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Synopsis

The thesis entitled “Synthesis and Characterization of Dyes and Macrocycles
Derived from Dipyrrin and Modified Dipyrrins” describes synthesis and
characterization of multiple BODIPY chromophores appended on benzene and
biphenyl unit. It also describes the reactivity of N-confused dipyrrin, doubly N-
confused dipyrrin and their benzo derivatives with various metal salts. In general,
regular dipyrrins are known to form square planar, tetrahedral and octahedral metal
complexes. Dipyrrin can be derived from dipyrromethane which contains two pyrrole
rings are connected at their a-position to the meso-carbon atom. Regular dipyrrins
having additional co-ordinating agents at a and meso-position leads to formation of
complexes with diverse geometries. There are no reports known on reactivity of
singly and doubly N-confused dipyrrin and their benzo derivatives with metal salts.
This thesis describes the synthesis of multi-BODIPY appended dyes along with their
structural and electronic properties. Subsequent chapters describe the results of the
reactions between metal salts with modified dipyrrins that was aimed at the synthesis
of metal complexes of N-confused dipyrrins. The first chapter describes the brief
literature reports on synthesis, reactivity of regular dipyrrin and their derivatives with
various metal salts leading to the formation of different types of metal complexes. It
also describes the employability of these metal complexes in the synthesis of
porphyrinoids. Overall, this thesis gives an account on the synthesis and
characterization of BODIPY derivatives, expanded norroles, planar aza-heptalenes
and couple of unusual dimers. Quantum mechanical calculations were also employed
for the better understanding aromatic and anti-aromatic characteristics of these

molecules.

The second chapter describes the detailed synthesis of multi-BODIPY units
appended on benzene and biphenyl units. The single crystal X-ray diffraction analysis
(SCXRD) of the 1,3-Bis BODIPY benzene confirmed the presence of two BODIPY
moieties meta to each other on the benzene ring and in 1,4-Bis BODIPY benzene,
para to each other on benzene ring. The location of the BODIPY directs the structural
features and the intramolecular interactions of these molecules. This is justified by the
two BODIPY moieties oriented in an orthogonal conformation in 1,3-Bis BODIPY
and more planar in 1,4-Bis BODIPY. With the help of similar studies, the location of



three BODIPY moieties was confirmed at meta to each other in the 1,3,5-Tris
BODIPY benzene. The packing diagram of this BODIPY displayed the formation of
hydrogen bonded porous organic framework. The molecular structure of tetra
BODIPY displayed a symmetrical link between the two 1,3-Bis BOIDPY through

benzene rings and the two benzene rings were found to be co-planar suggesting the

effective delocalization of m-electrons between them.

Chapter 3 consists of sections A and B. Section A starts with the description of
the attempts at chelating various metals and non-metals by employing N-confused
dipyrrin as a ligand as per the protocol employed for regular dipyrrins. N-confused
dipyrromethane was synthesized as a precursor, which contains one pyrrole ring
connected through their B-carbon to the meso-carbon atom. It was observed that only
the confused pyrrole ring of the N-confused dipyrromethane gets oxidized upon
oxidation by DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone). When N-confused
dipyrrin reacted with boron trifluoride etherate, mass spectroscopy and SCXRD
confirmed the formation of simple N-confused dipyrrin-boron trifluoride adduct
instead of the expected boron difluoride complex. Surprisingly, N-confused dipyrrin
reacts with copper(ll) acetate to cyclomerize into macrocyclic products which are
coined as expanded norroles. A similar cyclomerization was also observed with
various other metal ions such as Zn*, Mn®*, Fe?*, Fe**, Ti** and Sn®". These
expanded norroles with 24w and 32n are completely characterized by HMRS, NMR
and SCXRD. The 24 anti-aromatic hexapyrrolic macrocycle represents the structural
isomer of non-aromatic rosarin, while the 32x anti-aromatic octapyrrolic macrocycle

is the apparent structural isomer of non-aromatic octaphyrin.



@ = Cu®*, Zn®*, Mn?*, Fe?* Fe¥", Ti**, sn?*

The section B of the third chapter describes the reactivity of doubly N-
confused dipyrrins with metal salts. Doubly N-confused dipyrrin was derived from its
dipyrromethane, which consists of two pyrrole rings linked to the meso-carbon
through on of their B-carbon atoms. Doubly N-confused dipyrrin on reaction with
copper(ll) acetate undergoes cyclodimerization into pink colored symmerical aza-
heptalene. The mode of dimerization depends on metal salt employed in the reaction.
Under similar reaction conditions, this dipyrrin undergoes cyclodimerization with
iron(111) acetylcetonoate into greenish yellow colored unsymmetrical aza-heptalene.
Based on NMR studies, both the aza-heptalenes indicate diatropic ring current effect
and hence characterized as aromatic in nature. The aromaticity of these molecules was
also supported by calculating NICS(0) at the centre of seven membered rings.
Furthermore, UV-Visible absorption spectroscopy and TD-DFT calculations provide

evidence for heptalene kind of nature rather than macrocylic products.

CeFs

Pink Greenish Yellow

Chapter 4 describes the reactivity of monobenzo derivative of N-confused
dipyrrin and monobenzo and dibenzo derivatives of doubly N-confused dipyrrin with
metal salts. Monobenzo derivative of N-confused dipyrrin upon reaction with
copper(Il) acetate underwent cyclomerization into 24n oxidized expanded norrole.
Under dilute reaction conditions, along with 24n oxidized expanded norrole an
unexpected dimer was also obtained. This dimer has unsymmetrical connection

between two confused dipyrrins leading to one seven membered ring between them.



Similar results were observed with other metal salts such as Zn(OAc),, Co(OAc),,
Mn(OAc),, Mn(acac)s, Co(acac)s and Fe(acac)s.

R = C¢Fs R =CgFs
R = CgH;

A similar synthetic process could be employed for the synthesis of aza-
heptalenes. Monobenzo derivative of doubly N-confused dipyrrin on reaction with
copper(Il) acetate yielded a structural of the above described aromatic aza-heptalenes.
A similar derivative of aza-heptalene was expected with dibenzo derivative of doubly
N-confused dipyrrin but an unexpected dimer was obtained with copper(ll) acetate.
SCXRD has confirmed the formation of unusual dimer which was further well
supported by NMR studies. This dimer also contains the unsymmetrical linkage of the
two confused dipyrrin units leading to formation of one six and one seven membered

ring between them.

Cu(OAc),

R= C6F5

Vi



Chapter 1

Introduction



Dipyrrins versatility for metal complexation is well documented by its ability
to bind a variety of metal ions and metalloids. The dipyrrin consists of two pyrrole
rings connected through o carbon atom. The oxidation of diprromethane yields the
completely conjugated dipyrrin. The time before the guideline given by IUPAC in
1987 for the dipyrrin nomenclature™, these molecules were known by many names
such as 4,6-dipyrrin®, dipyrromethenel®, 4,6-dipyrromethene®, dipyrrylmethene,
pyrrylmethenel®,  pyrromethenel, 2,2> dipyrrolylmethenel®, dipyrrolemethenel®,
diaza-s-indacene®®, 2-pyrrol-2-ylmethylene-2H-pyrrolenine®® and 2-(2H-pyrrol-2-
ylidenemethyl)-pyrrole.”) The IUPAC recommended common numbering system for

dipyrrins is shown in Figure I.1.

5 meso

3 4 6 I B o o p
NH N= NH N=/,
1 9 a a

Figure 1.1: IUPAC-recommended (left) and the common (right) numbering system of

dipyrrin.

It has been observed that completely unsubtituted dipyrrin is prone to
electrophilic and nucleophilic attack on the unsubstituted pyrrole rings and hence
found to be unstable in solution above -40°C.*J However, alkyl substituents on
1,2,3,7,8,9-positions of dipyrrin is known to enhance its stability. Aryl substituents at
the 5-position with no substitution on 1,2,3,7,8,9-positions of dipyrrin is also known

to enhance its stability.
Synthesis of Dipyrrins:

(i) Synthesis by MacDonald Condensation:

The synthesis of 5-unsubstituted dipyrrin through acid catalysed condensation
between 2-formyl pyrrole and pyrrole is generally known as the MacDonald
condensation.!*?l The catalyst used in this reaction is hydrobromic acid™ and hence
the dipyrrin obtained from this reaction is isolated as dipyrrin salts. This is a
convenient synthetic strategy to generate the dipyrrin salts which are more stable than
the free base 5-unsubstitued dipyrrins. MacDonald condensation is also useful for the

synthesis of asymmetrical dipyrrins when complementary functionalities on the

2



pyrrolic precursor were reacted with each other. 5-substituted dipyrrin can also
synthesized by condensing either carboxylic acid or acid halide with 2 equivalents of

2-unsubstituted pyrrole (Figure 1.2).

0
3 7 4
RZ RS R4 RS R® RR YJ\R7 Ré RS
RN TCHO * SR R7-y NH - N= o o2 moint N R
N N i 6 R*=R% RS=R%R6=R' N

R” = H, alkyl, aryl
Y = OH, Cl

Figure 1.2: Synthesis of dipyyrin by MacDonald condensation reaction
(i) Synthesis by oxidation of Dipyrromethanes:

At room temperature, acid catalyzed condensation of aromatic aldehyde with
large equivalents pyrrole under inert atmosphere, followed by crystallization yields
more than 50% of dipyrromethane in high purity. Such reactions are also scalable!*®!
to synthesize large amounts of dipyrromethane. An important advantage about this
procedure is the commercial availability of pyrrole and its purification by non-
rigorous distillation. Dipyrromethane can be oxidized into dipyrrin with common
reagents such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or p-chloranil
(Figure 1.3).14

)

N Ar Ar
o) H H DDQ
)J\ acid catalyst o = or p-Chloranil XN\
Ar H \ NH HN / \ NH N=

Figure 1.3: Synthesis of 5-substituted dipyrromethane and its oxidation to dipyrrin

Reactivity of Dipyrrin

(i) Reactivity of Dipyrrin with Main Group Elements:

Dipyrrin acts as a chelating agent for various main group elements. In 1968,
Treibs and Kreuzer discovered the highly fluorescent boron difluoride dipyrrin
complex in their attempt to acylate 2,4-dimethylpyrrole with acetic anhydride in

presence of boron trifluoride as the catalyst (Figure 1.4).*!



/ \ ACQO / \ o)
H BF5Et,O N

Figure 1.4: First synthesis of a BODIPY dye by Treibs and Kreuzer

This fluorescent molecule, based on 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene core (hereafter abbreviated as BODIPY) has IUPAC numbering system
different than dipyrrin (Figure 1.5). The term a-, B- and meso-position are similar for
both molecules™. BODIPY s properties such as excellent thermal and photochemical
stability, high fluorescence quantum yield, negligible triplet-state formation, intense
absorption profile and good solubility has potential to be excellent probes for use in

biological systems and for applications in opto-electronics.!*®!

34567 1 8 7
N\_NH N= \N\‘B‘/N\

9 3 5
! FF

Figure 1.5: Structure and IUPAC numbering system for dipyrrin and BODIPY

The free rotation around C-Phenyl bond in meso-phenyl BODIPY is involved
in the major pathway for non-radiative decay to the ground state, which is responsible
for a reduced quantum yield.” Two important functionalization strategies were
designed in order to improve its fluorescence efficiency, (a) introduction of a
sterically hindered group at the meso-position to prevent the free rotation of the
phenyl group and hence to reduce the loss of energy from excited states via non-
irradiative molecular motions, (b) functionalization of 1,9-positions by additional
coordination units to provide pseudo-macrocyclic character in the resulting ligand
(Figure 1.6).® These two approaches have significantly increased the luminescence

intensity of BODIPY due to the system rigidification of the organic backbone.
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Figure 1.6: BODIPY dye and two functionalization strategies

These functionalization strategies were implemented in N,O, type dipyrrin
tetradentate ligand. This was synthesized by an acid catalysed condensation of 2-(2-
methoxyphenyl) pyrrole with mesitaldehyde followed by oxidation with DDQ and
subsequent deprotection of phenol moiety by BBrs. The boron and aluminium
complexes were obtained by reaction with B(OMe); and AI(O'Pr); respectively
(Figure 1.7).% Boron complex displayed an absorption band at 626 nm while its
emission was at 645 nm with a quantum yield of 72%. The aluminium analogue
absorbed at 625 nm and emits at 647 nm with relatively same quantum yield. The
choice of the aluminium as complexing ion with N,O, type dipyrrin 1.2 was attributed
to three important features (i) highly fluorescent nature of aluminium complexes, (ii)
ligand has planar equatorial unit for formation of octahedral geometry around
aluminium, (iii) in aluminium complex, the oxygen atoms are suitable for subsequent
chelation since the oxygen atom of the Al-O bonds are more negatively charged than
those of the B-O bond.* znCl, salt interacts strongly with the mononuclear
aluminium complex leading to a decrease in the absorption at 625 nm and increased
absorption at 608 nm. This binuclear heterometallic species can be obtained in 98%
yield and has emission at 619 nm with increase in quantum yield to 83%. This
enhancement in emission is probably due to increased rigidity of the dipyrrin
framework caused by chelation which significantly hampers the non-radiative decay.
Molecular structure of this complex displayed a distorted tetrahedral geometry at zinc
centre and octahedral coordination for aluminium. The pyrrole rings and the phenol
rings are planar enough to form the equatorial plane of N,O, unit and two water
molecules are present in the axial position. In contrast, boron complex did not exhibit
any interaction with zinc salt due to the distorted N,O, plane at the boron centre,

caused by its tetrahedral geometry and lower negative charge on oxygen atoms.



B(OMe); or Al(O'Pr); ZnCl,
—_—

CHCI3/ MeOH

N20 Dipyrrin M = Boron Complex

1.2 M = Aluminium Complex AlZnCl,-complex

Figure 1.7: Boron and Aluminium complex of N,O, type dipyrrin

The NO,-type dipyrrin 1.2 is known to form hypercoordinate silicon
complexes which are known as silicon analogues of BODIPY (Figure 1.8).* In
presence of N(Et)(Pr), as a base, N,O,-type dipyrrin reacts with MeSiCl; and
PhSiCl; to form silicon complexes 1.3-R and 1.4-R (R = Me, Ph) respectively bearing
methyl and phenyl group on the silicon atom (Figure 1.8). 1.3-Me (® = 76%) and 1.3-
Ph (® = 72%) have higher quantum yields compared to 1.4-Me and 1.4-Ph due to the
restricted rotation of mesityl group. This also led to red shifted absorption and
emission for 1.3-Ph and 1.4-Ph to suggest that substituent on silicon centre also
affects the optical properties of the complex. The monodipyrrin complex, silanol 1.3-
OH and disiloxane derivative 1.3,-O were obtained as major and minor products
respectively upon reacting N,O,-type dipyrrin ligand with SiCl, and N(Et)(Pr),.
Single crystal studies of binuclear 1.3,-O confirmed the two silicon atoms were
connected to each other through a p-oxo bridge. The disiloxane 1.3,-O has absorption
band at 573 and 601nm and its emission was observed at 671 and 664 nm. The silanol
1.3-OH exhibited very sharp absorption and emission band with respect to 1.3,-O and
its quantum yield of 81% was higher than 1.3,-O (4%). Disiloxane 1.3,-O was
hydrolysed by refluxing in wet MeOH to 1.3-OH and further dehydrated to 1.3,-O by
refluxing in hexane. The reversible hydration/dehydration processes has been
attributed to the on/off florescence property of these silicon complexes.



N,O, Dipyrrin
1.3-Me (Ar = mesityl, R = Me)

1.2 1.3-Ph (Ar = mesityl, R = Ph)
1.4-Me (Ar = Ph, R = Me)
t siCl, 1.4-Ph (Ar = Ph, R = Me)
N(E)(Pr),

Figure 1.8: Synthesis of silicon complexes

Apart from silicon, tin is also known to form a complex similar to BODIPY.
SnCIDIPY was synthesized in 74% yields by reacting the in-situ generated lithium
dipyrranato, from dipyrrin 1.5, with SnCl, (Figure 1.9).”2 The molecular structure
confirmed the pyramidal geometry at tin centre. Due to the intermolecular interactions
between tin and chlorine atoms, the tin atom adopted pseudo-trigonal bipyramidal
structure. SNCIDIPY has a strong absorption at 509 nm and emission at 518 nm with a
small stokes shift of 9 nm. But its quantum yield of only 4% is less than that of
corresponding BODIPY (® = 89%). With AgOTf, SnCIDIPY is easily converted into
the cationic tin species [SnDIPY][OTf] which exhibits green emission. This cationic
species has absorption maxima at 513 nm and emission at 524 nm. Its quantum yield
was found to be 42%, almost 10 times more than SnCIDIPY. Moreover, the cationic
species was easily converted back to SnCIDIPY upon treating with BusNCI resulting
in the quenching of its fluorescence. These complexes also represent examples of
controlling on-off fluorescence by reversible dechlorination and chlorination

reactions.



BF;OEt, AgOTf
=TT N Bu,NCI
\ N\ N\
B/
FF
BODIPY 1.5 SnCIDIPY [SnDIPY][OTH]

Figure 1.9: Synthesis of BODIPY, SnCIDIPY and [SnDIPY][OTHf]

Tris(5-mesityldipyrrin) gallium(ll) and tris(5-mesityldipyrrin) indium(lIl)
(M[mesdpm]s, M = Ga**, In**) were synthesized by mixing three equivalents of
purified ligand 5-mesityldipyrrin (mesdpm) 1.6 with one equivalent of corresponding
metal salt (Figure 1.10).1*®! These complexes displayed octahedrally coordinated metal
to the pyrrole nitrogen atom of the chelating mesdpm ligand. These 13 Group

complexes are less emissive than the Zn(mesdpm).!*”!

/ = =
=N HN-/

mesdpm

+ + +
M3* = Ga®*, In®

M(mesdpm);

1.6

Zn(mesdpm),

Figure 1.10: Synthesis of Ga(mesdpm)z and In(mesdpm); Complexes
(i) Reactivity of Dipyrrin with Transition Metal lon:

Employing Rothemund condensation reaction conditions, dipyrranato metal
complexes were obtained as a side product during synthesis of strically hindered
porphyrin. When mesitaldehyde was reacted with pyrrole in presence of zinc(ll)
acetate, zinc(ll) dipyrranato complex was formed due to the steric hinderence
provided by the ortho-substituent on the aldehyde which can hinder the cyclization to
form a porphyrin (Figure 1.11).”4 Similarly the 2-chlorobenzaldehydel®! 2,6-
dichlorobenzaldehyde!®®, 2-acetoxybenzaldehyde!*”! have yielded zinc(l1) dipyrrinato

complexs.
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Figure 1.11: Rothemund condensation reaction

Dipyrrins give monoanionic resonance stabilised ligand which easily can co-
ordinate to variety of transition metal ions to form neutral square planar, tetrahedral or
octahedral complexes (Figure 1.12).1®! They can be homoleptic (metal centre has two
or more identical ligands) or heteroleptic (bearing two or more different ligands on a
metal centre). Many metal ions such as magnesium(ll), calcium(ll), chromium(lll),
manganese(ll), manganese(lll), iron(Il), iron(ll), cobalt(ll), cobalt(Ill), nickel(ll),
copper(ll),  zinc(ll), gallium(lll), rhodium(ll), palladium(ll), cadmium(ll),
indium(I11), mercury(ll), thallium(l), and thallium(l11) are known to form homoleptic

complexes.?®!

74 K‘\ N 4 7 Kj\ @
N/M'/,N / N /,N A\ /
// // //

Figure 1.12: Possible geometries for dipyrrin metal complexes.

The structural characterization of these metal complexes is predominantly
done by Single Crystal X-Ray Diffraction (SCXRD). However, it is also possible to
identify square planar, tetrahedral or octahedral complexes by NMR studies. In
octahedral complex of dipyrrin, 1,9-hydrogen substituents in *H-NMR spectrum are
deshielded by two aryl dipyrrinato systems. Octahedral geometry around metal ion
push the a-proton towards the face of a neighbouring aromatic unit leading to the
observation of relatively shielded chemical shift (a-protons 6 = 6.43 ppm). In square

planar geometry of dipyrrin metal complexes, a-proton overlap with two aromatic



dipyrrinato systems and hence increased deshielding was observed (a-proton 6 =
10.83) in the *H-NMR spectrum. In tetrahedral arrangement, the a-protons of the
dipyrrinato unit are far away from the opposing pyrrole rings (oa-proton & = 7.59). The
steric interaction between the 1,9-substituent of the multiple dipyrrins brought
together by complexation is also known to affect the coordination geometry of the

(291 1 9-substituent such as hydrogen, results in the formation of non-

metal centre
square planar metal complex. For example, copper(ll) complexes of 5-phenyldipyrrin

adopts a distorted tetrahedral coordination geometry.

On the other hand, meso-substituted dipyrrin is a rigid ligand and can be easily
derivatized at the meso-position. This makes the dipyrrin an attractive ligand for the

synthesis of co-ordination polymer with various transition metal ions.

CN
(a) /NI N &
O%iﬁ X S
J Y Y g NF J Y Y J Y7 Y
=N HN / —N HN /J =N HN / =N HN /

4-pyrdpm 3-pyrdpm 2-pyrdpm 4-cydpm
(b)
\ N
N Oj
\ :
\ / N _ / = \‘
HN — HO

\

NS
4-pyrdpm acac

(D= =

[M}T
[M}@ Y .
{}Y

Figure 1.13: (a) Structure of dipyrrin ligands (pyrdpm = pyridyldipyrromethene) (b)
some plausible schemes for the formation of homo- and heterometallic coordination
solids. Heterometallic (top) and homometallic 1-dimensional (bottom) coordination

polymers may be accessible.
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A variety of meso-substituted dipyrrins bearing two different binding sites
have been synthesized with the aid of functionalized aromatic aldehyde. Several
dipyrrin compounds have been synthesized in order to explore their coordination
chemistry and to study the role of dipyrrin in the formation of coordination solid
(Figure 1.132)%. These dipyrrins are also excellent precursors for the synthesis of
metal complexes with 2-fold and 3-fold symmetry which can be explored as
homoleptic and heteroleptic co-ordination polymers. It has been observed that
asymmetric dipyrrin metal complexes can also form co-ordination polymers with

lower dimensionality (Figure 1.13b).

In general, a 1:1 ratio of dipyrrin and metal salt [Cu(acac),] yields the
heteroleptic [Cu(dpm)(acac)], while a ratio of 1: 0.4 of dipyrrin with metal salt force

the formation of homoleptic [Cu(dpm),] complex.B!

The single crystal X-ray diffraction studies of the complexes [Cu(4-pyrdpm);]
and [Cu(4-cydpm),] confirmed the distorted square planar geometry with Cu-N bond
distance of 1.95A.B% The heteroleptic [Cu(4-pyrdpm)(acac)] complex displayed
square pyramidal geometry because of acac and dipyrrin ligands with Cu-O and Cu-N
bond lengths of 1.96 and 1.98 A respectively. The axial position of the complex was
occupied by the nitrogen atom of pyridine ring from neighbouring molecule of the
[Cu(4-pyrdpm)(acac)] complex with a Cu-N bond length 2.32 A (Figure 1.14). The
copper(Il) ion is puckered out of square planar geometry towards the axial pyridine
donor, while the pyridine ring of the 4-pyrdpm was orthogonal to the plane of the
complex with a dihedral angle of 88°. This co-ordination of nitrogen atom from the
pyridine ring leads to formation of extended one-dimentional zigzag coordination
polymer. The [Cu(3-pyrdpm)(acac)] complex also exhibited similar one-dimentional
coordination polymer but the structure of the complex and resulting coordination
polymer were noticeably different. This complex also adopted square pyramidal
coordination geometry around copper(ll) ion but the axially coordinated nitrogen
atom of the pyridine ring from neighbouring [Cu(3-pyrdpm)(acac)] complex was

twisted perpendicular relative to the dipyrrin plane with dihedral angle 73°.
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CN

CN
Cu(4-cydpm), Cu(4-pyrdpm), Cu(4-pyrdpm)(acac)

Figure 1.14: Structure of Metal dipyrrin complexes

The [Cu(2-pyrdpm)(acac)] complex was found to be mononuclear heteroleptic
metal complex with a square planar geometry unlike [Cu(4-pyrdpm)(acac)] and
[Cu(3-pyrdpm)(acac)]™®. This complex did not form coordination polymer due to
lack of intermolecular interactions supported by the long Cu-N distance between
pyridine ring nitrogen atom of the dipyrrin and [Cu(2-pyrdpm)(acac)]. Similarly, the
[Cu(4-cydpm)(acac)] complex did not favour formation of the coordination polymer
because of the sufficiently strong donor cyano group. But the complex is simple and
similar to [Cu(2-pyrdpm)(acac)]. [Cu(4-pyrdpm)2], [Cu(3-pyrdpm)2] and [Cu(4-
cydpm)2] which are mononuclear complexes with highly distorted square planar
complexes because of steric hindrance between the a-protons of the opposing ligands.
This distorted square planar geometry at the metal center avoids the coordination of

fifth nitrogen of the pyridine ring and hence unable to form coordination polymer.

Even weakly co-ordinating ligands were also employed as ligands for
heteroleptic complexes toward co-ordination polymers. The ligand (4-mtdpm) was
synthesized to evaluate its role in the synthesis of co-ordination polymers. The
complexation of Cu(hfacac), (hfacac = hexafluoroacetylacetonato) with the ligand
gave the desired coordination polymer with square pyramidal [Cu(4-mtdpm)(hfacac)]
complex similar to [Cu(4-pyrdpm)-(acac)]. Surprisingly, the [Cu(3-mtdpm)(hfacac)]
complex (3-mtdpm =5-(3-methylthiophenyl)dipyrromethene) obtained in a similar
fashion displayed a cyclic dimer instead of the expected co-ordination polymers
(Figure 1.15).°Y The coordination geometry is the same as observed for [Cu(4-
mtdpm)(hfacac)] complex and dimer was held together by thioether groups with a Cu-

S distance of 2.86 A in the axial position of the coordination sphere. Recently, a

12



similar rigid binuclear complex was reported from 2,8-diethyl-1,3,7,9-tetramethyl-5-

(2-pyridyl) dipyrromethene and zinc(l1) ions (Figure 1.15).5

Figure 1.15: Dimeric structures of copper(11) and zinc(Il) dipyrrin complexes

Employing Cu(hfacac), as copper(ll) ion source, instead of Cu(acac),, also
provided the heteroleptic metal complex with a blocking hfacac ligand. When dipyrrin
(4-pyrdpm=5-(4-pyridyl)dipyrromethene) ligand was mixed with excess of

Cu(hfacac),, a trinuclear species was isolated (Figure 1.16)52.

Figure 1.16: Heteroleptic copper(ll) complexes (a) Trinuclear metal complex, (b)

Hexagonal metal complex

This species has two distorted square planar copper(ll) complexes coordinated to a
octahedral copper(Il) centre through the pyridine nitrogen atom at meso position. This
complex could not be synthesized under similar reaction conditions with Cu(acac); as
the metal ion. A serendipitous discovery revealed that reacting an equimolar ratio of
Cu(hfacac), with 4-pyrdpm leads to the discrete self-organized hexagonal structure
instead of the expected heteroleptic co-ordination polymer (Figure 1.16).5%! This

hexagon ring contains six molecules of [Cu(4-pyrdpm)(hfacac)] connected to each
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other by axial coordination of pyridine nitrogen atom at meso-position and estimated

ring diameter was 19.24 A.
(iii) Functionalization of Dipyrrin Complexes:

Some of these boron and metal complexes are well known starting materials
for synthesis of anti-aromatic porphyrinoids. Porphyrinoids are generally synthesized
through an acid catalysed condensation reaction between pyrrole and aldehyde. Even
though metal mediated processes are well known in recent synthetic organic
chemistry, only couple of protocols were established for synthesis of porphyrinoids
framework.** Very recently, BODIPY dyes have gained much attention for
applications such as labelling experiments, chemosensors, light-harvesting systems
and dye-sensitized solar cells.*® In 2011, Shinokubo and co-workers have exhibited
incorporation of BODIPY unit into stable anti-aromatic porphyrinoids by transition
metal catalysed coupling reaction (Figure 1.17)B3% In this synthesis,
trimethylsilylethynyl groups were introduced into a,o’-dichloro BODIPY under Stille
coupling conditions followed by sila-Glaser coupling using CuCl in DMSO to afford
the target molecules 1.9 and 1.10. The macrocycle 1.9 contains 247n electron in
conjugation hence anti-aromatic in nature. The single-crystal X-ray diffraction
analysis of 1.9 unambiguously confirmed the planar and rectangular conformation
because of rigid butadiyne linkage and co-ordinated BF, moiety. The 36 electron
porphyrinoid 1.10 is anti-aromatic molecule and displayed distorted planar
conformation in solid state. These molecules do not display fluorescence due to the
small HOMO-LUMO gap expected of anti-aromatic compounds which increases the
rate of nonradiative decay. However, molecule 1.9 undergoes selective hydrogenation
in presence of Pd/C at butylene unit to form the butylene bridged BODIPY dimer 1.11
(Figure 1.18). This conversion displayed blue shifted absorption band at 488 nm with
respect to the precursor BODIPY and regains its bright green fluorescence at 543 nm.
The molecular structure obtained indicates that 1.11 has a step-like structure with two
BODIPY units.
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Figure 1.18: Hydrogenation of BODIPY dimer.

In 2012, Shinokubo et al synthesized air stable 16z anti-aromatic Ni(ll)
norcorrole, 1.13 in 90% vyields by Ni(0) mediated intramolecular reductive
homocoupling of precursor bis(a,o’-dibromodipyrrinato) nickel complex, 1.12 (Figure
1.19)**] This is a simple and efficient route for metal mediated synthesis of
contracted porphyrinoid at room temperature. The Norcorrole contains two meso-
carbon atoms less than the regular porphyrin but still adopts a perfect planar geometry
in the solid state. It undergoes oxidation at high temperature (100°C) in presence of
molecular O, in 5 days to the 18z aromatic Ni(ll) 10-oxacorrole, 1.14. m-
chloroperoxybenzoic acid was used as a oxidizing agent in order to observe similar
changes at low temperature (-30°C) for 3 h. Apart from highly planar nature of 1.14,

the presence of lone pair of electron on oxygen at the meso-position is responsible for
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aromaticity. This indicates the norcorrole has ability to act as precursor for synthesis

of different heteroatom-substituted porphyrinoid.

Mes
7 \ Mes
N\ N N=x
B NiCl,/PPh,
B \N:i B Zinc Powder 0,, 100°C
B 200
B / \ ' DMF, 45°C mCPBA, -30°C
7 N NZ 30 min
1y
Mes Mes
Norcorrole Oxacorrole
1.12 .13 .14

Figure 1.19: Synthesis of Ni(ll) norcorrole, 1.13 and its oxidation to Ni(ll) oxacorrole
1.14.

Objectives of the Work:

Dipyrrins are known to form very common homoletptic and heteroleptic metal
complexes with square planar, tetrahedral and octahedral geometries. Changing the
substituents on meso-position and availing extra coordination at 1,9-position of
dipyrrins, provide molecules with tuneable fluorescence efficiency. Co-ordination
polymers were also obtained by adding the extra coordination sites on meso-
substituted aromatic ring of dipyrrin. In light of all these well-established strategies,
this thesis describes the efforts to synthesize metal complexes derived from singly and
doubly N-confused dipyrrins as well their benzo-derivatives. It can be expected that
such molecules can also have properties similar to the dipyrrin based complexes and
hence this thesis will also describe the structural and electronic properties of the
aimed synthetic targets.
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Chapter 2

Synthesis and Characterization of
Bis, Tris and Tetra-BODIPY
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11.1: Introduction:

BODIPY dimer has gained significant focus for its interesting properties such
as charge delocalization and exciton coupling leading to unusual fluorescence
properties. There are several types of directly linked BODIPY dimers such as o-a
linked dimers AP®!, B-p linked dimers B”, meso-meso linked dimers C*®, and meso-
B linked dimers D39 (Figure 11.1).

X X
= N = N
NN, N N\_N. _Nx
FF FF
A B C D

Figure 11.1: Structures of a-a (A), B-p (B), meso-meso (C) and meso-f (D) directly
linked BODIPY dimers

The dipyrrin backbone (C9BN2 framework) of the monomer I1.1 does not
exhibit significant difference between single and double bond lengths to justify its
symmetric n-System and flat nature suggestive of strong delocalization m-electrons.
The o-a linked dimer synthesized by Broring et al exibits two-fold boron difluoride
complexation of 2,2°-dipyrrin, 11.2 as shown in scheme 11.1.2° This dimer shows less
pronounced planarity (twisted conformation) of the two different C9BN2 subunits
than the monomer, 11.1. The BODIPY monomer, 11.1 displayed absorption at 535 nm
and emission 540 nm with unit quantum yield whereas dimer, 11.3b displayed a
characteristic two strong bathochromically shifted absorption bands at 490 and 559
nm clearly suggesting the presence of exciton splitting. The luminescence spectra
were characterized by 79 nm Stokes shifted intense and broad emission band with

respect to the lowest energy absorption band and quantum yield of 76%.

BF; Et,O
) N B
N HNS 2,6-lutidine,
diethyl ether
.1 1.2 1.3a, R = Me

11.3b, R = Et

Scheme 11.1: Synthesis of a-a directly linked BODIPY dimer (11.3)
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Ziessel et al reported the oxidative B-B coupling of BODIPY monomer by
employing PIFA (Phenyliodine(lll) bis(trifluoroacetate) in presence of Lewis acid
such as BF3Et,0O at -78°C to yield the B-p linked dimers, 11.5 and trimer, 11.6 as
shown in scheme 11.2.3" The dihedral angle between the two planes of the planar
BODIPY subunits was found to be 64° as determined from the molecular structure
through single-crystal X-ray diffraction. The absorption spectra of B-f linked dimers
and trimer were found to be redshifted by 30 nm and 58 nm respectively with respect
to the BODIPY monomer I1.4. The emission spectra displayed a 51 nm shift for the

dimer and 79 nm shift for the trimer with respect to the BODIPY monomer, 11.4.

Scheme 11.2: Synthesis of non-planar - directly linked BODIPY dimer (11.5) and
trimer (11.6)

Hiroshi Shinokubo and co-workers report indicated monobromo BODIPY,
11.8 undergoes homocoupling to directly B-f linked dimer, 11.1, through a Palladium-
catalyzed borylation with bis(pinacolato)diboron (pin2B2) and in situ cross-coupling
with the use of Cs,CO; as a basel*”. However, Suzuki Miyaura cross-coupling of
monobromo BODIPY vyielded the trimer, 11.12 (Scheme 11.3.). Unambiguous
determination of the molecular structure of dimer from SCXRD indicated a flat
conformation due to the absence of substitution on the 1,3,5,7-postions in both the
BODIPY core which aids effective conjugation between the two chromophores. The
highly planar conformation aids the effective extension of conjugation and hence, the
electronic absorption profile of dimer and trimer is red-shifted by 108 nm and 177 nm
respectively in comparison with BODIPY monomer, I1.7. The fluorescence spectra of

the dimer and trimer displayed a 141 nm stoke shift with a quantum yield of 15% and

19



217 nm stoke shift with quantum yield of 25% in comparison to the BODIPY

monomer, 11.7 respectively.

Ar Ar Ar Ar
Pd,(dba);
mBr szinz \\ X \ \\ X \ \\ X \
N\/B\/N\ CSZCO3 N\IB\/N\ N\/B\/N\ N\/B\/N\
F F F F F F F F
11.8, Ar = mesityl .11 1.7, Monomer
Pd,(dba);
B,pin,
Ar sz(dba)3
~r N . t-Bu;P-HBF,
\_N.__N= Bpin Cs,CO;
B < N N
‘Y Ar 7\ 7\ 7\
.10 Z F ] F F F F F F
.10, Ar = mesit BT
y Br—{ Lo A\ Br 11.12
B’
FF

11.9, Ar = mesityl

Scheme 11.3: Synthesis of planar B-f directly linked BODIPY dimer (11.11) and
trimer (11.12)

Apart from the above mentioned intermolecular bonds between the two
BODIPY units, Akkaya et al reported the orthogonally linked dimeric Bodipys such
as meso-B linked dimer (Scheme 11.4)1% 3%1 The meso-p linked dimer, 11.15 was
synthesized from 2-formyl BODIPY, 11.14 and the meso-meso linked dimer was
obtained from 8-formyl BODIPY. Interestingly, the meso-f linked dimer, 11.15 was
found to absorb similar to the parent BODIPY monomer, 11.13 while it lacked
characteristic fluorescence expected from the dye. As per the elucidated molecular
structure of meso-p linked dimer, the dihedral angle between the two BODIPY units
was found to be 90°. When they attempted to detect singlet-oxygen phosphorescence,
this dimer, 11.15 gave the strongest singlet-oxygen phosphorescence emission with
quantum vyield of 51% for singlet-oxygen generation in dichloromethane which is
higher than any other non-halogenated BODIPY..
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Scheme 11.4: Synthesis of meso-f directly linked BODIPY dimer (11.15)

The meso-f linked dimer, 11.17 was synthesised by Jiao et al under acidic
conditions from B-formyl BODIPY, 11.16 in good yield (Scheme 11.5)3%. As
compared to the Akkaya’s meso-f linked dimer, the substituent on the meso-aryl and
newly formed BODIPY core restricted the free rotation with respect to main BODIPY
core in a more efficient way. The orthogonal geometry of the BODIPY dimers, 11.17,
is found to be the cause for their modified photophysical properties. With respect to
starting BODIPY monomer 11.16, a 30 nm red-shifted broadened and additional
absorption band was observed for dimers, 11.17a and 11.17c because of formation of
ground-state charge-transfer complex through exciton coupling between two BODIPY
subunits. These dimers, 11.17 displayed weak fluorescence emission than the
corresponding BODIPY monomer, 11.16 similar to the Akkaya’s meso-p directly
linked BODIPY dimers®®. It was also observed that the orthogonal meso-f BODIPY
dimers, 11.17b and 11.17d have very high efficiency for generating singlet oxygen
than their non-orthogonal meso-3 BODIPY dimers, 11.17a and 11.17c.

Rs
) N Rs
H
TFA
2) DDQ
3) EtxN, BF5'OEt,
BODIPY monomer I.17a, R, =OMe, R, =H,R;=H
11.16

I117b, R, = OMe, R, = H, R; = Me
".17c, Rl = H, R2 = Cl, R3 =Me
".17d, R] = H, R2 = Cl, R3 = Me

Scheme 11.5: Synthesis of meso-f directly linked BODIPY dimer (11.17)
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Scheme 11.6: Synthesis of meso-meso directly linked BODIPY dimer (11.19)

Thompson et al accounted the synthesis of orthogonal meso-meso directly
linked dimer, 11.19 from 8-formyl BODIPY, 11.18 derivative using standard protocol
(Scheme 11.6)%#1. This dimer also did not exhibit exciton coupling between the
BODIPY units with absorbance at 530 nm and emission at 651 nm in

dichloromethane.

Recently Kursunlu et. al. synthesized the new fluorescent conjugated
molecules such as single 11.20, dual 11.21 and triple-BODIPY 11.22 by a condensation
reaction of 2,4-dimethyl-3-ethylpyrrole with 1,3,5-benzenetricarbonyl chloride to
study effect of number of BODIPY moieties on photophysical properties (Scheme
11.7)". 1t was discovered that the number of BODIPY moieties is directly
proportional to the absorption and emission wavelength and intensity and also to the

quantum yield.

o Cl
(¢]] (6]
. 6 00
N
o~ ¢l
1,3,5-benzenetricarbonyl 2,4-dimethyl-3-ethylpyrrole
chloride
NEt,
BF3Et20

Single-Bodipy Dual-Bodipy Triple-Bodipy
.20 .21 .22

Scheme 11.7: Synthesis of Single (11.20), Dual (11.21) and Triple-BODIPY (11.22)
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11.2: Objectives:

With respect to mono-BODIPY dyes, only limited reports are available on the
synthesis of multi-BODIPY dyes their structure elucidation and optical properties.
Therefore, it was decided to employ BOIDPY as a substituent at various positions on

benzene and biphenyl unit and to study their photophysical properties.
11.3: Synthesis BODIPY Derivatives:

1,3 and 1,4-bis dipyrromethane benzene 11.23"3 and 11.25M* were
synthesized as per reported procedure and converted them into 1,3 and 1,4-bis
BODIPY benzene 11.24 and 11.26 respectively as per regular protocol used for
BODIPY synthesis (Scheme [11.8 and 11.9). The attempt to synthesize 1,2-bis
dipyrromethane from o-phthaldehyde was unsuccessful, probably due to the steric
hindrance between two neighbouring dipyrromethane unit (Scheme 11.10). The 1,3,5-
benzene tricarboxaldehyde!? was condensed with excess pyrrole under acidic
conditions to yield 1,3,5-tris dipyrromethane benzene 11.27 which was further
converted into 1,3,5-tris BODIPY benzene 11.28 (Scheme 11.11). The tetra-BODIPY
was synthesized starting from 5-bromoisophthaldehydel®). It was protected with
ethylene glycol in quantitative yield. The protected dialdehyde 11.29 was converted
into its lithiated salt using n-BuL.i at -78°C followed by coupling reaction with 1,2-
Bis(diphenylphosphino)ethane nickel(I1) chloride [NiCl,(dppe)] to yield the protected
tetraldehyde 11.30. We deprotected 11.30 to obtain 1,1’-biphenyl 3,3°5,5’-tetraldehyde
11.31 using 6N HCI. The 1,1’-biphenyl 3,3°5,5’-tetra dipyrromethane 11.32 was
obtained by condensation reaction between the tetraldehyde 11.31 and pyrrole. Finally
11.32 was further converted into its boron complex 1,1’-biphenyl 3,3°5,5’-tetra-
BODIPY 11.33 (Scheme 11.12).

\
B
AN
CHO DDQ
NEt,,
BF4OEt,
CHO 32%
Isophthalaldehyde

Scheme 11.8: Synthesis of 1,3-Bis BODIPY Benzene (11.24)
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Scheme 11.9: Synthesis of 1,4-Bis BODIPY Benzene (11.26).

o-Phthalaldehyde

1,2-Bis-dipyrromethane benzene 1,2-Bis-BODIPY benzene

Scheme 11.10: Synthesis of 1,2-Bis BODIPY Benzene.

1,3,5-Benzene
Tricarboxaldehyde

11.27 11.28

Scheme 11.11: Synthesis of 1,3,5-Tis BODIPY Benzene (11.28).

24



n-BuLi <\° O/>
Br HO\/\OH Br

NiCly(dppe), 0] o
D/@\ p-TSA 1.29
OH CHO 7% { f} 8%
o

O,
5-Bromoisophthaldehyde 11.29 </ 5 5 J

DDQ
NEts,
BF5OEt,

21%

.33 11.32

Scheme 11.12: Synthesis of 1,1’-Biphenyl 3,3”,5,5’-Tetra BODIPY (11.33)
I11.4: Characterization BODIPY Derivatives:

All these molecules were characterized by HRMS and NMR techniques
(Experimental Section). 'H-NMR spectrum for 1,3-bis BODIPY benzene 11.24
displayed three sets of signal at 8 = 6.59, 6.95 and 7.98 ppm for BOIDPY moiety and
multiplet between 7.71-7.82 ppm corresponding to unsymmetrical benzene unit
(Figure 11.3). In the DEPT-90 spectrum, the six set of CH signals at 119, 129, 131,
132, 133, 145 ppm were observed suggesting the unsymmetrical structure of 11.24
(Figure 11.4).
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Figure 11.2: HR-ESI-TOF mass spectrum of 11.24
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Figure 11.3: *H-NMR spectrum of 11.24 in Chloroform-d at 295K
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Figure 11.4: (Top) DEPT-90 and (Bottom) *C-NMR spectrum of 11.24 in
Chloroform-d

In 'H-NMR spectrum of 1,4-bis BODIPY benzene 11.26, the signal for
BOIDPY moiety was observed at § = 6.61, 7.00 and 8.01 ppm, while the symmetrical
benzene unit displayed a singlet at 7.76 ppm (Figure 11.6). DEPT-90 experiments
indicated the four sets of CH signals at 119, 130, 131, 145 ppm, suggestive of

symmetrical nature of this BODIPY isomer (Figure 11.7).
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Figure 11.5: HR-ESI-TOF mass spectrum of 11.26
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Figure 11.6: *H-NMR spectrum of 11.26 in Chloroform-d at 295K
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Figure 11.7: (Top) DEPT-90 and (Bottom) *C-NMR spectrum of 11.26 in
Chloroform-d at 295K

The *H NMR spectrum of 1,3,5-tris BODIPY benzene 11.28 displayed signals
at 6.63, 6.96, 8.02 ppm for BOIDPY moiety and a signal for the benzene unit overlaps

with BODIPY signal at 8.02 ppm (Figure 11.9). The DEPT-90 spectrum matched as
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per the expected structure of 11.28 with signals at 119, 131, 133, 145 ppm (Figure
11.10).
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Figure 11.8: HR-ESI-TOF mass spectrum of 11.28
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Figure 11.9: *H-NMR spectrum of 11.28 in Chloroform-d at 295K
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Figure 11.10: (Top) DEPT-90 and (Bottom) C-NMR spectrum of 11.28 in
Chloroform-d at 295K

The 1,1°-biphenyl 3,3’5,5’-tetra BODIPY 11.33 exhibited BOIDPY moiety
signals at 6.62, 6.98, 8.01 ppm, while the signals at 7.87, 8.03 ppm corresponded to

biphenyl unit (Figure 11.12). As expected five sets of CH signals at 119, 130, 131,
132, 145 were observed in DEPT-90 spectrum to further confirm its formation (Figure
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Figure 11.11: HR-ESI-TOF mass spectrum of 11.33
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11.5: Single Crystal X-ray Diffraction Analysis:

Good quality of single crystals for X-ray diffraction analysis was grown by
slow diffusion evaporation of dichloromethane solution of BODIPYSs into n-hexane.
The molecular structure of 1,3-bis BODIPY benzene 11.24 clearly indicated the
connection between two BODIPY moieties at 1,3-position of benzene (Figure 11.14a).
The BODIPY moieties were found to make an angle of 88° (orthogonal) with each
other and 52° to the benzene unit and hence molecule is in a locked conformation
(Figure 11.14b). Close observation confirmed the presence of strong intermolecular
hydrogen bonding between the donor —CH of aromatic unit (pyrrole or benzene) and
acceptor -BF of boron difluoride unit. The measured bond length and bond angle for
B-pyrrolic C-H---F-B hydrogen bond is 2.3390(8)A and 162° (Figure I1.14c) and for
benzene C-H---F-B hydrogen bond is 2.6926(12)A and 142° (Figure 11.14d)

respectively.

2.3390(8)A, 162°

142°

Figure 11.14: Molecular Structures of 1,3-Bis BODIPY Benzene 11.24 a) View 1, b)
View 2, ¢) hydrogen bonded dimer, d) another hydrogen bonded dimer.
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In the molecular structure of 1,4-bis BODIPY benzene 11.26, the two BODIPY
moieties are co-planar at 1,4-postion of benzene (Figure I11.15a) and make an angle of
53° with the benzene unit (Figure 11.15b). Similar to 1,3-bis BODIPY 11.24, 1,4-bis
BODIPY 11.26 also exhibited two different types of strong intermolecular hydrogen
bonds. The first has bond length and bond angle 2.4515(10)A and 175° between one
B-pyrrolic doner —CH and acceptor —BF of boron difuoride unit and second shows
bond length and bond angle 2.4275(8)A and 161° between another B-pyrrolic doner —
CH and acceptor —BF of boron difluoride unit respectively (Figure 11.15c). These two
intermolecular hydrogen bonds help to form supramolecular architecture shown in

following figure 11.5d.

2.4515(10)A, 175°
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Figure 11.15: Molecular Structures of 1,4-Bis BODIPY Benzene 11.26 a) View 1, b)
View 2, ¢) hydrogen bonded network, d) packing diagram.

Furthermore, molecular structure of 1,3,5-tris BODIPY benzene 11.28 also
confirmed the location of three BODIPY moieties at 1,3,5-positions of benzene. The
angle made by the three BODIPY moieties with the benzene plane is found to be 46°
(Figure 11.16a). This BODIPY also exhibited strong intermolecular hydrogen bonding
between two BODIPY molecules. The two hydrogen bond parameters were found to
have (a) 2.3127(27)A, 163° and (b) 2.7917(21)A, 120° bond length and bond angle
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respectively leading to the formation of a hexameric structure (Figure 11.16b). The
third strong hydrogen bond (c) 2.4320(19)A, 158.271(237)° was found to connect the
six BODIPY molecules to each other and forms another hexameric structure (Figure
[1.16¢). Interestingly it has been observed that these two hexameric structures are then
interconnected to each other by two more different types of hydrogen bonds (d)
2.761(2)A, 115° (Figure 11.16d) (e) 2.7676(18)A, 119° (Figure 11.16e) and forms
hydrogen bonded organic framework (HOF) which has the 9.52A pore diameter
(Figure 11.16f).
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Figure 11.16: Molecular Structures of 1,3,5-Tris BODIPY Benzene 11.28 a) single
molecule structure, b) hexameric hydrogen bonded network, c) another hexameric
hydrogen bonded hetwork , d) hydrogen bonded dimer, e) another hydrogen bonded
dimer f) packing diagram indicate the formation of hydrogen bonded organic

framework (HOF).
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The molecular structure obtained for 1,1’-biphenyl 3,3°5,5’-tetra BODIPY
11.33 again confirms the presence of four BODIPY moiety at the 3,3°,5,5’-position on
the biphenyl unit (Figure 11.17a). Surprisingly, the molecular structure displayed
planar geometry of biphenyl unit indicating the effective delocalization of m-electron
between two benzene rings. The BODIPY moiety makes an angle of 49° with the
plane of biphenyl unit. The strong intermolecular hydrogen bond (a) 2.3540(39)A,
163° connect the two molecules leading to the dimeric structure (Figure 11.17b). The
other two intermolecular hydrogen bonds (b) 2.3038(38)A, 143° and (c) 2.7898(51)A,
136° also facilitate the formation of another dimer (Figure I1.17c). The two strong
intermolecular hydrogen bonds (d) 2.5987(47)A, 172° and (e) 2.6784(48)A, 178° link
the four molecules of BODIPY with each other to provide tetrameric structure (Figure
11.17d).
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Figure 11.17: Molecular Structures of 1,1’-biphenyl 3,3’5,5’-tetra BODIPY 11.33 a)
single molecule structure, b) hydrogen bonded dimer, ¢) another hydrogen bonded
dimer, d) tetrameric hydrogen bonded network.
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All the above solid state studies highlight importance of these BODIPYs
demonstrating different types of strong intermolecular hydrogen bonds for

supramolecular chemistry.
11.6: Photophysical Properties:

The UV/Vis absorption spectra for mono, bis, tris and tetra BODIPY are
shown in Figure 11.18 and their optical properties are summarized in Table 1. The
intense absorption maxima observed at 502, 505, 505 and 502 nm in dichloromethane
corresponds to mono BODIPY dyes, 11.24, 11.26, 11.28 and 11.33 respectively. The
fluorescence measurements performed in same solvent exhibited the emission at 523,
532, 532 and 528 nm and the calculated quantum vyields are 2.6, 0.8, 1.7 and 2.7%
with respect to Rhodamine 6G for 11.24, 11.26, 11.28 and 11.33 respectively. BODIPY
11.24 displayed greater quantum vyield than BODIPY 11.26 due to locked
conformation as observed in solid state (Figure 11.14b) which can decrease the free
rotation of around BODIPY moiety and meso-phenyl group leading to decreased non-
radiative decay. Our study indicates that absorption and emission wavelength were
red shifted with respect to the mono BODIPY dye. Molar extinction coefficient also

increased for our synthesized molecules as compared to the mono BODIPY dye.

1.0+ .~‘ —— Mono BODIPY
I\ —11.24
s D( \‘3:‘ —11.26
=2 (R —[I.28
. \\\:\ —11.33

0.6 AW - - - Mono BODIPY

0.4 1

Normalised abs./Fl.

0.2+

0.0 : :
400 500 600 700

Wavelength(nm)

Figure 11.18: UV-Visible absorption spectra (straight line) and fluorescence spectra
(dashed line) of Mono BODIPY, 11.24, 11.26, 11.28 and 11.33 in dichloromethane.
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Time dependent fluorescence decay measurements were carried out by the
Time Correlated Single Photon Counting (TCSPC) technique using a 459 nm diode
laser as excitation source (Table 1). The luminescence decay profiles were collected
for these at their emission maxima, and their profiles are shown in Figure 11.19. The t;
values decreased in the following trend for BODIPYs: 11 24 <11 33 <11 28 << 11 26.
The contribution from t, for Il 33 is minor as compared to the t; values. The first
lifetime (t1) observed for the 11 24 and Il 33 are very much similar hence indicate
nearly same quantum yield and molar extinction coefficient value. It is very clear
from the decay plots that the 11 26 showed much faster decay compared to that of Il
24,11 28 and 11 33.

Table 1. Optical properties of Mono BODIPY 11.24, 11.26, 11.28 and 11.33 in CH,Cl..

BODIPY  Aabs Aem log e O 7.(ns) 7 (ns) P
[nm] [nm]  [Lmoltem™)
11.24 502 523 37620 0.026° 0.29 - 1.187°
11.26 505 532 50580 0.008*  0.03 - 1.182°
11.28 505 532 110160 0.017%  0.22 - 1.119°
11.33 502 528 39250 0.027  0.26 2.27 0.902°

*Rhodamine 6G in ethanol was used as the reference (®r = 0.95), "Luminescence decay

lifetime was measured by using 459 nm LED as the excitation source.
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Figure 11.19: TCSPC decay profile of BODIPYs 11.24, 11.26, 11.28 and 11.33 in the

solid state

These observations indicate that with respect to mono BODIPY dye, there is
an effect of increase in the number of BODIPY moiety from two to three and four on

the biphenyl unit.
11.7: Conclusion:

This chapter describes the successful synthesis of 1,3-Bis 11.24, 1,4-Bis 11.26,
1,3,5-Tris 11.28 BODIPY benzene and 1,1’-biphenyl 3,3°5,5-tetra 11.33 BODIPY and
their structural characterization through SCXRD and other spectroscopic techniques.
Emission measurements indicated the fluorescence quenching in 1,4-Bis BODIPY
11.26 due to free rotation between BODIPY's moiety and meso-phenyl ring. All these
fluorescent compounds exhibited strong intermolecular hydrogen bonding between
donors -CH of the aromatic part (pyrrole and benzene) and acceptor -BF of the boron
difluoride part hence act as a sythons for supramolecular architecture. 1,3,5-Tris
BODIPY 11.28 especially forms the hydrogen bonded organic framework (HOF) with
the use of five different types strong intermolecular hydrogen bonding. The presence
of BODIPY substitution on benzene and biphenyl unit at various positions affected

their photophysical properties.
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11.8: Experimental Section:

All reagents and solvents were of commercial reagent grade and used without further
purification except where noted. Dry THF was obtained by refluxing and distillation
over pressed Sodium metal whereas dry CH,Cl, was obtained by refluxing and
distillation over CaH2. Column chromatography was performed on silica gel (100-
200) in glass columns. *H, **C, *Fand *B NMR spectra were recorded either on a
JEOL 400 MHz or Bruker 500 MHz spectrometer and chemical shifts were reported
as the delta scale in ppm relative to CHCI3(6 = 7.26 ppm), (CH3),CO (8 = 2.05 ppm)
or (CHs),SO (8 = 2.50 ppm) as internal reference for *H. High Resolution Mass
spectra were obtained using WATERS G2 Synapt Mass Spectrometer. Electronic
spectra were recorded on a Perkin-Elmer A-900 ultraviolet—visible (UV-—vis)
spectrophotometer. Single crystals were grown in suitable organic solvent and single
crystal X-ray diffraction were performed at 100K on BRUKER KAPPA APEX Il
CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite-
monochromated Mo Ka radiation (AL = 0.71073 A).

Procedure for Synthesis of 11.24

1,3-Bis-dipyrromethane 11.23 (500 mg, 1.3661 mmol, 1 equiv.) was dissolved in 25
ml dry tetrahydrofuran in 200 ml round bottom flask under N, inert atmosphere. DDQ
(680 mg, 3 mmol, 2.2 equiv.) was dissolved separately in 25 ml dry tetrahydrofuran
under N, inert atmosphere and added drop wise into reaction vessel containing
dissolved 11.23 and stirred reaction mixture for one hour. Then reaction mixture was
quenched with water, washed with water and extracted in dichlormethane. The
organic phase was separated, dried over anhydrous sodium sulphate (Na,SQO,4) and the
solvent was evaporated under vacuum. The residue obtained was dissolved in 20 ml
dry dichlormethane under N, inert atmosphere in 25 ml round bottom flask. Triethyl
amine (9.53 ml, 68.3060 mmol, 50 equiv.) added, after half an hour borontrifluoride
etherate (8.43 ml, 68.3060 mmol, 50 equiv.) was added and reaction mixture was
stirred overnight. The reaction mixture was diluted with dichloromethane and washed
three times with water. The organic phase was separated and dried over anhydrous
Na,SO4. The solvent was removed on rota-evaporator, the residue obtained was
purified by silica gel (100-200 mesh) column chromatography gives 11.24. Yield: 200
mg (32%); brown color solid; Melting Point = 250°C. *H-NMR (Chloroform-d,
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400MHz, 295K): & = 6.59(d, J = 4.0 Hz, 4H), 6.95(d, J = 4.0 Hz, 4H), 7.71-7.82(m,
4H), 7.98(s, 4H); BPC-NMR: & = 119.32, 128.99, 131.53, 132.06, 132.64, 134.44,
135.01, 145.19, 145.74 ppm; *F-NMR: & = -144.86 (g, 4F); *B-NMR: & = 0.29 (t,
2B); UV-Vis (CH,Cl): Amax(e)Lmol™ ecm™ = 502 nm (37620); HRMS: m/z calcd. for
(CosH16BoFsN4+H)'=  459.1575, Observed = 459.1580; Crystal data:
Co4H16B2F4N4(Mr = 458.03), monoclinic, space group C2/c (No.15), a = 19.943(3), b
= 10.3684(12), ¢ = 13.142(2)A, a = 90.00, B = 130.765(5), y = 90.00°, V =
2058.1(5)A%, Z = 4, pcaled = 1.478 mg/m®, T = 150K, Rint (all data) = 0.0348, R1(all
data) = 0.0380, RW (all data) = 0.1493, GOF = 1.361.
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Figure 11.19: *H-"H COSY spectrum of 11.24 in Chloroform-d
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Figure 11.20: F-NMR spectrum of 11.24 in Chloroform-d at 295K
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Figure 11.21: **B-NMR spectrum of 11.24 in Chloroform-d at 295K

Procedure for Synthesis of 11.26

1,4-Bis-dipyrromethane 11.25 (500 mg, 1.3661 mmol, 1 equiv.), DDQ (680 mg, 3
mmol, 2.2 equiv.), Triethyl amine (9.53 ml, 68.3060 mmol, 50 equiv.) and

borontrifluoride etherate (8.43 ml, 68.3060 mmol, 50 equiv.) were reacted as per
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procedure mentioned for synthesis of 11.24. Yield: 150 mg (24%); brown color solid;
Melting Point = >300°C. *H-NMR (Chloroform-d, 400MHz, 295K): & = 6.61(d, J =
4.0 Hz, 4H), 7.00(d, J = 4.0 Hz, 4H), 7.76(s, 4H), 8.01(s, 4H); *C-NMR: & = 119.27,
130.73, 131.71, 134.99, 136.37, 145.18, 145.66 ppm; **F-NMR: & = -144.83 (q, 4F);
UB.NMR: & = 0.32 (t, 2B); UV-Vis (CH,Cl,): Amax(e)Lmol™*cm™ = 505 nm (50580);
HRMS: m/z calcd. for (Co4H16B2F4N4+H) = 459.1575, Observed = 459.1586; Crystal
data: CyHi16B2FsN4(Mr = 458.03), monoclinic, space group P 21/n (No.14), a =
6.0762(17), b= 11.767(3), ¢ = 14.512(4)A, a.=90.00, B = 95.829(4), y = 90.00°, V =
1032.2(5)A%, Z = 2, pcaled = 1.474 mg/m®, T = 150K, Rint (all data) = 0.0400, R1(all
data) = 0.0515, RW (all data) = 0.1437, GOF = 1.075.
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Figure 11.22: *H-'H COSY spectrum of 11.26 in Chloroform-d at 295K
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Figure 11.23: *°F-NMR spectrum of 11.26 in Chloroform-d at 295K
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Procedure for Synthesis of 11.27

1,3,5-Benzene tricarboxaldehyde was synthesised as per literate procedure. 1,3,5-
Benzene tricarboxaldehyde (0.500 gm, 3.0864 mmol, 1 equiv.) was dissolved with
pyrrole (32 ml, 462.9630 mmol, 150 equiv.) in 100 ml round bottom flask under inert
N, atmosphere and trifluoroacetic acid (0.071 ml, 0.9260 mmol, 0.3 equiv.) added.
After 30 minute, reaction was quanched by adding 50 ml dichloromethane and 50 ml
0.1 N NaOH. The organic layer was extracted from aqueous layer with
dichloromethane, dried over anhydrous Na,SO, and solvent were evaporated in
vacuo. The residue was chromatographed to get pure compound 11.27. Yield: 0.51 gm
(32%); faint greenish-yellow color powder; Melting Point = Decomposes above
156°C. *H-NMR (Dimethyl Sulphoxide-ds, 400MHz, 295K): & = 5.19(s, 3H), 5.57(m,
6H), 5.85(m, 6H), 6.55(m, 6H), 7.00(s, 3H), 10.43(bs, 6H, exchangeable with D,0);
BC-NMR: 5 = 44.25, 106.45, 107.31, 117.01, 126.73, 133.81, 143.27 ppm; HRMS:
m/z calcd for (CazHsoNe+H) '=511.2610; observed= 511.2606.
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Figure 11.25: HR-ESI-TOF mass spectrum of 11.27
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Figure 11.26: "H-NMR spectrum of 11.27 in Dimethyl Sulphoxide-ds at 295K
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Procedure for Synthesis of 11.28

1,3,5-Tris-dipyrromethane 11.27 (510 mg, 1 mmol, 1 equiv.), DDQ (749 mg, 1.10
mmol, 3.3 equiv.), Triethyl amine (10.47 ml, 75 mmol, 75 equiv.) and
borontrifluoride etherate (9.25 ml, 75 mmol, 75 equiv.) were reacted as per our
regular procedure for synthesis of BODIPY 11.24. Yield: 102 mg (16%); brown color
solid; Melting Point = >300°C. *H-NMR (Chloroform-d, 400MHz, 295K): & = 6.63(d,
J = 4.0 Hz, 6H), 6.96(d, J = 4.0 Hz, 6H), 8.02(s, 9H); *C-NMR: 5 = 119.82, 131.25,
133.74, 134.79, 134.98, 143.48, 145.95 ppm; *F-NMR: § = -144.77 (g, 6F); ''B-
NMR: & = 0.27 (t, 3B); UV-Vis (CH2Cly): Ama(e)Lmol™ ecm™ = 505 nm (110160);
HRMS: m/z calcd. for (CasH21BsFsNe+H) "= 649.2089, Observed = 649.2103; Crystal
data: Csz3Hy1BsFgNg(Mr = 647.99), trigonal, space group R -3c (No.167), a =
31.202(3), b = 31.202(3), ¢ = 20.028(2)A, a = 90.00, B = 90.00, y = 120.00°, V =
16886(3)A3, Z = 18, pcalcd = 1.147 mg/m®, T = 150K, Rint(all data) = 0.0652, R1(all
data) = 0.1442, RW (all data) = 0.1550, GOF = 1.040.
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Figure 11.29: *H-"H COSY spectrum of 11.28 in Chloroform-d at 295K
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Figure 11.30: **F-NMR spectrum of 11.28 in Chloroform-d at 295K
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Figure 11.31: **B-NMR spectrum of 11.28 in Chloroform-d at 295K

Procedure for Synthesis of 11.29

5-Bromoisophthaldehyde was prepared as per literature procedure. 5-
Bromoisophthaldehyde (5 gm, 24 mmol, 1 equiv.), ethylene glycol (4 ml, 71 mmol, 3
equiv.) and p-Toluene Sulfonic Acid (40 mg) were refluxed with 50 ml dry toluene in
Dean Stark apparatus to get protected 5-bromoisophthaldehyde, 11.29. Yield: 5.60 gm
(77%); colorless oil. *H-NMR (Chloroform-d, 400MHz, 295K): & = 4.10(m, 8H),
5.80(s, 2H), 7.50(s, 1H), 7.62(d, 2H); *C-NMR: & = 65, 102, 122, 123, 130, 140
ppm; HRMS: m/z calcd. for (C1,H13BrO,4+H)*= 301.0075, Observed = 301.0076.
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Figure 11.32: HR-ESI-TOF mass spectrum of 11.29
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Figure 11.33: *H-NMR spectrum of 11.29 in Chloroform-d at 295K
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Figure 11.34: *C-NMR spectrum of 11.29 in Chloroform-d at 295K

Procedure for Synthesis of 11.30

Protected 5-bromoisophthaldehyde 11.29 (500 mg, 1.6667 mmol, 1 equiv.) was
dissolved in 10 ml dry THF in 100 ml round bottom flask under N, inert atmosphere
and reaction mixture temperature brought to -78°C. After stirring reaction mixture for
5 minute, 1.2 ml 1.6 M n-BuLi in n-hexane was added. Thereafter 30 minute, 90 mg
NiCl,(dppe) dissolved separatly in 5 ml dry THF was added to the reaction mixture
and finally protected 5-bromoisophthaldehyde 11.29 (500 mg, 1.6667 mmol, 1 equiv.)
dissolved separatly in 5 ml dry THF was added and reaction mixture were refluxed for
two hours. Reaction progress was monitored with TLC and quenched with distilled
water. Organic compound was extracted with ethyl acetate, dried over anhydrous
Na,SO, and solvent evaporated on rota-evaporator to get crude reaction mixture. Pure
product was obtained after performing silica gel column chromatography. Yield: 61
mg (8%); colorless solid; Melting Point = 195°C. *H-NMR (Chloroform-d, 400MHz,
295K): 8 = 4.10(m, 16H), 5.90 (s, 4H), 7.60(s, 2H), 7.72(s, 4H); *C-NMR: § = 65.29,
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103.43, 123.74, 126.14, 138.91, 141.03 ppm; HRMS: m/z calcd. for (C4H260s+H)"=
443.1706, Observed = 443.1707.
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Figure 11.35: HR-ESI-TOF mass spectrum of 11.30
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Figure 11.36: "H-NMR spectrum of 11.30 in Chloroform-d at 295K
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Figure 11.37: *C-NMR spectrum of 11.30 in Chloroform-d at 295K
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Procedure for Synthesis of 11.31

Compound 11.30 (1 gm) is dissolved in a minimum amount of dichloromethane, then
50 ml tetrahydrofuran and 10 mL 6N HCI was added and this solution is stirred for
one hour at room temperature. The solvent was removed under vacuo and to the
residue dichloromethane was added. This organic solution was washed with 15 %
ageous K,CO3 (2X150 mL), distilled water (100 ml) and dried over Na,SO4. The
solvent was removed under vacuo and obtained residue was purified by column
chromatography. Yield: 80 mg (13%); colorless solid; Melting Point = 132°C. ‘H-
NMR (Chloroform-d, 400MHz, 295K): & = 8.26(d, J = 1.6 Hz, 4H), 8.30(t, J = 1.6
Hz, 2H), 10.05(s, 4H); *C-NMR: & = 124.39, 129.21, 137.17, 138.46, 189.44 ppm;
HRMS: m/z calcd. for (C1H1004+H)"= 267.0657, Observed = 267.0676.
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Figure 11.39: *H-NMR spectrum of 11.31 in Chloroform-d at 295K
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Figure 11.40: *C-NMR spectrum of 11.31 in Chloroform-d at 295K
Procedure for Synthesis of 11.32

Similar protocol to synthesis of 11.27 was employed for synthesis of 11.32. 1,1°-
Biphynyl-3,3°,5,5’-Tetra-aldehyde 11.31 (60 mg, 0.2256 mmol, 1 equiv.) and pyrrole
(3.12 ml, 45.1128 mmol, 200 equivalent) reacted using TFA (6.90 nlit, 0.09023
mmol, 0.4 equiv.). Yield: 100 mg (49%); colorless sticky compound. ‘*H-NMR
(Acetone-ds, 400MHz, 295K): & = 5.41(s, 4H), 5.72(m, 8H), 5.97(m, 8H), 6.67(m,
8H), 7.19(s, 4H), 7.21(s, 2H), 9.72(bs, 8H, exchangeable with D,0); *C-NMR: § =
43.76, 106.76, 107.39, 117.17, 121.55, 127.86, 129.16, 132.42, 146.03 ppm; HRMS:
m/z calcd for (C4gH42Ng+H)": 731.3611; observed: 731.3628.
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Figure 11.41: HR-ESI-TOF mass spectrum of 11.32
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Figure 11.42: *H-NMR spectrum of 11.32 in Acetone-dg at 295K
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Figure 11.44: *C-NMR spectrum of 11.32 in Acetone-ds at 295K
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Procedure for Synthesis of 11.33

1,1’-Biphynyl-3,3".5,5’-Tetra-dipyrromethane 11.32 (90 mg, 0.1232 mmol, 1 equiv.),
DDQ (123 mg, 0.5424 mmol, 4.4 equiv.), Triethyl amine (1.72 ml, 12.32 mmol, 100
equiv.) and borontrifluoride etherate (1.52 ml, 12.32 mmol, 100 equiv.) were reacted
as per procedure used for synthesis of 11.24. Yield 24 mg (21%); brown color solid;
Melting Point = Decomposes above 250°C. ‘H-NMR (Chloroform-d, 400MHz,
295K): 6 = 6.62(d, J = 4.0 Hz, 8H), 6.98(d, J = 4.0 Hz, 8H), 7.87(s, 2H), 8.01-8.03(m,
12H); ®C-NMR: & = 119.50, 130.76, 131.09, 131.11, 131.79, 134.81, 135.53, 145.54
ppm; *F-NMR: § = -144.59 (g, 8F); *B-NMR: & = 0.03 (t, 4B); UV-Vis (CH.Cl,):
Amax(€)Lmolem™ = 502 nm (39250); HRMS: m/z calcd. for (CagHzoBaFsNg+H) =
915.2916, observed = 915.2903; Crystal data: CygH3oBsFsNg(Mr = 914.04),
monoclinic, space group P 21/c (No.14), a = 13.045(2), b = 14.548(3), ¢ =
15.682(3)A, o= 90.00, B = 107.016(4), y = 90.00°, V = 2845.8(9)A%, Z = 2, pcaled =
1.067 mg/m®, T = 100K, Rint (all data) = 0.0662, R1(all data) = 0.1544, RW (all data)
= 0.2455, GOF = 0.690.
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Figure 11.45: *H-'H COSY spectrum of 11.33 in Chloroform-d at 295K
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Figure 11.46: *°F-NMR spectrum of 11.33 in Chloroform-d at 295K
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Figure 11.47: *'B-NMR spectrum of 11.33 in Chloroform-d at 295K
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Chapter 111

Reactivity of N-Confused Dipyrrins
and Doubly N-Confused Dipyrrins
with Metal Salts
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Section A: Reactivity of N-Confused Dipyrrins with Metal Salts

I11.A.1: Introduction:

Porphyrin and corrole are the tetrapyrrolic aromatic molecules containing
NNNN core. These macrocycles are excellent ligand for various metal ions and also
have potential for applications in material science, biology and medicines. Recently,
porphyrinoids with a N-confused pyrrole ring has gained significant interest owning
to their unusual structural and chemical properties. N-confused porphyrin 111.A.1%]
and N-confused corrole 111.A.2%7 represent the simplest examples of N-confused

porphyrinoids (Figure 111.A.1).

R
R
N
N
\ ~ NH
R R
R R
R= C6F5

R

Porphyrin Corrole N-confused Porphyrin N-confused Corrole
LA L.A.2

Figure 111.A.1: Structures of Porphyrin, Corrole, N-confused Porphyrin and N-

confused corrole

N-confused porphyrin (NCP) was reported independently by Furuta and
Latos-Grazynski in 19948 Like porphyrin, NCP is also composed of four pyrrole
rings and four meso-carbon atoms, but possesses a confused pyrrole ring which is
connected to the neighbouring meso-carbon atoms through a and p-carbon atoms.
Therefore, the pyrrolic B-CH is facing the center of the macrocycle and the imine
nitrogen pointed outside the core of the macrocycle and hence NCP contains NNNC
core. In contrast to porphyrin, NCP exhibits an unsymmetrical structure and non-
planar geometry. The loss of planarity as observed from the molecular structure of
NCP, displayed the tilting of the confused pyrrole ring from the mean NCP plane by

an angle of 30°.

The induced change due to the unorthodox connectivity of a pyrrole ring paves
the way for tautomeric structures of NCP as realized by the observed color change in

different organic solvents!*®). NCP forms red colored solution in dichloromethane
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(non-polar solvent) and green in dimethyl formamide (polar solvent). The *H-NMR,
X-ray diffraction analysis and UV-Visible spectroscopy confirmed the presence of
tautomer NCP I1lLA.1 in dichloromethane and the less aromatic tautomer NCP
I11.A.2 in dimethyl formamide (Figure I11.A.2).

R R

R = C(F;
NCP lILA.1 NCPIIL.A.2

Figure 111.A.2: Tautomerism in N-confused Porphyrin (NCP)

There were similar attempts to accommodate a confused pyrrole unit in a
corrole framework. Furuta and co-workers targeted the synthesis of N-confused
corrole 111.A.4 using N-confused bilane 111.A.3. Apart from the expected N-confused
corrole 111.A.4, an unusual type of N-C linked corrole isomer called norrole 111.A.5
was also obtained as a minor byproduct (Scheme 111.A.1)* in this reaction. The neo-
confused pyrrole ring in Norrole is connected to the meso-carbon by a B-carbon atom,
while the nitrogen of the neo-confused pyrrole ring forms a bond with the a-position
of the neighboring pyrrole. Due to this arrangement of the pyrrole, the neo-confused

pyrrole ring is tilted by 36.4° from mean macrocyclic plane of the norrole.

CeFs
DDQ
(3.3 equiv.)
Cefs " chyoN Cefs
reflux, 1 hr |\
N
H
N-confused bilane N-confused corrole Norrole
l.A.3 l.A.4 ILA.5

Scheme I11.A.1: Synthesis of N-confused Corrole and Norrole

During the synthesis of N-confused norrole 111.A.7 from doubly N-confused

bilane 111.A.6, under harsh reaction conditions, C-fused norroles 111.A.8 was also

[49]

identified in the reaction mixture (Scheme I11LA.2)"™. The driving force for
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intramolecular C-C coupling could be the availability of a narrow space inside
macrocycle and flexibility of N-linked and N-confused pyrrole ring in N-confused

norrole.

p-TSOHH20
1h, rt
CsFs ™ bpa
reflux, 2 hr
Doubly N-confused bilane N-confused norrole C-fused norrole
ll.LA.6 HLA.7 lLA.8

Scheme 111.A.2: Synthesis of C-fused Norrole

Lash and co-workers considered this novel method of norrole synthesis as
neo-confused approach, and coined the term ‘“neo-confusion”. They employed a
different synthetic approach to synthesize the unknown porphyrin isomer with N-
linked meso-carbon and called such systems as neo-confused porphyrin®®. Neo-
confused porphyrin possesses neo-confused pyrrole ring connected to the meso-
carbon atom by nitrogen atom on one side and the other end is connected through a -
carbon atom of the same pyrrole unit. The MacDonald 2+2 condensation of
dialdehyde 111.A.9 with dipyrromethane 111.A.10 using p-toluenesulphonic acid in
methanol/dichloromethane produced the neo-confused phlorin 111.A.11, as confirmed
by proton NMR spectrum. The phlorin was further oxidized with DDQ to the
corresponding benzoporphyrin isomer or neo-confused porphyrin 111.A.12 (Scheme
I11.A.3). Neo-confused porphyrin 111.A.12 forms a square planar nickel (I1) complex

with metal-carbon bond and hence act as an organometallic ligand.

Et
N = Me
Sihes
OHC CHO

Dialdehyde p-TsOH [0]
lLA.9 MeOH
HO,C T CO.H CH,Cl
NH HN
Me / _ \\ Me
R R Phlorin Neo-confused porphyrin
LA 11 lLA.12

Dipyrromethane
1.A.10

Scheme 111.A.3: Synthesis of Neo-confused Porphyrin
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Formation of C-fused norrole 111.A.81* and organometallic complex of neo-
confused porphyrin 111.A.125% indicate the high reactivity of inner carbon (a-carbon)
atom of norrole and neo-confused porphyrin respectively. Substituted pyrrole play a
significant role in the synthesis of norrole compared to N-confused corrole. When
indole was employed as a substituted pyrrole, the target molecule benzonorrole was
obtained in high yields. N-confused benzobilane 111.A.13 was also synthesized by
same strategy as used for N-confused bilane 3. Oxidative cyclization of N-confused
benzobilane 111.A.13 with p-chloranil and copper(ll) acetate leads to Cu(lll)
benzonorrole 111.A.14 and further demetalated to free base benzonorrole 111.A.155Y.
This benzonorrole undergoes dimmerization to cis-benzonorrole dimer (cis-BNdimer)
I11.A.16 and trans-benzonorrole dimer (trans-BNdimer) 111.A.17 when treated with
DDQ under reflux in CH3CN (Scheme 111.A.4). Both the structures were confirmed

by single crystal X-ray diffraction analysis.

1. p-chloranil
2. Cu(OAc)yH,0
CH3CN
N-confused benzobilane Cu(III) Benzonorrole Benzonorrole
.A.13 l.A.14 ll.LA.15
DDQ

2.0 equiv.
CH3CN

reflux, 20 min

trans-BNdimer cis-BNdimer
H.A.17 111.LA.16

Scheme I11.A.4: Synthesis of Benzonorrole and its dimerization

Cis-BNdimer can be further reduced with TsNHNH, to BNdimerH; and
BNdimerH, was oxidized back to cis-BNdimer with DDQ. However a similar

reduction of trans-BNdimer with TSNHNH,, did not yield expected product.
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I11.A.2: Objectives:

The synthesis of Norrole and Neo-confused porphyrins add a new dimension
to the versatile structural diversity of the porphyrin ring. However, these molecules
are known to be synthesized through multi-step procedure which requires an
oligopyrrole with a confused pyrrole unit. However similar reactivity of N-confused
dipyrromethane as a potential metal chelating agent remins unexplored till date. It was
observed that the oxidized diprromethane displayed reactivity uncharacteristic of a
metal complexing agent and it underwent oxidative coupling to yield large
macrocycles, in presence of metal ions, with structure features similar to norrole.
Hence it was decided to employ this reaction as a simple and effective strategy to

synthesize contracted and expanded norroles.

I11.A.3: Synthesis and Characterization of N-confused Dipyrrin
boron trifluoride Complex 111.A.20:

The oxidation of N-confused dipyrromethane 111.A.18%% with DDQ (2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone) can lead to two tautomers, 111.A.19a and
111.A.19b, of N-confused dipyrrin depending on presence of imine nitrogen on one of
the pyrrole ring (Scheme II1LA.5). Further, upon reacting the confused dipyrrin
I11.A.19 with boron trifluoride etherate, it was expected to yield a boron difluoride N-
confused dipyrrin complex. However only a boron trifluoride complex 111.A.20 was
obtained, similar to Lewis acid-base adducts. The formation of boron trifluride
complex 111.A.20 was confirmed by mass spectroscopy (Figure 111.A.3) and single
crystal X-ray diffraction analysis (Figure Ill.A.4). This complex confirmed the
oxidation of N-confused pyrrole ring rather than the normal pyrrole ring of N-
confused dipyrromethane, 111.A.18, with DDQ.

Ph Ph Ph NEts Ph
NH NH =N NH NH =y 15% NH =N
B
ll.LA.18 lllLA.19a lILA.19b ILA20F

Scheme 111.A.5: Oxidation of N-confused Dipyrromethane and its boron trifluoride

complex
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Figure 111.A.3: HR-ESI-TOF mass spectrum of 111.A.20

Figure I11.A.4: Molecular Structure of 111.A.20

I11.A.4: Synthesis of Expanded Norroles:

Since the imine nitrogen of the N-confused dipyrrin 111.A.19b was

coordinated to the boron atom of the boron trifluoride, a similar reactivity was
expected with metal salts too. The dipyrrin derived from pentafluorophenyl N-
confused dipyrromethane was stirred overnight with anhydrous copper(ll) acetate in
dry tetrahydrofuran (Scheme I11.A.6). Surprisingly, the High Resolution Mass
Spectrum (HRMS) displayed a m/z ratio 925.1188 (Figure 111.A.5) and 1233.1587
(Figure 111.A.6) corresponding to the cyclotrimer I11.A.21a and cyclotetramer
I11.A.22 of the dipyrrin respectively™. Same products were obtained with other

metal salts such as Co?", Zn?*, Mn?*, Fe?*, Fe®", Ti*" and Sn?* under similar reaction
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conditions. Along with cyclotrimer and cyclotetramer, cyclodimer (norcorrole
isomer)!¥* 34 cyclopentamer and cyclohexamer were also observed in MALDI-TOF
mass spectrum, but their yield was too low for further separation and characterization.
Similarly, the reaction of phenyl derivative of the N-confused dipyrrin with metal salt

also afforded cyclotrimer 111.A.21b as the major product.

R
2+
X N\ Cu +
lILA.19b
R=CGF5
l.LA.21R lllLA.220
Scheme 111.A.6: Expected Molecules
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Figure 111.A.5: HR-ESI-TOF mass spectrum of 111.A.21a.
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Figure 111.A.6: HR-ESI-TOF mass spectrum of 111.A.22.

Since a-a coupling is a well known synthetic methodology for synthesis of
expanded porphyrinoids, the observed cyclotrimer and cyclotetramer of N-confused
dipyrrin indicated possibility of formation of N-confused rosarin 111.A.21R and N-

confused octaphyrin 111.A.220 respectively

In this regard, the formation of N-confused rosarin 111.A.21R represents a
structural isomer of rosarin 111.A.23, while N-confused ocatphyrin 111.A.220 can

represent a structural isomer of octaphyrin 111.A.24. (Figure I11.A.7).

Rosarin is a hexapyrrolic expanded porphyrin or hexaphyrin(1,0,1,0,1,0)
macrocycle 111.A.25%% reported by Sessler and co-workers. It was synthesized
through an acid catalyzed condensation of bipyrrole with aromatic aldehyde.
Formally, the macrocycle accounts for 24 m-electrons and expected to be anti-
aromatic in nature. Structural elucidation confirmed a distorted conformation and
hence its spectroscopic features displayed structure induced loss of paratropicity.
Further it could not be oxidized to a 22 =-electron aromatic system. Very recently,
they also synthesized a planar rosarian 111.A.261°%! which exhibited anti-aromatic

characteristics due to its planar structure. This was also synthesized through acid
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catalyzed  condensation of  1,10-dihydrobenzo[e]pyrrolo[3,2-glindole  and
pentaflurobenzaldehyde (Figure I11.A.8).

Ph

lLA.23

lll.A.24

Figure 111.A.7: Rosarin 111.A.23 and the octaphyrin 111.A.24 are the other reported
structural isomers till date of 111.A.21R and 111.A.220
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Figure 111.A.8: Distorted and planar conformations for 24z Rosarin

I11.A.5: Single Crystal X-Ray Diffraction Analysis of Expanded

Norroles:

The expected structures of 111.A.21R and I11.A.220 were elucidated by single
crystal X-ray diffraction analysis. Good quality crystals were grown by slow
evaporation of n-hexane into chloroform solution of the macrocycles. Unexpectedly,
the obtained crystal structures confirmed the presence of C-N bond between the
pyrroles in bipyrrole subunit similar to that observed for Norrole. Hence it can be
considered as Expanded Norroles. The hexapyrrolic expanded norrole 111.A.21a

confirmed three C-N bonds in the three bipyrrole subunits (Figure 111.A.9). So the
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molecule contains alternate arrangement of three normal and three N-linked pyrroles
through a head-to-tail connection between three N-confused dipyrrins. Therefore, N-
linked pyrrole shows one of the a-carbon inside and other o and B-carbon pointing
outside the macrocycle. All the pyrrole rings are found to be coplanar hence prove
that lone pair of electron on nitrogen atom of the N-linked pyrroles delocalized over
the macrocycle. The dihedral angle between two pyrrole connected by C-N bond in

bipyrrole subunit is 16°, so deviated from perfect planarity.

CesFs
andl \ N
=N

llLA.21a

Figure 111.A.9: Molecular Structure of 111.A.21a top view (left) and side view (right)

Macrocycle 111.A.22 displayed a near planar structure with a rectangular shape
in solid state (Figure I11.A.10). In a fashion similar to 111.A.21a, four N-confused
dipyrrins are interconnected through C-N bond by head-to-tail arrangement leading to
four C-N linked four bipyrrole units. This type of bonding is very similar to that
observed in Norrole and hence this macrocycle can also be considered as “Expanded
Norroles”. Vogel and co-workers have reported octaphyrins with eight pyrroles and
four or more meso-carbon atoms. Such systems were found to adopt a twisted

conformation and hence considered as anti-aromatic in nature®’. The expanded
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norrole 111.A.22 is the first octaphyrin with a near planar conformation. The
molecular structure of I11.A.22 indicates two different N-linked pyrroles (i) A, E
pyrroles with a and B-carbon pointing inside and other a-carbon pointing outside the
central cavity of macrocycle and (ii) C, G pyrrole exhibited similar orientation as
observed in 111.A.21a N-linked pyrrole. The distance between the two nitrogen of the
pyrrole ring (B, H and D, F) is 7.0A. It is sufficient enough to accommodate two
carbon atoms inside the cavity and hence favor an inverted configuration for N-linked
pyrrole. The distance between the nitrogen of the two pyrrole rings (B, D and F, H) is
5.0A is insufficient for pyrrole rings to be inverted. This inversion of N-linked pyrrole
reduces the symmetry of molecule 111.A.22 which gives two different signals for N-
linked pyrrole in its *H-NMR spectrum. The C-N linked pyrroles (A, H and D, E) are
coplanar while other two pair of N-linked pyrrole (B, C and G, F) makes a dihedral
angel of 18° with each other. The pair of pyrrole rings C, G and B, F make an angle of
17° and 4°, respectively, with the plane formed by the four meso-carbon atoms. These
observed deviations prevent the macrocycle to adopt a perfect planar structure. The
near planar structure of macrocycle 111.A.22 indicates the lone pair of electron on
nitrogen atom of N-linked pyrroles is delocalized over molecular plane. Also C-C
bond length in 111.A.21a and 111.A.22 is in between single and double bond distance
suggesting the 7 electron delocalization all over molecule (CCDC 933257 for
I11.A.21a and CCDC 933258 for 111.A.22)1%%,

lll.A.22

Figure 111.A.10: Molecular Structure of 111.A.22 top view (left) and side view (right).
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I11.A.6: Characterization of Expanded Norroles

The *H-NMR spectrum of expanded norrole 111.A.21a displayed multiplets at
o =11.16, 6.78, and 5.62 ppm and two doublets at 6 = 6.50 and 6.48 ppm (Figure
111.A.11). *H-'H COSY demonstrated the correlation between two doublets at & =6.50
and 6.48 ppm, while the other three signals were found to be coupled with each other
(Figure 111.A.13). These observations suggested the possibility of normal pyrrole and
confused pyrrole rings with two and three different protons respectively. D,0O
experiment did not change the spectral pattern indicating absence of NH in the
macrocycle. Also DEPT-90 spectrum confirmed five different C signals
corresponding to CH group (Figure 111.A.12). Overall four signals appeared between 6
=126 to 112 ppm and the fifth downfield signal appeared at 136 ppm. All these
analysis prove the formation of Il1l.A.21a as a macrocyclic product with three
bipyrrole units having an unusual connection amongst themselve. The upfield and
downfield chemical shift values observed in the *H spectrum signified paratropic ring
current effect and delocalization of m electron occurs such that the loan pair of

electron present on N also contributed to the anti-aromatic nature.
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Figure 111.A.11: *H NMR Spectrum of 111.A.21a in CDCl; at room temperature.
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Figure 111.A.12: (Top) DEPT-90 NMR Spectrum, (Bottom) **C NMR Spectrum of
I11.A.21a in CDCl; at toor temperature.
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Figure 111.A.13: *H-'H COSY Spectrum of 111.A.21a in CDCls at room temperature.

The 'H-NMR spectrum of expanded norrole 111.A.22 displayed double the
number of signals as observed for 111.A.21a in the region between 6 = 10.00 and 6.00
ppm (Figure 111.A.14). The 'H-'H COSY corroborated two different types of

correlation (i) two sets of correlation was observed for the four doublets between & =

72



7.25-6.97 ppm corresponds to normal pyrrole rings, (ii) Other six signals 6 = 9.97,
8.69, 8.54, 7.64, 7.53 and 6.22 ppm showed two sets of symmetrical correlation which
are assigned for confused pyrrole rings (Figure I11.A.16). Addition of D,O did not
change the spectral pattern showing absence of NH in the macrocycle. DEPT-90
experiment gave eight different **C signals between & = 127 to 114 ppm and a
downfield signal at 138 ppm were observed for other two carbons (Figure I11.A.15).
The downfield signal at 10 ppm in *H NMR and at 138 ppm in DEPT 90 spectrum
indicated the paratropic ring current effect for anti-aromatic macrocycle 111.A.22. All
these observations clearly suggest the presence of two pair of confused ring with
dissimilar orientation in macrocycle 111.A.22. The 32z octaphyrin 111.A.24, with eight
pyrrole unit was found to take twisted conformation, hence characterized as non-
aromatic in nature®®. But observed shielding and deshielding in *H-NMR spectrum of

I11.A.22 indicate the planar conformation for 32z system and anti-aromaticity.
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Figure 111.A.14:*H NMR Spectrum of 111.A.22 in Acetone-ds.
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Figure 111.A.15: (TOP) DEPT-90 NMR Spectrum (Bottom) **C NMR Spectrum of
I11.A.22 in Acetone-dg
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Figure 111.A.16: *H-"H COSY Spectrum of 111.A.22 in Acetone-ds.
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Similarly the obtained expanded norrole 111.A.21b was also confirmed by

HRMS (Figure 111.A.17), *H-NMR (Figure 111.A.18) and single- crystal X-ray
diffraction analysis (Figure 111.A.19).
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Figure 111.A.17: HR-ESI-TOF mass spectrum of 111.A.21b.
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Figure 111.A.18: *H NMR Spectrum of 111.A.21b in CDCls.
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Figure 111.A.19: Molecular Structure of I11.A.21b top view (left) and side view
(right).

I11.A.7: Optical Properties

The 111.A.21a and 111.A.22 form yellowish-green and red colored solution in
common organic solvents respectively due to their extensive conjugation. The
compound I11.A.21a shows a maximum absorption at A = 402 nm (e = 45000) and a
weak absorption at A = 526 nm. The compound I11.A.22 exhibited maximum
absorption at A = 423 nm (¢ = 152000) and two weak absorption at A = 518 and 550
nm (Figure 111.A.20). The observed weak and broad absorption suggested the anti-
aromatic nature of these macrocycles. The computed nucleus independent chemical
shift (NICS)® for these molecules using Gaussian 09 for qualitative and
quantitative determination of © electron delocalization in macrocycle. The computed
NICS(0) values for 111.A.21a, 111.A.21b and 111.A.22 are found to be 6 = 4.5, 3.5 and
1.5 ppm respectively. These obtained positive NICS(0) values are indicative of weak

anti-aromatic character of macrocycles.
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Figure 111.A.20: Electronic spectra of ~10° M solutions of I111.A.21a, 111.A.21b and
I11.A.22 in dichloromethane.

I11.A.8: Conclusion
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N-confused dipyrrin exhibits different reactivity with metal salts as compared
to regular dipyrrin. Interestingly it undergoes intermolecular cyclomerization to form
novel expanded norroles. These expanded norroles contain multiple C-N linkage
along the conjugated pathway of the macrocyclic framework. The upfield and
downfield chemical shift values in their *H NMR spectra suggest paratropic ring
current effects in the solution state and anti-aromatic in nature. The synthetic protocol
is very simple and can be catalyzed with a variety of metal salts. Compound 111.A.22
is the first example planar 32z octaphyrin and shows anti-aromatic in nature. These
molecules are formed by accommodating more than two neo-confused pyrrole rings
hence represent the novel class of stable, anti-aromatic expanded porphyrinoids with

unusual 7 electron conjugation.
111.A.9: Experimental Section:

All reagents and solvents were of commercial reagent grade and used without further
purification except where noted. Dry THF was obtained by refluxing and distillation
over pressed Sodium metal. Column chromatography was performed on silica gel
(230-400) in glass columns. *H NMR spectra were recorded either on a JEOL 400
MHz spectrometer, and chemical shifts were reported as the delta scale in ppm
relative to CHCl3 (6 = 7.26 ppm) or (CH3),CO (6 = 2.1 ppm) as internal reference for
'H. Electronic spectra were recorded on a Perkin-Elmer A-900 ultraviolet—visible
(UV—vis) spectrophotometer. High Resolution Mass spectra were obtained using
WATERS G2 Synapt Mass Spectrometer. Single crystals were grown by using
chloroform and hexanes. Single crystal X-ray diffraction were performed on
BRUKER KAPPA APEX Il CCD Duo diffractometer (operated at 1500 W power: 50
kV, 30 mA) using graphite-monochromated Mo Ka radiation (. = 0.71073 A).
Quantum mechanical calculations were carried out on Gaussian 09 program suite to
estimate the NICS(0) values at the centre of the molecular plane of all the three
macrocycles. Density functional theory (DFT) with Becke’s three-parameter hybrid
exchange functional and the Lee-Yang-Parr correlation functional (B3LYP) and 6-
31G (d,p) basis set for all the atoms were employed in the calculations. The
molecular structures obtained from single crystal analysis were used to obtain the

geometry optimized structures. All the three macrocycles were found to have large
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and positive NICS(0) values confirming their anti-aromatic nature. Computational

calculations were carried out on the Supercomputer facility at 1ISER, Pune

Synthesis of 111.A.20:

DDQ (0.56 g, 2.477 mmol, 1.1 equiv.) was added to meso phenyl N-confused
dipyrromethane 111.A.18 (0.5 g, 2.25 mmol, 1 equiv.) dissolved in 25 ml dry
tetrahydrofuran. The reaction was stirred for one hour reaction and then quenched
with water. The organic phase extracted with dichloromethane, dried over sodium
sulphate (Na,SQO,) and evaporated in vacuo. Then, the crude product was dissolved in
25ml dry dichloromethane and triethyl amine (4.71 ml, 33.78 mmol, 15 equiv.). After
30 minutes, boron triflouride (4.17 ml, 33.78 mmol, 15 equiv.) was added and stirring
continued overnight. The reaction was quenched with water and the organic phase
extracted with dichloromethane and evaporated in vacuo. The residue obtained was
purified by silica gel chromatography to yield 100 mg (15%) of 111.A.20 as a
yellowish orange colored solid. *H NMR: Spectrum shows very broad signals that
cannot be assigned properly. UV-Vis (CH,Cl,): Amax = 445 nm; HRMS m/z calcd. for
[C1sH12BF3N,-H]" = 287.0968, Observed = 287.0973. Crystal data: CisHi,BF3N,
(Mr = 288.08), Orthorhombic, space group P 21 21 21, a = 5.5466(16), b = 15.127(5),
¢ =15.528(5)A, a = f =y =90.00°, V = 302.8(7)A% Z = 4, pcalcd = 1.469 mg/m* T =
150K, Rint (all data) = 0.0599, R1(all data) = 0.1282 , RW (all data) = 0.2337, GOF =
0.676.

Synthetic Procedure for Expanded Norroles:

DDQ (0.8 g, 3.5 mmol, 2.2 equiv) was added to a stirred solution of meso
pentafluorophenyl N-confused dipyrromethane (0.5 gm, 1.6 mmol, 1 equiv.) in
tetrahydrofuran under nitrogen atmosphere. After stirring for 1hour, copper acetate
(0.15 gm, 0.8 mmol, 0.5 equiv.) was added and stirring continued overnight. The
reaction was quenched with water and the organic phase was extracted thrice with
CH.Cl,. The combined organic phase was washed repeatedly with water, dried over
Na,SO, and the solvent evaporated in vacuo. The residue was purified by SiO,
column chromatography using a mixture of hexane and ethyl acetate as the eluent.
The first yellowish green fraction afforded I11.A.21a (60 mg, 4%) followed by a
reddish coloured fraction yielded 111.A.22 (20mg, 1%).
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I11.A.21a: *H NMR (CDCls, 400 MHz, 298 K) & = 11.16 (m, 3H), 6.78 (m, 3H), 6.50
(d, J = 4Hz, 3H), 6.48 (d, J = 4Hz, 3H), 5.62 (m, 3H); *C NMR (CDCl;, 100 MHz,
298K) 6 = 113.97, 120.45, 120.95, 124.38, 126.86, 127.24, 137.84, 151.87, 163.62,;
UV-Vis (CH,Cl): Amax(e)Lmol*cm™: 402 nm (45,000), 526 nm (1092); HRMS m/z
calcd. for [CssHisFisNg+H]" = 925.1197, Observed = 925.1188; Crystal data:
CasHisF1sNg(Mr = 927.65), monoclinic, space group P21/n, a = 10.493(2), b =
20.963(4), ¢ = 34.490(7)A, « = 90.00, B = 81.887(7), y = 90.00°, V = 7510(3)A3, Z =
8, pcaled = 1.641 mg/m®, T = 150 K, Rint (all data) = 0.0687, R1 (all data) = 0.2224,
RW (all data) = 0.2330, GOF = 0.960.

111.A.22: '"H NMR (Acetone-ds, 400 MHz, 298K) & = 9.97 (m, 2H), 8.69 (d, J = 4.0
Hz, 2H), 8.54 (m, 2H), 7.64 (m, 2H), 7.53 (m, 2H), 7.21 (d, J = 4.0 Hz, 2H), 7.15 (d, J
= 4.0 Hz, 2H), 7.08 (d, J = 4.0 Hz, 2H), 6.97 (d, J = 4.0 Hz, 2H), 6.22 (m, 2H); *C
NMR (Acetone-ds, 100 MHz, 298K) & 114.08, 116.42, 120.34, 120.39, 120.48,
12413, 125.12, 125.24, 126.06, 126.53, 138.20, 138.31, 151.48, 151.62, 162.41,
162.66; UV-Vis (CH2Cly): Amax(e)Lmol™ ecm™ = 423 nm (1,52,400), 518 nm (9150),
550 nm (6550); HRMS m/z calcd. for [CeoHaoF20Ng+H]" = 1233.1570, Observed =
1233.1587; Crystal data: CgoHaoF20Ng (Mr = 1232.84), Triclinic, space group P-
1(No. 2), a =16.937(6), b =17.127(6), ¢ = 19.802(7)A, a = 69.219(5), 4 = 73.707(5), y
= 60.742(6)°, V = 4645(3)A%, Z = 3, pcaled = 1.322 mg/m®, T = 150K, Rint (all data)
=0.0718, R1(all data) = 0.1983, RW (all data) = 0.2505, GOF = 0.592.

Synthesis of 111.A.21b:

The procedure mentioned above was employed with meso-phenyl N-confused
dipyrromethane (0.5 g, 2.25 mmol, 1 equiv.), DDQ (1.125 g, 4.955 mmol, 2.2 equiv.)
and copper acetate (0.2027 g, 1.125 mmol, 0.5 equiv.). Yield 40 mg (2.7%). *H NMR
(CDCl3, 400MHz, 298K) 6 = 5.75 (s, 3H), 6.41 (d, J = 4.0 Hz, 3H), 6.63 (d, J = 4.0
Hz, 3H), 6.77(m, 3H), 7.31-7.41(m, 15H) 10.92(s, 3H); UV-Vis (CHCly):
Amax(€)Lmol em™ = 405 nm (141,200); HRMS m/z calcd. for [CasHaoNg+H]" =
655.2611, Observed = 655.2606; Crystal data: CssH3Ng(Mr = 654.75), monoclinic,
space group P21/c (No.14), a = 8.7927(17), b = 17.4956(16), ¢ = 21.281(2)A, « =
90.00, A = 106.110(2), y = 90.00°, V = 6722.0(11)A% Z = 8, pcalcd = 1.294 mg/m®, T
= 150K, Rint (all data) = 0.0628, R1(all data) = 0.1643, RW (all data) = 0.1857, GOF
=0.977.
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Section B: Reactivity of Doubly N-Confused Dipyrrins with Metal
Salts

111.B.1: Introduction:

Dipyrrin consists of two pyrrole units attached to the meso-carbon atom
through an alpha carbon atom whereas N-confused dipyrrin contains of a pyrrole unit
connected through a beta carbon to the nitrogen. However, the role of N-confused
dipyrrin as a metal complexing agent has eluded chemists probably due to its
unconventional orientation of the pyrrole rings. The earlier part of this chapter
described the altered reactivity of dipyrrin with various metal salts upon changing the
connectivity between the two pyrroles in a dipyrrin framework. Interestingly, as
compared to the regular dipyrrins, N-confused dipyrrins undergoes intermolecular
oxidative cyclomerization in the presence of metal ions into new macrocyclic

products known as expanded norroles®®?,

The tetrapyrene 111.B.1 with two terminal N-confused pyrrole rings undergoes
intramolecular oxidative cyclization reaction with DDQ in acetonitrile into corrorin
111.B.2 (Scheme 111.B.1)12. The corrorin 111.B.2 was previously obtained by [2+2]

acid catalyzed condensation reaction of N-confused dipyrromethanel®?.

l.B.2

Scheme 111.B.1: Synthesis of Corrorin

The two terminal N-confused pyrrole rings in pentapyrrane 111.B.3 undergoes
unique ring closure reaction to doubly N-confused sapphyrin involving the two
confused pyrrole in the bipyrrolic unit. However cyclization reaction proceeds by B,a-
a,p coupling instead of expected B’,a-a,B’ coupling as like cyclization of the doubly
N-confused bilane to corrorin®® to provide the dihydrosapphyrinarin 111.B.4 with sp®
meso-carbon®®!.  As understood from the conversion of corrorin to

oxyindolophyrin[63], the bipyrrolic unit in 111.B.4 is also reactive and experiences ring
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contraction with triethyl amine to form the tetrapyrrolic macrocycle pyrrolyl norrole
111.B.5 (Scheme [11.B.2). The 111.B.5 also underwent ring expansion reaction with
DDQ to a new pentacyclic macrocycle 111.B.6 described as isosmaragdyrin®®

analogue in which two confused pyrrole rings are connected by N,a-a, linkage.

Scheme 111.B.2: Synthesis of dihydrosapphyrinarin and its reactivity

In contrast to the ring closure at both the a-positions of the confused pyrroles
observed with 111.B.3, the hexapyrrane 111.B.7 with two terminal N-confused pyrroles
undergoes oxidative ring closure reaction with B,N-o,f linkage mode to a new
example of neo-confused hexaphyrin 111.B.8 which contain two confused pyrrole
rings®®. Further, 111.B.8 provided neo-fused hexaphyrin 111.B.9 containing 5,5,5,7-
tetracyclic ring in the framework by oxidative intramolecular ring closure reaction
with DDQ (Scheme 111.B.3).

DDQ

l.B.7 l.B.8 l.B.9

Scheme 111.B.3: Synthesis of Neo-fused hexaphyrin and its reactivity
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111.B.2: Objective:

The unsuccessful attempt at the synthesis of N-confused dipyrrin metal
complex inspired to explore reactivity of doubly N-confused dipyrrin with different

metal salts by following the similar protocol as used for dipyrrins.
111.B.3: Synthesis of Aza-Heptalenes:

Dipyrrin 111.B.11 (doubly N-confused dipyrrin) was obtained by the facile
oxidation of 3,3 -dipyrromethane!® 111.B.10 and it was further reacted with metal
salts in dry THF without additional purification (Scheme I11.B.4). A pink colored
solution was obtained upon Overnight stirring of 111.B.12 with copper(ll) acetate
yielded a pink colored solution which displayed a m/z value 615.0664 (Figure 111.B.5)
in its HR —MS spectrum (insert the mass spectrum here). It was two units less than the
expected nornorrole 111.B.15 (Figure 111.B.17). The nature of the products formed
from 111.B.11 was dependent on the metal salt used in the reaction. When 111.B.11

was reacted with iron(111) acetylacetonoate under similar reaction conditions, two

.B.12 (Pink)
4%

‘ Cu(OAc),

CeFs CeFs

7 M bba a
H H H =
111.B.10 1.B.11

\ Fe(acac)s

CeFs

111.B.12 (Pink) 111.B.13 (Greenish-yellow)
5% 10%

Scheme 111.B.4: Synthesis of Aza-heptalenes
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different products were obtained in 5% and 10% vyields respectively. Apart from the
pink colored solution mentioned above, a greenish-yellow colored solution was
isolated by column chromatographic separation. Surprisingly, the high resolution
mass spectrum obtained for pink and greenish-yellow color solution displayed the
same m/z value suggestive of structural isomers for the unexpected cyclodimer
(Figure 111.B.5 and 111.B.8).

I11.B.4: Single Crystal X-Ray Diffraction Analysis of Aza-

Heptalenes:

Both the pink and greenish-yellow color solutions were allowed to crystallize
in dichloromethane by slow vapor diffusion of n-hexane. Unambiguous determination
of molecular structures by single crystal X-ray diffraction studies confirmed the
cyclodimers 111.B.12 and 111.B.135". Molecular structure of 111.B.12 confirmed the
formation of an unusual bicyclic C-fused ring embedded in a macrocyclic framework
similar to that of ‘‘nornorrole’” 111.B.15. This can be envisaged by the oxidative
coupling induced ring closure reaction between the inwardly pointed a-carbons of the
neo-confused pyrrole in the contracted macrocycle 111.B.15. Both the doubly N-
confused dipyrrin units are connected to each other in a head-to-tail fashion leading to
the formation of two C,-N linked bipyrrole units (Figure 111.B.1). Both the neo-
confused pyrrole rings with their a-carbon atoms pointed towards the macrocyclic
core were found to be at a distance of 1.413(3) A. This closeness is good enough for
oxidative ring closure reaction to afford another C,-C, linked bipyrrolic unit. The
highly flat conformation of this molecule suggested effective delocalization of lone
pair of electron on N-linked pyrrole. The planar nature of this molecule also aids

weak m stacking as seen in its crystal packing.

Figure 111.B.1: Molecular Structure of 111.B.12 top view (left) and side view (right).
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The molecular structure of [111.B.13 disclosed the flat geometry with
unsymmetrical connectivity between the two doubly N-confused dipyrrin units due to
the three different bipyrrole units. As compared to the 111.B.12, the unconventional
connectivity leading to C,-N and C,-C,, linkage was observed between the two doubly
N-confused dipyrrin units (Figure 111.B.2). The a-carbon of the N-linked pyrrole in
one dipyrrin unit and B-carbon of the other pyrrole B present in the other dipyrrin are
separated by a distance of 1.401(7) A. The induced ring closure due to oxidative
coupling between these carbon atoms leads to the unconventional C,-Cg bipyrrole unit
at the centre of macrocycle. This bond distance is shorter than the 1.49 A reported for
similar bond in C-fused norrole!®. The flat conformation indicates the lone pair of

electron present on N-linked pyrrole is delocalized over the macrocycle framework.

Figure 111.B.2: Molecular Structure of 111.B.13 top view (left) and side view (right).

However, the single crystal X-ray diffraction studies were not precise enough
to identify the location of the proton with respect three pyrrole nitrogen atoms in
111.B.13. The molecule suggested the tautomeric structures with possible location of
hydrogen on any of these pyrrole nitrogens. Therefore, the N-methylated derivative
of this molecule was synthesized to locate the exact position of the NH in this
macrocycle. The X-ray diffraction analysis of 111.B.Me-13 derivative confirmed the
location of methyl group on the nitrogen of the C,-C, linked bipyrrolic unit (Figure
[11.B.3). The structure of the methyl derivative 111.B.Me-13 is similar to that of parent
molecule 111.B.13 with fused seven membered bicyclic rings at the centre. All the
pyrrole rings and the heptalenel® moiety are planar enough to suggest the
delocalization of the lone pair of electrons of N-linked pyrrole nitrogen with the -
electron cloud of molecule (CCDC 1024460 for 111.B.12, 1024461 for 111.B.13 and
1024462 for 111.B.Me-13)F8.
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Figure 111.B.3: Molecular Structure of 111.B.Me-13 top view (left) and side view
(right).

I11.B.5: Discussion on Heptalenes:

The cyclodimers 111.B.12, 111.B.13 and 111.B.Me-13 represent the examples of
substituted heptalenes whose planarity is favored by the fusion of two pyrrole rings to
the central bicyclic core. Planar bicyclic non-benzenoid aromatic compounds such as
pentalene and heptalene are of fundamental interest. Pentalene composed of two fused

cyclopentadiene rings and heptalene contains two fused cycloheptatriene rings.

Pentalene is anti-aromatic because it has 4nm electron hence too unstable. But its

[69]

substituted derivatives such as 1,3,5-tri-tert-butylpentalene and

dibenzopentalene™ are thermally stable. Heptalene was first synthesized by by

Dauben and Bertelli in 19611 and described as unstable, non-planar and non-
aromatic compound while its dianion is thermally stable, planar and aromatic’?. The
substituted heptalene such as dicyclopenta[ef,kl]heptalenel®® is a thermodynamically
stable non-benzenoid isomer of pyrene that constitutes the Huckel 14w aromatic
peripheral systems perturbed by a central double bond. The valence bond formulae of
A and B contain 14 & electron system peripheral to the ethylene bridge (Figure
[11.B.4). These kinds of polycyclic conjugated aromatic hydrocarbons are of

fundamental interest for their relationship between structure and aromaticity.
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Figure 111.B.4: Bicyclic non-benzenoid molecules
111.B.6: Characterization of Aza-Heptalenes:

This macrocycle 111.B.12 has poor solubility in common organic solvents. The
'H NMR spectrum of 111.B.12 indicated the symmetrical structure with four doublets
at & = 6.84, 7.79, 7.96 and 9.53 ppm corresponding to equal number of protons
(Figure 111.B.6). The *H-'H COSY spectrum displayed two types of correlations for
doublets at (i) 6.84 and 7.79, (ii) 7.96 and 9.53 ppm corresponding to the two different
sets of proton on o-carbon and B-carbon atoms of the four pyrrole rings (Figure
111.B.7).
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Figure 111.B.5: HR-ESI-TOF mass spectrum of 111.B.12
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Figure 111.B.6: "H-NMR spectrum of 111.B.12 in Acetone-dg at 295K.

F6.5

F7.0

T
N
]

(-]
2]
Chemical Shift (ppm)

9.0

r9.5

- - -

9.6 9.3 9.0 8.7

8.4 8.1 7.8 7.5 7.2 6.9
Chemical Shift (ppm)

Figure 111.B.7: *H-"H COSY Spectrum of 111.B.12 in Acetone-ds at 295K.
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In contrast to the 111.B.12, the *H NMR spectrum for 111.B.13 recorded in
Dimethyl Sulphoxide-ds indicated the unsymmetrical nature of compound. Eight
signals were observed in the region 6 = 6.00 to 13.50 ppm at ambient temperature.
The six doublets at & = 6.28, 6.73, 7.19, 7.50, 7.82 and 9.28 ppm along with a sharp
singlet at 8.71 ppm and a broad singlet at 13.46 ppm were observed corresponding to
equal number of protons (Figure I11.B.9). The broad singlet at 13.46 ppm disappeared
upon addition of D,O suggesting the presence of one NH in the molecule (Figure
111.B.10). In the *H-'H COSY spectrum, the singlet at 8.71 ppm is corresponds to the
proton on the a-carbon of the pyrrole ring B and three correlations were observed
between six doublets which justified for the other protons on the o and B-carbon of the
macrocycle (Figure 111.B.11). DEPT-90 measurements indicated seven *3C signals for
the CH at 108.72, 112.25, 112.80, 126.97, 130.80, 140.26, and 149.92 ppm suggesting
unsymmetrical structure of molecule (Figure 111.B.12). The HMBS experiment also
indicated seven different correlations as expected and support the above analysis
(Figure 111.B.13).
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Figure 111.B.8: HR-ESI-TOF mass spectrum of 111.B.13
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Figure 111.B.11: 'H-'H COSY spectrum of 111.B.13 in Dimethyl Sulphoxide-ds at
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Figure 111.B.13: HMBC spectrum of 111.B.13 in Dimethyl Sulphoxide-dg at 295K.

The *H NMR spectrum for 111.B.Me-13 displayed a total of eight signals, with
a singlet at 4.75 ppm corresponding to three protons which are assigned to the methyl
group and remaining seven signals resonated at the same chemical shift as observed
for the 111.B.13 (Figure 111.B.15). The correlation observed in *H-'H COSY spectrum
was similar to 111.B.13 (Figure 111.B.16).
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Figure 111.B.15: *H-NMR spectrum of 111.B.Me-13 in Acetone-dg at 295K.
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Figure 111.B.16: *H-'H COSY spectrum of 111.B.Me-13 in Acetone-dg at 295K.

The observed downfield chemical shift values for 111.B.12 and 111.B.13
signified a diatropic ring current effect. However the expected nornorrole 111.B.15 is

structural isomer of norcorrole 111.B.14134 %4

and should be 207 anti-aromatic system
with considerable upfield chemical shift values. The observed diatropic ring current
effect for 111.B.12 and 111.B.13 suggested them as derivatives of substituted

heptalenes, rather than typical porphyronoids, and hence can be aromatic in nature.
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Figure 111.B.17: Chemical structues of Norcorrole (111.B.14) and Nornorrole
(111.B.15)
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111.B.7: Optical Properties:

The electronic absorption spectrum was found to be similar for both the
macrocycles, 111.B.12 and 111.B.13, but different than norcorrole®* ¥ They
exhibited multiple absorptions and relatively blue shifted as compared to the
norcorrole. The aza-heptalene 111.B.12 exhibited absorptions at 262 nm (e = 17 800),
280 (17 800), 361 (10 000), 514 (6700) and 111.B.13 absorbed at 268 (32 600), 282
(32 500), 346 (33 600), 451 nm (8800) in dichloromethane (Figure 111.B.18).
Absorptions with similar energy were observed for the [111.B.Me-13 in
dichloromethane. Porphyrinoids are known to absorb in the visible region of the
electromagnetic spectrum followed by weak and low energy absorptions. These
observed high energy absorptions are similar to heptalene like systems and therefore
these molecules can be best described as aza-heptalenes.

111.B.8: TD-DFT Calculations and Redox Properties:

This understanding was further supported by TD-DFT calculations employed
to simulate electronic absorption spectrum of 111.B.12 and 111.B.13. At first it was
calculated for the whole molecule and later by trimming molecules to the heptalene
core. It was observed that the high energy absorptions were characteristic of
heptalene, rather than that of the expected 20w nornorrole structure I111.B.15. The
molecule 111.B.12 trimmed to the heptalene core showed theoretical vertical
excitation energies in the high energy region of the electromagnetic spectrum whereas
those are red shifted for the molecule 111.B.12 due to extended © conjugation (Figure
[11.B.19). Similar results have been seen for molecule 111.B.13 (Figure 111.B.20). This

clearly supported the heptalene nature of these aromatic compounds.
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Figure 111.B.18: UV-Visible absorption spectrum of aza-heptalenes 111.B.12,
I11.B.13 and 111.B.Me-13 in dichloromethane.
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Figure 111.B.19: The steady state absorption spectra (blue line) of 111.B.12 recorded
in CH.Cl, a) theoretical vertical excitation energies (red bar) for 111.B.12 and b)
theoretical vertical excitation energies (red bar) after trimming molecule 111.B.12 to
the heptalene core obtained from TD-DFT calculations carried out at the B3LYP/6-
31G(d,p) level.
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Figure 111.B.20: The steady state absorption spectra (green line) of 111.B.13 recorded
in CH.Cl, a) theoretical vertical excitation energies (red bar) for 111.B.13 and b)
theoretical vertical excitation energies (red bar) after trimming molecule 111.B.13 to
the heptalene core obtained from TD-DFT calculations carried out at the B3LYP/6-
31G(d,p) level.

The estimated NICS(0) value for 111.B.12 was found to be -0.5 ppm at the
center of both the seven membered rings. A value of -5 ppm at the center of
heterocyclic seven membered ring is and +2 ppm at carbon ring center was estimated
for 111.B.13 (Figure 111.B.21). These values are in agreement with the effective n
electron delocalization expected for the bicyclic system of I111.B.13 than that of
111.B.12. These values also support the aromatic nature of both the aza-heptlanes. In
cyclic voltammetry studies, the reductions were observed at -0.78, -1.04 and -1.24 V
and oxidation were not observed for 111.B.12. Similarly for 111.B.13, reduction at -
0.88, -1.1 and -1.46 V along with a single irreversible oxidation at 1.25 V were
observed (Figure 111.B.22). These values suggest the redox feature dissimilar to
porphyrin-like systems and also do not bind with metal ions contrary to
porphyrinoids.
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Figure 111.B.21: Model structure 111.B.12 (a) and I111.B.13 (b) indicating NICS(0)
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Figure 111.B.22: Cyclic voltammogram (black line) and differential pulse

voltammogram (red line) of a) 111.B.12 and b) 111.B.13 were recorded in CH,CI,
using TBAP as a supporting electrolyte.

111.B.9: Conclusion:

Doubly N-confused dipyrrins undergo intermolecular cyclodimerization with
metal salts into planar aza-heptalene isomers. The 111.B.12 and 111.B.13 molecular
structures indicate the formation of probable macrocyclic intermediate such as
111.B.15 which forms the bipyrrolic unit at its center. The method of synthesis is very
simple with respect to the obtained fused cyclic systems. Even though these
molecules represent the features of N-confused corrole, norrole and nornorrole, but
spectroscopic analysis and computational studies support 111.B.12 and 39 as examples

of non-benzenoid aromatic molecules.
111.B.10: Experimental Section:

All reagents and solvents were of commercial reagent grade and were used without
further purification except where noted. Dry THF was obtained by refluxing and
distillation over pressed Sodium metal. Column chromatography was performed on
silica gel (230-400) in glass columns. *H NMR and *°F NMR spectra were recorded
either on a JEOL 400 MHz or Bruker 500 MHz spectrometer, and chemical shifts
were reported as the delta scale in ppm relative to (CH3),SO (6 = 2.50 ppm) or
(CH3),CO (6 = 2.1 ppm) as internal reference for ;H. High Resolution Mass spectra
were obtained using WATERS G2 Synapt Mass Spectrometer. Electronic spectra
were recorded on a Perkin-Elmer »-900 ultraviolet—visible (UV—vis)
spectrophotometer. Single crystals were grown in suitable organic solvent and Single
crystal X-ray diffraction were performed at 100K on BRUKER KAPPA APEX Il
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CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite-
monochromated Mo K+ radiation (» = 0.71073 A). Quantum mechanical calculations
were carried out on Gaussian 09 program suite using High Performance Computing
Cluster facility of 1IISER PUNE. All calculations were carried out by Density
Functional Theory (DFT) with Becke’s three-parameter hybrid exchange functional
and the Lee-Yang-Parr correlation functional (B3LYP) and 6-31G(d,p) basis set for
all the atoms were employed in the calculations. To estimate the NICS(0) values at
the center of the seven membered rings of molecular plane of all the macrocycles, the
gauge independent atomic orbital (GIAO) method used based on the optimized
geometries. The molecular structures obtained from single crystal analysis were used
for geometry optimization. Cyclic voltammetry (CV) and Differential pulse
voltammetry (DPV) measurements were carried out on a BAS electrochemical system
using a conventional three-electrode cell in dry CH)Cl, containing 0.1 M
tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. Measurements
were carried out under an Ar atmosphere. A glassy carbon (working electrode), a
platinum wire (counter electrode), and saturated calomel (reference electrode) were

used.
Procedure for Synthesis of 111.B.12:

Meso-pentafluorophenyl doubly N-confused dipyrromethane (DNCDPM) was
synthesized as per literature procedure. To a DNCDPM (300 mg, 0.9615 mmol, 1
equiv.), 10ml dry THF was added under N inert atmosphere followed by addition of
DDQ (480 mg, 2.1154 mmol, 2.2 equiv.). After stirring reaction mixture for one hour,
copper(Il) acetate (173 mg, 0.9615 mmol, 1 equiv.) was added and the reaction
mixture was stirred for overnight. Reaction was quenched with 100ml distilled water
and organic phase was extracted thrice with dichloromethane. The combined
dichloromethane extracts was washed with water, dried over Na,SO, and evaporated
under vacuo. The crude product was purified by silica gel column chromatography
using hexane/ethyl acetate as the eluent and pink color solution obtained as 111.B.12
(12 mg, 4%). It has been found that, this compound has poor solubility in common
organic solvents hence hampered the *C-NMR studies. *H NMR (Acetone-ds,
400MHz, 295K) & = 6.84 (d, J = 4.0 Hz, 2H), 7.79 (d, J = 4.0 Hz, 2H), 7.96 (d, J = 4.0
Hz, 2H), 9.53 (d, J = 4.0 Hz, 2H); *F NMR (Acetone-ds, 376MHz, 295K) & = -
141.62 (d, J = 11.28 Hz, 4F), -153.93 (t, J = 15.04 Hz, 2F), -162.07 (t, J = 15.04 Hz,
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4F); UV-Vis (CH2Cly): Amax(e)Lmol™*cm™ = 262 nm (17,800), 280 nm (17,800), 361
nm (10,000) and 514 nm (6,700); HRMS m/z calcd. for (C3HsN4F1o+H)" = 615.0668,
Observed = 615.0664; Crystal data: C3yHgN4F1o (Mr = 614.40), triclinic, space group
P-1 (No.2), a = 5.996(2), b = 7.348(3), ¢ = 13.198(5)A, « = 87.325(8), 5 = 86.010(8),
y = 71.490(8)°, V = 549.9(4)A% Z = 1, pcalcd = 1.855 mg/m®, T = 100K, Rint (all
data) = 0.0385, R1(all data) = 0.0576, RW (all data) = 0.1124, GOF = 1.043.

Procedure for Synthesis of 111.B.13:

DNCDPM (100 mg, 0.3205 mmol, 1 equiv.) were dissolved in 100ml dry THF under
inert atmosphere of N, and DDQ (160 mg, 0.7051 mmol, 2.2 equiv) was added. After
one hour, Iron(l11) acetylacetonoate (113 mg, 0.3205 mmol, 1 equiv.) was added and
the reaction mixture stirred overnight. Furthermore, reaction mixture was passed
through bed of basic alumina. The first fraction afforded pink color solution of
111.B.12 (5 mg, 5%) in dichlormethane and second fraction provided dark color
solution in methanol/dichloromethane combination which was further purified by
silica gel column chromatography using hexane/ethyl acetate as a eluent to give
greenish yellow color solution as 111.B.13 (10 mg, 10%). 'H NMR (DMSO-ds,
400MHz, 295K) 6 = 6.28 (d, J = 4.0 Hz, 1H), 6.73 (d, J = 4.0 Hz, 1H), 7.19 (d, J = 4.0
Hz, 1H), 7.50 (d, J = 4.0 Hz, 1H), 7.82 (d, J = 4.0 Hz, 1H), 8.71 (s, 1H), 9.28 (d, J =
4.0 Hz, 1H), 13.46 (bs, 1H, exchangeable with D,0); **F NMR (DMSO-dg, 376MHz,
295K) 6 = -142.41 (d, J = 22.56 Hz, 4F), -155.63 (td, J = 15.04 Hz, 2F), -162.89 (td, J
= 15.04 Hz, 4F); UV-Vis (CH,Cl,): Amax(e)Lmol*cm™ = 268 nm (32,600) 282 nm
(32,500), 346 nm (33,600) and 451 nm (8,800); HRMS m/z calcd. for
(C3oHgN4F1o+H)" = 615.0668, Observed = 615.0667; Crystal data: CzgHgN4F1001
(Mr = 630.40), monoclinic, space group P21/c (No.14), a = 28.021(12), b =
11.565(3), ¢ = 7.319(3)A, a = 90.00, B = 95.576(10), y = 90.00°, V = 2360.6(17)A3, Z
= 4, pcaled = 1.774 mg/m®, T = 100K, Rint (all data) = 0.0793, R1(all data) = 0.1812,
RW (all data) = 0.2303, GOF = 1.112.

Procedure for Synthesis of 111.B.Me-13:

Toa 111.B.13 (100 mg, 0.1628 mmol, 1 equiv.) in 5 ml dry dimethyl formamide under
N, inert atmosphere, sodium hydride (1 equiv.) was added at 0°C. After 30 minute,
methyl iodide (1.5 equiv.) was added and reaction mixture brought to room
temperature. Reaction mixture quenched with ice cold distilled water and organic
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compound was extracted with ethyl acetate from ice cold reaction mixture. The
organic layer was evaporated on rota evaporator to get crude solid which was further
purified on silica gel in ethyl acetate/n-hexane combination to get yellowish colored
compound 111.B.Me-13 (55 mg, 54%). 'H NMR (Acetone-ds, 400MHz, 295K) & =
4.75 (s, 3H), 6.28 (d, J = 4.0 Hz, 1H), 6.72 (d, J = 4.0 Hz, 1H), 7.21 (d, J = 4.0 Hz,
1H), 7.42 (d, J = 4.0 Hz, 1H), 7.77 (d, J = 4.0 Hz, 1H), 8.66 (s, 1H), 9.35 (s, 1H); °F
NMR (Acetone-dg, 376 MHz, 295K) 6 = -140.01 (d, J = 76.96 Hz, 4F), -152.84 (d, J =
221.84 Hz, 2F), -160.65 (d, J = 206.80 Hz, 4F); UV-Vis (CH,Cl,): Amax(e)Lmol*cm™
= 261 nm (43,900), 285 nm (38,700) 351 nm (51,200) and 465 nm (13,000); HRMS
m/z calcd. for (CaiHioNsF1o+H) = 629.0824, Observed = 629.0835; Crystal data:
Cs1H10N4F10 (Mr = 628.43), triclinic, space group P 1 (No.1), a = 6.1461(11), b
7.3648(13), ¢ = 14.031(3)A, o = 76.834(4), p = 82.082(4), y = 72.763(4)°, V
589.0(2)A%, Z = 1, pcaled = 1.772 mg/m®, T = 100K, Rint (all data) = 0.0484, R1(all
data) = 0.0927, RW (all data) = 0.1616, GOF = 0.963
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Chapter 1V

Reactivity of Benzo derivatives of N-
Confused and Doubly N-Confused
Dipyrrins with Metal Salts
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IVV.1: Introduction:

As described in the earlier chapter, attempts to prepare a metal complex of N-
confused dipyrrin yielded the anti-aromatic expanded norroles, I11.A.21a and
I11.LA.22 (Chart 1V.1) wherein the dipyrrin units are connected to each other by
multiple C-N bonds®. In a dipyrrin unit, the replacement of a pyrrole ring by N-
confused pyrrole ring has significantly changed the reactivity of N-confused dipyrrins
with metal salts. After the replacement of both the pyrrole rings with N-confused
pyrrole rings in dipyrrin unit also displayed modified reactivity with metal salts a as
observed by the formation of non-macrocyclic products such as aza-heptalenes,
111.B.12 and 111.B.13 rather than the expected expanded norroles.(Chart IV.1)%").

Chart 1V.1: Chemical structures of expanded norrole (111.A.21a) and (111.A.22); aza-
heptalene (111.B.12) and (111.B.13).

R = CgFs l.A.22

.B.12 .B.13

IVV.2: Objectives:

This unexpected difference in the reactivity of modified dipyrrins was
observed due to the introduction of one and two N-confused pyrrole rings into the
normal dipyrrin units. Based on these altered reactivity for singly and doubly N-
confused dipyrrins with respect to regular dipyrrins, it can be expected that the fusion

approach on confused pyrrole rings will be interesting to explore reactivity of such
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dipyrrins with metal salts. This chapter describes the attempts to explore the
cyclomerization of mono benzofused N-confused dipyrromethane 1V.1 into
macrocyclic product and dimer. The details of dimerization of mono and
dibenzofused doubly N-confused dipyrrins (IV.5 and 1V.7) will also be explained in
detail.

IVV.3: Synthesis and Characterization of Trioxo Expanded Norroles:

IVV.3.1: Trioxo Expnaded Norroles 1V.2a:

The mono benzofused N-confused dipyrromethane 1V.1 was oxidized with
DDQ to its dipyrrin, and further reacted with copper(ll) acetate under concentrated
reaction conditions (Scheme 1V.1). The HRMS mass spectrum of this reaction
mixture displayed a m/z value of 1122.1387 (Figure 1V.1) which is forty eight units
more than that of the expected cyclotrimer, suggesting the possibility of formation of
trioxo-cyclotrimer 1V.2a. This was identified as a red coloured band from column
chromatographic purification and obtained as a red color solid in 3.9% yields.
Another red coloured solid compound 1V.2b was also obtained in 3.6% vyield by

similar protocol.

R I\
R (- \_R
_ DDQ 0
) /-y Cu(OAc), o HN\\
H
V.1

IV.Za, R = CGF5, 3.9%
IV.2b, R = CgHs, 3.6%

Scheme 1V.1: Synthesis of Expanded Norrole 1V.2a and 1V.2b.
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Figure 1V.1: HR-ESI-TOF mass spectrum of 1V.2a.

In order to confirm molecular structures of trioxo-expanded norrole 1V.2a,
good quality single crystals were grown by solvent diffusion of n-hexane vapours into
the dichloromethane solution of the compound and subjected them for single crystal
X-ray diffraction studies (Figure 1V.2). The molecular structure of trioxo-expanded
norrole, 1V.2a proved the presence of three C-N linkage and the head-to-tail
attachments of the three monobenzofused N-confused dipyrrin units. The a-carbons of
the N-linked indole ring which are oriented towards the macrocyclic core, exhibited
high reactivity and underwent oxidation to form the tri-oxygeneted expanded norrole
IV.2a (Figure 1V.2a). The benzene carbon atoms on the indole ring and o- and f-
carbons of the normal pyrrole ring are pointed outside the macrocycle core. The 1V.2a
containing all the pyrrole and indole rings has near planar conformation indicating the
delocalization of lone pair of electron present on the nitrogen, of the N-linked pyrrole
of the indole, with m-electron cloud of the macrocyclic framework (Figure 1V.2b). All

these observations shows complete match for trioxo-expanded norroles 1V.2a.
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Figure 1V.2: Molecular Structures of trioxydized expanded norrole 1V.2a, a) top
view and b) side view, the meso pentafluorophenyl groups and hydrogen atoms were
omitted for clarity.

The 'H NMR spectrum of 1V.2a displayed multiplets at & = 6.43 and 6.68,
doublets at 6.01 and 7.55, triplet of doublet at 6.87 and 7.19 and broad singlet at 14.86
ppm (Figure 1V.4). Upon addition of D,0, the intensity of the signal at 14.86 ppm
decreased significantly indicating the presence of NH in the macrocycle (Figure IV.5).
'H-'H NMR COSY indicated the strong correlation between the multiplets at § = 6.43
and 6.68 corresponding to pyrrole ring protons and the other four signals at 6.01, 6.87,
7.19 and 7.55 were coupled amongst themselves corresponding to benzofused pyrrole
ring protons (Figure 1V.6). The **C NMR spectrum displayed inner carbonyl carbon
signal at 166 ppm and DEPT-90 spectrum for CH groups has showed six different *C
signals from 103 to 127 ppm (Figure 1V.7). The presence of amine and imide
functional groups in macrocycle 1V.2a was also confirmed by IR studies (Figure
IV.3). The observed downfield shift for the inner NH proton and inner carbonyl
carbon clearly indicated the paratropic ring current effect expected of anti-aromatic

macrocycles.
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Figure IV.3: IR spectrum of 1V.2a.
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Figure IV.4: "H-NMR spectrum of 1V.2a in Tetrahydrofuran-dg at 295K.
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Figure 1V.5: "H-NMR spectrum of 1V.2a after D,O exchange in Tetrahydrofuran-dg
at 295K
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Figure 1V.6: *H-"H COSY spectrum of 1V.2a in Tetrahydrofuran-dg at 295K.
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Figure 1V.7: (Top) DEPT-90 and (Bottom) **C-NMR COSY spectrum of 1V.2a in
Tetrahydrofuran-dg at 295K.

IV.3.2: Trioxo Expanded Norroles 1V.2b:
Similarly the trioxidized expanded norrole 1VV.2b was also confirmed by IR

(Figure 1V.8), HRMS (Figure 1V.9), NMR (Figure 1V.10, 11) and single crystal X-ray
diffraction analysis (Figure 1V.12).
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Figure I1V.8: IR spectrum of 1V.2b.
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Figure 1V.10: *H-NMR spectrum of 1V.2b in Dichloromethane-d, at 295K.
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Figure 1V.11: *H-NMR spectrum of 1V.2b after D,O exchange in Dichloromethane-
d2 at 295K.

Figure 1V.12: Molecular structures of trioxidized expanded norrole 1V.2b, a) top
view and b) side view, the meso phenyl groups and hydrogen atoms were omitted for

clarity.
IVV.4: Synthesis and Characterization of Dimer 1V.3:

It was observed that either metal salt or the dilution factor of the reaction
affects the mode of cyclization in dipyrrin. When 1V.1 was reacted under dilute

reaction condition (see experimental section), HRMS analysis revealed m/z value
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719.1288 (Figure 1V.13) suggesting the formation of unusual dimer 1V.3 isolated in
4% yields apart from 1V.2a in 3.4% yields (Scheme 1V.2).

R
_~_ DbDQ

H | HN—/  Cu(OAc),

VA

IV.3, R = C6F5, 4%

IV-2a, R = CGFSv 3.4%
Scheme 1V.2: Synthesis of Dimer 1.3 and Expanded Norrole 1V.2a.

1. TOF MS ES+
100 719.1288 530e4

720.1243
338.3530
721.1237
339.3580
149.0396 R1.3282 ¢ 439.3868 o 000
2221271 | . | : 656.5716 712.6432 767.0948 . .
L 22 12Ma033100 | | | La13sey | 4984451101770 Y D res q0pe 8658617 9283708 .

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Figure 1V.13: HR-ESI-TOF mass spectrum of 1V.3.

The observed m/z value in HRMS spectrum of compounds 1V.3 also favors the
formation of dihydro-nornorrole 1V.3NN (Figure 1V.14).
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CeFs

IV.3NN

Figure 1V.14: Expected Structures of Contracted Norroles.

The molecular structure of 1V.3 displayed two mono benzofused N-confused
dipyrrin unit connected to each other through two different types of C-N bonds in an
unsymmetrical fashion leading to formation of one seven membered ring E. This
molecule has two types C-N linkage: (a) indole A ring nitrogen of the one the mono
benzofused N-confused dipyrrin is connected to other indole B ring at the a-carbon of
the another monobenzofused N-confused dipyrrin forming N-Ca bond and (b) normal
pyrrole C ring nitrogen of the one monobenzofused N-confused dipyrrin is connected
to the other indole A ring at the a-carbon of the other monobenzofused N-confused
dipyrrin creating the chiral center and forming another N-Ca bond (Figure 1V.15a).
The seven membered E ring having sp* chiral carbon atom is projected out of the

plane whereas the other sp? carbon atoms form a planar structure (Figure 1V.15b).

a)

Figure 1V.15: Molecular Structures of chiral dimer 1V.3, a) top view and b) side

view, the meso pentafluorophenyl groups were omitted for clarity.

The *H NMR spectrum of 1V.3 displays sixteen distinct signals from & = 5.62
to 10.10 ppm (Figure 1V.16). The intensity of the broad signal at 10.10 ppm decreased
significantly after the addition of D,O suggesting the presence of NH (Figure 1V.17).
The singlet at 5.62 ppm corresponds to the sp® chiral carbon proton. Also *H-'H NMR

COSY indicated no correlation for signal at 5.62 and 10.10 ppm, whereas signals
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from 6.17 to 8.23 ppm showed multiple correlations (Figure 1V.19). DEPT-90
spectrum for CH groups showed total fifteen numbers of *3C signals and chiral carbon
signal observed at 73 ppm (Figure I1V.18). All these observations indicate the
formation of dimer 1.3 and not the 1VV.3NN.
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Figure 1V.16: *H-NMR spectrum of 1V.3 in Acetone-ds at 295K.
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Figure 1V.19: *H-'H COSY spectrum of 1V.3 in Acetone-ds at 295K.

IVV.5: Synthesis and Characterization of Azaheptalene 1V.6:

Monobenzo doubly N-confused dipyrromethane 1V.5 was obtained by
deprotecting the Tri(isopropyl silyl) dipyrromethane derivative 1V.4. The IV.5 was
oxidized with DDQ and treated with copper(ll) acetate (Scheme 1V.3). The HRMS
displayed m/z value of 715.0965 (Figure 1V.20) corresponding to the expected dimer
I1VV.6 with 1% reaction yield.

CgFs5 CeFs DDQ

J TBAF Cu OAc),
/. Tas% T
/L N NH b b

V.4 V.5
Scheme 1V.3: Synthesis of Dimer 1V.6.
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Figure 1V.20: HR-ESI-TOF mass spectrum of 1V.6.

The molecular structure of 1V.6 confirmed symmetrical coupling which
connect pyrrole ring nitrogen of one dipyrrin at the a-position to the indole ring of
another dipyrrin forming C-N bond. The a-carbons of both the neo-confused pyrrole
rings were found to be coupled with each other, through a C,-C, bond length of
1.408(10) A and this provides heterocyclic seven membered bicyclic systems to be
structurally similar to aza-heptalene. This molecule also represents the linear fusion of
three different aromatic rings (6, 5 and 7 membered) similar to hexacene (Figure
IV.21a). The planar molecule also exhibited strong w-m stacking with inter-planar
distance found to be 3.307 A (Figure 1V.21b) in the crystal packing.
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1 3.307A

Figure 1V.21: Molecular Structures of aza-heptalene 1V.6, a) top view and b) side
view shows intermolecular n-m stacking interactions, the meso pentafluorophenyl

groups were omitted for clarity.

The *H NMR spectrum of molecule 1V.6 indicated signals at & = 6.35, 6.94,
7.13, 7.48 7.71 and 9.35 ppm (Figure 1V.22). *H-'H COSY spectrum displayed
coupling between the doublets at 6 = 6.35 and 9.35 ppm (coupling constant, J = 4 Hz)
corresponding to the pyrrole ring protons. A second set of correlations suggested
signals at 6 = 6.94, 7.13, 7.48 and 7.71 ppm represented the benzofused ring protons
(Figure 1V.23). DEPT-90 spectrum exhibited six different *3C signals at & = 114, 119,
121, 124, 125 and 129 ppm (Figure 1V.24). All these NMR studies confirmed the
formation of molecule 1V.6.
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Figure 1V.22: 'H-NMR spectrum of 1V.6 in Dichloromethane-d; at 295K.
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Figure 1V.23: 'H-'H COSY spectrum of 1V.6 in Dichloromethane-d, at 295K.
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119



IVV.6: Synthesis and Characterization of Dimer 1V.8:

Similarly the reaction of dibenzofused doubly N-confused dipyrromethane
IV.7 with copper(ll) acetate yielded another unexpected dimer 1V.8 (Scheme 1V.4)
having m/z ratio 817.1436 in 3% yields (Figure 1V.25).

DDQ
Cu(OAc),

3%

Iv.7
IV.8, R= CGF5

Scheme 1V.4: Synthesis of Dimer 1V.8.
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Figure 1V.25: HR-ESI-TOF mass spectrum of 1V.8.

120



The noticed m/z value of compounds V.8 in their HRMS spectrum also
indicated the possibility of formation of N-confused nornorrole IV.8NN (Figure
IV.26).

.y
CeFs O

IV.8NN

Figure 1V.26: Expected Structures of Contracted Norroles.

The molecular structure of 1V.8 indicated that the all the indole rings in F to |
are involved in the unsymmetrical connectivity of two dibenzofused doubly N-
confused dipyrrin units (Figure 1V.27a). Also 1V.8 contains three types of connection
between two dibenzofused doubly N-confused dipyrrin units (a) the nitrogen of indole
(F ring) is connected to another indole (I ring) at the o-carbon of the another
dibenzofused doubly N-confused dipyrrin leading to the formation of N-C, bond, (b)
the a-carbon of one dibenzofused indole (G ring) of the doubly N-confused dipyrrin
forms a bond with anther indole (H ring) at the a-carbon of the another dibenzofused
doubly N-confused dipyrrin forming C,-C, bond and (c) finally the a-carbon of the
indole (F ring) and the indole H ring f-carbon which is connected to meso carbon of
the dibenzofused doubly N-confused dipyrrin undergoes oxidative coupling reaction
at the centre of macrocycle to form an unusual C,-Cg bond (Figure 1V.27b). This
leads to formation of chiral carbon and bicyclic system having six and seven

membered rings.
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Figure 1V.27: Molecular Structures of chiral dimer 1V.8, a) top view and b) side

view, the meso pentafluorophenyl groups were omitted for clarity.

The molecule 1V.8 displayed a total of eighteen signals from & = 6.49 to 11.81
ppm in its *H NMR spectrum (Figure IV.28). The D,O addition confirmed the
presence of a lone NH in the molecule at 11.81 ppm and the chiral carbon proton
resonated at 6.49 ppm (Figure 1V.29). *H-'H COSY exhibited absence of correlation
for signal at 6.49 and 11.81 ppm, while the remaining sixteen signals from 6.62 to
8.26 ppm were involved in multiple correlations (Figure 1V.30). Its DEPT-90
spectrum displayed seventeen number of *C signals with the sp® chiral carbon
resonance at 69 ppm (Figure 1V.31). All these observation confirmed the formation of
V.8 instead of 1V.8NN.
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Figure 1V.28: *H-NMR spectrum of 1V.8 in Acetone-ds at 295K.
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Figure 1V.31: (Top) Zoomed-DEPT-90, (Middle) DEPT-90 and (Bottom) **C-NMR
COSY spectrum of 1V.8 in Acetone-dg at 295K.

I\VV.7: Optical Properties:

All these molecules displayed reddish colored solutions in dichloromethane
with dissimilarities in their electronic spectrum. The compound 1V.2a absorbs at A =
271 nm (e = 29580) and 440 nm (¢ = 32210). Molecule 1V.6 absorbs at 322 nm (g =
17900), 388 nm (¢ = 14420) 503 nm (¢ = 7460) and 540 nm (¢ = 7960). The
compound 1V.3 was found to absorb at A =281 nm (¢ = 16830), 325 nm (¢ = 16660),
342 nm (g = 16760) and 391 nm (¢ = 21350). The compound 1V.8 found to show
absorbance at 283 nm (g = 1430) and 338 nm (¢ = 750) (Figure 1V.31). Nucleus
Independent Chemical Shift (NICS)®® values were obtained by employing Gaussian
09 program for 1V.2a and 1V.2b to estimate the extent of n-electron delocalization
in the macrocyclic framework. The computed NICS(0) values for both the
macrocycles are 6 = 2.1 ppm indicating the presence of weak paratropic ring current

and hence can be classified as anti-aromatic in nature.
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Figure 1V.32: Electronic spectra of ~10° M solutions of 1V.2a, 1V.2b, 1V.3, IV.6

and 1V.8 in dichloromethane.
1VV.8: Conclusions

In summary, with respect to dipyrrin as a chelating agent, the fusion approach
on N-confused pyrrole ring of N-confused dipyrrin and doubly N-confused dipyrrin
has modified its reactivity with the metal salts. A variety of novel dimers of confused
dipyrrins 1V.3 and 1V.8 which contain unique N,o-N,o and a,0-N,o-f,a biyrrole
linkages respectively have been synthesized. Their method of synthesis is very simple
and can be catalysed with a variety of metal salts. They may not be the example of
porphyrinoids but suggested the validity of confused dipyrrins derivatives to neo-
confusion approach. The obtained macrocycles 1V.2a and 1V.2b are the first
examples of oxygenated 24 n-electron expanded norroles which exhibited paratropic
ring current effect thus anti-aromatic in nature. Also the dimer 1V.6 displayed the
characteristics of aza-heptalene as well as aza-hexacene. Synthetic difficulties,
stability and solubility of hexacene are the obstacle for further studies but aza-

hexacene is free from all these issues.
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IVV.9: Experimental Section:

All reagents and solvents were of commercial reagent grade and were used without
further purification except where noted. Dry THF was obtained by refluxing and
distillation over pressed Sodium metal. Column chromatography was performed on
silica gel (230-400) in glass columns. *H NMR and *°F NMR spectra were recorded
either on a JEOL 400 MHz or Bruker 500 MHz spectrometer, and chemical shifts
were reported as the delta scale in ppm relative to (CH3),SO (6 = 2.50 ppm) or THF (o
= 1.73 ppm) or (CH3).CO (6 = 2.1 ppm) as internal reference for 'H. High Resolution
Mass spectra were obtained using WATERS G2 Synapt Mass Spectrometer.
Electronic spectra were recorded on a Perkin-Elmer A-900 ultraviolet—visible
(UV—vis) spectrophotometer. Single crystals were grown in suitable organic solvent
and Single crystal X-ray diffraction were performed at 100K on BRUKER KAPPA
APEX Il CCD Duo diffractometer (operated at 1500 W power: 50 kV, 30 mA) using
graphite-monochromated Mo Ka radiation (A = 0.71073 A). Quantum mechanical
calculations were carried out on Gaussian 09 program suite using High Performance
Computing Cluster facility of IISER PUNE. All calculations were carried out by
Density Functional Theory (DFT) with Becke’s three-parameter hybrid exchange
functional and the Lee-Yang-Parr correlation functional (B3LYP) and 6-31G(d,p)
basis set for all the atoms were employed in the calculations. To estimate the NICS(0)
values at the center of the seven membered rings of molecular plane of all the
macrocycles, the gauge independent atomic orbital(GIAO) method used based on the
optimized geometries. The molecular structures obtained from single crystal analysis

were used for geometry optimization.
Procedure for Synthesis of 1V.1

To a dissolved Indole-3-carboxaldehyde (1 gm, 6.8966 mmol, 1 equiv.) in 20 ml dry
THF, pentafluorophenyl magnesium bromide (2.4 equiv.) was added and reaction
mixture stirred overnight. The reaction was quenched with solution of saturated
ammonium chloride and worked up with dichloromethane. Solvent were evaporated
on rota evaporator. The carbinol (2 gm, 6.3898 mmol, 1 equiv.) obtained was
condensed with pyrrole (22 ml, 319.4888 mmol, 50 equiv.) using trifluoroacetic acid
(0.049 ml, 0.6390 mmol, 0.1 equiv.) in 100 ml round bottom flask under inert N,

atmosphere. After 30 minute 50 ml dichloromethane was added and organic layer
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extracted from 50 ml 0.1 N NaOH aqueous layer in dichloromethane, dried over
sodium sulphate and solvent were evaporated in vacuo. The residue was
chromatographed to get pure MonoBenzo N-Confused Dipyrromethane
(MBNCDPM) 1V.1 (1.3 gm, Yield = 56%). 'H NMR (Acetone-ds, 400MHz, 295K):
d = 6.00(m, 1H), 6.05(m, 1H), 6.15(s, 1H), 6.73(m, 1H), 6.97(m, 1H), 7.11(m, 2H),
7.26(d, J = 8.0 Hz, 1H), 7.41(d, J = 8.0 Hz, 1H), 9.95(bs, 1H, exchangeable with
D,0), 10.24(bs, 1H, exchangeable with D,0); *C-NMR (Acetone-ds, 400MHz,
295K): 6 = 31, 106, 107, 111, 113, 117, 118, 119, 121, 123, 126, 129 ppm; HRMS
(E): m/z caled for (CyoH11FsNo-H)* = 361.0764; observed = 361.0768

1: TOF MS ES+

Figure 1V.33: HR-ESI-TOF mass spectrum of 1V.1.
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Procedure for Synthesis of 1V.2a:

In 25 ml two neck round bottom flask, MBNCDPM 1V.1a (500 mg, 1.3812 mmol, 1
equiv.) dissolved in 10 ml dry THF and DDQ (690 mg, 3.0387 mmol, 2.2 equiv.) was
added under N, atmosphere. Copper(ll) acetate (248 mg, 1.3812 mmol, 1 equiv.) was
added after 1 hour and reaction stirred overnight. Reaction mixture was directly
chromatographed on silica gel (230-400 mesh) to get red colour 1V.2a (21 mg, 3.9%)
in 10% ethyl acetate/n-hexane as eluent. *H NMR (THF-dg, 400MHz, 295K): & =
6.01(d, J = 8.0 Hz, 3H), 6.43(m, 3H), 6.68(m, 3H), 6.89(t, J = 8.0 Hz, 3H), 7.21(t,J =
8.0 Hz, 3H), 7.55(d, J = 8.0 Hz, 3H), 14.86(bs, 3H, exchangeable with D,0); *C
NMR (THF-dg, 400MHz, 295K): & = 103, 111, 115, 121, 122, 124, 125, 126, 127,
133, 138, 167 ppm; *F NMR (THF-dg, 376MHz, 295K): -162.27(t, J = 22.56 Hz,
6F), -154.56(t, J = 22.56 Hz, 3F), -142.51(d, J = 22.56 Hz, 6F); HRMS (El): m/z
caled. for (Cs7H21F1sNeO3)" = 1122.1436, Observed = 1122.1387; UV-Vis (CH,Cl,):
Ama(€)L mol*cm™ = 271 nm (29580) and 440 nm (32211); Crystal
data:CsoH21NgF1503(M, = 1182.85), monoclinic, space group P 21/c (No.14), a =
8.6387(19), b = 14.094(3), ¢ = 42.764(10)A, & = 90.00, = 91.418(5), y = 90.00°, V =
5205(2)A3, Z = 4, peaca = 1.510 mg/m3, T = 100K, R (all data) = 0.1046, R(all
data) = 0.1785, Ry (all data) = 0.2842, GOF = 1.554
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Figure 1V.36: *F-NMR spectrum of 1V.2a in Tetrahydrofuran-dg at 295K.
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Procedure for Synthesis of 1V.2b:

MBNCDPM 1V.1b (500 mg, 1.8382 mmol, 1 equiv.), DDQ (918 mg, 4.0412 mmol,
2.2 equiv.) and copper(ll) acetate (330 mg, 1.8382 mmol, 1 equiv.) were reacted using
similar protocol as mentioned above for 1V.2a. 1V.2b (19 mg, Yield 3.6%). '"H NMR
(Dichloromethane-d,, 400MHz, 295K): 6 = 5.50 (d, J = 8.0 Hz, 3H), 6.20 (m, 3H),
6.52 (m, 3H), 6.67 (t, J = 8.0 Hz, 3H), 7.08 (t, J = 8.0 Hz, 3H), 7.39 (m, 6H), 7.44(d, J
= 8.0 Hz, 3H), 7.58 (m, 6H), 14.83(bs, 3H, exchangeable with D,0); HRMS (EIl): m/z
calcd. for (Cs7H3sNgOa+H) "= 853.2927, Observed = 853.2905; UV-Vis (CH.Cl,):
Amax(€)L molem™ = 271 nm (6177), 431 nm (11431); Crystal data:Cs;H3sNgO4(M,
= 868.92), triclinic, space group P -1 (No.2), a = 12.261(6), b = 13.380(6), ¢ =
14.218(6)A, a = 77.740(9), B = 81.518(10), y = 89.721(12), V = 2253.5(18)A3, Z = 2,
Pealed = 1.281 mg/m3, T = 100K, Rin; (all data) = 0.1061, Ry(all data) = 0.2447, Ry (all
data) = 0.3764, GOF = 1.000

Procedure for Synthesis of 1V.3:

MBNCDPM 1V.1a (200 mg, 0.5525 mmol, 1 equiv.) was dissolved in 200ml dry
tetrahydrofuran in two neck 250ml round bottom flack under N inert atmosphere and
DDQ(276 mg, 1.2155 mmol, 2.2 equiv.) was added. After 1 hour copper(ll) acetate
(99 mg, 0.5525 mmol, 1 equiv.) added and reaction continued for overnight. Then
reaction mixture was passed through a bed of basic alumina, a dark colour fraction
obtained contains 1V.2a and IV.3. The organic fraction was evaporated on rota
evaporator to get crude reaction mixture which was further purified on silica gel (230-
400 mesh) by column chromatography. First fraction gave red colour band 1V.2a (7
mg, 3.4%) and second band corresponds to 1V.3 (8 mg, 4%). 'H NMR (Acetone-ds,
400MHz, 295K): & = 5.62(s, 1H), 6.18(m, 1H), 6.32(m, 1H), 6.48(d, J = 8.0 Hz, 1H),
6.57(d, J = 8.0 Hz, 1H), 6.60(d, J = 8.0 Hz, 1H), 6.83(t, J = 8.0 Hz, 1H), 6.90-6.95(m,
2H), 7.02(s, 1H), 7.22(t, J = 8.0 Hz, 1H), 7.28(d, J = 8.0 Hz, 1H), 7.36-7.40(m, 2H),
8.23(d, J = 8.0 Hz, 1H), 10.10(bs, 1H, exchangeable with D,0); *C NMR (Acetone-
ds, 400MHz, 295K): 6 = 74, 111, 112, 116, 118, 121, 122, 124, 126, 127, 128, 129,
130, 143, 156, 158 ppm; **F NMR (Acetone-dg, 376MHz, 295K): -162.60(t, J = 22.56
Hz, 1F), -162.11(q, J = 22.56 Hz, 2F), -161.84(t, J = 22.56 Hz, 1F), -154.89 (d, J =
22.56 Hz, 1F), -154.65 (d, J = 18.80 Hz, 1F), -143.37 (d, J = 22.56 Hz, 1F), -142.75
(d, J = 22.56 Hz, 1F), -142.03 (d, J = 22.56 Hz, 1F) -141.88 (d, J = 22.56 Hz, 1F);
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HRMS (EI): m/z calcd. for (CagH1sN4F1o+H) = 719.1294, Observed = 719.1288; UV-
Vis (CH.Cl): Amax(e)L mol*cm™ = 281 nm (16830), 325 nm (16658), 342 nm
(16759), 391 nm (21354); Crystal data:Cs1H22N4F100(M; = 776.63), triclinic, space
group P -1 (No.2), a = 9.9304(18), b = 12.231(2), ¢ = 14.545(3)A, a = 75.314(4), § =
82.512(4), y = 80.770(4)°, V = 1679.3(5)A3, Z = 2, pcaic = 1.536 mg/m3, T = 100K,
Rint (all data) = 0.0524, R;(all data) = 0.1342, Ry (all data) = 0.1372, GOF = 0.941
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Figure 1V.37: *F-NMR spectrum of 1V.3 in Acetone-ds at 295K.

Procedure for Synthesis of 1V.5:

The Indole-3-carboxaldehyde was reduced with pentafluorophenyl magnesium
bromide to its carninol. Carbinol (2.5 gm, 7.9872 mmol, 1 equiv.) and 1-
(triisopropylsilyDpyrrole (4.45 gm, 19.9681 mmol, 2.5 equiv.) in 23 ml dry
dichloromethane were stirred under N, at 0°C for 10 min. Then BF3Et,O (0.99 ml,
7.9872 mmol, 1 equiv.) was added and reaction mixture stirred at 0°C for 5 min. The
reaction mixture was passed through basic alumina using dichloromethane as eluent
and solvent evaporated in vacuo. The concentrated reaction mixture was directly
subjected to excess of tetrabutyl ammonium fluoride (1 M in THF) for 90 min.,
deprotected reaction mixture quenched with water and extracted with
dichloromethane. The combined organic layer was dried over Na,SO, and evaporated
in vacuo. The residue obtained was purified by silica gel column chromatography
using hexane/ethyl acetate eluent. The first fraction afforded MBNCDPM 1V.1a (1
gm, Yield = 35%) and second fraction gave MonoBenzo Doubly N-Confused
Dipyrromethane (MBDNCDPM) V.5 (1.4 gm, Yield = 48%). 'H NMR (Acetone-ds,
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400MHz, 295K): 6 = 6.01(s, 1H), 6.17(s, 1H), 6.75(s, 1H), 6.79(m, 1H), 6.95(t, J =
8.0 Hz, 1H), 7.09(t, J = 8.0 Hz, 1H), 7.17(s, 1H), 7.29(d, J = 8.0 Hz, 1H), 7.39(d, J =
8.0 Hz, 1H), 9.97(bs, 1H, exchangeable with D,0), 10.14(bs, 1H, exchangeable with
D,0); *C-NMR (Acetone-ds, 400MHz, 295K): & = 31, 108, 111, 115, 116, 118, 119,
121, 122, 123, 127 ppm; HRMS (EI): m/z calcd for (CigH11FsN»>-H)™ = 361.0764;
observed = 361.0769

Figure 1V.38: HR-ESI-TOF mass spectrum of 1V.5.
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Figure 1V.40: **C-NMR spectrum of 1V.5 in Acetone-dg at 295K.
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Procedure for Synthesis of 1V.6:

The compound 1V.6 was synthesized by applying similar procedure as used for 1V.2a.
MBDNCDPM 1V.5 (700 mg, 1.9337 mmol, 1 equiv.) was oxidized to its dipyrrin
using DDQ (966 mg, 4.2541 mmol, 2.2 equiv.) in 20 ml dry THF and further reaction
with copper(ll) acetate (348 mg, 1.9337 mmol, 1 equiv.) under goes oxidative
cyclodimerization to compound IV.6 (7 mg, Yield = 1%). 'H NMR
(Dichloromethane-d,, 400MHz, 295K): 6 = 6.35(d, J = 8.0 Hz, 1H), 6.94(d, J = 4.0
Hz, 1H), 7.13(t, J = 8.0 Hz, 1H), 7.48(t, J = 8.0 Hz, 1H), 7.71(d, J = 8.0 Hz, 1H),
9.35(d, J = 4.0 Hz, 1H); **C NMR (Dichloromethane-d,, 400MHz, 295K): & = 114,
120, 121, 122, 123, 124, 125, 126, 128, 129, 152, 154 ppm; °F NMR
(Dichloromethane-d,, 376MHz, 295K): -161.39(t, J = 18.80 Hz, 4F), -153.44(t, J =
18.80 Hz, 2F), -142.88(d, J = 18.80 Hz, 4F); HRMS (El): m/z calcd. for
(CagH12N4F1o+H)" = 715.0981, Observed = 715.0965; UV-Vis (CH,Cly): Amax(€)L
mol*cm™ = 322 nm (17900), 388 nm (14420), 503 nm (7460), 540 nm (7960);
Crystal data:CsgHioNgF1o(M, = 714.52), triclinic, space group P -1(No.2), a =
6.799(3), b = 8.219(3), ¢ = 13.376(4)A, o = 82.308(9), S = 75.542(7), y = 83.754(10)°,
V = 715.1(4)A3, Z = 1, peaica = 1.659 mg/m3, T = 100K, Rin (all data) = 0.1119, Ry(all
data) = 0.1656, Ry (all data) = 0.3393, GOF = 1.923
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Figure 1V.41: ®F-NMR spectrum of 1V.6 in Dichloromethane-d; at 295K.

Procedure for Synthesis of 1V.7:

The Indole (234 gm, 20 mmol, 2 equiv.) was condensed with
pentafluorobenzaldehyde (1.96 gm, 10 mmol, 1 equiv.) in 50 ml acetic acid by
refluxing for 24 hours under inert N, atmosphere. Then the reaction mixture was

evaporated and residue purified on silica gel (100-200 mesh). The colourless

134



compound DiBenzo Doubly N-Confused Dipyrromethane (DBDNCDPM) V.7 (4
gm, Yield = 97%) was obtained. *H NMR (Acetone-ds, 400MHz, 295K): & = 6.37(s,
1H), 6.98(m, 2H), 7.14(m, 4H), 7.37(d, J = 8.0 Hz, 2H), 7.42(d, J = 8.0 Hz, 2H),
10.20(bs, 2H, exchangeable with D,0); *C-NMR (Acetone-ds, 400MHz, 295K): & =
29, 111, 114, 118, 119, 121, 124, 127, 137 ppm; HRMS (El): m/z calcd for

(Ca3H13FsN,-H)* = 411.0921; observed = 411.0923
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Figure 1V.42: HR-ESI-TOF mass spectrum of 1V.7.
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Figure 1V.44: *C-NMR spectrum of V.7 in Acetone-ds at 295K.
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Procedure for Synthesis of 1V.8:

In a 250 ml round bottom flask, under inert atmosphere DBDNCDPM 1V.7 (1.66 gm,
4.0291 mmol, 1 equiv.) was dissolved in 100ml dry THF and DDQ (2.01 gm, 8.8641
mmol, 2.2 equiv.) was added. After 1 hour, copper(ll) acetate (725 mg, 4.0291 mmol,
1 equiv.) was added and reaction continued for overnight. Then brown colour
compound 1V.8 (50 mg, 3%) was isolated by repetitive chromatographic purification.
'H NMR (Acetone-ds, 400MHz, 295K): & = 6.49(s, 1H), 6.62(d, J = 8.0 Hz, 1H),
6.76-6.82(m, 3H), 6.89(t, J = 8.0 Hz, 1H), 6.99(t, J = 8.0 Hz, 1H), 7.10-7.17(m, 2H),
7.26-7.35(m, 4H), 7.45-7.50(m, 2H), 7.60(d, J = 8.0 Hz, 1H), 8.26(d, J = 8.0 Hz, 1H),
11.81(bs, 1H, exchangeable with D,0); *C NMR (Acetone-ds, 400MHz, 295K): & =
69, 108, 113, 114, 119, 121, 122, 125, 126, 128, 130, 131 ppm; **F NMR (Acetone-
ds, 376MHz, 295K): -162.69(m, 3F), -159.37(t, J = 22.56 Hz, 1F), -155.28(t, J =
22.56 Hz, 1F), -153.05 (t, J = 22.56 Hz, 1F), -141.33 (d, J = 22.56 Hz, 1F), -140.89 (d,
J = 2256 Hz, 1F), -140.24 (d, J = 22.56 Hz, 1F), -136.88 (d, J = 22.56 Hz, 1F);
HRMS (EI): m/z calcd. for (CasH1sN4F10+H) = 817.1450, Observed = 817.1436; UV-
Vis (CHCly): Amax(e)L mol*em™ = 283 nm (1436), 338 nm (755); Crystal
data:CysH1gsNsF10(M; = 816.64), monoclinic, space group P 21/n (No.14), a =
10.144(2), b = 12.998(3), ¢ = 25.579(5)A, a = 90.00, 5 = 96.312(4), y = 90.00°, V =

3352.2(12)A3, Z = 4, peaca = 1.618 mg/m3, T = 100K, Ry (all data) = 0.0586, R, (all
data) = 0.1357, Ry (all data) = 0.1830, GOF = 0.972
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Figure 1V.45: ®F-NMR spectrum of 1V.8 in Acetone-ds at 295K.
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This thesis describes the synthesis and characterization of BODIPY
derivatives, expanded norroles, aza-heptalenes and couple of unexpected dimers. 1,3-
Bis, 1,4-Bis, 1,3,5-Tris and Tetra BODIPY derivatives were synthesized and their
molecular structures were determined from single crystal X-ray analysis. All these
fluorescent compounds exhibited strong intermolecular hydrogen bonding between
donors -CH of the aromatic part (pyrrole or benzene) and -BF of the boron difluoride
part hence act as a sythones for supramolecular architecture. Especially, 1,3,5-Tris
BODIPY forms hydrogen bonded porous organic framework with the aid of strong
intermolecular hydrogen bonding. Surprisingly, the molecular structure of Tetra-
BODIPY displayed planar biphenyl unit along with delocalization of m-electron
between two benzene rings. Tetra-BODIPY forms tetrameric structure with the help
of intermolecular hydrogen bonds. Emission measurements indicated the decreased
fluorescence in 1,4-Bis BODIPY as compared to the 1,3-Bis BODIPY due to free
rotation between BODIPYs moieties and meso-phenyl ring. This was also supported
by obtained molecular structures of 1,3-Bis BODIPY in locked conformation and 1,4-
Bis BODIPY in comparatively open form. Tetra-BODIPY gives highest quantum
yield and 1,3,5-Tris BODIPY has intermediate quantum yield amongst these BODIPY

derivatives.

Employing N-confused dipyrrin and doubly N-confused dipyrrin as a
chelating agent for various metal salts yielded the serendipitous expanded norroles
and aza-heptalene respectively. In contrast to dipyrrin, N-confused dipyrrin undergoes
intermolecular cyclomerization with metal salts to expanded norroles. The 24n anti-
aromatic hexapyrrolic expanded norrole is the structural isomer of non-aromatic
rosarin. Rosarin is known to take distorted conformation and recent report indicates
the use of benzo substitution on bipyrrolic units to make rosarin into planar
conformation. The hexapyrrolic expanded norrole displayed near planar conformation
in solid state and this indicate the simplest way to synthesize hexaphyrin in a planar
conformation instead of having benzo fusion. The 32n anti-aromatic octapyrrolic
expanded norrole also exhibited planar conformation. In general, octaphyrins are
known to adopt figure-of-eight conformation but octapyrrolic expanded norroles
represent the first example of planar octaphyrin. Overall, the NMR studies are in
agreement with the obtained molecular structures and indicate paratropic ring current

effect. The computed NICS(0) value for hexapyrrolic and octapyrrolic macrocycles
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are +4.5 and +1.5 and support the weak anti-aromatic nature. These expanded
norroles are formed by head-to-tail interconnection of dipyrrin leading to form C-N
linked bipyrrolic units. These molecules demonstrate the possibility of
accommodating more than two neo-confused pyrrole moieties and represent a new
class of stable, anti-aromatic expanded porphyrinoids with unusual m-conjugation.
They have multiple C-N bonds along the conjugated pathway of the macrocyclic
framework. The aza-heptalenes are confirmed by HRMS, NMR, SCXRD and UV-
Visible spectroscopy. In contrast to dipyrrin, Doubly N-confused dipyrrin underwent
intermolecular cyclodimerization with metal salts to aza-heptalene. Both the
heptalenes displayed planar conformation in solid state and diatropic ring current
effect in their *H-NMR spectrum hence aromatic in nature. As in expanded norroles,
symmetrical heptalene 111.B.12 also adopted head-to-tail interconnection between two
dipyrrin units. The unsymmetrical heptalene 111.B.13 has interconnection of two
dipyrrin units and hence provided three different C,-C,, C4-Cp and C,-N linked
bipyrrolic units. These molecules do not represent a macrocyclic core. The UV-
Visible spectroscopy confirmed that these molecules represent heptalene
characteristics rather than macrocyclic behaviour. The estimated NICS(0) support the
aromatic nature of these molecules. Aza-heptalene 111.B.12 and 111.B.13 are the
structural isomer of each other which were obtained with copper(ll) acetate and
iron(111) acetylacetonoate respectively. They accommodate one and two neo-confused
pyrrole rings hence contain one and two C-N bonds along the conjugated pathway of
the molecular framework. This method of synthesis of expanded norroles and aza-

heptalenes is simple and can be catalysed by a variety of metal ions.

The benzo fusion on confused pyrrole ring N-confused dipyrrin provided the
247t hexapyrrolic oxidized expanded norrole 1V.2a and unusual dimer 1V.3. The
oxidized macrocycle 1V.2a can be attributed to the high reactivity of the a-carbon of
confused pyrrole rings facing the core of the macrocycle. On the other hand, the
dimerized product 1V.3 was found to be chiral due to the unsymmetrical coupling
between the two dipyrrin units. Another unexpected dimer 1V.8 derived from dibenzo
doubly N-confused dipyrrin was also identified as an unsymmetrical chiral molecule.
Also benzo fusion on one of the confused pyrrole ring of doubly N-confused dipyrrin
has furnished another derivative of symmetrical aza-heptalene 1VV.6. This molecule

has red shifted absorption than the unsubstituted aza-heptalene derivative and shows
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strong 7-7 interactions with inter-planar distance of 3.307 A. This molecule contains
linear fusion of 6-5-7-7-5-6 membered aromatic rings and therefore represents a

structure similar to hexacene.

In conclusion, this thesis discovers the few multi-BODIPY derivatives that
display structural features good enough to act as synthons for supramolecular
chemistry. It also discloses the attempts to metalate N-confused dipyrrin, doubly N-
confused dipyrrin and their benzo derivatives which yielded novel molecules hitherto

unknown so far.
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