.0 mg, 0.012
mmol, 5 mol%) in an oven-dried 20 mL high-pressure microwave reactor vial at room

temperature was added thiophen-2-yllithium (1.6 mL, 0.9 M in THF, 1.46 mmol). The resulting
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mixture was stirred at R.T for up to 3 days (TLC every overnight). TLC showed majority being

starting material and mono-coupled side product.

Repeated as above with Pd(PPhs)4 (28.0 mg, 0.024 mmol, 10 mol%) and Pd(PPhs)4 (42.0 mg,

0.036 mmol, 15 mol%) with identical results.

OO . [S/)—Li S OO

\ |
OO Br PEPPSI-IPr O O ’ s\

To 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243 mmol) and PEPPSI-IPr (8.2 mg, 0.012
mmol, 5 mol%) in an oven-dried 20 mL high-pressure microwave reactor vial at room
temperature was added thiophen-2-yllithium (1.6 mL, 0.9 M in THF, 1.46 mmol). The resulting
mixture was stirred at R.T overnight. TLC showed majority being starting material and small

amount of mono-coupled side product.

Repeated as above with PEPPSI-IPr (16.4 mg, 0.024 mmol, 10 mol%) with identical results.

Li S
Br /\/ -
N\ -

OO Br Pd(dppf)Cl, O O S

To 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243 mmol) and Pd(dppf)CL (8.8 mg, 0.012
mmol, 5 mol%) in an oven dried 20 mL high-pressure microwave reactor vial at room
temperature was added thiophen-2-yllithium (1.6 mL, 0.9 M in THF, 1.46 mmol). The resulting

mixture was stirred at R.T overnight. TLC showed only starting material.
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S
0, O
Br N >
Br Pd )
soall <8

To 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243 mmol) and Pd(+~-BusP); (2.5 mg, 4.8 x 10
3

mmol, 2 mol%) in an oven dried 20 mL high-pressure microwave reactor vial at room
temperature was added thiophen-2-yllithium (1.6 mL, 0.9 M in THF, 1.46 mmol). The resulting

mixture was stirred at R.T overnight. TLC showed only starting material.

Repeated as above with Pd(-BusP); (6.1 mg, 0.012 mmol, 5 mol%) and Pd(+~-BusP)2 (12.2 mg,
0.024 mmol, 10 mol%) with identical results.

3,6-Di(thiophen-2-yl)-2,5-dihydropyrrolo[3.,4-c]pyrrole-1,4-dione

Na, diethyl succinate

S
E/)—CN -

Tert-amyl alcohol

Sodium (3.32 g, 144.3 mmol) was added to 2-methylbutan-2-ol (75 mL), the mixture was
stirred at 110 °C until complete dissolution. The temperature was then lowered to 90 °C and 2-
thiophenecarbonitrile (8.0 mL, 86.6 mmol) was added in one portion, affording a brown
medium. A solution of diethyl succinate (4.8 mL, 28.9 mmol) in 2-methylbutan-2-ol (18 mL)
was added dropwise and the solution was stirred at 110 °C overnight. A solution of acetic acid
(20 mL) in methanol (100 mL) was added to the medium, resulting in the precipitation of a
deep purple solid, collected via vacuum filtration. Several washes with hot methanol were
carried out until filtrate is reasonably colourless. The crude product was dried to afford a purple

powder (4.0 g, 46 %) and it was used as it was without further purification.

The reaction was repeated using sodium (9.96 g, 432.8 mmol),2-methylbutan-2-ol (200 mL),
2-thiophenecarbonitrile (24.0 mL, 259.7 mmol) under identical conditions to above to afford a

purple powder (20.0 g, 76.9 %) and it was used as it was without further purification.
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Na, FeCl;, diethyl succinate

S
E/)—CN -~

Tert-amyl alcohol

Alternative Procedure

Sodium (6.36 g, 276.5 mmol) and trace amount of FeCl; were added to 2-methylbutan-2-ol
(150 mL), the mixture was stirred at 110 °C until complete dissolution. The temperature was
then lowered to 90 °C and 2-thiophenecarbonitrile (16 mL, 171.7 mmol) was added in one
portion, affording a brown medium. A solution of diethyl succinate (9.6 mL, 57.3 mmol) in 2-
methylbutan-2-ol (36 mL) was added dropwise and the solution was stirred at 110 °C overnight.
A solution of acetic acid (40 mL) in methanol (200 mL) was added to the medium, resulting in
the precipitation of a deep purple solid, collected via vacuum filtration. Several washes with
hot methanol were carried out until filtrate is reasonably colourless. The crude product was
dried to offer a purple powder (12.6 g, 73.1%) and it was used as it was without further

purification.

2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
{DPP(EH)}

3-(bromomethyl)heptane \_\—Z;

K,CO;
DMF

To a solution of 3,6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione
(3.92 g, 13.1 mmol) in anhydrous DMF (65 mL) was added anhydrous potassium carbonate
(7.23 g, 52.3 mmol). The mixture was stirred at 145 °C for 10 min resulting in a deep purple
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colour solution. It was then cooled to 100 °C and 2-ethylhexylbromide (11.6 mL, 65.2 mmol)
was added slowly. The resulting mixture was stirred at 145 °C overnight, cooled to RT and was
quenched with an ice/water solution (150 mL). Extraction with DCM (3 x), the combined
organic phases were washed with water, brine, dried over Na;SOyg, filtered and concentrated in
vacuo. Purification by silica chromatography (eluent: hexane/DCM = 1:2) to afford the desired
product as a purple solid (1.5 g, 21 %). mp 124 — 128 °C (lit.* mp 127 °C). 'H NMR (400
MHz, CDCls) 6 8.89 (d, J= 3.9 Hz, 2H), 7.63 (d, J = 5.0 Hz, 2H), 7.27 (dd, J = 5.0, 3.9 Hz,
2H), 4.10 — 3.95 (m, 4H), 1.95 — 1.76 (m, 2H), 1.41 — 1.17 (m, 16H), 0.91 — 0.80 (m, 12H). 1*C
NMR (101 MHz, CDCI3) é 161.4, 140.9, 135.6, 130.8, 129.8, 128.5, 108.1, 45.9, 39.1, 30.2,
28.3, 23.5, 23.1, 14.0, 10.5. HRMS (ES+) m/z caled for C30Ha1N202S, [M'] 525.2609, found
525.2623.

Repeated as above using 3,6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-
dione (12.0 g, 40.0 mmol), potassium carbonate (22.1 g, 159.8 mmol),DMF (195 mL) to afford
the desired product as a purple solid (6.93 g, 33 %).

3-(bromomethyl)heptane
18-crown-6
K,CO;
DMF

Y

To a solution of 3,6-dithiophen-2-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (5.0 g, 16.6
mmol) in anhydrous N,N-dimethylformamide (DMF, 120 mL) was added anhydrous K>CO3
(7.60 g, 55.0 mmol). The mixture was heated at 120 °C for 1 h. 3-(bromomethyl)heptane (9.80
g, 50.7 mmol) was then added dropwise, followed by a small amount of 18-crown-6. The
reaction mixture was further stirred at 150 °C overnight, before being cooled to room
temperature and poured into distilled water (400 mL). The resulting suspension was stirred at
room temperature for 1 h, collected by vacuum filtration, washed with several portions of
distilled water and methanol, dried under vacuum. The crude product was purified via silica
gel column chromatography (eluent: hexane/DCM = 1:1) to afford a dark red solid (2.37 g,
27 %).
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General method for preparing lithium diisopropylamide (LDA) freshly:

A

To a solution of diisopropylamine (1 eq.) in anhydrous THF at — 78 °C was added n-BuLi (2.5
M in hexane, 0.9 eq.) dropwise and the resulting solution was stirred at — 78 °C for 1 min. The

resulting mixture was warmed to room temperature and used as it is.

6,6'-([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-diyl))bis(2,5-bis(2-ethylhexyl)-3-
(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) {BNDPP(EH)}

With 5 mol% Pd(PPhs)s4 and 3 eq. of DPP(EH).

To a solution of DPP(EH) (382 mg, 0.73 mmol) in THF (25 mL) at — 78 °C was added LDA
(0.87 mmol) dropwise. After stirring for 30 min at — 78 °C. ZnCl, (0.7 M in THF, 1.5 mL, 1.02
mmol) was added and the mixture was stirred for another 30 min before warming to room
temperature. 2,2'-Dibromo-1,1'-binaphthalene (100 mg, 0.243 mmol) and Pd(PPh3)4 (14.0 mg,
0.012 mmol, 5 mol%) in THF (7 mL) were added and the resulting mixture was refluxed
overnight. The reaction was cooled to RT, saturated NH4Cl solution was added and the mixture
extracted with CHCl3; (3 x 15 mL). The combined organic phases were washed with water,

brine, dried over Na;SOs, filtered and concentrated in vacuo. The crude was purified by column
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chromatography over silica (eluent: DCM) to give the desired product as a black-purple solid
(15 mg, 4 %). '"H NMR (400 MHz, CDCl3) § 8.84 — 8.70 (m, 4H), 8.13 — 8.02 (m, 2H), 7.94
(dd, /= 8.3, 3.9 Hz, 4H), 7.58 (d, J = 4.7 Hz, 2H), 7.52 — 7.42 (m, 2H), 7.25 — 7.13 (m, 6H),
6.99 — 6.86 (m, 2H), 4.10 — 3.84 (m, 4H), 3.80 — 3.49 (m, 4H), 1.93 — 1.69 (m, 2H), 1.62 — 1.49
(m, 2H), 1.41 — 0.97 (m, 32H), 0.89 — 0.55 (m, 24H). '3*C NMR (101 MHz, CDCl3) § 161.8,
161.6,148.1, 140.6, 139.8, 136.2, 135.1, 133.8, 133.6, 133.4, 131.8, 130.4, 130.0, 129.8, 128 .4,
128.1, 127.67, 127.0, 126.7, 108.2, 107.9, 46.0, 39.2, 39.0, 30.3, 30.0, 28.5, 24.6, 23.2, 14.2,
10.6. HRMS (ESI+) m/z calcd for CssHosO4N4Ss [M+H]" 1463.5672, found 1463.5651.

With 7.5 mol% Pd(PPh3)s and 3 eq. of DPP(EH):

Repeated as above using DPP(EH) (382 mg, 0.73 mmol), THF (25 mL), LDA (0.87 mmol),
ZnCl; (0.7 M in THF, 1.5 mL, 1.02 mmol), 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243
mmol) and Pd(PPhs)4 (21.0 mg, 0.018 mmol, 7.5 mol%) to give desired product as a black-
purple solid (15 mg, 4 %).

With 5 mol% Pd(PPhs)4 and 6 eq. of DPP(EH):

Repeated as above using DPP(EH) (764 mg, 1.46 mmol), THF (50 mL), LDA (1.74 mmol),
ZnCl; (0.7 M in THF, 3.0 mL, 2.04 mmol), 2,2'-dibromo-1,1'-binaphthalene (100 mg, 0.243
mmol) and Pd(PPh3)4(14.0 mg, 0.012 mmol, 5 mol%) to give desired product as a black-purple
solid (16 mg, 5 %).

Side product:

3-(5-(2'-Bromo-[1,1'-binaphthalen]-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-
yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione




'"H NMR (400 MHz, CDCl3) 6 8.82 (d,J=3.9 Hz, 1H), 8.76 (dd, J= 6.1, 4.2 Hz, 1H), 8.07 (d,
J=28.7Hz, 1H), 8.00 — 7.84 (m, 4H), 7.77 (d, /= 8.8 Hz, 1H), 7.59 (d, /= 5.1 Hz, 1H), 7.55 —
7.40 (m, 2H), 7.36 — 7.29 (m, 1H), 7.26 — 7.20 (m, 2H), 7.17 — 7.09 (m, 2H), 7.03 — 6.96 (m,
1H), 4.08 — 3.90 (m, 2H), 3.80 — 3.62 (m, 2H), 1.89 — 1.75 (m, 1H), 1.73 — 1.63 (m, 1H), 1.40
—0.99 (m, 16H), 0.94 — 0.67 (m, 12H). '*C NMR (101 MHz, CDCI3) § 161.9, 161.7, 148.3,
140.9,139.8, 136.2, 135.1, 134.6, 133.4, 132.6, 132.4, 130.6, 130.4-130.15 (multiple C), 130.0,
129.3, 128.5, 128.3, 128.1, 127.7, 127.4, 127.05-126.92 (multiple C), 126.6, 126.2, 124.3,
108.3, 107.8, 46.1, 39.2, 39.0, 30.3, 30.1, 28.5, 23.6, 23.3, 14.2, 10.6. HRMS (ES+) m/z calcd
for CsoHs2N202S:Br [M ] 855.2654, found 855.2664.

Side product:

6,6'-([2,2'-Bithiophene]-5,5'-diyl)bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione)

'H NMR (400 MHz, CDCl3) & 8.96 (d, J = 4.2 Hz, 2H), 8.92 (dd, J = 4.0, 0.9 Hz, 2H), 7.64
(dd, J=4.9, 0.9 Hz, 2H), 7.43 (d, J = 4.2 Hz, 2H), 7.28 (dd, J = 4.9, 4.0 Hz, 2H), 4.14 — 3.92
(m, 8H), 1.99 — 1.81 (m, 4H), 1.49 — 1.11 (m, 32H), 1.02 — 0.77 (m, 24H).

2,5-Bis(2-ethylhexyl)-3-(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)-6-
(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
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1)-78 °C, LDA

2) )\ /k<-78°c R.T

DPP(EH) >

THF /_/_§

To a solution of DPP(EH) (100 mg, 0.19 mmol) in THF (15 mL) at -78 °C was added LDA

(0.19 mmol) dropwise, the resulting mixture was stirred at -78 °C for 30 min before addition
of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (42.5 mg, 0.23 mmol). The resulting
mixture was stirred overnight allowing warm to ambient temperature. Water was added
followed by extraction with DCM 3x, the combined organic phases were washed with water,
brine, dried over sodium sulphate, and concentrated in vacuo. The crude product could not be

purified by column chromatography due to protodeboronation.

2,5-Bis(2-ethylhexyl)-3-(thiophen-2-yl)-6-(5-(trimethylstannyl)thiophen-2-yl)-2,5-
dihydropyrrolo[3.,4-c]pyrrole-1,4-dione

SI]M€3

1)-78 °C, LDA
2) Me;SnCl, -78 °C - R.T
DPP(EH) % >
THF

To a solution of DPP(EH) (100 mg, 0.19 mmol) in THF at -78 °C was added LDA (0.19 mmol)
dropwise, the resulting mixture was stirred at -78 °C for 30 min before addition of
chlorotrimethylstannane (45.4 mg, 0.23 mmol). The resulting mixture was stirred overnight
allowing warm to ambient temperature. Water was added followed by extraction with DCM
3x, the combined organic phases were washed with water, brine, dried over sodium sulphate,
and concentrated in vacuo. The crude product could not be purified by column chromatography

due to degradation.
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2,2'-Bis(trimethylstannyl)-1,1'-binaphthalene

o0, 2 OO
Br Me;SnCl SnMe,

L
>

! i Br THF ! g SDMC3

To a solution of 2,2'-dibromo-1,1'-binaphthalene (300 mg, 0.727 mmol) in anhydrous THF (10
mL) at -45 °C was added n-BuLi (2.5 M in hexane, 1.2 mL, 2.91 mmol) dropwise. The resulting

mixture was stirred at - 45 °C for 1 h then cooled to — 78 °C. Trimethyltin chloride solution
(IM in THF, 4.4 mL, 4.4 mmol) was added dropwise. The mixture was allowed to warm to
room temperature with stirring overnight. Water (5 mL) was added and the mixture was
extracted with hexane (3 x 15 mL). The combined organic phases were washed with saturated
aqueous NH4Cl, brine, dried over MgSOs, filtered and concentrated in vacuo. The crude was
purified by column chromatography over silica (eluent: hexane:Et2O = 49:1) to give the desire
product as a colourless oil (98.8 mg, 23.4 %). 'H NMR (400 MHz, CDCl3) § 7.97 — 7.89 (m,
4H), 7.75 (d, J = 8.1 Hz, 2H), 7.45 (ddd, J = 8.1, 5.3, 2.7 Hz, 2H), 7.27 — 7.21 (m, 4H), -0.27
(s, 18H). ®C NMR (101 MHz, CDCls) § 147.6, 142.6, 133.7, 133.3, 132.1, 127.9, 127.0, 126.9,
126.0, 125.9, -8.62.

3-(5-Bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione

5_/_/ NBS, 30 min

CHCl,

To a solution of 2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-
1,4-dione (7.11 g, 13.5 mmol) in anhydrous CHCI3 (150 mL) was added NBS (2.89 g, 16.3

mmol) in one portion. The mixture was stirred in the dark at room temperature for 30 min. The
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solution was concentrated in vacuo and the residue was taken up in CH>Cl,, washed with water,
brine, dried over NaxSOa, filtered and concentrated in vacuo. Purification via column
chromatography over silica (eluent: DCM:hexane = 3:2) to afford the desired product as a
fushia-purple solid (4.09 g, 50 %). mp 127 — 129 °C. 'H NMR (400 MHz, CDCIs) § 8.90 (dd,
J=3.9,1.0 Hz, 1H), 8.63 (d, /J=4.2 Hz, 1H), 7.64 (dd, /= 5.0, 1.0 Hz, 1H), 7.27 (dd, J= 5.0,
3.9 Hz, 1H), 7.22 (d, J = 4.2 Hz, 1H), 4.08 — 3.88 (m, 4H), 1.91 — 1.77 (m, 2H), 1.44 — 1.15
(m, 16H), 0.98 — 0.76 (m, 12H). HRMS (ES+) m/z calcd for C30Hs0N202S> [M'] 603.1715,
found 603.1704.

Side product of the above NBS bromination procedure:

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

dione

mp 164 — 165 °C (1it'” mp 164.6 — 166.3 °C) 'H NMR (400 MHz, CDCls) & 8.64 (d, J = 4.2
Hz, 2H), 7.22 (d, J = 4.2 Hz, 2H), 4.01 — 3.83 (m, 4H), 1.93 — 1.73 (m, 2H), 1.42 — 1.12 (m,
16H), 0.96 —0.71 (m, 12H). MS (ES+) m/z 683.1 (M").

2,2'-Bis(5-bromothiophen-2-yl)-1,1'-binaphthalene

Z
\J
=
w
=
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To a solution of 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (200 mg, 0.48 mmol) in anhydrous
DCM (75 mL) at 0 °C was added Br> (0.28 mL, 3.3 M in DCM, 0.95 mmol) dropwise. The
resulting mixture was stirred strongly at 0 °C - R.T for 3 hrs. It was then washed with saturated
aqueous solution of NaS>0s (2 x 15 mL), water, brine, dried over MgSQOs, filtered and
concentrated in vacuo. The crude was purified by column chromatography over silica (eluent:
hexane:CHCI3 = 5:1) to afford desired product as a white solid (0.20 g, 72 %). mp 201-202 °C
(1it. mp 200-202 °C). '"H NMR (400 MHz, CDCl3) & 8.02 (d, /= 8.7 Hz, 1H), 7.92 (d, J= 8.5
Hz, 2H), 7.79 (d, J = 8.7 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 7.24 (t, J= 7.4 Hz, 2H), 7.13 (d, J
= 8.5 Hz, 2H), 6.68 (d, J=3.9 Hz, 2H), 6.52 (d, J = 3.9 Hz, 2H). 3C NMR (101 MHz, CDCl5)
0 144.0, 133.9, 132.9, 132.6, 132.0, 129.4, 129.3, 128.1, 127.1, 126.7, 126.5, 126.4, 126.4,
113.2. MS (EI+) m/z 576 (M", 100%)).

4,4,5,5-Tetramethyl-2-(5-(2'-(5-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)thiophen-2-yl)-[ 1,1'-
binaphthalen]-2-yl)thiophen-2-yl)-1,3,2-dioxaborolane

\ \ . _< fF i :ﬁ
OO S n-BuLi,

To a solution of 2,2'-bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (200 mg, 0.35 mmol) in
anhydrous THF (15 mL) at — 78 °C was added n-BuLi (1.6 M in hexane, 0.5 mL, 0.80 mmol)
dropwise. The mixture was stirred vigorously at — 78 °C for 1.5 hrs then 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (0.3 mL, 1.4 mmol) was added in one portion. The resulting
mixture was allowed to warm to ambient temperature with stirring overnight. Water (6 mL)
was added and the mixture was extracted with EtOAc (3 x 15 mL). The combined organic
phases were washed with brine, dried over Na>SOs, filtered and concentrated in vacuo.

Isolation of desired product via silica column chromatography failed due to protodeboronation.
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A solution of 2,2'-bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (200 mg, 0.35 mmol),
bis(pinacolato)diboron (353 mg, 1.39 mmol), Pd(dppf)Cl> (25.4 mg, 0.035 mmol, 10 mol%)
and potassium acetate (409 mg, 4.16 mmol) in anhydrous DMF (35 mL) was refluxed for 5 hrs.
TLC (eluent: hexane:CHCI3 = 5:1)was used to monitor the reaction. Once starting materials
was consumbed (5 h) , the reaction was cooled and water (5 mL) was added. The mixture was
extracted with DCM (3 x 20 mL), the combined organic phases were washed with water (5 x
35 mL), brine, dried over Na>SOs, filtered and concentrated in vacuo. NMR of crude suggested
the presence of both mono- and di-coupled products. Attempted purification by column
chromatography over silica (eluent: hexane:CHCIl; = 2:1) resulted in protodeboronation.

Isolation of desired product was not successful.

2,2'-Bis(5-(trimethylstannyl)thiophen-2-yl)-1,1'-binaphthalene

< . M€3SH \ I

>

el 99

To a solution of 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.24 mmol) in THF (7 mL)

OO 1)-78 °C, n-BuLi OO
S 2) Me;SnCl, -78 °C - R.T S
\ | S I\

’ \ SHMC3
S

at -78 °C was added n-BuLi(2.5 M in hexane, 0.4 mL) dropwise. The resulting mixture was
stirred at -78 °C for 1 h before addition of chlorotrimethylstannane (1M in THF, 1.4 mL). The
mixture was warmed to room temperature with stirring overnight. It was then quenched with
water, extracted with DCM 3 x 7 mL. The combined organic phases were washed with water,
brine, dried over sodium sulfate, filtered and concentrated in vacuo. Attempted purification via
column chromatography over silica (eluent: hexane:CHClz = 3:1) resulted in degradation.

Isolation of desired product was not successful.
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6,6'-([1,1'-Binaphthalene]-2,2'-diylbis([2,2'-bithiophene]-5',5-diyl))bis(2,5-bis(2-ethylhexyl)-
3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) {BNTDPP(EH)}

To 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (300 mg, 0.717 mmol) in anhydrous THF (18 mL)
at -78 °C was added n-BuLi (0.86 mL, 2.5 M in hexane, 2.15 mmol) dropwise. After stirring
for 2 hrs, the reaction mixture was treated with solution of ZnCl; in THF (4.1 mL, 0.7 M in
THF, 2.87 mmol), kept stirring at -78 °C for 30 min, and then warmed up to RT. Stirring was
continued for 2 hrs. Pd(PPhs)4 (41.4 mg, 0.036 mmol, 5 mol%) and 3-(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2.6 g,
4.30 mmol) were dissolved in anhydrous THF (40 mL) under protection of nitrogen and
transferred to the reaction mixture under nitrogen flow. The resulting mixture was refluxed for
2 days, cooled to room temperature and quenched by filtering through a silica pad using THF
as eluent. The filtrate was concentrated in vacuo and subjected to silica gel column
chromatography (eluent: DCM) followed by recrystallization (CHCI3-MeOH) to provide the
desired product as a black-purple solid (150 mg, 14.3 %). mp 242 — 243 °C. 'H NMR (400
MHz, CDCls) 6 8.84 (d, J = 3.9 Hz, 4H), 8.07 (d, J = 8.7 Hz, 2H), 7.95 (d, J = 8.2 Hz, 2H),
791 (d,J=8.7Hz, 2H), 7.59 (d, J= 5.0 Hz, 2H), 7.48 (t,J= 7.4 Hz, 2H), 7.34 - 7.11 (m, 6H),
7.02 (d, J=4.2 Hz, 2H), 6.94 (d, J = 3.9 Hz, 2H), 6.68 (d, J = 2.9 Hz, 2H), 4.13 — 3.77 (m,
8H), 1.94 — 1.73 (m, 4H), 1.44 — 1.08 (m, 32H), 0.98 — 0.61 (m, 24H). *C NMR (101 MHz,
CDClh) 6 161.8, 161.5, 143.6, 142.7, 140.0, 139.7, 136.8, 135.0, 134.0, 133.1, 131.9, 130.3,
130.0,129.3, 128.4,128.1, 127.8, 127.4, 126.8, 126.6, 124.8, 124.5, 108.2, 108.0, 45.91, 39.13,
30.25, 28.38, 23.57, 23.05, 14.00, 10.49. HRMS (ES+) m/z calcd for CgsHosN4OsSs [M']
1463.5672, found 1463.5651.
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The reaction was repeated using 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.239
mmol), THF (7 mL), n-BuLi (0.30 mL, 2.5 M in hexane, 0.75 mmol), ZnCl> in THF (1.4 mL,
0.7 M in THF, 0.98 mmol), Pd(PPh3)4 (27.6 mg, 0.024 mmol, 10 mol%), 3-(5-bromothiophen-
2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(865.1 mg, 1.43 mmol) and anhydrous THF (50 mL) to afford the desired product as a black-
purple solid (52 mg, 15 %).

The reaction was repeated using 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.239
mmol), anhydrous THF (7 mL), n-BuLi (0.30 mL, 2.5 M in hexane, 0.75 mmol), ZnCl; in THF
(1.4 mL, 0.7 M in THF, 0.98 mmol), Pd(PPh3)s (41.4 mg, 0.036 mmol, 15 mol%), 3-(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (865.1 mg, 1.43 mmol) and anhydrous THF (50 mL) to afford the desired
product as a black-purple solid (44 mg, 12.6 %).

The reaction was repeated using 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.239
mmol), THF (7 mL), n-BuLi (0.6 mL, 2.5 M in hexane, 1.43 mmol), ZnCl; in THF (2.7 mL,
0.7 M in THF, 1.91 mmol), Pd(PPhs3)4 (41.4 mg, 0.036 mmol, 15 mol%), 3-(5-bromothiophen-
2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(863 mg, 1.43 mmol) and anhydrous THF (50 mL) to afford the desired product as a black-
purple solid (65 mg, 18.6 %).

Reverse polarity approach

To a solution of DPP(EH) (517 mg, 1.02 mmol) in THF (30 mL) at -78 °C was added LDA
(1.02 mmol) dropwise. The mixture was stirred at -78 °C for 30 min. ZnCl, (0.7 M in THF, 1.7
mL) was added dropwise, the resulting mixture was stirred at -78 °C for 30 min before warming
to room temperature. 2,2'-Bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.17 mmol)
and Pd(PPh3)s (9.8 mg, 5 mol%) in THF were added to the organo-zinc reagent, followed by
reflux for 2 days. After cooling to room temperature, the mixture was filtered through a pad of
silica, concentrated in vacuo, and purified by column chromatography over silica (eluent: DCM)

to give the desired product as a black-purple solid (36 mg, 15 %).

5-Methylenenonane’!
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\/\)Ol\/\/ Methyltriphenylphosphonium bromide \/\)]\/\/

KOBu
THF

KOBu (0.62 g, 5.53 mmol) was added in four portions to a mixture of
methyltriphenylphosphonium bromide (1.67 g, 4.68 mmol) in anhydrous THF (30 mL) at room
temperature. The mixture was refluxed for 1 h under argon atmosphere before cooling to room
temperature. Nonan-5-one (0.500 g, 3.52 mmol) in dry THF (2.5 mL) was added dropwise and
then stirred for 30 min. Saturated aqueous NH4Cl solution (15 mL) was added to the reaction
mixture. Aqueous phase was extracted with diethyl ether (3 x). The combined organic phases
were washed with brine (2 x), dried over MgSQOyg, filtered and concentrated in vacuo. The crude
mixture was purified via flash silica chromatography (eluent: n-pentane) to offer the
corresponding methylene product as a colourless oil (0.107 g, 22 %). 'H NMR (400 MHz,
CDCl) 6 4.69 (s, 2H), 2.00 (t, J = 7.2 Hz, 4H), 1.46 — 1.23 (m, 8H), 0.91 (t, J= 7.2 Hz, 6H).
MS (+EI) m/z 140.1 (M").

\/\)Ol\/\/ Methyltriphenylphosphonium bromide \/\JI\/\/

KOBu

Toluene

Using the same amount of toluene as literature:”!

KOBu (12 g, 110 mmol) was added in four portions to a mixture of
methyltriphenylphosphonium bromide (33 g, 92.5 mmol) in anhydrous toluene (700 mL) at
room temperature. The mixture was refluxed for 1 h under argon atmosphere before cooled to
room temperature. Nonan-5-one (10 g, 70.5 mmol) in dry toluene (50 mL) was added dropwise
and then stirred for 30 min. Saturated aqueous NH4Cl solution (150 mL) was added to the
reaction mixture. Aqueous phase was extracted with diethyl ether (3 x). The combined organic
phases were washed with brine (2 x), dried over MgSO4. The drying agent was filtered off and

the filtrate was concentrated in the presence of excess silica to avoid stopping of the column
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by the remaining organic salts. The silica mixture was subjected to a flash silica column (eluent:

n-pentane) to offer the corresponding methylene product as a colourless oil (6.1 g, 62 %).

The above was repeated under identical conditions but with less toluene (500 mL) to afford

(7.2 g, 73 %).

The above was repeated using KOBu (24 g, 220 mmol), methyltriphenylphosphonium bromide
(66 g, 185 mmol), toluene (1 L) and nonan-5-one (20 g, 141 mmol) in dry toluene (100 mL) to
afford the corresponding methylene product as a colourless oil (25.2 g, 64 %).

2-Butylhexan-1-o0l"!

Borane dimethyl sulfide HO

\/\J\/\/ Ethanol, 3.0 M NaOH, 35 wt% H,0, \/\J\/\/

THF

To a solution of 5-methylenenonane (2.638 g, 18.8 mmol) in THF (200 mL) at 0 °C was added
borane dimethyl sulfide complex solution (2.0 M in toluene, 5.9 mL, 11.8 mmol) dropwise.
After 2 h of stirring at 0 °C, the reaction mixture was warmed to room temperature and stirred
for an additional 2.5 h. The reaction was cooled to 0 °C and ethanol (39.6 mL), aqueous 3.0 M
NaOH (231 mL) and 35 wt% aqueous H20: (231 mL) were added. After 30 min of stirring, the
reaction mixture was warmed to RT and stirred overnight. The basic mixture was treated with
aqueous 1 M HCI (204 mL), the organic layer was separated, and the aqueous layer was
extracted with diethyl ether (3 x 100 mL). The combined organic phases were washed with
brine (2 x 70 mL), dried over MgSOy, filtered, and concentrated in vacuo. The crude product
was purified via silica gel chromatography (eluent: hexane:Et,O = 2:1) to afford the desired
product as a light-yellow tinted oil (1.99 g, 67 %). 'H NMR (400 MHz, CDCl3) & 3.54 (t, J =
5.5 Hz, 2H), 1.51 — 1.40 (m, 1H), 1.40 — 1.21 (m, 12H), 1.17 (t, J= 5.7 Hz, 1H), 0.97 — 0.81
(m, 6H). FTIR Vmax (cm™'): 3314 (br, OH).

Repeated as above using 5-methylenenonane (400 mg, 2.85 mmol) in THF (30 mL), borane
dimethyl sulfide complex solution (2.0 M in toluene, 0.9 mL, 1.8 mmol), ethanol (1.2 mL),
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aqueous 3.0 M NaOH (7 mL), 35 wt% aqueous H>O> (7 mL) and aqueous 1 M HCI (5 mL) to
afford the desired product as a light-yellow tinted oil (0.13 g, 29 %).

B -THF 1
orane complex HO

\/\)]\/\/ SO N MO, 3 wio I \/\J\/\/

THF

To a solution of 5-methylenenonane (5 g, 35.6 mmol) in THF (120 mL) at 0 °C was added
borane tetrahydrofuran complex solution (1.0 M in THF, 17.8 mL, 17.8 mmol) slowly. The
solution was stirred at RT for 2 h. Water (10 mL), 3.0 M NaOH (15.4 mL) were added dropwise
and the resulting mixture was stirred at room temperature for another 1.5 h. The mixture was
cooled to 0 °C again and 35 wt% H20: (13 mL) was added dropwise and stirred at 0 °C for 2
h. It was warmed to ambient temperature and stirred overnight. Extraction with Et2O (3 x 40
mL), the combined organic phases were washed with brine (2 x), dried over MgSOs, filtered
and concentrated in vacuo. The residue was purified by silica gel chromatography (eluent:

hexane:Et,O = 2:1) to afford the product as a light- yellow tinted oil (3.8 g, 67.4%).

5-(Bromomethyl)nonane

\/Ij)J\/\/ Triphenylphosphine dibromide (commercial) virj\/\/

Pyridine, DCM

With commerecial triphenylphosphine dibromide:

To a solution of triphenylphosphine dibromide (commercially available, 0.886 g, 2.1 mmol) in
anhydrous dichloromethane (9 mL) at 0 °C was added a solution of 2-butylhexan-1-ol (0.25 g,
1.6 mmol) and pyridine (0.4 mL, 5.0 mmol) in anhydrous dichloromethane (2 mL). The mixture
was stirred at 0 °C for 15 min and for 1 h at room temperature. It was neutralized with 10%
aqueous sodium bisulfite. The organic layer was separated, and the aqueous layer was extracted
with dichloromethane (2 x 5 mL) and diethyl ether (1 x 5SmL). The combined organic phases

were washed with brine, dried over MgSQy, filtered and concentrated in the presence of excess
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of silica to avoid stopping of column by remaining organic salts. The silica mixture was
purified by column chromatography over silica (eluent: hexane) to give 5-
(bromomethyl)nonane as a colourless oil (0.141 g, 40 %). 'H NMR (400 MHz, CDCl;3) & 3.45
(d, J=4.8 Hz, 2H), 1.64 — 1.56 (m, 1H), 1.45—-1.17 (m, 12H), 0.95 — 0.87 (m, 6H).

\/iOJ\/\/ Pyridine, triphenylphosphine, Br, \/ij\/\/

DCM

As above with freshly made triphenylphosphine dibromide. A solution of brominating agent
was prepared as follows:

To a solution of triphenylphosphine (0.55 g, 2.1 mmol) in anhydrous dichloromethane (9 mL)
at 0 °C was added Br; (0.11 mL, 2.1 mmol) dropwise. The addition of Br; caused the solution
to become cloudy initially but became clear again once addition was complete. The reaction

was completed as above to afford 5-(bromomethyl)nonane as a colourless oil (0.30 g, 86 %).

2,5-Bis(2-butylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
{DPP(BH)}

SOy

18-crown-6

K,CO;
DMF

A solution of 3,6-dithiophen-2-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (7.5 g, 25.0
mmol) and anhydrous K>COs3; (11.04 g, 79.9 mmol) in anhydrous N,N-dimethylformamide
(DMF, 180 mL) were stirred at 120 °C for 1 h. 5-(Bromomethyl)nonane (16.56 g, 74.9 mmol)

was added dropwise, followed by a catalytic amount of 18-crown-6 (spatula tip). The reaction
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mixture was further stirred at 150 °C overnight, cooled to room temperature and poured into
water (600 mL). After stirring the resulting suspension at room temperature for 1 h, the solid
was collected by vacuum filtration, washed with several portions of water and methanol and
dried under vacuum. The crude product was purified by silica gel column chromatography
(eluent: DCM:hexane = 2:1) to afford a dark red solid (4.31 g, 30%). mp 153 — 155 °C. 'H
NMR (400 MHz, CDCl3) & 8.85 (dd, J=3.9, 1.1 Hz, 2H), 7.62 (dd, /= 5.0, 1.1 Hz, 2H), 7.29
—7.25(dd, J=5.0 Hz, 3.9 Hz, 2H), 4.02 (d, /= 7.8 Hz, 4H), 2.00 — 1.82 (m, 2H), 1.39 — 1.07
(m, 24H), 0.84 (t,J=7.0 Hz, 12H). 3C NMR (101 MHz, CDCl;) § 161.8, 140.4, 135.1, 130.5,
129.9, 128.4, 108.0, 46.2, 37.7, 30.9, 28.4, 23.1, 14.0. HRMS (ES+) m/z calcd for
C34H49N202S> [M ] 581.3230, found 581.3221.

(R)-(—)-1,1"-Bi-2-naphthol bis(trifluoromethanesulfonate)'®!

OO Pyridine OO
OH Triflic anhydride OTf

L
Y

OH OTf
94 e U

To a solution of (R)-(+)-1,1'-bi(2-naphthol) (2 g, 6.98 mmol) in anhydrous DCM (70 mL) at
0 °C was added pyridine (2 mL, 24.6 mmol) slowly and the mixture was stirred at 0 °C for 15
min before dropwise addition of triflic anhydride (4.0 mL, 23.8 mmol). The mixture allowed
warm to ambient temperature with stirring overnight. Upon completion of the reaction (TLC
checked, eluent DCM, Rf = 0.35 for the desired product), it was quenched with 1.5 N HCI and
ice water. The layers were separated, and the aqueous layer was extracted with ethyl acetate (3
x 20 mL). The combined organic phases were washed with brine, dried over sodium sulphate,
filtered and concentrated in vacuo. It was filtered through a silica pad (eluent: DCM) and the
filtrate was concentrated in vacuo, followed by recrystallization from hexane to give desired
product as white crystals (3.60 g, 94 %). mp 82 — 83 °C (lit.!2 mp 82 — 83 °C). [a]*p=-155.4
(c=1.01, CHCI) (lit.”* [a]*°p=-147.7 (¢ = 1.01, CHCl5)). '"H NMR (400 MHz, CDCls) § 8.14
(d, /=9.0 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 7.67 — 7.55 (m, 4H), 7.46 — 7.37 (m, 2H), 7.29 —
7.23 (m, 2H). '3C NMR (101 MHz, CDCls) § 145.6, 133.3, 132.5, 132.1, 128.5, 128.1, 127.5,
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126.9, 123.6, 119.9, 119.5. '°F NMR (377 MHz, CDCL3) § -74.6. MS (pAPCI) m/z 551.0 (M*,
5 %).

(R)-2,2'-di(thiophen-2-yl)-1,1'-binaphthalene

S
O O ||/\/)—ZnCI
OTf Catalyst OO [ )

S
Tf
O THF \ > /
Additive

Catalyst = Pd(amphos)Cl, / PEPPSI-IPr / Pd(PPh;),
Additive = LiOAc

Y

Pd(PPh3)s without additive:

To a solution of (R)-(—)-1,1'-bi-2-naphthol bis(trifluoromethanesulfonate) (100 mg, 0.182
mmol), tetrakis(triphenylphosphine)palladium(0) (10.5 mg, 9.1 x 10~ mmol, 5 mol%) in THF
(15 mL) in an oven-dried 20 mL high-pressure microwave reactor vial was added 2-thienyl
zinc chloride (0.3 M in THF, 3.6 mL, 1.08 mmol). The entire reaction mass was heated in a
microwave reactor under following conditions: 30 s pre-stirring, 90 °C for 1 min and 120 °C
for 30 min. TLC (eluent: hexane:DCM = 4:1) showed no product formation with majority still

being starting material.

Repeated as above but with addition of lithium acetate (36 mg, 0.546 mmol). TLC showed no
product formation. The mixture was then put back to react for another 30 min at 120 °C and

afterwards there was still no product spot on TLC.

Repeated as above with PEPPSI-IPr (6.2 mg, 9.1 x 10 mmol, 5 mol%). TLC showed only

starting material and no product formation.

Repeated as above with bis(di-tert-butyl(4-dimethylaminophenyl)-
phosphine)dichloropalladium(II) (6.4 mg, 9.1 x 103 mmol, 5 mol%). TLC showed only starting

material and no product formation.
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(R)-(+)-1,1'-Binaphthyl-2,2'-diamine’®"’

e e
OTf Benzophenone imine NH,

N

OO OTt Pd(amphos)Cl, OO NH;
Toluene

Y

To a solution of (R)-(—)-1,1"-bi-2-naphthol bis(trifluoromethanesulfonate) (200 mg, 0.363
mmol) and benzophenone imine (0.14 mL,0.83 mmol) in toluene (18 mL) was purged with
argon for 10 min. Potassium tert-butoxide (81.3 mg, 0.726 mmol) and catalytic amount of
bis(di-tert-butyl(4-dimethylaminophenyl)-phosphine)dichloropalladium(II) (spatula tip) were
added. The reaction mixture was heated at 95 °C for two days (TLC (eluent: DCM) checked at
each overnight) before being poured into 1.5 N HCI solution. Sodium hydroxide solution (3 M)
was then added for basification. The mixture was extracted with ethyl acetate, washed with
brine, dried over sodium sulphate, filtered and concentrated in vacuo. TLC showed no product

formation.

Repeated as above with bis(di-tert-butyl(4-dimethylaminophenyl)-
phosphine)dichloropalladium(II) (12.9 mg, 0.018 mmol, 5 mol%). TLC showed no product

formation.

Repeated as above with (R)-(—)-1,1'-bi-2-naphthol bis(trifluoromethanesulfonate) (100 mg,
0.182 mmol), benzophenone imine (0.11 mL, 0.636 mmol) in toluene (18 mL), potassium tert-
butoxide (61.3 mg, 0.546 mmol) and bis(di-tert-butyl(4-dimethylaminophenyl)-
phosphine)dichloropalladium(Il) (6.4 mg, 9.1 x 10~* mmol, 5 mol%). TLC showed no product

formation.

Repeated as above with (R)-(—)-1,1'-bi-2-naphthol bis(trifluoromethanesulfonate) (100 mg,
0.182 mmol) and benzophenone imine (0.11 mL,0.636 mmol) in toluene (18 mL), potassium
tert-butoxide (61.3 mg, 0.546 mmol) and bis(di-tert-butyl(4-dimethylaminophenyl)-
phosphine)dichloropalladium(Il) (12.9 mg, 1.8 x 102 mmol, 10 mol%). TLC showed no

product formation.
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Repeated as above with (R)-(—)-1,1'-bi-2-naphthol bis(trifluoromethanesulfonate) (100 mg,
0.182 mmol) and benzophenone imine (0.18 mL, 1.09 mmol) in toluene (18 mL), potassium
tert-butoxide (122 mg, 1.09 mmol) and bis(di-tert-butyl(4-dimethylaminophenyl)-
phosphine)dichloropalladium(II) (12.9 mg, 0.018 mmol, 10 mol%) TLC showed no product

formation.

@ 0 e

O o \)L 1) KCOs, KI, DMSO, 50 °C NH,
OH NH, > NH,

OO Br 2) KOH, 150 °C OO

Under normal air condition, (R)-(+)-1,1"-Bi(2-naphthol) (0.229 g, 0.8 mmol), 2-
bromopropionamide (0.365 g, 2.4 mmol), KoCOs (0.332 g, 2.4 mmol), KI (0.013 g, 0.08 mmol)
and anhydrous DMSO (8 mL) were added to an oven-dried 20 mL high-pressure microwave
reactor vial. The vial was capped with a suba-seal and stirred at 50 °C for 48 hrs. KOH (0.561
g, 10.0 mmol) was added followed by stirring at 150 °C for 4 hrs. It was quenched with water
(50 mL), extracted with DCM (3 x 8 mL). The combined organic phases were washed with
water (5 x 15 mL), brine, dried over Na>SOs, filtered and concentrated in vacuo. The crude
product was subjected to silica gel column chromatography (eluent: hexane/EtOAc = 3/2) to
give the desired product as an off-white solid (0.050 g, 22 %). mp 237 — 239 °C (lit.'”> mp
244.5 — 247 °C). [a]*p = + 76.3 (¢ = 0.5, CHCI3) (lit.”® [0]*°p = + 244 (¢ = 0.5, CHCl3)) 'H
NMR (400 MHz, CDCl3) § 7.91 — 7.65 (m, 4H), 7.39 — 6.92 (m, 8H), 3.67 (s, 4H). '*C NMR
(101 MHz, CDCls) 6 142.7, 133.7, 129.5, 128.4, 128.1, 126.8, 123.9, 122.4, 118.3, 112.6.
HRMS (pAPCI) m/z caled for C20Hi7N2 [M '] 285.1386, found 285.1378.

(S)-2,2'-Diiodo-1,1'-binaphthalene®?

CC o, G

OO e O
DMSO
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To a solution of (S)-1,1’-binaphthyl-2,2’-diamine (0.25 g, 0.879 mmol), potassium iodide (1.46
g, 8.80 mmol), and sodium nitrite (0.49 g, 7.10 mmol) in anhydrous DMSO (15 mL) at room
temperature (using water bath) was added 48% aqueous HBr (1.2 mL, 22.1 mmol) dropwise.
The addition of acid led to a darkening in colour and visible gas evolution. The water bath was
removed, and the mixture was stirred for 1 h. It was then poured into half diluted saturated
aqueous NaHCOs solution (90 mL) and extracted with DCM (3 x 5 mL). The combined organic
phases were washed with 10% aq. NaxS;03, then water, dried over NaxSOq, filtered and
concentrated in vacuo. The crude was subjected to silica gel chromatography (eluent:
DCM:hexane = 1:20) to give the product as off-white crystals (0.071 g, 16 %). mp 202 — 205 °C
(1it.2! mp 205 — 207 °C). [a]®p = - 16 (c = 1.75, pyridine) (1it.!** [a]**p = - 16.2 (¢ = 1.75,
pyridine)). '"H NMR (400 MHz, CDCI3)  8.06 (d, J = 8.7 Hz, 2H), 7.93 (d, J = 8.2 Hz, 2H),
7.71 (d, J = 8.7 Hz, 2H), 7.51 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.29 (ddd, J = 8.3, 6.8, 1.3 Hz,
2H), 7.08 (dd, J= 8.3, 1.3 Hz, 2H). 3C NMR (101 MHz, CDCls) § 144.8, 135.6, 133.0, 129.6,
128.2, 127.3, 126.6, 126.4, 99.7. MS (pAPCI) m/z 505.9 (M, 5 %).

Repeated as above with (S)-1,1’-binaphthyl-2,2’-diamine (1.50 g, 5.27 mmol), potassium
iodide (8.76 g, 52.8 mmol), and sodium nitrite (2.94 g, 42.6 mmol) in anhydrous DMSO (90
mL), 48% aqueous HBr (7.2 mL, 133 mmol) to afford the product as off-white crystals (2.4 g,
45 %).

(8)-2,2'-Di(thiophen-2-yl)-1,1'-binaphthalene
S
UZnCI
|OO |OO [\
I Pd(PPhs), S

S

I
SO NG QAT

Y

To a solution of (5)-2,2'-diiodo-1,1'-binaphthalene (1.0 g, 1.98 mmol) and
tetrakis(triphenylphosphine)palladium(0) (114 mg, 0.10 mmol, 5 mol%) in anhydrous THF (45
mL) was added 2-thienyl zinc chloride (0.3 M in THF, 39.5 mL, 11.9 mmol) followed by

refluxing for 30 min. The mixture was cooled to room temperature and filtered through a pad
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of silica, the filtrate was concentrated in vacuo and purified by column chromatography over
silica (eluent: hexane:chloroform = 2:1) to afford an off-white solid (0.79 g, 96 %). [a]*’p=+

17.0 (¢ = 1.0, chloroform) (lit.>* [a]*'p = -15.7 (c = 1.0, chloroform) for its R — enantiomer).

3-(5-Bromothiophen-2-yl)-2,5-bis(2-butylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione

NBS, 30 min

Y o

CHCl;

To a solution of 2,5-bis(2-butylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[ 3,4-c]pyrrole-
1,4-dione (0.25 g, 0.430 mmol) in anhydrous CHCIl; (25 mL) was added NBS (0.092 g, 0.516
mmol) in one portion. The mixture was stirred in the dark at RT for 30 min. The solution was
concentrated in vacuo and the residue was taken up in CH>Cl», washed with water, brine, dried
over NaxSOs, filtered and concentrated in vacuo. The crude was purified by column
chromatography over silica repeatedly (eluent: DCM:hexane = 4:3) to afford the desired
product as a fushia-purple solid (0.126 g, 44.4 %). mp 155 — 157 °C. 'H NMR (400 MHz,
CDCl) 6 8.86 (d, /= 3.8 Hz, 1H), 8.59 (d, /=4.1 Hz, 1H), 7.64 (d, /= 4.9 Hz, 1H), 7.27 (d,
J=4.1 Hz, 1H), 7.22 (d, J = 3.8 Hz, 1H), 4.01 (d, J= 7.7 Hz, 2H), 3.94 (d, J = 7.6 Hz, 2H),
2.00 — 1.81 (m, 2H), 1.41 — 1.02 (m, 24H), 1.00 — 0.69 (m, 12H). 3C NMR *C NMR (101
MHz, CDCL) 6 161.7, 140.9, 138.9, 135.4, 134.9, 131.3, 130.7, 129.8, 128.4, 118.5, 108.3,
46.3,37.7,30.9, 28.4, 23.0, 14.0. HRMS (ES+) m/z calcd for C34H47BrN20,S, [M ] 659.2335,
found 659.2325.

The dibrominated by-product was also isolated (112 mg) during column with Rf value of 0.36.

3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-butylhexyl)-2,5-dihydropyrrolo|[3,4-c]pyrrole-1,4-

dione
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mp 194 — 195 °C. "H NMR (400 MHz, CDCls) § 8.60 (d, J = 4.2 Hz, 2H), 7.21 (d, J= 3.9 Hz,
2H), 3.92 (d, J = 7.7 Hz, 4H), 1.94 — 1.79 (m, 2H), 1.40 — 1.05 (m, 24H), 0.85 (t, J = 6.8 Hz,
12H). 3C NMR (101 MHz, CDCL3) & 161.4, 139.4, 135.2, 131.4, 131.2, 118.9, 108.1, 46.3,
37.7,30.9,28.4, 23.0, 14.0. HRMS (ES+) m/z caled for C34HasBraN20,S, [M]737.1440, found
737.1436.

(S)-6,6'-([1,1'-Binaphthalene]-2,2'-diylbis([2,2'-bithiophene]-5',5-diyl))bis(2,5-bis(2-
butylhexyl)-3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)

n-BuLi (0.57 mL, 2.5 M in hexane, 1.43 mmol) was added dropwise to (S)-2,2'-di(thiophen-2-
yl)-1,1'-binaphthalene (100 mg, 0.239 mmol) in anhydrous THF (7 mL) at -78 °C. After stirring
for 2 hrs, the reaction mixture was treated with solution of ZnCl; in THF (2.7 mL, 0.7 M in
THF, 1.91 mmol), kept stirring at -78 °C for 30 min, and then warmed to RT. Stirring was
continued for 2 hrs. Pd(PPh3)4 (41.4 mg, 0.036 mmol, 15 mol%) and 3-(5-bromothiophen-2-
yl)-2,5-bis(2-butylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (946

mg, 1.43 mmol) were dissolved in anhydrous THF (50 mL) under protection of nitrogen and
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transferred to the reaction mixture under nitrogen flow. The resulting mixture was refluxed for
2 days, cooled to RT and quenched by filtering through a silica pad using THF as eluent. The
filtrate was concentrated in vacuo and subjected to silica gel column chromatography (eluent:
DCM). The only product isolated was the mono-coupled product (25 mg) with starting material

also observed on TLC.

(S)-2,5-Bis(2-butylhexyl)-3-(thiophen-2-y1)-6-(5'-(2'-(thiophen-2-yl)-[ 1,1'-binaphthalen]-2-
yl)-[2,2'-bithiophen]-5-yl)-2,5-dihydropyrrolo|3,4-c]pyrrole-1,4-dione

'H NMR (400 MHz, CDCls) & 8.85 (dd, J = 4.0, 1.5 Hz, 2H), 8.06 (dd, J = 10.5, 8.7 Hz, 2H),
8.00 — 7.84 (m, 4H), 7.62 (dd, J = 5.0, 1.1 Hz, 1H), 7.54 — 7.43 (m, 2H), 7.35 — 7.19 (m, 5H),
7.09 — 7.00 (m, 2H), 6.93 (d, J = 3.9 Hz, 1H), 6.80 — 6.70 (m, 2H), 6.61 (d, J = 3.9 Hz, 1H),
4.02 (dd, J = 20.3, 7.7 Hz, 4H), 2.01 — 1.86 (m, 2H), 1.52 — 1.13 (m, 24H), 1.06 — 0.69 (m,
12H). 13C NMR (101 MHz, CDCl3) 3 161.8, 161.6, 143.9, 142.9, 142.5, 140.1, 139.7, 136.8,
136.4,134.9, 134.1, 133.9, 133.6, 132.8, 131.8, 130.3, 130.0, 129.0, 128.4, 128.1, 127.7, 127.3,
127.1,126.8, 126.5, 126.4, 126.2, 124.9, 124.4, 108.2, 108.0, 46.2, 37.8, 30.9, 28.5, 23.1, 14.1.
HRMS (FTMS + p APCI) m/z calcd for C2HesN202S4 [M*]997.3923, found 997.3904.

Repeated as above with PA(ACN»)Cl (3.1 mg, 0.012 mmol, 5 mol%) and 3-(5-bromothiophen-
2-yl)-2,5-bis(2-butylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[ 3,4-c]pyrrole-1,4-dione

(631 mg, 0.956 mmol) to afford the desired product as a black-purple solid (0.011 g, 5 %). 'H
NMR (400 MHz, CDCls) 6 8.84 — 8.78 (m, 4H), 8.08 (d, /= 8.7 Hz, 2H), 7.95 (d, J = 8.1 Hz,
2H), 7.91 (d, J= 8.7 Hz, 2H), 7.59 (dd, /= 5.0, 1.2 Hz, 2H), 7.51 — 7.45 (m, 2H), 7.30 — 7.19
(m, 6H), 7.00 (d, /= 4.2 Hz, 2H), 6.93 (d, J= 3.9 Hz, 2H), 6.68 (d, /= 3.9 Hz, 2H), 4.00 (d, J
=7.7Hz, 4H), 3.94 (d, J=7.6 Hz, 4H), 1.95 — 1.81 (m, 4H), 1.39 — 1.08 (m, 48H), 0.91 — 0.70
(m, 24H). 3C NMR (101 MHz, CDCls) & 161.8, 161.6, 143.6, 142.7, 140.0, 139.7, 136.7,
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134.9,133.9,133.1, 131.9, 130.3, 129.9, 129.3, 128.4, 128.1, 127.8, 127.4, 127.3, 126.8, 126.6,
124.8, 124.46, 108.2, 108.1, 46.2, 37.7, 30.9, 29.7, 28.4, 23.1, 14.0. HRMS (FTMS + p APCI)
m/z caled for CosH111N404S6 [M ] 1575.6910, found 1576.6910.
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6.2 Chapter3

5,5'-([1,1'-Binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde)

DMF, POCl;
S

L

DCE, 65 °C, 12 h

To a solution of 2,2'-di(thiophen-2-yl)-1,1'-binaphthalene (0.200 g, 0.478 mmol) in anhydrous
1,2-dichloroethane (80 mL) and anhydrous DMF (1.5 mL, 19.1 mmol) at 0 °C was added POCI;
(0.22 mL, 2.39 mmol) dropwise followed by stirring at 0 °C for 30 min. The reaction was then
stirred at 65 °C for 12 hrs. After cooling to RT, water (35 mL) and saturated aqueous Na>CO3
(25 mL) were added and layers were separated. The aqueous layer was extracted with DCM (3
x 35 mL). The combined organic phases were washed with water (4 x 10 mL), brine, dried over
NaxSOq, filtered and concentrated in vacuo. The crude was purified by column chromatography
over silica (eluent: CHCl3:EtOAc = 100:1). It did not give any desired product but only mono-

coupled.

5-(2'-(Thiophen-2-yl)-[1,1'-binaphthalen]-2-yl)thiophene-2-carbaldehyde

'H NMR (400 MHz, CDCls) § 9.64 (s, 1H), 8.03 (dd, J= 13.3, 8.6 Hz, 2H), 7.94 (t, J=9.1 Hz,
2H), 7.81 (dd, J = 15.0, 8.6 Hz, 2H), 7.53 — 7.41 (m, 2H), 7.32 (d, J= 4.0 Hz, 1H), 7.29 — 7.22
(m, 2H), 7.16 (d, J = 8.6 Hz, 2H), 7.00 (dd, J= 5.1, 1.2 Hz, 1H), 6.70 (dd, J = 5.1, 3.7 Hz, 1H),
6.64 — 6.57 (m, 2H).
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POCI;, DMF

DCE, 65 °C, 3 days

Repeated as above with POCI3 (1.3 mL, 14.3 mmol) and stirring at 65 °C for 3 days to afford
the desired product as a light-yellow fluffy solid (0.179 g, 79 %). '"H NMR (400 MHz, CDCls)
0 9.67 (s, 2H), 8.09 (d, J= 8.6 Hz, 2H), 7.98 (d, /= 8.0 Hz, 2H), 7.83 (d, /= 8.6 Hz, 2H), 7.53
(t,J=7.4Hz 2H),7.37 (d,J=4.0 Hz, 2H), 7.34 — 7.27 (m, 2H), 7.22 (d, J = 8.4 Hz, 2H), 6.68
(d, J=4.0 Hz, 2H). *C NMR (101 MHz, CDCls) § 182.7, 152.5, 143.4, 135.8, 133.9, 133.6,
133.4,131.4, 129.7, 128.3, 127.5, 127.4, 127.1, 127.1, 126.1. HRMS (ASAP+) m/z calcd for
C30H1902S2 [M*] 475.0826, found 475.0829. FTIR Vmax (cm™): 2804 (CH, aldehyde), 1656
(C=0, aldehyde).

3-(2-Ethylhexyl)-2-thioxothiazolidin-4-one”®

o o TEA, isopropanol
) o O
S Reflux 1 h S

A solution of bis(carboxymethyl)trithiocarbonate (0.500 g, 2.21 mmol), 2-ethylhexan-1-amine
(0.36 mL, 2.21 mmol) and triethylamine (1.35 mL, 9.68 mmol) in isopropanol (5 mL) was
refluxed for 1 h. After cooling to room temperature, solvent was evaporated under reduced
pressure and the residue was purified by column chromatography over silica (eluent:
hexane:DCM = 1:1) to afford the desired product as a colorless oil (0.372 g, 68.6 %). 'H NMR
(400 MHz, CDCIl3) 6 3.97 (s, 2H), 3.89 (d, J = 7.3 Hz, 2H), 2.03 — 1.90 (m, 1H), 1.37 - 1.14
(m, 8H), 0.95 — 0.82 (m, 6H). MS (EI) m/z 245 (M").

3-Butyl-2-thioxothiazolidin-4-one
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0]

O
TEA, DME
So S . > OgN
HOJJ\/ \n/ \)LOH + /\/\NH2 \I\: >=S
S

S MW 90 °C

A solution of bis(carboxymethyl)trithiocarbonate (0.200 g, 0.884 mmol), butan-1-amine (0.09
mL, 0.884 mmol) and triethylamine (0.54 mL, 3.87 mmol) in anhydrous DME (18 mL) in an
oven-dried 20 mL high-pressure microwave reactor vial was heated in a microwave reactor
under the following conditions: 30 s pre-stirring, 90 °C for 10 min. After cooling to room
temperature, DME was evaporated under reduced pressure and the residue was purified by
column chromatography over silica (eluent: hexane:DCM = 1:1) to afford the desired product
as a light-yellow oil (0.040 g, 23.9 %). 'H NMR (400 MHz, CDCI3) & 4.02 — 3.93 (m, 4H),
1.66 — 1.56 (m, 2H), 1.41 — 1.29 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). HRMS (pAPCI) m/z calcd
for C7H12NOS, [M*] 190.0355, found 190.0349.

The reaction was repeated with 1 h heating time to afford the product (0.122 g, 64.5 %).

(5E,5'E)-5,5'-(([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-butyl-2-thioxothiazolidin-4-one)

O\]\::)=s
NOAc

.

AcOH, Reflux 24 h

A solution of 5,5'-([1,1'-binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde) (100 mg,
0.211 mmol), 3-butyl-2-thioxothiazolidin-4-one (198.8 mg, 1.05 mmol) and NH4OAc (195 mg,
2.53 mmol) in glacial acetic acid (40 mL) was refluxed for 48 hrs (TLC check every 24 hrs).

After cooling to room temperature, the reaction was diluted with chloroform and repeatedly
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washed with saturated NaHCO3 solution until no more bubbling was observed. The organic
phase was washed with brine, dried over Na>SOys, filtered and concentrated in vacuo. The crude
mixture was purified by column chromatography over silica (eluent: DCM:hexane = 2:1)
followed by recrystallization in acetic acid to give the desired product as an orange-red crystal
(0.12 g, 70 %). mp 214 — 215 °C. 'H NMR (400 MHz, CDCls) § 8.14 (d, J= 8.7 Hz, 2H), 8.03
(d,J=8.2 Hz, 2H), 7.92 (d, J = 8.7 Hz, 2H), 7.59 (s, 2H), 7.57 — 7.52 (m, 2H), 7.36 — 7.29 (m,
2H), 7.26 (d,J=7.3 Hz, 2H), 7.03 (d, /= 4.0 Hz, 2H), 6.84 (d, /=4.0 Hz, 2H), 4.04 (t, J=7.4
Hz, 4H), 1.70 — 1.58 (m, 4H), 1.42 — 1.28 (m, 4H), 0.94 (t, J = 7.3 Hz, 6H). 3C NMR (101
MHz, CDCl3) 6 192.5, 167.4, 150.0, 138.9, 134.1, 133.5, 133.4, 131.5, 130.15, 128.5, 127.8,
127.7, 127.2, 126.6, 126.5, 125.0, 120.8, 118.4, 44.5, 29.1, 20.1, 13.7. HRMS (ASAP+) m/z
calcd for C44H37N20286 [M*] 817.1179, found 817.1180.

(5E,5'E)-5,5'-(([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)

o
L=
S
Triethylamine

To a solution of 5,5'-([1,1'-binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde) (150 mg,
0.316 mmol), 3-ethyl-2-thioxothiazolidin-4-one (509.6 mg, 3.16 mmol) in anhydrous
chloroform (40 mL) was added triethylamine (3.2 mL, 22.9 mmol) and the mixture was
refluxed for 24 hrs. After cooling to room temperature, water (20 mL) was added and layers
were separated. The organic layer was washed with water, brine, dried over Na;SOq, filtered
and concentrated in vacuo. The crude was purified by column chromatography over silica

(eluent: DCM:hexane = 3:1) to give trace of desired product.
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o
L=

NH,OAc

AcOH, Reflux 24 h

A solution of 5,5'-([1,1'-binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde) (300 mg,
0.632 mmol), 3-ethyl-2-thioxothiazolidin-4-one (509.6 mg, 3.16 mmol) and NH4OAc (584.6
mg, 7.58 mmol) in glacial acetic acid (50 mL) was refluxed for 24 hrs. After cooling to room
temperature, the reaction was diluted with chloroform and repeatedly washed with saturated
NaHCO;3 solution until no more bubbling was observed. The organic phase was washed with
brine, dried over Na>SQs, filtered and concentrated in vacuo. The crude mixture was purified
by column chromatography (eluent: DCM:hexane = 2:1) followed by recrystallization in acetic
acid to afford the desired product as an orange-red crystal (0.33 g, 68.6 %). mp 235 — 236 °C.
'"H NMR (400 MHz, CDCls) § 8.14 (d, J = 8.7 Hz, 2H), 8.04 (d, J = 8.2 Hz, 2H), 7.91 (d, J =
8.7 Hz, 2H), 7.60 (s, 2H), 7.59 — 7.52 (m, 2H), 7.36 — 7.30 (m, 2H), 7.27 (d, J = 8.6 Hz, 2H),
7.03 (dd, J = 4.0, 0.6 Hz, 2H), 6.81 (d, J=4.0 Hz, 2H), 4.11 (q, J = 7.1 Hz, 4H), 1.23 (t, J =
7.1 Hz, 6H). 3*C NMR (101 MHz, CDCl3) § 192.3, 167.2, 150.1, 138.8, 134.1, 133.5, 133.5,
133.4, 131.5, 130.1, 128.5, 127.8, 127.7, 127.2, 126.7, 126.5, 125.0, 120.9, 39.8, 12.3. HRMS
(ASAP+) m/z caled for C40H20N202S6 [M '] 761.0553, found 761.0556.

C,H; V)N

C4H

A solution of 5,5'-([1,1'-binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde) (300 mg,
0.632 mmol), 3-(2-ethylhexyl)-2-thioxothiazolidin-4-one (776 mg, 3.16 mmol) and NH4OAc
(312 mg, 4.04 mmol) in glacial acetic acid (45 mL) was refluxed for 24 hrs. After cooling to
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room temperature, the reaction was diluted with chloroform and repeatedly washed with
saturated NaHCO3 solution until no more bubbling was observed. The organic phase was
washed with brine, dried over Na>SOa, filtered and concentrated in vacuo. The crude mixture
was purified by column chromatography (eluent: DCM:hexane = 2:1) to afford the desired
product as an orange-red solid (0.54 g, 92.4 %). mp 90 — 91 °C. 'H NMR (400 MHz, CDCls)
0 8.15 (d, J=8.7 Hz, 2H), 8.04 (d, /= 8.2 Hz, 2H), 7.94 (d, /= 8.7 Hz, 2H), 7.57 (s, 2H), 7.54
(d, J=17.2 Hz, 2H), 7.38 — 7.29 (m, 2H), 7.26 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 4.0 Hz, 2H),
6.90 (d, J= 7.2 Hz, 4H), 3.95 (d, /= 7.2 Hz, 4H), 2.08 — 1.94 (m, 2H), 1.45 — 1.05 (m, 16H),
0.88 (t, J = 7.2 Hz, 12H). *C NMR (101 MHz, CDCl3) § 192.9, 167.9, 149.9, 138.9, 134.1,
133.5,133.4,133.3, 131.6, 130.2, 128.5, 127.9, 127.7, 127.2, 126.6, 126.4, 125.0, 120.7, 48.7,
37.0, 30.5, 28.5, 23.9, 23.0, 14.1, 10.5. HRMS (ASAP+) m/z caled for Cs:Hs3N202Se [M']
929.2431, found 929.2429.
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6.3 Chapter 4

Poly{2-(9,9-dioctyl-9H-fluoren-2-yl)-5-(2'-(thiophen-2-yl)-[ 1,1'-binaphthalen]-2-
yl)thiophene} P(BNTFS)

2,2'-Bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.174 mmol), 2,2'-<(9,9-dioctyl-
9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane)  (111.5 mg, 0.174
mmol),Pd(PPhs)s (4.0 mg, 3.47 x 10> mmol, 2 mol%) and aliquat 336 (2 pipette drops) were
added to an oven-dried 5 mL high-pressure microwave reactor vial. Anhydrous toluene was
added, and the solution was heated to dissolve the 2,2'-bis(5-bromothiophen-2-yl)-1,1'-
binaphthalene. 2M aqueous K>COs solution (0.35 mL) was added and the resulting mixture
was stirred at 120 °C (oil bath) for 3 days. The mixture was cooled, precipitated into methanol
(100 mL) and filtered through a Soxhlet thimble. It was extracted (Soxhlet) with methanol,
acetone and then hexane. The residue from the thimble was collected and dried under vacuum
(72 mg, 86 %). M, 8.4 kDa, M,, 18 kDa. 'H NMR (400 MHz, CDCI3) § 8.04 (d, J = 8.6 Hz,
2H), 7.98 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 7.6 Hz, 2H), 7.47 (d, J= 7.9 Hz, 2H), 7.44 — 7.39
(m, 2H), 7.30 — 7.20 (m, 8H), 6.97 (d, J= 3.6 Hz, 2H), 6.72 (d, /= 3.9 Hz, 2H), 1.85 (br, 4H),
1.21 -0.92 (m, 20H), 0.81 — 0.70 (m, 6H), 0.54 (br, 4H).

Poly {4-(5-(2'-(thiophen-2-yl)-[1,1'-binaphthalen]-2-yl)thiophen-2-
yl)benzo[c][1,2,5]thiadiazole} P(BNTBT)
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2,2'-Bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (60 mg, 0.104 mmol), 4,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole (40.4 mg, 0.104 mmol) and
Pd(PPhs)s (2.4 mg, 2.08 x 10> mmol, 2 mol%), aliquat 336 (2 pipette drops) were added to an
oven-dried 5 mL high-pressure microwave reactor vial. Anhydrous toluene was added, and the
vial was heated to dissolve the 2,2'-bis(5-bromothiophen-2-yl)-1,1'-binaphthalene. 2M aqueous
K>COs3 solution (0.21 mL) was added and the resulting mixture was stirred at 120 °C (oil bath)
for 3 days. However, solid started precipitating out after a few hours of heating, and it could

not be re-dissolved, which in turn resulted in the failure of the reaction.

Poly {4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-2-(5-(2'-(thiophen-2-yl)-[ 1,1'-binaphthalen]-2-
yl)thiophen-2-yl)benzo[1,2-b:4,5-b"|dithiophene} P(BNTBDT)

A solution of 2,2'-bis(5-bromothiophen-2-yl)-1,1'-binaphthalene (100 mg, 0.174 mmol), (4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b"dithiophene-2,6-
diyl)bis(trimethylstannane) (156.9 mg, 0.174 mmol), Pd.dbas (3.2 mg, 3.47 x 10> mmol, 2
mol%), P(o-tol); (4.2 mg, 0.014 mmol) in chlorobenzene (5 mL) in an oven-dried 5 mL high-
pressure microwave reactor vial. was stirred at 130 °C (oil bath) for 3 days. The mixture was
cooled, precipitated into methanol (100 mL) and filtered through a Soxhlet thimble. It was
extracted (Soxhlet) with methanol, acetone and hexane. The residue from the thimble was
collected and dried under vacuum (145 mg, 84 %). M, 17 kDa, M,, 37 kDa. '"H NMR (400
MHz, CDCI3) 6 8.04 — 7.55 (m, 6H), 7.36 (br, 4H), 7.14 (br, 6H), 6.80 (br, 4H), 6.41 (br, 2H),
2.80 (br, 4H), 1.64 (br, 2H), 1.31 (br, 16H), 1.00 — 0.72 (m, 12H).
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8.Appendix

8.1 Chapter 2

2,2'-Di(thiophen-2-yl)-1,1'-binaphthalene
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2-(2'-Bromo-[1,1'-binaphthalen]-2-yl)thiophene
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2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
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6,6'-([1,1'-Binaphthalene]-2,2'-diylbis(thiophene-5,2-diyl))bis(2,5-bis(2-ethylhexyl)-3-

(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
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3-(5-(2'-Bromo-[1,1'-binaphthalen]-2-yl)thiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-

yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
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6,6'-([2,2'-Bithiophene]-5,5'-diyl)bis(2,5-bis(2-ethylhexyl)-3-(thiophen-2-yl)-2,5-

dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
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2,2'-Bis(trimethylstannyl)-1,1'-binaphthalene
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3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-
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2,2'-Bis(5-bromothiophen-2-yl)-1,1'-binaphthalene
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6,6'-([1,1'-Binaphthalene]-2,2'-diylbis([2",2"'-bithiophene]-5',5"-diyl))bis(2,5-bis(2-

ethylhexyl)-3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
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2,5-Bis(2-butylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
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R-[1,1'-Binaphthalene]-2,2'-diyl bis(trifluoromethanesulfonate)
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R-[1,1'-Binaphthalene]-2,2'-diamine
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(5)-2,2'-Diiodo-1,1'-binaphthalene
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3-(5-Bromothiophen-2-yl)-2,5-bis(2-butylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione
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3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-butylhexyl)-2,5-dihydropyrrolo|[3,4-c]pyrrole-1,4-

dione
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S-6,6'-([1,1'-Binaphthalene]-2,2'-diylbis([2",2"'-bithiophene]-5',5"-diyl))bis(2,5-bis(2-
butylhexyl)-3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione)
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(5)-2,5-Bis(2-butylhexyl)-3-(thiophen-2-yl)-6-(5'-(2'-(thiophen-2-yl)-[ 1,1'-binaphthalen]-2-

yl)-[2,2'-bithiophen]-5-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
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8.2 Chapter 3

5-(2'-(Thiophen-2-yl)-[1,1'-binaphthalen]-2-yl)thiophene-2-carbaldehyde
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5,5'-([1,1'-Binaphthalene]-2,2'-diyl)bis(thiophene-2-carbaldehyde)
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PerkinElmer Spectrum Yersion 10.03.06
23 November 2016 1110
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3-(2-Ethylhexyl)-2-thioxothiazolidin-4-one
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H.DAI HD53 Magnetic Sector 24-Nov-2016
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3-Butyl-2-thioxothiazolidin-4-one
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MS56573 #464-470 RT: 1.17-1.18 AV: 7 NL: 3.52E9
T: FTMS + p APCI corona Full ms [100.0000-500.0000]
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(52,5'E)-5,5'-(([1,1'-binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-butyl-2-thioxothiazolidin-4-one)
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(52,5'E)-5,5'-(([1,1'-binaphthalene]-2,2'-diylbis(thiophene-5,2-
diyl))bis(methaneylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one)
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(52,5'E)-5,5'-(([1,1'-binaphthalene]-2,2'-diylbis(thiophene-5,2-

diyl))bis(methaneylylidene))bis(3-(2-ethylhexyl)-2-thioxothiazolidin-4-one)
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8.3 Chapter 4
Poly{2-(9,9-dioctyl-9H-fluoren-2-yl)-5-(2'-(thiophen-2-yl)-[ 1, 1'-binaphthalen]-2-

yl)thiophene}
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Poly {4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-2-(5-(2'-(thiophen-2-yl)-[ 1,1'-binaphthalen]-2-

yDthiophen-2-yl)benzo[1,2-b:4,5-b"|dithiophene}

2.80

‘
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