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This article reports on the kinetics and mechanism of oxidation of the biologically active molecule
guanylthiourea (GTU) by acidic bromate. This was a follow-up of a previous study in which mild oxidizing
agents acidic iodate and molecular iodine oxidized GTU to a ring-cyclized product: 3,5-diamino-1,2,4-
thiadiazole. In contrast, acidic bromate and molecular bromine, as stronger oxidizing agents, were able to
oxidize GTU all the way to a complete desulfurization to yield guanylurea. No N-bromination was observed
on any of the amino groups on guanylurea. The stoichiometry of the reaction was deduced to pe-4BrO
3H,N(=NH)CNH(C=S)NH, + 3H,O — 4Br~ + 3H,N(=NH)CNH(C=0)NH, + 3SQ?~ + 6H". In excess
bromate conditions in which the ratio of oxidant to reduct@nt [BrO3; ]o/[GTU]o > 1.6, the stoichiometry

of the reaction was 8Br9 + 5H,N(=NH)CNH(C=S)NH, + H,O — 4Br,(aq) + 5H,N(=NH)CNH(C=

O)NH, + 5SQ72  + 2H"'. The direct reaction of aqueous bromine with GTU was extremely fast with an
estimated lower limit bimolecular rate constant of 8.2 x 10* M~ s™%. This rapid reaction with bromine
produced reaction dynamics which involved bromine formation after a short induction period which was
determined by the time it took for the complete oxidation of GTU and its oxidation intermediates. The
mechanism of the reaction involved the initial formation of the ring-cyclized 3,5-diamino-1,2,4-thiadiazole
which was later successively oxidized through the sulfoxide and sulfone, followed by the opening of the ring
to yield sulfate and guanylurea. All the observed global reaction dynamics were satisfactorily modeled by a
simple mechanism involving 14 elementary reactions.

Introduction diamino-1,2,4-thiadiazole. There was no further oxidation past
this product. The global dynamics of the reaction appeared to

Guanylthiourea, GTU, is an important biological and indus- be iodide-controlled, with iodide playing a pivotal role in the

NH S induction periods observed from clock reaction behavior, amount
of transient iodine formed, as well as rate of consumption of
iodine at the end of the reaction in excess reductant conditions.

HoN H NH, Previous studies of the oxidation of GTU by the biological

oxidant HO, had also shown a wide range of products with
the ring-cyclized product dominating.

We report in this article on the oxidation mechanism of GTU
by acidic bromate. The use of bromate, which is a stronger
f oxidizing agent than iodate, was to determine if the oxidation

of GTU could go past the ring-cyclized product, and what other
oxidation products are possible. Of interest was whether the
| sulfinic and sulfonic acids could be isolated and further studied.

It is still our assertion that the-€S bond is easier to cleave at
f the sulfinic and sulfonic acid stages of oxidation of a thiocar-
bamidé® and that this cleavage brings with it inadvertent toxicity
by the formation of reactive oxygen speciés!®

guanylthiourea

trial molecule. Its special structure enables it to be used in the
synthesis of anion-caged supermolecular compodads it is
also one of the most important accelerators in vulcanization o
natural rubbe®7 In medicine, it is used as a stimulator of
intestinal peristalsfsand S-allyl-guanylthiourea has been in-
vestigated as a possible immunostimulant and tumor cel
inhibitor.21°

The general conjecture is that physiological effects o
bioactive thiocarbamides, such as GTU, are effected by their
metabolites rather than the intact molecules themséhEke
only possible metabolites of thiocarbamides are the thiyl
radicals, possible dimers, and the series of oxoacids that are
formed upon oxidation of the sulfur cenf@rOur laboratory ReagentsDistilled deionized water was used for preparation
recently embarked on a series of studies aimed at unravelingof all stock solutions (Barnstead Sybron Corp. water purification
S-oxygenation mechanisms and possible metabolites of severalinit). Inductively-coupled plasma mass spectrometry, ICPMS,
bioactive organosulfur compoun#sThe oxidation of GTU by was used to evaluate concentrations of metal ions in the reagent
acidic iodate was recently studied in our laboratotfe¥he water. ICPMS results showed negligible amourt®.(l ppb)
reaction dynamics surprisingly delivered exotic behavior that of copper, iron, and silver ions with approximately 1.5 ppb of
was characterized by clock reaction characteristics and oli- cadmium and 0.43 ppb of lead as the highest metal ion
gooscillatory formation of iodine in conditions of both excess concentrations. No discernible differences in kinetics data were
oxidant and excess reductant. The oxidation product was a ring-obtained between experiments run with chelators (EDTA,
cyclized product of GTU after a two-electron oxidation: 3,5- deferroxamine) and those run without, and so all experiments
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were carried out without the use of chelators. The following a 10
reagents were used without further purification: guanylthiourea,
97% (Acros), sodium bromate (Aldrich), sodium bromide,
sodium perchlorate, and perchloric acid (70%) (Fisher). Standard
bromine solutions were prepared by diluting liquid bromine
under a strong fume hood and standardizing it by adding excessg g -
iodide which was then titrated against sodium thiosulfate with §
starch indicator. This standardization was utilized to evaluateg
an absorptivity coefficient of 142 M cm™ for aqueous <
bromine at 390 nm. Bromine solutions were standardized every
day before use. Stock solutions of GTU were also prepared fresh
daily and protected from light by covering with aluminum foil
and storing in the dark.

Methods. Reactions were run at a constant ionic strength of ¢4
1.0 M by adding the required amount of sodium perchlorate. 200
The reaction temperature was maintained a#28.5 °C using Wavelength (nm)
a Neslab RTE 101 thermostat bath. The kinetics of the two
reaction systems studied, BfO-GTU and Bg—GTU, were
followed on a Hi-Tech Scientific Double-Mixing SF61-DX2
stopped-flow spectrophotometer. Digitization and amplifying 8o
were done via an Omega Engineering DAS-50/1 16-bit A/D
board interfaced to a Pentium IV computer. Sodium bromate, g
perchloric acid, and sodium perchlorate were premixed in one ND
vessel at double the reactor concentrations as one of the reageng,
solutions, with the other solution containing only GTU.

Stoichiometric Determinations. Stoichiometric determina-
tion of the bromate GTU reaction was performed both in excess
BrO;~ and in excess GTU. In the former case, the total oxidizing 2or
power of the product solution (BiD + Bry) was determined
by titration. Excess acidified iodide was added to the reaction 0 . . . )
solution, and the released iodine was titrated against standard 0.006 0.008 0.010 0.012 0.014 0.016
thiosulfate. Sulfate was qualitatively tested and quantitatively [BrO,1 (M)
determined as a barium sulfate precipitate. Bromine formed in
excess Br@ was also determined separately by its absorbance Figur_e 1. (a) S_pectral scan for st_oichiometric_ analysis (of pr(_)duct
at 390 nm ¢ = 142 M1 cm™1). The stoichiometry of the direct solutions) showing the accumulation of bromine at 390 nm in the
Br,—GTU reaction was determined spectrophotometrically and bromate oxidation of GTU. In stoichiometric excess of GTU @

2 2 . . P : P . y there is no bromine formation, but fé& = [BrOs]o/[GTU], >1.333
by titration. Standardized bromine solution was titrated from a (g—f) promine is formed as one of the final products. [G§&]0.005
buret into a GTU solution of known strength. The end point of M; [H*], = 0.25 M; [BrOs]o = (a) 0.001, (b) 0.004, (c) 0.005, (d)
the titration could be detected as the point where the bromine 0.007, (e) 0.008, (f) 0.015 M. (b) Titration results for the experiments
color lingers. This end point could also be enhanced by starch shown in panel a. For a constant GTU concentration of 0.005 M, the

indicator spiked with micromolar concentrations of iodide ions intercept on the [Br@7] axis is 0.00667 M. This intercept represents
from the preservative Hgk the maximum amount of bromate tolerated by the reaction system before

permanent bromine production is observed. This will fall on stoichi-
ometry R1 which gives a ratio of 4/3.

0.4 1

40

Vol of S

Results

Reaction Dynamics.The bromate-GTU reaction represents  at 390 nm, for the presence of bromine. Figure 1a shows six
a typical clock reaction in which initially there is a quiescent such experiments. The only solutions which showed bromine
period in which the reaction shows no activity in the primary formation were those in which the oxidant to reductant raio,
indicators of redox potential and absorbance changes at 390= [BrOs~]¢/[GTU]o, was greater than 1.333. Larger ratios gave
nm. After an induction period whose length is determined by higher final bromine concentrations until they reached a
the initial reagent conditions, there is a sudden formation of maximum at approximatelg = 1.60. These solutions were also
aqueous bromine and a rapid increase in the redox potentialfurther analyzed for excess oxidizing power: ([BrQ, +
which is dominated by the 1.08 V of the bromine/bromide [Br;].) by the standard iodometric techniques, and a plot of
couple. GTU has an isolated absorbance peak at 266 nmthiosulfate volume required vs initial bromate concentrations
(absorptivity coefficient, 1.13x 10* Mt cm™?), and if the was created (Figure 1b). The idea behind such a plot was to
reaction is monitored at this wavelength, an initially slow quantify the amount of bromate left after reaction with a fixed
sigmoidal decay in the absorbance reading is observed, everamount of GTU. This would aid in evaluating the stoichiometry
during the induction period when there is no activity at 390 of the reaction just before the formation of bromine. The
nm. Clock behavior only occurs when bromate concentrations conjecture is that formation of bromine would result from the
are in large stoichiometric excess over GTU. reaction of excess bromate with the bromide product obtained

Stoichiometry and Product Determination. The observed from the reduction of bromate. Thus, in the absence of a
clock behavior does suggest the possibility of more than one stoichiometric excess of bromate, the reaction would not
stoichiometry. Several reaction solutions with varying ratios of “clock”. If the reaction of bromine with GTU is fast, then this
bromate to GTU were prepared and allowed to sit for periods clocking would be very sharp and can be used as an indicator
of up to 24 h. They were then analyzed spectrophotometrically, for complete consumption of GTU. The exact molarity and
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strength of the thiosulfate solution used in the data shown in @ os

Figure 1b are not important. What is important are the moles
of bromate (for fixed GTU concentrations) that will deliver zero
titer in thiosulfate (obtained by extrapolation to the bromate 06 4
concentration axis). This will give the exact number of moles £
of bromate needed to just completely oxidize GTU with no &
bromate left over to form bromine with the bromide product. ® f
In the plot shown in Figure 1b, the strength of the GTU solution 8 041 g b a
used was constant in all experiments as 0.005 M. Titration 8
results show that no excess oxidizing power is available when 2
[BrOs7]o = 0.00667 M (intercept on the bromate concentration < 02+
axis). This simplifies to a 4:3 ratio with a stoichiometric reaction
of
0.0 f T T
4BrO; + 3H,N(=NH)CNH(C=S)NH, + 3H,0 — 0 100 200 300 400

4Br~ + 3H,N(=NH)CNH(C=O)NH, + 3SQ" + 6H" Time (s)
(Rl) b 0.012

with the major oxidation product being guanylurea. Reagent 0.010 7
grade guanylurea (sulfate salt) gave a UV spectrum that was
identical to the one obtained from the product solution in 0.008 -
stoichiometry R1. Proton NMR and carbon-13 spectra of the -
product solution (in DCI) were identical to those obtained from
literature for guanylurea. Gravimetric analysis of sulfate as
BaSQ gave a 1:1 ratio of GTU to sulfate formed within 95% 0.004
of that expected from R1. Qualitative tests for ammonium ions,
which are possible hydrolysis products of guanylurea, were
negative. In excess bromate conditions, the bromide product in
stoichiometry R1 reacted with bromate to produce aqueous
bromine2°

)

0.006

g (s

0.002 4

0.000 T T T T T
0.01 0.02 0.03 0.04 0.05
[BrO, ], (M)

Figure 2. (a) Effect of [BrQ;~] variation at constant [, and [GTU}

. _ . showing a finite and measurable induction period before formation of
The overall reaction stoichiometry in excess bromate was thus .o ine. For as long & > 1.600, the final moles of bromine formed

a linear combination of stoichiometries R1 and R2 to eliminate s jnvariant with changes in bromate and acid. [GTE] 0.005 M;

BrO, -+ 5Br +6H" — 3Br,(aq)+ 3H,0 (R2)

bromide; 5R1+ 4R2: [H*]o = 0.5 M; [BrOs7]o = (&) 0.025, (b) 0.030, (c) 0.035, (d) 0.040,
(e) 0.045, (f) 0.050 M. (b) Linear plot of reciprocal induction time vs
8BrO;,” + 5H,N(=NH)CNH(C=S)NH, + H,0 — [BrO37]o for data shown in panel a. The amount of initial bromate

concentration indicated by the [B§Qo axis intercept is also equivalent
4Br,(aq)+ 5H,N(=NH)CNH(C=0)NH, + 5897 + 2H" to stoichiometry R1.
(R3) and that the period taken before formation of bromine is
A complementary test for stoichiometry R3 was the absor- inversely proportional to the initial bromate concentrations to
bance of aqueous bromine at 390 nm. In high excess of bromatethe first power. This is shown in Figure 2b where the intercept
[BrOs ]o/[GTU]o > 10, the amount of bromine obtained was observed on the [Br@]o axis of 0.0066 M gives the exact
proportional to the initial concentrations of GTU (see Figures amount of bromate needed to attain stoichiometry R1 without
2a, 3a, and 4a). Experimental data showed that the amount offormation of bromine from excess bromate. Since the initial
aqueous bromine produced was approximately 80% in moles GTU concentrations used for data shown in Figure 2b were fixed
compared to initial GTU concentrations, which is the stoichi- at 0.005 M, this plot also confirms the 4:3 stoichiometry. Figure
ometry reflected in R3. Titrimetric and spectrophotometric 3a shows data collected at varying acid concentrations. The
techniques established that the stoichiometry of the direet Br  induction period is now inversely proportional to the square of
GTU reaction was 4:1: the acid concentrations as a plot of induction period vs inverse
acid concentration squared gives a straight line (Figure 3b).
4Bry(aq)+ H,N(=NH)CNH(C=S)NH, + 5H,0 — Linearity in this plot is maintained for a wide range of acid
8Br 4+ SO2 + H,N(=NH)CNH(C=0)NH, + 10H" concentrations with a saturation attained only at very high acid
(R4) concentrations which we could not attain in this study due to
the ionic strength requirements set for the whole study. The
Kinetics Data. The reaction displayed all the normal reaction reacted differently to GTU concentrations depending
characteristics of an organosulfunxybromine reaction witha ~ upon the ratio of oxidant to reductant. Figure 4a shows that in
delayed production of bromine after an induction pefibd. high excess of bromate, the induction period does not change
Figure 2a shows a series of experiments carried out with varying with variations in GTU concentratiorf$;what changes is the
initial bromate concentrations while keeping all other parameters rate and amount of bromine formed according to stoichiometry
invariant. The data show that in high excess of bromate, the R3. At low oxidant to reductant ratios, 1.333R < 4.00, the
amount of bromine formed is invariant (see stoichiometry R3), induction period lengthens with increasing [GW$ee Figure
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Figure 3. (a) For reactions run in excess bromate, an increase fih [H _Flgure_ 4. (a)_GdTUHyaglatlc();nTB excess oxidant s_howa_nk(]) change |nf
strongly catalyzes the reaction by reducing the induction period and 'nauction period. Higher concentrations give higher rates o

increasing the rate of formation of bromine at the end of this induction Promine production as well as higher final concentrations of bromine
period atR = 10. [GTU] = 0.003 M: [BrOs Jo = 0.03 M; [H"]o = at the end of the reaction. In all the traces shown in this figRre,

(a) 0.50, (b) 0.56, () 0.63, (d) 0.69, (€) 0.75, (f) 0.81 M. Two of these 1.6 and hence the variation of bromine concentrations formed with

traces (a,e) were simulated, and the results are shown in Figure 9. (a)GTU' [BrOsJo = 0.03 M; [H']o = 0.5 M; [GTU], = (a) 0.003, (b)

Plot showing the linear dependence of induction time on the reciprocal 0-0035: (¢) 0.0045, (d) 0.005 M. (b) Traces showing the effect of
of [H*]2 for data shown in panel a. This strong squared dependency Y&rYing GTU close to the stoichiometric point. Initially the absorbance

on acid suggests domination of the standard oxvbromine kinetics. increases (traces a and b), butRaapproaches 1.333 (_trac_e e) it starts
10 sugg natt Xy ! netl to decrease. FAR < 1.333 (traces f and g), no bromine is produced.

[BrOs o = 0.007 M; [H']o = 0.875 M; [GTU} = (a) 0.0025, (b)

4b). As the induction period lengthens, the amount of bromine 0.0040, (c) 0.0045, (d) 0.0050, (e) 0.00525, (f) 0.006, (g) 0.007 M.

formed also increases unfl = 1.600 at which point further
increases in [GTY] will not show any further increase in  all its possible intermediates are so rapid that no bromine
amount of bromine formed (stoichiometry R3). formation occurs until they are all consumed since the end of
Data Collected at 266 nm.We utilized the sharp isolated the induction period coincides with the end of absorbance
absorbance peak of GTU at 266 nm to follow the initial rate of activity at 266 nm. This, however, makes the identification of
consumption of GTU. Guanylurea and an as-yet-unidentified the transient intermediate shown in Figure 5a more difficult.
intermediate also absorb at this peak, and thus, for kinetics data Nature of the Intermediate Species at 266 nmTraces of
collection only the initial 5% of the reaction was considered. the type shown in Figure 5a were studied by the rapid-scan
Figure 5a shows traces at 266 nm with an initial decay in the technique. Figure 6a shows a series of spectral scans taken every
absorbance followed by a transient increase due to the ac-minute up to the point where the decrease in absorbance at 266
cumulation of an intermediate and then a monotonic decay to nm stops and the transient increase in absorbance is observed.
form guanylurea and sulfate. An evaluation of dependence of This spectrum also shows a monotonic increase in the peak at
initial rates with acid concentrations gave neither first-order nor 248 nm. A continuation of these spectral scans shown in Figure
second-order dependence at these high acid concentrations bub indicates that the observed increase in absorbance is due to
clearly gave second-order kinetics with respect to acid concen-a species that has an absorption peak at 260 nm but also has a
trations for lower acid concentrations ranging from 0.30 to 0.60 reasonably high absorbance at the absorption wavelength of 266
M. Initial rates, however, were found to be directly proportional nm. This peak later decays to give the UV spectrum of the
to bromate concentrations for all ranges of bromate concentra-product guanylurea. While the tribromide species does absorb
tions studied. Figure 5b superimposes two sets of absorbanceconsiderably at 260 nm, the overall observed UV/vis spectrum
traces at the same initial concentrations, with one at 266 nm did not match with that of a mixture of aqueous bromine in 1.0
(GTU depletion) and the other at 390 nm (bromine formation). M NaBr. Data in Figure 5b also show that no tribromide species
These data show that the reactions of bromine with GTU and should exist during the formation of this intermediate since
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Figure 5. (a) Absorbance traces showing the effect of increasing acid ' _
concentration on the consumption of guanylthiourea. Bi©= 0.007 124 7
M; [GTU]o = 1.0 x 107* M; [H*]o = (a) 0.5, (b) 0.55, (c) 0.65, (d)
0.70, (e) 0.75 M. The transient peaks observed are derived from the 1.0 4
equilibrium between the folded and straight-chain guanylthiourea sulfur g
oxo-acid intermediates. (b) Traces showing the superimposition of E 0.8 -
absorbance traces taken at 266 nm (a, solid line) and at 390 nm (b, 5
dashed line). The trace followed in experiment f in panel a. This figure 2 06
shows that the transient intermediate formed is not front Bince
formation of bromine only commences after this transient intermediate 044
is completely consumed.
0.2 A
bromine formation only commences after the total consumption 00 SN
of GTU and its oxidation intermediates. The intermediate species 200 220 240 260 280 300 320 340
formed, then, can be deduced to arise from the transformation Wavelength(nm)

between the cyclized and open-chain versions of guanylthiourea . . .

. . R . W in its 1 of Guanyl Thiourea(GTU).
o>§|dat|on metabolite sulfone (step d in pathway B). To prove [GTU)=1x10*M; [Br =a)0; b) 5x 10° M ;) 1 x 10° M d) 2 x 10° M;
this fact, two further sets of experiments were performed. The
first one involved the use of the rapid-scan technique for the
oxidation of GTU by iodate for which mass spectrometry had A -

Iread tablished th lized 3 5-diamino-1.2 4-thiadi | shown in Figure 5a. This figure shows the appearance of the spectra
already es_ ablishe e cy(_: ized 3, - lamino-1,2,4-thia Iazoeupto the point where the absorbance at 266 nm starts to increase (this
as the major product. The final UV/vis spectrum observed was could be equivalent to the first 100 s of trace f in Figure 5a. Notice
identical to that observed for the intermediate species (Figure that as soon as the reaction commences the absorption peak changes
6a,b). The second set of experiments involved the reaction of from 266 to 260 nm. (b) The latter stages of the same trace shown in

: . ; panel a. In this figure there is a monotonic decrease in the peak at 260
GTU with carefully measured equivalents of aqueous bromine. nm. This transient spectrum that decays is identical to that obtained

The series of the final spectra obtained is shown in Figure 6¢. o the product of the iodateTU reaction which was confirmed to the
This set of experiments shows that although GTU has a peakring-cyclized 3,5-diamino-1,2,4-thiadiazole. (c) Final spectra obtained
at 266 nm, as soon as the reaction commences, this peak shiftgvith different bromine equivalents to 1 equiv of GTU. This shows the
to 260 nm. This peak is gradually decreased by addition of more absence of any new species nor the existence of an oxo-acid intermedi-

. . . o . . ate that absorbs radically differently from the others to justify the
equivalents of bromine until at the stoichiometric point of 4 transient peak observed in Figure 5a. The different bromine equivalents

equiv to 1 equiv of GTU, this peak vanishes to give way to the consume, spectrophotometrically, the correct amounts of GTU based
spectrum of guanylurea. The transient formation of this peak is on stoichiometry R4.

e)3x10°M;H4x10°M;:g)5x 10" M

Figure 6. (a) Rapid-scan spectra taken evéxr s of atypical trace
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Figure 8. Absorbance traces for the rapid diffusion-controlled reaction

o

086 between GTU and Brshowing the effect of progressively increasing
£ 084 bromine concentration. Simple absorbance calculations for all traces
é show that the stopped-flow technique cannot catch the consumption
& 0824 of the first 2 equiv of bromine for 1 equiv of GTU. [GTYE 3 x
L. 1074 M; [Br3]o = (a) 0.0015, (b) 0.003, (c) 0.0045, (d) 0.006, (e) 0.0075
é . M.
© 078
§ Reaction of Bromine and GTU. The direct reaction of
£ 0761 aqueous bromine and GTU was extremely fast, approaching
g 0.74 4 diffusion control, and was over in less than a second (see Figure
£ 8). Utilizing the data in Figure 8 shows that the Hi-Tech
g 0721 Scientific stopped-flow ensemble could not capture the con-
g 0.70 . sumption of the first two equivalents of bromine. The stopped-
068' flow ensemble could only catch the consumption of the third

00 02 04 06 08 10 12 14 18 18 equivalgnt of brgmine per one equivale'nt Qf GTU The reaction
Br1 x 10° (M was mildly inhibited by acid, but this inhibition was not
[Br], x 107 (M) sufficient to allow the monitoring of the consumption of the

Figure 7. (a) Bromide effect on the GTtbromate reaction. The effect  first two equivalents of bromine. We evaluated a lower limit
of bromide can be seen on the reduced induction period and 'ncreasedoimolecular rate constant of 755 1.2 x 10* M—1 s1 for the

final bromine concentration as initial bromide ions are increased. . P . . . .
[GTUJo = 0.005 M; [H]o = 0.5 M; [BrOsJo = 0.03 M; [Br o = (a) direct oxidation of GTU by aqueous bromine. This estimation

0, (b) 0.0002, (c) 0.0004, (d) 0.0010, (€) 0.0012, (f) 0.0016 M. (b) Plot Was derived from data in Figurg 8 where only the oxidation of
showing linear increase in maximum bromine concentrations as for the last two equivalents (stoichiometry R4) could be captured.
data shown in panel a. Maximum absorbances are as expected from @l he initial concentrations of bromine used for the calculation

combination of stoichiometries R2 R3. This proves the absence of  of the bimolecular rate constant were adjusted to account for
the formation ofN-bromamines on the amino groups of GTU and his.

guanylurea.
N . . Reaction Mechanism

not observed in this series of experiments because the spectra
shown are after a 24-h incubation period after all transients have ~The standard oxybromine-based kinetics appears to dominate
ebbed and equilibriated. The existence of a mixture of inter- the initial stages of this reaction. The data in Figures 2b, 3b,
mediates involving ring-cyclized and open-chain versions and 7a suggest that the reaction is initiated by the formation of
precluded the acquisition of a sharp carbon-13 spectrum, the reactive species HBgGind HOBrz?
resulting in only a noisy spectrum which was illegible.

Effect of Bromide. Data in Figure 7a show that bromide BrO, +Br +2H" =HBrO,+HOBr  (R5)
ions catalyze the reaction by delivering shorter induction periods.
There is a linear dependence between the inverse of theThe active oxidizing species in this mechanism would be HOBr,
induction period and bromide concentrations when bromide which, in a two-electron oxidation, would produce bromide
concentrations are lower than the initial GTU concentrations. Which is recycled in reaction R5:
This catalytic effect levels off when added bromide concentra-
tions approach and exceed GTU concentrations. Higher bromide HOBr+2e +H"—Br +H,0 (R6)
concentrations not only reduce the induction period but also
increase the rate and amount of final bromine concentrations The disproportionation of HBrPis key to establishing the
produced. Figure 7b shows that there is a linear relationship observed catalysis by bromide and the observed sigmoidal
between the maximum bromine concentrations obtained and thekinetics at 266 nm:
initial concentrations of bromide ions. This result is crucial in
proving that there is no substantial bromination of the amino HBrO, + Br + H* = 2HOBr (R7)
groups in guanylurea at the end of the reaction. The linear
relationship confirms that the increase in bromine formed is  Reaction R7 has been extensively studied and is considered
based purely on the stoichiometry of reaction R2. to be extremely rapi@ In this case, the oxidation of the
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SCHEME 1
Pathway A.
H,N(=NH)CNH(C=S)NH, - H,N(=NH)CN=(C-SOH)NH, -
(sulfenic acid)
H,N(=NH)CN=(C-SO,H)NH; - H,N(=NH)CN=(C-SO;H)NH, -
(sulfinic acid) (sulfonic acid)
HoN(=NH)CNH(C=0)NH, + SO,* (not balanced)
(guanylurea)
Pathway B. o]

H,N H,N

S
H,N(=NH)CNH(C=S)NH, _> X , [O] \( + H,0

3,5-diamino-1,2,4- thladlazole 3,5-diam1no-1,2,4-th1ad1azole sulfoxide
o} O
\S / NH (e}
HZN\( \N —_— )J\ )L
) O]
% \ /< 3 HoN N NH,
N H
NH,

guanylurea
3,5-diamino-1,2,4-thiadiazole sulfone

substrate by HBr@can be considered negligible with the bulk indistinguishable from each other. Rapid-scan techniques suggest
of the oxidation proceeding through HOBr. However, at the that the unfolding of the cyclic sulfone (step d) into a linear
beginning of the reaction, before accumulation of bromide chain sulfonic acid is responsible for the transient peak in
occurs, the oxidation by bromous acid cannot be ignored. absorbance at 266 nm observed near the end of the reaction.
Addition of R5, 3R6, and R7 will show cubic autocatalysis in This peak was not significant at 390 nm, and thus computer

bromide ions: simulations of the overall reaction scheme at 390 nm can be
effected without considering the 266 nm transient peak.
BrO;” + 2Br + 6H" +6e —3Br + 3H,0 (R8) Computer Simulations and Detailed Mechanism.In this

study, reaction dynamics similar to those displayed in Figures

Standard bromate concentrations contain approximately 10 2a, 3a, 4a,b, and 7a were modeled based on a very simple
M bromide ions which can initiate the oxidation of GTU through mechanism that relied heavily on the well-known oxybromine
reaction R5. However, it will take much longer to build up kinetics2426 The initial reaction was based on the formation of
effective concentrations of bromide and hence a sigmoidal, ever-the sulfenic acid through oxygen atom transfer from hypobro-
increasing rate of reaction is observed. The catalytic effect of mous acid:
bromide saturates when initial bromide concentrations approach
concentrations of the reducing substrate. At this point, the H,N(=NH)CNH(C=S)NH, + HOBr —
rea}ct@on kinetics Wi[l be dominated py reaction R5 fr@m 0. H,N(=NHCN=(C—SOH)NH, + Br~ + Ht (R9)

This is also according to our experimental observations.
Oxidation of GTU. Previous studies on the oxidation
mechanism of GTU by the mild oxidants iodine and acidic
iodate had produced predominantly the cyclized version of a

sulfenic acidt* Bromate oxidation proceeds to cleave the ©
bond to form sulfate and the urea analogue of GTU. There are
two possible oxidation pathways (see Scheme 1). One would +

be the standard S-oxygenation pathway that generates the sene'é'OBr +Br +H =B, +H0

of sulfur oxo-acids: sulfenic, sulfinic, and sulfonic acids Knio=8.9x 10°M?s™* (R10)
followed by the formation of sulfat& The other pathway would

involve the initial oxidation to the five-membered 3,5-diamino- Since the oxidation of GTU by aqueous bromine is very fast
1,2,4-thiadiazole. Subsequent oxidations would involve the (see Figure 8), bromine will not accumulate until all the GTU
formation of the sulfoxide and the sulfone followed by the and its subsequent oxo-acids are completely consumed (see
opening up of the ring to release sulfate and guanylurea. Figure 5b).

Our inability to obtain a clean C-13 spectrum suggests a
combination of both pathways, but data in Figure 5a,b suggestH,N(=NH)CNH(C=S)NH, + Br,(aq)+ H,0 —

that the latter mechanism is dominant. For as long as reaction - N _ +
R5 is rate-determining, both pathways would be kinetically HN(=NH)CN=(C—SOH)NH, + 2Br + 2H" (R11)

Formation of Br encourages further formation of HOBr through
reaction R7. There is a very rapid reaction, the reverse of the
disproportionation of bromine in aqueous solution which
produces brominé?
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It is irrelevant, for the modeling of the induction periods, if this includes the possible formation of N-bromamines as was
further oxidation goes through the ring-cyclized intermediates observed with tauring-30
or through the standard oxo-acids. If one assumes the mainte- A rough calculation of the shift in equilibrium of reaction
nance of the straight-chain analogues of the intermediates, weR10 shows very little difference in the [HOBr]/[Brconcentra-
would assume continuous oxidation of the GTU by either HOBr tion ratios within the range of acid concentrations used in these

or Bry all the way to sulfate. studies. Hence the slight retardation observed with acid has its
genesis from the protonation of the GTU. However, the reaction
H,N(=NH)CN=(C—SOH)NH, + Br,(aq)+ H,O0 — of the protonated GTU with either Kaqg) and with HOBr is

still close to diffusion control and cannot be captured by our
SF-DX2 stopped-flow spectrophotometer. The shortening of the
- i~ . induction period can only be attributed to the acid catalysis
HoN(=NH)CN=(C—SQ,H)NH, + Bry(aq) + H,0 resident in reaction R5. R5 will be the rate-determining step all

H,N(=NH)CN=(C—SOH)NH, + 2Br~ + 2H" (R13) throughout the duration of the reaction after the buildup of
enough bromide concentrations.

The final step involves the simultaneous oxidation of the sulfur Reaction Initiation. The initial stages of the reaction involve

H,N(=NH)CN=(C—SOH)NH, + 2Br_ + 2H" (R12)

center to sulfate and the cleavage of the SThond. the buildup of bromide concentrations. Our experimental data
confirm that even though bromide ions are catalytic, this effect
H,N(=NH)CN=(C—SO,H)NH, + Br,(aq)+ 2H,0 — quickly saturates as the initial bromide concentrations added to
o N 3 the reaction mixture approach the concentrations of the substrate.
H,N(=NH)CNH(C=O)NH, + SO,~ +4H" + 2Br There is a slow reaction between bromate and the substrate (R16

(R14) + R17) whose sole purpose is to build up bromide ions (apart
from the 106 M that are present in standard bromate concentra-
Reactions R12R14 can be rewritten with HOBr as the oxidant tions). The buildup of bromide ions activates reaction R5 which
via an oxygen transfer mechanism. produces the oxidizing species HOBr and HBrOhe rapid
Effect of Acid. The catalytic effect of acid on the whole protolytic equilibrium establishes bromic acid which then slowly

reaction scheme is based on standard oxybromine kinetics. Thergeacts with GTU (written as RE€E€S)NH; in this mechanism)
was a slight retardation of the direct bromir@TU reaction to form bromous acid and the sulfenic acid:
with acid, and this could come from two effects. The first effect
could be as a result of the shift in the equilibrium of reaction BrO,” + H" = HBro, (R16)
R1(?" if HOBr oxidizes more rapidly than Bfag), and the
second effect could arise from the protonation of GTU  HBrO, + R(C=S)NH, + H,0 —
resulting in a protonated GTU species that reacts much more
slowly with electrophilic groups such as faq) and HOBr. HBIO, + R(CSOHFENH  kgy7 (R17)
There are a number of nucleophilic centers on the GTU
molecule, but the most likely protonation centers are the thiol
group and the distal carbon center to the thiol group: The

The magnitute okri7 was the single most important kinetics
parameter in the simulations. It determined the induction period
in Figures 3a and 4a,b. This value was adjusted for best fit,
NH, NH, and a value of 44.2 Mt s~ was adopted. Further two-electron

N NHz oxidation by HBrQ yields HOBr which will later react as in
)J\ H f) H reaction R9 to produce bromide which is used in reaction R5.
HoN N/\?/
HN N S H HBrO, + R(C=S)NH, + H,0 — HOBr + R(CSOH}¥=NH
guanylthiourea (R15) (R18)

formation of the 3-center 4-electron site at the distal carbon Since bromide ion production according to reaction R8 shows
deactivates the whole site from any electrophilic attack, and cubic autocatalysis, the buildup of bromide should be very rapid.

TABLE 12
number reaction ks; ke

M1 BrOs~ + Ht = HBrO; 1x10%;1x 10°

M2 HBrO; + R(C=S)NH, — HBrO, + 44.2
R(CSOH¥=NH

M3 HBrO, + R(C=S)NH, — HOBr + 5x 107
R(CSOHy=NH

M4 HOBr + R(C=S)NH, — R(CSOH}=NH + 5 x 10
Br~+H*

M5 BrO;~ + Br~ + 2H" == HBrO, + HOBr 2.1;1.0x 10

M6 HBrO, + Br~ + H* == 2HOBr 2x 10%5x 10°°

M7 HOBr+ Br~ + H" = Br, + H,0O 8.9x 10% 110

M8 Br, + R(C=S)NH, + H,O — R(CSOH¥=NH + 2Br- + 2H" 7.5x 10¢

M9 Br, + R(CSOH=NH + H,O — R(CSQH)=NH + 2Br~ + 2H* 8 x 10*

M10 Br, + R(CSQH)=NH + H,O — R(CSQH)=NH + 2Br + 2H" 25x 10¢

M11 Br, + R(CSQH)=NH + H,O — R(C=0)NH, + SO~ + 2Br + 4H" 1x 10

M12 HOBr+ R(CSOH}=NH — R(CSQH)=NH + Br~ + H* 6 x 10¢

M13 HOBr+ R(CSQH)=NH — R(CSQH)=NH + Br~ + H* 1x10*

M14 HOBr+ R(CSQH)=NH + H,O — R(C=0)NH, + SO~ + Br~ + 2H" 1x 10

alegend: R(G=S)NH, = guanylthiourea; R(CSOM)NH = guanylthiourea sulfenic acid; R(C2)=NH = guanylthiourea sulfinic acid,;
R(CSQH)=NH = guanylthiourea sulfonic acid; REEO)NH, = guanylurea. The sulfenic acid in this mechanism is equivalent to the ring-cyclized
3,5-diamino-1,2,4-thiadiazole, the sulfinic acid to the sulfoxide, and the sulfonic acid to the sulfone.
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05 M7 were derived from established literature valge®:3132The
Symbols : Calculations

value ofkys was derived from this study. After the determination
of ks, subsequent kinetics parameters for reactions-M31
became ineffective in influencing the modeling results for as
long as they were all faster or of the same magnitudkygs

The same idea was applied to the series of reactions M4,-M12
M14. Thus the simulations were very simple, wk, being

the only adjustable parameter, and in the presence of added
bromide ions which shunted out reactions W\ll4, there were

no adjustable rate constants. Figure 9 shows that the adopted
model (Table 1) correctly predicts the data shown in Figure 3a.
The model also satisfactorily predicted data in Figures 2a, 4a,b,
7a, and 8. It could also follow the initial parts of Figure 5a.

Absorbance (390 nm)
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