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Summary

Summary

Corrole is a core modified porphyrin which has one carbon less than regular porphyrin macrocycle.
It is a tetrapyrrolic, trianionic unit and it contains direct pyrrole pyrrole bond which is almost similar
to the corrin ring of vitamin B2, but it is an 18x electrons aromatic system like the porphyrin ring.
As it has much more contracted core than porphyrin thus it can stabilize higher oxidation state of
metals. In recent years, it has been receiving major attention because of its superiority over porphyrin
in many applications. Various research group has already synthesized different corrole and
metallocorrole complexes and explored their interesting properties in different fields like catalysis,
sensing, medicinal chemistry specially cancer diagnosis and treatment, dye sensitized solar cell and
many more. Despite all these major contributions by various scientists worldwide, still there are
deficits in some areas which are not yet explored. Several challenging corrole based systems are
currently under intense investigation like corrole dimers. This thesis contains some of the less
explored area in corrole field. The first chapter is about the origin, various synthetic protocols and the
important applications of one of the most important porphyrin derivatives, corrole. The interesting
coordination chemistry of corrole including the synthesis of metal chelated corrole complexes,
spectral characterization and their applications in various fields for instance catalysis, sensing,
medicinal chemistry are also extensively discussed. In the second chapter, the reactivity of various
Grignard reagents with differently substituted As— and trans-A2B-corrolato Ag (I11) complexes have
been discussed. A series of reactions have been performed to establish the new demetalation protocol
for a range of different corrolato silver (111) complexes using three different Grignard reagents, methyl
magnesium chloride, methyl magnesium bromide and phenyl magnesium bromide. In case of methyl
magnesium chloride, complete conversion from corrolato silver (111) complex to free base corrole
occurs with 80% isolated yield. In the next chapter, we have discussed about the synthesis and
characterization of two A:B»-type ferrocenyl porphyrins (one new and other previously reported),

their novel copper complexes and silver complexes. During the silver complexation, corrolato Ag
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Summary

(111) complex is formed instead of silver porphyrin via ring contraction method and the yield is very
satisfactory (>80%). Composition and purity of the complexes are confirmed by elemental analyses,
'H NMR and *C NMR spectroscopy, ESI mass spectrometry and X-ray crystallography. In-situ NMR
experiments clearly demonstrate the ring contraction and silver chelation process. GC-EIMS
experiments suggests the course of the reaction through identification of a key ferrocenyl moiety from
the starting FB porphyrin ligand. In another chapter, we have synthesized and characterized three new
bis(corrolato-ruthenium(l11)) complexes containing metal metal triple bonds. To establish the redox
state distribution a series of UV-Vis-NIR/EPR Spectroelectrochemical study and DFT calculations
have been performed. The mean plane separation between two corrole units of this dimer is ~3.543A
(from X-ray data) and this distance is in close agreement with that of the ‘special pairs’ in chlorophyll.
The one-electron oxidized forms of these dimers show charge transfer transition between the Ru metal
centre and the corrole ligands, which appear in the NIR region. The appearance of two NIR bands at
1064 nm (LMCT type) and 2315 nm (ILCT type) on oxidation resembles nicely with the original
bands of the radical cations of the photosynthetic ‘special pair’ (1250 nm and 3846 nm). In the last
chapter, a new f,4°(3,3”)-linked bis{corrolato-silver(I11)} complex is synthesized by following the
silver metalation method. Corresponding FB corrole dimer was reported previously by Osuka et al.
The desired silver complex is confirmed by elemental analyses, *H/*°*F-NMR spectroscopy, ESI mass
spectrometry and X-ray crystallography. We have characterized this dimeric silver corrole in five
different oxidation states by using combined electrochemistry, spectroelectrochemistry and DFT

calculations.
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103.  Figure 5.12: CV of 1 in DCM solvent/0.1 M NBusBPFs measured using 142
glassy carbon working electrode using 100 mVs™ scan rate

104.  Figure 5.13: Comparison of CV of 1 measured with different electrolytes. 142
For comparative reasons the current has been normalized to unity

105.  Figure 5.14: Cyclic voltammograms (black) and differential pulse 143
voltammogram (red) of 1 in dichloromethane. The potentials are vs.
Ag/AgCI

106.  Figure 5.15: DPV of 1 in CH.Cl2/0.1 M NBusBArF24 measured with a 144
glassy carbon working electrode

107.  Figure 5.16: X-band EPR spectrum of a) (1) and b) (1)*" generated 144
by in-situ electrolysis at 298 K in CH.Cl,/0.1 M NBusBArF24

108.  Figure 5.17: Electron paramagnetic resonance spectrum of electro- 145
chemically generated 1" recorded in CH2Cl>/0.1 M NBusBArF24 at
-0.65 V vs Ag-wire pseudoreference electrode. Experimental details:
Accumulation of 16 scans, 20 s sweep time,0.2 mT modulation, 100
kHz modulation frequency, 10 mW microwave power, 298 K, microwave
frequency: 9.46 GHz. Experiment: black, simulation: red
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1.1 Introduction:

Ever since the origin of civilization, human being has wondered about the life on earth and always
tried to decode and imitate the naturally occurring systems and processes. Due to these continuous
searching, several discoveries have enhanced our knowledge about the natural elements. Life on earth
mostly depends on one of the most important natural occurring process named photosynthesis. For
this process, chlorophyll, 1 (Figure 1.1)! is the primary pigment. It is a green coloured pigment which
gives leaves their green colour. Through photosynthesis light energy is converted into chemical
energy with the help of carbon dioxide (CO2) and water (H20). As a by-product, glucose (CsH120¢)
is formed and oxygen (O.) gas is liberated. Photosynthesis produce and conserve the oxygen
quantity in the atmosphere and provide all the necessary minerals and most of the energy necessary
for life on Earth. Basic structure of the chlorophyll molecule contain porphyrin ring, 4 (Figure 1.1)?
as the core moiety coordinating with a magnesium atom in centre. This core structure is almost
identical with heme group found in haemoglobin, 2 (Figure 1.1)* which is an oxygen carrying pigment
in red blood cell. But in case of heme, porphyrin ring coordinate with an iron metal. Another
porphyrin containing natural ingredient is cytochrome P450, 3 (Figure 1.1). It consists of the similar
structure like heme with one cysteine thiolate ligand attached to the iron centre. It helps to metabolize
potentially toxic compounds from the food and drugs which is a very essential process to protect our
body. This porphyrin ring can bind with different metal ions and each combination provide different
biological functions.® The name ‘porphyrin’ originates from the twentieth century Greek word
‘porphura’ which means purple and all porphyrins are intensely coloured. Because of the bright colour

and biological applicability in nature, porphyrins are named as “pigments of life”.

1.2 Structure and Nomenclature of Porphyrin:

The parent ring of porphyrins is called porphin, 5 (Figure 1.2) which comprise of four pyrrole rings

attached with each other via methine bridges (=CH-) at the o carbons with an extensive delocalization.
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Figure 1.1: Structures of biological pigments containing porphyrin macrocycles.’
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In the inner core it has two amino (- NH) and two imino (=N) like N atom 2. It is a planar macrocycle,
with 7-7 conjugation and with several possible conformational arrangements. In the year of 1912, W.
Kiister recommended this cyclic tetrapyrrole structure.* All porphyrins consist of this similar basic
structure, but they can exist in various form containing different substituents at the 3 positions (2, 3,

7,8, 12,13, 17 and 18) or on the meso positions (5, 10, 15 and 20).2

B —> [ -position
m —>» meso-position

a —» - position

Figure 1.2: Parent structure of porphyrin, porphin.

In earlier days, all these porphyrinoids were given trivial names derived from their colour and other
features of the macrocycles by their concerned discoverer to avoid the complexity of usual IUPAC
nomenclature. Those names were followed by the suffix “phyrin” or “rin” from porphyrin.® R.B.
Woodward first assigned a pentapyrrolic porphyrinoid as “sapphyrin” after it was found as dark blue solid
crystal.® Following that trend, later bright red coloured six-pyrrole-containing macrocycles were named
as rubyrin and large “Texas-sized” system as “texaphyrin”. Gossauer established other less colourful
names like “pentaphyrin” and ‘“hexaphyrin” for five and six pyrroles containing porphyrinoids
respectively.” A while later a generalized schematic approach had been proposed by Franck and Nonn.®
As stated by him, hexaphyrin is represented as [26]hexaphyrin-(1.1.1.1.1.1). This naming process has
three important steps: a) all the n-electrons involve in the conjugation is mentioned within the square-
brackets b) general name denote the number of existing pyrrolic rings in the macrocycles c) at last the
number of connecting carbon atoms in the middle of the heterocyclic rings are written within first brackets

separated by dots.?
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1.3 Spectral characterization of porphyrin:

Porphyrins are one of the strongest lights absorbing substance in nature and due to that property, they
display intense colour. UV-Visible spectroscopy is the most fundamental technique for the
explanation of the electronic structure of porphyrin even at very low concentration. Porphyrin have
characteristics absorption spectra due to their fourfold symmetry. They show intense band at 400 nm
which is called Soret band (molar extinction coefficients~10° M™cm™) and another weak bands
within 500-650nm which called Q band.®® Sometime this characteristic bands perturb because of
change in electronic factor, structural variation etc. This spectroscopy is also effective in

differentiating between the porphyrin and their metal complexes.

'H NMR spectra of porphyrins confirm its aromatic nature. Spectrum of free-base porphyrin disclose
that the inner N-H protons resonate in the shielded region of 6 —2 ppm to —4 ppm. Both the meso- and
S-pyrrolic protons resonate at deshielded region. For meso-protons it appears at 6 ~ 8 ppm to 9 ppm

and the p-pyrrolic protons appear at § ~ 10 ppm.t+*2
1.4 Structural variation:

Field of porphyrins has been expanded into a subject of multidisciplinary research because of their
importance and applicability in a wide range of areas such as chemistry, biology and medicine.
Researchers are trying hard to synthesize various porphyrinoids using different substituents and some
structural changes in the ring (Fig 1.3). These syntheses lead to attune the electronic structure and
function of the porphyrin which shows different applications in various field. Most used technique
for this purpose is meso and f- substitution at the porphyrin ring.? Through these techniques both
symmetrical and unsymmetrical meso- substituted porphyrinoid, 6 (Figure 1.3) and f-substituted
porphyrinoid, 7 (Figure 1.3) derivatives have been synthesized. g-substituted porphyrinoids are
widely available in natural elements like chlorophyll, haem, cytochrome P450 etc. The meso-
substituted porphyrins are not structurally identical to the naturally existing one, but they can be used

as models for the biological cofactors and also in material science.'® Apart from substitutions at the

——
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Figure 1.3: Ring modifications of Porphyrin

ring, structural changes at the porphyrin core has also been performed which can vary its reactivity
in various reactions.? As for example inner ring N atoms can be exchanged by other heteroatoms like
oxygen, sulphur, selenium, tellurium or carbon, 8.2 Other forms are because of expansion, contraction
and isomerisation of the ring. Structure 9 denotes expanded porphyrin. This derivative composed of
more than four pyrrole rings which are arranged through either direct bonding with each other or by

one or more connecting atoms. The inner core moiety consists of a at least 17 atoms.? Innumerable
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studies on expanded porphyrins show that it can acquire different type of conformations with Mdbius
and twisted-Hiickel topologies.!* Recent studies reveal its application in numerous fields like
photodynamic therapy, medicinal chemistry, sensing, nonlinear optics (NLO) etc.®!® These
expanded porphyrins also stabilize higher coordination number of some metals specially for
lanthanides and actinides.”*® Another form of structural change is isomerization of the ring. Isomeric
porphyrin, 11 can be explained as the structural modification of the main C20H14N4 unit by jumbling
of the position of four pyrrole ring and four bridging carbon atoms.? Contracted porphyrin analogues,
10 comprise of at least three pyrrole ring or pyrrole like units organized in a conjugated skeleton and

there will be minimum one meso-carbon or one pyrrole-ring less than the parent porphyrin structure.?®
1.4.1. Contracted Porphyrins:

Origin of contracted porphyrin is an outcome of the structural discovery of vitamin Bz, 12 (Figure
1.4). This vitamin has a direct relation with pernicious anaemia (PA) which was a fatal illness before
the 1920s. But the discovery of vitamin B12 has changed the situation which finally cure the pernicious

anaemia and leads to Nobel Prize in Medicine in the year of 1934. The structural clarification of

Figure 1.4: Structures of Vitamin B,.?
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vitamin By reveals that it has corrin ring as a core moiety which is similar to porphyrin macrocycle
with one less meso carbon atom. %22 This corrin ring can be classified as contracted porphyrin
because of its structural similarity. Soon after the structural explanation, researchers devoted their
efforts towards the progress of suitable synthetic protocols for Vitamin Bi2. In the year of 1960,
Johnson and Price planned to synthesize a series of metallic derivatives of pentadehydrocorrin and
from that they suggested the name corrole.?* Later in the year of 1965, Johnson and Kay first reported
the synthesis of corrole and proposed that the term corrole can be classified as a macrocycle
containing ten double bonds hence a “tetradehydrocorrins”.?® Following that report, later researchers
started to develop several other contracted porphyrinoid systems (Figure 1.5). Some of the well-

explored contracted porphyrins have been discussed in below:
1.4.1.1. Subphthalocyanines:

Subphthalocyanines, 16 (Figure 1.6) are 14zn-electron containing aromatic macrocycles with a boron
atom within the central cavity. It is considered as the lower homologues of phthalocyanines.
Subphthalocyanine consist of three N-fused diiminoisoindoline units surrounding the boron centre.?®
This unusual structure of Subphthalocyanine makes its chemical and physical properties very
interesting. In recent times, subphthalocyanine derivatives have been appeared as a very useful
material in various applications like: optical data storage, organic electronic devices such as nonlinear

optics, chemical sensors, organic photovoltaics (OPVs), photodynamic therapy etc.?’-?
1.4.1.2. Isocorrole:

Isocorrole, 14 (Figure 1.5) is a stable isomer of corrole. Some of the tetrapyrrolic macrocycle
isocorrole contain one sp® hybridized meso carbon atom and two inner NH protons which arrange

opposite to each other. The name isocorrole has been used to indicate that it is a corrole analogue. 2°
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1.4.1.3. Norcorrole:

Norcorrole, 15 (Figure 1.5) is another ring-contracted version of porphyrin. It has a shortage of two
meso carbons than porphyrin. The ring structure has 16x electron and according to the Huckel rule it
is antiaromatic system. In the year of 2008, Broring et al. first developed the synthesis of a norcorrole—
iron (111) complex, but it was almost impossible to isolate because of the rapid dimerization.® Also,
later in the year of 2012, another synthesis of norcorrole has been reported. Synthesis of antiaromatic
norcorrole—nickel(Il) has been performed through metal-templated procedure. Due to the unstable
nature of this antiaromatic porphyrinoid, norcorrole—nickel(l1), this efficient synthetic protocol is a
remarkable development. Moreover, this synthetic accessibility makes it possible to study those

antiaromatic norcorroles for various applications like organic opto-electronic materials.®

Mes
Corrole Isocorrole
Mes
13 14 Norcorrole
15

Subphthalocyanine

Subporphyrin

Figure 1.5 Representative contracted porphyrins.
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1.4.1.4. Subporphyrins:

Subporphyrins, 17 (Figure 1.5) is equivalent to subphthalocyanine in structure. This category is the
proper ring-contraction form of porphyrin containing three pyrrole rings attached through methine
bridges (=CH-). It is a bowl-shaped macrocycle with 14w electron aromatic circuit. First ever
synthesized subporphyrin is tribenzosubporphine in 2008 by Osuka et al. It exhibits some peculiar
characteristics like green coloured fluorescence, well-defined aromaticity appeared from proper

conjugation with 14n-electron.®

1.4.1.5. Synthetic Protocols of all the above-mentioned Contracted Porphyrins:

Contracted Synthetic
Porphyrin Report Reaction Scheme

1.Subphthalocyanine | A.  Meller

and A. 17: ;
Ossko in (O
1972 %6 CN + 1-chloronapthalene N| N/IN
Ol o e _ Ll

X=F,CI N

2. Isocorrole Paolesse et R

lin 2007
Ezigln O
< O w O . MeOHr,.tDDQ R

R = H, CH3, OCH;, NO,

3. Norcorrole Shinokubo Mes Mes
et a;l in NN
2012 LN N= NiCl,/ PPh;
Br Ni..: Br zinc powder
Br / \ Br DMF, 45°C
N N= 30 min, 90%
P
Mes
Mes

——

10

et



Chapter one

4. Subporphyrin A.Osuka

and Y. ®

Inokuma Z 1) TFA at 0°C

in 2008 32 | N-E 'Nﬁ + 3Ar-CHO

— N = 2) pyridine
. /7 3) reflux/ o-Cl,CgH,
4) MeOH
Ar = Ph, 4-tert-BuPh, 4-BrPh, 4-CNPh, 4-NO,Ph,
3,4,5-(OMe);Ph, 2,4,6-(OMe);Ph

1.4.1.6. What is Corrole:

Corroles, 13 (Figure 1.5) have structural similarity with the cobalt-chelating corrin ring in vitamin

B12 and this similarity is the main driving force behind the discovery of corrole ring.Z In the year of

1971, Hodgkin et al resolved the crystal structure of free base corrole ring for the first time.®® It has

187 electron aromatic system which is also closely related to porphyrin. So, basically corrole should

be described as the intermediate of porphyrin and corrin. Despite of all the structural similarities

between porphyrin and corrole, there are some major structural differences between porphyrin and

corrole.?® In case of corrole, one of the meso-carbons, C-20 is missing and because of that two pyrrole

rings at that position are directly connected by a bond between C-1 and C-19. Numbering of corrole

macrocycle is derived from the porphyrin ring. Inner core of corrole ring contain three amino

nitrogens and one imino nitrogen and these NH protons tautomerize very rapidly in the free-base

corrole.

1 19 g

Porphyrin

Corrole

Corrin

Figure 1.6: Comparative view of porphyrin, corrole and corrin.
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Because of the absence of C-20 position, the inner N4 coordination core become much more
contracted than porphyrin which make it suitable for stabilizing the higher oxidation states of metal
ions. 34

1.4.1.6.1 Properties of Corrole:

Due to the presence of three NH protons, corrole can behave as trianionic instead of dianionic and it
also has lower symmetry than porphyrin. The meso-carbon positions are extremely reactive for
substitution reactions, specially to oxidation. Corrole © cloud system is way more electron-rich than
porphyrins. As the inner core already accommodate three NH, there is apparently no such steric
enhancement after the addition of another proton to the imine nitrogen. However, on elimination of
one proton from the inner core, a significant amount of energy is released because of steric relaxation
which finally leads to surprisingly high NH acidity of corroles.?

In the year of 1971, Hodgkin and co-workers have published the first crystal structure of the corrole
macrocycle during their project on the structural investigation of vitamin B12.3* Much accurate
structures were reported in 1999 from the structural examination of 5,10,15-
tris(pentafluorophenyl)corrole which were studied at 116 K. This result showed a notable
displacement from the ring planarity to reduce the steric crowding within the contracted Na
coordination core because of the three NH protons. The pyrrole rings are slightly twisted from the
mean plane with angles of 4.4-19.58". As a result of the saddling type structure, two NH protons in
the core shifted to above and below the mean plane while another NH proton remain in the mean
plane,35:3

Corroles are intensely coloured compound. Electronic absorption spectra of corrole is almost like
corresponding porphyrin ligand. They display an intense band at around 400 nm (soret band) and
weaker bands within the range of 500-600 nm (Q bands). They show strong fluorescence in the range
of 600-700 nm. Fluorescence intensity increases upon deprotonation of inner NH proton which are

facilitated by the steric release.®’

——
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'H NMR spectra of corroles exhibit similar characteristics like porphyrin. The meso- and the f-
protons resonate in the deshielding region and the peaks for meso proton appear at ~8 to ~9 ppm and
S-protons appear at ~10ppm. This kind of diatropic ring current clearly points out the aromatic
character of the macrocycle. The inner ring NH protons appear in the shielding zone of —2.00 to —3.00
ppm, as a broad singlet and this broadness is because of the highly acidic character of those NH
protons and the non-identical tautomers.®

1.4.1.6.2 Synthesis of corrole:

First corrole synthesis has been reported by Johnson and Kay in 1965 during the synthesis of vitamin
B12. Their plan was to synthesize corrin ring which is the core skeleton of vitamin B12 and they finally
leads to the synthesis of corrole macrocycles through cyclization of a,c-biladienes.?® From then many
researchers started to develop numerous procedures to simplify the synthetic procedure and increase
the yield. In this section, some of the important synthetic procedures have been discussed.

a) Synthesis of g-substituted corrole:

1) From a,c-biladienes:

Johnson and Kay in 1965 first time synthesize corrole, 21 (Scheme 1.1) via photochemical cyclization
of a,c-biladienes, 20.% The methanolic solution of a,c-biladienes were treated with slight excess of
ammonium hydroxide or sodium acetate (Scheme 1.1). After that the solution is illuminated under
200w bulb at a distance of 5 cm and the colour of the solutions changed from yellow to green. On
cooling the solution, the crystalline corroles were obtained with 20-60% yield. They readily formed
purple crystalline monohydrobromides (porphyrins give dihydrobromides) The yield of these
reactions varied from 20-60%. The necessary a,c-biladienes is a tetrapyrrolic compound which has
been synthesized by the condensation between two equivalents of 2-formylpyrrole, 19 and one
equivalent of dipyrromethanedicarboxylic acid, 18. The desired a,c-biladienes has been isolated as
the crystalline hydrobromides with 80% yield. In 1994 VVogel et al have reported the use of p-chloranil

as a versatile oxidant which improve the cyclization step.3®

13
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Me Me
TFA
2 / \ MeOH/HBr >
H N CHO
H
19

MeOH/NaOAc | Light

R
Me Me
Me Me
Me 21 Me

Scheme 1.1: Cyclization of a,c-biladienes 40

2) Direct pyrrole tetramerization:

For the synthesis of B-substituted corrole, 23 (Scheme 1.2) most of the reports include those
methodologies which leads to stepwise formation of the tetrapyrrolic intermediates. Regardless of a
series of research for decades, there is only one suitable procedure for synthesizing [-substituted
corrole in one single step. In the year of 1996, Paolesse et al. have published another synthetic
protocol for corrole from substituted pyrroles, 22, 24.** Meso-free B-substituted corroles has been
synthesized using 3,4-dimethyl-pyrrole-2-carbaldehyde, 22 which results into the emergence of -
substituted corrole via tetramerization with 10% yield. While using 3,4-dimethyl-2-formylpyrrole-5-
carboxylic acid, 24 as the starting material, corrole, 23 has been formed with similar yield because of

the rapid decarboxylation in acidic media. This reaction scheme goes via Friedel—Crafts reaction
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ll—‘\f 1.TFA, EtOH 1. TFA, EtOH M
OHC > - OHC COOH

N” 2. Co(OAc), PPh; 2. Co(OAc),, PPh,, N
H

10% 10%
22

24
23
L=PPh,

Scheme 1.2: Direct tetramerization of pyrrole *

mechanism succeeding by dehydration, emergence of a cobalt complex, then formation of the cobalt
complex through cyclization, and at last one of the meso carbon atoms eliminate from the system.°

3) From the 2,2'-Bipyrrole and Dipyrranes derivatives:

Another suitable corrole synthetic protocol can be recommended from the structure of corrole
macrocycle which is by the addition of substituted dipyrrane with 2,2'-bipyrrole, 25 (Scheme 1.3). In
the year of 1973 Conlon et al have first reported this procedure.*?> Mixture of substituted dipyrrane
and bipyrrole under acidic condition lead to the formation of a red precipitate which after addition of
triphenylphosphine and cobalt (Il) acetate convert into cobalt (lll)corrole, 26 complexes with
moderate yield. In this reaction cobalt (I1) acetate facilitate corrole formation by stabilizing the
tetrapyrrolic intermediate. But the absence of metal in the reaction leads to the generation of another
complex named octapyrrolic macrocycles.*

b) Meso Substituted Corrole:

There are several synthetic protocols for the meso-substituted corroles. Retrosynthetic study of meso-
substituted corroles, 28 (Scheme 1.4) reveals that it goes via bilane, 29 formation which is a
tetrapyrrane derivative. Different procedures are there for synthesizing bilane, 29:

a) directly from pyrrole and aldehydes, 30 (scheme 1.4); b) from dipyrrane—diols and pyrrole, 31; and
c) from dipyrranes (dipyrromethanes) and aldehydes, 32.%° There are different types of corroles

depending on the substitutions at meso positions.
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1. HBr, AcOH,

HOOC
OHC

/

-~

Condensation*

VY7 Y~
=N HNY
HOOC COOH 1. HBr, AcOH
’
+ 2. Co(OAc),, PPh
HOOC COOH . Co(OAc),, 3
MeOH, 21%
/"NH  N=
~ o/
L=PPh,
25 26

) Y~
=N HN

NH NZ

Scheme 1.3: Generation of the g-Substituted Corroles through Dipyrranes and Bipyrrole

2. Co(OAc),, PPh;
MeOH, 21%

COOH

+
CHO

o/

27

a) As corroles: All the three meso positions (5, 10 and 15) consist of three similar substituents. b) A2B

corroles: Types of Corroles which bear identical substituents at 5 and 15 positions, and the 10 position

contain different substituent are called trans-A.B-corroles. Cis-A,;B corroles can also exist but the

trans patterns are much more favoured due to synthetic approachability.*°
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Scheme 1.4: Retrosynthetic study of Meso-Substituted Corroles.*

Synthesis of Az Corrole:

In the year of 1999 Gross and co-workers have reported this one pot corrole synthesis for the first
time which include the condensation of pyrrole and aldehydes without using any solvent. They have
started with two aldehydes: benzaldehyde and pentafluorobenzaldehyde. The mixer of equimolar
amount of pyrrole and those aldehydes are heated to 100°C for four hours in open atmosphere and
after that the solution is oxidised with 2,3-dichloro5,6-dicyano-1,4-benzoquinone (DDQ). In case of
pentafluorobenzaldehyde, 33 (scheme 1.5) 5,10,15-tri(2,3,4,5,6-pentafluorophenyl), 34 corrole is
formed with 11% yield. But in case of benzaldehyde, corresponding porphyrin is formed with 5 + 8%
yield. In this case, reactivity of the carbonyl carbon depends on its positive charge density which
mainly influenced by the substituents attached to it. The highly electron-withdrawing property of

pentafluorophenyl (CsFs) group facilitate the reaction.*?
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CHO
F F Solid support (alumina)
{ 5 100°C, 4h
/ \ + 0o°C
N DDQ
H

F
33

Scheme 1.5: As-Corroles synthesis from Pyrrole.*

Another accomplished synthetic method for corrole is modified Rothemund reaction. Paolesse et al
has reported this procedure in 1999 using different type of aldehydes. Mixture of pyrrole and
aldehydes are dissolved in acetic acid and the solution is refluxed for 4h. Yield of the product is
mainly controlled by the pyrrole and aldehydes molar ratio and the highest yields of corrole is
obtained while using 3:1 pyrrole/benzaldehyde (scheme 1.6). While synthesizing As corrole, always
a certain amount of A4 porphyrin has been formed as a side product. Separation of this porphyrin from

corrole is sometime really challenging.**

®

CHO
Reflux, AcOH
£ -0
N 4h
H

Scheme 1.6: Synthetic protocol for 5,10,15-Triphenylcorrole by a revised Rothemund
reaction.*

As a solution of this problem later in 2006, Gryko and Koszarna *° have proposed one advanced

synthetic protocol for corrole encouraged by Kral’s dipyrranes synthesis “°. For synthesizing As
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corrole, the mixture of pyrrole and corresponding aldehyde are stirred in methanol and water mixture
(2:1) in presence of conc. HCI as catalyst. First step of this reaction is carried out in a water and
methanol mixture which is catalysed by HCI. Ratio of both the solvents are optimized in such a way
that lipophilic tetrapyrrane, 35 (scheme 1.7) precipitated from the solution and both the dipyrrane and
tripyrrane left in the mixture as a by-product. This procedure leads to a certain increase of the corrole,

36 yield (~30%) and the side product porphyrin decreased to only ~1%.

CHO

H,O, MeOH

HCI, 3h

~
-
+

Bilane
35

CHCIj3, reflux | p-Chloranil, 1h

R

®
ofdo

Scheme 1.7: As-corrole synthesis from pyrrole and aldehyde®
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Synthesis of trans-A2B Corrole:

Gryko and Koszarna have also utilize their water methanol procedure for trans-A2B corrole, 38
(scheme 1.8) synthesis. In case of A2B corrole, they have used unhindered dipyrromethene, 37 instead
of pyrrole in the first step. Rest of the procedures are almost same as Asz corrole. Yield of the desired
trans-A2B corrole is almost 55%. For hindered dipyrranes, they have used MeOH-H>0 in 2:1 ratio
which affords 27—31% vyield of the desired corrole. The main advantages for this procedure are that
the desired corrole is very easy to purify and there no scrambling in the reaction although concentrated

HCI has been used.®®

R'
R ®
CHO
+ H,0, MeOH, HCI, 1h
AN = Q)
\ NH HN / CHCI;, p-Chloranil
Rl
37
38
Scheme 1.8: Synthesis of a trans A;B-corrole from dipyrromethane and aldehyde®

1.4.1.6.3 Corrole Metal complexes:

Exploration of corrole metal complexes has started right after the successful synthesis of corrole
ligand. In previous section, we have already discussed that the inner core NH protons of corroles are
highly acidic in nature. So, they can be easily deprotonated, and the inner N atoms can be easily
coordinated to a metal ion. As per previous discussion, corrole core is much more contracted than
porphyrin and it contain three NH protons in the inner core, so it can stabilize higher oxidation state
of metals. The area of corroles and metallocorroles are growing very rapidly due to their diversity in
synthesis and applications in various fields. Metalation of corrole can be categorized in two ways: a)

cyclization of metallated tetrapyrrane and b) by incorporating a metal into the corrole cavity.?

——
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Each year scientists are chelating new elements with corrole from the periodic table. Figure 1.8
highlights all those elements from periodic table which has successfully inserted into the corrole
cavity. A large variety of metallocorroles have already been explored because of their vital roles in
different fields. In earlier time, only few transition elements were coordinated into the corrole cavity.
But through recent developments insertion of various heavy metals like rare transition elements,
lanthanides and actinides, main group elements become feasible.

From all the group 1 metals only, lithium corrole complex is reported in the literature which normally
use for the synthesis of group 4 metallocorroles (titanium, zirconium, and hafnium), lanthanide
(gadolinium) and actinide (thorium and uranium).*’

1.4.1.6.4 Coordination mode of corroles:

Usually corrole act as tetradentate and trianionic (Figure 1.8) ligands and this pattern is mainly

detected in case of Cu(lI1), Ag(111), Au(111), As(111), Sb(I11), Bi(l1), 39 etc.*®¢>! In this coordination

H 2
Mplugn g: Atemic Ve
=
e+ - Numbor i
Li Be Symbol
m i
s2ui s M

.........

v L2 1°Ce |*Pr | 'Nd | Pm |Sm |"Eu ['Gd | b [ "Dy | Ho |“Er |Tm |¥b | 'Lu

Saries
Longranien f|  conum waotmam || omainsm samarom || Goomum J coschoam [ twioum | oyeecum [ o o )
p i win e e [Py

e "Ac ['Th |'Pa U | "Np |'Pu |Am | Tm Bk |"cf | 'Es | Fm | Md | 'No | "L

Figure 1.7: Periodic table of elements inserted into corroles macrocycle.*’

mode complex adopts square planner geometry. Still there are some exceptions in coordination mode.
During metalation with [Ti(O)]?* and [V(0)]?* corrole can act as tridentate and dianionic ligand, 40.

In this case one of the NH does not participate in metal binding. 2
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Another exceptional coordination mode is penta-coordination, 41. It adopts square pyramidal
geometry around the metal centre which form a domed like conformation. In this arrangement the
central atom is axially displaced from the N4 coordination core. Mainly trivalent Cr, Mo, Mn, Fe, Co,
Re, Os, Ge, Sn or P show this kind of geometry containing oxo, halides (F-, Cl-, Br-, I-), nitride,

nitrosyl, triphenylphosphine, pyridine as axial ligands.>**°

! M=CrY, Mo", MnY, !
: : : IV (1 paV b
................... : : Fe'',Co ", Re’, :

E M = COI", Al"l, Gal", Rh"l, :

' II'HI PtIV '
' ' e -
‘M= Culll, Ag[ll’ Allul, ASHI, :

Sl Billl : 42

39

Figure 1.8: Coordination modes in Corrole metal complexes.

In some cases, corrole can also form six coordinated complexes with octahedral geometry, 42. Few

examples are there like Al(IIT1), Co (111), Ga(lll), Rh(11l), Pt(1V), Ir(l11), coordinating with pyridine,

trimethylamine as axial ligands.>®->°
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1.4.1.6.5 Application of Corrole and Metallocorroles in various fields:

Due to the structural diversity and peculiar properties, this tetrapyrrolic macrocycle have attracted
enormous interest over the last century. Synthetic developments make it very easy to synthesize a
vast range of corroles, their metal complexes and various other derivatives. Various research group
has already explored their interesting properties in different fields like catalysis, sensing, medicinal
chemistry specially cancer diagnosis and treatment, dye sensitized solar cell and many more. In this
section, very few important applications are discussed in brief.

1) Catalysts for the Decomposition of reactive oxygen species (ROS):

Reactive oxygen species (ROS) are highly chemically reactive species which must have an oxygen
atom in the chemical formula e.g. peroxide, superoxide etc. Usually these species generate as by-
products during mitochondrial electron transport. During the environmental stress, reactive oxygen
species level can increase which leads to damage the cellular molecule like DNA, proteins, peptides,
lipids and sugars which leads to various neurodestructive disease like Huntington’s, Alzheimer’s, and
Parkinson’s disease.®® Unfortunately, there was no such enzyme available to hamper its destructive
effects on living cells. Hence, in this crucial point it is very important to develop some remedies to
prevent these damages. In the year of 2006, Z. Gross and A. Mahammed have first reported two
amphiphilic metallocorroles.®* Due to their water solubility, they can easily associate with proteins.
Complex 43 and 44 (Figure 1.9) can easily bind with human serum albumin (HSA) through
noncovalent conjugation. These conjugated products can act as a very facile catalyst for the
decomposition of peroxynitrite and H.O, which are reactive oxygen species (ROS)®2. Peroxynitrite is
a highly reactive oxidant and nitrating anion with chemical formula ONOO . This can form by the in
vivo reaction of NO and Oy. It can also be described as an unstable structural isomer of NO3 . It has
high oxidizing property. It can form two radicals OH"and NO-"through homolytic cleavage which is

the main reason for its destructive properties.53%°
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Fe-corro

le complex catalyses the decomposition process through isomerization (Equation 1) and it

form nitrate anion and it shows more efficiency for this purpose than the corresponding porphyrin

derivative. On the other side, Mn-corrole display the catalytic activity through disproportionation

process (Equation 2) and it does not produce any radical species.

----------------------------------------------------------------------------

s e o =
' HOONO —> H + NO; 1 ;
i 2HOONO — 2H" + 2NO, + O, 2
i K
CeFs
a)
b) HOONO + Mn"' — > H*+NO; + Mn'O
C6F5 C6F5 -
HOONO +MnYO —> H' + NO, + 0, + Mn'!!
SO;zH _
SO;H c)
coesTT T : + —
| M= Fe 43 | HNO, + 0, HOON=—0
M= Mn 44 .
HOON=0 HNO,

Figure 1.9: a) Amphiphilic Fe and Mn metallocorroles. b) Equations of peroxynitrite
decomposition reaction catalysed by Mn-corrole complex. ¢) Catalytic cycle for peroxynitrite
decomposition reaction catalysed by Mn-corrole complex.®

2) Activation of Dioxygen (O2) and formation of O-O bond catalysed by Manganese Corrole

complex:

Green plants produce Dioxygen (O2) through photosynthesis which plays a significant role for all the

living organisms. It is produced through photosynthesis in plants. Within the living cells, various
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biological process is going on like binding and activation of O2 through metalloenzymes and
formation of oxygen binding metal intermediates (-peroxo, superoxo, -oxo, and -hydroperoxo,
species).®5®7 Iron containing heme and nonheme enzymes conduct Oz activation and binding through
formation of iron—oxygen intermediates which can be easily characterize through various
spectroscopic techniques.®® Earlier reports describe the synthesis of high valent manganese (1V or V)-
oxo complex through oxidation by artificial oxidizing agent like Phl1O, peracids, and NaOCI.%°72 This
manganese-oxo complex can act as the reactive intermediate in oxidizing various organic substances
like water (OEC) in Photosystem Il (PS 11).7*" Unlike these artificial oxidant inducing reactions,
there are very less examples about the Mn(V)-oxo complexes synthesis using aerial O as the
oxidizing agents.”®% In the year of 2017, Mn (l11) corroles 45, 46 (Figure 1.10) have been synthesized
and shown their ability to active Oz in presence of base.®! Formation of Mn(V)-oxo and Mn(1V)-
peroxo species have also been established. This is the first report on manganese corrole which can
act as a catalyst for the O activation and O—O bond formation at the same time. In this process,
Mn(111) corrole is treated with O in the presence of base and hydrogen atom (H atom) donors.
Amount of base in the reaction mixture controls the generation of the Mn(V)-oxo and Mn(IV)-peroxo
species. In the following figure 1.10 formation of Mn(V)-oxo and Mn(lV)-peroxo intermediates
during O activation and O—O bond formation have been described through detailed reaction scheme

and proposed mechanism.
3) Corrole in cancer treatment:

Since 1999, area of corrole has started growing and they have shown their property to act as both
therapeutic and imaging agents. Corrole can easily bind with proteins like HerPBK10 in a
noncovalent manner, 49 (Figure 1.12) for targeted delivery in the cell.®2 One of the most important
cancer treatments is photodynamic therapy (PDT) which include a drug called photosensitizer and a
light. This photosensitizer generates oxygen after continuous light exposer which can kills nearby

cells.®® By incorporating different substituents and metals in the corrole macrocycles, their theranostic
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[(Corrole)Mn'"]
o, + H / base O, + H*/ base
or

CoFs CeFs H202 l base PhIO

[(Corrole)Mn'"] [(Corrole)Mn'V(0,)]” 4_ [(Corrole)MnY(0)]

......................

......................

PhIO \\OH_
OH

H,0,/OH

HO

Figure 1.10: a) Manganese corrole complex used for the activation of O, and formation of
O-0 bond. b) Reaction scheme of the formation of manganese—oxygen intermediates c)
Proposed mechanisms for the formation of Mn(V)-Oxo and Mn (IV)-Peroxo species through
O;-activation and O—O bond formation reactions.®

property can be modulated. Various amphiphilic corrole have been synthesized for this purpose. This
amphiphilic nature helps them to bind with many proteins. In 2000, first stable water soluble corrole
has been synthesized and its ability to act as a powerful inhibitor of lung metastasis has been
discovered.®* It is almost 10 times more effective than tetrakis(4-methoxyphenyl)-porphyrin.8® Most
rigorously examined corroles and metallocorroles for therapeutic applications contain two sulfonic
acid groups in the macrocycles. Sulfonated Ga(lll) corrole, 47 (Figure 1.11) complex is intense red
coloured fluorescent compound which can assemble with the most abundant protein in blood cell

human serum albumin (HSA), 48.8%87 In vivo image and therapeutic efficiency of protein binded
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Ga(lll) corrole complex aimed at the human epidermal growth factor receptor (HER) have been

reported. This corrole-protein assembly can accumulate the tumour cells which can be easily

Figure 1.11: Structures of Ga(l11) Corroles complex. ¥’

Binding

to HER Internalization &

(ErbB Membrane DNA
receptor)  penetration binding

Figure 1.12: Conjugation of Metallocorroles and Tumor-Targeting Cell-Penetrating
Protein (HerPBK10).%

visualize because of its high red coloured fluorescence. This is a very effective opportunity to identify

the tumour cells positions and targeted chemotherapy.
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4) Metallocorrole as CO sensor:

Corrole has the ability to stabilize higher oxidation state of metals because of its contracted core and
three NH atoms. In case of cobalt metal, porphyrin can stabilize +2 oxidation state while corrole can
stabilize +3 oxidation state. Because of this high oxidation state, Co(lll) corrole complex can bind
with carbon monoxide (CO).88% At present time, carbon monoxide is a pollutant with a potential to
harm all living things and detection of this CO is a very crucial point. In 2004, Guilard et al have first
published the use of Co (l11)corrole complexes (Figure 1.13) as CO sensors.®! They have also revealed
that during the coordination of Co (l11) corroles with CO, areal O, doesn’t interfere. To determine the

selectivity of these Co(l1l) corrole complexes, an equation is necessary.

where P12% and P12© are the half-saturation pressures of O, and CO, respectively.

Higher M value represent the higher affinity for CO. M Value of a model compound, (To-PivPP)
Fe(1,2-Mezlm) is 4280 92 but the cobalt (111) corroles show M = oo which means it doesn’t interact
with 02.88 This CO detection affinity is mainly dependent on the Lewis acidity of the cobalt (111)
centre. The higher the Lewis acidic character, the higher the CO affinity. In figure 1.13 complex 50
shows lowest CO affinity as it has electron donating group on the macrocycle. Electron withdrawing
substituents increase the Lewis acidity on the cobalt (I11) centre. With the decreasing of d—mx back

bonding increases the CO stretching frequency.

Lewis acidity of the Cobalt(l11) centre

v

CO stretching frequency, affinity for CO
Only corrole 51 shows exceptional CO affinity value which is higher than expected. The CO molecule

can be removed from the cobalt (111) corroles 51, 52 and 55 through degassing those complexes at

28
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Figure 1.13: Structures of all the cobalt (111) corroles examined for CO sensing. **

room temperature for 2 h under 10° Torr and from complex 53 through degassing for 8 h under 1073
Torr. As complex 54 shows the largest CO affinity, so it can be degassed at 50°C under 10 Torr for

12 h. So, from this report it has been well established that these six cobalt (I11) corroles show infinite

CO affinity and are perfect example for CO sensing purposes.®!
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1.5 Lacunae:

Despite of all these significant progresses in the corrole field, still there are deficits in some areas
which are less explored. Most of the major research groups devote a good portion of their efforts
towards monomeric corrole systems. Still there are no such generalized demetallation protocols for
metallocorrole available in the literature. As metallocorrole is much more robust in nature than free
base corrole ligands, so some structural variations within the corrole periphery or substitutions at
meso- or /- positions of corrole will be more favourable in case of metallocorrole than free base
corrole ligands. Several other challenging corrole based systems are currently under intense
investigation like ring contraction reaction of porphyrins to corroles. Ring contraction reaction of
porphyrin to corrole is rarely explored in the literature. There are very few previous reports on this
conversion with poor yields like only 9%. So, no such synthetic reports are available in the literature
with suitable yield of product. Unlike monomeric corroles, diversity in synthesis and applications in
various fields for dimeric corrole is surprisingly less explored aspect of this fields. In case of
porphyrin macrocycles f—f, meso—-meso, triply linked porphyrin arrangements were extensively
studied in the literature. Investigations of a diverse class of triply linked porphyrin derivatives have
been disclosed their optical and electrochemical properties. But to the best of our knowledge, such
multiple corrole based systems are comparatively less explored than porphyrin systems.

1.6 Scope and Objectives of the Present Thesis:

This thesis contains some of the less explored area in corrole field. Synthesis of metallated dimer,
their spectroscopic nature and existence in mixed valence state is discussed here and also different
types of synthetic methodology of corroles from other macrocycles like metallocorroles and
porphyrins have been explored in detail. Additionally, synthesis of metal metal bonded rotationally
ordered dimeric corrole complex and their existence in various accessible oxidation states which

relevance its application as “photosynthetic special pair” is also discussed.
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Grignard Reagents Mediated Demetallation of Silver Corrole Complexes
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2.5.4.4 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl)corrolato silver(l11),6B
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2.1. Introduction:

In the previous chapter, superiority of corrole over porphyrin in many aspects have been discussed in
detail. Extensive applications of corroles in different fields like catalysis, medicinal chemistry,
material science have also been discussed. The chemical modification of corroles, by introducing a
series of different functional groups, has been an active area of research in recent times. These systems
have widespread applications in chemistry, biology, and in materials science. Structural modifications
in the corrole macrocycles at the meso- and -positions can lead to the development of newer varieties
of corrole derivatives, which can play an important role in electron-transfer reactions,*-1%° oxidation
catalysis, %194 reduction catalysis, %1% group transfer reactions,'® sensors,'® cancer diagnostics,*
and in treatment purposes.*'**1* In porphyrin chemistry, various functionalizations at the meso- and
B-positions of the macrocycles are often carried out by selective metalation and demetallation
reactions. One possible reason is that the metal-porphyrinoid systems are often more robust than the
metal-free porphyrinoid systems. Contrary to the porphyrin-based systems, the development of
suitable demetallation strategies for corrole chemistry is still in its infancy.*5-12° Only a few selected
metals ions (Cu,'?? Ag,*? Mn,*?® Bi, ! and Sn'?®) can be demetallated from the corrole cavity. In
addition to this, there is no generalized protocol for demetallation available in the literature of corrole
chemistry. Out of the several methodologies described so far, the most intriguing method for the
demetallation of corrolato—silver(l11) complexes was reported by Paolesse et al.'?* They have shown
that DBU in THF solutions is an excellent reagent for the demetallation reactions of Ag—corroles with
average yields of 45 % to 62 %. Furuta et al. have reported the demetallation of silver(111) complexes
of N-confused porphyrin by using sodium borohydride.*?* Dehaen et al. have developed an interesting
methodology for demetallation of Cu—corroles by using SnCl, (in acidic condition) as a reducing
agent.?> Ghosh et al. have described the demetallation strategy of Mn—Corroles by using FeCl, and
conc. HzS04.1 Broring et al. have performed the demetallation of Mn—Corroles by using HBr in
acetic acid.'®® Osuka et al. have reported the use of Grignard reagents (4-methylphenylmagnesium

bromide) for the first time for the facile demetallation reactions of Ni—porphyrin to FB (free-base)
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porphyrin via a Mg—porphyrin.t2” Our group has also reported the demetallation strategy of Sn'V—
corroles by using methyl magnesium chloride.'?® In search of a generalized protocol for the
demetallation of metallo—corrole derivatives, we have chosen corrolato—silver(l11) complexes for the
present work. One reason for this choice is that the native state electronic configurations of corrolato—
silver(111) complexes are square planar (d® configurations) and hence diamagnetic in nature. As a
result, these complexes can be monitored by NMR spectroscopy very easily after suitable
functionalization at their ligand periphery. A series of substituents having different electronic
properties have been inserted into the corrole periphery. These substituents have been chosen keeping
in mind that a series of post metalation organic transformation reactions can be conveniently
performed on the metallo—corrole derivatives. In the present work, we have observed that a series of
corrolato—silver(111) complexes, upon treatment with methylmagnesium chloride resulted in the

formation of FB corroles in excellent yields (Scheme 2.1). Compared with the previously reported

R

CH;MgCl

(75'100 equiv) R Q
R Dichloromethane R

25°C, 15 min

NH,CI aq. soln.
Ag-complexes FB-corroles

Scheme 2.1: Reactivity of silver (I11)—corrole complexes with methylmagnesium chloride.

results for other demetallation strategies of corrolato—silver(I11) complexes, the present methodology
delivers significantly improved isolated yields for the corresponding FB corroles.

A series of corrolato-silver(l11) complexes have been synthesized for this purpose, namely, 5,10,15-
tris(2-bromo-5-fluorophenyl)  corrolato-silver(lll)  (1B); 5,10,15-tris(4-cyanophenyl)corrolato—
silver(111) (2B);% 10-(4-Bromophenyl)-5,15-bis(4-cyanophenyl)corrolato-silver(111) (3B);*® 10-

(2,4,5-Trimethoxyphenyl)-5,15-bis(4-cyanophenyl)corrolato—silver(l11) (4B);% 10-(4,7-
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Dimethoxynaphthalen-1-yl)-5,15-bis(4-cyanophenyl)corrolato—silver(l11) (5B);% and 10-(Pyrene-1-
yl)-5,15-bis(4-cyanophenyl)-corrolato—silver(l11) (6B). In addition to a new demetallation protocol,
the present work also describes the synthesis of two novel corroles, 1A and 6A (Figure 2.1 and 2.2).

Two novel corrolato—Ag'"' complexes have also been synthesized, namely 1B and 6B (Figure 2.1 and

2.2).

» ®

Figure 2.1: Structures of the FB corroles, 1A-3A, and the corresponding corrolato—Ag""

complexes, 1B-3B.
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OMe OMe
MeO O MeO
OMe O OMe
e O D -
4A 4B
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Figure 2.2: Structures of the FB corroles, 4A-6A, and the corresponding corrolato—Ag'"
complexes, 4B—6B.

All these complexes have been thoroughly characterized by various spectroscopic techniques
including single crystal X-ray structural analysis for the representative derivatives.

2.2 Results and Discussion:

2.2.1 Demetallation strategy in detail:

Corrolato-silver(111) complexes (1B—6B) were treated with a series of different Grignard reagents,
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like phenylmagnesium bromide, methylmagnesium bromide, and methylmagnesium chloride. We
have found that the Grignard reagents, phenylmagnesium bromide and methylmagnesium bromide,
are responsible for the partial demetallation of Corrolato—silver(l11) complexes (1B-6B). However,
in the presence of methylmagnesium chloride, complete demetallation of the corrolato—silver(lll)
complexes (1B-6B) occurred. It was observed that upon treatment with methylmagnesium chloride
in dichloromethane solvent at room temperature and under a nitrogen atmosphere, the corrolato—
silver(l11) complexes (1B-6B) were converted to corresponding free-base (FB) corroles (1A-6A)
(Table 2.1) in excellent yields (isolated yields > 80 %). In order to understand the scope and
applicability of this new demetallation strategy, we have screened a series of different reaction
conditions. Our first observation is that the new reaction is fully dependent on the Grignard reagents
used. The reaction is also highly solvent specific, e.g. no demetallated products were observed in
other solvents like tetrahydrofuran, which is frequently used in the reactions related to Grignard
reagents. The rate of the reaction is very fast and in most of the cases, the desired transformations to
FB corroles occur within the first fifteen minutes. We have screened this reaction with a series of
corrolato—silver(111) complexes having different functionalities in the corrole periphery based on their
electron releasing and withdrawing capabilities. Our observations showed that the reaction is equally
successful in all cases. One can easily observe the conversion of metalated corroles to the FB corroles
by the simple visualization of the colour change of the reaction mixtures, after the complete addition
of Grignard reagents. With the addition of the Grignard reagent, the colour of the solution changes
rapidly from red [corrolato-silver(l1l) complexes] to green (FB corroles). In addition to this, the
degree of completion of the reaction can be easily monitored by TLC and UV/Vis techniques. The
desired transformation happens almost quantitatively and no traces of isocorrole!?8-3 derivatives

were found in the reaction mixtures.
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Table 2.1: Scope of the demetallation reaction.

CH;MgCl
(75-100 equiv)

Dichloromethane
25°C, 15 min
NH,CI aq. soln.
Ag-complexes

Ar Ar > Ar

Ar

FB-corroles

Corrolato—-Ag'"" — FB corroles | Isolated yield [%6]
1 IB—1A 87
2 2B—2A 81
3 3B—3A 83
4 4B—4A 88
5 5B—5A 84
6 6B—6A 87

As already mentioned, the conversion of corrolato—Ag'"' complexes to the FB corrole is highly

dependent on the equivalents of the Grignard reagent used (Table 2.2), thus we have systematically

varied the equivalents of the Grignard reagents in the reaction vessels. We observed that the effect of

Grignard reagents is negligible, when used in amounts of less than 25 equiv. With the successive

increase in the mol ratio of Grignard reagents, the concomitant conversion to FB corroles was

observed (Table 2.2). After the addition of 75-100 equiv. of Grignard reagent, an almost complete

conversation to FB corroles was observed. The conversion is almost quantitative and no traces of

metalated corroles or isocorrole species were found at the end of the reaction (Table 2.2). However,
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on further addition of Grignard reagents, the rate of the reaction increases with little to no change in
the reaction yields. With the addition of 200 equiv. of Grignard reagent, the desired conversions
occurred in a few seconds. Corrolato—Ag'"' complexes bearing electron-withdrawing and electron-
releasing substituents (meso-aryl) have proven to be highly efficient reactants and demetallation was
observed almost quantitatively. A broad variety of substrates such as cyano, methoxy, halogen groups
as well as polycyclic aromatic rings are tolerated (Table 2.1).

Table 2.2: Optimization of the demetallation reactions 4B to 4A.

Ar2 Ar?
CH;MgCl
1Ar Ar! A equlv): TAr Ar'
Dichloromethane
25°C, 15 min
NH,CI aq. soln.
Ag-complexes FB-corroles
4B 4A
1Ar = 4-cyanophenyl
2Ar = 2,4,5-trimethoxyphenyl

Equiv. of CHz:MgCI Yield (%) of 4A
25 10
50 50
75 82
100 88

A mechanism has also been proposed for the demetallation of corrolato—Ag"' complexes (Scheme
2.2). The mechanism has been formulated based on the earlier reports of Osuka et al.*?” and Kochi et

al.’®* A facile reduction of Ni'"" to Ni° by a Grignard reagent was reported earlier.*?” In line with the
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previous reports, we assume that in the first step of the reaction, fast re duction of Ag'"' to Ag° occurs.
Thus, in the first step, the Grignard reagent in DCM solution reacts with the silver(l11) center and it
forms Ag® and the by-product MgCl is hypothesized to be associated with the inner ring nitrogen
atoms. This fact is further supported by the UV/Vis spectra of the intermediates generated upon

addition of Grignard reagents to the corrolato—silver(I1l) complexes (Figure 2.3).

Figure 2.3: Electronic  absorption
spectrum of a) 3B in CHCl; solution (—
-), (b) 3B in CH:Cl, solution + 50
equivalents of CHsMgCI (------ ) and ¢) 3A
in CH.Cl; solution + 50 equivalents of
CHsMgCI ().

Absorbance

400 600 800
Wavelength / nm

o\‘w

Q O CIMg—R

Reduction

\
NS XC¥

NH,CI

+ 3 Mg(OH)CI

Scheme 2.2: Proposed mechanism.
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In the next step, in the presence of water and ammonium chloride as a proton source, all the
magnesium-nitrogen bonds are cleaved and this generates the corresponding FB corroles and
Mg(OH)CI.

2.3 Spectral Characterization:

2.3.1 Mass Spectroscopy:

The electrospray mass spectrum of the corrole, 1A, is reported which shows peaks centered at m/z =
818.53 corresponding to [M+H]* (817.29 calcd for Cs7H20BrsF3Na) (Figure 2.4). The corresponding
silver(111) corrole complex, 1B shows the mass peak centered at : m/z = 921.37 corresponding to [M]*
(922.13 calcd for Ca7H17AgBrsF3Na) (Figure 2.5). Another FB corrole 6A exhibits strong peak at m/z
=701.24 corresponding to [M+H]* (700.24 calcd for CagH2sNs) (Figure 2.6). The corresponding
silver(111) corrole complex, 6B displays the intense peak centered at : m/z =838.58 [M+CH3;OH+H]*

(calcd for CsoH290AgNsO : 837.67) (Figure 2.7).

IS +M35, 01-0.1min #[3-5)
%105 8185275
15
1.0
.54
389 ETE
. el b 1400 sse
500 1000 1500 2000 2500 m'z
II'11EI'r55 +M5, 0101 min #3656y
A0 816.5203 8185275
1.5
1.0 ‘
817 5305 | 8195289
o5 8145304 [I |'| 8205251
I
|p| 815p5313 | || | | I|| 821 5260
' | ' I | | i
DCI'—r"-'_‘—""—|'I I'I;II I\_,I-._.I I\—._,I—._.ll IL_M_ll "\—._I,-._l I'I;J lltl—ll L i
814 816 818 820 822 824 iz
Figure 2.4: ESI-MS spectrum of 5,10,15-Tris(2-bromo-5-fluorophenyl)corrole, 1A in
CHsCN.

——

41

et



Chapter two

Imens +MS, 01-0.1min #(5-8)
x109 921.3735

1.25

1.00

DTS

50

025

e 500 1000 1500 2000 2500 m/z
||'I1E'|'r§5 +MS, 010 1min #5-5)
ik 921.3735

1.00 - -

919.3742 923.3717
(=) ( I
- | 922.3743 |
| 974}3 62 1 |924 3728
el 917.3743 ] | 925.3696
| 918.3780 | |I |I (- 1926.3700
l:--'JD-—-—-—’ “—v—" ——"—’w—“‘ I;—r—' LS I‘“—v— I\—ﬂr'—' L — "—-—' T
916 218 9240 922 924 926 928 m'z

Figure 2.5: ESI-MS spectrum of 5,10,15-Tris(2-bromo-5 fluorophenyl)corrolato-
silver(l11), 1B in CH3OH
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Figure 2.6: ESI- MS spectrum of 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl)corrole, 6A in
CH:CN

2.3.2 Electronic absorption spectrum and Emission spectrum:

Electronic absorption spectrum of the free-base ligands 1A, 6A and their silver(l1l) complexes 1B,

6B are reported in this chapter. Each compound shows one intense soret band at around 400 nm and

Q bands within the range of 500-650nm (Figure 2.8 and 2.9).
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Figure 2.7: ESI- MS spectrum of 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl)corrolato
silver(ll1), 6B in CH;OH
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Compound 1A and 6A display strong fluorescence at 646nm and 676nm respectively.

Figure 2.8: Electronic absorption spectrum of 5,10,15-Tris(2-bromo-
5-fluorophenyl)corrole, 1A in CH.ClL..

400

Wavelength / nm

600

43

——

et



Chapter two

10‘58/ M'lcm'1

400 600
wavelength/nm

Figure 2.9: Electronic absorption spectrum of 5,10,15-Tris(2-
bromo-5-fluorophenyl)corrolato-silver(l11), 1B in CH:Cl..

2.3.3 NMR Spectroscopy:

The novel free base corrole, 1A displays characteristic HNMR peaks in the region of 8.98-7.35 ppm
for 17 aromatic protons (Figure 2.10). The *H NMR spectra of 1B exhibit all the characteristic peaks
within 9.21-7.38 ppm range (Figure 2.11). For another ligand 6A, all the 25 aromatic protons appear
within 9.08-7.47ppm (Figure 2.12). Corresponding silver(I11) complex 6B shows characteristic peaks
within 9.32-7.46 ppm (Figure 2.13). As the compounds 1A and 1B contain F atoms, we have also
reported the ®°FNMR spectra. In case of compound 1A, we observe two separate peaks at
—116.81ppm (d, J=17.3 Hz, 2F), —117.11ppm (t, J =21.0 Hz, 1F). Corresponding silver(I11) complex,

1B shows °FNMR peaks within the range of —116.91 ——117.03ppm.

2.3.4 Crystal Structure:
The crystal structures of the 3B and 6B are shown in Figure 2.14 and Figure 2.15 respectively. The

crystal system is triclinic for 3B and the unit cell has four 3B molecules. The crystal system is

monoclinic for 6B and the unit cell has eight 6B molecules. Important crystallographic parameters
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Figure 2.10: *H NMR spectrum of 5,10,15-Tris(2-bromo-5-fluorophenyl)corrole, 1A
in CDC|3
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Figure 2.11: 'H NMR spectrum of 5,10,15-tris(2-bromo-5-fluorophenyl)corrolato-
silver(l11), 1B in CDCls,
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Figure 2.12: "H NMR spectrum of 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl) corrole, 6A
in CDC|3,

for both the complexes, 3B and 6B are presented in Table 2.3. Bond distances and angles of 3B and
6B are in the line with the previously reported other corrolato-silver (111) molecules.t3 Silver ions in
both 3B and 6B are tetra-coordinated and the geometry around the silver ions are distorted square-
planar and are due to the larger bite angle of 96.16(15)" (for 3B) and 96.46(11)" (for 6B) for the N(3)-
Ag(1)-N(2) bonds. It is concluded that the corrole ring structures are indeed saddled-type as is
observed by the distortion of the pyrrole ring nitrogen atoms from the mean corrolato plane by
distances ranging from (-0.14) A to (+0.09) A for 3B and (-0.04) A to (+0.14) A for 6B respectively,
while considering the 19-atom corrole ring as the mean corrole plane. Although a minimal deviation
0f 0.002 A (for 3B) and 0.008 A (for 6B) of silver ions are observed from the mean N4 corrole planes.
However, the deviation observed for the silver ion from the 19-atom mean corrole planes are 0.01 A
(for 3B) and 0.08 A (for 6B). Angles between the planes of meso-substituted phenyl rings and the

mean corrole (19-carbon atoms) plane (the dihedral angles) are in the ranges of 52.23—57.25¢° (for
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Figure 2.13: 'H NMR spectrum of 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl)corrolato-silver(111),
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Figure 2.15: ORTEP diagram of 6B. Ellipsoids are drawn at 50%

probability

3B) and 41.26—64.70° (for 6B). The Ag—N bond distances of 3B are 1.929(2)A (for N(1)-Ag(1)),

1.954(2)A (for N(2)- Ag (1)), 1.944(2)A (for N(3)- Ag(1)) and 1.934(2) A (for N(4)- Ag(1))

respectively and of 6B are 1.928(2)A (for N(1)-Ag(1)), 1.957(2)A (for N(2)-Ag (1)), 1.954(2)A (for

N(3)- Ag(1)) and 1.938(2) A (for N(4)- Ag(1)) respectively.

Table 2.3: Crystallographic Data for Compounds 3B and 6B.

Compound codes 3B 6B
molecular formula CaoH20AgBrNs Ca9H25AgNs
Fw 760.88 805.62
Radiation MoKa MoKa

Crystal size(mm)

0.18 x0.13 x 0.12

0.2x0.05x0.01

crystal symmetry triclinic monoclinic
space group P-1(2) C2lc
a(A) 10.2865(8) 36.514(5)
[ )



skar_bp_11_0m%20_exptl_crystal_size_max
skar_bp_11_0m%20_exptl_crystal_size_max
skar_bp_11_0m%20_exptl_crystal_size_mid
skar_bp_11_0m%20_exptl_crystal_size_mid
skar_bp_11_0m%20_exptl_crystal_size_min
skar_bp_11_0m%20_exptl_crystal_size_min
skar_ym-5%20_exptl_crystal_size_max
skar_ym-5%20_exptl_crystal_size_max
skar_ym-5%20_exptl_crystal_size_mid
skar_ym-5%20_exptl_crystal_size_mid
skar_ym-5%20_exptl_crystal_size_min
skar_ym-5%20_exptl_crystal_size_min
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Compound codes 3B 6B
b(A) 15.0964(12) 7.809(5)
c(R) 22.6205(16) 32.017(5)
a(deg) 100.087(5) 90.000
S(deg) 95.499(4) 116.233(5)
y(deg) 102.199(4) 90.000
V(A3 3348.0(4) 8189(6)
z 4 8
2 (mm) 1.833 0.533
T(K) 296 100
Deated (g cm3) 1.510 1.307
260range (deg) 4.09 to 55.17 6.20 to 59.28
e data (Rint) 15276 (0.079) 11470 (0.084)
R1 (I>20(1)) 0.0476 0.0453
wR2 (all data) 0.0745 0.1266
GOF 0.934 1.039
Aprmax, Apmin (8 A7) 0.87,-0.77 1.13,-0.80

2.4.Conclusions:

In conclusion, we have developed an efficient one-step methodology for the conversion of corrolato-
silver (I11) complexes to the corresponding free base corroles. In comparison to previously reported
methodologies, our methodology tolerated most of the functional groups and the isolated yields of
the desired conversions are also much higher. Among the various other Grignard reagents, the methyl
magnesium chloride is able to carry out the desired conversions almost quantitatively. However, the
other two Grignard reagents, namely methyl/phenyl magnesium bromide are unable to perform the
reactions quantitatively. A mechanism for these demetallation reactions has been proposed.

2.5 Experimental Section:

2.5.1 Materials:

The precursors pyrrole, p-chloranil, 2,4,5-trimethoxybenzaldehyde, silver acetate was purchased
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from Aldrich, USA. 4-cyano benzaldehyde and 4-bromo benzaldehyde were purchased from Merck,
India. Other chemicals were of reagent grade. Hexane and CH>Cl> were distilled from KOH and CaH>
respectively. For spectroscopy and electrochemical studies HPLC grade solvents were used. The
synthetic methodologies and full spectroscopic characterization of 2A,133 2B,% 3A,% 3B,% 4A %
4B,% 5A% and 5B% has been reported earlier, however, the synthetic methodologies and
spectroscopic characterization of 1A, 1B, 6A, and 6B has been reported for the first time here.

2.5.2 Physical measurements:

UV-Vis spectral studies were performed on a Perkin—Elmer LAMBDA-750 spectrophotometer.
Emission spectral studies were performed on a Perkin Elmer, LS 55 spectrophotometer using optical
cell of 1 cm path length. The elemental analyses were carried out with a Perkin—Elmer 240C
elemental analyser. The NMR measurements were carried out using a Bruker AVANCE 400 NMR
spectrometer. Chemical shifts are expressed in parts per million (ppm) relative to residual chloroform
(6 = 7.26). Electrospray mass spectra were recorded on a Bruker Micro TOF—QII mass spectrometer.
2.5.3 Crystal Structure Determination:

Single crystals of 3B and 6B were grown by vapour diffusion of a solution of either 3B or 6B in
dichloromethane against hexane, followed by slow evaporation under atmospheric conditions. The
crystal data of 3B and 6B were collected on a Bruker Kappa APEX Il CCD diffractometer at 293 K
and 100 K respectively. Selected data collection parameters and other crystallographic results are
summarized in Table 2.1. All data were corrected for Lorentz polarization and absorption effects. The
program package SHELXTL'* was used for structure solution and full matrix least squares
refinement on F2. Hydrogen atoms were included in the refinement using the riding model.
Disordered solvent molecules were taken out using SQUEEZE command in PLATON. %

CCDC 1505273-1505274 contains the supplementary crystallographic data’s for 3B and 6B

respectively. These data’s can be obtained free of charge via www.ccdc.cam.ac.uk/data_ request/cif.
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2.5.4 Syntheses:

2.5.4.1 5,10,15-Tris(2-bromo-5-fluorophenyl)corrole, 1A:

Compound 1A was prepared by following a general procedure of corrole synthesis.'® 2-Bromo-5-
fluorobenzaldehyde (203 mg, 1 mmol) and pyrrole (134 mg, 2.0 mmol) were dissolved in 1:1
MeOH/H20 (100 mL) mixture. The reaction mixture was stirred for 3 h in presence of HCI (36%
HCI, 1.25 mL) and then extracted with CHClIs. The organic layer was washed twice with water, dried
with anhydrous Na>SOs, filtered, and diluted to 250 mL with chloroform. Then DDQ (227 mg, 1.0
mmol) was added and the mixture heated to reflux for three hours. The solvent was removed by rotary
evaporation, and the green crude product was purified by column chromatography on silica gel (100—
200 mesh) with 20% CH2Cl, and 80% hexane as eluent. Yield: 24% (65 mg); Anal. Calcd (found)
for CazH20BraFsNs (1A): C, 54.37 (54.48); H, 2.47 (2.35); N, 6.86 (6.97). *H NMR (400 MHz, CDCls)
§ 8.98 (d, J = 4.4 Hz, 2H), 8.61 (d, J = 4.7 Hz, 2H), 8.43-8.40 (t, J = 5.9 Hz, 4H), 7.99 — 7.92 (m,
3H), 7.87-7.81 (m, 3H), 7.43-7.35 (m, 3H), —2.10 (bs, 3H) (Figure 2.10). °F NMR (376 MHz, CDCl5)
6-116.81 (d, J=17.3 Hz, 2F), —117.11 (t, J =21.0 Hz, 1F). UV/Vis (CH2Cl): Amax (¢) = 410 (155197),
564 (25389), 604 (13949), 634 (5469) (Figure 2.8); MS (ESI+): m/z calcd for CazH20BrsFsNa: 817.29;
found: 818.53 [M+H] * (Figure 2.4). 1A displayed strong fluorescence at 646 nm (CH2Cla, Aex =550

nm).

2.5.4.2 5,10,15-tris(2-bromo-5-fluorophenyl)corrolato-silver(l1l), 1B:

Compound 1B was prepared by following a general procedure of corrolato silver(l1l) complex
synthesis.*? 5,10,15-Tris(2-bromo-5-fluorophenyl)corrole, 1A (82 mg, 0.1 mmol) was dissolved in
dichloromethane (24 mL), and silver acetate (222 mg, 1.34 mmol) was added to the solution. Then
trimethylamine (55 mL) was added to the reaction mixture and it was stirred for 1 hour at room
temperature, during which the colour changed from purple to dark reddish. The solvent was then
removed Dby rotary evaporation and the dark red crude product was purified by column
chromatography on silica gel (100-200 mesh) with 15% CH.Cl, and 85% hexane as eluent.

Subsequent recrystallization (CH2Cl./hexane) gave pure crystalline 1B. Yield: 50% (46 mg); Anal.
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Calcd (found) for Cs7H17AgBrsFsNs (1B): C, 48.19 (48.29); H, 1.86 (1.98); N, 6.08 (6.14). *H NMR
(400 MHz, CDCl3) § 9.21 (dd, J = 4.5, 2.1 Hz, 2H), 8.75 — 8.81 (m, 2H), 8.71 — 8.49 (m, 4H), 8.01-
7.79 (m, 6H), 7.44-7.38 (m, 3H). (Figure 2.11) °F NMR (376 MHz, CDCls) § —116.91 — —117.03
(M, 3F). UV/Vis (CH2Cl): Amax (€) =422 (121715), 531 (7532), 562 (23958), 570 nm (27677 Mtcm
1y (Figure 2.8); MS: m/z calcd for Ca7H17AgBrsFsNa: 922.13; found: 921.37 [M]* (Figure 2.5).
2.5.4.3 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl) corrole, 6A:

Compound 6A was prepared by following a general procedure of corrole synthesis.’*® 5-(4-
Cyanophenyl)dipyrromethane (247 mg, 1 mmol) and 1-Pyrenecarboxaldehyde (115 mg, 0.5 mmol)
were dissolved in 1:1 MeOH/H>0 (100 mL). The reaction mixture was stirred for 1 h in presence of
dilute HCI and then extracted with CHCIs. The organic layer was washed twice with water, dried with
anhydrous Na>SOg, filtered, and diluted to 250 mL with chloroform. Then p-chloranil (370 mg, 1.5
mmol) was added and the mixture heated to reflux for an hour. The solvent was removed by rotary
evaporation, and the green crude product was purified by column chromatography on silica gel (100—
200 mesh) with 80% CH2Cl, and 20% hexane as eluent. Yield: 34% (121 mg); Anal. Calcd (found)
for CagH2sNs (6A): C, 83.98(83.83); H, 4.03(4.05); N, 11.99 (12.12). *H NMR (400 MHz, CDCls) &
9.08 (s, 2H), 8.72 (d, J = 12.3 Hz, 3H), 8.63 (s, 2H), 8.56 — 8.44 (m, 5H), 8.35 (dd, J = 37.6, 16.5 Hz,
5H), 8.10 (d, J = 7.9 Hz, 6H), 7.71 (d, J = 9.6 Hz, 1H), 7.47 (d, J = 9.4 Hz, 1H) (Figure 2.12); UV/Vis
(CH2Cl2): Amax (€)= 427 (140 200), 524 (10 200), 584 (26 400), 623 (18 000), 653 nm (13 900 Mcm
1y 1 MS: m/z calcd for CagHasNs : 700.24; found: 701.24 [M+H]* (Figure 2.6). 6A displayed strong
fluorescence at 676 nm (CH2Cly, Jex =560 nm).

2.5.4.4 10-(pyrene-1-yl)-5,15-bis(4-cyanophenyl)corrolato silver(l11), 6B:

Compound 6B was prepared by following a general procedure of corrolato silver(l11) complex
synthesis.’*? 10-(pyren-1-yl)-5,15-bis(4-cyanophenyl) corrole 6A (26 mg, 0.038 mmol) was
dissolved in dichloromethane (6 mL), and silver acetate (63 mg, 0.38 mmol) was added to the
solution. Then trimethylamine (17.5 mL) was added to the reaction mixture and it was stirred for 1

hour at room temperature, during which the color changed from green to dark reddish brown. The
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solvent was then removed by rotary evaporation and the dark red-brown crude product was purified
by column chromatography on silica gel (100-200 mesh) with 60% CH>Cl> and 40% hexane as
eluent. Subsequent recrystallization (CH2Cl./hexane) gave pure crystalline 6B. Yield: 69% (20 mg);
Anal. Caled (found) for CaoH2sAgNs (6B): C, 73.05 (73.19); H, 3.13 (3.21); N, 10.43 (10.54). H
NMR (400 MHz, CDCls) & 9.32 (d, J = 4.4 Hz, 2H), 8.85 (d, J = 4.7 Hz, 2H), 8.79 (d, J = 4.3 Hz,
2H), 8.74 (d, J = 7.7 Hz, 1H), 8.55 (d, J = 7.7 Hz, 1H), 8.48 — 8.39 (m, 7H), 8.34 (t, J = 7.9 Hz, 2H),
8.14—8.05 (m, 6H), 7.72 (d, J = 9.4 Hz, 1H), 7.46 (d, J = 9.3 Hz, 1H) (Figure 2.13); UV/Vis (CH2CL):
Amax (€)= 429 (126 200), 499 (4800), 526 (7800), 542 (9700), 565 (22 100), 584 nm (33 600 M™*cm’
1); MS (ESI+): m/z calcd for CsoH20AgNsO : 837.67; found: 838.58 [M+CH3OH+H]" (Figure 2.7).
2.5.4.5 Demetallation:

Demetallation of corrolato Ag (I1l) complexes were performed across a series of synthesized
complexes (1B-6B), upon treatment with methylmagnesium chloride. However we will be discussing
here a representative example, i.e. 10-(2,4,5-Trimethoxyphenyl)-5,15-bis(4-cyanophenyl)corrolato-
silver(l11), 4B in details and the rest of the demetallation reactions could be performed by following
the same procedure. 10-(2,4,5-Trimethoxyphenyl)-5,15-bis(4-cyanophenyl)corrolato-silver(l11), 4B
(25 mg, 0.032 mmol) was weighed and kept in a two-necked round-bottomed flask under nitrogen
atmosphere. Anhydrous dichloromethane (30 mL) was injected into the round-bottomed flask.
Methyl magnesium chloride in THF (2.5 mmol) solution was added drop wise to the 4B solution,
which resulted an immediate colour change from deep reddish to a green coloured solution. The
solution was stirred for another 15 min. Then aqueous solution of ammonium chloride was added,
and it was extracted with water. Subsequently the organic layer was dried with anhydrous Na,SO4
and evaporated to dryness. The reaction mixture was then subjected to column chromatography
through silica gel (100-200 mesh) column using 95% dichloromethane and 5% hexane as eluent.
After recrystallization with dichloromethane and hexane, pure demetallated compound, 4A (18.5 mg,
0.028 mmol) in 87% yield was obtained. The demetallated compound, i.e., the free base corrole, 4A,

was characterized by various analytical and spectroscopic techniques, including TLC examination,
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'H NMR studies and also by ESI mass spectroscopy and was found to be fully matching with the

previously reported authentic data.
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3.1 Introduction:

The synthesis of a corrole ring via ring contraction of a suitable porphyrin derivative has been rarely
documented in the literature.’3"'4* Corroles are structurally related to corrins.'>14¢ However, in
contrast to corrins, corroles possess aromaticity.%9°149-166 Many challenging corrole based systems
are under intensive research, %49°14%-166 and thus the ring contraction of porphyrins to corroles (rarely
explored but a one-step protocol) has a lot of promise for the future development of porphyrinoid
based compounds. Very few research reports indeed highlight the ring contraction methodology that
leads to a porphyrin to corrole conversion (only one example of a real such conversion with 9% yield,
see Scheme 3.1). Vogel et al. had first reported a porphycene—isocorrole rearrangement reaction and
compared it with the ring contraction step for the facile synthesis of a corrin ring in association with
the biosynthesis of vitamin Bi12.*" Porphycene and isocorrole can be considered as the related
analogous macrocycles of porphyrin and corrole, respectively. In later years, during metalation of a
highly electron deficient porphyrin ring by using Re2(CO)10 at higher temperature, Chan et al. have
observed the formation of oxorhenium(V) corrolate in 9% yield. It was postulated that the reductive
conditions favoured the porphyrin to corrole conversions.**® Callot et al. have observed that a nickel
complex of meso-tetraarylporphyrins upon treatment with benzoic anhydride and SnCls and
subsequent exposure to air under a basic medium resulted in the formation of nickel complexes of
corroles (divalent form) in 24% yield.***4° They have further demonstrated that the role of the metal
ion is pivotal in this transformation and the same reaction was unsuccessful when copper was used
instead of nickel. The size of the metal ion is considered to be a vital factor for this transformation.
Goldberg et al. have described the synthesis of corrolazine by using a ring contraction methodology
and have used porphyrazine as a starting material for this purpose.*! Latos-Grazynski et al. have also
reported a 21-silaphlorin to iso-carbacorrole transformation in 1% yield**? (Scheme 3.1). Overall, the
ring contraction methodology is poorly understood in porphyrin-based macrocycles, and no synthetic

method with high yield is known.
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Scheme 3.1: Literature review of the previously reported cases of
ring contraction.

3.2 Synthetic Discussion:

In the following, we present a modified synthetic protocol for the synthesis of two A:B»-type
ferrocenyl-porphyrin ligands (one new and one literature reported): 5,15-diferrocenyl-10,20-bis(4-
cyanophenyl)porphyrin, 1, and 5,15-diferrocenyl-10,20-bis(4-nitrophenyl)porphyrin, 2,1% and their

relevant novel copper complexes with porphyrinato ligands 5,15-diferrocenyl-10,20-bis(4-
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cyanophenyl)porphyrinato—Cu(ll), 3, and 5,15-diferrocenyl-10,20-bis(4-nitrophenyl)porphyrinato—
Cu(ll), 4, and novel silver complexes with corrolato ligands (formed after ring contraction)10-
ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-Ag(lIl), 5, and 10-ferrocenyl-5,15-bis(4-

nitrophenyl)corrolato-Ag(l11), 6 (Scheme 3.2).

R=CN (1)
Fe@ R=NO, (2)

Ferrocenyl-porphyrin

lCu(CH3COO)2 Ag(CH,;CO0) l
00

ofiFor oo

R=CN () R=CN (5)
@ Fﬂ@ R=NO, (4) R =NO, (6)
Porphyrinato-Cu(Il) Corrolato- Ag(11I)

Scheme 3.2: Comparative reactivities of ferrocenyl-porphyrin with copper acetate and silver
acetate.

A combined synthetic, electrochemical, and crystallographic approach has been adopted to establish
the reactivity pattern of the different metal precursors with the ferrocenyl-porphyrin derivatives. The
two trans-A:B»-type ferrocenyl-porphyrin free base (FB) ligands, 1 and 2, were prepared by following
a modified synthetic strategy. The corresponding FB porphyrins, 1 and 2, were dissolved in excess

triethylamine and were stirred with excess copper acetate and silver acetate respectively. These
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reactions led to the generation of complexes 3, 4, 5, and 6 respectively in good yields. The
composition and purity of complexes 1-6 were determined by elemental analyses, *H and 3C NMR
spectroscopy and ESI mass spectrometry.

3.3 Spectral Characterization:

3.3.1 Absorption spectroscopy:

The absorption spectra of 1 and 2 in dichloromethane are quite similar in shape; the same holds true

for 3 and 4 as well as 5 and 6 (Figure 3.1-3.5). In contrast to the starting porphyrin derivatives (1 and

400 500 600 700 800
A[nm]

Figure 3.1: Ultraviolate-Visible spectral diagram for porphyrin 1
measured in DCM solvent

2), one Q band was observed in DCM for 3 and 4, probably as a result of a more symmetric structure,
and the corresponding Soret and Q bands are blue shifted.'®1% In the cases of 5 and 6, three Q bands
were observed in DCM and the absorption spectra clearly indicate the formation of Ag-corrole
derivatives>0-96:120.121.132,170.171 (Tapje 3.1).

3.3.2 Electrochemistry:

The cyclic voltammogram and the differential pulse voltammogram of the complexes 3 and 5 were

measured in CH2Cl2/0.1 M TBAP. The complexes 3 and 5 displayed two reversible oxidation and
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61

et




Chapter three

1.0
1.04
-
|E FIT
7 5
g S s
= %
—_— —
W e
@
O-O T T T T 1
400 500 600 700 800 S T 8o
A[nm] A[nm]
Figure 3.2: Ultraviolet-Visible spectroscopic Figure 3.3: Ultraviolet-Visible spectroscopic
diagram for complex 3 in DCM solvent. diagram for complex 5 in DCM solvent.
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Figure 3.4: Electronic absorption spectrum of 5 Figure 3.5: Electronic absorption spectrum
in dichloromethane. of complex 6 measured in DCM solvent.

one reversible reduction steps vs. ferrocene/ferrocenium (Figure 3.6 and 3.7). The oxidation couples
for 3 were observed at E%gs, V (AEp, mV): 0.12 (100) and 0.49 (90) respectively. The reduction
couple for 3 was observed at E%qs, V (AEp, mV): —0.64 (80). The oxidation couples for 5 were
observed at E%gs, V (AEp, mV): 0.05 (80) and 0.51 (100) respectively. The reduction couple for 5
was observed at E%egs, V (AEp, mV): —1.30 (100) (Table 3.1). The oxidation couples for the FB ligand,

1, displayed two one-electron transfer processes at E%os, V (AEp, mV): 0.04 (80) and 0.16 (70)
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respectively. These peaks probably arise due to the oxidation of the ferrocenyl moiety of the FB
ligand, 1.172175 Based on these observations, we have tentatively assigned the 1% oxidation peaks at
0.12 V (for 3) and 0.05 V (for 5) as the ferrocene-based electron transfer process. It is clearly evident
that a one-electron transfer process occurred at 0.05 V for 5 and two inseparable one-electron transfer
processes occurred at 0.12 V for 3. The one-electron transfer process (one Fc group is present) is a
clear manifestation of the presence of a corrole based ring system contrary to the porphyrin-based
ring system. In addition, all the oxidation and reduction couples in complex 5 correlate nicely with

previously reported related Ag-corrole based systems, 50:96:120121,132,170,171

05 00 -05 -1.0 -15  -2.0
E [V]

Figure 3.6: CV diagram ( ) and DPV diagram (-------- ) of complex 3 in
DCM solvent. The potentials are vs. ferrocene/ferrocinium.

3.3.3 NMR spectroscopy:

The *H NMR spectrum of 1 exhibited sharp lines in accordance with sixteen partially overlapping
aromatic protons in the region 8, 10.0-8.0 ppm with ‘normal’ chemical shifts. The eighteen partially
overlapping cyclopentadienyl ring protons are observed in the 5.5-4.0 ppm region. The two imine
protons of porphyrin resonate at —1.75 ppm and all these observations are in line with the diamagnetic
character of the porphyrin FB ligands (Figure 3.8). The *H NMR spectrum of the complexes 5 and 6

exhibited sharp lines with ‘normal” chemical shifts and these observations are in line with the

63

et

——



Chapter three

0.5 00 -05 -10 -15
E [V]
Figure 3.7: CV diagram ( ) and DPV diagram (-------- ) of complex 5 measured
in DCM solvent. The potentials are vs. ferrocene/ferrocinium.

Table 3.1;: UV—=Vis. and CV data

Electrochemical data?
Compound UV-vis. Data?
Amac /N (€ / M-em-) Oxidation Reduction
E°V (AEp, mV) | E°V (AEp, mV)
1 427 (195000), 593 (15000), 690 0.04 (80), ]
(16000). 0.16 (70).
428 (93000), 606 (18500), 695 _ _
2 (19000).
423 (115000), 642 (7500). 0.12 (100, _
3 ( ) (7500) 0.49 (90). 0.64 (80).
A 423 (108000), 653 (13000). _ _
; 431 (98000), 541 (11000), 571 0.05 (80), —1.30 (100).
(11000), 612 (16000). 0.51 (100).
434 (65000), 542 (9200), 577
6 (8800), 624 (12700).
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@in DCM solvent.

The potential values are vs. ferrocene/ferrocinium.

T
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Figure 3.8: '"H NMR spectrum of 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1
in CDC|3.

diamagnetic character of the complexes 5 and 6 (Figure 3.10 and 3.12) For example, the *H NMR
spectrum of 5 exhibited sharp lines in accordance with sixteen partially overlapping aromatic protons
in the region &, 9.8-8.1 ppm. The nine partially overlapping cyclopentadienyl ring protons (for a
similar porphyrin derivative this number will be eighteen) are observed in the 5.6—4.2 ppm region
and all these observations tally well with the formulation of a diamagnetic corrolato-Ag'"' complex
formation, °0:96:120121,132,170.171 13GNMR Spectra of compound 1, 5 and 6 are also reported here (Figure
3.9,3.11 and 3.13).

3.3.4 Mass Spectroscopy:

The electrospray mass spectrum of the free base corroles 1 and 2 are reported here. Compound 1

shows intense peak centred at m/z = 880.17 correspond to [1]* (880.17 calcd for CsaHssFe2Ns)
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Figure 3.9: ¥C NMR spectrum
cyanophenyl)porphyrin, 1 in CDCls.
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Figure 3.10: 'H NMR spectrum of 10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-

Ag(111), 5 in CDCl.
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Figure 3.11: ®C NMR spectrum of 10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-
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Figure 3.12: '"H NMR spectrum of 10-ferrocenyl-5,15-bis(4-nitrophenyl)corrolato-

35 38 25 0 15 10 05 00 05 10 ppm

——

67

et



Chapter three

r T T
[uli} 190 180

Figure 3.13: *C NMR spectrum of 10-ferrocenyl-5,15-bis(4-nitrophenyl)corrolato-Ag(l11),

6 in CDCls.
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Figure 3.14: ESI-MS spectrum of 5,15-diferrocenyl-10,20-bis(4-cyanophenyl)porphyrin, 1
in CH3CN shows (a) the recorded spectrum and (b) with isotopic distribution pattern.
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{Figure 3.14}. The electrospray mass spectrum of ligand 2 is measured in acetonitrile solvent which
leads to the generation of intense peak centred at m/z = 921.15 correspond to [2+H]* (920.15 calcd

for Cs2HssFe2NeO4). Corresponding Cu(ll) porphyrin complexes 3 and 4 show intense peak centred
at m/z = 941.06 correspond to [3]" (941.08 calcd for CssH3sCuFezNg) {Figure 3.15} and at m/z =
981.07 correspond to [4]" (981.06 calcd for Cs;HzsCuFe:NeOs) {Figure 3.16} respectively.
Corresponding Ag(lll) corrole complexes 5 and 6 show intense peak centred at m/z = 788.04
correspond to [5] ™ (788.05 calcd for CasHasAgFeNs) {Figure 3.17}. and m/z = 828.03 correspond to

[6] ™ (828.03 calcd for Ca1H2sAgFeNsO4) {Figure 3.18} respectively.
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Figure 3.17: ESI-MS spectrum of 10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-Ag(l11),
5 in CH3CN shows (a) the measured spectrum and (b) with isotopic distribution pattern.

3.3.5 EPR Spectroscopy:

The EPR data of the complexes (3 and 4) are presented in Figure 3.19, 3.20 and Table 3.2. In the
native state (in DCM at RT) the compound 3 displays a typical Cu(ll)-type EPR spectrum (Figure
2.110

3.19). The experimental data of 3 were simulated by considering an axial g-tensor with g; =

and g+ = 2.040 and the corresponding hyperfine coupling to the copper nuclei (Table 2). There are
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Figure 3.18: ESI-MS spectrum of 10-ferrocenyl-5,15-bis(4-nitrophenyl)corrolato-
Ag(lll), 6 in CH3CN shows (a) the measured spectrum and (b) with isotopic

distribution pattern.
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some discrepancies between the experimental and the simulated spectra. Such discrepancies are an

established phenomenon in the EPR spectra of copper(ll)—porphyrin complexes, and have been

documented elsewhere as well.*"®477
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Figure 3.19: Experimentally observed and
simulated EPR spectrum of 3 measured in
dichloromethane solvent at room
temperature.
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Figure 3.20: Experimentally observed
and simulated EPR spectrum of 4
measured in dichloromethane solvent at

room temperature.
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Table 3.2: Overview of g values and hyperfine coupling constants obtained from simulation.

01 02 Al(63,650u) A2(63'65CU) A1(14N) A2(14N)
2.040 2.110 120 250 45 25
2.029 2.113 90 290 47 37

3.3.6 X-Ray Crystallography:

The molecular structure of 3 in the crystal is shown in Figure 3.21. Important crystallographic
parameters are reported in Table 3.3. The bond distances and angles of 3 match nicely with those of
the previously reported other authentic porphyrinato—copper(I1) complexes. *¢7-16° The Cu-N bonds

in the corrolato-copper(I11) complexes reported earlier are found out to be in the order of 1.873 A and

NS

c4s

Figure 3.21: X-ray crystallographic structure of complex 3. All the
hydrogen atoms are excluded for clarity.

1.907 A1 The crystal structure of 5 is shown in Figure 3.22. Important crystallographic parameters
are reported in Table 3.3. The asymmetric unit of 5 consists of three crystallographic independent
molecules having different conformations. The Ag—N bond distances are 1.948 A (for Agl-N1),

1.949 A (for Agl-N2), 1.963 A (for Ag1l-N3) and 1.937 A (for Ag1-N4). The bond distances and
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angles of 5 match nicely with those of the previously reported related corrolato-silver(111) complexes.

50,96,120,121,132,170,171

Cc24
N§

/Jc3 c6

Figure 3.22: X-ray crystallographic structure of complex 5. All the H atoms
are excluded for clarity.

Table 3.3: Crystallographic Data for 3 and 5.

Compound codes 3 5
molecular formula Cs4H3z4CuFezNs 3(CazH2sAgFeNs)
Fw 942.11 3 x789.41
Radiation MoKa. Cu Ka
crystal symmetry Monoclinic Triclinic
space group P2i/c P-1
a(A) 18.6124(8) 18.4767(6)
b(A) 8.9540(4) 18.7775(7)
c(A) 15.5768(7) 19.6170(5)
a(deg) 90 99.222(2)
B(deg) 113.979(2) 104.379(2)
y(deg) 90 117.221(4)
V(A3) 2371.91(18) 5558.5(4)
Z 2 2
2 (mmY) 1.089 7.677
(=]}
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T(K) 296 298
Dealcd (g cm™3) 1.319 1.415
260range (deg) 2.395 to 26.057 2.452 to0 66.999
e data (Rin) 4676 (0.087) 19796 (0.058)
R1 (1>25(1)) 0.0438(2799) 0.0533(16557)
WR?2 (all data) 0.0996(4676) 0.1585(19796)
GOF 0.957 1.169
Apmax, Apmin (€ A7) 0.34,-0.32 2.510,-1.320

3.3.7 'H NMR Experiment:

An attempt has been made to understand the ring contraction methodology. We have performed in
situ NMR experiments in order to get an idea about the ring contraction. For this purpose, 6 mg of
compound 1 was taken and was dissolved in CDClz and the obtained spectrum is shown in Figure
3.23 (a). The observed spectrum authenticates that the signals are due to the presence of FB porphyrin
derivatives only and there are no traces of impurity signals that can suggest the presence of FB corrole
derivatives. The *H NMR spectrum of the crude reaction mixture is shown in Figure 3.23. For the
sake of comparison, we have also attached the spectrum of the pure compound 5 in CDCIs (Figure
3.23 (c). One can easily identify that the peaks belonging to porphyrin 1 are totally consumed (Figure
3.23 (b) and new peaks due to corrolato-Ag(lll) (5) appeared and all these changes are visible in
Figure 3.23. In fact, both Figure 3.23 (b) and (c) demonstrate identical NMR spectra. Thus, the NMR
spectra authenticate the conversion of FB porphyrin to the corrolato- Ag(lll) derivative. An attempt
has been made to decipher the mechanism of this ring contraction phenomenon (Scheme 3.2).

3.3.8 GC-EIMS analysis:

The silver corrole formation was almost quantitative and the formation of silver porphyrin was
observed in negligible amount (~1%) over the entire reaction time frame. Over the entire course of
the reaction, we have not observed any TLC spot that corresponds to the FB corrole derivatives, thus

it appears that the silver chelation occurs very rapidly. There are many possibilities that can lead to

74

——
| —


file:///D:/Projects/Sanjib/skar_payel_vc_0m%20_cell_measurement_temperature
file:///D:/Projects/Sanjib/skar_payel_vc_0m%20_cell_measurement_temperature
sk_bp_15%20_diffrn_reflns_av_R_equivalents
sk_bp_15%20_diffrn_reflns_av_R_equivalents
skar_fer_ag1%20_reflns_number_total
skar_fer_ag1%20_reflns_number_total
skar_fer_ag1%20_diffrn_reflns_av_R_equivalents
skar_fer_ag1%20_diffrn_reflns_av_R_equivalents
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_R_factor_gt
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_R_factor_gt
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_wR_factor_ref
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_wR_factor_ref
file:///D:/Projects/Sanjib/skar_payel_vc_0m%20_refine_ls_goodness_of_fit_ref
file:///D:/Projects/Sanjib/skar_payel_vc_0m%20_refine_ls_goodness_of_fit_ref
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_goodness_of_fit_ref
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_ls_goodness_of_fit_ref
sk_bp_15%20_refine_diff_density_max
sk_bp_15%20_refine_diff_density_max
sk_bp_15%20_refine_diff_density_min
sk_bp_15%20_refine_diff_density_min
sk_bp_15%20_refine_diff_density_min
sk_bp_15%20_refine_diff_density_min
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_diff_density_max
file:///D:/Projects/Sanjib/skar_sk_tcc_d_0m%20_refine_diff_density_max

Chapter three

L wjl . /l J{ J [I'.‘}
7 * T TTY e w .

10 ; w0 g 8.0 : 0 : 6.0 g 5.0 = 40 : 10 ppm
x LLAL LJA "
- e ok sl aur ke o T 1 T

10.0 ) a4 ) B0 ) i) ) 6.0 ( 50 ) 40 . 30 ppm
J J‘I—l i JL " ~(a)
7 TTrT T T T

wo 5,0 ) i ) W i ) 5.0 ) 4.0 ) 30 ppm

Figure 3.23: *H NMR spectra of (a) pure 1 in CDCls, (b) the sample prepared via treatment of
1 (equimolar amount) with Ag(CHsCOOQO) and trimethylamine in DCM, stirred at RT for 30
mins, followed by filtration of the silver residues and the evaporation of the residual solvent
containing triethylamine and dissolution in CDCls, and (c) pure 5 in CDCls.

the corrole ring formation. GC-EIMS analysis of the crude reaction mixture (Figure 3.24-3.29) helped
us to rule out several alternative possibilities of the corrole ring formation. We have monitored the
course of the reaction via GC-EIMS (the corresponding FB porphyrin was dissolved in DCM and
was treated with triethylamine and excess silver acetate) and identified the release of the ferrocenyl
moiety from the starting FB porphyrin precursors (Figure 3.24-3.29). The retention time of this
ferrocenyl moiety in the GC column is very close to that of the free ferrocene derivative (Figure 3.30
and 3.31) but significantly different from that of the authentic ferrocene aldehyde samples (Figure
3.32 and 3.33). This indicates that the ferrocenyl moiety is a cleavage product from the parent FB
porphyrin. It has to be kept in mind that several control experiments have been performed under

identical reaction conditions. When FB porphyrin was dissolved in DCM and was stirred with
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Figure 3.24: 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1 was dissolved in DCM
and subsequently silver acetate was added followed by the addition of triethylamine solvent
into the reaction mixture and it was stirred continuously at room temperature. Aliquots of
this reaction mixture were taken after 2 minutes and were monitored by GC-EIMS analysis.
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Figure 3.25: Mass spectrum (GC-EIMS) of ferrocenyl derivatives detected by GC of the

reaction mixture.
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Figure 3.27: 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1 was dissolved
in DCM and subsequently silver acetate was added followed by the addition of
triethylamine. The reaction solution was stirred continuously at room temperature.
Aliquots of this reaction mixture were taken after 30 minutes and were monitored
by GC-EIMS analysis.
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Figure 3.28: Mass spectrum (GC-EIMS) of ferrocenyl derivatives detected by GC
of the reaction mixture.
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Figure 3.29: Mass spectrum (GC-EIMS) of ferrocenyl derivatives detected by GC of the
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Figure 3.30: Ferrocene was dissolved in dichloromethane and were monitored by
GC-EIMS analysis.
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Figure 3.31: Mass spectrum (GC-EIMS) of ferrocene detected by GC of the reaction
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Figure 3.32: Ferrocenecarboxaldehyde was dissolved in dichloromethane and were
monitored by GC-EIMS analysis.
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Figure 3.33: Mass spectrum (GC-EIMS) of ferrocenecarboxaldehyde detected by GC
of the reaction mixture.
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triethylamine (in the absence of silver acetate), it did not release any ferrocenyl moiety, as evident
from the GC-EIMS analysis (Figure 3.34). In another control experiment, Ag-corrole was dissolved
in DCM and was stirred with triethylamine and it also did not release any ferrocenyl moiety. These

observations suggest the involvement of the silver acetate in the ring contraction step. This also

indicates that the ring contraction occurs first followed by Ag-chelation.
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Figure 3.34: 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1 was dissolved in DCM
solvent followed by the addition of triethylamine into the solution and it was stirred continuously

at room temperature. Aliquots of this solution were taken after 15 minutes and were monitored
by GC-EIMS analysis.

If this occurs in the other way, then we would have detected the formation of silver porphyrin in
significant concentration while performing the periodic control of the reaction mixture via TLC. The
insertion of an Ag™ ion at the meso-position and the concomitant insertion of the CH3COO™ group at
the neighboring a-position are pivotal and lead to the formation of a C—C bond (Scheme 3.3). Ag-salt
catalyzed C—C bond formation is well documented in the literature.X’® Finally, an organometallic
methylferrocenium species comes out from the reaction mixture (Scheme 3.3). GC EIMS strongly

supports the formation of the methylferrocenium species (Figure 3.25). This methylferrocenium

( 1
L 8 )
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species finally leads to the formation of several coupled ferrocenyl derivatives whose identities were
established via GC-EIMS techniques (Figure 3.27-3.29). Thus, we can conclude that the ring
contraction is purely metal assisted, and the silver is an ideal choice for the same and it is not feasible

in the case of copper.

0~0

Scheme 3.3: Proposed mechanism.

3.4 Conclusion:

In conclusion, we have synthesized two trans-A;B2-type ferrocenyl-porphyrin ligands (1 and 2) via
a modified synthetic route. A combined synthetic, electrochemical, and crystallographic approach has
been adopted to establish the reactivity pattern of Cu and Ag based metal precursors with these FB

ligands. The paramagnetic nature of the compounds 3 and 4 is evident from the appearance of typical
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Cu(I)-type EPR spectra for both compounds 3 and 4. The *H NMR spectra of the complexes 5 and
6 exhibited sharp lines with ‘normal’ chemical shifts and thus indicate the presence of diamagnetic
corrolato-Ag'"' complexes. The single crystal X-ray structural analysis further supports the presence
of a copper ion in 3 having a perfect square-planar geometry. Similarly, X-ray structural analysis
reveals the presence of a silver ion in 5 having a corrolato anion in its coordination sphere. In situ
NMR experiments clearly demonstrate the ring contraction and silver chelation. GC-EIMS
experiments suggest the course of the reaction through identification of a key ferrocenyl moiety from

the starting FB porphyrin ligand.

3.5 Experimental part:

3.5.1 All Materials details:

All the reagents like 4-CN benzaldehyde, p-chloranil, pyrrole, 4-Nitro benzaldehyde,
Ferrocenecarboxaldehyde and Tetrabutyl Ammonium Perchlorate (TBAP) were ordered through
SigmaAldrich, USA. Other reagents like Copper acetate and Silver acetate were ordered through
Merck, India. Rest of the other reagents were from reagent grade quality. Solvents like hexane and
DCM were purified with potassium hydroxide and Calcium hydride respectively. HPLC standard
solvents were utilized for all the spectroscopic and electrochemical related studies.

3.5.2 Physical Studies:

Perkin—Elmer LAMBDA-750 spectrophotometer was used for all the Ultraviolate—Visible spectral
studies. For the elemental analyses, Perkin-Elmer 240C elemental analyser were used. Nuclear
Magnetic Resonance spectra of all the complexes have been measured by using Bruker Avance 400
NMR spectrometer using TMS (Tetramethylsilane) as the internal standard. For all the Electrospray
lonisation Mass Spectrometry data, the Bruker Micro TOF-QII mass spectrometer has been used. Gas
Chromatography-Electron Impact Mass spectra were measured using the Thermo Scientific ITQ 900
spectrometer. Electrochemical studies were measured using the CH Instruments model CHI1120A
electrochemical system. As the working electrode, the glassy carbon has been used and as the counter

electrode and reference electrode, the platinum wire and a saturated calomel electrode (SCE) has been
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utilized within the electrochemical cell. TBAP (Tetrabutyl ammonium perchlorate) has been utilized
as supporting electrolyte (0.1M) with a 10°M conc. of the overall solution with respect to the
complex. E%gg is called the half wave potential which can be determined using 0.5(Epc + Epa), and the
Epc and Epa stand for the cathodic and anodic peak positions, respectively. All the electrochemical
experiments were carried out using 100 mV s scan rate. All the X-band EPR spectra were performed
using the Bruker EMX System and all the EPR simulations were performed through the Simfonia

program.

3.5.3 Determination of the Crystal Structure:

Crystals of both the complexes 3 and 5 were obtained through the slow diffusion process in DCM
solvent into hexane and this process was followed by the slow evaporation under atmospheric
conditions. Bruker Kappa APEX Il CCD and Rigaku Oxford diffractometer have been used for
recording the crystal data for complex 3 and 5 respectively at room temperature. All the
crystallographic parameters were arranged within the Table 3 and have been optimized for absorption
effects and Lorentz polarization effect. In order to solve and refine both the crystals, the SHELXTL"
144 program package has been utilized. During the refinement process, all the Hydrogen atoms has
been attached through riding model. Hydrogen atoms of the water molecules were included without
fixing. Spots for all the disordered solvent molecules has been eliminated through the SQUEEZE
command in PLATON.*148 CCDC number 1842435-1842436 accommodate all the X-Ray crystal

data for complexes 3 and 5. www.ccdc.cam.ac.uk/data_ request/cif can be used to access the crystal

data without any charge.

3.5.4 Syntheses:

3.5.4.1 Synthesis of 5,15-diferrocenyl-10,20-bis(4—-cyanophenyl)porphyrin, 1:

The trans-ferrocenyl—porphyrins (1-2) were synthesized by following the slight modification of a
general synthetic protocol developed earlier by Gryko et al. for the synthesis of F B corrole
derivatives. 9495149166 Hence, only one representative case is discussed below. 5-(4-

Cyanophenyl)dipyrromethane (247 mg, 1 mmol) and ferrocene carbaxaldehyde (107mg, 0.5mmole)
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were dissolved in 1:1 MeOH/H>0 (100 mL) mixture. The reaction was kept for stirring for 1 h in
presence of dil. HCI and then was extracted with CHCIs. The organic layer was washed twice with
H20, dried by anhydrous Na>SOg, filtered, and diluted to 250 mL with CHClIs. Then p-chloranil (360
mg, 1.5 mmol) was added, and the mixture was stirred for 10 min. The solvent was removed by rotary
evaporation and the yellowish green colored crude product was purified by column chromatography
through silica gel (100-200 mesh) with 65% CH.Cl, and 35% hexane as eluent.

3.5.4.2 For 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1:

Yield: 8% (0.035 g). Anal. Calcd (found) for CssHssFe2Ns (1): C, 73.65 (73.78); H, 4.12 (4.22); N,
9.54 (9.46). Amax/ nm (¢/M-*cm™) in dichloromethane: 427 (195000), 593 (15000), 690 (16000).
(Figure 3.1, Table 3.1). Proton NMR (400 MHz, CHCIz-d): 6 9.87 (d, J = 4.8 Hz, 4H, pyrrole),
8.55 (d, J =4.9 Hz, 4H, ppyrrole), 8.30 (d, J=8.1 Hz, 4H, aryl-H), 8.07 (d, J = 8.2 Hz, 4H, aryl-H),
5.50 (t, J = 1.9 Hz, 4H, Fc-H), 4.85 (t, J = 1.8 Hz, 4H, Fc-H), 4.13 (s, 10H, Fc-H), -1.67 (s, 2H, Por-
NH) (Figure 3.8). 3C NMR (101 MHz, CDCl3): & 147.49, 138.39, 137.86, 135.04, 132.00, 131.58,
131.50, 130.65, 130.10, 128.62, 126.85, 126.07, 119.21, 117.62, 112.02, 71.62, 70.81, 69.65, 69.21,
68.50 (Figure 3.9). The ESI-MS spectrum of this porphyrin ligand in CH3CN showed peaks centred
at m/z = 880.17 correspond to [1]™ (880.17 calcd for CsaHzsFe2Ns) {Figure 3.14}.

3.5.4.3 For 5,15-diferrocenyl-10,20-bis(4-nitrophenyl)porphyrin, 1% 2:

All the analytical data are consistent with literature values. 1% Yield: 8% (0.036 g). Anal. Calcd
(found) for Cs2HzsFe2NsO4 (2): C, 67.84 (67.75); H, 3.94 (3.86); N, 9.13 (9.03). Amax/nm (¢/M~tcm™)
in dichloromethane: 428 (93000), 606 (18500), 695 (19000). {Table 3.1}. Proton NMR (700 MHz,
CHCIs-d): 6 9.88 (s, 4H, p-pyrrole), 8.65 (d, J = 7.8 Hz, 4H, aryl-H), 8.57 (d, J = 4.6 Hz, 4H,
pyrrole), 8.36 (d, J = 7.8 Hz, 4H, aryl-H), 5.50 (s, 4H, Fc-H), 4.86 (s, 4H, Fc-H), 4.13 (s, 10H, Fc-
H), -1.64 (s, 2H, Por-NH). The ESI-MS spectrum in CH3CN displayed peaks centred at m/z = 921.15

correspond to [2+H]* (920.15 calcd for Cs2H3sFe2NgOa).
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3.5.4.4 Synthesis of 5,15-diferrocenyl-10,20-bis(4-cyanophenyl)porphyrinato-Cu(ll), 3:

0.050 g of 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1 (0.056 mmol) was dissolved in
10 mL of dichloromethane and subsequently 0.046 g of copper acetate hydrate (0.24 mmol) was
added to it. Then triethylamine (34 mL) was added to the reaction mixture and it was stirred for 1
hour at room temperature during which the colour changed from yellowish green to dark brown. The
solvent was then removed by rotary evaporation and the brown crude product was purified by column
chromatography through silica gel (100-200 mesh) column with 55% CH.Cl, and 45% hexane as
eluent. Subsequent recrystallization (CH2Cl./hexane) gave the pure crystalline 3.

3.5.4.5 For 5,15-diferrocenyl-10,20-bis(4-cyanophenyl)porphyrinato-Cu(ll), 3:

Yield: 80% (0.043 g). Anal. Calcd (found) for CssH3sCuFe2Ns (3): C, 68.84 (68.95); H, 3.64 (3.51);
N, 8.92 (8.99). Amax/nm (¢/M~tcm™) in dichloromethane: 423 (115000), 642 (7500) {Figure 3.2,
Table 3.1}. The ESI-MS spectrum in CH3CN solvent showed peaks centred at m/z = 941.06
correspond to [3]™ (941.08 calcd for CssHz:CuFe2Ne) {Figure 3.15}.

3.5.4.6 For 5,15-diferrocenyl-10,20-bis(4-nitrophenyl)porphyrinato-Cu(ll), 4:

Yield: 79% (0.042g). Anal. Calcd (found) for Cs2H3aCuFe2NsO4 (4): C, 63.59 (63.71); H, 3.49 (3.60);
N, 8.56 (8.44). Ama/nm (¢/M~tcm™) in dichloromethane: 423 (108000), 653 (13000) {Figure 3.3,
Table 3.1}. The ESI-MS spectrum of complex 4 in CH3CN displayed peaks centred at m/z = 981.07
correspond to [4]™ (981.06 calcd for CsHzsCuFez2NsO4) {Figure 3.16}.

3.5.4.7 Synthesis of 10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-Ag(lll), 5:

0.050 g of 5,15-diferrocenyl-10,20-bis(4—cyanophenyl)porphyrin, 1 (0.057 mmol) was dissolved in
10 ml of DCM solvent and subsequently 0.096 g of silver acetate (0.57 mmol) was added to it. Then
triethylamine (34 mL) was added to the reaction mixture and it was stirred for 30 minutes at room
temperature during which the colour changed from yellowish green to deep green. The solvent was
then removed by rotary evaporation and the deep green crude product was purified by column
chromatography immediately through alumina oxide active neutral column with 50% CH.Cl, and

50% hexane as eluent. Subsequent recrystallization (CH2Cl./hexane) gave the pure crystalline 5.
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3.5.4.8 For 10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-Ag(l11), 5:

Yield: 85% (0.038 g). Anal. Calcd (found) for CasHzsAgFeNs (5): C, 65.42 (65.33); H, 3.19 (3.34);
N, 10.65 (10.51). Amax/nm (e/M-tcm™?) in dichloromethane: 431 (98000), 541 (11000), 571 (11000),
612 (16000) {Figure 3.4, Table 3.1}. Proton NMR (400 MHz, CHClIz-d): & 9.87 (s, 2H, fpyrrole),
9.07 (d, J = 4.2 Hz, 2H, p-pyrrole), 8.82 (d, J = 4.5 Hz, 2H, S-pyrrole), 8.55 (d, J = 4.0 Hz, 2H, f-
pyrrole), 8.38 (d, J = 7.8 Hz, 4H, aryl-H), 8.13 (d, J = 7.7 Hz, 4H, aryl-H), 5.59 (s, 2H, Fc-H), 4.88
(s, 2H, Fc-H), 4.30 (s, 5H, Fc-H) {Figure 3.10}. 3C NMR (101 MHz, CDCls): § 145.30, 138.82,
136.19, 135.25, 133.97, 131.64, 130.41, 127.76, 127.63, 119.60, 119.33, 119.00, 116.57, 111.66,
75.83, 71.63, 70.68, 69.13 {Figure 3.11}. The ESI-MS spectrum in CH3CN solvent showed peaks
centred at m/z = 788.04 correspond to [5] * (788.05 calcd for CasH2sAgFeNs) {Figure 3.17}.

3.5.4.9 For 10-ferrocenyl-5,15-bis(4-nitrophenyl)corrolato-Ag(lll), 6 :

Yield: 84% (0.038 g). Anal. Calcd (found) for C41H2sAgFeNesO4 (6): C, 59.37 (59.26); H, 3.04 (3.15);
N, 10.13 (10.01). Amax/nm (e/M~tcm?) in dichloromethane: 434 (65000), 542 (9200), 577 (8800),
624 (12700) {Figure 3.5, Table 3.1}. Proton NMR (700 MHz, CHClIz-d): & 9.89 (s, 2H, Spyrrole),
9.11 (s, 2H, Spyrrole), 8.85 (d, J = 4.4 Hz, 2H, fpyrrole), 8.70 (d, J = 7.8 Hz, 4H, aryl-H), 8.59 (d,
J=4.0 Hz, 2H, p-pyrrole), 8.45 (d, J = 7.9 Hz, 4H, aryl-H), 5.62 (s, 2H, Fc-H), 4.90 (s, 2H, Fc-H),
4.31 (s, 5H, Fc-H) {Figure 3.12}. 3C NMR (101 MHz, CHCls-d): 5 147.59, 147.23, 138.75, 136.22,
135.34, 133.90, 130.33, 127.73, 123.06, 119.68, 119.15, 116.10, 114.20, 114.10, 75.89, 71.90, 70.76,
69.24 {Figure 3.13}. The ESI-MS spectrum in CH3zCN solvent showed peaks centred at m/z = 828.03

correspond to [6] * (828.03 calcd for Cs1H2sAgFeNsO4) {Figure 3.18}.
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4.1 Introduction:

Porphyrinoids are the most prominent ligands used in metal-complex-mediated organic
transformations.8%-18¢ The most common example is cytochrome P450 with iron porphyrin as its
cofactor. In many cases, the use of other ligands is not feasible, and porphyrinoids remain as the only
viable choice. 18%18 |n this context, ruthenium porphyrin complexes are extensively used in a variety
of organic transformations, including cyclopropanation,®”:188 C-H insertion,'8%-%! cycloaddition,!
and carbenoid transformation reactions.8”1°* Metalloporphyrin dimers with multiple metal-metal
bonds have attracted significant interest in recent years.%3-1%" The native state electronic structures of
these dimers may be qualitatively described by a model proposed by Cotton et al.2%1% It was indeed
observed that the bond order of the metal-metal bond in these metalloporphyrin dimers is solely
dependent on the number of valence d electrons on each metal center. 1981%° However, systematic
tuning of the metal-metal bond order of these metalloporphyrin/corrole dimers still remains a
challenging task. One simple way of changing the bond order of the metalloporphyrin dimers is
selective oxidation and reduction of the dimeric species. Among the various metalloporphyrin-based
dimers, ruthenium (I1) porphyrin dimers are of particular interest. [(Ru(octaethylporphyrin)).] was
the first such structurally characterized homodimer of ruthenium.'®>2%° These homodimers of
ruthenium have been found to be broadly applicable in various catalytic reactions.!® Thus, study of
the redox state distribution of these dimers in various oxidation states is of great importance.

Corrole,®9:103.104,105,107,114,154,155,157,201-217 5 contracted porphyrin analogue, is known to stabilize metals
in higher oxidation states.?!321° Recently, metallocorroles have been extensively applied for various
catalytic reactions. For example, iron and manganese corroles proved to be useful in hydroxylation
reactions.’%42%  Antimony corroles have been successfully used in oxidation reactions of
hydrocarbons.?® Rhodium corroles have been shown to be useful in cyclopropanation reactions.?%
Iron and rhodium corroles have been used in N-H and C—H insertion reactions, respectively.?® A
detailed understanding of the electronic structures of metalloporphyrin/ corrole dimers in various

oxidation states has relevance to the photosynthetic “special pair”.??%??! Moreover, it should also
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provide insight into the electronic conductivities in stacked n-systems and in various n-aggregates.???
Metal-metal bonded dimeric porphyrin complexes in various accessible oxidation states have been
studied by means of resonance Raman scattering (RR),* infrared absorption, ' and X-ray absorption
spectroscopy.'®” Kadish et al.??® have characterized the one-electron-oxidized forms of ruthenium-
ruthenium-bonded dimeric corrole complexes through a combination of UV/Vis spectrophotometry
and EPR spectroelectrochemistry. However, their studies were limited to rotationally disordered
metal-metal bonded dimeric corrole complexes (only R-substituted). To the best of our knowledge, a
combined UV/Vis/NIR/EPR spectroelectrochemical and DFT approach to probe the electronic
structures of metal-metal-bonded rotationally ordered porphyrin/corrole dimers (meso-substituted) in
various accessible redox states has not previously been attempted.

Herein, we present the synthesis and characterization of three new ruthenium complexes, bis(5,10,15-
tris(4-cyanophenyl)corrolato-ruthenium(lil)) (1),  bis(10-(2,4,5-trimethoxyphenyl)-5,15-bis(4-
cyanophenyl)corrolato-ruthenium(l11)) (2), and bis(10-(4,7-dimethoxynaphthalen-1-yl)-5,15-bis(4-
cyanophenyl)-corrolato-ruthenium(l1)) (3), with various meso-substituted corrolato ligand
functionalities (Figure 4.1). Furthermore, detailed UV/Vis/NIR/EPR spectroelectrochemical and
DFT studies have been conducted to establish the electronic nature of the electro-generated species.
4.2 Synthetic Discussion:

The new bis(corrolato-ruthenium(l11)) derivatives were synthesized according to a procedure reported
for related dimers,2232% with slight modifications. The respective free-base corrole and the
organometallic ruthenium precursor, dichloro(1,5-cyclooctadiene)ruthenium(ll) dimer, were
dissolved in 2-methoxyethanol containing triethylamine, and the mixture was heated under reflux to
afford the corresponding bis(corrolato-ruthenium(lll)) derivatives 1, 2, and 3. The purities and
identities of the products were confirmed by satisfactory elemental analyses and their electrospray

mass spectra.
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Figure 4.1: Structures of the ruthenium corrole complexes: 1) bis(5,10,15-tris(4-
cyanophenyl)corrolato-ruthenium(l1l)), 2) bis(10-(2,4,5-trimethoxyphenyl)-5,15-
bis(4-cyanophenyl)corrolato-ruthenium(I11)), and 3) bis(10-(4,7-
dimethoxynaphthalen-1-yl)-5,15-bis(4-cyanophenyl)corrolato-ruthenium(l1l)).
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4.3 Spectroscopic Characterization:

4.3.1 ESI-MS Spectra:

The ESI-MS spectrum of the complex 1 shows intense peak centred at m/z: calcd for CgoHaoN14RU2:
1400.1600; found: 1400.1419 [M]"; (Figure 4.2). The electrospray mass spectrum of 2 is measured
in acetonitrile solvent which leads to the generation of intense peak centred at m/z: calcd for

CssHs4N1206RU2: 1530.2400; found: 1530.1974 [M]* (Figure 4.3).

Intens.4 +MS, 0.2-0.4min #(13-24)
Chemical Formula: CasHsoN+sRu2
Exact Mass: 1400.16 Cis0 i
Molecular Weight: 1399.41 i
25004 1359.1399
1401.1418
13981400 14021407
2000
13971420
1500+ ‘
1403.1420
1396.1408 ]
1000
1395 1421 l 14041419
1394 1408
500 1405.1432
139321441 { \ ||
13921432 |\ [| \ 1406.1385
1392 1394 1396 1398 1400 1402 1404 1406 miz
Figure 4.2: Electrospray mass spectrum of complex 1 using CH3CN solvent showing
the isotopic distribution pattern.

4.3.2 Nuclear Magnetic Resonance spectra:

The observed chemical shifts in the *H NMR spectra of the ruthenium corrole complexes are in close
agreement with those of other related diamagnetic corrolato-metal complexes (Figures 4.4-4.7).
99,103,104,105,107,114,154,155,157,201-217 Thjs js a clear indication of the diamagnetic nature of the
ruthenium(l11) corrole complexes.??3224225 One can construct a qualitative MO diagram (c°n*5252)
for bonding in the bis(corrolato-ruthenium(I11)) complexes.??422° This MO diagram also predicts a
diamagnetic ground state. However, this is in contrast to what has been observed in known

porphyrinato-ruthenium dimers.1%3-1%” The proton NMR of complex 1 in CD,Cl. at room temperature
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Intens. | +MS, 0.1-0.2min #(3-9)
| Chemical Formula: CgqHs4N120Ru; 1530.1974
| Exact Mass: 1530.24
{ Molecular Weight: 1529.54 1520.1998
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| 1528,2006
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Figure 4.3: Electrospray mass spectrum of 2 in CHsCN shows the isotopic distribution
pattern.

features several peaks in the aromatic region, 6=9.31-7.14 ppm, with a total integral corresponding

to 40 protons (Figure 4.4). In order to ascertain whether any dynamic process occurs in the samples

|| h
", wuu

LLLLLLLLLLLL

—5.30

-\

—
12.0

ppm’

Figure 4.4: Proton NMR spectrum of 1 in CD,Cl; at 298 K.

on the NMR timescale, variable-temperature NMR measurements were performed. Due to the

broadening of some of the proton resonances, both high-temperature and low-temperature
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experiments were performed to obtain properly resolved spectra of complexes 2 and 3. The best H

NMR spectrum for 2, with satisfactorily resolved peaks, was obtained at 273 K (Figure 4.5 and 4.6).

NRIG BB 3RS BB ARIINBIRSRREAPCERRIFLCE8BETI 85I RERRR
mmmtqaonpnpcpmnpo?aonpcoaocpupcpmupcpapa;uj:mu;?epmq:upeoupr—-hhhhhhhh@@z_vvvvvﬂﬂmﬁ_ﬂ
e ] /JT J,___'L___._L.._.
g & = 8= 2 S 3
13;0 I 120 I 11.0 I 1UI,[I I .9:0 I B.I[I I ?.IU BI.[I . 5.IIJ 4.0 3,IIJ I 2.0
PPm
Figure 4.5: Proton NMR spectrum of 2 in CDCl; at 273 K.

On gradually lowering the temperature to 223 K, broadening was again observed, which can be

attributed to the involvement of dynamic processes on the NMR time scale (Figure 4.6). As the

temperature is progressively lowered, the signal gets broader due to the sluggishness of the dynamic

process involved on the NMR time scale.?”® We assume that the spectral broadening at lower

temperatures is due to hindered rotation of the appended aryl substituents. The aromatic region of the

'H NMR spectrum of 2 at 273 K features signals due to 36 protons between § = 9.23 and 6.62 ppm,

with contributions from the -pyrrolic protons as well as meso-substituted aryl groups of the two

metal-metal-bonded rings (Figure 4.5). The 18 methoxy protons give rise to two separate multiplets

at 6=4.21-3.96 ppm (12H) and 2.84-2.65 ppm (6H). On lowering the temperature, although signal

broadening was observed, a characteristic splitting of one of the methoxy multiplets was also seen,

with the development of a broad doublet at 6=4.00 ppm at 248 K (Figure 4.6)
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Figure 4.6: '"H NMR spectra of 2 in CDCl; at variable temperatures.

Variable-temperature *H NMR experiments were also performed on complex 3 (Figure 4.8), and a

TN OOITOMOWTTrOrrNORFMNOY MO0 QOO O - 0000 - O o™ND
NTEAOQOAEROONNRTIMMANNE = OQEQND YO0 ey ]
mcnwmugmmmmmmququa‘?g:mgpmegj-h—hhhh-hhtpm ﬂ\‘\ﬁ{j‘ (‘:IJTI;
i
e e U—Jy\w[
=T e 3 ol R el o w0~ [[=]
a o o NNOOo oo =
T T \ T T T v ('n T = T "_ T I\:l‘(ﬁlﬂ‘t‘*:l T T T T T v T T T-m T T T T ‘DI
11.0 10.0 9.0 8.0 7.0 6.0 5.0 40 3.0 20
ppm
- _l -
Figure 4.7: "H NMR spectrum of 3 in CD,Cl; at 253 K.
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well-resolved spectrum was observed at 253 K (Figure 4.7). Partially overlapping aromatic peaks
corresponding to 42 protons from the two macrocycles were observed in the region 6=9.16-6.79 ppm.

The 12 methoxy protons resonate in the region 6=4.41-2.02 ppm.

293 K
273 K
263 K
T ~110 ik 19.[5' i s..[u S ?.[0' t ﬁtuv ' —ﬁjow ' q;u o 3f01 ' P2f0-
ppm
Figure 4.8: '"H NMR spectra of 3 in CD,Cl, at variable temperatures.

4.3.3 Crystal structure:

A top view of the molecular structure of 2 in the crystal is depicted in Figure 4.9. Salient
crystallographic parameters are given in Table 4.1. DFT- calculated bond distances and angles (Figure
4.10) were in good agreement with the experimental values for 2. The structure reveals a dimeric
metal complex, in which two identical ruthenium corrole units are directly connected through their
central Ru atoms by a metal-metal bond. The Ru—Ru bond distance is 2.175 A (DFT: 2.190 A), which
falls in the range of triple bonds.?? In accordance with previously reported ruthenium homodimers,
the Ru—Ru bond distances are in the order: corrole dimer (2.175 A) < porphyrin dimer cation?? (2.293
A) < porphyrin dimer (2.408 A). The two corrole skeletons are positioned about the metal-metal bond

S0 as to minimize the steric encumbrance and to obtain the maximum stability through intramolecular
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Figure 4.9: X-ray crystal structure of 2 (top view).

interactions between the meso-substituted aryl groups of oppositely stacked dimers. The two meso-
substituted corrole rings in 2 are mutually arranged in a centrosymmetric geometry. Each Ru atom is
axially displaced from the N4 plane by 0.512 A towards the other, resulting in a domed conformation
of each corrole ring. The deviation of the Ru atom from the 19-atom corrole plane is somewhat more
prominent at 0.745 A. Due to this domed distortion of the pyrrole rings, the intramolecular N4 planes
approach each other quite closely at a distance of 3.198 A. Steric hindrance dictates a gap between
the 19-atom corrole planes of the stacked dimers of 3.659 A. The average Ru-N distance is 1.969 A
(DFT: 1.979 A) and is comparable to those of other such bonds in ruthenium-coordinated corrole
rings.?242% The N-Ru-N bite angles in each of the rings vary from 78.578° (DFT: 78.598°) to 91.848°
(DFT: 91.968°). A dihedral angle of 0° between the two interconnected corrole rings implies that the
meso substituents of one ring are arranged diametrically opposite to those of the other. This leads to
the comparatively bulky 2,4,5-trimethoxyphenyl moieties at C-10/C’-10 occupying the more spacious

region above or below the C1-C19 bond of the other ring and maintains co-planarity between the
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stacked macrocycles. The bulkier substituent at C-10 deviates only by an angle of 14° from the normal
to the mean corrole plane due to the availability of space. The substituents at C-5 and C-15, however,
form dihedral angles of 51.10° and 48.84°, respectively, with respect to the mean corrole plane. This
arrangement is facilitated by the obvious n—r stacking between the two macrocyclic skeletons as well
as that between the aryl rings at the C-5 and C-15 positions with the opposite pairs at C’-15 and C'-5,
respectively (the centroid—centroid distance is 4.150 A; the closest interatomic distance between the

rings is that between C-36 and C-21' of 3.519A; Figures 4.11-4.14).

@) 0. ® (b) o.°

o
S e & o LU oe,
(C) ) .‘ (d) o 1 .S
. 6'.’ ® ." "“ s’.: ‘. ‘&
l ..‘ . ®.

Figure 4.10: DFT optimized structures of a) 1, b) 1%, ¢) 17, d) 2, e) 2*, and f) 2~.
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Figure 4.11: X-ray structure analysis of complex 2, revealing the &-
7 stacking interactions [4.150 A]. The entry in square brackets is the
distance.

Figure 4.12: X-ray crystal structure analysis of 2,
having a zig-zag arrangement when viewed along c-
axis.
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_ /’
== ==-

Figure 4.13: X-ray crystal structure analysis of complex 2, showing C-H... =
interactions, [2.776-3.094A] between neighbouring molecules. The entry in square
brackets is the distance.

Figure 4.14: X-ray single crystal structure analysis of, 2, showing(a) C-H...n interactions,
[2.950 A] and (b) parallel displaced =- = stacking interactions [5.142 A] between
neighbouring molecules. The entries in square brackets are the distances.
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Table 4.1: X-Ray Crystallographic data

Compound code

2

molecular formula

Cos Hees N12 Os Ru2

Fw 1685.80
Radiation MoKa
crystal symmetry Monoclinic
space group P 2:/c
a(A) 10.2536(3)
b(A) 27.9267(8)
c(R) 14.1265(4)
a(deg) 90.00
B (deg) 103.960(2)
y (deg) 90.00
V(A3 3925.6(2)
Z 2
1 (mm1) 0.451
T(K) 100
Dealcd (g cm~3) 1.426
260 range (deg) 4.10 to 50.92
e data (Rin) 7239 (0.0794)
R1 (I>20(1)) 0.0444
WR?2 (all data) 0.1138
GOF 1.046

Largest diff. peak and hole(e-A-3)

0.464 and -0.566
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4.3.4 Electrochemistry:

Electrochemical measurements (cyclic voltammetry and differential pulse voltammetry) on the three
dinuclear ruthenium corroles 1, 2, and 3 were performed at room temperature in dichloromethane
containing 0.1M tetrabutylammonium perchlorate (Figure 4.15). The redox potentials have been

tabulated in Table 4.2. Each of the synthesized complexes, 1, 2, and 3, undergoes two successive

(a)

EIV

1.0

(c)

r v T v T v T v T T T T 1

1.0 0.5 0.0 -0.5 -1.0 -1.6 -2.0
EIV

Figure 4.15. Cyclic voltammograms ( ) and differential
pulse voltammograms (-------- )ofa)l b)2andc)3. The
potentials are vs. ferrocene/ferrocenium.

103

——
| —



Chapter four

reversible oxidations, the first at 0.27 V (DFT: 0.71 V), 0.25 V (DFT: 0.35 V), and 0.25 V and the
second at 0.55 V, 0.55 V, and 0.53 V, respectively, versus ferrocene/ferrocenium. Each of them
displays a single reversible reduction couple at -1.14 V (DFT: -0.98 V) (1), -1.16 V (DFT: -1.19 V)
(2), and -1.19 V (3) versus ferrocene/ferrocenium. The DFT-calculated redox potentials for 2 matches
quite well with the experimentally determined values, but those for 1 show some deviations. To gain
a deeper understanding of the electronic structures of these ruthenium complexes in various redox
states, UV/VIis/NIR and EPR spectroelectrochemical measurements and DFT and TD-DFT
calculations were performed.

Table 4.2: Electrochemical data

Compound Electrochemical data®®
Oxidation Reduction
E°V (AEp, mV) E°V (AEp, mV)

1 0.27(80), -1.14(90)
0.55(80)

2 0.25(80), -1.16(80)
0.55(80)

3 0.25(80), -1.19(90)
0.53(80)

aIn dichloromethane.

®The potentials are vs. ferrocene/ ferrocenium.

4.3.5 EPR spectroelectrochemistry and spin density calculations:

As expected, no characteristic EPR signals were obtained from the diamagnetic native states of the
three complexes, implying antiferromagnetic coupling between the unpaired electrons of the two
formal ruthenium(l11) centers (1-3). This clearly indicated a ground spin state of the Ru,""""" corrole
dimers of S=0. The in-situ generated one-electron-reduced species 1 in DCM solvent/0.1M

tetrabutylammonium hexafluorophosphate is EPR-silent down to liquid-nitrogen temperature. This
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fact points to fast relaxation processes that are normally typical of metal-centered spin and the usually
resulting energetically close-lying states. The spin densities calculated from the Lowdin population
analysis of 1™ indicated that about 41% spin density resides on each ruthenium center for the one-
electron-reduced forms of the complexes (Table 4.4 and Figure 4.16). This was also reflected in the
increase in the Ru—Ru bond distance on going from 1 (2.191 A) to 1*(2.269 A) seen in their DFT-
optimized structures (Figure 4.10).

Table 4.3: Electron paramagnetic resonance data of paramagnetic states. [ [l

Complex | EPR data (gx; gy; 92) EPR data (gx; 9y; 92)
17 1.858; 2.051; 2.250 1.915; 2.002; 2.107
1 1.390; 2.042; 2.209 -
2" 1.879; 2.049; 2.217 1.917; 2.003; 2.113
2 1.378; 2.042; 2.207 -
3" - 1.924; 2.005; 2.085

[a] g values (from DFT calculations).

[b] g values (from experiment).

Additionally, the calculated g values for the reduced forms show huge g anisotropies, as would be
expected for predominantly ruthenium-centered spins (Table 4.3). The non-observance of an EPR
signal down to liquid-nitrogen temperature, together with the data from spin-population calculations,
thus point to a major contribution of the Ru2" """ (more likely Ru2?® 29)) corrole form to the one-
electron-reduced forms of these complexes. The one-electron-oxidized species 1** produced through
in-situ process in DCM solvent/0.1M tetrabutylammonium hexafluorophosphate is EPR-silent at
room temperature. At 151 K, 1™ displays an EPR spectrum in which the rhombicity of the g tensor is

clearly visible and the g values are 2.107, 2.002, and 1.915 (Figure 4.17). The g-anisotropy, Ag, is
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Figure 4.16: Spin density calculation in case of a) (1)™, b) (2)™, ¢) (1) and d)
(2)™ . Blue colour shows positive, red colour negative sign.

Table 4.4: (B3LYP/TZVPP-ZORA) calculated Léwdin spin densities on each Ru and on each

Corrole.
Complex Ru Corrole
17 0.08 0.42
1 0.41 0.09
2" 0.08 0.42
2" 0.41 0.09

thus 0.192, and more notably the average g value is 2.008. Although EPR silence at room temperature

in fluid solutions is often taken as an indication of ruthenium-centered spin,??” this need not always

be the case. Organic radicals having close-lying states can also display fast relaxation and hence be

EPR-silent at room temperature in fluid solution. For 1, the average g value of 2.008 and the

relatively small g-anisotropy are perhaps indicative of predominantly ligand-centered spin. Structure-

based DFT calculations on the EPR parameters of 1** yielded g values of 2.250, 2.051, and 1.858, in

reasonable agreement with the experimentally observed values. Additionally, spin densities
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3100 3200 3300 3400 3500 3600
B/G
Figure 4.17: X-band Electron paramagnetic
resonance spectrum of 1 at 151 K in DCM/0.1M
BusNPFs; 17 was generated by in-situ electrolysis at
room temperature.

calculated from the Lowdin population analysis indicated that only 8% of the total spin density resides
on each ruthenium center for the one-electron-oxidized form of the complex. This was also reflected
in the negligible change in the Ru—Ru bond distance on going from 1 (2.191 A) to 1" (2.186 A) seen
in their DFT-optimized structures (Figure 4.10). Thus, the experimentally observed g value and the
spin density calculations point to a predominantly corrole-centered spin for 1°*. These results are in
contrast to what has previously been reported 222 for the one-electron-oxidized forms of unsupported
corrole-ruthenium dimers. In those cases, the oxidized forms were formulated as Ru,"" 'V corrole
species. The EPR properties and the related spin density calculations for the one-electron-oxidized
and -reduced forms of complexes 2 and 3 are very similar to those described above for the various
redox forms of 1 (Table 4.3, Figure 4.17-4.19).

4.3.6 Ultraviolate/Visible/NIR spectroelectrochemistry and TD-DFT calculations:

The native state complexes display typical spectra expected for a Ruz'"" """ corrole dimer species (Table
4.5).225 Metalation of the respective free-base corroles led to significant blue shifts of their Soret
bands (around 100 nm). These shifts were even larger than those in previously reported rotationally

disordered metal-metal-bonded dimeric corrole complexes, indicating significant electronic
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interaction between the p-clouds of the macrocycles.?** As the spectra of 1-3 in all redox states are

very similar, only the various redox forms of 2 are discussed in detail below (Figures 4.20-

3000 3200 3400 3600 3800
B/G

Figure 4.18: X-band Electron paramagnetic resonance spectrum
of (2)™ at 115 K generated by AgBF, in DCM solvent

N

3000 3200 3400 3600
B/G
Figure 4.19: X-Band Electron paramagnetic resonance
spectrum of (3)™ at 134 K generated by AgBF, in DCM solvent

4.23). Details of the interpretation obtained through TD-DFT calculations on 1 and 2 are given in the
Tables 4.6-4.11 and Figures 4.24-4.29. The intense band in the visible region, that is, at 546 nm, can
be ascribed to a HOMO-2—LUMO+3 transition (Table 4.6). These transitions in the visible region
are due in part to ligand-to metal charge transfer (LMCT). On addition of an electron to 2, all of the

original bands in the visible region are found to decrease in intensity (Table 4.3). Concomitantly, the
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most intense peak at 326 nm is shifted to higher energy at 311 nm, and the band at 403 nm is shifted
to lower energy at 430 nm (Figure 4.20). The Q-band at 546 nm is also shifted to 567 nm in the lower-
energy region and shows increased intensity. This low-energy band has contributions from the
transitions HOMOo—LUMO+6a and HOMO-20—LUMO+50, as indicated by TD-DFT
calculations (Table 4.8). The origin of the band at 567 nm was thus calculated by TD-DFT to be a
mixture of MLCT and ILCT (intra- and inter-ligand charge transfer) transitions. Despite the presence

of a formally mixed-valent situation in the reduced complexes, no long wavelength bands in the NIR
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Figure 4.20. Change in the Ultraviolate-Visible-
NIR spectrum of a) 1 and b) 2 during first
reduction. Results from OTTLE
spectroelectrochemistry in CH.CLL/0.1 M
Bu:NPFes.

region was observed for these forms. Although NIR bands are typically expected for mixed valent
compounds, there have been numerous examples in the literature where no such bands have been
observed, despite the clear presence of a mixed-valent form.??822° The reduced forms of the

compounds presented here fall into this category. On oxidation, similar spectral signatures were
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observed for all of the studied complexes (Figure 4.21 and 4.23a). On one-electron-oxidation of 2,
the most prominent peaks at 326 and 403 nm were found to shift to 333 and 351 nm, respectively
(Table 4.3 and Figure 4.21b), and the initial Q-band was found to retain similar intensity with a small
shift to the lower-wavelength region. Theoretical calculations indicated that this band at 531 nm has
contributions from HOMO-2 a—LUMO+5 o, HOMO-4R—LUMO+3R, and HOMO —LUMO+6
B transitions (Table 4.7). The band at 531 nm was thus calculated by TD-DFT to originate from ILCT
transitions. Unique features were seen in the high-wavelength region for the oxidized species. Broad
bands were observed at 1064 and 2315 nm in the near-IR (NIR) region (Figure 4.21). Such NIR
transitions have not been observed for previously studied ruthenium-corrole dimers. Interestingly, the
characteristic absorption band observed at about 1064 and 1054 nm for 2* and 3", respectively, was
clearly absent in the case of 1*. TD-DFT calculations revealed major contributions from HOMO-

lo—LUMO+1a and HOMO-13—LUMO+2R transitions for the band at 1064 nm (Table 4.7). The
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Figure 4.21: Change in the UV-Vis-NIR spectrum of a)
1, and b) 2 during first oxidation. Results from OTTLE
spectroelectrochemistry in CH.Cl,/0.1 M Bu:NPFg
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broad band at 2315 nm originates from the HOMO-33—LUMOR and HOMO—4 33— LUMO £
transitions. The origins of the bands at 1064 and 2315 nm were thus calculated by TD-DFT to be
predominantly LMCT and ILCT in nature, respectively. Thus, the one-electron oxidized forms of
these dimers show charge-transfer transitions between the Ru. core and the corrole ligands, which
appear in the NIR region. Although there is a caveat when considering these strongly bound (Ru=Ru)
sandwich-type complexes as model systems for the weakly bound photosynthetic “special pair”, the
appearance of two NIR bands at 1064 nm (LMCT-type) and 2315 nm (ILCT-type) upon oxidation is
particularly interesting. These bands closely resemble the bands of the radical cations of the
photosynthetic “special pair”. It has been reported that the NIR absorptions of the radical cations of
the photosynthetic special pair appear at 1250 nm and 3846 nm due to monomeric transitions and
inter-valence transitions, respectively.?*® On further oxidation to 2%*, the broad band at 2315 nm
decreases in intensity with the appearance of a new band at higher energy at 1557 nm (Figure 4.22).
The obtained NIR transitions in 12* showed clear isosbestic behaviour. Similar behaviour was also

seen for the 2* to 2%* transformation.
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o i Figure 4.22: Change in the UV-Vis-
S 6 NIR spectrum of a) [1]* — [1]** and
X 4 b) [2]" — [2]*". Results from
T 3l OTTLE spectroelectrochemistry in
3 * CH.Cl/0.1 M Bu:NPFe.
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4.4 Conclusions:

In conclusion, the MO diagrams of these complexes in the native state can be qualitatively expressed
as o’n*3%8%, thus vyielding a triple bond (one o and two = bonds) between the two
antiferromagnetically coupled ruthenium centers (d® configuration).?222° These predictions were
further supported by NMR and EPR data of the dimers in their native states. X-ray data showed the
distance between the two ruthenium centers to be 2.175 A, as befits triple-bond formation. Despite
the presence of a formally mixed-valent situation {Ru," "'} in the reduced complexes, no long-

wavelength bands in the NIR region were observed for these forms. The in-situ-generated one-
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electron-reduced species in CH>ClI>/0.1M BusNPFe are also EPR silent down to liquid-nitrogen
temperature. The one-electron oxidized species, on the other hand, display EPR properties that are
best fitted by a corrole radical bound to a homovalent Ru"" "' unit. Both of the aforementioned
formulations were also corroborated through structure-based spin density calculations on the
complexes. We have further demonstrated that the two corrole units of a given dimer participate in
strong n—m interactions. This is evident from the appearance of NIR transitions in the oxidized radical
forms of these dimers. As the mean plane separation between two corrole units in a given dimer is

Table 4.5: Ultraviolate-Visible-NIR Data of 1", 2"and 3" [n = -1, +1, +2, 0] from
Spectroelectrochemistry!®

Complex A/ nm (e/ Micm?)
1 325(94200), 405(89700), 544(20700)
1 338(93700), 352(92200), 403(76700), 530(20100), 2173(3300)
12 352(10600), 402(63000) sh, 513(20200) sh, 1273(8400)
1 309(71600), 442(89300), 569(20700)
2 326(92700), 403(85700), 546(22300)
9+ 333(88300), 351(82900), 399(75000), 531(20800), 1064(1900) sh,
2315(3600)
22 345(89600), 1557(5600)
2 310(72400), 430(73000), 567(23600)
3 328(81700), 404(74000), 547(20200)
3 337(83000), 401(63200), 527(18200), 1054(1530) sh, 2242(2170)
32 338(82900), 399(61400), 529(17900), 1172(1800)
3 310(64600), 428(63300), 562(20000)

[a] Measurements in DCM solvent/0.1M tetrabutylammonium hexafluorophosphate (OTTLE

spectroelectrochemistry).
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around 3.543A (from X- ray data) and this distance is in close agreement with that of the “special
pair” in chlorophyll (the mean plane separation in the “special pair” of bacteriochlorophylls is about
3.5 A), the oxidized forms of these dimers appear to be good spectroscopic models for this “special
pair”. We have observed here for the first time that the ruthenium complexes of ordered corrolato
derivatives exhibit NIR transitions on oxidation that are due to the presence of radical corrole units
bound to homovalent ruthenium centers. Thus, we can conclude that the observed NIR transitions
solely originate from these dimeric radical forms. The origin of the two NIR bands at 1064 nm
(LMCT-type) and 2315 nm (ILCT-type) following one-electron-oxidations of 1-3 closely resembles
the radical cations of the photosynthetic “special pair”. Previously reported model compounds of the
“special pair” in bacteriochlorophylls have typically been metalloporphyrin derivatives having
minimal steric strain at the periphery. In contrast, this work concerns rare examples having significant
steric encumbrance at the periphery of the metallocorrole derivatives. The results presented here thus
point to intriguing properties that can be generated in metal-metal-bonded corrole dimers.

4.5 Experimental Section:

4.5.1 Materials:

The precursors pyrrole, p-chloranil, 4-cyanobenzaldehyde, 2,4,5-trimethoxybenzaldehyde, and
tetrabutylammonium perchlorate (TBAP) were purchased from Aldrich, USA. Ruthenium trichloride
was purchased from Merck, India. Other chemicals were of reagent grade. Hexane and DCM solvents
were purified with potassium hydroxide and Calcium hydride respectively. HPLC standard solvents
were utilized for all the spectroscopic and electrochemical related studies.

4.5.2 Detailed discussion of all the physical studies:

Ultraviolate/Visible spectroscopic measurements were carried out using the Perkin-Elmer-Lambda
750 spectrophotometer. For kind of elemental analyses, Perkin-Elmer 240C elemental analyser were
used. NMR spectra of all the compounds were measured by using Bruker Avance 400 Nuclear
Magnetic Resonance spectrometer. All the chemical shifts values are demonstrated in parts per

million (ppm) unit with respect to the residual chloroform (6 =7.26). Bruker Micro TOF-QII mass
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spectrometer was used to measure the ESI-MS spectra of all compounds. Electrochemical studies
were measured using the CH Instruments model CHI1120A electrochemistry system. A glassy-
carbon working electrode, a platinum wire as an auxiliary electrode, and a saturated calomel reference
electrode (SCE) were used in a three-electrode configuration. TBAP (0.1M) served as the supporting
electrolyte and the concentration of the solution was 10°M in terms of the complex. E%ugs is called
the half wave potential which can be determined using 0.5(Epc + Epa), and the Epc and Epa stand for
the cathodic and anodic peak positions, respectively. All the electrochemical experiments were
carried out using 100 mV s~* scan rate. All the X-band EPR spectra were performed using the Bruker
EMX System and all the EPR simulations were performed through the Simfonia program. In order to
record the Ultraviolate/Visible spectra of all these complexes have been performed using Avantes
spectrometer consist of AvalLight-DH-S-Bal as the light source, AvaSpec-ULS2048 as the UV/Vis
detector, and AvaSpec-NIR256-2.5TEC as an NIR detector. For the Spectroelectrochemical data

collection, an optically transparent thin-layer electrochemical (OTTLE) cell.?%

4.5.3 Crystal structure determination:

Crystals of complex 2 was obtained through the slow diffusion process in DCM solvent into hexane
and this process was followed by the slow evaporation under atmospheric conditions. Bruker Kappa
APEX Il CCD has been used for recording the crystal data for complex 2 at 100 K. All the
crystallographic parameters were arranged within the Table 4.1 and have been optimized for
absorption effects and Lorentz polarization effect. In order to solve and refine both the crystals, the
SHELXTLZ2 program package has been utilized. During the refinement process, all the Hydrogen
atoms has been attached through riding model. Hydrogen atoms of the water molecules were included
without fixing. Spots for all the disordered solvent molecules has been eliminated through the
SQUEEZE command in PLATON. ¥° CCDC 1507111 (2) contains the supplementary
crystallographic data for this paper. These data are provided free of charge by the Cambridge
Crystallographic Data Centre. Computational details DFT calculations were carried out with the

ORCA 3.0.0 program package®® using the BP86 and B3LYP functionals for the geometry
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optimization and single-point calculations, respectively.?3+2% The restricted and unrestricted DFT
methods were employed for closed shell and open-shell molecules, respectively. All calculations were
run with empirical Van der Waals corrections (D3).%” Convergence criteria were set to default for
the geometry optimizations (OPT), and to tight for SCF calculations (TIGHTSCF). Relativistic
effects were included with the zeroth-order relativistic approximation (ZORA).2*® Triple-z valence
basis sets (TZVPP-ZORA)?* were employed for all atoms. Calculations were performed using the
resolution of the identity approximation?¥®243 with matching auxiliary basis sets. Low-lying
excitation energies were calculated with time-dependent DFT (TD-DFT). Solvent effects were taken
into account with the conductor-like screening model (COSMO(CH:Cly)) 2424 for all calculations.
Programs like modified Avogadro 1.1.1 with extended ORCA support and the Molekel 5.4.0.8246: 247
have been applied to anticipate the Molecular orbitals and spin densities.

4.5.4 Synthesis and characterization:

4.5.4.1 Synthesis of bis(5,10,15-tris(4-cyanophenyl)corrolato-ruthenium(l1l1)) (1):

Complex 1 was synthesized by a procedure similar to that reported by Guilard and co-workers,??3
with slight modifications. 5,10,15-Tris(4-cyanophenyl)corrole (100 mg, 0.17 mmol)®5:%6:97:126.136,248-
2%0 and the organometallic precursor dichloro(1,5-cyclooctadiene)ruthenium(ll) dimer (95 mg, 0.34
mmol) were weighed and placed in a two-necked round-bottomed flask under nitrogen atmosphere.
2-Methoxyethanol (10 mL) and triethylamine (100 mL) were then added, and the reaction mixture
was stirred under reflux conditions in an inert atmosphere for 30 min. The progress of the reaction
was monitored by TLC analysis, with completion being indicated by the disappearance of the
fluorescent green spot of the starting material. The brown reaction mixture was then concentrated to
dryness in a rotary evaporator. The crude product was subjected to column chromatography on silica
gel (100-200 mesh), eluting with 100% CH2Cl,. The desired compound was collected as a reddish-
brown solid, and subsequent recrystallization from CH.Cl./hexane afforded pure 1. Yield: 43%
(0.050 g, 0.036 mmol). 'H NMR (400 MHz, CD.Cl,, 298 K, TMS): =9.31-8.74 (m, 8H), 8.57 (s,

3H), 8.31 (br m, 11 H), 7.84 (br m, 5H), 7.68 (s, 1H), 7.46 (br m, 8H), 7.26 (d, 7.6 Hz, 2H), 7.14 ppm
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(d, J=8.0 Hz, 2H); UV/Vis (CH2Cl2): Amax (£)=325 (94000), 404 (89800), 544 nm (24000M1cm™);
MS (ESI*): m/z: calcd for CgoHaoN14Ru2: 1400.1600; found: 1400.1419 [M]*; elemental analysis
calcd (%) for CaoHaoN14RU2 (1): C 68.66, H 2.88, N 14.01; found: C 68.46, H 2.65, N 13.78.

45.4.2 Synthesis of bis(10-(2,4,5-trimethoxyphenyl)-5,15-bis(4-cyanophenyl) corrolato-
ruthenium(l1l)) (2):
10-(2,4,5-Trimethoxyphenyl)-5,15-bis(4-cyanophenyl)corrolg:96:97:126.136.248-250 (100  mg, 0.15
mmol) and the organometallic precursor dichloro(1,5-cyclooctadiene)ruthenium(ll) dimer (84 mg,
0.30 mmol) were weighed and placed in a two necked round-bottomed flask under nitrogen
atmosphere. 2-Methoxyethanol (10 mL) and triethylamine (100 pL) were then added and the reaction
mixture was stirred under reflux conditions in an inert atmosphere for 30 min. The progress of the
reaction was monitored by TLC analysis, with completion being indicated by the disappearance of
the fluorescent green spot of the starting material. The brown reaction mixture was then concentrated
to dryness in a rotary evaporator. The crude product was subjected to column chromatography on
silica gel (100-200 mesh), eluting with CH.Clo/MeCN (95:5, v/v). The desired compound was
collected as a reddish-brown solid, and subsequent recrystallization from CH2CI2/hexane afforded
crystalline 2. Yield: 52% (0.060 g, 0.039 mmol). *H NMR (400 MHz, CDCls, 273 K, TMS): §=9.23
(br m, 4H), 8.96-8.60 (m, 5H), 8.57-8.10 (m, 17H), 7.95-7.72 (m, 4H), 7.46 (br t, J=19.1 Hz, 3H),
7.14-7.03 (m, 1H), 6.62 (d, J=5.1 Hz, 2H), 4.21-3.96 (m, 12H), 2.84-2.65 ppm (m, 6H); UV/Vis
(CH2ClL): Amax (£)=325 (92000), 402 (85800), 545 nm (26100 M™cm™); MS (ESI*): m/z: calcd for
CssHs4N1206RU2:  1530.2400; found: 1530.1974 [M]*; elemental analysis calcd (%) for
CssHs4N1206RU2 (2): C 65.96, H 3.56, N 10.99; found: C 65.78, H 3.48, N 10.69.

4.5.4.3 Synthesis of bis(10-(4,7-dimethoxynaphthalen-1-yl)-5,15-bis(4-cyanophenyl)corrolato-
ruthenium(l11)) (3):

10-(4,7-Dimethoxynaphthalen-1-yl)-5,15-bis(4-cyanophenyl)corrole®>24824% (100 mg, 0.15 mmol)
and the organometallic precursor dichloro(1,5-cyclooctadiene) ruthenium(Il) dimer (84 mg, 0.30

mmol) were weighed and placed in a two-necked round-bottomed flask under nitrogen atmosphere.
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2-Methoxyethanol (10 mL) and triethylamine (100 uL) were then added and the reaction mixture was
stirred under reflux conditions in an inert atmosphere for 30 min. The progress of the reaction was
monitored by TLC analysis, with completion being indicated by the disappearance of the fluorescent
green spot of the starting material. The brown reaction mixture was then concentrated to dryness in a
rotary evaporator. The crude product was subjected to column chromatography on silica gel (100—
200 mesh), eluting with 100% CH.Cl>. The desired compound was collected as a reddish-brown solid,
and subsequent recrystallization from CH2CI2/hexane afforded pure 3. Yield: 64% (0.073 g, 0.047
mmol). *H NMR (400 MHz, CD,Cls, 298 K, TMS): §=9.16 (br m, 4H), 9.00-8.47 (m, 9H), 8.47—7.96
(m, 15H), 7.83 (br m, 5H), 7.56-7.33 (m,3H), 7.09 (br m, 4H), 6.79 (d, J=8.3 Hz, 2H), 4.41 (s, 1H),
4.30 (d, J=9.5 Hz, 5H), 2.02 ppm (br t, J=12.6 Hz, 6H); UV/Vis (CH2Cl): Amax(e)=328 (79600), 403
(73600), 554 nm (32800 M*cm™); elemental analysis calcd (%) for CooHsaN1204RU, (3): C 68.87, H
3.47, N 10.71; found: C 68.65, H 3.38, N 10.52.

4.6: TD-DFT Calculations:

Table 4.6: Time-dependent density functional theory Calculated Electronic Transitions for 1

Compound Con.trib.ution of ;;3;?;;1 Oscillator tra?sfi%ion Molc_ar. absorp_)lti0n_1
excitation (%) (nm) strength | wavelength | coefficient, M*cm
(nm)
! HOMO -1 — LUMO+1 (92) 910 0.007
HOMO — LUMO+1 (89) 855 0.012
HOMO-2 — LUMO+3 (90) 610 0.039 544 20 700
HOMO-2 — LUMO+2 (65) 582 0.023
HOMO-1 — LUMO+4 (28)
HOMO-5 — LUMO+1 (10) 522 0.146 405 890800
HOMO-2 — LUMO+2 (10)
HOMO-1 — LUMO+4 (28)
HOMO — LUMO+6 (24)
HOMO-5 — LUMO+1 (67) 490 0.035
HOMO-4 — LUMO (13)
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HOMO-3 —LUMO+5 (27) 476

0.180

HOMO — LUMO+6 (55)

LUMO+3 LUMO+4

Lumo LUMO+1

HOMO-1

HOMO-5

LUMO+5

HOMO

LUMO+2

Figure 4.24: All the select Molecular Orbitals of 1.

LUMO+6

HOMO-2

Table 4.7: Time-dependent density functional theory Calculated Electronic Transitions for 1*

Transition EXp. Molar
Contribution of Oscillator transition absorption
Compound o wavelentgth e
excitation (%) strength wavelength | coefficient,
(nm) Al
(nm) M™~cm
1 HOMO-1 [ — LUMO B (95) 2404 0.033 2173 8400
HOMO a— LUMO+1 a (35) 972 0.010
HOMO R — LUMO+2 R (56)
HOMO-5 [§ — LUMO B (85) 758 0.055
HOMO-2 a = LUMO+2 « 618 0.046 530 20 300 sh
(45)
HOMO-1 R — LUMO+4
(33)
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HOMO-5 o — LUMO a (11) 535 0.028 403 63100 sh

HOMO-4 & — LUMO+1 «
(11)

HOMO-4R — LUMO+1 R
(11)

HOMO-3 R — LUMO+2
(15)

HOMO-2 R — LUMO+4 R
(22)

HOMO-1 o — LUMO+4 o

(15) 537 0.125

HOMO-14 8 — LUMO
(28)

HOMO-16 [ — LUMO 3

4 .04
(57) 53 0.049

HOMO-2 R — LUMO+4 R

27) 511 0.057

HOMO-5 o — LUMO+1 o

(19) 506 0.088

HOMO-4 R — LUMO+2 R
(21)

LWUMO+1a LWUMO+2 8 LUMO+2a LUMO+4 B LUMO+4 a

S R R

LuUmMo g LWUMOa LUMO+1

R T R

HOMO-1a HOMO B HOMO a

A T TR TR TR

HOMO-4 a HOMO-3 § HOMO-2 B HOMO-2 a HOMO-1 8

S AR VR T T

HOMO-16p HOMO-14 8 HOMO-5 B HOMO-S a HOMO4 B

Figure 4.25: All the selected Molecular Orbitals of 1°.
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Table 4.8: Time-dependent density functional theory Calculated Electronic Transitions for 1°

Compound Contribution of Transition | Oscillator Exp. Molar
excitation (%0) wavelength strength transition | absorption
(nm) wavelength | coefficient,
(nm) M*cm™?
T HOMO R — LUMO+1 B (12) 761 0.007
HOMO R — LUMO+2 B (22)
HOMO-2 a — LUMO+3 o (16) 722 0.010
HOMO-1 8 — LUMO+1 3 (23)
HOMO-1 8 — LUMO+2 [3 (13)
HOMO-2 § — LUMO B (15) 698 0.006
HOMO-1 [ — LUMO+5 3 (17)
HOMO-3 o — LUMO a. (11) 695 0.007
HOMO-2 & — LUMO+1 a (11)
HOMO-2 B — (LUMO R) (18)
HOMO 8 — LUMO+5 [3 (18)
HOMO-2 o — LUMO+5 a. (26) 563 0.044 569 20 800
HOMO-1 & — LUMO+5 a (11)
HOMO [} — LUMO+5 [3 (10)
HOMO-4 & — LUMO+2 a (28) 522 0.282
HOMO-2 & — LUMO+5 a (14)
HOMO-1 B — LUMO+6 R (11)
HOMO-4 o — LUMO+2 «a (20) 512 0.050
HOMO o — LUMO+9 a (14)
HOMO-3 B — LUMO+3 R (35)
HOMO-2 B — LUMO+4 R (65) 498 0.044
(1)
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HOMO-4 & — LUMO+4 o (47) 479 0.131 442 89 400
HOMO-3 B — LUMO+3 B (13)
Mixed 459 0.283
HOMO-4 8 — LUMO+1 [ (14) 456 0.137
HOMO-4 B — LUMO+5 B (21)

HOMO+2 §

et

HOMO-2 a

HOMO-4 8

LUMO+5 §

LWUMO+2 a

HOMO-1p

HOMO-4 a

LUMO a

LUMO+5a

LUMO+3 B

HOMO-1a

HOMO-38

LUMO+4 a

LUMO+6 B

LUMO+3 a

LUMO+1p

LUMO B

LUMO+1a

HOMO B

HOMO-3 a

Figure 4.26: All the selected Molecular Orbitals of 1.

LUMO+S a

LUMO+4 B

HOMO a

HOMO-2

Table 4.9: Time-dependent density functional theory Calculated Electronic Transitions for 2

Transition EXp. Molar

Contribution of Oscillator | transition | absorption
Compound o wavelength .

excitation (%) strength | wavelength | coefficient,

(nm) Al

(nm) M™“cm

2 HOMO-1 — LUMO+1 (83) 913 0.007 777 Weak sh

HOMO — LUMO+1 (82) 851 0.012
HOMO-2 — LUMO+3 (75) 611 0.036 546 22 400
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HOMO-2 — LUMO+2 (66) 608 0.035
HOMO-2 — LUMO+3 (11)
HOMO-1 — LUMO+4 (18)

HOMO-6 — LUMO (45) 551 0.047 403 85 800
HOMO-1 — LUMO+4 (28)
HOMO-4 — LUMO+2 (21) 526 0.123
HOMO-4 — LUMO+3 (27)

HOMO-7 — LUMO (12) 526 0.073
HOMO-5 — LUMO+3 (15)
HOMO-4 — LUMO+3 (22)
HOMO-7 — LUMO+1 (69) 487 0.053
HOMO-6 — LUMO (11)
HOMO-5 — LUMO+5 (14) 471 0.137
HOMO — LUMO+6 (61)
HOMO-4 — LUMO+5 (26) 462 0.122
HOMO-2 — LUMO+5 (21)

HOMO-1 —LUMO+6 (16)
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e Sl

LUMO+4

LUMO+3

LUMOD

g~

HOMD-2

AJ.

HOMO-6

HOMO-7

Figure 4.27: All the selected Molecular Orbitals of 2.

LUMO+1

<

LUMO+5

<

HOMO-1

i =

g

LUMO+6

LUMO+2

Table 4.10: Time-dependent density functional theory Calculated Electronic Transitions for 2*

Transition EXp. Molar
Contribution of Oscillator | transition | absorption
Compound o wavelength .
excitation (%) strength | wavelength | coefficient,
(nm) (nm) M*em™t
2" HOMO-38 — LUMO 8 1965 0.045 2315 3600
(94)
HOMO-4  — LUMO R 1675 0.006
(98)
HOMO-1a = LUMO+1 o 952 0.011 1064 2 000
(27)
HOMO-1 B — LUMO+2 R
(53)
HOMO-9  — LUMO R 751 0.012
(13)
HOMO -7 8 — LUMO B
(60)
HOMO-9 R — LUMO B 738 0.018
(51)
HOMO -7 § — LUMO R
(30)
( ]
124
L )



Chapter four

HOMO-2 o — LUMO+2 «a

(©8) 705 0.053
HOMO  — LUMO+3
(18)
HOMO-2 0 — LUMO+3 a 696 0.083
(34)
HOMO R — LUMO+4
(49)
HOMO-2 a — LUMO+5 o 524 0.033 531 20 800
(28)
HOMO-4 f — LUMO+3
(15)
HOMO R — LUMO+6
(12)
HOMO-4 f — LUMO+4 532 0.061
(50)
HOMO-3 o — LUMO+4 « 500 0.067
(28)
HOMO-2 R — LUMO+4 B
(83)
HOMO-23 & — LUMO R 486 0.066
(16)
HOMO-3 8 — LUMO+6 R
(28)
HOMO-9 o — LUMO+1 a 505 0.035
(14)
HOMO-7 0. — LUMO+1
(12)
HOMO-6 B8 — LUMO+2 R
(22)
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LUMO+4 a LUMO+S B

LUMO+2 a LUMO+3 8

£

LUMO B LUMO+1a

24

HOMO-2 a HOMO-1p

<

HOMO-6 B HOMO-4 B HOMO-3 B

HOMO-23 HOMO-9 B HOMO-9 a

LUMO+5 a

LUMO+3 a

LUMO+2 B

HOMO-1a

HOMO-3 a

HOMO-7 8

Figure 4.28: All the selected Molecular Orbitals of 2*.

LUMO+6 B

¥

LUMO+4 B

HOMO B

HOMO-2 B

HOMO-7 &

Table 4.11: Time-dependent density functional theory Calculated Electronic Transitions for 2°

Transition EXp. Molar
Contribution of Oscillator transition absorption
Compound o wavelength .
excitation (%) strength wavelength coefficient,
(nm) Al
(nm) M~cm
73 HOMO-1 “(2_6)LUMO” o 789 0.007 750 Weak sh
HOMO-1 o —» LUMO+2 a
(15)
HOMO 3 — LUMO+1 R
(27)
HOMO-2 a(Ié)LUMO+2 a 794 0.008
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HOMO -1 3 —» LUMO+1 R

(21)
HOMO-3 o — LUMO a. 710 0.006
(11)
HOMO-2 f — LUMO R
(32)
HOMO R — LUMO+1
(18)
HOMO R — LUMO+5 3
(16)
HOMO-2 o — LUMO+1 a 698 0.012
(22)
HOMO-1 8 — LUMO+5
(18)
HOMO-2 o — LUMO+5 o 581 0.025 567 23 600
(18)
HOMO o — LUMO++6 o
@47)
mixed 575 0.035
HOMO-2 o — LUMO+5 o 574 0.046
(22)
HOMO o — LUMO+6 o
(45)
HOMO-7 R — LUMO+2 B 571 0.032
(17)
HOMO-4 3 — LUMO+2 R
(12)
HOMO-1 R — LUMO+5 R
(17)
HOMO-1 R — LUMO+6 R
(14)
mixed 556 0.074
(25)
HOMO-1 R — LUMO+6 R
(25)
(26)
HOMO-1 R — LUMO+6 R
(25)
(29)
HOMO-1 a — LUMO+5 a
(19)
HOMO-1 § — LUMO+6 B
(11)
mixed 507 0.067
( ]
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LUMO+5a LUMO+6 B LUMO+6 a

LUMO+2 B LUMO+2 a LUMO+4 a LUMO+5 B

LMo g LUMO a LUMO+18 LUMO+1a

HOMO-1 HOMO-1a HOMO B HOMOC a

HOMO-7 8 HOMO-4 B HOMO-3 a HOMO-2 B HOMO-2a

Figure 4.29: All the selected Molecular Orbitals of

4.7 Details for the calculation of redox potentials:

The redox potentials E versus the Fc/Fc* couple were calculated on the BP86 level of theory from the
differences of gibbs free enthalpies (AG) of the respective oxidation sates (including solvation eftects
by means of COSMO) according to AG = -FE with the Faraday constant F and subtraction of the
absolute potential of 4.6488 V of the Fc/Fc* couple (4.1888 V for saturated calomel electrode
(SCE)?*! and 0.46 V for Fc/Fc* vs SCE %?) (Table 4.12).
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Table 4.12: Gibbs free enthalpies used for calculation of redox potentials.

Compound gibbs free enthalpy / Eh
1* -13001.71520
1 -13001.90999
T -13002.04481
2" -13504.97589
2 -13505.15962
2 -13505.28693
[ 129 )
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5.1 Introduction:

Mixed-valent compounds impart intense colours to certain minerals,?? are useful for understanding
electron-transfer properties in many metallo-proteins,?22:254-25% and are invoked for explaining the high
electrical conductivities in certain solids.?® As the variable valency is a prerequisite for mixed-
valency, most d-block transition elements show mixed-valency in various coordination complexes
and in certain metal salts. In biology, the Cua center (mixed-valent dicopper unit) facilitates efficient
electron transfer.261:262 |n analogy to the mixed-valent dicopper complexes, there are few examples
of discrete Ag'/Ag" species for the higher congener.263254 There are only few reports on mixed-valent
Ag'/Ag"" species and iso-valent Ag'/Ag' species in discrete coordination complexes.?°2% However,
to the best of our knowledge, the spectroscopic nature of such Ag'/Ag"' compounds were never
investigated before. In this context, it is worthwhile to mention that the various mixed-valent species
in silver complexes are still in their infancy. It has been described earlier that the mixed-valent
Ag'/Ag" and Ag'/Ag"" are indeed very difficult to generate.?%7-26° Based on theoretical considerations,
Hoffmann et al. have reported that Ag'/Ag"' fluoride systems may have applications in
superconductors. 267269 Both Ag" and Ag'"' are known to be potent oxidizing agents in solvated
conditions. 2672%° |n the solid state, such species are usually stabilized by using fluorido ligands. 25"
269 1t was recently shown that a corrolato core provides a good environment for stabilizing both
mononuclear Ag"' and mononuclear Ag" in discrete molecular complexes. %270

In porphyrinoid chemistry, there has long been widespread research interest in multiple porphyrin-
based systems 169272289 que to their superior performances in many areas, such as catalysis, photonic
devices, and molecular-recognition, and very often they are considered to be superior to their
monomeric analogues. Even though the ring-contracted corrole system displays many different
properties compared to their porphyrin analogues,00:150-152.154-163290-292 ' mJtiple corrole-based
systems have been less well explored.?%-2% To the best of our knowledge, spectroscopic properties
of corrolato-based mixed-valency in bis-corrolato systems have never been investigated before.?®®

Such investigations are vital for the understanding of electron/hole (de)localization that will play an
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important role in the future development of molecular electronics. Based on our recent observation
that discrete mononuclear Ag' and Ag'"' complexes can be stabilized within a mono-corrolato
framework,%® we have now turned our attention to a bis-corrolato unit. In the following, we present

the synthesis of a new f,B' (3,3")-linked bis{corrolato-silver(l11)} complex, 1, and show that this

Figure 5.1: Structure of compound 1 and 1A.

core is ideal for the stabilization and investigation of the isovalent Ag"'/Ag"' and Ag'/Ag" forms.
Additionally, the same core allows us to access the mixed-valent Ag'/Ag"' combination, as well as
ligand-centered corrolato-based mixed-valency. Results from a combined synthetic, crystallographic,
electrochemical, spectro-electrochemical (UV/Vis-NIR and EPR) and DFT investigation are
presented below.

5.2 Synthetic Discussion:

The free base (FB) ligand 3,3'-bis(5,10,15-tris(pentafluorophenyl) corrole, 1A was prepared by
following a synthetic strategy developed earlier by Osuka et al.?® (Figure 5.1). The B,p'(3,3")-linked
bis{corrolato-silver(I11)} complex, 1 (Figure 5.1), was synthesized by following a general synthetic
procedure for the silver metallation.®®2792* The corresponding FB corrole (1A) was dissolved in

excess triethylamine and was stirred with excess silver acetate. This reaction led to the generation of
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complex 1 in good yield. Composition and purity of complex 1 were determined by elemental
analyses, *H/**F-NMR spectroscopy and ESI mass spectrometry.

5.3 Spectral Characterizations:

5.3.1 Crystal Structure:

The molecular structure in the crystal of 1 is shown in Figure 5.2. The bond lengths and angles in 1
are comparable with the previously reported monomeric corrolato-silver(111) complexes.®¢2/%27 The
central silver atoms in 1 fit well into the cavity of the corrolato rings in a slightly distorted square
planar geometry with minimal deviations of 0.007 A (DFT: 0.03 A) and 0.005 A (DFT: 0.03 A) from
the respective N4 planes. The distortions in both the rings from the ideal ones are due to slight
deviations in the bite angles of N-Ag-N in the ranges of 81.3-96.68° (DFT: 80.6-95.88°) and 80.3—
95.18° (DFT: 80.8-95.48°), respectively. As a consequence, the pyrrole ring nitrogen atoms of both
the rings are tilted with respect to the mean corrolato planes (19-atom corrole ring) by distances

varying from (-0.12) A to (+0.01) A and (-0.06) A to (+0.09) A alternately. The average of Ag—N

F13

c3s Fu
k}\ & cn

Figure 5.2: Perspective view of 1. Hydrogen atoms are omitted for clarity.

distances in 1 is 1.935 A (DFT: 1.96 A) and is on a par with the earlier reported characteristic Ag"'-

N bonds.®627°21 The meso-substituted phenyl groups at -5, —10, and —15 positions of both the rings
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display dihedral angles of 62.68° 65.18° and 66.28° and 76.58°, 78.58° and 86.98°, respectively,
with the mean corrolato plane. The dihedral angle between the two corrolato rings is 64.48° (DFT:
50.38°). The C—C bond connecting the two corrolato units is 1.46 A (DFT: 1.45 A), which is shorter
than the typical sp®-sp® distance (1.54 A). The closest Ag---F distance is 3.55 A (DFT: 3.40 A), and
thus it is non-bonding in nature. Both the experimental and the DFT optimized structure clearly

display the twisting of the corrolato rings with respect to each other. Furthermore, in the DFT

Figure 5.3: DFT-optimized structure for 1.

optimized structure, the two rings slightly fold and approach each other (Figure 5.3), a fact that is not
observed in the experimental structure. By taking the NMR and the crystallographic data into
consideration, 1 can be best described as a [Ag'"'(cor®)—(cor*)Ag""] dimer.

5.3.2 NMR Spectroscopy:

The *H NMR spectrum of complex 1 exhibited sharp lines and also a significant deshielding of the
B-pyrrolic protons (in comparison to the FB corrole, 1A) and these observations are in line with the

diamagnetic character of the complex 1(Figure 5.4-5.7).
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Table 5.1: X-Ray Crystallographic data for complex 1.

Molecular formula C74H14AQ2F30Ng
Fw 1800.67
Radiation MoKa
crystal symmetry Triclinic
space group P-1
a(A) 11.938(5)
B(A) 14.496(5)
»(A) 23.161(5)
a(deg) 107.127(5)
A(deg) 100.571(5)
y(deg) 96.209
V(A3) 3708.8(20)
Z 2
4 (mm) 0.652
T(K) 100K
Deatca(g cm™3) 1.61233
260 range (deg) 5.52 10 51.50
e data (Rin) 13666 (0.095)
R1 (I>25(1)) 0.0735
WR2 0.2013
GOF 1.000

5.3.3 Mass Spectroscopy:

The electrospray mass spectrum of the complex 1A shows intense peak centred at m/z: calcd for

CraH20F30Ns (1A): 1590.13; found: 1591.72 [M+H]*; (Figure 5.8). In case of complex 1, the

electrospray mass spectrum is measured in acetonitrile solvent which leads to the generation of

intense peak centred at m/z: calcd for C7aH14F30NsAg2 (1): 1797.90; found: 1796.87 [M—H]" (Figure

5.9).
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TPF3_CD(1H & 19F)/1

1H TPF3_CD 22012016

i 6. 7 ppm
Figure 5.4: Proton NMR spectrum of 3,3"-Bis(5,10,15-tris(pentafluorophenyl)corrole, 1A
in CDC|3.
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Figure 5.5: ’F NMR spectrum of 3,3"-Bis(5,10,15-tris(pentafluorophenyl)corrole, 1A in
CDCls.
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M1_TPF5_CD(1H&19F)/1
1H MI_TPF5_CD 22012016

........................................

Figure 5.6: "H NMR spectrum of 3,3"-Bis{(5,10,15-tris(pentafluorophenyl)corrolato-
silver(111)}, 1 in CDCls.
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Figure 5.7: F NMR spectrum of 3,3-Bis{(5,10,15-tris(pentafluorophenyl)corrolato-
silver(l111)}, 1 in CDCls.
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inlens4 +MS, 0.1-0.2min #({5-12)
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Figure 5.8: ESI-MS spectrum of 3,3"-Bis(5,10,15-tris(pentafluorophenyl)corrole, 1A
in CH3CN display the studied spectrum with isotopic distribution pattern.
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Figure 5.9: ESI-MS spectrum of 3,3-Bis{(5,10,15-tris(pentafluorophenyl)corrolato-silver(I11)},
1 in CHsCN display the studied spectrum with isotopic distribution pattern.

5.3.4 Electrochemistry:

The cyclic voltammogram and the differential pulse voltammogram of complex 1 were measured in
CH.Cl> using a range of electrolytes and working electrodes (Figure 5.10-5.11). Under every
condition, 1 displayed two one-electron oxidations, and two one-electron reductions. The separation
between the two one electron oxidation steps is 210, 150, and 120 mV in BusNBArF24, BusNPFs, and
BusNCIO; as supporting electrolytes, thus displaying the utility of weakly coordinating anions in
stabilizing the one-electron oxidized species. The comproportionation constant (Kc) for the one-
electron oxidized form in CH:CL/BusNBArF2: is 3.5x10°, which points to a moderate

thermodynamic stability of the one-electron oxidized form. The separation between the two reduction
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1.5 1.0 0.5 0.0 0.5 1.0 -1.5 2.0
El V vs FclFc*

Figure 5.10: CV of 1 in DCM solvent/0.1 M NBusBArF studied
using glassy carbon as working electrode using 100 mVs™scan rates.

steps was strongly dependent on the nature of the working electrode, with very little separation

between the waves observed when using a Pt working electrode (Figure 5.11). With a glassy carbon

Il uA
o

1.5 1.0 0.5 00 05 10 15 20 -25
El V vs FclFc*

Figure 5.11: CV of 1 in DCM solvent/0.1 M NBusBArF.s studied
using a platinum working electrode with scan rate 100 mVs™.
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i pA

1.5 1.0 0.5

0.0 0.5 -1.0 1.5 2.0
E/V vs FclFc*

Figure 5.12: CV of 1 in DCM solvent/0.1 M NBusBPFs measured using
glassy carbon working electrode using 100 mVs™ scan rate.

working electrode, two one-electron reduction steps were observed, and as expected for reductive

processes, the separation between these waves was found to be virtually independent of the nature of

the three aforementioned electrolytes. The separation of 140 mV between the reduction steps

normalized current

to unity.

1.5 1.0 0.5

0.0 0.5 1.0 1.5 2.0
El V vs FclFc*

Figure 5.13: Comparison of CV of 1 measured with different
electrolytes. For comparative reasons the current has been normalized
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translates into a Kc of 2.3x10? for the one-electron reduced species. As has been shown before, 228:254-
2%9 Kc is a complex parameter that depends on many different factors. For the one electron reduced
form, the main contribution to Kc is likely mostly electrostatic in nature, as there is no observable
electronic coupling for this case. The thermodynamic stability of the one-electron oxidized form is

an order of magnitude higher than that of the one-electron reduced form.

-1

vs. Ag/AgCI.

0
E/V

Figure 5.14: Cyclic voltammograms (black) and differential pulse
voltammogram (red) of 1 in dichloromethane. The potentials are

Table 5.2: Electrochemical data for 1

Eptwe (Peak to Peak | Eccwe (Peak to Peak Eccwe (Peak to Eptwe with
separation) with separation) with Peak separation) | BusNCIO4
NBusBArF24 NBusBArF24 with NBusPFs
Eox1 0.67 (89) 0.66 (78) 0.71 (80) 0.67
Eoxz 0.87 (108) 0.87 (92) 0.86 (70) 0.79
Erea 1.17 -1.12 (216 for both) -1.12 (216 for both) -1.10
E _ -1.25 determined from -1.24 determined 194
red2 dpv from dpv '

“The values for the oxidation potentials and especially the corresponding Peak to Peak ~separation

are quite error-prone due to close lying redox events.
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1.0 0.5 0.0 .0.5 1.0 1.5
El V vs FclFc*

Figure 5.15: DPV of 1 in CH,Cl,/0.1 M NBusBArF,; studied
using glassy carbon as working electrode.

5.3.5 EPR Spectroscopy:

The diamagnetic nature of the 3,3’-bis{corrolato-silver(I11)} complex, 1 is concluded based on its *H
NMR spectrum. Accordingly, 1 is EPR silent. The in situ generated one-electron reduced species (1)
in CH2Cl>/0.1M NBusBArF24 displays a line rich EPR spectrum centered at g=2.044 at 298 K (Figure

5.16). The deviation of the g-value from the free-electron g of 2.0023 already points to substantial

—nr
ﬂ — 0
315 320 325 330 335 340 345
BimT
Figure 5.16: X-band EPR spectrum of a) (1) and b) (1)*
generated by in-situ electrolysis at 298 K in CH,Cl,/0.1 M
NBu:BArF;,.
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metal participation at the singly occupied molecular orbital. This spectrum can be simulated by
considering hyperfine coupling to four 14N (1=1) nuclei and also to 107Ag (1=1/2, natural abundance:
52%) and 109Ag (I=1/2, natural abundance: 48%, Table 5.3). The simulated spectrum reproduced
the experimental spectrum with excellent accuracy (Figure 5.17). The hyperfine coupling constant to

the silver center obtained from the simulation is 42.9 G and further confirms the substantial spin

Simulation

Experiment
T
320 330 340
B/mT

Figure 5.17: Electron paramagnetic resonance spectrum of in-situ
generated 1" recorded in CH2Cl,/0.1 M NBusBArF; at -0.65 V vs
Ag-wire pseudoreference electrode. Experimental details:
Accumulation of 16 scans, 20 s sweep time, 0.2 mT modulation,
100 kHz modulation frequency, 10 m\W microwave power, 298 K,
microwave frequency: 9.46 GHz. Experiment: black, simulation:
red.
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Table 5.3: Electron paramagnetic resonance data of paramagnetic states.

Electron paramagnetic resonance datal® of paramagnetic species

Complex Electron Paramagnetic Resonance data (g and A) !
1 g =2.002
12+ g =2.002
1+ g =2.044; a(**N) = 21.2 G; a(**N) = 21.3 G; a(**N) = 21.3 G; a(**N) = 21.1
G; a(*"1%Ag) = 42.9 G;
(218 g =2.045; a(N) = 19.3 G; a(“¥N) = 19.4 G; a(N) = 19.7 G; a(“N) = 21.7
G; a(*"1%Ag) = 40.8 G;

[a] From Electron paramagnetic resonance spectroelectrochemistry in CH2Cl2/0.1 M
NBusBArF24 in room temperature.
[b] g values and A values (from simulated data).

localization at the silver center. The calculated Léwdin spin population analysis of (1)~ delivers close
to 45% spin on the silver centers. The EPR spectrum and the spin population analysis thus points to
a predominantly silver-centered spin in (1) and hence the best description of this species is the rare
mixed valent [Ag'"(cor>)—(cor®)Ag""] - form. By using a three-electrode electrochemical cell, we
were able to generate the two electron reduced species (1)%~ in situ. Surprisingly, the spectrum for
(1)% is identical to that of (1) with doubling of the signal intensity (Figure 5.16). As the number of
lines observed in the EPR spectra of (1)>~ and (1)*are the same, we conclude that the two spins in
(1)% do not interact with each other. The EPR spectrum of (1)~ was simulated by using parameters
that are very similar to those of (1)~ (Table 5.3 and Figure 5.18). The calculated Loéwdin spin
population analysis of (1)?~ delivers close to 90% spin on the silver centers. The above data point to
a best formulation of (1)>~ as the isovalent [Ag"(cor®)—(cor®)Ag'']*, making this a rare case of a
discrete metal complex containing two Ag' centers. In contrast to the reduced species, the one-
electron oxidized form (1) displays an isotropic EPR signal centered at g=2.002 at 298 K (Figure
5.19). The g value for this case is virtually identical to the free electron g value. No hyperfine coupling

is resolved for this species. The calculated Léwdin spin population analysis shows no spin on the
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Simulation

Experiment
————

Ll ' L Ll Ll
330 340
B/mT

T T T

1
320

Figure 5.18: Electron paramagnetic resonance spectrum of insitu
generated 1% recorded in CH2Cl,/0.1 M NBu:BArFz, at -1.5 V vs Ag-wire
pseudoreference electrode. Experimental details: Accumulation of 16
scans, 20 s sweep time, 0.2 mT modulation, 100 kHz modulation frequency,
10 mW microwave power, 298 K, microwave frequency: 9.46 GHz.

silver centers (Figure 5.21 and Table 5.4). Radical cation (1)** can thus be best described as a ligand-
centered, corrolato-based mixed-valent species [Ag'"'(cor®)—(cor*)Ag"']™*. The two-electron
oxidized compound (1)?>* was also characterized by EPR spectroscopy (Figure 5.20) and shows a
signal whose features are very similar to those of (1)™. The calculated Léwdin spin population
analysis of (1)?* delivers less than 3% spin on the silver centers. These results point to the best

description of (1)%* as [Ag''(cor*)—(cor*)Ag'""1?>* containing two oxidized corrolato units.
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T v T M
335 336 337 338 339 340

B/mT

Figure 5.19: Electron paramagnetic resonance spectrum of 17
species produced insitu, recorded in CH,Cl»/0.1 M NBusBArF, at
+0.50 V vs Ag-wire pseudoreference electrode. Experimental
details: 20 s sweep time, 0.8 mT modulation, 100 kHz modulation
frequency, 5 mW microwave power, 298 K, microwave frequency:
9.46 GHz.

336 ' 338 ' 340
B/mT
Figure 5.20: Electron paramagnetic resonance spectrum of 1** produced
insitu, recorded in CH»Cl,/0.1 M NBusBArF,; at +1.48 V vs Ag-wire
pseudoreference electrode. Experimental details: 40 s sweep time, 0.1 mT

modulation, 100 kHz modulation frequency, 5 mW microwave power, 298 K,
microwave frequency: 9.46 GHz.
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5.3.6 Lowdin Spin population analysis:

Table 5.4: Lowdin spin density calculations using DFT (B3LYP/TZVPP-ZORA) for the
various paramagnetic species.

Atoms / spin density p(lox) p(20x) p(1red) p(2red)

in %

0 Ag -0.0 1.7 17.8 44.5
1N 2.9 4.0 4.3 11.0
2N 0.7 4.2 3.5 9.5
3N 2.2 4.6 5.1 10.1
4N -0.4 1.8 3.1 11.3
5 Ag -0.0 0.8 25.2 44.5
6 N 3.3 3.5 6.0 11.0
7N 1.3 4.7 5.2 9.5
8N -0.6 2.2 5.0 11.3
9N 3.1 5.0 6.5 10.1

Figure 5.21: Spin density from DFT Figure 5.22: Spin density from DFT
calculation of 1. calculation of 1",

Figure 5.23: Spin density from DFT Figure 5.24: Spin density from DFT
calculation of 1. calculation of 1%.
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5.3.7 UV/Vis-NIR spectroscopy:

The native state of the complex 1 displays typical spectra for a neutral Ag-corrolato species. The
Soret and the Q bands appear at 430 and 583 nm (Figure 5.25). Remarkably, the intensity of the Soret
band is very high, with an extinction coefficient of more than 151600 M cm™. The value is roughly
double of what is observed for mononuclear Ag-corrolato complexes.*®?"%2’1 The position of the
Soret band is, however, very similar to that in the mononuclear Ag-corrolato complexes.®27%27 This

observance likely points to a lack of thorough conjugation in this system, as also seen through a

150 —Mr
e L |
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Figure 5.25: UV-vis-NIR spectra of the three redox states of 1 from
OTTLE spectroelectrochemistry in CH,Cl/0.1 M NBusBArF,4. Inset
shows the weak NIR band for (1)".

twisting of the corrolato rings with respect to each other. On one-electron reduction to (1)* both the
Soret and the Q bands are split, with maxima at 430, 444 and 571, 617 nm (Figure 5.25, Table 5.5).
Such a situation would fit with one reduced and one unreduced unit, as has been discussed in the EPR
section above. Additionally, the one-electron reduced form also displays a very weak band at 1100
nm in the NIR region (Figure 5.25), which disappears on further reduction (Figure 5.27). It is tempting
to assign this band to an inter-valence charge transfer (IVCT) transition for an Ag''-Ag'" mixed-
valent form, with the lack of conjugation between the corrolato rings likely explaining the very low

intensity of this band. TD- DFT calculations reproduce the position of the Soret and Q bands for the
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Figure 5.26: Variations in the Ultraviolate-visible-NIR spectrum for 1
throughout the OTTLE spectroelectrochemistry experiment measured in
DCM solvent/0.1 M NBusBArF24.

native as well as the reduced states with excellent accuracy (Figure 5.35-5.43). The same calculations
also predict an NIR band for the one-electron reduced species. However, the intensity of this transition
is exaggerated by the calculations (Figure 5.44). However, TD-DFT predicts this NIR band to be a

transition from HOMOo—LUMOa and HOMOo—LUMOa+2 (Table 5.18), thus pointing to a

} MI—1]*

100

e[10° L'mol"ecm]

0
300 400 500 600 700 800 900 1000
Anm]
Figure 5.27: Variations in the Ultraviolate-visible-NIR spectrum for 1

throughout the OTTLE spectroelectrochemistry experiment measured
in DCM solvent/0.1 M NBusBArF2..
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Figure 5.28: UV-vis-NIR spectra of 1 in three different redox states from
OTTLE spectroelectrochemistry in CH.Cl,/0.1 M NBuUsBArFz. Inset
shows the NIR band for (1)™.

MLCT-type transition for a low-valent silver center. Such a description of the NIR band (as opposed
to IVCT) would also fit better with two non-interacting silver centers, as observed through EPR
spectroscopy. In contrast to the reduced species, the stepwise oxidation of 1 does not lead to a change

in the position of either the Soret or the Q band. Their intensities, however, progressively decrease

{ (1 —[11"

£[10° L'mol"em™]

300 400 500 600 700 800 900 1000
A [nm]
Figure 5.29: Changes in the Ultraviolate-visible -NIR spectrum of 1

throughout the OTTLE spectroelectrochemistry experiment
measured in DCM solvent/0.1 M NBusBArF2..
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on stepwise oxidation (Figure 5.31). The most significant change on the conversion of 1 to (1) is the
appearance of a broad band in the NIR region centered at around 1850 nm (Figure 5.28 and 5.30).

This band disappears on further oxidation to (1)2*. We assign this band to an intervalence-ligand-to-
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Figure 5.30: Variations in the Ultraviolate-visible-NIR spectrum of 1
throughout the OTTLE spectroelectrochemistry experiment
measured in DCM solvent/0.1 M NBusBArF...
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Figure 5.31: Variations in the Ultraviolate-visible-NIR spectrum of
1 throughout the OTTLE spectroelectrochemistry experiment
measured in DCM solvent/0.1 M NBusBArF..
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Figure 5.32: Variations in the Ultraviolate-visible-NIR spectrum of 1
throughout the OTTLE spectroelectrochemistry experiment
measured in DCM solvent/0.1 M NBusBArF2..

-ligand-charge-transfer (IVLLCT) between two corrolato units based on the formulation [Ag'"'(cor®-
Y—(cor?)Ag""]"*. TD-DFT reproduces the position of this band with reasonable accuracy (albeit with
exaggerated intensity) and predicts this to be a transition from HOMOB—LUMOQ, which would fit

Table 5.5: Data from UV-Vis-NIR spectroelectrochemical measurements

X [nm] (g [10° M e ecm™])
[1] 302 (28.3) br, 430 (151.6), 499sh, 538sh, 583 (73.9), 703sh

[y | 300 sh (27.8) br, 423 (125.4), 570 (31.9), 657 (12.6) sh, 779 (9.9) br, 1350-2400
(3.4) br

[1]%* 300 sh (28.6) br, 422 (101.6), 563 (22.5), 653 (12.5) sh, 900-1400 (1.3) br

[} | 308 (30.5) br, 430 (123.1), 444 (126.4), 531sh, 571 (33.8), 617 (33.8), 730sh, 1100
(0.4)

[1]% 311 (35.4) br, 446 (146.0), 628 (49.1)

Observed from the spectroelectrochemical experiment utilized an OTTLE-cell using the
gold working electrode in CH2Cl2/0.1 M NBusBArF24 at 295K. The wavelength below ~295
nm was blocked beforehand due to absorption of the electrolyte NBusBArF24 in this region.
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with a corrolato based m—=* transition (Table 5.9, 5.11 and Figure 5.37). Additionally, the use of
Gouterman orbitals'®”® for these systems deliver results that are in excellent agreement with the
TD-DFT calculations. Calculations on the hypothetical mono-silver-corrole and its comparison with
the dinuclear complex 1 show that the number of Gouterman orbitals for 1 are double those for the

hypothetical monomer, with very little changes in the relative orbital energies (Figure 5.53).
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Figure 5.33: Comparison of the Ultraviolate-visible-NIR

spectrum of 1 before and after reductive OTTLE
spectroelectrochemistry
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Figure 5.34: Comparison of the Ultraviolate-visible-NIR
spectrum of 1 before and after oxidative OTTLE
spectroelectrochemistry.
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5.4 Conclusion:

Summarizing, we have presented here the utility of a rare bis-corrolato core for designing a discrete
Ag"'/Ag"' complex. The protection provided by the stable macrocycle has allowed us to demonstrate
the first example of a thoroughly characterized molecular mixed-valent, non-interacting Class |
Ag'/Ag" (Kc =10?) and an isovalent Ag'/Ag'" complex in the bis-corrolato core. Furthermore, a
ligand-centered, moderately interacting mixed-valent Class 1l corrolato-based species (Kc ~10%
broad IVCT band) was characterized as well (Scheme 5.1). Though the connection of two corrolato
rings through a C— C single bond is enough to generate electronic coupling between the two corrolato
units in the ligand-centered mixed valency in the one-electron oxidized form, there is no observable
electronic coupling between the silver centers in the metal-centered mixed-valent one-electron
reduced form. Results obtained from  X-ray crystallography, electrochemistry,
spectroelectrochemistry, and DFT calculations have helped us in making those assignments. Even
though covalency is always a factor in corrolato complexes, our approach here shows that a bis-
corrolato unit is an ideal platform for stabilizing unusual and hitherto unknown mixed-valent systems.

The results presented here are likely to be relevant for generating other intriguing species and for the

[Ag|||(Cor2.—)_(cor2.—)Ag|||]2+
[Ag"(cor?7)-(cor®)Ag"T* (corrolato-based mixed-valent)
[Ag"(cor®)-(cor®)Ag", 1 (Ag"/Ag" isovalent)
i ‘L
-e +e”
[Ag"(cor®)-(cor*)Ag"T"  (Ag'/Ag" mixed-valent)
}
-e +e”
[Ag"(cor®)-(cor®)Ag'"T>  (Ag'Ag" isovalent)
Scheme 5.1. The species characterized in this work.
p
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use of such cores in cooperative catalysis. The electronic coupling observed for the corrolato-based
mixed-valent system will be an important attribute while investigating multi-corrolato units as
components of molecular electronics. It will be intriguing to see if enhancing the conjugation between
the corrolato units will increase the electronic coupling between the metal centers. Future efforts will
be directed towards increasing the conjugation between the rings and using these and related systems
in catalysis.

5.5 Experimental Section:

5.5.1 Syntheses:

5.5.1.1 3,3-Bis(5,10,15-tris(pentafluorophenyl)corrole, 1A:

1A was prepared by following a literature reported procedure developed by Osuka et al.?®> Proton
NMR (400 MHz, CHCls-d) & = 9.22 — 9.09 (m, 4H), 8.77 (d, J = 4.8 Hz, 2H), 8.73 (d, J = 4.3 Hz,
2H), 8.55 (d, J = 4.7 Hz, 2H), 8.45 (d, J = 4.8 Hz, 2H), 8.31 (d, J = 4.9 Hz, 2H) (Figure 5.4); 19F
NMR (376 MHz, Chloroform-d) 6 = -138.32 (ddtd, J=96.2, 72.4, 24.4, 8.0, 10F), -139.72 (d,
J=12.2,2F), -153.15 (t, J=21.0, 2F), -153.56 (t, J=20.9, 2F), -155.02 (m, 2F) , -162.42 (dtd, J=47.7,
22.5, 8.4, 4F), -162.78 (ddt, J=33.4,23.7, 11.4, 4F), -164.09 (t, J=22.3, 2F), -165.35 (d, J=19.8, 2F)
(Figure 5.5). MS (ESI): m/z: calcd for C7sH20F30Ng (1A): 1590.13; found: 1591.72 [M+H]* (Figure
5.8) ; elemental analysis calcd (%) for C7sH20F30Ns (1A): C 55.87, H 1.27, N 7.04; found: C 55.99,
H1.35 N 7.17.

5.5.1.2 3,3-Bis{(5,10,15-tris(pentafluorophenyl)corrolato-silver(111)},1:
3,3-Bis(5,10,15-tris(pentafluorophenyl)corrole, 1A (20 mg, 0.013 mmol) was dissolved in
triethylamine (6 mL) and silver acetate salt (42mg, 0.25 mmol) was added into the solution. Whole
solution was kept at stirring for next 45 min at 298 K and the solution colour changed from green
colour to dark reddish-green. Using the rotary evaporator, the solvent of the reaction mixture was
evaporated, and finally the dark purple colored crude product was collected after the purification
using column chromatography through silica gel (100-200 mesh) column using 10% DCM + 90%

hexane as eluent. Subsequent recrystallization (CH2Cl./hexane) gave the pure crystalline 3,3'-
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Bis{(5,10,15-tris(pentafluorophenyl)corrolato-silver(111)}, 1. Yield: 54% (12 mg); Proton NMR (400
MHz, CHCls-d) & 9.53 (d, J = 1.5 Hz, 2H), 9.42 (d, J = 4.5 Hz, 2H), 9.06 (d, J = 4.9 Hz, 2H), 8.90
(d, J= 4.5 Hz, 2H), 8.85 (d, J = 5.0 Hz, 2H), 8.72 (d, J = 4.9 Hz, 2H), 8.65 (d, J = 4.9 Hz, 2H) (Figure
5.6); °F NMR (376 MHz, Chloroform-d) § = -136.35 (dd, J=24.8, 8.0, 2F), -136.89 (d, J=10.5, 2F),
-137.68 (dddd, J=47.6, 24.2, 8.6, 3.3, 4F), -137.87 — -138.31 (m, 4F), -152.94 (dt, J=61.9, 20.9, 4F),
-154.67 (t, J=21.1, 2F), -161.45 — -163.91 (m, 8F), -163.35 — -164.68 (M, 2F), -164.95 (dq, J=20.4,
9.4, 2F). (Figure 5.7); UV/Vis (dichloromethane): Amax (€) =430 (151600), 499 (12400), 538 (19100),
583(73900), 703 (3300M1cm™); MS (ESI): m/z: calcd for Cr4H14F30NsAg2 (1): 1797.90; found:
1796.87 [M—H]" (Figure 5.9); elemental analysis calcd (%) for C7aH14F30NsAg2 (1): C, 49.36; H, 0.78;
N, 6.22; found: C 49.44, H0.91, N 6.43.

5.5.2 Determination of the X-Ray Crystal Structure:

Crystals of both the complex 1 was obtained through the slow diffusion process in DCM solvent into
hexane and this process was followed by the slow evaporation under atmospheric conditions. Bruker
Kappa APEX Il CCD diffractometer has been used for recording the crystal data for complex 1 at
100 K temperature. All the crystallographic parameters were arranged within the Table 5.1 and have
been optimized for absorption effects and Lorentz polarization effect. In order to solve and refine
both the crystals, the SHELXTL??program package has been utilized. During the refinement process,
all the Hydrogen atoms has been attached through riding model. Hydrogen atoms of the water
molecules were included without fixing. Spots for all the disordered solvent molecules has been
eliminated through the SQUEEZE® command in PLATON.!*1% CCDC number 1557571

accommodate all the X-Ray crystal data for complexe 1. www.ccdc.cam.ac.uk/data_ request/cif can

be used to access the crystal data without any charge.

5.6 General Remarks and Instrumentation:

5.6.1 Details of all materials used:
All the starting materials like 2,3,4,5,6-pentafluorobenzaldehyde, pyrrole, p-chloranil, and Tetrabutyl

Ammonium Perchlorate (TBAP) were ordered through SigmaAldrich, USA. Other reagents like
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Silver acetate were ordered through Merck, India. Rest of the other reagents were from reagent grade
quality. Solvents like hexane and DCM were purified with potassium hydroxide and Calcium hydride
respectively. HPLC standard solvents were utilized for all the spectroscopic and electrochemical
related studies.

5.6.2 Physical Studies:

For the elemental analyses, Perkin-Elmer 240C elemental analyser were used. Nuclear Magnetic
Resonance spectra of all the complexes have been measured by using Bruker Avance 400 NMR
spectrometer using TMS (Tetramethylsilane) as the internal standard. For all the Electrospray

lonisation Mass Spectrometry data, the Bruker Micro TOF-QII mass spectrometer has been used.

5.6.3 Cyclic Voltammetry:

In order to record the electrochemical data, a PAR VersaStat 4 potentiostat (Ametek) has been utilized
by using the degassed and anhydrous Dimethylformamide solvent purchased from Acros Organics
(99.8 % extra dry). As the electrolyte, 0.1 M tetrabutylammonium hexafluorophosphate which is
almost 99.0 % dried (electrochemical grade, Fluka). The electrochemical solution contains complex
1 with 1x10*M. As the working electrode, the glassy carbon and platinum have been used and as the
counter electrode and pseudoreference electrode, the coiled platinum wire and coiled silver wire have
been utilized respectively within the electrochemical cell. The electrochemical experiment has been
performed by using the ferrocene/ferrocenium couple as the internal reference.

5.6.4 Spectroelectrochemistry:

In order to record the Ultraviolate/Visible spectra of complex 1 has been performed using Avantes
spectrometer consist of AvalLight-DH-S-Bal as the light source, AvaSpec-ULS2048 as the UV/Vis
detector, and AvaSpec-NIR256-TEC as an NIR detector. For the Spectroelectrochemical data
collection, an OTTLE (optically transparent thin-layer electrochemical) cell (CaF, windows) were
performed using the Pt working electrode, a platinum wire as the counter electrode, and a silver wire

as the pseudoreference electrode. Degassed and anhydrous Dimethylformamide solvent has been
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utilized which was purchased from Acros Organics (99.8 % extra dry) and as the electrolyte, 0.1 m
tetrabutylammonium hexafluorophosphate (99.0 % dried) has been used.

5.6.5 Electron Paramagnetic Resonance:

The X-band Electron paramagnetic resonance spectra (ca. 9.5 GHz) were measured using the
Magnettech MS-5000 benchtop EPR spectrometer containing a rectangular shaped TE 102 cavity and
TC HO4 temperature controller. For all the data collections, a synthetic quartz glass tubes have been
used. A three-electrode system consist of working, counter electrode and pseudoreference electrode
has been used. EasySpin 5.1.4. and MatLab R2012a have been utilized for the simulation process.
5.6.6 Computational Details:

For the DFT calculations?®, ORCA 3.0.0 has been used as the program package. BP8623297:2%
functional?®*2°° has been utilized for the geometry optimizations of complex 1 considering the X-Ray
crystal structure. For all the single-point calculations, the B3LYP functional?®42%° have been used and
all of these calculations were performed following empirical Van der Waals correction (D3).300-303
Both the restricted and unrestricted DFT calculations were utilized in case of all the closed and open
shell molecules respectively. For all the geometric optimization (OPT) and tight for SCF calculations
(TIGHTSCEF) processes, the convergence criteria were set as the default and the zeroth-order regular
approximation (ZORA)3* were comprised for the relativistic effects. For all atoms in the complex,
the triple- { —valence basis sets (TZVP-ZORA)?® were utilized. For the optimized geometry and
numerical frequency calculations and the RIJCOSX (combined identity resolution and chain of
spheres algorithms) approximation for single point calculations, all the simulation processes were
performed using resolution of the identity approximation49-24330739 with matching auxiliary basis
sets. 310311 Corresponding crystal structures helped to optimize the geometry of complex and any kind
of symmetry limitation were not forced throughout the optimization process. The time-dependent
DFT (TD-DFT) process was used to determine the low-lying excitation energies. For all kind of
calculations, the solvent effects were considered along with the conductor-like screening model

(COSMO).24.24 |_swdin spin population calculations®*® were used to calculate the spin densities. All

——

160

et



Chapter five

the optimized geometries showed local minima which establish the absence of any imaginary
frequency. MO Analyzer tool*'? has been applied to evaluate the overall contribution of molecular
fragments in case of molecular orbitals. Programs like modified Avogadro 1.1.1 with extended ORCA
support and the Molekel 5.4.0.8313314247 have been applied to anticipate the Molecular orbitals and

spin densities.
5.7 TD-DFT calculations:
5.7.1 TD-DFT calculations of 1:

5.7.1.1 Calculated spectra, Comparison with Experimental spectrum and TD-DFT
Transitions of 1:

Exp.
TD-DFT

300 460 500 GII)D 700 360 900 1DIDIJ 1100 12|00
Anm
Figure 5.35: Comparison between experimental
(black) and TD-DFT (red) UV/Vis-NIR spectrum.

300 460 . 560 . 660 . T(I)O . B(I)O . ago
A/nm
Figure 5.36: Calculated spectrum with TD-DFT and
discrete transitions. Line width 1500 cm™.
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Table 5.6: TD-DFT calculated electronic transitions of 1. (Including raw data)

. Molar
Calculated Oscillator Experimental absorption
State Transition Transition HOMO LUMO Transition transition _p_
ener strength ener coefficient
ay ay 1073
431la -LUMO+4 (0.15) HOMO-7 — LUMO+4 (0.15)
24, A 2 28.
68 434a — LUMO+6 (0.39) HOMO-4 — LUMO+6 (0.39) 3246 0.133 30 83
430a — 439a 0.177685 | HOMO-8 — LUMO (0.17)
31 | 434a—44la 0317805 | HOMO-4 — LUMO+2 (0.31) 375.8 0.784
4352 — 4442 0122136 | |5Mv10.3 , LUMOH5 (0.12)
28 Mixed (all below 10%) Mixed (all below 10%) 391.6 0.624
29 436a — 444a0.11 HOMO-2 — LUMO+5 (0.11) 390.1 0.549
- ﬁéﬁ N fé: g.ég HOMO-17 — LUMO (0.18) 364.4 0.448
— . . _
HOMO-2 — LUMO+4 (0.10) 430 nm 1516
%6 422a — 439 0.19 HOMO-16 — LUMO (0.19) 3634 0.004
434a—442a © 033 | HOMO-4 — LUMO+3 (0.33)
25 434a — 441a 0.35 HOMO-4 — LUMO+2 (0.35) 583.7 0.188
4352 —44da = 013 | HOoMO-3 — LUMO+5 (0.13)
429a — 439 : 0.1 HOMO-9 — LUMO (0.11)
30 43la—439% : 0.12 HOMO-7 — LUMO (0.12) 409.1 0.151
434a—4d2a : 033 | HoMO-4 — LUMO+3 (0.33)
436a — 443a (0.10) HOMO-2 — LUMO+4 (0.10)
14 437a — 442a (0.60) HOMO-1 — LUMO+3 (0.60) 512.7 0.037
438a — 444a (0.18) HOMO — LUMO+5 (0.18)
15 436a — 442a (0.73) HOMO-2 — LUMO+3 (0.73) 5111 0.060
437a — 443a (0.12) HOMO-1 — LUMO+4 (0.12) 538 19.1
435a — 443a (0.26) HOMO-3 — LUMO+4 (0.26)
435a — 444a (0.16) HOMO-3 — LUMO+5 (0.16)
21 437a — 443a (0.30) HOMO-1 — LUMO+4 (0.30) 5316 0.044
437a — 444a (0.16) HOMO-1 — LUMO+5 (0.16)
435a — 443a (0.23) HOMO-3 — LUMO+4 (0.23)
4353 — 444a (0.25) HOMO-3 — LUMO+5 (0.25)
22 437a — 443a (0.16) HOMO-1 — LUMO+4 (0.16) 5327 0.045
437a — 444a (0.22) HOMO-1 — LUMO+5 (0.22)
9 438a — 441a (0.76) HOMO — LUMO+2 (0.76) 583.7 0.222
436a — 440a (0.57) HOMO-2 — LUMO+1 (0.57) 609.8 0.060 583 73.9
6 437a — 440a (0.12) HOMO-1 — LUMO+1 (0.12) ' '
438a — 439a (0.21) HOMO — LUMO (0.21)
436a — 439a (0.10) HOMO-2 — LUMO (0.10)
1 436a — 440a (0.14) HOMO-2 — LUMO+1 (0.14) 8542 0.011
438a — 439a (0.52) HOMO — LUMO (0.52) '
438a — 440a (0.11) HOMO — LUMO+1 (0.11)
435a — 439a (0.19) HOMO-3 — LUMO (0.19)
435a — 440a (0.10) HOMO-3 — LUMO+1 (0.10) 795.3
3 437a — 439a (0.43) HOMO-1 — LUMO (0.43) 0.0008 703 33
437a — 440a (0.14) HOMO-1 — LUMO+1 (0.14)
435a — 439a (0.21) HOMO-3 — LUMO (0.21)
A 435a — 440a (0.15) HOMO-3 — LUMO+1 (0.15) 767.2 0.004
437a — 439a (0.16) HOMO-1 — LUMO (0.16) '
437a — 440a (0.30) HOMO-1 — LUMO+1 (0.30)
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5.7.1.2 Molecular orbitals and orbital energies of 1

Table 5.7: Composition of selected molecular orbitals of 1.

LUMO+9

LUMO+8

LUMO+7

LUMO+6

LUMO+5

LUMO+4

LUMO+3

LUMO+2

LUMO+1

LUMO

HOMO

HOMO-1

HOMO-2

HOMO-3

HOMO-4

——
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HOMO-5

HOMO-6

HOMO-7

HOMO-17
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Table 5.8: Orbital energies of 1 from DFT-calculation

Orbital No. HOMO/LUMO Energy (Eh) Energy (eV)
450 LUMO+11 -0.039826 -1.0837
449 LUMO+10 -0.040324 -1.0973
448 LUMO+9 -0.041134 -1.1193
447 LUMO+8 -0.041571 -1.1312
446 LUMO+7 -0.043292 -1.1780
445 LUMO+6 -0.044292 -1.2052
444 LUMO+5 -0.090660 -2.4670
443 LUMO+4 -0.092690 -2.5222
442 LUMO+3 -0.104671 -2.8482
441 LUMO+2 -0.110108 -2.9962
440 LUMO+1 -0.116541 -3.1712
439 LUMO -0.121152 -3.2967
438 HOMO -0.203223 -5.5300
437 HOMO-1 -0.206732 -5.6255
436 HOMO-2 -0.208919 -5.6850
435 HOMO-3 -0.210025 -5.7151
434 HOMO-4 -0.248169 -6.7530
433 HOMO-5 -0.261178 -7.1070
432 HOMO-6 -0.262468 -7.1421
431 HOMO-7 -0.263294 -7.1646
430 HOMO-8 -0.265881 -7.2350
429 HOMO-9 -0.267531 -7.2799
428 HOMO-10 -0.267780 -7.2867
427 HOMO-11 -0.269155 -7.3241
426 HOMO-12 -0.269370 -7.3299
425 HOMO-13 -0.269460 -7.3324
424 HOMO-14 -0.269651 -7.3376
423 HOMO-15 -0.272142 -7.4054
422 HOMO-16 -0.273124 -7.4321
421 HOMO-17 -0.273543 -7.4435
420 HOMO-18 -0.276480 -7.5234
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5.7.2 TD-DFT Calculations of (1)** (doublet)

5.7.2.1 Calculated spectra, Comparison with Experimental spectrum and TD-DFT
Transitions of (1)**

EXp.
TD-DFT
A
i I i i i i I i i i i I i
1000 2000 3000
A/nm
Figure 5.37: Comparison of the experimental and calculated
spectrum.

i

T 1
500 1000 1500 2000 2500

Anm

Figure 5.38: Comparison of discrete transitions and the
experimental spectrum.
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0 2000 4000

Alnm

Figure 5.39: Calculated spectrum with TD-DFT and discrete
transitions. Line width 1500 cm™.

1

T 7 "
400 600 800 1000

Alnm

Figure 5.40: Zoom-In of the calculated spectrum with TD-DFT
and discrete transitions. Line width 1500 cm™.
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Table 5.9: TD-DFT calculated eletronic transistions of 1*". (Including raw data)

. Molar
Calculated Oscillator Experimental absorotion
State Transition Transition HOMO LUMO Transition transition .p.
energy strength energy coefficient
1013
89 | 418a — 439a(0.16) | HOMO0-20 — LUMOu (0.16) 392.7 0.055
92 Mixed Mixed 388.6 0.112
432a — 4392 (0.28) | HOMO@-6 — LUMOu (0.28) 423 1254
a— a (V. -0 — o (0.
9 | 4300 240a (0.20) | HOMOuw-6 — LUMOa-+1 (0.20) 396.9 0.0%5
100 mixed mixed 378.3 0.073
437a — 441a (0.10) | HOMOa-1 — LUMOa+2 (0.10)
41 | 438a—441a(0.18) | HOMOa — LUMOa+2 (0.18) 581.6 0.074
437b — 442b (0.19) | HOMOR — LUMOR+4 (0.19)
47 | 417b — 438b (0.44) | HOMOR-20 — LUMOR (0.44) 534.1 0.044 570 31.9
435a — 442a (0.45) | HOMOa-3 — LUMOa+3 (0.45)
52 | 415b — 438b (0.13) | HOMOR-22 — LUMOR (0.13) 510.2 0.049
437b — 442b (0.14) | HOMOR — LUMOR+4 (0.14)
25 | 424b — 438b (0.49) | HOMOR-13 — LUMOR (0.49) 687.1 0.028
422b — 438b (0.23) | HOMOR-15 — LUMOR (0.23)
21| 4230 — 4380 (0.16) | HOMOR-14 — LUMOR (0.16) 664.1 0.021
438a — 439a (0.20) HOMOa — LUMOa (0.20)
28 | 421 — 438b (0.13) | HOMORB-16 — LUMO R (0.13) 6752 0.0 657 12.6
418b — 438b (0.10) | HOMOR-19 — LUMO R (0.10)
3| 4200 - 4380 (0.47) | HOMO B-17 — LUMO R (0.47) 617.4 0.038
425b — 438b (0.21) | HOMOR-12 — LUMOR (0.21)
26 | 4330 — 4380 (0.35) | HOMOR-4 — LUMOR (0.35) 731.0 0.041
3 437b — 438b (0.91) HOMOR — LUMOR (0.91) 2181.2 0.321 1350 34
Table 5.10: Orbital energies of (1) from DFT-calculation.
Spin up Orbitals alpha Spin down orbitals beta
Orbital . Energy Energy Orbital . Energy Energy
No. Orbital (Eh) (8V) No. Orbital (Eh) (&V)
445 LUMOa+6 -0.065361 -1.7786 445 LUMOR+7 -0.064450 -1.7538
444 LUMOa+5 -0.116782 -3.1778 444 LUMOR+6 -0.110936 -3.0187
443 LUMOo+4 -0.119803 -3.2600 443 LUMOR+5 | -0.112787 -3.0691
442 LUMOa+3 -0.131146 -3.5687 442 LUMOR+4 -0.123745 -3.3673
441 LUMOo+2 -0.136925 -3.7259 441 LUMOR+3 | -0.133285 -3.6269
440 LUMOao:+1 -0.142875 -3.8878 440 LUMOR+2 -0.142532 -3.8785
439 LUMOaq. -0.148440 -4.0393 439 LUMOR+1 -0.146945 -3.9986
438 HOMOaq. -0.231316 -6.2944 438 LUMOR -0.199664 -5.4331
437 HOMOa-1 -0.231699 -6.3049 437 HOMOR -0.224665 -6.1134
( ]
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436 HOMOa-2 -0.234701 -6.3865 436 HOMOR-1 | -0.232457 -6.3255
435 HOMOa-3 -0.238313 -6.4848 435 HOMOR-2 | -0.235648 -6.4123
434 HOMOa-4 -0.273221 -7.4347 434 HOMOR-3 | -0.270819 -7.3694
433 HOMOa-5 -0.282150 -1.6777 433 HOMOR-4 | -0.281928 -7.6717
432 HOMOa-6 -0.282314 -7.6822 432 HOMOR-5 | -0.282090 -7.6761
431 HOMOa-7 -0.283128 -7.7043 431 HOMOR-6 | -0.282211 -7.6793
430 HOMOa-8 -0.283207 -7.7064 430 HOMOR-7 | -0.282931 -7.6989
429 HOMOa-9 -0.284154 -7.7322 429 HOMOR-8 | -0.282963 -7.6998
428 HOMOaq-10 -0.285823 -1.7776 428 HOMOR-9 | -0.284547 -7.7429
427 HOMOoao-1 -0.286814 -7.8046 427 HOMOR-10 | -0.285972 -7.7817
426 HOMOa-12 -0.287471 -7.8225 426 HOMOR-11 | -0.286100 -7.7852
425 HOMOaq-13 -0.288715 -7.8563 425 HOMOR-12 | -0.286929 -7.8077
424 HOMOqo-14 -0.290059 -7.8929 424 HOMOR-13 | -0.287924 -7.8348
423 HOMOg-15 -0.290719 -7.9109 423 HOMOR-14 | -0.289982 -7.8908
422 HOMOq-16 -0.292220 -7.9517 422 HOMOR-15 | -0.290842 -7.9142
421 HOMOq-17 -0.293030 -7.9738 421 HOMOR-16 | -0.291715 -7.9380
420 HOMOaq-18 -0.293774 -7.9940 420 HOMOR-17 | -0.292501 -7.9593
419 HOMOaq-19 -0.296073 -8.0566 419 HOMOR-18 | -0.295070 -8.0293
418 HOMOa-20 -0.298532 -8.1235 418 HOMOR-19 | -0.296994 -8.0816
417 HOMOa-21 -0.304650 -8.2900 417 HOMOR-20 | -0.302994 -8.2449
416 HOMOa-22 -0.310877 -8.4594 416 HOMOR-21 | -0.309422 -8.4198
415 HOMOaq-23 -0.314796 -8.5660 415 HOMOR-22 | -0.312884 -8.5140

5.7.2.2 Molecular orbitals and orbital energies for (1)**:

Table 5.11: Composition of all specific molecular orbitals with alpha spin for (1)

LUMOa+9

LUMOq+8

LUMOgo+7

LUMOo+6

LUMOgo+5
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HOMOga-4

HOMOa-5

HOMOua-6

HOMOa-7

HOMOuo-8

HOMOg-9

HOMO¢-20
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Table 5.12: Composition of selected molecular orbitals with beta spin of (1),

LUMORB+9

LUMOR+8

LUMOR+7

LUMOR+6

LUMOR+5

LUMOR+4

LUMORB+3

LUMOR+2

LUMOR+1

LUMOR

HOMOR

HOMOR-1

HOMOR-2
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HOMOR-3

HOMOR-4

HOMOR-5

HOMOR-6

HOMOR-7

HOMOR-9

HOMOR-12

HOMOR-13

HOMOR-14

HOMOR-15

HOMOR-16
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HOMOR-17 HOMOR-19 HOMOR-20
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5.7.3 TD-DFT Calculations for 12 (Triplet):

5.7.3.1 Calculated spectra, Comparison with Experimental spectrum and TD-DFT
Transitions of 1%*

1

1 T 1
1000 2000

transitions. Line width 1500 cm™.

A/nm
Figure 5.41: Calculated spectrum with TD-DFT and discrete

3000

1
4000

500

A/nm

T
1000

1500

Figure 5.42: Zoom- in of the calculated spectrum with TD-DFT
and discrete transitions. Line width 1500 cm™.
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[

Exp. spectrum
vs selected

discrete transitions

1
500
A/nm

1
1000

Figure 5.43: Comparison of discrete transitions with the
experimental spectrum.

Table 5.13: TD-DFT calculated electronic transitions of (1)2*. (Including raw data)

Calculated Oscillator Experimental abz/locr)latiron
State Transition Transition HOMO LUMO Transition transition _p_
ener strength ener coefficient
ay ay 1073
78 415b — 438b (0.37) HOMOR-21 — LUMOR+1 (0.37) 468.9 0.048 422 101.6
437a — 444a (0.10) HOMOu-1 — LUMOu+5 (0.10)
53 438a — 443a (0.21) HOMOo — LUMOa+4 (0.21) 5620 0.083
435a — 440a (0.13) HOMOa-3 — LUMOa+1 (0.13)
436a — 441a (0.19) HOMOa-2 — LUMOa+2 (0.19)
ol 437a — 441a (0.12) HOMOa-1 — LUMOa+2 (0.12) 5923 0.081
419b — 437b (0.10) HOMOR-17 — LUMOR (0.10)
37 435a — 440a (0.19) HOMOao-3 — I_JUMOa+1 (0.19) 6316 0.053 563 295
Mixed mixed
a1 418b — 437b (0.23) HOMOR-18 - LUMOR (0.23) 6192 0.051
Mixed mixed
I e e e D 653 125
431b — 437b (0.37) HOMORB-5 — LUMOR (0.37)
17 431b — 438b (0.30) HOMOR-5 — LUMOR+1 (0.30) 9080 0.001 900-1400 13
431b — 437b (0.43) HOMORB-5 — LUMOR (0.43)
28 431b — 438b (0.51) HOMOR-5 — LUMOR+1 (0.51) 12255 0.001
432b — 437b (0.46) HOMORB-4 — LUMOR (0.46)
30 432b — 438b (0.46) HOMOR-4 — LUMOR+1 (0.46) 12182 0.001
433b — 437b (0.17) HOMOR-3 — LUMOR (0.17)
34 433b — 438b (0.62) HOMOR-3 — LUMOR+1 (0.62) 10484 0.001
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435b — 437b (0.19) HOMOR-1 — LUMOR (0.19)
435b — 4380 (0.34) | HOMOR-1 — LUMOR+1 (0.34)
3 436b — 437b (0.31) HOMOR — LUMOR (0.31) s214.2 0.003 | 2000-2400+
436b —438b (0.12) | HOMOR — LUMOR+1 (0.12)
435b — 437b (0.23) HOMOR-L — LUMOR (0.23)
4 435b — 438b (0.30) | HOMOR-1 — LUMOR+L(0.30) | 29816 0.006
436b — 438b (0.41) | HOMOR — LUMOR+1 (0.41)
435b — 437b (0.36) HOMOR-L — LUMOR (0.36)
435b — 438 (0.11) | HOMOR-1 — LUMOR+1 (0.11)
! 436b — 437b (0.37) HOMOR — LUMOR (0.37) 40115 0.001
436b — 438b (0.13) | HOMOR — LUMOR+1 (0.13)
435b — 437b (0.19) HOMOR-L — LUMOR (0.19)
435b — 4380 (0.22) | HOMOR-1 — LUMOR+1 (0.22)
2 . .
436b —> 437b (0.25) HOMOR — LUMOR (0.25) 3689.6 0.00049
436b — 438b (0.31) | HOMOR — LUMOR+1 (0.31)

5.7.3.2 Molecular and orbital energies of 12*:

Table 5.14: Composition of selected molecular orbitals with alpha spin of (1)

LUMOa+9

LUMOa+8

LUMOa+7

LUMOq+4

LUMOg+2
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HOMOa HOMOe¢-1

HOMOa-3

HOMOgq-7

HOMOg¢-8
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Table 5.15: Composition of selected molecular orbitals with beta spin of (1)2*.

LUMOR+9

LUMOR+8

LUMOR+7

LUMOR+6

LUMOR+3

HOMOR-2

HOMOR -3

HOMOR-4

HOMOR-5
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Table 5.16: Orbital energies of (1)>* from DFT-calculation.

Spin up Orbitals alpha

Spin down orbitals beta

Orbital No. Orbital Energy (Eh) | Energy (eV) | Orbital No. Orbital Energy (Eh) | Energy (eV)
450 LUMOo+11 -0.071765 -1.9528 450 LUMOR+13 | -0.070514 -1.9188
449 LUMOao+10 -0.072618 -1.9760 449 LUMOR+12 | -0.071505 -1.9458
448 LUMOa+9 -0.073926 -2.0116 448 LUMOR+11 | -0.072508 -1.9731
447 LUMOo+8 -0.077664 -2.1133 447 LUMOR+10 | -0.075415 -2.0522
446 LUMOa+7 -0.086485 -2.3534 446 LUMOR+9 | -0.085058 -2.3146
445 LUMOo+6 -0.088444 -2.4067 445 LUMOR+8 -0.086227 -2.3464
444 LUMOa+5 -0.143713 -3.9106 444 LUMOR+7 -0.131137 -3.5684
443 LUMOq+4 -0.145729 -3.9655 443 LUMOR+6 | -0.132815 -3.6141
442 LUMOa+3 -0.157741 -4.2923 442 LUMOR+5 -0.144418 -3.9298
441 LUMOo+2 -0.162808 -4.4302 441 LUMOR+4 -0.151086 -4.1112
440 LUMOa-+1 -0.171354 -4.6628 440 LUMOR+3 | -0.168883 -4.5955
439 LUMOuaq -0.176087 -4.7916 439 LUMOR+2 -0.172999 -4.7075
438 HOMOa -0.256306 -6.9744 438 LUMOR+1 -0.215445 -5.8626
437 HOMOa-1 -0.257544 -7.0081 437 LUMOR -0.219258 -5.9663
436 HOMOa-2 -0.260858 -7.0983 436 HOMOR -0.258400 -7.0314
435 HOMOo-3 -0.263207 -7.1622 435 HOMORB-1 | -0.259655 -7.0656
434 HOMOo-4 -0.296005 -8.0547 434 HOMOR-2 | -0.294681 -8.0187
433 HOMOo-5 -0.296525 -8.0689 433 HOMORB-3 | -0.295596 -8.0436
432 HOMOo-6 -0.296891 -8.0788 432 HOMORB-4 | -0.296030 -8.0554
431 HOMOa-7 -0.297111 -8.0848 431 HOMORB-5 | -0.296409 -8.0657
430 HOMOo-8 -0.297674 -8.1001 430 HOMOR-6 | -0.296627 -8.0716
429 HOMOo-9 -0.303879 -8.2690 429 HOMORB-7 | -0.301226 -8.1968
428 HOMOo-10 -0.304838 -8.2951 428 HOMOR-8 | -0.302668 -8.2360
427 HOMOu-1 -0.305380 -8.3098 427 HOMOR-9 | -0.303291 -8.2530
426 HOMOq-12 -0.307000 -8.3539 426 HOMOR-10 | -0.304190 -8.2774
425 HOMOo-13 -0.307828 -8.3764 425 HOMOR-11 | -0.306469 -8.3394
424 HOMOo-14 -0.309509 -8.4222 424 HOMOR-12 | -0.307417 -8.3652
423 HOMOua-15 -0.311305 -8.4711 423 HOMOR-13 | -0.307645 -8.3714
422 HOMOo-16 -0.313039 -8.5182 422 HOMOR-14 | -0.309325 -8.4172
421 HOMOuq-17 -0.314360 -8.5542 421 HOMOR-15 | -0.310152 -8.4397
420 HOMOo-18 -0.314763 -8.5651 420 HOMORB-16 | -0.310415 -8.4468
419 HOMOao-19 -0.320019 -8.7082 419 HOMOR-17 | -0.316935 -8.6242
418 HOMO«a-20 -0.321167 -8.7394 418 HOMOR-18 | -0.317648 -8.6437
417 HOMOuo-21 -0.327313 -8.9067 417 HOMOR-19 | -0.322607 -8.7786
416 HOMOuq-22 -0.334104 -9.0914 416 HOMOR-20 | -0.330423 -8.9913
415 HOMOa-23 -0.338443 -9.2095 415 HOMOR-21 | -0.333686 -9.0801

(1)
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5.7.4 TD-DFT Calculations of (1) (doublet):
5.7.4.1 Calculated spectra, Comparison with Experimental spectrum and TD-DFT
Transitions of (1)

Exp.
TD-DFT

N

T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

A/nm

Figure 5.44: Comparison between experimental (black) and TD-DFT
(red) UV/Vis-NIR spectrum.

N~

HTTTITTT ! T

T T
500 1000 1500 2000 2500

Anm

Figure 5.45: Calculated spectrum with TD-DFT and discrete
transitions. Line width 1500 cm™.
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v I
500 1000

Alnm

I
1500

Figure 5.46: Experimental spectrum and discrete calculated
transitions.

Table 5.17: TD-DFT calculated electronic transitions of (1)*". (Including raw data)

Calculated Oscillator Experimental abz/locr)latiron
State Transition Transition HOMO LUMO Transition transition _p_
energy strength energy coefficient
1073
439a — 440a (0.61) HOMOa — LUMOa (0.61)
3 439a — 442a (0.16) HOMOa — LUMOa+2 (0.16) 1466.9 0.372
7 437a — 440a (0.71) HOMOa-2 — LUMOuq (0.71) 967.5 0.033 1100
435a — 440a (0.16) HOMOua-4 — LUMOuq. (0.16)
8 436a — 440a (0.67) HOMOua-3 — LUMOa (0.67) 9290 0.031
438b — 439b (0.31) HOMOR — LUMOR (0.31)
151 438b — 444p (0.23) HOMOR — LUMOR+5 (0.23) 657.7 0.050 616
436a — 441a (0.27) HOMOua-3 — LUMOa+1 (0.27)
25 | 438b— 4410 (0.12) HOMOR — LUMOR+2 (0.12) 5638 0.063
571
436a — 442a (0.24) HOMOu-3 — LUMOa+2 (0.24)
34 436b — 440b (0.15) HOMOR-2 — LUMOR+1 (0.15) 5294 0.123
427a — 440a (0.11) HOMOu-12 — LUMOa (0.11)
" 429a — 440a (0.13) HOMOu-10 — LUMOu (0.13) 4022 0.247
83 434a — 442a (0.18) HOMOa-5 — LUMOa+2 (0.18) 386.8 0.228 430
89 425a — 440a (0.37) HOMOa-14 — LUMOa (0.37) 377.8 0.212
92 434b — 444b (0.13) HOMOR-4 — LUMOR+5 (0.13) 3725 0.200
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5.7.4.2 Orbital plots Molecular and orbital energies for (1)":

Table 5.18: Composition of selected molecular orbitals with alpha spin of (1).

LUMOao+9

LUMOgo+8

LUMOa+7

LUMOa

HOMOga-1

HOMOa-2
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Table 5.19: Composition of selected molecular orbitals with beta spin of (1)".

LUMOR+9

LUMOR+8

LUMOR+7

LUMOR+3

HOMOR-2

HOMOR-3

HOMOR-4

HOMOR-5
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Taple 5.20: Orbital energies of (1)~ from DFT-calculation.

Spin up Orbitals alpha Spin down orbitals beta
Orbital No. Orbital Energy (Eh) | Energy (eV) | Orbital No. Orbital Energy (Eh) | Energy (eV)
450 LUMOao:+10 -0.020495 -0.5577 450 LUMOR+11 | -0.020287 -0.5520
449 LUMOo+9 -0.021705 -0.5906 449 LUMOR+10 | -0.021580 -0.5872
448 LUMOo+8 -0.025762 -0.7010 448 LUMOR+9 | -0.025630 -0.6974
447 LUMOao+7 -0.026140 -0.7113 447 LUMOR+8 | -0.026064 -0.7092
446 LUMOua+6 -0.026991 -0.7345 446 LUMOR+7 | -0.026907 -0.7322
445 LUMOo+5 -0.029153 -0.7933 445 LUMOR+6 | -0.029086 -0.7915
444 LUMOa+4 -0.067314 -1.8317 444 LUMOR+5 -0.065858 -1.7921
443 LUMOo+3 -0.070981 -1.9315 443 LUMOR+4 | -0.066844 -1.8189
442 LUMOa+2 -0.082015 -2.2317 442 LUMOR+3 -0.070477 -1.9178
441 LUMOao+1 -0.087167 -2.3719 441 LUMOR+2 -0.078219 -2.1285
440 LUMOa -0.109412 -2.9773 440 LUMOR+1 -0.081412 -2.2153
439 HOMOa -0.129645 -3.5278 439 LUMOR -0.090233 -2.4554
438 HOMOgq-1 -0.176794 -4.8108 438 HOMOR -0.175399 -4.7729
437 HOMOua-2 -0.180402 -4.9090 437 HOMOR-1 -0.178822 -4.8660
(17 )
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436 HOMOa-3 -0.183283 -4.9874 436 HOMOR-2 | -0.182207 -4.9581
435 HOMOao-4 -0.185985 -5.0609 435 HOMOR-3 | -0.184995 -5.0340
434 HOMOa-5 -0.222459 -6.0534 434 HOMOR-4 | -0.221175 -6.0185
433 HOMOa-6 -0.233233 -6.3466 433 HOMOR-5 | -0.231284 -6.2936
432 HOMOa-7 -0.236084 -6.4242 432 HOMOR-6 | -0.234535 -6.3820
431 HOMOa-8 -0.238283 -6.4840 431 HOMOR-7 | -0.237017 -6.4496
430 HOMOa-9 -0.241331 -6.5669 430 HOMOR-8 | -0.239921 -6.5286
429 HOMOaq-10 -0.243824 -6.6348 429 HOMOR-9 | -0.243088 -6.6148
428 HOMOao-11 -0.245233 -6.6731 428 HOMOR-10 | -0.244082 -6.6418
427 HOMOa-12 -0.246644 -6.7115 427 HOMOR-11 | -0.245961 -6.6929
426 HOMOaq-13 -0.250305 -6.8111 426 HOMOR-12 | -0.249611 -6.7923
425 HOMOa-14 -0.251758 -6.8507 425 HOMOR-13 | -0.251447 -6.8422
424 HOMOg-15 -0.256041 -6.9672 424 HOMOR-14 | -0.256002 -6.9662
423 HOMOqo-16 -0.256340 -6.9754 423 HOMOR-15 | -0.256315 -6.9747
422 HOMOq-17 -0.257298 -7.0014 422 HOMOR-16 | -0.257255 -7.0003
421 HOMOqo-18 -0.257696 -7.0123 421 HOMOR-17 | -0.257611 -7.0100
420 HOMOaq-19 -0.258297 -7.0286 420 HOMOR-18 | -0.258088 -7.0229

5.7.5 TD-DFT Calculations of 12 (Triplet):

5.7.5.1 Calculated spectra, Comparison with Experimental spectrum and TD-DFT

Transitions of 1%°:

Exp.
TD-DFT

T —r . r 1 r r r 1 r r r T
500 1000 1500 2000
A/nm

Figure 5.47: Comparison between experimental (black) and
TD-DFT (red) UV/Vis-NIR spectrum.
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e Trw rr

11 | I| [ |I |

500 1000 1500
A/nm

Figure 5.48: Calculated spectrum with TD-DFT and discrete
transitions. Line width 1500 cm™.

Table 5.21: TD-DFT calculated eletronic transistions for (1)Z. (Including raw data)

Calculated Oscillator Experimental abz/loslatli’on
State Transition Transition HOMO LUMO Transition transition _p_
ener strength ener coefficient
ay ay 1073
Not distinguishable Not distinguishable 311 35.4
434a — 441a (0.17) HOMOuo-6 — LUMOa (0.17)
58 ) ) 447.8 0.107 466 146.0
mixed mixed
437b — 443b (0.20) HOMOR-1 — LUMOR+4 (0.20)
64 427.6 0.201
438b — 444b (0.21) HOMOR — LUMOR+5 (0.21)
437b — 444b (0.25) HOMOR-1 — LUMOR+5(0.25)
66 424.3 0.227
438b — 443b (0.26) HOMOR — LUMOR+4 (0.26)
439 — 449a (0.11) | HOMOo-1 — LUMO0+8 (0.11)
69 428.8 0.105
440a — 459a (0.18) | HOMOa — LUMOq:+18 (0.18)
437b — 444b (0.10) HOMOR-1 — LUMOR+5 (0.10)
71 . . 420.2 1.186
mixed mixed
439a — 450a (0.27) | HOMOo-1 — LUMO0+9 (0.27)
439a — 451a (0.11) | HOMOo-1 — LUMO0+10 (0.11)
73 450.1 0.096
439 — 452a (0.12) | HOMOo-1 — LUMOu:+11 (0.12)
439a — 457a(0.18) | HOMOo-1 — LUMOu:+16 (0.18)
( )|
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434a — 442a (0.11)
437a — 448a (0.17)

HOMOa-6 — LUMOa+1 (0.11)
HOMOu-4 — LUMOu+7 (0.17)

9% 397.7 0.105
438a — 447a(0.20) | HOMOG-2 — LUMOa+6 (0.20)
438b — 447b (0.11) | HOMOR — LUMOR+8 (0.11)
43532 — 4432 (0.19) | HOMOu-5 — LUMOa+2 (0.19)
4353 — 444a (0.25) | HOMOu-5 — LUMOa+3 (0.25)

43 575.2 0.023 628 49.1
436a— 443a (0.26) | HOMOu-4 — LUMOa+2 (0.26)
436a — 444a (0.17) | HOMOu-4 — LUMOq+3 (0.17)
4352 — 441a (0.40) | HOMOu-5 — LUMOu. (0.40)
436a — 442a (0.10) | HOMOu-4 — LUMOa+1 (0.10)

25 | 436a— 443a(0.10) | HOMOw-4 — LUMOG+2 (0.10) 5600 0.080
437b — 440b (0.14) | HOMOR-1 — LUMOR+1 (0.14)
4353 — 441a (0.15) HOMOu-5 — LUMOu (0.15)

23 | 437a—442a(0.28) | HOMOG-4 — LUMOu+1 (0.28) 571.2 0.099
436b — 440b (0.16) | HOMOR-2 — LUMOR+1 (0.16)
435b — 439b (0.44) HOMOR-3 — LUMOR (0.44)

22 | 437b— 440b (0.10) | HOMOR-1— LUMOR+1 (0.10) 587.6 0.029
438a — 441a (0.22) HOMOa-2 — LUMOu (0.22)

15 | 437b—440b(0.14) | HOMOR-1 — LUMOR+1 (0.14) 638.3 0.121
438b — 439b (0.48) HOMOR — LUMOR (0.48)
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Table 5.22: Orbital energies of (1)> from DFT-calculation.

Spin up Orbitals alpha

Spin down orbitals beta

Orbital No. Orbital Energy (Eh) | Energy (eV) | Orbital No. Orbital Energy (Eh) | Energy (eV)
460 LUMOao+19 0.010162 0.2765 460 LUMOR+21 | 0.010374 0.2823
459 LUMOo+18 0.009178 0.2497 459 LUMOR+20 | 0.009259 0.2519
458 LUMOo+17 0.002873 0.0782 458 LUMOR+19 | 0.003765 0.1024
457 LUMOuo+16 0.001110 0.0302 457 LUMOR+18 | 0.001370 0.0373
456 LUMOa+15 0.000621 0.0169 456 LUMOR+17 | 0.000632 0.0172
455 LUMOq+14 0.000597 0.0162 455 LUMOR+16 | 0.000609 0.0166
454 LUMOa+13 -0.000499 -0.0136 454 LUMOR+15 | -0.000448 -0.0122
453 LUMOa+12 -0.000697 -0.0190 453 LUMOR+14 | -0.000637 -0.0173
452 LUMOo+11 -0.004448 -0.1210 452 LUMOR+13 | -0.004422 -0.1203
451 LUMOo+10 -0.004528 -0.1232 451 LUMOR+12 | -0.004500 -0.1225
450 LUMOa+9 -0.005281 -0.1437 450 LUMOR+11 | -0.005220 -0.1420
449 LUMOa+8 -0.005514 -0.1500 449 LUMOR+10 | -0.005453 -0.1484
448 LUMOo:+7 -0.010982 -0.2988 448 LUMOR+9 | -0.010560 -0.2873
447 LUMOo:+6 -0.011435 -0.3112 447 LUMOR+8 | -0.010984 -0.2989
446 LUMOo+5 -0.012162 -0.3309 446 LUMOR+7 | -0.012036 -0.3275
445 LUMOo+4 -0.012440 -0.3385 445 LUMOR+6 -0.012315 -0.3351
444 LUMOa+3 -0.047732 -1.2989 444 LUMOR+5 -0.027037 -0.7357
443 LUMOo+2 -0.048681 -1.3247 443 LUMOR+4 | -0.030308 -0.8247
442 LUMOa+1 -0.060063 -1.6344 442 LUMOR+3 | -0.047208 -1.2846
441 LUMOa -0.063930 -1.7396 441 LUMOR+2 | -0.048438 -1.3181
440 HOMOo. -0.120143 -3.2693 440 LUMOR+1 | -0.059151 -1.6096
439 HOMOua-1 -0.125687 -3.4201 439 LUMOR -0.065702 -1.7878
438 HOMOa-2 -0.151710 -4.1282 438 HOMOR -0.149855 -4.0778
437 HOMOa-3 -0.153318 -4.1720 437 HOMOR-1 -0.150760 -4.1024
436 HOMOuo-4 -0.157092 -4.2747 436 HOMOR-2 -0.155871 -4.2415
435 HOMOuo-5 -0.159593 -4.3428 435 HOMOR-3 -0.157078 -4.2743
434 HOMOo-6 -0.196902 -5.3580 434 HOMOR-4 | -0.193028 -5.2526
433 HOMOa-7 -0.207427 -5.6444 433 HOMOR-5 | -0.203549 -5.5389
432 HOMOo-8 -0.209449 -5.6994 432 HOMOR-6 | -0.205909 -5.6031
431 HOMOu-9 -0.210191 -5.7196 431 HOMOR-7 -0.207084 -5.6350
430 HOMOq-10 -0.216657 -5.8955 430 HOMOR-8 -0.214046 -5.8245

(11 )
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5.7.5.2 Molecular and orbital energies for (1)

Table 5.23: Composition of selected molecular orbitals with alpha spin of (1)*

LUMOa+18 LUMOuo+16 LUMOg¢+11

LUMOgo+1 LUMOa
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Table 5.24: Composition of selected molecular orbitals with beta spin of (1)

LUMOR+9 LUMOR + 8 LUMORB + 7

LUMOR +1

LUMOR

HOMOR -1 HOMOR -2

HOMOR - 3 HOMOR - 4 HOMOR - 5
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HOMOR - 6 HOMOR-7 HOMOR - 8

5.8 Gouterman Orbitals for the Monomer and Dimer:

Figure 5.49: Optimized structure for the monomer (BP86/def2-TZVP,
final single point energy B3LYP/def2-TZVP).
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Table 5.25: Gouterman orbitals for the optimized monomer.

HOMO-1 HOMO HOMO-2
a S
-5.65 eV -5.56 eV

AHOMO = 0.09 eV

LUMO LUMO+1 LUMO+2
-a -S
-3.09 eV -2.83 eV -2.43

ALUMO = 0.40 eV

Figure 5.50: Monomer with distorted pyrrole ring, geometry taken directly

from the optimized dimer from the dimer (final single point energy
B3LYP/def2-TZVP).
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Table 5.26: Gouterman orbitals for the distorted monomer.

HOMO-1 HOMO
a S
-5.62 eV -5.55eV
AHOMO = 0.07 eV

LUMO LUMO+1 LUMO+2
-a -S
-3.18 eV -2.87eV -2.44 eV

ALUMO =0.43 eV

[AHOMO-ALUMO)| = 0.37 eV

Table 5.27: Gouterman orbitals for the dimer 1.

-3.29 eV

-5.53 eV
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-5.62 eV

LUMO+2

-5.68 eV

-5.71eV

-2.52 eV

——
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LUMO+5

-2.46 eV

A(LUMO+2-LUMO+5) = 0.53 eV

A(HOMO-HOMO-3) = 0.18 eV

JAHOMO-ALUMO] = 0.35 eV

HOMO-2

Figure 5.51: Comparison of the Gouterman orbitals for the dimer 1 and the corresponding

monomer.
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LUMO+ LUMO Lumo

LUMO+3

LUMO+1

LUMO+2

LUMO+5

Figure 5.52: Comparison of the Gouterman orbitals for the dimer 1 and the corresponding
monomer.

-2 -
1 LUMO+2 o _—
—_ B — » LUMO+3
34 = —
1 LUMO+1
% 4 LUMO
S |
>
g =
w . = -
HOMO = —_—
6 -
HOMO-1 t—
-7-
Figure 5.53: Energy diagram for the Gouterman orbitals of dimer 1 and the monomer.
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Abstract: In order to study the reactivity of various Grignard
reagents with differently substituted As- and trans-A,B-corrol-
ato Ag" complexes, we have performed a series of reactions.
We have observed that among the various Grignard reagents
studied, methylmagnesium chloride is the most potent and re-

sulted in the quantitative demetallation of the corrolato-Ag"
complexes and produced the respective free-base corroles ex-
clusively. As expected, we have not observed the formation of
any unusual o-methyl/phenyl derivatives.

Introduction

The chemical modification of corroles, by introducing a series
of different functional groups, has been an active area of re-
search in recent times. These systems have widespread applica-
tions in chemistry, biology, and in materials science. Structural
modifications in the corrole macrocycles at the meso- and f3-
positions can lead to the development of newer varieties of
corrole derivatives, which can play an important role in elec-
tron-transfer reactions,!"! oxidation catalysis,”? reduction cataly-
sis,1! group transfer reactions, sensors,®! cancer diagnostics,®
and in treatment purposes.”” In porphyrin chemistry, various
functionalizations at the meso- and [-positions of the macro-
cycles are often carried out by selective metallation and demet-
allation reactions. One possible reason is that the metal-por-
phyrinoid systems are often more robust than the metal-free
porphyrinoid systems. Contrary to the porphyrin-based systems,
the development of suitable demetallation strategies for corrole
chemistry is still in its infancy.’® Only a few selected metals ions
(Cu,B" Ag,!89! Mn,!84 Bj,[85) and Sni®)) can be demetallated from
the corrole cavity. In addition to this, there is no generalized
protocol for demetallation available in the literature of corrole
chemistry. Out of the several methodologies described so far,
the most intriguing method for the demetalation of corrolato-
silver(lll) complexes was reported by Paolesse et al®9 They
have shown that DBU in THF solutions is an excellent reagent
for the demetallation reactions of Ag-corroles with average
yields of 45 % to 62 %. Furuta et al. have reported the demetal-
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lation of silver(lll) complexes of N-confused porphyrin by using
sodium borohydride.® Dehaen et al. have developed an inter-
esting methodology for demetallation of Cu—corroles by using
SnCl, (in acidic condition) as a reducing agent.®"! Ghosh et al.
have described the demetallation strategy of Mn-Corroles by
using FeCl, and conc. H,50,.%! Bréring et al. have performed
the demetallation of Mn-Corroles by using HBr in acetic acid.!®¥
Osuka et al. have reported the use of Grignard reagents (4-
methylphenylmagnesium bromide) for the first time for the fac-
ile demetallation reactions of Ni-porphyrin to FB (free-base)
porphyrin via a Mg—porphyrin..'® Our group has also reported
the demetallation strategy of Sn'V-corroles by using methyl-
magnesium chloride.! In search of a generalized protocol for
the demetallation of metallo—corrole derivatives, we have cho-
sen corrolato-silver(lll) complexes for the present work. One
reason for this choice is that the native state electronic configu-
rations of corrolato-silver(lll) complexes are square planar (d®
configurations) and hence diamagnetic in nature. As a result,
these complexes can be monitored by NMR spectroscopy very
easily after suitable functionalization at their ligand periphery.
A series of substituents having different electronic properties
have been inserted into the corrole periphery. These substitu-
ents have been chosen keeping in mind that a series of post-
metallation organic transformation reactions can be conve-
niently performed on the metallo-corrole derivatives. In the
present work, we have observed that a series of corrolato-
silver(lll) complexes, upon treatment with methylmagnesium
chloride resulted in the formation of FB corroles in excellent
yields (Scheme 1). Compared with the previously reported re-
sults for other demetallation strategies of corrolato-silver(lll)
complexes, the present methodology delivers significantly im-
proved isolated yields for the corresponding FB corroles.

A series of corrolato-silver(lll) complexes have been synthe-
sized for this purpose, namely, 5,10,15-tris(2-bromo-5-fluoro-
phenyl)corrolato-silver(lll) (1B); 5,10,15-tris(4-cyanophenyl)cor-
rolato-silver(lll) (2B);!'¥ 10-(4-Bromophenyl)-5,15-bis(4-cyano-
phenyl)corrolato-silver(lll) (3B);"'¥ 10-(2,4,5-Trimethoxyphenyl)-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A remarkable rearrangement of a diferrocenylporphyrin to give a
silver(i) corrole has been discovered. Compared to the previously
reported porphyrin to corrole ring conversions (extremely rare and
poor reaction yields), our methodology delivers near quantitative
yield for this ring contraction.

The synthesis of a corrole ring via ring contraction of a suitable
porphyrin derivative has been rarely documented in the
literature." Corroles are structurally related to corrins.” However,
in contrast to corrins, corroles possess aromaticity.® Many
challenging corrole based systems are under intensive research,’
and thus the ring contraction of porphyrins to corroles (rarely
explored but a one-step protocol) has a lot of promise for the future
development of porphyrinoid based compounds. Very few research
reports indeed highlight the ring contraction methodology that
leads to a porphyrin to corrole conversion (only one example of a
real such conversion with 9% yield, see ESI,# Scheme S1). Vogel
et al. had first reported a porphycene-isocorrole rearrangement
reaction and compared it with the ring contraction step for the
facile synthesis of a corrin ring in association with the biosynthesis
of vitamin B;,.'* Porphycene and isocorrole can be considered as
the related analogous macrocycles of porphyrin and corrole,
respectively. In later years, during metalation of a highly electron
deficient porphyrin ring by using Re,(CO),, at higher temperature,
Chan et al. have observed the formation of oxorhenium(v) corrolate
in 9% yield. It was postulated that the reductive conditions favored
the porphyrin to corrole conversions.'” Callot et al. have observed
that a nickel complex of meso-tetraarylporphyrins upon treatment
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Metal coordination induced ring contraction
of porphyrin derivativest
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with benzoic anhydride and SnCl, and subsequent exposure to
air under a basic medium resulted in the formation of nickel
complexes of corroles (divalent form) in 24% yield."*? They have
further demonstrated that the role of the metal ion is pivotal in
this transformation and the same reaction was unsuccessful when
copper was used instead of nickel. The size of the metal ion is
considered to be a vital factor for this transformation. Goldberg
et al. have described the synthesis of corrolazine by using a ring
contraction methodology and have used porphyrazine as a starting
material for this purpose.'® Latos-Grazynski et al have also
reported a 21-silaphlorin to iso-carbacorrole transformation in 1%
yield.Y Overall, the ring contraction methodology is poorly under-
stood in porphyrin based macrocycles, and no synthetic method
with high yield is known.

In the following, we present a modified synthetic protocol
for the synthesis of two A,B,-type ferrocenyl-porphyrin ligands
(one new and one literature reported): 5,15-diferrocenyl-10,20-
bis(4-cyanophenyl)porphyrin, 1, and 5,15-diferrocenyl-10,20-
bis(4-nitrophenyl)porphyrin, 2,* and their relevant novel copper
complexes with porphyrinato ligands 5,15-diferrocenyl-10,20-
bis(4-cyanophenyl)porphyrinato-Cu(u), 3, and 5,15-diferrocenyl-
10,20-bis(4-nitrophenyl)porphyrinato-Cu(u), 4, and novel silver
complexes with corrolato ligands (formed after ring contraction)
10-ferrocenyl-5,15-bis(4-cyanophenyl)corrolato-Ag(i), 5, and 10-
ferrocenyl-5,15-bis(4-nitrophenyl)corrolato-Ag(um), 6 (Scheme 1).

A combined synthetic, electrochemical, and crystallographic
approach has been adopted to establish the reactivity pattern of
the different metal precursors with the ferrocenyl-porphyrin
derivatives. The two trans-A,B,type ferrocenyl-porphyrin free
base (FB) ligands, 1 and 2, were prepared by following a modified
synthetic strategy (see the ESIT). The corresponding FB porphyrins,
1 and 2, were dissolved in excess triethylamine and were stirred
with excess copper acetate and silver acetate respectively. These
reactions led to the generation of complexes 3, 4, 5, and 6
respectively in good yields. The composition and purity of
complexes 1-6 were determined by elemental analyses, 'H and
3C NMR spectroscopy and ESI mass spectrometry (see the ESL
Fig. S1-S20 and Tables S1, S2). The absorption spectra of 1 and 2
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Abstract: We present herein the synthesis of three new bis-
(corrolato-ruthenium(lll)) complexes containing unsupported
Ru-Ru bonds and their characterization in different redox
states. The 'HNMR spectra of the bis(corrolato-rutheni-
um(lll)) complexes displayed “normal” chemical shifts and
the compounds proved to be EPR-silent. Crystallographic
characterization of the dimers indicated Ru-Ru distances of
2.175 A, consistent with a triple bond between the two
ruthenium centers. All of the synthesized complexes under-
go two successive reversible oxidations and a single revers-
ible reduction. A combination of UV/Vis/NIR/EPR spectroelec-
trochemical studies and DFT calculations established the
redox state distributions in these ruthenium-ruthenium-
bonded dimers. Whereas reduction of the dimers is metal-
based and leads to metal-metal-bonded mixed-valent Ru'-

Ru" species, one-electron oxidation largely retains the Ru'"—\
Ru'" situation with the generation of metal-bound corrolato
radicals. The present study thus concerns the first UV/Vis/
NIR/EPR spectroelectrochemical characterization and DFT cal-
culations of ruthenium-ruthenium-bonded rotationally or-
dered corrole dimers. The mean plane separation between
the two corrole units in these dimers is around 3.543 A,
which is in close agreement to that in the “special pair” in
chlorophyll. Oxidation of these ruthenium-ruthenium-
bonded dimers gives rise to two new electronic absorption
bands in the NIR region (similar to those of the special pair),
which have apparently not been mentioned/observed in ear-
lier reports on ruthenium-ruthenium-bonded corrole dimers.
These bands mainly originate from inter-corrole transitions.

J

Introduction

Porphyrinoids are the most prominent ligands used in metal-
complex-mediated organic transformations.”  The most
common example is cytochrome P450 with iron porphyrin as
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its cofactor. In many cases, the use of other ligands is not feasi-
ble, and porphyrinoids remain as the only viable choice.” In
this context, ruthenium porphyrin complexes are extensively
used in a variety of organic transformations, including cyclo-
propanation,” C—H insertion,” cycloaddition,” and carbenoid
transformation reactions.”*>9

Metalloporphyrin dimers with multiple metal-metal bonds
have attracted significant interest in recent years.” The native-
state electronic structures of these dimers may be qualitatively
described by a model proposed by Cotton etal!® It was
indeed observed that the bond order of the metal-metal bond
in these metalloporphyrin dimers is solely dependent on the
number of valence d electrons on each metal center.’ Howev-
er, systematic tuning of the metal-metal bond order of these
metalloporphyrin/corrole dimers still remains a challenging
task. One simple way of changing the bond order of the metal-
loporphyrin dimers is selective oxidation and reduction of the
dimeric species. Among the various metalloporphyrin-based
dimers, ruthenium(ll) porphyrin dimers are of particular inter-
est. [(Ru(octaethylporphyrin)),] was the first such structurally
characterized homodimer of ruthenium.®“” These homodimers
of ruthenium have been found to be broadly applicable in var-
ious catalytic reactions.®¥ Thus, study of the redox state distri-
bution of these dimers in various oxidation states is of great
importance.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Abstract: Mixed-valent compounds are fascinating entities
that are useful as models for investigating electron-trans-
fer reactions, and find use in a host of biologically relevant
redox processes. Though the bio-relevant metal copper is
well established in mixed-valent chemistry, the Ag'/Ag"
mixed-valent combination of its higher congener in a mo-
lecular complex has rarely been reported before. This
work reports the synthesis of a new {3,p"-linked bis{corrola-
to-silver(lll)} complex and its characterization in five differ-
ent redox states. A combination of electrochemistry, spec-
troelectrochemistry, and DFT calculations point to the exis-
tence of a mixed-valent Ag"/Ag" and an isovalent Ag'/Ag"
form. Additionally, characterization of the Ag"/Ag" form
and ligand-based corrolato-centered mixed-valency is pre-
sented as well. These results thus open new avenues for
bis-corrolato ligands and for mixed-valency in disilver
compounds. )

Mixed-valent compounds impart intense colors to certain min-
erals,”"’ are useful for understanding electron-transfer proper-
ties in many metallo-proteins,”” and are invoked for explaining
the high electrical conductivities in certain solids.”’ As the vari-
able valency is a prerequisite for mixed-valency, most d-block
transition elements shows mixed-valency in various coordina-
tion complexes and in certain metal salts. In biology, the Cu,
center (mixed-valent dicopper unit) facilitates efficient electron
transfer In analogy to the mixed-valent dicopper complexes,
there are few examples of discrete Ag'/Ag" species for the
higher congener.”” There are only few reports on mixed-valent
Ag"/Ag" species and iso-valent Ag"/Ag" species in discrete co-
ordination complexes.”” However, to the best of our knowl-
edge, the spectroscopic nature of such Ag"/Ag" compounds
were never investigated before. In this context, it is worthwhile
to mention that the various mixed-valent species in silver com-
plexes are still in their infancy. It has been described earlier
that the mixed-valent Ag/Ag" and Ag"/Ag" are indeed very dif-
ficult to generate.”’ Based on theoretical considerations, Hoff-
mann et al. have reported that Ag'/Ag" fluoride systems may
have applications in superconductors.” Both Ag" and Ag" are
known to be potent oxidizing agents in solvated conditions.”
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In the solid state, such species are usually stabilized by using
fluorido ligands.” It was recently shown that a corrolato core
provides a good environment for stabilizing both mononuclear
Ag" and mononuclear Ag" in discrete molecular complexes.

In porphyrinoid chemistry, there has long been widespread
research interest in multiple porphyrin-based systems® due to
their superior performances in many areas, such as catalysis,
photonic devices, and molecular-recognition, and very often
they are considered to be superior to their monomeric ana-
logues. Even though the ring-contracted corrole system dis-
plays many different properties compared to their porphyrin
analogues,"” multiple corrole-based systems have been less-
well explored."” To the best of our knowledge, spectroscopic
properties of corrolato-based mixed-valency in bis-corrolato
systems have never been investigated before.”” Such investi-
gations are vital for the understanding of electron/hole (de)loc-
alization that will play an important role in the future develop-
ment of molecular electronics. Based on our recent observa-
tion that discrete mononuclear Ag" and Ag" complexes can be
stabilized within a mono-corrolato framework,®” we have now
turned our attention to a bis-corrolato unit. In the following,
we present the synthesis of a new (3,5(3,3')-linked bis{corrola-
to-silver(lll)} complex, 1, and show that this core is ideal for the
stabilization and investigation of the isovalent Ag"/Ag" and
Ag"/Ag" forms. Additionally, the same core allows us to access
the mixed-valent Ag"/Ag" combination, as well as ligand-cen-
tered corrolato-based mixed-valency. Results from a combined
synthetic, crystallographic, electrochemical, spectro-electro-
chemical (UV/Vis-NIR and EPR) and DFT investigation are pre-
sented below.

The free base (FB) ligand 3,3'-bis(5,10,15-tris(pentafluorophe-
nyl)corrole, 1A was prepared by following a synthetic strategy
developed earlier by Osuka et all"'? (see the Supporting Infor-
mation). The 3,5'(3,3)-linked bis{corrolato-silver(lll)} complex, 1
(Figure 1), was synthesized by following a general synthetic
procedure for the silver metallation.® The corresponding FB
corrole (1A) was dissolved in excess triethylamine and was
stirred with excess silver acetate. This reaction led to the gen-
eration of complex 1 in good yield. Composition and purity of
complex 1 were determined by elemental analyses, 'H/'°F-NMR
spectroscopy and ESI mass spectrometry (see the Supporting
Information). The 'H NMR spectrum of complex 1 exhibited
sharp lines and also a significant deshielding of the B-pyrrolic
protons (in comparison to the FB corrole, 1A) and these obser-
vations are in line with the diamagnetic character of the com-
plex 1.

The molecular structure in the crystal of 1 is shown in
Figure 1. The bond lengths and angles in 1 are comparable
with the previously reported monomeric corrolato-silver(lll)
complexes.®

The central silver atoms in 1 fit well into the cavity of the
corrolato rings in a slightly distorted square planar geometry
with minimal deviations of 0.007 A (DFT: 0.03 A) and 0.005 A
(DFT: 0.03 A) from the respective N4 planes. The distortions in
both the rings from the ideal ones are due to slight deviations
in the bite angles of N-Ag-N in the ranges of 81.3-96.6° (DFT:
80.6-95.8°) and 80.3-95.1° (DFT: 80.8-95.4°), respectively. As a

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



