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Synopsis

This thesis entitled "Covalent and Non-Covalent Donor-Acceptor
Assemblies Based on Porphyrin Building Blocks" deals with the design,
synthesis, spectroscopy and photochemical properties of free-base and
metallo/metalloid porphyin based donor-acceptor (D-A) systems in which the D
and A subunits are connected to each other by covalent or non-covalent
interactions. Main observations of the research carried out here include the
elucidation of supramolecular electron/energy transfer reactions occurring in
these D-A systems.

Porphyrins and their metal/metalloid porphyrin derivatives are a
versatile class of compounds having applications in various research areas such
as biomimetic photosynthesis, molecular electronics, molecular catalysis,
photodynamic therapy etc. A great variety of D-A type porphyrin systems have
been built for use in many of these applications which generaly involve
photoinduced electron transfer (PET) or electronic energy transfer (EET) as the
key principles. While majority of the porphyrin-based D-A systems reported so
far have been constructed by covalently linking the donor/acceptor subunits at
the porphyrin peripheral (i. e. B-pyrrole and/or meso) positions, relatively few
such systems have been synthesized by utilizing the axial coordinative
interactions involving the metal/metalloid center. Three chapters of this thesis

discuss the results of investigations on the PET and EET reactions of porphyrin
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based, 'axial-bonding' type D-A systems. Similarly, although a great variety of
covalently linked porphyrin-quinone systems are reported in the literature,”
relatively less attention has been paid towards the construction of analogous
non-covalent D-A systems. One chapter of this thesis deals with the PET
reactions occurring between singlet porphyrin and calixarene-bound 1, 4-
benzoquinone (BQ) in a series of isomeric porphyrin-calix[4]arene systems.
Chapter 3 of this thesis reports an 'axial-bonding' type nonameric
porphyrin array in which a trimeric tin(IV) porphyrin is used as the basa
scaffolding unit and free-base porphyrins as the axial subunits. The bridge
between the axial and peripheral porphyrins is a “C-O-Sn” bond in this array.
Detailed studies have been carried out on the chemistry, electrochemistry and
photochemistry of the nonamer. Next, a different variety of porphyrin trimer
has been self-assembled by employing the mutually non-interfering
coordination properties of the ruthenium(ll) and tin(lV) centers to form a
'hetero-metallic' array (Chapter 4). The photo- and electrochemical properties
of this array have also been investigated. This axial-bonding theme has been
extended to the next chapter, which discusses a D-A system that utilizes the
axial bonding ability of a zinc(I) porphyrin to assemble the D and A subunits.
A pyridine appended calix[4]diquinone system is shown to axially ligate at the
zinc(ll) center of 5,10,15,20-tetra(4-methylphenyl)porphyrinato  zinc(l1),
[(TTP)Zn"] (Chapter 5). Systematic investigation on this system reveals a PET
between singlet {(TTP)Zn"] and the axially bound calix[4]diquinone acceptor.
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Finally, covalently linked, isomeric free-base and zinc(ll) porphyin-
calix[4]arene conjugates have been synthesized in which the calixarene subunit
can house a BQ acceptor via H-bonding or van der Waals interactions (Chapter
6). Details of PET reactions occurring between the singlet porphyrin and
calixarene-bound quinone acceptor in these D-A systems have been
investigated.

The work embodied in this thesis has been divided into seven

Chapters. A brief, Chapter-wise account of the results is presented below.

Chapter 1. Introduction

Recent literature on various ‘peripherally’-and ‘axially’ substituted as
well as non-covalently linked porphyrin based D-A systems highlighting their
PET and EET reactions have been reviewed in this Chapter.

Chapter 2. Material and Methods
This Chapter presents a list of chemicals, a general description of the
synthetic procedures and the details of spectroscopic, electrochemical and

photophysical techniques employed during the research work.

Chapter 3. A New NonamericArray Based on  Tin(IV )Porphyrin Scaffold
The axial bonding capability of tin(TV) porphryins has been utilized for

the design of a hybrid porphyrin nonamer 1, Fig.1. The scheme of construction
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of this array employs a synthetic protocol involving sequential 'organic' and
'inorganic’ reactions conducted respectively, at the peripheral meso-phenyl ring
and the central tin(IV) ion of the porphyrin scaffold. The architecture of the
nonamer is such that it is based on a covalently linked tin(IV) porphyrin trimer,
with each of the three tin(IV) centers trans-axially ligated to two free-base
porphyrins. This extended, "axial-bonding" type architecture of the new array
has been investigated by various physical methods that include mass (MALDI-
TOF), UV-visible, fluorescence, 'HNMR (1D and 'H- 'H COSY)
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spectroscopies and electrochemical methods. UV-visible spectrum of the
nonamer is similar to the spectrum of a physica mixture of the corresponding
precursor porphryins in appropriate mole ratio. Cyclic voltammetric data reveal
that the oxidation and reduction potentials of the individual porphyrin rings of
the nonamer are unaltered in comparison with those of the corresponding
porphyrin monomers. Detailed "H NMR investigation reveal's characteristic ring
current induced shifts for the resonances due to protons of the axial free-base
porphyrin subunits.

Singlet state activity of 1 has been probed by the steady state
fluorescence method with selective excitation into the bands corresponding to
the two constituent monomeric species. Analysis of the fluorescence data
suggests the occurrence of EET from the basal Sn(IV) porphyrins to the axia
free base porphyrins as well as PET from the axial free-bases to the basal

metalloid porphryin.

Chapter 4. A Photochemically Active Supramolecular Array Assembled via
the Complementary Binding Properties of Ruthenium(Il) and Tin(1V)
Porphyrins

A new porphyrin trimer 2 has been self-assembled by employing the
mutually non-interfering coordination properties of ruthenium(ll) and tin(TV)

centers to form a ‘hetero-metallic' array, Fig 2. The precursors employed in the
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construction of this trimer are penta-coordinated 5,10,15,20-tetra(3,5-di-tert-
butylphenyl)porphyrinato ruthenium(l1) carbonyl, the hexa-coordinated

Fig. 2

5,10,15,20-tetra(4-methylphenyl)  porphyrinato  tin(IVV) dihydroxide and
pyridine-4-carboxylic acid. The trimer has been constructed by both stepwise



and one-pot methods. UV-visible spectrum of 2 is essentially a superposition of
the spectra of its constituent monomeric components, and it clearly provides
evidence for the absence of any electronic interaction between the porphyrin
planes in this array. Structure of the trimer is probed by the 'H-NMR
spectroscopic method, monitoring the shielding of protons present on the
pyridine linker. Oxidation and reduction potentials of 2, measured by the
differential pulse voltammetric method, are found to be nearly identical to those
of the monomers. Results of both steady state and time-resolved fluorescence
studies reveal that a PET from the axial ruthenium(ll) porphyrin to the singlet
excited state of the basal tin(1V) porphyrin is feasible in this trimer.

Chapter 5. A New 'Axial Bonding' Type Donor-Acceptor System Assembled
via Coordination of a Zinc(ll) Porphyrin with Pyridine-Linked
Calix[4]diquinone

This Chapter deals with the synthesis and spectroscopic, redox as well
as photochemical behavior of a self-assembled D-A dyad 3 that is formed by
the axial coordination of [(TTP)Zn"] with a calix{4]diquinone bearing a
pendant pyridine as the coordinating ligand, Fig. 3. The pyridine ligand cyclo-
25,27-diethyoxy 26,28-calix[4]diquinone 3,5- pyridine dicarboxylate (CalixQ-
py) is synthesized in three steps. (i) selective akylation of tetrahydroxy
calix[4]arene with 1,2 dibromoethane, (ii) cyclization with cesium salt of 3,5-

pyrdine dicarboxylic acid and (iii) mild oxidation with aqueous chlorine
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dioxide. CalixQ-py has been characterized by mass (FAB), UV-visible and 'H-
NMR spectroscopic methods. The well-known ability of zinc(ll) porphyins to
form penta-coordinated complexes with coordinating ligands, such as pyridine,

has been utilized to construct the novel D-A system 3.

Fig. 3

UV-visible titration studies reveal formation ofa 1 : 1 complex between
[(TTP)Zn"] and CalixQ-py with a binding constant K, = 1685 M. 'H NMR
titration studies provide further evidence for this binding. Upfield shifts for a
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and B protons of the pyridyl ligand are observed in the presence of [(TTP)Zn"]
due to the ring current effect exerted by the porphyrin upon binding. In the
steady state and time-resolved fluorescence studies, it is observed that
fluorescence quantum yield and lifetime of [(TTP)Zn"] are decreased upon
successive addition of CalixQ-py. This quenching has been attributed to a PET
from the singlet [(TTP)Zn"] to the diquinone acceptor located in the axial
direction. Relevant rate constants have been evaluated using both the steady

state and the time-resolved emission data.

Chapter 6. ‘Intra-ComplexElectron Transfer in a Series of Quinone-Bound
Isomeric Porphyrin-Calix[4]arene Conjugates

This Chapter deals with the design, synthesis, spectroscopy and singlet
state properties of a series of isomeric porphyrin-calix[4]arene (P-Calix)
conjugates. Free-base derivatives of the isomeric P-Calix conjugates (4, see:
Fig.4) have been synthesized by reacting 5-(4-hydroxyphenyl)10,15,20-tri(4-
methylphenyl) porphryin, 5-(3-hydroxyphenyl)10,15,20-tri(4-
methylphenyl)porphryin or 5-(2-hydroxyphenyl)10,15,20-tri(4-
methylphenyl)porphryin with 25-(2-bromoethoxy) 26, 27, 28-(trihydroxy)-4-
tert-butyl calix[4]arene (Calix-(CH3),Br) in DMF/K,CO; milieu. The
corresponding zinc(ll) complexes, 5, are aso prepared. All the isomeric P-
Calix conjugates have been fully characterized for their structural integrity and

chemical purity by various physical methods that include mass (MALDI-TOF),
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UV-visible, "H-NMR and fluorescence spectroscopies and aso eectrochemical
methods.

M=2H 4
M=Zn(ll) 5
Fig. 4

UV-visible spectra features of the free-base and zinc(ll) derivatives of
the para and meta isomers and aso those of the free-base ortho derivative of
these P-Calix conjugates are close to the spectral features of their individua
condtituents. On the other hand, zinc(l1) derivative of the ortho isomer shows
red shifts in the absorbance bands of its cdix[4]arene and porphyrin subunits.
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Similarly, 'H NMR data also reveal that resonance positions of the protons on
the calix[4]arene subunit of this latter derivative are anomalously shielded.
These data have been interpreted in terms of a close proximity between the
calix[4]arene and porphyrin subunits leading to an intramolecular co-ordination
between zinc(ll) center of the porphyrin and one of the hydroxyl groups of the
calix[4]arene moiety.

The photophysical properties of these isomeric conjugates have been
investigated both in the absence and presence of BQ by the steady state and
time-resolved fluorescence methods in CH,Cl, and in THF/H,O (1 : 9, viv).
Binding of BQ by the calix[4]arene host via H-bonding interaction in apolar
solvents like CH,Cl, and via encapsulation in water rich mediais well known.
This is also expected to be the case with the presently investigated P-Calix
compounds. Quenching of fluorescence intensity and decrease in singlet state
lifetime of the porphyrin fluorophore are observed for each of these complexes
upon successive addition of BQ in both CH,Cl; and THF/H,O media. Rigorous
analysis of the data obtained on P-Calix conjugates and aso on the
corresponding reference compounds (i.e. H2TTP and [(TTP)Zn"]) suggests
that the quenching mechanism in these conjugates involves both static and
dynamic processes. Thus, the porphyrin fluorescence in these isomeric P-Calix
conjugates is quenched, in part, by an intra-complex electron transfer from the

singlet porphyrin to the ‘complexed’ quinone. The observation that the intra-
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complex eectron transfer rate varies in the order: ortho > meta > para, has been
interpreted in terms of distance and orientation dependence of the PET.

Chapter 7. Conclusions
This Chapter presents general conclusions based on the investigations
carried out in this work.



CHAPTER 1

Introduction

Porphyrin chemistry has undergone a resurgence over the past few years
due to its potential applications in research areas such as biomimetic
photosynthesis, molecular electronics, supramolecular catalysis, organic
synthesis, magnetic resonance imaging (MRI), photodynamic therapy (PDT) etc.
Photochemically active donor-acceptor (D-A) systems based on variously
substituted monomeric and oligomeric porphyrin species are of immense utility
in many of these applications, with the key photochemical reactions associated
being (i) photoinduced electron transfer (PET) and (ii) excitation energy transfer
(EET). This thesis deals with the design, synthesis and photochemical properties
of D-A systems derived from 'axial' and/or 'peripheral’ substitution of free-base

and metalloporphyrins.

1.1 Basictheory of PET and EET reactions

Molecules, upon photoexcitation become powerful donors or acceptors and
hence, can be involved in electron and/or energy transfer reactions.
Photoinduced electron transfer reaction has attracted the interest of chemists in
many respects that include synthesis of organic molecules, development of solar

energy storage/conversion systems and understanding of natural/artificial
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photosynthetic systems.'® Similarly, excitation energy transfer reactions are also
important from the point of view of photosynthetic antenna function,®> polymer
photophysics,® molecular electronic devices etc.”® Equally significant is the
theoretical understanding of the electron and energy transfer reactions and, this
has added further impetus to the study of these important processes.“"M Fig. 1. 1
depicts pathways through which electron and energy transfer processes can
occur. In electron transfer, the excited state (*) can act either as a donor (D) or as

an acceptor (A) whereas in energy transfer, the excited state will always be a

donor.
Electron transfer
- i o o
e ——————
© oo o o0 00— 0
'y A pt A" [} 'y

[Energy transfer

Electron exchange Dipole-dipole
g T o o
* 1
O —€— g o o0 o o o0
0" A D A" " A

Fig. 1.1
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Marcus theory of electron transfer process provides a convenient way of
discussing certain key aspects involved in the PET reactions.”'? According to
this theory, rate constant for the electron transfer (ker) is given by the
expression

ker =Ko V ,Xp(-AG +1 )/4k T (1.1

Here, ke is the electronic transmission coefficient, v, is the frequency of
nuclear motion through the transition state, AG° is the standard Gibb's free
energy change for the overall ET reaction, X is the reorganization energy
needed to orient the initial complex to have a suitable configuration for electron
transfer, kg is the Boltzman's constant, and T, the absolute temperature. AG” is
the free energy of activation, and it is related to AG® and X, the reorganization

energy, by the expression
AG* = (A+AG°)* /44 (1.2)

For exoergic reactions, when -AG° < 0, ker increases with increasing
exoergicity. It reaches a maximum at -AG° = X and decreases again when -AG®
> X. This region of decrease of ker with respect to increasing exoergicity is
termed as the "Marcus inverted region”.
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Electronic energy transfer reactions can, in principle, operate by two
mechanisms:

(i) Dipole-dipole mechanism which involves mutual Coulombic

interaction of electrons (based on Forster’s theory) !
(if) Exchange mechanism which involves mutual exchange of electrons
(based on Dexter’s theory) '

Forster has developed an expression for the rate of electronic energy
transfer due to dipole-dipole interaction in terms of the experimentaly
obtainable parameters. According to this theory, the rate constant for energy

transfer, kent, isgiven by equn. 1.3

_ 8.8x10%«k’g,

EnT T 4 6
nryR

k _[FD (Ve (V)7 dv (1.3

In the above equation, v is the wave number, Fp(Vv) is the spectral
distribution of the donor emission in quanta normalized to unity, €a( V) is the
molar extinction coefficient for the acceptor absorption and n is the refractive
index of the solvent. K? is a function of relative orientation of transition dipole
moments of the donor and the acceptor. 4D is the quantum yield of donor
emission, Tp is the donor emission lifetime (in seconds) and R is the distance

between the donor and acceptor molecules (in centimeters).

From the photophysical point of view, the fundamental processes that

take place from the singlet state are depicted in Fig. 1.2.



(D" -A)

Wk | e

D-A
Fig. 1.2

Here, superscripts 1 and 3 refer to the singlet and the triplet states, respectively.
ke (Mke), Kic, Kise, ket, ke, ke and keqr are the rate constants for fluorescence,
internal conversion, intersystem crossing, forward electron transfer, reverse
electron transfer, charge recombination and energy transfer reactions,

respectively. For an efficient electron/energy transfer to occur, ker and Kgar
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have to compete with other processes viz. fluorescence, internal conversion,
intersystem crossing etc.

Table 1. 1 summarizes determinants of EET and PET reactions derived
from the theories of electron and energy transfer reactions as well as the

processes competing with these reactions discussed above.

Tablel. 1

Determinants of electron and energy transfer

Electron transfer Distance and  orientation  (electronic
coupling, orbital overlap); Free energy
change (driving force); Reorganization in D
and A; Orientation polarization of medium

Excitaton energy transfer Distance and orientation (coupling of excited
states); Spectral overlap of emission and
absorption of D and A; refractive index of the
medium.

Processes competing with electron and energy transfer

Electron transfer (i) Nonradiative relaxation of D* by
photoisomerization and other conformational
changes, Excited state proton transfer;
Intersystem crossing; Chemical reactions;

(ii) Back reaction to the ground state D-A

Excitation energy transfer  Same as (i)




1. 2 PET and EET in biological and a biological systems

As mentioned in the previous section, many applications of porphyrins
rely on the photochemical characteristics of these macrocyclic compounds. In
recent years, considerable development that has taken place in areas such as
biomimetic photosynthesis, photodynamic therapy and molecule based opto-
electronics seems to have provided greater impetus to research related to
photochemistry of porphyrins. A brief introduction to these biological and
abiological issues, as applied to the theme of the present thesis is presented
below.

Photosynthesis is responsible for our oxygenic atmosphere. Both PET
and EET are important and prevalent phenomena in natural photosynthesis. For
example, antenna function of the photosynthetic systems involves singlet-
singlet (s-s) energy transfer between two chlorophyll (Chl) molecules and also
that between carotenoids {Car) and Chl. In addition, carotenoids provide
photoprotection by rapidly quenching the triplet states of Chl by triplet-triplet
(t-t) energy transfer thus preventing Chl sensitized production of singlet oxygen.

The electron transfer events of photosynthesis take place within a highly
specialized reaction center (RC) complex. Detailed structural information for
several bacterial reaction centers are now available from x-ray crystallographic
investigations.'® *2* The RC of Rhodobacter spheroides (RhS) comprises of four
bacteriochlorophylls (BChl) including those of the so-called 'special pair’, two

bacteriopheophytins {BPhe), two quinones (0 and a carotenoid polyene. In
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addition, this RC has two branches - L and M. The photosynthetic process
begins within the reaction center by excitation of the "special pair" BChi. This
excitation usually occurs through s-s energy transfer from antenna molecules.
Within 2 - 4 ps of excitation, singlet state of the special pair donates an electron
to one of the BPhe molecules with a quantum yield of essentially unity. The
Bphe radical anion transfers an electron to the neighbouring Q, again with a
quantum yield of ~1. The net result of this multistep electron transfer sequence
is the generation of a spatialy separated, charge transfer state comprising the
oxidized 'special pair' and the reduced quinone.

A detailed understanding of these natural reactions has been greatly
aided by studies of electron and energy transfer in synthetic model systems. A
great number of substituted porphyrins and metallo/metalloid porphyrins have
been synthesized as photosynthetic model systems; a number of
reviews/monographs on this topic are now available.'=2>%

Currently, design of molecule based optical devices is receiving world-
wide attention. Molecular rectifiers, transistors, wires, photodiodes etc. are
being designed by utilizing the chemistry of excited- and charge transfer states

7839 The design of a 'molecular wire'

of both inorganic and organic molecules.
is one among the many important aspects of research in this subject. Many
‘molecular wires' based on porphyrin arrays are being deviced ***

The following sections deal with a survey of recent literature on porphyrin-

based oligomeric- and D-A systems as relevant to the present study.



1. 3 Porphyrin oligomers

A great variety of covalently/non-covalently linked porphyrin dimers
and higher oligomers have been reported in the literature and multistep energy-
and electron transfer reactions have been elucidated in some of these systems. In
the following discussion, recent studies on the oligomeric porphyrins are
highlighted.

1. 3.1 Covalently linked linear oligomers

Among the first examples of linear dimers are those which have been
developed by Kong and Loach and also by Boxer and Bucks**®

Linear porphyrin oligomers formed by conjugated bridging of porphyrin
subunits have been the focus of current interest because of their potential
application in non-linear optics, organic semiconductors and light harvesting
antenna systems. Osuka and co-workers have been synthesized meso-meso/B-p
linked, linear dimeric, trimeric, tetrameric, pentameric, hexameric, nonameric
and 12-meric porphyrin arrays.*** Mutual electronic and excitonic interactions
between the individual porphyrin units has been demonstrated in these arrays.
The Soret bands of the arrays have observed to be split depending upon the
number of porphyrins in a given array and this has been explained in terms of
the exciton coupling theory. In addition, absorption bands become increasingly
red-shifted and intensified upon increasing the number of porphyrins, reaching

to the infrared frequency range. The completely fused 12-meric array 1 has
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planar, tape-shaped structure and it displays extremely red-shifted absorption
bands, reflecting the extensively conjugated electronic system. With an increase
in the number of porphyrins in this series of arrays, the fluorescence spectra also
become broader and red-shifted without significant decrease in the fluorescence
guantum yield, reflecting their stretched conformations that do not alow the
formation of a singlet-excitation-energy trapping site. The same group has also
reported 1,4-phenylene-linked zinc(ll) porphyrin oligomers and demonstrated
excitonic interactions between the porphyrin units.*"®® While similar meso-
meso linked porphyrin trimers have been reported by Segawa and co-workers,*
acetylenyl bridged porphyrin arrays have been reported by Therien and co-
workers.”®’® In the latter arrays, efficient electronic interactions between the
porphyrinic subunits has been demonstrated by the application of fluorescence
and absorption spectroscopies and also by electrochemistry.

Burrell et al. have synthesized linear trimers 2 via adehyde appended
porphyrin subunits.”” The utility of aldehyde appended porphyrin unit as a
building block for construction of larger linear arrays has aso been
demonstrated.”

ph

2a:M=2H
2b: M= Ni
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Krishnan and Sen have reported novel hybrid porphyrin trimers 3 in
which the monomers bear different metal centers and/or different peripheral
substituents.” The Q and B bands in the UV-visible spectra of these trimers are
red-shifted and broadened in comparison with those of the corresponding
monomers. It has been reported that fluorescence of the distal free-base
porphyrin is quenched by the non-fluorescent octabromoporphyrin due to spin-

orbit coupling or other non-radiative deactivation mechanisms.

2H  Cu(ll) Cofll)

2H  Cu(lly Ag(ll)

" " * *2H  Cu(ll) Zn(ll)

" " . "Ny 2H  Cofll)

" g . " Co(ll) Cu(ll) Zn(lt)

" " " « Zn(ll) Cu(ll) Ag(ll)
@Nm," " Br 2H 2H 2H
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Crossley and co-workers*'™ have synthesized linear and bent porphyrin
arrays by fusing individual porphyrin units through rigid aromatic units.
Compound 4 is an illustrative example. Crossley and co-workers have aso
discussed relationship between the inter-ring coupling responsible for electron
or hole conduction and oligomer size in this class of arrays. The advantage of
this system is that it is completely rigid, spans large distances and possesses a

sizable, switchable electronic coupling between its ends.

A Ar A Ar
No oy My s Ny
(L (XX
= + P o
Ar Ar Ar Ar

Bu
Ar =Q
8u

4

The first quinone substituted trimer was synthesized by Sesser and co-
workers.®®" porphyrin — quinone electron transfer in this system is over a
distance comparable to that found in the natural photosynthetic reaction centers
and has been shown to be efficient enough to use this system as a model for

studying long range electron transfer mechanisms. In an analogous study, Osuka
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et al. have reported tetrads consisting of 1,2-phenylene-bridged zinc(ll)

diporphyrin, zinc(IY) porphyrin, pyromellitimide and quinone subunits.®?

1. 3. 2 Covalently linked branched chain oligomeric porphyrin arrays

Based on the architecture of antenna chlorophyll systems, porphyrin
oligomers have been fashioned to generate the so-called "light-harvesting
arrays'. A number of conformationally restricted porphyrins such as face-to-
face porphyrins, stacked porphyrins and other rigidly linked systems have been
studied.®*%? These are mostly dimeric systems and will not be discussed here.

Yeow et al. have reported a series of first, third and fifth generation
dendrimers consisting of 4, 16 and 64 porphyrin chromophores, respectively.
In these dendrimers, they have observed depolarization of the fluorescence as
compared to the monoporphyrin model compound, indicating that electronic
energy transfer takes place between the chromophores within the dendrimers.
Aida and co-workers have reported a series of first, second and third generation
zinc(11) porphyrin dendrimers having a free-base porphyrin core.®**® By the
application of pico- and femto- second time-resolved fluorescence spectroscopic
techniques, they have demonstrated that the quenching of zinc(ll) porphyrin
fluorescence increases as the dendrimer generation increases.

Pentameric porphyrins comprising a central porphyrin that is covaently
linked to four others are among the interesting examples of the branched chain

oligomeric arrays. These species were designed to serve as light harvesting
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models and for use in potential photovoltaic cells. The ether-bridged pentameric
arrays 5 were first reported by Milgrom.96 Harriman and co-workers have
demonstrated an efficient Forster-type EET from the antenna zinc(ll) porphyrins

to the central free-base porphyrin in these systems.”’

_(w“
M=M =2Zn

M =2H,M=2Zn
M =2Zn,M=2H
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Wennerstrom et al. have further modified the architecture of 5 and
designed a rigid pentamer incorporating the phenyl bridges.® Similarly, with a
view to increase the conjugation between the porphyrin subunits, a diarylethyne
bridged pentameric array was synthesized." This array has been tailored in such
away that the centre-to-centre inter-porphyrin distances are ~20 A°, making the
porphyrin units close enough for rapid energy transfer but far enough to
preclude any competing electron transfer quenching reactions. Detailed spectral
and electrochemical studies have been carried out on the zinc(l1) and free-base
derivatives of this system.’®

Sakata and co-workers have reported an aryl linked henicosamer
porphyrin array 6 which they termed as a “mandala-patterened bandanna"
porphryin.’® The compound has been characterized by MALDI-TOF and
scanning and tunneling microscopic techniques. Smith and co-workers have
reported the porphyin array 7 consisting of four porphyins that are fused at the
lower rim of the calix[4]arene unit.'® This array possesses strong ion binding
properties, potentially leading to a class of new molecular receptors for the
development of efficient sensors. The same group has further reported a P-
pyrrole linked cruciform pentamer 8.1%3

Osuka and co-workers have reported severa meso-meso linked
‘windmill and grid like' porphyrin arrays having potential application as light
harvesting antenna complexes.104 Array 9 is an illustrative example. In the UV-

visible spectra of these arrays, the Soret band gets split due to exciton
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interaction between the individual porphyrin units. Steady state fluorescence
spectra of these arrays show dua emission emanating from the peripheral
porphyrin rings and the diporphyrin core. The reduced fluorescence intensity of

peripheral porphyrin rings suggested a s-s energy transfer to diporphyrin core.
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9a: M =12Zn
9b: M = Ni
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The same group has recently reported 126-mer, 512-mer, 768-mer and 1024-mer
porphryin arrays via Ag'-promoted oxidative coupling reaction.'®® A cyclic
hexamer 10 consisting of three zinc(ll) porphyrins which can accommodate a
star shaped guest (a trimeric free-base porphyin) inside its cavity has been

106198 ginglet excited state energy transfer

reported by Gossuer and co-workers
from the zinc(I1) chelates to free-base porphyrins has been observed in these
arrays and an overall intramolecular energy transfer efficiency was estimated to
be 98%. Ambroise et al. have reported a light harvesting array of seven
porphyrins in a ‘wheel and spoke' archetictecture.'” Here, a shape-persistent
cyclic array of six zinc(l1) porphyrins provides an effective host for a dipyridyl-
substituted free-base porphyrin, yielding a self-assembled structure. Energy
transfer occurs quantitatively from the uncoordinated to the pyridyl-coordinated
zinc(ll) porphyrins in this cyclic array. On the other hand, EET from the
coordinated zinc(I1) porphyrin to the guest free-base porphyrin is less efficient
and is attributed to a Forster process.

Cyclic porphyrin oligomers have been synthesized in efforts to mimic
gross structure of the photosynthetic reaction center and enzymatic catalysis.''"
122 | their efforts to mimic bacterial photosynthetic reaction center, Dubowchik
and Hamilton have reported cyclic tetrameric and hexameric entities.''®"'"
During their studies on supramolecular catalysis using macrocyclic systems,

Sanders and co-workers have developed an 'extended conjugation’ approach
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to synthesize various oligomeric porphyrins.''*'??  Specifically, in an effort to
create a system in which convergent binding sites are positioned in such a way
that substrate molecules can be held in close proximity, they have synthesized a
cyclic porphyrin system 11.  More recently, they have also reported porphyrin

dendrimers using a similar synthetic strategy.'?
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1. 3. 3 Porphyrin oligomers linked by metal coordination

In recent years, ordered supramolecular arrays formed by self-assembly
of porphyrin units via metal (metalloid) ion coordination are being investigated
with views to design molecular optical/electronic devices and model biological
energy or charge transfer reactions.'? 124

For example, a diethynyl-linked zinc(ll) porphyrin dimer which forms a
self-assembled  "ladder® by coordinate-covalent linkage between 14-
diazabicyclo [2.2.2] octane (DABCO) and the central zinc(ll) ions has been
reported.”’> The ladder formation has been established by NMR and UV-visible
methods. It has been suggested that similar polymeric ladders would be good
candidates as a low-band-gap materials. Drain and Lehn have utilized the
pyridine nitrogen coordination of cis- and trans- substituted meso-dipyridyl
porphyrins with cis or trans- substituted palladium(ll) or platinum(ll) ions to
construct arrays which are characterized by the 'square’ architecture.*® Drain et
al. have further reported nonamer 12 that is constructed by the coordination of
porphyrin exocyclic pyridyl groups to palladium(ll) dichloride units. "%
Recently, Slone and Hupp have constructed a cyclic porphyrin tetramer with the

help of coordination at the rhenium(l) site.'?’

Ordered supramolecular arrays have aso been synthesized by
connecting metalloporphyrins to other porphyrin subunits via pyridine bridges,

further illustrating the utility of coordinate-covalent bond formation reaction in



M =2H or Zn

12a: R = methyl
12b:R = tert-butyl
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128135 |mamura and co-workers have

porphyrin array building process.
synthesized pentamer 13 consisting of four osmium(ll) porphyrins linked non-
covalently to a central tetrapyridyl porphyrin.**® They have also reported
ruthenium(l1) porphyrin-based dimeric, trimeric and tetrameric arrays.’***3*
Solid-state  multichromophoric assemblies have an advantage over
solution species because, with a suitable design strategy, one could interlink an
unlimited number of metallo- and meta-free porphyrins, either through
hydrogen bonding or coordination bonds, into rigid and highly organized
supramolecular arrays. '*¢1% By utilizing the exterior functionality of metallated
tetraaryl porphyrins, Robson and co-workers have synthesized, novel 3D and
large open channel networks.'>’'?® Sharma et ed. have aso reported similar
multichromophoric supramolecular arrays. 139
Wojaczynski and Latoz-Grazynski have reported novel porphyrin

trimers formed by a "head-to-tail" arrangement of the monomeric subunits."**"

2 For example, oligomerization of an iron(l11) porphyrin, by axia linkage of
the central iron atom of one porphyrin to the p-position of another, yielded a
"cyclic" trimer."® Similar structures have been architectured using gallium(l11)
and manganese(l11) as the metal centers.'!" 14>

Self-assembly of oligomers in solution has been reported by Hunter and
co-workers wherein coordination of zinc(Il) or cobalt(Il) porphyrins by pyridine

ligands is used to construct oligomeric assemblies. ~  In an analogous
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approach, Sanders and McCallien have utilized 5,15-dioxoporphyrins as
supramolecular building blocks to synthesize a pentameric assembly.  Here,
four zinc (1) dioxoporphyrin molecules are linked to a centra tetrapyridyl

porphyrin by zinc-pyridyl bonding.

1. 4 Porphyrin-based covalent and non-covalent D-A systems

Porphyrins having peripheral (i.e., B-pyrrole or meso-positions) and/or
axial substituents have been extensively investigated over the last few decades.
Porphyrins substituted with donor or acceptor groups at these sites are of

interest to the present study.

1. 4. 1 D-A systems involving covalent linkage at the porphyrin peripheral
position/s

Earlier reports on EET and PET reactions of porphyrin-based D-A
systems are abound with studies on covalently linked complexes and these have
been reviewed in many recent accounts."*****® Kong and Loach have
synthesized the ester-linked porphyrin-quinone (P-Q) dyad in 1978 and the
corresponding amide linked dyad was reported in 1979 by Tabushi and co-
workers.**® These latter systems were subsequently investigated for their
photophysical properties by Ho et al.'*%Since then, a number of porphyrin-
based D-A systems have been synthesized and their photophysical properties

studied in detail. Discussion on a few recent examples follow.
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Therein and co-workers have reported distance dependence of electron
transfer in a rigid, cofecially compressed, n-stacked porphyrin-bridge-quinone
systems 14."*! Photoinduced charge separation and thermal charge
recombination reactions of 14 were investigated by pump-probe transient
absorption spectroscopy. Hayashi et al. have reported the D-A system 15 in
which a quinone is connected through peptide bonds to the one of the
propionate side chain of the porphyrin.’®®> Both steady state fluorescence and

transient spectroscopic measurements have suggested that an intramolecular
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0
OMe
CO,Me clf NHCHzf{li%n NHCH;
0 0 Me
15a:n=0
15b: n=1
15c:n=2

electron transfer from photoexcited zinc(ll) porphyrin to the covaently linked
quinone takes place in the system. Gust, Moore and their co-workers have
reported triads, tetrads and pentads based on carotene, porphyrin and quinone

subunits.'¥*1%

One example is the pentad system 16, which consists of two
covalently linked porphyrin moieties: one containing a zinc(ll) ion (Pz,) and
other present as the free-base (P). The metallated porphyrin bears a carotenoid
(C) polyene and other a diquinone species (Q,\—QB).’S3 The carotenoid absorbs
light in spectral regions where the porphyrin does not absorb strongly and
transfers singlet excitation energy to the porphyrin. Excitation of the free-base

porphyrin of the pentad yields an initial charge separated state, C-Pzo-P* -Qa -
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QB, and subsequent electron transfer steps lead to a final charge separated state
C-Pz:-P*-Qa-Qp with an overall qaantum yield of 0.83.

16

Porphyrins substituted with multiple crown ether voids have been
investigated in great detail."**'*® A recent study has investigated a porphyrin
substituted with a redox active crown ether (17) as a biomimetic model.*®
Folding of the crown-ether-quinone moiety towards the porphyrin and
'intramolecular’ PET has been demonstrated in this system at the room

temperature. At low temperatures, however, PET has been shown to be absent.
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17a: M=2H
17b:M =Zn

In an attempt to mimic photosynthetic energy transfer reactions and to
develop molecular devices, porphyrin systems, as energy acceptors, have been
covaently linked to carotenoid, cyanine dye and anthracene donor subunits to
generate molecular dyads.”> '®' Lindsey et al. have synthesized a series of
porphyrin-cyanine dye dyads to mimic the phycobilisome action of

photosynthesis. '*!

1. 4. 2 D-A systems involving non-covalent interactions at the porphyrin
peripheral position/s
D-A systems bound by non-covalent interactions can be expected to provide a

better understanding of the biological energy/electron transfer processes as, in
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natural systems these processes proceed through complex non-covalently bound
protein pathways. This consideration has led to the construction of porphyrin-
based D-A systems that are characterized by either coordinative, H-bonding or

nucleic acid base-pairing interaction between the donor and the acceptor.’ 738

162-179

D'Souza et al. reported that free-base and zinc(l1) porphyrins bearing
either one, two or four hydroguinone entities at the meso positions can bind
quinones in solutions via a quinhydrone pairing mechanism. ‘%1%
Electrochemical and 'H NMR studies carried out on these systems have
revealed that the quinhydrone complexes are stabilized by H-bonding in
addition to the charge transfer interactions. Singlet emission studies have
shown that fluorescence quenching of the porphyrin increases with an increase
in the number of receptors. This indicates that the H-bonding plays an
important role in the quinhydrone formation. Recently, Branda and co-workers
have reported a photocontrolled PET process between an urea porphyrin and
the cis and trans isomers of a carboxylate substituted phenoxynapthacequinone

that is bound to the urea porphyrin via hydrogen bonding.'®

Cyclic
voltammeteric and steady state fluorescence emission studies have revealed
that PET is more favored in the cis isomer rather than the trans isomer.

Lang et al. have reported a new porphyrin-cyclodextrin conjugate 18.'%¢

This conjugate shows a marked tendency to form chiral assemblies in agueous
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solutions. The key role of cyclodextrin in the formation of a porphyrin-based
supramolecular complex is confirmed by steady state and time-resolved

fluorescence spectroscopies. Fluorescence intensity of the conjugate is

18



3H

guenched by the addition of 1,4-benzoquinone, anthraquinone-2-sulfonate or 8-
anilino-!-naphthalene sulfonic acid guests. All these quenchers form inclusion
complexes within the porphyrin-bound cyclodextrin in agueous media. The
guenching of fluorescence has been interpreted in terms of a PET between the
singlet porphyrin and the quinone guests within the conjugate (monomer or
aggregate).

Sessler and co-workers have presented another approach to design non-
covaently linked porphyrin-quinone systems typified by structure 19. As seen,
the porphyin and quinone subunits bear guanosine and cytidine substituents
respectively, as the recognition sites to form Watson - Crick hydrogen-bonded

pair.1™® Upon addition of increasing concentration of quinone to zinc(l1)

0
i
_H’N = 2
0 |
.N N
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J T

— l/
\_/ /N j\H
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porphyin, quenching of fluorescence due to the zinc(ll) porphyrin was observed
in the steady state and time-resolved fluorescence experiments. These results
indicate a PET between the singlet porphyrin to the quinone.

In a semina work, Weiss and co-workers have reported a porphyin-
calix[4]arene conjugate, 20, in which a porphyrin is covalentely linked to two
calixare[4]arene units which serve as the binding sites for the quinone via n-n
stacking inside their cavities.'*> Upon increasing addition of quinone to the
conjugate, quenching of fluorescence was observed due to an ‘intra-complex’
PET from singlet state of the porphyin to the encapsulated quinone . Sessler,
Arimura and their co-workers have reported calixarene- porphyrin systems 21
and 22, in which a quinone acceptor can bhind to the calixarene via
supramolecular contacts. Fluorescence studies reveal the occurrence of an

'intra-complex' PET from singlet porphyrin to the calixarene-bound

. 186, 187
quinone.

M=2H, Zn

20
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M=2H, Zn

22
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1. 4. 2 D-A systems assembled via axial coordination of metallo/metalloid
porphyrins

Although synthesis and spectral studies of porphyrins containing almost
every element of the periodic table are now well known, reports dealing with
investigations on PET and EET reactions between metallo/metalloid porphyrin
excited states and the axially ligated electron donors or acceptors are scarce.
This contrasts the innumerable studies carried out on the PET and EET
reactions of metallo/metalloid porphyrins linked, at their peripheral positions,
with donor/acceptor subunits. A few important examples among the recently
reported D-A systems involving axial substitution of porphyrins are discussed
below.

Hoshino et al. have studied ligand assisted PET from metalloporphyrins
to ‘methyl(mono) viologen’.'® Detailed electrochemical and photochemical
investigations have been carried on o-bonded indium(IIl), gallium(Ill) and
tin(IV) porphyrins by Kadish and co-workers.’® Generation of ‘zwitterionic'
species has been noticed upon laser flash excitation of these systems. While
Segawa et al. have reported axially substituted dialkoxo phosphorus(V)
porphyrin derivatives,**® Rao and Maiya have reported aryloxo derivatives of
phosphorus(V) porphyrin based trimers and D-A systems.””"'? Steady state
fluorescence data of the latter systems has been interpreted in terms of a PET
reaction from the axial aryloxo 'donor' ligands to the singlet phosphorus(V)

porphyrin.
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Recently Reddy and Maiya have reported a series of ‘axial-bonding’type

19319 Here, they have

phosphorus(V)porphyrin-azoarene  conjugates.
demonstrated that the cis-trans isomerization of the axia azoarene subunits
leads to fluorescence 'on-off 'switches of the basal phosphorus(V) porphyrin via
a PET mechanism. Shimidzu and co-workers have reported a series of "wheel
and axle" type phosphorus (V) porphyrin arrays in which porphyrin units are
linked to each other via the central phosphorus atoms.'®>'® The excited state
properties of a few compounds in this series of oligomers have been
investigated. Electrochemically synthesized D-A polymers, which contain axial
oligothiophene and basal phosphorus (V) porphyrin subunits have also been
reported. 199

Hunter and Shannon have reported an intramolecular PET in a
supramolecular D-A complex 23.2%° Here, the quencher quinone is held within
the macrocylic receptor by a combination of hydrogen bonding to the amide
protons and n - n stacking with the phenyl rings in the cyclic frame work. The
whole quencher-receptor assembly was then attached to the axia position of a
zinc(I1) porphyrin chromophore via coordination of the peripheral pyridyl group
of the macrocyclic receptor. In an elegant study, Sakata et al. have investigated a
dipyridyl-quinone bound zinc(ll) porphyrin dimer 2429122 yy/.visible studies
revealed formation of a 11 complex between the host (diporphyrin) and the

guest (quinone) molecules. Intramolecular PET from singlet state of the
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porphyin to the quinone was observed by steady state emission and picosecond
lifetime measurements.

Otsuki et al. have reported the energy gap dependence of the rate of
electron transfer in supramolecular D-A assemblies of the type 25.20%

Complexation of pyridine nitrogen with the zinc (I1) center was confirmed by
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UV-visible and NMR spectroscopic methods. Fluorescence from singlet state
of zinc(Il)porphyrin is quenched in the complex due to electron transfer to the
imide acceptor. The extent of fluorescence quenching of the zinc(I1) porphyrin
depends on the reduction potential of the acceptor molecule.

Recently Flamigni et a/. have reported the self assembly of a bis-zinc(I1)
porphyin host and a bis(pyridyl)naphthalenediimide / bis(pyridyl)phenyldiimide
guest.2°4’205 Complexation between the guest and the host was investigated by
UV-visible and 'H NMR spectroscopic methods. Steady state and time-
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resolved emission and also transient absorption spectroscopic studies revealed
that quenching of porphyrin fluorescenceis due to a PET from singlet porphyin
host to diimide guest.
D'Souza's group and aso a few others have reported porphyrin-
fullerene D-A systems.’®*2'® Dyad 26, in which a pyridine appended fullerene

is axially ligated to the zinc(ll) porphryin through coordinative interaction, is an

illustrative example. UV-visible and 'H NMR spectral studies have revealed a

11 complex formation between the pyridine-fullerene and zinc(I1) porphyrin.
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Singlet emission studies have showed efficient fluorescence quenching due to
the occurrence of a PET from the excited zinc(ll) porphyin to the axially

positioned fullerene.

1. 5 Summary
The basic principles involved in electron- and energy transfer reactions
occurring in porphyrin-based arrays and D-A systems, as applicable to the

subject matter of the present thesis, are presented in this chapter.

This thesis has been divided into seven chapters.

Chapter 1 gives a genera introduction to the basic principles involved in
electron- and energy transfer reactions. It also includes a survey of the recent
literature on oligomeric porphyrins and various peripheraly- and axially
substituted, porphyrin-based D-A systems highlighting their PET and EET

reactions.

Chapter 2 presents a list of chemicals, a general description of the synthetic
procedures and details of the spectroscopic, electrochemical and magnetic

resonance techniques employed during the research work.
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Chapter 3 presents the results of spectroscopic, electrochemical and
photochemical studies carried out with a new, nonameric tin (IV) porphyrin
based array.

Chapter 4 is concerned with the design, synthesis, characterization and
photochemistry of a self-assembled trimeic array consisting of a central tin(l1V)

porphyrin and two axial ruthenium(Il) porphyrins.

Chapter 5 discusses the design, synthesis and spectroscopy as well as PET
reactions of a self-assembled D-A dyad consisting of a zinc(ll) porphyrin donor
and apyridine appended calix[4]diquinone acceptor.

Chapter 6 deals with PET reactions occurring in a series of isomeric

porphyrin-calix[4]arene conjugates that are bound to quinone acceptors.

Chapter 7 presents general conclusions based on the results obtained during

this research work.
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CHAPTER 2

Materials and Methods

2.1 Introduction

This chapter presents a listing of dl the chemicals and other materials
employed at various stages of the research work. Procedures followed for the
purification of solvents and chemicas are aso given here. Further, a brief
discussion of the physicochemical techniques employed during the course of the

investigation is presented.

2.2 Materials

Pyrrole was obtained from Aldrich Chemicas (U.S.A.). It was distilled
over KOH before use.

4-methlybenzaldehyde was purchased from Sisco Chem (India). It was
digtilled under vacuum before use. 4-hydroxybenzaldehyde was procured from
E.merck (India) and was used as such.

3,5-pyridine-dicarboxylic acid was purchased form Lancaster (U.K.)

4-tert-butylphenol was obtained from Fluka (U.S.A.).

Diphenylether was obtained from Spectro Chem. (India).

37% formaldehyde solution was purchased form E.merck (India)

Borontrifluoride diethyletherate was purchased from Aldrich Chemicals

(U.SA).
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1,2-dibromoethane, 1,3-dibromoethane, were procured from Sisco
Chem. (India) and were digtilled under vacuum before use.

Tetrabutylammonium perchlorate was procured from Aldrich Chemicas
(USA.)).

Tin(ll) dichloride (dihydrate) was procured from B.D.H. (India). It was
purified by stirring with acetic acid and acetic anhydride at room temperature
under nitrogen for 4 h. The solid was filtered under nitrogen and washed with
dry ether.

The various metal sdts employed in the study were purchased from
B.D.H. (India). These compounds are of AR grade and were used as such.

Cacium hydride was obtained from Spectro Chem. (India). The other
drying agents used were calcium chloride, sodium sulfate and magnesium
sulfate. These were purchased from B.D.H. (India) or from Qualigens (India)
and were of LR grade.

The mineral acids such as hydrochloric acid, nitric acid and sulfuric acid
were of AR grade and were obtained either from Ranbaxy (India) or from
B.D.H. (India).

Potassum chloride, potassum hydroxide, potassum carbonate,
aluminum chloride and sodium bicarbonate were of LR grade and were obtained
from B.D.H. (India).

Aluminum oxide (basic and neutrd) and silica gd for column
chromatography were procured from Acme Synthetic Chemicas (India) and

were used as such.
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Nitrogen gas was obtained from Indian Oxygen Limited (India). It was
further purified and dried by passing it through akaline pyrogalol solution,
sulfuric acid, and potassium hydroxide pellets.

Chlorine dioxide was produced by mixing 100 ml of 4% aqueous
potassium persulfate and 50 ml of 16% aqueous sodium chlorite in a 250 ml
three necked round-bottom flask. Nitrogen gas was bubbled through this
solution and was alowed to pass through a series of flasks (equipped with gas
bubbling frits) containing cold (0-5 °C) deionized water. The agueous chlorine
dioxide solutions ranging in concentration from ca. 30- 40% thus obtained were
placed in amber glass bottles wrapped with auminum foil and were stored in a

refrigerator.”

2. 3 Solvents

The common solvents employed during the research work were purified
according to the standard procedures.'”

Acetic acid, acetic anhydride and propanoic acid were purchased from
Ranbaxy (India).

Pyridine was obtained from Ranbaxy (Indid). It was dried over
potassium hydroxide pellets and distilled over calcium hydride under nitrogen
before use.

Dimethylformamide and dimethyl sulphoxide were obtained from E-
Merck (India). They were purified by flash vacuum distillation over calcium
hydride.
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Hexane was of recrystalisable grade from Ranbaxy (Indid). It was
distilled over sodium and stored over sodium wire.

Chloroform, methylene chloride and methanol were of LR grade from
B.D.H. (India) and were used for synthetic or chromatographic purposes. These
solvents were extensively purified as described below, for spectroscopic
purposes.

The LR grade methylene chloride was washed twice with sulfuric acid
and then with water. This was followed by washing twice with sodium
bicarbonate solution and then with water. The solvent was dried over calcium
chloride and distilled over phosphorus pentoxide. It was stored over basic
alumina until use. Chloroform (LR) was washed 3-4 times with water, stored
over calcium chloride overnight and distilled over phosphorus pentoxide. It was
stored in the dark over basic dumina

Methanol (LR) was purified by distillation through an efficient
fractionating column.

Acetone, ethanol and tetrahydrofuran were purified according to known
procedures.

Deuterated chloroform (99. 8%) was obtained from Aldrich Chemicals
(USA)).

2. 4 Physical methods

The various porphyrins and other compounds synthesized in this study
were characterized and investigated using elementa anaysis, mass (FAB-MS or
MALDI-TOF), infrared (IR), electronic absorption and emission, proton nuclear
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magnetic resonance ("H NMR) spectroscopies and electrochemical (cyclic- and
differentid pulse voltammetry) methods. These methods are briefly aluded to
below.

The elemental analyses were done on a Perkin-Elmer model 240C-CHN
analyzer.

MALDI-TOF spectra were recorded on a Kompact MALD!I 4 mass
spectrometer (Kratos Analytical Ltd). The instrument was operated in reflection
time of flight mode with an accelerating potential of 20 kV and in the negative
ion recording mode. The FAB mass spectra were recorded on a JEOL SX

102/DA-6000 mass spectrometer/data system using xenon (6 kV, 10 mA) asthe
FAB gas. The accelerating voltage was 10 kV and the spectra were recorded at
room temperature. m-nitrobenzyl alcohol (NBA) was used as the matrix.

The IR spectra were recorded on a Jasco Modd 5300 FT-IR
spectrophotometer. The spectra of the solid samples were recorded by dispersing
the sample in Nujol mull or as KBr wafers.

The UV-visible spectra were recorded with a Shimadzu Mode UV-
3101 PC UV-vis spectrophotometer. A matched pair of quartz cuvettes were
employed (path length = 1 cm each). Concentrations of the various investigated
compounds employed for this purpose ranged from ca. 2 x 10 (porphyrin Soret
bands) to 5 x 10 M (porphyrin Q- and other bands / bands due to other
compounds).

Steady state fluorescence spectra were recorded either on a Spex Model

Fluoromax—3 or a Jasco Model FP 777 spectrofluorometer using a 1 cm quartz
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cell. Right angle detection technique was employed for these measurements.
The excitation and emission dit widths employed were either 2 or 5 nm.
Concentration of the samples was adjusted such that the optical densities at the
excitation wavelengths were less than ca. 0. 2 for emission spectraand ~ 1 x 10
"M (or the optical density at the emission wavelength, A, < 0. 2) for excitation
spectra. A Rhodamine 6G quantum counter was employed for spectra
corrections a wavelengths < 600 nm. Fluorescence quantum yields (¢) were
estimated by integrating the areas under the fluorescence curves usng the

expression of Austin and Gouterman.*

O'Dsumdard X As;u'nplc

¢ sample 5 X (b standard (21)
0.D X Aslnndard

*~sample

Here, A is area under the emission spectra curve and O.D. isthe optical density
of the compound a the wavelength of exciting light. The fluorescence
standards employed were either 5,10,15,20-tetra(4-methlylphenyl)porphyrin
(H,TTP) or its zinc (Il) complex ({((TTP)Zn")) (¢(H,TTP) = 013 and
S((TTP)Zn"})) = 0033 in CH,Cl)*® for excitation into the porphyrin
absorption maxima of the freebase and zinc(ll) porphyrin derivatives,
respectively.  5,10,15,20-tetra  (4-methylphenyl)  porphyrinato  tin(IV)
dihydroxide ([(TTP)Sn"™(OH),}) was the fluorescence standard employed for
studies with the tin(IV) porphyrins. Refractive index corrections have been

employed while estimating the % values in various solvents.”
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Fluorescence lifetimes were measured by the time correlated single
photon counting (TCSPC) method, as described previously.®® Briefly, the
samples were excited by 4 ps laser (Nd/YAG pumped Rhodamine 6G dye laser)
pulses a a repletion rate of 800 kHz. The fluorescence was detected at the
magic angle (54. 7°) with respect to polarization of the incident beam by a
microchanne! plate photomultiplier (MCP-PMT, R2809). The count rate

4
employed was typicaly 2 x 10 s . The excitation wavelength was fixed at 575
nm and the fluorescence was collected at 650 nm. Deconvolution of the data
was carried out by the method of iterative reconvolution of the instrument
response function and the assumed decay function. The goodness of fit of the
experimental data to the assumed decay function was judged by the standard
statistical tests (i. e random distribution of weighted residuals, the
autocorrelation function and the vaues of reduced % ). The error estimates of
the lifetimes, obtained by single/bi- exponentid fits, were ~ 10%. Although no
specific effort has been made here to estimate the error limit on the relative
amplitudes (A)), it is believed that they should be lessthan 2 - 3%.

H NMR spectra were recorded with ether a Bruker NR-200 AF-FT or a
Bruker DRX-400 spectrometer using CDCL, asthe solvent and tetramethylsilane
(TMS) as an internal standard. The sample concentration was typically ~ 1 - 3 x
10° M.

Cyclic- and differentid pulse voltammetric experiments were performed
on a CH Instruments modd CHI 620A electrochemical anayzer
Tetrabutylammonium perchlorate (TBAP) was used as the supporting
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electrolyte in dl the cases. The working and the auxiliary (counter) electrodes
employed were always platinum and the reference eectrode chosen was a
saturated calomel electrode (SCE). A sdt bridge containing the same
concentration of base electrolyte as that of the bulk solution was positioned
between the nitrogen-purged bulk-test-solution and the reference electrode to
reduce the effect due to liquid junction potentials. Ferrocene was chosen as the
standard and it could be reversibly oxidized at 0. 48£0.03 V in CH-Cl,, 0.1 M
TBAP (vs. SCE) under these experimental conditions.

The geometry optimizations were carried out using Cerius® program
(Accelrys). Structures were sketched using 3D-sketcher option available in this
program on a Silicon Graphics Octane2 (6. 5) workstation, and were minimized
with the AM1 Hamiltonian in Mopac 93.

2. 4.1 Absorption and fluor escence titrations
Absorption titration of a given porphyrin with a given ligand was carried out in
the following way. CH,Cl, solution containing the porphyrin (~ 3- 5 x 10°M)
was taken in a cuvette and titrated with increasing volume of a concentrated
solution of the ligand. The changes in absorbance at the Soret band maxima
were measured. The ligand solutions also contained the porphyrin at its initia
concentration so as to maintain the porphyrin concentration constant

throughout the titration.

In an analogous manner, steady state fluorescence titrations were carried
out by exciting the porphyrin solutions (5 - 8 x 10 M) with or without the
added ligand. The excitation wavelength (Aexc) Was typically 530 nm (Q-band)
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and the intensities were monitored a the emisson maximum (A.m) in each
case. In the corresponding timeresolved fluorescence titrations, the
concentration of the porphyrin used was typicaly 2. 5 x 10° M, Aexe =575 nm
and Aem =650 Nm.

2.4. 2 NMR titrations.

A solution of a given ligand was titrated against a given porphyrin (3-5
x 10" M) in CDCls. The { porphyrin] : [ligand] ratio was varied and, in doing so,
initial concentration of the porphyrin was contained in al the ligand solutions to

minimize the dilution effect.

2. 4.3 Electrochemical titrations

In a typical experiment, a given ligand was titrated against a given
porphyrin (3 - 4 x 10> M) and change in the redox potential was monitored by
both cyclic- and differentia-pulse voltammetric methods. Initial concentration
of the porphyrin was contained in all the ligand solutions to minimize the
dilution effect.

2. 5 General considerations

Error estimation of the data, reconstruction of various spectra,
caculations of equilibrium constants, various regresson anayss etc., that
appear throughout this dissertation, have been carried out on an IBM compatible
PC Pentium 1V computer using the available in-house soft-ware/Origin 6. 0
software package.
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At al times, care was taken to avoid the entry of direct, ambient light
into the samples in the spectroscopic and electrochemical experiments. Unless
otherwise specified, al experiments were carried out a the ambient temperature
(ca 293+3 K).

All hazardous chemicals were handled with appropriate precaution.
Protective gloves, goggles, and safety mask were employed to minimize
exposure to obnoxious chemicals, ultraviolet light etc.

The following are the dandard error limits involved in various

measurements (unless otherwise stated):

Amax +1 nm

E +10%
Kem +1 nm

¢ +10%

T +10%
Ein +0.03 V
5 +0.1 ppm
J 1 Hz
2.6 Summary

This chapter presents a brief account of various solvents and chemicas
used in this study. A description of the spectroscopic and other physica
methods employed during this study is also given.
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A New NonamericArray Based on Tin(IV) Porphyrin Scaffold

3. 1 Introduction

Porphyrin arrays are useful in many research areas encompassing
biomimetic photosynthesis, molecular electronics, molecular catalysis etc.”®
Most of the porphyrin arrays reported so far have been synthesized via typical
organic reaction sequences carried out at the porphyrin periphera (i.e. B- pyrrole

4-21

or meso) position/s. In recent years, 'inorganic' reactions that can be

conducted at the axial sites of porphyrin-bound metal ions are also being

employed for the construction of metalloporphyrin arrays.”>

Adapting this
latter 'axial-bonding' strategy and utilizing the well-known oxophilicity of
metalloid ions, a series of trimers based on phosphorus(V), tin(IV) or
germanium(lV) porphyrin scaffolds have been reported recently.®* During the
course of the present investigations, it was realized that it should be possible to
synthesize more elaborate hybrid-type porphyrin arrays having diverse structures
and functions by utilizing the reactivities at both the peripheral and axial sites of
a metalloid porphyrin species. Continued research efforts in this direction
showed that the above concepts are readily achievable. Accordingly, a
nonameric array - the structure of which is illustrated in the Fig 3. 1, was

constructed. As seen in this figure, while atypical organic reaction { ether
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[Hy(p-O-(CH,),BNTHTP]
K,CO,, DMF

$nCl,, Pyridine

ag. Ammonia

(continued)
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Sn, * [Hy(p-OH)TriTP]

CeHsg Reflux, 12 h.

(H,)eSn,

Fig. 3.1 Scheme leading to the synthesis of (H2)s(Sn);
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formation) involving the porphyrin peripheral hydroxy group/s is employed for
the propagation of this array in the lateral direction, oxophilic nature of the tin
center has been advantageously utilized for its expansion in the axial direction.
This Chapter provides details of design, construction. spectral characterization

and redox as well as singlet state properties of this new nonameric array.

3. 2 Experimental details
3. 2. 1 Synthesis of 5-(4-hydroxyphenyl)10,15,20-tri(4-methylphenyl)
porphryin ([Hy(p-OH)TriTP])*

4-hydroxybenzaldehyde (6. 1 g, 50 mmol) dissolved in 350 ml of
propanoic acid was stirred at 120 °C for 10 min. To the resulting solution, 12. 0 g
(200 mmol) of p-tolualdehyde followed by 10. 5 g (157 mmol) of pyrrole were
added. The mixture was refluxed for 45 min., left overnight at 10 °C and then
filtered. The black-violet residue obtained was washed severa times with hot
water, followed by methanol and purified by chromatography on a basic alumina
column. Elution with CHCI3 - CH30H (97 : 3, v/v) gave the desired product.
Yield: 1. 25 g (5%).

3.2.2 Synthesis of 5-(4-methlyphenyl)dipyrromethane 37
A solution of 4-methytbenzaldehyde (0. 5 g, 4. 15 mmol) and pyrrole (2.

8 ml, 40 mmol) was degassed by bubbling nitrogen for 10 min. Trifluoroacetic

acid (0. 08 ml, 0. 1 mmol) was then added to this deaerated solution and it was
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stirred for 15 min. at room temperature, at which point no starting aldehyde was
seen to be present (TLC analysis). The mixture was diluted with CH>Cl, (50 ml),
washed with 0. 1 M agueous NaOH and then with water and finally, dried over
anhydrous Na,SO4. The unreacted pyrrole was removed by vacuum distillation
at room temperature. The resulting yellow amorphous solid was dissolved in
minimal quantity of the CH,Cl, and loaded onto a silica gel column. Elution with
hexane - ethylacetate - triethylamine (80: 20: 1, v/v) gave pure sample of 5-(4-
methlyphenyl)dipyrromethane. Yield: 0. 75 g (76%).

3. 2. 3 Synthesis of 5,15-bis(4-hydroxyphenyl)10, 20-bis(4-methylphenyl)
porphryin ([Hz2(p-OH),DiTP])

This compound was synthesized according to a reported procedure. A
solution containing 4-hydroxybenzaldehyde (0. 24 g, 2 mmol) and 5-(4-
methylphenyl)dipyrromethane (0. 51 g, 2 mmol) in 250 ml of CHCl3 was
purged with nitrogen for 10 min. and then a catalytic amount of BF;.0(Et), was
added. The resulting solution was stirred for 1 h. at room temperature and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (1. 02 g, 4. 5 mmol) was added. The
mixture was stirred at room temperature for an additional hour and then the
solvent was removed. The crude product was loaded onto a silica gel column.
Elution with CHCl; - CH30H (98 : 2, viv) gave pure sample of [Ha(p-
OH),DiTP). Yield: 0. 12 g (13%).
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3. 2. 4 Synthesis of 5-(4-(3-bromo-I-propoxy)phenyl)-10,15,20-tri-(4-
methylphenyl)porphyrin ([H2(p-O-(CH,);Br)TriTP]) **

A mixture of [H(p-OH)TriTP] (2. 0 g, 3 mmol), 1, 3-dibromopropane
(4. 1 g, 22 mmol) and 3. 0 g of anhydrous K2CO3 was stirred magnetically in 50
ml of dimethylformamide for 48 h. at room temperature under the nitrogen
atmosphere. The reaction mixture was then poured onto a solvent mixture
containing 170 ml water and 30 ml methanol. The precipitated porphyrin was
filtered off, washed successively with water and methanol and dried under
vacuum. It was loaded onto a neutral alumina column. Elution with CHCl3 gave
[H2(p-O-(CH,);Br)TriTP]. Yield: 2. 43 g (95%).

3. 2. 5 Synthesis of free-base trimer (Hz)s

A mixture containing [Ha(p-OH),DiTP] (0. 20 g, 0. 30 mmol), [Ha(p-
O-(CH2);Br)TriTP] (2. 38 2. 3 mmol) and 0. 5 g of anhydrous K,CO; in 50 ml
of dimethylformamide was Stirred magnetically for 72 h. a room temperature
under the nitrogen atmosphere. The product was precipitated by pouring the
reaction mixture onto 100 ml of 10% aqueous methanolic solution. The
precipitate obtained was filtered off and dried under vacuum. The solid was
chromotographed on a neutral aluminacolumn. Elution with CHCl; - hexane (1 :
1, v/iv) gave unreacted [Ha(p-O-(CH_);Br)TriTP], subsequent to which free-
base trimer (Hz2)s was eluted out. It was recrystallized from CH,Cl, - hexane.
Yield: 0. 29 g (46%)).
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3. 2. 6 Synthesis of tri-tin(1V) trimer Snj

A mixture containing (Hz)s (0. 21 g, 0.10 mmol) and SnCl; (0. 50 g, 2. 23
mmol) in pyridine (20 ml) was refluxed for 2 h., after which 10 ml ag. ammonia
(25%, v/v) was added to it. The resulting solution was stirred for 1 h. at 50 °C.
Solvent pyridine was removed under the reduced pressure. The solid obtained
was taken up in CHCl; and washed severa times with water. The organic layer
was dried by passing through anhydrous Na,SO4 and chromotographed over
basic alumina. Elution with CHCl;- CH;OH (98 : 2, v/v) gave Sms. The
compound was recrystallized from CH,Cl; - hexane. Yield: 0. 22 g (88%).

3. 2. 7 Syntheis of '(free-base porphyrin}é - (Sn (IV) porphyrin)s’
Nonamer (H2)¢Sn;

Trimer Sns (0. 05 g, 0. 02 mmol) and monomer [Hx(p-OH)TriTP] (0. 20
g, 0. 30 mmol) were dissolved in dry C¢H¢ (20 ml) and the contents were
refluxed for 12 h. under the nitrogen atmosphere. Evaporation of the solvent and
purification of the residue by preparative TLC on neutral alumina (solvent:
CHCl;) afforded (H)¢Sns, It was recrystallized from CH2Cl - hexane. Yield: 0.
04 g (33%). Anal: Cald. for: CasH318010N36Sn3: C, 79. 31; H, 4. 94; N, 7. 78.
Found: C, 78. 71; H, 5. 06, N, 7. 34. Mass (MALDI-TOF): calcd: 6482, found:
6482.
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Each investigated porphyrin was purified on a short alumina column
before the spectral measurements were inade. All the spectroscopic and

electrochemical experiments have been carried out as described in Chapter 2.

3. 3 Results and discussion
3. 3.1 Design and Synthesis

The majority of established methods that are available for the
construction of porphyrin arrays involve either manipulation at the porphyrin
peripheral position/s or axia ligation at the centra metal/metalloid ion. In the
present study, relying on a 'building block' approach, synthesis of (H2)eSn3 has
been achieved by employing sequential ‘organic' and ‘inorganic' reactions.
Indeed, from a retrosynthetic view point, whereas propagation of these
‘branched-chain' type arrays in the lateral direction involves typical ether bond
formation reaction, construction of the perpendicular 'branches employs the
'axial-bonding' capability of the central oxophilic tin(1V) ion.*® The precursor
porphyrin building blocks necessary for the construction of nonamer (Hz)eSns (i.
e. [Ha(p-OH);DiTP] and [Ha(p-O-(CH;);Br)TriTP]) were prepared by closely

3638 The nonamer

following the corresponding methods reported in the literature.
was constructed in a step-wise manner starting from the trans-dihydroxy
porphyrin [Ha(p-OH),DiTP] as the basic building block, Fig. 3. 1. Reaction of
{Hx(p-OH),DiTP] with bromide [Ha(p-O-(CH,);Br)TriTP] in K2CO3/DMF

milieu and purification afforded trimer (Hy)s. The tri-tin(IV) trimer Sm3 was
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synthesized in high yield by reacting (Hz); with SnCl, in refluxing pyridine for 2
h. followed by treatment with ag. ammonia. This trimer, with the two axial
hydroxy ligands amenable for further reaction on each of its tin(TV) centers,
reacted smoothly with excess [Hy(p-OH)TriTP] in refluxing dry C¢Hg to afford
the "axial-bonding' type nonameric array (H2)¢Sn3 in good yield.

3. 3. 2 Ground state properties

Preliminary characterization of (H,)¢Sns was carried out by mass
(MALDI-TOF) and UV-visible spectroscopic methods. MALDI-TOF spectra
showed a peak at 6482 consistent with the calculated value. UV-visible data of
(H2)¢Sn3 as well as those of the corresponding monomers [Ha(p-OH)TriTP],
5,10,15,20-tetra(4-methylphenyl) porphyrinato tin(1V) dihydroxide
([(TTP)Sn"(OH),)) and trimers (Hz)3 and Snz are summarized in Table 3. 1.
UV-visible spectrum of (H»)¢Sn; is illustrated in Fig. 3. 2. A comparison of the
data for (H2)¢Sn3 and that obtained for the spectrum of a solution containing 1 : 2
(mole/mole) equivalents of [Hy(p-OH)TriTP] and [(TTP)Sn'Y(OH),] reveals
that, within the experimental error, the peak maxima (Amax) and also the molar
absorptivities at the peak maxima (log €) of this physical mixture and that of the
nonamer are close to each other. This observation clearly indicates that there is
minimal perturbation of the electronic structures of the individual macrocyclic n-

systems in this array. Specifically, there exists no indication of the presence of



Table 3. 1 UV-visible datain CH,Cl,*

Amaxs N (log €)

Compound Soret band Q-bands
[H(p-OH)TriTP] 418(5.30) | 5.16 (4. 17) 551 (3.90) 592 (3. 64) 650 (3. 68)
[H;(p-OH),DiTP] 420 (5. 16) | 5. 17 (4.23) 5. 53 (4. 00) 592 (3. 70) 648 (3. 68)
[Hy(p-O-(CH,);Br)TriTP]| 420 (5.37) | 5. 17 (4. 19) 553 (3. 94) 594 (3. 67) 649 (3. 60)
[(TTP)Sn" (OH),] 428 (5.56) | 5.24 (3. 56) 563 (4.43) 603 (4. 52)

(H:) 420 (5.76) | 5.17 (4. 11) 553 (4.02) 592 (3. 88) 648 (3. 80)
Sn; 430 (5.70) | 5.23 (3. 65) 5.64 (4. 40) 6.05 (4. 39)
(H2)sSn, 422 (5.99) | 5. 19 (4. 69) 5. 60 (4. 70) 604 (4. 52) 650 (4. 27)

@) Error limits: Apaxst 1 NM; log g, = 10%

exciton coupling between the porphyrin rings (i. e. axial-axial, axial-basal or
basal- basal).

Fig. 3. 3 illustrates the 'H NMR spectrum of (H2)6Snz along with the
proton assignments, which are made on the basis of 'H NMR data of the
corresponding trimeric® and hexameric*’ arrays as well as on examination of
the 'H - 'Hcosy spectral features. Table 3. 2 summarizes the "HNMR data of
(Hz)6Sn3 along with that of relevant reference porphyrins. All the twenty four
B-pyrrole protons present on the three tin(TV) porphyrins of the nonamer
(protons of the type a, see Fig. 3. 3) resonate at 9. 35 (m, 24H) ppm. On the
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Fig. 3. 2 UV-visible spectrum of (Hz)sSn3 in CH,Cl,.
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Fig. 3. 3 ' NMR spectrum of (CDCls, TMS) of (H2)eSns.



Table 3. 2 'HNMR data (CDCl;, TMS)®

87

Compound

5, ppm
Junl, HZ

)

pyrrole
(central)
@

=Y

pyrrole

(axial)

(d, c&
b)

Axial
Phenyl
(e, 1)

-NH
(k)

tolyl
€ hi
&j)

Spacer
-OCH,
m

-CH,,
-CH,
(m, n)

[Ha(p-OH)TriTP}

8.88
(s, 8H)

273
(s 2H)

818
(d, 8H)
[8.4]

7.45
(d, 6H)
[8.4]

7.22
(d, 2H)
(8.4]

278
(s, 9H)

{Hy(p-OH),DiTP]

8.87
(s, 8H)

-2.72
(s,2H)

(d, 8H)
[86]

(d, 4H)
[8.6]
721

(d, 4H)
[8.6]

2.79
(s, 9H)

[Hy(p-O-(CH,)s.
Br)TriTPI

8.88
(s, 8H)

273
(s,2H)

8.18
(d, 8H)
[8.2]
751
(d, 6H)
(8.2
731
(d, 2H)
(82

448,
436
(t,4H)

2.78
(s, 9H)

2.79
(m, 2H)

(continued)



(Hy)s 8.89 -2.72 812 4.63 278
(m, 24H) (s | (m24H) | (t,8H) | (m,28H)
6H)
748
(m, 24H)
Sn; 9.15 8.23 4.65 2.69
(m, 24H) (m24H) | (1, 8H) | (m,28H)
7.55
(m,24H)
(H;)¢Sn; 9.35 875 6.55 -2.90 830 4.28 2.62
(m, 24H) | (m,24H)| (d, 12H) | (s, | (d,24H) | (m,8H) | (m, 82H)
851 (79 | 12H) | [7.0
(d, 12H)
[5.0] 240 7.98
815 | (4, 12H) (m, 36H)
d 12H) | [79
[5.0] 7.43
(m, 60H)

a) Error limits: 8, + 0.01 ppm; J, + 1 Hz

other hand, P-pyrrole proton signals of the axid free-base porphyrins are seen to
be ghifted to the upfidd region (compared to those of [Hy(p-OH)TriTP]) and
are dso lit into amultiplet (8. 75, m 24H) and a pair of doublets at 8. 51(d,
12H) and 8. 15 ppm (d, 12H). The resonances centered & 8. 75, 8. 51 and 8. 15
ppm ae assgned to protons of the type d, ¢ ad b respectively, that are
differently affected by the ring current of the centra metaloid porphyrin.®* On
the other hand, protons meta- (type €) and ortho- (type f) to the phenoxo groups
of the free-base porphyrins, being affected by both the inherent deshielding
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effect of the axial free-base porphyrin and the shielding effect of the basal
porphyrin, resonate at 6. 55 (d, 12H) and 2. 40 ppm (d, 12H) respectively, as
detected by the proton connectivity pattern in the corresponding 'H- 'H cosy
spectrum. The inner imino protons of the axial free-base porphyrins (type k) of
(H3)6Sn; are seen to experience the 'long range’ shielding effect due to ring
current of the basal tin(1V) porphyrin and resonate at -2. 90 ppm (s, 12H) as
against the corresponding -NH protons of [Hx(p-OH)TriTP] that appear at -2.
73 ppm. The ortho- and meta- phenyl protons of the meso-tolyl groups (g and h,
see: Fig. 3. 3) on the basal tin(rV)porphyrins, being located in a deshielding zone
of each porphyrin ring current, resonate at 8. 30 and 7. 43 ppm, respectively. The
corresponding protons of the axial free-base porphyrins (protons i and j)
resonate as multiplets centered at 7. 98 and 7. 43 ppm, respectively (Table 3.
2). The terminal methylene protons of the spacer -O-CH,-CH,-CH,-O- (protons
1) of the Sn3 backbone in (H2)sSn3 resonate as a multiplet at 4. 28 ppm, whereas
the central methylene protons (m) resonate at 2. 62 ppm - aregion in which all
the methyl protons (protons n) also resonate.

An additional concern with this class of octahedral tin{IV) complexes is
lability of the axial bonds and, has indeed been investigated earlier by the NMR
method for tin(IV) porphyrins having 'inorganic’ or ‘organic' ligands.**™**
Specifically, 'H NMR studies carried out earlier on {(P)Sn“’(OC(O)A)z](where
P is a tetraryl porphyrin and OC(O)A is the axialy ligated anthracene 9-

carboxylate subunit), have revealed presence of the ligand on-off equilibrium, in
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addition to the n-n interaction between the porphyrin and anthracene rings.** In
contrast, neither the n-n interaction nor the ligand on-off equilibrium was
discernable from the NMR data of (H;)¢Sn3, as is the case with its trimeric and
hexameric predecessors.®®*“® This observation indicates that, under the present set
of experimental conditions, the two trans free-bases are strongly bound in a
symmetric manner at each tin(TV) center in these tin(1V) porphyrin based arrays.
In addition, the fact that resonance positions of the various protons of the axial
free-base ligands present in (H;)¢Sn3 are close to those of the corresponding
protons of the trimer/hexamer suggests that the interaction between the axial
rings bound at different tin(IV) centers are minimal in this higher array.
However, it should be noted that free rotations about the axial Sn-O bonds can
not be altogether neglected in this 'axial-bonding' type array. The issues
concerning the axial bond rotation and the conformational equilibria that are
possible in (H2)¢Sn3 can be addressed with the help of variable temperature
NMR data, but such experiments have not been carried out during the present
study.

The electrochemical redox potentials, as measured from the cyclic- and
differential pulse voltammetric measurements, also revea the absence of
electronic interaction between the various porphyrin rings in (H2)¢Sns. Fig. 3. 4
illustrates the differential pulse voltammograms obtained during the cathodic
scan and Table 3. 3 provides redox potential data of (Hz)¢Sm3 and the

corresponding reference porphyrins. The nonameric array undergoes up to four
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Fig. 3. 4 Differential pulse voltammogram of (H2)¢Snz in CH2Clp, 0. 1M TBAP

(scan rate 10 mV s™).



Table 3. 3 Redox potential datain CHxCly, 0. 1 M TBAP

Potential, V vs. SCE

Compound Reduction Oxidation
[Hz(p-OH)TriTP] -1.24, -1.64 0. 94, 1.30°
[Hz(p-OH),DiTP]) -1.20,-1.60 0.89,1.33"
[Hy(p-O-(CH,);Br)TriTP}| -1. 12, -1.44 1.02,1.28°
[(TTP)Sn"Y(OH),} -0.88,-1.02 1.39"
Hy); -1. 14,-145 1.02, 1.39°
Sn; -0.89,-1.27 1.44"
(H3)6Sn; -0.96,-1.28,-1.47,-1.68 | 0.83,1.37"

a Error limits: Eyp, £ 0.03 V
b) Quasi-reversible/irreversible

reduction steps (Fig. 3. 4) and up to two oxidation steps in CH,Cl,, 0.1 M TBAP.
Wave-analysis of the corresponding cyclic voltammetric responses suggested
that, in general, the first oxidation and also the first two reduction steps are

reversible (i /i = 0. 9 - 1. 0 where i is the peak current) and diffusion
‘pc pa p x
controlled (i /v = constant in the scan rate (v) range 50 - 500 mV s") one-

electron transfer (AEp = 60-70 mV where AE, is the peak-to-peak potential

difference; AE = 65 + 3 mV for Fc /Fc couple) reactions.”® The subsequent
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steps are either quasi-reversible (AEp =90 - 200 mV andi_/i =0.5- 0.8 inthe
scan rate 100 - 500 mV s') or totaly irreversible®® Based on redox potential
data of the individual monomers (i.e. [Ha(p-OH)TriTP] and {(TTP)Sn"™(OH),]
) and also that of [(TTP)Sn"Y(OPh),] (where OPh is the axialy ligated phenoxy
group),*® the various midpoint potentials have been assigned to either the basal-
or the axia porphyrins. Analysis of the data reveals that the redox potentials of
the hybrid array are in the same range as those of the corresponding monomeric
analogues or the precursor trimeric porphyrins.

Collectively, UV-visible, "H NMR and redox potential data indicate that
there exists a symmetric disposition of the two axial free-base porphyrins with
respect to plane of the corresponding basal tin(1V) porphyrin in (H2)6Sns. These
data also indicate that there is no specific interaction between the neighboring
axial free-base porphyrins in this array. Notwithstanding this analysis, it needs to
be emphasized that the structural drawing of (Hz)¢Sns shown in Fig. 3. 1 does
not necessarily convey the actual arrangement of the porphyrin rings.
Specifically, the Sn-O-C angles are not equal to 180°% instead, it is likely that the
free-base porphyrins might be somewhat diagonally disposed towards the tin(1V)
porphyrins in this array as reported for [(P)Sn' (ONap),] (where Nap is the
axially ligated napthyl subuint).”” To date, attempts to grow single crystals of
this large array for the possible determination of its structure by the X-ray

crystallographic method have been unsuccessful.
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3.3.3 Singlet State Properties

When excited at 445 nm, the tri-tin(IV)trimer Sn3 showed a typica two-
banded fluorescence spectrum in CH2Cl, with the emission maxima centered at
615 (band 1) and 667 nm (band I1). The quantum yield of fluorescence (<)) of this
tin(IV) porphyrin precursor is found to be close to that of the reference porphyrin
((TTP)Sn'(OH),} (¢ = 0.05) as measured in the band | region. Excitation (Aexc
= 405 nm) of the precursor free-base porphyrins, [H2(p-OH)TriTP] and (Hz)s
also resulted in a two-banded spectra; the emission maximum of the major band
is located in the band Il region (655 nm) mentioned above and the minor band is
centered at ~ 720 nm (band I11) in each case. The fluorescence quantum yield of
(H3); is found to be nearly equal to that of [Ha(p-OH)TriTP] (¢ = 0.12). These
data of the monomeric and trimeric porphyrin precursors (Table 3. 4) indicate
that it is possible to individually address the singlet state properties of the axial
and basal porphyrins in (Hz)¢Smz. Thus, irradiation of this nonameric hybrid
array at 405 nm should result in a predominant absorption by the axial free-base
porphyrins and that at 445 nm excites the central tin(IV) porphyrins. Moreover,
fluorescence due to the tin(IV) and free-base components of the array can be
exclusively monitored at bands | and Il respectively, with the band Il being
common to both. Armed with this information, fluorescence studies were carried
out for (Hz)¢Sn3 and the results roveal diat, wnlilc the case with the ground state

properties, the singlet state activity of this array is quite different from the
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corresponding activities of its precursor reference compounds, as described
below.

3. 3.3. 1 Excitation at 445 nm

Excitation of toluene, CH,Cl, or dimethylformamide solutions of
(H2)6Sn3 at 445 nm was seen to result in strong quenching of its fluorescence
with respect to fluorescence of [(TTP)Sn"(OH),]. In fact, the % quenching
(%Qy, equn. 3. 1) iscloseto 100 in each investigated solvent, with the band | that
is characteristic of the tin(IV) porphyrin emission being totally absent in the

spectrum of this array (see: Fig. 3. 5 and Table 3. 4).

Q, = G(I(TTP)Sn" (OH),]) - $((H2)sSn3)) / ([(TTP)Sn"™ (OH),]) 3.1)

This total quenching of emission observed for (Hz)¢Sn3 is in contrast with the
partial quenching observed when the trimer (H,);Sn was excited under the
similar set of experimental conditions of excitation wavelength and solvent, Fig.
3. 5. Inspection of this figure reveals that while spectrum of the trimer shows the
presence of band | along with bands Il and HlI, that of (H;)¢Sn3is characterized
by only bands Il and I1l. It should be noted here that appearance of the bands II

and 11l that are ascribable to the free-base porphyrin emission in the spectra of



Flu. intensity

600 650 700

Fig. 3. 5 Fluorescence spectra of equi-absorbing (O. D. = 0.16) solutions of
(H2)¢Sn3 (——), (H2)4Sn; ( ) and (Hz)2Sn (. ) intoluene (Aexc = 445
ran)




Table 3. 4 Fluorescence data®
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Toluene

CH;Cl,

DMF
Compound Aemiim ($, % Q) Pemo 1 ($, % Q) Aeaw M ($, */. Q)
Aa=4050m A, =445nm | A5=405nm  A,=445nm A= 4050m  Ag= 445 nm
[Hx(p-OH)TriTP| 656. 721 655.717 655.718
(0 11) 0.12 (0.11)
[H:(p-OH),Di TP} 655 716 656,719 658,719
(0 10) (0. 10 (0.11)
[Hx(p- 656.718 68,719 657, 720
O(CH.);Br)TriTP| 0. 11 0. 19 0. 1D
[(TTP)Sn™(OH),| 614, 660 614,667 615.665
: (0. 06) : (0. 05) (0.02
(Hy)s 655. 720 658,719 655,718
(0. 12 0. 11 (0.12)
Sn, 616, 667 615,665 616,666
(0.05) (0. 05) (0. 03)
(Hy)eSn; 657.720 657, 719 656.720 657,719 658,719 657.718
(0 010,97) | (0.001, 100) | (0.006.94) | (0.001, 100) | (0.004,94) | (0.001. 100)

a) Error limits: Aem, = 2 nm; ¢, = 10%

this nonamer when A = 445 nm is not due to the direct excitation of its axial

free-base components (Note, in this regard, that absorbance due to the free-base

components of both (Hz)¢Sm3 and (H2)2Sm is minimum (<5%) at 445 nm)

Rather, it is a consequence of the excitation energy transfer (EET) from the

central metalloid porphyrin to the axia free-base porphyrin, as represented in

equn. 3. 2.
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Sn(IV)P™- H,P*
T PET
445 nm EET -hv
Sn(IV)P-H,P ———= *Sn(IV)P-H,P ——— Sn(IV)P-H,P* ——> Sn(IV)P-H,P (3.2)
bands Il & Il
- hv %Q = 100
bands | & Il
Sn(IV)P-H,P

In equn. 3. 2, Sn(IV)P and H,P are the tin(IV)- and free-base porphyrin
components present in the nonameric array, respectively and * represents the
electronically excited singlet state. Such an intramolecular EET is a
thermodynamically favored process in this array; singlet state energy of the
tin(IV) porphyrin is higher (2. 04+0. 03 eV) than that of the free-base analogue (1.
94+0. 04 eV). Additionally, there is a considerable overlap of absorption by the
free-base porphyrin and emission by the tin(1V) porphyrin in the 580 - 640 nm
region. Indeed, estimation of the Forster overlap integral, Jromster, by Utilizing the
emission spectrum of [(TTP)SHW(OH)z] and absorption spectrum of H2TTP
gave avalue that is as high as 1. 40 + 0.2 x 10" cm® mmol™ (equn. 3. 3)*®
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JF(7) e(7) v do

Jtorster = ——————————— (3.3)
[F(¥7) dv

where F(V)is fluorescence intensity of [(TTP)Sn'Y(OH),] at wavenumber v
(cm™), and e is the molar extinction coefficient (mmol” cm'* ) of H2TTP.
Further support for the intramolecular energy transfer being the quenching
mechanism comes from the excitation spectral measurements. Overlap of the
normalized excitation spectrum (emission collected at 720 nm - where the
emission is exclusively due to the free-base porphyrins) with the corresponding
absorption spectrum of (H;)¢Sn3 revealed that efficiency of the intramolecular
EET from the basal tin(IV) porphyrin to the axial free-base porphyrins in
(Hz)¢Sn; is ~ 85+10 % - a value close to that observed for the corresponding
hexamer (H2)4Snz.4° On the other hand, the reported EET efficiency for the
lower homologue (H2);Sm is only 68+10%.% Interestingly, the higher
fluorescence intensities observed for (Hz)sSn3 compared to the trimer, under the
similar set of experimental conditions (see Fig. 3. 5), is consistent with this
variation of EET efficiency. The reason/s for the efficient EET observed for the
higher homologues compared to the trimer in this class of ‘axial-bonding' type
hybrid arrays is still unclear. However, it should be noted that the number of
acceptors (i. e. free-base porphyrins) in the neighborhood of a given donor (i. e.

tin(IV) porphyrin) increases as one moves from the lower homologue to the
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higher D-A ensembles in this series. Thus, unlike the case with the trimer where
EET is from the basa tin(IV) porphyrin to its (own) two axial free-base
acceptors, additional energy transfer from a given tin(1V) porphyrin to the free-
bases ligated at the neighboring tin(1V) centers (i.e. 'trans-axial' energy transfer)
is likely to occur in the higher arrays leading to more efficient quenching.
Interestingly, the high efficiency of energy transfer from the basal tin(1V)
porphyrin to the axial free-base acceptors observed here for the 'axial-bonding'
type D-A array (Hz)¢Sn3 is in contrast with an inefficient flow of energy from a
zinc(l1) porphyrin to the axially ligated free-base porphyrin both of which are a
part of an elegantly assembled 'wheel-and-spoke' array reported by Lindsey and
co-workers.®

As the quenching efficiency is 100% but, the EET efficiency is ~ 85% for
these arrays, it was found necessary to examine pathways other than the EET to
explain the observed quantitative quenching. Among the various other
mechanisms considered, a photoinduced electron transfer (PET) from the ground
state free-base porphyrin to the singlet tin(IV) porphyrin seems to be more
probable. This PET reaction in (H3)¢Sn3 leads to a charge transfer state of the

type Sn(IV)P - H,P™, and involves free-energy change (AG1(PET) of -0. 25:0.
04 eV (equn. 3.4).

AG(PET) = E™(H,P) - E*™ (Sn(IV)P) - Eq.o(Sn(IV)P) (3. 4)
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Where E™(H,P) and E™(Sn(IV)P) are the oxidation potential of the axial free-
base porphyrin and the reduction potential of the basal tin{IV) porphyrin
respectively, and Eo.o( Sn(IV)P) is singlet state energy of the tin(l1V) porphyrin.
Thus, the co-occurrence of an efficient EET and less prominent PET reactions as
illustrated in equn. 3. 2 can rationalize the 100% fluorescence quenching
observed for the tin(IV) porphyrins of this array.

3. 3. 3. 2 Excitation at 405 nm

Excitation of toluene, CH,Cl, or dimethylformamide solutions
containing (H2)¢Sn3 at 405 nm resulted in a typical two-banded fluorescence
spectrum in each case with emission maxima appearing at ~ 656 (band I1) and ~
718 (band 111) nm. The quantum yields of fluorescence were measured based on
the uncorrected fluorescence intensities in the band Il region of the
corresponding deconvoluted spectra using H2TPP as the standard, and were
found to be much lower than those due to monomer [H2(p-OH)TriTP] or trimer
(Hz)3. The %Q values (%Q>, equn. 3. 5) for this array vary between 94 - 97.

Q2 = ($([Hz(p-OH)TriTP]) - ¢((H2)¢Sn3)) / ¢([Hz(p-OH) TriTP]) (3.5)

The Q, values thus evaluated for (H2)sSn3 (see Table 3. 4) are quite close to the
corresponding values of (Hz)4Snz but are marginally higher than those reported

for the trimeric homologue (H,),Sn.>**® As noted above, singlet state of the free-
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base porphyrin lies at a lower energy than that of the tin(IV) derivative in these
arrays and hence, an EET from the axia- free-base porphyrins to the basal tin(1V)
porphyrins can be safely ruled out as a quenching mechanism. On the other
hand, a PET from singlet state of the axial free-base porphyrins to the tin(lV)
macrocycle seems to be probable pathway of the observed quenching (see equn.

3.6).

405 nm PET

SNIVP-HP "> Sn(V)P-"HP — = 5 Sn(VP™-HP™ £-0)

Indeed, free-energy change for this PET (AG2(PET) is exoergic by 0.15+0.03
eV for (Hz)¢Sn3 (equn. 3. 7).

AG(PET) = E™(H,P) - E™ (Sn(IV)P) - Eg.o(H,P) G.7

where Eoo(H2P) is singlet state energy of the free-base porphyrin. This
interpretation is consistent with the similar interpretation made earlier for the
trimeric and hexmeric species.®*°

Overall, the above analysis reveals that singlet state dynamics of this
nonamer involves: (i) EET from the basal tin(TV) porphyrin to the axial free-base
porphyrin and PET from ground state of the free-base porphyrin to singlet state
of the tin(1V) porphyrin (excitation at 445 nm) and (ii) PET from the singlet

free-base porphyrin to the tin(1V) porphyrin (excitation at 405 nm), as illustrated
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in Fig. 3. 6. While it was possible to experimentally verify the occurrence of
EET reaction, PET has only been inferred based on the thermodynamic

arguments.

3. 4 Summary

In summary, anew higher order array, (H2)¢Sns, has been synthesized by
adopting a hybrid 'organic - inorganic' protocol that involves synthetic
manipulation at both the peripheral and axial sites of tin(1V) porphyrin scaffold.
The array is highly soluble in various organic solvents and does not aggregate in
solution as revealed by its spectral data. The structural features as probed,
mainly, by the NMR method indicate unique 'axial-bonding' type architectural
identity for this system. While the ground state properties of (H2)¢Sn3 are close
to those of the corresponding reference compounds, the singlet state properties
of it are quite different from those of the constituent monomers. Fluorescence
quenching observed for the tin(IV)- and free-base porphyrin components of this
bichromophoric system has been rationalized in terms of intra-array electron-

and energy transfer reactions.
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18n
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Fig. 3. 6 A generalized energy level diagram illustrating the singlet state
dynamics of (H2)¢Sn;, The various energy levels were obtained by the
absorption, emission, and redox data. EET = Excitation Energy Transfer and
PET = Photoinduced Electron Transfer. H, and Sn represent free-base and

tin(1V) porphyrin components, respectively.
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CHAPTER 4

A Photochemically-ActiveSupramolecular Array Assembled via the
Complementary Binding Properties of Ruthenium (I1) and Tin (1V)
Porphyrins

4.1 Introduction

The recent resurgence in the coordination chemistry of metallo-
porphyrins is largely due to the redlization that metal-ligand interactions
provide a convenient means of constructing functional supramolecular arrays.*
The available range of metals and porphyrin-based ligands and also the
multitude of interactions between them has permitted what is otherwise a
synthetically cumbersome modulation of the photophysical and electrochemical

220 T9 this end, the well

properties of the resulting supramolecular species.
known binding of zinc(Il) and ruthenium(ll) to nitrogen and that of tin(IV) to
oxygen has recently been employed to construct heterometallic porphyrin
oligomers.® These oligomers were designed to exploit the complementary
geometries and cooperative binding properties of the taillor-made
metalloporphyrin building blocks. It is of interest to determine whether this
theme can be 'amplified' to generate self-assembled, axially directed porphyrin
arrays without relying on extended and inefficient syntheses of designed host
and guest precursors. Research efforts made in this direction, during the present

study, resulted in the design of a prototype trimeric array (Ru):Sm, the
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construction of which relies on the spontaneous self-assembly driven by
independent coordination properties of the ruthenium(ll) and tin(IV) centers
(Fig. 4. 1). Unlike the case with the previously reported heterometallic
porphyrins mentioned above, which are characterized by the nitrogen and
oxygen donor functionalities built into their superstructures, the complementary
binding achieved here is by an external, bifunctiona ligand (i. e. pyridine-4-
carboxylic acid) leading to the self-assembly of trimer (Ru)2Sn. The design,
construction and spectral characterization as well as the photophysical and
electrochemical properties of this novel trimeric array are discussed in this

Chapter.

4. 2 Experimental details

4. 2. 1 Synthesis of 5,10,15,20-tetra(3,5-di-tert-butylphenyl)porphyrinato
ruthenium(If) carbonyl ([(DTPP)Ru’(CO)])*!

Tris-ruthenium docecacarbonyl (0. 080 g, 0. 13 mmol) was added to a
solution of 5,10,15,20-tetra(3,5-di-tert-butylphenyl) porphyrin (0. 033 g, 0. 024
mmol) in toluene (30 ml). The mixture was degassed by bubbling nitrogen for
10 min. and stirred at reflux for 18 h. It was allowed to cool, after which the
solvent was removed and the residue was purified by silica gel column using
hexane - ethylacetate (9:1, v/v) as the eluent to give [(DTPP)Ru"(CO)] as
deep red solid. Yield: 0. 021 g (60 %)
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4. 2. 2 Synthesis of 5,10,15,20-tetra(3,5-di-tert-butylphenyl)por phyrinato
ruthenium(II) carbonyl pyridine carboxylic acid (((DTPP)Ru(CO)(Py)])

[(DTPP)Ru'(CO] (0. 003 g, 0. 013 mmol) was dissolved in 5 ml of
CH,Cl,. To this solution, 0. 0155 g (0. 126 mmol) of pyridine-4-carboxylic acid
was added and the resulting mixture was sonicated and then heated at 40 °C for
5 min. The contents were passed through a pad of celite and the filtrate was
evaporated to get the desired product in quantitative yield.

4. 2. 3 Synthesis of 5,10,15,20-tetra(4-methylphenyl)porphyrinato tin(1V)
dihydoxide [(TTP)Sn"Y(OH),]*

A mixture of 5,10,15,20-tetra(4-methylphenyl) porphyrin (2. 0 g, 3
mmol) and SnCl, (3. 0 g, 13 mmol) were dissolved in 50 ml of pyridine. The
reaction mixture was then refluxed for 2 h., after which pyridine was removed
under the reduced pressure. The solid obtained was taken up in CHCl3 and
washed several times with water. The organic layer was dried by passing
through anhydrous Na;SO,4 and chromatographed over basic alumina. Elution
with CHCl; - CH3OH (98 : 2, viv) gave 5,10,15,20-tetra(4-methylphenyl)-
porphyrinato tin(IV) dichloride [(TTP)Sn'Cl,]. To the CHCl; solution of
[(TTP)Sn'vCl,}, 10% aqueous NaOH was added and the reaction mixture was
stirred at room temperature for 2 h. The organic layer was separated and dried
over anhydrous Na;SO4 to get violet solid of [(TTP)Sn"(OH),], which was
recrystallized from CH>Cl, - hexane. Yield: 2. 43 g (90%)
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4. 2.4 Synthesis of '(Ru (1) porphyrin); - Sn(1V) porphyrin' ((Ru),Sn)
[(DTPP)Ru'(CO)(Py)] (0. 032 g, 0. 024 mmol) was dissolved in 5 ml
of CH,Cl,. To this, 0. 010 g (0. 012 mmol) of [(TTP)Sn" (OH),] was added
and the resulting solution was sonicated for a few minutes. Evaporation of the
solvent, first under a steady stream of nitrogen and then under vacuum, gave the
desired product in quantitative yield.
All the spectroscopic and electrochemical experiments have been

carried out as described in Chapter 2.

4. 3 Results and discussion
4. 3. 1 Design and synthesis

To achieve the construction of heterometallic trimer (Ru);Sn,
ruthenium(If) and tin(IV) porphyrins are chosen in view of their contrasting
coordination preferences. Ruthenium(II)(CO) porphyrins are known to adopt 6-
coordinate geometry with an added nitrogen donor ligand and form stable and
inert complexes.”>?® Tin(IV) porphyrins, on the other hand, prefer oxygen
donor ligands, adopt 6-coordinate octahedral geometry and are also capable of
exchanging the axial ligands.?**’ When complementary binding functions are
introduced into appropriately designed ruthenium(ll) and tin(1V) porphyrins, it
becomes possible to assemble multiple components in a controlled manner; this
has, indeed, been achieved earlier.®®? |n the present study, however, the

complementary binding has been achieved by an external, bifunctional ligand
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that incorporates both nitrogen and oxygen donor functionalities (i. e. pyridine-

4-carboxylic acid) leading to the self-assembly of trimer (Ru)2Sn.

The monomeric precursors employed during this study, viz: the five-
coordinated [(DTPP)Ru"(CO)] and the six-coordinated [(TTP)Sn'Y(OH),],
were prepared by closely following the known procedures.2'® Trimer (Ru);Sn
was constructed by both step-wise and one-pot methods. In the former method,
the pyridine-bound ruthenium(l) porphyrin ([((DTPP)Ru(CO)Py)]) was
assembled first, by reacting together [(DTPP)Ru'/(CO)] and pyridine-4-
carboxylic acid, with the 'pendant’ carboxylic acid functionaity being readily
available for further coordination. The pyridine-acid itself is not soluble in
organic solvents in which the porphyrin is soluble, but coordination by the
ruthenium(l1) porphyrin solubilizes this acid and allows one to obtain solutions
of known concentration of [(DTPP)Ru'(CO)(Py)]. Sonication of a solution
containing [(DTPP)Ru"(CO)(Py)] (2 equivalents) and [(TTP)Sn"(OH)] (1
equivalent) furnished (Ru)Sm in quantitative yield. The array was aso
prepared in onepot by simply mixing [(DTPP)Ru (CO)]),
[(TTP)Sn"(OH),]) and pyridine-4-carboxylic acid in the appropriate

stoichiometry.

4.3. 2 Ground-state properties
Preliminary characterization of this new trimeic species was carried out

by the UV-visible spectroscopic method. The wavelengths of maximum
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absorption (Amax, nm) and molar extinction coefficient (log s) values of (Ru)Sn
and those of its constituent individual compounds are summarized in Table. 4.
1. UV-visible spectra of the trimer and the monomers are illustrated in Fig. 4. 2.
As seen, spectrum of the trimer is essentially a superposition of the spectra of
its constituent components with the molar extinction coefficients at the peak
maxima being close to those of [(DTPP)Ru"(CO)(Py)] or [(TTP)Sn" (OH),].
This observation, coupled with the fact the An. values of (Ru),Sn are also
similar to those of [(DTPP)Ru"(CO)(Py)] and [(TTP)Sn'(OH),], provides
evidence for the absence of any electronic interaction between the porphyrin
planes in this array. This is not surprising if one considers that the array has an
'axial-bonding' type architecture®' and that the coordinated pyridine-acid

spacer is dictating the separation distances between the porphyrin planes to be >
4 A (CPK molecular model).

Table4. 1 UV-visible datain CH,Cl,?

Amax, N (log €)
Compound
Soret band Q-bands
[(TTP)Sn™(OH),] 427 (5. 50) 561(4. 15)601(3.92)
{(DTPP)Ru"(CO)(Py)] 415(5.25) 532 (4. 25)
(Ru),Sn 417(5.38)425(5.37) | 532 (4. 26) 562 (4. 10) 602 (3. 92)

a) Error limits: Amax, 1 NM; €, £10%



116

10°s (M 'em™)
i

m
1
1
1]
|
\
L
L
13
1
)
1
i
1
1
]
]
r
H
{

400 500 600
% (nm)

Fig. 4. 2 UV-visible spectra of (Ru),Sn (

) [(DTPP)Ru"(CO)(Py)]
(===~ ) and [(TTP)Sn"(OH);] (........ )-



117

Attempts were made to grow single crystals of [(DTPP)Ru"(CO)(Py)]
and (Ru);Sn. Crystals of (Ru),Sn suitable for X-ray diffraction could not be
isolated, but complex [(DTPP)Ru"(CO)(Py)] crystallized out in a P-1 space
group. The crystallographic details are summarized in Table 4. 2.

Table 4. 2 Crystallographic data of [(DTPP)Ru’(CO)(Py)]

Empirical formula Cg9Hj11N503Ru

Formula weight 1399. 90

Temperature 180(2)

Wavelength 0.71073 A

Crystal system, space group Triclinic, P-l

Unit cell dimensions a=13. 342 (2) Aa= 80.02(1)

b=16. 113 (2) A B = 77.70(1)
c= 25.563 (2) Ay = 69.65(1)

Volume 5004.6(10)

Z, Calculated density 2,0.929

Absorption coefficient 0. 197 mm*

F (000) 1496

Crystal size 0.20x0.15x0.10 mm

0 range for data collection 3.52t0 27.51°

Index ranges -17<h<17,-20<k < 20,-33<1< 33
Reflections collected / unique 22773/15643

Absorption correction (Tmin, Tmax) | 0. 9617, 0. 9806

Refinement method Full-matrix |east-squares on F
Data/ restraints / parameters 15643/72/922
Goodness-of-parameters 1.055

Final R indices [I>2c (1)] R, = 0. 0779, wR; = 0. 2352

R indices (all data) R,=0. 1153, wR; = 0.2640
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Being too small in size for structural determination by normal
laboratory X-ray methods, the crysta was subjected to high intensity
synchrotron radiation source to obtain the structure. Fig. 4. 3 shows the
structure of [(DTPP)Ru’(CO)(Py)] thus obtained and it clearly shows the H-
bonded dimeric nature of the complex with a 0-H...0 distance of 1. 843 A.
Therefore, self-assembly of array (Ru),Sn can be conceived to proceed with
the breaking of these weak H-bonds prior to the competing 'ester' formation. It
should be noted here that both the coordinated pyridyl ligand (Ru-N = 2. 201(3)
A) and CO (Ru-CO = 1. 839(4) A) are near perpendicular to the porphyrin
plane (dihedral angle approx 90°). Other details of the crystal structure data are
summarized in the Appendix 1.

Structure of (Ru);Sm was probed in solution by the 'H NMR
spectroscopic method. The near perpendicular juxtaposition of the axia
pyridine ligand with respect to the plane of the ruthenium porphyrin (vide
supra), as evident in the crysta structure of [(DTPP)Ru"(CO)(Py)], is
expected to be retained in array (Ru);Sn. Fig. 4. 4 compares the 'H NMR
spectra of [(DTPP)Ru'(CO)], [(DTPP)Ru"(CO)(Py)] and (Ru),Sn. Table 4.
3 summarizes the 'H NMR data of (Ru);Sn along with that of relevant
reference porphyrins. As seen from the Fig. 4. 4, aand B protons of the bound
pyridine ligand in {(DTPP)Ru"(CO)(Py)] are shielded by the porphyrin
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Fig. 4. 3 Crystd structure of [((DTPP)Ru™(CO)(Py)]. (color code: black, C,
red, O; blue, N, purple, Ru).
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Fig. 4. 4 '"H NMR spectra (CDCls, TMS) of (a) [(DTPP)Ru'(CO)] (b)
[OTPP)Ru™(CO)Py)] and () (Ru),Sn. Peak a 7. 26 ppm is due to the

solvent.
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S, ppm
Compound {Innl HZ
o- m- p- p&a -CH; t-butyl/
pyrrole phenyl phenyl | phenyl | Pyridyl hydroxy
{(TTP)Sn" (OH),] 9.15 8.22 7.62 2.74 -7.49°
(s, 8H) (d, 8H) (d, 8H) (s,9H) | (br, s, 2H)
[7.8] [7.8]
[(DTPP)RuU"(CO)] 8.76 8.04 7.75 151
(s, 8H) (d, 8H) (s, 4H) (s, 72H)
[8.4]
{(DTPP)Ru"(CO)(Py)} 8.68 8.0 7.65 5.81 151
(s, 8H) (s, 4H) (s,4H) (s, 2H) (s, 72H)
7.8 1.77
(s, 8H) (s, 2H)
(Ru),Sn* 8.94 7.45 7.32 7.49 2.50 2.62 1.43
(s, 8H) (d, 8H) | (d, 8H) (brs, (d, 4H) (s, (s, 72H)
8.31 [7.9] [7.9] 8H) [6.9] 12H) 1.39
(s, 16H) 7.83 0.57 (s, 72H)
(s, 8H) (d, 4H)
7.64 [6.9]
(s 8H)

a) Error limits: 8, £ 0.01 ppm; J, + 1 Hz
b) Refer to the two axial hydroxy protons of this tin porphyrin

¢) The 6 values are found to be the same for this array irrespective of the method

(i. e. step-wise/one-pot) utilized for its synthesis

ring-current® and resonate at 1. 77 and 5. 81 ppm, respectively. The A8 (A8 =

Spyridinc-acid - SypTPP)Ru!(CONPy)}) Values for the a and B protons are 7. 03 and 2.
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26 ppm, respectively. Resonances due to the same a and B protons in array
(Ru)2Sn are seen to be further shifted upfield to 0. 57 and 2. 50 ppm
respectively (identified by 'H- 'H COSY see Fig. 4. 5), due to the additional
shielding effect exerted by the basal tin(IV) porphyrin. The corresponding A5
(A8 = Spyridine-acid - SRuysn) values are 8. 23 and 5. 57 ppm respectively, thus
providing evidence for the self-assembly of ruthenium(ll) and tin(IV)
porphyrins mediated by the pyridine-acid. Self-assembly of (Ru):Sn is aso
accompanied by disappearance of the axial hydroxy proton resonances (-7. 49

ppm) of [(TTP)Sn"(OH),).

The electrochemical redox potentials, as measured from the differentia
pulse voltammetric measurements, also reveal the absence of electronic
interaction between the porphyrin rings in (Ru)2Sn. Fig. 4. 6 illustrates the
differential pulse voltammograms obtained during the cathodic and anodic
scans for this array and Table 4. 4 summarizes redox potential data of (Ru)2Sn
and the corresponding monomeric porphyrins. The trimeric array undergoes up
to four reduction steps (Fig. 4. 6) and up to two oxidation steps in CH,Cly, 0.1
M TBAP. Wave-analysis of the corresponding cyclic voltammetric responses
suggested that while the first oxidation and also the first three reduction steps

arereversible (i /i =0. 9 - 1. 0 where i isthe peak current) and diffusion
\ pC m p r 7z
controlled (i Jv = constant in the scan rate (v) range 50 - 500 mV s
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Fig. 4. 5 'H- '"HCOSY spectrum of (Ru);Sn (CDCl;, TMS). The arrows

indicate the presence of cross peaks for the pyridyl aand B protons.
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Fig. 4. 6 Differential pulse voltammograms of (a) [(TTP)SnW(OH)z], (b)
[(DTPP)Ru"(CO)(Py)] and (c) (Ru)zSn in CHLCly, 0.1 M TBAP (scan rate 10
mV s™).
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Table 4. 4 Redox Potential datain CH,Cl, 0. 1 M TBAP'

Potential, V vs. SCE
Compound
Oxidation Reduction
[(TTP)Sn' (OH),] 141 -1.01,-1.41
[(DTPP)Ru'(CO)Py)] | 0.79 -1.76
(Ru),Sn 0.79, 1.60° | -0.93,-1.36,-1.47,-1. 76°

a) Error limits: E;;, +0.03 V
b) Quasi-reversible/irreversible

one-electron transfer (AEp = 60-70 mV where AEp is the peak-to-peak:
potential difference; AEP = 65 + 3 mV for Fc /Fc couple) reactions, the
subsequent steps are either quasi-reversible (AEp = 90 - 200 mV and i /i =
0.5 - 0.8 in the scan rate 100 - 500 mV s'l) or totally irreversible.®® The redox
potentials of (Ru);Sm are found to be close to those of its monomeric

components - [(DTPP)Ru"(CO)(Py)] and [(TTP)Sn" (OH);] .

4. 3. 3 Singlet state properties
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While the ruthenium(l1) porphyrin component of this trimer was found
to be non-fluorescent, as is the case with the monomeric porphyrins
[(DTPP)Ru'(CO)] and [(DTPP)Ru'(CO)(Py)], singlet state activity of the
tin(rV) component of it was found to be quite different from that of
[(TTP)Sn'" (OH),]. A comparison of the UV-visible spectrum of (Ru)2Sn with
those of its two constituent monomeric porphyrin components suggests that
photochemistry of the tin(IV) porphyrin in this trimer can be exclusively
addressed by irradiating at 600 nm - a wavelength at which the ruthenium(I1)
porphyrin shows minimum absorption. Accordingly, a CH,Cl, solution of the
trimer was excited at 600 nm and it gave a fluorescence spectrum that is shown
in Fig 4. 7. As seen in this figure, while the wavelength of maximum emission
(Aem) for the trimer is close to that of [(TTP)Sn" (OH)], there is a quenching
of fluorescence for the trimer. Fluorescence quantum yield (¢) of (Ru):Sn is
evaluated to be nearly one third of the monomer, Table 4. 5. In addition,
fluorescence lifetime (t) of the trimer was found to be 0. 63£0.05 ns (92%; a
long-lived component with a relative amplitude of 8% was also observed),
while that of {(TTP)Sn'"Y(OH),] is 1. 48+0.1 ns (see Fig. 4. 8 and Table 4. 5).
This quenching of fluorescence observed for (Ru)Sm can be interpreted in
terms of a photoinduced electron transfer (PET) from the axia ruthenium(ll)
porphyrin to the excited state of the basal tin(1V) porphyrin. Indeed, the free
energy change for such aPET process (AGPET) is exoergic by 0. 32+0.04 eV, as
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Fig. 4. 7 Fluorescence spectra of [(TTP)Sn" (OH);] and (Ru)2Sm in CH,Cl,
(Aexc - 600 NmM).



Table 4. 5. Fluorescence datain CH»Cl,

Steady state® Time-resolved®
Compound Aem, NI X (A%)
()
[(TTP)Sn'"(OH),] 610, 665 1.48+0.1 ns
(0. 024)
(Ru);Sn 610, 660 0. 63+0. 05 ns, (92%)
(0. 007) 1.42+40. 01 ns,(8%)
a Error limits: Aem +21Un; ¢, + 10%.

b) Aexc =600 nm
C) dexe =440 nm. Values in the parentheses refer to relative amplitudes of the
respective decay components.

estimated from the redox potential data of the trimer and the singlet state
energy of the tin(IV) porphyrin using equn. 4. 1.

= E*(Ru(I)P) - E™ (Sn(IV)P) - Ego(Sn(IV)P) (4.1)

where E™(Ru(I)P) and E®Y(Sn(IV)P) are the oxidation potential of the axial
ruthenium(ll) porphyrin and the reduction potential of the basal tin(lV)
porphyrin, respectively (see: Table 4. 4) and Eoo(Sn(IV)P) is the singlet state
energy of the tin(IV) porphyrin (2. 04+0. 03 eV). Excitation energy transfer
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Fig. 4. 8 Time-resolved fluorescence decay of [(TTP)Sn'*(OH);] and (Ru);Sn
in CH2Cly (Aexc = 440 ran).
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between the two chromophores and heavy atom effect due to the ruthenium
center are the other possible quenching mechanisms but, no direct/indirect
evidence has been obtained for these processes to be operative in this system.
Indeed, fluorescence due to [(TTP)Sn'V(OH)z] was found to be unquenched in
the presence of externally added [(DTPP)Ru"(CO)] (2 mole equivalents).

4. 4 Summary

In summary, a photochemically-functional, ‘axial-bonding' type hybrid
porphyrin trimer has been assembled by an advantageous utilization of the well
known hard and soft acid-base (HSAB) principle and metal ion recognition by a
ditopic ligand. While the ground state properties of the trimer are quite close to
those of its constituent components, the singlet state properties are found to be
quite different. The fluorescence quenching observed for the tin(1V) component
of the trimer is rationalized in terms of a PET process. Clearly, the new strategy
employed here for the construction of (Ru);Sn provides scope for building

more elaborate arrays having interesting photochemical functions.
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CHAPTER 5

A New ‘Axial-Bonding’Type Donor-Acceptor System Assembled via
Coordination of Zinc(H)Porphyrin with Pyridine-Unked Calix[4]diquinone

5. 1 Introduction

Numerous porphyrin-based donor-acceptor (D-A) systems have been
developed and electronic energy transfer (EET) and photoinduced electron
transfer (PET) reactions occurring in them have been elucidated."” The majority
of such studies have been carried out on those D-A systems in which the donor
or the acceptor subunits are linked, either covalently or non-covalently, at the
porphyrin peripheral positions (i. e. B-pyrrole and/or meso)."?? On the other
hand, relatively few studies have concentrated on the so-called ‘axial-bonding’
type D-A systems in which one or more donor/acceptor subunits are axially
linked onto the metal ion of a given porphyrin®*  With the above
considerations in mind, studies were initiated to construct a new 'axial-bonding'
type metalloporphyrin-based D-A system in which a zinc(Il) porphyrin has been
axially coordinated to a pyridine linked calix[4]diquione, Fig. 5. 1. This chapter

presents the design, synthesis, spectroscopy and singlet state properties of this
new D-A species.



Fig. 5. 1 Structure of the D-A system investigated in this study.
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5. 2 Experimental details
5. 2.1 Synthesis of 5,10,15,20-tetr a(4-methylphenyl) porphyrin (H,TTP)*

A solution of 4-methylbenzladehyde (12. 0 g, 100 mmol) in propanoic
acid (200 ml) was warmed to 120 °C with vigorous stirring for 30 min. Pyrrole
(6. 9 ml, 200 mmol) was added and the resulting mixture was refluxed for 1 h.
The solution was then cooled and alowed to stand overnight at the room
temperature. The residue was filtered off, washed with methanol and dried. The
solid obtained was dissolved in CHCl; and subjected to column chromatography
on a basic alumina column with CHCI; as the eluent. The fast moving first
fraction was collected and the solvent was evaporated to get H2TTP. Yield = 1.
53 g (10%).

5. 2. 2 Synthesis of 5,10,15,20-tetra(4-methylphenyl) porphyrinato zinc(l1) (
[(TTP)Za"})*"

H,TTP (0. 10 g, 0. 15 mmol) was dissolved in 15 ml of CHCls. To this,
a solution of 0. 16 g (0. 74 mmol) of zinc(ll) acetate hydrate dissolved in a
minimum amount of methanol was added. The resulting solution was stirred
under reflux for 1 h. The solvent was evaporated and the solid obtained was
dissolved in CH,Cl; and then filtered. Evaporation of the solvent gave a solid
residue which was recrystallixed from CHzCl; - hexane to obtain [(TTP)Zn"] .
Yield = 0. 13 g (95%).
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5. 2. 3 Synthesis of bis-cesium 3,5-pyridine dicarboxylate (Py-Cs)*?

To a solution of pyridine-3,5-dicarboxylic acid (1. 67 g, 10 mmol) in
dry dimethylformamide, 3. 25 g (10 mmol) of cesium carbonate was added. The
contents were stirred at room temperature for 12 h. and the solvent was
evaporated under the reduced pressure. White solid of cesium salt obtained was
dried in adesicator. Yield = 4. 60 g (96%).

5. 2. 4 Synthesis of 4-tert-butylcalix[4]arene (t-but-Calix)*
4-tert-butylphenol (10. 0 g, 66. 5 mmol) was mixed with 10 ml of 3N
NaOH and 6. 23 ml (83. 5 mmol) of 37% formaldehyde solution. The mixture
was heated at 50 - 55 °C for 45 min. and then at 110 - 120 °C for 2 h. to give a
yellow solid. This was stirred with IN HC1 (100 ml) for 1 h. to neutralize the
base. The solid was removed by filtration, washed with water and dried in an
oven at 110 - 120 °C for 30 min. The material thus obtained was mixed with
120 ml of diphenylether and heated to 210 - 220 °C for 2 h. in an atmosphere of
nitrogen (Note: vigorous frothing commenced at ca. 130 °C and subsided after
ca 0. 5 h). The reaction mixture was cooled, treated with 150 ml of
ethylacetate and filtered to give t-but-Calix. Yield = 5. 47 g (58%).

5. 2. 5 Synthesis of 25, 26, 27, 28- tetrahydroxy calix[4]arene (Calix)*
A hot solution of t-but-Calix (5. 0 g, 6. 75 mmol) in 250ml toluene was
placed in a 500 ml three-necked, round-bottom flask fitted with a mechanical
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stirrer and a gas inlet tube. The solution was heated to 50 - 55 °C, treated with
5. 0 g (37. 0 mmol) of anhydrous AICl3; and stirred for 2 h. in an inert
atmosphere. The mixture was cooled in an ice bath and stirred with 125 ml of
IN HCI for 30 min. The organic phase was separated, washed with water, dried
over anhydrous Na,SO4 and finaly evaporated to leave a yellow residue. This
was triturated with 500 ml of ether and the insoluble material was recrystallized
from CHCl; - CH30H mixture to give Calix as off-white micro crystals. Yield
= 1. 93 g (66%).

5. 2. 6 Synthesis of 25, 27-bis-(2-bromoethoxy)-26, 28-dihydroxy calix[4]
arene (Calix-Br,)*

A mixture of Calix (1. 00 g, 2. 36 mmol), 1, 2-dibromoethane (8. 24 g.
44 mmol) and finely ground anhydrous K,COs3 (0. 33 g, 2. 36 mmol) were
refluxed in CH3CN (50 ml) for 24 h. under the nitrogen atmosphere while being
stirred magnetically. The solvent was evaporated and the crude residue was
taken up in CHCIl; and washed with agueous HCl (10%, v/v) and then with
water. The organic layer was dried by passing through anhydrous Na;SO4 and
chromatographed on a silica gel column. Elution with CHCI3 - hexane (9:1,
v/v) and evaporation of the solvent gave the desired product. Yield = 1. 07 g
(71%).
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5. 2. 7 Synthesis of Cyclo-25, 27-bis-(2-ethoxy)-26,28-dihydroxycalix[4]arene
3,5-pyridine dicarboxylate (Calix-py)

Calix-Br; (0. 64 g, 1 mmol) and Py-Cs (0. 43 g, 1 mmol) weretaken in
a 25 ml round-bottom flask, and 20 ml of dry dimethylformamide was added to
this mixture. The contents were stirred under nitrogen at 80 - 90 °C for 24 h.
The solvent was evaporated under the reduced pressure and the crude residue
obtained was taken up in CHCl; and washed with water. The organic layer was
dried by passing through anhydrous Na,SO4 and chromotographed on a silica
gel column. The desired product was eluted using CHCI; - CH30H (98 : 2,
v/v). The solvents were evaporated to get the desired product. Yield: 0. 50 g
(78%). UV-visible (CH,Cls): Amax, nm (log €): 281 (3. 83); IR (KBr pellets):
1730, 3364 cm™'; FAB-MS: m/z = 643.

5. 2. 8 Synthesis of Cyclo-25, 27-bis-(2-ethoxy)-26,28-calix[4]diquinone 3,5-
pyridine dicarboxylate (CalixQ-py)

To a solution of Calix-py (0. 64 g, 1 mmol) dissolved in 100 ml
acetone and 25 ml phosphate buffer (pH = 7), 50 ml of aqueous, yellowish ClO;
(15 - 20 %) was added and the reaction mixture was stirred at room temperature
for 12 h. The solvent was evaporated under the reduced pressure and the residue
was treated with water to give a pale yellow solid, which was filtered and dried.
The crude residue was loaded onto a silica gl column; elution with CHCl3 -

CH;OH (98 : 2, v/v) gave the desired product. The compound was
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recrystailized from CHClL; - hexane. Yield = 0. 32 g (48 %). UV-visible
(CH2CL): Amax, nm (log €): 256 (3. 67); IR (KBr pellets): 1726, 1655 cm’';
FAB-MS: m/z=673.

All the spectroscopic and electrochemical experiments have been

carried out as described in Chapter 2.

5. 3 Results and discussion
5. 3. 1 Synthesis and characterization of Calix-py and CalixQ-py

CalixQ-py was synthesized in three steps: (i) selective alkylation of
Calix with 1,2-dibromoethane to yield Calix-Br; (ii) cyclization of Calix-Br;
with bis-cesium-3,5-pyridine dicarboxylate to give Calix-py and (iii) mild
oxidation of Calix-py with aqueous chlorine dioxide to obtain CalixQ-py (Fig.
5. 2.). Preliminary characterization of Calix-py and CalixQ-py was carried out
by the IR, mass (FAB), UV-visble and 'H-NMR spectroscopies and
electrochemical methods.

In the IR spectra, hydoxyl groups of Calix-py showed a peak centered
at 3364 ¢m’! due to the strong intramolecular hydrogen bonding. CalixQ-py
shows a strong quinone (C=0) stretching vibration at 1655 cm"!, as expected.
FAB-MS spectra showed prominent peaks at m/z = 643 and 673 for Calix-py
and CalixQ-py respectively, dueto their M* fragments. UV-visible spectra of



A Anhyd. AICI,
Toluene, 50°C, 2 h.

HHO oH OH

t-but-Calix

K,CO,, 1, 2 dibromocthane

CH.CN, Reflux. 24 h

CsO0C | COOCs

N (Py-Cs) E

DMF, 80°C, 24 h.

Calix-py

RT, 12 h.

Fig. 5. 2 Scheme leading to the synthesis of CalixQ-Py.

(o]

Br

{
ClQ,, Phosphate buffer pH = 7 [ﬁ 00

|
|
|
|
|

Br

Calix-Br,

aN’

CalixQ-py

142



143

Calix-py and CalixQ-py show bands in the UV region with the absorption
peak maxima (Amax)at 281 and 257 nm respectively, revealing the presence
hydroxy/quinone auxochrome in these ligands.

'H NMR spectra (CDCl;, TMS) of Calix-py and CalixQ-py are
displayed in the Fig. 5.3. Relevant data are summarized along with that of their
precursors in the Table 5. 1. These spectra show characteristic resonances, and
the peak positions as well as their integrated intensities are consistent with the
proposed structures for the new compounds. The resonances due to protons a
(see: Fig. 5. 2 for proton identification) of the pyridyl groups on Calix-py and
CalixQ-py appear a 9. 44 and 9. 31 ppm (d, 2H, un = 1 820 Hz),
respectively. The resonance due to proton b of the pyridyl group in Calix-py is
located at 9. 58 ppm (t, 1H), whereas the corresponding peak on CalixQ-py is
shielded and appears at 8. 79 ppm (t, 1H). While aromatic protons of the two
‘'unalkylated' rings of Calix-py resonate as a doublet at 7. 05 ppm (4H. Mun =
7. 8 Hz) and atriplet at 6. 78 ppm (2H), the corresponding protons of the two
rings that are substituted with the ethoxyester limbs (alkylated) resonate at 6. 94
(d, 4H, Jyn=17.8 Hz) and 6. 66 ppm (t, 2H). In the case of CalixQ-py, the
aromatic protons of the two alkylated rings resonate as a doublet and a triplet at
6. 85 (4H, Jun=178 Hz) and 6. 69 ppm (2H), respectively. The four protons
present on the two quinone rings resonate as a singlet at 6. 60 ppm. Due to the
strong intramolecular hydrogen bonding, hydroxyl protons of Calix-py
resonate as a singlet at 7. 83 ppm. The -O-CH,-CH,-O- protons of the spacer
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Fig. 5. 3'"H NMR spectra (CDCls, TMS) of (A) Calix-py and (B) CalixQ-py.
Pegk & 7.26 ppm is dueto solvent.



Table4. 1 'HNMR data (CDCls, TMS)®
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5, ppm
[Jaul, HZ
Compound | Pyridyl Hydroxyl Phenyl Quinone | -OCH.CHr | ArCH,ATr
9.24
Py-Cs (br, s, 2H)
8.64
(br, s 1H)
10. 19 7.28 6.68 3.63
(s, 4H) (d, 8H) (t, 4H) (d,4H)
Calix [7.8] [12.8]
348
(. 4H)
[12.8]
7.58 7.08 6.92 4.36 4.23
(5 2H) | (d, 2H) (d, 2H) @ 4H) | (d4H)
Calix-Br, [7.3] [7.3] 392 [13.1]
(t, 4H) 34
(d,4H)
[13.1]
9.58 7.83 7.05 6.%4 4.76 4.28
(t 1H) (s,2H) | (d, 4H) (d, 4H) t4H) | (d,4H)
9.4 (7.9 [7.9 453 113.6]
Calix-py (d, 2H) 6.78 6.66 (t, 4H) 343
[1.8] @t 2H) (¢ 2H) (d,4H)
[13.6]
9.31 6. 85 6. 69 6.60 481 3.65
(d, 2H) @ 4H) (L 2H) | (s, 4H) | (L4H) | (d,4H)
CalixQ-py [2.0] [7.8] 4. 10 [13.6]
8.79 aH) | 330
(t, 1H) (d,4H)
[13.6]

a) Error limits 8, + 0. 0L ppm; J, + 1 Hz
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ethoxyester moiety resonate as a pair of triplets in the aliphatic region at 4. 76
and 4. 53 ppm in Calix-py and at 4. 81 and 4. 10 ppm in CalixQ-py. The Ar-
CH,-Ar protons resonate as pair of doublets at 4. 28 and 3. 43 ppm for Calix-
py and at 3. 65 and 3. 30 ppm in CalixQ-py with the geminal coupling
constants of 13. 6 Hz in each case. This suggests that the
calixarene/calixquinone moieties are present in their cone conformation in these
compounds.*®

Redox potentials of Calix-py and CalixQ-py have been measured in
CH,Cl;, 0. 1 M TBAP by both cyclic- and differential pulse voltammetric
methods. Calix-py showed an irreversible peak at +1. 32 V for the oxidation of
phenolic moieties. No cathodic response was observed for this calixarene under
our experimental conditions. On the other hand, CalixQ-py showed three
cathodic responses when the potential was scanned between 0 and —1. 8 V, as
illustrated in Fig. 5. 4. The first two reduction peaks observed at -0. 63 and -0.

76 V are found to bereversible (i /i =0.9- 1. 0 wherei isthe peak current)
\pc pa p r

and diffusion controlled (i /v = constant in the scan rate (v) range 50 - 500
mV s7) one-electron transfer (AEp = 60-70 mV where AE, is the peak-to-peak
potential difference; AE = 65 + 3 mV for Fc /Fc couple) reactions. On the
other hand, the subsequent peak seen at -1. 38 V is totaly irreversible.
Calix[4]diquinones can, in principle, accept atotal of four electrons to generate

the corresponding tetraanion.*® For such species, three successive reduction
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Fig. 5. 4 Cyclic- (A) and differential-pulse (B) voltammograms of CalixQ-py.
The scan rates employed are 100 and 10 mV s™ for (A) and (B), respectively.
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processes are generally observed in the cyclic- and differentia-pulse
voltammograms. Based on this knowledge, the first two peaks appearing at -0.
63 and -0. 76 V for CalixQ-py are assigned to successive one-electron
reductions of the quinone units, giving the semiquinone species in each case.
The third cathodic response at more negative potential is believed to be due to
simultaneous one-electron transfer to both the semiquinones that results in the

generation of a tetraanionic species.*®

5. 3. 2 Complexation studies

It is well known that zinc(ll) porphyrins form pentacoordinated
complexes with coordinating ligands and that this complexation can be
conveniently monitored by the UV-visible spectroscopy.*®'>® Complexation of
zinc(Il) porphyrins with an axial ligand generally results in two effects, often
seen in the UV-visible spectrum. These are: (i) ared shift of the entire spectrum
relative to that of the corresponding tetracordinated, square planar zinc(ll)
porphyrin and (ii) an increase in the go/gp ratio of the two visible (Q) bands.>
These spectral features have been utilized in the present study to examine the
complexation behavior of Calix-py and CalixQ-py with [(TTP)Zn").
Addition of increasing concentrations of Calix-py or CalixQ-py (0 - 3. 8 x 10"
M) to a solution containing a constant concentration of [(TTP)Zn"] (3. 11 x
10° M) resulted in ared shift of 8 nm for both the Soret- (420 to 428 nm) and
Q- bands (548 to 556 nm), suggesting complexation of the appended pyridine
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subunit at the zinc(I1) center in each case. The ratio &,/eg also increased from 0.
24 to 0. 55 during these titrations. Fig. 5. 5. illustrates spectral changes
observed during the titration of Calix-py with [(TTP)Zn"], and similar changes
were noticed when CalixQ-py was titrated with this metalloporphyrin. Changes
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observed in the UV-visible spectrawere treated using equn. 5.

AA/b = (Q.K Ae [L])/ (1 +K [L]) (5.1)

Here, AA refers to the change in absorbance from initial value at the required
wavelength (420 nm), b is cuvette path length (in cm), Q; is total concentration
of [(TTP)Zn"], K is the apparent binding constant, Ae is change in extinction
coefficient between free and bound {(TTP)Zn"] and [L] is concentration of the
titrated ligand. K values evauated are 1685+200 and 2101+220 M for the
binding of [(TTP)Zn"] by CalixQ-py and Calix-py, respectively.

'"H NMR titrations have also been carried out using various
concentrations of CalixQ-py or Calix-py (0 - 9. 77 x 10" M) and a constant
concentration of [(TTP)Zn"] (3. 76 x 10 M.). The results are shown for the
titration with CalixQ-py in Fig.5. 6. As seen in this Figure, addition of 0. 4
equivalents of CalixQ-py to a CDCl; solution of [(TTP)Zn"} induced large
upfield shifts for protons a of the pyridine in CalixQ-py (A6 = calixQ-py
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Fig. 5. 5 UV-visible titration of [(TTP)Zn"} (3. 11 x 10 M) with various
concentrations (0 - 3. 8 x 10° M) of Calix-py. The inset shows afit to equn. 3.
L
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Fig. 5. 6 'H NMR spectra of [(TTP)Zn"] (3. 76 x 10'* M) in CDCl; upon
additionof (1) 0, (2)0.4,(3)1.0,(4) 1.3,(5 1.7,(6) 2. 1,(7) 2. 4and (8) 2
6 equivalents of CalixQ-py. Spectrum (9) is the 'H NMR spectrum of
uncomplexd CalixQ-py in CDCl; shown for comparison. Singlet seen at 7. 26
ppm is due to the solvent.
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-Ocomplex =3. 38 ppm; see spectrum number 2 in Fig. 5. 6). Resonance due to
proton b is also upfield shifted, albeit, to a lesser extent (AS = 0. 68 ppm) than
that experienced by protons a. Upfield shifts for the pyridyl protons have been
noticed earlier during the NMR titrations of various substituted pyridines with
zinc(ll) porphyrins, and have been interpreted in terms of the strong ring
current effect exerted by the porphyrin upon complexation of the Iiga.nd.“”f’8
Based on this fact, it is suggested that upfield shifts noticed for protons a and b
of CalixQ-py indicate complexation of this pyridyl ligand with [(T TP)Zn"} .
This complexation, however, does not seem to have any influence on the
macrocyclic ring protons of [('I‘TP)Zn"] in the aromatic region, which are
found to be rather insensitive to the addition of CalixQ-py. On the other hand,
minor shifts were noticed for the various aliphatic and aromatic protons on
CalixQ-py in the presence of the porphyrin. As the ratio [CalixQ-py]/
[(TTP)Zn"] is varied from 2. 6 to 0. 4 during the titration (i.e. spectrum
number 8 to 2) all the signals of CalixQ-py were seen to shift towards the
downfield region. Similar changes in the 'H NMR spectra were noticed during
the titration of Calix-py with [(TTP)Zn"] .

Electrochemical techniques have been employed earlier to monitor the
binding of pyridine ligands with zinc(ll) porphyrins.®*® In the present case,
complexation of CalixQ-py with [(TTP)Zn"] has been monitored by both
cyclic- and differential-pulse voltammetric methods. The titration results are

shown in Fig. 5. 7. [(TTP)Zn") shows two successive, reversible, one-electron
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Fig. 5. 7 (A) Cyclic voltammograms of [(TTP)Zn"] <3. 12 x 10 M) with
various added concentrations (0 - 18. 3 x 107 M) of CalixQ-py. (B) The
corresponding differential-pulse voltammograms in the absence (—) and
presence (—) of (18. 3 x 107 M) of CalixQ-py. The scan rates employed
are 100 and 10 mV s’ for (A) and (B), respectively.
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oxidation peaks at 0. 72 and 1. 05 V producing mono and dications,
respectively.’ The binding ability of CalixQ-py with [(TTP)Zn"] was
monitored at the first oxidation peak of the porphyrin. Upon addition of
increasing concentrations of CalixQ-py (0 - 18. 3 x 10" M) to a solution of
[(TTP)Zn"} (3. 12 x 10 M), oxidation peak of the porphyrin was found to
successively shift to less anodic region suggesting facile electron abstraction
from the ring due to complexation. The maximum shift observed at the end of
the titration is 56 mV (to a more cathodic region) and is in good agreement with
the previously reported data for axial coordination of zinc(ll) porphyrins with
pyridyl ligands.>*® The overall electrochemistry of the [(TTP)Zn"] - CalixQ-
py system isillustrated in equn. 5. 2.

[(TTP)Zn" + CalixQ-py —————— [(TTP)Zn"] - CalixQ-py
‘ (5.2
-8- +e-
[(TTP)Zn"* + CalixQ-py ——— [ (TTP)Zn"] - CalixQ-py]*

The above equation suggests that the redox data can be treated according to
equn. 5. 3.%!
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Eo® - Eo' = RT/nF log (K(((TTP)Zn"] YK([(TTP)Zn"]*)) (5.3)

Here, Eo® and Eq are the thermodynamic redox potentials for the bound and
free complexes respectively, n is the number of electrons transferred, K([(TTP)
Zn"] YK([(TTP)Zn"1™)) is the ratio of binding constants for {((TTP)Zn"] and
its oxidized species and other parameters have their usual meaning. Substitution
of appropriate values to suit the electrochemistry of [(TTP)Zn"] in the
presence of CalixQ-py and from a limiting shift of -56 mV, K([(TTP)Zn"] *:)/
K(I(TTP)Zn"] ) was calculated to be ~ 250. Thus, [(TTP)Zn"] binds to
CalixQ-py less strongly than its one-electron oxidized form. This result is in
agreement with the reported data for binding of various substituted pyridines

with zinc(H) porphyrins and their one-electron oxidized products. S

5. 3. 3 Singlet State properties

When excited at 530 nm in dry CH)Cl, steady state fluorescence
spectrum of [(TTP)Zn'"] exhibited two emission bands located at 600 and 647
nm. The emission intensities of these bands did not appreciably change during
the titration of [(TTP)Zn"] (8. 31 x 10°® M) with Calix-py (0 - 3. 6 x 10"* M).
In contrast, significant quenching of fluorescence due to [(TTP)Zn"] was
observed upon successive addition of CalixQ-py (0 - 3. 6 x 10° M), Fig. 5. 8.

At the limit of complete complexation, the fluorescence intensity is nearly 25%



Flu. Intensi

Fig. 5. 8. Fluorescence spectra (Aexc = 530 nm, CH,Cl,) of [(TTP)Zn"] (top
curve) in the presence of increasing concentrations of CalixQ-py (0 - 3. 6 x 107
M, subseguent curves). Inset shows Stern-Volmer plots for the quenching of
[(TTP)Zn"] by CalixQ-py (e)and Calix-py (*).
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less than that of uncoordinated [(TTP)Zn"} . Inset to Fig. 5. 8 shows the Stern-
Volmer plots for the quenching of [(TTP)Zn"] fluorescence by Calix-py and
CalixQ-py. While both the plots are linear, the Ksv (Stern-Volmer quenching

constant) values are found to be different.
Ivl1=1+Ksv[Q] (5.4)

where Iy and | represent fluorescence intensities of the porphyrin in the absence
and the presence of quencher Q (CalixQ-py/Calix-py), respectively.®® Analysis
of the data using equn. 5. 4 gave Ksv vaues of 132 and 661 M for the
quenching of [(TTP)Zn"] fluorescence by Calix-py and CalixQ-py,
respectively.

In the time-resolved fluorescence experiments (Aexc = 575 run and Aem=
650 nm), the fluorescence intensity decay profile (If(t)) of [(TTP)Zn"] (2. 5 x
10" M, CH,Cl,) could be fit to a single exponential function, equn. 5.5.

Ift) = A exp(-t/7) (5.5)

The fit gave a lifetime (1) of 1. 61 ns for the uncomplexed [(TTP)Zn"] . Upon
addition of increasing concentrations of Calix-py or CalixQ-py (0 - 15 x 103
M) to [(TTP)Zn"] solutions, fluorescence lifetimes (t2) were found to

decrease and reached the minimum of 1. 40 ns in the case of Calix-py and 0. 61
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ns in the case of CalixQ-py. Again, these decays could be fit to a
monoexponential function, equn. 5. 5. The quenching rate constant (kq),
obtained from these dynamic quenching experiments, (Fig. 5. 9) are found to be
6. 64 x 10° M 5! for Calix-py and 6. 22 x 10° M s™* for CalixQ-py, equn. 5.
6.

T/t,= 1 +kq 1 [Q] (5. 6)

These rates suggest that the quenching reactions are nearly diffusion controlled
processes.

Several reports exist in the literature on the quenching of fluorescence
due to zinc(ll) porphyrins by intramolecular PET to the covalently/non-
covalently bound quinones.**®* Among these, those that describe the D-A
systems in which a monomeric or a dimeric zinc(ll) porphyrin is bound to a
pyridine-appended quinone/diimide acceptor are of relevance to the present
work. 2243033 1y these latter supramolecular D-A compounds, PET between the
zinc(I1) porphyrin and the quinone/diimide has been implicated based on
thermodynamic data and results of control experiments. In the present case also,
the thermodynamic data suggests the possibility of a PET between singlet
porphyrin and CalixQ-py. The free energy change for this electron transfer
(AGPET) has been calculated using equn. 5. 7.%
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Fig. 5. 9 Dynamic Stern-Volmer plots for the quenching of [(TTP)Zn"] by
CalixQ-py (¢) and Calix-py (0).
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AGper = Ein (ox) - Ei2 (red) - Eoo (5.7

where Ein(ox) and E;x(red) are the potentials for one-electron oxidation of the
donor ([(TTP)Zn"]) in the presence of CalixQ-py, 0. 66 V and one-electron
reduction of the acceptor (CalixQ-py, -0. 63 V) respectively, and Eoo is the
singlet state energy of [(TTP)Zn"] (2. 07+0. 03 eV) obtained by overlapping
the absorption and fluorescence spectra of the fluorophore. The value of AGPET
evaluated using equn. 5. 7 is exoergic by 0.78+0. 04 €V. In addition, quenching
of fluorescence due to [(TTP)Zn"] by Calix-py is an order of magnitude lower
than that by CalixQ-py by both the steady state and time resolved methods. Put
together, this analysis suggests that strong quenching of fluorescence due to
[(TTP)Zn"} in the presence of CalixQ-py is a consequence of a PET between
singlet [(TTP)Zn"] and the quinone moieties on this ligand. The rate constant
for this PET (kpgt) can be calculated using equn. 5. 8.

keer — 1/Tagimy " 1/71(tim) . g

where 1/tyimy and 1/1igim) refer to the limiting life times of [(TTP)Zn ]
obtained during its titrations with CalixQ-Py (0. 61 ns) and Calix-Py (1. 40
ns), respectively. The kpgr thus calculated is ~ 1 x 10° s™'. This value is low
compared to that obtained for the PET between the quinone and zinc(ll)
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porphyrin in a compactly assembled diporphyrin - dipyridyl (quinone) D-A
system (kper = 1. 6 x 10'°s™) reported by Imahori et al.**** However, it is close
to the kper values reported for several zinc(ll) porphyrin - pyridyl (or imide)
systems reported by Hunter et al®® and Otsuki et al. **

Finaly, recall that K ([((TTP)Zn"]™) / K ([(TTP)Zn"] ) is ~ 250 as
revealed by the electrochemical data (vide infra). Thus, the reduced
calix[4]diquinone does not dissociate itself from the PET product, namely,
[(TTP)Zn"]*‘ - CalixQ-py""; instead, it is expected to be more strongly bound
at the zinc(I1) center in this state.

5. 4 Summary

In summary, the present investigation demonstrates the self-assembly of
a [(TTP)Zn")-calix{4]diquinone D-A pair via the axial ligation method. The
UV-visible and '"H NMR studies reveal that the complex formed between
[(TTP)Zn"] and CalixQ-py is a stable species. Fluorescence studies show
efficient quenching of the excited zinc(ll) porphyrin upon axial ligation by
CalixQ-py. On the basis of free energy calculations and control experiments,
fluorescence quenching observed for the [(TTP)Zn"} - CalixQ-py system has
been assigned to the occurrence of a PET from the singlet [(TTP)Zn"] to the
axialy positioned calix[4]diquinone. The electron transfer rate in this system is
close to that reported for the analogous zinc(ll) porphyrin based, 'vertically

linked' D-A pairs.
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CHAPTER 6

‘Intra-ComplexElectron Transfer in a Series of Quinone-Bound | someric

Porphyrin-Calix[4]arene Conjugates

6. 1 Introduction

Calixarenes, a well known family of macrocyclic oligophenols, play an
important role in modern supramolecular chemistry.! Because of their unique
three dimensional shape and good complexation ability, calixarenes have found
many applications in the design of synthetic receptors and sophisticated
molecular assemblies.” 3 Likewise, porphyrins - the tetrapyrrolic class of
macrocyclic compounds - are known to be one of the support pillars of
supramolecular chemistry. Having been endowed with attractive photoactive
and electroactive properties, porphyrins are suitable for the construction of
molecular devices, photosynthetic model systems, photodynamic therapeutic
agents etc.*® The above considerations suggest that porphyrin-calixarene (P-
Calix) conjugates are appealing receptors with multipoint recognition ability
towards guest molecules and that the host-guest interactions in such systems
can be conveniently detected by optica spectroscopic and electrochemical
methods. Indeed, a great variety of P-Calix conjugates have been built for

potential use in various applications including binding as well as sensing
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various cations, anions and other small molecules of biological interest,
templating supramolecular ensembles, supramolecular electron transfer etc.>%
Among the many P-Calix systems reported so far, those in which a quinone
moiety can be housed inside the calixarene that, in turn, is covalently linked to
the porphyrin are of relevance to the present work.?*'*® It has been established,
in these novel donor-acceptor (D-A) systems that a quinone acceptor binds to
the calixarene via supramolecular contacts. Fluorescence studies have revealed
the occurrence of intramolecular photoinduced electron transfer (PET) from
singlet porphyrin to the calixarene-bound quinone. In two such P-Calix
systems, rate constants for electron transfer reactions have been estimated using
the time-resolved fluorescence method, but no other details of these
supramolecular PET reactions are available to date.

In the present study, a series of isomeric P-Calix conjugates have been
synthesized in which a calix[4]arene subunit is covalently linked, at o-, m- or p-
position of one of the aryl groups of a tetra(aryl) porphyrin, Fig. 6. 1. This
isomeric nature coupled with flexibility of the -O-(CH3),-O- spacer separating
the two subunits in these conjugates has resulted in interesting differences in
their spectroscopic properties. Rates of photoinduced electron transfer (kper)
reactions occurring from the singlet porphryin to calixarene-bound quinone in
these isomeric, D-A systems have been measured in both hydrophobic- (CH,Clz
solutions, where the calixarene-quinone interaction is via H-bonding) and

hydrophilic (water/THF, 9 : 1 v/v, where the quinone is expected to be
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Fig. 6. 1 Scheme leading to the synthesis of isomeric P-Calix conjugates.
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encapsulated within the calixarene cavity) environments. The results indicate
the preseice of distance and orientation dependence of electron transfer
reactions in these supramolecular D-A ensembles, as is the case with analogous

covalently linked porphyrin-quinone systems.

6. 2 Experimental details

5,10,15,20-tetra(4-methyl-phenyl)porphyrin (HzTTP)27 and its zinc(I1)
analogue([(TTP)Zn"])*® and aso 4-tert-butylcalix[4]arene (t-but-Calix)®
were synthesized by the reported procedures, as described in Chapter 5 ( see
sections 5.2.1,5.2.2 and 5. 2. 4, respectively)

6. 2. 1 Synthesis of 5-(4/3/2-hydroxyphenyl) 10,15,20-tri(4-methylphenyl)
porphryin ([Ha(p/m/o-OH)TriTP])*’

4-, 3- or 2-hydroxybenzaldehyde (6. 1 g, 50 mmol) dissolved in 350 ml
of propanoic acid was stirred a 120 °C for 10 min. in each case. To the
resulting solution, 12. 0 g (100 mmol) of 4-methylbenzaldehyde followed by
10. 5 g (157 mmol) of pyrrole were added. The mixture was refluxed for 45
min., left overnight at 10 °C and then filtered. The black-violet residue obtained
was washed several times with hot water, followed by methanol and purified by
chromatography on a basic alumina column. Elution with CHCl; - CH30H (97
. 3, v/v) gave the desired product in each case. Yield: ~1. 25 g, (5%).
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6. 2. 2 Synthesis of 25-(2-bromoethoxy) 26, 27, 28-tri(hydroxy)-4-tert-butyl
calix [4] arene (Calix-(CH;),;Br)>'

1, 2-dibromoethane (3. 53 g, 18. 8 mmol) and finely ground anhydrous
K2CO; (0. 17 g, 1. 18 mmol) were added to a suspension of t-but-Calix (1. 00
g, 2. 36 mmol) in CH3CN (50 ml) The reaction mixture was stirred and
refluxed for 24 h. under the nitrogen atmosphere. The solvent was evaporated
and the crude residue was taken up in CHCl; and washed with aqueous HC1
(10%, v/v) and water. The organic layer was dried by passing through
anhydrous Na;SO4 and chromotographed on a silica gel column. The desired
product was eluted using CHCI; - hexane (9:1, v/v). The solvents were

evaporated to get the desired product. Yield = 1. 07 g (71%).

6. 2. 3 Synthesis of 5-((4-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl calix[4]arene) 10,15,20-tri(4-methylphenyl) porphyrin ([Ha(p-
calix)TriTP])

A mixture of [H2(p-OH)TriTP] (0. 25 g, 0. 37 mmol), Calix-(CH;),Br
(0. 32 g, 0. 42 mmol) and 0. 5 g of finely ground anhydrous K,COs was stirred
magnetically in 15 ml of dry dimethylformamide for 24 h. at room temperature
under the nitrogen atmosphere. The solvent was evaporated to dryness under
the reduced pressure. The residue, dissolved in ca. 50 ml of CHCl3, was washed
repeatedly with water. The CHCl; solution was dried over anhydrous Na;SQOa,

after which it was evaporated to 5 ml. This solution was applied onto a silica
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gel column. The desired product was eluted using CHCI; - hexane (1:1, viv)
mixture. Solvents were evaporated and the product was recrystallized in"
CH,Cl; - hexane mixture. Yield = 0. 44 g (88 %).

6. 2. 4 Synthesis of 5-((4-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl calix[4]arene)  10,15,20-tri(4-methylphenyl) porphryinato
zinc(11) ([Zn(p-calix)TriTP])

[Ha(p-calix)TriTP] ( 0. 1 g, 0. 07 mmol) was dissolved in 15 ml of
CHClIs. To this, a solution of 0. 16 g (0. 74 mmol) of zinc(Il) acetate hydrate
dissolved in a minimum amount of methanol was added. The resulting solution
was stirred under reflux for 1 h. The solvent was evaporated and the solid
obtained was dissolved in CH,Cl; and then filtered. Evaporation of the solvent
gave a solid residue that was purified by column chromatography (silica gel,
CHCI5) and recrystallization (CH,Cl; - hexane). Yield = 0. 16 g (95%).

6. 2. 5 Synthesis of 5-((3-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl calix{4]arene) 10,15,20-tri(4-methylphenyl) porphyrin ([Ha(m-
calix) TriTP))

A mixture of [Hy(m-OH)TriTP] (0. 25 g, 0. 37 mmol), Calix-
(CH;);Br (0. 32 g, 0. 42 mmol) and 0. 5 g of finely ground anhydrous K2CO3
was stirred magnetically in 15 ml of dry dimethylformamide for 24 h. at room

temperature under the nitrogen atmosphere. The solvent was evaporated to
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dryness under the reduced pressure. The residue was worked up as described
above for [Ha(p-calix)TriTP) to yield the desired product. Yield = 0. 45 g (85
%)

6. 2. 6 Synthesis of 5-((3-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl  calix[4]arene) 10,15,20-tri(4-methylphenyl) porphryinato
zinc(l1) ([Zn(m-calix)TriTP])

A 0. 1 g (0. 07 mmol) of the above compound was dissolved in 15 ml
of CHCIs. To this, a solution of 0. 16 g (0. 74 mmol) of zinc(II) acetate hydrate
dissolved in a minimum amount of methanol was added. The resulting solution
was stirred under reflux for 1 h. The solvent was evaporated and the solid
obtained was worked up as described above for [Zn(p-calix)TriTP]. Yield = 0.
16 g (95%).

6. 2. 7 Synthesis of 5-((2-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl calix[4]arene) 10,15,20-tri(4-methylphenyl) porphyrin ([Hz(o-
calix)TriTP])

A mixture of [Ha(o-OH)TriTP] (0. 25 g, 0. 37 mmol), Calix~(CH3);Br
(0. 32 g, 0. 42 mmol) and 0.5 g of finely ground anhydrous KoCOs were stirred
magnetically in 15 ml of dry dimethylformamide for 24 h. at room temperature

under the nitrogen atmosphere. The solvent was evaporated to dryness and the
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residue was worked up as described above for [H2(p-calix)TriTP] to yield the
desired product. Yield=0. 44 g (81 %).

6. 2. 8 Synthesis of 5-((2-phenoxy)-(25-ethoxy)-26, 27, 28-tri(hydroxy)-4-
tert-butyl calix[4]arene) 10,15,20-tri(4-methylphenyl) porphryinato Zinc
(1) ([Zn(o-calix)TriTP])

A 0. 1 g (0. 07 mmol) of the above compound was dissolved in 15 ml
of CHCls. To this, asolution of 0. 16 g (0. 74 mmol) of zinc(ll) acetate hydrate
dissolved in a minimum amount of methanol was added. The resulting solution
was stirred under reflux for 1 h. The solvent was evaporated and the solid
obtained was worked up as described above for the other two zinc(ll)
complexes. Yield = 0. 14 g (83%).

Each investigated compound was purified on a short alumina column
before spectral measurements were made. All the spectroscopic and

electrochemical experiments have been carried out as described in Chapter 2.

6. 3 Results and discussion
6. 3. 1 Design and synthesis
Although a great variety of covalently linked porphyrin-quinone

573235 (el atively less attention has been

systems are reported in the literature,
paid towards the construction of analogous non-covalent D-A systems.
Previously reported non-covalent porphyrin-quinone assemblies have been

built by using nucleic acid base-pairing, coordinate binding, H-bonding,
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quinhydrone interactions etc.***® More recently, a few P-Calix systems in
which 1, 4-benzoquinone (BQ) is supramolecularly bound at the calixarene part
of the ensemble have been reported.?*?® In al these non-covalent systems,
supramolecular PET from singlet state of the porphyin to ground state of
quinone has been implicated.

The present work has been undertaken to extend the scope of P-Calix
systems in understanding the details of supramolecular PET reactions and, this
Chapter provides the synthesis, characterization and fluorescence studies of a
series of new P-Calix systems shown in Fig. 6. 1. The structural features of
these new P-Calix systems somewhat differ from those of the previously
reported systems wherein supramolecular PET has been established.®*'?® While
two of the previously reported such P-Calix systems are characterized by a
meso-diphenyl porphyrin being connected via ether linkages to two calixarene

2425 there is a direct C-C bond between the calixarene and meso

subunits,
position of the porphyrin in the other P-calix system.?® On the other hand, a
calix[4]arene subunit is covalently linked, at o-, m- or p- position of one of the
aryl groups of a tetra(aryl) porphyrin via an -O-(CH)-O- spacer, in the
presently investigated conjugates. In addition, these new conjugates are readily
synthesized by reacting together isomeric mono(hydroxyphenyl) porphyrins
and Calix-(CH,),Br in K,CO3/DMF milieu in > 80% yields in each case. In
contrast, the previously reported P-Calix systems have been prepared either by
reacting together the bis(bromoalkyl)diphenyl porphyrin and the parent
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24, 25

calix[4]arene or by the mixed - aldehyde condensation of dipyrromethane

with benzaldehyde and calixarene aldehyde % in not more than 52% yields.

6. 3.2 Ground state properties

MALDI-TOF spectra of the isomeric zinc(ll)porphyrin-calix[4]arene
conjugates showed the molecular ion peak at m/z = 1409 in each case. UV-
visible spectral data of the isomeric free-base and zinc(ll) derivatives of P-
Calix conjugates investigated during this study and also that of their constituent
individual components (i. e. Calix(CH,),Br, H,TTP and [(TTP)Zn")) are
summarized inthe Table 6. 1. Fig.6. 2 illustrates UV-visible spectra of the p-
and o- isomers of zinc(ll)porphyrin-calixarene conjugates. As seen from Fig. 6.
2 and Table 6. 1, spectra of the P-Calix conjugates show bands due to
calix[4]arene subunit's absorption between 250 and 300 nm and those due to
porphyrin absorption between 400 and 700 nm. Data given in Table 6. 1 aso
suggests that, except for o- isomer of the zinc(ll)porphyrin-calixarene
conjugate, wavelengths at the maximum absorption (Amax) Values of these P-
Calix systems are within the same range as those of the individual components
. As seen in Fig. 6. 2, in comparison with its p- analogue, [Zn(o-calix)TriTP]
experiences ared shift of 7 nm (280 to 287 ran) for its calix[4]arene band. The
porphyrin Soret and Q- bands are also similarly red shifted by 5 (421 to 426
nm) and 6 (549 to 555 nm; 589 to 595 nm) respectively, for this isomer. The

close proximity between the calixarene and porphyrin subunits in
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Fig. 6. 2 UV-visible spectra of (A) [Zn(p-calix)TriTP] and (B) [Zn(o-
calix)TriTP] in CHyCl,.
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Table 6. 1 UV-visible data of P-Calix conjugates in CH,Cl, *

Amsx, nm (log €)

Campound Calixarene Soret
band band Q-bands

Calix-(CH,),Br 279 (3. 98)

H,TTP - 418(5.30) | 516 (4. 17) 551 (3. 90) 592 (3. 64) 650 (3. 76)
{(TTP)Zn"] 420 (5. 55) 549(4.12)587(3.49)

{Hy(p-calix)TriTP] 280(4.10) | 419(5.44) | 515 (4. 02) 550 (3. 79) 593 (3. 45) 649 (3.40)
1Zn(p-calix)TriTP| 280 (4.08) | 421(5.51) | 549 (4.08)589 (3. 48)

{Hy(m-calix)TriTP] 280(4. 10) | 418(5.41) | 514 (4. 07) 549 (3. 73) 592 (3. 52) 648 (3. 39)
[Zn(m-calix)TriTP] 281 (4.04) | 421 (5.49) | 549 (4. 05) 589 (3. 40)

{Hy(o-calix)TriTP] 280 (4.35) | 419(5.46) | 515 (4. 15) 550 (3. 87) 593 (3. 69) 649 (3.57)
[Zn(o-calix) TriTP] 287 (4.38) | 426(5.52) | 555(4.39)595(4.14)

a) Error limits: Ame,+ 1 nm; log E, £ 10%

[Zn(o-calix)TriTP] can lead to either m-m interaction between the porphyrin

and calixarene aryl groups or an intramolecular coordination between zinc(ll)

center of the porphyrin and one of the hydroxyl group of calix[4]arene moiety.
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Literature data suggests that a red shift of the Soret and Q- bands of the
porphyrin chromophore is expected to occur in either case.”**® However, the
fact that red-shifts are seen only in the spectrum of [Zn(o-calix)TriTP) and not
in the spectrum of its free-base analogue, [H2(o-calix)TriTP], favours an
intramolecular coordination of the hydroxyl group at the zinc(ll) center. In
order to probe this aspect further, detailed '"H NMR investigations were carried
out, the results of which are discussed below.

The 'H NMR (CDCl;, TMS) spectra of {Zn(p-calix)TriTPJ and [Zn(o-
calix)TriTP] are compared in Fig. 6. 3. NMR data of al the new porphyrins
investigated in this study along with the data on Calix(CH,),Br, H,TTP and
[(TTP)Zn"] are summarized in Tables 6. 2a and 6. 2b. 'H NMR features of
each new P-Calix conjugate are highly characteristic with the integrated
intensities of the proton resonances in the 1D spectrum and also the 'H-'H
coupling patterns observed in the 2D (‘H - 'H COSY) spectra being in
conformity with the proposed structure. Interestingly, while 'HNMR spectral
features of the p- and m- isomers of these conjugates are similar to those of the
corresponding reference compounds, spectra of the o- isomers are found to be
quite different. Therefore, spectral features of the o- isomers are discussed
separately.

The B-pyrrole protons of [Hy(p, m-calix)TriTP] resonate at 8. 84 ppm
as a multiplet due, mainly, to unsymmetric substitution at the macrocyclic

periphery in contrast with the singlet seen at 8. 85 ppm for the corresponding
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Fig. 6. 3 'HNMR spectra (CDCl3, TMS) of (A) [Zn(p-calix)TriTP} and (B)
[Zn(o-calix)TriTP]. Peak at 7.26 ppm is due to solvent.



Table 6. 2a 'H-NMR data of free-base derivatives of the P-Calix conjugates

S, ppm
[Junls HZ
Compound > Calix-(CH;),Br HTTP [Hy(p-calix) TriTP} [Hy(m-calix)TriTP) [H,(o-calix) TriTP]
Porphyrin I, 8 & 8 & 8.85 8.77
(s, 8H) (m, 8H) (m, 8H) (m, 8H)
Porphyrin H, 8 10 8 17 8 M 810 799 787 806 797 785
- (d, 8H) (d, 6H) (d.2H) (d, 6H) (s, IH)(d. 1H) (d, 6H)(d IH)(m 1H)
[7. & 8.8 [8 8 (8.0] 80 [8. 8l [8.
Porphyrin He 7.% 7.5 7 46 7.7 7.5 7.68 754 741
- (d, 8H) (d, 6H) (d, 2H) (m, 2H) (d, 6H) (d, 1H) (d, 6H) (m, 1H)
7.8 [7. 8 [7. § [781 78 [78]
Porphyrin CH, 2. 71 2. 70 2.69 2.70
©. ) (s, 9H) (s 9H) (s 9H)
Porphyrin NH -2. 76 -2. 76 -2.78 -2.80
(s 2H) (s 2H) (s, 2H) (s 2H)
Spacer -0-CH,-CH;-O- 4. 51 4. 0 489 4.71 4.8 4.62 4 48 3.61
(t, 2H) (t, 2H) - «t, 21)(t,2H) 21 (21 (1,212)(1,211)
Calix OH 10. 19 9. 31 1032 957 1026 9.49 9. 62 9. 61
(s, 1H) (s, 2H) (s 1H)(s, 2H) (s 1H) (s2H) (s 2H) (s 1H)
Calix Phenyl 7. 06 7.18 7.13 7. 09 7 0 6 R 6. 846 &4
(m, 8H) . (s2H) (s 2H) (s 2H) (s, 4H) (s 2H) (s 2H) (s 2H)
7.07 7. 03 6. 50 6. 36
(s 2H) (s 2H) (s2H) (s 2H)
Calix ArCH Ar 4. 3H 4. 64 4. 5 4. 53 4. 2 372 347
(m, 4H) (d,2H) (d, 2H) (d, 2H) (d, 2H) (d, 2H) (d, 2H)
3. 42 - [13.6] [13. 6] [136] [13.6] [13.6] [13.6]
(d,4H) 347 3.35 3.433 30 3.052 37
[13. 6] (d, 2H) (d, 2H) (d, 2H) (d, 2H) (d, 2H) (d, 2H)
(13.6] [13.6) [13.6] [13.6] [13.6] [13.6]
Calix (-Butyl 120 124 .23 1.15 125 114 093 0.86
(s, 36H) (s 36H) (s 9H) (s 2MH) (s9H) (5,9H) (s,9H) (s9H)

a) Error limits: 8, + 0.01 ppm; J, + 1 Hz




Table 6. 2b 'H-NMR data of zinc(Il) derivatives of the P-Calix conjugates

8, ppm
[Jaml,HZ
Compound =
Calix-(CH,),Br [(TTP)Zn"] | (Zn(p-calix)TriTP} |Zn(m-calix)TriTP| |Zn(o-calix)TriTP]
PorphyrinHp 8.85 8 85 8.97 9.01 8.8 874
- (s, 8H) (m, 8H) (m, 8H) (m, 6H) (d, 2H) (d,2H)
[4.8] [4 8]
Porphyrin H, 8.10 8 19 8 10 8 12 8.00 7.91 830 809 7.94 7.8
_ (d, 8H) (d, 2H) (d, 2H) (d,6H) (s 1H) (d, IH) | (m, 3H) (d, 3H) (d, 1H) (m, 1H)
[7.8] [8.8] [8.8] [8.0] [8.0] [8.0] [8. 0]
Porphyrin He 7.55 7.54 7.46 7. 70 7. 54 7.80 7.5 7.39
(d, 8H) (d, 6H) (d, 2H) (m,2H) (d, 61) (m, tH) (m, 6H) (d, 1H)
[7.81 [8. 8L [8. 81 [7.8] [7.8]
Porphyrin CHs 2.72 2.72 2.72 2.73
(s, 9H) (s, 9H) (s, 9H) (s, 9H)
Spacer -0-CH;-CHz-O- 451 4.00 4.89 4.68 4.76 4.52 4. 40 3. 89
(t, 2H) (t, 2H) . (t, 2H) (t, 2H) (t,2H) (t,2H) (t,2H)  (t,2H)
Calix OH 10.19 9.31 10. 23 9. 47 10.13 9.34 5 69 5 47
G, 1H) (s, 2H) G H) (s 2H) (s 1H) (5, 2H) (s2H) (s 1H)
Calix Phenyl 7.06 7.18 712 7.10 7. 02 6. 62 6. 37
(m, 8H) - (s, 2H) (s, 2H) (s, 2H) (s4H) (s:2H) (s.2H)
7.06 7.01 6,92 6.13 5. 96
(s, 2H) (s 2H) (s, 2H) (s2H) (s2H)
Calix ArCH AT 4. 35 3. 42 461 4.27 4. 44 4. 10 3.48 278
(m,4H) (d,4H) (d, 2H) (d, 2H) (d,2H) (d,2H) (d,2H) (d,2H)
[13.6] [13.6] [13.6] [13.6] [13.6] [13.6] {13.6]
3.52 3.44 3.40 3.29 1.59 -0.30
(d, 2H) (d, 2H) (d, 2H) (d, 2H) d, 2H) (d, 2H)
[13. 6] [13.6] [13.61 [13.6] [1361 [13.6]
Calix (-Bunl 1.20 1.26 1.26 1.22 0. 94 0. 87
(s, 36H) (s, 36H) (s, 9H) (s, 27H) (s, 18H) (s, 18H)

a) Error limits: 8, £ 0.01 ppm; J, + 1 Hz

8
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protons of the symmetricaly substituted H,TTP. The eight B-pyrrole proton
resonances of [Zn(p-calix)TriTP] (see: Fig. 6. 3) ad [Zn(m-calix)TriTP]
also resonate as amultiplet at 8. 85 and 8. 97 ppm, respectively. Phenyl protons
of the meso-tolyl groups of these isomeric free-base and zinc(ll) conjugates
resonate between 8. 19 - 7. 87 ppm (protons o- to the porphyin ring) and
between 7. 70 - 7. 46 ppm (protons m- to porphyrin ring), as expected.
Similarly, the methyl groups of [Ha/Zn(p, m-calix)TriTP] resonate as a singlet
in the aliphatic region between 2. 69 - 2. 72 ppm, quite close to the methyl
group resonance positions of the control systems, viz. HyTTP/[(TTP)Zn"].
The spacer “O(CH,),-O- protons (protons ¢ and d, see: Fig. 6. 1 for proton
identification) appear as a pair of triplets in the 4. 89 - 4. 52 ppm range for
these p- and m- isomers. Due to the strong intramolecular hydrogen bonding,'
the calixarene subunit’s hydroxyl protons of the p- and m- isomers appear as
two separate singlets in the range 10. 32 - 10. 13 (protons &) ppm and 9. 57 - 9.
34 ppm (proton b) with the proton integration ratio of 1 : 2 in each case.
Aromatic protons of the porphyrin-bound calix[4]arene subunit resonate as four
separate singlets between 7. 18 and 7. 01 ppm for the p- isomers. The
corresponding protons of the m- analogues resonate as three singlets in the ratio
of 1: 2: 1 between 7. 09 and 6. 92 ppm. However, methylene protons on the
calixarene subunits resonate as 'two pairs of doublets' between 4. 64 - 3. 29
ppm for both p- and m- isomers with the geminal coupling constant of 13. 6

Hz. in each case. This observation is suggestive of the fact that the



184

calix[4]arene ring is present in its partial cone conformation in these isomeric

conjugates.’ Finally, the tert-butyl groups of each calixarene subunit resonate

intheregion 1. 26 - 1. 15 ppm, as expected.

The 'H NMR spectra of both the free-base and zinc(ll) derivatives of

the o- analogues showed several interesting features, as detailed below:

0]

(if)

(iii)

The p-pyrrole protons of [H2(o-calix)TriTP] resonate as a multiplet
(8. 77 ppm, m, 8H), as is the case with the corresponding p- and m-
analogues. On the other hand, resonances due to P-pyrrole protons
of [Zn(o-calix)TriTP] (see: Fig.6. 3(B)) are split and appear at 9.
01 (m, 6H), 8. 86 (d, 1H) and 8. 74 (d, 1H) ppm, unlike the case
with the corresponding proton resonances of [Zn(p, m-calix)TriTP]
that appear as a single set of multiplet (see: Fig.6. 3(A)).

The spacer “O(CH,),-O- protons (protons ¢ and d) of [Ha/Zn(o-
calix)TriTP] are shifted upfield, compared to the resonance
positions of protons ¢ and d of the corresponding p- and m-
analogues, and appear between 4. 48 and 3. 61 ppm as a pair of
triplets.

More dramatic upfield shifts are noticed for the calixarene's
hydroxyl protons of both these o- derivatives in comparison with
those of the p- and m- analogues. While the resonances due to
hydroxyl protons a and b for [H2(o-calix)TriTP] appear as closely
separated singlets at 9.62 (s, 2H) and 9.61 ppm (s, 1H) respectively,
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those of [Zn(o-calix)TriTP] are more severely shielded and
resonate at 5.69 (s, 2H) and 5.47 (s, 1H) ppm, respectively.

(iv)  As far as resonances due to protons on the calix[4]arene rings are
concerned, the aromatic protons of these o-isomers resonate as four
separate singlets between 6. 84 and 5. 96 ppm, shifted upfield in
comparison with the corresponding protons of the p- and m- isomers
that resonate in the region 7. 18 - 6. 92 ppm. Similarly, the
methylene protons are aso shifted upfield and appear as two pairs
of doublets for both the free-base (3. 72 - 2. 37 ppm) and the
zinc(I1) (3. 48 - -0. 30 ppm) derivatives, with the geminal coupling
constant of 13. 6 Hz in each case. Thus, as is the case with
[Hz/Zn(p, m -calix)TriTP], the calix[4]arene subunit is present in a

partial cone conformation in these o- isomers.*

The "H NMR spectral data presented above reveals that there is a close
proximity between the calixarene and porphyrin subunits in [Ha(o-
calix)TriTP] and [Zn(o-calix)TriTP]; the latter conjugate showing porphyrin
ring-current induced,”’ dramatic differences in the resonance positions of
various protons in comparison with its p- or m- analogues. Specifically,
observations that resonances due to the calix[4]arene's aryl, methylene and,
more importantly, the hydroxyl protons are shielded in [Zn(o-calix)TriTP] are
in conformity with the UV-visible data presented above for this conjugate.
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Thus, close proximity of the two subunits in [Zn(o-calix)TriTP] can lead to an
intramolecular coordination between zinc(ll) center of the porphyrin and
hydroxyl group of the calix[4]arene moiety. The multiplet pattern observed for
the B-pyrrole resonances of this zinc(l1) isomer is also consistent with the axial
coordination at the metal center that renders the local porphyrin structure quite
‘asymmetric'. Finally, intramolecular n-n interaction between the porphyrin
and calixarene subunits can explain the less dramatic shielding effects observed

for the various protons on [H2(o-calix)TriTP].

Interestingly, except for a margina broadening of the peaks, resonances
due to hydroxyl protons of the calixarene subunit of each P-Calix conjugate
investigated here were found to be insensitive to the presence of even excess
BQ during the 'H NMR titration experiments carried out under the present set
of experimental conditions (200 MHz, CDCl;). This observation is in contrast
with the behavior of the previously reported P-Calix compounds wherein it
was possible to estimate the binding constant for the calixarene-quinone
interaction by monitoring the calixarene hydroxyl protons. The BQ binding
constants for the present series of isomeric P-Calix systems could, however, be
obtained by the time-resolved fluorescence method as will be discussed in a
later section of this Chapter.

Table 6. 3 summarizes redox potential data of the P-Claix conjugates

aong with the data of their constituent components, as obtained from the
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differentil  pulse voltammetric experiments. Fig. 6. 4 illustrates a

representative differential pulse voltammogram. Each investigated porphyrin

Table 6. 3 Redox potential data of P-Calix conjugates (CH,Clp, 0. 1 M TBAP)?

Potential, V vs. SCE AGeer
Compound (eV)
Reduction Oxidation
Calix-(CH,),Br - 133
H,TTP -1.24,-1.53 0.97, 1.21
(TTP)Zn"] -1.40,-1.79 0.74, 1.032
BQ -0.46
[Hy(p-calix)TriTP] -1. 15 0.94, 1.33° -054
[H(m-calix)TriTP] -1. 19 0.93,1.31° -0.55
[H;(0-calix)TriTP] -1, 17 0.90, 1.33° -0.58
[Zn(p-calix) TriTP] -1.37,-1.75 0.75, 1.06, 1.39° -0.86
[Zn(m-calix)TriTP] -1.39.-1.74 0.77,1.07, 1.38° -0.84
[Zn(o-calix)TriTP] -1.39.-1.78 | 0.76, 1.09, 1.39° -0.85

a) Error limits: E)5,= 0. 03 V
b) Quasi-reversible/irreversible



09 00 -09 -18
Potential (V vs. SCE)

Fig. 6. 4 Differential pulse voltammogram of [Zn(o-calix)TriTP] in CH,Cla

0.1 M TBAP (scanrate= 10 mV s™).
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was found to undergo up to two successive reduction reactions and up to three
successive oxidation reactions in CH,Clp, 0. 1 M TBAP. Wave-analysis of the
corresponding cyclic voltammetric responses suggested that the two reduction-

and also the first oxidation steps are al reversible (i /i =0.9- 1.0wherei is

the peak current) and diffusion controlled (i /v = constant in the scan rate (v
) range 50 - 500 mV s™') one-electron transfer (AEp = 60-70 mV where AE, is
the peak-to-peak potential difference; AE, = 65 £ 3 mV for Fc /Fc couple)
reactions.’ On the other hand, the second and the third oxidation steps of these
complexes are found to be either quasi-reversible (AEp = 90 - 200 mV and
ipc/ipa = 0.5 - 0.8 in the scan rate 100 - 500 mV s™) or totally irreversible. Thus,
the zinc(l1) conjugates showed two anodic responses, one between 0. 75 and O.
77 V and the other between 1. 06 and 1. 09 V, corresponding to first and second
one-electron abstractions from the porphyrin moiety, respectively. These
oxidation peaks are close to those of [(TTP)Zn"]. The third, irreversible
voltammetric response seen at +1. 39 V can thus be attributed to oxidation of
the appended calix[4]arene subunit. During the cathodic scan, these zinc(l1)
porphyrins showed two reversible peaks (-1. 38+0. 01 V and ~ -1. 76 V)
corresponding to successive one-electron additions to the porphyin ring. In the
case of free-base analogues, each compound showed only one cathodic and two
anodic responses under our experimental conditions. Based on the data of

H,TTP, the first anodic (0. 90 - 0. 94 V) and the first cathodic (-1. 15--1. 19
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V) responses are ascribed to one-electron addition and one-electron abstraction
reactions involving the porphyrin ring. The peak appearing at ~ 1. 32 V, in each
case, is found to be irreversible and, in addition, showed higher current values
in comparison with the corresponding first one-electron oxidation responses.
This observation and the fact that phenolic groups of the calix[4]arene subunit
in the zinc(Il) systems discussed above are oxidized at +1. 39 V, together
suggest that the second oxidation responses seen at ~ 1. 32 V for the free-base
P-Calix derivatives represent simultaneous electron abstractions from the
porphyrin and calixarene moieties. Finally, BQ could be reduced at —0. 46 V
under the similar set of experimental conditions employed to probe redox

characteristics of the P-Calix conjugates.

6. 3. 3 Singlet state properties

When excited at 530 nm in CH,Cl, or H;O/THF (9:1, v/v) medium,
steady state fluorescence spectrum of each isomeric P-Calix conjugate showed
two emission bands. These bands are located at 656+2 and 718+2 nm for the
free-base conjugates and at 610+2 and 656+2 nm for the zinc(l1) conjugates in
CH,Cl,. The corresponding bands in HyO/THF (9:1, v/v) medium are at
656+2 and 718+2 nm (free-bases) and at 606x2 and 657+2 nm (zinc(ll)
conjugates) respectively. The singlet state energies (Egp), estimated by
overlapping the absorption and fluorescence spectra, are 1. 91+0. 01 and 2.

00+0. 01 eV for the p-, m- and O- isomers of the free-base and zinc(Il)
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conjugates, respectively. The fluorescence quantum yields (¢) of p-, m- and o-
isomers of the free-base and zinc(11) derivatives are (+10%): 0. 098, 0. 103 and
0. 089 (free-base) and 0. 030, 0. 030 and 0. 027 (zinc(II) porphyrins),
respectively. Thus, the wavelengths of maximum emission (Aem), Singlet state
energies and ¢ values of these isomeric free-base and zinc(ll) conjugates are
close to those of the reference porphyrins, viz H;TTP and [(TTP)Zn"}.
Excitation at 290 nm (predominantly calixarene absorption band) did not show
any fluorescence in the UV region suggesting that the linked calixarene subunit
of these conjugates is photochemically inactive under the present set of
experimental conditions.

Quenching of porphyrin fluorescence by quinone under intermolecular
situations and also in covalently linked intramolecular porphyrin-quinone
compounds is long known in the literature.*>> Both steady state and time-
resolved emission/absorption studies have confirmed that electron transfer from
the photoexcited porphyrin to the quinone is mainly responsible for this
quenching.>™ 323° By using a variety of covalently linked porphyrin-quinone
dyads, the optimal D - A distance and mutual orientation factors for realizing an
efficient electron transfer have been evaluated by several research groups. On
the other hand, relatively few such studies have been carried out using non-

36-48

covalent porphyrin-quinone complexes. The series of isomeric P-Calix

systems being investigated here provide an opportunity to evaluate the
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geometric details of supramolecular PET reactions between porphyrin donor
and calixarene-bound quinone acceptor.

Binding of BQ by the calixarene host via H-bonding interaction in
apolar solvents like CH,Cl, and via encapsulation (mediated by mt-n interaction)
in water rich media (H2O/THF) has been established earlier.2*'? |t is reasonable
to expect the same interactions to be prevalent in our P-Calix compounds in the
presence of added BQ. As far as thermodynamics of the PET reaction between
the singlet porphyrin and BQ is concerned, free energy change for this reaction
(AGpgr) can be calculated based on the Eg.g and redox potential data, equn.6. 1.

AGper = Eia(0x) - Eiz (red) - Eooo 6. 1)

where En (0x) and Ej, (red) are the first oxidation potential of the porphyrin
and the reduction potential of BQ, respectively. These calculations have been
carried out using the data on each new P-Calix conjugate investigated in this
study and reveal that the PET reactions between the porphyrin singlet and BQ
are exoergic by 0. 56+0. 02 and 0. 85+ 0. 01 eV for the free-base and zinc(l1)
P-Calix derivatives, respectively (see: Table 6. 3). In what follows now, details
of supramolecular PET reactions occurring between the porphyrin and quinone
moieties, as revealed by the steady state and time-resolved fluorescence studies
in CH,Cl, and H,O/THF (9:1, v/v) environments, are described.
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In the steady state experiments, fluorescence due to HLTTP and
[(TTP)Zn ] (Aexe =530 nm) were found to be quenched upon successive
addition of BQ in both CH,Cl, and H,O/THF (9:1, v/v) media. The quenching
data was analyzed using Stern-Volmer equation, equn.6. 2.%°

1o/ = 1+Ksv[BQ] (6.2)

where Ip and | represent emission intensities of the porphyrin in the absence and
the presence of BQ respectively, and Ksv is the Stern-Volmer quenching
constant. Ksv is equal to product of the bimolecular quenching constant, kg, and
the exited state lifetime, t, of the donor porphyrin in the absence of any added
quencher. The lifetimes of H,TTP and [(TTP)Zn"] in CH,Cl, and H,O/THF
(9:1, viv) are obtained by the time-resolved single photon counting technique
(see: Table 6. 4). The caculated kq values for the bimolecular reactions
involving H,TTP and [(TTP)Zn"], determined from slopes of the
corresponding Stern-Volmer plots, range between 4. 01 - 8 . 25 x 10°M™'s™? (+
10%) and are close to those expected for diffusion controlled process.

In the case of isomeric P-Calix conjugates, Stern-Volmer plots for the
quenching by BQ are found to show upward curvature in each case,
irrespective of the presence/absence of the zinc(I1) ion in the porphyrin crevice
or the solvent system employed for the experiments. A representative example

is provided in Fig.6. 5 (inset) which clearly illustrates an upward curvature for
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Fig. 6. 5 Fluorescence spectra (Aexc = 530 nm) of [Hy(p-calix)TriTP] in the
absence (top curve) and presence of increasing concentrations of BQ
(subsequent curves) in HyO/THF (9 : 1, v/v). Inset shows Stern-Volmer plots
for the quenching of [Ha(p-calix)TriTP] () and [H.TTP](e) by BQ.
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the [Ha(p-calix)TriTP] - BQ titration in the HO/THF (9:1, v/v) medium.
Such an upward curvature is suggestive of the fact that fluorescence quenching
process involves both static and dynamic processes®® Thus, the singlet
porphyrin in these isomeric P-Calix conjugates is quenched, in part, by 'intra-
complex’ electron transfer involving the complexed quinone, as shown in

equn.6. 3.
_ kelQ] .
g7 —> (FQ )
Nclm (6.3)
hv fluorescent

hv

F + Q == FQ

Time-resolved fluorescence studies provide further support for the
above scheme. First, control systems H,TTP and [(TTP)Zn"] were examined
in dry CH,Cl,, and THF/H,O by exciting the sample at 575 nm and monitoring
the decay at 650 nm. In the absence of added BQ, singlet state decays of these
species were found to be monoexponential. When BQ was added to the above
solutions (0 - 6 x 10 M), the fluorescence decay profile remained
monoexponontial. However, it showed a decreased dynamic lifetime as would

be expected for a concentration dependant bimolecular quenching process. The
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kq values estimated by the Stern-Volmer treatment (2. 11 - 5. 67 x 10° M™" s™)
are close to those obtained by the steady state method (vide supra)

When the experiments were carried out with the isomeric P-Calix
systems in the absence of BQ under identical conditions to those employed for
the control systems in CH,Cl,, fluorescence decay of each system was found to
follow a first order kinetics with lifetimes (TO) ranging between 7. 45 - 7. 68 ns
and 1. 55 - 1. 58 ns for the free-base and zinc(ll) analogues, respectively
(Table 6. 4). The corresponding values in THF/H,0 are 6. 76 - 6. 82 nsand 1.
45 - 1. 48 ns, respectively. These 1o values are close to those of the
corresponding unlinked compounds, H,TTP and [(TTP)Zn"] (see: Table 6. 4).
Addition of BQ to each P-Calix conjugate dissolved in either CHxCly or
THF/H20, however, resulted in a decay profile which could be best analyzed in
terms of two components, a long lived component with a concentration
dependence (t;) and a short lived component with a constant lifetime (t2). This
fact is illustrated in Fig. 6. 6 for [Zn(o-calix)TriTP]. The decay profiles were
analyzed using equn. 6. 4.

If (t) = A, exp (-t/11) + Az exp (-t/13) (6. 4)
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Table 6. 4 Data obtained from time-resolved fluorescence studies with P-Calix

conjugates.”

Life time

Compound to PET K
My | (9 | (9 s) | 01

H,TTP-CH,Cl, 812 | 115 -

[(TTP)Zn"}-CH,CL, 161 | 0.71 R -
[H,(p-calix) TriTP]-CH,Cl, 7.68 | 103 | 092 0.96 15.0
[H,(m-calix)TriTP]-CH,Cl, 7.52 | 0.93 | 0.87 1.02 13.8
[H,(o-calix)TriTP}-CH,Cl, 7.45 110 075 119 16.2
[Zn(p-calix) TriTP]-CH,Cl, 158 | 0.74 | 061 1.01 13.2
{Zn(m-calix)TriTP]-CH,Cl, 15 | 0.78 | 057 11 134
[Zn(o-calix)TriTP]-CH,CI, 1.55 0.68 | 043 1.68 15.2

H,TTP- H,O/THF 6. 93 118 - - -

[(TTP)Zn"I- H,O/ THF 149 | 089 - - -
[H,(p-calix)TriTP]- H,O/THF | 6 82 | 112 | 058 157 15.7
{H,(m-calix)TriTP}- H,O/THF | 6.75 123 | 051 181 14.9
[H,(0-calix)TriTP}- H,O/THF | 6 76 | 108 | 045 2.04 15.0
[Zn(p-calix)TriTP]- HO/THF | 148 | 084 | 027 2.95 12.3
[Zn(m-calix)TriTP]- H,O/THF | 1 47 088 | 023 3 52 16.1
[Zn(o-calix)TriTP}- H,O/THF | 1 45 079 | 0.19 4 52 17.1

a) Error limits: T and kpgr, £10%; K, £5%
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Fig. 6. 6 Time-resloved emission decays (Aexc =575 nm, Aem = 650 nm) of
[Zn(o-calix)TriTP] at (a) 0, (b) 3 x 102 and (c) 6 x 102 M of BQ in CHCh.
While trace a follows a monoexponential decay, traces b and ¢ could be best fit
to a biexponential decay function. Inset shows a plot of ratio of the fractional
amplitudes Az/A; vs. [BQ] in CHyCl,, as derived from the time-resolved

Time (ns)

emission titration of [Zn(o-calix)TriTP] with BQ.
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where A's refer to the fractional amplitudes. The lifetimes of both the long and
short lived components obtained at the end of the titration are summarized in
Table 6. 4.

It is seen that fractional amplitude of the short lived component (Az)
increases from 0 to 47% as the BQ concentration is increased from 0 to 6 x 107
M, (see: Fig. 6. 6 inset). In spite of this increase in the fractional amplitude, life
time (t2) of this short lived component remained essentially unchanged.
However, it could be eliminated by adding methanol (~ 5%) to the original
CH,Cl, solution. Under these conditions, fluorescence decay profiles of the
isomeric supramolecular complexes in CH,Cl; could be analyzed in terms of
single exponentials even in the presence of BQ. In contrast to this, addition of
5% methanol to THF/H20 solutions containing a given P-Calix conjugate and
BQ did not affect the decay profile; the profile remained essentially
biexponential.

As far as the longer lived component (t;) is concerned, not only its life
time but also the fractional amplitude was observed to decrease as the
concentration of BQ is increased in both CH,Cl, and THF/H20. The decrease
isintherangeof 7. 68 nsto 1. 10 nsand 1. 58 nsto 0. 68 ns respectively, for
the isomeric free-base and zinc(ll) conjugates in CH,Cl,. In the case of
THF/H,0, the decrease is from 6. 82to 1. 08 ns and from 1. 48 nsto 0. 79 ns,

respectively. The above decrease in the lifetime is similar to that seen during
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the titrations that involve the corresponding control systems, viz.
H,TTP/[(TTP)Zn"] vs. BQ.

The above results can be interpreted by invoking two different
quenching pathways operating in the P-Calix conjugates in the presence of
BQ: (i) The first mechanism involves an unidirectional electron transfer from
the singlet porphyrin to calixarene-bound BQ within the supramolecular
ensemble (short lived component), as illustrated in Fig. 6. 7. Note in this figure
that PET is from the porphyrin singlet to BQ that is encapsulated within the
calixarene in THF/H,O medium and it is from the porphyrin singlet to BQ that
is H-bonded to the hydroxyl groups of the calixarene in CH,Cl,. (ii) The second
quenching mechanism involves deactivation of the uncomplexed P-calix via
intermolecular PET that is limited by diffusion (long lived component).

In as much as the above interpretation is correct, the rate constant for
the ‘intra-complex’ electron transfer (kper) and the binding constant for the
interaction of BQ with the calixarene (K)*® can be derived using equns. 6. 5 and

6. 6, respectively.

kp;;—rz l/‘tz—— 1/10 (6~ 5)

K= Ay/A; [BQ] (6. 6)
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PET

hv 0-..

(B)

Fig. 6. 7 'Intra-complex' PET for the P-Calix conjugatesin (A) polar and (B)
apolar media.
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Table 6. 4 summarizes the kper and K values for al the free-base and zinc(Il)

derivatives of the isomeric conjugates in CH,Cl, and THF/H,O. Inspection of

the data given in Table 6. 4 reveals the following:

0

(if)

(iii)

The electron transfer process is invariably faster in the zinc(Il)
isomers compared to the corresponding free-base systems
irrespective of the nature of the isomer (i.e. o-, m- or p-) and also
the solvent medium. This observation can be interpreted in terms of
the higher exoergicity for the PET reactions in the case of zinc(l)
isomers compared to the free-base systems (see: Table 6. 3)

PET rate for a given isomeric P-Calix conjugate is invariably faster
in THF/H20 than it is in CH,Cl,. This observation is consistent with
the higher dielectric constant of THF/H,O (78. 45)°7 - amedium in
which the electron transfer is expected to be more facile than it isin
the solvents having low dielectric constant such as CH,Cl; (0. 89).
58,59

In general, kper values follow the order o- > m- > p-, irrespective of
the presence/absence of the zinc(Il) ion in the porphyrin crevice and
the solvent medium employed for the study. Although not quite
dramatic, the consistency observed in the variation of the kpgr with
respect to site of attachment of the calixarene to the porphyrin
suggests that the supramolecular PET in these P-Calix conjugates is

dependent on the distance and orientation between the donor and
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acceptor species as is the case with comparable covalently linked
porphyrin-quinone systems.® %3 Structure minimization studies
reveal that the center-to-center distance (r) between the porphyrin
and the calixarene subunits in these conjugates vary as (+0. 3 A): 8.
17A (0)<10.40 A (m-) <12 02 A (p-). A plot of In(kpgr)
vs. r, illustrated in Fig.6. 8, for the zinc(ll)porphyrin isomeric series
is consistent with the exponential dependence of the PET rate with

the D-A distance.®

Finaly, K values for the binding of BQ with the calixarene,
calculated using the fractional amplitude data, are found to be low
(15+2 M) compared to those for the previously investigated P-
calix - BQ conjugates (20 - 70 M"), %2 but are nearly identical to

one another amongst these isomeric complexes in both the
investigated solvent media. Moreover, these values are insensitive
to the presence/absence of the zinc(ll) ion in the porphyrin; nor do
they differ with respect to site of attachment of the calixarene to the
porphyrin. Thus, the coordinative/n-n interaction between the
calixarene and porphyrin subunits in the ground states of o- linked
P-Calix conjugates, as evidenced by the UV-visible and H NMR
results discussed above, does not seem to play a significant role in

the singlet state dynamics of these isomers.
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Fig. 6. 8 Plot of INn(kpET)vs. r(A®) for [Zn(o,m,p-calix)TriTP}.
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6. 4 Summary

In summary, the present investigation demonstrates the formation of D-
A complexes via supramolecular contact between the host P-Calix conjugate
and the guest quinone. The supramolecular contact involves H-bonding in the
apolar medium and n-n interaction induced by encapsulation of BQ inside the
calixarene cavity in the agueous medium. Steady state and time-resolved
fluorescence studies reveal that both dynamic and static quenching mechanisms
are involved in the quenching of singlet porphyrin by BQ. The static quenching
mechanism has been attributed to an ‘intra-complex’ electron transfer occurring
between the singlet porphyrin and the ‘complexed’ BQ. The efficiency of this
'intra-complex’ electron transfer is found to be higher in the presence of
zinc(Il) ion in the porphyrin crevice, more polar solvent medium and shorter

distance between the donor and acceptor subunits.
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CHAPTER7

Conclusions

The common genesis of the various topics discussed in this thesis is the
knowledge that "photochemically active porphyrin-based arrays and D-A
systems are of immense utility in a range of modern research areas'. Literature
on the recently reported photochemicaly active porphyrin arrays and D-A
systems, as relevant to the present thesis, has been reviewed in Chapter 1.
Results obtained during the present investigation that deal with the design,
synthesis, characterization and photochemical properties of new porphyrin
arrays and D-A systems derived from ‘axial’ or 'peripheral’ site substitution of
free-base, metallo- and metalloid porphyrins are reported in Chapters 3, 4, 5 and
6.

7.1 “Axial-bonding’ type porphyrin arrays

The majority of hither-to reported porphyrin arrays have been obtained
via cumbersome and often, low-yielding organic synthesis protocols involving
manipulation at either the B-pyrrole or the meso-phenyl position/s of the
monomers. On the other hand, relatively few studies have been carried out on
the so-called 'axial-bonding' type systems. In addition, less attention seems to
have been paid towards the construction of functionaly active, hybrid

(unsymmetrical) systems.
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During the course of the present set of investigations, it was noticed that
bis-axially ligated, six co-ordinate metalloid porphyrins have been conveniently
employed for the synthesis of ‘vertically linked' porphyrin trimers and D-A
systems.™® Further realization that it should be possible to synthesize more
elaborate hybrid-type arrays by utilizing the reactivities at both the peripheral
and axial sites of a metalloid porphyrin species guided the construction of new a
nonameric array (Hz)¢Snz. Details of design, synthesis, spectroscopy,
electrochemistry and singlet state activity of this 'axial-bonding' type hybrid
porphyrin array are discussed in Chapter 3 of this thesis. In doing so, the
characteristic features of (H2)¢Smz have been compared with those of its
structural predecessors, viz. (H2)4Sn; and (Hz),Sn.

Each synthetic step involved during the construction of (Hz)eSmz is
straightforward and provides good yields of the desired products in pure form. It
should, however, be noted that synthesis of an 'all free-base’ homologue is
clearly outside the scope of this approach. The ground state spectroscopic and
redox data of (H2)¢Sn3, as probed by the UV-visible, 'HNMR and differential
pulse voltammetric techniques, collectively indicate that there exists minimum
interaction between m-planes of the constituent monomeric porphyrins in this
‘axial-bonding' type array. Thus, an architecture involving a symmetric but, a
non-parallel disposition of the two axial porphyrins with respect to plane of the
central porphyrin is appropriate for this nonamer. Analysis of the emission and

excitation spectral data suggested that an electronic energy transfer (EET) from
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the central tin(IV) porphyrin to the axial free-base as well as the photoinduced
electron transfer (PET) from axial free-base (ground state) to the singlet state of
the central porphyrin occur in this nonamer. It is interesting that the EET
reactions of (H2)¢Sn3 and (H2)4Sn> are more efficient than the corresponding
reaction reported for (H,),Sn.'? The reason/s for the efficient EET observed for
the higher homologues compared to the trimer in this class of 'axial-bonding'
type hybrid arrays is still unclear. However, it should be noted that the number
of acceptors (i. e. free-base porphyrins) in the neighborhood of a given donor
(i. e. tin(IV) porphyrin) increases as one moves from the lower homologue to the
higher D-A ensembles in this series.

The 'axial-bonding' dstrategy for building porphyrin arrays has been
extended to the next Chapter. Here, a bimetallic trimer (Ru);Sn has been sdf-
assembled utilizing the hard and soft acid-base (HSAB) principle. The HSAB
principle has been employed earlier for the construction of multimetallic
porphyrin arrays but, the process of generating the monomeric species, in itsalf,
involved cumbersome organic reaction sequences and required the availability of
complex 'tailor made' porphyrin monomers.* The results discussed in Chapter 4
clearly demonstrate that (Ru);Sn can be conveniently self-assembled by using
complementary binding properties of the readily available ruthenium(ll)- and
tin(lV) porphyrins with a ditopic ligand (pyridine-4-carboxylic acid). In
accordance with general principles of the self-assembly process, it was possible

to achieve the synthesis of (Ru);Sn in near quantitative yields by both 'step-
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wise' and 'one-pot' methods. An interesting aspect noticed during this study is
that [(DTPP)Ru'(CO)(Py)] - the ruthenium(ll) precursor used for the
construction of this array - exists, in the solid state, as a 'benzoic acid' type
dimer. It is reasonable to expect the same dimeric nature to be retained in apolar
CH,Cl; medium for this compound. The construction of (Ru);Sn achieved in
CH,Cl; solutions can thus be conceived to proceed with the breaking of these
weak H-bonds prior to the competing strong 'Sn - O’ interaction.

As is the case with the 'axial-bonding' type nonameric array (Hz)¢Sn3
described in the previous Chapter, the spectroscopic and redox data of the trimer
(Ru);Sn are also found to be a superposition of those of its constituent
monomeric partners. The quenching of fluorescence due to the tin(1V) porphyrin
part of the trimer has been rationalized in terms of a PET from the axial

ruthenium(I1) porphyrin to the excited state of basal tin(1V) porphyrin.

7. 2 Non-covalently bound D-A conjugates

Two types of non-covalently bound D-A conjugates have been reported
in this thesis: (i) a porphyrin-calix[4]diquinone conjugate (Chapter 5) and (ii) a
series of isomeric, free-base and zinc(ll) derivatives of P-Calix conjugates
(Chapter 6). While the construction of porphyrin-calix[4]diquinone conjugate
relies on the 'axial-bonding' theme employed in Chapters 3 and 4, the P-Calix
conjugates, in each of which a calix[4]arene subunit is connected at the

peripheral position of the porphyrin, are obtained by employing the long-
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established 'all organic' approach. An additiona difference between these two
types of D-A conjugates is that while the acceptor (i.e. the diquinone) is an
integral part of the assembly in the porphyrin-calix[4]diquinone system, the P-
Calix conjugates, can, at best, be termed as the 'pre D-A systems. This is
because generation of a truly, non-covalently bound D-A system is
accomplished here only upon addition of BQ to solutions containing P-Calix
conjugates and the subsequent H-bonding/encapsulation of BQ with the
calix[4]arene part of these systems. In any case, the photophysical results
obtained in both these D-A systems were found to be interesting and could be
explained in terms of the well-known '(porphyrin) = quinone PET process in
each case.

The porphyrin-calix[4]diquinone system described in Chapter 5 has been
assembled via axial coordination of {(TTP)Zn"] with calix[4]diquinone bearing
a pendant pyridine as the coordinating ligand. The new pyridine ligand cyclo-25,
27-diethyoxy 26,28-calix[4]diquinone 3,5- pyridine dicarboxylate (CalixQ-py)
has been synthesized in three steps in moderate yield. UV-visible, 'H NMR and
electrochemical titration studies revealed the formation of a stable complex
between [(TTP)Zn"] and Calix-py / CalixQ-py. In the steady state and time-
resolved fluorescence studies, it was observed that fluorescence intensity and
lifetime of [(TTP)Zn"] are both drastically decreased upon successive addition
of CalixQ-py, but not Calix-py. The quenching of [('I‘TP)Zn"] fluorescence in
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the presence of CalixQ-py has been attributed to a PET from the singlet
[(TTP)Zn"] to the axially ligated calix[4]diquinone.

It should be noted here that the porphyrin-calix[4]diquinone assembly is
redly a D-A1-A2 (i.e. porphyrin-quinone;-quinone;) system and hence, there
exists a possibility of a sequential electron transfer in this triad (i. e. D-A1-A2 >
D*-Aj-A; > D™A[-A; > D™-A|-Ay). However, the steady state fluorescence
method employed here is inadequate to monitor this electron transfer chain.
Another interesting result to be noticed here is the observation that
K([(TTP)Zn"|™) / K([(TTP)Zn")) is ~ 250, as revealed by the electrochemical
data. This suggests that the reduced calix[4]diquinone does not dissociate itself
from the PET product, namely, [(TTP)Zn"}" - CalixQ-py"; instead, it is
expected to be more strongly bound at the zinc(I1) center in this state. At a first
glance, this analysis seems quite encouraging but then, note that stability of the
[(TTP)Zn"|" - CalixQ-py’ state has the potentia in it to enhance the
possibility of the so-called reverse electron transfer (charge recombination). It is
thus instructive to construct a D-A system in which the porphyrin™ -
Quencher state can be photogenerated. As porphyrin™ is expected to binds the
extraneous ligands less strongly than the neutral porphyrin itsdf, charge
separation rather than the charge recombination is expected to be facilitated in

such a system leading to enhanced yield of the redox product.

The series of isomeric free-base and zinc(ll) derivatives of P-Calix

conjugates reported in Chapter 6 have been characterized by mass (MALDI-
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TOF), UV-visible, '"H NMR and fluorescence spectroscopic methods. During
these spectral characterizations, it was observed that, except for the o-isomers of
the free-base- and zinc(Il)porphyrin-calixarene conjugates (i. e [Hx(o-
caix)TriTP] and [Zn(o-calix)TriTP]), the data of all the P-Calix systems
investigated in this study are within the same range as those of their individual,
unlinked components. The red shifts in the UV-visible spectral bands and upfield
shifts in the '"H NMR resonances due to the appended calixarene subunits
observed for these o-isomers  have been interpreted in terms of either n-n
([H2(o-calix)TriTP]) or intramolecular coordination between zinc(ll) center of
the porphyrin and one of the three hydroxyl groups of the calix[4]arene moiety
(|Zn(o0-calix)TriTP]). All of the isomeric P-Calix conjugates can bind BQ via
hydrogen bonding in apolar (CH,Cl;) and through m-m interaction in polar
(H,O/THF, 9 : 1 v/v) media The results of steady state and time-resolved
fluorescence studies reveal that static as well as dynamic quenching processes
are involved in the quenching of fluorescence due to these conjugates by BQ in
both polar and apolar media. The quenching mechanism is attributed to an 'intra-
complex' PET from the singlet porphyin to the supramolecularly bound quinone
in each case. The rate of this PET is found to follow the order: 'o- > m- > p-'in
these P-Calix conjugates, as is the case with the analogous, covalently linked
porphyrin-quinone systems.®> Thus, the coordinative/n-n interaction between the

calixarene and porphyrin subunits in the ground states of o-linked P-Calix
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conjugates does not seem to play a significant role in the singlet state dynamics

of these isomers.

7. 3 Future scope

The present study has been helpful, to some extent, not only in
formulating strategies towards the design of new types of porphyrin arrays and
D-A systems but also in probing certain intricacies involved in the PET reactions
in these compounds. Notwithstanding this fact, an in-depth analysis of the results
described in various chapters of this thesis suggests that a ot more remains to be
done to generate more sophisticated D-A compound<sarrays and to arrive at a
better understanding of the EET and PET mechanisms. For example, more
elaborate photophysical experiments involving the time-resolved absorption and
fluorescence techniques can be carried out to learn more about the mechanistic
details of the PET and EET reactions occurring in these D-A systems. Axial-
bonding type, D-A systems based on metalloid porphyrins bearing rigid spacers
can be built and the intricacies involved in the PET and EET reactions occurring
in them can be compared with those of systems described in Chapters 3 and 4.
The experience gained in this study while working on various arrays and D-A
systems can be advantageously used for the construction of dendrimeric D-A
ensembles. Axial bonding type D-A systems having solubility in aqueous

environments can also be prepared.
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The results described in Chapters 5 and 6 provide some useful insights
into the design aspects of more appealing D-A systems such as, for example,
porphyrin - triazacalix[4]diquinone or porphyrin - calix[4]triquinone diads. The
triaza calix[4]diquinone class of receptors have the abillity to bind both anions
and transition meta ions. Thus porphyrin - triazacalix[4]diquinone type systems
can act as sensors for both anions and transition metal ions (amphiphilic sensor).
D-A1-A2-A3 type porphyrin - calix[4)triquinone systems (Fig. 7. 1), being able to
bind and sense alkali metal ions in their calix[4]triquinone subunits, are expected

form ideal candidates for studying multi-step PET reactions.

R

Fig. 7.1
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Table 1 Atomic coordinates (x 10% and equivalent isotropic displacement
parameters (A? x 10°) for [(DTPP)Ru“(CO)(Py)]. U(eq) is defined as one third

APPENDI XI

of the trace of the orthogonalized Uij tensor.

X-ray Crystallographic Data of [(DTPP)Ru"(CO)(Py)]

dom X y z U(eq)
Ru(l) 5372(1) 2125(1) 7619(1 25(1)
o (1) 9033(3) 1031(2) 5174(1) 51(2)
0(2) 9500(3) -313(2) 5643(1) 48(1)
0(3) 3559(3) 2851(3) 8494(1) 59(1)
N(1) 5770(3) 3282(2) 7454(1) 28(1)
N(2) 4334(3) 2613(2) 7067(1) 28(1)
N 5061(3) 936(2) 7748(1) 27(2)
N(4) 6485(2) 1610(2) 8137(1) 26(1)
<) 5309(3) 4028(3) 7122(2) 29(1)
C(5) 3091(3) 2742(3) 6536(2) 34(1)
C(10) 5098(4) -500(3) 8040(2) 37(2)
C(15) 7692(3) 1488(3) 8689(2) 33(1)
C(20) 5739(4) 4715(3) 7157(2) 37(2)
C(25) 2659(4) 6266(3) 6193(2) 46(1)
C(30) 1012(11) 6886(8) 6861(3) 76(1)
C(40) 2146(3) 782(3) 7236(2) 36(1)
C(50) 6001(3) 1032(3) 9167(2) 35(2)
C(60) 9629(5) 2838(5) 8208(3) 80(2)
C(70) 6398(5) 4516(5) 9811(3) 83(2)
C(75) 6630(3) 1578(2) 6944(1) 27(2)
C(80) 7957(3) 334(3) 6529(2) 34(1)
C(100) 3320(20) 3237(15) 1842(7) 83(2)
C(105) 3572(19) 1174(13) 3587(10) 83(2)
C(200) 3100(40) 3770(20) 1587(10) 83(2)
C(205) 3180(30) 1400(20) 3703(11) 88(2)
C(300) 3670(30) 8030(18) 6827(9) 83(2)
C(305) 3870(20) 5030(16) 8538(13) 88(2)
C(400) 3470(30) 8258(15) 6980(10) 88(2)
C(405) 3520(30) 4976(15) 8502(13) 88(2)
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Table 2 Anisotropic displacement  parameters (Ale 03) for
[(DTPP)Ru“(CO)(Py)]. The anisotropic displacement factor exponent takes
theform: -2n? [ h?a** Uy + .... + 2 hk a* b* Uy, ]

Atom Un, Uy, Us; Uy U Un
Ru(1) 25(1) 24(1) 23(1) -3(1) 0(1) 8(1)
0(1) 53(2) 51(2) 30(2) -9(1) 11(1) -4(2)
0(2) 44(2) 45(2) | 38(2) -10(2) 5(2) 3(2)
0(3) 43(2) 793) 39(2) -17(2) 1002) -4(2)
N(l) 27(2) 27(2) 28(2) -A(1) 02) -9(1)
N(2) 27(2) 27(2) 27(2) -5(1) 0(2) -7(1)
N(3) 26(2) 27(2) 28(2) -3(1) -1(1) -10(1)
N(4) 26(2) 27(2) 25(2) -3(2) -2(1) -8(1)
c() 31(2) 26(2) 28(2) -4(2) 102 -8(2)
C(5) 32(2) 38(2) 33(2) -3(2) -6(2) -11(2)
C(10) 43(2) 28(2) 40(2) 1(2) -8(2 -14(2)
C(15) 31(2) 36(2) 33(2) -4(2) -8(2) -11(2)
C(20) 42(2) 282 | 40(2) -2(2) -6(2) -11(2)
C(25) 50(3) 342 | 45(3) 42 -10(2) 72
C(30) 67(3) 453) | 4203 82 32 -25(3)
C@35) 29(2) 34(2) 38(2) -6(2) -5(2) -12(2)
C(40) 31(2) 36(2) 41(2) -6(2) -5(2) -12(2)
C(50) 33(2) 34(2) 35(2) -4(2) 02) -10(2)
0(60) 63(4) 72(4) 72(4) -15(3) 43) 14(3)
C(70) 59(4) 120(6) | 75(4) -58(4) 33) -20(4)
C(75) 37(3) 54(3) 66(3) -19(3) 52) -21(2)
C(80) 34(2) 27(2) 35(2) -6(2) 02 -5(2)
C(100) 52(2) 82(2) 48(2) -20(2) 12) -20(2)
C(105) 65(2) 48(2) | 45(2) -32) 6(2) -12(2)
C(200) 39(2) 29(2) 55(2) -6(2) 8(2) -2(2)
C(205) 49(2) 18(2) 58(2) 5(2) 72) -6(2)
C(300) 58(4) 28(2) 28(2) -7(2) 8(2) -9(2)
C(305) 68(4) 19(2) 38(2) -8(2) 72) -6(2)
C(400) 54(2) 29(2) 28(2) -6(2) 42) -5(2)
C(405) 53(2) 28(2) 33(2) -3(2) 2(2) -2(2)




Table 3 Bond length and Bond angles for [(DTPP)Ru"(CO)(Py)).

Bond Length (A)

Bond angle (deg)

Ru(1)-C(83) 1.839(4) C(83)-Ru(1)-NQ2) 90.84(15)
Ru()-N(2) 2.053(3) C(83)-Ru(1)-N(3) 91.40(16)
Ru()-N(3) 2.057(3) N(@)-Ru(1)-N(3) 90.63(13)
Ru(l)-N(4) 2.059(3) C(83)-Ru(1)-N(4) 92.47(15)
Ru(l)-N(1) 2.063(3) N(2)-Ru(1)-N(4) 176.69(12)
Ru(l)-N(5) 2.200(3) N(3)-Ru(1)}-N(4) 89.41(13)
0(1)-C(82) 1.274(5) C(83)-Ru(1)-N(1) 92.26(16)

O(1)-H(100) 0.8400 N()-Ru(1)}N(1) 89.66(13)
0(2)-C(82) 1.245(5) N(3)-Ru(l)-N(1) 176.32(12)
0(3)-C(83) 1.137(5) N(4)-Ru(1)-N(1) 90.09(13)
N(1)-C(18) 1.367(5) C(83)-Ru(1)-N(5) 176.79(15)
N()-C(1) 1377(5) | N@)-Ru()-N(5) 86.33(12)
N(2)-C(3) 1.372(5) N(3)-Ru(1}-N(5) 87.11(12)
N(2)-C(6) 1.378(5) N(4)-Ru(1)-N(5) 90.36(12)
N(3)-C(ll) 1.377(5) N(1)-Ru(l)-N(5) 89.25(12)
N(3)-C(8) 1379(5) | C(82)-O(1)-H(100) 109.5(12)
N(4)-C(13) 1.373(5) C(18)-N(1)-C(1) 107.03)
N(4)-C(16) 1.380(5) C(18)-N(1)-Ru(1) 126.1(3)
c()-C(2) 1.406(6) C(1)-N(1)-Ru(1) 1265(3)
C(10)-C(11) | 1.442(6) C(3)-N(2)-C(6) 107.3(3)
C(25)-C(26) 1.384(6) C(3)-N(@-Ru()) 126.9(3)
C(30)-H(30C) | 0.9800 C(6)-N(2)-Ru(1) 125.8(3)
C(50)-C(51) | 1.390(6) C(11)-N(3)-C(8) 107.3(3)
C(100)-C(101) | 1.469(10) |  C(11)-N(3)-Ru(l) 126.9(3)

C(105)-H(10N) | 0.9800 C(8)-N3)-Ru(l) 125.8(3)

C(200)-H(20B) | 0.9800 C(13)-N(4)-C(16) 107.2(3)

C(300)-H(30H) | 0.9800 C(13)-N(@)-Ru(l) 126.7(3)

C(350)-H(40A) | 0.9800 C(16)-N(4)-Ru(1) 125.9(3)

C(400)-H(40M) | 0.9800 N()-C(1)-C(2) 1255(4)

C(405)-H(40C) | 0.9800 N(1)-C(1)-C(20) 109.0(4)
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