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PREFACE

Volume 64 of Advances in Inorganic Chemistry is a thematic
issue devoted to inorganic/bioinorganic reaction mechanisms,
coedited by Ivana Ivanovi�c-Burmazovi�c from the University
of Erlangen-Nürnberg, Germany. Understanding the
mechanisms of inorganic/bioinorganic reactions is of fundamen-
tal importance in order to reveal the molecular nature of complex
chemical and biochemical processes that could lead to the devel-
opment of new pharmaceuticals and catalysts in a biomimetic
way. The original idea for this thematic issue originates from
the Inorganic Reaction Mechanism Group Meeting held at
Kloster (Monastery) Banz, Germany, in January 2010, that was
attended by 120 participants. This volume includes eight con-
tributions highlighting the role of mechanistic studies in inor-
ganic/bioinorganic chemistry. Interestingly, almost all
mechanisms discussed in this volume are based on redox
reactions, with a special emphasis on biological relevance and
redox reactivity of small inorganic species on one side (such as
oxygen, superoxide, nitric oxide, nitroxyl, and hypothiocyanate)
and redox active metal centers (iron, manganese, ruthenium,
and copper) on the other. We hope it will prove interesting and
inspiring to researchers in this field.
The first chapter by Sam P. de Visser presents theoretical

predictions of oxygen transfer reactions by Compound I of
cytochrome P450 in aliphatic and aromatic hydroxylation, epoxi-
dation, and sulfoxidation processes. This is followed by a chapter
on heme dioxygenases, written by Emma Lloyd Raven and
collaborators. The reactivity of manganese superoxide dismutase
mimics toward superoxide and nitric oxide is covered in the follow-
ing chapter by Ivana Ivanovi�c-Burmazovi�c and collaborators. In
the fourth chapter, Fabio Doctorovich and collaborators present
an account on azanone (HNO; also known as nitroxyl) interaction
with (heme)-proteins and metalloporphyrins. In the subsequent
chapter, Rudi van Eldik and collaborator report on advances in
the mechanistic understanding of selected reactions of transition
metal polyaminecarboxylate complexes. The kinetic and mecha-
nistic impact of polyaminecarboxylate-ruthenium(III) complexes
on the mosaic of bioinorganic reactions is covered by Debabrata

xi



Chatterjee and collaborator in the sixth chapter. A short review on
the chemistry of monovalent copper in aqueous solutions is pres-
ented in the seventh chapter by Dan Meyerstein and collaborator.
The final chapter deals with a detailed review on hypothiocyanate
written byMichael Ashby. These chapters present comprised over-
views of recent developments in the understanding of inorganic/
bioinorganic reaction mechanisms. The contributions come from
theUK, Germany, Argentina, India, Israel, and theUnited States,
and represent an international community of chemists working in
this area.
We appreciate the constructive interaction we had with the

authors of these chapters and thank them for their willingness
to find time to contribute to this thematic issue. We trust that
the readers in the inorganic/bioinorganic chemistry communities
will find this volume informative and useful.

Rudi van Eldik and Ivana Ivanovi�c-Burmazovi�c
University of Erlangen-Nürnberg
November 2011
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ABSTRACT

This review overviews recent density functional theory studies
accompanied by valence bond (VB) modeling of the reactivity
patterns of Compound I of cytochrome P450 and taurine/
a-ketoglutarate dioxygenase. These two enzymes both have a
high-valent iron(IV)–oxo species as their active intermediate
and are involved in oxygen atom transfer reactions to substrates
including aliphatic hydroxylation, double-bond epoxidation, het-
eroatom oxidation (sulfoxidation), and aromatic hydroxylation.
In recent years, a number of systematic studies on these four
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reaction mechanisms have been performed, and the barrier
heights of the rate-determining steps in these reactions have
been analyzed with VB models via curve-crossing diagrams.
Those diagrams predict the overall mechanisms and explain
the nature of the rate-determining step in the reaction through
electron transfer processes. The computational models have
gained insight into the fundamental factors that drive the reac-
tion mechanisms and explain the differences between the various
reaction processes.

Keywords: Nonheme enzymes; Heme enzymes; Hydroxylation;
Epoxidation; Sulfoxidation; Iron–oxo; Valence bond theory; Den-
sity functional theory.

I. Background

Substrate hydroxylation is one of the most challenging cata-
lytic reactions due to the strength of a C��H bond that has to
be broken in the process. Nevertheless, nature has given us a
range of different enzymes that catalyze this reaction efficiently.
These enzymes typically have a transition metal center that
binds and utilizes molecular oxygen and assists in the transfer
of one (in monoxygenases) or both (in dioxygenases) oxygen
atoms of molecular oxygen to a substrate. Usually in biological
systems, the reaction takes place on an iron center that is either
bound inside a heme group or located in a nonheme environment.
In addition, binuclear and multinuclear metal oxidants are
known in nature, but we will focus on mononuclear iron con-
taining enzymes and biomimetics only here. In this review, we
discuss recent advances in the understanding of substrate activa-
tion mechanisms on iron centers obtained through theoretical
modeling of enzyme active sites and biomimetic complexes.
These studies have provided explanations through thermody-
namic cycles and valence bond (VB) modeling of the origin and
nature of reaction barriers of the various oxidants. Moreover, the
trends enable one to predict barrier heights of substrate activation.
Themononuclear iron containing enzymes involved in substrate

hydroxylation reactions can roughly be divided into two classes: (i)
the heme enzymes and (ii) the nonheme enzymes. Heme enzymes
are a versatile group of enzymes that include heme mono-
xygenases, peroxidases, and catalases (1). The largest group of
heme monoxygenases in the human body is the cytochromes
P450 (P450s), which are involved in detoxification processes in
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the liver, drug metabolism, and the biosynthesis of hormones
(2–5). The P450s act as monoxygenases and activate aliphatic
C��H bonds to form alcohols, convert C¼¼C bonds into epoxides,
but also react via sulfoxidation or N-dealkylation. The general
reaction catalyzed by the P450s is given in Eq. (1) with RH a
substrate.

RHþO2 þ 2Hþ þ 2e� ! ROHþH2O (1)

Nonheme oxygen-activating dioxygenases, by contrast, do not
contain electron transfer proteins but utilize a co-substrate, usu-
ally a-ketoglutarate (aKG), to generate an active species that
hydroxylates the substrate. These enzymes have important
functions in biosystems ranging from DNA and RNA base repair
to the biosynthesis of collagen in mammals and antibiotics in
bacteria (6–9). As such a variety of different reactions are
catalyzed by heme and nonheme enzymes ranging from, for
example, oxidative cleavage of carbon��carbon bonds, mon-
ohydroxylation and dihydroxylation reactions. To understand
the differences in chemical properties between heme and non-
heme iron oxidants, extensive studies of biomimetic systems
have been reported (10–14); these studies have given insight into
the factors that influence the catalytic efficiency of the oxidant,
such as the nature of the metal and its ligand environment.
Figure 1 displays extracts of the active site of two hydroxylases,

namelycytochromeP450BM3 (P450BM3)andtaurine/a-ketoglutarate
dioxygenase (TauD) as examples of the two enzyme classes
discussed here (15,16). In P450BM3, the metal is part of a pro-
toporphyrin IX macrocycle that binds as a tetradentate ligand,
which leaves two binding sites of the metal free on opposing sites
of the heme. These two binding sites are designated distal and
axial and the ligands bound there are consequently assigned as
the distal and axial ligand. The axial ligand is an amino acid side
chain that links the metal-heme to the protein backbone. In
the P450s, generally, a cysteinate ligand binds to iron (17), whereas
in peroxidases and heme oxygenases, an imidazole group of a
histidinesidechain is theaxial ligand,while in catalasesaphenolate
group of a tyrosinate residue is found in the axial position (18).
The distal binding site in heme enzymes, therefore, is the variable
binding position and is occupied by a water molecule in the resting
state. This distal site also includes the binding pocket for the sub-
strate (N-palmitoyl-glycine in P450BM3), which does not bind
directly to the metal but in its vicinity. In this particular isozyme,
the substrate is held in position via several key hydrogen bonding
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interactions, which position the substrate into a specific orientation
and thereby drive the regioselectivity of the reaction.

A. CATALYTIC CYCLE OF TAUD ENZYMES

The active site of TauD is shown in (b) of Fig. 1 as taken from
the crystal structure of the substrates bound complex (16). Thus,
the metal is bound to the protein via linkages with two histidines
and one aspartic acid side chain via a 2His/1Asp structural motif.
This motif is a common feature in nonheme iron containing
dioxygenases, where these three ligands form a facial triad and
keep three binding sites of the metal free (19). In the resting
state of the enzyme, those three binding sites are occupied with
water molecules, but binding of aKG displaces two of those oppo-
site His99 and Asp101. The last water ligand is replaced by molec-
ular oxygen after substrate taurine binds into the binding
pocket, which is the structure shown in Fig. 1b.
The catalytic cycle of TauD has been studied extensively (20–22)

and is schematically depicted in Fig. 2 starting from the aKG-bound
structure (A).When taurine enters the substrate binding pocket the
last water ligand of the metal is released (structure B) prior
to dioxygen binding (structure C). The terminal oxygen atom of
the iron(III)–superoxo structure subsequently attacks the a-keto

N-palmitoyl-glycine

Cys400 Taurine

Asp101

a-Ketoglutarate

His255

His99

P450BM3 TauD

(a) (b)

FIG. 1. Active site of P450BM3 (a) and TauD (b) as taken from the
1JPZ and 1OS7 PDB files. Amino acids are labeled as in the PDB file.
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position of aKG to form the bicyclic ring structureD. This structure
has never been detected experimentally, but theoretical model-
ing has assigned it as an intermediate to the formation of an iron
(IV)–oxo complex (23,24). In the ring structure, the C��C bond
in aKG isweakened and decarboxylation leads to a peroxosuccinate
complex (23,24), followed by O��O cleavage to form succinate
and an iron(IV)–oxo complex (E). This iron(IV)–oxo complex has
been characterized by Resonance Raman and rapid freeze–quench
X-ray absorption spectroscopy (25,26). These studies identified a
short Fe��O bond of 1.62�0.01Å characteristic for an iron(IV)–oxo
intermediate (26). Resonance Raman spectroscopy studies
measured the 16O2/

18O2 difference spectrum of TauD, which rev-
ealed isotope shifts corresponding to an iron(IV)–oxo species. Thus
a downshift of an nFe¼O frequency from 821 to 787cm�1 was
measured due to isotopic substitution of O2 (25). Density functional
theory calculations confirmed this assignment and identified
another peak in the difference spectrum at 859cm�1 as originating
from the OOC��C stretch vibration in the succinate group that also
includes one 18O atom originating from O2 (27). The iron(IV)–oxo
species is the oxidizing species in TauD enzymes that abstracts
a hydrogen atom from taurine to form an iron(III)–hydroxo complex
(F). Finally, rebound of the hydroxo group to taurine radical
gives hydroxylated products, which are released to bring the
system back into the resting state. Further evidence of an iron
(IV)–oxo active species as active oxidant in the reactionmechanism
came from kinetic isotope effect (KIE) studies on taurine versus

FeII
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–OOC

FeII

His
O
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His

O

–OOC

+taurine +O2 FeIII
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His
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–
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FIG. 2. Catalytic cycle of TauD.
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taurine-d2 that determined a KIE of kH/kD¼37 indicative of a rate-
determining hydrogen abstraction step (28).

B. CATALYTIC CYCLE OF P450 ENZYMES

Heme monoxygenases such as the P450s undergo a catalytic
cycle that is very different from the one shown above for nonheme
enzymes, like TauD. Figure 3 shows the catalytic cycle
of P450 (29–31). Thus, in the resting state (structure G), a water

N
NN

FeIII
N

H2O

(Cpd I, M)

e

(Cpd 0, L) FeII

O

FeIII

O

FeIII

OH

FeIV FeIII

FeII
O

O2

O

O
+

+

–

e–

–

–

–

H

+
–

H

H2O

RHROH

RH

RH

O2

RH
RH

RH

RH

G

H

I

J

O–

– OO
O

–H2O

K

S

S

S

SS

S

S

FIG. 3. Catalytic cycle of P450 enzymes.
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molecule is bound in the distal position of the heme, but upon
substrate binding in the binding pocket, this water molecule
is released (structure H). Water release from the heme triggers a
low-spin (doublet) to a high-spin (sextet) transition (32). Subse-
quently, the heme is reduced (structure I) and binds molecular
oxygen (structure J). The next electron donation step is the rate-
determining step in the catalytic cycle (33) and leads to the
ferric–superoxo intermediate K. Thereafter, a proton transfer
gives the ferric–hydroperoxo intermediate, also known as Com-
pound 0 (Cpd 0). The latter has been characterized at low temper-
ature with electron paramagnetic resonance/Electron-Nuclear
DOuble Resonance, EPR/ENDOR (34), and resonance Raman
spectroscopy (35) studies. A final proton transfer then leads to
the iron(IV)–oxo heme cation radical active species (Compound I,
Cpd I, L), which is the proposed oxidant that abstracts a hydrogen
atom from the substrate (RH in Fig. 3) and rebounds the hydroxyl
group to R� to form hydroxylated products. Recent studies of Rittle
and Green (36) characterized this intermediate using UV–Visible,
Mössbauer, and EPR spectroscopies. The studies showed it to pos-
sess two unpaired electrons on the FeO group that are coupled to a
radical on the porphyrin ring. KIE studies on the reactivities of
deuterated and nondeuterated substrates implicated a rate-deter-
mining hydrogen abstraction step for the reaction as proposed by
Groves and coworkers in the late 1970s (37). As such, the catalytic
cycle of P450 is significantly different from the nonheme enzymes
like TauD. In particular, P450 enzymes require cofactors to donate
electrons and protons to convert molecular oxygen into its active
form, whereas nonheme iron systems do not require a cofactor
but use a co-substrate such as aKG instead. These differences in
catalytic cycle also have effects on the substrate hydroxylation
reactions.

II. Computational Studies of the Catalytic Activity of Heme
and Nonheme Enzymes

With the advances in density functional theory, these days
calculations can be done with good accuracy to predict experi-
mental results. In density functional theory, the wave function
(C) in the Schrödinger equation (Eq. 2) is described as a func-
tional of the electron density r(r) and is used to calculate the
electronic energy E (38,39). The Hamiltonian (H) describes all
perturbations working on the electrons, and in density functional
theory, the most common method is the B3LYP method (40,41).

7PREDICTIVE STUDIES OF OXIDATION



In density functional theory, the functional determines the de-
scription of the electron–electron interactions, which separate into
exchange (x) and correlation (c) components. Thus, Becke devel-
oped a hybrid density functional method (Eq. 3), where the total
energy calculated was benchmarked against a set of experimental
ionization potentials, electron affinities, and proton affinities of
high accuracy. These calculations provided Becke three fit
parameters (A, B, and C) that appear to be general for all
molecules (42,43). The hybrid density functional method B3LYP
contains the local density approximations for exchange of Slater
(Ex

Slater) and the one for correlation due to Vosko, Wilks, and
Nusair (Ec

VWN), respectively (44,45). It also contains the
Hartree–Fock exchange (Ex

HF), a correction factor to the exchange
due to Becke (DEx

Becke), and a correction factor to the correlation
from Lee, Yang, and Parr for nonlocal correlation effects (DEc

LYP).

HC ¼ EC (2)

EB3LYP
xc ¼ AESlater

x þ ð1� AÞEHF
x þ BDEBecke

x þ EVWN
c þ CDELYP

c

(3)

This hybrid density functional method has been extensively
applied by our group to calculate the spectroscopic and catalytic
properties of enzymatic intermediates, including the iron
(IV)–oxo species of heme and nonheme oxidants (46–48). Let us
summarize here first the direct calculations we did with respect
to experimental data, including reproducing experimental rate
constants, KIEs, and spectroscopic data.
Styrene epoxidation by a model of Cpd I of P450 was calculated

using an iron(IV)–oxo porphyrin cation radical specieswith thiolate
axial ligand, [FeIV¼¼O(Porþ�)SH] (49). It was found that the reac-
tion proceeds via two-state reactivity (TSR) on competing doublet
and quartet spin state surfaces with free energies of activation of
DG{¼20.9 (21.6)kcalmol�1 on the quartet (doublet) spin state
surfaces. In comparison, the experimental free energy of activation
of styrene epoxidation by P450cam enzymes was determined to be
24–25kcalmol�1 (50) so that our calculations reproduce experimen-
tal data within about 3kcalmol�1.
A direct comparison of computations with experimental data

was done in a collaboration of our group with the Nam group
in Seoul. These studies involved aromatic hydroxylation by a
nonheme iron(IV)–oxo oxidant with pentadentate N4Py ligand
system, where N4Py¼N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)
methylamine (51). It was found that the rate-determining step
is an electrophilic substitution to form a cationic intermediate

8 SAM P. DE VISSER



via a free energy of activation barrier of DG{¼16.1kcalmol�1 on a
quintet spin state surface. The experimental free energy of acti-
vation for anthracene hydroxylation by the same oxidant was
determined to be 19kcalmol�1 at 298K. These studies show
that generally the B3LYP method predicts free energies of acti-
vation within about 3kcalmol�1 from experiment, where the
computations tend to underestimate the barrier heights.
Subsequently, our group studied a systematic set of aliphatic

hydroxylation reactions by a model of Compound I of P450 (52)
and the iron(IV)–oxo species of TauD (53). These studies showed
that the barrier height of aliphatic hydroxylation correlates with
the strength of the C��H bond that is broken via the C��H bond
dissociation energy (BDECH). The trends gave good linearity and
implicated that the 3kcalmol�1 deviation between experimental
and B3LYP calculated free energies of activation actually is a
systematic error and that the reproducibility and linearity of
the curves was within 1kcalmol�1 (52,53).
The good agreement between experimental and calculated free

energies of activation further prompted us to calculate KIEs
(54,55). Initial calculated KIEs used the semiclassical Eyring
equation (KIEEyring), Eq. (4), which takes the free energy of
activation (DG{) difference of the hydrogen- and deuterium-
substituted reactions. In Eq. (4), the temperature is given by
T and R is the gas constant.

KIEEyring ¼ exp ðDG{
D � DG{

HÞ=RT
h i

(4)

Subsequentmodels also included tunneling corrections to the KIE
due to either Wigner (KIEWigner) or Bell (KIEBell), Eqs. (5)–(7).
Thesemodels assume that the imaginary frequency (n) in the tran-
sition state represents the potential well width and consequently
represent the ability of tunneling. In Eqs. (5)–(7), the Boltzmann
constant is given as kB and Planck's constant as h.

KIEtunneling ¼ KIEEyringQt;H=Qt;D (5)

Qt;Wigner ¼ 1þ u2
t =24 with ut ¼ hn=kBT (6)

Qt;Bell ¼ ut

2 sinð0:5utÞ �
X1
n¼1

ð�1Þn exp ðut � 2npÞDE=utð Þ
ðut � 2npÞ=ut

(7)

The potential energy profile of trans-methylphenylcyclopropane
and trans-d1-methylphenylcyclopropane hydroxylation by Com-
pound I of P450 was calculated using DFT methods, and product
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isotope effects (PIEs) were estimated from the KIE values (54,55).
The calculations predicted a PIE from the ratio of the hydrogen-
and deuterium-substituted reactions of 1.03, 1.07, and 1.20
using the Eyring, Wigner, and Bell KIE models, respectively.
These values compared very well with the experimental value
of 1.14 (56).
Finally, we did extensive studies on spectroscopic parameters

with respect to experiment. For instance, the iron(IV)–oxo vibra-
tion is known to have a strong dependence on the mass of the
oxygen atom; hence a replacement of 16O by 18O gives a lowering
of the Fe��O vibrational mode by about 35kcalmol�1. This, for
instance, has been shown in TauD by Hausinger and coworkers
(25), where the resonance Raman spectrum revealed several
oxygen sensitive bands. Thus, the 16O2/

18O2 difference spectrum
identified the iron(IV)–oxo vibration at 821cm�1 in the16O2 spec-
trum, whereas it was redshifted by 34cm�1 in the 18O2 spectrum.
Computational studies on TauD, prolyl-4-hydroxylase (P4H) and
ribonucleotide reductase models gave similar results for analo-
gous iron(IV)–oxo vibrations (27,57,58). Thus, in the case of TauD
and P4H, molecular oxygen is activated on an iron(III) center,
whereby the first oxygen atom reacts with aKG to form succinate
and CO2 and an iron(IV)–oxo species. One of the oxygen atoms
from O2 is included in a carboxylate group of succinate that is
bound to iron, while the other one is the oxo group. Therefore,
replacing 16O2 with 18O2 affects the Fe(IV)��oxo bond as well as
the Fe(IV)��O��succinate bond. In order to identify these
vibrations, we did a geometry optimization of a model of the iron
(IV)–oxo species of P4H and replaced either the oxo or the carbox-
ylate oxygen or both by 18O (58). We find an Fe¼¼O stretch vibra-
tion at nFe¼O¼811cm�1, while the stretch vibration along the
Fe��O bond between the metal and the succinate group is located
at nFe–OSucc¼857cm�1. These frequencies shift by 33 and 18cm�1,
respectively, upon replacement of 16O2 by 18O2. Our calculations
support the experimental assignment and identify the individual
vibrations. In addition, we located two bending vibrations in the
carboxylic acid group of succinate at 557cm�1 (out of plane) and
583cm�1 (in plane). Although these frequencies give little shifts
upon replacement of 16O2 by

18O2, we did notice sharp differences
in the calculated Raman intensities, whereby the higher vibration
is more Raman active in the 16O2 spectrum, and the lower one
more active in the 18O2 spectrum. Because of this, they appear as
a single peak in the resonance Raman spectrum that shifts by
about 30cm�1, but in fact are two peaks with different Raman
intensities in the 16O2 and

18O2 spectra.
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Finally, others and us calculated Mössbauer parameters of
TauD and P4H in comparison with experiment (58,59). Although
the agreement for these types of calculations is not perfect, gen-
erally the correct trend is reproduced. Recent quantum mechan-
ics/molecular mechanics studies on a doubly reduced form of
structure B in the catalytic cycle of P450 were performed and
focused on the possible low-lying electronic states (60). In partic-
ular, the relative energy difference and spectroscopic parameters
(EPR) of an FeI-porphyrin versus FeII-porphyrin anion radical
were compared.
In summary, DFT-calculated barrier heights and spectroscopic

constants using model complexes give good reproducibility of
experimental data. Generally, the deviation from experiment is
systematic rather than random.

A. COMPOUND I OF P450

The cytochromes P450 use an iron(IV)–oxo heme cation radical
active species as active oxidant, which is also known as Com-
pound I (Cpd I). Cpd I has a special electronic configuration with
three unpaired electrons: two located on orthogonal p*FeO
orbitals (p*xz and p*yz), while a third is on the heme in an orbital
that in D4h symmetry has the label a2u (61,62). Figure 4 shows
the optimized geometry of Cpd I as taken from Refs. (46,62)
and the high-lying occupied and low-lying virtual molecular
orbitals that are critical for the hydroxylation reaction mecha-
nism. The a2u orbital is a heme-based orbital that mixes

dx2−y2

a2up*xz p*yz

s*z2

s*xy

rFeO = 1.651 (1.648)
rFeS = 2.581 (2.600)

(a) (b)

FIG. 4. (a) Optimized geometry of P450 Cpd I with bond lengths in
angstroms. (b) High-lying occupied and low-lying virtual orbitals of Cpd I.
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somewhat with a lone-pair p orbital on the axial ligand (63).
Especially, a thiolate ligand mimicking a cysteinate residue gives
significant contributions in the gas phase, although environmen-
tal effects, for example, through the protein have been shown to
influence the mixing of the heme and lone-pair axial ligand
orbitals (63,64). The high-lying occupied and virtual orbitals orig-
inate from the metal 3d orbitals, and in addition, there is a high-
lying porphyrin-based orbital (a2u). The metal 3d-type orbitals
are occupied by four electrons: two in a low-lying nonbonding
orbital (dx2–y2) and the other two in antibonding orbitals for the
Fe��O interaction. Two virtual orbitals are of s* type and reflect
the antibonding interactions of the metal with the distal and
axial ligands (in s*z2) and with the heme nitrogen atoms (in
s*xy). Thus, Cpd I has electron occupation dx2�y2

2p*xz
1p*yz

1a2u
1;

however, since the interaction between the p* orbitals and the
a2u orbital is small, the system can appear in an overall quartet
or doublet spin state with the same orbital occupation. In the
doublet spin state, the two unpaired electrons in the p* orbitals
are up-spin, whereas the unpaired electron in a2u is down-spin.
As a consequence, Cpd I has almost degenerate doublet and
quartet spin states, which give rise to TSR patterns on compet-
ing doublet and quartet spin state surfaces (31,65). TSR leads
to unequal transition states during substrate oxidation and
may masquerade product distributions and KIEs.

B. TWO-STATE REACTIVITY (TSR)

Cpd I reacts with an alkane (RH) by an initial hydrogen abstrac-
tion to forman iron–hydroxo complex, Equations (8) and (9). Hydro-
gen abstraction, however, includes a one-electron transfer from the
substrate to Cpd I. Due to the fact that there are several close-lying
orbitals in Cpd I this electron transfer can either fill the p*xz orbital
or the a2u orbital with a second electron. A transfer of an extra
electron into the p* system gives an iron–hydroxo complex with
the metal in oxidation state FeIII, while the heme stays in the
cation radical situation, that is, with electron configuration
IIII¼dx2�y2

2p*xz
2p*yz

1a2u
1pR

1. The latter orbital is the substrate radi-
cal restgroup. On the other hand, electron transfer from the sub-
strate into the heme orbital keeps the metal in oxidation state FeIV

and creates an intermediate with electronic configuration
IIV¼dx2�y2

2p*xz
1p*yz

1a2u
2pR

1. Calculations on ethene epoxidation
(66) and propene hydroxylation as well as epoxidation (67,68)
showed that the two iron–hydroxo complexes, [FeIV(OH)(Por)SH]
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and [FeIII(OH)(Porþ�)SH],are close inenergyandtheir orderingand
relative energies are dependent on the nature of the environment.

½FeIV ¼ OðPorþ�ÞSH� þ RH ! ½FeIVðOHÞðPorÞSH� þ R� (8)

FeIV ¼ OðPorþ�ÞSH
h i

þ RH ! FeIIIðOHÞðPorþ�ÞSH
h i

þ R� (9)

In a subsequent step, the hydroxo group rebinds to the substrate
radical restgroup to form the alcohol products, Eq. (10). This pro-
cess transfers a second electron into the iron–-heme system and
whether it starts from [FeIV(OH)(Por)SH] or [FeIII(OH)(Porþ�)
SH] it leads to the same products complexes [FeIII(Por)SH—
ROH] (P) with electronic configuration 4P¼dx2�y2

2p*xz
1p*yz

1

s*z2
1a2u

2 or 2P¼dx2�y2
2p*xz

2p*yz
1a2u

2.

FeIVðOHÞðPorÞSH
h i

þ R� ! FeIIIðPorÞSH��� ROH
h i

(10)

An example of a calculated reaction mechanism of an aliphatic
hydroxylation process that passes the various Fe(III) and Fe(IV)
iron–hydroxo complexes (I) as taken from Ref. (68) is shown
in Fig. 5. Thus, the reaction proceeds via TSR on competing dou-
blet and quartet spin state surfaces. The initial reaction is a hydro-
gen atom abstraction via barrier TSH to form the intermediates.
In the gas phase, the [FeIV(OH)(Por)SH] complexes are lower
in energy than the [FeIII(OH)(Porþ�)SH], but addition of the
protein environment in quantummechanics/molecular mechanics

+20

+10

0

–20

ΔE
(kcal mol–1)

4Cpd I + propene

2Cpd I + propene

13.4
13.7

0.0
0.1

4TSH(IV)

2TSH(IV)

–1.3
–1.2

2IIV

4IIV

2IIIII′

2IIII
7.0

2.7
4TSreb(IV)

4P
–36.2

2P
–48.8

–10

3.5
3.5

4IIII

FIG. 5. Potential energy profile of aliphatic hydroxylation of propene
by Cpd I via either Fe(III) or Fe(IV) intermediates. Data taken from
Ref. (68).
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calculations (64) reverses the ordering. In a subsequent step, the
radical rebounds to the hydroxo group to form alcohol product
complexes. This step is barrierless on the low-spin surface but
encounters a rebound barrier of 3.9kcalmol�1 from 4IIV. Note that
in the low spin, there are two Fe(III) electronic configurations 2IIII
and 2IIII0 with occupation 2IIII¼p*yz

" a2u
# pR

" and 2IIII0¼p*yz
" a2u

"

pR
#. Thus, the TSR surface in Fig. 5 indicates that the high-spin

intermediate (4IIV) will have a finite lifetime due to an existing
rebound barrier, whereas on the low-spin surface rebound is
barrierless and the lifetime of 2IIV will be negligible. These
differences may affect product distributions as for instance rear-
rangement and stereochemical scrambling can occur during the
lifetime of the intermediate, while this is unlikely on the low-spin
surface (69,70).

C. VB DESCRIPTION OF POTENTIAL ENERGY SURFACES

In this section, we explain the basic features of a VB curve-
crossing diagram, which was designed to explain hydrogen
abstraction barriers through electron transfer mechanisms
(71–74). Figure 6 gives a basic description of a VB curve-crossing
diagram. The system starts in the reactant geometry on the bot-
tom left of the figure, where the system is described by the

GH

0.0

Reaction coordinate

ΔEc

ΔE‡

ΔE‡ = ΔEc –B

Reactant

yr*
yp*

yp

yr

B

Product

E

FIG. 6. General description of a VB curve-crossing diagram.
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reactant wave function Cr. On the right-hand side of the figure is
the alcohol product complex, which has product wave function
Cp. The curve-crossing diagram is created by making a connec-
tion between the reactant and the product wave functions. These
two wave functions are described by different electronic
situations, that is, orbital occupation. Thus, the product elec-
tronic situation corresponds to an excited state in the reactant
geometry with wave function Cr*. Similarly, the reactant elec-
tronic situation is an excited state in the product geometry with
wave function Cp* and connects to Cr. These reactant and prod-
uct wave functions with their individual electron distributions
cross each other and give rise to an avoided crossing, that is, a
transition state for the reaction. In VB theory, the barrier height
(DE{) is described as a function of the excitation energies of these
processes. The excitation energy in the reactant geometry from
the reactant wave function to Cr* is defined through the promo-
tion energy gap GH. The height of the crossing point is DEc but
the actual transition state energy (DE{) is a bit lower in energy
by a factor B that represents the resonance energy, Eq. (11).
Moreover, substituting DEc by a fraction of the excitation energy
GH gives the barrier height as a function of the resonance energy
and the promotion gap (Eq. 11). The latter will be used to predict
barrier heights of hydrogen abstraction reactions of which we
will show several examples later in this review paper.

DE{ ¼ DEc � B ¼ f GH � B (11)

In the next few sections, we will describe examples where we
used VB curve crossing diagrams to predict trends in oxygen
atom transfer reactions.

III. Trends in Substrate Oxidation Reactions

The cytochromes P450 catalyze a range of different reaction pro-
cesses including aliphatic and aromatic hydroxylation, C¼¼C dou-
ble-bond epoxidation, heteroatom oxidation (sulfoxidation), N-
dealkylation, and dehydrogenation. Many of these reaction
mechanisms have been elucidated with computational studies
that have given insight into the electron transfer processes and
the reactions leading to by-products. The most intensely studied
reaction mechanism is substrate hydroxylation, which has rele-
vance to the biotechnological industry. Understanding the cata-
lytic mechanism of substrate hydroxylation by the P450s,
therefore, has always been a key target in this research area. We
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will start with a detailed analysis of computational methods (DFT
as well as VB) that have given fundamental insight into the reac-
tion process in Section III.A. Figure 7 displays three more oxygen
atom transfer processes catalyzed by the P450s, namely aromatic
hydroxylation, sulfoxidation, and epoxidation. Electronically, the
substrate epoxidation process, pathway (b) in Fig. 7, shows many
similarities to aliphatic hydroxylation, and its mechanism and
properties are discussed in Section III.B. Aromatic hydroxylation,
pathway (c) in Fig. 7, and sulfoxidation, pathway (d) in Fig. 7, by
contrast, proceed via electrophilic addition reactions, and there-
fore, we will discuss these mechanisms separately in Sections III.
C and III.D, respectively.

A. ALIPHATIC HYDROXYLATION

To gain insight into the factors that determine the reactivity of
oxidants, such as Compound I of P450 in substrate hydroxylation
reactions, a systematic study on hydrogen atom abstraction
reactions by [FeIV¼¼O(Porþ�)SH] was performed (52). These
studies used the following substrates: methane, ethane, propane
(1� as well as 2� C��H bonds), propene (aliphatic), toluene (ali-
phatic), ethylbenzene (benzyl C��H bond), trans-methyl phenyl
cyclopropane, trans-i-propyl phenyl cyclopropane, N,N-dimethyl
aniline, and camphor. Initially, the potential energy profile of
hydrogen atom abstraction was calculated and all showed simi-
larity to the one shown above in Fig. 5. In all cases, the reactions
are stepwise with a rate-determining step for the hydrogen atom

N
NN

FeIV

N

O

OO–

–

O

S

OC H

C
H

O

X H

X O
H

S

S O

(a)
O

(b)

(c) (d)

FIG. 7. Different reaction mechanisms catalyzed by Compound I of
P450.
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abstraction that is followed with a much smaller rebound barrier
to form alcohol products. Experimental studies on hydrogen
atom abstraction by a range of metal-oxo oxidants determined
a linear correlation between the natural logarithm of the rate
constant and the BDECH of the C��H bond broken in this process
(75–79). The BDECH value representing the energy to break the
C��H bond in substrate Sub–H is defined in Eq. (12).

Sub�H ! Sub� þH� þ BDECH (12)

The correlation between hydrogen abstraction barrier (DE{) and
BDECH for the 11 hydrogen atom abstraction reactions we calcu-
lated is given in Fig. 8. Indeed in agreement with experimental
observations, a linear correlation between barrier height (or nat-
ural logarithm of the rate constant) and BDECH is observed. To
understand the origin of this correlation between barrier height
and BDECH, we have set up a VB curve-crossing diagram that
explains the electron transfer processes for the hydroxylation
reaction (see Fig. 9).
Figure 9 starts on the bottom left-hand side with the reactants

configurations (Cpd I of P450þsubstrate, RH) and proceeds via
a radical intermediate and finally leads to alcohol products.
The p-system in the Fe��O bond in Cpd I is occupied with six
electrons (pxz

2pyz
2p*xz

1p*yz
1): we display these electrons with a

dot next to the atoms in Fig. 9. Thus, the group spin density of
the half-filled p*xz and p*yz molecular orbitals in Cpd I gives
approximately 50% spin density on the iron and 50% spin den-
sity on the oxygen atom. As a consequence, there are two electro-
mers K1 and K2 with the same orbital occupation. In addition to
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BDECH (kcal mol–1)
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FIG. 8. Correlation between hydrogen abstraction barrier (DE{) and
BDECH with data taken from Ref. (52).
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these two unpaired electrons in the p*xz and p*yz orbitals, there is
another unpaired electron in a porphyrin-based orbital that in
D4h symmetry has the a2u label. The reactant wave function with
p*xz

1p*yz
1a2u

1 configuration is Cr. In VB theory, a reactant wave
function is connected with an excited state in the product geometry
with wave functionCp*. The ground state products have the metal
in oxidation state Fe(III) with doublet spin configuration
d2p*xz

2p*yz
1a2u

2 or with quartet spin configuration
d2p*xz

1p*yz
1s*z2

1a2u
2. These product wave functions (Cp) connect

to an excited state in the reactant geometry (Cr*). In principle,
the two VB curves cross and give rise to an avoided crossing and
a concerted barrier for hydrogen atom abstraction. However, the
VB curve is intercepted by an intermediate wave function CI(IV)
that represents a radical intermediate with [FeIV(OH)(Por)SH—
R�] configuration and orbital occupation d2p*xz

1p*yz
1a2u

2fR
1, where

the latter orbital represents the radical on the substrate restgroup.
The curve crossing between CI(IV) and Cr gives rise to a hydrogen
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–
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FIG. 9. VB curve-crossing mechanism for the hydroxylation reaction
by the iron(IV)-oxo species of P450 via an [FeIV(OH)(Por)SH—R�]
intermediate.
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atom abstraction barrier (TSH), while the one between CI(IV) and
Cp gives a rebound barrier (TSreb). We will focus here on the hydro-
gen atom abstraction barrier, however. Details on the rebound step
can be found in Refs. (52,73,74,80).
The VB curve-crossing diagram displayed in Fig. 9 explains

that the reaction is stepwise via a radical intermediate followed
by a radical rebound barrier to give alcohol products. In VB the-
ory, the barrier height can be described by Eq. (11) above and is
proportional to the curve crossing energy and the resonance
energy (B). The curve crossing energy is a function of the excita-
tion energy (or promotion gap) from the ground state wave func-
tion to the product-type excited state wave function in the
geometry of the reactants. As follows from the structures drawn
in Fig. 9, this excitation energy refers to a singlet–triplet excita-
tion in the C��H bond of the substrate. This energy difference is
proportional to the strength of the C��H bond and hence will cor-
relate with BDECH. We recently showed a correlation between
barrier height and BDECH for aliphatic hydroxylation by
[FeIV¼¼O(Porþ�)SH] as well as by the iron(IV)-oxo species of
TauD (52,53).
The VB model (Eq. 11) was used to predict hydrogen abstrac-

tion barriers from empirical data (52). An average deviation from
experiment of between 1.5 and 2.0kcalmol�1 was found for
hydrogen atom abstraction from substrates by [FeIV¼¼O(Porþ�)
SH]. Similar reproducibility of DFT-calculated barrier heights
was obtained using a nonheme iron(IV)-oxo oxidant mimicking
the active species of TauD (53). Therefore, the VB model
described by Eq. (11) can be used to predict hydrogen abstraction
barrier heights of substrates.
Recent studies (81) on the axial ligand effect on substrate

hydroxylation further generalized the H�abstraction trends
and showed that the trends are also applicable when one sub-
strate and a selection of oxidants is investigated. However, the
free energy of activation in that case is proportional to BDEOH
rather than BDECH, which was explained with a VB diagram.

B. EPOXIDATION

P450 enzymes activate substrates with C¼¼C double bonds, for
instance from monounsaturated fatty acids, to form epoxides as
an initial step in their metabolism. Quite a few biochemical stud-
ies focused on the products observed from double-bond activation
using, for example, propene, cyclohexene, and styrene as
substrates (82–86). Subsequent computational studies provided
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a mechanism of formation of epoxide products as well as by-
products including suicidal complexes and aldehydes (49,66–70).
Thus, it was found that the reaction is stepwise via a radical
intermediate (I), while a concerted synchronous reaction
proceeded via a second-order saddle point (87). A typically calcu-
lated reaction mechanism for 1-butene epoxidation by [FeIV¼¼O
(Porþ�)SH] is shown in Fig. 10 with data taken from Ref. (88).
Alkene activation by Compound I of P450 takes place on close-

lying doublet and quartet spin state surfaces with a rate-deter-
mining electrophilic addition of the oxo group to the terminal
carbon atom of the double bond with transition state TSE. The
intermediates (4,2I) are radicalar with orbital occupation
d2p*xz

1p*yz
1a2u

2fR
1, which resemble the configuration of the

radical intermediates obtained after hydrogen atom abstraction.
Similar to aliphatic hydroxylation, also substrate epoxidation
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FIG. 10. Potential energy profile for the epoxidation reaction of
1-butene by 4,2[FeIV¼¼O(Porþ�)SH] as calculated with DFT methods.
Data taken from Ref. (88).

20 SAM P. DE VISSER



gives close-lying mechanisms via either iron(III)- or iron(IV)-
based intermediates (66–68), but we will focus on the lowest
lying mechanisms that pass an iron(IV) intermediate only here.
A ring-closure transition state (TSrc) separates intermediates
from epoxide products (4,2P). The ring-closure transition state is
negligible on the low-spin surface and small on the high-spin sur-
face due to electron transfer from the substrate in the low-lying
p*xz orbital in the doublet spin state as compared to a virtual
s*z2 orbital in the quartet spin state. This difference in barrier
height has been assigned as the reason for the stereospecific
epoxidation of substrates by P450 enzymes (69).
A systematic study of substrate epoxidation by [FeIV¼¼O(Porþ�)

SH]was done using a range of different olefins: ethene (1), propene
(2), 1-butene (3), trans-2-butene (4), 1,3-cyclohexadiene (5), 1,4-
cyclohexadiene (6), and styrene (7). All reactions proceed via TSR
patterns with close-lying doublet and quartet spin states and a
potential energy profile similar to that given for 1-butene in
Fig. 10. In all cases, the first barrier (via TSE) is rate determining
and the ring-closure barriers are small. It was reasoned (88) that
the barrier height (TSE) is proportional to the breaking of the dou-
ble bond in the olefin. Generally, the lowest ionization energy (IE)
of an olefin refers to removal of an electron froma p-bond in the ole-
fin, and hence, IE could be the controlling factor for the barrier
height. The inset of Fig. 10 indeed confirms the hypothesis and dis-
plays the correlation between barrier height and olefin IE.
To explain the observed trends, a VB curve-crossing diagram

was set up, which is summarized in Fig. 11. This diagram shows
similarities to the one given above for aliphatic hydroxylation
and is also anchored by the reactant and product wave functions,
Cr and Cp. These curves are also bisected by an intermediate
wave function for either an iron(III) or iron(IV) intermediate.
Again the lowest lying surface in the gas phase is the one that
passes the iron(IV) intermediate, so we will focus on this inter-
mediate only. The curve crossing between the intermediate and
reactant wave functions gives rise to an electrophilic addition
barrier (TSE), which is proportional to the promotion gap in the
reactant geometry for the singlet–triplet excitation in the C¼¼C
bond of the olefin. This singlet–triplet excitation is proportional
to the IE of an electron from this bond and hence confirms the
correlation between barrier height and IE. The VB diagram also
explains why the reaction is stepwise via a radical intermediate.
Using DFT-calculated singlet-triplet p–p* excitation energies

of substrates and the VB model in Eq. (11), barrier heights were
predicted from empirical values. Generally, the DFT-calculated
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barriers were reproduced within 1.4kcalmol�1, and therefore,
the model can be used to predict barrier heights.

C. SULFOXIDATION

Many P450 isozymes catalyze heteroatom oxidations, such as
sulfoxidation, of substrates (89–92). Thus, the biodegradation of
the pesticide aldicarb as well as neuroleptic drugs in the liver pro-
ceed through substrate sulfoxidation by P450 isozymes (93,94).
Mechanistic studies on substrate sulfoxidation by P450 enzymes
and biomimetic models have been performed (95–99) and
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FIG. 11. VB curve-crossing diagram for substrate epoxidation by
Compound I of P450.
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implicate a concerted reaction mechanism. Computational (DFT
and QM/MM) studies supported the work and characterized the
iron(IV)–oxo heme cation radical (Compound I, Cpd I) as the active
oxidant (100–104). Watanabe and coworkers highlighted the rela-
tionship between the rate constant of substrate sulfoxidation by
P450 enzymes with the ionization potential (IE) of the substrate
(105). Recently, this correlation was explained using a VB curve-
crossing diagram (106,107).
Figure 12 displays the correlation between barrier height for

substrate sulfoxidation by [FeIV¼¼O(Porþ�)SH] as a function of
IE (108) using the following substrates: hydrogen sulfide,
methylmercaptane, dimethylsulfide, ethylmercaptane, ethyl-met-
hylsulfide, diethylsulfide, and ethyl-phenylsulfide. As can be seen
that the correlation is good and confirms the trends observed by
Watanabe and coworkers.
To understand the correlation between sulfoxidation barrier

height and ionization potential of the substrate, also here a VB
curve-crossing diagramwas set up (106), which is shown in Fig. 13.
In contrast to aliphatic hydroxylation and epoxidation discussed
above, the sulfoxidation reaction is concerted without a reaction
intermediate. Therefore, the reactants connect with products
directly and the promotion gap as a result reflects the excitation
energy from the reactant wave function to the product wave func-
tion in the reactant geometry. The excited wave function Cp*
essentially refers to the one-electron transfer from substrate to
oxidant; hence it is proportional to the IE of the substrate and
the electron affinity of the oxidant. Consequently, the correlation
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FIG. 12. Barrier heights (DEþZPE) calculated at B3LYP level of the-
ory as a function of ionization energy (IE) for a range of substrate
sulfoxidation reactions by [FeIV¼¼O(Porþ�)SH].
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between ionization potential and barrier height is the result of the
electron transfer processes during the reaction mechanism.

D. AROMATIC HYDROXYLATION

Recently, aromatic hydroxylation has also been described
using VB curve-crossing diagrams (108). The cytochromes P450
hydroxylate arenes as a means of detoxification in the body.
The activation of aromatic substrates by P450 enzymes
generates several products, including phenols, arene oxides,
and ketons. Experimental studies concluded that arene oxides
are intermediates in the reaction leading to phenol products

yp*

ypyr

yr*

GH,r

0.0

S–O activation

ΔEc

ΔE‡

Reactant

B

P

E

GH, r = Elp(S) IERSR′

FeIV

SH

O

( +) ( +)FeIV

SH

O

R

S R′

R

S R′

FeIV

SH

O–

R

S
+

R′

FeIV

SH

–O

R

+S R′

FeIV

SH

O

R

S R′

(  +)

FIG. 13. Valence bond curve-crossing diagram for substrate
sulfoxidation by [FeIV¼¼O(Porþ�)SH].

24 SAM P. DE VISSER



(109–114). Extensive density functional theory studies on the
activation of aromatic substrates were performed and gave fur-
ther insight into the mechanisms leading to phenols, arene
oxides, and ketons (102,115–121,122).
The DFT-calculated mechanism of aromatic hydroxylation of

benzene is schematically depicted in Fig. 14. Thus, aromatic
hydroxylation starts with an electrophilic attack of the oxo group
on one of the carbon atoms of the aromatic ring to form a cationic
Meisenheimer complex (2Icat) via a transition state (2TS1,3) of
about 18.1kcalmol�1 in the gas phase. This intermediate is
characterized with an orbital occupation of d2p*xz

2p*yz
1a2u

2 and
consequently refers to a two-electron transfer from the substrate
to oxidant. The cationic intermediate appears to be the central
intermediate that leads to the formation of all possible reaction
products, namely phenols, ketons, and arene oxides.
First, a ring-closure barrier (2TS3,4) leads to arene oxide

products directly. Second, a proton-shuttle mechanism transfers
the ipso-proton from the substrate in 2Icat to one of the nitrogen
atoms of the porphyrin ring to give the proton-transfer interme-
diate (2PT) via a barrier 2TS3,5. In

2PT, the aromaticity has come
back into the ring, and the structure can be seen as a phenolate

O

OH

O H
H

2A
+1.4

13.5

2TS3,4

2TS1,3
18.1

0.0
2Cpd I + C6H6
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2K
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Ring
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ΔE
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H12.3

FIG. 14. B3LYP-calculated mechanism of the activation of benzene
by [FeIV¼¼O(Porþ�)SH] leading to phenol (P), keton (K), and arene
oxide (A) products. Energies calculated in the gas phase relative to
isolated reactants.
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bound to iron inside a protonated porphyrin group. From this
point, the mechanism further bifurcates and gives reshuttle of
the proton to either the oxygen atom to form phenol (2P) or the
ortho-carbon atom of phenolate to give 2,4-cyclohexenone (2K)
via transition state 2TS5,7. The calculations give a tiny barrier
for formation of phenol products and a somewhat higher barrier
(about 10.1kcalmol�1) leading to ketons.
In order to understand the calculated reaction mechanism, a

VB curve-crossing diagram was set up (108), which is schemat-
ically depicted in Fig. 15. Similar to the curve-crossing diagrams
discussed above, the reaction starts bottom left with the
reactants configuration with wave function Cr. For simplicity,
we only give the mechanism leading to epoxide products, but
the other pathways give similar curve-crossing diagrams. The
product configuration (Cp) connects to an excited state in the
reactant geometry with a dominant charge-transfer (ionic)

K1 K2

E

( +)Fe
IV

SH

O

( +)Fe
IV

SH

O

K1 K2

2yr
2yp

2yr*

2yl*(IV)
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FIG. 15. VB curve-crossing diagram for aromatic hydroxylation by
[FeIV¼¼O(Porþ�)SH].
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configuration (Cr*). Also here there is an intermediate curve via
a radical intermediate and the curve crossing between the radi-
cal state and the reactants gives rise to a C��O activation barrier
(2TS1,3), whereas the curve crossing between the radical state
and the products gives a ring-closure transition state (2TS3,4).
The excitation energy in the reactant configuration from Cr to
CI*(IV) reflects a one-electron transfer from p* to a2u and splits
the double-bond electrons into a triplet spin conformation. Thus,
a singlet–triplet excitation in the aromatic ring is proportional to
the IE of the substrate; hence, the barrier height correlates
with IE as follows from the systematic studies. Since the charge-
transfer curve in the intermediate structure is not far from the
radical curve, mixing of both curves occurs in both the transition
state (2TS1,3) and the intermediate complexes. Indeed, the DFT
calculations gave transition states with noninteger charge and
spin density on the benzene restgroup (115).
Recent studies of ours (123) on the axial ligand effect of aro-

matic hydroxylation by [FeIV¼O(Porþ•)X] with X a variable axial
ligand showed that the axial ligand effect manifests itself on the
kinetics of a chemical reaction, whereby the free energy of activa-
tion was found to be proportional to BDEOH.

IV. Outlook and Conclusions

This review gives a summary of recent attempts to rationalize
oxygen atom transfer reactions by iron(IV)-oxo oxidants such as
the active oxidant of P450 enzymes. Using VB curve-crossing
models and systematic studies with density functional theory
methods the factors that affect the rate-determining steps in
the reaction mechanisms are rationalized. These studies have
focused on aliphatic and aromatic hydroxylation, epoxidation
and sulfoxidation. The studies give insight into the various
mechanisms and the electron transfer processes that take place.
Moreover, the calculations explain the regioselectivity of the var-
ious processes. Finally, the VB models can make predictions of
barrier heights from empirical data.
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ABSTRACT

The heme dioxygenase enzymes involved in tryptophan oxida-
tion catalyse the first and rate-limiting step in the kynurenine
pathway—the O2-dependent oxidation of l-tryptophan to
N-formylkynurenine. In the past 10 years, there have been sub-
stantial new developments, including new structural information,
bacterial expression systems for a number of dioxygenases,
contributions from computational chemistry, and emerging
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mechanistic data from site-directed mutagenesis. This review
summarizes these recent contributions.

Keywords: Heme; Iron; Dioxygenases.

I. Introduction

The heme dioxygenase enzymes involved in tryptophan oxida-
tion catalyze the first and rate-limiting step in the kynurenine
pathway—the O2-dependent oxidation of L-tryptophan to
N-formylkynurenine. This reaction is unique in heme chemistry
and differentiates these enzymes from the better-known cyto-
chrome P450 and peroxidase enzymes. These enzymes are
referred to in the very early literature as “tryptophan pyrrolase”
(1–3) (and even as “tryptophan peroxidase-oxidase” (4)) and only
later did the nomenclature converge on either tryptophan 2,3-
dioxygenase (TDO) or indoleamine 2,3-dioxygenase (IDO). In
fact, both TDO and IDO catalyze the same reaction, with the dif-
ferent nomenclatures merely reflecting the generally wider sub-
strate specificity of the IDOs, which react with variously
substituted indole compounds, compared to the more substrate-
specific TDOs.
The first report of activity towards tryptophan came more than

70 years ago (1), but the vast majority of the early work on
purified enzymes was carried out in the 1970s and 1980s. This
work has been previously reviewed by Sono and Dawson (5) as
part of a larger review on heme-containing oxygenases. In the
past 10 years, there have been substantial new developments,
including new structural information, bacterial expression sys-
tems for a number of dioxygenases, contributions from computa-
tional chemistry, and emerging mechanistic data from site-
directed mutagenesis. This review summarizes these recent con-
tributions and attempts to present a concise, comparative sum-
mary that is relevant to those with a broader interest in heme
protein structure and function.

II. Physiological Function

TDO and IDO activate molecular oxygen and catalyze its inser-
tion into L-Trp to form N-formylkynurenine (Scheme 1) in the first
and rate-limiting step in the kynurenine pathway. The kynurenine
pathway is responsible for processing over 90% of the L-Trp utilized
by humans so that both IDO and TDO play a central role in the
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physiological regulation of tryptophan, controlling the kynurenine
pathway and influencing serotogenic regulation. The buildup of
pathway metabolites such as quinolinic acid and L-kynurenine can
lead to numerous physiological and pathophysiological conditions,
such as multiple sclerosis, AIDS-related dementia, and ischemic
brain injury (6–8). The kynurenine pathway metabolites 3-
hydroxyanthranilic acid and 3-hydroxykynurenine have also been
implicated in cataract formation when present at high con-
centrations (9), and some kynurenine pathwaymetabolites can con-
tribute to immunosuppressive pathways and suppress proliferation
(and even cause apoptosis) of T cells (although the mechanisms of
action of such metabolites are unknown) (10–12). In addition, the
local depletion of tryptophanby IDO/TDO is associatedwith antimi-
crobial responses or with immune regulation by IDO (13). Some
pathogens are sensitive to tryptophan degradation, and this may
be an effectivemechanism for controlling their ability to proliferate.
Although both enzymes catalyze the same reaction, compart-

mentalization of IDO and TDO expression is thought to reflect
their differing biological roles and it has been suggested (14) that
thedifferent substrate binding specificities of the ferric and ferrous
forms of IDO and TDOmight be linked to their physiological loca-
tion. IDO is found inmanyeukaryoteswhere it is expressedubiqui-
tously throughout the body, except for in the liver. TDOexpression,
on the other hand, is normally restricted to the liver. IDO plays an
active role in thehumanbody's immune response, but there is little
evidence to suggest that TDO plays a part in this process.

III. Heme Coordination Environment

In the absence of structural information, therewas good reason to
suppose that the heme active site in IDO and TDO contained a
histidine residue. It had been noted that therewas sequence homol-
ogywith a group of IDO-likemyoglobins, whichwere also presumed
to contain a distal histidine (reviewed inRef. (15)). The involvement

N-formylkynurenine

IDO / TDO

N
H

CO2
-

NH3
+

O

O
+ O2

Tryptophan

N
H

34

5

6

7

1
2

NH3
+

CO2
-

SCHEME 1. The reaction catalyzed by the heme dioxygenase enzymes.
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of an active site histidine in O2 binding to the globins was well
established (16) (theperoxidase enzymesalsoemploysimilarhydro-
gen bonding interactions (17–20)), which lent credibility to the pro-
posal of a similar mechanism for stabilization of the O2-bound
complex. Additional evidence came from studies with enzyme
inhibitors (21), from which it had been concluded that the reaction
mechanismwascriticallydependentonthepresenceofanactivesite
base, presumed to be histidine. Alongside this information, spectro-
scopic evidence at cryogenic temperatures (reviewed previously in
some detail (5)) had suggested the presence of a low-spin heme spe-
cies under certain conditions. Many of the spectroscopic features
were similar to those found for bis-nitrogenous heme coordination
and it was concluded that the distal pocket contained a histidine.
These low-spin features were even observed later on for recombi-
nant proteins too (22,23), but we now know that these data were
somewhat misleading and are likely artifacts of the cryogenic
conditions, since not all dioxygenases (human IDO is a good exam-
ple) contain a distal histidine.
A consensus of spectroscopic data (EPR, MCD) for a number

of dioxygenases has together revealed the presence of both water-
bound, high-spin species and hydroxide-bound, low-spin species
in solution (14,22–25), the populations of which are often pH
dependent. The crystal structures of both human IDO (hIDO)
and Xanthomonas campestris TDO in the ferric state a histidine
residue ligating the heme iron in the proximal position (26,27).
The precise balance of high-spin:low-spin heme likely varies
between different enzymes and is probably affected by specific
structural details contained within the active site. In the peroxi-
dase enzymes, similar variations in heme coordination geometry
are observed that do not appear to affect the reaction with peroxide
to any great extent. By analogy, and since the reaction mechanism
involves an initial reduction of the ferric heme to ferrous and com-
plete loss of the water molecule, it is unlikely that the balance of
high-spin:low-spin heme affects activity. Spectroscopic artifacts
(often at cryogenic temperatures) relating to heme coordination
are well known in other catalytic heme enzymes, and the earlier
spectroscopic interpretations for TDO may well also have been
complicated by the fact that the heme groups of the tetramer have
now been shown to be inequivalent (25).

IV. Steady-State Activity

The dioxygenases are not spectacularly fast enzymes. The rate
of catalysis varies slightly across the family of dioxygenases, with
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kcat values for L-Trp turnover of �1–2s�1 for mammalian
proteins and slightly faster rates of �15–20s�1 for most bacterial
TDO enzymes (14,22,23,28–32). Although both enzymes catalyze
the same reaction, they are distinct not only in their ability to
utilize different substrates but also in their stereospecificity.
IDO catalyzes the insertion of dioxygen into both D- and L-trypto-
phan, while almost all TDO enzymes are completely inactive
toward D-Trp. Historically, this distinction led to the categoriza-
tion of the enzymes as either IDOs or TDOs, but two TDO
enzymes (from Bacillus brevis and rat liver) have been shown
to have limited D-Trp-dependent activity (33).

V. Expression Systems

In the past several years, expression systems for various
enzymes have been published. The first was for human IDO
(34). Table I gives a summary of bacterial expression systems
for other mammalian and bacterial enzymes. This availability
of new expression systems opened the door for mutagenesis and
structural biology programs. In a few cases, structures have been
published (26,27,40) as explained below.

VI. Crystal Structures

A. THE STRUCTURE OF HUMAN IDO

The first crystal structure was for recombinant human IDO
(27) which was crystallized with the inhibitor 4-phenylimidazole
bound to the heme iron. Human IDO is a monomeric protein
which is folded into two distinct domains: a large (C-terminal)

TABLE I

SUMMARY OF EXPRESSION SYSTEMS FOR IDO AND TDO

Enzyme Species References

Indoleamine 2,3-dioxygenase Human 22,27,32,34,35
Mouse 32
S. oneidensis 26

Tryptophan 2,3-dioxygenase Human 14,28,36
Rat 37–39
X. campestris 26
R. metallidurans 40
Mosquito 41,42
Scallop 43
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domain and a small (N-terminal) capping domain, joined by a
long loop (Fig. 1).1 The larger domain is completely helical with
a fold unique to this family of proteins, and interdomain contact
is extensive. This larger domain is in essence topologically iden-
tical to the protomer of the tetrameric TDO, with all the
structures readily superposable.
The heme-binding pocket of IDO is located mainly within the

larger domain, close to the domain interface. The active site (Fig. 2)
confirmed some of the earlier predictions but also contained some
unexpected surprises (27). The structure revealed the presence of
a proximal histidine, which was in agreement with predictions on
the heme ligation from spectroscopy (5) andwithmore recentmuta-
genesis work in whichHis346 had been predicted (45) as the ligand.
Asp274 on the proximal side had been suggested frommutagenesis
(45) either to bind directly to the heme, which the structure shows

FIG. 1. The overall structure of human IDO (27), showing the large
(red) and small (blue) domains, the loop region (yellow), the heme (in
green), the proximal histidine residue (His346, red), and the bound
inhibitor 4-phenylimidazole (green). This figure was prepared using
Pymol (44).

1A small anomaly of the structure was that the enzyme crystallized as a cross-
linked dimer linked by a disulfide bridge (Cys308 in each monomer), even
though in solution there is no evidence for such a cross-link.
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not to be the case, or to maintain a suitable conformation of the
heme pocket. This latter hypothesis proved correct since there is
an electrostatic interaction between this residue and Arg343 which
is presumably important for maintaining the overall structure
(Fig. 2). The IDO molecule as a whole contains a large number of
hydrophobic Phe and Tyr aromatic residues (not shown), including
in the distal hemepocket (Fig. 2), which presumably helps to accom-
modate binding of thehydrophobic side chain of the tryptophan sub-
strate. Most surprisingly, and in direct conflict with the literature
proposals on themechanism (5) (see below), there isnohistidine res-
idue in the distal pocket. At least for IDO, therefore, the low-spin
(presumed bis-nitrogenous (5)) species observed spectroscopically
(22,23,46), Section III, cannot arise from coordination of a distal his-
tidine to the heme. In fact, the entire IDO active site is almost
completely devoid of polar residues: Ser167 is the only candidate
(Fig. 2), but this residue was later shown by mutagenesis (30) not
to be essential for O2 or substrate binding, or for turnover.
A structure has also been published for the Shewanella

oneidensis IDO (26), and this shows similar features in the
active site.

R343

D274

H346

F227

R231F226

F163

F164

S167

C129

FIG. 2. The active site of human IDO (27) with the heme in red.
There is a molecule of the inhibitor 4-phenylimidazole (green) bound
to the heme iron in the structure, and two molecules of the crystalliza-
tion buffer (CHES, not shown) in the active site. This figure was
prepared using Pymol (44).
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B. THE STRUCTURES OF TDOS

The TDOs from Ralstonia metallidurans and X. campestris
(xTDO) (26,40) have high (�50%) sequence identity, and their
overall structures are essentially identical. The overall structure
of xTDO is shown in Fig. 3. Both TDOs are homotetrameric and
are perhaps best described as a “dimer of dimers” because the
N-terminal region (residues Arg21-Leu40 of the X. campestris
enzyme; Fig. 3) of each monomer infiltrates the active site of
the adjacent monomer and is crucial for substrate binding. The
crystal structure of the bacterial X. campestris TDO to a large
extent confirmed the generally hydrophobic nature of the active
site and revealed high structural similarity between the TDO
and IDO active sites (Fig. 4).

C. THE STRUCTURE OF THE SUBSTRATE-BOUND COMPLEX

AND THE INVOLVEMENT OF AN ACTIVE SITE HISTIDINE

The structure of the substrate-bound complex of the X. cam-
pestris enzyme has also been published. There are ionic
interactions with Arg117, also presumably present in hIDO

FIG. 3. The overall structure of xTDO (26), showing the tetrameric
structure.
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(to Arg231) and R. metallidurans TDO (Arg134), and to the
heme propionate (Fig. 5). These ionic interactions would explain
why substrate binding is sensitive to substitutions at these
charged positions (e.g., D-Trp, tryptamine, indole propionic acid,
tryptophanol (5,14,26,28,29,40,47,48); Scheme 2) and in some
cases (e.g., tryptamine, indole propionic acid, tryptophanol;
Scheme 2) essentially eliminates activity altogether (14).
In contrast to hIDO, for the bacterial xTDO enzyme, there is a

distal histidine residue (His55) which overlays with the equiva-
lent (Ser167) residue in human IDO (Fig. 5), and which hydrogen
bonds to the indole proton on N1. Although, in principle, this
seemed to imply that the base-catalyzed abstraction mechanism
may indeed be possible, as discussed below (Scheme 4), site-
directed mutagenesis data (54) do not support this because the
X. campestris H55A variant is still catalytically active, albeit at
a lower level (kcat ca. 10% of the wild-type value). The interpreta-
tion is not completely unambiguous however, and others have
drawn different conclusions (29). In human TDO, the residue
corresponding to His55 in X. campestris is thought to be His76;
mutation of His76 also reduces activity and by a similar amount

I52
(F164)

H55
(S167)

F51
(F163)

R117
(R231)

Y113
(F226)

H240
(H346)

FIG. 4. An overlay of X. campestris TDO (green (26)) and hIDO
(white (27)), showing the active site residues (in parentheses for hIDO).
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(kcat ca. 10% of the wild-type value) to the H55 variants of
X. campestris. This has been interpreted (29) as evidence for an
essential role for His76 in TDO. In cases where His is present
in the active site (for X. campestris and R. metallidurans TDO,
for instance, and also assumed for hTDO (His76)), its full role
is not yet established, although it might be involved in
disfavoring substrate binding to the oxidized enzyme (54) or in
holding the substrate in a very precise orientation suitable for
cleavage of the C2��C3 bond. This would fit with spectroscopic
work (56), which shows that substrate binding “locks” the bound
O2 into a single conformation (presumably suitably oriented
for C2��C3 bond cleavage).

VII. Reaction Mechanism

A. LITERATURE PROPOSALS

The most cursory glance at the literature would quickly lead to
one to conclude that the mechanism of catalysis was cast in stone.
The reaction had been proposed as occurring through either
Criegee (49) or dioxetane (57) pathways (Scheme 3) and has been

F126

R117

Y113

F51

H55

FIG. 5. The substrate binding site in X. campestris TDO (26),
showing the substrate (orange) and the associated bonding
interactions.
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SCHEME 3. Previous proposals (5,21,49) for the reaction mechanism
in the heme dioxygenases via either Criegee (blue) or dioxetane (red)
pathways.
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widely reproduced. It is a curiosity of the literature that these
proposals became deeply entrenched despite the fact that there
was barely any experimental evidence for either of them. One fea-
ture of the mechanism is that only a single initial reduction of the
heme is required for turnover and that there is no further change
in oxidation state of the heme iron during turnover, which is differ-
ent from other O2-dependent heme enzymes (e.g., P450s, NO
synthases) in which a second reduction of the iron and protonation
leads to formation of Compound I which then needs further re-
reduction from a suitable reductase.
The first step of the mechanism had been proposed (49) as a

base-catalyzed abstraction of the indole proton (Scheme 4a) and
was based on the idea that only substrates containing a
protonated indole nitrogen were active. Others (21) drew similar
conclusions based on the observation that 1-methyltryptophan
(Scheme 2) was an inhibitor of dioxygenase activity. But the com-
plete absence of a distal histidine in hIDO quite obviously con-
tradicted these proposals, and because of this it was suggested
(27) that proton abstraction by the bound O2 was more likely
(a suggestion first put forward by Terentis et al. (23); Scheme 4b).
In fact, we have noted (31) that the chemistry of indoles has a
long and well-documented history, and they do not react by
base-catalyzed proton abstraction (58). Indeed, there are chemi-
cal difficulties with both mechanisms drawn in Scheme 4a and
b, since the electrons in the N��H (sigma) bond are perpendicu-
lar to the p-orbitals of the aromatic ring and so could not be used

B

(b)(a) (c) (d)

H

H

N N X–N NR
R XR R

-O
2

3

O O
O

O

O OO

Fell Fell Fell Felll

SCHEME 4. The variously proposed alternative reaction mechanisms
for heme dioxygenases. (a) The base-catalyzed abstraction mechanism
(21,49). (b) An alternative to the base-catalyzed mechanism, using pro-
ton abstraction by the bound O2 (23,27). (c) Electrophilic addition
(31,50,51). (d) Radical addition (50–53). The majority opinion from crys-
tallography (27), mass spectrometry (30), mutagenesis (54), and compu-
tational work (50) concludes that (a) and (b) are unlikely. It is not yet
known whether addition at C3 or C2 is most likely; both have been
suggested (31,50–53,55).
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to directly activate the aromatic ring for electrophilic attack onto
oxygen. In addition, the theoretical pKa of the indole proton is
very high (pKa�17 (59)) and presumably out of range under cat-
alytic conditions.

B. REVISIONS TO LITERATURE PROPOSALS

Computational work (50) raised the first questions as to the
likelihood of a base-catalyzed abstraction mechanism, and elec-
trophilic addition was suggested as one of a number of alterna-
tive mechanisms. To date, the main experimental evidence
comes from mass spectrometry (31) which has shown that
1-Me-Trp is not an inhibitor but actually a slow substrate for
several dioxygenase enzymes. We have pointed out (31) that this
rules out both mechanisms in Scheme 4a and b, as neither is pos-
sible with the methyl-substituted indole and would be consistent
with mutagenesis data which show that when a distal histidine
is present its removal does not shut down activity completely
(54). Spectroscopic work using 1H ENDOR (56) has since shown
that the indole NH group is not hydrogen bonded to the bound
O2 in the ternary complex, further arguing against the
mechanisms shown in Scheme 4b. Others (52) have drawn simi-
lar conclusions from computational work, and there now seems
to be a consensus that base-catalyzed abstraction does not occur.
What happens instead? There are two alternative mechanisms,

both of which would accommodate the reactivity of 1-Me-Trp
(31). In the first case, the lone pair on nitrogen initiates electro-
philic addition to the bound O2 ligand (31) (Scheme 4c). This
route was identified computationally (50) and suggested from
mass spectrometry work (31). Electrophilic addition would be
consistent with the known chemistry of indoles, but O2 is typi-
cally not a very good electrophile and certainly in the case of
the globins the ferrous-oxy bond is best formulated as an
FeIII��O2

� species (60). An alternative is radical addition
(Scheme 4d) again identified as contender from computational
work (52,53). This too would allow for reactivity of 1-Me-Trp
(31) and is appealing in the sense that it would require a
FeIII��O2

� formulation for the ferrous-oxy heme, for which there
is spectroscopic evidence (53).
As for NFK formation, the mechanism is not yet clear. The

Criegee mechanism is well known in the nonheme iron literature
(see, e.g., Ref. (61)), but there is no experimental evidence for
either a Criegee (49) or a dioxetane (57) mechanism. As is clear
from Scheme 3, neither mechanism requires a formal change in
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oxidation state during turnover (which is unusual for heme-
mediated catalysis). However, there is more than one report
implicating the formation of a ferryl heme species during
dioxygenase turnover. The first came from Yeh and coworkers
(53) who have used resonance Raman methods to observe a
stretching frequency characteristic of ferryl heme (nFe¼O),
assigned as a Compound II, during turnover in hIDO (but not
in hTDO). These findings were corroborated independently later
on (62,63). This has led to the suggestion (53) that simultaneous
incorporation of both atoms of O2 does not occur, but that instead
sequential (stepwise) insertion of oxygen into the substrate is the
preferred route, as depicted in Scheme 5. Recent computational
work (51) supports epoxide formation as the first oxygenation
step (although pathways involving high-valent iron ferryl heme
had also been suggested from earlier work (50)) and its formation
has been recently inferred from mass spectrometry analyses (66).

VIII. Wider Comparisons with Other Heme Enzymes

A. PRNB

The closely related PrnB enzyme catalyzes a similar reaction
(Fig. 6a) and binds its substrate differently (64): in this case,
the C2��N1 bond of 7-chloro-L-Trp is cleaved (without insertion
of O2) and Naismith and coworkers have shown that the
L-typtophan binds in a different orientation to that of X. cam-
pestris TDO (Fig. 6b). This system may provide important clues
as the details of the dioxygenase mechanism are unraveled.

HNHNHNHN
3

R
2

RRR +

O-O-

O

FeIV
FeIVFe

lll
Fe

lll N-formylkynurenine

OO
OO

O

SCHEME 5. An alternative mechanism. Radical addition (instead of
base-catalyzed abstraction) leading to species X is followed by forma-
tion of a ferryl heme species (Compound II) and a proposed epoxide spe-
cies (53). Formation of an epoxide has also been suggested from
computational work (51) (it was also considered in an earlier study,
but initially considered energetically unfavorable in the gas phase
(50)). Electrophilic addition (Scheme 4) could also involve epoxide for-
mation through a similar (two-electron) mechanism. Possible ring
opening of the epoxide is also indicated (third step).
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B. OTHER CATALYTIC ENZYMES

The process of oxygen activation in most heme enzymes (e.g.,
P450s, peroxidases, etc.) is achieved through formation of highly
oxidized iron intermediates. This demands continuous reduction
of the heme group, through a suitable reductase/substrate
(Scheme 6). There is evidence that the physiological partner reduc-
tase for IDO might be a cytochrome b5 (35,65), but continuous re-
reduction of an oxidized ferryl heme is not presumed because all
of the available evidence so far indicates that the dioxygenases
only require a single, initiating reduction of ferric heme. Further
reduction and protonation of the ferrous-oxy heme would presum-
ably not be a productive pathway for IDO or TDO, since it leads to

O2

PrnB

N

(a)

(b)

HCI

CO2
-

NH3
+

NH2
Cl

NH

FIG. 6. (a) The reaction catalyzed by PrnB. (b) An overlay of the
heme regions of X. campestris TDO (gray (26)) and PrnB (pale blue
(64)), showing the different orientations of the substrate (L-Trp for
TDO and 7-Cl-Trp for PrnB, both in gray with the Cl atom in green).
The heme groups are overlaid in red.
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Compound I formation. In fact, there is evidence from ENDOR
work (56) that substrate binding shields the ferrous-oxy complex
from protonation in dioxygenases, which may be one of the
strategies that the dioxygenases employ to control the reactivity
of the ferrous-oxy species and to avoid unproductive formation of
Compound I (Scheme 6).

IX. Concluding Remarks

Interest in IDO and TDO originated many years ago, but there
is much yet to learn. Information on the mechanism of NFK for-
mation, structures for new enzymes, the similarities and
differences with other heme proteins, and the controlling roles
of individual residues all have to be firmly established. As the
physiological roles become more firmly embedded, it is likely that
these enzymes will continue to attract attention.

ABBREVIATIONS

hIDO human indoleamine 2,3-dioxygenase
hTDO human tryptophan 2,3-dioxygenase
IDO indoleamine 2,3-dioxygenase

Ferrous oxy

Dioxygenase

P450 / NOS

Peroxidase

Ferric hydroperoxy
(Compound 0)

Compound 1

Ferric

Felll

+ H2O2

OOH
- H2O

O

FelVFelll
+ e- / H+

O2

+O2
FellFell

+ Trp

N-formylkynurenine

Ferrous

+X••

SCHEME 6. Comparison of the reaction mechanisms in various heme
proteins. X represents the location of the radical in Compound I
(most commonly a porphyrin p-cation radical).
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NFK N-formylkynurenine
TDO tryptophan 2,3-dioxygenase
xTDO X. campestris tryptophan 2,3-dioxygenase

ACKNOWLEDGMENT

This work was supported by The Wellcome Trust (Project
Grant 083636 to E. L. R. and C. G. M.).

REFERENCES

1. Kotake, Y.; Masayama, I. Z. Physiol. Chem. 1936, 243, 237–244.
2. Yamamoto, S.; Hayaishi, O. J. Biol. Chem. 1967, 242, 5260–5266.
3. Tanaka, T.; Knox, W. E. J. Biol. Chem. 1959, 234, 1162–1170.
4. Knox, W. E.; Mehler, A. H. J. Biol. Chem. 1950, 187, 419–430.
5. Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J. H. Chem. Rev. 1996, 96,

2841–2887.
6. Ohashi, H.; Saito, K.; Fujii, H.; Wada, H.; Furuta, N.; Takemura, M.;

Maeda, S.; Seishima, M. Arch. Biochem. Biophys. 2004, 428, 154–159.
7. Saito, K.; Fujigaki, S.; Heyes, M. P.; Shibata, K.; Takemura, M.; Fujii, H.;

Wada, H.; Noma, A.; Seishima, M. Am. J. Physiol. 2000, 279, F565–F572.
8. Tankiewicz, A.; Pawlak, D.; Buczko, W. Postepy Hig. Med. Dosw. 2001, 55,

715–731.
9. Aquilina, J. A.; Carver, J. A.; Truscott, R. J. W. Exp. Eye Res. 1997, 64,

727–735.
10. Grohmann, U.; Fallarino, F.; Puccetti, P. Trends Immunol. 2003, 24,

242–248.
11. Mellor, A. L.; Munn, D. H. J. Immunol. 2003, 170, 5809–5813.
12. Munn, D. H.; Mellor, A. L. J. Clin. Invest. 2007, 117, 1147–1154.
13. MacKenzie, C. R.; Heseler, K.; Mueller, A.; Daeubener, W. Curr. Drug

Metab. 2007, 8, 237–244.
14. Basran, J.; Rafice, S. A.; Chauhan, N.; Efimov, I.; Cheesman, M. R.;

Ghamsari, L.; Raven, E. L. Biochemistry 2008, 47, 4752–4760.
15. Suzuki, T.; Imai, K. Cell. Mol. Life Sci. 1998, 54, 979–1004.
16. Springer, B. A.; Sligar, S. G.; Olson, J. S.; Phillips, G. N.Jr., Chem. Rev.

1994, 94, 699–714.
17. Dunford, H. B. Peroxidases and Catalases: Biochemistry, Biophysics, Bio-

technology and Physiology (2nd edn.). John Wiley: Chichester, 2010.
18. Dunford, H. B. Heme Peroxidases. John Wiley: Chichester, 1999.
19. Erman, J. E. J. Biochem. Mol. Biol. 1998, 31, 307–327.
20. Ortiz de Montellano, P. R. Annu. Rev. Pharmacol. Toxicol. 1992, 32,

89–107.
21. Cady, S. G.; Sono, M. Arch. Biochem. Biophys. 1991, 291, 326–333.
22. Papadopoulou, N. D.; Mewies, M.; McLean, K. J.; Seward, H. E.;

Svistunenko, D. A.; Munro, A. W.; Raven, E. L. Biochemistry 2005, 44,
14318–14328.

23. Terentis, A. C.; Thomas, S. R.; Takikawa, O.; Littlejohn, T. K.;
Truscott, R. J. W.; Armstrong, R. S.; Yeh, S.-R.; Stocker, R. J. Biol. Chem.
2002, 277, 15788–15794.

49HEME-CONTAINING DIOXYGENASES



24. Makino, R.; Sakaguchi, K.; Iizuka, T.; Ishimura, Y. Dev. Biochem. 1980,
16, 179–187.

25. Gupta, R.; Fu, R.; Liu, A.; Hendrich, M. P. J. Am. Chem. Soc. 2010, 132,
1098–1109.

26. Forouhar, F.; Anderson, J. L.; Mowat, C. G.; Vorobiev, S. M.; Hussain, A.;
Abashidze, M.; Bruckmann, C.; Thackray, S. J.; Seetharaman, J.;
Tucker, T.; Xiao, R.; Ma, L. C.; Zhao, L.; Acton, T. B.; Montelione, G. T.;
Chapman, S. K.; Tong, L. Proc. Natl. Acad. Sci. USA 2007, 104, 473–478.

27. Sugimoto, H.; Oda, S.-i.; Otsuki, T.; Hino, T.; Yoshida, T.; Shiro, Y. Proc.
Natl. Acad. Sci. USA 2006, 103, 2611–2616.

28. Batabyal, D.; Yeh, S.-R. J. Am. Chem. Soc. 2007, 129, 15690–15701.
29. Batabyal, D.; Yeh, S.-R. J. Am. Chem. Soc. 2009, 131, 3260–3270.
30. Chauhan, N.; Basran, J.; Efimov, I.; Svistunenko, D. A.; Seward, H. E.;

Moody, P. C. E.; Raven, E. L. Biochemistry 2008, 47, 4761–4769.
31. Chauhan, N.; Thackray, S. J.; Rafice, S. A.; Eaton, G.; Lee, M.; Efimov, I.;

Basran, J.; Jenkins, P. R.; Mowat, C. G.; Chapman, S. K.; Raven, E. L.
J. Am. Chem. Soc. 2009, 131, 4186–4187.

32. Austin, C. J. D.; Astelbauer, F.; Kosim-Satyaputra, P.; Ball, H. J.;
Willows, R. D.; Jamie, J. F.; Hunt, N. H. Amino Acids 2009, 36, 99–106.

33. Watanabe, Y.; Fujiwara, M.; Yoshida, R.; Hayaishi, O. Biochem. J. 1980,
189, 393–405.

34. Littlejohn, T. K.; Takikawa, O.; Skylas, D.; Jamie, J. F.; Walker, M. J.;
Truscott, R. J. W. Protein Expr. Purif. 2000, 19, 22–29.

35. Vottero, E.; Mitchell, D. A.; Page, M. J.; MacGillivray, R. T. A.;
Sadowski, I. J.; Roberge, M.; Mauk, A. G. FEBS Lett. 2006, 580,
2265–2268.

36. Fukumura, E.; Sugimoto, H.; Misumi, Y.; Ogura, T.; Shiro, Y. J. Biochem.
2009, 145, 505–515.

37. Ren, S.; Liu, H.; Licad, E.; Correia, M. A. Arch. Biochem. Biophys. 1996,
333, 96–102.

38. Dick, R.; Murray, B. P.; Reid, M. J.; Correia, M. A. Arch. Biochem.
Biophys. 2001, 392, 71–78.

39. Manandhar, S. P.; Shimada, H.; Nagano, S.; Egawa, T.; Ishimura, Y. Int.
Congr. Ser. 2002, 1233, 161–169.

40. Zhang, Y.; Kang, S. A.; Mukherjee, T.; Bale, S.; Crane, B. R.; Begley, T. P.;
Ealick, S. E. Biochemistry 2007, 46, 145–155.

41. Li, J. S.; Han, Q.; Fang, J.; Rizzi, M.; James, A. A.; Li, J. Arch. Insect Bio-
chem. Physiol. 2007, 64, 74–87.

42. Paglino, A.; Lombardo, F.; Arca, B.; Rizzi, M.; Rossi, F. Insect Biochem.
Mol. Biol. 2008, 38, 871–876.

43. Hu, X.; Bao, Z.; Hu, J.; Shao, M.; Zhang, L.; Bi, K.; Zhan, A.; Huang, X.
Aquacult. Res. 2006, 37, 1187–1194.

44. DeLano, W. L. The PyMOL Molecular Graphics System. DeLano Scientific:
San Carlos, CA, 2002.

45. Littlejohn, T. K.; Takikawa, O.; Truscott, R. J. W.; Walker, M. J. J. Biol.
Chem. 2003, 278, 29525–29531.

46. Sono, M.; Dawson, J. H. Biochim. Biophys. Acta 1984, 789, 170–187.
47. Capece, L.; Arrar, M.; Roitberg, A. E.; Yeh, S. R.; Marti, M. A.;

Estrin, D. A. Proteins 2010, 78, 2961–2972.
48. Leeds, J. M.; Brown, P. J.; McGeehan, G. M.; Brown, F. K.; Wiseman, J. S.

J. Biol. Chem. 1993, 268, 17781–17786.
49. Hamilton, G. A. Adv. Enzymol. Relat. Areas Mol. Biol. 1969, 32, 55–96.

50 IGOR EFIMOV et al.



50. Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. J. Am. Chem.
Soc. 2008, 130, 12299–12309.

51. Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. J. Am. Chem.
Soc. 2010, 132, 11993–12005.

52. Capece, L.; Lewis-Ballester, A.; Batabyal, D.; Di Russo, N.; Yeh, S. R.;
Estrin, D. A.; Marti, M. A. J. Biol. Inorg. Chem. 2010, 15, 811–823.

53. Lewis-Ballester, A.; Batabyal, D.; Egawa, T.; Lu, C.; Lin, Y.; Marti, M. A.;
Capece, L.; Estrin, D. A.; Yeh, S. R. Proc. Natl. Acad. Sci. USA 2009, 106,
17371–17376.

54. Thackray, S. J.; Bruckmann, C.; Anderson, J. L.; Campbell, L. P.; Xiao, R.;
Zhao, L.; Mowat, C. G.; Forouhar, F.; Tong, L.; Chapman, S. K. Biochemis-
try 2008, 47, 10677–10684.

55. Guallar, V.; Wallrapp, F. H. Biophys. Chem. 2010, 149, 1–11.
56. Davydov, R. M.; Chauhan, N.; Thackray, S. J.; Anderson, J. L.;

Papadopoulou, N. D.; Mowat, C. G.; Chapman, S. K.; Raven, E. L.;
Hoffman, B. M. J. Am. Chem. Soc. 2010, 132, 5494–5500.

57. Hayaishi, O.; Rothberg, S.; Mehler, A. H.; Saito, Y. J. Biol. Chem. 1957,
229, 889–896.

58. Joule, J. A.; Mills, K. Heterocyclic Chemistry (4th edn.). Blackwell: Oxford,
2000.

59. Yagil, G. Tetrahedron 1967, 23, 2855–2861.
60. Chen, H.; Ikeda-Saito, M.; Shaik, S. J. Am. Chem. Soc. 2008, 130,

14778–14790.
61. Kovaleva, E. G.; Neibergall, M. B.; Chakrabarty, S.; Lipscomb, J. D. Acc.

Chem. Res. 2007, 40, 475–483.
62. Yanagisawa, S.; Yotsuya, K.; Hashiwaki, Y.; Horitani, M.; Sugimoto, H.;

Shiro, Y.; Appelman, E. H.; Ogura, T. Chem. Lett. 2010, 39, 36–37.
63. Yanagisawa, S.; Horitani, M.; Sugimoto, H.; Shiro, Y.; Okada, N.;

Ogura, T. Faraday Discuss. 2010, 148, 1–9.
64. Zhu, X.; van Pee, K. H.; Naismith, J. H. J. Biol. Chem. 2010, 285,

21126–21133.
65. Maghzal, G. J.; Thomas, S. R.; Hunt, N. H.; Stocker, R. J. Biol. Chem.

2008, 283, 12014–12025.
66. Basran, J.; Efimov, I.; Chauhan, N.; Thackray, S. J.; Krupa, J.; Eaton, G.;

Griffith, G. A.; Mowat, C. G.; Handa, S.; Raven, E. L. J. Am. Chem. Soc.
2011, 133, 16251–16257.

51HEME-CONTAINING DIOXYGENASES



REACTIVITY OF MANGANESE SUPEROXIDE
DISMUTASE MIMICS TOWARD SUPEROXIDE AND

NITRIC OXIDE: SELECTIVITY VERSUS
CROSS-REACTIVITY

IVANA IVANOVI�C-BURMAZOVI�C and MILOS̆ R. FILIPOVI�C

Department of Chemistry and Pharmacy, University of Erlangen-Nürnberg,
Egerlandstrasse 1, Erlangen, Germany

I. General Facts About Superoxide 54
II. Life with Superoxide 57
III. Manganese Superoxide Dismutase Mimetics (MnSODm) 60
IV. Some Methodological, Mechanistic, and

Cross-reactivity Consideration 65
A. Methodological Approach: Indirect Versus Direct Methods

for Detection of SOD Activity 65
B. Enzymatic and Mimetic SOD Mechanism 70
C. Redox Properties and Interactions with Small Molecules 73

V. Manganese SOD Enzymes and Reactive Nitrogen Species:
Cross-reactivity, Not Selectivity 76

VI. ROS Versus RNS 77
VII. Reaction of SOD Mimics with Peroxynitrite 79
VIII. Reaction of MnSOD Mimics with NO 82
IX. Conclusion and Perspectives 89

Abbreviations 90
Acknowledgment 90
References 90

ABSTRACT

The (bio)chemistry and physiology of superoxide and nitric
oxide and their interactions with metal centers are very complex
issues, which require a multidisciplinary approach. We are still
not fully aware of the reactions that occur in relatively simple
in vitro conditions and we know even less about the real pro-
cesses on a molecular level under the in vivo conditions. System-
atic studies and reliable, comparable data on number of different
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manganese superoxide dismutase (MnSOD) mimetics, regarding
their reactivity toward reactive oxygen and nitrogen species and
corresponding reaction mechanisms, are required for the further
progress in the field and possible biomedical application of the
gained knowledge. We present here some important aspects of
chemistry, in particular, redox activity, and biochemistry of
superoxide and nitric oxide as well as their interaction with
MnSOD mimetics that should be considered for the future design
and pharmacological studies of manganese-based therapeutics
and even diagnostic tools.

Keywords: Superoxide; Nitric oxide; Manganese superoxide
dismutase; Manganese SOD mimetics (mimics); Peroxynitrite;
Nitric oxide dismutation; Nitric oxide reduction.

I. General Facts About Superoxide

Dioxygen, a strangely reactive paramagnetic gas, is indispens-
able to our life on this planet. In our need to metabolize energy
stores, we use it continuously. Oxygen-utilizing life forms have
an efficient metabolism because of its high reduction potential
(E0(O2/H2O)¼þ0.82V vs. NHE), but this advantage comes with
a price. Namely, a frequently encountered intermediate of
dioxygen reduction is the superoxide radical anion (O2

��), a dele-
terious metabolic by-product (1). For this reason, O2

� activating
species generally utilize two redox-active centers to circumvent
this one-electron reduction (2). Nevertheless, small quantities of
superoxide are produced. Earlier, O2

�� was associated only with
the effects of ionizing radiation, but now it is known to arise
under ordinary circumstances during numerous biological
reactions in living systems (1). It is generated by a large number
of sources, including normal cellular respiration, in the metabo-
lism of arachidonic acid, and as a result of neutrophil activation
in response to infection or foreign antigens (3a).
Superoxide is usually referred to as a reactive species, which

possesses multiple threats as a reducing agent in its anionic state
and as an oxidant in its protonated form. It is potentially danger-
ous for all cellular macromolecules and it can engender other
undesired reactive species. Importantly, although it is a radical
and can initiate the free radical oxidation of sulfite and its scav-
enging inhibits, a number of biological free radical chain
autoxidations (e.g., of epinephrine, pyrogallol), superoxide itself
is not proven to be a highly reactive initiator of free radical
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reactions in carefully controlled chemical experiments (4a). The
true nature of its reactivity was a matter of a strong debate
between Fridovich, on one side, and Sawyer and Valentine, on
the other (4b). Two properties of superoxide are well documented:
its nucleophilicity (e.g., toward alkyl halides and carbonyl systems
such as esters, acyl halides, and CO2) and its moderate reducing
power in aprotic media, roughly equivalent to that of dithionite
ion (E0(O2

��/O2)¼�0.16V vs. SHE in aqueous solution or ca.
�0.5 vs.NHE in aprotic solvents) (4c,b). A third confirmed reaction
characteristic of superoxide is its capacity to effect proton removal
from substrates and solvents (4d). Although its protonated HO2
form, so-called hydroperoxyl radical is quite acidic (pKa¼4.88),
which infers that superoxide is aweak base, the solutions of super-
oxide behave as if they are strongly basic. This is a result of the
fact that superoxide protonation is coupled to strongly thermody-
namically favored disproportionation, that is, dismutation, where
besides electron transfer, protonation of the resulting peroxide
anion occurs (Eq. (1)). Due to the extremely strong basicity of
the “naked” peroxide dianion, superoxide ion solutions can pro-
mote proton transfer from substrates or solvents (HB in Eq. (2))
with pKa values as low as 23, according to the overall reaction
represented by Eq. (2).

2O��
2 þH2O ! O2 þHO�

2 þOH� (1)

2O��
2 þHB ! O2 þHO�

2 þ B� (2)

A property of superoxide to act as an oxidizing agent is much
more ambiguous. Thermodynamically, an electron transfer to
“bare” superoxide is almost impossible because the product of
this reaction, peroxide dianion (O2

2�), is highly unstable. There-
fore, the reduction of superoxide is either a proton-coupled pro-
cess (Eq. (3)) or metal-assisted reaction (Eq. (4)), where the
latter requires coordination of O2

�� and subsequent inner-sphere
electron transfer. It is also possible to think in terms of hydrogen
atom transfer reactions as a special sort of proton-coupled
electron-transfer processes (Eq. (5)).

X� � �O�
2 � � �H� Y ! Xþ þHO�

2 þ Y� (3)

Mnþ þO�
2 ! M nþ1ð Þþ OOð Þ2� !H

þ
M nþ1ð Þþ þH2O2 (4)

H� Y� � �O�
2 ! Y þHO�

2 (5)
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Thus, in aprotic media, superoxide is not a highly reactive oxi-
dant for organic substrates (Eq. (6)) and it can rather oxidize
those substrates that are susceptible to a hydrogen atom transfer
mechanism (4a). Although oxidation of substrates by superoxide
solutions can be observed, the true identity of an oxidant is not
always clear. Namely, upon protonation of O2

��, oxygen and
hydrogen peroxide, or hydroperoxide anion, are formed
(Eqs. (1)–(2)) that are considered to be the actual oxidizing
agents (4).In aqueous solutions, that is, in the presence of suffi-
cient proton concentrations, the redox potential for superoxide
reduction is significantly more positive (Eq. (7)).

O��
2 þ e� þsolventð Þ ! HO�

2 ; Epc
� �

DMSO ¼ �1:75versus NHE

(6)

O��
2 þ e� þ 2Hþ ! H2O2; E00 ¼ þ0:89versus NHEðat pH7Þ

(7)

Considering the quite different redox behavior of superoxide in
protic and aprotic media, it is important to study and understand
its reactivity in both aqueous and nonaqueous solutions, which is
also of biological relevance. Although we often tend to exclude
the biological significance of chemical investigations in nonaque-
ous media, this definitely should not be the case when we deal
with superoxide. Different cell compartments offer different reac-
tion environment for superoxide. Whereas cytosol represents a
more protic environment, mitochondria and, in general,
biological membranes are lipophilic cell compartments, and as
such much less protic. An important cascade of redox reactions
within the electron transport chain take place on the inner mito-
chondrial membrane where, due to premature electron leakage
to oxygen, superoxide is generated. Therefore, as it was stressed
by Sawyer et al. (5), an even closer relation between the kinetic
measurements in aprotic media than in bulk water can be drawn
with the processes in mitochondria, which are the major source
of superoxide in aerobic organisms, since aprotic media “may be
representative of a hydrophobic biological matrix.” Under less
protic conditions, causing a longer half-life of O2

��, efficient
superoxide decomposition is even more desirable.
The effect of proton-coupled, that is, proton-assisted, reduction

of superoxide is obvious and can be quantified (Eqs. (6) and (7)).
However, how redox potentials for superoxide reduction and oxi-
dation are changed upon its coordination to a metal center is not
known and is usually completely neglected. It is of course not
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easy to quantify the redox potential of coordinated superoxide,
however, we need to be aware of the fact that these values are
quite different from those that correspond to the outer-sphere
oxidation and reduction (�0.16V vs. SHE and þ0.89 vs. NHE
at pH 7, respectively). This, so-called metal ion-coupled electron
transfer (6) is an important mechanism for the activation of
superoxide and other biologically relevant small molecules such
as oxygen, hydrogen peroxide, and nitric oxide (NO) toward the
electron-transfer process (7). It is crucial for superoxide dis-
mutation (Eq. (1)) catalyzed by enzymatic and mimetic metal
centers, as well as for understanding cross-reactions between
these redox-active metal systems and other small molecules,
viz. NO in the first place (7).

II. Life with Superoxide

Despite the fact that elementary reaction steps behind the chem-
ical processes caused by the presence of superoxide in solutions
are still not completely reviled, there is no doubt that in vivo,
superoxide induces biologically harmful effects that are closely
related to awide range of disease states, some of themsummarized
in Fig. 1 (3). It belongs to the so-called reactive oxygen species
(ROS), and its overproduction (or accumulation in lipophilic com-
partments) is related to oxidative stress, which is a situation
where levels of ROS in tissues exceed the capacity of endogenous
antioxidant defense systems to remove them.The toxicity of super-
oxide is significantly amplified by its cross link with other redox-
active small molecules and metal centers available under physio-
logical conditions, and consequently generation of its even more
potent primary and secondary progenies such as hydrogen perox-
ide and peroxynitrite, as well as OH� and �NO2 radical species,
respectively. For example, superoxide inactivates NO and
suppresses its beneficial effects, and at the same time produces
peroxynitrite (ONOO�), which is one of the most potent biologi-
cally available oxidants, cytotoxic, and proinflammatorymolecule.
Peroxynitrite reacts with important biomolecules such as DNA,
proteins, lipids, and sugars, leading to cell damage and eventually
to cell death: apoptosis and/or necrosis (8a,b,f). Although actions of
peroxynitrite in pathologies are numerous, a mechanism that is
receiving greatest attention is its ability to nitrate tyrosine
residues in proteins (8b). Nitration of manganese superoxide dis-
mutase (SOD), for example, has been reported to be particularly
specific for ischemia–reperfusion injury (8c–e). Further, nitration
of critical targets such as tyrosine kinase receptors or
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neurofilament proteins could injure motor neurons and is related
to amyotrophic lateral sclerosis (9). Additionally, by reducing
metal centers and generating hydrogen peroxide, superoxide can
give rise to Fenton type reactions, where OH� radicals, the stron-
gest biological oxidants, are generated.
To diminish these threats, nature has created a family of

metalloenzymes, the SODs. They catalyze the dismutation of
superoxide to dioxygen and hydrogen peroxide (Eqs. (1) and
(2)). They are differentiated by the redox-active metal: copper
(Cu/Zn SOD), manganese (MnSOD), iron (FeSOD), or nickel
(NiSOD) superoxide dismutases and fall into three evolutionary
families (Fig. 2) (10). The iron and manganese SODs are struc-
turally similar and are found in prokaryotes and in the matrix
of mitochondria (near the electron transport chain), respectively.
Nickel containing SODs are known in some prokaryotes,
whereas Cu/Zn are present in the cytosols of virtually all eukary-
otic cells and have an independent evolutionary history.
Under normal conditions, these enzymes are responsible for

keeping the formation of superoxide under control. In disease
states, the production of O2

�� exceeds the ability of the endoge-
nous SOD system to remove it, resulting in superoxide anion

O2• –

Aging

Inflammation
Pulmonary disorders

Cancer

Organ transplant rejectionNeurological diseases 
(Stroke, Parkinson’s)

AIDS

Shock Pain

H2 O2 O2

one subunit

First-line-of-defense against superoxide harmful effects

SOD enzymes

MnSOD

First-line-of-defense against superoxide harmful effects

FIG. 1. Some disease states related to superoxide overproduction.
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mediated damage. As mentioned above, many disease states can
be related to O2

�� and its progenies (Fig. 1) (3). For example, the
crucial role of MnSOD has been demonstrated with knockout
studies, where mice lacking MnSOD died within 10–21 days of
life from cardiomyopathy, neurodegeneration, and metabolic aci-
dosis (11a,b). From another side, the CuZnSOD knockout mice
were fairly normal but more susceptible to neuronal injury
(11c). The ability for MnSOD gene expression in response to oxi-
dative stress decreases sharply with age. Thus, older people may
be especially prone to degenerative diseases such as diabetes,
Parkinson's disease, muscular dystrophy, and cancer (3j). As all
these pathophysiological conditions are related to O2

��, this com-
monality enables their treatment with an agent that removes
superoxide anions.
For this purpose, the SOD enzymes (natural, recombinant, and

modified) have been used in preclinical animal studies and clini-
cal trials (3a,b) and have been shown to possess efficacy in the
disease states associated with the overproduction of O2

��. SODs
have also proven useful as a probe for detection of this radical
(1). An example is OrgoteinÒ (bovine Cu/Zn SOD) which showed
promising results as a human therapeutic (12). However, there
are major drawbacks associated with the use of the enzymes as
potential medicaments: immunological problems, lack of oral
activity, short half-lives in vivo, costs of production, solution
instability, reduced efficacy due to the large size, and inability
to access the target tissues (e.g., native enzymes do not penetrate
the blood brain barrier) (3b).
To overcome the problems associated with enzymes (Fig. 3),

several investigations have been directed to design non-
proteinaceous, synthetic, low molecular weight mimetics of the

His 81

His 1

Cys 6
Cys 2

Ni

His 171

His 26 Asp 167

HO–

M

OH2

Cu
Zn

M = Mn, Fe

MnSOD
FeSOD

Cu–ZnSOD NiSOD

FIG. 2. Active centers of superoxide dismutases.
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SOD enzymes, which could serve as pharmaceutical intervention
in various superoxide-related ailments.

III. Manganese Superoxide Dismutase Mimetics (MnSODm)

Among the SODm, manganese complexes have attracted a lot of
attention, mostly due to the lower manganese toxicity in compari-
son to iron or copper (3b), that is, due to the fact that manganese
is not prone to generate the hydroxyl radical in Fenton type
reactions. There are three important classes of manganese SODm:
Mn(III)Porphyrins, Mn(III)salen, and Mn(II)pentaazamacrocyclic
complexes. The most active synthetic catalysts for superoxide dis-
proportionation known to date are the Mn(II) seven-coordinate
complexes with macrocyclic ligands derived from C-substituted
pentaazacyclopentadecane [15]aneN5 (13a). Among Mn([15]
aneN5)Cl2 derivatives, the complexes with bis(cyclohexylpyridine)
functionalities, such as M40403, have significant efficiency in ani-
mal models of inflammation and reperfusion injury (13), and the

SOD enzyme versus SOD mimeticsSOD enzyme versus SOD mimetics

Immunological problems

Lack of oral activity 

Short half-lives in vivo

Costs of production 

Solution instability

Large size and inability to access 
the target tissues (e.g., do not 
penetrate the blood brain barrier)

High catalytic activity 

Nonpeptide small molecules

Nonimmunogenic 

Penetrate cells 

Selective for superoxide 

Not deactivated by peroxynitrite

Stabile in vivo

No metal dissociation

Oral application

MW ~ 450 Da

MW ~ 31 kDa

Native MnSOD (one of two subunits) Metal-based SOD mimetics

FIG. 3. SOD enzyme versus SOD mimetic.
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2S,21S-dimethyl derivative of M40403 (M40401) possesses the
highest catalytic rate for O2

�� dismutation at pH¼7.4 of any known
synthetic mimetic, which exceeds that of native mitochondrial
MnSOD (13b). Some of these complexes are the first SODmimetics
which entered clinical trials (13). It has been claimed that these
compounds are highly selective, that is, they do not react with
hydrogen peroxide or with other biological relevant oxidants such
as NO or peroxynitrite radicals (13) (Scheme 1).
Parallel with an attempt to synthesize molecules possessing

the function of human enzymes, it has been crucial to establish
the method which allows precise measurement of the rate of
O2

�� dismutation. Studies by Riley et al. (14) on the evaluation
of the activity of putative SOD mimics dictate the necessity of
utilizing direct kinetic methods: stopped-flow kinetic analysis
and pulse radiolysis (vide infra). Based on these measurements,
it has been demonstrated that many so-called SOD mimetics do
not actually possess catalytic active (3b). This was the conse-
quence of applying indirect methodologies, as the cytochrome c
assay, in the detection of SOD activity of these complexes, such
as manganese complexes with desferal, 8-quinolol, cyclam, and
aminopolycarboxylate complexes. Some authors are of the opin-
ion that the indirect assays cannot distinguish true catalytic
SOD activity (14, 15a). It seems that such complexes react stoi-
chiometrically with O2

��, or an apparent catalytic cycle is
observed due to hydrogen peroxide contributing to the redox
cycle (see Section IV.A).
Among the earliest reported “noncopper” SOD mimics are

porphyrinato Fe(III) and Mn(III) complexes described by
Pasternack and coworkers (16a), whereas the catalytic and
biological function of Mn(III)porphyrins is covered by Duke Uni-
versity patents (16b–d). The metal porphyrin complexes as
potential human pharmaceuticals suffer from a number of possi-
ble lethal side effects (toxicity due to the DNA/RNA nicking
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SCHEME 1. The most studied representatives of Mn(II)
pentaazamacrocylic class of SOD mimics.
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activity), low-yield porphyrin ligand syntheses, formation of oxo-
or hydroxo-bridged dimers of lower activity, and generation of
hydroxyl radicals in the Fenton reaction (3b). However, manga-
nese porphyrins have exceptionally high stability, offer accessi-
bility of several oxidation states of the manganese center and
variety of structural modifications and therefore provoked exten-
sive investigations (17). Remarkable work on manganese
porphyrins as SOD mimetics including both in vitro and in vivo
studies by Batini�c-Haberle et al. has been recently summarized
(17b). The presence of a peripheral charge and electron
withdrawing groups on the porphyrin ligand influence the SOD
activity of this class of complexes significantly. The electrostatic
contribution plays an important role so that mono- versus
pentacationic porphyrins differ in kcat by 2 log units, whereas
cationic versus anionic porphyrins differ in kcat for more than
two orders of magnitude (17b). The effect of the location of the
peripheral positive charge, that is, alkyl groups on the pyridyl
rings with respect to the porphyrin core meso positions, is also
well understood. The closer the positive charge to the manganese
center, the higher is the SOD activity (17b). Therefore, the ortho
isomers are more potent SOD mimics than the meta analogues.
Positive charge can also have drawbacks, because it increases
the probability of toxic interactions with nucleic acids. Here,
the bulkiness of the alkyl chains may restrict such interactions.
Interestingly, the location of pyridinium nitrogens with respect
to porphyrin meso position has an effect on the lipophilicity and
planarity of the porphyrin complexes, which is important for
their cytosolic accumulation. Exactly, these effects drive the
higher accumulation of meta isomers inside Escherichia coli
(they cross the cell wall more easily) and compensate for lower
antioxidant potency when compared with ortho analogues (17b).
Besides electrostatics, redox potentials are crucial for the SOD

activity or metal complexes in general. Thus dramatic effects
were achieved by introducing halogenides, for example, in octa-
brominated MnBr8TM-4-PyP4þ, where the reduction potential
is shifted 420mV more positively versus nonhalogenated
analogues, resulting in a very high SOD activity (log kcat�8.67)
(17b). However, a more positive redox potential means stabiliza-
tion of Mn(II), which is more labile and prone to dissociate
(Scheme 2).
As mentioned above, due to electrostatics, manganese

porphyrins with overall negative charge in general do not possess
SOD activity. However, literature data regarding SOD activity for
the negatively charged Mn(III)porphyrins are controversial
(3b,17b). Their SOD activity has been concluded mainly based on
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a number of in vivo studies (where no explicit values were
reported) or the cytochrome c assay (17b,18). However, recently
it has been shown (17b) that false SOD activity of the negatively
charged porphyrins Mn(III)TBAP3� and Mn(III)TSPP3� most
probably results from some nonporphyrin Mn species present as
impurities in commercial sources. There are also disagreements
regarding in vivo action of Mn porphyrins that possess no charges
on the periphery and formally bear one positive charge on the Mn
site. Whereas Rosenthal et al. (19a) claimed that these so-called
neutral Mn porphyrins have SOD and catalase activity, Batini�c-
Haberle et al. reveal a number of critical points questioning these
compounds as functional SOD mimics (17b). This has recently
even initiated a scientific debate (19b,c), where it was pointed
out that from one side, SOD activity is not as important as other
properties, such as catalase and other ROS or RNS scavenging
properties, lipophilicity, lack of toxicity, or intracellular stability,
in determining biological efficacy (19b), and from another side,
that dissemination of compounds that are impure and/or of
unknown chemistry may contribute to the abundance of mis-
leading data (19c). It is really not a straightforward task to con-
ceive what Mn porphyrins and other putative SOD mimics do
in vivo, because, as we will also discuss latter, all these redox-
active complexes are not selective toward one specific reactive oxy-
gen or nitrogen species. But exactly because of this complexity and
possibility of multiple actions of putative SOD mimetics and other
redox-active metal complexes for biological/clinical studies, special
research efforts should be exercise in order to assure high purity,
defined speciation in solution, and reliable (re)activity data.
Beside the Mn([15]aneN5) derivatives and manganese

porphyrins, the Mn(III)(salen) complexes have excellent potential
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SCHEME 2. Typical representatives of Mn(III)(porphyrinato) SOD
mimics.

63CROSS-REACTIONS OF MnSOD MIMICS



inmanipulating awide variety of disease states.Actually theMn(II)
pentaazamacrocyclic and Mn(III)(salen) complexes are those
with the most reported results on the testing in animal models
of human diseases. Two complexes of the Mn(III)(salen) class,
EUK-8 and EUK-134, have been tested in a range of disease mod-
els related to oxidative stress and their structures, as therapeutics
are patented by Eukarion, Inc. (20a,b). A substantial body of
in vitro and in vivo results clearly demonstrate protective effects
from Mn(III)salen complexes in diseases involving oxidative
stress, especially in models for neurodegenerative diseases of
aging (21). They are often referred to as multifunctional catalytic
antioxidants that possess combined catalase and SOD activity
(21), however, the latter has been questioned in the literature (3b).
Their activity against reactive nitrogen species (RNS) is also
observed (21).
However, there are no mechanistic details for these complexes,

and although the Eukarion studies indicate their SOD catalytic
activity, results from other groups clearly present a very low true
SOD activity. Based on stopped-flow analysis of superoxide decay
followed at a single wavelength, it has been reported (3b) that
the Mn(III)salen complexes possess a low catalytic activity, that
is, in general lower than 8�105M�1s�1 at pH¼8.0. Similar
results have been obtained by a cytochrome c assay in phosphate
buffer at pH¼7.8 (22). In addition, some prior work by Taylor
et al. (23) bore evidence of no observable reaction between Mn
(III)(salen) complexes and superoxide. There is no doubt that
EUK-8 and EUK-134 have protective effects in models of oxida-
tive stress, but it is important to determine the key mechanism
that is the source of the biological effect. An important observa-
tion is the fact that, although complexes with tetradentate Schiff
base salen ligands do not react with O2

��, complexes with the
pentadentate salen analogues do react (3b). In general, these
pentadentate ligands favor seven-coordinate geometry around
the metal center, and exactly this structural feature of the metal
complexes seems to be tailor made for successful SOD catalytic
activity.
Recently, some manganese(II) complexes of tetraazamacro-

cyclic and acyclic polycarboxylate ligands have been reported as
scavengers of superoxide and therapeutic agents against cell
and tissue oxidative injury (24). However, the SOD-like activity
has been studied by utilizing a sort of NBT (nitroblue tetrazo-
lium) assay, which is not superoxide specific and is inevitably
prone to artifacts (19c). Therefore, the superoxide scavenging
properties of these complexes need to be properly reinvestigated
in order to say something more precise about their mechanism of
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action. Among these compounds, the most bioactive is the one
with the higher lipophilic properties that can favor its transmem-
brane passage and distribution in the intracellular compartment
(24). Interestingly, the corresponding metal free ligand alone
showed a modest anti-inflammatory in vivo activity, which has
been interpreted by its good chelating properties and ability to
bind endogenous Mn(II), behaving as a prodrug (24).

IV. Some Methodological, Mechanistic, and
Cross-reactivity Consideration

In summarizing this short overview on manganese SOD
mimetics, we would like to stress that although some of them
have proven to be effective in clinical trials in manipulating a
variety of disease states related to reactive oxygen and nitrogen
species, the key mechanisms behind their bioactivity are still elu-
sive. In order to conceive the elementary reaction steps responsi-
ble for their beneficial physiological effects, it is first important
to obtain reliable and comparable values for their SOD activities,
for example, methodological approach in such studies needs to be
carefully chosen. Further, the above-outlined arguments stress
the need of a detailed understanding of the mechanisms by
which putative SOD mimetics react with superoxide radicals,
being essential for the rational design of efficient SOD catalysts.
Finally, as a crucial element of such studies, detailed
investigations of possible cross-reactions with other reactive oxy-
gen and nitrogen species (such as hydrogen peroxide (H2O2),
hydroxyl radicals (OH�), NO, nitroxyl (HNO/NO�), peroxynitrite
(ONOO�), nitrogen dioxide (NO2), etc.) as well as ligating agents
(such as phosphates, carboxylates, etc.) should be performed,
because it is still not clear which type of action(s) could be
responsible for a certain bioactivity of applied putative SOD
mimetics.

A. METHODOLOGICAL APPROACH: INDIRECT VERSUS DIRECT METHODS

FOR DETECTION OF SOD ACTIVITY

Due to the fact that the reactions with superoxide are very fast
and that superoxide solutions are unstable, kinetic and thermo-
dynamic quantification of these processes requires a special
approach. Already the self-decomposition of superoxide to hydro-
gen peroxide and oxygen in aqueous media (kcat¼1�105 to 8�105
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M�1s�1 in range of pH¼8.1–7.1 (14a)) is, in itself, a fast process.
Different methods are used for the determination of the rate con-
stant for the catalytic SOD: direct methods (pulse radiolysis and
stopped-flow measurements) (14, 15a–e) that follow decomposi-
tion of superoxide itself in the UV region; additionally indirect
methods (different variations of cytochrome c or NBT/MTS/XTT
assays) (15f,g) that follow the inhibition, by putative SODm, of
the reaction between an indicator and in situ generated (usually
by xanthine/xanthine oxidase system or 60Co gamma irradiation)
superoxide. In the case of indirect methods as well as pulse radi-
olysis, relatively low steady-state concentrations (ca. 0.5–50mM)
of superoxide are used, whereas in the stopped-flow experiment
setup, much higher (millimolar) superoxide concentrations are
applied (15e). It should be mentioned that widely utilized indi-
rect methods need to be carefully assessed, because different
components present in these assays may lead to side reactions
(e.g., precipitation of formazan dye, interaction with the reduced
form of xanthine oxidase, hydrogen peroxide-dependent oxida-
tion of reduced cytochrome c by putative SODm, etc.) (14b,15a,
g,h) and thus interfere in the determination of the SOD activity.
There are cases in the literature, where the cytochrome c assay
provided nearly identical data as pulse radiolysis (for MnTE-2-
PyP5þ, MnCl2, and Mn(III) biliverdin complex, (15i)). However,
some authors have questioned their validity, emphasizing that
indirect methods cannot differentiate between catalytic decompo-
sition and stoichiometric scavenging of superoxide by compounds
under study (14,15a).
The discovery and activity of SOD enzymes were first reported

by Fridovich and McCord using a cytochrome c assay (15j). In this
assay, the ferricytochrome c is reduced by superoxide to give the
reduced form of cytochrome c, which results in a spectral change.
Inhibition of this reduction of cytochrome c was taken as a mea-
sure of SOD activity. Since then, the cytochrome c assay and other
indirect assays have been widely used by investigators to assess
the SOD activity of enzymes and putative SOD mimetics. As men-
tioned above, difficulties with these indirect assays can arise from
several sources, especially when low molecular weight redox-
active substances are investigated. For example, an agent with
putative SOD activity can oxidize the reduced cytochrome (possi-
bly resulting in a false positive signal for SOD activity), reduce
ferricytochrome c (potentially leading to a false negative signal),
or react stoichiometrically, not catalytically, with superoxide (i.e.,
a scavenger of superoxide) (14). The question is only about
the kinetic competition between cytochrome c and superoxide.
However, the concentration of applied superoxide under its
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steady-state production during the assay is quite low, significantly
lower than the concentration of cytochrome c so that the reaction
between the complex and cytochrome c can compete with the reac-
tion between cytochrome c and superoxide (especially that the
second-order rate constants for the reaction between cytochrome
c and some complexes can be quite high ca. 106s�1M�1 (15k)).
Due to the high positive charge on the surface of cytochrome c,
the reaction between it and the metal complexes becomes less
prominent or can be even fully suppressed by increase of the posi-
tive charge on the complex. Therefore, in the case of the porphyrin
complexes with high positive charges, it is most probably safe
to use this assay, at least in respect to the cross-reaction with
cytochrome c.
The indirect assays do not discriminate among all these possi-

ble cross-reactions and, in addition, do not provide information
regarding the mechanism of action of putative SOD mimetics.
We have demonstrated that small molecular weight redox-active
metal complexes in their different oxidation forms, in which
they occur within the SOD catalytic cycle, inevitably react with
indicator substance during the SOD assay (5b). Independent of
the redox potential of studied putative SOD mimetics, the
cross-reaction with an indicator substance, for example, cyto-
chrome c, is very difficult to avoid (Fig. 4).
Therefore, direct kinetic methods are the only alternative.

There are in general two methodological approaches: the pulse
radiolysis and stopped-flow techniques. Pulse radiolysis has
drawbacks because it produces a low steady-state concentration
of O2

��; thus, in such experiment, it is difficult to achieve real
catalytic conditions (superoxide in a large excess). A common
and cheap source of superoxide is KO2, which can be dissolved
in aprotic DMSO, where it is relatively stable. In that way, much
higher concentrations of O2

�� can be obtained than by pulse radi-
olysis. Riley et al. have utilized stopped-flow kinetic analysis as a
direct technique for monitoring superoxide decay kinetics, via
the spectrophotometric signature of superoxide at 245nm, where
a DMSO solution of KO2 is rapidly mixed (<2ms) with an aque-
ous buffered solution of the catalyst in approximately 1:20 vol-
ume ratio (14).
From this type of analysis, an uncatalyzed decay of superoxide

(second-order kinetics) can be distinguished from a catalyzed
decay of superoxide (first-order kinetics) in the presence of a
large excess of superoxide over the complex being screened
(Eq. (8)). A second-order catalytic rate constant (kcat) can be
obtained (Eq. (8)) for an agent with true catalytic SOD activity.
This direct determination of a true kcat can be used to directly
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compare and quantify the SOD activities of enzymes and/or
mimetics under a given set of conditions (e.g., defined pH and
temperature). No direct comparison can be made between the
kcat value and activity obtained from the cytochrome c assay or
other indirect assays.

d O��
2

� �
=dt ¼ kself O��

2

� �2 þ kcat catalyst½ � O��
2

� �
(8)

However, the above-mentioned method also has a limitation.
Since the self-dismutation of superoxide, kself, in 1:20 DMSO/
H2O mixture is already a very fast process, this technique can
be used only for kcat>105.5M�1s�1. Even more problematic is to
technically achieve rapid and efficient mixing of different
volumes of two solutions with a big difference in viscosity. Fur-
ther, DMSO itself has an absorption maximum in the same spec-
tral range as superoxide, which requires significant dilution in
order to be able to monitor the superoxide decay. Besides the
work of Riley et al., no one else could reproduce such
experiments.
We have collaborated with the Bio-Logic company on

optimizing their stopped-flow module mSFM-20 (Fig. 5a) for
measurements with superoxide. This module is driven by high-
speed stepping-motors with microprocessor control, enables
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*Or corresponding redox potentials for coordinated O2
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*

FIG. 4. Redox cross-reactions between metal-based SOD mimetic
and cytochrome c.
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efficient and rapid mixing of solutions of high viscosity, and has a
large solvent compatibility. It is the most powerful and flexible
rapid mixing instrument existing today. Its high sample econ-
omy is even enhanced by a completely variable mixing ratio
option. We have upgraded the mSFM-20 to a sub-millisecond
mixing stopped-flow configuration (Fig. 5b) by combining it with
a microcuvette accessory (with an optical path light of 0.8mm)
and a monochromator to minimize the dead time of the instru-
ment. Studying the superoxide decomposition catalyzed by metal
complexes by using only DMSO solutions (the DMSO spectrum is
automatically subtracted from the sample spectra) and applying
a microcuvette accessory (which reduced the dead time of the
instrument to 0.4ms), we can observe the pure catalyzed decay
of superoxide at 270nm as a first-order process. Uncatalyzed
superoxide decomposition is suppressed in aprotic solvent; thus,
the catalyzed process with any rate constant can be followed
without the interference of the self-dismutation of O2

��. In addi-
tion, mixing of two solutions of the same viscosity does not cause
any unwanted effects. Further, as it was stressed by Sawyer
et al. (5a), an even closer relation between the kinetic
measurements in aprotic media than in bulk water can be drawn
with the processes in mitochondria, which is the major source of
superoxide in aerobic organisms, since aprotic media “may be
representative of a hydrophobic biological matrix.” Under less
protic conditions, causing a longer half-life of O2

��, efficient
superoxide decomposition is even more desirable.
All the above-mentioned methods for the detection of SOD

activity applied in the literature are based on single wavelength

(a) (b)

FIG. 5. The mSFM-20 module installed with the cryo-stopped-flow
accessory (a) and the microcuvette accessory (b).
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measurements, which are used for the determination of the
corresponding catalytic rate constants (kcat). To achieve better
control over the monitored process and to enable kcat determina-
tion from the overall UV/vis spectral changes (global analysis of
the entire time-resolved spectra), a double mixer stopped-flow
system was combined with a fast diode array detector. For the
first time, time-resolved spectroscopy has been utilized by us
for the determination of SOD activities (Fig. 6) of different enzy-
matic and mimetic systems (25). Due to the short integration
time (0.5ms) for good quality spectra in the UV region, use of
laser driven light source is recommended. Application of a high
density mixer enables efficient mixing of aqueous buffer sol-
utions containing SODm, with a DMSO solution of KO2 (in a
10:1 ratio), so that this setup can be applied for the
measurements in the presence of aqueous solutions too.

B. ENZYMATIC AND MIMETIC SOD MECHANISM

The intriguing question is how the seven-coordinate geometry
of metal complexes engenders its remarkable catalytic activity,
exceeding that of the native mitochondrial MnSOD enzymes
(Fig. 2), knowing that the coordination sphere of active metal
centers in the native SOD enzymes is of different geometry.
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FIG. 6. Direct method for detection of SOD activity in aqueous sol-
utions by time-resolved spectroscopy.
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The arrangement of ligands in FeSODs is very similar to that
in MnSODs, including human MnSOD, and both these classes
of enzymes function in a fundamentally similar manner to
that of Cu/Zn SODs. The geometry around Mn(III) and Fe(III)
enzyme centers is trigonal bipyramidal with two histidines
and one aspartate in the equatorial plane and with histidine
and a solvent molecule (proposed to be OH�) as axial ligands
(Fig. 2) (10a,26). In all SOD enzymes, the metal cycles between
oxidized and reduced states catalyzing the disproportionation of
superoxide to dioxygen and hydrogen peroxide (Fig. 7), and in
MnSODs and FeSODs, the metal alternates between five- and
six-coordination. Ligated solvent (OH�) acts as a proton acceptor
in the reduction half-reaction; thus the water molecule becomes
axially ligated to the Mn(II) and Fe(II) center, respectively. Both
half-reactions, reduction and oxidation, are inner-sphere elec-
tron-transfer processes. The entering O2

�� anion binds to the

E0(M(n+1)+/ Mn+)

E0(M(n+1)+/ Mn+)

E0(M(n+1)+/ Mn+)

Relative potential, V
+

O2
-+ Mn+

O2
-+ Mn+

2H+

or

M(n+1)+ + H2 O2

M(n+1)+ - O2
2-

Superoxide reduction

StoichiometricCatalytic

E0 (O2/ O2
-)

M(n+1)+-O2
2-

2H+

H2O2

M(n+1)+ M(n+1)+

M(n+1)+M(n+1)+

O2
- + M(n+1)+  Mn+ + O2

E0(O2
- + 2H+/ H2O2)

or
E0(O2

- -Mn+/ O2
2- - M(n+1)+)

-O2
--O2

-

Mn+ Mn+

M(n+1)+- O2
2–

Mn+-O2
-

Mn+-O2
-

e-

e- e-

e–

e–O2
 -

O2
O2

 -

Superoxide dismutation

Superoxide oxidation

O2

-

O2
 -

O2
 -

FIG. 7. Redox reaction between superoxide and metal centers: metal
complexes can interact with O2

�� either as catalysts for its dismutation
(SOD mimetics) or in a stoichiometric manner.

71CROSS-REACTIONS OF MnSOD MIMICS



metal in the trans position to the negative carboxylate aspartate
group without displacement of the other metal ligands. Thus for-
mation of the six-coordinate inner-sphere complexes is
accompanied by very small perturbations of the metal and its lig-
ands. In the iron SODs, protonation of Fe(III)-OH� seems to be
the rate-limiting step. The additional transfer of two protons
takes place during the oxidative half-cycle, more precisely during
the reduction of the coordinated superoxide anion. One proton
comes from the ligated H2O molecule to form Fe(II)-OOH�,
which dissociates a hydroperoxyl anion that is subsequently
protonated to produce H2O2. Exactly this step, the dissociation
of the peroxo complex promoted by proton transfer from the
ligated H2O to make peroxide a better leaving group, is the
rate-determining step in the catalytic cycle of MnSOD enzymes.
These crucial proton transfer pathways are not easy to infer from
structural data, on which predominantly the proposed
mechanisms are based (10c). As the assignment of species
involved in proton transfer is notoriously difficult in the case of
enzyme systems, relevant investigations on adequate model
complexes could be of vast importance.
Without going into further details, it is important to point out

that nature created the most efficient mechanism to enable fast
catalytic turnover by selecting inner-sphere proton-coupled elec-
tron transfer as an efficient path that does not require charge
separation in the transition state. It also requires minimal per-
turbations to form catalytic intermediates, without displacement
of the other ligands in an associative manner. In contrast to the
above-outlined mechanisms, the postulated mechanism for the
catalytic action of the seven-coordinate Mn(II) SOD mimics
(13a) is quite complicated, although resulting in amazingly fast
catalytic processes. The postulated catalytic mechanism (Fig. 8)
proceeds through two parallel but separated rate-determining
steps, viz. pH-dependent outer-sphere and pH-independent
inner-sphere oxidation of the Mn(II) complex. Both steps require
profound conformational change of the pentadentate macrocyclic
ligand, but these perturbations proceed also through two unique
folding motifs yielding two different six-coordinate Mn(III) spe-
cies. Mechanistic details are predominantly based on molecular
mechanics calculations (13a), and there are not sufficient experi-
mental data to support them. Therefore, a number of unresolved
questions have arisen from the suggested reaction mechanism
for the seven-coordinate Mn(II) type mimetics.
In the past years, it has been shown by us and others (5b,15b,27)

that the mechanism of superoxide dismutation by small metal
complexes proceeds predominantly by an inner-spheremechanism,
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which requires coordination of superoxide by substitution of a sol-
vent molecule. The superoxide binding to the seven-coordinate
metal centers follows an interchange associative rather than disso-
ciative mechanism (27). This means that there is no need for the
formation of a six-coordinate intermediate and a ligand conforma-
tional change along the catalytic pathway, as previously proposed
(Fig. 8). In general, pentagonal–bipyramidal manganese and iron
complexes bind nucleophiles according to an interchange associa-
tive mechanism and pass through an eight-coordinate transition
state (Fig. 9). As a consequence, a pentadentate ligand can stay pla-
nar, that is, also conformational rigid ligand systems can be used for
design of manganese and iron SODmimetics.

C. REDOX PROPERTIES AND INTERACTIONS WITH SMALL MOLECULES

For the superoxide dismutation by a metal complex, it is neces-
sary that the complex redox potential falls between the redox
potentials for the reduction and oxidation of O2

�� (Scheme 3).
The potential range between �0.16V (or �0.33V with respect
to a standard state of 1atm O2 pressure; the reevaluated
standard redox potential of the oxygen/superoxide couple is
�0.137V) (28) and þ0.89V versus NHE is commonly accepted
in the literature as the range in which a metal center should
exhibit its redox potential for having SOD activity (29). However,
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the problem arises from the fact that these potentials correspond
to the outer-sphere oxidation and reduction (at pH¼7) of O2

��

(28), respectively. In reality, metal complexes, with at least one
labile monodentate ligand, usually react with superoxide
according to an inner-sphere electron-transfer mechanism, due
to the fact that O2

�� is a very good nucleophile, which facilitates
its coordination. Once O2

�� is coordinated, its reduction potential
shifts toward more positive values (Fig. 10) because peroxide, as
the reduction product, is significantly stabilized by coordination
to a positively charged metal center. To a certain extent, the oxi-
dation potential of O2

�� is also affected by its coordination, that
is, it is also positively shifted, but this effect is not so prominent
(Fig. 10). As a consequence, the redox potential of coordinated
superoxide is difficult to predict and generalize, since it depends
on the charge density and electronic properties of the metal cen-
ter, which are in addition affected by the nature of the particular
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FIG. 9. Eight-coordinate transition state in an interchange associa-
tive mechanism of substitution reactions on a pentagonal–bipyramidal
complex (S¼solvent molecule, A�¼anionic monodentate ligand).
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ligand system. Therefore, the correlations between the complex
redox potentials and its SOD activity cannot be based on the
known redox potentials for the outer-sphere oxidation and, in
particular, reduction of O2

��, as it is practiced in the literature
(30), calling for systematic studies of this phenomenon in the
future.
That inner-sphere electron transfer plays an important role

within the SOD mechanism is shown by our preliminary
experiments with the eight-coordinate Mn(II) complex (Fig. 11).
Although the redox potential of this complex is similar to the
redox potentials of some proven seven-coordinate Mn(II) SOD
mimetics (approximately þ0.78V vs. NHS) (13a,g,31), the stud-
ied eight-coordinate Mn(II) complex demonstrates no ability for
catalytic superoxide dismutation. This can be explained in terms
of the saturated coordination geometry around the metal center
and shows that, for SOD activity, the complex redox potential
is not the only important requirement. In the case of these
complexes, with a relatively high redox potential, coordination
of superoxide is crucial for its efficient reduction.
Besides the superoxide dismutation mechanism, the reactivity

of metal centers, in particular manganese complexes, toward NO
is very much dependent on the possibility for binding a substrate
molecule. As it will be shown later, the possibility that MnSOD
enzymes and some mimetics can react with NO has been wrongly
excluded in the literature, simply based on the known redox
potential for the (substrate) free enzymes, mimetics, and NO,
respectively. Therefore, the general fact that, upon coordination,
redox potentials of both the metal center and a coordinated
species are changed should be considered in the case of any
inner-sphere electron-transfer process as a possible reaction
mechanism.
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V. Manganese SOD Enzymes and Reactive Nitrogen Species:
Cross-reactivity, Not Selectivity

Although one of the major goals in designing SOD mimics is to
“reproduce” strict selectivity of the natural enzyme, the past
decade's research has seriously questioned the absolute selectiv-
ity of natural SOD enzymes toward superoxide. The first study to
show that appeared in 1999 by Niketic et al. (32), where the
authors demonstrated that Mn and Fe SOD enzymes (E. coli),
but not CuZnSOD, react with NO under anaerobic conditions
leading to the redox transformation of NO to nitroxyl (NO�/
HNO) and nitrosonium (NOþ) ions which produce enzyme
modifications and inactivation, leading to the cleavage of the
enzyme polypeptide chain.
Later, Quijano et al. (33) showed that both human recombinant

and E. coli MnSOD react also with peroxynitrite with respective
rate constants 1.0�0.2 and 1.4�0.2M�1s�1. More importantly,
this study demonstrated that removal of the metal center from
the enzyme active site lowers the mentioned rate constant to
<104M�1s�1, whereas the reconstitution of the enzyme structure
reestablishes the same reactivity toward peroxynitrite. The pres-
ence and the nature of the metal ion seem to be important for
the observed reaction. While MnSOD showed reactivity
toward peroxynitrite, the Zn-substituted enzyme did not. As a con-
sequence of this reactivity, the characteristic tyrosine residue of
the MnSOD enzyme is nitrated which causes the loss of the
enzyme activity. Further, the producedNO2

� is capable of reacting
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FIG. 11. Eight-coordinate Mn(II) complex.
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with the surrounding molecules/tyrosine residues increasing the
nitration yield. Quijano et al. (33) proposed that the manganese
ion in MnSOD plays an important role not only in the decomposi-
tion kinetics of peroxynitrite but also in peroxynitrite-dependent
nitration of self and remote tyrosine residues.
More recently, Filipovic et al. (34) readdressed the reaction of

NO with MnSOD under both aerobic and anerobic conditions.
In this study, Filipovic et al. (34) showed that MnSOD indeed
reacts with NO under anaerobic conditions which leads to the
complete loss of the enzyme activity. However, in the presence
of glutathione, a possible scavenger of the proposed NOþ and
NO� species, the activity of the enzyme remains preserved while
the amount of removed NO increased, implying the catalytic pro-
cess (Fig. 12). The authors proposed that this reaction should be
referred to as NO dismutation:

Mn3þ SODð Þ þNO ! Mn2þ SODð Þ� � �NOþ

Mn2þ SODð Þ þNO ! Mn3þ SODð Þ� � �NO�

In the same study (34), the reaction of MnSOD with NO under
aerobic (and thus more physiological) conditions was also stud-
ied, and the second-order rate constant for the reaction of
MnSOD (E. coli) with NO under aerobic conditions was deter-
mined to be 650M�1s�1. It should be mentioned that this rate
constant is not the catalytic rate constant for NO removal by
MnSOD, since the experimental conditions used in the study
were not catalytic. Further, it is possible that this constant is
largely underestimated because of the relatively slow response
time of the NO electrode used in the study to follow the reaction.
However, the authors demonstrate that dismutation indeed
takes place and that even reduction of NO, considered to be ther-
modynamically impossible (vide infra), is possible. More impor-
tantly, they propose that this reaction could present a defense
mechanism against overproduction of NO and its subsequent
toxic effects due to the reaction with superoxide and
peroxynitrite formation. These two reactions of MnSOD, one
with NO and the other with ONOOH, stimulated further studies
on SOD mimics with RNS and showed that none of them in fact
posses strict selectivity toward superoxide.

VI. ROS Versus RNS

When talking about superoxide, its interaction with NO and
NO signaling has to be taken into account. Since its discovery
as an endothelium-derived relaxing factor (35a), NO has passed
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FIG. 12. MnSOD causes rapid NO decay in anaerobic solution.
(a) Anaerobic NO solution (10mM) in 50mM phosphate buffer, pH 7.4,
was incubated for 60min at 23C and subsequently for further 20min
following the injection of Ar-purged stock solution of MnSOD to the
final indicated enzyme monomer concentrations. (b) Anaerobic NO
solution (150mM) in 50mM phosphate buffer, pH 7.4, was incubated
with MnSOD (0.45mM subunit) with and without the supplementation
with GSH (1mM). Arrows indicate remaining enzyme activity as per-
centage of the control. Taken from Filipovic et al. (34).
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from a signaling molecule involved in the regulation of blood
pressure to the molecule that could alter the signaling of almost
all metabolic pathways, as extensively reviewed elsewhere
(35b–j). NO maintains these roles by reacting with metal centers
of metalloenzymes (35b,j), by modulating SH groups of the pro-
tein (forming S-nitrosothiols or/and disulfides) (36), or/and by
reacting with superoxide to form peroxynitrite (37). While the
first two accounts for the physiological effects of NO, the latter
mechanism is characteristic of pathological processes. SODs keep
the level of superoxide below 10�10M under normal, physiologi-
cal conditions (38). However, when the enzyme activity is
impaired or the enzyme level lowered, a possibility for
peroxynitrite formation increases (Fig. 13) (37a,b,13e).
The reaction of NO and superoxide is diffusion controlled

(	1010M�1s�1) (37c), and the chemistry, biochemistry, and
pathophysiology of peroxynitrite have been extensively studied
during the past two decades. Several excellent reviews are cover-
ing this subject (37a,b,d,8f). When produced, peroxynitrite
modifies different biomolecules such as proteins (protein nitra-
tion, oxidation, aggregation), lipids (nitration and oxidation),
DNA (oxidation) through nitration and oxidation reactions and
as thus represents a very powerful toxic molecule (37a,b,e,f,8c,f).
This is particularly the case during inflammation, which implies
activation of immune cells and overproduction of both superoxide
and NO (37g,39). Although addressed against pathogens as a
defense mechanism, when prolonged, inflammation leads to
severe tissue damage and represents the basis of numerous dis-
ease states (13e,f). The design of therapeutics against the inflam-
mation-related diseases is thus traditionally divided into three
levels: (i) aiming toward removal of superoxide (13), (ii) inhibition
of iNOS (40), and recently, (iii) aiming toward scavenging
peroxynitrite (37a,d). As presented in the following text, all the
main three classes of SOD mimics maintain their strong pharma-
cological potential through reacting at more than one of the men-
tioned levels.

VII. Reaction of SOD Mimics with Peroxynitrite

Of the three most studied classes of MnSODmimics, porphyrin-
type mimics are most examined with respect to peroxynitrite (41).
Reactivity of metal porphyrins with peroxynitrite was originally
proposed by Stern et al. (41a), where authors showed that [Fe
(III)TMPyP] possesses peroxynitrite isomerase activity. However,
the activity of Mn porphyrins, particularly those that show SOD
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activity toward peroxynitrite, is mechanistically different. In the
initial studies of Lee et al. (41b), it was shown that Mn(III)TMPyP
reacts very fast with peroxynitrite, but only to produce the oxoMn
(V) complex. Pseudo-catalysis is possible in the presence of reduc-
ing agents like ascorbate or glutathione, which would then reduce
back the stable oxoMn(V) complex (Fig. 14).
In the paper following the discovery that MnSOD enzyme

reacts with peroxynitrite, Ferrer-Sueta et al. (41c) examined a
set of Mn porphyrins to show that they all react with
peroxynitrite with the second-order rate constant being in the
range of 105–107M�1s�1. The authors noticed that the reactivity
of the prophyrins toward ONOO� reflects an overall effect of the

·OH
Metals SOD

PhysiologyPathology

O2·
- H2O2

NO

cGMPFe2+

RSNO

NO
O2

·NO2

ONOOH

FIG. 13. Interplay of ROS and RNS in physiology and pathology.
When produced at steady-state levels, superoxide is efficiently removed
by SODs. Under these conditions, NO reacts mainly by activating solu-
ble guanylate cyclase to produce cGMP and/or to induce posttransla-
tional modification of protein by forming S-nitrosothiols. However, in
different pathologies, when one or both of the molecules are
overproduced or/and SOD levels reduced, NO and O2

�� combine to give
peroxynitrite, a powerful oxidant. Peroxynitrite can react directly with
the biomolecules or can homolytically decompose to give OH and NO2

radicals, both of which can additionally be formed in the reaction of
superoxide with free metal ions and in reaction of NO with oxygen,
respectively.
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prophyrin ligand on the metal center, pointing out that the reac-
tion proceeds by inner-sphere reaction mechanism with the rate-
limiting step for the reaction being a coordination of
peroxynitrite to the metal center. Conversely, the drawback of
this reaction is the increased production of NO2 and subsequent
nitration of the surrounding molecules. In spite of this chemical
notion, numerous physiological studies using porphyrin-based
MnSOD mimics showed beneficial effects in peroxynitrite-caused
pathologies (37d,41d,e). The answer could lie in the fact that,
although applied as Mn(III)porphyrins, when distributed
in vivo, these complexes get reduced easily by the reducing envi-
ronment in the cells, which then changes the chemistry and the
mechanism of their action. Mn(II) complexes react with
peroxynitrite also to produce Mn(V)oxo porphyrin, but together
with nitrite no NO2 radicals (Fig. 14).
Reactivity of other SOD mimics toward peroxynitrite was

scarcely studied. Sharpe et al. (42) reported that manganese
salen complexes (EUK-8 and EUK-134) could react with
peroxynitrite which leads to the formation of oxomanganese
salen complex. This complex possesses different reactivity and
readily reacts with NO.
Mn(II)pentaazamacrocyclic complexes are least studied in

terms of any other reactive oxygen or nitrogen species except
superoxide, as the authors always stressed that they posses
strict selectivity. However, we showed (43) that some
representatives of this class do react with NO (vide infra) and
suggested that a reaction is possible with peroxynitrite (44) as
well. Figure 15 clearly shows that when present in solution, Mn

Uric acid, ascorbate,
GSH, NADH

Uric acid, ascorbate,
GSH, NADH

Uric acid,
ascorbate,
GSH, NADH

MnVporph Mnllporph MnVporph

NO2·1e–ONOOHNO2
-

2e–

O

Mnlllporph

O

FIG. 14. Reaction mechanism for the Mn(III)(porphyrinato) SOD
mimic-assisted peroxynitrite removal. For the detailed explanation,
see the main text.
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(II)(pyane) causes the removal of peroxynitrite as measured
amperometrically. However, this observation warrants further
investigation.

VIII. Reaction of MnSOD Mimics with NO

The main targets of successfully designed SOD mimics are said
to be inflammation-based diseases where overproduction of
superoxide takes place. SOD mimics would thus remove superox-
ide, producing H2O2, or could remove both (like in the case of
salen complexes). In this way, the role of NO would remain
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FIG. 15. Subtracted amperometric responses at þ450mV (Idiff
450mV)

versus SSCE in PBS/NaOH (pH
10.5) using the same platinized car-
bon microelectrode. The dotted curves were obtained in the absence of
[Mn(II)(pyane)Cl2], whereas the dashed and solid curves were obtained
in the presence of 25 and 100mM of the complex, respectively. Region I
corresponds to the period prior to ONOO� addition, while regions II–IV
correspond to the initial ONOO� concentrations of 12.8, 25.0, and 36.6m
M, respectively. The arrows and shaded areas correspond to injections
of ONOO� and mixing of the solution. Taken from Filipovic et al. (44).
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preserved and subsequent formation of peroxynitrite (which can
additionally be removed efficiently by porphyrin-type of SOD
mimics, as mentioned above) prevented. Because of this main
dogma, interestingly, very few studies dared to test it and mea-
sure direct reaction of MnSOD mimics with NO. In the light of
our previous findings that the MnSOD enzyme could react with
NO through a possible dismutation mechanism (34), we studied
in details the reaction of pentaazamacrocyclic SOD mimics with
NO in vitro (43) and on a cellular model (44).
One of the main problems with studying nonporphyrin Mn

complexes with SOD acitivity is that the UV–vis spectral pro-
perties are very limited and not well defined, so the need for com-
bination of different other spectroscopic methods is needed.
By combining the amperometric detection of NO consumption,
with ATR-FTIR, EPR, and MS spectrometry, together with some
analytical methods for detection of the products, we were able to
detect all reaction steps behind the reaction of Mn(II)
pentaazamacrocyclic SOD mimics and NO. The addition of SOD
active [Mn(pyane)] and inactive [Mn(pydiene)] complexes
(Scheme 4) into NO solution leads to immediate removal of NO.
This process was followed by formation of three distinctive IR
bands at 1840, 1653, and 1647cm�1 assigned to Mn(II)NOþ and
six- and seven-coordinate Mn(III)NO�, respectively, as Mn(III)
is not very stable in seven-coordinate geometry and an equilib-
rium between seven- and six-coordinate species exists in the
solution (27). Consequently, when followed by EPR, the cycling
between EPR active Mn(II) and EPR inactive Mn(III) could be
observed (Fig. 16).
Together with the detection of S-nitrosothiols (as a marker of

NOþ chemistry) (45a) and hydroxylamine (as a marker of NO�/
HNO chemistry) (45b), we proposed the following reaction
mechanism:

[(L)MnII(S)2] [(L)MnII(NO)(S)]

[(L)MnIII(NO-)(S)] [(L)MnIII(NO�)]

�NO
-S -S

(1)

e-

[(L)MnII(NO�)(S)][(L)MnIII(S)]
�NO

L = pentaazamacrocyclic ligand S = solvent molecule

(2)

Different Mn complexes have been reported to react with NO,
either to yield metal nitrosyls or to produce N2O and metal
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SOD active complex [Mn(II)(pyane)]; 2, SOD inactive precursor of 1,
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nitrite complexes by NO disproportionation (46). To distinguish
the mechanism proposed for Mn(II)pentaazamacrocyclic
complexes and MnSOD enzyme from these processes, we pro-
posed that the term NO dismutation should be used.
It should be emphasized that one of the reasons why most of

the MnSOD mimics, in particular pentaazamacrocyclic
complexes, have not been tested for the reaction with NO is
because of the prevailing opinion that all of them do not have suf-
ficiently high redox potential to reduce NO via outer-sphere elec-
tron transfer (redox potential of these MnSOD mimetics is
>0.8 V, NHE) (47a). However, these complexes are generally
prone to react with different monodentate ligands, and coordina-
tion of NO is quite feasible. Once NO coordinates, its redox
potential shifts toward significantly more positive values,
enabling an inner-sphere electron transfer resulting in the Mn
(III)NO� nitrosyl species.
Due to the same misinterpretation of the real meaning of the

known redox potential for the MnSOD enzyme, it has been
questioned whether MnSOD could reduce NO (47b). The ques-
tion in most recent literature still exists: “Can we provide a defi-
nite answer to the endogenous HNO (nitroxyl) production
paradox?” (47b). The authors conclude that NO reduction by
MnSOD is highly endergonic and unlikely because the NO,Hþ/
NO�(HNO) couple has the low redox potential of ca. �0.55 to
�0.8V compared to þ0.3V for MnSOD. However, as we have
already mentioned and experimentally confirmed, the reduction
of NO by Mn centers of even very high redox potentials (>0.8V,
NHE) is possible if the reaction proceeds according to an inner-
sphere mechanism, which is usually the case.
The reduction of NO to nitroxyl is of special biochemical and

physiological significance and consequence. Although the chemis-
try and physiology of nitroxyl are not the subject of this review and
could be found covered elsewhere (47c–e), it should be mentioned
that nitroxyl (NO�/HNO) possesses physiological effects distinct
to that of NO. It has been shown that unlike NO donors, HNO
donors do not develop nitrate-tolerance and as thus possess strong
pharmacological potential in the treatment of cardiovascular dis-
eases (47e). HNO has been recently also shown to posses
anticarcinogenic properties (47c). While the design of organic
molecules that would serve as donors of HNO is an on-going pro-
cess (47f), we believe that the rational design of metal complexes,
which would posses NO reductase or NO dismutase activity, could
be as efficient and beneficial.
The importance of our in vitro finding was further tested on a

cellular model (44). As previously explained, the main target
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for SOD mimic application are different inflammation-based dis-
eases (13), all of which are characterized not only by increased
superoxide formation but also by increased expression of induc-
ible nitric oxide synthase (iNOS) that leads to overproduction of
NO. Modern therapies rely on either inhibitors of iNOS or scav-
enging of superoxide. However, achieving the selective inhibition
of iNOS is still a challenge and most of the molecules inhibit the
activities of other NOS enzymes as well (40). We proposed that
our observed NO dismutase activity coupled to SOD activity
could be a new way to attack the inflammation from both sides.
We used a unique amperometric technique that allows mea-

surement of hydrogen peroxide, NO, ONOOH, and NO2
� on a

single cell level, developed by the group of Amatore (48). In such
experiments, a platinized carbon-disk microelectrode was posi-
tioned in close proximity to the cell membrane of a single macro-
phage. The release of the ROS/RNS is detected in real time by
amperometry at a constant potential. This is, at the same time,
the only known method for a direct detection and quantification
of peroxynitrite (48b,d). Using immune-stimulated macrophages,
as main actors in the production of ROS and RNS on the course
of inflammation (39), we could actually measure the amount of
the species released in untreated cells and [Mn(II)(pyane)]-
treated cells. Treatment with pentaazamacrocyclic SOD mimics
did not cause a change in cell morphology or survival. Surpris-
ingly, however, the treatment with the SOD mimic completely
abrogated the release of NO and peroxynitrite from the cells,
but the protein and mRNA levels of iNOS remained unchanged
implying that, as observed in vitro, [Mn(II)(pyane)] indeed effi-
ciently scavenges NO, transforming it into less benign species.
This method also allowed us to depict the chemical fate of each
ROS and NOS species produced upon immune-stimulation of
macrophages (Fig. 17).
To date, this is the first time that a chemical compound with a

promising pharmacological effect has been reported to remove
both superoxide and NO by transforming them into more benign
species and without altering the normal enzymatic pathways for
their production. This also questions the need for peroxynitrite
scavengers when, in fact, this class of complexes efficiently pre-
vents peroxynitrite generation and moderately reacts with it (see
Fig. 17). Further studies on the possible disease models with
emphasis on the ability to redoxmodulateNOmetabolic pathways
by this class of SOD mimics is the current goal of our studies.
The ability of Mn(III)(porphyrinato) SOD mimics to react with

NO was first reported in the study by Pfeiffer et al. (49), where
MnTMPyP was used. The authors observed no SOD activity of
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this complex in vivo, arguing that this effect was overcome by
inhibition of endothelial sGC at low concentration of the drug.
More importantly, they observed that the present glutathione
complex acts as a potent scavenger of NO. They proposed that
it is the reduced Mn(II) form, formed when the complex was
mixed with GSH, that binds NO so efficiently. Further, the com-
plete removal of NO was observed even when substoichiometric
concentrations of SOD mimic were used, implying a possible cat-
alytic process. Spasojevic et al. (50) reported the reaction of
another SOD mimic, manganese tetrakis(N-ethylpyridinium-2-
yl)porphyrin (Mn(III)TE-2-PyP5þ), with NO. A rapid reaction of
the reduced form of this complex with NO (k
1�106M�1s�1)
was observed with the formation of a manganese nitrosyl com-
plex. The authors argue that the Mn(III) form of the complex
does not react with NO, while Mn(II) binds NO. This raises the
question of the actual physiological/pharmacological role of
porphyrinato SOD mimics. As stated above, under physiological
conditions, all Mn(III)porphyrins would be reduced so the
observed reaction of NO binding (50) and/or its catalytic removal
(49) could have important physiological effects and could account
for some of the observed pharmacological effects. In Fig. 18, we
present one of the possible reaction scenarios for the Mn(II)–NO
complex formed in this reaction. Further, the observed
peroxynitrite removal could be easily explained by the actual
removal of both NO and superoxide and thus prevention of
peroxynitrite formation rather than its removal. More impor-
tantly, Pfeiffer et al. (49) found that MnTMPyP also directly
inhibits NOS, inhibiting thus further NO production and
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FIG. 17. Proposed scheme accounting for the detection of 21fmol
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��. Taken from Filipovic et al. (44).
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diminishing the peroxynitrite generation. Further studies on this
are necessary, particularly in the direction of the chemical
nature of the bound NO and its release from the porphyrin/reac-
tion with another biomolecule.
Manganese salen complexes do not react with NO directly, but

when exposed to different oxidants (H2O2, HOCl, ONOOH), they
get oxidized to form a Mn(V)oxo salen complex which can then
react with NO to form NO2 or/and nitrite to form nitrate (Fig. 19)
(42). The authors argue that Mn-Salens may prove to be thera-
peutic agents where NO overproduction is a factor in pathophys-
iology, for example, sepsis. Mn-Salens might prove useful in
treating sepsis, and rational drug design or compound screening
will locate Mn-Salens with poor catalase activity but rapid oxida-
tion to oxoMn-Salens, which would result in a high level of
oxoMn-Salen in the presence of oxidizing, inflammatory species.
The oxoMn-Salens generated could then clear the body of a sep-
sis patient of excessive NO.

Mnllporphyrin + NO
(a)

(b)

Mnllporphyrin Mnlllporphyrin

Mnlllporphyrin   +  NO-

NO NO-

NO

NO 2GSH

GSSG
+

NH2OH

N2O3
-

N2O + NO2
-

GSH, ascorbate,
uric acid

N2O2
-

FIG. 18. Observed (a) and proposed (b) reaction pathways for the
reaction of Mn(porphyrinato) SOD mimics with NO. As reported by
Pfeiffer et al. (49), Mn(II)porphyrins bind NO efficiently (a) even caus-
ing its removal from the solution in substoichiometric concentrations
implying a possible catalytic cycle. We propose (b) that the formed
Mn(II)–NO complex exists also as Mn(III)–NO�. NO� could be released
from the metal active site by further reaction with NO or glutathione
(GSH) to form N2O, nitrite, hydroxylamine, and GSSG. Mn(III) porphy-
rin that is released in this reaction could be reduced back to its Mn(II)
form and react further in another cycle.

88 IVANA IVANOVI�C-BURMAZOVI�C AND MILOS̆R. FILIPOVI�C



IX. Conclusion and Perspectives

The chemistry, biochemistry, and physiology of superoxide and
NO and their interactions with metal centers are very complex
issue, which requires a multidisciplinary approach. We are still
not fully aware of the reactions that occur under relatively sim-
ple in vitro conditions, and we know even less about the real pro-
cesses on a molecular level under in vivo conditions. Systematic
studies and reliable, comparable data on number of different
manganese SOD mimetics, regarding their reactivity toward
reactive oxygen and nitrogen species and corresponding reaction
mechanisms, are required for the further progress in the field
and possible biomedical application of the gained knowledge.
To date, there are very few studies which consider a number of
different side reactions in which MnSOD mimetics may be
involved, such as binding of physiologically relevant ligands
(phosphates, oxalates, carbonate, carboxylates in general, chlo-
ride, different thiols, etc.) and their effects on the thermodynamic
stability, kinetic lability, and reactivity toward NO and superox-
ide. These are very important questions, because Mn(II)
complexes are in general quite labile, and under reductive intra-
cellular conditions, the most probable oxidation state of all man-
ganese centers is exactly 2þ. It may even happen that in vitro
SOD activity or NO reactivity of a designed Mn mimetic cannot
be directly correlated with its physiological effects, because the
complex can decompose and Mn can bind to other bioavailable
nucleophiles resulting in different species with unknown reactiv-
ity. The role of the ligand in such cases would be just to deliver
the manganese center to a particular cell compartment. Thus,
future studies should be directed toward elucidation of the reac-
tivity and speciation of Mn complexes in vivo by utilizing real
time measurements, which are possible nowadays by applying
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HOCI/ONOOH/H2O2

O NO2
- NO3
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FIG. 19. Reaction of Mn(salen) SOD mimics with NO. For the
detailed explanation, see the main text.
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specially designed molecular fluorescence probes selective for
NO, nitroxyl, superoxide, etc. Such methodology can be utilized
for testing a possible decomplexation of Mn or distribution of
Mn complex within the intracellular environment.
Due to the growing interest in the regulation of the cellular redox

status and variety of signaling pathways aiming at modulating
(patho)physiological processes for the benefit of health, the (bio)
chemistry of manganese compounds and their reaction
mechanisms certainly deserves innovative and visionary scientific
approaches in the time ahead of us.

ABBREVIATIONS

SOD superoxide dismutase
SODm superoxide dismutase mimics
MnSOD manganese superoxide dismutase
FeSOD iron superoxide dismutase
Cu/ZnSOD copper zinc superoxide dismutase
NiSOD nickel superoxide dismutase
ROS reactive oxygen species
RNS reactive nitrogen species
GC guanylate cyclase
cGMP cyclic guanosine monophosphate
NOS nitric oxide synthase
iNOS inducible nitric oxide synthase
GSH glutathione
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ABSTRACT

Azanone (HNO), also called nitroxyl, is a highly reactive com-
pound, with interesting yet poorly understood biological pro-
perties. Like its closely related sibling NO, its main biological
targets are hemeproteins, although significant differences in their
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reactivity and pharmacological effects are observed. Due to its
high reactivity, azanone studies rely on the use of donors,
molecules that therefore offer interesting therapeutic perspec-
tives. In this review,we firstly describe the pharmacological poten-
tial of azanone, the chemistry of the available donors, and themain
biological relevant HNO reactions with special focus on heme
proteins and metalloporphyrins (Fe, Mn, and Co). Finally, we
present evidence concerning the endogenous in vivo azanone pro-
duction hypothesis, and how the recent porphyrin-based devel-
oped methods for its detection may contribute to solve this key
physiological question.

Keywords: HNO; NO; Nitroxyl; Azanone; Nitroxyl anion; Nitrosyl;
Porphyrin; Heme; Iron; Manganese; Ruthenium; Cobalt; Reduc-
tive nitrosylation; Kinetics; Oxidation; Protein; Myoglobin; NOS.

I. Introduction: Chemistry and Biology of Azanone

A. STRUCTURE

Azanone (HNO), also called nitroxyl (1), is a highly reactive
compound. Although nowadays it is accepted that singlet 1HNO
is the most stable form, triplet 3NOH is also a viable molecule,
and both have been observed. The energy gap between these spe-
cies is estimated to be relatively low, around 20kcalmol�1 (2–4).
From the structural viewpoint, 1HNO displays a bent structure

with the N atom as the central one and an H��N¼¼O angle of
about 109�. The N��O bond distance is predicted to be 1.211Å
which is, as expected, larger than the N��O bond distance in nit-
ric oxide due to the addition of electron density to the p* orbital.
Due to this fact, the NO infrared stretching frequency for 1HNO
is ca. 200cm�1 smaller than for nitric oxide.

B. HNO PHYSIOLOGY I: PHARMACOLOGICAL PERSPECTIVES

Intense interest in the biological effects of HNO has emerged
mainly due to the wide variety of studies of its closely related sib-
ling nitrogen oxide (NO). Nitrogen oxides, especially NO, play an
important role in many physiological processes, specifically in
cardiovascular functions. It regulates blood flow by transmitting
the relaxation signal from the endothelium, where NO is pro-
duced by endothelial heme-protein NO synthase (eNOS) to the
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NO responsive vascular smooth muscle cells. Which harbor the
NO receptor, the heme-containing soluble guanylate cyclase
(sGC) (5,6).
The almost 10 years of sustained research in the field of nitrogen

oxide-releasing drug development has yielded important
vasodilators such as nitroglycerin. Interestingly, and in spite of
the closely related reactivity of NO andHNO, the biochemical pat-
hways of HNO have recently been shown to be quite different from
those of NO. This understanding was achieved about 10 years ago,
when several studies showed clear demonstrations that the pres-
ence of NO donors in vivo results in different effects as those
observed forHNOdonors (7). Anumberof recent reviewshave com-
pared and contrasted both the pharmacology and toxicology of
HNO and NO (see Wink and coworkers (8–10)).
The possiblymost important physiological reported effect ofHNO

is to cause a vasorelaxation response. It is quite accepted that HNO
donors, such as Angeli's salt (AS), act in a similar fashion to that of
NO, possibly targeting sGC. However, a key difference between
the observed effects ofHNOdonors andNO is that the former shows
preferential venous dilation while the latter tends to affect arterial
and venous sides equally (11). Interestingly,HNOdonors also cause
an increase in cardiac muscle contractility, via a combined positive
effect on the force related with muscle contraction, with simulta-
neous relaxation of the cardiac muscles (inotropic and lusitropic
effects, respectively), resulting in increased cardiac output. A num-
ber of studieshavebeenreportedwhere severalmodelsareproposed
in order to explain the mechanism of the abovementioned HNO
effects. For example, HNO has been found to target a critical cyste-
ine residue in sarco/endoplasmic reticulum Ca2þ-ATPase (cysteine
674 in SERCA2a) (12). It has also been shown that HNO modifies
critical thiols in phosphorylating phospholamban and increases
SERCA2a activity by removing an inhibition of the Ca2þ pump
(13). In summary, to the present date, a significant body of evidence
hasbeen collectedpointing topossiblepositiveeffects ofHNOinpre-
venting heart failure, by acting on various potential targets via
diverse mechanisms. This is a strong incentive for the development
of newHNO donors for pharmacological applications.
Another therapeutic application of HNO (or its donors) may

stem from the finding that it may be a powerful preconditioning
agent that helps to alleviate the negative consequences of an
ischemic event and reperfusion injury, characterized by blood
flow deprivation followed by hypoxia and eventual heart tissue
necrosis. The corresponding studies show that a dramatic
decrease in the infarct size was achieved by pretreating heart
tissues with AS, (the most common HNO donor). However, it
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has been shown that HNO simultaneously increases the infarc-
tion size if administered during an ischemic event. In this case,
the pharmacological effect of NO is drastically different from that
of HNO, since NO was found to have protective properties in car-
diac ischemia reperfusion injuries when given during the reper-
fusion phase (14). Finally, HNO prodrugs may also be effective
as anticancer agents, as HNO has been shown to irreversibly
hamper activity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)—a critical enzyme in glycolysis, which most solid
tumors utilize as their energy source.
In summary, HNO-releasing agents have interesting pers-

pectives as potential therapeutic compounds. However, more work
is needed to understand the chemical mechanisms underlying the
observed physiological effects.

C. HNO PHYSIOLOGY II: IN VIVO ENDOGENOUS PRODUCTION

A key question related with HNO and its biological role con-
cerns the possibility of in vivo endogenous formation of HNO.
The studies at this respect are contradictory and a definite answer
is still missing. The most accepted pathway for in vivo HNO pro-
duction has been speculated to result from the enzymatic activity
of nitric oxide synthase (NOS) under particular cofactor conditions
(15–17). In the proposed reaction, the substrate arginine is
reduced by six electrons to yield HNO according to the following
reaction (Eq. (1)):

H2N NH

NH

R

H2N NH

O

R

+ HNO
six-electron

NOS
ð1Þ

In the corresponding studies and based on N2O and NH2OH
detection, the authors suggested that the product from NOS
enzymatic turnover in the absence of the cofactor biopterin
should be HNO and not NO (16,18). Additional evidence for
endogenous HNO generation included detection of Fe(II)–NO
coordination in NOS, rather than the usual ferric resting state
(16,19). Very recently, Marletta and coworkers argued that in
the last step of NO production by NOS, a biopterin-centered rad-
ical oxidizes the {FeNO}7 to an {FeNO}6 species, and then NO is
released from the ferric iron. It remains, however, to be proven
and seems unlikely that the {FeNO}7 intermediate can actually
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release 3NO� or 1HNO (20,21). Although these and other re-
sults have been presented as evidence for HNO intermediacy in
NOS metabolism, the HNO production mechanism has not
been established conclusively and the results remain open to
interpretation.
Another endogenous HNO source relies on the oxidation of

hydroxylamine (HA), or other alcohol amine, such as hydroxyurea
or N-hydroxy arginine. In vivo, such a process is postulated to
depend on the activity of several heme proteins, which are able
to stabilize oxo ferryl species (compound I and compound II), such
as peroxidases. Recently, Donzelli et al. evaluated HNO produc-
tion by this mechanism (22), with a newly developed selective
assay in which the reaction products, GS(O)NH2, in the presence
of reduced glutathione (GSH) are quantified by HPLC. Their
results showed that metmyoglobin, horse radish peroxidase, and
myeloperoxidase were efficient HNO producers using hydroxyl-
amine as substrate. However, there are several remaining unre-
solved questions concerning the proposed mechanism (which is
outlined below, Eq. (2)).

Fe4+ OH Fe3+

O

+ H2O + HNO+ H2N
ð2Þ

For example, one point of debate concerns whether the generated
HNO molecule may escape from the ferric heme pocket, which
seems unlikely given the HNO reactivity toward ferric hemes.
Also important is the way in which the protein is driven to the
formation of the oxo ferryl species in vivo, which in vitro was per-
formed by the addition of H2O2 (22,23).
In the case of porphyrin models (24), it was proposed that for

[FeIII(TPPS)]3þ the formation ofHNOfromhydroxylamine occurred
by a two-electron trans-disproportionation of a bis-coordinated
NH2OH complex producing a low spin ferric intermediate
[FeIII(Por)(NH3)(HNO)]. Based on the experimental kinetic evi-
dence, and the obtained N2/N2O ratios from the reaction mixtures,
a differentmechanismwasproposed forFeIIIMP11, inwhich the for-
mation of [FeIII(Por)(NHis)(HNO)] was suggested to result from the
reaction of free HA toward iron-bound HA.
Another endogenous suggested source of azanone stems from

the reduction of NO to HNO by Mn or Fe superoxide dismutases
(25) or by xanthine oxidase (XO) (22). Although both types of
enzymes have been reported as capable of HNO production, the
corresponding works relied on indirect methods for HNO detec-
tion which are sometimes difficult to interpret or unreliable.
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Finally, there is at least one nonenzymatic proposed route for
endogenous HNO production, which follows the decomposition
of nitrosothiols (RSNOs) by other thiols (such as glutathione)
according to the reaction shown below (Eq. (3)):

R S

N

HS

R1

RS

SR1

O

HNO+ ð3Þ

Although this mechanism has not been established for an in vivo
process, in vitro studies show that the reactivity of excess thiol
with RSNOs leads to disulfide and HNO formation (26). More-
over, HNO is also generated from the nitrosation of dithiol com-
pounds such as dithiothreitol and lipoic acid (22).
It should be stressed that none of the mechanisms described

above have been undoubtedly confirmed, primarily due to the
difficulties with the unequivocal detection of HNO. Currently,
the formation of N2O, NH2OH, or ferrous nitrosyl species is used
as indirect evidence of HNO production, but clearly the develop-
ment of reliable analytical methods for quantitative HNO detec-
tion is in high demand for the advancement of biomedical
research in this area.
As a conclusion, HNO appears to have promising biochemical

prospects. Three areas are emerging with regard to the potential
biomedical applications of HNO-releasing molecules as therapeu-
tic agents: cardiovascular therapy, reperfusion injury-preventive
therapy, and anticancer treatment. However, endogenous in vivo
HNO production still remains as an interesting hypothesis that
needs to be proved or rejected.

D. HNO DONORS

1HNO and 3NO� are, as will be shown in next chapters, very
reactive molecules. One of the key reactions is the reaction of
1HNO with itself (i.e., dimerization) to yield hyponitrous acid
(H2N2O2) at nearly diffusional rate, which decomposes to water
and N2O. Therefore, nitroxyl solutions are not stable and HNO, if
not produced continuously, readily disappears. Also, HNO cannot
be isolated in the solid state, 3NO� is even more unstable, and its
reactivity is less understood. To overcome these problems, work-
ing with 1HNO (or 3NO�) has always relied on the use of azanone
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donor molecules, that is, compounds that under certain specific
conditions spontaneously release 1HNO or 3NO�.
A number of reviews, dealing with the subject of 1HNO or

3NO� generation, appeared over the past decade. Specifically,
two reviews published in 2005 by Miranda and coworkers
(10,27) include a deep description of the donor reactivity, as well
as the more recent review by Doctorovich and coworkers (1).
Here, we will briefly outline the key methods of HNO generation.
Historically, the first method for in situ generation of HNO was

described by Angeli in 1896, from decomposition of Na2N2O3. AS
is still routinely used for this purpose. The accepted mechanism
for spontaneous decomposition of AS to yield HNO and nitrite
involves monoprotonation of AS anion between pH 4 and 8, as
shown below (Eq. (4)):

N N+

O–

O–

–O

N N+

O–

O–

OH
slowH+

HNO + NO2
– ð4Þ

It should be noted that in strongly acidic media, (i.e., below pH 3),
the relevant nitrogen-containing product of the decomposition of
AS is NO (and not HNO). The mechanism for this process is not
straightforward and is still under investigation. Equation (5)
describes the sequence of proposed events leading toNO formation
via an oxygen-deprotonated species:

N+ N

–O

–O

HO

H+

N+ N

HO

–O

HO

N N +

O+

O–

–O

H

H

2 NO

H2O

[NO]2

ð5Þ

The close comparison of the experimentally determined and cal-
culated rate constants values for the above equations supports
the plausibility of this mechanism (28). Nitric oxide can also be
generated from AS in a direct redox process with hexa-
ammineruthenium(III) or hexacyanoferrate(III) in basic media
according to Eq. (6),

ðN2O3Þ2� þM3þ ! NOþNO2
� þM2þ (6)

In summary, AS is commonly regarded as a reliable HNO donor
in near-neutral media, with a pH-dependent and first-order
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thermal decomposition. From pH 4 to 8, the rate constant is prac-
tically invariable, being 6.8�10�4s�1 at 25�C, equivalent to a
half-life of 17min (29–33).
The second method of significance is generation of HNO from

an organic compound, Piloty's acid (PA), via heterolysis in basic
medium, according to the equation shown below:

S

O

O

H
N OH S

O

O

N- OH
OH-

H2O

HNO + S

O-

O

ð7Þ

The reaction is spontaneous once the sulfohydroxamic moiety is
deprotonated. Therefore, PA will spontaneous and continuously
produce HNO above certain pH, which is related to the
corresponding pKa. Several PA derivatives have been synthesized
recently (34), such as the p-nitro, 2,4,6-triisopropyl, p-methoxy,
and other derivatives. These compounds also produce HNO and
start to decompose at pH values as low as 1, therefore covering
the whole pH range (Doctorovich and coworkers, manuscript in
preparation). The rate constants for decomposition of PA at pH
13 and AS at pH 4–8 are comparable, with the values for both fall-
ing in the 10�3–10�4s�1 range (at 25–35�C). Similar to AS in neu-
tral and slightly acidic range, PA under basic conditions exhibits
half-lives on the order of minutes (27min at 25�C and 6min at
35�C) (35,36). All PA derivatives show similar decomposition
rates, although at different pH ranges.
Both PAs and AS are still widely used for generation of HNO for

pharmacological studies. Of the two, AS has a comparative advan-
tage of reliable generation of HNO under oxidative aerobic
conditions and in neutral pH, as opposed to PAs giving off NO as
main product in this case. However, the structure of AS anion is
rigid and not amenable to derivatization. Hence, there is less flexi-
bility in tailoring the function ofHNOdelivery for specific biomolec-
ular targets. Moreover, the recent and facile preparation of several
PA derivatives that can release HNO reliably at physiological
(and almost any) pH shows that these compounds are probably
the preferred donors to be used in future works in this area.

E. REACTIONS OF HNO AND NO WITH BIOLOGICALLY RELEVANT

SMALL MOLECULES

In this chapter, we will briefly describe the fundamental chem-
istry of 1HNO and 3NO�, make note of new advances regarding
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this topic, and focus on the comparison with NO reactivity. Rate
constants and some reduction potentials for the reactions men-
tioned below are summarized in Table I.
While NO is a free radical with a doublet ground state, and

therefore involved in several radical reactions, 1HNO has a sin-
glet ground state (47,48). It is a weak acid with an accepted
pKa of 11.4 (37,49). Interestingly enough, its anion, 3NO�, has a
triplet ground state (50,51), the same as the isoelectronic O2 mol-
ecule. Therefore, loss of a proton from HNO is not a simple acid/
base equilibrium but a spin-forbidden slow deprotonation
(Table I, Eq. (8)) (37):

1HNOþOH� Ð 3NO� þH2O (8)

Reprotonation of 3NO� to 1HNO is also slow (Table I) possibly
due to the same reasons. Therefore, in physiological-like media
(pH¼7.4), 1HNO is likely to be the dominant species, although
if produced, 3NO� may live enough to be relevant.

E.1. Dimerization

HNO dimerizes with a second-order rate constant of ca. 107 to
produce hyponitrous acid which finally decomposes to produce
nitrous oxide (Table I, Eq. (9)) (37,55,56).

TABLE I

RATE CONSTANTS AND REDUCTION POTENTIALS FOR REACTIONS OF AZANONE, AZANONE
ANION, AND NITRIC OXIDE WITH BIOLOGICALLY RELEVANT SMALL MOLECULES

Eq. # Reaction Rate constanta Reference

19 1HNOþOH�!3NO�þH2O 4.9�104M�1s�1 (37)
20 1HNOþ1HNO!HONNOH 8�106M�1s�1 (37)

HONNOH!N2OþH2O 5.0�10�4s�1 (38)
23 1HNOþO2!NOþHO2 3–8�103M�1s�1 (7,37,39)
30 1HNOþNO!N2O2

�þHþ 5.8�106M�1s�1 (40)
19 3NO�þH2O!1HNOþOH� 1.2�102s�1 (37)
21 3NO�þ1HNO!N2OþOH� 6.6�109M�1s�1 (41)
24 3NO�þO2!ONOO� 2.7�109M�1s�1 (37)
29 3NO�þNO!N2O2

� 3.0�109M�1s�1 (40)
25 NOþO2

�!ONOO� 4–7�109M�1s�1 (42,43)
26 2NOþO2!2NO2 2.54�106M�2s�1 (44)

Potential versus NHE Reference

NOþHþþe�!1HNO E���0.14V (45)
NOþe�!3NO� E�<�0.8V (46)

aRate constants are given at room temperature and pH¼7.
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2HNO ! HONNOH ! N2OþH2O (9)

Between pH 7.5 and 10.5, where the species HN2O2
� accounts for

most of the hyponitrous acid in solution (pKa¼10.9), its decompo-
sition rate exhibits a plateau with k(25�)¼5.0�10�4s�1 (half-life
23min) (38). Outside this pH range, the decomposition rate
becomes even slower up to values of around 10�6s�1. Below
pH¼5, and in the absence of radical scavengers, hyponitrous acid
can decompose by a radical chain mechanism producing N2 and
NO3

� (57), so it has to be taken into account that below pH¼5
ethanol or other radical scavengers should be added to the reac-
tion mixtures to avoid complications arising from the radical
chain mechanism.
Regarding 3NO�, although it has been suggested that it

dimerizeswith k>8�106M�1s�1 (27), there is no experimental evi-
dence to support this statement. According to Bonner and
coworkers, “Coulomb barrier considerations lead one to expect
inhibition of the dimerization reaction with increasing
deprotonation of HNO” (58). However, it has been recently
reported by Lymar and coworkers that the spin-forbidden reaction
of 3NO� and 1HNO takes place with a nearly diffusion-controlled
rate constant of 6.6x109M�1s�1 (Eq. (10)) (41).

3NO� þ 1HNO ! N2OþOH� (10)

It has to be kept inmind that this result is based on indirect kinetic
observations. On the other hand, it is a surprising fact—even for
the authors—that a spin-forbidden reaction would be so fast;
according to Lymar and coworkers, this could be due to the very
large driving force for this reaction (with an estimated DG of �80
kcalmol�1). Although 3NO� is isoelectronic with O2, due to its neg-
ative charge is expected to be more nucleophilic, so reaction 10
could be thought as a nucleophilic addition of nitroxyl anion to
the N atom of 1HNO to produce the intermediate HONNO� (after
electronic rearrangement and a 1,2 H shift), which decomposes
to produce N2O (Eq. (11)). In principle, 1HN¼¼O could be expected
to suffer this type of nucleophilic attack in a similar way to
carbonyl (R2C¼¼O) compounds. However, this particular reaction
is complicated by the different spin states of azanone. Further the-
oretical studies are needed to understand the reaction details. On
the other hand, and unlike 1HNO,NOhas little tendency to dimer-
ize to (NO)2with a small equilibrium constantK¼8.360�10�2 (120
K) and therefore is rather stable in solution (59).
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1H N O
H N O-

N O

N

N

O-

OH3NO-

N2O-OH-

ð11Þ

E.2. Reaction with oxygen

The reaction of 1HNO with O2 which has been studied in the gas
phase (60) is rather slow, due to their different spin states,
k�103M�1s�1 (see Table I). Strikingly, the reaction product is
still unknown although it has been proposed that the reaction pro-
ceeds through Eq. (12), leading to NO and a radical hydroperoxy
species (37).

1HNOþO2 ! NO� þHO�
2 (12)

On the other hand, 3NO� reacts with O2 at nearly diffusion-
controlled second-order rate to produce peroxynitrite (Eq. (13)) (37).

3NO� þO2 ! ONOO� (13)

in a reaction isoelectronic with the also second-order diffusion-
controlled reaction 14 (27,42,43).

NOþO�
2 ! ONOO� (14)

Nitric oxide, on the contrary, reacts with O2 following third-order
kinetics and at a slower rate. The mechanism of this reaction is
shown in a simplified manner in Eqs. (15)–(17) (44).

2NOþO2 !!! 2NO2 (15)

NO2 þNO ! N2O3 (16)

N2O3 þH2O ! 2NO�
2 þ 2Hþ (17)

E.3. Redox-related reactions

The accepted standard reduction potential for the NO/3NO� cou-
ple is �0.8V (49). At physiological pH, 1HNO is expected to
be the main nitroxyl-related species, and it has an estimated
E�(NO,Hþ/1HNO)��0.14V, becoming �0.55V at pH 7 (all values
against NHE) (37). As a result, it is currently under discussion
whether NO could be reduced to 3NO� or 1HNO in mammalian
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systems since on one hand the reduction potentials mentioned
above (�0.8 and �0.55V) are in the limit of biological-reducing
agents, and other species which are present in higher con-
centrations, such as O2, are more favorable to be reduced. On
the contrary, 3NO� should function as a strong reducing agent
yielding NO, while 1HNO usually acts as an electrophile, as men-
tioned for reaction 10.

E.4. Reactions with NO

Last but not least, both 3NO� and 1HNO react with NO, with
quite distinct second-order rate constants which differ in three
orders of magnitude favoring reaction with 3NO� (Table I,
Eqs. (18) and (19)) (40):

3NO� þNO ! N2O
�
2 (18)

1HNOþNO ! N2O
�
2 þHþ (19)

The resulting N2O2
� radical extremely rapidly acquires another

NO molecule, producing the closed shell N3O3
� anion, which

decays to the final products N2O plus NO2
� with a rate constant

of ca. 300s�1.
A summary of the reactions of NO and HNO/NO� with small

molecules is shown in Scheme 1.

II. Azanone Reactivity with Hemeproteins and Metalloporphyrins

A. FE, MN, AND CO PORPHYRIN NITROSYL COMPLEXES

Besides the small molecules, described above, the main targets
of NO and HNO in biological systems are thiols (27,28), and

1HNO 3NO-

NO

ONOO-
HO2 (?) + NO

N2O + H2O

1 HNO

O2 O2
OH-

N2O2
-

NONO
–H+

HONNOH
H+

–e
-

1HNO
-OH -

-H .

NO2ONOO-

O2O2
–

N2O

SCHEME 1. Reactions of nitroxyl and nitric oxide.
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metalloproteins, mainly heme proteins (61,62). In this context,
much of the knowledge about the reaction of NO with hemes
comes from the study of its reactivity with metalloporphyrins
as isolated heme models, mainly of iron, but also manganese,
cobalt, and ruthenium (63). There are two salient issues about
metalloporphyrin nitrosyl complexes. The first concerns their for-
mation and dissociation rates, the second is related to the NO
geometry and its effect on other trans ligands. Usually NO binds
to the metal via the nitrogen atom, and its character ranges (for-
mally) from that of NOþ to that of NO� (61,64). A good and useful
description of the metal–NO moieties was originally presented
by Enemark and Feltham in the 1970s (65–67) and is depicted
as {MNO}n, where M is the corresponding metal center, and the
key parameter is the number n, corresponding to the sum of
the metal d electrons plus the nitrosyl p* electrons.
Accordingly, for example, {FeNO}6 complexes correspond to fer-

ric nitrosyls, displayingNOþ character, a linear Fe��N��Ogeome-
try and NO stretching mode uNO�1937cm�1, while {FeNO}7

complexes are ferrous nitrosyls with NO� character, a bent
Fe��N��O angle and uNO�1670cm�1, as observed for several crys-
tal structures of the corresponding Fe metalloporphyrin nitrosyl
complexes (68). Besides the abovementioned complexes, iron
porphyrins can yield also {FeNO}8 species, which are supposed to
have NO� (nitroxyl) character, as will be described later (69).
Concerning their stability, the {FeNO}7 complexes are by far
the most stable ones, with Kd�10�14 due to fast NO association to
Fe(II) porphyrins (ca. 109M�1s�1) and very slow NO dissociation
(70). On the other hand, {FeNO}6 species show lower association
rates (ca. 106M�1s�1) and significantly higher NO dissociation
rates (between 1 and 500s�1) (70). A final very important point
concerning the {FeNO}6 complexes is their reactivity toward
nucleophiles, usually OH� and nitrite, which results in the reduc-
tion of the porphyrin metal center and the oxidation of NO to
NO2

� in a process called reductive nitrosylation. The net outcome
of the reductive nitrosylation reaction is the formation of {FeNO}7

species, when excess NO reacts with ferric porphyrins (71,72).
For a recent review of the above described reactions, see the review
by Ford and coworkers (61).
Manganese porphyrins also form nitrosyl complexes. Fast

(ca. 106M�1s�1) reaction of Mn(II) with NO yields stable {MnNO}6

complexes (73) that show a linearMn��N��Ogeometry (74). Inter-
estingly, no reductive nitrosylation is observed for the reaction of
Mn(III) with NO (73). Cobalt porphyrins also form stable nitrosyl
complexes. The {CoNO}8 species obtained, for example, by reaction
of NO with Co(II) porphyrins have been explored as isoelectronic
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models for oxygenated heme (75). The {CoNO}8 complexes are very
stable, with high association and low NO dissociation rates (with
values of ca. 109M�1s�1 and ca. 10�4s�1, respectively) (70,76).
On the other hand, the {CoNO}7 complexes are less stable,with sig-
nificantly lower association rates (76).
A final interesting point in relation to iron nitrosyl complexes

directly related to HNO/NO� chemistry concerns the nitric oxide
reductase (NOR) reaction mechanism, as recently reviewed by
Karlin (77). The NOR reaction is proposed to occur by binding
of two NO molecules to two closely positioned ferrous hemes,
which leads to N��N coupling and N2O2

2� formation (i.e., NO�

dimerization), which finally leads to N2O, H2O, and two ferric
hemes (78,79). Collman and coworkers succeeded in the synthe-
sis of an inorganic functional model of NOR, containing an iron
porphyrin center and a nonheme iron tri/tetracoordinated to
imidazol and/or pyridine ligands, which is shown to react with
two equivalents of NO to yield N2O in the fully reduced state
(80,81). Analysis of possible intermediates by EPR, Resonance
Raman, and IR spectroscopy leads to suggest the existence of
two different nitrosyl intermediates, assigned to mono and
dinitrosyl species (80). The NOR reaction, as described, can
therefore be interpreted as a coordination-mediated HNO/NO�

dimerization, depending on the order of ligand reduction, proton-
ation, and N��N bond formation steps.
In summary, several metalloporphyrin nitrosyl complexes have

been obtained and kinetically characterized. In the case of Fe,
Mn, and Co as metal centers, the same nitrosyl complexes can be
obtained by reaction of the corresponding M(III) porphyrins with
HNO as will be described in the following sections.

B. REACTIONS OF HNO WITH FE, MN, AND CO PORPHYRINS

The first studied reactions of azanone with Fe porphyrins were
not with isolated porphyrins, but directly with myoglobin, the
benchmark of the heme proteins.
In this context, the reaction of azanone with isolated iron

porphyrins seemed to be a relevant study to be carried out. The
first experiments involved the reaction of common, previously
described HNO donors such as trioxodinitrate (AS) and tol-
uenesulfohydroxamic acid (a PA derivative, TSHA), with several
model porphyrins, including the water soluble anionic meso-
tetrakis(4-sulfonatophenyl)porphyrinate [Fe(III)TPPS]3�, the
cationic meso-tetrakis-N-ethyl pyridinium-2-yl porphyne [Fe(III)
TEPyP]5þ, as well as the pentacoordinated heme-protein model
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microperoxidase-11 (Fe(III)MP11) and the neutral meso-
tetraphenyl porphyrinate (Fe(III)TPP) which is soluble in
organic media (52–54).
As expected, all porphyrins yielded the corresponding {FeNO}7

complexes, according to the general reaction 20.
1HNOþ FeðIIIÞPor ! FeðIIÞPorNOþHþ (20)

The reactions can be followed spectroscopically based on the
corresponding reported spectral changes characteristic of the
starting ferric and nitrosyl porphyrins, respectively. The observed
changes in the position of the Soret and Q bands are, however,
moderate.
Although ferrous heme proteins form stable Fe(II)(Prot)HNO

adducts, as described above, isolated porphyrins such as FeTPPS
or FeTPP do not, clearly suggesting that, without the protection
provided by the protein matrix, the Fe(II)(Prot)HNO (or NO�)
adducts are unstable. We will describe below the obtention of
the first stable {Fe(Por)NO}8 porphyrin model, thanks to the
presence of strongly electron-withdrawing substituents present
in the porphyrin ring.
Besides the reactivity of azanone with iron porphyrins, other

metalloporphyrins, namely with Co or Mn as the metal center,
also react with HNO giving rise to interesting applications.
When aqueous solutions of AS (at pH¼7) or TSHA (at pH¼10)
are added to [Mn(III)TEPyP]5þ under inert atmosphere, in equi-
molar or slight donor excess ratios, total conversion of [Mn(III)
TEPyP]5þ to [Mn(II)TEPyP-NO]4þ is observed. Interestingly,
and in opposition to what is observed for the Fe(III) porphyrins,
there is a significant blue shift (more than 30nm) of the Soret
band, potentially providing a sensitive tool for HNO detection
and quantification, as will be discussed in the next section. Simi-
lar spectral changes are observed for HNO donor reactions with
[Mn(III)TPPS]3�, although in these cases, excess donor is needed
for the reaction to be completed, due to kinetic reasons that will
be explained below.
Neither [Mn(III)TEPyP]5þ nor [Mn(III)TPPS]3� react with NO

(g) or NO donors (such as SNAP) under similar conditions, which
means that the equilibrium constant for the formation of the
Mn(III) nitrosyl product is not favorable and that these Mn(III)
porphyrins do not suffer reductive nitrosylation to produce the
Mn(II)(Por)NO complex as easily as the corresponding Fe(III)
porphyrins do. Therefore, Mn(III) porphyrins show selective
reactivity toward HNO, while Mn(II) porphyrins are selective
for NO (Eqs. (21)–(24)) (52,54).
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NOþ FeðIIIÞPor ! FeðIIÞðPorÞNO (21)

HNOþ FeðIIIÞPor ! FeðIIÞðPorÞNOþHþ (22)

NOþMnðIIIÞPor ! Slow reaction=N:R: (23)

HNOþMnðIIIÞPor ! MnðIIÞðPorÞNOþHþ (24)

Regarding Co porphyrins, the reaction with HNO of cobalt
5,10,15,20-tetrakis[3-(p-acetylthio-propoxy)phenyl]-porphyrin [Co
(P)], which is soluble in organic media, was studied (82). This por-
phyrin has four sulfur anchors that allow it to be anchored
to electrodes, as will be shown later. The reaction of NO(g) with
CoII(P) produces Co(III)(Por)NO� in a few minutes, in agreement
with previous data for other cobalt porphyrins (83). In a similar
timescale, no spectral changes are observed for Co(II)Por in the
presence of the nitroxyl donor TSHA. On the other hand, addition
to Co(III)Por/TSHA of 1,8-diazabicyclo(5.4.0)undec-7-ene—that
accelerates TSHA decomposition in organic solvent by deproto-
nation—slowly produces Co(III)(Por)NO�, as confirmed by UV–vis
and IR spectroscopy (nNO¼1679cm�1). The UV–vis spectral
changes are quite small, similarly to what happens with the
corresponding reactions of iron porphyrins. In a similar timescale,
no reaction takes place for Co(III)Por in the presence of NO(g) or
any studied NO donor. The results, similarly to what is observed
for Mn porphyrins, clearly show that CoIIPor reacts with NO
and not with HNO, while CoIIIPor reacts with HNO and not with
NO (82).
In summary, while iron porphyrins cannot discriminate NO

from HNO due to the reductive nitrosylation reaction, both Mn
and Co porphyrins tend to differentiate NO from HNO: Co(II)
and Mn(II) porphyrins react rapidly with NO but not with
HNO, while Co(III) and Mn(III) porphyrins react rapidly with
HNO but not with NO. On the other hand, Mn porphyrins tend
to show an important shift in the UV–vis spectra (Soret band)
when going from Mn(III) to Mn(II)NO porphyrins, while Co and
Fe porphyrins do not (see Scheme 2).

C. REACTIONS OF AZANONE WITH HEMEPROTEINS

The interest in HNO reactions with hemeproteins has several
origins. Studies of the nitrogen cycle involved enzymes, with
the intermediacy of assimilatory and dissimilatory nitrite
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reductases. In this context, the complete six-electron reduction of
nitrite to ammonia has been postulated to involve the presence of
{Fe(H)NO}8 (or azanone porphyrin) complexes in several of these
heme-containing enzymes (84). An authentic Fe–HNO interme-
diate, for example, was supposed to be observed during turnover
of the NO reductase cytochrome p450nor, after a two-electron
reduction of a ferric nitrosyl complex by NADH. The postulated
intermediate was characterized by UV–vis spectroscopy showing
a Soret band with lmax at 444nm that reacts with NO to yield
N2O (85,86).
Back in 2000, Farmer and coworkers focused their attention to

studies involving chemical reduction of the ferrous nitrosyl
complexes of the paradigmatic heme-protein myoglobin and also
studied the deoxymyoglobin (deoxyMb) reactionwithHNOdonors.
Their results show thatHNOcanbind to deoxyMb forming a stable
Fe(II)(Mb)HNO adduct which is the same complex obtained by
reduction of the ferrous nitrosyl complex of Mb (87,88). Although
the difference in the Soret and Q visible bands between the Fe(II)
(Mb)NO and the corresponding Fe(II)(Mb)HNO complexes is rela-
tively small, the last complexes are clearly identified by the charac-
teristic peaks at ca. 15ppm in the 1H NMR spectra. Further
evidence for the formation of Fe(II)(Mb)HNO is obtained by
generating the corresponding H15NO adducts, which produce
splitting of the HNO resonance in the 1H NMR spectra, since 15N
is an NMR-active nucleus with s¼½.

N N

NN
Co3+

N N

NN
Mn3+

N N

NN
Fe3+

+ HNO

+NO

+ 2 NO + HNO

Slow
reaction

Fe(Por)NO Fe(Por)NO

Mn(Por)NO

Co(Por)NO

~30 nm UV–vis shift

~5 nm UV–vis shift

+ HNO

SCHEME 2. HNO versus NO reactivities of Mn, Co, and Fe porphyrins
and UV–vis shifts of the Soret bands for the corresponding M(Por)NO
products.
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More recent studies also showed that the Fe(II)HNO complex
can be obtained with globins such as hemoglobin, leghemoglobin,
and the SH2-binding globin from the clam L. Pectinata. The
adducts are stable over a period of weeks and can be obtained by
careful reduction of the ferrous nitrosyl adducts or by direct HNO
trapping by the ferrous protein. Like the analogous O2–Fe(II)
adducts, the HNO adducts are diamagnetic and have therefore
been proposed as oxy-hememodels. In this regard, different kinet-
ics were observed for the two subunits of human hemoglobin
highlighting the use of HNO adducts as a unique tool sensitive to
structural changes within the oxygen-binding cavity (84,89).
The other source of interest in HNO reactivity with

hemeproteins arises due to possible physiological effects of either
endogenously generated or externally delivered (as pharmacologi-
cal agent) azanone. Besides the ferrous globin reactivity described
above, main targets of HNO are ferric heme proteins as well as
other metalloproteins. HNO, for example, reacts with ferric myo-
globin and hemoglobin (in analogous manner as that described
for ferric porphyrins) yielding the corresponding {FeNO}7

complexes, in a reductive nitrosylation reaction (89–92). Ferric
cytochromes and peroxidases also react in the same manner,
showing an apparent lack of effect due to different proximal lig-
ands, such as histidine, cysteine, or even tyrosine (89).
Finally, the most important and relevant target of HNO in vivo

is the NO receptor sGC (93,94). The ferrous heme-protein sGC
becomes activated upon NO binding, increasing the cyclic GMP
(cGMP) levels that trigger relaxation of vascular smooth muscle
cells increasing the blood flow in small vessels (94,95). The mech-
anism of signal transduction relies in the formation of an
{FeNO}7 adduct, which triggers proximal histidine release due
to the NO trans effect and results in a conformational change
that activates sGC (93–96). Recently, HNO was shown to be
capable of activating sGC (97). This result is in contrast to previ-
ous studies that claimed that NO was the only nitrogen oxide
capable of activating sGC (98). The striking feature of the recent
results is that, although HNO-mediated sGC activation was
shown to occur via interaction with the heme, unexpectedly it
does not activate the ferric form of the enzyme. In addition, in
the corresponding work, it was shown that higher HNO con-
centrations also lead to reaction with a cysteine leading to sGC
inhibition (97). Although HNO-mediated sGC activation is an
appealing hypothesis, several points remain to be elucidated in
order to establish it as a definite fact. First, the reaction of
HNO with both ferric and ferrous sGC must be studied in detail
and its relation to sGC activity should be well defined. Second,
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the outcome of the reaction with cysteine needs to be addressed
as well as the resulting effect on the sGC functionality. Finally,
the reaction conditions should be carefully controlled to avoid
possible conversion of HNO to NO leading to inconsistent results.

D. HNO AND NO REACTION KINETICS WITH HEMEPROTEINS AND

METALLOPORPHYRINS

D.1. Mechanistic analysis

A key determinant of the fate of nitroxyl in any given media,
either in vivo or in vitro, will depend upon all the competing reac-
tion rates. To study the 1HNO-to-metalloporphyrin association
kinetics, the UV–vis spectral changes corresponding to the forma-
tion of a nitrosyl porphyrin can be followed as a function of time for
each reaction conditions, such as different donors (AS or TSHA),
pH, and relative porphyrin to donor concentration ratios. Plots of
the corresponding traces allow the determination of the initial
observed rate uobs for the nitrosylation reaction. Even for reactions
performed in strictly anaerobic media to avoid 1HNO/3NO�

reactions with O2, trace amounts of oxygen can be present since
it is extremely difficult to remove O2 from water below 10�7M.
The obtained exponential traces of nitrosyl product formation
(when extreme ca. 100 donor to porphyrin ratios are used) are
strongly indicative that, for all cases, the reaction is first order in
porphyrin. Strikingly, two significantly different reaction times
and stoichiometries are observed for peripheral negatively or posi-
tively charged iron and/or manganese porphyrins. For negatively
charged porphyrins such as [Fe(III)TPPS]3� and [Mn(III)TPPS]3�,
the reaction with AS at pH 7 (where AS spontaneous decomposi-
tion has a half-life of about 900s) (90,92) requires a large excess
of AS to drive the reaction to completion, and for an equimolar
ratio, the reaction half-life is ca. 120min. On the other hand, the
reaction of positively charged porphyrins such as [Fe(III)
TEPyP]5þ and [Mn(III)TEPyP]5þ total conversion to the nitrosyl
metalloporphyrin is obtained with an equimolar porphyrin to
donor ratio in less than 10s. A similar behavior is observed for
the reactions with the HNO donor TSHA. These results clearly
point to different reaction mechanisms operating depending on
the porphyrin peripheral charge. The fact that the overall reaction
rate for positively charged porphyrins by far exceeds the donor
spontaneous decomposition strongly suggests that a direct
porphyrin–donor interaction is taking place and that these
porphyrins accelerate their decomposition. Therefore, Scheme 3
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was proposed for the reactions of HNO donors with
metalloporphyrins.
In Scheme 3, kon(Donor) represents the bimolecular association

rate constant of the metalloporphyrin with the HNO donor,
kcat(Donor) represents the porphyrin-accelerated donor decompo-
sition rate constant, kd represents the spontaneous donor decom-
position rate constant to yield HNO, and kon(HNO) is the
bimolecular metalloporphyrin-to-HNO association rate. In order
to obtain the rate constants, the following limiting cases have
been analyzed: (case i) for negatively charged metalloporphyrins,
the rate of HNO production due to spontaneous decomposition
(kdonor) exceeds the reaction rate of HNO with the
metalloporphyrin (kon(HNO)), and the dimerization of HNO com-
petes with the nitrosyl product formation. The shape of the uobs
against AS plot is not linear, since when the HNO production is
increased (due to an increase in donor concentration), the dimer-
ization rate increases with the square of [HNO], as described by
Eq. (25), and therefore, the relation between [HNO] and [Donor]
is not linear. However, using the steady-state approximation for
[HNO] (i.e., assuming that all HNO produced by the donor either
reacts with the porphyrin or dimerizes according to
kdim¼dimerization rate constant), the HNO concentration can
be estimated according to Eq. (25). Using the estimated HNO
concentration, a plot of uobs against [HNO] yields as expected a
linear plot which allows determining the bimolecular HNO asso-
ciation rate constant kon(HNO).

MIII

MIII

MIII

HNO +

kon(Donor)

kd kcat(Donor)

kon(HNO)

H+

N
O

HNO
donor

+

MII

HNO
donor

SCHEME 3. Proposed mechanism for the reactions of HNO donors
with metalloporphyrins.
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½HNO� ¼ ðkcatðDonorÞ½Donor��uobs
� �

=kdim�1=2 (25)

On the other hand, (case ii) if the reaction of the donor with the
metalloporphyrin is faster than its spontaneous decomposition
rate, the metalloporphyrin reacts directly with the donor,
accelerating its decomposition rate and forming the
corresponding nitrosyl complex by azanone transfer to the metal
center. For these cases, almost no free HNO is produced, as
evidenced by the quantitative formation of the nitrosyl product
even for equimolar metalloporphyrin to donor ratios. In these
cases, the uobs against [Donor] plot gives a straight line from
which the bimolecular kcat(Donor) rate constant can be obtained.
Further evidence for direct azanone transfer from AS to the

metal center was obtained by the kinetic analysis of the reaction
at pH 10, where AS is stable. Even under these conditions, the
reaction with positively charged Mn porphyrins produces the
nitrosyl product stoichiometrically in less than 5s, while adding
AS to the negatively charged [Mn(III)TPPS]3� at pH 10 does
not produce any reaction at all. Finally, DFT studies on the
direct interaction of AS with both Mn and Fe porphyrins showed
that AS (N2O3

2�, (ONa¼NbO2)
2�) is able to coordinate to either

Mn(III) or Fe(III) by the Na nitrogen, which results in a signifi-
cant weakening of the N��N bond, therefore partially explaining
the observed rate acceleration. It is expected that, being nega-
tively charged, AS coordination to the metal center will be faster
for positively charged metalloporphyrins.
Using the kinetic analysis described above, kon(HNO) and/or

kon(Donor) were obtained for several Mn and Fe porphyrins and
are shown in Table II.
Data shown in Table II are consistent with two alternative pat-

hways for the reactivity of nitroxyl donors (AS, TSHA) in aque-
ous solutions: HNO transfers to the metal center through
reaction of the porphyrin with azanone or with the HNO donor
(see Scheme 3 above). Interestingly, and despite the fact that
kon for HNO binding are faster than kon for the donors, donor
concentrations are usually four orders of magnitude higher than
those of HNO. Therefore, depending on the donor and porphyrin
concentrations, one or the other pathway will predominate. At
relatively high concentrations (10�4M, assuming a 1:1¼donor:
porphyrin ratio), a faster rate is observed for the direct reaction
with the donor, as observed for Mn(III) cationic porphyrins (52)
and also for the ferric analogues (53).
Concerning the direct reaction between the donor and the

metalloporphyrin, a redox mechanism could be operative for
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TSHA. PA has been shown to be oxidized by several iron
complexes yielding the corresponding radical, which decomposes
to produce NO and the reduced metal complex (99). This mecha-
nism would imply that the reaction proceeds through an interme-
diate state with the reduced porphyrin (Fe(II)), TSHA radical,
and free NO. Afterwards, NO would react very fast with the
reduced iron porphyrin yielding the corresponding nitrosyl com-
plex as the final product, as observed here. However, a mecha-
nism involving an intermediate formed by TSHA and the
metalloporphyrin followed by NO� transfer to the porphyrins
cannot be discarded and both mechanisms are compatible with
the experimental observations. More interestingly, recently
obtained data for a negatively charged bromated porphyrin
[MnBr8TPPS]

3� indicates that the actual followed reaction
mechanism (reaction of the porphyrin with nitroxyl or with the
HNO donor) depends more on the reduction potential of the por-
phyrin metal center than on its peripheral charge. This is
evidenced from the data in Table II showing that the negatively
charged [MnBr8TPPS]

3�, having a positive reduction potential
due to the presence of the electron-attracting bromine sub-
stituents, reacts directly with the HNO donor, the same as the
positively charged [MnTEPyP]5þ. However, the negatively
charged [MnTPPS]3�, with a reduction potential of �160mV,
reacts via the free HNO pathway.
The abovementioned scenario becomes evenmore complex in the

presence of dioxygen, due to the reactivity of HNO and the M(Por)

TABLE II

KINETIC RATE CONSTANTS FOR THE REACTIONS OF MN(III) AND FE(III) PORPHYRINS WITH
AS AND TSHA

Porphyrin
(III)

E1/2
M3þ/2þ

versus
NHE

kon (donor) (M
�1s�1) kon (HNO) (M

�1s�1)

AS
(pH 7)

TSHA
(pH 10)

AS
(pH 7)

TSHA
(pH 10)

References

[MnTEPyP]5þ þ220mV 1.2�104 1.0�104 – – (52)
[MnBr8
TPPS]3�

þ209mV 3.7�103 7.9�103 – – MPa

[FeTEPyP]5þ þ380mV 5.4�103 1.1�104 – – (53,24)
[FeTPPS]3� þ23mV 0.5 – 1.0�106 – (54)
[MnTPPS]3� �160mV – – �4.0�104 �9.0�104 (52)
[FeMP11] �360mV – – 6.4�104 3.1�104 (53,24)

aMP¼Doctorovich and coworkers, manuscript in preparation.
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NO porphyrins toward O2. These reactions give place to oxygen
and nitrogen reactive species (ORS and NRS) such as ONOO�,
NO, NO2, HO2, and others. The most important effects due to the
presence of oxygen are the oxidation of the M(II)(Por)NO product
back to theM(III)(Por) startingmaterial (52) and the consumption
of HNO, therefore lowering its effective concentration. In order to
analyze this scenario, a set of more than 20 reactions involving
the porphyrins as well as ORS and NRS have to be taken into con-
sideration. These can be, however, analyzed using numerical
simulations which take into consideration all the rate laws and
kinetic constants involved. Previous results show that in order to
describe correctly the kinetic reaction profiles at pH 7, only seven
reactions are needed, which are shown in Table III and Scheme 4
for [Mn(TPPS)]3� with AS as the HNO donor (1).
The numerical results show that, if O2 is present at a high con-

centration compared to AS, nitrite and nitrate are the main reac-
tion products and nitrous oxide is practically not formed due to
the competing reaction of HNO with O2 to presumably produce
initially HO2 plus NO and ultimately NO3

� (reactions 7a–c,
Table III). Therefore, when the metalloporphyrin and AS coexist
in solution under anaerobic conditions, the reaction of HNO with
the M(III)Por competes not only with its dimerization but also
with O2. Moreover, since the M(II)PorNO product also reacts

TABLE III

KINETIC RATE CONSTANTS FOR THE RELEVANT REACTIONS OF [MN(TPPS)]3� WITH AS

# Reaction Value References

1 HONNOH!N2O 5�10�4s�1 (36)
2 HNOþHNO!HONNOH 8�106 M�1s�1 (35)
3 AS!HNOþNO2

� 2.30�10�3s�1 (29–33)
4 [Mn3þ(TPPS)]3�þHNO![Mn2þ(TPPS)NO]3� 1.0�105M�1s�1 (52)
5 ASþ[Mn3þ(TPPS)]3�![Mn2þ(TPPS)

NO]3�þNO2
�

20M�1s�1 MPa

6 O2þ[Mn2þ(TPPS)
NO]3�![Mn3þ(TPPS)]3�þNO3

�
5M�1s�1 MPa

7 O2þHNO!HþþNO3
� 5�103M�1s�1 b

aMP¼Doctorovich and coworkers, manuscript in preparation.
bThis reaction has to be considered as:
(7a) O2þHNO!HO2þNO, k7a¼5�103M�1s�1 (average of lit. rate constants) (7,39)
(7b) HO2þNO!ONOOH, k7b¼5�109M�1s�1 (42)
(7c) ONOOH!HþþNO3

�, k7c¼1.2s�1 (100)
As the reactions 2 and 3 are very fast, and the intermediates have been obviated, we
decided to use k7a as the value for reaction 7.
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with O2 to produce the starting material back (as described for
Mn containing Mb) (102), little or no product is observed for rel-
ative low concentrations of AS and metalloporphyrin compared
to O2. On the contrary, when the concentrations of both AS and
metalloporphyrin are at least one order of magnitude higher
than [O2], the M(II)PorNO product is formed and stays in solu-
tion. All the above observations could, in principle, be applied
to other metalloporphyrins and/or HNO donors different from
[Mn(TPPS)]3� and AS. The kinetic profiles should heavily
depend on the most important rate constants involved, which
are k4 (kon(HNO)), k5 (kon(donor)), and k6 (kox(MPorNO)). The
rate constant k4 ranges from 104 to 106M�1s�1, k5 from 1 to
104M�1s�1, and k6 still has to be determined for a set of
metalloporphyrins, although it can be estimated that, for the
metalloporphyrins with positive reduction potentials, its value
should be below 5M�1s�1 (Table III).

k2

k3

k5

k4

k6

k7

k1

PRODUCTS

REAGENTS

INTERMEDIATES

Dotted curves: reactions in the presence of O2

HNO
HONNOH

N2O

NO2
–

MnIIPNO

NO3
–

HN2O3
–

MnIIIP

O2

SCHEME 4. Reactions involved in the kinetic simulations which
describe appropriately the reaction of metalloporphyrins with AS
(HN2O3

�) in the absence and presence of dioxygen, at pH 7.
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D.2. Comparative kinetic analysis

As with many biological small molecules, the comparative
kinetics of azanone reactions with its possible biological targets
will be the key factor in determining the physiological outcome.
Table IV shows a comparison of the rate constants for the
reactions of HNO and NO with several metalloporphyrins and
heme proteins. It is clear from the data presented, that although
lacking the protein scaffold, the soluble porphyrins and MP11
display reactivity toward HNO comparable to the observed reac-
tivity of HNO with heme proteins (7). The bimolecular rate con-
stants for HNO binding to ferric heme systems are in the order
of 105–106M�1s�1, similar to the values obtained for NO and
probably represent an upper limit for the reaction with ferric
hemes. However, these rates are more than 1000 times lower
than the corresponding values for NO or CO binding to ferrous
hemes (70) and heme proteins. This trend can be explained due
to the fact that, for ferric hemes, the ligand binding rate is usu-
ally dependent on the lability of the leaving water ligand, in con-
trast with ferrous hemes, where the water ligand is weakly
bound or the distal site is empty (70). This interpretation is fur-
ther confirmed by the reported value for reaction of HNO with
ferric cytochrome c (Cyt-c) which is ca. 20 times smaller com-
pared to metMb. In Cyt-c, an endogenous ligand Methionine-80
blocks the distal site and HNO must displace it in order to coor-
dinate to the iron. The slow displacement of the methionine
ligand limits the HNO association rate (7).

TABLE IV

BIMOLECULAR RATE CONSTANTS FOR HNO AND NO BINDING TO METALLOPORPHYRINS
AND HEME PROTEINS

Target Reactant kon (M�1s�1) References

Fe(III)MP11 HNO 3.1�6.4�104 (53)
Fe(III)MP11 NO 1.1�106 (101)
[Fe(III)TPPS]3� NO 4.5�105 (70)
metMb(Fe(III)) HNO 8�105 (7)
Cyt-c(Fe(III)) HNO 4�104 (7)
Catalase(Fe(III)) HNO 3�105 (7)
[FeIITPPS]4� NO 1.5�109 (70)
Mb(Mn(III)) HNO 3.4�105 (102)
Mb(Fe(II)) HNO 1.4�104 (88)
Mb(Fe(II)) NO 2.0�107 (103)
O2 HNO 3�103 (7)
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E. STABILIZATION OF {M(POR)HNO}8 COMPLEXES BY FE PROTEINS

AND HEME AND NONHEME PLATFORMS

Nitroxyl (HNO/NO�) heme-model complexes ({FeNO}8,
according to the Enemark–Feltham notation) have received spe-
cial attention due to the intermediacy of nitroxyl-heme adducts
in a variety of catalytic processes related to the biogeochemical
cycle of nitrogen (104). For example, for the six-electron reduc-
tion of nitrite to ammonia that is catalyzed by cytochrome c
nitrite reductase (ccNir), a heme{FeNO}8 complex is proposed
as an intermediate (Scheme 5) (105,106). This intermediate has
also been suggested for the reduction of NO to N2O by P450nor
(Scheme 6) (107). Then, the isolation of a suitable {FeNO}8 heme
complex that allows structural and functional characterizations
will help to understand the reaction mechanism of ccNir and
other enzymes.
However, while there are several examples of HNO/NO�

complexes with mainly second- or third-row transition metals
in the literature (108,109), only few iron–nitroxyl complexes have
been reported so far. In fact, stabilization of the heme Fe–HNO
moiety has been achieved only for protein complexes Fe(globin)
HNO (87,110) being the (Mb)HNO the most extensively
characterized. Stabilization of the Fe(HNO) moiety in heme
models, without the support of a protein environment, remains
elusive, though a fairly stable {Ru(Por)HNO}8 complex, [Ru
(TTP)(HNO)(1-MeIm)], was reported and the IR and 1H NMR
spectra were recorded, providing the diagnostic signatures to
clearly identify the complex as an HNO adduct, without a crystal
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SCHEME 5. Reduction of nitrite to ammonia by ccNiR. Proposed
mechanism for the formation of the {FeNO}8 intermediate.
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structure (111). Interestingly, the signal due to HNO in the 1H
NMR spectrum and the nNO matched well with the values
obtained for (Mb)HNO (87,88), which suggest that the ruthenium
porphyrinate platform could serve as a heme model. In contrast,
the iron porphyrinates were proved to be able to stabilize the
deprotonated {FeNO}8 form, specially with macrocycles bearing
highly electron-withdrawing substituents, but attempts to pro-
tonate the NO� complexes to give the corresponding HNO
adducts were unsuccessful, with reoxidation to the {FeNO}7

(69,112). This difference in reactivity with (Mb)HNO is surely
related to extra stabilization of the {Fe(H)NO}8 moiety by distal
amino acids; though taking into account the existence of the
{Ru(Por)HNO}8 mentioned above, the protein is not a compulsory
platform to obtain a heme model of the {M(H)NO}8 species. Apart
from the ruthenium porphyrinate and the globin HNO adducts,
there are two nonheme {FeNO}8 complexes reported, the
deprotonated complex Fe(NO)(cyclam-ac) (113) and the recently
reported HNO adduct in aqueous solution, [Fe(CN)5HNO]3�,
with a determined pKa for coordinated HNO of 7.7 (114). One
interesting point in relation to deprotonated {FeNO}8 complexes
is the difference in electronic structures between the heme and
nonheme moieties. According to FTIR, UV–vis, 15N NMR, and
DFT results, the electronic structure of the {Fe(Por)NO}8 com-
plex [Co(C5H5)2]

þ [Fe(TFPPBr8)NO]� is best described as inter-
mediate between [Fe(II)(Por)NO]� and [Fe(I)(Por)NO]� (69), as
previously proposed for [Fe(Porphine)NO]� from DFT
calculations (115), which is in sharp contrast with the
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predominant Fe(II)NO� character of known nonheme {Fe(Por)
NO}8 complexes (113).
The high stability of the (Mb)HNO adduct (half-life in anaero-

bic aqueous solution greater than 6 months) made this complex
the most appropriate model for characterization of the elusive
{Fe(H)NO}8 moiety in a biologically relevant scenario. The struc-
ture and reactivity issues covered include different routes to the
HNO adduct, full spectroscopic characterization: UV–vis, 1H and
15N NMR, Raman, X-ray absorption spectroscopy, reactivity with
small molecules such as NO, NO2

�, and O2, and flash photolysis
experiments. (Mb)HNO was first obtained in bulk and isolated in
2000 by chemical reduction of (Mb)NO with Cr(II)(EDTA) in
aqueous solution, Eq. (26) (87). The higher yields were obtained
at pH>9.5; the main byproduct at lower pH was deoxyMb. Some
years later, the same group reported the efficient trapping of free
HNO by deoxyMb, a second route to (Mb)HNO, Eq. (27) (88). Two
HNO donors were used to generate free HNO,
methylsulfonylhydroxylamine (MSHA), CH3SO2NHOH, at alka-
line pHs or AS, Na2N2O3, in neutral solutions.
Experiments with MSHA from stoichiometric to threefold

excess of reagent were carried out and yields between 60% and
80% were obtained, with (Mb)NO as the main byproduct. At
higher MSHA concentrations, the formation of (Mb)HNO took
shorter times, but afterwards its concentration decreased rap-
idly. Without chromatographic purification the (Mb)HNO yield
also decreased dramatically and this was attributed to further
reaction with NO, HNO or with other MSHA decomposition
products. A detailed kinetic analysis of the reaction of MSHA
with deoxyMb gave an estimate of k¼1.4x104M�1s�1 for the
trapping reaction, Eq. (27).

ðMbÞNOþ CrðIIÞðEDTAÞ þHþ ! ðMbÞHNOþ CrðIIIÞðEDTAÞ½ �þ
(26)

HNOþ deoxyMb ! ðMbÞHNO (27)

Reaction of AS with deoxyMb resulted more complicated due to
the generation of metMb from the reaction of NO2

� (byproduct
of AS decomposition) with deoxyMb, Eq. (28).

deoxyMbþNO�
2 þHþ ! metMbþNOþOH� (28)

For example, stoichiometric reaction of AS with 4mM deoxyMb
at pH 7 gave within 6min ca. 50% (Mb)HNO/(Mb)NO, 20%
deoxyMb, and 30% metMb, while after half a day, the solution
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contained more than 90% of (Mb)NO. Taking advantage of the
first order on [Hþ] of Eq. (28), the reaction of AS with deoxyMb
in 1.5:1 ratio at pH 8 gave ca. 60% isolated (Mb)HNO after 30
min. Time-dependent UV–vis analysis showed a clear conversion
to a (Mb)HNO/(Mb)NO mixture without formation of metMb.
More recently, a new route to (Mb)HNO was proposed, Eq. (29),

that gave the desired product in >96% yield (84).

MbþNaNO2 þNaBH4 ! ðMbÞHNO (29)

From this reactivity and from experiments with known HNO
scavengers, it was concluded that the mixture NaNO2/NaBH4
generated free HNO, Eq. (30), that is then trapped by deoxyMb,
as in Eq. (27).

HONOþH� ! HNOþOH� (30)

Insight into the electronic structure of Mb(HNO) was attained by
several spectroscopic methods. Protonation at the nitrogen was
confirmed by 1H NMR with a signal at 14.8ppm, well downfield
from the protein peaks, that splits into a doublet (J¼72Hz) in
the labeled derivative, clearly a diagnostic signature of bound
HNO (87,114). On the other hand, the chemical shift of (Mb)
H15NO at þ788ppm versus 15NH4

þ in the 15N NMR is similar
to several Co(III)NO� complexes and is also considered a well-
diagnostic feature for {MNO}8 moieties (116), specially for
unprotonated complexes which lack the characteristic 1H NMR
signal.

1H NMR spectroscopy also afforded further insight into the
structure of Mb(HNO) (117). The 2D NOESY maps showed 20
NOE connectivities with the HNO signal. A computer model of
(Mb)HNO was generated by replacing the CO ligand by HNO
in the crystal structure of (Mb)CO and fitting with the experi-
mental 1H NMR NOESY data. Surprisingly, only one orientation
of the HNO ligand was found, almost perpendicular to proximal
His93. This was suggested to be related to the p-acidity of both
HNO and His ligands since the perpendicular orientation would
minimize p back-bonding competition. A similar orientation was
obtained upon simple energy minimization, which suggests a ste-
ric control of the orientation. The most significant difference
between the residues of (Mb)HNO and (Mb)CO was the move-
ment of the distal His64, by ca. 20� rotation to reach hydrogen
bonding distance of the nitroxyl oxygen. Thus, the surprising sta-
bility of (Mb)HNO may be due in part to this hydrogen bonding
interaction within the distal pocket, as in the isoelectronic (Mb)
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O2 adduct. On the other hand, given the absence of a proton
acceptor close to the H atom of HNO, it was suggested that a
water molecule could serve as the acceptor.
The structural characterization of the heme Fe(HNO) moiety

in (Mb)HNO was achieved through X-ray absorption spectros-
copy (118). As commonly observed in complexes {MNO}n with
n¼6, 7, and 8, the Fe��N(NO) bond lengths increase and the
FeNO angles decrease in the order Mb(III)NO, Mb(II)NO, (Mb)
HNO, that is, in the order n¼6, 7, 8. The Fe��N(His) bond is also
longer in the {FeNO}8 adduct, as compared to that of the n¼6 and
7 forms, while the Fe��N(Por) lengths are essentially the same
for all three adducts. The stronger trans effect in {MNO}8

complexes is well recognized. On the other hand, the N��O bond
is longer in (Mb)HNO than in the n¼6 and 7 forms, which is
indicative of a high degree of ligand reduction, and is also consis-
tent with the high shift in nN��O from 1617cm�1 in (Mb)NO to
1385cm�1 in (Mb)HNO. In contrast, the increase in nFe��N from
554 to 651cm�1 is difficult to understand considering the
observed lengthening of the Fe��N(NO) bond; this was
attributed to the decrease in the reduced mass due to the lower
FeNO angle in (Mb)HNO and/or a mixing with the bending
Fe��N��O mode, which is not unlikely in highly bent geometries.
As we have reviewed above, (Mb)HNO served as a goodmodel to

afford structural insight into the elusive {Fe(Por)HNO}8 species
and to provide evidences for different routes to Fe(HNO)
complexes. Some comments on the reactivity of this unusual
adduct are also worth mentioning. Regarding the acid–base equi-
librium, a change in the 1H NMR signal due to HNO at 14.8ppm
was not observed from pH 6.5 to 10, suggesting a pKa for (Mb)
HNO higher than 10. Differently from Fe(Por)NO� (Por¼TPP or
TFPPBr8) (69,112) or [Ru(HNO)(“pybuS4”)]

þ (119), Mb(HNO) is
not oxidized upon protonation but is still a powerful one-electron
reductant that is reoxidized to (Mb)NO by stoichiometric reaction
with methyl viologen (87). Likewise, albeit (Mb)HNO has a half-
life of ca. 6 months in anaerobic solutions, it is oxidized to metMb
upon exposure to air over a period of minutes. Additionally, like
the proposed nitroxyl intermediate of P450nor, (Mb)HNO reacts
with NO to give (Mb)NO and N2O over a period of minutes; the
reaction with nitrite also yields (Mb)NO, at a pH-dependent rate.
The same reactivity with NO was also observed for RuHCl(HNO)
CO(PiPr3)2 (120). Finally, in contrast to other HNO adducts, (Mb)
HNO is quite inert to displacement reactions and the HNO
ligand is not displaced by CO (108). On the other hand, photoly-
sis of solutions of (Mb)HNO yields metMb, which indicates
that its geminate partner is the aminoxyl radical anion, HNO�
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(121). From the generation of metMb in the photolysis
experiments, it was proposed that there is an important contribu-
tion of ferric character in the electronic structure of (Mb)HNO,
that is, (Mb)Fe(III)HNO�, analogous to the isoelectronic oxyMb,
(Mb)Fe(III)O2

�.

F. ELECTRONIC STRUCTURE METHODS FOR CHARACTERIZATION OF

{FE(POR)(H)NO}8 AS HEME PROTEIN CATALYTIC INTERMEDIATES

Several HNO-related species can be found in the literature,
fundamentally as intermediates in catalytic cycles. Here, we will
mention the application of electronic structure methodologies to
three examples.
The first one is the ccNiR,which catalyzes the reduction of nitrite

to ammonia. The active site of this protein comprises a protopor-
phyrin IX covalently linked to the backbone and a lysine as a prox-
imal ligand (122). In this particular case, an HNO bound species
was proposed as intermediate in the catalytic cycle. Using DFT
calculations in a simplifiedmodel system includingan ironporphy-
rin with proximal ammonia and different reaction intermediates
as distal ligands, the different potential steps were studied (105).
The proposed six-electron reduction mechanism (Scheme 5)
involves as a first step the reduction from Fe(III)��H2O to Fe
(II)��H2O followed by ligand displacement of water by nitrite in
the active site. An heterolytic cleavage of one of the nitrite N��O
bonds to produce an {FeNO}6 species is the second step.
Calculations of the energy cost for differentpotential reactions sug-
gest that the most plausible continuation of the mechanism has to
be the reduction to {Fe(Por)NO}7 followed by a rapid one-electron
reduction to {Fe(Por)NO}8, which can then protonate to give the
HNO bound species. The mechanism follows via a two-pro-
ton–two-electron step yielding an N-bound Fe(II)-hydroxylamine
species. The next step involves incorporation of two protons and a
reduction via one electron to produce an ammonia bound to an
Fe(III) center, which is finally reduced to Fe(II). This species is
ready to rebind a new nitrite, displacing the ammonia.
A second case comprises the key intermediates in the catalytic

cycle of fungal NOR (P450nor). This enzyme converts NO to N2O
via a {FeNO}8 species (123–125). Using computational tools,
Lehnert and coworkers have studied this mechanism (Scheme 6)
(115), that involves coordination of NO to the Fe(III) form, a
reducing step via NADH to yield an intermediate I (an Fe(II)
(Por)NOH species) and finally a second reaction with NO to gen-
erate N2O and the Fe(III) form. It has to be mentioned that
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Intermediate I has been characterized via UV–vis and resonance
Raman spectroscopy (126,127).
The calculationswere carried out bymodeling the systemswitha

six-coordinated porphyrin: an iron-porphine, nitrogenated species
(NO, HNO, NOH, N2O2

2�, HN2O2, H2N2O2), and 1-met-
hylimidazole or methylthiolate as the proximal ligands. In order
to get further insight into the biochemistry and to obtain vibra-
tional information, the authors fully optimized the structures. An
approximate pKa for the protonation stepswas also calculated tak-
ing into account the solvation effects by using an implicit solvent
scheme (PCM model). Besides the results obtained regarding the
mechanism, an interesting feature proposed by the authors is that,
in contrast with the (Mb)HNO structure reported by Farmer, they
suggested that the intermediate comprises a doubly protonated
species. This Fe(IV)(Por)NHOH complex can react easily with the
second NO molecule. The thiolate role is to stabilize this species
and allows the double protonation.
These results are particularly important because the details of

the heme-thiolate NOR (P450nor) catalytic mechanism are still
controversial. One theory, supported by computational results
(128), assumes two sequential one-electron transfers from NAD
(P)H to an initial {Fe(Por)NO}6 complex. The {Fe(Por)NO}8 spe-
cies thus formed would react with NO, eventually liberating the
ONNO2� anion (most probably in its protonated form), which
decomposes to N2O and water. However, more recent experimen-
tal results (107) suggest the first step of the mechanism
(Scheme 6) to be direct hydride transfer from NAD(P)H to {Fe
(Por)NO}6, presumably resulting in an iron-bound HNO unit.
DFT geometry optimization of all the proposed reaction inter-
mediates was reported, suggesting that the hydride transfer to
{Fe(Por)NO}6 could produce {Fe(Por)NOH}8 or {Fe(Por)HNO}8.
Subsequent addition of NO to {Fe(Por)NOH}8, but not to
{Fe(Por)HNO}8 or {Fe(Por)N(H)OH}8, is predicted to lead to
immediate liberation of HN2O2

� without any stable inter-
mediates which finally decomposes to H2O and N2O. Contrary
to what would be predicted according to the “thiolate push effect”
dogma, the thiolate ligand at the heme active site is shown to
obstruct NO reduction rather than facilitate it. It is in fact shown
that replacement of the thiolate by a neutral nitrogen ligand (i.e.,
lysine, as found in the active site of ccNIR, mentioned above)
clearly favors, from a thermodynamic point of view, NO reduc-
tion at the heme site (129).
Mentioned above, the third case is the interesting

HNO–protein complex that has been obtained by Farmer et al.
(87,88) and characterized theoretically by Linder and Rodgers
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(130). Using DFT calculations on a model system to study the
potential implicants of the different protonation schemes, the
authors boarded the structural characterization of the HNO com-
plex with myoglobin (MbHNO). The system was modeled as a [Fe
(Por)HNO(ImH)]. Between the different questions that the
authors intended to answer, they tried to understand where
was the proton located. In order to resolve this issue, calculations
of different coordination (O or N) and protonation (HNO or NOH)
isomers were performed. The most stable isomer was found to be
the N coordinated and protonated one. Another results showed
that the geometrical parameters were almost insensitive to the
rotation of the axial imidazole ligand ring, suggesting a
decoupling of the Fe��N(H)O and Fe-ImH p-bonding, which
agrees with the EXAFS structure showing the imidazole ring
remaining almost in an eclipsed conformation respect to the
pyrrolic 15N atoms (130). The calculation of this rotated confor-
mation is only 3.4kJ/mol higher than the ground state structure.
Due to the fact that the rotational barrier around the Fe��N
bond is low, the ligand conformation can be easily stabilized in
the protein due to influences of the environment.
In a recent work, Zhang and coworkers focused on the impor-

tance of the computational tools to study compounds involving
HNO and porphyrins, which are used thoroughly as models of
heme proteins active sites (131). Using a quantitative structure
observable relationship, the authors performed a large number
of quantum calculations on heme models in order to evaluate
potential methodologies to predict geometrical parameters: 1H
NMR displacements, 15N NMR displacements, and nNO
stretching frequencies of HNO and RNO bound moieties. Among
the most interesting results, the authors explored the potential
effect of water interaction with the HNO bound to an Fe(II) por-
phyrin, as a model for MbHNO. The calculations suggest that the
IR frequency of the bound HNO in myoglobin can be explained by
dual H2O��HNO hydrogen bonding.

III. Azanone Detection with Metalloporphyrins and Heme Proteins

A. COLORIMETRIC DETECTION OF AZANONE WITH MANGANESE

PORPHYRINS

The high efficiency by which manganese porphyrins trap HNO,
and the observed stability of {Mn(Por)NO}6 but not {Mn(Por)
NO}5 complexes, suggested to test Mn(III) porphyrins as agents
for HNO/NO discrimination. As mentioned in a previous chapter,
differently from Fe(III) porphyrins, Mn(III) porphyrins do not
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suffer reductive nitrosylation in the timescale of the reaction
with HNO, and the conversion of Mn(III) porphyrins to Mn(II)
(Por)NO results in a large shift of the UV–vis Soret band. More-
over, since water soluble metalloporphyrins (such as Mn(III)
TPPS) or others which are soluble in organic solvents (such as
Mn(III)TPP) can be used and show a similar shift, the method
is useful for organic or aqueous solutions. An important disad-
vantage for this reaction is that the Mn(II)(Por)NO porphyrin
obtained as a product reacts with O2 to produce the starting
Mn(III) back. Based on these data, Dobmeier et al. found a way
to overcome this inconvenient (132) and designed a method for
quantitative detection of nitroxyl with an estimated dynamic
range of 24–290nM. This optical sensor film, suitable for the
quantitative determination of HNO, was obtained through
encapsulation of Mn(III)TPPS within the anaerobic local envi-
ronment of an aminoalkoxysilane xerogel membrane decorated
with trimethoxysilyl-terminated poly(amidoamine-organosilicon)
dendrimers, which were shown to be poorly O2-permeable. This
HNO-sensing films were tested with the HNO donors AS and
sodium 1-(isopropylamino)diazene-1-ium-1,2-diolate (IPA/NO)
and were found to provide a rapid means for determining HNO
concentrations in aerobic solution. However, the rapid dimeriza-
tion of HNO and relatively slow rate of HNO complexation in the
xerogel film limit optimal sensor performance to environments
with restricted HNO scavenging conditions and renders a narrow
dynamic range.
Another way to circumvent the problem raised by the reactiv-

ity of the nitrosyl product toward O2 is to protect the
metalloporphyrin by a protein matrix which slows down the oxi-
dation rate. In a recent report, Bari and coworkers described the
reaction of Mn(III) protoporphyrinate IX reconstituted in
apomyoglobin (MbPIXMnIII) and its chemical behavior toward
HNO or NO donors, either under anaerobic or aerobic conditions
(102). The Mn(III) reconstituted globin successfully reacted with
the nitroxyl donor trioxodinitrate (AS), while it remained indif-
ferent toward NO or NO donors, in good agreement with previ-
ously reported data on water soluble Mn(III) porphyrinates. As
expected, and in contrast to what is observed for isolated Mn
porphyrins, in the case of MbPIXMnIII, the formation of the char-
acteristic nitrosyl complex MbPIXMnII(NO), due to reaction with
free 1HNO, is observed by UV–vis spectroscopy even in aerobic
environment. The nitrosyl derivative is moderately stable in
the presence of oxygen at room temperature, and it slowly
retrieves the original reconstituted Mn(III) protein. Subsequent
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additions of the HNO donor confirm the nature of the reaction
product, as the nitrosyl derivative can be regenerated repeatedly.
Kinetic analysis show that the association rate constant for the

reaction of the reconstituted globin with azanone is practically
the same than that for the free porphyrinate, suggesting that
the protein environment is not involved in the reaction mecha-
nism. However, oxidation of the nitrosyl porphyrin inside the
protein is ca. 1000 times slower than for the porphyrin in solu-
tion, a feature that is ascribed to the role played by the distal
residues which protect the nitrosyl product inside the protein
matrix (see Scheme 7).
Overall, these results clearly show that MbPIXMnIII is a good

candidate for a physiologically compatible HNO probe, while
they also highlight the modulation of the reactivity of
metallonitrosyl complexes toward O2 by a protein environment.
A main disadvantage to be taken into account for both these

colorimetric methods is that, due to the fact that the UV–vis
measurements are done in a wavelength range where biological
materials strongly absorb, these optical methods cannot be used
for most in vitro or in vivo studies.

B. ELECTROCHEMICAL DETECTION OF AZANONE WITH A COBALT

PORPHYRIN

Metalloporphyrins are widely used in technical applications,
including gas sensors (133,134), when coupled to a surface.
Ordered monolayers of metalloporphyrins can be easily built,
especially when surface molecule linking is based on the estab-
lishment of Au��S bonds, and a number or thiol bearing

PIXMnIII MbPIXMnIINOMbPIXMnIII

HNO/O2

NO

SCHEME 7. Reaction of MbPIXMn(III) with HNO
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porphyrins are available. Further, the use of S-acetyl protecting
groups that undergo in situ cleavage on the surface allows the
obtention of single porphyrin layers in a straightforward man-
ner. Based on the previously described cobalt porphyrins reactiv-
ity toward NO and HNO (Section II.E), and the common use of
surface-modified electrodes as electrochemical sensors, a porphy-
rin with four anchors, Co(II)-5,10,15,20-tetrakis[3-(p-acetyl-
thiopropoxy) phenyl]porphyrin (Co(Por)), shown in Fig. 1, was
immobilized on a gold surface by the formation of Au��S bonds
(82). Both XPS and STM techniques show that most Co(Por)
molecules are adsorbed in the lying down configuration by multi-
ple linker binding to the gold surface, and that vacant gold sites
are present that can be occupied in some cases by smaller lateral
size adsorbates.
The reactions of HNO and NO with electrode bound Co(Por)

were studied by electrochemical techniques. Previous studies by
Kadish and coworkers showed that for nitrosyl complexes of Co
(Por) in solution, four redox couples are found corresponding to
the equilibria between [Co(Por)NO]þ2, [Co(Por)NO]þ1, CoIII(Por)
NO�, [Co(Por)NO]�, and [Co(Por)NO]2� states (135).
Electrochemical measurements of Co(Por) bound to electrodes

show the presence of three redox couples as well as the electrode
bound nitrosyl porphyrin complex. The most significant feature
of the electrochemical data is that for CoIII/CoII couple (Eq. (31));
the obtained E1/2 value is shifted ca. 400mV to lower potentials
compared to the E1/2 in solution, strongly suggesting that
Co(Por) adsorption on the gold electrode facilitates CoII oxidation.
On the other hand, for the nitrosyl porphyrin, the shift due to
the gold surface effect is much smaller, and of only 60mV

N N

NN

CoII RR

R

R

O

S
O

R :

FIG. 1. Co(II)-5,10,15,20-tetrakis[3-(p-acetylthiopropoxy) phenyl]
porphyrin.
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(Eq. (32)). This is ascribed to charge donation from the gold surface
which stabilizes the Co(III) state in [Co(III)(Por)]þ. This Co–Au
interaction is weakened by NO coordination to the metal center.

CoðIIIÞðPorÞ½ �þ þ e� Ð CoðIIÞðPorÞ (31)

CoðIIIÞðPorÞNO½ �þ þ e� Ð CoðIIIÞðPorÞNO� (32)

Both NO reactivity and HNO reactivity of Co(Por) modified
electrodes were tested in both the Co(II) and Co(III) oxidation
states by electrochemical methods. While CoIII(Por) reacts effi-
ciently with HNO, it does not so with NO. This is evidenced by
the presence of the [CoIII(Por)NO]þ/[CoII(Por)NO] oxidation peak
at 0.8V, after HNO addition to the Co(Por) electrode, and the
lack of any electrochemical signal when NO donors are used
instead. On the contrary, NO reacts rapidly with CoII(Por)
modified electrodes while HNO does not. In summary, Co(Por)
attached to gold retains the same selective behavior toward
HNO and NO, as observed in solution. Based on the redox-depen-
dent selective reactivity observed for the Co(Por) bound
electrodes toward NO and HNO, and the redox potential shift
due to a surface effect, the reaction Scheme 8 was proposed to
selectively detect HNO amperometrically. According to Scheme 8,
the resting state electrode potential is set to 0.8V, a value where
the porphyrin is stable in the CoIII(Por) state and no current flow
is observed. Reaction with HNO yields, according to previous
observations, the CoIII(Por)NO� complex, which under the
described conditions is oxidized to CoIII(Por)NO. The resulting
CoIII(Por)NO complex releases the NO ligand in a fast manner
and yields CoIII(Por), which allows the catalytic cycle to start
again. In this scheme, the current intensity should be

CoII(P) + HNO No reaction

CoIII(P) + HNO CoII(P)NO

CoIII(P)NO
e– (Current
intensity)NO

–e– (oxidation)

SCHEME 8. Reactions involved in the amperometrical detection of
HNO by Co(Por).
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proportional to the amount of HNO that binds the CoIII(Por).
Consistent with the proposed scheme, measurement of the cur-
rent versus time plot at 0.8V, where CoIII(Por) is stable, does
not show any measurable current change. However, a few
seconds after the addition of AS, the current intensity increases
and is maintained during several minutes, due to the catalytic
cycle, which is sustained by continuous HNO production from
the donor, while no signal is produced by the addition of either
NO(g) or NO donors. These results make a strong point for the
use of CoIII(Por) electrodes as selective azanone sensors (82).

IV. Conclusions

The comparative analysis of azanone reactivity with small
molecules and proteins in the context of physiological systems
strongly suggests that its main targets are constituted by thiols
such as cysteine (22,28), and metalloproteins, mostly ferric heme
proteins. Reaction with abundant oxygen is too slow to be impor-
tant, and nitroxyl does not react with superoxide anion
(69,89,136). Reactionwith heme proteins shows that although sta-
ble complexes have been reported for ferrous myoglobin and other
globins, it is still not clear if this reaction is physiologically relevant
(84,88,110). Moreover, kinetic studies related to the formation and
decomposition of the corresponding complexes are needed in order
to have a better estimation of their competing reactivity and stabil-
ity. On the contrary, moderate to fast association rates, which
results in a reductive nitrosylation that yields the quite stable fer-
rous nitrosyl complexes, characterize the reaction ofHNOwith fer-
ric heme proteins and models. The studied examples include
several cytochromes and peroxidases (27,72,102,137,138) as well
as ferric porphyrines (52,53). In the case of proteins, the resulting
complexes may be inactive for normal protein function providing
an explanation for the observed HNO effects. Which specific pro-
tein is targeted will, however, depend on the local protein concen-
tration and its specific reactivity, which in turns depends on the
local environment of the heme, as for other ligands.
Concerning azanone detection, until recently, only indirect met-

hods were available, the most popular being measurement of N2O
concentration (27,82). In the past few years, as described above,
several metalloporphyrin methods have been developed to detect
and quantify HNO in a reliable manner (82,132,139,140).
UV–vis-based methods, such as manganese porphyrin-based
xerogels or manganese reconstituted myoglobin, have severe
limitations for biological samples because the signal to be observed
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overlapswith the absorbance of heme proteins, which are themain
targets under study. Also, they may interfere with the physiologi-
cal state if used in vivo, since they have been shown to react with
several other targets besides HNO (73,141). On the other hand,
metalloporphyrin modified electrodes that produce an electro-
chemical response toHNOoffer an excellent prospect for the devel-
opment of a reliable, sensitive, selective, and physiologically
compatible HNO sensor. Although clearly more work is needed in
this area, present results indicate that HNO can be detected up
to estimated concentrations of ca. 10nM. This can be compared to
the initial concentration of HNO produced by 10�3M AS or PA in
aerobic solutions at r.t. and pH 7.4: ca. 100nM. Moreover, the
already studied Co-porphyrin modified electrode discriminates
HNOfromNO(i.e., it is completely insensitive toNO)and responds
to repeated additions of an HNO donor, without signal loss (82).
What lies ahead is further development of this method in order to
(i) test the response in the presence of possible interfering species,
like NO2

�, O2, O2
�, thiols, etc., (ii) calibrate the quantitative

response to increasing HNO concentrations, (iii) improve the elec-
trode by the use of nanostructured materials such as polyelectro-
lyte brushes (142) in order to increase the sensitivity to the pM
level, and (iv) achieve electrodeminiaturization for in vivo, in situ,
and inside-cell measurements. In summary, a metalloporphyrin,
reliable, sensitive, selective, and physiological compatible HNO-
sensing device is expected to be available in the near future.
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ABSTRACT

This review deals with the reaction mechanisms of polya-
minecarboxylate complexes of different transition metals such
as Fe, Mn, Ni, and Ru. Three types of chemical processes are
treated, viz. water-exchange reactions, the binding of NO, and
the activation of peroxides. In each case, the nature of the
polyaminecarboxylate chelate and its influence on the underly-
ing reaction mechanism are considered. In general, the
complexes are either six- or seven-coordinate and all contain a
coordinated water molecule. The lability of the latter is con-
trolled by the nature of the polyaminecarboxylate chelate and
the oxidation state of the metal ion. The binding of NO and the
activation of peroxide are in turn controlled by the lability of
the coordinated water molecule that is displaced during the
interaction with these small molecules.
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Keywords: Reaction mechanisms; Activation of NO; Activation of
peroxide; Polyaminecarboxylate complexes; Water-exchange
reactions.

I. Introduction

Since FerdinandMunz synthesized edta in the early 1930 for the
first time (1,2), edta (ethylenediaminetetraacetate) and related
chelating agents made a remarkable impact and are used in large
quantities worldwide. The most prominent feature of poly-
aminecarboxylates is their outstandingly high formation constant
for various metal cations. Therefore, they are often used in indus-
trial processes, medical applications, and domestic products in
order to solubilize and inactivate metal ions through complex for-
mation. Applications of polyaminecarboxylic acids cover a wide
range. They are used in detergents, textile and paper processing,
photographic developing, water treatment, electroplating, and
flue gas scrubbing. Due to the good solubility and high stability
of the complexes formed with polyaminecarboxylic acids, they
are also used in agricultural fertilizers. Polyaminecarboxylic acids
are of particular interest in medicine and biology; they are used in
heavy metal detoxification (2) and as contrast agents in magnetic
resonance imaging. The common role of polyaminecarboxylic acids
in this wide range of applications is the regulation of the metal ion
concentration.
Their broad application spectrum gives rise to a consumption

of more than 200,000ton/a of polyaminecarboxylic acids world-
wide (3). By far, the most used polyaminecarboxylates are edta
and nta (3). Because of their good solubility and low biodegrad-
ability, especially of edta, polyaminecarboxylic acids can enter
the water cycle via industrial and domestic wastewaters (4).
For example, edta is so widely used that it has emerged as a per-
sistent organic pollutant and can be found in ground water, lake
water, and rivers in concentrations up to 100nM (5,6). Once poly-
aminecarboxylates have reached the water cycle in higher
concentrations, the danger of remobilization of bound cationic
sediments and an increase in the concentration of dissolved
metals in ground water through formation of highly stable
polyaminecarboxylate complexes are at hand (7,8).
As already mentioned, polyaminecarboxylic acids form highly

stable complexes with various metals. These complexes have in
many cases at least one or two vacant coordination sites. In aque-
ous solution, these coordination sites are occupied by the readily
dissociable ligand water. It is known that the displacement
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of water molecules from the first coordination sphere of metal ions
with kinetically inert multidentate ligands such as poly-
aminecarboxylates leads to the labilization of the remainingwater
molecules due to the labilizing effect of the chelating ligand (9–11).
Thus, the chemical reactivity of polyaminecarboxylate complexes
is controlled by the lability of the remaining water molecules.
Many reactions involving the binding of small molecules like
hydrogen peroxide (H2O2) (12–14), nitric oxide (NO) (15,16) and
dioxygen (O2) (17), or redox processes proceed via substitution of
the bound water ligands. Therefore, it is crucial to understand
the substitution mechanism and the factors that control the labil-
ity of the bound water molecules.
In principle, ligand substitution reactions can be divided into

three main categories (18). For an associative mechanism (A),
coordination of an entering ligand and the formation of an inter-
mediate with an increased coordination number occur prior to
the release of the leaving ligand. In contrast, for a dissociative
mechanism (D), complete dissociation of a coordinated ligand
coupled to the formation of an intermediate with a reduced coor-
dination number occurs prior to the coordination of the entering
ligand. Both these limiting mechanisms in principle involve two
transition states, one for the formation of the intermediate and
the other for the formation of the substitution product. The
height of the energy barriers associated with these transition
states controls the rate-determining step and the ability to detect
or isolate the intermediate of increased or reduced coordination
number, respectively. As a third possibility, the substitution
reaction can occur in a single step that does not involve the
formation of an intermediate, the so-called interchange
mechanism (I). In this case, a continuous range of transition
states can be observed depending on the degree of bond making
of the entering ligand and bond breaking of the leaving ligand
with the metal center, ranging from substantial associative (Ia
mechanism) to substantially dissociative (Id mechanism) in
nature. In the case where the degree of bond formation and bond
breakage is equal, a pure interchange (I mechanism) is operative.
Thus the degree of bond formation and bond breakage during the
interchange process controls the nature of the interchange mech-
anism in going from Ia to I and Id mechanisms, respectively.
The different types of substitution mechanisms mentioned

above are all characterized by a specific rate law, such that sys-
tematic kinetic measurements as a function of the entering
ligand concentration can already reveal some mechanistic infor-
mation. However, the rate law for some of these mechanisms
can in some cases be rather similar such that further
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measurements are required to differentiate between the different
possibilities. One possibility that is usually employed is to deter-
mine the activation enthalpy, DH 6¼, and the activation entropy,
DS6¼, from a systematic kinetic study as a function of tempera-
ture and the application of the Eyring equation. It is especially
the activation entropy that reveals information on the degree of
order in the transition state, which in turn is controlled by the
degree of bond formation or bond breakage on going to the tran-
sition state, that is, the intrinsic nature of the ligand substitu-
tion process. Another possibility that has received significant
attention from various groups over the past few decades is to
study the pressure dependence of the kinetics of the substitution
reaction from which the volume of activation DV 6¼ can be calcu-
lated that allows a more precise assignment of the underlying
substitution mechanism (19). The volume of activation is defined
as the difference between the partial molar volumes of the tran-
sition and reactant states and is a composite of intrinsic, DV 6¼

intr,
and solvational, DV 6¼

solv, volume changes. In the case of water-
exchange (or more general solvent exchange) reactions on metal
centers, solvational changes are negligible and only intrinsic vol-
ume changes arising bond formation and bond breakage con-
tributions have to be considered. With the activation volume in
hand, the substitution mechanism of such processes can in most
cases be assigned unambiguously. For an associatively activated
exchange process, DV 6¼<0 since it involves a volume collapse on
going to the transition state, whereas DV 6¼>0 for a dissociatively
activated exchange process since it involves a volume expansion
in going to the transition state.
On the basis of a semi-empirical model, Swaddle and Mak

estimated the limiting activation volumes for water-exchange
reactions on di- and trivalent transition metal aqua complexes to
beDV 6¼�þ13cm3mol�1 for aDmechanismandDV6¼��13cm3mol�1

for an A mechanism (20,21). Values of DV 6¼ within these extreme
values are usually interpreted in terms of Id, I, or Ia mechanisms,
respectively (22). With these values as a guideline, assignments
which type of mechanism holds can be made with significant
confidence.

17O NMR is an excellent experimental method to investigate
water-exchange reactions on metal centers through line-shape
analysis, isotope labeling, and relaxation rate measurements
(23,24). Transverse relaxation rates can be determined by
employing the H2

17O line-broadening technique which improves
the accuracy of the measurements. The available data on
water-exchange rate constants of aquated metal complexes cover
nearly 20 orders of magnitude (25). The rate constants depend

144 ARIANE BRAUSAM AND RUDI VAN ELDIK



both on the metal center and spectator ligand properties. For fully
aquated transition metal complexes, the reactivity is solely
controlled by the d-orbital occupancy and charge of the complex.
The higher the ligand field stabilization energy, the slower the
water-exchange reaction. For complexes with the same d-electron
configuration as in the case of FeIII andMnII, a significantly slower
exchange reaction for FeIII is observed, which is caused by the
higher charge density on the FeIII center that coordinates the
watermoleculesmore strongly. Pressure- and temperature-depen-
dent kinetic measurements allow the determination of
rate constants, activation parameters, and mechanistic details on
the exchange mechanism. From such data, information on the
effect of steric constraint and chelation of the metal center on
the exchange mechanism can be obtained. Due to the steric
constraints introduced by polyaminecarboxylate ligands, a more
dissociative mechanism is in principle expected.
Once fundamental and thorough knowledge about the water-

exchange mechanism on polyaminecarboxylate complexes is
gained via 17O NMR studies, the next step is to investigate the
activation of small molecules such as hydrogen peroxide (H2O2)
and nitric oxide (NO) by such complexes. The crucial step in
such activation processes in principle involves the coordination
of the small molecule to the metal center, which in fact
is a ligand substitution process involving the displacement
of coordinated water. The activation of small molecules plays
a fundamental role both in living systems and industrial pro-
cesses. It is for instance known that the Fe2þ/H2O2 system is
able to induce cleavage of single- and double-strand DNA in
the presence of edta (26,27). Further, FeII(edta) can act as an
effective NO scavenger in the BioDeNOx process (28,29).
RuIII(polyaminecarboxylate) complexes are promising NO
scavengers (30,31). The low toxicity, high stability in vivo, and
reactivity toward NO make these complexes ideal candidates
for therapeutical applications. To further improve the efficiency
of the above-described activation processes, it is crucial to under-
stand the underlying mechanism of the binding of small
molecules like H2O2 and NO. Kinetic measurements under
various experimental conditions in aqueous solution give
detailed information on rate and activation parameters, which
in turn contributes to the elucidation of the underlying reaction
mechanism.
The first part of this review deals with the influence of differ-

ent polyaminecarboxylate ligands on the water-exchange reac-
tion, the structure, and speciation in aqueous solution of Fe,
Mn, Ni, and Ru polyaminecarboxylate complexes. The employed
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metals differ in charge, d-electron configuration, and ionic radii,
giving rise not only to different reaction rates but also to changes
in the overall reaction mechanism of the water-exchange reac-
tion. The employed chelates (see Scheme 1) play an important
role in the studied reaction, and therefore, the role of the back-
bone, rigidity, and donor ability of the ligand on the structure
and reactivity of the metal complexes will be presented in detail.
Water-exchange reactions on Gd and other lanthanide
polyaminecarboxylate complexes, which are often used as con-
trast agents in magnetic resonance imaging, were already
discussed in the recent literature and will not be covered in this
review (11,32).

SCHEME 1. Schematic presentation of the polyaminecarboxylate
chelates referred to in this chapter.
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In the second part of this review, recent mechanistic findings on
the activation of H2O2 and NO by the mentioned polya-
minecarboxylate complexes in aqueous solution are presented.
The different factors that influence the rate and the mechanism
of the activation process by Fe and Ru polyaminecarboxylate
complexes will be presented.

II. Water-Exchange Reactions on [M(L)H2O] Complexes
(M¼FeII/III,MnII)

X-ray analysis of edta and tmdta salts with different 3d transi-
tion metals shows that both six-coordination (L as hexadentate
ligand) and seven-coordination are found in crystal structures.
In six-coordinate 3d MIII and MII complexes, no regular octahe-
dron can be formed. Even small ions like CoIII have a too large
ionic radius to be completely encircled by a ligand like edta.
As a consequence, a “hole” is formed opposite to the central
diamine ring in the architecture of the complex, which increases
with increasing ionic radius of the central metal and increasing
M��N bond lengths. With elongated M��N distances, a larger
OG1–M–OG2 angle is observed. This exocyclic angle is a direct
measure of the “hole” size.
After dissolving M(L) type of salts in water, an equilibrium

between the water free six-coordinate and the water containing
seven-coordinate species is established (Eq. (1)).

M Lð Þ½ �n� þH2O> M Lð Þ H2Oð Þ½ �n�; K6=7 (1)

The correlations in Fig. 1 clearly show that nucleophilic attack of
water at the metal center of 3d M–L complexes is facilitated with
increasing ionic radius of the central metal and therefore also
with a wider OG1–M–OG2 angle.
In aqueous solution of M(L) complexes, a rapid D$L

enantiomerization takes place (10,33). This enantiomerization is
accompanied by concerted rotations of the glycinate chelate rings
(Scheme 2). This rotation is a concerted step in which the glycinate
rings change their chirality by low-energy tunneling through a pla-
nar intermediate (34,35). This rotation can be visualized as a two-
step process with a turn through space according to a Berry-like
pseudorotation pathway (36), coupled to d$l rearrangements of
the four glycinate rings. During the rearrangement of the glycinate
rings, the methylene carbon atom changes its hybridization state
continuously from sp3 to sp2 and back (37). Nometal–nitrogen bond
rupture or a dechelation is observed during this process.
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The 1H and 13C NMR spectra of paramagnetic high-spin
[FeII(edta)H2O]2� afford despite the enhanced relaxation due to
the FeII center reasonable signals. Actually, six resonances in
the 1H spectrum of [FeII(edta)H2O]2� would have been expected,
but due to fast acetate interchange, signal averaging takes place
and only three signals with relative intensities of approximately
1:1:1 are observed. The exchange of the glycinate rings between
in-plane and out-of-plane positions leads to a single, time aver-
aged signal for the protons of the ethylene backbone. This ace-
tate arm exchange also leads to an equivalency of the glycinate
methylene protons, but their protons in axial and equatorial
positions remain magnetically inequivalent, causing two distinct
resonances shifted to lower field.
Also solutions of [FeII(tmdta)H2O]2� show fast D$L enant-

iomerization. In the 1H NMR spectrum, four contacted-shifted
resonances are observed. Again, magnetically nonequivalent pro-
tons of the glycinate methylene group undergo a fast exchange.
Table I sums up the chemical shifts and relative integrals for
[FeII(edta)H2O]2� and [FeII(tmdta)H2O]2�. This D$L intercon-
version pathway is only accessible for polyaminecarboxylate lig-
ands with a flexible backbone like edta and tmdta.
Introduction of constraints in the ligand backbone should hin-

der the fluxional behavior observed for edta type of complexes.
Replacement of the flexible alkyl linker with the more rigid cydta
ring in [FeII(L)H2O]2� complexes leads to a nonaveraged reso-
nance pattern in the 1H NMR spectrum indicating that acetate
scrambling is hindered (10). Also variable-temperature contact-
shift measurements suggest that, throughout the available tem-
perature range, no displacement for the detachment of the ace-
tate group takes place. Since detachment of the M��N bonds
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FIG. 1. Rate constants for water-exchange reactions on MnII-, FeII-
and FeIII(L)H2O complexes plotted on a logarithmic scale.
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requires a high activation energy, the second pathway for D$L
isomerization is also blocked. It can be assumed that nitrogen
detachment is generally unfavorable for 3d transition metal
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SCHEME 2. Schematic representations of the structure and dynamics
of the diastereomers in the [M(edta)]/[M(edta)(H2O)] system (10).
Reprinted with permission from the American Chemical Society.
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complexes; therefore, the static solution structure is caused only
by the steric constraints in the cyclohexyl backbone of cydta. The
structural investigation of FeIII using NMR methods is not possi-
ble due to the large paramagnetic shifts and unresolved spectra.
Another striking difference in pKa and dimerization constantKd

of polyaminecarboxylate complexes with rigid and flexible
backbones can be explained with the altered tendency for D$L
interconversion. Dimerization takes place in solution of
polyaminecarboxylate complexes at higher pHandhigher complex
concentration. A new and accurate approach to determine pKa and
Kd constants simultaneouslymakesuse of the pHand complex con-
centration dependence of the intense absorption bands in the near
UV region. These bands are assigned to charge transfer bands
(Ooxo!Fe3þ) of the Fe��O��Fe dimers. In the UV/vis spectra,
aqua, hydroxo, and dimeric species can be distinguished.
Comparison of Fe3þcomplexes of edta and cydta reveals that

deprotonation of coordinated water in Fe-cydta takes place two
pH units above that of Fe-edta and the dimerization constant
Kd is two units lower for Fe-cydta. Table II gives a summary of
the protolytic properties of various Fe3þ complexes. FeIIIpdta
(pdta¼1,2 propanediaminetetraacetate) with an intermediate
backbone rigidity is included to gain a deeper understanding of
the protolytic properties.
Equation (2) shows the overall reaction that finally leads to the

deprotonated mono-hydroxo FeIIIcydta species. First the water

TABLE I

COMPARISON OF
1H NMR DATA FOR FE

II(POLYAMINECARBOXYLATE) COMPLEXES

FeII(edta) FeII(tmdta)

Shift (ppm) Integral Assignment Shift (ppm) Integral Assignment

74.54 1.02 2Ha
o,2He

i 122.92 4.07 2Ha
o,2He

i

33.11 1.00 2He
o,2Ha

i 78.35 4.25 2a-CH2
15.18 1.00 4en 64.45 4.00 2He

o,2Ha
i

�77.70 2.00 b-CH2

TABLE II

PROTOLYTIC PROPERTIES OF FE
III(POLYAMINECARBOXYLATE) COMPLEXES

FeIII(edta) FeIII(pdta) FeIII(cydta)

pKa1OH 7.52�0.01 7.70�0.01 9.54�0.01
logKd 2.64 2.28 1.07
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molecule attacks the six-coordinate [FeIII(cydta)]� to form
[FeIII(cydta)H2O]�, which is followed by deprotonation to yield
[FeIII(cydta)OH]2�.

FeIII cydtað Þ
h i� þH2O> FeIII cydtað ÞOH

h i2� þHþ; KIII
a1OH (2)

Scheme 3 gives a more detailed insight into the different
steps involved in the formation of hydroxo complexes of
polyaminecarboxylate complexes. The active species in Scheme 3
is [FeIII(cydta)H2O]�, since the equilibrium in Eq. (3) lies far on
the right side for FeIII(L) complexes, because ring-opening of a
glycinate ring is connected to an unfavorable entropy change.

FeIII cydtað Þ
h i� þH2O> FeIII cydtað ÞH2O

h i�
(3)
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The [FeIII(cydta)OH]2� complex exists in ring-closed and ring-
opened forms that are interconnected. The equilibrium constant
K7!5þ1 is assigned to this reaction. Ring-opening takes place
with complete enatiomerization for which all the rings undergo
d$l switches.From Scheme 3, it is clear that the experimentally
determined pKIII

a1OH is an overall equilibrium constant (Eq. (4)),
consisting of three constants for three consecutive steps.

Ka1OH ¼ K6!7Ka7=7K7!5þ1 (4)

For all three ligands, edta, pdta, and cydta, K6!7 values are
large and the Ka7/7 values are of similar magnitude since the
coordination of the three different ligands to the FeIII center
should not alter its electron withdrawing properties. As already
mentioned above, the D$L interconversion pathway is only
accessible for polyaminecarboxylate ligands with a flexible back-
bone like edta. Therefore, K7!5þ1 for FeIIIcydta is much smaller
compared to FeIIIedta and FeIIIpdta, since d$l switches are
nearly blocked. Finally, this leads to an increase in pKa1OH. In
the case of FeIIIpdta, the additional methyl group in the back-
bone hinders the d$l interconversion of the central diamine che-
late ring by changing the CH3 orientations from energetically
favorable equatorial to unstable axial positions, only to a smaller
extent, leading to only a slight increase in pKa1OH compared to
that for FeIIIpdta. The equilibrium concentration of the seven-
coordinated hydroxo complex [FeIII(L)OH]2� is highest for
FeIIIcydta, and the concentration of the six-coordinate, ring-
opened form is diminished. Since it is known that the active spe-
cies in dimer formation is always the six-coordinate, ring-opened
species [FeIII(L)(OH)5þ1]

2�, the lower equilibrium concentration
of [FeIII(L)(OH)5þ1]

2� is responsible for the drop in logKd from
2.64 for FeIIIedta to 1.07 for FeIIIcydta.
As already mentioned, NMR is not a satisfactory method to

investigate the conformational equilibria of FeIII chelate
complexes. A promising approach to distinguish between differ-
ent isomers in aqueous solution of FeIII polyaminecarboxylate
complexes is the correlation of solid state Raman spectroscopy
with Raman spectra calculated by DFT (38). Once a reasonable
agreement between measured and calculated spectra is achieved,
the calculated spectra can be used to simulate composite
mixtures of conformations of FeIII chelate complexes, which then
can be correlated to experimentally determined Raman spectra
of aqueous solutions of FeIII polyaminecarboxylate complexes.
For example, in the solid state structures of FeIIItmdta, two dif-
ferent conformational isomers depending on the counter cation
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are found, viz. the half-chair (hc) and twist-boat (tb) conforma-
tion. Depending on the counter cation, various ratios between
hc and tb are found, but normally the tb conformation is the pre-
dominate one. On the basis of the calculated DFT Raman spec-
tra, the most prominent bands could be assigned. Around �440
cm�1, a very intense band is observed in all tb spectra, whereas
the Raman intensity is almost zero for the hc conformer and
the most intense band appears at 480cm�1. A linear combination
of the calculated spectra of the pure species give a 1:1 ratio of hc:
tb for FeIIItmdta.
An excellent method to investigate the rate and mechanism of

water exchange on transition metal polyaminecarboxylate
complexes are temperature- and pressure-dependent 17O NMR
measurements. The active species in the water exchange for FeII,
FeIII, and MnII is a seven-coordinate mono-aqua species. The
exchange takes place between a coordinated and a bulk water
molecule (Eq. (5)).

M Lð ÞH2O½ �n� þHO
217> M Lð ÞH2

17O
� �n� þH2O (5)

For a given ligand, the rate of the water-exchange process mainly
depends on the d-electron configuration, and kex increases along
the series NiII(L)<FeII(L)<FeIII(L)<MnII(L) (see Table III and
Fig. 1). This reflects exactly what is observed for the fully aquated
metal ions [M(H2O)6]

2þ. Although FeIII and MnII have the same
d-electron configuration, still the water-exchange rates for the FeIII

complexes are significantly smaller. Here, another effect is respon-
sible for this clear difference. In all the examined complexes, the
FeIII species have a lower charge density compared to the MnII

species and a decrease in kex is observed.
For NiII complexes, the slowest exchange rates are observed.

The d8-electron configuration and accordingly a strong prefer-
ence for octahedral configuration in the active species lead to
totally different exchange mechanism (see Section III).
Chelation leads to a significant drop in rate for the edta and

cydta complexes of FeII compared to the fully aquated species.
A similar trend is observed for the corresponding GdIII and EuII

species. One reason for this is a disfavored attack of the entering
water molecule, by increasing steric constraints around the
metal center introduced by the chelating ligand. Further, a lower
degree of flexibility for the ligand framework can be assumed in
polyaminecarboxylate complexes compared to the hexa-aqua spe-
cies. Therefore, rearrangements of the metal coordination envi-
ronment to reach the transition state are easier for [Fe
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(H2O)6]
2þ than in [Fe(L)H2O]2� leading to a increased water-

exchange rate in the former case. Upon comparing the activation
volumes for the different FeII polyaminecarboxylate complexes, a
clear change in mechanism is evident upon going from L¼edta
and cydta to L¼nta, tmdta, and bada. This changeover in mech-
anism hampers comparison of exchange rate constants for FeII

complexes of the various ligands. The pronounced dissociative
mechanism may account for the observed accelerated rate for
tmdta and bada compared to [Fe(H2O)6]

2þ.
Although steric hindrance is evident for the polyami-

necarboxylate complexes of FeIII and MnII, a significant increase
in kex is observed for all the considered complexes in comparison
to the fully aquated species. Here, a second effect outweighs steric
constraints induced by the chelating ligand. Coordination of the
polyaminecarboxylate ligand to the FeIII center leads to donation
of electron density to the metal center through the s and p donat-
ing properties of the ligand N (s-donation) and O (s- and p-
donation) donor atoms. This leads to a decreased surface-charge
density accompanied by a considerably weaker FeIII��OH2 bond
than found in [Fe(H2O)6]

2þ. For FeII complexes, the role of electron
donation does not play such a dominating role. This is also

TABLE III

WATER-EXCHANGE DATA FOR MN
II-, FE

II- AND FE
III(POLYAMINECARBOXYLATE)H2O

COMPLEXES

kex (s�1)

DH6¼

(kJ
mol�1)

DS 6¼

(JK�1

mol�1)
DV 6¼

(cm3mol�1)

[MnII(H2O)6]
2þ (39) 2.1�107 33�1 þ6�5 �5.4

[MnII(edta)(H2O)]2� (9) (3.2�0.1)�108 36.6�0.8 þ43�3 þ3.4�0.2
[MnII(tmdta)(H2O)]2� (9) (1.3�0.1)�108 37.2�0.8 þ35�3 þ8.7�0.6
[MnII(cydta)(H2O)]2� (10) (1.4�0.2)�108 42.5�0.8 þ54�3 þ9.4�0.9
[FeII(H2O)6]

2þ (39) (4.3�0.1)�106 48.2�0.6 þ44�2 þ4.1
[FeII(edta)(H2O)]2� (33) (2.7�0.1)�106 43.2�0.5 þ23�2 þ8.6�0.4
[FeII(cydta)(H2O)]2� (10) (1.1�0.3)�106 17�2 �71�2
[FeII(nta)(H2O)2]

� (40) (3.1�0.4)�106 43�3 þ25�9 þ13.2�0.6
[FeII(tmdta)(H2O)]2� (9) (5.5�0.5)�106 43�3 þ30�13 þ 15.7�1.5
[FeII(bada)(H2O)2]

� (40) (7.4�0.4)�106 40�3 þ22�9 þ13.3�0.8
[FeIII(H2O)6]

3þ (41) 1.6�102 64 12.1 �5.4
[FeIII(edta)(H2O)]� (13) (6.0�0.3)�107 24.3�0.7 �14�2 þ3.6�0.1
[FeIII(cydta)(H2O)]� (13) (1.7�0.2)�107 40�1 þ28�5 þ2.3�0.1
[FeIII(tmdta)(H2O)]� (9) (1.9�0.8)�107 42�3 þ36�10 þ7.2�2.7
[NiII(H2O)6]

2þ (39) 3.15�104 þ7.2
[NiII(edta0)(H2O)]2� (9) (2.6�0.2)�105 34�1 �27�2 þ1.8�0.1
[NiII(tmdta0)(H2O)]2� (9) (6.4�1.4)�105 22�4 �59�5 þ5.0�0.6
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reflected in the activation volumes for FeII and FeIII complexes of
edta and tmdta. In the FeII case, a more dissociative mechanism
with more positive volumes of activation is found, requiring con-
siderably more bond weakening of the bound water molecule as
compared to the corresponding FeIII complexes.
Upon going from an edta complex to the cydta analogue, a

decrease in kex for the water-exchange reaction is observed for
all employed metals. With a water exchange nearly 3.6 times
slower for cydta compared to edta, this decrease is especially evi-
dent for the FeIII species, whereas for MnII and FeII species, only
a decrease in reactivity by a factor of 2.5 is observed. The main
reason for this decrease in reactivity is the lack of flexibility of
the ligand backbone for cydta species. Rearrangements neces-
sary to reach the transition state are hindered in the rigidified
metal coordination environment in the case of M-cydta
complexes. In the case of FeIII as central metal, it is known that
exchange of a water molecule only involves cleavage of the
FeIII��OH2 bond. Due to the structural peculiarities of cydta, a
change in coordination number from 7 to 6 always requires the
concomitant flip of the four glycinate rings in the cdta ligand
(see Scheme 4).
Introduction of a polyaminecarboxylate ligand leads to a more

dissociative mechanism compared to the fully aquated hexa-aqua
complexes. For Fe3þ and Mn2þ, a complete changeover from an Ia
mechanism for the aquated species to an Id mechanism is
observed. Due to the encapsulation of the metal center, bond
breakage of the bound water plays a more important role than
binding of the entering water ligand (see Fig. 2).
Elongation and introduction of constraint in the ligand back-

bone as in the case of tmdta and cydta lead to a more pronounced
dissociative mechanism compared to the edta species. In the case
of tmdta, a more effective shielding is responsible for the
observed larger values for the volume of activation. For cydta,
an increase in rigidity of the ligands results in constraints in
reaching the transition state during water exchange, making a
more dissociative mechanism necessary.

III. Water-Exchange Reactions on [Ni(L)H2O] Complexes

In contrast to the seven-coordinate species discussed so far for
FeII/III and MnII complexes, [MII/III(L)(H2O)]2�/�, the water con-
taining species for NiII is a six-coordinate with one bound water
molecule and a pentadentate polyaminecarboxylate ligand with
a non-coordinating carboxyl group, [NiII(L0)H2O]2� (Eq. (6)).
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There were ongoing debates in the literature whether only a
ring-closed hexadentate (42–45) species exists or a minor fraction
of a ring-opened aqua-pentadentate species is in equilibrium
with the ring-closed species (46–50) in aqueous solutions of Ni
polyaminecarboxylate complexes.

NiII Lð Þ
h i2�

þH2O> NiII L0� �
H2O

h i2�
(6)

For L¼edta, a water containing fraction of �32% was found at
ambient temperature (9). For tmdta, the obtained value of
Pm¼1.23�10�4 reveals a smaller fraction of �3% of
[NiII(tmdta0)(H2O)]2� in solution (9). The preference for sixfold
coordination can be related to the electronic configuration
(t2g

6eg
2) of NiII. In an octahedral field, a strong LFSE effect can

be expected. A certain affinity of NiII-edta for ring-opening also
reflects in less angular strain upon going from the heptadentate
edta form to the aqua-pentadentate form. Comparison of the
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SCHEME 4. Differences between the water-exchange reactions of
[FeIII(cydta)(H2O)]� (top, the ligand acting here is (S,S)-cydta) and
[FeIII(edta)(H2O)]� (bottom) (13). Reprinted with permission from the
American Chemical Society.
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average twist angle F, the ratio s/h, and the angle y, estimated
for the di-anion in Ca[Ni(edta)]�4H2O (51), and the protonated
mono-anion in Li[Ni(Hedta)(H2O)]�H2O (52), also shows a clear
trend to ideal octahedral geometry and therefore preference for
sixfold coordination.

NiII edtað Þ
h i2�

þH3O
þ> NiII Hedtað ÞH2O

h i�
(7)

An appropriate access to the equilibrium in Eq. (6) is found in the
proton-assisted ring-opening reaction given in Eq. (7). Already in
the mid 1960s, an increase in the molar absorbance for the
3A2g!eT1g(P) transition at 380nm was found (43,44). A
corresponding increase in absorbance at 380nm was found dur-
ing spectrophotometric titrations between pH 5.6 and 1.5 (9)
related to the proton-assisted ring-opening given in Eq. (7). This
type of absorbance increase is connected to the opening of a gly-
cinate chelate arm, induced by the introduction of a ternary
ligand at the NiII center. During temperature variable UV–vis
experiments, an increased formation of the ring-opened
pentadentate aqua species is observed (9), which is in agreement
with the thermodynamic parameters DH¼�14.2kJmol�1 and
DS¼�58.5JK�1mol�1 reported by Evilia (50) for the exothermic
reaction. The limiting values for the molar extinction coefficient
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FIG. 2. Dependence of the activation volume of the water-exchange
reaction on the bound ligand.
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were estimated to be ERO¼15.39M�1cm�1 for the ring-opened and
ERC¼9.13M�1cm�1 for the ring-closed species (9) at pH 5.6. The
equilibrium constant was determined to be K¼0.52 by spectro-
photometric titration and K¼0.54 by 13C NMR (50). Variable
pressure measurements at pH 5.6 showed the expected increased
formation of the ring-opened aqua species upon going to higher
pressures. Coordination of a water molecule, and dechelation of
an acetate arm which is accompanied by significant charge crea-
tion, shift equilibrium (1) to the right on increasing pressure.
Both these processes are expected to cause a volume collapse.
From the isomeric equilibrium constant as function of pressure,
the reaction volume was calculated to be DV¼�7.9�0.2cm3mol�1

for the ring-opening in Eq. (1). For [CoIII(edta)]�, a similar equi-
librium with a DV¼�9.5�0.4cm3mol�1 was reported (53). To
summarize, the aqua-pentadentate ring-opened from is favored
at elevated temperatures and pressures.
In 17O NMR measurements, the activation parameters were

determined to be DS 6¼¼�27�2JK�1mol�1, DH6¼¼34�1kJmol�1,
and DV 6¼¼þ1.8�0.1cm3mol�1. The rate of the departure of the
coordinated water molecule for the ring-opened species was
found to decrease with increasing pressure. Several mechanistic
explanations are possible. Either the coordinated water molecule
exchanges with the bulk water or the bound water is substituted
by the free carboxylate arm during the ring-closure reaction. The
first possibility can be ruled out because of the strong preference
of NiII for octahedral coordination. As in the case of
[NiII(H2O)6]

2þ (DV 6¼¼þ7.2cm3mol�1), a strongly dissociative pro-
cess could be expected for water exchange on [NiII(edta0)
H2O]2�. On the basis of the small measured volume of activation,
an exchange of coordinated with bulk water can be excluded as
underlying mechanism. The second proposed mechanism, viz.
de-coordination of water and subsequent ring-closure of the car-
boxylate arm, consists of three components that can all contrib-
ute to the observed volume of activation: a positive contribution
due to de-coordination of a water molecule, a negative contribu-
tion due to coordination of the COO� group, and a positive
contribution due to a decrease in electrostriction as a result of
charge neutralization. The combination of the three different
contributions accounts for the small positive value of DV 6¼.
In summary, the observed kinetics reflect the ring-closure

reaction of the aqua-pentadentate [NiII(edta0)H2O]2�. It does
not reflect a simple coordinated versus bulk water exchange
as in the case of the seven-coordinate iron and manganese
polyaminecarboxylate complexes. The activation volume DVRC

6¼

(volume of activation for the ring-opening process starting from
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the ring-closed species) was estimated from DV0¼DVRC
6¼�DVRO

6¼

to be �6.1cm3mol�1. Again three processes contribute to the
overall value of DVRC

6¼, viz. binding of water (negative contribu-
tion), de-coordination of the COO� group (positive contribution),
and increase in electrostriction due to charge creation (negative
contribution).
Due to the small fraction of the water containing aqua-

pentadentate complex (Eq. (3)) for NiII-tmdta, detailed variable
temperature and pressure measurements of the equilibrium in
Eq. (8) were impossible. The observed spectral changes are too
small to be exploited.

NiII Lð Þ
h i2� þH2O> NiII L0� �

H2O
h i2�

(8)

Since a comparable pressure dependence for the [NiII(L)]2�/
[NiII(L0)H2O]2� equilibrium for edta and tmdta can be assumed,
the activation volume DVRO

6¼ for the ring-closure reaction can
be estimated to be þ5.0�0.6cm3mol�1 considering the pressure
dependence of Pm and the experimentally accessible reaction
volume of the edta system (DV0¼�7.9cm3mol�1). As in the case
of the corresponding iron and manganese complexes, a more
pronounced dissociative character is observed for the water sub-
stitution upon going from NiII-edta to NiII-tmdta
In contrast to NiII-edta and NiII-tmdta, no significant effects on

line widths or chemical shifts were apparent for NiII-cydta,
indicating either the absence of any chemical exchange or the
existence of only a very small fraction of the water containing spe-
cies. Again a strong preference for octahedral coordination can be
assumed, as in the case of NiII-edta and NiII-tmdta. Therefore,
formation of a seven-coordinate water containing species can be
ruled out. Due to the steric constraints caused by the cyclohexyl
ring in the backbone of the chelate, formation of a ring-opened
aqua-pentadentate species is energetically disfavored (10,50) All
four carboxylate arms are virtually 100% coordinated in NiII-
cydta at each time and no water exchange is possible.

IV. Binding of Nitric Oxide to [FeII(edta)(H2O)]2�

As already mentioned, [FeII(edta)(H2O)]2� is used in flue gas
scrubbing. A promising application for removal of NOx from flue
gas is the BioDeNOx process (29,54–57). During this process, gas-
eous nitric oxide, NO, is chemically absorbed by [FeII(edta)
(H2O)]2�. During this reaction, a very stable and highly soluble
[FeIII(edta)(NO�)]2� complex is formed via a dissociative reaction
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pathway (58,59). In a subsequent step, the bound NO is biologi-
cally reduced to N2. The most common electron donor for reduc-
tion of bound NO is ethanol (28), but also [FeII(edta)(H2O)]2�

itself can be used as reduction agent (60). Besides NO, there
are several other components like CO2, O2, SO2, or NO2 present
in flue gas. A special challenge is the presence of O2, since the
extremely oxidation sensitive [FeII(edta)(H2O)]2� can easily be
converted to [FeIII(edta)(H2O)]�, which is not an active NO
absorber at all. In fact, [FeIII(edta)(H2O)]� could be reduced by
dissimilatory iron-reducing bacteria (e.g., Escherichia coli), but
an additional reducing agent is needed. Since the presence of
the NO containing complex [FeIII(edta)(NO�)]2� and [FeII(edta)
(H2O)]2� leads do a significant decrease in cell growth (61), recov-
ery of the active [FeII(edta)(H2O)]2� species is not very sufficient.
It turned out that not the reduction of bound NO, but the reduc-
tion of [FeIII(edta)(H2O)]� is the rate-limiting step in the Bio-
DeNOx process; therefore, prevention of [FeII(edta)(H2O)]2�

oxidation by dioxygen should be a main goal.
The first step during the oxidation of [FeII(edta)(H2O)]2� is

displacement of the labile water ligand by dioxygen (62).
Displacement of the labile coordinated water molecule by the
more inert ligand fluoride proved to be a promising way to
inhibit the oxidation reaction (15). Due to the low nucleophilicity
of the fluoride ligand, a relatively low mixed-ligand formation
constant for [FeII(edta)(H2O)]2� with F� was found to be
(KMLF

F¼1.3�0.2M�1). As a consequence, high F� concentrations
are required to reach a significant concentration of [FeII(edta)
(F)]3� in solution. A high [F�] up to 1M did not lead do a
decreased formation of the nitrosyl complex [FeIII(edta)(NO�)]2�

but reduced the oxidation rate of [FeII(edta)(H2O)]2� with O2 by
57%. Further, theoretical studies showed that binding of the
resulting NO� to the FeIII center is stronger than binding of
O2

� due to different bonding interactions (63).
Both nitrosylation with NO and oxidation with dioxygen pro-

ceed via substitution of the labile water molecule in [FeII(edta)
(H2O)]2�. Due to the large formation constant of (2.1�0.5)�
106M�1 for the [FeIII(edta)(NO�)]2� species, the equilibrium with
NO shown in Scheme 5 lies entirely on the product site. The
connected equilibrium with F� is therefore shifted to the aqua
side. In contrast to the binding of O2 to the [FeII(edta)(H2O)]2�

species, which is less favored compared to NO, the equilibrium
with F� lies more on the fluoride side (see Scheme 5).
Therefore, addition of fluoride still allows complete conversion

to the nitrosyl complex and simultaneously inhibits the
unwanted oxidation to the FeIII species.
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Mechanistic information on the reaction of [FeII(edta)(H2O)]2�

with NO in the absence of fluoride is also available for FeII

complexes with other polyaminecarboxylate ligands besides edta,
viz. Hedtra, nta, and mida (see Eq. (9)) (58).

FeII Lð ÞH2OþNOÐkon
koff

FeII Lð ÞNOþH2O; K ¼ kon=koff (9)

With kon¼2.4�108M�1s�1 for L¼edta, this complex exhibits the
fastest rate constant for the binding of NO to the aqua complex
at pH 5 along this series of selected chelates, making this com-
plex an ideal candidate for exhaust gas denitrification. The dif-
ferent complexes of FeII with edta, Hedtra, and mida react with
NO according to a dissociatively activated interchange mecha-
nism (Id), as indicated by the positive volumes of activation
obtained for the reaction with NO. For FeII(edta), FeII(mida)
and FeII(mida)2 (58), an Id mechanism was also found for the
water-exchange reaction, supporting the assumption that
water-exchange controls the mechanism of the substitution pro-
cess with NO. The FeII(nta) complex is an exception in that a dis-
sociative mechanism was found for the water-exchange reaction
(see Table III), and a clearly associatively activated mechanism
with a small negative volume of activation was found for the
binding of NO (see Table IV). This is presumably an effect of
the six-coordinate character of the FeII(nta) complex in solution
in comparison to the seven-coordinate complexes for the other
chelates.
The release of NO is throughout the series of complexes much

slower than the binding reaction, which leads to high formation
constants for the binding of NO to the FeII complexes. Again for

[FeIII(edta)(NO-)]2- [FeII(edta)(F)]3– [FeII(edta)(O2)]2-

[FeII(edta)(O2)]2-[FeII(edta)(H2O)]2-[FeIII(edta)(NO-)]2-

+NO, -F- -F-, +O2

+O2, -H2O+NO, -H2O

+F-, -H2O -F-, +H2O

SCHEME 5. Scheme of equilibria connected with the formation of the
ternary fluoride, nitrosyl, and dioxygen complexes of [FeII(edta)(H2O)]
(15).
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TABLE IV

SUMMARY OF KINETIC AND THERMODYNAMIC PARAMETERS AT 25�C FOR THE REVERSIBLE BINDING OF NO TO A SERIES OF
FE

II(CHELATE) COMPLEXES (58)

Complex kon (M�1s�1) koff (s
�1) DH6¼ (kJmol�1) DS6¼ (JK�1mol�1) DV 6¼ (cm3mol�1) K (kon/koff) (M

�1) Method

FeII(edta) (2.4�0.1)�108 24�1 �4�3 þ4.1�0.2 fp
91.0�0.4 61�2 �5�7 þ7.6�0.6 (10.4�

C)
sf

(2.1�0.5)�106

FeII(hedtra) (6.1�0.1)�107 26�1 �12�3 þ2.8�0.1 fp
4.2�0.1 73�1 þ11�4 þ4.4�0.8 sf

(1.1�0.4)�107

FeII(nta) (2.1�0.1)�107 24�1 �22�3 �1.5�0.1 fp
9.3�0.6 66�1 �5�4 �3.5�0.7 sf

(1.8�0.3)�106

FeII(mida) (1.9�0.1)�106 40�1 8�3 þ7.6�0.4 fp
57.3�0.4 47�2 �55�5 þ6.8�0.4 (10.3�

C)
sf

(2.1�0.6)�104

FeII(mida)2 (1.8�0.1)�106 34�1 �13�3 þ8.1�0.2 fp
62.2�0.6 64�1 þ5�5 þ5.1�0.5 (10.0�

C)
sf

(3.0�0.4)�104



the different edta, Hedtra, and mida complexes, positive values
for the volume of activation indicate a dissociative interchange
mechanism for the release of NO. In contrast, for FeII(nta) an
Ia mechanism is operative for the release of NO (58).
Table IV summarizes the available kinetic data for the revers-

ible binding of NO to a series of FeII polyaminecarboxylate
complexes at 25�C and pH 5. Rate constants for the forward reac-
tion were obtained by flash photolysis (fp) and stopped-flow (sf)
experiments with [Ru(edta)H2O]� as NO scavenger (see Section
V) for the backward reaction.

V. Binding of Nitric Oxide to [RuIII(edta)(H2O)]�

A detailed account of the reactions of polyaminecarboxylate
complexes of ruthenium(III) is given elsewhere in this volume
(64). It has been reported in the literature (65) that [RuIII(edta)
(H2O)]� is an excellent scavenger for NO, very similar to that of
[FeII(edta)(H2O)]2� as discussed in the previous section, although
the nature of this complex is quite different. The [RuIII(edta)
(H2O)]� complex has been shown to be pentadentate in aqueous
solution with the sixth coordination site being occupied by either
a water molecule. In aqueous solution, the complex exists in
three forms, viz. [RuIII(Hedta)(H2O)], [RuIII(edta)(H2O)]�, and
[RuIII(edta)(OH)]2�, depending on the pH according to:

RuIII Hedtað Þ H2Oð Þ
h i

> RuIII edtað Þ H2Oð Þ
h i�

þHþ; pK1 ¼ 2:4

RuIII edtað Þ H2Oð Þ
h i�

> RuIII edtað Þ OHð Þ
h i2�

þHþ; pK2 ¼ 7:6

The pK1 value corresponds to the deprotonation of the uncoordi-
nated carboxylic acid group of the Hedta3� ligand, and the more
basic pK2 corresponds to that of coordinated water (65). Of these
three complexes, [RuIII(edta)(H2O)]� is the most labile one and
binds NO most efficiently with a binding constant of 9�107M�1

at 25�C. Davies et al. (66) were the first to study the kinetics of
NO binding to [RuIII(edta)H2O]� using sf techniques and showed
that [RuIII(edta)(H2O)]� scavenges NO rapidly with a rate con-
stant of 2.6�107M�1s�1 at 7�C to form [RuIII(edta)NO]�. A
detailed reinvestigation of the system (65) showed that the
uptake of NO appeared to be irreversible as judged from
experiments in which a stream of Ar was used to remove NO
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from solution, which is in agreement with the high binding con-
stant and consistent with the overall reaction:

RuIII edtað Þ H2Oð Þ
h i�

þNO ! RuIII edtað Þ NOð Þ
h i�

$ RuII edtað Þ NOþ� �h i�

In order to clarify the nature of the reaction product, detailed IR
and 15N-labeled NMR experiments were performed, from which it
was concluded that the nitrosyl product can formally be described
as a RuII�NOþ complex. Note that in the case of NO binding to
[FeII(edta)(H2O)]2�, the nitrosyl product was found to be a
FeIII–NO� species (58,59). Detailed kinetic studies using sf and fp
experiments (65) confirmed the very rapid binding constant
reported before (66). In addition, NO trapping experiment using
[FeII(edta)(H2O)]2� showed that it was impossible to remove the
coordinated NO from [RuII(edta)(NOþ)]�, even in the presence of
a very large excess of [FeII(edta)(H2O)]2�, which demonstrated
the very efficient binding of NO to [RuIII(edta)(H2O)]�.
A pH dependent study revealed that NO binding to

[RuIII(Hedta)(H2O)] and [RuIII(edta)(OH)]2� at very low and high
pH, respectively, to eliminate the reaction with [RuIII(edta)
(H2O)]� (see Scheme 6), revealed that k1 and k3 are orders of mag-
nitude slower than k2, which is in agreement with the lability of
these complexes (65). As a general remark on such reactions, it
is important to note that the lability of [RuIII(edta)(H2O)]� is dras-
tically influenced by the use of buffer components (such as acetate
in the pH range 4–6) that can coordinate to this labile complex
and thereby suppress the reaction with ligands such as NO.
Very recently, RuIII(edta) was used as a trap for NO in the ionic

liquid 1-ethyl-3-methylimidazolium dicyanamide, [emim][dca], in
order to study the kinetics of the release of NO from
[FeIII(dca)5(NO�)]3� (67,68). The anionic component of the selected
ionic liquid, viz. dca�, was found to coordinate rapidly to the

[RuIII(Hedta)(H2O)] [RuIII(edta)(H2O)]- [RuIII(edta)(OH)]2-

[RuII(Hedta)(NO+)] [RuII(edta)(NO+)]- [RuII(edta)(NO+)]2-

pK1 = 2.4 pK2 = 7.5

NO k1 NO k2 NO k3

SCHEME 6. pH dependence of the reaction between RuIII(edta) andNO.
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RuIII(edta) complex and hindered its successful application (67).
Further investigations in aqueous solution revealed thermody-
namic and kinetic data for the formation of the [RuIII(edta)(dca)]2�

complex and its reaction with NO to form the corresponding
nitrosyl complex. For the reaction of [RuIII(edta)(H2O)]�with dca�

at pH 6, the linear plot of kobs versus [dca�] gave
kon¼90.5�0.4M�1s�1 andkoff¼0.056�0.003s�1 at 25�C fromwhich
the overall equilibrium constant was found to be Keq¼kon/
koff¼1614�93M�1, which is in close agreementwith the thermody-
namically determined value of 957�15M�1 (68). Kinetic
parameters for the binding of dca�, viz. DH 6¼¼39.5�0.2kJmol�1,
DS6¼¼�75.2�0.5JK�1mol�1, and DV 6¼¼�10.2�0.5cm3mol�1,
clearly support the associative character of the substitution pro-
cess (67). The subsequent reaction of [RuIII(edta)(dca)]2� with NO
in aqueous solution was studied at high pH, ca. 9, to simulate the
conditions in the ionic liquidwhich is expected to be basic (68). Sur-
prisingly, the values of kobs showed a nonlinear dependence of kobs
on [NO] and suggested the binding of two molecules of NO to [Ru
(edta)(dca)]2� according to the reaction shown inEq. (10). The data
could be fitted with a rate law of the form presented in Eq. (11),
which suggests the subsequent binding of two NOmolecules.

Ru edtað Þ dcað Þ½ �2� þ 2NO ! Ru edtað Þ NOð Þ2
� �� þ dca� (10)

kobs ¼ k1 NO½ � þ k2 NO½ �2 (11)

The calculated rate constants were found to be k1¼(3.9�0.4)�
103 M�1 s�1 for the binding of the first and k2¼(8.9�0.5)�
106M�2s�1 for the second NO molecule at 25�C. These results
clearly show that the reaction between NO and [Ru(edta)(dca)]2�

under conditions similar to that in [emim][dca] is much slower than
the reaction between NO and the most reactive aqua complex [Ru
(edta)(H2O)]� (k¼1�108M�1s�1)generally used as scavenger for
NO. For this reason, theRuIII(edta) complex is not suitable as a trap
for NO in the ionic liquid [emim][dca] as reaction medium (67,68).

VI. Binding of Hydrogen Peroxide to FeIII(L) Complexes

During the reaction of hydrogen peroxide with the FeII(edta)
system, hydroxyl radicals according to a Fenton type of mecha-
nism are produced. This system is capable of inducing oxidative
cleavage of double stranded native and synthetic DNA (69). In
contrast, FeIII polyaminecarboxylate systems do not produce
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oxygen-based radicals, but different FeIII-peroxo species are gen-
erated (12,13,70,71), which can be characterized by a variety of
techniques like Mößbauer spectroscopy (71,72), low temperature
UV–vis spectroscopy, variable-temperature and variable-field
circular dichroism (73), and paramagnetic resonance spectros-
copy (73,74). These peroxo species only have a limited stability
in solution, depending on the chain length of their backbone
(see Scheme 7) (74). For the ligands with the shorter backbone
(PAC 5), addition of hydrogen peroxide leads to formation of pur-
ple side-on bound peroxo complexes, which all have an absorp-
tion maximum around 520nm. Their color fades within 10s at
pH values around 10. For the PAC 6 chelates, the purple peroxo
species were even shorter lived, and significant formation of FeII-
PAC 6 and superoxide, O2

�, was observed in the EPR spectra
compared to that found for the FeIII-PAC 5 complexes (74).
Cyclic voltammograms showed quasi-reversible FeIII/FeII redox

behavior at pH 4 in buffered solution. Redox potentials of the
FeIII-PAC 5 complexes are lower than those of the FeIII-PAC 6

N N
COO-

COO-

COO-

COO-

COO-

COO-

COO-

COO-

COO-

COO-

COO--OOC

-OOC

-OOC

-OOC

-OOC

-OOC

-OOC

-OOC

-OOC

-OOC

N N

N N

CH3

edta

tmdta

pdta N N

N N

dtpa

nptdta

N

PAC 5 PAC 6

SCHEME 7. Polyaminecarboxylate ligands with different chain
lengths of their backbone.
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complexes (see Table V), suggesting that depending on the reduc-
ibility to the corresponding FeII form of the respective complex, a
longer lived side-on bound FeIII-peroxo species is generated.
Detailed kinetic information is presently available for the coor-

dination of hydrogen peroxide to [FeIII(edta)H2O]� and
[FeIII(cydta)H2O]� (12,13). Both complexes have low FeIII/FeII

redox potentials, leading to relatively long-lived purple side-on
bound peroxo complexes with an absorption maximum at 521
nm (edta) and 545nm (cydta), well characterized by Mößbauer
spectroscopy (13,71,72) Formation of the peroxo complex is only
observable at pH values above the pKa value of the respective
[FeIII(L)H2O] complex. For both complexes, a two-step mecha-
nism was found. The first step involves coordination of hydrogen
peroxide to give an end-on bound FeIII-hydroperoxo complex,
followed by ring-closure to the FeIII high-spin side-on bound per-
oxo complex independent of the H2O2 concentration in the second
reaction step. For both complexes [Fe(edta)(H2O)]� (16) and [Fe
(cydta)(H2O)]� (13), it was found that both forward and back
reactions of the coordination of hydrogen peroxide are affected
by general acid catalysis. In the case of [Fe(edta)(H2O)]�, the for-
ward reaction can proceed via a spontaneous, nonacid-catalyzed
reaction pathway, which could involve proton transfer from
hydrogen peroxide to the [Fe(L)OH]� complex. In contrast to
[Fe(edta)(H2O)]�, no evidence for an additional proton catalyzed
reaction pathway was found. In the case of [Fe(edta)(H2O)]�,
only sterically unhindered buffers have a catalytic effect on the
second reaction step, whereas for [Fe(cydta)(H2O)]�, sterically
hindered buffers like CAPS also affect the second reaction step.
A small contribution of the concentration of hydrogen peroxide
was found in both cases at higher pH, indicating that
deprotonated H2O2 can act as a proton scavenger. Scheme 8
gives an overview of the reaction pathways of [Fe(cydta)(H2O)]�

TABLE V

ELECTROCHEMICAL DATA OF FE(L) COMPLEXES

Ligand E1/2 (V)a

edta �0.284
pdta �0.275
dtpa �0.195
tmdta 0.090
nptdta 0.015

aScan rate, 100mVs�1, measured versus Ag/AgCl.
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with H2O2. The mechanism can be transferred to the reaction of
[Fe(edta)(H2O)]� with hydrogen peroxide.
For the first reaction step, positive volumes of activation were

found for coordination of H2O2 to the iron center, indicating an
Id mechanism. This is in line with the finding that the reactivity
of the coordinated water controls the substitution behavior of
Fe–polyaminecarboxylate complexes. For the back reaction,
which only could be observed in the case of [Fe(edta)(H2O)]�,
very large and positive DS 6¼ and DV 6¼ values were observed,
suggesting an even stronger dissociative character. For the sec-
ond reaction step, negative DS 6¼ and DV 6¼ values were found for
the intramolecular rearrangement for both complexes, which is
in agreement with an Ia type of mechanism for the peroxide che-
lation reaction. For the second reaction step with [Fe(cydta)
(H2O)]�, no back reaction could be observed. In contrast, in the
case of [Fe(edta)(H2O)]� where the second step was followed at
lower pH, the back reaction (de-coordination of the peroxo moi-
ety) follows an Ia type of mechanism. Table VI summarizes the
rate constants and activation parameters for the two-step
reactions of [Fe(cydta)(H2O)]� and [Fe(edta)(H2O)]� with hydro-
gen peroxide.

VII. Binding of Hydrogen Peroxide to [RuIII(edta)(H2O)]�

A series of papers have appeared on the binding of hydrogen
peroxide to [RuIII(edta)(H2O)]�, and a detailed account of this
work is given elsewhere in this volume (64). In principle, the
observed reactions can be summarized as follows:

RuIII edtað Þ H2Oð Þ
h i�

þH2O2 >
K1

RuIII edtað Þ OOHð Þ
h i2�

þH3O
þ

(12)

[RuV(edta)(O)]– + H2O

[RuIII(edta)(OOH)]2–

k2

k3

H+

[RuIV(edta)(OH)]– + OH•

(13a)

ð13bÞ

At pH 5, H2O2 rapidly binds to [RuIII(edta)(H2O)]� to
form [RuIII(edta)(OOH)]2� which subsequently undergoes hetero-
lytic or homolytic cleavage of the O��O peroxo bond to form
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SCHEME 8. Suggested mechanism for the overall reaction of
[FeIII(cydta)]� with H2O2 in buffered solution (13). Reprinted with per-
mission from the American Chemical Society.
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[RuV(edta)(O)]� or [RuIV(edta)(OH)]�, respectively. In principle,
all three species, viz. [RuIII(edta)(OOH)]2�, [RuV(edta)(O)], and
[RuIV(edta)(OH)]�, can act as oxygenation agents similar to the
biological equivalents Compounds 0, I, and II, respectively.
In fact, preliminary spectral evidence for the intermediate forma-
tion of [RuIII(edta)(OOH)]2� was reported (14). In a more recent
study (75), reaction conditions were found where it was possible
to observe the formation of [RuIII(edta)(OOH)]2� as an intermedi-
ate at 425nm, followed by the subsequent formation of
[RuV(edta)(O)] and [RuIV(edta)(OH)]� as shown in Fig. 3.
Most surprising was the observation that the RuIII(edta)/H2O2

system showed its highest catalytic activity for the degradation
of Orange II (ORII) under the conditions where [RuIII(edta)
(OOH)]2� was formed right at the start of the reaction when
[RuIII(edta)(H2O)]� was mixed with H2O2. This can be clearly
seen from the degradation traces for ORII observed after differ-
ent delay times before addition of ORII to the mixture of
RuIII(edta) and H2O2 as shown in Fig. 4.
The kinetic data reported in Fig. 4b shows a decrease in the

observed degradation rate constant by a factor of 10 during the
delay of 50s before addition of ORII to the reaction mixture. This

TABLE VI

SUMMARY OF RATE AND ACTIVATION PARAMETERS FOR THE TWO-STEP REACTIONS
(12,13)

pH 9.0 pH 9.0 pH 10.5 pH 8.5
[Fe(edta)(H2O)]�

Rate constant
at 25�C

k1
4000�141
M�1s�1

k�1
145�4s�1

k2obs
0.259�0.002s�1

k�2obs
5.4�0.1s�1

DH 6¼, kJmol�1 37�4 101�2 79�2 86�2
DS 6¼, JK�1mol�1 �53�14 þ135�6 �10�5 þ56�6
DV 6¼, cm3mol�1 þ6.8�0.8 þ18.4�0.6 �2.3�0.1 þ5.1�0.2

pH 11.0 pH 11.0 pH 11.0 pH 11.0
[Fe(cydta)(H2O)]�

Rate constant
at 25�C

k1
6129�467
M�1s�1

k�1
26�13s�1

k2
2.78�0.05s�1

k2*
a

33�2M�1s�1

DH 6¼, kJmol�1 41�3 109�5 55�3 52�2
DS 6¼, JK�1mol�1 �37�10 þ142�18 �33�11 �61�5
DV 6¼, cm3mol�1 þ6�1 – �12�2 �9�2

aRate constant for the buffer anion [B�] assisted deprotonation of the hydroperoxo
complex (only observable with cydta as ligand).
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clearly suggests that [RuIII(edta)(OOH)]2� immediately formed
on the addition of H2O2 to [RuIII(edta)(H2O)]� must be responsi-
ble for the very rapid degradation of ORII prior to the formation
of [RuIV(edta)(OH)]2� and [RuV(edta)(O)]� under such conditions.
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FIG. 3. (a) Spectral changes observed for the reaction of [RuIII(edta)
(H2O)]� with a high excess of H2O2. (b) Absorbance versus time trace
at 425nm. Experimental conditions: [RuIII]¼4�10�5M, [H2O2]¼
1�10�2M, pH¼4.0 (1mM acetate buffer), temperature 22�C (75).
Reprinted with permission from the Royal Society of Chemistry.
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The results can be accounted for in terms of the reaction scheme
expressed in Scheme 9.
Detailed kinetic studies were performed in the pH range 1–5 to

evaluate the effect of pH on the overall catalytic degradation of
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FIG. 4. (a) Absorbance versus time traces observed at 485nm follow-
ing the addition of 5�10�5M Orange II to a solution consisting of
2�10�5M[RuIII(edta)(H2O)]� and 1�10�2MH2O2 after different delay
times at pH 4 (1mM acetate buffer) and 25�C. (b) Plot of the calculated
first-order degradation rate constant versus the delay time for the addi-
tion of ORII (75). Reprinted with permission from the Royal Society of
Chemistry.
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ORII. The pH dependence of the observed first-order rate con-
stant showed that a maximum degradation rate was observed
at pH 3.5–4.0. This partly results from the fact that the most
labile form of the RuIII(edta) complex, viz. [RuIII(edta)(H2O)]�,
is present in the pH range 4.0–6.0 as a result of the pKa values
given in Section V of this chapter. Further, the role of the dan-
gling acetate arm can also contribute toward the stabilization
of the [RuIII(edta)(OOH)]2� complex as shown schematically in
the overall catalytic cycle summarized in Scheme 10. The studies
also showed that the degradation reaction catalyzed by
[RuV(edta)(O)]� and [RuIV(edta)(OH)]� are orders of magnitude
slower than found for [RuIII(edta)(OOH)]2� (75).
The suggested formation of [RuIII(edta)(OOH)]2� as the inter-

mediate with the highest catalytic activity at pH 4 could be con-
sidered as unreasonable in light of the finding that the
corresponding [FeIII(edta)(OOH)]2� complex can only be formed
as a stable intermediate at pH>7.5 (12). It should, however, be

[RuIII(edta)(H2O)]- + H2O2 [RuIII(edta)(OOH)]2- + H3O+  K1 = k1/k-1

[RuIII(edta)(OOH)]2- [RuV(edta)(O)]- + OH-

[RuIII(edta)(OOH)]2- [RuIV(edta)(OH)]-+ ●OH

[RuIII(edta)(OOH)]2-+ ORII [RuIII(edta)(H2O)]- + Degr. products

[RuV(edta)(O)]-+ ORII [RuIII(edta)(H2O)]- + Degr. products 

[RuIV(edta)(OH)]- + ORII [RuIII(edta)(H2O)]- + Degr. products

k-1

k1

k2

k3

k4

k5

k6

H+

H+

H2O

H2O

SCHEME 9. Proposed reaction scheme for the [RuIII(edta)(H2O)]�

catalyzed degradation of ORII by H2O2.
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kept in mind that the starting complex in the latter case, viz. [Fe
(edta)H2O]�, is a seven-coordinate species, whereas [Ru(edta)
H2O]� is a six-coordinate species with a chelate dangling acetate
arm. Further, in contrast to [RuIII(edta)(OOH)]2�, the [FeIII(edta)
(OOH)]2� complex does not undergo any subsequent homolytic or
heterolytic cleavage of the peroxo bond. We, therefore, propose
that the dangling acetate arm can lead to the stabilization of
the hydroperoxo complex [RuIII(edta)(OOH)]2� in a much lower
pH range, than in the case of [FeIII(edta)(OOH)]2�, by assisting
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SCHEME 10. Proposed catalytic cycle and apparent role of the dan-
gling acetate arm of edta4� (75). Reprinted with permission from the
Royal Society of Chemistry.
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the intramolecular deprotonation of the coordinated hydrogen
peroxide to form the stable hydroperoxo intermediate (75). At
lower pH, protonation of the dangling acetate arm will not allow
this intramolecular stabilization of the hydroperoxo intermediate
and leads to a decrease in the concentration and catalytic activity
of the complex. The dangling acetate ligand is also held responsi-
ble for the subsequent homolytic and heterolytic cleavage of the
peroxo bond in [RuIII(edta)(OOH)]2�.
The study illustrated the remarkably highactivity of [RuIII(edta)

(OOH)]2�, the Ru equivalent of Compound 0, as compared to
[RuV(edta)(O)]� and [RuIV(edta)(OH)]�, the Ru equivalents of
Compounds I and II, respectively, toward the degradation of ORII.
In the proposed formation of [RuIII(edta)(OOH)]2� as the interme-
diatewith the highest catalytic activity at pH 4, the role of the dan-
gling acetate arm assisting the intramolecular deprotonation of
the coordinated hydrogen peroxide that leads to the stabilization
of the hydroperoxo complex [RuIII(edta)(OOH)]2� is schematically
demonstrated in Scheme 10. Thus, the complexes that are
equivalents for Compounds I and II are practically nonreactive
on the time scale observed for the degradation catalyzed by
[RuIII(edta)(OOH)]2� (75).
In a recent related study (76), [RuIII(edta)(H2O)]� was used to

mediate the oxidation of cysteine by H2O2. Cysteine (RSH) is
known to rapidly bind to [RuIII(edta)(H2O)]� to form [RuIII(edta)
(SR)]2� which subsequently undergoes direct oxidation with
H2O2 at a much faster rate than with [RuV(edta)(O)]� and
[RuIV(edta)(OH)] produced in the direct reaction of [RuIII(edta)
(H2O)]� with H2O2. The kinetic traces exhibit a clear induction
period which can be accounted for in terms of the reformation
[RuIII(edta)(SR)]2� that rapidly occurs in the presence of an excess
of RSH following the oxidation of coordinated RSH with H2O2. To
illustrate this, some typically observed and simulated kinetic
traces are given in Figs. 5 and 6 as a function of H2O2 and cysteine
concentration, respectively.
The absorbance-time traces in Figs. 5 and 6 were simulated on

the basis of the mechanism outlined in Scheme 11. A summary of
the experimental and simulated rate constants are given in
Table VII.
The experimental and simulated absorbance-time traces, as

well as the experimental and simulated rate constants, are
indeed in good agreement with the only exception of the value
of k6 in Table VII. The value of this rate constant is so small that
it hardly contributes on the time scale of the observed oxidation
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reactions. For this particular system, it was not possible to check
the eventual role of [RuIII(edta)(OOH)]2� that should be formed
as an intermediate during the formation of [RuV(edta)O]�.

VIII. Conclusions

NMR techniques represent an excellent tool to gain insight
into the solution structure of polyaminecarboxylate complexes.
Comparison of kinetic and mechanistic data allows to deduce
the general principles and influencing factors responsible for
the rate and mechanism of water-exchange processes on M(L)
complexes. With these guidelines in hand, qualitative predictions
for related complexes can be made. It turned out that steric con-
straints in the ligand backbone influence both the structure and
reactivity of polyaminecarboxylate complexes. Based on the fun-
damental knowledge of the water-exchange reaction, other sub-
stitution processes, for example, binding of nitric oxide or
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FIG. 5. Experimental (black) and simulated (red) absorbance-time
traces at 510nm for the reaction of [RuIII(edta)(SR)]2� (preformed by
reacting [RuIII(edta)(H2O)]� with cysteine in the ratio 1:1) with differ-
ent concentrations of H2O2. Experimental conditions: [1]¼1�10�4M,
[cysteine]¼1�10�4M, [H2O2]¼(1, 2, 3, and 6)�10�3M (increasing from
right to left), pH 5.1 (1mM acetate buffer), temperature 20�C.
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FIG. 6. Experimental (black) and simulated (red) absorbance-time
traces at 510nm for the reaction of [RuIII(edta)(SR)]2� (preformed by
reacting [RuIII(edta)(H2O)]� with different concentrations of cysteine)
with a fixed excess of H2O2. Experimental conditions: [1]¼1�10�4M,
[cysteine]¼(2, 3, 4, and 5)�10�4M (increasing from left to right),
[H2O2]¼1�10�3M, pH 5.1 (1mM acetate buffer), temperature 20�C.

[RuIII(edta)(H2O)]- + RSH [RuIII(edta)(SR)]2- + H3O+ K1 = k1/k-1

[RuIII(edta)(SR)]2- + H2O2 [RuIII(edta)(SROH)]- + OH-

[RuIII(edta)(SROH)]- + H2O2 [RuIII(edta)(H2O)]- + RSO2H

[RuIII(edta)(SROH)]- + RSH [RuIII(edta)(H2O)]- + RSSR

[RuIII(edta)(H2O)]- + H2O2 [RuV(edta)O]- + 2H2O 

[RuV(edta)O]- + RSH [RuIII(edta)(SROH)]-

k-1

k1

k2

k3

k4

k5

k6

SCHEME 11. Proposed catalytic cycle for the [RuIII(edta)(H2O)]�-
mediated oxidation of cysteine by H2O2.
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hydrogen peroxide to M(L) type of complexes can be understood.
For example, the presence of fluoride can significantly lower the
oxygen sensitivity of [FeII(edta)(H2O)]2� in the BioDeNOx pro-
cess without changing its NO binding ability. Kinetic
measurements of the reaction of[MIII(edta)H2O]� (M¼Fe,Ru)
with hydrogen peroxide using sf techniques helped to clarify
the mechanism for the formation of peroxo intermediates. In con-
trast to catalytically inactive and unstable [FeIII(edta)OOH]2�,
the corresponding Ru complex [RuIII(edta)OOH]2� showed the
highest catalytic activity compared to the possible RuIV species.
The surprising stability of the [RuIII(edta)OOH]2� complex at
lower pH was ascribed to the dangling acetate arm present in
the [RuIII(edta)H2O]2� species. In summary, understanding the
fundamental processes in water-exchange reactions on
polyaminecarboxylate complexes can help to explain, control,
and improve related ligand substitution processes.
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TABLE VII

SUMMARY OF EXPERIMENTAL AND SIMULATED RATE CONSTANTS DETERMINED FOR ALL
KINETIC EXPERIMENTS AT 20�C IN WHICH BOTH THE H2O2 AND CYSTEINE

CONCENTRATIONS WERE VARIED
A

Rate constant Experimental value Simulated value

k1 170�6M�1s�1 177�13M�1s�1

k�1 (5.7�0.3)�10�4s�1 (5�1)�10�4s�1

k2 22�1M�1s�1 21.6�1.1M�1s�1

k3 – 153�7M�1s�1

k4 – 928�64M�1s�1

k5 15.4�0.6M�1s�1 15.8�0.6M�1s�1

k6 0.089�0.007M�1s�1 0.83�0.07M�1s�1

aExperimental conditions: [Ru(edta)]¼1�10�4M, [RSH]¼(1–4)�10�4M, [H2O2]¼
(1–10)�10�3M, pH¼5.1 (1mM acetate buffer).
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ABSTRACT

Ru-pac complexes (pac¼polyaminecarboxylate) are prospective
in many ways for biological applications. They have unique
features that make them suitable for biological applications.
For instance, Ru-pac complexes can bind to biomolecules through
a rapid and facile aqua-ligand substitution reaction and have a
range of accessible and stable oxidation states. Ru-pac complexes
also have some notable catalytic properties that mimic the
enzymatic hydrocarbon oxidation by cytochrome P450 under
homogeneous conditions, which is of immense significance
toward developing Ru-pac-based agents for oxidative cleavage
of DNA and artificial nuclease in DNA footprinting experiments.
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The advancement of Ru-pac-mediated bioinorganic reactions in
terms of unraveling the mechanistic information has not been
systematically reviewed till date. Hence, the subject of this
review comprises mostly kinetic and mechanistic studies of bio-
inorganic reactions involving Ru-pac complexes. This review
highlights the mechanistic aspects of recent investigations on
the reactions of Ru-pac complexes that emphasize the prospect
of the biological application of such complexes and ascertain
the likely mechanisms of action of the Ru-pac complexes in some
bioinorganic processes.

Keywords: Ru-pac complex; Kinetics; Reaction mechanism; Catal-
ysis; ��O��O�� bond activation; DNA binding; DNA cleavage;
Thio-amino acid oxidation; PTP inhibition; Dye degradation;
NO scavenging; Redox reactions; Biomolecules.

I. Introduction

During the past three decades, [Ru(pac)(H2O] complexes (pac¼
polyaminecarboxylate) have received much attention because of
their kinetic lability toward aqua substitution along with a range
of accessible and stable oxidation states, making them attractive
candidates for different applications, particularly in biological
studies. Most of the work published in earlier periods was limited
to the aqueous chemistry of these compounds, mainly concerning
the substitution behavior of Ru-edta complexes (1–3), including
some electrochemical studies (4–6). In the recent past, the cata-
lytic activity of ruthenium polyaminecarboxylate complexes in
various organic transformations has been demonstrated. More-
over, a number of mixed ligand complexes of ruthenium-con-
taining pac ligands have been synthesized, and among these
complexes, some are of biological importance. The aim of this chap-
ter is to bring into focus the intriguing areas of this system which
have not been reviewed hitherto. This review is mainly concerned
with the kinetics and mechanistic aspects of Ru-pac complexes
that concern reactions of biological significance.

II. Background Chemistry

The donor character of the pac ligand is quite similar to many
biological enzymes, which make use of carboxylate and amine
donors from amino acids to bind to the metal center. The pac
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ligands form very stable 1:1 metal complexes with ruthenium. It
was shown earlier (5,6), and later established by crystallographic
studies (7,8), that pac ligands function as pentadentate ligands
(presented in Fig. 1) toward ruthenium. While Ru(III) is the pre-
dominant oxidation state under physiological conditions, Ru(II),
Ru(IV), and Ru(V) oxidation states are readily accessible in the
presence of biological reductants (e.g., ascorbate or thiols) or
oxidants (e.g., O2 or H2O2), respectively.

III. Substitution of Ru(III)-pac Complexes

The chemistry of edta-type complexes of Ru(III) is dominated by
their lability toward the aqua-substitution reaction (Scheme 1),
which affords a facile and straightforward synthesis to mixed
ligand complexes. Matsubara and Creutz also observed the
unusual lability of the [Ru(edta)(H2O]� (edta4�¼ethylenedi-
aminetetraacetate) complex toward substitution with various aro-
matic N-heterocycles (3). The reaction was characterized by the
rapid formation of a 1:1 (metal to ligand) substituted product
complex, [Ru(edta)L].
Stopped-flow kinetics of the aqua-substitution reaction rev-

ealed that under pseudo-first-order conditions of an excess of
the incoming nucleophile (d), the values of the observed rate con-
stant (kobs) increase linearly with the concentration of the
entering ligand (d). The plots exhibited no meaningful intercepts,
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FIG. 1. Schematic representation of various ruthenium complexes
bearing the pac ligand, [RuIII(pac)(H2O)].
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indicating the absence of a reverse aquation reaction under the
conditions employed. The maximum reactivity of the substitution
reaction was observed in the pH range 4–6. The unusual lability
of the [Ru(edta)(H2O]� complex (which exists predominantly in
the pH range 4–6) may be explained in terms of internal hydro-
gen bonding (3) between an oxygen atom of the uncoordinated
carboxylate group (COO�) and the coordinated water molecule,
which either creates an open area for access to the entering
ligand or labilizes the coordinating water molecule by affecting
the Ru��OH2 bond strength (Scheme 2).
A different mechanism involving transient coordination of a

pendant group which assists the elimination of the coordinated
water molecule (Scheme 3) in the [Ru(edta)(H2O]� complex
appeared in the literature (9,10).
Subsequently, Bajaj and van Eldik in a series of publications

(11–13) reporting on the effect of pressure on the substitution
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SCHEME 2. Hydrogen bonding between oxygen atom of dangling
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reaction established that it is neither hydrogen bonding nor tran-
sient coordination of the dangling carboxylate group, but the car-
bonyl oxygen atom by virtue of its syn lone pair of electrons,
which labilizes the coordinated water molecule. Compelling evi-
dence in favor of this was reported (14) when substitution of
[(RuIII(NH3)5(edta)Ru

III(H2O)]2þ was carried out with thiourea
(Scheme 4). Although the incorporation of a pendant carboxylate
group into the [RuIII(NH3)5]

3þ moiety prevented the transient
coordination as proposed by Ogino et al. (10), the rate of substitu-
tion was found to be higher than for [Ru(hedtra)(H2O)] (12) and
[Ru(medtra)(H2O)] (13), where the pac chelates do not contain
any pendant carboxylate group.
Kinetic data for the substitution of the [Ru(pac)(H2O)]� complex

with various nucleophiles (15) revealed that within the series of
aqua/hydroxo complexes, the substitution rate constants decrease
substantially along the series edta�hedtra>medtra. This is
accompanied by a general increase in DH 6¼ and almost constant
DS6¼ (15). From this trend, the highest lability is induced for the
pendant group when R¼CH2COO�, with significantly decreased
lability for R¼CH2CH2OH and even further for R¼CH3. This
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substantiates the important role of the dangling pendant carbox-
ylate group, as discussed earlier in the labilization of the coordi-
nated water molecule in the [RuIII(edta)(H2O)]� complex.
Substitution reactions that involve the displacement of the water
molecule from [Ru(pac)(H2O)] follow associative interchange [Ia]
pathways, but the [RuIII(edta)(H2O)]� complex has an internal
Ia pathway via its own pendant ��COO� group which lowers the
activation barrier by ca. 10kJ/mol.
Substitution reactions of the corresponding Ru(II)-pac

complexes have not received much further attention. The reason
could be the disadvantage in working with the Ru(II) species as
the Ru(II)-pac complexes are very sensitive to aerial oxidation
and the presence of Ru(III) in the system causes erroneous
results. Further, it was reported (3) that the substitution behav-
ior of edta complexes of Ru(II) does not differ much from other
Ru(II) complexes. Notwithstanding the above facts, the substitu-
tion kinetics of [RuII(edta)(H2O)]2� with CH3CN, SCN�, and
isonicotinamide was studied earlier (3) and found that the
driving force which arises due to the unprotonated free carboxyl-
ate group in the corresponding Ru(III) complex is not operative
in the Ru(II)-edta system. Labilization in the Ru(II)-edta system
was ascribed to the coordination of the chelating edta ligand and
lowering of the effective positive charge on the metal center
which reduces the barrier to a dissociative substitution process.

IV. Reactions of RuIII-pac Complexes with DNA Constituents

The [RuIII(pac)(H2O)] complexes, due to their lability toward
aqua substitution, are of oncological significance as they could
bind DNA constituents in a facile and straightforward
manner. The antitumor activity of Ru(IV)-cdta (cdta¼
cyclohexylethylenediaminetetraacetate) has been reported ear-
lier (16,17). Literature relating to the inhibition of DNA recogni-
tion (18) by cis-[RuIII(pdta)Cl2] (pdta¼propylene-1,2-
diaminotetraacetate) and cancer cell proliferation by [RuIII(pac)
(H2O)] have been reviewed in the recent past (19). The results of
cell proliferation studies with Ru-pac complexes (20) using
MCF-7 (breast cancer), NCI-H460 (lung cancer), and SF-268 (cen-
tral nervous system) cell lines revealed that [RuIII(edta)(H2O)]�

and [RuIII(pdta)(H2O)]� aremuchmore efficient inhibitors of these
cell lines than complexes, where pac¼hedtra3� and medtra3�.
[RuIII(hedtra)(H2O)] and [RuIII(medtra)(H2O)] have insignificant
activity that is presumably associated with a much lower rate of
binding of the purine-base nucleotides than in the case of the
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corresponding edta4� and pdta4� complexes. Results of kinetic and
mechanistic studies on the interaction of [Ru-(pac)(H2O)]
complexes with various purine and pyrimidine bases and their
corresponding nucleosides and 50-nucleotides (Fig. 2) leading to
the formation of [Ru-(pac)(Nu)] have been reported (20–23),
ascertaining the most likely mechanisms of such complexes in
the biological medium.
Reactions of [RuIII(pac)(H2O)] complexes with different

nucleophiles, viz. AMP (adenosine-50-monophosphate), ADP (aden-
osine-50-diphosphate), ATP (adenosine-50-triphosphate), GMP (gua-
nosine-50-monophosphate), IMP (inosine-50-monophosphate), UMP
(uridine-50-monophosphate), CMP (cytidine-50-monophorphate),
and TMP (thymidine-50-monophosphate), were scrutinized spectro-
photometrically andkinetically (20–23). During spectrophotometric
measurements, it was noticed that the spectral changes were
not appreciable for kinetic studies on the reaction of Ru-pac
complexes with pyrimidine-base nucleotides. Therefore, kinetic
investigations could not be performed for pyrimidine-base nucleo-
tides, but with purine-base nucleotides. The kinetics of the interac-
tion of [RuIII(pac)(H2O)] with AMP appeared to be two exponential
as seen in Fig. 3 typically for the reaction of [RuIII(hedtra)(H2O)]
with AMP.
Analysis of the kinetic trace yielded two rate constants. The

values of the observed rate constant corresponding to the first
step increased linearly with increasing AMP concentration
(Fig. 4), whereas the values of the observed rate constant for
the second step were found to be independent of [AMP] (21,23).
Based on these kinetic results and on considering that the N-7

atom is the most probable coordination site of purines (22), the
overall reaction shown in Scheme 5 involves rapid coordination
through N-7 of adenine moiety of AMP in a [AMP]-dependent
step, followed by a [AMP]-independent ring-closure step in which
the exocyclic NH2 group (at C-6 of the adenine base) of AMP
binds to the ruthenium center by dislodging the adjacent carbox-
ylate group of the coordinated pac ligand (Scheme 5).
The reaction of Ru-pac complexes with purine-base nucleotides

other than AMP, showed a linear dependence of the observed
rate constant on the concentration of Nu, however, did not reveal
any [Nu]-independent ring-closure step as observed in the case of
AMP. The kinetic behavior could be rationalized in terms of the
reactions outlined in Scheme 6 for which the rate expression is
given in Eq. (1).

kobs ¼ k1 Nu½ � þ k�1 ð1Þ
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In practice, plots of kobs versus [Nu] were linear (20,21,23) as
shown typically for the reaction of [RuIII(hedtra)(H2O] with GMP
and IMP in Fig. 4 underlying the validity of the proposed scheme.
The values of k1 and k�1 determined from the slopes and intercepts
of such plots, respectively, are summarized in Table I.
Comparison of the rate constants (k1) listed in Table I suggests

that the lability of the [RuIII(pac)(H2O)] complexes toward aqua
substitution is as follows: [RuIII(edta)(H2O)]��[RuIII(hedtra)
(H2O)]>[RuIII(medtra)(H2O)]. All the complexes react with
purine bases faster than nucleosides, whereas the rate of reac-
tion is comparatively the slowest for nucleotide bases. However,
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all Ru-pac complexes chosen for this study exhibit a similar reac-
tivity order toward binding nucleotides, viz. AMP�IMP>GMP.
The values of DH 6¼ and DS6¼ determined from temperature
dependence studies lie in the range 39>DH 6¼>27kJmol�1 and
�80>DS6¼>�110JK�1mol�1 and are in good agreement with
those reported for the substitution of [RuIII(pac)(H2O)] complexes
with other ligands (15), which signifies the operation of an asso-
ciative interchange mechanism in the present case. Results of
the kinetics and mechanism of the binding of [RuIII(pac)(H2O)]�

to DNA bases, nucleosides and nucleotides, led us to conclude
that [RuIII(pac)(H2O)] complexes bind to adenine base units of
single strand calf-thymus DNA in a kinetically preferred path-
way (20–23).

V. Reactions of RuIII-pac Complexes with Sulfur-Containing
Biomolecules

The [RuIII(pac)(H2O)] complexes can also bind sulfur-con-
taining biomolecules (RSH) rapidly due its lability toward aqua
substitution (24–26).

TABLE I

RATE CONSTANTS FOR THE REACTION OF [RU
III(pac)(H2O)] WITH

DNA FRAGMENTS (L) AT 25�C

[RuIII(pac)(H2O)]

Complex [RuIII(edta)(H2O)]�
[RuIII(hedtra)

(H2O)]
[RuIII(medtra)

(H2O)]

L
k1
(M�1s�1)

k�1
(s�1)

k1
(M�1s�1)

k�1
(s�1)

k1
(M�1s�1)

k�1
(s�1)

Adenine 8902 14.5 44.2 1.4 4.7 0.1
Adenosine 8840 12.5 37.1 1.1 3.3 0.08
AMP 2904 22.5 13.1 0.51 1.1 0.07
ADP 2100 21.2 12.2 0.44 0.92 0.04
ATP 1069 20.8 9.8 0.21 0.8 0.02
Guanine 68.4 2.8 4.8 0.12 0.73 0.07
Guanosine 59.2 1.6 3.2 0.08 0.58 0.04
GMP 29.1 0.6 1.2 0.03 0.34 0.05
Xanthene 72.3 3.1 5.5 0.14 0.82 0.04
Inosine 61.2 2.8 3.4 0.12 0.7 0.02
IMP 38.3 2.4 1.8 0.09 0.57 0.02

[RuIII]¼5�10�4M, pH 4.5, and I¼0.1M (NaClO4).
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It is noteworthy that addition of RSH (Fig. 5) to an aqueous
solution of [RuIII(pac)(H2O)] complexes results in an immediate
color change from pale yellow to red due to the formation of
[RuIII(pac)(RS�)]. The intense band that appears in the visible
region (510–516nm) in the spectra of the [RuIII(pac)(RS�)]
complexes is typical for the formation of a sulfur–ruthenium
bond. The binding to sulfur-containing biomolecules available
in the cells is considered as one of the reasons for the postulated
mechanism of “drug resistance’ and “toxicity” of cis-platin like
drugs. The binding to thio-macromolecules in the cell decreases
the intracellular accumulation of such metallo-drugs, and conse-
quently, it cannot reach the DNA inside the cell to cause cell
death. Therefore, it appears that the kinetic understanding of
the interaction of such metal complexes with DNA fragments
vis-à-vis sulfur-containing biomolecules would be of importance
in the rationalization of the antitumor activity as well as toxicity
of such metallo-drugs. Hence, the reactivity of [RuIII(pac)(H2O)]
complexes with some biologically important thio-amino acids
has been studied kinetically using the stopped-flow technique
(24–26). Results of kinetic studies revealed that thio-ligands
(RSH) directly replace the coordinated water molecule in
[RuIII(pac)(H2O)]. The rate of reaction was found to be first order
with respect to the concentration of the Ru-pac complexes. Under
pseudo-first conditions, the values of the observed rate constant
(kobs) increased linearly with increasing concentration of the
thio-ligands. The above kinetic behavior was rationalized in
terms of the rate expression in Eq. (2).

kobs ¼ kf RSH½ � ð2Þ
The values of specific rate constants estimated from Eq. (2) are

summarized in Table II. A comparison of the rate constants
reveals the following reactivity of complexes: [RuIII(edta)(H2O)]��
[RuIII(hedtra)(H2O)]>[RuIII(medtra)(H2O)].
The activation parameters, DH6¼ (52>DH 6¼>38 kJmol�1) and

DS6¼ (�58>DS 6¼>�77JK�1mol�1), obtained (24–26) for the sub-
stitution of [RuIII(pac)(H2O)] by thio-amino acid ligands clearly
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FIG. 5. Schematic presentation of the thiols selected in this work.
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support the operation of an associative interchange (Ia) mecha-
nism. It is worth mentioning here that the reported binding rate
of [RuIII(pac)(H2O)] with such thio-ligands is much lower than
the binding rate with AMP. Very recently, kinetic and mechanis-
tic investigations of the reaction of [RuIII(edta)(SR)]2� with 50-
nucleotides (Nu) have been reported (27) that looked into the
possibility of the binding of the DNA fragments, 50-nucleotides,
to the ruthenium center by removing the coordinated thiolate
(RS�) from [RuIII(edta)(SR)]2�.
The first-order rate constants (kobs) were found to be indepen-

dent of [Nu] under the selected conditions. These results are
explicable in terms of the mechanistic proposal outlined in
Scheme 7. In the proposed mechanism, aquation of [RuIII(edta)
(SR)]2� occurs in a rate-determining step, and subsequently,
[RuIII(edta)(H2O)]� undergoes rapid aqua substitution by
50-nucleotides (Nu) to produce [RuIII(edta)(Nu)]� as the reaction
product. The kobs values reported for [RuIII]¼1�10�4M, [cyste-
ine]¼1�0�3M and [Nu]¼1�10�3M are (5.7�0.1)�10�4s�1,
(5.4�0.1)�10�4s�1, (5.8�0.1)�10�4s�1, (5.1�0.1)�10�4s�1,
and (5.5�0.1)�10�4s�1 at 25�C and pH 7.2 for Nu¼AMP,
GMP, IMP, CMP, and UMP, respectively. For all the nucleotides,
the rate constant values for the formation of [RuIII(edta)Nu]� are
close to the value (k�1¼5.7�10�4s�1 at 25�C) reported for the
aquation of [RuIII(edta)(cys)]2� (24). A similar observation was
also observed for RSH¼glutathione. The rate constant values
are (5.0�0.1)�10�4s�1, (4.9�0.1)�10�4s�1, (4.9�0.1)�10�4s�1,
(5.0�0.1)�10�4s�1, and (4.9�0.1)�10�4s�1 for Nu¼AMP,
GMP, IMP, CMP, and UMP, respectively at 25�C and pH 7.2.
A very similar observation reported (3) in the case of substitution

TABLE II

RATE CONSTANTS FOR THE REACTION OF [RU
III(pac)(H2O)] WITH

THIO-AMINO ACIDS (L) AT 25�C

RSH

kf (M
�1s�1)

[RuIII(edta)
(H2O)]�

[RuIII(hedtra)
(H2O)]

[RuIII(medtra)
(H2O)]

Cysteine 170 2.59 0.67
Glutathione 260 1.97 0.88
Pencilliamine 160 1.78 0.45
N-Acetylcysteine 270 2.53 0.77

[RuIII]¼5�10�4M, pH 4.5, and I¼0.1M (NaClO4).
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of [RuIII(edta)NCCH3)]
� and [RuIII(edta)(NCS)]2� by pyrazine

(pz) further validates our mechanistic proposal. The reported
results suggest that at a physiological pH of 7.2, the DNA
fragments (Nu) can be coordinated to the ruthenium center by
replacing coordinated thiols in [RuIII(edta)(SR)]2�. The results
from the above studies taken together could be of pharmacologi-
cal significance for such complexes as metallo-drugs.
The reactivity of the Ru-pac complexes toward the binding of

the above thio-amino acids (RSH) has been reportedly used to
explore the potential role of Ru-pac complexes in the inhibition
of the activity of cysteine protease (CP) (25,26) and protein tyro-
sine phosphatase (PTP) (28). The Ru-pac complexes were found
to inhibit protease activity of the three enzymes bromalien,
papain, and ficin, while azo-albumine was used as the substrate
(25,26). The ability of Ru-pac complexes to inhibit CP activity
was attributed to the high affinity of the ruthenium complexes
toward binding the SH group in the cysteine residue of the
enzymes via a rapid aqua-substitution reaction (Scheme 8).
The results demonstrated the lower efficiency of the Ru-hedtra

complex as compared to that of the Ru-edta complex, which is
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SCHEME 7. Mechanism of the reaction of [RuIII(edta)(SR)]2 with 50-
nucleotides (Nu).
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plausibly associated with the lower affinity of [RuIII(hedtra)
(H2O)] toward the binding of thiols (RSH) (26).
The PTPs with cysteine residues in the catalytic domain are

critical regulators of signal transduction under normal and
pathophysiological conditions (29). Defective or inappropriate
regulation of PTP activity leads to abnormal tyrosine phosphory-
lation, which contributes to the development of many human dis-
eases (30). The results of PTP inhibition studies by ([RuIII(pac)
(OH2/OH)] as typically presented by the data in Table III clearly
revealed that [RuIII(edta)(OH2/OH)] is capable of reducing the
hydrolysis of p-nitrophenylphosphate by PTP under specified
conditions. The [RuIII(edta)(OH2)]

� complex presumably binds
the cysteine residue in the catalytic domain of the PTP through

TABLE III

RESULTS OF INHIBITION OF A RECOMBINANT YERSINIA ENTEROCOLITICIA
PTP BY RU

III-EDTA

Run no. [RuIII] (mM) [Glutathione] (mM) % Inhibition

1 0.1 Nil 37�3
2 0.5 Nil 56�5
3 1.0 Nil 67�6
4 1.5 Nil 76�8
5 1.0 10 7�1

Published in RSC Journal (taken from Ref. (28)).
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SCHEME 8. Mechanism of cysteine protease (CP) inhibition by Ru-pac
complexes. Published in RSC Journal (taken from Ref. (28)).

197KINETIC AND MECHANISTIC IMPACT



a rapid aqua-substitution reaction and thus inhibits the protease
activity of the enzyme by forming a stable Ru(edta)–enzyme com-
plex. Addition of glutathione to the reaction system substantially
reduced the inhibition activity of the RuIII-edta complex (Run 5
in Table III), which further supports the above argument.
The observed ability of the RuIII-edta complex toward inhibition
of PTP activity is attributed to the high affinity of the
[RuIII(edta)(OH2)]

� complex toward binding the SH group of
thio-amino acids. By contrast, [RuIII(hedtra)(OH)]� (hedtra3�¼
N-hydroxyethlyethylenediaminetriacetate), which is structurally
almost identical to [RuIII(edta)(OH)]2�, was found to be almost
ineffective toward inhibiting the activity of PTP under similar
experimental conditions (7% inhibition of PTP activity at
[RuIII(hedtra)(OH)]�¼1.5mM). Thus, the lower efficiency of the
Ru-hedtra complex toward inhibition of PTP as compared to that
of the Ru-edta complex is most likely associated with the lower
affinity of the Ru-hedtra complex to bind the SH group of the cys-
teine residue in the catalytic domain of PTP.
It is worth mentioning here that although vanadate and

pervanadate (a complex of vanadate and H2O2) compounds are
well known to modulate insulin metabolic effects by inhibiting
PTP activity, vanadate and pervanadate inhibit PTPs by
completely different mechanisms (31). PTP inhibition by vana-
date takes place through an oxidant-independent pathway. By
contrast, pervanadate inhibits PTP by irreversibly oxidizing the
catalytic cysteine of PTP. In the present case, RuIII-edta inhibits
PTP in resemblance to vanadate through an oxidant-indepen-
dent pathway. However, oxidation of coordinated thio-amino
acids in [RuIII(edta)(SR)]2� occurs readily upon addition of
H2O2 to the solution of [RuIII(edta)(SR)]2� as shown in Fig. 6 by
the loss of the spectral features at 510nm of [RuIII(edta)(SR)]2�.
The above results further explore the possibility of a catalytic

pathway for the inhibition of PTP by RuIII-edta in the presence
of intracellular H2O2 through oxidation of the catalytic cysteine
residue, as suggested in Scheme 9.
The reactivity of the Ru-pac complexes can provide clues as to

possible mechanisms by which the general class of Ru drugs
exerts their anticancer activities. Thus, the pac complexes are
likely to be better biomimetic models for studies of the in vivo
activities of Ru complexes in clinical trials than are the parent
pro-drugs. Most of the studies on the anticancer properties of
the Ru drugs have focused on their interactions with DNA,
but since PTP inhibition is known to exert anticancer pro-
perties, this may be an important alternative factor in their
activities.
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VI. Reactions of Ru-pac Complexes Involving NO

Nitric oxide (NO) is an important signaling molecule that
regulates different biological processes (22) including cardiovas-
cular control (32), neuronal signaling (33) and acts as an agent

[RuIII(edta)(H2O]–
ES

RuIII(edta)

H2O2

ESO2H

(a)
Oxidant-independent pathway

(b)
Oxidant-dependent
catalytic pathway

ES

[RuIII(edta)(H2O]–
ES

RuIII(edta)

ES

SCHEME 9. Mechanism of PTP inhibition by Ru-pac complexes. Publi-
shed in RSC Journal (taken from Ref. (28)).
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FIG. 6. Spectral changes associated with the oxidation of [RuIII(edta)
(SR)]2� by H2O2.
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for defense mechanisms against microorganisms and tumors
(34). A heme-containing enzyme, nitric oxide synthase (NOS)
(35), an unusual member of the cytochrome P450 family, cata-
lyzes the oxidation of the guanidine function of L-arginine to
NO and citruline using NADPH and O2 (path A in Scheme 10).

A. NO LIBERATION CATALYZED BY RU-PAC COMPLEXES

In the recent past, Marmion and Nolan have explored (36) the
potential of the RuIII-edta complex to act as model complex to
catalyze the oxidation of L-arginine with H2O2 to produce NO
and L-citrulline (path B in Scheme 10) in resemblance to NOS
activity. Considering the rate of NO production from L-arginine
governs the NO levels at specific sites, it is essential to have
kinetic and mechanistic information on the [Ru(edta)(H2O)]�-
catalyzed oxidation of L-arginine using H2O2 in order to develop
the mechanistic understanding of this important biomimetic pro-
cess. A detailed account of kinetic and spectral data on the
[RuIII(pac)(H2O)] complex acting as model complex to catalyze
the oxidation of L-arginine with H2O2 to produce NO and L-citrul-
line (path B in Scheme 10) in resemblance to NOS activity has
been reported recently (37). The first-order kinetic behavior of
the system under turnover conditions supports the occurrence
of catalysis (37). The kinetic results signifying the catalytic role
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NH
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H2N
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SCHEME 10. Oxidation of L-arginine to No and L-citrulline. Published
in RSC Journal (taken from Ref. (41)).
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of [RuIII(edta)(OH)]2� (at pH 7.0) were reportedly accounted for
in terms of the mechanism proposed in Scheme 11.
In the above mechanism, the proposed rate-determining step

is the oxidation of L-arginine by [RuV(edta)(O)]� to produce the
N-hydroxylated species. In the subsequent step, the so generated
N-hydroxyarginine undergoes further oxidation by [RuV(edta)
O]� to produce citrulline and NO as reaction products.
Measurements with a NO-sensitive electrode confirmed the for-
mation of NO in the reaction system. Most likely, the liberated
NO undergoes further oxidation by [(edta)RuV(O)]� formed in
the catalytic cycle under turnover conditions to produce nitrate
as final products. Analysis for nitrate using an ion-selective elec-
trode confirmed the presence of nitrate in the resultant mixture
at the end of the reaction.
In the preceding section, the possible role of [RuIII(edta)

(H2O)]� for inhibition of PTP in its biological activity has been
described in terms of a catalytic oxidation of the cysteine residue
in the presence of intracellular H2O2 catalyzed by RuIII-pac
complexes. On considering NO synthesis to be a prerequisite
for proper insulin sensitivity in insulin-target tissues, the results
of the present study could be of significance in regard to the
enhancement of insulin responsiveness by NO-mediated inacti-
vation of PTP (38).
Hydroxyurea (HOU) shows many biological activities and has

been considered for treatment of various cancers and sickle cell
disease (SCD) (39). Sickle cell patients demonstrate in vivoNO for-
mation during HOU therapy (40). HOU mediates some of its effect
via NO production. Recently, it has been explored that RuIII-pac
complexes effectively catalyze the oxidation of HOU in the pres-
ence of H2O2, thus mimicking the action of peroxidase or catalase
(Scheme 12) to produce NO in the reaction system (41).
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SCHEME 11. Mechanism of Ru-edta catalyzed oxidation of L-arginine.
Published in RSC Journal (taken from Ref. (41)).
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Measurements with a NO-sensitive electrode confirmed the
release of free NO from HOU, though admittedly at a low concen-
tration level. Most probably under the employed conditions, the
liberated NO quickly and efficiently undergoes further oxidation
by unreacted [(edta)RuV(O)]� to result in the formation of nitrite
and nitrate as final products as detected by further analysis of
the resultant mixture using ion chromatography. Formation of
CO2 in the reaction system was also evidenced by using a
Ba(OH)2 scrubber. The time course of the HOU oxidation
exhibited typical pseudo-zero-order kinetic traces following the
induction period (Fig. 7).
The pseudo-zero-order kinetics are consistent with a mecha-

nism (Scheme 13) in which the reaction is initiated via Ru(IV)
species formed in the reaction of Ru-pac and H2O2.
As suggested in part C of Scheme 13, the apparent concentra-

tion of Ru(IV)–OH species remains constant throughout the oxi-
dation process for which depletion of Ru(V)–oxo species (lmax¼
390nm) exhibited pseudo-zero-order kinetics. The depletion in
[RuV(edta)(O)]� is much slower in the presence of an excess of
H2O2 and can be ascribed to the reformation of [RuV(edta)(O)]�

from [RuIII(edta)(H2O)]� under such conditions. Moreover, the
formation of [RuIII(edta)(OU)]2� from the aqua complex is signif-
icantly slower than that of [RuV(edta)(O)]�. For that reason, the
[RuV(edta)(O)]� species shows an apparent stability but factually
involves redox cycling of Ru between [RuV(edta)(O)]� and
[RuIII(edta)(H2O)]�. The above results point to the possibility of
a catalytic pathway for the oxidation of HOU by [RuIII(edta)
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SCHEME 12. Published in RSC Journal (taken from Ref. (41)).
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H2O]� in the presence of intracellular H2O2, as suggested in
Scheme 13. The above results would be of importance not only
in understanding its biological activity but may be of more gen-
eral applicability in understanding the activities of Ru antican-
cer drugs under oxidative conditions.

B. RU-PAC COMPLEXES AS NO SCAVENGER

In the regulation of nitric oxide in the organism, the excess NO
may be absorbed by a metal complex acting as a scavenger.
Ru-pac complexes meet the basic requirements for effective
NO scavenging: they undergo a rapid substitution reaction and
form stable nitrosyl complexes (42–46). The Ru–NO bond is rea-
sonably stable and persists through a variety of substitution and
redox reactions. This allows the properties of the Ru-pac
complexes to be finely tuned, so they can become effective
NO scavengers (Scheme 14).
The thermodynamics and kinetics of the interaction of Ru-pac

complexes with NO appear to be especially interesting from a
medical, catalytic, and kinetic point of view. The Ru-pac
complexes scavenge NO rapidly (k�104–107M�1s�1) to form
[RuIII(pac)NO] through a straightforward aqua-substitution
reaction (Scheme 14). Results of the kinetics of interaction of
Ru-edta with NO aimed at understanding the mechanisms
of drug action showed that the rate of the aqua substitution of
[RuIII(edta)(H2O/OH)]�/2� with NO is very fast (1.9–3.3�107

M�1s�1 at 7.3�C) in the pH range 6.5–8.0 (42). However, at pH
8.0, the higher value for the rate of aqua substitution (3.3�107

M�1s�1 at 7.3�C) than at pH 6.5 (2.2�107M�1s�1 at 7.5�C) does
not agree with the pH dependence of the rate constants for the
aqua-substitution reaction of the Ru-edta complex with other
entering nucleophiles (15). This apparently anomalous observa-
tion (42) could probably be accounted for in terms of the
pKa value for the acid dissociation of coordinated H2O in
[RuIII(edta)(H2O)]�, which is higher at lower temperature
(7.3�C) than the value of 7.6 reported at 25�C (3). As a result,
the concentration of the most labile [RuIII(edta)(H2O)]� species
at low temperature (7.3�C) would be even more at pH>7.6. A

Macrophage scam cell Pathogen/cytokine NO production

[RuIII(pac)(H2O)] + NO [RuIII(pac)(NO)] + H2O
k

SCHEME 14. No scavenging by Ru-pac complexes.
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detailed account of the thermodynamics and kinetics of the reac-
tion of Ru-edta complexes with NO was reported by the van
Eldik group (43). The results of FTIR and 15N NMR spectroscopic
studies clearly afforded evidence for the NOþ character of NO
coordinated to the RuIII-edta complex, such that the product
can be formulated as [RuII(edta)(NOþ)]�. The value of the overall
equilibrium constant (KNO) determined from UV–Vis spectro-
scopic and electrochemical methods is 9.1�107M�1 at 25�C and
pH 5.0. The influence of buffer components (acetate buffer)
became clear because the obtained rate constant (1�105M�1s�1

at 8�C and pH 5.0) was two orders of magnitude lower than that
reported by Slade et al. (42) due to the displacement of labile-
coordinated water by the more inert acetate ion. An attempt to
measure the rate of NO binding directly using laser flash photol-
ysis was unsuccessful although the formation of a di-substituted
[RuII(edta)(NOþ)(NO2

�)]2� complex was detected by 15N NMR
spectroscopy. Laser flash photolysis of this complex was compli-
cated by the number of chemical reaction steps involved.
The preparation, characterization, kinetics, and biochemical

activity of various species of Ru-pac complexes (pac¼edta; dtpa)
have subsequently been reported (44,45), reaffirming the NO
scavenging ability of Ru-pac complexes and reporting similar
rate constant data as Slade et al. (42) for the Ru-edta complex.
However, the binding of NO to Ru-dtpa was significantly slower
(3�105M�1s�1 at 20�C and pH 7.4) than that observed for the
Ru-edta complex (42). Stopped-flow kinetic studies revealed the
following reactivity order of Ru-pac complexes for NO:
[RuIII(edta)(H2O)]� (1)�[[Ru(hedtra)(H2O)] (2)>Ru(medtra)
(H2O)] (3) (46). The measured second-order rate constants at
15�C and pH 7.2 (phosphate buffer) of 6�104 and 3�103M�1s�1

for 2 and 3, respectively, (46) are three to four orders of
magnitudes lower than that for the reaction between 1 and NO.
In vitro studies have shown that Ru-edta complexes are success-
ful in scavenging NO in biological systems and suggest that they
could play a role in novel therapeutic strategies aimed at
alleviating NO-mediated disease states (47). However, results
from the NO scavenging studies on nitrite production between
treated and untreated murine macrophage cells revealed that
despite being less kinetically reactive toward NO, the [Ru
(medtra)(H2O)] complex exhibited the highest NO scavenging
ability and lowest toxicity of complexes 1–3. It may be envisaged
that the lower efficiency observed in NO scavenging for 1 could
be associated with its deactivation through the binding of cellu-
lar thio molecules, since 1 binds RSH more readily than 2 and
3 (46). The role of NO in angiogenesis and tumor progression
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was also reported recently (48–50). The results of these studies
suggest that increased levels of NO correlate with tumor growth
and spread in human cancers. Drugs that interfere in the NOS
pathway could thus be useful in angiogenesis-dependent tumors,
and the RuIII-edta complex was found to be effective in this
regard (50). The key steps of angiogenesis, endothelial cell prolif-
eration and migration stimulated by vascular endothelial growth
factor (VEGF) or NO donor drugs were reportedly blocked by the
RuIII-edta complex (50).
The reactivity of metal nitrosyl complexes (51) with thiols is of

particular concern in the mobilization of NO to make it accessible
for the vasodilation process. Very recently, it has been reported
(52) that the S-atom of cysteine reacts to bind the N-atom of
the nitrosyl complex of Ru-edta to form a 1:1 intermediate species.
Stopped-flow kinetic studies revealed the formation of a transient
species, whose rate of formation was found to be first order with
respect both [RuIII(pac)(NO)] and RSH. The values of rate con-
stants (k1) were found to be in the range (0.2–5)�104M�1s�1

at 25�C. Considering the spectral features and kinetic behavior
of various [RuIII(pac)(SR�)] and [RuIII(pac)NO] species as
described in the preceding sections, and analysis for the products
of the above reaction (N2O), the following mechanism (Scheme 15)
for the redox reactions involving electron transfer from thiols to
coordinated NO, that results in the formation of disulfide (RSSR)
and N2O, has been proposed for the reaction of [RuIII(pac)(NO)]
with thiols (RSH).
The above observation is of significance, since it implies the

catalytic reduction of NO to N2O in a biological system. More-
over, the above results imply the catalytic viability of Ru-pac
complexes toward NO scavenging. Decomposition of [RuIII(pac)
(NO)] in the presence of cellular thio-proteins results in the for-
mation of N2O and [RuIII(pac)(H2O)] that returns to the system
and reacts again with NO (kinetically preferred over RSH) to
reform [RuIII(pac)NO] in the reaction system.

[RuIII(pac)(NO)] + RS–
k1

k–1

[RuIII(pac)N(O)SR]

[RuIII(pac)N(O)SR] + RS–
H2O

[RuIII(pac)(OH)] + RSSR + HNO

2HNO N2O + H2O

SCHEME 15. Mechanism of the reaction of [Ru(pac)(NO)] complexes
with RSH. Published in ACS journal (taken from Ref. (52))
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VII. Reaction of RuIII-pac Complexes with Biologically Important Oxidants
and Reductants

The reactions of RuIII-pac complexes with biologically impor-
tant oxidants and reductants are reviewed here to illustrate the
most probable mechanism of the interaction between the
[RuIII(pac)H2O] complexes and redox-active cellular species, viz.
thio-proteins and H2O2. The reactivity of the [RuIII(edta)
(H2O)]� complex with various oxygen atom donors (ROOH¼
H2O2,

tBuOOH, HSO5
�) that leads to the formation of the active

intermediate [RuV(edta)(O)]�/[RuIV(edta)OH]� species can be
followed kinetically as a function of [ROOH] and temperature
at a fixed pH of 5.1 using stopped-flow and rapid scan tec-
hniques, as reported recently (53,54).
In Fig. 8, the UV–Vis spectral changes that occurred upon

mixing aqueous solutions of 1 and H2O2 in the chamber of the
stopped-flow instrument equipped with a rapid scan spectro-
scopic attachment are reported as a function of time. The final
spectrum of the reaction solution is in good agreement with the
spectrum of [RuV(edta)O)]� (lmax¼391nm, Emax¼8000M�1cm�1)

Wavelength (nm)

A
bs

or
ba

nc
e

Time (s)

325 375 425 475 525 575 625 675

0.025

0.075

0.125

0.175

0.225

0.275

25

125

225

FIG. 8. Spectral changes that occur during the reaction of 1 (1.0�
10�4M) with t-BuOOH (2.5�10�3M) in water at 25�C and pH 6.2 (0.2M
acetate buffer). Published in RSC Journal (taken from Ref. (54)).
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(55). The reaction of [RuIII(edta)(H2O)] with ROOH was found be
first order with respect to [RuIII-edta] and [ROOH]. A mechanism
(Scheme 16) that involves the rapid formation of a [RuIII(edta)
(OOR)] intermediate, followed by homolytic cleavage of the
O��O bond leading to the formation of [RuIV(edta)(OH)] or het-
erolytic cleavage to form [RuV(edta)O], is proposed.
Since [RuV(edta)(O)]� was obtained as predominant product

when ROOH¼ tBuOOH and KHSO5, the common suggested
mechanism involves heterolytic cleavage of the O��O bond. The
overall second-order rate constants, expressed as kK, that is,
the product of the equilibrium constant K for the formation of
[RuIII(edta)(OOR)]2� (R¼H, tBu, and SO3

�) and the rate con-
stant k for the subsequent heterolytic cleavage of the O��O bond
to form [RuV(edta)(O)]�, have values that lie in the range 26.5
M�1s�1 (for H2O2), 1.45M�1s�1 (for tBuOOH), and 7.0M�1s�1

(for KHSO5) at 25�C. Since the overall reaction is a two step pro-
cess as outlined in Scheme 16, the ability to form [RuIII(edta)
(OOR)] (R¼H, tBu, and HSO3

�) in the first reaction step through
ligand substitution of [RuIII(edta)(H2O)] by ROOH will partially
govern the efficiency of the precursor oxidants (ROOH) to form
[(edta)RuV(¼¼O)]� as the reactive oxidizing species in solution.
Based on the pKa values of the ROOH oxidants, the basicity of
the ROOH species is expected to follow the order HSO5

�<H2O2<
tBuOOH, which should also be reflected in the equilibrium
constant K for the formation of the [RuIII(edta)(OOR)] inter-
mediates. However, according to the experimental observations,
K is much larger for H2O2 and KHSO5 than for tBuOOH, which
indicates that the basicity of the ROOH species seems to be less
important than the steric hindrance caused by the tert-butyl
group attached to the hydroperoxide fragment. On the other
hand, the formation of [RuV(edta)(O)]� from [RuIII(edta)

[RuIII(edta)(H2O)]– + ROOH [RuIII(edta)(OOR)]2– + H3O+

[RuIII(edta)(OOR)]2–

homolysis

k

heterolysis

[RuIV(edta)(OH)]– + OH– + RO·

[RuV(edta)(O)]– + ROH + OH–

H2O

H2O

SCHEME 16. Mechanism of the oxidation of Ru-edta complex with
ROOH. Published in RSC Journal (taken from Ref. (54)).
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(OOR)]2� will depend on the ability of this complex to undergo
heterolytic cleavage of the O��O bond expressed by the rate con-
stant k, which in turn should correlate with the reduction poten-
tial of the different hydroperoxides under consideration, that is,
tBuOOH (E0¼1.15V) (5)	H2O2 (E0¼1.78V)
HSO5

� (E0¼1.82
V) (6). From a combination of the separate trends expected for
k and K, and a comparison of the trend observed in the values
of kK at 25�C, it follows that in addition to the electronic factors
considered here, steric hindrance on tBuOOH and HSO5

� as
compared to H2O2 should further account for the fact that kK
is significantly smaller for tBuOOH and HSO5

� than for H2O2.
The findings of this study taken together with those for the

reaction of [RuIII(edta)(H2O)] with H2O2 strongly suggest that
oxo-transfer from the precursor oxidant ROOH (H2O2,

tBuOOH,
and KHSO5) to [RuIII(edta)(H2O)] that results in the formation
of the catalytically active [RuV(edta)(O)] species should proceed
through the formation of [RuIII(edta)(OOR)] intermediates (R¼H,
tBu, and SO3

�) in a rapid pre-equilibrium step, which subsequently
undergoes rate-controlling heterolytic cleavage of the O��Obond to
produce [RuV(edta)(O)]� as a major product (80–90%). However, in
the case of [RuIII(edta)(OOH)]2� formed in the reaction of
[RuIII(edta)(H2O)]withH2O2, the subsequent reaction involves both
parallel heterolytic and homolytic cleavage to produce [RuV(edta)
(O)]� and [RuIV(edta)(OH)]� in the ratio of approximately 1:1. Thus,
the tBu and SO3

� substituents in [RuIII(edta)(OOR)]2� cause O��O
bond cleavage to clearly favor heterolysis above homolysis. The
results of the reported studies demonstrate the capability to tune
the fundamental nature of the O��O bond cleavage process and
underline the advantage of studying such Ru-pac systems in
much detail as reported in this study (54). The catalytic ability of
Ru-pac complexes toward oxidation of a myriad of organic sub-
strates in the presence of oxygen atom donors (Scheme 17), and
the mechanistic aspects of the catalytic process in resemblance of
the enzymatic oxidation (cytochrome P450 monoxygenase) were
reviewed before (15).
The results of the reported studies on Ru-pac complexes seem

to be of great significant toward developing Ru-pac-based agents
for oxidative cleavage of DNA and artificial nuclease in DNA
footprinting experiments. In fact, the DNA cleavage activity of
Ru-edta in the presence of primary oxidants, ROOH (H2O2,
KHSO5), was explored very recently (56). DNA cleavage effi-
ciency of Ru-edta was monitored by observing the conversion of
supercoiled (SC) plasmid DNA to the circular nicked form, DNA
(nicked). Ru-edta showed an appreciable conversion of SC
pBluescript (SKþ) DNA to nicked circular DNA (nicked) upon
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prolonged incubation in the presence of ROOH, and the efficiency
of DNA cleavage increases with increasing concentration of PO
(56). Considering that the oxidation of Ru-edta by ROOH leads
to formation of high-valent Ru(V)-oxo species (54,55), which are
known to oxidize the C��H bond in saturated hydrocarbons
(56), it has been presumed that a mechanism involving high-
valence [RuV(edta)(O)]� species is operative in the present case.
Almost identical cleavage patterns reportedly observed for both
Ru-edta/KHSO5 and Ru-edta/H2O2 plausibly support the above
mechanistic arguments (56).
In the presence of biologically significant electron donors, the

[RuIII(edta)(pz)]� (pz¼pyrazine) complex undergoes reduction
through an outer-sphere electron-transfer process, resulting in
the formation of the corresponding Ru(II) complex (57,58). Elec-
tron-transfer reactions of the RuIII-edta complex (57,58) resem-
bling to ascorbate oxidase (59), catecholase (60), and sulfite
oxidase (61) are reported in the literature. The reduction of
[RuIII(edta)(pz)]� with different electron donors D (D¼L-ascorbic
acid, catechol, sulfite) has been investigated spectrophotometri-
cally and kinetically in aqueous solution. In all cases, the rate of
reduction was found to be first order in both the RuIII-edta complex
and D, and dehydroascorbic acid (57), quinine (57), and sulfate (58)
were the respective reaction products. The following mechanism
involving two one-electron-transfer steps has been proposed
(Scheme 18) for the reduction of [RuIII(edta)(pyz)]� to [RuII(edta)
(pyz)]2� in the presence of the electron donors, D.
The reported rate data and activation parameters, viz. kr¼450

M�1s�1 at 25�C, pH 6.0, DH6¼¼38kJmol�1, and DS 6¼¼�122JK�1

mol�1 observed for D¼ascorbic acid (57); kr¼570M�1s�1 at 30�
C, pH 6.0 observed for D¼catechol (57); and kr¼23M�1s�1 at
25�C, pH 8.0, DH 6¼¼43kJmol�1, and DS 6¼¼�73JK�1mol�1

XO

O

RuIII(pac)(H2O) RuV(pac)(O)

C = C or CJH

or C-OH

pac = edta4–; hedtra3–

SCHEME 17. Ru-pac complexes catalyzed oxo-functionalization of
C = C or C—H bond.
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observed for D¼sulfite (58), are consistent with the proposed
mechanism for the reduction of [RuIII(edta)(pz)]� (Scheme 18)
involving outer-sphere electron transfer between the reaction
partners.
In a very recent paper (62), the kinetics of reduction of

[RuIII(edta)pz]� by thio-amino acids (RSH¼cysteine, glutathi-
one) resulting in the formation of a red colored [RuII(edta)pz]2�

species (lmax¼462nm) and RSSR (oxidation product of RSH)
has been reported. The time course of the reaction was followed
spectrophotometrically using both conventional mixing and
stopped-flow techniques as a function of [RSH], pH, temperature,
and pressure. Alkali metal ions were found to have a positive
influence (Kþ>Naþ>Liþ) on the reaction rate. The effect of
alkali cations has reportedly been attributed to triple-ion forma-
tion through an alkali cation bridging between the two nega-
tively charged reactants (Scheme 19), thereby facilitating the
electron-transfer process.
It has been assumed that the cation (Mþ) acts as a bridge or as a

means in bringing the negatively charged [RuIII(edta)pz]� and
zwitterionic RSH (through its ��COO� group) close enough that
leads to the formation of I, in which electron transfer takes place
in an outer-spheremanner. On the basis of the size of the hydrated

Ru

O

O

O

O

N

N

O

O

pz

–O
O

–
M+

NH3

HS

+
–OOC

(I)

SCHEME 19. Formation of triple-ion intermediate in the reduction of
[RuIII(edta)(pz)]� with RSH. Published in RSC Journal (taken from
Ref. (62)).

kr[RuIII(edta)(pz)]– + D [RuII(edta)(pz)]2– + D+●

[RuIII(edta)(pz)]2– + D [RuII(edta)(pz)]2– + D2+fast+●

SCHEME 18. Mechanism of reduction of [RuIII(edta)(pz)]� with elec-
tron donors (D).
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cations, which follow the order: Liþ>Naþ>Kþ, the Kþ would be
more effective than Naþ or Liþ in bringing the reacting species
close enough, and thus to facilitate the electron-transfer process.
Kinetic data and activation parameters, viz. kr¼5.82M�1s�1 at
25�C,pH5.1,DH 6¼¼56kJmol�1,DS 6¼¼�44JK�1mol�1, andDV 6¼¼
8.1cm3mol�1 observed for RSH¼ cysteine (61); kr¼3.03M�1s�1 at
25�C, pH 5.1,DH 6¼¼55kJmol�1,DS6¼¼�56JK�1mol�1, andDV6¼¼
2.4cm3mol�1 observed for RSH¼ glutathione (62), support the
operationofanouter-sphere electron-transfermechanism in theoxi-
dation of RSH to RSSR by the [RuIII(edta)pz]� complex. Tumor cell
metabolism favors the presence of Ru(II) relative to Ru(III), thus
increasing the selective tumor toxicity (63). In this context, the
chemistry of the thiol–disulfide conversion is of immense impor-
tance. Thus, the reported reactions of the biologically active
[RuIII(edta)pz]� complex with different RSHs provide amechanistic
basis forRSHoxidationwhichcouldbeof significance inunderstand-
ing the activities of Ru-based antitumor drugs.
The results of the above studies on the reduction of RuIII-edta

complexes seem to have direct implications for the results of
DNA cleavage studies using RuIII-edta/ascorbate/O2 system (56).
The cleavage of SC plasmid DNA to nicked circular DNA (nicked)
has reportedly beenachievedusing the [RuIII(edta)H2O]� complex,
sodium ascorbate, and molecular oxygen (O2), and the cleavage
efficiency increased with the increasing ascorbate concentration
(56). The electron-transfer process as proposed inScheme20 is pos-
sibly operative in the [RuIII(edta)H2O]�-mediated cleavage of SC
plasmid DNA.
The proposed mechanism (Scheme 20) suggested (56) for DNA

cleavage involves rapid reduction of [RuIII(edta)H2O]� by L-

k

fast

[RuIII(edta)(HA)]2– + H2O

[RuIII(edta)(HA)]2– [RuII(edta)(H2O)]2– + HA·

[RuII(edta)(H2O)]2– + O2 [RuIII(edta)(H2O)]– + O2
–·

DNA (SC) DNA (nicked)

[RuIII(edta)(H2O)]– + HA–

H2O
fast

[RuII(edta)(H2O)]2– + D + H+
H2O

[RuIII(edta)(H2O)]– + HA·

HA– = hydroascorbate; HA = hydroascorbic radical; D = dehydroascorbic acid

O2
–·

·

SCHEME 20. Mechanism of DNA cleavage mediated by Ru-edta
complex.
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ascorbate (on the stopped-flow timescale) to generate the
corresponding Ru(II) complex. The oxidation potential of RuII-
edta complexes lies in the range of �0.29 to �0.15V (vs. SCE)
(15). Therefore, reoxidation of such Ru(II) species by molecular
oxygen (O2) is thermodynamically favorable and perhaps pro-
ceeds in resemblance to Fenton's chemistry as proposed in
Scheme 20 involving an inner-sphere oxidation of the metal ion
leading to the formation of the corresponding Ru(III) complex
and superoxide radical. The superoxide radical (O2

��) though
indiscriminative in its nature of oxidative attack presumably
causes single strand scission by attacking the deoxyribose unit
of DNA to lead to sugar fragmentation, followed by base release
and DNA cleavage (64,65).

VIII. Concluding Remarks

The purpose of this review was to focus on various intriguing
kinetic and mechanistic aspects of Ru-pac complexes concerning
their potential in biological applications. The majority of the
work discussed here has only appeared in the recent past, and
we have primarily reviewed the kinetics and mechanisms of the
interaction of Ru-pac complexes with the molecules of biological
importance. The ability of Ru-pac complexes to perform oxidative
cleavage of DNA appears to be useful for developing Ru-pac-
based DNA-cleaving agents. Kinetic evidence for the notion that
the high-valent Ru(V)-oxo intermediate in oxidative DNA cleav-
age is provided by demonstration of its capability to activate
O��O bond scission in ROOH by the RuIII-pac complex.
The ability of Ru-pac complexes to bind to DNA constituents at

faster rate than to sulfur-containing ligands signifies the possi-
bility of a new family of Ru-pac-based anticancer drugs with
low toxicity, but high efficiency. However, experimental testing
of this hypothesis is still needed.
The rate of release of NO is important for antihypertensive

agents, whereas the rate of NO scavenging is crucial in treating
the toxic shock syndrome in which white blood cells generate a
dangerously high level of NO in the bloodstream. The [Ru(pac)
(NO)] complexes offer a number of features as NO carriers or
scavengers. Mechanistic details of RuIII-pac-catalyzed NO pro-
duction through the oxidation of HOU and L-arginine by H2O2
have been illustrated in this review, whereas rapid NO binding
to RuIII-pac complexes via straightforward aqua substitution
leading to the formation of [Ru(pac)NO] complexes provides a
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basis for anti-inflammatory activity. Further, decomposition of
[Ru(pac)NO] complexes in the presence of thiols and nitrozation
of thiols coordinated to the ruthenium center are other notable
findings of immense biochemical importance per se. Given that
bound NO is very inert toward dissociation in [RuIII(pac)NO],
the results of kinetic investigations afforded mechanistic insights
into the role of thiolates toward mobilization of NO to the enzy-
matic targets for triggering the vasodilation process.
The results of kinetic and mechanistic studies of the reaction of

[RuIII(pac)(H2O)] complexes with biomolecules containing a thiol
group, leading to the formation of S-coordinated [RuIII(pac)(RS�)]
complexes, and Ru-pac-mediated thiol to disulfide conversion
through outer-sphere electron transfer, have afforded mechanis-
tic insight in understanding the role of the activity of RuIII(pac)
(H2O)] complexes in protease (CP and PTP) inhibition. The
results could lead to the recognition of Ru-pac complexes as bet-
ter biomimetic models for studies of the in vivo activities of Ru
complexes in clinical trials than the parent pro-drugs and find
more general applicability.
The reported results taken together, illuminating the mecha-

nistic details of the Ru-pac complex mediated bioinorganic pro-
cesses, could significantly contribute toward the development of
new ruthenium-based metallo-drugs with a lower degree of inac-
tivation and toxic side effects.
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ABSTRACT

Copper complexes are catalysts of a variety of biological and
industrial processes, especially redox processes. Cu(I) complexes
are key intermediates in most of these processes. This review
discusses ligand properties required for the stabilization of
Cu(I) in aqueous solutions, obtaining copper complexes with
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desired redox potentials, obtaining Cu(I) complexes that are
kinetically stabile and have desired chemical reactivity. The
factors affecting the effects of ligands on the mechanisms of elec-
tron transfer reactions involving Cu(I) complexes are discussed.
The role of copper complexes in processes leading to the forma-
tion of radicals and the mechanisms of reaction of copper
complexes with radicals is analyzed.

Keywords: Copper complexes; Cu(I) complexes; Redox processes;
Ligand; Rate constant; Aqueous solutions.

(Gold is for the mistress, Silver for the maid, Copper for the crafts-
man cunning at his trade.)

Rudyard Kipling

I. Introduction

Copper occurs in four oxidation states, zero, monovalent, diva-
lent, and trivalent (1). Its divalent species is the most common
and most stable. Copper, particularly copper(I) and its
complexes, is a catalyst in many industrial and biological pro-
cesses. The majority of reactions in which copper is used as a cat-
alyst, usually redox processes, involve monovalent copper as an
intermediate and often as the initiator of the catalytic process.
The role of copper in biological processes as well as the green
chemistry desire to perform catalytic processes in water stresses
the importance of Cu(I) in aqueous media.

II. Cu(I) in Aqueous Solutions

A. THE THERMODYNAMICS OF Cuþ(aq)

The redox potentials of copper in acidic aqueous solutions are
as follows:

Cuþ aqð Þ þ e� ! Cuo sð Þ; Eo ¼ 0:521V ð2Þ (1)

Cu2þ aqð Þ þ e� ! Cuþ aqð Þ; Eo ¼ 0:153V ð2Þ (2)

Cu2þ aqð Þ þ 2e� ! Cuo sð Þ; Eo ¼ 0:342V ð2Þ (3)
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From these values, it is clear that Cuþ(aq) is unstable and
disproportionates in aqueous solutions:

2Cuþ aqð Þ>Cu2þ aqð Þ þ Cuo sð Þ; K1:4 3� 5ð Þ ¼ 1 � 1:7ð Þ � 106M�1

(4)

However, if Cuþ(aq) is formed in a clean aqueous medium, the dis-
proportionation reaction has oftena relatively long inductionperiod
as reaction (4a) is endothermic due to the Cu�(s) lattice energy.

2Cuþ aqð Þ ! Cu2þ aqð Þ þ Cuo aqð Þ (4a)

Furthermore, the concentration of Cuþ(aq) in nonacidic aqueous
solutions is limited due to the low solubility of CuOH/Cu2O:

Cuþ aqð ÞþOH�>CuOH sð Þ=Cu2O sð Þ KSP 6ð Þ ¼ 1�10�14M�2 (5)

Naturally, the concentration of Cu(I) species in aqueous solutions
can be increased by adding appropriate ligands (7–12).
Thermodynamically, the redox potential equations (1)–(3), that

is, DG� of these processes are the sum of the following values:

DGo Cun � Cuoð Þ sð ÞÞ ¼ DGo evaporation of Cuo sð Þð Þ
þDGo ionizationð Þ þ DGo solvation of Cunð Þ (6)

In order of using the redox potentials on the SHE scale, a correc-
tion for the deviation of this scale from the thermodynamic
values has to be introduced to E(absolute) by correcting for the
redox potential of the Hþ/H2 couple (The redox potential of the
Hþ/H2 equals thermodynamically to 452.85 kJ mol�1¼�4.706 V
(13).). As the lattice energy of Cu�(s) equals to �301.4 (5)
kJ mol�1 and the ionization potentials are IPI¼745.3 kJ mol�1

(2) and IPII¼1957.3 kJ mol�1 (2), one can calculate from these
values the solvation energies of Cuþ and of Cu2þ in water, viz.,
�1449.47 and �3843.95 kJ mol�1, respectively.
From the lattice energy of copper, the ionization potentials,

and the solvation energies, the free energy gain of reaction (4)
DG1. 4 equals �34.41 kJ mol�1. From this gain, log K1.4¼6.03 is
calculated. This value is in good agreement with the literature
value of log K1.4¼6.0–6.23 (3–5).
The calculations described above indicate that the instability of

Cuþ(aq) stems from the difference between the solvation
energies of the two cations and the second ionization potential
of copper. This is correct for all transition-metal ions, but as
the ionization energies increase along the series faster than the
solvation energies, the lower oxidation states become relatively
more stable. In order to shift reaction (4) to the left ligands which
preferentially bind to Cu(I), must be added to the solution.
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B. CU(I) COMPLEXES

Configurations of copper(I) complexes: Most Cu(I) complexes
are tetrahedral as expected for central cations with a d10

electronic configuration. However, some of the complexes are lin-
ear in accord to the properties of Ag(I) (1) and Au(I) (1). In aque-
ous solutions, it is often difficult to determine whether Cu(I)L2
are linear or whether two water molecules act as additional
inner-sphere ligands. In the solid state, also trigonal, CuL3,
complexes can be prepared (1). Recently (14), tripodal ligands
were synthesized by attaching thiol groups to nitrilotriacetic
acid. These ligands enforce a planar trigonal coordination sphere
on the monovalent copper in aqueous solutions via the formation
of three Cu��S bonds with a stability constant of �1�1019 M�3.
Cu(I)Ln complexes can be stabilized in aqueous solutions via

employing ligands with one or more of the following properties:

1. Ligands that have a lower coordination number with Cu(I)
complexes than with Cu(II)complexes; these Cu(I) complexes
are stabilized due the entropy gain in reaction (7):

Cu IIð ÞLm þ e� ! Cu Ið ÞLn þ m � nð ÞL (7)

2. Ligands that are p acids and therefore prefer Cu(I) over Cu(II)
and shift the redox potential of the Cu(II)/Cu(I) couples
anodically.

3. Hydrophobic ligands, which often also increase the radius of
the complex, decrease the stabilization of Cu(II) by decreasing
its solvation energy.

4. Ligands which enforce a tetrahedral coordination sphere, or
one which approaches this geometry, on the central cation.

5. Ligands that are soft bases, for example, thiols. Thus, for
example, the biological copper-trafficking proteins, the
metallochaperone Atx1, and the copper-transporting P-type
ATPases have a highly conserved CXXC metal binding motif
which binds a single Cu(I) ion via a two-coordinate site
consisting of two cysteines (15).

All these types of ligands stabilize Cu(I) complexes by shifting
the redox potentials of the Cu(II)/Cu�(s) and Cu(I)/Cu�(s) couples
and thus shifting the equilibrium constant of reaction (4) to the
left (7–12). However, ligands might stabilize Cu(I) complexes also
kinetically by inhibiting the disproportionation reaction by
inhibiting the formation of Cu�(s) via blocking the approach of
two copper atoms, this is, for example, the mechanism by which
some Cu(I) enzymes are stabilized (16–21).
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Naturally, all these ligands also increase the solubility of Cu(I)
by competing with reaction (5).

B.1. Stabilization of Cu(I)Ln via the entropic effect

The classical examples for this effect are the [Cu(I)
(NR1R2R3)2]

þ complexes (R1, R2, R3¼H, alkyl), which are stable
toward disproportionation. This is in principle unexpected as
these amino ligands are good s donors and are therefore
expected to stabilize the high-valent complex (22–24).
The explanation to the unexpected stabilization of the Cu(I)

complexes by these ligands is that in reaction (8):

Cu IIð Þ NR1R2R3� �
4

� �2þ þ e� ! Cu Ið Þ NR1R2R3� �
2

� �þ þ 2NR1R2R3

(8)

The number of species on the right-hand side of the equation is
larger by 2 than that on the left-hand side. This means that
the reaction is driven at least partially, by the resulting entropic
gain. Thus, for example, [Cu(I)(NH3)2]

þ containing solutions can
be prepared by adding Cu�(s) to deaerated solutions of [Cu
(NH3)4]

2þ (1,25,26).
Several other Cu(I)L2 complexes exist, and as all the

corresponding Cu(II) complexes are at least tetradentate, the
entropic effect clearly is responsible, or at least contributes, to
the stabilization of these complexes. Classical examples for such
complexes are CuCl2

�, CuBr2
�, and CuI2

� (5). Similar complexes
are formed also by the pseudo-halides, for example, CN�. How-
ever for the latter complexes, a contribution of p back-donation
clearly contributes to the stabilization. For cyanide, the effect is
so large that reaction (9) is exothermic:

Cu IIð Þ CNð Þ4
� �2� ! Cu Ið Þ CNð Þ2

� �� þ CNð Þ2 (9)

B.2. Hydrophobic ligands

Hydrophobic ligands, often tertiary amines, decrease the solva-
tion energy (22–24,27), inhibit hydrogen bond formation, are
weaker s donors than the analogous hydrophilic ligands,
and therefore stabilize low-valent transition-metal complexes,
mainly due to the decrease in the solvation energy of the
high-valent complexes. The first Cu(I) complex with a tertiary
amino ligand was Cu(1,4,5,7,7,8,11,12,14,14-decamethyl-
1,4,8,11-tetrraazacyclatetetradecane)þ, [Cu(I)L1]þ. The redox
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potential of the [Cu(II/I)L1]2þ/þ couple is þ0.47 V versus Ag/AgCl
(27). The complex [Cu(I)L1]þ is stable in aqueous solutions and
does not react with O2. The latter observation is probably due to
steric hindrance that inhibits the formation of the L1CuIO2

þ com-
plex, see below (Figs. 1 and 2).
The observation that L1 stabilizes Cu(I), whereas amino

ligands including 1,4,8,11-tetraazacyclatetradecane catalyze the
disproportionation of Cu(I) (22,23,27) suggested that linear
tertiary amino ligands, for example, L2 will also stabilize Cu(I).
Indeed in the presence of L2 and other tetraazatertiary amines,

the comproportionation of Cu�(s) and Cu2þ is observed (22,23).
Tertiary amino ligands also stabilize other low-valent metal
complexes, for example, Ni(I) and Cr(II) (22,23). The stabilization
of low-valent complexes by tertiary amino ligands is attributed to
their hydrophobic nature including the inhibition of
M��N��H� � �OH2 hydrogen bonds. Thus :N��CH3 are weaker s
donors than :N��H ligands in solutions, though they are better
s donors in the gas phase (28).
The combined effect of the absence of M��N��H� � �OH2 hydro-

gen bonds and the increase in the radius of the complexes
decreases the solvation energies of the complexes and thus
stabilizes the lower-valent complexes, including Cu(I). It is of
interest to note that (CH3)2NCH2CH2N(CH3)CH2CH2N(CH3)2
and N(CH2CH2N(CH3)2)3 do not stabilize Cu(I), though they
affect the properties of the Cu(II) complexes (24).

N N
NN

FIG. 1. Lewis structure of L1¼1,4,5,7,7,8,11,12,14,14-decamethyl-
1,4,8,11-tetrraazacyclatetetradecane.

N N

NN

FIG. 2. Lewis structure of L2¼2,5,8,11-tetramethyl-2,5,8,
11-tetraaza-dodecane.
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It should be noted that ligands that contain both hydrophobic
groups and other substituents that stabilize Cu(I), for example,
alkenes (see, e.g., L3) have been prepared (10) (Fig. 3).
Most ligands that stabilize Cu(I) in aqueous solutions shift as

expected the Cu2þ/þ(aq) redox potential anodically. However,
this does not have to be so as can be deduced from the following
equations:

2 Cu Ið ÞLn½ �þ> CuðIIÞLm

� �2þ þ Cuo þ 2n�mð ÞL;
K1:10 ¼ Cu IIð ÞLm½ � L½ �2n�m

� �
= Cu Ið ÞLn½ �2 ¼ KII Cu2þ aqð Þ

h i�

L½ �m L½ �2n�mÞ= KI Cuþ aqð Þ� �
L½ �n� �2¼ KII Cu2þ aqð Þ

h i
= KI� �2

Cuþ aqð Þ� �2 ¼ 106KII= KI� �2 ¼ K1:10 (10)

where KII¼ ([Cu(II)Lm])/([Cu
2þ(aq)][L]m) and KI¼ [CuILn]/

([Cuþ(aq)][L]n)
Therefore, equilibrium (8) shifts to the left if (KI)2>KII,

whereas the redox potential of the CuIILm/Cu
ILn couple is shifted

cathodically if KII>KI (10). Thus, the addition of ligands for
which both these criteria are fulfilled to a mixture of Cu2þ(aq)
and Cu� increases the concentration of the Cu(I) species in the
solution and transforms the Cu(I) species into a stronger reduc-
ing agents. This is of importance in some catalytic systems where
copper ions act as the catalyst and the activity depends on the
redox potential of the [Cu(II)Ln]/[Cu(I)Lm] couple (10,25,29,30).

B.3. p acid ligands

Cu(I) a low-valent cation with a relatively high electron density
tends to form complexes with p acids, for example, CO (1),
CH3CN (26,31), RCN (31), RNC (32), alkenes (33), alkynes (33),
aromatic compounds (12), etc. In principle, these complexes can
be divided into two groups (Fig. 4):

NCH3NCH3

N(CH3)2

FIG. 3. Lewis structure of L3¼2,5,8-trimethyl-2,5,8-triaza-undecane-
10-ene.
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a. Complexes in which the copper ion is linearly bound to the
ligand, for example, CO, RCN, etc.

b. Complexes in which the copper is situated perpendicularly to
the p bond.

Clearly, these complexes are formed also in nonaqueous media.
The stability constants of complexes of low-valent transition-

metal ions with alkenes usually increase when electron-
withdrawing substituents, which increase the p acidity, are
bound to the alkene. However, this is not observed for Cu(I),
see some typical stability constants in Table I.
Clearly, the ethylene complex is more stable than the

complexes with maleate and fumarate. However, also methyl
substituents, for example, 2-methyl-propene, form weaker
complexes than ethylene. These results suggest that for Cu(I),
the p acidity and the s-donating properties of the ligand affect
the stability constant of the complexes similarly and that steric
hindrance contributes to the stability of these complexes. It is
of interest to note that the complex of Cu(I) with acetylene
belongs to the first group after the ligand loses a proton—
Cu��C¼¼�� CH (33)

B.4. Ligands which stabilize Cu(I) via inhibiting kinetically its
mechanisms of reaction

Many [Cu(I)Ln] complexes tend to disproportionate (1):

2Cu Ið ÞLn ! Cuo sð Þ þ Cu IIð ÞLm þ 2n�mð ÞL (11)

react with dioxygen (34,35):

2Cu Ið ÞLn þO2 �!2H
þ

�2 n�mð ÞL
2Cu IIð ÞLm þH2O2 (12)

(a) (b)

-

-

-

+

+

+

Cu CuCLO :CLO:

FIG. 4. (a) Formation of s bond between Cu(I) and CO. (b) Formation
of p bond between Cu(I) and CO.
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reduce a substrate, OX, via the inner-sphere mechanism:

Cu Ið ÞLn þOX>
�L

Ln�1Cu Ið ÞOX ! Cu IIð ÞLm þ RED (13)

The latter two reactions proceed via the inner-sphere mechanism
(see below), that is, they require access of the substrate to the
central Cu(I) ion. The disproportionation reaction requires the
contact of the central copper ion with a surface, preferably a
Cu�(s) surface, as the formation of a Cu� atom is extremely endo-
thermic due to the lattice energy of copper, �301.4 kJ mol�1 (5).
Thus ligands that block sterically the approach of a substrate
or of a surface to the central copper ion stabilize it (19). An
extreme example is 1,4,5,7,7,8,11,12,14,14-decamethyl-1,4,8,11-
tetraazacyclotetradecane, L1 (27). Thus [Cu(I)L1]þ is stable even
in aerated aqueous solutions (27). In analogy, some enzymes
with Cu(I) as the active site, for example, CuSOD, inhibit dispro-
portionation or the reaction with O2 by inhibiting the approach of
two Cu(I) central ions to each other which is required for these
reactions which are thermodynamically exothermic.

B.5. Ligands which require a tetrahedrally coordinated central ion

Some ligands fit only a tetrahedral coordination sphere, which
fits Cu(I), and cannot adopt a planar coordination sphere,
which fits Cu(II). These properties shift the redox potential
of the Cu(II/I) couple considerably anodically. A typical example
for such a ligand is L4 which forms stable [Cu(I)L4

2]
þ complexes

(Fig. 5).
This ligand is used for the analytical determination of Cu

(I) (36,37). The redox potential of the [CuL4
2]
2þ/þ couple is

0.594 V (38), whereas the [Cu(1,10-phenanthroline)2]
2þ/þ couple

TABLE I

LOG K VALUES FOR CU(I) COMPLEXES WITH p LIGANDS

The ligand pK

Benzoic acida (12) 3.7
Salicylic acida (12) 2.8
3-Bromobenzoic acida (12) 3.9
Maleic acida (9) 3.9
Fumaric acida (9) 4.0
Ethylene (33) 5.4
2-Methyl-propene (33) 4.4
Allyl alcohol (33) 4.7

aLog K values for Cu(I) complexes at pH 4.
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is 0.174 V (38). The redox potentials of several copper enzymes
are similarly affected by the coordination geometry enforced by
the enzyme (17,39,40).

C. METHOD FOR PREPARATION OF CU
þ(AQ)

As stated above, Cuþ(aq) is unstable and disproportionates via
reaction (4). However, due to the fact that reaction (4a) is very
endothermic as DG�(Cu���Cu(s))¼�301.4 kJ mol�1 (5) one can
prepare over saturated Cuþ(aq) acidic aqueous solutions. (The
acidity is required due to the very low solubility of CuOH/Cu2O
(6).). The lifetime of deaerated Cuþ(aq) solutions depends on
the purity of the system, that is, on the number of crystallization
centers available in the solution or the walls of the container.
Several methods to prepare Cuþ(aq) solutions were developed:

C.1. The ligand exchange method (25,26)

In this procedure, a Cu(I)Ln complex is prepared via the com-
proportionation method, reaction (10). The solution containing
the Cu(I)Ln is removed from the Cu�(s) prior to the removal of
the ligand L to form Cuþ(aq). The easiest procedure is to use
L¼NH3 and remove it by the addition of acid, reactions (14)
and (15).

Cu IIð Þ NH3ð Þ4
� �2þ þ Cuo sð Þ �!deaerated

2 Cu Ið Þ NH3ð Þ2
� �þ (14)

Cu Ið Þ NH3ð Þ2
� �þ þ 2Hþ ! Cuþ aqð Þ þ 2NH4

þ (15)

Often the solution of 2[Cu(I)(NH3)2]
þ is injected into an acidic

solution containing the substrate the reaction of which with
Cuþ(aq) is to be studied (25,26).
Alternatively, one could form [Cu(I)(CO)n]

þ(aq) or [Cu(I)
(C2H4)]

þ(aq) and then by very fast flashing with an inert gas,
for example, He or Ar, obtain Cuþ(aq). The problem here is the
rate of the flashing that has to be considerably faster than the
disproportionation reaction.

N N
H3C CH3

FIG. 5. Lewis structure of L4¼2,9 dimethylphenanthroline.
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C.2. Reaction of Cr2þ(aq) (41–43)

A solution of Cu2þ(aq) in excess is mixed with acidic Cr2þ(aq)
solution.

Cu2þ aqð Þ þ Cr2þ aqð Þ ! Cuþ aqð Þ þ Cr3þ aqð Þ;
k � 0:9M�1 s�1 H3O

þ� � ¼ 0:762M
� � (16)

The reaction of Cuþ(aq) thus prepared can be studied (41–43) as
long as Cr3þ(aq) does not interfere with the study. Naturally,
other strong single-electron reducing agents can replace Cr2þ,
for example, V2þ(aq) (44).

C.3. Reduction of Cu2þ(aq) by radicals applying the pulse radiolysis
technique (35,45)

As reaction (16) is relatively slow, one can, if needed, prepare
Cuþ(aq) in situ using the pulse-radiolysis technique. The radioly-
sis of water is summed up in Eq. (17) where the values in paren-
thesis are the relative yields of the primary products. CR1R2OH,
Ri¼H, CH3, are strong reducing agents (46). The following
equations show the production of Cuþ(aq) in the presence of
methanol, other alcohols can be used, in acidic deaerated aque-
ous solutions.

H2O�!g; e
�
e� aqð Þ 2:65ð Þ; H 2:65ð Þ; �OH 0:6ð Þ; H2 075ð Þ; H2O2 0:45ð Þ;

Hþ 2:65ð Þ 47ð Þ ð17Þ

e� aqð Þ þHþ ! H�; k 47ð Þ ¼ 2� 1010M�1 s�1 (18)

e� aqð Þ þ Cu2þ aqð Þ ! Cuþ aqð Þ; k 47ð Þ ¼ 3:3� 1010M�1 s�1 (19)

�OHþ CH3OH ! �CH2OHþH2O; k 47ð Þ ¼ 4:6� 108M�1 s�1

(20)

H� þ CH3OH ! �CH2OHþH2; k 47ð Þ ¼ 1:6� 106M�1 s�1 (21)

H� þ Cu2þ aqð Þ ! Cuþ aqð Þ þH3O
þ; k 47ð Þ ¼ 5� 108M�1 s�1

(22)

�CH2OHþCu2þ aqð Þ!Cuþ aqð ÞþCH2O; k 47ð Þ¼ 1:1�108M�1s�1

(23)
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One can in principle use only e�(aq) and H� as reducing agents
and use the OH� radicals to produce another reagent, for exam-
ple, the �CH3 radical, reaction (24), to react with the Cuþ(aq).
�OHþ CH3ð Þ2SO! �CH3 þCH3SOOH; k 48ð Þ ¼ 6:6� 109M�1 s�1

(24)

Cuþ(aq) is formed also in the reaction of Cu(II) with “non
reducing” radicals, for example, �CH2CO2

� (49). However in these
reactions, often relatively long-lived intermediates, for example,
(CH3CO2)Cu–CH2CO2

� are formed and might complicate the
kinetics of reaction of Cuþ(aq) with the desired substrate.

III. Cu(I)Ln as a Reducing Agent

The coordination sphere of Cu(I) and Cu(II) differs consider-
ably. Thus Cu(II) complexes have commonly an octahedral geom-
etry with a Jahn–Teller distortions (1). However, Hodgson et al.
have recently shown that low molecular weight Cu(II) complexes,
for example, [Cu(II)(H2O)5]

2þ and [Cu(II)(NH3)5]
2þ have a

square-pyramidal, five-coordinate sphere (50,51). On the other
hand, Cu(I) complexes have usually a linear or a tetrahedral
coordination sphere (1). Therefore, the oxidation of Cu(I)
complexes or the reduction of Cu(II) complexes involves large
geometrical changes. Therefore, the reorganization energies of
redox processes involving Cu(II/I) couples are large. As a result,
most of these processes proceed via the inner-sphere mechanism.

A. REACTIONS OF Cuþ(aq) with Transition Metal Complexes

Most of the reactions studied with the exception of complexes
with ligands with no available electron pair proceed via the
inner-sphere mechanism. Thus for example, reaction (25) is con-
siderably faster than reaction (26) (42).

Cuþ aqð Þ þ Fe H2Oð Þ5OH2þ ! Cu2þ aqð Þ þ Fe2þ aqð Þ;
k ¼ 1:6� 104M�1 s�1

(25)

Cuþ aqð Þ þ Fe3þ aqð Þ ! Cu2þ aqð Þ þ Fe2þ aqð Þ; k < 30M�1 s�1

(26)

and the reduction of Fe(H2O)5F
2þ and Fe(H2O)5N3

2þ are too
fast to be measured with k>5�106 and k>1�108 M�1 s�1,
respectively (42).
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Also reaction (27) proceeds via inner-sphere mechanism (41).

Cuþ aqð Þ þ Co IIIð Þ NH3ð Þ5R
� �3þ ! Cu2þ aqð Þ þ Co IIð Þ NH3ð Þ5R

� �2þ
(27)

The kinetics of reaction (27) was studied for a variety of R,
halides, pseudo-halides, OH�, and H2O. The observed rate con-
stants increase along the series of R¼H2O,CN�,F�,NCS�,
OH�,N3

�,Cl�,Br�, from 1.0�10�3 to 4.5�105 M�1 s�1 (41) as
expected for reactions proceeding via the inner-sphere mecha-
nism. The reduction of [Co(III)(NH3)6]

3þ and [Co(III)(en)3]
3þ,

which are expected to proceed via the outer-sphere mechanism,
is too slow to be measured (41).
On the other hand, the reduction of a series of [Ru(III)(NH3)5R]

3þ

(52) (R¼pyridine, bipyr) and [(cyclam)Ni(III)(SO4)2]
� (25) are

known to proceed via the outer-sphere mechanism, reactions (28)
and (29).

Cuþ aqð Þ þ Ru IIIð Þ NH3ð Þ5R
� �3þ ! Cu2þ aqð Þ þ Ru IIð Þ NH3ð Þ5R

� �2þ
(28)

For this reaction, log k2.4 showsa linear dependence onE� for thedif-
ferent [Ru(III)(NH3)5R]

3þ complexes, k¼ (50–4�104)M�1s�1 (53).

Cuþ aqð Þ þ cyclamð ÞNi IIIð Þ SO4ð Þ2
� �� ! Cu2þ aqð Þ

þ cyclamð ÞNi IIð Þ SO4ð Þ2
� ��

2 ; k ¼ 3:0� 104M�1 s�1 25ð Þ
(29)

B. REDOX REACTION WITH NO2
�

AS A MODEL FOR COPPER NITRITE

REDUCTASES (CUNIR)

Cu/FeNIR proteins are important enzymes in the dinitrogen
cycle (54). Dinitrogen is released into the atmosphere by
denitrifying bacteria found in soils and sediments (55). Nitrate
is reduced by nitrate reductase to nitrite. NIR proteins are
involved in the one-electron reduction of NO2

� to NO (56,57).
NO is reduced to N2O, which, in turn, is reduced by N2O reduc-
tase to dinitrogen. Some of these enzymes have iron, in the form
of FeNIR, in their active site, while others have copper, CuNIR,
the latter generally are present in low oxygen environments
(54). In the presence of oxygen, these enzymes form peroxides,
which causes the protein to lose its nitrite reduction function.
CuNIR proteins are applicable industrially as biologic sensors
of NO2

�. NIR purified from Alcaligenes faecalis S-6 is fixed on a
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gold electrode that can then be used as a working electrode for
the identification of nitrite (58).
CuNIR enzymes are trimers that contain two copper centers,

type 1 and type 2, in each monomer (54,59). Distinguishable by
their spectroscopic properties, type 1 copper centers are usually
either intensely blue or green in color depending on the orienta-
tion of the amino acid ligands around the copper (59). X-ray
structures indicate that the ligands around the copper are histi-
dine, cysteine, and methionine, between which hydrogen bonds
form. The type 1 copper site has a distorted tetrahedral geome-
try. In contrast, the type 2 copper centers have no significant vis-
ible absorption. The ligands around type 2 centers are histidines
with hydrogen bonds between them, and like the type 1 centers,
this site also has a tetrahedral geometry (60). Type 2 centers
contain three histidines and a water molecule (60). Studies have
shown that nitrite binds to the Cu(II) center displacing the water
molecule. Some studies, based on native enzyme or model
complexes, assume that the nitrite binds to Cu(II) via the oxygen
atoms (60), while others assume that the nitrite binds via the
nitrogen (61–64).
Type 1 serves as an electron absorber (65) that rapidly tran-

sfers electrons to the type 2 site. In model complexes of the
enzyme, the reduction process proceeds via reaction (30) within
the type 2 center, the active site of the enzyme:

NO2
� þ e� þ 2Hþ ! NOþH2O (30)

To proceed, the reduction needs two equivalents of Hþ, and a Cu
(I)��NOþ intermediate is formed (66,67). The electron transfer
from type 1 to type 2 is an essential step of the catalytic cycle
(68). Pulse radiolysis studies were performed to find the rate
constant of the electron transfer between the type 1 and the type
2 centers, reaction (31) (68–70).

Type1CuI � Type2CuII >
kf

kb
Type1CuII � Type2CuI (31)

The electron transfer studies used AxNIR and AcNIR (bacterial
sources of CuNIR) with either CO2

�� [E� (vs. SHE)¼�1.8 V]
(68) or 1-MNA [E� (vs. SHE)¼�1.0 V] as the reductant (68).
The radicals were formed by irradiating dilute deaerated
aqueous solutions containing formate or 1-methylnicotinamide
(1-MNAþ) (reactions (32) and (33), respectively):

HCO2
� þOH=H ! H2O=H2 þ CO2

� (32)
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1�MNAþ þ e� aqð Þ ! 1�MNA	 (33)

The observed rate constants [k31(AxNIR) (70)¼ (450
30)s�1,
k31(AcNIR) (69)¼ (1030
80)s�1] are the sums of the forward
and backward rate constants. The difference between the rate
constants indicates that the internal electron transfer may be
the rate-determining step of the catalytic activity. Two factors
affect that rate: the ligand exchange at the type 2 center when
the substrate NO2

� binds to the ion center and the reorganiza-
tion energy of the type 1 center when it transfers its electron.
To better understand CuNIR enzymes, the activities of enzyme

models were studied (60,61,63,64,67,66,71). Studies on these
complexes were performed in either organic or aqueous solvents,
depending on the solubility of the complex (in particular, of its
ligands) under study. The models that best describe CuNIR
activity include complexes with histidines or phenyl groups as
ligands (72). As these ligands lower the complex solubility in
water, the reactions must be studied in organic solvents.
Among the reactions studied was that of Cuþ(aq) with NO2

�

(61). The results are consistent with the following mechanism
(reactions (34) and (35)), reactions that represent the simplest
CuNIR enzyme model (61):

Cuþ aqð Þ þNO2
�> CuþNO2

�� �
; K ¼ 140
 25M�1 (34)

CuþNO2
�� �þHþ ! Cu2þ þNOþOH�; k ¼ 4:6� 105M�1 s�1

(35)

The study of reactions (34) and (35) in organic solvents show that
Hþ is needed to produce NO (67,66).
The value of the stability constant K of [CuþNO2

�], from the
study described above, is similar to values reported in the litera-
ture for Cu(I) complexes with various ligands in organic solvents
(73,74). The stability constant of the [CuþNO2

�] complex and
other evidence suggest that the nitrite binds to the copper via
the nitrogen, as the expected stability constants of Cu(I)
complexes with oxo-anions are considerably lower (60,63,64).
Some models for CuNIR with dinuclear copper complexes show
that the nitrite binds to the Cu(II) center via the oxygen atoms
and to the Cu(I) center via the nitrogen atom (60).
This is expected based on the relative softness of Cu(I). Some

studies have shown that the NO formed in the nitrite reduction
binds to the copper center as a ligand before its release (60). X-
ray studies of some complex models supporting the suggestion
that a Cu��N bond is formed as a transient (64). For some
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complexes, there are DFT calculations (62) indicating that the
low-energy intermediate formed is the one with the Cu��N bond.
ESR studies indicate that the product NO is ligated to Cu via a
Cu��N bond and there is a spectroscopic evidence for a
[CuI–NO$CuII–NO�] intermediate (75).

C. REDOX REACTION WITH DIOXYGEN AND DIOXYGEN AS A LIGAND

The incentive to study the character and the kinetic behavior
of Cu(I) complexes with dioxygen is the same as that behind
the study of Cu(I) complexes with nitrite described above. Impor-
tant enzymes have Cu(I) in their active site and bind dioxygen
or activate dioxygen as part of the reactions they are involved
in. A few important examples are as follows:
Galactose oxidase (54,76,77) is active as a catalyst in two sepa-

rable reactions, the oxidation of a primary alcohols (reaction (36))
(77) and the reduction of dioxygen to hydrogen peroxide (reaction
(37)) (77):

RCH2OH ! RCHOþ 2e� þ 2Hþ (36)

O2 þ 2e� þ 2Hþ ! H2O2 (37)

The active site of this enzyme in its Cu(II) form contains four
amino acids, two tyrosins one of which is a tyrosyl radical, two
histidines, and one solvent molecule that together form a five-
coordinate metal complex (54,76). During the reduction–oxidation
reactions, the coordination sphere changes. In the Cu(I) state, only
three amino acids are coordinated to the central cation. The
unusual two-electron oxidation reaction involves the reduction of
the central Cu(II) cation and the tyrosyl radical.
Superoxide dismutase, SOD (54), contains copper and zinc in

one subunit. The superoxide anion, O2
��, is produced by the

reduction of oxygen during respiration in all living species and
photosynthesis reactions in plants. This radical anion is toxic
probably via the formation of peroxonitrite (54) and hydrogen
peroxide (54). Superoxide dismutase functions as an antioxidant
via a catalytic reaction (reaction (38)):

2O2
�� þ 2Hþ ! H2O2 þO2 (38)

Each subunit contains Cu(II) and Zn(II). During the catalytic
reaction, Cu(II) is reduced to Cu(I) (reaction (39)):

Cu IIð Þ þO2
�� ! Cu Ið Þ þO2 (39)
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and reoxidized via

Cu Ið Þ þO2
�� !2H

þ
Cu IIð Þ þH2O2 (40)

The geometry of the active site around the copper ion changes
from square pyramidal in the Cu(II) to trigonal planar for Cu(I).
Soluble water complexes were recently synthesized as mimics

of SOD (78,79), hopefully for medical use in water. The
complexes contain dinuclear Cu(II) and macrocyclic ligands.
Comparisons between SOD activity and complex models indicate
that the complexes are good models for SOD (79).
Based on redox potentials and species concentrations,

Goldstein et al. (80) suggested an alternative mechanism
(reactions (41) and (42)) to explain the unique toxicity of O2

��

compared to other biological reductants like glutathione and
vitamin C. In the alternative system, the copper is oxidized
rather than reduced as in reaction (36). The active species in this
mechanism is trivalent copper.

Cu IIð Þ þO2
�� þ 2Hþ ! Cu IIIð Þ þH2O2 (41)

Cu IIIð Þ þO2
�� ! Cu IIð Þ þO2 (42)

Cytochrome c oxidase (54,81) is part of the mitochondrial respira-
tory chain (reaction (43)):

O2 þ 4e� þ 4Hþ ! 2H2O (43)

A full understanding of the reactions between Cu(I) complexes
and oxygen will shed light on the activities and mechanisms of
these enzymes. In addition, the enzymes have significant eco-
nomic importance manifested in the industrial applications of
reactions between copper, especially monovalent copper, and
oxygen. Finally, the chemistry of these reactions is unique
because of the sensitivity of Cu(I) to oxygen.

C.1. Reaction of Cu(I) with dioxygen

Cuþ(aq) reacts with dioxygen in a radical chain process
(31,34,35,82,83). The electron transfer reaction is started by the
reaction shown below:

Cuþ aqð Þ þO2>CuO2
þ (44)

All suggested mechanisms (34,35,83,84) propose the formation of
CuO2

þ, as a necessary intermediate.
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Cuþ aqð Þ þO2>Cu2þ aqð Þ þO2
�� (45)

If the reaction would proceeded via the outer-sphere mechanism,
reaction (45), the calculated electron transfer rate constant
applying the Marcus cross-relation (85–87) would be
1.6�10�6 M�1 s�1 (35). However, the measured rate constant
is 3.5�104 M�1 s�1 (31,88), which indicates that the reaction
proceeds via the inner-sphere mechanism.
In principle, two reaction mechanisms are plausible, single-

electron reduction of O2 to form O2
��/H2O2, reactions (2) and

(3) in Scheme 1, or a two-electron reduction, involving two
Cuþ(aq) forming H2O2, reaction (4) in Scheme 1. A competition
exists between the one-electron and the two-electron reduction
mechanisms. Which reaction dominates depends on the reaction
conditions, for example, the Cu(II) concentration (35,89). The
one-electron reduction of O2 to O2

�� seems to be thermodynami-
cally unfavorable (89). The kinetics of reaction (46) obey a rate
law for which Kk¼ (2.3
0.4)�108 M�1 s�1 (35):

Cuþ aqð Þ þO2 >
K

CuO2½ �þ þ Cuþ aqð Þ !H
þ;k

2Cu2þ aqð Þ þH2O2 (46)

Using the pulse radiolysis technique (7,89) as an electron source
of [Cu(I)(1,10-phenanthroline)]þ, Goldstein and Czapski found
that at low concentrations of Cu(II), the reaction is dominated
by the one-electron mechanism (89), and at high concentrations
of Cu(II), two-electron reduction is favored. Reactions (2) and
(3) in Scheme 1 are reversible, and therefore, Cu(II) con-
centrations affect the reaction direction.
The reaction between dioxygen and [Cu(I)Li]þ [Li¼ imidazole

((1H-imidazol-4-yl)-N,N-bis((pyridine-2-yl)methyl)methanamine)
(90), fumarate (35), acetonitrile (31,82), phenantroline (89)] in

[CuIL]+ + O2 [LCuO2]+

[LCuO2H]+

2[CuIIL]2+      +      H2O2

[CuIIL]2+ + HO2
.

[CuIIL]2+ + O2 
.-

[CuIL]+/2H+

[CuIL]+/2H+

fast

[CuIL]+/H+

fast
2

3

4

+H+

-H+

1

SCHEME 1. Mechanism of reaction of CuIL with O2 (35).
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THF (90) or in water (31,35,89) was studied. As in the reaction
with Cuþ(aq), the first step in the reaction is the formation of
[LCu(I)O2]

þ as the intermediate species. Depending on which
ligand is used, the redox potential of the Cu(II/I) couple can shift
and steric effects can develop. Thus the reactivity of [CuI)L]þ is
affected by L. The kinetics of reaction of dioxygen with several
[Cu(I)L]þ complexes were studied, and the mechanisms of these
reactions are summed up in Scheme 1 (35):
It was shown that alkenes as ligands (35) slow down reactions

(2) and (3) in Scheme 1. The effect of alkenes on reaction (4) in
Scheme 1 was studied using fumaric acid as an alkene model
(35). The slow rate of the reaction of [Cu(I)fum] with dioxygen
can be attributed to the reaction with Cuþ(aq), that is, the reac-
tion with the complex is very slow.
The stability constants of the LCuO2 complexes are also similar.

For L¼water, phenanthroline, and bipyridyl, which have similar
redox potentials, K�0.2 M. For L¼acetonitrile and fumarate, K is
considerably smaller, in accord with the fact that [Cu(I)CH3CN]þ

and [Cu(I)fum] are weaker reducing agents. These results indicate
that the stability constant is affected by the redox potential.
Some catalytic reactions between Cu(I) complexes or enzymes

and O2 generate interesting intermediates—CuI��O��O��R and/
or the decomposition products of [CuII��O��$CuIII¼¼O2�]þ

(91,92). The latter species is not stable and is assumed to be a
powerful oxidant, possibly more reactive than [FeIV¼O]2þ (92).
Recently, Tolman et al. succeeded in trapping these species
(91,92) using ESI-MS at low temperatures and CH2Cl2 using an
arene substituent to Cu(I)-a-ketocarboxylate complexes (91,92).
The reactions described above are one- or two-electron reductions.
Biological systems requiring four-electron reduction reactions as
in cytochrome c oxidase (54,81) have a bimetallic active site that
includes heme with an Fe ion and a Cu ion. Cytochrome c oxidase
catalyzes the reduction of dioxygen to water via a four-electron
reduction (reaction (43)). Many complexes have been synthesized
and studied as models for this enzyme. We choose to focus on
the results of a recent study on complexes that incorporate FeCu
porphyrins (93). These complexes reduce O2 to water via two
routes, two- and four-electron reductions. Coutsolelos et al. (93)
have shown in electrochemical studies that complexes that include
copper, such as FeCu, increase the catalytic activity of the four-
electron reduction over that of the corresponding Fe complexes.
Using a copper complex, an intermediate species, Fe��O��O��Cu,
is formed which induces the reduction of the O��O bond (18).
Model complexes for four-electron reduction enzymes are not

only of biological importance, but they also have technological

237THE CHEMISTRY OF MONOVALENT COPPER



potential as catalysts in fuel cells (18,94–96,81). For example, the
electrocatalytic activity of different [(L)FeIICuI]þ complexes
(L¼a binucleating ligand having a heme and covalently tethered
tris(2-pyridyl)methylamine which binds copper as a tetradentate
ligand) was studied by Karlin et al. as a model for cytochrome
c oxidase (18). The results indicate that the reduction of O2
is indeed a four-electron reduction. During the reduction,
FeIII��(O2

2�)��CuII and FeIII��O2 intermediates are formed.
Although as noted above that monovalent copper complexes

are sensitive to O2 and their reactions with O2 are fast, some
Cu(I) complexes are stable in the presence of O2 (36,97,98). Thus
[CuL1]þ does not react with O2 (27), and [Cu(I)fumarate] reacts
only via dissociation to Cuþ(aq) as noted above (35). Another
ligand which inhibits the reaction with O2 is 2,9-methyl-
phenanthroline (89) (E1/2(oxidation)¼0.67 V in CH2Cl2). All
these ligands shift the redox potential of the Cu(II/I) couple
anodically, thus decreasing the stability of the LCuO2 complexes
and/or sterically inhibiting their formation.

D. FENTON-LIKE REACTION

The Fenton reaction is the Fe(III/II)-catalyzed oxidation of
organic substrates, RH, by H2O2 (99,100) (reactions (47) and (48)):

Fe2þ aqð Þ þH2O2>Fe2þH2O2 ! Fe3þ aqð Þ þOH� þOH� (47)

RHþOH� ! R� þH2O (48)

Under some conditions, the active oxidant is Fe(IV)¼¼O and not
the hydroxyl radical (101). Reactions entailing other low-valent
transition-metal complexes that react like iron are called
Fenton-like reactions (100,102,103). Fenton-like reactions were
studied with Cuþ(aq) and its complexes, such as [Cu(I)
(phenanthroline)2]

þ (102). The results of these studies indicate
that transient complexes, Cu(I)-H2O2, are formed. However,
OH� is not formed directly as proposed in reaction (47) (103).
The rate constant of reaction (49) was determined (103).

2Cuþ aqð Þ þH2O2 þ 2Hþ ! 2Cu2þ aqð Þ þ 2H2O;

k ¼ 4:1
 0:4ð Þ � 103M�1 s�1
(49)

The rate constant determined in the presence of 1 M tert-butyl
alcohol is slower than that observed in the absence of the alcohol,
k¼ (3.8
0.2)�103 M�1 s�1 (103). The decrease in the reaction
rate constant could not be explained by the reaction between
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Cuþ(aq) with tert-butyl alcohol radical, which is very fast (104),
k¼2.6�1010 M�1 s�1. Masarwa (103) explained this result as
indicating that the transient (H2O)nCu

þ�O2H
� reacts with the

organic substrate, thus changing the mechanism occurring in
the absence of an organic substrate (103).
The study of Fenton-like reactions is significant for biological

systems. Csapski et al. studied the Fenton reaction in the pres-
ence of [Cu(I)(phenanthroline)2]

þ and DNA (102). They showed
that the Cu(I) complex binds to DNA, the double helical
structure of which was degraded by either the �OH radical or
[Cu(III)(phenanthroline)2]

3þ, which is formed via the oxidation
of [Cu(I)(phenanthroline)2]

þ by H2O2.

E. LIGAND EFFECTS ON THE CHEMICAL ACTIVITY OF

COPPER(I) COMPLEXES

Ligands are expected to affect the kinetics of reaction of a
central cation differently for reactions that proceed via the
outer-sphere mechanism than for those which proceed via the
inner-sphere mechanism:

a. The effect of ligands on the kinetics of outer-sphere reactions
is expected to be due to two factors: the effect of the ligands
on the redox potential of the central cation and on the rate
constant of the electron self-exchange reaction.

b. The effect of ligands on the kinetics of inner-sphere reactions
is expected to be due to several factors:
1. The effect of the ligand on the redox potential of the central

cation.
2. Steric hindrance that might inhibit the formation of the

transient complex.
3. The rate constant of ligand exchange that affects the rate of

formation of the complex.
4. The stability constant of the transient complex as

discussed above for reaction of Cu(I) with O2.
Therefore, the effect of some ligands on the kinetics of

reactions which proceed via the two mechanisms was studied:
reaction (50) was chosen as an example of a reaction which pro-
ceeds via the outer-sphere mechanism (105) and reactions
(51)–(53) were chosen as examples of reactions which proceed
via the inner-sphere mechanism (25,29,41,61).

cyclamð ÞNi IIIð Þ SO4ð Þ2
� ��þ Cu Ið ÞL½ �þ ! cyclamð ÞNi IIð Þ SO4ð Þ2

� �2�

þ Cu IIð ÞL½ �2þ ð50Þ
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NH3ð Þ5CoIII
� �

Cl�2þþ Cu Ið ÞL½ �þ !Products (51)

NO2
�þ Cu Ið ÞL½ �þ !Products (52)

Cl3CCOO�þ Cu Ið ÞL½ �þ !Products (53)

The ligands studied were L2 and L6, Fig. 6, which shift the redox
potential of the complex cathodically, acetonitrile and fumaric
acid (fum), which shift the redox potential anodically. The latter
two ligands slow down the rate constants of all the reactions
studied, Table II, as expected due to their effect on the redox
potential of Cu(I).
On the other hand, [Cu(I)L2]þ (10,24), a stronger reducing

agent than Cuþ(aq), affects the rate constants of the reduction
reactions in a more complex way. The rate constant of the
outer-sphere reduction is nearly not affected, that is, the
decrease in the rate constant of the electron self-exchange reac-
tion compensates the increase in the redox potential. For the
inner-sphere reactions, L2 slows down the reaction with
Cl3CCOO� probably due to steric hindrance. On the other hand,
L2 accelerates considerably the reduction of NO2

� probably by
stabilizing the transient complex L2Cu(I)NO2 and has only a
minor effect on the rate of reduction of [Co(III)(NH3)5Cl]

2þ.

F. ELECTRON SELF-EXCHANGE RATE CONSTANT

The rate constants, k12, of redox reactions proceeding via the
outer-spheremechanism, for example, reaction (50) (105), depend,
according to the Marcus theory (85–87) (Eqs. 54 and 55), on the
equilibrium constant of the cross-reaction,K12, and on the electron
self-exchange rate constants, k11 and k22, of the redox couples.

k12 ¼ k11k22K12 f12ð Þ1=2W12
1�3;

W12 is the work function and DGo ¼ �RTlnK12ð Þ (54)

N

N N

FIG. 6. Lewis structure of L¼1,4,7-triaza-decane-9-ene.
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TABLE II

RATE CONSTANTS FOR ELECTRON TRANSFER REACTIONS (50)–(53)

[Cu(I)L]þ
k2.26 (M�1 s�1)
(25)

k2.27 (M�1 s�1)
(25)

k2.28 (M�1 s�1)
(61)

k2.29 (M�1 s�1)
(29) Eob

Cuþ(aq) 3.0�104 5.4�104 5.0
At pH 4.9

6.0 0.15 (5)

[Cu(I)L2]þ (for reactions
(50)–(52)

[Cu(I)L6]þ (for reaction
(53)a

2.3�104 2.4�104 35
10
At pH 5

0.14 0.08 (for L2)
(24)

�0.035 (for L6)
(10)

[Cu(I)fum]þ �3.0�101 1.0�102 Not studied <0.015 0.38
[Cu(I)(CH3CN)]þ �8.5�102 2.2�102 Ac decreases the

rate
0.35

[Cu(I)(CH3CN)n]
þ �5.0�101 9.3 n¼2

0.075
0.41

aReaction (53) was studied with L6.
bE� is the redox potential for the [Cu(II/I)L]2þ/þ couple with respect to NHE.



ln f12 ¼ lnK12

4 ln k11k22=Z2ð Þ (55)

Several electron self-exchange rate constants of the Cu(II/I)aq
couple, reaction (56), were derived applying the Marcus cross-
relation (Table III).

	Cu2þ aqð Þ þ Cuþ aqð Þ>k11 	Cuþ aqð Þ þ Cu2þ aqð Þ (56)

The discrepancy between the results seems to be beyond experi-
mental error, though three of the four systems yield k11 within
reasonable experimental error. If the results derived from the
reactions with [Co(II)Sep]2þ and [Co(III)(en)3]

3þ are not experi-
mental errors, then one has to conclude that in the other systems
vibrationally excited products are formed in the cross-reaction
and that k11(Cu

2þ/þ(aq)�1�10�9 M�1 s�1 (109).
k11 was evaluated applying the Marcus cross-relation also for a

variety of copper complexes. The results point out that ligands
affect considerably the electron self-exchange rate constants. In
Tables IV and V are listed few examples of electron self-exchange
rate constants of blue copper proteins and copper complexes,
respectively.
The electron self-exchange rate constants of proteins are con-

siderably larger than those of the inorganic copper complexes
(Tables IV and V) (11,25,106,111). This is attributed to the large
changes in the coordination sphere structures of the Cu(II) and
Cu(I) inorganic complexes in comparison to the relative rigid
active sites of the proteins.
Similarly, the ligands in the complex [CuL10

2]
2þ/þ (11) enforce a

tetrahedral, or a distorted tetrahedral, coordination sphere, and
therefore, a relatively large k11 is observed for this complex (Fig. 7).
The k11 values for the other [CuL

i]2þ/þ couples are all relatively
slow. As they were all derived applying the Marcus cross-
relation, the question whether in the reactions studied the
products are not vibrationally excited has to be analyzed.
For several other ligands, for example, L9, the electron transfer

reactions were shown to proceed via the “gated mechanism,” that
is, via the formation of unstable transients with the coordination
configuration of the reactant (11) (Scheme 2).

G. REACTION OF Cuþ(aq) with Hydrogen Atoms

Cu2þ(aq) catalyzes, though slowly, hydrogenation reactions
(112). It was proposed that the key intermediate in this process
is CuIIHþ(aq) formed via (112):
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TABLE III

K11 REPORTED IN THE LITERATURE FOR THE CU(II/I)AQ COUPLE

k11 ( M
�1 s�1) for reaction (56) Redox reaction studieda DE� (V)a

1.0�10�4 (106) [Ni(I)decamethylcyclam]þþCu2þ(aq)> [Ni(II)
decamethylcyclam]2þþCuþ(aq)

1.049 (107)

2.6�10�4 (25) [Ni(III)Cyclam(SO4
2�)2]

�þCuþ(aq)> [Ni(II)Cyclam(SO4
2�)2]

2�þCu2þ(aq) 0.637 (25)
5.0�10�7 (108) [Co(II)Sep]2þþCu2þ(aq)> [Co(II)Sep]3þþCuþ(aq) 0.413 (108)
�1�10�9 (109) [Co(III)(en)3]

3þþCuþ(aq)> [Co(II)(en)3]
2þþCu2þ(aq) 0.41 (109)

2.0�10�4 (52) [Ru(III)L]þCuþ(aq)> [Ru(II)L]þCu2þ(aq) (0.267–0.547)
(53)

aE� (Cuþ(aq)þe�!Cuþ(aq))¼0.153 V.



TABLE IV

ELECTRON SELF-EXCHANGE RATE CONSTANTS OF BLUE COPPER PROTEINS

Blue copper protein k11 (M�1 s�1)

A.v. plastocyanin (39) (1.50
0.13)�105

Stellacyanin (40) 1.2�105

Azurin (17) (2.4
1.0)�106

TABLE V

ELECTRON SELF-EXCHANGE RATES CONSTANTS FOR [CUII/I)L]

[CuL]2þ/þ k011 (M�1 s�1)

[CuFum]II/I (25) �3.0�10�7

[CuCH3CN]II/I (25) �9.7�10�5

[Cu(CH3CN)2]
II/I (25) �2.2�10�6

[CuL2]II/I (25) 1.4�10�5

[CuL7]II/I (11) 0.4
[CuL8]II/I (11) 4�10�4–0.015a

[CuL9]II/I (11) 0.01
[CuL10]II/I (11) 0.71–427a

[CuL11]II/I (110) 103

ak12 for those complexes were studied with several oxidation reagents.
There is a range for the same k11. The reason for this range is the same
for the range which was formed to k11 of the Cu2þ/þ(aq) couple.

S

S S

S

CH3 CH3

S

S S

S

C2H5 C2H5

S

S S

S S

S S

S

OH

OH

L10L9L8L7

FIG. 7. Lewis structures for L7¼2,5,9,12-tetrathiatridecane;
L8¼3,6,10,13-tetrathiapentadecane;L9¼1,4,7,10-tetrathiacyclododecane;
L10¼syn-3,6,10,13-tetrathiacyclotetradecane-1,8-diol.

244 ARIELA BURG AND DAN MEYERSTEIN



Cu2þ aqð Þ þH2⥄CuIIHþ aqð Þ þHþ aqð Þ (57)

It seemed therefore of interest to measure the properties of
CuIIHþ(aq). This was done by the following reaction:

H� þ Cuþ aqð Þ ! CuIIHþ aqð Þ (58)

using the pulse radiolysis technique (113).
The intermediate CuIIHþ(aq) is formed via reaction (56) that

has a rate constant of (5�109�k�2�1010)M�1 s�1 (113).
CuIIHþ(aq) decomposes with a rate constant of (4.0
1.5)�
103 s�1 (113) a process which is attributed to reaction (59):

Cu � Hþ aqð Þ þH2O ! Cu2þ aqð Þ þH2 þOH� aqð Þ (59)

a heterolytic decomposition of the CuII��H bond (113).

H. REACTION OF CU(I) WITH CARBON-CENTERED ALKYL RADICALS

Copper complexes are catalysts in a variety of processes which
involve as transients compounds with Cu��C s bonds (114,115).
These, or analogous, transients can be formed via the reactions:

Cu Ið Þ þ �R ! CuII � R (60)

Cu IIð Þ þ �R ! CuIII � R (61)

Reaction (58) is always considerably faster than reaction (61)
(49,116).
It has been proposed that the transient species formed in

reactions (60) and (61) are key intermediates in catalytic pro-
cesses or simple model compounds to these intermediates.
The rate constant of all reactions or alkyl radicals with

Cuþ(aq), reaction (61a)

k12

k21

k21�

k21�k12�

A + B

A+ + B- A�+ + B-

A� + B

SCHEME 2. The square mechanism (11).
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Cuþ aqð Þ þ �R ! CuII � R aqð Þ; k > 108M�1 s�1 121ð Þ (61a)

approach the diffusion-controlled limit (116). However, the anal-
ogous reactions of [Cu(I)L2]þ are considerably slower (49).
The simplest transient formed in reaction (61a) is CuII��CH3(aq)

(117). This transient decomposes via

2CuII � CH3 aqð Þ ! 2Cuþ aqð Þ þ C2H6; k 49ð Þ ¼ 1:5� 108M�1 s�1

(62)

without the involvement of �CH3 radicals. The analogous decom-
position reaction of L2CuII–CH3

þ(aq) proceeds via the same
mechanism, though with a lower rate constant (49). Also
CuII–CH2CH2CO2

� decomposes via an analogous mechanism
(49). However, L2Cu–CH2CH2CO2

� decomposes via homolysis
(49) of the CuII��C bond a result suggesting that L2, due to
steric hindrance, weakens the CuII��C bond. The only carbon-
centered radicals which are known to react with Cuþ(aq) to form
intermediates which decomposes via homolysis are the
�CR1R2OH radicals which are strong reducing agents:

Cuþ aqð Þ þ �CR1R2OH>Cu�CR1R2OH; K (63)

For the �CH2OH radical, K¼5�103 M�1 (116). For �C(CH3)2OH
and �CH(CH3)OH, K is too small to be measured.
CuII–CHRCO2

�,R¼H,CH3,and L2CuII–CHRCO2
�, decomposes

heterolytically, L2 slows down this process (49).
Transient complexes of the type CuII–CR1R2CR3R4X, where

X¼OH (118), NH3
þ (118–120), OPO3

2�, decompose via b elimina-
tion of X�.

CuII � CR1R2CR3R4X ! Cu2þ aqð Þ þ R1R2C ¼ CR3R4 þ X� (64)

For (phen)2Cu
II��CR1R2CR3R4X, this reaction is slowed down

considerably (121).
When methyl radicals react with Cu(CO)n(aq), n¼1–4, the fol-

lowing reactions occur (122):

Cu COð Þn aqð Þ þ �CH3 ! COð ÞnCuII � CH3 (65)

COð ÞnCuII � CH3 ! COð Þn�1 � CuII � C CH3ð Þ
¼ O ! Cu2þ aqð Þ þ CH3CHO

(66)

Finally, it should be pointed out that none of the transients
LCuII–CR1R2R3orCuII–Hþ(aq) decompose via reduction of the
copper ion. This is attributed to the observation that all these
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reactions, including the reaction (67), are endothermic due to the
lattice energy of Cu�(s).

CuII � Hþ aqð Þ ! Cuo aqð Þ þHþ aqð Þ (67)

I. LIGAND EXCHANGE REACTIONS

The kinetics of the reaction

Cu H2Oð Þnþ þH2O
	>Cu H2Oð Þn � 1H2O

	þ þH2O (68)

were not measured. However, the observation that the rate con-
stants of the reactions

Cuþ aqð Þ þ cis=transHO2CCH ¼ CHCO2H !
Cu Ið Þcis=transHO2CCH ¼ CHCO2H½ �þ (69)

approach the diffusion-controlled limit k�2�109 M�1 s�1

suggests that the k2.42
109 s�1 (7). Furthermore, the same con-
clusion is derived from the observation that the rate constants
of all the reactions

Cuþ aqð Þ þH�=�CR1R2R3 ! CuII � H=CR1R2R3 (70)

are higher than 109 M�1 s�1. This conclusion is based on the
assumption that Cuþ(aq) is not the linear [Cu(I)(H2O)2]

þ com-
plex which would allow approach of �R or the alkene without
the displacement of an aquo ligand.
When the [Cu(II)L12–15]2þ are reduced via a fast reaction, the

following reactions are observed (116,123) (Fig. 8).

Cu IIð ÞL12�15� �2þ
planarð ÞþCO2

��! Cu Ið ÞL12�15� �þ
planarð ÞþCO2

(71)

Cu Ið ÞL12�15� �þ
planarð ÞþH3O

þ=H2O> Cu IIIð ÞL12�15 �H
� �2þ

þH2O=OH�

(72)

Cu Ið ÞL12�15� �þ
planarð ÞþCO2

��! Cu Ið ÞL12�15� �þ
tetrahedralð Þ

(73)
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Cu IIIð ÞL12�15�H
� �2þ

> Cu Ið ÞL12�15� �þ
tetrahedralð Þ (74)

Cu IIIð ÞL12�15� �2þ
or Cu Ið ÞL12�15� �þ

tetrahedralð ÞþH3O
þ!

Cuþ aqð Þþ H2L12�15� �2þ (75)

A comparison of the rate constants of the isomerization reaction,
to form the tetrahedral complex, and the ligand loss reaction,
reaction (75), points out the following (123,124):

1. The rate constants for L12 are considerably higher than for
L13, that is, the steric bulkiness added by the methyl sub-
stituents slows down considerably the ligand exchange.

2. The rate constants for L13 and L14 are similar, that is, the
unsaturation of the ligand has little effect on the kinetics.

3. The rate constant for L15 is higher than that for the other lig-
ands, that is, the flexibility of the ligand affects, as expected,
the kinetics of the ligand exchange reactions.

4. [Cu(I)L14]þ is stable at pH
7.
5. [Cu(I)L15]þ disproportionation, that is, the two central copper

ions can approach each other.

IV. Catalysis

Copper complexes are known to catalyze a variety of processes
(30,125–132). Most of these processes are redox processes. The
choice of copper complexes as catalysts for these processes is due too:

1. The redox potential of these complexes transforms Cu(I)
complexes to be reasonably good single-electron reducing

N N

N

L12 L13 L14 L15

N

N N
NN

N
N
N

N

N N
NN

FIG. 8. Lewis structures for L12¼1,4,8,11-tetraazacyclotetradecane;
L13¼c-racemic 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetrade-
cane; L14¼5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-tetradeca-
4,11-diene; L15¼2,2,4,11,11,13-hexamethyl-1,5,10,14-tetraazacyclo-octa-
deca-4,13-diene.
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agents and the corresponding Cu(II) complexes reasonably
good oxidizing agents.

2. The ligand exchange rate constants of both Cu(I) and Cu(II)
complexes are very fast, a property which is essential as the
electron self-exchange rates of the Cu(II/I)(aq) couple and
many Cu(II/I)Lm complexes are relatively slow, and therefore,
most redox processes proceed via the inner-sphere mechanism
(25,30,61,132).

3. The tendency of both Cu(I) and Cu(II) complexes to react with
alkyl and aryl radicals, R�, to form transient complexes of
the type Cu(II)��R or Cu(III)��R is essential in a large variety
of catalytic processes, though mainly in aprotic solvents
(49,116,133).

4. The tendency of Cu(I) to form d!p complexes with alkenes
and aromatic compounds (12,33).

A. CATALYSIS OF REDOX REACTIONS IN AQUEOUS SOLUTIONS

Copper ions catalyze a variety of inorganic redox reactions. The
kinetics and mechanisms of some of these reactions were ana-
lyzed in detail. Thus, the reduction of V(IV) by Sn(II) and Ge(II)
is catalyzed by Cu ions in the presence of high concentrations of
Cl�. The mechanism involves the reduction of Cu(II) by Sn(II) or
by Ge(II) followed by the reduction of V(IV) by Cu(I) (134). These
reactions proceed via the inner-sphere mechanism (134). Also the
copper-catalyzed reduction of peroxonitrite by sulfite (135), the
copper-catalyzed reduction of a Ni(IV) complex by thiols (136),
and the reduction of superoxide bound to binuclear cobalt(III)
complexes by thiols (137) and by ascorbate (138) follow analogous
inner-sphere mechanisms. Copper ions also catalyze the reduc-
tion of peroxide-bound Cr(IV) by ascorbate(139).
A mechanism involving the polarization of the ascorbate

ligand by a Cu(II) central ion was proposed (138), though the
involvement of Cu(I) cannot be ruled out (139). All these
reactions proceed via the inner-sphere mechanism; however,
the copper-catalyzed reduction of superoxide bound to a
binuclear cobalt(III) complex by 2-aminoethanethiol proceeds
via the outer-sphere mechanism (140). This is attributed to the
effect of 2-aminoethanethiol as a ligand on the rate constant of
the Cu(II/I) electron self-exchange reaction which is suggested
to proceed via the “gated” mechanism.
When copper ions are added to the Fenton reaction, the mech-

anism changes from
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Fe H2Oð Þ62þ þH2O2 ! Fe H2Oð Þ63þ þ �OHþOH� (76)

RHþ �OH ! R� þH2O (77)

2R� ! R2= R � Hþ RHð Þ (78)

R� þ Fe H2Oð Þ63þ ! Rþ þ Fe H2Oð Þ62þ (79)

to

R� þ Cu H2Oð Þn2þ ! CuIII � R aqð Þ (80)

CuIII � R aqð Þ ! Cu Ið Þ aqð Þ þ ROH=R�H (81)

Cu Ið Þ aqð Þ þ Fe H2Oð Þ63þ ! Cu H2Oð Þn2þ þ Fe H2Oð Þ62þ (82)

This shift in mechanism is due to the fact that reaction (79) is
considerably slower than reaction (80) (115,141). These reactions
have naturally to be considered also in the Cu(I)-catalyzed
Fenton-like reactions where R� radicals are formed. These pro-
cesses are of special importance in biological systems in which
copper complexes are known to induce oxidative stress
(142–147). The Cu(I) species are formed in biological systems
by reduction of Cu(II) by ascorbate, thiols, etc.

B. COPPER CATALYSIS IN SYNTHETIC AND INDUSTRIAL PROCESSES

Copper is commonly used as a catalyst for a variety of organic
reactions applying organometallic intermediates (114,115,
148–150). These processes include the Ullmann reaction, the
Sandmeyer reaction, the Meerwein reaction, the Click reaction,
a variety of atom transfer processes including polymerizations,
etc. Many of these processes involve radicals and redox processes
initiated by the copper species. All these processes are usually
carried out in aprotic solvents and are therefore beyond the scope
of this review. However, the mechanism of some of them was
studied in aqueous solutions with the hope to perform them in
this medium and in order of determining their detailed
mechanisms.

B.1. The Ullmann reaction

In general, the Ullmann reaction is the transformation of
a halide, X, with a hydroxide (12,30,151,152) or with an OR
reaction (83):
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ArX þOR� !Cuo=CuII

ArORþ X� R ¼ H;alkyl;arylð Þ (83)

Like other processes catalyzed by Cu(I), it is slow. It has been
shown, however, that certain ligands can stabilize the monova-
lent copper, thus facilitating an increase in its concentration,
which, in turn, augments the rate of the reaction (30,151).
This reaction was studied in the presence of acetonitrile, NH3

or L2 as ligands to monovalent copper in aqueous solutions
(30,151). Each ligand has a unique effect on the redox potential
of the Cu(I) complex and stabilizes Cu(I) in a different way as
was mentioned in Section II. The addition of a ligand increases
the Cu(I) concentration in the solution, but it also influences
the reactivity of the Cu(I) as a catalyst (30,151).
The catalytic formation of salicylic acid from o-bromo-benzoic

acid was chosen as a model for studying the Ullmann reaction
in aqueous solution (reaction (84)) (30,151):

COO–
COOJ COOJ COOJ

COOJ

Br Cu(I)

H2O, He sat.

OH

+ +
ð84Þ

The Cu(I) has two roles in this process, the first is binding to the
aromatic ring, thus weakening the C��Br bond. This is followed
by debromination and formation of a transient with a Cu(II)��C
s bond (species 1, Fig. 9). The formation of benzoic acid is faster
under acidic conditions than under alkaline conditions. This could
be because the reaction of species 1 with H2O is slower than the
reaction of species 1 with H3O

þ (30).
To decrease the yield of the reaction by-product, benzoic acid,

the pH should be kept above 8. Using the ligand L2 as a buffer
and as a ligand of Cu(I), the reaction is markedly accelerated.
Furthermore, L2 inhibits the formation of diphenoic acid (30),
possibly due to the steric hindrance induced by the ligand. Thus
[Cu(I)L2]þ is a very good catalyst for this reaction in slightly
alkaline aqueous solutions (30).

CO2
-

Cu(II)L

FIG. 9. Species 1.
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B.2. The Sandmeyer reaction

In the Sandmeyer reaction, a diazonium ion, ArN2
þ, is

decomposed and a halogen, X, is substituted by Cu(I) as catalyst
(127,129,130), reaction (85):

ArN2
þ þ X� !Cuo=CuII

ArX þN2 X ¼ halogen; Ar ¼ arylð Þ (85)

The proposed mechanism for this reaction is presented in
reactions (86)–(88):
The first step is the release of N2 from ArN2

þ and the forma-
tion of the aryl radical, Ar�, and divalent copper salt, reaction
(86):

ArN2
þ þ CuICl2� ! Ar� þN2 þ CuIICl2 (86)

The second step is the formation of a s bond between the aryl
radical and the halogen, X (reaction (87)), and the reduction of
Cu(II) to Cu(I).

Ar� þ CuIICl ! ArClþ CuICl (87)

The last step is reaction (88), the formation of the monovalent Cu
complex.

Cl� þ CuICl ! CuICl2� (88)

If the reaction is run in aqueous solutions, OH� from the water
can replace the halide as the aryl substituent, thus forming
phenols (129). The reaction of the 2-benzoylphenyl radical to
form the corresponding phenol is slower than the reaction
forming the halo-aryl. The hydroxylation rate constant equals
(1.47
0.17)�106 M�1 s�1 (129), and the chlorination rate con-
stant equals 8.8�106 M�1 s�1 (129).

B.3. The Meerwein reaction

The Meerwein reaction, reaction (89), is carried out with
alkenes (127,132,153), which are known Cu(I) ligands.

ArN2
þ þH2C ¼ CHR !CuCl= � N2 ArCH2CHClRþ Cuþ Ar ¼ arylð Þ

(89)

This reaction is a useful tool for the synthesis of molecules such
as indols (154), quinolinones (155), and benzothiophenes (156),
all of which play important roles in the pharmaceutical industry.
Despite the economic importance of this reaction and the many
studies done in this field, its mechanism is still not fully
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elucidated. Schrauzer et al. (157) suggested that the first step in
the mechanism is reaction (90), in which Cu(I) activates the eth-
ene double bond.

H2C CH2

CuCl2-

-N2

CH2CHCl

Cl

CuCl

Cl

N2
+

+ + ð90Þ

Vogel et al. (158,159) suggested a mechanism involving cupric
chloride, CuCl3

� (reaction (91)), in which the active species is
Cu(II):

p�ClC6H4N2
þCl� þ CH2¼ CH2CuCl3� !

�N2

p�ClC6H4CH2CH2Cl

þ CuCl3� ð91Þ
Recently, Wolfer et al. (160) proposed that the first step in the
mechanism is the formation of a complex between Cu(I) and the
aryl-diazonium, displayed in Fig. 10. Next the nitrogen is released
and an aryl radical forms. The active species is Cu(I), which
activates the aromatic ring and initiates the reaction; as men-
tioned above (12) Cu(I) binds aromatic compounds as ligands.

B.4. The Click reactions

Click reactions are a variety of condensation reactions in which
Cu(I) is used as a catalyst for the synthesis of oligomers or
polymers. The starting reactants are typically alkyne-azides
(125), but thiol-enes (TEC) and other alkenes (Diels–Alder) are
also used (128). Several of their properties—selectivity, high
yield, mild conditions, for example, room temperature, and fast
reactions that proceed via minimal steps—make them desirable
for use in green chemistry, a relatively new field that has unde-
rgone explosive development in recent years (125,126,128,161).

N2
+

Cu(I)

FIG. 10. Species 2.
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Because of these features, they are also popular in the synthesis
of biologically important molecules.
The suggested mechanisms of the various catalytic Click

reactions involve the formation of dinuclear or tetranuclear cop-
per complexes (162,163) as the catalyst (Fig. 11) and the creation
of a Cu��C bond or a Cu¼¼C bond in the intermediate species
(49,121,122,162–166). DFT calculations were used to ascertain
the relative stabilities of such complexes (163), showing that
the mononuclear complex was more stable than the polynuclear
complex.
Finn et al. (162) studied the kinetics of the reaction between

benzyl-azide and phenylacetylene in a DMSO/H2O solution (reac-
tion (92)):

N

N
+

N3

N
ð92Þ

Under the experimental conditions, with Cu(I) in excess, the rate
law is

rate ¼ k alkyne½ �1:3
0:2 azide½ �1
0:2 Cu Ið Þ½ �0 (93)

Under catalytic conditions, the reaction was independent of the
alkyne concentration and second order with respect to Cu(I)
(163). The first step in the suggested mechanism is the formation
of a dinuclear copper complex, an intermediate species that
reacts with the azide.

B.5. Heterogeneous catalysis

Copper complexes adsorbed (167–169) and covalently (170)
bound to electrode surfaces were shown to be good electro-
catalysts for the four-electron reduction of dioxygen. The results
indicate that a Cu2O2L2 (L¼phenantroline) intermediate is
formed during the reduction.

Cu

CuCu

Cu

FIG. 11. Tetranuclear copper.
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In principle, binding a copper catalyst to a surface requires
that during the catalytic cycle the copper ions will not be
released into the solvent. Recently, it was shown that this is even
the case for Cu(OH)xAl2O3 which contains ca. 10% water as a cat-
alyst for the catalytic synthesis of N,N-bicyclic pyrazolidinone in
organic solvents, a process which involves Cu(I) as the reactive
intermediate (171).

V. Summary

This review summarizes a variety of important processes in
which Cu(I) is involved as a reducing agent and as a catalyst.
We addressed the factors that affect its stability in aqueous sol-
utions, focusing on the rate of the electron transfer and on the
mechanism of those processes. Although a wide variety of studies
were reviewed here, they all point out that the ligands have major
effects on the reaction rates and mechanisms. We hope that this
review will shed light on the importance of, and complications
involved in, reactions in aqueous solutions and as such contribute
to the development of processes that utilize water as a solvent.

ABBREVIATIONS

AxNIR, AcNIR bacterial sources of CuNIR
CuNIR copper nitrite reductases
cyclam 1,4,8,11-tetraazacyclotetradecane
en ethylenediamine
FeNIR iron nitrite reductases
fum fumaric acid
L1 1,4,5,7,7,8,11,12,14,14-decamethyl-

1,4,8,11-tetrraazacyclatetetradecane
L10 syn-3,6,10,13-tetrathiacyclotetradecane-1,8-diol
L11 dmp¼2,9-dimethyl-1,10-phenanthroline
L12 1,4,8,11-tetraazacyclotetradecane
L13 c-racemic 5,7,7,12,14,14-hexamethyl-

1,4,8,11-tetraazacyclotetradecane
L14 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-

tetradeca-4,11-diene
L15 2,2,4,11,11,13-hexamethyl-1,5,10,14-tetraazacyclo-

octadeca-4,13-diene
L2 2,5,8,11-tetramethyl-2,5,8,11-tetraaza-dodecane
L3 2,5,8-trimethyl-2,5,8-triaza-undecane-10-ene
L4 2,9 dimethylphenanthroline
L5 a binucleating ligand having a heme and covalently

tethered copper binding tris(2-pyridyl)methylamine
tetradentate

L6 1,4,7-triaza-decane-9-ene
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L7 2,5,9,12-tetrathiatridecane
L8 3,6,10,13-tetrathiapentadecane
L9 1,4,7,10-tetrathiacyclododecane
Sep sepulchrate
SOD superoxide dismutase enzyme
THF tetrahydrofuran
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ABSTRACT

Thiocyanate (SCN�) is the usual substrate for the human defen-
sive peroxidases (components of human innate defense that
include lactoperoxidase, salivary peroxidase, myeloperoxidase,
and eosinophil peroxidase). The initial product of the peroxidase-
catalyzed oxidation of SCN� by hydrogen peroxide is the antimi-
crobial agent hypothiocyanite (OSCN�). Stoichiometric methods
of preparing OSCN� are also known. This review addresses the
synthesis and chemistry of OSCN� and its derivatives in general,
with particular attention paid to reactions thatmay be biologically
relevant and to the evidence for putative biological intermediates.
As SCN� is considered to be a pseudohalide in several aspects of
reactivity, the inorganic chemistry of OSCN� is, not surprisingly,
related to the corresponding hypohalites, albeit complicated by
reactions of the cyano moiety of OSCN�.
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Keywords: Hypothiocyanite; Thiocyanate; Pseudohalide; Peroxi-
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Mechanism.

I. Introduction

The earliest report of hypothiocyanite was in 1918 by Bjerrum
and Kirschner (as the proton-conjugate hypothiocyanous acid,
a.k.a. hyporhodanous acid, and formulated as HCNSO) (1,2).
The relevance of hypothiocyanite—now formulated as OSCN�—
to human health would become evident much later (vide infra)
(3). However, Treviranus discovered the biological significance
of the thiocyanate ion (SCN�), the chemical precursor of OSCN�,
a century earlier (1814) when a substance in saliva was found to
produce a blood-red color upon addition of ferric ion (4,5). This
review focuses on the chemical characterization and possible
biological relevance of chemical reactions of OSCN� and products
derived therefrom.
Thiocyanate is produced endogenously as a detoxification

product of the reaction between cyanide (CN�) and thiosulfate
(S2O3

2�) in the liver (6). There are many endogenous and exoge-
nous sources of CN�, including the metabolism of vitamin B12
and certain foods containing cyanogenic glucosides, for example,
nuts (especially almonds) and cruciferous vegetables (e.g., the
Brassica) (7). Nonmetabolic sources of cyanide in humans include
tobacco and occupationally derived smoke (HCN, e.g.,>200mg/cig-
arette) (8), chlorination of glycine by human myeloperoxidase
(MPO) during inflammation (9), and cyanogenesis (the
biochemical production of CN�) by Pseudomonas aeruginosa (an
opportunistic pathogen that infects wounds and the lungs of
immune-compromised individuals) (10–14). Finally, in the
absence of other reaction partners, OSCN� is known to decompose
to give CN� (15,16), among other products. Thiocyanate is abun-
dant in all physiologic fluids and especially in those that are
derived from the mucosae (e.g., saliva, lachrymal fluids, breast
milk, and the mucosal layer of the lung), where the concentration
of SCN� is one or two orders of magnitude larger than in blood
plasma as a consequence of its active transport (17). The concen-
tration of SCN� in physiologic fluids varies widely depending on
diet and smoking habits. Normal nonsmokers have saliva SCN�

concentrations of 0.5–2mM, while some smokers may have
concentrations as high as 6mM (18). Hence, a high saliva SCN�

concentration can be a biomarker for exposure to tobacco or occu-
pational smoke. Unlike many other inorganic ions, such as Ca2þ
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(biological messenger and structural component of bone), Kþ

(osmotic regulator), CO3
2� (pH buffering), and PO4

2� (ATP, DNA,
etc.), SCN� is not generally considered to be a biologically func-
tional ion. However, in addition to being a product of detoxification
of CN�, the SCN� ion plays an important role as a substrate for
human defensive peroxidases (components of the human innate
defense stratagem that include lactoperoxidase (LPO), salivary
peroxidase (SPO), myeloperoxidase (MPO), and eosinophil peroxi-
dase (EPO)). The product of oxidation of SCN� by the defensive
peroxidases is hypothiocyanite (OSCN�), the central focus of this
review.
There are approximately 200 references in the primary litera-

ture that explicitly mention HOSCN and/or OSCN�. Roughly
one-quarter of the publications are in the dental literature (e.g.,
Caries Research, Journal of Dental Research, etc.), one-quarter
are in the food literature (e.g., Journal of Dairy Research, Journal
of Applied Microbiology, etc.), one-quarter are in the medical liter-
ature (e.g.,Blood, Infectionand Immunity, etc.), and the remainder
are in the chemical literature. There are a very large number of
additional publications that certainly concern OSCN�; however,
the compound is not explicitly mentioned. For example, there are
over 6000 papers that involve the enzyme LPO, for which thiocya-
nate is known to be the substrate in vivo, and OSCN� the product.
Interestingly, many of the publications in the dental and dairy lit-
erature predate most of the chemical studies. Indeed, much of the
current interest in OSCN� is derived from its relevance in food sci-
ence and medicine. There appears to be a regrettable lack of com-
munication between these disciplines; consequently, many
inconsistencies exist in the literature, particularly concerning the
chemistry. In addition, the primary conclusions of many of these
studies have been rendered suspect due to relatively recent
advances in our understanding of the chemistry of OSCN�. Recent
kineticmeasurements suggest that OSCN� should not exist under
the conditions that were employed in some of the studies. As we
learn more about the chemistry of OSCN�, there is a need to con-
stantly reevaluate the earlier literature.
The chemistry and biochemistry of thiocyanate was last thor-

oughly reviewed in a 1975 monograph (19). The biological chem-
istry of OSCN� (in the context of the LPO system) was reviewed
in a 1985 monograph (3), which was brought up to date in a 2009
review article (20). While the latter review focused on the
biological relevance of OSCN�, the present review addresses
the chemistry of OSCN� and its derivatives in general, with par-
ticular attention paid to the evidence for putative biological
intermediates.
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II. Molecular Structure, Properties, and Synthesis

A. MOLECULAR STRUCTURE

Hypothiocyanite is a highly reactive chemical species that
has never been isolated in a pure form; however, it has been
the subject of extensive theoretical (21–23) and spectroscopic
(24–30) investigation. Early molecular orbital calculations
by Pyykko and Runeberg predicted that the relative thermody-
namic stabilities of the isomers of hypothiocyanite (in the
gas phase) are OCNS�>ONCS�>OSCN� (21). However, it was
subsequently concluded by Sundholm that the computed
relative thermodynamic stabilities (in the gas phase) of the
isomers are OCNS�>OSCN�>ONCS� (22). A subsequent theo-
retical study by Dua et al. included additional isomers:
OCNS�>SOCN�>OSCN�>ONCS�>OSNC� (23). The ultravio-
let (UV) spectrum of hypothiocyanite in aqueous solution has
been measured under various conditions (24,29), but the elec-
tronic spectrum does not differentiate between the possible
isomers. In an effort to distinguish between alternative
formulations for hypothiocyanite, nuclear magnetic resonance
(NMR) (25–28,30) and mass spectra (23,27) have been collected
and analyzed. Chronologically, 15N NMR spectra were collected
first by Modi et al. (26,30), and a subsequent theoretical study
was performed by Sundholm in an effort to analyze the observed
15N NMR chemical shift (22). The latter theoretical study by
Sundholm also yielded computed magnetic shielding constants
for 13C, but they were not compared with 13C NMR chemical
shifts that had been previously measured experimentally (28).
Several 13C NMR studies of hypothiocyanite have also appeared
in the interim (25,27), but these studies did not refer to the ear-
lier computational study by Sundholm. Sundholm concluded that
his computed 15N shielding constants were most consistent with
a formulation of OSCN� (or possibly ONCS�), but his conclusion
was based upon experimental 15N NMR spectra that were subse-
quently disputed (31). In addition to the aforementioned studies
of the spectroscopic properties of hypothiocyanite in solution,
there have been two gas-phase studies by mass spectrometry
(23,27). Arlandson et al. have employed negative ion electrospray
ionization mass spectrometry (ESI-MS) to identify the major sta-
ble products of the EPO-catalyzed oxidation of SCN� by H2O2
(27). In addition to several unidentified contaminate ions, an
ion with m/z 74 was observed that could correspond to
hypothiocyanite, but this observation did not distinguish
between the different possible isomers. A more recent study by
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Dua et al. employed collision-induced dissociation (CID) mass
spectra to produce molecular precursors that were selected to
yield OSCN�, ONCS�, and OCNS� (23). When combined with
the aforementioned theoretical calculations, the CID spectra
provided evidence that OSCN� is a product of the oxidation of
SCN� by H2O2, but it was suggested that some of the other ions
that were observed by Arlandson et al. were possibly due to
ONCS� (or other isomers). In addition to conflicting conclusions
that arise when comparing the aforementioned theoretical and
spectroscopic studies, it is noted that many of the experimental
results that have been previously reported appear to be inconsis-
tent with the estimated lifetimes of hypothiocyanite under the
conditions of the experiments (vide infra).
In an effort to reconcile these inconsistencies, the UV, the 13C

NMR, and the 15NNMR spectra that result when hypothiocyanite
is synthesized by various solution methods (vide infra) were
reinvestigated (31). Importantly, in contrast to earlier
investigations, the latter study employed kinetic methods to evi-
dence the correlations between the spectroscopic signatures that
were attributed to hypothiocyanite. All of the available synthetic
methods (vide infra) produced essentially the same initial UV,
13C NMR, and 15N NMR spectra. The UV spectrum reveals a lmax
of 376nm (E376¼26.5M�1cm�1),whichwasapreviously unreported
distinguishing feature (Fig. 1). The 13C NMR spectrum that was
observed (d¼127.8ppm at pH 13 vs. dioxane at 66.6ppm) (31) is
comparable to those thathavebeenpreviously reported forOSCN�

(although in some cases different assignments were made). How-
ever, the 15N NMR spectrum (d¼�80.6ppm at pH 13 vs. NO3

� at
d¼0) contrasts with previous reports. It was concluded that all of
the available synthetic methods produce the same species, and
that the spectra were self-consistent with the formulation OSCN�

(31). Perhaps the most significant contribution of the latter study
was the report of the unique spectral signature (Fig. 1, lmax of
376nm) that has facilitated the unambiguous identification of
OSCN� in subsequent mechanistic studies (vide infra).

B. PROPERTIES OF HYPOTHIOCYANITE AND ITS DERIVATIVES

Thiocyanate is a pseudohalide in that it resembles a halide in
its charge and reactivity (32–36). Table I summarizes the known
inorganic derivatives of thiocyanate, and when appropriate, also
lists examples of corresponding halide analogues. Note that since
sulfur and the halides belong to Groups 16 and 17, respectively,
the oxidation numbers of analogous compounds differ by one.
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FIG. 1. UV spectrum of OSCN� at pH 13. Thiocyanogen (0.5ml of
11.5mM (SCN)2 in CCl4) was extracted into NaOH (10ml of 0.1M) solu-
tion to produce OSCN� (575mM final concentration). The spectrum in
this figure was obtained by subtraction of the spectrum of SCN�. Inset:
UV–vis spectrum observed when SCN� (1M) is reacted with OCl� (1.28
mM) using a stopped-flow apparatus.

TABLE I

THIOCYANATE AND OXIDOTHIOCYANATE DERIVATIVES AND HALIDE ANALOGUES

Thiocyanate Derivatives Halide Analogues

HSCN Thiocyanic acid HCl, HBr, HI
SCNH Isothiocyanic acid Ditto
SCN� Thiocyanate Cl�, Br�, I�

(SCN)2 Thiocyanogen Cl2, Br2, I2
(SCN)3

� Trithiocyanite Cl3
�, Br3

�, I3
�

NCSCN Dicyanosulfide ClCN, BrCN, ICN
S3C2N2H2 Xanthane hydride –

Oxidothiocyano Derivatives Halide Analogues

HOSCN Hypothiocyanous acid HOCl, HOBr, HOI
OSCN� Hypothiocyanite OCl�, OBr�, OI�

HO2SCN Cyanosulfurous acid HClO2, HBrO2, HIO2
O2SCN

� Cyanosulfite ClO2
�, BrO2

�, IO2
�

HO3SCN Cyanosulfuric acid HClO3, HBrO3, HIO3
O3SCN

� Cyanosulfate ClO3
�, BrO3

�, IO3
�

H2NC(¼O)SOH Thiocarbamic acid S-oxide –
H2NC(¼O)SO� Thiocarbamate-S-oxide –
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For example, the formal oxidation numbers for the elements in
HSCN are H(þ1), S(�2), C(þ4), and N(�3), whereas for HCl they
are H(þ1) and Cl(�1). For (SCN)2, they are S(�1), C(þ4), and N
(�3), whereas for Cl2 they are Cl(0). The oxidation numbers for
Cl in Cl�, OCl�, ClO2

�, ClO3
�, and ClO4

� are �1, þ1, þ3, þ5,
and þ7. The corresponding oxidation numbers for S in SCN�,
OSCN�, O2SCN

�, and O3SCN
� are �2, 0, þ2, and þ4 (the oxida-

tion numbers for C and N do not change). By analogy to the
highest oxidation number that is observed for the halogens (þ7;
e.g., ClO4

�), completely oxidized SCN� yields sulfate:

SCN� þ 5O2� ! SO4
2� þOCN� þ 8e� (1)

Note that the oxidation numbers of the elements of the reactants
are S(�2), C(þ4), N(�3), and O(�2), whereas the oxidation num-
bers for the products are S(þ6), C(þ4), N(�3), and O(�2); thus it
is the sulfur center that has formally undergone an eight electron
oxidation (cf. the aforementioned Cl(�1) to Cl(þ7), which is also
an eight electron oxidation).

B.1. Acid/base properties of thiocyanate derivatives

Many of the physical and chemical properties of the oxoacids of
the halides exhibit trends that are related to the sizes and elec-
tronegativities of the central atoms. Thus, the known acid disso-
ciation constants for thiocyanic acid (HSCN) (37) and
hypothiocyanous acid (HOSCN), pKa¼�1.4 and 5.3, respectively,
can be understood in the context of trends observed for
hydrohalic and hypohalous acids. Hydrohalic acids (e.g., HCl,
HBr, and HI) are fully ionized in water, as is HSCN. The pKa
of an oxo acid XOy(OH)z can be estimated using the empirical for-
mula (Pauling's rule): pKa1¼8.5–5.7y. Thus, the electron-
withdrawing, charge-stabilizing capacity of each additional oxo
group decreases the acid dissociation constant by about 105.
Accordingly, the expected pKa values for HOX, HOXO, HOXO2,
and HOXO3 are 8.5, 2.8, �2.9, and �8.6, respectively. The
measured acid dissociation constants of oxo acids without oxo
groups (i.e., the hydroxides of nonmetals for which y¼0) are
8.5�2 (i.e., in the range 6.5–10.5). The actual pKa values for
HOCl and HOClO are 7.5 and 2.0, respectively (a typical differ-
ence of 5.5). As expected, HOClO2 and HOClO3 are strong acids.
The effect of the central atom is reflected in the pKa trends for
HOX for X¼Cl, Br, and I (7.5, 8.6, and 10.6, respectively). Thus,
more electronegative central atoms inductively stabilize the neg-
ative charge of the oxoanion, thereby facilitating ionization. Not
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unexpectedly, the pKa of HOSCN is 5.3, substantially more acidic
than the hypohalous acids of Group 17. The exceptional acidity of
HOSCN reflects the resonance stabilization that is anticipated
for the conjugate base OSCN�. Based upon the aforementioned
trends, we anticipate HO2SCN and HO3SCN would be strong
acids in water (fully ionized), although their acid dissociation
constants are unknown.

B.2. Redox properties of thiocyanate derivatives

The oxidation potential of the 2 SCN� ¼ (SCN)2 couple falls
between those of the corresponding couples for Br� and I�

(Table II) (38–40). The SCN� ¼ OSCN� couple is comparable to
the corresponding I� couple (41). The oxidation potential of
SCN� relative to the halides explains the oxidation of SCN� by
Cl2 (42) and Br2 (43) and the oxidation of I� by (SCN)2. The latter
reaction is one that can be used to quantify (SCN)2 (44). The rel-
ative oxidation potentials also facilitate the definition of inter
(pseudo)halogens like Idþ-SCNd� (iodine thiocyanate) (45,46) ver-
sus Cld�-SCNdþ (thiocyanogen chloride) (47) and Brd�-SCNdþ

(thiocyanogen bromide), which react accordingly.

TABLE II

TWO-ELECTRON REDOX COUPLES FOR X� (VS. SHE)

Couple (pH 0 and 14) E� (V)

2I�¼I2þ2e� �0.536
2SCN�¼(SCN)2þ2e� �0.77
2Br�¼Br2þ2e� �1.065
2Cl�¼Cl2þ2e� �1.360
2F�¼F2þ2e� �2.65

Couple (pH 0) E� (V)

I�þH2O¼HOIþHþþ2e� �0.987
SCN�þH2O¼HOSCNþHþþ2e�

Br�þH2O¼HOBrþHþþ2e� �1.331
Cl�þH2O¼HOClþHþþ2e� �1.484

Couple (pH 14) E� (V)

I�þ2OH�¼OI�þH2Oþ2e� �0.485
SCN�þ2OH�¼OSCN�þH2Oþ2e� �0.44 to 0.39a

Br�þ2OH�¼OBr�þH2Oþ2e� �0.761
Cl�þ2OH�¼OCl�þH2Oþ2e� �0.841

apH 6.5.
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It is apparent that the halogens (X2) are less powerful oxidants
than the corresponding hypohalous acids (HOX). For example,
the oxidation potentials of Cl2 and HOCl are þ1.36 and þ1.48V,
respectively (Table II). As expected, the hypohalous acids aremore
powerful oxidants than their conjugate hypohalites (OX�) (cf. the
one volt difference in potentials of HOCl and OCl�). Accordingly,
the rates of reactions of OSCN� (vis-à-vis HOSCN) are pH depen-
dent (vide infra).

C. SYNTHETIC METHODS USED TO PREPARE HYPOTHIOCYANITE

There exist three fundamental ways to prepare OSCN�: (1)
hydrolysis of thiocyanogen, (SCN)2 in aqueous base; (2) enzyme-
catalyzed oxidation of SCN� by H2O2; and (3) oxidation of SCN�

by electrophilic halogenating agents. The advantages and dis-
advantages of each of these methods will be discussed next.

C.1. Preparation by hydrolysis of thiocyanogen under
alkaline conditions

A standard method of preparing OSCN� is the hydrolysis of
(SCN)2 at pH 13, which is accomplished by first synthesizing
and quantifying (SCN)2 in an organic solvent and subsequently
hydrolyzing/extracting with aqueous base. The properties of
(SCN)2 will be described first, then the peculiar requirements
for the hydrolysis will be described.
By analogy to halogens, thiocyanogen (SCN)2 is moderately

stable. It can be prepared as colorless crystals by suspending
AgSCN in SO2 at �20�C and oxidizing the coordinated SCN�

with Br2 or I2 (48):

2Ag SCNð Þ þ Br2 ! 2AgBrþ SCNð Þ2 (2)

Crystalline (SCN)2 melts to give a yellow liquid before spontane-
ously polymerizing to give polythiocyanogen, (SCN)x, an amor-
phous brick-red solid. In addition to the chemical means of
oxidizing SCN�, electrolysis of concentrated aqueous solutions
of alkali metal and ammonium salts of SCN� in acid evolve
(SCN)2 (49). More practically, (SCN)2 can be synthesized in situ
by oxidizing a suspension of Pb(SCN)2 in CCl4 with Br2 (44).
Wet CCl4 works more effectively than dry, purified solvent
(unpublished results). Other solvents such as CHCl3, CS2,
Et2O, AcOH, and CH3NO2 can be used as well, but not as effec-
tively as CCl4 (unpublished results). After filtering the pre-
cipitated Pb(SCN)2, colorless solutions of (SCN)2 can be used
for subsequent preparation of OSCN� (vide infra). The
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concentration of (SCN)2 in CCl4 can be confirmed spectrophoto-
metrically (E296nm¼140M�1cm�1). Thiocyanogen exhibits a single
13C NMR (CDCl3) resonance at 107–108ppm (48,50) and a reso-
nance at 286.6ppm in the 14N NMR (CDCl3) spectrum (48). The
IR spectrum of (SCN)2 exhibits a strong n(C¼¼��N) band at 2161
cm�1, a n(C��S) band at 669cm�1, a n(S��S) band at 492cm�1,
and two n(S��C¼¼��N) bands at 404 and 372 (48,50–52). The
Raman spectrum shows bands at 2158, 668, 494, and 397cm�1

(48). The X-ray crystal structure has been determined (48).
Dropwise addition of CCl4 solutions of (SCN)2 into 0.1M NaOH

produces quantitative yields of OSCN�, provided the concentra-
tion of OSCN� does not exceed about 1mM (16,53), as determined
spectrophotometrically (Fig. 1) (31). Higher concentrations of
OSCN�, up to about 5mM, can be achieved with reduced chemical
yield. Importantly, no OSCN� is produced when (SCN)2 is
hydrolyzed near neutral pH, as evidenced by the absence of the
characteristic spectrum inFig. 1 (unpublished results). This is true
for (SCN)2 that is generated in CCl4 and extracted into neutral
water, as well as for (SCN)2 produced by oxidation of SCN� at
low pH (e.g., by using Cl2) followed by pH neutralization (unpub-
lished results). The concentration of OSCN� can be determined
spectrophotometrically using its characteristic absorption at
lmax¼376nm. Unfortunately, the low molar absorptivity
(E376¼26.5M�1cm�1) makes this method generally practical only
for millimolar concentrations of OSCN� using a cuvette with a
10-cm pathlength (31). However, effective pathlengths of 1m can
be achieved with fiber optic cells which permit the spectrophoto-
metric quantification of low micromolar concentrations of OSCN�

(31). Amore routine, albeit less selective, quantification of OSCN�

can be achieved with 5-thio-2-nitrobenzoic acid (TNB, lmax¼412
nm, E412nm¼14,150M�1cm�1), which is oxidized to colorless 5,50-
dithiobis-(2-nitrobenzoic acid) (DTNB, Ellman's reagent) in a
TNB:OSCN� ratio of 2:1 (16). Although the oxidation of TNB is
not specific to OSCN�, confirmation that OSCN� is the oxidant
can be achieved using a kinetic methodology (54).

C.2. Enzyme-catalyzed oxidation of SCN� by H2O2

The uncatalyzed oxidation of SCN� by H2O2 is an exceedingly
slow reaction at neutral pH (55), and the intermediate OSCN�

decomposes before substantial amounts can accumulate (56).
The reaction can be proton catalyzed, but even at very low pH,
the reaction is too slow to be a practical method of synthesizing
OSCN� (57,58). Many enzymes catalyze the oxidation of SCN�

by H2O2, including the human defensive peroxidases LPO (3),
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EPO (59), and MPO (60). Human SPO, which is closely related to
LPO, but not identical, uses SCN� exclusively in vivo (61). For all
of the human defensive peroxidases, SCN� is usually the major
endogenous substrate (although under some circumstances
MPO and EPO also use Cl� and Br�, respectively). The resulting
hypo(pseudo)halites are employed in host defense as
antimicrobials. Thyroid peroxidase is a human enzyme that
liberates iodine for addition to tyrosine residues on thyroglobulin
for the production of thyroxine (T4) or triiodothyronine (T3),
which are thyroid hormones, but it also oxidizes SCN�, which
explains the deleterious effect of excess SCN� on thyroid func-
tion when it competes for I� (62). Vanadium bromoperoxidase
from marine algae (25) and Euphorbia peroxidase from the latex
of a perennial Mediterranean shrub (63) are also known to cata-
lyze the reaction of SCN� and H2O2, but SCN

� is not considered
to be a natural substrate for these enzymes. Note that plant
horseradish peroxidase is capable of catalyzing the oxidation of
SCN� by H2O2, but the product appears to be the SCN. radical,
and the resulting chemistry is different than that expected for
OSCN� (64,65). One would expect the radicals to couple to give
(SCN)2, and as noted before, (SCN)2 does not hydrolyze near neu-
tral pH to give OSCN�.
Commercially available and inexpensive bovine LPO is the

most convenient enzyme for the laboratory production of OSCN�;
however, there are limitations in using enzymes to produce
OSCN�. The optimal pH for the LPO system (LPOS, which com-
prises LPO, SCN�, and H2O2) is between 5 and 7.5, depending on
the concentrations of both SCN� and H2O2 (66). In general, the
efficiency of the LPOS drops off markedly above pH 7. Since
HOSCN is relatively unstable (pKa¼5.3), for synthetic purposes,
the useful pH range is 6–8 when using the LPOS to produce
OSCN�, but after enzyme production of OSCN�, the pH can be
adjusted. At SCN� to H2O2 ratios of 2 or more and H2O2 con-
centrations of about 500mM or less, quantitative reaction of
SCN� and H2O2 are observed to produce OSCN�. Under acidic
conditions, but not at neutral pH, SCN� inhibits the LPOS at
low micromolar concentrations (67). However, concentrations of
OSCN� as high as 3–4mM can be achieved while employing 10
mM SCN� and 5mM H2O2 near neutral pH (unpublished
results). Importantly, to avoid oxidative inactivation of the
enzyme, H2O2 must be added to solutions of LPO only in the
presence of SCN�. In addition to inactivation of the LPOS by
high concentrations of SCN� and H2O2, there is some evidence
that OSCN� itself may inactivate LPO (unpublished results).
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C.3. Electrophilic halogenating agents

Given their relative oxidizing potentials (vide supra), it is not
unexpected that Cl2 (58), Br2 (unpublished results), HOCl (42), and
HOBr (43) are capable of oxidizing SCN� to produce (SCN)2 under
acidic conditions (58) and to produce OSCN� under basic conditions
(31). Chlorine dioxide (ClO2) also oxidizes SCN

� in acid, probably to
produce (SCN)2, but it is not as effective as the halogens and hypo-
halous acids (68). However, inorganic chloramine (NH2Cl) and
organic chloramines (e.g., taurine chloramine and dichloramine)
produce OSCN� under neutral and basic conditions (54).
Because of the rapid reactions of SCN� with electrophilic

halogenating agents and the propensity of OSCN� to react with
similar rates with the oxidants (vide infra), overoxidation of SCN�

is a significant problemwith thismethod unless an excess of SCN�

is employed and measures are taken to slow the reaction down,
such as by employing alkaline conditions for the hypohalites (the
hypohalous acids are the reactive species) or less reactive organic
chloramines. For example, a 400-fold molar excess of SCN� over
OCl� is required for stoichiometric production of OSCN� at pH
13 using a hand mixer comprised of two Hamilton syringes and a
T-mixer (31). However, millimolar concentrations of OSCN� can
be produced using a 10-fold excess of SCN� at pH 13 employing a
vortex mixer while adding OCl� dropwise (69). The overoxidation
products have not been found to interfere with the mechanisms of
most chemical reactions (unpublished results).
N-Thiocyanatosuccinimide (NTS) is an electrophilic

thiocyanating agent (70–72) that is isolated as a pale yellow solid
after reaction of N-bromosuccinimide with NaSCN in CH2Cl2
under Finkelstein conditions (73):

+ KSCNN Br

O

O

+N SCN

O

O

KBr ð3Þ

The synthesis of NTS may be compared with the aforementioned
reaction of HOBr with SCN�, which presumably proceeds
through an unobserved BrSCN intermediate that is subse-
quently hydrolyzed. The reaction of NBS with SCN� appears to
be a nucleophillic substitution of Br� in CH2Cl2, whereas the
reaction of HOBr with SCN� proceeds via electrophilic transfer
of Brþ to SCN� (which is once more serving the role of nucleo-
phile). NTS exhibits reaction properties under acidic conditions
that are consistent with the production of (SCN)2 (42). However,
the intermediate involvement of (SCN)2 and/or HOSCN for
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reactions of NTS has not been demonstrated. While other N-SCN
derivatives may be potential sources of OSCN� or a reaction sur-
rogate, they are generally less stable and more difficult to work
with than NTS (unpublished results).

III. Reaction Mechanisms

A. GENERAL REACTION PROPERTIES

Hypothiocyanite reacts as an electrophilic thiocyanating agent.
Thus, HOSCN is more reactive than OSCN�. While no reactions of
OSCN� have been documented (except for its reaction with
(SCN)2, vide infra), it is noteworthy that hypohalous acids are typi-
cally four to eight orders of magnitude more reactive than hypo-
halites. For example, the rates of reaction of HOCl and OCl� with
cysteine differ by about four (74), and with SCN� differ by seven
(42), orders of magnitude. Accordingly, it is not expected that
OSCN� plays a significant role in any reactions below pH 10 for
which it is serving as an electrophile. As an electrophile, HOSCN
reacts most effectively with good nucleophiles that have relatively
low oxidation potentials. Since the Sdþ reaction center of HOSCN
is categorized as a soft acid by Pearson's Hard–Soft Acid–Base
(HSAB)Theory (75,76), it follows that themost effectivenucleophile
partners are soft bases. The only reaction partners for HOSCN in a
neutral pH aqueous environment that have been definitively
demonstrated (e.g., by mechanistic studies) are thiolates (RS�,
R¼alkyl and aryl) (77,78) and cyanide (CN�) (79) anions, both of
which are considered to be soft bases (75,76). However, we have
observed the reaction of HOSCN with I� and other soft bases that
are likely reaction partners forHOSCN (unpublished results). Also,
the reaction of HOSCN with SCN� apparently plays a role in the
decomposition mechanism of OSCN� near neutral pH (vis-à-vis
HO(SCN)2

�, vide infra). Under acidic conditions, HOSCN reacts
with RS� to produce sulfenyl thiocyanates (RSSCN) (80) and with
the soft SCN� anion to produce (SCN)2 (81). Although the question
of whether HOSCN or (SCN)2 (via comproportionation) is the reac-
tion partner with RSH to produce RSSCN in acid has not been
investigated, there is evidence that the hydrolysis of RSSCN pro-
duces the corresponding sulfenic acid RSOH and SCN� (not RSH
and HOSCN) (82). Under alkaline conditions, the hard base OH�

reacts with HOSCN, but nucleophilic attack is on the C¼¼��N bond,
not the S center (83,84). It has been recently reported that oxidation
of tryptophan residues is observed on reaction of HOSCN with
proteins, but not free tryptophan, or tryptophan-containing
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peptides (85). The reaction of HOSCN with tryptophan, which
appears to be inconsistent with the general reaction properties of
HOSCN, will be discussed later.
The investigations of the inorganic and organic chemistry of

SCN derivatives (including OSCN�) in aqueous medium are
beginning to reveal general reactivity trends. Two of the patterns
can be summarized by the following generic reaction pathways
that are based upon the HSAB principle. Hard nucleophiles
(e.g., X�¼OH�) tend to react at the C-center of the SCN group:

C SR

N

H+

X- XCN + RS- and/or X C

N

SR

H

ð4Þ

Metathesis products (XCNþRSH) tend to be favored in anhy-
drous organic solvents, whereas addition products tend to be
favored in aqueous medium. Examples of such reactions include
the hydrolysis of HOSCN to give thiocarbamate-S-oxide (84):

C SOH

N

H+

HO- HO C

N

SOH

H

O C

N

SOH

HH

ð5Þ

The corresponding hydrolysis of dicyanosulfide (NCSCN) is also
an example of such a reaction (79):

C SCN

N

H+

HO- HO C

N

SCN

H

O C

N

SCN

HH

ð6Þ

In contrast, soft nucleophiles (e.g., RS�) tend to react at the sul-
fur center. For example, glutathione (GSH) reacts with HOSCN
to produce sulfenyl thiocyanate intermediates (80):

S CN

OH

GS– –OH–

GSSCN
+GSH

GSSG + H+ + SCN–

ð7Þ
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An analogous reaction occurs for NCSCN (79):

S CN

CN

GS– –CN–
GSSCN

+GSH
GSSG + H+ + SCN–

ð8Þ

These and other reactions of OSCN� that have been investigated
mechanistically are summarized in Fig. 2. Some details of these
investigations will be discussed next.

B. INORGANIC REACTIONS

B.1. Hydrolysis of (SCN)2 to produce HOSCN under acidic conditions

The inorganic reactions of OSCN� in general follow the
principles that have already been outlined; it acts like a
pseudo-hypohalite. By analogy to the hydrolysis of halogens to
produce hypohalites, early studies of the inorganic chemistry of
OSCN� have included the hydrolysis of (SCN)2, a reaction that
is usually initiated by the heterogeneous extraction of (SCN)2
from organic solvents into acidic or alkaline aqueous solutions,
a technique that is not conducive to studying fast reactions (note
that extraction into neutral solution does not produce OSCN�).

HOSCN

pka = 5.3
OSCN–

k = 2 × 109 M–1s–1

k=2 × 107 M–1s–1

+SCN– khyd =
19.9 s–1

5.1 × 103 M–2s–1

(SCN)2 (SCN)3
–

+SCN–

k = 0.43 M–1

+OH–k=2 × 10–4 s–1

(pH  13)

C

H2N SO–

O
+TNBk = 4 × 105 M–1s–1

(pH  7.4)

1 / 2 DTNB + SCN– + H2O

+CySH

k=2 ×104 M–1s–1C
H2N SSCy

O
–H2C(=O)S–

k=3 × 102 M–1s–1
CySSCy

SO3
2–+SO4

2–

CN–+OCN–

+CN–
NCSCN

+OH–

+RS–
RSSR

C
H2N SCN

O

OCN– + SCN– + 2 H+

C
H2N SCN

O

k=2 × 103 M–1s–1

+HCN

–OH–

SCN–

+
HOBr

SCN–

+
HOCI

SCN–

+
TauCl

–Tau

–HBr

–HCl
HO(SCN)2

–
– / +OH–

+ / –SCN–

O(SCN)2

+(SCN)2/ –HSCN

+OSCN–/ –SCN–

FIG. 2. Examples of reactions of hypothiocyanite that have been
investigated mechanistically.
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Stanbury investigated the aqueous chemistry of (SCN)2, which
was generated under very acidic conditions by oxidation of SCN�

(58,68,86,87). Stanbury's first studies of the oxidation of SCN� by
ClO2 and H2O2 were hampered by the sluggish kinetics of the
oxidation reactions and a subsequent decomposition of (SCN)2
that competed with its formation (58,68). This problem was over-
come by employing Cl2/HOCl as an oxidant mixture, which
apparently produces (SCN)2 within the mixing time of a
stopped-flow experiment (86). Stanbury's investigations have
provided evidence that (SCN)2, in the presence of excess SCN�,
is in rapid equilibrium with trithiocyanate (SCN)3

� (cf. the
corresponding equilibrium between I2 and I3

�) (87):

SCNð Þ2 þ SCN� Ð ðSCNÞ3�; K9 ¼ 0:43M�1 (9)

The decomposition of (SCN)2 under acidic conditions has also
been investigated by Stanbury (86). These studies yielded an
equilibrium constant (K10) for the hydrolysis of (SCN)2 to give
HOSCN and SCN�, as well as a rate constant for the dispropor-
tionation of HOSCN (k11):

SCNð Þ2 þH2O Ð HOSCNþ SCN� þHþ;

K10 ¼ k10
k�10

¼ kSCNhyd

kSCNcomp
¼ 5:7� 10�4M2 (10)

2HOSCN ! O2SCN
� þ SCN� þ 2Hþ�;

k11 ¼ 6:9� 104M�1 s�1
(11)

In deriving a rate law for the hydrolysis of (SCN)2 that accounted
for their observed second-order kinetics, Stanbury et al. assumed
HOSCN, (SCN)2, and (SCN)3

� are in rapid equilibrium (86).
Through [SCN�]-jump stopped-flow experiments, Ashby et al.
have subsequently shown that the equilibrium between (SCN)2
and (SCN)3

� occurs within the mixing time (unpublished
results). However, first-order kinetics that were subsequently
observed by Ashby at low [Hþ] and [SCN�] suggest that hydroly-
sis can become rate limiting under certain circumstances (81). In
addition to the mechanism that was previously proposed by
Stanbury et al. (mechanism I of Scheme 1, excluding the rapid
equilibrium between (SCN)2 and (SCN)3

� that will be taken into
consideration later) (86), a second mechanism was proposed by
Ashby et al. (mechanism II of Scheme 1) (81). The two
mechanisms differ in the third step, namely disproportionation
of HO2SCN in the former mechanism and oxidation of HO2SCN
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by HOSCN in the latter mechanism. A common rate law has
been derived for the two mechanisms that differs only in a
proportionality constant (k110¼P.k11, where P¼3/2 and 3 for
mechanisms I and II, respectively) (81):

�d ðSCNÞ2
� �
dt

¼

k110
2k10 ðSCNÞ2

� �
k�10½Hþ�½SCN��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4k10k11 0

k�10
2½Hþ�2½SCN��2 ðSCNÞ2

� �q
þ 1

� �
2
664

3
775
2

(12)

a ¼ 4E10k110

k�10
2½Hþ�2½SCN��2 (13)

Equation (12) is useful for describing limiting extremes. If 1�a
[(SCN)2] (which is expected to occur for high pH and low [SCN�]),
the k10 step becomes rate limiting, and first-order kinetics are
expected. In contrast, if 1�a[(SCN)2] (which can be expected for
low pH and high [SCN�]), the k11 step becomes rate limiting, and
second-order kinetics can be expected. Much of the data that were
analyzed by Stanbury et al. exhibit clean second-order kinetics
(86). In contrast, Ashby et al. focused on the regime of [Hþ] and
[SCN�], where the observed kinetics are essentially first order
(81). In contrast to the previously reported second-order kinetic
data that were based upon changes in absorbance which had to

Mechanism I:

3{(SCN)2+  H2O  =  HOSCN  +  SCN– + H+}

2{2 HOSCN  →  HO2SCN  +  SCN– +  H+}

2 HO2SCN  →  O3SCN– +  HOSCN  +  H+

O3SCN– +  H2O  →  SO4
2– +  HCN +  H+ 

3 (SCN)2+  4 H2O  →  SO4
2– +  5 SCN– +  HCN  +  7 H+

Mechanism II:

3{(SCN)2 +  H2O  =  HOSCN  +  SCN–
 + H+}

2 HOSCN  →  HO2SCN  +  SCN– +  H+

HO2SCN  +  HOSCN  →  O3SCN– +  SCN– +  2 H+

O3SCN– +  H2O  →  SO4
2– +  HCN  +  H+

3(SCN)2 +  4 H2O  →  SO4
2– +  5 SCN– +  HCN  +  7 H+

SCHEME 1. Overall stoichiometries of the hydrolysis and dispropor-
tionation of (SCN)2 for two proposed mechanisms.

279HYPOTHIOCYANITE



be converted to molar pseudo-second-order rate constants by
applying a conversion factor (86), k10 (the first-order rate constant
for hydrolysis of (SCN)2) could be obtained directly from the spec-
tral kinetic traces that were measured (81). The observed first-
order rate constants (kobs) approach a pH-independent value of
ca. 20s�1, which corresponds to the hydrolysis of (SCN)2 by H2O
(Eq. 10). This reaction can be considered to be a nucleophilic attack
of H2O on (SCN)2. A seven-order-of-magnitude difference exists
between the second-order rate constants for nucleophilic attack of
H2O versus OH� on I2 (88), so it is conceivable that the gradual
increase of kobs with increasing pH that was observed is due to an
increasing contribution of OH�, even under the very acidic
conditions of the aforementioned measurements.
Stanbury et al. have taken two approaches to evaluating K10.

In the first approach, the initial absorptions were fit to an equa-
tion that was derived using the assumption that the resulting
absorption is the composite of the equilibria of Eqs. (9) and (10)
(87). Subsequently, beginning with an equilibrium mixture of
(SCN)2 and (SCN)3

�, Stanbury et al. have investigated the reac-
tion sequence of Eqs. (9)–(11) (86). Their pseudo-second-order
kinetic traces were fit to the rate law (where P was assigned a
value of 3/2 by Stanbury et al.):

kobs0 ¼ P
K10

2k11
½Hþ�2½SCN��2

 !
1þK9½SCN�� þ K10

½SCN��½Hþ�
� ��2

(14)

The complexity of Eq. (14) stems from the fact that for constant
[SCN�] and [Hþ], the observed rate data are pseudo-second-order
(kobs0). Since homogeneous second-order kinetics depend upon the
initial concentration of the reactant, kobs0 must be written in terms
of the partitioning between (SCN)2 and (SCN)3

� (i.e., by taking into
account K9). In fitting their data to Eq. (14), K9 was held constant
(0.43M�1), and thus two parameters were obtained: K10

2k11 and
K10. The value for K10 that was obtained using initial absorptions
(K10¼5.4(�1.9)�10�4M2) and the value that was obtained using
Eq. (14) (K10¼5.7(�0.8)�10�4M2) were self-consistent. By compari-
son, Ashby obtained a value of K10¼[HOSCN][SCN�][Hþ]/
[(SCN)2]¼k10/k�10¼khyd

SCN/kcomp
SCN¼19.8(�0.7)s�1/5.14(�0.07)�

10�3M�2s�1¼3.8�10�3M2, which differs from the values that were
determined by Stanbury et al. by roughly an order of magnitude
(81). However, given the potential sources of error (including a large
estimatederror forK9¼0.4(�0.3)M�1and the likelihood thatat least
part of the data thatwere analyzed by Stanbury et al. were probably
in the regime where Eq. (12) for 1�a[(SCN)2] was more appropri-
ate), the values ofK10 are comparable.
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The rate constants for hydrolysis of the halogens (khyd
X) are

compared with the rate constant for hydrolysis of (SCN)2 (i.e.,
k10) in Table III. It is remarkable how similar khyd

X is for X¼Cl,
Br, and SCN (i.e., ca. 10–100s�1). In sharp contrast, khyd

X for I2
is five orders of magnitude larger than the other (pseudo)halo-
gens. Table III also summarizes the rate constants for com-
proportionation of HOX and X� (kcomp

X), as well as the
equilibrium constants that are derived from the ratio of the two
rate constants, Khyd

X¼khyd
X/kcomp

X. Despite the fact that the redox
potential of SCN� lies somewhere between that of Br� and I� (40),
the equilibrium constant for (SCN)2 is more similar to Cl2 than to
either Br2 or I2. Given that khyd is very similar for X¼Cl, Br, and
SCN, the similarity of K for X¼Cl and SCN is due to their closely
matched values of kcomp

X, which at ca. 104M�2s�1 are substan-
tially smaller than the corresponding values that have been deter-
mined for Br and I. Before continuing this discussion, it is
important to note that the aqueous chemistry of I2 and HOI is
substantially more complicated than the corresponding chemistry
for X¼Cl and Br (cf. Section III.B.3). At high pH (above ca. pH 7),
the major pathway of I2 hydrolysis proceeds through nucleophilic
attack that produces the intermediate I2OH�. However, in the
pH regime of this study (below pH 2), the major hydrolysis path-
way for I2 is via addition of H2O and the intermediate H2OIþ.
Thus, the equilibrium and rate constants for X¼I in Table III
are given by (Khyd

I¼K15K16) (88,91,92):

TABLE III

RATE CONSTANTS FOR THE HYDROLYSIS OF X2 (X2þH2O), RATE CONSTANTS FOR
COMPROPORTIONATION OF HOX AND X� (HOXþX�þHþ) AND THE CORRESPONDING

EQUILIBRIUM CONSTANTS

X khyd
X (s�1) kcomp

X (M�2s�1) KX
hyd ¼ kXhyd

kXcomp
(M2) References

Cl 15 1.8�104 8.3�10�4 (89)a

Br 98 1.6�1010 6.1�10�9 (90)b

I 1.1�108 2.0�1020 5.4�10�13 (88)c

SCN 20 5.1�103 3.9�10�3 (81)d

aThese data were determined at 20�C and m¼0.5M. For comparison, Khyd
Cl¼8.3�10�4

M2 at 25�C and m¼0.1M.
bThese data were determined at 25�C and m¼0.5M. For comparison, Khyd

Br¼6.2�10�9

M2 at 25�C and m¼1.0M.
cConsult the discussion of Eqs. (15) and (16) herein and reference (88) for an
explanation of the origin of these rate constants.

dThese data were determined at 18�C, m¼1.0M.
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I2 þH2O Ð H2OIþ þ I�; K15 ¼ k15=k�15 ¼
0:12s�1=1� 1010M�1 s�1 ¼ 1:2� 10�11M

(15)

H2OIþ Ð HOIþHþ; K16 ¼ k16=k�16 ¼
9� 108 s�1=2� 1010M�1 s�1 ¼ 4:5� 10�2M

(16)

Accordingly, the hydrolysis of I2 is not an elementary reaction.
The hydrolysis of I2 aside, it is apparent that the rates of hydro-

lysis of X2 for X¼Cl, Br, and SCN under acidic conditions are com-
parable, and that the differences between the positions of the
equilibria lie in the relative rates of comproportionation. From a
thermodynamic perspective, since HX are fully ionized, HOX are
completely unionized, and the values of khyd

X are comparable, the
trend of kcomp

SCN<kcomp
Cl<<kcomp

Br must relate to the relative
stabilities of X2 versus HOX and X�. These relative stabilities are
the result of a combination of bond enthalpies (e.g., X��X vs.
O��X) and solvation effects. Solvation energies are expected to be
particularly important for the anions and for the species that can
form strong hydrogen bonds. From a kinetic perspective, the trend
that is observed for khyd

X must reflect the relative nucleophilicity
(93) of X� versus the electrophilicity of HOd�Xdþ. Regarding the
nucleophilicity, we note that SCN� is an ambidentate ligand, and
that it is known to produce products that are the result of both S
and N nucleophilic attack (94). This naturally raises the question
of whether the reactions involveHOSCNand/orHONCS. As noted
earlier, the structure of the initial product that is produced by the
reaction of HOBr and SCN�, the reaction that was employed to
produce “HOSCN” for the study, is indeed HOSCN and not
HONCS (31). Thus, the rate of nucleophilic attack on HOSCN
was measured. Regarding the attacking nucleophile, the simplest
mechanisms would be nucleophilic attack by the S of SCN�. Since
the Swain-Scott parameters suggest that Br� and SCN� are com-
parable nucleophiles and that both are better nucleophiles than
Cl� (n¼2.99, 4.02, and 4.93 for Cl�, Br�, and SCN�, respectively)
(95), the origin of the trend in khyd

X may be due to the relative
electrophilicities of HOX. It is noteworthy that HOBr generally
reacts several orders of magnitude faster with nucleophiles than
HOCl does (42,43,96,97). Thus,HOBr appears to be the better elec-
trophile. The second-order rate constants for the reaction of HOX
with SCN� are 2.3�107 (42), 2.3�109 (43), and 5.1�103 (81)M�1

s�1 for X¼Cl, Br, and SCN, respectively. Since these reactions
involve a common reactant, it was concluded that the relative
electrophilicities areHOBr>HOCl�HOSCN, at leastwith respect
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to the nucleophile SCN� (81). The relative reactivities ofHOCl and
HOBr towardnucleophiles are largely independent of thenature of
the nucleophile (96,97), and this may be the case for HOSCN as
well. For example, the rates of oxidation of CN� by HOCl, HOBr,
and HOSCN are 1.2�109 (98), 4.2�109 (99), and 7.5�107M�1s�1

(79), respectively. Importantly, as the reactions approach thediffu-
sion limit (109–1010M�1s�1), the aforementioned trend may
become obscured. It would appear likely that HOSCN is generally
a relatively poor electrophile. Accordingly, it is not surprising that
the only reaction partners that have been found for HOSCN are
strong, soft nucleophiles (SCN�, CN�, I�, and thiolates).

B.2. Oxidation of SCN� to produce HOSCN

Ashby et al. have investigated the kinetics of the reactions of
hypochlorite (OCl�) (42) and hypobromite (OBr�) (43) with SCN�

under alkaline conditions. The mechanisms involve fast
reactions between the corresponding hypohalous acids and
SCN�, and with near diffusion-controlled kinetics in the case of
HOBr:

HOX Ð OX� þHþ;
pKa HOClð Þ ¼ 7:4 and pKa HOBrð Þ ¼ 8:6

(17)

HOX þ SCN� ! OSCN� þ X� þHþ;

k X ¼ Clð Þ ¼ 2:3� 107M�1 s�1

and k X ¼ Brð Þ ¼ 2:3� 109M�1 s�1

(18)

In contrast to OCl�, OBr� also reacts with SCN� with a measur-
able rate, albeit with a rate constant (3.8�104M�1s�1) that is
five orders of magnitude smaller than that of its conjugate acid
(43). Through the comparison of time-resolved electronic spectra,
time-resolved 13C NMR spectra, and time-resolved 15N NMR
spectra, it was concluded that the enzyme system (LPO/H2O2/
SCN�), hydrolysis of (SCN)2 at high pH, and oxidation of SCN�

by HOX (X¼Cl, Br) all yield the same initial species (31). The
development of a facile in situ synthesis of OSCN� by oxidation
of SCN� with OX� (X¼Cl, Br) (42,43) created opportunities to
investigate some of the fast chemical reactions of OSCN� and
its derivatives, including the comproportionation of HOSCN with
SCN� (k�10¼kcomp

SCN, the reverse of Eq. 10) and a reinvestiga-
tion of the hydrolysis of (SCN)2 that yields a direct measurement
of the rate constant for Eq. (10) (k10¼khyd

SCN).
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B.3. Decomposition of OSCN� at neutral pH*

Until recently, there have been no methodical investigations of
the kinetics and mechanisms of the decomposition of OSCN�

near physiologically relevant neutral pH conditions. However,
anecdotal reports indicated that the decomposition of OSCN� is
faster at low pH and with high concentrations of SCN�. Consid-
ering the observation that (SCN)2 does not yield OSCN� when
it is hydrolyzed at neutral pH (16,86,100,101), one might con-
clude that the comproportionation of HOSCN and SCN� to give
(SCN)2 is involved in the decomposition mechanism of OSCN�

near neutral pH. However, isotopic exchange of the C atoms of
OSCN� and SCN� is not observed near neutral pH, as might
be expected for a reversible comproportionation (102):

HOSCNþ S14CN� þHþ ! NCS � S14CNþH2O (19)

NCS� S14CNþH2O ! HOS14CNþ SCN� þHþ (20)

It is furthermore noteworthy that (SCN)2 accelerates the decom-
position of OSCN� (i.e., OSCN� and (SCN)2 react at neutral pH
before the latter species decomposes, unpublished results). When
HOSCN is reacted with 35SCN�, the SO4

2� that is obtained does
not contain the label. While the 14C and 35S tracer studies do
not preclude the involvement of NCSCN, O2SCN

�, O3SCN
�, and

other possible intermediates, they suggest that the reversible
equilibrium between OSCN� and (SCN)2 in the presence of SCN�

(Eqs. 19 and 20) is not involved in the decomposition mechanism.
The eventual decomposition products of OSCN� are CN�, OCN�,
SO3

2�, and SO4
2�, depending on the specific reaction conditions.

These products may be accounted for by the following atom/elec-
tron balance (which does not necessarily reflect the intimate
mechanism or the intermediates that are involved):

2HOSCN ! HO2SCNþHSCN (21)

HO2SCNþHOSCN ! HO3SCNþHSCN (22)

HO3SCNþH2O ! H2SO3 þHOCN and=orH2SO4 þHCN (23)

Eqs. (21)–(23) yield the net reaction Eq. (24):

*The uncited results that are described in B.3 have been recently published:
Kalmar, J.; Woldegiorgis, K. L.; Biri, B.; Ashby, M. T. J. Am. Chem. Soc.,
2011, 133, 19911–19921.
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3HOSCNþH2O !
H2SO3 þHOCN and=orH2SO4 þHCNð Þ þ 2HSCN

(24)

It has been previously suggested that the mechanism involves dis-
mutation of HOSCN (Eq. 21) because second-order kinetics have
been observed under pH conditions where OSCN�þHOSCN pre-
dominate (16,103). However, others have reported first-order kinet-
ics for the decomposition of OSCN� (102). The mechanism of
Eqs. (21)–(23) has been proposed to produce H2SO4þHCN (103),
but CN� is not produced quantitatively, presumably because it
reacts with HOSCN to produce NCSCN, which subsequently
hydrolyzes to produce a 1:1mixture of SCN� andOCN� (79). Impor-
tantly, although there is no experimental evidence for the inter-
mediates of Eqs. (21)–(23) that have been proposed to be involved
in the decomposition of OSCN�, cyanosulfite, O2SCN

� (104,105),
and cyanosulfate,O3SCN

� (106), havebeenobserved innonaqueous
media (but not in water). However, many other potential inter-
mediates are possible, including the unknown anhydride (cf.
thiosulfinate esters, the anhydrides of sulfenic acids):

2HOSCN ¼ NCSS ¼Oð ÞCNþH2O (25)

In the presence of excess SCN�, the decomposition of HOSCN and
(SCN)2 around pH 4.0 in acetate buffer and the decomposition of
OSCN� around pH 7.0 in phosphate buffer have been recently
investigated in detail, and it was shown that the observed
mechanisms are relevant to the stability of OSCN� at physiologi-
cal pH (unpublished results). As SCN� is considered to be a
pseudohalide in several aspects of reactivity (32–34), some of the
interpretation was based upon analogous hydrolysis chemistry of
the halogens (88,107,108). The proposedmechanism of decomposi-
tion of HOSCN/OSCN� is illustrated in Eqs. (26)–(35):

HOSCN ¼ OSCN� þHþ; K26 fast equilibrium (26)

HOSCNþ SCN� ¼ HO SCNð Þ2�;
k27 andk�27 K27 ¼ k27=k�27ð Þ (27)

HO SCNð Þ2� ¼ SCNð Þ2 þH2O;

k28 andk�28 K28 ¼ k28=k�28ð Þ (28)

HO SCNð Þ2� þHþ ¼ SCNð Þ2 þH2O;

k29 andk�29 K29 ¼ k29=k�29ð Þ (29)

SCNð Þ2 þ SCN� ¼ SCNð Þ3�; K30 fast equilibrium (30)
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OSCN� þ SCNð Þ2 ! O SCNð Þ2 þ SCN�; k31;RDS (31)

O SCNð Þ2 þH2O ! O2SCN
� þ SCN� þ 2Hþ (32)

O2SCN
� þHOSCN ! O3SCN

� þ SCN� þHþ (33)

O3SCN
� þH2O ! SO4

2� þHCNþHþ (34)

O3SCN
� þH2O ! SO3

2� þOCN� þ 2Hþ (35)

Giving the net equation:

3HOSCNþH2O ! XSO4
2� þ XHCNþ 1� Xð ÞSO3

2�

þ 1� Xð ÞOCN� þ 2SCN� þ 5� Xð ÞHþ (36)

As no second-order behavior was observed during the decomposi-
tion of OSCN�, the reaction of two HOSCN and/or OSCN�

molecules cannot be a major pathway under the conditions that
were employed (81,86). The reactive species was found to be
HOSCN, both at lower (	4) and at higher (	7) pH. SCN� is reg-
arded as a pseudohalide and (SCN)2 as a pseudo-halogen based
on their chemical reactivity (43,58,68,81,86,87). The role of
I2OH� in the hydrolysis chemistry of I2 has been previously
described in detail (88,107,108). Accordingly, equilibria (27)–(29)
were proposed to account for the observed kinetics during the
decomposition of HOSCN. The dissociation of HO(SCN)2

� to
(SCN)2 (Eq. 28) is assumed, which can be proton catalyzed at lower
pH (Eq. 29). The general rate law is given by:

v ¼ k31 SCNð Þ2
� �

OSCN�½ � (37)

Using the steady-state approximation for [HO(SCN)2
�] and

[(SCN)2],

v ¼ að1� aÞk27k30ðk28 þ k29½Hþ�Þ½Hþ�½SCN��½HOSCN�2T
k�27ðk�28½OH�� þ k�29Þ þ ð1� aÞk31ðk�27 þ k28 þ k29½Hþ�Þ½HOSCN�T

a ¼ ½Hþ�
K26 þ ½Hþ� ð38Þ

½HOSCN�T ¼ ½HOSCN� þ ½OSCN��
Considering that

k�27 K26 þ Hþ� �� �ðk�28½OH�� þ k�29Þ � K26k31ðk�27

þk28 þ k29½Hþ�Þ½HOSCN�T
(39)
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which is valid under the applied conditions, leads to the rate law:

v ¼ k27ðk28 þ k29½Hþ�Þ½Hþ�½SCN��½HOSCN�T
ðk�27 þ k28 þ k29½Hþ�ÞðK26 þ ½Hþ� (40)

And, at pH 7 assuming that k29[H
þ]�k28 and [Hþ]�K26:

v ¼ k27k28½Hþ�½SCN��½HOSCN�T
K26ðk�27 þ k28Þ (41)

The experimentally determined and the deduced limiting rate
laws agree at both pH 4 and 7. However, the proposed mechanism
does not account for all the observed kinetic phenomena, which
clearly indicate the presence of an alternative mechanism at
pH
7 and [SCN�]0�[HOSCN]T,0. The disproportionation of
HOSCN/OSCN� in a bimolecular reaction can be a feasible expla-
nation (81,86). However, at pH>11, OSCN� is known to hydrolyze
to thiocarbamate-S-oxide (84).
A global data fit to the proposed model was carried out, which

gave good fit, and the resulting calculated rate and equilibrium
constants are given in Table IV.
To complement the study of the mechanism of decomposition of

OSCN� around pH 4 and 7, the mechanism of the decomposition
of (SCN)2 around pH 4 with large SCN� excess was also studied
(unpublished results). The initial spectrum of the generated
(SCN)2 solution around pH 4 was found to be pH dependent as
a result of the equilibria of Eqs. (28) and (29), which are

TABLE IV

CONSTANTS RESULTING FROM GLOBAL FIT OF THE KINETIC DATA FOR THE
DECOMPOSITION OF (SCN)2 AND HOSCN/OSCN�

IN THE PH REGION FROM 4 TO 7

K26 (1.17�0.4)�10�5Ma

k27 50.0�0.9M�1s�1

k�27 (2.07�0.09)�103s�1

K27 2.4�10�2 M�1b

k28 137�23s�1

k�28
c 3.6�1011M�1s�1b

K28 (2.65�0.3)�109M�1

k29 61M�1s�1b

k�29 (1.29�0.07)�108M�1s�1

K29 4.8�10�7b

K30 0.54�0.1M�1a

k31 (4.01�0.3)�106M�1s�1

aMay be compared with the values of K26¼1.41�10�5M and K30¼0.43M�1 that have
been previously reported (77,86,87).

bDeduced from other constants.
cThe value of k�28 (italic) is overestimated; the limiting rate of diffusion is ca. 1010

M�1s�1 in water.
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considered fast under the applied conditions and competitive
with the formation of (SCN)3

� in Eq. (30). It was suggested that
HOSCN/OSCN� is produced in the dissociation of OH(SCN)2

� in
reverse of Eq. (27) and that it subsequently reacts with (SCN)2 in
the rate-limiting step (Eq. 31). The protonation state of the
reacting species in Eq. (27) could not be determined based on
the kinetic experiments. In deriving the general rate law, equi-
librium K29 was omitted because K29¼K28Kw[H2O]�1 and OSCN�

is assumed to react with (SCN)2 (Eq. 31) (vide infra). Using the
steady-state approximation for [HOSCN]T and starting with
Eq. (37):

v ¼ ð1� aÞk�27k31K28½OH��½ðSCNÞ2�2T
ak27½SCN�� þ ð1� aÞk31½ðSCNÞ2�T

1þ K28½OH�� þK30½SCN��

 !
1þK28½OH�� þ K30½SCN��2
	 
 a

a ¼ ½Hþ�
K26 þ ½Hþ�

½ðSCNÞ2�T ¼ ½ðSCNÞ2� þ ½ðSCNÞ3�� þ ½HOðSCNÞ3��
(42)

For high [(SCN)2]T

K27ð1þK28½OH�� þ K30½SCN��½Hþ�½SCN�� � k31K26½ðSCNÞ2�T (43)

and the limiting rate law is

v ¼ k�27k28½Hþ�½OH��½ðSCNÞ2�T
1þK28½OH�� þ K30½SCN�� (44)

Thus, reaction corresponding to k�27 is rate limiting when
[(SCN)2]T is high. A global data analysis was performed, and
the parameter k31 was approximated. The proposed kinetic
model fits well to the experimental data set and the obtained
constants are listed in Table IV. In spite of the high quality of
the fit, the limiting rate laws (and therefore the obtained
parameters) can be regarded only as approximations, as seen,
for example, in the value of k�28 which exceeds 1010M�1s�1.
Although taking into consideration that numerous indepen-
dently recorded data sets were analyzed simultaneously without
considering the error of the independent parameters (i.e., initial
concentrations and pH), the results are satisfactory.
Importantly, the rate laws and the mechanisms for the decom-

position of HOSCN and (SCN)2 are consistent with the aforemen-
tioned anecdotal information concerning their properties near
neutral pH.
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B.4. Reaction of HOSCN with CN�

As discussed previously, the chief sources of CN� in humans
are metabolism of cyanogenic food, tobacco and occupationally
derived smoke, inflammation, and microbial cyanogenesis. As
OSCN� and CN� may be associated in a biological setting, it is
noteworthy that OSCN� and CN� react with pH-dependent
kinetics to produce SCN� and cyanate (OCN�) via dicyanosulfide
(NCSCN), with the maximum rate occurring near neutral, phys-
iological pH (79). In the presence of excess CN�, pseudo-first-
order kinetics were observed at pH 6.7 and 11.0, and a first-order
dependency on the [CN�]0 was found. The effect of pH on the rate
of reaction of OSCN� with CN� was investigated from pH 4.0 to
11.3. Below pH 9.0 and above pH 9.5, only one reaction was
observed. However, in the very narrow region of pH from 9.0 to
9.5, biphasic kinetics behavior was observed. A plot of pH versus
kobs for the pH regions where first-order kinetics were observed
produces a bell-shaped curve, which is expected when a conju-
gate acid reacts with a conjugate base. These data could in prin-
ciple be equally well described by the reactions of HOSCNþCN�

and OSCN�þHCN; however, given that HOSCN is a better elec-
trophile than its conjugate base OSCN�, and given that CN� is a
better nucleophile than cyanous acid (HCN), the mechanism of
Eqs. (46)–(51) was proposed. The bell-shaped pH dependency of
kobs is described by the following equation:

kobs ¼ k38KHCN
a ½Hþ�½OSCN�T

½Hþ�2 þ ½Hþ�KHCN
a þ ½Hþ�KHOSCN

a þ KHOSCN
a KHCN

a

(45)

Equation (45) is derived assuming that the proton equilibria
(corresponding to Ka

HOSCN and Ka
HCN) are fast, and that k48 is

irreversible (which appears to be a valid assumption at lower
pH, vide infra). From Eq. (45), the computed pKa for HOSCN of
4.8 for I¼1.0 is comparable to the value of 5.1 that was previ-
ously determined at I¼0.015 (24). The computed pKa for HCN
of 9.4 for I¼1.0 is comparable to the value of 9.0 that was previ-
ously determined under the same conditions (109). The compara-
ble values for the pKas for HOSCN and HCN that were obtained
for the fits of the kinetic data and the values that have been
measured independently evidence the proposed mechanism of
the reaction of HOSCN with CN� (the k48 step below):

HOSCN Ð Hþ þOSCN�; pKa
HOSCN ¼ 4:8 (46)

HCN Ð Hþ þ CN�; pKHCN
a ¼ 9:4 (47)
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HOSCNþ CN� ! NCSCNþOH�;

k48 ¼ 7:5� 107M�1 s�1
(48)

NCSCNþOH� !rds OCN� þ SCN� þHþ;

k49 < 100M�1 s�1ðpH < 7Þ
(49)

NCSCN + OH– k50 = 26 s–1(pH  9.3
                 and 20 mM CN–)

CS

NH,

O–

CN ð50Þ

SCN– + OCN– + H+, k51 = 0.5 s–1(pH  9.3
                 and 20 mM CN–)

CS

NH

O–

CN ð51Þ

The mechanism of the reaction of OSCN� with CN� becomes
more complicated above pH 9. On the supposition that the added
complexity was due to the reaction steps that follow the initial
reaction of HOSCN with CN�, NCSCN was independently
synthesized and the kinetics of its hydrolysis above pH 9 were
investigated (79). The kinetics of hydrolysis of NCSCN had been
previously studied, albeit only below pH 7 (110). Whereas single
exponential kinetics are observed for the hydrolysis of NCSCN
below pH 7, biphasic kinetics are observed at pH 9.3 (79). The
first reaction corresponds to the build-up of an intermediate that
subsequently decays at the same rate as the second exponential
that was observed during the reaction of HOSCN with CN� at
pH 9.3. The chemical nature of the intermediate that is formed
during the hydrolysis of NCSCN remains unresolved. Since the
eventual products of the reaction of HOSCNþCN� and the
hydrolysis of NCSCN (OCN� and SCN�) are stable at pH 9.3,
and since the intermediate is only observed during the alkaline
hydrolysis of NCSCN, it was suggested that the intermediate is
produced by nucleophilic attack of OH� on one of the unsatu-
rated C¼¼��N bonds (Eq. 6), by analogy to a similar reaction that
was observed for the hydrolysis of OSCN� at high pH to give
H2NC(¼¼O)SO� (Eq. 5), and it was proposed that the intermedi-
ate may be carbamoyl thiocyanate (H2NC(¼¼O)SCN) (79).

C. ORGANIC REACTIONS

The only organic reaction for which involvement of OSCN� has
been unambiguously demonstrated by detailed mechanistic
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studies is its reaction with thiols (77,78) to give disulfides vis-à-
vis sulfenyl thiocyanate intermediates (80,111). The mechanism
of such reactions will be discussed in detail. However, it has been
recently suggested that HOSCN may react with tryptophan
residues in proteins, but not with free tryptophan, or with trypto-
phan-containing peptides (85). The limited mechanistic informa-
tion that is available for the latter reaction will also be discussed.

C.1. Oxidation of thiolates by HOSCN

The kinetics and mechanism of the reaction of HOSCN/OSCN�

with 5-thio-2-nitrobenzoic acid (TNB) have been investigated as
a function of pH (77). The reaction is first order with respect to
[OSCN�] and first order with respect to [TNB]. The observed
bell-shaped profile in the 2.5<pH<8 region once more suggests
the reaction of a conjugate acid with a conjugate base. Assuming
that the acid/base equilibria are rapid, the mechanism of
Eqs. (52)–(55) was proposed (where TNB� is the carboxylate
anion, TNB2� includes deprotonation of the thiol, and DTNB is
the disulfide):

HOSCN ¼ Hþ þOSCN�; pKHOSCN
a ¼ 4:8 (52)

TNB� ¼ Hþ þ TNB2�; pKTNB
a2 ¼ 4:4 (53)

HOSCNþ TNB2� ! TNBSCN� þOH�;

k39 ¼ 1:3� 108M�1 s�1
(54)

TNBSCN� þ TNB2� ! DTNB2� þ SCN�; k40 ¼ fast (55)

The mechanism of Eqs. (52)–(55) yields the following rate law:

kobs ¼ k53KTNB
a2 ½Hþ�½OSCN�T½TNB�T

½Hþ�2 þ ½Hþ�KTNB
a2 þ ½Hþ�KHOSCN

a þ KHOSCN
a KTNB

a2

(56)

Fitting the observed rate constants to Eq. (56) while fixing
pKa2

TNB to its measured value of 4.4 yielded pKa
HOSCN¼4.8 (com-

parable to values measured independently) and k39¼1.3�108

M�1s�1. Including a possible reaction between HOSCN and
TNB� (the thiol) did not improve a fit of the data, suggesting that
only the thiolate is reactive toward HOSCN. The sulfenyl thiocy-
anate intermediate (TNBSCN) was not observed. Sulfenyl
thiocyanates are reactive molecules that are subject to hydrolysis
to give free SCN� and the corresponding sulfenic acid (RSOH)
(112,113) or its corresponding thiosulfenate ester (RS(¼¼O)SR)
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(74,82). Accordingly, a mathematically equivalent expression
would result for a mechanism, whereby Eq. (55) is replaced with
Eqs. (57) and (58) (where TNBOH is the sulfenic acid):

TNBSCN� þOH� ! TNBOH� þ SCN�; k42 ¼ fast (57)

TNBOH� þ TNB2� ! DTNB2� þOH�; k43 ¼ fast (58)

Although not observed in the 2.5<pH<8 region, sulfenyl
thiocyanates are observed under more acidic conditions (e.g.,
pH 0), where hydrolysis to the sulfenic acid is slowed
(80,82,111). Furthermore, RSSCN moieties have been detected
in proteins, where they are presumably protected in hydrophobic
environments (114) (vide infra).

C.2. Reaction of HOSCN with aromatic residues in proteins

There is no direct evidence that HOSCN reacts with aromatic
compounds. However, if the LPOS is activated by addition of
H2O2 in the presence of tyrosine, tryptophan, or histidine, chem-
ical modification of these free amino acids is observed (114). The
same modifications are observed when (SCN)2 in CCl4 is added
to aqueous solutions of these aromatic amino acids (114). In con-
trast, when the LPOS is activated or (SCN)2 in CCl4 is added to
aqueous solutions, and the aromatic compounds are subse-
quently introduced, little or no modification of the compounds
is observed (114). The fact that OSCN� is not produced when
(SCN)2 decomposes near neutral pH strongly suggest that
(SCN)2 (or a derivative thereof), and not HOSCN, is involved in
the reactions. Indeed, (SCN)2 has been used in organic solvents
to effect displacement of hydrogens of unsaturated hydrocarbons
by a thiocyano group (44).

IV. Biological Relevance

A. SOURCES OF HYPOTHIOCYANITE IN VIVO

Based upon the existing information, only the enzyme-
catalyzed oxidation of SCN� by H2O2 and oxidation of SCN� by
electrophilic halogenating agents are expected to be important
pathways for the production of OSCN� in vivo. Hydrolysis of
(SCN)2 (e.g., by the one-electron oxidation of SCN� and coupling
of the resulting radicals) is not expected to produce significant
amounts of OSCN� between pH 4 and 10, although production
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of (SCN)2 may be relevant during the oxidation of SCN� in
hydrophobic environments (cf. Sections III.C.2 and IV.B).

A.1. Enzyme production of OSCN�

The mechanism of oxidation by human defensive enzymes
appears to be similar: reaction of the ferriheme enzyme with H2O2
to formCompound I (which contains two oxidizing equivalentsmore
than the resting enzyme), followed by direct reaction of the halide
with Compound I in a two-electron O-atom-transfer process to pro-
duce the hypohalite. Under conditions whereby an excess of sub-
strate (Cl�, Br�, I�, and/or SCN�) exists with respect to the
oxidant (H2O2), hypohalite product distributions during the
enzyme-catalyzed oxidation of (pseudo)halides depends upon three
factors: (1) the redox potential of the enzyme, (2) the rate of reaction
of the active form of the enzyme (Complex I) with the substrate
(which is in part related to the redox potential of the enzyme)
(115), (3) and the relative concentrations of the substrates. Under
conditions of limiting oxidant (excess halide), the product dis-
tributions are given by

OCl�½ � : OBr�½ � : OI�½ � : OSCN�½ � ¼
kCl Cl

�½ � : kBr Br�½ � : kI I�½ � : kSCN SCN�½ � (59)

The relative redox potentials of Compound I are
LPO	SPO<EPO<MPO. Whereas LPO and SPO can only oxidize
SCN� and I� with appreciable rates, EPO can also oxidize Br�,
and MPO can oxidize all of the halide substrates. Table V
summarizes the expected products for MPO in two diverse

TABLE V

TWO-ELECTRON REDOX COUPLES FOR X� (EO
0, PH 7 VS. SHE), APPARENT

RATE CONSTANTS (KX) OF MPO COMPOUND I (�104M�1
S
�1) WITH X�,

REFERENCE RANGE VALUES OF X�
IN PHYSIOLOGIC FLUIDS (mM OR MM),

AND SPECIFICITIES (S)a FOR OXIDATION OF X�
BY MPO

X�
E�
(V)

kx
(�10�4) RRV inplasma Plasma S

RRV in
saliva Saliva S

Cl� 1.08 2.5 100–120mM 344 (80%) 20–30mM 3 (3%)
Br� 0.93 110 20–100mM 8 (2%) 40–200mM 0.6 (<1%)
I� 0.57 720 0.6–1.8mM 1 (0%) 10–50mM 1 (1%)
SCN� 0.77 960 20–120mM 78 (18%) 1–3mM 89 (95%)

Consensus substrates in bold.
aThe mean RRV was used to compute S¼kx[X

�]/kI[I
�]. The expected percentage is given

in parentheses.
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physiological environments. MPO has the highest redox poten-
tial of all known human defensive peroxidases, and it is the only
mammalian enzyme that has a sufficient oxidation potential to
oxidize Cl� at an appreciable rate. In addition to the nature of
the enzyme, it is clear that the anticipated product distribution
also depends upon the availability of the substrates. Over-
oxidation becomes an issue as the halides are consumed by oxi-
dation (i.e., when H2O2 is no longer the limiting chemical
reagent). This subject will be broached next.

A.2. Production of OSCN� by oxidation of SCN�

As discussed earlier, HOCl and HOBr are capable of oxidizing
SCN� in uncatalyzed reactions that can approach diffusion reac-
tion limits (42,43). Note that the diffusion limit in vivo can be
quite different than under conditions of turbulent mixing in a
stopped-flow instrument (vide infra). It has been suggested that
SCN� may compete with other cellular targets (e.g., GSH),
thereby limiting cellular damage that might be caused by the
more powerful oxidants (42,43). However, even for cases where
SCN� is not kinetically competent to react with HOCl before
chlorination of cellular components, it has been shown that
SCN� can subsequently react with some of the oxidized cellular
components. Small molecule, macromolecular, and cellular
chloramines react with SCN� to produce OSCN� (54), and we
have recently shown that such reactions can resuscitate other-
wise mortally oxidized mammalian cells (unpublished results).
Importantly, OSCN� reacts with HOX (X¼Cl and Br) at rates
that are comparable to SCN� (unpublished results), so over-
oxidation is possible unless SCN� is in large excess. While
HOSCN regenerates SCN� upon its reaction with reductants
(e.g., Eq. 7), overoxidation of SCN� can lead to its depletion.

B. THIOCYANATE-DERIVED SPECIES FOUND IN VIVO

It would certainly be a mistake to conclude on the basis
of known chemical mechanisms alone, what roles in vivo SCN�-
derived species are likely to play. Some case studies of
unexpected results will be discussed next.

B.1. Production of (SCN)2

Many unexpected reactions that are observed in vivo can be
rationalized by the fact that model reactions are largely
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investigated under homogeneous conditions, whereas most
reactions that occur in cells take place in heterogeneous
environments (cf. Section IV.C). For example, previous studies
have suggested that (SCN)2 should not exist in water at neutral
pH, and yet electrophilic aromatic substitution reactions are
apparently observed in proteins (85). In some cases, such
reactions could be explained by the fact that human defensive
peroxidases are cationic proteins that associate with negatively
charged surfaces, such as the outer membranes of bacteria
(116–118), eukaryotes (119,120), DNA (121), and some proteins
(122). Such associations could result in delivery of SCN�-derived
oxidants via relatively nonpolar pathways.

B.2. Thiocarbamate-S-oxide

The reaction of OSCN� with OH� at neutral pH is too slow to
account for the observation of thiocarbamate-S-oxide at neutral
pH (unpublished results). However, we have observed
thiocarbamate-S-oxide during the decomposition of (SCN)2 under
certain conditions neutral pH (unpublished results), which
suggests that unexplored alternative mechanisms may exist for
the production of SCN�-derived species.

B.3. Significance of chloramines and their reactions with SCN�

A large number of cellular targets are expected to be more
kinetically competent than amines in vivo, yet a significant per-
centage of extracellular HOCl produces chloramine moieties
(123,124), and we have shown that under certain time-dependent
circumstances, reduction of those chloramines back to amines
with SCN� is sufficient to resuscitate otherwise mortally dam-
aged cells (unpublished results).

B.4. The higher oxidation states of SCN�

We note that little research effort has thus far focused on
characterizing the higher oxidation products of OSCN� that
must certainly exist on the way to the SO4

� and OCN� that is
eventually observed. The fact that OCN� is observed when
OSCN� decomposes in vivo (27) and the hypothesis that OCN�

may play a pathogenic role (125) suggest that the higher
oxidation states that must be transiently produced during the
decomposition of OSCN� to give OCN� should be given more
attention.
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C. BIOLOGICALLY RELEVANT REACTIONS

There have been many efforts to predict the fate in vivo of per-
oxidase-derived oxidants (97,123,124,126–129). For example,
armed with rate constants for model reactions and estimates
for the concentrations of potential reactants, Pattison et al. have
concluded that proteins are the major target of HOCl in plasma
(124). Notwithstanding the challenges associated with modeling
the relatively homogeneous (albeit complicated) environment of
plasma, predicting the reaction pathways of the hypohalites,
including OSCN�, in tissues is a daunting task. For example,
the rate constants for many of the reactions of hypo(pseudo)
halous acids approach the diffusion limit, 109–1010M�1s�1 in rel-
atively nonviscous media. However, what constitutes “diffusion-
controlled” in vivo is certainly very different than the homoge-
neous turbulently mixed conditions found in a stopped-flow
instrument. Within a cell, such issues as excluded space, seques-
tration, electrostatics, viscosity, and diffusivity must be taken
into consideration. For example, diffusion coefficients decrease
approximately exponentially with the volume fraction that is
occupied by the solute, and the total mass density of protein
and nucleic acids within the cytoplasm is 	200mgml�1

(20–30% of the cytoplasmic volume (130)). In addition, diffusion
rates are inversely dependent upon viscosity, and the viscosity
of the cytoplasm is 8–10 times that of pure water. Finally, the
rates of diffusion also depend upon the sizes of the reacting
molecules (cf. small molecules and large proteins).
Interesting conclusions are reached if the perturbations on

reaction rates that are described in the previous paragraph are
treated more quantitatively. The rate constant for a reaction
can be ideally described by the Arrhenius equation. Since a reac-
tion occurs for every collision between molecules in a diffusion-
controlled reaction, the rate constant for such a reaction is given
by the pre-exponential term A (i.e., the activation barrier is zero),
which can be approximated by the following equation:

k ¼ Adiff ¼ 4p rx þ ry
� �

Dx þDy
� �

No=1000 (60)

where r is the radius (in cm), D is the diffusion coefficient (in cm2

s�1), and No is Avagadro's number. The diffusion coefficient of a
small molecule in water is 	10�5cm�2s�1, whereas the value
for a small protein in water is 	10�6cm�2s�1. Larger proteins
may have diffusion coefficients as high as 	10�8cm�2s�1 in
water. The effect of viscosity (�) on D is given by the
Stokes–Einstein relationship
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D ¼ kBT
6pZr

(61)

where kB is the Bolzmann's constant and T is the absolute tem-
perature. The effects of molecular crowding within a cell have
been approximated by the relationship �¼�o(1þ2.5’), where �o
is the viscosity of the fluid phase of the solvent (�o¼1 for water),
2.5 is the frictional coefficient for the solute considered as a
spherical particle, and ’ is an obstruction factor that represents
molecular crowding or the fractional volume of solution occupied
by cosolutes (131). Interestingly, the values of ’ vary markedly,
depending upon the solute (e.g., ’ for cytosolic imidazol-1-
ylacetic acid and lactic acid, two molecules of similar size, were
found to be 0.99 and 2.19) and the environment (e.g., ’ for water
in the cytosol and mitochondria were found to be 0.89 and 1.59)
(131). The variability of ’ of highlights the importance of sol-
ute-specific interactions in vivo. Even more interesting is the fact
that the macromolecules are more significantly influenced by the
crowding that is present in vivo. The difference between the dif-
fusion coefficients of the smallest molecules and the largest
proteins is only a factor of 10–100 in water, but the difference
is 103–105 in the cytosol, membranes, organelle, and intercellular
space of tissue. Thus, D for lactate (a representative small mole-
cule) in water is about 2�10�5cm�2s�1 (132) and its “diffusion-
controlled” limit (with respect to itself) is given by

k ¼ 4p 2� 2� 10�5 cm
� �� �

2� 10�9 cm�2 s�1� �� �
No=

1000 � 109M�1 s�1
(62)

In contrast, D for lactate in the cytoplasm of Escherichia coli is
about 10�9cm�2s�1 (131), and its “diffusion-controlled” limit
(with respect to itself) is computed to be 106M�1s�1. Thus, the
diffusion limit is three orders of magnitude smaller for this small
molecule within the cell as compared to water. The first impor-
tant conclusion of this analysis is that bimolecular reactions
between small molecules are slowed considerably in the crowded
conditions of a cell. Consequently, unimolecular reaction
mechanisms that might not be kinetically competent (or even
observed) in the laboratory could be feasible in the confines of a
cell. Consider now a protein within the cytoplasm. For example,
D for maltose-binding protein (72kDa) is 10�12 in the cytoplasm
and 10�14 in the periplasm of E. coli. (133). Within the peri-
plasm, the diffusion-limited rate constant between two maltose-
binding proteins is approximated by
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k ¼ 4p 2� 2:5� 10�7 cm
� �� �

2� 10�14 cm�2 s�1� �� �
No=1000 � 102M�1 s�1

(63)

A 10,000-fold difference is expected to exist within the confines of
a cell between the diffusion limits of two small molecules (Eq. 62)
and two large macromolecules (Eq. 63). The second important
conclusion of this analysis is that large molecules are essentially
spatially immobilized when exogenous highly reactive small
molecules enter the cell. For prokaryotes, reaction is therefore
expected to occur from the outside inward (like the layers of an
onion) with damage occurring sequentially to the outer mem-
brane, the periplasmic space, the cytoplasmic membrane, and
finally the cytoplasm. Even within the cytoplasm, reactions are
not expected to be uniform. For example, proteins that are
closely associated with the cytoplasmic membrane might be more
susceptible to reaction than those proteins that are associated
with the genome. For eukaryotes, damage could be expected to
cytosolic proteins before damage occurs to the organelle (131).
This analysis presupposes that the reactive molecules are pro-
duced extracellularly. Naturally, reactive species that are pro-
duced within the cell can be expected to react at the site of
generation (121).

V. Conclusions and Outlook

The biological relevance of OSCN� has motivated a thorough
investigation of its chemistry. Considerable effort has focused on
understanding themechanisms by which OSCN� is formed, as well
as the mechanisms of its comproportionation, disproportionation,
and hydrolysis reactions. These studies have uncovered new chemi-
cal species, including (SCN)3

� (cf. I3
�) (38,81,86,87), H2NC(¼¼O)

SO� (83,84) and HO(SCN)2
� (cf. HOI2

�) (unpublished results). The
biological significance of these species is unknown, as is the rele-
vance of other as-yet-uncharacterized SCN�-derived species that
are certainly produced during the redox cascade that eventually
results in the destruction of OSCN�. The reaction chemistry of
OSCN� and its derivatives with organic compounds has also
received considerable attention. These studies have yielded a mea-
ger set of co-reactants (Section III.C). It seems certain that other
moieties are reactive toward OSCN� in vivo. For example, the
iron–sulfur proteins that are prevalent in the respiratory chain
may be a target of OSCN� in prokaryotes (134–136). Further study
will be required to fully understand the reaction chemistry of
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OSCN�, for its own sake and in the context of biology. However,
these studies must continue with the caveat that reactions in vivo
may not be relevant to the chemistry in vitro, and indeed, it may
not be feasible to study the latter reactions in a laboratory setting
(Section IV.C).
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with, 289–290

Cyclic guanosine monophosphate
(cGMP), 80f

Cysteine, 194f
Cysteine protease (CP), 196
Cytidine, 190f
Cytidine-50-monophosphate (CMP),

189, 190f
Cytochrome c assay, 66–67
Cytochrome c nitrite reductase

(ccNir), 122
Cytochrome c oxidase, 235, 237
Cytochrome P450 (P450), 2–3, 34
Cytochrome P450BM3 (P450BM3),

3–4, 4f
Cytosine, 190f

D
1,4,5,7,7,8,11,12,14,14-decamethyl-

1,4,8,11-
tetrraazacyclatetetradecane
(L1), Lewis structure of, 224f, 227
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Density functional theory, wave
function, 7–8

Dimerization, 105–107
“Dimer of dimers,”, 40
2,9 dimethylphenanthroline (L4),

Lewis structure of, 228f
Dinitrogen, 231–232
Dinuclear copper complexes, 254
Dioxetane mechanism, 42–44, 45–46
Dioxygen, 54
Cu(I) reaction with, 235–238
redox reaction with, 234–238
cytochrome c oxidase, 235
galactose oxidase, 234
superoxide dismutase (SOD), 234

Direct vs. indirect methods, for SOD
activity detection, 65–70

Dissociative mechanism (D), 143
Distal histidine residue, 41–42
Distal ligand, 3–4
DNA constituents, RuIII-pac

complexes with, 188–193
D-Trp, structure of, 43
D-Trp-dependent activity, 36–37

E
Eight-coordinate Mn(II) complex, 75,

76f
Electrochemical detection, with Co

porphyrins, 131–134
Electron-nuclear double resonance

(ENDOR), 6–7
Electron paramagnetic resonance

(EPR), 6–7
Electron self-exchange rate constant,

252–253
of blue copper proteins, 244t
for [CUII/I)L], 244t

Electron transfer reactions, rate
constants for, 241t

Electrophilic addition, 45
Electrophilic halogenating agents,

274–275
ENDOR. See Electron-nuclear double

resonance (ENDOR)
Enzymatic and mimetic SOD

mechanism, 70–73
Enzyme-catalyzed oxidation, by

H2O2, 272–273

Enzyme production, of OSCN–,
293–294

Eosinophil peroxidase (EPO),
264–265

EPO. See Eosinophil peroxidase
(EPO)

Epoxidation, 19–22
EPR. See Electron paramagnetic

resonance (EPR)
Escherichia coli, 61–62, 297–298
Euphorbia peroxidase, 272–273
Expression systems, heme

dioxygenases, 37

F
[FeIII(cydta)(H2O)]–, water-exchange

reactions of, 156
[FeIII(edta)(H2O)]–, water-exchange

reactions of, 156
[FeII(edta)(H2O)]2–, nitric oxide

binding, 159–163
FeIII(L) complexes, hydrogen peroxide

binding, 165–168
FeNIR. See Iron nitrite reductases

(FeNIR)
Fenton-like reaction, 238–239
{Fe(Por)(H)NO}8 characterization, as

heme protein catalytic
intermediates, 127–129

Fe porphyrins. See Iron (Fe)
porphyrins

FeSOD. See Iron superoxide
dismutase (FeSOD)

Fumaric acid (fum), 237, 240

G
Galactose oxidase, 234
GAPDH. See Glyceraldehyde 3-

phosphate dehydrogenase
(GAPDH)

GC. See Guanylate cyclase (GC)
Glutathione (GSH), 77, 79–80, 86–88,

194f
Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH),
99–100

GMP. See Guanosine-50-
monophosphate (GMP)

GSH. See Glutathione (GSH)
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Guanine, 190f
Guanosine, 190f
Guanosine-50-monophosphate (GMP),

189, 190f
Guanylate cyclase (GC), 80f

H
Heme coordination environment,

35–36
Heme dioxygenases, 33–51
alternative reaction mechanisms,

44, 46
catalytic enzymes, 47–48
crystal structures, 37–42
active site histidine, involvement
of, 40–42

human IDO, structure of, 37–39
substrate-bound complex,
structure of, 40–42

TDOs, structures of, 40
expression systems, 37
heme coordination environment,

35–36
physiological function, 34–35
PrnB, 46
reaction mechanism, 42–46
literature proposals, 42–45
revisions to literature proposals,
45–46

steady-state activity, 36–37
Heme enzymes, 2–3
and nonheme enzymes, catalytic

activity of, 7–15
Cpd I of P450, 11–12
two-state reactivity, 12–14
VB description, of potential
energy surfaces, 14–15

Heme monoxygenases, 6–7
(Heme)-proteins
catalytic intermediates, {Fe(Por)(H)

NO}8 characterization,
127–129

HNO reactions with, 112–115
and metalloporphyrins, HNO and

NO reaction kinetics, 115–121
bimolecular rate constants, 121t
comparative kinetic analysis, 121
mechanistic analysis, 115–120

Heterogeneous catalysis, 254–255

2,2,4,11,11,13-hexamethyl-1,5,10,14-
tetraazacyclo-octadeca-4,13-
diene(L15), Lewis structure of,
248f

5,7,7,12,14,14-hexamethyl-1,4,8,11-
tetraazacyclo-tetradeca-4,11-
diene (L14), Lewis structure of,
248f

HNO. See Azanone (HNO)
HNO-mediated sGC activation,

114–115
HOSCN. See Hypothiocyanous acid

(HOSCN)
HOU. See Hydroxyurea (HOU)
HSCN. See Thiocyanic acid (HSCN)
hTDO. See Human tryptophan 2,3-

dioxygenase (hTDO)
Human IDO. See Human indoleamine

2,3-dioxygenase (hIDO)
Human indoleamine 2,3-dioxygenase

(hIDO), 36, 37, 40–42, 41f, 44–45
active site, 39f
structure, 37–39

Human tryptophan 2,3-dioxygenase
(hTDO), 41–42, 45–46

Hydrogen abstraction barrier, 14–15,
17, 17f, 19

Hydrogen atoms, Cu+(aq) reaction
with, 242–245

Hydrogen peroxide (H2O2), 145
enzyme-catalyzed oxidation of

SCN–, 272–273
FeIII(L) complexes, H2O2 binding of,

165–168
[RuIII(edta)(H2O)]–, H2O2 binding

of, 168–176
[RuIII(edta)(SR)]2– oxidation by, 199f

Hydrophobic ligands, 223–225
3-hydroxyanthranilic acid, 34–35
3-hydroxykynurenine, 34–35
Hydroxyurea (HOU), 201, 202
Hypothiocyanite (OSCN–),

263–303. See also Thiocyanate
(SCN–)

biologically relevant reactions,
296–298

general reaction properties,
275–277

inorganic reactions, 277–290
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Hypothiocyanite (OSCN–) (Cont.)
HOSCN reaction with CN–,
289–290

OSCN– decomposition, at neutral
pH, 284–288

SCN2 hydrolosis, for HOSCN
production under acidic
conditions, 277–283

SCN– oxidation, for HOSCN
production, 283

in vivo, sources of OSCN–,
292–294

enzyme production, 293–294
OSCN– production, by SCN–

oxidation, 294
molecular structure, 266–267
organic reactions, 290–292
HOSCN reaction, with aromatic
residues in proteins, 292

thiolates oxidation, by HOSCN,
291–292

properties and derivatives,
thiocyanate, 267–271

acid/base properties, 269–270
redox properties, 270–271

synthetic methods for preparation,
271–275

electrophilic halogenating
agents, 274–275

enzyme-catalyzed oxidation, by
H2O2, 272–273

thiocyanogen hydrolysis, under
alkaline conditions,
271–272

thiocyanate-derived species in vivo,
294–295

chloramines and reactions with
SCN–, 295

SCN–, higher oxidation states of,
295

(SCN)2 production, 294–295
thiocarbamate-S-oxide, 295

UV spectrum, 268f
Hypothiocyanous acid (HOSCN),

269–270
aromatic residues in proteins,

reaction with, 292
CN–, reaction with, 289–290
production

SCN2 hydrolosis for, 277–283
SCN– oxidation for, 283

thiolates oxidation, 291–292
Hypoxanthine, 190f

I
IDO. See Indoleamine 2,3-

dioxygenase (IDO)
IMP. See Inosine-50-monophosphate

(IMP)
Indirect vs. direct methods, for SOD

activity detection, 65–70
Indoleamine 2,3-dioxygenase (IDO),

34–36, 37t
Indole-3-propionic acid, structure of, 43
Inducible nitric oxide synthase

(iNOS), 85–86
iNOS. See Inducible nitric oxide

synthase (iNOS)
Inosine, 190f
Inosine-50-monophosphate (IMP),

189, 190f
Interchange mechanism (I), 143
In vivo endogenous formation, of

HNO, 100–102
Iron nitrite reductases (FeNIR),

231–232
Iron(IV)–oxo species, 4–6
Iron (Fe) porphyrins
HNO reactions with, 110–111
HNO vs. NO reactivities, 113
nitrosyl complexes, 109, 110

Iron superoxide dismutase (FeSOD),
58, 59f, 71–72

K
KIE. See Kinetic isotope effect (KIE)
Kinetic isotope effect (KIE), 4–6
Kynurenine pathway, 34–35

L
Lactoperoxidase (LPO), 264–265
Lewis structure
of c-racemic 5,7,7,12,14,14-

hexamethyl-1,4,8,11-
tetraazacyclotetradecane (L13),
248f

of 1,4,5,7,7,8,11,12,14,14-
decamethyl-1,4,8,11-
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tetrraazacyclatetetradecane
(L1), 224f

of 2,9 dimethylphenanthroline (L4),
228f

of 2,2,4,11,11,13-hexamethyl-
1,5,10,14-tetraazacyclo-
octadeca-4,13-diene(L15), 248f

of 5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclo-
tetradeca-4,11-diene (L14), 248f

of syn-3,6,10,13-
tetrathiacyclotetradecane-1,8-
diol (L10), 244f

of 1,4,8,11-
tetraazacyclotetradecane (L12),
248f

of 2,5,8,11-tetramethyl-2,5,8,11-
tetraaza-dodecane (L2), 224f

of 1,4,7,10-tetrathiacyclododecane
(L9), 244f

of 3,6,10,13-tetrathiapentadecane
(L8), 244f

of 2,5,9,12-tetrathiatridecane (L7),
244f

of 1,4,7-triaza-decane-9-ene (L6), 240f
of 2,5,8-trimethyl-2,5,8-triaza-

undecane-10-ene (L3), 225f
Ligand effects
inner-sphere reactions, kinetics of,

239, 240
outer-sphere reactions, kinetics of,

239, 240
Ligand exchange method, 228
Ligand exchange reactions,

247–248
Ligand substitution reactions
associative mechanism (A), 143
dissociative mechanism (D), 143
interchange mechanism (I), 143

L-kynurenine, 34–35
LPO. See Lactoperoxidase (LPO)
L-tryptophan (L-Trp), 34–35
structure of, 35, 43

L-tryptophanol, structure of, 43

M
Manganese (Mn) porphyrins
colorimetric detection with,

129–131

HNO reactions with, 111–112
HNO vs. NO reactivities, 113
nitrosyl complexes, 109–110

Manganese superoxide dismutase
(MnSOD) mimics, 60–65

anaerobic NO solution, 78f
enzymatic and mimetic SOD

mechanism, 70–73
indirect vs. direct methods, for SOD

activity detection, 65–70
manganese SOD enzymes and

RNS, 76–77
with NO, 82–88
perspectives, 89–90
redox properties and interactions

with small molecules, 73–75
ROS vs. RNS, 77–79
SOD mimics with peroxynitrite,

79–82
superoxide
general facts, 54–57
life with, 57–60

Marcus cross-relation, 236, 242
Mass spectrometry, 45
Mechanistic analysis, HNO and NO

reaction kinetics, 115–120
[M(edta)]/[M(edta)(H2O)] system, 149
Meerwein reaction, 252–253
1-Me-L-Trp, structure of, 43
Metalloporphyrins and (heme)-proteins
HNO and NO reaction kinetics

with, 115–121
comparative kinetic analysis, 121
mechanistic analysis, 115–120

1-Me-Trp, 45
Mimetic and enzymatic SOD

mechanism, 70–73
[M(L)H2O] complexes (M=FeII/III,

MnII), water-exchange
reactions on, 147–155

Mn(II)–NO complex, 86–88
Mn(V)oxo porphyrin, 80–81
Mn(II)pentaazamacrocyclic complex,

60–61, 63–64, 81–82, 83–85
Mn(II) pentaazamacrocylic class, of

SOD mimics, 61
Mn(III)porphyrinato SOD mimics, 63
Mn porphyrins. See Manganese (Mn)

porphyrins
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Mn(III)Porphyrins complex, 60–63,
80–81

Mn(III)Salen complex, 60–61,
63–64, 88

MnSOD. See Manganese superoxide
dismutase (MnSOD) mimics

[Mn(TPPS)]3– with AS, kinetic rate
constants, 118–119, 119t

Molecular structure, of OSCN–,
266–267

Mononuclear iron containing
enzymes, 2–3

Monovalent copper. See Cu(I), in
aqueous solutions

MPO. See Myeloperoxidase (MPO)
{M(Por)HNO}8 complexes

stabilization, 122–127
by Fe proteins, 122
by heme and nonheme platforms,

122–124
mSFM-20 module, 68–69, 69f
Multifunctional catalytic

antioxidants, 63–64
Myeloperoxidase (MPO), 264–265

N
NFK. See N-formylkynurenine (NFK)
N-formylkynurenine (NFK), 34–35,

43, 45–46, 48
Nickel superoxide dismutase

(NiSOD), 58, 59f
[Ni(L)H2O] complexes, water-

exchange reactions on,
155–159

NiSOD. See Nickel superoxide
dismutase (NiSOD)

Nitric oxide (NO), 145
binding of
to [FeII(edta)(H2O)]2–, 159–163
to [RuIII(edta)(H2O)]–,
163–165

dismutation, 77
and HNO
dimerization, 105–107
oxygen, HNO reaction with, 107
(heme)-proteins and
metalloporphyrins, reaction
kinetics with, 115–121

reactions, 108
redox-related reactions,
107–108

MnSOD mimics with, 82–88
NO liberation, catalyzed by Ru-pac

complexes, 200–204
reduction to nitroxyl, 85
Ru-pac complexes, as NO

scavenger, 204–206
and superoxide, 79

Nitric oxide synthase (NOS), 85–88,
100–101

Nitrogen oxides, 98–99
Nitroxyl. See Azanone (HNO)
NO. See Nitric oxide (NO)
Nonheme enzymes, 2–3
and heme enzymes, catalytic

activity of, 7–15
Cpd I of P450, 11–12
two-state reactivity, 12–14
VB description, of potential
energy surfaces, 14–15

NOS. See Nitric oxide synthase (NOS)
N-Thiocyanatosuccinimide (NTS),

274–275
NTS. See N-Thiocyanatosuccinimide

(NTS)

O
O2-dependent oxidation, 34
17O NMR, 144–145, 158
Organic reactions, OSCN–,

290–292
HOSCN reaction, with aromatic

residues in proteins, 292
thiolates oxidation, by HOSCN,

291–292
OrgoteinÒ, 59
OSCN–. See Hypothiocyanite

(OSCN–)
Oxidants and reductants,

RuIII-pac complexes with,
207–213

Oxygen, HNO reaction with, 107
Oxygen atom transfer reactions, Cpd

I of P450, 1–31
heme and nonheme enzymes,

catalytic activity of, 7–15
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P450 enzymes, catalytic cycle of,
6–7

substrate oxidation reactions,
15–27

TauD enzymes, catalytic cycle of,
4–6

P
PA. See Piloty's acid (PA)
p acid ligands, 225–226
P450BM3. See CytochromeP450BM3

(P450BM3)
Penicilamine, 194f
P450 enzymes
catalytic cycle of, 6–7
Cpd I of, 11–12

Peroxidase enzymes, 34
Peroxynitrite, SOD mimics with,

79–82
P4H. See Prolyl-4-hydroxylase (P4H)
Physiological function, of heme

dioxygenases, 34–35
PIEs. See Product isotope effects

(PIEs)
Piloty's acid (PA), 104
Polyaminecarboxylateruthenium(III)

complexes. See RuIII-pac
complexes

PrnB enzyme, 46, 47f
Product isotope effects (PIEs), 9–10
Prolyl-4-hydroxylase (P4H), 10, 11
Protein tyrosine phosphatase (PTP),

196, 197–198
P450. See Cytochromes P450 (P450)
Pseudomonas aeruginosa, 264–265
PTP. See Protein tyrosine

phosphatase (PTP)
Pulse radiolysis, 61, 67, 236

Q
Quinolinic acid, 34–35

R
Radical addition, 45
Ralstonia metallidurans, 40–41
Reaction mechanism, of heme

dioxygenases, 42–46
literature proposals, 42–45

revisions to literature proposals,
45–46

Reactive nitrogen species (RNS),
62–64, 77, 86

and MnSOD enzymes, 76–77
vs. ROS, 77–79

Reactive oxygen species (ROS),
57–58, 62–63, 86

vs. RNS, 77–79
Redox properties and interactions,

with small molecules, 73–75
Redox reactions
catalysis in aqueous solutions,

249–250
with dioxygen, 234–238
Cu(I) reaction, with dioxygen,
235–238

cytochrome c oxidase, 235
galactose oxidase, 234
superoxide dismutase (SOD), 234

with NO2
–,as model for CuNIR,

231–234
Redox-related reactions, HNO and

NO, 107–108
Resonance Raman spectroscopy, 6–7
RNS. See Reactive nitrogen species

(RNS)
ROS. See Reactive oxygen species

(ROS)
RuIII(edta) and NO, pH dependence,

164
[RuIII(edta)(H2O)]–

hydrogen peroxide binding,
168–176

nitric oxide binding, 163–165
[RuIII(edta)(OH)]2–, kinetic results,

200–201
[RuIII(edta)(SR)]2– oxidation, by

H2O2, 199f
RuIII-pac complexes, 183–217
background, 184–185
with DNA constituents, 188–193
NO liberation catalyzed by Ru-pac

complexes, 200–204
as NO scavenger, 204–206
with oxidants and reductants,

207–213
substitution, 185–188
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RuIII-pac complexes (Cont.)
with sulfur-containing

biomolecules, 193–198
[RuIII(pac)(H2O)] complexes, 188–193
and AMP, 191f
aqua substitution, 192–193
with DNA fragments, 193t
reactions with nucleophiles, 189
schematic representation, 185f
with thio-amino acids, 195t

S
Salivary peroxidase (SPO), 264–265
Sandmeyer reaction, 252
SCN–. See Thiocyanate (SCN–)
SCN2 hydrolosis, for HOSCN

production (under acidic
conditions), 277–283

SCN– oxidation
for HOSCN production, 283
OSCN– production by, 294

(SCN)2 production, 294–295
Shewanella oneidensis, 39
SOD. See Superoxide dismutase

(SOD)
SOD enzymes, 66–67
vs. SOD mimetic, 60f

SODm. See Superoxide dismutase
mimics (SODm)

SPO. See Salivary peroxidase (SPO)
Square mechanism, 245
Steady-state activity, of heme

dioxygenases, 36–37
Stopped-flow kinetic analysis, 61, 67,

185–186
Styrene epoxidation, 8
Substitution mechanisms, 143
Substrate-bound complex, structure

of, 40–42
Substrate epoxidation, 15–16, 20–21,

22f
Substrate hydroxylation, 2–3, 15–17
Substrate oxidation reactions, trends

in, 15–27
aliphatic hydroxylation, 16–19
aromatic hydroxylation, 24–27
epoxidation, 19–22
sulfoxidation, 22–24

Sulfur-containing biomolecules, RuIII-
pac complexes with, 193–198

Superoxide
general facts, 54–57
life with, 57–60
and NO, 79
reactive species, 54–56

Superoxide dismutase (SOD), 57–58,
234

indirect vs. direct methods, for
activity detection, 65–70

mimetic and enzymatic mechanism,
70–73

Superoxide dismutase mimics
(SODm), 60–61, 65–66, 69–70

syn-3,6,10,13-
tetrathiacyclotetradecane-1,8-
diol (L10), Lewis structure of,
244f

T
TauD. See Taurine/a-ketoglutarate

dioxygenase (TauD)
Taurine/a-ketoglutarate dioxygenase

(TauD), 3–4, 4f
catalytic cycle of, 4–6

TDO. See Tryptophan 2,3-
dioxygenase (TDO)

1,4,8,11-tetraazacyclotetradecane
(L12), Lewis structure of, 248f

Tetrahedrally coordinated sphere, Cu
(I) complexes, 227–228

Tetrahydrofuran (THF), 236–237
2,5,8,11-tetramethyl-2,5,8,11-

tetraaza-dodecane (L2), Lewis
structure of, 224f

Tetranuclear copper complexes, 254,
254f

1,4,7,10-tetrathiacyclododecane (L9),
Lewis structure of, 244f

3,6,10,13-tetrathiapentadecane (L8),
Lewis structure of, 244f

2,5,9,12-tetrathiatridecane (L7),
Lewis structure of, 244f

THF. See Tetrahydrofuran (THF)
Thiocarbamate-S-oxide, 295
Thiocyanate (SCN–)264–265,

267–269.
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See also Hypothiocyanite
(OSCN–)

acid/base properties, 269–270
biochemistry, 265
chemistry, 265
enzyme-catalyzed oxidation, by

H2O2, 272–273
and halide analogues, 268t
higher oxidation states of, 295
and oxidothiocyanate derivatives,

268t
redox properties, 270–271

Thiocyanate-derived species in vivo,
294–295

chloramines and reactions with
SCN–, 295

SCN–, higher oxidation states of,
295

(SCN)2 production, 294–295
thiocarbamate-S-oxide, 295

Thiocyanic acid (HSCN), 269–270
Thiocyanogen hydrolysis, under

alkaline conditions, 271–272
Thiolates oxidation, by HOSCN,

291–292
5-thio-2-nitrobenzoic acid (TNB), 291
Thymidine, 190f
Thymidine-50-monophosphate (TMP),

189, 190f
Thymine, 190f
Thyroid peroxidase, 272–273
TMP. See Thymidine-50-

monophosphate (TMP)
TNB. See 5-thio-2-nitrobenzoic acid

(TNB)
Transition metal complexes, Cu+(aq)

reactions with, 230–231
Transition metal

polyaminecarboxylate
complexes, 141–181

hydrogen peroxide, binding of
to FeIII(L) complexes, 165–168
to [RuIII(edta)(H2O)]–, 168–176

nitric oxide, binding of
to [FeII(edta)(H2O)]2–, 159–163
to [RuIII(edta)(H2O)]–, 163–165

water-exchange reactions
on [M(L)H2O] complexes (M=FeII/

III,MnII), 147–155

on [Ni(L)H2O] complexes,
155–159

1,4,7-triaza-decane-9-ene (L6), Lewis
structure of, 240f

2,5,8-trimethyl-2,5,8-triaza-
undecane-10-ene (L3), Lewis
structure of, 225f

Tryptamine, structure of, 43
Tryptophan 2,3-dioxygenase (TDO),

34–35, 37t, 40
Tryptophan pyrrolase, 34
TSR. See Two-state reactivity (TSR)
Two-state reactivity (TSR), 8, 12–14
Type 1 copper centers, 232
Type 2 copper centers, 232

U
Ullmann reaction, 250–251
UMP. See Uridine-50-monophosphate

(UMP)
Uracil, 190f
Uridine, 190f
Uridine-50-monophosphate (UMP),

189, 190f

V
Valence bond (VB), 2, 14–15.

See also VB curve-crossing
diagram

Vanadium bromoperoxidase,
272–273

Vascular endothelial growth factor
(VEGF), 205–206

VB. See Valence bond (VB)
VB curve-crossing diagram, 14–15,

19, 21, 26–27
for aromatic hydroxylation, 26f
general description, 14f
for hydroxylation reaction, 18f
for substrate epoxidation, 22f
for substrate sulfoxidation, 24f

VEGF. See Vascular endothelial
growth factor (VEGF)

W
Water-exchange reactions
on [M(L)H2O] complexes (M=FeII/

III,MnII), 147–155
on [Ni(L)H2O] complexes, 155–159
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X
Xanthomonas campestris, 36
Xanthomonas campestris tryptophan

2,3-dioxygenase (xTDO), 40,
41–42, 46

H55 variants, 41–42
overlay, 41f, 47f
structure, 40f
substrate binding site, 42f
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