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Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

1) INTRODUCTION

One of the greatest achievements of modern chemistry is to enable scientists to
design reactions rationally for the production of almost any arbitrary chosen
substance. The majority of these artificially designed chemical reactions, however,
would be too slow to be beneficially utilized without the use of supplementary
reactants called catalysts, which increase the reaction rates without contaminating
the final products. Besides the rationally designed chemical processes, most of the
naturally occurring reactions, e.g. in the living cell, are also catalytic. While
chemical scientists implement a wide variety of catalysts, the biochemical
processes are exclusively catalyzed by proteins or protein complexes called
enzymes.

One of the largest and most widely studied families of catalysts are the metal
complexes. In these substances, one or more metal ions or atoms are coordinatively
bound to one or more ligand molecules. The quality of the ligand and the mode of
its coordination to the metal center fundamentally determine the physical and
chemical properties of the metal complexes. Thus, following careful scientific
investigation, these properties can be fine tuned by altering the structure of the
complexes. Nowadays, there is an increasing interest towards transition metal
porphyrin complex based catalysts.*?** The exceptional structural stability of
metal porphyrins provides a good scaffold for rationally designing catalysts by
manipulating the electronic and chemical properties of these compounds by small
structural changes.® Furthermore, the accessibility of several oxidation states of the
metal center in a relatively narrow electric potential range also promotes the
development of transition metal porphyrins as redox catalysts.® The beneficial
implementation of these unique properties are also common in naturally occurring
chemical processes. Most enzymes taking part in biochemical redox reactions
contain non-peptide moieties called prosthetic groups and the prosthetic groups of
several of these enzymes are transition metal porphyrins.”® Most probably, the
colorful palette of the porphyrin containing enzyme catalyzed redox reactions
inspired many researchers to design artificial metal porhyrins to mimic these
biocatalysts. The most promising use of enzyme mimetic transition metal
porphyrins would be the treatment of diseases caused by the distortion of the redox
homeostasis. One approach that seems successful so far is the introduction of
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superoxide dismutase enzyme (SOD) mimetic metal porphyrin complexes to
tissues which are exposed to abnormally high concentrations of free radicals. Thus,
the so called oxidative stress related damage of these tissues could be eased.’

In order to design reactions effectively regardless of the field of usage, one has
to gain a good understanding about the mechanism of the studied chemical
processes. The mechanism of the reaction is the continuity of the elementary
reaction steps from the consumption of the reactants until the formation of the
products. One of the approaches for studying the mechanism of a chemical process
is to characterize the intermediate reaction products analytically and make
deductions regarding their formation and subsequent reactions. Another powerful
tool is to find the correct mathematical correlation between the time-dependent
concentrations of the reactants, intermediates and end products. These correlations
are strictly determined by the mechanism of the chemical process in question and
described by the principles of the chemical kinetics disciple.

Abbreviated names of the studied porphyrins:
MnTSPP*: Mn(l11) meso-tetrakis(4-sulfonatophenyl)porphyrin
MnTMe-4-Pyp®*: Mn(I11) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin
Mn"(0)TMe-4-Pyp**: oxo-Mn(IV) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin
Mn"(0)TMe-4-Pyp°*: oxo-Mn(V) meso-tetrakis(N-methylpyridinium-4-yl)porphyrin
MnTEt-2-Pyp®": Mn(I11) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
MnTnHex-2-Pyp>": Mn(111) meso-tetrakis(N-hexylpyridinium-2-yl)porphyrin
MnTTEG-2-Pyp** or Mn(I11) TTEG:

Mn(I11) meso-tetrakis(N-tri(ethyleneglycol)pyridinium-2-yl)porphyrin
MnTTEG-2-Pyp* or Mn(I)TTEG:

Mn(I1) meso-tetrakis(N-tri(ethyleneglycol)pyridinium-2-yl)porphyrin
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Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

2) RESEARCH OBJECTIVES

In the past few years, novel synthetic water soluble Mn(lll) porphyrins have
been developed for therapeutic purposes. The structures of some selected
complexes are given in Scheme 1. Because the biologically important reactions of
the Mn(I11) porphyrins occur at the metal site and possibly involve the inner-sphere
coordination of the reactant to the metal center, we found it important to determine
the water exchange rates and study the exchange mechanism for representative
Mn(I11) porphyrins. Four complexes from Scheme 1 were chosen for this study:
MnTEt-2-PyP>*, MnTnHex-2-PyP**, MnTTEG-2-PyP*" and MnTSPP>".

The high reactivities of Mn(l1l) porphyrins towards small molecules and the
ability to undergo fast axial-ligand substitution during redox cycling are proposed
to be key aspects of the in vivo and in vitro solution phase chemistry of these
complexes. Accordingly, we characterized the biologically relevant redox reaction
of a selected SOD mimic Mn(111) porphyrin complex (MnTTEG-2-PyP>* as seen in
Scheme 1) with N-hydroxyurea (HU as seen in Scheme 1) in vitro. The reason to
study the reaction of HU with a Mn(lll) porphyrin is that HU, similarly to other
hydroxamic acids, may act as either a nitric oxide or a nitroxyl (HNO) donor under
oxidative conditions, and Mn(lll) porphyrins are described to display different
reactivities towards NO donor and towards HNO donor compounds.

The defensive peroxidase enzymes lactoperoxidase, myeloperoxidase and
eosinophil peroxidase commonly contain Fe(lll) porphyrin (heme) prosthetic
groups in their active sites, and among other substrates catalyze the oxidation of
SCN™ by H,0O; to hypothiocyanite ion (OSCN™ as seen in Scheme 1). To elucidate
the mechanism of an analogous reaction, we have studied the oxidation of SCN™
with peroxomonosulfate ion (HSOs formulated as Oxone®). The peroxidase
mimicking catalytic effect of a Mn(lll) porphyrin (MnTMe-4-PyP*" as seen in
Scheme 1) was also investigated in the SCN™ + HSOs + catalyst reaction system.

The stability of OSCN™ and mechanism of its hydrolytic decomposition
fundamentally determine its in vivo chemical availability. Considering that
thiocyanogen ((SCN),) yields OSCN™ when it is hydrolyzed at basic pH but does
not at neutral pH, one might conclude that the hydrolysis of (SCN), and that of
OSCN™ are interconnected near neutral pH. Therefore, we investigated the
hydrolytic decomposition of both OSCN™ and (SCN), in detail at slightly acidic
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and neutral pH to show that the observed mechanisms are relevant to the stability
of OSCN™ at physiological pH.

Scheme 1. Structures of the studied compounds.

0—s—C=N
OSCN~

| on
HoN N

-,
N+
MnTnHex-2-PyP®* \ MnTMe-4-PyP**

~0,8

MnTEt-2-PyP®* MnTSPP*
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3) LITERATURE OVERVIEW

3.1) Manganese(l11) porphyrins

Reactive oxygen and nitrogen species have been implicated in numerous
pathological conditions including inflammation, ischemia/reperfusion, hemorrhagic
shock, autoimmune diseases, neurological disorders, radiation injuries,
carcinogenesis and senescence.’®**2¥3 |n the past few years, numerous
metalloporphyrins have been developed for therapeutic purposes including the
treatment of several diseases related to oxidative stress.'*®> Some of the most
efficacious of these synthetic porphyrins are water soluble Mn(lll)
porphyrins.*®'"® Manganese lacks the toxicity related to Fenton chemistry, and the
porphyrin cyclic structure provides both a high metal/ligand complex stability and
rich biologically relevant redox chemistry at the metal site. Thus, novel water
soluble Mn(l1l) porphyrins and porphyrin derivatives have been successfully
developed as superoxide dismutase enzyme (SOD) mimics.**?*#?* The most
efficacious of these compounds, the ortho- Mn(lll) N-alkylpyridyl-porphyrins,
possess electron withdrawing positively charged quaternized pyridyl substituents
close to the metal site,"**"?! which, similarly to the SOD enzymes themselves,
allows: (1) the Mn(lI1)/Mn(ll) reduction potential tuned to be in the desirable
range, (around +300 mV vs. NHE), and (2) electrostatic facilitation for the
approach of the negatively charged superoxide ion (O,"). In addition to the
antioxidant capacity, these Mn(lll) porphyrins are highly bioavailable as their in
vivo ability to reduce oxidative stress related injuries are proved in several
studies.??*?>% The lipophilic ortho isomers of Mn(lIl) N-alkylpyridyl-, N-
methoxyalkyl- and N-tri(ethyleneglycol)-porphyrins are the most potent in vivo
antioxidants. It is worth to mention that the oxygen-containing side chain
derivatives, such as N-methoxyalkyl- and N-tri(ethyleneglycol)-porphyrins,
possess superior properties relative to N-alkylpyridylporphyrins with respect to
bioavailability and toxicity, yet such derivatization reduced compound
lipophilicity. The reason to incorporate oxygen atoms into alkyl chains was to
suppress micellar properties of longer alkyl-chain analogs and, as a result,
MnTnBuOE-2-PyP>* is considered for clinical development. The above mentioned
SOD mimetic Mn(Ill) porphyrins are also reactive towards other oxygen or
nitrogen species of in vivo toxicity, in particular towards peroxynitrite ion®"?® and
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nitric oxide.®** Though the anionic MnTSPP* has insignificant SOD-like
activity,?>** it possesses considerable ability to reduce peroxynitrite ion®* which
justifies its use in studying oxidative stress injuries, particularly from a mechanistic
point of view.

The high reactivity of these Mn(lll) porphyrins towards small molecules and

their ability to undergo fast axial-ligand substitution®*** during redox cycling are
key aspects of their in vivo and in vitro solution-phase chemistry. The mechanism
of the in vitro reactions of the mentioned SOD mimic complexes with free radicals
(e.g., O, ONOO", CO;3") are well characterized. In some cases, even the
complicated kinetics of the reactions were studied.** Despite the biological
importance of the redox reactions of Mn porphyrins, only a few studies give
detailed information on their mechanisms.***®*” On the other hand, the protolytic
equilibria and the electrochemical properties of some selected Mn(I1l) porphyrins
are well characterized. As a general rule, the positively charged Mn(I11) porphyrins
could be deprotonated in two steps, in which the two axially coordinated water
molecules lose protons. Structural studies indicate that the formation of the Mn=0
species is predominant after the loss of the second proton instead of the
HO-Mn—OH species.**

Since as early as 1924, it has been well accepted that both porphyrins and their
metal complexes have affinity for malignant tissues.*’ This feature has led to their
extensive application in nuclear medicine, X-ray and magnetic resonance imaging
(MRYI). In spite of the papers**** describing the possible application of Mn(lII)
porphyrins as tumor imaging agents, only a few patents were awarded for the use
of Mn(lll) porphyrins as tumor visibility enhancing MRI contrast agents. The
majority of the published papers are dealing with MnTSPP*> and the safe use of
this porphyrin was proposed as an effective liver specific MRI contrast agent.*
Although other Mn(I1) and Mn(l11) porphyrins were also studied and tested, only a
non-porphyrin MnDPDP (Mangafodipir Trisodium™) reached phase Il clinical
trials to date for the detection of liver tumors. The MnTSPP®*" complex has a high
relaxivity, which was found to be even higher when bound to bovine serum
albumin due to the preference of Mn(l111) monomeric high spin state.** However,
the application of MnTSPP* in human medicine is precluded by its relatively high
toxicity.*® Therefore, MnTSPP® is considered useful in radioactive (**Mn) nuclear
medicine rather than in MRI.*® It was also recently shown that MnTEt-2-PyP>* and
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MnTnHex-2-PyP®* exhibit powerful potentials as molecular MRI probes for
prostate cancer detection and may be particularly effective at selectively detecting
multifocal disease in situ. In vivo, MnTEt-2-PyP>* and MnTnHex-2-PyP>*
selectively accumulate in prostate tumors with 10-11-fold greater relaxation
changes than in the normal prostate gland.*”*® The relaxivity of MnTSPP® for
water protons is unexpectedly high, mainly because of the high inner-sphere
relaxation term.*® The NMR dispersion curves of T, were described as unique for
both shape and values® and the results could not be interpreted by the Solomon-
Blombergen-Morgan theory.>**? In calculations, 10 ns was applied as the average
residence time of the water molecule in the coordination sphere for both MnTSPP*
and FeTSPP®" complexes.™ In spite of this remarkable progress in describing the
magnetic aspects of the anomalous relaxivity of MnTSPP*", another important
factor, i.e. its water exchange rate constant thus far has not been reported. The axial
interaction of water with the central metal ion is of fundamental importance in both
the ligand-substitution and redox processes of metalloporphyrins in aqueous
solution. In the case of Fe(lll) porphyrin complexes, the rates and the mechanism
of water exchange were satisfactorily elucidated.>® Some selected porphyrins,
FeTSPP®", FeTMe-4-PyP** and FeTMPS* were studied as anionic, cationic and
sterically shielded anionic complexes, in order. For all three complexes, a
dissociative mode of activation was suggested on the basis of positive activation
entropies and activation volumes. For the FeTMPS* complex, the limiting
dissociative (D) mechanism was proposed because of the presence of bulky mesityl
groups, while for the FeTSPP* and FeTMe-4-PyP>* complexes, a dissociative
interchange mechanism, Iy, was proposed. The water exchange of negatively
charged FeTSPP? is five times faster™ than that of FeTMe-4-PyP®*, indicating a
labilizing effect of the increased electron density on the metal ion center.

3.2) N-hydroxyurea

N-hydroxyurea (HU) has been used in human medical therapy for more than 40
years because of its broad antitumor spectrum. In limited cases of cervical® and
uterine® cancer, the therapeutic effect of HU was found to be adequate without
significant impact on normal cellular mechanisms. Currently, HU has become a
standard agent against chronic myelogenous leukemia, polycythemia vera, and
myeloproliferative disorders.””*® N-hydroxyurea has recently been introduced into
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sickle cell anemia therapy with considerable success. A long-term study
indicates that there is a 40% decrease in mortality among patients who received the
HU therapy.®* The clinical efficiency of HU is assumed to be due to the in vivo
formation of fetal hemoglobin.®*®® However, some patients benefit from the HU
therapy before any increase in the fetal hemoglobin concentration even takes place.
This indicates that another mechanism of therapeutic action needs to coexist.®*
Sickle cell anemia patients receiving HU have shown increases in the production of
nitric oxide (NO) metabolites, which include iron-nitrosylhemoglobin (HbNO),
NO, ", and NO; ions.®>®®®7 |t has been reported that HU, similarly to many other
hydroxamic acids, acts as a nitric oxide donor under oxidative conditions in
vitro.?®®® Direct nitric oxide producing reactions of HU and hemoglobin,
myoglobin, or hemin may contribute to the overall pathophysiological properties of
this drug.”® EPR evidence showed that HU reacts with oxy-, deoxy-, and metHb to
produce 2-6% of iron-nitrosylHb.”* The formation of NOs~ during the reaction of
N-hydroxyurea and oxyHb and the lack of any nitrous oxide production in these
reactions suggests the intermediacy of nitric oxide as opposed to its reduced form,
nitroxyl (HNO). However, the exact mechanism by which HbNO forms in vivo is
not completely understood.”> Moreover, several articles show evidence for HNO
formation from N-hydroxyurea under different oxidative conditions.”

Thus it is clear that the mechanisms of oxidation reactions of HU cannot be
interpreted without the understanding of solution phase chemistry of NO and HNO.
There are an increasing number of observations which show some biological
significance for these species. More importantly for the present study, the kinetics
and mechanism of the autoxidation, comproportionation and disproportionation
reactions of NO and HNO are well described.”*"” Higher oxidation state transition
metal porphyrins (e.g., Mn(l11) and Fe(lll) porphyrins) tend to react directly with
HNO to form the corresponding {Metal"NO} type complexes. On the other hand,
NO reacts with the lower oxidation state transition metal porphyrins (e.g., Mn(Il)
and Fe(Il) porphyrins) to give {Metal"NO}’ complexes. The thermodynamic
stability of these {Metal"NO}’ complexes are high, but the release of NO can be
facilitated by illumination, for instance. Some recent reports describe
characteristically different reactivities of some Mn(lll) porphyrins with NO and
with HNO donor compounds. Marti et. al. showed"® that nitroxyl donor compounds

(NazN203 — Angeli’s salt and toluene sulfohydroxamic acid) readily coordinate to
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the cationic MeTMe-2-PyP°* to give the corresponding {Mn"NO}’ complex after
oxidation. The anionic MnTSPP® does not react directly with the donor
compounds, but reacts with their decomposition product HNO producing the
{Mn"NO}’ complex. Nitric oxide donors (sodium nitroprusside and S-nitroso-N-
acetylpenicillamine) react with both cationic and anionic Mn(I1l) porphyrins only
in the presence of a reducing agent.”

3.3) Thiocyanate and hypothiocyanite ions

The diverse, and often catalytic oxidation reactions of thiocyanate anion (SCN")
are intensively studied (vide infra) because the biological importance of this anion
is connected to its vivid in vivo redox chemistry’’. In addition, SCN™ is an
environmental pollutant, and its oxidative removal from industrial wastewater is
essential. Furthermore, the in situ oxidation of SCN™ is of fundamental importance
during the thiocyanation of various compounds in synthetic organic chemistry.

Thiocyanate ion is enzymatically oxidized by H,O, to the antimicrobial
hypothiocyanite ion’® (OSCN") in vivo.”#®#! The rate of the direct SCN™ + H,0,
reaction is low,® but defensive peroxidase enzymes found in neutrophils
(myeloperoxidase®®) and eosinophil granulocites (eosinophil peroxidase®) catalyze
this reaction effectively. Extracellular enzymes in milk (lactoperoxidase®), in the
airways (lactoperoxidase®) and in saliva (salivary peroxidase®’) are also efficient
catalysts for the oxidation of SCN™ by H,O,. Furthermore, OSCN" is a potent
bactericide and plays an important role in multiple stages of the non-immune
defense system’®® at several physiological locations (e.g., in the mouth®® and in
the airways®®®). Thus, the insufficiently low in vivo local concentration of its
precursor SCN™ is assumed to play an important role in the development of several
chronic diseases, like cystic fibrosis.”®* Thiocyanate ion can be oxidized to
OSCN-" in a noncatalytic way by hypochlorous acid (HOCI)* and by hypobromous
acid (HOBr).%® These reactions may be important in controlling the redox activities
of those defensive peroxidase systems where SCN/OSCN™ and CI/OCIl or
Br/OBr  are simultaneously present. The understanding of the in vivo redox
chemistry of SCN is further complicated by the fact that the two electron oxidation
product of SCN™; OSCN™ can be subsequently oxidized by the same oxidizing
agents as SCN, i.e. H,0,, HOCI or HOBr.”*®8! The reactions of OSCN™ with
these oxidizing agents are difficult to study, because OSCN™ cannot be synthesized
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in the absence of excess SCN™. This problem is attributed to the “overoxidation” of
OSCN-, which is assumed to be of a similar order of magnitude as its production
from SCN™."%8% The half-life of the decomposition of OSCN" is on the order of
several minutes at pH 7,% further limiting the applicable experimental conditions.
Hypothiocyanite ion is a mild oxidizing agent, under physiological conditions, it
reacts readily only with thiol (-SH) groups giving sulfenyl thiocyanates. The
reactions of OSCN  with —SCN and —CN groups are also observed, but are
scarcer.®!

From environmental aspects, thiocyanate (SCN") and cyanide (CN") ions are
considered to be the main inorganic anionic pollutants of wastewater and recycled
water from metallurgical, mostly gold extraction plants. Although the toxicity of
CN™ is undoubtedly higher than that of SCN, the latter can be found in larger
quantities in metallurgical wastewater, and is more toxic to fish. The removal of
SCN™ is important for the detoxification of industrial water because molecular
oxygen can oxidize SCN™ to sulfate ion (SO,*) and CN™ on a longer timescale,
especially under UV radiation. For this reason, the admissible limit of SCN™ in
metallurgical wastewater is usually as low as 0.05 mg/l. Technologically feasible
processes for SCN™ removal almost exclusively utilize oxidative degradation
approaches.”® The fundamental reactions of these processes are catalytic,®” %%
photocatalytic,’®*® and also biological oxidations.'**** The universal goal is to
convert SCN™ quantitatively into environmentally more tolerable cyanate ion
(OCN") (or carbonate ion (COs*) and nitrogen (N)) and SO.*. The oxidizing
agents of choice are usually hydrogen peroxide (H,0,)*" and ozone (O3)® in order
to avoid the formation of any hazardous side products.

The oxidation of SCN™ plays a crucial role in organic synthetic strategies aiming
at the preparation of thiocyanated compounds. To create a reactive intermediate for
the thiocyanation of both aromatic’®*!%>1% and aliphatic'®"*%'% compounds, a
mixture of various oxidizing agents is used in situ with thiocyanate salts. Some of
these synthetic methods utilize HSOs in the form of Oxone® as the oxidizing
agent in order to achieve milder reaction conditions with higher yields.'%¢1%81%

Peroxomonosulfate ion is a peroxo compound and resembles H,O, in its redox
behavior, although the reactions of HSOs~ with inorganic reducing agents™'°*** are
characteristically faster than those of H,O,. The oxygen atom transfer reactions of
HSOs to halide ions (CI-, Br and I") are described in detail.**® Thermodynamic
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arguments are compiled to strengthen the proposed oxygen atom transfer
mechanism. Stoichiometric**? and kinetic results****** indicate that the oxidation of
SCN™ by HSOs is a complicated multistep process under acidic conditions, at pH
values between 2.2 and 6.3. The end products were identified as OCN", CN™ and
S042.*2 On the basis of calculations by the initial rate method and using numerical
integration for simulating kinetic observations, Smith and Wilson concluded that
the key initial step in the overall reaction is the equilibrium between SCN™ and

HSOs_'113’114
HSOs + SCN~ <= SO,* + HOSCN (R1)

where “HOSCN” was an uncharacterized intermediate. The formation of a second
intermediate (thiocyanogen: (SCN),) is proposed in the rapid comproportionation
of SCN™ and HOSCN, which inhibits the accumulation of HOSCN under acidic
conditions. In a wide range of pH from the physiologically relevant neutral to the
highly basic, the comproportionation of SCN™ + OSCN™ to give (SCN), is
negligible, thus the accumulation of OSCN" is assumed in analogous oxidation
reactions of SCN™"*!* It has been recently reported that the positively charged
MnTMe-2-PyP>* and MnTMe-4-PyP>* Mn(111) porphyrins display haloperoxidase
mimicking catalytic activity in the oxidation of Br by H,0,.'® The catalytically
active species was identified to be the oxomanganese(V) (oxoMn(V)) porphyrin,
MnY(O)TMe-4-PyP>*, in both cases. The haloperoxidase activity of
MnTMe-4-PyP>* is described to be superior to that of MnTMe-2-PyP>* in the Br-
+ H,0; reaction because of the generally better reactivity of the former porphyrin
in oxygen atom transfer reactions.’*’ In other papers, it is also shown that HSOs~
can rapidly oxidize the above mentioned Mn(Ill) porphyrins into oxoMn(V)
porphyrins.**® When both HSOs and SCN™ is present in the same reaction system
with Mn(l11) porphyrins, the formation of oxoMn(V) porphyrin is expected, which
rapidly transfers the axial oxygen atom to SCN™ giving OSCN".

There have been no systematic investigations of the kinetics and mechanisms of
the decomposition of OSCN™ near physiologically relevant neutral pH conditions,
in spite of the well accepted assumption that OSCN™ is a short lived biological
oxidizing agent, which can be only effective in the immediate vicinity of its place
of production. While it is generally assumed that OSCN" is the only biologically
active species produced from the enzymatic and non-enzymatic oxidations of SCN™
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in vivo, it is clear that many potentially reactive species must be formed during the
hydrolytic decomposition cascade of OSCN™ that produces the eventual products
CN", OCN", SO5%, and SO,* detected in physiological fluids."*>**° Older reports
indicate that the decomposition of OSCN" is faster at low pH and with high
concentrations of SCN™. Considering the observation that (SCN), does not yield
OSCN"™ when it is hydrolyzed at neutral pH,*****120121 gne might conclude that the
comproportionation of HOSCN and SCN™ to give (SCN), 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:*?

HOSCN + S™CN™ + H* — NCS-SMCN + H,0 (R2)
NCS-S"CN + H,0 — HOSMCN + SCN™ + H* (R3)

It is furthermore noteworthy that (SCN), accelerates the decomposition of OSCN™
(i.,e., OSCN™ and (SCN), react even at neutral pH before the latter species
decomposes). When HOSCN is reacted with *SCN", the SO,* that is obtained
does not contain the label. While the **C and *S tracer studies do not preclude the
involvement of NCSCN, O,SCN", OsSCN", and other possible intermediates, they
suggest that the reversible equilibrium between OSCN™ and (SCN); in the presence
of SCN™ (R2 and R3) is not involved in the decomposition mechanism. There is no
experimental evidence for the intermediates that might be involved in the
decomposition of OSCN", cyanosulfitt (O,SCN)**!* and cyanosulfate
(OsSCN")** have been observed in non-aqueous media but not in water. It has
been previously suggested that the mechanism of hydrolysis of HOSCN at neutral
pH involves dismutation of HOSCN because second order kinetics has been
observed where the production of (SCN), in the R2—R3 equilibrium is not
detectable.”***® However, others have reported first order kinetics for the
decomposition of OSCN™*# The picture is further complicated by the fact that
CN, one of the presumed hydrolysis products of OSCN", reacts with OSCN itself
at pH > 7 to produce NCSCN, which subsequently hydrolyzes to produce a 1:1
mixture of SCN™ and OCN".**’
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4) EXPERIMENTAL METHODS

4.1) Reagents and solutions

Three of the investigated Mn(l11) porphyrin complexes (MnTEt-2-PyP**,
MnTnHex-2-PyP°>* and MnTTEG-2-PyP>*) were synthesized according to reported
procedures****® by our collaborators at Duke University.?® The other Mn(lII)
porphyrins (MnTMe-4-PyP°>* and MnTSPP*) were purchased from commercial
suppliers. All of these complexes were readily soluble in water in the pH range
from 0 to 14. The experimental work was typically done with 1 — 100 uM Mn(III)
porphyrin solutions. The free Mn** content of the porphyrin complex stock
solutions were measured to be between 1 and 2 % of the analytical concentration of
the solutions.*” Mn(II)TTEG was prepared by reducing MnTTEG-2-PyP>* with
excess ascorbic acid in solution under anaerobic conditions.** The {Mn"NO}’
complex Mn(I)TTEG-NO was prepared by mixing a NO containing solution to
the Mn(I1)TTEG solution.** Homemade NO gas was passed through 6 M NaOH,
water, a column of solid NaOH, and finally collected into Ar-purged water.

Sodium thiocyanate (99.9+ %) and Oxone® were purchased from Sigma-
Aldrich and used without further purification. The KHSOs content of Oxone® was
regularly checked by iodometric titration. Sodium hypochlorite (NaOCI) stock
solutions were prepared by sparging Cl, gas (99.5+%) into a 0.3 M solution of
NaOH. The process was stopped at a NaOCI concentration less than 0.10 M. The
basic NaOCI solutions were standardized by UV-vis spectroscopy*** and
iodometric titration.**> For stopped-flow measurements, (SCN), solutions were
generated in situ in the first mixing cycle of the stopped-flow instrument by mixing
an acidic (0.2 -0.4 M HCIQ,) solution of NaSCN (0.2 — 1.2 M) with a slightly
acidified (pH 5-6) solution of HOCI (0.5—10 mM).}**™® The reaction is
complete within the mixing time. At least a 25-fold excess of NaSCN has to be
used to avoid the overoxidation of (SCN), by HOCI and get quantitative yields of
(SCN),. The highest concentration of (SCN), obtained by this method was 5 mM.
Thiocyanogen decomposed with a half-life of some seconds. The analytical
concentration of (SCN), was determined photometrically, taking into account the
formation of (SCN);~ in the presence of SCN™.**® For analytical measurements, to
avoid the high SCN™ background in the samples, (SCN), was synthesized in CCl,
by oxidizing Pb(SCN), with Br,*3**313 and was sequentially extracted into a
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0.1 M solution of NaOH. Thiocyanogen in CCl, was standardized
photometrically.™**** Solutions of NaOSCN were prepared using three different
methods: (1) NaOSCN solutions were generated in situ for stopped-flow
measurements in the first mixing cycle of the instruments by mixing a solution of
0.2—-1.5M NaSCN in 0.2 — 0.4 M NaOH with a solution of 0.5 — 15 mM NaOCI
from pH 11 to 12.%**%37 The reaction is complete within 2 s and at least a 50-fold
excess of NaSCN is required for a quantitative yield of OSCN™. The maximum
concentration of NaOSCN obtained was 7 mM, which was stable for several
minutes.”® (2) Solutions of NaOSCN were generated at pH7 using the
lactoperoxidase system (LPO + NaSCN + H,0,)***'*® when the presence of a high
excess of SCN™ was undesirable. For a quantitative yield, a 4-fold excess of SCN™
over H,O, was required. The maximum concentration of OSCN™ obtained by this
method was 4 mM.****® The enzyme was not removed from the system before
further experiments. (3) Solutions with 1:1 SCN™ to OSCN ratio were prepared
by extracting (SCN), in CCl, into a solution of 0.1 M NaOH, where (SCN),
promptly hydrolyzes to OSCN™ and SCN".***® Quantitative 1 : 1 mixtures were
obtained when the resulting OSCN™ concentration of the aqueous solutions did not
exceed 4 mM. Sodium hypothiocyanite solutions were standardized
photometrically.?% 11013

All other chemicals were purchased from commercial sources in ACS reagent
grade or better and used without further purification. lon exchanged and
MILLIPORE ultrafiltered (Milli-Q synthesis A10) water was used to prepare all
solutions. Sodium hydroxide solutions were standardized with potassium hydrogen
phthalate, and HCI and HCIO, solutions with the standardized NaOH solutions.
The pH of the reaction mixture was maintained either by NaOH (from pH 13 to 11,
no other additive necessary) or by borate (from pH 10.1 to 8.1), phosphate (from
pH 7.8 to 5.8) or acetate (from pH 5.7 to 3.7) buffers. The pH was measured by a
Metrohm 6.0234.110 combined glass electrode attached to a Metrohm 721 NET
Titrino titrating unit. The electrode was calibrated by two buffers according to the
IUPAC recommendations.**® The ionic strength was adjusted and kept at a fixed
value by the addition of NaClO, (and/or NaSCN). When necessary, the initial
concentration of the dissolved O, in the reactant solutions (co(O2)) was controlled
by bubbling O, (99+ %) or Ar (99+ %) into the previously aerated solutions. When
the required co(O,) was achieved, the reactant solutions were mixed in a sealable

-14 -



Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

vessel (usually a special quartz cuvette) under air tight conditions. The co(O,) was
measured by a YSI 5100 Dissolved Oxygen Meter with a YSI 5010 probe
calibrated by following the recommendations of the manufacturer.

4.2) Variable-temperature 'O NMR measurements

"0-enriched water (10 at%, Amersham, UK) was added to the solutions of the
studied Mn(lI) porphyrins in order to improve sensitivity. Reference solutions
were prepared from tetraethylammonium chloride (TEA-CI) and from MnCl,. The
concentration and the pH of the references were the same as that of the porphyrin
solutions. Variable temperature 'O NMR measurements were performed using
Bruker DRX-400 (9.4 T, 54.2 MHz) or DRX-360 (8.5 T, 48.8 MHz) spectrometers.
Homemade air-circulating and Eurotherm temperature control units were used to
stabilize the temperature. The sample temperatures were corrected using the
“methanol thermometer” method.**® Longitudinal relaxation rates (1/Ty) were
obtained by the inversion recovery method™*! and transverse relaxation rates (1/T>)
directly from the line widths assuming extreme narrowing limit conditions.

The collected data were analyzed according to Powel and Merbach’s previously
published procedure.*® From the measured 'O NMR relaxation rates and angular
frequencies of the Mn(I11) porphyrin solutions (1/T;, 1/T,, and w) and those of the
TEA-CI reference solutions (1/T1a, 1/T2a, and wa) one can calculate the reduced
relaxation rates and the chemical shift: 1/Ty;, 1/T,,, and Aw,. These may be written
as in eqgs. 1 — 3, where 1/T;, and 1/T,n are the relaxation rates in the bound water,
Awn, is the chemical shift difference between the bound water and bulk water (in
the absence of a paramagnetic interaction with the bulk water), P is the mole
fraction of bound water, and z, is the mean residence time (or inverse exchange
rate constant, 1/t = kex) Of water molecules in the inner coordination sphere. The
total outer-sphere contributions to the reduced relaxation rates and chemical shift
are represented by the terms 1/T1os, 1/T20s, aNd Awos.

1 11 1 1 1
T, P, _Tl Tia T+ 70 Tios

)

1 i_i_i}_iﬂ'i”ﬂziwwi 1

- -1 -I-—12 A 2 +-|-
z-m (Tm+ 2m) + wm 20s
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Aw =i(a)—a)A)= A, +Aw, (3)

. 2 0s
P -1 2 2
m 1+7, T, ) +7.A0;

The relaxation rates of the bound water (1/T1, and 1/T,y) display an Arrhenius-like
temperature dependence (eq. 4 with i =1 and 2), where A, is a pre-exponential
parameter (in s ) and the dimensions of E%, are the energies. The temperature
dependence of the difference in chemical shift between the bound water and bulk
water (Awm) is given by eq. 5, where g, is the isotropic Landé g factor (g, = 2.0 for
Mn®"), S is the electron spin (S = 4/2 for Mn®"), A/x is the hyperfine or scalar
coupling constant (in s %), and B is the magnetic field (in T). The exchange rate
constant kex (inverse of mean residence time ) of water molecules in the inner-
sphere is assumed to obey the Eyring equation (eq. 6) where AS* and AH* are the
entropy and enthalpy of activation for the exchange process. The exchange rate
constant at 298.15 K (ke>>®) can be calculated by substituting this temperature into
the Eyring equation.

1T, = A, exp(-AE,," / RT) ()
Awy = 9 4S(S+1)B A 5)
3k, T h
k :kB—Texp(—AHi/RT)exp(ASWR) (6)
ex h

In order to validate our methodological approach, the exchange rate constant at
298.15 K and the activation parameters of the water exchange reaction of Mn(11),q
in a slightly acidic solution were determined (Zn(l1).q Was the reference) and were
found to be in good agreement with previously reported data: 2.89x10" s vs.

3_1)(107 571.143,144

4.3) UV-vis photometric pH titration

The pK, values and the spectra of the differently protonated species of
Mn(IITTEG, Mn(I)TTEG and HU were measured by UV-vis titration. The
spectral change was recorded in a spectral probe with 1.0 cm optical path length,
which was attached to a Varian Cary 50 scanning spectrophotometer. Anaerobic
conditions were maintained by constant Ar purging to avoid the oxidation of the

-16 -



Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

Mn(I1) porphyrin complex.*® After the stabilization of the pH after each aliquot of
the titrant the UV-vis spectrum of the sample was scanned 3 times and averaged to
increase the signal to noise ratio.*

4.4) Kinetic measurements

The majority of the kinetic experiments in the MnTTEG-2-PyP>" + HU system
were carried out in a PerkinElmer Lambda 25 scanning UV-vis photometer. The
solutions of HU and MnTTEG-2-PyP>* were loaded into a tandem-cuvette and the
reaction was started with hand-mixing which usually introduced a ca. 4 s loss
(< 1 %) of kinetic data. The same protocol was used for the measurements with an
HP8453 photodiode array (PDA) photometer with adjustable integration time.

Fast kinetic experiments in the MnTTEG-2-PyP°* + HU, in the SCN™ + HSOs
and in the MnTMe-4-PyP>* + HSOs™ reaction systems were carried out in an
Applied Photophysics DX-17 MV stopped-flow instrument (Scheme 2) with either
a photomultiplier tube (PMT) or a photodiode array (PDA) attached as the detector.
Absorbance traces were collected using an optical cell of either 2.0 or 10.0 mm

Scheme 2. Applied Photophysics DX
17-MV stopped-flow apparatus.

A, B, C, F: syringes; AB, CF: rams;
AL: ageing loop; M1, M2: mixers,
OC: optical cell; S: stop syringe; SW
microswitch; lg: incident light beam;
I: exiting light beam.
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path length. When available, the kinetic runs were run in 2 — 5 parallel duplicates
and the recorded signal averaged to increase the signal-to-noise ratio of the kinetic
curves. The dead time of the stopped-flow instrument was determined by the
reaction of 2,6-dichlorophenol-indophenol (DCIP) with ascorbic acid (AA) under
pseudo-first order conditions with AA in excess.** The dead time of the instrument
was measured to be 1.51 + 0.03 ms. By plotting the experimentally obtained Kops
values against [AA], deviation from linearity is observed above keps=600s" as
seen in Figure 1, which means that higher kops Values can be determined only with
the elevation of relative experimental error. The deviation from linearity can be
empirically described by the following equation:**®

K ek [AA]

react ' “mix

s (")

7 K [AA] K

react [

where Kreact 1S the rate constant of the DCIP + AA reaction and kmix describes the
rate of mixing the two reactants in the mixing chamber of the instrument. By
determining kmix from the calibration measurements it is possible to calculate
precisely the theoretical rate constant ki for a given reaction for which the
measured Kops 1S high and significantly deviates from Keeact. However, the correction

2500 -
2000 - 4
~1500 -
w .
21000 -

500 ~

0 —
0 50 100 150
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Figure 1. The measured values of the pseudo-first order rate constant (ko) of the reaction
of 2,6-dichlorophenol-indophenol with ascorbic acid (AA). The values of ko, deviate from
the predicted linearity when the theoretical values become comparable to the rate of
mixing of the two reactants (Kmiy)-
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in the case of the current study is only ~10% when kqps ~ 1000 s . Therefore we
avoided the unnecessary manipulation of the experimental data.

Sequential double-mixing stopped-flow experiments were carried out to study
the reaction of the higher oxidation state Mn'V"(0)TMe-4-PyP*** porphyrins with
SCN". The Mn(lll) porphyrin MnTMe-4-PyP>* was oxidized in the first mixing
cycle of the instrument with HSOs and subsequently mixed with SCN™ in the
second mixing cycle. Some more sophisticated double-mixing stopped-flow
experiments were designed and carried out to study the kinetics of the hydrolytic
decomposition of (SCN), or OSCN™ at a given pH. The in situ generated acidic or
basic reagent solution ((SCN), or OSCN") was mixed with the appropriate buffer in
the second mixing cycle. The concentration of the buffer was chosen to be at least
in a 100-fold excess over that of the reactant. The resulting pH after the second
mixing was always checked independently. Thiocyanate ion was used in high
excess and for concentration dependence studies, its concentration was varied in
the NaSCN solution used for the generation of the reagents in the first mixing
cycle. A 2.0 s aging time before the second mixing (Ar;) gave the highest yield
from the in situ prepared reagents and ensured the excellent reproducibility of the
experiments. The reaction of (SCN), with HOSCN at pH 1 and pH 4 was also
studied by the double-mixing stopped-flow technique. The in situ generated (SCN),
(pH 0) was reacted with freshly prepared solutions of NaOSCN (pH 13) to produce
a reaction mixture with a pH between 0.58 and 0.70. For experiments around pH 4,
the solution of NaOSCN was prepared with a sufficient amount of NaOAc for the
resulting mixture to be buffered. For these experiments, NaOSCN was synthesized
either by the extraction method (from (SCN); in CCl,) or by mixing NaSCN and
NaOCI solutions with a hand mixer.

4.5) Electrospray ionization mass spectrometry (ESI-MS)

Mass spectrometric measurements were carried out with a Bruker micrOTOFQ
mass spectrometer equipped with a quadrupole and time-of-flight (Q-TOF)
analyzer in positive ion mode to follow the kinetics and identify the intermediates
of the MnTTEG-2-PyP°* + HU reaction system. The reaction mixture was
introduced directly into the ESI source via a gas-tight syringe (Hamilton) and a
syringe pump (Cole-Parmer Ins.). The syringe pump was synchronized with the
software of the MS instrument, which enabled the precise determination of the
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aging time of the reaction mixture at the instance of data recording. With this
feature, reaction time resolved ESI-MS spectra were collected. The error of mass
measurement was below 0.005 in the m/z range from 80 to 600. Sample solutions
of ionic strength less than 1 mM were introduced into the MS to avoid decrease in
the signal-to-noise ratio.

Additional experiments were performed with an Agilent 6538 UHD Accurate-
Mass Q-TOF MS with a dual ESI ion source to identify the hydrolysis products of
(SCN), and OSCN'. The error of the m/z measurement was less than 7.0 ppm in
positive mode and less than 6.0 ppm in negative mode. All samples were diluted
1/10 — 1/50 before introduction to the MS, to avoid complication from the high
ionic strength.

4.6) lon chromatography (1C)

Chromatographic analyses were performed in a Metrohm modular-built IC
instrument to quantitatively determine NO, and NOs; ions produced in the
MnTTEG-2-PyP*>" + HU reaction system, and CN", SCN™, OCN", SO5* and SO,*
ions produced in the hydrolytic decomposition of (SCN), and OSCN". Nitrite and
nitrate ions were measured with a Metrosep Dual 4 25 4.6 functionalized silica
anion exchange column (25 mm x 4.6 mm). A cation suppressor column was used
in every measurement. The suppressor was regenerated by 0.05 M sulfuric acid
solution. Cyanide and thicyanate ions were measured using integrated
amperometry detection, and OCN", SOs> and SO,> were measured using
conductivity detection. An lonpac AS16 column was used for the anions detected
by integrated amperometry, and an lonpac AS18 column and an ASRS 2 mm
suppressor were used for ions detected by conductivity. Calibration of the methods
was performed using a series of standard solutions.

As SCN is one of the expected decomposition products of both (SCN), and
OSCN, synthetic methods which require an initial large excess of SCN™ were not
feasible for the chromatographic experiments. Thiocyanogen was synthesized in
CCl, and extracted directly to a 50 mM acetate or phosphate buffer, and allowed to
decompose for 15 min before the IC analysis. Sodium hypothiocyanite was
produced by extracting (SCN), synthesized in CCl; to a 0.1 M NaOH solution,
which was immediately mixed with a phosphate or acetate buffer during constant
stirring. These solutions were allowed to decompose completely for 30 min prior to
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analysis. To study the effect of initial SCN™ excess, which was present during all
the kinetic studies on the decomposition products, additional experiments were
performed with buffer solutions containing an initial 8 to 11-fold SCN™ excess over
(SCN), or OSCN".

4.7) Data treatment

The raw data sets of the measurements were processed with the instrument
controlling softwares. Further necessary data manipulation was typically carried
out in MS Excel.

Initial rates in this study were always determined as initial rates of absorbance
change of UV-vis traces. In order to emphasize this fact, absorbance unit (AU) is
used throughout the text to denominate the unit of the (otherwise dimensionless)
physical quantity absorbance. Singular value decomposition calculations for matrix
rank analyses of time resolved UV-vis traces were carried out by Mathworks
Matlab 4.2 or by Spectrum SpecFit/32'*" softwares. The raw data sets of the
UV-vis photometric pH potentiometric titrations were evaluated by SpecFit/32
software using standard matrix algebraic calculations.

The experimental kinetic curves could not always be acceptably evaluated by
fitting them one by one to an explicit time-dependent function. In these cases, the
proposed kinetic model was directly fitted to multiple sets of kinetic curves
recorded under different initial conditions. The simultaneous differential equation
sets constructed from the kinetic models were solved with either Micromath
Scientist 2.0**® or with the ZiTa program package'*® using the GEAR algorithm.*®
Micromath Scientist was also universally used for Levenberg-Marquard least-
squares fitting procedures. Estimated parameters are always quoted in text with
indicating 1o standard error. Parameters derived from other estimated parameters
(“forced parameters”) are quoted without indicating error.
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5) RESULTS AND DISCUSSION

5.1) Water exchange of selected Mn(l11) porphyrins

5.1.1) Kinetics and mechanism

The kinetics and mechanism of water exchange have been studied in detail for
four selected Mn(lll) porphyrins: MnTEt-2-PyP**,  MnTnHex-2-PyP**,
MnTTEG-2-PyP>* and MnTSPP*". In highly basic (pH 12.0) solutions of these
complexes, the YO relaxation rates and angular frequencies of bulk water were
found to be the same as those of the reference solution (TEA-CI) within
experimental error, indicating that the Mn(lll) porphyrin complexes show no
measurable relaxivity enhancement. An explanation for this phenomenon could be
the absence of water molecules from the inner coordination sphere of Mn(l1l) ions
in the complexes under highly basic conditions. Therefore, the proposed dominant

porphyrin species at this pH for all the four porphyrins must be the one in which
only an oxo ligand is axially coordinated to the central Mn(l11) as described in the
literature (Mn=0).%**® Furthermore, the lack of relaxivity enhancement at pH 12
indicates that the contribution of outer-sphere water molecules to the reduced
relaxation rates and the chemical shift must be negligible.

In slightly acidic solutions (pH 6.0), the temperature dependence of the reduced
relaxation rates and the chemical shifts for the four Mn(I11) porphyrin complexes
are shown in Figure 2. The maximum observed in the temperature dependence of
1/T, is characteristic of the changeover from the “fast exchange” regime at high
temperature, where T,y is the dominant term in eq. 2, to the “slow exchange”
regime at low temperature, where 7, is the dominant term. The changeover
between the fast and the slow exchange limits is also manifested in Aw,: the
maximum in 1/T,, corresponds to the point of inflection in Aw,. The exchange rates
at 298.15 K and the activation parameters of the water exchange reactions of the
four Mn(I11) porphyrins were determined by nonlinear Levenberg-Marquard least-
squares fit to the experimental curves and are given in Table 1. The temperature
dependence of the reduced relaxation times and the chemical shift of a given
Mn(I11) porphyrin were fitted simultaneously. As previously explained in the
experimental section, we used the full eq. 1 —6 set, with setting the outer-sphere
terms to zero in the analysis. Seven free parameters were left in the global least-
squares fit: Aum, E*im, Aom, Efom, A/, AS* and AH*. The fastest exchange rate is
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Figure 2. Reduced relaxation rates (circles: 1/Ty and squares: 1/T, in s units) and
chemical shifts (triangles: A, in rad s units) of the Mn(l1l) complexes studied as a
function of temperature at pH 6. The lines are the results of calculation by using egs. 1 — 6
and the appropriate parameters from Table 1. c(complex) = 10 mM.

observed for the negatively charged MnTSPP® complex: ke = 2.74 x 10" s,
The coordinated water molecules of the positively charged MnTEt-2-PyP°*,
MnTnHex-2-PyP°>" and MnTTEG-2-PyP>* complexes are definitely less labile with
Kex' "2 = 4.12 x 10° 57, ke’ = 5.73 x 10° s and kex”> = 4.88 x 10° 5%, in order. As
seen in Table 1 the activation enthalpies of the water-exchange reactions decrease
from 54 kJ mol™* (MnTSPP*) to ca. 35 ki mol™ (positively charged complexes),
but it is the effect of the activation entropy that causes the opposite tendency in the
exchange rates. Namely, the smaller rate constants observed for the positively
charged complexes are due to a significant decrease in AS* from +79 J K™ mol™
for MNTSPP* to ca. 0 J K™ mol™ for the positively charged complexes. It is also
observed that the rates of the water exchange for Mn(I1l) porphyrins are almost a
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Table 1. Activation parameters and rate constants of water exchange of Mn(l11) porphyrin
complexes and Mn(ll),, measured at pH 6.

species Kex?®® (s7) (k JA:;_l) Q Kéliiol‘l) reference
MnTE-2-PyP°* 412x10° 36+3 4+ 10 this work
MnTnHex-2-PyP>* [5.73x10° 34+7 —2+23  thiswork
MnTTEG-2-PyP** |4.88x10° 31%5 ~13+20 this work
MnTPPS® 274x10° 545 79+19  thiswork
1.0 x 10° 50
Mn(I1)q 2.89x 10" 33.1+06 9+2 this work
3.1x 10’ 33.9 12.2 144
2.1x 10 32.9 5.7 144

magnitude higher than for Fe(l11) porphyrins of similar structure and charge.*®

The large positive value of the activation entropy suggests a limiting
dissociative (D) water exchange mechanism for the MnTSPP*, whereas the close
to zero obtained entropy values are indicative of the interchange mechanism (I) for
the other three complexes. According to van Eldik and his co-workers,>® the crucial
factors that determine the exchange rate for Fe(lll) porphyrins are the electron
density of the metal center and the steric decompression of the complex. The
dissociatively activated water exchange is faster when the electron density on the
metal center is increased, weakening the metal-axial ligand (water molecule)
bonds, and when the peripheral substituents of the porphyrin are bulky, which
sterically hinders the complex and extrudes water molecules from the inner
coordination sphere. The peripheral 4-sulfonatophenyl substituents of the
MnTSPP*" porphyrin are strong electron donors that increase electron density at the
central Mn(lll) ion, which in turn labilizes axial water ligands and promotes the
limiting dissociative water exchange mechanism similarly to the analogous Fe(l11)
complex FeTSPP*. In the case of MnTEt-2-PyP**, MnTnHex-2-PyP>* and
MnTTEG-2-PyP**, the substituents on the porphyrin rings are among the strongest
electron withdrawing groups due to the positively charged aromatic nitrogens in
ortho positions. The electron withdrawing effect strengthens the metal-axial water
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bonds, whose dissociation must be assisted by an incoming water molecule. The
dissociation occurs simultaneously with the approach of an outer-sphere water
molecule, i.e. the bond cleavage parallels the new metal-water bond formation.
Thus the operative mechanism for the assisted water exchange in the positively
charged complexes is an interchange process resulting in a significantly lower
reaction rate than observed for the MnTSPP® complex. The lower activation
enthalpies for the reactions of the three positively charged complexes are therefore
expected, since the metal-water bond cleavage in the transition state of the
interchange mechanism is a concerted process with the formation of a new bond.
Accordingly, the overall activation enthalpy must be significantly lower for the
reaction following the interchange mechanism characterized by the dissociative
mode of activation (lg) than for the reaction following the limiting dissociative
mechanism (D) that is likely to be the water exchange of MnTSPP*". However, it
should be noted that, based on our results, a clear distinction between the
mechanism characterized by the dissociative (lg) and associative (l;) mode of
activation cannot be done; but it is rather based on the similarity with the water
exchange kinetics of the analogous Fe(lll) porphyrin complexes. A rather small
difference between the exchange rates of MnTEt-2-PyP°>* and MnTnHex-2-PyP>*
complexes can be attributed to the different steric decompression of the two
porphyrins. The hexyl side chains hinder the metal center somewhat more than the
ethyls do. Therefore, if the associative mode of activation were operating, one
would expect a decrease of the exchange rate due to a somewhat more difficult
approach of the entering water molecule to the central metal ion. On the other
hand, if the dissociative character of the interchange mechanism is proposed, the
axial water molecules are expected to be slightly easier expelled from the
MnTnHex-2-PyP°>* complex, which is in agreement with the measured data. Still,
the difference between the exchange rates is too small to be taken as a definite
criterion for distinction between the Iy and I, mechanisms. The proposed
mechanism of water exchange of MnTEt-2-PyP>* and MnTSPP® are in good
agreement with those independently proposed by Ivanovi¢-Burmazovi¢ et. al.
based on variable temperature and high pressure O NMR measurements.*®

The introduction of a porphyrin chelate around the Fe(lll) center labilizes the
coordinated water molecules in the axial position by inducing electron density on
the metal center. It was reported that the water exchange rate constants on the
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Fe(111) porphyrins are ca. 10* times larger than on the hexa-aqua system.*>® Based
on the similarity between the size of the high spin Fe(I1l) and Mn(I1l) ions, and the
close resemblance of the intimate water exchange mechanisms observed for these
two ions, the rate constant of the water exchange on aqua Mn(lll) ion can be
estimated to be in the range of ca. 10— 10° s, depending whether our data on
MnTSPP® are compared to the rate constant of the water exchange on FeTSPP*
reported in ref. 53 or in ref. 54.

In addition, we calculated the residence time of the water coordinated in
MnTSPP* at room temperature to be 36 ns. Thus, the applied 10 ns in the analysis
of NMRD curves of relaxivity of water protons has not been far from the reality.
Therefore, the interpretation of the anomalous relaxivity of MnTSPP*", which was
confirmed by the density functional theory calculations of anomalous spin-
polarization mechanism for high-spin Mn(111) porphyrin complexes,™" is probably

correct, or at least it is not the result of the misused water residence time.*®>°

5.1.2) Implications to inner-sphere redox reactions

The second order rate constants of the one electron oxidations of superoxide ion
by MnTEt-2-PyP>* and MnTnHex-2-PyP°>* in neutral solution (k= 5.8 x 10" and
2.7%x 10" M*s™?, respectively'®) are an order of magnitude higher than the
obtained first order rate constants for the water exchange of the two porphyrins.
This statement is also true for the second order rate constants of the reductions of
ONOO™ and CO;~ by MnTEt-2-PyP**, (k= 3.4x 10" and 3.2x10® M's?
respectively?”), under in vivo and in vitro accessible concentrations. However, the
inner-sphere electron transfer mechanisms for these redox reactions are not
precluded by the numerical values of the rates of water exchange reactions. A

confirmation of this statement can be invoked by a detailed analysis of the reaction
mechanism. The first step in the inner-sphere electron transfer mechanism is
assumed to be a fast ion pair formation equilibrium between the reactants, followed
by the rate determining step of the aqua ligand substitution on the metal ion center.
According to the Fuoss equation, the ion pair formation constant for the 5+ and 1-
charged ionic reactants can be calculated as Kos = 200 — 350 M depending on the
closest approach of the ions that is usually taken as 0.4 — 0.5 nm when a water
molecule separates them.'®® Therefore, the first order rate constants for the
substitution of the water molecule by O,™, ONOO™ and CO3™ (k ca. 10° — 10° )
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are in a slightly better agreement with the water exchange rate constants obtained
in the present study (kex ca. 10" — 10% s°%), but the conformity can still be improved
by considering the various oversimplifications applied in the Fuoss equation. For
example, the solvation of the complex ions statistically reduces the ligation rate
constant by approximately an order of magnitude. Furthermore, it was shown that
the aromatic groups of the porphyrins provide a hydrophobic environment that may
also change the accessibility of central metal ions to the negatively charged species
involved in the above mentioned dismutation and reduction processes.'>
Independently from our study, Ivanovi¢-Burmazovi¢ et. al. arrived to a similar
conclusion regarding the elementary mechanisms of the redox reactions of radicals
with Mn(I11) porphyrins by investigating the temperature and pressure dependence
of water exchange of MnTEt-2-PyP>* and MnTSPP* %

-27 -



Joézsef Kalmar: Ph.D. thesis

5.2) The autoxidation of N-hydroxyurea catalyzed by MnTTEG-2-PyP**

5.2.1) Characterization of the reactants

The pK, values of the two axially coordinated water molecules of Mn(II)TTEG
were determined by UV-vis photometric titration to be pKy = 10.71 £ 0.03 and
pKy = 11.7 £ 0.1. The measured pK, values and the individual spectra of each
species (Figure 3) are similar to those of analogous Mn(l11) porphyrins described in
the literature.* In the second deprotonation step, the formation of an Mn=0 species
is assumed in accordance with the literature as discussed earlier in this thesis.*® The
mechanism of water exchange of Mn(IlII)TTEG at pH 6 is proposed to be the

Mn(II)TTEG
15
AH,
AH
A -10
| "z
=
— o
i i fﬁ\_ al
< >
Mn(IINTTEG 15 2
- 10
| -5
— 7T T T T T ‘* T " T T " T T T T T T
400 450 500 550 400 450 500 550

A (nm)

Figure 3. UV-vis titration of Mn(I1)TTEG (up) and Mn(lII)TTEG (down) from pH 9.3 to
pH 12.6. Left: spectral change, the pH increases with the arrows. Right: calculated
individual spectra of the protonated (black), the singly deprotonated (green) and the doubly
deprotonated (red) species. c(Mn(IINTTEG) = 3.80 uM or cMn(I)TTEG) =5.23 uM, 1=
1.0 M, T = 25.0 °C, anaerobic conditions.
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dissociative interchange (lg) as detailed in the previous chapter. A UV-vis
photometric titration was carried out under anaerobic conditions also with the
reduced complex, Mn(I)TTEG, giving pKa3 = 9.8 £ 0.1 and pKys = 11.7 £ 0.1. The
spectra of the corresponding species were calculated (Figure 3).*® The ESI-MS
spectra of Mn(IINTTEG and Mn(II)TTEG were recorded from pH 10.7 solutions.

The pK, of the —OH group in N-hydroxyurea (HU) was measured to be pKgs =
10.98 + 0.06 **>° and the UV-vis spectra of the protonated and the deprotonated
forms were recorded. The stability of the HU stock solution was studied at pH 11.7.
Under anaerobic conditions, no change of the UV-vis spectrum was detected in
4 hours. Under aerobic conditions (co(O,) = 2.5 x 10* M), the HU signal (co(HU) =
50 uM) decays in a pseudo-first order reaction characterized by Kqps = (5.0 £ 0.5)
x 10 s (Kops/Co(O2) = 2 Mts™). This process is interpreted as the direct
autoxidation of HU, but it is substantially slower than the catalytic reactions
described in this chapter, and its contribution to the overall process was taken into
account, as detailed later.

5.2.2) Effects of pH, dissolved oxygen and light on the kinetics of the reaction

The UV-vis spectral change observed during the reaction of HU + Mn(IIDTTEG
at pH 11.7 and the corresponding kinetic curve at 430 nm can be seen in Figure 4.
The displayed wavelength and the indicated pH was selected based on an analysis
of the spectral effects to give a maximum signal for the first, increasing part of the
Kinetic curve. In this region, the absorbance first rises then decreases, which is
consistent with the formation of an intermediate. It should be emphasized that
Figure 4 shows only a few characteristic spectra for clarity, and these may appear
to show an isobestic point at around 435 nm. However, the full set of spectra does
not show a consistent isobestic point and the apparent constancy of the absorbance
around 435 nm was understood to be the consequence of some compensation
between molar absorbances and reaction stoichiometries in a multi-step process, a
phenomenon known from the literature of kinetics. In any case, the multi-step
nature of the studied process is clearly demonstrated by the maximum on the
kinetic curves measured at 430 nm. The reaction is faster at higher pH and no
reaction is observed within 60 min at pH 6.0 or below. To be able to follow the
reaction system conveniently, the majority of the Kinetic experiments were run at
pH 11.7, where the process is complete in a few minutes.
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Figure 4. Representative spectral change observed during the reaction of Mn(IIDTTEG
and HU. The spectrum at 0 s is the sum of the spectra of the reactants recorded before
mixing. Inset: kinetic curve recorded at 430 nm, which is the An. of the major
intermediate. Co(Mn(II)TTEG) = 3.75 uM, co(HU) = 15.0 uM, pH 11.70, co(O,) = 254 uM,
I=1.0M, T=25.0"°C.

The reaction has been found to be significantly faster with higher initial
concentrations of dissolved Oz (Co(O.)), as detailed later. Under anaerobic
conditions, no absorbance increase is observed at 430 nm at pH 12.7 within 60 s.
The majority of the kinetic measurements were carried out with solutions initially
containing 2.5 x 10* M O, (i.e., equilibrated with air at 1.0 bar and thereafter
sealed from air). The addition of MnCl, or Na,EDTA has no effect on the reaction.

The fast steps of the reaction were studied in a stopped-flow apparatus and the
slower steps in scanning or diode array photometers. An unusual observation has
been made: the kinetic behavior of the reaction varies with the type of instrument
used for data recording under otherwise identical conditions. Additional
investigation revealed that the reaction is light-sensitive and during the photometric
measurements, the instrument-specific illumination of the reaction mixtures altered
the kinetics. The light intensity dependence of the reaction was studied by the
variation of the exit slit width of the monochromator of the stopped-flow apparatus
or the integration time of the diode array photometer.’*® In the case of the stopped-
flow measurements, the increase in the spectral bandwidth with increasing slit
width was taken into account. Detailed experiments proved that the initial reaction
rate at 430 nm (vo*°"™) slightly decreases with the intensity of illumination, and the
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intermediate with an Anax at 430 nm decays with a rate proportional to the light
intensity (Figure 5). Because of the photosensitivity of the reaction system, the
majority of kinetic experiments were performed in a scanning photometer where
the light intensity was set at its minimum. Only the fastest experiments
(milliseconds) were followed by stopped-flow PDA. The photochemical effect is
proven to be negligible over such a short timescale.

4 . L
0.8 - slit width 0.020 - - 0.020
— increases i * L
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< o 0.015 - L - 0.015
T | i
c
3 0.010 a o - 0.010
< 06 ] A A A |
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Figure 5. The effect of the intensity of illumination on the reaction of Mn(lII)TTEG and
HU. The exit slit width of the monochromator in the stopped-flow instrument was varied
from 0.5 mm to 2.5 mm in 0.5 mm steps. The light intensity is roughly proportional to the
exit slit width. Left panel: Kinetic traces at different slit widths of the monochromator.
Right panel: The initial reaction rate of the overall reaction (red triangles) and the pseudo-
first order rate constant of the decay of the Mn(INTTEG-NO (Anax at 430 nm) intermediate
(blue dots) as functions of the exit slit width of the monochromator. co(Mn(IIDTTEG) =
7.02 uM, co(HU) = 15.0 uM, pH 11.70, c4(0,) =254 uM, I1=1.0 M, T = 25.0 °C.

5.2.3) Intermediates and products

The visible part of the UV-vis spectrum of the product solution (60 min after
mixing Mn(III)TTEG and HU) is identical to the spectrum of the Mn(III)TTEG
reactant. Matrix rank analysis of the time-resolved UV-vis spectra indicates the
presence of 4 absorbing species during the course of the reaction at constant
pH,®"1%® thus the formation of 3 intermediates are expected. The {Mn"NO}
complex of Mn(Il)TTEG, i.e. Mn(Il)TTEG-NO was independently prepared in
solution, and as seen in Figure 6, its UV-vis spectrum was found to be identical to

-31-




Joézsef Kalmar: Ph.D. thesis

0.8 - Mn(INTTEG-NO
=
< 0.6
<
0 Mn(IINTTEG
0.2 1 Mn(I)TTEG
1.0 4
= 0.8 - Mn(I)TTEG-NO
£ ]
S 0.6 Mn(IINTTEG + HU
h
<
<

T L T

—— ——
400 450 500 550

A (nm)

Figure 6. Up: The UV-vis spectra of Mn(IINTTEG, Mn(IDTTEG and Mn(IDTTEG-NO.
c(Mn(II)TTEG) = c(Mn(ITTEG) =c(Mn(I)TTEG-NO) = 3.54 uM, ¢(NaOH) = 5.0 mM,
anaerobic conditions. Down: normalized UV-vis spectra of Mn(Il)TTEG-NO and the
intermediate of the reaction Mn(II)TTEG + HU recorded 150s after mixing.
Co(Mn(IINTTEG) = 3.75 uM, co(HU) = 150 uM, pH 11.70, c4(0,) = 254 uM, 1= 1.0 M,
T =25.0°C.

that of the major intermediate of the reaction (with an Amax at 430 nm).

The reaction was also monitored with ESI-MS from ca. 50 s after mixing. The
time resolved +ESI-MS spectra of the reaction mixture were compared to the
spectra of independently prepared Mn(lIIDTTEG, Mn(I)TTEG and
Mn(I)TTEG-NO solutions. Table 2 shows some identified peaks corresponding to
Mn(IIDTTEG, Mn(IDTTEG and Mn(II)TTEG-NO. The intensity of the ESI-MS
signal of Mn(II)TTEG increases, and the intensities of the signals of Mn(INTTEG
and Mn(II)TTEG-NO decrease in the reaction mixture from 50 s to 400 s after
mixing (Figure 7). The +ESI-MS spectrum of the product solution (60 min after
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Figure 7. The change of the +ESI-MS signal intensities of Mn(I1I)TTEG (m/z 431.1882),
Mn(INTTEG (m/z 425.5203) and Mn(I)TTEG-NO (m/z 435.1818) during the reaction of
Mn(II)TTEG and HU. The intensities are given in percentage of the measured intensities
in a reference solution of Mn(III)TTEG under identical conditions. co(Mn(IINTTEG) =
10.0 uM, co(HU) = 49.5 uM, pH 10.70, ¢o(O,) = 254 uM, T = 25.0 °C.

Table 2. The identified major +ESI-MS species corresponding to Mn(II)TTEG,
Mn(IDTTEG and Mn(I)TTEG-NO. Only the most abundant isotopic peaks are shown in
the table.

m/z

species formula measured calculated
(Mn(IITTEG) +20H" CesHesNsOMn®*  431.1882  431.1876
(Mn(II)TTEG) —~H" +OH" CesHasNgO1sMn®*  425.1828  425.1841
(Mn(II)TTEG) —2H* CesHaNgO1Mn®*  419.1799  419.1805
(Mn(I)TTEG) +OH" CesHasNgO1sMn®* 4255203 425.5200
(Mn(ITTEG) -H' CesHasNgO1Mn®* 4195144  419.5165
(Mn(INTTEG-NO) —~H*+OH~ CggHasNgO1,Mn** 435.1818  435.1834
(Mn(I)TTEG-NO) —2H* CesHaNgO1sMn®*  429.1778  429.1799
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mixing Mn(IINTTEG and HU) shows the presence of only Mn(IINTTEG. The
quantitative evaluation of the recorded time traces are challenging because the
relative sensitivity of the MS instrument slightly changes for each species with the
changing composition of the analyte solution. Because of this phenomenon, our
MS method was not suitable for monitoring the reaction quantitatively, only the

major trends in the changes of concentrations could be detected. It should also be
noted that the MS experiments were carried out under conditions that were slightly
different from the rest of the kinetic measurements to avoid complications from the
high ionic strength.

Based on IC measurements, we found that HU is quantitatively converted to
NO; inthe Mn(lII)TTEG + HU reaction, and the produced NO, undergoes slow
autoxidation (t,, = 200 min) to give NOs .

5.2.4) Effect of reactant concentrations

The concentration dependence of the reaction was studied by varying the
concentration ratio of Mn(II)TTEG to HU from 1:0.2 to 1:30. First, the
experimental kinetic results were evaluated by the initial rate method. The vo*%™

versus initial concentration curves saturate at high relative concentrations of either
Mn(II)TTEG or HU in the pH range from 10.7 to 12.7 (Figure 8). If we assume
the formation of a reactive adduct (Mn(III)TTEG—HU) from the reactants in a fast
pre-equilibrium, with the same mathematical derivation as seen in an earlier
literature example,™® we get:

_ [Mn"'TTEG-HUJ,

Voo™ = k"™ [Mn""TTEG-HU], and K,=-—— (8)
[Mn™TTEG],[HU],

430nm k(;l3onm 1 -1

ygomm (co(Mn"TTEG) +¢,(HU) + K, ') -
9)

430nm
_k 5 \/(Co (Mn"'TTEG) +c¢,(HU) + K, )2 —4¢,(Mn""TTEG)c,(HU)
where k™™™ is a wavelength dependent rate constant, Ko is the equilibrium

constant of the adduct formation and the c, symbol indicates initial analytical
concentrations of the reactants. The protonation state of HU and Mn(lII)TTEG
changes in the studied pH range, therefore, both ko***™ and K, are pH dependent.
Eq. 9 fits to the vo™®™™ versus initial concentration curves, and the constants are
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Figure 8. Left panel: dependence of the initial reaction rate on the relative initial
concentrations of the Mn(IINTTEG and HU reactants at different pH values. Dots:
measured values, lines: fitted curves on the basis of eq. 9. co(Mn(lI)TTEG) = 3.75 uM,
Co(HU) = from 0.763 uM to 114 uM, co(O;) = 254 uM, 1= 1.0 M, T = 25.0 °C. Right
panel: the same as left, but, the initial concentration of Mn(III)TTEG was varied while that
of HU was kept constant. Dots: measured values, lines: fitted curves. co(Mn(IIDTTEG) =
from 1.25 uM to 6.25 uM, pH 11.70, ¢o(O,) =254 uM, 1=1.0 M, T =25.0 °C.

estimated to be the following: k™™™ = (2.34 + 0.03) x 10° AUM s and K, =
(4.1+0.2) x 10° M* at pH 11.70. Stopped-flow measurements with PDA detection
proved that the spectrum of the reaction mixture at 100 ms after mixing slightly
differs from the sum of the spectra of the reactants. However, the measured effect
was too small to be reliably measured and quantified.

The effect of the variation of the initial concentration of dissolved O, has been
also studied in detail. At constant initial concentrations of Mn(I1I)TTEG and HU,
with HU in high excess vo*°"™ reaches a saturation value by increasing co(O-)
(Figure 9). Extrapolation to co(O,) = 0 indicates a non-zero reaction rate, which can
be interpreted by considering an alternative mechanism under anaerobic conditions
(vide infra).
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Figure 9. Left panel: kinetic curves recorded at different initial concentrations of dissolved
0,. The initial concentrations of Mn(I1I)TTEG and HU were kept constant. Right panel:
dependence of the initial reaction rate on the initial concentration of O,. The dotted line
indicates the solution saturated with air at atmospheric pressure. co(Mn(III)TTEG) =
4.98 uM, co(HU) = 101 uM, pH 11.70, ¢o(O,) = from 0.81 mg/L to 7.99 mg/L, | = 1.0 M,
T =25.0°C.

5.2.5) Kinetic model and characteristics of the reaction system

The kinetic model proposed for the Mn(II)TTEG catalyzed autoxidation of HU
is summarized in Scheme 3. A more visualized version of the mechanism is shown
in Scheme 4. This model provides coherent mechanistic interpretation of the
experimental observations in this system at pH 11.70 and, as will be shown later,
can also be used with some additions in the pH range from 9 to 13. The overall
reaction is initiated by the axial coordination of HU to Mn(III)TTEG (R4, R5). The
reversible formation of this adduct is consistent with the noted feature of the initial
rate (vo">°"™) with increasing initial concentrations of either reactants. At pH 11.70,
the substitution of the axially coordinated OH™ with deprotonated HU is assumed
on the Mn(l11) center, resulting in a Mn—N(=0)- coordination.”® The approach to
equilibrium between Mn(IIITTEG and Mn(III)TTEG-HU is assumed to be fast as
the initial UV-vis spectrum of the reaction mixture recorded 100 ms after mixing is
dependent on the initial reactant concentrations. After an electron transfer from HU
to the Mn(Ill) center, the Mn(II)TTEG-HU adduct may dissociate into
Mn(I)TTEG and HU' radical (R6). The HU" radical can be afterwards oxidized by
0, to NO and HNO (R12 and R13).72731*1% The reactions of NO and HNO with
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Scheme 3. Proposed kinetic model for the reaction of Mn(I1I)TTEG with HU at pH 11.70.
Mn(IITTEG is abbreviated Mn"'P, and the intermediates consequently. The charges and
the protonation states are not indicated in the symbolism. k: rate constants. E: molar
absorbances at 430 nm. (Underlined: detailed Kinetics are given in the literature, see the
citations in text. Asterix: constants fixed during the fitting procedure.)

R4 Mn"P + HU — (Mn"'P-HU) ky=10x10°M st

R5 (Mn"'P-HU) —» Mn"'P + HU ks = (8.5+0.3) x 10°s*

R6 (Mn"'P-HU) - Mn"P + HU: ke =(4.8+0.1)x102s?!

R7 2(Mn"P-HU) + 0, — 2(Mn"P-NO) k;=(4.6+0.1)x10' M s

R8 (Mn'"P-NO) — Mn''P + NO ks = (8.8+0.3) x 10°s™*

R9 Mn'"P + NO — (Mn'"P-NO) ke=1.0x10°M st

R10 4(Mn'"P-NO) + 0, — 4Mn"P + 4NO, kiu=(9.0£0.1) x 10 M st

R11 4Mn'"P + O, — Mn"'P kip = (1.9+0.3) x 10' M s

R12 2HU- + O; — 2NO ki2=(6.2+0.3) x 10° M s

R13 4HU-+ O, — 4HNO kis = (6.0 £0.3) x 10' M st

R14 Mn"P + HNO — (Mn'"P-NO) kis=5.0x10* M s

R15 2HNO + O, — 2NO, kis=1.0x10° M s

R16 HNO + 2NO — NO; + N3O kg =4.0x 10° M st

R17 2HNO — N,0 k17 =8.0x10°M st

R18 4NO + O, — 4NO, kig=21x10°M %t

R19 4HU + O, — 4HU- k1o=2.0x10°M st
Mn'"'p "E; = 80700 M*em ™
[Mn"'P—HU] E, =85600 +500 M *cm™*
Mn''P “"E3 = 75000 M *cm ™!

[Mn"P-NO] E, = 219600 + 300 M *cm™

Mn(Il) and Mn(l111) macrocyclic systems have been described earlier.?**° We
propose that NO and HNO will eventually give Mn(I)TTEG-NO, the former
reacting with Mn(INTTEG (R9) and the latter with Mn(II)TTEG (R14)."%*%
Similar findings are reported with strongly electron-accepting Fe(l1) porphyrins.*®
Mn(IDTTEG-NO can alternatively be produced in the autoxidation of
Mn(IITTEG-HU (R7). As described in the literature,”"*®* NO and HNO will
rapidly react with each other (R16, R17) or with O, (R15, R18) to give N,O and/or
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NO;, . The autoxidation of Mn(I)TTEG (R11) plays an important role: R11
replenishes Mn(III)TTEG. Therefore, the overall course of the reaction
Mn(IITTEG + HU is closed into a catalytic cycle in which the autoxidation of
HU is catalyzed by Mn(lII)TTEG. The slow uncatalyzed autoxidation of HU
yielding a HU" radical (R19) was also taken into account in the calculations.

Scheme 4. Proposed kinetic model for the catalytic autoxidation of HU.

Mn'"'P
HNO a0
O2 ||
Mn''P- N
NO, + Nzo N%
Mn''P NO Mn”'P HU
NO + HNO

02

A global data fit'®* using the kinetic model in Scheme 3 was performed with
some rate constants and molar absorbances held fix: Ko, Kia, Kis, Kis, K17, Kis
(literature values); ®307475181 k.o E;, E; (determined or approximated
independently). Eleven kinetic curves were fitted globally in the relative initial
concentration range of Mn(IIDTTEG : HU from 1 : 0.2 to 1 : 30 at pH 11.70. The
depletion of the dissolved O, during the reaction was taken into account. As seen in
Figure 10, the results are satisfactory; the estimated values of the rate constants and
molar absorbances are listed in Scheme 3.

The presence of an anaerobic mechanism is suggested for the formation of
Mn(II)TTEG-NO by the nonzero reaction rate at co(Oz) = 0. The anaerobic
formation of NO and/or HNO from HU" were, however, excluded from the detailed
kinetic model because the corresponding reaction steps proved to be negligible
during the global fitting procedure to the aerobic experiments. The significance of

-38 -



Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

o

»

o
|

A(430 nm) (AU)

o

W

(4]
1

0.30

— :
0 100 200 300 400 500
t(s)

Figure 10. Representative experimental Kkinetic curves (circles) of the reaction of
Mn(IIDTTEG and HU and the corresponding simulation (lines) using the kinetic model
from Scheme 3. (Only 5% of the experimental data points are shown.) co(Mn(II)TTEG) =
3.75 uM, co(HU) = from 0.76 uM to 5.71 uM, pH 11.70, co(Oz) = 254 uM, 1= 1.0 M, T =
25.0 °C.

these pathways could be mapped by collecting concentration dependence data
under anaerobic conditions and globally fitting them to the extended kinetic model.

The thermodynamic stability of the complexes Mn(lI)TTEG-HU and
Mn(I1)TTEG-NO are high with apparent stability constants of ka/ks = 1.2 x 10° M*
and ko/kg = 1.1 x 10® M, respectively. The value of the stability constant of
Mn(II)TTEG-HU calculated from the results of the global fit is lower than that of
determined by fitting the initial rates to eq.9 (Ko=4.1x10° M™Y. This
contradiction can be resolved by considering reaction R11, which can be relevant
in replenishing the concentration of Mn(III)TTEG even in the initial part of the
catalytic cycle. Thus, the stability constant measured by the initial rate method
cannot be attributed to only a single equilibrium and the pre-equilibrium
approximation overestimates the relevant equilibrium constant. The intermediate
Mn(IITTEG-HU is consumed by two reactions, the electron transfer reaction R6
and the autoxidation R7. When c(O,) =~ 2.5x10*M during the reaction,
c(02) x kyo = 2.3 x10*s, which is two orders of magnitude lower than k.
Because the autoxidation of the HU" radical formed in R6 is also fast, the ligand-to-
metal electron transfer reaction R6 is assumed to be a major pathway for the
catalytic oxidation of HU. Kinetic simulations show that the formation of HNO in

-39 -



Joézsef Kalmar: Ph.D. thesis

the autoxidation of HU radical is faster than the formation of NO, although the
accumulation of HNO cannot occur because of its fast subsequent autoxidation
(R15) and dimerization (R17). Consequently, the majority of Mn(II)TTEG-NO is
produced by the reaction of Mn(II)TTEG + NO (R9) and not in the reaction of
Mn(IINDTTEG + HNO (R14). Similar mechanistic conclusions were drawn in the
study on the reactions of analogous Mn(l11) porphyrins with NO- and HNO-donor
reactants.’® The rate constants describing the two ways of oxidation of the HU
radical with O, (ki2, ki3) were determined indirectly in this study for the first time
and seem to be reasonable compared to previous reports on the reactivity of HU
radical.*%31%4

Another important feature of the reaction between Mn(III)TTEG and HU is that
the concentration of the free NO remains low during the whole course of the
process, because of the high thermodynamic stability of Mn(IDTTEG-NO. The
photochemical release of the coordinated NO from Mn(I1)-NO porphyrins
analogous to Mn(I)TTEG-NO was reported previously.® Therefore, under
intensive illumination (e.g. with the lamp of a diode array photometer), the
decreasing lifetime of the Mn(IDTTEG-NO intermediate of the reaction is not
unexpected. The novelty of our measurements is that we were able to investigate
the photoreaction in simple spectrophotometers using them simultaneously as
photoreactors and detectors.**®

5.2.6) pH dependence

The pH dependence of the reaction has been studied in the range of pH from 9.1
to 12.7 at high excess of HU over Mn(II)TTEG (where vo"**™ is independent of
co(HU)). Moving further down with the pH results in very small absolute change in

the absorbance signals, which was difficult to measure reliably. It is reasonable to
assume that after the fast formation of the Mn(lII)TTEG-HU adduct, only one
pseudo-first order reaction takes place in the initial 10% of the overall process
where the decomposition of the Mn(Il)TTEG-NO intermediate is negligibly slow
compared to its formation:

Mn(IITTEG-HU — Mn(IDTTEG-NO  Keps (Rinit)

Quantitative comparison of the kinetic experiments recorded at different pH values
is complicated without approximations because the absorbing reactants, and
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presumably the intermediates, have at least one pKj in the studied pH range. Proton
exchange reactions between the corresponding acid-base pairs are presumably
diffusion controlled and can be treated as fast pre-equilibria. The deprotonation of
the axially coordinated water molecule of Mn(III)TTEG-HU and Mn(I)TTEG-
NO can be described with the constants K, and K7, respectively:

Mn(IITTEG-HU <= (Mn(IINTTEG-HU)H_; + H*

[(Mn""TTEG-HU)H ,][H"]

® " [Mn"TTEG-HU] {10
Mn(INTTEG-NO <= (Mn(I)TTEG-NO)H_; + H*
. [(Mn”TTI}IEG—NO)Hfl][H+] 1)
[Mn"TTEG-NO]
At a given pH, the kinetic traces can be interpreted based on Rjpjt:
AP = E ¢, exp(—Kyt) + E, Gy (1—exp(—Kyp,t)) (12)

where E; and E; are the pH dependent molar absorbances at 430 nm of
Mn(II)TTEG-HU and Mn(II)TTEG-NO, respectively, Ko is the pH dependent
pseudo-first order rate constant and co is the initial Mn(III)TTEG concentration.
Fitting the first 10% of the experimental Kinetic curves to eq. 12 gives the values of
Ei, Ey and kons. The pH dependent values of these parameters are shown in
Figure 11. The pH dependencies of the molar absorbances, E,, E;;, are given by
eg. 13:

E_ Elprot[H+]+ EldeprotKé16 and £ _ EIrIJrot[H+]+ ElclleprotKa7
1

! [H]+ K, [H]+K,, (13

where Epror and Egepror are the molar absorbances at 430 nm of the corresponding
protonated and deprotonated species, respectively, and K, is the deprotonation

constant. kops can be fitted to the following expression:

+ +12
('], yar [H']

k X a7 KaGK

obs + +72
LIHT H]

K. .K

a6’ “a7

kOH + le

obs obs

ar’ (14)

a7
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k%M ns, ks and k?Hgps are the rate constants for the 3 different possible

protonation states of the initial reaction Rinit (deprotonated adduct and intermediate,
protonated adduct or intermediate, protonated adduct and intermediate,
respectively). As seen in Figure 11, simultaneous fitting of the 3 curves (g, & and
Kops Versus pH) to egs. 13 and 14 yields reasonably good results. The studied initial
reaction is the fastest in the intermediate protonation state when only either
Mn(II)TTEG-HU or Mn(II)TTEG-NO is protonated. The constants E*"" =
85000 + 2000 M'em™ and E,* = 221000 + 6000 M*cm™ are in good
agreement with E; and E4, the calculated molar absorbances of Mn(II)TTEG-HU
and Mn(INTTEG-NO at pH 11.70 (see Scheme 3). Thus, the global approach
utilized to deduce the detailed kinetic model at pH 11.70 is consistent with the
results of the pH dependence study. The deprotonation constant of the axially
coordinated water molecules of Mn(IIDTTEG-HU and Mn(IDTTEG-NO are
calculated to be pKas < 9.0 and pK,7 = 11.4 + 0.4, respectively.

where

x 107}
200 +
‘TE 150
_O
s
W 100
50 - ]
T Y T Y T Y T Y 0.00 - : T : T Y T Y
9 10 11 12 13 9 10 11 12 13
pH pH

Figure 11. Left panel: pH dependence of the calculated molar absorbances of
Mn(III)TTEG-HU (triangles) and Mn(II)TTEG—NO (dots) in the initial part of the reaction
of Mn(IINTTEG and HU (in borate buffer and NaOH solutions). Right panel: pH
dependence of the pseudo-first order rate constant of formation of Mn(I1)TTEG-NO in the
initial part of the reaction. Solid lines represent fitted results as discussed in the text.
Co(Mn(IINTTEG) = 2.04 uM, co(HU) = 15.3 uM, c(buffer) = from 0.80 mM to 7.5 mM,
Co(0;) =254 uM, I=1.0 M T =25.0 °C.
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5.3) The oxidation of SCN™ by HSOs5~

5.3.1) Experiments at pH 13

For the sake of simplicity, we studied the reaction of HSOs with SCN™ at
pH 13.5 first, where HSOs is fully deprotonated (pK,(HSOs) = 8.35 at I = 1.0
M 119 "and hypothiocyanite (OSCN"), the expected product of an oxygen transfer
to SCN, is stable for hours.™®” We studied the reaction under high excess of SCN™
([SCNJo = 50.0 mM — 500 mM) over SOs* ([KHSOs]o = 5.0 mM). The reaction is
complete in a few seconds under the conditions applied and additional kinetic
effects are not observed on longer timescales. Kinetic traces were recorded at
various wavelengths in the range of 350 — 500 nm (Figure 12) and analyzed by
singular value decomposition analysis (Table 3) in order to determine the number
of absorbing species in the system.'*"**® Based on the mathematical evaluation, we
found that the increase in absorbance during the reaction at around 375 nm can be
attributed to the formation of a single species, no absorbing intermediates were
detected. The observed product was unambiguously identified as OSCN™ with an
Amax at 376 nm.*** OSCN™ was also detected in the reaction mixture with ESI-MS.
In subsequent experiments, the kinetic curves were exclusively recorded at 376 nm,
where neither the reactants nor other products contribute to the absorbance.

02 04 06 08
t(s)

— T 7 " 1T T %)
375 400 425 450 475
A (nm)

Figure 12. UV-vis spectral change recorded in the SOs> + SCN™ reaction system at
pH 13.5. The absorbance maximum at 376 nm is characteristic of OSCN". The first (blue)
and last (red) spectra are highlighted. Inset: Kinetic curve recorded at 376 nm. [KHSOs], =
5.0 mM, [NaSCN], =500 mM, pH 13.5,1=1.0 M, T = 25.0 °C.
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Table 3. The first 5 singular values of the time-resolved UV-vis absorbance matrices of the
(H)SOs + SCN™ reaction system, recorded under the given conditions. According to
references 157 and 158, only the first value belongs to real signal in every case, the other
non-zero values represent noise.

pH 6.84 pH 6.84 pH 13.5 pH 13.5
5.0 MM HSO: | 5.0 MM HSOs | 5.0 mM SOs> | 5.0 mM SOs>
50 mM SCN~ | 500 mM SCN~ | 50 mM SCN~ | 500 mM SCN-

SV SV SV SV
2.201 3.100 5.407 7.770
0.081 0.111 0.313 0.182
0.042 0.059 0.072 0.067
0.039 0.056 0.068 0.058
0.026 0.036 0.031 0.045

All kinetic traces (Figure 13 left panel) can be fitted to a single exponential
function within the precision of the experimental data (R*>0.98) and show the
following characteristics: the final absorbance readings reach a limiting value by
increasing [SCN o, and the experimental pseudo-first order rate constant (Kops) is
linearly dependent on [SCN]o with non-zero intercept (Figure 13 left panel). At
high SCN™ excess, OSCN™ is produced following a 1:1 OSCN to SOs*
stoichiometry. From the highest final absorbance [OSCN ]max=5.1 mM was
calculated using the literature value of the molar absorbance of OSCN™ at 376 nm
(26.5 M *cm™).2* Phenomenologically, such observations can be explained by an
equilibrium reaction between the reactants (R1), which is pseudo-first order in both
directions*® (these conditions are fulfilled because SCN™ and SO,% were in large
excess™’ over the limiting reagents):

SOs> + SCN” == SO.* + OSCN" (R1)

A similar equilibrium (R1") was proposed previously in the kinetic model of the
reaction of SCN™ + HSOs~ under acidic conditions.****** However, considering that
the backward reaction of R1 is hardly feasible thermodynamically,'®® and that the
kinetics of the SOs> + SCN" reaction system proved to be indifferent to the change
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Figure 13. The reaction of SCN™ with SOs* at pH 13.5. Left panel: experimental pseudo-
first order Kinetic curves, only 5 % of the recorded points are shown for clarity. Right
panel: pseudo-first order rate constant as a function of the initial SCN™ concentration. Inset:
the final absorbance at 376 nm as a function of the initial SCN™ concentration. The
symbols are the same for the two panels: Dots: experimental points with SCN™ in high
excess. Triangles: comparable [SCN ], and [SOs*]o. Lines: result of global fit to the
kinetic model of Scheme 5. [KHSOs]o = 5.0 mM, [NaSCN], = from 5.0 mM to 500 mM,
pH 13.5,1=1.0M, T=25.0 °C.

in [SO4> o, the existence of equilibrium R1 is definitely ruled out. An alternative
kinetic model was constructed, keeping in mind that the rate of oxidation of
OSCN' by peroxo compounds is expected to be about the same order of magnitude
as the rate of oxidation of SCN"."*#%% |n the kinetic model shown in Scheme 5,
SCN™ and its first-step oxidation product OSCN™ are competing for the remaining
SOs* in reactions R20 and R21, in order. With an increasing excess of SCN", the
relative rate of the oxidation of OSCN™ decreases, thus the surviving amount of
OSCN'" increases. The stoichiometry of the production of OSCN™ becomes 1:1
(OSCN™ to SOs*) at high [SCN]o. The oxidation product of OSCN™ (i.e., 0,SCN")
is known to decompose in fast reactions (R22-R25, adopted from the
literature>°) to yield the final mixture of stable anions: SO,*, SOs*>, CN™ and
OCN". %519 The production of SO,*, CN™ and OCN™ during the oxidation of
SCN™ by HSOs ™ at acidic pH has been described earlier.**? The presence of CN-
and OCN" in the basic SCN™ + SOs°™ reaction mixture was verified by ESI-MS. As
detailed later in the thesis, SOs*" is the decomposition product of OSCN™ at neutral
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pH. The experimental Kinetic data set recorded at pH 13.5 can be fitted globally to
the kinetic model of Scheme 5 utilizing the ZiTa software and assuming that both
R20 and R21 are first order for each species involved. The actual rates of reactions
R22 and R23 are considered to be comparable and much faster than those of the
rate determining steps (R20 and R21) over the entire course of the reaction, thus,
not affecting the stoichiometry of the depletion of OSCN™. The fit is excellent even
at comparable initial concentrations of SCN™ and SOs*~ (Figure 13). The calculated
rate constants are kyo = 8.08 £ 0.02 M s and kp; = 164.8 + 0.5 M s,

Scheme 5. Kinetic model for the oxidation of SCN™ by SOs*. Valid around pH 13.
Although ky << k,;, at high concentrations of SCN", the first oxidation step (R20) can
compete with the faster second step (R21), thus OSCN™ can accumulate. Reaction steps
marked with italic numbers (R22, R23, R24 and R25) are adopted from the literature™>**
and assumed to be much faster than R20 and R21.

SOs> + SCN™ — SO, + OSCN~ koo (R20)
SOs> + OSCN™ — SO, + 0,SCN- koy (R21)
2 0,SCN™ — 03SCN™ + OSCN~ (R22)
0,SCN™ + OSCN™ — O3SCN™ + SCN- (R23)
OsSCN™ + 20H — SO, + CN™ + H,0 (R24)
OsSCN™ + 20H — SO* + OCN™ + H,0 (R25)

A derivation on the basis of the system of simultaneous differential equations
defined by Scheme5 vyields the following approximate expression for the
concentration change of OSCN™ as a function of time:

K, [SCN][SOZ 1,
Ky [SCN™]+ kZl[Sog_]O

[OSCN"]= (1—exp(—(k20[sc:|\r] + kZl[Sog’]O)t)) (15)

Although Scheme 5 does not predict a simple first order Kkinetic trace in a strict
mathematical sense, eq. 15 implies that the actual solution is close to an
exponential curve with a pseudo-first order rate constant Kops = ko1[SOs* o +
k2o[SCN TJo. This explains why the kinetic traces can be fitted to a simple first-order
expression with reasonable accuracy. The koys versus [SCN ], plot in Figure 13
(right panel) can be fitted to Kkqs = M[SCN]o +a acceptably, yielding m=
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8.351+0.001 M*s™ and a=0.601+0.001s* at constant [SOs* Jo = 5.0 mM. A
comparison with eq. 15 gives kyo = 8.35 M ' s and ky; = 120 Mt s, These rate
constants are in good agreement with those estimated by globally fitting the
experimental data set to the kinetic model of Scheme 5 without approximations.
These results lend further support to the kinetic model proposed in Scheme 5.

5.3.2) Experiments at pH 7

The HSOs + SCN' reaction has been also studied in detail at pH 6.89, where
the singly protonated form of the oxidant, HSOs , is predominant over SOs*, but
OSCN™ is still deprotonated (pKi(HOSCN)=4.93 at 1 =1.0M *). In the first
100 ms after mixing the reactants, the kinetic behavior of the reaction is similar to
that observed at pH 13.5 (Figure 14). Thus, the findings can be interpreted using
the kinetic model of Scheme 5 by replacing SOs* with HSOs

HSOs + SCN™ — S04 + OSCN™ + H* kg (R20™
HSOs + OSCN™ — S04 + O,SCN™ + H' ky," (R21"

] 120 —
0. 1 5 - C0O0CO00CCO00000C000000
100 - y =196x + 16.3
g 0.12 4 80 [SCNT, (M)
= .-L‘" 02 04
£ 0.09 - 5% T
© 0 E o
. 40 - E 010 o
< .06 - 00l
20 - < 005 .
003 —+——7—"+"1—+7— 0 ‘ '
0.0 01 0.2 03 04 05 0.0 0.2 0.4 0.6
t(s) [SCN]. (M)

Figure 14. The reaction of SCN™ with HSOs at pH 6.89. Left panel: experimental kinetic
curves. Two kinetically separated phases are shown (a third slower step is not included in
the figure). The faster process can be described with the kinetic model of Scheme 5. Right
panel: pseudo-first order rate constant as a function of the initial SCN™ concentration. Inset:
the extrapolated final absorbance at 376 nm as a function of the initial SCN™ concentration.
Dots: experimental points. Lines: results of the global fit of the first part of the kinetic
traces to the kinetic model of Scheme 5. [KHSOs]y = 5.0 mM, [NaSCN], = from 25 mM to
500 mM, pH 6.89,1=1.0 M, T =25.0 °C.
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The values of the rate constants have been estimated by globally fitting the first
part of the kinetic curves with ZiTa: ky' =203 + 1 M st and kx" = (344 +
0.03) x 10 M5! (Figure 14). On a longer timescale (> 100 ms), two additional
kinetically independent reaction steps are observed. The second process (Figure 14)
is characterized by a small decrease in absorbance at 376 nm in a few seconds, and
according to matrix rank analysis of the multiwavelength measurements (Table 3),
it does not involve the formation of any new absorbing species. A semi-quantitative
observation was made, that the amplitude of the absorbance change during the
second process significantly decreases with increasing [SCN ], and even vanishes
at high [SCN]o. This phenomenon makes the quantitative description of this
reaction step challenging, but on the other hand, leads to the assumption that the
second process is probably attributed to the reaction of OSCN™ with CN:

CN™ + OSCN™ —— OCN™ + SCN- (R26)

Cyanide ion is formed in reaction R24 (Scheme 5) after the oxidation of OSCN™ by
HSOs (R21"). With increasing [SCN o, the produced amount of CN™ decreases as
the relative rate of oxidation of OSCN™~ (R21") decreases. Similar observations
were made previously regarding the role of CN™ in the reaction system of SCN™
+HSOs at highly acidic pH.***'*®* The CN™+ OSCN™ reaction (R26) has been
already investigated in detail in a wide range of pH by directly mixing the two
reactants,’”’” and known to be reasonably fast only at pH < 7, which explains the
absence of this process in the SOs> + SCN™ reaction system at pH 13.5. The
inclusion of R26 in the kinetic model of Scheme 5 is not necessary, because the
SCN + HSOs and the OSCN™ + CN' reactions are kinetically independent in the
applied pH range. The third and slowest process observed at pH 6.89 results in the
complete depletion of OSCN™ in minutes. This last and slowest process was
identified as the hydrolytic decomposition of OSCN™ to give simple inorganic
anions, which will be described later in this thesis.

5.3.3) pH dependence

The pH dependence of the (H)SOs + SCN™ reaction has been studied in the pH
range from 6.9 to 13.5. The useful pH range is limited because HOSCN rapidly
decomposes at 2 < pH < 6 and HOSCN and SCN™ rapidly comproportionate to give
(SCN), at pH < 2. In order to determine the apparent rate constants for the
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oxidation of both SCN™ (kx*") and OSCN™ (k»:*") at a given pH, the Kinetic
experiments were run in duplicates at two different [SCN ], values. The two rate
constants can be computed by simultaneously fitting these pairs of experimental
kinetic curves to the kinetic model of Scheme 5. The values of both kx*® and ky;*"
decrease in a sigmoid fashion with increasing pH as seen in Figure 15. An excellent

description of these pH profiles could be given by taking into account the reactivity
difference between HSOs ™ and SOs”:

kg M1y K (16)
K +THT 2 K AH]

app —| H [H+] Ka 17
k21 k21 Ka+[H+] +k21 Ka +[H+] ( )

where K, is the acid dissociation constant of HSOs , and rate constants Ky, Koo',
ka1, k1" are defined in previous sections. In the final calculations, all kinetic traces
recorded at various reactant concentrations and pH values have been fitted
simultaneously to the kinetic model of Scheme 5 taking into account the pH
dependence of the system. These estimated values for ks, koo™, ko1, koi are listed
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Figure 15. The pH dependence of the SCN™ + (H)SOs reaction system. Dots (right y-
scale): apparent rate constants for the oxidation of SCN™ with (H)SOs . Triangles (left y-
scale): apparent rate constants for the oxidation of OSCN™ with (H)SOs . Line: result of a
simultaneous fit to egs. 16 and 17. The y-scales are normalized to each other. [KHSOs], =
5.0 mM, [NaSCN], = 50.0 mM or 500 mM, I =1.0 M, T = 25.0 °C.
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in Table 4, and the excellent fit between the experimental results and the calculated
data is illustrated in Figure 15. The estimate for pKy(HSOs)=8.43 +0.05
(1=1.0 M) is in good agreement with previously published values.''® The apparent
rate constants ky™™ and k™" decrease linearly with decreasing [H'] in the pH
range from 12.3 to 13.5, where [H'] << K4(HSOs) and both eqgs. 16 and 17 are
simplified to linear correlations. This observation, together with the results of the
full-scale pH dependence study, are strong evidence against the presence of any
acid/base catalyzed processes in the (H)SOs + SCN' reaction system.

Table 4. Calculated rate constants and activation parameters in the reaction system
(H)SOs + SCN'.

. 298 K bt I
reaction studied at k AH AS
pH 1 -1 -1 -1 -1
(M~s™) (kJ mol™) (J K™ mol™)
R20 13.5 (1.0+0.2)x10" 352+05 -108+2
R21 13.5 (1.6 + 0.1)x10?
R20" 6.9 (2.0 + 0.2)x10? 26+1 -112+3
R21" 6.9 (3.3+0.1)x10° 302 -77+5

5.3.4) Temperature dependence

The temperature dependence of the HSOs + SCN™ reaction has been studied in
phosphate buffer at pH 6.54 (measured at 25.0 °C), where the rates of the reactions
R20 and R21 are negligible compared to those of R20" and R21", respectively. The
pH was chosen to be far (at least 1.5 units away) from the pK, values of both
HSOs and HOSCN at 25.0 °C, and phosphate buffer was chosen because its pH
shows less than a -0.05 unit/+10 K dependence on temperature.®® Thus, all
complications arising from the possible temperature dependent shifting of the
protolytic equilibria in the reaction system were averted by carefully choosing the
experimental conditions. In order to obtain information on the temperature
dependence of the rate of reactions R20™ (kx") and R21" (kx1"), the same approach
was used as in the pH dependence study: two duplicate kinetic experiments were
run at two different [SCN], at a given temperature. The calculated rate constants
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koo and ky." are shown in Figure 16 in the temperature range from 5.0 °C to
45.0 °C. As both R20" and R21" are elementary reactions, the Eyring equation
(previously written as eq. 6) can be used to calculate the activation parameters by
utilizing a non-linear least squares fitting algorithm:*™

kT AS” AH”
k =0 ey exp| — 18
element h p( R J p ( RT J ( )

where kj, is the Boltzmann constant, h is the Planck constant, R is the universal gas
constant, and AS* and AH* are the activation entropy and enthalpy. The resulting
activation parameters are listed in Table 4. The temperature dependence of the
oxidation of SCN™ with SOs* (R20) was also studied at pH 13.5. The excess of
SCN™ used in these kinetic experiments ([SOs*]o= 5.0mM and [SCNTo =
750 mM) was chosen to be high to avoid the oxidation of OSCN™ by SOs* (R21).
In other words, because the rate of reaction R21 is negligible compared to R20
under the applied experimental conditions, ky could be measured directly. With
this approach, we lost the possibility of determining the activation parameters of
R21, but excluded the possibility of any systematic error arising from the
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Figure 16. Temperature dependence of the reaction between SCN™ and HSOs at pH 6.54.
Red dots (right y-scale): rate constant of the oxidation of SCN~ with HSOs (R20"), blue
triangles (left y-scale): rate constant of the oxidation of OSCN™ with HSOs™ (R21"). Lines:
results of nonlinear fits to the Eyring-equation. [KHSOs], = 5.0 mM, [NaSCN], = 50.0 mM
or 500 mM, I =1.0 M, pH 6.54 (measured at 25.0 °C).
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complicated simultaneous evaluation of two sets of kinetic data. The Eyring
equation was used to evaluate the activation parameters from the temperature
dependent measurements, and the results are listed in Table 4. The entropies of
activation of reactions R20", R20 and also R21" are large negative values close to
-100 J mol* K. Similar entropies of activation have been measured in the
reactions of HSOs with halide ions (CI, Br, I').° The analogy between the
oxidation of halides and SCN™ is not surprising, taking into account the well
established classification of SCN™ as a pseudo-halide ion. With the methodology
presented in ref. 110, one can conclude that the rate determining step in the HSOs5~
+SCN™ (R20") elementary reaction cannot be a one electron transfer step. At
pH 7, the formal potential of the HSOs /SO, couple is (1.19 + 0.0591 x Ig10™") V
=0.78 V,"® whereas the standard reduction potential of the SCN/SCN™ couple is
1.63 V.*"* Thus the free energy of the possible one electron HSOs + SCN™ (R20")
elementary step would be ((1.63 - 0.78) x 96.485) kJ mol™ = 82 kJ mol™, which is
much higher than the measured free energy of activation at 298 K: (26 + 298 x
0.112) kJ mol™ =59 kJ mol™. Therefore, similarly to the reactions of halide ions,
the HSOs + SCN™ (R20™) elementary step is more likely to proceed through an
initial two electron oxidation, probably involving concerted heterolytic O-O bond
cleavage and S-O bond formation. This mechanism is expected to involve much
more geometric reorganization, and characterized by higher activation entropy than
a one electron transfer rate-determining step, which does not include atom transfer
before the transition state. In accordance with the concluding thoughts of ref. 110; a
generalization is risky without a sufficiently high number of reliably measured
activation parameters in the literature for the reactions of HSOs and SOs”. Still
the -80 — -110 J mol*K™ activation entropies of R20", R20 and R21" seem to
suggest that all of these processes proceed through two electron transfer rate
determining steps rather than one electron transfer steps.

5.3.5) Catalysis by MnTMe-4-PyP>*

The oxidation of MnTMe-4-PyP°* by HSOs at pH 7.4 has been described in
earlier literature.'® The first step in this process is the formation of the Mn"(0)
porphyrin in a second order reaction (ko;""=6.9x10° M*s™). However, the
MnY(O) porphyrin is not stable in water and decomposes in a pseudo-first order
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reaction to give the Mn"(O) porphyrin, which has a significantly longer lifetime
under the conditions applied:

HSOs + Mn""TMe — SO + MnY(0)TMe + H*  ky; (R27)
Mn"(0O)TMe —— Mn'/(0)TMe kos  (R28)

When the initial concentrations of HSOs and MnTMe-4-PyP°* are comparable,
R27 becomes rate limiting, and the formation of the intermediate MnY(O)
porphyrin becomes barely detectable because of its fast decomposition in R28.1®
We carried out stopped-flow experiments to validate these findings at pH 6.81. In
the initial concentration range of [Mn""TMe], = 50 uM and [HSOs ]o = from 5.0 to
500 uM, the recorded kinetic curves show pseudo-second order behavior (kp7™** =
(6.5+0.1) x 10° M*s?) accompanied by the formation of a relatively stable
product with an Amax at 425nm (Figure 17). This band is characteristic of
Mn"(0)TMe-4-PyP>*. Furthermore, the stoichiometry was determined to be 1: 1
regarding the formation of the Mn'Y(O) porphyrin in the reaction between
MnTMe-4-PyP>* and HSOs~ (Figure 17), which is also consistent with the presence

of the consecutive reactions R27 and R28.
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Figure 17. Left panel: UV-vis spectral change recorded in the reaction of HSOs
+ MnTMe-4-Pyp>* at pH 6.81. Inset: the kinetic curve at 425 nm. Right panel: the
stoichiometry of the HSOs + MnTMe-4-Pyp>* reaction was determined to be 0.96 by
plotting the final absorbance readings of the Kinetic curves versus the reactant ratios.
[KHSOs]o = from 5.0 uM to 500 uM, [Mn""TMe]o= 50 uM, I= 0.5M, pH6.81, T =
25.0 °C, optical path length: 2.00 mm.
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The possible catalytic effect of MnTMe-4-PyP°* in the reaction of HSOs
+ SCN™ has been studied at pH 6.84 by single-mixing stopped-flow experiments.
A buffered solution of HSOs was mixed with a solution containing both
MnTMe-4-PyP>* and SCN™. The concentration range of the kinetic study had to be
chosen carefully in order to minimize the rate of the direct HSOs + SCN™ reaction
(R20M) and to be optimal for following the kinetics of the processes. The UV-vis
absorbance of the various MnTMe-4-PyP>* species suppress all other signals in the
wavelength range from 350 nm to 650 nm, even when [MnTMe-4-PyP°], is
present in only 5 % compared to [HSOs ]o and [SCN ]o. For these reasons, kinetic
traces were recorded only in the relatively narrow concentration range of
[HSOs Jo = 50 uM, [Mn"'"TMe], = 50 uM and [SCN ], = from 25 to 1000 pM. The
reaction was studied on a timescale from 5 ms to 2 s. As demonstrated in Figure 18
(left panel), no spectral change occurs when the initial concentration of HSOs s
lower than the initial concentration of SCN™ ([HSOs Jo < [SCN ]o). When the initial
concentration of HSOs™ is higher than that of SCN, the absorbance increases at
425 nm, which is consistent with the formation of Mn'(O)TMe-4-PyP**. In those

4
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Figure 18. Left panel: the spectrum of MnTMe-4-Pyp>* and the final spectrum of the
HSOs + SCN™ + MnTMe-4-Pyp®* reaction mixture recorded 0.10 s after mixing. Inset: the
two sets of absorbance values are plotted versus each other in every wavelength,
demonstrating that the two spectra are identical. Right panel: the production of the
Mn"(O) porphyrin was followed at 425 nm. In the presence of equimolar SCN™ and
HSOs no accumulation of the Mn"(O) complex took place. = 1.0 M, pH 6.84, T =
25.0 °C, optical path length: 2.00 mm.
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cases when the formation of the Mn'V(O) porphyrin takes place, it follows the same
kinetics as observed in some control runs when no SCN™ was present in the
solution (Figure 18, right panel). At a particular [MnTMe-4-PyP°],, the kinetic
curve corresponding to a given [HSOs ]o and [SCN ] approximately overlaps with
the kinetic curve recorded at a different [HSOs ]o* in the absence of SCN™ where
the following is true: [HSOs ]o* = ([HSOs ]Jo — [SCN ]o). These observations can be
summarized as follows. In the HSOs + SCN™ + MnTMe-4-PyP°* reaction mixture,
apparently, the Mn(l1l) porphyrin is not involved in any reactions until SCN™ is
present in excess over HSOs ([HSOs Jo < [SCN o). At HSOs excess ([HSOs o
> [SCN o), the undisturbed accumulation of the Mn'(O) porphyrin takes place
possibly by reactions R27 and R28. These observations can be explained, first by
considering that under identical conditions the oxidation of SCN™ by HSOs
(koo" =203 M*s™?) is much slower than the oxidation of MnTMe-4-PyP°* by
HSOs (ko7™* = 6.5 x 10° M*s ™). Therefore in the same reaction mixture the
consumption of HSOs by SCN™ cannot be faster than the reaction of HSOs ™ with
MnTMe-4-PyP>*. It is logical to assume that HSOs oxidizes the Mn(l11) porphyrin,
but the higher oxidation states thus formed are rapidly reduced back to
MnTMe-4-PyP>* by SCN™ and the formation of a catalytic cycle takes place. At
[HSOs Jo > [SCN ], this cycle is rapidly terminated by the depletion of SCN", and
only the subsequent formation of Mn'(O)TMe-4-PyP** is apparently followed by
stopped-flow spectrometry, similarly to the case when SCN™ is not even initially
present is the solution. The facts that no change in the absorbance signal is
detectable at [HSOs Jo < [SCN]o, and that no induction period is observed in the
Kinetic curves at [HSOs ]o > [SCN]o further suggest that, when initially present,
the depletion of SCN™ is complete in the mixing time of the stopped-flow
instrument. The proposed mechanism of the catalytic oxidation of SCN™ is shown
in Scheme 6. To collect experimental evidence for deciding whether the Mn'(0)
or the Mn"(O) porphyrin species is capable for the rapid oxidation of SCN", the
direct oxidation of SCN™ by Mn"Y(0)TMe-4-PyP** (R29) has been studied in detail
with double-mixing stopped-flow technique. The Mn'v(O) porphyrin (50 uM) was
in situ prepared in the first mixing cycle of the instrument by the reaction of HSOs~
+ MnTMe-4-PyP>" with 1.0 s aging time (Azy), and then it was mixed with a large
excess of SCN™ (from 50 to 500 mM). The reduction of Mn'Y(O)TMe to
MnTMe-4-PyP>* took place in a pseudo-first order reaction under the conditions
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Scheme 6. Proposed kinetic model for the MnTMe-4-Pyp®* catalyzed oxidation of SCN"
by HSOs at pHG6.8. The rate constants are in the following relationship:
kg < koo™ << kp7 << ka; therefore reactions R20" and R29 are not significant regarding the
catalytic cycle. Reaction R28 consumes the important intermediate Mn"(O)TMe-4-Pyp**
and therefore degrades the catalytic efficiency. MnTMe-4-PyP>* is abbreviated as
Mn""TMe and the higher oxidation state species accordingly.

HSOs + Mn"TMe — SO/ + MnY(0)TMe + H"  ky (R27)

Mn"(0)TMe —— Mn'/(0)TMe kos  (R28)
HSOs + SCN™ — S04 + OSCN™ + H* kao” (R20M)
Mn"(0)TMe + SCN~ —»— Mn"'TMe + O,SCN" kog  (R29)
MnY(0)TMe + SCN™ —— Mn"'TMe + O,SCN" ko (R30)

applied, no signs of more complicated kinetics have been observed (Figure 19).
The rate constant of this reaction (kog = 112 + 3 M* s ™), however, was found to be
even lower than that of the direct oxidation of SCN™ by HSOs™ (kx" =203 Mt s}),
thus too low to account for the formation of a catalytic cycle in the HSOs + SCN™
+ MnTMe-4-PyP>* system. Consequently, after excluding every other logical
possibilities, we propose that the catalytic effect can be attributed to intermediate
Mn"(O)TMe-4-PyP>*. The relevant reactions in the cycle are assumed to be the
direct oxidation of MnTMe-4-PyP>* by HSOs to Mn"(O)TMe-4-PyP>* (R27) and
the rapid subsequent reduction of the MnY(O) porphyrin to MnTMe-4-PyP>* by
SCN™ (R30). It is theoretically possible to study the SCN™ + Mn"(O)TMe-4-PyP>*
reaction independently in sequential-mixing experiments by first generating
Mn"(O)TMe-4-PyP>* with m-chloroperoxybenzoic acid (m-CPBA), and then
subsequently mixing it with SCN™ within some milliseconds. These experiments,
however, have not been completed until the writing of this thesis. Based on
previously investigated analogous reactions with halide ions,***"? we propose that
the rate constant of reaction R30 should be around two magnitudes higher than that
of R27: ky;™* = 6.5 x 10° M 57! << kgo ~ 10" Mt s This correlation of the rate
constants would also ensure that, according to the kinetic model of Scheme 6, the
accumulation of neither the intermediates Mn"(O) nor Mn'(O) porphyrins can
take place while SCN™ is present in the system, which is in agreement with our
experimental observations. Reaction R28 consumes the important intermediate
Mn"(O)TMe-4-PyP>* and therefore degrades the catalytic efficiency.
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Figure 19. Left panel: UV-vis spectral change recorded in double-mixing experiments in
the Mn'Y(O)TMe-2-PyP*™ + SCN™ reaction system at pH 6.87. Inset: the kinetic curve at
425 nm. Right panel: the observed pseudo-first order rate constant was found to be directly
proportional to the initial concentration of SCN™. [Mn"(0)TMe], = 25 uM, [NaSCN], =
from 50 mM to 500 mM, 1 = 1.0 M, pH 6.87, T = 25.0 °C, optical path length: 2.00 mm.

The oxidation product of SCN™ in the catalytic system could not be identified
from the multiwavelength UV-vis measurements, as no systematic increase of
absorbance was detected at 376 nm (Figure 18 left panel), which could have been
attributed to the formation of OSCN". The half-life of the decomposition of OSCN™
is only a few minutes at pH 6.84 and consequently, the independent analysis of the
reaction mixture was found to be challenging by spectroscopic or separation
methods. The formation of OSCN™ is probable in the catalytic cycle because the
oxidation of SCN™ by MnY(O)TMe-4-PyP>* most likely involves oxygen transfer,
similarly to the reaction with Br.**® Nevertheless, we assigned a general structure
(O«SCN") to the oxidation product of SCN™ in Scheme 6 as OSCN™ has not yet
been unambiguously identified.

5.3.6) Practical implications

Peroxomonosulfate ion oxidizes SCN™ to OSCN" in the range of pH from 6.9 to
135 (k"' =2.0x10°M™*s™ at pH 6.89). The oxidation of OSCN™ by HSOs
(k"' =3.3x10°M*s? at pH 6.89) also takes place in the reaction system of
HSOs + SCN. Because the rate constant of the oxidation of OSCN™ is an order of
magnitude higher than that of SCN", these two compounds compete for the oxidant
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HSOs, and the quantitative conversion of SCN™ to OSCN™ is possible only by
minimizing the relative rate of the “overoxidation” reaction, using at least a 100-
fold excess of SCN™ over HSOs . A simple kinetic model has been validated under
neutral and basic conditions in the SCN™ + HSOs ™ reaction system, which excludes
the equilibrium step between SCN™ + HSOs and OSCN™ + SO4* (R1") presented
in the Smith and Wilson model.***'** Quantitative information is presented on the
kinetics of the oxidation of the antimicrobial OSCN™ by a peroxo compound, which
seems to have no precedent in the literature. If the relative reactivities of SCN™ and
OSCN™ are expected to be similar towards HSOs and H,O,, it is reasonable to
assume that the in vivo accumulation of OSCN™ during the defensive peroxidase
catalyzed SCN™ + H,O; reaction is limited by the presence of H,0, itself. Notably,
MnTMe-4-PyP>* was confirmed to catalyze the oxidation of SCN™ by HSOs . The
catalytic cycle is assumed to be constructed with the participation of the Mn"(0)
porphyrin as the relevance of the Mn'V(O) porphyrin was excluded.

The high rate of the HSOs + SCN™ reaction might make Oxone® an attractive
choice for technologies aiming the oxidative removal of SCN™ from metallurgical
wastewater, keeping in mind that method optimization is required to completely
avoid the formation of the toxic CN™ as a product.

We assume that during the oxidative thiocyanation of aromatic and aliphatic
compounds the in situ formation of the protonated HOSCN (hypothiocyanous acid)
takes place in the fast reaction of HSOs + SCN'. In this case, the SCN moiety may
act as an S- electrophile reagent because the high electronegativity of oxygen atom
significantly lowers the electron density of the soft sulfur atom. By the protonation
of HOSCN to H,OSCN?, even the formation of *SCN is predictable after water
elimination. The formation of an electrophile during the in situ oxidation of SCN™
can account for the success of this polarity inversion (umpolung) thiocyanation
strategy among activated aromatic and a.-acidic oxo compounds.
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5.4) Hydrolytic decomposition of (SCN), and OSCN™

5.4.1) Decomposition of OSCN" at pH 4 and at pH 7

The kinetics of the hydrolytic decomposition of HOSCN has been studied in the
pH range from 4.3 to 6.0 by double-mixing stopped-flow technique. The mixture of
HOSCN and OSCN™ is present in solution in this pH range because the pK, of
HOSCN is 4.85.}" As detailed in the experimental section, OSCN™ can be
synthesized conveniently only at a high excess of SCN™ present over the oxidizing
agent. Thus the resulting OSCN" solution also contains the remaining SCN. The
decomposition of HOSCN was monitored photometrically at multiple wavelengths
from 290 to 705 nm where two spectral features are observed: a shoulder at 306 nm
and the global Anxx at 376 nm, as seen in Figure 20. At constant SCN™
concentration (see the experimental section) and pH, matrix rank analysis of the
collected time-resolved spectra showed that no absorbing intermediates are present
at detectable quantities during the decomposition over wide ranges of [SCN] and
pH. According to the singular value decomposition analysis of time-resolved multi-
wavelength data with SpecFit/32 software, the reaction follows strict pseudo-first
order kinetics when the precursor SCN is in excess over HOSCN. Second order
kinetics has never been observed during the experiments.**>*° The half-life of the
hydrolysis of HOSCN is ca. 0.5 s, depending on the actual conditions (Figure 20).
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Figure 20. UV-vis spectral change recorded in the decomposition of HOSCN/OSCN at
pH 4.93 under high SCN™ excess. Inset: kinetic curve at 376 nm. [HOSCN]o = 3.5 mM,
[SCN]=0.25 M, [HOACc] + [OAc]=0.50 M, pH 4.93,1=1.0 M, T = 25.0°C.
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The measured pseudo-first order rate constant (kons) Was found to be invariable to
the buffer concentration and to the initial analytical HOSCN concentration written
as [HOSCN]rp = [HOSCN]o + [OSCN Jo. The observed pseudo-first order rate
constant is directly proportional to [SCN] over an order of magnitude change in
[SCN], with a negligible ordinate intercept, as shown in Figure 21.

0.0 0.1 0.2 0.3
[SCNT (M)

Figure 21. Measured [SCN] dependence of the observed pseudo-first order rate constant
of the decomposition of HOSCN/OSCN™ at pH 4.27 and pH 5.66. Dots: experimental data,
Lines: the result of the global fit. [HOSCN]r, = 3.5 mM, [SCN] = from 0.05 to 0.40 M,
I=1.0 M, T =25.0°C.

The [H'] dependency of the hydrolytic reaction is complex. At constant [SCNT],
the initial spectrum of the reactant solution recorded 0.75 ms after the jump to the
desired pH (second mixing) is pH dependent as seen in Figure 22. The series of the
initial spectra recorded at different pH values can be successfully analyzed by
taking into account only the protolytic equilibrium between HOSCN (with an Anmax
at 306 nm) and OSCN™ (with an Anax at 376 nm) (Figure 22). The left panel of
Figure 22 shows how kg increases with [H']. The keps versus [H'] curve is
sigmoidal, and it can be fitted to the following function:

___ &MY
T GHGHTHHT

(19)
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where &1, & and & are pH-independent constants and are listed in Table 5. If we
take into account that kqps is directly proportional to [SCN], the following rate law
Is deduced to describe the hydrolysis of HOSCN at pH 4:

_ d[HOSCNJ, E[HTISCNT]

R v VTS i T e 0

where &, & and & are constants and [HOSCN]y is the time-dependent analytical
concentration of HOSCN + OSCN' in the reaction mixture.
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Figure 22. Left panel: pH dependence of the initial absorbance (A, top) and the observed
pseudo-first order rate constant (Kops, bottom) of the decomposition of HOSCN/OSCN'™ in
the pH range from 4.37 to 5.66. Markers: measured data (Ao: red — 306 nm, blue —
376 nm). Lines: results of the global data fit. Right panel: calculated spectra of HOSCN
(red) and OSCN™ (green). [HOSCN]+o = 3.5 mM, [SCN] = 0.25 M, [HOAc] + [OAcT] =
0.50 M, from pH 4.28 to pH 5.98, | = 1.0 M, T = 25.0°C.
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Mass spectrometric experiments have provided evidence for the formation of
CN", OCN’, SO,* and traces of SOs> during the hydrolytic decomposition of
HOSCN around pH 4. Hypothiocyanite ion was also identified by ESI-MS from the
basic stock solution of NaOSCN. The species from m/z 50 to m/z 250 present in the
MS spectra of the above mentioned analyte solutions are exclusively singly
charged ion-clusters. In positive mode, the most common are: Na,C,H30,",
Na,H,PO,4", Na,SCN", Na,ClO,", Na,Cl", Na,CN", Na,OCN" and Na,OH". In
negative mode ClO, containing species are more abundant in the spectra:
NaClO4C;H30,, NaPO,, Na(SCN),, Na(ClO4),, NaClO,Cl,, NaCIO,CN-,
NaClO4,OCN™ and NaClO,OH  depending on the actual analyte. Larger clusters
simultaneously containing multiple different anions and/or cations (when K* was
also present) were also detected. The species were identified based on their
accurate masses (Am/z = + 3 —7 ppm, see Table 6). The charge distribution inside a
cluster is not unambiguous. However, all of those detected could be constructed
from simple ions. Thus, we propose that the decomposing solution of HOSCN
contains only small anions and the accompanying alkali cations.

The concentrations of the identified hydrolysis products of HOSCN were
measured by IC. The amount of these anions relative to [HOSCN]t are given in
Table 7. According to control experiments when OSCN~ was synthesized from
stoichiometric amounts of SCN", the quantity of the hydrolytic products are
invariable to the presence of excess SCN™ during the decomposition.

-62 -



Reactions of enzyme mimetic Mn(111) porphyrins and simple inorganic compounds

Table 5. Estimated empirical constants for the experimentally determined rate laws.

constant estimated value constant estimated value

& 10.3+0.3s* &1 (pH3.9) 0.34+0.18M*

& 41+1M st Fo(pH4.4) 882+29st

& (1.5+0.1) x 10 M? &1 (pH4.4) 031+013M™

& (1.7+£0.2) x 10° M & (5.6 +0.1) x 10**s*

& (1.03+£0.03) x 10" M s | &5 (31+0.1)x10°M*

& (6.7+0.8) x10°%s? Eia (28+0.2) x 10 AU s
& (1.70+£0.02) x 10° M s | & ~(1.9+0.2)x 10°s™*

& (46+0.8)x10°%s? 16 (6.2+0.3) x 10% M s
& (6.8+0.7) x 10* M %s* &7 054+019M*

& (4.8+0.5)x10°%s? Eis (3.0+0.2) x10°M*
Fo(PH3.9) 362+10st

Table 6. List of ion clusters identified by ESI-MS from various analyte solutions.

) m/z difference
+species .
measured  theoretical ~ (PpPmM)
OSCN™ Naz(OSCN)+ 119.9495 119.9491 -3.3
CN™ Naz(CN)+ 71.9826 71.9821 -6.9
OCN- | Nay(OCN)*  87.9776  87.9770 6.8

SOs> | Nag(SO,)" 148.9253  148.9256 2.0
S04 | Nag(SOy)" 164.9195  164.9205 6.1

S HS;" 96.9228 96.9235 7.2
—species

OSCN" | NaCIO4,OSCN™~  195.9077 195.9089 6.1

CN- NaCIO,CN™ 147.9414 147.9419 3.4

OCN™ | NaCIO,OCN™  163.9363 163.9368 3.0

S05* Na(SOs) 102.9476 102.9471 -4.9

S0~ Na(SO,) 118.9419 118.9420 0.8
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Table 7. Results of the ion chromatographic analyses of the hydrolysis products of (SCN),
and HOSCN/OSCN'. The values given are relative to the concentration of the initial
reactant ((SCN), or OSCN’). Brackets: calculated values based on the proposed
stoichiometry of the reactions (Scheme 7 and 8) and on the indicated contribution to the
total consumption of the reactants of the HOSCN + CN™ pathway (Scheme 9, R46).

reactant and pH relative concentration (%) HOSCN + CN™
of hydrolysis [ ocN- CN-  SO* SO SCN pathway
OSCN™ 11+2 8+2 2+1 206 696
pH 4.33 17 (11 @) (@5 (7)) 14%
OSCN~ 53+8 0 52 17+4 55+8
pH 6.82 27)  (0) 8  (19) (73) 19%
(SCN), 12+2 23+5 4+1 22+2 1597
pH 3.89 (12) (19 (@ (27) (169) 8%
(SCN), 59+6 0 7+2 18+1 144+9
pH 6.90 (28) (0) (100 (18) (172 17%

The kinetics of the hydrolytic decomposition of the deprotonated OSCN™ has
been studied in the pH range from 6.1 to 7.2. The reaction is strictly pseudo-first
order when SCN™ is in a large excess over OSCN, with a half-life of ca. 20s.
Matrix rank analysis of time-resolved photometric data revealed only one
detectable absorbing species (with an Amax at 376 nm) during the reaction. The
measured values of the observed pseudo-first order rate constant (Kops) are
independent of the initial OSCN™ concentration and the buffer concentration, and
Kobs IS proportional to [SCN ] with a non-zero intercept (Figure 23):

kobs = §4[SCN7] + C.i:s (21)

where & and & are [SCN ]-independent constants (Table 5). The initial spectrum
of the reactant solution recorded 0.75 ms after pH-jump is independent of [H™] in
this pH range, although koys is proportional to [H] with a non-zero ordinate
intercept (Figure 23):

kobs = é:e [H+] + 57 (22)
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where & and & are pH-independent constants (Table 5). As seen in Table5 a
simple calculation leads to: & /[H'] =& /[SCNT and & = &. Thus, the rate law
for the decomposition of OSCN™ at pH 7 is:

v:—%:(@[H*][SCN]+§9)[HOSCN]T (23)
where & and & are constants, & = & /[H'] = &/[SCN], and & = & = &.
Consequently, [HOSCN]y is the time-dependent analytical concentration of
HOSCN + OSCN' in the reaction mixture.

The ions OCN", SO,* and SO5> were identified in the ESI-MS spectrum of the
sample solution produced during the decomposition of OSCN™ around pH 7.
Evidence was also found for the presence of traces of elementary sulfur in the
product solution, as HS3" (m/z = 96.9228) was identified in the +ESI-MS spectrum
of that.

According to IC measurements, the proportions of the product ions are
significantly different from that observed in acetate buffer, as seen in Table 7. The
measured product distribution around pH 7 has been found to be independent of
whether OSCN™ is generated from (SCN), or by the LPO/SCN /H,0,-system.
Accordingly, no effect of excess SCN™ is observed on the product distribution.
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‘|'£ rl.!’,
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0.00 : : : 0.00 . |

0.0 0.1 0.2 0.3 0.0 3.0x10” 6.0x10”
[SCN] (M) [H'1 (M)

Figure 23. The obtained [SCN'] dependence (at pH6.78) and pH dependence (at
[SCN] =0.25 M) of the observed pseudo-first order rate constant of hydrolysis of OSCN'.
Dots: measured data, lines: individual fits. [HOSCN]+, = 2.4 mM, [SCN] = from 0.05 to
0.40 M, from pH 6.13 to pH 7.21, | = 1.0 M,T = 25.0°C.
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5.4.2) Decomposition of (SCN), at pH 4 and at pH 7

Double-mixing stopped-flow experiments were performed to study the
hydrolytic decomposition of (SCN), from pH 3.8 to 4.7. Under the applied
conditions (SCN), and its precursor, SCN", give (SCN);  in equilibrium.** This
equilibrium is established in the mixing time over the entire range of pH. The
majority of the kinetic experiments were followed at 300 nm, which is the Anax Of
(SCN);~. 112119133 Based on the UV-vis and MS spectra (vide infra) of the resulting
solution, the hydrolysis product of (SCN), is not OSCN™ at pH 4. The hydrolysis of
(SCN), follows first-order Kinetics in the presence of a large excess of SCN™ with a
half-life of 2 — 4 ms, depending on the actual conditions (Figure 24). The Kinetic
curves recorded at high [(SCN)2]to cannot be fitted to second order kinetic
functions, and the least-squares residuals are the same for single exponential and
biexponential fits. As expected, the observed pseudo-first order rate constant (Kops)
was found to be generally independent of [(SCN),]to. However, for [(SCN)2]to
lower than ca. 200 —300 uM, Keps decreases with decreasing [(SCN)2lto
(Figure 25). The obtained photometric data are exceptionally low quality under
these conditions because the measured absolute change is only about 0.03 AU,
which is comparable to the level of noise in the first few milliseconds of the
measurements as a consequence of the shock of the stopped-flow apparatus.

2
S
|

A(300 nm)
o o
G

e
1 1
/-

0.3
=)
<
<0:2-
0.1
0.0 : :
300 350 400

A (nm)

Figure 24. UV-vis spectral change recorded during the hydrolytic decomposition of
(SCN), at pH 3.88 under high SCN™ excess. Inset: kinetic curve at 300 nm. [(SCN);]ro =
1.0 mM, [SCN]=0.25M,pH 3.88, 1 =1.0M, T =25.0 °C.
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Figure 25. Effect of [(SCN),]ro (the total initial concentration of (SCN),+ (SCN); +
HO(SCN),) on the observed pseudo-first order rate constants of hydrolysis of (SCN),.
Left panel: experiments in the pH range from 3.66 to 4.50 (indicated in the plot). The
kinetics of the reaction deviates from pseudo-first order at low [(SCN),]to. Markers:
measured data. Lines: result of global data fit. [SCN']=0.25M, I=1.0M, T = 25.0 °C.
Right panel: note, that the calculated initial absorbance (A;“**°) is directly proportional to
[(SCN),]ro at constant pH and [SCNT]. Dots: [HOCI], was varied to get different
concentrations of (SCN),. Crosses: (SCN), was aged for different extents before the
second mixing (Ar; variation). [(SCN),]ro = from 0.1 mM to 0.1 mM, [SCN] = 0.25 M,
pH 3.90, 1=1.0 M, T = 25.0°C.

Nonetheless, least-squares fits of these kinetic curves still give better results with
first order than with second order kinetic functions. The applied [(SCN)]ro was
established by two different means: (1) by changing the concentration of HOCI in
the first mixing cycle and (2) at constant [HOCI]o by changing the aging-time
before the second mixing cycle (Azy), thus allowing the in situ generated (SCN), to
decompose at pH 0.7 to various extents. The independent sets of experiments gave
identical results (Figure 25 right panel). The Kkinetic curves recorded at low
[(SCN),]t0 match the end of the kinetic curves recorded at high [(SCN).]ro under
the same conditions. However, when starting at high [(SCN)2]ro the theoretical
error of treating the whole course of decomposition as one pseudo-first order
process and calculating kops accordingly is negligible, as only the last 5 — 10% of
the data deviates significantly from the single exponential function which fits the
majority of the curve. The following results were obtained at high [(SCN)2]ro
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unless stated otherwise. Matrix rank analysis of time-resolved multi-wavelength
photometric data revealed that, at constant [SCN] and [H'], only one absorbing
species (Amax at 300 nm) is present in the hydrolysis reaction in the wavelength
range from 290 nm to 705 nm. This also means that the distinctive spectral features
of HOSCN are not detectable during the hydrolysis of (SCN), at pH 4. The pseudo-
first order kinetic curves measured at 300 nm can be extrapolated to the zero-point
in the absolute time scale of the reaction using single exponential functions and
taking into account the dead time of the instrument. This calculated zero-time
absorbance at 300 nm (A,"**%) increases sigmoidally with [SCN] at constant [H']
(Figure 26 left panel). Two effects are evident in the A;“*-° vs. [SCN] curve: (1)
shifting of the (SCN),/(SCN)s rapid equilibrium, and (2) the rate of decomposition
of the in situ generated (SCN), shows an inverse second order dependence on
[SCN] > at pH 0.7 in the first mixing cycle, thus at lower [SCN], we get less
[(SCN),]t after the Az first aging-time, quantitatively expressed as follows:

[(SCN), 1™,
LKy (SCNT™) " [(SCN), I A7,

[(SCN) = (24)

where [SCN]™ and [(SCN)2]™r, are the analytical concentrations of SCN™ and
(SCN); in the first mixing cycle, Az is the ageing time after the first mixing
(usually 2.0 s), kgisp is the pseudo-second order rate constant of the decomposition
of (SCN); at pH 0.7 and [(SCN)]+ is the initial analytical concentration of (SCN),
in the reaction mixture after the second mixing. The multiplier % represents the
dilution factor in the second mixing cycle. From separate [SCN] dependent
stability experiments kgisp = 11 3 M 's™ has been estimated at pH 0.70. At pH 4,
data recorded at high and low [(SCN),]to show consistency, i.e., Koy IS inversely
dependent on [SCN] (Figure 26 right panel):

K, = (25)
1+£&,[SCN7]

where both & and &; are [SCN]-independent constants. The constant ¢

increases with increasing pH and &3 slightly decreases with increasing pH

(Table 5). At constant [SCN ], independently from [(SCN)2]+ .o, A€ increases to

saturation with increasing pH. The initial spectrum (t = 1.5 ms) of the (SCN),

containing reaction mixture recorded at different pH values displays only one
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Figure 26. Left panel: dependence of the calculated initial absorbance at 300 nm (A,“*-%)
on [SCN] recorded at pH 4.42. Right panel: observed [SCN] dependence of the pseudo-
first order rate constant of hydrolysis of (SCN), at pH 4.42 and 3.87. Dots: experimental
points. Lines: result of global data fit. [(SCN)2]to= 1.0 mM, [SCN] = from 0.01 M to
0.40 M, 1 =1.0 M, T = 25.0°C.

peak at 300 nm, thus the fast hydrolytic equilibrium which yields OSCN™ + SCN™
cannot be relevant under the conditions employed.'”>*® As illustrated in
Figure 27, kops approaches saturation with increasing pH, and A" and ks are
proportional to one another. These curves can be fitted to the following functions
both at high and low [(SCN),]t:

— ng[OH_] (26)
T 144,[0H7]

kobs = 514Abc AL+ 515 (27)

where ¢&pp, &3, &4 and &5 are pH-independent constants (Table 5), although
dependent on [(SCN),]to. Thus, from egs. 25 and 26, the rate law describing the
hydrolysis of (SCN), at pH 4 at high [(SCN)2]+ o is the following:

_d[(SCN), ], _ £6[OH ]
dt 1+&,[SCN ]+ &,[OH]

[(SCN).Jx (28)

where &6, &7, &g are constants (Table 5) and [(SCN),]t is the time-dependent
analytical concentration of (SCN), + (SCN)3 .
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Figure 27. Observed pH dependence of the pseudo-first order rate constant of hydrolysis
(Kobs) and initial absorbance of (SCN), studied in the pH range from 3.77 to 4.74. Inset: Kops
is shown to be proportional to the calculated initial absorbance (A,“"-°) of the same
experiment at 300 nm. [(SCN),]to=1.0 mM, [SCN]=0.25M, I =1.0 M, T = 25.0°C.

Mass spectrometric data provided evidence that CN", OCN", SO,* and SO5*
are produced during the decomposition of (SCN), at pH4. The measured
stoichiometry of hydrolysis, relative to [(SCN).]ro, is displayed in Table 7. An
excess of SCN™ present in the solution during the hydrolytic decomposition has no
observable effect on the relative amounts of products.

No kinetic information could be obtained on the decomposition of (SCN),
around pH 7, as the reaction is complete in the mixing time of the stopped-flow
instrument. However, based on UV-vis and MS measurements, OSCN" is excluded
from the products of hydrolysis of (SCN), at pH 7. The eventual products at pH 7
(OCN", SCN", SOs* and SO,*) were identified by MS and quantified by IC and
the stoichiometric results are given in Table 7.

5.4.3) Reaction of OSCN" with (SCN),

The reaction of HOSCN/OSCN™ and (SCN), has been studied in double-mixing
stopped-flow experiments at pH 1 and at pH 4. Hypothiocyanite solutions were
prepared independently for these experiments and mixed with (SCN), solutions
made in situ in the first mixing cycle of the stopped-flow instrument. Figure 28
illustrates representative results for the reaction of (SCN), with OSCN". When the
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Figure 28. Observed absorbance change at 300 nm after directly mixing solutions of
(SCN), and OSCN™ at pH 0.70 (left panel) and at pH 3.89 (right panel). At pH 0.70,
HOSCN comproportionates with  SCN™ to give (SCN), which decomposes in a
homogeneous second order reaction. [(SCN);Jro= 1.4 mM, [HOSCN]o= 1.1 mM,
[SCN] = 0.25 M, [HCIO4 = 020 M, I= 1.0M, T= 25.0°C. Blue line: reference
([HOSCNJto= 0). Red line: experiment. At pH 3.89, HOSCN quenches (SCN),.
[(SCN);]to= 1.4 mM, [HOSCN]ro= 1.2 mM, [SCN]=0.25M, I=1.0M, T=25.0°C
Blue line: reference ([HOSCN]y, = 0). Red line: experiment.

two reactants are mixed at pH 0.70 and at high [SCN"] with (SCN); in small excess
over HOSCN, an elevation of the absorbance is observed at 300 nm which
corresponds to the production of (SCN),/(SCN); in the comproportionation of
HOSCN and SCN.*** The production of (SCN), is complete within 100 ms, and as
seen in Figure 28 it decomposes with homogeneous second-order kinetics.*>**
When (SCN), is mixed with HOSCN at pH 3.89 and at high [SCN], the
absorbance decreases at 300 nm, 306 nm and 376 nm wavelengths (compared to
those of the reference) and the reaction is over within the mixing time. This
observation implies the depletion of both HOSCN/OSCN™ and (SCN), when they
are simultaneously present in solution at pH 4. Although, we have not been able to
describe the kinetics of the process in detail to verify the direct reaction of (SCN),
with HOSCN at pH 4, as maintaining the reaction conditions for a series of
experiments proved to be technically challenging. However, a semi-quantitative
observation was made that when [(SCN).]ro is varied from 0.1 to 0.3 mM with
[HOSCN]to = 0.5 mM, the kinetics shows biphasic characteristics (a first step of
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1 — 2 ms half-life and a second step with a 0.4 — 0.5 s half-life) with a decrease in
absorbance at 300 nm where both (SCN), and HOSCN absorb (Figure 29). The
chromatographic analysis of the product solution was not successful as all of the
experiments were carried out in the presence of high concentrations of SCN".
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Figure 29. Experimental kinetic curves recorded when (SCN), was mixed to excess
HOSCN at pH 4.79. At the instance of addition of HOSCN the absorbance signal of
(SCN), at 300 nm dropped. Brown line: reference [(SCN),]ro = 0. Green line: [(SCN),]ro
= 0.1 mM. Red line: [(SCN)]ro = 0.2 mM. Blue line: [(SCN),]ro = 0.3 mM. [HOSCN]r,
=0.49mM, [SCN]1=0.10M,1=1.0M, T = 25.0°C.

5.4.4) Mechanism of hydrolysis of (SCN), and OSCN" between pH 4 and 7

The mechanism proposed to describe the hydrolytic decomposition of HOSCN
in the pH range from 4 to 7 is illustrated in Scheme 7. This hydrolysis mechanism
is in close intercorrelation with that of (SCN), illustrated in Scheme 8. As no
second order kinetic behavior was observed during the hydrolysis of HOSCN, the
reaction of two HOSCN/OSCN™ molecules™**® cannot be a major hydrolysis
pathway under the conditions described in the thesis. As seen in Scheme 7, the
reactive species is assumed to be the protonated HOSCN both at higher and lower
pH. As the first step, we propose the formation of a previously unknown
intermediate, HO(SCN), ", from HOSCN and SCN™ in equilibrium. Thiocyanate ion
is regarded as a pseudo-halide ion and (SCN), as a pseudo-halogen based on their
chemical reactivity.?#9311>119133174 The role of 1,OH™ in the hydrolysis chemistry
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Scheme 7. Mechanism of decomposition of OSCN™ in the pH range from 4 to 7. The
proposed stoichiometry is with X < 1. The following k 35, K33, and k g, are the rate
constants of the backward reactions of R32, R33 and R34, respectively; italicized reactions
occur after the rate-determining R36 step.

HOSCN == OSCN + H* K3, fast equilibrium (R31)
HOSCN + SCN™ == HO(SCN)," K3z & K 32 (K32 = Ksolk 32) (R32)
HO(SCN), == (SCN), + OH" K3z & K 33 (Kss = k3a/k_33) (R33)
HO(SCN), + H® == (SCN), + H;0 Kas & K 34 (K3 = kaa/K 34) (R34)
(SCN); + SCN™ == (SCN);~ K3s fast equilibrium (R35)
OSCN™ + (SCN), — NCS(=0)SCN + SCN™ Ksg, rate determining step (R36)
NCS(=0)SCN + H,O — 0,SCN™ + SCN™ + 2H" (R37)
0,SCN™ + HOSCN — O3SCN™ + SCN™ + H* (R38)
0sSCN™ + H,0 — SO + HCN + H* (R39)
0sSCN™ + H,0 — SO + OCN™ + 2H* (R40)

3HOSCN + H,0 — XS04 + XHCN + (1-X)SOs* +
+ (1-X)OCN™ + 2SCN™ + (5-X)H" (R41)

Scheme 8. Mechanism of decomposition of (SCN), at pH 4. The proposed stoichiometry is
with X < 1. To be consistent with the definitions in Scheme 7, k 3,, k33 and k s, are the
forward rate constants and kss, ks, and ks, are the backward rate constants of reactions
-R32, -R33 and -R34, respectively.

(SCN); + SCN™ == (SCN);~ Kss fast equilibrium (R35)
(SCN); + OH == HO(SCN)," K 33 = K_33/ks3 fast equilibrium (-R33)
(SCN); + H,0 == HO(SCN); + H" K.z = k_as/ka4 fast equilibrium (-R34)
HO(SCN),” <= HOSCN + SCN- K 32 & K3z (K32 = K_32/K3p) (-R32)
HOSCN === OSCN + H’ Kz, fast equilibrium (R31)
(SCN), + OSCN™ — NCS(=0)SCN + SCN™ ksg, rate determining step (R36)
NCS(=0)SCN + H,O — 0,SCN + SCN + 2H" (R37)
0,SCN™ + HOSCN — O3SCN™ + SCN™ + H* (R38)
0sSCN™ + H,0 — SO + HCN + H* (R39)
0sSCN™ + H,0 — SOs* + OCN™ + 2H* (R40)

3(SCN), + 4H,0 — XSO0, + XHCN + (1-X)SOs* +
+ (1-X)OCN™ +5SCN™ + (8-X)H"  (R42)
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of I, has been previously described in the literature in detail.">*"®*"" Accordingly,
we propose the existence of equilibria R32 — R34 (Schemes 7 and 8). The next step
in the hydrolysis of HOSCN is the dissociation of HO(SCN), to (SCN), (R33),
which is assumed to be proton catalyzed at lower pH (R34). The hydrolysis of
(SCN), to give OSCN" is well defined both at high and at low pH, but not at pH 4
to 7 as (SCN), does not hydrolyze to OSCN™ from pH 4 to 7 as demonstrated
before. Instead, (SCN), is proposed to be an intermediate in the hydrolysis of
HOSCN in the pH range from 4 to 7. We propose that the reaction of (SCN), with
the deprotonated reactant OSCN is the key step in the decomposition mechanism.
Indirect evidence was found for the existence of the reaction of (SCN), + OSCN™
(R36) at pH 4 during the study of the decomposition of (SCN), at low [(SCN)2]t.0,
I.e., we observed limiting second order behavior. Direct evidence was obtained by
mixing the two reactants in independent experiments and confirming their
disappearance. Thus, the general rate law describing the hydrolysis of
HOSCN/OSCN"™ under the applied conditions is deduced from the kinetic model of
Scheme 7 by assigning R36 to be the rate limiting reaction step:

_d[HOSCN], _ .
V=S = kg [(SCN), JIOSCN ] 9

[HOSCN], =[HOSCN]+[OSCN "]

Furthermore we assume that some equilibria, marked in Scheme 7, are fast:

tHosen < [FIHOSCNE: 1o oy - KalHOSCN,

(30)
Ky +[H'] Ky +[H]

Furthermore, we propose the steady state approximation to be valid for the time-
dependent concentrations of the intermediates ([HO(SCN), ] and [(SCN).]). Both
HO(SCN), and (SCN), are proposed to be produced slowly and consumed rapidly.
As demonstrated before, their concentrations never exceed low puM that would
result in a detectable signal as both (SCN);  (R36) and HO(SCN), have orders of
magnitude higher molar absorbances than HOSCN/OSCN™. Applying these
approximations to the simultaneous differential equation system defined by
Scheme 7 and substituting to eq. 29 gives:
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B a (1= @) Kykyg (Ksg + ks, [H'T)[SCN” JTHOSCN],>
Koy (K [OH T4k 5, )+ (1= @)Ky (K 5, + Ky + Ky, [H']) [HOSCN],

__H1
K31 +[H+]

(31)

At the same time, the following equation is valid:
ng(Kgl‘F[H+])(|L33[OH_]+|L34) << K31k35(K32+k33+k34[H+])[HOSCN]T (32)
Eq. 31 and 32 lead to the following rate law:

_ Kgy(Kgg +kgy[H'D[HTISCN]
(K, Ky +ky, [H (K, +[H])

[HOSCN], (33)

At pH 7, ks[H'] << ka3 and [H'] << Ka; are valid, therefore eq. 33 can be
simplified:

Kk [H'ISCN']
K31 (k732 + k33)

The experimentally determined and the deduced limiting rate laws agree both at
pH 4 (eq. 20 and eq. 33) and at pH 7 (eq. 23 and eq. 34). However, the proposed
mechanism of hydrolysis of HOSCN does not account for the observed intercepts
of the Kops VS. [SCN ] and kops vs. [H'] curves at pH 7 (Figure 23 and parameter &
in Table 5), which clearly indicates the presence of an alternative mechanism at
pH>7 and [SCN]y < [HOSCN]to. The disproportionation of OSCN™ in a
bimolecular reaction is a feasible explanation.**>**® However, at pH > 11, OSCN"
is known to hydrolyze to thiocarbamate S-oxide.™’

A global data fit has been performed to validate our kinetic model: the complete
experimental kinetic data set ([SCN]- and pH dependence at pH 4 and pH 7) has
been fitted to the proposed model, with kqps and the initial absorbances at 306 and
376 nm defined as dependent parameters, [H'] and [SCN] defined as independent
parameters, and Ksp, K 32, ka3, kas, &, Ks1, and Es, Eg, E7, Eg as floating constants.
The parameters Es, Eg, E7, Eg are defined as the molar absorptivities of HOSCN at
306 and 376 nm and the molar absorptivities of OSCN™ at 306 and 376 nm,
respectively. The initial absorbances are calculated as follows:

[HOSCN], (34)
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A, (306nm) = E,[HOSCN], + E,[OSCN ],

and (35)
A, (376nm) = E,[HOSCN], + E;,[OSCN],

The kinetic model at Scheme 7 provides an excellent fit to the experimental data
set. The resulting calculated constants are given in Table 8.

According to the intercorrelation between the hydrolysis of HOSCN and
(SCN),, several identical steps are proposed in the two hydrolysis mechanisms.
Scheme 8 illustrates the mechanism of decomposition of (SCN),. We account for
the pH dependence of the initial spectrum of the (SCN), solution around pH 4 by
the protolytic equilibria -R33 and -R34, which are considered fast under the applied
conditions. The equilibria -R33 and -R34 are competitive with the formation of

Table 8. Constants resulting from globally fitting the kinetic data of the hydrolysis of
(SCN), and OSCN' in the pH range from 4 to 7. The value of k_s3 is overestimated, as the
limiting rate of diffusion is ca. 10 M*s™ in water.

$Reference values can be found in the literature Kg; = 1.41 x 10° M, K5 = 0.43 M, Eg =
265 M cm?, Eg= 75M ™ cm™ and Eyo = 7500 M cm . *: held fixed during the global
data fit. #: calculated from other constants.

constant estimated value constant estimated value
Kat (117+04)x10°M $ Es{HOSCN}306nm 51+2 M*cm™
Ks, 50.0+ 0.9 M's? Ec{HOSCN}s760m 0*

K s (2.07 £ 0.09)x10°s* E;{OSCN }306nm 13+1 Mlem™
Ka 24%x10°M* # Es{OSCN }s760m 29+1 Mlem™$
Kas 137 + 235 Eo{(SCN)2}s00nm 75 Mlem™ $*

K a3 36 x 10" Mst# E10{(SCN)3 }300nm 7500 Mem™ $*
K ss (2.65+0.3) x 10° M ™ E;.{OH(SCN); }s00nm 1.6 x 10° M 'em™ #
Kag (1.29 £0.07) x 10° M s

K a4 34x10%st#

K 34 27x10°M#

Kas 054+01M*$

Kas (4.01+0.3) x 10° M s
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(SCN)s in R35. Because limiting second order behavior is expected at low
[(SCN),]+, and limiting first order behavior is observed at high [(SCN).]r, a
reversible first-order step is proposed to precede a second-order step in the
mechanism. We suggest that OSCN" is produced in the dissociation of HO(SCN),"
in -R32 and that it subsequently reacts with (SCN), in the rate limiting step R36.
The simplest explanation for the undetectably low steady-state concentration of
OSCN' under our experimental conditions is that (SCN), reacts with OSCN" faster
than the complete hydrolysis of (SCN), can take place. The protonation state of the
reacting species in R36 cannot be determined based on our kinetic experiments,
because we were not able to measure the pH dependence of the hydrolysis of
(SCN), under second-order conditions, and all measurements were carried out at
least 0.3 pH units below the pK, of HOSCN (K3;). The properties of reaction R36
are discussed in detail later. In deriving the general rate law from the kinetic model
of Scheme 8 describing the hydrolysis of (SCN), at pH 4, equilibrium -R34 is
omitted because K 34, = K 33xK,, and because the deprotonated OSCN " is assumed
to react with (SCN), (R36). The fast equilibria are described as follows:

[(SCN), 1= [CCN), L
+K35[SCN 1+ K_33[OH ]

and

[(SCN);]1=

K3[SCN™I[(SCN), I;
1+ K, [SCN™ ]+ K ,[OH]
and

(36)

K_[OH JI(SCN), I,

[OH(SCN)1=17 K,.[SCN ]+ K_,[OH ]

By defining R36 to be the rate limiting step and applying the steady-state
approximation for [HOSCN]y in the simultaneous differential equation system of
Scheme 8 we get the following:

d[(SCN _
v=- SRk pisen,Jrosen s
[(SCN),]; =[(SCN),]+[(SCN);]+[OH(SCN);]

37)
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o) K 3Ky K 5 [OH JI(SCN), ],

a)k[(SCN), Ir
+[OH J+K,[SCN ]

V=

(1-
[akn[SCN‘] f( )(1+ K [OH ]+ K [SCN'])’

(38)
__H1]
Ky +[H']
For high [(SCN),]+:
k32(1+K_33[OH7]+K35[SCN7])[H+][SCNi] << k35K31[(SCN)2]T (39)

and the limiting rate law is:

— k732 K [OH]
1+ K ;[OH ]+ K [SCN]

[(SCN).Jx (40)

Thus, reaction -R32 is rate-limiting when [(SCN).]+ is high. The deduced rate law
(eg. 40) is the same as the experimentally obtained rate law at high [(SCN)2]ro (see
eq. 28). A global data fit has been performed: the experimental data set recorded at
high [(SCN),]t0 was fitted to the limiting first order model (eg. 40) with Kqps and
A“"C as dependent variables, and [SCN] and [OH] as independent variables,
and k 3, K 33, K35, and Eg, Ejp, E1; as floating constants. The last three constants
are the molar absorbances of (SCN),, (SCN); and HO(SCN),, in order, at 300 nm.
The calculated initial molar absorbance at 300 nm is described by the following
expression:

A (300nm) = E,[(SCN), ], + E, [(SCN); ], + E,,[OH(SCN), ], (41)

The parameter ks is approximated by fitting the following equation to the Kops VS.
[(SCN),]t 0 curves recorded at different pH values (Figure 26):

(1 - a) k,32 k36 K733 [OH_ ] [(SCN)Z ]T,O

kobs =
[ak32[SCN‘]+ (1_“)k3§[(SCN)2]T'° - J(1+ K_,,JOH 1+ K,,[SCN 1)’
1+ K _,[OH ]+ K4 [SCN]
(42)
__ 1]
K31+[H+]

The experimental data set fits well to the proposed kinetic model and the obtained
constants are listed in Table 8.
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In spite of the high quality of the above presented global fits, the limiting rate
laws and therefore the obtained parameters can be regarded only as approximations
as seen for example in the value of k 33, which exceeds 10'° M*s™. Although
taking into consideration that numerous independently recorded data sets have been
analyzed simultaneously without considering the error of the independent variables
(i.e. initial concentrations and pH), the results are satisfactory. By substituting the
values of Table 8 using k a3 = 10 M*s into to egs. 32 and 39, we can predict
that the limiting rate laws, i.e., egs. 33 and 40 are valid at [HOSCN]t >> 2 x 10°M
and at [(SCN),]7 >> 1 x 10 *M at pH 4.0, respectively.

The rate-limiting step in the decomposition of HOSCN and (SCN), involves the
reaction of OSCN™ with (SCN), (R36). In principle, the product of such a reaction
could be the oxo derivative of the previously characterized (SCN); . Accordingly,
we have described the reaction of OSCN™ with (SCN), (R36) as a substitution to
give O(SCN),. The reaction is assumed to take place as a formal SCN™ for OSCN™
substitution because OSCN™ is not known to react as a direct O-donor,*?"173178
Evidence for an asymmetric intermediate has been previously provided by radio-
labeling studies, which demonstrated that SO, in a solution of OSCN™ and SCN™
is derived exclusively from OSCN™ at pH 7, indicating the conservation of the O-S
bond. We therefore propose that the intermediate is NCS(=O)SCN. The proposed
mechanism for the hydrolysis of NCS(=0)SCN as seen in Schemes 7 and 8 (R37 —
R40) is based on an analogy with the halogens,®%'"* as no kinetic data are
available for these fast reactions that take place after the rate limiting steps. We
propose that NCS(=0)SCN can be formed over a wide range of pH (0 to 8), where
(SCN), and OSCN" coexist for some milliseconds, long enough for their reaction.
However at high [H'] and [SCN], reaction R36 becomes reversible and shifts
towards the initial compounds. At lower [H'], the rapid hydrolysis of
NCS(=0)SCN is assumed. At high [OH], (SCN), is quantitatively converted to
HO(SCN), . Thus, the relative rate of formation of NCS(=O)SCN becomes
negligible compared to the relative rate of formation of OSCN™. No spectroscopic
evidence was found for the production of the intermediate HO(SCN), during the
previous investigations of the hydrolysis of (SCN), and the comproportionation of
HOSCN and SCN™ in the pH range from 0 to 2.**° The most probable
explanation for this is that HO(SCN), cannot exist at pH < 3 as K 4 = 2.65x10™
(pPKa((SCN),) = 4.58). The intermediate HO(SCN), can only be a minor transient
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species in the hydrolysis of (SCN), to give OSCN™ at pH > 8 because -R33 is a fast
equilibrium, and -R32 is shifted to the left with the deprotonation of HOSCN.

The stoichiometry of the hydrolytic decomposition of HOSCN and (SCN),
determined by IC (Table 7) differs significantly from the predicted stoichiometry
given in Schemes 7 and 8. We propose that as the concentration of CN™ increases
during decomposition, its reaction with HOSCN becomes competitive among the
fast reactions (Scheme 9, R44-R45). The pH dependent rate of R44 is maximal
around pH 7, which predicts the observed increase in the OCN™ production in the
hydrolysis.*?” Some calculated values in Table 7 indicate the contribution of R46 to
the overall decomposition of (SCN), and OSCN". At pH 7, the SCN™ production is
smaller and the OCN™ production is larger than anticipated, which is another piece
of evidence for an alternative hydrolysis pathway under these conditions. The
stoichiometry of the reactions at pH 7 can only be balanced with the inclusion of
the production of elementary sulfur (which was detected only by ESI-MS),
however, the mechanism of its formation is not clear.

Scheme 9. Mechanism of the reaction of OSCN™ with HCN below pH 7.

HOSCN <= OSCN + H" fast equilibrium (R31)
HCN <= CN +H" fast equilibrium (R43)
HOSCN + CN™ — NCSCN + OH" kys = 7.5%10" M s (R44)

NCSCN + OH — OCN +SCN +H" k45 <100 M*s ™ (pH < 7), r.d.s. (R45)

HOSCN + HCN — OSCN + SCN + 2 H* (R46)
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5.4.5) Biological relevance

Several important conclusions can be drawn with respect to the biological
relevance of the results described herein. First, it is difficult to imagine (SCN);
playing a significant role as a biological reactive intermediate at neutral pH in an
aqueous environment. The usual pathway to produce (SCN),, comproportionation
of OSCN™ and SCN", is magnitudes slower'"® than the reaction of (SCN), with
OSCN'. Thus, as soon as (SCN), is formed, it is already consumed through its
reaction with OSCN", which process also depletes the concentration of OSCN.
Furthermore, if other pathways exist for producing (SCN),, it is unlikely that
(SCN), plays a role in aqueous environments where the concentration of OSCN™ is
significant (as a consequence of the facile reaction R36), especially in the mucosae
where the steady-state concentration of OSCN™ can achieve high micromolar
concentrations. Second, we have shown that no mechanistic proposals which
involve (SCN), as a precursor can be feasible for the formation of OSCN™ at
neutral pH*122138.179.180.181.182 ha o 1se these species are nor in dynamic equilibrium
neither the product of hydrolysis of (SCN); is OSCN". Furthermore, OSCN™ and
(SCN), cannot coexist longer than a few milliseconds at neutral pH, thus previous
mechanistic proposals for the formation of HOSCN in the LPO-system that invoke
(SCN), as an intermediate during the enzymatic oxidation of SCN~ with H,0,
cannot be correct. Based on these conclusions, the biochemical role of (SCN); is
questionable. Third, based on the Kinetic data, we have confirmed that relatively
short-lived derivatives of OSCN™ are produced during the decomposition of
OSCN, including the O(SCN),, which we have formulated as NCS(=O)SCN. It is
unlikely that O(SCN), contains a symmetrical —S—-O-S— linkage, as has been
suggested in some early literature in the field.®® Fourth, we found that a high
relative concentration of OCN' is produced during the decomposition of OSCN™ at
neutral pH. This raises the question of whether the observed MPO-catalyzed
carbamylation of proteins in sites of inflammation is caused by OCN™ as a direct
product of the enzymatic oxidation of SCN™, or whether the OCN™ concentration is
elevated because of the decomposition of the excess OSCN™ present.'®*
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6) SUMMARY

The activation parameters and the rate constants of the water exchange reactions
of MnTE-2-PyP>* (Mn(lll) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin) as
cationic, MnTnHex-2-PyP>* (Mn(111) meso-tetrakis(N-n-hexylpyridinium-2-yl)-
porphyrin) and MnTTEG-2-PyP** (Mn(lll) meso-tetrakis(N-tri(ethyleneglycol)-
pyridinium-2-yl)porphyrin) as sterically shielded cationic, and MnTSPP®" (meso-
tetrakis(4-sulfonatophenyl)porphyrin) as anionic Mn(lll) porphyrins have been
determined from the temperature dependence of O NMR relaxation rates. On the
basis of the determined entropies of activation, an interchange-dissociative
mechanism (I4) was proposed for the cationic complexes (AS* = ca. 0 J K™* mol ™)
whereas a limiting dissociative mechanism (D) was proposed for MnTSPP*
complex (AS* = +79 J K> mol ™). The obtained water exchange rate of MnTSPP*
corresponded well to the previously assumed value used by Koenig et al. to
simulate the *H NMRD curves, therefore the measured value supports the theory
developed for explaining the anomalous relaxivity of MnTSPP* complex. The
magnitude of the obtained water exchange rate constants further confirms the
suggested inner-sphere electron transfer mechanism for the reactions of the two
positively charged Mn(lll) porphyrins with the described biologically important
oxygen and nitrogen reactive species.

We found that the in vitro autoxidation of N-hydroxyurea (HU) is catalyzed by
MnTTEG-2-PyP**, which is also a potent mimic of the enzyme superoxide
dismutase. The detailed mechanism of the reaction is deduced from kinetic studies
under basic conditions mostly based on data measured at pH 11.7 but also
including some pH dependent observations in the pH range from 9 to 13. The
major intermediates were identified by UV-vis spectroscopy and electrospray
ionization mass spectrometry. The reaction starts with a fast axial coordination of
HU to the metal center of MnTTEG-2-PyP**, which is followed by a ligand-to-
metal electron transfer to get Mn""TTEG-2-PyP*" and the free radical derived from
HU (HU"). Nitric oxide (NO) and nitroxyl (HNO) are minor intermediates. The
major pathway for the formation of the most significant intermediate, the
{Mn"NO}’ complex of Mn"TTEG-2-PyP*, is the reaction of Mn'"TTEG-2-PyP*
with NO. We have confirmed that the autoxidation of the intermediates open
alternative reaction channels, and the process finally yields NO,  and the initial
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Mn""TTEG-2-PyP>*. The photochemical release of NO from the {Mn"NO}’
intermediate was also studied. Kinetic simulations have been performed to validate
the deduced rate constants.

We reported a detailed mechanistic investigation on the multistep oxidation of
excess SCN™ with peroxomonosulfate ion (HSOs in the form of Oxone®) in the
pH range from 6.5 to 13.5. Hypothiocyanite ion (OSCN") was detected to be the
intermediate of this reaction under the above conditions, and a kinetic model is
proposed. Furthermore, by kinetically separating the consecutive reaction steps, the
rate constant of the direct oxidation of OSCN™ by HSOs was determined. A critical
evaluation of the estimated activation parameters of the elementary steps has
revealed that the oxidations of SCN™ as well as the consecutive OSCN™ by HSOs~
are more likely to proceed via two electron transfer steps. The catalytic effect of
MnTMe-4-PyP5+ on the HSOs + SCN™ reaction was also demonstrated and
investigated. The catalytically important intermediate in the process is proposed to
be the Mn"(O) porphyrin which forms in the reaction of HSOs™ + MnTMe-4-PyP**,
Furthermore the reactivity of the Mn'V(O) species towards SCN™ is also described.

We discussed that OSCN™ can engage in a cascade of pH- and concentration
dependent comproportionation, disproportionation, and hydrolysis reactions that
control its stability in water. Based on reaction Kinetic, spectroscopic, and
chromatographic methods, a detailed mechanism is proposed for the decomposition
of OSCN" in the pH range of 4 to 7 to eventually give the simple inorganic anions
CN-, OCN", SCN", SOs*, and SO,*. Thiocyanogen ((SCN).) is proposed to be a
key intermediate in the hydrolysis; and the facile reaction of (SCN), with OSCN~
to give the assumed NCS(=0O)SCN, a previously unknown reactive sulfur species,
has been independently investigated. The mechanism of the aqueous
decomposition of (SCN), around pH 4 is also reported. The resulting mechanistic
models for the decomposition of HOSCN and (SCN), address previous empirical
observations, including the facts that the presence of SCN™ and/or (SCN);
decreases the stability of HOSCN/OSCN, that radioisotopic labeling provided
evidence that under physiological conditions decomposing OSCN™ is not in
equilibrium with (SCN), and SCN, and that the hydrolysis of (SCN), does not
produce OSCN™ near neutral pH. Accordingly, we demonstrated that during the
human peroxidase-catalyzed oxidation of SCN™, (SCN), cannot be the precursor of
the OSCN™ that is produced.
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7) OSSZEFOGLALAS

Valtozé6 hémérsékleteken végzett *'O-NMR relaxaciés mérések segitségével
meghatéroztuk a kationos MnTE-2-PyP>* (Mn(l11)-mezo-tetra(N-etilpiridinium-2-
il)-porfirin), a sztérikusan zsufolt kationos MnTnHex-2-PyP>* (Mn(111)-mezo-
tetra(N-n-hexilpiridinium-2-il)-porfirin) és MnTTEG-2-PyP** (Mn(l11)-mezo-tetra-
(N-tri(etilénglikol)piridinium-2-il)-porfirin), valamint az anionos MnTSPP*
(mezo-tetra(4-szulfonatofenil)-porfirin) komplexek pH = 6 kordl érvényes vizcsere
sebességi allanddjat és aktivalasi paramétereit. A 298 K-re vonatkoz6 sebessegi
allandok rendre a kovetkezOk: 4,12 x 10° s7; 5,73 x 10° s 4,88 x 10° s és
2,74 x 10" s*. A meghatarozott aktivalasi entropiak alapjan arra kovetkeztettiink,
hogy a kationos komplexek vizcseréjének mechanizmusa (AS* = kb. 0 J K™ mol™)
atmenetet mutat a disszociativ és az asszociativ k6zo6tt, mig az anionos komplexé
(AS= +79J K™ mol™) egyértelmiien disszociativ jellegli. A MnTSPP*" esetén
kapott vizcsere-sebesseégi allandd jo kozelitéssel megegyezik a Koenig és
munkatérsai altal becsiilttel, amivel sikeresen szimulaltak ezen komplex *H NMRD
gorbéit. Kijelenthetjiik tehat, hogy az altalunk mért vizcsere-sebességi allando
alatdmasztia a MnTSPP® komplex anomalias relaxivitasara kidolgozott
elméleteket. A szuperoxidgyok és a MnTE-2-PyP>" kozétt lejatsz6dé redoxireakcio
masodrendli sebességi allanddjabol a Fouss-egyenlet segitségével megbecsiiltiik a
bels6 szféras elektrontranszfer lejatsz6dasdhoz  szilkséges viz — reaktans
ligandumcsere sebességi allandojat. Ez az allandé nagysagrendileg megegyezik a
Mn(Iporfirin komplex disszociativ vizcseréjének sebességi allandojaval. Ebbol
arra kovetkeztettink, hogy a Mn(lll)centrum és a szuperoxidgyok kozotti reakcid
sebességmeghatarozo 1épése ténylegesen a reaktins belsd szféras koordinacidja a
Mn(l1l)centrumhoz.

Megfigyeltiik, hogy az N-hidroxi-karbamid (HU) in vitro autooxidaciojat 1tgos
kortlmenyek kozott katalizalja a szuperoxid-diszmutaz enzim utanzasara is képes
MnTTEG-2-PyP*" szintetikus Mn(lI1)-porfirin komplex. A reakcié mechanizmu-
sanak tanulmanyozasara tervezett reakcidkinetikai vizsgalataink nagy részét
pH = 11,70-en végeztik, amit kiegészitettink néhany, a folyamat pH-fluggését
vizsgalé kisérlettel a pH =913 tartomanyban. A MnTTEG-2-PyP** és HU
kozotti reakcid soran felhalmozodo 6 koztitermékeket UV-lathatd spektroszkopias
és elektroporlasztasos ionizacios tomegspektrometriai (ESI-MS) mérésekkel
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azonositottuk. A folyamat a HU gyors axialis koordinalédasaval kezddédik a
MnTTEG-2-PyP** fémcentruméra, amit a ligandumrél fémre iranyuld elekt-
ronatadas kovet, Mn"TTEG-2-PyP*" porfirint és N-hidroxi-karbamid-gyokot (HU")
eredményezve. Az HU® gy6kbdl nitrogén-monoxid (NO) és nitroxil (HNO) is
keletkezik a tovabbi folyamatok sordn. A folyamat soran legnagyobb
mennyiségben felhalmozddé koztiterméket, azaz a Mn'"TTEG-2-PyP*" porfirin
{Mn"NO}’ tipusi komplexét a Mn"TTEG-2-PyP*" porfirin és a NO reakci6ja
termeli. Kisérleti bizonyitékot szolgaltattunk arra nézve, hogy a kiilonboz6
koztitermékek autooxidacios folyamatai Uj reakcidutakat nyitnak. lonkro-
matografidas (IC) és spektroszkopids mérésekkel megerdsitettiik, hogy a
MnTTEG-2-PyP>* és HU kozotti reakcid végtermékei a véltozatlan Mn(lll)
porfirin és a nitrition (NO,). Tanulmanyoztuk tovabba a {Mn"NO}’ komplex
fotokémiai bomlasat is. A javasolt kinetikai modell validalasara szimulaciokat
végeztink, melyek jo egyezést mutatnak a kisérletileg mért kinetikai gorbékkel.
Részletesen bemutattuk a tiocianation (SCN’) és a peroxomonoszulfat-ion
(HSOs ", Oxone®-ként formulalva) kdzott SCN™ felesleg mellett semleges és 1Ggos
kdzegben lejatszodo reakciojanak kinetikajat és mechanizmusat. A tobb 1épéses
oxidacios reakcio spektroszkopiai modszerekkel jol detektalhatd koztitermékeként
a hipotiocianit-iont (OSCN") azonositottuk. Ez a részecske ligos kézegben SCN™
feleslege mellett egyik viszonylagosan stabil végterméke is a folyamatnak. A
lejatsz6d6 folyamatok leirasara kinetikai modellt javasoltunk. Elvégeztik az
egymast kovetd oxidacios 1épések kinetikajanak matematikai leirasat, igy
méréseinkbdl kozvetleniil tudtuk szdmolni a OSCN™ és a HSOs kozti redoxreakcid
sebességi  allanddjat: ko = (1,6 £0,1) x 10° M s lagos korilmények kozott
(PH=135) és kn"=(3,3+0,1)x10°M*s? semleges kortilmények kozott
(pH = 6,89). Meghataroztuk az elemi reakcidlépések aktivalasi paramétereit, és
ezek kritikai értékelését kovetben javaslatot tettink az elemi reakciok
mechanizmusara. Véleményunk szerint mind a SCN, mind a OSCN"
peroxomonoszulfat-ionnal torténd oxidacidja soran valoszintileg két elektron
egylittes atadéasa torténik. Vizsgaltuk a MnTMe-4-PyP>* Mn(lI1)-porfirin komplex
az elobbi reakciokra kifejtett katalitikus hatasat. Megallapitottuk, hogy a
porfirinkomplex jelenléte gyorsitja a SCN™ oxidaciojat, es megmutattuk, hogy a
katalitikusan aktiv koztitermék nagy valosziniiséggel a Mn"(O)-porfirin. Ez a
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részecske kozvetleniil képzédik a HSOs és a MnTMe-4-PyP>* reakci6jaban, és
eredményeink szerint képes a SCN™ gyors oxidalasara.

Részletesen vizsgaltuk a ditiocian ((SCN),) és a OSCN ™ hidrolitikus stabilitasat
befolyasold tényezdket enyhén savas és semleges kozegben (pH = 4 —7). Mind
kémiai, mind matematikai eszkdzokkel részletesen tanulmanyoztuk és leirtuk
azokat a bonyolult pH- és koncentracio-fiiggé reakciorendszereket, melyek a fenti
részecskék hidrolizise soran kialakulnak. Reakciokinetikai, UV-lathatd és
tdmegspektrometriai, valamint kromatografias mérések alapjdn mechanizmust
javasoltunk az OSCN™ semleges és enyhén savas kozegben bekovetkezd
hidrolitikus bomlasanak mechanizmusara. Bizonyitottuk, hogy a bomlastermékek
egyszerii szervetlen anionok: CN-, OCN", SCN", S05%, és SO, Megfigyeléseink
szerint a (SCN), kulcsfontossagu koztiterméke az OSCN™ hidrolizisének, azonban
a folyamat soran nem halmozodik fel. Fuggetlen kisérletekben sikertlt
kimutatnunk, hogy a (SCN), enyhén savas kdzegben reagal a hipotiocianit-ionnal.
Ezen reakci0 termékének szerkezetére javaslatot tettink (NCS(=O)SCN).
Kulcsfontossagu szerepe miatt a (SCN), hidrolizisét is vizsgaltuk pH = 4 korl, és
megmutattuk, hogy ilyen korilmények kozétt a (SCN), hidrolizise nem termel
kimutathaté mennyiségii hipotiocianit-ion. A fenti részecskek hidrolizésére javasolt
kinetikai modellek 6sszhangban vannak a korabbi empirikus megfigyelésekkel,
miszerint a SCN™ és a (SCN); jelenléte csokkenti a OSCN™ stabilitasat, tovabba,
hogy a OSCN™ enyhén savas pH-n nincs egyensulyban (SCN), és SCN™ elegyeével.
Ezzel azt is demonstraltuk hogy a human peroxidaz enzimek altal katalizalt SCN™
+ H,0, oxidaciés reakcionak nem lehet a (SCN), a kozvetlen terméke, hiszen
ennek a részecskének a hidrolizise fizioldgids korllmények kozott nem
szolgéltathatja a felhalmozdddé hipotiocianit-iont.
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