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SYNOPSIS
A porphyrin skeleton which nature has chosen for diverse biological functions is a simple
cyclic tetrapyrrolic macrocycle containing four methine bridges. It is a 18π conjugated
system which has a rich electronic spectra in the visible region. Taking clue from nature,
synthetic chemists have modified porphyrin skeleton in different ways to create new
macrocyclic systems with altered electronic structure. The modification include; (a)
expansion of ring, (b) contraction of ring, (c) isomer formation by changing links and (d)
core-modification by replacing one or two pyrrole rings by other heterocyclic rings such
as thiophene, selenophene and tellurophene. [1-3] (Chart-1).
In this thesis, an attempt has been made to synthesise a range of core-modified expanded
porphyrins, from pentaphyrins to nonaphyrins and their properties in terms of
conformational changes,4 structural diversity,5 Hückel-Möbius aromatic switch6 over
and electronic structure have been probed to understand the optical, electrochemical,
photochemical and excited state properties.

Chart-1: Porphyrin modifications.
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Organization of the thesis:
This thesis is mainly divided into five chapters and a brief description of each chapter is
given below:
Chapter 1: General introduction.
Chapter 2: General experimental methods.
Chapter 3: Core-modified Pentaphyrin and Hexaphyrins: Syntheses and structural
diversity.
Chapter 4: Core-modified [4n]π Heptaphyrins: Möbius aromaticity in freebase and
protonated state.
Chapter 5: Core-modified [4n+2]π Octaphyrins: Structural diversity & 3-dimensional
aromaticity.
Chapter 6: Core-modified [4n]π Nonaphyrins: Transformation from figure-eight to
open conformation.

Chapter 1: General introduction
This chapter describes a general introduction to expanded porphyrins. Sapphyrin first
invented by Woodard and co-workers in 1966 laid the foundation for expanded porphyrin
chemistry.7 Later effort by E. Vogel’s group and Sessler’s group were successful in
synthesizing range of expanded porphyrins such as 22π sapphyrin, 26π rubyrin, 24π
rosarian, 28π heptaphyrin, 30π octaphyrin, 40π turcasarin by developing simple and
efficient methodology.8 Later on the research groups of Latos-Grażyński in Poland and
Osuka in Japan reported not only synthesis of various expanded porphyrin containing
different number of π electrons but also exploited their properties in terms of HückelMöbius aromaticity,9 structural diversity10 and optical properties. Efforts from our
laboratory mainly concentrated on core-modified expanded porphyrins and we were
successful in synthesizing a 34π planar octaphyrin which exhibit large aromaticity.11
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Chapter 2: General experimental methods:
This chapter mainly describe the syntheses procedure of desire precursors and their
spectral characterizations (NMR spectroscopy). We introduce DTT as fused and electron
rich precursor to synthesize fused and bridged expanded porphyrin. We also introduce
non-fused derivative such as bithiophene and terthiophene to compare the stability
between fused and non-fused derivatives. We also introduce 1,2-dithienyl ethene to make
the macrocycle more flexible.

Chart-2: List of precursors
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Chapter 3: Core-modified Pentaphyrin and Hexaphyrin: Syntheses and
structural diversity.
In this chapter we report syntheses of expanded porphyrins containing five and six
heterocyclic rings (pentaphyrin and Hexaphyrin respectively). A normal pentaphyrin
macrocycle is reported to be an unstable and not amenable for evaluation of properties
and structure. Osuka and co-workers used fusion approach to synthesize stable
pentaphyrins.12 In this chapter we were successful in synthesizing a pentaphyrin with
[2,1,1,1,1] meso link and Hexaphyrin with [2,1,1,0,1,1] meso link. We followed simple
acid catalysed condensation of tripyrrane (2) and diol (1) to get desired pentaphyrin (3)
in 7% yield. [Scheme-1]. On the otherhand Hexaphyrin (5) was synthesized by using
condensation reaction of fused tetrapyrrane (4) with diol (1) followed by DDQ oxidation
in 7% yield. [Scheme-2]. Both 3 and 5 have been well characterized by ESI mass
spectrometry, UV-VIS absorption and 1H and 2D NMR spectroscopy.

Scheme 1: Synthesis of Pentaphyrin

Scheme 2: Synthesis of Hexaphyrin.

Scheme 3: Changing in conjugation after
protonation is shown
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UV-VIS spectrum of 3 in its freebase form exhibits a Soret band at 490 nm and Q band
698 nm. However upon protonation at nitrogen centre there is a large red shift of 100 nm
in Soret band suggesting a change in the conformation upon protonation. This is
supported by 1H NMR spectroscopy where β-thiophene protons of central thiophene ring
(a proton) is shielded by about 4ppm and imine hydrogen proton appears around 3ppm.
[Figure-1]. These changes probably support the induction of Möbius aromatic character
to the molecule upon protonation.

Figure-1: TFA titration 1H NMR spectra of 3.
On the other hand the Hexaphyrin (5) derivative which is 28π conjugated system in its
freebase form changes the π-conjugation to a 30π system upon protonation and the
protonated derivative exhibits Hückel aromatic character. [Scheme-3].
Chapter 4: Core-modified 4nπ Heptaphyrins: Möbius aromaticity in freebase
and protonated state.
In this chapter two different types of fused heptaphyrin (8) have been synthesized and
characterized. [Scheme-4]. The fusion of the ring has been deliberately introduced only
on one side of the macrocycle, while the opposite end remains flexible, thus allowing the
twist to happen to attain Möbius aromaticity.
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Scheme 4: Synthesis of fused Heptaphyrin.
Spectroscopic investigation (1H NMR, UV-VIS spectroscopy) clearly indicates presence
of Möbius aromatic character in both freebase and protonated state. For example, the
methyl protons in meso mesityl unit resonate at -0.26ppm and -1.50ppm respectively for
8a suggesting the methyl group is experiencing the ring current of the macrocycle. The
X-ray structure of the freebase derivative clearly revealed the twisting expected for the
molecule and the methyl group of the meso mesityl group is experiencing the ring current
as revealed from 1H NMR spectroscopy. [Figure-2]. The Nucleus Independent Chemical
Shift (NICS) calculated for 8a in freebase and protonated state are -8.1 and -9.9 ppm
respectively clearly support the Möbius aromatic character.

Figure 2: Structural characterization of both 8a and 8b.

xvii

Chapter 5: Core-modified [4n+2]π octaphyrins: Structural diversity and 3dimensional aromaticity.

Chart-2: Three different 34π aromatic Octaphyrins synthesized.
In this chapter we have synthesized three different types of octaphyrins. In order to avoid
figure-eight conformation, we have adopted; (i) reduction in the number of meso carbons
with bulky meso substituents, (ii) fused approach and (iii) fused & bridging approach. In
all the three cases, the expanded porphyrin skeleton adopt almost planar conformation,
exhibiting aromaticity. The octaphyrin (9) exhibits two conformations, both in solution
and solid state and the conformers differ with respect to ring inversion in the freebase
form. To the best of our knowledge this is the first example of expanded porphyrin
exhibiting two conformations in a single unit cell. [Figure-3]. However upon protonation
only one conformation is stabilized.

Figure 3: Single crystal X-ray structure of 9 showing two conformers.
xviii

The dithienothiophene (DTT) fused expanded octaphyrin (10) shows a very high degree
of planarity and hence are aromatic. [Figure-4]. The existence of an imino and amino
nitrogen in the skeleton allowed us to synthesize Rh(I) complex of the macrocycle.

Figure 4: Structure of fused DTT octaphyrin 10: (a) Top view, (b) Side view.
The fused and bridged octaphyrin (11) exhibit dual aromaticity (26π and 34π). The
presence of dual aromaticity is confirmed by UV-VIS spectroscopy (two Soret bands)
and 1H NMR spectroscopy. The X-ray structure reveals almost planar porphyrin skeleton
and inner bridged DTT unit is 22.73º tilted away from mean macrocyclic plane. [Figure5]. This molecule contains 42π electron in conjugation and hence exhibits [4n+2]π
Hückel aromaticity.

Figure 5: X-ray structure of 11: (a) Top view & (b) Side view.
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Excited state aromaticity:
According to Baird’s prediction;
Aromatic molecules which have [4n+2]π configuration in ground state are antiaromatic in the lowest triplet excited state and anti-aromatic molecules which have
[4n]π configuration in ground state are aromatic in the lowest triplet excited state. This
reversal of aromaticity upon going from ground state to excited triplet state was predicted
by Baird in 1971.13
In order to test Baird’s prediction, we used octaphyrin [11], which contains 42π electrons
which exhibit Hückel aromaticity in ground state. Oxidation of this molecule by 2e- will
generate a 40π electronic system [4nπ], which according to Baird’s rule should exhibit
aromaticity in the lowest excited triplet state. We verified this by recording triplet state
ESR spectra of the oxidised species of (11++) [Figure-6] and evaluated the zero field
splitting parameters D and E. The D and E values are 256G and 33G. Further support for
the presence of aromaticity in the ground and excited state comes from; (a) NICS value
calculation. (b) Anisotropy Induced Current Density (AICD) plot & (c) Harmonic
Oscillator Model of Aromaticity (HOMA) value calculation. This is the second example
in literature which verifies the Baird’s prediction.

Figure-6: Triplet state EPR spectrum of 11++
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Chapter 6: Core-modified [4n]π Nonaphyrins: Transformation from figureeight to open conformation.
In this chapter we are discussing syntheses and structural diversity of next higher
analogue, 40π nonaphyrin (14). The synthetic strategy involve a [5+4] condensation
reaction of appropriate precursors. Here also, we have adopted the fusion strategy at the
one end of the molecule keeping other end flexible. [Scheme-5].

Scheme 5: Synthesis of non-fused and fused nonaphyrins 14
14b have been characterized by both spectroscopic and single crystal X-ray structural
analysis. Nonaphyrin exhibit a figure-eight conformation with non-aromatic character in
its freebase form. However, upon protonation a major structural change happens, in
which figure-eight structure is transformed into an open conformation triggered by
formation of hydrogen bonds with TFA molecules. Such a structural change also induces
ring inversions and the protonated state 1H NMR spectra reveals paratropic ring current.
The inner and outer NH protons of the normal and inverted ring suggest the anti-aromatic
nature of the macrocycle in the protonated state. [Figure-7].

xxi

Figure 7: Structure of 14b in freebase and protonated state.
In summary, we have synthesized a range of core-modified expanded porphyrins and
studied their properties in terms of their structural diversity, conformation and
aromaticity both in ground and triplet excited states.
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1.1 Introduction
Porphyrins are naturally occurring macrocycles and are termed as “Pigments of Life.”[1] It
plays important role in numerous biological functions such as oxygen transport and storage
in the form of Hemoglobin and Myoglobin,[2,3] electron transport in cytochromes,[4,5]
harvesting the light energy in the form of chlorophyll[6,7] and peroxide breakdown by
catalase and peroxidase enzymes.[8,9] Indeed, the life relies on biological processes which
are performed or catalyzed by heme-containing proteins. In additions, it has also been proven
to be efficient sensitizers for photodynamic therapeutic (PDT) applications,[10,11] non-linear
optical properties[12,13] and catalysis.[14-16]
The parent form of these macrocycles are called as Porphine. The name is derived from the
Greek word “porphura” meaning “purple” color and the porphyrins and its derivatives are
intensely colored. The four pyrrolic units are linked by four sp2 hybridized meso carbon
bridges with the molecular formula of C20H14N4. The inner core contains 16 (C/N) atoms in
the macrocyclic framework with 22 π electrons in the overall conjugation pathway and the
main conjugation pathway contains 18 π electrons. Thus the macrocycle obeys [4n+2]π
Hückel rule and is aromatic. The typical aromatic nature is reflected from the electronic
absorption and NMR spectral analyses. The electronic spectral analysis exhibits an intense
absorption band at 400 nm and called as “Soret band” and four weak Q-like bands between
450 to 700 nm region. On the other hand, the diamagnetic ring current is reflected from the
deshielding of the pyrrolic β-CH protons and meso protons, while the inner NH protons are
appeared in the shielded region.
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For nomenclature, according to the common convention, the 2- and 5- position of the
heterocyclic units, such as pyrrole, furan and thiophene are referred as alpha (α) and 3- and
4- positions are referred as beta (β) positions. The same nomenclature was used when the
heterocycles were incorporated in the macrocyclic framework. Thus, the positions such as,
1-, 4-, 6-, 9-, 11-, 14-, 16- and 19- are considered as α-positions, while the 2-, 3-, 7-, 8-, 12, 13-, 17- and 18- are termed as β-positions. Similarly, the bridging methene units, such as
5-, 10-, 15- and 20- are considered as meso-positions.

Due to the complexity in the IUPAC nomenclature, the porphyrin and its derivatives were
assigned trivial names by their discoverers. The trivial names are constructed either based
on the color or other feature of the macrocycle, followed by the suffix “phyrin” or “rin”
taken from porphyrin. For example, Woodward and co-workers have assigned a
pentapyrrolic macrocycle as “sapphyrin” where the molecule crystallizes in dark blue
color.[17] In order to avoid trivial names, thenomenclature was put forward by Franck and
Nonn. The nomenclature contains three parts: (1) the number of π electrons in the shortest
conjugation pathway, which is kept in square brackets; (2) a core name indicating the number
of pyrroles or other heterocycles in the overall systems (e.g., pentaphyrin, hexaphyrin, etc.)
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and (3) numbers in round brackets separated by dots following the main name specify the
number of bridging carbon atoms between each pyrrole subunit starting with the largest
bridge. For instance, according to this nomenclature, porphyrin 1 would be named as
[18]tetraphyrin(1.1.1.1).
There are many reports about modification of the porphyrin periphery and its core, most of
them are listed here. (a) Peripheral modification: by changing the substituent at the periphery
of the macrocyclic framework;[18-20] (b) Contracted porphyrinoids: by reducing the number
of pyrrole and / or meso-carbon units in the porphyrin skeleton, which leads to contraction
in the porphyrin skeleton;[21-23] (c) N-confused porphyrinoids: the α and βʹ position of one or
more pyrrole units are connected to the meso-carbon bridges, where the pyrrole nitrogen is
pointing outside the macrocyclic framework;[24-29] (d) Core-modified porphyrinoids: one or
more pyrrole nitrogen atoms in the porphyrin core are replaced by chalcogen atoms;[30,31] (e)
Expanded porphyrinoids: by increasing one or more pyrrolic units or number of meso carbon
units in the porphyrin framework leads to increase in the π electron conjugation.[32-34] These
porphyrinoids are found suitable for various applications such as (i) sensitizers for PDT,[10,11]
(ii) MRI contrasting agents;[35] (iii) multi-metallic chelates for catalysis;[36-38] (iv) binds with
various anions and neutral substrates[87-93] and (v) as models for aromaticity,[60-69] thus led to
flurry of research activities, in particular for its synthesis, spectral and structural
characterizations. The pioneering work was initiated by Woodward and co-workers in
sixties, however, it is only in the late eighties and early nineties, the chemistry of expanded
porphyrins has been exploited because of the readily available
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Chart 1. Molecular Structures of Porphyrinoids
precursors such as dipyrrane and tripyrrane. So far, a variety of expanded porphyrins with
varying ring sizes are known which includes; sapphyrins,[39] smaragdyrins,[40,41]
pentaphyrins,[42,43]

hexaphyrins,[44,45]

rosarian,[46,47]

rubyrin,[48]

amethyrin,[41]

heptaphyrin,[49,50] octaphyrin,[51,52] nonaphyrins,[53] turcasarin,[54] dodecaphyrins[55] and the
largest expanded porphyrin with 96π electrons in the macrocycles have been reported and
their properties have been exploited for various applications. This thesis is mainly focused
on the synthesis, spectral, structural characterization, Möbius aromaticity and structural
diversity of core-modified pentaphyrin, hexaphyrin, heptaphyrin, octaphyrin and
nonaphyrin. The synthesis of respective expanded porphyrinoid were highlighted in the
introduction part of each chapters. Hence, in this chapter, we have mainly focused on the
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aromaticity, structural diversity and receptor properties such as anion binding and
coordination chemistry of the macrocycles.
1.2 Aromaticity
The concept of “Aromaticity” is well known in the porphyrinoid chemistry. The Hückel
[4n+2]π aromatic character in porphyrin changes into different form in expanded porphyrin
chemistry. In addition to aromatic character, they exhibit Hückel 4nπ non-aromatic, antiaromatic, Möbius 4nπ aromatic, Möbius [4n+2]π anti-aromatic and Baird aromatic
character. The aromatic and non-aromatic character is well-known in the literature, here we
mainly focused on anti-aromatic, Möbius 4nπ aromatic and Baird aromaticity, which are
relevant to this thesis.
1.2.1 Anti-aromaticity
There are series of notable strategies for the synthesis of Hückel 4nπ anti-aromatic expanded
porphyrins. Some of the macrocycles are shown in Figure 1.1. The [28]hexaphyrins (1) was
reported by Osuka and co-workers.[56] The strong paratropic ring current was reflected from
the 1H NMR spectral analyses of 1. The peripheral β-CH protons of 1 were resonated in the
upfield region at 5.83 ppm to 4.23 ppm, the inner core imidazolyl protons were observed
between 9.64 ppm and 8.95 ppm, whereas the pyrrolic NH protons were at 21.81 and 20.41
ppm, suggests the Hückel anti-aromatic character. The planar conformation of anti-aromatic
1 was reflected from the single crystal X-ray analyses and further supported by theoretical
calculations, where nucleus-independent chemical shift (NICS) values of 1 was found to be
+16.00 ppm.
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The [32]π expanded isophlorin (2) was reported by Anand and co-workers.[57] The 1H NMR
spectral analyses of 2 revealed the typical anti-aromatic character, where the ethylene
protons resonated as a broad singlet which was further split into two doublets upon lowering
the temperature to 175 K. Both the inner and outer CH protons were observed at 12.83 ppm
(inner CH) and 5.37 ppm (outer CH). The chemical shift difference (Δδ) of 7.5 ppm between
the inner and outer CH, thus confirms the strong paratropic ring current. The planarity of the
macrocycle was further reflected from the crystal analyses with strong intermolecular F…S;
F…Se and F…π interactions. The calculated NICS(0) was observed at 11.8 ppm, thus proves
the Hückel 4nπ anti-aromatic character.
Our group have also demonstrated the synthesis of [36]π doubly fused octaphyrin (3) which
exhibits non-aromatic figure-eight conformation in the freebase form into anti-aromatic
open-extended conformation in the protonated state.[58] Upon protonation, two of the pyrrole
units in the dipyrrin moiety were inverted and experienced the paratropic ring current, where
the inverted pyrrole β-CH and NH protons were resonated at 15.91 ppm and -0.1 ppm and
the respective protons in the normal pyrrole units were observed at 4.36 ppm and -18.7 ppm.
In addition to crystal analyses, the anti-aromatic character was further supported by
theoretical calculations, where the NICS(0) value at 9.94 ppm and the paratropic ring current
from the anisotropy-induced current density (AICD) plots in the diprotonated form.
The synthesis and anti-aromatic character of core-modified [32]π mono fused heptaphyrin
(4) was reported by our group.[59] The deshielded signals of inverted dithienothiophene
(DTT) and the pyrrolic ring which is opposite to the DTT unit, at 16.7 ppm and 15.2 ppm
suggests the strong paratropic ring current in the conjugated pathway. The crystal analysis
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reveals that the DTT unit is 28.8° deviated from the mean plane, however the other
heterocyclic rings in the framework maintains the planarity. The large positive NICS(0)
value at +24.6 ppm is in complete agreement with Hückel 4nπ anti-aromatic electronic
circuit.

Figure 1.1: Examples of anti-aromatic expanded porphyrins
1.2.2 Möbius aromaticity
The concept of “Möbius aromaticity” in a closed shell configuration with [4n]π-electron
conjugation in molecular systems was proposed as early as 1964 by Heilbronner.[60]
However, the first real example of a Möbius aromatic hydrocarbon was realized only in 2003
by Herges and coworkers.[61] Since then, several reports have appeared in literature on
molecules which exhibit [4n]π Möbius aromaticity especially in cyclic annulenes and its
derivatives. More recently Mauksch and coworkers have demonstrated the presence of
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Möbius aromaticity in planar metallocycles.[62] The mechanisms involved in understanding
of Möbius aromaticity in annulenes was reported by Karney and coworkers.[63]
The first example of expanded porphyrin analogue which exhibit Möbius aromaticity was
reported in 2007. Specifically, Latos-Grażyński and coworkers in an elegant study
demonstrated that di-p-benzi-[28]Hexaphyrin (5) shuttles between Hückel and Möbius
topologies depending on temperature and the solvent polarity.[64] The results were
summarized below: (i) at room temperature, 5 exhibited Hückel 4nπ non-aromatic character,
however, upon lowering temperature, the pyrrolic NH and phenylene CH protons at 16.51
ppm and 8.16 ppm were shifted upfield and resonated at 10.31 ppm and 6.60 ppm and (ii)
the broad absorption band observed in the presence of non-polar solvent at room temperature
was appeared as Soret and weak Q-like band by using polar solvents and the low temperature
analyses reveals the sharp increase in intensity of the Soret and Q-like bands, along with
color change from green to blue.
Since then, several reports have demonstrated presence of Möbius aromaticity in various
expanded porphyrins such as conformationally flexible 28π hexaphyrins,[66] 32π
heptaphyrins,[67] 36π octaphyrins,[68] N-Fused pentaphyrins,[65] N-fused 28π hexaphyrins[70]
under various conditions such as protonation,[67] metal coordination,[65] fusion of the ring,[66]
oxidation-reduction[71] and variation in temperature and solvents.[64] Some of the examples
are shown in Figure 1.2.
The Rh(I) inserted N-fused [24]π pentaphyrin (6) was reported by Osuka and co-workers.[65]
The 6 was synthesized from its free ligand with Rh(I) salt in the presence of sodium acetate.
The complex was confirmed by crystal analysis, where the N-fused tripentacyclic ring
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maintained the planarity. The Rh(I) ion coordinated with dipyrrin unit was tilted from the
mean plane to register the Möbius topology with reasonable conjugation in the framework.
The results were further reflected from the 1H NMR spectral analyses, where the inner β-CH
and NH protons were resonated at 0.10 and 0.68 ppm. In addition, the NICS(0) value of 16.1 ppm and bond length alternation (BLA) value of 0.100 Å further supports the Möbius
aromatic character.
The benzopyrane-fused [28]hexaphyrin(1.1.1.1.1.1) (7) was synthesized by same group by
refluxing [26]hexaphyrin in acetic acid.[66] At room temperature, the inverted pyrrolic β-CH
were observed in the shielded region at 2.22 and 1.03 ppm, whereas the peripheral β-CH
were at 7.44-7.03 ppm with the Δδ value of 6.41 ppm suggests the distinct diatropic ring
current. The fused tricyclic ring imparts large strain in the rest of the framework and
promotes twisted Möbius topology at room temperature. The NICS(0) value of -11.8 ppm
and the harmonic oscillator model of aromaticity (HOMA) value of 0.73 were further
supported the Möbius aromatic character.
The Möbius aromaticity was also reflected from the simple protonation experiment by using
[32]heptaphyrins (8).[67] The moderate paratropic ring current was displayed from the 1H
NMR spectral analyses, where the pyrrolic β-CH protons at the inner core of the framework
were resonated at 11.27 and 8.50 ppm and the rest of the pyrrolic β-CH protons were
observed from 6.42 to 5.11 ppm, subsequently, the NICS(0) value was calculated and found
to be +10.1 ppm, suggested the typical Hückel 4nπ anti-aromatic character. However upon
protonation, the strong diatropic ring current was revealed from the spectral analyses, where
the inner pyrrolic β-CH protons were observed at -0.69 and -0.18 ppm and the rest of the
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protons were between 7.86 and 6.93 ppm. The large Δδ (chemical shift difference between
the inner and outer β-protons) value of 10.75 suggested the typical Mobius aromaticity. The
NICS(0) value at -9.5 ppm further supported the aromatic character in 8.
As observed in 8, similar trend was reflected from [36]π octaphyrin (9).[68] The structural
analyses revealed that the molecule was in twisted figure-eight conformation where
intramolecular hydrogen bonding interaction between imine and amine nitrogens promotes
such conformation. Upon protonation, the doubly twisted figure-eight conformation was
changed into half twisted open-type conformation, where all the intramolecular hydrogen
bonding in freebase were replaced by intermolecular hydrogen bonding network created by
TFA molecules, thus led to Möbius aromatic character in the molecular framework. The
results were supported by spectral, structural and theoretical calculations.

Figure 1.2: Examples of Möbius aromatic expanded porphyrins
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The bridged expanded porphyrin was synthesized by Osuka and co-workers where the
bridging unit in the macrocycle promotes Möbius aromatic character.[69] The 2,5-thienyl
bridged [46]decaphyrin (10) displayed larger aromatic character supported by two twisted
thia[28]hexaphyrin with dual Möbius aromatic circuit and significant contribution from the
bridging thiophene unit. The dual Möbius aromaticity was reflected from the electronic
spectral analyses with two Soret like band at 603 and 776 nm and further supported by NMR
spectral analyses. However, the twisted conformation as observed in the freebase state was
transformed into planar structure in protonated state, where two individual Möbius aromatic
circuit were turned into attain overall Hückel [46]π aromatic character.
1.2.3 Baird aromaticity
According to Baird’s rule, “The [4n+2]π system is Hückel aromatic in ground state will
show anti-aromatic behavior in the lowest excited triplet state.[72] On the other hand, the 4nπ
system is Hückel anti-aromatic character in the ground state will show aromaticity in the
lowest triplet excited state. Only theoretical predictions like NICS, HOMA and AICD will
give support behind the aromaticity of the molecule.”
Such new type of aromaticity was first introduced in expanded porphyrins by Osuka and
Kim et al (Figure 1.3).[73] They observed such interesting results from the bis-Rh(I) ion
inserted [26] and [28]π hexpaphyrin(1.1.1.1.1.1) (11). At singlet ground state (S0), [26]π
(11a) and [28]π (11b) hexaphyrins were aromatic and anti-aromatic and its reversal
aromaticity was reflected from the transient absorption spectra at triplet excited state (T1),
where the Soret band in 11a was turned into broad absorption bands, whereas, in 11b, the
broad bands were changed into sharp Soret like band. The result was further supported by
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theoretical calculations. The NICS(0) value of 11a and 11b in S0 state was at -14.58 and
18.41 ppm, suggested the typical aromatic and anti-aromatic character, however, in T1 state,
the respective value of 11a and 11b 15.73 ppm and -14.00 ppm, proved the reversal of
aromaticity. Similar trend was observed in AICD plots, where the clockwise (aromatic) and
counter clockwise (anti-aromatic) ring current in S1 state was altered into reversed aromatic
character. Similar trend was also reflected from HOMA calculations, where the value of 11a
at S0 state was reduced from 0.62 to 0.58 and in T1 state, the respective values of 11b was
increased from 0.53 to 0.64, further confirms the Baird aromaticity.

Figure 1.3: Expanded porphyrin with Baird aromaticity
1.3 Structural diversity
The structural diversity in expanded porphyrin exhibits in various forms which includes;
planar, figure-eight, inverted, confused, fused, bridged and Möbius band. These forms
mainly rely on the number and type of meso-carbon bridges and heterocyclic units present
in the macrocyclic framework. The role of structural diversity is highly important in
expanded porphyrin chemistry because which provides significant impact on electronic
configuration, physical and chemical properties, aromaticity and electronic conjugation
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pathway. Thus, in this section, we wish to highlight all such structural diversity in expanded
porphyrinoids (Figure 1.4).
1.3.1 Figure Eight
The concept of “figure-eight conformation” is mainly observed in expanded porphyrins. The
rigidity of the macrocycle gradually decreases upon increasing the number of meso-carbon
units as well as the heterocyclic rings in the molecular framework. In order to attain the
stable conformation, the higher expanded porphyrin tends to adopt figure-eight
conformation. The simplest figure-eight conformation begins from hexaphyrin unit where
six pyrrole units are linked by six meso carbon bridges,[74] however, the respective
macrocycle mostly prefers planar conformation depends on the nature of meso-aryl or βalkyl substituted heterocyclic rings present in the framework. The similar trend was observed
in the heptaphyrin units.[75] The figure-eight conformation is mostly observed in octaphyrin
(12) and higher expanded porphyrin analogues.[76] The first such conformation was reported
by Vogel and co-workers, where the reported octaphyrin contains eight pyrrole rings linked
by four meso-carbon bridges with higher flexibility in the macrocycle, thus leads to attain
the fight-eight conformation. As there is a twist in conformation, the macrocycle tend to
loose its planarity and decrease in symmetry, thus, shows non-aromatic character which is
reflected from the spectral studies and confirmed by structural analysis. The octaphyrin[47]
and nonaphyrin[48] derivatives with Hückel [4n+2]π or 4nπ electrons in the conjugated
pathway, due to figure-eight conformation, their spectral pattern mostly resembles nonaromatic character.
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1.3.2 N-confusion
The N-confused porphyrin was serendipitously reported independently by Furuta et al and
Latos-Grażyński et al.[24, 25] The α and βʹ positions of one of the pyrrole units in the porphyrin
unit is linked with rest of the macrocycle, where the pyrrole N is pointing outward and
provide additional coordination site to bind with metal ions and anions. The confused
pyrrolic β-CH unit is inside the macrocyclic ring and able to stabilize variety of
organometallic complexes. The N-confused expanded porphyrin was introduced by
Chandrashekar and Furuta et al, where the confused pyrrole unit was included in the
precursors itself (13).[24] The spectral analyses suggested the strong diatropic ring current,
where the inner CH proton was resonated at 2.73 ppm, whereas the outer CH observed at
9.79 ppm. The structure was confirmed by crystal analysis, where the N-confused pyrrole
unit which is opposite to the bithiophene unit is inverted and 25.17° deviated from the mean
macrocyclic plane. Since then, series of N-confused expanded porphyrins were mainly
reported by Furuta and coworkers.[26, 28] Till date, three confused pyrrole rings incorporated
in the macrocyclic framework.[29]
1.3.3 Ring Inversion
The first inverted expanded porphyrinoid was reported by Latos-Grażyński and coworkers.[77] The meso-aryl sapphyrin (14) was synthesized from acid-catalyzed
condensation of pyrrole and benzaldehyde followed by DDQ oxidation. The pyrrole unit
ring which is opposite the bipyrrole unit is inverted, where the inverted pyrrolic β-CH proton
is resonated at -1.50 ppm, while the NH is observed at 12.24 ppm, suggests the aromatic
character. Upon protonation, the inverted pyrrole ring undergoes 180° ring flipping, where
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the β-CH and NH proton are observed at 8.87 ppm and -2.74 ppm and adopts normal
conformation, where all the pyrrolic nitrogens are inside the framework. The core size and
size of the heteroatoms decides the nature of structural diversity. In the presence of smaller
heteroatoms (N or O) adjacent to the bipyrrole unit lead to ring normal structure, while the
presence of bigger heteroatoms (S/Se/Te) lead to inverted structure.[12] Our group have also
demonstrated the planar aromatic [34]π octaphyrin,[78] where spectral and crystal analysis
reveals that two of the heterocyclic units are inverted and experiencing aromatic ring current.
So far, four heterocyclic rings inverted in macrocyclic framework is reported in the
literature.[79]
1.3.4. Fusion
In order to restrict the figure-eight conformation and achieve the planarity in the expanded
porphyrin analogues, the fusion startegy was introduced. The first fused expanded porphyrin
was reported by Furuta and Osuka et al.[80] The fused pentaphyrin (15) was synthesized by
acid-catalyzed condensation of pyrrole and benzaldehyde followed by oxidation, where the
newly formed N-fused tripentacylcic ring in the core provides planarity as well as
aromaticity. Later, stepwise synthetic strategies were adopted for the synthesis of fused
expanded porphyrins, where the fusion was introduced in the starting material itself. The
benzopyrrole and benzofuran incorporated expanded porphyrinoids was reported by C. H.
Lee and co-workers.[81] Our group have also utilized dithienothiophene (DTT) moiety as one
of the potential precursor for the synthesis of fused expanded porphyrins.[82] Overall,
introduction in the fusion led to the following observations: (i) to restrict the inversion; (ii)
sharp increase in the molar absorption coefficient; (iii) fluorescence emission in the near IR
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region; (iv) increase in the planarity as well as aromaticity and (v) moderate increase in the
two photon absorption (TPA) value. Till date, upto quadraply fused expanded porphyrinoids
are known in the literature.[83]
1.3.5. Bridging
An increase in number of pyrrole rings and meso carbon bridges result in conformational
flexibility, leading to non-planar twisted structures. Various synthetic approaches have been
followed to avoid twisting of the structures, in order to achieve planar aromatic expanded
porphyrins. One such approach, we mentioned above. Another approach is to introduce an
internal bridging group linking the meso carbon atoms. Such strategy was initially reported
by Osuka and co-workers by introducing the p-phenylene bridge between two pentapyrrolic
units to achieve the near planar decaphyrin (16).[84] Later, same group have also synthesized
planar hexaphyrin using an internal vinylene bridge which exist in two different resonating
form

such

as;

(a)

26π

or

28π

hexaphyrin

unit

and

(b)

16π

diazaannuleno[16]diazaannulene.[85] We have also demonstrated the synthesis of thienyl
bridged hexaphyrin[86] which exist in two different conjugative pathway such as; (a) 18π
aromatic circuit and (b) 26π aromatic circuit and further used for non-linear optical
applications and found that the two photon absorption values are higher as compared to the
parent core-modified dithiahexaphryin. Recently, series of bridged expanded porphyrins
with dual aromatic character were introduced and combined together to generate overall
larger aromatic electronic circuit were reported.[69]
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Figure 1.4: Expanded porphyrins with various structural diversity

1.4 Anion Binding
Expanded porphyrins with more than four pyrrole rings can selectively bind with neutral,
cationic and anionic substrates under a variety of conditions. Earlier few examples were
known in the literature, however not much progress was made due to no availability of easy
and efficient synthetic methodologies to have multigram quantities of required macrocycles.
The simple and straightforward synthetic methodologies were introduced for the synthesis
of various expanded porphyrinoids by Sessler and co-workers and also exploited them for
the selective recognition of anions especially and to lesser extent with the anion and neutral
substrates.[87-93] A wealth of data was accumulated about the molecular recognition of
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expanded porphyrins by them, however, in this section, we wish to highlight the binding
properties of some of the expanded porphyrins which are relevant to this thesis and shown
in Figure 1.5.
The two imine pyrrolic nitrogens present in the planar sapphyrin is easily protonated to form
a full pentameric NH-containing core.[87] This core is quite unique with positive potential
hydrogen bonding donors and relatively large and near circular planar array. The first
diprotonated N-5 sapphyrin (17) with fluoride ion was obtained in quite an unusual fashion.
The simple counter ion exchange reaction (PF6- for Cl-) led to the stabilization of fluoride
ion within the core size of 5.5 Å diameter, during the crystallization technique. The fluoride
ion was bound exactly at the center of the macrocyclic ring with five N-H…F hydrogen
bonding interactions with the bond distance of 2.7 Å (17a). The binding experiment was
further performed between the diprotonated sapphyrin and tetrabutylammonium fluoride salt
and the binding constant is found to be 2.8 x 105 M-1 in CH3OH solution. The binding
experiment was further performed with other halide salts.[87] In the presence of chloride ion,
binding interactions are different as observed as in the case of fluoride ion, where two
chloride ion are bound with the sapphyrin unit (17b). The first chloride ion is bound by three
N-H hydrogen bond interaction and is 1.77 Å above the plane of the macrocycle, whereas
the second chloride ion is bound by two N-H hydrogen bond interaction and is 1.88 Å below
the plane of the macrocycle.[87] Same group have also demonstrated the binding interactions
of various anions like carboxylic acids and phosphate anions by using diprotonated
sapphyrin.[88,89]
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Sessler and co-workers have also reported the synthesis and binding interaction of [26]π
rubyrin.[90] In similar fashion as observed in 17b, the diprotonated rubyrin was bound with
two chloride ions above and below the macrocyclic plane with the distance of 1.60 Å, where
three pyrrole units are in intermolecular hydrogen bonding interaction with each chloride
ions with the distance of 1.84 Å (18).
The [28]π heptaphyrin(1.0.0.1.0.0.0) with two meso-carbon bridges was reported by Sessler
and co-workers.[91] The macrocycle was further treated with sulfuric acid to produce the
sulfate anion complex (19). The crystal structure of anionic complex reveals that the
heptaphyrin forms 1:1 complex with sulfate anion where the anion is slightly above the mean
plane and generates seven N-H…O intermolecular hydrogen bonding interaction with the
ranges from 1.76 Å to 2.17 Å and the N…O contacts range from 2.67 Å to 2.96 Å.
The [30]π octaphyrin without meso carbon bridges was synthesized by same group.[92] The
reaction was performed by oxidative coupling of bipyrrole with FeCl3 and 1M H2SO4 and
obtained the sulfate anion incorporated octaphyrin complex (20). The crystal analyses
proved that the sulfate anion was bound exactly at the center of the cavity. The four oxygen
atoms of the sulfate anion interact with all the pyrrolic NH’s through intermolecular
hydrogen bonding with the N-H…O distance of 1.91 Å to 2.49 Å.
Our group have also demonstrated the synthesis of [34]π planar aromatic octaphyrin and
exploited the anion binding interaction with TFA anion.[93] The octaphyrin binds with TFA
in 1:2 ratio, where the TFA anions are located above and below the mean macrocyclic plane
(21). Each TFA anions interact with macrocyclic ring to form four intermolecular hydrogen
interactions with two N-H…O; C-H…O and C-H…F with the bond distances are ranges
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from 2.14 Å to 2.44 Å. The first two N-H…O interaction are electrostatic, whereas the rest
are interaction between the anion and the host molecule.

Figure 1.5: Expanded porphyrins with various anionic interactions
1.5 Coorindation Chemistry
The size of the core as well as number of pyrrloic NHs in the expanded porphyrins suggest
that these could be a potential candidate to display rich complexation chemistry. However,
the cooridnation chemistry of expanded porphyrins are still in its infancy stage as compared
to their anionic interactions, where only a handful of metal complexes were successfully
characterized. Some of the complexes are highlighted in this section.
The Au(III) incorporated aromatic and anti-aromatic [26]π hexaphyrin with multiple Au-C
bonds are reported by Osuka and co-workers.[94] The complex was accomplished by
refluxing the mixture of [26]π hexaphyrin (22) with NaAuCl4 in the presence of NaOAc,
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where the mono-Au(III) (23) and bis-Au(III) (24) complexes were obtained in 16 and 14%
yields. Both the complexes were further reduced with NaBH4 to afford [28]π mono-Au(III)
(25) and bis-Au(III) (26) complexex in quantitative yield (Scheme 1.1). The complex 23 is
0.520 Å deviated from the mean plane, however less tilted as compared to freebase 22. On
the hand, the complex 24 adopts the planar conformation. The geometry around the metal
center is square planar. The β-CH and NH signals in 23 and 25 were resonated at -2.93 ppm
& -2.03 ppm in 23 and 19.39 ppm & 24.57 ppm in 25, thus confirms that both 23 and 25
retains its individual aromatic and anti-aromatic character.

Scheme 1.1: Au(III) complexes of [26]π hexaphyrin
The Rh(I) coordinated [26]π rubyrin was reported by our group.[95] The [26]π rubyrin (27)
was treated with 2 equiv. of [Rh(CO)2Cl]2 in the presence of NaOAc. Three different
products, (a) mono- (28a) and (b) two-bimetallic Rh(I) complexes (28b and 28c) were
isolated in 25%, 6% and 1% yield (Scheme 1.2). One of the Rh(I) bimetallic complex (28b)
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was confirmed by crystal analysis, where the geometry around the metal center is square
planar. Both the Rh(I) ions are coordinated with each bipyrrole units containing amine and
imine nitrogen atoms, where both the thiophene units have undergone 180° ring inversion.
Overall, the complex is in bowl shape structure and the Rh(I) ions are above the mean plane
with the distance of 0.781 Å. In complex 28c, without rearranging the freebase 27, both the
Rh(I) ions are coordinated above and below the macrocyclic framework.

Scheme 1.2: Rh(I) complexes of [26]π rubyrin
By refluxing CH3OH solution of [36]π ocataphyin (29) with Pd(OAc)2, two types of bisPd(II) (30 and 31) complexes were obtained in 51% and 20% yield (Scheme 1.3).[96] The
ligand (29) is in figure-eight conformation with non-aromatic character. Upon metal ion
insertion, both the Pd(II) ion in 30 was coordinated with two NNNC core and maintained
the figure-eight conformation. The theoretically calculated NICS(0) value of +38.4 ppm at
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the center of the complex suggested typical anti-aromatic character. On the other hand, the
complex 31 was adopted in slightly twisted structure, where the Pd(II) ions were coordinated
with NNNC and NNCC core as reflected from crystal analyses. The spectral analyses and
NICS(0) value of – 14.6 ppm proved that the complex (31) was in Möbius aromatic
character.

Scheme 1.3: Pd(II) complexes of [36]π octaphyrin
The [40]π nonaphyrin (32) with a porphyrin like segment and hexaphyrin like core in the
framework is found suitable to stabilize different metal ions in the core.[97] The macrocycle
32 was treated with Zn(OAc)2.2H2O to obtain Zn(II) complex (33) in 75%, with Cu(OAc)2
to form Cu(II) complex (34) in 35% yield. Both 33 and 34 were coordinated at the porphyrin
like segment. The vacant hexaphyrin core was further utilized to stabilize the heavier metal
ions, where 33 and 34 were treated with Pd(OAc)2 to form quantitative yield of trinuclear
complexes Zn(II)-Pd(II)-Pd(II) (35) and Cu(II)-Pd(II)-Pd(II) (36) (Scheme 1.4).
distorted nonplanar structure was reflected from the crystal analysis of 36.
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Scheme 1.4: Trinuclear complexes of [40]π nonaphyrin
1.6 Conclusion and objectives of the present thesis
In summary, the expanded porphyrins such as pentaphyrin, hexaphyrin, heptaphyrin,
octaphyrin and nonaphyrin with structural diversity, aromaticity, receptor property with
anions and coordination chemistry were highlighted in this chapter. The main objective of
the present thesis is to develop novel methodologies for the synthesis of core-modified
expanded porphyrins and its fused and bridged analogues. Mainly focus on the aromaticity
and also highlights the receptor property and coordination chemistry of these macrocycles.
The second chapter describes the experimental procedure for various starting materials
utilized in this thesis. The reported pentaphyrins with a tripentacyclic ring in the framework,
and hexaphyrin with six meso-carbon bridges are known in the literature. Hence, the third
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chapter describes the synthesis of pentaphyrin with six meso-carbon bridges and coremodified bridge hexaphyrin units.. The pentaphyrin unit with open framework is achieved
and the aromatic characteristics of both the macrocycles are described.
The Möbius aromatic character is probed by various conditions such as protonation, metal
coordination, fusion, oxidation and reduction, variation in temperature and solvents,
however, the role of core-modified expanded porphyrins in general and heptaphyrin in
particular are not explored. Hence, in the fourth chapter, we have demonstrated the synthesis
of core-modified monofused [32]π heptaphyrin and

highlights its Möbius aromatic

characteristics.
Most of the octaphyrins reported in the literature were in figure-eight conformation and üaromatic in nature. In the fifth chapter, we have adopted various strategies such as; (i)
reducing the number of meso-carbon bridges and introducing the sterically hindered mesoaryl rings; (ii) fused and (iii) bridged techniques to achieve the planar aromatic octaphyrin
and also discussed the Baird aromatic characteristic.
In the last chapter, we have demonstrated the synthesis of two new core-modified [40]π
nonaphyrins with fused and non-fused heterocyclic rings in the core. The macrocycles are
non-aromatic and adopts figure-eight conformation in the freebase form. The protonation
leads to open conformation and exhibits Hückel 4nπ anti-aromatic character.
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The experimental procedure for synthesis of desired precursors and the important
physico-chemical techniques used for analysis in the course of investigation are
described in this chapter. This chapter also highlights the materials and instruments used
for the syntheses and characterization of precursor compounds.

2.1 Chemicals for Syntheses:
All the solvents required for syntheses and analyses were purified and dried
according to known procedures.[1, 2] Pyrrole and thiophene were purchased from SigmaAldrich and distilled before use. Selenophene, mesitaldehyde, p-tolualdehyde,
pentafluorobenzaldehyde,

benzoyl

chloride,

thiophene-2-boronic

acid,

2-

bromothiophene, p-chloroanil, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), nbutyllithium, Trifluoroacetic acid, p-toluenesulphonic (p-TSA) acid and all the
deuterated solvents for NMR measurements used as received from Sigma-Aldrich.
Oxalyl chloride and titanium tetrachloride from Spectrochem chemicals, aluminium
chloride from Alfa-acer chemicals. Aluminium oxide (basic and neutral) and silica gel
(100-200 mesh) for column chromatography were purchased from Merck and used as
received. Solvents needed for column chromatography (n-hexane, dichloromethane,
ethyl acetate and methanol) were purchased form Rankem, Merck and used as received.
N,N,Nʹ,Nʹ-Tetramethylethylenediamine was procured from Sigma-Aldrich and distilled
over KOH before use.[1] Tetrabutylammonium hexafluorophosphate was received from
Sigma-Aldrich and vacuum dried in desiccator for more than two hours before use.
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2.2 Physico-chemical techniques:
2.2.1 ESI-Mass analysis: Mass spectrometry of the required compounds were recorded
by electron spray ionization-mass spectra-Time of flight (ESI-MS-TOF) instrument of
Brüker, microOTOF-QII mass spectrometer.
2.2.2 Spectrophotometer analysis: Electronic absorption spectra were recorded with
Perkin Elmer-Lambda 750 UV-Visible spectrophotometer and data analyses were done
using Origin pro 8 software package. For all measurement dicholoromethane was used
as the reference.
2.2.3 NMR measurement: 1H, 13C and 1H-1H COSY correlation spectra were recorded
on either 400MHz or 500MHz Brücker NMR spectrometer. The NMR protonation
titration experiments were carried out with TFA solution quantitatively dissolved in
required deuterated solvent. Chemical shifts are expressed in parts per million (ppm)
relative to residual CDCl3 and CD2Cl2.
2.2.4 X-ray structure determinations: X-ray quality single crystals were grown using
appropriate solvent mixture through diffusion methods. X-ray data were recorded at
100K on BRUKER-APEX X-ray diffractometer equipped with a large area CCD
detector. The structure were solved by Patterson synthesis and refined with the SHELX97 programme.[3] The crystal analysis were done by Diamond (3.2 version)[4] and
Mercury (3.8 version)[5] software.
2.2.5 Quantum mechanical Calculation: All the calculations were carried out using
Gaussian 09 programme. All the structures were optimized without any symmetry
restriction. The calculations were performed by the density functional theory (DFT)
method with restricted B3LYP (Becke’s three-parameter hybrid exchange functional and
the Lee-Yang-Parr correlation functional) level, employing a basis set 6-311G (d.p). The
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Nucleus Independent Chemical Shift (NICS) values were obtained with the GIAO
method at the B3LYP/6-311G (d.p) level. The global ring centres for the NICS values
were designed at the non-weighted means of the carbon and sulfur coordinates on the
peripheral position of the macrocycles. In addition, NICS values were also calculated on
centre of other local cyclic structures. Anisotropy Induced Current Density (AICD plot)
and Harmonic Oscillator Model of Aromaticity (HOMA) value calculation were done at
M06L/6-31G** level of DFT.[6-9]
2.3: Experimental procedure:
The essential precursors required for the synthesis of desired macrocycles described in
the thesis such as fused, non-fused and bridged expanded porphyrins are described
below.
Tetrabromothiophene (1):
22 ml (0.431 mol) bromine was slowly added into the mixture of 8 ml (8.4 g, 0.1 mol)
thiophene and 3 ml CHCl3 for 2h on ice bath. The mixture was refluxed for 5h, then,
cooled to ambient temperature. To the reaction mixture, 5 ml of 2N NaOH was added
and vigorously stirred for 30 min. The solid product was separated and washed with
water and crystallised over hot CHCl3. Yield: 16 g, 75%.

C NMR (100 MHz, CDCl3, 298K): δ (ppm): 117.10; 110.44.

13

3,4-dibromo-2,5-difomylthiophene (2):
The 500 ml two-necked round-bottom flask was equipped with a magnetic bar and rubber
septum. Under a gentle flow of nitrogen, the tetrabromothiophene (1) (8 g, 20 mmol) and
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freshly distilled tetrahydrofuran (100 ml) was added into the flask. The solution was
cooled in methanol/2-propanol bath with an internal temperature of less than -65 ºC and
a solution of n-butyllithium (25 ml, 1.6 M in hexane, 40 mmol) was added via syringe.
The addition proceeds at a rate that kept the internal temperature below -60 ºC. When
addition was complete, the brown solution was stirred at about -65 ºC for 30 mins. The
anhydrous N-formylpiperidine (5 ml, 45 mmol) was added quickly by syringe to the
reaction mixture, which was then allowed to warm gently to the ambient temperature
overnight. The reaction mixture was cooled to 0 ºC in an ice water bath, hydrochloric
acid (100 ml, 6M) was added slowly to the mixture, where the yellow precipitate was
formed. The mixture was stirred at 0 ºC for 45 mins then filtered immediately under
vacuum through a sintered-glass funnel. The solid was washed with water (150 ml) and
dried in vacuum desiccator overnight. Yield: 5 g, 70%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 10.12 (s, 2H).

Dithieno[3,2-b:2ʹ3ʹd]thiophene-2,6-dicarboxylicacid diethyl ester (3):
To the 500-ml two necked round-bottom flask equipped with a magnetic stir bar, nitrogen
inlet rubber septum, 2 (8.0 g, 26.9 mmol) was suspended in anhydrous N,Nʹdimethylformamide (250 ml), potassium carbonate (9.65 g, 69.8 mmol) and ethyl-2mercaptoacetate (6 ml, 55 mmol) were added to the slurry, causing a slight exotherm.
The reaction mixture was stirred under nitrogen atmosphere at ambient temperature for
three days. After three days, the dark solution was poured into a beaker containing 500
ml of water stirred with a magnetic stir bar, where the yellow precipitate was formed.
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The suspension was extracted with CH2Cl2 (3 x 250 ml). The red organic layer was
washed with brine solution (4 x 500 ml) and dried over anhydrous Na2SO4. The solvent
was reduced to 100 ml by rotary evaporator, where the yellow color solid was begun to
form. The solid was further filtered under vacuum by Buchner funnel, washed with water
(100 ml) and dried in vacuum desiccator for overnight (7-8 mm Hg, silica gel desiccant
with moisture indicator) to give crude diester. Yield: 6.5 g, 74%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 8.03

(s, 2H); 4.44 (q, 4H); 1.42 (t, 6H).
2,6-dibromo dithieno[3,2-b;2ʹ,3ʹ-d]thiophene (4):
To the suspension of 3 (2.5 g 7.3 mmol), 40 ml of 1M aqueous solution of LiOH was
added. The reaction mixture was refluxed for 3h and water was added to give a clear
brownish solution. Excess N-bromosuccinimide (6.28 g, 35.3 mmol) was added and the
reaction mixture was stirred overnight in ambient temperature. The crude mixture was
extracted with CH2Cl2. The organic layer was washed with saturated NaHCO3 and brine
solution and dried over anhydrous Na2SO4. After the solvent was removed under reduced
pressure, the residue was precipitated in ethanol and filtered to give white solid. Yield:
1.7 g, 85%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.28

(s, 2H).
Dithieno[3,2-b;2ʹ3ʹd]thiophene-2,5-dicarbaxaldehyde (5):
To the solution of 4 (0.5 g, 1.41 mmol) in 50 ml dry THF at -78 ºC n-butyllithium (4.4
ml, 1.6 M in hexane, 5.64 mmol) was added drop wise. The temperature was maintained
as such for 3h under the same condition. Then, N,Nʹ-dimethylformamide (DMF) (3 ml,
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4.23 mmol) was added The reaction mixture was warmed up to room temperature and
stirred over night to ambient temperature. The reaction mixture was quenched with HCl
solution in ice cool condition. Yellowish color precipitate appeared, which was kept in
same temperature for another 30 mins. The precipitate was filtered through Buckner
funnel and washed with water and dried in vacuum desiccator for overnight to give
dialdehyde (5). Yield: 0.3 g, 40%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 10.02(s, 2H);

8.01 (s, 2H).

Figure 2.3.1: 1H NMR spectrum of 5 in CDCl3. “Asterisk symbols are for impurities”
5,5ʹ-Bis-(mesitylhydroxymethyl)-dithienothiophene (6):
To the solution of 4 (0.7 g, 3.5 mmol) in 50 ml dry THF, n-butyllithium (5ml, 1.6 M in
hexane, 7.8 mmol) was added slowly at -78 ̍ºC under inert atmosphere. The reaction
mixture was allowed to stir for 1h. Mesitaldehyde (1.154 g, 7.8 mmol) in 30 ml dry THF
was added dropwise at 273K. The mixture was allowed to warm to room temperature
and stirred for overnight. To the reaction mixture, 75 ml of saturated NH4Cl solution was
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added and extracted with diethyl ether. The organic layer was washed with brine solution
and dried over Na2SO4. After evaporation the crude mixture was subjected to silica gel
column chromatography (100-200 mesh). A pink color band eluted with ethyl acetate
/hexane (15:85, V/V) was identified as 6. Yield: 0.65 g, 65%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm):

6.83 (s, 4H); 6.74 (s, 2H); 6.45 (s, 2H); 2.47 (s,
1H); 2.32(s, 12H); 2.26(s, 6H).

Figure 2.3.2: 1H NMR spectrum of 6 in CDCl3. “Asterisk symbols are for impurities”
5,5’-Bis-(tolylhydroxymethyl)-dithienothiophene (7):
Dibromo dithienothiophene (4), (0.5 g, 2.6 mmol) in dry THF (40 ml), n-butyllithium
(10 ml, 1.6 M in hexane, 7.8 mmol) and p-tolualdehyde (1.20 ml, 7.8 mmol) were mixed
in 10 ml dry THF under similar condition as mentained above. The crude diol (7) was
subjected to silica gel column chromatography (100-200 mesh). A pink color band eluted
with ethyl acetate /hexane (17:83, V/V) was identified as diol (7). Yield: 0.47 g, 65%.
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm):

7.36 (d, J=5.1 Hz, 4H); 7.19 (d, J=5.1 Hz, 4H);
7.02 (s, 2H); 6.05 (s, 2H); 2.52 (s, 2H); 2.36 (s,
6H).

Figure 2.3.3: 1H NMR spectrum of 7 in CDCl3
5,5ʹ-Bismesityl-2,2ʹ-dithienothiophenetetrapyrrane (8):
To the diol (7) (0.5 g, 1.01 mmol), pyrrole (3.66 ml, 56.5 mmol) was added. The mixture
was degassed by bubbling with nitrogen gas. To this mixture, TFA (0.03 ml 0.38 mmol)
was added and the resulting mixture was stirred in dark condition for 30 min in room
temperature. After completion of reaction, 100 ml of CH2Cl2 was added in open air
condition and the mixture was neutralized with 100 ml of 0.1 M NaOH solution. Organic
layer was separated, twice washed with water and dried over anhydrous Na2SO4. The
solvent and excess pyrrole were removed by vacuum. The crude product was purified by
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silica gel column chromatography (100-200 mesh) with ethyl acetate/hexane (8:92, V/V)
and identified as 8. Yield: 0.43 g, 90%.
1

H (400 MHz, CDCl3, 298K): δ (ppm): 7.85

(brs, 2H); 6.85 (s, 4H); 6.65 (d, J=3.7 Hz,
2H); 6.62 (s, 2H); 6.16 (d, J=3.7 Hz, 2H);
6.03 (d, J=3.7 Hz, 2H); 5.99 (s, 2H); 2.27
(s, 12H); 2.12 (s, 6H).

Figure 2.3.4: 1H NMR spectrum of 8 in CDCl3. “Asterisk symbols are for impurities”
5,5ʹ-Bistolyl-2,2ʹ-dithienothiophenetetrapyrrane (9):
Diol (7) (0.5 g 1.15 mmol) and pyrrole (3 ml) with TFA (0.007 ml, 0.1 mmol) were
mixed under similar reaction condition as mentioned above. The crude product was
purified by using silica gel column chromatography (100-200 mesh) with ethyl
acetate/hexane (9:91, V/V) and identified as 9. Yield: 0.45g, 92%.
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1

H NMR (400 MHz, CDCl3, 298K): δ

(ppm): 7.99 (brs, 2H); 7.27 (m, 8H); 7.03
(s, 2H); 6.77 (d, 2H); 6.28 (d, 2H); 6.11
(d, 2H); 5.73 (s, 2H); 2.46 (s, 6H).

Figure 2.3.5: 1H NMR spectrum of 9 in CDCl3
Synthesis of 2,2ʹ-bithiophene (10):
To a solution of thiophene (1 g, 12 mmol) in 1:1 mixture of dry ether (20 ml) and dry
THF (20 ml), n-butyllithium (8.4 ml, 1.6 M in hexane, 13 mmol) was added at -70 ºC
and the resulting mixture was allowed to stir for 2h at same temperature. After 2h,
anhydrous CuCl2 (2.88 g, 21 mmol) was added to the above mixture and quenched with
saturated NH4Cl solution (25 ml) at 0 ºC. The reaction mixture was extracted with ethyl
acetate. Organic layer was washed with brine solution and the crude product was purified
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by silica gel column (100-200 mesh) chromatography. A colorless solution eluted with
n-hexane identified as 10. After evaporation it gave light blue solid. Yield: 0.32 g 30%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.73 (d, 2H);

7.68 (m, 2H); 7.17 (d, 2H),
5,5ʹ-bis-(mesitylhydroxymethyl)-2,2ʹ-bithiophene (11):
To a solution of N,N,Nʹ,Nʹ-tetramethylethylenediamine (TMEDA) (2.7 ml, 18 mmol) in
dry THF (40 ml), n-butyllithium (11 ml, 1.6 M in hexane, 1 mmol) was added followed
by 2,2ʹ-bithiophene (1 g, 6 mmol) under nitrogen atmosphere. The reaction mixture was
stirred at room temperature for 45 min and heated under reflux for another 1h. The
reaction mixture was then allowed to attain room temperature slowly. Mesitaldehyde (2.2
ml, 15 mmol) in dry THF was added dropwise to the reaction mixture at 0 ºC. The
resulting mixture was allowed to stirred at room temperature for overnight. The reaction
was quenched by using saturated NH4Cl (100 ml) solution and extracted with diethyl
ether. The crude product was purified by silica gel column chromatography (100-200
mesh). A yellow band was eluted with ethyl acetate/hexane (20:80, V/V) afforded desired
diol (11) as pale yellow color solid. Yield: 0.74 g, 54%.
1

H NMR (400 MHz, CDCl3, 298K): δ

(ppm): 6.92 (d, J=3.7 Hz, 2H); 6.87 (s, 4H),
6.52 (d, 2H); 6.46 (d, J=3.7 Hz, 2H); 2.34
(s, 12H); 2.29 (s, 6H).
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Figure 2.3.6: 1H NMR spectrum of 11 in CDCl3. “Asterisk symbols are for
impurities”
5,5ʹ-Bismesityl-2,2ʹ-bithiophenetetrapyrrane (12):
Bithiophene diol 11 (0.5 g, 1mmol), pyrrole (3 ml, 43 mmol) and TFA (0.008 ml, 0.1
mmol) under same reaction condition as mentioned for the synthesis of 8. The crude
product was purified by using silica gel column chromatography (100-200 mesh) with
ethyl acetate/ hexane (8:92, V/V) and identified as 12. Yield: 0.46 g, 94% yield.
1

H NMR (400 MHz, CDCl3, 298K): δ

(ppm): 7.88 (brs, 2H); 6.93 (d, 2H); 6.88 (s,
4H); 6.74 (d, 2H); 6.67 (d, 2H); 6.18 (d,
2H); 6.11 (d, 2H); 6.03 (s, 2H); 2.20 (s,
6H); 2.08 (s, 12H).
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Figure 2.3.7: 1H NMR spectrum of 12 in CDCl3. “Asterisk symbols are for
impurities”
5,5ʹ-bis(mesitylhydroxymethyl)-2,2ʹ:5,2ʹʹ-terthiophene (13):
2,2ʹ:5,2ʹʹ terthiophene (1 g, 4 mmol), N,N,NʹNʹ-tetramethylethylene diamine (1.8 ml, 12
mmol), n-butyllithium (7.8 ml, 1.6 M in hexane, 12 mmol) and mesitaldehyde (1.07 ml,
12 mmol) in 15 ml dry THF were mixed under similar condition as mentioned for the
synthesis of 11. The crude product was purified by silica gel (100-200 mesh) column
chromatography. Pale yellow color band eluted with ethyl acetate/hexane (25:75, V/V)
considered as desire diol (13). Yield: 0.65g, 51%.
1

H NMR (400 MHz, CDCl3, 298K): δ

(ppm): 6.98 (s, 2H); 6.95 (d, 2H); 6.88 (s,
4H); 6.54 (d, 2H); 6.41 (s, 2H); 2.35 (s,
12H); 2.30 (s, 6H).
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Figure 2.3.8: 1H NMR spectrum of 13 in CDCl3. “Asterisk symbols are for impurities”
5,18-dimesityl-24,25,26-trithiapentapyrrane (14):
Diol 13 (0.5 g, 0.92 mmol), and pyrrole (2.6 ml, 36 mmol) and TFA (0.007 ml,
0.09mmol) were mixed under similar reaction condition as mentioned for the synthesis
of 12. The crude product was purified by silica gel (100-200 mesh) column
chromatography. The light yellow color compound was eluted with ethyl acetate/hexane
(8:92) identified as desired pentapyrrane (14). Yield: 0.35 g, 85%.
1

H NMR (400 MHz, CDCl3, 298K):

δ (ppm): 7.80 (brs 2H); 6.98 (d, J=
4.3 Hz, 2H); 6.94 (s, 2H); 6.88 (s,
4H); 6.76 (m, J= 4.3 Hz, 2H); 6.68
(d, J= 3.2 Hz, 2H); 6.19 (m, J= 3.2
Hz, 2H); 6.11 (d, J= 3.2 Hz, 2H);
6.04 (s, 2H); 2.29 (s, 2H); 2.15 (s, 12H).
50

Chapter 2

Figure 2.3.9: 1H NMR spectrum of 14 in CDCl3. “Asterisk symbols are for impurities”
2,5-Bis(mesitylhydroxymethyl)thiophene (15):
To a solution of N,N,Nʹ,Nʹ-tetramethylethylene diamine (8.05 ml, 53.5 mmol) in dry
hexane (160 ml), n-butyllithium (35.67 ml, 1.6 M in hexane, 53.5 mmol) was added
followed by thiophene (1.43 ml, 17.8 mmol) under nitrogen atmosphere. The reaction
mixture was stirred for 1h and later refluxed for another 1h. The reaction mixture was
then allowed to attain room temperature. Mesitaldehyde (6.56 ml, 44.57 mmol) in dry
THF (25 ml) was added dropwise to the ice cooled condition. The resultant solution was
stirred at ambient temperature overnight. The reaction was quenched with 100 ml
saturated NH4Cl solution and extracted with diethyl ether. Organic layer was washed
with brine solution and dried over anhydrous Na2SO4. After evaporation of the solvent,
the crude product was purified by silica gel (100-200 mesh) column chromatography.
The diol (15) was eluted with ethyl acetate/hexane (20:80, V/V) and obtained as pale
yellow color solid. Yield: 4.1 g, 56%.
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 6.82

(s, 4H); 6.39 (s, 2H); 6.36 (s, 2H); 2.29 (s, 12H);
2.25 (s, 6H); 1.65 (brs, 2H).

2,5-bis(mesitylhydroxymethyl) selenophene (16):
Selenophene (2.5 g, 19 mmol), N,N,NʹNʹ-tetramethylethylene diamine (8.6 ml, 57 mmol)
in dry n-hexane, n-butyllithium (38 ml, 1.6 M in hexane, 57 mmol) and mesitaldehyde
(8.5 ml 57 mmol) in 35 ml of dry THF were mixed under similar reaction condition as
mentioned above. The crude product was purified by silica gel (100-200 mesh) column
chromatography. A light pink color band was eluted with ethyl acetate/hexane (22:78,
V/V) identified as diol (16). Yield: 1.7 g, 48%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm):

6.82 (s, 4H); 6.52 (s, 1H); 6.50 (s, 1H); 6.35(s, 1H);
6.34(s, 1H); 2.31(s, 12H); 2.25 (s, 6H); 1.62(brs
2H).

5,10-dimesityl-16-thiatripyrrane (17):
Diol (15) (1 g, 2.63 mmol), pyrrole (7.3 ml, 105.28 mmol) and TFA (0.06 ml, 0.79 mmol)
were mixed under similar conditions as mentioned for the synthesis of 12. The crude
product was purified by silica gel (100-200 mesh) column chromatography. The light
yellow color compound was eluted with ethyl acetate/hexane (3:97, V/V) and identified
as tripyrrane (17). Yield: 0.78 g, 90%
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.85

(brs, 2H); 6.85 (s, 2H); 6.65 (d, J=3.8 Hz, 2H); 6.62
(s, 2H); 6.16 (d, J=3.8 Hz, 2H); 6.03 (d, J=3.8 Hz,
4H); 5.99 (s, 2H); 2.27 (s, 6H); 2.12 (s, 12H).

Figure 2.3.10: 1H NMR spectrum of 17 in CDCl3. “Asterisk symbols are for
impurities”
5,10-dimesityl-16-selenatripyrrane (18):
Diol (16) (1 g, 2.34 mmol), pyrrole (5 ml, 93.6 mmol) and TFA (0.018 ml, 0.23 mmol)
were mixed under similar conditions as mentioned for the synthesis of 12. The crude
product was purified by silica gel (100-200 mesh) column chromatography. The light
yellow color compound was eluted with ethyl acetate/hexane (5:95, V/V) and identified
as tripyrrane (18). Yield: 0.78 g, 90%.
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.84

(brs, 2H); 6.83 (s, 4H); 6.79 (s, 2H); 6.61 (s, 2H);
6.12-6.16 (m, 2H); 6.05 (s, 2H); 6.0 (s, 2H); 2.24
(s, 6H); 2.12 (s, 12H).
2-Benzoyl thiophene (19):
In a 250 ml two-necked round bottom flask equipped with a magnetic stirrer and reflux
condenser, the anhydrous AlCl3 (10 g, 75 mmol) was mixed with 30 ml of dry CH2Cl2
and the resultant suspension was stirred for 15 min. A solution of thiophene (6 g, 71
mmol) and benzoyl chloride (10 g, 75 mmol) with 25 ml dry CH2Cl2 was added slowly
with syringe, over a period of 3.5 h. The resultant solution was stirred for overnight at
ambient temperature. The mixture was refluxed for 2 h, cooled, poured on ice water and
extracted with diethyl ether. The organic layer was washed with Na2CO3 water and dried
over anhydrous Na2SO4. After evaporation of the solvent, the product was recrystallized
over petroleum ether and afforded the desired product 19. Yield: 6.3 g, 80%.
1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.85-7.83 (m,

2H). 7.69-7.43 (m, 5H); 7.09 (d, 1H).
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Figure 2.3.11: 1H NMR spectrum of 19 in CDCl3.

1,2-diphenyl-1,2-dithienylethene (20):
In a 250 ml two-necked round-bottom flask equipped with a magnatic stirrer and reflux
condenser under nitrogen atmosphere, activated Zn powder (3.0 g, 46 mmol) was mixed
with dry THF (80 ml) and resultant mixture was stirred for 20 min. TiCl4 (2.52 ml, 23
mmol) was added slowly in ice cool condition. The resultant solution was stirred at room
temperature for 30 mins and refluxed for another 3h. The mixture was cooled to 0ºC and
2-benzoyl thiophene (19) (1 ml, 5.3 mmol) in dry THF (25 ml) was added slowly and the
resultant solution was refluxed for another 12h. The progress of the reaction was
monitored by TLC analysis. The reaction mixture was quenched with 10% aqueous
NaHCO3 solution and extracted with diethyl ether. The crude product was purified by
silica gel (100-200 mesh) column chromatography. A pale yellow color band was eluted
with hexane and identified as 20. Yield: 2.6 g, 56%.
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm): 7.40-7.41 (m,

10H); 7.06 (d, J=5.8 Hz, 2H); 6.71(t, J=5.8 Hz, 2H); 6.37
(d, J=5.8 Hz, 2H);

Figure 2.3.12: 1H NMR spectrum of 20 in CDCl3.
2,11-bis(mesitylhydroxymethyl) 1,2-diphenyl-1,2-dithienylethene (21):
In a 100 ml two necked round bottom flask equipped with reflux condenser, 20 (1 g, 2.9
mmol) was placed into it under nitrogen atmosphere. Dry hexane (30 ml) was added and
the resulting solution was stirred for 15 min under nitrogen atmosphere. N,N,Nʹ,Nʹtetramethylethylene diamine (1.3 ml, 7.8 mmol) solution was added and resultant mixture
was stirred for another 5 min. n-Butyllithium (10 ml, 1.6 M in hexane, 29 mmol) solution
was added and the resultant solution was stirred at room temperature for 1h. The mixture
was refluxed for 1h. The mesitaldehyde (1.32 ml, 7.8 mmol) with dry THF (10 ml) was
added slowly to the reaction mixture at room temperature. Resultant mixture was stirred
for overnight at room temperature. After workup with diethyl ether and water, the crude
product was purified through silica gel column chromatography (100-200 mesh). A pale
yellow color solution was eluted with ethyl acetate/hexane (20:80, V/V) and identified
as 21. Yield: 0.54 g, 60%
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1

H NMR (400 MHz, CDCl3, 298K): δ (ppm):

7.35-7.30 (m, 6H); 7.07 (s, 2H); 6.88-6.78 (m,
12H); 2.51 (s, 1H); 2.28 (s, 6H); 2.25 (s, 6H);
2.21 (s, 6H).

Figure 2.3.13: 1H NMR spectrum of 21 in CDCl3. “Asterisk symbols are for
impurities”
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3.1 Introduction
Porphyrins are 18π aromatic units, where four pyrrolic units are linked by four meso-carbon
bridges. These are widely studied as functional pigments and found potential application in
materials,[1,2] medicine[2] and catalysis.[4-6] The next higher analogues in the series is the
expanded porphyrins which contains more than 18π electrons in its conjugated pathway. As
compared to porphyrins, this can be achieved by (i) maintaining the four heterocyclic rings
and increasing the meso-carbon bridges (A);[7] (ii) maintaining the meso carbon bridges and
increasing the heterocyclic rings (B);[8] (iii) Increasing the heterocyclic rings and reducing
the meso carbon bridges (C)[9] and (iv) increasing both the heterocyclic rings and mesocarbon bridges (D).[10] The details are shown in the Chart-3.1. In this chapter, we mainly
focus on the last part and wish to highlight the synthesis, spectral and structural
characterization of core-modified pentaphyrin and core-modified fused hexaphyrin
derivatives.

Chart 3.1
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3.1.1 Pentaphyrin with Five and Six meso-carbon Bridges
Pentaphyrins are macrocyclic system where five heterocyclic units are linked by five mesocarbon bridges. The first pentaphyrin was reported by Rexhausen and Gossauer in 1983.[10]
They mainly adopted acid-catalyzed condensation reaction by using 33% HBr in Acetic acid.
The tripyrrane dialdehyde (1) and dipyrromethane (2) were mixed in the presence of acidcatalyst followed by oxidation with chloranil to afford the meso-free [22]π
pentaphyrin(1.1.1.1.1) (3) in 31% yield (Scheme 3.1). Later, Dolphin and co-workers have
also demonstrated the synthesis of 3 by using trifluoroacetic acid (TFA) as acid-catalyst and
partially introduced meso-aryl units in the macrocyclic framework.

Scheme 3.1: Synthesis of 3.
The pentathia- (6a) and pentaselenapentaphyrin (6b) were reported by Vogel and co-workers
in 2001 (Scheme 3.2).[11,12] The 3,4-diethyl-2-hydroxymethyl-thiophene (4a) / selenophene
(4b) was subjected to self-condensation reaction in the presence of p-toluenesulphonic acid
(p-TSA) to form the respect porphyrinogen 5a / 5b in 16% (5a) / 3% (5b) yield. The
porphyrinogen (5a / 5b) was further oxidized by SbCl5, where the aromatic tricationic form
of 6a / 6b was isolated as its antimony salt.
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Scheme 3.2: Synthesis of 6.
The first mso-aryl pentaphyrin (7) was synthesized by Osuka and co-workers.[13,14] They
adopted modified Lindsey type condition, where the pyrrole and pentafluorobenzaldehyde
in the presence of BF3.Et2O as acid-catalyst followed by oxidation with DDQ to afford two
pentaphyrins (7a / 7b) in approximately 15% yield (Scheme 3.3). The spectral and structural
analyses of 7a revealed [24]π anti-aromatic circuit, whereas 7b exhibited [22]π aromatic
character. Both 7a and 7b were interconverible by simple oxidation and reduction reaction
by using DDQ and NaBH4. The 7a and 7b were further treated with Rh(I) salts and stabilized
the respective metal ion.

Scheme 3.3: Synthesis of 7.
The same group have also highlighted the synthesis of meso-trifluoromethyl substituted
pentaphyrins.[15] The methanesulfonic (MSA) acid-catalyzed condensation of dipyrrane
dicarbinol (8) with tripyrrane (9) followed by oxidation obtained [24]π pentaphyrin (7c),
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meso-hydroxy substituted calix[5]phyrin (10) and calix(5)phyrin (11) in 1.5% to 5% yield
(Scheme 3.4).

Scheme 3.4: Synthesis of 7c and 10 - 11.
The core-modified fused pentaphyrin was reported by our group in 2008.[16] The 2,5bis(mesitylhydroxymethyl)thiophene (12) and tetrapyrrane (13) were treated in the presence
of p-TSA followed by oxidation with chloranil afforded calixthia[5]phyrin (14) in 20%
yield, however, in the presence of stronger oxidizing agent such as DDQ obtained nonaromatic N-fused [24]π thiapentaphyrin (15) in 15% yield (Scheme 3.5).

Scheme 3.5: Synthesis of 14 - 15.
The confused pyrrole rings were introduced in pentaphyrins by Furuta and co-workers.[17a]
The p-TSA acid-catalyzed condensation of N-confused tripyrrane (16) and N-confused
dipyrrane dicarbional (17) followed by oxidation with DDQ afforded doubly N-confused
mono oxo-pentaphyrin (18) and dioxo pentaphyrin (19) in 32% and 42% yield. The spectral
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analyses of 18 and 19 were proved as [22]π aromatic and the core of 19 was effectively
utilized to stabilize Rh(I) ion (20) (Scheme 3.6). They have also described the synthesis of
mono- and doubly-fused non-aromatic pentaphyrins.[17b, 17c]

Scheme 3.6: Synthesis of 18-20.
The pentaphyrins with six meso-carbons were introduced by Ravikanth and coworkers in
2015.[18] The [3+2] TFA acid-catalyzed condensation of butane-2,3-diyl-bisthiophene-2,5diyl-bis(p-methxoyphenylmethanol) (21) with core-modified tripyrrane (22) followed by
oxidation formed non-aromatic core-modified [24]π pentaphyrin(2.1.1.1.1) (23) in 10%
yield (Scheme 3.7). The protonated thiapentaphyrin (23a) derivative was further utilized to
sense specifically the acetate ion.

Scheme 3.7: Synthesis of 23.
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So far, we have mainly focused on the synthesis of pentaphyrin macrocycles with five and
above meso-carbon bridges. The pentaphyrin analogues with less than five meso carbon
bridges are well-known in the literature which includes; (i) sapphyrin,[8] N-confused
sapphyrin,[19]

carba-sapphyrin,[20]

fused

sapphyrin,[21]

Ozaphyrin[22,23]

and

dehydropentaphyrin[24] with four meso carbon bridges, (ii) isosmaragdyrin[25] and
smaragdyrin[26] with three meso carbon bridges and (iii) orangarin[27] with two meso carbon
bridges (Chart 3.2). In this chapter, we wish to highlight the synthesis of pentaphyrin
macrocycles with six meso carbon bridges, hence, the synthetic methodologies of these
pentaphyrin analogues are not included in this section.

Chart 3.2: Pentaphyrin analogues with less than five meso carbon bridges.
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3.1.2 Hexaphyrin with Six meso-carbon Bridges and Fused derivatives
The first hexaphyrin with β-substituted derivative was reported by Gossauer and coworkers
in 1983.[28] They adopted [3+3] acid-catalyzed condensation reaction, where tripyrrane (24)
and tripyrrane dialdehyde (25) were mixed in the presence of HBr as an acid-catalyst
followed by oxidation with p-benzoquinone / I2 and afforded [26]π hexaphyrin(1.1.1.1.1.1)
(26) in 20% yield (Scheme 3.8). The presence β-substitution prevents the pyrrolic ring
inversion and also exhibits cis-trans isomerization.

Scheme 3.8: Synthesis of 26.
Later, Dolphin and coworkers were described the synthesis of meso-aryl hexaphyrin by
using meso-phenyl tripyrrane with benzaldehyde in the presence of TFA followed by
oxidation with chloranil.[29] The synthesized macrocycle was turned out to be unstable due
to presence less sterically hindered meso-phenyl substituents. The stable meso-aryl
hexaphyrin was reported by Cavaleiro and coworkers through Rothemund type synthetic
strategy.[30a]

The

pyrrole

was

added

dropwise

to

the

refluxing

mixture

of

pentafluorobenzaldehyde in acetic acid and nitrobenzene and obtained the aromatic [26]π
hexaphyrin(1.1.1.1.1.1) (27) in 1% yield (Scheme 3.9). The spectral and structural analyses
revealed that two of the pyrrolic rings in 27 were inverted in the macrocyclic framework.
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Scheme 3.9: Synthesis of 27.
By using similar starting materials as mentioned above, Osuka and co-workers were
synthesized the hexaphyrin 27 in 16 – 20% along with porphyrin and other expanded
porphyrin derivatives in the presence BF3.Et2O as the acid-catalyst followed by oxidation
with DDQ.[30b] Same group have also demonstrated the synthesis of various meso-aryl
substituted hexaphyrin (27) derivatives by MSA along with DDQ oxidation by using 5pentafluorophenyl dipyrrane with aryl aldehydes / 5-aryl dipyrrane with electron
withdrawing aryl aldehydes as precursors.[31]
The doubly N-confused hexaphyrin was reported by Furuta and coworkers. The N-confused
tripyrrane (16) was treated with pentafluorobenzaldehyde in the presence of p-TSA followed
by oxidation with DDQ afforded non-aromatic [28]π (28) and aromatic [26]π dioxo
hexaphyrin (29) in 7 and 10% yield (Scheme 3.10). The core of 30 was further utilized to
stabilize NiII (30a) and CuII (30b) metal ions.[32]

Scheme 3.10: Synthesis of 28 - 30.
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The core-modified meso-aryl hexaphyrin was reported by our group.[33] The macrocycle 32
was obtained from p-TSA acid-catalyzed condensation of thiatripyrrane 31 with
pentafluorobenzaldehyde followed by oxidation in 10% yield (Scheme 3.11). In the freebase
form, 32 was in figure-eight conformation. At partial protonated stage, two pyrrole rings
were inverted and upon completely protonated state, four heterocyclic rings were inverted
and maintained [26]π aromatic character in the solid state.

Scheme 3.11: Synthesis of 32.
The syntheses of fused derivatives by using meso-aryl hexaphyrin were exclusively
demonstrated by Osuka and co-workers. The mono- (33),[34] doubly-fused [28]π hexaphyrin
(34)[35] and benzopyrane-fused [28]π hexaphyrin (35)[36] were shown in Figure 3.1. The
mono fused [28]π hexaphyrin (33) was obtained from refluxing toluene and pyridine mixture
of [26]π hexaphyrin (1.1.1.1.1.1) (27) in 17% yield. The core is effectively used to stabilize
PdII ions and the respective metal ion promotes Möbius aromatic character in the
macrocyclic framework. The doubly fused [28]π hexaphyrin (34) was synthesized from 27
by refluxing toluene with excess amount of sodium acetate in 30% yield. By heating 27 in
acetic acid afforded the formation of benzopyrane-fused [28]π hexaphyrin (35) in 27% yield
and the spectral analysis revealed the Möbius aromatic character under wide range of
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temperature. In addition, hexaphyrin fused with two anthracenes was also reported by Osuka
and co-workers with flat and elongated π-conjugated network.[37]

Figure 3.1: Molecular structures of 33 - 35.
So far, we have highlighted the syntheses of hexaphyrin(1.1.1.1.1.1) macrocycle with six
meso-carbon bridges and its fused analogues. The hexaphyrin analogues with less than six
meso carbon bridges are also well-known in the literature which includes; (i) rubyrin[38] and
bronzaphyrin[39] with four meso carbon bridges, (ii) rosarian[40] with three meso carbon
bridges, (iii) amethyrin[26] and iso-amethyrin[41] with two meso carbon bridges and (iv)
cyclo[6]pyrrole[42] without meso carbon bridge (Chart 3.3). This chapter is mainly focused
on the synthesis of core-modified fused hexaphyrin with seven meso carbon bridges, hence,
the synthetic methodologies of these hexaphyrin analogues are not included in this section.

70

Chapter 3

Chart 3.3: Hexaphyrin analogues with less than six meso carbon bridges.
3.2 Objective of the work
Various pentaphyrin and its analogues with five and less number of meso-carbon bridges
were well-established in the literature. In particular, the meso-aryl pentaphyrin derivatives
were reported with fused tripentacyclic ring in the macrocyclic framework which restricts
the coordination as well as binding properties of this ligand. On the other hand, the
hexaphyrin macrocycles with six and less number of meso-carbon bridges were highlighted,
however, the respective fused analogues are scarcely known in the literature. Thus, the main
objective of this chapter is to introduce pentaphyrin with six meso carbon bridges and fused
hexaphyrin with six meso carbon bridges. The protonated form of pentaphyrin analogue
exhibits Möbius [24]π aromatic character, whereas the hexaphyrin displays Hückel [30]π
aromaticity.
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3.3 Results and Discussion
3.3.1 Syntheses
Basically, we adopted acid-catalyzed condensation methodology for the synthesis of desired
pentaphyrin (38). In Scheme 3.12a, the required starting materials such as 5,10-dimesityl16-thiatripyrrane (31) was synthesized by trifluoroacetic (TFA) acid-catalyzed condensation
of

2,5-bis(mesitylhydroxymethyl)thiophene

(36)

with

pyrrole.[33]

bis(mesitylhydroxymehtyl)-1,2-diphenyl-1,2-di(thiophene-2-yl)ethene

Whereas
(37)

5,5ʹwas

synthesized from respective 1,2-diphenyl-1,2-di(thiophene-2-yl)ethane with n-BuLi and
mesitaldehyde.[18] In the final step, the 31 and 37 were mixed in 1:1 ratio in the presence of
TFA acid-catalyzed condensation followed by DDQ oxidation to obtain the crude product.
The crude mixture was subjected through basic alumina followed by silica gel (100-200
mesh) column chromatographic purification. The first yellowish green band was eluted with
20% CH2Cl2/n-Hexane and identified as core-modified [24]π pentaphyrin(2.1.1.1.1) (38) in
10% yield. The second greenish band was eluted with 25% CH2Cl2/n-Hexane and identified
as core-modified [20]π homoporphyrin(2.1.1.1) (39) in 9% yield.

Scheme 3.12a: Synthesis of 38.
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In Scheme 3.12b, the required starting material 1,2-diphenyl-1,2-di(thiophene-2-yl)ethene
tetrapyrrane (40) was achieved from 37 by TFA acid-catalyzed reaction with pyrrole in 60%
yield. In the final step, the TFA acid-catalyzed condensation reaction of 1:1 mixture of 40
with 36 followed by DDQ oxidation to obtain the crude product. After column
chromatographic purification, the compound 38 and 39 were obtained in 8% and 3% yield
respectively (Scheme 3.12b).

Scheme 3.12b: Synthesis of 38.

3.3.2 Spectral Characterization
3.3.2.1 Mass Spectrometric Analysis
The electron spray ionization (ESI) mass spectrometric analyses of 38 and 39 were shown
in Figure 3.2 and 3.3. The molecular ion signals at m/z 1077.8893 [M+1] for 38 (Figure 3.2)
and 865.2124 [M+1] for 39 (Figure 3.3) were consistent with exact composition of the
macrocycles.
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Figure 3.2: ESI-MS spectrum of 38

Figure 3.3: ESI-MS spectrum of 39

3.3.2.2 NMR Analysis
The 1H NMR spectrum of 38 was recorded in CD2Cl2 and shown in Figure 3.4. The β-CH
protons of pyrrole rings and thiophene units which are part of the ethene bridge are resonated
as four doublets between 7.41 ppm and 6.35 ppm (b-e). These proton signals were further
confirmed by 1H-1H COSY correlation spectroscopy (Figure 3.5). The thiophene ring which
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is opposite to the ethene bridge, is appeared as singlet at 7.86 ppm. The meso-phenyl and
mesityl ring protons are observed as a multiplet between 7.12 and 6.95 ppm, whereas the
meso-mesityl methyl protons are resonated as six singlet from 2.46 ppm to 1.97 ppm.
Overall, the spectral pattern resembles typical Hückel [24]π non-aromatic character.

Figure 3.4: 1H NMR spectrum of 38 in CD2Cl2

Figure 3.5: 1H-1H COSY spectrum of 38 with correlation in pyrrole and thiophene rings as
part of the ethene bridge
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A drastic change was occurred during the protonation experiment of 38 with 4.5 equiv. of
TFA in CD2Cl2 and shown in Figure 3.6. The titration experiment of was performed with
dilute solution of TFA in CD2Cl2. Up to 3.0 equiv., the spectral pattern were broad and at
4.5 equiv., it became sharper (Figure 3.7). The β-CH protons of pyrrolic unit and ethene
bridge thiophene rings are shifted down field and resonated between 8.53 ppm and 7.36 ppm.
The thiophene ring which is opposite to the ethene is 3.90 ppm upfield shifted and resonated
at 3.96 ppm, suggests that the ring is inverted and the respective β-CH protons are
experiencing the diatropic ring current. The newly formed protonated imine NH protons are
observed as a broad signal at 3.01 ppm. The NH signal was further confirmed by D2O
exchange experiment. The meso-mesityl protons are appeared at 7.25-7.18 ppm, whereas the
meso-phenyl protons are from 6.87 ppm to 6.31 ppm. The meso-mesityl methyl protons are
displayed between 3.56 ppm to 2.46 ppm, respectively. Overall, the downfield shift of the
pyrrole, thiophene rings which are part of the ethene bridge and drastic upfield of the
thiophene β-CHs and protonated NH signals confirm that the Hückel [24]π non-aromatic
character in the free-base state is transformed into Möbius aromatic character upon
protonation.

Figure 3.6: 1H NMR spectrum of 38 with 4.5 equiv. of TFA in CD2Cl2.
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Figure 3.7: 1H NMR titration experiment of 38 with dilute solution of TFA in CD2Cl2

3.3.2.3 Electronic Spectral Analysis
The electronic absorption spectrum of 38 in freebase and its protonated form is shown in
Figure 3.8. The broad spectral pattern was observed from 375 to 700 nm region in the
freebase form. The intense band is appeared at 490 nm with molar absorption coefficient of
104. The lower energy band is observed at 698 nm. The spectral pattern suggests the typical
4nπ non-aromatic character. Upon protonation of 38 with dilute solution of TFA in CH2Cl2,
the intense band and lower energy bands are red shifted by 110 nm & 166 nm and displayed
as Soret-like band at 590 and weak Q-like band at 864 nm, respectively. The molar extinction
coefficient of Soret band is 1.7 times higher as compared to the freebase state. Overall, as
reflected from the 1H NMR spectral analyses, the spectral pattern in the electronic spectral
analysis maintains the Möbius aromatic character as such in the protonated state.
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Figure 3.8: The electronic absorption spectrum of 38 and 38.2H+ in CH2Cl2.
3.3.2.4 Single Crystal X-ray Analysis
The structure of 38 with HSO4- anions was unambiguously confirmed by single crystal Xray analysis. The results were shown in Figure 3.9 and the crystal data were in Table 3.1.
The crystal was grown by slow evaporation of CHCl3 solution over acetonitrile. The
compound was crystallized in tetragonal crystal lattice with P-4 space group. The molecule
contains a 1,2-diphenyl-1,2-di(thiophene-2-yl)ethene moiety and a thiatripyrrane moiety
which are connected with two meso mesityl groups (Figure 3.9a) and overall, adopt
nonplanar structure with [24]π-electronic circuit. As reflected from the NMR spectral
analysis, the thiophene unit in the tripyrrane moiety is inverted and deviated by 12.05° from
mean macrocyclic plane containing meso carbon atoms (C1, C6, C11, C11ʹ, C6ʹ, C1ʹ). The
pyrrolic and remaining thiophene moieties are maximum tilted by 44.13° and 32.69° from
the mean plane. The crystal analysis reveals that two units of HSO4- anions are in
intermolecular hydrogen bonding interaction with the protonated imine NH (N1-H1) with
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bond distance and angle of N1- H1…O1 is 2.00Ȧ and 140.74° (Figure 3.9b).

Figure 3.9: Crystal structure of 38 with HSO4- anions. (a) Top view and (b) side view.
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Table 3.1: Crystal data for 38

Pentaphyrin +2H+
T, K

100 K

Formula

C74 H68 N2 O8 S5

Formula weight

1273.60

Color and Habit

Dark green

Crystal system

tetragonal

Space group

P-4

a, Å

17.156(5)

b, Å

17.156(5)

c, Å

15.450(5)

 , deg
, deg
, deg

90
90
90

V, Å3
Radiation (λ, Å)

4547(3)
Mo Kα
(0.71073)

Z

2

dcalcd, g•cm-3
μ, mm-1

0.930

F(000)

1340.0

No. of unique reflns

58104

No. of params. refined

392

GOF on F2
R1a [I > 2σ(I)]

1.046

0.169

0.0670

R1a (all data)
wR2b (all data)

0.0898
0.1911
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3.4 Core-modified Fused Hexaphyrin
3.4.1 Synthesis
The synthesis of core-modified fused hexaphyrin (42) in shown in Scheme 3.13. The
required precursors such as 5,5ʹ-bis(phenylhydroxymehtyl)-1,2-diphenyl-1,2-di(thiophene2-yl)ethene (37) and DTT-tetrapyrrane (41) were synthesized from our earlier reported
methods.[43] In the final step, TFA acid-catalyzed condensation of 1:1 mixture of 37 and 41
followed by DDQ oxidation afforded the crude product. After repeated column
chromatographic purification by basic alumina followed by silica gel (100-200 mesh), the
pink color band was eluted with 35% CH2Cl2/n-hexane solvent mixture and identified as
core-modified fused hexaphyrin (42) in 10% yield.

Scheme 3.13: Synthesis of 42.
3.4.2 Spectral Characterization
3.4.2.1 Mass Spectrometric Analysis
The electron spray ionization mass spectrometric analysis of 42 is shown in Figure 3.10. The
molecular ion signal of 42 at m/z 1189.3868 [M+1] confirms the exact composition of
macrocycle.
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Figure 3.10: ESI-MS spectrum of 42

3.4.2.2 NMR spectral Analysis
The 1H NMR spectrum of 42 was recorded in CD2Cl2 at 273 K and shown in Figure 3.11.
The spectrum was broad at room temperature and became prominent upon lowering the
temperature. The variable temperature 1H NMR spectrum was shown in Figure 3.12. The
DTT β-CH proton (a) is resonated as sharp singlet at 7.38 ppm, whereas the β-CH protons
of pyrrole (b, c) and thiophene (d, e) units are appeared between 7.50 and 6.66 ppm as four
doublets. These assignments were further confirmed by 1H-1H correlation spectroscopy
(Figure 3.13). The meso-mesityl and methyl protons are observed at 7.04 ppm and 2.38-1.99
ppm, whereas the meso-phenyl protons are appeared between 6.80 and 6.59 ppm,
respectively. Overall, the spectral pattern resembles Hückel [28]π non-aromatic character.
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Figure 3.11: 1H NMR spectrum of 42 in CD2Cl2 at 273K

Figure 3.12: Variable temperature 1H NMR spectrum of 42 in CD2Cl2
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Figure 3.13: 1H-1H COSY spectrum of 42 with correlation in pyrrole and thiophene rings.

The protonation experiment of 42 was further performed with dilute solution of TFA in
CD2Cl2 at 298 K and shown in Figure 3.14. At 5 equiv. of TFA, the β-CH protons of DTT,
thiophene and pyrrole units are shifted downfield and resonated between 9.94 ppm and 8.75
ppm. The meso-mesityl CHs are appeared from 7.36 ppm to 6.25 ppm, whereas the mesomesityl methyl protons are at 2.67 ppm to 1.55 ppm, respectively. The meso-phenyl units,
which are in the ethene bridge, are resonated between 8.37 and 6.46 ppm. The protonated
imine NH protons are observed as a broad peak at -1.02 ppm and further confirmed by D2O
exchange experiment. Overall, the result suggests that the drastic spectral change was
observed, where the Hückel [28]π non-aromatic conformation in the freebase state is
changed into Hückel [30]π aromatic conformation upon protonation.
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Figure 3.14: 1H NMR spectrum of 42 with 5 equiv. of TFA in CD2Cl2 at 298 K.

3.4.2.3 Electronic Spectral Analysis
The electronic absorption spectrum of 42 and its protonated derivatives were recorded in
CH2Cl2 and shown in Figure 3.15. At freebase form, 42 shows moderate intense band at 542
nm and prominent higher wavelength band at 796 nm. Upon protonation of 42 with dilute
solution of TFA in CH2Cl2, the bands at freebase form is further red-shifted by 53 nm and
195 nm and appeared as Soret like band at 595 nm and Q-like band at 991 nm. The molar
extinction coefficient of Soret like band is 1.5 fold higher upon protonation as compared to
freebase state. As reflected from the NMR spectral analyses, the aromatic character is
maintained as such in the protonated state.
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Figure 3.15: The electronic absorption spectrum of 42 and 42.2H+ in CH2Cl2.

3.5 Conclusion
In summary, we have successfully demonstrated the syntheses of core-modified [24]π
pentaphyrin(2.1.1.1.1) with six meso links and fused hexaphyrin with seven meso links by
introducing the meso-aryl ethene bridge for the first time. The synthetic methodology
adopted here is simple and straightforward. The molecules were in non-aromatic
conformation in the freebase form. However, upon protonation, the pentaphyrin was adopted
Möbius [24]π aromatic character, whereas the hexaphyrin displayed Hückel [30]π aromatic
character.
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3.6 Experimental Procedure
3.6.1 Synthesis of 38
Method I
A mixture of thiatripyrrane (31) (150 mg, 0.31 mmol) and diol (37) (200 mg, 0.31 mmol)
were dissolved in dry CH2Cl2 under nitrogen atmosphere for 10 min. Trifluoroacetic acid
(24 μl, 0.31 mmol) was added and the resultant mixture was stirred for 1h under N2
atmosphere. 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) (213 mg, 0.93 mmol) was
added and resultant mixture was stirred in open air for another 1h. Progress of the reaction
was monitored through TLC. Solvent was evaporated under vacuum. Residue was purified
through basic alumina column chromatography followed by silica gel (100-200 mesh)
column chromatography. The first moving green band was eluted with CH2Cl2/n-Hexane
(20:80, V/V) and identified as pentaphyrin (38). The second greenish band was eluted with
CH2Cl2/n-Hexane (25:75, V/V) and identified as homoporphyrin (39). After evaporation,
pentaphyrin (38) gave greenish color solid in 9% yield.
Method II:
In this method, tetrapyrrane (40) (300 mg, 0.40 mmol) and thiophene diol (36) (154 mg, 0.40
mmol), dry CH2Cl2 (200 ml), trifluoroacetic acid (31μl, 0.40 mmol) and DDQ (277 mg, 1.2
mmol) were mixed as mentioned above. The pentaphyrin (38) was separated in 8% yield as
greenish solid and homoporphyrin (39) was isolated in 3% yield.
Compound 38:
1

H NMR (400 MHz, CD2Cl2, 298K): δ (in ppm) = 7.86 (s, 2H), 7.41 (d, 2H, J=2.8), 7.19

(d, 2H, J=2.8), 7.12 (d, 4H, J=3.6), 6.97 (s, 5H), 6.95 (d, 4H, J=3.6), 6.81 (d, 2H, J= 4.2),
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6.35 (d, 2H, J=4.2), 2.46 (s, 6H), 2.39 (s, 6H), 2.21 (s, 6H), 2.17 (s, 6H), 2.08 (s, 6H), 1.97
(s, 6H).
38∙2H+: 1H NMR (400 MHz, CDCl3) δ (in ppm) = 8.53 (d, 2H), 8.30 (d, 2H), 7.87 (d, 2H),
7.36 (d, 2H), 7.25 (s, 4H), 7.18 (s, 4H), 6.87 (t, 2H), 6.73 (t, 4H), 6.31 (t, 4H), 3.96 (s, 2H),
3.56 (s, 6H), 3.01 (Br, 2H, NH), 2.52 (s, 6H), 2.46 (s, 6H).
38: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 375 (5.49×104), 490 (8.32×104), 698
(3.96×104); 38·2H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 590 (1.45×105), 684
(7.36×104);
3.6.2 Synthesis of 42
A mixture of DTT-tetrapyrrane (41) (200 mg, 0.34 mmol) and diol (37) (217 mg, 0.34 mmol)
were dissolved in 200 ml of dry CH2Cl2 and the resulting solution was allowed stir for 15
min under nitrogen atmosphere. Trifluoroacetic acid (26 μl, 0.34 mmol) was added and the
solution was stirred under nitrogen atmosphere for 1h. DDQ (230 mg, 1.02 mmol) was added
and the mixture was stirred for another 1h in open air condition. After evaporation of solvent,
the compound was purified by basic alumina followed by silica gel (100-200 mesh) column
chromatography. A pink color band was eluted with CH2Cl2/n-Hexane (35:65, V/V) and
identified as hexaphyrin (42) in 12% yield.
Compound 42:
1

H NMR (400 MHz, CD2Cl2, 273K): δ (in ppm) = 7.50 (d, 2H), 7.41(d, 2H), 7.38 (s, 2H),

7.05 (s, 4H), 7.03 (s, 4H), 6.97 (d, 2H), 6.80-6.73 (m, 6H), 6.66 (d, 2H), 6.59 (d, 4H), 2.38
(s, 12H), 2.02 (s, 2H), 1.99 (s, 12H).
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42∙2H+: 1H NMR (400 MHz, CDCl3) δ (in ppm) = 9.94 (s, 2H), 9.78 (m, 4H), 9.09 (d, 2H),
8.75 (d, 2H), 8.37 (d, 2H), 7.57 (d, 4H), 7.36 (s, 4H), 6.46 (d, 2H), 6.25 (s, 2H), 2.67 (s,
12H), 2.46 (s, 12H), 1.75 (s, 6H), 1.55 (s, 6H).
42: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 421 (5.04×104), 466 (4.97×104), 542
(9.43×104), 796 (7.96×104);
42.2H+: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 595 (1.41×105), 991 (1.03×105).
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4.1 Introduction
The basic concept, ‘aromaticity’ [1-5] has received much attention in expanded porphyrin
chemistry[6-14] which provide an ideal platform for studying the various concepts of
aromaticity. Depending upon the oxidation state and conformation, they show different
aromatic properties such as Hückel aromatic,[1-5] non-aromatic,[15-19] anti-aromatic[20-22] and
Möbius aromatic electronic structure.[23-29] The initial three concepts are well known in the
literature, however the last one is less explored. The first example of expanded porphyrin
analogue with Möbius aromaticity was reported by Latos-Grażyński and coworkers by using
di-p-benzi-[28]Hexaphyrin.[24] Since then, several reports have demonstrated the presence
of Möbius aromaticity in various expanded porphyrins under various conditions. Such
details were described in the first chapter. This chapter mainly highlights the synthesis of
[32]π fused core-modified heptaphyrin and explores the Möbius aromatic character.
Heptaphyrins are expanded porphyrins in which seven heterocyclic units are linked through
multiple meso-carbon bridges. The first [28]π heptaphyrin(1.0.0.1.0.0.0) (4) with two mesolinks was reported by Sessler and co-workers.[30] The trifluoroacetic (TFA) acid-catalyzed
condensation of terpyrrole precursor (1) with bipyrrole (2) obtained the linear oligopyrrole
(3). The oxidative coupling reaction of 3 with Na2Cr2O7 in TFA afforded heptaphyrin (4) in
43% yield (Scheme 4.1). The compound 4 was further reacted with sulfuric acid to produce
the respective sulfate salt (4.2H+.SO42-), which showed typical Hückel anti-aromatic
behavior from the NMR spectral analysis. The single crystal X-ray analyses revealed that
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the sulfate anion was tightly bound inside cavity through intermolecular hydrogen bonding
interaction with N…O bond distances range from 2.669 Å to 2.961 Å.

Scheme 4.1: Synthesis of 4
The Hückel aromatic heptaphyrin (6) was reported by same group.[31] The p-toluenesulfonic
(p-TSA) acid-catalyzed condensation of 1:1 mixture of diformylterpyrrole (1) with
tetrapyrrane (5) under aerial oxidation, the [30]π heptaphyrin(1.1.1.1.1.0.0) with five mesolinks was obtained in 16% yield (Scheme 4.2). The molecule (6) was in figure-eight
conformation in the solid state, however maintained the aromatic character in solution. By
adopting similar synthetic strategy, the non-aromatic (8a) and aromatic (8b) core-modified
[30]π heptaphyrin with five meso-links was obtained from one-pot synthesis of terthiophene
diol (7) with tetrapyrrane (5) in 7% and 16% yield, respectively (Scheme 4.3).[32] The 8a and
8b were interconvertible by simple oxidation and reduction reactions using DDQ as well as
NaBH4.

Scheme 4.2: Synthesis of 6
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Scheme 4.3: Synthesis of 8
In 2003, Sessler and co-workers have also demonstrated the synthesis of cyclo[7]pyrrole
(11) without any meso-carbon bridges.[33] Oxidative coupling of bipyrrole precursor (9) with
FeCl3 in HCl afforded HCl salt of [22]π hexaphyrin(0.0.0.0.0.0) (10) and [26]π
heptaphyrin(0.0.0.0.0.0.0) (11) in 15% and 5% yield (Scheme 4.4). The aromatic nature of
11 was reflected from the electronic and NMR spectral analysis, where the inner NH signal
was upfield shifted and observed at -2.12 ppm. Two chloride anions were bound above and
below the macrocyclic plane with six intermolecular hydrogen bonding interaction with the
NH…Cl distances from 2.31 Å to 2.66 Å.

Scheme 4.4: Synthesis of 10 and 11
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The heptaphyrin (12) with seven meso-carbon bridges was reported by Osuka and coworkers[34] by modified Lindsey condition by using pyrrole and pentafluorobenzaldehyde in
the presence of BF3.Et2O as acid-catalyst followed by oxidation with DDQ to afford the
[28]π heptaphyrin(1.1.1.1.1.1.1) (12) in 4-5% yield along with porphyrin and other expanded
porphyrinoids (Scheme 4.5).

Scheme 4.5: Synthesis of 12
The Sc(OTf)3-catalyzed reaction of pentafluorobenzaldehyde and pyrrole in the presence of
sodium dodecyl sulfate (SDS) in aqueous afforded two different fractions from the silica gel
column chromatographic separation.[26] The first fraction was in green color whereas the
second fraction was in red-purple porphyrinoid in color. The aromatic nature of the second
fraction was reflected from the NMR spectral analysis, where one of the pyrrolic unit was
inverted and observed at 0.33 ppm and suggested the formation of [30]π
heptaphyrin(1.1.1.1.0.0.0) (13) (Scheme 4.6). Upon protonation by using TFA, the red
solution was turned into blue and maintained the aromatic nature as such. The spectral
analyses revealed that two pyrrolic units were inverted and further confirmed by single
crystal X-ray analyses. On the other hand, the first fraction was further purified and separated
as two green color compounds, where the major fraction was identified as [30]π
heptaphyrin(1.1.1.1.1.1.0) (14) in 5% yield, while the minor fraction was identified as [34]π
octaphyrin(1.1.1.1.1.1.1.0) (15) (Scheme 4.6). The NMR spectral analyses and single crystal
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X-ray structure revealed that the free base 14 was in figure-eight conformation with nonaromatic character, whereas the protonated 14 was in planar conformation with aromatic
nature.

Scheme 4.6: Synthesis of 13 - 15
The first core-modified heptaphyrins 18, 22 and 23 were introduced by our group.[35] The
[30]π heptaphyrins (18) was synthesized either through an acid-catalyzed condensation or
oxidative coupling reaction. The [5 + 2] synthetic strategy was adopted for acid-catalyzed
condensation reaction. The condensation of terthiapentapyrrane (16) with bithiophene diol
(17) in presence of TFA followed by oxidation with chloranil afforded [30]π
heptaphyrin(1.1.0.0.1.1.0) (18) in 20% yield (Scheme 4.7) . The spectral analyses suggested
that one of the thiophene rings in the bithiophene unit was inverted and retained as such
during protonation experiment.

Scheme 4.7: Synthesis of 18
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On the other hand, [4 + 3] synthetic strategy was followed for acid-catalyzed oxidative
coupling reaction.[36] The core-modified [30]π heptaphyrin(1.0.1.1.0.1.0) (22) was
synthesized from thia-(19) / selena tripyrrane (20) and tetrapyrrane (21) by using TFA acidcatalyst followed by chloranil oxidation in 20% yield. By changing the meso-aryl substituent
from phenyl to mesityl derivative, in addition to 22, our group has also obtained a new coremodified [30]π heptaphyrin(1.0.1.1.0.1.0) (23) in 9% yield (Scheme 4.8). In 22, the
thiophene unit which was opposite to the bithiophene unit was inverted, where as in 23, two
of the thiophene rings from the bithiophene units were inverted. In 18, 22 and 23, the [30]π
aromatic character was reflected from the spectral studies and protonation experiments.

Scheme 4.8: Synthesis of 22 and 23
In 2005, our group has also demonstrated the synthesis of twisted core-modified
heptaphyrins (24) with six meso links.[37] The [4 + 3] acid catalyzed condensation strategy
was involved for the synthesis of 24 by using thia-(19) / selena tripyrrane (20) and
tetrapyrrane (21) precursors and pentafluorobenzaldehyde. The p-toluenesulphonic acidcatalyst

condensation

followed

by

oxidation

with

chloranil

afforded

[30]π

heptaphyrin(1.1.1.1.1.1.0) (24) in 10% yield (Scheme 4.9). Though the macrocycle 24 was
in twisted conformation, the aromatic nature was reflected from the solution state spectral
analyses.
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Scheme 4.9: Synthesis of 24
In 2014, the first fused core-modified planar heptaphyrin with six meso-links (26) was
reported by our group,[38] where the fusion was introduced in one of the starting materials.
The TFA acid-catalyzed condensation reaction of fused dithienothiophene (DTT) diol (25)
with thia-(19) / selena tripyrranes (20) followed by chloranil oxidation, in addition to 26ʹ,
the [32]π heptaphyrin (1.1.1.1.1.1.0) (26) was obtained in 6% yield (Scheme 3.9). The DTT
moiety and the pyrrole ring which was opposite to the DTT unit were inverted from the
spectral analyses. The planarity was maintained in free base as well as protonated state and
adopted 4nπ Hückel anti-aromatic character.

Scheme 4.10: Synthesis of 26
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4.2 Objective of the work:
A seris of non-fused heptaphyrins and core-modified fused heptaphyrins with various mesocarbon links were highligted in the previous section. All these macrocycles distingush each
other depending on; (i) the number of π-electrons; (ii) the number of meso-links; (iii) the
conformational behavior and (iv) aromatic / anti-aromatic / non-aromatic character.
However, the core-modified expanded porphyrins in general and fused heptaphyrins in
particular, the Möbius aromatic character is hitherto unknown in the literature. Herein, we
wish to report the synthesis of monofused core-modified 32π heptaphyrins (28 and 29) with
six meso-positions (Figure 4.1), which exhibits Möbius aromatic character in solution as
well as solid state and retains the Möbius aromaticity in the protonated state.

Figure 4.1: Crystal structures of 28 and 29
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4.3 Results and Discussion
4.3.1 Syntheses
The synthesis is outlined in Scheme 4.11. We have followed the acid-catalyzed condensation
reaction of DTT-tetrapyrrane 27, a rigid precurosr with electron rich center,[39] and thia- or
selena-tripyrrane (19 or 20),[36] for the synthesis of fused heptaphyrin 28 and 29. The rigid
precursor was synthesized from the TFA acid catalyzed condensation with excess pyrrole
afforded 27 in 85% yield. The precursors 19 and 20 were synthesized from our earlier
reported procedure. The final step involves the condensation of 1:1 equiv. of 27 and 19 or
20 with 2 equiv. of pentafluorobenzaldehyde in presence of 0.3 equiv. of p-toluenesulfonic
acid (p-TSA) followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) gave the crude product. Repeated purification by column chromatography over basic
alumina followed by silica gel (100-200 mesh) column with CH2Cl2/n-hexane (35:65) gave
a blue fraction, which was identified as 28 and 29. After evaporation of the solvent, further
recrystallization from CH2Cl2/CH3OH provides greenish-blue color solid in 6-7% yield.

Scheme 4.11: Synthesis of 28 and 29.
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4.3.2 Spectral Characterization
4.3.2.1 Mass Spectrometric Analysis
The electron spray ionisation (ESI) mass spectrometric analysis of 28 and 29 shows the
molecular ion signal at m/z 1417.3250 [M+H+] and 1464.2340 [M+] and confirms the exact
composition of the macrocycle (Figure 4.2 and 4.3).

Figure 4.2: ESI-MS spectrum of 28

Figure 4.3: ESI-MS spectrum of 29
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4.3.2.2 NMR Analysis
The solution state analyses of 28 and 29 were confirmed by 1H and 2D NMR spectroscopy
in CDCl3. At 298K, the molecule 28 exists in C2-symmetry, where the two DTT protons are
resonated as a sharp singlet at 8.48 ppm (a). The four doublet signals between 7.30 ppm and
6.51 ppm (bbʹ, ccʹ) are assigned for pyrrolic β-CH protons (Figure 4.4a). These signals are
confirmed by 1H–1H correlation spectroscopy (COSY) experiment (Figure 4.4b). A sharp
singlet at 6.03 ppm (d) corresponds to two β-CH of thiophene ring, which are opposite to
DTT moiety. The meso-mesityl-CH protons are observed as singlet between 7.26 and 6.22
ppm (e), whereas six sharp singlets are resonated between 2.56 and 0.24 ppm in the upfield
region corresponds to meso-mesityl methyl protons. A broad signal at 7.77 ppm attributed
to NH protons of pyrrolic unit and this assignment was confirmed by D2O-exchange
experiment. Overall, the appearance of thiophene β-CH and the meso-mesityl methyl signals
in the upfield region reflects the weak Möbius aromatic character in 28.
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Figure 4.4: 1H NMR spectrum of 28 at 298K in CDCl3 (a) and 1H-1H COSY spectrum of
28 with pyrrolic β-CH proton correlations (b).
Similar patern was observed in 29 and shown in Figure 4.5. The DTT-β-CH protons are
resonated as sharp singlet at 8.51 ppm (a). The pyrrolic-β-CHs are between 7.22 and 6.46
ppm (bbʹ and ccʹ) as four doublets (Figure 4.5a) and confirmed by 1H-1H COSY correlation
spectroscopy (Figure 4.5b). The meso-mesityl-CH singals are from 7.23 to 6.27 ppm (e) as
four sharp singlets. The selenophene β-CH proton is appeared as singlet at 6.17 ppm (d).
The meso-mesityl methyl protons are observed between 2.49 and 0.38 ppm as six singlets
(Figure 4.5a). The spectral analysis reveals that the macrocycle 29 is less aromatic (0.38 ppm
vs 0.24 ppm) as compared to 28, however maintains the weak Möbius aromatic character at
298K.
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Figure 4.5: 1H NMR spectrum of 29 at 298K in CDCl3 (a) and 1H-1H COSY spectrum of
29 with pyrrolic β-CH proton correlations (b).
The variable temperature 1H NMR of 28 was recorded in CDCl3, which reveals that NH
proton gradually downfield shifted upon increasing the temperature from 298 to 323 K. On
the other hand, upon lowering the temperature from 298 to 223K, the DTT protons are
slightly downfield shifted and rest of the β-CH of pyrrole, thiophene and meso-mesityl-CH
protons are gradually broadened, however, the meso-mesityl methyl protons are slightly
upfield shifted.
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The significant Möbius topology was observed upon lowering the temperature where the
broad signals observed in CDCl3 at 223K is well resolved at 213-183K in CD2Cl2 (Figure
4.6). A set of sharp signals for DTT 8.73 & 8.64 ppm (aaʹ), β-CH thiophene 5.60 & 5.18
ppm (ddʹ), eight doublets for β-CH pyrrole between 7.49 and 6.04 ppm (bbʹ, b1b1ʹ, ccʹ and
c1c1ʹ) eight sharp signals for meso-mesityl-CH from 7.63 to 6.02 ppm (e) and twelve signals
for meso-mesityl methyl protons between 2.71 and -0.32 ppm were observed, in addition,
the pyrrolic-NH signal become sharp and upfield shifted to 5.08 and 3.55 ppm (Figure 4.7a).
The thiophene and pyrrolic β-CH signals are further confirmed by 1H-1H COSY studies
(Figure 4.7b) and the NH signals are vanished by CD2Cl2/D2O experiment. These
observations suggest that there is an anomalous change in structure upon lowering the
temperature. Overall, the 1H NMR at 213-183K proves that molecule lost C2-symmentry
orientation and thus adopts Möbius conformation with stronger diatropic ring current.

Figure 4.6: Variable temperature 1H NMR spectrum of 28 in CD2Cl2
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Figure 4.7: 1H NMR spectrum of 28 at 183K in CD2Cl2 (a) and 1H-1H COSY spectrum of
28 with thiophene and pyrrolic β-CH proton correlations (b).
Similar spectral pattern was observed in 29 upon lowering temperature from 298K to 183K.
DTT β-CH are appeared at 8.93 ppm (a) and 8.74 ppm (aʹ). The four pyrrolic β-CH are at
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7.67 ppm to 5.97 ppm (bbʹ, b1b1ʹ, ccʹ and c1c1ʹ) as eight signals. Selenophene β-CH are
appeared at 5.82 ppm and 4.99 ppm (d, dʹ) (Figure 4.8a). These were further confirmed by
1

H-1H COSY spectral analysis (Figure 4.8b). The meso-mesityl CH protons are at 7.65 ppm

to 6.66 ppm (e) as eight sharp signals. The inner NH signals are resonated as sharp singlet
at 4.89 and 3.35 ppm. The meso-mesityl methyl signals are observed at 3.01-1.49 ppm and
the respective protons which are in the diatropic ring current are resonated at -0.43 ppm and
-0.49 ppm. Overall, the Möbius aromatic character was maintained as such upon introducing
the bulkier heteroatom in the macrocyclic framework.
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Figure 4.8: 1H NMR spectrum of 29 at 183K in CD2Cl2 (a) and 1H-1H COSY spectrum of
29 with thiophene and pyrrolic β-CH proton correlations (b).
The results are further compared with 12 and 26; (i) the figure-eight conformation in 12a
adopts non-aromatic character; (ii) the non-symmetrical pattern was observed in 12b at 183K
[26]

and (iii) the DTT and pyrrole units in 26 are inverted and experiencing the paratropic

ring current.[40] Overall, the results observed in 28 and 29 are comparable with 12b, further
confirms the Möbius aromatic character.
Upon protonation of 28 and 29 with TFA in CD2Cl2 at 298K illustrates the following; (i)
DTT proton, pyrrole-β-CH and meso-mesityl-CH protons are slightly downfield shifted; (ii)
the NH protons are shifted upfield at 5.66 & 3.43 ppm (28) (Figure 4.9) and 5.37 & 3.81
ppm (29) (Figure 4.10) upon increasing the concentration of TFA; (iii) the β-CH proton of
thiophene is slightly shielded by 0.17 ppm and resonated at 5.79 ppm (d) (28) and the
selenophene β-CH proton is observed at 5.66 ppm (d) (29); (iv) similarly, the meso-mesityl
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methyl protons, which are in the aromatic ring current in the freebase form, are further
upfield shifted and observed at -1.16 ppm (28) and -1.46 ppm (29), respectively. Overall, it
has been concluded that the retention of Möbius aromaticity with effective π-electron
delocalization even after protonation. A comparison of these results with protonated
derivatives of 12 and 26 reveals that 12 adopts figure-eight conformation with Möbius
aromatic character,[26] while 26 maintains the Hückel anti-aromatic characater as such in
solution.[40]

Figure 4.9: 1H NMR spectrum of 28.2H+ at 298K in CD2Cl2.
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Figure 4.10: 1H NMR spectrum of 29.2H+ at 298K in CD2Cl2.
4.3.2.3 Single Crystal X-ray Analysis
The structure of 28 and 29 was unambiguously confirmed by single-crystal X-ray diffraction
analysis (Figure 4.11 – 4.12, Table 4.2). Both the compounds were crystallized in a triclinic
crystal system with the P-1 space group. The crystal structure of 28 is shown in Figure 4.11.
As reflected from the spectral analysis, the DTT-dipyrrin moiety and thia-tripyrrin units are
connected by pentafluorophenyl groups and adopts a nonplanar structure with [32]π-electron
circuit, in addition, one of the meso-mesityl methyl protons are in the macrocyclic aromatic
ring current. The observed torsion angles of 32.13° (C5-C6-C7-S1) and 30.27°(S3-C14-C15C16) in 28 and respective values in 29 are 30.44 and 29.54 (Table 4.1) favor the overall π
electron conjugation and facilitating the aromatic Möbius stabilization in the freebase form.
Thus, the large strain associated with the figure eight conformation is nicely distributed
across the macrocycle, which leads to effective π electron delocalization in the framework.
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The amino and imino nitrogen atoms present in dipyrrin moiety in 28 are in strong
intramolecular hydrogen bonding interactions (N2-H2····N1 and N4-H4····N3) with
distances of 2.23 and 2.16 Å and angles of 119° and 122°, (Figure 4.11a) respectively.
Similar such interaction with bond distances and angles in 29 are 2.25 & 2.17 Å and 117.27°
& 122.33° (Figure 4.12a). The DTT moiety in 28 is almost perpendicular to the thiophene
unit with an angle of 84.61°(Figure 4.11b) and are appended one over the other with the
nonbonding distance between the π-electron cloud of thiophene ring and S1 & S3 of DTT
ring is 3.93 and 3.83 Å respectively. In the case of 29, the respective angle is 83.30° (Figure
4.12b) and the nonbonding distance between selenophene ring and S2 & S3 of DTT ring is
3.90 and 3.88 Å. On the other hand, the crystal analysis of 12a in protonated form and 12b
in freebase adopt Möbius conformation,[26] while 26 retains the Hückel anti-aromatic
character in the solid state. An intriguing fact also noticed from crystal structure of 28 that
the molecule exists as self-assembled dimer and one dimensional arrays through
intermolecular hydrogen bonding interactions. The self-assembeled dimers are generated
between (i) pyrrolic β-CH (C3-H63) with one of the fluorine atoms (F4) from
pentafluorophenyl unit and (ii) one of the meso-mesityl methyl units (C54-H2A) with
adjacent molecule meso-mesityl π-cloud (Mes-π). The bond distances and angles of C3H63...F4 and C54-H2A...Mes(π) are 2.66 Å & 138.23° and 2.75 Å & 148.17°, respectively
(Figure 4.13). Similarly, the one dimensional arrays are generated between (i) one of the
meso-mesityl CH units (C67-H48) with neighboring unit F2 atom and (ii) one of the mesomesityl methyl CH units (C78-H21) with adjacent molecule F9 atom. The bond distances
and angles of C67-H48...F2 and C78-H21...F9 are 2.85 Å & 147.37° and 2.5 Å & 163.12°
(Figure 4.14). Both the self-assembled dimers and one dimensional arrays were combined
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together to generate two dimensional supramolecular assembly in the solid state (Figure
4.15).

Figure 4.11: Single crystal X-ray structure of 28 (a) top view and (b) side view.

Figure 4.12: Single crystal X-ray structure of 29 (a) top view and (b) side view.
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Figure 4.13: Self-assembled dimer of 28.

Figure 4.14: One dimensional array of 28.
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Figure 4.15: Two dimensional array of 28.

Table 4.1: Selected bond lengths (Å) and torsion angles (°) of 28 and 29.
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Table 4.2: Crystal data for 28 and 29

28

29

T, K

100(2)

100(2)

Formula

C82H58F10N4S4

C82H58F10N4S3Se

Formula weight

1574.55

1583.84

Color and Habit

Dark blue

Dark blue

Crystal system

Triclinic

Triclinic

Space group

P-1

P-1

a, Å

12.7779(4)

12.836(5)

b, Å

15.9694(5)

15.847(5)

c, Å

21.8023(7)

21.762(5)

 , deg
, deg
, deg

107.888(2)

107.623(5)

100.997(2)

100.230(5)

100.881(2)

100.971(5)

V, Å3
Radiation (λ, Å)

4006.6(2)

4009(2)

Mo Kα

Mo Kα

(0.71073)

(0.71073)

Z

2

2

dcalcd, g•cm-3
μ, mm-1

1.305

1.312

0.256

0.715

F(000)

1620

1616

No. of unique reflns

14916

14039

No. of params. refined

994

949

0.991

1.036

0.0734

0.0977

0.0787

0.0987

0.2318

0.3170

2

GOF on F
R1a [I > 2σ(I)]
a

R1 (all data)
wR2b (all data)
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4.3.2.4 Electronic spectral analysis
The electronic absorption spectrum of 28 in freebase as well as protonated form is shown in
Figure 4.16. The compound 28 in its freebase form illustrates well-defined peaks, with
intense Soret-like band at 604 nm and a distinct Q-band at 868 nm with molar absorption
coefficient (ε) of the Soret band is 105, suggests the aromatic character. The spectral pattern
is similar to other Möbius aromatic expanded porphyrins. The results are futher compared
with 24 and 26; (i) the red shift of both the Soret and Q-bands in 28, as compared to 24,[39]
reflects the extension in the π-electron conjugation and (ii) one fold higher in the molar
absorption coefficient of intense band in 28, as compared to 26, indicates the aromatic
character. The absorption spectra of 28 remain unaltered upon changing the polarity of the
solvent (Figure 4.17), as observed in 12b, proves the conformation remain intact, however,
12a in polar solvent adopts Möbius aromaticity.

Figure 4.16: The electronic absorption spectrum of 28 and 28.2H+ in CH2Cl2.
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Figure 4.17: The electronic absorption spectrum of 28 in various solvents at 298K.
Protonation by using a dilute solution of TFA, the intense band in 28 is red-shifted to 651
nm with a shift value of 48 nm and a weak Q-band in the near IR region at 1026 nm (Figure
4.16). The ε value of the Soret band is 1.2 times higher as compared to free-base ligand,
suggests the protonated derivative is more-aromatic. Similar trend was observed in 29
(Figure 4.18). The Soret band at 608 nm and weak Q-band at 895 nm in 29 are red-shifted
by 47 nm and 127 nm upon protonation and appeared at 655 nm and 1022 nm, respectively.
The electronic spectral analysis reveals that 29 maintains the Möbius aromaticity in the freebase state and enhanced aromaticity in the protonated state. Overall, the extension in the πelectron conjugation as well as reduction in the number of heteroatom reflects the Möbius
aromaticity in 28 and 29 both in freebase as well as protonated state.
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Figure 4.18: The electronic absorption spectrum of 29 and 29.2H+ in CH2Cl2.
4.3.2.5 Nucleus Independent Chemical Shift (NICS)
The computational studies of 28, 29 and its protonated derivatives were performed with
Gaussian09[40] at the M06L/6-31G** level[41] to visualize the geometry and electronic
structure (Figure 4.19 and 4.20). The nucleus-independent chemical shift (NICS)(0) values
calculated at various geometrical positions within 28 indicate that center position of pyrrolic
rings containing amino nitrogen have large negative values (-7.2 to -8.4 ppm) compared to
imino nitrogen (-1.5 to -2.7 ppm). Similarly higher negative values are observed for terminal
thiophene rings of DTT (-16.3 to -18.3 ppm) as compared to core thiophene unit (-13.8 ppm).
The NICS(0) value calculated at the center of the macrocycle is found to be -8.1 ppm clearly
reflects the Möbius aromaticity (Figure 4.19a). Moreover, upon protonation, the NICS(0)
value for (i) the imino and amino nitrogen values are more negative (-10.2 ppm to -11.4
ppm) and (ii) moderate decrease in core-thiophene unit and increase in terminal thiophene
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rings of DTT unit, as compared to free-base ligand. Overall, the centriod NICS(0) value is
found to be -9.9 ppm (Figure 4.19b).

Figure 4.19: NICS(0) values of 28 and 28.2H+.
The theoretical results are consistent with 29 and its protonated derivative, where the
NICS(0) values are -7.2 and -10.9 ppm, respectively (Figure 4.20). Overall, as observed from
the spectral and structural analyses, the Möbius character is reflected in the neutral stage and
the extent of aromaticity is enhanced upon protonation.

Figure 4.20: NICS(0) values of 29 and 29.2H+.
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4.3.2.6 Anisotropy Induced Current Density (AICD)
Like NICS(0), the AICD calculations are considered as the best index to evaluate the
aromaticity of the macrocycle. We have also attempted to directly visualize the induced ring
current by using AICD method which describes the 3D image of delocalized electron
densities with scalar field. The AICD method illustrates the paramagnetic term of the
induced current density, the aromatic molecule shows clockwise current density, whereas
anti-aromatic molecule displays counter-clockwise current density. In the AICD plot of both
freebase as well as protonated derivatives of 28 (Figure 4.21) and 29 (Figure 4.22) allows
clockwise current delocalization, thus confirms the aromatic behaviour inside the
macrocycles although not planar, as reflected from the spectral and structural analyses.

Figure 4.21: AICD plot for 28 and 28.2H+.
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Figure 4.22: AICD plot for 29 and 29.2H+.
4.4 Conclusions
In summary, we have successfully synthesized the [32]π fused core-modified heptaphyrin
and demonstrated its Möbius aromatic character without any external stimuli. It is known in
the literature that the right combination of certain degree of planarity as well as distortion in
the molecular framework, in order to achieve the Möbius topology. Here, (i) the introduction
of rigid & planar DTT core and the core-modified & flexible tripyrrane unit in the
macrocyclic framework; (ii) reduction of number of heteroatoms in the framework; (iii) the
number and right mixing of meso-aryl units and (iv) protonation, which keeps control over
the geometry and modulate the system from [4n]π Hückel non-/anti-aromatic topology
towards [4n]π Möbius aromaticity with nonplanar conformation. In addition to the spectral
and structural analyses, the Möbius aromaticity is unambiguously confirmed by theoretical
calculations.
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4.5 Experimental Procedure
4.5.1 Synthesis of 28
DTT-dipyrrane (27) (0.300 g, 0.51 mmol) and thiatripyrrane (19) (0.244 g, 0.51 mmol) were
dissolved in dry CH2Cl2 (200 ml) and reaction mixture was stirred under gentle flow of
nitrogen gas. Pentafluorobenzaldehyde (0.063 ml, 0.51 mmol) was initially added to
solution, after 10 min paratoluenesulfonic acid (0.032 g, 0.17 mmol) was added and the
progress of the reaction was monitored by TLC. After 1.5h, DDQ (0.212 g, 0.76 mmol) was
added to the reaction mixture and stirring was continued for further 2h. The resulting solution
was completely dried under vacuum and crude residue was purified by column
chromatography over basic alumina followed by silica gel (100–200 mesh). The blue
fraction eluted with CH2Cl2/n-hexane (35:65, v/v) was identified as desired heptaphyrin
(28). Further recrystallization from CH2Cl2/CH3OH provides greenish-blue solid crystals in
6% yield.
Compound 28: 1H NMR (400 MHz, CD2Cl2) δ (in ppm) = 8.48 (s, 1H), 7.43 (s, NH), 7.36
(d, J = 5.0 Hz, 1H), 7.27 (s, 1H), 7.13 (d, J = 3.9 Hz, 1H), 6.96 (s, 1H), 6.83 (d, J = 5.0 Hz,
1H), 6.82 (s, 1H), 6.57 (d, J = 4.9 Hz, 1H), 6.15 (s, 1H), 5.97 (s, 1H), 2.66 (s, 3H), 2.56 (s,
3H), 2.48 (s, 3H), 2.06 (s, 3H), 1.45 (s, 3H), 0.16 (s, 3H); 28·2H+ : 1H NMR (400 MHz,
CD2Cl2) δ (in ppm) = 9.32 (s, 1H), 7.39 (d, J = 8.6 Hz, 1H), 7.32 (s, 1H), 7.25 (d, J = 5.5
Hz, 1H), 7.08 (d, J = 7.4 Hz, 1H), 6.91 (d, J = 5.8 Hz, 1H), 6.12 (s, 1.5H), 6.08 (s, 1.5H),
5.73 (s, 1H), 5.57 (s, NH), 2.88 (s, 2H), 2.45 (s, 2H), 2.01 (s, 6H), 1.92 (s, 6H), -1.16 (s, 1H).
28: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 377 (5.01×104), 604 (1.59×105), 868
(2.52×104); 28·2H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 355 (1.1×104), 545
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(1.33×105), 651 (2.1×105) 1025 (4.24 × 104); Elemental analysis calcd (%) for
C82H58F10N4S4: C 69.47, H 4.12, N 3.95; found: C 69.36, H 4.32, N 3.84.
4.5.2 Synthesis of 29
DTT-dipyrrane (27) (0.300 g, 0.51 mmol), selenatripyrrane (20) (0.267 g, 0.51 mmol) in dry
CH2Cl2 (200 ml), pentaflurobenzaldehyde (0.063 ml, 0.51 mmol) and paratoluenesulfonic
acid (0.032 g, 0.17 mmol) were mixed under similar reaction condition as mentioned above.
After 1.5h, DDQ (0.212 g, 0.76 mmol) was added to the reaction mixture and stirring was
continued for further 2h. The resulting solution was completely dried under vacuum and
crude residue was purified by column chromatography over basic alumina followed by silica
gel (100–200 mesh). The blue fraction eluted with CH2Cl2/n-hexane (38:62, v/v) was
identified as desired heptaphyrin (29). Further recrystallization from CH2Cl2/CH3OH
provides greenish-blue solid crystals in 7% yield.
Compound 29: 1H NMR (400 MHz, CD2Cl2) δ (in ppm) = 8.53 (s, 1H), 7.83 (s, NH), 7.31
(d, J = 4.9 Hz, 1H), 7.26 (s, 1H), 7.10 (d, J = 4.0 Hz, 1H), 6.98 (s, 1H), 6.81 (s, 1H), 6.78 (d,
J = 3.8 Hz 1H), 6.52 (d, J = 3.8 Hz, 1H), 6.19 (s, 1H), 6.17 (s, 1H), 2.60 (s, 3H), 2.56 (s,
3H), 2.48 (s, 3H), 2.07 (s, 3H), 1.53 (s, 3H), 0.23 (s, 3H); 29·2H+: 1H NMR (400 MHz,
CD2Cl2) δ (in ppm) = 9.76 (s, 1H), 7.91 (d, J = 4.9 Hz, 1H), 7.71 (d, J = 5.0 Hz, 1H), 7.50
(s,1H), 7.29 (d, J=4.8 Hz, 1H), 6.90 (s, 1H), 6.79 (s,1H), 6.60 (d, J=4.1 Hz, 1H), 5.98 (s,
1H), 5.40 (s, NH), 3.05 (s, 5H), 2.97 (s, 5H), 2.48 (s, 6H), -1.58 (s, 2H). 29: UV/Vis
(CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 390 (6.06×104), 608 (1.59×105), 895 (3.03×104)
; 29·2H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 363 (3.85×104), 553 (9.3×104),
655 (2.24×105), 1022 (1.7×104); Elemental analysis calcd (%) for C82H58F10N4S3Se: C
67.24, H 3.99, N 3.82; found: C 67.32, H 3.78, N 3.76.
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5.1 Introduction
Octaphyrins are class of expanded porphyrins[1-9] in which eight pyrrole rings are connected
through meso-carbon bridges or through direct pyrrole-pyrrole links. The structural diversity
in octaphyrin exhibits in various forms which includes; planar, figure-eight,[10-14] inverted,[1518]

fused,[19-22] bridged[23-26] and Möbius band[27-32]. These forms mainly rely on; (i) nature of

the meso aryl substituents; (ii) the number and type of meso-carbon bridges and (iii) the
heterocyclic units present in the macrocyclic framework. The octaphyrins with figure-eight
conformation leads to loss in aromaticity. Thus, in order to maintain the aromaticity in
octaphyrin framework, this chapter mainly highlights the syntheses, spectral and structural
characterization of core-modified octaphyrins with different structural diversity such as;
planar, fused and bridged system and three dimensional aromaticity.
The first octaphyrin 4 was synthesized by Vogel and co-workers[33] in 1995 by perchloric
acid-catalysed condensation of bipyrrole dialdehyde 1 with dipyrroethane dicarboxylic acid
2 to afford the tetrahydrooctaphyrin(2.1.0.1.2.1.0.1) 3 in 30% yield. The DDQ oxidation of
3 did not lead to final conjugated product. The thermal dehydrogenation of 3 with 10% Pd /
C under reflux condition resulted the formation of conjugated product 4 in 85% yield
(Scheme 5.1a). Under similar reaction condition, dipyrromethane dicarboxylic acid 5 was
mixed with 1 to form the octaphyrin(1.1.1.0.1.1.1.0) 6 in 10% yield (Scheme 5.1b).
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Scheme 5.1a: Synthesis of 4

Scheme 5.1b: Synthesis of 6
The [32]π octaphyrin(1.0.1.0.1.0.1.0) 10 was also reported by the same group.[34] The linear
tetrapyrrole 7 and its α,ω-dialdehyde 8 were mixed in 1:1 ratio under acidic condition
followed by open-air oxidation to form the octaphyrin 10 in 7% yield (Scheme 5.2).
Alternatively, the reaction was also performed with 2 equiv. of bipyrrole 9 and its diformyl
derivative 1 to obtain the octaphyrin 10 in 10% yield. As observed in 4 and 6, the compound
10 was in figure-eight conformation and maintained the non-aromatic character.
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Scheme 5.2: Synthesis of 10
The octaphyrin with eight meso-links 11 was reported by Osuka and co-workers.[14] They
adopted

modified

Lindsey

condition

for

the

synthesis

of

non-aromatic

[36]octaphyrin(1.1.1.1.1.1.1.1) 11 by using pyrrole and pentafluorobenzaldehyde followed
by DDQ oxidation in 6% yield (Scheme 5.3). The figure-eight conformation was reflected
from crystal analyses. The core was effectively utilized to stabilize the Group 10 metal ions
and displayed Möbius aromaticity.[32b] The deprotonation experiment of 11 was further
performed with tetrabutylammonium fluoride (TBAF) salt and afforded the monoanionic
twisted Möbius aromatic and dianionic Hückel anti-aromatic [36]octaphyrin.[32c]

Scheme 5.3: Synthesis of 11
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The first planar octaphyrin 12 without meso-carbon bridges was synthesized by Sessler and
co-workers.[35] The 1M H2SO4 acid-catalyzed oxidative coupling of bipyrrole 9 in the
presence of FeCl3 afforded the [30]π octaphyrin(0.0.0.0.0.0.0.0) 12 in 70% yield (Scheme
5.4). The crystal analyses revealed that the sulphate ion was trapped inside the macrocyclic
framework and bound with eight intermolecular hydrogen bonding interaction with N-H…O
bonding distance of 1.91 to 2.49 Å. The aromatic nature of 12 was reflected from 1H NMR
analysis, where the inner NH proton was resonated at 0.64 ppm at room temperature.

Scheme 5.4: Synthesis of 12
The core-modified octaphyrin with eight meso-carbon bridges was reported by LatosGrażyński and co-workers.[36] The MSA acid catalyzed condensation of 2,5-bis(ptolylhydroxymethyl)thiophene 13 with pyrrole followed by chloranil oxidation afforded the
tetrathia[36]octaphyrin(1.1.1.1.1.1.1.1) 14a in 2% yield along with trace amount of
dihydrotetrathia[38]octaphyrin(1.1.1.1.1.1.1.1) 14b (Scheme 5.5). Both 14a and 14b were
interconvertible by simple oxidation and reduction reaction using DDQ and NaBH4. The 1H
NMR spectral analyses suggested that the overall [38]π macrocyclic aromaticity for 14b and
overall [36]π macrocyclic anti-aromaticity for 14a.
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Scheme 5.5: Synthesis of 14
The planar core-modified octaphyrin was reported by our group by (i) reducing the number
of meso-carbon bridges and (ii) introducing bulkier meso-aryl substituents.[37] The TFA acidcatalyzed [4 + 4] oxidative coupling reaction of bithiophene tetrapyrrane (15) in the presence
of chloranil gave a [34]π octaphyrin(1.0.1.0.1.0.1.0) (16) with four meso-carbon bridges in
5% yield (Scheme 5.6). One of the thiophene rings in the bithiophene unit was inverted and
experiencing the aromatic ring current effect and overall maintained the planarity as well as
aromatic character.

Scheme 5.6: Synthesis of 16
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The near IR absorbing planar aromatic [34]octaphyrin(1.1.0.1.1.0.0.0) (18) with
quaterthiophene unit in the framework was introduced by our group.[38] The 18 was
synthesized from 5,5ʹʹʹ-bis(mesitylhydroxymethyl)2,5ʹ:2ʹ,2ʹʹ:5ʹʹ,2ʹʹʹ-quaterthiophene 17 with
bithiophene tetrapyrrane 15 in the presence of p-TSA acid as acid-catalyst followed by
chloranil oxidation in 20% yield (Scheme 5.7). Upon protonation by using TFA, the weak
Q-like band was shifted from 842 nm and appeared in the near IR region at 1090 nm. The
bithiophene unit which was opposite to the quaterthiophene unit was inverted and adopted
planar conformation in solution and further confirmed by crystal analysis.

Scheme 5.7: Synthesis of 18
In order to maintain the planarity and aromaticity in the octaphyrin framework, the fused
and bridged synthetic strategies were introduced. The core-modified fused octaphyrin was
synthesized by our group.[21a] The fusion was introduced in the starting material, where the
electron

rich

dithienothiophene

(DTT)

dipyrrane

(19)

was

condensed

with

pentafluorobenzaldehyde by using 0.3 equiv. of p-TSA followed by DDQ oxidation afforded
the doubly fused core-modified [36]π octaphyrin(1.1.1.0.1.1.1.0) (20) in 10% yield (Scheme
5.8). The figure-eight conformation of 20 was reflected from crystal analyses, where the
DTT moieties were oriented in staggered conformation with a π cloud distance of 3.7Å.
However, upon protonation, the figure-eight conformation was changed into extended open
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structure and the aromaticity was shifted from non-aromatic to [4n]π Hückel anti-aromatic
character in the diprotonated state. Prior to this result, the fused octaphyrin was randomly
reported in the literature; (i) the regio- and stereoselective mono and bis-pyrrolidine fused
octaphyrins were synthesized from [36]octaphyrin 11 with azomethine ylide [21b] and (ii) Nthienyl fused aromatic [38]octaphyrin was obtained from [36]octaphyrin bearing 3-thienyl
substituent.[21c]

Scheme 5.8: Synthesis of 20
Our group have also demonstrated the synthesis of bridged core-modified octaphyrin by
introducing a phenylene bridge in the macrocyclic framework.[26] The p-TSA acid-catalyzed
condensation of 1,4-phenyl-bis(dipyrromethane) (21) with bithiophene diol (22) followed
by oxidation with DDQ gave the bridged [34]π octaphyrin (23) in 10% yield (Scheme 5.9).
The spectral and theoretical analyses revealed that fight-eight conformation was restricted
and adopted the planarity in the macrocyclic framework. In addition, the macrocycle was
Hückel aromatic and followed a major [34]π single conjugation pathway, where the pphenylene bridge was not involved in the macrocyclic conjugation.
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Scheme 5.9: Synthesis of 23
5.2 Objective of the work:
The octaphyrins described in the previous section were in figure-eight conformation or
planar conformation. In order to acheive a planar conformation exclusively, the following
strategies were introduced; (i) reduce the number of meso-carbon bridges; (ii) right
combination of heterocyclic rings and meso-aryl subtituents; (iii) Fusion and (iv) bridged
techniques. The main objective of this chapter is to achieve a planar aromatic octaphyrin,
where we adopted all the startegies as mentioned above. The first part of this chapter, we
have introduced four meso-carbon bridges and meso-mesityl (26) and tolyl as substitutents.
In the second part, the fused octaphyrin (27) and its aromatic characteristics are highlighted
and in the last chapter, we mainly focused on the bridged ocatphyrin (30) where
dithienothiophene (DTT) ring is utilized as bridge and also described its three dimensional
aromaticity in the system.
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Figure 5.1: Molecular structures of 26, 27 and 30
5.3 Results and Discussion
5.3.1 Syntheses
The synthesis is outlined in Scheme 5.10. We have adopted [5 + 3] acid-catalyzed MacDonald type condensation reaction. The requried precursors terthiophene diol (24) and
terthiophene pentapyrrane (25) were synthesized from our earlier reported procedures.[39]
The diol 24 was synthesised from terthiophene with n-BuLi (1.6M in n-hexane) and
respective arylaldehyde, whereas the precursor 25 was obtained from TFA acid-catalyzed
condensation of 24 with excess pyrrole. The final target molecule was achieved by TFA
acid-catalyzed condensation of 1:1 mixture of 24 and 25 followed by oxidation with DDQ
afforded the curde product. After repeated column chromatographic purification by basic
alumina followed by silica gel (100 – 200), the bluish color fraction was eluted with CH2Cl2
and n-hexane and identified as octaphyrin 26 in 10 – 12% yield. The compound 26a and 26b
are resonable stable, however 26c is found to be unstable. Hence the spectral analysis are
done mainly 26a.
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Scheme 5.10: Synthesis of 26.
5.3.2 Spectral Characterization
5.3.2.1 Mass Spectrometric Analysis
The electron spray ionisation (ESI) mass spectrometric analysis of 26a-c were shown in
Figure 5.2 – 5.4. The molecular ion signals of 26a-c at m/z 1145.3190 for 26a (Figure 5.2),
1089.2703 for 26b (Figure 5.3) and 1033.1571 for 26c (Figure 5.4) confirm the composition
that is consistent with the expected macrocycles.

Figure 5.2: ESI-MS spectrum of 26a
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Figure 5.3: ESI-MS spectrum of 26b

Figure 5.4: ESI-MS spectrum of 26c
5.3.2.2 Electronic Spectral Analysis
The electronic absorption spectrum of 26a was recorded in CH2Cl2. To our surprise, 26a
shows two split Soret like bands at 600 nm and 647 nm with higher molar absorption
coefficient of later band (~105) and a Q band at 905 nm (Figure 5.5). These Soret like bands
suggest the existence of the two different isomeric / tautomeric units. There is a moderate
change in the band positions upon varying the solvent polarity from polar to nonpolar,
however, both the species were present under different solvent conditions. The titration
experiment was further performed by gradual increase of TFA in CH2Cl2 solution of 26a. At
monoprotonated stage, both the split Soret bands are merged together and shows a broad
143

Chapter 5
band centered at 625 nm & shoulder at 757 nm along with Q bands at 1186 and 1393 nm.
At 5 equiv. of TFA, the broad Soret band becomes sharp, red-shifted by 9 nm and observed
at 634 nm with two fold increase in the molar absorption coefficient along with Q band at
1153 nm (Figure 5.5). Overall, the reduction in Soret band and red shift absorption in the Qband reflects that one of the tautomers / isomers is stabilized at higher concentration of TFA.
The band positions and the molar extinction coefficient in the freebase as well as protonated
state of 26a reflect the typical aromatic octaphyrin. Similar trend was observed in the
electronic absorption spectral analyses of 26b and 26c both in the freebase as well as
protonated form.

Figure 5.5: The electronic absorption spectrum of 26a and 26a.2H+
5.3.2.3 NMR Analysis
The 1H NMR spectrum of 26a was recorded in Toluene-d8 at 298 K (Figure 5.6). The more
number of proton signals in 26a suggests the presence of two different tautomeric / isomeric
units in its freebase form. These units are in C4 and C2 symmetry, thus, only one fourth of
the signals for C4 symmetry and half of the signals for C2 symmetry were observed in the
1

H NMR spectral analyses. One of the three thiophene rings is inverted in each tautomer and
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experiencing the diatropic ring current. In C4 symmetry, the middle thiophene in the
terthiophene unit is inverted and the respective thiophene β-CH protons are resonated at 0.37
ppm (a), whereas, in C2 symmetry, one of the terminal thiophenes is resonated between 0.37
ppm (5) and -1.26 ppm (6). The normal thiophene (b, c, 1, 2, 3 and 4) and pyrrolic β-CH (d,
7 and 8) protons in both the units are observed from 9.85 to 8.49 ppm. Overall there is no
major structural change in both units, thus ruled out the possibility of tautomerism between
the units (Scheme 5.11). The meso-mesityl CH signals are appeared between 8.06 and 7.15
ppm as four sharp singlets, whereas the mestiyl methyl CH singals are at 2.60 to 2.15 ppm
as six singlets.

Figure 5.6: 1H NMR spectrum of 26a in Toluene-d8

Scheme 5.11: The possible isomeric units in 26a
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Upon decreasing the tempearture from 298 K to 193 K, the inverted thiophene β-CH protons
are further upfield shifted, where the respective β-CH proton in C4 symmetry is reonated at
-0.70 ppm (a), on the other hand, in C2 symmetry, the respective protons are observed
between -0.62 (5) and -2.35 ppm (6). The normal thiophene and pyrrolic β-CH protons are
further downfield shifted and observed from 10.02 to 8.86 ppm (Figure 5.7). These signals
were further confirmed by 1H-1H correlation spectroscopy (COSY) experiment (Figure 5.8).
There is moderate downfield shift of the meso-mesityl CH signal and upfield shift of the
meso-mesityl methyl CH signals. Overall, the aromaticity and planarity of each isomers in
26a increases upon decreasing the temperature.

Figure 5.7: Low temperature 1H NMR spectrum of 26a
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Figure 5.8: 1H-1H COSY spectrum of 26a with correlation in normal heterocyclic rings (a)
and inverted units (b).
The protonation experiment was further performed with 26a in the presence of TFA in
Toluene-d8 at room temperature and the results are shown in Figure 5.9. Upon protonation,
one of the isomers with C2 symmetry is predominantly stabilized over the C4 symmetry. As
observed in freebase with C2 symmetry, one of the terminal thiophenes in terthiophene unit
is retained inversion. The respective β-CH protons are -4.19 ppm and -3.71 ppm upfield
shifted and resonated at -4.56 ppm (5) and -4.97 ppm (6) as compared to freebase 26a. The
newly protonated inner imine NH protons are observed as a broad singlet at -3.03 ppm and
further confirmed by D2O exchange experiment. The normal thiophene protons are appeared
between 11.01 ppm and 10.25 ppm (1, 2, 3 and 4), whereas the pyrrolic β-CH protons are at
9.04 ppm (7) to 9.02 ppm (8) as doublet. All these assignments were further confirmed by
1

H-1H COSY spectral analysis (Figure 5.10). The meso-mesityl protons are displayed from

7.34 ppm to 7.18 ppm and the mesityl methyl protons are from 2.48 ppm to 1.74 ppm,
respectively. Overall, the upfield shift of the inverted thiophene unit and downfield shift of
the normal heterocyclic rings as compared to free-base 26a, thus confirms the increase in
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aromaticity as well as planarity upon protonation. Similar trend was observed in the 1H NMR
analyses of 26b in the free-base form and its protonated state.

Figure 5.9: 1H NMR spectrum of 26a.2H+ in Toluene-d8

Figure 5.10: 1H-1H COSY spectrum of 26a.2H+ with correlation in normal heterocyclic
rings (a) and inverted units (b).
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5.3.2.4 Single Crystal X-ray Analysis
The structural isomers of octaphyrin 26a were finally confirmed through single crystal Xray structural analysis and shown in Figure 5.11 (Table 5.1). The single crystal of 26a was
obtained by slow diffusion of CH2Cl2 solution in n-hexane. Compound was crystallised in
monoclinic crystal lattice with P21/n space group. As reflected from the 1H NMR spectral
analyses, two different isomers with same empirical formula are exist in the crystal lattice.
Both the molecule contains two terthiophene units connected with two pyrrole units via meso
carbon bridges. The only difference is observed in the structural diversity of one of the
thiophene rings in the terthiophene units. The middle thiophene is inverted in the molecule
with C4 symmetry, whereas in C2 symmetry, one of the terminal thiophenes is inverted. The
difference in dihedral angle between the two planes (C5, C10, C5ʹ & C10ʹ vs C45, C50, C45ʹ
& C50ʹ) are 36.69°. In addition, the inverted edge thiophene unit in C2 symmetry is tilted by
12.97°, whereas the middle thiophene in C4 symmetry is deviated by 21.23 ° from the mean
macrocyclic plane. The maximum deviation of the middle thiophene unit is reflected from
the steric repulsion between the inner core hydrogen atoms (H39…H38). Like the planar
meso-aryl expanded porphyrins, the meso aryl units in 26a are nearly 80° deviated from the
mean macrocyclic plane. The crystal analyses of 26a revealed two different intermolecular
hydrogen bonding interactions between (i) π-clouds of inner thiophene [Tp(π)] and C43ʹH43ʹ of C2 symmetry molecule and (ii) π-clouds of meso-mesityl unit [Mes(π)] and C17H17 of C4 symmetry molecule with distances and angles of Tp(π)…C43ʹ-H43ʹ and
Mes(π)…C17-H17 are 2.70Ȧ & 138.08° and 2.71Ȧ & 137.01°, respectively.
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Figure 5.11: Single crystal X-ray structure of 26a with intermolecular hydrogen bonding
interaction. a) Top view and b) Side view
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Table 5.1: Crystal data for 26a and 26a.2H+

T, K
Formula

26a

2a+2H+

100 K

100K

C72 H60N2S6

C72 H62 N2 S6 Cl2 O8

Formula weight

1145.58

1455.97

Color and Habit

Dark brown

Dark green

Crystal system

Monoclinic

Triclinic

P 21/n

P -1

a, Å

19.747(6)

14.477(3)

b, Å

15.812(6)

17.107(3)

c, Å

22.766(7)

24.756(5)

90

81.890(12)

Space group

 , deg
, deg
, deg

92.329(10)

79.104(12)

90

76.504(12)

V, Å3
Radiation (λ, Å)

7103(4)

5823.8(19)

Mo Kα

Mo Kα

(0.71073)

(0.71073)

4

1

dcalcd, g•cm-3
μ, mm-1

1.071

1.245

0.231

0.300

F(000)

2408

2282.0

No. of unique reflns

13018

21219

733

1352

0.906

0.949

0.0794

0.0791

0.1900

0.1622

0.1790

0.2061

Z

No. of
refined

params.

GOF on F2
R1a [I > 2σ(I)]
a

R1 (all data)
wR2b (all data)
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The anion bound crystal structure was unambiguously confirmed by crystal analyses and
shown in Figure 5.12 (Table 5.1). The crystal was grown by slow evaporation of CHCl 3
solution in CH3CN. The compound was crystallised in triclinic crystal lattice with P-1 space
group. As reflected from the spectral analyses, one of the isomers with C2 symmetry is
stabilized upon protonation. In addition, two perchlorate anions are in intermolecular
hydrogen bonding interaction with the protonated imine NH (N1-H1) with the bond distance
and angle of N1-H1…O1 is 2.33Ȧ and 118.41° respectively and generate zig-zag one
dimensional array in the solid state. The terminal thiophene unit is hardly deviated (12.99º)
from the mean plane (C5, C10, C5ʹ and C10ʹ) and maintained the planarity as observed in
freebase 26a, whereas the meso-mesityl rings are maximum titled by 81.48° from the plane.
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c)

Figure 5.12: Single crystal X-ray structure of 26a.2H+ with intermolecular hydrogen
bonding interaction with perchlorate anion. (a) Top view; (b) side view and (c) onedimensional array.
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5.4 Core-modified Fused Octaphyrin
5.4.1 Synthesis
The synthesis of core-modified fused octaphyrin (27) is shown in Scheme 5.12. Bascially,
we adopted acid-catalyzed oxidative coupling reaction. The required DTT dipyrrane (19)
precursor was synthesized as mentioned by our earlier procedure and obtained from the
trifluoroacetic acid-catalyzed condensation of respective diol with excess pyrrole.[20] In the
final step, the oxidative coupling of 19 in the presence of TFA followed by chloranil
oxidation afforded the crude product. After repeated column chromatographic purification
by using basic alumina and silica gel (100-200 mesh), the blue color fraction was eluted with
CH2Cl2 : n-hexane (85 : 15, v/v) and identified as 27 in 3% yield. The compound was further
recrystallized from CH2Cl2 and n-hexane and obtained as green color crystals. The
coordination chemistry was further performed by using Rh(I) salt, where the 27 was mixed
with [Rh(CO)2Cl]2 under basic condition for 2h at room temperature (Scheme 5.12). The
color of the reaction mixture was changed from blue to cyan and monitored by TLC analyses.
The crude product was purified by neutral alumnia column chromatographic purification.
The cyan color band was eluted with CH2Cl2:CH3OH (95 : 5, v/v) and afforded the desired
Rh(I) complex (28) in almost quantitative yield.

Scheme 5.12: Synthesis of 27 and its bis-Rh(I) complex (28)
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5.4.2 Spectral Characterization
5.4.2.1 Mass Spectrometric Analysis
The electron spray ionization mass spectrometric analyses of 27 and 28 were shown in
Figure 5.13 and 5.14. The molecular ion signals m/z at 1171.2836 [M+1] for 27 and
1486.1174 [M+3] for 28, thus confirms the exact composition of 27 and 28.

Figure 5.13: ESI-MS spectrum of 27

Figure 5.14: ESI-MS spectrum of 28
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5.4.2.2 NMR spectral Analysis
The 1H NMR spectrum of 27 was recorded in CDCl3 at 298K and shown in Figure 5.15. The
molecule exists in C4 symmetry, thus only one fourth of the signals was observed. The DTT
ring β-CH protons are resonated as singlet at 12.85 ppm (a), whereas the pyrrolic β-CH
protons are observed at 12.00 ppm (b) and 11.00 ppm (c) as two doublets. The inner NH
signal is appeared as a broad signal at -1.83 ppm and further confirmed by D2O exchange
experiments. The meso-mesityl CH protons are appeared as a sharp singlet at 8.12 ppm and
the mesityl methyl CH signals are from 3.75 ppm to 2.25 ppm, respectively. The chemical
shift difference (Δδ) between the inner NH and the pyrrolic β-CH protons is 13.33 ppm, thus
reflects the strong diatropic ring current inside the macrocyclic framework and confirms the
aromaticity.

Figure 5.15: 1H NMR spectrum of 27
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5.4.2.3 Electronic spectral Analysis
The electronic absorption spectrum of 27, its protonated derivative (27.2H+) and 28 are
shown in Figure 5.16. The freebase 27 shows a split Soret like absorption band at 573 nm
and 603 nm along with weak Q-bands at 817 and 1173 nm. Upon protonation, the split Soret
band in 27 merged together and appears as a sharp Soret band at 598 nm with molar
absorption coefficient of 105, which is 1.5 fold higher as compared to 27, along with Qbands at 823, 947 and 1170 nm. Upon Rh(I) metal ion insertion (28), the band is further redshifted by 22 nm as compared to 27.2H+ and observed at 620 nm and two fold increase in
molar absorption coefficient as compared to 27. In addition, the weak Q-like bands in 28 are
also red-shifted and appeared at 830, 948 and 1290 nm, respectively. Overall, the band
position in 27, 27.2H+ and 28 reflect the typical aromatic character.

Figure 5.16: The electronic absorption spectrum of 27, 27.2H+ and 28
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5.4.2.4 Single Crystal X-ray Analysis
The final confirmation has come from the single crystal X-ray analysis of 27 and the results
are shown in Figure 5.17 (Table 5.2). The crystal was grown by slow diffusion of CHCl 3
over n-heptane. The compound was crystallized in monoclinic crystal lattice with P21/C
space group. As reflected from the spectral analysis, the two DTT tetrapyrrane moieties are
combined together to obtain the desired 27. The heterocyclic rings are hardly deviated from
the mean macrocyclic plane containing meso-carbon atoms (C5, C14, C5ʹ & C14ʹ), where
the imine pyrrolic unit is maximum deviated (7.10º) from the plane. As observed in 26a, the
meso-aryl units in 27 are deviated by 87.83° and 77.58°, respectively. Overall, the planarity
and aromaticity was maintained from the structural analysis.

Figure 5.17: Single crystal X-ray structure of 27. (a) Top view and (b) side view.
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Table 5.2: Crystal data for 27
27
T, K

100 K

Formula

C36 H29 N2 S3

Formula weight

1171.58

Color and Habit

Dark brown

Crystal system

Monoclinic

Space group

P 21/c

a, Å

13.929(10)

b, Å

16.036(11)

c, Å

16.308(2)

 , deg
, deg
, deg

109.199(9)

V, Å3
Radiation (λ, Å)

3440.0(19)

90
90
Mo Kα
(0.71073)

Z

4

dcalcd, g•cm-3
μ, mm-1

1.131

F(000)

1228.0

No. of unique reflns

36210

No. of params. refined

380

0.240

2

GOF on F
[
R1a I > 2σ(I)]

0.932
0.0659

R1a (all data)
wR2b (all data)

0.1320
0.1709
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5.5 Core-modified Bridged Octaphyrin
5.5.1 Synthesis
The syntheses of DTT bridged octaphyrins (30a and 30b) are shown in Scheme 5.13. The
required precursors for the synthesis of desired octaphyrin, such as bithiophene tetrapyrrane
(15) and DTT tetrapyrrane (19) were adopted from our earlier reported procedure.[40,20] The
other precursor such as DTT dialdehyde (29) was obtained from DTT with n-BuLi and 1formyl piperidine in 65% yield. In the final step, we followed acid-catalyzed condensation
strategy, where 2 equiv. of bithiophene tetrapyrrane (15) / DTT tetrapyrrane (19) is
condensed with 1 equiv. of DTT-dialdehyde (29) in the presence of p-TSA acid followed by
oxidation with DDQ and afforded the desired core-modified bridged octaphyrins (30a and
30b) in 6 – 7% yield.

Scheme 5.13: Synthesis of 30a and 30b
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5.5.2 Spectral Characterization
5.5.2.1 Mass Spectrometric Analysis
Both the bridged octaphyrins (30a and 30b) were confirmed through ESI mass spectrometric
analysis and shown in Figure 5.18 and 5.19. The molecular ion peaks at m/z 1327.2821
[M+H]+ for 30a and 1387.2260 [M+H]+ for 30b confirm the exact composition of the
expected macrocycles.

Figure 5.18: ESI-MS spectrum of 30a

Figure 5.19: ESI-MS spectrum of 30b
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5.5.2.2 NMR Spectral Analysis
The 1H NMR spectrum of 30a was recorded in CD2Cl2 at 298 K and shown in Figure 5.20.
The unsymmetrical nature of 30a is reflected from spectral analysis, where the bithiophene
(a, b, c and d) as well as pyrrolic β-CH protons (1, 2, 3 and 4) are resonated as eight doublets
between 11.6 ppm and 8.25 ppm. The inner DTT β-CH protons are observed as sharp singlet
at 7.20 ppm suggests the typical [34]π aromatic circuit. The meso-mesityl CH signals are at
7.73 ppm and 7.36 ppm, whereas the mesityl methyl-CH3 protons are at 2.90 to 2.52 ppm.
Assignment of all the heterocyclic β-CH protons were further confirmed by 1H-1H COSY
spectroscopy.

Figure 5.20: 1H NMR and 1H-1H COSY spectrum of 30a with heterocyclic ring
correlations.
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The results are further compared with [26]π mono-fused rubyrin and shown in Figure 5.21.
The respective macrocycle was synthesized as per our earlier reported procedure. The monofused DTT-CH protons in rubyrin is resonated at 10.85 ppm (H), whereas the bridged DTTCH protons in 30a is 3.65 ppm upfield shifted, thus suggests the shielding effect of [34]π
electronic circuit and also maintains the partial [26]π aromatic character. Overall, in the
freebase state 30a adopts dual aromatic behavior.

Figure 5.21: 1H NMR spectral comparison between 30a and monofused rubyrin.
Upon protonation of 30a with TFA in CD2Cl2 at 298 K, interesting spectral changes were
observed and the results were shown in Figure 5.22. Out of four pyrrolic units, two are
inverted, where the respective β-CH protons are 3.65 ppm upfield shifted and resonated at
6.10 ppm (1) and 5.65 ppm (3). The normal pyrrolic β-CH protons (2, 4) and the thiophene
β-CH protons (a, b, c and d) are resonated between 11.70 and 9.17 ppm. The newly
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protonated inner and outer NHs are observed at -4.00 ppm and 16.00 ppm as broad singlets.
These signals were further confirmed by D2O exchange experiment. The meso-mesityl CH
signals are at 7.70 and 6.80 ppm as four sharp singlets. Similar trend was observed in the 1H
NMR spectral analysis of 30b, both in the freebase and protonated state.

Figure 5.22: 1H NMR spectrum of 30a and 30a.4H+
5.5.2.3 Electronic Spectral Analysis
The electronic absorption spectrum of 30a and 30b was recorded in CH2Cl2. The 30a
exhibits split Soret like band at 502 and 605 nm and two weak Q-like bands at 827 and 1004
nm, respectively (Figure 5.23). The position of the higher energy band (502 nm) has similar
spectral features as that of [26]π mono-fused rubyrin, whereas the band at 605 has similar
features as [34]π octaphyrin. Similar aromatic character was also reflected from the lower
energy Q-bands. However, upon protonation, the higher energy bands merged together and
observed as prominent Soret like band at 650 nm and Q-like band at 1021 nm. Overall, the
results suggest that 30a in the freebase state adopts dual-aromatic conformation and
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protonation favours predominant [34]π octaphyrin aromatic conjugative pathway. Similar
spectral trend was observed in 30b.

Figure 5.23: The electronic absorption spectrum of 30a and 30a.4H+
5.5.2.4 NICS Calculations and AICD Plots for [42]π Electronic System
Nucleus Independent Chemical Shift calculations were carried out in an effort to gain insight
into the magnetic shielding / deshielding effects present in 30a. Two NICS values, names 9.51 and -13.5 ppm, were calculated for points within the two cavities present in 30a (Figure
5.24a). These two high negative NICS values are consistent with the proposed aromatic
character. However, a significant difference between the two points is seen. This difference
of ca. 4 ppm is ascribed to the diatropic ring current flowing through the DTT moiety.
Various control studies were carried out to provide assurance that this difference is due to
local ring current differences. For instance, an imaginary [34]π octaphyrin molecule lacking
the DTT moiety gives rise to paired NICS values of -13.9 and -13.7 ppm at analogous
positions (Figure 5.24b). An imaginary [26]π hexaphyrin molecule that is not embedded in
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a [34]π octaphyrin framework was also constructed. Related to this control, the NICS values
of the DTT π-CH protons are shifted upfield by almost 7 ppm (Figure 5.24c). This difference
is ascribed to the diatropic ring current of the outer [34]π octaphyrin periphery. Similar trend
was observed in the NICS(0) calculations for 30b, where the NICS values are -6.6 and -10.9
ppm and the respective imaginary [34]π octaphyrin molecule without DTT bridge are -9.8
and -10.9 ppm, respectively (Figure 5.25).

Figure 5.24: NICS(0) value of 30a (a) and imaginary [34]π octaphyrin (b). NICS values of
hydrogen atoms in 30a and the constituent [26]π hexaphyrin. Hydrogen atoms in the DTTbridge are shown in red (c).
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Figure 5.25: NICS(0) value of 30a (a) and imaginary [34]π octaphyrin (b)
The Anisotropy Induced Current Density (AICD) for the inner and outer core of 30a and
30b shows clockwise current delocalization (Figure 5.26). The result indicates the aromatic
behavior in both the macrocycle and consistent with the results observed from the spectral
analyses and NICS(0) calculations.

Figure 5.26: AICD plots of 30a (a) and 30b (b).
5.5.2.5 Single Crystal X-ray Analysis
The structures of 30a and 30b were unambiguously confirmed by single crystal X-ray
analyses and the structures were shown in Figure 5.27 and 5.28 (Table 5.3). The crystals
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were obtained by slow evaporation of CH2Cl2 solution in n-hexane. Both the molecule were
crystallized in monoclinic and orthorhombic crystal system with P21/n and P2c-2ac space
group. As reflected from spectral analysis, the compound 30a contains two bithiophene
tetrapyrrane units, while 30b consists of two DTT tetrapyrrane units. Both the units are
individually bridged with DTT moiety and the remaining four meso positions are occupied
by four mesityl groups. The crystal analysis reveals that the DTT units in 30a and 30b are
deviated by 41.05° and 40.59°, respectively, whereas meso mesityl rings are nearly
perpendicular (87.24°, 87.41°, 83.85°, 75.29° for 30a and 84.26°, 80.89°, 76.12°, 78.74° for
30b) to the mean macrocyclic plane.

Figure 5.27: Single crystal X-ray structure of 30a. (a) Top view and (b) side view.

Figure 5.28: Single crystal X-ray structure of 30b. (a) Top view and (b) side view.
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Table 5.3: Crystal data for 30a and 30b.
30a
T, K
Formula

30b

100 K

100K

C166 H120 Cl4 N8 S14

Formula weight

2817.33

Color and Habit

black

Crystal system
Space group

C84 H62 Cl4 N4 S9
1557.71
black

monoclinic

orthorhombic

P 21/n

P 2c -2ac

a, Å

20.2245(9)

38.0854

b, Å

14.9645(9)

13.6768

c, Å

52.604(3)

14.8701

90

90

 , deg
, deg
, deg

95.595(5)

V, Å3
Radiation (λ, Å)

14182(5)

7745

Mo Kα
(0.71073)

Mo Kα
(0.71073)

Z

90

90
90

4

4

dcalcd, g•cm-3
μ, mm-1

1.181

1.336

0.260

0.402

F(000)

5856

3224

No. of unique
reflns

50266

12530

No. of params.
refined

17003

1352

GOF on F2
R1a [I > 2σ(I)]

1.041

1.07

0.1619

0.079

0.1949

0.091

0.3678

0.217

R1a (all data)
wR2b (all data)
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5.5.2.6 Excited State Aromaticity
The Baird’s aromaticity rule is described in the first chapter. As per the rule, the reversal of
aromaticity will be reflected upon going from ground state to excited state.
In order to verify Baird prediction, we used both the octaphyrins 30a and 30b which contains
overall 42π electrons and exhibit Hückel aromaticity in ground state. Upon two electron
oxidation with NOSbF6 or electrochemical oxidation will generate 40π electronic system.
Which will show anti-aromaticity in ground state but will show Baird type aromaticity in
the lowest excited triplet state. The existence of the dication was verified through triplet state
ESR spectra and evaluated zero field splitting parameters D and E. The EPR parameters for
the dicationic species were determined to be g=2.003, D=25.3 mT and E=3.3 mT.
Temperature dependent EPR spectral analysis were carried out in half field region and from
the evidence it is cleared that triplet state is more stable than the singlet state.

Figure 5.29: EPR spectroscopy of 2e- oxidized form of 30a and 30b.
Same strategy we applied in our molecules. After two electron oxidation both the octaphyrin
converted into [40]π electronic system from [42]π system (Figure 5.29). In lowest triplet
excited state molecule shows Baird aromatic behaviour. Till now there is no such
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experimental evidence behind the aromaticity, but theoretical calculations like NICS and
AICD plots gives support behind the aromaticity of the molecule.
5.5.2.7 NICS Calculations and AICD Plots for [40]π Electronic System
The NICS values were calculated for the [40]π electronic system such as 30a2+ and 30b2+
and the respective values at the center of the cavity are -6.2 & -6.8 ppm for 30a2+ and -5.6
& -5.9 ppm for 30b2+ (Figure 5.30). The negative values indicate the aromatic behavior of
the dicationic complex in the triplet excited state. The results are further supported by the
AICD plots where the clockwise delocalization (Figure 5.31) of the current density are
observed in the inner and outer core of the octaphyrin in triplet excited state.

Figure 5.30: NICS(0) value of 2e- oxidized form of 30a (a) and 30b (b)

Figure 5.31: AICD plots of 2e- oxidized form of 30a (a) and 30b (b).
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5.6 Conclusions
In summary, we have successfully demonstrated the synthesis of three different types of
planar octaphyrins. The acid-catalyzed condensation and oxidative coupling reactions were
adopted for the synthesis of non-fused, fused and bridged aromatic octaphyrins. The nonfused derivatives were in rotational isomeric form in the freebase state and one of the isomers
was stabilized upon protonation. The fused core-modified derivative was effectively utilized
to stabilize Rh(I) metal ions. The core-modified bridged octaphyrin was in dual aromatic
character with [26]π and [34]π electronic conjugation pathway in the freebase form,
however, [34]π electronic conjugation pathway was exclusively stabilized upon protonation.
In addition, the overall [42]π electrons in the aromatic core-modified bridged system was
further subjected to two electron oxidation in order to achieve Hückel anti-aromatic [40]π
system. At the lowest triplet excited state, [40]π system maintained the aromatic character
as such and the results were further supported by theoretical calculations.
5.7 Experimental Procedure
5.7.1 Synthesis of 26a
A mixture of terthiophene pentapyrrane (200 mg, 0.31mmol) (25a) and terthiophene aryl
diol (169 mg, 0.31 mmol) (24) were dissolved in 200 ml of dry CH2Cl2 and the resulting
solution was stirred under nitrogen atmosphere for 15 min. Trifluoroacetic acid (24 μl, 0.31
mmol) was added and the resulting solution was stirred for 1h. The progress of the reaction
was monitored by TLC. DDQ (212 mg, 0.93 mmol) was added and the resulting solution
was stirred for another 1h. The solvent was evaporated in rotary evaporator. The residue was
purified by basic alumina followed by silica gel (100-200 mesh) column chromatography.
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The dark blue color band was eluted with CH2Cl2/n-hexane (55:45, v/v) and identified as
octaphyrin (26a) in 12% yield. Recrystallization with CH2Cl2/CH3OH gave bronze color
crystalline product.
Compound 26a: 1H NMR (400 MHz, Toluene-d8) δ (in ppm) = 9.85 (d, 1H), 9.83 (d, 1H),
9.76 (d, 1H), 9.21 (s, 5H), 8.58 (d, 1H), 8.5 (d, 1H), 8.06 (s, 4H), 7.39 (s, 2H), 7.25 (s, 2H),
7.16 (s, 8H), 2.60 (s, 3H), 2.53 (s, 3H), 2.46 (s, 12H), 2.34 (s, 6H), 2.16 (s, 6H), 2.12 (s,
12H), 0.37 (s, 2H), 0.38 (s, 1H), -1.26 (s, 1H); 26a.2H+ : 1H NMR (400 MHz, Toluene-d8)
δ (in ppm) = 11.02 (d, 1H), 10.9 (d, 1H), 10.8 (d, 1H), 10.21 (d, 1H), 9.08 (d, 1H), 9.03 (d,
1H), 7.34 (s, 2H), 7.18 (s, 1H), 2.50 (s, 3H), 2.41 (s, 3H), 2.33 (s, 2H), 2.04 (s, 6H), 1.74 (s,
4H), -3.02 (s, 1H, NH), -4.55 (d, 1H), -4.97 (d, 1H). 26a: UV/Vis (CH2Cl2): λmax in nm (ε in
dm3mol-1cm-1) = 603 (8.65×104), 647 (1.10×105), 905 (7.45×104); 26a·2H+ (TFA/CH2Cl2):
λmax in nm (ε in dm3mol-1cm-1) = 632 (2.10×105), 1167 (9.80×104).
5.7.2 Synthesis of 26b
Terthiophene tolyl pentapyrrane (200 mg, 0.34 mmol) (25b), terthiophene mesityl diol (185
mg, 0.34 mmol) (24) and Trifluoroacetic acid (26 μl, 0.34 mmol) were dissolved in 200 ml
of dry CH2Cl2 under similar condition as mentioned in 26a. After DDQ (232 mg, 1.02 mmol)
oxidation, the crude residue was purified by basic alumina followed by silica gel (100-200
mesh) column chromatography. The dark blue color band was eluted with CH2Cl2/n-hexane
(58:42, v/v) and identified as octaphyrin (26b) in 10% yield. Recrystallization with
CH2Cl2/CH3OH gave bronze color crystalline product.
Compound 26b: 1H NMR (400 MHz, Toluene-d8) δ (in ppm) = 9.88-9.80 (m, 3H), 9.31 (s,
2H), 9.21 (s, 2H), 8.74 (d, 1H), 8.63 (d, 1H), 8.53 (s, 1H), 8.34 (d, 1H), 8.27 (s, 2H), 8.13
(s, 3H), 7.88 (s, 4H), 7.59 (d, 2H), 7.44 (d, 3H), 7.34 (s, 4H), 7.24 (s, 4H), 2.54 (s, 6H), 2.45
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(s, 6H), 2.22 (s, 12H), 2.13 (s, 25H), 0.48 (m, 4H), -1.10 (d, 1H), -1.24 (d, 1H). 26b.2H+:
1

H NMR (400 MHz, Toluene-d8) δ (in ppm) = 11.06-10.83 (m, 5H), 10.61 (s, 1H), 10.26 (d,

1H), 10.12 (d, 1H), 9.19 (d, 1H) 9.16 (d, 1H), 9.09 (d, 1H), 8.99 (d, 2H), 8.88 (d, 2H), 8.69
(d, 2H), 8.59 (d, 1H), 8.44 (d, 1H), 7.88 (d, 2H), 7.76 (d, 2H), 7.66 (s, 1H), 7.59 (s, 2H), 7.44
(s, 2H), 2.73 (s, 3H), 2.67 (s, 6H), 2.63 (s, 3H), 2.30 (s, 6H), 2.03 (s, 6H), -1.12 (s, 1H, NH),
-3.12 (d, 1H), -3.27 (s, 1H, NH), -3.73 (d, 1H), -3.86 (d, 1H), -4.09 (d, 1H). 26b: UV/Vis
(CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 602 (8.58×104), 650 (1.03×105), 917 (7.32×104);
26b·2H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 634 (2.07×105), 1153 (8.95×104).
5.7.3 Synthesis of 27
DTT-tetrapyrrane (19) (300 mg, 0.51 mmol) was dissolved in 200 ml dry CH2Cl2 and
resulting solution was stirred under nitrogen atmosphere for 15 min. TFA (39 μl, 0.51 mmol)
was added and resulting mixture was stirred under similar condition for further 90 min.
Progress of the reaction was monitored by TLC. Chloranil (375 mg, 1.53 mmol) was added
and resulting mixture was refluxed under open air condition for 1h. Solvent was evaporated
in rotary evaporator. The crude product was purified through basic alumina column followed
by silica gel (100 – 200 mesh) column chromatography. A dark blue color band was eluted
with CH2Cl2: n-hexane (80:20, v/v) and identified as octaphyrin (27) in 3% yield.
Compound 27: 1H NMR (400 MHz, CH2Cl2) δ (in ppm) = 12.87 (s, 1H), 12.00 (d, 1H),
11.00 (s, 1H), 8.21 (s, 2H), 3.81 (s, 3H), 2.42 (s, 6H). UV/Vis (CH2Cl2) λmax in nm (ε in
dm3mol-1cm-1) = 573 (9.74×104), 603 (9.63×104), 1173 nm (1.91×103); 27·2H+
(TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 598 (1.48×105), 947 (1.96×103), 1170
(1.87×103); 28: (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 620 (1.963×105),
(1.94×103), 1290 (1.94×105).
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5.7.4 Synthesis of 30a
To a degassed solution of 15 (400 mg, 0.714 mmol) and 2,2-dithienothiophene
carboxaldehyde 29 (90 mg, 0.357 mmol) in 200 mL distilled CH2Cl2 under an nitrogen
atmosphere, p-TSA acid (27 mg, 0.14 mmol) was added and the reaction mixture stirred
overnight at room temperature. Subsequently, DDQ (483 mg, 2.13 mmol) was added and
stirring was continued for 90 min at the same temperature under open air conditions. The
reaction was monitored by TLC. The reaction mixture was quenched via the addition of
triethylamine (1 mL). Solvent was evaporated in rotary evaporator. The residue was purified
by silica gel (100 – 200 mesh) column chromatography (1:6, EtOAc: n-hexanes, eluent) to
give the expected product 30a as a bluish solid (75 mg, 13% yield).
Compound 30a: 1H NMR (400 MHz, CH2Cl2) δ (in ppm) = 12.08 (d, 2H), 10.41 (d, 2H),
10.27 (d, 2H), 9.97 (d, 2H), 9.76 (d, 2H), 8.89 (d, 2H), 8.49 (d, 2H), 8.25 (d, 2H), 7.69 (s,
2H), 7.40 (s, 2H), 7.33 (s, 2H), 7.14 (s, 2H) 7.12 (s, 2H), 2.78 (s, 6H), 2.76 (s, 6H), 2.62 (s,
6H), 2.58 (s, 6H), 2.17 (s, 6H), 1.81 (s, 6H); 30a.4H+: 1H NMR (400 MHz, CH2Cl2,) δ (in
ppm) = 16.00 (s, 1H, NH), 11.79 (d, 1H), 11.10 (d, 1H), 10.50 (d, 1H), 9.94 (d, 1H), 9.41 (d,
1H), 9.20 (d, 1H), 7.70 (s, 1H), 7.52 (s, 1H), 7.31 (s, 1H), 7.13 (s, 1H), 6.85 (s, 1H, DTTCH), 6.10 (d, 1H), 5.65 (d, 1H), -3.92 (s, 1H, NH).
30a: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 502 (1.05×105), 605 (8.54×104),
827 (1.31×103), 1004 (1.03×103); 30a·4H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) =
650 (1.14×105), 1021 (2.55×103).
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5.7.5 Synthesis of 30b
To a degassed solution of 19 (390 mg, 0.661 mmol) and 2,2-dithienothiophene
carboxaldehyde 29 (83 mg, 0.330 mmol) in 300 ml distilled CH2Cl2 under an argon
atmosphere, p-TSA acid (25 mg, 0.13 mmol) was added and the reaction mixture stirred for
overnight at room temperature. Subsequently, DDQ (449 mg, 1.98 mmol) was added and
stirring was continued for 90 min at the same temperature under open air conditions. At the
conclusion of the reaction, the reaction mixture was quenched with triethylamine (1 ml). The
solvent was evaporated under reduced pressure. The residue was purified by silica gel
column chromatography (1:7, EtOAc: n-hexane) to afford the desired product as a bluish
solid 30b (128 mg, 27% yield).
Compound 30b: 1H NMR (400 MHz, CH2Cl2) δ (in ppm) = 10.47 (d, 4H, β-CH), 10.05 (s,
4H), 8.99 (d, 4H, β-CH), 7.65 (s, 4H), 7.35 (s, 4H), 6.27 (s, 2H), 2.75 (s, 12H), 2.73 (s, 12H),
2.49 (s, 12H); 30b.4H+: 1H NMR (400 MHz, CH2Cl2) δ (in ppm) = 10.91 (d, 1H), 10.75 (d,
1H), 9.30 (s, 1H), 7.54 (s, 1H), 7.46 (s, 1H), 7.10 (s, 1H), 2.85 (s, 6H), 2.73 (s, 6H), 2.58 (s,
6H), 2.37 (s, 6H), -4.71 (s, 1H, NH).
30b: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 498 (1.17×105), 634 (8.94×104),
835 (2.31×103); 30b·4H+ (TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 654 (2.08×105),
1090 (1.57× 103), 1174 (2.58×103).
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6.1 Introduction
Chemistry of expanded porphyrins[1-3] are not only interesting from a structural perspective
but also attract attention due to their applications in various field.[4-24] Expanded porphyrins
containing five, six, seven and eight heterocyclic rings mentioned in previous chapters are
well studied and their chemistry has been exploited for various applications such as anion,[47]

cation complexing agents,[8-12] NLO materials[13-16] and as Möbius-Hückel aromatic

switch.[17-24] However, there are only few reports on the next higher analogue, such as
nonaphyrin,[25-31] where nine pyrrolic or heterocyclic rings are connected through nine or
less number of meso carbon atoms. Due to synthetic difficulties, very low yield, less stability
and conformational flexibility of the macrocycles, these analogues are weakly explored in
the literature. Thus, development of nonaphyrin chemistry to its full potential demands easy
and efficient synthetic methods to synthesize them in decent yields. The first nonaphyrin (2)
with nine meso-carbon bridges was reported by Osuka and co-workers by Rothemund type
condensation of pyrrole and pentafluorobenzaldehyde in the presence of BF3.Et2O as acidcatalyst followed by oxidation with DDQ to afford the [40]π nonaphyrin(1.1.1.1.1.1.1.1.1)
(2) in 2-3% yield along with porphyrin (1) and other expanded porphyrinoids (Scheme
6.1).[25,26] The crystal analysis of 2 proved that the molecule was in highly twisted
conformation with helically arranged porphyrin like tetrapyrrolic core and hexapyrrolic core
with two pyrrole rings were inverted. The 2 was further reduced with sodium borohydride
(NaBH4) to form the 42π nonaphyrin in almost quantitative yield. The distorted asymmetric
butterfly-like structure of reduced derivative was reflected from the solid state analyses.
Upon protonation, the 2 was bound effectively with TFA and adopted a helical twisted
conformation as observed in the reduced nonaphyrin.
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Scheme 6.1: Synthesis of 2
In order to improve the yield of 2, the reaction was further performed by ring-size-selective
synthetic protocol by same group.[27] The meso-pentafluorophenyl substituted tripyrrane (3)
was condensed with pentafluorobenzaldehyde by using Lewis acid such as BF3.Et2O or
protic acid such as methanesulfonic acid (MSA) followed by DDQ oxidation. In the presence
of protic acid, in addition to hexaphyrin (30%) (4) and dodecaphyrin (2%) (5), 2 was
obtained in 15% yield (Scheme 6.2). The core was further effectively utilized to stabilize
the hetero-trinuclear metal complexes.[27]

Scheme 6.2: Synthesis of 2 by [3 + 1] methodology
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In 2005, Osuka and co-workers were also reported the synthesis of [38]π
nonaphyrin(1.1.0.1.1.0.1.1.0) with six meso-carbon bridges and three direct pyrrole-pyrrole
links (7).[28] TFA acid-catalyzed oxidative coupling reaction of tripyrromethane (3) followed
by chloranil oxidation afforded rubyrin (6) along with 38π nonaphyrin (7) in 9% yield
(Scheme 6.3). The structure was confirmed by crystallographic analysis and revealed a
twisted figure-eight conformation with larger [38]π conjugated electronic circuit.

Scheme 6.3: Synthesis of 7
In 2011, Sessler and co-workers have demonstrated the synthesis of thiophene-containing
cyclo[9]pyrrole (9) without any meso-linkages by electrochemical oxidative methodology
using thiophene-containing terpyrrole precursor (8) (Scheme 6.4).[29] The nine pyrrole units
were connected through their α,αʹ-positions to form 34 π electronic circuit. The aromatic
nature was reflected from the electronic absorption and NMR spectral analysis. The
structural analysis revealed that the molecule was in dicationic form and a sulphate ion was
trapped inside the macrocyclic core.
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Scheme 6.4: Synthesis of 9
In 2015, Setsune and co-workers have synthesized the nonaphyrins (12 and 13), where the
pyrrole / heterocyclic rings (thiophene / phenyl) were connected through three meso-carbon
bridges.[30] The synthesis was adopted by TFA acid-catalyzed condensation followed by
DDQ oxidation of 1,4-bis(2-pyrryl)benzene (10) / 2,5-bis(2-pyrryl)thiophene (11) with
benzaldehyde afforded the phenyl ring based nonaphyrin (12) in 61% and thiophene
incorporated macrocycle (13) in 21% yield, respectively (Scheme 6.5). The structural
analyses revealed that both the molecule were in triangular shape, where in 12, the phenyl
rings were deviated from the mean plane, on the other hand, in 13, all the thiophene rings
were inverted. The coordination chemistry was further performed and the ligand was suitable
to stabilize the Rh(I) metal ion with square planar geometry around the metal center.[31]
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Scheme 6.5: Synthesis of 12 and 13
6.2 Objective of the work:
The main objective of this chapter is to introduce fusion in the macrocyclic framework,
which is hitherto unknown in nonaphyrin chemistry and explore its characteristic properties.
Hence, in this chapter, we wish to report the synthesis of two kinds of nonaphyrins (17 and
18) by an acid-catalysed condensation of appropriate precursors. The rigidity in the
macrocycle was brought by introducing a fused dithienothiophene in 17 and the results were
further compared with non-fused nonaphyrin (18) derivative.
The crystal analysis of 17 and 18 and crystal analysis of 17b (figure 6.4) reveal a twisted
figure-eight conformation in the freebase form and is non-aromatic. The structural changes
occur from figure-eight to open extended conformation upon protonation and adopts 4nπ
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Hückel anti-aromatic character, which is reflected from spectral and theoretical studies. Such
a structural change also induces ring inversions of specific heterocyclic rings by 180º.

Figure 6.1: Crystal structure of 17b
6.3 Results and Discussion
6.3.1 Syntheses
To synthesize fused nonaphyrin (17), we adopted [5+4] Mac-Donald type condensation
pathways. The required precursors meso-mesityl terthiophene pentapyrrane (15a) and fused
DTT-tetrapyrrane (14) were synthesized as mentioned in the previous chapters. Thus
condensation of non-fused precursor 15a and fused derivative 14 in presence of
pentafluorobenzaldehyde with 0.5 equiv. of p-toluenesulphonic acid (p-TSA) in dry CH2Cl2
followed by DDQ oxidation afforded monofused [40]π nonaphyrin (17a) with six meso
linkages in 7% yield (Scheme 6.6). Along with nonaphyrin, a trace amount of self-condensed
doubly fused octaphyrin

[36]

and decaphyrin
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were also isolated upon column
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chromatographic purification. Under similar reaction condition, the respective meso-p-tolyl
incorporated nonaphyrin (17b) was synthesized in 8% yield.

Scheme 6.6: Synthesis of 17
In order to understand the effect of fusion on the macrocyclic conformation, a non-fused
nonaphyrin involving bithiophene moiety was synthesized. For synthesis of bithiophene
linked non-fused nonaphyrin (18), the required precursor bithiophene tetrapyrrane (16) was
synthesized by our earlier procedure. Thus condensation of 16 with 15a in the presence of
pentafluorobenzaldehyde with 0.5 equiv. of p-TSA followed by DDQ oxidation afforded
non-fused nonaphyrin (18) with six meso links in 6% yield (Scheme 6.7). Here also we
isolated trace amount of self-condensed bithiophene containing octaphyrin[39] and
decaphyrin[38] upon purification by column chromatography.
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Scheme 6.7: Synthesis of 18
6.3.2 Spectral Characterization
6.3.2.1 Mass spectrometric analysis
The electron spray ionization (ESI) mass spectrometric analysis of 17a, 17b and 18 were
showed the molecular ion signal m/z at 1581.2170 [M+1] (17a), 1469.2073 [M+1] (17b)
and 1551.9742 [M+1] (20) and confirmed the exact composition of the macrocyclic ligand
(Figure 6.2-6.4).

Figure 6.2: ESI-Mass spectrum of 17a
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Figure 6.3: ESI-Mass spectrum of 17b

Figure 6.4: ESI-Mass spectrum of 18
6.3.2.2 Electronic spectral analysis
The electronic absorption spectrum of mono-fused nonaphyrin 17a in CH2Cl2 at room
temperature shows broad and ill-defined peaks, with bands at 390 nm, 519 nm and a weak
shoulder at 722 nm with molar extinction coefficient (ε) value of 104 for intense band, which
is typical of expected for a 4nπ Hückel non-aromatic macrocycle (Figure 6.5). However,
upon stepwise protonation with a dilute solution of TFA significant changes occur; (a)
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absorption bands become sharper and intense with more than two fold increase in molar
absorptivity. (b) Large red shift of the bands (306 nm and 219 nm) and (c) addition of excess
of TFA leads to further red shift of band and appear at 696 nm and 738 nm with ε value of
105. Similar electronic spectral analysis was reflected from mono-fused nonaphyrin 17b.
Here, the intense band is appeared at 527 nm and broad Q band at 728 nm suggests Hückel
non-aromatic behavior. However upon protonation, the major intense band is appeared at
689 nm and 746 nm with similar ε value as observed in 17a (Figure 6.6)

Figure 6.5: The electronic absorption spectrum of 17a and 17a.2H+ in CH2Cl2.

Figure 6.6: The electronic absorption spectrum of 17b and 17b.2H+ in CH2Cl2.
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In the case of non-fused nonaphyrin 18, similar trend was observed as reflected in the
absorption spectral analysis of mono-fused nonaphyrin 17. A broad intense band is observed
at 534 nm and Q band at 719 nm with ε value of 104. Upon protonation, the intense band is
red shifted and observed at 699 and 735 nm with one fold increase in molar extinction value
(Figure 6.7). Overall, the electronic spectral analyses of 17 and 18 suggest a major structural
change from Hückel non-aromatic to anti-aromatic character upon protonation as well as
binding of TFA anion to the macrocycle through N-H…O hydrogen bonding interaction.

Figure 6.7: The electronic absorption spectrum of 18 and 18.2H+ in CH2Cl2.
6.3.2.3 NMR analysis
The solution structure of 17a and 17b were confirmed by 1H and 2D NMR analysis by
recording in CDCl3 and CD2Cl2. The unsymmetrical nature of 17 was perceptible in 1H NMR
analysis where each and every proton exhibit their identical signals. For example, for 17a
(Figure 6.8), the β-CH of DTT moiety is observed at 10.13 (a) and 6.61 (aʹ) ppm as two
sharp singlets. Eight meso mesityl-CH protons appear between 6.76 and 7.03 ppm. The βCH protons of thiophene and pyrrolic rings appear as 14 signals (b, bʹ), (c, cʹ), (d, dʹ), (e, eʹ),
(f, fʹ), (g, gʹ) and (h, hʹ) between 5.67-7.27 ppm. These assignments were done by 1H-1H
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COSY correlation spectroscopy (Figure 6.9). The NH protons of pyrrole rings appear as
broad signals at 13.7 and 11.05 ppm. D2O exchange experiment was done to confirm this
assignment. The methyl groups of meso-mesityl rings appear as 12 signals between 1.79 and
2.95 ppm. Upon lowering temperature from 298 K to 203 K, only the two pyrrole NH signals
shifts to 14.1 ppm and 10.5 ppm, while the other heterocyclic proton signals become
broaden. Increasing temperature upto 323K had no significant spectral change. The chemical
shift of NH protons suggests the presence of large paratropic ring current. Overall, the
molecule 17a adopts in figure-eight conformation.

Figure 6.8: 1H NMR spectrum of 17a in CDCl3 (a). The expansion in aromatic ring
protons (b)
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Figure 6.9: 1H-1H COSY spectrum of 17a heterocyclic ring protons in CDCl3.
Significant changes occur upon diprotonation of 17a to generate dication 17a.2H+ (Figure
6.10). One of the pyrrole rings in each of dipyrrane unit undergoes inversion of ring and the
four β-CH protons of the inverted ring appear as two sets of doublets at 13.14 to 12.30 ppm
(ccʹ, hhʹ). The DTT β-CH protons experience a large upfield shift relative to freebase form
and appear at 4.95 and 4.86 ppm (aaʹ). The β-CH protons of normal pyrrole rings observed
between 4.89 and 5.38 ppm (ggʹ, bbʹ). The three thiophene β-CH protons appear at 5.20-5.35
ppm (ddʹ, eeʹ, ffʹ). The meso-mesityl-CH protons do not experience much shift. The two NH
protons inside the ring experience further downfield shift to 16.56 and 14.89 ppm, while
other two NH protons of inverted rings appear at 3.26 and 2.71 ppm. All the proton signal
assignments were confirmed by 1H-1H COSY correlations spectroscopy (Figure 6.11).
Overall, the spectral analyses reveal that the molecule 17a is in figure-eight conformation
and adopt open conformation upon protonation.
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Figure 6.10: 1H NMR spectrum of 17a.2H+ in CD2Cl2. The inset shows the NH and meso
mesityl-CH signals

Figure 6.11: 1H-1H COSY spectrum of 17a.2H+ heterocyclic rings in CD2Cl2.
Similar trend was observed in meso-tolyl incorporated nonaphyrin 17b and maintained the
asymmetric nature as such. Therefore, each protons in the figure-eight conformation shows
their individual peak positions (Figure 6.12). The DTT β-CH resonates at 9.57 (a) and 6.91
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(aʹ) ppm as two sharp singlets and the meso-tolyl-CH signals appear between 7.68-7.04 ppm.
The β-CH protons of heterocyclic moiety (including pyrrolic and thiophene) appear as 14
doublets (bbʹ, ccʹ, ddʹ, eeʹ, ffʹ, ggʹ, hhʹ) between 6.93-5.80 ppm. Two different pyrrolic NH
signals are observed between 13.49 and 12.06 ppm. Assignment of all the aromatic proton
signals were confirmed by 1H-1H COSY spectroscopy and shown in Figure 6.13. The methyl
signals of the meso-tolyl groups are observed between 2.47-2.36 ppm as four sharp singlets.

Figure 6.12: 1H NMR spectrum of 17b in CD2Cl2 (a). The expansion in aromatic ring
protons (b)
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Figure 6.13: 1H-1H COSY spectrum of 17b aromatic ring protons in CD2Cl2.
As observed in 17a.2H+, similar trend was observed upon protonation of 17b to obtain
17b.2H+ by using TFA. This leads to inversion of one the pyrrolic moieties of each
dipyrromethane and shows strong paratropic ring current inside the molecule. Thus, two sets
of inverted pyrrolic β-CH which are experiencing paratropic ring currents and appear at
11.17-10.56 ppm as four doublets (ccʹ and hhʹ) (Figure 6.14). The meso-tolyl-CH signals
resonate at 7.03-6.68 ppm. The pyrrolic and thiophene β-CH are at 6.28-5.45 ppm (aaʹ, bbʹ,
ddʹ, eeʹ, ffʹ and ggʹ). Assignment of the heterocyclic signals were justified through 1H-1H
COSY correlation spectroscopy and shown in Figure 6.15. The normal pyrrolic NH with
paratropic ring currents resonates at 13.88 and 13.37 ppm. The inverted pyrrolic NHs
resonate at 3.59 and 3.28 ppm. The methyl signal of meso-tolyl units appear at 2.27-2.17
ppm respectively.
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Figure 6.14: 1H NMR spectrum of 17b.2H+ in CD2Cl2. (Inset shows the expansion in
aromatic protons)

Figure 6.15: 1H-1H COSY spectrum of 17b.2H+ aromatic ring protons in CD2Cl2.
On the other hand, a notable 1H NMR spectral change was observed on going from singly
fused nonaphyrin 17 to non-fused nonaphyrin 18. Interestingly, the freebase form of 18
exhibits simple NMR spectrum due to C2 symmetry (Figure 6.16). The broad signal observed
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around 13.9 ppm is assigned to two pyrrole NH protons. Disappearance of the NH signals
by D2O experiment signifies the assignment. Eight doublets (a, b, c, d, e, f, g and h) observed
between 9.14 and 5.87 ppm and a singlet (i) at 7.18 ppm corresponds to heterocyclic β-CH
protons. The meso mesityl-CH resonates at 6.96-7.02 ppm, while methyl groups in mesityl
rings appears between 2.21 and 2.39 ppm, respectively.

Figure 6.16: 1H NMR spectrum of 18 in CDCl3
Upon protonation of 18 also leads to significant changes in the 1H NMR spectrum and shows
in (Figure 6.17). Interestingly one of the thiophene rings of bithiophene moiety is inverted
and the β-CH protons resonate between 11.12-11.34 ppm (aʹ, bʹ, c, d, eʹ and fʹ). As observed
in 17, out of four pyrrole rings two of them are inverted. The β-CH of inverted pyrrole
resonates at 12.1 ppm to 12.8 ppm as four doublets and normal pyrrole rings appear at 5.125.45 ppm (a, b, cʹ, dʹ, e, f, g, h, i, iʹ, gʹ and hʹ). The four thiophene β-CH protons display at
4.92-5.51 ppm. The inner NH proton observed at 16.2 and 14.45 ppm clearly indicating the
paratropic ring current, whereas the inverted pyrrolic NH proton resonate at 2.52 and 2.6
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ppm. All the proton signals were confirmed by 1H-1H correlation spectroscopy and shown
in Figure 6.18. In addition, the meso-mesityl methyl units are appeared between 2.41 and
1.92 ppm, respectively.

Figure 6.17: 1H NMR spectrum of 18.2H+ in CD2Cl2. The inset shows the expansion
between 11.00 & 13 ppm and 4.8 & 5.6 ppm

Figure 6.18: 1H-1H COSY spectrum of 18.2H+ aromatic ring protons in CD2Cl2.
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6.3.2.4 Single Crystal X-ray analysis
The figure-eight conformation of 17b in its freebase form was confirmed from single crystal
X-ray structure of 17b (Figure 6.19) (Table 6.1). The crystal was obtained by slow
evaporation of CHCl3 solution in CH3CN and the compound crystallized in triclinic crystal
lattice with a P2(1)/2 space group. The crystal structure contains terthiophene, DTT rings,
two dipyrromethene units and are connected by six meso carbons which are occupied by
four tolyl and two pentafluorophenyl rings and maintained figure-eight conformation (Figure
6.19a). As predicted from the NMR analysis, the dipyrromethene unit contains both amine
and imine pyrrole nitrogens with intramolecular hydrogen bonding interactions with the
distances and angles of N1-H1…N2 and N3-H3…N4 are 2.24, 2.29 Å and 121.24°, 122.38°
respectively. In addition, the middle thiophene (S5) ring which is part of terthiophene unit
is inverted and both the β-CH protons are inside the macrocyclic framework. The DTT ring
as well as the terthiophene units are nearly parallel to each other with the dihedral angle of
17.66° and exist in bowl like conformation (Figure 6.19b). As compared to DTT unit (5.28°),
the pyrrole rings (18.51° to 32.25°) and terthiophene ring (20°) are maximum deviated from
the mean macrocyclic plane containing C7, C12, C17, C30, C35 and C40 atoms, while the
meso-aryl units are tilted between 45.37° and 83.46°, respectively. The crystal analysis of
17b generates two types of self-assembled dimers by intermolecular hydrogen bonding
interactions between; (i) meso-tolyl unit (C45-H45) and pyrrolic π-cloud and (ii) the pyrrolic
β-CH (C9-H9) and fluorine (F6) with the distances and angles of C45-H45...Py(π) and C9H9...F6 are 2.84, 2.68 Å and 129.17º, 164.23º respectively (Figure 6.20).
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Figure 6.19: Single crystal X-ray structure of 17b. a) Top view and b) side view. The
meso-aryl groups are omitted for clarity in the side view.

Figure 6.20: Self-assembled dimer in 17b with intermolecular hydrogen bonding
interactions.
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Table 6.1: Crystallographic data for 17b

17b
T, K

100 K

Formula

C82 H46 F10 N4 S6

Formula weight

1469.59

Color and Habit

Dark brown

Crystal system

Monoclinic

Space group

P 21/n

a, Å

18.415(4)

b, Å

19.471(4)

c, Å

21.665(4)

 , deg
, deg
, deg

98.344(13)

V, Å3
Radiation (λ, Å)

7686(3)

90
90
Mo Kα
(0.71073)

Z

4

dcalcd, g•cm-3
μ, mm-1

1.270

F(000)

3008

No. of unique reflns

14275

0.248

No. of params. refined

877

GOF on F2
R1a [I > 2σ(I)]

1.042
0.0809

R1a (all data)
wR2b (all data)

0.1462
0.2485
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6.3.2.5 Nucleus Independent Chemical Shift (NICS)
Nucleus Independent Chemical Shift is the best indication to assess aromaticity of the
molecules. The NICS(0) values are calculated for 17b at various geometrical position of
pyrrolic rings containing amino nitrogen, which have large negative values of -3.7 and -4.5
ppm as compared to imino nitrogen at -1.8 and -2.0 ppm. The two terminal thiophene units
of DTT moiety have high negative NICS(0) values at -7.3 and -9.9 ppm as compared to core
thiophene unit (-6.8 ppm). In case of terthiophene moiety, the NICS(0) values of two
terminal thiophene atoms are -9.7 and -7.1 ppm, whereas the value of inverted middle
thiophene is -8.8 ppm. Overall the NICS (0) value at the center of macrocycle is 0.01 ppm,
which reveals typical non-aromatic behavior of the macrocycle (Figure 6.21a).
However upon protonation, two of the four pyrrolic nitrogens are inverted and these two
pyrrolic units show NICS(0) values at -3.5 and -2.9 ppm, whereas normal pyrrolic units
appear at 1.0 and 1.1 ppm. The NICS(0) values of two terminal thiophene atoms of DTT
moieties are 1.2 and 1.5 ppm whereas inverted one is at -10.5 ppm. The respective value of
two terminal thiophene of terthiophene moiety are 0.4 and 1.2 ppm, whereas middle inverted
thiophene is -10.9 ppm. Overall the NICS(0) value at the center of the macrocycle is 9.9
ppm. This reveals the typical anti-aromatic behavior of the macrocycle upon protonation
(Figure 6.21b).

205

Chapter 6

Figure 6.21: NICS (0) value of 17b. a) Freebase form and b) Diprotonated state.
Similar trend was observed in non-fused nonaphyrin 18. In this case, NICS(0) value at center
of the freebase macrocycle is at 1.0 ppm, which indicates moderate Hückel anti-aromatic
behavior (Figure 6.22a). However upon protonation, both the imine nitrogens of the
molecule and one thiophene atom of bithiophene units are inverted. Thus overall NICS(0)
values of the center of macrocycle is at 6.8 ppm and confirms anti-aromatic behavior upon
protonation (Figure 6.22b).

Figure 6.22: NICS (0) value of 18. a) Freebase form and b) Diprotonated state.
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Overall, the spectral analyses and theoretical studies reveals; (a) a significant upfield shift
of DTT protons, (b) a large red shift of absorption bands and one fold increase in the ε values
and (c) positive NICS(0) value upon protonation, thus confirms a major structural change.
A similar observation was reported very recently for doubly fused octaphyrin9c and 36π
octaphyrin by Osuka et al13 upon diprotonation. Based on the 1H NMR chemical shift
changes, the changes in the electronic spectra and our earlier observation, we propose a
change from figure-eight conformation in freebase form to an open conformation in
diprotonated state for both 17a and 18 (Scheme 6.8). This observation clearly suggests the
fusion of the rings in nonaphyrin is not necessarily required for change over from figureeight to open conformation.

Scheme 6.8: Open conformation of 17a.2H+ and 18.2H+. Inverted rings are shown in
colored.
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6.4 Conclusions
In conclusion, we have synthesized two new core-modified nonaphyrins by an efficient
methodology which exhibit a figure-eight conformation in its freebase form and are nonaromatic. However, protonation of pyrrole nitrogens induces a structural change where
figure-eight conformation changes to an open conformation with inversion of the pyrrole
rings in 17 and pyrrole rings and one of thiophene rings of bithiophene units in 18. Both the
dications, 17.2H+ and 18.2H+ exhibit 4nπ Hückel anti-aromatic character in spite of open
conformation.
6.5 Experimental Procedure
6.5.1 Synthesis of 17
A mixture of fused DTT tetrapyrrane (14) (0.3 g, 0.51 mmol), terthiophene pentapyrrane
(15a) (0.327 g, 0.51 mmol) and pentafluorobenzaldehyde (0.1 g, 0.51 mmol) were dissolved
in dry CH2Cl2 (200 ml) and stirred under nitrogen atmosphere for 10 min. p-Toluenesulfonic
acid (p-TSA) (0.032 g, 0.17 mmol) was added and the resulting solution was stirred for 90
min. The progress of the reaction was monitored by TLC. DDQ (0.432 g, 2.5 mmol) was
added and the resulting solution was stirred for further 90 min in open air. The solvent was
evaporated in rotary evaporator. The residue was purified by column chromatography, basic
alumina column followed by silica gel (100-200 mesh) column chromatography. Three
consecutive pink color bands were separated. First band was identified as octaphyrin (4%),
second pink band eluted with CH2Cl2/n-hexane (35:65, v/v) was characterized as decaphyrin
(9%) and the last pink fraction eluted with CH2Cl2/n-hexane (45:55, v/v) was the desired

208

Chapter 6
nonaphyrin (17). After repeated purification by column chromatography and
recrystallization from CH2Cl2/CH3OH, 17 was obtained as greenish crystal in 7% yield.
Compound 17a: 1H NMR (400 MHz, CD2Cl2) δ (in ppm) = 13.7 (brs, 1H, NH), 11.7 (brs,
1H, NH), 10.22 (s, 2H), 7.27 (d, J = 3.7 Hz, 1H), 7.07 (s, 1H), 7.06 (1H), 7.02 (1H), 6.97
(1H), 6.94 (1H), 6.92 (1H), 6.86 (1H), 6.81 (1H), 6.72 (s, 1H), 6.60 (d, J = 3.7 Hz, 1H),
6.56 (d, J = 3.8 Hz, 1H), 6.55 (d, J = 3.8 Hz, 1H), 6.45 (d, J = 4.1 Hz, 1H), 6.38 (d, J = 4.3
Hz, 1H), 6.35 (d, J = 3.8 Hz, 1H), 6.17 (J = 3.8 Hz, 1H), 6.15 (d, J = 3.7 Hz, 1H), 6.14 (d,
J= 4.3 Hz, 1H), 6.12 (d, J = 4.3 Hz, 1H), 6.1 (d, J = 4.1 Hz, 1H) 6.05 (d, J = 4.5 Hz, 1H),
5.58 (d, J = 4.5 Hz, 1H), 5.57 (d, J = 4.5 Hz, 1H), 2.95 (s, 3H, Mes-CH3), 2.56 (s, 3H, MesCH3), 2.55 (s, 3H, Mes-CH3), 2.41 (s, 3H, Mes-CH3), 2.4 (s, 3H, Mes-CH3), 2.39 (s, 3H,
Mes-CH3), 2.33 (s, 3H, Mes-CH3), 2.31 (s, 3H, Mes-CH3), 1.85 (s, 6H, Mes-CH3), 1.82 (s,
3H, Mes-CH3), 1.79 (s, 3H, Mes-CH3). 17a∙2H+ : 1H NMR (400 MHz, CD2Cl2) δ (in ppm)
= 16.56 (brs, 1H, NH), 14.89 (brs, 1H, NH), 13.14 (d, J = 4.7 Hz, 1H), 12.55 (d, J = 4.9 Hz,
1H), 12.41 (d, J = 4.9 Hz, 1H),12.30 (d, J = 4.7 Hz, 1H), 6.61 (s, 4H), 6.59 (s, 2H), 6.51 (s,
2H), 5.38 (d, 1H), 5.36 (d, 1H), 5.34 (d, 1H), 5.29 (d, 1H), 5.21 (d, 1H), 5.20 (d, 1H), 5.19
(d, 1H), 5.11 (d, 1H), 5.01 (d, 1H), 4.95 (s, 1H), 4.89 (d, 1H), 4.86 (s, 1H), 3.26 (brs, 1H,
NH), 2.03 (s, 6H, Mes-CH3), 1.97 (s, 6H, Mes-CH3), 1.96 (s, 6H, Mes-CH3), 1.93 (s, 6H,
Mes-CH3), 1.92 (s, 6H, Mes-CH3), 1.89 (s, 6H, Mes-CH3). 17a: UV/Vis (CH2Cl2): λmax in
nm (ε in dm3mol-1cm-1) = 390 (6.29×103), 518 (1.03×104), 717 (1.91×103); 17a·2H+
(TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 696 (1.963×105), 738 (1.9995×105).
Compound 17b: 1H NMR (400 MHz, CD2Cl2) δ (in ppm) = 13.42 (brs, 1H, NH), 11.98 (brs,
1H, NH), 9.51 (s, 1H), 7.59 (d, 1H), 7.35 (d, J = 3.8 Hz, 1H), 7.28 (d, 3H), 7.22 (d, 4H), 7.17
(d, 3H), 7.1 (d, 1H), 6.98 (d, J = 3.8 Hz, 1H), 6.87 (d, J = 3.7 Hz, 1H), 6.84 (s, 1H), 6.81 (d,
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1H), 6.7 (s, 1H), 6.65 (d, J = 3.7 Hz, 2H), 6.54 (d, J = 5.0 Hz, 1H), 6.44 (d, J = 3.7 Hz, 1H),
6.36 (d, J = 4.5 Hz, 1H), 6.31 (d, J = 4.5 Hz, 1H), 6.06 (d, J = 5.0 Hz, 2H), 5.95 (d, J = 4.5
Hz, 1H), 5.83 (d, J= 4.5 Hz, 1H), 5.75 (d, J = 5.0 Hz, 1H), 2.41 (s, 3H, Tol-CH3), 2.39 (s,
3H, Tol-CH3), 2.35 (s, 3H, Tol-CH3), 2.30 (s, 3H, Tol-CH3); 17b∙2H+ : 1H NMR (400 MHz,
CD2Cl2) δ (in ppm) = 13.90 (brs, 1H, NH), 13.37 (brs, 1H, NH), 11.16 (d, J = 4.5 Hz, 1H),
11.07 (d, J = 4.3 Hz, 1H), 10.86 (d, J = 4.5 Hz, 1H), 10.56 (d, J = 4.3 Hz, 1H), 7.06-6.68
(m ,16H, tolyl-CH), 6.24 (d, 1H), 6.19 (s,1H), 6.15 (d, 1H), 6.11 (d, 1H), 6.07 (d, 1H), 6.03
(s, 1H), 6.02 (d, 2H), 5.97 (d, 2H), 5.95 (d, 1H), 5.85 (s, 1H), 5.73 (d,1H), 5.46 (d, 1H), 3.57
(brs, 1H, NH), 3.28 (brs, 1H, NH), 2.24-2.17 (s, 12H, tolyl-CH3). 17b: UV/Vis (CH2Cl2):
λmax in nm (ε in dm3mol-1cm-1) = 396 (5.70×104), 527 (9.33×104), 728 (1.599×104); 17b·2H+
(TFA/CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 689 (1.66×105), 746 (1.57 × 105);
6.5.2 Synthesis of 18
A mixture of terthiophene pentapyrrane (15a), bithiophene tetrapyrrane (16) (0.285 g, 0.51
mmol), and pentafluorobenzaldehyde (0.1 g, 0.51 mmol) were dissolved in dry CH2Cl2 (200
ml) and stirred under nitrogen atmosphere for 10 min. p-Toluenesulfonic acid (p-TSA)
(0.032 g, 0.17 mmol) was added and the resulting solution was stirred for 90 min. The
progress of the reaction was monitored by TLC. DDQ (0.432 g, 2.5 mmol) was added and
the resulting solution was stirred for further 90 min in open air. The solvent was evaporated
in rotary evaporator. The residue was purified by column chromatography, initially by basic
alumina column followed by silica gel (100-200 mesh) column chromatography. Three
consecutive pink color bands were separated. First band contains trace amount of octaphyrin
(1%). The second pink band was eluted with CH2Cl2/n-hexane (37:63, v/v) and characterized
as decaphyrin (9%). The last pink fraction was eluted with CH2Cl2/n-hexane (48:52, v/v)
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and identified as nonaphyrin (18). After repeated purification by column chromatography
and recrystallization from CH2Cl2/CH3OH, 18 was obtained as greenish crystal in 6% yield.
Compound 18: 1H NMR (400 MHz, CDCl3) δ (in ppm) = 13.9 (brs, 2H, NH), 9.14 (d, J =
4.1 Hz, 2H), 7.18 (s, 2H), 6.93 (d, J = 4.1 Hz, 2H), 6.85 (d, J = 4.1 Hz, 2H), 6.53 (d, J = 4.1
Hz, 2H), 6.24 (d, J = 4.8 Hz, 2H), 5.99 (d, J = 5.3 Hz, 2H), 5.94 (d, J = 4.8 Hz, 2H), 5.87 (d,
J = 5.3 Hz, 2H), 2.39 (s, 6H), 2.38 (s, 12H), 2.37 (s, 12H), 2.21 (s, 6H).
18∙2H+: 1H NMR (400 MHz, CDCl3) δ (in ppm) = 16.20 (brs, 1H, NH), 14.45 (brs, 1H, NH)
12.84 (d, J = 4.3Hz, 1H), 12.62 (d, J = 4.3 Hz, 1H), 12.36 (d, J = 3.8 Hz, 1H), 12.15 (d, J =
3.8 Hz, 1H), 11.34 (d, J = 4.1 Hz, 1H), 11.12 (d, J = 4.1 Hz,1H), 6.65-6.77 (s, 8H), 5.51 (d,
1H), 5.46 (d, 1H), 5.41 (d, 1H), 5.36 (d, 1H), 5.33 (d, 1H), 5.27 (d, 1H), 5.25 (d, 1H), 5.16
(d, 1H), 5.14 (d, 1H), 5.02 (d, 1H), 5.00 (d, 1H), 4.92 (d, 1H), 2.60 (brs, 1H, NH), 2.52 (brs,
1H, NH), 1.92-2.41(s, 36H). 18: UV/Vis (CH2Cl2): λmax in nm (ε in dm3mol-1cm-1) = 401
(3.905×104), 534 (8.725×104), 730 (1.366×104); 18·2H+ (TFA/CH2Cl2): λmax in nm (ε in
dm3mol-1cm-1) = 699 (1.75×105), 735 (1.807 ×105).
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