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The major metabolites of the physiologically active compound dimethylthiourea (DMTU), dimethylami-
noiminomethansesulfinic acid (DMAIMSA), and dimethylaminoiminomethanesulfonic acid (DMAIMSOA)
were synthesized, and their kinetics and mechanisms of oxidation by acidic bromate and aqueous bromine
was determined. The oxidation of DMAIMSA is much more facile and rapid as compared to a comparable
oxidation by the same reagents of the parent compound, DMTU. The stoichiometry of the bromate-DMAIMSA
reaction was determined to be 2BrO3

- + 3NHCH3(dNCH3)CSO2H + 3H2O f 3SO4
2- + 2Br- +

3CO(NHCH3)2 + 6H+, with quantitative formation of sulfate. In excess bromate conditions, the stoichiometry
was 4BrO3

- + 5NHCH3(dNCH3)CSO2H + 3H2O f 5SO4
2- + 2Br2 + 5CO(NHCH3)2 + 6H+. The direct

bromine-DMAIMSA reaction gave an expected stoichiometric ratio of 2:1 with no further oxidation of product
dimethylurea (DMU) by aqueous bromine. The bromine-DMAIMSA reaction was so fast that it was close
to diffusion-controlled. Excess bromate conditions delivered a clock reaction behavior with the formation of
bromine after an initial quiescent period. DMAIMSOA, on the other hand, was extremely inert to further
oxidation in the acidic conditions used for this study. Rate of consumption of DMAIMSA showed a sigmoidal
autocatalytic decay. The postulated mechanism involves an initial autocatalytic build-up of bromide that fuels
the formation of the reactive oxidizing species HBrO2 and HOBr through standard oxybromine reactions.
The long and weak C-S bond in DMAIMSA ensures that its oxidation goes directly to DMU and sulfate,
bypassing inert DMAIMSOA.

Introduction

N, N′-Dimethylaminoiminomethanesulfinic acid (DMAIMSA)
is one of the more stable metabolites formed in the metabolic
activation of dimethylthiourea (DMTU) via an S-oxygenation
pathway.1–3 DMAIMSA exists as a zwitterionic species in its
solid form, with positive charges delocalized around its sp2-
hybridized carbon center and two nitrogen atoms. It crystallizes
in the triclinic Pıj space group.3

The S-oxygenation pathway of metabolic activation of thiols
and thiocarbamides in the physiological environment has been
extensively studied and is thought to be the predominant
metabolic activation pathway for most organosulfur compounds
due to the nucleophilicity of the sulfur center.4 This implicates
sulfur oxo-acids as the major metabolites of DMTU.5–7 In the
physiological environment, the formation of these sulfur oxo-
acids is thought to be mediated largely by standard P450
enzymes and flavin-containing monooxygenases.8,9 Earlier stud-
ies, and most recently our work on the oxidation of DMTU,
have shown that in the presence of endogenously produced
oxidants such as hydrogen peroxide, DMTU can be oxidized
to produce DMAIMSA (which is also known as dimethylthio-
urea dioxide).1,2

Sulfur oxo-acids are of interest because they are considered
to be physiologically more active than their parent compounds,
and it is thought that most of the physiological effects associated
with the parent organosulfur compounds can be ascribed to their
formation.10–13 For example, phenylthiourea, which is excreted
mainly as inorganic sulfate and an organic urea residue, has
been found to be extremely toxic to rats, but, surprisingly,

diphenylthiourea that metabolizes to a ring-cyclized product with
its thione group intact is innocuous.14–16 The subtle differences
in the reactivities of these two very similar compounds can
impart wildly varying physiological effects.

To evaluate the reactivities of this biologically active
compound, dimethylthiourea, a well-known scavenger of reac-
tive oxygen species,17–20 its stable sulfur oxo-acids (the sulfinic
acid, DMAIMSA, and the sulfonic acid, DMAIMSOA) were
synthesized and characterized in terms of their reactivity with
mild oxidants: iodine and acidified iodate.1,3 In the
IO3

--DMAIMSA reaction, a sigmoidal autocatalytic rate of* Corresponding author. E-mail: rsimoyi@pdx.edu.
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formation of iodine was observed, in which acid catalyzed the
formation of iodine and retarded reactions that consumed iodine.
To further evaluate the reactivity of DMAIMSA, we report, in
this manuscript, its oxidation by bromine and acidified bromate.
The use of bromate (BrO3

-) and bromine (Br2), which are much
stronger oxidizing agents than iodate and iodine, help to improve
the understanding of the kinetics and mechanism of DMAIMSA
reactions as well as the selectivity that drives the exotic
dynamics that was observed in our earlier studies of the
oxidation of DMAIMSA by acidic iodate. Acidic bromate and
aqueous bromine are also precursors to the biologically signifi-
cant oxidant, hypobromous acid, HOBr.21

Experimental Procedures

Materials. The following reagents were purchased and used
without further purification: N,N′-dimethylthiourea, dimethy-
lurea, hydrogen peroxide (Sigma-Aldrich), sodium bromate,
perchloric acid (70%), sodium bromide (Fisher), and sodium
perchlorate (Acros). Standard bromine solutions were prepared
by diluting liquid bromine (Acros) under a fume hood. The
bromine solutions were then standardized by iodometric titration
against sodium thiosulfate in the presence of a freshly prepared
starch indicator and excess acidified iodide.22 This standardiza-
tion was used to evaluate the absorptivity coefficient of 142
M-1 cm-1 for aqueous bromine at 390 nm.23,24 DMAIMSA
solutions were prepared daily, and bromine solutions, being
volatile, were standardized everyday before use. DMAIMSA
was synthesized by a method devised in our laboratories.3

DMAIMSOA was prepared by reacting 0.1 mol of N,N′-
dimethylthiourea with 0.3 mol equiv of hydrogen peroxide. The
solution of N,N′-dimethylthiourea in 50% acetonitrile solution
was stirred continuously while being cooled in an acetone/CO2

ice bath to ensure a very slow oxidation rate that would end
only at the sulfonic acid stage. The 3 equiv of H2O2 was added
dropwise. The frozen mixture was allowed to sit until it melted
and then was stirred at room temperature for 2 h. The resulting
crystals were filtered and washed twice with 50% acetonitrile
solution and deionized water and then air-dried in the desiccator.
The crystals were recrystallized from a 50% acetonitrile solution.
Doubly distilled deionized water was used for the preparation
of all stock solutions.

Methods. All reactions were carried out at 25 ( 0.5 °C and
a constant ionic strength of 1.0 M (NaClO4). The kinetics of
the two systems studied, BrO3

--DMAIMSA and Br2-
DMAIMSA, was monitored spectrophotometrically. The forma-
tion of aqueous bromine was followed at 390 nm while the
consumption of DMAIMSA was monitored at its experimentally
determined peak of 263 nm.3 Kinetics measurements for the
slower BrO3

--DMAIMSA system were followed on a Perkin-
Elmer Lambda 25 UV-vis spectrophotometer while the faster
Br2-DMAIMSA kinetics determinations were monitored on a
Hi-Tech Scientific double-mixing SF61-DX2 spectrophotometer.

Results and Discussion

Stoichiometric Determinations. Stoichiometric determina-
tions for the BrO3

--DMAIMSA reaction were carried out in
varying excess of acidic BrO3

- while keeping the concentration
of DMAIMSA constant. Various BrO3

-/DMAIMSA ratios were
mixed in stoppered volumetric flasks and scanned spectropho-
tometrically for bromine activity over a period of 24 h. At the
end of the 24 h period, the excess oxidizing power of the product
solution (BrO3

- + Br2) was determined iodometrically. The
stoichiometry of the direct Br2-DMAIMSA reaction was
performed in excess bromine while varying the concentrations

of DMAIMSA. The residual amount of bromine left after the
reaction had gone to completion was then titrated against sodium
thiosulfate as described previously. Qualitative tests and quan-
titative analysis for the formation of sulfate as a result of
oxidation of the sulfur center in DMAIMSA in the two reaction
systemswereperformedusingbariumsulfate(BaSO4)precipitation.

In excess DMAIMSA conditions, the reaction of DMAIMSA
with acidified bromate gave a stoichiometry of 2:3 with the
major organic product being dimethylurea. The stoichiometry
was confirmed as

2BrO3
-+ 3NHCH3(dNCH3)CSO2H+ 3H2Of 3SO4

2-+

2Br-+ 3CO(NHCH3)2 + 6H+ (R1)

The stoichiometry of R1 gives the highest ratio of [BrO3
-]/

[DMAIMSA], R, possible before bromine is formed as one of
the final products. The value of R in this case was 2/3. In excess
bromate conditions, when R exceeds 2/3, the bromide product
in the stoichiometry of R1 reacts with excess bromate to produce
bromine25

BrO3
-+ 5Br-+ 6H+f 3Br2+ 3H2O (R2)

The stoichiometry of R1 also was confirmed titrimetrically.
Figure 1 shows a graph of thiosulfate titer versus initial bromate
concentrations for a typical series of experiments performed for
stoichiometric determinations. By extrapolating to zero titer, one
obtains a mol ratio of 2:3 of oxidant/reductant. This mol ratio
confirms the stoichiometry of R1, with no excess bromate to
effect reaction R2. As a further complementary test for the
stoichiometry of R1, the gravimetric quantification of sulfate
as BaSO4 gave a mol ratio of 1:1 of DMAIMSA/sulfate. The
amount of sulfate formed was within 96% of that expected from
reaction R1. The organic urea product, dimethylurea, in R1 was
confirmed by comparing the UV spectrum of the product
solution to that of the reagent grade dimethylurea. In excess
bromate concentrations, all bromide formed in stoichiometry
R1 was oxidized to bromine by stoichiometry R2. Thus, one
would expect that the overall stoichiometry in excess bromate
should be a linear combination of stoichiometries R1 and R2
(5R1 + 2R2) to eliminate bromide to obtain the final stoichi-
ometry R3

Figure 1. Stoichiometric plot generated from iodometric titration. For
a fixed DMAIMSA concentration of 0.005 M, the intercept on the
[BrO3

-] axis is 0.0031 M. At this point, the ratio of [BrO3
-/DMAIMSA]

corresponds to that of the stoichiometry of R2.
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4BrO3
-+ 5NHCH3(dNCH3)CSO2H+ 3H2Of 5SO4

2-+

2Br2+ 5CO(NHCH3)2+ 6H+ (R3)

A confirmation of stoichiometry of R3 is evident from data
obtained with varying DMAIMSA concentrations where the
amount of bromine produced (measured spectrophotometrically
at 390 nm) was found to be exactly 40% of the initial
DMAIMSA concentrations (0.800 > R > 0.667). As expected,
in excess bromate conditions, the titrimetric technique for
quantifying the excess oxidizing power only delivered the
stoichiometry of R1.

For the direct Br2-DMAIMSA reaction, the stoichiometry
as established by both titrimetric and spectrophotometric
techniques was 2:1

2Br2+ NHCH3(dNCH3)CSO2H+ 3H2Of SO4
2-+

4Br-+ CO(NHCH3)2+ 6H+ (R4)

Reaction Dynamics. The kinetics of oxidation of DMAIMSA
by bromate was followed by monitoring the formation of
bromine at 390 nm and depletion of DMAIMSA at 263 nm. At
390 nm, there is little or no interference from DMAIMSA and
the possible products of oxidation.1 Figure 2 shows rapid spectral
scans taken every 20 s. The final spectrum, however, was taken
after 1200 s. Figure 2 shows the optical changes in the UV-vis
spectrum in the course of the reaction. At the start of the
reaction, there is a decrease in the absorbance of DMAIMSA
at 263 nm with little or no changes at 390 nm. However, as the
reaction progresses past the stoichiometry of R1 and in the
presence of excess bromate, the absorbance reading at 390 nm
starts to increase rapidly.

Bromate Oxidation of DMAIMSA. The dynamics of the
BrO3

--DMAIMSA system, as monitored by the formation of
bromine, in the presence of a large stoichiometric excess of
bromate displayed typical clock reaction behavior.22 Reactions
were characterized by an initial quiescent induction period in
which no absorbance activity was observed at 390 nm. This
induction period was dependent on initial reagent concentrations.
The end of the induction period is characterized by a sharp but
gentle accumulation of bromine. Figure 3a shows that acid has
a strong catalytic effect on the reaction. An increase in initial

acid concentrations shortens the induction time noticeably. It
does not alter the amount of final bromine concentrations
obtained but strongly influences the rate at which this final
bromine concentration is attained. A plot of induction period
versus the square inverse of acid concentrations between acid
concentrations of 0.1 and 0.225 M was linear (Figure 3b). A
further increase in acid showed saturation, and very low acid
concentrations also gave a nonlinear plot due to a tailing-off
effect. This acid dependence suggests that the kinetics of the
precursor reaction that leads to the measurable accumulation
of bromine has a second order dependence on acid concentrations.

Figure 4a shows a series of experiments in which initial
bromate concentrations were varied. The data show that
increasing bromate concentrations enhanced the rate of reaction
by shortening the length of the induction period, and for a fixed
initial concentration of DMAIMSA, the final bromine concen-
tration obtained was constant for as long as the stoichiometry
of R2 was satiated. A plot of inverse of the induction time was
directly proportional to initial bromate concentrations (Figure
4b). The linearity of this plot established the order of the
precursor reaction (to bromine formation) with respect to
bromate as unity. Figure 5a shows that in high excess of bromate
(R > 6), the induction period becomes invariant to initial

Figure 2. Rapid spectral scans taken every 20 s. Optical changes in
the UV-vis spectrum for the BrO3

--DMAIMSA reaction are shown.
Initial consumption of DMAIMSA at 263 nm with the subsequent
formation of bromine at 390 nm is shown. [DMAIMSA]o ) 0.005 M;
[BrO3

-]o ) 0.03 M; and [H+]o ) 0.1 M.

Figure 3. (a) Effect of pH on rate of formation of bromine in excess
bromate conditions. An increase in [H+] concentration increases the
rate of formation of bromine. [DMAIMSA]o ) 0.005 M; [BrO3

-]o )
0.03 M; and [H+]o ) (a) 0.100 M, (b) 0.125 M, (c) 0.150 M, (d) 0.175
M, (e) 0.200 M, and (f) 0.225 M; and I ) 1.0 M. (b) Plot of induction
time in Figure 3a vs inverse of acid concentration shows an inverse
square acid dependence on induction time.
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DMAIMSA concentrations.26 Increasing DMAIMSA concentra-
tions only affects the rate and final amount of bromine produced
according to the stoichiometry of R3. In this series of experi-
ments, DMAIMSA is the limiting reagent. Data in Figure 5b
show that bromide is also an effective catalyst in this reaction.27

At very low concentrations of bromide (ca. 10 -4 M), bromide
ions catalyze the reaction by delivering shorter induction periods.
Bromide affects not only the induction period but also the rate
and final amount of bromine formed at the end of the induction
period (R3). A plot of maximum bromine concentrations formed
versus the initial concentration of bromide ions shows that the
effect of added bromide is linear relative to the final amount of
bromine (graph not shown). This linear relationship confirms
that the increase in bromine concentration is based purely on
the enhancement of reaction R2 by the addition of extra bromide
ions to those derived from stoichiometry R1.

Data Collected at 263 nm. Figure 6a shows a sigmoidal
consumption of DMAIMSA as noticed in typical autocatalytic
reactions.27 The conditions used for the generation of these data
involved excess bromate concentrations with bromine formed
after the requisite induction period. The traces show an initial
decay in the absorbance at 263 nm followed by a sudden
increase due to the formation of some species, which we

surmised to be aqueous bromine and tribromide, Br3
- (R5),28

which has a considerable absorption coefficient at 260 nm29

Br2(aq)+ Br-hBr3
-; Keq ) 17 (R5)

An evaluation of the effect of acid shows that increasing acid
concentrations corresponded with an increase in rate of con-
sumption of DMAIMSA (Figure 6a) but did not increase the
final absorbance of the species observed at 263 nm after
complete consumption of DMAIMSA, just as in the data
observed in Figure 3a. Bromate also increased the rate of
consumption of DMAIMSA, and sigmoidal decay kinetics was
observed for all ratios of bromate to DMAIMSA.

Data in Figure 6b show a superimposition of two sets of
absorbance traces, one at 263 nm (DMAIMSA consumption)
and the other at 390 nm (bromine formation), at the same initial
reactant concentrations. These data show that the absorbance

Figure 4. (a) Absorbance traces showing the effect of bromate
concentrations on the rate of reaction. [DMAIMSA]o ) 0.005 M; [H+]o

) 0.10 M; and [BrO3
-]o ) (a) 0.030 M, (b) 0.035 M, (c) 0.040 M, (d)

0.045 M, (e) 0.050 M, (f) 0.055 M, and (g) 0.060 M; and I ) 1.0 M.
(b) This plot shows that there is a direct inverse relationship between
the initial concentration of bromate and the length of the induction
time. Conditions are as shown in Figure 4a.

Figure 5. (a) Absorbance traces showing the effect of varying
DMAIMSA concentrations on the amount of bromine formed from the
BrO3

--DMAIMSA reaction. These traces show an increase in final
amount of bromine formed as concentrations of DMAIMSA increase
from trace a to trace g. This confirms that DMAIMSA is the limiting
reagent in this reaction. [DMAIMSA]o ) (a) 0.002 M, (b) 0.0025 M,
(c) 0.003 M, (d) 0.0035 M, (e) 0.004 M, (f) 0.0045 M, and (g) 0.005
M; [H+]o ) 0.15 M; [BrO3

-]o ) 0.03 M; and I ) 1.0 M. Effect of
bromide on BrO3

--DMAIMSA. Addition of bromide (in increasing
order from trace b to trace f) reduced the induction period and increased
the final amount of bromine generated from the reaction. [DMAIMSA]o

) 0.005 M, [H+]o ) 0.125 M, [BrO3
-]o ) 0.03 M, and [Br-]o ) (a)

0 M, (b) 2.0 × 10-4 M, (c) 4.0 × 10-4 M, (d) 6.0 × 10-4 M, (e) 8.0
× 10-4 M, (f) 1.0 × 10-3 M, and I ) 1.0 M.
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observed after the consumption of DMAIMSA is due to that of
aqueous bromine and tribromide. According to Figure 6b,
bromine does not accumulate until DMAIMSA (and possibly
its transient intermediates) is consumed. This also confirms that
the end of induction periods in the BrO3

--DMAIMSA reactions
coincides with the end of absorbance activity at 263 nm and
that the bromine-DMAIMSA reaction is orders of magnitude
faster than the bromate-DMAIMSA reaction.

Bromine Oxidation of DMAIMSA. Data in Figure 6b
suggest that the direct oxidation of DMAIMSA by bromine is
much faster than its oxidation by bromate. Indeed, the direct
oxidation of DMAIMSA by bromine as shown in Figure 7
confirms that this reaction is extremely fast to the extent of being
diffusion-controlled. These stopped-flow traces, generated with
an ensemble with 3 ms mixing time, can only catch the last
5-10% of the reaction. The major part of the reaction would
be complete by the time the electronics of the stopped-flow
spectrophotometer commenced recording. A conversion of
absorbance reading to concentration shows that the concentra-
tions of bromine at the start of these traces is close to the final
residual bromine concentration as expected from the stoichi-

ometry of R4. The reaction also was not slowed down
sufficiently to be characterized by our stopped-flow by the
addition of either bromide ions or acid.

Mechanism. Initial Reactions. To propose a mechanism for
the BrO3

--DMAIMSA reaction, three sets of possible reactions
have to be considered. These reactions include oxybromine
reactions, oxysulfur reactions, and oxybromine-oxysulfur reac-
tions. The strong dependence of the induction period on the
square inverse of acid concentrations (Figure 3b) and on
the inverse of bromate concentrations (Figure 4b) suggests that
the standard oxybromine-based kinetics dominate the initial
stages of the reaction.30,31 Since no substantial amounts of
bromide ions are present at the beginning of the reaction, the
major reaction during the induction period would involve
the oxidation of DMAIMSA to produce bromide through the
reduction of bromate. Data in Figure 6b also support the fact
that bromine does not accumulate during the initial stages of
the reaction. Hence, in the absence of bromide and bromine at
the start of the reaction, the first step should involve the direct
reaction of acidified bromate and DMAIMSA.

BrO3
-+ H+hHBrO3 (R6)

HBrO3+ NHCH3(dNCH3)CSO2H+

H+fNHCH3(dNCH3)CSO3H+ H++HBrO2 (R7)

R7 can be written as a bimolecular reaction with acidified
bromic acid as the electrophilic species, H2BrO3

+. Several
previous workers in bromate chemistry have postulated this
H2BrO3

+ species to justify the observed second order depen-
dence on acid in all bromate-based oxidations in highly acidic
media.32 A mechanism, written in the form of R7, in which the
second proton would be used to dissociate the complex formed
between bromic acid and DMAIMSA would be kinetically
indistinguishable from one involving H2BrO3

+ since they would
both deliver a reaction order of 2 with respect to acid
concentrations.

Bromous acid (HBrO2),33 which represents the first oxybro-
mine species, can be further reduced, through a series of two-
electron cascades, to Br-.34

Figure 6. (a) Absorbance traces showing the effect of increasing acid
concentrations on rate of consumption of DMAIMSA at 263 nm. The
change in event as depicted by the sudden increase in absorbance depicts
the formation of some other species, possibly tribromide, which absorbs
considerably at 260 nm. [DMAIMSA]o ) 0.0025 M, [BrO3

-]o ) 0.10
M, and [H+]o ) (a) 0.050 M, (b) 0.055 M, (c) 0.060 M, (d) 0.065 M,
and (e) 0.070 M, and I ) 1.0 M. (b) Superimposition of absorbance
traces taken at 263 and 390 nm shows the accumulation of bromine
only commences after DMAIMSA and possibly its transient intermedi-
ates have been completely consumed. [DMAIMSA]o ) 0.0026 M,
[BrO3

-]o ) 0.10 M, [H+]o ) 0.05 M, and I ) 1.0 M.

Figure 7. For a fixed concentration of bromine, the residual amount
of bromine left after the Br2-DMAIMSA reaction decreases as initial
concentrations of DMAIMSA increase from trace a to trace e.
[DMAIMSA]o ) (a) 2.0 × 10-4 M, (b) 2.5 × 10-4 M, (c) 4.0 ×
10-4 M, (d) 5.0 × 10-4 M, and (e) 7.0 × 10-4 M and [Br2]o ) 3.1
× 10-3 M.
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HBrO2+ 2H++ 2e-hHOBr+ H2O (R8)

HOBr+ H++ 2e-hBr-+ H2O (R9)

The two-electron reductants in R8 and R9 can be DMAIMSA,
its oxidative metabolites, or bromide (if it has accumulated
sufficiently enough). The production of bromide in R9 then
initiates the most important oxyhalogen reaction: the reaction
of bromate and bromide, which produces more of the reactive
oxybromine species, HBrO2 and HOBr.27,35

BrO3
-+Br-+ 2H+fHBrO2 +HOBr (R10)

R10, is, of course, a composite reaction that involves several
steps but has been studied sufficiently enough such that the
forward and reverse apparent rate constants have been accurately
determined as a fourth order reaction in the forward reaction.
HBrO2 is unstable with respect to HOBr in the presence of Br-

ions.31 It will readily disproportionate to produce hypobromous
acid (R11)

HBrO2+ Br-+ H+f 2HOBr (R11)

HOBr is such a strong oxidant and reactive species that it will
be rapidly reduced in a subsequent two-electron reduction to
produce more bromide (reaction R9). The well-known rapid rate
of reaction R1133 can allow us to generate a plausible mecha-
nism that does not involve HBrO2 as a major oxidizing species.
The initial stages of the reaction, culminating with the observed
sigmoidal decay consumption of DMAIMSA, involve the
accumulation of bromide. One mol of bromide in reaction R10
ultimately produces 2 mol of bromide from the subsequent
reduction of HBrO2 and HOBr.

If R9 and R11 are both faster than R7 and R10, it is expected
that a combination of these reactions 3R9 + R10 + R11 will
be autocatalytic in bromide production:

BrO3
-+ 2Br-+ 6H++ 6e-f 3Br-+ 3H2O (R12)

There have been suggestions that the bromate species is
extremely inert and that bromate oxidations are initiated by trace
amounts of bromide ions that are contained in most bromate
solutions, irrespective of how pure they are. These trace bromide
ions would initiate R10, delivering the same autocatalytic build-
up of bromide ions and offering the same sigmoidal decay
kinetics. While the mechanistic basis of such an assertion is
plausible, we found that these trace bromide concentrations are
insufficient to support the observed rate of reaction. Using a
specific bromide electrode, a standard 0.02 M sodium bromate
solution made from reagent grade sodium bromate (Fisher)
contains ∼5.0 × 10-6 M sodium bromide as an impurity.27 A
rough calculation, using the well-known kinetics constants for
oxybromine reactions, produces reaction rates and induction
periods an order of magnitude slower that our experimental
observations. Although this pathway exists, it is not the sole
pathway by which bromide is autocatalytically produced.

Formation of Bromine. The major pathway to the formation
of bromine involves the reaction of HOBr with bromide ions36

HOBr+ Br-+ H+hBr2+ H2O (R13)

Since the direct oxidation of DMAIMSA by bromine is fast
(Figure 7), bromine formed in R13 should not accumulate, and
the induction period should persist until all DMAIMSA and its
metabolites in the reaction medium are consumed. The rate of
formation of bromine at the end of the induction period,
therefore, depends on available excess bromate, bromide, and
acid concentrations (as observed in Figures 4a, 5b, and 3a,

respectively). The final concentration of bromine produced, as
well as the rate of its formation, was found to be directly
proportional to the concentration of bromide ions produced in
the stoichiometry of R1 and thus was directly proportional to
the initial concentration of DMAIMSA in excess bromate
conditions (Figure 5a).

Oxidation of DMAIMSA. The oxidation of DMAIMSA can
be effected by the various oxybromine and bromine species
produced in solution. By invoking rapid reaction R11, we can
assume that DMAIMSA is oxidized predominantly by HOBr
and Br2(aq). The autocatalytic oxidation rate of DMAIMSA is
directly linked to the autocatalytic bromide production (com-
posite reaction R12), which is a prerequisite for the production
of the reactive oxidizing species, HOBr and Br2(aq). Both of
these oxidizing species are two-electron oxidants, and it would
be reasonable to assume that they should both oxidize DMAIM-
SA to the corresponding sulfonic acid, DMAIMSOA, as in R14:

Br2/HOBr+NHCH3(dNCH3)CSO2H (+

H2O)fNHCH3(dNCH3)CSO3H+ 2Br-/Br-+2H+/H+

(R14)

Further oxidation of NHCH3(dNCH3)CSO3H should yield the
end product, sulfate, and dimethylurea

NHCH3(dNCH3)CSO2H+ 2H2OfCO(NHCH3)2+

SO4
2-+ 4H++ 2e- (R15)

We, however, synthesized DMAIMSOA specifically for the
purposes of proving the existence of and determining the rate
of R14 and R15. The direct oxidation of DMAIMSOA by
bromine was very slow even in conditions of excess bromine,
while that of DMAIMSA was extremely fast at almost identical
conditions (see Figure 8). Figure 8 shows that DMAIMSOA is
inert to oxidation and that aqueous bromine solutions maintained
their titer even after 1000 s while DMAIMSA was rapidly
oxidized by aqueous bromine within milliseconds. DMAIMSOA
solutions, left overnight (aged), showed a little more reactivity
than freshly prepared solutions. In acidic media, however, even
aged DMAIMSOA solutions were inert to further oxidation to
DMU.1,37 The observed reactivity with aged solutions suggests
that DMAIMSOA only further reacts after an initial irreversible

Figure 8. Traces showing the difference in direct oxidation of
DMAIMSA and DMAIMSOA by bromine. The oxidation of DMAIM-
SOA is relatively inert (trace a) when compared to that of DMAIMSA
(trace b). [Br2]o ) 3.6 × 10-3 M (a) and [DMAIMSOA]o ) 0.05 M
and (b) [DMAIMSA]o ) 0.03 M.
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slow hydrolysis to yield DMU and bisulfite (R16), with further
oxidation of bisulfite by either Br2 and HOBr (R17) being so
fast to the extent of diffusion-controlled rates38

NHCH3(dNCH3)CSO3H+ H2OfCO(NHCH3)2 +

H++ HSO3
- (R16)

HOBr+ HSO3
-fBr-+ HSO4

-+ H+ (R17)

One also can assume that an initial hydrolysis of DMAIMSA
to yield the sulfoxylate anion (R18) could be the major oxidation
pathway that avoids passing through DMAIMSOA

NHCH3(dNCH3)CSO2H+ H2OfCO(NHCH3)2+ H++

HSO2
- (R18)

The sulfoxylate anion is known to produce the sulfoxylate anion
radical in aerobic conditions, which is a precursor to dithionite39

HSO2
-+ O2f SO2

· -+ H++ O2
· - (R19)

2SO2
· -h S2O4

2- (R20)

Dithionite is well-known by its signature absorbance at 315
nm. Some of our previous work showed the formation of
dithionite in alkaline aerobic conditions of DMAIMSA.3,39 No
dithionite was detected at the acidic conditions used for the
present study, suggesting that R18 is a minor or negligible
pathway. Acidic solutions of DMAIMSA maintained their titer
(just like DMAIMSOA) for hours, while alkaline DMAIMSA
solutions rapidly decomposed.1 The rapid rate of oxidation of
DMAIMSA excludes the slow hydrolysis R18.

One remarkable feature of the C-S bond of DMAIMSA, at
0.188 nm,1,3 is that it is much longer than the theoretical
prediction40 of 0.179 nm if one just adds the covalent radii of
the two atoms. The same feature was observed in other
aminosulfinic acids.40 The length of this bond suggests that it
is very weak and easily cleaved by an attack on the positively
disposed carbon atom by even the weakest mucleophiles such
as water. The weakness of this bond has been used in the textile
industry since the oxidation of aminoiminomethanesulfinic acid
is used as a radical species generator after homolytic cleavage
of the C-S bond. It also was used in the synthesis of guanidines
by displacing the sulfur leaving group and forming a CdN
bond.41 Hence, we postulate that the major oxidation pathway
of DMAIMSA is its direct oxidation straight to DMU and
bisulfite, without passing through DMAIMSOA. The weakness
of the C-S bond makes this possible.

NHCH3(dNCH3)CSO2H+ 2H2O+

Br2(aq)fCO(NHCH3)2 + 3H++ HSO3
-+ 2Br- (R21)

Further oxidation of the bisulfite should be facile, as in R17.

Br2(aq)+ HSO3
-+ H2OfHSO4

-+ 2Br-+ 2H+

(R22)

The diffusion-controlled rate of reaction in the bromine-
DMAIMSA reaction, which our stopped-flow spectrophotometer
could not characterize, is R21 and not the hydrolysis of R18
followed by oxidation of the sulfoxylate anion nor its oxidation
to DMAIMSOA (R14). We estimate, from the direct oxidation
of DMAIMSA, that the bimolecular rate constant for its
oxidation by aqueous bromine has a lower limit of 5.5 ( 1.5 ×
104 M-1 s-1. The analogous reaction R21 of oxidation of

DMAIMSA by HOBr, which in this case is an oxygen transfer,
should be equally rapid

NHCH3(dNCH3)CSO2H + HOBr + H2Of

CO(NHCH3)2 + HSO3
- + 2H+ + Br- (R23)

Computer Simulations. The mechanism used for simulations
was not exhaustive and considered only those reactions that were
relevant in the highly acidic medium employed for the series
of experiments profiled in this manuscript. A very different
mechanism would be more relevant in basic media, but this
basic medium would not support bromate oxidations that are
only viable in acidic media. The mechanism profiled in Table
1 can be broken down into three distinct groups. The first group,
M1-M6, is the group of standard oxybromine and bromine
reactions whose rate constants and general kinetics parameters
are known from literature values.30,31 The second group,
M7-M10, involves the initiation and oxidation reactions of the
substrate by oxybromine species. These reactions are considered
to be irreversible. The last group of reactions, M12-M15,
represents the rapid oxidations of sulfur leaving groups by
aqueous bromine and hypobromous acid. One lone reaction is
M11, which represents the hydrolysis of DMAIMSA to the
sulfoxylate anion. This was included because DMAIMSA is
known to give dithionite in aerobic solutions and the precursor
to dithionite is the SO2

2- leaving group in M11.1

Table 2 shows a set of reactions that were excluded from the
mechanism based on experimental data. M16 is a two-electron
oxidation of DMAIMSA that yields DMAIMSOA. This reaction
was excluded because the DMAIMSOA we synthesized showed
no reactivity and was extremely inert in acidic solutions. The
subsequent reaction M17 is a hydrolysis reaction comparable
to M11, yielding bisulfite. This reaction is facile in basic

TABLE 1: Model Used for Computer Simulations

number reaction kf; kr

M1 BrO3
- + 2H+ + Br - h

HBrO2 + HOBr
2.1; 1.0 × 104

M2 HBrO2 + Br - + H+ h
2HOBr

2.0 × 109; 2.0 × 10-5

M3 HOBr + Br - + H+ h Br2 +
H2O

8.9 × 109; 110

M4 2HBrO2 h BrO3
- + HOBr +

H+
4.0 × 107; 2.0 × 10-10

M5 H+ + BrO3
- h HBrO3 1.00 × 108; 4.00 × 107

M6 Br2 + Br- h Br3
- 1.50 × 109; 8.8 × 107

M7 HBrO3 + DMAIMSA + H+

+ (H2O) f HBrO2 + DMU
+ HSO3

- + H+

1.15 × 102

M8 HBrO2 + DMAIMSA +
(H2O) f HOBr + DMU +
HSO3

- + H+

1.0 × 103

M9 HOBr + DMAIMSA + H2O
f Br - + DMU + HSO3

-

+ 2H+

5.0 × 106

M10 Br2 + DMAIMSA + H2Of
Br - + DMU + HSO3

- +
2H+

1.0 × 105

M11 DMAIMSA + H2O f DMU
+ HSO2

- + H+
2.0 × 10-2

M12 Br2 + HSO2
- + H2O f 2Br

- + HSO3
- + 2H+

2.5 × 106

M13 HOBr + HSO2
- f Br - +

HSO3
- + H+

5.0 × 106

M14 Br2 + HSO3
- + H2O f 2Br

- + SO4
2- + 3H+

1.0 × 105

M15 HOBr + HSO3
- f Br - +

SO4
2- + 2H+

1.0 × 105
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environments and would be insignificant in the environment of
interest in this manuscript. Even though M16 and M17 could
have been included in Table 1, we would have had to give them
vanishingly low rate constants. Reactions M18 and M19 are
the reactions that would have been utilized to explain the
inertness of both DMAIMSA and DMAIMSOA in acidic
environments. They involve the protonation of zwitterions in
acidic medium, rendering them inert to electrophilic attack. The
equilibrium constants used for these reactions would not have
any thermodynamic significance. They would only be useful to
quantify the effect of acid in stabilizing the DMAIMSA and
DMAIMSOA zwitterions in acidic media. Since they are
protolytic reactions, they are very fast (in both directions) and
would stiffen and slow down the simulations considerably,
without any improvement in the subsequent precision of the
calculations.

Simulations could be simplified by assuming that acid
concentrations were buffered throughout the lifetime of the
reaction. Acid, in all experimental data shown in this manuscript,
was in overwhelming excess and did not vary much during the
course of the reaction. Thus, effectively, reactions M2 and M3
were essentially bimolecular, with apparent rate constants that
involved a product standard rate constants multiplied by the
(constant) acid concentrations. Even without this stipulation,
simulating the temporal variation of acid concentrations showed
no activity. The buffering of acid concentrations only served
to simplify the model.

There were not that many rate constants that could be
estimated or varied. For example, the kinetics parameters used
in reactions M1-M4 were fixed by literature values. Reaction
M5, being a protolytic reaction, was assumed to be diffusion-
controlled. The forward and reverse rate constants adopted,
however, did not alter the simulations results for as long as they
were fast (in both directions). The important parameter for the
reaction was the acid dissociation constant adopted for bromic
acid. There have been several studies on the acid dissociation
constant of bromic acid, with widely varying values given.32

We estimate that bromic acid concentrations become significant
in pH conditions lower than 2, which encompasses all the
experimental results shown here. We adopted an acid dissocia-
tion constant for bromic acid as 2.5, and this controlled the ratio
of the forward and reverse rate constants for reaction M5. Raman
spectroscopy data gave an association rate constant between H+

and BrO3
- of 2.6 × 1011 M-1 s-1.42 We could use a lower value

(computationally less stiff) for as long as the pKa value was
maintained. Oxidation rates of bisulfite by oxyhalogens were
studied by Margerum et al., and all rate constants used for
reactions M12-M15 were estimated from their work.38,43,44

However, any values, for as long as they were fast, were
acceptable for our model. In the adopted highly acidic condi-
tions, very little hydrolysis of DMAIMSA occurred as in M11,
and a very low rate constant was adopted. Further research is

needed for the derivation of a reasonable hydrolysis rate constant
for M11, which is known to be heavily dependent on pH. The
most important reaction in the model was the initiation reaction
M7. The adopted value controlled the induction period as well
as the rate of bromine formation after the induction period.
Reaction M6 was added to account for possible retardation of
the reaction by the addition of bromide to form a relatively inert
electrolyte, Br3

-. The adopted rate constants were derived from
the work of Ruasse et al.28 Since no retardation was observed
by the addition of bromide, we surmise that the reaction of
tribromide is equally fast, and so reaction M6 was deactivated
for the final simulations results shown in Figure 9a,b.

Figure 9a shows a good fit of the simulations to experimental
data using the simplified mechanism shown in Table 1. This
mechanism was able to simulate the induction period and
bromine formation. The model also satisfactorily reproduces the
effect of acid on induction period and rate of formation of
bromine at the end of the induction period as shown in Figure

TABLE 2: Reactions Excluded from the Simulations
Mechanism

number reaction kf; kr

M16 HBrO3 + DMAIMSA + H+

f HBrO2 + DMAIMSOA
+ H+

M17 DMAIMSOA + H2O f DMU
+ HSO3

- + H+
2.0 × 10-2

M18 H+ + DMAIMSA h
[ZW-DMAIMSA]+

fast; both ways

M19 H+ + DMAIMSOA h
[ZW-DMAIMSOA]+

fast; both ways

Figure 9. (a) Computer modeling using the reaction mechanism shown
in Table 1. Reaction conditions are the same as those in Figure 3a
(traces b and c). [DMAIMSA]o ) 0.005 M, [BrO3

-]o ) 0.03 M, and
[H+]o ) (a) 0.125 M and (b) 0.150 M. (b) Modeling of some of the
species involved in the DMAIMSA-bromate reaction. The concentra-
tion of these species could not be followed experimentally. Conditions
are the same as those in Figure 9a. This model predicts that the
consumption of DMAIMSA and its possible intermediate is necessary
before bromine begins to accumulate. Bromide concentration rises to
the maximum before it begins to decrease, and the rate of bromide
consumption seems to be proportional to the rate of bromine formation
from bromate.
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3a (traces b and c). Figure 9b shows the concentration variations
of some intermediate species that could not be experimentally
determined.

Conclusion

Even though acidic bromate and bromine are very strong
oxidizing agents, they do not oxidize DMAIMSA through
DMAIMSOA. DMAIMSOA is very stable to further oxidation,
even in the presence of these strong oxidants. Since the
stoichiometric equivalent was attained rapidly (within 20 s), it
is reasonable to conclude that the cleavage of the C-S bond
occurs at the sulfinic acid stage. This assertion is also verified
by the abnormally long C-S bond in DMAIMSA.
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