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Oxyhalogen—Sulfur Chemistry: Kinetics and Mechanism of the Oxidation of
Thionicotinamide by Peracetic Acid
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The kinetics and mechanism of oxidation of an important xenobiotic, thionicotinamide (TNA), using peracetic
acid in slightly acidic media were studied by spectrophotometric techniques. The reaction is characterized by
a very rapid initial oxidation of the sulfur atom of the thioamide group toStexide, followed by a much

slower decomposition of thg-oxide to form additional oxidation products, mainly the thionicotinamide sulfinic
acid. In excess thionicotinamide, the stoichiometry of the reaction was determined ta®@&£Ht- (CsHsN)C-
(=S)NH, — (CsHsN)C(=NH)SOH + CH3;COOH, whereas in excess peracetic acid the stoichiometry was
2:1, 2CHCOsH + (CsHsN)C(=S)NH; + H,O — (CsHsN)C(=NH)SOH + 2CH;COOH+ 2H*. The sulfoxide

is quite stable, but there was no experimental evidence for the existence of any stable-suftoréc acid
intermediates. Results show that the sulfur atom in thionicotinamide is the reactive center, undergoing a
stepwise addition of oxygen to form successively the sulfenic acid and the sulfinic acid. There appeared to
be no further oxidation past the sulfinic acid and no formation of sulfate was observed. A bimolecular rate
constant of (1.1 0.3) x 10° M~1 s7* was evaluated for initial rapid formation of ti&oxide, and an upper

limit rate constant of 0.1@ 0.02 M! s! was evaluated for the slower decomposition of exide.

Introduction chemically stable organosulfur compounds depends on enzyme
catalysis, with the microsomal cytochrome P-450 system and
the flavin-containing monooxygenases, both, often implicated
n S-oxygenations catalyzed by microsorms.

Thionicotinamide is a known xenobiotic. It is a drug used
for the treatment o€hagas disease common health problem
in South Americd!1? Some nitrofurans and nitroimidazoles
have been used as drugs for this disease, but their carcinogenic
and toxic effects, which are well-known, have precluded their
use as effective therapeutic ageftSome new pharmaceutical
drugs, which include thionicotinamide, have been successfully
tested* in an effort to renew and improve the toxic old ones
which act to eliminatélrypanosoma cruzithe etiologic agent

The thioamide functional group is present in many drugs,
chemicals, and agricultural chemicals, and exposure to man cal
result in inadvertent toxicity. Thus, a large number of potentially
useful drugs containing the thioamide group are limited in their
use due to the toxic side effects associated with these com-
pounds. The thioamide, Prefex (2,6-dichlorothiobenzamide), has
been used as herbicidequazepam (7-chloro-1-(2,2,2,-trifluo-
roethyl)-5-0-fluorophenyl)-1,3-dihydro-3-1,4-benzodiazepin-
2-thione), has clinical efficacy as a hypnotiethionamide is
used as an antitubercular agéngnd thiobenzamide is a
hepatotoxin that possesses powerful antibacterial propérties.

The associated toxicity of the thioamides has been linked to of the Chagas diseas&This drug is related to homologues of

their QX|dat|ve mgtabollsm, especially S-oxygeryaﬁd?\ecent .. nicotinamide or nicotinic acid because these compounds are used
expe_:nmental ewdence suggests that thioamides are ea‘S'Iyto synthesize NAD byrypanosomeand also by mammal, but
oxidized to sulfoxides (sulfines), which under more vigorous '

S " e e L - the latter can produce it from other souréeé3hus, analogues
oxidation cond|t|on§, are further ox.|d|zed to_lmlnogu!flnlc aC|_ds of such compounds can mimic its action inhibiting the produc-
(sulfenes). The toxicity, and possibly carcinogenicity of thio- tion of NAD by trypanosomes
amides is caused by their metabolic oxidation to sulfines and
sulfenes. The simple thioamide, thioacetamide (a carcinogen,
tetratogen, and hepatotoxin), is oxidized to thioantdexide
and then to th&S-dioxide, which is a highly reactive acylating \ /

N

S —

intermediate with sufficient chemical reactivity to bind co-
valently to cellular macromoleculés. HoN

Very few studies have addressed the mechanism and molec- thionicotinamide
ular basis for S-oxygenation, although it seems to be a
prerequisite for bioactivation of most organosulfur compouffds. It has been surprising to us that no mechanistic studies have
Although S-oxygenations of organosulfur xenobiotics by mi- been performed on this very important compound. S-Oxygen-
crosomes supplemented with NADPH and oxygen have beenation of thionicotinamide and its derivatives can form a good
extensively studiefl,the easy oxidation of sulfur compounds basis for further studies into the possible metabolic disposal of
by hydrogen peroxide, oxyhalogens and other species of reducedhese types of compounds. We have thus embarked on a series
oxygen such as the superoxide ion have not yet been system-of studies to provide both kinetic and mechanistic information
atically studied. It is generally accepted that metabolism of regarding the oxidation of thionicotinamide. It is hoped that the
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S-oxygenation mechanisms of thionicotinamide will aid in the
understanding of both the physiological and toxicological
implications of this vital xenobiotic as a pharmaceutical drug
as well as its chemistry as a thioamide.

Experimental Section

Materials. The following reagent grade chemicals were used
without further purification: thionicotinamide (Sigma), nico-
tinamide (Acros), sodium chloride, perchloric acid,~62%
(Fisher), barium chloride, D, and peracetic acid, 32 wt %
(Aldrich).

Methods. The rapid reactions of thionicotinamide with
peracetic acid were followed on a Hi-Tech Scientific SF61-
DX2 double-mixing stopped-flow spectrophotometer. Slower
reactions involving the reactions of tBeoxide formed following
oxidation of thionicotinamide were monitored on a conventional
Perkin-Elmer Lambda 2S UWvis spectrophotometelid NMR
spectra of thionicotinamide and its oxidation products were
obtained on a JEOL GX 270 spectrometer usingdas the
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solvent and internal standard. All kinetics experiments were
performed at 25.Gt 0.5 °C and an ionic strength of 0.5 M
(NaCl). Thionicotinamide is sparingly soluble in water at neutral
pH conditions, but its solubility increased in highly acidic and
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Figure 1. Spectra of thionicotinamide, TNA (dotted line) and its
sulfoxide, TNAS-O (solid line) showing absorption peaks at 288 and
344 nm, respectively. The sulfoxide is formed from TNA<d s using

highly basic environments. Stock solutions of thionicotinamide peracetic acid as oxidant.

were prepared by first dissolving a known sample of thionico-
tinamide in concentrated acid followed by serial dilutions with
water to attain the desired strength. Thionicotinamide has an
intense yellow color. Addition of base discolored the solution

iminesulfenic acid but is better represented by the following
structure:

. ’ ; » . 0
due to the formation of the thiolate anion. Addition of acid +S/
restored the coloration as the keto form of thionicotinamide was I
reestablished. P C—NH,

AN o) N ‘
|S HO- (H\S :.S: . N
| — a0 [ HO , o » ,
Vs N /% /C\ In excess OX|d_a_nt, th_SOX|de is slowly oxidized to predomi-
NH NH nantly the sulfinic acid:

AMIDE ENOL THOLATE ION

2CH,CO;H + (C;H5N)C(=S)NH, —
Stoichiometric determinations were carried out by mixing (CsHN)C(=NH)SOH + 2CH,COOH (R3)

various ratios of thionicotinamide and peracetic acid in tightly
sealed volumetric flasks and scanning them spectrophotometri-nvR data did not show the standard nicotinamide spectrum

cally for depletion of thionicotinamde over periods of up to 24 h. \yhich would suggest oxidation to sulfate, and instead showed
Excess peracetic acid could be determined by adding excess, geries of complex multiplets, and adding barium chioride did
acidified iodide and back-titrating with standard thiosulfate using ot detect sulfate in the form of insoluble barium sulfate.
freshly prepared starch as indicator. However, the exact ratio of oxidant to thionicotinamide was
slightly higher than 2, suggesting possible formation of a
sulfonic acid. Qualitative tests for ammonium ions were also
negative.

Reaction Dynamics.The reaction displayed complex kinet-
ics, which showed an initial rapid reaction that consumed

Stoichiometry. The stoichiometry of this reaction was very peracetic acid but did not show a discernible change in the
complex and depended on the ratios of the oxidant to the coloration of the thionicotinamide. Figure 1 shows data from
reductant. In excess thionicotinamide a 1:1 stoichiometric ratio the diode array stopped-flow spectrophotometer, which shows
was quickly established in which there appeared to be a quick the UV—vis spectrum of TNA (dashed line). Upon mixing the
and facile oxygen atom transfer from the peracetic acid to reagents in the mixing chamber, the spectrum rapidly changes
thionicotinamide. The establishment of this stoichiometry was to a new one (solid line), which is not very different from the

RCOH + 21" + 2H" —RCOH + 1, + H,0 (R1)

Results

almost instantaneous:
CH;CO;H + (CsHN)C(=S)NH, —
(CsHsN)C(=NH)SOH+ CH,COOH (R2)

The product in reaction R2 was the thionicotinamislexide
which can be written, as above, in the form of a stable

one of TNA. This is the spectrum of the thionicotinamide
Soxide (TNAS-0), which is almost instantaneously formed.
The time lag between acquisition of the spectrum of TNAS
after the acquisition of the TNA spectrum is less than 1 s. The
experiment shown in Figure 1 was performed at excess oxidant.
Further reaction will now proceed with the TNA® at a much
slower rate. TNAS-O shows an absorption peak at 344 nm
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Figure 2. (a) Variation of [TNA] in its oxidation by peracetic acid showing total absorbance from TNA and FNA&t 360 nm. [CHCO;H] =

5.0 x 1074 M; [H*] = 0.05 M; Inaci = 1.0 M; [TNA], = (a) 5.0x 10°°M, (b) 1.0x 10%M, (c) 1.5x 104 M, (d) 2.0x 10*M, (e) 2.5x 104

M, (f) 3.0 x 104 M. (b) Concentration variations of TNA in its oxidation by peracetic acid showing unambiguous consumption of TNA at 360 nm.
Conditions are the same as in Figure 2a. (c) Concentration variations of TNA in its oxidation by peracetic acid showing appearance ©f TNAS

at 360 nm. These traces are obtained by subtracting at each data point the absorbances in Figure 2a from Figure 2b. Conditions are the same as in
Figure 2a. (d) Plot of initial rates vs initial concentrations of TNA, [TNAfom oxidation with peracetic acid. A very slight saturation is observed.

and TNA has a peak at 288 nm. TNA® has a large % _{[TNAJ(€; — €)) + &)[TNA] o} 3)
contribution to the absorbance observed at 288 nm and so does dt dt

TNA at 344 nm. Absorbance traces at 344 nm would then show

the resultant of the consumption of TNA and the formation of Equation 3 assumes a path length of 1 cm. [This]the initial
TNAS—O. An unambiguous rate of consumption of TNA is concentration of thionicotinamide used and [TNA] is its
also not possible at 288 nm without including contributions from instantaneous concentration. The instantaneous concentration of
TNAS—O. TNA at any time,t, can be derived from the integration of eq

We can derive the following simple relationship for the S and is analytically derived as
absorbance at any wavelength,

[TNA], = {ALt) — &[TNA] o}
A, = A(TNA) + A(TNAS—0) (1) (61— €)

(4)

Equation 3 will be adequate in describing the total experimen-
tally observed absorbance assuming no other species apart from
TNA and TNAS-O. This is indeed the case in the initial stages
of the reaction (reaction time less than 1 s) in which quantitative
conversion of thionicotinamide to ti&oxide occurs and before
any appreciable consumption of tBeoxide occurs. Peracetic
Assuming absorptivity coefficient of thionicotinamide and the acid has no contribution to the absorbance observed at either
Soxide to bee; and ¢, respectively, the observed activity at 288 or 360 nm and thus its variations will be ignored. Using eq
any wavelength is given by 4, we can deconvolute the experimental data observed and obtain

Using mass balance, the total thionicotinamide species are
related as follows:

[TNA], = [TNA] + [TNAS—O] 2
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unambiguous contributions from TNA and TNA® to the
observed changes in absorbance.

The absorptivity coefficients of TNA and TNASO at 344
nm are both high and comparable. By shifting, however, to the
360 nm, the absorptivity coefficient of TNA went down to 368
M~1 cm! whereas that of TNASO was still high at 4141
M~1 cm~1. For most of our kinetics experiments, we used 360
nm for kinetics measurements. Figure 2a shows the raw
spectrophotometric data collected at 360 nm. It shows a fairly
rapid increase in absorbance, which includes the formation of
TNAS—-O and the consumption of TNA. By using eq 4, we
can trace the contribution to the absorbance due to TNA alone.
This is shown in Figure 2b. The contribution from TNA®
can be evaluated in the same manner and checked by subtractin
the absorbance in Figure 2b from that in Figure 2a. These two
treatments should give the same absorbaitioee profiles. At
t = 0, all the contribution to the observed absorbance is solely
from TNA. At t > 5 s there is no contribution from TNA, as it
would have been entirely consumed by then. Figure 2c shows
the absorbancetime profile from TNAS-O contributions
alone. Due to the much lower absorptivity coefficient of TNA
at this wavelength, traces shown in Figure 2c are very similar
to those in Figure 2a. However, the use of Figure 2a for kinetics
data would have delivered erroneous initial rate values. There
is a weak linear dependence of the consumption of TNA with
[TNA] o, with higher concentrations of TNA appearing to give
a slight saturation (Figure 2d). As expected, the same type of
dependence was observed for TNAS.

Figure 3a shows the effect of peracetic acid on the rate of

reaction. Utilization, again, of eq 4 gives the absorbance changes

derived solely from TNAS O formation (Figure 3b). TNA is
essentially completely consumed within 1 s. This is shown in
Figure 3c. Concentrations of peracetic acid used in Figure 3a,b
were much higher than those used in Figure-@aand hence
the observed rapid rates of consumption of TNA and formation
of TNAS—O0. A plot of initial rate of consumption of TNA vs
initial concentrations of peracetic acid was linear with a slope
slightly greater than unity with a slight saturation in higher
peracid concentrations. A similar plot for the formation of
TNAS—O gave the same dependence with respect to peracid.
Equation 2, however, if correct in assuming that there are no
other species formed in the initial stages of the reaction apart
from theS-oxide, will insist on the same reaction order for both
the formation of TNAS-O as well as consumption of TNA.

initial rate= —d[TNAJ/dt = d[TNAS—O}/dt =
K[TNA]J[CH;COH], (5)

We evaluated a bimolecular rate constkgt= (1.1 + 0.3) x
1M 1sd

Effect of Acid. Acid, surprisingly, has a very profound effect
on the dynamics of this reaction. Figure 4a shows that high
acid concentrations retard the consumption of TNA and also
increase the amount of transient TNA left before consumption
of TNAS—O commences. High acid also reduces the final
amount of TNAS-O formed before the observation of its slow
consumption. A plot of initial rates vs inverse acid concentration
is linear within a range of high acid concentrations (Figure 4b).
This linearity was lost at low acid concentrations. The reaction
rate rapidly decreased in highly acidic environments.

Consumption of TNAS—O. Further monitoring of the
absorbance in Figure 3a,b will show a much slower decrease
in the absorbance (consumption of TNAS). In conditions
of excess oxidant, on the basis of the kinetic traces shown in
Figures 2b, 3a, and 4a, we could assume that all the TNA would
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Figure 3. (a) Variation of [CHCOsH] in TNA oxidation by peracetic
acid showing combined absorbance from TNA and TNAS [TNA]
=2.5x 104 M; [H*] = 0.05 M, andlnaci = 1.0 M; [CH;COsH] =

(@) 1.0x 102 M, (b)1.5x 103 M, (c) 2.0x 103 M, (d) 2.5x 1073

M, (e) 5.0 x 102 M. (b) Variation of [CHCOsH] in TNA oxidation

by peracetic acid showing formation of TNA®. The conditions are
the same as in Figure 3a. (c) Variation of [¢D;H] in TNA oxidation

by peracetic acid showing consumption of TNA. The conditions are
the same as in Figure 3a.

have been completely consumed at the point where consumption
of TNAS—0O commenced. Because the formation of TNAS
is much more rapid than its consumption, the absorptivity
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Figure 4. (a) Variation of [H] in TNA oxidation by peracetic acid
showing inhibiting effect of acid on reaction rates. [TNA] 2.5 x
104 M; [CH3COsH] = 5.0 x 103 M; [H*] = (a) 0.1 M, (b) 0.5 M,
(c) 1.0 M, (d) 1.5 M, (e) 2.0 M. (b) Plot of initial rate as a function of
reciprocal acid. Linearity is lost at low acid concentrations. [TNA]
2.5x 107*M; [CH3COsH] = 5.0 x 103 M; [H'] = (a) 0.1 M, (b) 0.5
M, (c) 1.0 M, (d) 1.5 M, (e) 2.0 M.

coefficient of TNAS-O could be deduced in the region where
contribution from TNA had decayed to zero and before the
consumption of TNASO commenced. We evaluated an

absorptivity coefficient for TNAS-O of 5105 M~ cm™! at 334

nm and a value of 4141 M cm™! at the observation wavelength

Olojo and Simoyi
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Figure 5. (a) Slow consumption of TNASO after instantaneous
formation from TNA oxidation at different peracetic acid concentrations.
[TNA] =5.0x 104 M, [H*] = 2.5 x 104 M, Iyaci= 1.0 M. [CHs-
COsH] = (a) 3.0x 103 M, (b) 4.0x 102 M, (c) 5.0 x 1073 M, (d)

6.0 x 103 M, (e) 7.0 x 103 M. (b) Variation of [TNA], in the slow
oxidation of TNAS-O. This stage of the reaction is first order in
[TNA]o. [RCOsH]o = 4.0 x 1073 M; [TNA] o = (a) 1.0x 1023 M, (b)
2.0x 10°3M, (c) 3.0x 10°3M, (d) 4.0x 102 M, (e) 5.0x 1073 M.

TNAS—O at varying TNA concentrations. Acid concentrations
did not appear to exert much effect on the rate of consumption

of 360 nm. Figure 5a shows a series of traces that show thisof TNAS—O. If we assume that all the TNA will have been

slow consumption of TNASO. The final product is the sulfinic
acid of thionicotinamide after adding another oxygen atom to
the Soxide.

o)

N \\S=O
/ N\ /

NH,
thionicotinamide S-dioxide

transformed to TNASO at the point where the slow decom-
position of TNAS-O is monitored; we can evaluate a lower
limit bimolecular rate constant for the reaction of TNAS
with peracetic acid.

—d[TNAS—Q]/dt = k,[TNAS—O][RCO;H]

k,=0.10+0.02M s (6)
This assumption was checked by calculating the expected initial
absorbance of TNASO based on amount of TNA used. In all

cases, the observed absorbance was about 96% of that expected
from a full conversion of TNA to TNASO. The small

Data in Figure 5a gave a first order dependence on peraceticdiscrepancy could be explained by the longer sampling periods
acid (see Figure 5a inset) Figure 5b shows the slow decay ofused for Figure 5a,b.
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Mechanism. The vastly different rates of oxidation of TNA  where between the amine group and the sulfur center but with
and of TNAS-O suggest that the mechanisms of these two a stronger tilt toward the more nucleophilic sulfur atom.
oxidations are also quite different. Peracetic acid oxidations have - y _ +
been extensively studied and utilized in organic synthésier R(NH,)C=S+ H" = [R(NH,)C=S—H] Ka (R4)
compounds with double bonds, epoxidation appears to be theThs protonated thioamide can be considered inert, or if it reacts,
dominant pathway in which an oxygen atom can be transferred it woyld react very slowly, on the time scale of the oxidation

to the reductant® We propose that the initial step involves an ot TNAS—O. If it is completely inert, then eq 5, for the rate of
attack by the peracetic acid on the less hindered side of t5rmation of TNAS-O becomes

thioamide group to produce an epoxide-like intermediate, which —
rapidly rearranges to produce tBeoxide (in this mechanism, Rate= —d[TNA]/dt = k[TNA] [RCO;H]/(1 + K, [H'])

a

“R” represents the pyridine ring): (7
The acid’s retarding effect can be evaluated from eq 7. Low
ﬁ»/\ Hol. acid concentrations, in which % K [H*], will show limited
0 0 to no acid effect. This is what was observed in Figure 4b. The
e
A ~y k value ofko, which we evaluated of (1. 0.3) x 10 M~1s71,
R/ \NH o} C—CH3 was an upper limit rate in the limit of low acid concentrations
2 s H in which there is no discernible acid retardation.
\O \O
C/ + Conclusion
R/ \NH O=——(C——-=CH;, In the absence of metal ion catalysts and standard P450-type
2

enzyme¥ or the flavin-containing monooxygenas€sthe

oxidation of thionicotinamide by a mild oxidizing agent
produces predominantly the sulfinic acid. The sulfinic acid
formed is readily soluble in water when compared with the
0 /0 parent thioamide. This increase in solubility could be a

\

~ 3 ) mechanism by which such a xenobiotic can be eluted from the
k| /\O) —_— || - || physiological environment.
C c o}
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