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INTRODUCTION

Iron is one of the transition elements frequently found at
the active site of many proteins and enzymes, hence these cons-
titute an important class of biologically active compounds.
The diverse biological functions of iron containing proteins/
enzymes include hydroxylations, O-atom transfers, halogena-
tion, desaturation, cyclization, epoxidation and decarboxylation
[1-7]. In nature, dioxygen is an abundant and potentially power-
ful oxidizing or oxygenation agent for organic compounds.
While reactions of oxygen with organic compounds are thermo-
dynamically favourable, they tend to be kinetically unfavour-
able due to its triplet ground state. Additionally, reduction of O,
by single electron to form a superoxide is also unfavourable. In
contrast, the reactions involving an overall four-electron redu-
ction of O, to water or a two-electron reduction to peroxide
are thermodynamically favourable [8]. In fact, the most common
pathway for dioxygen activation, which engages O-O bond
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cleavage, is carried out via the mediation of a transition metal
ion. The greater spin-orbit coupling in metal ions reduces the
kinetic barrier of dioxygen activation, thereby facilitating the
chemical transformation. Coordination with a metal center not
only makes the one-electron reduction of O, easier, but also
helps to access the two and four-electron reduction pathways
[9-13].

In many biological oxidation processes, high valent metal-
oxo complexes of Fe, Mn, Cu are present as intermediates. Iron
is one of the first row transition metals, which is found in a
variety of metalloenzymes, because it is abundantly available,
have an extensive redox chemistry and can readily bind to
dioxygen. In addition, various spin states are available for the
different common oxidation states of iron. Thus, it has been
observed that high spin iron(Il) is the most important metal
center utilized for activation of molecular oxygen. After binding
with oxygen, homolytic or heterolytic O-O bond cleavage helps
in substrate oxygenation. Mechanism proposed for these oxyg-
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enation reactions, for both heme and non-heme enzymes, involve
various high-valent oxo iron intermediates. In many studies,
these intermediates are trapped and in-depth spectroscopic
studies and computational analysis have been done. In this
context, it is noteworthy that iron-based enzymes can be categ-
orized with respect to the number of iron centers within them,
specifically, mononuclear e.g., Cyt P450 and dinuclear, e.g.,
methane monooxygenase (MMO). Depending on the ligand
environment, they could be classified as heme or non-heme
type enzymes (Fig. 1). In heme proteins or enzymes, a Fe(II)
active site is bound to a porphyrin macrocycle, whereas in
non-heme, a triad of ligands, such as, two histidiene, one mono-
dentate carboxylate and two to three water ligands are bound
in most cases [14]. Crystal structures are available for many
of these enzymes [15-23]. A notable fact is that the heme sites
are rigid and only one vacant site is available to bind the mole-
cular oxygen. In contrast, non-heme sites are more flexible,
they have more exchangeable sites for binding of substrate
and cofactor. Additionally, each of these classes can consist of
different varieties of enzymes on the basis of their catalytic
ability, e.g., monooxygenases and dioxygenases. In different
mononuclear iron containing heme enzymes like peroxidase,
catalase and oxygenase, an active iron(IV)oxo porphyrin radical
cation intermediate called compound I is formed [24-30]. In
mononuclear non-heme enzymes, the active site could be
Fe(III) [e.g. intradiol dioxygenases and lipoxygenases] or Fe(II)
[e.g. Taurine 0-KG dioxygenase (Tau D), cysteine dioxygenase,
o-ketoglutarate-dependent prolyl hydroxylase, bleomycin,
phenylalanine hydroxylase] [31-34]. Two very different types
of intermediates could be formed, either, an iron(IIl) coordi-
nated with superoxo (O*) [e.g. isopenicillin-N synthase (IPNS)]
or high-valent Fe(IV)oxo [e.g. Tau D] [5,20]. For mononuclear
non-heme, as in Rieske dioxygenases, an Fe(V)oxo intermediate
is accepted to be responsible for substrate oxidation. The ligands,
attached to the Fe center, have less covalent interaction comp-
ared to heme units and this affects the active site by influencing
the mode of binding of O, [35]. Characterization of these non-
heme Fe centers are quite difficult, due to lack of any intense

Heme (Porphyrin)

Cyt P450 Cpd I

band in the absorption spectroscopy. Additionally, the conven-
tional EPR spectrum cannot be recorded for Fe(II) (3d°), high
spin (s = 2) centers.

Interests in elucidating or mimicking the physico-chemical
properties of these iron containing metalloproteins led to the
synthesis of numerous interesting coordination complexes
containing iron as the active center. The complexity of biolo-
gical systems renders a detailed study of their mechanism very
difficult. A simple chemical compound or system, designed
using inexpensive and readily available transition metal center,
can be used as functional and structural model of these metallo-
proteins. These catalysts synthesized in the laboratory could be
further used for oxidation of many organic substrates, rendering
them useful in different chemical and pharmaceutical industries.

Ligand selection for Fe(IV)oxo complexes: Monooxy-
genation of the aliphatic C-H bonds of various substrates can
be effectively catalyzed by the cytochrome P450 enzyme, which
consists of a heme cofactor. Various research groups have been
investigating different biomimetic complexes, which are either
the structural models or the functional ones of this enzyme
system. The ultimate aim is to understand the mechanism
involved by the iron centers, while activating dioxygen and
the consequent oxidation of the substrates. In most cases, the
octahedral Fe-center in the heme cofactor is coordinated to a
porphyrin ring at the equatorial positions and two other axial
ligands are also present. Hence, researchers have involved
various tetradentate and pentadentate non-heme ligand systems
to explore and mimic the catalytic system of the P450s. While
choosing the non-heme ligand systems, various criteria were
involved. First, the catalytic ability of non-heme Fe complexes
to facilitate alkane hydroxylation was explored. Secondly, the
reaction intermediates of the catalytic cycles, especially, the
iron peroxo and Fe(IV)oxo intermediates, were investigated
to correlate with the proposed mechanisms involving mono-
oxygenases. Additionally, electronic properties of the iron
complexes were tuned to mimic those of the P450 systems.
Hence, in order to avoid the complexities caused by the porp-
hyrin system, two non-heme ligand frameworks were widely

Non-heme
OH

Fig. 1. Example of heme and non-heme type enzymes containing Fe(IV)oxo unit
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explored, one being tetradentate and the other being penta-
dentate. Another prominent feature was that non-heme systems
containing 3 or more N-donors were extensively studied, which
were apparently similar to the N-donors of the heme-porphyrin
systems. Moreover, being strong s donors, these ligand frame-
works were able to facilitate the stabilization of Fe(IV) oxidation
state in the complexes. One of the initial ligands, tris(2-pyridyl-
methyl)amine (TPA) ligand, which is tetradentate and its iron
complex acted as a functional mimic of monooxygenases [36].
Through spectroscopic and reactivity studies, it was proved
that it could effectively mimic the dinuclear non-heme iron
enzymes, as in methane monooxygenase.

Based on the nature of coordination and the donor atoms
involved, the non-heme ligand frameworks, discussed in this
review, can be loosely classified into the following broad cate-
gories: the macrocyclic cyclam based ones, the pentadentate
N4Py or N2Py2X variety, tripodal N4 ligands and the macro-
cyclic tetracarbene based ligand. The cyclam or 1,4,8,11-tetra-
azacyclotetradecane framework is one of the successful candi-
dates to coordinate to the iron center and form the biomimetic
complexes (Fig. 2A). In fact, the first spectroscopic evidence
of amononuclear Fe(IV)oxo species is reported by Grapperhaus
etal. [37] using 1-carboxymethyl-1,4,8,11-tetraazacyclotetra-
decane as the tetradentate ligand and a tetramethylated cyclam
was effectively utilized by Que et al. [38] to produce the high
resolution crystal structure of the Fe(IV)oxo species. Here,
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane ligand
(1), being tetradentate, the fifth coordination site of Fe(IV)
was occupied by CH3CN solvent. The ligand can be synthe-
sized, following the Barefield & Wagner’s procedure [39], by
the methylation of 1,4,8,11-tetraazacyclotetradecane by reflu-
xing the tetramine with commercially available formic acid
(98-100%) and formaldehyde (40%) in water for 24 h [38].
After appropriate workup, 1,4,8,11-tetramethyl-1,4,8,11-tetra-
azacyclotetradecane can be obtained as long colourless needles.

Belonging to the same category of cyclam ligands, two
pentadentate 1,4,8,11-tetraazacyclotetradecane ligands with
suitable pendant arms have also been synthesized and their
iron complexes were explored as non-heme mononuclear iron
enzyme mimics. The joint efforts of Miinck and other groups
[38,40-44] led to the report of a structurally characterized
Fe(IV)oxo complexed by a pentadentate ligand (2) (Fig. 2B).
In order to closely resemble the electronic environment around

aFe(IV)oxo complex in a monooxygenase enzyme, the authors
sought to mimic the presence of the imidazole moiety in the
trans-position to the Fe(IV)oxo. This coordination was expected
to facilitate the formation and stability of high valent Fe(IV)oxo
intermediate. Hence, 2-pyridylmethyl arm was appended to
the cyclam framework and subsequent formation of the Fe(IV)-
oxo species was studied with this pentadentate ligand (2). The
1,4,8-trimethyl-1,4,8,11-tetraazacyclotetradecane [45], was
utilized to synthesize the cyclam macrocycle containing the
pendant pyridyl arm. The trimethylcyclam was reacted with
equivalent amount of picolyl chloride, in presence of eight
equivalents of base [40]. Thereafter, following appropriate work-
up, produced the pentadentate ligand as a yellow oil in excellent
yields. On complexing with Fe(II) ion, the pyridyl moiety was
observed to be positioned at the apical part of a distorted square
pyramidal complex.

In order to modulate the 2-His-1-carboxylate facial triad
as is observed in a variety of enzymes, for example, TauD, the
pentadentate cyclam ligand bearing an O-atom donor was
utilized to synthesize and structurally characterize an ultra-
stable Fe(IV)oxo complex by Miinck and Que groups [38,40-
44]. Alkylating 1,4,8-trimethyl-1,4,8,11-tetraazacyclotetra-
decane with 2-chloro-N,N’-dimethylacetamide produced the
macrocyclic cyclam ligand with N, N-dimethylacetamido donor
(3) (Fig. 2C) [46].

The second category of ligands, which were successfully
utilized for obtaining the Fe(IV)oxo complexes, are the pentad-
entate N4Py or N2Py2X variety, where X can be pyridine (Py),
quinoline (Q), benzimidazole (B), etc. Que et al. [38,40-44]
observed that instead of a tetradentate ligand, the Fe(IV)oxo
moiety can be generated and better stabilized, with respect to
thermal stability, by a pentadentate N5 ligand, for example,
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methyl-amine
(N4Py) (4) (Fig. 3A). In fact, they were able to obtain high
resolution X-ray diffraction crystals with this ligand for the
Fe(IV)oxo species in 2005 [41]. Previously, they had even
reported the catalytic efficiency of this complex for hydroxy-
lating the alkyl C-H bonds [42]. N4Py was synthesized by
reacting bis(2-pyridyl)methylamine with an alkaline solution
of picolyl chloride hydrochloride in the ratio of 1:2, at room
temperature [43]. This ligand was then utilized to produce the
iron complex and its Fe(IV)oxo species was stable at room
temperature, with a half-life of ~ 60 h. Another ligand family

B)
Fig. 2. (A) Cyclam or 1,4,8,11-tetraazacyclotetradecane (TMC) (1), (B) 2-pyridylmethyl substituted cyclam (TMC-py) (2), (C) N,N-
dimethylacetamido substituted cyclam (TMC-dma) (3)
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belonging to the pentadentate category was designed and synthe-
sized by the Goldberg group [47], namely, N4Py3*™ (5), where
ArF, =2,6-difluorophenyl (Fig. 3B). Out of the various Fe(IV)-
oxo complexes obtained from this class of ligands, they had
structurally characterized the Fe(IV)oxo complex with the
N4Py3;*" ligand in 2016 [48]. The initial step of the ligand
synthesis involves a Suzuki cross-coupling reaction between
bis(6-bromopyridin-2-yl)methanone and 2,6-difluorophenyl
boronic acid in presence of XPhos-Pd-G2 catalyst to produce
bis(6-(2,6-difluorophenyl)pyridin-2-yl)methanone, as a yellow
solid. It was further reacted with hydroxylamine hydrochloride
and sodium acetate, to form the corresponding oxime. Subse-
quently, it was reduced with Zn dust in alkaline conditions to
produce the desired brown solid, bis(6-(2,6-difluorophenyl)-
pyridin-2-yl)methanamine. The final reaction occurred in the
presence of a strong base between bis(6-(2,6-difluorophenyl)-
pyridin-2-yl)methanamine and 2-bromomethylpyridine hydro-
bromide and produced the N4Py3*" ligand as a yellow solid.

In 2015, Nordlander et al. [49] suggested that the reactivity
of Fe(IV)oxo complexes can be modified by tuning the steric
and electronic properties of ligand framework, while keeping
the thermal stability of the complexes intact. Hence, they deri-
vatized the N4Py system by replacing the (2-pyridyl)methyl
arms with other analogues of histidine moieties, for example,
with (N-methyl)benzimidazolyl (6) or with quinolyl arms (7)
(Fig. 3C-D), so as to retain the coordination of the N-atoms onto
the Fe-center. The replacement of the pyridine moieties affected
the steric bulk as well as the s-donation properties of the ligands.
Thus, among the N2Py2X variety, two different ligands were
synthesized and their Fe(IV)oxo complexes were structurally

characterized by Que et al. in 2018 [50]. The N2Py2Q ligand
was synthesized through the reaction of bis(2-pyridyl)methyl-
amine with two equivalents of 2-(chloromethyl)quinoline
hydrochloride, in presence of a base to produce a grayish
yellow solid ligand. The N2Py2B ligand was synthesized using
by reported method of Nordlander ef al. [49]. They had reacted
two equivalents of 2-chloromethyl-1-methylbenzimidazole
with bis(2-pyridyl)-methylamine in presence of 5 M NaOH at
room temperature for 3 days to obtain a sticky solid, which after
appro-priate work-up produced the pale brown solid ligand.
Both N2Py2B and N2Py2Q were utilized to synthesize the
Fe(Il) complex and Fe(IV)oxo complexes were obtained by
reacting them with ceric ammonium nitrate (CAN).

A different category of ligand framework, consisting of
tripodal N4 ligands, commonly known as 1,1,1-tris{2-[N2-
(1,1,3,3-tetramethylguanidino) Jethyl }amine TMGgstren, was
first synthesized by Sundermeyer et al. [51] (Fig. 4A) [52].
The deuterated and peralkylated oligoguanidine, TMGstren-
ds6 (8) was synthesized by Roth et al. [52] in 2007, which was
further utilized by England et al. [44] in 2010 to synthesize and
structurally characterize the Fe(IV)oxo complex. Phosgene was
reacted with tetramethylurea-d;, to produce chlorotetramethyl-
formamidinium chloride-d,. This [(Me,N),CCI]|Cl-d;, was
futher reacted with perdeutero-tris(2-aminoethyl)amine, in
presence of three equivalents of triethylamine. Deprotonation
of the formerly obtained product led to the synthesis of the
peralkylated oligoguanidine-dse, as colourless crystals.

Prior to this, Holm et al. [53] and Lu & Valentine [54] in
had reviewed on how ligands can be modified in order to modu-
late the electronic properties of the metal complex formed with

D)
Fig. 3. (A) N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py) (4), (B) N4Py**¥, (5), where ArF, = —2,6-difluorophenyl (C)
N2Py2B (6), where B = benzimidazole, (D) N2Py2Q (7), where Q = quinoline
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Fig. 4. (A) 1,1,1-tris{2-[N2-(1,1,3,3-tetramethylguanidino)]ethyl }amine (TMGstren/TMGstren-dse)(8), (B) tris[(N’-tert-butylureayl)-N-
ethyl]amine [(N-fert-butylureay1ato)-N-ethyl)]aminato ligand (9)

it and two N4 tripodal ligands were designed (Fig. 4B). In this
respect, the ligand was designed to possess less steric bulk,
greater s-donation properties as well as provide a cavity struc-
ture, which can accommodate intramolecular hydrogen bond-
ing and stabilize the metal complex. The most interesting
feature of this type of ligand is the fact there can be upto three
H-bonds formed between the external donor atom to the metal
center and the hydrogens present in this ligand. The importance
of such hydrogen bonding is a well-recognized fact in various
properties of metalloproteins. The active site as well as the
catalytic properties of the metalloproteins can be regulated by
channelizing the hydrogen bonds along with the bonds formed
between the metal center and the donor atoms of the ligand.
Hence, tris[(N-tert-butylureay lato)-N-ethyl)]-aminato ligand
(9) was synthesized following the reported synthetic procedure
of a similar ligand (Fig. 4B) [55]. Tris(2-aminoethyl)amine
was reacted with three equivalents of fert-butyl isocyanate to
produce the required tripodal tris(ureaylato) ligand, which
could successfully stabilize the Fe(IV)oxo species.

A very different type of macrocyclic ligand, [(L™")H,]-
(OTf)4, 3,9,14,20-tetraazal,6,12,17-tetraazoniapentacyclo-
hexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene
tetrakis-trifluoromethanesulfonate, based on N-heterocyclic
carbene (NHC) was utilized by Meyer et al. [56] to synthesize
the Fe(IV)oxo complex (Fig. 5). The 18-Atom-ringed macro-
cyclic ligand was initially reported by Bass et al. in 2010 [57].
The 1,1’-methylene(bisimidazole) was synthesized by reacting
two equivalents of imidazole with dichloromethane in presence
of four equivalents of KOH and a phase transfer catalyst, tert-
butyl ammonium bromide (TBAB) [58]. The bisimidazole,
thus obtained, was refluxed with a strong dielectrophile 1,2-
bis(trifoxy)ethane in acetonitrile solvent, resulting in the forma-
tion of macrocyclic tetraimidazolium salts. This tetraimidazo-
lium triflate (10) could be reacted with an iron precursor to
obtain the Fe(I)-NHC complex, which could be further oxidized
with appropriate oxidants to synthesize the high-valent Fe(IV)-
oxo complex.

By using the ligands discussed in this section, different
research groups [38,41,44,46,48,50,56,59-62] have synthe-
sized a variety of high valent oxidation states in the transition

N — N\N
[ )> <gj o),
At

Fig. 5. [(LNHC)H4](OTf)4, 3,9,14,20-tetraazal,6,12,17-tetraazoniapenta-

cyclohexacosane-1(23),4,6(26),10,12(25),15,17(24),21-octaene
tetrakis-trifluoromethanesulfonate (10)

metal complexes, as well as utilized these biomimetic complexes
in different catalytic reactions. Hence, in the following section,
the synthesis of the iron complexes, including the formation
and stabilization of their high-valent species will be discussed.

Synthesis of Fe(IV)oxo complexes and their UV-Vis,
IR and NMR studies: To understand the structure of reactive
intermediates and plausible mechanism of the mononuclear
heme/non-heme biological enzymes, bioinorganic chemists
have synthesized and characterized many model complexes
involving iron. The O-O bond formation or bond cleavage
mechanism involving high valent Fe-oxo intermediate is still
uncertain in many cases. Synthesis of these Fe-oxo complexes
is a challenge to the scientific community because of its limited
stability. Herein, the synthetic strategies and stability of the
X-ray structurally characterized Fe(IV)oxo complexes, isolated
so far, will be discussed. A common protocol was usually
followed: the first step is to synthesize the Fe(I)/Fe(IIl) comp-
lexes with the ligand of interest, followed by its oxidation by
utilizing various oxidants (peroxides, peroxyacid, ArIO) inclu-
ding molecular oxygen (Scheme-I). It has been observed that
for majority of the cases, Fe(II)(L) compounds have been charac-
terized by X-ray crystallography. Following the same categori-
zation of ligands, the synthesis and preliminary character-
ization of the iron complexes is briefly reviewed in Table-1.

In 2003, Que et al. [38] reported the spectroscopic
properties and the first high resolution crystal structure of a
mononuclear non-heme terminal Fe(IV)oxo complex with
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Scheme-I: Common protocol for the synthesis of high-valent Fe(IV)oxo complexes

TABLE-1
REACTION CONDITIONS FOR THE SYNTHESIS OF X-RAY STRUCTURALLY CHARACTERIZED Fe(IV)oxo COMPOUNDS AND THEIR STABILITY
Axial
ligand anti
Ligand Fe(II)/Fe(IlI) precursor Oxidant Reaction condition (% yield) Growth of single crystal Fe(IV)oxo complex to Stability Ref.
Fe(IV)oxo
unit
1 [Fe'(TMC)(OT),] PhIO/.H,0, 1 eq. PhIO or 3 eq.H,0," Diffusion of ether in CH;CN [Fe'(O)(TMC)(NCCH;)|(OT), CH;CN at least 1 [38]
(TMC) (1A.0TY) CH;CN at 40 °C solution at —40 °C 1B-anti month at
(90%) —40 °Cin
CH;CN
1 Fe''(TMC)(OTY), (1A.0Tf) 2-BuSO,-C4H,I0 Inert N, atmosphere, 1 eq. CH,CI, at -80 °C [Fe" (04, )(TMC)(OTH))(OTH) Otf [591
(TMC) (ArIO) ArlO in anhyd. CF;CH,OH, 1C-syn
25°C
1 Fe'(TMC)(OTf), (1A.0Tf) 0;, Ozone a) Inert atmosphere, O; was Green block shaped crystals [Fe"Y (TMC)(O,,) Otf [60]
(TMC) bubbled, —80 °C obtained from reaction (OTH](OTF)
mixture 1C-anti
b) Addition of few micro lit. Within 2-3 weeks blue [(H,0)Fe"Y (0)(TMC)] H,0
of H,0 (in CH,Cl,), -80 °C crystals were obtained from (OTf),
to cold solution of 1C-anti reaction mixture 1D-anti
2 [Fe'(TMC-py)1(X),, 1. PhIO PhIO in CH;CN/MeOH, RT, CH;OH layered with Et,0 at FeV(0O)(TMC-py)1(X), N from 7hat25 [40]
(TMC-py) [ X= OTf/PF4] (95 %) (followed by -20°C [X = OTf or PF4] dangling °C (t1p)
2A.0Tf and crystallization) Py arm of
2A.PF, 2B.OTf and 2
2. H,0, 3 equiv. of H,0, (65 %) 2B.PF, 100 min
at 25 °C
3. BPh,/HCIO, 2A:BPh,HCIO, = 1:1:1 (tip, in
(56%) solution)
4. O,/ascorbic acid O, and ascorbic acid (55%)
3 [Fe'(TMC-dma)](OTf), PhIO Excess PhIO in Layering CH;CN solution of [Fe'V(0)(TMC-dma)](OTf), Amide O- » 5 days [61]
(TMC-dma) (3A) CH;CN/C;H,CN 3B with Et,0 at -35 °C (3B) atom from at 25
3 °C(tp in
CH,CN)
4 [Fe' (N,Py)(CH;CN)] Peracetic acid 6 eq., CH;CO;H/2 eq.PhIO Layering of CH;CN solution [FeV(O)(N4Py)] (CIO,), Apical N 60 h at 25 [41]
N,Py (Cl10,),(4A) (CH;CO;H)/PhIO taken in CH;CN at RT of 4B with CsH,, at 25 °C 4B from 4 “C
5 [Fe''(N4Py>"F,)(CH;CN)](BE,), Isopropyl 2- 1.5 eq. IBX-ester at —20 °C CH;CN solution of 5B was Fe'V(0)(N4Py>™F))|(BF,), Apical N [48]
N, Py?F, (5A) iodoxybenzoate layered with Et,O to obtain complex (5B) from 5
(IBX-ester) yellow crystals at =70 °C
6, N,Py,B [Fe''(N2Py2B)(CH,CN)](C10,), Ceric Ammonium Mixture of 4 equivalents of Slow evaporation of CH;CN [Fe'V(0)(N2Py2B)](C10;), Apical N tip» 2.5 [50]
B=benzimidazole (6A) Nitrate, (CAN), CAN and NaClO, in H,O solution of 6B/7B mixed with and from 6/7 h, at 25
[(NH,),[Ce(NOs);] added to 6A/7A an aq. solution of NaClO, at [Fe"(0)(N2Py2Q)(CIO,) “C
7, N.Py,Q [Fell(N2Py2Q)(OTf)I(OTf) 6B (62%), TB (55%) 2-5°C 6B and 7B
Q = quinoline (7A)
8 [Fe''(TMG;tren-ds)(OTH)(OTE) 2-BuS0,-C¢H,I0 CH;CN solution of 8A, CH,CI, solution of [Fe"(O)(TMG;tren-ds)](OTH), Apical N 30sat25 [44]
TMGstren-dsq (8A) reacted with 1 eq of oxidant perdeuteromethyl complex 8B from 8 8T
dissolved in CH,Cl, layered by pentane at -80 °C
9 [Fe""H;buea(OH)]" and Ferrocenium 9A reacted with oxidant in Crystal obtained after few K[Fe'YH;buea(0)] Apical N 2.2hat [62]
[Fe"H;buea(0)]* tetrafluoroborate CH,CN months from DMF/Et,0 (9B) from 9 RT
([Fc]BE,) solution at -35 °C in absence
of light
10 [LN)Fe" (CH;CN),](OTH), 2-BuS0,-C¢H,I0 10A reacted with 3eq. of Slow diffusion of Et,O into a [(LN)Fe!VO(C3H,CN)](OTH), C;H,CN 5hatRT [56]

(10A)

oxidant in CH;CN and Et,0
was added at - 40 °C to get
[(LN)FeYO(CH,CN)](OTf),

solution of
[(LNOFeYO(CH,CN))(OTH),
in propionitrile (C;H;CN)at -
40 °C

10B

TMC ligand. Starting from Fe(OTf),.2CH3;CN and the TMC
ligand, [Fe(II)(TMC)(OTf),] (1A.OTf) complex was synthe-
sized in an inert atmosphere. Oxidation of this complex by
using one equivalent of iodosylbenzene (PhIO) or three equiva-
lents of H,O, produced a pale green Fe(IV)oxo intermediate,
trans-[Fe"(0O)(TMC)(NCCH3)](OTf),,(1B-anti) (Fig. 6A) in
CH;CN at =40 °C with nearly 90% yield. Interestingly, when
PhIO was used as an oxidizing agent, the formation of Fe(IV)oxo
species was very fast (within 2 min), but when H,O, was used,
it took nearly 3 h for the formation. The pale green species
showed a absorption maximum at wavelength (Am.x) 820 nm
(g, 400 M cm™). Diffusion of ether into the CH:;CN solution
of the Fe(IV)oxo species, produced from H,O, oxidation,
resulted in blue rectangular parallelopiped crystals, suitable
for X-ray crystallography. The high valent oxo species, which
was stable for months, in CH;CN at —40 °C, started decaying

if warmed or was in presence of PPhs. IR stretching frequency,
characteristic of Fe(IV)oxo bond, is observed at 834 cm™' and
this band shifts 34 cm™ downward due to isotope labeling (**0).

Subsequently, in 2015, Prakash et al. [59] reported another
Fe(IV)oxo complex with TMC, [Fe" O, )(TMC)(OT1)]-(OTT)
(1C-syn) (Fig. 6B), which was spectroscopically and structu-
rally different (flipped cyclam ring) than the previously
reported complex, [Fe™ O,,:)(TMC)(NCMe)|** (1B-anti). Inter-
estingly, Que et al. [38] speculated that this structural change
occurred due to the change in oxidizing agent from PhIO to
2-'BuSO,~CsH4IO (ArIO). Bulkier reagents, like ArlO, face
restriction in its approach through the anti-face. It may be noted
that the synthetic strategy followed in this article was different
from the previously reported procedures. One equivalent of
PhIO or ArlO, dissolved in anhydrous trifluoroethanol was
added to CH;CN/CD;CN solution of Fe"(TMC)(OTf), (1A.OTf)
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Fig. 6. (A) [Fe"™(O)(TMC)(NCCH3)](OTY)2 (1B-anti), (B) [Fe" (O4ya)(TMC)(OTH)](OTH), (1C-syn) (C) [Fe" (TMC)(Ouus)(OTH](OTY), (1C-
anti), (D) [(HyO)Fe" (O)(TMC)](OTf), [Fe"(Oqn)(TMC)(OT)|(OTf), (1D-anti)

under an inert N, atmosphere at 25 °C to yield 1B-anti and 1C-
syn, respectively in high yields. The complexes have signature
absorption band in the near IR region at 824 nm (ey = 400) for
1B-anti and 815 nm (ey = 380) for 1C-syn. The ESI-MS and
IR spectrum of these two complexes also corresponded with
the fact that 1B-anti and 1C-syn are different compounds. The
effect of axial ligand [CH;CN in 1B-anti and OTf in 1C-syn]
bound to the Fe(IV) center trans to Fe=0 bond are reflected
in the Fe=O0 stretching frequencies. Hence, the stretching frequ-
ency is less in case of 1C-syn, since OTT is a weaker ligand
compared to CH3CN. Crystals of 1C-syn, suitable for X-Ray
diffraction, were obtained from the reaction of Fe"(TMC)(OTY),
with stoichiometric amount of ArIO in CH,Cl, at —80 °C. Prakash
et al. [59] distinguished the anti- and syn-Fe(IV)oxo complexes
of TMC (1B-anti and 1C-syn) using '"H NMR spectroscopy.
The 1B-anti complex had seven distinctive peaks spanning
over 200 ppm, which were paramagnetically shifted from those
obtained for ligand 1. The 1:1:2:2:2:2:6 intensity ratio corres-
ponded to the trans-1 (R,S,R,S) configuration of 1, as was
observed in case of 1B-anti. From the '"H NMR spectra of 1B-
syn, it was evident that a minor amount of anti-Fe(IV)oxo
species was present with the majority of the anti-compound
1B-syn in the solution. Hence, the peaks observed for 1B-anti
were present and distin-guishable from the major peaks of
1B-syn, which were again consistent with the 1:1:2:2:2:2:6
intensity ratio, corresponding to the trans-1 (R,S,R,S) configu-
ration of 1. Contrastingly, the diastereotopic 3-CH, protons

of 1B-syn were sharper and downfield-shifted to 7.3 and 8
ppm, while the N-CHj3 peak was broad and upfield-shifted to
—51 ppm, when compared with the peaks of 1C-syn.

In 2018, Schaub et al. [60] reported an interesting Fe(IV)-
oxo compound of TMC ligand using ozone as an oxidant and
containing a water molecule as the axial ligand trans to the
oxo ligand. The use of ozone, as an oxidizing agent for synthe-
sizing Fe(IV)oxo complexes, is not a common practice. Addi-
tionally, there were no reports of finding a water molecule as
a axial ligand in any high valent oxo-iron non-heme complexes.
In 2005, Pestovsky et al. [63] first reported a Fe(IV)oxo
complex, where ozone was used as an oxidizing agent and in
that [(H,O)sFe=0]** species, all the ligands bound with the
high spin (S=2) iron center were water, except the oxo ligand.
As mentioned earlier, the Fe(Il) complex (1A.OTf) and Fe(IV)-
oxo complex (1B-anti) of TMC was reported by Que ef al. in
2003 [38]. But the oxidizing agent used were PhIO or H,O,.
Schaub et al. [60] in this report, have synthesized three Fe(II)
complexes of TMC, [Fe"(TMC)(CH;CN)](OTf), (1A.CH;CN),
[Fe"(TMC)(OT)]OTf (1A.0Tf) and [Fe"(D;,-TMC)(OTT)]-
OTf (D12-1A.OTY) following the synthetic protocol of Rohde
et al. [38]. Colourless needle shaped crystals of 1A.CH;CN,
suitable for X-ray analysis were grown by dissolving [Fe"(TMC)-
(OTH)]OTT (1A.0Tf) in CH;CN and letting it slowly evaporate
under inert atmosphere. Pink crystals of 1A.OTf was obtained
by chance when a solution of [Fe" (TMC)(OTf)]OTf in CH,Cl,
was left in freezer for 4 years. To synthesize this compound
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methodically, they used D,-tmc as the ligand, instead of TMC
and obtained single crystals of D,-1A.OTf within weeks.
When ozone was bubbled through the cold (-80 °C) solution
of 1A.OTf in inert atmosphere, they could successfully
synthesize the compound [Fe™(TMC)(O,.:)(OTf)](OTf) (1C-
anti) (Fig. 6C) as green block shaped crystals, suitable for X-
ray crystallography, within a day. When few microliters of
water dissolved in CH,Cl, was injected in a cold solution of
1C-anti stored at -80 °C within 2 to 3 weeks, blue crystals were
obtained. On structural analysis, the compound obtained was
[(H,O)Fe"™(O)(TMC)](OTf), (1D-anti) (Fig. 6D) where a water
molecule was bound to the Fe(IV) center.

It is worth to observe that the Fe-O unit is destabilized
when an anionic ligand (e.g. OTf) (1C-anti) is bound at the
trans position of Fe-O bond. In contrast, CH;CN stabilizes
the Fe(IV)oxo unit most (1B-anti, life-time of 10 h at room
temperature). In case of TMC bound Fe-O units, when Fe-O
distances obtained from EXAFS data were compared for a
series of complexes with various trans ligands. It was observed
that the anionic ligands like CN/OTf/NCS/NCO/N3;/OH"
destabilizes the Fe-O units [64]. Triflate anion, in 1C-syn, was
also found to be loosely bound and spectroscopic evidence
showed that when dissolved in CH;CN, it was easily replaced
by the solvent molecule and produced 1B-syn.

In this context, Chin et al. [65] reported the synthesis of
Fe(IV)oxo system using the ligand TmTP (dianion of meso-tetra-
m-tolylporphyrin) and TPP (dianion of tetraphenylporphyrin).
There, they exhibited spectroscopically that addition of nitrogen
bases, for example, N-methylimidazole (for TmTP), pyridine
or piperidine (for TPP), to peroxo-bridged Fe(IIl) porphyrins
at -80 °C in toluene resulted in the formation of Fe(IV)oxo
species [65]. Additionally, Nam et al. [66] reported the form-
ation of a Fe(IV)oxo complex starting from the Fe(II) precursor
of TMC and O, in presence of alcohol or ether. Here, the Fe(II)
compound was air stable in absence of these solvents. These
observations led Thibon et al. [40] to modify the tetra-coord-
inated TMC to penta-coordinated TMC-py, where one of the
TMC methyl groups is replaced by 2-pyridylmethyl arm, with
the speculation that it will be a better choice for stabilizing
Fe(IV)oxo intermediates. Reaction of Fe(OTf),(CH;CN), with

2+

A

GV

TMC-py in THF resulted in the formation of Fe(Il) complex
[Fe"(TMC-py)](OTf), (2A-OTf) after appropriate work up.
[Fe"(TMC-py)](PFs), (2A+PF¢) was obtained when TMC-py
was reacted with FeCl,-2H,0 in MeOH and then NaPFs was
added. Single crystal of [Fe"(TMC-py)](PF),, suitable for the
structural studies, was grown from CH;CN/MeOH. High valent
Fe(IV)oxo complex of TMC-py was obtained using two different
pathways, one was using a traditional pathway of utilizing an
oxidant or oxygen atom donor like PhIO or H,O, and another
way was utilized a reductant and a proton donor, e.g. BPhi/H*
or ascorbic acid. When [Fe"(TMC-py)]X, (X = OTf or PF)
i.e. 2A-OTf and 2A-PF; was reacted with excess of PhIO in
acetonitrile/methanol, a pale brown green complex [Fe"(0)-
(TMC-py)1(X) (X = OTf or PFe) [2B-OTf and 2B-PF¢] with
95% yield was obtained at room temperature (Fig. 7A). Elect-
ronic spectrum of this compound shows a ligand-field band at
834 nm (Emix = 260 M cm™). Highly stable crystals suitable
for X-ray crystallography were obtained from MeOH layered
with EtO at-20 °C (tio,="7h at 25 °C). Same Fe(IV)oxo complex
could be generated when Fe(Il) precursor was reacted with
three equivalents of H,O, but with a lower yield of 65 %. The
higher stability of this newly synthesized Fe(IV)oxo complex
of TMC-py, compared to the complex synthesized from TMC,
can be attributed to the influence of the different coordinative
properties due to presence of 2-pyridylmethyl arm in the penta-
dentate ligand. Consequently, in FTIR, Fe(IV)oxo stretching
frequency was observed at 13 cm™ lower value than the corres-
ponding TMC complex.

In this report, dioxygen activation study of Fe(II) complex
was also discussed in presence of a reductant e.g. BPhsy and
acid (namely, HCIOy) or ascorbic acid. When an oxygenated
solution of 2A was treated with BPh; and HCIO; acid in the
ratio 2A:BPh;:HCIO, = 1:1:1, complex 2B (t;» = 100 min)
with a lower stability and 56 % yield was obtained. In an oxyge-
nated solution of 2A in 1:1 mixture of CH;CN and EtOH, when
ascorbic acid (0.5 equivalents) was added, it afforded 2B in
about 55% yield. A reductive activation mechanism is proposed
for the conversion of 2A to 2B via a Fe(II)OOH intermediate
and subsequent cleavage of O-O bond by homolytic or hetero-
lytic fashion (via probably a short lived Fe(V) species) [40].

2+

B)

Fig. 7. (A) Fe"(0O)(TMC-py)|(X), [X = OTf or PFs], (2B.OTf) (B) [Fe"(0)(TMC-dma)](OTf),, (2B.PFs)
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Until 2014, when the highly stable Fe(IV)oxo complex of
cyclam ligand TMC-dma (3) [3 = 1,4,8-Mescyclam-11-CH,C-
(O)NMe,)] [Fe"(O)(TMC-dma)](OTf), (3B) was crystallograp-
hically characterized, compound 2B (with TMC-py ligand)
was considered to be the most stable complex. Compound 3B
had a longer half-life (t;,) of 5 days in acetonitrile at 25 °C
compared to compound 2B (t;»=7 h at 25 °C) or 4B (t;,=60 h
at 25 °C). The uniqueness of pentadentate ligand 3 lies in the
fact that it contains a dimethylacetamido O-atom donor which
coordinates to the iron center making the Fe complexes a
suitable model complex for many non-heme enzymes found
in nature.

The Fe(II) complex of 3 was synthesized by reacting the
ligand with Fe (OTf),(CH3;CN), in THF. After appropriate work
up, crystals of [Fe"(TMC-dma)](OTf), (3A) suitable for X-ray
analysis were grown by vapour diffusion of Et,O into a conc.
CH;CN solution. Similar to other Fe(II) complexes of TMC
group of ligands, this compound also have a trans-I confi-
guration of cyclam ligand. Pale brown solution of Fe(IV)oxo
complex 3B was synthesized by reacting 3A with excess PhIO
in acetonitrile/butyronitrile (Fig. 7B) [61]. High stability of
this species allowed the growth of single crystals suitable for
X ray crystallography by layering CH3CN solution of 3B with
Et,0 at -35 °C. Electronic spectrum (Ama = 810 nm, €0 =270
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M cm™) and IR band of this complex has a typical value corres-
ponding to S=1, Fe(IV)oxo complexes reported so far. Further-
more, England et al. [44] found that when 3B was reacted with
abase, tetraalkylammonium hydroxide (NBusOH) or methoxide
in CH;CN, it produced a blue coloured solution (Amu= 588
nm and € =460 M"' cm™) of Fe(IV)oxo species (3B”) with less
stability in room temperature (t;» ~ 1.5 h at 0 °C), however,
moderately stable at -40 °C. They proposed the newly gener-
ated species as conjugate base of 3B as [Fe"'(O)(L-H)](OTf)
(3B’).

Belonging to the second category of non-heme ligands, a
variety of high valent Fe(IV)oxo complexes were subsequently
synthesized by different research groups. A reaction of almost
equimolar amounts of N4Py ligand and Fe(ClO,);-10H,O in a
mixed solvent of methanol and acetonitrile, produced the Fe(II)
complex, [Fe(N4Py)(CH;CN)]** (4A) as dark red crystalline
solid. When this Fe(II) complex was further reacted with six
equivalents of peracetic acid, CH;CO3H, at room temperature,
it produced the green [Fe'"(O)(N4Py)]** species (4B) (Fig. 8A)
[43]. The 4B, with half-life of 60 h, could also be obtained by
oxidizing the Fe(Il) complex with two equivalents of PhIO.
The final product was crystallized by layering CsH,, over a
solution of Fe(IV)oxo complex in acetonitrile [41]. Interes-
tingly, the green species exhibited a band at 695 nm (e = 400

(B)

2+

D)

Fig. 8. (A) [Fe"(O)(N4Py)] (ClO,),, (B) Fe™(0)(N4Py*"")|(BF,)., (4B) (C) [Fe"(O)(N2Py2B)](Cl0.)..(5B) (D) [Fe" (0)(N2Py2Q)I(ClO.),

(6B) [B=benzimidazole, Q = quinoline]
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M '“"m") in acetonitrile, while the Fe(I) species, in acetone,
could be observed at 458 nm (¢ = 4000 M'“*"m™). The 'H
NMR was also helpful in identifying the Fe(IV)oxo species,
since the low spin S = 1 complex enabled well-resolved sharp
peaks for the protons in the molecule, spanning upto 200 ppm.
The highly symmetric nature of the [Fe'(O)(N4Py)]** species
led to the presence of two sets of protons on the different pyridine
rings, one of which was shifted upfield, while the other was
shifted downfield.

In 2016, Goldberg et al. [48] reported the synthesis and
catalysis of three Fe(IV)oxo complexes. Previously, in 2014,
they reacted the N4Py3™" with equivalent amounts of Fe(BF,),:
6H,0 in acetonitrile, to obtain [Fe"(N4Py3™")(CH;CN)](BF.),
(5A) as dark red crystals [47], which was further reacted with
isopropyl ester of iodoxy benzoic acid (1.5 equiv.) at -20 °C to
obtain the desired [Fe'v(O)(N4Py:;™")](BF,), complex (5B)
(Fig. 8B), which was stable at the same temperature for ~ 4 h.
In order to get high resolution X-ray crystals, an acetonitrile
solution of SB was layered with diethyl ether to obtain yellow
crystals at —70 °C [48]. While the Fe(II) complex SA showed
two distinct peaks at 370 nm and 460 nm, these were replaced
by a weak band at 750 nm (€ =250 M™' cm™) for the Fe(IV)oxo
5B complex. But, when the temperature was increased to 23
°C, an intense band appeared at 785 nm, due to the generation
of a Fe(Ill) species through intramolecular hydroxylation of
the aromatic ring.

Continuing the search for thermally stable and catalyti-
cally active Fe(IV)oxo complexes, Que et al. [50] reported
two structurally characterized molecules with the pentadentate
N2Py2X ligand framework (X = quinoline (Q) and benzimi-
dazole (B). The Fe(Il) complexes with 6 and 7 were obtained
from the reaction between the respective ligands and Fe"(OTf),-
2CH;CN. Under anaerobic conditions, the Fe(Il) complex,
[Fe"(N2Py2B)(CH;CN)](CIO,), (6A) was synthesized as a red
solid, which was further reacted with a mixture of four equiv-
alents of ceric ammonium nitrate and sodium perchlorate in
H,0, to obtain the Fe(IV)oxo complex of N2Py2B, [Fe™(O)-
(N2Py2B)](ClO.), (6B) as a greenish-blue powder (Fig. 8C).
A solution of 6B was mixed with an aqueous solution of NaClO,
and allowed to evaporate slowly at 2-5 °C, which afforded
bluish green high resolution X-ray crystals. Following the same
procedure for N2Py2Q), in nitrogen atmosphere, Fe(II) complex
[Fe"(N2Py2Q)OTTf]OTf (7A) was obtained as a dirty yellow

(A)

solid. Subsequently, reaction with CAN and NaClO, produced
a dark green Fe(IV)oxo complex, [Fe™(O)(N2Py2Q)](C1O,),
(7B) (Fig. 8D), which was crystallized by following the same
procedure as 6B.

In 2010, two different research groups, Que [44] and
Borovik [62], reported the successful structural characterization
of crystalline Fe(IV)oxo complexes with tripodal N4 ligands.
England et al. [44] reported the reaction of TMGstren-dss (8)
with Fe"(OTf),(CH;CN), to synthesize [Fe"(TMGstren-dse)-
(OTH)](OTT) (8A) as white powder. The subsequent oxidation
of 8A with equivalent amount of 2-(fert-butylsulfonyl)iodo-
sylbenzene (2-'BuSO,C¢H410), provided the orange coloured
Fe(IV)oxo complex [Fe"(O)(TMGstren-dss) |(OTf), (8B) (Fig.
9A).

Borovik et al. [62] utilized tris[(N-tert-butylureaylato)-
N-ethyl)]aminato ligand (9) and ferrous acetate, in presence
of strong base, KH to obtain K[Fe"'H;buea(OH)] (9A) as dark
red crystals. To obtain the desired Fe(IV)oxo product,
K[Fe'YH;buea(O)] (9B) (Fig. 9B), the Fe(Ill) complex was
dissolved in acetonitrile and oxidized by ferrocenium tetrafluoro-
borate ([Fc]BFs4) and a brown precipitate was obtained from
that reaction in 35% yield at room temperature. The 9B was
recrystallized from a DMF/ether solution at -35 °C in absence
of light. While 9A could be recognized by the strong absorption
band at 400 nm (em = 5000 nm), the presence of 808 nm (ev =
280 nm) proved the formation of Fe(IV)oxo (9B) species. A
solution of 9B in DMF had a half-life of 2.2 h at room temp-
erature, after which it reverted back to 9A, the C-H bond
activation of the solvent molecule.

Meyer et al. [56] reacted the macrocyclic tetraimidazolium
triflate (10) with [Fe{N(SiMes). }.], in acetonitrile to produce
the Fe(I) complex [(LN"“)Fe" (CH;CN),](OTf),(10A) in ~30%
yield, which was further oxidized by 2-‘BuSO,C¢H4IO to obtain
green Fe(IV)oxo complex [(LN')FeVO(CH;CN)](OTY), at
-40 °C. Single crystals of [(L""“)Fe'O(C;H,CN)](OTf), (10B)
(Fig. 10) were obtained from the slow diffusion of diethyl ether
into a solution of [(LN"“)Fe"YO(CH;CN)](OTf), in propionitrile
(CsH;,CN) at -40 °C. Interestingly, the oxidation with diatomic
oxygen was also carried out, but the dinuclear Fe(III) complex
was obtained having a bridging O-atom. It is also observed
that 10B was also converted to the same Fe(III) complex, when
the temperature of the solution was gradually increased from
-40 °C.

B BES

(B)

Fig. 9. (A) [Fe"(O)(TMGstren-dsq)](OTf),, (8B) (B) K[FeVHsbuea(O)], (9B)
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X = CH,CN
Fig. 10. [(LN")FeVO(CsH,CN)](OT®),, (10B)

Crystallographic characterization of Fe(IV)oxo comp-
lexes: Herein a detailed discussion about the crystallographic
parameters for the X-ray structurally characterized non-heme
oxoiron(IV) complexes were carried out. According to the
previous categories, these Fe(IV)oxo complexes have been
divided into three major groups, namely, TMC-cyclam type
ligands, N4Py frameworks and tripodal N4 ligands. The cryst-
allographic parameters, e.g. Fe-O distance, Fe-N,, distance Fe-
L.«a (N/O) distance, angle between mean equatorial plane of
L & Fe=0 (°), trans-Laia(N/O)- Fe=0 angle (°) d-values for
the above mentioned complexes are tabulated in Table-1.

Catalytic activity mimic of biological molecules: Macro-
cyclic TMC ligand is one of the important class of ligands for
bio-mimicking the high valent Fe(IV)oxo intermediate present
in the catalytic cycle of various non-heme proteins or enzymes.
Some of the important crystallographic data of six high-valent
(1B-anti, 1C-syn, 1C-anti, 1D-anti, 2B & 2C) non-heme
mononuclear Fe(IV)oxo complexes comprising of TMC ligand,
where Fe center is in an octahedral environment, will be discu-
ssed and compared. In equatorial plane, Fe is bound with four
nitrogen atoms from the cyclam ligand and one of the axial
position is occupied by dianionic oxo ligand. The main diffe-
rence between complexes 1B, 1C and 1D lies in the nature of
axially coordinated ligand present trans- to the oxo group. This
position is occupied either by solvent molecule like CH;CN (1B-
anti) or by monoanionic triflate (OTf) (1C-syn & 1C-anti) or by
water molecule (1D-anti) [60] added externally. In other two
structurally Fe(IV)oxo complexes (2B and 3B), modified TMC
ligands were used with pendant (tethered) arms. Compound
2B contains 2-pyridylmethyl arm (N donor) while compound
3B has N,N-dimethylacetamide arm (O donor), which was
appended to the cyclam framework. Que et al. [38] were first
to report the structurally characterized Fe(IV)oxo compound
1B-anti in a nonporphyrin ligand environment in the year 2003.
In 2015, Que et al. [59] further synthesized, two Fe(IV)oxo
complexes 1B-syn and 1C-syn, where “oxo” ligand occupies
the “syn” face of the ligand by changing the oxidizing agent
from PhIO to ArlO (2-BuSO,-CsH4IO). They proposed that
the syn-isomer is formed due to the steric hindrance caused by
ArlO, which does not allow the attack of oxidant at the anti-
face of Fe(Il) precursor. In both complexes, the structural flip
was evidenced by spectroscopic data, which were similar but
with distinct features from previously synthe-sized 1B-anti
complex. Additionally, crystallographic data for 1C-syn strongly
supported the proposed “syn” structure of the compound, where

instead of CH;CN, triflate was bound as the axial ligand trans
to the oxo group. Subsequently, in 2018, Schindler’s research
group [60] successfully reported a structurally characterized
Fe(IV)oxo compound (1C), where oxo ligand is present in the
“anti” face of the TMC ligand. The main difference in synthetic
protocol was the use of a different oxidant, ozone. So, from
these observations, it can be safely concluded that oxidizing
agents have a key role in deciding syn or anti structure of these
Fe(IV)oxo compounds. When water was injected in a cold
solution of 1C-anti, it produced 1D-anti by replacing the
axially bound OTf anion. No structural flip was observed due
to change in the axial ligand trans to the oxo group. Further
information obtained from the crystals, showed that the asym-
metric unit of light blue coloured triclinic crystals of 1B-anti
contains a cationic iron complex and have two triflate counter
anions, with P 1 space group. Triflate anions are either disord-
ered or have thermal motions. The monoclinic blue-green
crystals of 1C-syn with space group P2(1)/n was the first
example of Fe(IV)oxo compound where TMC was found in a
syn-structure. X-ray data revealed that the green coloured
crystals of “anti” version of 1C had an orthorhombic space
group P2,2,2. Crystal structure of 1C-anti was refined as
4-component twin and both components were found to be race-
mically twinned also. The asymmetric unit had four TMC and
triflate bound Fe(IV)oxo units along with four non-coordinated
triflate anions and four CH,Cl; as solvents of crystallization.
Crystallographic analysis of the other unusual H,O bound
complex 1D-anti was found to have orthorhombic crystals
with C222, space group and it was racemically twined. There
were half molecule of Fe(IV)oxo unit, one triflate anion and
two half dichloromethane molecules present in the asymmetric
unit of 1D-anti.

Crystallographic studies: The Fe-O distance found in
complex 1B-anti is 1.646(3) A and matches with many Fe(IV)-
O distances found in synthetic porphyrin complexes (1.62 to
1.67 A) [67,68]. In 1C-syn, the Fe-O distance is 1.625(4) A,
which is 0.02 A shorter than that found in 1B-anti [1.646(3)
Al and 0.042 A shorter than that found in 1C-anti [1.667(9)
A]. In anti compounds where neutral ligands like CH;CN (1B-
anti) or H,O (1D-anti) were the trans ligands, the Fe-O bond
distances are in comparable range: re..o (1B-anti) [X =
CH;CN, 1.646(3) A] ~ rr.o (1ID-anti) [X = H,0, 1.650(2) A].
Four different sets of Fe-O bond distances, 1.636(8) Al .644(7)
A, 1.652(7) A,1.667(9) A were found for four molecules
present in one asymmetric unit of 1C-anti. This reduced Fe-O
bond distance also supports the terminal nature of Fe-O bond
where the Fe is in +4 oxidation state and have a double bond
character.

Typical Fe-O terminal bond distances found so far in struc-
turally characterized Fe(Ill)oxo complexes are quite long and
falls in the range 1.79 to 1.82 A [69-71]. In Fe,(u-O), diamond
core, [Fel'(U-0),(6-Mes-TPA)](ClOy), [6-Mes-TPA = tris(6-
methylpyridyl-2-methyl)amine], the Fe-pu-O distances are of
1.8 and 1.92 A [72] while in case of dioxo-bridged [Fe'»(u-0),
(Lb),]* [Lb = tris(4-methoxy-3,5-dimethylpyridyl-2-methyl)-
amine] [73]. The EXAFS data reveals a Fe(IV)-u-O distance
of 1.77 A and in [Fe>(1-0)(5-Et;-TPA),](ClO,)s, the Fe"Fe'
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Fe-u-O [74] distance as 1.83 A. The Fe-O bond distances in
Fe™-O-Fe' species containing TAML ligand, a tetraamidato
macrocyclic, (where TAML = 3,3,6,6,9,9-hexamethyl-3,4,8,9-
tetrahydro-1H-1,4,8,11-benzotetraazacyclotridecine-2,5,7,10-
(6H,11H)-tetraone)] lies in the range 1.728 to 1.744 A [75].

Now, the Fe-X (X=0O/N) bond lengths present trans- to
the Fe-oxo bond are compared, it is observed that Fe-N(CH;CN)
bond distance found in the crystal structure of 1B-anti was
2.058(3) A. The Fe-O(OTf) bond present in 1C-syn was quite
longer 0.088 A compared to 1B-anti. Four Fe-O(OTf) bond
distances found in one asymmetric unit of 1C-anti were 2.064(8)
A, 2.054(8) A, 2.054(7) A and 2.053(7) A. The Fe-O(H,0)
bond found in 1D-anti [2.049(2) ;\] is shorter than Fe-O(OTfY)
bond present in 1B-anti or 1C-syn. The average Fe-N(TMC)
bond lengths present in the equatorial plane of the octahedral,
i.e. Fe-L(eq) value found in the crystal structure of 1B-anfi,
1D-anti and 1C-syn were 2.09 A, 2.084 A and 2.066 A, respec-
tively. So the Fe-N(TMC) bond present in 1C-syn was quite
shorter 0.024 A compared to 1B-anti. The Fe-L., found in
1C-anti were 2.082 A, 2.098 A, 2.078 A and 2.102 A. The
value is shortest in 1C-syn compound. So, the crystallographic
studies revealed that one Fe-O(oxo0) and four Fe-N(TMC) bond
distances present in 1C-syrn were shorter compared to the bonds
present in 1B-anti. These cumulative shortening of bond-
lengths (~ 0.1 A) were compensated by a longer Fe-O(OTf)
bond present trans to the Fe-O(oxo) bond in 1C-syn. The
density functional theory calculations showed that the Fe atom
was 0.03 A and 0.07 A above the TMC plane in 1B-anti and
1C-syn, respectively [76]. These values, further support the
trend found in various Fe-Ligand bond lengths. If the average
of all the metal-ligand bond distances present in TMC bound
Fe(IV)-oxo compounds are considered, the Fe-L(av) distances
found in 1B-anti, 1D-anti and 1C-syn were 2.084 A,2.077 A
and 2.082 A. In 1C-anti, these Fe-L(av) distances were 2.079
A,2.089 A, 2.073 A and 2.092 A. Thus, Trex ap-ams) [2.077 A]
< Trex (1Csym [2.082 A] < 0 (1Baniy [2.084 Al

Two more important Fe(IV)oxo compounds were struc-
turally characterized, using modified pentadentate TMC ligands
(2 and 3) were compound 2B+(OTf), and 3B. Substituted TMC
ligands (2 and 3) not only imposes more steric bulk to the axial
ligand, but also causes geometric constraints to the cyclam ring
due to tethering a donor arm substituting a methyl group.
Crystal structural analysis of triclinic single crystals of
2B+(OTf), with space group P1 confirmed the coordination
of TMC-py ligand as a pentadentate ligand and the cyclam
ligand had a trans-1 stereochemistry. Highly stable (t;, = 5
days at 25 °C), monoclinic crystals of 3B with P2, space group
was the first X-ray structurally characterized Fe(IV)oxo comp-
ound where an O-atom donor was present frans to Fe=0 bond.
Later on three more structurally characterized complexes, i.e.
1C-syn, 1C-anti and 1D-anti with O-donor trans to Fe=0O bond
were added to the series. When the bond distances found in
the TMC/substituted TMC bound Fe(IV)oxo complexes were
compared, Fe=O(oxo0) bond [1.667(3) Al present in 2B-(OT¥),
is the longest one compared to 3B [1.658(1) A, 1B-anti [1.646
(3) A] and 1D-anti [1.650(2) A]. In addition, the Fe-Naminea)
bond distance in 2B+(OTf), had a comparable value (2.083 E)

with 1B-anti (2.09 A) or 1D-anti (2.083 A). Compared to these
Fe(IV)oxo complexes reported thus far, the Fe-Namineav) distance
is shorter in 3B (2.060 A) and 1C-syn (2.066 A). But Fe-Npy
axial bond distance 2.118(3) A, is quite longer (0.06 to 0.07 A)
compared to Fe-N(CH;CN) or Fe-O(H,O) axial bonds present
in 1B-anti (2.058 A) or 1D-anti (2.049 A). The Fe-O,ni. axial
bond length in complex 3B is only 1.981(1) A and considered
to be the shortest among all other structurally characterized
Fe(IV)oxo compounds. Greater donor strength of dimethyl-
acetamido ligand, due to the contribution from the resonance
structure characteristic of amide group, was responsible for
this observation [77,78]. Longer Fe-Npy axial bond distance
is in contrary with the fact that pyridine is a stronger base than
CH;CN or H,O. Two factors play important role here, steric
bulk of ligand and the N,,-O=Fe angle. The N,,-O=Fe angle
deviates quite a bit from linearity in 2B-(OTf), [169.8(2)°]
and 3B [175.6(6)°]. The trans O/N-Fe=0 angle were nearly
linear in 1B-anti 178.9(1)° and perfectly linear 180.0° linear
in 1D-anti. The trans O/N-Fe=0 angle increasingly deviates
from linearity in the order of 1D-anti [180.02°] < B-anti [178.9°]
< 3B [175.6°] < 2B.(OTf), [169.8°]. This further regulates the
Fe-N/O axial bond lengths by controlling the trans effect of
the oxo ligand present trans to it. The Fe-N/O axial bond lengths
increases in the order of 3B < 2B-anti = 2D-anti < 2B-(OTf),.
Important structural parameters of Fe(IV)oxo complexes of
ligands, 1,2 and 3 are tabulated in Table-2.

The second reported crystal structure of a Fe(IV)oxo
species is that of green monoclinic [Fe"™(O)(N4Py)](ClO,),
complex (4B), containing two solvent molecules of acetonitrile,
with space group Cm [41]. As expected, it was compared with
the first reported 1B-anti complex, wherein it was observed
that the Fe=O bond distance of 4B [1.639(5) /0\] was extremely
close to that of 1B-anti [1.646(3) A]. Another comparison
showed that the equatorial Fe-N bond lengths [av. 1.957(5) A]
were reduced by 0.1 A from those of 1B-anti, which can be
explained by the greater bonding ability of a pyridine moiety
than a rertiary amine. Other notable feature is the Fe-N1 (trans
to oxo ligand) bond length of 2.033(8) A, which is the longest
metal-ligand bond in complex 4B. The oxo-ligand, Fe-atom
and bridging N-atom of N4Py ligand are almost collinear, with
the angle being 178.6(3)°. In 2016, Goldberg et al. [48] had
reported a similar crystal structure of Fe(IV)oxo complex,
bearing the substituted N4Py ligand. Here, they observed that
in [Fe"(O)(N4Py3™)](BF,), complex, the Fe=O was quite
short [1.6600(16) A]. While the average length of Fe-N., bonds
were 2.004 A, the axial one [2.051(2) A] was definitely longer
than the equatorial ones. Additionally, a slight tilt between the
Fe=0 and the equatorial plane was observed, the angle being
86.9° between the average plane of the ligand and the Fe=0.
Here also, a solvent molecule of acetonitrile was present within
unit cell and the distance between the Hicewnivie and O was
[2.54(3) A], indicating the presence of hydrogen bonding inter-
action. Further, two crystals of Fe(IV)oxo species belonging
to the similar class of ligands were reported in 2018 and
interestingly [50], the Fe=O were observed to be longer than
in 4B, as in 1.656(4) A (6B) and 1.677(5) A in (7B). This is
justified by the fact that two pyridines of 4B were replaced by
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TABLE-2
COMPARISON OF STRUCTURAL DATA FOR 1B-anti, 1C-syn, 1C-anti, 1D-anti, 2B AND 3B CONTAINING MACROCYCLIC LIGANDS
Ligand  Fe(V)O  (Fe-L),, (A) (Fe(%)w)“ Fe-L, (A)  Fe=O(A) AI;%LZE/ o ‘i‘f;‘;g‘i‘g‘(?};al parans glfzo) Ref
1 1B-anti 2.084 2.090 20583) 164603 875 178.9(1) [38]
1 1C-syn 2082 2.066 2146)  1.625(4) 86.9 175.3(7) [59]
1 1C-anti 2077 2084 20492)  1.650(2) 90.0 180.0 [60]
1 1D-anti 2079 2082 20648)  1.636(8) 87.9 177.003) [60]
2.089 2008 20548)  1.644(7) 85.5 179.6(3)
2073 2078 20547 1.652(7) 87.7 177.503)
2092 2.102 2053(7)  1.66709) 85.1 178.8(4)
2 28 209 2083 211765)  1.667(4) 87.4 169.8(2) [40]
3 3B 2.044 2.060 1L981(1)  1.658(1) 89.9 175.6(6) [61]

N-methylbenzimidazoles in 6B and quinolines in 7B, thereby
altering the steric and electronic environment around the
Fe(IV)oxo centers. Concomitantly, an increase in the average
bond length of Fe—N was also observed as 1.999 A in 6B and
2.053 A in 7B. Another steric effect of the bulkier moieties
was the increasing tilt of the Fe=0O moiety from the trans-N atom
as in 179.4(3)° (4B) to 177.40(8)° (5B) to 177.0(2)° (6B) to
170.5° (7B). There also exists a trend in the Fe—N, bond lengths
due to the increasing basicity of the different heterocyclic
species, which leads to greater trans effect, for example, 1.957
Ain4Bto 1.971 A in 6B to 2.049 A in 7B. It is also observed
that 5B does not follow the trend since the greater steric effect
outweighs the electronic factor. Important structural parameters
of Fe(IV)oxo complexes of ligands, 4, 5, 6 and 7 are tabulated
in Table-3.

Among the Fe(IV)oxo complexes of tripodal N4 ligands,
it was observed that the Fe=O bond distance was considerably
short in 8B [1.661(2) A] and 9B [1.680(1) A]. In contrast, the
average bond lengths of Fe-N_quuoria Were longer 8B [2.005 A]
and 9B [1.988 A], when compared with 4B [1.957 A], but
shorter than 1B-anti [2.091 A]. Such an observation can be
expected due to the highly basic peralkylguanidinyl donors
and also due to the decrease in coordination number 8 and 9
ligand frameworks. Interestingly, the dissimilar Fe-N,, and Fe-
N,y bond lengths can be justified by the high trans effect of
the oxo-donor. Another interesting feature in these tripodal
N4 ligands was the provision for intramolecular hydrogen
bonding, which would further stabilize the Fe(IV)oxo moieties.
Hence in complex 8B, since the perdeuterated ligand was
utilized, three symmetrical non-bonding interactions were
observed between the C-D---O with the distance ranging from
2.38 A to0 2.49 A. Similarly, in 9B, a similar set of three N-
H---O hydrogen bonding interactions are observed.

N-Heterocyclic carbenes complexes: Another different
ligand framework based on the N-heterocyclic carbenes was

reported by Meyer et al. [56] to synthesize a Fe(IV)oxo species,
which produced green crystals. The orthorhombic space group
Py was found in 10B, where coordination of the four carbenes
species to the Fe(IV) afforded a planar structure, with the oxo
ligand placed frans to a solvent molecule. Interestingly, the
Fe=0 bond length was 1.661(3) A, which closely resembles
the 1C-anti [1.667(9) A), both Fe(IV)oxo complexes being
formed by macrocyclic ligands. Another notable feature is the
Fe-Cyuc bond, which in 10B lies between 1.979(5)-2.045(5)
A, which is almost comparable to 10A [1.970(2)-2.022(2) A],
but is considerably greater if it is compared to the Fe-Cxuc bond
[1.936(4)-1.939(4) A] of a Fe(Il) complex of a macrocyclic
ligand consisting of two NHC donors and two pyridine moieties
[79]. This observation exemplifies the importance of electronic
effects of the specific donor moieties in a macrocyclic ligand.
Important structural parameters of Fe(IV)oxo complexes of
ligands, 8, 9 and 10 are tabulated in Table-4.

Conclusion

In this review, the synthetic procedures of the non-heme
Fe(IV)oxo complexes have been discussed in detail, among
the spectroscopic characterizations, NMR, UV-vis and IR
spectroscopic analysis have also been reviewed. This review
summarizes the various synthetic strategies adopted by different
research groups to successfully obtain the crystal structures
of model compounds containing elusive Fe(IV)oxo species.
Till date, it has been observed that four different classes of
ligands (e.g., macrocyclic TMC-based ligands, pentadentate N5
ligands, tripodal N4 ligands and NHC ligand) discussed in this
study formed stable crystal structures, which have been charac-
terized quite extensively. Moreover, it has been observed that
the choice of ligand can greatly alter the electronic environ-
ment of the metal center, thereby altering the stability of the
crystallized Fe(IV)-oxo species. These discussions will provide
a clear picture of the methodologies, to be utilized to obtain

TABLE-3
COMPARISON OF STRUCTURAL DATA FOR 4B, 5B, 6B AND 7B CONTAINING PENTADENTATE N5 LIGANDS
Ligand  Fe(@V)O  (Fe-L), (A) (Fe(‘g\“)w)av Fe-L, (&) Fe=0(A) Arfllaen:/g; ‘L“z‘rﬁi‘g‘(ﬁg‘d - él ‘g‘sa I?g/lf—@) Ref
4 4B 1.972 1.957 2.033(8) 1.639(5) 89.4 179.43) [41]
5 5B 2.014 2.004 2.051(2) 1.660(2) 86.9 177.4(8) [48]
6 6B 1.999 1.971 2.115(6) 1.656(4) 88.3 177.0(2) [50]
7 7B 2.053 2.049 2.084(4) 1.677(5) 82.4 170.5(2) [50]
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TABLE-4
COMPARISON OF STRUCTURAL DATA FOR 8B, 9B (CONTAINING TRIPODAL N4 LIGAND) AND 10B (NHC LIGAND)

. g 2 (Fe—Leg)ay _ 2 P Angle b/w mean equatorial trans-O/N—
Ligand Fe(IV)O (Fe-L),, (A) A) Fe-L,, (A) Fe=0 (A) plane of L & Fe=0 (°) =Dl ©) Ref
8 8B 2.032 2.005 2.112(3) 1.661(2) 89.5 179.3(1) [44]
9 9B 2.007 1.988 2.064(9) 1.680(1) 89.6 179.5(4) [62]
10 10B 2.029 2.010 2.105(4) 1.661(3) 89.4 176.6(2) [56]

ideal model compounds of iron-contajning metalloproteins and 20. PL. Roach, L]. Clifton, C.M. Hensgens, N. Shibata, C.J. Schofield, J.

help understand the different reaction mechanisms facilitated
by these metalloproteins.
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