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I. Introduction

Carbon is one of the most versatile elements on Earth, playing a fundamental role in life due
to its ability to form long and stable carbon-carbon (C—C) bonds. Beyond its biological
importance, carbon-based materials like fullerenes, carbon nanotubes, and graphene have
attracted significant scientific attention because of their unique structural and electronic
properties. The groundbreaking discoveries of fullerenes and graphene were even recognized
with Nobel Prizes in Chemistry and Physics in 1996 and 2010, respectively.

The isolation of a single graphene layer by Novoselov!!! et al. (2004) marked a major
breakthrough in materials science. Until then, it was widely believed that two-dimensional (2D)
materials would be thermodynamically unstable and could not exist in a free-standing form!*2!,
However, this discovery proved otherwise and opened up new possibilities for research in
chemistry, physics, and materials science. Graphene stands out due to its exceptional chemical
stability, optical transparency®!, flexibility, porosity, biocompatibility, and tunable electronic
properties, making it one of the most studied nanomaterials today.

Structurally, graphene consists of a single layer of carbon atoms arranged in a honeycomb
lattice. Each carbon atom is sp? hybridized, forming strong sigma bonds with three neighboring
atoms at 120° angles. The remaining p-orbitals interact to create a delocalized m-electron
system, which is responsible for graphene’s high electrical conductivity. Unlike conventional
semiconductors, which have a finite bandgap, graphene is classified as a zero-bandgap
semiconductor'!! due to the overlap of its conduction and valence bands at the Dirac point. This
unique band structure gives graphene exceptional carrier mobility and electronic performance.
Apart from its electrical properties, graphene is extremely lightweight yet incredibly strong-
about 100 times stronger than steel’®, and has outstanding thermal and electrical
conductivity!®’l. These remarkable features make it a promising material for next-generation
electronic and optoelectronic devices, including transistors'®!, light-emitting diodes LEDs!),
solar cells!!®12), and flexible displays. In addition, graphene is also being explored for
applications in filtration membranes!'¥], energy storage systems!!*), and chemical sensors!!>17),
broadening its impact beyond electronics.

Graphene can be regarded as an infinitely extended polycyclic aromatic hydrocarbon (PAH).
Large PAHs, also known as nanographenes, are often used as model systems to study its
properties. Since the size, shape, and edge topology of these PAHs influence their electronic
structurel'®1°] they play a key role in molecular electronics and optoelectronics, such as in
donor-acceptor photovoltaics, organic field-effect transistors (OFETs)!'®2%] and liquid crystal-
based displays. The ability to fine-tune these characteristics makes nanographenes an exciting
area of research with promising technological applications!!),

Generally, the discovery of graphene marked a groundbreaking milestone in the world of
science, attracting a wide array of research due to its exceptional electrical®?, thermall®,
mechanical!®’, and structural properties.



I.1. Introduction to nanographenes

The term in question combines "nano" (10”) and "graphene," a recently discovered carbon-
based nanosheet material. The International Union of Pure and Applied Chemistry (IUPAC)
defined "graphene" in 1986. This semi-metal, with a slight overlap between valence and
conduction bands®*, is a carbon allotrope consisting of a single layer of carbon atoms in a
hexagonal lattice.

Professor Han-Peter Boehm and Eberhard Stumpp identified single graphene sheets using
TEM and X-ray diffraction in the early 1960s. Despite this, the 2010 Nobel Prize recognized
later research on graphene's exceptional properties, ushering in a new era of optical and
electronic materials®*. Nanographenes, still in development, exhibit remarkable properties e.g.
high electrical conductivity and near-transparency. They can be viewed as large aromatic
molecules or polycyclic aromatic hydrocarbons (PAHs). Recent interest has grown in 3D-
nanographenes, including curved and chiral variants, due to their potential in nanoelectronics
and novel optical devices.

Over the past decade, PAHs and graphene nanoribbons (GNRs) have gained prominence in

5161 electronic devicest?’!,

materials chemistry, finding applications in polymer films!?’!, sensor
and photovoltaic studies!?®?°!. Aryl-aryl bond formation has been crucial in expanding these
structures, significantly impacting synthetic approaches for large organic molecules®%3!l,
Graphene's structure consists of sp>-hybridized carbon atoms in a honeycomb pattern, forming
the basis of graphite. While nanographenes and PAHs share similar frameworks, they differ in
properties. Recent interest in nanographenes stems from their high electron mobility and

flexibility, making them attractive in organic chemistry research!>+26],

I.2. Bromination

Brominated aromatic compounds represent a significant category of organic intermediates,
valued for their diverse applications in agrochemicals®?, as biologically active agents!**3%],
and important reagents in synthetic organic chemistry. Specifically, aromatic bromides are
extensively utilized as precursors in various carbon-carbon and carbon-heteroatom bond-
(331 Sonogashira®®!, Heck”), Stillel*8],

Buchwald-Hartwig®®l, and cross-coupling reactions. Additionally, they serve as effective
40,41

forming reactions, including Suzuki-Miyaura

I'and are employed as key precursors in on surface
synthesis in Scanning Tunneling Microscopy (STM) studies!*?. Significant research has been
dedicated to developing selectivel®], efficient, and straightforward synthetic routes for
fluorinated aromatic bromide compounds. For instance, Gottfried**! et al. explored
intermolecular aryl-aryl coupling through C-F activation, highlighting the HF-zipping method
as a robust alternative for producing nonbenzenoid carbon allotropes. Kolmer*>* et al.
achieved a complex synthesis of nanographenes and nanoribbons by facilitating intramolecular
aryl-aryl coupling on rutile titania surfaces. Feofanov*’*®! et al. synthesized a variety of
fluorinated oligophenylenes, leading to the formation of O-heteroacenes via ladderization of
fluorinated oligophenylenes (LooP). In another study, Steiner “let al. investigated the
lithiation of 1-bromo-2-fluorobenzene using n-BuLi and 2,2,6,6-tetramethylpiperidine (TMP)
in the presence of CuBr», yielding 3,3’-dibromo-2,2’-difluoro-1,1’-biphenyl with a 73% yield.

precursors for Yamamoto coupling!



These advancements underscore the importance of brominated aromatic compounds in various
chemical syntheses and their potential for further innovation in organic chemistry.

1.2.1. Metal-Mediated Aryl Aryl coupling.

e Palladium-Catalyzed Aryl-Aryl Coupling.

The Suzuki-Miyaural®! cross-coupling reaction is widely recognized as a superior

methodology for carbon—carbon bond formation compared to Negishi and Stille couplings,
primarily due to the advantageous use of organoboranes. Organoboronic acids and their
derivatives are commercially available, air-stable, and exhibit significantly lower toxicity than
the organozinc reagents required for Negishi couplings or the toxic tin derivatives utilized in
Stille reactions. A critical feature of this reaction is the mandatory inclusion of a base, which
plays dual mechanistic roles. First, the base facilitates transmetallation by deprotonating the
organoborane to form a tetracoordinated borate complex, thereby enhancing its nucleophilicity
toward the palladium center. Second, weaker bases promote ligand exchange at the palladium
intermediate, generating a hydroxypalladium species that exhibits greater reactivity in the
transmetallation step compared to halogenated analogues. The original catalytic system
developed by Suzuki employed Pd(PPhs). as the precatalyst with Na.COs in Benzene, THF or
DMF at 60-80°C over 12-20 hours. Subsequent advancements have optimized ligand
architectures, solvent systems, and base selection, expanding substrate scope and improving
reaction efficiency while maintaining the inherent practicality and environmental compatibility

of the process.
B(OH), Br
Pd(PPh3)4 (3 mol %)
@ + R Na,COs (2 equiv), 3
benzene O R

yield up to 99%

Scheme 1.1: Suzuki-Miyaura Cross-coupling.
e Ullmann Couplings of Brominated Aryl.

The origins of copper-mediated aryl-aryl bond formation date back to 1901, when Fritz
Ullmann% and Jean Bielecki first demonstrated that heating o-bromonitrobenzene with 1.9
equiv of copper powder at high temperatures (210- 220 °C) produced 2,2'-dinitrobiphenyl in
significant yield 76%, marking the inception of what is now known as the Ullmann reaction.
This pioneering work not only showcased the ability of copper to facilitate the coupling of aryl
halides but also established a foundation for transition-metal-catalyzed carbon—carbon bond
formation in organic synthesis. Since its discovery, the Ullmann reaction has been extensively
studied and refined, although the classical version required harsh conditions and often gave
variable results; nevertheless, ongoing research and methodological improvements have
broadened its scope and applications, making it a valuable tool in the synthesis of biaryl
compounds and beyond.
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Scheme 1.2: Dimirization using Ullmann Couplings.

1.2.2. On-Surface Synthesis of Graphene Nanoribbons and Related Structures.

R. Fasel et al*. described a straightforward approach for creating precise graphene
nanoribbons with varied structures and dimensions by employing 10,10'-dibromo-9,9'-
bianthryl as a starting material in a surface-assisted coupling process. The technique involves
thermally sublimating the monomers onto a solid substrate, which triggers the removal of
halogen groups, resulting in surface-stabilized biradical entities. These entities serve as the
fundamental components for the desired graphene ribbons. The initial thermal activation allows
the biradicals to move across the surface, engaging in addition reactions to form linear
polymers, guided by the monomers' specific chemical patterns. A subsequent thermal step
induces surface-assisted cyclodehydrogenation, leading to the formation of an extensive
aromatic system.

I Au(11) I I I Au(111)

—_—

g e
Br
: L

Scheme 1.3: On-surface synthesis of the linear GNR on an Au(111) surface.

Gottfried et al*. presented a novel approach for creating nonbenzenoid structures without
incorporating them in the initial precursor. Instead, these elements form during the lateral
dehydrofluorination fusion of benzenoid polyphenylene chains, a process termed "HF-
zipping." This method utilizes 4,4"-dibromo-2,2',2".5,5',5"-hexafluoro-1,1":4',1"-terphenyl
(DHTP) as a starting material. When deposited on a Au(111) surface, DHTP undergoes
polymerization via debrominative coupling, creating well-organized assemblies of poly(2,5-
difluoro-para-phenylene) (PFPP) chains. Subsequently, these chains participate in C-C
coupling via HF-zipping, leading to the formation of a biphenylene network. This interchain
process selectively facilitates C-C bond formation between C-F and C-H moieties, resulting in



the creation of four- and eight-membered rings between the chains. The strategic positioning
of C-F groups is crucial for generating this nonbenzenoid structure, as their absence would
result in dehydrogenative C-C coupling, forming six-membered rings and regular graphene
instead.

DHTP PFPP

F!HF!HFCH
F H F

B
. r H F H
® OO O
F Ulmann H E H FE H F
F coupling E H E H F H HF-Zipping
» o O
i F H F H F H F
O F H F ‘ H F O H
I F H ‘ FoH FH F
r F H F H F H
7 SUpeUhe
H FOH FH F

Scheme 1.4: BPN was synthesized from DHTP (7) monomers through a two-step process, first forming linear polymers and
then connecting these chains via interchain HF-zipping.

1.3. Synthesis of Cycloparaphenylenes.

Since the initial discovery by lijima in 19915! carbon nanotubes (CNTs) have garnered

significant attention from researchers due to their exceptional physical characteristics and
potential technological applications!®>?-3, Single-walled CNTs are essentially graphene sheets
rolled into cylindrical forms, with their specific structure determined by the chiral index,
denoted as (n, m). Depending on the values of n and m, CNTs are categorized into three types:
"zigzag" (m = 0), "armchair" (n = m), and "chiral" (n > m > 0).

Armchair
(= nm)




Carbon
nanotubes

Carbon
nanorings

Cycloparaphenylene Cycloparaphenylene- Cyclacene
2,6-naphthylene

Scheme 1.5: Structures, the chiral index of carbon nanotubes (CNTS) and carbon nanorings.

In 2008, Bertozzi and Jastil®® achieved the initial synthesis of CPP, followed shortly by the
Itami groupl®”!, which introduced the first size-selective synthesis of CPP in 2009. Yamago®!
later contributed an alternative method in 2010. Through the efforts of Jasti, Itami, and
Yamago's teams, synthetic strategies were established for both selective and random formation
of CPPs, leading to the successful creation of [n]CPPs with ring sizes ranging from n = 5-18.
This outstanding work in cycloparaphenylene synthesis has opened up new avenues for
research in carbon nanostructures.

1.3.1. Synthesis of [9], [12] and [18]CPP by Bertozzi and Jastil>!,

The first synthesis of CPP was accomplished by Bertozzi and Jasti in 2008. To construct the
macrocyclic CPP precursor, their approach began with the creation of an L-shaped building
block, derived from the reaction of monolithiated 1,4-diiodobenzene with p-benzoquinone.
This key component was then modified through borylation. The researchers employed a
suzuki-miyaura cross-coupling reaction to combine these units, resulting in the formation of
three distinct macrocyclic structures. The final step involved a reductive aromatization process
using lithium naphthalenide, which successfully transformed these precursors into the desired
CPPs, yielding [9]CPP, [12]CPP, and [18]CPP.

| O
+
ia i 9
| (@)
l’l)n-BuLi
2) NaH, Mel
> oo s e
MeO OMe - [olcPp  43%
C _Pdeat | [‘ ‘ LiNaph_ 1421cPP 52%
[18]CPP 36%
O
n

X X n=2,3,5
10 X=1

I: 11  X= B(pin)

Scheme 1.6: Bertozzi and Jasti approach for the synthesis of [9]CPP, [12]CPP and [18]CPP.



1.3.2. Synthesis of [12]CPP by Itami[57].

In 2009, Itami achieved the first size-selective synthesis of [12]CPP. The process began with
the preparation of an L-shaped unit from 1,4-diiodobenzene and cyclohexane-1,4-dione. This
unit was then modified to get borylated 13 and MOM-protected 12 (MOM = methoxymethyl)
for use in Suzuki—Miyaura coupling. A palladium-catalyzed cross-coupling reaction between
13 and an excess of 12 produced the acyclic C-shaped unit 14, which further reacted with 13
to form 15, which underwent a one-pot reaction involving deprotection, dehydration, and
dehydrogenation, facilitated by p-toluenesulfonic acid (TsOH) and microwave irradiation
under air, resulting in the successful production of [12] CPP.

| B(pin)
|
Qs O Pd cat O
| n-BuLi Ba(pin),
* RO l | R=H l O B(pin)
nivg, -
9 OR 1

MOMCI/E 11 R=H
Pr,NEt 12 R= MOM

Pd cat
B —

[12]CPP

IR

Scheme 1.7: Itami approach for the synthesis of [12]CPP.
1.3.3. Synthesis of [12]CPP by Yamago!*”.

In 2011, Yamago introduced a selective synthesis method for [12]CPP by adapting Béuerle’s
cycloarene synthesis approach, utilizing platinum-based macrocycles. The process involved
the complexation of bis(trimethylstannyl)terphenyl 16 with Pt(cod)Cl12, yielding macrocycle.
Subsequent reductive elimination of the aryl groups from the platinum center was facilitated
by ligand exchange from cod to dppf (1,1'-bis(diphenylphosphino)ferrocene), followed by
oxidation with bromine, ultimately leading to the formation of [12]CPP.
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Scheme 1.8: Yamago approach for the synthesis of [12]CPP.

1.4. Synthesis of Cyclo-meta-phenylenes.

Cyclo-meta-phenylenes, cyclic oligomers sharing a benzene ring backbone with poly(p-
phenylene)s (PPPs), were first synthesized by Staab in the 1960s®” and later explored by
Cram(®'?] for cation host applications. These macrocycles have received limited attention
despite their potential. While recent work by Klaus Miillen’s group introduced functionalized
derivatives, prior studies primarily featured simple alkyl or alkoxy substituents due to synthetic
constraints. Existing synthetic approaches rely on laborious terphenyl precursor preparation
before macrocyclization via reductive coupling, which limits structural diversity and functional
group compatibility due to harsh reaction conditions. As interest grows in novel functional
materials, more efficient synthetic methods are needed to expand the potential applications of
cyclohexa-m-phenylenes.

Klaus Miillen et all®!. reported the synthesis of hexaalkyl CHP through Yamamoto-type
dimerization of compound 17, achieving a 58% yield of hexa-m-phenylene 18 after optimizing
reaction conditions. Subsequent ipso substitution replaced trimethylsilyl groups with iodine,
yielding a macrocycle with six iodine atoms at 84%. Although the intermediate exhibited
limited solubility, a final six-fold Hagihara—Sonogashira coupling with tetradec-1-yne
efficiently produced the target alkylated CHP macrocycle (51%).

\
Ssi” [
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Scheme 1.9: Synthetic routes to CHP, 1) cod, bipy, [Ni(cod)2], 58%; ii) ICI, 84%; iii) tetradec-1-yne, PPh3, Cul, [Pd (PPh3)4],
51%.

Swager et all®l. developed a Straightforward strategy for assembling the cyclohexa-m-
phenylene structure in one step by performing a sixfold Suzuki coupling. Their methodology
employed two essential monobenzenoid precursors: a pinacol-protected diboronic acid (21)
and a dibromide derivative (22), enabling direct macrocyclization without requiring



intermediate isolation steps. This efficient strategy significantly simplifies the construction of
the target framework compared to traditional multi-step synthetic routes.

OC1zHas

)Zéoé OMe ;?/i C12Hz50 N — Pd(PPhs)s, Cs,COs,
0~ 0 PhMe, 110 °C, 27 h
+
Br Br

21

22

C1aH50 OCy2Hzs

Scheme 1.10: Synthesis of hexa-m-phenylene via sixfold Suzuki coupling.

1.5. The Scholl reaction.

In 1910, Roland Scholl!® reported an oxidative dimerization of aromatic compounds in the
presence of strong Lewis acids, using an excess of neat anhydrous aluminum chloride (AlCls)
at temperatures ranging from 140°C to 145 °C for 45 minutes. Although no yield was reported
(Scheme 1.11), this oxidative cyclization process was subsequently named the "Scholl
reaction."

AICl; (neat)

_

140- 145 °C

24 25

Scheme 1.11: Synthesis of quinones employing the Scholl reaction.

This method enabled the synthesis of extended polycyclic arenes under such harsh conditions.
Over time, the Scholl reaction has been widely applied in both intramolecular and
intermolecular transformations, employing a variety of oxidants, including FeCls, CuCls,
Cu(OTf)2, TI(O2CCFs)s in CFsCO:H or BF3-OEt,, Pb(OAc)+/BF:-Et2O in MeCN,
triethyloxonium hexachloroantimonate (Et:O* SbCls"), SbCls, MoCls, etc.
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Scheme 1.12: Intramolecular and intermolecular C—C bond formation through the Scholl reaction.

I.5.1. Mechanistic pathways of the Scholl reaction

The Scholl reaction’s mechanism has been thoroughly studied and examined, with significant
focus to understand its underlying processes. Initially, the precise mechanism was not fully
elucidated, resulting in the emergence of two main hypotheses:

The first hypothesis, known as the Arenium Cation Mechanism, was originally introduced
by Baddeley!®®!. This mechanism suggests that the reaction proceeds through the formation
of a sigma complex between a Lewis acid and an aromatic compound. This intermediate
subsequently generates an arenium cation, which undergoes electrophilic attack followed
by dehydrogenation. The Arenium Cation Mechanism was later refined by King/¢”¢®! and
Rathore!®], offering further clarification and deep insights into this underyling process.
The second hypothesis, referred to as the Radical Cation Mechanism, was advanced by
Kenner!”". This proposal posits that the reaction proceeds through the formation of radical
cations. The Radical Cation Mechanism received further support from researchers, namely
Rathore!”!, Rooney and Pink!’?!, and Clover!”?], who validated it through experimental and
theoretical studies.

Arenium Cation Mechanism

Scheme 1.13: Oxidative coupling of arenes through a radical cation or an arenium ion mechanism according to Scholl
reaction conditions.
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The Scholl reaction is predominantly characterized by electrophilic aromatic substitution.
The presence of electronically activating substituents on the aromatic rings plays a crucial
role in enhancing the system's reactivity. Both the Arenium Cation Mechanism and the
Radical Cation Mechanism converge in the elimination of H: through
cyclodehydrogenation. This transformation is driven by the action of an oxidant and a
catalyst, yielding the formation of a new carbon-carbon (C—C) bond and the generation of
additional aryl rings.

26 27

Scheme 1.14: Synthesis of hexa-peri-hexabenzocoronene via cyclodehydrogenation.

1.5.2. Intermolecular Oxidative Aromatic Coupling

Oxidative coupling reactions can be categorized into two main types: Homocoupling and
Cross-coupling. In homocoupling, two identical aromatic molecules combine to form a biaryl
structure. While Cross-coupling is more challenging, because of involving two different arenes
and due to the reaction’s low selectivity. which is influenced by steric considerations and the
electron density of both aromatic molecules involved. The reaction conditions control is crucial
to prevent unwanted homocoupling in cross-coupling reactions. Despite these challenges,
substantial advancements have been made in the area of intermolecular oxidative cross-
coupling in recent years.

1.5.2.1. Homocoupling of Naphthalene Derivatives

The oxidative coupling of aromatic compounds frequently results in the formation of axially
chiral products. which are crucial in the development of optically active catalysts based on
biaryl units. Among them, Binaphthyl and its derivatives, particularly 1,1'-Bi-2-naphthol
(BINOL), plays a significant role as a precursor of many important ligands used in
asymmetric catalysis, with BINAP being a notable example. The synthesis of BINOL and other
binaphthyl derivatives through oxidative coupling of corresponding naphthalenes has been
achieved using various methods, producing both racemic mixtures and pure enantiomers. Many
catalytic systems, oxidants, and metal complexes have been explored for this purpose. In
addition to traditional methods using FeCl3, reasonable yields of binaphthyls have been
achieved with reagents as thallium(Ill) and mercury(Il) trifluoroacetates, Pb(OAc)., and
CoFs[7], as well as titanium(IV) chloride!’®! and CuCl. in the presence of amines!’”!.
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Scheme 1.15: Synthesis of 1,1’-bi-2-naphthol (29) by the oxidation of 2-naphthol (28) in the presence of FeCls.

Wang and co-workers!’®”) reported two novel systems that effectively oxidize various 2-

naphthols into their corresponding racemic binaphthols. In the first system, using m-
chloroperoxybenzoic acid (m-CPBA) as an oxidant, whereas iron(III) chloride acting as the
catalyst for the reaction. The second approach involved oxidation using a stoichiometric
quantity of manganese(IV) oxide in the presence of a tenfold excess of trifluoroacetic acid
(TFA). Both methods yield biaryl products in satisfactory quantities.

OH Method AorB OO OH
OO CH,Cl,, RT OH
30

31
Method A: 10 mol% FeCl;, m-CPBA 76%
Method B: MnO,, TFA 73%

Scheme 1.16: Synthesis of 1,1’-bi-2-naphthol (31) using two method (a) using m-CPBA as an oxidant and FeCls as a
catalyst, (b) using MnO: in excess of TFA.

1.5.2.2. Triphenylene Syntheses

Intermolecular oxidative aromatic coupling is not limited to naphthalene derivatives, it can also
be successfully applied to various electron-rich benzene derivatives and heteroarenes. A well-
known example is the synthesis of 2,3,6,7,10,11-hexamethoxytriphenylene (33), first reported
in 1965, Triphenylene was produced in a 73% yield through the oxidative cyclization of 1,2-
dimethoxybenzene (veratrole) using chloranil in 70% aqueous sulfuric acid. The authors
proposed that the first step of the reaction involves an oxidative dimerization of veratrole to
form 3,3',4,4'-tetramethoxybiphenyl as an intermediate. This intermediate then couples with
another veratrole molecule, followed by an intramolecular coupling to yield the triphenylene
structure. Supporting this hypothesis, the same triphenylene product was obtained when a
mixture of veratrole and 3,3',4,4'-tetramethoxybiphenyl was subjected to the same reaction
conditions.

12
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Scheme 1.17: Synthesis of 2,3,6,7,10,11-hexamethoxytriphenylene via oxidative cyclization of 1,2-dimethoxybenzene (32)
upon treatment with chloranil in 70% H2SOa4.

1.5.2.3. Intermolecular Oxidative Cross-Coupling of Aromatic Compounds

Intermolecular oxidative cross-coupling of arenes presents greater challenges and is less
predictable compared to homocoupling. To achieve reasonable yields and good selectivity, a
careful selection of reaction conditions and starting materials is required®-%?1. The proposed
reaction mechanism involves several key steps:

As shown in scheme 1.14, a preferential oxidation of the more electron-rich arene 34 (lowest
oxidation potential Ep¥), forms an electrophilic cation radical 35. An electrophilic attack by 36
on 35, results in an intermediate radical 37. Subsequent loss of two protons and an electron
yields to the desired cross-coupled biaryl product 38.

R>
. C
Oxydation - N 36
34 35

ES* 34 < ES* 36

Scheme 1.18: Mechanism of Intermolecular Oxidative Cross-Coupling of Aromatic Compounds.

Waldvogel et al’®*. introduced an innovative electrochemical method for selective phenol-arene
cross-coupling using boron-doped diamond (BDD) electrodes. This approach relies on the
presence of a hydroxyl group, as the phenoxyl radical intermediate plays a crucial role in the
reaction mechanism!.The method successfully coupled 4-methylguaiacol with various
electron-rich benzene derivatives, yielding to cross-coupled products with moderate
efficiency”. Notably, this method has also been applied to oxidative homocoupling of phenols,
producing yields ranging from 44% to 84%. These reactions are exclusively carried out in
hexafluoroisopropanol as the solvent.
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Scheme 1.19: Selective electrochemical cross-coupling reaction between phenols and arenes is achieved utilizing boron-
doped diamond (BDD) electrodes.

1.5.3. Intramolecular Oxidative Aromatic Coupling

The intramolecular oxidative coupling of arenes, often referred to as the "Scholl reaction”, has
recently emerged as a powerful synthetic tool, despite being known for many years. This
reaction gained prominence due to the growing importance of research in organic electronics,
nanotechnology, and bioimaging, which require efficient methods for creating intramolecular
Cary1-Cary1 bonds. It became a versatile and widely used method for synthesizing various
Polycyclic Aromatic Hydrocarbons (PAHs) including nanographenes, as well as for expanding
and planarizing m-conjugated systems and preparing strained, curved, or twisted molecular
structures. The increasing demand for this reaction in diverse applications has led to its
establishment as a well-recognized synthetic method.

1.5.3.1. Large Planar Polycyclic Aromatic Hydrocarbons (PAHs).

Intramolecular oxidative coupling methods have been proven to be a powerful tool in the
synthesis of complex PAHs and nanographenes. These methods excel in their ability to form
multiple Caryi-Caryi bonds simultaneously, often creating hundreds or even thousands of such
connections in a single reaction step. The efficiency of this approach becomes particularly
evident when compared to alternative Cayi-Caryi coupling techniques. Traditional methods
would require a strategic placement of numerous activating groups, such as halides or boronic
acids/esters, throughout the precursor molecules. This requirement would not only complicate
the synthetic process but also potentially render the goal unattainable for larger, more complex
structures.

Hexa-peri-hexabenzocoronene (HBC) and its derivatives represents a significant milestone in
the synthesis of large PAHs. While these compounds were known previously, their synthesis
yielded to extreme low amounts, limiting their practical applications. It was not possible that
hexaphenylbenzenes could be transformed to HBC derivatives with significantly improved
yields until Miillen et al'®". developed innovative oxidation methods using Cu'’/AICls or FeCls
that. Among these methods, the use of FeCls dissolved in nitromethane, followed by its addition
to a dichloromethane solution of the precursor, proved to be the most effective. This approach
not only delivered superior yields but also demonstrated broad applicability across a wide range
of HBC derivatives.
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Scheme 1.20: Synthesis of an extended hexabenzocoronene 42.

Dichtel et al®). synthesized an extended hexabenzocoronene, compound 42, through a two-
step process. Their research revealed that the initial fusion of four bonds occurs rapidly,
resulting in a partially fused intermediate with a twisted structure. This intermediate is stable
enough to be isolated and studied. Subsequently, prolonged exposure to the FeCls oxidizing
agent completes the fusion process, yielding to the fully formed HBC derivative.

Miillen et al’®. reported an unexpected 1,2-aryl shifts during an oxidative aromatic coupling
reaction. While attempting to synthesize tetrabenzo[a,cd,j,Im]perylene using the Scholl
reaction, they observed that the starting material, 6,7,13,14-tetraphenylbenzo[k]tetraphene,
underwent two 1,2-aryl shifts instead of the anticipated cyclization. Their investigation
suggested that the initial shift likely proceeds through a radical cation mechanism. Building
on this serendipitous discovery, the research team later applied this rearrangement strategy to
successfully synthesize fused dibenzo[a,m]rubicene, a curved molecule structurally related to
a subunit of C70 fullerene. This work highlights how unexpected molecular rearrangements
can lead to novel synthetic pathways and structures in polycyclic aromatic hydrocarbon
chemistry.

65%

Scheme 1.21: A representative dehydrogenative coupling reaction occurs alongside a double 1,2-aryl shift.
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1.6. Ladderization

Organic semiconductors have undergone significant advancements in recent decades, driven
by their potential for creating next-generation ultrathin, large-area, and flexible devices. These
materials have found applications in organic field-effect transistors (OFETs), organic light-
emitting diodes (OLEDs), and organic photovoltaics (OPVs), offering novel features distinct
from traditional silicon technologies. The journey of organic semiconductors began in the
1980s with the use of poly(thiophene) in OFETs®”), though initial performance was subpar.
Significant breakthroughs in the 1990s, including advancements in materials development,
purification methods, and device fabrication techniques®®*, led to substantial improvements
in device performance. The evolution of organic semiconductors has seen the combination of
heterocyclic compounds like thiophenes with acene structures, resulting in ladder-type sulfur-
containing m-conjugated molecules. These hybrid materials exhibit remarkable stability and
effective n-m stacking in the solid state, capitalizing on the advantages of both classes.

1.6.1. Classification of Thienoacene

Thienoacene-based organic semiconductors have evolved into a diverse array of molecular
structures, each with unique properties suited for various applications. These compounds can
be categorized into four main classes based on their structural features: [n]thienoacenes
([n]TAcs)®*?!l benzene-thiophene alternating molecules (BTAs)®?, acenedithiophenes
(AcDTs)?), and diacene-fused thienothiophenes (DAcTTs)¥. Each class is represented by
notable compounds such as Sthienoacene, benzo[1,2-b:4,5-b']bis[b]benzothiophene (BBBT),
anthra[2,3-b:6,7-b'|dithiophene (ADT), and dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene
(DNTT), respectively. These molecules exhibit distinct characteristics in terms of their highest
occupied molecular orbital (HOMO) energy levels, HOMO geometries, and reorganization
energies for hole transport. The structural variations among these classes result in different
electronic properties, making them suitable for specific roles in organic semiconductor
applications. Understanding these molecular features is crucial for designing and optimizing
thienoacene-based materials for use in organic electronics. In the following section, we will
examine the synthetic methodologies employed in the formation of Benzene-Thiophene
Alternating Molecules (BTAs).

1.6.1.1. Benzene-Thiophene Alternating Molecules (BTAs).

Benzene-thiophene alternating molecules (BTAs) have emerged as promising materials for
organic field-effect transistors (OFETs)> 7, building on the success of their non-fused
counterparts, thiophene-phenylene alternating co-oligomers. The first BTA compound
investigated for OFET applications was dibenzo[b,b']thieno[2,3-f:5,4-f'|bisbenzothiophene
(DBTBT), reported by Sirringhaus et al®®. which exhibited impressive performance with a
field-effect mobility (LFET) of 0.15 cm? V™! s™! and an on/off current ratio (Ion/Iofr) exceeding
10¢. Following this breakthrough, numerous BTA-based materials have been developed and
tested as active layers in OFETs, utilizing both vacuum deposition and solution-processing
techniques, further highlighting their potential in organic electronics.
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1.6.1.2. Synthesis of BTAs

The benzene-thiophene alternating (BTA) system is built upon the fundamental unit of
dibenzo[b,d]thiophene (DBT), a well-known compound that can be synthesized from various
precursors such as biphenyl, diphenylsulfide, and o-mercaptobiphenyl. However, these
traditional synthetic routes are not easily adaptable for creating larger BTA compounds with
multiple DBT substructures. A significant advancement in this field came from Miillen et
al®® who developed a more efficient and versatile method for thiophene annulation. This
approach involves an intramolecular coupling reaction between aromatic methyl sulfoxides and
an activated aromatic building block in the presence of strong acids. This innovative synthetic
strategy has greatly expanded the possibilities for creating complex BTA-based materials,
opening new avenues for the development of advanced organic semiconductors with tailored
properties for various electronic applications.

S/
S CF;SO:H O
o —

O 46

47

Scheme 1.22: Synthesis of Benzene-Thiophene Alternating
Molecules (BTAs).

During the synthesis of compound 49, the precursor 3,7-bis[2-(methylsulfinyl)phenyl|DBT
was treated with trifluoromethanesulfonic acid, resulting in the formation of two regioisomers.
These isomers were difficult to separate due to their minimal differences in sublimation
temperatures. In contrast, the synthesis of compounds 52 and 541! (DTBDT) avoided
regioisomer formation by using 1,4-dibromo-2,5-bis(methylsulfinyl)benzene as a key
intermediate. This intermediate underwent efficient cross-coupling reactions with phenyl
boronic acids or thienyl-trimethylstannanes to produce the necessary precursors. The final step,
involving intramolecular coupling induced by trifluoromethanesulfonic acid, yielded to the
target compounds in high purity and excellent yields. This synthetic strategy was further
validated through its successful application in creating heteroheptacenes containing fused
thiophene and pyrrole rings!!:1021
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Scheme 1.23: Synthesis of BTAs through an intramolecular coupling reaction of aromatic methyl sulfoxides in acidic
conditions.

M. Feofanov et al''®). have developed an innovative approach to synthesizing sulfur-containing
heteroacenes that represents a significant advancement in the field. This transition-metal-free
method utilizes fluorinated oligophenylenes as starting materials, offering a versatile and
efficient route to complex heteroacenes. Unlike conventional strategies, which typically rely
on sulfur-containing precursors to construct the dibenzo[b,d]thiophene (DBT) core, Feofanov's
innovative technique utilizes sodium sulfide (Na>S) as an external sulfur source in the presence
of tetrabutylammonium bromide (TBAB) in HMPA (hexamethylphosphoramide) for 3h at
180 °C. This shift not only enhances the flexibility of the synthetic process but also expands
the potential for designing and producing diverse DBT-based structures, paving the way for
new developments in heteroacene chemistry.

- ‘ F Na,S/ TBAB
" F

HMPA
P .. Mw,180°C

Scheme 1.24: Reaction conditions of S-heteroacenes.

Subsequently, Itami et al''®. achieved the synthesis of highly sought-after thiophene-fused
aromatic belts, commonly referred to as thiophene belts, by adapting the conditions developed
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by M. Feofanov Utilizing partially fluorinated cycloparaphenylenes (CPPs) as precursors, O-
heteroacenes.

Na,S/ TBAB
HMPA
MW, 180 °C
3h
[8] thiophene belt
56
[8]CPP 20%

Scheme 1.25: Synthesis of [§]thiophene belt.

Heteroacenes systems incorporating thiophene have been extensively researched for their
potential as organic semiconductors, demonstrating impressive performance characteristics. In
contrast, furan-based n-conjugated structures have only recently gained significant attention in
this field. The oxygen atom's smaller van der Waals radius compared to sulfur suggests that
furan-containing compounds could potentially form more compact packing arrangements in
solid form. This tighter molecular organization is a crucial factor for enhancing semiconducting
properties in organic materials.

Dibenzo[b,d]furan represents the most basic and stable example of O-heteroacenes and is
commonly used as a reference compound for developing synthetic methods targeting these
systems. Although significant efforts have been made to simplify the formation of the furan
ring, the main synthetic strategies remain limited and can be grouped into two categories. The
final step typically involves either a transition metal-catalyzed C-C coupling !%1%7] reaction
using substituted diphenyl ethers or the formation of a %7 11%C-O bond from 2,2-disubstituted
biphenyls, generally accomplished through a two-step process of deprotection followed by

dehydration.
ORX o O
0
X

OMe
X=H, Br, I, OTs, COOH
X=H,Cl, F

C-C li
R=H, 302C4F9 coupling

\ \ %Deprotection

2) Dehydrati
C-O coupling ) Dehydration
o

Scheme 1.26: Synthesis of O-heteroacenes.

A novel approach for synthesizing O-heteroacenes has been developed by Kalyani et al''"",
utilizing palladium-catalyzed intramolecular C-H arylation with tosylates serving as
electrophiles. This efficient transformation employs a carefully optimized reaction system,
featuring a palladium acetate catalyst (5 mol%), dcype ligand (10 mol%), cesium carbonate
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(1.5 equiv), and cesium pivalate (1.1 equiv) in toluene at 120°C. Under these conditions, the
intramolecular cyclization proceeds smoothly, affording the desired product in a yield of 86%.

OTs 10 mol % Pd(OAC),

© 20 mol % ligand O
CsCO3 (1.5 equiv)
H 57 CsOPiV (1.1 equiv) 58

Toluene, 120 °C 86%

Scheme 1.27: Synthesis of 48 via palladium-catalyzed.

Bedekar et al"'". conducted a series of experiments involving naphthofuran derivatives. They
successfully synthesized 2-hydroxy-7-oxahelicene through the acid-catalyzed dehydration of
1,10-binaphthalenyl-2,20,7-triol.

0
o0 pTSA
HO PhCH3 O
HO ! l OH reflux, 24h ' O

OH 60
59 62%
Scheme 1.28: Synthesis of 2-hydroxy-7-oxa[5]helicene (60).

Another example of an O-heteroacene is syn-DBBDF!!2], which was effectively synthesized
through a double cyclization process. This reaction was carried out under basic conditions at
elevated temperatures, achieving a high yield of 92%.

92%
Scheme 1.29: Synthesis of syn-DBBDF (62).

The Amsharov research group has developed two novel approaches for synthesizing
Dibenzo[b,d]furan using external oxygen sources. In one method, Akhmetov et all''*],
employed y-Al203 at 190°C as an oxygen donor to facilitate the formation of benzoannulated-
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furan derivatives. Alternatively, Feofanov et al*l. utilized t-BuOK as an oxygen source in
hexamethylphosphoramide (HMPA) solvent, applying microwave irradiation at 120°C for 3
hours to achieve the desired transformation. This methodology represents a significant
advancement in heteroacene synthesis, offering a more accessible route to these important
organic semiconductor materials.

F F

(0]
63 64

Method A: Al,O3, 190 °C, 12 h. 65%
Method B: t-BuOk, HMPA, 120 °C, 3h, MW. 93%

Scheme 1.30: Synthesis of dibenzofuran via two methods, using Al2O3 or t-BuOK as an external source of oxygen.
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II. Aims

In recent years, cyclophenylene hydrocarbons have once again become a focal point of
chemical research. The field originated in the 1940s!!'*! with the creation of ortho-linked
macrocyclic hydrocarbons, known as cyclo-ortho-phenylenes (COP). This was followed by a
renewed focus in the 1960s!®” when cyclo-meta-phenylenes (CMP) were introduced. The
synthesis of cyclopara-phenylenes (CPP) in the 2000s1°* 58! addressed a longstanding challenge
and opened up exciting new possibilities, particularly in connection with nanocarbon materials.
The aim of this study is dedicated to preparing two varieties of fluorinated cyclophenylene
hydrocarbons. This was achieved using two distinct approaches: On-surface chemistry
techniques were employed to synthesize CPP derivatives, while a nickel-mediated method was
used to obtain CMP compounds. Thus, the study should include the following steps:

e The precursor undergoes bromination and is subsequently deposited onto an Au(111)
surface, where its structure is analyzed using scanning tunneling microscopy and
spectroscopy (STM/STS). This process facilitates the formation of cyclo-para-
phenylenes (CPP).

¢ Fluorinated oligo-phenylenes are synthesized through the application of BuLi-mediated
reactions and Suzuki—Miyaura cross-coupling.

e Anovel strategy is employed for direct bromination.

e Cyclo-meta-phenylenes (CMP) are produced utilizing a nickel-catalyzed synthetic
route.
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ITI. Results and discussion

In the following sections, all results will be discussed, beginning with the synthesizing of 5,9-
dibromodinaphtho[2,1-b:1',2'-d]furan, a precursor employed in on-surface synthesis (OSS) to
construct planar cycloparaphenylenes (CPPs). Subsequent work focuses on fluorinated
oligophenylene derivatives, prepared via n-BulLi-mediated reactions and Suzuki-Miyaura-
coupling, followed by bromination under varied conditions to assess efficiency and
regioselectivity. The third phase applies Yamamoto coupling to compound 7a, yielding
macrocyclic [8]JCMP and [12]CMP, which undergo ladderization of fluorinated
oligophenylenes (LOOP reaction) using an external source of sulfur. LOOP conditions are then
extended to fluorinated oligophenylenes (5, 6, 7), with using oxygen or sulfur source outcomes.
Finally, brominated-fluorinated derivatives (4a, 5a, 6a, and 7a) are functionalized with
fluorinated phenyl or naphthalene groups, serving as precursors for LOOP-derived structures.

II1.1. Bromination of dinaphtho[2,1-b:1',2'-d|furan 1.

The bromination of 1 was performed with 2.2 equivalents of Brz in dry dichloromethane for
22h, yielding dibromodinaphthofuran (5,9-dibromodinaphtho[2,1-b:1',2'-d]furan in 82%.
Notably, the process proceeded efficiently without the use of a catalyst; due to the presence of
the oxygen atom in the furan ring, which significantly activates the aromatic system for
electrophilic substitution without requiring additional catalysts.

o

0
Q O Bry(2eq)/ DCM  Bf O O Br
' 1 O t, 22h

Scheme 1. Bromination of dinaphtho[2,1-b:1',2'-d]furan 1.
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Figure 1. HPLC-profile after reaction of dinaphtho[2,1-b:1',2'-d]furan with bromine in dry dichloromethane. HPLC
conditions: PBr column, eluent DCM:MeOH:70:30, 40 °C, 1 mL min-1, detection at 300 nm.
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The proton NMR characterization of the dibromodinaphthofuran (5,9-dibromodinaphtho[2,1-
b:1',2'-d]furan was done in CDClI3-solvent, and the results are presented in Figure 2 below.
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Figure 2. "H-NMR (400 MHz, CDCl3, RT) of dibromodinaphthofuran (5,9 dibromodinaphtho[2,1-b:1',2'-d]furan 2.
II1.2. Dimerization of 5,9-dibromodinaphtho(2,1-b:1',2'-d]furan.

To achieve the dimerization of dibromodinaphthofuran (5,9-dibromodinaphtho([2,1-b:1',2'-
d]furan), the procedure involved reacting compound 2 with 1.1 equivalent of n-butyllithium
(n-BuLi) at —78 °C and stirring for 30 minutes, followed by the addition of one equivalent of
copper(Il) bromide (CuBrz) and continued stirring at —78 °C for another 45 minutes before
allowing the reaction to proceed at room temperature for 3 hours. Despite these conditions, the
transformation did not go to completion; analysis revealed the presence of only the mono-
brominated 3 in a yield of 65% and unreacted starting material 2, with no evidence of the
desired dibrominated compound.

o)
o)
0 © Br g Br
Br O O Br n-BuLi/CuBr, Q Q .
om0 Q" 0
2 3 12%

65%
Scheme 2. Homocoupling of 5,9-dibromide naphtho[2,1-b:1',2'-d]furan 2.

The on-surface synthesis (OSS) of planar cycloparaphenylenes (CPPs) employs a
dinaphthofuran derivative substituted with bromine atoms at the 5,9-positions as a precursor.
This precursor's fused furan ring induces curvature in the para-linked biphenyl segment,
facilitating the formation of a cycloparaphenylene CPP framework through intermolecular
coupling. The bromine substituents enable the debrominative coupling via cis or trans
configurations, while attached benzo groups (cyan) allow subsequent cyclodehydrogenation to
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enhance structural rigidity. DFT calculations (PBE-D3(BJ)) reveals that the angle between C—
Br bonds in the nonplanar precursor is 141.4°, favoring 9- or 10-unit macrocycles. Forcing the
molecule into a planar conformation reduces this angle to 135.2°, shifting preference toward
8-unit macrocycle.

Scheme 3. The formation of the macrocyclics.

Experimentally, depositing the precursor onto Au(111) at 300 K leads to noncovalent self-
assembled ribbons in face-centered cubic (fcc) regions, stabilized by Br---Br and O---H
interactions. Annealing at 573 K triggers debromination, evidenced by a Br 3p3/2 binding
energy shift from 183.6 eV to 181.4 eV, and induces covalent coupling. This results in circular
macrocycles (40% yield) and incomplete macrocycles (arc structures) from all-cis linkages,
along with chains and macrocycles of other topologies structures from cis-trans combinations.
The enhanced ring yield compared to prior studies stems from staggered naphthalene groups
in the precursor**!, which mitigate steric hindrance during cis-coupling of monomers, STM
imaging confirms macrocycles comprising 8—11 monomers (n-extended [2n]CPPs (n = 8-11)),
with cyclodehydrogenated perylene motifs visible as white arrows in Figure 2c—f. These
findings underscore the interplay between precursor geometry, surface interactions, and
reaction pathways in achieving size-controlled planar CPPs.
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II1.3. Synthesis of Fluorinated oligophenylenes.

Initially, we synthesized our precursors by two methods, namely, the ortho lithiation and the
Suzuki—Miyaura coupling. We began with an ortho lithiation of 2,6-Difluorotoluene 4 followed
by an addition of 2eq of Copper (II) bromide at -78 °C, leading to the homocouplings of 2,6-
Difluorotoluene (Dimer 2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl, Trimer 2,2",4,4',4",6'-
hexafluoro-3,3",5'-trimethyl-1,1':3',1"-terpheny], and  Tetramer  2,2",4,4'4"4".6',6"-
octafluoro-3,3",5',5"-tetramethyl-1,1":3',1":3",1"-quaterphenyl) in a yield of 32%, 18%, and
7% respectively (Scheme 4). The structural NMR (‘H '°F and '3C) and MS characterization
methods confirmed the structural assignments. The Suzuki-Miyaura coupling of 3.,4-
difluorophenylboronic acid was readily cross-coupled under palladium catalysis with various
Brominated-aryl to give isolated 3,3'.4,4'-tetrafluoro-1,1'-biphenyl (8) and 3,3",4,4'4",5'-
hexafluoro-1,1":2',1"-terphenyl (9) in yields of 78% and 72% (Scheme 5).

1) n-BuLi, TMP

F F
F F
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Scheme 4. Synthetic route for fluorinated oligophenelynes precursors 5-7.
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E F Pd(PPhs), O
K,CO [~
+ —22-3
Br”

- Di-Oxane/Water
Br B(OH), 12h,A O
F
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o O
F
D OY:
., 7O
F 8 9 F
F 78% 72%

Scheme 5. Synthesis of precursor structures 8-9 via a Suzuki-Miyaura cross-coupling reaction.

With the necessary precursors in hand, we turned our attention to the formation of specific Di-
para-iodation or Di, para-borylation.

I11.3.1. Iodonation or borylation of 2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl.

To attempt the insertion of iodane or boronic acid at the ortho position relative to fluorine, butyl
lithium chemistry was employed using various iodine sources, including diiodine and 1,2-
diiodoethane, as well as different boronic acid sources such as trimethyl borate and isopropoxy
pinacolborane. However, in all cases, the reaction did not take place.

F F

FF
-78PC
R R

5
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2h

2.2¢eq 2eq Di-iodine No reaction

2.2¢eq 2eq 1,2-diiodoethane 2h No reaction

2.2¢eq 2eq Trimethyl-Borate 2h No reaction

2.2eq 2eq 1SOPropoxy 2h No reaction
pinacolborane

7,4 eq 7 eq 1SOPropoxy weekend No reaction
pinacolborane

Table 1. Iodonation or borylation of 5.
I11.4. Bromination of Fluorinated oligophenylenes.
I11.4.1. Bromination of 2,6-difluorotoluene

The reaction of 2,6-difluorotoluene was conducted using two approaches (Scheme 6). The first
method employed 3 equivalents of bromine and 10 equivalents of iron at room temperature,
yielding 3,5-dibromo-2,6-difluorotoluene (4a) with a high efficiency of 90%. In contrast, the
second method utilized conventional conditions with 2 equivalents of iron and 10 equivalents
of bromine, producing 3,4,5-tribromo-2,6-difluorotoluene (4b) in an 87% yield. The employed
method for synthesizing (4a) showed a remarkable selectivity for bromination at the para
position relative to fluorine, even when increasing bromine to 5 or 7 equivalents, leaving the
para position to the methyl group unreacted.

Q" F
Mc)eq\la‘zﬁe
Fe/'zhr Br Br
w2 4a

(o]
Fe(
Vs F F
W‘l@q)
T 22n Br Br
4b Br
87%

Scheme 6. Bromination of 2,6-difluorotoluene 4.
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I11.4.2. Bromination of 2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl.

The bromination of dimer (5) was carried out using 3 equivalents of bromine and 10 equivalents
of iron at room temperature, resulting in a mixture of the di-brominated compound (5a) and the
unreacted starting material (5), as reported in Table 2. To enhance the yield, the amount of iron
was increased to 20 equivalents, which improved the reaction outcome but the starting material
(5) was observed. The reaction would require more excess of Iron in order to be completed.
While using 30eq of Iron, the results showed a total para-specific reaction with a good yield of
90%. However, the usage of 2 equivalents of Iron in the presence of 10 equivalents of Bromine
has led to a complex mixture which was difficult to be identified and separated by column
chromatography and high-performance liquid chromatography (HPLC).

(30eq)13‘2@e® O O
e
FF 5 m B oo
F O Q F  Fe(2eq)/Bry(10eq) .
>  Complex Mixture

5 DCM, r.t, 22h

Scheme 7. bromination of 2,2'4,4'-tetrafluoro-3,3'-dimethyl-1,1"-biphenyl 5.

Mixture (5: 35%, 5a: 65%)

3 Mixture (5: 20%, 5a 80%)

3 5a: 90%

Table 2. Mixtures of Di-bromination and starting compound were observed.

I11.4.2.1. Optimization of the reaction conditions using a series of Copper/Iron Bromides

(MXn).
F
e e
rt, 22h

___—
_ CuBr(4eq) No reaction
_ CuBr(30eq) - No reaction
_ CuBr(30eq) 3(eq) No reaction
_ CuBr(2eq) 10(eq) No reaction
_ CuBr2(4eq) - No reaction
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_ CuBr2(30eq) - No reaction
_ CuBr2(30eq) 3(eq) No reaction
_ CuBr2(2eq) 10(eq) No reaction
_ FeBr2(2eq) - No reaction
_ FeBr2(30eq) - No reaction
_ FeBr2(30eq) 3(eq) Mixture!
_ FeBra(2eq) 10(eq) Mixture!
_ FeBr3(2eq) - No reaction
- FeBrj(4eq) - Mixture?(5: 90%, 5a: 10%)
- FeBr3(10eq) - Mixture*(5: 73%, 5a: 27%)
_ FeBr3(30eq) 3(eq) Mixture!
_ FeBr3(2eq) 20(eq) Mixture!

Table 3. Screening of conditions for selective synthesis of (5a).!Complex Mixtures were observed. 2Mixtures of Di-
bromination and starting compound were observed via NMR.

This behavior suggests that the reaction likely occurs on the surface of metallic iron. To support
this hypothesis, we investigated direct bromination using alternative brominating agents.
Biphenylene 5 was selected as a model compound, with the aim of preferentially obtaining the
dibrominated product 5a. However, no bromination was observed when using cupric bromide
or cuprous bromide as the brominating agents (entries 1-8). Similarly, attempts using FeBr or
FeBrs (2eq) in various stoichiometries (entries 9, 10, 13) did not yield any detectable
brominated products. Under more forcing conditions—combinations of Br. with FeBr: a
complex mixtures of were observed (entries 11, and 12), Upon increasing the amount of FeBrs,
only mixtures of the desired dibrominated product (5a) and unreacted starting material (5) were
obtained (entries 14, and 15). use of Bromine with FeBr; had a disappointing outcome where
a complex mixture was detected (entries 16 and 17). Thus, none of the examined conditions
matched the selectivity and efficiency achieved with bromination in the presence of excess
metallic iron.

111.4.3. Bromination of Trimer and Tetramer.

The same strategy was employed to 6. Where 20 equivalents of Iron was adequate to obtain 6a
with a 90% yield. And 10 equivalents of Iron with 3 equivalents of bromine (Br2) was sufficient
for obtaining 7a with a 98% yield. The characterization studies were carried out via NMR ('H,
F and 13C), MS. In contrast, employing conventional conditions with 2 equivalents of iron
and 10 equivalents of bromine for compounds (6) and (7) resulted in complex mixtures that
were difficult to analyze.
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Complex Mixture

6-7

Scheme 8. Bromination of fluorinated oligophenelynes precursors 6-7. Conditions (a) Fe(20 eq)/Brz2(3 eq), 1t, 22h. (a”)
Fe(10 eq)/Br2(3 eq), rt, 22h. (b) Fe(2 eq)/Br2(10 eq), t, 22h.

I11.4.4. Bromination of 3,3',4,4'-tetrafluoro-1,1'-biphenyl.

Additionally, we examined the effect of Bromine/Iron on 3, 3,3'4,4'-tetrafluoro-1,1'-biphenyl
(8). The results showed a di-brominated compound which is the 2,2'-dibromo-4,4',5,5'-
tetrafluoro-1,1'-biphenyl (8a), with a yield of 76%. On the other hand, using conventional
conditions with 2 equivalents of iron and 10 equivalents of bromine resulted in complex
mixtures that were difficult to analyze.

F
F
F B O 8a
F @ed) 76%
e
C‘\I\’ﬁ,
8 P .

O R "
.

F * 1, 22 Complex Mixture

Scheme 9. Bromination of precursors 8.
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I11.4.5. Bromination of 3,3'",4,4',4",5'-hexafluoro-1,1':2',1""-terphenyl.

The bromination of 3,3".4,4'.4",5'-hexafluoro-1,1":2',1"-terphenyl (9) under both methods
produced 2,2"-dibromo-4,4',4",5,5',5"-hexafluoro-1,1":2',1"-terphenyl (9b) as a major product,
with our approach delivering a superior yield of 83%, compared to the 70% yield achieved
using the conventional method.

Br F

F O 9b

0

e seet

F O O oom, . 22" Br F
F

Fero
€q),.
9 O F Meq ) 9b

3 I't’
22h 70%

n
M

m M

Scheme 10. Bromination of precursors 9.

I11.4.6. Screening the bromination of fluorinated-biphenyl.

For comparison purposes, further reactions were conducted with different types of Fuoro-
oligophenelynes, where Fluorine atoms are located in the bay-region. Using the optimised
conditions obtained above for the synthesis of 5a from 5 (Table.2) and the conventional
conditions.

»> Bromination of 2,2'-difluoro-1,1'-biphenyl.

Fluorinated biphenyl 103! was brominated by employing 30 equivalents of Iron and 3
equivalents of Bromine, affording 5,5'-dibromo-2,2'-difluoro-1,1'-biphenyl (10a) in a yield of
97%. However, conventional bromination gave 4,4',5,5'-tetrabromo-2,2'-difluoro-1,1'-biphenyl
(Tetra-bromination, 10b) with a yield of 68%.

0C 97%
F Fe
O (2eq)/8r2(70 Br
DCM eq) Br

10 F

r
Br 10b
Br 68%

Scheme 11. Bromination of precursors 10.
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» Bromination of 2,2',6,6'-tetrafluoro-1,1'-biphenyl.

The bromination of 2,2',6,6'-tetrafluoro-1,1'-biphenyl (11)!''% using our method gives 3,3'-
dibromo-2,2',6,6'-tetrafluoro-1,1'-biphenyl (11a) with a yield of 81%. In contrast, utilizing 2
equivalents of I[ron and 10 equivalents of Bromine produces a mixture of 3,3'-dibromo-2,2',6,6'-
tetrafluoro-1,1'-biphenyl (11a) and 3,3',5-tribromo-2,2',6,6'-tetrafluoro-1,1'-biphenyl (11b) in
yields of 7% and 15%, respectively.

D
YR L "
(7
(T ocy, etron ®
T 20y 11a + F F
1 7% F l F
Br
11b
15%

Scheme 12. Bromination of precursors 11.

> Bromination of 2,2',4,4'-tetrafluoro-1,1'-biphenyl.

The bromination of 2,2',4,4'-tetrafluoro-1,1'-biphenyl 12”1 proceeded in both conditions to
give 5,5'-dibromo-2,2',4,4'-tetrafluoro-1,1'-biphenyl 12a in a comparable yield (70% and 67%).

oC 12a
F70%
F Fe
Pcu, 5l
' 22h 12a
F 67%
12 °

Scheme 13. Bromination of precursors 12.
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» Bromination of 2,2'-difluoro-5,5'-dimethyl-1,1'-biphenyl.

To investigate the impact of blocking the para position relative to fluorine, 2,2'-difluoro-5,5'-
dimethyl-1,1"-biphenyl (13)1*”! was selected for bromination. When treated with 30 equivalents
of iron and 3 equivalents of bromine, we obtained 3,3'-dibromo-2,2'-difluoro-5,5'-dimethyl-
1,1'-biphenyl (13a) with a 73% yield, where the bromination took place at the ortho position
relative to fluorine. However, using 2 equivalents of iron and 10 equivalents of bromide,
2,2',4.4'5,5"-hexabromo-6,6'-difluoro-3,3'-dimethyl-1,1'-biphenyl (13b) was obtained with a
yield of 85%, where bromination occurred at all positions.
O Br
F 13a

(30eq\IBrzK3em O F73%
i re mr

Br
F Br
Fe

O D eqy Bra(10 >
.3 Cm, 22 q) 13b
Br F 85%

Br i F

Br

Scheme 14. Bromination of precursors 13.

> Bromination of 14 and 15.

Both 4,4'-difluoro-1,1'-biphenyl (14)!!'7 and 2,2',3,3'-tetrafluoro-1,1'-biphenyl (15)!!'8) gave a
complex mixture under both bromination conditions. The resulting mixtures were challenging
to identify and separate using column chromatography and high-performance liquid
chromatography (HPLC).

F
F  Fe(2eq)/Bry(10eq)
O O F Or
Fe(30eq)/Bry(3e
OR F (30eq)/Bry(3eq) Complex Mixutre
O O DCM, rt, 22h
14 F
E 15

Scheme 15. Bromination of precursors 14 and 15.
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» Bromination of 2,2',5,5'-tetrafluoro-1,1'-biphenyl.

Under both conditions, the bromination of 2,2',5,5'-tetrafluoro-1,1'-biphenyl (16)” resulted in
the formation of 4,4'-dibromo-2,2',5,5'-tetrafluoro-1,1'-biphenyl (16a), our method gives a
higher yield (93%) compared to the conventional approach (82%).

Br

DCN\, '
F
Fe
O F D(2eq)/8r2( 70,
] CM, 2 €q) 16a
h 82%

Scheme 16. Bromination of precursors 16.

» Bromination of 3,3'-difluoro-1,1'-biphenyl.

For 3,3'-difluoro-1,1'-biphenyl (17)!'*1, our method yielded compound 17a with a yield of
89%. Interestingly, the first bromination occurred at the para position relative to the fluorine
atom, while the second bromination took place at the ortho position. We hypothesize that the
initial bromination occurred in the bay region, which subsequently prevented the second
bromination from occurring at the same site. In contrast, conventional conditions resulted in

complex mixtures that were difficult to analyze.

17a
89%
(3e9)
306(3)'6 2
W, 5 22
(Qeq) Brz( 70
€q) Complex Mixutre

Scheme 17. Bromination of precursors 17.
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II1.5. Synthesis of Cyclometaphenylenes [§]CMP.

e Retrosynthetic analysis.

A Linear Octamer ————

@
&
Strategy 2
FF 8,
18 ’%o
&

[8]CMP

Scheme 18. The synthesis strategy to obtain [§]CMP.
To synthesize Cyclometaphenylenes [§]CMP, three strategies were explored:

Strategy 1: began with dimerization of precursor 7a to form a linear di-brominated octamer,
followed by conversion of bromine to boronic esters and performing an intramolecular
homocoupling to obtain [§]CMP.

Strategy 2: employed bromine-lithium exchange or Miyaura borylation to transform the di-
brominated intermediate into boronic esters, then utilized Suzuki-Miyaura cross-coupling to
achieve macrocyclization.

Strategy 3: utilised Yamamoto coupling directly on 7a to generate [§]JCMP.

i.  Examination of the Strategy 1.

1. n-BuLi (1.1 eq)

2. CuBry(1 GQ-)= Mixture of 7 and 7a

-78°C, 3h, THF

Scheme 19. Homocoupling of 7a using BuLi chemistry.
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To synthesize the di-bromination-octamer, a bromine-lithium exchange was attempted on 7a
using n-BuLi(1,2 eq) in THF at -78C, followed by the addition of CuBrz(1 eq). However, the
reaction did not proceed as expected, yielding 7 and 7a instead, Consequently, the first strategy
was unsuccessful due to the failure to synthesize the desired octamer.

ii. Examination of the Strategy 2.

In an attempt to convert the bromine of compound 7a into boronic acid, the reaction was carried
out using various types of BuLi in THF at —78 °C, followed by treatment with an excess
amount of B(OMe); or Bzpin: for 3 hours (Entry 1-4). However, the desired transformation did
not occur, and only starting materials 7 and 7a were recovered.

R= Bpin or B(OMe),

Scheme 20. Borylation of 7a.

Entry 1 n-BuLi (2 eq) B(OMe); No reaction
Entry 2 Sec-BuLi (2eq) B(OMe); 3h No reaction
Entry 3 t-BuLi (2 eq) B(OMe); 3h No reaction
Entry 4 Sec-BuLi (2eq) Bopinz 3h No reaction

Table 4. Borylation of 7a using BuLi chemistry.

In parallel, Miyaura borylation conditions were tested to convert bromine in compound 7a into
its corresponding boronic ester. Standard reaction conditions were employed with variations in
reaction time, temperature, and the use of either microwave or solution-based setups (entries
5-16). Further attempts involved modifying the catalyst, replacing PdClz(dppf) with Pd(OAc):
for solution-phase reactions lasting 8—12 hours (entry 17). In entry 18, Pd(dba). was used as
the catalyst under solvent-free conditions in a microwave. Despite these extensive
optimizations, none of the reactions succeeded, and the desired transformation was not
achieved.
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Bopino PdClx(dppf) KOAc Dioxane M.W
6 Bopin, PdClx(dppf) KOAc Dioxane 80 3 M.W
7 Bopino PdClx(dppf) KOAc Dioxane 80 6 M.W
8 Bopin, PdClx(dppf) KOAc Dioxane 80 12 M.W
9 Bopino PdClx(dppf) KOAc Dioxane 110 0.5 M.W
10 Bopin; PdClz(dppf) KOAc Dioxane 110 10 M.W
11 Bopiny PdClx(dppf) KOAc Dioxane 80 8 Solution
12 Bopiny PdClx(dppf) KOAc Dioxane 80 overnight Solution
13 Bopin, PdClLx(dppf) KOAc Dioxane 80 24 Solution
14 Bopiny PdClx(dppf) KOAc Dioxane 110 8 Solution
15 Bopin, PdClLx(dppf) KOAc Dioxane 110 overnight Solution
16 Bopin, PdCl(dppf) KOAc Dioxane 110 24 Solution
17 Bopin, Pd(OAc)2 KOAc Dioxane 80 8/12 Solution
18 Bopin, Pd(dba), KOAc Free 110 12/24 M.W

Table 5. Borylation of 7a using Miyaura borylation
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Therefore, the second strategy was deemed unsuccessful due to the inability to convert the
bromine groups into boronic esters.

ili. Examination oft he Strategy 3.

Under Yamamoto coupling conditions, compound 7a was reacted with 4 equivalents of
Ni(COD)z, 4 equivalents of 2,2'-bipyridine, and 8 equivalents of 1,5-cyclooctadiene (COD) in
THF for 1 hour. The reaction, which demands strict exclusion of air and moisture, was
performed in a glovebox to maintain anhydrous conditions. Despite these precautions,
F16[8]CMP was obtained with a yield of 1%, along with trace amounts of F24[12]CMP.

Ni(COD),,

2,2'-bipyridine (4 eq)
> F16[8ICMP 4+ Fy4[12]CMP

1,5-cyclooctadiene (8 eq) .
1h, THF 18 19
1% traces

Scheme 21. Yamamoto coupling of 7a.

F16[8]CMP
|
|
K fl } K F24[12]CMP
ﬁ \ A f
h ' \ | ~
PRIV AMA Wi 4 N S S T
" 25 s0 15 100 125 180 175 20,

Figure 3. HPLC-profile after reaction Yamamoto coupling of compound 7a. HPLC conditions: PBr column, eluent
DCM:MeOH:30:70, 40 °C, 1 mL min-1, detection at 350 nm.

The NMR characterization of Cyclomethaphenylenes Fi6[8]CMP was conducted using CDCls
as the solvent, with the resulting spectrum depicted in Figure 4. The 'H NMR spectrum of
F16[8]CMP is straightforward to interpret, displaying two distinct signals: a peak at 7.09 ppm,
which is attributed to the aromatic C—H protons of the benzene rings, and a peak at 2.33 ppm,
corresponding to the methyl group protons. This clear separation of signals facilitates the
structural elucidation of the macrocyclic Fi4[§]JCMP.
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-7.09
-2.33

Fi6/8]CMP

16 15 14 13 12 11 10 9 8 6

f1 (ppm)
Figure 4. 'H-NMR (400 MHz, CDCls, RT) of F1[8]CMP 18.

IT1.5.1. Ladderization of fluorinated oligophenylenes (LOOP reaction) of F16[8]CMP.

F16[8-SJCMP was synthesized from the precursor Fis[8]CMP. utilizing sulfur-embedding
nucleophilic aromatic substitution (SNAr) reactions under conditions optimized by Feofanov.
Specifically, a reaction mixture of Fis[8§]CMP (1.0 equivalent), sodium sulfide (Na,S, 80
equivalents), and tetrabutylammonium bromide (TBAB, 16 equivalents) was dissolved in 1 ml
of hexamethylphosphoric triamide (HMPA) and subjected to microwave irradiation at 180 °C
for 3 hours, resulting Fi6[8-S]CMP.

Na,S(80 eq)
TBAB(16 eq)

HMPA 1 ml
180 °C, 3h

Scheme 22. LOOP reaction of F16[8]CMP.
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The desired product was successfully detected using mass spectrometry with liquid injection
field desorption ionization (MS, LIFDI), showing a measured [M]* ion at m/z 960.0260, which
closely matches the calculated value of m/z 960.0297 for the molecular formula CssH32Ss,
thereby confirming the identity of the product.

ML: 4.73E4

960.02605 20250521_LIFDI_EN 997 #387-454 RT.
100+ CssH32%28g 3.35-3.93 AV: 68 NL: 4.65E4
z h T. FTMS + p ESI Full ms2
g B0 1075.0000@Ehed 10.00
=}
% . 961.02052 [150.0000-2000.0000]
2 604
Py ]
2
8 404 962.02267 966.05081
2 - 7958.00936 963.02477 967.05424
{1 / es001781 964.025%0 96502059
0 T T : T T T T T T T |. T T T T T
958 959 960 961 962 963 964 965 966 967
miz
NL: 3.60ES
100 960.02642 961.02977 C5BH3258 Chg: +1: Css Ha: Sy p (088,
] 13 92 =ip:40) Chrg 1 R: 68103 Res. Pwr.
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= ] 961,0_294?‘ NL: 3.60ES
9% 601 — r‘T:P‘:"?o Chg: +1: Cs5 Haz S¢ pa Chrg 1
= 1 962.02411
2 a0
w - 963.02582 967 0199
[} 7.01995
® 20 )
. %4'12535 965.02251 96602346 |
0 T T T T T 1 T 1 T 1 T T T |l T f T T T
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Peak Mass Display F... S Fit RDB Delta [pp... Theo. ma... Rank Combine... # Match... # Missed... MS Cov.... Pattern C... MSMS M.
e 2590686 .
9600260 CssHaa™S 7517897 41,00 -0.38 9600264 73.71 9 0 76.36 95.36 (Collect;
5 8 5 2 on)
Figure 5. HRMS (LIFDI) of 20.
II1.6. LOOP of Dimer 5.

The LOOP reaction of the dimer (5), conducted with 12 equivalents of potassium tert-butoxide
(t-BuOK) as an external oxygen source in 2 mL of hexamethylphosphoramide (HMPA) under
microwave irradiation at 120 °C for 3 hours, produced a complex mixture of products that
proved challenging to separate. Increasing the amount of t-BuOK did not improve the outcome.
However, elevating the reaction temperature to 150 °C and extending the reaction time to 6
hours while maintaining 12 equivalents of t-BuOK led to the exclusive formation of a single
product in 70% yield, as evidenced by NMR spectra indicating that only one terminal fluorine
atom had reacted. Further attempts to drive the reaction of the second terminal fluorine by
increasing t-BuOK to 20 equivalents at 150 °C for 6 hours, or by raising the temperature to
180 °C for the same duration or 22h, resulted in no additional reactivity, with the second
terminal fluorine remaining Unconverted.

FF 0
t-BuOK 3h
—_—
F O Q " HwiPa F O Q o
MW, 150°C 21
5 70%

Scheme 23. LOOP reaction of precursor 5.
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Figure 6. HPLC-profile after reaction of 5 with t-BuOK in HMPA. HPLC conditions: PBr column, eluent
DCM:MeOH:70:30, 40 °C, 1 mL min-1, detection at 300 nm.

In contrast, when the same reaction conditions were applied to the trimer (6) and tetramer (7)—
utilizing 3 equivalents of t-BuOK for each florine in 2 ml of hexamethylphosphoramide
(HMPA) under microwave irradiation at 150 °C for 6 hours—a complex mixture of products
was obtained, which could not be identified or separated using either column chromatography
or high-performance liquid chromatography (HPLC).

HMPA, t-BuOK

Complex Mixutre
150°C,MW,

6h

Scheme 24. LOOP reaction of precursors 6,7.

Under comparable nucleophilic aromatic substitution (SNAr) conditions, a mixture containing
Dimer 5 and sodium sulfide (Na2S, 5 equivalents per fluorine atom) and tetrabutylammonium
bromide (TBAB, 1 equivalent per fluorine atom) in 1 mL of (HMPA) and exposed to
microwave irradiation at 180 °C for a duration of 3 hours. A complex reaction mixture was
generated, which proved to be unidentifiable and inseparable through both column
chromatography and high-performance liquid chromatography (HPLC) techniques.
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II1.7. Functionalization of di-brominated derivatives with fluorinated phenyl or
naphthalene groups.

I11.7.1. Synthesis of 2,2'",4',6'-tetrafluoro-5'-methyl-1,1':3',1"'-terphenyl.

In order to investigate bromo-fluorinated-oligophenelynes in more detail and prevent the
liberation of terminal fluorine, a series of ortho-fluorinated aryl-boronic derivatives was
prepared from the resultant bromo-fluorinated-oligophenelynes using 2-fluorophenyl)boronic
acid or 2-(I-fluoronaphthalen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane via a palladium-
catalyzed Suzuki-Miyaura cross-coupling reactions.

B(OH),

F F . Pd(PPh3),
K,CO3
+ Di /Wat
Br Br ioxane/Water
4a 22 72h, Reflux

90%

Scheme 25. Synthesis of precursor 23 via a Suzuki—Miyaura cross-coupling reaction.

We began to probe various parameters to optimise the Suzuki-Miyaura cross-coupling reaction
between 1,5-dibromo-2,4-difluoro-3-methylbenzene and 2-fluorophenylboronic acid.
Preliminary attempts using a toluene-methanol-water (6:3:1) solvent mixture, potassium
carbonate (K>CO3) as base, and 10 mol% Pd(PPhs)s under 12-hour reflux conditions showed
no conversion. Subsequently, neither prolonged reaction times (72 hours) nor increased catalyst
amount (60 mol%) facilitated the coupling. Changing the solvent to a dioxane-water system of
9:1 similarly yielded no conversion under standard conditions, though a minor amount of
monomeric product appeared after extended reaction to 72 h. Ultimately, only when both the
reaction duration was extended to 72 hours and the catalyst amount was increased to 60 mol%,
the 2,2",4',6'-tetrafluoro-5"-methyl-1,1":3",1"-terphenyl was formed in high yield (90%). This
outcome underscores the significant kinetic and electronic challenges posed by the high
number of fluorinated in the presence of substrates, necessitating both elevated catalyst
concentrations and prolonged reaction times to achieve efficient coupling.

I11.7.2. Synthesis of 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-fluoronaphthalene).

Applying the optimized reaction conditions—specifically, a dioxane-water (9:1) solvent
system, K>COs as the base, and 60 mol% Pd(PPhs)s under reflux for 72 hours—to the cross-
coupling of 1,5-dibromo-2,4-difluoro-3-methylbenzene with 2-(1-fluoronaphthalen-2-yl)-5,5-
dimethyl-1,3,2-dioxaborinane afforded the 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-
fluoronaphthalene) in an isolated yield of 87%.

F 0 Pd(PPh3),
F F é K2COs
~
+ OO 0 Dioxane/Water
Br Br 24 72h, Reflux

4a

Scheme 26. Synthesis of precursor 25 via a Suzuki-Miyaura cross-coupling reaction.
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I11.7.3. Synthesis of 2,2'"",4',4",6',6''-hexafluoro-5',5""-dimethyl-1,1':3',1'":3",1'"'-
quaterphenyl.

The optimized Suzuki-Miyaura cross-coupling protocol was applied to the 5,5'-dibromo-
2,2'4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl (dimer), utilizing 2-fluorophenylboronic acid
as the coupling partner, resulting 2,2".4'4",6',6"-hexafluoro-5',5"-dimethyl-1,1":3",1":3",1"'-
quaterphenyl in an 83% yield.

F F
H2  py (PPhs),
aYavs
D|oxane/Water
Br 523 B 72h, Reflux

Scheme 27. Synthesis of precursor 26 via a Suzuki—Miyaura cross-coupling reaction.

F F

83%

I11.7.4. Synthesis of 2,2'-(4,4',6,6'-tetrafluoro-5,5'-dimethyl-[1,1'-biphenyl]-3,3'-
diyl)bis(1-fluoronaphthalene).

The same reaction conditions were applied to the di-brominated dimer, using 2-(1-
fluoronaphthalen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane as coupling partners. yielding 2,2'-
(4,4',6,6'-tetrafluoro-5,5'-dimethyl-[ 1,1'-biphenyl]-3,3'-diyl)bis(1-fluoronaphthalene) in 73%.

F F Pd(PPh,),

K2003
O O Dioxane/Water
72h, Reflux

Scheme 28. Synthesis of precursor 27 via a Suzuki-Miyaura cross-coupling reaction.

The optimized reaction conditions were subsequently extended to the di-brominated, trimer
and tetramer substrates, employing 2-Fluorophenylboronic acid or Fluoronaphthalen-2-yl)-5,5-
dimethyl-1,3,2-dioxaborinane as the coupling partner in each case, to afford 28, 29, 30 and 31
in yields of 81, 65, 63, and 57%, respectively.

F 0]
B(OH), |
B. Pd(PPhj3),
+ F o KoCOs
OR —_—
Dioxane/Water

24 72h, Reflux

22

Scheme 29. Synthesis of precursor 28-31 via a Suzuki-Miyaura cross-coupling reaction.
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II1.8. Scholl reaction of 2,2'-(4,4'4'",4'",6,6',6'",6'"'-octafluoro-5,5',5",5"""-tetramethyl-
[1,1':3',1":3",1'"""-quaterphenyl]-3,3'""-diyl)bis(1-fluoronaphthalene) 31.

The compound 31 was subjected to oxidative conditions using DDQ in the presence of a
catalytic amount of trifluoromethanesulfonic acid (TfOH) at 0 °C for 20 minutes under high
dilution, with the aim of synthesizing a macrocyclic product. However, instead of the desired
macrocyclization, the reaction predominantly resulted in the dimerization of 31, yielding
compound 32 with an isolated yield of 30%.

DCM, DDQ

TfOH, 0 °C
20Min

Scheme 30. Synthesis of precursor 32 via a Scholl reaction.

The target compound was unequivocally identified by mass spectrometry employing LIFDI, as
evidenced by the observation of the [M]* ion at m/z 1585.37672 for the molecular formula
CosHs2F20, thereby providing definitive confirmation of the product’s molecular structure.
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Figure 7. HRMS (LIFDI) of 32.

I11.9. Ladderization of fluorinated oligophenylenes

After obtaining the required precursors, we focused on the ladderization of fluorinated
oligophenylenes by employing two distinct external reagents as sources of oxygen and sulfur,
specifically tert-butoxide potassium (t-BuOK) and a combination of sodium sulfide with
tetrabutylammonium bromide (Na.S/TBAB), respectively.

I11.9.1. LOOP reaction of 2,2'",4',6'-tetrafluoro-5'-methyl-1,1':3',1''-terphenyl.

The LOOP reaction of 2,2".4',6'-tetrafluoro-5'-methyl-1,1":3',1"-terphenyl (23) employing 12
equivalents of potassium tert-butoxide (t-BuOK) as an external source of oxygen, in 2 ml of
hexamethylphosphoramide (HMPA) solvent under microwave irradiation at 120 °C for 3 hours,
yielded two distinct products. The major product 33 was isolated in 64% yield, with NMR
analysis exhibited complete disappearance of the methyl, consistent with its replacement by a
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hydrogen atom. In contrast, the minor product 34 (31% yield) confirming retention of the
methyl group at the 5'-position.

0 o}
+-BuOK O 0 O ©
HMPA O : O +
MW 34

120 °C, 3h 64%

Scheme 31. LOOP reaction of precursor 23 using t-BuOK in HMPA.

33

34

Figure 8. HPLC-profile after reaction of 25 with t-BuOK in HMPA. HPLC conditions: PBr column, eluent
DCM:MeOH:70:30, 40 °C, 1 mL min-1, detection at 300 nm.

On the other hand, when 2,2".4',6'-tetrafluoro-5'-methyl-1,1":3',1"-terphenyl is subjected to
microwave irradiation at 180 °C for 3 hours in 1 ml of hexamethylphosphoramide (HMPA)
using a mixture of 20 equivalents of sodium sulfide and 4 equivalents of tetrabutylammonium
bromide as reagents, a single product is obtained in 78% yield. Notably, NMR analysis
confirms that the methyl group at the 5' position remains untouchable under these reaction
conditions, indicating its stability throughout the process.

Na,S/TBAB S O S
HMPA

—_—

w - (% U

180 °C, 3h 78%

Scheme 32. LOOP reaction of precursor 23 using Na>S/TBAB in HMPA.
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I11.9.2. LOOP reaction of 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-
fluoronaphthalene).

Applying the same reaction conditions to 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-
fluoronaphthalene), utilizing t-BuOK as a source of oxygen, resulted in the formation of two
products with isolated yields of 86% and 6%, respectively.

tBuOK
_HMPA
120C3h O 36 OO OO OO

86% 6%

Scheme 7. LOOP reaction of precursor 25 using t-BuOK/HMPA.

Conversely, when 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-fluoronaphthalene) was
subjected to similar reaction conditions, employing 20 equivalents of sodium sulfide and 4
equivalents of tetrabutylammonium bromide, a unique product was formed in 56% yield.

Na,S/TBAB
_ HwPA

56%

Scheme 24. LOOP reaction of precursor 25 using Na,S/TBAB in HMPA.

Scheme 33. LOOP reaction of precursor 25 using Na,S/TBAB in HMPA.

Given the observed instability of the methyl group at the 5-position under t-BuOK/HMPA conditions,
subsequent investigations were directed exclusively toward the synthesis of the corresponding sulfur-
containing compound.

The ongoing execution of the LOOP reaction using NaS, and TBAB in HMPA, can be a future
opportunity to continue this work.
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IV. Summary

The main goal of this thesis was the synthesis of cyclopara-phenylenes CPP and cyclo-meta-
phenylenes CMP via selective dibromide derivatives.

First of all, we successfully prepared a series of quasi-planar n-extended cycloparaphenylenes
(CPPs) with varying ring sizes on Au(l11) surface through sequential debromination and
cyclodehydrogenation reactions. These m-extended CPPs form macrocyclic structures with
para-linked phenylene units composing the inner framework. Notably, the 8-unit [16]CPP
adopts a nearly flat conformation on the surface, while larger 9- to 11-unit CPPs exhibit slight
deviations from planarity due to twisted perylene moieties.

Furthermore, a selective terminal di-bromination approach for fluorinated oligophenylenes,
employing a straightforward setup with commonly available reagents and catalysts under mild
reaction conditions. The method proves effective for a wide range of fluorinated
oligophenylenes that are otherwise difficult to access through conventional synthetic routes.
Key findings reveal that the fluorine substituent's position critically influences bromination
selectivity, allowing for high-yielding and regioselective formation of dibrominated products.
This technique offers a flexible platform for assembling more intricate molecular frameworks,
with significant potential for applications in synthetic and materials chemistry.

Finally, we achieved the synthesis of highly symmetrical, fluorinated cyclometaphenylenes
Fi6[8]CMP F24[12]CMP through Yamamoto-coupling. This research advances the chemistry
of CMPs and fluoroarenes while introducing a novel approach for designing complex
nanorings and nanobelts.
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V. Zusammenfassung

Das Hauptziel dieser Arbeit war die Synthese von Cyclopara-Phenylenen CPP und Cyclo-Meta-
Phenylenen CMP Uber selektive Dibromid-Derivate.

Zunachst haben wir erfolgreich eine Reihe von quasi-planaren m-verlangerten Cycloparaphenylenen
(CPP) mit unterschiedlichen RinggroRen auf der Au(111)-Oberflache durch aufeinanderfolgende
Debromierungs- und Cyclodehydrierungsreaktionen hergestellt. Diese nt-verlangerten CPPs bilden
makrozyklische Strukturen mit para-verkniipften Phenyleneinheiten, die das innere Gerdst bilden.
Insbesondere das 8-gliedrige [16]CPP nimmt auf der Oberflache eine nahezu flache Konformation an,
wahrend die groBeren 9- bis 11-gliedrigen CPPs aufgrund von verdrehten Peryleneinheiten leichte
Abweichungen von der Planaritat aufweisen.

Darliber hinaus wurde ein selektiver Ansatz fir die terminale Di-Bromierung von fluorierten
Oligophenylenen entwickelt, bei dem ein unkomplizierter Aufbau mit allgemein verfiigbaren
Reagenzien und Katalysatoren unter milden Reaktionsbedingungen verwendet wird. Die Methode
erweist sich als effektiv fiir eine breite Palette fluorierter Oligophenylene, die ansonsten (iber
herkdmmliche Synthesewege nur schwer zuganglich sind. Die wichtigsten Ergebnisse zeigen, dass die
Position des Fluorsubstituenten einen entscheidenden Einfluss auf die Selektivitat der Bromierung
hat und die Bildung von dibromierten Produkten mit hoher Ausbeute und Regioselektion ermdoglicht.
Diese Technik bietet eine flexible Plattform fir den Aufbau komplizierterer molekularer Geriiste und
birgt ein erhebliches Potenzial fiir Anwendungen in der synthetischen und Materialchemie.

SchlieBlich gelang uns die Synthese von hochsymmetrischen, fluorierten Cyclometaphenylenen
F16[8]CMP F,4[12]CMP durch Yamamoto-Kopplung. Diese Forschungsarbeit bringt die Chemie der
CMPs und Fluorarene voran und stellt gleichzeitig einen neuartigen Ansatz fiir die Entwicklung
komplexer Nanoringe und Nanobelts dar.
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VI. Experimental part

6.1. General Information
Solvents and chemicals

All chemicals and solvents were purchased in reagent grade from commercial suppliers
(Acros®, Sigma-Aldrich® or Fluka®, Fluorochem®, Merck®, chemPur®) and used as
received, unless otherwise specified. Solvents in HPLC grade were purchased from VWR®
and Sigma-Aldrich®) was purchased from Acros®.

Nuclear magnetic resonance spectroscopy

NMR spectra were recorded on a Bruker Avance 400 operating at 400 MHz ('"H NMR), 100
MHz (!3C NMR) and 377 MHz ("°F NMR) at room temperature. The signals were referenced
to residual solvent peaks (in parts per million (ppm) 1H: CDCI3, 7.26 ppm; CD2CI2, 5.32 ppm;
13C: CDCI3, 77.0 ppm, CD2CI2, 53.8 ppm). Coupling constants were assigned as observed.
The obtained spectra were evaluated with the program MestReNova. Resonance peaks were
indicated as “s” (singlet), “d” (doublet), “t” (triplet), “q” (quartet) and “m” (multiplet).
High-performance liquid chromatography

HPLC analyses were carried out using analytical Cosmosil PBr (4.6 x 250 mm) and purification
using semi-preparative PBB-R (10 x 250 mm) column (UV-Vis detection).

Flash liquid chromatography

Automated flash-column chromatography (aFLC) was performed on Intershim® puriflash 430
with flash grade silica gel Kiesegel 60 (0.06 0.2 mm).

Thin layer chromatography

TLC was performed on silica-backed silica plates and visualized by UV-light (254 nm, 366
nm), layer thickness 0.25 mm, medium pore diameter 60 A, Fluka.

Mass spectrometry

LIFDI MS stands for Liquid Injection Field Desorption/lonization Mass Spectrometry (Thermo
Fischer DFS). All spectra are reported as m/z.

Microwave assisted experiments

Microwave assisted experiments were carried out using Discover® SP Microwave Synthesizer,

CEM and Biotage® initiator+ monomode microwave reactor, Biotage in the respective vials.
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6.2. EXPERIMENTAL PROCEDURES
General Procedure 1.

To a solution of 2,2,6,6-Tetramethylpiperidine (2.42 g, 11,88 mL, 17.1 mmol, 2.2 equivalente,
in THF (30 ml) at -78 °C was added n-BuLi (1.02 g, 24,8 mL, 2.5 M in hexanes, 16.0 mmol,
1.4 2 equiv ) dropwise via a syringe and the orange suspension stirred for 30 minutes at -78 °C.
2,6-Difluorotoluene (4g, 11.4 mmol, 1 equiv) dissolved in THF (5 mL) was added dropwise
and the suspension was stirred for a further 30 minutes at -78 °C. CuBr2 (13,8 g, 11.4 mmol, 2
equiv, was added under vigorous stirring and the resulting blue suspension was stirred for an
additional 45 minutes at -78 °C. The dark green mixture was allowed to reach room temperature
over a period of 3 h. A sat. ag. NH4Cl-solution was added, layers were separated and the
aqueous phase was extracted with CH2Cl,. The combined organic phases were washed with a
sat. aq. NH4Cl-solution and dried over Na>SOys, filtered and the solvent evaporated to dryness.
Solvent evaporation under reduced pressure was followed by flash chromatography
purification of the product (Hexane: Dichloromethane=20:1).

General Procedure 2.

The corresponding bromo-arene (1n mmol ) and boronic acid (3 equiv. to halogene) were
dissolved in 15ml of dioxane: H>O (10:1) mixture containing potassium carbonate (755 mg,
3.82n mmol) and Pd(PPhs3)4 (630 mg, 60%) as catalyst. The reaction mixture was stirred under
reflux and argon atmosphere for 15 hours. After the completion of the reaction, the solvent was
evaporated and the residue was purified by silica gel column chromatography eluting with
(Hexane-Hexane: DCM 10:1) yielding the corresponding Fluorinated Oligophenylenes.

General Procedure 3.

A mixture of the corresponding Fluorinated Oligophenylenes. (0.26 g, 1 mmol) and iron
powder (0.56 g, 10-30 mmol) were combined in CH>Cl, (10 mL) at room temperature with
stirring for 30 min. A solution of Brz (0.10 mL,2 mmol) in CH>Cl> (10 mL) was slowly added
drop-wise with vigorous stirring. After this addition, the reaction mixture was continuously
stirred for 22h at room temperature. The mixture was quenched with Na2S203 (10%) and
extracted with CH>Cl, (20 mL 3). The combined organic extracts were washed with water and
brine and evaporated to give pure corresponding Fluorinated Oligophenylenes as a white
powder.

General Procedure 4.

A mixture of the corresponding Fluorinated Oligophenylenes. (0.26 g, 1 mmol) and iron
powder (0.56 g, 2 mmol) were combined in CH2CI2 (10 mL) at room temperature with stirring
for 30 min. A solution of Br> (0.10 mL,10 mmol) in CH>Cl> (10 mL) was slowly added drop-
wise with vigorous stirring. After this addition, the reaction mixture was continuously stirred
for 22h at room temperature. The mixture was quenched with Na;S203 (10%) and extracted
with CH2Clz (20 mL 3). The combined organic extracts were washed with water and brine and
evaporated to give pure corresponding Fluorinated Oligophenylenes as a white powder.

50



General Procedure 5.

A glass tube for microwave reactor was charged with 2 ml of HMPA, fluoroarene (0.03-0.1
mmol) and t-BuOK (66 mg, 3 equiv. to one fluorine). The tube was put in microwave reactor
and stirred for 3 h at 120 °C. After cooling to room temperature, the mixture was filtrated
through silica using hexane as a solvent (50/50 mixture of hexane/ethylacetate was used when
the polar products were formed). The organic solvent was evaporated under the reduced
pressure yielding the product.

General Procedure 6.

A glass tube for microwave reactor was charged with fluoroarene (0.1 mmol of
difluorooligophenylene or 0.5 mmol of tetrafluoro oligophenylene or 0.33 mmol of
hexafluorooligophenylene), Na2S (150 mg, 20 equiv), tetrabutylammonium bromide (120 mg,
4 equiv), and hexamethylphosphoramide (HMPA) (1 mL). The tube was put in a microwave
reactor and stirred for 3 h at 180 °C. After cooling to room temperature, the mixture was
purified via column chromatography using hexane—hexane/dichloromethane (DCM) (10:1) as
an eluent. The organic solvent was evaporated under the reduced pressure, yielding the product.
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e Synthesis of 5,9-dibromodinaphtho[2,1-b:1',2'-d]furan 2.

To a stirred solution of dinaphtho[2,1-b:1',2'-d]furan (100 mg,

O 0.37 mmol) in chloroform (10 mL) bromine (40 pl, 0.75

Br Q O Br mmol) was added in the dark. The mixture was stirred
overnight. After the completion of the reaction aqueous

' O NaHSOs solution was added to quench the excess of bromine.

Chemical Formula: CgH1oBr,0 The organic layer was separated and was dried over

Molecular Weight: 426,11 anhydrous Na>SOs, and concentrated to dryness to afford the
crude compound, purification of the product was carried out
by HPLC chromatography (PBr column, DCM:MeOH 70: 30 mixture as -eluent).
5,9dibromodinaphtho[2,1-b:1',2"-d]furan as off-white solid in 82% (130 mg, 0.31 mmol). 'H
NMR (500 MHz, CDCI3) 6 9.10 (d, J = 8.4 Hz, 2H), 8.52 (dd, J = 8.4, 1.1 Hz, 2H), 8.19 (s,
2H), 7.80 (t, ] = 4.8 Hz, 2H), 7.71 (t, J = 7.7 Hz, 2H). *C NMR (126 MHz, CDCI3) § 153.5,
1294, 128.8, 128.8, 127.1, 125.9, 125.7, 122.3, 119.2, 117.1.

e Dimirization of 5,9-dibromodinaphtho|2,1-b:1',2'-d]|furan 3.

To a solution of 5,9-dibromodinaphtho[2,1-b:1',2'-d]furan
O o O Br (100mg, 1 equivalente, in THF (30 ml) at -78 °C was

Q Q added n-BuLi (207 ul, 2.5 M in hexanes, 2.2 equiv )
' 0 O O dropwise via a syringe and the suspension stirred for 30

minutes at -78 °C. CuBr; (53 mg, 1 equiv) was added
under vigorous stirring and the resulting blue suspension
was stirred for an additional 45 minutes at -78 °C. The
dark green mixture was allowed to reach room
temperature over a period of 3 h. A sat. aq. NH4ClI-
solution was added, layers were separated and the aqueous phase was extracted with CH>Cl,.
The combined organic phases were washed with a sat. aq. NH4Cl-solution and dried over
NaxSOs, filtered and the solvent evaporated to dryness. Solvent evaporation under reduced
pressure was followed by purification with HPLC chromatography (PBr column, DCM:MeOH
70: 30 mixture as eluent). The compound 3 an off-white solid in 65% 94 mg. 'H NMR (400
MHz, cdcl3) 6 9.18 (d, J = 8.4 Hz, 2H), 9.10 (d, J = 8.6 Hz, 3H), 8.52 (dd, ] = 8.5, 0.9 Hz, 2H),
8.21 (s, 1H), 8.08 (d, J = 8.0 Hz, 2H), 8.00 (d, J = 8.9 Hz, 2H), 7.83 (d, J = 8.9 Hz, 2H), 7.81 —
7.75 (m, 3H), 7.75 — 7.67 (m, 2H), 7.61 (ddd, ] = 8.0, 7.0, 1.1 Hz, 2H). 3C NMR (101 MHz,
cdcl3) 6 129.57 (s), 128.89 (s), 128.65 (s), 126.87 (s), 126.40 (s), 125.89 (s), 125.67 (s), 125.40
(s), 124.64 (s), 117.11 (s), 112.66 (s).

Chemical Formula: C4oH54BrO,
Molecular Weight: 613,51

6.3. Synthesis of Fluorinated Oligophenylene precursors.
e Homo-coupling of 2,6-Difluorotoluene.

To a solution of 2,2,6,6-Tetramethylpiperidine (11,88 mL, 17.1 mmol, 2.2 equivalente, in THF
(30 ml) at -78 °C was added n-BuLi (24,8 mL, 2.5 M in hexanes, 16.0 mmol, 2 equiv ) dropwise
via a syringe and the orange suspension stirred for 30 minutes at -78 °C. 2,6-Difluorotoluene
(4g, 11.4 mmol, 1 equiv) dissolved in THF (5 mL) was added dropwise and the suspension was
stirred for a further 30 minutes at -78 °C. CuBr2 (13,8 g, 11.4 mmol, 2 equiv, was added under
vigorous stirring and the resulting blue suspension was stirred for an additional 45 minutes at
-78 °C. The dark green mixture was allowed to reach room temperature over a period of 3 h. A
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sat. aq. NH4Cl-solution was added, layers were separated and the aqueous phase was extracted
with CH2CI2. The combined organic phases were washed with a sat. aq. NH4Cl-solution and
dried over Na2SO4, filtered and the solvent evaporated to dryness. Solvent evaporation under
reduced pressure was followed by flash chromatography purification of the product (Hexane:
Dichloromethane=20:1). 2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl yield 2.9 g (37 %),
2,2".4,4' 4" 6'-hexafluoro-3,3",5'-trimethyl-1,1':3",1"-terphenyl yield 2.01 g (17 %), and
2,2"4.4'4" 4" 6',6"-octafluoro-3,3",5'-trimethyl-1,1":3",1":3",1""-quaterphenyl yield 1.10 g (7

%).

o 2,2'4.4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl 5.

Chemical Formula: C14HgF 4
Molecular Weight: 254,23

H NMR (402 MHz, CDCl3) § 7.20 — 7.10 (m, 2H), 6.90 (t, J
= 8.6 Hz, 1H), 2.33 — 2.21 (m, 6H). YF NMR (378 MHz,
CDCls) § -114.44 (qd, J = 8.6, 1.8 Hz), -114.73 —-115.05 (m).
13C NMR (101 MHz, CDCl3) § 162.63 (d, J = 7.8 Hz), 160.19
(d, J = 7.6 Hz), 159.79 — 159.59 (m), 159.43 (s), 157.35 —
157.12 (m), 156.93 (s), 130.09 (s), 128.49 (dd, J = 9.5, 4.0
Hz), 118.82 (s), 118.45 (dd, J = 16.7, 3.8 Hz), 113.61 (t, J =

21.4 Hz), 110.67 (dd, J = 22.7, 3.7 Hz), 7.33 (dd, ] = 21.6, 17.6 Hz).

LIFDI (m/z): [M]" caled. for C14HioFs, 254.0713; found, 254.0712

o 2,2".4.4'4",6'-hexafluoro-3,3",5'-trimethyl-1,1':3',1'"'-terphenyl 6.

Chemical Formula: Cy1Hq4F¢
Molecular Weight: 380,33

Hz), 7.39 (dt, J = 33.1, 4.1 Hz).

TH NMR (402 MHz, CDCl3) § 7.15 (dd, J = 15.6, 7.6 Hz, 3H),
6.90 (td, J = 8.6, 0.8 Hz, 2H), 2.33 — 2.21 (m, 9H). 1°F NMR
(378 MHz, CDCls) & -114.49 (tdd, J = 6.5, 5.4, 1.8 Hz), -
114.98 (dt, J = 14.1, 10.3 Hz), -115.06 — -115.22 (m).13C
NMR (101 MHz, CDCl3) & 162.61 (d, J = 7.4 Hz), 160.18 (d,
J=7.5 Hz), 159.53 (dd, J = 37.2, 8.8 Hz), 157.05 (dd, J =
39.5, 8.8 Hz), 130.10 (s), 128.50 (dd, J=9.9, 4.7 Hz), 119.18
—118.10 (m), 114.13 — 113.09 (m), 110.66 (dd, J = 22.7, 3.7

LIFDI (m/z): [M]" calcd. for C21Hi14Fs, 280.0994; found, 280.0991.

e 22'"44'4"4",6',6"-octafluoro-3,3'"',5'-trimethyl-1,1':3',1'":3",1""'-

quaterphenyl 7.

Chemical Formula: C,gH4gFg
Molecular Weight: 506,44

TH NMR (402 MHz, CDCls) § 7.14 — 7.06 (m, 1H), 6.90
(t, ] = 8.6 Hz, 1H), 2.24 (s, 3H). '°F NMR (378 MHz,
CDCls) § -114.76 — -114.87 (m), -115.21 (dd, ] = 12.8, 9.3
Hz). 3C NMR (101 MHz, CDCl3) & 162.66 — 162.40 (m),
160.10 (d, J = 5.3 Hz), 159.67 (d, J = 8.4 Hz), 157.20 (d, J
=8.6 Hz), 128.46 (dt, J=6.1,2.8 Hz), 110.91 — 110.23 (m),
722 (t,J=4.1 Hz).

LIFDI (m/z): [M]+ calcd. for CosHigFg, 506.1275; found,
506.1276.

53



e Synthesis of 3,3',4,4'-tetrafluoro-1,1'-biphenyl 8.

ol
L

F

Chemical Formula: Cq,HgF4
Molecular Weight: 226,17

The compound was synthesized according to General

Procedure 2 using 1-bromo-3,4-difluorobenzene (2g). Yield
1.83 g (78 %). White solid.

H NMR (402 MHz, CDCl3) § 7.33 — 7.26 (m, 1H), 7.24 —
7.18 (m, 2H). "F NMR (378 MHz, CDCI3) & -136.82 — -
137.11 (m), -139.07 — -139.36 (m). *C NMR (101 MHz,
CDCl3) & 151.74 (d, J = 12.8 Hz), 151.41 (d, J = 12.7 Hz),
149.28 (d, J = 12.8 Hz), 148.95 (d, J = 12.6 Hz), 136.20 (s),
133.61 (s), 128.79 — 128.30 (m), 122.89 (dd, J = 6.4, 3.5 Hz),
117.81 (d, J = 0.6 Hz), 117.64 (s), 116.02 (s), 115.84 ().

LIFDI (m/z): [M]+ calcd. for Ci2HeF4, 226.0400; found,

226.0777.

e Synthesis of 3,3'",4,4',4",5'-hexafluoro-1,1':2',1"-terphenyl 9.

94

F

Chemical Formula: CgHgFg
Molecular Weight: 338,25

n

T

The compound was synthesized according to General
Procedure 2 using 1,2-dibromo-3,5-difluorobenzene (2g). Yield
1.80 g (72 %). White solid.

H NMR (402 MHz, CDCls) & 7.18 (t, ] = 9.3 Hz, 1H), 7.04
(dd, J = 18.3, 8.4 Hz, 1H), 6.87 (ddd, J = 22.9, 12.4, 8.7 Hz,
1H), 6.83 — 6.70 (m, 1H). F NMR (378 MHz, CDCl3) § -
137.04 (ddd, J = 10.8, 9.6, 8.3 Hz), -138.22 (t, J = 9.4 Hz), -
138.73 —-139.09 (m).3C NMR (101 MHz, CDCI3) § 151.34 —

150.73 (m), 148.93 — 148.09 (m), 135.88 (dd, J = 6.0, 4.2 Hz), 135.14 (s), 125.74 (dd, J = 6.2,
3.6 Hz), 119.57 — 118.92 (m), 118.52 (d, J = 17.8 Hz), 117.28 (d, ] = 17.4 Hz).

LIFDI (m/z): [M]+ calcd. for Ci1sHsFe, 338.0524; found, 338.0524.

e Synthesis of 2,2'-difluoro-1,1'-biphenyl 10.

O The compound was synthesized according to the literature
F

o8
Chemical Formula: C4,HgF,
Molecular Weight: 190,19

procedure!'!%],
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e Synthesis of 2,2',6,6'-tetrafluoro-1,1'-biphenyl 11.

The compound was synthesized according to the literature
116]

F O F
procedure!!''®],
F l F

Chemical Formula: C4oHgF4
Molecular Weight: 226,17

e Synthesis of 2,2',4,4'-tetrafluoro-1,1'-biphenyl 12.

O The compound was synthesized according to the literature
F

procedure’],
T

F

Chemical Formula: CoHgF4
Molecular Weight: 226,17

e Synthesis of 2,2'-difluoro-5,5'-dimethyl-1,1'-biphenyl 13.

The compound was synthesized according to the literature

O e procedure!*”),
98

Chemical Formula: C44H15F>
Molecular Weight: 218,25
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e Synthesis of 4,4'-difluoro-1,1'-biphenyl 14.

F

F

Chemical Formula: C4,HgF,
Molecular Weight: 190,19

The compound was synthesized according to the literature
procedure!!!7],

e Synthesis of 2,2',3,3'-tetrafluoro-1,1'-biphenyl 15.

l F
l F

Chemical Formula: Cq,HgF4
Molecular Weight: 226,17

The compound was synthesized according to the literature
proceduret! '],

e Synthesis of 2,2',5,5'-tetrafluoro-1,1'-biphenyl 16.

F
F

L

F

Chemical Formula: C4oHgF 4
Molecular Weight: 226,17

The compound was synthesized according to the literature
procedure!*!,
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6.4. Bromination of Fluorinated Oligophenylene precursors.

e Synthesis of 1,5-dibromo-2,4-difluoro-3-methylbenzene 4a.

Br Br

Chemical Formula: C;H4Br,F,
Molecular Weight: 285,91

The compound was synthesized according to General
Procedure 3 using 2,6-Difluorotoluene (100mg) and 10
equivalent of Iron. Yield 200 mg (90 %). White solid.

TH NMR (402 MHz, CDCl3) & 7.57 (td, J = 7.2, 0.5 Hz, 1H),
2.32 - 2.17 (m, 3H). °F NMR (378 MHz, CDCls) § -106.85
—-107.01 (m). 3C NMR (101 MHz, CDCl3) 5 158.18 (d, J =
8.0 Hz), 155.73 (d, ] = 8.1 Hz), 132.66 (t, ] = 1.2 Hz), 116.10

(t, J=23.0 Hz), 104.58 — 103.38 (m), 8.29 (t, J = 3.2 Hz).

LIFDI (m/z): [M]+ caled. for C7H4F>, 285.8543; found, 285.8542.

e Synthesis of 1,2,3-tribromo-4,6-difluoro-5-methylbenzene 4b.

Br Br
Br

Chemical Formula: C;H3BrsF5
Molecular Weight: 364,81

The compound was synthesized according to General
Procedure 4 using 2,6-Difluorotoluene (100mg) and 2
equivalent of Iron. Yield 247 mg (87 %). White solid.

H NMR (402 MHz, CDCl5) § 2.22 (td, J = 2.1, 0.8 Hz, 1H).
F NMR (378 MHz, CDCls) § -98.67 — -98.76 (m). 13C
NMR (101 MHz, CDCls) § 158.48 (d, J = 9.6 Hz), 156.02 (d,
J=9.6 Hz), 125.54 (t, ] = 1.6 Hz), 114.57 (t, ] = 23.8 Hz),

109.05 — 108.24 (m), 8.49 (t, J = 3.0 Hz).

LIFDI (m/z): [M]+ caled. for C7H3Br3F2, 363.7727; found, 363.7722.

e Synthesis of 5,5'-dibromo-2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl Sa.

F F
)
Br Br

Chemical Formula: Cq4HgBryF,4
Molecular Weight: 412,02

The compound was synthesized according to General
Procedure 3 using 2,2'4,4'-tetrafluoro-3,3'-dimethyl-1,1'-
biphenyl (5) (100mg) and 30 equivalent of Iron. Yield 147
mg (90 %). White solid.

H NMR (402 MHz, CDCls) & 7.34 (s, 1H), 2.28 (s, 3H). YF
NMR (378 MHz, CDCL3) & -105.78 (s), -115.04 (s). 13C

NMR (101 MHz, CDCl3) § 159.20 — 158.50 (m), 156.62 — 156.00 (m), 131.29 (s), 119.01 (s),
115.28 (s), 103.50 (d, J = 20.7 Hz), 7.93 (s).

LIFDI (m/z): [M]+ caled. for Ci14HsBr2F4, 411.8902; found, 411.8899.
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e Synthesis of 5,5''-dibromo-2,2",4,4',4",6'-hexafluoro-3,3",5'-trimethyl-1,1':3',1"'-

terphenyl 6a.

Chemical Formula: Co4H42BrsFg
Molecular Weight: 538,13

The compound was synthesized according to General
Procedure 3 using 2,2",4,4',4",6'-hexafluoro-3,3",5'-
trimethyl-1,1":3',1"-terphenyl (6) (100mg) and 20
equivalent of Iron. Yield 127 mg (90 %). White solid.

H NMR (402 MHz, CDCLs) 8 7.39 (t, J = 7.5 Hz, 2H),
7.11 (t, J="7.9 Hz, 1H), 2.29 (d, J = 1.8 Hz, 9H). ’F NMR
(378 MHz, CDCls) & -106.17 — -106.45 (m), -113.69 — -
113.99 (m), -114.96 — -115.30 (m). 1*C NMR (101 MHz,
CDCls) § 159.62 (s), 159.53 (s), 158.83 (s), 158.74 (s),

157.14 (s), 157.05 (s), 156.37 (d, J = 2.6 Hz), 156.29 (s), 131.39 (d, J = 3.2 Hz), 129.82 (s),
119.74 (d, J = 4.3 Hz), 119.56 (d, J = 4.2 Hz), 117.92 (d, J = 7.2 Hz), 117.74 (s), 115.60 —
114.74 (m), 114.21 (t, J = 22.0 Hz), 103.53 (d, J = 4.2 Hz), 103.31 (d, J = 4.2 Hz), 8.03 — 7.85

(m), 7.57 (t, J =4.3 Hz).

HRMS (m/z): [M]+ caled. for C21H12Br2F6, 537.9184; found, 537.9181.

e Synthesis of 5,5'""'-dibromo-2,2'",4,4'.4".4'""",6',6''-octafluoroe-3,3'"",5',5"-
tetramethyl-1,1':3',1'":3"",1'""-quaterphenyl 7a.

Chemical Formula: CogH4gBroFg
Molecular Weight: 664,23

The compound was synthesized according to General
Procedure 3 using 2,2",4,4',4",4".6',6"-octafluoro-3,3",5'-
trimethyl-1,1":3",1":3",1""-quaterphenyl(7) (100g) and 10
equivalent of Iron. Yield 124 mg (98%). White solid.

H NMR (402 MHz, CDCl3) § 7.39 (t, J = 7.5 Hz, 1H), 7.14
(q,J = 7.9 Hz, 1H), 2.30 (d, J = 9.4 Hz, 6H).

1F NMR (378 MHz, CDCl3) 6 -106.30 — -106.59 (m), -
113.72 — -114.06 (m), -114.01 — -114.50 (m), -114.89 — -
115.29 (m). 3C NMR (101 MHz, CDCL3) § 159.75 — 159.27
(m), 158.77 (dd, J = 8.0, 3.6 Hz), 157.31 — 156.81 (m),
156.51 — 156.15 (m), 131.42 (s), 129.93 (s), 119.77 (dd, J =
18.3, 4.1 Hz), 118.76 — 118.22 (m), 117.78 (d, ] = 15.2 Hz),

115.59 — 114.75 (m), 114.13 (s), 103.39 (dd, J = 22.5, 4.2 Hz), 8.04 — 7.85 (m), 7.59 (5).

LIFDI (m/z): [M]+ calcd. for CosH16Br2Fs, 663.9465; found, 663.9457.
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e Synthesis of 2,2'-dibromo-4,4',5,5'-tetrafluoro-1,1'-biphenyl 8a.

Chemical Formula: C,H4BrsF,
Molecular Weight: 383,97

The compound was synthesized according to General
Procedure 3 using 3,3',4,4'-tetrafluoro-1,1'-biphenyl (8)
(100mg) and 30 equivalent of Iron. Yield 129 mg (76%).
White solid.

IH NMR (402 MHz, CDCls) 8 7.49 (ddd, J = 10.1, 6.9, 3.2
Hz, 1H), 7.11 — 7.03 (m, 1H). F NMR (378 MHz, CDCls)
§-134.21 — -134.55 (m, 2F), -137.60 — -137.89 (m, 2F). 13C
NMR (101 MHz, CDCLs) § 151.37 (s), 151.24 (s), 150.56
(s), 150.43 (s), 148.85 (s), 148.72 (5), 148.07 (5), 147.94 (s),
136.65 (d, J = 4.8 Hz), 121.82 (s), 121.62 (s), 119.64 (s),

119.46 (s), 117.35 (dd, ] = 6.9, 3.5 Hz).

LIFDI (m/z): [M]+ caled. for Ci12H4Br2F4, 383.8590; found, 383.8589.

e Synthesis of 2,2'-dibromo-4,4',5,5'-tetrafluoro-1,1'-biphenyl 9a.

M M

O oy]
=

m M m

BrF

Chemical Formula: C4gHgBrFg
Molecular Weight: 496,04

The compound was synthesized according to General
Procedure 3 using 3,3",4,4',4",5'-hexafluoro-1,1":2',1"-
terphenyl (9) (100g) and 2 equivalent of Iron. Yield 122 mg
(83%). White solid.

H NMR (402 MHz, CDCl3) § 7.37 (dd, ] = 9.4, 7.5 Hz, 1H),
7.13 (t, ] =9.1 Hz, 1H), 7.08 — 6.97 (m, 1H). ’F NMR (378
MHz, CDCL3) & -134.45 (dt, J = 21.1, 8.8 Hz), -136.48 — -
136.71 (m), -137.50 (ddd, J = 21.1, 10.2, 7.6 Hz). 3C NMR
(101 MHz CDCls) § 150.97 (d, J = 14.0 Hz), 150.19 (d, J =
12.6 Hz), 148.46 (d, J = 13.4 Hz), 147.71 (d, J = 12.5 Hz),

136.22 — 135.81 (m), 135.73 — 134.70 (m), 122.21 (d, J = 19.9 Hz), 121.44 (d, J = 20.0 Hz),
120.88 — 120.02 (m), 119.97 (s), 119.87 — 118.94 (m), 117.61 (s), 117.11 (dd, J = 7.2, 3.7 Hz).

LIFDI (m/z): [M]+ calcd. for C1sHeBr2Fs, 495.8714; found, 495.8718.

e Synthesis of 5,5'-dibromo-2,2'-difluoro-1,1'-biphenyl 10a.

Br O
F
oy
Br

Chemical Formula: C4,HgBr,F,
Molecular Weight: 347,98

1.8 Hz).

The compound was synthesized according to General
Procedure 3 using 2,2'-difluoro-1,1'-biphenyl (10) (100mg)
and 30 equivalent of Iron. Yield 177 mg (97%). White solid.

H NMR (402 MHz, CDCl3) § 7.52 — 7.43 (m, 2H), 7.08 —
7.00 (m, 1H). ’F NMR (378 MHz, CDCl3) & -116.15 — -
116.73 (m). 3C NMR (101 MHz, CDCl3) § 160.02 (d, J =
1.8 Hz), 157.53 (d, T = 1.8 Hz), 134.24 — 133.49 (m), 133.08
(dd, T =11.1, 6.9 Hz), 117.89 — 117.28 (m), 116.57 (t, J =

HRMS (m/z): [M]+ calcd. for C12H6Br2F2, 345.8795; found, 345.8775.

59



e Synthesis of 4,4',5,5'-tetrabromo-2,2'-difluoro-1,1'-biphenyl 10b.

Br l Br
F

94

Br Br

Chemical Formula: C4,H4Br4F,
Molecular Weight: 505,78

The compound was synthesized according to General
Procedure 4 using 2,2'-difluoro-1,1'-biphenyl (10)
(100mg) and 2 equivalent of Iron. Yield 181 g (68%).
White solid.

'H NMR (402 MHz, CDCls) 8 7.59 (dd, J = 4.5, 3.3 Hz,
1H), 7.48 — 7.44 (m, 1H). °F NMR (378 MHz, CDCls) &
“113.69 — -113.91 (m).3C NMR (101 MHz, CDCls) &
159.35 (d, J = 1.9 Hz), 156.81 (d, J = 1.9 Hz), 134.92 (t, J
= 2.6 Hz), 125.95 — 125.66 (m), 122.26 (dd, J = 10.5, 5.2
Hz), 121.47 (dt, J = 18.7, 10.4 Hz), 119.87 (t, J = 2.0 Hz).

LIFDI (m/z): [M]+ calcd. for Ci2HsBrsF2, 505.6967;
found, 505.6969.

e Synthesis of 3,3'-dibromo-2,2',6,6'-tetrafluoro-1,1'-biphenyl 11a.

Br O
F F
F l F
Br

Chemical Formula: C4oH4BroF,

Molecular Weight: 383,97

The compound was synthesized according to General
Procedure 3 using 2,2',6,6'-tetrafluoro-1,1'-biphenyl (11)
(100mg) and 30 equivalent of Iron. Yield 137 mg (81%).
White solid.

TH NMR (402 MHz, CDCl3) § 7.68 — 7.57 (m, 1H), 7.00 —
6.90 (m, 1H). 19F NMR (378 MHz, CDCl3) & -100.43 — -
103.12 (m), -109.75 — -111.59 (m). 3C NMR (101 MHz,
CDCls) § 160.67 (s), 158.18 (s), 157.86 (s), 155.38 (5),
134.75 — 134.12 (m), 112.63 (dd, J = 22.9, 4.1 Hz), 107.43
(s), 104.35 (), 104.14 (s).

LIFDI (m/z): [M]+ calcd. for C12H4BryF4, 383.8589; found, 383.8583.

e Synthesis of 3,3',5-tribromo-2,2',6,6'-tetrafluoro-1,1'-biphenyl 11b.

Br l Br
F F
F ] F
Br
Chemical Formula: C4,H3BrsF,4
Molecular Weight: 462,86

The compound was synthesized according to General
Procedure 4 using 2,2',6,6'-tetrafluoro-1,1'-biphenyl (11)
(100mg) and 2 equivalent of Iron. Yield 30 mg (15%).
White solid.

TH NMR (402 MHz, CDCL3) & 7.97 — 7.76 (m, 1H), 7.65
(ddd,J=8.8,7.7, 5.8 Hz, 1H), 6.97 (td, ] =9.0, 1.5 Hz, 1H).
19F NMR (378 MHz, CDCls) & -101.30 — -101.58 (m), -
102.20 (g, J = 7.6 Hz), -110.13 — -110.35 (m). *C NMR
(101 MHz, CDCl3) § 157.09 (s), 154.65 (s), 136.87 (s),
134.88 (dd, T = 9.5, 1.9 Hz), 112.75 (dd, J = 23.0, 4.1 Hz),
105.00 (s), 104.72 (s).

LIFDI (m/z): [M]+ caled. for C12H3Br3F4, 462.7728; found, 462.7729.
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e Synthesis of 5,5'-dibromo-2,2',4,4'-tetrafluoro-1,1'-biphenyl 12a.

Chemical Formula: C45,H4BryF,
Molecular Weight: 383,97

The compound was synthesized according to General
Procedure 3 using 2,2'4,4'-tetrafluoro-1,1'-biphenyl (12)
(100mg) and 30 equivalent of Iron. Yield 119 mg (70%).
White solid.

'H NMR (402 MHz, CDCl3) & 7.53 (dt, J = 19.7, 7.7 Hz,
1H), 7.05 — 6.96 (m, 1H). ’F NMR (378 MHz, CDCl3) § -
101.84 —-102.10 (m), -110.74 —-111.04 (m).!3C NMR (101
MHz, CDCl3) & 160.34 (dd, J = 34.5, 11.4 Hz), 158.42 —
157.22 (m), 134.94 (d, J = 2.5 Hz), 119.15 (d, ] = 9.2 Hz),
106.04 — 104.86 (m), 104.02 (d, J =21.4 Hz).

LIFDI (m/z): [M]+ calcd. for C12H4Br2F4, 383.8590; found, 385.8589.

e Synthesis of 3,3'-dibromo-2,2'-difluoro-5,5'-dimethyl-1,1'-biphenyl 13a.

l Br
F
l F
Br

Chemical Formula: Cq4H4oBrsF>
Molecular Weight: 376,04

The compound was synthesized according to General
Procedure 3 using 2,2'-difluoro-5,5'-dimethyl-1,1'-
biphenyl (13) (100mg) and 30 equivalent of Iron. Yield
124 mg (73%). White solid.

IH NMR (402 MHz, CDCL3) & 7.35 (dd, J = 5.6, 3.5 Hz,
1H), 7.21 - 7.17 (m, 1H), 2.38 (s, 3H). ’F NMR (378 MHz,
CDCLs) & -117.08 — -117.15 (m).3C NMR (101 MHz,
CDCls) § 158.69 (d, J = 1.6 Hz), 156.20 (d, J = 1.7 Hz),
133.80 (t, J = 1.9 Hz), 132.73 (s), 132.43 (t, J = 2.6 Hz),
124.66 — 124.36 (m), 121.67 (dd, J = 10.0, 4.6 Hz), 120.11

~ 119.47 (m), 119.17 (s), 118.92 (s), 22.04 (d, J = 7.3 Hz).

LIFDI (m/z): [M]+ calcd. for Ci4H10Br2F2, 375.9091; found, 375.9087.

e Synthesis of 2,2'4,4'5,5'-hexabromo-6,6'-difluoro-3,3'-dimethyl-1,1'-biphenyl

13b.

! Br
Br F
Br l F
Br

Br

Chemical Formula: C44HgBrgF»
Molecular Weight: 691,62

The compound was synthesized according to General
Procedure 4 using2,2'-difluoro-5,5'-dimethyl-1,1'-biphenyl
(13) (100mg) and 2 equivalent of Iron. Yield 270 mg (85%).
White solid.

TH NMR (402 MHz, CDCl3) § 2.74 (s, 1H). 1°F NMR (378
MHz, CDCls) & -95.46 (s). '3C NMR (101 MHz, CDCL3) §
155.79 (s), 153.32 (s), 136.13 (d, J = 3.8 Hz), 129.22 (s),
125.47 (s), 124.64 (d, J = 19.8 Hz), 113.37 (s), 113.14 (s),
26.10 (s).

LIFDI (m/z): [M]+ calcd. for Ci14HeBreF2, 691.5471; found,
691.5458.
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e Synthesis of 4,4'-dibromo-2,2',5,5'-tetrafluoro-1,1'-biphenyl 16a.

The compound was synthesized according to General

Br Procedure 3 using 2,2',5,5'-tetrafluoro-1,1'-biphenyl (16)
F (100mg) and 2 equivalent of Iron. Yield 157 mg (93%).
O White solid.
F

TH NMR (402 MHz, CDCls) § 7.38 (ddd, J = 10.7, 7.8, 5.1

F Hz, 1H), 7.19—7.10 (m, 1H). "FNMR (378 MHz, CDCL)

O 8 -112.40 —-112.72 (m), -117.90 — -118.27 (m).3C NMR

F (101 MHz, CDCl3) 8 156.61 (d, J = 2.8 Hz), 156.31 (dd, J

Br =2.8, 1.6 Hz), 154.19 (d, ] = 2.9 Hz), 153.82 (dd, J = 3.0,

Chemical Formula: CroHaBrFy | 16 H2), 122.39 — 12178 (m), 121.29 - 120.66 (m), 117.95
Molecular Weight: 383,97 (dt, J= 25.6, 3.2 HZ), 110.13 — 109.60 (m)

LIFDI (m/z): [M]+ calcd. for C12H4Br2F4, 383.8591; found, 383.8584.

e Synthesis of 2,4'-dibromo-3',5-difluoro-1,1'-biphenyl 17a.

Br The compound was synthesized according to General
£ Procedure 3 using 3,3'-difluoro-1,1'-biphenyl(17)
(100mg) and 30 equivalent of Iron. Yield 162 mg (89%).

O White solid.

Br 'H NMR (402 MHz, CDCl3) § 7.65 — 7.55 (m, 2H), 7.31
~7.25(m, 1H), 7.22 - 7.17 (m, 1H), 7.03 — 6.91 (m, 2H).

O 1F NMR (378 MHz, CDCl3) & -106.24 — -106.52 (m), -

F 114.06 — -114.68 (m). 3C NMR (101 MHz, CDCls) &
Chemical Formula: C12HeBraF2 | 165 70 (s), 160.61 (s), 160.25 (s), 158.16 (s), 134.13 —
Molecular Weight: 347,98 133.84 (m), 123.54 (d, J =3.5 Hz), 118.06 (s), 117.83 (s),
117.47 (d,J = 3.4 Hz), 117.10 (s), 116.88 (s), 114.96 (s),

114.73 (s), 109.04 (s), 108.83 (s).
LIFDI (m/z): [M]+ calcd. for C12HeBr2F2, 347.8777; found, 347.8774.
6.5. Synthesis of Fis[8§]CMP and F24[12]CMP.

2,2’-Bipyridine (4.40 equiv.) and 1,5-cyclooctadiene (COD) (8 equiv.) were dissolved in dry,
degassed THF in a flame-driedflask under glove box conditions. Then Ni(COD), (4.40 equiv.)
was added, generating a purple solution. 7a (1.00 equiv.) was dissolved in dry THF and added
dropwise at a rate of approx.1 drop per second. The flask was stirred for 1 hours at 60 oC under
the exclusion of light. The mixture was filtered through a silica plug and eluted with THF
before the solvent was removed under reduced pressure. The crude product was purified by
HPLC (DCM/MeOH 3:7) yielding F15[8]CMP 1% and trace of F24[12]CMP.
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e TFis[8]CMP 18.

'H NMR (400 MHz, CDCls) 8 7.02 (tt, J = 13.3,
6.8 Hz, 1H), 2.24 (s, 3H).°F NMR (378 MHz,
CDCls) 6 -113.50 (t, J = 312.9 Hz). 3*C NMR
(101 MHz, CDCl3) 6 129.64 (s), 119.30 (s),
114.14 (s), 113.93 (s), 7.79 (S).

LIFDI (m/z): [M]+ calcd. for CssH3szFis,
1008.2243; found, 1008.2237.

Chemical Formula: CsgH3oF 46
Molecular Weight: 1008,2237

o TF2412]CMP 19.

LIFDI (m/z): [M]+ calcd. for Cs4HasF24, 1512.3367;
found, 1512.3349.

Chemical Formula: Cg4HsgF 24
Molecular Weight: 1512,3349

6.6. LooP reaction of 2,2',4,4'-tetrafluoro-3,3'-dimethyl-1,1'-biphenyl 5.

A glass tube for microwave reactor was charged with 2 ml of HMPA, 5§ (25mg, 1 equiv) and t-
BuOK (66 mg, 3 equiv. to one fluorine). The tube was put in microwave reactor and stirred for
3 hat 120 °C. After cooling to room temperature, the mixture was filtrated through silica using
hexane as a solvent (50/50 mixture of hexane/ethylacetate was used when the polar products

were formed). The organic solvent was evaporated under the reduced pressure yielding 14 mg
(63%).
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o} THNMR (600 MHz, CDCl3) § 7.57 — 7.50 (m, 2H), 6.99

F O O OH (dd,J=9.6, 8.7 Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 2.50 —
2.45 (m, 6H). F NMR (564 MHz, CDCl3) § -121.69 — -

Chemical Formula: C4,H41FO, 121.90 (m). 3C NMR (151 MHz, CDCl3) & 160.66 (s),
Molecular Weight: 230,24 159.06 (s), 156.87 (d, J = 2.1 Hz), 155.76 (d, J = 10.5
Hz), 153.01 (s), 117.55 (s), 116.92 (d, J = 10.2 Hz),

111.11 (s), 9.30 — 6.20 (m).
LIFDI (m/z): [M]+ calcd. for C14H11F102, 347.0737; found, 347.0770.
6.7. Extending Fluorinated Oligophenylenes.

e Synthesis of 2,2'"",4',6'-tetrafluoro-5'-methyl-1,1':3',1"'-terphenyl 23.

The 1,5-dibromo-2,4-difluoro-3-methylbenzene (250mg, 1
equiv) and (2-fluorophenyl)boronic acid (6 equiv) were
dissolved in 15ml of dioxane: H>O (10:1) mixture
containing potassium carbonate (725 mg, 6 equiv) and
Pd(PPh3)4 (607 mg, 60%) as catalyst. The reaction mixture
was stirred under reflux and argon atmosphere for 15 hours.
Chemical Formula: C1gH15F4 After the completion of the reaction, the solvent was

Molecular Weight: 316,30 evaporated and the residue was purified by silica gel column
chromatography eluting with (Hexane-Hexane: DCM 10:1)
to afford the product as a white solid (249 mg, 90 %). 'H
NMR (402 MHz, CD>Cl») 6 7.44 (tdd, J = 7.4, 6.4, 1.7 Hz, 4H), 7.35 - 7.19 (m, 5SH), 2.38 (t, J
= 2.0 Hz, 3H). F NMR (378 MHz, CD2Cl>) § -115.04 — -115.22 (m), -115.22 — -115.37 (m).
13C NMR (101 MHz, CD:Cl») 8 161.13 (s), 159.51 (dd, J = 8.6, 2.9 Hz), 158.67 (s), 157.02
(dd,J=9.1,3.0 Hz), 131.73 — 131.48 (m), 130.40 — 129.62 (m), 124.24 (d, J = 3.6 Hz), 122.91
(d, J=15.1 Hz), 119.45 — 119.04 (m), 115.78 (s), 115.57 (s), 114.08 (s), 113.86 (s), 113.65 (s),
7.29 (t, J =4.3 Hz).

LIFDI (m/z): [M]+ calcd. for Ci9H12F4, 316.0869; found, 316.0867.

e Synthesis of 2,2'-(4,6-difluoro-5-methyl-1,3-phenylene)bis(1-fluoronaphthalene)
25.

The compound was synthesized according to
General Procedure 2 using 1,5-dibromo-2,4-
difluoro-3-methylbenzene (250 mg). Yield 316
g (87 %). White solid.

'H NMR (402 MHz, CDCls) & 8.24 — 8.14 (m,
2H), 7.88 (d, J = 7.6 Hz, 2H), 7.70 (d, J = 8.5
Chemical Formula: Co7H+gF4 Hz, 2H), 7.63 — 7.53 (m, 4H), 7.53 — 7.40 (m,

Molecular Weight: 416,42 3H), 2.39 (s, 3H). F NMR (378 MHz, CDCls)
§-114.22 — -114.95 (m), -124.09 — -124.71 (m).
13C NMR (101 MHz, CDCl3) & 159.58 (d, J = 9.0 Hz), 157.10 (d, J = 9.0 Hz), 156.61 (s),
154.10 (s), 134.52 (d, J = 5.0 Hz), 130.71 (s), 127.93 (d, J = 3.3 Hz), 127.42 (d, J = 2.9 Hz),
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127.13 (s), 126.60 (d, J = 1.8 Hz), 123.62 (dd, J=21.2, 10.8 Hz), 120.95 (d, J= 6.0 Hz), 119.56
~ 119.15 (m), 116.98 (d, J = 14.5 Hz), 114.25 (s), 114.03 (s), 113.81 (s), 7.70 (t, J = 4.4 Hz).

LIFDI (m/z): [M]+ caled. for Co7H16F4, 416.1182; found, 416.1179.

e Synthesis of 2,2'".4',4",6',6'"-hexafluoro-5',5'""-dimethyl-1,1':3",1'":3",1'""'-

quaterphenyl 26.

The compound was synthesized according to General
F R Procedure 2 5,5'-dibromo-2,2'.4,4'-tetrafluoro-3,3'-
dimethyl-1,1'-biphenyl (250 mg). Yield 223 mg (83

i F O O F %). White solid.
i '"H NMR (402 MHz, CD2Cly) § 7.41 (s, 2H), 7.31 —
O Q 7.14 (m, 3H), 2.33 (s, 3H). F NMR (378 MHz,
CD,Cl) & -115.09 — -115.64 (m). 3C NMR (101
Chemical Formula: CygH6F MHZ, CDzClz) 0 161.01 (S), 159.49 (S), 158.54 (S),
Molecular Weight: 442,40 156.99 (s), 131.52 (s), 130.49 — 129.83 (m), 124.20
(d, J =3.5 Hz), 122.76 (d, J = 15.2 Hz), 115.73 (s),

115.51 (s), 7.30 (s).
LIFDI (m/z): [M]+ caled. for CosH16Fs, 442.1150; found, 442.1147.

e Synthesis of 2,2'-(4,4',6,6'-tetrafluoro-5,5'-dimethyl-[1,1'-biphenyl]-3,3'-
diyl)bis(1-fluoronaphthalene) 27.

The compound was synthesized according to
General Procedure 2 5,5'-dibromo-2,2',4,4'-

tetrafluoro-3,3'-dimethyl-1,1'-biphenyl (250

mg). Yield 240 mg (73 %). White solid.

H NMR (402 MHz, CDCls) 5 8.20 — 8.12 (m,
1H), 7.87 (d, J = 7.6 Hz, 1H), 7.68 (d, ] = 8.5
Hz, 1H), 7.60 — 7.52 (m, 2H), 7.46 (t, J = 7.7
Hz, 1H), 7.37 (t, J = 8.2 Hz, 1H), 2.37 (s, 3H).
Ghemical Formula: GagHagFe 19F NMR (378 MHz, CDCls) & -114.34 (dd, J

Molecular Weight: 542,52 = 92, 8.1 HZ), -114.67 —-114.88 (1’1’1), -124.37
(dd, T = 17.3, 7.0 Hz). 3C NMR (101 MHz,
CDCls) § 159.67 — 159.31 (m), 157.06 —
156.84 (m), 156.58 (s), 154.06 (s), 134.51 (d, J = 5.0 Hz), 130.44 (), 127.86 (d, J = 1.8 Hz),
127.40 (d,J=2.9 Hz), 127.13 (s), 126.59 (d, ] = 1.8 Hz), 123.59 (dd, J = 18.6, 10.7 Hz), 120.93
(d, J= 6.0 Hz), 119.36 (d, ] = 19.1 Hz), 118.84 — 118.64 (m), 116.85 (d, J = 14.5 Hz), 113.99
(s), 7.67 (s).

LIFDI (m/z): [M]+ caled. for C3sH2oFs, 542.1463; found, 542.1461.
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e Synthesis of 2,2"".4'4".4'",6',6",6'"-octafluoro-5',5",5""-trimethyl-
1,1':3',1'":3",1'"":3"",1"""-quinquephenyl 28.

Chemical Formula: C33H,oFg
Molecular Weight: 568,51

The compound was synthesized according to
General Procedure 2 5,5"-dibromo-2,2",4,4'4",6'-
hexafluoro-3,3",5'-trimethyl-1,1':3",1"-terphenyl
(250 mg). Yield 214 mg (81 %). White solid.

1H NMR (402 MHz, CD:CL,) § 7.40 (dd, J = 13.4,
6.4 Hz, 3H), 7.32 — 7.14 (m, 5H), 2.34 (d, ] = 4.2
Hz, 6H). 1°F NMR (378 MHz, CD,Cly) & -114.90
~ -115.53 (m). BC NMR (101 MHz, CD:CL) &
161.02 (s), 159.50 (d, J = 9.1 Hz), 158.55 (d, ] =
4.6 Hz), 157.02 (d, J = 9.0 Hz), 131.53 (s), 130.53
~ 129.83 (m), 129.71 (s), 124.19 (d, J = 3.5 Hz),
122.75 (d, J = 15.4 Hz), 119.25 (dd, J = 17.0, 4.1

Hz), 118.57 (td, J = 17.0, 5.8 Hz), 115.72 (s), 115.50 (s), 113.92 (td, ] = 21.9, 8.4 Hz), 7.28 (t,

J=43 Hz).

e Synthesis of 2,2'-(4,4'4",6,6',6'"'-hexafluoro-5,5',5""-trimethyl-[1,1':3',1"'-
terphenyl]-3,3"-diyl)bis(1-fluoronaphthalene) 29.

Chemical Formula: C4qHy4Fg
Molecular Weight: 668,63

The compound was synthesized according to
General Procedure 2 5,5"-dibromo-2,2".4,4',4",6'-
hexafluoro-3,3",5'-trimethyl-1,1":3",1"-terphenyl
(250 mg). Yield 195 mg (63 %). White solid.

TH NMR (502 MHz, CDCl3) & 8.20 — 8.15 (m, 4H),
7.88 (d, J = 7.6 Hz, 4H), 7.69 (d, J = 8.5 Hz, 4H),
7.60 —7.54 (m, 8H), 7.47 (t,J = 7.6 Hz, 4H), 7.37 (¢,
J = 8.0 Hz, 4H), 7.31 (t, J = 7.9 Hz, 2H), 2.37 (s,
17H). F NMR (473 MHz, CDCls) & -114.14 — -
114.35 (m), -114.40 — -114.57 (m), -114.74 (d, J =
5.0 Hz), -124.34 (dd, J = 17.3, 6.9 Hz). 3C NMR
(126 MHz, CDCL3) & 159.31 (dd, J = 26.5, 8.2 Hz),
157.34 (dd, J = 24.5, 8.5 Hz), 156.34 (s), 154.32 (s),
134.52 (d, J = 4.9 Hz), 130.43 (s), 130.23 (s), 127.87

(s), 127.41 (d, J = 2.8 Hz), 127.15 (s), 126.61 (d, J = 1.7 Hz), 123.60 (dd, J = 22.5, 10.7 Hz),
120.93 (d, J = 5.9 Hz), 119.40 (dd, J = 17.3, 4.0 Hz), 118.93 — 118.42 (m), 116.84 (d, ] = 14.5
Hz), 114.18 (s), 114.11 — 113.76 (m), 7.66 (t, J = 4.2 Hz).

LIFDI (m/z): [M]+ calcd. for C41H24Fs, 668.1744; found, 668.1734.
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e Synthesis of 2,2'-(4,4'4",4'",6,6',6",6'""'-octafluoro-5,5',5",5"""'-tetramethyl-
[1,1':3',1":3",1'"""-quaterphenyl]-3,3'"'-diyl)bis(1-fluorophenyl) 30.

Chemical Formula: C4gH24F 19
Molecular Weight: 694,62

The compound was synthesized according to
General Procedure 2 5,5"-dibromo
2,2"4.4'4" 4" 6',6"-octafluoro-3,3",5',5"-
tetramethyl-1,1":3',1":3",1"'-quaterphenyl (250
mg). Yield 170 mg (65 %). White solid.

'H NMR (402 MHz, CD,Cly) & 7.43 — 7.35 (m,
1H), 7.29 — 7.12 (m, 2H), 2.31 (d, J = 2.0 Hz, 3H).
F NMR (378 MHz, cd2cl2) & -115.03 — -115.32
(m), -115.34 — -115.56 (m). ¥C NMR (101 MHz,
cd2cl2) 6 131.51 (s), 130.21 — 129.83 (m), 124.18
(d, J =3.6 Hz), 115.71 (s), 115.49 (s), 113.85 (s),
7.29 (s).

LIFDI (m/z): [M]+ caled. for CaoH24F10, 694.1712; found, 694.1711.

e Synthesis of 2,2'-(4,4' 4",4'",6,6',6",6'""-octafluoro-5,5',5",5"""-tetramethyl-
[1,1':3',1":3",1'""-quaterphenyl]-3,3""'-diyl)bis(1-fluoronaphthalene) 31.

Chemical Formula: CygHogF 19
Molecular Weight: 794,74

The compound was synthesized according to
General Procedure 2 5,5"-dibromo-

2,2".4.4' 4" 4" 6',6"-octafluoro-3,3",5',5"-
tetramethyl-1,1":3',1":3",1""-quaterphenyl (250 mg).
Yield 170 mg (57 %). White solid.

TH NMR (402 MHz, CDCl3) 5 8.17 — 8.10 (m, 1H),
7.90 — 7.82 (m, 1H), 7.66 (d, ] = 8.5 Hz, 1H), 7.60 —
7.51 (m, 2H), 7.43 (t, = 7.7 Hz, 1H), 7.32 (t, ] = 8.0
Hz, 1H), 7.24 (s, 1H), 2.33 (d, J = 4.8 Hz, 6H). '°F
NMR (378 MHz, CDCls) & -114.19 — -114.38 (m), -
114.50 (d, J = 26.5 Hz), -114.70 — -114.92 (m), -
12439 (dd, J = 17.2, 6.8 Hz). 3C NMR (101 MHz,
CDCl3) § 160.41 — 157.39 (m), 157.79 — 155.25 (m),
154.37 — 153.18 (m), 134.49 (d, J = 5.1 Hz), 130.38
(s), 130.16 (s), 127.83 (s), 127.39 (d, J = 2.9 Hz),

127.14 (s), 126.60 (s), 123.57 (dd, J = 18.0, 10.7 Hz), 120.91 (d, J = 6.0 Hz), 118.64 (s), 113.96

(s), 7.64 (s).

LIFDI (m/z): [M]+ caled. for CagHagF10, 794.2025; found, 794.2019.
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6.8. Synthesis of 4,4'-difluoro-3,3'-bis(2'"',4,4',4",4'"',6,6',6'"-octafluoro-5'""-(1-
fluoronaphthalen-2-yl)-3'"',5,5',5""-tetramethyl-[1,1':3',1'"':3"",1'"'-quaterphenyl]-3-yl)-
1,1'-binaphthalene 32.

A solution of 31 (0.1 mmol) in dichloromethane (10 mL) containing two to three drops of
Trifluoromethanesulfonic acid at 0 °C was treated with DDQ (2 equivalent per C-C bond
formation), and the solution immediately took on a darkgreen coloration. The progress of the
reaction was monitored by TLC . After completion of the reaction, it was quenched with a
saturated aqueous solution of NaHCO3 (20 mL). The dichloromethane layer was separated and
washed with water and brine solution and dried over anhydrous MgSOj4 and filtered. Removal
of the solvent in vacuo afforded the crude product was by purified by flash chromatography
Hex/DCM 90/10. resulting compound 32 in 30% yield.

Chemical Formula: 096H54F20
Molecular Weight: 1587,46

'H NMR (600 MHz, CD,Cly) & 8.24 (t, J = 9.4 Hz, 3H), 7.60 (dt, J = 8.5, 2.8 Hz, 3H), 7.49 (t,
J=6.1 Hz, 3H), 7.47 — 7.39 (m, 6H), 7.36 (t, ] = 7.7 Hz, 1H), 7.30 (t, J = 7.6 Hz, 2H), 7.22 (s,
3H), 2.36 — 2.23 (m, 18H). YF NMR (564 MHz, CD,CL,) 5 -111.82 — -116.80 (m), -122.09 — -
126.08 (m). 3C NMR (151 MHz, CD,CL,) & 159.55 — 158.73 (m), 157.59 — 156.96 (m), 155.99
(d, ] = 2.6 Hz), 154.30 (d, J = 2.2 Hz), 134.28 — 132.97 (m), 130.87 — 129.09 (m), 127.85 —
127.04 (m), 127.04 — 126.43 (m), 126.43 — 125.82 (m), 124.12 — 122.95 (m), 121.59 — 120.50
(m), 119.89 — 117.90 (m), 116.31 (dd, J = 14.9, 3.7 Hz), 114.56 — 113.53 (m), 8.23 — 6.33 (m).

LIFDI (m/z): [M]+ calcd. for CosHs4F20, 1587.3779; found, 1587.3767.
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6.9. LOOP reactions.

e LOOP Reaction of 23 using t-BuOK.

0 O 0
Chemical Formula: C1gH4905
Molecular Weight: 258,28

The compound was synthesized according to General
Procedure 5 using 2,2",4',6'-tetrafluoro-5'-methyl-
1,1":3",1"-terphenyl (20mg). Yield 10.4 mg (64 %).
White solid.

IH NMR (600 MHz, CDCls) & 8.44 (s, 1H), 8.03 (d, ] =
7.6 Hz, 2H), 7.72 (s, 1H), 7.58 (d, J = 8.1 Hz, 2H), 7.45
(t, ] = 7.7 Hz, 2H), 7.37 (t, J = 7.4 Hz, 2H). 3C NMR
(151 MHz, CHLOROFORM-D) § 156.97 (d, J = 2.5
Hz), 156.14 (d, J = 10.2 Hz), 126.73 (s), 122.95 (s),

120.36 (s), 111.66 (s), 111.49 (s), 95.49 (s).

LIFDI (m/z): [M]+ calcd. for C1sH1002, 258.0675; found, 258.0674.

e LOOP Reaction of 23 using t-BuOK.

0 O o
Chemical Formula: C1gH420,
Molecular Weight: 272,30

The compound was synthesized according to General
Procedure 5 using 2,2".4'6'-tetrafluoro-5'-methyl-
1,1:3",1"-terphenyl (20 mg). Yield 5 mg (31 %). White
solid.

'H NMR (600 MHz, CDCls) & 8.27 (s, 1H), 8.01 (d, J =
7.5 Hz, 2H), 7.59 (d, J = 8.1 Hz, 2H), 7.45 — 7.42 (m,
2H), 7.36 (dd, J = 11.0, 3.8 Hz, 2H), 2.80 (s, 3H). 13C
NMR (151 MHz, CHLOROFORM-D) § 156.90 (d, J =
4.0 Hz), 154.89 (d, J = 4.6 Hz), 126.48 (s), 122.77 (s),

120.43 (s), 111.61 (s), 108.38 (d, J = 19.4 Hz), 9.04 (d, J = 2.0 Hz).

LIFDI (m/z): [M]+ calcd. for C19H1102, 271.0753; found, 271.0752.

e LOOP Reaction of 23 using Na:S/ TBAB.

Chemical Formula: C4gH15S,
Molecular Weight: 304,43

The compound was synthesized according to General
Procedure 6 using 2,2",4',6'-tetrafluoro-5'-methyl-
1,1":3",1"-terphenyl (15 mg). Yield 15 mg (78 %).
White solid.

"H NMR (600 MHz, CDCl3) § 8.67 (s, 1H), 8.25 - 8.21
(m, 2H), 7.86 (td, J = 7.3, 2.2 Hz, 2H), 7.53 — 7.44 (m,
4H), 2.74 (s, 3H). 3C NMR (151 MHz, CDCl) §
139.14 (s), 138.35 (s), 136.13 (s), 133.39 (s), 126.66
(s), 125.24 (s), 124.44 (d, = 11.6 Hz), 123.08 — 122.73
(m), 121.50 (s), 111.54 (s),19.30 (s).

LIFDI (m/z): [M]+ calcd. for C19H12S2, 304.0330; found, 304.0362
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e LOOP Reaction of 25 using t-BuOK.

The compound was synthesized according to

Chemical Formula: CogH140,
Molecular Weight: 358,40

General Procedure 5 using 2,2'-(4,6-
difluoro-5-methyl-1,3-phenylene)bis(1-
fluoronaphthalene) (20 mg). Yield 14.8 mg
(86 %). White solid.

IH NMR (402 MHz, CDCls) § 8.55 (s, 1H),
8.48 (d, J = 8.2 Hz, 2H), 8.15 — 8.10 (m,
2H), 8.02 (d, J = 9.5 Hz, 3H), 7.84 (d, J =

J=75Hz, 2H).

8.4 Hz, 2H), 7.67 (t, J = 7.5 Hz, 2H), 7.57 (t,

e LOOP Reaction of 25 using Na>S/ TBAB.

oby

Chemical Formula: Co7H1505
Molecular Weight: 372,42

The compound was synthesized
according to General Procedure 5 using
2,2'-(4,6-difluoro-5-methyl-1,3-
phenylene)bis(1-fluoronaphthalene) (20
mg). Yield 1 mg (6 %). White solid.

IH NMR (402 MHz, CDCls) 5 8.54 (dd,
J=12.8, 8.4 Hz, 3H), 8.38 (s, 1H), 8.11
(d, J = 8.4 Hz, 2H), 8.01 (dd, J = 7.9, 4.1

Hz, 2H), 7.83 (t, J = 9.1 Hz, 2H), 7.71 -

7.63 (m, 2H), 7.57 (dd, J = 13.4, 5.3 Hz, 2H), 3.04 — 2.99 (m, 3H).

e LOOP Reaction of 23 using t-BuOK.

ooy

Chemical Formula: Cy7H46S,
Molecular Weight: 404,55

The compound was synthesized according to
General Procedure 6 using 2,2'-(4,6-difluoro-5-
methyl-1,3-phenylene)bis(1-fluoronaphthalene)
(20 mg). Yield 10.8 mg (56 %). White solid.

IH NMR (402 MHz, CDCls) 5 8.88 (s, 1H), 8.34
(d, J = 8.6 Hz, 2H), 8.19 (d, J = 8.0 Hz, 2H),
8.01 (d, J = 8.1 Hz, 2H), 7.94 (d, J = 8.6 Hz,
2H), 7.65 (t, J = 7.4 Hz, 2H), 7.58 (t, J = 7.4 Hz,
2H), 2.97 (s, 3H).
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VIII. Appendix — Spectra (NMR, MS).
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Figure A2. *C NMR (101 MHz, CDCl3) of 2.
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Figure A11. 13C NMR (101 MHz, CD2CI2) of 6.
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Figure A15. *C NMR (101 MHz, CDCI3) of 7.
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Figure A16. HRMS (LIFDI) of 7.
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Figure A18. '°F NMR (376 MHz, CDCls) of 8.
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Figure A19. >*C NMR (101 MHz, CDCI3) of 8.
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Figure A20. HRMS (LIFDI) of 8.
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Figure A22. '°F NMR (376 MHz, CDCl3) of 9.
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Figure A23. *C NMR (101 MHz, CDCL) of 9.
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Figure A24. HRMS (LIFDI) of 9.

86



F F
Br Br
/
/ A I
g
Y !
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 1 -2
f1 (ppm)
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Figure A26. '°F NMR (376 MHz, CDCl3) of 4a.
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Figure A27. 3*C NMR (101 MHz, CDCI;) of 4a.
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Figure A28. HRMS (LIFDI) of 4a.
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Figure A29. 'H NMR (400 MHz, CDCl) of 4b.
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Figure A30. '°F NMR (376 MHz, CDCl3) of 4b.
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Figure A31. 3C NMR (101 MHz, CDCls) of 4b.
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Figure A32. HRMS (LIFDI) of 4b.
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Figure A33. "H NMR (400 MHz, CDCls) of 5a.
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Figure A34. '°F NMR (376 MHz, CDCl3) of 5a.
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Figure A35. >*C NMR (101 MHz, CDCI;) of 5a.
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Figure A36. HRMS (LIFDI) of 5a.
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Figure A37. "H NMR (400 MHz, CDCls) of 6a.
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Figure A38. '°F NMR (376 MHz, CDCl3) of 6a.
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Figure A39. >*C NMR (101 MHz, CDCI;) of 6a.
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Figure A40. HRMS (LIFDI) of 6a.
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Figure A41. 'H NMR (400 MHz, CDC13) of 7a.
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Figure A42. '°F NMR (376 MHz, CDCl3) of 7a.
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Figure A43. 13*C NMR (101 MHz, CDCl3) of 7a.
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Figure A44. HRMS (LIFDI) of 7a.
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Figure A45. "TH NMR (400 MHz, CDCl3) of 8a.
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Figure A46. '°F NMR (376 MHz, CDCl;) of 8a.
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Figure A47. 3C NMR (101 MHz, CDCI;) of 8a.
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Figure A48. HRMS (LIFDI) of 8a.
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Figure A51. ®*C NMR (101 MHz, CDCI;3) of 9a.
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Figure A52. HRMS (LIFDI) of 9a.
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Figure A53. 'TH NMR (400 MHz, CDCl3) of 10a.
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Figure A54. F NMR (376 MHz, CDCls) of 10a.
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Figure A55. >*C NMR (101 MHz, CDCI3) of 10a.
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Figure A56. HRMS (LIFDI) of 10a.
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Figure A57. 'H NMR (400 MHz, CDCls) of 10b.

Br Br

—

Br Br

2.00—

Figure A58. '°F NMR (376 MHz, CDCI3) of 10b.
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Figure A59. 3C NMR (101 MHz, CDCls) of 10b.
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Figure A60. HRMS (LIFDI) of 10b.
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Figure A61. "H NMR (400 MHz, CDCIs) of 11a.
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Figure A62. 'F NMR (376 MHz, CDCI;3) of 11a.
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Figure A64. HRMS (LIFDI) of 11a.
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Figure A63. >*C NMR (101 MHz, CDCl;) of 11a.
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Figure A65. "H NMR (400 MHz, CDCls) of 11b.
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Figure A66. '°F NMR (376 MHz, CDCl3) of 11b.
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Figure A67. *C NMR (101 MHz, CDCI3) of 11b.
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Figure A68. HRMS (LIFDI) of 11b.

108



Br
F
F
T Br
) ) F
JUJ\A . . JLJLA L
£ L
9 8 7 ‘ s 4 3 2 : 0 4

6
f1 (ppm)

Figure A69. 'TH NMR (400 MHz, CDCl3) of 12a.
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Figure A70. '°F NMR (376 MHz, CDCI;) of 12a.
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Figure A71. ®*C NMR (101 MHz, CDCI3) of 12a.
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Figure A72. HRMS (LIFDI) of 12a.
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Figure A73. "H NMR (400 MHz, CDCls) of 13a.
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Figure A74. "°F NMR (376 MHz, CDCl3) of 13a.
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Figure A75. >*C NMR (101 MHz, CDCI;3) of 13a.
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Figure A76. HRMS (LIFDI) of 13a.

112



Br
Br
Br F
Br F
Br
Br
I JLA B VN
¢
14 13 12 11 10 9 8 6 4 3 2 1 0 1 2
f1 (ppm)

Figure A77. "H NMR (400 MHz, CDCI3) of 13b.
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Figure A78. '°F NMR (376 MHz, CDCl3) of 13b.
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Figure A79. *C NMR (101 MHz, CDCI3) of 13b.
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Figure A80. HRMS (LIFDI) of 13b.
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Figure A81. "H NMR (400 MHz, CDCls) of 16a.
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Figure A82. '°F NMR (376 MHz, CDCl3) of 16a.
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Figure A83. *C NMR (101 MHz, CDCI3) of 16a.
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Figure A84. HRMS (LIFDI) of 16a.
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Figure A85. "H NMR (400 MHz, CDCIs) of 17a.
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Figure A86. '°F NMR (376 MHz, CDCl3) of 17a.
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Figure A87. >*C NMR (101 MHz, CDCI3) of 17a.
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Figure A88. HRMS (LIFDI) of 14a.
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Figure A89. 'H NMR (400 MHz, CDCls) of F16[8]CMP.
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Figure A90. °F NMR (101 MHz, CDCl) of F16[8]CMP.
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Figure A91. 13C NMR (101 MHz, CDCI3) of F16[8]CMP.
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Figure A92. HRMS (LIFDI) of Fs[8]CMP.
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Figure A93. HRMS (LIFDI) of F24[12]CMP.
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Figure A94. HRMS (LIFDI) of Fi5[8-S]CMP.
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Figure A95. 'TH NMR (400 MHz, CDCl3) of 21.
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Figure A96. '°F NMR (376 MHz, CDCl3) of 21.
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Figure A97. 3C NMR (101 MHz, CDCl3) of 21.
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Figure A98. HRMS (LIFDI) of 21.
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Figure A100. '°F NMR (376 MHz, CDCl3) of 23.

124



L1l

T T T

T
230 220 210 200

T T T T T T T T T T T T T T T

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50

f1 (ppm)

Figure A101. >*C NMR (101 MHz, CDCI;3) of 23.
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Figure A102. HRMS (LIFDI) of 23.
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Figure A103. "H NMR (400 MHz, CDCI;3) of 25.
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Figure A104. '°F NMR (376 MHz, CDCl;3) of 25.
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Figure A105. >*C NMR (101 MHz, CDCI;3) of 25.
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Figure A106. HRMS (LIFDI) of 25.
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Figure A107. 'H NMR (400 MHz, CDCl3) of 26.
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Figure A108. '°F NMR (376 MHz, CDCl;3) of 26.
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Figure A109. *C NMR (101 MHz, CDCI;3) of 26.

MNL: 1.90E8
44211476 20241106_LIFDI_ENG90 #150-232 RT:
100+ CzsH1sFs 1.28-2,01 AV: 83 NL: 1.85E8
R T. FTMS + p ESI Full ms2
80 1075.0000@hed 10.00

] [150.0000-2000.0000]

Relative Abundance
[=2]
T

44311774
20 44210231 443.73743 44435918
1441.10742 | 443,10496 |
.10 | | 443.41881 | 444.12094) 44512433
GIII|IIII|III|IIII|IIII|IIII|IIII|IIII|IIII|IIII
4415 4420 4425 4430 4435 4440 4445 4450 4455
miz
ML: 7.55E5
1001 44211507 C26H16F6 Chg: +1: Cx Hy; ;. pigss,
h s/p:40) Chrg 1 R: 99612 Res. Pwr,
80 @EFWHM
= ]
@
§ 60
E -
)] n
g 4] 443.11839
& 20
] 444.12176 44512517
cIII|IIII|lII|IIII|IIII|IIII|IIII|IIII|II|I|IIII
4415 4420 4425 4430 4435 4440 4445 4450 4455
miz
Peak Mass Display F... S Fit RDB Delta [pp... Theo. ma... Rank Combine... # Match... # Missed... MS Cov.... Pattern C... MSMS M...
75.98052 )
;”2'”‘” CaHieFs 7133933 1600 -0.70 5:42_1159 1 9862 4 0 9988 100 La‘)’”e“'

2

Figure A110. HRMS (LIFDI) of 26.
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Figure A111. 'H NMR (400 MHz, CDCl3) of 27.
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Figure A112. 'F NMR (376 MHz, CDCls) of 27.
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Figure A113. 3C NMR (101 MHz, CDCls) of 27.
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Figure A114. HRMS (LIFDI) of 27.
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Figure A115. "H NMR (400 MHz, CDCl3) of 28.
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Figure A116. '°F NMR (376 MHz, CDCls) of 28.

132



1

L

T T T T T T T
80 70

230 220 210 200

190

T
180 170 160 150 120 110 100 90
f1 (ppm)

Figure A117. 3C NMR (101 MHz, CDCls) of 28.
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Figure A118. 'TH NMR (400 MHz, CDCls) of 29.
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Figure A119. F NMR (376 MHz, CDCl3) of 29.
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Figure A120. 3C NMR (101 MHz, CDCl3) of 29.
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Figure A121. HRMS (LIFDI) of 29.
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Figure A122. '"H NMR (400 MHz, CDCl3) of 30.
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Figure A123. '%F NMR (376 MHz, CDCI;) of 30.
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Figure A124. 3C NMR (101 MHz, CDCls) of 30.
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Figure A125. HRMS (LIFDI) of 30.
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Figure A126. '"H NMR (400 MHz, CDCl3) of 31.
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Figure A129. 'F NMR (376 MHz, CDCl3) of 31.
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Figure A131. HRMS (LIFDI) of 31.
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Figure A132. '"H NMR (400 MHz, CDCl3) of 32.
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Figure A133. '°F NMR (376 MHz, CDCl3) of 32.
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Figure A134. 3C NMR (101 MHz, CDCl3) of 32.
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Figure A135. HRMS (LIFDI) of 32.
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Figure A136. "H NMR (400 MHz, CDCl3) of 33.
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Figure A137. 3C NMR (101 MHz, CDCl3) of 33.
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Figure A138. HRMS (LIFDI) of 33.
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Figure A139. 'H NMR (400 MHz, CDCls) of 34.
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Figure A140. 3C NMR (101 MHz, CDCls) of 34.
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Figure A141. HRMS (LIFDI) of 34.
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Figure A142. '"H NMR (400 MHz, CDCl3) of 35.
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Figure A143. 3*C NMR (101 MHz, CDCI;3) of 35.
NL: 3 83E6
20250311_LIFDI_EN
o 1007 304.03626 860_20250311143334 #74-249 RT
3 ] 0.64-2,15 AV: 176 NL: 3.83E6
§ 80 CS DSAOZE;%SS T:FTMS + p ES| Full ms2
< ] 1N =eez 1075.0000@hed 10.00
g 50 [150,0000-2000.0000]
o ]
5 407 304.02891
& o] 303.01042 ) '| 306.03970
1302.02174 20320055 304.20914 205 37553 30603232 30703566
0 |i 1 . T lI 1 { 1 . Ll 1 i - 1 lI 1 L . 1 1l Id
302 303 304 305 306 307
miz
NL: 7.34E5
100 303.02067 CA9H1152 Chg: +1: Cya Hyy 52 p {ges,
n =/p:40) Chrg 1 R: 120574 Res. Pwr,
80+ @FWHM
= b NL: 7.34E5
g 60— C18H1152 Cha: +1: Cya Hyy 52 pa Chrg 1
E ] Pattern
L) 40
£ ] 305.03638
T 20 304.03302
o« R 305.02546
. B 304.02912 Ld__d__d 306":{2332 307.02127
T T 1 1 | ! I LI 1 ! |
302 303 304 305 306 307
miz
Peak Mass Display F... SFit RDB Delta [pp... Theo. ma... Rank Combine... # Match... # Missed... MS Cov... Pattern C... MSMS M...
303.0294 CyoHy ™S 23.74017 303.0296 (Collecti
14,50 -0.71 1 3693 8 2 3766 8182
5 2 0884407 7 on)

Figure A144. HRMS (LIFDI) of 35.
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Figure A145. 'H NMR (400 MHz, CDCl) of 36.
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Figure A146. 'H NMR (400 MHz, CDCl3) of 37.
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Figure A147. "H NMR (400 MHz, CDCI;3) of 38.
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Eidesstattliche Erklirung

Hiermit erkldre ich, Nour-Eddine El Alaoui, die vorliegende Arbeit ,, Specific bromination of
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