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Sodium hydroxymethanesulfinate, (HOCH,SO;,Na,
HMS) is relatively stable in aqueous alkaline environ-
ments, but rapidly decomposes in acidic medium to
give a variety of products that include sulfur dioxide.
A detailed kinetic and mechanistic study of the decom-
position of HMS in slightly acidic medium has shown a
process that produces dithionite, S,0;", which is pre-
ceded by an induction period which persists for as
long as molecular oxygen is present in the reaction
solution. The complete consumption of molecular ox-
ygen is a prerequisite for the formation of S,0;".
Among some of the intermediates detected in the de-
composition of HMS is the sulfite radical, SO;. Com-
parisons are made between the decomposition mech-
anisms of thiourea dioxide (aminoiminomethane-
sulfinic acid) and HMS. © 1999 Academic Press
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Many thioureas are known toxins. Thiourea, itself,
causes liver and thyroid tumors in rats (2). It has been,
however, difficult to predict the toxicity of specific thio-
ureas. There have been several theories postulated on
the varying degrees of toxicity of thioureas. One possi-
bility is the nature of the metabolic nitrogen-contain-
ing end products of the thiourea. In some cases, thio-
ureas are desulfurized to nontoxic ureas (3). In general,
those thioureas that are metabolized to ureas are more
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toxic than those that retain the thione group. For ex-
ample, N, N-diphenylthiourea, which is nontoxic, is
excreted primarily as the aromatic ring hydroxylated
products but with the thione group intact (4).

A possible way of examining the toxicity of thioureas
is to study the sulfur leaving groups and their reactiv-
ities. The toxicity could then be determined by second-
ary reactions of the sulfur leaving groups. Sulfoxylate,
for example, is known to react rapidly with molecular
oxygen to produce the radical anion SO, and super-
oxide (5):

SO3” + 0, — SO, + 0,". [1]
SO, " also rapidly reacts with oxygen (6):
SO;"+ 0, — SO, + 0;". [2]

Sulfoxylate is a product of the heterolytic cleavage of
the C-S bond in aminoiminomethanesulfinic acid
(AIMSA)? in alkaline medium (7):

(NH,),CSO, + OH™ — (NH,),CO + HSO, [3]

The highly reactive superoxide can generate other
reactive oxygen species such as the hydroxyl radical
and peroxides due to its reactions with sulfoxylate and
sulfur dioxide anion radical (8) and disproportionation
(9). Reactive oxygen species are extremely toxic and

2 Abbreviations used: AIMSA, aminoiminmethansufinic acid;
HMS, hydroxymethanesulfinate; SOD, superoxide dismutase;
DMPO, 5,5,-dimethyl-l-pyroline N-oxide.
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would contribute to the observed toxicity of the parent
thiourea.

Thioureas are known for their strong reducing prop-
erties, especially the S-oxides, sulfenic, sulfinic, and
sulfonic acids, which are supposed to be the precursors
in the metabolic pathways that convert thioureas to
ureas or to the thione compound (10). The accepted
mechanism for the oxidation of thioureas involves suc-
cessive oxidation of the sulfur center, finally leading to
the cleavage of the C-S bond in the sulfonic acid to give
sulfate and the urea residue (11). Recent studies on the
oxidation of aminoiminomethanesulfinic and amino-
iminomethanesulfonic acids have shown that sulfinic
acids are much more easily oxidized than the corre-
sponding sulfonic acids (12). Furthermore, the oxida-
tion of sulfinic acids does not necessarily pass through
the sulfonic acid before formation of sulfate as expected
from the accepted oxidation mechanism. Instead,
sulfinic acids tend to decompose in aqueous alkaline
medium to give sulfoxylate ion, HSO,, which is later
oxidized to sulfate (12). The elimination of HSO, or
HSO, appears to be the most important step in the
formation of guanidines from the reactions of sulfinic
and sulfonic acids with amines (13).

The strong reducing properties of hydroxymethane-
sulfinate (HMS) also are known to be associated with
formation of sulfoxylate and sulfur dioxide anion-rad-
ical (7). Thus, the oxidation of HMS is a well-known
procedure for initiation of polymerization reactions
(14) and is likely to be a free radical process. HMS is
also used in anticancer formulations as an antioxidant
stabilizator (15).
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Dithionite formation during (a) aerobic and (b) anaerobic decomposition of 0.104 M HMS at pH 6.5.

We report, here, a study on the aerobic decomposi-
tion of HMS. Preliminary results have shown that
HMS decomposes in batch environments to form di-
thionite, suggesting that its decomposition might share
the same mechanism as that for the aminoiminometh-
anesulfinic acid (8). The intermediates formed during
the decomposition were also closely monitored by ESR
spectroscopy.

EXPERIMENTAL

Materials

Doubly distilled deionized water (Millipore) was used for the prep-
aration of all the stock solutions and their subsequent dilution. All
solutions were prepared fresh unless otherwise stated. Sodium HMS,
sodium dithionite, and sodium sulfite were purchased from Aldrich
Chemical Co (Milwaukee, WI). HMS was recrystallized twice from
50:50 ethanol:water prior to each use. Sodium dithionite and sodium
sulfite were used without further purification. Superoxide dismutase
(SOD), catalase, and sodium formate were from Sigma (St. Louis,
MO). The following trap was of the highest purity possible: 5,5-
dimethyl-1-pyroline N-oxide (DMPO) (Sigma). DMPO was purified
using activated charcoal until free radical impurities disappeared as
verified by ESR spectroscopy.

Instrumentation

Absorptivity coefficients were measured on Perkin—Elmer Lambda
2S UV-Vis spectrophotometer interfaced with a minicomputer. A
Hi-Tech Scientific SF-DX2 stopped-flow spectrophotometer inter-
faced with a minicomputer was used to follow dithionite formation
at 315 nm (e = 8043 M * cm ') (16). KinetAsyst 2.1 software was
used for data acquisition and analysis. Temperature control was
maintained with NesLab RTE-101 thermostat. ESR measurements
were run on a Varian E109 EPR spectrometer with a flat cell assem-
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FIG. 2. Plotof oxygen consumption with time. The scale of the y-axis represents the number of 1-cm squares on the oxygraph and the points
were taken at 2-min intervals. HMS: (a) 0.065 M and (b) 0.130 M (pH 6.8) buffer.

bly. The instrument is interfaced to a computer and an EPR DAP 2.0
program was used for data acquisition and analysis.

Oxygen uptake measurements were done at room temperature on
a Gilson Oxy 5/6 oxygraph. A YSI 5331 oxygen probe was inserted
into a stirred and thermostatically controlled reaction vessel coupled
to an amplifier and recorder.

Methods

UV-Vis measurements. All experiments were performed at 25°C.
Reactions were run at a constant ionic strength of 0.5 M (NaCl). A
mixture of acetic acid, phosphoric acid, and boric acid plus NaOH
(Britton—Robinson system) (17) was used for the preparation of
buffer solutions. Deaeration was performed by passing argon
through the buffer for 30 min prior to addition of HMS.

ESR measurements. ESR spin trapping was used to detect short-
lived free radical intermediates. This technique involves the addition
reaction of a very reactive short-lived free radical with a diamagnetic
compound (spin trap) to produce a relatively long-lived free radical
adduct which can be studied by ESR. The following settings were
used for a typical run: receiver gain, 2.5 X 10% time constant, 250
ms; modulation amplitude, 1.0 G; scan time, 4 min; and magnetic
field, 3360 = 50 G. All measurements were taken at room tempera-
ture and successive scans taken at 4-min intervals unless otherwise
stated.

A typical reaction mixture for ESR consisted of 2 mg HMS in 2 ml
of pH 6.8 buffer, 10 mM spin trap (DMPO). When used, the concen-
trations of catalase and SOD were 2000 and 5000 U/ml, respectively.

Each run is composed of 20 successive scans taken at 4-min time
intervals. The HMS was dissolved in pH 6.8 buffer followed by
addition of the spin trap, and the mixture was vortexed for rapid
mixing and then introduced to the ESR spectrometer. A time lag of
60 + 10 s was allowed before the introduction of the reaction solu-
tions to the ESR spectrometer.

Oxygen consumption. The oxygen probe was a complete polaro-
graphic system consisting of a platinum cathode, silver anode, and
KCI solution held captive around the electrodes by a Teflon mem-
brane fastened with an O-ring. The response time is 90% in 10 s and
it takes 30 s to reach steady state mainly because of the membrane.
Since the probe is a complete system by itself, it is relatively unaf-
fected by, and does not offset, its external environment. Adequate
stirring eliminated reading error due to oxygen depletion in the
vicinity of the membrane.

RESULTS

Unless otherwise noted, the experimental results re-
ported here were obtained from reactions run in a
buffer of pH 6.8 and at 25°C. HMS crystals were
quickly dissolved in the air-saturated buffer solutions
and sealed in a cuvette to prevent further absorption of
molecular oxygen into the solution. Air-saturated solu-
tions contained 2.4 X 10™* M molecular oxygen (18).
The reaction mixture was monitored at 315 nm. Only
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FIG. 3. HMS (0.123M) in pH 6.8 buffer, 10 mM DMPO. Mixture
introduced into ESR spectrometer after 2 min. Scans were taken at
4-min intervals and 20 scans were taken. Spectra (a)—(e) represent the
signals obtained as the reaction progresses: (a) 2 min, (b) 6 min, (c) 10
min (asymmetry is due to rapid decay during the sweep time), (d) 14
min, (e) 26 min. Spectrometer settings: receiver gain, 2.5 X 10* mod-
ulation amplitude, 1.0 G; center field, 3600 G; scan width, 100 G; scan
time, 4 min. The measurements were taken at room temperature. The
asterisked (*) peaks are due to the DMPO-SO; radical adduct, whereas
the crossed (1) peak is untrapped SO, anion-radical.

dithionite absorbs at this wavelength. Figure 1 shows
that in standard air-saturated solutions, the decompo-
sition of HMS shows an induction period before a zero-
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order rate of formation of dithionite is observed (curve
a). Buffer solutions degassed with argon or nitrogen
displayed immediate formation of dithionite without
an induction period (curve b). The induction period
itself is strictly controlled by the amount of oxygen in
solution. Partially degassed buffer solutions gave
shorter induction times, and solutions bubbled with
oxygen gave very long induction periods.

Figure 2 shows the rate of consumption of molec-
ular oxygen from the reaction solution. Higher HMS
concentrations gave much more rapid oxygen con-
sumption rates and reduced the length of the induc-
tion period (curve b). Combining this information
with the data in Fig. 1 shows that complete consump-
tion of molecular oxygen is needed before dithionite
can accumulate.

The reaction could also be followed by the ESR spec-
troscopy. The ESR data using DMPO as a radical trap
in air-saturated solutions of HMS is shown in Fig. 3.
During the induction period, the successive spectra
show a clean spectrum of the DMPO-SO; " radical ad-
duct (19). This radical quickly reaches its steady-state
concentration, which is maintained through the induc-
tion period (spectra a and b). It dies down rapidly,
during the sweep time of 4 min, at the end of the
induction period (spectrum c¢), and simultaneously a
strong signal of untrapped SO, " radical emerges (spec-
tra d and e). The time-dependencies for these radical
ions are shown in Figure 4. Just before the rapid col-
lapse of the sulfite radical, it shows a small increase
(curve a) whose maximum coincides with the end of the
induction period. The SO;" radical, in air-saturated
solutions, is formed at the end of the induction period,
just like dithionite (Figure 1). ESR experiments were
performed in a wide range of DMPO concentrations
(5mM to 0.1M); no concentration effect has been ob-
served. Degassed solutions gave immediate formation
of the SO, radical without an induction period. No
SO; " radical has been detected under anaerobic condi-
tions.

The effect of sulfite on the rate of decomposition of
HMS in the presence of oxygen is shown in Figure 5.
Addition of sulfite increased rate of dithionite forma-
tion and reduced the induction period before formation
of dithionite, and at sufficiently high enough sulfite,
the induction period could be completely eliminated.
Under anaerobic conditions added sulfite also in-
creased rate of dithionite formation.

Figure 6 shows the effects of formate, superoxide
dismutase, and catalase on the rate of formation of the
SO, radical. Effect of formate was minor, if any. In all
other cases, the additives lengthened the induction
period. Superoxide dismutase gave the strongest effect
and nearly doubled the induction period.
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FIG. 4. Plot of ESR signal intensity with time for the conditions in Fig. 3. (a) DMPO-SO; radical adduct; (b) untrapped SO, anion-radical.

The plot represents all the data from the traces not shown in Fig. 3.

DISCUSSION

There are two possible mechanistic pathways of de-
composition of HMS (7). The first is a heterolytic—as
shown in R4-R7:

HOCH,SO, < HSO, + CH,0O [4]
3HSO, — 2HSO; + HS™ [5]

HSO, + HSO; < S,02 + H,0 [6]

HSO; + CH,0 < HOCH,SO; [7]

and a homolytic—as shown in R8-R9:
HOCH,SO, <> “CH,OH + SO;" [8]
2S0," < S,0%° [9]

The mechanisms of dithionite formation are sub-
stantially different in these two cases (cf. R6 and R9).
In case of homolytic mechanism, dithionite is formed

by coupling of two SO, " radicals (R9). In case of het-
erolytic mechanism, dithionite is formed via dispropor-
tionation reaction of two anions, sulfoxylate and sulfite
(R6). Since added sulfite dramatically increases the
rate of dithionite formation in HMS solutions (Fig. 5),
we assume that the heterolytic pathway is more plau-
sible than homolytic.

Interestingly, earlier we were unable to observe any
influence of sulfite during the decomposition of AIMSA
in strongly alkaline solutions (8) (0.5M NaOH), but in
weakly alkaline media the additives of sulfite increase
the rate of dithionite formation (20). At pH near 7 HMS
(this work) and AIMSA (20) produce dithionite both in
aerobic and anaerobic conditions. It is reasonable to
assume that in neutral solutions dithionite is formed
after appearance of sulfoxylate and follow-up reactions
R5 and R6. The mechanism is markedly changed in
strongly alkaline solutions. Here both sulfoxylate and
sulfite are completely deprotonated; therefore reaction
between two dianions (SO; and SO3") should be much
slower than between two monoanions (R6). In these
solutions, AIMSA produces dithionite only under aer-
obic conditions (R1 and R9).
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FIG. 5. Effects of Na,SO; additives on the aerobic decomposition of 0.104 M HMS at pH 6.5: (a) none, (b) 0.015 M, (c) 0.031 M, (d) 0.063

M, (e) 0.084 M Na,SO,.

Due to high stability of HMS in alkaline solutions,
we did not observe formation of dithionite even in
concentrated solutions of HMS (3.2 M) at a pH > 11.

Oxygen consumption rates shown in Figure 2 con-
form to our proposed mechanism. The rate of formation
of the SO;~ will determine the rate of oxygen consump-
tion. For a fixed amount of oxygen in solution (at pH 7
[0,]o = 2.4 X 10™* M) (18), it is expected that higher
HMS concentrations will deplete oxygen at a much
faster rate and hence reduce the induction period. The
formation of dithionite also coincides with the complete
consumption of oxygen.

In addition to reactions R6, R7, R1, and R2 in neutral
solutions of HMS, the interaction of sulfite and O, also
mops up molecular oxygen to form the sulfite radical
and superoxide anion:

SO3 +0, —» SO;"+ 0,° [10]

The trapping of the sulfite radical (Figure 3) was
very important in proving our mechanism. Without
addition of sulfite into the reaction mixture, ESR data
show that there is almost an instant formation of the
sulfite radical. The formation of sulfite may be associ-
ated with reactions R1, R2 and R5. The sulfite radical
concentration remains constant during the induction
period and shows a small increase before a rapid shut-
down at the end of the induction period (Figure 4).
There are several deactivating mechanisms that can
consume sulfite and sulfite radical. Sulfite may be con-
sumed by reactions R6 and R7. Decomposition prod-

ucts of HMS have not shown the formation of sulfate,
which suggests that the predominant pathway by
which the sulfite radical is consumed is via the forma-
tion of S,0f (21):

SO;" + S0,~ — S,02" [11]

The exhaustion of oxygen at the end of the induction
period causes the observed instant consumption of the
sulfite radical.

The data in Figure 6 again show the importance of
superoxide in this reaction mechanism. Superoxide
dismutase (SOD) effectively doubles the induction pe-
riod by converting superoxide to oxygen (9):

20"+ H,0+ SOD — O, + HO; + OH™ [12]

The powerful effect of SOD suggests that the forma-
tion of superoxide is the predominant pathway of this
decomposition mechanism. Our inability to trap super-
oxide radical in ESR experiments may be explained by
instability of DMPO-superoxide radical-adduct under
our reaction conditions of pH6.8. This limitation of
DMPO has been addressed in numerous publications
(22). Thus, the DMPO-superoxide adduct is known to
be rapidly converted to DMPO-hydroxyl radical adduct
which can be easily reduced, even by superoxide, into
diamagnetic species (23). In addition, reaction of
DMPO with superoxide is rather slow, ranging from 10
M'statpH 7.8 (24) to1.2 M *s " at pH 7.4 (25). It
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FIG. 6. Effect of various reagents on the decomposition of HMS. Initial conditions of (a) 0.058 M HMS in pH 6.8 buffer, 10 mM DMPO and
(b) same as (a) but with 5000 U/ml SOD; (c) same as (a) plus 2000 U/ml catalase; (d) same as (a) plus 20 mM sodium formate.

is not surprising, therefore, that in the presence of a
variety of powerful reducing sulfur-containing species
we were unable to observe the signal from DMPO-
superoxide radical adduct.

The other reactive oxygen species, peroxide and hy-
droxyl radical do not seem to be as significant as su-

TABLE 1

HOCH,SO, < HSO, + CH,0 M1
3 HSO, — 2HSO; + HS™ M2
HSO; + HSO; < S,0 + H,0 M3
HSO; + CH,0 < HOCH,SO; M4
HSO, < H" + SO3%~ M5
SO; + 0, »S0,” + 0,° M6
SO, + 0, - S0, + 0,° M7
20," + H,O0 -0, + HO, + OH" M8
SO; + 0," —=S80," + 07 M9
SO, + 0, — SO, + 0% M10

7+ H,0 & HO; + OH"~ M11
HO, + H,0 < H,0, + OH" M12
H,0, + HO, < H,0 + O, + OH" M13
SO% + 07 + 2H,0 — SO;" + 30H™ + OH" M14
SO;” + 07 + 2H,0 - SO, + 30H™ + OH" M15
2S0,” < S,0; M16

peroxide as evidenced by the effects of catalase and
formate, respectively. Catalase traps peroxide and con-
verts it to oxygen (9), but in this case, the effect is
smaller than that of SOD (Figure 6). Formate, a hy-
droxyl radical trap, is very ineffective in this decompo-
sition reaction.

CONCLUSION

The decomposition of HMS is an extremely pH de-
pendent reaction system. In high pH conditions HMS is
very stable as the anion. As pH drops, it becomes
unstable and will decompose to give predominantly
SO;57, S,05 and S,0Z plus formaldehyde. In neutral
solutions dithionite formation will proceed in either
aerobic or anaerobic conditions. Oxygen is very impor-
tant and controls the time taken before formation of
dithionite. Both sulfinic acid derivatives—HMS and
AIMSA reveal a common mechanism of decomposition
in aqueous solutions (Table I).
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