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RESUME (Francgais)

Le contenu de cette thése porte sur les astérisques moléculaires fonctionnalisés,
ramifiés et polysulfurés, polyoxygénés ou polycyanés incorporant soit un noyau
benzénique, un noyau pyridine, ou un noyau pyrene. Les principaux objectifs sont de
rapporter la synthése et les propriétés structurales, photophysiques,
supramoléculaires et covalentes dynamiques des architectures moléculaires
nouvellement créées, afin de développer d'autres utilisations et applications de celles-
ci dans un futur proche, vers I'électronique moléculaire, I'imagerie, les sciences des
matériaux et de la vie, en général. Ce travail aborde également la relation entre la
topologie (chaines, rubans, torsades, etc.) et les propriétés optoélectroniques afin
d'ouvrir une nouvelle direction et des perspectives futures en science des matériaux
et en chimie polyaromatique. Elle interroge également certains principes et
mécanismes fondamentaux en chimie organique, notamment la réversibilité d'un
mécanisme principal et historique en chimie organique : la substitution nucléophile

aromatique, connue depuis 1854. Dans un premier temps, la thése porte sur de
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nouvelles approches synthétiques pour fonctionnaliser le pyréne dans sa région K, ce
qui a été négligé malgré l'importance historique des pyrénes dans les capteurs
optoélectroniques, les matériaux et les sciences biologiques. Elle se poursuit par la
synthése de divers astérisques moléculaires soufrés, oxygénés et cyanés a noyau
benzénique ou pyridinique, a la recherche d'un nouveau domaine de la chimie
covalente dynamique (DCC) avec les arenes et les hétéroarénes, en mettant en ceuvre
et en promouvant des substitutions nucléophiles aromatiques réversibles pour la DCC,
tout en développant des matériaux intelligents entiérement organiques hautement
phosphorescents via un phénomene de phosphorescence induite par la rigidité (RIP).
Ainsi, nous rapportons la « danse du soufre » autour des arenes et des hétéroarénes
a partir d'un échange réversible de composants soufrés autour d'un template
aromatique, un nouveau processus en chimie aromatique. Afin d'étudier les réactions
SNAr réversibles, plusieurs conditions de réaction, effets de substituants, méthodes
analytiques et séparatives étaient nécessaires pour analyser la bibliothéque de
composeés créés par DCC. Dans cette direction, nous avons également analysé
I'importance des astérisques sulfurés et oxygénés avec un systéme 1 étendus autour
d'un noyau benzénique, en incorporant des bras phényle, biphényle, naphtyle ou
hétéroaromatiques, a la recherche de propriétés photophysiques exaltées ou de
coordination de cations métalliques vers des applications en chimie supramoléculaire.
Cette thése couvre donc des larges domaines de la chimie aromatique, mécanismes
réactionnels de base, photohysique et chimie covalente dynamique et

supramoléculaire, vers les sciences de matériaux et de la vie.

RESUME (Anglais)

The content of this thesis focusses on functionalized and branched polysulfurated,
polyoxygenated or polycyanated molecular asterisks incorporating either a benzene,
a pyridine or a pyrene core. The main objectives are to report the synthesis and the
structural, photophysical, supramolecular and covalent dynamic properties of the
newly created molecular architectures, in order to develop further uses and
applications of them in a near future, toward molecular electronics, imaging, materials
and life sciences in general. This work also tackles the relation between topology and
optoelectronic properties for opening a new direction and future perspectives in

materials science and polyaromatic chemistry. It also questions some fundamental



principles and mechanisms in organic chemistry, notably the reversibility of a main and
historical mechanism in organic chemistry: the nucleophilic aromatic substitution,
which is known since 1854. At first, the thesis covers new synthetic approaches to
functionalize pyrene in its K-region, which has been neglected in spite of the historical
importance of pyrenes in optoelectronic sensing, materials and biological sciences. It
is followed by the synthesis of various sulfurated, oxygenated and cyanated molecular
asterisks with a benzene or pyridine core, in search for a new field in dynamic covalent
chemistry (DCC) with arenes and heteroarenes, by implementing and promoting
reversible nucleophilic aromatic substitutions in DCC, while at the same time
developing all-organic highly phosphorescent smart materials via a rigidity-induced
phosphorescence (RIP) phenomena. Thus, we report the "Sulfur Dance" around
arenes and heteroarenes from a reversible exchange of sulfur components around an
aromatic template, a new process in aromatic chemistry. In order to study reversible
SNAr reactions, several reaction conditions, substituent effects, analytical and
separative methods were necessary in DCC for anayzing the created library of
compounds. In that direction, we also analyzed the importance of Tr-extended
sulfurated and oxygenated asterisks with a benzene core, incorporting phenyl,
biphenyl, naphthyl or heteroaromatic arms, in search for some exalted photohysical
properties or metal cations bindings of uses in supramolecular chemistry. Thereofore,
this thesis covers broad areas of aromatic chemistry, basic reaction mechanisms,
photophysics and dynamic covalent and supramolecular chemistry, towards materials
and life sciences.
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Chapter 1: Introduction

1.0 Arenes and heteroarenes with star-shaped topology

Arenes can be broadly defined as molecular species containing hybridized sp? carbon
atoms and hydrogens atoms in their chemical structure, while generating a n-system
with an aromatic character due to some electronic delocalization. They are also
members of a chemical family named Polycyclic Aromatic Hydrocarbons (PAH).
Heteroarenes are similarly described, but they incorporate at least one heteroatom in
a m-system. Benzene is thus one of the smallest arenes. It is the parent compound
and the basic unit of higher PAH and arenes. An electronic delocalization in its -
system provides an extra thermodynamic stabilization of the molecule, which is
commonly known as resonance energy, as a main feature describing aromaticity.
Many electronic, thermodynamic, photochemical, structural and chemical reactivity
studies have been carried out over the years on benzene derivatives and arenes since
the early days of aromatic chemistry. However, not only arenes (such as benzene,
naphthalene, pyrene) but also heterocyclic aromatic compounds are of significant
importance in organic chemistry and in heteroaromatic chemistry. Many heterocyclic
aromatic compounds (such as pyridine, thiophene, furan, pyrrole, etc.) are also parent
compounds of higher heteroarenes in the field of polycyclic heteroaromatic chemistry.
Thus, arenes and heteroarenes could have various properties due to their molecular
diversity, but also due to the aromatic character of some rings with sp? - hybridized
carbon atoms and sp?-hybridized heteroatoms. This electronic contribution could thus
come from some substituents and/or heteroatoms interacting with such [ systems. In
many cases, arenes and heteroarenes are thus rather planar with 2D dimension, even
if some family of arenes could be distorted, such as carbohelicenes.

Regarding deviation of planarity, another feature is the characteristic 3D star-
shaped topology of the molecules. It often confers them a greater solubility with
different solvation and 3D features, leading to different supramolecular interactions.
Branching effects can be important for modulating supramolecular interactions and
self-assemblies. This is regularly found in dendrimer chemistry, for instance.

In this work, it is of special interest to explore the role of sulfur and oxygen
atoms surrounding an aromatic or heteroaromatic core and also the star shaped
molecular topology. Sulfur and oxygen atoms have an impact on the molecular

conformation and on the supramolecular properties, while also contributing to
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Chapter 1: Introduction

covalently-assemble the asterisk molecules in a peculiar (star-shaped) topology and
conformation. They could also be used for coordinating metal ions. These
heteroatoms, their multiplicity and their electronic contributions within aromatic cycles
or at the periphery of an aromatic core should have a strong importance in the
modulation of optical, electronic and supramolecular properties in the solid state or in
solution. As a proof of concept, sulfur atoms surrounding an aromatic core are known
to strongly stabilize negatively charged species. [1] Some studies were also achieved
on their aromatic character as it is related to reactivity. [2-9] [10] Heteroatoms such as
sulfur or oxygen are different from carbon or hydrogen atoms in their electronegativity
and covalent radius. Incorporating heteroatoms such as sulfur/oxygen or
sulfur/oxygen-containing groups to a benzene or a pyrene core can greatly change the
core's photophysical or redox properties. [1] A recent example is related to the
discovery of one of the most phosphorescent crystals known to date with a near 100%
quantum vyield of efficiency (Scheme 1 - compound 4).[11] The photophysical mode of
emission is related to a rigidity-induced phosphorescence (RIP) as a relatively rare
phenomena in the field of aggregation-induced emission (most phenomena involve
fluorescence), which will be demonstrated in the next part of this chapter. Lastly, this
family of asterisk compounds has been lately used in the development of novel cations
and anions sensing devices using RIP and exalted phosphorescence. [12]

HS @ R=
¢, L
cl cl \ 4) R= 4-Me,
SN GWCI 1
cl cl 052%013 %r NaH 6) R=3-OMe,

cl o 7) R= 2-Me,
1 Iy \© 8) R= 2-iPr,
~N N 9) R= 2-OMe
\\?// R 63.90% R

Scheme 1: Hexakis(p-tolylthio)benzene (1) is one of the most phosphorescent solid or crystal
known to date (©~100%). A new family of highly phosphorescent crystals has been discovered
in 2013. [13]

Their attractive features are based on rich supramolecular interactions and
optical-electronic properties, which could be modulated from the coordination of
divalent sulfur atoms to thiophilic metallic species, from some cation-1r interactions
and from some Tr-complexes. Additionally, polysulfuration often enhances some
electronic, photophysical and biophysical properties, leading to phosphorescence,

3
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fluorescence, several redox states, metal ion coordination ability, aggregation or
crystallization- induced phosphorescence or fluorescence emission (AlE or CIE). We
are thus interested in studying their electronic, photophysical properties by introducing
substituents around a benzene or a pyrene core with sulfur or oxygenated ligands
(Figure 1).

R

P <R R R
= X e
D, T L
S ols
s S NC ors

R

opouc e
= S~
S S NC 0

s Is

@ N S0
B J&

R
10 11

Figure 1: New persulfurated, cyanated or oxygenated aromatic compounds of interest.

Further, we would like to study the reversibility of nucleophilic aromatic
substitutions of these persulfurated asterisks and other congeners in the frame of
Dynamic Covalent Chemistry (discussed in detail in section 1.5 and chapter 6), after
the discovery of some sulfur exchange reactions.

Besides benzene, we previously found that pyrene's properties could also be
strongly influenced by functionalization with sulfur substituents for making pyrene-type
asterisks. Pyrene is a common peri-fused polycyclic aromatic hydrocarbon, [14] with
a highly symmetrical point group (D2h). [15] It is considered aromatic in its behavior,
despite having 16 1-electrons a number which does not following the Huckle's rule of
aromaticity (4n+2 Tr-electrons). [16] There are multiple issues regarding
regioselectivity and purification of substituted pyrenes. An electrophilic substitution
preferentially occurs at positions 1-,3-,6- and 8 of pyrene, due to the electronic density
and nucleophilic characteristic at these positions at the so-called non K-region of
pyrene. [17-19] As a consequence, most electrophilic substitutions are reported at
these postions in the literature for making most pyrene derivatives. In spite of a large
number of reactions and functionalizations of pyrene, a major challenge remains a
quick functionalization of the so-called K-region of pyrene (Figure 2). Thus, we are
interested in the functionalization of pyrene at positions 4,5,9,10, which are less

common and less easy in synthesis.
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Figure 2: green arrow represents common
functionalization sites on pyrene whereas red

arrow represents uncommon functionalization

In basic pyrene chemistry, a selected and recent example is shown in scheme 2. A

regioselective bromation of pyrene
tetrabromopyrene in a high vyield.

in warm nitrobenzene provided 1,3,6,8-

It was followed by a sulfuration by SnAr for

incorporating new “solubility enhancers” at the non K-region (solubilizing groups with

reactive or activating functions).

HO._ _O o OY
SOCl, Zn powder
~
| —SH iPrOH, 80°C, 7days AcOH, 90°C, 24h SH
Z )\ >95% yields
0, 60% yield
13 M, 97% yield 15X
P, 97% yield
o O o o o 0O O o

Br. ' Br
Br I Br O LiOH*OH

(1

DMF, 80°C, 4days ‘
S

0. O\K
/\
4-SH
~ oooo

15X 17X
X=0(ortho), M(meta), P(para) 0, 82% yield

M, 87% yield
P, 93% yield

+ 16
EtOH, 75°C, 2days

é

?

OOOO

0, 97% yield
M, 72% yield
P, 94% yield

Scheme 2: Water-soluble polysulfurated pyrene-based chromophores as dual mode sensors
of metal lons. Recent example of highly emissive (tetracarboxylated tetra(phenylthio)pyrenes
decorated with four peripheral and regioisomeric carboxylic acid groups at ortho (10), meta

(1M) or para (1P) positions). [20]

Electrophilic sulfonation proceeds in a similar regiosectivity on pyrene. These

sulfurations are now common. Nevertheless, sulfurated pyrene derivatives, especially

those with a thioether linkage (or sulfide) still remain underexploited. Similar reactions
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and functionalizations are even more scarce at the K-region of pyrene, in spite of real
opportunities. This is the reason, we focussed in the functionalization of the K-region
as an added-value toward unusual pyrene-based building blocks for making various
objects, such as large wires, ribbons, torsades, rings and helices. At first, we propose
some efficient syntheses, functionalization and characterization of pyrene derivatives,
having in mind to make oligomers and higher pyrene-based architectures.

Along these lines, scheme 2 presents recent examples of polysulfurated and
tetracarboxylated pyrene-cored asterisks, which were synthesized via direct aromatic
nucleophilic substitution reactions of thiolates on 1,3,6,8-tetrabromopyrene (16),
giving four peripheral (17X) and regioisomeric carboxylic acid groups at ortho (10),
meta (1M), and para (1P) positions of a benzene ring. The carboxylic acids can chelate
with divalent metal ions for generating a supramolecular object or assembly in water,
with a substantial change in the photophysical properties. Photophysical
measurements of carboxylated asterisks are achieved in neutral or basic aqueous
solution (1M, 17) with metal ions. Several metal ions were tested and found to reduce
emission quantum yields, with a controlled formation of 3-D nanoscopic objects in a
dual-mode sensing. Adding EDTA (ethylenediaminetetraacetic acid) can disassemble
the nanoobject by a competitive coordination to metal ions, leaving the pyrene-cored
asterisks restoring the fluorescence of pyrene. It thus opened new avenues for heavy
metal ion sensing. [20]

Other common derivatizations of pyrene can be done via metal-catalyzed
cross-coupling reactions such as Suzuki-Miyaura cross-couplings. [19] It also
common to use a Stille coupling involving organostannanes for making pyrene-
thiophene derivatives, as an example. Heck-Mirosoki coupling reactions [22], Wittig
reactions involving a triphenyl phosphonium ylide [23] were also used. A Sonogashira
coupling with terminal alkynes is a valuable method for the synthesis of conjugated
acetylenic systems to pyrene. All of the above-mentioned methods allow the design of
pyrene derivatives of interest in molecular electronics and in devices, such as OLEDs.

The positions at 4,5,9,10 of the pyrene ring are very interesting for preparing
new extended aromatic systems at the K-region toward more complex pyrene-based
structures. It is worth noting that professor Klaus Mullen and his group in Germany
made several assays to prepare pyrene-4,5-diones and pyrene-4,5,9,10-tetraones
directly from pyrene. [24-25] An indirect method is to transformed pyrene into



Chapter 1: Introduction

hydrogenated pyrene in the non K-region and to functionalize the resulting key synthon
by electrophilic substitution in the K-region. [26-27] It will be described in Chapter 2.

1.1 Benzene-Cored Asterisks
1.1.1 Polysulfurated Benzene-cored Asterisks

The direct or indirect incorporation of the functional group carrying sulfur,
oxygen, or nitrogen on a benzene, pyridine, or pyrene ring may considerably impact
its reactivity, physical properties, and biological activities. The formation of C-X (X=S,
N, O) or C-C bonds is valuable, and complex molecular entities can be fabricated by
linking small fragments of organic molecules or moieties. Direct functionalization of C-
X (Cl, Br, F, 1) bonds for C-X (X=S, N, O) bond formation is an atom and step efficient
alternative to cross-coupling reactions. The benefits of direct functionalization have
been overshadowed before, because of early harsh conditions and the right
combinations of catalysts and other reaction parameters to take care of. [28-30]

o o (s |
X Cr 1> 0
Quinoline/Pyridine
ci ¢l ci 200°C, 74%
; D0

Scheme 3: first synthesis of hexakis(phenylthio)benzene (5) [35]

Among some early examples, when hexachlorobenzene was treated with
mercaptides in pyridine in 1956, the reaction was quick, but no persulfurated product
was obtained. [31-32] Three years later, the same reaction in ethanol reported only
tetra and disubstituted products and not fully substituted hexa-substituted products.
[33] After 13 years, a Canadian team published their work on the reactivity of
perfluoroaromatic compounds towards thiolates in ethylene glycol/ pyridine and
obtained similar results. [34] In 1957, the first report of hexakis(phenylthio)benzene (5)
came from a reaction of hexachlorobenzene (1) with phenylthiocuprate (20) in a
quinoline/pyridine mixture at ~200°C (Scheme 3). [35] It was among the first Ar-S
bond created from thiocuprates. Later on, an appropriate polar aprotic solvent was

7
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found for such reactions at reduced temperatures (e.g. DMF, HMPA, DMI). [36-
40] Many researchers are now utilizing these reaction conditions for making

persulfurated arenes.

[Cr(CO)3(MeCN);]
G thu3°C S
20 T8 o
/T2 N
_conversion :C[ CI'(CO)4—> :@:
solldstate

solut|on

Scheme 5: trimerization of
hexakis(methylthio)benzene [41]

bis(thiomethyl) acetylene and generation of

In 1975, a

hexakis(methylthio)benzene (Scheme 4). [41] Maiolo et al. reported a one-pot

trimerization with a chromium complex provided
synthesis of mercaptobenzenes starting from easily available polychlorobenzenes.

[42-43] It provided a direct sulfuration of a perhalobenzene.

R R

e

CsCO3 or NaH
20-100°C

o g .

p>pedcs

4) R= 4-Me,
5)R=H,

6) R= 3-OMe,
7) R= 2-Me,

8) R= 2-iPr,
9) R= 2-OMe

S N AN

\\?// R " 63.90%

Scheme 5: one-pot synthesis of several persulfurated asterisks [1]

In 2014, Gingras and co-workers published their results on the persulfurated
benzene-cored asterisks (4-9) by simply treating hexachlorobenzene (1) with the
corresponding thiols at 20-100°C in DMI with a base such as cesium carbonate or
sodium hydride (scheme 5). The created molecular asterisks were evaluated for their
photophysical properties in the solid state. [1]

In 1998, Gingras and his group took persulfurated arene chemistry to the next
level by synthesizing elongated molecular asterisks with a benzene core (scheme 6).

They were synthesized as functionalized asterisks via the MacNicol method using DMI
8
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as a solvent. [44] It set the pace to other syntheses of complex asterisks with potent
applications in asymmetric catalysis, as phosphorescent metal ion sensors, or as
glycodendrimers for studying lectin-carbohydrate interactions.

e
¢
QiPr- S SH
A, ¢ L
IOUSAGNS] U S
S 26 S @s@ (SD ©s©
o e S@sfjs@
cl cl JO° 8 S@Ls
cuﬁ[m MEN\)ije ©S©S© ¥ ©s©
ci 3 \fo ? g,
1 85% @ 7/
C168H13806524 ?
M,= 3022 pY
26

Scheme 6: synthesis of fourth generation molecular asterisk with a benzene core. [44]

1.1.2 Polyoxygenated Benzene-Cored Asterisks

There is significantly less literature data on peroxygenated arenes, and this
area is underexploited. Aromatic halides without activating group do not react so easily
with phenols or alcools in the presence of a base. [45] Harsh conditions are required
with a strong heating. Peroxygenated arenes can mainly be synthesized by treating
hexachloro-, hexafluoro-, or hexabromobenzene with the desired phenols at very high
temperatures, and other parameters need to be optimized according to the reaction.
The simplest pentafluorophenol was synthesized by refluxing hexafluorobenzene with
potassium hydroxide in pyridine (scheme 7), an effective solvent for the reaction. In
1956, several reactions with hexachlorobenzene were reported. It was found that
pyridine as a solvent provides better results than other solvents because of its catalytic
effect due to pyridine. When making pentafluorophenol, tetrafluorodihydroxybenzene
was also formed. As pentafluorophenol is deprotonated, it reacts with difficulty by SnAr
due to an increase of electronic density on the benzene core. [32, 46] Disubstituted
products were also obtained via a reaction of hexafluorobenzene with phenolate

anions.
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MOH
X F —— X OH
Solvent
F F F F
27 28
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Scheme 7: reaction of hexafluorobenzene with hydroxide or alkoxides (28-29). [45]

In 1994, more complex compounds such as liner benzodioxins were
synthesized as donors for making cation radical salts, as candidates for electrolytes in
field-effect transistors (scheme 8). The dioxins are more soluble than the
corresponding all carbon acenes. Also, O is a lighter element; it has a good charge
carrier mobility because of regular n-stacking. Furthermore, the design and n-system
properties (such as solubility, crystallinity, intramolecular m-overlap, etc.) can be
modified. [47]

U@w 1@
U@Eﬁﬁ]

Scheme 8: reagents and conditions (i) NaH, NMP, 205C, 81%. [47]

Peroxygenated hexasubstituted asterisks (33-34) were synthesized with a benzene
core in 1987 for studying their supramolecular interactions by demonstrating H-
bonding for making clathrate structures (cage-like structures) after some structural
studies by X-ray diffraction (figure 3). The central benzene ring does not change its
planarity, but the ether oxygen atoms were slightly displaced from the outer plane of

the benzene core. [48]
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Figure 3: Peroxygenated benzene-cored asterisks synthesized by MacNicol in 1987. [48]
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Scheme 9: a) synthesis of bisphenol monomer with 10 electron rich phenyl group; b)
Bisphenol monomer polymerized to yield PAEKs, CMPAEKs and QAPAESSs (41-43). [49]
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In 2004, a new bisphenol derivative with ten electron-rich phenyl groups was
synthesized. Monomers, polymers were synthesized and functionalized for high-
performance anion exchange membranes. [49]

In 2006, more challenging branched structures were synthesized, as some
dendrimers. Well-defined, highly branched peroxygenated molecules are still limited.
They used a modular stepwise method instead of a direct approach. [50] The star-
shaped molecule consists of 12 hydrophilic and hydrophobic arms with a benzene
core (scheme 10). [51]
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Scheme 10: Star-like amphiphiles with a peroxygenated benzene core. (reprinted with
permission of [51])

Recently a Chinese team synthesized perchalcogenated arenes, including
peroxygenated asterisk, to study their photophysical properties, as they can emit
brightly in the solid-state. [52]

1.1.3 Sulfurated, oxygenated and cyanated benzene-cored asterisks

A cyano function is an activating group for SnAr reactions when positioned on a
benzene ring due to electronegative nitrogen atom, which pulls electron density
towards it, making the ring electron-deficient. Hence, it acts as an activating group
toward SnAr and as a deactivating one for SeAr reactions. Arylated nitriles can be
prepared by classical synthetic routes using the Sandmeyer [53] or Rosenmund-von
Braun reactions (scheme 11), [54] but both require toxic CuCN reagent and harsh
conditions (strong heating).

12



Chapter 1: Introduction

Br CN
CuCN
Heat

52 53

Scheme 11: Rosenmund—von Braun reaction [54]

In spite of toxicity, it is one of the common reactions to prepare benzonitrile in
the laboratory, with toxic CuCN in DMSO while heating. Cyanated benzene derivatives
are interesting because the cyano group changes the redox and the photophysical
properties of the polysulfurated or polyoxygenated benzene core, and offers
interesting mechanistic studies for organic reactions. A recent study showed that
cyanated benzene derivatives could undergo radical cascade reactions when
irradiated by light. The cyano group is thus an important and easily available function
for preparing various functional groups in organic chemistry such as amines, acids,
ketones, etc.. Recent applications of the cyano group as a radical acceptor can lead
to different interesting heterocycles and carbocycles. [55] This publication showed the
transformation of iminyl radicals into N-heterocycles via nitrile insertion, and remote

cyano migration can be seen from scheme 12.

Scheme 12: The cyano function as a radical acceptor in cascade reactions. [55] Reprinted
with permission from Organic Chemistry Frontiers. [55]

Several methods were developed for the cyanation of arenes [56] as they have
many applications in dyes and pigments, catalysis, photo- and electrocatalysis, heat
resistant polymers, lasers and optical filters. [57-68] However, there is a very limited
number of publications in the literature on persulfurated or on peroxygenated cyanated
benzene derivatives. In 2007, a Russian publication indicates the synthesis of

poly[phenyl(alkyl)sulfanyl]-substituted phthalonitriles and some phthalocyanines. By
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reacting tetrachlorophthalonitrile with the corresponding thiols at different ratios with
triethylamine as a base in DMF at room temperature, a series of cyanated aryl sulfides
were formed (scheme 13). Interestingly, they observed the first replacement of the
fourth chlorine atom and then chlorine at the fifth position. They also tried 1:1; 1:3
ratios of (54)/thiol and found that on using a 1:1 ratio gives three products: one is the
starting compound-I, and the others are the mono and disubstituted sulfides.

Cl
¢l N nRSH
cl cN Et3N, DMF Rgg
Cl Cl
54 55, 59 56, 60 63, 65 57 61 58, 62 64 66

55-58, R=Ph; 59-62, R= tBu; 63, 64, R= nBu; 65, 66, R= n-C4yH,;

Scheme 13 : synthesis of different polysulfurated dicyanated benzene-cored asterisks. [67]

It was notable that each thiol gave only one monosubstituted and one
disubstituted product. The reaction was regioselective. While using a 1:2 ratio
(compound-54 and thiols), only the disubstituted products (56, 60, 63, 65) are formed
in high yields with traces of mono and trisubstituted products. For the 1:3 ratio (di-, tri-
, and tetra- products were formed), whereas for the 1:4 ratio, only tetrasubstituted
products were observed (58, 62, 64, 66). A sc-X-ray diffraction structure determination
was obtained from the monocrystal of compound 56 (Figure 4). Reactions with ratio
(compound-I and thiols) 1:2 and 1:4 gave results in high yield for 4,5-
bis[phenyl(alkyl)sulfanyl]-3,6-dichlorophthalonitriles and tetrakis[phenyl
(alkyl)sulfanyl]-phthalonitriles which absorb in red and near-IR region of electronic
spectra. [69]

Figure 4 : sc-XRD of 3,6-dichloro-4,5-bis(phenylsulfanyl)phthalonitrile (57). [69]
14
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In 2012, three pentasulfurated asterisks were published, out of which one is the
pentasulfurated cyanated asterisk (ASCN), from a work previously done by doctoral
students Raymond Noel and Marco Villa from the Gingras's laboratory (scheme 14).
The cyano function is an electron-withdrawing group that pulls out the electron density
of benzene, making it electron deficient, and strongly polarizes the central benzene

ring, mainly responsible for the emissive properties. [70]

N©
R
F F  K,COjs, tolylthiol /@/S S Q/
S S
S

F DMF, 16hrs., RT
F 94% yield \©\
58
A5CN, 59

Scheme 14: synthesis of a pentasulfurated cyanated asterisk (59). [70]

In the crystal packing (figure 5), this asterisk showed one intramolecular
interaction in orange color (between C(14)-H(14)) with a C-S distance of 3.4A, a C-H-
---S single bond 120.5° and two intermolecular interactions in green color (between
S(4)-C(29)) of 3.4 A and C-H---S angle o 136°) between the cyano group and an
aromatic carbon atom is belonging to a toluene ring of a symmetry-related molecule
on the other hand (shown in light blue in Figure 4) with N(1) ---C(21) distance of 3.02
A and C-H---N angle of 136°.

Figure 5: a) H-bonding network in ASCN asterisk (59) with one intra (orange lines) and 2
intermolecular interactions (green and blue lines); b) Interplanar distance between the central
benzene ring (reprinted with permission). [70]
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The interplanar distance between the central benzene ring can be seen from
scheme-14b, which is 5.9 A and positioned in an edge-to-face manner. Most
importantly, this asterisk emits in both solid and in solution states. It is strongly
phosphorescent, with an orange color. The blue shift in the emission from room
temperature to 77K (in fluid solution) is a typical example of rigidochromic effect that
suggests that electronic transition has a is charge transfer involving sulfur. In the solid-
state, a red shift was observed compared to 77K in a matrix, a phosphorescence band
was observed, and the corresponding lifetimes were affected by dioxygen
concentration. Moreover, the orange phosphorescence is not so common, thus it can
have potential applications in bioimaging since orange light can have higher tissue
penetration compared to a green light, from the previously reported
hexakis(phenylthio)benzene (5). [11]

In 2017, a novel series of tetrasubstituted aromatic thioethers with a benzene
core were synthesized (Scheme 15). Out of 15 different compounds, three ortho
compounds (60, 61, 62) were synthesized before in the literature but never

investigated for their fluorescence properties. [71]
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OH COOH NH,
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Scheme 15: synthesis and photophysical studies of some cyanated and sulfureted benzene
derivatives

These asterisks cover the full visible region from blue to orange-red light. Electron
withdrawing groups reveals a blue shift, whereas electron-donating groups reveal a
redshift in the spectrum. The aggregated size (40 to 300 nm) and the dispersion were
studied via DLS and TEM. Metal ion complexation was not achieved with these
asterisks, but it could be interesting. All compounds were AIE active. [72]
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Recently in 2018, some cyano groups were introduced on tetrasubstituted per-
oxygenated benzene-cored asterisks and the bioluminescence was studied. Two
asterisks (scheme 15, POP & TOP) were synthesized with two different aromatic
alcohols (phenol and cresol) with phenyl (POP) and tolyl (TOP) substituents via some
aromatic nucleophilic substitution reactions at room temperature. The studies were
done for both in amorphous powder and crystal forms after some X-ray studies. , it
was found that inter and intramolecular interactions in POP (1p(O)---1r, m(C=C)---
(C=N), H-bonding and C-H--- 11 interactions from head to tail) and in TOP (11(C=C)--
- M(C=N), H-bonding) leads to rigidity and suppress the non-radiative pathway, in POP
this indicates more non-covalent interactions reinforce intersystem crossing that leads
to green afterglow phosphorescence or p-RTP (persistent room-temperature
phosphorescence) can be seen from scheme 16b.

For studying the AIE effect, studies were done in a THF-H2O mixture, a
bathochromic shift from 400 to 462nm was found with a decrease in intensity on the
increase in the concentration of water up to 50% (v/v) to THF solution in POP. Also,
increasing H20 content (90% v/v) increases intensity by 3.5 fold, with a red shift results
from restricted rotations of the phenoxy groups due to aggregation. For TOP, a
bathochromic shift was observed with an increased in solvent polarity caused by the
charge-transfer character in an excited state. Hypochromic shift observed with an

increase in water content (70%, v/v) causes aggregation.

a) b)
SR oHePos ool
RS

POP, 80 TOP, 81

Scheme 16: a) POP and TOP; b) sc-XRD structure of POP and photophysical studies, number
8 pattern (UV ON) with POP and afterglow 4 pattern (UV OFF) when UV lamp 365nm was
switched off (reprinted with permission of the Journal of Physical Chemistry Letters). [73]
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POP shows RTP at 520nm (12.6ms) for phosphorescence studies with A
excitation = 365 nm and a broad peak 415-470 nm (97.2 ms), extended lifetime
confirms p-RTP observed with naked eyes in the powder form. In crystal form, similar
features were observed along with relatively long green afterglow (A emission = 415-
470nm, 197.8 ms; A emission = 520 nm, 253.2 ms) former band completely quenched
at ~415-470 nm. Compared to the behavior with AIE in THF-H20, the peak at 457nm
in powder and crystal originates from the same species (exciplex) present in the
solvent mixture. Confirms origin of 520 nm peak from inhomogeneity of aggregates in
powder. In TOP, lack of p-RTP due to molecular arrangements that activate non-
radiative pathways. [73]

1.2 Sulfurated pyrene-cored asterisks

Pyrene is the smallest peri-fused polycyclic aromatic hydrocarbon, as discussed in
section 1 in details [16], which offers an extended t-system. Due to its attractive
electronic and optoelectronic properties, it can be used as a building block for many
organic molecules which have applications in OLEDs (organic light-emitting diode),
OFETs (organic field-effect transistors) and OPVs (organic photovoltaics). [74-75] Due
to its supramolecular properties, it is capable of 1-stacking and CH-11 interactions
which, in water, can be reinforced by hydrophobic effect. [76-77] This has been much
exploited in the non-covalent functionalization of extended planner 1r-system such as
carbon nanotubes [78-81] and graphene. [82-83] It can also be helpful in the biological
system for binding nucleic acids. [76-85]

Electrophilic substitution preferably takes place at 1,3,6,8 position on pyrene as
these are the most electron-rich centers and most reactive [78] whereas substitutions
at positions 4,6,9,10 are not so common and easy. Most of the pyrene derivatives are
mono-substituted [16], here we will present tetrasubstituted pyrene derivatives, more
precisely, tetrasulfurated pyrene derivatives. As previously reported in 1987,
bromination of pyrene takes place in gram scale at the positions 1,3,6,8 by treating it
with bromine in nitrobenzene at high temperature in a yield of 90% (scheme 17, left).
[86] The route to the synthesis of 4,5,9,10-tetrabromopyrene (83) via halogenation of
1,2,3,6,7,8-hexahydropyrene (82) in DCM is shown below (scheme 17, right). [87]
Several indirect methods were discussed to provide a range of 4,5,9,10-substituted
pyrenes, which is a real challenge to prepare them directly in one step. This difficulty

encourages the development of new synthetic routes and the design of new pyrenic
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systems which could be exploited due to their optical, electronic and structural
properties, as novel building blocks in materials science. [75]

O ’ Br, Fe Br ‘ Br
N|trobenzene OO DCM ‘O
o s o
82 83

Scheme 17. Left: synthesis of 1,3,6,8-tetrabromopyrene (16) [86]. Right: synthesis of
4,5,9,10 tetrabromopyrene (83). [87]

The uses of 4,5,9,10-tetrabromopyrene (83) and such pyrene functionalization in the
K-region are still underexploited but a few articles mentioned it. In 2011, the synthesis
of a novel pyrene derivative with four substitutions at positions 4,5,9,10 with a thienyl
group was undertaken from another indirect method using a Friedel-craft alkylation
with a sterically congested tertiary halide. It was followed by a regioselective
tetrabromination at positions 4,5,9,10, followed by Stille couplings to incorporate the
thienyl groups. The optical and electrochemical properties were studied, as well as the
morphology of the solid. The UV-vis spectra indicated a small redshift for THTP
compared to TTP (scheme 18) owing to the electron-donating effect of the hexyl
chains of the thienyl groups, to provide a good solubility and some Van der Waal
interactions between the alkyl chains. Extended 1r-11 stacking makes it easy to grow
large microwires, which can be seen from the picture given in scheme 18 (right side).
[88]
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Scheme 18. Left: synthetic procedure of TTP and THTP. Right: camera picture of TTP micro-
wire (a), optical micrographs of TTP micro-wires (b, ¢) and (d)THTP micro-wires (reprinted
with permission from Molecular Crystals and Liquid Crystals). [88]
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Mullen and his group published their work (scheme 19) showing pyrene substitutions
at positions 4,5,9,10. Thienylations at positions 4,5,9,10 via Stille couplings produced
hexaaryl[a,c,f,g,j,l,0,p]tetracene via cyclodehydrogenation. Low yield was observed for
95 (17%) due to side reactions at the beta position of the thienyl groups. Compound
94 was polymerized with iron chloride. However, iron can cause a side polymerization
reaction at the alpha-thienyl free position for 10, thus an oxidative
photocyclodehydrogenation with iodine was successsfully applied. X-ray diffraction
studies were performed on both crystals of 95 and 96. They both exhibit a saddle

conformation, as shown in scheme 19. [74]
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Scheme  19: Left:  4,5,9,10-Tetrathienylation = and  Subsequent  Oxidative
Cyclodehydrogenation to Hexaaryl[a,c,f,g,j,1,0,p]tetracenes 95 and 96. Right: X-ray structure
of 95 and 96. Two of four n-butyl side chains are disordered. For clarity, only the majority
component is shown. (a) 96 front view; (b) 96 side view; (c) 1 front view; (d) 95 side view; (e)
crystal packing of 95; (f) illustration of planar benzene rings A and B; used for calculation of
curving angles (reprinted with permission).

As for 1,3,6,8-tetrabromopyrene (16), previous work were established from its

C-arylations and C-alkynylations. However, the sulfuration of pyrene at these positions
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were mainly limited to sulfonations. In 2008, the synthesis of a new series of
polysulfurated pyrene-cored dendrimers (given below) was produced from 1,3,6,8-
tetrabromopyrene by the group of Pr. Marc Gingras (scheme 20). By increasing the
dendritic generation number, a dendron localized absorption band at ~260 nm
increases strongly in intensity and becomes red-shifted. These are stable redox
switches that possess reversible redox states, electrochromic and luminescent
properties, even in the presence of air. [89]

In 2014, the investigations of their electrochemical, photophysical, and
electrochemically generated chemiluminescence (ECL) were achieved with some
collaborators in Bologna. [90] For this family of dendrimers, it was found that the redox
properties were dependent on the generation number, and it was easier to oxidize and

to reduce the higher dendritic generations.
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Scheme 20: synthesis of electro- and chemically responsive sulfurated pyrene-cored
dendrimers. [90]

The 1,3,6,8-tetrabrominated pyrene core (16) was chosen because of its
synthetic access and its geometry for making star-shaped structures. Its enhanced
photophysical and electrochemical properties were established after sulfuration (i.e.
sufur effects on the properties). Further work was achieved in 2014 with a
multichromophoric system, with four appended terpyridine units to pyrene, which
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collects light from the peripheral units and funnels the energy to the pyrene core, as
shown in scheme 21. Photophysical studies were done by chelating 104 and 107 with
different metal ions (Zn?*, Fe?*, Nd®*). It was observed that for compound 104, a
redshift of lowest energy for free ligand was observed. The bands appearance in the
visible region at 575 nm due to metal-to-ligand transfer was observed with Fe?* in
DCM, and complete quenching at 390 nm was observed. Whereas for compound 107,
there is a decrease of the emission band of the tetra(thio)pyrene, indicating that the
complexation of the metal by the external terpyridine quenches the luminescence of
the core. By exciting at the isosbestic point at 410 nm, the emission band at 460 nm
decreases upon additions of Fe?*, reaching a complete quenching at two equivalents
of metal ions. The results prove the formation of metal complexes in a ratio of 1:2 of
ligand 107 to metal ions. Because four terpyridine moieties are present in each
molecule, the stoichiometry of terpy to a metal ion is 2:1, as for the model compound
104. The geometry suggests the formation of oligomeric structures built on [M(tpy)2]™*
interactions. The dimensions of the nanoparticles were studied via DLS and AFM. [91]
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Scheme 21: synthesis of a new multichromophoric tetra(phenylthio)pyrene (107) core
appended with four terpyridine units, as a highly luminescent polysulfurated pyrene derivative
for sensing metal ions. (reprinted with permission from Chem. Eur. J.) [91]

These preliminary results set the departure for a new research area in the
heterofunctionalization of pyrenes which is still in its infancy state, especially for
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sulfuration (besides sulfonation of pyrene which is known). This is thus a clear
demonstration of preliminary results encouraging the development of sulfurated
pyrenes toward organic materials, but also for biological sciences and (bio)sensing
devices. Thus the regioslective sulfuration of pyrene is still underexploited in pyrene
chemistry. Sulfonation has been one of the preferred methods in the history of pyrene.
Rare monothioarylations at positions 1 and tetrathioalkylations at positions 1,3,6,8 for
making organic conductors are known. However, other sulfurated pyrene derivatives
could be sought by simply using nucleophilic aromatic substitutions from pyrenyl
bromides or fluorides with nucleophilic sulfur sources. Cu- or Pd-catalyzed reactions
of pyrenyl iodides or bromides with aryl- or alkylthiolates are also possible but almost
non-existent. Sulfur substituents would drastically change the redox properties,
solubility, and conformational issues and promote molecular diversity by oxidizing a
sulfur linkage to a sulfoxide or a sulfone. Sterically demanding t-BuS groups are
attractive because of their dual use as solubilizing groups and a protecting group for
thiols. They could also direct halogenations in pyrenes. They could be cleaved and in
situ acylated without disclosing oxidizable sulfhydryl functions in air. t-BuS groups can
be introduced via standard Pd-catalyzed Ar-S coupling methods. [92-93]

1.3 Photophysical properties of the asterisks

1.3.1 Basic concept in photophysics

As shown in figure 6, when molecule (A) absorbs suitable energy from irradiation, the
electrons get excited and jump to a suitable excited state (A*), but when the electrons
come back to their ground state (to their original energized state), it will emit the extra
energy absorbed. This energy can be emitted in a photoreaction, non-radiative decay
(degradation of heat), or radiative decay (luminescence). [94-95]

/ B Photoreaction

A + ho > A* » A+ hv’ (Radiative Decay or
Luminescence)

A + Heat (Non-Radiative Decay or
Degradation of heat)

Figure 6: Possible pathways for an excited molecule to relax.
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We can better understand these terms with the help of a Jablonski energy diagram
(figure 7). [96]:

Figure 7: Jablonski energy diagram (reprinted with permission Molecular Expressions
website). [96]

All these events take place over a range of time given above. The straight
arrows represent the radiative decays, spontaneous emission, and a quantum
mechanical system (a molecule, an atom, or subatomic particle) that emits light when
it relaxes back to a lower energy state or ground state. If an electron suffers vibrational
relaxation and then relaxes to its ground state, it is known as fluorescence. This
transition occurs from singlet (S1) excited state to ground state (S0). If an electron
jumps to an excited triplet state (T1, also known as intersystem crossing) and then
relaxes back to the ground state (SO) is known as phosphorescence. This
phenomenon is slower than fluorescence (S1 to S0) and occurs from (T1 to
S0). Internal conversion from S1 to SO, the lowest-energy (or ground) state, is much
slower, allowing time for the molecule to either emit a photon (fluorescence). Whereas,
for non-radiative decays, the excess of energy of the excited state A* is dissipated as
heat by collision with the solvent molecules or by specific vibration or rotation of
molecules. [94-96]
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1.3.2 Aggregation-Induced Emission (AIE)

As the name suggests, it is emission of light due to aggregation caused by restriction
of intramolecular motions (rotations or vibrations). A typical example of molecule for
AlE is is tetraphenylethene (TPE). Such luminogens with an AIE property are referred
as AlEgens. In figure 8, the rotation of four phenyl rings linked to central ethene core
represents one major intramolecular motion. In dilute solution, the intramolecular
rotation are free and electron can relax back to its ground state via non-radiative
decay. In contrast, when the solution is highly concentrated, it forms aggregates and
blocks non radiative pathway and opens radiative decay pathway for relaxation. The
intramolecular rotations are restricted, meaning the path for an excited electron to
come to its ground state is blocked, and hence it emits light in AIE. This phenomena
is possible in a rigidity state, in aggregate or in solid state.

Figure 8: AIE phenomenon in TPE (tetraphenylethene); (reprinted with permission). [97]

From figure 9, we can see another example of AIE, where aggregation-induced
emission is due to restricted rotations. However, in another example with THBA
(10,10,11,11'-tetrahydro-5,5"-bidibenzo[a,d][7]annulenylidene), th eaggregation-
induced emission is due to restricted vibrations of two phenyl rings connected by
bendable double bond. There is no single bond rotation in this molecule, and it is non-
coplanar in an anti-conformation. The flexibility allows phenyl rings to vibrate in
solution for non radiative decay. [97]
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Figure 9: Tetraphenylethene (TPE) with unrestricted rotation and in aggregate form with
restricted intramolecular rotations (RIR); 10,10',11,11"-tetrahydro-5,5"-
bidibenzo[a,d][7]annulenylidene (THBA) with unrestricted vibrations and in aggregate form
with restricted vibrations (RIV). (Reprinted with permission Acta Polymerica Sinica). [97]

1.3.3 Aggregation-Caused Quenching (ACQ)

Aggregation-caused emission (ACQ) occurs when a molecule can emit light, but its
emission is quenched in the aggregated state. Aggregate refers to an ensemble or a
cluster of molecules. When emission from of luminophore in solution is quenched with
an increase of its concentration, it is known as concentration quenching (CQ), a
common phenomena with aromatic hydrocarbons and their derivatives. In a highly
concentrated solution, a weak emission can occur through the aggregation of
luminophores. [97-102] The chromophores usually exhibit high fluorescence in dilute
solutions, yet luminescence is quenched at high concentrations or in the aggregate
state, by aggregation-caused quenching. [103] A typical example of ACQ comes from
fluorescein (figure 10). It is soluble in water but insoluble in organic solvents. In water
(flask O with no acetone), it emits bright green fluorescence, but as the acetone is
added to the flask, the ACQ effect dominates and quenched the fluorescence due to
its poor miscibility in acetone. The solute self-assembles via 1-1 stacking. Fluorescein
powder does not emit light in the solid-state.
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Figure 10: ACQ in fluorescein (15uM) in water/acetone mixture with different fractions of
acetone (fa). (Reprinted with permission). [97]

ACQ is opposite to that of AIE. As we can see from Figure 11, the emission
weakened with the addition of water in ACQ, whereas the emission intensified with the

addition of water in AlE.

Figure 11: difference in AIE (Aggregation-Induced Emission) and ACQ (Aggregation- Caused
Quenching). (Reprinted with permission). [97]

1.3.4 Rigidity-Induced Phosphorescence (RIP) from persulfurated benzene-
cored asterisks

When the intramolecular rotations/vibrations are restricted because of aggregation of
the molecules in concentrated solution, it is known as AIE (Aggregation-Induced
Emission) when the luminescence intensity increases. The intramolecular rotations/
vibrations are restricted due to matrix solidification and the molecule relaxes via a
radiative pathway known as RIP (Rigidity-Induced Phosphorescence). Usually,
organic molecules at room temperature have their phosphorescence quenched by
dioxygen due to a long lifetime of the triplet excited state, but this limitation is overcome
by molecules having ability to aggregate.
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There are many examples of phosphorescent materials based on complexes
with heavy metals; it increases the efficiency for populating the triplet excited states
leading to phosphorescence. The hexathiobenzene core with six tolyl groups exhibits
excellent phosphorescence properties as a powder or in dichloromethane:methanol
(1:1, viv) at 77K due to restricted intramolecular rotations of C-S bond, and reduced
conformational mobility of the tolylthio substituents (Figure 12). It slows down the non
radiative decay compared to radiative decay from lowest excited state (triplet state). It
is not phosphorescent in fluid form. The emission was recorded over a range of
temperatures and an increase in the intensity (30 times more) is accompanied by a
blue shift of emission maximum at 555-515 nm at 115 K. [11]

Figure 12: highly phosphorescent persulfurated benzene-cored asterisk (4), hexakis(4-
methyl-1-phenylthio)benzene) in solid state at 77K. (Reprinted with permission). [29]

In figure 13, 1,2,3,4,5,6-hexakis ((4-([2,2"6',2"-terpyridin]-4"-yl) phenyl)-thio)
benzene asterisk (108) incorporates of 6 terpyridine units, each one have three
nitrogen atoms which help in the coordination to a metal ion. The asterisk itself is
luminescent in the solid-state (as a powder), but not in a fluid solution. The synthesis
was achieved with hexachlorobenzene, cesium carbonate, and the corresponding thiol
(tpy-SH: terpyridine thiol) in DMI at 60°C in a yield of 97%. The model compound used
to compare the data was hexakis (4-methyl-1-phenylthio)benzene).
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Figure 13: Metal coordination to a terpyridine ligand and spectral changes of absorption and
emission upon titration of Mg?* ions to a THF solution. Absorption (left) and phosphorescence
spectra (right) of a 3.3x107° M solution of terpyridine asterisk (108) in air-equilibrated THF
solution; Size distribution by DLS. (Reprinted with permission). [12]

The long lifetime of this Tpy asterisk molecule (108) suggested that this radiative
deactivation is phosphorescence. In an air equilibrated solution in THF, changes in
absorption and emission spectra were observed after addition of Mg2+ ions (Figure
13). An red-shift at 380 nm was observed with an isosbestic point at 326 nm. On
exciting at this wavelength, new phosphorescence appears at 545 nm. Both emission
and absorption intensities reach a plateau at 3 eq. of Mg?* ions per Tpy asterisk
molecule (108). The final emission for (108) (red line) and in solid form (dotted line)
were superimposed and similar lifetimes were found, which suggested that it is a
typical phosphorescence of 4-methyl-1-phenylthio)benzene. Also, from DLS studies,
it was observed that the size of aggregates reaches a plateau at the end of the titration
(3.5 eq. of metal ions per (108)) with an average diameter of 60 nm. However, the

phosphorescence turned on after adding Mg?* because of the formation of
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supramolecular polymers, which restrict intramolecular rotations of the chromophore
in the asterisk (108). This supramolecular system can be disabled by adding fluoride
ions; by complexation with the Mg?* ions. [12] Similar studies were recently achieved
in 2019 by same group with hexakis(4-carboxylic-1-phenylthio)benzene asterisk with
a selective Pb?* complexation, and disassembly was shown with EDTA. [107]

In 2020, Feng et al. modified 2,3,5,6-tetrafluorobenzene-1,4-dinitrile (TFBD)
with three mercaptophenols. They designed and synthesized three persulfurated
molecules with para or meta to ortho substituents (scheme 22), among which para-
compound (p-THPT: with para substituents) had typical AIP properties, meta-
compound (m-THPT) had aggreagte-induced phosphorescence enhancement (AIP)
properties. BOPDC was a luminescent agent that could emit light in both liquid and
aggregated states. [104, 106] Dual state emission (DSE) is defined as molecular

entities capable of intensely fluorescing both in solution and in the solid-state. [104]
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Scheme 22: Three classes of luminogens, from RIP (rigidity-induced emission) to DSE (dual-
state emission). (Reprinted with permission). [104]

Synthesis, sc-X-ray structure determination, and phosphorescence of pentasulfurated
and cyanated benzene cored asterisk (ASCN, 59) were previously presented in section
1.1.3, Scheme 14. However, a comparison of photophysical studies with these three
asterisks was not made (Figure 14). The emission spectra (figure 15) were recorded
both in solution (dichloromethane/ methanol;1:1 (v/v)) and in a rigid matrix.
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A5CN, 59 A5CHO, 115 A5CC, 116

Figure 14: Pentasulfurated benzene-cored asterisks and luminescence studies. (Reprinted
with permission). [70]

In solution, two absorption bands were recorded for all three asterisks at 250 and

340 nm. The low energy absorption band, slightly red-shifted with a tail up to 460 nm,
is for ASCN.

Figure 15: a) luminescence spectra in CH2Cl.:MeOH (1:1 v/v) at 77 K of ASCN (black
line), ASCHO (red line), A5CC (green line) and A5CN at room temperature (black dashed
line). Aex = 350nm. Luminescence spectra at 77 K were recorded in time-gated mode
(delay time = 0.05 ms); b) Luminescence spectra of ASCN (black line), ASCHO (red line),
A5CC (green line) in the solid state at room temperature, recorded in time-gated mode
(delay time = 0.05 ms), Aex = 360nm. [70]
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In fluid solution, only ASCN displays luminescence with two bands at 448nm
(high energy band of fluorescence with lifetime 0.2ns, not sensitive to dioxygen) and
616nm (due to phosphorescence with lifetime 0.34pus (in the presence of dioxygen)
and 0.20us (in the absence of dioxygen) with quantum yield 0.02 in an air-equilibrated
solution. In a rigid matrix, all three display phosphorescence, progressive blue was
observed for ASCN (530nm), AS5CHO (508nm), and ASCC (498nm), a lifetime in ms
suggested it is phosphorescence. The strong blue shift for ASCN from room
temperature to 77K, is an example of a rigidochromic effect, whereas the solid show
a phosphorescence band, red-shifted compared to the matrix at 77K with a lifetime in
us. Emission of the other two asterisks was negligible and very low for ASCC and
A5CHO in the solid state. The intense orange phosphorescence of ASCN makes it

important in bioimaging, as orange light can largely penetrate tissues. [70]

1.3.5 Fluorescence of polysulfurated pyrene-cored asterisks

Pyrene exhibits very different behavior in aggregate or in solution. ACQ is harmful
to some practical applications, as it is often observed in pyrene chemistry. It absorbs
and emits in near-UV region whereas there is search for optoelectronic device emitting
in the visible region. Studies have been done to overcome these limitations by
introducing suitable bulky substitutents on pyrene at different positions, which
enhances the fluorescence efficiency by AIE effect. [108] The structure of the pyrene
crystal is composed of partially-overlapping card-packed dimeric units in which the
pyrene molecules of each pair are separated by a distance of 3.53 A (figure-16a).

Figure 16: a) calculated equilibrium geometries of ground state and excimer in pyrene crystal
[19]; b) packing mode of pyrene and excimer fluorescence. (Reprinted with permission). [111]
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Pyrene monomer emission is normally observed in the 380 to 400 nm range.
When a pyrene molecule in the crystal absorbs light, two parallel molecules will tend
to move toward one another and toward more complete overlap. These movements
are resisted by the environment. As a result an excimer in the crystal may not attain
the geometry it would do in solution. As a result, a red-shifted and broad emission
band of the excimer in the range of 450-500 nm could be observed with strong
fluorescence, much different from the weak emission of the single pyrene molecule in
the UV region. Thus, the strong T—1r stacking with the pairwise alignment can also be
beneficial to the enhancement of fluorescence in the aggregated state. [109] Similar
to this packing mode, more emissive excimers have been reported, and the emission
spectra can extend to the red or even far-red region, showing the potentially
application in biology field as fluorescent probes. [111-115] From benzene to pyrene,
the enlarged sizes of the aromatic rings favor the coplanar packing mode with the
shortest distance between the molecular centers, mainly due to the dispersion
attraction of the adjacent molecules. Normally, this strong —1r stacking can quench
the fluorescence in the aggregated state, but the formed pyrene excimer exhibits the
opposite effect, indicating the importance of the alignment in the aggregated state.
[110]

In 2008, Gingras and his co-workers synthesized a novel class of polysulfurated
dendrimers via some aromatic nucleophilic substitutions of 1,3,6,8-tetrabromo pyrene,
exhibiting interesting photophysical and redox properties, due to the sulfur effects of
the substituents, as seen in scheme 20. [90]

From figure 17 (i), it was observed that the peak at 435nm was attributed to the
pyrene core of polysulfurated dendrimers, and the intensity increases with the
generation number of the dendrimers from (PGO0) to (PG2). The emission spectra were
recorded from figure 17b(ii) in cyclohexane, DCM, and dichloromethane/ chloroform
(1:1). In cyclohexane (a non-polar solvent), a strong red-shifted fluorescence band
was observed for all the dendrimers in comparison to pyrene with slight changes in
energies. However, in a highly polar solvent (DCM, 17(ii)b) strong fluorescence band
was observed, but lifetimes for PGO and PG1 were lower than that of PG2 suggested
deactivation pathways for PGO and PG1. The intensity for PG2 is higher due to the
shielding effect of dendrons. In a rigid matrix at 77K (dichloromethane/ chloroform
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(1:1)), a fluorescence band is shifted by 15nm compared to the solution spectrum; no
evidence of phosphorescence was observed. [90]
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Figure 17: i) Absorption spectra for pyrene (12), PGO0 (99), PG1 (100), PG2 (101) in DCM at
293K; ii) Emission spectra for pyrene (12), PGO (99), PG1 (100), PG2 (101) in a) Cyclohexane
at 293K and b) Dichloromethane at 293K

Table 1: photophysical data of the polysulfurated dendrimers

Electrochemical studies found that the dendrimers undergo reversible chemical
and electrochemical one-electron oxidation with the formation of deep blue colored
radical cation, and the second reversible one-electron oxidation was observed at more
positive potential values. [89]

In 2020, a recent work was also published from the groups of Prs. Gingras and
Ceroni, as shown in figure 18. The synthesis of the pyrene-based acids was achieved
by starting with 1,3,6,8-tetrabromopyrene, and transforming it to the corresponding
isopropyl mercaptobenzoates. Esters 20 (ortho), 2P (para), 2M (meta) were then
hydrolyzed to their corresponding acids 10 (ortho), 1P (para), 1M (meta). Absorption
and emission spectra were recorded in THF for all the regioisomers of esters and
acids, and all carboxylic acids were studied under basic aqueous solutions. It was
found that in THF, the fluorescence emission (blue-green) and the quantum yield were
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similar, but in a basic aqueous solution (pH=8), the acids were deprotonated.
Becoming more soluble, the fluorescence was less intense, but still high for 1M (meta
isomer) due to less efficient deactivation of excited state by a supposed proton
transfer. Metal complexation was studied with various metal ions. In addition to
quenching the fluorescence of the pyrene core, the emission quantum yield was
reduced to almost zero. It can also control the formation of 3D nanoscopic objects as

a dual mode sensor (figure 18). [20]

19X 117

Figure 18: Highly emissive water-soluble polysulfurated pyrene based chromophore as DMS
showing reversible formation of supramolecular polymer upon addition of M(ll) and can be
disassemble by adding EDTA. (Reprinted with permission from ChemPlusChem). [20]

1.4 Reactivity of arenes - nucleophilic aromatic substitutions
1.4.1 History

Nucleophilic substitution reactions on aromatic compounds are known since 1854.
[116] They were further explored in the 1950's, when several laboratories started to
work on the mechanisms independently in physical chemistry. [116], [45, 117] There
are mainly three general types of aromatic reactions, they can be electrophilic, radical,
or nucleophilic depending on the substrate and condtions used. When a bond is
broken and a bond is formed by replacing a substituent by another one in an aromatic
ring, the process is called an aromatic substitution. If a reagent is negatively charged
or possess a lone pair of electrons and donates both electrons in a bond formation, it
is called a nucleophilic aromatic substitution reaction. When a reagent is a free radical
and donates one electron to the newly formed bond, it is known as free radical
substitution. If a reagent contributes zero electron to the new bond formed, it is known
as an electrophilic substitution reaction (ex. Friedel-crafts reactions, nitration,

halogenation, etc.). [45, 118] Electrophilic aromatic substitution reactions [119] are
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common and facilitated with an electron-rich benzene ring or with polycyclic arenes.
Electron-rich or electron-donating substituents favor such processes. However,
nucleophilic aromatic substitution reactions are facilitated on benzene or on electron-
deficient heteroaromatic systems, i.e. when the aromatic system is electron-poor,
usually incorporating electron-withdrawing groups (i.e. -NO>, -Cl, -F, -CN, -CF3). In this
way, the electron density decreases and a nucleophile with a high electronic density
can easily add to an electron-deficient carbon site where is connected a leaving group,
as described by the classical SnAr mechanism. [118] However, other type of
nucleophilic aromatic mechanisms are known, as it will be described later in this
section. We will focus more on nucleophilic aromatic substitution reactions in the

coming chapters, especially for sulfuration and in dynamic covalent chemistry (DCC).

1.4.2 Nucleophilic aromatic substitutions mechanisms

When a nucleophile replaces a leaving group in an aromatic system at a sp? hybridized
carbon of a ring, it is known as a nucleophilic aromatic substitution. This area shows
a broad conceptual framework over many years of research work, and an in-depth
knowledge is needed to understand the kinetics and the stepwise mechanism. The

nucleophilic aromatic substitutions can be further divided into many types :

1. SNAr - Nucleophilic aromatic substitution reaction (Addition-Elimination)

2. Sn1 commonly observed with diazonium salts

3. E1cb-AdN Benzyne

4. Srn1 Free radical

5. ANRORC (addition of nucleophile, ring opening, ring closure in a nucleophilic
reaction)

6. SNArH - Vicarious Nucleophilic Aromatic Substitution

7. cSNAr - Concerted SNAr reaction

We can further divide these substitution reaction mechanisms in 1, nucleophilic
aromatic substitution reaction (SnAr, Addition-Elimination) by two principal

mechanisms by which a nucleophilic substitution can occur in aromatic compounds:

1) Addition-Elimination (AE) mechanism: favored when suitably oriented activating
groups are present;
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2) Elimination-Addition (EA) mechanism: it occurs in the presence of strong bases,

which generally also act as nucleophiles

1.4.2.1. SNAr - Nucleophilic Aromatic Substitution (Addition-Elimination)

Nucleophilic aromatic substitutions usually occur by an addition-elimination
mechanism when suitable electron-withdrawing substituents are placed at para or
ortho positions to a leaving the group in the substrate. The most suitable reaction of
this type is shown in scheme 23. A nucleophile (OMe) adding above the plane of the
ring-forming resonance stabilized Meseiheimer intermediate (119a-119b) in which
orbital hybridization changes from sp? (planar) to sp® (tetrahedral) at the carbon site.
Spectroscopic methods allowed observation of the Meisenheimer intermediate like
119. In the second step, chloride ion will eliminate to give the product. The rate
depends on several important parameters such as: activating groups, nature of leaving
groups and nature of nucleophile, among many parameters. One should notice that
the second step is always described as an irreversible step. A large part of this thesis

will demonstrate an equilibrated process in many reactions of potent uses in DCC.

(o] OCHj,4
NO, +CH3OH e |+ NO,
CH30 @/ Q/
NO, o N 0 NO,
118 119a 119b 120

Scheme 23: reaction showing the intermediate Meisenheimer complex in brackets.

X X, N X
o — ke +X
Y —

121 122 123

Free Energy

ArX+Y ArY + X

Reaction Coordinate

Scheme 24: free energy profile for reactions, where the first step is rate-determining step the
reaction follows second order kinetics.
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The second general type of mechanism is an elimination-addition nucleophilic
substitution or aryne mechanism (scheme 25). It requires a strong base and only
occurs when a hydrogen atom is adjacent to the leaving group. The new substitution
is found not only in positions occupied initially by leaving the group, but also in
positions ortho to this site, also called a "cine substitution". [120-122]

X X
. k
//[::::[: + B :;=i%a=» /J[::::r/+. BH
R H R i
124 125
X B
ky ‘ BH
) = +
R R R R B
126 127 128 129

Scheme 25: an example of an addition-elimination reaction or aryne mechanism requires a
strong base and occurs when hydrogen is adjacent to the leaving group.

1.4.2.2 Sn1 (with diazonium salts)

Diazonium salts are organic compounds with molecular structure RN>* X where R=
alkyl or aryl group and X= halogen, hydrogen sulfate, etc. These salts are are ionic
and frequently used in organic synthesis as an essential intermediate. Diazonium salts
of primary aliphatic amines are highly unstable even at low temperatures. As soon as
they are formed, they can liberate nitrogen, forming a carbocation. The carbocation
can further undergo substitution or elimination. This is why primary aliphatic amines

have not such importance. Scheme 26 indicates a common formation of a diazonium

salt.
NH, NH,
HCI, <5°C
130 131
Mechanism:
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Scheme 26: preparation of diazonium salts

In contrast to alkyl diazonium salts, arene diazonium salts are more stable, but can be
dangerously unstable under certain conditions. A few examples of Sny1 with diazonium salts

are shown in scheme 27:

d\ NaNO,, HCI d
COzMe HPF Cone

132 133
A. Kiryanov, A.Seed, P. Sampson, Tetrahedron Lett. 2001, 42, 8797

OH OH
=
N” NH, |3|=(0|-|)2
134

F. Dolle, L. Dolei, H. Valette, F. Hinnen, F. Vaufrey, H. Guenther, O. Fuseasu, C. Coulon,
M. Buttalender, C. Corouzel, J. Med. Chem. 1999, 42, 2251

Me
Ha NaNOp, H_ 0 F
HBF, Ve
Br
136 137

H. Hart, J. F. Janssen, J. Org. Chem., 1970, 35, 3637

Scheme 27: examples of Sy1 mechanisms with diazonium salts.

They can undergo Sn1 (Ar), dissociative unimolecular nucleophilic aromatic
substitution in a few cases, while a majority of their reactions occur by Srn1. Sn2
mechanisms on diazonium salts seems geometrically impossible, however Peter
Burrai and Heinrich Zollinger reported Sn2 mechanism on heterolytic arylations in
2,2,2-trifluoroethanol),[125] while Sn1 occurs with difficulty. [122-124]

1.4.2.3 E1cb-AdN Benzyne
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A benzyne intermediate is very unstable and a highly reactive species. In 1953, John
D. Robert and coworkers from MIT labelled chlorobenzene with radioactive isotope
14C instead of '2C to see if the substitution would happen at the labelled carbon or not.
Reaction conditions were with a strong base (KNH2) at low temperature (-30°C). They
found 50% substitution at the labelled carbon, and 50% substitution at the adjacent
carbon. Thus, the nucleophile can attack either side of a triple bond, showing equal
mixture of products A or B (given below in scheme 28). [126-127]

138 139 140

Scheme 28: A nucleophile can add on either side of the triple bond of the aryne, showing
equal mixture of products A or B. (Reprinted with permission)

Some classical experiments from Jones and Bergman were published in
1972 for para-aryne substitution. In scheme 29, is an example of the existence of p-
aryne obtained by Masamune et al. in 1971. [126, 128].

=

142

OOO

144 143

Scheme 29: example of an aryne intermediate in the so-called Bergman's cyclization. [126,
128]
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1.4.2.4. Srn1 Free radical mechanism

Srn1 stands for substitution, RN for radical nucleophilic, and 1 for unimolecular. This
mechanism was first reported reaction of this type was in 1966. This type of
substitution reactions occurs with aromatic/aliphatic compounds that do not react or
react slowly through polar nucleophilic mechanisms. This is an important synthetic
method for inactivated aromatic and heteroaromatic substrates. [116, 129]
Unimolecular refers to molecularity of the reaction, as for Sn1, except that
unimolecular fission occurs in a radical anion instead of a neutral molecule. Evidence
from Kornblum and Russell studies from chloro, iodo, and bromo benzene derivatives
with KNHa, in liquid ammonia showed evidence of electron transfer radical mechanism
for nucleophilic substitution at a saturated carbon. In addition, with aryne / benzyne
intermediates, they succeeded in trapping radicals with the help of a spin-trapping
agents such as 2-methyl-2-nitrosopropane and tetraphenyl hydrazine.

A hypothesis as to the character of the radical mechanism

An electron donor + Arl — [Ar]._+ residue (1)
[Arf] —————— Ar + | ()
[Ar] + NH2 ~ ArNH2 (3)
ArNH2 + Al —— > ArNH2 + [Arl] (4)
Termination Steps (5)

"Ar" stands for the 5- or 6-pseudocumyl moiety

Scheme 30: proposed Sgn1 mechanism.

The mechanism in scheme 30 is supported by the fact that a non-rearranged
substitution product, which cannot be the aryne pathway, is stimulated by the addition
of potassium metal to the reactions of an iodo aryl system with KNH2, in liquid
ammonia. Also, they concluded that step 1 and step 2 in scheme 30 should occur far
more readily with iodide than with chloride and bromide. [45, 117]

1.4.2.5 ANRORC (addition of nucleophile, ring-opening, ring closure in
nucleophilic reaction)

This is a special type of substitution reaction [130] which is very important in medicinal

chemistry, [131] because it is mainly used in heterocyclic aromatic systems. This
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reaction does not include aryne intermediate or Meisenheimer complex formation. It
was ruled out by doing some experiments by labelling with deuterium. When 3- or 4-
halopyridine (halogen = chloro, bromo, iodo) was treated with potassium amide at -
33°C, in all mixtures were observed only 3- and 4-aminopyridine and not 2-
aminopyridine with a ratio of 1:2 (ratio independent of nature and position of halogen
substituent). This indicates the formation of 3,4-pyridyne intermediate which was
confirmed by trapping the intermediate by cycloaddition. Similar results were observed
by treating 3-chloro and 3-bromopyridine with lithium piperidine/ piperidine in boiling
ether, which indicates the formation of a 3,4-pyridyne intermediate. These reactions
proceed via Sn(EA) steps which include elimination of hydrogen and addition of a
nucleophile. A 2,3-pyridyne intermediate was not observed. However, there is
evidence of 2,3-pyridyne in the amination of 3-halopyridine N-oxide, and the 2-
substituted product was formed. This type of reaction can occur if the heterocyclic
compound is able to undergo a reaction with a nucleophile (considerable Tr-electron
deficiency), a heteroatom in the reagent needs to carry one hydrogen atom atom and
the reagent contains the same heteroatom present in the heterocyclic ring. In
summary, this type of reaction can be seen in triazines, tetrazines, pyridazines,
phthalazines, and pyrazines. The Zincke reaction is an example of SN\(ANRORC).
[130, 132]

In scheme 31, an example of SN\(ANRORC) reaction is shown. A widely studied
process involves a metal amide as a nucleophile (such as sodium amide) reacting with
substituted pyrimidines (4-phenyl-6-aminopyrimidine), forming product 2 (4-phenyl-6-
aminopyridine), which excludes the formation of intermediate A and B. It was
confirmed by several isotope labelling experiments, which were conclusive for a ring-

opening and a ring-closing mechanism. [133-135]

Ph Ph
) &}
2
KN le Br
B
46

A
145 1

Ph Ph Ph
KNH, N N
AN N N
N” DBr -75°C N7 “Br N~ NH,
ANH
ANRORC
147 148 149

Scheme 31: example of a reaction involving a Sx\(ANRORC) mechanism.
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1.4.2.6 SNArH - Vicarious nucleophilic aromatic substitution

When a nucleophile adds to an aromatic sp? carbon atom of a benzene or an aromatic
substrate, and a hydrogen atom leaves instead of a halogen (X=Cl, Br, I) or another
leaving group, the mechanism is known as a vicarious nucleophilic substitution. To
make it feasible, the benzene or the aromatic ring needs to be electrophilic by
incorporating one or more electron-deficient substituents, such as a nitro group
(scheme 32). [136]

X
: R4 R :
A9 i PATH-B
PATH-A | O 4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N2 10
I,(V E kq
ks K.
X Nu X Nu
N02 NOZ
S) O
151,C-3 E=N 154,C-1 E=Nu
@ . _.
(-HL if Nu: if X is a better
S) S)
is CLYZ L.G. than Nu:
X Nu
R4 R, R, R,
e @
CYz
NO
152 2 NO,
ks ks 155
SnAr DISPLACEMENT
@ ® PRODUCT
(+H) || (-H)
X
R4 R
Ol
CHYZ
NO,

153, VNS PRODUCT

Scheme 32: example of vicarious nucleophilic substitution with a benzene ring substituted
with a nitro function.

This kind of reaction can typically be seen in nitro arenes. Nucleophilic substitution
can occur at ortho or para position, reversing the selectivity for meta position usually

observed with such compounds under electrophilic substitution. [137] For example, in
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the reaction given above, a hydrogen atom ortho to the nitro group is replaced with a
nucleophile, a so-called vicarious substitution. The formation of a Meisenheimer-type
complex (or o-complex) as an intermediate is observed, and the leaving group is a
hydrogen atom. As a second reaction, If the nucleophile adds to the para position to
the nitro group, at the ipso position of the leaving group X (other than a hydrogen
atom), a sigma adduct or a Meisenheimer complex is formed. This sigma adduct is
converted into the product by rearomatization. It then proceeds via a SNAr reaction.
[136-137]

1.4.2.7 cSNAr - concerted SnAr reaction

In general, the accepted mechanism for SNAr reactions involves a two-step addition
and elimination. The formation of discrete Meisenheimer complex as an intermediate
requires an anionic adduct to be more thermodynamically stable than a transition state
for a concerted pathway, and to possess sufficient kinetic stability to have a significant
lifetime before elimination. [138] In 1980, Pierre et al. studied the reaction of aryl
halides with KH in THF-d8 and showed hydrogen substitutions from KH, and no
benzyne mechanism is involved since no evolution of hydrogen was formed. The order
of reactivity was Arl > ArBr > ArCl > ArF, which is the reverse order often found in
classical SNAr reactions. The reaction proceeds without any activating groups on the
ring; hence they proposed a four-centered transition state (scheme 33); detailed
mechanisms were not studied at that time due to the limitation of appropriate
techniques. [118, 139]

R—( )X AQX\K—>R—< )—H
THF, r.t.

156a. R=H,
156b. R= Ph

158

Scheme 33: proposed concerted SnAr mechanism by Pierre et al [118]

Then in 1985, Fry and Pienta achieved some mechanistic studies with hammett
correlations on arenesulfonate groups displaced by halide anions in
dodecyltributylphosphonium salts, using a range of substituents. [118-140] William et
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al. also reported many publications with concerted mechanisms on substituted 1,3,5-
triazines. [141-144]

Computational studies were made in the gas phase by Glukhovtsev et al., and
it was found that exchange of substituents (scheme 34) with halide (X= CI, Br, I)
procceds via Meisenheimer complex, and no intermediate was found. A Meisenheimer
intermediate was observed for all three second-row nucleophiles with substituents as
different as NH> and NO: (for both NH>™ and F- as nucleophiles) and substituents -H
and NO2 with OH" as the nucleophile. For the third- and fourth-row nucleophiles,
concerted mechanisms were calculated in several instances. In general, a concerted

mechanism was predicted for more electron-rich aromatic systems.

156 159 160

Scheme 34: computational investigations by varying the substituents and nucleophiles.
[118]

A stepwise mechanism with a Meisenheimer intermediate would become more
favorable as electron-withdrawing groups are attached to the aromatic ring. [118] In
recent studies, the concerted mechanism was shown via '?C/'3C kinetic isotopic effect
or isotopic labeling of '°F. In scheme 35, are presented three examples to understand
the concerted mechanism. Nitro groups strongly stabilize complex-A in the first
reaction, and poor leaving groups (fluoride and methoxide) and related reactions
undergo stepwise mechanisms. [146] Complex-B, weakly stabilized by a nitrogen-
containing heterocycle and an ester with a good leaving group (Br), which favors a
concerted mechanism. The third complex-C, strongly stabilized by electron-
withdrawing substituents, but destabilized by an excellent leaving group (chloride), is
a borderline reaction. Therefore, if the Meisenheimer complex (MC) is highly
stabilized, it will proceed stepwise. If the MC is less stable, a concerted reaction will
occur, whereas the MC is highly stabilized, but the elimination of the leaving group is
fast, it represents a borderline situation. [145] PhenoFluor chemistry is different from

conventional reaction mechanisms for aromatic fluorination chemistry.
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Deoxyfluorination was done on an electron-rich phenol with PhenoFluoro
(deoxyfluorination reagent), as shown in scheme 36.

a Previously studied Meisenheimer complexes

X n,, Y

Poor Leaving groups
(X, Y=0R, H, F, NR,, R)
NOzElectron deficient rings (n= 1-3)

161
b This study

Reaction A (stepwise)

E OMe
NO, 0, NO,
NaOMe
NO, NO,
162 163
Reaction B (concerted)
Br F
X
SN Me,NF N
F Z
C02Me COzMe C02Me
164 Complex B 165
Reaction C (borderline)
Cl F
NO, NO, NO,
NaOMe
NO, NO,
166 Complex C 162

Scheme 35: scope of study with Meisenheimer complexes, which spans a range of
stabilities. [145]

OH HF, [~ \+ \ _Ar F
N N—ar N N—ar (\N =
Y a r N
0 CsF OF /N \o:‘_‘; - . + Ar— \( ~Ar
Z - CsHF, C Ar 5
167 168 169 170 171 172
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Scheme 36: deoxyfluorination of phenol proceeds via cSnAr. (Reprinted with permission)
[148]

This reaction proceeds via a concerted pathway in which nucleophilic attack and
leaving group loss happens simultaneously. Three steps are involved independently
in this reaction-the condensation of phenol and PhenoFluor to form compound (169),
a tetrahedral adduct (170), and a nucleophilic displacement. No intermediate was
formed as the tetrahedral intermediate is converted to the product (171) and urea
(172). [148]

Scheme 37: comparison of orbital interactions and energy profiles in SnAr and cSnAr [147]

A wide range of nucleophiles favors SnAr reactivity. During SnAr (scheme 37),
the addition of the nucleophile at the carbon atom bearing a leaving group leads to a
negatively charged intermediate known as the Meisenheimer complex (MC). Only

arenes with electron-withdrawing groups can sufficiently stabilize the resulting build-
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up of negative charge during MC formation, limiting the scope of SNAr reactions. Most
common SnAr substrates contain tr-acceptors in ortho / para positions. cSNAr is not
limited to poor electron arenes because it does not involve a MC, and addition of the
nucleophile and leaving group loss happens simultaneously, as shown above for the
deoxyfluorination reaction for which SnyAr is favored over a stepwise displacement.
[147]

1.5 Dynamic Covalent Chemistry (DCC) and reversible SNnAr

1.5.1 What is dynamic covalent chemistry (DCC)?

DCC is concerned with the covalent assembly of chemical structures when occurring
under thermodynamic or kinetic control, using reversible reactions involving covalent
bonds formation and dissociation. It allows the coexistence of different chemical
species (in a chemical library), among which some of them can be selected with
desired properties. It is a synthetic strategy that chemists employ to make selective
complex assembilies, from reversible reactions and discrete molecular building blocks,
with dynamic and adaptative properties to their environment, with errors and
corrections processes (self-corrections). [149]

Dynamic systems in DCC are collections of discrete molecular components that
can reversibly assemble and disassemble. Systems may include multiple interacting
species leading to competing reaction in an inherent reversibility. It includes fast
exchange of molecular components under thermodynamic or kinetic control and offers
the ability to make extended networks. Despite a growing interest in the dynamic
covalent chemistry field, the organic synthesis of materials has primarily been confined
to imine condensation, boronic ester condensation, disulfide exchange, olefin
metathesis, and alkyne metathesis. However, nucleophilic aromatic substitution
reactions between thiols and thioarenes or heteroarenes involving labile and reversible
bonds have been underexploited in spite of a large number of reactions since the early
days or aromatic chemistry in the mid 19th century. [150] This thesis will report some
work in that direction as a major contribution.

Not to be confused with dynamic combinatorial chemistry, DCC concerns only
reversible covalent bonding. In contrast, in constitutional dynamic chemistry (CDC),
all possible combinations of compounds are generated through reversible connection
processes, both covalent and non-covalent bondings. [149]
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Dynamic covalent chemistry is a part of Constitutional Dynamic Chemistry
(CDC). A chemical entity undergoes a continuous change in its constitution by

dissociating various components and reconstructing the same entity or different ones.

Figure 19: general view on Constitutional Dynamic Chemistry (CDC), Dynamic Covalent
Chemistry and Supramolecular Chemistry according to Pr. Jean-Marie Lehn. (Reprinted with
permission).

Molecular dynamic chemistry comes under constitutional chemistry, which refers to
reversible covalent bonds, whereas dynamic supramolecular chemistry refers to
reversible non-covalent bonds. We will discuss more on molecular dynamic covalent

chemistry in the coming chapters. [149]

1.5.2 Reversible reactions in DCC

Reversible reactions involve covalent, non-covalent, and coordinate bonds. The
reversible exchange reactions should have these three features:
1. The timescale of the exchange reaction should be short so that equilibration and
selection occur essentially simultaneously.
2. They need to operate under mild experimental conditions (e.g., temperature,
pressure, concentration, solvent, pH, catalyst).
3. The solubility of all building blocks and library components is required. If any
insoluble material is present, it can act as a thermodynamic sink or slow the
reaction rate (kinetic trap).
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The non-covalent interactions typically reach equilibrium rapidly, whereas the
covalent reactions proceed more slowly and often require a catalyst to fulfill the
requirement for lability listed above. [151] Some examples of DCC using covalent

exchange reactions are discussed below, as some selected examples.

1.5.2.1 Reversible imine formation and exchanges

Preparation of imines or Schiff's bases (C=N functional group) [152] is simple; amine
and aldehyde are dissolved in benzene and heated under reduced pressure until the
elimination of water is complete or by addition of a drying agent to remove water which
is formed (scheme 38). [153] Imine formation is a reversible reaction; it can be
hydrolyzed back to the corresponding 1° amine under acidic conditions. [154] Their
reversibility was also studied in 1992, in template-directed synthesis, which showed
the enhancement in thermodynamic control. [155] In 1999, the thermodynamic nature
of imine bonds was used to synthesize rotaxanes (these are mechanically interlocked
molecular systems consisting dumbbell-shaped molecule, which is threaded through
a macrocycle). [156]

In 2006, Lehn and his group published their work explaining the constitutional

behavior of a dynamic library of imines on changing temperature and acidity.

Scheme 38 : Imine formation and exchanges [151]
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NH,

173 174
CHO
9ools®
175 176

CF;CO,D
Variable temperature

' Variable concentration

Scheme 39: Dynamic Library of four components 173-176 and four constituents 177-180,
concentration used 5.12x102 M for each component. [157]

A dynamic set of aromatic amines was produced from a stoichiometric mixture of 1-
naphtylamine (173), 2-aminoanthracene (2), 9-anthracene carboxaldehyde (3), and 1-
azulenecarbox-aldehyde (4) (scheme 39). [157] When an amine reacts with an imine
to undergo a reversible exchange, it is known as a transamination (schemes 38 and
39).

Moreover, an imine can exchange its amine component (and simultaneously its
carbonyl compound component) for that of another imine, the so-called imine/imine
exchange reaction (schemes 38 and 39), via either nucleophilic catalysis, [158]
hydrolysis/re-combination being an obvious example of such a pathway, [159] or by a
direct metathesis involving a single, cyclic intermediate/transition state. In 2014, an
amine-imine exchange reaction with aromatic-aromatic and aromatic-aliphatic amines
at ambient temperature in an organic solvent under non-acidic conditions was
reported. It showed an imine metathesis catalyzed by the substoichiometric amount of

amines in the absence of proton or metal catalysis. [160]
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1.5.2.2 Reversible exchange with quaternary ammonium salts by Sn2 and Sy2'
mechanisms.

In 2015, a thesis from Pr. Jean-Marie Lehn’s student showed a generation of dynamic
covalent library based on nucleophilic substitutions involving an exchange of an amine

component of quaternary ammonium salts based on Sn2 and Sn2’ mechanisms.

= o
| Br OHX
N ,L/
+ /\/Br
189-Br e 190
OX= oxidizing agent
v |
| Br N</\
~
S\ _ CDxCN ®>7N
Ha Hec + Br\/\ + I\/\
Hb
189-Br, 53% 190

Scheme 40:: a) absorption spectra showing the presence of an intermediate (radical cation)
of dimethylamine (at Amax=505 nm in acetonitrile 5 mM) in visible region; b) progress of product
distribution after 43h via '"H-NMR, in presence of iodine at 60°C in deuterated-acetonitrile
(CDsCN). [151]

lodide anion was used as a catalyst for these exchange reactions. Microwave
was used for the pyridine and pyridinium salts derivatives; some were ionic liquids. All
exchange progress was monitored and demonstrated by 1H-NMR, and different
dynamic combinational libraries were determined by NMR signal integration.
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Scheme 41 : possible pathways for exchange of the amine moiety between N-allyl-N,N-
dimethylanilinium bromide and an aliphatic or aromatic tertiary amine via a Sn2’° mechanism.
[151]

In scheme 40, the product distribution at equilibrium is attained after 43 h, in
the dissociation of 1a-Br in the presence of iodide anion, and the evidence for radical
cation was observed via absorption spectra. The results obtained indicated that
exchanges occurred via direct or indirect pathways given in scheme 40. Together, the
results indicate that the exchange reactions may occur by the indirect pathway, via the
intermediate formation of allyl bromide/halide and the direct pathway (scheme 41), by
the addition of the free amine at the y carbon of the allyl group. The presence of
catalytic iodide anions may be expected to favor the indirect pathway via the formation
of allyl iodide. [151]

1.5.2.3 Reversible Diels-Alder reactions

The reaction between a diene and a dienophile is known as Diels-Alder reaction, which
is sometimes reversible. The equilibrium usually lies by far toward the Diels-Alder
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adduct at a lower temperature and, at a higher temperature, toward the diene and the
dienophile (scheme 42). [161]

191 192 193
Scheme 42: reversible Diels-Alder reaction. [161]

In 2009, professor Lehn and his group published some Diels-Alder reactions
between 9,10-dimethylanthracene and cyanated dienophiles, reversible at room
temperature for exploring new (opto)dynamic covalent systems. [162] Later in 2011,
some reversible Diels-Alder reactions at room temperature with many anthracene
derivatives (dienes), and triazolinedione based dienophiles were published.

The diene component exchange experiment was conducted by reacting 194 and 195
(scheme 43a) at room temperature. To the equilibrating mixture of 4+7 (196), diene
197 is added and the component exchanges are observed by '"H NMR. The addition
of one equivalent of 197 favored the reaction in the forward direction (towards 3+7
adduct (198)), which was formed in a superior amount to that of 4+7 adduct (196)

formed initially before the addition of 197.

Ph

o Ph—
SOORI oL~
N
'L\< 25°C

Ph o
194 195 [4 + 7], 196, 66%
CH;
e (L
25°C
CH;
197
o
Pho o

L

196, [4 + 7], 12.5% + O

Ph
'QO +197,15.1% + 194,37.5%
O Ph

198, [3 + 7], 34.8%

Scheme 43: a) Diene component-exchange experiment between 197 and 194 by the addition
of 197 to an equilibrating mixture of 4+7(196); b) Temperature effect on the fluorescence
spectra of a 5 mm solution of 197 in CHCI3 with and without the addition of dienophile 195 at
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25 and 50°C. Fluorescence spectrum of a) 197 at 25°C, b) [3+7] (198) at 25°C, and c) [3+7]
(198) at 50°C. Excitation at 300 nm [162]

A mixture of products was generated, as shown in scheme 43a. The absorption
spectra (scheme 43b) were recorded to study the temperature effect on the solution
of diene 197, with and without the addition of dienophile 195. Increasing the
temperature leads to fluorescence quenching, whereas decreasing the temperature
renders the system fluorescent. [164] The above example represents an optodynamic
device. [163]

1.5.2.4 Reversible olefin metathesis and exchange

Metathesis is a well-known Ru-catalyzed reaction, which includes reversible a series
of [2+2] cycloadditions and retro [2+2] cycloadditions (scheme 44a). [164] The given
mechanism below in scheme 44 indicates that it goes through a catalytic cycle
involving metallocyclobutane intermediates, which can lead to new products (scheme
44b). [165-167] This mechanism was confirmed by the synthesis of homogeneous
complexes containing a nucleophilic carbenic function and the formation of a

metallacyclobutane by reaction with an olefin. [168-169]

Catalyst R
R1\/ + sz/ 1\/‘ILLR2 + HZC_CHZ

Scheme 44a: General Reaction for the olefin metathesis reaction [166-167]

Mechanism:

Scheme 44b: mechanism for the olefin metathesis reaction [166-167]
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1.5.2.5 Reversible disulfide formation and exchange

In 1951, a preliminary study to exchange sulfur between thiosulfate and sulfite was
reported. It was observed that monosulfide does not exchange even in extreme
conditions. Exchange with higher polysulfides is complicated as they can undergo side
reactions or be oxidized to disulfide, but the exchange was fast and free of side
reactions with disulfide. [170] Similar to the reduction of disulfide in nature, the
reversible nature of disulfides in the presence of an excess of mercaptan (thiol) is
important for DCC. It can be an anionic exchange or displacement reaction of
mercaptide with disulfide. If R-S-S-R is the disulfide to be reduced and R’-SH is the
mercaptan in excess, the reaction will proceed as shown in Scheme 45. It is a rapid
with a reversible proton exchange. However, when [R’'S]>>>[RS-], the equilibrium will
shift in the forward direction. [171-173]

R'SH
R T R
R—S—é + SR* =  ————— S-S—R' *+ RS
+
H+
(2) RS + HSR® —————> RSH+ R'S’

(1

R’ R"

| .
(3) R—S-S + SR* =  S-S—R' * RS

Scheme 45: mechanism of reversible sulfur exchange reactions in disulfides. [171]

1.5.3 Reversible nucleophilic aromatic substitutions in DCC

Nucleophilic aromatic substitutions are among the most frequently used reactions in
organic chemistry. Such exchanges of chemical components may occur by different
mechanisms, as we stated before (SnAr,[74] Srn1,[175] cSNAr,[176] SNArH[177]). We
will use the denomination SnAr for representing these different mechanistic
possibilities of nucleophilic aromatic substitutions. Even if their reversibility was shown
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in rare cases, [0] it was overlooked in spite of a great number of SNAr reactions
reported since 1854.[7] It is conceptually of much interest in aromatic chemistry and
in Dynamic Covalent Chemistry (DCC), beside a number of reversible reactions
studied, with imines, esters, disulfides, dithioacetals, hemiacetals, metathesis, Sn2,
and Diels-Alder reactions. Reversible SnAr reactions could present a wide scope,
involving several types of nucleophiles, leaving groups and aromatic or heteroaromatic
substrates, without the need for metal catalysis, as schematically depicted in scheme
45.

O, , w0 o [[Ahr> e
(G5 (O

(1) (2)

L= Leaving group; Nu= nucleophile; Z= heteroatom(s)

Scheme 45: schematic representation of the reversibility in nucleophilic aromatic
substitutions.

To put this concept into practice, and because persulfuration mechanisms and
sulfur component in exchanges by SnAr have rarely been investigated, [150] it is the
purpose of this thesis to investigate these fundamental concept and to apply them in
the frame of DCC. When it is combined to rigidity-induced phosphorescence (RIP) and
redox properties, the colorful molecular asterisks can be considered as ideal building
blocks for DCC toward innovative materials, in line with multifunctional devices in the
fields of nanoscience, imaging, supramolecular, materials and life sciences.

As a general example of DCC in this thesis, a hexakis(phenylthio)benzene
asterisk undergoes simultaneous chemical, supramolecular, topological, and optical
changes after a triggering event (figure 20). If this event is caused by a thiolate anion,
we observed reversible nucleophilic aromatic substitutions by DCC, a process which
we called the "Sulfur Danse" around an aromatic ring. Thus, a library of luminophores
can be produced, depending on the sulfur exchange components conditions, including
concentration, temperature, solvent, presence of ions, etc.. More importantly, we put
forward SnAr reactions, and their reversibility of in the frame of dynamic covalent
chemistry.
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Figure 20: Example of a persulfurated benzene ring undergoing reversible nucleophilic
aromatic substitutions with a thiolate anion in DCC.

Up to now, no one has questioned the synthesis, the kinetics, and the mechanisms of
formation and sulfur exchanges of these asterisks, excepted in one report from MIT
on the use of DCC. However, in a limited scope with 1,2-benzenedithiol. [150] Because
the persulfuration mechanism and ligands exchanges have rarely been investigated
(one report), [150] when it is combined to rigidity-induced phosphorescence (RIP) and
redox properties, the colorful molecular asterisks can be considered as ideal building
blocks for innovative (bio)materials in DCC, in line with multifunctional devices in the
fields of nanoscience, imaging, supramolecular, materials and life sciences, typical
applications are found in several DCC reviews. [174] Interestingly, the industry was
more advanced in some applicative areas without noticing these unique properties.
From 1963-67, biocidal properties of hexakis(arylthio)benzenes were reported, [175]
and a patent on "Hexakis Thioethers" claims new herbicides, insecticides, anti-oxidant
additives to lubricating oils, intermediates in dyestuffs, and biologically active
materials. [176-177] One should also note that some asterisks are non toxic according

to preliminary MTT assays with tetrazolium salts.

1.6 General objectives of the thesis work

This thesis focusses on functionalized and branched polysulfurated, polyoxygenated
or polycyanated molecular asterisks incorporating either a benzene, a pyridine or a
pyrene core. The main objectives are to report the synthesis and the structural,
photophysical, supramolecular and covalent dynamic properties of the newly created

molecular architectures, in order to further develop their uses and applications in a
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near future, toward molecular electronics, imaging, materials and life sciences.
Importantly, it also questions some fundamental principles and mechanisms in organic
chemistry, notably the reversibility of a main and historical mechanism in organic
chemistry: the nucleophilic aromatic substitution, which is known since 1854.

At first, the thesis covers new synthetic approaches to functionalize pyrene in
its K-region, which has been neglected in spite of the historical importance of pyrenes
in optoelectronic sensing, in materials and in biological sciences. It is followed by the
synthesis of various sulfurated, oxygenated and cyanated molecular asterisks with a
benzene or a pyridine core, in search for a new field in dynamic covalent chemistry
(DCC) with arenes and heteroarenes, by implementing and promoting reversible
nucleophilic aromatic substitutions in DCC, while at the same time developing all-
organic highly phosphorescent smart materials via a rigidity-induced
phosphorescence (RIP) phenomena. The "Sulfur Dance" around arenes and
heteroarenes from a reversible exchange of sulfur components around an aromatic
template, is a newly discovered process in aromatic chemistry. In order to study
reversible SnAr reactions, several reaction conditions, substituent effects, analytical
and separative methods were necessary in DCC for analyzing the created libraries of
compounds. In that direction, we also analyzed the importance of T-extended
sulfurated and oxygenated asterisks with a benzene core, incorporting phenyl,
biphenyl, naphthyl or heteroaromatic arms, in search for some exalted photohysical
properties or metal cations bindings toward future molecular assemblies in
supramolecular chemistry. Thereofore, this thesis covers broad areas of aromatic
chemistry, basic reaction mechanisms, photophysics and dynamic covalent and

supramolecular chemistry, towards materials and life sciences.
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CHAPTER 2

FUNCTIONALIZATION OF PYRENE IN THE K-REGION: SYNTHESIS,
STRUCTURAL AND PHOTOPHYSICAL STUDIES

2.0 Introduction
2.1 Objectives
2.2 Results and discussion
2.2.1 Functionalization of pyrene at positions 1,3,6,8 (non K-region)
2.2.2 Functionalization of pyrene at positions 4,5,9,10 (K-region)
2.2.3 Functionalization of pyrene at positions 1,6; 1,8 and 2,7 (non K-region)
2.3 Ring-closure via benzylic-type couplings
2.4 New routes to functionalized pyrenes in the K-region via benzylic-type ring
closures
2.4.1 Preliminary results and model studies on phenanthrene
2.4.2 Long route to 4,5,9,10-tetrabromo pyrene
2.4.3 Short and optimized route to 4,5,9,10-tetrabromo pyrene
2.5 Sulfurated pyrenyl derivatives from 4,5,9,10-tetrabromo pyrene
2.6 Cyanated pyrenyl derivatives from 4,5,9,10-tetrabromo pyrene
2.7 Photophysical studies on sulfurated pyrenes in the K-region.
2.8 Conclusion

2.0 Introduction

Pyrene derivatives have attracted much attention in the last few years due to
their blue emissive properties and long fluorescence lifetime, which are influenced by
the molecular environment. Pyrene is one of the most important basic units in materials
chemistry and in the history of chemistry. Unfortunately, derivatization of the
monomeric pyrene unit is still poorly developed, especially with sulfur and fluorine, but
also in its K-region. The synthesis of pyrenic oligomers, polymers, and other complex
architectures is thus limited by the usual functionalizations of pyrene at specific
positions, mostly in the non K-region. It could be highly valuable to functionalize pyrene
at different positions with different substituents, and to compare the photophysical and
redox properties with pyrene itself. More precisely, the polysufluration of pyrene could
strongly modulate its REDOX and photophysical properties, as well as complex
pyrene-based architectures. All these derivatives could find some applications as
(bio)sensors, electroluminescent materials, in organic light-emitting diode (OLEDs)

and in organic electronics in general.
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2.1 Objectives
Several objectives are sought in this work, which could be listed below:

1. To explore novel and short routes to functionalize pyrene in its K-region,

2. To make new derivatives of pyrene functionalized in its K-region, especially the
sulfurated or heterofunctionalized ones, as novel building blocks of uses in
materials and biological sciences.

3. To study the photophysical, electronic, and structural properties of these
derivatives by NMR, HRMS, X-ray diffraction, and calculations,

4. To use pyrene as a universal building block for the design of novel 11-conjugation
and architectures with various topologies, such as chains and ribbons.

5. To gradually increase the complexity of the pyrenic systems from monomers to
dimers, to oligomers, and to polymers for studying their photophysical, electronic,
and structural properties (coupling mode, photophysics, redox, structural studies
by NMR, MS, X-ray diffraction, and calculations).

2.2 Results and discussion

The regioselective functionalization of pyrene is very challenging. As a consequence,
most derivatives are coming from the non K-region functionalization of pyrene. For
instance, an electrophilic substitution preferentially occurs at positions 1-,3-,6- and 8

of pyrene, but larger electrophiles prefer to react at positions 2 and 7 for steric reasons.

Figure 1: Pyrene (1) structure and numbering of positions for functionalization.

As a consequence, most electrophilic substitutions are reported at these postions in
the literature for making most pyrene derivatives. In spite of a large number of
reactions and functionalizations of pyrene, a major challenge remains a quick
functionalization of the so-called K-region of pyrene (Figure 1). Thus, we are more
interested in the functionalization of pyrenes at positions 4, 5, 9,10, which are less

common and less easy in synthesis.
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U

non K-region

Figure 2: green arrow represents common
functionalization sites on pyrene in the non K-region,
whereas red arrows represent uncommon
functionalization sites on pyrene in the K-region.

K-region

non K-tregion

2.2.1 Functionalization of pyrene at positions 1,3,6,8 (non K-region)

As already discussed in the main introduction (chapter 1, section 1.3, scheme 1),
electrophilic substitutions at pyrene usually occur at positions 1,3,6,8. In this way, the
bromination of pyrene could provide 1-bromo-pyrene, 1,6-dibromopyrene, 1,8-
dibromopyrene and 1,3,6-tribromopyrene and 1,3,6,8-tetrabromo pyrene depending
on the molar ratio of bromine and pyrene. 1,3,6,8-tetrabromo pyrene (2) is known and
easy to synthesize by treating pyrene (1) with bromine in warm nitrobenzene. It thus
became an important building block to synthesize star-shaped pyrenic structures. An
alternative indirect method to make a similar compound, but in the K-region, is by
treating tetrahydropyrene (3) with N-bromosuccinimide and a radical initiator in carbon
tetrachloride or benzene to provide 4,5,9,10-tetrabromo pyrene (4) (scheme 1). [1]
Only two reactions have been reported so far to make this compound (discussed in
section 2.2.2); another one is to synthesize 4,5,9,10-tetrabromo pyrene by treating
4,5,9,10-tetrahydropyrene (4) with bromine and iron in dichloromethane. [2]

)
’ Br, Fe Br O Br
O (D o~ o L
N|trobenzene O ‘ DCM Br O Br
3 4

Scheme 1: a) Synthesis of 1,3,6,8-tetrabromopyrene (2) [3], b) Synthesis of 4,5,9,10
tetrabromopyrene (4). [2]

Substitutions at the 1,3,6,8 positions (non K-region) is comparatively easy (energy is
lower by 8.8 Kcal/mol from calculations) [4] in comparison to the 4,5,9,10 positions (K-

region). For the first series, the substitution order is 1 >8 >6 > 3. [5] Simple bromination
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of pyrene in nitrobenzene gives a mixture of four products with 1,3,6,8-
tetrabromopyrene and other mono, di, tri substituted products at the 1,3,6,8 positions,
and not 4,5,9,10-tetrabromo pyrene or derivatives in the k-region. [5] Another example
of bromination with NBS with is presented in scheme 2, but several by-products are
formed. [6]

NBS, CCl,

| ; —

BI'H2C CHzBr ‘ O
S e lss
- @ Oo. + .
‘O Initatior Br
CC|4 or CGHG O O O
Br Br

5 6, 70% 7,83% 8,8%

Scheme 2: Bromination at 1,3,4,6 using N-bromosuccinamide with benzoyl peroxide as an
initatior. [1, 6]

In Section 2.2.2 (scheme 7), we can see that positions 2,7 of pyrene are already
substituted with #-butyl groups, and treating this compound with 1.1 mol-equiv, and 2.2
mol-equiv of bromine with iron powder provides brominated pyrenic compounds at
position 1 for (1.1 mol-equiv.), and 1,6; 1,8-dibrominated pyrenes (2.2 mol-equiv.).

1,3,6,8-Tetrabromo pyrene is an important building block to synthesize
polysulfurated derivatives, as shown in schemes 3, 4 and 5. Compound 9 can be
prepared from nucleophilic aromatic substitutions on (2) using 4 mol-eq. of terpyridine
thiol (figure 3) in a 76% yield. The tetrakis(phenylthio)pyrene core is appended with
four terpyridine units as a multichromophoric system. The addition of metals ions can
switch the direction of the intramolecular energy transfer of the excited state and
control the formation of three-dimensional nanoscopic objects in a dual function. [7]
Compounds 10 and 16 were also synthesized by SnAr reactions using sodium hydride
as a base in a polar solvent (DMI or DMF). In addition, sulfurated dendrimers were
also synthesized with a pyrene core (scheme 4). [8-9]
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Scheme 3: reactions with key intermediate 1,3,6,8-tetrabromo pyrene (2) [7-12]

Suzuki couplings with different boronic acids and palladium catalysts provide various
Ar-C compounds such as compounds 11, 14 and 15. Tetrasubstituted compounds 14

and 15 avoid aggregation between pyrenes and can be useful as light-emitting diodes.

[10-11]

Figure 3: structures of 1a and 5a required to synthesize 1 and 5 (see scheme 3).
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Compound 13 is a first-generation dendrimer synthesized from Diels-Alder
cycloadditions from a tetraalkynated pyrene and tetraphenylcyclopentadienone (figure
3, scheme 3). To synthesize 12, a Sonogashira-Mirozoki coupling was done.
Deprotection of the TMS-protected 12 with potassium carbonate in MeOH provides the
corresponding tetraalkynated pyrene, ready for the cycloaddtions. [12]

Br. Br|
Bj ' Br SH

SH Dend-G2-SH
-GO- NaH, DMF
/O/ Dend-G0-SH s S

o, oG g |

90% 5\ /@ Q
© © © 'zlgt}:’ 80°C \@\@s g %
S ‘ S Dend-G1-SH \QS S /Qf ‘é\ 5 Q/
O‘l SQS S__S s~S
LI, @QS S - © ©:‘
Q9 e 299 e
16 (S0 e Ped, P

ngs S?SO\ Qm . 3
O\ s Py

17, (PyG1)

Scheme 4: three generations of polysulfurated 1,3,6,8-tetrasubstituted pyrene-cored
asterisks. [9]

Three generations of polysulfurated dendrimers were synthesized by Gingras
and his group in 2008 by simply treating 1,3,6,8-tetrabromo pyrene (2), (1.0 mol-eq)
with the corresponding thiols (4.5 mol-eq) at 80°C for 3 to 60 hours (scheme 4). The
photophysical properties were discussed in detail in chapter 1 (section 1.3, Scheme
23).

In 2020, another published work from our laboratory reported water-soluble
pyrene asterisks with carboxylic acid functions at the periphery of the pyrene core. [9]
Their synthesis are described in scheme 5. The properties of the carboxylic acid give
water solubility, and provide complexations with metal ions. Compounds 20X= PyO,
PyM, PyP were synthesized by a nucleophilic aromatic substitution in good yields with
the desired thiolate isomers and 1,3,6,8-tetrabromopyrene (2) in DMF with Cs2CO3 as

a base at 80°C. The saponification of the ester with LIOH*H20 in ethanol at 75°C was
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achieved to deprotect the acid functions. The preparation of the corresponding ortho,
meta, and para benzenethiols was already described. [13]

Br. I Br
Br O Br CSzCO3, DMF

LiOH*H,0,

2 4days, 80°C < EtOH, 2days, 75°C
.
o oj/ 1
Ev; 0—<
19
SH
- 20a- 0, 82% yield 21a- 0, 97% yield
X= O (Ortho), M (Meta), P (Para) 20b- M, 87% yield 21b- M, 72% yield
20c- P, 93% yield 21c- P, 94% yield

Scheme 5: water-soluble pyrene-cored asterisks with peripheral carboxylic acid functions.
[13]

The pyrene-cored asterisk 21X with carboxylic acid units (scheme 5) is a water-
soluble organic chromophore that could selectively complex divalent metal ion, like
Pb(Il). At the same time, the fluorescence of the core is quenched. This system could
be used as a fluorescent ON-OFF sensor for metal ions in a dual mode (fluorescence

variation and aggregation to make particles).

2.2.2 Functionalization of pyrene at positions 4,5,9,10 (K-region)

This section reports the synthesis of 4,5,9,10-tetrabromo pyrene (4) and its
derivatives from some indirect methods. This compound can not be obtained in a direct
bromination of pyrene, as for 1,3,6,8-tetrabromo pyrene (2) which is directly formed by
electrophilic aromatic substitutions. Only a few reports exist in the literature for making
4,5,9,10-tetrabromo pyrene (4) and its derivatives and the latter could serve for making
new chains, ribbons and polymers.

As indicated in scheme 6a, 4,5,9,10-tetrabromo pyrene (4) can be synthesized
for the 4,5,9,10-tetrahydropyrene (3) by bromination in the presence of iron in DCM.
[3] Another derivatives can be made by a direct tetrabromination of a 2,7-disubstituted
t-butyl derivative of pyrene (22) with 6 mol-eq. of bromine and iron. The t-butyl groups
are necessary to sterically inhibit some electrophilic substitutions at positions 1,3,6,8.
Thus, the K-region becomes accessible by default for electrophilic substitutions by
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bromine to give 4,59,10-tetrabromo-2,7-ditert-butylpyrene (23) (scheme 6b).
However, this example is restricted to bulky substituents and not general enough.

’ Br,, Fe Br O Br _ BrpFe  Br O Br

OO DCM O‘ ‘ " cCly, 90% “
cdiiiaca ek
3 4 23

Scheme 6: a) synthesis of 4,5,9,10 tetrabromopyrene (4) [3]; b) synthesis of 4,5,9,10-
tetrabromo-2,7-ditert-butylpyrene (23) [14]

a)

This reaction was analyzed in detail. If the positions 2,7 of pyrene is already
substituted with t-butyl groups, the addition of 1.1 mol-equiv and 2.2 mol-equiv of
bromine with iron powder provides 1-bromo- (24), and 1,6; 1,8-dibromosubstituted
derivatives (25, 26) (scheme 7). With an excess of bromine (6.0 mol-equiv) a
tetrabromo-2,7-ditert-butylpyrene is obtained (24), and further reaction prolongation

provides the 2-tert-butyl-4,5,7,9,10-pentabromopyrene derivative (28). [1, 15]

Br Br
B OO OO OO OO Tl T OO )
O O O Bry, Fe Br

25,85% 26, 85% 23, 90% 27,85%

Br, Fe

Scheme 7: synthetic routes to mono-, di-, tetra- and pentabrominated pyrenes derivatives
incorporating t-butyl groups. [1, 15]

The third possible way to substitute pyrene at positions 4,5,9,10 is from a
tetraone of pyrene (scheme 8). By condensation of tetraone, for instance with a
diamine, it is possible to extend the pyrene conjugation. Several methods were tried
before to directly oxidize pyrene for producing its 4,5,9,10-tetraone (29) or 4,5-dione
(28). The dione was prepared by using osmium tetroxide, which is highly toxic. [5] To
avoid a multistep pathway, ruthenium (lll) chloride (RuCls), with sodium periodate
(NalOg4) in dichloromethane, water, and acetonitrile was used to selectively prepare the
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4,5,9,10-tetraone (29) and the 4,5-dione (28) of pyrene, depending on temperature
and the amount of oxidant used. However, the yields are modest. [16]

10
s

28

RuCls, H,0

4 parts of NalO,4
RT (45%)

YIrre
“O o O o]

1 29

RuCI3, Hzo

4 parts of NalO4
RT (45%)

Scheme 8 : one-step synthesis of pyrene-4,5-dione (28) and pyrene-4,5,9,10-tetraone (29).

[16]

In Scheme 9, some derivatives of pyrene were synthesized via different
methods such as Suzuki-Miyaura couplings (compounds 32, 33, 34), [15, 17-18]

Sonogashira-Mirozoki couplings (compound 33a-c), using tert-butyl groups as

positional

protective groups.

[19] Compounds 30 and 37 are examples of

polysulfurated pyrene derivatives.

NaOH, pph di
’ 3, dloxa
9.5hr., 105-110°a

Suzuki Coupling
Pd catalyst

B(OH),

30

K,CO;, DMF
12hr., reflux

R
B
8¢5
£E| o
2= 15
o o c
HE -
zZo | © 33a-R=H
< | o 33b- R=tBu
33c- R= OMe

(34), R=H, tBu

Scheme 9: pyrene derivatives from 4,5,9,10-tetrabromo pyrene and 2,4,5,9,10-pentabromo

pyrene [15, 17-22]
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Compound 37 was synthesized via Stille couplings, [20] whereas compound 30 was
formed via some nucleophilic aromatic substitutions. [21] Compound 31 was patented
in 2012. Apart from the heterofunctionalization with sulfur, pyrene is also substituted
by a nitrogen atom such as in compound 35. [22]

A few examples of heteroaromatic pyrene derivatives from pyrene-4,5,9,10
tetraone (29) are given in scheme 10. They were used in some applications in
molecular electronics, as p-type and n-type organic semiconductors. [11] Compounds
38a to 38d, 39a to 39c, and 40a were synthesized by condensation of compound 29
with a diamine (scheme 10). The simple route for the preparation of azaacenes is the
cyclocondensation of the diketone and a diamine. Following this route, there are many
pyrene-fused azaacenes prepared. The solution-processable pyrene-based organic
semiconductor compound 40b was also synthesized. The molecular orientation and

packing mode in the thin film were also studied by using various techniques. [26-27]

sti)jN O N SR

[T X IX

RS SN O N~ SR
383, R= C12H25

38b, R= C10H21
386, R= C8H17 R
38d, R= CqH,

e

N

o X

o) O o) EtOH, AcOH SN
reflux

Eto
12;{: CACOH

H,N cl

39a, R=TIPS
39b, R= C6H13
39C, R= C12H25

40a= R=Cl

CyoHasSH, K,CO;
40b= R= SCy;H,5 DMF, 120°C

Scheme 10 : derivatization of the tetraone of pyrene (29) with ortho-diamino benzenic

reagents.
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The synthesis of tetraazahexacene compounds 39a to 39c was achieved by
cyclo condensation with an o-phenylenediamine and pyrene 4,5,9,10-tetraone (29).
These reactions were carried out in refluxing conditions with EtOH/AcOH and purified
by filtration. The solubilities of these compounds depend on the type of substituents
and size of the t-system. The TIPS substituted “hexacene” is more soluble than
others, it may be due to this bulky group which inhibit 1r-1r stacking by steric hindrance.
[24-25]

2.2.3 Functionalization of pyrene at positions 1,6; 1,8 and 2,7

Bromination of pyrene could give both 1,6 and 1,8-dibromopyrene. However,
these are extremely difficult to separate, as their solubility is similar in many solvents.
Many fractional crystallizations in toluene can succeed. Couplings reactions can be
performed at these positions. [1-16] Substitutions at the position 2 and 7 is not possible
via electrophilic substitutions, it needs an indirect route. To overcome these difficulties,
two main approaches have been employed: (a) the reduction of pyrene to 4,5,9,10-
tetrahydropyrene followed by electrophilic substitution and subsequent
rearomatization and (b) the use of cine substitution via a 1,2-dehydropyrene
intermediate to convert 1-bromopyrene to a mixture of 1- and 2-aminopyrene,
separation of the amines, and conversion to the halide. However, these are multistep
and low-yielding processes, which increase the difficulty in obtaining the 2,7-
substituted pyrenes. Several indirect routes were thus developed such as a modified
bromination developed by Harvey et al. and a one-step synthesis was reported to
obtain pyrene-2,7-bis(boronate)ester in very good yields using an iridium-based
catalyst. [28] In conclusion, functionalization at positions 2,7 of pyrene still remain a
challenge. Reactivity at positions 1,6 and 1,8 is good but a mixture of regioisomers
could be troublesome, due to moderate regioselectivity.

2.3 Ring-closure via benzylic-type couplings

In 1966 Barth and Lawton synthesized corannulene 9, [29] and later in 1991, the
procedure was simplified by heating compound 41 at high temperature to cyclize it into
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corannulene 42 (scheme 11). [30] In 1992, different substituted corannulenes were
synthesized via a similar method (flash vacuum pyrolysis) by heating at 900°C
(scheme 12). Compounds 44, 45, and 46 were purified by column chromatography. It
is stated that “the initial formation of 46 can reasonably be explained by an
electrocyclic ring closure of 43 to give the pentacyclic intermediate 49, which should
spontaneously aromatize to 41 by loss of HBr. Repetition of these steps on the other
side of the molecule would lead via 42 to 1,6-dibromocorannulene (46). An alternative
mechanism involving cyclization reactions of vinyl radicals, generated by homolysis of
C-Br bonds, can also be envisaged; however, no direct evidence is presently available
on the mechanisms of these transformations. [31]

H-C=C O C=C-H O
Flash Vaccuum D
, Pyrolysis ||

41 42

Scheme 11: synthesis of corannulene by flash vacuum pyrolysis. [29]

O
900°C O
Br,C CBr, D.Q
Q Flash Vaccuum X Y
‘O Pyrolysis O’

43 44: X=Y=H
45: X=H, Y=Br
46: X=Y=Br
H
" C‘ Br OQ o ‘QQ
Br,C O‘b <gr Br,C O‘Q Br Br ) ODQ -
47 48 49

Scheme 12 : synthesis of substituted corannulenes (44-46) from 7,10-bis(2,2-dibromovinyl)-
fluoranthene (43). [31]
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3a) LiHMDS/ THF/ HMPA ‘
O Br  20cc, 75% O
50 51
OO 1) MeMgBr, NiCl2(dpp) 5% OO
3b) OTf EtO2, 20°C (99%) " LiHMDS/ THF/ HMPA ‘
oTf 2) NBS/ (PhC0O2)2 0°C, 74%
CCl4, Reflux (50%) -90°C, 55% 54
52 (+/-) 5-Helicene
PhLi, 80% OO‘
55
X ,, LiIHMDS/ THF/ O
OO X HMPA Br
3c) _
OO X 0°C, 10m|n O Br O
Y4
(+/-) 56, X=Br, Z=H OR (+-)
(+/-) 57, X=2=Br “% "°"‘ 56 679 from 56

(57), t-BuOK, DMF, 0°c  29% from 57
15min., 96%

Scheme 13 : a) synthesis of phenanthrene; b) synthesis of [5]-helicene and carbohelicenes
(51) via benzylic-type couplings; [34-35] c) carbenoid couplings of propargyl bromide reported
for cyclic enediynes. [35-36, 39]

[7]helicene (57) was photosynthesized by Martin and coworkers in 1967 but a
large-scale preparation is difficult due to high dilution conditions to prevent
photodimerization of the alkenes as substrates. [32] Because it is easy to prepare
some functionalized binaphthyl derivatives, it was thought that this family of
compounds coud served as synthons, in the synthesis of helicenes via a benzylic-type
coupling as a ring-closure method. In 1998, our group was inspired by the method of
Jones for making propargyl couplings toward enediynes, with LIHMDS as a base. [33]
A benzylic-type coupling was successfully tested with a bis(bromomethyl)-biphenyl
(50) for making 75% of phenanthrene (51), starting from compound 53 in scheme 13a.
Thus, a two-step synthesis of [5]helicene (54) from commercially available (52) via
benzylic-type couplings of the corresponding benzylic bromide (53) is shown in
scheme 13b. Also, a short synthetic route is presented to make partly saturated
[5]helicene (55) in a 80% vyield. [35] It was inspired from the formation of
tetrabenzophenanthrene from the Kharash’'s method (KNH2 in lig. NHz). [37]
[7]helicene (61) was also prepared via similar method as shown in scheme 14, starting
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from 3-phenanthrol and oxidative dimerization leading to compound 58 which is a
racemic mixture (77% vyield). Converting the bis-phenanthrol to the bis-triflate (79%
yield) is achieved by the Snieckus' method with MeMgBr and NiCl>(dppp) as a catalyst
in THF to provide compound (59) in a 78% yield. Bromination with NBS was achieved
from a Wohl-Ziegler dibromination to afford (60) in a 52% yield. [35-36]

OH HO Me Me

O C 1) (CF3S0,),, Pyridine O O
() ()= () g
2) MeMgBr, NiCl2(dppp)
5%, THF, 66°C, 75min.

58 59

Z(zooud) /saN

w (%28) xnyay ‘v100

o
=
=

O Q LiHMDS

G (L 1
C \_7 THF 0°C,
=7 HMPA 10min. O O
75%

(+/-) [7]-Helicene 60
61

Scheme 14 : synthesis of rac-[7]helicene (61) via benzylic-type couplings. [35]

Benzylic-type couplings were used to produce non-racemic helicenes (scheme
15). This is a short, efficient and scalable asymmetric route to functionalized
[7]helicenes. Several bases and solvents were tried to optimize the formation of (+/-)-
9,10-dibromo-[7]helicene from this benzylic coupling, as shown in scheme 15. The
base LIHMDS is only useful in HMPA, and K2CO3 did not promoted the cyclization in
DMF. t-BuOK in DMF was efficient and chosen after all tested bases. At -35°C the rate
of cyclization is too slow, whereas it works better at 0-3°C. Solvents such as THF,
dioxane or DCM were tried and did not provide good results with -BuOK. A fast
addition of #-BuOK to compound (65) produced the best results. A hypothetical
mechanism is also reported in this work. This kind of easy and scalable synthesis for

making enantiopure 9,10-dibromo-[7]helicene is rare in literature.
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OO’ Tf,0 OO’ CHzMgBr
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>
HOHO Qs CH,Cl,, TO%o Qs THF, reflux HsC Qs

20°C, 16 hrs 18 hrs HsC
Enantioseparation | (94-98%) Known (79-86%) .
Gram-scale (+/-)59 (860/0) .
(+/-)64 (98°/o) (+) 59 (850/0, 970/0 e.e.)

(+/-)63 (+) 64 (96%) (-) 59 (79%, 85% e.e.)
(+) 63 (92% e.e.) () 64 (94%)
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CCly, reflux

40 h (85-91%)
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(+/-)65 (91%)

g;’)-(+)67 Minor '(\II:I’;}S:)GG (>98% e.e.) (+) 65 (not measured)
(M)-(-)67 Minor (M)-(-)66 (>98% e.e.) (-) 65(97%e.e.)
Major

Scheme 15 : Non-racemic and racemic syntheses of brominated [7]helicenes via benzylic-
type couplings. [39]

2.4 New routes to functionalized pyrenes in the K-region by benzylic-type
ring-closing

2.4.1 Preliminary results and model studies on phenanthrene

Preliminary reactions with 2,2’-bis(bromomethyl)-1,1’-biphenyl (50) were achieved
prior to prepare 4,5,9,10-tetrabromo pyrene (scheme 16). Only one reference is known
so far to prepare compound (68) from 2,2’-dimethyl-1,1'-biphenyl and not from
compound (50) (2,2’-bis(bromomethyl)-1,1'-biphenyl). [40] A radical bromination with
an excess of N-bromosuccinimide was achieved on (50) with a radical initiator (5 mol%
of benzoyl peroxide) to provide 94% yield of (68). This method was used to brominate
2,2'-bis(bromomethyl)-1,1-naphthalene to prepare pentahelicene in our laboratory in
a 96% vyield. [36] Furthermore, 2,2’-bis(dibromomethyl)-1,1’-biphenyl (68) was treated
with a strong base such as potassium tert-butoxide (t-BuOK) to close the ring in DMF.
As the benzylic dibromomethine function (ArCHBr2) is more acidic than a
bromomethylene one (ArCH2Br), a weaker base than NaNH2 or LIHMDS is thus
effective. [36]
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v
Br Benzyl Peroxide(BPO), Br {.BuOK, dry DMF

60 for 24hrs.
& 80°C for 24hrs.

Y=85%

t=48hrs.

69

Br

Br

Scheme 16: model reaction on ring-closing on 2,2’-bis(bromomethyl)-1,1’-biphenyl (68) to
5,6-dibromophenanthrene (69).

2.4.2 Long route to 4,5,9,10-tetrabromo pyrene

As a first study to functionalize pyrene in the K-region at positions 4,5,9,10, we

searched for new routes via 4,5,9,10-tetrabromo pyrene as shown in scheme 17. Each

step is discussed below.

O 2) LiAlH4 O O
HOOC coon 2 HO OH ppr,pcm  Br
HOOC O COOH

70

Y=76%
t= 20hrs.

NalO,, RuCl,
CH,Cl,/H,0/MeCN

1

1) BF3.OEt,
NaBH4,H20

. HO
3) BH3in
THF

4) DiBAL-H

MeOOC
MeOOC

>

O OH RT (25-28°C) Br O

72

LiAlIH4
DiBAL-H in hexane(1M)

0°C (ice bath)

Y=57%
t= 15hrs.

I COOMe
7

Y=51%
t= 24hrs.

73

Br

Br

NBS, BPO,

CCly, Oil bath

at 84°C, 94°C

Y=84%
t=13hrs.

Br. Br BrBr
Br Br &, Br

74, Unknown

tBuOK
dry DMF

at 50°C
Y=92%
t=48hrs.

Br O Br

4
6 steps to get
Tetrabromo Pyrene

Scheme 17: synthesis of key intermediate 4,5,9,10-tetrabromo pyrene (4) in 6 steps.

We first investigated the Ru-oxidative cleavage of pyrene in the K-region. These

central double bonds of pyrene are more reactive, and the Ru-catalyst selectively

cleaves these bonds at positions 4,5, and 9,10 on pyrene. Ruthenium changes its

oxidation state from +8 to +6, and sodium periodate (co-oxidant) regenerates the

catalyst in a mixture of DCM/water/acetonitrile. The tetraacid (70) was separated from

the tetraone (29, minor product) by refluxing the mixture twice in DCM and filtration, as

the tetraone is more soluble in DCM than the tetracid. When the reaction time was

increased from 16 to 20 hours, the yield was increased from 50% to 76% (Experimental
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Section chapter-2, Table 3). The tetraacid (70) was thus prepared in a 76% yield as a
major product, whereas the tetraone (29) was formed as a minor product in a 8% vyield.
[16, 41-42]

We tried to reduce the tetraacid (70) to tetraalcohol (72), but all four reactions tried with
different reagents failed. First, sodium borohydride with lewis acidic boron trifluoride
etherate was used, and did not work. The reduction of 2,2-biphenyldimethanoic acid
(75) afforded the diol (76) in a 90% yield, [43] but surprisingly we did not succeed with
tetraacid (70). The second and third reagent was lithium aluminium hydride (LAH),
which reduces many functional groups, and diisobutylaluminium hydride (DiBAL-H),
but all conditions failed. [44-45] In addition to these three reagents, borane also did not
work. [46] The reduction works on the 1,1'-biphenyl-2,2'diacid (75) shown in scheme
18. [47]

b)

a)

HOOC ‘ Reducing Agent  HO O HoOC ‘ COOH Reducing Agent ‘ OH
‘ COOH I OH HOOC O COOH i HO O OH
75 76 70 72

Scheme 18: a) reduction of 1,1'-biphenyl-2,2'diacid (75) with borane; b) failure to reduce the
tetraacid with diborane (70).

After several attempts had been made (Experimental Section, Table-19), we
decided to change the route to the facilitated reduction of the tetraester (71).
Esterification was achieved using iodomethane (10 mol-eq.) and potassium carbonate
(3 mol-eq) at 80°C. Three reactions were performed (Experimental Section, Table-4)
and the yield was improved from 42% to 85%. [48-49] Finally, the tetraester ([1,1’-
biphenyl]-2,2',6,6'-tetramethyl ester) (71) was successfully reduced to the tetraalcohol
(2,2',6,6-tetrakis(hydroxymethyl)-1,1'-biphenyl) (72) with DIBAL-H in hexane (1M) at
~0°C in an ice bath when stirred for 15 hours (Experimental Section, Table-5). The
yield was low, 57%, in spite of adding DiIBALH in excess over time. From thin layer
chromatography, three spots were observed, which indicated some side-products. The
tetraalcohol (72) may also have remained as a complex with aluminum. [33, 50] It is to
be noted that LiAlH4 did not work on the tetraester (Experimental Section, Table 20).
The tetraalcohol (72) was treated with an excess of phosphorus tribromide in DCM at
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room temperature for 24 hours to get the 2,2’,6,6'-tetrakis(bromomethyl)-1,1'-biphenyl
(73) in 51% yield. Six reactions were performed (Experimental Section, Table-6). The
reaction worked better at room temperature (51% yield) compared to 50-55°C (15%
yield). [51] One reaction was tried with triphenylphosphine dibromide, but the yield was
poor (11% vyield). [52]

2,2',6,6'-Tetrakis(dibromomethyl)-1,1'-biphenyl (74) was synthesized in good
yield (>85%) by reacting the tetrabromide (73) with N-bromosuccinimide (NBS), and
benzoyl peroxide (BPO) as a radical initiator in carbon tetrachloride for several days at
84-94°C. Several small additions of NBS and BPO were made until the starting
material was fully consumed (Experimental Section, Table-7). In the crude, '"H NMR
indicated the presence of bromobenzene as NBS and BPO were added in important
amount (scheme 19). Bromobenzene (B.P.=156°C) was removed under vacuum and
slight heating. No other side product was observed by NMR and TLC. [36, 53]
Compound (74) is unknown in the literature and the sc-X-ray structure determination
is available in the next section (Fig. 5).

Benzoyl Peroxide (BPO) g Heat_ ‘

oo
<}
(o) OBr

Heat . o
© + CO,+ Br

/ \+ Br
¥
0

77

Scheme 19: hypothetical mechanism for the formation of bromobenzene from the NBS
reaction with compound (74).

The key intermediate 4,5,9,10-tetrabromo pyrene (4) was finally prepared by
two ring-closing reactions of the octabromide (74) on both sides by using potassium
tert-butoxide (t-BuOK) as a base, as in the synthesis of model product (69). The
reaction was optimized by running four reactions from room temperature to 80°C, and
it was found that a temperature at 50°C for 24 hours gave the best results
(Experimental Section, Table-8). [36] In conclusion, the synthesis of 4,5,9,10-
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tetrabromo pyrene (4) was achieved in six steps, which is a large number of steps to

be of practical utility.

2.4.3 Short and optimized route to 4,5,9,10-tetrabromopyrene

Having demonstrated that 4,5,9,10-tetrabromo pyrene could be formed in six
steps, and after validation of the two ring-closing benzylic-type couplings to make a
pyrene unit, we optimized the chemical sequence to this important synthon. At first, we
tried to make and use 2,2',6,6-tetramethyl-1,1'-biphenyl (79) and to make the
octabromide (74) in one step, as we did previously in helicene chemistry.

MgBr O NBS Br Br ol
FeCls;, 1,2-DCE ’

—_—
70°C (reflux) Benzoyl Peroxide, Br Br BlrBr
Organometallic Route O CCly, 94°C
7 Y=81% 79 = QRO 74, UNKNOWN
8 atRT—25hrs o 3dume

at RT—=3.5hrs.
at50°C g, ok
Y=98% dry DMF
t= 48hrs.

i Q‘O i
Br ‘l Br

4
three steps to get
Tetrabromo Pyrene

Scheme 20: synthesis of key intermediate 4,5,9,10-tetrabromopyrene via a short route (3
steps).

2,2',6,6"-tetramethyl-1,1'-biphenyl (79) was synthesized via a known
organometallic route by oxidative coupling of the commercially available (2,6-
dimethylphenylmagnesium bromide (78). The latter was treated with iron trichloride
(FeClz) in 1,2-dichloroethane and the reaction conditions were optimized (scheme 20).
The best results were (Experimental Section, Table-9) when the reaction mixture was
stirred for 2.5 hours at room temperature and 3.5 hours at 70°C to provide 81% yield
of (79). [53-56] Further, the octabromide (74) was synthesized in a 98% vyield from (79)
via radical bromination by similar conditions as before for making the model
tetrabromide (68) (NBS and BPO) in carbon tetrachloride at 94°C. The NBS and BPO
were added several times to complete the reaction, and it was monitored by '"H NMR
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and thin layer chromatography (Experimental Section, Table 10). [36, 53] This unusual
octabromide was characterized by 'H, '3C NMR but all assays to obtain HRMS with
various techniques of ionisation failed up to now. Fortunately, this compound could be
nicely crystallized (figure 5) and the sc-XRD studies confirmed the chemical structure,
as can be seen below in Figure 4.

Sticks drawing Ortep drawing

Figure 4: sc-XRD structure determination of 2,2',6,6'-tetrakis(dibromomethyl)-1,1'-biphenyl
(74).

Figure 5: pictures of colorless crystals of 2,2',6,6'-tetrakis(dibromomethyl)-1,1'-biphenyl (74),
formed after a slow evaporation in CDCls.

Having in hands the octabromide 2,2',6,6'-tetrakis(dibromomethyl)-1,1'-biphenyl
(74), two ring-closing reactions produces 4,5,9,10-tetrabromo pyrene (4) in a 92%
yield, after optimisation of the conditions. As discussed in the long route synthesis of
(4) in the previous section, a strong base such as t-BuOK in DMF produces (4)
(Experimental Section, Table 11). This optimized synthetic sequence requires only 3
steps, whereas the longer route requires 6 steps. [36] As a consequence, this novel
sytnhetic route to functionalized pyrene in the K-region is important. The 4,5,9,10-
tetrabromo pyrene (4) synthon is now easily available in good yield and with optimized
procedures, toward further derivatives of pyrenes at these 4,5,9,10 positions, but also
at the non K-region.
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2.5 Sulfurated pyrenyl derivatives from 4,5,9,10-tetrabromo pyrene

The sulfuration of 4,5,9,10-tetrabromo pyrene (4) is the first step to study the
production of a new family of pyrene derivatives in the K-region. Thus, 4,5,9,10-
tetrakis(4-methyl-phenylthio) pyrene (80) was synthesized by four nucleophilic
aromatic substitutions of the bromine atoms on a 90 mg scale from 4,5,9,10-tetrabromo
pyrene (10) and 4 mol-eq. of 4-methylbenzenethiol with dry potassium carbonate as a
base in DMF at 137°C (5 days) to provide a 99% yield of the expected product (80),
as shown in scheme 21. No reference in the literature is found for (80). The
characterization of (80) was achieved by 'H, '3C NMR, HRMS and sc-XRD studies

determined the structure (figure 6) from the crystalline needles in Figure 7.

- ©©

Br O‘ K,CO;, DMF

137°C
B © ©

Scheme 21: synthesis of 4,5,9,10-tetrakis (4-methyl-phenylthio) pyrene (80) from 4,5,9,10-
tetrabromo pyrene (4).

4

No reference is found for compounds 81 and 82. Two reactions were performed on
tetrabromo pyrene (4) with 4-methoxybenzenethiol at high temperature (100°C) and at
moderate temperature (65°C, scheme 22). At 65°C, the main product is 4,5,9,10-

a) Balls & sticks drawing b) Sticks drawing

Figure 6 : sc-XRD structure determination of 4,5,9,10-tetrakis(4-methyl-phenylthio)pyrene
(80); a) Ortep drawing; b) sticks drawing.

89



Chapter 2: Functionalization of pyrene in the K-region...

Figure 7: pictures of crystalline needles of 4,5,9,10-tetrakis(4-methyl-phenylthio)pyrene (80)
in a test tube, obtained after a slow evaporation of toluene.

tetrakis(p-methoxy-phenylthio)pyrene (81) in a 60% yield, and a minor component
4,5,9-tris(p-methoxy-phenylthio)pyrene (82) as a by-product in a >60% yield, when
using 5 mol.-eq. of 4-methoxybenzenethiol. Both compounds were separated and
purified by column chromatography (tol/cylohex, 80/20 v/v). At high temperature
(100°C for 2 days), (81) was recovered from a column in trace amount.

From these results, some electron transfer reactions probably competes with
the SNAr reactions, as evidenced by the formation of (82). This electron transfer could
come from the electron-rich p-methoxy-phenylthiolate anion. This electron transfer
probably generates a radical anion of a pyrene derivative. The latter releases a neutral
radical and an anion. Then, the pyrenyl radical abstracts a hydrogen atom in the
medium to produce (82). Overall, a hydrogenative debromination occurs. One should
note different reactivity with p-methylbenzenthiol (99 % vyield of product), even at
137°C.

OMe OMe OMe OMe
8r s QMe K,CO3, DMF, ? ® <sj h O (s> E>
BOG NS O@‘ ¢

O Br L, 67°C, 3days O ©

OMe OMe OMe OMe OMe
4 81 82

Scheme 22: synthesis of 4,5,9,10-tetrakis(p-methoxy-phenylthio)pyrene (81) and 4,5,9-tris(p-
methoxy-phenylthio)pyrene (82) from 4,5,9,10-tetrabromo pyrene (4).

Crystalline 4,5,9,10-tetrakis(p-methoxy-phenylthio)pyrene (81) was formed after a
slow evaporation of toluene (see bright yellow crystals in figure 8).
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Figure 8: yellow crystalline needles of 4,5,9,10-tetrakis(p-methoxy-phenylthio)pyrene (81) in
a test tube, after a slow evaporation of toluene.

After investigating the reactions of thiophenol derivatives with 4,5,9,10-tetrabromo
pyrene (4) in the presence of dry potassium carbonate in DMF, it was necessary to
test thioalkylations, and as a basic reference in photophysical studies. Thus, 4,5,9,10-
tetrakis(methylthio)pyrene (83) was synthesized from an excess of commercial sodium
methanethiolate and 4,5,9,10-tetrabromo pyrene (4) in DMF under an inert atmosphere
of argon. Compound (83) was isolated from a column chromatography (tol/cyclohex,
50/50, v/v) and characterized by 'H, '3C NMR (HRMS in progress).

Br CH;SNa, DMF  MeS ‘O‘ SMe

Br gsec, 5days MeS O SMe

4 83

Scheme 23: synthesis of 4,5,9,10-tetrakis(methylthio)pyrene (83) from 4,5,9,10-tetrabromo
pyrene (4).

Functionalization of 4,5,9,10-tetrabromo pyrene (4) was sought with 1,2-
benzenedithiol (2 mol-eq.). Prior to run this reaction, a literature search indicated one
reference known in 2020 for a similar expected product, as shown in scheme 24. In
this work, two fused central thianthrene units are embedded in a pyrene structure
incorporating t-butyl substituents at positions 2 and 7 (compound 30). This type of
structure corresponds to a kind of thianthrene ribbon. By reacting it with NO[AI(ORF)4]
(ORF = OC(CF3)3), it resulted in a radical cation salt and diradical dication salt. Both

were recrystallized and sc-XRD studies were achieved. [61]
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wrelisuh——Sousene
SH ’ . S O S

23 30

Scheme 24: synthesis of compound 30 known in the literature. [61]

A reaction was run with 4,5,9,10-tetrabromo pyrene (4) and 1,2-benzenedithiol
(2 mol-eq.) by using potassium carbonate in DMF and refluxing the mixture for several
hours. Another reaction was tested in our laboratory (scheme 25) with 1,2-
benzenedithiol, 4,5,9,10-tetrabromo pyrene, copper oxide in pyridine and quinoline
(1:4 v/v) at 160°C for 18 hours. The crude was purified by column chromatography.

However, the results of this reaction are still under investigation.

BrBr SH Cu0 ss SH
Br OO‘ Br+ @[SH axr"‘i)dinelquinoline ©:S ‘O‘ SQ - ©:SH
85

4 160°C, 18hrs. 84

+ mixture of disulfides

Scheme 25: attempted synthesis of compound 84 using copper oxide in pyridine and
quinoline (1:4 v/v) at 160°C.

An attempt was made to synthesize -extended tetrasulfurated pyrene
derivatives in the K-region by reacting 4-biphenylthiol (4.4 mol.-eq.) and 4,5,9,10-
tetrabromo pyrene (4) at 140°C for 2 days in order to get compound 29. The yellow
crude was triturated with water/acetone (2/1 v/v) and filtered to afford a bright yellow
solid, insoluble in CDCI3.The compound is being analyzed and characterized.

SN ®

®
Br OO‘ Br + O K2C03, DMF N OO‘
Br Br O 140°C, 2days S (VS .
¢

W,
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Scheme 26: synthesis of 4,5,9,10-tetra(4-biphenythio) pyrene (86) from 4,5,9,10-tetrabromo
pyrene (4) (in progress).

SH
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® ()
::" OO‘ :r+ SH K,COj3, DMF' ‘O‘

O r 65°C, 3days

4 87

Scheme 27: attempted synthesis of 4,5,9,10-tetrakis(2-naphthylthio) pyrene (87) from
4,5,9,10-tetrabromopyrene (4) (in progress).

Compound 87 is unknown and we tried to recrystallize it in ortho-dichlorobenzene. Due
to its insolubility in CDCls it was not possible to record 'H or '3C NMR in CDCls. Before
concluding, more data will be required (in progress).

2.6 Cyanated pyrenyl derivatives from 4,5,9,10-tetrabromopyrene

We tried to derivatize compound (4) by using CuCN for making the tetracyanide
compound (88) as shown in scheme 28. Only three references are present in literature
so far, out of which one is a patent. [3, 57]. However, no characterization data are
found in the literaure. In addition, compound 89 is not published. This reaction is an
example of Rosenmund—von Braun synthesis where an aryl halide (4) reacts with
cuprous cyanide to provide a cyanated arene (88). [58]

‘ NC ‘ CN H ‘ CN
DS - MW oS W e
Br ‘ Br  196°C, 2hrs. NC ‘ CN NC O CN

4

88 89

Scheme 28: synthesis of 4,5,9,10-tetracyanopyrene (88) and 4,5,9-tricyanopyrene (89) from
4,5,9,10-tetrabromopyrene.
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Figure 9 : Needle-shaped crystals of compound 88 (4,5,9,10-tetracyanopyrene) in DCM.

><° O‘O Br  cucN, NMP ><
o O Br 4g0°c, 3days

Scheme 29 : example of cyanation in the K-region of pyrene. [4]

As shown in scheme 29, we found an example related to the functionalization of the
K-region of pyrene by two cyano groups, by using the Sandmeyer reaction. [59] The
pyrene derivative 9,10-dihydroxyacetonid-pyrene-4,5-dicarbonitrile  (91) was
synthesized from 9,10-dibromopyrene-4,5-diolacetonide (90) using copper (l) cyanide
in NMP (N-methylpyrrolidone).

2.7 Photophysical studies on pyrenes sulfurated in the K-region.

The photophysical characterization of 4,5,9,10-tetra(4-methylphenylthio) pyrene (80)
(PyB) was achieved by the group of Pr. Paola Ceroni from the chemistry department
of the University of Bologna. Other asterisks are being analyzed.

2o
3

Figure 10: structure of 4,5,9,10-tetra(4-methylphenylthio) pyrene (PyB) (80).
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Figure 11 : synthesis of polysulfurated pyrene dendrimers used for comparison with 4,5,9,10-
tetra(4-methylphenylthio) pyrene (PyB) (80) for a photophysical characterizaton in DCM.
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Figure 12: absorption (black line), fluorescence (red line) and excitation spectra (green line)
of PyB in DCM. Aexc= 340 nm for excitation spectrum and Aem= 540 nm for emission spectrum.
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Figure 13 : absorption spectra of PyGO (solid line), PyG1 (dashed line), and PyG2 (dashed-
dotted line) in DCM solution at 293 K. For comparison purposes the spectrum of pyrene (dotted
line) is also shown.

Figure 14 : Emission spectra in cyclohexane (a) and in DCM (b) solution at 293 K
of PyGO (solid line), PyG1 (dashed line), and PyG2 (dashed-dotted line). Aex = 390 nm.

The absorption spectrum of PyB is significantly different, compared to the PyGx series,
the band at lower energy is blueshifted, to a value similar to the pristine pyrene. The
emission of PyB in solution (DCM) is also different from the PyGx series and pyrene,
the emission is redshifted with a maximum at 540 nm, the lifetime is longer (8.6 ns),
but the emission quantum yield of PyB is very significatively lower at 0.1%,
compared to 30-60% for PyGx, for the other pyrene derivatives. The emission in the
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solid state is almost absent for PyB and no emission in solid was recorded for the

PyGx series.
Compounds Amax abs (nm) Amaxem (nM) Dem (%) 1t (ns)
Pyrene 335 375 61 277
PyGO 435 457 33 14
PyG1 435 457 35 1.6
PyG2 435 460 55 2.4
PyB 360 540 0.1 8.6

Table 1 : photophysical properties of the investigated compounds PyB, PyG0, PyG1, PyG2.

2.8 Conclusion

4,5,9,10-Tetrabromopyrene (4) was synthesized via a synthetic route in 6 steps. A
novel key intermediate 2,2',6,6'-tetrakis(dibromomethyl)-1,1'-biphenyl (74) was
generated for applying the benzylic-type couplings (two ring-closing reactions) toward
4,5,9,10-tetrabromopyrene (4) in an excellent yield. The synthetic sequence was then
shorten to a 3-step synthesis. The octabromide intermediate (74) was unambiguously
characterized by a sc-XRD structure determination. The sulfuration and cyanation of
4,5,9,10-tetrabromopyrene (4) were achieved by SnAr and by using the Rosenmund-—
von Braun reaction. Thus, 4,5,9,10-tetra(4-methylphenylthio) pyrene (80) and 4,5,9,10-
tetra(4-methoxyphenylthio) pyrene (81) were synthesized from 4,5,9,10-
tetrabromopyrene (4) by simple nucleophilic aromatic substitutions in 99% yield for
(80), and > 60% yield for (81). In the last case, a side-product results from a radical
reaction. A sc-XRD structure determination was provided for (80). A methylthiolation
of pyrene in the K-region (compound 83) was also effective with MeSNa. The
Rosenmund-von Braun reaction furnished a tetracyanated pyrene (88) and a
tricyanated pyrene (89). Other sulfurations were tried with 4-biphenylthiol, 1,2-
benzenedithiol, 2-naphthylthiol and the analyses are in progress.

Preliminary photophysical studies on PyB (80) were achieved. The absorption
and emission spectra were compared to the polysulfurated pyrene dendrimers
functionalized at positions 1,3,6,8 (non K-region). The emission for PyB was redshifted
to 540nm as compared to the other dendrimers (435nm) but the emission quantum

yield is low (0.1%). Thus, sulfuration in the K-region provides pyrenyl sulfides with poor
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luminescence, compared to pyrenyl sulfides from the non K-region (at positions
1,3,6,8).
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