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CATALYTIC BORYLATION OF C-H BONDS: A ROUTE TO
PHOTOPHYSICALLY INTERESTING PYRENE DERIVATIVES
Andrew G. Crawford

Pyrene derivatives have found use in a wide range of applications that make use of the
unique structural, optical and charge-transfer properties of pyrene. Nearly all pyrene
derivatives are substituted at the 1-, 3-, 6- and 8-positions, i.e. the sites of electrophilic
aromatic substitution. In contrast, derivatives substituted at the 2- and 2,7-postions of
pyrene are rare, as their syntheses involve laborious multistep processes. Such derivatives
are of interest because they retain the long axis of symmetry and display unusual
photophysical properties.

Using the regiospecific direct C-H borylation of pyrene with an Ir-based catalyst, prepared
in situ via reaction of [Ir(OMe)COD], with 44’-di-tert-butyl-2,2’-bipyridine, 2,7-
bis(Bpin)pyrene 1 and 2-(Bpin)pyrene 2 (pin = OCMe,CMe,0) were synthesized.
Straightforward derivatization strategies, converted 1 and 2 into nominally nucleophilic and
electrophilic pyrene derivatives, which were further utilized in Suzuki-Miyaura,
Sonogashira, Buchwald-Hartwig and Negishi cross-coupling reactions. Using this
methodology, a library of 2- and 2,7-substituted pyrenes bearing donor and acceptor
groups, including aryl, ethynyl, arylethynyl, alkyl, hydroxy, alkoxy, diarylamino,
carboxylic acid and diarylboryl derivatives, was prepared.

The solid-state structures of several derivatives obtained by single-crystal X-ray diffraction
revealed a diverse range of structures and packing modes.

The influence of the substitution position and the nature of the substituent upon pyrene was
investigated in a detailed photophysical study. The existence of nodal planes passing
through the 2- and 7-positions, perpendicular to the molecular plane, in both the HOMO
and LUMO of pyrene accounts for the differing photophysical behaviour of derivatives

substituted at 2- and 2,7-positions from those substituted at the 1-position.

Finally, the applicability of iridium-catalysed C-H borylation and metal-catalyzed cross-

coupling is further demonstrated on a range of interesting substrates.
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Chapter 1: Chemistry and Applications of Pyrene and its Derivatives

1.0 Introduction

Pyrene is a rigid aromatic molecule that, due to its unique structural and optical

properties, has found use in a wide variety of applications.

Figure 1 Pyrene with the C-H bonds numbered

This work investigates the synthesis, crystal packing and photophysics of a range of
previously unknown pyrene derivatives that are substituted at the 2- and 2,7-positions.
Despite derivatives substituted at these positions retaining the long axis of symmetry
and displaying unique photophysical properties, very few studies have been carried out
due to difficult and laborious synthetic routes. Herein, a straightforward and high-
yielding synthetic route to 2- and 2,7-substituted pyrene derivatives, along with an

examination of the optical properties of these new derivatives, is reported.

This introductory chapter is divided into two parts. Firstly, the justification for studying
pyrene and in particular derivatives substituted at the 2- and 2,7-positions is presented.
Secondly, the numerous applications of pyrene that make use of its structural, optical

and charge-transfer properties, are reviewed.

1.1 Pyrene

Pyrene displays unique properties, in particular:
1. it undergoes -7 stacking interactions;
ii. it displays long lived fluorescence;

iii. it can participate in charge-transfer complexes;

1) Due to its planar aromatic nature, pyrene readily undergoes m-m stacking interactions

both in solution and in the solid state. m-m Stacking interactions have played an
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important role in supramolecular chemistry,' in particular, in the construction of
complex supramolecules,” novel types of co-crystal’ and nano-devices (e.g. switches,
machines, transistors on the nanoscale).! In solution, at high concentrations, -7
stacking interactions are formed between pyrene molecules and are responsible for the
formation of excimers (vide infra). Solid, unsubstituted pyrene is found to pack in a
sandwich-herringbone fashion, where two parallel molecules form a sandwich via w-t
interactions and the sandwiches are arranged into a herringbone motif.” The stacking

properties of pyrene and its derivatives are discussed in more detail in Chapter 2.

ii) Pyrene displays unique and interesting photophysical properties.” As a monomer in
solution, pyrene displays a long fluorescence lifetime of 354 ns (in toluene).” As a
result of this long lived fluorescence, the emission from pyrene is very sensitive to
changes in local environment, such as addition of external substrates or changes in
solvent polarity. As mentioned above, due to -7 stacking interactions, pyrene can form
excimers, where an excited and ground-state molecule form a complex that displays a
range of photophysical properties that differ from those of the monomer.” In solution,
at concentrations above ca. 10° mol dm™, a broad, structureless emission band centred
at 480 nm is observed, while the intensity of emission due to the monomer decreases
with increasing concentration. The photophysical properties of pyrene and its

derivatives are discussed in more detail in Chapter 3.

ii1) Pyrene derivatives are known to display charge-transfer behaviour, with pyrene
acting as either an electron-donor or an electron-acceptor depending on the nature of the

attached substituent.



1.2 The Chemistry of Pyrene

Derivatives of pyrene that take advantage of the aforementioned properties are generally
synthesized via electrophilic aromatic substitution of the pyrene moiety. Maximum
contributions of the HOMO (and also the LUMO) can be found at the 1-, 3-, 6- and 8-
positions (Figure 2); therefore, nearly all pyrene derivatives synthesized by electrophilic
aromatic substitution are substituted at these positions. Substituting pyrene at the 2- and
2,7-positions is synthetically challenging because of the presence of nodal planes in the
HOMO and LUMO, which lie perpendicular to the molecular plane and pass through
the 2- and 7-positions. Substitution at the 2- and 7-positions is only known to take place
using AICl, and '‘BuCl, as a result of unfavourable steric interactions, which preclude

reaction at the normal 1-, 3-, 6- and 8-positions.’
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Figure 2 The HOMO (left) and LUMO (right) of pyrene

1.3 2- and 2.7-Substituted Pyrene Derivatives

Pyrene derivatives substituted at the 2- and 7-position are of particular interest as the
few examples known exhibit useful properties. The long axis of 2,7-pyrene derivatives
makes them attractive for the synthesis of metal-organic frameworks (MOFs) and
covalent-organic frameworks (COFs), which require rigid linear linkers in order to
maintain a cubic structure. A MOF consisting of zinc ions linked by 2,7-
bis(carboxylato)pyrene was found to adsorb molecular hydrogen with high uptake,
increased by the high interaction energy of the polyaromatic system with the H, gas.®
Several pyrene-based COFs have been synthesized. A COF consisting of pyrene-2,7-
bis(boronic acid) and triphenylene units displayed intense blue luminescence at 474 nm
upon excitation with visible light, as well as semiconductor behavior when a voltage
was applied.” More recently, a COF solely based on pyrene-2,7-bis(boronic acid) was
synthesized and found to be photoconductive.” Incorporation of the COF into a thin

film device and irradiation with visible light led to current generation. Furthermore the



device was shown to be very stable, with no deterioration in conductivity after extensive
on-off switching. Molecular rotors are also required to be linear in nature with high
symmetry. Pyrene with two ethynyl triptycyl groups attached at the 2,7-positions has
been used in such applications, the molecule undergoing frictional rotation at
temperatures as low as 25 K." Symmetrical star-shaped molecules, designed to
investigate energy-transfer and storage in chromophore aggregates, have also been
synthesized from 2,7-substituted pyrenes."'

The cross-coupling between 2-(Bpin)pyrene (pin = OCMe,CMe,0) and a uridine base
under harsh conditions and with long reaction times gave a pyrene-modified nucleotide
(Figure 3)."” Calculations and photophysical studies showed that this derivative retained
the optical properties of pyrene (weak electronic interaction between pyrene and the
nucleotide). In contrast, the isomeric 1-pyrenyl uridine was found to exhibit a strong
electronic interaction between the pyrene moiety and the uridine st-system. In the study
of electron-transfer in DNA, the absence of spectral signals due to m-orbital conjugation
with the uridine in the 2-substituted system leads to more straightforward spectra, from

which it is easier to assign the electron-transfer dynamics."
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Figure 3 The structure of 5-(1-Pyrenyl)-2’-deoxyuridine (1PydU) and 5-(2-Pyrenyl)-
2’-deoxyuridine (2PydU)."

A comparison of the effects of substitution of 1-, 2- and 4-ethynylpyrenes onto
uridine,"* or DNA modified by 2- or 4-iodophenylmethylglycerol,"”* has shown that the
position of substitution has an effect on the photophysical properties of the compounds.
For example, an absorption maximum of 357 nm for the 1-substituted compound is

observed, and compares to 336 nm for the 2-substituted compound."



An electrochemical study of oligomers consisting of two (Pyr,) and three (Pyr;) pyrene
molecules (Figure 4) connected at the 2- and 7-positions' showed that the first
reduction potentials are independant of the number of pyrene units (Pyr,: -2.24 eV, Pyr;:
-2.27 eV). Furthermore, the Coulomb repulsions upon dianion (E;-E, = 0.16 ¢V) and
trianion (E,-E; = 0.07 eV) formation were small. The dianion was found to exist as a
diradical with the zero-field splitting almost equal to that in Pyr,”, suggesting that, in the

latter, two adjacent pyrene units are charged instead of the two terminal ones.

Figure 4 Pyrene oligomers, Py, (top) and Py, (bottom)."

A similar study investigated a 2-substituted pyrene-dihydrophenazine dyad."” It was
found that, upon oxidation, a bis(radical cation) species was formed. In the UV-vis
spectrum, separate transitions relating to the different radical cations were observed,
reflecting the weak interaction at the 2-position. If the orbitals of the two radical cations
had directly overlapped, a completely different absorption band would have been
observed. In both of these studies, the electronic interaction between pyrene units

connected at the 2- and 7-positions was shown to be very weak.

Despite these interesting observations, only a few examples of pyrene derivatives
substituted at the 2- and 2,7-positions exist and the influence of substitution at these
positions is under-studied. This is due to the difficulties associated with synthesizing 2-
and 2,7-derivatives by traditional aromatic substitution routes (vide supra). As a result,
alternative synthetic strategies must be employed to obtain 2,7-derivatives (Figure 5),
such as the laborious oxidation of substituted [2.2]metacyclophanes,'® photochemical
ring-closure of 2,2’-divinylbiphenyls'* and, more commonly, the electrophilic aromatic
substitution of the tetra-hydrogenated pyrene derivative, 4,5,9,10-tetrahydropyrene,

followed by subsequent dehydrogenation."”
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Figure 5 Synthetic routes to 2,7-pyrene derivatives: a) oxidation of substituted
[2.2]metacyclophanes;'® b) photochemical ring-closure of 2,2’-divinylbiphenyls;" c)
electrophilic aromatic substitution of 4,5,9,10-tetrahydropyrene, followed by

subsequent dehydrogenation."

The latter route is the current method of choice to access 2,7-bis-substituted pyrene

derivatives, although preparation of 4,59,10-tetrahydropyrene requires prior
hydrogenation of commercial pyrene over Raney nickel'”" and lengthy separation from
various hydrogenated by-products.”’*¢ The absence of a straightforward and high-
yielding route to 2- and 2,7-substituted pyrene derivatives has hindered their

development and investigation.

More recently, direct iridium-catalyzed borylation of the C—H bonds at the 2- and 7-
positions of pyrene has been reported, giving 2,7-bis(Bpin)pyrene and 2-(Bpin)pyrene

(pin = OCMe,CMe,0)."* The -catalyst,” prepared in situ via the reaction of



[Ir(OMe)COD], with 4.4’-di-tert-butyl-2,2’-bipyridine (dtbpy), is known to borylate
arenes selectively at unhindered positions, i.e. not ortho to a substituent or ring-
junction.” The sterically driven selectivity is presumably due to the crowded nature of
the five-coordinate trisboryl species [Ir(dtbpy)(Bpin);], which is the key intermediate in
the catalytic cycle responsible for the C—H activation step (see Chapter 4 for a more
detailed discussion). In the synthesis of 2,7-bis(Bpin)pyrene and 2-(Bpin)pyrene, no
prior purification of commercial pyrene was required, and 2,7-bis(Bpin)pyrene was
obtained in 94 % yield after removal of catalyst and Kugelrohr distillation, whereas

purification by column chromatography gave 2-(Bpin)pyrene in 65 % yield."

In this work, I have been able to improve the above borylation procedure and
subsequently convert the boronic esters, 2,7-bis(Bpin)pyrene and 2-(Bpin)pyrene into a
library of previously unknown pyrene derivatives which can serve as nucleophilic or
electrophilic partners in cross-coupling reactions, as demonstrated by their employment
in Suzuki-Miyaura, Sonogashira, Buchwald-Hartwig and Negishi cross-couplings
(Chapter 2). Thus, a straightforward and high-yielding route to pyrene derivatives that
are substituted at the 2- and 2,7-positions is reported. Furthermore, for the first time, a
detailed investigation into the effect of position of substituents upon the photophysical
properties of pyrene has been undertaken by comparing the library of 2- and 2,7-
derivatives with previously known 1-substituted derivatives (Chapter 3). Finally, the
applicability of iridium-catalyzed C-H borylation, along with metal-catalyzed cross-
coupling reactions, is further demonstrated in the preparation of a range of interesting

derivatives (Chapter 4).

2.0 Application of Pyrene Derivatives

In the second part of this chapter, the applications of pyrene and its derivatives are
discussed. Examples are shown that make use of the structural, optical and charge-

transfer properties of pyrene.



2.1 Structural Applications

Firstly, applications that make use of the rigid, planar nature of pyrene and its ability to

undergo -7t stacking interactions are considered.

2.1.1 Binding to Carbon Nanotubes (CNTs)

Due to their unique mechanical and electronic properties, carbon nanotubes (CNTs)
show great potential for a number of applications. However, their use has been limited
by their polydispersity and poor solubility in organic solvents.”’ To overcome these
problems, functionalization of CNTs with various substrates is required. One method is
to tether a pyrene-containing substrate to a CNT. In these cases, pyrene is thought of as
a small piece of graphite that binds to the CNT by n-rt stacking interactions.

In one study, poly(methyl methacrylate) (PMMA) chains of varying length were end-
capped with a pyrene molecule (Figure 6a).”> When added to a mixture of multi-walled
CNTs, it was found that the pyrene moiety grafted onto the CNT surface, causing the
mixture to solubilize and disentangle, leading to separate nanotubes. At high
concentrations of the PMMA-pyrene derivative, it was found that the nanotubes self-
organized to form a liquid crystal phase. An alternative approach makes use of the long
range order found in liquid crystals to provide macroscopic-scale control of the
orientation of a mixture of dispersed nanotubes, which are solubilized by the addition of
a pyrene substituted by a cyanobiphenyl motif with a tetra(ethylene oxide) spacer
(Figure 6b).” In another study, a pyrene-capped poly(poly(ethylene glycol) acrylate)
(polyPEGA) polymer was spin-coated onto a silicon surface, which was then patterned
by electron-beam lithography (Figure 6¢). When a solution of CNTs was added,
assembly onto the silicon pattern was observed. The m-m stacking interactions between

pyrene and the CNTs allow location-control of CNTs to give nanoscale patterns.*



Figure 6 Pyrene derivatives used for the solubilization and dispersion of CNTs: a)
pyrene-functionalized PMMA ;> b) pyrene-1-carboxylic acid 11-(4'-cyano-biphenyl-4-
yloxy)-undecyl ester;> c) pyrene-functionalized poly(PEGA).**

For medicinal applications, solubilization and dispersion of CNTs in water has been
investigated. Traditional ways of dissolving organic substrates in water involve the use
of surfactants. Generally, these molecules contain both a hydrophilic moiety and a
hydrophobic (lipophilic) moiety. Replacement of the hydrophobic part of a surfactant
with a pyrene moiety allows the surfactant to bind to CNTs through m-m stacking
interactions, while favourable interactions with water can occur through the remaining
hydrophilic moiety. Using this approach, it has been shown that CNTs can be dissolved
in water;”> however, further work is required to improve the selective dispersion of
different-sized nanotubes. Similarly, solubilization in water has been affected by the
addition of pyrene-substituted poly(ethylene glycol) (PEG), poly(y-glutamic acid) (y-
PGA) and poly(maleic anhydride-alt-1-octadecene) (PMHC ,)-branched polymers.” In
this study, other nano-structures such as gold nanoparticles and gold nano-rods were
also dissolved at a range of temperatures and pH values. The authors used these findings
to demonstrate the solubility of nano-materials in blood. It was found that the PEG-

modified pyrene successfully solubilized a single-walled CNT for 22.1 h in the



bloodstream of mice (previous studies had shown the maximum to be 5.4 h). This long
blood-circulation time is useful for in vivo applications, such as imaging and drug
delivery.*

One advantage of using m-m stacking interactions between pyrene and CNTs is that it
ensures the electronic properties of the CNT are not impacted by chemical modification
of the carbon skeleton. Using this approach, several nano-materials based upon CNTs
have been developed. Zinc porphyrins containing four pendant pyrene groups were
attached to various CNTs through m-;t stacking interactions (Figure 7).” These new
nano-hybrids were isolated, characterized and investigated for their charge-transfer
properties. It was shown by free-energy calculations and fluorescence studies that
photo-induced electron-transfer occurred from the zinc porphyrin to the CNT. These
zinc porphyrin-CNT species were incorporated into solar cells and their efficiency in
such an application investigated.”’ In a separate study, another set of mono-substituted
pyrene zinc porphyrin complexes was attached to CNTs by m-m interactions. The photo-
induced electron-transfer in these systems was shown to have a photo-conversion
efficiency of up to 23 %.*® A further example of incorporation of a CNT material into
solar cells was reported, this time using pyrene-functionalized CdTe quantum dots.”
After grafting the quantum-dot substrate onto CNTs, their electronic interactions in
solution-processed solar cells were investigated. Detailed studies revealed the electronic
processes involved in the charge-transfer/recombination steps, leading to a greater
understanding of the role of these systems in devices that undergo a change when

activated by light.

Figure 7 Structure of a pyrene-appended zinc porphyrin, ZnP(pyr), bound to a single-
walled CNT.”

The attachment of metal complexes through pyrene-CNT interactions has been useful

for the development of electrochemical methodologies. The complex [Co(tpy~py),]**

9
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(tpy~py = 4-pyren-1-yl-N-[5-([2,2°,6° ,2”]terpyridin-4’-yloxy)-pentyl]-butyramide) with
pendant pyrene groups, was used for the in sifu examination of the adsorption processes
of pyrene to CNTs.” In another study, a single-molecule magnet, bis(phthalocyaninato)-
terbium(III) with a pendant pyrene group, was tethered to a CNT.”! It was found that
attachment to the CNT avoided intermolecular interactions between separate Tb(III)
complexes; therefore, analysis of the magnetic properties was more straightforward. As
a result, the authors were able to examine the complex as a single-molecule magnet.”

Biological moieties have also been tethered to CNTs via pyrene derivatives. The
compound pyren-1-yl butyric acid succinimidyl ester has been tethered to a CNT by n-nt
interactions, then covalent amide bonds were formed between the succinimidyl ester
and the protein part of a multi-copper oxidase, thus attaching the enzyme to the CNT
surface.” These biological nano-materials facilitate the direct electron-transfer between
enzyme and CNT, thus improving the catalytic oxygen-reduction activity of the multi-
copper oxidase system. DNA has also been attached to CNTs for investigations into
DNA-recognition probes and gene-delivery applications. Tethering of a positively
charged pyrene derivative to a CNT, then making use of the electrostatic interactions
between the negatively charged phosphate backbone on DNA, and the positively
charged pyrene derivative has allowed formation of DNA nano-structures for these

applications.”

2.1.2 Host-Guest Complexes

The m stacking ability of pyrene has also been used to form host-guest systems. One
potential application of this area is drug delivery. A host can be used to transport a guest
to a specific site in the body, where the guest is released to carry out its drug action.
This approach minimizes any unwanted side effects arising from the interaction
between the drug and healthy parts of the body. A set of host-guest systems based upon
ruthenium metalla-cages as the host, and pyrene derivatives as the guest, have been
developed.* The m-m interactions between the pyrene and the cage act to hold the guest
within the host, while the substituent on the pyrene derivatives is designed to be
cytotoxic towards various cancer cells. It is hoped that the Ru-cage containing the
cytotoxic pyrene derivative (Figure 8) will accumulate in cancer cells and subsequent
slow release of the pyrene derivative will occur. In vitro studies have highlighted the

high cytotoxicity of the pyrene derivatives used,’* and also show that, after cell-uptake,
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the pyrene derivative is released from the metalla-cage by a diffusion pathway.**

Further in vivo studies are planned.

Figure 8 [Ru,(p-iPrC,H,Me),(tpt),-(C;H,0,),]™, (tpt = 2 4 ,6-tris(pyridine-4-y1)-1,3,5-

triazine) host containing a cyctotoxic 1-(4,6-dichloro-1,3,5-triazin-2-yl)pyrene guest.”*

In host-guest chemistry, the selective inclusion of a guest into a host is a major
objective. The tetra-substituted 2,6-dimethyl-4-methoxyphenyl pyrene has been shown
to have three distinct domains (trough, concave and basin) for guest inclusion (Figure
9).” Co-crystallization with a variety of polycyclic aromatic and aliphatic guests has
shown that binding occurs in different domains, dependant on the nature of the
substrate. This has allowed formation of ternary co-crystals in a predictable manner, and

hence demonstrates selective inclusion for host-guest systems.
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Figure 9 Molecular structure of a tetra-substituted 2,6-dimethyl-4-methoxyphenyl

pyrene host showing the three domains for guest-binding.”

As well as selective inclusion, host-guest chemistry involving pyrene has also been used
to investigate the nature of m-r stacking interactions in supramolecular systems. The
formation of 1:1 complexes between various pyrene derivatives and macrocyclic
aromatic ether imide sulfones was investigated,” with binding studies carried out by 'H
NMR and UV/Vis. Spectroscopy, as well as X-ray crystallography in the solid state,
showed that strong attractive forces exist between electronically complementary
aromatic systems, such as pyrene and the naphthalene diimide (NDI) moiety.® A
separate study suggested the reason for this strong interaction between the electron-
donating pyrene and the electron-accepting NDI was the result of the similar nature of
the pyrene HOMO and NDI LUMO.” Maximum overlap occurs when the long axes of
pyrene and NDI are aligned (Figure 10).

Figure 10 The HOMO of pyrene (left) and LUMO of N,N’-dimethyl
naphthalenediimide (right) are nearly identical, leading to efficient overlap to form a
pyrene-NDI ni-stacked pair.”” LUMO of NDI reproduced by permission of The Royal

Society of Chemistry.
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These findings have been used to construct supramolecular polymers by self-
assembly.*® A blend comprising a chain-folding polyimide and a telechelic polyurethane
with pyrenyl end-groups is formed by -7t stacking interactions between the pyrene and
NDI moieties. The resulting polymer was found to have a high modulus of toughness,
and is elastomeric in nature.™ In another study, rotaxanes containing an electron-rich
wheel with a pendant pyrene, and an axle, containing an NDI unit, were synthesized and
the strong interaction between pyrene and NDI exploited (Figure 11).” Addition of a
base leads to strong intermolecular charge-transfer (ICT) and the m-m stacking between
pyrene and NDI prevents rotation, whereas addition of acid leads to weak ICT and

dissociation of the pyrene-NDI complex, giving rotation of the wheel around the axle.
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Figure 11 A [3]rotaxane, consisting of a wheel with a pendant pyrene and an NDI

axle.”
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2.1.3 Aggregates and Crystalline Complexes

As well as the formation of supramolecular macrostructures, the m-m interactions of
pyrene have applications in optical and electrochemically active materials. In particular,
these interactions have been used to form nano-fibres and supramolecular hydrogels.*’
Pentapeptides were functionalized with pyrene and other aromatic moieties, such as
fluorene or naphthalene.”” In aqueous solution, these pentapeptide derivatives formed
hydrogels by m-m stacking and hydrogen bonding. Elsewhere, poly(ethylene glycol)s
end-capped with a pyrene molecule were incorporated into aqueous solutions with

40a

octafluoronapthalene (OFN).™ Due to the strong pyrene-OFN (arene-perfluoroarene)
interactions, aggregation occurred to form a highly viscous liquid/gel. Other pyrene-
based gels were formed when pyrene was functionalized with two N-(4-ethynylpheny)-
3 4,5-tris(hexadecyloxy)benzamide fragments.” Formation of highly fluorescent gels
was observed in DMF, toluene and cyclohexane. The formation of pyrene based gels is
another example of the m stacking ability of pyrene.

When the pyrene was tetra-substituted with the aforementioned ethynyl moiety (Figure
12a), a discotic liquid-crystalline material was formed that was stable between room
temperature and 200 °C.*" Other tetra-substituted pyrene derivatives have also been
shown to display liquid-crystal behaviour. Most systems are based upon discotics,
which consist of flat, disc-like aromatic cores substituted with hydrocarbon chains.
These flat molecules self-organise into columns. Several 1,3,6,8-tetraphenylpyrene
derivatives bearing long ester, thioester, alkoxy- and tri(alkoxy)benzoate groups in the
para-position were synthesized.”” It was hoped that the steric bulk of the phenyl
substituents would cause the derivatives to pack in a non-parallel fashion, and hence
form a columnar mesophase. However, it was found that none of the derivatives showed
liquid-crystal properties. On going from solution to the solid state, there was only a
slight shift in the absorption and emission maxima, suggesting weak intermolecular
interactions between separate pyrenes. Furthermore, a crystal structure showed that the
pyrene derivatives stack one-dimensionally, and have a large separation distance
between adjacent pyrene units of 4.8 A. The authors conclude that to achieve columnar
mesophases, substitutents with less steric hindrance are required.*” Therefore, in another
study, a substituent with even less steric bulk was used. Four oligo-ether side chains

were attached to pyrene. However, the newly formed derivatives displayed pure liquid
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behaviour and no liquid-crystalline behaviour.* The balance between too much and too
little steric interaction is important when designing pyrene-based liquid crystal systems.
This balance was achieved by using 3.4 ,5-trisdodecyloxyphenylacetylene, which was
cross-coupled onto the pyrene unit to give the compound 1,3,6,8-tetrakis(3.4,5-
trisdodecyloxyphenylethynyl)pyrene (Figure 12b). The compound was found to form
hexagonal and rectangular columnar mesophases.*At 40 °C, the rectangular columnar
mesophases form, with the disc-like pyrene derivatives stacking on top of each other.
Upon heating to 60 °C, the hexagonal columnar mesophases are formed. In this case, the
addition of an ethynyl spacer has reduced the steric interactions and allowed the pyrene
units to form columnar mesophases. Cooling to 20 °C led to a solid crystalline phase.
The photophysical properties of the pyrene derivative in solution (as a free molecule)
and in the solid crystalline phase were measured. It was found that the fluorescence
quantum yield in the crystalline phase was 0.62, one of the highest recorded for solid-

state discotic materials. The emitting species is believed to be a solid-state excimer.**

a) i b) H

C12H250 OC12H25
HN O OC12H25

C46H330 OC+gH33
OC+gH33

Figure 12 Pyrene derivatives for liquid crystal applications: a) 1,3,6,8-tetrakis(N-{4-
ethynylpheny}-3.4,5-tris{hexadecyloxy }benzamide)pyrene;*' b) 1,3,6,8-tetrakis(3,4,5-
trisdodecyloxyphenylethynyl)pyrene.*

The ability of pyrene derivatives to form solid crystalline phases is also used to
investigate the process of crystallization. Pyrene-2,7-dicarboxylic acid and 4,5,9,10-
tetrahydropyrene-2,7-dicarboxylic acid were crystallized from a saturated solution in
DMSO.* Scanning tunnelling microscopy and X-ray crystallography were used to

determine the crystallisation process. It was found that the hydrogen bonding between
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carboxylic acid groups leads to molecular chains, which then align in a parallel fashion
to form 2D sheets. These sheets form a 3D structure via sm-mt stacking interactions
between the pyrene cores of adjacent sheets, thus giving a highly ordered crystalline

material ¥

This study gives insight into the formation and structure of crystalline
materials.

Finally, as described in Section 1.3, the structural properties of pyrene, including its
long axis of symmetry and polyaromatic nature, have allowed its use in MOFs,* COFs’

and molecular rotors.'°

2.2 Onptical Applications
2.2.1 Optical Materials

The unique photophysical properties of pyrene have allowed it to be used in a wide
variety of optical applications. Pyrene, as an excited monomer in solution, is known to
emit in the UV region at ~370 nm. For optical applications, emission in the visible
region is often required. Therefore, conjugating groups, which extend mt-conjugation and
lead to a bathochromic shift in the emission to the visible region, are often substituted
onto pyrene. Substitution with various donor and acceptor arylethynyl groups at the 1-
position has been shown to alter the emission properties of pyrene.* Strong (NMe,) and
moderate (PrO) donors were compared to strong (anthronitrile) and moderate (2-
quinolinyl) acceptors. Comparisons with the neutral 1-phenylethynylpyrene were also
carried out. Bathochromic shifts were observed in the absorption and emission spectra,
for both strong donor and acceptor moieties. These results suggest that the emitting state
possesses charge-transfer character. Both the electron-acceptors and electron-donors are
able to affect charge-transfer in the excited state, with the pyrene behaving as an
electron-donor with the former and an electron-acceptor with the latter.* This charge-
transfer nature of aryl-ethynyl pyrenes was further probed in a study which investigated
1,8- and 1,6-bis(aryl ethynyl)pyrene dyes using fluorescence spectroscopy and DFT
calculations.”’” Again, the largest influence on the emission of pyrene was observed
when a strong donor (NMe,) was attached to the para position on the phenyl ring. The
large bathochromic shift and loss of fine structure that were observed were shown to be
the result of intramolecular charge-transfer between the strong donor and pyrene.

Oligomers and polymers synthesized from 1,8- and 1,6-ethynyl pyrene derivatives have

also been reported.” These highly conjugated systems involve the linking of aromatic
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units to acetylene linkers by Sonogashira cross-coupling reactions. In one study, a
comparison of the photophysical properties of para- and meta-linked alkynylpyrene
oligomers was carried out (Figure 13).*** It was found that the para-linked oligomers
displayed a greater bathochromic shift in their absorption and emission maxima,

suggesting that para-linkages are better for extended m-conjugation.

R=n-CqzHos

Figure 13 para- (top) and meta- (bottom) linked alkynylpyrene oligomers.**

The bathochromic shift in the emission maximum is believed to be somewhat reduced
in these systems due to the rotation of the benzene ring, which facilitates non-radiative
decay processes. Furthermore, the fluorescence quantum yields were shown to decrease
upon increasing oligomer length; this is due to the added flexibility of the longer
oligomers, which leads to increased quenching. It is hoped that these oligomers will
find application as optical materials.*"

Tetra-substitution of pyrene with ethynyl groups has also been used to extend -
conjugation and synthesize optical materials. The tetra-bromination of pyrene followed
by Sonogashira cross-coupling with C=C-R moieties (R = TMS, C(Me),OH, CH,OH,
CH(OEt),, Ph and 4-CF,C H,) produced a range of tetraecthynylpyrenes.” Comparison
of the absorption and emission data showed that the addition of ethynyl groups induced
bathochromic shifts in the absorption and emission bands. However, when the

fluorescence quantum yields were compared, the phenylethynyl derivatives were shown

to have much lower values than the non-phenyl containing ones. Like the oligomers,
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this is believed to be due to the rotation of the phenyl substituent which facilitates non-
radiative decay processes. Broadening in the absorption and emission spectra is also
attributed to this phenomenon.*

In another study, the two-photon absorption (TPA) properties of a set of ethynyl-
pyrenes were investigated (TPA: simultaneous absorption of two photons, with the
energy difference between the lower and upper states equal to the sum of the energies of

the two photons).”™

The magnitude of the TPA cross section (a measure of molecular
absorbance in a TPA process, similar to a molar extinction coefficient in a one-photon
absorption process) is known to be influenced by donor and acceptor strengths,
conjugation length, and planarity of the st-centre.”™ The authors synthesized a series of
pyrene derivatives with varying numbers of 4-(N,N-dimethylamino)phenylethynyl
(DMA-phenylethynyl) substituents (Figure 14). These pyrene derivatives have a large
planer m-centre, an increased conjugation length and a strong electron-donation from the
DMA moieties to the pyrene. Upon increasing the number of DMA-phenylethynyl
substitutents, the one-photon absorption spectra show gradual bathochromic shifts in
A Values, but the extinction coefficients remain fairly constant at ca. ¢ = 67000 mol
'em'L after the addition of two substituents. When excited at 780-830 nm, the
maximum two-photon cross sections (d,,) of the various compounds differ
significantly. Upon bis-substitution to give the 1,6-isomer, the §,,, value increases by a
factor of nine, a result of the increased conjugation length. In contrast, the non-linear

1,8-isomer displays a much smaller J,,,, thus highlighting the importance of increased

conjugation length on the TPA cross section. The §,,, value increases slightly upon
addition of a third DMA-ethynyl substituent, whilst upon addition of a fourth
substituent, the TPA cross section doubles. Furthermore, the two-photon action cross
section (the product of the fluorescence quantum yield and TPA cross section) is 1150
GM, which is comparable to the most efficient TPA materials. This study has shown

pyrene to be a very efficient core which has great potential in the design and synthesis

of TPA materials.>®
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Figure 14 TPA action cross-sections of a series of DMA-phenylethynyl-pyrene

derivatives.®

These compounds were also studied for their electro-generated chemiluminescence
(ECL) properties (ECL is defined as the emission of light from the electron-transfer
reaction, between electrochemically generated ion radicals in the vicinity of an
electrode).”™ Previously, pyrene has been shown to display poor ECL properties due to
the instability of its cation radical. However, in the case of tetra-substitution of pyrene
with DMA-phenylethynyl moieties, ECL was measured with high intensities (no
intensity values were reported). The authors used photophysical, electrochemical and
theoretical studies to attribute this enhanced ECL to the highly conjugated nature of the

system, which gives stability to the electro-chemically generated ion radicals.”
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Pyrene has also been tetra-substituted with ethynyl groups at the 4-, 5-, 9- and 10-
positions.” To synthesize these derivatives, pyrene was first substituted at the 2- and 7-
positions with terz-butyl groups (vide supra), which are sterically demanding enough to
preclude electrophilic aromatic bromination at the neighbouring 1-, 3-, 6- and 8-
positons. Hence, bromination now occurs at the 4-, 5-, 9- and 10-positions, and
subsequent Sonogashira cross-couplings are used to obtain the desired derivatives.
Photophysical studies show that the emission maximum is bathochromically shifted into
the blue region. Interestingly, a comparison of 2,7-di-tert-butyl-4,5,9,10-tetrakis[(4-
methoxyphenyl)ethynyl]pyrene with 1,3,6,8-tetrakis[(4-methoxyphenyl)ethynyl]pyrene
(Figure 15) shows that the emission maximum in the latter is bathochromically shifted
by 126 nm from that of unsubstitued pyrene, compared to 83 nm in the former.”" Hence
substitution at the 4-, 5-, 9- and 10-positions appears to have less influence on the
photophysical properties of pyrene than substitution at the 1-, 3-, 6- and 8-positons,
consistent with the fact that, both the HOMO and LUMO of pyrene have their

maximum contributions at these positions.

Ao/ M 453 496
Figure 15 2,7-Di-tert-butyl-4,5,9,10-tetrakis[(4-methoxyphenyl)ethynyl]pyrene (left)

and 1,3,6,8-tetrakis[(4-methoxyphenyl)ethynyl]pyrene (right) and their emission

maxima (A,,).”' The A, of unsubstitued pyrene is at 370 nm.
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Having demonstrated that substitution of pyrene with conjugating groups can induce a
bathochromic shift into the visible region, the applications of these observations are
now considered. Due to their strongly emissive nature, boron-based dyes are of interest
for fluorescent labels and optical devices. A dye based upon a boron-containing
diisoindolodithienylpyrromethane, (Figure 16a) which was substituted at the boron
centre by two 1-ethynylpyrene chromophores was shown to display an emission at 750
nm, thus shifting the emission maximum to the near-IR region.”> Another boron-based
dye, bis((E)-2-pyren-1-yl-vinyl)-2 4 ,6-triisopropylphenylborane, (Figure 16b) was
synthesized by the hydroboration reaction, and contained pyrene units connected to the
boron by a vinyl group.” Emission occurred at 490 nm in solution, whilst in the solid
state, it occurred at 530 nm. This large bathochromic shift in the solid state is believed
to be due to the efficient w-stacking of the pyrene molecules. In a different study, solid-
state emission from a binuclear boron complex containing two pyrene ligands (Figure
16¢) was found to occur at 602 nm; furthermore, the complex was shown to have

potential as an electron-transporting material in OLED devices.™

e

COL O
L

Figure 16 Boron-based dyes containing pyrene: a) diisoindolodithienylpyrromethane-
dialkynyl borane dye;” b) bis((E)-2-pyren-1-yl-vinyl)-2 4 6-triisopropylphenylborane;>’
¢) (bis-[(1-hydroxy-2-pyrenylidene)-(1°’R,2’R)-cyclohexane-1’,2’-diamine]-difluorbor-

chelat)
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It might be expected that the emissive nature of pyrene would make it suitable candidate
for OLED devices. However, due to the fact that pyrene undergoes m-m stacking
interactions and excimer emission in both solution and the solid state, its use in OLED
applications is limited. In order to reduce the effects of stacking and excimer formation,
bulky substituents are required. The compound 1,3,68-tetraisopropylpyrene was
synthesised by bromination of pyrene, followed by a Suzuki-Miyaura cross-coupling
reaction with isopropenylboronic acid and then catalytic hydrogenation.” The
absorption spectrum of this derivative was similar to that of the parent pyrene; however,
there was no broad excimer emission band, and only monomer emission is observed.
The isopropyl groups cause enough steric inhibition to prevent s-stacking and excimer

formation.>

The steric hindrance around pyrene was further increased by tetra-
substitution with tetraphenylethene moieties at the 1-, 3-, 6- and 8-positions to yield
1,3,6.8-tetrakis[4-(1,2,3-triphenylvinyl)phenyl]pyrene.®®  This  system  displayed
aggregation-induced emission (AIE). When fully dissolved, no emission is observed;
however, upon the formation of aggregates (due to poor solubility), bright luminescence
is observed. The AIE effect in this pyrene derivative occurs as a result of restricted
intermolecular rotations. In solution, the rotations cause non-radiative decay; but in the
aggregate state, the rotations are hindered, making the molecule emissive.”® Even
greater steric hindrance, and hence subsequent prevention of unwanted m-m stacking
interactions, was achieved by synthesizing polypyrene dendrimers using Suzuki-
Miyaura cross-coupling reactions to attach several pyrene molecules around a central
pyrene core.”” Two examples have been synthesized, consisting of five (Py5) and
seventeen (Py17) pyrene units (Figure 17). These derivatives have a large amount of
steric hindrance, which gives rise to a high degree of twisting. Calculations show a
dihedral angle between the core and the first branch of 65-66° in Py5 and 71-73° in
Pyl17, with the second branch in Py17 having a dihedral angle of 84-89°. The system
incorporates a defined number of pyrene units in a confined volume, and displays a
rigid and strongly twisted 3D structure. Furthermore, the dendrimers were found to have

large extinction coefficients (¢ = 93000 (Py5) and 323000 (Pyl7) mol'cm'L) and
fluorescence quantum yields (¢; = 0.70 (Py5) and 0.70 (Py17)).”’
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Figure 17 Polypyrene dendrimers, Py5 (left), Py17 (right).”

Examples of tetra-substituted pyrene OLED devices, include the sterically hindered
pyrene, 1,3,6,8-tetraphenylpyrene, which was incorporated into a film doped with 1
wt% rubrene.”® The device displayed bright electroluminescence. It was found that
electron-accumulation and injection limited the device performance. The system can
also be classed as an organic field-effect transistor (a transistor that relies on an electric
field to change the conductivity of one channel), which are of potential interest for
optical communication systems, display technologies, solid-state lighting and organic

laser applications.’® A more recent study involved using Suzuki-Miyaura cross-
pp y g y

24



coupling reactions to synthesize a range of 1-, 3-, 6- and 8-substituted pyrene
derivatives bearing various bithiophene, phenylene, thieno-thiophene and
benzothiadiazole-thiophene moieties.”® These derivatives, were shown to have a large
influence on the opto-electronic and thermal properties of pyrene-based organic
electronic devices. In particular, an OLED based on 1,3,68-tetrakis(4-
butoxyphenyl)pyrene shows deep-blue emission (Figure 18a). The search for efficient
blue emitters for OLED devices is an ongoing area of research and several other
examples of blue-emitting pyrene-containing systems exist. A series of triarylamines
containing both a pyrene and a hexaphenylbenzene was synthesized (Figure 18b).” The
compounds were used to fabricate blue-emitting electroluminescent devices, with the
pyrene derivatives used as the hole-transporting layer, and 1,3,5-tris(/V-
phenylbenzimidazol-2-yl)benzene (TPBI) as the electron-transporting layer. The colour
of emission could be further tuned by changing the electron-transport layer to tris(8-
hydroxyqunioline)aluminium (Alq;) to give green emission. The addition of a thin hole-
blocking layer was required to achieve recombination, and again give blue emission.”
Blue emission was also observed in a simpler system when 1,1°-dipyrene and 14’-
dipyrenylbenzene were incorporated into an OLED system, along with a blue material
(not specified in the publication).”’ Both systems show strong luminescence, although
the device containing the phenyl linker shows better performance in terms of brightness,
luminance efficiency and power efficiency. In another study, 1,3,5-tri(1-pyrenyl)-
benzene (Figure 18c) has been synthesized, and was shown to be a blue emitter with
high luminance and high efficiency.”” Elsewhere, a series of 1,6-bis(N-phenyl-p-(R)-
phenylamino)pyrenes was synthesised using Buchwald-Hartwig coupling reactions,
between 1,6-dibromopyrene and N-phenyl-p-(R)-phenylamines.”” Variation in the
nature of the R group (R = CN, F, H, Me, ‘Bu, OMe, NPh,, NMePh) allowed the
emission from these derivatives to be tuned over the full-visible colour range. In
particular, when incorporated into an OLED device, deep-blue emission was observed
with the CN derivative (Figure 18d). Another study® involved the syntheses of the
related 1,6-(BMes,),pyrene (Figure 18e) and 1-(BMes,)pyrene. Along with other
aromatic boryl compounds, these derivatives were investigated for their photophysical,
electrochemical and fluoride-binding properties. The compound, 1-(BMes,)pyrene was

assembled in an electroluminescent device and, using an additional electron-transport
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layer, displayed bright electroluminescence. Furthermore, the potential of these

derivatives as electron-transport materials was highlighted.**

C4HgO OC4Hg

° COO OOO

C4HgO OC4Hg R
R = 1Bu, OMe

5 R,

CN

Figure 18 A selection of pyrene-based blue emitters for OLED devices: a) 1,3,6,8-
tetrakis(4-butoxyphenyl)pyrene;”® b) pyrene- hexaphenylbenzene-based triarylamine;*
¢) 1,3,5-tri(1-pyrenyl)benzene;* d) 1,6-bis(N-phenyl-p-cyanophenylamino)pyrene;* e)

1,6-(BMes,),pyrene.**

Further solid-state emitters are now discussed. Highly crystalline oligopyrene nano-
wires were synthesized via template-assisted electro-polymerization of pyrene.”” They
exhibited strong fluorescence which could be tuned by altering the excitation
wavelength. Blue, green and red emission were observed upon increasing the excitation
wavelength. In other work,” polypyrene polymers were synthesised by direct chemical
oxidative polymerization of pyrene using FeCl,. Characterization of the polypyrene
using IR, UV-Vis, 'H NMR, 2D NMR and MALDI-TOF MS found that the polymers
were formed mainly through coupling between 2- or 1- or 7- or 8- positions on the

pyrene ring. Although the virgin polypyrene polymer has low conductivity (3.4 x 10* S
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cm), doping with iodine was found to increase the conductivity to 2.3 x 10* S cm™.
When the virgin polymer was heated to 1300 °C, its conductivity increased to 81.2 S
cm’. Furthermore, a strong turquoise fluorescence was observed due to the large
conjugated m-system. It is hoped that the polymer will find use in photoluminescent
devices, including sensors and highly conducting carbon based materials.”® FeCl,-
mediated reactions have also been used to form polypyrene porphyrins.” Two pyrene
units were incorporated into a diporphyrin tape and were shown to absorb in the near-IR
region. Such materials have been used in communications technologies and organic
electronics. The inclusion of pyrene moieties also makes the system display
intermolecular interactions in both the solid state and supramolecular assemblies.
Another pyrene-containing optical device has been shown to emit circular-polarized
luminescence.”® 1-Pyrenesulfonic acid and (R)-1-phenylethylamine were co-crystallized
in EtOH solution to give a 2D layered network, which was characterized by X-ray
crystallography. The complex was shown to exhibit circular-polarized luminescence in
the solid state and will be useful in the development of solid-state chiral fluorophores.
The discussion so far has focused on materials that are entirely organic based. Several
pyrene-containing optical materials that incorporate transition metals are known. One
example is a ruthenium(II) bipyridine complex, in which a 1-ethynylpyrene moiety has
been attached to the 2,2’-bipyridine ligand (Figure 19a).”” The complex displayed well-
defined absorption and emission spectra. No comparison of its photophysical properties
with those of the [Ru(2,2’-bipyridine),]** complex was made; however, it was suggested
that the added pyrene acts as a tuning device for the complex, thus modifying it

properties for optical applications. In another study,”

a cyclometallating bridging
ligand, 1,3,6,8-tetra(2-pyridyl)pyrene (tppyr) was synthesized (Figure 19b). Reactions
of this ligand with Ru(tpy)Cl; afforded cyclometallated Ru and bis-Ru complexes in
moderate yields. Electrochemical studies, suggest that the new ligand could effectively
mediate electronic communication between the two cyclometallated centres, which
would be of interest in the area of molecular electronics.

Other metal-containing pyrene systems include the complexes from the reactions of 1-
(diphenylphosphino)pyrene (1-PyP) and 1,6-bis(diphenylphosphino)pyrene (1,6-PyP)
with M(dppm)(OTf), (M = Pd, Pt) to give [M(dppm)(1-PyP)]* and [M,(dppm),(1,6-
PyP)]** (Figure 19¢).”' These complexes with the pyrene unit bound to the metal centres

were compared to the dangling complexes [M(dppm)CI(1-PyP-H)]* and
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[M,(dppm)Cl,(1,6-PyP-H,)]**. A comparison of the absorption spectra showed that they
were all similar. This is surprising considering that the electronic properties of the two
metals are different, and leads to the suggestion that the greatest perturbation of the
pyrene is by the PPh, group rather than by coordination to the metal. Therefore, there is
a weak m-interaction between the metal ions and the pyrene moiety. The difference
between the metallated and dangling compounds was observed when the
phosphorescence was investigated, as it was found that the metallated complexes
displayed phosphorescence quantum yields around three orders of magnitude higher. It
is therefore shown that for the enhancement of phosphorescence, in pyrene, direct
coordination to a heavy atom is required.”” However, in another study,” the opposite
was observed in a series of Pt-based pyrene derivatives. In this case, pyrene-containing
cycloplatinated complexes in which the pyrene is directly cycloplatinated (Pt-1), (Figure
19d) attached to a ppy ligand through a C-C single bond (Pt-2) (Figure 19d) or attached
to a ppy ligand through a C=C triple bond (Pt-3) (Figure 19d). All of the complexes
exhibited deep-red phosphorescence at room temperature, although the
phosphorescence was most intense with Pt-2, in which the pyrene moiety is not directly
cycloplatinated.”

A different system involves mono- and di-gold(I) pyrenes (Figure 19¢), synthesized
from arylation of gold(I) substrates by 2,7-bis(Bpin)pyrene and 2-(Bpin)pyrene in the
presence of Cs,CO,.” The gold fragment is added to the pyrene to increase the spin-
orbit coupling, and hence increase phosphorescence. The latter was observed both at
room temperature and at 77 K. Detailed studies showed that the absorption spectra
consisted of characteristics of the aromatic skeleton, and that the emission came from

the mr* states of the aromatic core.
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Pt-1 Pt-2 Pt-3
d)

Figure 19 Selected metal-containing pyrene derivatives for optical applications: a)
pyrene modified ruthenium(II) bipyridine complex;* b) cyclometallated ruthenium with
a tppyr bridge;” ¢) [Pt,(dppm),(1,6-PyP)](OTf),;”" d) cycloplatinated complexes Pt1-
3;”* e) Pyrene-2-AuPCy,.”

Metal-containing pyrene-based optical devices can also be used to study the
photophysical properties of organometallic systems. A series of 2-(R)-5-
pyrenylacetylene-thiophenes (R = H, Br, COH, CHC(CN),) was synthesized, and shown
to display strong fluorescence (intense emission spectrum) at room temperature in
solution. Upon addition of Co,(CO), and subsequent coordination via the ethynyl

bridge, the emission is quenched.” It is suggested that this is a result of energy-transfer
g q g8 gy
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from the pyrene moiety to the cobalt metal centres. Upon cooling to 77 K, the energy
transfer is not observed and the quenching of the fluorescence is less efficient. This
study gives insight into the photophysical processes that occur in organometallic

complexes.

2.2 .2 Fluorescence Probes

In the above examples, it has been shown that the photophysical properties of pyrene
can be modified by derivatization. Changes in the surrounding environment and
addition of external substrates can also influence the photophysical properties of pyrene.
This influence has been used to develop fluorescent probes and sensors, which are now

discussed.

In Section 1.1, it was stated that pyrene had a long fluorescence lifetime (354 ns in
toluene). As a result of this long-lived fluorescence, the vibronic bands in the emission
spectra of unsubstituted pyrene are very susceptible to changes in local environment
(known as the Ham effect).” In the presence of polar solvents, there is significant
enhancement in the intensity of the (0,0) vibronic band at the expense of other bands in
the emission spectrum (Figure 20).”* It has been shown that perturbation is dependant
upon the dipole moment of the solvent rather than the dielectric constant of the bulk
solvent. This suggests that a pyrene-solvent dipole-dipole interaction mechanism is
responsible for the changes in the emission spectrum. A later study demonstrated the
influence of a non-polar solvent, C(F¢ on the photophysics of pyrene, and detailed
experimental and theoretical studies revealed the formation of weak complexes formed

by arene-perfluoroarene interactions, even in very dilute solutions.”
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Figure 20 Solvent-dependence of vibronic band intensities in pyrene monomer

fluorescence.” Reproduced by permission of The American Chemical Society.

The above observations have also been used to determine critical micelle concentrations
(CMC).” Pyrene is insoluble in water; however, the addition of surfactant molecules
acts to dissolve pyrene. Upon micelle formation, the pyrene molecules become enclosed
in the hydrophobic centre of the micelle, and thus are now in a different environment.
The change in environment, from individual molecules in solution to micelles, is
reflected in the emission spectrum of pyrene, whereas a change in vibronic fine
structure is observed. As more surfactant is added, the change in the emission spectrum
is monitored by calculating the ratio of the 0-0 and the 3-0 peaks (0-0 corresponds to the
transition between the lowest vibrational level in the excited state to the lowest
vibrational level in the ground state; 3-0 originates from the third vibrational level in the
excited state). Accurate CMC values have been determined, which are in good

agreement with those obtained by other methods.”” More recently, the incorporation of
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pyrene into the centre of micelle systems has been used for the detection of chloride
anions in water.” Along with pyrene, a rhodium-based receptor molecule
([Rh(Cp*)H,O(3-(2-pyridyl)-5,6-diphenyl-1,2 4-triazine-p p’-disulfonic  acid)]  was
added that quenched the fluorescence of pyrene when bound to a chloride ion. Hence,
by monitoring the changes in the emission spectrum of pyrene, a quantitative measure
of chloride ions present in solution can be obtained.

Sensing applications in which pyrene derivatives are used are now considered. Several
I-substituted derivatives with various aryl and heteroaryl groups were used to
investigate changes in solvent polarity.”® In particular, 4-(pyren-1-yl)benzonitrile and
ethyl 4-(pyren-1-yl)benzoate probes showed high fluorescence quantum yields and
strong solvatochromism. These two species are proposed as probes for the detection of
changes in the polarity of surrounding media. In another example, a pyrene-based
ligand, 1,3,6,8-tetrakis(p-benzoic acid)pyrene was incorporated into an indium-based
MOF.” It was found that the fluorescence properties of pyrene (and structural properties
of the MOF) changed upon the addition of various non-polar (toluene) and polar (DMF,
dioxane) solvents.

Pyrene-based probes have also been used to investigate biological systems.**> One of
the most common fluorescent probes is the commercially available 4-(pyren-1-yl)-
butyric acid 31 (Figure 21). This derivative is used to determine oxygen concentrations
in biological systems.* In an oxygen-free environment, 4-(pyren-1-yl)-butyric acid has
a long fluorescence lifetime (t; = 460 ns in MeOH). Thus, substrates that can perturb the
nature of the excited state have time to diffuse to the excited state molecules before
emission. Oxygen is known to be a strong quencher of electronic excited states. In
systems with short fluorescence lifetimes, the effect of oxygen on the excited state is
negligible; however, due to the long lifetime value of 4-(pyren-1-yl)-butyric acid, the
influence of oxygen can be observed by changes in the fluorescence quantum yield and

lifetime 5%

As several biological processes involve the consumption (mitochondrial
electron-transport chain) or expulsion (photosynthesis) of oxygen, methods to detect
oxygen and determine its concentration are of use in the investigation of biological
systems. Generally, a probe is placed in a macromolecule, such as a protein or even a

80 or fluorescence lifetime®® due to

living cell, and changes in the fluorescence intensity
quenching by oxygen are monitored. The advantage of the latter method is that

fluorescence lifetimes are not dependant on the absolute intensity of the emitted light,
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and are therefore independent of the concentration of the probe. To determine oxygen
concentrations, control experiments are first needed to calibrate the response of the
probe.

The deprotonated form of 4-(pyren-1-yl)-butyric acid has also been used to translocate
arginine-rich peptides across cell membranes.*' It is believed that the hydrophobic
nature of the pyrene moiety aids the translocation through the lipid bilayers of the cell.
If modified arginine peptides can be translocated into a cell, then this method can be
used to introduce external substrates into a cell, which has potential medicinal and
labelling applications. However, a recent study has shown that modified arginine
81b

peptides containing a semiconductor quantum dot are not translocated into a cell,

presumably due to their large size; hence, careful modification of the arginine peptide is

required.
OH
0 O
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Figure 21 Commerically available pyrene probes: 4-(pyren-1-yl)-butyric acid (left) and
N-(1-pyrenyl)maleimide (right).

Another commercially available pyrene-based probe is N-(1-pyrenyl)maleimide (Figure
21).% This probe is used for labelling thiol side-chains on cysteine (Cys) residues in
proteins and peptides. Before formation of the thiol adduct, the fluorescence of N-(1-
pyrenyl)maleimide is quenched, whereas upon binding to the thiol, the fluorescence is
restored. Hence an ‘on-off” switch for the labelling of Cys residues is presented.®
Furthermore, the N-(1-pyrenyl)maleimide-Cys adduct can be monitored by fluorescence
depolarization studies. In these experiments, the pyrene moiety is excited by plane-
polarized radiation, then the fluorescence monitored. The extent of depolarization in the
emitted fluorescence is dependant upon the motion of the pyrene moiety during the time
between absorption and emission. When N-(1-pyrenyl)maleimide is bound to a Cys
residue in a tightly packed environment, the amount of depolarization will be small
because the pyrene moiety is not free rotate or move. In contrast, extensive

depolarization will be observed when the pyrene is in an environment where it is free to
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rotate and move.*” When attached to a Cys residue in a protein, N-(1-pyrenyl)maleimide
allows the conformation and movement of the Cys residue to be monitored. This
application makes use of the long fluorescence lifetime of pyrene, which occurs on a
timescale that is similar to that of the changes in molecular conformation of the Cys
residues in the proteins under study. More recently, pyrene probes which contain a
maleimide moiety that is separated from pyrene by an aryl-ethynyl spacer group have
been developed.”’ These probes were shown to display an improved fluorescence
quantum yield when bound to Cys residues, compared to N-(1-pyrenyl)maleimide.
Many other examples of pyrene-based biomolecular probes exist for labelling and
conformational studies on specific sites in proteins and other biological
macromolecules, including a dialkynylpyrene skeleton with an oxyethylene unit.** This
derivative was synthesized to interact with and probe the nature of hydrophobic cavities
in proteins. In another example, the pyrene-functionalized bis(thiosemicarbazonato)-
zinc and copper complexes were synthesized and were shown to have potential for use
as both in vitro fluorescence probes and in vivo PET (positron emission tomography)
imaging probes.”” Nearly all these probes make use of the high sensitivity of the

emission of pyrene to changes in environment, as well as its long fluorescence lifetime.

2.2.3 Pyrene Based Sensors

As well as probing changes in local environment, pyrene derivatives have been
incorporated into sensors to detect external substrates. Often, these systems contain two
or more pyrene moieties. Generally, in the absence of an external substrate, monomer
emission is observed from the pyrenes, and when the external substrate is detected, it
effects some conformational change in the sensor, which brings the two pyrene units
together and excimer emission is observed. The amount of substrate can be determined
by the monomer/excimer fluorescence-intensity ratio. Several examples are discussed
below.

In biological systems, sensors bearing two pendant pyrene moieties bound to a Zn(II)-
cyclen complex have been used to detect thymidine-phosphate residues (Figure 22a).*
Upon binding of the thymidine-phosphate to the zinc atom, as well as several of the
nitrogen atoms in the cyclen backbone, the two pyrene units are brought close together
and excimer emission is observed. This system was shown to be selective for thymidine

residues over other nucleotides and ions. In a related system, two Zn(II) complexes
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containing one pyrene moiety each were used as the sensing system (Figure 22b). A
macromolecular complex was formed between uridine or thymidine phosphates and two
Zn(II) complexes. Upon formation of this macromolecule, the pyrene moieties from two
separate Zn(II) complexes formed the excimer.”’” Other zinc-based sensing systems
include the [Fc-bis{Zn(II)(1,4,7-triazacyclononane)-(pyrene)}] complex (Figure 22c),
which not only detects a range of polyphosphate nucleotides by making use of the
excimer fluorescence from the two pyrenes, but also through changes in the
electrochemical properties of the ferrocene.*® A similar system, which contains a pyrene
linked to a ferrocene by a 1,2,3-triazole ring (Figure 22d), also displays changes in its
electrochemical and fluorescence properties upon binding to the pyrophosphate anion.”
Such systems are said to display dual-mode recognition, as they can detect substrates by
using two different techniques. Biological molecules other than nucleotides can also be
detected. Heparin is a clinically used anti-coagulant in cardio-pulmonary surgery;
however, if an overdose is taken, potentially lethal effects can occur. A quinine
derivative bearing a pyrenyl group as a fluorophore has been designed and synthesized
(Figure 22¢).’ It was shown that two of these molecules bind to heparin to form a
supramolecular complex that leads to excimer emission. The formation of this complex
is believed to be made favourable by intermolecular - stacking interactions between
the pyrene moieties. Overall, the sensor showed high selectivity and sensitivity for
heparin at clinically relevant concentrations. Other supramolecular assemblies have
been used to detect glucose, which has potential for the monitoring of blood glucose
concentration, and may be useful for patients suffering from diabetes.” The detection
method involved formation of a polymer containing multiple boronic acid functional
groups. These can then interact with the alcohol units on the glucose structure to form
polyanions. The next stage is to add a positively charged trimethylpentylammonium
substituted pyrene fluorescent probe (Figure 22f). Aggregation of the cationic pyrene
compounds around the polyanion occurs and, as a result, excimer emission is observed.
It was found that the excimer emission intensity increased with increasing glucose

concentration. Studies with other sugars showed similar results.”'
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Figure 22 Pyrene-based sensors. For the detection of phosphate residues: a) Zn(II)-

cyclen complexes with two pendant pyrenes*’; b) one pendant pyrene®’; ¢) [Fc-
bis{Zn(II)(1,4,7-triazacyclononane)-(pyrene)}] complex™; d) Ferrocene-pyrene dyad;*
For heparin detection: €) Pyrene based quinine derivative.” For glucose detection: f)

trimethylpentylammonium pyrene.’'

Pyrene excimer emission has also been used to study natural systems. The natural
product myo-inositol 1,2,3-triphosphate (Ins(1,2,3)P;) is known to be an iron chelator
and an anti-oxidant.”” In work to determine the structure of the iron bound complex,
DFT calculations showed the possibility of two isomers. Studies by NMR failed to give
any insight due to peak broadening, so conformational studies were developed.
Addition of pyrene units to the analogous Ins(1,2,3,5)P, compound allowed excimer

emission to be observed when the conformation flipped between the penta-equatorial
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and penta-axial conformations (Figure 23). The fluorescence emission spectra were
recorded in the absence and presence of Fe’* and it was found that, upon metal-ion
addition, the excimer fluorescence increased with simultaneous decrease in the
monomer fluorescence. This excimer emission is due to the penta-axial conformation.”
The study gives evidence for a penta-axial conformation in Ins(1,2,3)P; in the presence
of iron and also shows how a fluorescent probe can be used to determine

conformational changes in chemical systems.
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Figure 23 Penta-equatorial (2A) and penta-axial (2B) conformations of Ins(1,2,3,5)P,.”

In the last example, the addition of a metal ion was used to bring about change in a
sensing system. The detection of metal ions using pyrene-excimer emission is a well-
studied area and is discussed.

A selective system for the detection of Cu* ions was developed by synthesizing a
monopyrenylalkyl derivative bearing a sulphonamide (Figure 24a).”* In free solution,
the derivatives form dimer species by hydrogen bonding between the amine NH and
oxygen. No excimer emission is observed due to the pyrene units being kept apart.
Upon addition of Cu®*, the dimer undergoes a conformational change, the pyrene units
are brought together and excimer emission is observed, with subsequent decrease in
monomer emission. No changes in the fluorescence spectra were observed upon

addition of other metal ions.
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Figure 24 Pyrene based Cu®* sensors: a) monopyrenylalkylsulfonamide derivative;”** b)

pyrenylquinoline derivative;”* c) pyrene-rhodamine derivative.”*

The system has been further developed by replacement of the sulfonamide with a
quinoline (Figure 24b).”** Upon addition of Cu*, individual pyrene derivatives formed
dimers and excimer emission was observed. The most intense excimer emission was
observed when the spacer length between pyrene and quinoline was kept to a minimum.
Later, a pyrene-rhodamine derivative was synthesized for the selective detection of Cu**
(Figure 24c¢).”* In this case, a change in fluorescence in the sensor was caused by a ring-
opening/closing process facilitated by the addition of Cu** ions.

Other metal ions, such as Ag", can be detected by the changes in the structure of the
sensor molecule. An adenine-pyrene conjugate was synthesized. In the presence of Ag"
ions, individual conjugates join together in a polymer-like structure.” These chains of
alternating pyrene and silver-coordinated adenine were shown to pack together in a box-
like structure, through hydrogen bonding and m-m stacking interactions. The resulting

supramolecular assembly displayed excimer emission.

An important class of pyrene-based sensors contain a calix[4]arene framework. These
systems generally contain two or more pyrene moieties attached to a calix[4]arene
(Figure 25a). When a metal ion is present, a change in the conformation of the system
occurs leading to excimer formation, which can be monitored by measuring the
monomer/excimer fluorescence-intensity ratio. These systems have been shown to
detect toxic metal ions, such as Hg**, Pb** and Cd*", and have the potential to be used as
cheap, selective and sensitive sensors for these ions in drinking water supplies.”®

A range of calix[4]arene systems containing two, three and four pyrene units has been

synthesized.” As expected, the intensity of excimer emission increased with the number
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of pyrene units, along with a decrease in the monomer emission intensity. Various metal
ions (Li*, Na*, K*, Zn** Co*, Mg*, AI’", Cu** and Pb*) were added and the
fluorescence spectra recorded. In the case of the calix[4]arene containing two pyrene
units, the change in fluorescence occurs for nearly all of the metal ions. However, in the
case of the tri- and tetra-pyrenyl calix[4]arenes, no changes in the emission are
observed, except with Pb>* and Cu®. It is suspected that for Pb** the fluorescence is
quenched by a heavy metal ion effect, while in the case of Cu®*, charge-transfer from
the Cu** d-orbitals to the pyrene m*-orbitals is thought to lead to quenching. These

complexes display a form of selective detection for different metal ions.”’

Figure 25 Pyrene based calix[4]arenes for the detection of metal ions. These systems

generally involve (a) substitution of the calix[4]arene with 2-4 pyrene units” or (b)

three calix[4]arene moieties connected to a central nitrogen atom.”

In another study, a fren-N-tri-calix[4]arene with three pyrenyl groups was synthesized
(Figure 25b).” This molecule consists of a central nitrogen atom, bound to three
seperate calix[4]arenes, each with a pyrenyl group. In the absence of metal ions,

13+

excimer emission was observed. However, when AlI’" was added, the excimer emission

decreased and the monomer emission increased. NMR and MALDI-TOF mass
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spectroscopy studies showed evidence for a 1:1 complex in solution, and led to the
conclusion that the AI’* was bound symmetrically in the centre of the tri-calix[4]arene.
In contrast, a related structure with only two pyrene appended calix[4]arenes showed no
13+

change in its properties upon addition of A

for Al**-binding.”®

ions; hence the tripod structure is required

Further fren-N-tri-calix[4]arenes were reported. A N-tripodal molecule containing two
calix[4]arene branches with an amido-pyrenylmethyl moiety attached and a third
branch, which is a rhodamine B moiety, was synthesized.” Upon addition of Hg** ions
to a solution containing the sensor, enhanced fluorescence emission was displayed. In
this case, the fluorescence is the result of fluorescence-resonance energy-transfer
(FRET). This is the excited state energy interaction between two fluorophores: an
excited donor transfers energy to an acceptor, which undergoes fluorescence. The
addition of Hg** affects energy-transfer from the pyrenyl excimer to the rhodamine
moiety, a so-called FRET-ON process. When Al** cations are added, only an increase in
the pyrene excimer emission and no FRET-ON behaviour is observed. It was found that
the modified calix[4]arene was selective for the binding of Hg2+ over other metal ions,
except for AI’* which displaced the Hg** upon addition. Recently, a different
calix[4]arene sensor bearing a thodamine and two pyrene fluorophores was synthesized,
and was shown to display higher selectivity for Hg** ions (Figure 26). Upon
coordination, a FRET-ON process occurs from the newly formed pyrene excimer to the
rhodamine moiety, which has undergone a ring-opening transformation.'”

Another system has two pyrene units bound to a calix[4]arene by 1,2,3-triazole
linkers."”" The compound displayed strong excimer emission in solution; however, upon
addition of various metal ions, it was found that the excimer emission decreased and the
monomer emission increased. It is believed that the ions are bound between the two
triazole linkers and, upon binding, force the pyrene units apart, thereby reducing
excimer emission. To examine the selectivity of the chemosensor, competing metal ions
were added to the mixture. It was found that the calix[4]arene was selective for Zn** and
Cd** cations over Group 1 and 2 metal ions, as well as silver and lead. However, the

addition of mercury and copper caused fluorescence quenching.'”'
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Figure 26 Detection of Hg** by FRET between a pyrene excimer and rhodamine in a

pyrene-based calix[4]arene chemosensor.'”

Other calixarene-based pyrene sensors have been developed to detect organic substrates.
In the presence of fluoride (from tetrabutylammonium fluoride), the chemosensor
calix[1]pyreno[3]pyrrole undergoes a conformational change (Figure 27a).'”> This
conformational change facilitates the detection of C,,. This study was undertaken to
demonstrate the ability of calixarene-based pyrene sensors to detect electron-deficient
guests. This concept has been developed to detect other electron-deficient guests, such
as trinitroaromatic explosives.'” A dipyrenylcalix[4]arene was found to display excimer
emission in the absence of any explosive substrate (Figure 27b). Upon detection of a
highly nitrated aromatic species, the excimer emission is quenched. The authors use X-
ray crystallography and theoretical studies to show evidence for a charge-transfer

mechanism between the pyrene and the trinitroaromatic analyte.
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Figure 27 Calixarene-based pyrene sensors for the detection of organic substrates: a)
calix[1]pyreno[3]pyrrole for C,, sensing;'” b) the dipyrenyl calix[4]arene can detect

trinitrotoluene (TNT).'”

2.3 Charge-Transfer Applications: DNA and RNA Systems

Applications that make use of the charge-transfer properties of pyrene are now
considered. Although charge-transfer applications involving pyrene are numerous, this
section will focus on charge-transfer applications in biological systems that contain
DNA and RNA. Further applications of pyrene-based DNA/RNA systems that make use
of the aforementioned structural and optical properties will also be discussed. These
examples are included in this section in order to group all of the pyrene-based

DNA/RNA applications together.

2.3.1 Electron-Transfer in DNA and RNA

Numerous pyrene-modified DNA and RNA systems have been synthesized by addition
of the pyrene moiety to nucleobases. A Suzuki-Miyaura cross-coupling between the
iodinated nucleoside and pyrene-1-boronic acid gave the pyrene-modified nucleosides

shown in Figure 28 in good yields.'™
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Figure 28 Pyrene-modified nucleosides, 5-(1-pyrenyl)-2’-deoxyuridine (Py-dU), 5-(1-
pyrenyl)-2’-deoxycytidine (Py-dC), 8-(1-pyrenyl)-2’-deoxyguanosine (Py-dG), 8-(1-
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pyrenyl)-2’-deoxyadenosine (Py-dA).

These compounds were synthesized to investigate DNA-mediated charge-transfer,
which involves injection of a negative charge into DNA bases by a donor molecule. The
charge can then move through DNA over significant distances to an acceptor molecule.
As well as gaining insight into biological processes, this charge-transfer process has
potential application in nanoscale devices.'”

Transfer of charge along DNA involves oxidation and reduction of DNA bases, which
in turn, affects their acidity and basicity. Altering the pH of the surrounding solution
gives insight into the effect of proton addition or removal on the charge-transfer.'*®
Excitation of the pyrene moiety on the above nucleoside gave DNA radical bases via
electron-transfer from the pyrene. Two pathways are now possible: either electron
transfer back to the excited state and then emission, or quenching by addition or

removal of a proton. Emission spectra recorded at different pH values show the effect of

addition or removal of a proton on the electron-transfer process. The results showed that
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proton-transfer does not interfere with electron transfer between dU-dA base pairs, but
has a large influence on the electron-transfer between dC-dG base pairs."” The
importance of protons in electron-transfer along DNA was further probed by comparing
the dynamics of Py-dU in an aprotic solvent (MeCN) and a protic solvent (MeOH).'”
Observation of the charge-transfer state, Py*-dU~ (due to electron-transfer), by various
spectroscopic methods showed a greater electron-transfer yield in MeOH. The presence
of protons is therefore shown to facilitate electron-transfer in DNA bases.'” These
studies give insight into the mechanism of charge-transport along DNA, which in turn
give insight into DNA damage caused by radical nucleobases.

Further investigation into the mechanism of electron-transfer used Py-dU as an
electron-donor and Br-dU as an acceptor. Several DNA duplexes were synthesized with
the donor and acceptor placed adjacent to each other, or separated by one A-T base
pair."” Femtosecond pump-probe spectroscopy was used to monitor the electron-
transfer dynamics. Excitation gave the pyrene excited state (Py-dU*), which then
underwent electron-transfer to form an ion pair (Py*-dU"). The rate of electron-transfer
to the nucleotide can be obtained from the decay of the Py-dU* absorption band. The
time taken to return to the Py-dU ground state was found to be around 250 ps longer
than the lifetime of the ion pair state, suggesting that an additional decay mechanism
was occurring, as well as charge recombination. Chemical monitoring of the Br-dU
nucleotide showed that this other mechanism was electron-transfer along the DNA to
the acceptor. As Br-dU undergoes chemical change after a one electron reduction, this
change can be monitored using piperidine-induced strand-cleavage. The rate of cleavage
occurred faster when the Py-dU and Br-dU moieties were adjacent to each other than
when they were interspaced by one A-T base pair. Hence, the rate of electron-transfer in
DNA is related to its structural configuration.'”’

A more recent study investigated the products formed after excitation of pyrene and
subsequent electron-transfer along a polynucleotide.'” It was shown that the variation in
distance between pyrene donor and Br acceptor influenced the oxidation product
(Figure 29). Upon irradiation, an electron is transported along the oligodeoxynucleotide
(ODN) backbone, leading to radical cleavage of the Br acceptor. The remaining radical
can transfer to a neighbouring sugar ring by abstraction of a proton from either the C1’
or C2’ positions. Two different pathways are now possible, and the rate of each

pathway was found to be dependant upon the distance between the donor and acceptor
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in the DNA backbone. This radical can now recombine with the one on pyrene, through
charge-transfer along the DNA backbone, and the remaining positive charge on the
sugar ring can form an OH at the C1° or C2’ position when H,O is added. The second
pathway involves no recombination of radicals, and instead oxy-pyrene is formed, as
well as the OH at the C1° or C2’ position. At larger distances between the donor and

acceptor, it was found that the latter pathway dominated.'®®

Photo-irradiation

-+ l C1' or C2' Hydrogen
abstraction

Product

Product

Figure 29 Electron-transfer along the DNA backbone leads to different oxidation
products depending on the number of nucleotides between donor and acceptor.'®

Reproduced by permission of The American Chemical Society.
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109" After excitation of

The mediated electron-transfer has also been investigated in RNA.
pyrene and subsequent electron-injection into RNA, it was shown that the electron can
travel large distances along the RNA stacks. Using pyrene as the electron-donor and
nitrobenzene as the acceptor, it was shown that, upon excitation, the level of quenching
could be monitored by measuring the fluorescence quantum yield. Upon irradiation of
pyrene, the electron could return to the ground state and emit (fluoresce), or transfer
along the RNA backbone to the nitrobenzene acceptor, leading to a quenching of
fluorescence. The quantum yields were found to be much lower for the donor/acceptor-
containing nucleotides than the ones containing just pyrene and no acceptor (Table 1).
Hence, transfer of electrons along the RNA backbone occurs. The quantum yields were
shown to increase with an increase in the number of uridine bases inbetween the donor

and acceptor, highlighting the high efficiency of electron-transfer over short

distances.'”

Duplexes with rA,, ¢
5’-rU,U,, U, U-3’ 0.152
5’-rU, U, UysU,5U-3° 0.008
5’-rU,U,, UUy;U,U-3 0.022
5’-rU,U,, UUUU,,U-3 0.075
5’-rU,U,, UUUUU,U,U-3° 0.104
5’-rU,U,, UUUUUUU,U,U-3 0.117
5’-rU,U,, UUUUUUUUUU,,U,U-3° 0.123

Table 1 Fluorescence quantum yields of oligo-RNA duplexes: rA,, = A 20 riboadenine

nucleotide strand. U,,, = pyrene-modified nucleotide (electron-donor). U = unmodified

Pyr

uridine nucleotide. Uy, = nitrobenzene-modified nucleotide (electron-acceptor).'”

Another study of DNA/RNA-mediated charge-transfer was discussed in Section 1.3,
where the properties of 2-pyrenyluridine were compared with those of the 1-pyrenyl-
uridine isomer."

Medicinal applications have also made use of the electron-transfer process between
nucleotides. A series of pyrene-viologen (donor-acceptor) derivatives was synthesized

and shown to display cytotoxicity towards cells upon photo-excitation.""® These
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derivatives can bind to DNA through intercalation of the pyrene moiety and binding of
the viologen to DNA grooves. A mechanism for the oxidation of DNA has been
proposed (Figure 30). After photo-excitation, an electron is transferred from the excited
state of pyrene to the viologen moiety, and this is followed by electron-transfer from the
DNA base to the radical cation on pyrene. Hence, DNA oxidation is effected, leading to
DNA damage. Irradiation with UV light (360 nm) for 22.5 minutes was shown to
reduce significantly the concentration of leukemia cells.''” The advantage of these
systems is that they can be selectively activated by an external photo-excitation source,
which can be applied to a specific piece of surface tissue, thus removing unwanted side-

effects and damage to healthy DNA.

{Pyrene-V2*}*—— g {Pyrene~V je———3m {Pyrene~V + DNA }———3 DNA oxidation

{Pyrene-V2*}* = Viologen linked pyrene conjugate
Figure 30 Mechanism for the oxidation of DNA using pyrene-viologen complexes.'”

2.3.2 DNA/RNA Hybridisation

Pyrene has also been used in many other DNA/RNA applications. The hybridization of
oligonucleotide strands to form a duplex can be monitored by a pyrene-modified
nucleotide that displays dual-fluorescence.'""' This property arises from two relaxed
singlet excited states, an intramolecular charge-transfer state and a locally excited state.
Deoxyuridine was cross-coupled with an N,N-dimethylaminophenyl-substituted pyrene,
and then incorporated into oligonucleotides. When in the single strand, only one peak in
the emission spectrum was observed. Upon duplex formation, two peaks in the emission
spectrum (dual-fluorescence) and a colour change were observed. Hence, a detection
method for DNA or RNA hybridization was achieved.

Hybridization can also be monitored by changes in the fluorescence properties of
pyrene that occur upon a change in local environment. Modified deoxyguanosine, Py-
dG, was incorporated into an oligonucleotide.'”> Upon hybridization, the absorbance and
fluorescence properties of pyrene were found to differ from those observed in the single
strand.

Another hybridization detection method involves excimer formation. One study

involved the attachment of a pyrene moiety onto the sugar residue of a uridine base.'"”
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Incorporation of this nucleotide into RNA and DNA showed that in RNA
oligonucleotides, weak emission was observed in the single strand, yet when binding to
a complimentary strand, strong excimer emission was observed. In contrast, the DNA-
modified strands showed weak emission in both the single strand and duplex forms.
Therefore, the modified nucleotide provides a useful tool for monitoring RNA-
hybridization. Analysis of the structures of the duplexes by molecular dynamics
simulations, fluorescence, CD and NMR studies shows that, in DNA, the pyrene units
intercalate into the double helix between the base pairs; hence, excimer emission is not
possible. However, in RNA, the pyrene units are found to be on the outside of the
duplex and are therefore able to display excimer emission.'"”

As well as detecting hybridization of oligonucleotides, pyrene can be used to induce a
hybridization process. An oligonucleotide, consisting of deoxyadenosine bases, was
modified by covalent attachment with ethynylpyrene moieties.'"* When adjacent pyrene
units were separated by at least two adenosine bases, a reddish emission at 580 nm was
observed. Spectroscopic studies suggested that this red emission was the result of
intermolecular self-duplex formation, where the pyrene moieties were inducing the
formation of a duplex, and thus showing a change in fluorescence. It was also shown
that if the pyrene units were adjacent, a green emission was observed; however, if they
were separated by one adenosine unit, the emission changed to blue, or if by two units,
an orange emission was observed.'"* In this example, it was shown that when pyrene is
incorporated into a oligonucleotide backbone, it can assist with the self-assembly of
single strands through m-m stacking interactions. It has also been reported that
interstrand st-;t stacking interactions between pyrene moieties substituted onto a DNA
backbone lead to high duplex stability.'"

In RNA, a pyrene zipper array has been used to form RNA duplexes (Figure 31)."°
Upon duplex formation, the m-rm stacking interactions between the multi-pyrene-
modified RNA strands produce a specific type of double helix structure. Elsewhere,
substitution of the sugar residues on RNA with pyrene has led to the formation of a
helical pyrene array.'” In a more detailed study, an investigation of the external
structure of the pyrene-modified RNA showed that the pyrene units form a helical array
along the minor groove of the RNA duplexes."® In such cases, the double helix acts as a
structural scaffold for groups such as pyrene to be added and arranged in certain

conformations.
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Figure 31 Schematic representation of duplex formation between multipyrene-modified

RNA sequences.''° Reproduced by permission of The American Chemical Society.

Another approach to facilitating self-assembly is to use pyrene as a bridge between two
nucleotides in an oligonucleotide backbone. Two isomeric dialkynylpyrene
phosphoramidites were synthesized and incorporated into oligonucleotides (Figure
32a).""” The pyrene-modified DNA was shown to be able to self-organise single strands
into duplexes. Strong fluorescence, due to the formation of either intra- or inter-strand
excimers, was also observed.'”” The properties of pyrene in these bridging systems can
be modified by the addition of other subsitituents to the pyrene ring. It has been shown
that placing different substituents at the 3- and 6-positions on 1,8-pyrenedicarboxylate
oligonucleotide bridges (Figure 32b) can tune the photophysicial properties of the
pyrene moiety.'” Substitution at the 3- and 6-positions with 3-N-methyl-pyridinium
moieties was found to have a strong quenching influence and an undeterminable
fluorescence quantum yield. In contrast, the triisopropylsilanyl-ethynyl derivative
exhibited intense fluorescence with ¢, = 0.99. Further work is underway to incorporate
these derivatives into an oligonucleotide backbone.'” These examples demonstrate the
importance of pyrene-modified DNA and RNA duplexes as structural scaffolds for the

design and construction of nano-architectures and wt-systems."”'
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Figure 32 Pyrene derivatives as bridges in the DNA backbone: a) Dialkynylpyrene
phosphoramidites;'"” b) 1,8-pyrenedicarboxylates substituted at the 3- and 6-positions
(R= 3-C4H,-NO,, 3-pyridyl, C=C-Si(‘Pr),, C=CH, 3-N-methyl-pyridinium).'*

Hybridization of pyrene-modified DNA and RNA strands has also been used for
medicinal applications. The detection of mismatched base pairs and, in particular,
single-nucleotide polymorphisms (SNPs) is an important area, as such defects lead to
genetic mutation and are responsible for several diseases. One way of detecting
mismatches is using base-discriminating fluorescent (BDF) nucleobases.'” Two BDF
nucleobases, Py-U and Py-C, were synthesized which contain a pyrene-carboxamide
chromophore on the natural base (Figure 33). These nucleosides were found to fluoresce
when paired with their complimentary base, Py-U with adenine and Py-C with guanine.
When a mismatch occurred, this fluorescence was quenched and the emission intensity
found to be much weaker; hence, detection of SNPs is achieved (Figure 33)."” In a
more recent study, pyrene-functionalized triazole-linked 2’-deoxyuridines were used to

detect SNPs in a similar manner.'?
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Figure 33 Base-discriminating fluorescent (BDF) probes (left) only give strong

fluorescence when the base opposite the BDF base is a target base (right).'”

Another method of detecting base mismatches is to use an excimer-forming pyrene
probe.'** A oligonucleotide probe which involved the attachment of two pyrene moieties
to separate nucleobases was synthesized. In the single-strand form the probe was found
to exhibit weak fluorescence, but upon formation of a duplex, strong excimer
fluorescence was observed. The authors used a polycation-accelerated strand-exchange
reaction to exchange the strands of both healthy and mutant DNA with the pyrene-
excimer probe strand, and thus create duplexes. It was found that the mutant strand
exchanged much faster than the healthy strand. Therefore, by monitoring time-
dependant changes in the excimer emission, mutations could be detected.'” In another
example, a duplex was synthesized that contained five adjacent Py-U moieties.'” Upon
DNA hybridization, the highly ordered structure gave strong emission intensity, due to
interactions between the chromophores. Furthermore, it was shown that the five-fold
stack exhibits sequence selectivity, as a variation in the emission properties was
observed when the strand was hybridized with different sequences, and is able to
function as a probe for base mismatches.

Another type of mutation in DNA is a deletion polymorphism, where a nucleotide base
is missing from the DNA backbone. Excimer-emission can again be used as a detection
method.'” Two pyrene moieties were attached to an oligonucleotide, on either side of a

intervening base. When there is no deletion, only monomer-emission was detected.
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However, upon detection of one or two base deletions, excimer-emission was observed

(Figure 34).'*

Monomer Emission Excimer Emission

A Pyr T Pyr G C A Py Pro G C
m M
a) b)

Figure 34 Detection of deletion polymorphisms in DNA by excimer emission: a) with
no deletion; b) with deletion. Pyr = pyrene; A = adenine; T = thymine; G = guanine; C =

cytosine.'*

More recently, fluorescence resonance energy-transfer (FRET) between pyrene (donor)
and perylene (acceptor) moieties assembled onto a DNA duplex has been used to detect
deletion polymorphisms.'”” Using FRET reduces the overlap between the absorption and
emission in a system. This is an advantage in DNA systems, which contain a large
amount of aromatic and heteroaromatic species that display their own absorption and
emission properties. Therefore, using FRET reduces the interference from these species

by shifting the emission from the perylene label to longer wavelengths.'”’

2.3.3 Nucleotide Base Replacement

Thus far, all of the pyrene-modified DNA systems have involved attachment of a
pyrene moiety to a DNA base via a cross-coupling reaction. It is also possible to replace
an entire nucleotide base with a pyrene moiety. The polar natural DNA base in a
nucleotide was replaced with a pyrene unit to form a pyrene nucleoside P (Figure
35)."”** Such modifications are of interest for the design of new base-pairs and can give
insight into the non-covalent interactions in DNA as unlike the natural bases, the pyrene
unit will undergo no hydrogen bonding. A new base-pair design consisted of P with an
abasic nucleoside (one where the base has been replaced with a hydrogen); hence, when
paired the large size of the pyrene fills the space left after the removal of the base.”™ In

related work,”™ P was modified with a polyphosphate chain to give dPTP (Figure 35)
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and the abasic nucleoside was incorporated in a DNA strand. In the presence of DNA
polymerases (an enzyme that catalyzes the polymerisation of DNA), it was found that
dPTP acts as a substrate and is paired with the abasic nucleoside. Surprisingly, this
pairing is highly efficient and selective, with the polymerase pairing dPTP and the
abasic nucleotide over other natural DNA bases. Thus, it is possible to design new base-
pairs that pair in an efficient and selective manner without the need for hydrogen
bonding, a finding that will be of interest for the design and synthesis of new

supramolecular systems and biomolecules.'*®
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Figure 35 A pyrene nucleoside P (left) and pyrene triphosphate, dPTP (right).

In another study, a natural nucleotide base of DNA was replaced with a pyrene or a
perylene moiety.'” These modifications were joined together in various combinations to
form oligodeoxyfluorosides (ODFs). It was found that by varying the sequence and
spacing in these ODFs, changes in fluorescence were observed, with emission maxima
ranging from 380 to 557 nm. Combination of the two fluorophores can give rise to
emission over most of the visible spectrum with just one excitation. It was shown that
the different emissions arose from various interactions, including pyrene-pyrene
excimers and pyrene-perylene exciplexes.'” Further adjustment of the emission
properties of the pyrene-functionalized oligomers can occur by replacement of the

natural bases with a quencher."

The quencher 5-(10-methyl-phenothiazin-3-yl)-2’-
deoxyuridine quenches the emission of both pyrene-labelled ODFs and the associated
excimer complexes. Variation of the sequence of pyrene and quencher units in the ODF
was shown to lead to a tuning of the emission (Figure 36). In a different study, these
oligomers were incorporated into biological systems."”' Incorporation into zebrafish

embryos showed low toxicity, high tissue penetration and bio-stability. Furthermore, the

various ODFs displayed emission colours across the entire visible spectrum after
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excitation with just one wavelength. These results suggest that ODFs could be used as
labels in biological systems, particularly for the monitoring of dynamic processes and

tracking of multiple species by colour."’
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Figure 36 Polyfluorophores on a DNA backbone: the structure of a typical ODF.""

More recently, it has also been shown that the same ODFs can behave as vapour
sensors.'*? In this case, different emission colours are observed upon interaction of the
ODFs with small molecule analytes such as acrolein, mesitylene, propionic acid and
nitrobenzene. The range of different sequences of polyaromatic hydrocarbons and
quenchers on the DNA backbone, and their ease of synthesis, means these systems have
potential to be developed into a wide range of sensors, capable of detecting a wide

range of analytes."”

3.0 Conclusions

Pyrene, a rigid aromatic molecule, displays a series of useful properties. It can undergo
n-mt stacking interactions, leading to the formation of excimers. It displays long-lived
fluorescence, which is very sensitive to changes in environment. Furthermore, it can

participate in charge-transfer complexes, usually acting as an electron-donor.
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As a result of these properties, pyrene has been used for a wide range of applications.
As discussed, these applications make use of the structural, optical and charge-transfer
properties of pyrene in a range of different systems, ranging from nano-engineering to

biology.

Generally, pyrene derivatives used in these applications are substituted at the 1-, 3-, 6-
and 8-positions, which are the sites of maximum contributions in the HOMO (and also
the LUMO), and therefore the site of electrophilic aromatic substitution.

In contrast, derivatives substituted at the 2- and 2,7-positions are relatively rare. As a
result of the presence of the nodal planes in the HOMO (and LUMO), which lie
perpendicular to the molecule and pass through the 2- and 7-positions, the synthesis of
these derivatives is lengthy. However, derivatives substituted at these positions are of
interest because they retain the long axis of symmetry, and also display a unique range
of photophysical properties that differ from those of the analogous 1-substituted

derivatives.

Using iridium-catalyzed C-H borylation, straightforward and high-yielding syntheses of
2,7-bis(Bpin)pyrene and 2-(Bpin)pyrene have been achieved. The present work uses
this finding as a starting point to synthesize a range of 2- and 2,7-substituted pyrenes
bearing donor and acceptor groups, including aryl, ethynyl, arylethynyl, alkyl, hydroxy,
alkoxy, diarylamino, carboxylic acid and diarylboryl substituents. The molecular
structures and crystal packing, as well as the photophysical properties of the new
derivatives were also investigated.

The synthetic methodology, crystal packing and optical properties reported herein will
allow 2- and 2,7-pyrene derivatives to be incorporated into many existing and new
pyrene-based applications, and will hopefully make their use become as mainstream as

the related 1-substitued derivatives.
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Chapter 2: Functionalization of Pyrene at the 2- or 2.7-Positions: Synthesis, Crystal

Structures and Packing

1.0 Introduction

Despite retaining a long axis of symmetry and displaying unique photophysical
properties, 2- and 2,7-substituted pyrene derivatives are understudied (vide supra)
because they are laborious and difficult to synthesize. Before the full potential of such
systems can be investigated, a straightforward and high-yielding synthetic route to these
derivatives is required.

This chapter reports the synthesis and characterization of a library of 2-mono and 2,7-
bis-functionalized pyrenes starting from the boronic esters 2,7-bis(Bpin)pyrene 1 and 2-
(Bpin)pyrene 2 (pin = OCMe,CMe,0) prepared via the C—H borylation of pyrene.'
Subsequent reactions convert the boronic esters to pyrene derivatives that are used as
nucleophilic or electrophilic partners in cross-coupling reactions, leading to
synthetically and photophysically interesting systems. The crystal structures and
packing for compounds 1-3, 7, 9-11, 15-17, 22, 24 are reported and discussed. For
comparison purposes, a series of 1-(R)-substituted pyrenes was also prepared.

Several of these compounds had initially been synthesized by Drs Zhiqiang Liu, Nicolle
Schwarz, Marie-Héléne Thibault, Gilles Alcaraz and Ibraheem A. I. Mkhalid in low to
moderate yields and were only partially characterized. I developed optimized syntheses
of these compounds which often involved implementing alternative strategies, modified
reaction conditions or new work-up procedures. I also synthesized new derivatives, thus
expanding the range of synthetic approaches used in this work. High yields of pure

materials were achieved in all cases making the chemistry suitable for applications.

2.0 Results and Discussion

2.1 Synthesis and Characterization

In order to provide access to a library of pyrene derivatives, which are mono- or bis-
substituted at the 2- and 7-positions, the regio-controlled C—H borylation of pyrene was
employed to give 1 and 2 as starting compounds (Figure 1). This reaction has been
previously communicated;' however, this work shows the applicability of this reaction
on a larger scale (3-5 g) and with lower catalyst loadings (1 mol % [Ir(OMe)COD],).

Compound 1 was isolated in a 94% yield, whereas in the case of 2, competing di-
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substitution to give 1 lowers the yield of the mono-substitution product. However,
replacing THF by the nonpolar solvent, hexane, aids selectivity, leading to a higher
isolated yield (65%) of 2 after column chromotography. Trace amounts (< 1%) of tris-
borylated pyrene were observed by GC-MS in the reaction mixture of 1 when using 2.2
molar equivalents of B,pin, and extended reaction times of 2-4 days. During the
chromatographic isolation of 2, a fraction containing a mixture of tris- and bis-borylated
pyrene isomers (by GC-MS) was recovered in less than 1% yield. Substitution at the 2-
position of pyrene with a tert-butyl group® blocked this position and allowed subsequent
selective borylation at the 7- position to give 2-Bu-7-Bpin-pyrene 3 in a high yield
(85%). This is a more straightforward route to a mono-borylated pyrene, due to the ease

of purification of the product (Figure 1).

[Ir(OMe)COD], (1 mol %)
dtbpy (2 mol %)

2.2 eq. Bypiny _
THF > Bpin C
0

Bpin 1

1.1 eq. Bypin : 6
oryco oo (51
E)H;gfz Hexane Bpin O 2
AICI
Cls | (65%)
— | 1.1eq.Bypiny, _ . CCO
CO /| Hexane > Bpin O 3

(85%)

Figure 1 Iridium Catalyzed C-H Borylation of Pyrene

Although aryl boronate esters have been used extensively in Suzuki-Miyaura cross-
coupling reactions,’ attempts to employ compounds 1 and 2 in cross-coupling reactions
under mild conditions were unsuccessful. This unusually low reactivity may be due to

the fact that neither the HOMO nor LUMO of pyrene have any contributions at the 2,7-
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positions. As mentioned in Chapter 1, 2 has been coupled to a uridine base, but long
reaction times and harsh conditions were required.* Clearly, different methodologies are
required to prepare derivatives of synthetic and photophysical interest from 1 and 2.
These methods are now discussed in detail.

All reactions were monitored by GC-MS and 'H NMR spectroscopy, and the isolated
compounds were fully characterized by NMR spectroscopy, mass spectrometry,
elemental analysis (EA) and by single crystal X-ray diffraction studies for compounds
1-3,7, 9-11, 15-17, 22, 24. In the case of the bis-substituted pyrenes, two singlets of
equal intensity due to the pyrene protons are observed in the region of 7.8-8.9 ppm in
the 'H NMR spectra, whereas in the spectra of mono-substituted pyrenes, a singlet,
three doublets and a triplet are observed in the region of 7.7-8.6 ppm. The signals for
pyrene itself appear in the region of 8.0-8.2 ppm; thus substituents at the 2- and 7-
positions do influence the chemical shift of the pyrene protons, presumably by inductive
effects.

In order to increase the reactivity of the borylated compounds 1 and 2 in Suzuki-
Miyaura cross-couplings, the esters were converted into their corresponding boronic
acids, 4 and 5, by oxidative cleavage of pinacol with NalO, and subsequent
acidification, analogous to reported general procedures (Figure 2).” ° Compound 4 is a
known compound that has application in COF’s (covalent organic frameworks).” The
boronic acids were indeed much more reactive than the Bpin esters towards Suzuki-
Miyaura cross-coupling with octyl 4-bromobenzoate and methyl 4-iodobenzoate,
respectively, to give the pyrenyl 4-benzoic acid esters, pyrenyl-2,7-bis[4-
(octylbenzoate)] 6 (75% yield) and pyrenyl-2-[4-(methylbenzoate)] 7 (60% yield), with
the long chains added to compound 6 to improve solubility for further applications
(Figure 2). It was found that addition of H,O (1 mL) to improve solubility of the K,PO,
base used in the synthesis of 6 reduced the yield to 12%, presumably a result of a
competing protodeborylation process.

The boronic acids, 4 and 5, show evidence (MALDI-TOF MS) of condensation to form
oligomers, as is usual for arylboronic acids, and to overcome this problem, the
respective potassium trifluoroborates,” 8a and 9, were prepared. Compound 1 was
reacted with six equivalents of KHF, to form [K*],[2,7-(BF;),pyrene]* 8a with complete
conversion as shown by in situ NMR spectroscopy. Further purification was difficult

due to the low solubility of the compound. Addition of six equivalents of 18-crown-6
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ether improved the solubility of 8a, and pure samples were isolated with the
composition of 8a-1.5(18-crown-6) 8b, as determined by 'H NMR spectroscopy and
elemental analysis. Reaction of 2 with three equivalents of KHF, gave K'[2-(BF,)-
pyrene] 9 in good yields. The reactions with KHF, proceed under ambient conditions
and require minimal workup, as the products, 8a and 9, precipitate as colourless solids
(Figure 2). Reaction of 8a and 9 with six and three equivalents of LiOH, respectively,
followed by acidification, provided an alternative route to the boronic acids, 4 and 5,
with slightly higher yields (Figure 2). The products isolated using this method tended to
require less purification than those prepared via the oxidation of the pinacol boronates.
In the MALDI-TOF mass spectrum of 4, higher mass signals corresponding to three or
more units of the parent boronic acid less nH,O were observed, consistent with the
aforementioned condensation. In a further reaction, 9 underwent cross coupling with 1-
iodo-4-dimesitylboryl-benzene under Suzuki-Miyaura conditions at 90 °C, to give 2-(4-
(dimesitylboryl)phenyl)pyrene 10 in a 65% yield after recrystallisation (Figure 2). The
dimesitylboron moiety was chosen as it serves as an efficient m-acceptor’ and is part of
further work into m-conjugated organic compounds containing three-coordinate boron
centres.® Such compounds have had a significant impact on the area of materials
chemistry’ as they display linear, nonlinear and electro-optical properties, which are

useful for applications in OLEDs, sensors, solar cells and other optical materials.
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All of the above reactions have employed the pyrenyl boron reagent as a masked carbon
nucleophile. A complementary approach to employ 2,7-substituted pyrene systems in
cross-coupling reactions would be to convert the pyrene compound into an electrophile.
Common electrophilic reagents for cross-couplings are aryl halides, and conversion of
aryl boronate esters to the corresponding bromides using CuBr, has been reported.’
Reaction of compound 1 with six equivalents of CuBr, in a mixture of THF, MeOH and
H,O gave 2,7-dibromo-pyrene 11, and the analogous reaction of 2 with three
equivalents of CuBr, gave 2-bromo-pyrene 12 (Figure 3). Aryl bromides 11 and 12,
were isolated in 70% and 88% yields, respectively, as they precipitated from the
reaction mixture as colourless solids, which were easily purified by filtration and
washing with water and hexane. Synthesis of 11 from [2.2]metacyclophanes' or
dehydrogenated pyrene'' has been reported. However, the current method allows the
target compound to be obtained in two simple steps, compared to three steps.
Furthermore, it is possible to carry out the C-H borylation/bromination sequence as a
one-pot process, isolating 11 in a 71% yield from pyrene. In the analogous one-pot
synthesis of 12, a mixture of unreacted pyrene and 12 was recovered, which proved
difficult to separate. However, this mixture could be used for further reactions, such as
cross-couplings, where separation of the unreacted pyrene from final products can be
easier. The lithiation of 2,7-dibromo-pyrene 11, followed by reaction with CO, is
known to yield pyrene-2,7-dicarboxylic acid 13 (Figure 4)."”” The number of reaction
steps is cut from four to three using the C-H borylation/bromination sequence and gives
straightforward access in high yields to compounds that were previously laborious to
synthesize. Lithiation of 12 and subsequent addition of dimesitylboron fluoride gave 2-
(dimesitylboryl)pyrene 14 in a moderate yield (Figure 4).

Aryl triflates have also been used as electrophiles in many different coupling reactions,
and conversion of boronic esters to alcohols and then triflates is known (Figure 3)."”
Oxidation of compound 1 with six equivalents of H,O, and NaOH gave 2,7-
dihydroxypyrene 15; analogously, 2 was converted to 2-hydroxypyrene 16 (Figure 3).
Both reactions gave high yields of the respective products, although if reaction times

were longer than 16 hours, sample purity and yields were adversely affected.
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Figure 3 Synthesis of electrophilic 2- and 2,7-substituted pyrenes.

74



() !
Br Qi’> Br N
BuLi @ O
OMe

11
sz(dba)3
H—R P'Bus
PdCly(dppf) Na'OBu
Cul Toluene
6 DMF/NEt; MeO
Hooe— y—~)-cook Q
W '
13
29 (93%)
(93%) OMe
R = TMS 22 (80%), 4-CgH4-NMe, 26 (73%)
1) Zn, 1, DMF
nBuLi
6 F-B(Mes),
C B(Mes), = Br OO
O Et,0 2) PACIy(PPhs),
14 (30%) 33 (74%)

Figure 4 Lithiation and cross-coupling reactions of 2-(Br)-pyrene and 2,7-(Br),-pyrene.
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The m-stacking properties of 15 have recently been investigated via conversion to its
more soluble dibenzylether, which allowed complexation with macrocyclic systems."*

To synthesize the aryl triflates, reaction of 15 and 16 with excess triflic anhydride in dry
pyridine gave 2,7-bis(trifluoromethanesulfonyl)pyrene 17 and 2-
(trifluoromethanesulfonyl)pyrene 18, respectively (Figure 3); unlike the parent
(Bpin)pyrene compounds, these elute rapidly with hexane:Et,0O on a silica column,

making purification facile.

The above demonstrated synthetic routes not only provide pyrenes substituted with
weak st-donors (Br, OH, OTY) or strong m-acceptors (CO,H, B(Mes),) at the 2- and 2,7-
positions, but also allow expansion of the library of pyrene compounds by further
reaction; in particular, cross-coupling reactions utilizing compounds 11, 12, 17 and 18.
Thus reaction of 17 with two equivalents of phenylboronic acid under Suzuki-Miyaura
conditions afforded 2,7-diphenyl-pyrene 19 in a 79% yield (Figure 5), although the
product was rather insoluble, and heating to 100 °C in the NMR spectrometer was
required to obtain spectra of the compound. Sonogashira cross-coupling reactions of 17
with phenylethyne, 4-(dimesitylboryl)phenylethyne, and trimethylsilylethyne gave the
respective products, 2,7-bis(phenylethynyl)-pyrene 20, 2,7-bis(4-
dimesitylborylphenylethynyl)pyrene 21 and 2,7-bis(trimethylsilylethynyl)pyrene 22.
During the workup of compound 22, the mono coupled by-product, 2-
(trifluoromethanesulfonyl)-7-(trimethylsilylethynyl)pyrene 23, was isolated in a 22%
yield (Figure 5). Further derivatization should be possible via the triflate moiety in 23,
leading to interesting unsymmetrically disubstituted pyrenes. Under similar conditions,
coupling of 18 with phenylethyne and trimethylsilylethyne gave 2-
(phenylethynyl)pyrene 24 and 2-(trimethylsilylethynyl)pyrene 25 in 78 and 75% yields,
respectively (Figure 5). In order to demonstrate the synthetic value of 2,7-
dibromopyrene 11 in cross-coupling reactions, it was coupled with 2.1 equivalents of
TMSC=CH under Sonogashira conditions as an alternative route to 22 (Figure 4).
Initially, [PdCL,(PPh;),] was used as the catalyst, but after overnight heating, incomplete
conversion was observed by GC-MS. Using the more electron donating 1,1°-
bis(diphenylphosphino)ferrocene (dppf) ligand led to complete conversion (by GC-MS)
giving 22 in 80% isolated yield after column chromatography. The same method was

used to synthesize 2,7-bis(4-N,N-dimethylaminophenylethynyl)pyrene 26 in a 73%
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Figure S Cross coupling reactions of 2-(OTf)-pyrene and 2,7-(OTf),-pyrene.
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yield providing an extended conjugated system containing the strong s-donor
dimethylamino group (Figure 4). Deprotection of 22 and 25 with sodium carbonate in
MeOH led to the isolation of the terminal alkynes 2,7-diethynylpyrene 27 and 2-
ethynylpyrene 28, in 86% and 81% yields, respectively (Figure 6). Both compounds are
stable under ambient conditions for several days, and would be suitable for further

elaboration via Sonogashira cross-coupling.

_ N32003
(= us i
O MeOH/H,0

R = -CC-TMS 22, H 25 R = -CC-H 27 (86%), H 28 (81%)

Figure 6 Synthesis of 2- and 2,7-ethynyl-substituted pyrenes

N, N, N’, N’-tetraaryl-1,1’-biphenyl-4 4’ diamines (TPDs) are an important class of hole
transporters for OLEDs."” Thus, to demonstrate the utility of Buchwald-Hartwig
amination technology to the synthesis of analogous 2,7-bis(diarylamino)pyrenes, the
reaction of 11 and (4-methoxy-phenyl)-phenyl-amine was carried out. The reaction
gave 2,7-bis{(4-methoxy-phenyl)-phenyl-amino}-pyrene 29 in 93% yield (Figure 4). In
contrast to the recent report16 of the synthesis of the 1,6-isomer of 29 from 1,6-
dibromopyrene, which employed Pd,(dba), as the catalyst, the synthesis of 29 from 11
required a more active catalyst, prepared in situ from Pd,(dba); and P'Bu,. This
observation, similar to that of the Sonogashira couplings of 11 (vide supra), again
demonstrates the lower reactivity of 2,7-dibromopyrene in cross-coupling reactions
compared with that of pyrenes substituted at the 1,3,6 and 8 positions. Presumably, this
is a result of the fact that neither the HOMO nor LUMO of pyrene have a contribution

at C2 or C7 due to the presence of a nodal plane passing through these carbon atoms.
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Commercially available 4-(pyren-1-yl)-butyric acid 30 is used to determine oxygen
concentrations in biological systems'’ and to investigate intracellular delivery of
bioactive molecules.”® For comparison of their photophysical properties to 30, the
related 4-(pyren-2-yl)-butyric acid 31 and 4-(pyren-2-yloxy)-butyric acid 32 were
synthesised. Demonstrating the application of a Negishi coupling, alkylation of pyrene
at the 2-position was performed. Zinc powder and a catalytic amount of iodine' were
used to form the zinc reagent from 4-bromo-butyric acid methyl ester, which was then
cross coupled to 12 using [PdCl,(PPh;),] to give 4-pyren-2-yl-butyric acid methyl ester
33 in a 74% yield (Figure 4). Deprotonation of 16 with Na‘OBu followed by the
addition of excess 4-bromo-butyric acid methyl ester gave 4-(pyren-2-yloxy)-butyric
acid methyl ester 34 (Figure 7). Ester hydrolysis of compounds 33 and 34 using
LiOHH,O gave acids 31 and 32 in 80 and 66% yields respectively (Figure 8). Similar to
the synthesis of 34, reaction of 1,12-dibromo-dodecane and 16 in the presence of
Na'OBu gave 2-(12-bromo-dodecyloxy)-pyrene 35 (Figure 7). Compound 35, has the
potential for further derivatization at the bromo end of the carbon chain, for example,
the introduction of polar moieties, thus allowing it to be used as a fluorescence probe in

biological systems.

1) Na’OBu, DMF
C ot
T )
34 (75%)
O on
1) NalOBu, DMF *o (CH,)1,Br

2) Br CH2)1zBr
35 (72%)

Figure 7 Synthesis of 2-substituted pyrene ethers
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34 32 (66%)

Figure 8 Ester deprotection to yield 2-substituted pyrene acids

For comparison of their photophysical properties with the 2-, and 2,7-substituted
pyrenes, several pyrene derivatives substituted at the 1-position were synthesized
(Figure 9). Reactions were followed by GC-MS. Bromination of pyrene by electrophilic
aromatic substitution using HBr and hydrogen peroxide gave the known 1-bromopyrene
36.° Sonogashira cross-coupling of 36 with phenylethyne gave 1-
(phenylethynyl)pyrene 37. 'H and “"C NMR spectroscopic data for 37 are in good
agreement with those reported previously for the compound, which had been
synthesized via cross-coupling between 1-ethynylpyrene and bromobenzene.
Analogous to the 2-substituted compounds, lithiation of 36 with "BuLi and subsequent
reaction with  dimesitylboron fluoride gave the recently reported 1-
(dimesitylboryl)pyrene 38.* Suzuki-Miyaura cross-coupling of 36 with 1-Bpin-4-
(dimesitylboryl)benzene gave the previously unknown 1-(4-
dimesitylborylphenyl)pyrene 39 in 61% yield. Reaction of 36 with B,pin, via Pd-
catalyzed borylation gave 1-(Bpin)pyrene 40 in 77% yield.”
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Figure 9 Synthesis of 1-substituted pyrene derivatives
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2.2 Crystal Structures

To investigate the effects of substitution at the 2- and 2,7-positions on the crystal
packing and hence the stacking properties of pyrene, single-crystal X-ray diffraction
studies were carried out on compounds 1-3, 7, 9-11, 15-17, 22, 24. The data collection

and structural solutions were carried out by Dr. Andrei Batsanov.

The crystal packing of polycyclic aromatic hydrocarbons (PAH), such as pyrene have

been classified** into four types (Figure 10):

a) Herringbone, dominated by edge-to-face (C-H...m) intermolecular interacti