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ABSTRACT: The oxidation of a well-known chemoprotectant
in anticancer therapies, sodium 2-mercaptoethanesulfonate,
MESNA, by acidic bromate and aqueous bromine was
studied in acidic medium. Stoichiometry of the reaction is:
BrO3

− + HSCH2CH2SO3H → Br− + HO3SCH2CH2SO3H.
In excess bromate conditions the stoichiometry was deduced
to be: 6BrO3

− + 5HSCH2CH2SO3H + 6H+ → 3Br2 +
5HO3SCH2CH2SO3H + 3H2O. The direct reaction of bromine and MESNA gave a stoichiometric ratio of 3:1: 3Br2 +
HSCH2CH2SO3H + 3H2O → HO3SCH2CH2SO3H + 6Br− + 6H+. This direct reaction is very fast; within limits of the mixing
time of the stopped-flow spectrophotometer and with a bimolecular rate constant of 1.95 ± 0.05 × 104 M−1 s−1. Despite the strong
oxidizing agents utilized, there is no cleavage of the C−S bond and no sulfate production was detected. The ESI−MS data show
that the reaction proceeds via a predominantly nonradical pathway of three consecutive 2-electron transfers on the sulfur center to
obtain the product 1,2-ethanedisulfonic acid, a well-known medium for the delivery of psychotic drugs. Thiyl radicals were
detected but the absence of autocatalytic kinetics indicated that the radical pathway was a minor oxidation route. ESI−MS data
showed that the S-oxide, contrary to known behavior of organosulfur compounds, is much more stable than the sulfinic acid.
In conditions where the oxidizing equivalents are limited to a 4-electron transfer to only the sulfinic acid, the products obtained
are a mixture of the S-oxide and the sulfonic acid with negligible amounts of the sulfinic acid. It appears the S-oxide is the preferred
conformation over the sulfenic acid since no sulfenic acids have ever been stabilized without bulky substituent groups. The overall
reaction scheme could be described and modeled by a minimal network of 18 reactions in which the major oxidants are HOBr
and Br2(aq).

■ INTRODUCTION

Renal failure in cancer patients is a common problem in
oncology. This complication is frequently multifactorial in
origin.1 Several antineoplastic agents are potentially nephro-
toxic. Pre-existing renal impairment, combined with admin-
istration of potentially nephrotoxic drugs increase the risk of
nephrotoxicity.2−4 Methotrexate-related renal damage most
frequently occurs with high-dose therapy and can be avoided
by forced alkaline diuresis and administration of folinic acid.4

Cisplatin nephrotoxicity is dose-related and, in the absence of
a chemoprotectant (an agent which provides protection against
toxic effects of a chemotherapy agent), used to be considered
dose-limiting.5 These drugs form an integral part of chemo-
therapy regimens used in cancer treatment. For instance,
cisplatin is used in 50−70% of all cancer patients most often in
combination with other drug(s).6 Most anticancer drugs and
their metabolites are eliminated through the kidneys, thus,
making the kidneys susceptible to injury.7

Sodium 2-mercaptoethanesulfonate, MESNA (trade name
Mesnex),8 is a low molecular weight thiol used clinically as
a chemoprotectant to inhibit anticancer drug-induced neuro-
toxicity, nephrotoxicity, hemorrhagic cystisis, myelo-suppression,

and urothelial toxicity. MESNA has also been found to prevent
contrast medium-induced nephropathy, a common complication
in radiographic procedures.8 Its clinical development and sub-
sequent application as a chemoprotectant was triggered by the
dose-limiting nephrotoxicity associated with most antineoplastic
drugs which make their administration in clinically effective
doses impossible.9−11 MESNA is of particular interest because it
ameliorates associated toxicity without reducing efficacy of the
administered anticancer drug.12−14 Successful phase II clinical
trials have already been undertaken on the prophylactic use of
Mesnex for women receiving a regimen of carboplatin and
ifosfamide for advanced breast cancer carcinomas.14 This use of
MESNA has been without a full analysis of its interactions with
biological proteins or its possible bioactivation. Bioactivation and
analysis of subsequent metabolites is necessary for the derivation
of better nephroprotectant analogues.
Sulfur compounds undergo a variety of metabolic reactions,

namely: oxidations, reductions, hydrolysis, and conjugations.15
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Sulfur in most organic configurations is nucleophilic, and nucleo-
philic atoms are usually susceptible to metabolic activation via
oxidation.16 Thus, the oxidation of sulfur-containing compounds
represents an important aspect of sulfur metabolism. These
oxidations appear to be involved in many cellular functions,
including the reductive degradation of polypeptide hormones
and proteins, regulation of protein synthesis, maintenance of
intracellular redox potential, and protection of the cell from
oxidative damage.17 Biological oxidations of organosulfur
compounds are predominantly through S-oxygenation, in which
there is successive addition of oxygen onto the sulfur center
until it is oxidatively saturated to the +6 oxidation state.18 The
molecular basis for S-oxygenation of sulfur compounds is not
well understood since relatively few studies have addressed this
problem. Although S-oxygenation of xenobiotics by microsomes
supplemented with NADPH and oxygen has been demonstrated
repeatedly, the facile oxidations of sulfur compounds by hydrogen
peroxide and other species of reduced oxygen, such as superoxide
ion, frequently complicate interpretation of in vitro studies.16 In
general, the metabolism of chemically stable compounds depends
on enzyme catalysis, and both the microsomal cytochrome
P-450 system and the flavin-containing monooxygenases19 are
often implicated in S-oxygenations catalyzed by microsomes.
There are several biological oxidants in the physiological

environment that are capable of oxidatively bioactivating thiol-
based xenobiotics such as MESNA. These include molecular
oxygen and reduced oxygen species such as superoxide anion
radical, hydrogen peroxide and the hydroxyl radical. Other
oxidants of importance are oxyhalogens HOCl and HOBr and
molecular iodine, I2. Stimulated granulocytes produce oxidizing
agents (e.g., H2O2) and secrete granular proteins into the extra-
cellular medium which contributes to their antimicrobial,
cytotoxic and cytolytic activities.20 Each group of cells contains
a specific peroxidase which catalyzes the reactions of hydrogen
peroxide with halogens. The enzyme myeloperoxidase which is
abundant in neutrophils catalyzes the oxidation of Cl− ions by
H2O2 to yield HOCl:21

+ +

→ +

− − +H O Cl /Br myeloperoxidase/H

HOCl/HOBr H O
2 2

2

HOCl and HOBr are capable of destroying a variety of
microoganisms and mammalian cell targets.22 They are also
believed to be involved in the inflammatory response.22 HOCl
is, however, a short-lived oxidant. It has been demonstrated
that HOCl generates longer-lived oxidizing species through
its reaction with nitrogen compounds to yield chlorinated
nitrogen derivatives with a N−Cl bond.23 This might include
the chlorinated derivatives with the α-amino acid taurine:
ClHNCH2CH2SO3H. The chloramine derivatives can thus
continue to moderate the neutrophil toxicity long after HOCl
has been depleted. Human bodies contain a very high con-
centration of Cl− ions, nearly up to 0.1 M, and Br− ions at
0.001 M. It is difficult to exclude HOCl and HOBr in any
meaningful representation of possible oxidation reactions
in vivo. It would appear plausible that HOCl and HOBr will
react rapidly and efficiently with thiols, thiocarbamides, thioamides
and thioethers before any reactivity might take place with inert
amino acids such taurine. Though not a biological oxidant,
precursor of HOBr is BrO3

− and it is being used here as an
oxidant because it generates the intermediate that is useful in
following the reaction, with the exact mechanism of the HOBr and
Br2 oxidations being inferred from the overall reaction scheme.

Our research group has worked extensively on elucidating
mechanisms of organosulfur reactions that are of direct
relevance to metabolic activation of drugs and other xenobiotics
with anticipation of better understanding of biological activities
and insights into the course of events at the molecular level.24

To this end, we present details of a kinetics and mechanistic
study of interaction of MESNA with acidified bromate and
aqueous bromine following observations from several studies
in our laboratories indicating HOBr to be most significant
oxidizing species involved in BrO3

− oxidations with resultant
production of bromine (another strong oxidizing species) in
the presence of Br−.25−27 Use of nonphysiological conditions
(low pH) is necessary since bromate is inert and pH 7.4. The
use of such a strong oxidant system and in nonphysiological
concentrations ensures that the oxidation of MESNA is com-
plete in minutes, instead of the several hours it might take in
the physiological environment. This also pushes the oxidation
to the final oxidation products with no lingering intermediates
which might complicate the kinetics. This manuscript focuses on
the mechanism and detection of all possible metabolites in the
oxidation of MESNA. Reaction kinetics were derived in conditions
of equimolar to excess oxidant conditions to discourage sulfur’s
propensity of generating sulfur−sulfur polymerizations.

■ EXPERIMENTAL SECTION
Materials. Sodium bromate, perchloric acid (70−72%),

sodium bromide, bromine, sodium thiosulfate, 5,5-dimethyl-1-
pyroline-N-oxide (DMPO) (Fisher), barium chloride, sodium
2-mercaptoethanesulfonate, DCl, and D2O (Sigma-Aldrich) were
used without further purification. Bromine solutions, being
volatile, were kept capped and standardized spectrophotometri-
cally before each set of experiments. Water used for preparing
reagent solutions was obtained from a Barnstead Sybron
Corporation water purification unit capable of producing both
distilled and deionized water (Nanopure).

Methods. Kinetics of MESNA−bromate and MESNA−
bromine reactions were studied by monitoring the formation
and consumption of bromine’s isolated peak at 390 nm (ε =
142 M−1cm−1). All reactions were carried out at a constant
temperature of 25 ± 0.5 °C and an ionic strength of 1.0 M
using sodium perchlorate. Reactions between MESNA and
bromate were monitored on a Perkin-Elmer Lambda 25 UV/vis
spectrophotometer while bromine−MESNA reactions were
studied using a Hi-Tech Scientific SF-61 stopped-flow
spectrophotometer. Mass spectra of dynamic and product
solutions were taken on a Thermo Scientific LTQ-Orbitrap
Discovery mass spectrometer (San Jose, CA) equipped with
electrospray ionization source operated in both the positive and
negative modes.

Stoichiometric Determinations. For determination of
excess oxidizing power at the end of a reaction, an iodometric
titration method was used in which varying amounts of
bromate were reacted with a fixed concentration of MESNA.
Excess bromate concentrations were then evaluated by addition
excess of acidified iodide and subsequent titration of the
liberated iodine with standard sodium thiosulfate solution.

Product identification. For the bromate−MESNA reac-
tion, Fourier Transform mass spectra (FTMS) of solutions
containing stoichiometric amounts of bromate and MESNA
were taken in the negative mode using electrospray ionization
technique. Intermediates involved in the six-electron oxidation
of MESNA by acidified bromate were observed and identified
by recording mass spectra of the stepwise two-electron
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oxidation of substrate by aqueous bromine. Products of reactions
were further identified by nuclear magnetic resonance spectro-
scopy (NMR) using a Bruker Avance III (600-MHz 1H)
spectrometer and processed with Bruker Top Spin 2.1 software.
Involvement of free radicals in the MESNA oxidations were
evaluated on a Bruker Biospin e-scan spectrometer designed to
perform electron paramagnetic resonance (EPR) measurements
in the X-band-range.

■ RESULTS
Stoichiometry. Despite the use of a very strong oxidant,

the sulfur center was not oxidized to sulfate, and remained
tethered to the organic moiety to form a symmetric ethane
disulfonic acid with a strictly 1:1 stoichiometry of bromate to
MESNA:

+ → +− −BrO HSCH CH SO H Br HO SCH CH SO H3 2 2 3 3 2 2 3

(R1)

The product; 1,2-ethanedisulfonic acid is a well-known
medium for delivery of psychotic and hypnotic drugs such as
chlomethiazole and prochlorperazine.28 It is a very strong acid
with pKa values of −1.46 and −2.06. Results of the iodometric
titration described in the experimental section above are shown
in Figure 1. MESNA concentrations were held constant at

4 mM while bromate concentrations were varied from 5 mM
to 11 mM. The thiosulfate titer was recorded for each variation
of bromate and results plotted against the initial bromate con-
centrations. This gave a straight line of intercept (representing
no excess oxidizing power left) at 4 mM bromate. Thus, a
mixture of 4 mM each of MESNA and bromate, after complete
reaction, afforded a product with no excess bromate con-
centrations to afford an iodometric titration. This was the
stoichiometric ratio for the reaction R1. The reaction of
aqueous bromine with MESNA was rapid enough such that the

stoichiometry of the reaction was derived simply from titrating
bromine (buret) into MESNA until the end point was attained
from color observation. The experimentally determined
stoichiometry for this reaction was 3:1:

+ +

→ + +− +

3Br HSCH CH SO H 3H O

HO SCH CH SO H 6Br 6H
2 2 2 3 2

3 2 2 3 (R2)

NMR Analysis. Figure 2a shows the normal NMR spectrum
of MESNA in D2O which shows the expected set of coupling
triplets from the C−C backbone of MESNA. Each triplet
integrated as two protons. A 1:1 mixture of bromate and
MESNA in DCl shown in Figure 2b displays a single sharp
NMR peak which appears downfield to both of the triplets in
Figure 2a (ppm 3.19 vs 2.78 and 3.12 in Figure 2a). Figure 2c
shows a 1:3 MESNA − bromine mixture NMR spectrum which
also shows the expected single peak due to the methylene
protons. The slight shift in the peak to ppm 3.16 is due to the
fact that in Figure 2b, the solution was run in high acid, while in
part c, the reaction was run in neutral conditions.

Reaction Kinetics. Formation of bromine was utilized to
follow the reaction although bromine is not a product of the
reaction being studied (stoichiometry R1). Bromine formation
is a secondary reaction that involves excess bromate and the
bromide formed in eq R1. Effectively, three reactions are
proceeding simultaneously in any mixture of acidic bromate
and MESNA: reactions R1, R2 and the BrO3

−/Br− reaction,
reaction R3:

+ + → +− − +BrO 5Br 6H 3Br 3H O3 2 2 (R3)

Thus, in excess bromate conditions, the overall stoichiometry is
a linear combination of reactions R1 and R3 which converts all
the bromide from reaction R1 by oxidizing it to bromine:

+ +

→ + +

− +6BrO 5HSCH CH SO H 6H

3Br 5HO SCH CH SO H 3H O
3 2 2 3

2 3 2 2 3 2 (R4)

From stoichiometry R4, amount of bromine formed is
determined by initial MESNA concentrations. A spectrophoto-
metric determination of final bromine concentrations in
varying MESNA concentrations proved stoichiometry R4 of
0.60[MESNA]0. The direct bromine−MESNA reaction,
reaction R2, was so much faster than either reactions R1 or
R3 such that production of bromine is an indicator that the
thiol is depleted. Thus, experimental observation of the reaction
spectrophotometrically involved an initial quiescent period
with no bromine formation. This induction period was then
followed by a rapid bromine formation according to reaction
R3. Time taken before bromine formation could then be related
to rate of reaction R1.

Effect of Bromate. At constant acid and MESNA
concentrations, bromate concentrations were varied at high
excess over that needed for stoichiometry R1 ([BrO3

−]0/
[MESNA]0 > 20). Some of the experimental traces are shown
in Figure 3a. There was a sharp end of the induction period
and commencement of bromine formation was extremely rapid.
The first 400 s are shown in Figure 3a. Expected bromine
absorbance readings, based on stoichiometry R3 should be in
the regions of 0.85. Thus, at 400 s, reaction R4 would not have
gone to completion. At higher bromate concentrations (see
trace d in Figure 3a), bromine concentrations show an initial
transient peak which then gives way to the final bromine peak.
Since reaction R3 is fast, transient bromine formation would

Figure 1. Plot used for the determination of the BrO3
−−MESNA

reaction. MESNA concentrations were constant at 4 mM while
bromate concentrations were varied up to 11 mM. Solutions were
incubated overnight and excess acidified iodide was added and
liberated iodine titrated against standard thiosulfate with freshly
prepared starch as indicator. The intercept, of 4 mM bromate,
indicates complete depletion of bromate with no excess oxidizing
power left in solution and represents the concentration of bromate
needed to completely consume MESNA.
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suggest that one of the oxidation intermediates of MESNA is
relatively stable. A plot of inverse of induction time vs [BrO3

−]0
shown in Figure 3b gives a straight line. This implies that the
rate of the primary reaction of relevance to the point of
bromine production is related to bromate concentrations to the
first power. This would be the rate-determining step. The plot
in Figure 3b also implicitly confirms stoichiometry R1. An
induction period of infinity is when the inverse of the induction
period is 0.00. This occurs when there is just enough bromate
to oxidize MESNA completely with no excess bromate left to
form bromine from the product of reaction R1, Br−. With an
initial concentration of 10 mM MESNA, the plot gives an
intercept value of 10 mM bromate for reaction stoichiometry
for reaction R1.
Effect of Acid. Acid is the most important catalyst in most

oxyhalogen-based reactions.29 It is also strongly catalytic in the
bromate−MESNA reaction. Figure 4a shows that the induction
period is rapidly shortened as acid concentrations are increased.
The acid dependence of the induction period was an inverse
square with saturation at high acid concentrations, tending toward
simple inverse dependence (see Figure 4b). Low acid concentra-
tions gave smooth bromine formation after the induction period,
while high acid concentrations gave a hint of oligooscillatory
behavior as that observed in Figure 3a.

Direct Br2−MESNA Reaction. This reaction was extremely
rapid, to the point of approaching the limits of the mixing
time of the stopped-flow ensemble of 1 ms. Figure 5 shows
some absorbance traces of the Br2−MESNA reactions taken
at varying initial MESNA concentrations. The reaction is
essentially complete in 30 ms. The reaction showed first order
dependence on both Br2 and MESNA with a bimolecular rate
constant of 1.95 ± 0.05 × 104 M−1 s−1.

■ MECHANISM
The general driving force for this reaction is controlled by the
well-established oxyhalogen kinetics which involve a square
dependence term in acid:30−34

+ ⇄+ −H BrO HBrO3 3 (R5)

+ ⇄+ +HBrO H H BrO3 2 3 (R6)

+ → ++ − −H BrO 2e HBrO OH2 3 2 (R7)

The oxidizing species is the protonated bromic acid. In
standard oxyhalogen kinetics, the two electrons in reaction R7
are provided by Br− which is oxidized to HOBr. Addition of
bromide in conditions of excess bromate concentrations
accelerated the rate of reaction and decreased the induction
periods in Figures 3a and 4a. The resulting oxybromine species,

Figure 2. (a) Standard NMR spectrum of MESNA in D2O. It shows the standard coupling triplets from the coupling sets of methylene protons with
the protons adjacent to the sulfonic group being slightly more deshielded. (b) NMR spectrum of the final solution from a 1:1 mixture of bromate
and MESNA in DCl. A solution with less than 1:1 bromate: MESNA gave a spectrum with both spectra (a and b). Only a single peak is observed as
the two peaks from spectrum a coalesce and move slightly downfield as expected from the symmetric 1,2-ethylene disulfonic acid. (c) NMR
spectrum from a 1:3 ratio of MESNA to bromine in D2O. There is no trace of the original compound at these ratios with complete formation of the
product.
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HBrO2 and HOBr carry the bulk of the oxidation.35 Since rate-
determining step is reaction R7, the overall kinetics would be
overall fourth order:

= − +krate [BrO ][H ] [Red]0 3
2

(1)

Red, the reductant, could be substrate MESNA or, initially, trace
amounts of bromide in the reaction mixture always resident in
any standard bromate solutions. Only catalytic amounts of
bromide are needed in the R5−R8 cascade of reactions

+ ⇄ ++ −H BrO Br HBrO HOBr2 3 2 (R8)

HBrO2 is known to be unstable with respect to HOBr in the
presence of Br−:36

+ + ⇄− +HBrO Br H 2HOBr2 (R9)

The major oxidant, if reaction R9 is labile in the forward
direction, would be HOBr:

+ + ⇄ ++ − −HOBr H 2e Br H O2 (R10)

The initial part of this reaction system will be controlled by
the sequence of reactions R5, R6, and R8−R10, if one utilizes
the trace amounts of bromide in bromate solutions. The sum of
these reactions shows that the overall stoichiometry of this initial
part of the reaction is the conversion of two bromide ions to
three bromide ions in the form of cubic autocatalysis:37

+ + + → +− + − − −BrO 6H 6e 2Br 3Br 3H O3 2 (R11)

A slower direct reaction of bromate with substrate, MESNA, can
also produce, initially, bromide, which can be used in reaction

Figure 3. (a) Bromate dependence of the MESNA−bromate reaction.
There is a rapid and sharp bromine formation after an induction
period in which no bromine is formed. High bromate concentrations
produce bromine so rapidly that it reaches an initial peak which gives
way to a slower bromine formation until, in this case, the full bromine
concentrations are attained at 6 mM (about 0.85 in absorbance). Ten
mM [MESNA]0; [BrO3

−]0 = (curve a) 0.20 M; (curve b) 0.25 M;
(curve c) 0.30 M; (curve d) 0.35 M. (b) Plot of inverse of induction
time vs initial bromate concentrations from the data shown in part a.
Intercept represents induction time of infinity, which indicates that
there is no excess bromate to form bromine; indicating the
stoichiometric equivalent. This plot also confirms the 1:1 stoichiom-
etry established from data in Figure 1.

Figure 4. (a) Acid dependence of the bromate-MESNA reaction.
Induction time decreases and rate of formation of bromine after
induction period increases with acid. (b) No second order dependence
could be discerned from the data in part a. Acid effect approaches first
order in high acid, and second order for the slower low acid
concentrations.
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R8 to produce the reactive oxidizing oxybromine species HBrO2
and HOBr.

+ + → +− +BrO RSH H HBrO RSOH3 2 (R12)

Reaction R12 can proceed with HBrO2 as the oxidant to
produce HOBr and Br− in consecutive 2-electron transfers. Br−

can then catalyze the standard oxybromine kinetics which
produce the active oxidizing species:38,39

+ + ⇄ +− + −BrO 2H Br HBrO HOBr3 2 (R13)

Reaction R13 is the accepted composite reaction R5 + R6 + R8
that explains second order acid kinetics in all bromate
oxidations.33

Oxidation of MESNA. While the oxybromine kinetics are
reasonably well-understood, not much is known on the thiol
chemistry and sulfur oxidations in general. Thiol oxidations can
proceed via a radical mechanism or through oxygen transfer.40

The thiol group in MESNA is oxidized to the sulfonic acid,
a 6-electron transfer. In general, a monotonic decrease in pH is
observed when aqueous bromine is reacted with MESNA at
neutral pH (stoichiometry R2) from the release of protons and
final formation of the strong 1,2-ethanedisulfonic acid. The
steady pH decrease suggests a sequential formation of the sulfur
oxo-acids all the way to the formation of the sulfonic acid.
It is reasonable to assume that the dominant pathway is via
successive two-electron transitions from sulfur center in the
−2 oxidation state to the +4 state in the sulfonic acid. A series
of experiments were undertaken to prove this (Figure 6a−c).
The first experiment involved the addition of an exactly 1:1
ratio of MESNA and aqueous bromine. This will be equivalent
to a two-electron oxidation of the sulfur center. Sulfur, due
to possible polymerizations, can attain several energetically
accessible oxidation states, especially in conditions of excess
reductant. Figure 6a shows an ESI−MS spectrum of the 1:1
MESNA − Br2 reaction mixture after the reaction has been
assumed to have gone to completion (these reactions have
lifetimes of less than a second). The spectrum shows a strong

peak for a product with an m/e value of 155.9560 which is
equivalent to the addition of a single atom of oxygen to
MESNA. It also shows a peak for the substrate, MESNA (m/e =
139.9610) and minor peaks for the dimeric MESNA and a
MESNA plus two oxygen atoms adduct (m/e = 138.9534,
172.9585, respectively). Thus, three oxidation products are
obtained with the dominant product being the one oxygen
atom addition to MESNA. The form of this intermediate
cannot be determined from ESI−MS data available. It could be
the sulfenic acid, sulfoxide or the S-oxide. Sulfenic acids are very
unstable and can only be stabilized by bulky substituent groups
as in anthraquinones.41,42 Sulfoxides can only be stabilized
by a ring structure which can enhance the pi-bond stabilization.
Ab initio calculations do not support a terminal sulfoxide
without two electron-donating groups for stabilization.43 Thus,
the oxygen adduct appearing at m/e = 155.9562 should be an
S-oxide (see structure I in Chart 1). Addition of two oxidizing
equivalents (Figure 6b) does not produce predominantly, an
adduct with two oxygen atoms, but still mostly the S-oxide and
the sulfonic acid product (m/e = 188.9537). What would have
been the sulfone or sulfinic acid (HO3SCH2CH2SO2H) appears
to be unstable and disproportionates to the S-oxide and the
sulfonic acid forms.
Known sulfinic acids derived from aminothiols are stabilized

by resonance. Addition of the full 3 oxidizing equivalents the
spectrum (Figure 6c) shows the dominant peak expected for
the product 1,2-ethylene disulfonic acid (m/e = 188.9536) as
well as its monosodium salt (m/e = 210.9356). No peak was
observed for the disodium salt since bromine oxidations were
conducted in neutral to slightly acidic pH. All the acid in this
reaction solution was derived from the stoichiometry. Figure 6c
shows no traces of the dimer nor the sulfinic acid, but does
show small amounts of the S-oxide. We note, in parts a and b of
Figure 6, before the addition of the 6-electron full oxidation
equivalents that take the sulfur center to the sulfonic acid, peaks
for the fully protonated dimeric MESNA at m/e = 280.924.
The precursors for the dimeric species should either be a
condensation-type reaction between an unoxidized thiol and
the S-oxide; or thiyl radicals. The presence of the dimeric
species and the series of oxygen-addition intermediates suggests
at least two pathways for the oxidation of MESNA: successive
2-electron transfers from the sulfur center to the oxybromine
center and a free radical-based initial oxidation pathway.
A series of experiments were run using the X-band EPR
spectrometer to detect any possible radical formation during
the course of the reaction. Figure 7 shows the EPR spectra of
the reaction solution using a DMPO trap. This shows the
presence of an EPR-active adduct whose abundance increases
with MESNA concentrations. All these reactions in excess
bromate indicating that the radical species generated, mediated
by MESNA, are derived from MESNA.

Radical Pathway and Its Significance. The mechanism
of the generation of radicals from oxybromine chemistry is well-
established. This pathway was derived from studies of the
Belousov−Zhabotinskyi reaction, with the central species being
the autocatalytic bromous acid.35

+ + ⇄ +− + •BrO HBrO H 2BrO H O3 2 2 2 (R14)

+ ⇄ +• •BrO RSH RS HBrO2 2 (R15)

→•2RS RSSR (R16)

Figure 5. Direct reaction of bromine and MESNA. Variation of
MESNA. The reaction is so fast it is close to the limits of our stopped-
flow. The reaction is essentially over in 20 ms. The 3:1 stoichiometric
ratio could also be graphically determined from the residual bromine
absorbance. The reaction is strictly bimolecular.
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RSH is assumed to be the generic thiol, MESNA, and RSSR,
the dimeric species at m/e = 280.9294. Reactions were not run
in strictly anaerobic environments, and so the existence of the
thiyl radicals can unleash a cascade of other radicals, specifically;
superoxide, hydroxyl and hydrogen peroxide.44 If one adds
R14 + 2R15; and recognizing that the reaction is run in excess
bromate, the overall stoichiometry shows that one HBrO2
molecule will produce two HBrO2molecules in quadratic

autocatalysis. The autocatalytic production of bromous acid,
coupled with its lability in reaction R9 should produce a
constant enhancement of the reaction and deliver sigmoidal
kinetics, which is typical for many bromate oxidations.45 No
autocatalysis was observed in this reaction and hence the radical
pathway should not be the dominant route.

Effect of Acid. There was no observation of purely
second order kinetics as expected from oxybromine kinetics.

Figure 6. continued
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The complexity was derived from the thiol center, which is
nucleophilic and would be protonated in highly acidic
environments:

+ →+ + KHO SCH CH SH H HO SCH CH SH ,3 2 2 3 2 2 2 b

If one considers the protonated thiol to be relatively inert, then
the rate of reaction is

=
+

− +

+
k

K
rate

[BrO ][H ] [HO SCH CH SH]
1 [H ]

T

b

0 3
2

3 2 2

where [HO3SCH2CH2SH]T is the total of the protonated and
unprotonated MESNA. Rate equation supports first order
kinetics at high acid concentrations but expected second order
kinetics at mild to low acid concentrations.

Overall Reaction Scheme. Both the oxidation product of
MESNA and reduction product of bromate have been satis-
factorily established. Contrary to most organosulfur com-
pounds in the presence of a strong oxidant, the C−S bond does
not cleave and no sulfate production is observed. The C−S
bond is strengthened by the presence of electron-withdrawing
groups on the carbon adjacent to the C−S bond.46−49 Hence
oxidation of cysteamine can only proceed as far as taurine with

Figure 6. (a) ESI−MS spectrum of a reaction mixture of 1:1 MESNA−Br2. The strongest peak is for the S-oxide at m/e 155.9560 apart from the
substrate itself at 139.9610. Reaction is in slightly acidic medium, and thus shows both the protonated and unprotonated MESNA. A small peak
for the dimeric species with an S −S bond can be seen at m/e 138.9534. There is a substantial peak for the singly charged dimeric species at
280.925. Some sulfinic acid can be seen at m/e 172.9585. This is essentially a mixture of metabolites in excess substrate which indicates that the
S-oxide is the most stable intermediate at these conditions. (b) ESI−MS spectrum derived from addition of two equivalents of bromine. The
sulfinic acid, which should be most abundant at these conditions, retains the same low abundance as in spectrum a; with the S-oxide and sulfonic
acid being most abundant. The sulfinic acid (S(II)), if formed, rapidly disproportionates to the 0 and +4 oxidation states. The peak for MESNA
has been reduced substantially from part a. (c) Addition of the full 3 equiv of bromine as according to the expected stoichiometry. MESNA peak
disappears completely, living a large peak for the product, 1,2-ethylene disulfonic acid peak at m/e 188.9536 and a smaller peak for its
monosodium salt at m/e 210.9356. There is no evidence of the sulfinic acid at these conditions; instead, a small and observable peak is still
present for the S-oxide.

Chart 1. Structure I

Figure 7. Formation of radicals, mediated by MESNA.
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the C−S bond intact. Other stable sulfonic acids include
trichlorosulfonic and methylaminosulfonic acid.
The combination of oxyhalogen kinetics and oxidation

kinetics of the thiol group can be combined into the set of
16 reactions shown in Table 1. It is the simplest scheme that
can be derived which can still adequately describe the reaction.
These reactions, even if they also appear in the mechanism,
above, have been relabeled M1−M16 (Table 1). They can be
divided into 6 separate groups based on their function. To
simplify the scheme, it is assumed that the major oxidants in
the reaction mixture are HOBr and Br2. If, as is known, that
reaction M5 is rapid, then no loss in accuracy with respect to
the description of the reaction occurs if one ignores HBrO2 as
a viable oxidant, though one would expect it to contribute to
the oxidation.

(a) Initiation Reactions: M1−M3. In the absence of
adequate amounts of bromide in reaction mixture, the
three initial set of reactions produce enough bromide to
catalyze the rest of the reaction. The bromide produced
in reaction M3 can then be used in M4 to start the well-
known cascade of oxybromine kinetics with second order
dependence in acid and first order in bromate. In reactions
with added bromide, reactions M1 − M3 can be removed
with no loss in accuracy of the proposed mechanism.
Bromide role is only to catalyze the reaction. As the reaction
proceeds, it is produced autocatalytically (reaction R11).

(b) Standard Oxybromine Reactions: M4−M6. This is a
well-known series of reactions which have been studied
extensively in the analysis of the Belousov−Zhabotinsky
reaction.35 Bromate, itself is quite inert, and has to be
primed through reaction M4 to generate the reactive

oxidizing species; HBrO2 and HOBr. Reaction M6 was
studied by temperature-jump spectrophotometry and
favors aqueous bromine in the strongly acidic environ-
ment utilized for this study.50

(c) Oxidation by HOBr: Reactions M7−M9. This is a
cascade of oxidations of MESNA, through its two
intermediates, by HOBr. [Note that M3 has been
deliberately repeated as M7 so as to exhaust the oxidation
reactions of HOBr in this section]. Oxidation by HOBr is
through an oxygen atom transfer and is considered to be
quite rapid. Figures 3a and 4a suggest the presence of a
stable intermediate and the ESI−MS data unequivocally
establishes this as the S-oxide. Hence the rate of oxidation
of the S-oxide will be slower than the rates for the thiol
and for the sulfinic acid.

(d) Oxidation by Aqueous Bromine: M10−M12. In this acidic
environment, reaction M6 suggests formation of Br2 will
be strongly favored over HOBr, and thus the bulk of the
oxidation should be borne by Br2. Thus, reaction M10 is
essentially diffusion-controlled with reaction M11 slower.

(e) Disproportionation Reaction: M13. Reaction M13 is
essential. The spectrum in Figure 6b shows that, despite
having enough oxidizing power for a 4-electron oxidation
of the sulfur center to the sulfinic acid, the system prefers
to disproportionate into a 2-electron oxidation and a
6-electron oxidation. There is never a viable accumulation
of the sulfinic acid. The sulfonic acid can only be formed
through the sulfinic acid which rapidly disproportionates.

(f) Possible Dimer Formation and Reaction: M14−M16.
The spectrum in Figure 6a shows a low-level formation
of the dimer. One viable route for formation of a dimer

Table 1. Relevant Reactions for the Bromate−MESNA Reaction in Acidic Mediuma

reaction no. reaction kf; kr

M1 + + → +− +BrO RSH H HBrO RSOH3 2
0.473

M2 + → +HBrO RSH HOBr RSOH2 1.05 × 105

M3 + → + +− +HOBr RSH Br H RSOH 1.53 × 104

M4 + + ⇄ +− + −BrO 2H Br HBrO HOBr3 2
2.5; 1.31 × 104

M5 + + ⇄− +HBrO Br H 2HOBr2
2.01 × 109; 2.0 × 10−5

M6 + + ⇄ +− +HOBr Br H Br H O2 2
8.9 × 109; 110

M7 + → + +− +HOBr RSH RSOH Br H 1.53 × 104

M8 + → + +− +HOBr RSOH RSO H Br H2
3.34 × 106

M9 + → + +− +HOBr RSO H RSO H Br H2 3
2.06 × 104

M10 + + → + +− +Br (aq) RSH H O RSOH 2Br 2H2 2
1.95 × 104

M11 + + → + +− +Br (aq) RSOH H O RSO H 2Br 2H2 2 2
15.5

M12 + + → + +− +Br (aq) RSO H H O RSO H 2Br 2H2 2 2 3
1.76 × 102

M13 + ⇄ +RSO H RSO H RSOH RSO H2 2 3 2.24 × 104

M14 + ⇄ +RSOH RSH RSSR H O2 85.7; 2.20 × 104

M15 + + → + +− +RSSR HOBr H O 2RSOH Br H2
68.0

M16 + + → + +− +RSSR Br 2H O 2RSOH 2Br 2H2 2
8.66

M17 + + ⇄ ·+− +BrO HBrO H 2BrO H O3 2 2 2
1.1 × 10−4; approximately 0

M18 + ⇄ +• •BrO RSH RS HBrO2 2 1.0 × 102

M19 →•2RS RSSR 1.0 × 103; 5.0 × 10−1

aForward and reverse rate constants are given, separated by a semicolon. Except for reactions involving water, the units of kinetics rate constants
derived from the reactions’ molecularity. Those with a single kinetics parameter were assumed to be essentially irreversible.
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(apart from through free radicals, vide inf ra) is via a
reversible condensation-type reaction between the S-oxide
(sulfenic acid) and the unreacted thiol (M14). The dimer
can be consumed via the reverse reaction of M13 in the
presence of excess oxidant with further oxidation of the
S-oxide and the thiol by HOBr and Br2(aq). These
oxidants are so powerful that they are capable of oxidizing
the dimer directly (reactions M15 and M16).

(g) Contributions from Free Radicals. Figure 7 shows the
formation of free radicals. The hyperfine splitting of
the ESR and the 1:1:1 splitting of the peaks does not
implicate the well-known hydroxyl radicals nor the

superoxide radicals whose DMPO adduct spectra are
well-known. Since the radical intensity is mediated by
MESNA, it suggests that these are thiyl radicals and are
not derived from bromine dioxide. These radicals are
deactivated through the formation of the dimeric species
which are evident in the spectra a and b in Figure 6.
Dimer formation is also through reactions such as M14.
Both mechanisms operate simultaneously because dis-
proportionation reactions, such as those responsible for
the products in spectrum b in Figure 6 can only occur
through sulfur oxo-acid formations (part f, above), while
Figure 7 clearly shows radical formation.

Figure 8. (a) Modeling the experimental data shown in Figure 3a, (bromate dependence). Interference from tribromide precludes a correct
prediction of the rate of increase in absorbance after the induction period. As expected, the model always underestimates. The final bromine
concentrations and their attainment always coincide with experiments. (b) Simulations of the intermediate species (apart from bromine) which could
not be experimentally determined. No sigmoidal kinetics is observed in the consumption of MESNA, suggesting the dominance of the 2-electron
oxidation pathway. The S-oxide coexists with bromine since it is relatively stable and its further oxidation relatively slower.
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Computer Simulations. The mechanism shown in Table 1
was modeled through the SIMKINE software designed and
developed by Jonnalagadda.51,52 Reactions involving radicals,
M17−M19, were not utilized for this model since their
inclusion did not improve the quality of the fit. Well-known
literature values were utilized and fixed for reactions M4−M6.
The kinetics constant for reaction M10 was derived in this
study and also fixed. The rest were optimized for best fit
through a subroutine imbedded in the SIMKINE software
program,53 subject to some constraints: kM10 > kM11 < kM12.
This constraint was from the experimental observation that the
S-oxide had a special stability associated with it. One reaction
not included in the table but relevant in excess bromate
environments involved the formation of tribromide:

+ ⇄ =− − KBr (aq) Br Br (aq); 172 3 eq (R17)

Without a mass balance relationship that links all bromine
species (both bromine and bromide are continuously produced
and consumed, with bromate as a virtual inexhaustible source of
bromine), the system ends up with two equations while having
three unknowns. Apart from a dynamic iterative procedure at
each time interval, concentrations of bromine and tribromide
could never be obtained analytically and unambiguously.
While absorptivity of bromine at 390 nm is 142 M−1 cm−1,
that of tribromide is 1006 M−1 cm−1 at the same wavelength.54

Experimental data are based on bromine absorbance, indicating
that the model will always underestimate absorbance readings
in environments containing bromine and bromide due to
equilibrium R17 which produces a higher-absorbing species.
Figure 8a shows the superimposition of experimental and
simulated curves. As expected, the model shows a much slower
increase in absorbance after the induction period because the
model utilizes only bromine absorbances, while the exper-
imental traces result from both bromine and tribromide
absorbances. Figure 8b is a plot of the simulations of all
those intermediate species which we could not experimental
access. Trace e of bromine is inserted for comparison. There
are four features of Figure 8b that are relevant: (a) bromide
concentrations rise to a maximum just before the end of the
induction period, thus delivering a large ratio of tribromide to
bromine at the start of the reaction, giving the very sharp
absorbance increase that is experimentally observed. (b) the
S-oxide is very stable and rises to very high transient concentra-
tions. Thus, when the induction period ends, although the
parent thiol would have been depleted, there will still be
substantial concentrations of the S-Oxide. This, then, explains
what appears to be olligooscilatory behavior in bromine
concentrations with a transient peak after the induction period.
(c) HOBr, as expected, never rises to any substantial levels
through the whole reaction. It is too reactive. (d) There is no
sigmoidal decay in the rate of depletion of MESNA (trace a).
This is important. If the free radical route was dominant, then
HBrO2 will be the autocatalytic species and classic sigmoidal
autocatalytic kinetics would be observed.32,55 It would
strengthen, then, the argument that the 2-electron sulfur oxo
acid route is dominant, and dimer formation mainly through
reaction M14.

■ CONCLUSION

This short kinetics study has shown that MESNA can be
oxidatively bioactivated in the physiological environment;
though not as rapidly and as quantitatively shown in this study.

Oxychlorine and oxybromine species exist in the physiological
environment as a direct result accumulation of reactive oxygen
species such as hydrogen peroxide. Superoxide and peroxides, as
well, can oxidize MESNA. As a coinjectant with most anticancer
drugs;8 it is important to examine the metabolites it might
generate and their possible effect in the physiological environ-
ment. This study shows that MESNA might act as an antioxidant
and would moderate reactive oxygen species toxicities. A similar
compound, taurine, is also known to moderate reactive oxygen
species toxicity, but through the formation N-bromo- and
N-chloro-derivatives.56−59 The noncleavage of the C−S bond is
important: the cleavage of the C−S bond before the oxidative
saturation to the +6 oxidation state is known to initiate a cascade
of genotoxic reactive oxygen species that are known to cause
DNA damage.44
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