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Abstract

High-valent non-heme iron(1V)-oxo species were proposed as an active
oxidant in several catalytic cycles in many biological iron dependent oxygenases.
The reactivity of the formerly reported low-spin (S = 1) iron(IV)-oxo complex
[Fe'V(asN4Py)(0)]?* (1b) with the chiral pentadentate ligand has been investigated
in the oxidation reaction of various alkenes, such as, cis-cyclooctene and styrene
derivatives. In addition, the oxidation of ethylbenzene by the chiral iron(IV)-oxo
intermediate achieves moderate enantioselectivity and high yield.

Manganese-isoindoline complexes such as, [Mn"(HL®)Cl] (3),
[Mn"'(HL*)CI2] (4), [Mn"(HL®)CI,] (5), [Mn"'(HL®)CI] (6), [Mn"(HL")CI] (7) and
[Mn''(HL®)CI] (8), were synthesized and characterized by various electrochemical
and spectroscopic methods. Efforts have been made to work out highly efficient and
highly selective manganese-based catalytic system for the disproportionation
reaction of H.O». After that, investigated the effect of the ligand modification by
varying the aryl substituent on the bis-iminoisoindoline moiety with emphasis on
the redox potential. The catalase-like activity of the manganese-isoindoline
complexes (3-8) was studied in an aqueous medium at pH 9.5. We observed that the
higher the redox potentials of Mn"!/Mn'' redox couple the higher is the catalase-like
and bleaching activity. The bleaching and catalase-like activity of the catalysts
showed a linear correlation with the Mn"""/Mn'" redox potentials. The manganese-
isoindoline complexes (3-8) have been used for flavanone oxidation as flavanone

oxidase model.

The catalytic oxidation of N,N-dimethylaniline (DMA) with meta-chloro
perbenzoic acid (m-CPBA), peracetic acid (PAA), hydrogen peroxide (H202), tert-
butyl hydroperoxide (TBHP), and iodosobenzene (PhlO), by non-heme
[Mn'!(asN4Py)(CH3sCN)](ClO4)2, Mn(ll) manganese-isoindoline complexes (3-8)
and Mn(ClOa4)2 salt, under air and argon atmosphere were also investigated. The
main products observed under air were N-methylaniline (MA) and N-methyl-
formanilide (MFA) while under argon atmosphere yielded N-methylaniline (MA) as

a predominant product.
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Introduction

1 Introduction

Metalloenzymes play an important role in the majority of biological functions.
During the 20" century, the chemists started to search for an understanding of the
functions of metallobiomolecules which lead to a field of bio-inorganic chemistry.
It deals with the applications of the elementary principles of chemistry in the
biophysical processes of living organisms and involves the study of most metallic
and some nonmetallic elements in biological systems [1-3]. This research field has
been expanded significantly during the past three decades due to several reasons
such as, swift preparative methods for metalloproteins, the identification of essential
elements in plants, animals and human nutrition, advanced diffraction and
spectroscopic techniques especially protein crystallography and nuclear magnetic
resonance (NMR) spectroscopy, the improved and facile synthesis of simple and
inorganic complexes to mimic the various aspects of biomolecules, and the use of

metal complexes for therapeutic agents [2, 4].

The majority of metalloenzymes are proteins which contain metals that are tightly
bound and always isolated with protein. About one-half of all known proteins
contain metals and most of the proteins depend on metals for their biological
functions. Metalloenzymes successfully solved the issue of selectivity in the
oxidation of non-activated C-H [5, 6], and C=C bonds under mild conditions [7-9].
Metalloenzymes utilize metals as the cofactors to catalyze a diverse array of
biochemical reactions. Even though metal ions only account for less than 1% of the
total protein weight, they are essential for the enzyme activity. Moreover, the metal
ions can exist in multiple oxidation states and different geometries, and these
characteristics are vital to promote complex biochemical transformations and

participate in highly specialized biological functions such as, oxygen activation.
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The nature of the metal and amino acid residues, the coordination geometry of the
metal centre, the relative disposition of the metal in the case of polymetallic systems
and the three-dimensional configuration are crucial properties for the reactivity of
the metalloprotein. All these factors determine the ability of the metal ion to stabilize
different reaction intermediates, sometimes with distinct oxidation states, and they
can also alter the shape of the active site that controls the accessibility, and the
trajectories of the substrate approaching the metal active centre. The purpose of
these systems is to mimic the reactivity of the natural enzyme in catalyzed
transformations by using synthetic low molecular weight compounds and provide
mechanistic, structural and spectroscopic data for comparison with the biological
system. This study is based on the design of suitable ligands to generate functional

models with first-row transition metals.
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2 Literature review

2.1 The biological role of the metal ions

Recently many successful examples of enzyme redesign to modify the active centre
have been reported, showing the possibility of changing the inherent catalytic
activity of the enzyme. However, due to the time consumption and inherent
difficulty of working with proteins, high molecular weight and complicated
purification process, the investigation of synthetic bioinspired model comprise an
attractive approach for getting advance information about protein chemistry. Metal
ions in metalloproteins are usually coordinated by nitrogen, oxygen or sulfur atoms
belonging to amino acids in the polypeptide chain of the protein (Table 1). Most of
the living organisms constitute iron with only a few exceptions in the bacterial world
[2,7,10].

Table 1. Lists of some essential metals and enzymes those containing metals in their

active sites
Metal Examples of Metalloenzymes
Iron Catalase and Hydrogenase, Oxygenase and Oxidase
Manganese Arginase
Copper Cytochrome oxidase and Laccase
Nickel Urease, Hydrogenase
Cobalt Methionyl aminopeptidase and Nitrile hydratase

Biologically, iron plays a vital role in oxygen transport and storage as well as in
electron transport. A large number of metalloenzymes contain iron in their active
sites such as, myoglobin and haemoglobin, which were among the first proteins to
be structurally characterized and both of them contain iron protoporphyrin as an

essential prosthetic centre.
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Metalloenzymes containing iron active site comprises a large group of dioxygen
activating enzymes that possess the capability of functionalizing a wide range of
organic substrates with high efficiency and selectivity. Iron-containing enzymes can
be classified based on the structure of the active site, such as, mononuclear non-
heme enzymes and heme enzymes. Many enzymes need cofactor to work properly,
which can be metal ions such as, Fe?*, Cu?* and Mg?* or organic molecules, for
instance, biotin, haem, NAD and FAD. The complete active enzyme with cofactor
is called a holoenzyme [182].

Substrate)
7

Figure 1. Iron(lV)-oxo intermediate in the mononuclear non-heme iron enzyme

isopenicillin N-synthase [182].

Homogeneous catalysis

Catalyst can be classified into two categories, homogeneous and heterogeneous. For
the first time, the catalyst was defined in 1894 by Ostwald as a chemical substance
that accelerates the reaction without being consumed [11, 12]. In the presence as
well as in the absence of the catalyst, the reaction has the same initial and final
points, but it occurs through different mechanisms, involving different intermediates

and transition states.



2.3

Literature review

The reaction is faster in the presence of the catalyst, which means that it decreases
the activation energy of the reaction allowing it to be carried out under milder
conditions and more efficiently [13]. Most biological reactions have large activation
energies, so without enzymes, they proceed too slowly to be useful. Enzymes reduce
the activation energy of a reaction, so that the kinetic energy of most of the
molecules exceeds the required activation energy, hence, they can react. For
instance, in the case of catalase reaction (2H.0. — 2H>0 + O) the activation energy
without a catalyst is 86 kJ mol?, and just 1 kJ mol™ with the enzyme catalase, and

62 kJ mol™ with an inorganic catalyst (Figure 2) [181].

Without
enzyme

Used

Time

AB

Released Energy

Figure 2. Energy profile in catalase reaction in the presence and absence of

enzyme [181]

Biomimetic heme iron catalysts

High-valent iron complex is supposed as the active oxidant toward bond activation
of (C-H). This complex named as Compound | (Cpdl) in P450 enzymes has one
oxidizing equivalent that is not stored at the iron centre but as a substitute delocalized
on the porphyrin macrocycle ring, and formulated as an iron(IV)-oxo unit chelated

by porphyrin n-radical [14].
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The short-lived nature of this intermediate has long been a difficulty for its
assignment as the active oxidant in P450, and only indirectly demonstrated from
computational and biomimetic studies [15, 16]. Recently, Green and Rittle have
effectively characterized and trapped (Cpdl) using UV-Vis, electron paramagnetic
resonance and Mossbauer spectroscopic methods, and provided unambiguous proof

for its activity in substrate hydroxylation (Figure 3) [16].

R-H

o+

Syc

SYycC

Figure 3. lllustration of different intermediates produced during the catalytic cycle
of cytochrome P450 [32]

Bioinspired non-heme iron enzymes

Metalloenzymes containing non-heme iron centre are common in nature. Several
members of this family isolated from plants, mammals and bacteria have now been
structurally characterized. Enzymes performing oxidation catalysis can generally be
divided into two types: oxidase, use oxygen as an oxidant and reduce dioxygen to

H20, and H»0, and oxygenase (mono and dioxygenases).
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Catalysis the activation and addition of molecular oxygen into organic substrates.
Table 2, presented a list of the non-heme metalloenzymes that have been identified
to contain mono or diiron active site motif and perform a catalytic function in

oxidation reactions [17, 18].

The mononuclear non-heme site is typically penta or hexa-coordinate with one
mono or bidentate carboxylate group derived from asparagines, glutamate,
cysteine, or tyrosinase and at least two histidines around the iron centre; there
are one or two reactive coordination sites that are occupied by water molecules.
The mononuclear non-heme iron active sites including enzymes, models, and

intermediates have recently been reviewed [19].

Table 2. Selection of important by mono and dinuclear iron(ll) with the catalytic

function oxidation reaction

Enzyme class Function Ref.

a -ketoacid-dependent Unactivated C-H bond oxidation [2]

0Xygenases

Aromatic amino acids Aromatic amino acid hydroxylases [20]

hydroxylation

Isopenicillin N synthase Isopenicillin formation [21]

Lipoxygenases The unsaturated fattyacid [22]
oxidation

Rieske oxygenase Arene cis-dihydroxylation [19]

Bleomycin DNA cleavage

Alkene monooxygenase Alkene epoxidation [19]

Butane monooxygenase Butane to butanol oxidation [23]

O-alkane hydroxylase Alkane to alcohol oxidation [24]

In contrast to the heme-inspired systems in which the synthesis and
characterization of iron(IVV)-oxo porphyrin species appeared in 1981 [25], the
non-heme iron(1V)-oxo complex appeared almost two decades later in 2000
[26]. For the first time, a non-heme iron(IV)-oxo intermediate was detected
spectroscopically in the reaction of [Fe'"'(cyclamacetato)(CF3SOs)]* and Os in

acetone and water at —80 °C by Wieghardt and co-workers [27, 28].
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This novel intermediate is a green species, which was characterized as an
intermediate-spin  (IS) iron(IV)-oxo (S = 1) based on the Mdossbauer
spectroscopy [26]. Subsequently, the first well-characterized mononuclear non-
heme iron(I1V)-oxo complex was reported in 2003. Miinck, Nam, and Que with
their research group presented the first X-ray crystal structure of a mononuclear
S = 1 iron(lIV)-oxo complex that was produced in the reaction of
[(Mescyclam)Fe'(CH3CN)]?* and iodosobenzene (PhIO) in CH3CN at —40 °C
[29]. This intermediate was characterized with various spectroscopic methods
which confirmed the short Fe=O bond distance of 1.646 A [30, 31]. Later, the
researchers investigated the reactivities of mononuclear non-heme iron(IV)-oxo
complexes bearing tripodal and macrocyclic tetradentate N4, pentadentate N5 and
N4S ligands in the oxidation of a variety of substrates, including olefin epoxidation,
alkane hydroxylation, N-dealkylation, alcohol oxidation, and the oxidation of
sulfides and PPh3 [27, 32-35].

Polydentate ligands

Non-macrocyclic polydentate ligands can also support the iron(IV)-oxo unit but
with variable thermal stability. The N4Py ligand provides a tertiary amine donor
trans to the oxo group and four pyridines bound to the Fe=O unit. The complex
[Fe'V(0)(N4Py)]** has been the most extensively studied in the last few decades. It
has a half-life of 60 hours at 25 °C [36], which was suitable for its crystallization.
Its crystal structure showed a Fe=0 bond of 1.639 A, a trans-Fe—N amine bond of
2.033 A, and average Fe—N, the bond of 1.956 A [37], while its Fe-O bond [38] is

comparable in length to those of [Fe'V(O)(TMC)(NCCHg)]2+ and [Fe'V(O)(TMC-

Py)]2+, and the average Fe-N bond length is 0.1 A shorter, demonstrating the greater
ligating ability of the pyridine ligands relative to macrocyclic tertiary amine donors
(Figure 4). In recent studies, it has been shown that the polypyridyl complexes of
iron are coordinatively stable both in higher and lower oxidation states, and a variety
of polypyridyl complexes of iron(IV)-oxo are reportedly known to be effective

stoichiometric oxidants toward oxidation of various organic substrates [41].
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The oxo atom was shown to drive from water by isotope labelling experiments,
[Fe'V(O)(N4Py)]2+, the NIR absorption band at 705 nm (¢ = 400 M cm?) is

comparable in intensity to that of [Fe'V(O)(TMC)(NCCHe,)]2+ but significantly
blue-shifted in energy [41].

7

N N

Z N N7
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AN AN
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LI N
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CEN;( )
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BQPA TPA
Figure 4. Polydentate chelating ligands used in the synthesis of iron non-heme

biomimetic complexes [32]

Besides N4Py, there are other polydentate ligands composed of combinations of
pyridine and amine donors in different ligand framework also support the iron(IV)-
oxo unit. Generally, these complexes were synthesized by reacting the Fe'' precursor
with oxidant agents such as, Ph1O, m-CPBA or BtOH. The well-known examples of
pentadentate ligands developed by Comba [42-44]. All these iron(1V)-oxo
complexes were found in the S = 1 spin state and revealed significant thermal
stability at 25 °C.
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2.6 Comparison between iron(1V)-oxo and iron(V)-oxo complexes

Que and his coworkers achieved significant success in exploring and
characterization of iron(IV)-oxo and iron(V)-oxo intermediates, generated from
non-heme iron complexes with different co-oxidants such as, PhlO and H2O>. For
synthetic iron(IV)-oxo intermediates, detailed mechanistic information has been
reported [32, 33, 45-47]. Wieghardt with his research group characterized the first
non-heme iron(1V)-oxo complex by using Mdssbauer spectroscopy and assigned it
to a low-spin (S = 1) complex [26]. Until today numerous synthetic non-heme and
heme iron(1V)-oxo complexes have been synthesized (Figure 5) and characterized
by different spectroscopic techniques such as, X-ray crystallography in some cases.
Most of the iron(IVV)-oxo species found were low-spin (S = 1), either in solution or
in solid-state [48, 49], while only a few compounds revealed a high-spin (S = 2)
ground state [50, 51].

Homolysis
LFe + H;0; — 9 |Fell.o0OH ———— LFeV=0 + OH® (Eq.1)

Heterolysis
LFeV=0 + OH"- (Eq.2)

The intermediate (Fe''-OOH) is chemically reactive, due to the weakening of the
(O-0) bond and can react in different ways: as oxidant, when the cleavage of the
(O-0) bond occurs via the attack of a nucleophile. It can be activated by (O-O)
bond homolysis to form iron(IVV)-oxo species (Eq. 1) and the short-lived highly
reactive HO- radical, which is an immediately transferred to the substrate with
suitable ligands, the iron(lV)-oxo species possibly stabilized to act as the key
oxidizing species or may undergo (O-O) bond heterolysis to form iron(V)-oxo
species (Eq. 2) [52].

10
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Biological system

Heme Non-heme
o HO
| o Tooc o
N’\Fle\'v—o o ||:| |v° ASP
—Fre
H|s<[> (N |SN7
N / 0 AN
H HN coo His
His NH
His
KG -C3 halogenase taurin dioxygenase

Cyctochrome P450

Synthetic model system Heme

Ar = mesityl

[(TMP*+)Fe™ O(CI)]

Non-heme

[(asN4Py)FeV=0]**

[(asN2Py2Qu)Fe'V=0]?* [(N4Py)Fe'V=0]?*

Figure 5. Comparison between the heme enzyme (Fe) [53-55] and non-heme

enzymes of (Fe) complexes [55-58]

11
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For the first time, the iron(V)-oxo complex [(TAML)FeV=0] was presented in 2007
[59], by the reaction of [(TAML)Fe'"'(H.0)] with m-CPBA in n-butyronitrile at -60
°C which yielded a deep green complex, confirmed as [(TAML)FeV=0] by EPR,
Mossbauer, EXAFS and ESI-MS analysis. This low-spin (S = 1/2) complex
exhibited a rhombically anisotropic EPR spectrum and was capable of oxidizing
various substrates, such as styrene, ethylbenzene, thioanisole, cyclooctene, and
9,10-dihydroanthracene.

Recently, a rapid increase in the number of experimental data supporting the
formation of iron(V)-oxo intermediates has been observed. Interestingly these
intermediate complexes are considered as active species of the present most active
catalyst systems based on non-heme iron complexes with penta-dentate N-donor
ligands and H2O>. Oleg and Alexandra with his research group have carried out the
research for (L*")Fe'V=0 or FeV=0 species by the use of ferric complex
[Fe'''(Mestacn)(Cl-acac)CI]* as a catalyst in the presence of oxone as an oxidant.
DFT, EPR, ESI-MS and ¥0 labelling experiments revealed the intermediate
[(Mestacn)Fe'V=0 (Cl-acac)**] as an active species in catalysis [59]. The active
species of iron(I'VV)-oxo are considered reliable in the catalyst systems supported on
non-heme type iron complexes [60, 61].

Synthetic non-heme iron(1V)-oxo systems

Karl Weighardt and co-worker in the year 2000, for the first time, synthesized and
characterized non-heme high-valent iron(IV)-oxo complex by Mdssbauer
spectroscopy and assigned it to a low-spin (S = 1) of the complex [Fe"!(cyclam-
acetate)(CF3S03)]" [62]. Nam and Que have synthesized another family of iron(1V)-
oxo intermediates having tripodal ligands, [Fe'V(O)TPAJ?* [63].
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Figure 6. Reactions proposed to be mediated by high-valent Fe(IVV)-oxo
intermediates [55]

Oxidants used in the generation of high-valent iron intermediates

In the literature so far, many types of oxidants have been used to achieve non-heme
iron(IV)-oxo complexes. Some of the well-known oxygen transfer oxidants are
PhlO, m-CPBA, tBOOH, PAA and H:02. Iron(lV)-oxo intermediate was
generated by the ozonolysis of iron cyclam-acetate [63]. On the other hand, high-
valent iron(IV)-oxo intermediates have been produced by two-electron oxidation of
the metal complexes in the presence of water as a source of oxygen. Cerium(IV)
ammonium nitrate is a potentially strong one-electron oxidant which is usually used
for the production of iron(IV)-oxo intermediates [40]. Interestingly iron(IV)-oxo
intermediates can also be generated by the combination of a photosensitizer with a

weak one-electron oxidant using water as an oxygen source.
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Que and his research group presented an indirect way to generate iron(IV)-oxo
intermediates wherein, Fe''-OOR complex was converted into iron(IV)-oxo
complex with pyridine-N-oxides by homolytic O-O cleavage [64]. They also
reported the electrochemical generation of iron(IV)-oxo species in the presence of
water [65]. Recently, it has been reported that the treatment of iron(l11)-peroxo
complexes with Sc*® yields iron(IV)-oxo intermediates [66]. The dioxygen
activation of iron(Il) complexes with a proton can also generate iron(IV)-oxo
intermediates [20] (Scheme 1).

(o]
1 Eqv. PhlO, m-CPBA

Fe!l

» Fe'V(0)

Fe'l o] » Fe'l-OOR — » FeY(0)

1.5 Eqv. TBHP, H,0,

Scheme 1. Generation of high-valent iron intermediates by using different

oxidants

Reactions of non-heme iron(lV)-oxo

Synthetic non-heme iron(1VV)-oxo complexes are capable to react with many organic
substrates. The well-known studies regarding oxidation reactions relating iron(I1V)-
oxo species are alkene epoxidation, alcohol oxidation, aliphatic and aromatic
hydroxylation, hydride transfer, hydrogen atom abstraction phosphorous oxidation,

electron transfer, halide oxidation, and N-dealkylation (Figure 7).

Some of the key reactions involving iron(IV)-oxo complexes relevant to this
research work include oxidation reactions which are the frequently used substrates
to demonstrate Oxygen Atom Transfer (OAT) reactions. Oxygen Atom Transfer is
a two-electron oxidation reaction based on S- and P- wherein the transfer of oxygen
atom occurred from iron(1V)-oxo to the substrate. The 80 labelled experiments
provided the deep and mechanistic insights of OAT [36, 67].
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The Hydrogen Atom Transfer (HAT) mechanism based on successive two-electron
reactions involving iron(IV)-oxo intermediates, oxidizes organic substrates such as,
indene, triphenylmethane, 1,4-cyclohexadiene (CHD) and fluorene to evaluate HAT
reactions. The mechanistic conclusion usually comes from the observation of KIE
values. The OAT and HAT both have been considered as the key reactions to

understand the factors influencing the reactivity of iron(IV)-oxo complexes.
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Figure 7. Reactions related to synthetic non-heme iron(IV)-oxo complexes [55]

Recently, the concept of H*/e- transfer processes have been presented by Meyer and
Costentin [183], which is named as, proton-coupled electron transfer (PCET). It
includes many redox processes where the rate or energetics are affected by one or
more protons, involving processes in which protons and electrons transfer among
one or more reactants, by concerted. Hammarstrom and co-workers used the term
concerted electron/proton (CEP), which contrasts with stepwise processes involving
either initial PT followed by ET, or ET followed by PT [183].
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The reactivity and stability of iron(IV)-oxo complexes depend on many factors, such
as the structure of the ligand and the spin state (Table 4 and 5). Complex
[Fe'V(0)(TMC)(CHsCN)J?* showed low reactivity in the HAT and OAT reactions,
so a slight modification was made to the complex [Fe'V(0)(13-TMC)(CH3CN)]?*
[68], which is more reactive complex in the reactions [49]. Complexes of N4Py and
Bn-TPEN five donor ligands were highly reactive in oxidation reactions, but
MesNTB complexes of four donor ligand achieved several orders of magnitude
higher reaction rates as mentioned in (Table 3), [49]. During the oxidation of
ethylbenzene, the complex [Fe'V(O)(TBC)(CH3CN)J?* is more reactive than the
complex [Fe'V(0)(N4Py)(CHsCN)]?* [69].

Table 3. Reactivity of (L) Fe'V complexes in OAT and HAT at -40 °C.

Kobs Kobs Kobs Kobs  Kobs Kobs Kobs
L= TMC 13-TMC N4Py TMGsTR Me;NTB Bn-TPEN TBC
PhCH(CH3), 2.0x1073 (s7) 1.0x10°(s%)
PhsCH 3.7x1072 (s?) 1.0x10% (s?)
AcrH; 1.0x10° 5.4x10%(s?)
PhMe 2.1x10% (sh) 4.7x1071 (s
DHA 2.5x10% 5.x10°(s?)  8.0x107%(sY) 3.1x10% (s7) 8.8x10°
PhEt 9.6x10° 1.2x103(sY) 1.5x10° (s?) 1.5x107
CeHy, 4.6x10® (s1) 2.5x101 (s1)
2,3-DMB 6.0x10 (s?) 2.9x107 (s1)
PPh; 1.5%10° () 1.3x10° 1.7x10%
CHD 6.4x10* 5.4x10°(s?) 5.0x10%(s1) 1.2x10°  9.4x102(s) 5.7x10°
PhSMe 1.3x10° 4.3x102(s?) 2.4x10%(sh) 2.1x10% (s?) 1.4x102 2.0x10
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Table 4. Structural and spectroscopic characteristics of S = 2 for non-heme

Fe complexes

Complexes Amax (Nm), 0 AEq D Fe-O VFe=Q Ref.
(e(Micm1)  (mm/s) (mm/s) (em?) (A (cm?)

S=2FeV=0

[FeV(0)(H:0)s]** 320 (500) 038 033 97 - - [70]

[Fe'V(O)(tpaPh)]~ 400 (-) (900) 009 051 4.3 162 850  [71]
[Fe'V(O)TMG:dien)

(X)]2+/+

X= NCCHs 380 (8200) 008 058 45 165 807  [45]
805 (270)

Ns 412 (9700) 012  -030 46 - 833 [45]
827 (290)

Table 5. Structural and spectroscopic characteristics of S = 1 for non-heme

Fe complexes

Complexes Amax (NM), (¢ O AEq D FeO VFe=0 Ref.
Mtem™)  (mmis) (mmis) (cm?) (A) (em™)

S=1FeV=0

[Fe'V(O)(cyclam-CH.CO,)]* 676 (-) 0.01 1.37 23 - - [26]
[Fe™(O)(TMC)(X)]**

X =NCCHjs; 824 (400) 0.17 1.24 29 1.646 839 [72]
-CN 858 (250) 0.5 025 31 166 823 [73]
N3 850 (130) 017 070 29 166 814 [73]
[FelV(O)(TMC-Py)J?* 834(260) 018 108 29 166 826 [74]
[FeV(O)(TBC)(NCCHs)J*  885(360) 022 097 205 164 842 [69]
[FelV(0)(TMCSO,)]* 830(170) 019 129 - 831 [75]
[Fe'V(0)(PyMAC)?* 705(230) 003 200 - - ; [76]
[Fe'V(0)(15-TMC)J%* 890 (-) - ; - ; [77]
[Fe'V(0)(Bn-TPEN)J?* 740 (400) 001 087 - 167 - [78]
[Fe'V(0)(Me-TPEN)]% 756 () ; ; - ; [79]
[FelV(O)(TPEN)?* 730(380) 001 087 - - 818 [78]
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Recently, the understanding of catalytic reactions based on mechanistic studies of
the enzymes and their model compounds, and the nature of active oxidizing species
have been improved. One of the well-known examples is the catalytic cycle of
dioxygen activation and oxygen atom transfer by a-KG dependent oxygenases
(TauD) (Figure 8). Since decades, the high-valent non-heme iron(IV)-oxo
intermediates have been considered as key candidates in many biological oxidation

processes [23, 80].
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Figure 8. Proposed mechanism of Taurine a-KG dioxygenase [81]
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Taurine a-KG dioxygenase (TauD) intermediates were first of mononuclear
nonheme iron enzyme presents the creation of an iron(1V)-oxo intermediate (TauD-
J) as an active oxidizing species, which has been characterized using various
spectroscopic techniques. For most of the a-KG-dependent enzymes, large kinetic
isotope effects (KIEs) value greater than 50 were established for the decay of
iron(IV)-oxo intermediates in the presence of deuterated substrates, which
authenticated the contribution of the iron(IV)-oxo intermediates reactions. The
iron(IV)-oxo intermediate is considered to be responsible for the one-electron
oxidation of the substrate, which is essential to start the epimerization process mimic

their high-valent oxoiron intermediates and emulate their reactivities [81].

2.10 Catalytic epoxidation of olefins by iron (11) complexes

In current studies, it has been investigated that the iron-based polypyridyl complexes
are coordinatively stable both in lower and higher oxidation states, and various types
of polypyridyl complexes of iron(IV)-oxo are recognized to be efficient
stoichiometric oxidants toward oxidation of different organic substrates by oxygen
atom transfer (OAT), electron transfer-proton transfer (ET-PT) [82, 83], hydrogen
atom transfer (HAT), and electron transfer (ET) reactions [36, 84].

Despite, the widespread interest in ruthenium(IV)-oxo mediated epoxidations [90],
there is relatively rare information on the mechanism of alkene oxidations by
synthetic, non-heme iron(1V)-oxo complexes. This is mainly as a result of the low
stability of the high valent iron(IV)-oxo intermediates which have prevented direct

kinetic measurements on their reactions at ambient temperature.
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Table 6. Comparison of the efficiency of various iron(IV)-oxo and ruthenium(1V)-

oxo complexes toward the oxidation of styrene and cis-cyclooctene in acetonitrile

Complex/Substrate ko/M1 Epoxid/  AHA(kJ 45*(dJm TE  Ref
s1(°C) keton (%) mol?l) oltK?)

[Fe'V(asN4Py)(O)]?*/ styrene 2.94x104(25) 65/12 70.6 -76.4  +0.19 [85]

[Fe'V(asN4Py)(O)]**/cis- 5.41x107*(25) 757 38 -180 - [85]
cyclooctene

[Fe'V(N3S2)(O)]?*/ styrene 2.6x102(25)  60/20 72 -32 20  [86]
[Fe'V(PyMac)(0)]%/ 0.45 (0) 80 23 -169 na. [76]
cyclooctene

[Fe'V(TQA)(0)]#/ cyclooctene 3.3 (-40) 80 n.a. n.a. na  [87]
[Ru™(tpy)(pic)(O)]*/ styrene 2.27%102(25) 64/11 385 -147  +0.16 [87]
[Ru'V(tpy)(tmeda)(0)]?*/ styrene  1.95x1072(25) 64/12 38.1 -151  +0.43 [88]
[Ru'V(Mestacn)(bpy)(0)]?/ 1.30x1073(25) 62/12 42.3 -159 +0.5 [89]
styrene

Table 7. Catalytic oxidation of cyclooctene catalyzed by mononuclear iron(ll)

complexes
Catalyst Substrate % diol epoxide % Ref.
[Fe(N4Py)(CH3CN)](CIO.) Cyclooctene 0 0.6 [91]
[Fe(bph)(CH3CN)2](ClO4)2 Cyclooctene 0 2.5 [92]
[Fe(cyclam)(CH3CN)2](ClO4): Cyclohexene 0 20 [93]
[Fe(N4Py)(CH3sCN)](CIO4)2 Cyclooctene 0 0.6 [94]
[Fe(mebpa)CI](ClO.), Cyclooctene 0 20 [92]
(Me4N)[Fez(L3)(OAC)2] Cyclohexene 0 10 [95]
[Fe(tpa)(CH3CN)2](ClO4)2 Cyclooctene 0 2.6 [96]
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2.11 Catalytic oxidation of C-H by iron(I1) complexes

Commonly used metalloproteins utilize the oxidative power of dioxygen to catalyse
a broad spectrum of key metabolizing reactions, which have medical,
pharmaceutical, commercial and agricultural significance [2, 18]. The preparation
of enantiopure compounds for drug production and agricultural chemicals is one of
the most dynamic fields in organic chemistry, but the big challenge is the
asymmetric functionalization of sp® C-H bonds, including the asymmetric
hydroxylation of alkanes [97, 98]. Extensive research has been carried out on non-
heme iron enzymes, and their related biomimetic complexes, such as the reactivity
and formation of high-valent oxoiron species [99, 100]. The mentioned systems are
accountable for a broad range of oxidative transformations. Fe(Il)/a-ketoglutarate
dependent taurine dioxygenase, that catalyses the hydroxylation of taurine yielding
sulfite and amino acetaldehyde, is one of the famous nonheme iron enzymes which
is capable to carry out enantioselective and stereospecific C-H oxidation, where the
production of (O2") derived high-valent iron(IVV)-oxo was proposed as the iron-based
oxidant [101]. Our research group had been successful in getting well-characterized
synthetic analogues of high-valent non-heme iron species with chiral ligands,
[Fe'V(asN4Py)(0)]?* (2b) which serve as synthetic models for non-heme iron-

dependent oxygenases [102].

2.12 Manganese redox enzymes

There are several well-known enzymes, that contains manganese in their active site
such as transferases, lectins, oxidoreductases, isomerases, ligases, hydrolases,
lyases, and integrins [103]. Few classes of the enzyme are involved in catalytic
transformations (Table 8). The dioxygen evolving complex of manganese catalase
and Photosystem Il (PSII) is among the deeply studied manganese enzymes [104].
The oxygen evolving complex (OEC) is involved during the initial stages of the
overall photosynthetic processes, in which NADPH is formed for carbohydrate
biosynthesis. The OEC catalyses the photo-induced oxidation of water, thereby

releasing molecular dioxygen [105, 106].
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Table 8. Selection of important mono and dinuclear Mn(I1) in the catalytic oxidation

reactions
Enzyme class Function Ref.
Mn catalase Hydrogen peroxide decomposition [107]
Oxygen evolving complex Water to dioxygen conversion [106]
Mn lipoxygenase The polyunsaturated fatty acid oxidation [107]

2.13 Isoindoline ligand derivatives (pincer-type)

Since the late 1970s, pincer-type ligands have been broadly investigated in
organometallic chemistry and homogeneous catalysis [109]. The term pincer is
usually used for all meridionally coordinating tridentate chelate ligands. The
ancillary ligands present the coordination chemistry of transition-metal complexes
and also describe their physical and chemical properties [108, 109]. The use of
pincer structures in metal complexes has led to extraordinary achievements in the
field of small molecule bond activation, which is related to catalytic applications
[110].

In 1952, Elvidge and Linstead reported the first 1,3-bis(2’-pyridylimino) isoindoline
(bpi) ligand as a byproduct of phthalocyanine derivatives, which are consumed as
organic dyes. The bpi structure consists of a central isoindoline group that is
connected to two pyridyl rings with imine moieties (Scheme 2) [111]. The
exploration into the coordination chemistry of metal— bpi complexes initiated in the
early 1970s, and bpi-type ligands typically coordinate in a meridional tridentate
(N,N,N) style to the metal centre as an Ls-type donor [112]. Until now, bispidine
(bpi) scaffolds have been in use as pincer ligands with the full range of transition
metals, including Mn'' [113, 114].
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Scheme 2. Synthesis of bis(pyridylimino)isoindoline compounds

Recent advancements established bpi metal complexes as versatile and tunable
structural building blocks for attractive applications in the field of enzyme
modelling such as, catalase [114, 115], and phenoxazinone synthases [116]. These
complexes exhibit a vast range of applications in the field of material science
including photoactive materials [117], ion sensors [117], and molecular electronics
[118]. However, in some cases, these transition-metal complexes have appeared as
molecular catalysts in oxidation [118-120], asymmetric hydrosilylation [121], and

hydrogenation reactions [119].
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Scheme 3. Coordination modes of bis(pyridylimino)isoindoline ligand
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The imine patterns on the bpi structure strongly influence the electronic and
structural properties of the free ligand and the coordinated complexes [111]. The
double bond of the imine linkers extends the 7 system throughout the bpi scaffold,
which forces a planar structure and improves the robustness and rigidity of the
system (Scheme 3) [122]. Depending on the exchange pattern in the pyridyl rings,
for example sterically encumbered groups ortho to the pyridyl nitrogens, this planar
confirmation may be disrupted by the twisting of the pyridyl groups out of the
molecular plane. Additionally, the N—H proton lies in the plane of the molecule and
display hydrogen bonding to the pyridyl nitrogen atoms, which is revealed by a
downfield chemical shift of the N-H hydrogens (12-14 ppm) in the 'H NMR
spectrum. The N—H functionality coupled with imine groups, whose lone electron
pair can be engaged upon protonation (Scheme 4), enable proton-responsive

activity in bpi compounds depending on the pH environment [123].
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Scheme 4. Structure of the ligand and the possible tautomerization

2.14 Ligand design for biomimetic non-heme Mn and Fe complexes

Knowledge of homogeneous catalysis at the metal centres of model complexes
depends upon the understanding and progress of their chemical reactivity. The
selectivity and stability of a catalyst are strongly linked to its molecular structure.
Consideration of electronic, steric, and conformational properties is mandatory
to design suitable ligands for the synthesis of various catalysts [25]. The main aim
is the development of practical biomimetic catalysts to design sterically
demanding polydentate ligands that can attach one or two metal centres and grasp

them in proximity.
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These ligands must be strongly electron-donating and also be resistant to
oxidation, due to high oxidation states. Additionally, these ligands should exhibit
versatility to bind various metal centres, to be able to control the reactivity by
changing the metal ions.

Another way to modulate the reactivity of the catalyst can be accomplished by
modification of the ligand donor properties. As far as hydrocarbon oxidation is
concerned, a selective and rapid C-H bond activation is required. Particularly in
the case of manganese/hydrogen peroxide catalyzed oxidations. This can be
achieved by using strongly electron-donating ligands, which allow stabilization
of high-valent metal complexes. The ancillary N-donor ligands take part in the
making and stabilization of high-valent manganese species, which has been
characterized by extensive EXAFS, EPR, and X-ray analysis [106].

Manganese has a distinctive role in bioinspired, most of the enzymes possess
manganese (Il or Il1) cofactor. The data in Table 9, contains the characteristic
features of the manganese complexes. The distance between the amino group
of the isoindoline core and the metal ion varies in a narrow interval among the

manganese complexes.

Table 9. (a) The average pyridyl N-Mn distance, (b) The isoindoline N(H)-Mn
distance [124]

Complex Npy-Mn(A)  N(H)-Mn (A) T(¢) Ref.
[Mn'(ind)2] 2.295 2.163 - [125]
[Mn''(indH)ClI;] 2.249 2.153 0.69 [126]
[Mn'/(3-Me-BPI).] 2.293 2.144 - [127]
[Mn''(bimindH)CI.](DMF) 1.959 2.007 0.93 [128]
[Mn'(6-Me.- - - - [114]
indH)(H20)2(CHaCN)](CIO4),

[Me'"'(Mebimind)] - - - [129]
[Mn'(bimind)s] - - - [129]
[Mn'(BTI),] 2.220 2.211 - [129]
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Table 9. (a) The average pyridyl N—Fe distance, (b) The isoindoline N(H)-Fe
distance [124]

Complex Npy-Fe (A)  N(H)-Fe (A) T(¢) Ref.
[Fe'(ind)CHaCN)](CIOs).  2.200 2.072 - [130]
[Fe"(bimind),] 1.979 1.912 - [131]
[Fe"(4-Me-ind)Cl,)] 2.144 1.978 0.77 [132]
[Fe"'(ind)Cl, 2.148 1.963 0.86 [133]
[Fe''(Mebimind).] 2.136 2.057 - [127]
[Fe" (bimind).] 2.067 2.045 - [134]
[Fe"(BTICI,] 2.095 2.019 0.83 [132]
[Fe"(BTI);]MeCN 2.002 1.928 - [127]
[Fe""(5-Me-BTI)Cl] 2.098 2.029 0.59 [135]
[Fe,"'(u-O(ind),Cl)]THF ~ 2.153 1.998 0.88 [136]

2.15

Investigation of manganese(IV)-oxo and manganese(V)-oxo complexes

So far some manganese(IV)-oxo compounds have been characterized by different
spectroscopic analysis such as, IR, UV-vis, ESI-MS, EPR and X-ray [137]. Groves
and coworkers for the first time reported the characterization of complex namely,
mononuclear manganese(IV)-oxo for porphirinic ligand and the oxidation of
(chloro)(5,10,15,20-tetramesitylporphirinato)manganese(l11) [(TMP)-Mn"'CI] in
the presence of peroxy acid results in intermediates such as, [(TMP)Mn'V=0] and
[(TMP)Mn'V=0O(OH)] which are stable manganese(IV)-oxo porphyrin complexes
[137, 138]. These complexes have the capability of relocating their oxo group to
olefins to give epoxides. However, a significant change in the reactivity of the
manganese(IV)-oxo and manganese(V)-oxo was reported. Particularly, the
manganese(lIV)-oxo complexes gradually exchanged their terminal oxo groups in
the 0-water medium. For example, a highly reactive manganese(IV)-oxo complex
[(Bn-TPEN)Mn'V=0]?" was presented by Nam with his coworkers [139], which was
analyzed by ESI-MS, UV-vis, and EPR analytical techniques.
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These complexes confirmed high reactivity in the oxidation of a variety of
substrates, such as, aromatic compounds and olefins. On the other hand, the
manganese(V)-oxo intermediates have been proven to be a highly reactive species
during the catalytic oxygenation of organic substrates by utilizing a variety of
oxidants in the presence of manganese(l11) porphyrins [140,141]. In addition, these
complexes were low-spin d? configuration diamagnetic and stable at ambient
temperature rather than reactive in oxygen atom transfer reactions. Up to date,
successful research for reactive manganese(V)-oxo complexes supported by
porphyrinic ligands has been carried out. Groves and his coworkers reported the
synthesis and ultraviolet-visible (UV-Vis) characterization of the first
manganese(V)-oxo porphyrin complex [(TM-4-PyP)MnV=OJ** in an aqueous
medium [142]. The attention towards non-porphyrinic manganese catalysts
increased considerably soon after the synthesis of manganese salen-type catalysts
by Jacobsen and Katsuki [143-145].

2.16 Oxidation reactions catalyzed by bis(pyridylimino)isoindoline complexes

The investigation of the coordination chemistry related to transition-metal bpi
complexes; and their catalytic capabilities in oxidative catalysis has been presented
by many studies. The hydrogen peroxide produced as a by-product in respiration
possesses harmful effects on cells. Moreover, non-hem catalases are considered a
suitable choice for biomimetic or catalytic applications due to free sites at the metal
centre. The isoindoline derivatives in (Scheme 4) can bind to the metal ion in the
neutral or anionic form [120, 146]. The tridentate ligands with N3 donor sets are a
well-known class of metal-binding structure because of similarity to porphyrins
[127, 147]. The mimics become the primary target for extensive research because
various pathological conditions, such as, diabetes excessive inflammatory
responses, neurodegenerative diseases, cardiovascular conditions, and cancer [148,
149], are widely associated with an increase in oxidative stress, e.g. the imbalanced
production of reactive species [150, 151].
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Turnover number (TON) is the maximum number molecules of the substrate that
can be converted into product per catalytic site of a given catalyst under defined
conditions. Turnover frequency (TOF) is the measure of the specific activity of a
catalytic centre of a given catalyst by the number of molecular reactions or catalytic
cycles occurring at the centre per unit time. Kozuch and Martin tried to clarify these
concepts, which are commonly used in catalytic studies. Despite its utility and
common use, the TOF concept is still not well-defined. The concept of TOF is
focused on kinetic information about the catalytic reactions while, TON depicts

stoichiometric information [184].

2.17 Flavanone oxidase model

Flavanones, a type of flavonoids, which are found in citrus fruits render many
beneficial pharmacologic properties such as, antioxidant, anti-inflammatory,
anticarcinogenic, antibacterial, antiviral and antifungal. Oxidation of flavones was
explained as a two-electron process coupled with two-proton transfer and fast
hydroxylation caused by traces of water. Many studies reported the oxidation of
flavanones to flavones by using stoichiometric reagents, such as, manganese acetate
and Fe''(asN4Py) [152]. Non-radical C-H oxidations with hydrogen peroxide in the
presence of non-porphyrinic Mn catalysts have been rarely reported in the literature
[153, 154]. Costas with his coworkers presented that complex [(HMePytacn)-
Mn(CFsS03)2] carried out eight catalytic turnovers in the oxidation of cis-1,2-
dimethylcyclohexane [154]. The oxidation of aliphatic C-H groups with hydrogen
peroxide is professionally catalyzed by aminopyridine manganese complexes in the
acetic acid medium. All these catalysts demonstrate unprecedented high selectivity

and stereospecificity, indicative of a non-radical oxidation mechanism.
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2.18 The bleaching test of the manganese-isoindoline complexes

Bleaching processes have been extensively studied in the textile industry and the
oldest bleaching procedures for laundry cleaning utilize hydrogen peroxide at high
temperatures. Researchers investigated several catalysts to attain bleaching at low

temperatures, such as, 40-60 °C under conditions [155].

The well-known example of manganese complexes derived from 1,4,7-trimethyl-
1,4,7-triazacyclo-nonane ligands was comprehensively studied by Unilever research
as bleaching catalysts for stain removal at room temperature [156]. The Mn-tmtacn
lab-scale textile damage was observed and the detergents were later withdrawn from
the market [157]. Based on bleaching catalyst, hydrogen peroxide could play a major
role in the pulp and paper production, wastewater treatment, laundry for industrial
and domestic applications. Oxidation reactions have a significant role in the
chemical industry. Hydrogen peroxide is used as an effective oxidant. Recurrently,
bleaching developments are carried out through oxidative mechanisms by the
degradation of chromophores into the water soluble products. So far, several novel
transition metal complexes of terpyridine-type, saltren, salen, ligands and triazole
derivatives possessing the significant potential for the activation of hydrogen
peroxide have been synthesized as bleaching catalysts and established. These results
encouraged us to progress new transition-metal catalyst applicants containing
phthalocyanine molecules for laundry bleaching applications [151].

2.19 Catalytic oxidation of N,N-dimethylanilines

N-Alkyl functions are used in a variety of drug molecules, usually in saturated cyclic
structures or alkylamine chains. In the design of a new drug, it is often required to
remove the N-alkyl function from the parent drug to form the nor-intermediate and
replace it with different N-substituents. Heme and non-heme enzymes N-
dealkylation reactions play significant roles in several biological processes from
DNA repair to the detoxification and metabolism of a variety of xenobiotics, for

example, tertiary amine-containing drugs [158].
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The complex 1-methyl-4phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a neurotoxic
byproduct of the heroin synthesis, which is capable to induce a Parkinson’s disease
in humans. Its detoxification by P450s can safeguard neurons within the central
nervous system (CNS) in humans as well as animals [159].

The mechanism of these key processes has been widely studied but it is still hidden,
whether the oxoiron-mediated N-dealkylations advance through a C-H abstraction
mechanism [160]. In the case of horseradish peroxidase (HRP) the formation of
ammonium radicals (EPR) during the oxidation process can be discussed by the
participation of the rate-determining electron-transfer before the a-hydroxylation
step [159]. Though direct hydrogen atom transfer (HAT) has been proposed for
cytochrome P450, 2-Oxoglutarate/Fe(ll)-dependent dioxygenases are also
recognized to catalyze N-demethylation reactions. For example, AlkB-type proteins
catalyse the elimination of N-linked methyl groups at positions 1 and 3 of purine

and pyrimidine bases, respectively, in DNA and RNA [161].

As a functional model for the iron-containing proteins, numerous catalytic systems
have been inspected for N,N-dimethylaniline (DMA) derivatives. Iron(ll, 111)-2,2’-
bipyridine and iron(l11)-porphyrin complexes, where the product mechanism and
composition were significantly influenced by the nature of the utilized iron catalyst,
although the active species in each case is uncertain [162]. It is important to discuss
the N-methylformanilide which is the main intermediate in organic synthesis, also

it is extensively used in the Vilsmeier-Haack reaction [163]
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4 Result and discussion

4.1 Reactions of iron(1V)-oxo intermediates

High-valent iron(IVV)-oxo species have a key role in the catalytic cycle of
mononuclear non-heme iron enzymes such as, Rieske dioxygenases that are capable
of a wide range of synthetically difficult oxidations, for instance, epoxidation and
C-H oxidation. Que with his co-workers presented a mechanistic proposal for the
(N4Py)Fe!'"OOH mediated epoxidation of alkenes, depending on the oxidizing
power of pentadentate ligated hydroperoxy compounds with cis-labile sites on the
iron, and the centre has been confirmed to be more capable in electrophilic
epoxidation [164, 165].

Banse described that iron(IV)-oxo complex having the pentadentate ligand, N-
methyl-N,N,N-tris(2-pyridylmethyl)propane-1,3-diamine, reveals incredibly sele-
tive in the epoxidation of cis-stilbene and cyclooctene in less than 20 % yield.
Rybak-Akimova observed that S = 1 [Fe'V(PyMAC)(0)(ClOa)2], cis-cyclooctene
oxidation to epoxide with second-order kz=0.17 Ms?at 0 °C, in 80 % yield [164].
Significantly higher reactivity (3.3 M st at -40 °C) of the S = 2 complex
[Fe'V(TQA)(0)(OTf)2] was revealed toward cis-cyclooctene [87]. In addition, it was
also observed, that [Fe'V(N3S2)(0)(ClO.)2] is able to epoxidize styrene via an
electrophilic oxidation mechanism with k2= 0.03 M1s?at 25 °C, in about 60 %
yield [86]. Reactive and well-characterized chiral terminal oxo-metal complexes
capable to go through oxygen-atom transfer reactions to styrene in an

enantioselective manner are also rarely reported in the literature [90, 166].
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Scheme 5. Generation of the [Fe'V(0)(asN4Py)]?* from the precursor Fe!' complex

Due to the highly stable iron(IV)-oxo species [Fe'V(asN4Py)(O)]?* (1b) with a half-
life (tu2) of 10 days in acetonitrile (CH3CN) at room temperature, it is suitable to
deeply investigate the mechanism of the iron(IV)-oxo mediated epoxidation. In
addition, the reactivity of independently generated iron(IV)-oxo species with olefins
was studied experimentally. Complex (1b) was generated by the reaction of
[Fe''(asN4Py)](CFsS0s). (1a) with 2 eqv., of PhlO for about 40 min (Scheme 5),
and the rate of its rapid breakdown at 705 nm (Figure 9), was measured as a function
of the concentration of added olefins, and no shifts have been observed for the

olefins.
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Figure 9. UV-vis spectral changes of [[Fe'V(asN4Py)(0)]** Jo = 1.5x10° M, upon
addition of [styrene]o = 0.3 M in CHsCN at 298 K
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Figure 10. The decay of (1b) monitored at 705 nm. [[Fe'V(asN4Py)(O)]** o =
1.5x107% M, [styrene]o = 0.3 M in CHsCN at 298 K
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Table 11. Intermediates of complexes [Fe'V(N4Py)(0)]?*and [Fe'V(asN4Py)(0)]*

3 -1
[Comp] N I G (SIE O N
[Fe'V(N4Py)(0)]* 695 400 298 60 [167]
[Fe'V(asN4Py)(0)]* 705 400 298 233 [167]

The oxoiron(IV) complex (1b) reacts with the C=C bonds of a number of substrates
such as, cis-cyclooctene and substituted styrene derivatives at room temperature to
give epoxides as the main products, with carbonyl compounds. The addition of 200
eqv. of cis-cyclooctene to (1b) resulted in the quick decomposition of (1a) to its
Fe(I1) precursor species as confirmed by UV-vis spectroscopy at the Amax = 409 nm,
the oxidation of styrene yielded 65% epoxide and 12% benzaldehyde, and cis-
cyclooctene oxidation produced 75% cyclooctene oxide and 7% cyclooct-2-enone.
(Scheme 6).

fo) H
©ﬁ [Fe'(asN4Py)J2* . o
T ween

Styrene Styrene oxide 65% Benzaldehyde 12%
0
[Fe"(asN4Py)]2+
o+
MeCN
Cis-cyclooctene Cyclooctene oxide 75% Cyclooct-2-enone 7%

J@ﬁ X= 4-MeO- styrene, 4-Cl-styrene, 4-CN-styrene, 4-Me-styrene
X

Scheme 6. Oxidation reactions of olefins by non-heme [[Fe''(asN4Py)]**]o =
1.5x10° M
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The rates in the presence of excess cis-cyclooctene (200-1000 eqv.) followed
pseudo-first-order Kinetics -d[1b]/dt = kobs [1b], where Kobs = Kdec + k2 [S] and kdec <
ka2 [S]). The deduction from the absence of saturation kinetics (Michaelis-Menten
kinetics) under this condition is that the substrate does not or only weakly binds to
the oxidant prior to the rate-controlling step. This plot shows the second-order rate
constant k2 to be 5.41x104 M2 st at 298 K (Table S1, Figure 11), which is much
smaller than those achieved for the epoxidation of cis-cyclooctene by
[Fe!V(PyMac)(0O)]?* and [Fe'V(TQA)(0)]?* complexes (0.45 at 0 °C and 3.3 M1s?
at -40 °C, respectively) (Table 6).

6
5 -
y =5.41x
— R2=0.99
P Cyclooctene
b
o
N
.
xC)
2 .
y =2.9342x
R2=0.99
1 Styrene
0 T T T T
0 0,2 0,4 0,6 0,8 1

[Substrate] (102M)

Figure 11. Reaction rate of [[Fe'V(asN4Py)(0)]**]o = 1.5x10° M with cis-
cyclooctene (0) and styrene (®) in CH3CN at 298 K
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At constant styrene and cyclooctene concentrations, the kobs values were shown to
be independent of the initial concentration of the iron(IV)-oxo species which is
obvious from the linear log[1b] versus time. The linear plot of the reaction rate
values (Vi= kobs [1b]) versus the initial concentration of (1b) states that the reaction
is first-order with respect to the iron(1V)-oxo concentration directly proportional to
the concentration of the reactant, (Table S4, Figure 12). The above results found a
rate law of -d[1b]/dt = kz[1b][alkene] for both substrates.

Cyclooctene
S 1 Kope= 1.7x104 S1
Rz=0.99

V, (107 M s1)

Styrene
Kops = 0.92x104 st
R2=0.99

0 0,5 1 1,5 2 2,5 3 3,5
[Fe'V(asN4Py)(0O)]?* (103 M)

Figure 12. Plot of Vi versus [[Fe'V(asN4Py)(0)]**]o = 1.5x1073 M, for reactions of
(0.3 M) cis-cyclooctene (0) and styrene (®) in CH3CN at 298 K

37



Result and discussion

-2,4
Trendvonalthiba
y =-2.1372x + 4.2576
-2,8 - R?=0.99
Cyclooctene
~ ()
o
9O .32 -
y =-3.801x + 8.2076
-3,6 - R? = 0.98
Styrene
-4 , . .
3,15 3,25 3,35 3,45
T1(103K™)

Figure 13. Arrhenius plot of the reaction of [[Fe'V(asN4Py)(0)]**]o = 1.5x10°3 M,

[cyclooctene]o = 7.5x101 M, [styrene]o = 1.5 M in CH3CN at 298 - 311 K, (Table
S3)
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Figure 14. Eyring plot of the reaction [[Fe'V(asN4Py)(0)]**]o = 1.5x10° M, with
cyclooctene (0) and styrene (o) (Table S3)
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Table 12. The calculated EA, AH and 4S values in the reaction of [Fe'V(asN4Py)-
(0)]?* with cyclooctene and styrene in MeCN

S Ea (kJxmol") AH (kJxmol™) AS*(Jxmol *<K™)
Cyclooctene 40.45 38.35 -180.21
Styrene 72.7 71.0 -76.41

Activation parameters of 4H = 38 kJ mol?, 45=-180 J moltK'at 298 K, and
AH=70.6 kI mol?, 48=-76 J mol"* K™ at 298 K, these values were calculated from
the plot of log(k2/T) against 1/T in CHsCN over the temperature range 293 to 313 K

for the cis-cyclooctene and styrene oxidation, respectively.

The activation enthalpy of 71 kJ mol? for the [Fe'V(asN4Py)(0)]** mediated
epoxidation of styrene is roughly the same with that presented for
[Fe'V(N3S2)(0)]**. Linear correlation between the relative rate and the total
substituted effect (TE) for the iron(IV)-oxo mediated oxidation of p-substituted
styrenes is established (Figure 15).

Ea =2.303 x R x dlog(k)/d (T Eq. 3
Ea Cycloocten = 2.303 x 8.314 x 2.113 = 40.45 kJxmol*
Ea Styrene = 2.303 x 8.314 x 3.801 = 72.7 kJxmol*

AH? =2.303 R x dlog(kT1)/d (TY) Eqg.4
AH? Cycloocten =2.303 x 8.314 x 2,013 = 38.35 kJxmol?
AH? Styrene =2.303 x 8.314 x 3.71 = 71 kJxmol*

The calculated spin density variations at the benzylic radical centres correlate well
with both the hyperfine coupling constants (ESR) determined by Arnold et al. and
the calculated radical effects of the substituents. It has been suggested that in the
absence of sizable steric interactions, both polar parameters and radical stabilization
parameters are needed for the description of the substituent effect on carbon radical
systems [185].
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Figure 15. Hammett plot of log kre against TE of p-substituted styrene

Competitive reactions were performed with p-substituted styrene derivatives in
order to calculate the effect of electronic factors on the reaction. Since, both
electron-withdrawing (-Cl, -CN) and electron-releasing (-OMe, -Me) substituents
can speed up the reaction. The linear free-energy connection between the second-
order rate constants for the p-substituted styrene oxidations and the total substituent
effect (TE), stabilities of the benzylic radicals including spin delocalization and
polar effects [168] parameters has been established: pre = +0.19. A comparison of
this correlation for the corresponding ruthenium(lV)-oxo mediated epoxidation
reactions have discovered that the oxidation of aromatic alkenes mediated by (1b)
proceeds via the rate-limiting formation of a benzylic radical intermediate (C in
Scheme 8), the correlation of the relative reactivity (log krer) on the substituent
constants (o,,) of p-substituted styrene is non-linear, gives rise to concave Hammett
curve (Table S5, Figure 16).
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Table 13. Reactions of p-substituted styrene derivatives

ka(10°
styrene  kobs (10%s?) S [M] o constants Krei log Krel
M1s?)
-OMe 1.43 0.3 4.76 0.27 1.64 0.21
-H 0.87 0.3 2.9 0 1 0
-4-Cl 0.948 0.3 3.16 0.23 1.13 0.053
-4-CN 131 0.3 3.46 0.66 1.48 0.17

Four alternative mechanisms including four possible intermediates can be proposed
for the epoxidation of alkenes by oxometal complexes, namely two concerted via
[2+1] oxene insertion (A in Scheme 7) or [2+2] metallaoxetane formation (B in
Scheme 7), and two nonconcerted via an alkene-derived benzylic radical (C in

Scheme 7) or a carbocation intermediates (D in Scheme 7).
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Scheme 7. Proposed mechanism of styrene oxidation by iron(I\VV)-oxo species

There are several studies that support the radical mechanism. The
insensitivity of the k2 values to the p-substituent effect and the concave-type
Hammett curve can be assigned to the rate-limiting formation of a benzylic radical
species. If the carbocation ion is supposed as an intermediate, a more negative value

would be expected (-3.5) in the electrophilic process [168-170].

In addition, benzaldehyde formation can also be described by the reaction
of the forming carboradical species with the oxidation of aromatic alkenes mediated
by (1b) proceeds via the rate-limiting formation of a benzylic radical intermediate
(C in Scheme 7) through rapid and reversible charge-transfer (CT) complex
formation in a non-concerted process. The forming carboradical then can undergo

ring closure to produce epoxide.

Stoichiometric oxidation of 4-chlorostyrene and styrene by (-)-
Fe'V(asN4Py)(0)]** (-)-(2b) gave a 12 % of 4-chlorostyrene oxide and 8 %
enantiomeric excess of styrene oxide (Table 14), even though the asymmetric
induction is not impressive when compared with other published studies [171].
Because of the selectivity loss, the concerted [2+1] and [2+2] cycloaddition

mechanisms can be excluded (A and B in Scheme 7).
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The moderate enantioselectivities for the oxidation of styrene derivatives (8-12 %
ee) can be elucidated by the rotation/collapse processes through C-C bond of the

radicalized species prior to the epoxide ring closure.

Table 14. Stoichiometric styrene oxidations by (-) [Fe'V(asN4Py)(0)]** complex.

No. oxidant substrate ee (%) yield (%)
(epoxide/aldehyde)

1 (-)-2b 4-Cl-styrene 12 (R) 58/12

2 (-)-2b 4-H-styrene 8 (R) 52/14

In summary, the reaction of [Fe'V(asN4Py)(0)]?* generated from iron(ll) and PhlO,
with cis-cyclooctene and styrene in MeCN shows first-order dependence on the
concentration of the alkene and the oxidant. The higher reaction rate for cis-
cyclooctene compared to styrenes can be explained by the two electron-donor alkyl
groups in the cyclic alkene, and the stabilities of the benzylic radicals in the case of
styrenes due to spin delocalization. A linear correlation between the relative rate and
the TE for the iron(IV)-oxo mediated oxidation of p-substituted styrenes is
established. A comparison of this correlation for the corresponding ruthenium(IV)-
oxo mediated epoxidation reactions has revealed that the oxidation of aromatic
alkenes mediated by (1b) proceeds via the rate-limiting formation of a benzylic
radical intermediate in a nonconcerted process. The loss of stereospecificity (8-12
% ee) necessarily indicates the radicaloid character of the intermediate species
formed during epoxidation, which allowed a limited amount of rotation through C-

C bond prior to the epoxide formation.
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4.2 Enantioselective C-H bond oxidation

The functionalization of nonactivated aliphatic C-H bonds is an incredibly dominant
reaction due to its ability to convert these inert bonds, abundant in organic
molecules, into functional groups fit for further chemical development. It constitutes
one of the challenging reactions in the area of progressive synthetic organic
chemistry due to the inert nature of the C-H bonds. The lack of reactivity derives
from the fact that C and H atoms are held together by non-polarized, localized and
strong bonds. Neither low-energy empty orbitals nor high-energy filled orbitals that

could support a chemical reaction are available [98, 172].

Due to their inert character, the multitude of aliphatic C-H bonds in a molecule
makes site-selective functionalization primarily difficult. These topics are more
emphasized due to the high reactivity of the species capable of breaking these bonds
is often incompatible with chemo- and site-selective transformations. A main group
of reactions is represented by C-H bond oxidations that found oxidized functionality
straight into aliphatic (sp®) C-H bonds. The direct combination of an oxygenated
functionality into a molecule is vigorous from a synthesis cost point of view, the
transformation of these groups into the selection of functional groups can reveal
advance and more competent synthetic pathways [173, 174]. Previously, it was
reported by our research group that Fe(ll) complexes with chiral pentadentate
aminopyridine ligands can give relatively stable high valent iron(IVV)-oxo species
with different oxidants, for example, PhlO, tert-butyl hydroperoxide (TBHP), H20z,
and meta-chloro peroxybenzoic acid (m-CPBA), which are considered as potential

candidates for stereoselective C-H oxidation reactions [102].

The catalytic activity including the enantioselective behaviour of enantiopure ligand
containing [Fe'(asN4Py)(CHsCN]?** (-)-(2b) was investigated in the oxidation of
ethylbenzene, using H20,, m-CPBA, and TBHP as co-oxidants. In the absence of

any metal catalyst, no oxidation products formation was observed.
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Scheme 8. Oxoiron(IV) mediated C-H oxidation in this study

Stoichiometric oxidation of ethylbenzene by [Fe'V(asN4Py)(O)] (-)-(2b) in CHsCN
at 0 °C yielded 33 % enantiomeric excess (ee) of 1-phenylethanol after 90 minutes,
and 25 % enantiomeric excess (ee) after 180 minutes under argon (Figure 17). Since
the iron(1V)-oxo species was generated by PhlO in the presence of hydroxyl and
tert-butoxy radicals and their non-selective reaction with the substrate in the
stoichiometric reaction can be excluded. The moderate enantioselectivity and the
lower enantiomeric excess value during the reaction can be explained by the
epimerization of the long-lived substrate radical (rotation process through C-C bond
of the radical species) before the rebound step (non-rebound mechanism, where kep
> kreb) [175]. Much lower value (14 % ee) was observed in the oxidation of methyl

1-tetralone-2-carboxylate.
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Figure 17. The yield of K/A ratio and the enantiomeric excess (ee) for the

stoichiometric oxidation of ethylbenzene with (-)-(2b) in CH3CN at 0 °C

Moderate yields and poor enantiomeric excess (ee), were expected for substrates
with stronger C-H bonds, where the radical dissociation pathway can become
prominent. The oxidation of ethylbenzene by the chiral iron(IV)-oxo intermediate
achieves moderate enantioselectivities up to 33 % enantiomeric excess (ee), which
can be explained by the epimerization of the long-lived substrate radical before the
rebound step (non-rebound mechanism, where kep > Kreb). Much lower ee values (up
to 14 %) have been observed for the catalytic oxidation of ethylbenzene, which can
be explained by the parallel enantioselective metal-based, iron(IV)-oxo mediated
and nonselective Fenton-type radical processes [176].
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Efforts have been made to develop a highly efficient asymmetric catalyzed oxidation
of strong C-H bond, mediated by chiral iron(IV)-oxo intermediate. Based on
detailed mechanistic studies on stoichiometric benzyl alcohol (KIE of 31) and
hydrocarbon (KIE of 38) oxidation that have been investigated with in situ generated
high-valent iron(IV)-oxo complex, a plausible mechanism has been proposed for
both systems, in which the oxidation of alcohols and hydrocarbons occurs in the
same manner by HAT in the rate-determining step. Moderate yields and
enantiomeric excess (ee), values can be expected for substrates with stronger C-H
bonds, where the radical dissociation pathway can become prominent. In this study,
we have also demonstrated that the enantioselectivity depends on the nature of the

following step rebound versus non-rebound mechanisms (Scheme 9).

(asN4Py)FeV=0 + HHR ——— = |(asN4Py)Fe"-OH R® ¥ _rebound _  (asN4Py)Fe' + HOR

- (asN4Py)Fe'' -OH

0,

®*R — 3 ROH +Ketone
Non-rebound

Scheme 9. Schematic illustration of possible mechanisms of the reaction pathways

rebound versus non-rebound for [Fe'V(asN4Py)(O)]?*

In summary, efforts have been made to develop a highly efficient
asymmetric catalyzed oxidation of various alkanes by introducing the chiral moiety
to ligands as well as their detailed mechanistic aspects. Also demonstrated that the
enantioselectivity depends on the nature of the following step rebound versus non-

rebound mechanismes.
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4.3 Catalytic reactivities of manganese-isoindoline complexes

The complexes of [Mn''(HL3)(CI)] (3), [Mn"(HL*)(CI)2] (4), [Mn"(HL®)(CI)7] (5),
[Mn''(HL®)(CI)2] (6), [Mn"(HL")(CI)2] (7) and [Mn"(HL®)-(Cl)2] (8), were
synthesized and characterized by UV-Vis and FT-IR spectroscopy. A novel ligand
such as 1,3-bis(2'-imidazolyl-imino)isoindoline (HL®) and the complex were
synthesized and characterized by using UV-Vis, FT-IR, NMR and CHN analysis.
UV-Vis and FT-IR spectroscopy cannot provide detail information about
complicated structures. However, for isoindoline complexes, some characteristics
make their identification simple. The H is responsible for the anionic character, is
greatly movable due to the aromaticity its possible positions are on one of the

endocyclic amino group, or at the imino arms (Scheme 10).
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Scheme 10. Structure of the isoindoline-based on the ligands

In FT-IR spectra the nonspecific vC=N vibrations modes that are mostly influenced
by this proton appear as two very strong bands in the 1600 cm™ to 1660 cm™ interval
in the free ligands.
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These bands are repressed if coordination happens by deprotonation. In this case,
they shift below 1600 cm™ losing intensity at the same time. In the case of non-
deprotonated complexation, the strong vibrations above 1600 cm™ remain visible

and additionally other intense bands appear around 1550 cm™,

Table 15. UV-Vis spectroscopic data of isoindoline ligands and their complexes

[124].

Ligands n-n* bond of the free [M(L)2] Amax/nm (log [M(L)] Amax/nm (log €)
ligands Amax/nm (log €) ¢) in DMF Metal in DMF Metal
complexes complexes
HL* 366 (4.24), 385 (4.29), 306 (4.53), 332 (4.45), 330 (4.19), 347 (4.21),
408 (4.11) 423 (4.73), 450 (4.65), 367 (4.28), 386 (4.37),
409 (4.14), 453 (3.32)
HLS® 374 (3.94), 396 (4.01), 348 (4.31) 360 (4.32), 373 (4.29), 396 (4.39),
420 (4.05), 448 (3.86), 432 (4.50), 454 (459) 419 (4.44), 448 (4.22)
485 (3.18) 448 (4.42)
HL® 348 (4.33), 373 (4.39), 362 (3.94), 371 (4.02),

393 (4.38), 420 (4.33),

358 (4.54), 447 (4.59),

382 (4.00), 420 (3.91),

474 (4.65), 508 (4.47)

447 (4.35), 478 (4.11), 448 (3.94), 482 (3.75),

535 (2.93).

The electronic absorption spectrum of the ligands shows a multiple band pattern, the
two imino moieties on the isoindole core have a strong impact on the planar structure
of both ligands and its coordination complexes. The double bond between N and C
atoms extends aromaticity and increases the rigidity of the system. The n-n*
transitions are created by the extended n-bond system and they appear in the 360-
500 nm region. Upon complex formation small (2-20 nm) red or blue shifts are
observed. Lower energy bands are contributed to charge transfer transitions from
metal ion to the ligand. The second key structural element is the endocyclic NH

group. It is responsible for an anionic character observed with metal ions.

49



Result and discussion

2

1,6 - N d ,</N]

’<\N] Z\ /63
Q
21,2 1 5\
]
o]
o)
20,8 -
< 3
_/
0,4 - \/
0 —

300 350 400 450 500 550
Wavelength (nm)

Figure 18. Electronic spectra of [Mn''(HL™CI,] (HL = 1,3-bis(2’-Ar-imino)-
isoindoline) complexes in DMF solution with nonannulated (Ar = pyridyl (n = 3),

4-methylpyridyl (n =4), imidazolyl (n = 5), thiazolyl (n = 6)), aromatic side chains

The electronic absorption spectrum of the manganese-isoindoline complexes (3-8),
maximum absorption in the UV-vis spectra of [Mn'"(HL®*®)Cl,] that are found
between 350 and 500 nm can be assigned to the ©-n* transitions of the coordinated
neutral ligands, except for the lowest energy bands in the range of 450-600 nm,
which can be attributed to charge transfer transitions from the manganese(ll) ion to
a ligand n* orbital (LUMO, MLCT) (Figure 18). Deprotonation of the NH group of
the isoindoline moiety could be reduced the difference in energy between occupied
and unoccupied m-molecular orbitals of the ligand resulting in a redshift of =-7*
transitions. In the absence of the significant (>40 nm), a bathochromic shift in the
three lowest energy bands the anionic binding of the ligands can be excluded in all

cases [3].
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Figure 19. UV-Visible spectra for the manganese-isoindoline complexes (7-8)

The manganese(ll) ion is bound to a neutral tridentate isoindoline ligand and
two chloride anions, forming a distorted trigonal bipyramidal environment
around the metal ion. Analytical data, the infrared and the electronic spectrum
of the complexes are all consistent with the presence of a neutral
nondeprotonated isoindoline ligand. Manganese complexes were dominated by
the m-n* transitions of the neutral ligand indH. Deprotonation of the pyrrole
nitrogen could be reduced the difference in energy between occupied and

unoccupied t-MOs of the ligand and resulted in a redshift of m-n* transitions.

Electrochemistry

Electrochemical properties of the complexes (3-8) were obtained by taking cyclic
voltammograms in N,N-dimethylformamide (DMF) solutions, using 0.1 M
TBAP as supporting electrolyte under atmospheric conditions, between potentials 0.1
and 0.526 V vs. the Ag/AgCI reference electrode. All compounds show a reversible,
one-electron redox wave in the plotted potential range (Figure 22), that is attributed to
their Mn(111)/Mn(11) redox transition.
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The E°"1» against SCE were very similar to those reported. The [4E°% = E°pa— E°]
the reduction of the Mn"" centre may induce chemical or stereochemical changes in
the complex. This may be attributed to chloride exchange to solvent or the formation
of an unsaturated coordination sphere due to the higher lability of the Mn'"' species.
Such phenomenon was reported earlier for chloride complexes of Mn'" bearing
tridentate ligands [38]. Manganese complexes also show one quasi-reversible

transition, but at significantly higher potential (Table 16).

Table 16. Redox potentials, E%aand E“%c values of the manganese-isoindoline

complexes
o o o i -3
Catalyst (fn {,;) (Em \p/c) E 1/(zr:]A::;/Mnn Yield % vl\o/l(slg (hzolz )
[Mn'"(HL®)CI;] (3) 977 866 921.5 32.6 0.569 19.41
[Mn"(HLYCI;] (4) 1026 870 948 36.6 0.682 23.27
[Mn''(HL®)CI;] (5) 816 685 750 27.1 0.405 13.82
[Mn''(HL®)CI;] (6) 625 576 600.5 21.8 0.352 12.01
[Mn''(HL))CIZ] (7) 421 354 387.5 16.9 0.187 6.38
[Mn''(HL®)CI;] (8) 455 395 425 15.13 0.204 6.96

The redox potentials listed in (Table 16) are comparable to other manganese
complexes found in the literature [177], but they are significantly higher than those
reported for cationic species [33]. This is an electrostatic effect that dominantly
determines the redox potential for the metal centre through the overall charge of the
complex molecule. The Ei» spans a 561 mV range from 388 mV (Ar =
benzymidazolyl) to 948 mV (Ar = 4-methylpyridyl) vs. the SCE. Much narrower
range (400 to 600 mV versus SCE) with lower potentials was observed for the
recently studied Mn''(L), complexes. The quasi-reversible transition of (3-8). It can
be concluded that the annulation of the imidazolyl group results in a shift (~400 mV)
in the Mn""/Mn"" potentials and stabilizes both the reduced and oxidized forms of
the transition (Figure 20).
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The d* Mn(I11) will favour a geometric distortion from the octahedral structure,

therefore the redox potential and peak separation of the Mn(111)/Mn(I1) couple can

be altered by controlling the geometry around the metal centre. Differences in

geometric distortions have some effect on the £°12 values [E°y2 = (E°a + Ec)/2],

but the major determinant of redox potentials remains the donor-strength of the

ligands.
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Figure 20. Cyclic voltammograms of 1mM [Mn"{(Py)2-indH}(ClI).] derivatives in
DMF with 0.1 M (BusN)CIOs; scan rate 100 mVv®?, working electrode: glassy

carbon electrode (GCE), auxiliary electrode: Pt wire, reference electrode: Ag/AgCl
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Table 17. Electrochemical and spectroscopic data for [Mn'"(HL3®)Cl,] complexes

Epa E®%c E°2 mn" ! Amax (T-0%) V = (Amaxt)

Catalyst mv)  (mv) (mv) (nm) (10%cm)
[Mn'(HL3)CL,] (3) 077 866 921.5 386 2501
[Mn'(HLYCL,] (4) 1026 870 948 366 273
[Mn'(HLS)CL] (5) 816 685 750 301 2.56
[Mn'(HLY)CL] (6) 625 576 600.5 419 2.39
[Mn'(HL7)CI] (7) 421 354 387.5 455 2.20
[Mn'(HLE)CL] (8) 455 395 425 448 2.23

More importantly, a linear correlation was found between the energy of the n-n*
(CT = charge transfer) absorption and (LMCT = ligand to metal charge transfer)
band (Amax and Amax! =, respectively) and the oxidation potential, Epa of the
manganese centre of the [Mn''(HL3®)Cl.] complexes (Figure 21 and 22), indicating
that the observed shift in the n-n* and LMCT absorption bands can be assigned

indirectly to the electronic effect of the ligands.
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Figure 21. Linear correlation between the oxidation potential of the [Mn''(HL3®)Cl_]

complexes and the energy of the n-n* absorption band
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Figure 22. Linear correlation of the oxidation potential of the [Mn"(HL3%)Cl_]
complexes and the energy of the LMCT absorption band

The catalase-like activity of the manganese-isoindoline complexes

Hydrogen peroxide undergoes decomposition in the presence of manganese-
isoindoline complexes at room temperature in buffered aqueous experiments by
Stadtman [33-34]. Catalase activity was carried out volumetrically via the
measurements of dioxygen evolution at 21°C in bicarbonate buffers at pH 9.6. The

initial reaction rate (Vo) can be defined as (-d[H202]/dt = 2(d[O2]/dt).

The manganese-isoindoline catalyzed oxidation reactions H2O, could be
significantly enhanced through increasing the total carbonate concentration in the
reaction mixture. The total carbonate concentration was varied between (0.05 - 0.5
M) [NaHCOQOg], (Figure 23). The initial rate of the reaction (Vo) is a linear function
of the bicarbonate concentration, suggesting that 1 equivalent of HCOs3 is
coordinated to the manganese centre during the formation of the catalytically active
complex. The first-order dependence with respect to the concentration of
bicarbonate is shown in (Figure 24)
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Figure 23. Kinetic analysis for the hydrogen peroxide degradation catalyzed by
MnClz and [Mn"(HL3)ClI] (3) in bicarbonate buffer pH = 9.6 [Mn"'{(Py)2-indH}-

(CN2Jo=2.11x10°M, [H202]0 = 4.47x10" M, at 21 °C
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Figure 24. Correlation between Vowith NaHCO3 by [Mn''{(Py).-indH}(Cl)2],
they were performed at pH 9.6 for all complexes.
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The catalase activity for the [Mn"(HL3*®)Cl;] complexes and demonstrates
significant differences based on the number of H>O> molecules TON = (turnover
number) disproportionate by one molecule of the complex after 4 minutes (240 s).
The turnover frequency TOF = (mol H202 / mol catalyst / h) values, which present
the ratios of initial rates (-d[H20.]/dt) and concentrations of catalysts, are given in
table 16. It was found that complex [Mn'(HL*CIl,] with nonannulated 4-
methylpyridyl side chains is the most efficient catalyst with the fastest rate observed
at 0.68 x 10 Ms™ and approximately 6.5 (TOF) molecules of H2O, broken down
per second at the fastest rate of activity (Vo), while complex [Mn''(HL")CI,] with
annulated benzimidazolyl side chains is the less efficient catalase mimic when
compared to complex (4), with the fastest rate of 0.187 x 10 Ms™ and the TOF of
1.77 s for H20,, based on these results the lower activity may be due to the
annulated aromatic side chains within the ligand system which may prevent access
of H20> to the manganese centre (steric effect), or the unfavourable redox and Lewis
aciditic properties of the catalyst. (Figure 25).
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Figure 25. Comparison of the catalase-like activity of [Mn''(HLn)CI;] (3-8) [Mn'"]o
=2.11x10°3M, [H202]o = 4.47x10 M
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The progress of the reaction was followed by gas-volumetrically and monitoring the
evolution of dioxygen, investigate of buffer solution for NaHCO3 and borax,
observed that significantly enhanced through increasing the total carbonate
concentration in the reaction mixture due to that evolved higher dioxygen
(Figure 26).
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Figure 26. Time traces for the reaction of [Mn"(HL3®)Cl,] (3-8) complexes with
H20; in the presence of bicarbonate, complexes (3-8), [Mn]o= 2.11x10* M, [H20;]
=4.47 x10' M, at 21 °C in 20 cm? aqueous buffer solution pH 9.6

The redox potential of the catalysts can be measured under the same conditions; it
can be used as excellent reactivity descriptor. By the use of these data, we have got
a piece of clear evidence that the activity (Vo) increases almost linearly with the
redox potential (Epa for Mn''/Mn'") of the catalyst (Figure 27). This finding also
suggests that the redox potential of the catalysts acts as the driving force of the
reaction. The higher the redox potentials of Mn""/Mn'' redox couple the higher is the
catalase-like activity, logVo. [Mn""(HL**)Cl,] (3-4) complexes with pyridyl side

chains.
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The metal sites are electron-deficient are faster in catalyzing H20:
disproportionation than electron-rich derivatives [Mn"(HL>®)CI] (5-8) with more
Lewis basic benzimidazolyl side chains The redox potential values of Mn""/Mn"!
redox couple describe the propensity of the manganese(ll) complexes to react with
the nucleophilic HO, and/or HCO4 where the more electron-deficient metal center

has a much higher affinity for HO2™ and/or HCO4 binding.
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Figure 27. Dependence of the reaction rate on the oxidation potential £%a (mV vs
SCE)

Oxidation of morin

In order to evaluate the bleaching potential of [Mn"(HL>®)Cl,], complexes, we have
investigated the oxidation of morin, which can be considered as a good model
compound for bleaching stain. Oxidative degradation of morin by H>02 under
catalytically relevant experimental conditions, kinetic studies were performed for
solutions in which the carbonate containing water solution, experiments were
carried out at 25 °C with 1.6 M catalyst, (10 mM) H20; and (0.16 mM) morin and

the oxidation of morin was followed as the decrease in absorbance at 410 nm.
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OH
HO OH HO OH
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10 mM H,0,, 25 °C OH O
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OH (o) OH
Morin (160 uM) Degredation products

Scheme 13. Structure of 2',3,4',5,7-pentahydroxyflavone (morin) and the applied

reaction condition in the catalytic oxidations reaction

The results were presented in (Figure 28), shows that the observed rate constant
initially increased with increasing the complex concentration. The plot shows a
linear dependence on the initial concentration over the studied concentration range

of the complex, so base on this results reaction rate is first order with respect [Mn'"].

0 0,001 0,002 0,003
[Mn(py),indH]?* (103 M)

Figure 28. Dependence of the first-order rate constant (kobs) for morin oxidation on
the [Mn"{(Py)2-indH}(CI)2] (3), [morin]o = 1.6x10* M, [H202]o= 1x102 M, pH 10
at 25 °C
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The effect of H20- on the oxidation reaction course was studied by varying its initial
concentration over a wide range, between 2.5 to 10 mM. At higher H20:
concentrations (10 mM) a fast oxidation reaction occurs followed by rapid
consumption of H202. This prompted us to study the H>O> concentration effect on
the catalytic oxidation of the dye at different concentrations (Table S9, Figure 29),

The plot shows that the observed rate constant initially increased with increasing the
[H202] concentration, a linear dependence on the initial concentration over the
studied concentration range of H.O>, based on this results reaction rate is first order

with respect [H202].
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Figure 29. Hydrogen peroxide concentration dependence of kobs, [Morin]o =
1.6x10* M, [Mn"{(Py)2-indH}(C1)2]o = 6.2x10” M, pH 10 at 25 °C

To evaluate the effect of the morin concentration on the [Mn"{(Py)2-indH}(Cl).]
complex catalyzed oxidative degradation of morin by H2O> under catalytically
relevant experimental conditions, we observed that the rate constant not increased

with increasing the [morin] concentration (Table S9).
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The effect of the carbonate concentration on the oxidative degradation of morin was
studied at pH 10. According to research studied [38], as well as the results described
above, establish that the bicarbonate concentration plays an important role in the
overall oxidation reaction. The [Mn"{(Py).-indH}(CI);] catalyzed oxidative
degradation of morin by using H20- as an oxidizing agent could be significantly
enhanced in all cases through increasing the total carbonate concentration in the

reaction mixture (Figure 30).
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kobs (10_3 S_l)
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Figure 30. Hydrogen carbonate concentration dependence of kobs, [Morin]o =
1.6x10™* M, [Mn"{(Py)2-indH}(CI)2]o= 6.2x107 M, [H202]o = 1x10? M, pH 10 at
25°C

From the detailed of kinetic measurements, the rate of morin decomposition is
described by the relationship —d[morin]/dt = V = kox [3-8][H202][ HCOs][morin],
where kox = 7.79 x 10° M3s! for (4) and 0.675 x 10° M3s! for (7) (Table 18). The
catalytic activity of the 4-methylpyridyl containing manganese complex (4) was at
least 10-12 times higher than that of [Mn''(HL")CI,] (7) with benzimidazolyl side

chains.
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At low substrate concentration the reaction is first-order on all reactants. It is worth
noting that the bicarbonate concentration similarly the previous results plays an
important role in the bleaching process, Base on the results of previous kinetic
studies, may suggest both the formation of high valent Mn'V(O) species in Route 1
(Scheme 12) and carbonate radical in Fenton-type chemistry in Route 2 (Scheme
12), as key catalytic intermediates which may lead to the dismutation of H,O,. We

believe that bicarbonate ions act upon the redox potential of a Mn(I1) complex.

Route 1
HCO; + H,0, === HOOCO; + H,0
(HLMn' + HOOCO; =—= HL)Mn” /Eo +H (HL)Mn"(HCO3) + H,0,
£0
0
O . o —_ v
(HL)ﬁn“\o>: - HL)MnIV /E - (HL Mn (O)+ HCO3
HOMAYO) | 0, T on
—_— (HL)Mn'V\O/ —>  (HLMn" + H,0 + O,
(HL)Mn”IO' rds
Route 2

(HOMn" + H,0, — (HL)Mn"' + HO" + HO
HO" + HCO; — H,0 + COj
H,0, + CO5 —= HCO; + 05 +H*
(HLMN" + 05— (HL)Mn" + O,

Scheme 12. Proposed mechanisms for dismutation of H202 by [Mn"(HL3®)CI;]

Bleaching test for the manganese-isoindoline complexes

The oxidation of morin can be monitored by measuring the time-resolved
absorbance at 410 nm by UV-Vis spectroscopy. Without any catalyst, the oxidative
degradation of morin with H>Ozat pH 10 is negligible among the conditions of the
experiment. The typical spectral changes in the presence of a catalyst are
demonstrated for [Mn"{(Py)2-indH}(Cl)] (figure 31).
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Figure 31. Time-dependent UV-Vis spectra of [morin]o = 1.6x10* M solution of at

pH 10 in the presence of [H202]o = 10 mM, [Mn"{(Py)2-indH}(Cl)2Jo= 1.6 uM

In this case, the reaction was completed and the spectral changes mark two stages
of the reaction, in the initial stage the band at 321 nm increases along with the
decrease of the 410 nm band. The isosbestic point at 355 nm shows that only a single
reaction product is formed. After the first period, the band at 321 nm also starts to
decrease indicating further oxidation of the initial product. Assignment of the 321
nm absorption maximum analysis of further products has been done earlier. In focus

only on the rate of morin oxidation into a single product.

After measuring the antioxidant activity of the complexes, it seemed reasonable to
check the pro-oxidant capabilities. For this reaction, we investigated the oxidative
degradation of morin by hydrogen peroxide, in the presence of the manganese-
isoindoline complexes (3-8). The best activity was observed for [Mn''(HL?)Cl,] (4)
where the bleaching of morin was completed within 5 minutes with approximately

20 catalytic cycles per minute (figure 32).
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Figure 32. Degradation of morin by hydrogen peroxide in the presence of the
Mn(11) complexes (3-6), of [morin]o = 1.6x10* M solution of at pH 10 in the
presence of [H202]o = 10 mM, [Mn"{(Py).-indH}(Cl)2]o = 1.6 uM

Table 18. Summary of kinetic data for the catalytic oxidation of morin with
[Mn(HL3*®)Cl,] (3-8) in bicarbonate buffer at pH 10 and 25 °C

Catalyst E%  E%  Efyzwn’wn’ Kot Kox
(mv)  (mV) (mV) (103s?) (106 M3s?)
[Mn"(HL3) CI] 8) 977 866 921.5 4.2+40.12 5.2+0.16
[Mn''(HL%) Cl,] (4) 1026 870 948 6.240.15 7.840.2
[MR'(HL®) CI,] 5) 816 685 750 1.7+0.08 1.71+0.11
[Mn'"(HL®) CI,] 6) 625 576 600.5 1.3£0.02 1.440.03
[MR"(HL) Cl,] (7) 421 354 387.5 0.45+0.01 0.67+0.02
[Mn"(HL®) Cl;] (8) 455 395 425 0.78+0.02 0.97+0.03

The complexes show reversible redox transitions involving Mn(ll) and Mn(lIl)
redox states. As the catalysis of the dismutation of hydrogen peroxide is a redox
process the potential and reversibility of the Mn(l11)/Mn(ll) couple is a key

parameter.

65



4.8

Result and discussion

The activity of the isoindolin complexes increases significantly in the order of
[Mn(HL")CI2] (7) < [Mn(HL®)Cl,] (8) < [Mn(HL®)Cl] (6) < [Mn(HL®)Clz] (5) <
[Mn(HL®)CI;] (3) < [Mn(HL*CI,] (4). Hence, by changing the more Lewis basic
five-membered benzimidazolyl rings to six-membered pyridyl pendant arms, the
catalytic activity can be remarkably enhanced. The manganese-isoindoline
complexes (3-8) are shown a linear correlation between log(kobs) with E%a (mV
vs SCE) (Figure 33).
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Figure 33. Dependence of the first-order rate constant (kobs) for morin oxidation on

the oxidation potential (Epa) of the [Mn''(HL*®)CI.] complexes in bicarbonate buffer
(pH 10). Conditions: [Complexes 3-8]o = 1.6 x 10 M, [morin]o = 0.16 x 103 M,
[H202]o = 0.010 M at 25 °C

Morin oxidation under air condition

To investigate the effect of the catalyst concentration on the manganese-isoindoline
catalyzed oxidative degradation of morin by air condition under catalytically
relevant experimental conditions, kinetic studies were performed for solutions in
which the carbonate containing water solution with complex of [Mn'{(Py).-
indH}(CI)2] was added in the presence of air atmosphere and (0.16 mM) morin

solution at 25 °C.
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Table 19. Redox potentials, E%pa and E%:c values of the manganese complexes

Catalyst (fn O{]j) E%c (mV) EOl/(erQ:;/Mn“ (10|_(40 51

[Mn(D(HL?) Cl] (3) 977 866 921.5 2.569+0.006
[MnUD(HL?) Cl] (4) 1026 870 948 3.925+0.004
[Mn()(HL®) Cl] (5) 816 685 750 1.728+0.012
[MnUD(HL®) Cl] (6) 625 576 600.5 1.103+0.014
[Mn(D(HL) Cl] (7) 421 354 387.5 0.399+0.002
[Mn((HL?®) CI;] (8) 455 395 425 0.541+0.003

The reaction was completed and the spectral changes show the stage of the reaction,
in the initial stage the band at 327 nm increases along with the decrease of the 407
nm band. Continuously when morin starts to gradate at 407 nm the formation rate

of product increases (figure 34).
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Figure 34. Time dependent UV-visble spectra of [morin]o = 1.6x10* M solution of
at pH 10 in the presence of air condition, [Mn"{(Py)2-indH}(Cl)2]Jo = 1.6 pM
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Figure 35. Kinetic traces of complexation and oxidation of morin [morin]o =
1.6x10* M solution of at pH 10 in the presence of air condition, [Mn"{(Py).-
indH}(Cl)2]o = 1.6 pM

The linear correlation between log(ko) and E£%/, (mV vs SCE) for the manganese-

isoindoline complexes was shown in (Figure 36).
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Figure 36. Established linear correlation between log(ko) and E%2, (mV vs SCE)

for the manganese-isoindoline complexes
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In summary, Efforts have been made to work out highly efficient and
highly selective manganese-based catalytic system for the disproportionation
reaction of H,O> as synthetic catalase mimics and for the oxidation of morin as
oxidative bleaching performances. Manganese-isoindoline complexes such as,
[Mn""(HL3)CI2] (3), [Mn'(HLYCI2] (4), [Mn"'(HL®)CI2] (5), [Mn"(HL®)CI] (6),
[Mn''(HL")CI2] (7) and [Mn"(HL®)CI2] (8), synthesized and characterized by
various electro-chemical and spectroscopic methods. After that, investigated the
effect of the ligand modification by varying the aryl substituent on the bis-
iminoisoindoline moiety with emphasis on the redox potential. We observed that the
higher the redox potentials of Mn"!/Mn'" redox couple the higher is the catalase-like
and bleaching activity. It is also worth to note that the bicarbonate concentration
plays an important role in both the catalase-like reaction and bleaching process,

probably during the formation of the proposed catalytically active Mn'V(O) species.

Catalytic oxidation of flavanone

The catalytic activities of the manganese-isoindoline complexes [Mn''(HL3®)ClI;] (3),
[Mn''(HL*)CI2] (4), [Mn"(HL®)CI] (5), [Mn"'(HL®)CI] (6), [Mn''(HL")CI] (7) and
[Mn"(HL8)CI,] (8) were studied in the oxidation of flavanone, utilizing m-CPBA as
co-oxidant. The oxidation reactions were carried out under standard catalytic
conditions (5:300:500 ratios for catalyst: oxidant: substrate) in acetonitrile at 25 °C.
The excess amount of the substrate was used to minimize over oxidation of the
product to get evidence for the formation of possible intermediates. It took less than
10 min to get about 20-35% vyields based on oxidant for the Mn(ll)-catalyzed
reactions. These reactions were also examined on varying the period time between
10-30 minutes, where we observed the flavone yield attained a peak after 10 minutes
of reaction and remained the same even after 30 minutes, and much smaller yield
(2.1%) was obtained for the blank Mn''(Cl04), salt. The Mn(l1)-catalyzed reactions
of flavanone produced flavones (F) as expected major product in all cases with the
minor product of 1,3-diphenylpropane-1,3-dione (D) which was identified by GC-
MS/MS (Scheme 14).
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O [Mn"(L3-9)] O O -H,0 O |
—_—
m-CPBA
0 O

0
0]

Flavanone 1,3dione (D) Flavone (F)
Scheme 14. Oxidation of flavanone to flavones by m-CPBA

The investigation of the flavanone oxidation in the presence of various co-oxidants
such as, m-CPBA, TBHP and H.O>, then comparing the value of TOF revealed that
the TBHP and H20- (Table S11, Figure 37), are much lower value of TOF may be

due to unstable intermediate, therefore, cannot trap intermediate form for Mn'"',

Figure 37. Oxidation of flavanone with various co-oxidant catalase by [Mn'{(Py)2-
indH}(CI)2] , [Mn'o =5 mM, [S]o = 300 mM, [Oxidant]o = 500 mM, in acetonitrile
at 25 °C
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Result and discussion

The turnover frequency is calculated from the ratio of the amount of the reacted
flavanone to the amount of the catalyst divided by time of the reaction. The TOF
values were significantly increased by increasing the concentration of the oxidant
m-CPBA. Significantly higher yield (36 %; TOF/h for F = 433, TOF/h for D = 126)
was observed for complex [Mn"{(Py).-indH}(Cl)2], (Figure 37). The ligand
structure influenced the catalytic activities of these complexes, the complexes values
indicate that the relative reactivities of manganese(ll) complexes are in the order of
HL3®> HL* > HL® > HL®> HL’ > HL® based on reactivity (Table S10, Figure 38).

40

Yield (%)
N w
o o

[EEN
o
L

Mn'!(3-8) complexes

Figure 38. Catalytic oxidation of flavanone by the manganese-isoindoline
complexes (3-8), (black column) total yield, (line column) yield of flavones (F) and
(white column) yield of 1,3-dione (D). [Mn'"]o = 5 mM, [S]o = 300 mM, [Oxidant]o
=500 mM, in acetonitrile at 25 °C by m-CPBA

71



Result and discussion

-2,72

-2,8

-2,88

-2,96

Log(TOF)

-3,04

-3,12

e
1 \_/
| e 4
300 500 700 900 1100
E°,, (mV vs SCE)

Figure 39. Correlation between log(TOF) and E%;, (mV vs SCE) for the

manganese-isoindoline complexes, (Table S13)

It is important to mention that in the presence of water, the yield of flavones

decreases and the amount of 1,3-dione (D) increased (Table S9, Figure 40), this can

be attributed to an equilibrium step during the flavone formation (Scheme 14). An

increase in the yield of flavone was observed when the amount of catalyst was

increased. In the absence of catalyst in the blank experiment, no flavone formation

was detected under the same conditions.
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Figure 40. Effect of [H20] on the yield of flavones (F) and 1,3-dione (D)
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Scheme 15. The metal based mechanism proposed for oxidation flavanone by m-CPBA
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4.10 Catalytic oxidation of N,N-dimethylanilines under air

Reactions were carried out under standard catalytic conditions (1: 300: 300 for the
catalyst: DMA: co-oxidant) in acetonitrile at room temperature under air (Ar). Co-
oxidants were added by syringe, and the excess of DMA was used to minimize the
over oxidized products. The catalytic activity and selectivity of complex and the
Mn(Il) salt appeared to be dependent on the co-oxidants used for oxidation. The
Mn'(ClO,) salt together with m-CPBA oxidizes DMA to MA and MFA, and a
turnover number (TON) of 1.94 MA and 0.86 MFA was obtained with an overall
yield of 2.78 %. The almost identical result has been observed by the use of PAA as
co-oxidant (1.6 and 0.6 TON, respectively), When TBHP, PhlO and H2O; were used
as co-oxidants significantly lower activities were observed (TON 0.70, 0.56 and
0.41 respectively). The higher reactivity of peracids compared to H.O>, PhlO and
TBHP may be explained by the in situ formed [Mn3O(OAc)s]® and
[Mn3O(mMCBA)3]" complexes with remarkably much higher catalytic activities

compared to the parent Mn''(CIO.)- salt (Figure 44).

H,C CHO

Mn'(ClO,),
[Mn"{(Py),-indH)(CI),}]

-—
£

+ CHzo
m-CPBA, PAA, TBHP,
H,0,, MeCN. under air

N,N-dimethylaniline N-methylaniline N-methylformanilide

Scheme 16. Catalytic oxidation of N,N-dimethylaniline (DMA) [Mn"{(Py).-
indH}(CI)2] and Mn(CIO4)2 salt under air system

The catalytic activity of [Mn""{(Py).-indH}(Cl).] was also examined including the
same co-oxidants, and conditions used above, facilitating direct comparison with
results obtained with the parent Mn(ll) salt. In (Table S11and S12, Figure 41) show

that there is an increase in the overall yield.
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The oxidants employed are H2O,, PhlO, TBHP, m-CPBA, and PAA (from 0.41 to
47 %), albeit with moderate product selectivity. The order of efficacy for the co-
oxidants was found to be m-CPBA > PAA > TBHP > PhlO > H»O: in the presence
of the Mn(Il) catalyst, which can be explained by the different mechanism of the

Mn(IV)-oxo formation and the presence or absence of hydroxyl (tert-butoxy)

radicals.
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m-CPBA PAA TBHP PhlO H,0,

Co-oxidants

Figure 41. Comparison of the product formation of Mn'/(CIO4)2 and [Mn"{(Py)2-
indH}(Cl)2Jo = 3 mM, [S]o = 300 mM), [Ox]o = 300 mM, oxidation of N,N-
dimethylaniline to N-methylaniline (line column), N-methylformanilide (white
column), total yield (black column) in CH3CN at 30°C

Derivatives of N,N-dimethylanilines were observed to produce corresponding
secondary anilines where anilines with electron-donating groups on the phenyl ring
gave better yields and selectivity than those with electron-withdrawing groups,
suggesting a metal-based oxidant with electrophilic character (Figure 42). It can also
be seen that the product composition (MA/MFA ratio) being remarkably influenced
by the electron density on the substrate, especially in the 1/ m-CPBA system.
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Figure 42. Comparison of the product formation in the oxidation of N,N-dimethyl-
anilines, [Mn'"lo = 3 mM, [S]o = 300 mM, [Ox]o = 300 mM, N,N-methylaniline (line
column), N-methylformanilide (white column) and total yield (black column)
derivatives with m-CPBA in CH3CN at 30 °C (Table S13)
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Figure 44. Comparison of the product formation in the oxidation of N,N-dimethyl-
anilines, [Mn'"]o = 3 mM, [S]o = 300 mM, [Ox]o = 300 Mm, (Table S13).
N,N-methylaniline (line column), N-methylformanilide (white column) and total
yield (black column) derivatives with m-CPBA in CH3CN at 30 °C
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Figure 44. Comparison of the product formation in the oxidation of p-substituted N,
N-dimethylanilines, [Mn'"Jo = 3 mM, [S]o = 300 mM, [Ox]o = 300 mM, substituted N,
N-dimethylanilines to N-methyl aniline (line column), N-methylformanilide (white
column) and total yield (black column) derivatives with TBHP in CH3CN at 30 °C

(Table S13)
0 g‘

4Me-DMA  4H-DMA 4Br DMA 4CN DMA
6= -0.17 0.00 +0.23 +0.66

Substrate

EEN (o))
I I

Yield (%)

N
I

Figure 45. Comparison of the product formation in the oxidation of p-substituted N,
N-dimethylanilines, [Mn'"Jo = 3 mM, [S]o = 300 mM, [Ox]o = 300 mM, of substituted
N,N-dimethylanilines to N-methyl aniline (line column), N-methylformanilide
(white column) and total yield (black column) derivatives with H202 in CH3CN at
30 °C (Table S13)
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4.11 Catalytic oxidation of N,N-dimethylanilines under argon

Reactions were carried out under standard catalytic conditions in acetonitrile at 30
°C under an argon atmosphere (Scheme 17). Co-oxidants were added by syringe,
and the excess of DMA was used to minimize the over oxidized products. The
catalytic oxidation of N,N-dimethylaniline (DMA) with meta-chloro perbenzoic
acid (m-CPBA), peracetic acid (PAA), hydrogen peroxide (Hz202), tert-butyl
hydroperoxide (TBHP), and iodosobenzene (PhlO), by nonheme [Mn'/(asN4Py)-
(CH3CN)](CF3S03)2 under air and argon atmosphere were also investigated.

The main products observed under air atmosphere were N-methylaniline (MA) and
N-methylformanilide (MFA) while the argon atmosphere yielded N-methylaniline
(MA) as a predominant product (Figure 46).

[Mn'"(asN4Py)(MeCN)]
(CF3S03),
> + CH,0
m-CPBA, TBHP, H,0, and
PhlO, 293 K under Argon
R R

R, CH; and CN

Scheme 17. Catalytic oxidation of N,N-dimethylaniline (DMA) by [Mn'!(asN4Py)
(CH3CN)](CF3S0s3). under argon atmosphere

78



Result and discussion

w
o

N
o

Yield (%)

[
o

1 2 1 2 1 2 1 2 1 2
m-CPBA PAA TBHP PhIO H,0,
[Comp.]
Figure 46. Comparison of the product formation the [[Mn'(asN4Py)(CHsCN)]-
(CF3S03)2]o =3 mM, [S]o = 300 mM, [Ox]Jo = 300 mM, oxidation of N,N-dimethyl-
aniline to N-methyl aniline (line column), N-methylformanilide (white column) and

(black column) total yield various co-oxidants in CH3CN at 30 °C, under argon
(Table S14 and 15)
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Figure 47. Comparison of the product formation in the oxidation of p-substituted N,
N-dimethylanilines, [[Mn''(asN4Py)(CH3sCN)](CF3sS03)2]o = 3 mM, [S]o = 300 mM,
[Ox]o =300 mM oxidation of substituted N,N-dimethylanilines to N-methyl aniline
(line column), N-methylformanilide (white column) and (black column) total yield
derivatives with m-CPBA in CH3CN at 30 °C under air (Table S15)

79



Result and discussion

a1
o

Yield (%)
w i
o o

N
o
I

=
o
1

O T T 1
4AMe-DMA 4H-DMA 4Br-DMA 4CN-DMA
6= -0.17 0.00 +0.23 +0.66
Substrate

Figure 48. Comparison of the product formation in the oxidation of p-substituted
N,N-dimethylanilines, [[Mn'(asN4Py)(CH3zCN)](CF3SOs)2]o = 3 mM, [S]o = 300
mM, [Ox]o = 300 mM, oxidation of substituted N, N-dimethylanilines to N-methyl
aniline (line column), N-methylformanilide (white column) and (black column)
total yield derivatives with PAA in CH3CN at 30 °C under air (Table S13).

Efforts have been made to work out efficient and selective manganese-
isoindoline (3-8) complexes catalyzed N-demethylation reactions were carried
out under standard catalytic conditions (1: 300: 300 for the catalyst: DMA: co-
oxidant) in acetonitrile at 30 °C under air (Ar). Co-oxidants were added by syringe,
and the excess of DMA was used to minimize the over oxidized products. The
catalytic activity and selectivity for complexes (3-8) are shown in (Table S19, figure
49). Good correlation was established between Log (TOF) with E%; (mV vs SCE)
for the Mn' complexes (3-8) (figure 50).
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Figure 49. Comparison of the product formation in the manganese catalyzed [Mn'"]o
=3 mM, [S]o = 300 mM, [Ox]o = 300 mM, [Mn(py).-ind]?*, N-methyl aniline (line
column), N-methylformanilide (black column) and total yield (white column) with
m-CPBA co-oxidants in CH3CN (Table S19).
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Figure 50. Established linear correlation between yield with E%, (mV vs SCE) for

the Mn'' complexes (3-8)

81



Result and discussion

Based on previous catalytic results above, it can be expected that the N-
demethylation reaction is sensitive to the nature of the substituent in the phenyl ring
of DMAs. Upon using p-substituted DMA derivatives with electron-donating
groups the rate of the reactions was increased remarkably. The good correlation was
established between MA/MAF and E°ox, and E°sp with co-oxidant of m-CPBA and
PAA, (Figure 51 and 52, Table S17).

5
m-PCBA

4 ® -Me y = -4.367X + 6.940
T3
=
<
S 2

CN
y = -3.777x + 5.774
1 .
O T T T
0,5 0,8 E° 1,1 1,4

ox
Figure 51. The plot of MA to MFA ratio against the Eox of p-substituted DMAs
[Mn''(asN4Py)(CH3CN)](CF3S0s3). (o) and [Mn"{(Py).-indH}(CI)] (®)
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S2; -CN
-CN
1] y=-2128x+2833
R?=0.916
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Figure 52. The plot of MA to MFA ratio against the op of p-substituted
DMAs[Mn''(asN4Py)(CHsCN)](CFsS0s3)2 (0) and [Mn"{(Py).-indH}(Cl)2] (®)
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Figure 53. Reactions of [Mn'/(asN4Py)(CH3sCN)](CFsSOs)2 (0) and [Mn"{(Py)2-
indH}(CI)2] (@) with DMAs by the use of PAA in CH3CN at 30 °C. The plot of
MA to MFA ratio against the op of p-substituted DMAs (Table S18).
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Figure 54. Reactions of [Mn'(asN4Py)(CH3CN)](CFsSOs)2 (0) and [Mn(py)2-
indH]?* (@) with DMAs by the use of PAA in CH3CN at 30 °C, Plot of MA to MFA

ratio against the E°ox of p-substituted DMAs (Table S18).

The complex of [Mn'(asN4Py)(CHsCN)](CFsSOs). was used to trap intermediate
of Mn'VO and proposed mechanism for the reaction, pentdentate more stable

compared to tridentate [Mn(py)2indH]?*
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Scheme 18. Reactions of [Mn'/(asN4Py)(CH3sCN)](CFsSOs). with DMASs by the
use of m-CPBA in CH3zCN at 30 °C

The UV-Vis in the presence of DMA under the standard catalytic conditions
(complex/ experiments m-CPBA/DMA = 1: 100: 100) have confirmed the formation
of Mn'VO species, the intermediate species undergoes a decay which is affected by

the substrate DMA (Figure 55), [(asN4Py)Mn'V(O)]** the intermediate DMA’
resulting from an electron-transfer process, the addition of a p-Me-DMA to a
deaerated CF3CH.OH-MeCN (1:1 v/v) solution of complex resulted in the

immediate generation of a transient absorption band at Amax = 460 nm (Figure 55).

The absorption band was identical to that of the p-Me-DMA, given by the reaction
of the p-Me-DMA absorption band of p-Me-DMA* appears, accompanied by a
decrease in the absorption band at 994 nm due to electron-transfer from p-Me-DMA
to complex proceeds via fast electron-transfer from DMA to [(asN4Py)Mn'V(O)]?*
to produce p-Me-DMA", followed by slower proton transfer from p-Me-DMAT to
[(Bn-TPEN)Mn''(O)]* [178] and the new intense absorption in the range of 650 nm
indicates a complexation and charge-transfer (CT) type interaction between the

oxidant and the substrate, albeit their nature is not known.
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Figure 55. The UV-Vis spectral changes in the reaction of [[Mn'(asN4Py)-
(CHsCN)](CF3S03)2]o = 1x10* M, and [p-Me-DMA]o = 3x10 M, in CF3CH20H-
MeCN (1:1 v/v) at 283 K
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Figure 56. The time course of the decay of p-Me-DMA*® monitored at 944 nm.

[[Mn"(asN4Py)(CH3sCN)](CF3S0s)z]o = 1x10"4 M, and [p-Me-DMA]o = 3x10-3 M,
in CF3CH,OH-MeCN (1:1 v/v) at 283 K
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Figure 57. The UV-Vis spectral changes in the reaction of [[Mn'/(asN4Py)-
(CH3CN)](CF3S03)2]o = 1x10*M, and [p-CN-DMA]o = 3x10° M in CFsCH,0H-
MeCN (1:1 v/v) at 283K
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Figure 58. Time profiles of the absorbance of p-CN-DMA at 680 nm and
[(asN4Py)Mn'V(0)]?* at 1040 nm
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Efforts have been made to work out efficient and selective Mn'' catalyzed N-
demethylation reactions by the use of various co-oxidants such as PhlO, m-CPBA,
PAA, TBHP and H20, as well as their detailed mechanistic aspects. Based on
experimental observations derived from the catalytic experiments the following
mechanisms can be proposed (Scheme 19). In the peracid and PhlO based systems,
the formation of manganese(IV)-oxo can be explained by direct oxygen atom
transfer from the co-oxidant to the Mn(ll) precursor: Mn'' + PhlO (m-CPBA) =
MnVO + Phl (m-CPBA). In the former, a clearly metal-based process only the
mangane(lIV)-oxo is responsible for the N-methylation reaction via ET-PT
mechanism with a rate-determining PT step (Path a in scheme 19), but in the latter
case, the reaction can be explained by the parallel selective metal-based and non-
selective radical processes (Path a + b in Scheme 19) [179].

Path A
HaC H
[Mn'(asN4Py)(CH,CN)](CF;S0,),1* NPh ——— [Mn'(asN4PY)** + oy o + /NPh
A
ET
o+
MasNaPy)OII  +  Nph
PTl
HoC. HOH,C._ .,
[Mn"(asN4Py)(OH)]"  + NPh ———> [Mn'(asN4Py)** + NPh
Path B
a H\
NPh + CH,0
H4C . ] OOH,C
: rRo MO .. 0, 2B .-
NPh > NPh —>» NPh —» —>» +
-H / / Russel-termination
OHC
\o

Scheme 19. Proposed (ET-PT) mechanism in the Mn'' Catalyzed N-demethylation

reaction
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Non-heme Mn(11) complexes, [Mn"(HL?®) Cl2] (3), [Mn"(asN4Py)(CH3sCN)](CIOa4)2
and Mn(Cl0a4)2 salt has been shown to catalyze the oxidation of N,N-dimethylaniline
(DMA). The order of efficacy for the co-oxidants was found to be m-CPBA > PAA
> TBHP > PhlO > H,0O: in the presence of the Mn(Il) catalyst, the main products
observed under air atmosphere were N-methylaniline (MA) and N-methyl-
formanilide (MFA) while the argon atmosphere yielded N-methylaniline (MA) as
predominant product, which can be explained by the different mechanism of the
Mn(IV)-oxo formation and the presence or absence of hydroxyl (tert-butoxy)
radicals. Mechanisms were proposed based on experimental observations derived

from the catalytic experiments.
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5 Summary
The reaction of high-valent oxygen intermediates in mononuclear non-heme iron
(NHFe) enzymes is a challenging task because of their transient nature and practical
difficulties in trapping them. Such stable synthetic analogues of the iron(IV)-oxo
intermediates have proven to be valuable in studying the geometric and electronic
structures of the iron(IV)-oxo unit and how it is activated to perform H-atom
abstraction in the initial step of most mechanistic pathways. The [Fe'(asN4Py)]-
(CF3S03)2 complex has been an active and selective catalyst for the oxidation of cis-
cyclooctene and substituted styrene derivatives at room temperature to give
epoxides as the main products, The oxidation of styrene yielded 65% epoxide and
12% benzaldehyde, and cis-cyclooctene oxidation produced 75% cyclooctene oxide

and 7% cyclooct-2-enone.

Activation parameters of cis-cyclooctene oxidation, AH = 38 kJ mol*, 45 =-180J
mol? K1 (at 298 K), and styrene, 4H = 70.6 kJ mol, 45=-76 J mol* K at 298 K
The activation enthalpy of 71 kJ mol™? for the [Fe'V(asN4Py)(O)]?*" mediated
epoxidation of styrene is roughly the same with that presented for [Fe'V(N3S2)(0)]?*
linear correlation between the relative rate and the TE for the iron(1V)-oxo mediated
oxidation of p-substituted styrenes is established.

Stoichiometric oxidation of 4-chlorostyrene and styrene by (-)-Fe'V(asN4Py)-(0)]?*
(2b) gave a 12% of 4-chlorostyrene oxide and 8% enantiomeric excess of styrene
oxide, even though the asymmetric induction is not impressive when compared with
other published studies. Because of the selectivity loss, the concerted [2+1] and
[2+2] cycloaddition mechanisms can be excluded (A and B). The moderate
enantioselectivities for the oxidation of styrene derivatives (8-12% ee) can be
elucidated by the rotation/collapse processes through C-C bond of the radicalized
species prior to the epoxide ring closure. Catalytic oxidation of ethylbenzene by
[Fe'V(asN4Py)(0)]?* in CH3CN at 0 °C, yielded 33 % enantiomeric excess (ee) of
1-phenylethanol after 90 minutes, and 25 % enantiomeric excess after 180 minutes

under argon atmosphere.
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The oxidation of ethylbenzene by the chiral iron(IV)-oxo intermediate achieves
moderate enantioselectivities have been observed for the catalytic oxidation of
ethylbenzene, which can be explained by the parallel enantioselective metal-based,
iron(1V)-oxo mediated and nonselective Fenton-type radical processes. Efforts have
been made to develop a highly efficient asymmetric catalyzed oxidation of various
alkanes by introducing the chiral moiety to ligands as well as their detailed

mechanistic aspects.

Manganese-isoindoline complexes such as, [Mn"(HL®)Cl;] (3), [Mn"(HL*CI,] (4),
[Mn"'(HL®)CI,] (5), [Mn"'(HL®)CI] (6), [Mn"(HL"CI] (7) and [Mn"(HL®)CI_] (8)
Synthesized and characterized by various electrochemical and spectroscopic
methods. Efforts have been made to work out highly efficient and highly selective
manganese-based catalytic system for the disproportionation reaction of H>O> as
synthetic catalase mimics and the oxidation of morin as oxidative bleaching
performances. After that, investigated the effect of the ligand modification by
varying the aryl substituent on the bis-iminoisoindoline moiety with emphasis on
the redox potential. We observed that the higher the redox potentials of Mn'"'//Mn"
redox couple the higher is the catalase-like and bleaching activity. It is also worth
to note that the bicarbonate concentration plays an important role in both the
catalase-like reaction and bleaching process, probably during the formation of the

proposed catalytically active Mn'V(O) species.

Non-heme Mn(lIl) complexes, [Mn"'(HL®)CI;] (3), [Mn"(asN4Py)(CH3CN)](CIOa4)2
and Mn''(CIO4)2 salt have been shown to catalyze the oxidation of N,N-
dimethylaniline (DMA) with H20z, tert-butyl hydroperoxide (TBHP), peracetic acid
(PAA), meta-chloro peroxybenzoic acid (m-CPBA) and PhlO, resulting N-
methylaniline (MA) as the predominant product with N-methylformanilide (MFA)

as a result of a free-radical chain process.
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Summary

Where the product composition (MA/MFA) remarkably influenced by the electron
density on the substrate, especially in the [Mn"{(Py)2-indH}(CI)2]/m-CPBA system,
and by the co-oxidants used. No formation of MFA occurred when the oxidation of
DMA was carried out in the presence of Mn''(asN4Py)(CH3CN)](ClOa4)2 with Phl1O
as co-oxidants under argon atmosphere.

Based on the spectral investigation (UV/Vis) of reaction systems above,
manganese(IV)-oxo intermediate, [Mn'V(asN4Py)(0)]** has been suggested to be
the key active species of the N-dealkylation reaction in all catalytic systems. The
manganese(lV)-oxo species in the presence of DMA, Amax, 944 nm, and the new
intense absorption in the range of 460 nm indicate a complexation and charge-

transfer (CT) type interactions between the oxidant and substrate.
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Experimental part

6 Experimental part

Instrumentation

The UV-visible spectra were recorded on an Agilent 8453 diode-array
spectrophotometer using quartz cells.

IR spectra were recorded using a Thermo Nicolet Avatar 330 FT-IR instrument
(Thermo Nicolet Corporation, Madison), samples were prepared in the form of KBr
pellets.

GC analyses were performed on an Agilent 6850 gas chromatograph equipped with
a flame ionization detector and a 30 m SUPELCO BETA DEX[1225 columns.

The NMR spectrum was recorded on a Bruker Avance 400 spectrometer (Bruker
Biospin AG, Fillanden, Switzerland).

GC-MS analyses were carried out on Shimadzu QP2010SE equipped with a
secondary electron multiplier detector with conversion dynode and a 30 m HP5MS
column,

Microanalyses elemental analysis was done by the Microanalytical Service of the
University of Pannonia.

Analytical and physical measurements

Infrared spectra were recorded on an Avatar 330 FT-IR Thermo Nicolet instrument
using samples mulled in KBr pellets. UV-vis spectra were recorded on an
Agilent 8453 diode -array spectrophotometer using quartz cells. Microanalyses were
done by the Microanalytical Service of the University of Pannonia. Cyclic
voltammograms (CV) were taken on a Volta Lab 10 potentiostat with VVolta Master
4 software for data process. The electrodes were as follows: glassy carbon
(working), Pt wire (auxiliary), and Ag/AgCl with 3M KCI (reference). The
potentials E® Mn/Mn vs. Saturated Calomel Electrode (SCE) was also determined
experimentally to be 100 £ 5 mV. All manipulations were performed under a pure
argon atmosphere using standard Schlenk-type inert-gas techniques. Solvents used
for the reactions were purified by literature methods and stored under argon.
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Experimental part

The starting materials for the ligand are commercially available and they were
purchased from Sigma Aldrich. [Fe'(asN4Py)(CHsCN)](ClOs), and asN4Py
(asN4Py = N,N-bis(2-pyridylmethyl)-1,2-di(2-pyridyl)ethylamine) were prepared
as previously described [102, 180].

The ligands 1,3-bis(2’-pyridylimino)isoindoline (HL3), 1,3-bis(4’-methyl-2'-
pyridylimino)isoindoline (HL?%), 1,3-bis(2'-imidazolylimino)isoindoline (HL®), 1,3-
bis(2'-tiazolylimino)isoindoline (HL®), 1,3-bis(2'-benzimidazolylimino)isoindoline
(HL"), and 1,3-bis(N-methylbenzimidazolylimino)isoindoline (HL?®), and the
complexes Mn'" (3-8) were synthesized according to published procedures [127,
154].

(asN4Py) HL' (-)-(asN4Py) HL? HL3 CHs

L T Ja ¥,
Q? CQ CQ o
DOREERY, @

Scheme 1. Ligands were synthesized according to the published procedure
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Experimental part

Synthesis of [Mn''{(4-Me-Py)2-indH}(Cl)2]

A solution of (0.59 gm, 3 mmol) of MnCl2.4H20 in 10 ml of methanol was added
to a solution of (0.95 gm, 3 mmol) (N-Me-bim)z-indH in 10 ml acetonitrile then the
yellow suspension was refluxed for 6 hours, then the solvent removed by
evaporation and the crude product was washed with cold methanol. UV-vis [dmf]
[Amax, nm loge/dm® mol* cm™], 227 (4.26), 296 (4.22), 330 (4.19), 347 (4.21), 367
(4.28), 386 (4.37), 409 (4.14), 453 (3.32). FT-IR bands (KBr pellet cm™): 3444 w,
3239 w, 3039 w, 2953 w, 2847 w, 1654 w, 1634 s, 1597 m, 1517 m, 1491 s, 1356
w, 1209 m, 1066 m, 939 m, 829 w, 719 m, 453 m. Anal Calcd for C20H17Ci2MnNs:
C, 53.00; H, 3.78; N, 15.45. Found: C, 53.02; H, 3.80; N, 15.48.

Synthesis of (im)z-indH

A mixture of 10.81 mmoles (1.57 g) of 1,3-diiminoisoindoline and 22.70 mmoles
(3.00 g) of 2-amino-imidazole sulfate in 25 ml of 1-butanol with sodium carbonate.
The solution was heated with stirring at reflux for 20 hours. The reaction mixture
was cooled, filtered, and the solid part obtained was washed with distilled water and
cold methanol. The crude product was recrystallized from methanol to yield 0.919
g (30 %) of brownish-red crystals. UV-vis [dmf], [Amax, NM loge/dm® mol* cm™],
199 (4.93), 244 (4.73), 330 (4.32). FT-IR bands (KBr pellet cm™), 3289 w, 3215 w,
3156 w, 3107 w, 2872 w, 1642 s, 1567 s, 1499 m, 1452 m, 1382 w, 1324 w, 1274 s,
1160 m, 1033 m, 753 m, 689 m, 641 m, 574 w, 517 w. Anal Calcd for
CaoHa7FsFeNsO10S2: C, 48.25; H, 3.75; N, 8.45. Found: C, 48.22; H, 3.72; N, 8.47.
'H-NMR (DMSO-ds), & (ppm): 5.75 (s, 1 H); 7.10 (m, 4H); 7.70 (m, 2H); 7.90 (m,
2H); 12.50 (s, 2H). *C-NMR (DMSO-ds), § (ppm): 121.9 (2C); 123.5; 130.3; 131.9;
132.3; 134; 134.5; 136.3; 149.2 (2C); 150.2 (2C); 167.5.
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Synthesis of [Mn"{(im)2-indH}(Cl)2]

A solution of 0.14 g (0.72 mmol) of MnCl. 4H,0 in 2.5 cm® CH3OH was added to
a suspension of 0.20 g (0.72 mmol) (im)2-indH in 2.5 cm® CH3CN and the brown
suspension was refluxed for 6 hours. The solvent was removed by evaporation and
the crude product was washed with cold CH3OH and diethyl ether, and then dried
under vacuum (0.16 g, 53%). UV-vis [dmf], [Amax, NM loge/dm® mol* cm™], 289
(3.73), 361 (4.13), 402 (3.95), 431 (3.54), 460 (3.30). FT-IR bands (KBr pellet cm"
1Y: 3382 w, 3253 w, 3100 w, 2920 w, 2847 w, 1657 s, 1614 s, 1469 m, 1361 w, 1311
w, 1254 w, 1092 m, 1048 m, 780 m, 709 m, 694 m, 530 w. Anal Calcd for
Cu4H11ClbMnNy7: C, 41.71; H, 2.75; N, 24.32. Found: C, 41.66; H, 2.72; N, 24.35.

HN HN

A A
N N HN l’\l
/

MeOH/MeCN \ cl

NH + MnCl,. 4H,0 - N—Mn"\/
( reflux, 6 h ( \ cl

HN / HN /

Chemical Formula: C;4Hq4N; Chemical Formula: C4H4,CI,MnN;
Molecular Weight: 277.29 Molecular Weight: 403.13

Synthesis of [Mn''{(N-Me-bim)2-indH}(ClI):]

A solution of (0.59 gm, 3 mmol) of MnCl2.4H20 in 10 ml of methanol was added
to a suspension of (1.13 gm, 2.12 mmol) (N-Me-bim)2-indH in 10 ml acetonitrile
then refluxed for 6 hours, then the solvent removed by evaporation and the crude
product was washed with cold methanol. UV-vis [dmf], [Amax, nm loge/dm® mol*
cm]: 362 (3.94), 371 (4.02), 382 (4.00), 420 (3.91), 448 (3.94), 482 (3.75), 535
(2.93). Ft-IR bands (KBr pellet cm™): 3427 w, 3043 w, 2925w, 1629 s, 1613 s, 1552
s, 1499 m, 1475 m, 1290 m, 1180 m, 1090 m, 1066 m, 735 s, 706 m, 543 w. Anal
Calcd for C2sH19C2MnN7: C, 54.26; H, 3.60; N, 18.45. Found: C, 54.24; H, 3.57;
N, 18.43.
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Synthesis of [Mn"{(tia)2--indH}(ClI)2]

A solution of (0.24 gm, 1.215 mmol) of MnCl,.4H,0 in 10 ml of methanol add to
suspension of (0.378 gm, 1.215 mmol) (tia)>-indH in 10 ml acetonitrile then refluxed
for 6 hours, then solvent removed by evaporation and crude product was washed
with cold methanol. UV-vis [dmf], [Amax, nm loge/dm® mol* cm™]: 287 (4.22), 373
(4.29), 396 (4.39), 419 (4.44), 448 (4.22). FT-IR bands (KBr pellet cm™): 3423 w,
3199 w, 3105 w, 3084 w, 1622 s, 1504 s, 1364 m, 1291 m, 1213 m, 1123 m, 1099
m, 1052 m, 874 m, 772 m, 702 m, 624 w, 526 w. Anal Calcd for C14HsCi2 MnNsS:
C, 38.46; H, 2.07; N, 16.02. Found: C, 38.45; H, 2.05; N, 16.03.

Catalase-like activity

All reactions were carried out at 21 °C in a reactor containing a stirring bar under
air. The stoichiometry of the reaction was measured by simultaneous determination
of the amount of O2 and H2O. concentrations. The evolved dioxygen was
measured volumetrically. In a typical experiment, aqueous solutions carbonate
buffer at pH 9.6 (20 cm?®), was added to the complex (0.211 mmol) and the flask
was closed with a rubber septum, hydrogen peroxide (0.447 mol) was injected
through the septum with a syringe. The reactor was connected to a graduated
burette filled with oil and dioxygen evolution was measured volumetrically at time
intervals of 15 (s). Observed initial rates were expressed by taking the volume of the
solution (20 cm?) into account and calculated from the maximum slope of the curve

describing the evolution of O versus time.

Degradations of morin by co-oxidant of H202

Catalytic runs of morin oxidation in the presence of the complexes were
performed in 2 ml optical quartz cells. The reactions were carried out in a
carbonate buffer at pH 10. A freshly prepared morin solution in DMF was
diluted with buffer to result in morin solutions with a concentration of 0.16 mM
for all experiments. To this mixture, the desired amount of catalyst solution was
added.
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The required amount of H>O. solution was added to start the catalytic oxidation
of morin. The temperature was kept at 25 = 1 °C during the 10min reaction
time. The reaction was followed by detecting the change in the absorption

maximum of morin at 410 nm.

Degradations of morin by air

Catalytic runs of morin oxidation in the presence of the complexes were
performed in 2 ml optical quartz cells. The reactions were carried out in a
carbonate buffer at pH 10. A freshly prepared morin solution in DMF was
diluted with buffer to result in morin solutions with a concentration of 0.16 mM
for all experiments. To this mixture, 1.6 uM of the catalyst was added to a
solution. The temperature was kept at 25 = 1 °C during the 10 min reaction
time. The reaction was followed by detecting the change in the absorption

maximum of morin at 407 nm.

Description of the Fe(IV) intermediate formation with PhIO [Fe!(asN4Py)Me-
CN](CIQ4)2, complex (2.00x10° M) was dissolved in acetonitrile (1.5 mL), then
iodosobenzene (4.00x107 M) added to the solution. The mixture was stirred for 50
minutes then the excess of iodosobenzene removed by filtration. Styrene (2.0x107?
M) was added to the solution finally, reaction monitored by UV-vis
spectrophotometer at 705 nm (Amax = 400 M cm™). The Fe'V=0 intermediates

formed by PhlO show identical spectroscopic properties.

Stoichiometric oxidations

[Fe''(asN4Py)(CHsCN)](CIO4)2 (1a) complex (1.50x10° M) was dissolved in
acetonitrile (1.5 mL), and then iodosobenzene (2.25x10° M) was added to the
solution. The mixture was stirred for 40 minutes then the excess of iodosobenzene
removed by filtration. Substrate (0.3 — 1.5 M) was added to the solution and the
reaction was monitored with UV-vis spectrophotometer at 705 nm (¢ = 400 M* cm

1y, the product analysis of the resulting solution was performed by GC and GC/MS:
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Result and discussion

Products are: cyclooctene oxide (75%); m/z (%) = 126 (2) [M™], 98 (37), 93 (16), 83
(37), 77 (8), 67 (53), 55 (76), 41 (100), and cyclooct-2-enone (7%); m/z (%) = 124
(8) [M™], 95 (10), 81 (100), 80 (67), 68 (48), 53 (52), 39 (70), and styrene oxide
(65%): m/z (%) = 120 (31) [M™], 91 (100), 77 (9), and benzaldehyde (12%); m/z (%)
=107 (5), 106 (72) [M*], 77 (100), 74(11), 51 (60) for styrene oxidation.

Description of the asymmetric stoichiometric oxidation reaction

(-)-[Fe""(asN4Py)]?* complex (6.45x10°2 M) was dissolved in acetonitrile (1.0 mL),
then iodosobenzene (1.29x102 M) was added to the solution. The mixture was
stirred for 50 minutes then the excess of iodosobenzene was removed by filtration.
Styrene (4-Cl-styrene) (3.23x10* M) was added to the solution and the mixture was
stirred at 25 °C for 10 hours.

The products were identified by GC and the yield of styrene oxide (benzaldehyde)
were calculated based on the amount of iron(IV)-oxo using bromobenzene as an
internal standard in the reactions. Enantiomeric excess (ee %) was determined with
GC analysis on chiral CHIRASIL-L-VAL column: ([R] - [S]) / ([R] + [S]).

Description of the asymmetric Stoichiometric oxidation of ethylbenzene by [Fe'V(-
)(asN4Py)(0)] complex (5.9x10° M) was dissolved in acetonitrile (1.0 mL), then
iodosobenzene (1.18 x 102 M) was added to the solution. The mixture was stirred
for 50 minutes then the excess iodosobenzene was removed by filtration.
Ethylbenzene (6.45x10™* M) was added to the solution and the mixture was stirred
at 0 °C for 1.5 and 3 hours. The products were identified after 90 minutes by GC
and the yield of 33% enantiomeric excess (ee) of main product 1-phenyl ethanol
with the minor product of acetophenone and after 180 minutes 25% ee phenyl
ethanol with minor product acetophenone under argon system. The yield of the
products were calculated based on the amount of iron(IV)-oxo, bromobenzene used
as an internal standard in the reactions, enantiomeric excess was determined with
GC analysis on chiral columns (-dex, -dex): ([R] - [S]) / ([R] + [S]).
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Reaction conditions for oxidation of flavanone

In a typical reaction, 2 ml of 500 mM, m-CPBA solution in CH3CN was delivered
by a syringe pump in the air or under argon to a stirred inside a vial. The final
concentrations of the reagents were 5 mM, iron catalyst, 500 mM, m-CPBA, and 100
mM flavanone. After syringe pump addition (5 min the solution was stirred for 10
minutes and a known amount of PhBr (0.315 mmol) was added as an internal
standard. The iron complex was removed by passing the reaction mixture through a
silica column followed by elution with ethyl acetate. The products (1,3-dione (D) and
a flavone) were identified by GC/MS and confirmed by comparison with authentic
samples, flavone is commercially available and it was purchased from Sigma-
Aldrich. GC-MS spectrum of flavone (F): m/z: 222 (100 %), 194 (44,4 %), 120 (81,4
%), 92 (55,6 %). 1,3-dione (D): m/z: 240 (15,1 %), 223 (8,3 %), 121 (25,2 %), 120
(7,3 %), 106 (7,2 %), 105 (100 %), 77 (30 %), 69 (6.0 %), 65 (9,3 %), 51 (4,5 %), 39
(8,3 %).

Description of the catalytic oxidation of N, N-dimethylaniline under air

In a typical reaction, 1 mL of H2O (diluted from 35% solution), m-CPBA (77%),
PAA (Diluted from 38-40% solution) or TBHP (diluted from 70% solution) solution
in CH3CN was delivered by syringe pump in air to a stirred solution (2 mL) of
catalyst [Mn''{(Py)2-indH}(Cl)2], [Mn'(asN4Py)(CHsCN)](ClO4), or Mn(ClO4)2
salt, and p-substituted DMAs. DMA substrate inside a vial. The final concentrations
were 3 mM catalyst, 300 mM co-oxidant, and 300 mM substrate. The PhlO was
added as a solid into the CH3CN solution containing 100 pl of H20 due to the poor
solubility of PhlO, the yields were determined by comparison with dependable
compounds using bromobenzene as an internal standard in the reactions. The
products were identified by GC, GC/MS analysis, N-methylaniline (MA), Base Peak
m/z 106 (100 %), 79.10 (31.31 %), 77 (51.66 %), 65 (24.13 %), 51 (42.05 %), 50
(21.68 %), 39 (33.25 %), 38 (12.04 %). And N-methylformanilide (MFA), m/z 136
(42.9 %), 106 (100 %), 77 (65.97 %), 66 (31.38 %), 65 (24.13 %), 51 (38.15 %), 39
(35.77 %).
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Description of the catalytic oxidation of N,N-dimethylaniline under argon

In a typical reaction, 1 mL of H2O (diluted from 35% solution), m-CPBA (77%),
PAA (diluted from 38-40% solution) or TBHP (diluted from 70% solution) solution
in CH3CN was delivered by syringe pump under argon to a stirred solution (2 mL)
of the catalyst [Mn'(asN4Py)(CHsCN)](ClOs)2, and p-substituted MAs (Me-DMA,
Br-DMA and CN-DMA), substrate inside a vial. The final concentrations were 3
mM catalyst, 300 mM co-oxidant, and 300 mM substrate. The Ph1O was added as a
solid into the CH3CN solution containing 100 ul, of H>O due to the poor solubility
of PhlO, and their yields were determined by comparison with authentic compounds
using bromobenzene as an internal standard in the reactions. The product was
identified by GC/MS analysis, N-methylaniline (MA), Base Peak m/z 106 (100 %),
79.10 (31.31 %), 77 (51.66 %), 65 (24.13 %), 51 (42.05 %), 50 (21.68 %), 39 (33.25
%), 38 (12.04 %).
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8 Appendix

Table S1. Substrate dependent reaction of [[Fe'V(asN4Py)(0)]?*] = 1.5x10° M, with cis-
cyclooctene and styrene in CHsCN at 298 K

NO. Fe'\’((ljé_ass'\N/lz)le) Substrate Sut(ﬁ;ate Kobs (10*s) N4';;V Zé_asSM) k2 (10* M1s?)

1 0 Cyclooctene 0 0 0 0

2 15 Cyclooctene 0.3 1.63 1.5 5.4+0.2
3 1.5 Cyclooctene 0.51 2.76 1.5 5.4+0.17
4 15 Cyclooctene 0.75 4.06 15 5.4+0.2
5 1.5 Cyclooctene 0.9 5.01 1.5 5.5+0.3
6 0 styrene 0 0 0 0

7 1.5 styrene 0.3 0.87 15 2.9+0.2
8 15 styrene 0.49 1.44 15 2.940.14
9 15 styrene 0.6 1.75 15 2.9+0.3
10 1.5 styrene 0.9 2.65 15 2.9+0.2

Table S2. Temperature-dependent reaction of [[Fe'V(asN4Py)(0)]?*]o = 1.5x107 M, for

cis-cyclooctene and styrene in CHsCN

Substrate 1] (M) T(K) | UTA0PKY | kevs(10sY) | ke (104 M1s) | Log ke
Cyclooctene 0.75 293 3.41 3.46 4.6+0.1 -3.35
Cyclooctene 0.75 298 3.35 4.06 5.4+0.3 -3.26
Cyclooctene 0.75 303 3.30 5.29 7.0+0.2 -3.15
Cyclooctene 0.75 308 3.24 7.5 10.0+0.3 -2.99
Cyclooctene 0.75 311 3.21 9.2 12.3+0.4 -2.92
styrene 15 293 3.412 3.09 2.0+0.03 -3.68
styrene 15 298 3.35 4.48 3.0+0.16 -3.52
styrene 15 303 3.30 8.26 5.6+0.3 -3.25
styrene 15 308 3.24 12.18 8.5+0.2 -3.07
styrene 15 311 3.21 14.07 9.4+0.3 -3.02
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Table S3. Calculated value of log (k/T) the reaction of [[Fe'V(asN4Py)(0)]%*]o =
1.5x102 M, for cis-cyclooctene and styrene in CH3sCN

T (K) 1T (103K kz (S110) K/T (10°) logk/T
293 3.412 4.640.1 1.574 -5.803
298 3.355 5.4+0.3 1.816 -5.741
303 3.30 7.040.2 2.327 -5.633
308 3.246 10.0+0.3 3.246 -5.487
311 3.21 12.3+0.3 3.94 -5.404

T (K) UT k2 (10%) K/T (107) logk/T
293 3.412 2.0+0.03 7.030 -6.15
298 3.355 3.040.3 10.033 -5.97
303 3.30 5.57+0.2 18.389 -5.735
308 3.246 8.5+0.3 27.597 -5.559
311 3.21 14.0+0.3 45.24 -5.344

Table S4. The reaction of [Fe'V(asN4Py)(O)]?* with cis-cyclooctene and styrene in
CHsCN at 298 K

No. Fe'VO(asNsPy) (10° M) Cyclooctene (M) Styrene (M) Vi (107 Ms™?)
1 0.5 0.3 0.78

2 1.0 0.3 1.59

3 15 0.3 2.85

4 2.0 0.3 3.13

5 25 0.3 5.08

6 0.5 0.3 0.37

7 1.0 0.3 0.95

8 15 0.3 1.15

9 3.0 0.3 2.77
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Table S5. The reaction of [[Fe'V(asN4Py)(0)]**]o = 1.5x107 M, with styrene
derivatives in CHsCN at 298 K

" [Fe'VO(asN4Py)] | Substrate (M) e (1075 @ (10% M5
(103 M) styrene

0 0 0 0 0

H 15 0.3 0.87 2.90+0.1

H 15 0.49 1.44 2.94+0.2

H 15 0.6 1.75 2.92+0.1

H 15 0.9 2.65 2.943+0.15
OMe 15 0.3 1.43 4.62+0.2
4-Cl- 15 0.3 0.95 3.16+0.1
4-CN- 15 0.3 1.31 3.5840.3

Table S6. The reaction of [Fe'V(asN4Py)(O)]?* with ethylbenzene in CHsCN

Reactions | Temp | Time | Complex | Oxidizing | Ethylbe | Acetophen | 2-Phenyl ee%
hour (M) agent (M) nzene | one mMole | 1-ethanol
mMole

1 25 15 |5.9x10° | 1.18x10? 2M 0.56 0.53 9.5
2 25 3 5.9x10% | 1.18x1072 2M 0.66 0.65 6
3 0 15 |5.9x10° | 1.18x10? 2M 0.122 0.116 32
4 0 3 5.9x10° | 1.18x107? 2M 0.18 0.147 24.5
5 -20 15 |5.9x10% | 1.18x1072 2M 0.81 0.09 27.8
6 -20 3 5.9x10° | 1.18x10? 2M 0.64 0.157 12.2
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Table S7. Summary of kinetic data for the catalytic oxidation of morin with
[Mn"(HL®)CI,] (3) in bicarbonate buffer at pH 10 and 25 °C

Catalyst (3) [H202] [HCO:] [Morin] Kobs (1073Y) | kox (106 M3st)
(10°M) (103 M) (103 M) (10 M)
0.62 10 50 0.16 1.6+0.06 5.340.2
1.6 10 50 0.16 4.240.16 52402
25 10 50 0.16 6.740.37 5.440.3
0.62 10 50 0.16 1.6+0.06 53402
0.62 75 50 0.16 1.2+0.05 5.340.2
0.62 5.0 50 0.16 0.78+0.02 5.140.1
0.62 25 50 0.16 0.4+0.01 5.340.2
0.62 10 50 0.16 1.6+0.06 5.340.2
0.62 10 100 0.16 3.0+0.06 5.240.1
0.62 10 200 0.16 7.040.13 5.240.1
0.62 10 300 0.16 10.5+0.6 5.440.3
0.62 10 50 0.16 1.6+0.06 5.340.2
0.62 10 50 0.12 1.6+0.03 5.340.1
0.62 10 50 0.04 1.7+0.06 5.540.2
0.62 10 50 0.16 1.7+0.06 5.540.2

Table S8. Calculated Log(TOF) for complexes (3-8) with E“12

log TOF TOF TON E°’12mngnymnan) fe(MV)
-2.77 0.00166 6 921.5
-2.86 0.00138 5 948
-2.93 0.00116 4.2 750
-2.946 0.00113 4.1 600.5
-2.99 0.00102 3.7 7255
-3 0.001 3.6 387.5
-3.11 0.00077 2.8 425
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Table S9. Effect of water on catalytic oxidation flavanone, [[Mn(py)2indH]**] = 3
mM, [S] = 100 mM, [Ox] = 300 mM, in acetonitrile at 25 °C by m-CPBA

Complex | substrate | Oxidant | Flavone TON | Carbonyl | TON | yield
H.0 | (MM) (mM) (mM) | (mM)
mM
30 5 100 500 14.15 4.8 11 0.36 | 15.25
40 5 100 500 12.85 4.3 1.89 0.63 | 14.6
50 5 100 500 11.64 3.88 2.2 0.73 | 13.8
60 5 100 500 10.5 35 2.6 09 | 131
70 5 100 500 8.3 2.77 3.05 1 11.35
80 5 100 500 7.55 25 2.8 0.93 | 10.35
90 5 100 500 6.3 21 19 0.63 8.2

Table S10. Complex dependent catalytic oxidation flavanone in acetonitrile at 25

°C by m-CPBA
Oxidant
Complex | Substrate Flavone .
[Comp.] (MM) (MM) m-CPBA (MM) TN Carbonyl yield
(mM)
Mn(py)2-
indH 5 100 500 30 6 6.1 36.1
Mn(4-me-
py)2-indH 5 100 500 25 5 5.7 30.7
Mn(im).-
indH 5 100 500 225 4.2 5.2 27.7
Mn(tia),-
indH 5 100 500 21.1 4.1 5 26.1
Mn(bim),-
indH 5 100 500 18 3.6 45 22.5
Mn(N-me-
bim).-indH 5 100 500 14 2.8 4.9 20.2
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Table S11. Oxidation of N,N-dimethylaniline with various co-oxidants in CH3sCN
at 30 °C. [Mn(ClO4)2] = 3 mM, [S] =300 mM, [Ox] = 300 mM

[Comp] | [COMPLISLL| mmole Erggéiz i Yield2 ey Tflzd
' Co-oxidant] | productl | P Yield 1 e
(%)
Mn(ClO4): 3:300:300 2.59 1.93 2.76 2.76
(m-CPBA) 5.8 0.86
Mn(CIOs), | 3:300:300 18 16 2.2
(PAA) 3.2 0.6 2.2
Mn(CIOs), | 3:300:300 0.28 0.61 0.7
(TBHP) 1.85 0.093 0.7
Mn(CIQy): 3:300:300 0.18 0.5 0.56 0.56
(PhIO) 15 0.06
Mn(CIOs), | 3:300:300 0.17 0.36 0.41
(H202) 11 0.056 0.41

Table S12. Oxidation of N,N-dimethylaniline with various co-oxidants in CH3sCN
at 30 °C. [Mn"(py)2-indH] = 3 mM, [S] = 300 mM, [Ox] = 300 mM

I TON Yield
Y| TR | g | prowmz |vigr | vina2 | 2 | 12
Mn(py)2 (3m3g(l):>§(')AO) 115 60 38 20 58 58
Mn(py)2 3:8:())'2?;)0 93 33 31 11 42 33
Mn(py)2 3;(;0:;(;0 147 22 14.9 733 22.3 223
Mn(py): 3:(3P0hol:g)§)0 347 16 115 53 16.8 16.8
Mn(py)2 3(33200123)0 125 5 4.15 16 5.7 57
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Table S13. Manganese-catalyzed oxidation of [Mn'"] =3 mM, [S] = 300 mM, [Ox] = 300

mM, N,N-dimethylanilines derivatives with various oxidants in CH3CN at 30 °C

[S] | [Comp.] Eggmogl]dgi]t] FT:CT;)Il pn:c:r&?lz Yield 1 Vel s IIDVII\/'?,{A YllfIZd
(%)
Me | Mn(py): | 3:300:300 (PAA) 138 33 46 11 418 | 57
H | Mn(oy): | 3:300:300 (PAA) 110 326 36.7 108 | 3.39 | 475
Br | Mn(py)2 |  3:300:300 (PAA) 85 35 28.3 10 283 | 383
CN | Mn(py)z | 3:300:300) (PAA) 70 335 23.3 11.16 2 | 342
Me | Mn(py) | 3:300:300 (m-CPBA) | 145 35 48.3 112 | 432 | 60
H | Mn(py): | 3:300:300 (m-cPBA) | 120 336 40 11.2 36 | 512
Br | Mn(py): | 3:300:300 (m-CcPBA) | 102 354 34 11.8 29 | 458
CN | Mn(py)z | 3:300:300 (m-CPBA) | 60 30 20 10 2 30
Me | Mn(py)2 |  3:300:300 (TBHP) 101 30 33 10 3 43
H | Mn(py): |  3:300:300 (TBHP) 70 22.2 23.3 7.4 225 | 30.7
Br | Mn(py)2 | 3:300:300 (TBHP) 39 21 13 7 185 | 20
CN | Mn(py)z | 3:300:300 (TBHP) 25 20.7 8.3 6.9 116 | 15.2
Me | Mn(py)2 3:300:300 (H0,) 14 6 4.7 2 2.35 6.7
H | Mn(oy)2 | 3:300:300 (H,0,) 10 57 3.4 1.9 18 | 53
Br | Mn(py)2 |  3:300:300 (H,0,) 8.8 6.1 2.94 2 15 | 494
CN | Mn(py)2 | 3:300:300 (H20>) 7 6 24 2 12 | 44
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Table S14. Oxidation of N,N-dimethylaniline with various co-oxidants in CH3CN at
30 °C, [Mn""(asN4Py)] = 3 mM, [S] = 300 mM, [Ox] = 300 mM under air atmosphere

[Comp.] [Comp.]:[S]:[Co- | mmol. Mmol | TON 1 TON 2 MA/D | Yield
; Prod.2 MA 1+2
oxidant] Prod. 1
(%)
Mn''(asN4Py) 3:300:300 107 36.3 35.5 12 2.9 475
(m-CPBA)
Mn'"(asN4Py) | 3-300:300 (PAA) 95 36 31.6 12 2.6 43.6
Mn'(asN4Py) 3:300:300 475 20.3 15.8 6.7 1.56 225
(TBHP)
Mn''(asN4Py) | 3:300:300 (PhIO) 30 125 10 4.16 1.18 14.7
Mn'"(asN4Py) | 3-300:300 (H202) 15 3.5 5 1.2 4.15 6.2

Table S15. Oxidation of N,N-dimethylaniline with various co-oxidants in CH3sCN
at 30 °C, [Mn''(asN4Py)] = 3 mM, [S] = 300 mM, [Ox] = 300 mM under argon

atmosphere

[Comp] [Corg)r:%:;ﬁ{i [Co- FT:(rJrljc?l.l TON 1 \E(i]/eol)d
Mn'(asN4Py) 3:300:300 (m-CPBA) 70 23.5 235
Mn''(asN4Py) 3:300:300 (PAA) 41 13 13
Mn'l(asN4Py) 3:300:300 (TBHP) 29.8 10 10
Mn'(asN4Py) 3:300:300 (PhIO) 14 4.6 46
Mn''(asN4Py) 3:300:300 (H205) 10 3.2 3.2
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Table S16. Oxidation of N,N-dimethylaniline with PAA and m-CPBA co-oxidants
in CH3CN at 30 °C, [Mn'(asN4Py)] = 3 mM, [S] = 300 mM [Ox] = 300 mM

[S] [Comp ] [Comp.J:[S]: | mmole mmole ) MA/| Yield
[Co-oxidant] | prod.1 prod.2 | Yield 1 Yield2 DMA (1(;)2)
Me | Mn'(asN4Py) 3:300:300 115 35 38.3 11.7 3.32 50
(m-CPBA)
H Mn''(asN4Py) 3:300:300 107 36.3 35.5 12 2.9 475
(m-CPBA)
Br Mn'!(asN4Py) 3:300:300 73 35.8 24.3 12 2 36.3
(m-CPBA) '
1 200
CN [ Mn''(asN4Py) 3:300:300 53 335 17.7 11.16 1.58 28.86
(m-CPBA)
Me | Mn''(asN4Py) 3:300:300 110 33 36 11 3.27 47
(PAA)
H Mn''(asN4Py) 3:300:300 95 36 31.6 12 2.6 43.6
(PAA)
Br [ Mn''(asN4Py) 3:300:300 82.2 39 27.6 13 2 316
(PAA) ’
CN | Mn'(asN4Py) 3:300:300 45 354 15 12 1.25 271
(PAA) '

Table S17. Reactions of [Mn'!(asN4Py)(CH3sCN)](CF3SOs). and [Mn(py).indH]*?
with DMASs by the use of m-CPBA in CH3CN at 30 °C

[S] MA/DMA MA/DMA op [S] MA/DMA | MA/DMA | E°x
Mn''(asN4py) Mn"(py)2 Mn''(asN4PY) Mn''(py)2
4Me-DMA 3.27 4.2 -0.17 | 4Me- 3.27 4.2 0.69
DMA '
4H-DMA 2.6 36 0 | 4H- 2.6 36 0.76
DMA '
4Br-DMA 2 2.9 0.23 | 4Br- 2 29
DMA ' 0.92
4CN-DMA 1.25 21 0.66 | 4CN- 1.25 2.1 1.15
DMA '

1
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Table S18. Reactions of [Mn'!(asN4Py)(CH3sCN)](CF3SOs). and [Mn(py)2-indH]**
with DMAs by the use of PAA in CH3CN at 30 °C. The plot of MA to MFA ratio
against the E’ox of p-substituted DMAs

[S] MA/DMA | MAIDMA | gy [S] MA/DMA | MA/IDMA | E°ux
Mn''(asNdpy) | pmn(py). Mn'(asN4PY) |  Mn''(py)2
4Me- 3.32 4.17 4Me- 2 417
DMA -0.17 || pmA 33 ' 0.69
4H- 2.9 3.19 4H- 2.9 3.19 0.76
DMA 0 DMA :
4Br- ) 2.83 ABr- 2 2.83 0.92
DMA 0.23 DMA '
ACN 4CN- 1.58 2
1.58 2 0.66 | Sx1a 1.15

Table S19. Reactions of [Mn(py)z-indH]?" to oxidation of N,N-dimethylaniline with
m-CPBA co-oxidants in CH3CN at 30 °C. [Mn'"] =3 mM, [S] = 300 mM [Ox] = 300
mM

[Comp.] [Comp.]:[S]: mmol | mmol | TON | TON | TON | Yield | Yield Yllflzd
P- [Co-oxidant] | prod.l | prod.2 1 2 1+2 1 2 (%)

(o]
Mi“n(gz')z' (3%3_%053!’3% 1119 | 245 | 373 | 815 | 4545 | 37.3 | 815 | 45.45

Mn(4-me- 3:300:300

by)o-indH (M-CPBA) 107.9 26.4 36 8.8 44.8 36 8.8 44.8

Mn(im)- 3:300:300

indH (M-CPBA) 97.9 28.6 32.6 9.5 42 32.6 9.5 42

Mn(bim),- |  3:300:300

indH (M-CPBA) 91.8 27.2 30.6 9 39.6 | 30.6 9 39.6

Mn(N-me- 3:300:300

bim)-indH (M-CPBA) 88.7 29.9 29.56 10 39.56 | 29.56 10 39.56

Mn(tia),- 3:300:300

indH (M-CPBA) 76.7 27 255 9 345 | 255 9 34.5
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