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: The discoveries that NO plays a key role for a surprising

range of physiological and pathological processes in humans
have led many researchers to revisit the chemistry of NO
and its derivatives such as dinitrosyl iron complexes
(DNICs) in recent years. Dinitrosyl iron complexes (DNICs)
and S-nitrosothiols (RSNO) have been suggested as one of
the possible forms for storage and transport of NO in
biological system. Recently, Prof. Kim has demonstrated
that the {Fe(NO)2}10 DNICs served as a nitrating agent to
convert 2,4-di-tert-butylphenol to 2,4-di-tert-butyl-6-
nitro-phenol in the presence of 02, and claimed that
cellular DNICs could provide the possible route to generate
protein tyrosine nitration (PIN) which is an important
post-translational modification associated with various
pathological conditions. In addition, Prof. Kim also showed
the possible biological function of cysteine oxidation. In
this work, a series of iron nitrosyl complexes with
analogous coordination geometry but different electronic
configuration have been synthesized. In addition, the study
of the 02 reactivity, the ability serving as the nitrating
agent 1n the phenol nitrating reaction and as the oxidant
in the thiolate oxidizing reaction is ongoing.

dinitrosyl iron complex; protein tyrosine nitration;
cysteine oxidation



Potential Biological Relevance of Dinitrosyl Iron Complexes (DNICs)
with Molecular Oxygen

Introduction

As an important key molecule, nitric oxide (NO) has been paid intensive
attention because of its physiological functions such as smooth muscle relaxation,
neurotransmission, immune response, and blood pressure.'™ It has found that nitric
oxide can also behave as a cytotoxic effector and/or a pathogenic mediator under NO
overproduction.™ ° The cytotoxicity of NO is supposed to be related to the formation
of some reactive nitrogen species (RNS) such as peroxynitrite or nitric dioxide. It is
believed that the presence of reactive oxygen species (ROS), like superoxide radical
and hydrogen peroxide, and transition metal centers are necessary for the formation of
the reactive nitrogen species (RNS) from NO.> ® In addition, reactive nitrogen species
(RNS) and reactive oxygen species (ROS) are involved in the in vivo oxidative
reaction in biological system and play an important role in aging and the development
of diseases.” At low/moderate concentrations, ROS/RNS are important messengers for
signal transduction, while at high concentrations, they can induce oxidative damage to
DNA, lipids, and proteins, a phenomenon named as oxidative /nitrative stress.®®

The nitration of biological phenols mediated by RNS, such as seen in protein
tyrosine nitration (PTN), is drawing considerable interest because it is an important
posttranslational modification associated with various pathological conditions
including inflammatory, neurodegenerative, and cardiovascular diseases.”°"
Additionally, PTN is useful as a diagnostic biomarker for cardiovascular, Alzheimer’s,

. . 16-18
and Parkinson’s diseases.

Recent reports suggests that distinct cellular nitrating
agents could be responsible for it specificity at various sites. It is well known that

there are two major ways to induce PTN. One is through eNO, which is generated via



several mechanism, including oxidation of eNO with oxygen,'” the decomposition of

peroxynitrite (ONOO ),

and the oxidation of nitrite (NO; ) by hydrogen peroxide
(H,0,) catalyzed with peroxidases.” The other occurs in the presence of peroxynitrite
(ONOO ).*° However, peroxynitrite doesn’t react directly with tyrosine. The
mechanism of tyrosine nitration was first found to mediate via peroxynitrite on a free
radical based mechanism but it turned out that heme-containing proteins facilitated
this reaction by the formation of ferryl intermediates. Prostacyclin synthase was
proven sensitive to nitration by peroxynitrite which could be efficiently prevented by
an inhibitory substrate analogue. This result indicated that tyrosine nitration was a
metal-mediated process in close proximity to the active heme-iron site.**
Peroxynitrite (ONOO ) is generally generated in vivo from the
diffusion-controlled reaction between superoxide (02 ") and nitric oxide (eNO).*! > 26
Peroxynitrite is both an oxidant and nucleophile and these chemical properties dictate
to the formation of secondary free radical intermediates such as nitrogen dioxide and
carbonate radicals.”’” Peroxynitrite has been shown to oxidize various biomolecules
including lipids, thiols, amino acid residues, DNA bases, as well as low- molecular
weight antioxidants. The most prominent protein modifications mediated by
peroxynitrite are the nitration and dimerization of tyrosine residues, the oxidation of
cysteine thiol group, as well as the oxidation of methionine sulfur groups.** Figure 1
represents the evolution of our understanding of the biochemically relevant reactions
in which peroxynitrite participates, including, (a) two-electron oxidation of thiols, (b)
homolysis, (c¢) nucleophilic addition to CO; and evolution to radicals, and (d) reaction

. .. 2
with transition metal centers. !
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In chemistry, the reactivity of dioxygen toward metal nitrosyl complexes has
been thoroughly investigated, in particular because of the possible use of these
complexes to activate dioxygen.*® One of the conceivable pathways for this reaction
may involve the formation of an N-bound peroxynitrite complex (Scheme 1).
Examples of discrete metal—peroxynitrite complex are rare; only a
cobalt—peroxynitrite (tris(tetracthylammonium) pentacyanoperoxynitritocobaltate(III))
is known to date to be characterized structurally in 2000 by Prof. Koppenol.” In
addition to the stable cobalt—peroxynitrite complex, iron (e.g., heme), manganese, and
copper complexes have been studied with respect to bio(chemical) O=NOO
mediated chemistry. For examples, in 2009, Prof. Karlin synthesized [Cu'(AN)(NO)]"
(AN = 3,3’-iminobis(N,N’-dimethylpropylamine)) and then reacted with dioxygen at
-80°C affording [Cu"(AN)(O=NOO )]". After the thermal transformation,
[Cu(AN)(NO,)]" was afforded.”” In the meantime, addition of 2, 4-di-tert-butylphenol
in to [Cu"(AN)(O=NOO)]" led to 2,4-di-tert-butyl-6-nitro-phenol (Scheme?) via
phenol nitration. In addition, Prof. Mondal demonstrated the putative formation of a
copper(I)—peroxynitrite intermediate via reaction of the mononuclear
copper(Il)—nitrosyl complexes with H,O, in 2012 and 2013, respectively.’"*>

Formation of the peroxynitrite intermediate has been confirmed by its characteristic

phenol ring nitration reaction as well as isolation of corresponding Cu(I)—nitrate.
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Dinitrosyl iron complexes (DNICs), the endogenous NO-derived species as
S-nitrosothiols (RSNO), are thought to serve in a storage capacity and as carriers of

3339 DNICs are NO derivatives of biological relevance,

NO in biological system.
found in various tissues and cells during NO overproduction by the inducible nitric
oxide synthase. > In vivo, the naturally occurring DNICs are classified into
protein-bound DNICs and low-molecular-weight DNICs (LMW-DNICs).***
Protein-bound DNICs derived from NO-mediated degradation of Fe-S cluster
containing proteins are considered as the storage of NO or {Fe(NO),} moiety, and
LMW-DNICs yielded via the displacement of protein-bound DNICs with free
thiols/thiolates are served probably as the donor of NO or {Fe(NO),} moiety.
Biologically, both sulfur-ligated protein-bound DNICs and LMW-DNICs are possibly

identified and characterized by their distinctive electron paramagnetic resonance

(EPR) signals at g = 2.03.*”*** In spite of the major thiol components of cellular



DNICs composed of cysteinate residues in proteins and mobile units such as
glutathione, the DNICs ligated by cysteinate, histidine, deportonated imidazole, and
tyrosinate were found and proposed in enzymology based on EPR spectra.

Although the synthesized DNICs have been widely studied to offer important
chemical and biological insights, the study on the O, reactivity of DNICs is limited to
few examples. In 1989, Prof. Postel reported the first example of DNICs toward O,.
As shown in Scheme 3, oxidation by oxygen of the unstable DNIC
[Fe(NO),CI(HMPA)], afforded from reaction of [Fe,Cl,(NO)4] with HMPA, resulted

in the formation of the nitrato-complex [Fe(NO3)Cl,(HMPA)].*"’
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In 2011, Prof. Kim studied the dioxygen reactivity of an N-bound {Fe(NO),} 10
DNIC, [Fe(TMEDA)(NO),] (TMEDA = N,N,N’,N’-tetramethylethylenediamine).*®
As presented in Scheme 4, the report demonstrated the formation of a stable
five-coordinate iron-peroxynitrite [Fe(TMEDA)(NO)(ONOO)], characterized by
FTIR and Fe K-edge X-ray absorption spectroscopy when [Fe(TMEDA)(NO),]
reacted with dioxygen at -80 “C. In addition, when dioxygen is added to a mixture of
[Fe(TMEDA)(NO),] and DBP (2,4-di-tert-butylphenol) at -80 ‘C and then is
subsequently warmed to room temperature, NO,-DBP
(2,4-di-tert-butyl-6-nitro-phenol) is observed along with
3,3’,5,5 -tetra-tert-butyl-1,1’-biphenyl. This result reasonably suggested that DNICs

act as mobile nitrating reagent in cells, in addition to the role of NO storage and



transfer.
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In 2012, Prof. Kim demonstrated the reaction of another {Fe(NO),}'° DNIC
[Fe(dmp)(NO),] with dioxygen. As shown in Scheme 5, the reaction resulted in the
formation of the room-temperature-stable nitrato-containing complex
[Fe;O(NO3)4(dmp),]. It is noted that [Fe;O(NO3)4(dmp),] is incapable of nitrating
DBP to NO,-DBP, but [Fe(dmp)(NO);] in the presence of dioxygen does
effectively nitrate DBP to NO,-DBP. This result reveals that the iron-peroxynitrite
species plays a critical role in phenol nitration and it forms prior to the formation

of [Fe;O(NO;)4(dmp),].*
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In 2013, Prof. Kim proceeded the dioxygen reactivity of thiolate-contaning
{Fe(NO),}’ DNICs. As shown in scheme 6, reaction of dioxygen with
[Fe(NO),(SR)2] (R =t-Bu, Et, Ph) afforded [Fe(NO)»(SR)],. Based on the study of
dioxygen reactivity of N-bound {Fe(NO),} 1% and S-bound {Fe(NO),}’ DNICs, the

research group concluded that N-bound DNICs oxidation by dioxygen occurs at the



NO group of {Fe(NO),} unit and S-bound DNICs oxidation by dioxygen occurs at

the S-bound ligands.”

Scheme 6.
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Results and discussion
Synthesis of the [N,N]-bound {Fe(NO),}"’ DNIC with pendant amine and the
five-coordinate [N,N,N]-bound {Fe(NO)z}9 DNIC.

It has been known that the reported {Fe(NO),} ' DNICs were synthesized via
replacing the carbonyls of Fe(CO),(NO), by nitrogen-containing ligands. As shown in
scheme 7, a series of the [N,N]-bound {Fe(NO),}'® DNIC with the amine in the
secondary coordination sphere were synthesized by reaction of Fe(CO),(NO), with
N,N,N containing ligands. DNICs 1-3 are designed to mimic the rich N-containing
ligand environment and study the possible reactivity of [N,N]-bound {Fe(NO),} '’
DNICs with dioxygen in biological environment.

DNICs 2 and 3 have been structurally characterized by single-crystal X-ray
diffraction and the structures are depicted in Figures 1 and 2.

In addition to the classical four-coordinate DNICs, there are several
five-coordinate {Fe(NO),}’ DNICs are reported. Although the physical
characterization of these five-coordinate DNICs is finished, the reactivity of the
five-coordinate DNICs with dioxygen is not present. As presented in scheme 8, the
five-coordinate DNICs have be synthesized via oxidation of [N,N]-bound

{Fe(NO),}'° DNICs with Cp,FePF; or Cp,FeBF; .



Also, DNICs 4-6 have been structurally characterized by single-crystal X-ray

diffraction and the structures are depicted in Figures 3 - 5.
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Figure 1. ORTEP drawing and labeling scheme of DNIC 2 with thermal ellipsoids

drawn at 50 % probability level.



Figure 2. ORTEP drawing and labeling scheme of DNIC 3 with thermal ellipsoids

drawn at 50 % probability level.
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Figure 3. ORTEP drawing and labeling scheme of DNIC 4 with thermal ellipsoids
drawn at 50 % probability level.

Figure 4. ORTEP drawing and labeling scheme of DNIC 5 with thermal ellipsoids
drawn at 50 % probability level.



Figure 5. ORTEP drawing and labeling scheme of DNIC 6 with thermal ellipsoids
drawn at 50 % probability level.

Conclusions

A series of mononuclear four coordinate {Fe(NO),}'’ and five coordinate
{Fe(NO),}'* have been synthesized successfully and characterized by IR, UV/vis, 'H
NMR, EPR and SQUID. Studies on the electronic structure (NO/Fe oxidation states)
of the series of {Fe(NO),}’/{Fe(NO),}'® DNICs by X-ray absorption spectroscopy
and DFT calculations are ongoing. Also, the reactivity of dioxygen toward

{Fe(NO),}°/{Fe(NO),}'* motifs are currently being investigated in our laboratory.
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