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“It is the great beauty of our science, chemistry, that advancement
in it, whether in a degree great or small, instead of exhausting the
subjects of research, opens the doors to further and more abundant
knowledge, overflowing with beauty and utility”

Michael Faraday
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Thesis Abstract

Chapter |

General Introduction

In biology, various enzymatic reactions are accompanied by metalloenzymes. In
metalloenzymes, the active site(s) is(are) constituted by metal ion(s). While, most of the
biological reactions are controlled solely by redox-active metal ions present at the active site; in
some cases, redox-active metal ions are potentially assisted by redox-active organic cofactors. In
the several metalloenzymes, namely; Aminophenol dioxygenase, Ribonucleotide Reductase 1B,
Galactose Oxidase, and Photosystem I, etc; the presence of phenol-based tyrosine radical has
been found in the vicinity of the active site. The active participation of the radical in the
enzymatic reactions has also been established. Hence, investigation on electronic- and
geometrical-structure of active-site-like radical-coordinated transition metal complexes and
thereafter, the use of those complexes as catalysts for various electron transfer phenomena,
oxygenation activities, bond breaking and bond formation reactions have achieved considerable
attention to chemists. In this context, three new aminophenol-based redox active ligands
(Scheme 1) and their corresponding metal (Fe, Mn, Co, Cu) complexes were synthesized to
understand the enzymatic activities and mechanistic pathways.
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H,Gan”P

H4LPiperazine(APIAP)

Scheme 1: Schematic representation of the ligands.
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Chapter 11

Synthesis and Characterization of Non-Innocent Ligand, [H,Gan”"] and its
Corresponding Dinuclear u,-oxo-Bridge Fe(l11) and Mn(l11) Complexes

2-Aminophenol appended pentadentate ligand H,Gan”" was synthesized by mixing
equimolar amounts of 2-[bis(2-pyridylmethyl)aminomethyl]aniline and 3,5-di-tert-butyl catechol
in hexane in the presence of EtsN under air. The ligand reacted with Fe(ClO4),26H,0 or
Fe(ClO4)3*6H,0 in the presence of tetrabutylammonium perchlorate, and EtsN under air and
provided a ,-0xo-bridged dinuclear iron complex (2A). X-ray single crystal analysis of complex
2A revealed the presence of a furan derivative, resulted from the oxidative aromatic C—C bond
cleavage product of 2-aminophenol derivative, in the coordination sphere of each iron centre.
Mechanistic investigation for the formation of complex 2A established that in the absence of
molecular oxygen no oxidation of the appended 2-amidophenolate unit took place. An iron(l1)-
amidophenolate complex(2B), formed initially, further reacted with molecular oxygen and
caused oxidative aromatic C—C bond cleavage via a putative alkylperoxo species. The ligand,
upon reaction with an equivalent amount of Mn(ClO,)2+6H,0 in the presence of EtsN under air
in MeOH, provided a mono(u-oxo)-bridged binuclear Mn, complex(2C). X-ray crystal structure
analysis of complex 2C confirmed that the oxidation state of each Mn ion was +I1I and the 2-
aminophenol unit of ligand H.Gan”" was in its one-electron oxidized iminosemiquinone form.
'H-NMR measurement on complex 2C confirmed that the complex acquired a diamagnetic
ground state (S¢ = 0) by experiencing antiferromagnetic couplings among the paramagnetic
centers. The UV-vis/NIR spectrum of complex 2C was consisted of ligand-to-metal charge
transfer tramsitions in the visible region, while, ligand-to-ligand charge-transfer transitions were
noticed in the near-infrared region due the presence of iminosemiquinone radical units. The
cyclic voltammogram of the complex showed three one-electron oxidation waves and two one-
electron reduction waves. DFT-based theoretical study indicated that the reduction and the first
two oxidation processes corresponded to the ligand based reduction and oxidation phenomena.
Thus, two Mn(lll)-coordinated iminosemiquinone units underwent two successive reduction
processes to generate two amidophenolate units, while, two iminoquinone units were formed

upon two successive oxidation process of the coordinated iminosemiquinone units.
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Chapter 111

A New Piperazine-Based Non-Innocent Ligand, [H,L7Pr@m®PAP] and its
Corresponding Radical-Containing Transition Metal Complexes: Synthesis
and Characterization

A piperazine-based ligand [H,L"Pera@nePAP)] featuring two o-amidophenol non-
innocent units was used to synthesize by reacting with 2,2'-(piperazine-1,4-
diylbis(methylene))dianiline  with 2 equivalents of 3,5-di-tert-butyl-catechol in air in the
presence of Et;N in hexane. X-ray single crystal analysis of the ligand [H4LPPerazine(APiAR)
revealed that piperazine unit present in more stable chair form rather than that of boat form.
Furthermore, a new octahedral Co(lll) complex (3A) was synthesized by reacting with ligand
[H,LPiPerazineAPIARY ~ and  CoClye6H,0. Ligand HaLPerazineAP/AR) ynon  reacting with 2.0
equivalent amount of CuCl,+2H,0 in CH3CN in the presence of EtsN under air provided a novel
binuclear diradical-containing Cu(ll) complex (3B). Both the complexes were characterized by
single crystal X-ray crystallographic measurement. Diamagnetic in nature (with S; = 0 ground
state) of the complexes (3A and 3B) were as evident by *H-NMR spectroscopy. The ligand, upon
reaction with an equivalent amount of Cu(ClO,4),#6H,0 in the presence of EtsN under air in
CH3CN, provided a Cu(ll) complex(3C). X-ray single crystal analysis of complex 3C revealed
that the bidentate substituted acridine frameworks occupied the coordination sites. The formation
of acridine unit took place via C—N bond activation and thereafter homolytic C—H bond breaking
and C—C bond formation through simultaneous electron transfer from iminosemiquinone

[(1SQ)"*7] to benzyl carbon adjacent to piperazine moiety.
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Chapter IV

Synthesis of Monoradical-Containing Four Coordinate Co-Complexes:
Homolytic S-S, Se-Se Bonds Cleavage and Catalytic Conversion of
Isocyanate to Urea under Sunlight

The aminophenol-based ligand H,L""®", was synthesized during the reaction of 2-
aminobiphenyl and 3,5-di-tert-butylcatechol in hexane in presence of EtsN under air. In the
ligand, one of the N-phenyl-ring ortho-positions of the parent H,L"" [N(2-hydroxy-3,5-di-tert-
butyl phenyl) aniline] ligand was substituted by a bulky phenyl ring. The ligand reacted with 0.5
equivalent of Co(ClO4),*6H,0 in the presence of EtsN under air and provided a monoradical
containing square planar Co(lll) complex (4A). During recrystallsation from DCM:CH3CN (4:1)
solvent mixture, its provided a diradical containing square-pyramidal Co(l11) complex(4B) where
axial position occupied by —CI atom while, complex 4B was directly formed during the reaction
of ligand HoLA"®" with CoCl,*6H,0 in the presence of EtsN under air. Complex 4B reduced
diphenyl disulfide (Ph,S,) and diphenyl diselenide (Ph,Se;) by an electron and provided the
corresponding five-coordinate, diradical-containing complexes (4C and 4D) where the axial
position was occupied by a —XPh group [X = S (4C) and Se (4D)]. All the complexes were
characterized by X-ray crystallography except the complex 4A. The electronic absorption spectra
of all the complexes were dominated by IVCT, LLCT, LMCT charge-transfer transitions. When
CH.Cl, solution of complex 4C was subjected to sunlight irradiation, complex 4A was generated
via homolytic Co—SPh bond cleavage which was confirmed by X-band EPR and UV-vis/NIR
experiments. As five-coordinate, diradical-containing complexes could be converted to the
corresponding four-coordinate, monoradical-containing complexes under the sunlight stimulus,
and four-coordinate complexes have been found as one-electron transferring agent. We have
investigated the catalytic ability of four-coordinate as well as five-coordinate complexes (4A, 4C
and 4E) for the conversion of RNCO (R = phenyl and naphthyl) to the corresponding C—N

coupled urea derivatives under sunlight.
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Chapter V

Geometry Driven Iminosemiquinone Radical to Cu(ll) Electron Transfer and
Formation of an Elusive Five-Coordinate Cu(l) Complex: Synthesis,
Characterization and Reactivity Study with KO,

The bidentate non-innocent ligand H,L""®" contained a bulky phenyl substituent at the
ortho-position to the aniline moiety. The ligand reacted with 0.5 equivalent of CuCl,+2H,0 in the
presence of EtsN under air and provided a Cu(ll)-bis(imonosemiquinone) complex (5A). The
complex upon oxidation by stoichiometric amount of ferrocenium hexafluorophosphate (FcPFg)
yielded four-coordinate Cu(Il)-(imonosemiquinone)(iminoquinone) complex (5C), while the
oxidation by an equivalent amount CuCl,*2H,O produced five-coordinate Cu(l)-
bis(iminoquinone)Cl complex (5B). Thus, a ligand-based oxidation followed by ligand-to-metal
electron-transfer was realized for the latter oxidation process. Removal of axial CI™ ion from
complex 5B rendered four-coordinate complex 5D. No change in the oxidation state of either
Cu(l) or iminoquinone moieties was realized on changing the coordination number from five to
four. All the complexes were characterized by X-ray crystallography either at 293(2) or 100(2)
K. Complexes 5B, 5C, and 5D were diamagnetic with S; = 0 ground state as evident by EPR and
'H-NMR measurements. The UV-vis/NIR spectra of all the complexes were dominated by ILCT,
LLCT, MLCT, LMCT charge-transfer transitions. Two oxidations and two reductions waves
were noticed in the cyclic voltamogram (CV) of complex 5A. Complex 5B and complex 5C
underwent one oxidation and three reductions processes. Contrary to complex 5C, which
experienced ligand-based oxidation, in complex 5B the oxidation was metal-centered [oxidation
of Cu(l) to Cu(l)]. UV-vis/NIR spectral changes during the fixed-potential one-electron
oxidation by coulomety and thereafter, X-band EPR analysis consolidated the metal-based
oxidation in complex 5B. Complex 5B was air stable; however, it oxidized KO, to oxygen
molecule. Complex 5A was formed in due course as evident by UV-vis/NIR spectral changes

and X-band EPR measurement.
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ABBREVIATIONS

Technical terms:

av. : average

B : magnetic field

LMCT : ligand-to—metal charge transfer
MLCT : metal-to—ligand charge transfer
LLCT : ligand—to—ligand charge transfer
IET : intramolecular electron transfer
SET : single electron transfer

D : zero—field splitting

deg. : degree (°)

e : electron

E : total energy

Exp : experimental

Sim : simulated

H : Hamiltonian

Units:

A : angstrom (10 m)

cm : centimetre

emu : electromagnetic unit
G : gauss

h : hour

K: Kelvin

M : molar

m / min. : minute

Symbols:

A : wavelength (nm)
& extinction coefficient (M *cm™)
Metr - Magnetic moment (ug)

Solvents and reagents:

TBAP : tetrabutylammonium perchlorate
Cat : catechol

SQ : semiquinone

ISQ : iminosemiquinone

IBQ : iminoquinone

CH,CI;: dichloromethane

J : coupling constant ( cm-1) /or Hz

hs : high spin

Is : low spin

I : nuclear spin

HOMO : highest occupied molecular orbital
LUMO : lowest unoccupied molecular orbital
m/z : mass per charge

RT : room temperature (30 °C)

S : electron spin

S : singlet

d = doublet

t = triplet

q = quartet

mm : millimeter

nm : nanometer (10 °m)
s : second

T : tesla

us - bohr magnetron

B : magnetic field

°: degree

o : Isomer shift
x : multiplication

Et,O : diethylether

EtsN : triethylamine

EtOAC : ethylacetate

Et,N"CI : tetraethylammonium chloride
EtOH : ethanol

KBr : potassium bromide
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CHCIs: chloroform

THF : tetrahydrofuran
Techniques:

EA : elemental analysis

El : electron ionization

EPR : electron paramagnetic resonance
NMR : nuclear magnetic resonance

SQUID : superconducting quantum interface
device

Latin expressions:

ca. : around

et al. : and co—workers
e.g. : for example

i.e. : namely

MeOH : methanol

CH5CN : acetonitrile

ESI : electrospray ionisation

IR : infrared

MS: mass spectrometry

UV-Vis/NIR : ultraviolet-visible/near infrared

tert : tertiary

VS. : versus, against
via : through

vide infra : see below
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General Introduction, Motivation and Objectives

1.1 Introduction, Motivation, and Objectives

In biology, various enzymatic reactions are accompanied by metalloenzymes. In
metalloenzymes, the active site(s) is(are) constituted by metal ion(s). While, most of the
biological reactions are controlled solely by redox-active metal ions present at the active site; in
some cases, redox-active metal ions are potentially assisted by redox-active organic cofactors.
In the several metalloenzymes, namely; Aminophenol dioxygenase,? Ribonucleotide Reductase
1B,* Galactose Oxidase,* and Photosystem |1, etc; the presence of phenol-based tyrosine radical
has been found in the vicinity of the active site. The active participation of the radical in the
enzymatic reactions has also been established. Hence, investigation on electronic- and
geometrical-structure of active-site-like radical-coordinated transition metal complexes and
thereafter, the use of those complexes as catalysts for various electron transfer phenomena,
oxygenation activities, bond breaking and bond formation reactions have achieved considerable

attention to chemists.

Cis-diols Hydroquinol
Catechols Protocatechuates Gentisates
OH OH OH OH
OH OH COOH
OH
COOH OH OH OH

H
7 OH OH Chlorinated OH COOH
OO OH COOH Aromatics
OH OH

COOH ﬁj/ \©/ OH

OH OH

Phenol Derivatives

Aminophenols Salicylates

OH OH
NH, NH,
@iOH HOOC \©i°H ©/COOH COOH

Figure 1.1: Various aromatic substrates cleaved by non—heme iron dioxygenases.
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Bioremediation®®®

is a process where a number of important metalloenzymes are
involved to breakdown and assimilate recalcitrant pollutants through metabolic pathways. Single
as well as multi-ring containing hydrocarbons, which are a major class of pollutants, can easily
liable to bioremediation. The aerobic degradation of these compounds is largely mediated by
non-heme iron-containing dioxygenases (enzymes capable of incorporating both atoms of O,

into substrate).®® For example, non-heme iron dioxygenases have been known for oxidative

cleave of a wide variety of aromatic substrates, including catechol, protocatechuates,”
Te-f

7b-d

hydroquinones™*, 0-aminophenols,”" and salicylates’®" (Figure 1.1).

Figure 1.2: Common active-site structure of non-heme Fe dioxygenases, featuring the 2-His-1-
carboxylate facial triad of protein residues.®

Unlike the intradiol catechol dioxygenases, the ring-cleaving dioxygenases generally
share a common active-site structure: a high-spin mononuclear iron(ll) center that is bound to
one aspartate (or glutamate) and two histidine residues in a facial triad fashion, along with two or
three H,O ligands (Figure 1.2).%8" The “2-His-1-carboxylate (2H1C) facial triad” is the
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dominant coordination motif found among non-heme mononuclear iron enzymes, which involve
in O, activation. The 2H1C structure facilitates catalysis by permitting the iron center to bind
both substrate and molecular O».

X=0,NH

H,0

Substrate

Figure 1.3: Proposed mechanism for extradiol catechol dioxygenases and o-aminophenol
dioxygenases.

The catalytic mechanism (Figure 1.3) of the extradiol catechol dioxygenases has been

studies extensively with experimental and computational methods. The first step involves
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bidentate coordination of substrate to Fe with loss of a proton, accompanied by displacement of
the coordinated H,O ligands.®*® The resulting five-coordinate Fe(ll) center then binds O, in the
vacant site adjacent to the bound substrate.'® Formation of a short-lived ferric-superoxo
intermediate is thought to trigger the transfer of one electron from the substrate ligand to iron,
resulting in a bound o-semiquinone radical.®" The existence of this putative intermediate would
likely require deprotonation of the distal -OH group by a second sphere residue, although it is
not clear whether these three events (O, coordination, electron transfer, and proton transfer)
occur in a stepwise or concerted manner. The degree of semiquinone character on the substrate
ligand in the O,-bound form of the enzyme is also uncertain (vide infra); however, it is well-
established that the next step of the catalytic cycle involves generation of an Fe(ll)-alkylperoxo
species, which undergoes a Criegee rearrangement and hydrolysis to eventually yield the ring-
opened product. Interestingly, the general catalytic strategy employed by the ring-cleaving
dioxygenases differs substantially from the Oj-activation mechanism employed by cytochrome
P450s,% methane monooxygenase,'® and o-ketoglutarate dependent dioxygenases.'® In these
enzymes, O, is used to generate an iron(IV)-oxo intermediate that performs the demanding
hydroxylation of an aliphatic substrate. In contrast, structural, mutagetic, and radical trap
experiments and also computational studies have revealed that the ring cleaving dioxygenase

mechanism does not involve high-valent Fe intermediates (Figured.3).1%?

Ph
Ph
=
N

X/
Ph N

S=2 S$=3/2
Complex 1A Complex 1B

Scheme 1.1: A synthetic model of the putative Fe(ll)-iminobenzosemiquinonate intermediate in
the catalytic cycle of o-Aminophenol Dioxygenases.
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The better understanding of reaction mechanism for the aromatic C-C bond cleavage
processes by 2-aminophenol dioxygenase has achieved special attential. In this regard, Adam T.
Fiedler and coworkers have investigated the oxidative ring cleavage of aromatic substrates by
non-heme Fe complex.*® They describe the synthesis of the trigonal-bipyramdial complex (1A),
the first synthetic example of an iron(ll) center bound to an iminobenzosemiquinonate (1SQ)
radical (Scheme 1.1). The unique electronic structure of the complex and its corresponding one-
electron oxidized derivative (complex 1B) with an S = 3/2 have been established on the basis of
crystallographic, spectroscopic, and computational analysis. These findings further demonstrate
the viability of Fe(l)-ISQ intermediates in the catalytic cycles of o-aminophenol

dioxygenases.'**

Ph Ligand Based Oxidation

Ph
\=N,
H3;C \& y Ph - |
/<I CO.H

Iron Based
H3C Oxidation

Complex 1C

Scheme 1.2: Dioxygen reactivity of biomimetic Fe(ll)complex with non—-innocent catecholate,
o-aminophenolate and o—phenylenediamine ligands.

In 2014, the same group has also reported spectroscopic, computational, O, reactivity,
and reaction kinetics of three mononuclear Fe(ll) complex (Scheme 1.2) containing “non-
innocent” catecholate, o-aminophenolate, and o-phenylenediamine ligands. Depending on the
nature of the non-innocent bidentate ligands, the O, reaction triggers either iron-based oxidation
or ligand-based oxidation, or a combination of both processes (Scheme 1.2).*° Basically ligands
are capable of donating protons as well as electrons, and the interplay between these two factors

influences rates of reaction with O,.
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(A)

e " g@@@ e

Tris((6-methylpyridin-2- 4-substituted-2-picolinic acid

yl)methyl)amine Complex 1D

Scheme 1.3: (A) Ligand tris(6-methyl-2-pyridylmethyl) amine, (B) Reaction of the iron(Il)-
aminophenolate complex with dioxygen.

In 2013, T. K. Paine and coworkers have reported the dioxygen reactivity of six-
coordinate iron(ll)-2-aminophenolate complexes of an N, ligand using substituted 2-
aminophenols. The complexes have been shown to react with dioxygen under ambient conditions
to afford substituted 2-picolinic acids mimicking the function of 2-aminophenol dioxygenases

(Scheme 1.3).1%®

Catalytically
active

COeH

Catalytically
Complex 1E inactive

Scheme 1.4: Reaction of the iron(l11)-aminophenolate complex with dioxygen.

Furthermore, in 2015 the same group have reported two Fe(lll)-2-amidophenolate
complexes of two different facial tridentate ligands; one ligand contains pendant urea moiety and
the other with tethered benzyl moiety (Scheme 1.4). Both ligands react with dioxygen to cleave
the aromatic ring of 2-amino-4,6-di-tert-butylphenol regiospecifically, resulting in the formation
of 4,6-di-tert-butyl-2-picolinic acid. The complex supported by urea-bearing ligand shows
catalytic C—C bond cleavage with multiple turnovers, whereas the complex without urea group
shows no catalysis. The role of the urea group has been implicated to affect the catalytic

reactivity (Scheme 1.4).'%
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The drawback of the above stated model studies was the isolation of the final product by
acidic work up. It is well know that during acidic work up hydrolysis occurs. Thus, a direct
method was necessary to investigate the mechanistic path for the oxidative, aromatic C—C bond
cleavage reaction of 2-aminophenol unit. In this context, ligand H,Gan”" has been investigated.

The ligand itself contained a 2-aminophenol unit. Thus, the substrate needs not to be added

NH N N_z/

H,Gan?P

externally.

Figure 1.4: Schematic representation of ligand H,Gan”"

E158

Y105 D67 HO &\ g4 92

/O’ \2 % @H,0
.Tavmz /\
L ’Eo8

H101 H195

Figure 1.5: Stereoview of the Mn'",-NrdF active site. Mn" ions are shown as purple spheres,
water molecules are shown as red spheres, and NrdF side chains are represented in stick format
and colored by atom type.*
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Ribonucleotide Reductase (RNRs) is an enzyme that catalyzes the formation of
nucleotides to corresponding deoxynucleotides, required for DNA replication and repair for all
organisms.™*" In 1998, J. Stubbe and coworkers reported a manganese(l1l) containing RNRs
having cofactor class Ib. The cofactor class-Ib comprises of a di-manganese cluster and a tyrosyl
radical which is essential for the initiation of radical-dependent nucleotide reduction.’®® It has
been proposed that the formation of the active site proceeds via the initial reaction of a O,
molecule and NrDF subunit, which is consequently transformed to superoxide radical form
(Scheme 1.5).23* Thus generated superoxide species transforms Mn(l1) to the higher oxidation

state Mn(111) and Mn(IV). The Mn(IV) unit then oxidizes Tyr105 to the corresponding radical.

—O-onpQiong
Tyrigs Tyrios A
Mn“ Mn" Mﬂ" Ml’l“ J_-r

Site1 Site 2 NrDF Site1 Site2 NrDE
Dimanganese(ll) cluster "
(Inactive) H

Fast HO~

Pl!n"'
Site 2

Ml"l“
Site 1

o,

Tyrios Tyrosyl radical

2

N\
(1] []
Mn\ /Mn
site1 O Site

Dimanganese(lll) cluster
(Active)

Scheme 1.5: Generation of active tyrosyl radical in the active site of class—Ib Ribonucleotide
Reductase(RNRs).*®
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Ligand H,Gan”" is pentadentate and also contained redox-active 2-aminophenol unit.
Manganese complexes are generally six-coordinate. Thus, ligand H,Gan”" was employed for the
possible synthesis of dinuclear oxo-briged Mn,-radical complex to the structural and

spectroscopic investigations.

Galactose Oxidase (GOase),* a mononuclear copper enzyme which uses a tyrosyl radical
to facilitate the two-electron oxidation of primary alcohols to aldehydes with the subsequent
reduction of dioxygen to peroxide. From single crystal X-ray crystallographic studies of GOase,
it is pointed out that the active site structure of this metalloenzyme contains one copper atom,
which is coordinated two tyrosine unit and two histidine units. The fifth coordination site is

occupied by solvent molecule as water.*”

Tyrass

H;0
Tyraes }/ﬁ‘ Q ‘/(Hiﬁsm
. His g -
His ““NH —1e
His, o = 7 N \\ Tyrags
496 HN_. |
“~"NH H,0. N
)“ﬁ OH N/ 2~z Cu',\ Hissgy
HN\.‘«N--.._‘ It / 0‘@""‘!%?2 Hisyg
/Cul\‘\ H,0 s 0 /u NH
94@“%72 N—Cyszzs HN\:N [ __.-"“N
s ‘Inactive’ |

[0
I i
4 OH Cu
& N—Cyszzs / \\9 _@T‘”?’z
Tyrags q H,0 g

"Active’ N\ Cys,z

HiSss:.
Hisygs
bo, OH [N Net reaction: RCH,OH l
HN o
=N o GOase H.0
he e RCH,OH + 0, RCHO + H,0, Tyt ?
o 0—@—1'!’"2?2
/ .
.(l) H g PCET = Proton coupled electron transfer His Hissas
\“"“‘CYSZQS v OH “"NH
= N~/
HN_. *
"N"“*c“u‘
Tyraos O/ " \QQTYQTZ
His, S
Hisgog (]\ ! Ry R H ¥CY3225
0, )L“ OH “"NH Hisggy
= N/ . &
HN .y o Hisgg6 (( C
e =
cu' )ﬁ OH L NH
HO @—Wrzu HN\; N o
4 ul
H s /c ~
‘Reduced  “—Cyszzs ?_/ o ,0-§ D-Tyrn
- H s
RCHO R‘>\H N—Cyszzs

Scheme 1.8: Proposed catalytic cycle of Galactose Oxidase(GOase).**
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The active form of GOase consists of the Cu(ll) ion, which is coordinated to
Tyr272 radical. Both the redox active centers participate in the catalytic process (Scheme
1.8). Because of the simplicity of the active site, Cu(ll)-radical-containing complexes
have been successfully used as functional models for the oxidation of alcohols to the

corresponding aldehydes.

Weighardt and coworkers extensively explore aminophenol based non-innocent
ligand H,L"F [N(2-hydroxy-3,5-di-tert-butyl phenyl) aniline] as a basic constituent of
several radical-containing transition metal complexes.’*® Chaudhuri and coworkers
reported that, different substituted ligands and their radical-containing metal complexes
and their potential application on biomimetic model of GOase for transformation of

alcohol to corresponding aldehyde (Scheme 1.10).**

NH it N
—_
—~———— —
OH +2nt o)
[HzLAP]U [LAPIZ_
+1e ||—1e

Ry R:
; R

Ry R;
; R;
N +1e_ 6‘_
—_— U

[LIBQ]O [LISQ]1—
Where Ry, Ry, Ry = —H; Ry, Ry, = —H and R;= ~OMe, —SPh, —SePh;
R, R, =—'Bu and R;= —-OH ; R, =—CI, R,, = —H and R;= —-OH

Scheme 1.9: Probable oxidation states of different substituted H,L*" ligand.
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R1\©R2
1 mol% 1K )

N
R—CH,OH R—CHO + H,0, (°‘\c" /99
Air O/ u\N

CH,CI,
Where, R = Alkyl or aryl group /@
R R,

2

1K, Where, Ry and R, = -H, -CI,-CF3,
—OCH3, —tBU.

Schemibl.lo: Mimicking model of Galactose Oxidase derived from aminophenol based
ligand.

To investigate on electronic structure and magnetic interactions between Cu(ll) and a
radical center, ligand H,L"PeraineAP/AP) has been designed. In the ligand two redox-active 2-
aminophenol units are bridged by a piperazine unit. The chair form of piperazine is more stable
than that of boat form. Thus a binuclear four-coordinate Cu(ll)-radical complex could be
synthesized. The complex can be investigated as a catalyst for biomimetic aerial oxidation of

sep

HN

N/\/

alcohols to the corresponding aldehydes.

NH
ﬁ
H4LPiperazine(APlAP)

Figure 1.11: Schematic representation of ligand H,LPPerazineAP/AR),
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rre

C:I
(A) _\ Il /
Pt (o)
e X 5 mol% 1K

X=0,NH CH2C|2, RT, 18h

Complex 1L

_\ I / AI'B(OH)2 - N\Ar
THF, Air
OH

Scheme 1.12: Utility of Cu(lI)-bis(iminosemiquinone) complex; (A) —CFs; group transfer
reaction and (B) C-N bond forming reaction.

In addition to alcohol oxidation, In 2016, Fensterbank and coworkers reported that
utilising Cu(ll)-bis(iminosemiquinone) complex 1L, CF3" radical can be generated from a CFs"
source.'® In the process, the one-electron reduction of CF3*-ion is assisted by the ligand centered
single electron transfer (SET) of complex 1L. Thus generated CF;" radical can be utilized in
trifluoromethylation of heteroaromatics (Scheme 1.12A), trifluoromethylation of silyl enol
ethers and hydrotrifluoromethylation of alkynes.** The group has also reported that C—N bond
forming reaction can also be performed under air (Scheme 1.12B)*" by using Cu(ll)-

bis(iminosemiquinone) complex (1L).
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N
A

- 0

Dot | % ¢ |
>K?[O:cmNjES\K )?O:Joéﬁ(

Complex 1F Complex 1G

)
)

R—R'+ [znX] T R'ZnX

~

Scheme 1.13: Negishi-like cross—coupling of alkyl halides with organozinc reagents by
Co(lI)bis(o-amidophenolato) complex.

The radical moiety in the radical-coordinated metal complexes acts as electron reservoir.
Easy oxidation as well as reduction of the radical unit has been successfully utilized in
developing oxidation-reduction catalysts. In 2010, Soper and coworkers discovered that redox-
active aminophenol-derived ligands can be wused to bring about palladium-like
organometallic oxidative addition and reductive elimination reactions at square planar later first
row metal centers. In one application of this strategy, they showed that four coordinate
cobalt(l1l) complexes with redox-active amidophenolate ligands are strong nucleophiles that
react with alkyl halides, including primary alkyl chlorides, under gentle conditions to generate
stable alkylcobalt(l1l) complexes. The electrophilic addition reactions are unusual because they
formally oxidize the cobalt(Ill) fragment by two electrons, but there are no changes in cobalt
oxidation state because the reactions proceed with single electron oxidation of each
amidophenolate ligand. Subsequent treatment of the alkylcobalt(I11) complexes with organozinc
halides results in reductive coupling to form new C—C bonds, regenerating the four-coordinate

cobalt(I11) starting materials (Scheme 1.13).2%
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Collectively, these reactions form an unusually well defined cycle for cobalt Negishi-like
coupling of alkyl halides with organozinc halides. Importantly, this reaction scheme can be used
for assembly of aliphatic alkyl-alkyl linkages without forming radical intermediates because,
despite the thermodynamic bias for sequential one-electron transfer, the kinetically preferred
reactions are concerted two-electron processes. Current efforts are optimizing the C—C reductive
elimination reaction for development of highly active redox-active ligand complexes for cross
coupling.

R R 2-

N|| Nj@ 2©/\X

Complex 1H
2X™
i Ny
R

Complex 1J Complex 11

Scheme 1.14: Electrocatalytic coupling of dibenzyl by Co(ll)bis(o-phenylenediamine) complex.

Recently, Sarkar and coworkars reported a four-coordinate cobalt complex 1H capable of
electrocatalytic C—C bond formation (Scheme 1.14).*® The ligand assisted oxidative addition of
benzyl bromide to the metal ion provide a diradical-containing square pyramidal complex 11,
where —CHPh (Bn) is axially coordinated to the metal ion. The formation of C—C coupled
dibenzyl product results the complex 1J, which upon one-electron reduction regenerates the

active catalyst 1H.
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o

NH

OH
H,LAP(Ph)

Figure 1.15: Schematic representation of ligand H,LA"®".

In order to investigate on C—C and C—N coupling reaction, ligand H,L*"®" has been
designed. In the ligand, one of the ortho-positions of the N-phenyl-ring of H,L*" [N(2-hydroxy-
3,5-di-tert-butyl phenyl) aniline] ligand was substituted by a bulky phenyl ring. This bulky ring
would block one of the two axial positions in four-coordinate complexes. Thus, one of the two
axial positions will be available for the catalysis. Hence, more selectivity could be availed.

In short, the main objectives of this research work are: synthetic of radical-coordinated
transition metal complexes; investigation on geometry and electronic structures of the complexes
via X-ray crystallography, electrochemistry, spectroscopy and DFT-based computational
method, and to examine the catalytic applications of the synthesized complexes.
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Complexes
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2.1 Introduction

2-Aminophenol-1,6-dioxygenase (APD) belongs to dioxygenases family and catalyses
the biodegradation of 2-aminophenol derivatives via oxidative extradiol-type aromatic C—C bond
cleavage at the meta-position (C1-C6) under aerobic atmosphere. In the reaction, fission of a
dioxygen bond and incorporation of both the oxygen atoms into aliphatic product 2-
aminomuconic acid semialdehyde takes place.” The product then undergoes non-enzymatic
condensation spontaneously and finally forms 2-picolinic acid (Scheme 2.1).

H H Condensation H
- NH: APD X ~COOH  Non-enzymatic path - COOH
| > U Nn > U _N
* oH 0 \V
2-Aminophenol 2-Aminomuconic acid 2 2-Picolinic acid

semialdehyde

Scheme 2.1: APD catalyzed C—C bond cleavage of 2-aminophenol.

In 2013, Li et al® have reported the crystal structures of APD from Comamonas sp. strain
CNB-1 as the apoenzyme, the holoenzyme and as complexes with the lactone intermediate
(4Z,6Z)-3-iminooxepin-2(3H)-one, the product 2-aminomuconic-6-semialdehyde and with the
suicide inhibitor 4-nitrocatechol. The active site of APD contains a mononuclear nonheme iron
centre. The iron is in +I1 oxidation state® and the “His13-His62-Glu251 facial triad” occupies the
coordination sites.®> During the oxidation catalysis, both N and O atoms from the substrate 2-
aminophenol derivative and an oxygen atom from a dioxygen molecule bind to the iron centre
form the other face. Thus, a six-coordinate intermediate forms. The catalytic path for C—C bond
cleavage of 2-aminophenol via the incorporation of two oxygen atoms is being proposed to
follow the mechanism similar to that of extradiol cleavage by catechol dioxygenases.*

In general, it has been observed that redox-active 2-aminophenol or its derivatives upon
coordination to iron center do not undergo aromatic C—C bond cleavage in the presence of
dioxygen.® Rather, it exists mainly in its one-electron oxidized 2-iminobenzosemiquinonato -
radical state in the coordination complexes.” Thus, biomimetic model complexes for APD are

very rare.® In the model complexes, either tridentate or tetradentate ligand scaffolds along with
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substrate 2-aminophenol derivatives are being employed to form the corresponding five-
coordinate and six-coordinate complexes under inert atmosphere. Dioxygen reactivity of those
complexes is then studied for the mechanistic understanding of APD.® In all the reports, the
aminophenol-derived cleavage products are isolated via acidic work up of the reaction solutions.
In the procedure, the possibility of unexpected condensation and/or ring opening of the actual
oxidative C—C cleavage species via hydrolysis cannot be revoked. Thus, a direct method for
identification of the C—C bond cleavage product was necessary. In this context, we have
incorporated a 3,5-di-tert-butyl-2-aminophenol unit at the ortho-position of a tripodal N,N-
bis(pyridine-2-ylmethyl)benzylamine ligand scaffold (Scheme 2.2). Thus the designed ligand,
designated here as H,Gan”", contains both substrate 2-aminophenol and tripodal Nj iron
coordination site. The ligand would provide a mononuclear five-coordinate iron complex that
could allow its reaction toward dioxygen. Thus complex finally could provide the two oxygen
atoms-incorporated C—C cleavage product of 3,5-di-tert-butyl-2-aminophenol unit. X-ray
crystallographic analysis of the final complex would then provide crystallographic identification

of the aromatic oxidative C—C cleavage product.

Manganese ions are omnipresent in living systems and catalyze a wide range of
biological transformations, which include: water-splitting to oxygen molecule in photosynthesis
(PS 11);" the reduction of nucleotides to their corresponding deoxynucleotides for DNA
replication and repair of all organisms (Ribonucleotide Reductase);® dismutation of toxic
superoxide to hydrogen peroxide and oxygen molecule (Mn-Superoxide Dismutase);’
decomposition of hydrogen peroxide to water and oxygen molecule (Catalase):™ etc. In all the
enzymatic activities, the manganese ions shuttle between various oxidation states. In addition to
the involvement of manganese ions of different oxidation states, the participation and the pivotal
role of a tyrosine radical in PS 11 are equivocally establishes. Recently, Stubbe and co-workers®

have concluded the presence of a mono(u-0xo)-bridged Mn,"

-tyrosine radical unit as the active
site in the cofactor of Class Ib Ribonucleotide Reductase. Hence, the synthesis, as well as
structural and spectroscopic characterization of mono(u-0xo0)-bridged, radical-containing

binuclear Mn(111) complexes have attained a special interest.
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Bis(u-ox0)-bridged binuclear Mn-complex are well documented.***" Mono(u-0x0)-
bridged binuclear Mn(Ill) complexes and radical-conatining Mn(lll) complexes are scarce.
While, to the best of our knowledge, mono(z-0xo)-bridged binuclear Mn(Ill) complex
coordinated to w-radical anions is yet to be reported. Herein, we have initiated the plausible

synthesis of a mono(oxo)-bridged, radical-containing binuclear Mn(111) complex.

2.2 Synthesis and Characterization of Five-coordinate Pyridine
based Aminophenol Appended Non-innocent Ligand H,Gan”"

A schematic representation for the synthesis of ligand H,Gan”" is shown in Scheme 2.2.

0O
AN, N (i) MeOH, 5 h .- (N
_N + Nz (ii) NaBH, _N H N
| Il 1l
Br
W
NO,

v
(i) Dry MeCN
(iii) K,CO4

NH, NO,
(i) PdIC, NaBH,
- X =
@I/\Nm (ii) Meoz|;+n|;|io (4:1) CN(\N g

Vi Vv

OH
U]
OH

Vil
(ii) Et;N, Hexane, Air

|

NH NS N _/

H,Gan”P

Scheme 2.2: Synthetic route for the preparation of H,Gan"".
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A reaction between 1:1 2-picolyl amine (I) with pyridinecarboxaldehyde (I1) in CH3;0H
followed by NaBH, reduction gave bis(2-pyridylmethyl)amine (111).1¢  2-[bis(2-
pyridylmethyl)aminomethyl]-nitrobenzene (V) was formed by reaction between bis(2-
pyridylmethyl)amine (I11) with 2-nitrobenzyl bromide (IV) in dry CH3CN in the presence of
K,COgs, which upon reduction by Pd/C in the presence of NaBH, provided 2-[bis(2-
pyridylmethyl)aminomethyl)]aniline (V1)."" The ligand H,Gan"" was was obtain in 50% yield
(Scheme 2.2) by reacting equimolar amounts of 2-[bis(2-pyridylmethyl)aminomethyl]aniline
(V1) and 3,5-di-tert-butyl catechol (V1) in hexane in the presence of EtsN under air. The ligand
was characterized by using FT-IR spectroscopy, NMR spectroscopy and mass spectrometry

techniques.

Initially, in the presence of Et3N and air, 3, 5-di-tert-butyl catechol (V11) gets oxidized to
3, 5-di-tert-butyl benzoquinone (BQ). 2-[bis(2-pyridylmethyl)aminomethyl]aniline(VI1) then
reacted with the generated 3,5-di-tert-butyl benzoquinone (BQ) and provided the compound
(Gan'®?), which will get reduced by an equivalent amount of 3,5-di-tert-butyl catechol(V11) and

consequently, provided the ligand H,Gan”” (Scheme 2.3)."

OH
OH

Vil

Hexane,
Et3N, O,
- H;0;

( o | NH N}
0 e
H,Gan”P
@ - OH
H,0 N NS
2 N-# OH
o N\

Scheme 2.3: Probable mechanism for the formation of H,Gan”" from 3,5-di-tert-butyl
catechol.
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The 2-aminophenol unit of the synthesized ligand H,Gan”" might behave as non-
innocent and thus might exist in different oxidation states in the presence of metal ions

(preferably transition metal) and molecular oxygen. The possible oxidation states of H,Gan""

are shown in Scheme 2.4.

: 0 : 2-
NH N’j@ it N~ N/O
OH 0

[H,Gan”P] [Gan®P]

] 1e”
0

: -
_— |-h‘
N NS N e Glﬂ N/?@

[Ga"IBQ] [Ganlsa]

+le

Scheme 2.4: Possible oxidation states of H,Gan”".

% T

4000 3000 2000 1000
Wavenumbers, cm
Figure 2.1: FT-IR spectrum of ligand H,Gan"".
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In FT-IR spectrum of the ligand H.Gan”" (Figure 2.1)showed two sharp bands at 3227
cm ! and 3181 cm ™ due to {O-H), and WN-H) stretching, respectively.’®® A weak band
appeared at 3047 cm® for the stretching of aryl WC—H). The asymmetric, symmetric and
overtone bands of {C—H) stretching for tert-butyl groups appeared at 2955, 2904, 2864 cm*,
respectively. ***¢ In addition to this, the bending (C—H) stretching frequency for the —CHj
groups, which belonged to tert-butyl groups, appeared at 1479 and 1362 cm *.*?® The stretching
bands at 1569, and 1434 cm* were attributed to the {C=C) stretches for phenyl system. *?® The
phenolic C-O) stretching band appeared at 1318 cm™ and (C—N) stretching band appeared

at1218 cm*.1%
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Figure 2.2: *H-NMR spectrum of H,Gan”" in CDCls.
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Figure 2.3: *C-NMR spectrum of H,Gan”" in CDCl.

'"H-NMR spectrum for the ligand H,Gan”" displayed in (Figure 2.2). Two singlet
resonance signals at & =1.30 ppm and 6 = 1.56 ppm were appeared due to two tert-butyl moiety
containing hydrogen atoms. Fourteen aromatic protons appeared in the region of 6 = 6.61-8.42
ppm. Two singlet peaks appeared at 6 = 9.03 and ¢ = 8.82 ppm were because of N-H and O-H
protons, respectively. **C-NMR spectrum (Figure 2.3) for the ligand H,Gan”" showed the 23

distinct characteristic peaks for 23 different kinds of carbon atoms.
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Figure 2.4: ESl-mass spectra of ligand H,Gan””; experimental and simulated isotope
distribution pattern (inset) for [CasHsNsO+H]™.

Electrospray ionization mass spectrum (ESI-MS) of ligand H,Gan”" in acetonitrile
solution in positive mode showed a 100% molecular ion peak at m/z = 509.32 that corresponded
to the [M + H]" (M = molecular mass). Isotope distribution pattern of the observed mass peaks

confirmed the composition as [CasHN4O +H]" for H,Gan”" (Figure 2.4).
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2.3 Dioxygen Reactivity of an Iron Complex of 2-Aminophenol-
Appended Ligand: Crystallographic Evidence of the Aromatic Ring

Cleavage Product of the 2-Aminophenol Unit
Complex 2A was synthesized in 54% vyield by reacting equimolar amounts of
ligand H.Gan”" and Fe(ClO,),#6H,0 in CH;CN (Scheme 2.5). X-ray quality single

crystal of complex 2A was obtained by slow evaporation of the reaction mixture.

7 N\ X 2CI0,
SN Aoy 3L
= VN 2N
NH N< \_/ Fe(Cl0,);56H;0_ NLZAN N Fm,N
e
OH b Et;N, Bu;NCIO, d"“/ SO N\
= CH;CN, Air % W/
=/N
0 ~
H,Gan”P \\ \ /
— Complex 2A —

Scheme 2.5: Synthetic route for the preparation of complex 2A.

i

4000 3000 2000 _11000
Wavenumbers, cm
Figure 2.6: FT-IR spectrum of complex 2A.

% T
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FT-IR spectrum of the complex 2A (Figure 2.6) showed strong band at 1676 cm ™ due to
the presence of {C=0) unit of the carboxylate group. The relatively weak band at 2251 cm™
which is characteristic for {C=N) suggested the presence of acetonitrile in complex 2A. The
strong band at 1092 cm* was attributed to the presence of perchlorate (ClO,) anion. No
characteristic stretching bands for »{O-H) and »(N-H) functional groups were found, which
indicated the deprotonation of the groups occurred upon metal complex formation. The C—H)

stretching frequencies for the tert-butyl groups were found in 2956-2862 cm * region.*?*¢

Complex 2A

601.22 4 | ‘ 1 r 1% -
Q i P ‘| a S 2C10,
= : N/= o ,©
= 5 Y D 2\
2 ‘ 11 || N il N 0 N
& B E N — / ~ i,
..E 5G9 600 BO1 :?;* 503 604 605 Eex O Fe
— N (o N" \N
2 % Ok
® o4 2 UNs
g > \
4 = 7

200 400 600 800 1000 1200 1400
m/z

Figure 2.7: ESI(positive mode)-Mass spectra of complex 2A (m/z = CgsH74Fe2NgO7
where Z = 2); experimental and simulated isotope distribution pattern (inset).

In the electrospray ionization mass spectrum (ESI-MS) of complex 2A in CH3;CN
a 100% molecular ion peak at m/z = 98.94 appeared in the negative mode, while, in the
positive mode, a 100% molecular ion peak at m/z = 601.22 was observed (Figure 2.7).
The peak at m/z = 98.94 confirmed the presence of perchlorate anion [(CIO4)*] in the
complex. Isotope distribution pattern indicated [CesH74Fe2NgO7]°" composition for the
observed positive mode peak at m/z = 601.22 and confirmed the formation of complex
2A.

Page 32

TH-2079_136122008



Chapter 11

40

\—I 30'
&
S

IE 20
S
W

10-

O T v T v T '
300 450 600 750
A, NM

Figure 2.8: UV-vis spectrum of complex 2A in CH,Cl, at 25 <.

The UV-vis spectrum of complex 2A was predominated by charge transfer
transitions (Figure 2.8). The band at 440 nm (¢ = 17450 M *cm™) was attributed to oxo-
to-Fe(I11) charge transfer (LMCT), while 383 nm (& = 19800 M ‘cm™) was assigned as
—r* transition of the imine (C=N) moiety.

Table 2.2: Electronic absorption data of complex 2A.

Complex Amax, "M (g, M~em™)
2A 440(17450), 383(19800), 315(23575), 280(30000)

Single crystal X-ray diffraction measurement for complex 2A was performed at
296(2) K. It crystallized in the monoclinic space group P 21/c (No. 14). The molecular
structure with atom labeling scheme is presented in Figure 2.9. Selected bond distances

and bond angles are given in Table 2.3.
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Figure 2.9: ORTEP diagram of dinuclear dicationic oxo-bridged coordination unit of complex
2A; Thermal ellipsoids were drown at 40% probability level. Solvent molecule (CH3;CN), anion
(perchlorates) and H-atoms are omitted for clarity.

Complex 2A was comprised of a dicationic dinuclear oxo-bridged iron
coordination unit and two perchlorate anions. In the cationic unit, both the iron centres
were six-coordinate and related to each other by means of an inversion centre that was
located on the bridging p>—0O4 atom. Thus, one half of the molecule was reflected by the
other half. The coordination sites of the Fel centre were occupied by two pyridine-N
atoms (N2, and N4), one amide-N atom (N2), one imine-N atom (N1), one carboxylate-O
atom (O3), and the bridging-O atom (O4). The Fel-N1 = 2.229(2), Fe1l-N2 = 2.140(2),
Fel-N3 = 2.183(2), Fel-N4 = 2.154(2), and Fe1-03 = 1.9739(19) A bond distances were
in accord with the previously reported high-spin Fe(lll)-N and Fe(l11)-O bond
distances.™ The N1-Fel-04 = 171.54(6), N2—Fe1-N4 = 154.45(10), and N3—Fel-03 =
159.54(8)° bond angles indicated that Fel centre acquired distorted octahedral geometry.
In complex 2A, neither 2-amidophenolate unit nor its one-electron oxidized
iminobenzosemiquinone unit was found in the coordinated ligand backbone in complex
2A. Instead of that, a newly formed meta-C—C-cleaved and an oxygen molecule added, a

newly formed cyclic C4O unit'* was present in the ligand backbone. The N1-C14 =
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1.291(3) A bond distance indicated a double bond (imine) character of the unit. The O1—
C2 = 1.386(3), C2-C3 = 1.367(4), C3-C4 = 1.435(3), C4-C5 = 1.341(4), and O1-C5 =
1.366(3) A bond distances clarified the furan form of the C40 unit. The longer O3—-C15 =
1.296(3) A bond distance compared to 02—C15 = 1.214(3) A, confirmed the localization
of the carboxylate’™ charge on O3 atom. Thus, it was evident from the molecular structure
analysis of complex 2A that desired dioxygen incorporation and simultaneous C—C bond
cleavage at the meta- position of the aromatic 2-aminophenol moiety took place during

the complex formation.

Table 2.3: Selected bond distances (A) and bond angles (°) for complex 2A.

Fel-O3 1.9739(19) C15-02 1.214(3)
Fel-O4 1.7789(3) C14-N1 1.291(3)
Fel-N1 2.229(2) C16-N1 1.437(3)
Fel-N2 2.140(2) Cl6-C21 1.393(4)
Fel-N3 2.183(2) C21-C22 1.503(4)
Fel-N4 2.154(2) C22-N3 1.501(3)
01-C2 1.386(3) C23-N3 1.487(4)
C5-01 1.366(3) C23-C24 1.492(5)
C2-C3 1.367(4) C24-N4 1.345(4)
C3-C4 1.435(3) C28-N3 1.488(4)
C4-C5 1.341(4) C28-C30 1.497(4)
C14-C15 1.530(4) C30-N2 1.333(4)
Fel-O4-Fel' 180.00(2) C5-01-C2 107.0(2)
O4-Fel-N1 171.54(6) C4-C5-01 109.4(2)
0O3-Fel-N1 76.13(7) C2-C3-C4 104.6(2)
N2-Fel-N1 81.25(8) C2-C3-C6 131.2(2)
N4-Fel-N1 97.00(8) C4-C3-C6 124.1(2)
N3-Fel-N1 87.42(8) C4-C5-C10 134.5(3)
0O4-Fel-N2 92.63(6) 0O4-Fel-0O3 100.83(5)
O3-Fel-N2 110.62(9) 01-C5-C10 116.0(2)
N2-Fel-N3 78.12(9) 01-C2-C14 112.3(2)
N4-Fel-N3 76.33(10) C3-C2-C14 137.1(2)
0O3-Fel-N3 159.54(8) N1-C14-C2 126.3(2)
O4-Fel-N3 97.08(6) N1-C14-C15 112.9(2)
N2-Fel-N4 154.45(10) C2-C14-C15 120.5(2)
O3-Fel-N4 93.46(10) 02-C15-03 125.7(2)
O4-Fel-N4 91.04(6) 02-C15-C14 120.0(2)
C15-03-Fel 117.80(17) 03-C15-C14 114.3(2)
Page 35

TH-2079_136122008



Chapter 11

2.4 Mechanistic Investigation for the Formation of Complex 2A

In order to investigate for the formation of complex 2A along with the C—C bond
cleavage, and dioxygen activation and addition processes, reaction was performed under
inert nitrogen atmosphere (Scheme 2.6).

i 1" cio,
~ ~
\ - \
NH N\ N~  Fe(Cl0,),+6H,0 ngl N> Nz
/4 r / e\ /4
= Inside Glove Box =
H,Gan”P =

Complex 2B

Scheme 2.6: Synthetic route for the preparation of complex 2B.
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©
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Figure 2.10: (A) Mass spectra of complex 2B. (B) Experimental and simulated X—band
EPR spectrum of complex 2B measured at 77 K.

Electrospray ionization mass spectrum (ESI-MS) (positive mode) of isolated solid
(complex 2B) showed a 100 % mass peak at m/z = 562.23 ESI mass spectrum.
Investigation on isotope distribution pattern revealed that the peak corresponded to
composition [CasHagN4O:Fei] which implied the formation of [Gan”PFe'']" species
(Figure 2.10A).
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Figure 2.11: (A) Optimized structure of the complex 2B obtained from the DFT
calculation with an S = 1/2 spin-state. (B) Selected bond distances of complex 2B
obtained from the DFT calculation

Density functional theory (DFT) calculations were performed to optimize the
geometry of 2B by considering both high-spin (S = 5/2) and low-spin (S = 1/2)
configurations of the central Fe(lll) ion (Figure 2.11). Indeed, complex 2B with low-spin
Fe(lll) state was found to be 9.11 kcal/mol more stable compared to high-spin Fe(lll)
state. Furthermore, X-band EPR spectrum (Figure 2.10B) of the species showed a
rhombic signal that appeared for an S = 1/2 system. Simulation to the experimentally
obtained spectrum provided the following parameter: g; = 1.990, g, = 2.035, g3 = 2.050;
Oav = 2.025; (W31, W,, W3) = (28, 27, 50) G. From the spectrum nature and the g, value it
was evident that the paramagnetism of species [Gan”"Fe'''l" appeared due to the
presence of an unpaired electron on the iron centre.® Thus, the iron atom present in the
species was low-spin Fe(l1l) in character and the 2-amidophenolate unit was in its close—

shell (S = 0) configuration.
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2.5 Reactivity Study of the Species [Gan”"Fe'"']" with O,

10 oXT
(A) ] (B)
\ 0.16] %
84 50.15— \
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Figure 2.12: (A) UV-vis/NIR spectral changes upon purging of molecular oxygen in the
CH3CN solution of complex 2B. (B) X—band EPR spectrum of the initially formed species
that shows absorption at 800 nm.

The UV-vis/NIR spectrum of the species [Gan”PFe'"']" in CH3CN showed two
broad absorption bands at 578 nm (& = 1350 M ‘cm™) and 950 nm (& = 800 M*cm™).
Both the bands appeared due to 2-amidophenolate-to-Fe(l11) charge transfers (LMCTs).%
When oxygen molecule was allowed to react with [Gan”"Fe'"']" species, instantaneously,
the spectral feature changed and a new absorption manifold centered at around 800 nm (&
= 900 M*cm™) appeared (Figure 2.12A).* The band decreased in intensity with time
and finally shifted to lower wavelength (690 nm; &= 150 M *cm™). This corresponded to
the formation of complex 2A as evident by ESI-MS analysis of the final solution (Figure
2.13A). X-band EPR spectrum of the initially formed species showed an isotropic signal
with g = 1.99. This supported the formation of an iminobenzosemiquinone(1SQ)-
coordinated low-spin Fe(ll) species [Fe(l1)-1ISQ] {Siso = 1/2; Is Fe(ll) = 0} from the
corresponding 2-amidophenolate-coordinated low-spin Fe(l11) species [Gan”“"Fe'"'l* in
the presence of molecular oxygen. Hence, it was presumed that the formation of an
Fe(11)-1SQ species from [Gan”"Fe'"'l" was molecular oxygen driven equilibrium shift.
Thus formed Fe(ll)-iminobenzosemiquinone species reacted with molecular oxygen and

an Fe(lll)-alkylperoxo complex (B) was possibly generated (vide infra). Finally, complex
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2A was formed through Criegee rearrangement of (B) and oxidation of 2,5-dihydrofuran

derivative (C) to furan derivative.

In order to reinforce the incorporation of a molecular oxygen to the meta-C—C
cleaved product of 2-amidophenolae unit, [Gan”PFe''']" was allowed to react with 20, in
CH3CN. The ESI-MS analysis of the finally formed product confirmed the incorporation
of four 0 atoms in complex 2A (Figure 2.13B). Therefore, fifth oxygen atom, that is,
the bridging oxygen atom, in complex 2A was proposed to come from water molecule

instead of aerial dioxygen.

(A) 601.05 (B)‘/\/\/\/\/\/\/\/\/\/\/\A—

| | B (C_H,N,"0,"0 Fe]
1 3

P
|| I C_H, N, 0,"0,Fe]
' |

598 600 602 604 606 608 600 602 604 606 608 610
m/z m/z

Figure 2.13: (A) ESI-MS (positive mode) spectrum of the final species that formed by
purging of molecular oxygen to CH3;CN solution of complex 2B. (B) Experimental and
simulated mass spectra (ESI, positive mode) of the final species upon reacting complex
2B with *%0..

To consolidate the proposal, the formation of complex 2A was performed in the presence
of H,0™ in CHsCN, and the positive mode ESI mass spectrum of the solution was recorded
(Figure 2.14A). Interestingly, in addition to the expected molecular ion peak at 602.58
{[CesH74Fe2Ng06™20,]%*}, two more molecular ion peaks at 603.59 and 604.60 were observed.
The respective compositions of the peaks were [CesH7aFe:NgOs20,]%*  and
[CesH7aFeNg04203]%*, as confirmed by isotope distribution pattern examinations. Thus, mass
spectrum analysis indicated that in addition to the bridging oxygen atom, two more water
molecules can participate in the formation of complex 2A. This result implied (i) the generation

of a Fe-hydroxyl species as an intermediate in the progress of complex 2A formation and the
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hydroxyl group can be replaced by a water molecule, and (ii) participation of the hydroxyl group

in the formation the furan derivative.

(A) [CuH,N,"0, 0 Fe " (B) cutin0, "0 e
/ \
[CEEHMN;EO;BOWFel’]z*‘ 60359 60252 [CBGH74NE1GOSIBOZFGZ]Z+
/'
602.58 [CMHHNBwsO?Fez]a 603.52
H [CGGH74NS|GO4‘803FEZ]2‘ ‘\ H
601.52
604.60 18~ 18 2+
ICSGH74NB 04 OSFEZ]
[C,H..N, "0 Fe J*
66 8 2 \ /
601.59 604.53
H2180
r T T T v T T T v T " r T T T T T T T T T 1
600 602 604 606 608 600 602 604 606 608
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Figure 2.14: (A) ESI-MS (positive mode) spectrum of the final species that formed by purging of
molecular oxygen to CH3CN solution of complex 2B in the presence of H,O*. (B) Experimental
mass spectra (ESI, positive mode) of the final species upon reacting complex 2B with~1:1
180,/*%0, gas mixture.

To examine the incorporation of both oxygen atoms of molecular oxygen to form the
furan derivative in complex 2A, a ~1:1 *®0,/*°0, gas mixture was employed in the course of
formation of complex 2A in CH3CN. The positive-mode ESI-MS spectrum of the solution
showed molecular ion peaks at 601.52, 602.52, 603.52, and 604.53 (Figure 2.14B). The peak at
604.53 corresponded to composition [CesH7aFeaNgO4°03]*, which indicated the incorporation
of three *°0 atoms in complex 2A. Thus, it can be argued that both oxygen atoms from an
oxygen molecule participated in furan derivative formation. Since the tetra O-18 species was
observed in the labeling experiment with **0, (Figure 2.13B), the peak was not observed in
mixed '°0,/*%0, experiment possibly due to low percentage incorporation and subsequent
replacement of an Fe-coordinated [HO]™ group by a [H,0"]° molecule at intermediate (C)
stage (Figure 2.15).
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Figure 2.15: Proposed mechanism for the oxidative meta C—C bond cleavage of 2-
aminophenol derivative.

A mechanistic proposal (Figure 2.15) for the formation of complex 2A by aromatic C—C
bond cleavage and incorporation of an oxygen molecule was drawn by summarizing the
foregoing experimental results. UV-vis/NIR spectrum along with EPR spectrum revealed that
ligand H,Gan”" upon reacting with Fe(l1) perchlorate hydrate and a trace amount of molecular
oxygen or iron(lll) perchlorate hydrate in the presence of EtsN and tetrabutylammonium

perchlorate provided a five-coordinate [Gan”"Fe''']* species. Akin to previous reports,® it is also
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postulated that the species remained in equilibrium with its valence tautomeric [Gan'*QFe'']*
species, which then reacted with molecular oxygen to generate an Fe(ll1)-alkylperoxo complex
(B; Figure 2.15). Herein, ESI-MS analysis for the formation of complex 2A by employing 20,
molecule consolidated the participation of molecular oxygen. The species (B) underwent Criegee
rearrangement, and species (C) was formed. In the species, the Fe(lll)-coordinated hydroxyl
group can be replaced by a water molecule as evident by H,O™ experiment. Furthermore,
incorporation of three 80 atoms during the reaction consolidated the participation of the
hydroxyl group in the formation of the furan derivative. Cyclization of the product from
hydrolysis (D) resulted in 2,5-dihydrofuran derivative (E). Species (E) then underwent oxidation
to (F). Herein, the driving force could be the aromatization via radical pathway, and the process
might be facilitated by the presence of Fe-salt and in situ generated superoxide or peroxide
species.!” Finally, two units of (F) combined with a water molecule, as evidenced by H,0'®
experiment, and complex 2A was formed (Figure 2.15). To note, the reactivity observed may in

fact be more complicated than the mechanistic scheme proposed.
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2.6 An Mono(u-Oxo0)-Bridged Binuclear Mn(l11,111) Complex
Coordinated to Two Iminosemiquinone =-Radical Anions:
Synthesis, Structure, and Redox Properties

A schematic representation for the synthesis of a dinuclear oxo-bridged manganese
complex 2C was shown in Scheme 2.6. Complex 2C was synthesized in 42% yield by reacting

an equimolar amount of the ligand H.Gan”*” and Mn(ClO,),#6H,0 in methanol.

_|2+2C|o;
Q) 0
- —
NH N/\O /- Q -\
/N 7 Mn(ClO,),e6H,0 o N\wl ,N o O}\“I/Np

oH N° Y "EN, TBAP, MeOH ’R JHiN
H,Gan”P =/ N=

\ /

Complex 2C

Scheme 2.6: Synthesis route of dinuclear oxo-bridged manganese complex 2C.

% T

4000 3000 2000 _,1000
Wavenumbers, cm
Figure 2.16: FT-IR spectrum of complex 2C.
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In the FT-IR spectrum of the complex 2C (Figure 2.16) showed strong band at 1603 cm™
Ydue to the presence of imine C=N) unit. The strong band at 1090 cm* was attributed to the
presence of perchlorate (ClIO,") anion. No characteristic stretching bands for 1{O-H) and »(N-
H) functional groups were found, which indicated the deprotonation of the groups occurred upon
metal complex formation. The W(C—H) stretching frequencies for the tert-butyl groups were
found in 2965-2870 cm * region.*?*¢

508,28 7 ,j x
e 569.24 § j |I y 2%2ci0,
= —
= - /‘O =4 \
2 LI _I_J e Ngi] N o\m,N
2 569 570 5"7“"? 572 573 ,Ml'{ O /Mn
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% \ /
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Complex 2C
ll‘l A ]
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Figure 2.17: ESI(+ve mode)-Mass spectra of complex 2C (m/z = CgsH76NgO3Mn, where Z = 2);
experimental and simulated isotope distribution pattern (inset).

In the electrospray ionization mass spectrum (ESI-MS) of complex 2C was recorded in
both positive and negative modes in CH3OH. A 100% molecular ion peak at m/z = 569.24 was
observed in the positive mode mass spectrum. The isotope distributation patterns of the observed
mass corresponded to a dicationic species of CgsH76Mn,NgO3 composition (Figure 2.17) and
thus confirmed the formation of the expected mono(-0xo)-bridged binuclear complex core. In
the ESI-MS negative mode mass spectrum, a 100% peak at at m/z = 98.94 confirmed the

presence of perchlorate ion [(ClO4)'"] as the counter anion in the complex.
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To determine the molecular structure, X-ray single crystal diffraction measurement on
complex 2C was performed at 293(2) K. X-ray quality single crystals of complex 2C were
obtained by the slow evaporation of a 3:1 CH,Cl,:CH3;OH solution of the complex. Complex 2C
crystallized in the monoclinic space group ‘P»i/n’ . A single molecule consisted of a dication
unit {{Mn",0L"%,]*} and two perchlorate{[CIO4]* "} anions. ORTEP diagram of the dication
unit with atom numbering scheme is presented in Figure 2.18. Selected bond distances and bond

angles are given in Table 2.4.

Figure 2.18: ORTEP diagram of dinuclear dicationic oxo-bridged coordination unit of complex
2C; Thermal ellipsoids were drown at 40% probability level. Anion (perchlorates) and H-atoms
are omitted for clarity.

In the dicationic unit, both the Mn centers were six-oordinated (distorted octahedral,
Table 2.4) and connected by the bridging linear Mn1-02—-Mn1' unit (/Mn1-02—-Mn1'
=180.0°). The inversion center being on O2 atom reflected one octahedral core to another.
Therefore, both the mononuclear cores were identical. The Mn1-01 = 1.962(3) A, Mn1-N2 =
2.190(4) A, Mn1-N3 = 2.289(5) A, Mn1-N4 = 2.170(5) A, Mn1-N1 = 1.982(4) A, Mn1-02 =
1.7709(6) A bond distances suggested that the central Mn atom was in +I11 oxidation state and
DFT based calculation suggested that both the Mn were in low-spin electronic configuration. In
the octahedral cores the equatorial plane was constituted by O1, N4, N2 and N3 atoms, while the
axial positions were occupied by N1 and O2 atoms. Hence, a John-Teller contraction (Z-in) was

realized in the complex along the N1-O2 axis.
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In each octahedral core, the C-C bond distances of the 3,5-di-tert-butyl groups-
containing Cg ring were not consistant with 1.39 + 0.01 A bond distance that is expected for a n
aromatic phenyl (Ce) ring. Three long C—C bonds [C1-C2 = 1.441(7) A, C2-C3 = 1.415(7) A,
and C6-C1 = 1.425(6) A] followed by an alternate short short-long-short C—C bond sequence
[C3—C4 = 1.409(7) A, C4-C5 = 1.452(8) A, and C5-C6 = 1.346(7) A] were noticed. Thus, a
quinoid-type distortion was warranted. It is well documented that one-electron, as well as two-
electron oxidized forms of 2-amidophenolato unit exhibit such distortion.***¥® In the two
electron oxidised iminoiminobenzoquonone([IBQ]% form, the C—N and C—O bonds are double
bond, while, the bonds are in between of single bond (C-O = 1.36; and C-N = 1.42 A) and
double bond (C=0 = 1.22; C=N = 1.30 A) in case of one electron oxidized iminosemiquinone
([1ISQ]*) form. The C1-N1 = 1.351(6) A and C2-O1 = 1.317(5) A bond distances were
commensurate with the iminosemiquinone form for the 2-amidophenolate ring. Hence, each
monocation, octahedral core was composed of a paramagnetic Mn(lll) ion, which was

coordinated to a paramagnetic iminosemiquinone zradical anion.

Table 2.4: Selected bond distances (A) and bond angles (°) for complex 2C.

Mn1-O1 1.962(3) N1-C1 1.351(6)
Mn1-O2 1.7709(6) Cl1-C2 1.441(7)
Mn1-N1 1.982(4) C2-C3 1.415(7)
Mn1-N2 2.190(4) C3-C4 1.409(7)
Mn1-N3 2.289(5) C4-C5 1.452(8)
Mn1-N4 2.170(5) C5-C6 1.346(7)
01-C2 1.317(5) C6-C1 1.425(6)
Mn1-02-Mn1' 180.000(1) N1-Mn1-N2 90.71(15)
02-Mn1-01 97.68(9) N4-Mn1-N2 78.25(17)
02-Mn1-N1 173.39(13) 02-Mn1-N3 92.12(10)
01-Mn1-N1 80.37(15) 01-Mn1-N3 90.80(15)
02-Mn1-N4 89.03(11) N1-Mn1-N3 94.21(16)
01-Mn1-N4 116.44(16) N4-Mn1-N3 152.33(17)
01-Mn1-N4 116.44(16) N2-Mn1-N3 74.09(16)
N1-Mn1-N4 86.23(16) C2-01-Mnl 115.3(3)
02-Mn1-N2 92.84(10) C1-N1-Mnl 114.3(3)
01-Mn1-N2 161.92(15) C15-N1-Mn1l 122.7(3)
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Figure 2.19: "H-NMR spectrum of complex 2C in CDCls.

The complex 2C was diamagnetic with strong antiferromagnetic coupling amongst the
paramagnetic centers as evident by 'H-NMR spectrum (Figure 2.19) measurement at room
temperature (25 °C). A low-spin Mn(111) ion [3d?, Smnany = 2/2] contains four-unpaired electrons.
It is well documented that the single n-symmetric unpaired electron of [1ISQ]*" couples strongly
with the m-symmetric tyq orbitals of Mn(111)/Mn(1V) ions in antiferromagnetic fashion. ¥ Thus,
in complex 2C, each octahedral core was expected to result in an Score = 3/2 spin state. An
antiferromagnetic coupling between the two u-oxo-bridged octahedral cores thus provided a

diamagnetic ground state in complex 2C.

The UV-vis/NIR spectrum of complex 2C was recorded in CH,CI, solution at room
temperature and depicted in Figure 2.20. The complex 2C exhibited several strong absorption
bands, which ensured their charge-transfer characteristic. Herein, the d-d transition band for the
Mn(I11) ion could not be observed due to others strong absorption bands in the 450-550 nm
region.
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Figure 2.20: UV-Vis/NIR spectrum of complex 2C in CH,Cl, at 25 <.

Oxo-bridge dinuclear Mn(lll) complexes with N(pyridine), N(amine), O(oxo), and
O(phenolate) coordination sites do not exhibit absorption bands above 600 nm. Therefore, the
charge-transfer bands at 915 nm (& = 2450 M ‘cm™) and 830 nm (& = 2800 M ‘cm™) appeared
due to the presence of the iminosemiquinone unit in the complex.”*® The broad absorption
manifold appeared in between 600 to 445 nm region was due to closely located ligand(pyridine)-
to-metal[Mn(I11)], oxo-to-metal[Mn(l11)], and ligand(phenolate)-to-metal[Mn(l1l)] charge-
transfer transition (LMCT) bands.'®*® The intraligand z—z* transition (ILCTs) of the
iminosemiquinone moiety occurred at 404 nm (& = 15100 M~‘ecm™) and at 352 nm (& = 19050

M—lcm—l) 19c-g

Table 2.5: Electronic absorption data of complex 2C.

Complex Amax, NM (6', M_lcm_l)
2C 915(2450), 830(2800), 524(5200), 484(5900), 404(15100), 352(19050)
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The electrochemical behaviour of complex 2C was investigated by cyclic voltametry
measurements. Cyclic voltammograms (CVs) of the complex were being recorded in CHCl,
solutions containing 0.10 M [("Bu)4N]CIO, as supporting electrolyte at a glassy carbon working
electrode, a platinum wire counter electrode, and a Ag/AgCl reference electrode. The
experiments were performed at different scan rates. Ferrocene (Fc) was used as an internal
standard and added to the solution at the end of the measurements. The potentials are referenced

versus the ferrocenium/ferrocene (Fc*/Fc) couple.

10 LA

—50 mV/s
—100 mV/s
—200 mV/s

10 -05 00 05 1.0
E(V) vs. Fc'/Fc

Figure 2.21: Cyclic voltammogram of complex 2C measured at 50, 100, and 200 mV.

The cyclic voltammogram (CV) of complex 2C exhibited three successive one-
electron oxidation waves at E1/20x =+ 253 mV, + 531 mV, and + 650 mV and two
successive one-electron reduction waves at E1,"% = — 534 mV, — 739 mV. The peak
positions remained unaltered with the variation of scan rate (Figure 2.21). This
consolidated the reversibility of the processes. The potential difference between two
reduction process and the first and second oxidation process were 205 mV and 273 mV,
respectively. Hence, very low electronic communication between the redox centers was

warranted and the localization of charge in 2C** and 2C** species was indicated.

Page 49

TH-2079_136122008



Chapter 11

Ll

ISQ—Mn'"—0—mMn"'—ISQ
[ZC]2+

Ligand-based Metal-based

ot L

IQ—Mn"'—0 —mn"—IsQ ISQ—Mn"Y—0 —Mn"—ISQ
Oxidation, S;=1/2, Oxidation, S_, =1/2,
Mn-based unpaired electron Mn-based unpaired electron
[zc]3+ [ZC]3+

I

‘—Mn"'—O—Mn"'—ISQ ISQ—+Mn'*—0 —mMn""—ISQ

Reduction, S;=1/2, Reduction, S, = 1/2,
Mn-based unpaired electron Mn-based unpaired electron
[2C't [2Ct+

Figure 2.22: The possible electronic structure of the species that might be generated by
ligand-based and metal based oxidation and reduction processes.

The symmetric dinuclear, p-oxo-bridged complex 2C was comprised of two
iminosemiquinone s-radical anions and two Mn(lll) ions, which can undergo redox
activity feasibly. Each mononuclear unit in complex 2C, that was antiferromagnetically
coupled to other mononuclear unit to provider an S; = 0 ground state, was of 3/2 spin
state, where the locus of the three unpaired electrons were at Mn(lll) ion. Thus, one-
electron oxidation or one-electron reduction of complex 2C, irrespective to metal-based

or ligand-based process (Figure 2.22), would provide an S; = 1/2 ground state with the
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unpaired electron located at a Mn center. The crystallographic characterisation of the
species was not successful. Therefore, to discern the locus of the redox sites, DFT-based
calculation were performed (Figure 2.23-2.27). It has been found that the reductions were
ligand based and the first two oxidations were metal based. The overall electrochemical

behaviour of complex 2C is summarized in Scheme 2.7.

N

N 0— / h\l _f /-_-\ _/
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Scheme 2.7: Species formed by two one-electron oxidation and two one-electron
reduction processes.
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®)

Figure 2.23: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]**.

(A)

Figure 2.24: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]**.
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Figure 2.25: (A) DFT Optimized bond distances parameter of complex [2C]° (B) Spin
density plot of complex [2C]°.

Figure 2.26: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]**.

Page 53

TH-2079_136122008



Chapter 11

Figure 2.27: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]**.

2.7 Conclusions

To conclude, we have demonstrated the successful synthesis of 3,5-di-tert-butyl-2-
aminophenol-appended H,Gan”" ligand. The ligand upon reacting with Fe(ClO4),#6H,0
in the presence of air, EtsN and tetrabutylammonium perchlorate provides complex 2A.
Noteworthy, complex 2A can also be synthesized by using Fe(lll) percholorale hydrate as
the iron salt. X-ray structural analysis of complex 2A reveals the presence of a furan
derivation in the ligand backbone. Thus, the oxidative meta-C—C bond scission of 2-
aminophenol derivative emulate the function of APD. Noteworthy, the complex 2C
provides crystallographic characterization of the cleavage product of 2-aminophenol
derivative. Mechanistic investigation for the scission demonstrates the formation of
[Gan”PFe'"']" species under anaerobic condition. The species undergoes valence
tautomerization and provides [Gan'*“Fe'']" species in the presence of molecular oxygen
at the initial stage. The [Gan'®Fe''l" species in due course reacts with a dioxygen
molecule and provides complex 2A. Hence, herein, it has also been demonstrated that the
reaction with dioxygen is initiated by the five-coordinate iminobenzosemiquinone-
containing Fe(ll) species. The incorporation of aerial dioxygen to the meta-C—C cleavage
product is consolidated by mass spectrometric analysis of the final product that is

generated by reacting [Gan”FFe''']" species with *0,. Finally, the formation of Fe-

Page 54

TH-2079_136122008



Chapter 11

hydroxy group-coordinated species C and the incorporation of the bridging oxygen atom
from a water molecule are consolidated by introducing H,O' during the complex

formation reaction.

On the other hand a mono(u-oxo)-bridged binuclear Mn; complex 2C was
successfully synthesized. X-ray structural analysis showed that complex 2C consisted of
two Mn(IIl) ions, which were in distorted octahedral coordination geometry, and one
Iminosemiquinone radical anion in the each coordination sphere. Noteworthy, the
complex 2C is the first report on a mono(u-0x0)-bridged binuclear Mn(111) complex with
coordinated- z-radical anions. The complex 2C acquired singlet ground state due to strong
antiferromagnetic interactions amongst the four paramagnetic centers. *H-NMR spectrum
analysis supported the fact. The CV of the complex 2C in CH,Cl, solution showed two
one-electron reduction waves and three one-electron oxidation waves. DFT-based
geometry optimization on oxidized ([2C]**, [2C]*") and reduced ([2C]**, [2C]°) species
implied the stepwise oxidations and reductions of the two coordinated =-radical anions to

the corresponding iminoquinone and amidophenolate forms, respectively.
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3.1 Introduction

A growing interest in the area of metal-radical complexes is caused by: biomimetic
activity'®; redox isomerism;* and the development of new catalytic systems.’® In addition, poly
o-semiquinone complexes exhibit various magnetic properties and thus, can be used as potential
building blocks for single molecule-based magnetic devices.?*® The specific features of transition
metal complexes with paramagnetic metal ion-coordinated to redox-active ligands are known in
the literatures.’® While, less attention has been given to the development of radical-containing
metal-complexes with metal ions of diamagnetic electronic configurations. Noteworthy, the
systems are suitable for the understanding of magnetic exchange coupling between organic
radicals, which are not complicated by interactions with a paramagnetic transition metal ion.
Investigation on the magnetic coupling between o-semiquinone ligands in diamagnetic metal
complexes along with their structures would help in revealing magneto structural features,

which, in turn, will offer an opportunity to design metal complexes with desired magnetic

-

HN

properties.

N
N%

LPlperazme(AP/AP)

Figure 3.1: Schematic presentation of ligand H,L"Perazine(APIAR)

To investigate on electronic structure and magnetic interactions between transition metal
complexes and the metal-coordinated radical centers, ligand H,L"Pera@neAP/AR) has heen
designed. In the ligand, a piperazine unit bridged two redox-active 2-aminophenol units. The
chair form of piperazine is more stable than that of boat form. Thus, binuclear metal-radical

complexes with boat form of the piperazine unit could be synthesized and the formed-complex
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could be further investigated for the understanding of magnetic coupling amongst the unpaired
spins. In addition, the probability of mononuclear complex formation with the boat form of the
backbone piperazine could be investigated.

3.2 Synthesis and Characterization of Ligand [H,L"PerazneAP/AP)

A schematic representation for the synthesis of ligand H,LPPe@2neAP/AP) is shown in

Scheme 3.1.
/\
n (i) K,.CO N\_/N
1
() O e Foron D
N NO, (i) EtOH, N, atm NO, O;N
H IX
VI v
(i) PdIC,
(ii) NH,-NH,eH,0
(iii) EtOH
OH
HO (i) Y

HN OH
~N N N
L SIS G &
NH (ii) Hexane, Et;N, Air NH; H;N

OH X

H4LPiperazine(APIAP)

Scheme 3.1: Synthetic route of ligand H,L"Perazine(APiar)

A reaction between piperazine (VIII) and 2-nitrobenzylbromide (1V) (1:2) in the
presence of K,COs, provided 1,4-bis(2-nitrobenzyl) piperazine (1X), which upon reduction by
Pd/C in the presence of NH,—NH,*H,O provided 2,2'-[piperazine-1,4-diylbis(methylene)]
dianiline (X). The ligand H,L""PerazineAP/AP) \wag obtained as a amorphous solid by reacting one
equivalent of 2,2'-[piperazine-1,4-diylbis(methylene)] dianiline (X) with 2 equivalents of 3,5-di-
tert-butyl-catechol (VI1) in the presence of EtsN in hexane with 49% yield. The ligand was
characterized by using FT-IR spectroscopy, NMR spectroscopy, mass spectrometry and single
crystal X-ray crystallographic techniques.
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Figure 3.2: FT-IR spectrum of H4LPiperazine(AP/AP).

In infrared spectrum of ligand H,LPPera2neAPAP) (Figyre 3.2), two sharp bands at 3494
and 3338 cm corresponded toy{O-H) andy{N-H) stretching bands, respectively.**® The
asymmetric, overtone and symmetric bands of 1{C—H) stretches for the tert-butyl groups were
appeared at 2955, 2905 and 2868 cm™* respectively. **¢ The bending{C-H) stretches for tert-
butyl groups appeared at 1419 and 1360 cm *.3 The infrared stretching bands at ~1587, 1504
and 1483 cm * ascribed as Y(C=C) stretches of the aromatic rings.** The phenolic {C—O) and
the (C—N) stretching bands appeared at 1304 and 1218 cm*, respectively, for the ter-butyl

groups-containing 2-aminophenol unit.®
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Figure 3.3: ESl-mass spectrum (+ve mode) of H,L"Pera@ineP/AR) \ith experimental and
simulated (inset) isotope distribution pattern.

Electrospray ionization mass spectrum (ESI-MS) of a solution containing ligand
H,LPiperazine(APIAP) fin CH3CN provided a 100% molecular ion peak at m/z = 705.51 (Figure 3.3).
Simulated isotope distribution pattern (inset) confirmed the composition as [C4sHssN4O2 +H]".
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Figure 3.4: 'H-NMR spectrum of H,LPPeraneP/AP) iy cpCls,
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Figure 3.5: *C-NMR spectrum of H,L"Pera@neAP/AR) jn cDCl,.

In 'H-NMR spectrum of H,LPPerezineAPIAR) (Ejgyre 3.4), two singlet resonance signals at
0=1.34 and 6= 1.49 ppm were appeared for each peak corresponded to the 18 hydrogen atoms
attached to tert-butyl groups. One singlet peak at 6= 3.69 was attributed for four bezylic protons
and two broad peaks at 6 = 2.31 and ¢ = 2.90 were corresponded to each of four aliphatic
protons in piperazine moiety. Two singlet peaks at 6= 6.59 and 6= 7.73 ppm were corresponded
to N-H and O-H protons, respectively. Apart from this, signals for 12 aromatic protons were

appeared in the range of 6.50-7.30 ppm.

In *C-NMR spectrum of H,LPPerazineP’AP) (cigyre 3.5), the resonance signals for four
aliphatic carbon were appeared in between of 6 = 29 to 36 ppm and two peaks at = 52.92 and &
= 62.28 corresponded to two benzylic carbon and four aliphatic carbon present in piperazine

moiety. All the aromatic carbon appeared at a region of 115 to 150 ppm.
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Single crystal structure of H,L"PerazineAPIAP) gjitable for X-ray diffraction measurement
was obtained by the slow evaporation of a CHCls/MeOH (3:1) solution of H,LPiPerazine(APiApR),
H,LPiPerazineAPIAP) crystallized in the monoclinic space group I 2/c’. Molecular structure of
H,LPiPerazineAPIAP) \vith atom labeling scheme was depicted in Figure 3.6. Selected bond

distances and bond angles are given in Table 3.1.

Figure 3.6: ORTEP diagram of HyL"Pe @M APAP)shawn at 40% thermal ellipsoid probability. H-
atoms, except the H atoms of -NH and N present in H-bonding, were omitted for the clarity.

In the molecular structure of H,L"PerazineAPAR) o N(2-methylphenyl)-3,5,-di-tert-
butyl-2-aminophenol moieties were connected via a bridging piperazine ring, which was in chair
conformation. Both the moieties were at the equatorial positions and a crystallographic inversion
center was present in the middle of the piperazine ring. All aryl C—C bond distances were found
to be within the range of 1.370-1.405(5) A. This suggested the fully reduced phenyl form of the
aryl units. The C2—-01 = 1.378(4) and C1-N1 = 1.420(5) A bond distances were also of single

bond values and thus, supported the aminophenol form of the aryl unit.

Table 3.1: Selected bond distances (A) for H,LFPerazine(AP/AP),

C1-N1 1.420(5) C7-C9 1.533(6)

C2-01 1.378(4) C7-C10 1.532(5)

Cl-C2 1.397(5) C5-C11 1.540(6)

C2-C3 1.395(5) Cl1-Ci12 1.471(7)

C3-C4 1.389(5) Cl1-Ci13 1.508(7)

C4-C5 1.405(5) Cl1-Ci14 1.512(8)
Page 67

TH-2079_136122008



Chapter 111

C5C6 1.388(5) C15 C16 1.400(5)
C6-C1 1.385(5) C16-C17 1.370(6)
N1-C15 1.389(5) C17-C18 1.373(6)
C21-N2 1.469(5) C18-C19 1.396(6)
C22-N2 1.457(5) C19-C20 1.371(6)
C23-N2 1.463(5) C20-C15 1.396(5)
C3-C7 1.537(5) C20-C21 1.524(5)
c7-C8 1.560(5) C22-C23 1.511(5)

The aminophenol-based ligand H4LPPea2neAP/AP) s notentially redox active in character

and its probable oxidation states are shown in Scheme 3.2.

[H4LPiperazine(APlAP)]0 [LPiperazine(AP/AP)]4— [LPiperazine(APIISQ)]sf

+1e ||—1e

[LPiperazine(IBQIIBQ)]O [LPiperazine(ISQlIBQ)]1— [LPiperazine(ISQIISQ)]Z—

Scheme 3.2: Possible oxidation states of H,L"Perazine(AP/AP)
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3.3 Synthesis and Characterization of an Octahedral Co(lll)
Comp|ex(3A) of H4LPiperazine(AP/AP)

Ligand H4LPPerazine®P/AP) ynon reacting with an equivalent amount of CoCl,e6H,0 in

CH3CN in presence of EtsN under aerial atmosphere provided a octahedral mononuclear
cobalt(l11) complex (3A) in 46% vyield (Scheme 3.3).

N\ o
N N
N%N CoClye6H,0 \(';'g/
NH EtN, CH,CN N// \N

[H4LP|perazme(APlAP)]0

Complex 3A
Scheme 3.3: Synthetic route of complex 3A from ligand H,LPPerazne(ariaP)

—

% T

4000 3000 2000 1000
Wavenumbers,cm™

Figure 3.7: FT-IR spectrum of complex 3A.
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The infrared spectrum of complex 3A (Figure 3.7) was recorded on KBr pallet. In
infrared spectrum of complex 3A, the band at 3600 cm ™ corresponded to 1{O—H) stretching of
the unbound H,0O molecule present in the crystal.*® The band at 3350 cm* appeared due to N—
H) stretching. The asymmetric, overtone and symmetric bands of 1{C—H) stretches for the tert-
butyl groups were appeared at 2952, 2906 and 2864 cm ™, respectively. **¢ The band at 1601 cm™
! was attributed to {N—H) bending.

?04.5{ < j ‘ — — 4
Q 1 L\

S 76144 £ e N N

= 3 \\CI:II/
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- -
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©
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Figure 3.8: ESl-mass spectrum (+ve mode) of complex 3A with experimental and simulated
(inset) isotope distribution pattern.

Electrospray ionization mass spectrum (ESI-MS) of a solution of complex 3A in CH3;0OH
provided a 100% molecular ion peak at m/z = 761.44 (Figure 3.8) in positive mode. Simulated

isotope distribution pattern (inset) confirmed the composition as [C4sHe2CoN4O,]".

Crystals suitable for single crystal X-ray diffraction analysis of complex 3A were
obtained by slow evaporation of a CH3OH/CHCI; (3:1) solvent mixture of the complex.
Complex 3A was crystalized in the monoclinic space group ‘C 2/c’. ORTEP diagram of the
complex has been shown in Figure 3.9 and selected bond distances and bond angles are given in
Table 3.2.
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Figure 3.9: ORTEP presentation of complex 3A; thermal ellipsoids were drawn at 40%
probability level. H-atoms, except the H atoms of -NH and O present in H-bonding, were
omitted for clarity.

In complex 3A, the monocationic core was six-coordinate, where the basal plane was
constituted by four nitrogen atoms; two N atoms (N2 and N2') were of the piperazine unit and
the rest two (N1 and N1") belonged to two 2-aminophenolate units [Figure 3.9]. The axial
positions were occupied by two phenolate O atoms, O1 and O1'. The O1-Co-01' = 171.98(9),
N1-Col- N2' = 169.07(8), and N1-Col-N2 = 96.55(8)° bond angles indicated that Col center
acquired a distorted octahedral geometry. The Col-N1 = 1.9469(19), Col1-N2 =1.9780(18) and
Col-01 = 1.9121(15) A bond distances were in accord with the previously reported low-spin
Co(III)-N and Co(III)-O bond distances.”*The C1-N1=1.453(3) A bond was almost same in
distances as found for the bond in ligand H4LPPea2neAP/AP) Therefore, it was obvious that the
bond was single bond and the N1 atom was in —NH form. The C2-01=1.332(3) A bond was
slightly shorter than the —OH bond distance found in ligand H,L"PerazineAP/AP) “Nevertheless, the

bond was much longer than C-O bond distance (C-O =1.30 A) reported for
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Co(lI)—iminosemiquinone systems.*® In fact, the C2—O1 bond was commensurate well with
phenolate C—O bond.* Interestingly, both the amine-H atoms participated in intramolecular H-
bonding with two phenolate O atoms. The H-bonds could be the driving force for stabilization of

binegative [HZLPiperazine(AP/AP)] 2—

form of the ligand. The coordination sphere was thus
monopositive and the neutrality of the complex was maintained by the presence of a chloride ion

as the counter anion.

Table 3.2: Selected bond distances (A) and bond angles (9 for complex 3A.

Col-O1 1.9121(15) C2-C3 1.422(3)
Col-01' 1.9121(15) C3-C4 1.393(3)
Col-N1 1.9469(19) C4-C5 1.400(3)
Col-N1' 1.9469(19) C5-C6 1.390(3)
Col-N2 1.9780(18) c6-C1 1.382(3)
Col-N2' 1.9780(18) C15-C16 1.381(3)
C1-N1 1.453(3) C16-C17 1.398(4)
c2-01 1.332(3) C17-C18 1.379(5)
C15-N1 1.460(3) C18-C19 1.371(5)
C21-N2 1.488(3) C19-C20 1.392(4)
C22-N2 1.486(3) C20-C15 1.393(4)
C23-N2 1.502(3) C20-C21 1.502(4)
c1-C2 1.403(3) C22-C23 1.531(4)
01-Co1-0O1' 171.98(9) 01-Co1-N1' 88.52(7)
N1-Col-N1' 93.50(12) C2-01-Col 112.59(13)
N2-Co1-N2' 73.79(11) C22-N2-Col 103.46(13)
01-Col-N2 98.54(7) C21-N2-Col 115.18(14)
01-Col-N2 87.91(7) C23-N2-Col 105.54(14)
N1- Col-N2 96.55(8) C1-N1-Col 108.74(14)
N1- Col-N2' 169.07(8) C15-N1-Col 114.28(14)
01-Co1-N1 85.99(7)
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Figure 3.10: "H-NMR spectrum of complex 3A in CD30D.

Complex 3A, was diamagnetic in nature with S; = 0 ground state which was confirmed by
'H-NMR spectroscopy (Figure 3.10). Thus, an antiferromagnetic coupling between the two
iminosemiquinone-radicals was realized in the complex. Herein, the interaction propagated via
the filled tyq orbitals of Co(lll) ion. The resonance signals at 6 = 0.97 ppm and & = 1.08 ppm
were appeared for each of eighteen hydrogen atoms attached to two tert-butyl groups, whereas
the resonance signal at & = 3.30 ppm was attributed for four bezylic protons and a peak at 6 =
4.91 ppm corresponded to the eight aliphatic protons present in piperazine moiety. On the other

hand, resonance signals for twelve aryl protons were appeared in a range of 6.74-7.55 ppm.
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The electronic absorption spectrum of complex 3A was recorded in HPLC grade CH3;OH
at room temperature and depicted in Figure 3.11. The electronic absorption bands along with
corresponding absorption coefficient values were summarized in Table 3.3.

12

0

400 600 800 1000 1200
A, nm
Figure 3.11: UV-vis/NIR spectrum of complex 3A in CH3OH at 25 <C.

Complex 3A showed two characteristic absorption band at Amax = 830 nm and Amax = 555

nm respectively. Both the absorption band were attributed to charge transfer transition (CT).**

Table 3.3: Electronic absorption data of complex 3A.

Complex Amax, M (& M~'em™)
3A 830(1900),555(9100)
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3.4 Synthesis and Characterization of a Dinuclear Cu(ll)
COmpIex(3B) of H4LPiperazine(AP/AP)

Ligand H,L"PerazineAP/AP) ynon reacting with 2.0 equivalent amounts of CuCly*2H,0 in

CH3CN in the presence of EtsN under aerial atmosphere in 2 hours provided complex 3B in 42
% yield (Scheme 3.4).

HN \
WO o
[~
N CuClye2H,0 /\/N\)@

NH CH.CN, Et;N

\
-Cu-CI
OH N->

[H4LPiperazine(APIAP)]0

Complex 3B
Scheme 3.4: Synthetic route of complex 3B from ligand H,LPPerazne(AriaP)

o

4000 3000 2000 1000
Wavenumbers,cm'1

% T

Figure 3.12: FT-IR spectrum of complex 3B.
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The infrared spectrum of complex 3B (Figure 3.12) was recorded on a KBr pallet. The
infrared spectrum of complex 2B endorsed the basic coordination of the ligand with the metal
ion. The disappearance of bands at 3494 cm™* for {O—H) and 3338 cm* for N—H) clarified the
copper coordination with the N-H and O-H deprotonated aminophenol. A weak band
corresponding to aryl W(C—H) stretching observed at around 3055 cm ~.** The asymmetric,
overtone and symmetric WC—H) bands were appeared at 2954, 2906, and 2868cm
respectively.®® Two peaks at around 1572 cm™ and 1470 cm™ were due to {C=N) and «(

C:--0) stretching, respectively.>™® Those bands implied that the existence of aminophenolate

moieties as its one-electron oxidized iminosemiquinone [(ISQ)*'"] form.

898.28

704.51
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Figure 3.13: ESI-mass spectrum (+ve mode) of complex 3B with experimental and simulated
(inset) isotope distribution pattern.

Electrospray ionization mass spectrum (ESI-MS) of a solution of complex 3B in CH3;OH
provided a 100% molecular ion peak at m/z = 828.35 (Figure 3.13) in positive mode. Simulated

isotope distribution pattern (inset) confirmed the composition as [CssHsoCuN4O,—2CI]".
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Figure 3.14: *H-NMR spectrum of complex 3B in CDCls.

Complex 3B was diamagnetic in nature which was confirmed by *H-NMR spectrum
(Figure 3.14) analysis. The resonance signals at 6= 1.19 ppm, 6 = 1.45 and 6 = 1.59 ppm were
appeared for each of thirty-six hydrogen atoms attached to four tert-butyl groups, whereas the
resonance signal at = 2.10 ppm was attributed for two bezylic protons and a peak at 6 = 4.20
corresponded to the eight aliphatic protons present in piperazine meaty. The resonance signals

for twelve aryl protons were appeared in a range of 7.26-7.86 ppm.

The four-coordinate Cu(ll) unit in the complex acquired a distorted square planar
geometry (vide infra). Thus, the unpaired electron of Cu(ll) ion was at d°—,” orbital. Because of
the distorted-geometry, the orbital was not in orthogonal orientation with the radical-containing
p; orbital of the Cu(ll)-coordinated iminosemiquinone unit. Hence, antiferromagnetic interaction
prevailed between the two paramagnetic centers which rendered a diamagnetic ground state in

complex 3B.
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X

AF = Antiferromagnetic coupling
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Figure 3.15: Anti ferromagnetic interaction between Cu(ll) dx’*—y? and z-radical p, orbitals
arrangement via non-orthogonal arrangement.

Crystals suitable for single crystal X—ray diffraction analysis of complex 3B were grown
by slow evaporation of a CH,Cl,/CH3CN (3:1) solvent mixture of the complex. The complex
was crystalized in the triclinic space group ‘P-1’. ORTEP diagram of complex 3B has been

shown in Figure 3.15 and selected bond distances and bond angles are given in Table 3.4.

Figure 3.15: (A) ORTEP presentation of an one asymmetric unit of complex 3B; thermal
ellipsoids were drawn at 40% probability level. (B) Intermolecular interaction present between
Cul with CI2 in complex 3B. H-atoms were omitted for the clarity.

Page 78
TH-2079_136122008



Chapter 111

In complex 3B, each asymmetric unit comprised of two independent molecules, which
were conformational isomers. In one isomer the piperazine N atoms (N2) coordinated to Cul
atoms from the equatorial positions, while in the other isomer the coordination was from the
axial position to Cu2 atoms. Although both molecules were binucler with two four-coordinate
(N20OCI) copper units, the geometry around the copper atoms was not same in the two
conformational isomers. The 7z was of 0.32 for Cul, while, the value was almost double, 0.57,
for Cu2. A scrutiny of the crystal structure revealed that CI2, which was attached to Cu2,
participated in a moderate interaction (3.216 A) with Cul atom (Figure 3.15B). This interaction
lifted Cu2 atom form the coordination plane in a greater extent compared to Cul. The impact of
the interaction was further realized in the coordination bonds. The Cul-O1 and Cul-N1 bond
distances were 1.940(3) A and 1.963(4) A, whereas, the Cu2-02 and Cu2-N3 bond distances
were 1.982(3) A and 1.959(4) A, respectively. Nevertheless, the bond distances were in accord
with previously reported Cu(Il) physical oxidation state.>*"

A systematic change in the C-N, C-O, and aromatic C—C bond distances of 2-
aminopenol derivation has been noticed previously and being established as the potential tool in
determining the innocent and non-innocent character of the coordinated ligands. In fact, physical
oxidation state can be assigned by structural analysis. In a closed—shell 2-amidophenolate form,
C-N =1.37 A, C-0O = 1.35 A bonds represent single bond character, and the aromaticity of the
phenyl ring remains intact.”®" The aromatic C-C bonds is of 1.39+0.01 A distance. In one—
electron oxidized iminosemiquinone state and two—electron oxidized iminoquinone state, the
aromaticity of the ring is being destroyed. A quinoid-type distortion; three long bonds followed
by an alternate long-short—-long bond sequence; is noticed. In iminosemiquinone radical state C—
N and C-O bond are 1.35 A and 1.28 A, respectively, while the respective bonds are double
bond (C-N = 1.30 A, C-0 = 1.22 A) in iminoquinone state. In complex 2, C1-N1 = 1.354(6)
A, C2-01 =1.275(6) A, bond distances along with quinoid-type distortion (Table 3.4) indicated

that 3,5-di-tert-buyl-2—-iminosemiquinone state of both the coordinated-units of the ligand.

Table 3.4: Selected bond distances (A) and bond angles (9 for complex 3B.

Cul-0O1 1.940(3) C2-01 1.275(6)

Cul-N1 1.963(4) C1-C2 1.440(6)

Cul-N2 2.043(3) C2-C3 1.440(6)

Cul-Cl1 2.2222(15) C3-C4 1.357(7)

Cl1-N1 1.354(6) C4-C5 1.431(7)
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C5C6 1.363(6) C21-N2 1.497(6)
c6-Cl1 1.416(7) C22-N2 1.486(5)
N1-C15 1.389(5) C23-N2 1.496(5)
01-Cul-N1 82.77(15) C1-N1-Cul 111.8(3)
01-Cul-N2 163.07(17) C2-01-Cul 113.2(3)
N1-Cul-N2 94.57(15) C21-N2-Cul 108.1(3)
01-Cul-Cl1 93.28(12) C22-N2-Cul 108.5(3)
N1-Cul-Cl1 150.72(13) C23-N2-Cul 110.4(3)
N2-Cul-Cl1 96.96(12)

The electronic absorption spectrum of complex 3B was recorded in HPLC grade CH,ClI,
at room temperature and depicted in Figure 3.16. The electronic absorption bands along with

corresponding absorption coefficient values were summarized in Table 3.5.
20

16-
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Figure 3.16: UV-vis/NIR spectrum of complex 3B in CH,Cl, at 25 <.

Complex 3B showed two characteristic absorption band at Amax = 990 nm and Amax = 580
nm respectively. Both the absorption band were attributed due to charge transfer transition
(CT).%*° Band at Amax = 990 nm due to intra ligand-to-ligand charge transfer (ILCT) and Amax =

580 was due to ligand-to-metal charge transfer transition.®

Table 3.5: Electronic absorption data of complex 3B.

COITIp'EX lmax, nm (6', M_lcm_l)
3B 990(4050), 580(13900), 324(18450)
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3.5 Synthesis and Characterization of a Cu(ll) Complex (3C) of
H4LPiperazine(AP/AP)

When ligand H,LPPeraaine®PAP)  \was  treated with an equimolar amount of
Cu(ClO4)226H,0 in acetonitrile in the presence of EtsN under aerial atmosphere provided a green
solid. After 7 days, during recrystallization from CH,Cl,:CH3CN (4:1) solvent mixture, provided
complex 3C in 32 % vyield (Scheme 3.5).

sep

HN
N— Cu(Cl0,),#6H,0
NH CH3CN, Et3N

g

[H4LPiperazine(APlAP)]0

Complex 3C

Scheme 3.5: Synthetic route of complex 3C from ligand H,LPiPerazne(APiAP)

I

% T

4000 3000 2000 1000
Wavenumbers, cm'1

Figure 3.17: FT-IR spectrum of complex 3C.
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The infrared spectrum of complex 3C (Figure 3.17) was recorded on a KBr pallet. The
disappearance of bands at 3460 cm * for {O-H) and 3359 cm* for YN—H) clarified the copper
coordination with the N-H and O—H deprotonated aminophenol. A weak band corresponding to
aryl WC-H) stretching observed at around 3070 cm ~.3* The asymmetric, overtone and
symmetric C—H) bands appeared at 2952, 2870 and 2910 cm*respectively.**® Two peaks at

around 1578 cm™ was due to {C=N) stretching. *"
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Figure 3.18: ESI-mass spectrum (+ve mode) of complex 3C with experimental and simulated
(inset) isotope distribution pattern.

Electrospray ionization mass spectrum (ESI-MS) of a CH3OH solution of complex 3C
provided a 100% molecular ion peak at m/z = 675.31 (Figure 3.18) in positive mode. Simulated
isotope distribution pattern (inset) confirmed the composition as [CssHigCuN4O2]" for the

complex.

To determine the molecular structure, X-ray single crystal diffraction measurement on
complex 3C was performed at 293(2) K. X-ray quality single crystals of complex 3C were
obtained by the slow evaporation of a 3:1 CH,Cl,:CH3CN solution of the complex. Complex 3C
crystallized in the monoclinic space group ‘P-1°. ORTEP diagram of the 3C with atom
numbering scheme is presented in Figure 3.19. Selected bond distances and bond angles are

given in Table 3.6.
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Figure 3.19: (A) ORTEP presentation of complex 3C; thermal ellipsoids were drawn at 40%
probability level. H-atoms were omitted for clarity. (B) ORTEP plot of unit 1. (C) ORTEP plot of
unit 2. (D) ORTEP plot of unit 3.

Complex 3C was composed of three asymmetric units present in a unit cell and out of
two units (unit 1 and 2), geometry around the central Cul or Cu2 center was distorted square
planar, while in unit 3 the geometry was square planar. In unit 1 and unit 2, both the central
atoms (Cul and Cu2) were four coordinate (z = 0.30, 0.16). The two N and two O atoms from
the two bidentate acridine frameworks occupied the coordination sites. Same coordination sites
were present in the case of unit 3, where central Cu3 atom acquired square planar (z = 0.0)
geometry. The bond distances of Cul-O1 and Cul-02 were 1.892(3) A and 1.883(3) A for unit
1, while in unit 2 the bond distances of Cu2—03 and Cu2-04 were 1.886(3) A and 1.884(3) A,
respectively. In unit 1, the bond distances of Cul-N1 and Cu1l-N2 were 2.010(4) A and 2.006(4)
A, where as in unit 2 the bond distances of Cu2—N3 and Cu2-N4 were 2.037(4) A and 2.043(4)
A, respectively. In the unit 3, the bond distances of Cu3-05 and Cu3-N5 were 1.889(3) A and
2.099(4) A, respectively. The observed bond distances were in accord with the previously
reported Cu(ll) complexes of NO coordination sites. Thus, herein, the oxidation state of the

central copper ion has been assigned as +l1.
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In unit 3, the both side acridine-ligating units experienced interligand ©—n (3.279 A)

stacking interaction (Figure 3.20) with the other two asymmetric molecules of complex 3C. The

interactions were postulated as the induction force for imposing a planar geometry in unit 3.

Figure 3.20: Representation of m—r interactions present in complex 3C between the acridine unit
(in unit 3) and the acridine (in unit 1 and unit 2) in a coordinated ligand in complex 3C.

Table 3.6: Selected bond distances (A) and bond angles (9 for complex 3C.

Cul-0O1
Cul-02
Cul-N1
Cul-N2
Cu2-03
Cu2-04
Cu2-N3
Cu2-N4
Cu3-05
Cu3-N5
N1-C1

N1-C15
01-C2

N2-C22
N2-C36
02-C23
N3-C43
N3-C57

1.892(3)
1.883(3)
2.010(4)
2.006(4)
1.886(3)
1.884(3)
2.037(4)
2.043(4)
1.889(3)
2.099(4)
1.350(5)
1.365(5)
1.324(5)
1.350(5)
1.359(5)
1.314(5)
1.352(5)
1.366(5)

C26-C27
C27-C22
C36-C37
C37-C38
C38-C39
C39-C40
C40-C41
C41-C42
C42-C27
C43-C44
C44-C45
C45-C46
C46-C47
C47-C48
C48-C43
C57-C58
C58-C59
C59-C60

1.444(6)
1.418(6)
1.410(6)
1.354(6)
1.404(7)
1.337(6)
1.428(6)
1.379(6)
1.398(6)
1.426(6)
1.432(6)
1.381(6)
1.418(6)
1.385(6)
1.452(6)
1.415(6)
1.366(7)
1.400(7)
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03-C48
N4-C65
N4-C78
04-Co4
N5-C85
N5-C99
05-C90
C1-C2
C2-C3
C3-C4
C4-C5
C5-C6
C6-C1
C15-C16
C16-C17
C17-C18
C18-C19
C19-C20
C20-C15
Cl6-C21
C21-C6
C22-C23
C23-C24
C24-C25
C25-C26
C99-C100
C100-C101
C101-C102
C102-C103

01-Cu1-02
N1-Cul-N2
01-Cul-N1
01-Cu1-N2
02-Cul-N2
02-Cu1-N1
03-Cu2-04
N3-Cu2-N4
03-Cu2-N3
03-Cu2-N4
04-Cu2-N3
04-Cu2-N4
05-Cu3-05'
N5-Cu3-N5'
05-Cu3-N5
05-Cu3-N5'

1.318(5)
1.357(5)
1.362(5)
1.310(5)
1.365(6)
1.351(6)
1.325(6)
1.453(6)
1.383(6)
1.402(6)
1.377(6)
1.442(6)
1.422(6)
1.420(6)
1.422(6)
1.354(7)
1.403(7)
1.350(6)
1.411(6)
1.383(6)
1.412(6)
1.455(6)
1.372(6)
1.415(7)
1.363(6)
1.407(7)
1.353(7)
1.432(8)
1.335(7)

154.55(15)
161.85(14)
83.42(13)
101.05(13)
83.33(13)
100.26(13)
163.09(15)
173.48(14)
82.66(13)
100.51(13)
95.88(13)
82.75(13)
180.000(1)
180.000(1)
98.18(15)
81.82(15)

C60-C61
C61-C62
C62-C63
C62-C57
C63-C44
C64-C65
C65-C66
C66-C67
C67-C68
C68-C69
C69-Co64
C78-C79
C79-C80
C80-C81
C81-C82
C82-C83
C83-C84
C83-C78
C84-C66
C85-C86
C86-C87
C87-C88
C88-C89
C89-C90
C90-C85
C103-C104
C104-C99
C104-C105
C105-C86

C2-01-Cul

C23-02-Cul
C1-N1-Cul

C15-N1-Cul
C22-N2—Cul
C36-N2—-Cul
C48-03-Cu2
C64-04-Cu2
C65-N4—Cu2
C78-N4-Cu2
C43-N3-Cu2
C57-N3-Cu2
C90-05-Cu3
C99-N5-Cu3
C85-N5-Cu3

1.336(7)
1.429(7)
1.406(6)
1.410(6)
1.388(6)
1.449(6)
1.438(6)
1.442(6)
1.370(6)
1.411(6)
1.390(6)
1.428(6)
1.361(6)
1.405(7)
1.337(7)
1.427(6)
1.377(6)
1.421(6)
1.400(6)
1.440(7)
1.443(6)
1.373(7)
1.410(7)
1.402(6)
1.429(6)
1.403(7)
1.442(7)
1.385(7)
1.385(7)

114.2(3)
115.1(3)
111.1(3)
129.6(3)
111.0(3)
129.5(3)
115.0(3)
115.3(3)
110.1(3)
131.1(3)
109.9(3)
130.6(3)
116.2(3)
130.7(3)
109.4(3)
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The electronic absorption spectrum of complex 3C was recorded in CH,Cl, at room
temperature and depicted in Figure 3.21. The electronic absorption bands along with

corresponding absorption coefficient values are summarized in Table 3.7.

12
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Figure 3.21: UV-vis/NIR spectrum of complex 2C in CH,Cl,at 25 <C.

Complex 3C, exhibit an intense absorption at Amna = 545 nm (&= 7950 M* cm™), which
was attributed to a ligand-to-metal CT transition.”*® The d-d transition in complex 3C was
observed at 668 nm (&= 750 M* cm *).”* No charge transfer bands in the NIR region implied

the absence of iminosemiquinone radical unit in the coordination sphere in complex 3C.

Table 3.7: Electronic absorption data of complex 3C.

Complex Amax, NM (& M~em™)
3C 545(7950), 668(750)

Page 86

TH-2079_136122008



Chapter 111

g,= 2.060, g,=2.060, g,= 2.145 Exp
g, =2.088 sim
Q
o
=~
x
©
A= 1*104cm’1, W= 20 G
A,=3*10%cm” W=25G
A.=67*10"cm’’ W=30G
v I v I v I v ]
100 200 300 400 500

B/mT

Figure 3.22: Experimental and simulated X-band EPR spectra of complex 3C. Experiment was
performed at RT.

In order to reinforce the electronic state of the central Cu ion complex 3C, X-band EPR
measurement was performed. An anisotropic signal appeared (Figure 3.22) with Cu(ll) (<!l =
3/2)-based hyperfine coupling along the Z axis. Simulation to the experimental results provided
the following parameters: g; = 2.060; g, = 2.060; gs = 2.145, ga, = 2.088, ““(A1, Az, As) = (1, 3,
67) x 10~ cm™. Using the relation g., = 1/3(gy + 29.), it was found that g; = 2.145 and g, =
2.060 for complex 3C. The gy > g. indicated that the unpaired electron resided on the dy,y»

magnetic orbital of Cu(l1) in complex 3C.%P
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3.6 Probable Pathway to the Formation of Complex 3C from Ligand
H4LPiperazine(AP/AP)

In order to investigate for the formation of complex 3C, same reaction was performed
(Scheme 3.5) by using an equimolar amount of ligand H,L"PeraneAPIAR) and Cu(Cl04),#6H,0 in
acetonitrile in the presence of EtsN under aerial atmosphere. During the reaction, the initially
formed green solid precipitate was isolated and characterized by several
spectroscopic/spectrometric techniques (Figure 3.23). Unfortunately, all attempts to grow single
crystals of green solid (1) was unsuccessful. However, ESI-MS(+ve mode) analysis of green
solid (I) in CH3CN showed a 100% molecular ion peak at m/z = 763.41 (Figure 3.23D), which
corresponded to 1:1 ligand:Cu complex. Experimental and simulated isotope distribution pattern

confirmed the composition as [CssHsoCUN4O5]".

(A) — (B) . "h |
N N = i l |
\C" % L ||
N— E T 0
| 0 | ()
z —_ =
%/@K E
Q
o
200 400 600 800 100012001400
m/z
35
(C) ( D) g,=2025, g.=2.100, g,= 2.260 —— 4(Exp)
304 g,=2128 /\/\n — 4(Sim)
‘TE 251 W=42G
O Q| w=48G
- 20 2| w=3s06 N
e 15 3
N 10+ A=19"10"cm’”
A=16"10"cm"’
51 A:: 166710 em’”
O L} T T L} T T T T
250 500 750 1000 1250 1500 100 200 300 400 500
A, nm B, mT

Figure 3.23: (A) Proposed structure of intermediate [X1], (B) ESI-MS spectrum of [XI], (C) UV-
ViS/NIR spectrum of [XI] and (D) X-band EPR spectrum of intermediate [XI].Conditions:
Microwave frequency(GHz), 9.446; modulation frequency (kHz), 100; modulation amplitude
(G), 50.0; and microwave power (mW), 0.995.
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w
N

H
N%N\J@ Cu(C10,),+6H,0
@N\H CH,CN, Et;N
O ﬁ/g%o: —\ N\
N’ N
S

|
CL>e 1)
—_— ——
0/ \N’ ; H,LPiperazine!AP/AP) N / N

[3C]; C4gHagCuN,sO, [XI]; C45HggCuN4O5
m/z for [2C]*: Calcd, 675.31; m/'z for [XI]*: Calcd, 763.40;
found, 675.31 found, 763.40
NH"np
[0]
—2e

e I &H/‘\M‘%
\ + N

0 NH-2 __Ci__
/ bl

[Xin

Scheme 3.6: Proposed mechanism of the formation of complex 3C from H,L"Perazine(AP/AP),

In UV-vis/NIR spectrum of intermediate [XI] was dominated by charge-transfer
phenomena. The band at about 975 nm and 790 nm corroborated LLCT and LMCT charge
transfer transitions as previously observed in Cu(l1)-bis(iminosemiquinone) complexes.”® Thus,
the proposed electronic structure of intermediate [XI1] was justified.

During recrystallization of green solid [XI] from CH,Cl,:CH3CN (4:1) solvent mixture,
intermediate [XI1] was formed. Formation of intermediate [XI11] occurred via the C—N bond
activation and thereafter homolytic C—H bond breaking and C-C bond formation through
simultaneous electron transfer took places from iminosemiquinone [(1SQ)**"] to benzyl carbon

adjacent to piperazine moity. Furthermore, there was an aromatization followed by the release of
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piperazine unit that provided the complex 3C via intermediate [XIV]. The details proposed

mechanism is shown in Scheme 3.6.

3.7 Conclusions

To conclude, we have successfully synthesized a new hexadentate non-innocent

ligand with piperazine backbone and named as H,LPPerazineAP/iAR) — The

ligand
H,LPiPerazineAPIAP) non reacting with CoCl,e6H,0 in the presence of air, and EtzN
provides a diamagnetic Co(lll) octahedral complex 3A, which was characterize by
different spectroscopic techniques. The strong antiferromagnetic coupling between the

two radical units via the diamagnetic Co(l11) ion was been realized in the complex.

The piperazine backbone acquired a different configuration depending on the
metal salts used for the formation of the corresponding copper complex. A diamagnetic
dinuclear Cu(ll)-radical complex 3B has also been synthesized by employing
CuCl,+2H,0 salt. In the presence of Cu(ClO,4),*6H,0 salt mononuclear complex 3C was
formed via the ligand-based C-N bond breaking and C-C bond formation phenomena.
Herein, the intermediate [XI], which was formed during the formation of complex 3C,

has also been assigned by the help of various spectroscopic techniques.
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Monoradical-containing Four-coordinate Co(l11) Complexes:
Homolytic S-S, Se—Se Bonds Cleavage and Catalytic Isocyanate to
Urea Conversion under Sunlight
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4.1 Introduction

Over the years, metal-coordinated redox active organic ligands, known as non-innocent
ligands, are under continuous investigation as electron acceptor and/or electron donor for
catalytic oxidation and reduction reactions."” For instances: Chaudhuri, Wieghardt, and
coworkers have studied Cu(ll)-bis(iminosemiquinone) complexes extensively as functional
models of Galactose Oxidase for the two-electron oxidation of primary alcohols to their
corresponding aldehydes'"; a four-coordinate Co(l11)-bis(amidophenolate) complex has been
successfully employed as a catalyst for C—C bond formation reactions by Soper and coworkers.*?
Recently, Sarkar and coworkers have described an electrocatalytic C—C bond formation reaction
employing electrochemically in situ generated a four-coordinate Co(ll)-bis(1,2-diamide)
complex as the catalyst and benzylbromide as the substrate.' In 2015, van der Vlugt, de Bruin,
and coworkers have utilized the redox active nature of a coordinated-2-amidophenoate derivative
in a four-coordinate Pd(Il) complex for the one-electron homolytic S-S bond cleavage of
diphenyl disulfide.” Recently, it has been demonstrated that H, gas can be generated employing

Cu(11)-bis(iminoquinone) complex and NaBHy, in dry acetonitrile.'?

(A) Con2
. o s y PhS—SPh
| TIPF, PhS-SPh $ | .

N-PdZc) —S N- Pd 2, N—Pd—S_ + "S—Ph

| | | Ph
- [PNO“%\
@—ll’-ph ®_P“—Ph @’T Ph [PNO/SOPASPh]
Ph Ph
[PNO”PPd] [PNO'SCPdSPh]
(B)
0o fo) Ph.—P
§ | $ \’N
N-Pd— s N-Pd —— N— Pd s\” \0
Crrm” L O
Ph
[PNO'SCPdSPh] [PNO*PPd] [(PNO'S®)Pd(—SPh)Pd(PNOA?)]

Scheme 4.1: (A) Synthetic route for disulfide bond activation by four-coordinate Pd(Il)
complex.(B) Proposed mechanism for the S-S bond activation and formation of dinuclear
[(PNO"?)Pd(1-SPh)Pd(PNO*™)] complex with mixed valency in the two PNO scaffolds.
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To continue our study on the development of ligand-radical-containing transition metal
complexes for diatomic (homo and/or hetero) bond scission/formation reactions, we have
investigated on few Co(lIl) complexes based on the non-innocent ligand H,L*"®""  shown in
Scheme 4.2. The ligand scaffolds were primarily based on bidentate 2-anilino-3,5-di-tert-

L*") backbone with phenyl substituents at the ortho-position of the aniline part.

butylphenol (H;
We envisaged that the presence of an ortho-substituent would exert steric crowding and
consequently, the possibility of four-coordinate cobalt complex formation over six-coordinate
would be favorable. Noteworthy, cobalt complexes with unsaturated-coordination environment

are essential for the substrate activation and catalysis.

4.2 Synthesis and Characterization of Ligand H,L*"®"

In this regards, a phenyl substituted (o-position to aniline moiety) ligand H,L""®" was
synthesized by reacting with equimolar amounts of 2-aminobiphenyl (XV) and 3,5-di-tert-
butylcatechol (V11) in hexane in presence of Et;N under air provided ligand H,L*"®"" (Scheme
4.2).

Ph
OH Et;N, Hexane NH
+ @\ Air >
OH Ph OH
NH,
Vil XV H,LAP(Ph)

Scheme 4.2: Synthetic route for the preparation of H,LA?®",

The synthesized ligand H.L""®" could behave as non-innocent and therefore, it might
exist in different oxidation states in the presence of metal ions (preferably transition metal) and
molecular oxygen. The possible oxidation states of H,L“®" are shown below in Scheme 4.3.
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Scheme 4.3: Possible oxidation states of H,

Figure 4.1: FT-IR spectrum of HoLA"®Y,

_@_
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Ligand HoL*"®" was characterized by FT-IR spectroscopy, NMR spectroscopy and
mass spectrometry techniques. FT-IR spectrum of the ligand HoL*"®" (Figure 4.1) showed two
sharp bands at 3427 cm™ and 3360 cm™ due to {O—H), and YN—H) stretching, respectively.**®
A weak band appeared at 3056 cm ‘for the stretching of aryl WC—H). The asymmetric,
symmetric and overtone bands of 1{C-H) stretching for tert-butyl groups appeared at 2995,
2903, 2865 cm*, respectively.®*9 In addition to this, the bending C-H) stretching frequency
for the —CH3 groups, which belonged to tert-butyl groups, appeared at 1484 and 1359 cm™*.*
The stretching bands at 1580, and 1436 cm * were attributed to the {C=C) stretches for phenyl
system.*® The phenolic {C—O) stretching band appeared at 1308 cm* and C—N) stretching

band appeared at1222 cm *.*
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Figure 4.2: *H-NMR spectrum of H,L*"®"" in CDCl.
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Figure 4.3: *C-NMR spectrum of H,LA"®" in CDCls.

'H-NMR spectrum for the ligand H,L""®" displayed in (Figure 4.2). Two singlet
resonance signals at 6 =1.29 ppm and 6 = 1.47 ppm were appeared due to two tert-butyl moiety
containing hydrogen atoms. Ten aromatic protons appeared in the region of 6= 6.94-7.58 ppm.
Two singlet peaks appeared at ¢ = 6.58 and 6 = 6.43 ppm were because of N-H and O-H
protons, respectively. **C-NMR spectrum (Figure 4.3) for the ligand H,L*"®" showed the

seventeen distinct characteristic peaks for 17 different kinds of carbon atoms.
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Figure 4.4: Experimental and simulated mass spectra for HoL""®" [CosHsiNO+H]" have been
shown.

Electrospray ionization mass spectrum (ESI-MS) of ligand H,L“"®" in acetonitrile
solution in positive mode showed a 100% molecular ion peak at m/z = 374.24 that corresponded
to the [M + H]" (M = molecular mass). Isotope distribution pattern of the observed mass peaks
confirmed the composition as [CasHz:NO +H]" for H,LAP®Y (Figure 4.4).
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4.3 Synthesis and Characterization of Co(ll1l) Complexes (4A and
4B) of Ligand H,L*"®"

Ph
NH

OH

HzLAP(Ph)

0.5 Co(Cl0,),-6H,0
Et;N, CH,CN, Air

1.0 CoCl,-6H,0
Et;N, CH,CN, Air

— =0 — 0

i Ph Recrystallisation from | (P:IR

N DCM:CH,CN(4:1) N

\CI:I(I)/—OO solvent r?1ixture - (.—\Clgl/_o.
7~
o~ \N o) ~N
Ph,, @ Ph

- Complex 4A B Complex 4B

Scheme 4.4: Synthetic route for the preparation of complex 4A and complex 4B.

When ligand H,LA"®" \was treated with 0.5 equivalent of Co(ClO4),#6H,0 in
acetonitrile in the presence of triethylamine under air provided corresponding square planar
cobalt complex 4A with 52% yield. Due to solubility problem it was very difficult to get the
crystal structure of complex 4A. Interestingly, when complex 4A was recrystallize by using
dichloromethane and acetonitrile solvent mixture it provided complex 4B by abstracting chlorine
species from dichloromethane solvent (Scheme 4.4). Noteworthy, complex 4B can also be
synthesized using 1.0 equivalent of CoCly*6H,0 to ligand H,L*"®"" in acetonitrile in the

presence of triethylamine with in 64% yield.
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Figure 4.5: (A) FT-IR spectral difference between square planar Co(l1l1) complex 4A vs square
pyramidal Co(l11) complex 4B (B) Spectral difference is shown in 1650-450 cm* range.

In the FT-IR spectra of the complexes (4A and 4B), the absence of 3427 cm™ (O—H),
and 3360 cm ! {N-H) stretching bands indicated the ligation of the ligand to the metal ion via
deprotonated N and O atoms. In addition the presence of {C-H) stretching band of the tert—
butyl groups in 2955-2863 cm * region emphasized the coordination of the ligand to the metal
ion.** The bands at 1474, 1359 cm™* for 4A and 1474, 1364 cm * for 4B, were appeared due to
the bending YC—H) stretch.** The {C-O) vibrational mode for 4A, and 4B appeared at ~1301,
1258 cm™* and 1302, 1259 cm %, respectively. Two intense sharp bands at 1143, 1104 cm™* for
4A was observed and attributed to phenyl skeleton {C—C) stretch in a one—electron oxidized
(radical—center) delocalized system. In the FT-IR spectrum of 4B, the band at 1363 cm™* was
appeared for {C::-0) stretch.®" Interestingly, the bands at ~1143 and ~1104 cm™* were absent in
complex 4B (Figure 4.5).
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Figure 4.6: ESI-mass spectra of (A) for 4A, (B) for 4B; experimental and simulated isotope
distribution pattern (inset).

Electrospray ionization mass spectra (ESI-MS) were measured in acetonitrile in positive

mode. A 100% molecular ion peak at m/z = 801.38 appeared for the complex 4A (corresponded

to [M]%); M = molecular mass (Figure 4.6A). On the other hand, a 100% molecular ion peak at

m/z = 836.34 was found for the complex 4B (corresponded to [M]") (Figure 4.6B). Isotope

distribution pattern examinations of the observed mass peaks revealed the composition of
Cs2Hs58CoN202, for 4A; Cs2HssCICoN202, for 4B.
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Crystals suitable for single crystal X-ray diffraction analysis of complex 4B were grown
by slow evaporation of a CH,Cl,/CH3CN (3:1) solvent mixture of the complex. The complex
was crystalized in the triclinic space group ‘P-1’. ORTEP diagram of complex 4B has been

shown in Figure 4.7 and selected bond distances and bond angles are given in Table 4.1.

Figure 4.7: ORTEP diagram of complex 4B. Thermal ellipsoid was drawn with 40% probability.
Hydrogen atoms were omitted for clarity.

In the molecular structure of 4B, two deprotonated ligands were connected with Col
atom at the basal plane, while, a chloride ion attached with Col atom at the apical position. The
five-coordinated metal ion was occupied in a distorted square pyramidal geometry. The Col-01,
Col-02, Col-N1, Col-N2, and Col-CI1 bond distances were 1.8553(18), 1.8694(19),
1.873(2), 1.865(2), and 2.2661(9) A, respectively. These bond distances were good in agreement
with the +111 oxidation state of central Co atom.*® The tert-butyl groups-containing phenyl rings
showed an alternate short and long C—C bond distances. i.e. the C1-C2, C2-C3, C3-C4, C4-C5,
C5-C6, and C6-C1 bond distances were 1.434(4), 1.425(4), 1.370(4), 1.430(4), 1.368(4), and
1.417(4) A, respectively. Furthermore, C1-N1 = 1.341(3) A, and C2-01 = 1.300(3) A bond
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distances,>® were neither their respective single bond character (C-N = 1.40 A; C-O = 1.35
A),34%%7 nor their respective double in character (C=N = 1.30 A; C=0 = 1.24 A).5"™ Similar
type bond distances were also found in another coordinating ligand (Table 4.1). This clearly
indicated the z-radical coordination nature of the ligands. Therefore, 4B was a neutral diradical-

containing square pyramidal Co(l1l) complex.

Table 4.1: Selected bond distances (A) and angels (°) for complex 4B.

Col- N1 1.873(2) C3-C4 1.370(4)
Col- N2 1.865(2) C4-C5 1.430(4)
Col- 01 1.8553(18) C5- C6 1.368(4)
Col- 02 1.8694(19) C6-C1 1.417(4)
Col-Cl1 2.2661(9) N1-C15 1.442(3)
N1-C1 1.341(3) C27-C28 1.443(4)
01-C2 1.300(3) C28- C29 1.433(4)
N2- C27 1.337(3) C29- C30 1.368(4)
02-C28 1.291(3) C30- C31 1.446(4)
Cl-C2 1.434(4) C31- C32 1.358(4)
C2-C3 1.425(4) C32- C27 1.416(4)
N1- Col- N2 167.33(10) 02— Col-Cl1 97.78(7)
01- Col- N2 93.64(9) N1-Col-Cl1 95.32(7)
N2- Col- 02 83.70(9) C28- 02-Col 113.67(17)
O1- Col-N1 83.94(9) C2- 01-Col 112.84(17)
01- Col- 02 168.71(9) C1- N1- Col 112.62(18)
02- Col-N1 96.25(9) C15- N1-Col 124.89(17)
01- Col-Cl1 93.43(7) C27- N2-Col 114.09(18)
N2- Col-Cl1 97.23(7) C41- N2- Col 124.95(18)

The electronic absorption spectra of complex 4A and 4B were recorded in HPLC grade
CHCI; at room temperature and depicted in Figure 4.8. The electronic absorption bands along

with corresponding absorption coefficient values were summarized in Table 4.2.

Page 105

TH-2079_136122008



Chapter IV

Complex 4A
Complex 4B

400 800 1200 1600 2000
A, NM
Figure 4.8: UV-vis/NIR spectrum of complexes 4A and 4B in CH,Cl,at 25 <.

Complex 4A showed three characteristic absorption band at Aynax = 1600 Nm; Amax = 903
nm and Amax = 678 nm respectively. Extinction coefficient to the corresponding observed bands
were summarized in Table 4.2. The absorption band at 1600 nm was attributed due to ligand-to-
ligand intervalence charge transfer transition (LLIVCCT),® on the other hand the band at 903 nm
and 678 nm were appeared due to the ligand-to-metal charge transfer transition (LMCT).5"%
Interestingly, for complex 4B no band was observed above 1100 nm region. Complex 4B
showed a broad absorption band at Anax = ~865 nm and a moderately sharp absorption band at
Amax = 675 nm. All these two absorption bands were appeared due to the charge transfer. The
absorption bands at ~865 nm and 675 nm were considered as ligand-to-metal charge transfers

transition (LMCT).% - %&b

Table 4.2: UV-vis/NIR spectral data for 4A, and 4B.

Complex Amax, NM (& M~em™)
4A 1600(1200), 903(20700), 678(17200)
4B ~865(13800), 675(20350)
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(A) g,= 1.980, g,=2.020, g = 3.215 —4A(Exp) (B) A

g = 2405 —aA(Sim)

dX"/dB
Energy

A=2"10"cm’
s -1

AF=1"10 cT . dxz dyz

A.=110"10"cm

100 200 300 400 500
B, mT

Figure 4.9: (A) Experimental and simulated X-band EPR spectra of 4A in CH,Cl, solution.
Conditions: temperature = 25 °C, microwave frequency (GHz) = 9.442, modulation frequency
(kHz) = 100, modulation amplitude (G) = 50.0 and microwave power (mW) = 0.995.(B) d-
orbital splitting of low spin Co* ion in square planar geometry, and ligand p, orbital.

In monoradical-containing four-coordinate square planar Co(lll) complex 4A, the metal
center possesses two unpaired electrons, which resided at d,? and dxy magnetic orbitals [Sc, =
1.0]. An antiferromagnetic coupling between the Co(lIl) d,*> magnetic orbital, and ligand-based
p, orbital led to an Sy = 1/2 ground state and paramagnetism in the complexes, where the
unpaired electron resided at the dy, magnetic orbital. Hence, cobalt (I11)-centered X-band EPR
spectra for 4A was observed. Experimental as well as simulated EPR spectra for 4A complex
was shown in Figure 4.9. X-band EPR signals of complex 4A was anisotropic in nature.
Simulation to the experimental spectra provided the following parameters: g; = 1.980; g, =
2.020; g3 = 3.215; “°(A1, Ay, As) = (2, 1, 110) x 10 * cm* for complex 4A. The average g value

for the complex 4A was 2.405, and supported metal-centered unpaired electron.*%
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4.4 Homolytic (S-S) and (Se-Se) Bonds Activation and Synthesis
and Characterization of Co(lll) Complexes (4C and 4D) with
H,LA"®P"Ljgand

Treatment of Co(ClO,),#6H,0 (0.5 equivalent) to H,L“"®" ligand and diphenyl
disulphide (Ph,S,)/ diphenyl diselenide (Ph,Se,) in acetonitrile in the presence of triethylamine
under air produced corresponding square pyramidal cobalt complexes 4C, and 4D, which were
recrystallized from a ether-acetonitrile solvent mixture (Scheme 4.5).

Ph
NH
OH
H,LAP(Ph)
0.5 Co(CI0,),#6H,0 0.5 Co(CI0,),e6H,0
EtsN, CHyCN, Air Et,N, CH,CN, Air
Ph,S, Ph,Se,
_ -0 — 0
“Ph pr, “Ph.Ph
g Se_
i -0 ~ -0
(. /CO —e <_/CO e
0~ N\ 07 N
Ph,, { Ph,, @
- Complex 4C - - Complex 4D N

Scheme 4.5: Synthetic route for the preparation of complex 4C and complex 4D.
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(A) (B)

% T
% T

4000 3000 2000 4 1000 4000 3000 2000 .1 1000
Wavenumbers, cm Wavenumbers, cm

Figure 4.10: FT-IR spectra of (A) complex 4C and (B) complex 4D.

In the FT-IR spectra of the complexes (4C and 4D), the absence of 3427 cm™* Y(O-H),
and 3360 cm ™ (N-H) stretching bands confirmed the coordination of the ligand to the metal ion
via deprotonated N and O atoms. The coordination of the ligand to the metal ion was further
consolidated by the presence of {C—H) stretching bands of the tert-butyl groups at 2961-2862
cm 1.3 The bands at 1472, 1361 cm ™ for 4C and 1463, 1359 cm* for 4D, were appeared due to
the bending {C—H) stretch.*® The (C::-O) vibrational mode for 4C, and 4D appeared at ~1298,
1268 cm* and 1296, 1261 cm %, respectively (Figure 4.10).
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Figure 4.11: ESI-mass spectra of (A) for 4C, (B) for 4D; experimental and simulated isotope

distribution pattern (inset).

Electro spray ionization mass spectra (ESI-MS) were measured in acetonitrile in positive

mode. A 100% molecular ion peak at m/z = 910.39 appeared for the complex 4C (corresponded

to [M]"); M = molecular mass (Figure 4.11A). On the other hand a 100% molecular ion peak at

m/z = 958.33 was found for the complex 4D (corresponded to [M]") (Figure 4.11B). Isotope

distribution pattern examinations of the observed mass peaks revealed the composition of

Cs3HezCoN>O,S, for 4C: CsgHg3CoN->O5Se, for 4D.

TH-2079_136122008
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The molecular structure of complex 4C and 4D were clearly established by X-ray
diffraction analysis. ORTEP diagram of complex 4C and 4D has been shown in Figure 4.12.
The selected bond distances and angles are given in Table 4.3 and Table 4.4.

(A) (B)

Figure 4.12: ORTEP diagram of complex (A) complex 4C and (B) complex 4D. Thermal
ellipsoids were drawn at 50% probability level. The H atoms and methyl groups of the tert-butyl
groups were omitted for clarity.

Complexes 4C and 4D are structurally similar and molecules consist of a cobalt atom
chelated by two ligands and one —XPh group (X = S for 4C, and X = Se for 4D). The geometry
around the cobalt center was almost square pyramidal (z = 0.08 [4C] and 0.0 [4C]) *" with two
nitrogen atoms and two oxygen atoms from the ligands in the basal plane and —XPh group (X=S
for 6, and X=Se for 7) present at the apical site. The two oxygen donor atoms of the two ligands
were oriented in transposition (the same as the two nitrogen donors from the two ligands).
Crystallographically both the coordinating ligands were distinguishable. The Co-O (1.858 to
1.881 A) and Co-N (1.845 to 1.871 A) bond distances (Table 4.3 and Table 4.4) in the
complexes corresponded to the previously reported square pyramidal cobalt complexes having a
+I11 oxidation state.**® Thus, herein, the oxidation state of the central cobalt atom has been
assigned as +I11. The entire C—C bond lengths of the tert-butyl groups containing C¢ phenyl rings
were not within 1.39+0.01 A; rather, an alternating short-long-short C—C bond lengths were
observed, i.e. a quinoid-type distortion (Table 4.3 and Table 4.4). Furthermore, the average
CPh—OPh (1.307(3) [4C] and 1.298(8) [4D] A) and CPh—NPh (1.351(4) [4C] and 1.362(9) [4D]
A) bond distances were in between their single bond and double bond values, which emphasized
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that the one-electron oxidized iminosemiquinone form*®&*

of the coordinated ligands was present
in the complexes. Hence, X-ray single crystal analysis suggested that, the five-coordinate
complexes (4C and 4D) were diradical-containing. Notably, better quality crystal data would
have been more convincing; however, diffraction measurements even at 100 K could not

improve the structural quality due to the nature of the crystals.

Table 4.3: Selected bond distances (A) and angels (°) for complex 4C.

Col-N1 1.857(2) C3-C4 1.367(4)
Col-N2 1.850(3) C4-C5 1.433(4)
Col-01 1.856(2) C5-C6 1.362(4)
Col-02 1.871(2) c6-C1 1.412(4)
Col-S1 2.282(1) N1-C15 1.440(4)
N1-C1 1.352(4) C27-C28 1.430(4)
01-C2 1.307(4) C28-C29 1.422(4)
N2-C27 1.351(4) C29-C30 1.381(4)
02-C28 1.306(3) C30-C31 1.421(5)
C1-C2 1.429(4) C31-C32 1.358(5)
C2-C3 1.424(4) C32-C27 1.409(4)
N1-Col-N2 162.91(10) 02-Co1-S1 90.95(7)
01-Co1-N2 93.06(10) N1-Col-S1 99.15(8)
N2-Co1-02 84.24(10) C28-02-Col 113.18(16)
01-Co1-N1 84.02(9) C2-01-Col 114.20(17)
01-Co1-02 168.20(8) C1-N1-Col 113.71(18)
02-Co1-N1 95.19(9) C15- N1-Col 127.33(18)
01-Col1-S1 100.80(7) C27- N2-Col 114.01(19)
N2-Co1-S1 97.94(8) C41- N2— Col 127.45(19)

Table 4.4: Selected bond distances (A) and angels (°) for complex 4D.

Col-N1 1.845(5) C3-C4 1.380(11)
Col1-N2 1.856(5) C4-C5 1.438(11)
Col-01 1.856(5) C5-C6 1.355(11)
Co1-02 1.881(5) C6-C1 1.425(10)
Col-Sel 2.4007(12) N1-C15 1.425(10)
N1-C1 1.380(9) C27-C28 1.426(10)
01-C2 1.307(8) C28-C29 1.461(10)
N2-C27 1.343(9) C29-C30 1.357(10)
02-C28 1.289(8) C30-C31 1.416(11)
C1-C2 1.422(9) C31-C32 1.412(11)
C2-C3 1.412(11) C32-C27 1.415(10)
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N1-Col-N2 162.51(25) 02-Col-Sel 98.21(15)
01-Col-N2 93.63(24) N1-Col-Sel 96.93(17)
N2-Co1-02 83.82(21) C28-02-Col 113.61(43)
01-Col-N1 84.00(24) C2-01-Col 115.03(47)
01-Co1-02 162.45(23) C1-N1-Col 114.29(45)
02-Col-N1 93.21(22) C15- N1-Col 126.02(45)
01-Col-Sel 99.33(16) C27- N2-Col 114.08(46)
N2-Col-Sel 100.55(17) C41- N2- Col 124.50(44)

Electronic absorption spectra of complexes (4C and 4D) were recorded in
dichloromethane solvent at ambient temperature and depicted in Figure 4.13. The electronic

absorption bands along with corresponding absorption coefficient values were summarized in

Table 4.5.

30

254

' 20
PU 1
|2‘15-
c

104

54

0

N

— Complex 4c
Complex4D

400

800 1200 1600 2000

A, Nm
Figure 4.13: UV-vis/NIR spectrum of complexes 4C and 4D in CH,Cl,at 25 <.

Complex 4C showed two absorption bands at Amax = 834 nm and Amax = 583 nm,
respectively. Both the absorption bands were attributed to ligand-to-metal charge transfer
transition (LMCT).**% On the other hand, complex 4D showed a broad absorption band at Ama

= 843 nm and a moderately sharp absorption band at Amax = 678 nm. All these two absorption
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bands were appeared due to the charge transfer transition. The absorption bands at 843 nm and
583 nm were considered as ligand-to-metal charge transfer transitions (LMCT).* %

Table 4.5: UV-vis/NIR spectral data for complexes 4C and 4D.

Complex Amax, NM (& M~'cm™)
4C 834(17700), 583(14750)
4D 843(17650), 678(10250), 583(13850)

B - R = - R

hhhhhhhhhhhhhhh

- - Php.h
SN N e g J\% \IIU/O: é

g
1885 8883
BRIy R B
14 12 10 8 6 4 2 0 2 -4 6
Ppm
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80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 60 70
Ppm

Figure 4.14: *H-NMR spectrum of complex 4C in CDCls.

Page 114

TH-2079_136122008



Chapter IV

S5,

00D g —

5.24 4
6.07
1225
4.47
9,46
o 41845
9.37

— ———t e — T —T
80 70 60 50 40 30 20

=]

B 0 3 40 0 6 70
Figure 4.15: "H-NMR spectrum of complex 4D in CDCls.

The five-coordinate diradical-containing square pyramidal Co(lll) (low-spin, Sco, = 0)
complexes (4C and 4D) were diamagnetic owing to a strong antiferromagnetic coupling between
the two ligand-centered p-radicals (Sg = 1/2). The diamagnetic character of the complexes was
further supported by *H-NMR analysis (Figure 4.14 and Figure 4.15).
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Exp(4A)
——4A+Ph.S,

—— 4A+Ph_Se,
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Figure 4.16: Change in X-band EPR spectrum of 4A with Ph,S, and Ph,Se; in CH,ClI; solution.
Condition: temperature = 25 <C; microwave frequency (GHz) = 9.447[4A], 9.441[4A+Ph,S;],
9.436[4A+Ph,Se,]; modulation frequency (kHz) = 100[4A], 100[4A+Ph,S;], 100[4A+Ph,Se;];

modulation amplitude (G) = 10.0[4A], 70.0[4A+Ph,S;], 70.0[4A+Ph,Se;]; and microwave
power (mMW) = 0.995[4A], 0.998[4A+Ph,S;], 0.995[4A+Ph,Se;].

The activation of diphenyl disulfide and diphenyl diselenide by complex 4A was
investigated. In this context, the complex 4A was allowed to react with 10-fold excess of
diphenyl disulfide or diphenyl diselenide. The pattern of X-band EPR spectrum of the complex
immediately changed and a radical-based isotropic EPR signal at g = 2.001 appeared (Figure
4.16). The observation implied the formation of the corresponding five-coordinated diamagnetic

cobalt(111) complexes and phenyl thiyl or phenyl selenyl radical.
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Figure 4.17: (A) Change in UV-Vis/NIR spectrum of 4C upon exposure to sunlight. Peak shifting
towards lower wavelength on addition of Ph,S; into the sunlight-exposed solution emphasized
the conversion of four coordinate to five-coordinate complex. (B) Appearance of Co-centered X-
band EPR spectrum implied the formation of four-coordinate complex 4A in CH,CI, solution.
Condition: temperature = 25 <C; microwave frequency (GHz) = 9.443; modulation frequency
(kHz) = 100; modulation amplitude (G) = 100; and microwave power (mW) = 0.998.
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Figure 4.18: (A) Change in UV-vis/NIR spectrum of 4D upon exposure to sunlight. (B)
Appearance of Co-centered X-band EPR spectrum implied the formation of four-coordinate
complex 4A in CH,CI, solution. Condition: temperature = 25 <C; microwave frequency (GHz) =
9.445; modulation frequency (kHz) = 100; modulation amplitude (G) = 100; and microwave
power (mMW) = 0.995.
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When CH,CI; solution of complex 4C was subjected to sunlight irradiation, the 1600 nm
band started to appear, with concomitant shifting of the ~570 nm band to 660 nm (Figure
4.17A). These phenomena indicated homolytic Co—SPh bond cleavage and the consequent
generation of 4A. A similar phenomenon have also been observed for 4D (Figure 4.18A), where
4A was generated by the cleavage of the Co—SePh bond. The appearance of a Co-centered X-
band EPR signal (Figure 4.17B and Figure 4.18B) in the processes further supported the

formation of 4A.

30 —
——4A+ Ph,S _(10eqv)_5min
25+ ——4A+ Ph,S,(10eqv)_10min
- ]
£ 20+ -1 .

400 800 1200 1600 2000
A, nm
Figure 4.19: Change in UV-vis/NIR spectrum of 4A upon addition of Ph,S,.

In the addition of excess of Ph,S, to a CH,Cl, solution of complex 4A, the 1600 nm band
gradually decreases, with concomitant shifting of the ~660 nm band to 570 nm (Figure 4.19).
These phenomena indicated formation of Co—SPh bond cleavage and the consequent generation
of 4C.

As the five-coordinate, diradical-containing complexes could be converted to the
corresponding four-coordinate, monoradical-containing complexes under sunlight stimulus, and
vice-versa the four-coordinate complexes have already been found to be one-electron

transferring agents.
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4.5 Conversion of Isocyanate to Urea under Sunlight by Using
Complexes (4A, 4C and 4E) as Catalyst

General method for the catalysis: A pressure tube was initially evacuated and then filled with
argon. The process was repeated thrice. After that catalyst (4A/4C/4E) and dry dichloromethane
(5.0 mL) were added. The solution was stirred for a few minutes and then to the catalyst solution
isocyanate substrate was added by a syringe. The septum was then replaced by a Teflon screw
cap under the argon flow. The reaction solution was then stirred under sunlight for 6 h, during
which product was separated as white solid. The solid was collected by filtration and washed

with dichloromethane.

Substrateo Product
N A8 20 Bk B
e O YN Qi
Oe Catalyst(mol%) " N \C"")/_O_) GE\CI (u)l/%
| Dry DCM (5 mL), 36 UC_‘ E 0/ ‘\N 0/ \N
Pressure tube = -

O Sunlight irradiation, 6h
NZC @ 0 @ :
NJJ‘N :

H H ;

L] v

R, - @ R,,

R; = Phenyl, complex 4A. R, =Phenyl, X = -SPh, complex 4C.
R, = Methyl, complex 4E.

Scheme 4.5: Reaction scheme for the catalysis.
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Table 4.6: Catalysis at variable condition.

Entry Substrate Product Cat. Used (mol %) Yield (%)

4C 4A 4E 4C 4A 4E
1 i AV} 2.5 2.5 2.5 72 78 76
2 i NR 0 0 0 0 0 0
3 I 1 2.5 2.5 2.5 80 86 82
4 I NR 0 0 0 0 0 0
5 111+Ph,S," v 2.5 2.5 — 68 | 75 | -
6 1] v - 1.0 - - 72 —
7 ] v - 0.1 - - 48 —

Absence of sunlight

8 ] v 2.5 2.5 2.5 10 12 15
9 I11+Ph,S,"° v 2.5 2.5 — 9 12 | -
10 | 11 2.5 2.5 b 10 11 10

®NR stands for no reaction. The temperature of the reaction bath was 36 °C. All reactions were
carried out for 6 hours in a closed tube °1 :1 mixture.

In ordered to investigated the catalytic ability of the four-coordinate as well as the five-
coordinate complexes (4A, 4C and 4E) for the conversion of RNCO (R = phenyl and naphthyl)
to the corresponding C—N coupled urea derivatives. Notably, 1,3-diaryl urea derivatives have
agricultural and medicinal uses.® Schame 4.6 contains the reaction details. In the catalytic
reactions, a maximum TON of 480 was achieved by employing 0.1 mol% of complex 4A. The
bulkiness of the substrates and ortho-substituents did not have a pronounced effect on the
product yield. This emphasized that the substrates approached the Co(lll) centre along the axial
position. The requirement for both the catalysts as well as sunlight was further established by
performing blank reactions (Table 4.6). To note, the bulkiness of the substrates and ortho-
substituents did not pronouncedly affect the product yield. This emphasized that substrates
approached the Co(lll) centre along the axial position. The essentiality of both the catalysts as
well as sunlight was further established by performing blank reactions (Table 4.6). No products
formation in the absence of catalyst refuted the conversion RNCO compounds to the
corresponding amines and photo-driven [2+2] cycloaddition reaction (Table 4.6, entries 2 and
4). The low TON (4-6) in the absence of sunlight (Table 4.6, entries 8 and 10) supported the
possibility that during the catalysis a substrate-bound five-coordinate intermediate was formed
(Figure 4.20) and a photo stimulus was then essential for the regeneration of four-coordinate
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catalysts by the cleavage of Co-substrate bond in the intermediate. The formation of 1,1,2,2,-
tetrachloroethane was being established by GC and GC-MS (Figure 4.21) analyses during the
catalysis of 111 to 1V in the presence of catalyst 4A. The compound was formed by the C-C
coupling of two CH,Cl, molecules and thus, implied the abstraction of hydrogen atom from the
solvent molecule during the formation of urea derivatives. Depending on the above stated results
a mechanistic proposal for the C—N coupling between two isocyanate molecules for the

formation of urea derivative is given in Figure 4.20.

O =
Ri<. JL, _R, Ri~N=C=0 R= Radical(I1SQ)
ﬂ u 10 AP= Amidophenolate
Co’\ 0 R, = -Ph
e |7 Dap 1
—CO)2H
O
Rix 0 ~ 14 |||/R
N R~-N=C—Co

J—N\ Q§3=N—R1R

0

(II m/R

s
VCEN-R, R

Figure 4.20: Proposed mechanism for the formation of urea derivative from an isocyanate
compound.
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Figure 4.21: GC-MS spectrum during the catalysis reaction, (inset) chromatogram of the
reaction mixture.

4.5 Conclusions

To Conclude, four-coordinate, monoradical-containing Co(lll) complexes have been
successfully synthesized and employed for the S—S/Se—Se bond activation and scission by an
electron transfer to the bonds. The solo example known in literature for the ligand induced S-S
bond cleavage reaction is based on air sensitive Pd(Il)-amidophenolate complex. Thus, less
explored phenomena has been studied employing air stable Co(lll) complexes. The resulted
diradical-containing square pyramidal Co(l1l) complexes with axial —XPh (X = S and Se) ligands
experienced homolytic Co—XPh bond cleavage under the influence of sunlight and produced the
corresponding four—coordinate, monoradical Co(lll) complexes. Both four- and five-coordinate
Co(ll) complexes catalysed the conversion of aromatic isocyanates to the corresponding urea
derivatives. Thus, the first examples for the synthesis of urea from the solo use of isocyanate

compounds have been reported.
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5.1 Introduction

Radical-containing copper complexes have emerged as the research interest over recent
years because of the involvements of copper-radical species in various biological processes.* For
instances: tyrosine radical-containing mononuclear Cu(ll) ion serves as the active site in fungal
metalloenzyme Galactose Oxidase? (GOase, Scheme 5.1) that catalyzes aerial oxidation of
primary alcohols to their corresponding aldehydes with concomitant reduction of molecular
oxygen to hydrogen peroxide; a similar active site and the similar reaction mechanism as that of
GOase have also been found for Glyoxal Oxidase® (GALase), which catalyzes aerial oxidation of
aldehydes to the corresponding acids; the biogenesis of topaquinone cofactor and the oxidative
half reaction of copper-containing Amine Oxidases (AOase) have also been proposed to proceed
via a Cu(l)-semiquinone intermediate;* the disproportionation of metastable toxic superoxide
(0,™) to oxygen and hydrogen peroxide molecules by Cu,Zn-Superoxide Dismutase® (Cu,Zn-
SOD, Scheme 5.1) occurs at the copper center. All the oxidations (electron transfer) and
oxygenation (insertion of an oxygen atom) processes are governed by: (I) the geometry of the
copper center; and (I1) interactions between the redox-active copper (ranging between +1 and
+11) and the radical centers (phenolate/phenxyl, catecholate/semiquinone/quinine, 0,%/ 0," /0>
).% Thus, the understanding of metal-ligand interactions in the geometry-dependent electron
transfer processes is one of the imperative objectives.

In this context, geometry, electronic structure and biomimetic reactivity of Cu(ll)-
bis(radical) and Cu(ll)-bis(quinone) complexes have been extensively studied. For examples:
Cu(ll)-bis(radical) complexes have been successfully employed to mimic the function of
GOase;” Cu(ll)-bis(quinone) complexes have been utilize as catalysts for —CF5 transferring
reactions,®® C—N coupling reactions, ® H, gas production from NaBH, in dry acetonitrile.®
While, Cu(ll)-bis(radical) and Cu(ll)-bis(quinone) complexes are familiar in the literature,
Cu(ll)-monoradical system with two coordinating non-innocent ligands of two different

oxidation states remains elusive and demands special attention.
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Scheme 5.1: Copper-radical species, which are proposed to participate in (A) GOase, (B)
AOase, and (C) Cu,Zn-SOD enzymatic reactions.

2-Aminophenol derivatives have been well documented as being stabilized mainly in its
one-electron oxidized iminosemiquinone (ISQ*) radical form in the corresponding Cu(ll)
complexes.” Recently, our group develop a new method where a bis(iminoguinone)-coordinated
Cu(ll) complex can directly be synthesized in one-pot employing CuCl, as the oxidant.®
Mechanistic investigation suggests that two chlorine atoms of two individual CuCl, molecules
bind at the axial positions to the Cu(ll) center of the initially formed Cu(ll)-
bis(iminosemiquinone) complex, and subsequent two electrons transfer from two coordinated-
iminosemiquinone units to the axially bound two CuCl, molecules renders a six-coordinate

Cu(I)-bis(iminoquinone) complex where the axial positions are occupied by two chloride atoms.

In this study, the aforementioned oxidation method has been examined on Cu(ll)-
bis(iminosemiquinone) complex [Cu(L'*%®M),]° (5A) of ligand H,LA"®" for the in situ synthesis
of the corresponding five-coordinate, chloride-bound Cu(Il)-(iminosemiquinone)(iminoquinone)

complex. In complex 5A, two phenyl rings, which are attached at the ortho- position to the

Page 129

TH-2079_136122008



Chapter V

aniline moiety, are situated cis- to each other. Thus the steric hindrance created by the phenyl
rings will favour the approach of only one CuCl, molecule along the axial position to the Cu(ll)
center and hence, one electron oxidation will lead to the expected complex. Interestingly, instead
of the expected complex formation, a five-coordinate chloride-bound Cu(l)-bis(iminoguinone)
complex [Cu'(L'®®M),CI° (5B) was generated via ligand[iminosemiquinone]-to-metal[Cu(I1)]
electron transfer during the oxidation process. To enlighten the geometry dependence on the
electron transfer process, one-electron oxidation of 5A has been performed employing
ferrocenium hexafluorophosphase (FcPFg) as the oxidant. Thus formed four-coordinate Cu(ll)-
complex [Cu"(L'S?PM)(L'BRPMYIPF, (5C) refrained from such electron transfer phenomenon.
Furthermore, four-coordinate [Cu'(L'®?®M),]SbFs (5D) complex was synthesized from complex
5B to extent the investigation on the geometry-dependent metal-to-ligand electron transfer

process. Finally, the reactivity of the complexes with KO, was studied and reported, herein.

5.2 Synthesis and Characterization of Ligand H,L""""

A schematic representation for the synthesis of ligand H,L“"®" is shown in Scheme 5.2.

Ph
OH Et;N, Hexane NH
+ @\ Air >
OH Ph OH
NH,
Vil XV H,LAP(Ph)

Scheme 5.2: Synthetic route for the preparation of H,LA?®",

A reaction between equimolar amounts of 2-aminobiphenyl (XV) and 3,5-di-tert-
butylcatechol (VI1) in hexane in presence of Et;N under air provided ligand H,L*"®"". The
characterisation of ligand HoL*"®" by using FT-IR spectroscopy, NMR spectroscopy and mass

spectrometry technique has already been discussed in Chapter IV.
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5.3 Synthesis and Characterization of Copper Complexes (5A and
5B) of Ligand H,L""®"

Ph
NH
OH
H,LAP(Ph)
1.0 CuCl,e2H,0 2.0 CuCl,e2H,0
Et,N, MeOH Et,N, MeOH
B -0 — 0
Ph 1.0 CuCl,e2H,0 PC[}
DCM .
._\C”u/_o.> - N\CIlI]/O\
0/ \N —CuCl \o/ \N z
Ph @ Ph... @
B Complex 5A N B Complex 5B N

Scheme 5.3: Synthetic route for the preparation of complex 5A and complex 5B.

Complex 5A was obtained in 62% yield by reacting the ligand H.L*"®"" with half
equivalent amount of CuCl,+2H,0 in the presence of triethyl amine (EtsN) in methanol (MeOH)
under air. The reaction of the ligand H,L*"®" and CuCl,*2H,0O in 1:2 molar ratio in MeOH
provided complex 5B in 72% yield. Noteworthy, complex 5B can also be synthesized by reacting

complex 5A with one equivalent of CuCl,*2H,0.
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Figure 5.1: (A) FT-IR spectrum of complex 5A (B) FT-IR spectrum of complex 5B.

The infrared spectrum of complex 5A (Figure 5.1A) was recorded on KBr pallet at 300
K. The metal coordination with the deprotonated amidophenolate units was confirmed by the
disappearance of the »(O—H) and »{N-H) stretching bands. A weak band corresponding to
UCar—H) [Ar stands for aromatic] stretch was observed at 3055 cm *.” Three bands at 2959,
2905 and 2866 cm ™ were attributed for asymmetric, overtone and symmetric bands of YC—H)
stretches of tert-butyl groups, respectively. *¢ In addition to this, the {C—H) bending vibration
of methyl groups appeared at 1475 and 1361 cm . On the other hand FT-IR spectrum of the
complex 5B (Figure 5.1B) showed no stretching bands for »{O-H) and 1{N-H) bands,
additionally, the presence of the tert-butyl stretching frequencies at 2955, 2906 and 2867 cm*
respectively, indicated that the ligand bound with Cu ion where O-H and N-H were
deprotonated. The band at 1591 cm™ appeared for the {C=N) stretching, in addition v (C::-0)

stretching frequency appeared at 1432 cm .99
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Figure 5.2: ESI-mass spectra of (A) for 5A, (B) for 5B; experimental and simulated isotope
distribution pattern (inset).

Electrospray ionization mass spectra (ESI-MS) were measured in acetonitrile in positive

mode. A 100% molecular ion peaks at m/z = 805.37 appeared for the complex 5A (corresponded

to [M]%); M = molecular mass (Figure 5.2A). On the other hand, a 100% molecular ion peak at

m/z = 840.35 was found for the complex 5B (corresponded to [M]") (Figure 5.2A). Isotope

distribution pattern examinations of the observed mass peaks revealed the composition of
Cs2HssCuN202, for 5A; [Cs2HssCICuN202—ClI]", for 5B.
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The molecular structure of complex 5A was clearly established by X-ray diffraction
analysis. ORTEP diagram of complex 5A has been shown in Figure 5.3 and selected bond
distances and bond angles are given in Table 5.1. The neutral complex 5A crystallized in
triclinic system, space group ’P—1’. The geometry around the copper center is a distorted square
planar geometry (zz = 0.06) with two oxygen atoms and two nitrogen atoms from the ligands in

the basal plane and two —Ph moieties were situated same side from basal plane.

Figure 5.3: ORTEP diagram of complex 5A. Thermal ellipsoids were drowning at 40%
probability level. Hydrogen atoms were omitted for clarity.

The N1-Cul-N2 and O1-Cul-O2 bond angles were 177.74(11)° and172.62(11)°,
respectively. The average Cu—O and Cu—N bond distances were 1.914+0.002 A and 1.936+0.001
A, respectively. These bond distances were in accord with the +II oxidation state of the central
Cul atom.’®%® The average C-N and C-O bond distances for the chelating unit in
amidophenolate moiety were 1.338 A and 1.295 A, respectively. These bond distances were
corroborating neither with their respective single bond nor their respective double bond

characters, rather, they existed in between their single bond and double bond characters.
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Furthermore, alternating four long bond distances and two short bond distances were observed in
the tert-butyl groups-containing phenyl rings. The respective C3-C4, C5-C6, C29-C30 and
C31-C32 bond distances were 1.376(4), 1.370(4), 1.368(4) and 1.369(4) A, while, the other two
C—C bond distances (Table 5.1) in the tert-butyl groups attached phenyl rings were in the range
of 1.43+0.02 A. The observed bond distances in the tert-butyl attached phenyl rings indicated a
quinoid-type distortion and hence, the loss of aromaticityi.e. the coordinating ligands exist in
their one-electron oxidized form (1SQ"*") of the ligand was evidenced.”®""% Thus, the complex

was a neutral diradical-containing square planar one.

Table 5.1: Selected bond distances (A) and angels (°) for complex 5A.

Cul-N1 1.935(2) C6-C1 1.421(4)
Cul-N2 1.938(2) N2-C27 1.342(4)
Cul-01 1.917(2) 02-C28 1.295(4)
Cul-02 1.911(2) C27-C28 1.455(4)
N1-C1 1.335(4) C28-C29 1.423(4)
01-C2 1.295(4) C29-C30 1.368(4)
c1-C2 1.454(4) C30-C31 1.429(5)
C2-C3 1.426(4) C31-C32 1.369(4)
C3-C4 1.376(4) C27-C32 1.414(4)
C4-C5 1.425(4) N1-C15 1.433(4)
C6-C5 1.370(4) N2-C41 1.425(4)
N1-Cul-N2 177.74 (11) C2-01-Cul 112.83(19)
01-Cul-02 172.62(11) C28-02-Cul 113.44(19)
02-Cul-N1 94.50(9) C27-N2-Cul 112.58(19)
N1-Cul-O1 83.92(9) C41-N2-Cul 125.17(19)
02-Cul-N2 83.76(9) C1-N1-Cul 112.69(19)
01-Cul-N2 97.99(10) C15-N1-Cul 125.47(18)

Complex 5B crystallized in the monoclinic space group C 2/c. The molecular structure
with the selected atom numbering scheme is depicted in Figure 5.4. The selected bond distances

and bond angles are given in Table 5.2.
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Figure 5.4: ORTEP diagram of complex 5B; thermal ellipsoids were drown at 30% probability
level. H-atoms, except the H atoms involved in H-bonding with CI1, are omitted for the sake of
clarity.

The mononuclear, five-coordinate complex 5B acquired a distorted square pyramidal
geometry [ = 0.25 (s = O for perfect square pyramidal and z = 1 for perfect trigonal
bipyramidal)] where the basal plane was comprised of two NO (N101 and N1'O1’) donor sets
from two ligand units and the fifth (axial) position was occupied by a chloride atom. The central
Cul atom was situated ~ 0.77 A above the basal plane and towards the apical chlorine atom. The
apical CI1 atom experienced two H-bonding interactions (Figure 5.4). The Cul-O1 =
2.3934(17) A bond (Table 5.2) in complex 5B was much longer compared to the reported Cu-O
= 1.906 A (average) bond in complex 5A (Table 5.1). This feature consolidated the higher
oxidation state of the coordinating ligand and lower oxidation state of the central copper ion.
Complex 5B was neutral in charge. Therefore, the possible composition could be either
{Cu"[L"SRAPIL'BRAPCIY or {CU'[L"B¥*P,CI} (Figure 5.5).
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Table 5.2: Selected bond distances (A) and bond angles (°) for complex 5B (at 100 K).

Cul-N1 1.927(2) C3-C2 1.467(3)
Cul-01 2.3934(17) C3-C4 1.349(3)
Cul-Cl1 2.2352(10) C4-C5 1.470(3)
N1-C1 1.302(3) C6-C5 1.347(3)
01-C2 1.227(3) C6-Cl 1.432(3)
C1-C2 1.514(3) N1-C15 1.445(3)
N1-Cul-N1' 146.44(12) N1-Cul-CI1 106.78(6)
01-Cul-O1' 131.14(9) C1-N1-Cul 122.32(15)
N1-Cul-O1 91.44(7) C15-N1-Cul 117.68(15)
Cl1-Cul-0O1 114.43(5) C2-01-Cul 107.65(14)
— 10 -0
K A
S ~ u
Ph. Ph..
{Cull[LISQ(Ph)][LIBQ(Ph)]Cl} {Cul[LIBQ(Ph)]2C|}

Figure 5.5: Two possible structure of complex 5B.

The electronic absorption spectra (UV-vis/NIR) for complexes 5A and 5B in CH,CI,

solution are illustrated in Figure 5.6. The absorption positions and the corresponding extinction

coefficient values are summarized in Table 5.3.
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Figure 5.6: UV-vis/NIR spectrum of (A) complex 5A and (B) complex 5B in CH,Cl,at 25 <.

In complex 5A the bands at 1034 nm (&= 1850 M ‘cm™) and 792 nm (¢ = 6200 M ‘cm™
1y were consistent with the previously reported similar Cu(I1)-bis(iminosemiquinone) complexes
and assigned as combination of MLCT and LLCT transitions.”**" The band at Amax = 470 nm (&
=5000 M *cm ™) appeared due to LMCT transition. In complex 5B, a broad absorption manifold
centered at 1160 nm (& = 1350 M *cm ) was present. The low-energy band has been attributed
to Cu(l)-to-iminoquinone MLCT transition. The strong bands at Amax = 490 nm (&= 13050 M~
Yem™) and Amax = 420 nm (¢ = 11900 M *cm ) were due to n-to-n* intraligand (ILCT) charge-

transfer transitions of iminoquinone moieties.™

Table 5.3: UV-vis/NIR spectral data for 5A, and 5B.

Complex Amax, NM (& Mem™)
5A 1034(1850), 792(6200), 470"'(5000), 310(19550)
5B 1160(1350), 725™(1650), 490(13050), 420(11900)

*sh stand for shoulder
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Figure 5.7: (A) Experimental and simulated X-band EPR spectra of 5A in CH,Cl, solution.
Conditions: temperature = 77 K, microwave frequency (GHz) = 9.143, modulation frequency
(kHz) = 100, modulation amplitude (G) = 2.0 and microwave power (mW) = 0.995.(B) d-orbital
splitting of Cu®* ion in square planar geometry and ligand p; orbital.

X-band EPR spectrum and simulation spectrum of the experimental results of complex
5A was shown in Figure 5.7. Simulation to the experimental results provided following
parameters; gy = 1.980, gy = 2.003, g, = 2.250, Wy =29 G, Wy, =22 G, W, =80 G, A« = 3x107*
cm ™, Ay=3x10* em ™, A, = 173x10 * cm*. From the spectrum pattern and simulation results, it
was confirmed that the unpaired electron was residing on the Cu(ll) center, and two ligand-
center z-radicals were strongly antiferromagnetically coupled and higher in magnitude compared

to a radical and Cu(ll) ion (S = ¥; dx*-y?).’
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Figure 5.8: 'H-NMR spectrum of complex 5B in CDCls.

Complex 5B, was diamagnetic in nature with S; = 0 {Cu(l) = d*° and both the
coordinating ligand was present in two electron oxidized iminosemiquinone form} ground state
which was confirmed by *H-NMR spectroscopy (Figure 5.8). The resonance signals at & = 0.84
ppm and 6= 0.95 ppm were appeared for each of eighteen hydrogen atoms attached to two tert-
butyl groups. On the other hand, resonance signals for twenty two aryl protons were appeared in

a range of 5.83-7.49 ppm.

The electrochemical behavior of complexes 5A and 5B were investigated by cyclic
voltametry. Cyclic voltammograms (CVs) of the complexes (1 mM) were being recorded in
CH,CI, solutions containing 0.10 M [("Bu)4N]CIO, as supporting electrolyte at a glassy carbon
working electrode, a platinum wire counter electrode, and a Ag/AgCl reference electrode. The
experiments were performed at different scan rates. Ferrocene was used as an internal standard,

and potentials are referenced versus the ferrocenium/ferrocene (Fc*/Fc) couple.
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Figure 5.7: Cyclic voltagrams of (A) complex 5A and (B) complex 5B measured at 50, 100, and
200 mV/s.

Complex 5A underwent two successive one-electron oxidation and two successive one-
electron reduction processes in the potential range +1.00 V to -1.80 V vs. F¢'/Fc (Figure 5.7A).
The oxidation and reduction potential values (Table 5.7) were in accord with the previously
reported Cu(Il)-bis(iminosemiquinone) complexes’/® and thus, corresponded to the ligand-
centered processes, where the oxidation of coordinated [L"°®"]" provided [L'®°®""]° and
reduction of [L'S?®V]*~ generated [LA*®"]?~ (Scheme 5.4). The potential difference (AE1,™)

0x2 oxl)

between the second oxidation (E1, ) and the first oxidation (Ey2~) processes was ~ 800 mV.
This indicated a high electrochemical communication, i.e., delocalization between the two redox-
active sites in the complex after the first oxidation, i.e., in {Cu"[L'S?®P[L'"B®"M]}*. Conversely,
the charge delocalization was less (AE = 363 mV) in the one-electron reduced
{Cu"[L"SPM(LAPPM]}* species. The CV of complex 5B showed one one-electron oxidation
and three one-electron reduction waves (Figure 5.7B). The solo oxidation process occurs at
E1p™ = 0.270 V (Table 5.7), which was ~ 0.240 V lower compared to the second oxidation
process of complex 1. In complex 2, the Cu(l) was the only redox-active center, which could be
preferably oxidized. Therefore, the oxidation process has been assigned as Cu(l)-to-Cu(ll)

oxidation and formation of [Cu'(L'®°®M),CI]* species. The second and the third reduction
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potential values were closely comparable to that of the reduction potential values observed in

complex 5B. Thus, the reductions corresponded to ligand-based processes.

Table 5.7: Voltammetric redox processes for the complex 5A and 5B.

Chapter V

Complex E’?V, (AEp, mV)
E1/2 red?2 Ellzredl E1/20X1 E1/20X2
5A —1.480 (120) |-1.117 (125) | —0.292 (115) | 0.508 (245)
5B ~1.420 (120) | —1.044 (147) |-0.210(80) | 0.270 (160)

2E° values recorded at scan rates of 100 mV/s and referenced to the Fc*/Fc couple.

B -0
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N_ 1 _0O
GG
(o) N
Ph,. f
, [5A]" N
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— —1 — -1t
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Scheme 5.4: Species formed by two one-electron oxidation and two one-electron
reduction processes.
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Figure 5.8: (A) Change in UV-Vis-NIR spectrum of complex 5B during one-electron fixed
potential coulometric oxidation and (B) Experimental and simulated X-band EPR spectra
of the oxidized solution. X-band EPR was measured at; frequency = 9.44 GHz,
modulation frequency = 100 kHz and amplitude = 12 G, temperature = 298 K.

The spectroelectrochemical studies for the one-electron oxidation and the first one-
electron reduction processes of complex 5B in order to discern the redox active centers that
participate in the processes. In the fixed potential coulometric one-electron oxidation, the
intensity of the band at 490 nm diminished, while, the band at 420 nm remained almost
unaffected (Table 5.8A). The MLCT band at 1160 nm almost vanished (Figure 5.8A). This
implied the depletion of the Cu(l) species concentration and generation of the corresponding
Cu(ll) species. To buttress the formation of the Cu(ll) species, X-band EPR spectrum of the
oxidized solution was measured and shown in Figure 5.8B. The EPR spectrum was typical for a
Cu(Il) species with an unpaired electron residing at dxz—y2 orbital. Simulation to the experimental
result provided: gy = 2.045, gy = 2.060 and g, = 2.250; gay = 2.118; A (3, 47, 80) x 10 * cm ™.

0
Cl Oxidation CI:I ¥
[ i R
u
/

Q = Quinone [Cu'{(LAPPR)BQy ACIT

Scheme 5.5: Formation of complex [5B]'" from complex 5B by coulometric one-electron
oxidation.
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Figure 5.9: (4) Change in UV-Vis-NIR spectrum of complex 5B during one-electron fixed

potential coulometric reduction and (B) Experimental X-band EPR spectra of the reduced

solution. X-band EPR was measured at, frequency = 9.44 GHz, modulation frequency = 100 kHz
and amplitude = 50 G, temperature = 298 K.

During the coulometric one-electron reduction of complex 5B the ILCT band at 490 nm
decreases in intensity gradually, while band at 420 nm increases (Figure 5.9A). It has previously
been reported that Cu(l)-iminosemiquinone (TPQ-radical) species in AOase absorbs at 463 and
434 nm.*¥3 Thus, the increase of the band ascribed to the formation of a Cu(l)-iminosemiquinone
species by the one-electron reduction of a Cu(l)-coordinated iminoquinone moiety. The depletion
of 1160 nm band also supported the reduction of iminoquinone unit to iminosemiquinone unit.
X-band EPR spectrum of the solution, obtained after the one-electron reduction, exhibited an
isotropic signal at g = 1.997 (Figure 5.9B). This supported {Cu"[L'SC®"V[LA*PM1CI}

composition of complex [5B]* (Scheme 5.6).

Cl 0 Reduction Cl B
L \ R = Radical

Cu Cu
"N BN

Q = Quinone

Q

[C ul{(LAP(Ph))ISQ}{LAP(Ph))IBQ}C|]—

Scheme 5.6: Formation of complex [5B]'" from complex 5B by coulometric one-electron
reduction.
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Table 5.8: Electronic absorption data for species [SA]"* and [5B]"".

Complex Amax, NM (& M~em™)
[5B]Y 486(8000), 402(12000)
[5B]* 488(8150), 402(13700)

5.4 Synthesis and Characterization of Complexes 5C and 5D

g — 0 _ —_ _
(A) " PF,
“Ph 1.0 FcPFg “Ph “Ph

o) DCM

=~ - — NI /
Cu - o
0/ \N \O o
Ph., @
B Complex 5A - Complex 5C
(B) I T B N+ -
SbFs
il 1.0 AgSbFg . .
Z ‘Ph ‘Ph
o~ TSN* —AgCl | 2 \CI:u/ 3
S / "»,,// -
Ph... @ o) o
B Complex 5B N - Complex 5D -

Scheme 5.7: Synthetic route for the preparation of (A) complex 5C and (B) complex 5D.

When complex 5A was treated with an equivalent of ferrocenium hexafluorophosphate
(FCPFe) as the oxidant, it provide a four-coordinate Cu(Il)-complex [Cu"(L'S?®M)(L'BPMyIpF,
(5C) in 45% vyield. On the other hand, complex 5D was synthesized from complex 5B by
employing an equivalent amount of AgSbFs with subsequent removal of the axial chloride ion as
AgCl was precipitate out (Scheme 5.7).
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Figure 5.10: (A) FT-IR spectrum of complex 5C (B) FT-IR spectrum of complex 5D.

The infrared spectrum of complex 5C (Figure 5.10A) was recorded on KBr pallet at 300
K. A weak band corresponding to YCa—H) [Ar stands for aromatic] stretch was observed at
3062 cm . Three bands at 2955, 2915 and 2871 cm * were attributed for asymmetric, overtone
and symmetric bands of C—H) stretches of tert—butyl groups, respectively.** The band at
1635 cm * appeared for (C:--N) stretching. In addition to this, the {C—H) bending vibration of
methyl groups appeared at 1469 and 1368 cm . On the other hand FT-IR spectrum of the
complex 5D (Figure 5.10B) showed no stretching bands for »{O-H) and {N-H) bands,
additionally, the presence of the tert-butyl containing »{C-H) stretching frequencies at 2961,
2909 and 2871 cm * respectively, **¢
N-H were deprotonated. The band at 1638 cm* and 1622 cm ™ were attributed for (C=0) the

indicated that the ligand bound with Cu ion where O—H and

C-:-N) stretching. In addition to In addition to that, the 1{C-H) bending vibration of methyl

groups appeared at 1473 and 1377 cm . ™9
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Figure 5.11: ESI-mass spectra of (A) for 5C, (B) for 5D; experimental and simulated isotope
distribution pattern (inset).

Electrospray ionization mass spectra (ESI-MS) were measured in acetonitrile in positive

mode. A 100% molecular ion peaks at m/z = 805.37 appeared for the complex 5C (corresponded

to [M]"); M = molecular mass (Figure 5.11A). On the other hand, a 100% molecular ion peak at
m/z = 840.35 was found for the complex 5D (corresponded to [M]") (Figure 5.11A). Isotope
distribution pattern examinations of the observed mass peaks revealed the composition of
Cs2HssCuN202, for 5A; [Cs2HssCuN202]", for 5D (Figure 5.11).
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The X-ray single crystal measurement of complex 5C was performed at 293(2) K. The
complex crystallizes in the triclinic space group ‘P-1’. The ORTEP molecular structure (cation
unit) with atom labeling scheme is presented in Figure 5.12. Selected bond distances and bond

angles are presented in Table 5.9.

Figure 5.12: ORTEP diagram of the cation unit of complex 5C; thermal ellipsoids were drown
at 30% probability level. Solvent molecules, anion [PFe] and H-atoms are omitted for the
clarity.

In the complex 5C, the central copper atom (Cul) was four coordinate. The coordination
sites were occupied by two N atoms and two O atoms from the two ligand units. Unlike the
parent four-coordinate complex 5A, the two coordinating N and O atoms were adjacent (cis-) to
each other in complex 5C. The decrease in ligand field strength upon oxidation of the
coordinating ligands (vide infra) and steric effect exerted by the two ortho- phenyl substituents
were attributed to the structural dissimilarity. The geometry around the Cul atom was in between
of square planar and tetrahedral [z = 0.54; 7z = 0 for square planar and 7 = 1.0 for tetrahedral].

The sum of angles (Table 2) around the Cul atom (2. Cu,) was 668. 3° (2. Cu, = 720 ° and 657 °
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for a perfect square planar and a perfect tetrahedral system, respectively) and further supported

the deviation.

Complex 5C was obtained by one-electron oxidation of complex 5A. The oxidation could
be either metal center or ligand center. The oxidation of Cu(ll) to Cu(lll) would shorten the Cu-—
N/O bonds, while an elongation would persist in case of ligand-based oxidation. In complex 5C,
the Cu—N/O = 1.963(3)/2.000(3) bond distances were longer compared to the average Cu—N/O =
1.929(1)/1.906(1) bond distances observed in complex 5A.2° Therefore, ligand-based oxidation
was warranted by the structural analysis. The tert-butyl groups-containing Cs rings exhibited
quinoid-type distortion as expected for the ligand-based oxidation. In both the ligands Cpy—Cpp
bond distances (Table 5.9) of the rings were almost same. The C1-N1 = 1.314(4) A, C27-N2 =
1.312(4) A, C2-01 = 1.249(4) A and C28-02 = 1.246(4) A bond distances were longer than
previously reported Cpr—Npn, and Cpp—Opp, bond distances observed in an iminoquinone moiety,
and shorter than the bond distances found in a iminosemiquinone moiety. These features
emphasized a complete delocalization of the radical over the iminosemiquinone and

iminoguinone moieties.

Table 5.9: Selected bond distances (A) and bond angles (°) for complex 5C (at 293 K).

Cul-N1 1.961(3) C3-C4 1.360(5)
Cul-N2 1.965(3) C4-C5 1.437(6)
Cul-0O1 1.999(2) C5-C6 1.354(5)
Cul-02 2.002(3) C6-C1 1.431(5)
01-C2 1.249(4) C27-C28 1.494(5)
02-C28 1.246(4) C28-C29 1.454(5)
N2-C27 1.312(4) C29-C30 1.367(5)
N1-C1 1.314(4) C30-C31 1.445(5)
C1-C2 1.496(5) C31-C32 1.352(5)
C2-C3 1.459(5) C32-C27 1.435(4)
N1-Cul-N2 116.66(12) C2-01-Cul 112.9(2)
01-Cul-02 104.71(11) C28-02-Cul 113.2(2)
N1-Cul-O1 81.73(10) C1-N1-Cul 114.3(2)
N2-Cul-O1 144.23(12) C15-N1-Cul 122.0(2)
N1-Cul-02 139.59(12) C27-N2-Cul 114.2(2)
N2—-Cul-02 81.40(11) C41-N2—Cul 120.8(2)
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Single crystal of complex 5D suitable for X-ray diffraction measurement was obtained by
the slow evaporation of a CH,Cl/MeOH (3:1) solution of the complex. The diffraction
measurement was performed at 100(2) K. The complex crystallized in the trigonal space group

‘P3:21°. The molecular structure (cation unit) with atom labelling scheme is depicted in Figure

5.13. Selected bond distances and bond angles are given in Table 5.10.

Figure 5.13: ORTEP diagram of the cation unit of complex 5D; thermal ellipsoids were drown at
30% probability level. H-atoms and the anion [SbFg]~ are omitted for the shake of clarity.

In complex 5D, the central Cul atom was four coordinate (zz = 0.56). The coordination
sites were occupied by the two N and two O atoms from the two bidentate ligands. The Cul-N1
= 2.020(4) A and Cul-O1 = 2.352(4) A bond distances were consistent with the low oxidation
state of the central Cul atom, i.e., Cu(l), and higher oxidation state of the coordination ligands
([L"®°®M1% as observed in complex 5B. In the complex, the C1-N1 = 1.298(5) A and C2-0O1 =
1.228(4) A bond distances were almost same as the bond distances found in the five-coordinate
congener, complex 5B. Thus, no change in oxidation state of the central metal ion as well as the

coordinating ligands was noticed upon the geometrical change.
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Table 5.10: Selected bond distances (A) and bond angles (°) for complex 5D (at 100 K).

Cul-N1 2.020(4) C3-C4 1.344(6)
Cul-01 2.352(3) C4-C5 1.457(6)
N1-C1 1.298(5) C5-C6 1.360(6)
01-C2 1.228(5) c6-C1 1.441(6)
C1-C2 1.514(6) N1-C15 1.427(5)
C3-C2 1.478(6)

N1-Cul-N1' 149.3(2) C1-N1-Cul 120.5(3)
01-Cul-01' 84.90(15) C15-N1-Cul 118.9(3)
N1-Cul-O1' 131.71(13) C2-01-Cul 110.3(3)
N1-Cul-O1 74.05(12) C1-N1-C15 120.6(4)

The electronic absorption spectra of complex 5C and 5D were recorded in HPLC grade
CH_Cl, at room temperature and depicted in Figure 5.14. The electronic absorption bands along

with corresponding absorption coefficient values were summarized in Table 5.11.

(A) 15 (B) 20
_ 12 _ 15
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Figure 5.14: UV-vis/NIR spectrum of (A) complex 5C and (B) complex 5D in CH,Cl, at 25 <.

A broad band at 1144 nm (&= 2050 M ‘cm™) appeared in the UV-vis/NIR spectrum of
complex 5C. The band arose possibly due to combined ligand-centered intervalence [L'SP"]*-
to-[L'BPM°  charge-transfer (IVLLCT) and metal-to-ligand charge-transfer (MLCT)
transitions.”" The r-to-r* intraligand (ILCT) charge-transfer transitions of iminoquinone

moieties were observed at Amax = 500 nm (&= 9150 M ‘cm™) and 407 nm (shoulder, & = 6500
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M~™cm™). " In complex 5D, a broad absorption manifold centered at 1160 nm (&= 1350 M ‘cm™

!y was present. The low-energy band has been attributed to Cu(l)-to-iminoquinone MLCT

transition. The strong bands at Amax = 490 nm (& = 12500 M ‘ecm™) and Amax = 440 nm (& =

11200 M'cm™) were due to m-to-m* intraligand (ILCT) charge-transfer transitions of

iminoquinone moieties.™

Table 5.11: UV-vis/NIR spectral data for 5C, and 5D.

Complex Amax, M (& M~ 'cm™)
5C 1144(2050), 500(9150), 407(6500)
5D 1160(1350), 733(2200), 490(12500), 440(11200)
NS 7
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Figure 5.15: *H-NMR spectrum of complex 5C in CDCls.
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Figure 5.16. "H-NMR spectrum of complex 5D in CDCls.

No unpaired electron was present in both complex 5C and complex 5D. Thus, both of
them were diamagnetic. Complex 5C was consisted of two unpaired electrons: one electron was
residing on Cu(l1) [S = 1/2, 3d°] and the other electron was the ligand-centered radical (S = 1/2).
A ferromagnetic coupling between the two S = 1/2 spins would provide S; = 1 ground state, while
a diamagnetic ground state with S; = 0 would result by an antiferromagnetic coupling between
the two paramagnetic centers. Indeed, complex 5C was diamagnetic owing antiferromagnetic

coupling between the spins as evident by *H-NMR measurements (Figure 5.15 and Figure 5.16)

The electrochemical behavior of complexes 5C and 5D were investigated by cyclic
voltametry. Cyclic voltammograms (CVs) of the complexes (1 mM) were being recorded in
CH,CI; solutions containing 0.10 M [("Bu)4N]CIO, as supporting electrolyte at a glassy carbon
working electrode, a platinum wire counter electrode, and a Ag/AgCl reference electrode. The
experiments were performed at different scan rates. Ferrocene was used as an internal standard,
and potentials are referenced versus the ferrocenium/ferrocene (Fc*/Fc) couple.
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Figure 5.17: Cyclic voltagrams of (A) complex 5C and (B) complex 5D measured at 50, 100,

One one-electron oxidation and three one-electron reduction processes were observed in

the CV of complex 5C (Figure 5.17A). The oxidation process occurred at 0.408 mV, which was

0.100 V lower compared to the parent complex 5A. This difference was attributed to the

structural anomaly, i.e., cis-(5C) vs. trans-(5A) arrangement of the coordinating sites

(parenthesis refers the complex). The reduction potentials were expectedly analogous to complex
5A (Table 5.12). In the CV of complex 5D (Figure 5.17B) irreversible electron transfer
processes were noticed. The CV measurement at 100 mv/s scan rate revealed an oxidation at
0.360 V, and two reduction processes at -0.600 V and -1.390 V (Figure 5.17B). The peak

positions were scan rate dependent.

Table 5.12: Voltammetric redox processes for the complex 5C and 5D.

Complex E°?V, (AEp, mV)
E1/2red2 Ellzredl E1/20X1 E1/20X2
5C —1.494 (148) | —1.080 (160) | —0.264 (80) | 0.408 (348)
5D —1.390 (84) —0.600 0.360 —

*E° values recorded at scan rates of 100 mV/s and referenced to the Fc*/Fc couple.
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5.5 Reactivity Study of Complex 5B, 5C and 5D with KO,

(A) “Tr

16

~Erorm| (B) =

5B+K0,(0.2 eq) 5B+KO,(1.0 eq)
5B+KO,(0.4 eq) 164 5B+KO,(1.0 eq) after 14h
-5B+K0,(0.6 eq) by 1 5B+ KO,(1.0 eq) after 36h
5B+K0,(0.8 eq) g 12
58+KO,(1.0 eq) -—
5B+KO,(1.2 eq) s
6B+KO,(1.4 eq) £ 8-
5B+KO,(1.6 eq) &
5B+KO,(1.8 eq)

4 - 8B+KO,(2.0 eq) 4 -
0 v T T v T v T - 0 T T T T
250 500 750 1000 1250 1500 250 500 750 1000 1250 1500
A, nm A, nm
(C) —— 15
58 + KO, (Sim) $10,a ,
@ it
;\< Zooemed 58 + KO, (Exp)
)
- 5A (Exp) .
——58+KO,(1.0 eq)
—— After argon purge
100 200 300 400 500 20 -15 -1.0 05 0.0 05 1.0
B, mT E(V) vs. Fc'/Fc

Figure 5.18: (4) Change in UV-Vis-NIR spectrum of complex 5B during the sequential addition
of KO,, (B) One-step addition of stoichiometric amount of KO, and the time-dependent spectral
changes, (C) Experimental and simulated X-band EPR spectra of CH,CI, solutions of 5A, 5B
and 5B + KO,; and (D) detection of O, gas by CV measurements. X-band EPR was measured
at; frequency = 9.143 (5A), 9.143(5B) GHz, modulation frequency = 100 kHz and amplitude = 2
G, temperature = 298 K (parenthesis indicates the complex).

Complex 5B was comprised of a Cu(l) ion and two coordinated-iminoquinone moieties.
The synthesis of the complex was carried out under aerial atmosphere. This indicated that the
complex is reluctant to aerial oxygen, i.e., no oxidation of Cu(l) occurred. Furthermore, purging
of O, to the CH,CI, solution of complex 5B did not provide any appreciable UV-vis/NIR

spectral changes. However, the complex reacted with KO, albeit slowly. In the presence of KO,,
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i.e., superoxide radical anion, a new band at 785 nm appeared and 1160 nm band shifted to 1035
nm (Figure 5.18A) in due course. These UV-vis/NIR spectral changes corresponded to the
generation of complex 5A. X-band EPR spectrum measurement of the reaction solution provided
Cu(ll)-centered spectrum that also resembled with the EPR spectrum of complex 5A (Figure
5.18C) and thus, concurred with the formation of complex 5A. The generation of molecular
oxygen during the process was consolidated by CV measurements (Figure 5.18D). The
reduction peak of the liberated molecular oxygen appeared at —1.482 V. Upon purging of argon
gas through the solution, the concentration of oxygen gas diminished as evident by the reduction

of current at the potential (Figure 5.18D).

20 20
(A) =R (= Ml o i
Complex5C +KO,(1eq) after 14h | 5D +KO_(1.0 eqv) after 14h
= 154 '
=
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Figure 5.19: Change in UV-Vis/INIR spectrum of CH,CI, solution of (A) complex 5C and (B)
complex 5D, in the presence of KOs.

Unlike complex 5B, the congener four-coordinate complex 5D did not react with KO,
(Figure 5.19B). Interestingly, despite structural similarity with complex 5D (z = 0.56, twist
angle between two NO coordinating units = 61.4 °), complex 5C (7 = 0.54, twist angle between
two NO coordinating units = 56.4 °) reacted with KO, (Figure 5.19A) and produced complex 5A
and molecular oxygen. However, the reaction was sluggish. Hence, the geometry as well as
oxidation state of copper ion and the coordinated non-innocent ligand units have been found as

crucial for the occurrence and the effectiveness of the reaction.
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Scheme 5.8: Proposed mechanism for formation of complex 5A from reaction of complex 5B

with KOz.

Herein, we propose that complex 5B reacted with KO, and produced [5B]'", which

instantaneously underwent metal-centered Cu(l)-to-Cu(ll) oxidation in the presence of the

generated molecular oxygen and provided complex 5C with the removal of the axial chloride ion

(Scheme 5.8). The increase of ligand-based negative character possibly favored the removal of

the chloride ion. Finally, KO, reduced complex 5C to complex 5A with concomitant production

of molecular oxygen.
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5.6 Conclusions

To conclude, we have successfully synthesis of a five-coordinate mononuclear neutral
Cu(l)-bis(iminoquinone)Cl complex (5B) by the CuCl,e2H,O mediated inner sphere one-
electron oxidation of Cu(ll)-bis(iminosemiquinone) complex (5A). In the process, the formed
five-coordinate Cu(Il)-(iminosemiquinone)(iminoquinone)Cl intermediate underwent an electron
transfer from ligand(iminosemiquinone)-to-metal[Cu(ll)]. Conversely, the outer sphere one-
electron oxidation of complex 5A did not follow such electron transfer process and provided a
four-coordinate Cu(I)-(iminosemiquinone)(iminoguinone) complex (5C). No
iminosemiquinone-to-Cu(ll) electron transfer in complex 5B was further verified by the
synthesis of four-coordinate Cu(l)-bis(iminoquinone) complex (5D). Thus, geometry-dependent
electron transfer in a copper(ll)-monoradical complex, where both the non-innocent ligand units

were in different oxidation states, was being documented.

All the complexes were characterized by X-ray single-crystal diffraction measurements.
A five-coordinate Cu(l) was previously been stabilized in a rigid macrocyclic glyoxime ligand
with a soft CO as the axial ligand.*®> To the best of our knowledge, complex 5B is the first
isolated air-stable five-coordinate square pyramidal Cu(l) complex, which is being stabilized in
the coordination environment comprising of two bidentate 2-iminobenzoquinone and a chloride
ion. Cyclic voltammetry measurement of complex 5B and 5C established that the complexes
can be the oxidized by an electron and reduced successively by three electrons. Spectro-
electrochemical and X-band EPR experiments on complex 5B emphasized that the solo oxidation
wass Cu(l)-centered and the reductions were ligand-based. The oxidation and the reductions
potential values found for complex 5C were comparable to the ligand-based processes as
observed in complex 5A. Thus, the oxidation and the reductions processes occurred in complex

5C have been assigned as ligand-based.

Finally, the investigation on the reactivity of the complexes on KO, revealed that
complex 5B and complex 5C reacted slowly with KO, and oxidized it to molecular oxygen,
which was identified by CV measurements. In the processes both the complexes were being

reduced to complex 5A. Complex 5D was reluctant to KO,.
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The prime aim of this work is to synthesis and characterization of new aminophenol
based non-innocent ligands and their corresponding radical containing first-row transition metal
complexes and to examine the catalytic applications of the synthesized complexes.

When the ligand H,Gan”" reacted with Fe(ClO4),*6H,0 it provided a dinuclear p,-oxo-
bridge Fe(lll) complex 2A. X-ray crystallographic study of complex 2A revealed that the
presence of a furan derivative, resulting from the oxidative aromatic C—C bond cleavage product
of 2-aminophenol unit, in the coordination sphere of each iron center. On the other hand, ligand
H,Gan”™" reacted with Mn(ClO4)2*6H,0 provided a mono(u-oxo)-bridged binuclear Mn,
complex 2C. X-ray crystal structure analysis of complex 2C suggested that the oxidation state of
each Mn ion was +l1I and the 2-aminophenol unit of ligand H,Gan”" was in its one-electron

oxidized iminosemiquinone form.

Piperazine based non-innocent ligand H,L"PerazineAP/AP) veacted with CoCly*6H,0
provided octahedral Co(lll) complex where coordinated piperazine moiety was present in boat
form. Ligand H4LPPerazne®PAP) ynon reacting with two equivalent of CuCl,»2H,O provided a
novel binuclear diradical-containing Cu(ll) complex (3B) where coordinated piperazine moiety
was present in chair form. The ligand H,LPPea@neAPAP) hrovided a Cu(ll) complex(3C) where
coordination sites occupied by two bidentate acridine unit. Formation of complex 3C occurred
via the C-N bond activation and thereafter homolytic C—H bond breaking and C-C bond

formation.

Incorporation of —Ph substituent at —ortho position to the N-phenyl ring of H,L*" [N(2-
hydroxy-3,5-di-tert-butyl phenyl) aniline] ligand generate a new ligand H,L*"®"". Ligand
H,L"®" yielded radical-containing square planar Co(Ill) complex (4A) and square pyramidal
Co(l11) complex (4B) by using Co(ClO)4*6H,0 and CoCl,*6H,0 respectively. Complex 4B
reduced diphenyl disulfide (Ph,S;) and diphenyl diselenide (Ph,Se;) by an electron and provided
the corresponding five-coordinate, diradical-containing complexes (4C and 4D) where the axial
position was occupied by a —XPh group [X = S (4C) and Se (4D)]. In addition, catalytic ability
of four-coordinate (4A), as well as five-coordinate complexes (4C and 4E) has been investigated
for the conversion of RNCO (R = phenyl and naphthyl) to urea derivatives under sunlight.

The ligand HoL*"®" reacted with 0.5 equivalent of CuCl,*2H,0 provided a Cu(ll)-

bis(imonosemiquinone) complex (5A). Five-coordinate Cu(l)-bis(iminoquinone)Cl complex
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(5B) was formed via geometry driven iminosemiquinone radical to Cu(ll) electron transfer using
excess CuCl,*2H,0 as an oxidant. Oxidation complex 5A by ferrocenium hexafluorophosphate
(FcPFg) yielded four-coordinate Cu(ll)-(imonosemiquinone)(iminoquinone) complex (5C).
Removal of axial CI” ion from complex 5B rendered four-coordinate complex 5D. No change in
the oxidation state of either Cu(l) or iminoquinone moieties was realized on changing the
coordination number from five to four. Complex 5B oxidized KO, to oxygen molecule and itself
get reduced to complex 5A.

Future perspective of my thesis work is to design and synthesis of new ligands and their
metal complexes for better understanding of their coordination chemistry and gaining an insight
into metal-ligand interactions in various metalloenzymes. Since, various metalloenzyme has
showed different kinds of multielectron reactivity, usually synthesis of metalloenzyme model
complexes and their use as artificial enzyme to perform the enzymatic activity can also be
investigate further. In addition to the research in the field of metalloenzyme model systems,
high-valent metal-oxo, metal-imido, etc. species can be generate and studied for the
understanding of their role in various enzyme-like organic transformation(oxo and imido)
transfer reactions. In this regards, the following ligands (L1, L2) can be utilized for synthesis of

new complex.

L1 L2

Scheme 1.0: Proposed ligands (L1 and L2) for synthesizing new complex.

The mono-radical containing palladium complex of ligand H,L*"®" can be utilized as
catalyst for C—C cross coupling reaction as well as intramolecular C(sp3)-H amination of

aliphatic azide for synthesis of N-heterocyclic compounds.
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Complex (_)\
(i) Ao~ N3 inmol%
Ph Boc,0 N7 Ph
Solvent Boc
Complex — —
(ii) @—X + C>_ in mol% 4 )
X/ X B(OH), </ N\ X
R/ R// Solvent R/ R

X = Cl/Brll
Scheme 2.0: Proposed scheme for C(sp®)-H amination of aliphatic azide and C—C cross
coupling reactions.
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6.1 Methods and Equipments

All the analyses were performed at ‘Instrumental Lab, Department of Chemistry’ and
‘Central Instrumental Facility’ IITG, unless otherwise mentioned.
Chemicals and Solvents

All the chemicals and solvents were obtained from commercial sources and were used as
supplied, unless noted otherwise.
Infrared Spectroscopy

Solid state FTIR spectra were recorded (4000-400 cm™) on ‘Perkin Elmer Instrument’ at
room temperature. The pallet has been made by grinding the sample with IR grade KBr powder.
NMR Spectroscopy

'H, 3C NMR spectra were recorded on ‘Varian Mercury plus 400 MHz’ and on ‘Bruker
AscendTm 600 MHz’ nuclear magnetic resonance (NMR) spectrometer at 298 K. Chemical
shifts,& (in ppm), are reported relative to TMS [6 (*H) 0.0 ppm,  (**C) 0.0 ppm] which was used
as the inner reference. Otherwise, the solvents (CHCI3) residual proton resonance and carbon
resonance appeared at, ¢ 7.26, 77.2 ppm, respectively. The resultant spectrums were drawn by
using ‘MestReNova’ NMR data processing software.
Mass Spectrometry

Mass spectra were recorded on QTOF-MS Spectrometer (‘Waters, Model: Q-Tof
Premier’) or ‘Agilent Accurate—Mass Q—-TOF LC/MS 6520’ spectrometer and peaks were given
in m/z (% of basis peak). Mass spectra were taken in HPLC grade CH3CN solvent.
Elemental analysis

The determination of the C, H, N was performed on ‘FLASH EA 1112 series’ CHN
Analyzer at SAIF, Mumbai, on ‘Perkin—Elmer 2400 series II’ CHN Analyzer at IACS, Kolkata
and on ‘EuroEA3000° Elemental Analyzer at Guwahati Biotech Park, Guwahati.
UV-Vis/NIR Spectroscopy

The electronic absorption spectrum (UV-Vis/NIR) of the sample(s) was recorded on
‘Perkin Elmer, Lamda 750, UV/Vis/NIR spectrometer’ in HPLC grade CH,Cl, at room
temperature using cuvette of 1 cm width. Thermal electronic absorption spectrum of the complex
(2A) was recorded on ‘Perkin Elmer, Lamda 350, UV/Vis/NIR spectrometer’ in HPLC grade
toluene at a range of 30-70 ° C.
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Electrochemistry

Cyclic voltammetry was performed by using a ‘VersaSTAT 3 Potentiostat’. A standard
three electrode—cell was employed with a glass-carbon working electrode, a platinum-wire
auxiliary electrode and Ag/AgCl (saturated NaCl in water) reference electrode. Measurements
were made under an inert atmosphere at room temperature. The potential of the reference
electrode was determined using Fc*/Fc as the internal standard.
X-Band EPR Spectroscopy

First derivative X-Band EPR spectra of powdered or frozen solution samples were
measured with a ‘JEOL JES—-FA200 Spectrometer’. The resulting data was simulated by using
WO5EPR—program written by Frank Neese (MPI for Bioinorganic Chemistry, Milheim, and
University of Bonn).
Single Crystal X-ray Crystallography

Suitable crystal for X-ray diffraction study was obtained from solvent evaporation or
solvent diffusion method. X—ray crystallographic data were collected by using either a ‘Bruker
SMART APEX-II CCD diffractometer’, equipped with a fine focus 1.75 kW sealed tube
Mo—Ka radiation (A = 0.71073 A) at 296(2) or 293(2) K, with increasing w (width of 0.3° per
frame) at a scan speed of 3 s/frame or a ‘Super Nova, Single source at offset, Eos
diffractometer’. Structure was solved with the Superflip, structure solution program using
Charge Flipping and refined by direct methods using ‘SHELXS-97’ and with full-matrix least
squares on F2 using ‘SHELXL-97°, or with the Superflip structure solution program using
Charge Flipping and refined with the olex2.refine refinement package using Gauss—Newton
minimization. All then non—hydrogen atoms were refined anisotropically.
Theoretical Calculation

All the complexes were optimized at B3LYP/6-31(d,p) level of theory using Gaussian-09
program  package and included a  dispersion  correction  using  keyword
‘empiricaldispersion=gd3bj’ where ever applicable. Broken symmetry calculations were done by
using ‘guess=mix’ keyword to understand the coupling pattern between metal ion and the
coordinated paramagnetic ligand units in S=0 state. Electronic excitations based on B3LYP
optimized geometries were computed using the integral equation formalism polarized continuum
model (IEF-PCM) in DCM by using TDDFT formalism. TD-DFT calculations were undertaken

on the geometry-optimized structures with the 60 lowest-energy transitions.
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6.2 Experimental Section

6.2.1: Synthesis of ligand H,Gan”"

(o)

() MeOH, 5 h
I\ NH2+H B - I\ H /I
-N N~ (ii) NaBH, -N Ns
I ] [}
) Br
oL
NO,

v
(ii) Dry MeCN
(iii) K,CO5

NH, NO,
(i) Pd/C, NaBH,
-
YN (i) MeOH+H,0 (4:1) || N ON Y I
| N N 25 mL 2N Nx
Vi

OH
®
OH

Vil
(ii) Et3N, Hexane, Air

e

HN

H,Gan”P

Z

Scheme 6.1: Synthetic route of ligand H,Gan"".

Step 1: Synthesis of N,N-bis(2-picolyl)amine; Ill: To a solution of 2-
pyridinecarboxaldehyde (I1) (1.073 g, 10 mmol) in dry methanol (15 mL)

was added 2-picolyl amine(l) (1.082 g, 10 mmol) at room temperature (RT). The resulted brown

N
_N H No
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solution was stirred for 5 h. Sodium borohydride (0.925 g, 25 mmol) was added to the solution in
small portions with stirring at 0 °C. The mixture changed color from brown to yellow and was
stirred further for 16 h at room temperature. Conc. HCI was added slowly to adjust the pH to 1,
and the solution was stirred for 2 h. Next, a saturated solution of NaOH was added to adjust the
pH to 11. The reaction mixture was filtered, and the solvent was removed under vacuum. Water
was added to the residue; the aqueous mixture was extracted twice with CH,Cl, (50 mL), and the
combined extracts dried over anhydrous sodium sulfate and filtered. The solvent was removed
under vacuum. The product was obtained as brown oil.

Yield: 1.720 g, 86%.

FT-IR (KBr pellet, cm™): 3296, 3055, 2895, 2812, 1590, 1567, 1500, 1471, 1429, 1351, 1138,
1047, 994, 859, 770, 753, 665.

'H-NMR (600.17 MHz, CDCl5): 6 8.55 (d, J = 5.0 Hz, 2H), 7.64 (t, J = 8.4 Hz, 2H), 7.35 (d, J =
7.8 Hz, 2H), 7.17-7.14 (m, 2H), 3.97 (s, 4H), 2.06 (s, 1H) ppm.

ESI-MS (CH3sCN) m/z for [C12H13N3+H]": Calcd, 200.1188; Found, 200.1186.

¢

¢

¢

3

3

26

1

1

1
397
2.06

= N =2
=N H N

1,99~
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Figure 6.1: *H-NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (111) in CDCl.
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o Step 2: Synthesis of 2-[Bis(2-pyridylmethyl)aminomethyl]nitrobenzene; V:
2

2-Nitrobenzyl bromide (IV)(1.42 g, 6.58 mmol) was added to a solution of

52| bis(e-pyridylmethyl)amine (1) (1.31 g, 6.58 mmol) in dry CHiCN (25 mL)
with K,COj3 (9.01 g, 65.0 mmol). The reaction mixture was heated to reflux with stirring for 2

days. After the solution was cooled and filtered. The solvent was removed by evaporation.
Purification of the crude product by column chromatography on silica gel by using
CH,Cl,/MeOH (40:1 v/v) solvent as an eluent to produced a brown oil of bis(2-
pyridylmethyl)aminomethyl)-nitrobenzene (V).

Yield: 1.182 g, 54%.

FT-IR (KBr pellet, Cm'l): 3062, 3009, 2923, 2851, 1590, 1570, 1524, 1473, 1434, 1346, 1148,
1047, 995, 856, 749, 730.

'H-NMR (600.17 MHz, CDCls): 6 8.49 (d, J = 5.7 Hz, 2H), 7.75 (d, J = 8.0 Hz, 1H), 7.70 (d, J
=8.1 Hz, 1H), 7.63 (t, J = 7.7 Hz, 2H), 7.48 (t, J = 6.9 Hz, 1H), 7.39 (d, J = 7.8 Hz, 2H), 7.33 (t,
J=7.1Hz, 1H), 7.14 —7.10 (m, 2H), 4.06 (s, 2H), 3.77 (s, 4H) ppm.

ESI-MS (CH3sCN) m/z for [C19H1gN4O,+H]": Calcd, 335.1508; Found, 335.1503.

SO O M S Gy SE = Oy B8 Oh 00 SE 003 S 0N o — =l
A L e T S S S IR T IR I = =
- o

L e ol vl ool ool sl ol ol ol ool ool el oull ool oo

=N N,

.L. .M 'L Iul LA L L

ppm

Figure 6.2: 'H-NMR spectrum of 2-[Bis(2-pyridylmethyl)aminomethyl]nitrobenzene(V) in
CDCls.
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Step 3: Synthesis of 2-[bis(2-pyridylmethyl)aminomethyl]aniline; VI: 10%
activated Pd/C (0.035 g) and 2-[bis(2-pyridylmethyl)aminomethyl]-

@/\N’\@ nitrobenzene (V), (1.182 g, 3.53 mmol) were combined in a 4:1 MeOH:H,0
solvent mixture (25 mL) and allowed to stirred for 15 min. Then sodium

NH,

borohydride (1.33 g, 35.3 mmol) was added in small portions with stirring at 0 °C. After that,
the reaction mixture was heated to 50 °C with stirring for 12 h. After cooling, the solution was
filtered through Celite, and the filtrate was evaporated under reduced pressure. The residue was
dissolved in CH,CI;, (40 mL) and dried over Na,SQO,. After filtration, the solvent was removed in
a rotavapour to yield a brown solid of 2-[bis(2-pyridylmethyl)aminomethyl)]aniline (\V1).

Yield: 0.967 g, 90%.

FT-IR (KBr pellet, cm™): 3390, 3321, 3211, 3062, 3010, 2920, 2802, 1616, 1590, 1569, 1494,
1474, 1461, 1433, 1370, 1295, 1149, 1119, 1049, 752.

'H-NMR (600.17 MHz, CDCls): 6 8.53 (d, J = 4.8 Hz, 2H), 7.60 (t, J = 8.5 Hz, 2H), 7.37 (d, J =
7.8 Hz, 2H), 7.17 — 7.10 (m, 2H), 7.04 (dd, J = 7.3, 3.8 Hz, 2H), 6.61 (dd, J = 17.6, 7.3 Hz, 2H),
4.89 (s, 2H), 3.78 (s, 4H), 3.65 (s, 2H) ppm.

B¥C-NMR (150.93 MHz, CDCls): 6 159.39, 149.26, 147.17, 136.50, 131.36, 128.63, 123.61,
122.45, 122.16, 117.36, 115.56, 60.32, 58.03.

ESI-MS (CH3sCN) m/z for [C19H20N4+H]": Calcd, 305.1766; Found, 305.1364.
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Figure 6.4: *C-NMR spectrum of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (V1) in CDCls.
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Step 4: Synthesis of Ca3HN,O, H,Gan”": To a stirred solution of 3,5-

/\@ di-tert-butyl catechol (VII) (0.668 g, 3.01 mmol) and 2-[bis(2-

\

NH NB’ pyridylmethyl)aminomethyl]aniline (V1) (0.917 g, 3.01 mmol) in hexane
N7

M s (25 mL) triethylamine (0.05 mL) was added and the reaction mixture was

H,Gan”? refluxed for seven days. The resulted brown color reaction mixture was

cooled to room temperature and then, stirred further for two days. After that, the resulted
suspension was filtered. The filtrate part was evaporated to afford an amorphous solid. The solid
was dissolve in methanol (15 mL) and kept under —20 °C that provided colorless crystal of
H,Gan”".

Yield: 0.760 g, 50%.

FT-IR (KBr pellet, cm™): 3227, 3181, 3110, 3047, 2955, 2904, 2864, 1592, 1569, 1534, 1479,
1434, 1362, 1337, 1299, 1236, 1148, 983, 744.

'H-NMR (600.17 MHz, CDCls): 59.03 (s, 1H), 8.83 (s, 1H), 8.42 (d, J = 4.6 Hz, 2H), 7.53 (td,
J=7.4,13 Hz, 2H), 7.42 (d, J = 7.8 Hz, 2H), 7.20 (s, 1H), 7.05-7.08 (m, 4H), 7.00 (t, J = 7.9
Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 6.62 (t, J = 7.2 Hz, 1H), 3.82 (s, 4H), 3.80 (s, 2H), 1.56 (s,
9H), 1.30 (s, 9H).

BC-NMR (150.93 MHz, CDCls): & 158.2, 149.0, 146.4, 145.8, 141.6, 137.1, 136.9, 130.9,
130.2, 128.6, 124.4, 123.0, 122.4, 118.0, 117.6, 117.4, 112.1, 61.0, 60.1, 35.5, 34.6, 31.9, 30.0.

ESI-MS (+) m/z for [CasHaoN4O +H]*: Calcd, 509.3274; Found 509.3239.

% T

4000 3000 2000 1000
Wavenumbers, cm

Figure 6.5: FT-IR spectrum of ligand H.Gan"".
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Figure 6.6: ESI-mass spectra of ligand H,Gan”"; experimental and simulated isotope
distribution pattern (inset) for [CasHsNsO+H]™.
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Figure 6.7: *H-NMR spectrum of H,Gan”" in CDCls.
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Figure 6.8: **C-NMR spectrum of H,Gan”" in CDCl.

6.2.2: Synthesis of ligand H,L P'Perazine(AP/AP)

(

/~\

) N N
)+ O e (LoD
NO, (i) EtOH, N, atm NO, O,N

IX

STz =ZT

m v

(i) PdiC,
(ii) NHy-NH,eH,0
(iiii) EtOH

HO OH Y

HN OH
~N N N
i SIS S o
NH (ii) Hexane, Et;N, Air NH; HN
>(©i; X

H4LPiperazine(APIAP)

Scheme 6.2: Synthetic route of ligand H,L"Perazine(APiaP)
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7N\ Step 1, Synthesis of 1,4-bis(2-nitrobenzyl) piperazine ; IX:

N N
d\lo\_é f‘b Piperazine (VII1) (0.344 g, 4 mmol) was dissolved in ethanol (20 mL)
2 VY2
and heated to reflux, then K,CO; (1.380 g, 10.00 mmol) and 2-

nitrobenzylbromide (1V)(1.728 g, 8.00 mmol) were added to the solution. The mixture was

further refluxed for 48 h, and then allowed to cool to room temperature. Solution was dried and
water was added to it. The product was extracted with dichloromethane (3 x 25 mL), the product
was a yellow powder.

Yield: 1.286 g, 82%.

FT-IR (KBr pellet, cm™):

'H NMR (399.89 MHz, CDCl3): 6 7.79 (d, J = 8.0 Hz, 1H), 7.59-7.48 (m, 1H), 7.37 (t, J = 7.6
Hz, 1H), 3.76 (s, 1H), 2.40 (s, 1H) ppm.

ESI-MS (+) m/z for [C1gH20N4O4 +H]": Calcd, 356.1485; Found 356.1472.
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Figure 6.9: "H-NMR spectrum of 1,4-bis(2-nitrobenzyl) piperazine (1X) in CDCls.
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Step 2: Synthesis of 2,2'-[piperazine-1,4-diylbis(methylene)]

72
NN dianiline; X: 10% activated Pd/C (0.076 g) and 1,4-bis(2-nitrobenzyl)
( XNHZ HZNID piperazine (1X), (1.286 g, 3.61 mmol) were combined in absolute

ethanol (15 mL) and stirred for 15 min. Hydrazine hydrate (4.0 mL, 5 mmol) was added in small

portions with stirring at 0 °C. The resulted reaction mixture was heated to reflux with stirring
under nitrogen atmosphere for 12 h. After cooling, the solution was filtered through celite, and
the filtrate was evaporated under reduced pressure. The residue was dissolved in CH,Cl, (40 mL)
and dried with Na,SO,. After filtration, the solvent was removed to yield a white solid of 2,2'-
[piperazine-1,4-diylbis(methylene)] dianiline (X).

Yield: 1.286 g, 82%.

FT-IR (KBr pellet, cm™): 3439, 3264, 3034, 2927, 2812, 2772, 1611, 1587, 1495, 1455, 1347,
1298, 1261, 1154, 1130, 1008, 930, 831, 751, 723, 620.

'H-NMR (600.17 MHz, CDCls): 6 7.09 (t, J = 8.2 Hz, 2H), 6.97 (d, J = 7.1 Hz, 2H), 6.65 (dd, J
=15.4, 7.7 Hz, 4H), 4.75 (s, 4H), 3.50 (s, 4H), 2.41 (s, 8H) ppm.

BC-NMR (150.93 MHz, CDClg): ¢ 147.17, 130.62, 128.56, 122.49, 117.77, 115.67, 62.17,
53.11 ppm.

ESI-MS (+) m/z for [C1gH20N4O4 +H]": Calcd, 356.1485; Found 356.1472.
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Figure 6.10: 'H-NMR spectrum of 2,2'-[piperazine-1,4-diylbis(methylene)]dianiline(X) in
CDCls.
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Figure 6.11: C-NMR spectrum of 2,2'-[piperazine-1,4-diylbis(methylene)] dianiline (X) in

CDCls.
Synthesis of CasHgaN4O,, H4LPPE2NeAPAR): T4 3 stirred solution of
w 3,5-di-tert-butylcatechol (VII) (1.631 g, 7.35 mmol) and 2,2-
H\”@ (piperazine-1,4-diylbis(methylene))dianiline (X) (1.036 g, 3.50 mmol) in
Nr":":"hI hexane (25 mL), triethylamine (0.05 mL) was added and the reaction
NH OH mixture was refluxed for four days. The deep brown color reaction
ﬁ/@K mixture was cooled to room temperature and stirred for another two days
HLPiPerazine(APIAP) under air. A white color solid precipitate was formed. It was filtered out,

and washed with methanol (15 mL) to obtain an amorphous compound.

Yield: 1.202 g, 49%.

FT-IR (KBr pellet, cm™): 3494, 3338, 3242, 3157, 3046, 2955, 2905, 2868, 2816, 2772, 1613,
1594, 1495, 1458, 1419, 1376, 1360, 1304, 1248, 1218, 1004, 965, 849, 821, 801, 757.

'H-NMR (600.17 MHz, CDCls): §7.73 (s, 2H), 7.25 (s, 2H), 7.11 (t, J = 7.8 Hz, 2H), 7.06 (d, J
=7.2 Hz, 2H), 7.01 (s, 2H), 6.76 (t, J = 7.2 Hz, 2H), 6.59 (br, 2H), 6.45 (d, J = 8.4 Hz, 2H), 3.69
(s, 4H), 2.92 (br, 4H), 2.30 (br, 4H), 1.48 (s, 18H), 1.34 (s, 18H).

BC-NMR (150.93 MHz, CDCl3): 6 149.46, 147.30, 142.27, 135.53, 130.54, 128.99, 128.51,
122.77,121.80, 121.73, 118.87, 113.80, 62.28, 52.92, 35.25, 34.58, 31.90, 29.79 ppm.
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ESI-MS (+) m/z for [C46H64N402 +H]+: Calcd, 705.5108; Found 705.5112.
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Figure 6.12: FT-IR spectrum of H,LPiPerazne(AP/AR)
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Figure 6.13: *H-NMR spectrum of H,LPPeraanePiAP) iy cpCls,.

Page 182

TH-2079_136122008



Equipment and Experimental Section

=N el =l o= N =]
= Mooy nn o B e

r-—-"w
o
1%0 1%0 130 1:10 130 12‘0 11‘0 lflJO 96 8‘0 76 6‘0 5‘0 4‘0 3‘0 2‘0 1‘0 fIJ
ppm
Figure 6.14: *C-NMR spectrum of H,LPPer2nePiAP) iy cDClL,.
6.2.3: Synthesis of ligand H,L""®"
Ph
OH Et;N, Hexane NH
+ A :
OH Ph " OH
NH,
Vil XV H,LAP(Ph)

Scheme 6.3: Synthetic route of ligand H,L*P®".

o

NH

OH

H,LAP(Ph)

Synthesis of H,L*"®"" [C,sH3:NO]: To a stirred solution of 2-animobiphenyl
(XV) (0.848 g, 5.01 mmol) in hexane (20 mL), 3,5-di-tert-bulyl catechol
(VIN(1.117 g, 5.02 mmol) and EtzN (0.05 ml) were added sequentially at room
temperature (25 °C) under air. A reddish brown homogeneous solution was

obtained on refluxing the reaction mixture for 2 days. Then the solution mixture

was cooled in room temperature and stirred for another 2 days. All the solvent was evaporated

TH-2079_136122008
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under vacuum and product was purified by column chromatography using a hexane:ethyl acetate
(98:2) as eluent to give H,L "M,

Yield: 1.65 g (88%).

FT-IR Spectra (KBr pellet cm™): 3538.85, 3427.06, 3360.01, 3056.49, 2995.96, 2961.22,
2903.57, 2865.07, 1594.53, 1580.22, 1503.89, 1484.58, 1436.16, 1419.48, 1359.73, 1308.55,
1264.53, 1222.24, 1199.47, 1007.96, 764.74, 756.23, 743.09, 700.67, 608.47.

'H-NMR(600.17 MHz, CDCls): 6 7.55 (d, J = 7.1 Hz, 2H), 7.51 (t, J = 7.0 Hz, 2H), 7.41 (t, J =
6.9 Hz, 1H), 7.23-7.22 (d, 2H), 7.18 (t, J = 7.6 Hz, 1H), 6.98 (s 1H), 6.93 (t, J = 7.2 Hz, 1H),
6.56 (d, J = 8.0 Hz, 1H), 6.40 (s, 1H), 5.22 (s, 1H) ,1.44 (s, 9H), 1.26 (s, 9H) ppm.

3C-NMR (150.93 MHz, CDCls3) & (ppm): ¢ 29.7, 31.8, 34.6, 35.2, 114.5, 119.8, 121.8, 122.2,
127.8, 128.0, 128.9, 129.4, 129.6, 130.6, 135.4, 139.1, 142.4, 144.0, 149.7 ppm.

ESI-MS (+) m/z for [CsH3:NO+H]": Calcd, 374.24; found, 374.24.

% T
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Figure 6.15: FT-IR spectrum of H,LAP®",

Page 184

TH-2079_136122008



Equipment and Experimental Section

Simulated
9
—_ =
Q
X 5
e E
= 2
Q T
c i
)
el
c . - .
- 374 375 376 377
(1)) m/z
=
—
o
[}
0
1 l-' 1 v L) l v |
374 375 376 377
m/z
Figure 6.16: Experimental and simulated mass spectra for HoL"®" [CosH3sNO+H]" have been
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Figure 6.17: *H-NMR spectrum of HoL*"®"" in CDCls.
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Figure 6.18: *C-NMR spectrum of H,L“"®" in CDCl.

6.2.4. Synthesis of complex 2A, [CgsH74Fe,CI,NgO 5]

B\ 4
=N /= 0
/TN - N
Nl , Ol N
Fez Fe
N o N’ \N
6 O
(0] — N
(0 3\} =
— Complex 2A

2+
2C10,

To a stirring solution of ligand H,Gan”" (0.206 g, 0.40
mmol) in acetonitrile (15 mL), Fe(ClO,),#6H,0 (0.144
g, 040 mmol) and EtsN (0.1 mL) were added
sequentially.  After stirring for 15 min at room
temperature, tetrabutylammonium perchlorate (0.276
g, 0.80 mmol) was added to the solution. The resulting

reaction mixture was continued to stir for further 17 h.

After that, the reaction mixture was kept for slow evaporation at room temperature for 6 days,

during the period needle-shaped crystal appeared.

Yield: 0.145 g, 54 %.

FT-IR (KBr pellet, cm™): 3070, 2965, 2934, 2872, 2251, 1676, 1607, 1587, 1550, 1485, 1443,
1317, 1278, 1247, 1092, 1002, 869, 850, 760.

TH-2079_136122008
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ESI-MS (+) m/z for [CesH7sFe,NgO7]**: Calcd, 601.2236; Found 601.2298.

UV-Vis/NIR (CH2Cl) Amax, NM (e, M™cm™): 440(17450), 383(19800), 315(23575),
280(30000).

Anal. Calcd for CggH74Fe,CIoNgO1501CHSCN: C, 56.61; H, 5.38; N, 8.74. Found: C, 56.30; H,
5.03; N, 8.79 %.

6.2.5: Synthesis of Complex 2B, [C33H33FeCIN,Os]:

- —1+ | Ligand H,Gan®” (0.102 g, 0.20 mmol) was dissolved in
acetonitrile (10 mL) under nitrogen atmosphere (inside a
NTEBN:@ Clo,| glove box). To that, EtsN (0.056 mL) of was added and the
_/ D solution was allowed to stir for 5 min. After that,
Fe(ClOy)2*6H,0 (0.075 g, 0.21 mmol) of was added and the

Complex 2B

resulting mixture was allowed to stir for further 10 min. To
the solution tetrabutylammonium perchlorate (0.140 g, 0.40 mmol) of was added and the reaction
mixture was continued to stir overnight (~10 h). The solvent was removed under vacuum; the
residue was dissolved in dichloromethane, and then filtered. The filtrate part was concentrated
under vacuum and to the residue hexane was added drop wise until the product precipitated out.
The precipitate was filtered and washed with hexane and diethyl ether and then the product was
collected as brown solid.

Yield: 0.145 g, 72%.

ESI-MS (+) m/z for [CssHagFeN4O]": Calcd, 562.2441; Found 562.2302.

UV-Vis/INIR (CH,Cl2) Amax, NM (&, M~em™): 950(800), 578(1350), 376(3200).

Anal. Calcd for Cs3H3sFeCIN,Ose2Et,007H,0: C, 52.59; H, 7.75; N, 5.98. Found: C, 52.86;
H, 8.09; N, 5.93 %.
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6.2.6: Synthesis of Complex 2C, [CgsH76Cl.MnNyNgO14]:

= aTo— To a stirring methanol (10 mL) solution of ligand

& 3{54 H,Gan® (0.150 g, 0.3 mmol), Mn(ClO4),*6H,0

N/;Q —o\m/&p (0.108 g, 0.3 mmol) and EtsN (0.1 mL) were added

d\,{mn\o_ . ; ”fjw n_‘/N sequentially. The resulted solution was stirred for 15

§ H =/ N= min. To the solution tetrabutylammonium perchlorate

| XS il (0.208 g, 0.60 mmol) was added and the resulting
Complex 2C

reaction mixture was continued to stir for further 4 h.
Then a deep brown colour precipitate was formed. It was filtered and washed with excess
methanol (10 mL). Brown colored single crystals were grown by slow evaporation of
dichloromethane and methanol (3:1) solvent mixture at room temperature.

Yield: 0.084 g, 42%.

FT-IR (KBr pellet, cm™): 3070, 2961, 2914, 2871, 1603, 1480, 1443, 1405, 1088, 845, 761,
622.

ESI-MS (+) m/z for [CesH76Mn,NgO3]**: Calcd, 569.2400; Found 569.2396.

UV-Vis/INIR (CH2Cly) Amax, NM (¢, M~'em™): 915(2450), 830(2800), 524(5200), 484(5900),
404(15100), 352(19050).

Anal. Calcd for CegH76CloMn,2NgO11: C, 59.26; H, 5.73; N, 8.38. Found: C, 59.78; H, 5.85; N,
8.46 %.

6.2.7: Synthesis of Complex 3A, [C4sHeN4,O,CoCl]:

= =1 To a stirring solution of ligand H,L""Pera@ineAPIAP) (g 216 g,
N//:\\N “ 0.30 mmol) in acetonitrile (10 mL), CoCl,*6H,O (0.074 g,
q”;&é\m 0.30 mmol) and EtzN (0.1 mL) were added sequentially. Then
e o0 it was allowed to stir for 1.5 h, a blue-violet color precipitate
)Jij\f was formed, which was filtered out and washed with excess

_ Complex 3A _ acetonitrile (10 mL). The solid product was recrystallised by

using a methanol:chloroform (3:1, v/v) solvent mixture.
Yield: 0.106 g, 46%.
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FT-IR (KBr pellet, cm™): 3601, 3148, 3063, 2951, 2906, 2864, 1602, 1475, 1459, 1408, 1294,
1268, 1261, 766.

ESI-MS (+) m/z for [C4sHs2CoN4O2]": Calcd, 762.4205; Found 762.4214.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~cm™): 830(1900), 555(9100).

Anal. Calcd for C4HgCoN4Oy: C, 74.42; H, 8.03; N, 4.13. Found: C, 74.34; H, 7.89; N, 4.51
%.

6.2.8: Synthesis of Complex 3B, [C4HgCl,CuN,O,]:

CuCly*2H,0 (0.080 g, 0.45 mmol) was added to a solution of ligand
H,LPiPerazine(APIAR) (9 152 g, 0.21 mmol) in acetonitrile (10 mL). Upon

0=
Cl_(‘;'aq addition of EtsN (0.1 mL), the color of the solution changed to deep
\
N%N\/\l@ blue. Then the mixture was stirred for 2.5 h. A dark blue mass formed,
N—_ell‘ll-CI which was collected by filtration, washed thoroughly with CH3CN (10
0

mL) and dried. The solid was dissolved in a (3:1)

dichloromethane/acetonitrile solution. Single crystals suitable for X-ray

Complex 3B

diffraction analysis were obtained after 4 day by slow evaporation of the
solvent at room temperature.

Yield: 0.045 g, 42 %.

FT-IR (KBr pellet, cm™): 3044, 2954, 2906, 2868, 1625, 1584, 1484, 1458, 1445, 1376, 1360,
1314, 1268, 1234, 1114, 1024, 989, 904, 895, 852, 759, 746, 642.

ESI-MS (+) m/z for [CsHgsoCloCu,N40,]": Calcd, 896.2696; found 896.2659.

UV-VisINIR (CH,Cl,) Amax, NM (g, M~*cm™): 990(4050), 580(13900), 324(18450).

Anal. Calcd for CyHgoCl,Cu,N4O,: C 61.58, H 6.74, N 6.24; Found C 61.08, H 7.21, N 6.029
%.
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6.2.9: Synthesis of Complex 3C, [C4,H50CuN,0O,]:

Ligand H,LPPerazineAPIAP) (g 151 g, 0.21 mmol) was treated
with an equimolar amount of Cu(ClO,4),*6H,0 (0.078 g, 0.21
mmol) in acetonitrile (10 mL). After the solution stirred for 5
min at room temperature, 0.06 mL of EtsN was added. Then

the resulting solution was stirred another 35 min to give a

Complex 3C green color precipitate, which was collected by filtration and

washed with excess acetonitrile (10 mL).

Yield: 0.040 g, 40%.

FT-IR (KBr pellet, cm™): 3063, 2952, 2919, 2869, 1624, 1578, 1556, 1512, 1440, 1440, 1409,
1351, 1252, 1237, 1150, 1106, 762, 748.

ESI-MS (+) m/z for [C4sHs2CoN4O,]": Caled, 675.3023; Found 675.3012.

UV-Vis/NIR (CH,Cl,) Amax, Nm (¢, M~*cm™): 545(7950), 668(750)

Anal. Calcd for C4HsoCuN,O5: C, 74.63; H, 7.16; N, 4.14. Found: C, 74.57; H, 7.85; N, 7.38
%.

6.2.10: Synthesis of complex 4A, [Cs,Hs55CoN,0,]:

— —51 To a stirred solution of ligand H,L*"®" (0.189 g, 0.5 mmol)
@ﬁlph in acetonitrile (10 mL), Co(ClO,),*6H,0 (0.187 g, 0.5 mmol)
N\él(l)/_o. and EtsN (0.1 mI-_) were ao!ded sequential-ly at room

0~ N temperature under air. The solution was then stirred at room

Ph,, @ temperature for an hour. The resulted precipitate was the

i | | filtered and washed with excess acetonitrile (10 mL).
Complex 4A Unfortunately, all attempts to grow single crystals of complex

4A were unsuccessful.
Yield: 0.104 g, 52%.
FT-IR (KBr pellet, cm'l): 3054, 2953, 2902, 2863, 1577, 1536, 1474, 1358, 1302, 1266, 1185,
1140, 1106, 1026, 912, 896, 855, 746, 697, 660, 510.
ESI-MS (+) m/z for [Cs,HsgN,0,Co]": Calcd, 801.3830 ; found, 801.3836.
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UV-Vis/NIR (CH,ClL,) Amax, Nm (¢, M~*cm™): 1600(1500), 909(19600), 677(18000).
Anal. Calcd for Cs;HsgCoN,O5: C, 77.88; H, 7.29; N, 3.49. Found: C, 78.16; H, 7.27; N, 3.16
%.

6.2.11: Synthesis of complex 4B, [Cs5,HssCoN,O,Cl]:

- —o0] CoCly*6H,0 (0.119 g, 0.5 mmol) was added to a solution of
@"’Ph ligand H,L*"®"" (0.152 g, 0.21 mmol) in acetonitrile (10
(.N—\é':i'/?. mL). Upon addition of EtsN (0.1 mL), the color of the

0”7 Ny solution changed to deep blue. Then the mixture was stirred
Ph,, for 2 h 30 min, and a dark blue mass formed, which was
| _l | collected by filtration, washed thoroughly with CH3;CN (10

Complex 4B

mL) and dried. The solid was dissolved in a (3:1)
dichloromethane/acetonitrile solution. Single crystals suitable for X-ray diffraction analysis were
obtained after 4 day by slow evaporation of the solvent at room temperature.

Yield: 0.104 g, 64%.

FT-IR (KBr pellet, cm'l): 3054, 2953, 2902, 2863, 1577, 1536, 1474, 1358, 1302, 1266, 1185,
1140, 1106, 1026, 912, 896, 855, 746, 697, 660, 510.

ESI-MS (+) m/z for [Cs,HsgCIN,O,Co—ClI]": Calcd, 801.3830 ; found, 801.3839.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~'cm™): ~865(13800), 675(20350).

Anal. Calcd for CsoHssCICON,O,: C, 77.88; H, 7.29; N, 3.49. Found: C, 78.16; H, 7.27; N,
3.16 %.
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6.2.12: Synthesis of complex 4C, [CsgHg3CoN,O,S]:

— —5] Ligand H,L*"®" (0.187 g, 0.50 mmol) was dissolved in
Q.,,Ph o acetonitrile (10 mL), Co(ClOg),*6H,0 (0.092 g, 0.25 mmol)
N\?J/o was added to the solution at room temperature. During
G(;/CO\_N' stirring the colour of the solution gradually turned to deep

Ph,, blue. The solution was then treated with triethylamine (0.1

@ mL). After 15 min, diphenyl-disulfide (0.110 g, 0.5 mmol)

_ Complex 4 — was added to the blue solution. The solution was further

stirred for 2.5 h. A blue colour precipitate was formed, which was isolated by filtration and
washed thoroughly with acetonitrile (10 mL). X-ray quality single crystals were grown from a
solvent mixture of diethyl ether and acetonitrile (4:1) in a dark place employing solvent
evaporation technique.

Yield: 0.107 g, 47%.

FT-IR (KBr pellet, cm™): 3052, 2956, 2903, 2866, 1591, 1527, 1472, 1432, 1392, 1361, 1331,
1298, 1268, 1243, 1202, 1175, 1104, 1025, 747, 698.

ESI-MS (+) m/z for [CsgHg3CoN,O,S]*: Calcd, 910.3942; Found 910.3946.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~'cm™): 834(17700), 583(14750).

Anal. Calcd for CsgHg3CoN,O,S: C, 76.45; H, 6.97; N, 3.07. Found: C, 77.18; H, 7.121; N,
3.17 %.

6.2.13: Synthesis of complex 4D, [CsgHgsCoON,O,Se]:

= o] To a stirred solution of ligand H,L*"®" (0.187 g, 0.50

"'pBPh mmol)) in acetonitrile (10 mL), Co(ClO,),*6H,0 (0.092 g,

(.f‘i\sjgy_o. 0.25 mmol) and triethylamine (0.1 mL) were added,

0~ N\ sequentially. The resulted solution was stirred for 15 min

Ph,..@ and then diphenyl diselenide (0.156 g, 0.5 mmol) was added

| | | to the solution. The blue solution was further stirred for 2.5
Complex 4D

h. A deep blue colour precipitate was formed during the
stirring. The solid was filtered and washed with acetonitrile (15 mL). X-ray quality single
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crystals were obtained upon slow evaporation of diethyl ether and acetonitrile (4:1) solvent
mixture at room temperature in a dark place.

Yield: 0.080 g, 33%.

FT-IR (KBr pellet, cm™1): 3056, 2961, 2903, 2863, 1525, 1462, 1431, 1361, 1297, 1261, 1202,
1175, 1099, 1026, 802, 784, 735, 696.

ESI-MS (+) m/z for [CsgHesCoN,O,Se]™: Calcd, 958.3446; Found 958.3398.

UV-Vis/NIR (CH,Cl,) Amax, Nm (¢, M~*cm™): 843(17650), 678(10250), 583(13850).

Anal. Calcd for CsgHgzCoN,O,Se: C, 72.62; H, 6.62; N, 2.92. Found: C, 72.86; H, 6.63; N,
2.95 %.

6.2.14: Synthesis of complex 5A, [Cs,H55CuN,05]:

—o] To a stirred solution of ligand H,L*"®"" (0.189 g,

“Ph 0.5 mmol) in CH3;OH (10 mL), CuCl,e2H,0 (0.860 g, 0.5

<.N_\Clllj /9.> mmol) and EtsN (0.1 mL) were added sequentially at room

0~ N temperature under air. The resulting solution was stirred at

Phl.é) room temperature for 1 hour. The resulted greenish

L precipitate was filtered and washed with excess CH3OH (5
Complex 5A

mL). Crystals suitable for single crystal X—ray diffraction
analysis were grown by slow evaporation of a 3:1 CH,Cl,/CH3;OH solvent mixture.

Yield: 0.126 g, 62%.

FT-IR (KBr pellet, cm™): 3055, 2959, 2905, 2866, 1579, 1475, 1462, 1447, 1386, 1361, 1332,
1253, 1202, 1179, 1110, 1029, 853, 775, 746, 738, 697.

ESI-MS (+) m/z for [Cs,HsgN,O,Cu]": Caled, 805.3789 ; found, 805.3791.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~tem™): 1070(4450), 792(6200), 470(5000), 310(19550).
Anal. Calcd for Cs;HsgCuN,O;: C, 77.47; H, 7.25; N, 3.47. Found: C, 77.52; H 7.15; N, 3.58.
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6.2.15: Synthesis of complex 5B, [C5,Hss CuN,O,Cl]:

= =35] To astirred solution of ligand H,LA"®" (0.188 g, 0.5 mmol) in
Q"’P& CH3OH (10 mL), CuCl,e2H,0 (0.173 g, 1.0 mmol) was added
'N\c'{,/o* at room temperature under air. Upon addition of EtzN (0.1 mL),
'\O/ \Nz
Ph the color of the solution changed to deep blue. After stirring of
@ the solution for 1 hour 5 minutes, a dark blue solid of 2 formed
B Complex 5B -

which was collected by filtration. Recrystallization of the solid
from a CH,CI,/CH3;0H (4:1) solvent mixture provided blue crystals suitable for single crystal X-
ray diffraction analysis.

Yield: 0.152 g, 72%.

FT-IR (KBr pellet, Cm'l): 3054, 2952, 2905, 2866, 1617, 1591, 1460, 1432, 1387, 1377, 1364,
1321, 1247, 1206, 1085, 1023, 895, 805, 746, 701, 611, 580, 531.

ESI-MS (+) m/z for [Cs,HssN,O,CuCI-ClI]*: Calcd, 805.3789 ; found, 805.37609.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~tem™): 1160(1350), 490(13050), 420(11900).

Anal. Calcd for Cs;HssCuN,O,Cl: C, 74.25; H, 6.95; N, 3.33. Found: C 74.47; H, 6.85; N,
3.32.

6.2.16: Synthesis of complex 5C, [Cs,H55CuN,O,PFg]:

= e To a stirred solution of the complex 5A (0.201 g, 0.25
6
@-.,Ph ©.,,Ph mmol) in CH,CI, (10 mL), ferrocenium
=N__ i NB hexafluorophosphate (0.083 g, 0.25 mmol) was added and
Cu\;'

S0 (o) allowed to stirred for 3 hours. During stirring a deep green

color solution was changes to deep blue. Then reaction

Complex 5C

solution was evaporated to dryness to give amorphous
solid. The resulted solid was washed with excess hexane (10 mL). Recrystallization from
CHyCl,/hexane (3:1) solution afforded X-ray quality crystals.

Yield: 0.112 g, 45%.

FT-IR (KBr pellet, cm™): 3062, 2955, 2915, 2871, 1635, 1608, 1563, 1469, 1415, 1387, 1368,
1321, 1270, 1248, 1207, 1173, 1088, 903, 841, 745, 703, 557.
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ESI-MS (+) m/z for [Cs,HsgN,O,Cu]": Calcd, 805.3789 ; found, 805.3784.

UV-Vis/INIR (CHCl2) Amax, NM (&, M~lem™): 1167(2000), 500(9150).

Anal. Calcd for Cs;HsgCuN,O,PFg1.5H,0: C, 63.85; H, 6.29; N, 2.87. Found: C, 63.91; H,
6.03; N, 2.61.

6.2.17: Synthesis of complex 5D, [Cs,HssCuN,O,SbF]:

To a stirred solution of the complex 5B (0.210 g, 0.25

+ —_
SbF,
@ @ ° mmol) in CH,Cl, (10 mL), silver hexafluoroantimonate
Ph ‘Ph
N1 N (0.085 g, 0.25 mmol) was added and allowed to stirred for

Cu . e .
o N 2 hours. During stirring a deep blue color solution

changed to reddish—brown. Then reaction solution filtered

Complex 5D

through celite pad and filtrate part was evaporated to
dryness to give amorphous solid of 4. The solid was recrystallized from a CH,Cl,/MeOH (3:1)
solvent mixture afforded X-ray quality crystals.

Yield: 0.112 g, 42%.

FT-IR (KBr pellet, cm™): 3063, 2961, 2909, 2871, 1638, 1622, 1514, 1473, 1377, 1288, 1268,
1251, 1021, 898, 751, 702, 657.

ESI-MS (+) m/z for [Cs,HsgN,O,Cu]™: Calcd, 805.3789 ; found, 805.3766.

Anal. Calcd for Cs;HssCuN,O,SbFge3H,0: C, 57.02; H, 5.89; N, 2.56. Found: C, 56.94; H,
5.63; N, 2.46.
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7.1 Crystallographic Data and Structure Refinement Parameters

Table 7.1:
2A 2C
Empirical formula C66H74F62N307,2(CH3CN), C66H73Mn2N803, 2(C|O4)
2(Cl0y)
Formula weight 1484.04 1335.10

Crystal habit, colour
Crystal size, mm?®
Temperature, T
Wavelength, 4 (A)
Crystal system
Space group

Unit cell dimensions

Volume, V (&%)

z

Calculated density, Mg-m™
Absorption coefficient,

W (mm™)

F(000)

@range for data collection
Limiting indices

Reflection collected/unique
Completeness to &

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness—of—fit on F?
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Needle, Brown
0.20x0.15x0.05
296(2)

0.71073
monoclinic

‘P 21/¢c
a=15.2994(3) A
b =13.1099(3) A
c=18.3192(4) A
a=90.00°,4=93.079(2)°,
y=90.00°
3669.04(13)

2

1.343

0.538

1552
2.97° t0 25.10°
~15<h<18,-10<k<15
~15<1<21

17084/6514[R(int) = 0.0269]
99.8% (0= 25.00°)
0.973/0.908
'SHELXL-97(Sheldrick, 1997)
6526/0/464

1.049

R1 = 0.0458, wR2 = 0.1091

R1 =0.0595, wR2 = 0.1178
0.456 and —0.566 e-A3

Needle, Brown
0.21x0.12x0.08
293(2)

0.71073
monoclinic

‘P 21/n°
a=15.1390(7) A
b =11.5340(7) A
c =20.2243(18) A
a=90.00°, £=100.575(7)°,
y=90.00°
3471.5(4)

2

1.277

0.502

1394
3.13° to 25.00°
_18<h<14,-4<k<13
~20<1<24

14882 / 3987 [R(int) = 0.0350]
99.8% (0= 25.00°)
0.961/0.930
'SHELXL-97(Sheldrick, 1997)
6109/0/417

1.098

R1 = 0.0765, wR2 = 0.1723

R1=0.1131, wR2 = 0.1929
0.919 and —0.405e-A~3
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Table 7.2:

3A 3B 3C
Empirical formula C46H62C0N402 C46H60C|2CU2N402 C42H43CUN202
Formula weight 761.93 898.98 676.37
Crystal habit, colour Needle, Pink Needle, Blue Block, Brown
Crystal size, mm® 0.20x0.15%0.10 0.24x0.12x0.08 0.18x0.15x0.10
Temperature, T 293(2) 293(2) 293(2)
Wavelength, A (A) 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic triclinic
Space group ‘C2lc ‘P-1° ‘P-1°

Unit cell dimensions

Volume, V (A%

Z

Calculated density, Mg-m—
Absorption coefficient,

W (mm™)

F(000)

@range for data collection
Limiting indices

Reflection collected/unique

Completeness to ¢
Max. and min. transmission
Refinement method

Data/restraints/parameters
Goodness—of—fit on F?
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=21.1697(8) A
b=10.4712(4) A
¢ =19.2053(6) A
a=90.00°, B=
90.924(3)°,
7=190.00°
4256.7(2)

4

1.189

0.444

1636

3.05 ° to 25.00°
—18<h<?25,-12<
k<12,

—-22<1<22

10283 / 3167 [R(int)
= 0.0235]

99.8% (6= 25.00°)
0.957/0.923
'SHELXL-
97(Sheldrick, 1997)'
3736 /0/250

0.991

R1 =0.0404, wR2 =
0.1086

R1 =0.0476, wR2 =
0.1140

0.365 and — 0.322
e-A3

a=10.4996(4) A

b =14.3892(9) A

c =16.6632(9) A

a = 105.554(5)°, B =
99.245(4)°,

7= 99.165(4)°
2339.0(2)

2

1.276

1.063

944
2.89° to 25.00°
—11<h<12,-17<
k<13,

-19<1<19

17518 / 5422 [R(int)
= 0.0444]

99.7% (6= 25.00°)
0.918/0.858
'SHELXL—
97(Sheldrick, 1997)'
8229/0/517

1.033

R1 = 0.0620, WR2 =
0.1069

R1=0.1035, wR2 =
0.1238

0.489 and
~0.332¢-A°3

a=11.8586(4) A

b =17.7280(6) A

¢ =23.0707(6) A
a=102.249(3)°, B =
100.156(3)°,

7= 103.341(3)°
4480.5(3)

5

1.253

0.647

1795

2.88° to 25.00°
—13<h<14,-20<
k<21,

—21<lI<27

33418 /9386 [R(int)
=0.0382]

99.8% (6= 25.00°)
0.937/ 0.890
'SHELXL-
97(Sheldrick, 1997)'
15732/0/1090

1.040

R1 =0.0638, wR2 =
0.1547

R1 =0.1149, wR2 =
0.1866

0.606 and —1.043
e-A7
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Table 7.3:

4B 4C 4D
Empirical formula C52H53C|CON202, CsgHg3CoN,0,S C116 H127 Coa N4 Oy

CH3CN Se,
Formula weight 878.44 910.39 1917.00
Crystal habit, colour Needle, Blue Needle, Dark Block, Brown
Blue

Crystal size, mm® 0.24x0.18x0.14 0.20x0.15x0.10 0.26x0.17x0.12
Temperature, T 293(2) 293(2) 100(2)
Wavelength, A (A) 0.71073 0.71073 0.71073
Crystal system triclinic monoclinic monoclinic
Space group ‘P-1’ ‘P21/n ‘P21

Unit cell dimensions

Volume, V (A%

Z

Calculated density, Mg-m™—
Absorption coefficient,

W (mm™)

F(000)

@range for data collection
Limiting indices

Reflection collected/unique
Completeness to &
Max. and min. transmission

Refinement method

Data/restraints/parameters
Goodness—of—fit on F?
Final R indices
[1>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=12.6286(6) A

b =14.1944(5) A

c =15.1025(5) A
a=79.358(3) °, B =
78.791(3) °,

7= 68.866(4) °
2457.45(17)

2

1.187

0.445

932
3.00° to 25.00°
—14<h<15,-16<
k<14,
—17<1<17

18632 / 8628
[R(int)= 0.0244]
99.8% (0= 25.00°)

0.940 /0.908
'SHELXL—
97(Sheldrick, 1997)

8628 /0/ 563

1.032

R1 =0.0547, wR2 =
0.1385

R1 =0.0694, wR2 =
0.1522

0.828and —0.599
e-A3

a=13.2465(3) A
b =16.1975(4) A
¢ = 48.3989(8) A
a=90.00°, B=
92.1863(17)°,

7= 90.00°
10376.9(4)

8

1.166

0.413

3872

3.03° to 25.00°
-15<h<15,-19
<k<15,

57 <1<4l
48525/18243
[R(int)=0.0363]
99.8% (0=
25.00°)
0.978/0.960
'SHELXL-
97(Sheldrick,
1997)'

18243 /0/1177
1.076

R1 =0.0581, wR2
=0.1260
R1=0.0764, wR2
=0.1358

0.498 and —
0.332e-A°

a=10.5924(5) A
b = 36.8212(15) A
¢ =14.0563(6) A
a=90.00°, B=
96.839(4)°,
7=90.00°
5443.3(4)

2

1.170

1.024

2010
3.13° to 25.00°
~12<h<8,-43<k<
41,

“15<1<16
26610/17459 [R(int)=
0.0313]

99.1% (0= 25.00°)

0.884/0.811
'SHELXL—
97(Sheldrick, 1997)"

17459 /1/1178

1.076

R1=0.0704, WR2 =
0.1630

R1=0.0910, WR2 =
0.1804

0.989 and —0.492 e-A3
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Table 7.4:

5B 5C 5D
Empirical formula C52 H53CUN202C| 2(C52H58CUN202), C52 H58CUN2028bF6

2(PF6)! 3(H20)

Formula weight 842.00 1957.10 1042.29
Crystal habit, colour Block, Deep blue Block, Blue Needle, Brown
Crystal size, mm® 0.25x0.20x0.15 0.10x0.08x0.04 0.26x0.12x0.10
Temperature, T 100(2) 293(2) 100(2)
Wavelength, A (A) 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic trigonal
Space group ‘C2/lc ‘P-1 ‘P3127

Volume, V (A%
Z

W (mm™)
F(000)

Limiting indices

Final R indices
[I>2sigma(l)]

Unit cell dimensions

Calculated density, Mg-m™
Absorption coefficient,

@range for data collection

Reflection collected/unique
Completeness to &

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness—of—fit on F?

R indices (all data)

Largest diff. peak and hole

a=17.0071(8) A
b =13.1682(6) A
¢ =20.1656(8) A
a=90.00°, f=
95.639(4)°,

7= 90.00°
4494.3(3)

4

1.244

0.587

1784

2.99° to 24.75°
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0.2047

R1 =0.1008, wR2 =
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3670.4(2)

3
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10058/ 4896
[R(int)= 0.0269]
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0.900/ 0.860
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5392 /0/ 296
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0.910 and —0.884
e-A
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7.2 DFT Optimized Structure and Selected Bond Distances of
Complex 2B

clo,

Theoretical Bond Distances (A)
LS Fe(lll), S=1/2

Figure 7.1: (A) Optimized structure of the complex 2B obtained from the DFT
calculation with an S = 1/2 spin-state. (B) Selected bond distances of complex 2B
obtained from the DFT calculation.

Table 7.5: Cartesian coordinates for complex 2B.
LS S =1/2, Energy = -1780761.941989 Kcal/mol
12
Fe (PDBName=Fel, ResName=UNK, ResNum=1) 5.70800000 0.98800000 9.43900000
O (PDBName=03, ResName=UNK, ResNum=1) 6.35262208 3.04226592 9.95313392
PDBName=N1, ResName=UNK, ResNum=1) 3.98795153 2.69397470 9.66374499
PDBName=N3, ResName=UNK, ResNum=1) 4.26500000 -0.65100000 9.46300000
PDBName=N4, ResName=UNK, ResNum=1) 5.66200000 0.38000000 11.50500000
PDBName=N2, ResName=UNK, ResNum=1) 5.11100000 0.89700000 7.38600000
PDBName=C16, ResName=UNK, ResNum=1) 2.71400000 2.07700000 8.90400000
PDBName=C17, ResName=UNK, ResNum=1) 2.08200000 2.97300000 8.04900000
PDBName=H17, ResName=UNK, ResNum=1) 2.43000000 3.82800000 7.93000000
PDBName=C23, ResName=UNK, ResNum=1) 4.80600000 1.61000000 10.46300000
PDBName=H23A, ResName=UNK, ResNum=1) 5.55000000 2.09600000 10.07700000

PDBName=H23B, ResName=UNK, ResNum=1) 4.11800000 2.25200000 10.70100000

PDBName=C18, ResName=UNK, ResNum=1) 0.93900000 2.59300000 7.37700000
) 0.51500000 3.19600000 6.80900000
PDBName=C21, ResName=UNK, ResNum=1) 2.23000000 0.77700000 9.03900000
PDBName=C33, ResName=UNK, ResNum=1) 4.95200000 1.68900000 5.15100000
PDBName=H33, ResName=UNK, ResNum=1) 5.15000000 2.34100000 4.52000000
PDBName=C34, ResName=UNK, ResNum=1) 5.35600000 1.83300000 6.46200000
PDBName=H34, ResName=UNK, ResNum=1) 5.81400000 2.60500000 6.71000000
PDBName=C32, ResName=UNK, ResNum=1) 4.26000000 0.57700000 4.79800000
PDBName=H32, ResName=UNK, ResNum=1) 3.97700000 0.46500000 3.92000000
PDBName=C24, ResName=UNK, ResNum=1) 5.26000000 -0.89000000 11.68800000
PDBName=C28, ResName=UNK, ResNum=1) 4.24800000 -1.23600000 8.09500000

PDBName=H28A, ResName=UNK, ResNum=1) 3.40300000 -1.69100000 7.95400000

N (
N (
N (
N (
C(
C(
H(
C(
H(
H(
C(
H (PDBName=H18, ResName=UNK, ResNum=1
C(
C(
H(
C(
H(
C(
H(
C(
C(
H(
H (PDBName=H28B, ResName=UNK, ResNum=1) 4.95700000 -1.89300000 8.02000000
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C (PDBName=C30, ResName=UNK, ResNum=1) 4.42800000 0.19300000 7.03600000

C (PDBName=C19, ResName=UNK, ResNum=1) 0.42500000 1.34200000 7.54000000

H (PDBName=H19, ResName=UNK, ResNum=1) -0.36200000 1.10400000 7.10700000
C (PDBName=C22, ResName=UNK, ResNum=1) 2.90100000 -0.23200000 9.92900000
H (PDBName=H22A, ResName=UNK, ResNum=1) 2.97800000 0.14300000 10.82000000
H (PDBName=H22B, ResName=UNK, ResNum=1) 2.33800000 -1.01900000 9.98800000
C (PDBName=C20, ResName=UNK, ResNum=1) 1.07000000 0.43100000 8.34400000

H (PDBName=H20, ResName=UNK, ResNum=1) 0.72600000 -0.42900000 8.42600000
C (PDBName=C31, ResName=UNK, ResNum=1) 3.98000000 -0.37600000 5.73300000
H (PDBName=H31, ResName=UNK, ResNum=1) 3.49700000 -1.13700000 5.50200000
C (PDBName=C27, ResName=UNK, ResNum=1) 6.18400000 1.05700000 12.54700000
H (PDBName=H27, ResName=UNK, ResNum=1) 6.46600000 1.93500000 12.42600000
C (PDBName=C25, ResName=UNK, ResNum=1) 5.34200000 1.50500000 12.92400000
H (PDBName=H25, ResName=UNK, ResNum=1) 5.03000000 -2.37300000 13.04100000
C (PDBName=C26, ResName=UNK, ResNum=1) 5.88700000 -0.82200000 13.96500000
H (PDBName=H26, ResName=UNK, ResNum=1) 5.97600000 -1.23200000 14.79500000
C (PDBName=C29, ResName=UNK, ResNum=1) 6.30700000 0.46700000 13.79100000
H (PDBName=H29, ResName=UNK, ResNum=1) 6.67100000 0.94300000 14.50200000
C 4.06856454 4.26047016 10.34469543
C 5.65405399 4.26517895 10.37430651
C 6.17721407 5.77819586 10.47944042
C 5.47956007 6.98670486 10.47824142
C 4.08473507 6.98662686 10.47776242
C 3.38713407 5.77842086 10.47875842
H 6.02976007 7.93884786 10.47818242
H 2.28753007 5.77860386 10.47857842
C 3.10519980 8.79063962 9.02507048

H 2.32249429 8.21751251 8.57363122

H 2.83665139 9.82638385 9.02111673

H 4.01110260 8.65494876 8.47205320

C 3.31439689 8.32011001 10.47642793
C 1.87800623 8.28681606 11.03075039
H 1.87119930 7.78097786 11.97360848
H 1.52243376 9.28765017 11.16036255
H 1.24237434 7.76868733 10.34342608
C 4.18964638 9.21635775 11.37212784
H 4.42365526 8.69602941 12.27733404
H 5.09502692 9.46020838 10.85664463
H 3.65838456 10.11555280 11.60474154
C 7.71721381 5.77830790 10.48032828
C 8.23029818 7.20828466 10.73234196
H 7.93874865 7.84023600 9.91960807

H 7.81119640 7.58226969 11.64304986
H 9.29744308 7.19590313 10.80946827
C 8.23136927 5.28136965 9.11640140

H 8.62265747 4.29109518 9.22199507

H 7.42528493 5.27321661 8.41279529

H 9.00340318 5.93452206 8.76675075

C 8.22997308 4.84538148 11.59312936
H 7.43652160 4.64156608 12.28145634
H 8.57125764 3.92817518 11.16051239
H 9.03840768 5.31820137 12.11059901
121.031.041.05 1.0 06 1.0

2 45 1.0

37 1.0 44 1.0

4 10 1.0 23 1.0 29 1.0
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10 11 1.0 12 1.0 22 1.0

13 14 1.0 27 2.0

15 29 1.0 32 1.5
16 17 1.0 18 2.

(@)

20 2.0

18 19 1.0

20 21 1.0 34 2.0

22 38 2.0

23 24 1.0 25 1.0 26 1.0

26 34 1.5

27 28 1.0 32 2.0

29 30 1.0 31 1.0

32 33 1.0 35 1.0
36 37 1.0 42 2.0
38 39 1.0 40 2.0
40 41 1.0 42 2.0
42 43 1.0

44 45
45 46
46 47
47 48

48 49
49 51

49 1.5

65 1.0
50
56 1.0

e e
-
.
o

[@2NE) ICENG INE I E, |

52 53 1.0 54 1.0 55 1.0 56 1.0

56 57 1.0 61 1.0
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63
64
65 66 1.0 70 1.0 74 1.
66 67 1.0 68 1.0 69 1.
67
68
69
70 71 1.0 72 1.0 73 1.
71
72
73
74 75 1.0 76 1.0 77 1.
75
76
77

o O

(@)

(@)

®) [ eior

— Theoretical Bond Distances (A) —
HS Fe(lll), S = 5/2

Figure 7.2: (A) Optimized structure of the complex 2B obtained from the DFT
calculation with an S = 5/2 spin-state. (B) Selected bond distances of complex 2B
obtained from the DFT calculation.

Table 7.6. Cartesian coordinates for complex 2B.

HS S = 5/2 Energy = -1780771.054056 Kcal/mol
16

Fe -1.25285000 0.25847900 -0.01781300
0 0.12712500 1.44379100 0.46576200

N 0.05297000 -1.05601400 0.09574900

N -2.78089300 -0.99473100 -0.47611700
N -1.65998300 0.96632500 -1.78654600
-2.52592000 0.85846400 1.33804500
-0.18408100 -2.44961000 0.27876500
0.62142700 -3.23323600 1.14317000
1.46115500 -2.76608300 1.65513000
-3.70387900 -0.23023800 -1.41086200
-4.30927700 0.44643600 -0.78700400
-4.38943900 -0.91595700 -1.93531900
0.32821000 -4.58450100 1.36883700
0.96363900 -5.16611900 2.03786900
-1.33362600 -3.04701400 -0.31378800
-3.41168600 2.40686200 2.96434000
|
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-3.32601200 3.36180900 3.48063800
-2.45484600 2.05193600 2.00901200
-1.60224300 2.67823900 1.75634700
-4.46732200 1.52351200 3.24829600
-5.22091400 1.78140900 3.99170800
-2.85535600 0.57462400 -2.35442600
-3.48294800 -1.29950400 0.82618500

0
-2.86008900 -2.03634700 1.35730000
-4.47638100 -1.74953700 0.65822800
-3.56204600 -0.01477100 1.61339000
-0.78215100 -5.18466500 0.75034200
-1.00825900 -6.23754100 0.91861800
-2.25218300 -2.23575200 -1.18593800
-1.73620500 -1.85847000 -2.08227800
-3.10353800 -2.85635800 -1.51760000
-1.61138900 -4.40647400 -0.07231000
-2.48842000 -4.85916500 -0.54094800
-4.54103600 0.29725600 2.55937200
-5.34915300 -0.40685300 2.75832600
-0.79108000 1.73460800 -2.51930100
0.13301000 2.01439300 -2.01948800

-3.20246600 0.94378500 -3.65531300
-4.15149900 0.61593300 -4.07986700
-2.31272800 1.73692900 -4.40472900
-2.56481300 2.03445600 -5.42201300
-1.09578500 2.13295600 -3.82406600
-0.38412400 2.74541200 -4.37558100

.36586500 -0.52672300 0.11576400
.37221500 0.88199400 0.36286200

.59951600 1.59854700 0.49168400

.76875900 0.85231500 0.28274500

.79171600 -0.53817700 -0.04951200
.57528500 -1.22479400 -0.12105400
.72427700 1.36766800 0.36066300

.54499200 -2.27910500 -0.38637000
.04204900 -1.13209700 0.95127000
.56506000 -1.64560400 1.80030800
.01612700 -1.60982600 0.76215100
.23089700 -0.08903200 1.24577200
.15116300 -1.22304600 -0.32320800
.98856800 -2.71754700 -0.69605100
.39125500 -2.84682000 -1.61249100
.97974900 -3.15819500 -0.88086200
.51660300 -3.29308300 0.11605100

.86716100 -0.50287600 -1.50428500
.25659100 -0.55002100 -2.41924800
.06518200 0.55567700 -1.27909000
.83378000 -0.98913300 -1.70968300
.62567300 3.10359700 0.84155700

T TTOoODDTDOoOQ@DnIDoDoQODnDoDQOQDDOoD ooz QmnDaxm

NOR B DS_NOOODUGE U OSSO JOOHDNDNBSEDNDNWWNDRERE

.06962400 3.66019600 0.91952800
.66586100 3.15058500 1.69231800
.59620200 3.57582800 -0.04422300
.02924500 4.72798500 1.18317700
.94908700 3.31685600 2.22810300
.91495900 2.94737400 2.21777700
.50336200 2.78492000 3.01664400
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.93985800
.85715700
.31707500

1 .38938800 2.47949300
1

2

0.80348300

1

2

H

C .91489800 -0.24276800
H .76937400 -1.23365700
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H .98968300 -0.00499200
1 1.0 31.051.06 1.0

2 45 1.0
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Swww b
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9
10 11 1.0 12 1.0 22 1.0
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13 14 1.0 27 1.5
14
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7.3 DFT Optimized Structure and Selected Bond Distances of
Complex 2C

Figure 2.23: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]*.
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Table 7.7. Optimized coordinates for complex [2C]*".

Charge = 2 Multiplicity =1

Mn 11.6206 11.6218 10.5438
o) 13.2832 11.534 9.9404

O 11.0358 9.842 9.9607

N 9.8243 11.5721 11.3818
N 11.7222 13.7912 10.8251
N 10.8696 12.5444 8.5885

C 11.0721 6.8235 9.7177

H 11.6237 7.5698 9.9662

H 11.5787 6.2203 9.169

H 10.779 6.3656 10.509
N 12.3996 11.7693 12.5647
C g 9.5594 10.1969
C 9.0606 10.5259 10.9961
C 9.1159 8.3864 9.7515

C 9.4623 12.4106 12.4692
C 12.7271 14.0611 11.8569
H 12.531 14.9146 12.2744
H 13.5998 14.1292 11.4394
C 9.7797 13.7635 12.4235
C 8.9072 14.0138 14.6482
H 8.7187 14.5536 15.3818
C 12.7733 13.0057 12.9066
C 7.022 9.2572 10.8549
C 9.8566 7.3241 8.9384

C 9.4942 14.5582 13.5309
H 9.7042 15.4636 13.517

C 11.3288 13.7958 8.3996
C 12.1413 14.3518 9.5209
H 13.0775 14.1488 9.3718

H 12.0437 15.3172 9.5408

C 7.6792 10.3472 11.2923
H . 10.9896 11.7913
C 8.9895 6.0865 8.6442

H 8.7129 5.6851 9.4692

H 9.5009 5.451 8.1352

H 8.2164 6.3495 8.1392

C 7.7569 8.2583 10.0975
H 7.3048 7.4925 9.8271

C 10.394 14.3748 11.1929
H 9.7838 14.256 10.4474
H 10.5001 15.3275 11.338

C 10.1904 11.9573 7.6044

H 9.8711 11.0934 7.7336
C 8.8875 11.8835 13.6183
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H 8.6992 10.9734 13.6621
C 8.5951 12.6793 14.682

H 8.1838 12.3172 15.4335
C 11.117 14.4798 7.2227

H 11.4326 15.3471 7.1134

C 9.9422 12.5894 6.3957

H 9.4576 12.1661 5.7237

C 5.5319 9.0484 11.1332
C 10.4309 13.8546 6.2187

H 10.2955 14.2929 5.4116
C 10.2797 7.9331 7.6044

H 9.4994 8.1822 7.1054

H 10.7877 7.2895 7.1054

H 10.8193 8.7116 7.7635

C 12.5066 10.767 13.4354
H 12.2052 9.9204 13.1929
C 13.2863 13.2583 14.173

H 13.5309 14.1222 14.4195
C 13.0516 10.9527 14.684

H 13.1654 10.2376 15.2665
C 13.4257 12.2272 15.0478
H 13.7744 12.3829 15.8967
C 5.3964 7.7082 11.8589
H 5.8867 7.0346 11.3818
H 4.4697 7.459 11.9006
H 5.7464 7.7901 12.7496
C 4.854 8.7439 9.7774

H 4.538 9.5617 9.3857

H 4.1134 8.1488 9.9165

H 5.4895 8.331 9.1869
Mn 14.9458 11.4462 9.337

o) 15.5306 13.226 9.9201

N 16.7421 11.4959 8.499

N 14.8442 9.2768 9.0557

N 15.6968 10.5236 11.2923
C 15.4943 16.2445 10.1631
H 14.9427 15.4982 9.9146
H 14.9877 16.8477 10.7118
H 15.7874 16.7024 9.3718

N 14.1667 11.2987 7.3161

C 16.7964 13.5086 9.6839
C 17.5057 12.5421 8.8847

C 17.4505 14.6816 10.1293
C 17.1041 10.6574 7.4116
C 13.8393 9.0069 8.0239
H 14.0353 8.1534 7.6064

H 12.9666 8.9388 8.4414

Page 210

TH-2079_136122008



Appendices

C 16.7867 9.3045 7.4573
C 17.6592 9.0542 5.2326
H 17.8476 8.5144 4.499

C 13.7931 10.0623 6.9742
C 19.5443 13.8108 9.0259
C 16.7098 15.7439 10.9424
C 17.0721 8.5098 6.3499
H 16.8621 7.6044 6.3638
C 15.2376 9.2722 11.4812
C 14.4251 8.7162 10.3599
H 13.4889 8.9192 10.509
H 14.5227 7.7508 10.34

C 18.8872 12.7208 8.5885
H 19.3392 12.0784 8.0895
C 17.5768 16.9815 11.2366
H 17.8535 17.3829 10.4116
H 17.0655 17.617 11.7456
H 18.35 16.7185 11.7416
C 18.8095 14.8097 9.7833
H 19.2616 15.5755 10.0537
C 16.1724 8.6932 8.6879
H 16.7826 8.812 9.4334
H 16.0663 7.7405 8.5428
C 16.376 11.1107 12.2764
H 16.6953 11.9746 12.1472
C 17.6789 11.1845 6.2625
H 17.8672 12.0946 6.2187
C 17.9713 10.3887 5.1988
H 18.3826 10.7508 4.4473
C 15.4494 8.5882 12.6581
H 15.1337 7.7209 12.7675
C 16.6242 10.4786 13.4851
H 17.1088 10.9019 14.1571
C 21.0345 14.0196 8.7476
C 16.1354 9.2134 13.6621
H 16.2709 8.7751 14.4692
C 16.2867 15.1349 12.2764
H 17.067 14.8858 12.7754
H 15.7787 15.7785 12.7754
H 15.7471 14.3564 12.1173
C 14.0598 12.301 6.4454
H 14.3612 13.1476 6.6879
C 13.2801 9.8097 5.7078
H 13.0355 8.9458 5.4613
C 13.5148 12.1153 5.1968
H 13.401 12.8304 4.6143
C 13.1406 10.8408 4.833
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12.26627
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Figure 2.24: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin

density plot of complex [2C]*".

Table 7.8. Optimized coordinates for complex [2C]"".

Charge = 1 Multiplicity = 2

Mn 1.64215 -0.65596 -0.28275
@) -0.06471 -0.1828 0.09769
@) 2.47691 0.95192 0.44359
N 3.50559 -1.2074 -0.57421
N 0.92963 -2.37958 -1.13629
N 1.37654 0.06456 -2.13634
C 3.29704 3.13845 2.36609
H 2.58359 2.32257 2.25931
H 2.77591 4.02623 2.74438
H 4.03994 2.84331 3.11421
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1.71541 -1.75442 1.39651
3.80215 1.02173 0.19448
4.39473 -0.1395 -0.35546
4.60462 2.16365 0.4433
3.90693 -2.51493 -0.34344
0.28994 -3.11252 -0.0094
0.14022 -4.17166 -0.24691
-0.68265 -2.64587 0.15237
3.12152 -3.56065 -0.89156
4.48283 -5.23846 0.21417
4.70873 -6.27876 0.42151
1.11121 -2.95404 1.25049
6.55944 0.95295 -0.4626
3.99708 3.44808 1.02402
3.41597 -4.89558 -0.61179
2.79874 -5.67344 -1.05529
0.53233 -0.69509 -2.86932
-0.03093 -1.9111 -2.16997
-0.95739 -1.6226 -1.674
-0.25441 -2.70518 -2.89289
5. 7514 -0.1559 -0.70242

.15261 -1.05078 -1.15935
.04898 4.53577 1.30078

.8061 4.19387 2.01264
.55959 5.41536 1.73164
.55736 4.85688 0.38688
.96111 2.08578 0.11328
.58608 2.94805 0.30272
.9993 =3, 1P =103
37 -2.57196 -2.62531

.53177 -4.08979 -2.22898
NEEISHES) 1.18546 -2.65449
.58125 1.72791 -2.01237
.98347 -2.87932 0.49708
.58663 -2.10073 0.94684
.26093 -4.21437 0.76357
.09175 -4.45974 1.41902
.17865 -0.33028 -4.16441
.49413 -0.9592 -4.73731
.58134 1.61182 -3.94011

N WNODODONRFRF OO U UdNNERFEDNE OO O O gl o)

.01996 2.52313 -4.32926
.05564 0.9761 -0.80427
.70639 0.84276 -4.70478
.44546 1.14428 -5.714

.99659 4.02232 -0.00335
.53093 4.36093 -0.89686

sl QIO NG oo o eI eN: el @: iR I e Nl eN:: I O NN - HONONO NN -NoNe N I O NONO NG M@ N~

.45906 4.88372 0.41285
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H 2.2736 3.26778 -0.31055
C 2.47813 -1.51216 2.47275
H 2.97034 -0.54588 2.48258
C 1.23106 -3.94134 2.22369
H 0.7537 -4.90363 2.07687
C 2.63846 -2.45085 3.48295
H 3.26847 -2.2268 4.33601
C 2.00278 -3.68683 3.35479
H 2.12548 -4.45087 4.11521
C 8.8699 1.21233 0.48624
H 8.60622 2.16096 0.9624

H 9.94242 1.23484 0.26484
H 8.68667 0.4124 1.21066
C 8.34009 2.11687 -1.80473
H 7.77496 1.96908 -2.730438
H 9.40564 2.15112 -2.05621
H 8.06215 3.09196 -1.39498
Mn -1.65469 0.43293 0.44008
o) -2.6437 -0.84143 -0.68835
N -3.50431 1.16628 0.65738
N -0.88208 1.7707 1.77822
N -1.70736 -0.75002 2.08861
C -3.57219 -2.24453 -3.27004
H -2.77539 -1.57497 -2.94589
H -3.13522 -3.04026 -3.88349
H -4.26373 -1.67603 -3.89991
N -1.37842 1.89753 -0.89878
C -3.94824 -0.78137 -0.57383
C -4.47368 0.32407 0.18337
C -4.84994 -1.70787 -1.18155
C -3.74108 2.5297 0.84304
C -0.05999 2.7091 0.96564
H 0.09364 3.65932 1.48657
H 0.91401 2.23258 0.8122

C — 2% O 3.23533 1.74519
C -3.96022 5.3274 1.09863
H -4.04479 6.40368 1.20162
C -0.66722 2.92844 -0.39704
C -6.74045 -0.45777 -0.15726
C -4.32253 -2.84898 -2.06056
C -3.03535 4.61873 1.86463
H -2.39819 5.14579 2.56935
C -0.8222 -0.33561 3.02251
C -0.06549 0.92798 2.69318
H 0.84958 0.66448 2.1622

H 0.20062 1.47499 3.6057

C -5.86554 0.45875 0.39018
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H -6.21835 1.27546 1.00467
C -5.45411 -3.73608 -2.60385
H -6.1552 -3.17034 -3.22484
H -5.02636 -4.52747 -3.22632
H -6.0169 -4.21742 -1.79796
C -6.20175 -1.51355 -0.94778
H -6.90152 -2.21201 -1.38633
C -1.92623 2.47888 2.58169
H -2.43775 1.71092 3.16915
H -1.42298 3.15924 3.27944
C -2.39082 -1.88897 2.27398
H -3.08768 -2.15823 1.48933
C -4.66014 3.25603 0.06072
H -5.26448 2.73111 -0.66894
C -4.76702 4.63608 0.19285
H -5.47693 5.17656 -0.42511
C -0.59329 -1.07645 4.17711
H 0.12324 -0.72431 4.91013
C -2.20323 -2.68457 3.39838
H -2.76738 -3.60291 3.51127
C -8.25625 -0.38713 0.05385
C -1.28379 -2.27291 4.36203
H -1.11098 -2.87113 5.2503

C -3.37459 -3.74656 -1.2357

H -3.91846 -4.21968 -0.41109
H -2.96117 -4.54271 -1.86421
H -2.5513 -3.16745 -0.82057
C -1.87576 1.95826 -2.14165
H -2.43909 1.09016 -2.46361
C -0.44331 4.0767 -1.153

H 0.12232 4.89764 -0.72901
C -1.67595 3.06449 -2.95576
H -2.08514 3.08083 -3.95892
C -0.95177 4.14354 -2.44742
H -0.78786 5.02962 -3.05176
C -8.73497 -1.68016 0.75027
H -8.25479 -1.79608 1.72693
H -9.81826 -1.64863 0.90435
H -8.50987 -2.57034 0.15631
C -8.95513 -0.25078 -1.31698
H -8.73779 -1.09773 -1.97335
H -10.04059 -0.20402 -1.18394
H -8.63405 0.66224 -1.82797
C -8.6632 0.8123 0.92435
H -8.22036 0.75786 1.92377
H -8.36905 1.763 0.46822
H -9.7499 0.82667 1.04495
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8.52694 -0.34471 -1.43402
8.37491 -1.1925 -0.75844
8.00246 -0.55661 -2.37111
9.59631 -0.28719 -1.65846

T T T QO

Figure 2.25: (A) DFT Optimized bond distances parameter of complex [2C]° (B) Spin
density plot of complex [2C]°.

Table 7.9. Optimized coordinates for complex [2C]°.

Charge = 0 Multiplicity =1

Mn 1.6425 -0.67018 -0.28816
O -0.05368 -0.2929 0.21024
O 2.51037 0.93567 0.41386
N 3.51633 -1.21897 -0.66449
N 0.90133 -2.38764 -1.13052
N 1.27154 0.08795 -2.09984
C 3.38318 3.05446 2.37178
H 2.66988 2.23917 2.2611

H 2.86767 3.92773 2.79

H 4.15096 2.74233 3.08794
N 1.78436 -1.78338 1.37573
C 3.82453 1.00118 0.13513
C 4.40772 -0.15213 -0.44649
C 4.6341 2.13838 0.38573
C 3.91683 =-2.52335 -0.44404
C 0.29113 -3.11792 0.01479
H 0.12852 -4.17617 -0.22046
H -0.6703 -2.64037 0.20961
C 3.10249 -3.568 -0.95827
C 4.49099 -5.25709 0.1005

H 4.71325 -6.29931 0.30416
C 1.14502 -2.9657 1.25323
C 6.56872 0.95281 -0.58649
C 4.03818 3.40426 1.01685
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3.39606 -4.90364 -0.6841
2.75176 -5.67588 -1.09913
0.41024 -0.67069 -2.81274
-0.094 -1.91855 -2.13109
-1.02467 -1.65895 -1.62038
-0.31274 -2.70099 -2.86825
5.75519 -0.15502 -0.82445
.14775 -1.04217 -1.30453

.0935 4.49026 1.2867
.87657 4.13379 1.96307
.61425 5.35554 1.75698
.56962 4.83727 0.36435
.98382 2.07307 0.02209
.61043 2.93446 0.21351

.94917 -3.19614 -1.82948
.29433 -2.56914 -2.65824
.47245 -4.09331 -2.24695
. 73479 1.24066 -2.60472
.43232 1.78089 -1.97688
.02387 -2.90068 0.35397
.65031 -2.12734 0.78044
.29839 -4.23716 0.61454
.15095 -4.48712 1.24081
.02387 -0.26874 -4.07356
.71961 -0.89191 -4.6245

.33808 1.70258 -3.85404

O 00 W OWONDNWDNORERL WNDNMNMDDNWNODODOHFE P, OOO U ULUNERFRDNE OO O 0oy

.7243 2.64307 -4.22908

.0573 0.98293 -0.96079

.44104 0.93633 -4.59692

.11057 1.2695 -5.57561

.99798 4.00009 0.04316

.49348 4.34541 -0.87048
4

.48567 .85916 0.49422
.25444 3.25569 -0.23567
.56332 -1.54282 2.43826

O@nTDTDTOQOaoDnOoOrnQrDOOoDn o@D D oDOon o@D o@D oon oDt Oon o@D DD QD@D 00@D;D0
|

.07038 -0.58435 2.43134
.25107 -3.94101 2.24019
.74031 -4.88943 2.11686
.71222  -2.4705 3.46078
.35233 -2.24739 4.3067

.04197 -3.68968 3.35839
14764 -4.44322 4.13211
.90225 1.19373 0.31429
.64606 2.13127 0.81591
.97081 1.2225 0.07098
.73423 0.37896 1.02585
.3232 2.14215 -1.94492
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H 7.7389 2.01084 -2.86122
H 9.38421 2.18422 -2.21736
H 8.04966 3.10798 -1.51107
Mn -1.66616 0.42605 0.35159
O -2.63767 -0.74429 -0.90949
N -3.51513 1.12195 0.6735

N -0.88894 1.75584 1.87348
N -1.70151 -0.87355 2.40533
C -3.54534 -2.15336 -3.42111
H -2.78618 -1.45558 -3.06787
H -3.06716 -2.92813 -4.03392
H -4.24571 -1.60338 -4.05858
N -1.31593 1.99473 -0.83697
C -3.97307 =0.73959 -0.73025
C -4.49439 0.28677 0.09733
C -4.85033 -1.67371 -1.32709
C -3.74387 2.47732 0.83021
C UM 5 S92 2.71455 1.10519
H 0.12532 3.63771 1.66834
H 0.90627 2.22363 0.92058
C =2, 931 3.19695 1.74943
C -3.95046 5.30167 1.08366
H -4.03021 6.37934 1.18115
C -0.66333 3.02041 -0.2424

C -6.75309 -0.54803 -0.23008
C -4.29835 -2.78645 -2.22857
C -3.04428 4.58351 1.85985
H -2.40995 5.1034 2.57479
C -0.78659 -0.34075 3.23229
C -0.07527 0.92502 2.79096
H 0.81821 0.62745 2.24019
H 0.2322 1.50523 3.67252
C -5.86731 0.3626 0.35085
H -6.22184 1.14267 1.01255
C -5.40118 -3.69156 -2.80045
H -6.112 -3.12808 -3.41285
H -4.94966 -4.46132 -3.43561
H -5.9603 -4.19971 -2.00843
C -6.21908 -1.54546 -1.05976
H -6.90106 -2.25475 -1.51165
C -1.9861 2.43509 2.62605
H -2.52537 1.64001 3.14949
H -1.53527 3.10371 3.3734

C -2.29715 -2.02691 2.71923
H -3.03571 -2.38509 2.00739
C -4.66481 3.2217 0.05553
H -5.28669 2.69731 -0.66018
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C -4.75948 4.6013 0.18244
H -5.46825 5.1415 -0.43998
C -0.43961 -0.97639 4.42616
H 0.29919 -0.52924 5.08269
C -1.99112 -2.73122 3.88158
H -2.48796 -3.6697 4.10077
C -8.26768 -0.49839 0.01775
C -1.04114 -2.19103 4.74692
H -0.77469 -2.70626 5.66444
C -3.34233 -3.6747 -1.40178
H -3.89849 -4.19636 -0.61531
H -2.86245 -4.43073 -2.03573
H -2.57283 -3.06495 -0.93044
C -1.84117 2.14649 -2.06306
H -2.36841 1.28002 -2.44503
C -0.51121 4.24101 -0.89448
H 0.00432 5.05303 -0.39569
C -1.71641 3.33415 -2.76889
H -2.15077 3.42376 -3.75779
C -1.04254 4.39962 -2.17092
H -0.94228 5.3481 -2.68871
C -8.72581 -1.81447 0.68242
H -8.21967 -1.95624 1.64277
H -9.80733 -1.80418 0.86254
H -8.49738 -2.68042 0.05481
C -9.00639 -0.32282 -1.32653
H -8.78927 -1.14419 -2.01488
H -10.09129 -0.2907 -1.17176
H -8.70143 0.60895 -1.81347
C -8.66893 0.66719 0.93654
H -8.2017 0.58302 1.92256
H -8.3854 1.63371 0.50818
H -9.7544 0.67039 1.08032
C 8.51569 -0.32492 -1.6261
H 8.37619 -1.18511 -0.96384
H 7.96848 -0.51902 -2.55389
H 9.5805 -0.26315 -1.87343
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Figure 2.26: (A) DFT Optimized bond distances parameter of complex [2C]*" (B) Spin
density plot of complex [2C]*".

Table 7.10. Optimized coordinates for complex [2C]*".

Charge = 3 Multiplicity = 2

.0461l6 -2.00382 -2.00932
.96046 -1.67712 -1.5101
.28863 -2.85926 -2.6467
.82336 -0.21074 -0.67117

Page 220

Mn 1.65268 -0.61989 -0.21015
@) 0.062 -0.0999 0.19253
O 2.50257 0.9567 0.29595
N 3.56503 -1.20296 -0.4171

N 0. 95 e o — 2 gefe O -0.97328
N 1.37773 -0.06509 -2.13817
C 3.32478 3.29 2.168

H 2.59444 2.47934 2.15029
H 2.82465 4.19981 2.51368
H 4.09462 3.03689 2.90295
N 1.76432 -1.68181 1.49933
C 3.81168 1.04968 0.07433
C 4.44153 -0.17119 -0.36529
C 4.58431 2.22307 0.27631
C 3.98312 -2.5355 -0.25636
C 0.33965 -3.11235 0.17911
H 0.23895 -4.17952 -0.03864
H -0.65862 -2.6927 0.32014
C 3.18779 -3.56162 -0.80401
C 4.62594 -5.22255 0.22658
H 4.87945 -6.26273 0.39833
C 1.14177 -=2.87749 1.43061
C 6.58127 0.9287 -0.51677
C 3.96389 3.53099 0.78132
C 3.52451 -4.89271 -0.5658
H 2.92651 -5.68126 -1.01252
C 0.51388 -0.86416 -2.80843
C

H

H

C

I |
[ NeNeNe]
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H 6.25197 -1.12633 -1.05268
C 5.01225 4.64538 0.93983
H 5.78924 4.37758 1.66153
H 4.52292 5.55027 1.30893
H 5.48952 4.89919 -0.01109
C 5.9354 2.11074 -0.02377
H 6.55592 2.98561 0.1079

C 2.01699 -3.20996 -1.66438
H 2.33599 -2.61949 -2.52711
H 1.53737 -4.11848 -2.04182
C 1.90016 1.01903 -2.74

H 2.58167 1.62072 -2.15463
C 5.06789 -2.87204 0.57461
H 5.63991 -2.08722 1.054

C 5.38846 -4.20595 0.80452
H 6.22999 -4.45177 1.44318
C 0.16321 -0.59566 -4.12678
H -0.51568 -1.26124 -4.64773
C 1.57511 1.35075 -4.0485

H 2.01548 2.22959 -4.50425
C 8.07005 0.99138 -0.85149
C 0.6968 0.52918 -4.75464
H 0.43908 0.75452 -5.7841

C 2.91356 4.01663 -0.24306
H 3.39614 4.27875 -1.18976
H 2.41496 4.91578 0.13196
H 2.15438 3.26088 -0.44809
C 2.48277 -1.34489 2.58418
H 2.97853 -0.38166 2.55183
C 1.22209 -3.7833 2.48352
H 0.73249 -4.74736 2.40554
C 2.58881 -2.19668 3.67422
H 3.17517 -1.90183 4.53662
C 1.95226 -3.43802 3.61889
H 2.03463 -4.13415 4.44686
C 8.85249 1.37161 0.42837
H 8.55722 2.34732 0.82362
H 9.9204 1.42128 0.20005
H 8.70842 0.62556 1.2156

C 8.29605 2.0687 -1.93848
H 7.75457 1.82108 -2.85636
H 9.36086 2.12697 -2.17861
H 7.97991 3.06324 -1.61153
Mn -1.66451 0.47973 0.49402
o) -2.54795 -0.8648 -0.63777
N -3.50507 1.14009 0.61331
N -1.00323 1.83739 1.84785
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N -1.6964 -0.72451 2.11358
C -3.39148 -2.28656 -3.28766
H -2.62611 -1.58678 -2.94707
H -2.91726 -3.0674 -3.89259
H -4.08167 -1.73898 -3.93567
N -1.3495 1.90446 -0.86394
C -3.86544 -0.83772 -0.59597
C -4.44055 0.26981 0.12864
C -4.72267 -1.78075 -1.2327

C -3.8025 2.50336 0.78884
C -0.2092 2.82982 1.06677
H -0.14889 3.79015 1.58629
H 0.79991 2.42954 0.96835
C -3.07041 3.23288 1.74745
C -4.17862 5.27542 1.05738
H -4.33194 6.34272 1.17074
C -0.77154 3.0016 -0.32669
C -6.67612 -0.5457 -0.28112
C -4.15895 -2.91422 -2.10038
C -3.27028 4.60632 1.87801
H -2.71765 5.15536 2.63471
C -0.9176 -0.25005 3.11341
C -0.18854 1.03799 2.80583
H 0.76241 0.80856 2.32549
H 0.01112 1.60325 3.72231
C -5.84081 0.38961 0.28898
H -6.23189 1.20244 0.88475
C -5.26293 -3.81387 -2.68013
H -5.94933 -3.25742 -3.32433
H -4.80757 -4.59896 -3.28988
H -5.84415 -4.30474 -1.89409
C -6.08378 -1.5987 -1.04832
H -6.75728 -2.30786 -1.5088

C -2.1065 2.5048 2.62691
H -2.61205 1.71542 3.18914
H -1.64913 3.19245 3.34702
C -2.37614 -1.87025 2.28478
H -2.99616 -2.18601 1.4546

C -4.69374 3.189 -0.05623
H -5.21952 2.64669 -0.8325

C -4.88152 4.56032 0.08548
H -5.57563 5.07367 -0.57138
C -0.78524 -0.93447 4.31538
H -0.16686 -0.52665 5.10726
C -2.29205 -2.60616 3.46226
H -2.86317 -3.52094 3.56962
C -8.19754 -0.50739 -0.12891
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.22895
.19787
17979
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.64439
.19703
. 70344
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11671
.03947
.83899
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°2 =

.51713
.66832
.22771
. 75612
.40753
.66005
.25837
.37249
. 74954
.59906
.48803
.09766
.66454

.13268
.67611
.80679
.29992
.58948
.22339
.93173
.02091
.1764

.05278
.06615
.06018
.20951
.12039
.39508
.24614
.36504
.51926
.81182
.91504
. 79998
.69993
.68744
.64608
.64269
.67955
.35377
.15092
.66008
.26465

.49178
.42763
.25061
.45629
.87098
.78848
.12409
.47184
.06021
.60617
.91705
.92898
.3717

.95584
.53117
17111
.43639
.03878
.55381
.55009
.66411
.02882
.71885
. 73633
.26765
.79822
.37196
.62953
.29554
.59474

Figure 2.27: (A) DFT Optimized bond distances parameter of complex [2C]** (B) Spin

density plot of complex [2C]**.
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Table 7.11. Optimized coordinates for complex [2C]*".

Charge = 4 Multiplicity =1

.64241 0.55566 0.34456
.00006 -0.00015 0.00022
.56727 -0.94403 -0.43036
.52053 1.22619 0.40523
.9647 2.08739 1.5077
.64996 -0.37342 2.16578
.29545 -3.11972 -2.52285
46708 -2.44321 -2.31185
.88803 -4.06891 -2.88299
.8925 -2.6892 -3.33201
.44887 1.87895 -1.14824
.86938 -0.94392 -0.36686
.45715 0.30358 0.1344
.71585 -2.02593 -0.75485
.83542 2.59463 0.45433

.18254 2.9779 0.59761
.10356 3.98601 1.01411
-0.82428 2.56131 0.52707
.07242 3.43577 1.29352
.29377 5.35854 0.45603
.47899 6.42703 0.47229
.79185 3.00201 -0.78089
.68025 -0.60341 -0.06024
.16717 -3.36351 -1.2728
.32158 4.80544 1.29563
. 76404 5.45031 1.96785
.8574 0.24373 3.07682
.11416 1.43767 2.54828
-0.81037 1.1141 2.06913
-0.13805 2.14366 3.34531
.86144 0.44115 0.28876

.25997 1.34464 0.72695
.29549 -4.33195 -1.66865

.92584 -3.9242 -2.46417
.8573 -5.2591 -2.04543
.9301 -4.5994 -0.81879

.07045 -1.80045 -0.59904
.74714 -2.59622 -0.87615
.05875 2.84314 2.21982
.52739 2.13703 2.90965
.58692 3.62913 2.81767
.33952 -1.46943 2.53402
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H 2.961 -1.92988 1.7798

C 4.78514 3.16151 -0.4191

H 5.31463 2.52925 -1.1213

C 5.01294 4.5329 -0.41137
H 5.74681 4.95921 -1.08667
C 0.74465 -0.21797 4.38147
H 0.1229 0.31502 5.09256
C 2.26353 -1.99324 3.81919
H 2.84172 -2.87358 4.07495
C 8.1924 -0.57637 0.10808
C 1.45744 -1.35631 4.76165
H 1.39628 -1.72794 5.77924
C 3.34443 -4.03623 -0.15044
H 3.98091 -4.26503 0.70975
H 2.92622 -4.98124 -0.50967
H 2.52099 -3.40573 0.19281
C 1.98304 1.77964 -2.37823
H 2.52269 0.86442 -2.5946

C 0.64974 4.06977 -1.66061
H 0.13488 4.96936 -1.342

C 1.86492 2.8017 -3.3094

H 2.31045 2.69427 -4.29156
C 1.1905 3.96821 -2.94227
H 1.10003 4.794 -3.64025
C 8.843 -0.75837 -1.2875

H 8.57584 -1.70914 -1.75703
H 9.93033 -0.74634 -1.17636
H 8.56217 0.0529 -1.96508
C 8.61701 -1.74378 1.03413
H 8.16483 -1.64693 2.02531
H 9.70317 -1.72756 1.15425
H 8.35192 -2.72335 0.62623
Mn -1.64233 -0.55587 -0.34419
0 -2.5671 0.94393 0.43059
N -3.52047 -1.22614 -0.40513
N -0.96465 -2.08781 -1.50709
N -1.64978 0.37299 -2.16554
C -3.29543 3.11968 2.52282
H -2.46706 2.44312 2.312

H -2.88804 4.0688 2.88316
H -3.89272 2.68913 3.33179
N -1.44908 -1.8791 1.14867
C -3.86919 0.94407 0.36666
C -4.45702 -0.30333 -0.13473
C -4.71559 2.02621 0.75443
C -3.83559 -2.59453 -0.45407
C -0.18251 -2.97819 -0.59684

Page 225



Appendices

H -0.10338 -3.98632 -1.01327
H 0.82427 -2.5615 -0.5262

C -3.07254 -3.43598 -1.2929

C -4.29448 -5.35835 -0.45535
H -4.47988 -6.42681 -0.4714¢6
C -0.79205 -3.00223 0.78155
C -6.68003 0.60403 0.05923
C -4.16683 3.36367 1.27258
C -3.32195 -4.8056 -1.29481
H -2.76436 -5.45071 -1.96675
C -0.85728 -0.24438 -3.07648
C -0.11406 -1.43823 -2.54771
H 0.81043 -1.11457 -2.06856
H 0.13822 =-2.14433 -3.34463
C -5.86129 -0.44067 -0.28953
H -6.25983 -1.34412 -0.7278

C -5.29509 4.33225 1.66824
H o o AT 6 3.92446 2.46349
H -4.85686 5.25926 2.0453

H -5.9294 4.59994 0.81824
C -6.07019 1.80096 0.59821
H -6.74682 2.59684 0.87515
C -2.05862 -2.8437 -2.21916
H -2.52709 -2.13776 -2.90929
H -1.58675 -3.62989 -2.81669
C -2.33929 1.46896 -2.53398
H -2.96069 1.92964 -1.77984
C -4.78566 -3.16106 0.41921
H -5.31522 -2.52857 1.12115
C -5.01373 -4.53241 0.41168
H -5.74787 -4.95845 1.08685
C -0.74456 0.21703 -4.38123
H -0.12283 -0.31612 -5.09222
C -2.26335 1.99247 -3.81928
H -2.84152 2.87278 -4.0752

C -8.19214 0.57722 -0.10949
C -1.45734 1.35531 -4.76163
H -1.39621 1.7267 -5.77932
C -3.34378 4.03632 0.15041
H -3.98011 4.26541 -0.70981
H -2.92534 4.98117 0.5098

H -2.52048 3.40564 -0.19286
C -1.98359 -1.77971 2.37851
H -2.52323 -0.86444 2.5947

C -0.65024 -4.06995 1.66135
H -0.13535 -4.9696 1.34292
C -1.86579 -2.80174 3.30975
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H -2.31159 -2.69425 4.29178
C -1.19135 -3.9683 2.94286
H -1.10112 -4.79407 3.64089
C -8.84303 0.75929 1.28596
H -8.57587 1.71004 1.75553
H -9.93034 0.74738 1.17458
H -8.56244 -0.052 1.96359
C -8.61637 1.74472 -1.0356

H -8.164 1.64782 -2.02668
H -9.70251 1.72866 -1.15596
H -8.35123 2.72423 -0.62763
C -8.6788 -0.74555 -=0.71971
H -8.26833 -0.90992 -1.72125
H -8.42818 -1.60418 -0.08812
H -9.76615 -0.72281 -0.81574
C 8.67901 0.74649 0.71817
H 8.42814 1.60507 0.08662
H 8.26874 0.91082 1.7198

H 9.76639 0.72388 0.81397
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Dioxygen Reactivity of an Iron Complex of 2-Aminophenol-
Appended Ligand: Crystallographic Evidence of the Aromatic Ring
Cleavage Product of the 2-Aminophenol Unit
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ABSTRACT: 2-Aminophenol appended pentadentate ligand
H,Gan”" was synthesized by mixing equimolar amounts of 2-
[bis(2-pyridylmethyl)aminomethyl]aniline (A) and 3,5-di-tert-
butyl catechol in hexane in the presence of Et;N under air. The
ligand reacted with Fe(ClO,),-6H,0 or Fe(ClO,);:6H,0 in
the presence of tetrabutylammonium perchlorate, and Et;N
under air and provided a p, oxo-bridged dinuclear iron
complex (1). X-ray single-crystal analysis of complex 1 revealed
the presence of a furan derivative, resulting from the oxidative
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aromatic C—C bond cleavage product of 2-aminophenol derivative, in the coordination sphere of each iron center. Mechanistic
investigation for the formation of complex 1 established that in the absence of molecular oxygen no oxidation of the appended 2-
amidophenolate unit took place. An iron(III)—amidophenolate complex, formed initially, further reacted with molecular oxygen
and caused oxidative aromatic C—C bond cleavage via a putative alkylperoxo species.

B INTRODUCTION

2-Aminophenol-1,6-dioxygenase (APD)' belongs to dioxyge-
nase family and catalyzes the biodegradation of 2-aminophenol
derivatives via oxidative extradiol-type aromatic C—C bond
cleavage at the meta-position (C1—C6) under aerobic
atmosphere. In the reaction, fission of a dioxygen bond and
incorporation of both the oxygen atoms into aliphatic product
2-aminomuconic acid semialdehyde takes place.” The product
then undergoes nonenzymatic condensation spontaneously and
finally forms 2-picolinic acid (Scheme 1).

Scheme 1. APD-Catalyzed C—C Bond Cleavage of 2-
Aminophenol

H H H

Condensation
‘ X~ COOH
~N

@NHZ APD | N CO0H Non-enzymatic path
$oH o, Nz ﬁl
2-Picolinic acid

|
o H,0

2-Aminophenol 2-Aminomuconic acid semialdehyde

In 2013, Li et al.” have reported the crystal structures of APD
from Comamonas sp. strain CNB-1 as the apoenzyme, the
holoenzyme, and as complexes with the lactone intermediate
(4Z,6Z)-3-iminooxepin-2(3H)-one, the product 2-aminomu-
conic-6-semialdehyde, and with the suicide inhibitor 4-nitro-
catechol. The active site of APD contains a mononuclear
nonheme iron center. The iron is in +II oxidation state,> and
the “His13-His62-Glu251 facial triad” occupies the coordina-
tion sites.? During the oxidation catalysis, both N and O atoms
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from the substrate 2-aminophenol derivative and an oxygen
atom from a dioxygen molecule bind to the iron center from
the other face. Thus, a six-coordinate intermediate forms. The
catalytic path for C—C bond cleavage of 2-aminophenol via the
incorporation of two oxygen atoms is being proposed to follow
the mechanism similar to that of extradiol cleavage by catechol
dioxygenases.”

In general, it has been observed that redox-active 2-
aminophenol or its derivatives upon coordination to iron
center do not undergo aromatic C—C bond cleavage in the
presence of dioxygen.” Rather, it exists mainly in its one-
electron oxidized 2-iminobenzosemiquinonato 7-radical state in
the coordination complexes.” Thus, biomimetic model
complexes for APD are very rare.’ In the model complexes,
either tridentate or tetradentate ligand scaffolds along with
substrate 2-aminophenol derivatives are being employed to
form the corresponding five-coordinate and six-coordinate
complexes under inert atmosphere. Dioxygen reactivity of those
complexes is then studied for the mechanistic understanding of
APD.° In all the reports, the aminophenol-derived cleavage
products are isolated via acidic workup of the reaction
solutions. In the procedure, the possibility of unexpected
condensation and/or ring opening of the actual oxidative C—C
cleavage species via hydrolysis cannot be revoked. Thus, a
direct method for identification of the C—C bond cleavage
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product was necessary. In this endeavor, we incorporated a 3,5-
di-tert-butyl-2-aminophenol unit at the ortho position of a
tripodal N,N-bis(pyridine-2-ylmethyl)benzylamine ligand scaf-
fold (Scheme 2). Thus, the designed ligand, designated here as

Scheme 2
U] OH
. Q\
NH; N A NH N’\@
N7 |N F EtaN, Hexane, Air OH N7 |N P
x X
HyGan*?

i Fe(ClO4)96H,0,
AR Y / S
=N e ° 1] CH,CN, Air

9%
\ N o_N
NIFe (o} Eelll
N \o N\,

N/ N (CiO4),
N 7N /_/
<5 Ok
X \_/
— Complex 1 5
) Q\ ©\
NH N’\@ o N N’\@
OH N7 *2H " N7
™ I ™
H Gan*? [Gan*P)"
+1e” l -le”
~N N RS +1@” N N i \
N A"
X X
[Gan'B9Y0 [Gan'®9y'-

“(I) A schematic representation for the syntheses of H,Gan*" and
complex 1. (II) Possible different redox states that can be availed by
the ligand H,Gan"" in its corresponding iron complex.

study for the formation of complex 1 indicated the generation
of a low-spin [Gan*’Fe'"]" species, which reacted with
dioxygen through its low-lying excited state, an Fe(1I)-ISQ
species ([GanWe"]*), causing aromatic C—C bond cleavage.
Finally, the labeling experiment employing '*O, confirmed that
the two incorporated-oxygen atoms in the cleavage product
belonged to dioxygen. Herein, we report the synthesis and
characterization of H,Gan®" and complex 1. In addition, a
mechanistic proposal for the formation of complex 1 is put
forward.

B RESULTS AND DISCUSSION

The ligand H,Gan** was synthesized by mixing equimolar
amounts of 2-[bis(2-pyridylmethyl)aminomethyl]aniline (A)
and 3,5-di-tert-butyl catechol in hexane in the presence of Et;N
under air. The reaction of H,Gan" and Fe(ClO,),-6H,0 or
Fe(ClO,);:6H,O (1:1) in the presence of Et;N and
tetrabutylammonium perchlorate in CH;CN under air yielded
complex 1 in 54% yield.

In the electrospray ionization mass spectrum (ESI-MS) of
complex 1 in CH;CN, a 100% molecular ion peak at m/z =
98.94 appeared in the negative mode, while, in the positive
mode, a 100% molecular ion peak at m/z = 601.22 was
observed. The peak at m/z = 98.94 confirmed the presence of
perchlorate anion in the complex. Isotope distribution pattern
indicated [CgeH,4Fe,N3O,]** composition for the observed
positive mode peak at m/z = 60122 and confirmed the
formation of complex 1. The UV—vis spectrum of complex 1
was predominated by charge transfer transitions (Figure S7).
The band at 440 nm (e = 17450 M~ cm™) was attributed to
oxo-to-Fe(III) ligand-to-metal charge transfer (LMCT), while
383 nm (¢ = 19800 M™' cm™) was assigned as z—z*
transition of the imine (C=N) moiety.

Single crystal suitable for X-ray diffraction measurement was
obtained by the slow evaporation of the reaction mixture. The
diffraction measurement for complex 1-1CH;CN was per-
formed at 296(2) K. The complex crystallized in the
monoclinic space group P21/c (No. 14). The molecular
structure with atom labeling scheme is presented in Figure 1.
Selected bond distances and bond angles are given in Table 1.

Complex 1 was comprised of a dicationic dinuclear oxo-
bridged iron coordination unit and two perchlorate ions as

H,Gan"", contains both substrate 2-aminophenol and tripodal
N; iron coordination site. The ligand would provide a
mononuclear five-coordinate iron complex that could allow
its reaction toward dioxygen. Thus, complex finally could
provide the two oxygen atoms-incorporated C—C cleavage
product of 3,5-di-tert-butyl-2-aminophenol unit. X-ray crystallo-
graphic analysis of the final complex would then provide
crystallographic identification of the aromatic oxidative C—C
cleavage product.

Ligand H,Gan®’ reacted with stoichiometric amount of
Fe(ClO,),6H,0 or Fe(Cl0O,);-6H,0 under air and provided a
U, oxo-bridged dinuclear iron complex (1) [Scheme 2]. X-ray
crystallographic analysis of complex 1 displayed that the
complex in its coordination sphere contained a furan derivative
that formed via meta C—C cleavage of 2-aminophenol
derivative and incorporation of two oxygen atoms into the
cleavage product. Thus far, no other existing APD model
complex provides direct evidence for the identification of
oxidative aromatic C—C cleavage product. The mechanistic

TH-2079_136122008
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Figure 1. ORTEP diagram of dinuclear dicationic oxo-bridged
coordination unit that belongs to complex 1; thermal ellipsoids were
drawn at 40% probability level. Solvent molecule (CH;CN), anions
(perchlorates), and H atoms are omitted.
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Table 1. Selected Bond Distances (A) and Bond Angles
(deg) for Complex 1

Fel—04 1.7789(3) C15-02 1.214(3)
Fel—03 1.9739(19) Cl14-N1 1.291(3)
Fel—N2 2.140(2) C16—-N1 1.437(3)
Fel—N4 2.154(2) C16—C21 1.393(4)
Fel—N3 2.183(2) C21-C22 1.503(4)
Fel—-N1 2.229(2) C22—-N3 1.501(3)
C2-01 1.386(3) C23—-N3 1.487(4)
C5-01 1.366(3) C23-C24 1.492(5)
C2-C3 1.367(4) C24—N4 1.345(4)
C3-C4 1.435(3) C28-N3 1.488(4)
C4-CS 1.341(4) C28—-C30 1.497(4)
Cl14-C15 1.530(4) C30—-N2 1.333(4)
Fel—04—Fel 180.00(2) C5-01-C2 107.0(2)
04 —Fel—-N1 171.54(6) C4-C5-01 109.4(2)
03—Fel-N1 76.13(7) C2—-C3-C4 104.6(2)
N2—Fel—-N1 81.25(8) C2-C3-C6 131.2(2)
N4—Fel—N1 97.00(8) C4—C3-C6 124.1(2)
N3—Fel—-N1 87.42(8) C4—-CS5—C10 134.5(3)
0O4—Fel—N2 92.63(6) 04—Fel-03 100.83(5)
03-Fel—-N2 110.62(9) 01-C5-C10 116.0(2)
N2—Fel-N3 78.12(9) 01-C2-C14 112.3(2)
N4—Fel—N3 76.33(10) C3-C2-Cl14 137.1(2)
03—Fel—-N3 159.54(8) N1-C14—-C2 126.3(2)
04—Fel—N3 97.08(6) N1-C14-C15 112.9(2)
N2—Fel—N4 154.45(10) C2—-C14-Cl15 120.5(2)
03—Fel—-N4 93.46(10) 02-C15-03 125.7(2)
04—Fel—-N4 91.04(6) 02-C15-C14 120.0(2)
C15—03—Fel 117.80(17) 03-C15-C14 114.3(2)

counteranions. In the cationic unit, both the iron centers were
six-coordinate and related to each other by means of an
inversion center that was located at the bridging y,-O4 atom.
Thus, one-half of the molecule was reflected by another. The
coordination sites of the Fel center were occupied by two
pyridine-N atoms (N2, and N4), one amine-N atom (N3), one
imine-N atom (N1), one carboxylate-O atom (O3), and the
bridging-O atom (O4). The Fel-N1 = 2.229(2), Fel-N2 =
2.140(2), Fel—N3 = 2.183(2), Fel—N4 = 2.154(2), and Fel—
03 = 1.9739(19) A bond distances were in accord with the
previously reported high-spin Fe(III)—N and Fe(III)—O bond
distances.” The N1—Fel—04 = 171.54(6), N2—Fel—N4 =
154.45(10), and N3—Fel—03 = 159.54(8)° bond angles
indicated that Fel center acquired distorted octahedral
geometry.

In complex 1, neither 2-amidophenolate unit nor its one-
electron oxidized iminobenzosemiquinone (ISQ) unit was
found in the coordinated ligand backbone. Instead, a newly
formed cyclic C,O unit was present in the ligand backbone.
The N1-C14 = 1.291(3) A bond distance indicated a double
bond (imine) character of the unit. The O1—C2 = 1.386(3),
C2—C3 = 1.367(4), C3—C4 = 1.435(3), C4—C5 = 1.341(4),
and O1—CS5 = 1.366(3) A bond distances confirmed the furan
form of the pendent C,O unit® The longer 03—ClS =
1.296(3) A bond distance compared to 02—C15 = 1.214(3) A
confirmed the localization of the carboxylate'~ charge on O3
atom. Thus, it was evident from the molecular structure analysis
of complex 1 that desired dioxygen incorporation and
simultaneous C—C bond cleavage at the meta position of the
aromatic 2-aminophenol moiety took place during the complex
formation.
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The mechanistic investigation on the complex formation was
performed to understand the O,-dependent C—C bond
cleavage. All attempts to isolate the iron(II) complex of the
ligand failed. However, an iron(III)—amidophenolate complex,
[Gan*’Fe™](ClO,) (2), was isolated from the reaction of the
ligand and iron(Il) perchlorate hydrate in the presence of a
trace amount of oxygen. Herein, the presence of small amount
of oxygen could oxidize in situ generated Fe(Il)-aminiphenolate
species to the corresponding Fe(III)-amidophenolate complex.
Complex 2 could also be isolated in good yield in the reaction
between the liagnd and iron(III) perchlorate hydrate in the
presence of Et;N and tetrabutylammonium perchlorate
(Experimental Section). Complex 2 showed a 100% molecular
ion peak at m/z = 562.23 in its ESI-positive mode mass
spectrum (Figure 2A, inset). Investigation on isotope
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Figure 2. (A) UV-vis/NIR spectrum of complex 2. (inset)
Experimental as well as simulated mass spectra of complex 2. (B)
Experimental and simulated X-band EPR spectrum (9.106 GHz) of
complex 2 measured at 77 K, power = 0.998 mW, modulation
frequency = 100 kHz, and amplitude = 4 G.

distribution pattern revealed that the peak corresponded to
composition Cy3H3gFeN,O;, which implied the formation of
[Gan®PFe'']* species. Noteworthy, despite several attempts, X-
ray diffraction quality single crystal of [Gan®"Fe"](ClO,) could
not be isolated. Density functional theory (DFT) calculations
were performed to optimize the geometry of 2 by considering
both high-spin (S = 5/2) and low-spin (S = 1/2) configurations
of the central Fe(IlI) ion (Figure S8; Tables S1 and S2).
Indeed, complex 2 with low-spin Fe(IIl) state was found to be
9.11 kecal/mol more stable compared to high-spin Fe(III) state.
Furthermore, X-band EPR spectrum of the species showed a
rhombic signal that appeared for an § = 1/2 system (Figure
2B). Simulation to the experimentally obtained spectrum
provided the following parameters: g; = 1.990, g, = 2.035, g3
= 2.050; g,, = 2.025; (W, W,, W;) = (28, 27, S0) G. From the
spectrum nature and the g, value it was evident that the
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paramagnetism of species [Gan"'Fe"]* appeared due to the
presence of an unpaired electron that located at the iron center.
Thus, the iron center present in the species was low-spin
Fe(III) in character,” and the 2-amidophenolate unit was in its
fully reduced close-shell (S = 0) configuration.

The UV—vis/NIR spectrum of complex 2 in CH;CN showed
two broad absorption bands at 578 nm (¢ = 1350 M~ cm™)
and 950 nm (e = 800 M~! cm™") [Figure 2A]. Both the bands
appeared due to 2-amidophenolate-to-Fe(III) LMCTs.”” When
an CH,CN solution of {{Gan*"Fe™](ClO,)} (2) was allowed
to react with dioxygen, the spectral feature changed
instantaneously, and a new absorption manifold centered at
~800 nm (& = 750 M~ cm™) appeared (Figure 3). The band
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Figure 3. Spectral changes upon purging of molecular dioxygen in the
CH,CN solution of complex 2. The instant change (black line to red
line) occurs upon purging of molecular dioxygen in the solution of
complex 2. (inset) Time-dependent absorption changes at 800 nm.

position as well as the band intensity were comparable to the
previously reported five-coordinate Fe(II)—ISQ  system.'
Thus, the formation of a five-coordinate ISQ-containing Fe(II)
species ([Gan"%®Fe"]*) could be attributed during the reaction.
The band at 800 nm decreased in intensity with time and finally
shifted to lower wavelength (690 nm; ¢ = 100 M'cm™")
[Figure 3]. This led to the formation of complex 1 as evident by
ESI-MS analysis of the final solution (Figure 4A).

To reinforce the incorporation of aerial dioxygen into the
meta C—C cleavage product of 2-amidophenolate unit,
[Gan*’Fe'']* was allowed to react with *0, in CH,CN. The
ESI-MS analysis of the final product confirmed the incorpo-
ration of only four 'O atoms in complex 1 (Figure 4B).
Therefore, fifth oxygen atom, that is, the bridging oxygen atom,
in complex 1 was proposed to come from water molecule
instead of aerial dioxygen. To consolidate the proposal, the
formation of complex 1 was performed in the presence of
H,0" in CH;CN, and the positive mode ESI mass spectrum of
the solution was recorded (Figure SA). Interestingly, in
addition to the expected molecular ion peak at 602.58
{[C4sH74Fe;NgO4'0, ]}, two more molecular ion peaks at
603.59 and 604.60 were observed. The respective compositions
of the peaks were [C4H,,Fe,N;O;'%0,]** and
[CesH,,Fe,Ng0,'%0,]%, as confirmed by isotope distribution
pattern examinations (Figure S9). Thus, mass spectrum analysis
indicated that in addition to the bridging oxygen atom, two
more water molecules can participate in the formation of
complex 1. This result implied (i) the generation of a Fe-
hydroxyl species as an intermediate in the progress of complex
1 formation and the hydroxyl group can be replaced by a water
molecule, and (ii) participation of the hydroxyl group in the
formation the furan derivative.
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Figure 4. (A) ESI-MS (positive mode) spectrum of the final species
that formed by purging of molecular oxygen to CH;CN solution of
complex 2. (B) Experimental and simulated mass spectra (ESI, positive
mode) of the final species upon reacting complex 2 with '*0,. All the
species were considered as 100% in the plots.
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Figure S. (A) ESI-MS (positive mode) spectrum of the final species
that formed by purging of molecular oxygen to CH;CN solution of
complex 2 in the presence of H,0'. (B) Experimental mass spectra

(ESI, positive mode) of the final species upon reacting complex 2 with
~1:1 0,/"0, gas mixture.

To examine the incorporation of both oxygen atoms of
molecular oxygen to form the furan derivative in complex 1, a
~1:1 '80,/'°0, gas mixture was employed in the course of
formation of complex 1 in CH;CN. The positive-mode ESI-MS
spectrum of the solution showed molecular ion peaks at 601.52,
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Figure 6. Proposed mechanism for the oxidative meta C—C bond cleavage of 2-aminophenol derivative.

602.52, 603.52, and 604.53 (Figure SB). The peak at 604.53
corresponded to composition [CgH,Fe,NgO,'%04]*", which
indicated the incorporation of three '*O atoms in complex 1.
Thus, it can be argued that both oxygen atoms from an oxygen
molecule participated in furan derivative formation. Since the
tetra O-18 species was observed in the labeling experiment with
80, (Figure 4B), the peak was not observed in mixed
160,/'80, experiment possibly due to low percentage
incorporation and subsequent replacement of an Fe-coordi-
nated [HO'®]™ group by a [H,0"°]° molecule at intermediate
C stage (Figure 6).

A mechanistic proposal (Figure 6) for the formation of
complex 1 by aromatic C—C bond cleavage and incorporation
of an oxygen molecule was drawn by summarizing the
foregoing experimental results. UV—vis/NIR spectrum along
with EPR spectrum revealed that ligand H,Gan"" upon reacting
with Fe(Il) perchlorate hydrate and a trace amount of
molecular oxygen or iron(III) perchlorate hydrate in the
presence of Et;N and tetrabutylammonium perchlorate
provided a five-coordinate [Gan**Fe™]* species. Akin to
previous reports,” it is also postulated that the species remained
in equilibrium with its valence tautomeric [Gan"%Fe']* species,
which then reacted with molecular oxygen to generate an
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Fe(III)-alkylperoxo complex (B; Figure 6). Herein, ESI-MS
analysis for the formation of complex 1 employing 'O,
molecule consolidated the participation of molecular oxygen.
The species B underwent Criegee rearrangement, and species C
was formed. In the species, the Fe(III)-coordinated hydroxyl
group can be replaced by water molecule as evident by H,0'®
experiment. Furthermore, incorporation of three 'O atoms
during the reaction consolidated the participation of the
hydroxyl group in the formation of the furan derivative.
Cyclization of the product from hydrolysis (D) resulted in 2,5-
dihydrofuran derivative (E). Species E then underwent
oxidation to F. Herein, the driving force could be the
aromatization via radical pathway, and the process might be
facilitated by the presence of Fe-salt and in situ generated
superoxide or peroxide species.'' Finally, two units of F
combined with a water molecule, as evidenced by H,0'
experiment, and complex 1 was formed (Figure 6). To note,
the reactivity observed may in fact be more complicated than
the mechanistic scheme proposed.

H CONCLUSION

To conclude, we have demonstrated the successful synthesis of
3,5-di-tert-butyl-2-aminophenol-appended H,Gan"" ligand. The
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ligand upon reacting with Fe(ClO,),-6H,0 in the presence of
air, Et;N, and tetrabutylammonium perchlorate provides
complex 1. Noteworthy, complex 1 can also be synthesized
by using Fe(IlI) percholorale hydrate as the iron salt. X-ray
structural analysis of complex 1 reveals the presence of a furan
derivation in the ligand backbone. Thus, the oxidative meta C—
C bond scission of 2-aminophenol derivative emulates the
function of APD. Noteworthy, the complex provides crystallo-
graphic characterization of the cleavage product of 2-amino-
phenol derivative.

Mechanistic investigation for the scission demonstrates the
formation of [Gan""Fe']" species under anaerobic condition.
The incorporation of aerial dioxygen to the meta C—C cleavage
product is consolidated by mass spectrometric analysis of the
final product that is generated by reacting [ Gan**Fe']" species
with '80,. Finally, the formation of Fe-hydroxy group-
coordinated species C and the incorporation of the bridging
oxygen atom from a water molecule are consolidated by
introducing H,0'® during the complex formation reaction.

B EXPERIMENTAL SECTION

Materials. All the chemicals and solvents were obtained from
commercial sources and were used as supplied, unless noted otherwise.
3,5-Di-tert-butylcatechol, 2-pyridinecarboxaldehyde, and 2-picolyl-
amine were purchased from Sigma-Aldrich. Solvents were obtained
from Merck (India). Mass spectra were measured in HPLC-grade
acetonitrile solution. Labeling experiments were performed using '*O,
gas (99 atom %) and H,0" (98 atom %), which were purchased from
Icon Services Inc., USA.

Physical Methods. X-ray crystallographic data were collected
using Super Nova, Single source at offset, Eos diffractometer. The data
refinement and cell reductions were performed by CrysAlisPro.""
Structures were solved by direct methods using SHELXS-97 and
refined by the full matrix least-squares method using SHELXL-97."*
All the non-hydrogen atoms were refined anisotropically. IR spectra
were recorded on a PerkinElmer Instrument at normal temperature
with KBr pellet by grinding the sample with KBr (IR grade). 'H-, and
BC-NMR spectra of the ligand were recorded in Bruker 600 MHz
NMR machine. UV—vis/NIR spectra were recorded on a PerkinElmer,
Lamda 750, UV/vis/NIR spectrometer by preparing a known
concentration of the samples in HPLC-grade CH,Cl, at room
temperature (25 °C) using a cuvette of 1 cm width. Solution electronic
spectra (single and time-dependent) were measured on an Agilent
8453 diode array spectro-photometer. Mass spectral (MS) data were
obtained from quadrupole time-of-flight (QTOF)-MS spectrometer
(Waters, model: Q-Tof Premier), and peaks are given in m/z (% of
basis peak).

Computational Details. All DFT calculations are performed using
Gaussian09 program suite."* The geometrical optimization calculations
(Table 2) were performed at the level of ubp86/6-311g.

Synthesis of C33H,oN,0, H,Gan”?. To a stirred solution of 3,5-di-
tert-butyl catechol (0.668 g, 3.01 mmol) and 2-[bis(2-pyridylmethyl)-
aminomethyl]aniline (A)"* (0.917 g, 3.01 mmol) in hexane (25 mL)
triethylamine (0.0S mL) was added, and the reaction mixture was
refluxed for 7 d. The resulting brown color reaction mixture was
cooled to room temperature and then stirred further for 2 d. After that,
the resulting suspension was filtered. The filtrate part was evaporated
to afford an amorphous solid. The solid was dissolved in methanol (15
mL) and kept under —20 °C, which provided colorless crystal. Yield:
0.760 g, 50%. FTIR (KBr pellet, cm™"): 3227, 3181, 3110, 3047, 2955,
2904, 2864, 1592, 1569, 1534, 1479, 1434, 1362, 1337, 1299, 1236,
1148, 983, 744. 'H NMR (600.1737 MHz, CDCl,): 6 9.03 (s, 1H),
8.83 (s, 1H), 8.42 (d, ] = 4.6 Hz, 2H), 7.53 (td, ] = 7.4, 1.3 Hz, 2H),
742 (d, ] = 7.8 Hz, 2H), 7.20 (s, 1H), 7.05—7.08 (m, 4H), 7.00 (t, ] =
7.9 Hz, 1H), 6.94 (d, ] = 8.1 Hz, 1H), 6.62 (t, ] = 7.2 Hz, 1H), 3.82 (s,
4H), 3.80 (s, 2H), 1.57 (s, 9H), 1.30 (s, 9H). *C NMR (150.9279
MHz, CDCL,): § 158.2, 149.0, 146.4, 145.8, 141.6, 137.1, 136.9, 130.9,
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Table 2. Crystallographic Parameters and Refinement Data

for 1

empirical formula
formula weight
CCDC number
crystal habit, color
crystal size, mm®
temperature, T
wavelength, 4 (&)
crystal system
space group

unit cell dimensions

volume, V (A%)

VA

calculated density, Mg-m™>

absorption coeflicient, p
(mm™

F(000)

CosHy4Fe,N;0,, 2(CH,CN), 2(ClO,)

1484.04

1481661

needle, brown

0.20 X 0.15 X 0.05
296(2)

0.71073
monoclinic

P21/c
a=152994(3) A
b =13.1099(3) A
¢ =183192(4) A
o = 90.00°, f = 93.079(2)°,
¥ = 90.00°
3669.04(13)

2

1.343

0.538

1552

2.97° to 25.10°
—15<h<18,-10<k<15,-15<1<21
17 084/6514[R(int) = 0.0269]

99.8% (0 = 25.00°)

6 range for data collection
limiting indices
reflection collected/unique

completeness to 6

max. and min transmission 0.973/0.908

refinement method SHELXL-97(Sheldrick, 1997)
data/restraints/parameters 6526/0/464

goodness-of-fit on F* 1.049

final R indices [I > 20(I)]
R indices (all data)
largest diff. peak and hole

R1 = 0.0458, wR2 = 0.1091
R1 = 0.0595, wR2 = 0.1178
0.456 and —0.566 e-A~3

130.2, 128.6, 124.4, 123.0, 122.4, 118.0, 117.6, 117.4, 112.1, 61.0, 60.1,
35.5, 34.6, 31.9, 30.0. ESI-MS (+) m/z for [C33H,oN,O + H]*: Calcd
509.3274; Found 509.3239.

Synthesis of Complex 1, CgeH;4Fe,CIbNgO;s. To a stirred
solution of ligand H,Gan™" (0.206 g, 0.40 mmol) in acetonitrile (15
mL), Fe(ClO,),-6H,0 (0.144 g, 0.40 mmol) or Fe(ClO,);-6H,0
(0.185 g, 0.40 mmol) and Et;N (0.1 mL) were added sequentially.
After this solution was stirred for 15 min at room temperature,
tetrabutylammonium perchlorate (0.276 g, 0.80 mmol) was added to
the solution. The resulting reaction mixture was continued to stir for
further 17 h. After that, the reaction mixture was kept for slow
evaporation at room temperature for 6 d; during this period needle-
shaped crystal appeared. Yield: 0.14S g, 54% [using Fe(ClO,),-6H,0];
0.140 g [using Fe(ClO,);-6H,0]. FTIR (KBr pellet, cm™): 3070,
2965, 2934, 2872, 2251, 1676, 1607, 1587, 1550, 1485, 1443, 1317,
1278, 1247, 1092, 1002, 869, 850, 760. ESI-MS (+) m/z for
[CeeH,4Fe,NgO,]*: Caled, 601.2236; Found 601.2298. Anal. Caled
for C4H,4Fe,CL,NO,5-1CH;CN: C, 56.61; H, 5.38; N, 8.74. Found:
C, 56.30; H, 5.03; N, 8.79%.

Caution! Perchlorate salts of metal complexes are potentially explosive
and should be handled only in small quantities with sufficient care.

Synthesis of Complex 2, Cg3HigFeCIN4Os. Ligand H,Gan?
(0.102 g, 0.20 mmol) was dissolved in acetonitrile (10 mL) under
nitrogen atmosphere (inside a glovebox). To that, Et;N (0.056 mL)
was added, and the solution was allowed to stir for 5 min. After that,
Fe(ClO,);:6H,0 (0.100 g, 0.21 mmol) was added, and the resulting
mixture was allowed to stir for further 10 min. To the solution
tetrabutylammonium perchlorate (0.140 g, 0.40 mmol) was added, and
the reaction mixture was continued to stir overnight (~10 h). The
solvent was removed under vacuum; the residue was dissolved in
dichloromethane and then filtered. The filtrate part was concentrated
under vacuum, and to the residue hexane was added dropwise until the
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product precipitated. The precipitate was filtered and washed with
hexane and diethyl ether, and then the product was collected as brown
solid. Yield: 0.145 g, 72%. ESI-MS (+) m/z for [C3;H;5FeN,O]":
Calcd, 562.2441; Found 562.2302. Anal. Calcd for C33H;33FeCIN,Os-
2Et,0-7H,0: C, 52.59; H, 7.75; N, 5.98. Found: C, 52.86; H, 8.09; N,
5.93%.
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Four-coordinate, monoradical-containing Co(in) complexes participated
in the non-innocent ligand driven homolytic cleavage of S—S and Se—Se
bonds and catalyzed the conversion of RNCO (R = phenyl and naphthyl)
to the corresponding urea derivatives (TON 480) in dry CH,Cl,
under sunlight stimulus.

Over the last two decades, metal-coordinated redox active organic
ligands, known as non-innocent ligands, have been under continuous
investigation as electron acceptors and/or electron donors for catalytic
oxidation and reduction reactions.”* For instance, Chaudhuri,
Wieghardt and coworkers have studied Cu(u)-bis(iminosemiquinone)
complexes extensively as functional models of galactose oxidase for
the two-electron oxidation of primary alcohols to their corresponding
aldehydes.” In addition, a four-coordinate Co(u)-bis(amidophenolate)
complex has been successfully employed as a catalyst for C-C bond
formation reactions by Soper and coworkers.'® Recently, Sarkar and
coworkers described an electrocatalytic C-C bond formation reaction
employing an electrochemically in situ-generated four-coordinate
Co(u)-bis(1,2-diamide) complex as the catalyst and benzylbromide
as the substrate.' In 2015, van der Vlugt and coworkers utilized the
redox active nature of a coordinated 2-amidophenolate derivative in a
four-coordinate Pd(n) complex for the one-electron homolytic S-S
bond cleavage of diphenyl disulfide.’ Recently, we have demonstrated
that H, gas can be generated by employing the Cu(u)-bis(iminoqui-
none) complex and NaBH, in dry acetonitrile.’

To continue our study on the development of ligand radical-
containing transition metal complexes for diatomic (homo and/or
hetero) bond scission/formation reactions, we investigated a
few Co(ur) complexes based on the non-innocent ligands, H,LAP®
(R = -Me and -Ph), shown in Scheme 1. The ligand scaffolds were
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1 Electronic supplementary information (ESI) available: Experimental details; IR,
NMR, mass and UV-vis-NIR spectra of ligands and complexes; bond distance and
bond angle tables for the complexes. CCDC 1454093, 1547976-1547979 and
1555498. For ESI and crystallographic data in CIF or other electronic format
see DOI: 10.1039/c7cc03486e
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Monoradical-containing four-coordinate Co(in)
complexes: homolytic S-S and Se-Se bond
cleavage and catalytic isocyanate to urea
conversion under sunlighty

Ganesh Chandra Paul, Samir Ghoraif and Chandan Mukherjee (2 *

primarily based on a bidentate 2-anilino-3,5-di-ter¢-butylphenol
(H,L*") backbone with methyl and phenyl substituents at the
ortho-position of the aniline group. We envisaged that the presence
of an ortho-substituent would exert steric crowding, and conse-
quently it is possible that four-coordinate cobalt complex formation
would be favorable over the six-coordinate complex. It is noteworthy
that cobalt complexes with unsaturated coordination environments
are essential for substrate activation and catalysis.

Herein, we report two four coordinate, monoradical-containing
Co(m) complexes (1 and 2, [Co™(LAP®)LISANP) which were
synthesized by reacting the ligands with Co(ClO,),-6H,0 under
air. The formed complexes reduced diphenyl disulfide and
diphenyl diselenide by one electron and provided the corres-
ponding five-coordinate, diradical-containing complexes, where the
axial position was occupied by an -XPh group (X = S(1a/2a) and
Se(2b); the parentheses indicate the complex, [Co™(L'®),XPh]°).
Hence, the lesser-explored one-electron reduction of S-S and Se-Se
bonds was investigated. Interestingly, the four- and five-coordinate

oKy
C

NH NH
OH OH
H,LAP(Me) H,LAP(PH)
® o~
;_ R ; R Q\ R
N 1e (.N_ 1e N
o +1e 0 +1e o
[LAP(R)]2- [LISQ(R)]1 - [LIBQ(R)]O

R = -Me, and -Ph

Scheme 1 (A) Structures of the ligands employed in this study. (B) Three
possible oxidation states of the ligands. The abbreviations AP, ISQ and IBQ
represent the amidophenol, iminosemiquinone and iminobenzoquinone
forms of the ligands, respectively.
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Scheme 2 Schematic representation of the syntheses.

complexes under sunlight in a closed vessel in dry CH,Cl, catalyzed
the conversion of phenyl isocyanate and naphthyl isocyanate to the
corresponding urea derivatives. A maximum turnover number
(TON) of 480 in 6 hours was achieved.

The condensation between a 1:1 ratio of 2-R-aniline (R = -Me
and -Ph) and 3,5-di-tert-butylcatechol in the presence of Et;N and air
generated H,LA"™ ligands in good yields [Scheme 2(A)]. Under an
air atmosphere, the H,LA"™¢) and H,L*"™ ligands were reacted
individually with 0.5 equivalents of Co(ClO,),-6H,0 in acetonitrile in
the presence of Et;N for an hour to synthesize the corresponding
four-coordinate, monoradical-containing Co(i) complexes (1: 83%
yield and 2: 53% yield). Notably, the use of CoCl,-6H,O during
complex synthesis should be restricted, as the salt assists the
formation of five-coordinate diradical-containing Co(m) complexes
by the one-electron oxidation of the initially formed four-coordinate,
monoradical-containing Co(m) complexes through a putative inner
sphere electron transfer mechanism (Scheme S2, ESIY).

The addition of either diphenyl disulfide (Ph,S,) or diphenyl
diselenide (Ph,Se,) during the synthesis of 1 and 2 provided the
corresponding five-coordinate diradical-containing complexes 1a/2a
and 2b. The complexes could also be synthesized by reacting Ph,S, or
Ph,Se, with the isolated complexes 1 and 2 (Scheme 2B). X-Band EPR
measurements during the conversions showed an instantaneous
disappearance of the X-band EPR signal of complexes 1 and 2 (vide
infra), with concomitant generation of an isotropic signal at g ~ 2.00
(Fig. S34, ESIT). These features implied the formation of PhX* (X =S
and Se) species along with the diamagnetic complexes 1a/2a and 2b.
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A single crystal of complex 1 suitable for X-ray diffraction analysis
was obtained by slow evaporation of a 10:1 Et,O: CH;CN solvent
mixture. Notably, complex 2 could not be obtained as a single crystal
due to solubility limitations. Furthermore, the complex abstracts
chlorine atoms from chlorinated solvents (e.g. CH,Cl, and CHCl;) and
provided the corresponding five-coordinated, diradical-containing
Co(m) complex, 2¢ (Fig. S22, ESIT). A similar reaction has also been
observed for complex 1, which provided complex 1b (Fig. S21, ESIt).
Nevertheless, X-band EPR and UV-vis-NIR spectral pattern analysis
(vide infra) confirmed that 1 and 2 have a similar type of
geometry and coordination environment.

Complex 1 had square planar geometry (t4 = 0.0).> The coordina-
tion sphere was composed of two nitrogen atoms and two oxygen
atoms from the two ligands (Fig. 1A). The Co-O (1.830(3) A) and
Co-N (1.832(4) A) bond lengths (Table S2, ESIT) were in accordance
with those of the previously reported Co(m) square planar
complexes.” Hence, the formal oxidation state of the Co atom in
the complex was assigned as +III. Notably, complex 1 was neutral in
charge. Therefore, in order to maintain the neutrality, the two
coordinated non-innocent ligands must be present in the complex
in two different oxidation states, ie. one-electron oxidized imino-
semiquinone and fully reduced amidophenolate.*® However, the
Cpn—Opn, (1.323(5) A) and Cpy,—Npy, (1.371(5) A) (where Cpp, Npp, and
Opp, stand for the C, N, and O atoms attached or belonging to the
phenyl ring, respectively) bond distances (Table S2, ESIt) in the two
coordinated-ligands were the same, and corresponded to neither the
iminosemiquinone (C-N = 1.35 A, C-O = 1.30 A) form nor the
amidophenolate (C-N = 1.38 A, C-O = 1.35 A) form (Scheme 1).
These features, as previously reported by Wieghardt, Chaudhuri and
coworkers," implied the delocalization of the negative charge and
the radical (hole) over the two coordinated-ligand units.

All the five-coordinate neutral complexes were almost square
pyramidal (z5 = 0.05 [1a], 0.08 [2a] and 0.0 [2b]).? In the complexes, the
central cobalt atom (Col) was situated above the N202 basal plane,
towards the apical -XPh group (Fig. 1). The Co-O (1.858 to 1.881 A)
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Fig.1 ORTEP plots of (A) 1, (B) 1a, (C) 2a and (D) 2b. Thermal ellipsoids
were drawn at 50% probability level. The H atoms and methyl groups of the
tert-butyl groups (of 1a, 2a and 2b) were omitted for clarity. In 1, the C13
atom is disordered in a 65: 35 ratio between the C13A and C13B atoms.
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and Co-N (1.845 to 1.871 A) bond distances (Tables S3 and S5
and S6, ESIT) in the complexes corresponded to the previously
reported square pyramidal cobalt complexes having a +III
oxidation state.? Thus, herein, the oxidation state of the central
cobalt atom has been assigned as +III. Not all of the C-C bond
lengths of the tert-butyl groups containing Ce phenyl rings were
within 1.39 + 0.01 A; rather, alternating short-long-short C-C
bond lengths were observed, ie. a quinoid-type distortion
(Tables S3 and S5 and S6, ESIf). Furthermore, the average
Cpn—Opp, (1.311(4) [1a], 1.307(3) [2a] and 1.298(8) [2b] A) and
Cpn—Npp, (1.349(4) [1a], 1.351(4) [2a] and 1.362(9) [2b] A) bond
distances were in between their single bond and double bond
values, which emphasized that the one-electron oxidized imino-
semiquinone form®® of the coordinated ligands was present in
the complexes. Hence, X-ray single crystal analysis suggested
that the four-coordinate complex 1 was monoradical-containing,
while the five-coordinate complexes (1a, 2a and 2b) were
diradical-containing. Notably, better quality crystal data would
have been more convincing, however, diffraction measurements
even at 100 K could not improve the structural quality due to the
nature of the crystals.

The five-coordinate diradical-containing square pyramidal
Co(ur) (low-spin, Sc, = 0) complexes (1a, 2a and 2b) were
diamagnetic owing to a strong antiferromagnetic coupling
between the two ligand-centered n-radicals (Sx = 1/2). The
diamagnetic character of the complexes was further supported
by 'H NMR analysis (Fig. S18-S20, ESIt). In the monoradical-
containing four-coordinate square planar Co(m) complexes
(1 and 2), the metal center possesses two unpaired electrons
residing in the d. and d,, magnetic orbitals (Sc, = 1.0). An
antiferromagnetic coupling between the Co(m) d,. magnetic
orbital and the ligand center p, orbital led to a S¢a = 1/2 ground
state and paramagnetism in the complexes, where the unpaired
electron resided in the d,, magnetic orbital. Hence, cobalt(um)-
centered X-band EPR spectra for 1 and 2 were observed. Experi-
mental as well as simulated EPR spectra for 1 and 2 complexes
are shown in Fig. S23, ESL.{ For both complexes, the signals were
anisotropic in nature. Simulation of the experimental spectra
provided the following parameters: g; = 1.992 [1] and 1.980 [2];
g = 2.220 [1] and 2.020 [2]; gz = 2.750 [1] and 3.215 [2];
(A1, Ay, A43) = (5, 42, 93) x 107" em ' for complex 1 and
COAy, Ay, A3) = (2, 1, 110) x 10™* cm™ ! for complex 2. The
average g values for the complexes 1 and 2 were 2.342 and
2.405, respectively, which supported the presence of a metal-
centered unpaired electron.

The UV-vis-NIR spectra of 1 and 2 show an absorption manifold
centered at around 1600 nm (Fig. S24 and S27, ESI}). It has
previously been established that the band appeared due to an
intervalence ligand (amidophenolate) to ligand (iminosemiquinone)
charge transfer.* This experimental fact further confirmed that both
complexes have the same electronic structure. In the UV-vis-NIR
spectra of the five-coordinate, diradical-containing complexes (1a, 2a
and 2b), the band at around 1600 nm was absent and a ligand
(iminosemiquinone) to ligand (iminosemiquinone) charge transfer
band was present at around 830 nm (Fig. S25, S28 and S29, ESI).
Thus, the conversion of four-coordinate [Co™(LAP®)LISRW)°
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to five-coordinate [Co™ (L"), XPh]’, or vice versa, could be
monitored by analyzing the band at 1600 nm.

When CH,Cl, solutions of 1a and 2a were subjected to
sunlight irradiation, the 1600 nm band started to appear, with
concomitant shifting of the ~570 nm band to 660 nm (Fig. S31
and S32, ESIT). This phenomenon indicated homolytic Co-SPh
bond cleavage and the consequent generation of 1 and 2.
A similar phenomenon has also been observed for 2b (Fig. S33A,
ESIT), where 2 was generated by the cleavage of the Co-SePh bond.
The appearance of a Co-centered EPR signal (Fig. S31-S33, ESI}) in
the processes further supported the formation of 1 and 2. As the
five-coordinate, diradical-containing complexes could be converted
to the corresponding four-coordinate, monoradical-containing
complexes under sunlight stimulus, and the four-coordinate com-
plexes have already been found to be one-electron transferring
agents, we investigated the catalytic ability of the four-coordinate as
well as the five-coordinate complexes (1, 2 and 2a) for the conver-
sion of RNCO (R = phenyl and naphthyl) to the corresponding C-N
coupled urea derivatives. Notably, 1,3-diaryl urea derivatives have
agricultural and medicinal uses.® Table 1 contains the reaction
details. In the catalysed reactions, a maximum TON of 480 was
achieved by employing 0.1 mol% of complex 2. The bulkiness of
the substrates and ortho-substituents did not have a pronounced
effect on the product yield. This emphasized that the substrates
approached the Co(ur) centre along the axial position. The require-
ment for both the catalysts as well as sunlight was further
established by performing blank reactions (Table 1). No product
formation in the absence of a catalyst confirmed that the conversion
of the RNCO compounds to their corresponding amines and the
photo-driven [2+2] cycloaddition reaction (Table 1, entries 2 and 4)

Table 1 Optimization of urea derivative formation?

Substrate

.C

“W
|

P Dry CH,Cl,

N Sunlight

Product

9 ;
o : 0
sanasH IS
) 1] ;

N 1y
Cat (x mol%); N
SV
N N
H H
v :

Catalyst

/Co\ N'

1(R =-Me), 2(R = -Ph)

O

Isolated
Cat (mol%) yield (%)
# Substrate Product 1 2 2a 1 2 2a
1 11 v 2.5 2.5 2.5 72 78 76
2 I NR 0 0 0 0 0 0
3 | 1I 2.5 2.5 2.5 80 86 82
4 I NR 0 0 0 0 0 0
5 I + Ph,S,” IV 25 25 — 68 75 —
6 11 v — 1.0 — — 72 —
7 111 v — 0.1 — — 48 —
Absence of sunlight
8 I v 2.5 2.5 2.5 10 12 15
9 I + Phy,S,” IV 2.5 25 — 9 12 —
10 I 1I 2.5 2.5 2.5 10 11 10

“ NR stands for no reaction. The temperature of the reaction bath was
36 °C. All reactions were carried out for 6 hours in a closed tube. ” 1:1
mixture.
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Fig. 2 Proposed mechanism for the formation of a urea derivative from
an isocyanate compound.

did not occur. The low TON (4-6) in the absence of sunlight (Table 1,
entries 8 and 10) supported the possibility that during catalysis, a
substrate-bound five-coordinate intermediate was formed (Fig. 2),
and a photo-stimulus was then essential for the regeneration of the
four-coordinate catalysts by cleavage of the Co-substrate bond in
the intermediate. The formation of 1,1,2,2,-tetrachloroethane was
confirmed by GC and GC-MS (Fig. S35, ESI}) analysis during the
conversion of II to IV in the presence of catalyst 2. The compound
was formed by the C-C coupling of two CH,Cl, molecules, and thus
implied the abstraction of a hydrogen atom from the solvent
molecule during the formation of the urea derivatives. Although
further investigation is essential for a better understanding of the
catalysis, using the results stated above, a mechanistic proposal for
the C-N coupling between two isocyanate molecules to form a urea
derivative is given in Fig. 2.

In summary, four-coordinate, monoradical-containing Co(u)
complexes have been successfully synthesized and employed for
S-S/Se-Se bond activation and scission by electron transfer to the
bonds. The only known example in the literature of a ligand-
induced S-S bond cleavage reaction is based on an air sensitive
Pd(u)-amidophenolate complex. Thus, a lesser-explored phenom-
enon has been studied by employing air stable Co(m) complexes.
The resulting diradical-containing square pyramidal Co(m)
complexes, with axial -XPh (X = S and Se) ligands, experienced
homolytic Co-XPh bond cleavage under the influence of sun-
light and produced the corresponding four-coordinate, mono-
radical Co(m) complexes (Fig. S31-S33, ESIt). Both four- and
five-coordinate Co(m) complexes catalysed the conversion of
aromatic isocyanates to the corresponding urea derivatives.
Thus, we have presented, to the best of our knowledge, the
first examples of the synthesis of urea from the sole use
of isocyanate compounds. In our laboratory, sunlight-driven
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PhX* radical addition reactions to various organic units are
currently ongoing.
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ABSTRACT: The noninnocent ligand H,LA*™ contained a bulky phenyl i
substituent at the ortho position to the aniline moiety. The ligand reacted with NN T
0.5 equiv of CuCl,-2H,0 in the presence of Et;N under air and provided the 4 \.:X:‘\{
corresponding Cu(II)-bis(imonosemiquinone) complex (1). The complex upon | ! '
oxidation by a stoichiometric amount of ferrocenium hexafluorophosphate
(FcPF4) yielded the four-coordinate [Cu(II)-(imonosemiquinone)- .\.\.Cl)mple“
(iminoquinone) |PF4 complex (3), while the oxidation by an equivalent amount
of CuCl,-2H,0 produced the five-coordinate Cu(I)-bis(iminoquinone)Cl
complex (2). Thus, a ligand-based oxidation followed by ligand-to-metal
electron-transfer was realized for the latter oxidation process. Removal of the CI™
ion from complex 2 rendered the four-coordinate complex 4. The oxidation state
of both Cu(I) and iminoquinone moieties remained unaltered upon the change
in the coordination number. All the complexes were characterized by X-ray
crystallography. Complexes 2, 3, and 4 were diamagnetic with an S, = 0 ground
state as evident by electron paramagnetic resonance (EPR) and 'H NMR measurements. The UV—vis—NIR spectra of all the
complexes were dominated by charge-transfer transitions. Two oxidations and two reductions waves were noticed in the cyclic
voltammogram (CV) of complex 1. Complex 2 and complex 3 underwent one oxidation and three reductions. Unlike complex
3, which experienced ligand-based oxidation, in complex 2 the oxidation was metal-centered [oxidation of Cu(I)-to-Cu(II)].
UV—vis—NIR spectral changes during the fixed-potential coulometric one-electron oxidation and thereafter EPR analysis
consolidated the metal-based oxidation in complex 2. Complex 2 was air stable; however, it oxidized KO, to oxygen molecule,
and complex 1 was formed in due course as evident by UV—vis—NIR spectral changes and EPR measurements. Time
dependent density functional theory calculations have been incorporated to assign the transitions that appeared in the UV—vis—
NIR spectra of the complexes.

-~

A
lr

Complex 2 Complex 3
Ligand to Metal e~ Transfer Ligand to Metal e Transfer

B INTRODUCTION employed to mimic the function of GOase;” Cu(Il)-

Investigation of radical-containing copper complexes has bis(quinone) complexes have been utilized as catalysts for

emerged as a research interest over recent years because of —CF; transferring reactions, C—N coupling reactions, and H,

the involvement of copper-radical species in various biological gas production from NaBH, in dry acetonitrile.* While Cu(II)-
s . 1-6

oxidation and oxygenation processes. ~ The processes are bis(radical) and Cu(II)-bis(quinone) complexes are familiar in

mainly governed by (I) the geometry of the copper center; and
(II) interactions between the redox-active copper (ranging
between +I and +II) and the radical centers (phenolate/

the literature, structurally characterized Cu(II)-monoradical
systems with two coordinating noninnocent ligands of two

*— — 1 1 1 1 1 Zg’]
phenxyl, catecholate/semiquinone/quinine, O,%/0,*~/0,>7).° different oxidation states remain elusive”® and demands
Thus, the understanding of metal—ligand interactions in the special attention for understanding ligand—ligand and metal—
geometry-dependent electron transfer processes and the ligands interactions, and their possible use as biomimetic

employment of radical-containing copper complexes as
biomimetic models and/or catalysts for various organic
transformations are the imperative objectives.

In this context, the geometry, electronic structure, and
biomimetic reactivity of Cu(II)-bis(radical) and Cu(II)-
bis(quinone) complexes have been extensively studied. For Received: July 11, 2018
example, Cu(Il)-bis(radical) complexes have been successfully

catalysts.

Special Issue: Applications of Metal Complexes with Ligand-
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2-Aminophenol derivatives have been well documented as
being stabilized mainly in its one-electron oxidized iminose-
miquinone (ISQ'”) radical form in the corresponding Cu(1I)
complexes.” Recently, we have developed a new method where
a bis(iminoquinone)-coordinated Cu(Il) complex can directly
be synthes1zed in one pot by employing CuCl, as the
oxidant.*? The mechanistic investigation (Scheme 1) suggests

Scheme 1. Proposed Mechanism for the CuCl, Mediated
Oxidation of a Cu(II)-bis(radical) Complex to the
Corresponding Cu(II)-bis(quinone) Complex

Ar

|
\ J\E[NH 0.5 CuCl,62H,0 j\EE( ~ u/
oH

‘ 1.0 CuCle2H;0

{
1OCuCI J\ "" c‘/)
7 I. N
- l/ S 05 =z 7 \C'/</
(cw

r

0

that two chlorine atoms of two individual CuCl, molecules
bind at the axial positions to the Cu(II) center of the initially
formed four-coordinate Cu(II)-bis(iminosemiquinone) com-
plex, and subsequent two electrons transfer from two Cu(Il)-
coordinated iminosemiquinone units to the axially bound two
CuCl, molecules renders a six-coordinate Cu(II)-bis-
(iminoquinone) complex with two axial chloride ions. CuCl
is the byproduct of the process.

In this study, the aforementioned oxidation method has
been examined on the Cu(I)-bis(iminosemiquinone) complex
{Cu[LSUM] 0 (1) of ligand HLAP® for the in situ
synthesis of the corresponding five-coordinate, chloride-
bound Cu(II)-(iminosemiquinone)(iminoquinone) complex.
In complex 1, two phenyl rings, which are attached at the ortho
position to the aniline moiety, are situated cis to each other
(vide infra). The steric hindrance created by the cis orientation
of the two phenyl rings would block one of the two axial
positions and hence would favor the approach of only one
CuCl, molecule along the open axial position to the Cu(II)
center of complex 1. The CuCl, molecule would then oxidize
complex 1 by one electron to provide the expected complex.
Interestingly, instead of the expected complex formation, a
five-coordinate chloride-bound Cu(I)-bis(iminoquinone) com-
plex {Cu [LIBQ(Ph)] CI}° (2) was generated via a ligand-
[iminosemiquinone]-to-metal[ Cu(II)] electron transfer during
the CuCl,-promoted oxidation process. To enlighten the
geometry dependence on the electron transfer process, outer-
sphere, one-electron oxidation of complex 1 has been carried
out by employing ferrocenium hexafluorophosphase (FcPF)
as the oxidant. Thus, formed four-coordinate Cu(Il)-complex
{Cu"[LISUPW[LBUPMTIPE, (3) refrained from such electron
transfer phenomenon. Furthermore, a four-coordinate
{Cu'[L®UPN] 1ShE, (4) complex was synthesized from
complex 2 to extend the investigation on the geometry-
dependent metal-to-ligand electron transfer process. All the
complexes were subjected to react with KO,; while complex 2
and complex 3 reacted slowly and provided complex 1 and
molecular oxygen as the final products, complex 4 remained
indifferent to KO,. Thus, geometry and oxidation state-

TH-2079_136122008

dependent reactivity studies are included, herein. Density
functional theory (DFT) and time-dependent-DFT (TD-
DFT)-based studies have been performed to investigate the
geometry and to assign the UV—vis—NIR transitions observed
in the complexes.

B RESULTS AND DISCUSSION

A schematic diagram for the syntheses of complexes 1, 2, 3,
and 4 is presented in Scheme 2A. Ligand H,L*" (e was

Scheme 2. (A) A Schematic Representation for the
Syntheses of Complexes 1, 2, 3, and 4 and (B) Possible
Oxidation States of the Ligand

Q\Ph

NH
0.5 CuCle2H,0 2.0 CuCle2H,0
Et;N, MeOH EG,N, MeOH

[H, LAP(Ph)]O

% “Ph
1.0 CuCl,e2H,0
( o~ "/ DCM
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* PRy T sorg
© © “Ph Q “Ph

\"/ N1 NS
Cu
\O/ \O/

Complex 3 Complex 4

********** 2.

NH N N — N
oH" 1e G —te 7
OH +2H" o +1e o) +1e °

[HZLAP(Ph)]O [LAP(Ph)]2 [LISQ(Ph)lt [L'BaPh);0
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DM 6.0 ["BuNICI

synthesized in 88% yield by the condensation of 1:1 2-
phenylaniline and 3,5-di-tert-butylcatechol in hexane in the
presence of triethyl amine (Et;N) under air. The three possible
oxidation states of the ligands are shown in Scheme 2B.
Complex 1 was obtained in 62% yield by reacting the ligand
with half equivalent amount of CuCl,-2H,O in the presence of
triethyl amine (Et;N) in methanol (MeOH) under air. The
reaction of the ligand and excess amounts of CuCl,-2H,0 (1:2
molar ratio) in the presence of Et;N under air in MeOH
provided complex 2 ({Cu'[L®X™],CI}°]) in 72% yield.
Noteworthy, complex 2 has also been synthesized by reacting
complex 1 ({Cu""[LSUPM],1%) with 1 equiv of CuCl,-2H,0.

Thus, the formation of complex 1 and thereafter, oxidation of
the complex by CuCl,, was established. The removal of the
axial chloride ion in complex 2 by employing an equivalent
amount of A§SbF6 produced the four-coordinate complex 4
({Cul[L®UPY] 1SbE,). The feasibility of the regeneration of
complex 2 from complex 4 in the presence of chloride anion
was examined. In this regard, 1 equiv of complex 4 was allowed
to react with 6 equiv of tetrabutylammonium chloride
[("Bu),NCl in dichloromethane (DCM) for 4 h. Recrystalliza-
tion of the isolated product, obtained by the removal of DCM,
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from a 3:1 DCM/MeOH solvent mixture provided crystals
suitable for X-ray diffraction analysis. The structural analysis of
the isolated product confirmed the successful conversion of
complex 4 to complex 2.

The one-electron oxidation of complex 1 by using a
stoichiometric amount of oxidant FcPFy yielded complex 3
({Cu II[LISQ(P h)] [L® Q(Ph)]}PF ). The monocationic units in
both complex 3 and complex 4 were four-coordinate; however,
the electronic structures were different (valence tautomers). A
PF,'~ ion was the counteranion in complex 3, while, in
complex 4, the counteranion was a SbF4'~ ion. To evaluate any
possible role of counteranions to the stability of the electronic
structures, excess amounts of KPF (6 equiv) were added to a
5:2 DCM/CH;CN solvent mixture of complex 4. Single crystal
X-ray crystallographic characterization of the isolated product
(~80% with respect to the initially used complex 4) implied no
formation to complex 3. Thus, it could be concluded that the
counteranions did not play a significant role in the stabilization
of the complexes.

X-ray single crystal diffraction measurements of all the
complexes (1, 2, 3, and 4) were performed in order to
determine the structural features and analyze the oxidation
state of the coordinating ligands as well as the central copper
ion. The single- crystal structure of complex 1 has previously
been reported.”” Thus, the structure will not be described
further. Nevertheless, the four-coordinate complex 1 consists
of a Cu(II) ion, which is coordinated to two units of L'SUP)
form of ligand H,LA"™ I the complex, the two ortho phenyl
substituents are situated cis to each other (Figure 1) and thus
occlude one of the axial positions to external species.

Bond Distance(A) Bond Distance(A)
Cul-NI 1.9267(13) Cul-N2 1.9307(13)
’\C“/ - cyﬁ‘y < w Cul-O1  1.9083(11)  Cul-02  1.9046(11)
cao CI1-01 1.2961(19) C27-02 1.2953(19)
@ \ /u\/ m\ A /
c29 C2-NI 1.334(2) C28-N2 1.336(2)
) / / Cl-Cc2 1.443(2) C27-C28  1.444(2)

Figure 1. Molecular structure of complex 1 and selected bond
distances as reported in ref 7b.

Complex 2 crystallized in the monoclinic space group C2/c.
The molecular structure with the selected atom numbering
scheme is depicted in Figure 2. The selected bond distances
and bond angles are given in Table 1.

The mononuclear, five-coordinate’” complex 2 acquired a
distorted square pyramidal geometry [z5 = 0.25 (75 = O for
perfect square pyramidal and 7, = 1 for perfect trigonal
bipyramidal)] where the basal plane was comprised of two NO
(N101 and N1'0O1’) donor sets from two ligand units, and the
fifth (axial) position was occupied by a chlorine atom. The
central Cul atom was situated ~0.77 A above the basal plane
and toward the apical chlorine atom. The apical Cl1 atom
experienced two H-bonding interactions (Figure 2). The
Cul—01 = 2.3934(17) A bond (Table 1) in complex 2 was
much longer compared to the reported Cu—O = 1.906 A
(average) bond in complex 1 (inset Figure 1). This feature
consolidated the higher oxidation state of the coordinating
ligand and lower oxidation state of the central copper ion.
Complex 2 was neutral in charge. Therefore, the possible

TH-2079_136122008

Figure 2. ORTEP diagram of complex 2; thermal ellipsoids were
drawn at the 30% probability level. H-atoms, except the H atoms
involved in H-bonding with Cl1, are omitted for the sake of clarity.

Table 1. Selected Bond Distances (A) and Bond Angles
(deg) for Complex 2 (at 100 K), Complex 3 (293 K), and
Complex 4 (100 K)

complex 2 complex 3 complex 4
Cul-N1 1.927(2) 1.961(3) 2.021(4)
Cul—-N2 1.965(3)
Cul-01 2.3934(17) 1.999(2) 2.352(3)
Cul-02 2.002(3)
Cul—-Cll 2.2352(10)
NI-C1 1.302(3) 1.314(4) 1.297(5)
01-C2 1.227(3) 1.249(4) 1.228(5)
02-C28 1.246(4)
N2—-C27 1.312(4)
C1-C2 1.514(3) 1.496(5) 1.514(6)
C2-C3 1.467(3) 1.459(5) 1.478(6)
C3-C4 1.349(3) 1.360(5) 1.344(6)
C4-CsS 1.470(3) 1.437(6) 1.457(6)
C5—C6 1.347(3) 1.354(5) 1.360(6)
C6-Cl1 1.432(3) 1.431(5) 1.441(6)
N1-CI15 1.445(3) 1.425(4) 1.427(5)
C27—-C28 1.494(5)
C28—C29 1.454(5)
C29-C30 1.367(5)
C30-C31 1.445(5)
C31-C32 1.352(5)
C32—-C27 1.435(4)
N1-Cul-NI* 146.44(12) 149.3(2)
01-Cul-Ol 131.14(9) 84.91(15)
N1-Cul-O1' 131.71(13)
Cl1-Cul-01 114.43(5)
NI1-Cul-Cll1 106.78(6)
N1-Cul-N2 116.66(12)
01-Cul-02 104.71(11)
NI1-Cul-O1 91.44(7) 81.73(10) 74.04(12)
N2—Cul-01 144.23(12)
N1-Cul-02 139.59(12)
N2—Cul-02 81.40(11)
C2-01-Cul 107.65(14) 112.9(2) 110.3(3)
C28—02—Cul 113.2(2)
C1-N1-Cul 122.32(15) 114.3(2) 120.5(3)
C15-N1-Cul 117.68(15) 122.0(2) 118.9(3)
C27-N2—Cul 146.44(12) 114.2(2)
C41-N2—Cul 131.14(9) 120.8(2)
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composition could be either {Cu[LSUPW][LBAPMICI}O of
{CuI[LIBQ(Ph)]ZCl}O (Figure 3).

— -0 -0
(;"(Ph © P
Cl Cl
/N\C‘”/,O.) /N\C“/O\
u u
So TN So W7
Ph.,. é Ph.,, f

Figure 3. Two possible electronic configurations of complex 2.

In complex 2 both the coordinating ligands were of same
bond distances. Thus, we describe only one ligand unit. The
Cp,—Cpy, bond distances (Table 1) of the tert-butyl groups-
containing Cg ring were not uniform and 1.39 + 0.01 A as
expected for an aromatic phenyl ring system. Three long bonds
followed by an alternate short—long—short bonds sequence
were observed. This featured a quinoid-type distortion. * The
C1-N1 = 1.302(3) A and C2-01 = 1.227(3) A bond
distances were unambi%uously double bond,' and therefore,
consolidated the [L'*"M]° form of the coordination ligands in
complex 2. The oxidation state of the central Cul atom was
thus being assigned as +I, and the neutrality of the complex
was maintained by the coordinated-chloride anion [Cul—CI1
= 2.2352(10) A]. Hence, the composition of complex 2 was
{CuI[LIBth)]ZCI}O.

Complex 3-1.5H,0 crystallizes in the triclinic space group
P1. The ORTEP molecular structure (cation unit) with atom
labeling scheme is presented in Figure 4. Selected bond
distances and bond angles are presented in Table 1.

Figure 4. ORTEP diagram of the cation unit of complex 3-1.5H,0;
thermal ellipsoids were drawn at the 30% probability level. Solvent
molecules, anion [PF¢]'~", and H-atoms are omitted for the clarity.

In the complex, the central copper atom (Cul) was four-
coordinate. The coordination sites were occupied by two N
atoms and two O atoms from the two ligand units. Unlike the
parent four-coordinate complex 1, the two coordinating N and
O atoms were adjacent (cis) to each other in complex 3-
1.5H,0. The decrease in ligand field strength upon oxidation
of the coordinating ligands (vide infra) and steric effect exerted
by the two ortho phenyl substituents were attributed to the
structural dissimilarity. The geometry around the Cul atom
was in between square planar and tetrahedral [z, = 0.54; 7, =0
for square planar and 7, = 1.0 for tetrahedral]. The sum of

TH-2079_136122008

angles (Table 1 around the Cul atom () Cu,) was 668. 3°
(X Cu, = 720° and 657° for a perfect square planar and a
perfect tetrahedral system, respectively) and further supported
the deviation.

Complex 3-1.5H,0 was obtained by one-electron oxidation
of complex 1. The oxidation could be either metal-centered or
ligand-based. The oxidation of Cu(II) to Cu(Ill) would
shorten the Cu—N/O bonds, while an elongation would persist
in the case of ligand-based oxidation. In complex 3-1.5H,0,
the Cu—N/O = 1.963(3)/2.000(3) bond distances were
longer compared to the average Cu—N/O = 1.929(1)/
1.906(1) bond distances observed in complex 1.”° Therefore,
ligand-based oxidation was warranted by the structural analysis.

The tert-butyl groups-containing Cg4 rings exhibited quinoid-
type distortion as expected for the ligand-based oxidation. In
both the ligands Cp,—Cpy, bond distances (Table 1) of the
rings were almost the same. The C1-N1 = 1.314(4) A, C27—
N2 = 1.312(4) A, C2—01 = 1.249(4) A, and C28-02 =
1.246(4) A bond distances were longer than previously
reported Cp,—Np, = 1.30 A, and Cp,—Op, = 1.24 A bond
distances observed in an iminoquinone moiety, and shorter
than the bond distances found in an iminosemiquinone moiety
(Cpp—Npy, = 1.35 A, and Cp—Opy, = 1.30 A)."” These features
emphasized a complete delocalization of the radical over the
iminosemiquinone and iminoquinone moieties. The delocali-
zation was also supported by the electrochemical behavior of
complex 1 (vide infra). Hence, according to the structure
analysis, the complex can be assigned as [Cu(II)-
(iminosemiquinone) (iminoquinone) ]PF; where the unpaired
electron (radical) was completely delocalized over the two
coordinating ligand units.

Complex 4 crystallized in the trigonal space group P3,21.
The molecular structure (monocation unit) with atom labeling
scheme is depicted in Figure 5. Selected bond distances and
bond angles are given in Table 1.

Figure 5. ORTEP diagram of the cation unit of complex 4; thermal
ellipsoids were drown at 30% probability level. H-atoms and the anion
[SbF¢]'™ are omitted for the shake of clarity.

In four-coordinate complex 4 (7, = 0.56), the Cul—N1 =
2.021(4) A and Cul—O1 = 2.352(4) A bond distances were
consistent with the low oxidation state of the central Cul
atom, i.e,, Cu(I), and higher oxidation state of the coordinating
ligands ([LYM1°) as observed in complex 2. In the complex,
the C1-N1 = 1.297(5) A and C2—01 = 1.228(5) A bond
distances were almost same as the bond distances found in the
five-coordinate congener, complex 2. Thus, no change in
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oxidation state of the central metal ion as well as the
coordinating ligands was noticed upon the geometrical change.

No unpaired electron was present in both complex 2 and
complex 4. Thus, both of them were diamagnetic. Complex 3
consisted of two unpaired electrons: one electron was present
at Cu(II) [S = 1/2, 3d°] ion, and the other electron was the
ligand-centered radical (S = 1/2). A ferromagnetic coupling
between the two S = 1/2 spins would provide an S, = 1 ground
state, while a diamagnetic ground state with an S, = 0 would
result in an antiferromagnetic coupling between the two
paramagnetic centers. Indeed, complex 3 was diamagnetic
owing antiferromagnetic coupling between the spins as evident
by electron paramagnetic resonance (EPR) and 'H NMR
measurements (Figure S10).

The electronic absorption spectra (UV—vis-NIR) for
complexes 1, 2, 3, and 4 in CH,Cl, solution are illustrated
in Figure 6. Each spectrum was dominated by intense

A) 25 — 20 —
(A) —:1(B) =
- 20 - 15
£
515 o
‘ ‘210
£10- E
=
54
5.
ol . > ; . 0
400 800 1200 1600 2000 400 800 1200 1600 2000
A, nm A.nm

Figure 6. UV—vis-NIR spectra of the complexes recorded at room
temperature (25 °C).

absorptions in the visible and near-infrared region. The high
intensity of the bands discarded the possibility of Cu(1l) d—d
transition and implied spin-allowed ligand-to-metal (LMCT),
ligand-to-ligand (LLCT), and intraligand (ILCT) charge-
transfer transitions. The absorption positions and the
corresponding extinction coefficient values are summarized in
Table 2.

Table 2. Absorption Data of the Complexes”

complex Apap 1 (£, M~! cm™)
1 1034 (1850), 792 (6200), 470™ (5000), 310 (19550)
2 1160 (1350), 725sh (1650), 490 (13050), 420 (11900)
2! 486 (8000), 402 (12000)
2" 488 (8150), 402 (13700)
3 1144 (2050), 500 (9150), 407 (6500)
4 1160 (1350), 733 (2200), 490 (12500), 440" (11200)

“sh stands for shoulder.

Complex 1 was comprised of two [LS¥™M]'= moieties (vide
supra), which are coordinated to a Cu(II) ion. The bands at
1034 nm (e = 1850 M™! cm™) and 792 nm (e = 6200 M™*
cm™) were consistent with the previously reported similar
Cu(II)-bis(iminosemiquinone) complexes and assigned as the
combination of MLCT and LLCT transitions.”“*"® The band
at Ay = 470 nm (& = 5000 M~ cm™') appeared due to
LMCT transition.

In complex 2 ({Cu'[L®YP™],CI}°), a broad absorption
manifold centered at 1160 nm (g = 1350 M™! cm™') was
present. The low-energy band has been attributed to Cu(I)-to-
iminoquinone MLCT transition. The strong bands at 4., =
490 nm (£ = 13050 M~'em™) and 4,,,, = 420 nm (& = 11 900
M cm™"') were due to z-to-z* intraligand (ILCT) charge-
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transfer transitions of the Cu(I)-coordinated iminoquinone
moieties.'" The UV-vis-NIR spectrum of complex 4
({Cu'[LBYPM] 1SbF) was almost same as that of complex
2 (Figure 6B). This indicated that decreasing the coordination
number from five to four and the change in geometry did not
influence the charge-transfer transitions appreciably.

A broad band at 1144 nm (& = 2050 M~ cm™") appeared in
the UV—vis-NIR spectrum of complex 3. The band arose
possibly due to combined ligand-centered intervalence
[LISQPR 1=t [LIBQUPR)TO charge-transfer (IVLLCT) and
metal-to-ligand charge-transfer (MLCT) transitions.”? The 7-
to-7* intraligand (ILCT) charge-transfer transitions of the
iminoquinone moieties were observed at 4,,,, = 500 nm (& =
9150 M™! cm™') and 407 nm (shoulder, £ = 6500 M™!
cm_l).7i

The electrochemical behavior of complexes 1, 2, 3, and 4
were investigated by cyclic voltammetry. Complex 1 under-
went two successive one-electron oxidation and two successive
one-electron reduction processes in the potential range +1.00
V to —1.80 V vs Fc*/Fc (Figure 7A). The oxidation and

(A) (B)

I1 0 uA

——2/(50 mV/s)
——2(100 mV/s)
——2(200 mV/s)

——1 (50 mV/s)
——1(100 mV/s)
——1(200 mV/s)

20 15 10 05 00 05 10 =20 -15 -10 05 00 05 10
E(V) vs. Fc'/Fc E(V) vs. Fc'/Fc

(€) (D)

I1 0 pA

—

11 0 WA

——2 (100 mV/s)
——2(100 mV/s)
——2(100 mV/s)
20 -15 1.0 05 00 05 1.0
E(V) vs. Fc'/Fc

——3 (50 mV/s)
——3(100 mV/s)

——3(200 mV/s)

20 -15 1.0 05 00 05 10
E(V) vs. Fc'/Fc

Figure 7. Cyclic voltammograms of complex 1 (A), complex 2 (B and
D), and complex 3 (C); measured at SO, 100, and 200 mV/s.

reduction potential values (Table 3) were in accord with the
previously reported Cu(II)-bis(iminosemiquinone) complex-
es’“*"® and thus, corresponded to the ligand-centered
processes, where the oxidation of coordinated [LISPh]I-
provided [LBUPM]® and reduction of [LSUPW]I~ generated
[LAPPW]2= The potential difference (AE;,,”) between the
second oxidation (E;;,”?) and the first oxidation (E,,")
processes was ~800 mV. This indicated a high extent of
electronic communication, i.e., delocalization of the radical
over the two redox—active coordination sites in the generated
complex {Cul"[LISUPR) L BQPR)] 1+ Conversely, the charge
delocalization was less (AE = 363 mV) in the one-electron
reduced {Cu[LSUPW][(LAPPM]I- species.

The CV of complex 2 showed one one-electron oxidation
and three one-electron reduction waves (Figure 7B). The solo
oxidation process occurred at E, ;™ = 0.270 V (Table 3) was
~0.240 V lower compared to the second oxidation process of
complex 1. In complex 2, the Cu(I) was the only redox-active
center, which could be preferably oxidized. Therefore, the
oxidation process has been assigned as Cu(I)-to-Cu(II)
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Table 3. Voltammetric Redox Processes for the Complexes

Eora v, (AEPr mV)

complex El/zmjz El/zmjl El/zoxl El/zoxz
1 —1.480 (120) —1.117 (125) —0.292 (115) 0.508 (245)
2 —1.420 (120) —1.044 (147) 0.270 (160)
3 —1.494 (148) —1.080 (160) —0.264 (80) 0.408 (348)

“E° values recorded at scan rates of 100 mV/s and referenced to the Fc*/Fc couple.

oxidation and formation of {Cu"[LBPM],CI}!* species. The
second and the third reduction potential values were closely
comparable to that of the reduction potential values observed
in complex 1. Thus, the reductions corresponded to ligand-
based processes.

One one-electron oxidation and three one-electron reduc-
tion processes were observed in the CV of complex 3 (Figure
7C). The oxidation process occurred at 0.408 mV, which was
0.100 V lower compared to the parent complex 1. This
difference was attributed to the structural anomaly, i.e., square
planar (1) vs distorted tetrahedral (3) geometry. The
reduction potentials were expectedly analogous to complex 1
(Table 3).

In the CV of complex 4 (Figure S12) irreversible electron
transfer processes were noticed. The CV measurement at 100
mV/s scan rate revealed an oxidation at 0.360 V and two
reduction processes at —0.600 V and —1.390 V (Figure S12).
The peak positions were also scan rate dependent.

Herein, we performed spectroelectrochemical studies for the
one-electron oxidation and the first one-electron reduction
processes of complex 2 in order to discern the redox active
centers that participate in the processes. In the fixed potential
coulometric one-electron oxidation, the intensity of the band at
490 nm diminished, while the band at 420 nm remained
almost unaffected (Table 2). The MLCT band at 1160 nm
almost vanished (Figure 8A). This implied the depletion of the

1:
(A) (B) —r
- 124
1
£
5o 3
s x
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Figure 8. (A) Change in UV—Vis—NIR spectrum of complex 2
during one-electron fixed potential coulometric oxidation and (B)
experimental and simulated X-band EPR spectra of the oxidized
solution. X-band EPR was measured at frequency = 9.44 GHz,
modulation frequency = 100 kHz and amplitude = 12 G, temperature
=298 K.

Cu(I) species-concentration and generation of the correspond-
ing Cu(Il) species. To buttress the formation of the Cu(II)
species, X-band EPR spectrum of the oxidized solution was
measured and is shown in Figure 8B. The EPR spectrum was
typical for a Cu(II) species with an unpaired electron residing
at d,>_ orbital. Simulation to the experimental result provided:
g, = 2.045, g, = 2.060 and g, = 2.250; g, = 2.118; A (3, 47,
80) x 10™* cm™.

During the coulometric one-electron reduction of complex 2
the ILCT band at 490 nm decreases in intensity gradually,
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while band at 420 nm increases (Figure 9A). It has previously
been reported that Cu(I)-iminosemiquinone (TPQ-radical)

15
(A) i (B) — e
- 12
I
_g 94 @ g=1.907
‘E )
= 5
34 i I

250 500 750 1000 1250 1500 300 320 340 360 380
A,nm B, mT

Figure 9. (A) Change in UV—Vis—NIR spectrum of complex 2
during one-electron fixed potential coulometric reduction and (B)
experimental X-band EPR spectrum of the reduced solution. X-band
EPR was measured at frequency = 9.44 GHz, modulation frequency =
100 kHz and amplitude = 50 G, temperature = 298 K.

species in AOase absorbs at 463 and 434 nm.**” Thus, the
increase of the band ascribed to the formation of a Cu(I)-
iminosemiquinone species by the one-electron reduction of a
Cu(I)-coordinated iminoquinone moiety. The depletion of
1160 nm band also supported the reduction of iminoquinone
unit to iminosemiquinone unit. X-band EPR spectrum of the
solution, obtained after the one-electron reduction, exhibited
an isotropic signal at g = 1.997 (Figure 9B). The value was very
close to the previously reported iminosemiquinone-coordi-
nated Cu(I) complexes (g ~ 2.005)"* and thus supported
{Cu'[LBUPM][L AP [}~ composition of complex 2'".

Reactivity Study. Complex 2 was comprised of a Cu(I)
ion and two coordinated-iminoquinone moieties. The syn-
thesis of the complex was carried out under aerial atmosphere.
This indicated that the complex was reluctant to aerial oxygen;
i, no oxidation of Cu(I) occurred. Furthermore, purging of
0, to the CH,Cl, solution of complex 2 did not provide any
appreciable UV—vis—NIR spectral changes. However, the
complex reacted with KO,, albeit slowly (Figure 10B). In the
presence of KO,, i.e.,, superoxide radical anion, a new band at
785 nm appeared and 1160 nm band shifted to 1035 nm
(Figure 10A,B) in due course. These UV—vis—NIR spectral
changes corresponded to the generation of complex 1 (Figure
6A). X-band EPR spectrum measurement of the reaction
solution provided Cu(II)-centered spectrum [g, = 1.980, g, =
2.005, and g, = 2.250; g,, = 2.078; <A (3, 3, 153) x 107*
cm™'], which also resembled with the EPR spectrum of
complex 1 (Figure 10C) and thus, concurred with the
formation of complex 1. The generation of molecular oxygen
during the process was consolidated by CV measurements
(Figure 10D). The reduction peak of the liberated molecular
oxygen appeared at —1.482 V. Upon purging of argon gas
through the solution, the concentration of oxygen gas
diminished as evident by the reduction of current at the
potential (Figure 10D).
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Figure 10. (A) Change in UV—vis—NIR spectrum of complex 2
during the sequential addition of KO, (B) one-step addition of
stoichiometric amount of KO, and the time-dependent spectral
changes; (C) experimental and simulated X-band EPR spectra of
CH,Cl, solutions of 1, 2, and 2 + KO,; and (D) detection of O, gas
by CV measurements. X-band EPR was measured at frequency =
9.143 (1), 9.143(2) GHz, modulation frequency = 100 kHz (1 and
2), and amplitude = 2 G (1 and 2), temperature = 77 K (parentheses
indicates the complex).

Unlike complex 2, the congener four-coordinate complex 4
did not react with KO, (Figure 11B). Interestingly, despite

(A) 20 —

——4+KO,(1.0eqv)
4+KO,(1.0 eqv) after 14h

—— Complex 3
—— Complex 3 + KO,(1eq)
—— Complex 3 + KO,(1eq) after 14h

250 500 750 1000 1250 1500

0 T T v ;
250 500 750 1000 1250 1500
Z,nm A,.nm

Figure 11. Change in UV—vis—NIR spectrum of CH,Cl, solution of
(A) complex 3 and (B) complex 4, in the presence of KO,.

structural similarity with complex 4 (z, = 0.56, twist angle
between two NO coordinating units = 61.4°), complex 3 (z, =
0.54, twist angle between two NO coordinating units = 56.4°)
reacted with KO, (Figure 11A) and produced complex 1 and
molecular oxygen. However, the reaction was sluggish. Hence,
the geometry as well as oxidation state of copper ion and the
coordinated noninnocent ligand units have been found as
crucial for the occurrence and the effectiveness of the reaction.
Herein, we propose that complex 2 reacted with KO, and
produced 2'", which instantaneously underwent metal-
centered Cu(I)-to-Cu(II) oxidation in the presence of the
generated molecular oxygen and provided complex 3 with the
removal of the axial chloride ion (Scheme 3). The increase of
ligand-based negative character possibly favored the removal of
the chloride ion. Finally, KO, reduced complex 3 to complex 1
with concomitant production of molecular oxygen.
Theoretical Calculations. The structure of all the
complexes and one-electron oxidized and one-electron reduced
forms of complex 2 were optimized at B3LYP/6-31G(d) level
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Scheme 3. Proposed Mechanism for the Formation of
Complex 1 from Complex 2 in the Presence of KO,

0,
Complex 2

(’\CIL/ /N\||/7
O/ \N NNy

Complex 1 Complex 2
+ 02
0, ‘ B
” =
Ph Ph
AN~ i _~N KO, +Cr
KO, Y
Complex 3

of theory. The details of computational method are given in
the Experimental Section. The optimized structures of all the
complexes with selected bond distances are presented in Table
S1, and respective coordinates are given in Tables S3—S8. Akin
to the X-ray crystallographic molecular structures, two O
atoms and two N atoms were situated trans to each other in
both four-coordinate complex 1 and five-coordinate complex 2.
The optimized structure of one-electron oxidized form of
complex 2, i.e., 2'*, was five-coordinate. No appreciable change
in the Cp,—Opy, and Cp,—Nypy, bond distances of the tert-butyl
groups-containing Cg rings indicated the retention of the
oxidation state of the coordinating units upon the oxidation.
The substantial decrease in Cu—O bond [Table S1] confirmed
metal-centered Cu(I)-to-Cu(II) oxidation, and the finding was
commensurate with the assigned species that was obtained by
fixed-potential coulometric, one-electron oxidation of complex
2. The optimized structure of one-electron reduced species
(2'7) of complex 2 showed a large Cu—Cl bond distance
(2.716 A). In addition, the Cp,—Op, and Cp,—Np, bond
distances indicated one-electron oxidized iminosemiquinone
state of the corresponding tert-butyl groups-containing two Cg
rings, and Cu—O and Cu—N bond distances indicated +II
oxidation state of the copper ion (Table S1). Thus, the
formation of stable complex 1 as the final product upon one-
electron reduction was implemented. In fact, the reduction of
complex 2 by KO, showed the formation of complex 1 as the
final complex. Noticeable, the UV—vis—NIR spectrum of the
optimized 27 was completely different than that of electro-
chemically generated 2'~ species (Figure S13). Hence, the
observed structure of 2'” was not supported by DFT
calculations. Both complex 3 and complex 4 were four-
coordinate. In the optimized structures, the coordinating two
N atoms and two O atoms were situated cis to each other as
found in their X-ray crystallographically characterized molec-
ular structures (vide supra). While the Cp,—Opy, and Cp—Nypy,
bond distances were similar in both the complexes, the Cu—O
bond in complex 3 was much shorter (1.951 A) compared to
the bond (2280 A) in complex 4 and indicated a lower
oxidation state of copper ion in complex 4 compared to that in
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complex 3. The finding was in accord with the crystallographic
structural assignment.

The UV—vis—NIR spectra of all the complexes were
generated by TD-DFT calculations in DCM solvent and are
depicted in Figure S13. The wavelength of absorption maxima,
the type of various transitions, and orbital contributions are
presented in Table S2a—d. Clearly, the spectral shapes of
complex 2, 3, and 4 were similar. However, the UV—vis spectra
of complex 2'* and 2'~ were completely different (Figure S13)
than the others.

In the calculated UV—vis-NIR spectrum of complex 1, the
absorption band at 1033 nm appeared due to a combination of
MLCT and LLCT transitions. The absorption band involved
HOMO-1(a) — LUMO() electronic excitation (Figure 12).
The calculated band correlated well to 1034 nm transition
band observed in the experimental UV—vis-VIR spectrum of
the complex. The HOMO—2(a) — LUMO(a) and HOMO—
2(f) » LUMO(p) electronic excitations exhibited an LLCT
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Figure 12. Some FMOs of the complexes that participated in charge
transfer transitions. See Table S2 for other FMOs.
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transition at 655 nm in complex 1. Complex 2'* showed LLCT
charge transfer transitions at 529 nm. The band was because of
HOMO-8(a) - LUMO+1(a) electronic excitation.

B CONCLUSION

To conclude, we have presented the successful synthesis of the
five-coordinate, mononuclear neutral Cu(I)-bis-
(iminoquinone)Cl complex (2) by the CuCl,-2H,0 mediated
inner sphere one-electron oxidation of the Cu(II)-bis-
(iminosemiquinone) complex (1). In the process, the initially
formed five-coordinate Cu(II)-(iminosemiquinone)-
(iminoquinone)Cl intermediate underwent an electron transfer
from ligand(iminosemiquinone)-to-metal[Cu(1I)]. Con-
versely, the outer-sphere, one-electron oxidation of complex
1 did not follow such an electron transfer process and provided
the four-coordinate Cu(II)-(iminosemiquinone)-
(iminoquinone) complex (3). Four-coordinate complex 4
was synthesized by the removal of the axial CI'~ ion from
complex 2. No change in the oxidation state of either copper or
coordinating ligand was warranted in the complex compared to
the parent complex. Thus, it is implied that the formation of
initial five-coordinate intermediate { Cu'[L'SQPW][LBUPM]Cl}
was crucial for the ligand[iminosemiquinone]-to-metal[Cu-
(I1)] electron transfer. Noteworthy, a CI'~ bound pseudo five-
coordinate Cu(H)—(iminosemiquinone)(iminoquinone) com-
plex has previously been reported.”® No iminosemiquinone-to-
Cu(1I) electron transfer in the reported complex is noticed.
The salient feature of the complex is the almost orthogonal
arrangement between two redox-active noninnocent ligand
units. Therefore, herein, we propose that a nonorthogonal
alignment between two noninnocent ligand units is essential
for the electron transfer in the five-coordinate Cu(II)-
(iminosemiquinone) (iminoquinone) complex. Thus, the ge-
ometry-dependent electron transfer in a copper(Il)-mono-
radical complex, where both the noninnocent ligand units were
in different oxidation states and nonorthogonal arrangement,
was documented.

All the complexes were characterized by X-ray single-crystal
diffraction measurements. A five-coordinate Cu(I) complex has
previously been stabilized in a rigid macrocyclic glyoxime
ligand with a soft CO as the axial ligand."” To the best of our
knowledge, complex 2 is the first isolated air-stable five-
coordinate square pyramidal Cu(I) complex, which was being
stabilized in the coordination environment comprising two
bidentate 2-iminobenzoquinone and a chloride ion. Cyclic
voltammetry measurements on complexes 2 and 3 established
that the complexes can be the oxidized by an electron and
reduced successively by three electrons. Spectro-electro-
chemical and X-band EPR experiments on complex 2
emphasized that the solo oxidation was Cu(I)-centered and
the reductions were ligand-based. The oxidation and the
reductions potential values found for complex 3 were
comparable to the ligand-based processes as observed in
complex 1. Thus, the oxidation and the reductions processes
that occurred in complex 3 have been assigned as ligand-based.

The investigation on the reactivity of the complexes on KO,
revealed that complex 2 and complex 3 reacted slowly with
KO,, and oxidized it to molecular oxygen, which was identified
by CV measurements. In the processes, both complexes were
reduced to complex 1. Complex 4 remained unreactive to KO,.
Thus, oxidation state and geometry dependent reactivity have
been noticed.
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The geometry of all the complexes, as well as complex 2'*
and complex 2'7, were obtained by DFT-based theoretical
calculations. TD-DFT calculations showed that absorption
bands that appeared in the UV—vis-NIR spectra of the
complexes were due to MLCT and LLCT charge transfer
transitions.

B EXPERIMENTAL SECTION

Materials. All the chemicals and solvents were obtained from
commercial sources and were used as supplied, unless noted
otherwise. 3,5-Di-tert-butylcatechol, ferrocenium hexafluorophos-
phate, silver hexafluoroantimonate, KO,, and 2-amino biphenyl
were purchased from Sigma-Aldrich. Solvents were obtained from
Merck (India). Mass spectra were measured in HPLC grade
acetonitrile solution.

Physical Methods. X-ray crystallographic data were collected
using Super Nova, Single source at offset, Eos diffractometer. The
data refinement and cell reductions were carried out by CrysAlisPro."*
Structures were solved by direct methods using SHELXS-97 and
refined by the full matrix least-squares method using SHELXL-97.'®
All the non-hydrogen atoms were refined anisotropically. Crystallo-
graphic parameters and refinement data for 2, 3-1.SH20 and 4
complexes are given in Tables 4, S, and 6, respectively. IR spectra

Table 4. Crystallographic Parameters and Refinement Data
for Complex 2

empirical formula
formula weight
CCDC no.

crystal habit, color
crystal size, mm?®
temperature, T
wavelength, 1 (A)
crystal system
space group

unit cell dimensions

volume, V (A%)
VA
calculated density, Mg-m™

absorption coefficient,
-1
u (mm™)

F(000)

6 range for data collection
limiting indices

reflection collected/unique
completeness to 6

max. and min transmission
refinement method
data/restraints/parameters
goodness-of-fit on F*

final R indices [I > 20(I)]
R indices (all data)

largest diff peak and hole

Cs, HyCuN,0,Cl
842.00

1814274

block, deep blue
0.25 X 0.20 X 0.15
100(2)

0.71073
monoclinic

C2/c
a=17.0071(8) A
b =13.1682(6) A
¢ =20.1656(8) A
a = 90.00°, 8 = 95.639(4)°, 7 = 90.00°
4494.3(3)

4

1.244

0.587

1784

2.99-24.75°
—20<h<13,-15<k<15,-22<1<23
8932/3185 [R(int) = 0.0533]
96.0% (0 = 24.75°)
0.916/0.869

SHELXL-97 (Sheldrick, 1997)
3694/0/269

1.066

R, = 0.0424, wR, = 0.1069

R, = 0.0515, wR, = 0.1160
0.368 and —0.392 e-A™3

were recorded on a PerkinElmer Instrument at normal temperature
with KBr pellet by grinding the sample with KBr (IR grade). 'H-, and
BC-NMR spectra of the ligand were recorded in BRUKER 600 MHz
NMR machine. UV—vis—NIR spectra and spectroelectrochemical
data were recorded on a PerkinElmer, Lamda 750, UV/vis/NIR
spectrometer by preparing a known concentration of the samples in
HPLC grade CH,Cl, at room temperature (25 °C) using a cuvette of
1 cm width. X-band EPR spectra were recorded on JEOL, JES-FA200
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Table 5. Crystallographic Parameters and Refinement Data
for Complex 3-1.5H,0

empirical formula 2(Cs,HgsCuN,0,), 2(PFy), 3(H,0)

formula weight 1957.10
CCDC no. 1814276
crystal habit, color block, blue

crystal size, mm® 0.10 X 0.08 X 0.04
temperature, T 293(2)

wavelength, 1 (A) 0.71073
crystal system triclinic
space group Pl

a=11.5692(6) A
b = 12.6901(5) A
¢ = 17.5488(5) A

a = 94.409(3)°, f = 96.390(3)°,
¥ = 95.137(4)°

unit cell dimensions

volume, V (A3%) 2540.29(18)

% 1

calculated density, Mg-m™ 1.279

absorption coefficient, u 0.527
(mm™!

F(000) 1026

6 range for data collection 3.11-27.50°

—14<h <15, -16 <k <16, -21 <1< 22
19554/8286 [R(int) = 0.0226]
96.0% (6 = 27.50°)

limiting indices
reflection collected/unique

completeness to 6

max and min transmission 0.979/0.951
refinement method SHELXL-97 (Sheldrick, 1997)
data/restraints/parameters 11206/0/604

goodness-of-fit on F> 1.014

final R indices [I > 206(I)] R, = 0.0768, wR, = 0.2047
R indices (all data) R, = 0.1008, wR, = 0.2298
largest diff. peak and hole 0.770 and —1.239 e-A™

machine. Cyclic voltammograms (CVs) of the complexes (1 mM)
were being recorded on VersaSTAT 3 instrument in CH,Cl, solutions
containing 0.10 M [("Bu),N]ClO, as supporting electrolyte. A glassy
carbon working electrode, a platinum wire counter electrode, and a
Ag/AgCl reference electrode were used for the measurements.
Ferrocene was used as an internal standard, and herein, all the
potentials are referenced versus the ferrocenium/ferrocene (Fc*/Fc)
couple.

Computational Methodology. The geometries of all the
complexes have been fully optimized at B3LYP/6-31G(d) level of
theory to have the most favorable structure of the complexes. A
double-{ quality basis set LANL2DZ was used for the atom antimony
(Sb) in complex 4. The vibrational frequency calculations were also
performed at the same level of theory to characterize the true
minimum_ structure without any imaginary frequency. TD-DFT'®
calculations at the same methods and basis sets were carried out to
generate the UV—vis—NIR spectra. Natural bond orbital (NBO)"
analysis was carried out to investigate the various charge transfer
occur between the interacting orbitals in the complexes. The effect of
dichloromethane (DCM) solvent on the electronic structure of the
complexes have been included using integral equation formulation of
the polarizable continuum model (IEF-PCM)"® in all the DFT and
TD-DFT calculations. All the computations were performed using
Gaussian-09 program package,'® although TD-DFT with standard
exchange-correlation functional is believed to yield some errors for the
study of charge-transfer excitation energies.’’ In the present
computation, it could predict the UV—vis-NIR spectra of all the
considered Cu complexes to a certain extent. However, this method
should be used with caution, and computational data should be
compared with experiments wherever possible.

Synthesis of CygHs3;NO; H,LAPPM), Reported previously.”
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Table 6. Crystallographic Parameters and Refinement Data
for Complex 4

empirical formula Cs, HggCuN,O,SbF¢
1042.31

1814278

needle, brown
crystal size, mm® 0.26 X 0.12 X 0.10

temperature, T 100(2)

formula weight
CCDC no.
crystal habit, color

wavelength, 1 (A) 0.71073
crystal system trigonal
space group P31 21

a=172492(4) A
b =17.2492(4) A
¢ = 14.2445(5) A
a = 90.00° f = 90.00°, y = 120.00°

unit cell dimensions

volume, V (A3) 3670.4(2)

V4 3

calculated density, Mg-m™ 1.41S

absorption coefficient, y 1.050
(mm™!

F(000) 1602

0 range for data collection 3.08—27.49°

—20<h<22,-6<k<22,-17<1<18
10058/4896 [R(int) = 0.0269]
97.8% (6 = 27.49°)

limiting indices
reflection collected/unique

completeness to 6

max and min transmission 0.900/0.860

refinement method SHELXL-97 (Sheldrick, 1997)
data/restraints/parameters 5392/0/296

goodness-of-fit on F* 1.080

final R indices [I > 26(I)]
R indices (all data)
largest diff. peak and hole

R1 = 0.0425, wR2 = 0.0965
R1 = 0.0501, wR2 = 0.1025
0.911 and —0.886 e-A™3

Synthesis of Cs,Hs3CuN,0,; {Cu"[L'SPM]10 (1). To a stirred
solution of ligand H,L*" Ph) (0.189 g, 0.5 mmol) in CH;OH (10 mL),
CuCl,-2H,0 (0.086 g, 0.5 mmol) and Et;N (0.1 mL) were added
sequentially at room temperature under air. The resulting solution
was stirred at room temperature for 1 h. The resulted greenish
precipitate was filtered and washed with excess CH;OH (5 mlL).
Crystals suitable for single crystal X-ray diffraction analysis were
grown by slow evaporation of a 3:1 CH,Cl,/CH;O0H solvent mixture.
Yield: 0.126 g, 62%. FT-IR (KBr pellet, cm™'): 3055, 2959, 2905,
2866, 1579, 1475, 1462, 1447, 1386, 1361, 1332, 1253, 1202, 1179,
1110, 1029, 853, 775, 746, 738, 697. ESI-MS (+) m/z for
[Cs,HgN,O,Cu]*: Calcd, 805.3789 ; found, 805.3791. Anal. Calcd
for C5,H,CuN,O,: C, 77.48; H, 7.26; N, 3.48. Found: C, 77.52; H
7.15; N, 3.58.

Synthesis of Cs,H;gCuN,0,Cl; {Cu'[L'BAPNLCI® (2). To a
stirred solution of ligand H,LAPC™) (0,188 g, 0.5 mmol) in CH;OH
(10 mL), CuCl,-2H,0 (0.173 g 1.0 mmol) was added at room
temperature under air. Upon addition of Et;N (0.1 mL), the color of
the solution changed to deep blue. After stirring of the solution for 1 h
15 min, a dark blue solid of 2 formed which was collected by filtration.
Recrystallization of the solid from a CH,Cl,:CH;OH (4:1) solvent
mixture provided blue crystals suitable for single crystal X—ray
diffraction analysis. Yield: 0.152 g, 72%. FT—IR (KBr pellet, cm™):
3054, 2952, 2905, 2866, 1617, 1591, 1460, 1432, 1387, 1377, 1364,
1321, 1247, 1206, 1085, 1023, 895, 805, 746, 701, 611, 580, 531.
ESI-MS (+) m/z for {[Cs,HsCIN,0,Cu]-CI]}*: Calcd, 805.3789 ;
found, 805.3769. Anal. Calcd for Cy,H CuN,O,Cl: C, 74.25; H,
6.96; N, 3.33. Found: C 74.47; H, 6.85; N, 3.32.

Synthesis of Cs,HsgCuN,0,PFg; {Cu'"[L'SQPP][L'BAPhYPE. (3),
To a stirred solution of the {Cu'[LS¥™1,1° (1) (0.201 g, 025
mmol) in CH,Cl, (10 mL), ferrocenium hexafluorophosphate (0.083
g, 0.25 mmol) was added and the resulted solution was allowed to
stirred for 3 h. During stirring, the deep green color solution changed

TH-2079_136122008

to deep blue. Then reaction solution was evaporated to dryness,
which provided an amorphous solid of 3. The solid was washed with
excess hexane (10 mL). Recrystallization from CH,Cl,/hexane (3:1)
solution afforded X-ray quality crystals. Yield: 0.112 g, 45%. FT—IR
(KBr pellet, cm™): 3062, 2955, 2915, 2871, 1635, 1608, 1563, 1469,
1415, 1387, 1368, 1321, 1270, 1248, 1207, 1173, 1088, 903, 841, 745,
703, 557. . ESI-MS (+) m/z for [Cs;HsN,0,Cul*: Calcd, 805.3789
; found, 805.3784. Anal. Calcd for Cg,Hg;CuN,O,PF¢1.5H,0: C,
63.85; H, 6.29; N, 2.87. Found: C, 63.91; H, 6.03; N, 2.61.

Synthesis of Cs,HssCuN,0,SbFg; {Cu'(L'"®¥"") }SbF, (4). To a
stirred solution of the {Cu'[LBU™™],CI}° (2) (0.210 g, 0.25 mmol)
in CH,Cl, (10 mL), silver hexafluoroantimonate (0.086 g, 0.25
mmol) was added and allowed to stirred for 2 h. During stirring, the
deep blue color solution of the solution changed to reddish-brown.
After that, reaction solution was filtered through a Celite pad, and the
filtrate part was evaporated to dryness to give an amorphous solid of
4. The solid was recrystallized from a CH,Cl,/MeOH (3:1) solvent
mixture that afforded X-ray quality crystals. Yield: 0.112 g, 42%. FT—
IR (KBr pellet, cm™): 3063, 2961, 2909, 2871, 1638, 1622, 1514,
1473, 1377, 1288, 1268, 1251, 1021, 898, 751, 702, 657. ESI-MS (+)
m/z for [Cs,HsgN,0,Cu]*: Calcd, 805.3789 ; found, 805.3766. Anal.
Caled for CgHegCuN,O,SbF,3H,0: C, 57.02; H, 5.89; N, 2.56.
Found: C, 56.94; H, 5.63; N, 2.46.
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