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Abstract

The one-electron oxidation reactions of the alkanesulfinates L-cysteinesulfinic acid

(CSA) and methanesulfinate (MSA) with bis(1,4,7-triazacyclononane)nickel (III) and tris

(1,10-phenanthroline)osmium(III) were investigated in aqueous media. Reaction kinetics

are observed at 25 °C, m = 0.1M (NaCl), under anaerobic as well as aerobic conditions. The

reactions are slower under aerobic conditions. Under pseudo-first-order reaction conditions

both the oxidation reactions with Ni(III) as well as CSA oxidation by Os(III) show first-

order dependence on oxidant and alkanesulfinate concentration with mild inhibition by

the reduced form of the oxidant. In Os(III) reaction with MSA, strong inhibition by

Os(II) is observed requiring the presence of a spin trap to obtain good first-order fits

under pseudo-first-order reaction conditions. In all four reactions, the corresponding

alkanesulfonyl radical is formed during the first electron transfer step, consequently yielding

the corresponding sulfonate as the major sulfur containing product. The empirical rate-

law for the reaction of [Ni(tacn)2]3+ with CSA in aqueous media is first-order in the

alkanesulfinate and Ni(III), and takes the form -d[Ni(III)]/dt = kOBS[Ni(III)], where

kOBS = Ka1[CSA]TOT
( 1
(k1Ka2+k2[H+])

+ k0
Ka2

[[Ni(tacn)3]2+])([H
+]2+[H+]Ka1+Ka1Ka2)

with k1 = (2.70 ± 0.08) × 10 M-1 s-1, k2 = (9.6 ± 0.7) M-1 s-1 and k’ = (4.7 ± 0.5) ×

10 s. For the reaction of [Ni(tacn)2]3+ with MSA, the empirical rate-law is -d[Ni(III)]/dt

= kOBS[Ni(III)], where

kOBS = k1Ka[MSA]TOT
(1+k’[[Ni(tacn)3]2+])(Ka+[H+])

with k1 = (1.90 ± 0.05) × 102 M-1 s-1, and k’ = (2.7 ± 0.2) × 103 M-1.

Oxidation of CSA by tris(1,10-phenanthroline)osmium(III) yields the empirical rate

law -d[Os(III)]/dt = kOBS[Os(III)] where kOBS = k[CysSO2H]TOT/[Os(II)] in the pH range
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3.5-5.5 with k = (7.53 ± 0.07) × 10-3 s-1. The empirical rate law for MSA oxidation

by tris(1,10-phenanthroline)osmium(III) is -d[Os(III)]/dt = kOBS[Os(III)]2 with kOBS =

k[CH3SO2H]/[Os(II)], where k = (2.4 ± 0.4) ×103 M-1 s-1.

Methanesulfonyl iodide is produced in aqueous solutions from the reaction of triiodide

with methanesulfinate. Dichroic crystals of (CH3SO2I)4•KI3•2I2 are formed from KI/I2
solutionswith high concentrations ofCH3SO2

–, while dichroic crystals of (CH3SO2I)2•RbI3
are formed from RbI/I2 solutions. X-ray crystallography of these two compounds shows

that the CH3SO2I molecules coordinate through their oxygen atoms to themetal cations and

that the S–I bond length is 2.44 Å. At low concentrations of CH3SO2
– the solutions remain

homogeneous and the sulfonyl iodide is formed in a rapid equilibrium: CH3SO2
– + I3–

�������� CH3SO2I + 2I–, KMSI = 1.07 ± 0.01 M at 25 °C (m = 0.1 M, NaClO4). The sulfonyl

iodide solutions display an absorbance maximum at 309 nm with a molar absorptivity of

667 M–1 cm–1. Stopped-flow studies reveal that the equilibrium is established within the

dead time of the instrument (� 2 ms). Solutions of CH3SO2I decompose slowly to form

the sulfonate: CH3SO2I + H2O ���! CH3SO3
– + I– + 2H+, khyd. In dilute phosphate

buffer this decomposition occurs with khyd = 2.0 × 10–4 s–1; the decomposition rate shows

an inverse-squared dependence on [I–] because of the KMSI equilibrium.
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Chapter 1

Introduction

1.1 General introduction

Sulfur is a second row chalcogen that is essential for life.1–7 The [Ne]3s23p4 electronic

configuration allows sulfur to form species with valencies 2, 4 and 6 and sulfur oxidation

states ranging from -2 to +6.8 Some example species of various sulfur oxidation states

are shown in figure 1.1. Sulfur atoms have the capability to form hypervalent (non-

octet) species.9–12 Sulfoxides and sulfuranes are some examples for hypervalent sulfur

compounds.
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Figure 1.1: Various oxidized species of alkanethiols. Oxidation number at sulfur centers

are shown in parentheses.
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1.1.1 Alkanesulfinates: importance and functions

Alkanesulfinates have a superficial similarity to alkylcarboxylates. Despite this superficial

analogy, there are crucial differences of geometry and reactivity between alkanesulfinates

and alkylcarboxylates. For instance, the lone pair on sulfur atom imparts a pyramidal

geometry to sulfinate sulfur center, whereas the carboxyl carbon possesses a planar

geometry.13 Also, alkanesulfinic acids have pKa’s � 2 and for carboxylic acids the pKa’s

are approximately 4.14 Sulfinate functional group has a tetrahedral geometry. Therefore,

the oxygens of sulfinates are prochiral.13

Figure 1.2: Structure of an a) alkanesulfinate b) alkylcarboxylate.

Sulfinates are soft nucleophiles,15 and undergo nucleophilic addition reactions with a,

b-unsaturated alkenes,16 aldehydes17 as well as with epoxides18 to form sulfones. While

the majority of the nucleophilic additions occur at the sulfur center, oxygen atoms of

sulfinate are also capable of nucleophilic attack.19

Since sulfinic acids can easily undergo disproportionation reactions,20,21 they are

commonly prepared by in-situ acidification of the sulfinate salts. To qualitatively and

quantitatively analyze sulfinic acids, redox titrations with bromides, bromates, Ce4+,22

direct acid-base titrations,23 ion-exchange chromatography,24 as well as spectroscopic

techniques25 are used.

For the projects discussed here, L-cysteinesulfinic acid, methanesulfinate, and hypotaurine

were chosen to investigate their oxidation kinetics. Figures 1.3 and 1.4 show that the three

sulfinates are electronically and structurally distinct, and therefore significant differences
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in the oxidation mechanisms are expected.

Figure 1.3: Optimized geometries of the selected sulfinates. a) L-cysteinesulfinate b)

methanesulfinate c) hypotaurine. Structures are optimized using B3LYP method under

6-311G* basis set in implicit water.

Figure 1.4: Charge distribution of the selected sulfinates. a) L-cysteinesulfinate b)

methanesulfinate c) hypotaurine. Structures are optimized using B3LYP method under

6-311G* basis set in implicit water, red correlates to the highest negative charge and blue

correlates to the highest positive charge.
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Figure 1.5: Possible fates of alkanesulfonyl radical26,27

One electron oxidation of alkanesulfinates has been previously studied with oxidants

OH•,28,29 •NO2,30 •CO3
-,31 ONOO-,32 and IrCl62-.33 ONOO- reacts via rate-limiting

hydrolysis at the N-O bond. The first step of alkanesulfinate oxidation by a one electron

oxidant has been proposed as the formation of transient intermediate alkanesulfonyl radical

(RSO2•). RSO2• is a strong oxidizing species34 and has been well characterized using

optical absorption spectroscopy and electron paramagnetic resonance (EPR) spectroscopy.35

Methanesulfonyl radical has been identified as the intermediate (absorbance maximum at

325 nm) during the reaction of •OH with methanesulfinate.29 Conrado et al. report an

absorbance maximum around 325 nm for the transient intermediate formed during the

reactions of •CO3
- with L-cysteinesulfinate and hypotaurine.31 In EPR investigations,
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a g-factor of 2.0053 is expected for cysteinesulfonyl radical.36 Chatgilialoglu et al.37

have discussed thermochemistry of sulfonyl radicals in detail. For self-reactions of

methanesulfonyl radicals forming disulfones, a rate constant of (1.0 ± 0.2) × 109 M-1

s-1 is reported.38

If dissolved O2 is present in the reaction medium, the sulfonyl radical may produce

a sulfonyl peroxy radical RSO2OO•.26 The peroxy radical then in turn will react with

sulfinate anion generating peroxysulfinate anion and regenerate a sulfonyl radical. This

process is depicted in figure 1.5

Several reports have described two-electron oxidation of alkanesulfinates. During

hypotaurine oxidation by peroxynitrite, oxygen is directly transferred from the oxidant to

hypotaurine, to form taurine at a rate of 77.4 M-1 s-1.27 This process does not consume

any oxygen from the media. The deciding factor between the one-electron oxidation

process versus the two-electron process is the concentration of hypotaurine. At higher

hypotaurine concentrations, a preference for two-electron oxidation has been seen. Two-

electron oxidation of hypotaurine by NaIO forms taurine as the sulfur containing product.39

Cysteinesulfinic acid

Figure 1.6: Structures of a) L-cysteinesulfinic acid, b) 3-sulfinyl pyruvate, c) hypotaurine.

L-cysteinesulfinic acid has significant biological importance due to its key physiological

functions.40–44 Inmammals, L-cysteinesulfinic acid is formedduring catabolismof cysteine.45
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Also, oxidation to cysteinesulfinate may take place as a post-translational modification to

cysteine residues.46 Cysteine is acquired by the body from diet and also from trans-

sulfuration pathway.47 The enzyme cysteine dioxygenase (CDO) oxidizes cysteine to

cysteinesulfinic acid (CSA, 3-sulfoalanine) in mammalian tissue.45 This conversion is

important since high concentrations of cysteine can be cytotoxic and neurotoxic.45 In

living organisms CSA may be decarboxylated to hypotaurine, which is then oxidized to

taurine. An alternative fate of CSA is to form 3-sulfinyl pyruvate. 3-sulfinyl pyruvate is

an unstable intermediate species which decomposes to form pyruvate and sulfite.45 It has

been found that the formation of CSA from cysteine moities balances antioxidant activity

by inhibiting peroxyredoxins.13 Also, the conversion of cysteine 106 to CSA activates

the chaperone activity of DJ-1 protein. DJ-1 protein offers protection against Parkinson’s

disease.48 This conversion is also essential for nitrile hydratase catalytic activity.49

Methanesulfinate

Metabolic processes of marine algae and phytoplankton release dimethyl sulfide (DMS)

to the marine atmosphere.50–52 The emitted DMS is then oxidized in the troposphere and

dimethyl sulfoxide is formed.53 Methanesulfinic acid is produced as the major product

during dimethyl sulfoxide oxidation in themarine atmosphere.54Due to its part in atmospheric

oxidation, aqueous phase kinetics ofmethanesulfinate oxidation has been investigated using

several key atmospheric oxidants. OH•, N3•, Cl atom, O3, and dichloride radical (Cl2-) are

some such oxidants.29,34,38,54 In all these reactions the major product is methanesulfonate.

Hypotaurine

Hypotaurine (2-aminoethanesulfinic acid) is a non-peptidic amino acid present in

millimolar concentrations in somemammalian cells.55,56 It is amajor precursor in biosynthesis

of taurine and ametabolite of cysteinesulfinic acid created via decarboxylation by sulfinoalanine
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decarboxylase.57 Hypotaurine is known to act as an antioxidant scavenging reactive oxygen

species formed in cells. Also, hypotaurine acts as a protective agent and prevents ONOO-

mediated reactions.58 Hypotaurine levels in body decrease with age. Though it was

discovered in 1954 that under oxidizing conditions hypotaurine is oxidized to taurine,59 a

specific enzyme associated with the oxidation of the sulfinic group to the sulfonic group

has not been reported. Reactions of hypotaurine in aqueous media with one-electron

oxidants have been described considerably well in literature. Similar to the one-electron

oxidation process of cysteinesulfinic acid, the corresponding transient sulfonyl radical is

formed as a first step and, if oxygen is present in the reaction environment, a chain reaction

with oxygen commences.34 In the absence of oxygen, the sulfonyl radical may undergo

dimerization to form a disulfone,60 or dissociate into an alkyl radical and sulfur dioxide.

The tendency to dissociate has been shown to be less in the sulfonyl radical derived

from hypotaurine compared to cysteinesulfonyl radical.30 UV light catalyzed oxidation

of hypotaurine by Fenton’s reagent has shown to form the corresponding disulfone as an

intermediate.61 Reactions with biologically occurring oxidants such as singlet oxygen, OH

radical, hypochlorite,60 peroxynitrite, H2O2 , and carbonate radical anion30 as well as

reaction with UV irradiation with hypotaurine have been investigated.

Chapters 2 through 5 of this thesis discuss oxidation reactions of alkanesulfinates by

one-electron oxidants. Chapter 6 and appendix A present some results on two-electron

oxidation of alkanesulfinates.

1.1.2 Reaction kinetics

The following sections describe some common kinetic terms and concepts used in the

following chapters.

Chemical kinetics is the study of rates of chemical reactions. The change in concentration

of a species involved in the reaction over unit time is the rate of a chemical reaction. Rate
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of chemical reaction depends on physical state of reactants, concentration of reactants,

temperature, and presence of catalysts.

Rate of a reaction =
DConcentration

DTime
(1.1)

Rate of reaction has units of M s-1. When a reaction progresses, the concentration of

reactants decreases over time and the amount of product increases. Rate can be described

using either the increase of products over time or the decrease of reactant concentration

over time. Rate of a reaction changes over the course of a reaction if the concentration of

any species involved in the reaction rate law is changed.

Rate equations (or rate laws) express the relationship between the reaction rate and the

reactant concentrations. A simple rate law would take the form

Rate = k[A]m[B]n (1.2)

Here the proportionality constant k is the rate constant. Units of k depends on the rate

law. m and n are not necessarily the stoichiometric coefficients. To determine k as well as

m and n experimental data is needed. In addition to reactant and product concentrations,

the reaction rate expressions may contain catalyst concentrations. The sum of all exponents

appearing in the overall rate law is the order of a reaction. The order of a reaction with

respect to a particular reactant or product is the exponent on the concentration of that

particular species in the rate law. The rate constant is dependent on temperature. In

order to determine rate expression, method of initial rates may be used. Initial rate is the

reaction rate at t = 0. Interference by reaction products, and side reactions are avoided

when this method is used. The rate of a reaction is dependent on temperature. Collision

theory shows that for a reaction to proceed molecules that react must collide, collisions

must have sufficient energy to break bonds, and orientation of molecules during collision

should be favorable. At higher temperature, a larger fraction of molecules will possess the
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activation energy required for the reaction, and therefore increase of temperature would

increase reaction rate. However, there are reactions that display negative temperature

dependence on rate.62 The Arrhenius equation shows the dependence of rate constant on

the temperature.

k = Aexp(
–Ea
RT

) (1.3)

Here, A is the frequency factor, used to describe the number of collisions and the

fraction with proper orientation. The exponential term contains the number of collisions

with energy equal to or greater than the activation energy at temperature T. Presence of

a catalyst causes the reaction to follow a different pathway with lower activation energy.

Catalysts change the reaction mechanism.

The sequence of steps that converts reactants to products is a reaction mechanism. Each

step in the sequence is an elementary step. A reaction mechanism cannot be proved. A

single reaction may have several possible mechanisms. A plausible mechanism is useful

in predicting the behavior of the reaction. The rate determining step (rate limiting step) is

the slowest elementary step in the multistep sequence. Products of the reaction will not

form faster than the rate of the slowest elementary step. This does not hold true for chain

reactions. Overall stoichiometry cannot predict the rate equation. Rate equation for any

elementary step however is defined by the stoichiometry of the elementary reaction.

1.1.3 Effect of ionic strength on rate

Ionic strength is the quantity of electrically charged species in a given solution. Ionic

strength is given by

m =
1
2

SCiZ2i (1.4)
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where Ci is the concentration of the ith species in solution and Zi is the charge of the

ith species. Activity coefficients depend on ionic strength of the solution, as shown by the

extended Debye-Huckel equation.63

–logg =
0.51Z2pm

1 + (a
p

m

305 )
(1.5)

Where Z is the charge of the ion; a is the radius of the ion in pm; and µ is the ionic

strength of the solution. In order to hold the change of activity coefficients with change of

concentrations of reactants and products, an inert electrolyte at higher concentration than

the reactants is used to maintain constant ionic strength.

1.1.4 Steady state and pre-equilibrium approximations

In order to simplify complex rate laws, steady-state approximation and pre-equilibrium

approximation are used.64 In a closed reaction system, the concentrations of highly reactive

reaction intermediates remain constant. This is the steady-state approximation. This holds

true only when a slow reaction precedes a faster reaction consuming the intermediate,

because under that condition, intermediates are consumed as fast as they are produced.

Pre-equilibrium approximation can be used instead of steady-state approximation when

slow reactions follow a rapid reversible reaction. The pre-equilibrium approximation

assumes that reactant and intermediate are in equilibrium throughout the reaction.

A
k1��������
k2

B
k3���! C (1.6)

[B]
[A]

=
k1
k2

(1.7)

This is true when k3 « k1, k2.
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1.2 Electron-transfer mechanisms

Transfer of electrons between inorganic complexes in solution may occur via two

mechanisms; outer-sphere electron transfer mechanism and inner-sphere electron transfer

mechanism.65 In outer-sphere electron transfer mechanism, no new bonds are formed

or broken. The first coordination spheres of both the oxidant and the reductant remain

intact. Inner-sphere electron transfer involves bond formation and breakage. At the time of

electron transfer, the first coordination spheres of the twometal ions share a common ligand.

Therefore, in order to have inner-sphere electron transfer, one reactant should possess at

least one ligand capable of bridging and the other complex needs to be substitutionally

labile.

1.2.1 Inner and outer-sphere processes

Outer-sphere electron transfer

M(a+1)+Lx + M
0b+Ly �������� Ma+Lx + M

0(b+1)+Ly (1.8)

For a redox reaction as the one given above, outer-sphere electron transfer takes the

following mechanism.

Step 1: Formation of the precursor complex. Generally, this is a fast step

M(a+1)+Lx + M
0b+Ly �������� {M(a+1)+Lx����M

0b+Ly} Precursor complex (1.9)

Step 2: Chemical activation and reorganization of precursor complex, transfer of

electrons, and relaxation of precursor complex to successor complex.
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{M(a+1)+Lx����M
0b+Ly} �������� {Ma+Lx����M

0(b+1)+Ly} (1.10)

Step 3: Dissociation of the successor complex. This step is generally faster than the

electron transfer step.

{Ma+Lx����M
0(b+1)+Ly} �������� Ma+Lx + M

0(b+1)+Ly (1.11)

The total activation energy for outer-sphere electron transfer is a combination of the

energy required to bring the reactants together, and overcome coulombic repulsions for

like charged ions, energy needed for solvent reorganization, and the energy required for

the rearrangement of first coordination sphere. Solvent reorganization energy can be

minimized using large ligands. Since activation energy depends on the complex’s ability

to adjust bond lengths to make them the same in the transition state, a wide range of

rates are observed for outer-sphere electron transfer reactions. If the ligands are incapable

of electron transfer and the metal complex is substitutionally inert in both oxidized and

reduced forms, outer-sphere electron-transfer mechanism must be in effect.

Inner-sphere electron transfer

Inner-sphere electron transfer occurs via the following steps. First, a ligand forms

covalent bonds between the oxidant and the reductant to form precursor complex. Next,

the precursor complex is activated, and an electron is transferred from one metal center

to the other, forming the successor complex. Then, the successor complex is dissociated

giving the products. Also, transfer of ligand between the complexes may happen. However,

ligand transfer is not a requirement of inner-sphere electron transfer. The first demonstration

of an inner-sphere electron transfer reaction was by Taube and coworkers.66
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1.2.2 Marcus theory and Franck Condon principle

Marcus theory

Marcus theory is typically applied to homogeneous outer-sphere electron transfer

reactions in solution.67 Marcus theory assumes reactants to be hard charged particles.

The Franck Condon principle is used for the derivation of Marcus theory.

For electron transfer to occur the potential well of the reactant must distort from

equilibrium state to transition state geometry.

Figure 1.7: Potential energy diagram for an outer-sphere electron transfer reaction

DG# =
(l + DGO)2

4l
(1.12)
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Where DG# = activation energy for electron transfer, l = reorganization energy.

To calculate the rate of electron transfer between two inorganic complexes, Marcus

cross relationship can be used.68

k12 = (k11k22K12f12)1/2W12 (1.13)

Where k11 and k12 are self exchange rate constants, k12 is cross reaction rate constant,

K12 is the equilibrium constant of the cross reaction.

ln f 12 =
[lnK12 + (w12 – w21)/RT]2

4[ln(k11k22/Z2) + (w11 + w22)/RT]
(1.14)

W12 = exp[(–w12 – w21 + w11 + w22)/2RT] (1.15)

wij =
17.7ZiZj

rij(1 + 0.328rij
p

m)
(1.16)

According to the Franck-Condon principle, electron transitions occur much faster than

nuclearmotion due to the size difference between electron and nuclei.69 In order for electron

transfer to satisfy the Franck-Condon principle, angular momentum cannot change during

the electron transfer. Also, spin multiplicity must remain unchanged. Since internuclear

distance remains unchanged during electron transfer, in transition state, the reactant bond

lengths must approach product bond lengths.

1.3 The scope of the dissertation

The conversion of alkanesulfinates to alkanesulfonates in aqueous media plays a

significant role in biochemistry and environmental chemistry. For example, methanesulfinate

oxidation to methanesulfonate has an influence on atmospheric processes, due to its effect
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on aerosol acidity. Also, oxidationmodifications of cysteinesulfinate and hypotaurine are of

interest due to their contribution to oxidative stress. In addition to its intrinsic importance,

sulfinate oxidation to sulfonate is a part of thiol oxidation process. Thiol oxidation can

yield both sulfinic and sulfonic acids as their final oxidation products. Investigation of

sulfinate oxidation to sulfonate will help in understanding the final product distributions

of thiol oxidation. Despite its importance, only a handful of studies have investigated the

chemical mechanism of the alkanesulfinate oxidation reaction. To determine the role

of sulfinate/sulfonate oxidation modifications, an explicit investigation on its reaction

mechanisms is remarkably important. The goal of this work is to gain a thorough

understanding of the factors that govern alkanesulfinate redox behaviors.

TheChapters 2-6 describe kinetic analyses, computational simulations, and intermediate

identifications and characterizations carried out in order to achieve this goal. It is hoped

that this work would be a valuable contribution to improving the current understanding of

the mechanism of alknesulfonate formation from alkanesulfinates in aqueous media, thus

benefiting theoretical and application based research of the fields mentioned above.
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Chapter 2

Kinetics and mechanism of the
oxidation of L-cysteinesulfinic
acid by tris(1,10-
phenanthroline)osmium(III)

2.1 Introduction

The universal oxidation product of an alkanesulfinic acid (RSO2H) is the sulfonate

(RSO3
-), and it is intriguing how an oxidant limited to one-electron pathways could result in

a two-electron oxidation product.30 With the ultimate goal of constructing a mechanism for

the oxidation of sulfinic acids using one-electron oxidants, the oxidation of cysteinesulfinic

acid (HO2CH(NH2)CH2SO2H) by the one-electron oxidant [Os(phen)3]3+ was examined.

Cysteinesulfinic acid (CSA) has important biological and medical applications. Though
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for decades CSA was considered to be an over-oxidation product of cysteine, with the

discovery of the sulfinic acid reductase, sulfiredoxin70 in 1994, it was quickly evident that

CSA plays an important role in biological systems.15 For example, the presence of sulfinic

and sulfonic species is taken as an indication of diseases related to oxidative stress such as

Parkinson’s and Alzheimer’s.47,71–73 To determine the specific role of sulfinate/sulfonate

oxidation modifications, a thorough understanding about the factors that govern sulfinate

redox behavior is remarkably important. However, a viablemechanism for cysteinesulfinate

oxidation process is yet to be established. L-cysteinesulfinic acid oxidation by transition

metal complexes have been studied using [Ir(IV)Cl6]2-33 and [Ni(III)(tacn)2]3+ (discussed

in Chapter 3) as one-electron oxidants. It has been widely accepted that the first step in

the oxidation of L-cysteinesulfinic acid (CSA) by one electron oxidants is the formation of

cysteinesulfonyl radical CysSO2•.26,30

In this study we examine one-electron oxidation of CSA using transition metal-

based one-electron oxidant tris(1,10-phenanthroline)osmium(III). [Os(phen)3]3+ is a one-

electron oxidant substitution-inert complex with Ef° [Os(phen)3]3+/2+ = 0.839 V.74 It has

been successfully used to observe kinetics of oxidation of phenol,75 and several sulfur-

containing molecules such as thioglycolate74 and thiosulfate.76

2.2 Reagents and solutions

2.2.1 Reagents used

L-cysteinesulfinic acidmonohydrate (99%Aldrich), L-cysteic acidmonohydrate (Sigma),

glacial acetic acid (Fischer Scientific), NaOH pellets (98% Sigma Aldrich), NaCl (Fischer

Scientific), NaBr (J.T. Baker), 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS)

(Sigma-Aldrich), D2O 99.8% isotopic (Alfa Aesar), NaCF3SO3 (Alfa Aesar), CH3COONa

anhydrous (Sigma), Br2 (Alfa Aeser), CH3CN (Fisher), 1,10-phenanthroline monohydrate
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(Sigma-Aldrich), diethyl ether (J.T. Baker), ethyl acetate (Fischer Scientific), ethylene

glycol (J.T. Baker), acetone (VWR), acetonitrile (Fischer Scientific), isopropyl alcohol

(VWR) were used as supplied.

[Os(phen)3](CF3SO3)2 was synthesized starting from (NH4)2OsCl6 using a modified

procedure from literature.74–76 First, 0.177 g of (NH4)2OsCl6 available from a prior

study74 and 0.232 g of 1,10-phenanthroline monohydrate were dissolved in 30 ml of

ethylene glycol in a round bottom flask. The mixture was refluxed at 200 °C for 12 hrs.

The resulting dark solution was extracted first using 4:1 diethyl ether:acetone mixture and

then after dilution of the resulting solution with H2O, the resulting solution was extracted

with ethyl acetate to extract excess ethylene glycol. The H2O was evaporated off using

the rotary evaporator, and [Os(phen)3](CF3SO3)2 was precipitated by addition of saturated

CF3SO3Na. The crude product was recrystallized by dissolving in aminimum of H2O at 60

°C and precipitating by drop-wise addition of a saturated aqueous solution of CF3SO3Na.

2.2.2 [Os(phen)3](CF3SO3)2 characterization

TheUV-VIS spectrum of [Os(phen)3](CF3SO3)2 was obtained by preparing a 0.03mM

solution of [Os(phen)3](CF3SO3)2 in H2O. Two absorbance maxima are observed at 430

nm and 480 nm, and a shallow minimum is observed at 456 nm (Figure 2.1). e = 2 × 104

M-1 cm-1 (430 nm). By comparing the UV-VIS spectra of salts [Os(phen)3](CF3SO3)2,

[Os(phen)3](Cl)2, [Os(phen)3](OAc)2 it was found that the spectrum for [Os(phen)3]2+

remains unchanged regardless of the anion of the salt.
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Figure 2.1: The UV-VIS spectrum of aqueous [Os(phen)3](CF3SO3)2 at 25 °C, and

spectrum of [Os(phen)3]3+ formed after oxidation of [Os(phen)3]2+ using Br2/CH3CN. e

([Os(phen)3]2+) at 610 nm = 4.32 × 103 M-1 cm-1, e ([Os(phen)3]3+) at 610 nm = 8.62 ×

102 M-1 cm-1

A reversible cyclic voltammogram was obtained for 1 mM [Os(phen)3]2+ with E1/2 =

0. 64 V vs Ag/AgCl(s) (E1/2 = 0.838 V vs normal hydrogen electrode) which agrees with

the value reported in literature (0.839 V).74 (Figure 2.2)
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Figure 2.2: Cyclic voltammogram of 0.1 mM [Os(phen)3](CF3SO3)2 in pH 3 (HCl)

medium, m = 0.1 M (NaCl).

Ksp of [Os(phen)3](CF3SO3)2 inH2Owas determined by preparing a saturated solution

of [Os(phen)3](CF3SO3)2 in water and obtaining its UV-VIS spectrum to determine the

concentration of [Os(phen)3]2+. Saturation [Os(phen)3]2+ concentration is 3.2 mM. The

Ksp of [Os(phen)3](CF3SO3)2 at 25 °C is 1.31 × 10-7 M3.

2.2.3 Preparation of solutions

All the aqueous solutionswere prepared using purified deionizedwater fromaBarnstead

Nanopure Infinity system. Stock solutions of L-cysteinesulfinic acid, glacial acetic acid

and sodium acetate were prepared and stored in the refrigerator. All other solutions were

freshly prepared for each experiment. All solutions were purged with Ar. [Os(phen)3]3+

is unstable in aqueous solutions for prolonged periods of time. Therefore [Os(phen)3]3+

solutions were generated just prior to experiments by adding a deficiency of Br2/CH3CN

drop-wise to solutions of [Os(phen)3]2+. CSA stock solutionswere standardized by titrating

with KBrO3 in the presence of bromide in acidic medium. The end point was determined
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using methyl red indicator. Both the [Os(phen)3]3+ and CSA solutions were purged with

argon prior to experiments. In solutions with pH higher than 3, Os(III) reaction with water

to give Os(II) is significant. Therefore, the pH of the Os(II)/Os(III) solutions were all kept

at or below pH 3. All osmium containing solutions were protected from light.

2.3 Analytical methods

All UV-Vis data were obtained with an HP-8453 diode array spectrophotometer. 1H-

NMR spectra of the reactants and products were collected using D2O as solvent and DSS as

the reference on a Bruker AV 400 MHz spectrometer. The progress of kinetic experiments

was monitored by observing the increase of absorbance at 610 nm using a Hi-Tech SF-51

stopped-flow spectrophotometer with OLIS 4300 data acquisition and analysis software

along with a 590 nm optical cut-off filter. In each run, equal volumes of reactants were

mixed. The progress of the reaction was monitored by observing decrease of absorbance at

312 nm. Data were stored using an OLIS 4300 data acquisition and analysis software and

analyzed with GraphPad PRISM 8. To calculate the observed rate constants, the average

rate constants of at least five reproducible runs were used. DataFit 9.1 software was used

to fit the experimental data to overall rate-law. A Corning 450 pH/ion meter with a Mettler

Toledo Inlab 421 pH electrode was used to obtain pH measurements. Electrochemical

measurements were collected using a BAS 100B/W Electrochemical Analyzer, using a

Ag/AgCl reference electrode, a glassy carbon working electrode, and a platinum wire

auxiliary electrode; measurements were obtained at room temperature under N2. In kinetic

experiments the CSA concentration was kept at least 20-fold higher than the concentration

of [Os(phen)3]3+ to achieve pseudo-first-order reaction conditions.
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2.4 Results

2.4.1 Kinetics of the reaction

[Os(phen)3]3+ + CSA ���! Products (2.1)

For the equation above, the rate law can be written as,

–d[[Os(phen)3]3+]
dt

= k[CSA][[Os(phen)3]3+] (2.2)

When [CSA] >>> [[Os(phen)3]3+], D[CSA] � 0

Therefore, the rate law could be re-written as

–d[[Os(phen)3]3+]
dt

= kOBS[[Os(phen)3]3+] (2.3)

where kOBS = k[CSA]

When 0.01 mM [Os(phen)3]3+, 0.1 mM of [Os(phen)3]2+, and 8.5 mM CSA are mixed

to make a solution at pH 4.5 and m = 0.1 M (NaCl), pseudo-first-order kinetics can be

observed from the kinetic trace at 610 nm. (Figure 2.3)
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Figure 2.3: Kinetic trace of the oxidation of CSA by [Os(phen)3]3+. [[Os(phen)3]3+]0 =

0.01 mM, [[Os(phen)3]2+]0 = 0.1 mM, [CSA]TOT = 8.5 mM, m = 0.1 M (NaCl), T = 25

°C, pH = 4.5 (acetate buffer), monitored at 610 nm, kOBS = 0.61 s-1

The starting absorbances observed at 610 nm in stopped-flow kinetic data did not differ

significantly from the expected absorbances for Os(II) at this wavelength.

2.4.2 Rate dependence on [Os(phen)3]2+

Rate dependence on the reaction product [Os(phen)3]2+ was monitored by adding

varying amounts of [Os(phen)3]2+ into the reaction mixture and determining the rate

of the reaction using stopped-flow methods. The reaction mixture contained 0.01 mM

[Os(phen)3]3+ and 20 mM CSA at pH 5 and m = 0.1 M (NaCl) with 0.09 mM, 0.23 mM,

0.29 mM, 0.34 mM and 0.352 mM concentrations of [Os(phen)3]2+ present. The rate of

the reaction was found to decrease with increasing [Os(phen)3]2+ concentration. (Table

A.1, Figure 2.4)
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Figure 2.4: The plot of 1/kOBS vs [[Os(phen)3]2+] at pH 5 (acetate buffer) m = 0.1 M

(NaCl), T = 25 °C. Straight line fit with slope = (6.31 ± 0.08) × 103 s M-1, Y intercept =

(0.00 ± 0.02) s.

1
kOBS

= k0[Os(II)] where k’ is a constant (2.4)

When data points in figure 2.4 are fit into equation 2.4, k’ = (6.31 ± 0.08) × 103 s M-1.

2.4.3 pH dependence of the kinetics

pH dependence of the kinetics of the reaction between CSA and [Os(phen)3]3+ was

examined under anaerobic conditions by carrying out the reaction at different pH media

ranging from pH 1 to pH 6 with [CSA]TOT = 3.75 mM, [[Os(phen)3]3+]0 = 0.01 mM,

[[Os(phen)3]2+]0 = 0.1 mM, 0.1 M ionic strength (NaCl) and monitoring the increase of

absorbance at 610 nm using a stopped-flow instrument equipped with a spectrophotometer.

A stock solution of CSA was prepared in pH 4.5 acetate buffer and diluted with different
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buffers as required to attain the necessary pH. To prepare reaction media at pH 1-3, dilute

HCl was used. For experiments done above pH 3, 10 mM acetate buffers were used to

maintain the pH of the reaction mixture. Figure 2.5 shows the dependence of kOBS on the

pH of the medium. CSA has two pKa’s (1.5 and 2.3) in the pH range the experiments are

carried out, and thus CSA exists in 3 different forms.77

HCysSO2H+(aq) �������� CysSO2H(aq) + H+(aq) (2.5)

CysSO2H(aq) �������� CysSO2
–(aq) + H+(aq) (2.6)

Ka1 =
[CysSO2H](aq)[H+](aq)

[HCysSO2H+](aq)
(2.7)

Ka2 =
[CysSO2–](aq)[H+](aq)

[CysSO2H](aq)
(2.8)

Therefore, the rate constant for the reaction between CSA and [Ni(tacn)2]3+ is expected

to change with pH.

From equation 2.3,

–d[[Os(phen)3]3+]
dt

= kOBS[[Os(phen)3]3+] (2.9)

Since HCysSO2H+, CysSO2H, and CysSO2
- are all present in the media, assuming

that the effect of HCysSO2H+ on reaction rate is negligible in the given pH range, we can

hypothesize that

kOBS = k1[CysSO2
–](aq) + k2[CysSO2H](aq) (2.10)
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[CSA]TOT = [HCysSO2H+](aq) + [CysSO2H](aq) + [CysSO–
2](aq) (2.11)

Substituting for [HCysSO2H+](aq), and [CysSO2H](aq) from equations 2.7 and 2.8 into

equation 2.11,

[CysSO2
-](aq) = [CSA]TOT –

[CysSO–
2](aq)[H

+]2(aq)
Ka1Ka2

–
[CysSO–

2](aq)[H
+](aq)

Ka2
(2.12)

Substituting 2.12 in equation 2.8

[CysSO2H](aq) =
[CSA]TOTKa1[H]+(aq)

([H+]2(aq) + [H]+(aq)Ka1 + Ka1Ka2)
(2.13)

Substituting for [CysSO2
-](aq) and [CysSO2H](aq) from equations 2.12 and 2.13 into

equation 2.10,

kOBS = k1
[CSA]TOTKa1Ka2

([H+]2(aq) + [H]+(aq)Ka1 + Ka1Ka2)
+ k2

[CSA]TOTKa1[H+](aq)
([H+]2(aq) + [H]+(aq)Ka1 + Ka1Ka2)

(2.14)
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Figure 2.5: The plot of log kOBS vs pH with [CSA]TOT = 3.75 mM, [[Os(III)(phen)3]3+]0
= 0.01 mM, [[Os(II)(phen)3]2+]0 = 0.1 mM, m = 0.1 M (NaCl), T = 25 °C, data is fit in to

equation 2.14. k1 = (66.7 ± 1.8) M-1 s-1, k2 = (9.5 ± 0.7) M-1 s-1

2.4.4 Rate dependence on CSA concentration

Rate dependence onCSAconcentrationwas determined by reacting 0.01mM[Os(phen)3]3+

and 0.1 mM [Os(phen)3]2+ at pH 4.4-4.6 with solutions of varying CSA concentrations.

(Table A.3, Figure 2.6)
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Figure 2.6: The plot of kOBS vs [CSA]TOT at pH 4.4-4.6 (acetate buffer) with

[[Os(phen)3]3+]0 = 0.01 mM and [[Os(phen)3]2+]0 = 0.1 mM, m = 0.1 M, T = 25 °C.

Straight line fit with slope = (7.5 ± 0.1) × 101 M-1 s-1 and Y intercept = (-0.01 ± 0.02) s-1

From the results above, rate dependence on CSA concentration is determined to be of

first-order.

2.4.5 Light dependence of the rate

The effect of light on the kinetics of the reaction between [Os(phen)3]3+ and CSA was

determined by adjusting the slit width of the spectrophotometer attached to the stopped

flow instrument and determining the rate of the reaction at different slit widths. 4 mM

CSA solution and 0.01 mM [Os(phen)3]3+ were reacted at pH 5, in the presence of 0.1 mM

[Os(phen)3]2+, at slit widths 1 mm, 1.5 mm, 2.0 mm, and 3.0 mm. A negligible change in

rate constant was observed when the slit width was changed from 1 mm to 3 mm. (Table

A.4, Figure 2.7)
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Figure 2.7: The plot of kOBS vs slit width of UV-VIS spectrophotometer at pH 5 (acetate

buffer). [CSA]TOT = 6 mM, [[Os(III)(phen)3]3+]0 = 0.01 mM, [[Os(II)(phen)3]2+]0 = 0.1

mM, m = 0.1 M, T = 25 °C. Straight line fit with slope = (0.017 ± 0.002) mm-1 s-1

2.4.6 Oxygen effect on the kinetics of the reaction

The effect the presence of O2 has on the reaction rate was determined by preparing

a 4 mM CSA solution, and a solution containing 0.1 mM [Os(phen)3]2+, and 0.01 mM

[Os(phen)3]3+; both solutions at pH 4.5, and bubbling in oxygen through the solutions for

30 minutes prior to reacting them in stopped-flow instrument. The resulting kinetic trace

showed a good first-order fit. (Figure 2.8) In the presence of O2, the reaction rate is several

times faster than the rate in the absence of O2 in solution (see figure 2.6).
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