238 J. Am. Chem. S0d.999,121, 238-245

Radical Cations in the OH-Radical-Induced Oxidation of Thiourea
and Tetramethylthiourea in Aqueous Solution

Wen-feng Wang!$ Man Nien Schuchmann! Heinz-Peter Schuchmanr, Wolfgang Knolle,*
Justus von Sonntadf, and Clemens von Sonntag*

Contribution from the Max-Planck-Institut fistrahlenchemie, Stiftstrasse 34-36, P.O. Box 101365,
D-45413 Muheim an der Ruhr, Germany, InstitutrfOberflachenmodifizierung, Permoserstrasse 15,
D-04303 Leipzig, Germany, and Shanghai Institute for Nuclear Research, P.O. Box 800-204,
Shanghai 201800, China

Receied September 14, 1998

Abstract: Hydroxyl radicals were generated radiolytically inQ¢saturated aqueous solutions of thiourea and

tetramethylthiourea. The rate constant of the reaction of OH radicals with thiourea (tetramethylthiourea) has

been determined using 2-propanol as well as NatNcompetitors to be 1.2 10 dm?® mol~1s1 (8.0 x 10°

dm? mol~t s71). A transient appears after a short induction period and shows a well-defined absorption spectrum

with Amax = 400 nm € = 7400 dn¥ mol~! cm™Y); that of tetramethylthiourea hasg,,x = 450 nm € = 6560

dm?® mol~1 cm™1). Using conductometric detection, it has been shown that, in both casesaidHa positively

charged species are produced. These results indicate that a radical cation is formed. These intermediates with
max = 400 nm (450 nm) are not the primary radical cations, since the intensity of the absorbance depends on

the substrate concentration. The absorbance build-up follows a complex kinetics best described by the reversible

formation of a dimeric radical cation by addition of a primary radical cation to a molecule of thiourea. The

equilibrium constant for this addition has been determined by competition kinetics to bel®Sdm? mol—1

for thiourea (7.6x 10* dm® mol~! for tetramethylthiourea). In the bimolecular decay of the dimeric radical

cation (thiourea, = 9.0 x 1% dm?® mol~! s71; tetramethylthiourea, 1.8 10° dm® mol~1 s™1), formamidine

(tetramethylformamidine) disulfide is formed. In basic solutions of thiourea, the absorbance at 400 nm of the

dimeric radical cation decays rapidly, giving rise (5910 dm® mol~! s71) to a new intermediate with a

broad maximum at 510 nne & 750 dn? mol~t cm™1). This reaction is not observed in tetramethylthiourea.

The absorption at 510 nm is attributed to the formation of a dimeric radical anion, via neutralization of the di-

meric radical cation and subsequent deprotonation of the neutral dimeric radical. The primary radical cation

of thiourea is deprotonated by OH2.8 x 10° dm® mol~! s71) to give a neutral thiyl radical. The latter reacts

rapidly with thiourea, yielding a dimeric radical, which is identical to the species from the reaction of OH

with the dimeric radical cation. The dimeric radical cations of thiourea and tetramethylthiourea are strong

oxidants and readily oxidize the superoxide radical (4.3.0° dm?® mol~! s™1 for thiourea and 3.8« 10°

dm? mol~! s1 for tetramethylthiourea), phenolate ion 310 dm® mol~! s71 for tetramethylthiourea), and

even azide ion (4« 10° dm® mol~! s71 for thiourea and~10° dm?® mol~ s~ for tetramethylthiourea). With

O, the dimeric radical cation of thiourea reacts relatively slowly (£.20” dm?® mol~1 s71) and reversibly

(2 x 1B s

Introduction a radioprotectant. Formamidine disulfide appears to be a primary
product; several sulfur-free nitrogen-containing compounds,
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OH-Radical-Induced Oxidation of Thiourea

latter products are probably, in most cases, largely hydrolysis

products of the disulfide (cf. ref 14), but there are also

indications that, in the presence of oxygen, a chain process may

give rise to the production of elemental sulfur under certain
conditionsé Recently, the radiolysis of thiourea derivatives has

been studied in connection with their use as corrosion inhibitors

in nuclear reactors>16
The reactions of OH radicals with thiourea derivatives give

rise to an intermediate which exhibits a characteristic absorption

near 400 nm3158While this intermediate has, in the past, been
thought to be a neutral radical, the present work will show that,
with thiourea and\,N,N',N'-tetramethylthiourea, the intermedi-
ate in question is, in fact, a dimeric radical cation.

Experimental Section

Pulse radiolysis of millimolar solutions of thiourea (Merck) and
N,N,N',N'-tetramethyl thiourea (Fluka) in Milli-Q-filtered (Millipore)
water saturated with either,® or with N,O/O, was carried out (in
Mulheim) with a 2.8-MeV Van-de-Graaff generator delivering electron
pulses of 0.42 us. Intermediates were monitored by optical and
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Figure 1. Spectrum (2us after the pulse) obtained in the pulse
radiolysis of NO-saturated solutions of thioure®,(2 x 1072 mol
dm™3) and tetramethylthioure&( 10~ mol dnv3) at natural pH (6.8);

3 Gy/pulse. Inset: Pulse radiolysis (5 ns, 17 Gy/pulse) 8-Naturated
solution of thiourea (1@ mol dnT3) at pH 6.5. Absorption build-up
monitored at 400 nmy). The solid line is the result of computational
modeling of the reactions-3 (see text).

600 700

conductometric detection. The pulse radiolysis setup has been described

previously!” Nanosecond-pulse experiments were carried out (in
Leipzig) with an 11 MeV linear accelerator, with 17-Gy pulses of 5-ns
duration. For dosimetry, )D-saturated thiocyanate solution was used
for optical detectiort® and dimethyl sulfoxide solution was used for
conductometric detectiofi.A series of pulse radiolysis experiments

thiourea), 3.9x 10° dm® mol~! s71, obtained by monitoring
the build-up kinetics of the intermediate at 400 nm, is too low,
as will be shown below).

Reaction of the OH Radical with Thiourea and Tetra-

was also carried out in the presence of varying concentrations of the methylthiourea. Pulse radiolysis of hbD-saturated solution of

competitors 2-propanol and sodium azide.

As the expectéd?° primary oxidation products of the radiolysis of
the thioureas, the formamidine and tetramethylformamidine disulfides
were synthesizéd??from the corresponding thioureas through oxidation

thiourea yields an intermediate which exhibits a strong absorp-
tion with Amax = 400 nm (Figure 1). Takin@(*OH) = 5.96 x

10" mol J1, €(400 nm)= 7400 dn¥ mol~* cm1is calculated.
The spectrum of the intermediate derived from tetramethyl-

with H20,, to be used as reference material. This procedure yields the thiourea has its maximum at a longer waveleng(@3$0 nm)

formamidinium disulfides, which are stable under acidic conditions.
Their spectra turn out to be quite similar to those of their parent

thioureas. The fact that we have not succeeded in separating thes
disulfides from their parent thioureas by HPLC has, however, precluded

their direct identification and quantitative determination as products in
the present case.

Results and Discussion

Radical-Generating SystemHydroxyl radicals are generated
in the radiolysis of water (reaction 1). The radiation chemical
yields (G values) of the primary radicals a@*OH) ~ G(eaq ")
=2.9x 107 mol J*andG(H*) = 0.6 x 107 mol J1. N,O
is used to convert the solvated electron ir@H (reaction 2)
so that a total hydroxyl radical yield of 5.8 10~ mol J1 is
achieved in a 1 mol dm3 thiourea solutionG(*OH) increases
with increasing substrate concentratf@n.

ionizing

e +
2~ radiation eaq ! OH’ H' H ’ HZOZ’ HZ (1)
€ +NO+H,0—~"0OH+OH +N, @)

The reaction rates of the OH radical, the solvated electron,
and the H atom with thiourea are close to the diffusion-
controlled limig4 (the value reported in ref 24 fdg*OH +

(14) Rio, L. G.; Munkley, C. G.; Stedman, @. Chem. Soc., Perkin
Trans. 2 1996 159-162.

(15) Dey, G. R.; Naik, D. B.; Kishore, K.; Moorthy, P. IRadiat. Phys.
Chem.1994 43, 365-369.

(16) Dey, G. R.; Naik, D. B.; Kishore, K.; Moorthy, P. N.. Chem.
Soc., Perkin Trans. 2994 1625-1629.

(17) von Sonntag, C.; Schuchmann, HMrethods Enzymoll994 233
3—20.

(18) Schuler, R. H.; Patterson, L. K.; Janata,JEPhys. Chem198Q
84, 2088-2089.

(19) Schuchmann, H.-P.; Deeble, D. J.; Phillips, G. O.; von Sonntag, C.
Radiat. Phys. Cheni991, 37, 157-160.

€

= 6560 dn¥ mol~t cm™, Figure 1]. This is comparable to the
case ofN,N'-diethylthiourea §(425 nm)= 5250 dn} mol~?
cm1.16 The similarity that is observed in the behavior of
thiourea and tetramethylthiourea toward the OH radical indicates
that this reaction is not an H atom abstraction. (Thiourea had
formerly often been thought to exist in the iso, i.e., iminothiol,
form, cf. ref 25, but this view has since been refut®d.

A complexity is apparent in the way the absorption builds
up at 400 nm. While its rate increases at higher thiourea concen-
trations, the build-up shows a lag period of several nanoseconds
before it takes on first-order characteristics (Figure 1, inset).

The build-up kinetics as shown in Figure 1 (inset) and the
other findings described below are in accordance with the
sequence of reactions-% (Scheme 1; R= H, thiourea; R=
CHjs, tetramethylthiourea).

OH radical addition could occur initially at the carbesulfur
double bond (reaction 3). The short-lived adduct could then
decay into a radical cation and a hydroxide ion (reaction 4).
The existence of the lag phase in the absorbance build-up (Figure
1, inset) indicates an initial reaction which gives rise to an
intermediate which does not absorb at 400 nm.

At the same time, conductance measurements show that, with
both thiourea and tetramethylthiourea, a positively charged

(20) Simonet, J. InThe Chemistry of Sulfur-Containing Functional
Groups Patai, S., Rappoport, Z., Eds.; Wiley: New York, 1993; Suppl.
S., pp 4406-492.

(21) Preisler, P. W.; Berger, LJ. Am. Chem. S0d.947, 69, 322—-325.

(22) Foss, O.; Johnsen, J.; Tvedten, Azta Chem. Scandl958 12,
1782-1798.

(23) Schuler, R. H.; Hartzell, A. L.; Behar, B. Phys. Cheml981, 85,
192—-199.

(24) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
Phys. Chem. Ref. Dati988 17, 513-886.

(25) Werner, E. AJ. Chem. Socl1912 2180-2191.

(26) Duus, F. InComprehensie Organic ChemistryNeville Jones, D.,
Ed.; Pergamon Press: Oxford, 1979; pp 3487.
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Figure 2. Conductance change observed gONsaturated solution of
thiourea (102 mol dn3) at pH 3.5 and at pH 10 (inset); O pulses
of ~4 Gyl/pulse. The initial jump ak10 us is due to the formation
and subsequent neutralization of Mithin the pulse (reaction 1).
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Figure 3. Competition plot of hydroxyl radical reactions with thiourea
(4 x 1074=5 x 103 mol dn73) and with 2-propanol (0.05 mol dr#).
Inset: Competition plot of hydroxyl radical reactions with thiourea £10
mol dn3) and with NaN (2 x 104-8 x 1072 mol dnt3).

experiments ensured (see below) that equilibrium3Aay
practically completely on the side @f

Taking the equivalent conductance atZDof H™ (325Q~1
cm® mol™1), OH~ (180 Q=1 cm® mol~1)?7 into account, and
assuming a value of 5@~1 cm® mol~! for the singly charged
radical cation, one obtainS(radical cation)= (5.8 £ 0.5) x
107 mol J* (limit at relatively high thiourea concentrations,
e.g., 103 M). This confirms that the OH radical reaction leads
essentially quantitatively to radical cation formation. Additional
support for this has been obtained as follows. Oxidation of
thiourea with the strong oxidant £t in 0.1 mol dnt2 NaCl
and 102 mol dn13 thiourea solution produces the radical cation
of thiourea quantitatively since £t is a poor hydrogen atom

species is generated. In acidic solutions of thiourea, a conduc-abstractor. By comparing the yield of the radical cation obtained

tance decrease is observed immediated§ (s) after the pulse

in this way with that obtained by the oxidation witBH, we

(Figure 2), whereas in basic solution, a conductance build-up found identical values. Thus, the oxidation of thiourea®y

is observed (Figure 2, inset). This indicates that the formation

produces the radical cation exclusively.

of an ion pair (reaction 4) is the quasi-immediate consequence \With tetramethylthiourea, oxidation b\DH produces only

of the reaction of the hydroxyl radical. In acidic solution, the
hydroxide anion formed in reaction 4 removes, ivhich leads

85% of radical cation as compared with the oxidation by CI
(measured by optical detection). This implies that, in this case,

to a decrease of the conductance. In basic solution, the ion pairthere may be some 15% H atom abstraction*® at the

from reaction 4 remains unaffected, which results in a conduc-

tance increase.

As the bimolecular rate constant of reaction 3 cannot be
determined directly from the build-up kinetics at 400 nm (as
has been attempted elsewhefes-2*we have determined it by
competition with 2-propanol. In pO-saturated solutions of
2-propanol containing various concentrations of thiourea (4
1074=5 x 1073 mol dn13), the absorbancedj at 400 nm, 10

methyl groups. On the other hand, the conductivity measure-
ments show a quantitative yield of radical cation in both thiourea
and tetramethylthiourea. Taking into account the results of these
two independent measurements, we conclude that H atom
abstraction at the methyl groups E9H is less than 10%.
Assignment of the IntermediateAmax 400 nm. The maxi-
mum value of the 400-nm absorbance is dependent on the
substrate concentration. When this is reduced from? 1ol

us after the pulse, was determined at each thiourea concentratioim™° to 6 x 10-° mol dn73, Ge decreases from4.5t03.2cfn
(A, is the absorbance of the thiourea solution at the same kGy* (values corrected for the loss by bimolecular decay). This

wavelength in the absence of 2-propanol). TakkioH +
2-propanol)= 1.9 x 10° dm® mol~1 571,24 k3(*OH + thiourea)

= 1.0 x 10 dm? mol~! s 1 is obtained from the slope of the
plot A/A shown in Figure 3. Similarlyks(*OH + tetrameth-
ylthiourea)= 8.0 x 10° dm® mol~! s! has been determined.
We have also determindd("OH + thiourea) by competition
with sodium azide (Figure 3, inset). This is possible since the
reverse reaction betweerny™nd thiourea does not materialize
(see below). Taking(*OH + N37) = 1.2 x 10 dm® mol!
s7124 k3(*OH + thiourea)= 1.3 x 100 dm® mol™® st is
obtained from the slope of the plot shown in the Figure 3 inset.

reduction cannot be accounted for by the decreasg(®H)
due to the lower solute concentratfbut rather points to the
existence of an equilibrium situation where a dimeric radical
cation is formed (reactions 55) which is responsible for the
strong absorption observed at 400 nm. A structure with a
disulfidic linkage is preferred since formamidinium disulfides
are produced in the oxidation of aliphatic thioureas (cf. ref 22).
Other canonical structures of the add@exist, apart from the
disulfide radical anionic form, e.g., those that involve the
materialization of the radical function on the carbon atom or a
form reminiscent of a dimeric sulfide radical cation. The latter

From these two independent measurements, the average valuf'm represents the oxidative nature (see belovg)mdrticularly

for ks(*OH + thiourea) is 1.2x 10 dm® mol~® s71 (for a

compilation of the rate constants determined in this study, see

well. The equilibrium constari{s = ks/k_s can be obtained from

(27) Robinson, R. A.; Stokes, R. IElectrolyte SolutionsButterworth:

Table 1). The thiourea concentrations used in these competitionLondon, 1959; 571 pp.
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Table 1. Compilation of Rate Constants Determined in This Study

no. reactions rate constants
3 thiourea+ *OH — thiourea-OH adduct 1.2« 10°dm* mol~ts™*
3 Mey(thiourea)+ *OH — Mey(thiourea)-OH adduct 8.0x 10° dm®*molts
4 thiourea-OH adduct— thiourea* + OH~ 6 x 10's?
5 thioured* + thiourea— (thioureay™ 5.0x 10°dm®* mol~t s
-5 (thiourea)™ — thioured* + thiourea 9.1x 1¥s?t
9 2(thioureag™ — [(thiourea}]?" + 2thiourea 9.0< 10°dm* mol~t st
9 2(Mey(thiourea)) — [(Me4(thiourea))]?* + 2Mey(thiourea) 1.3x 1°dm*molts™?
10 (thioureay™ + OH~ — (thioureay 5.9 x 10’ dm®* mol~t st
12 thiourea* + OH~ — thiyl radical+ H,O 2.8x 1°dm*molts?
13 thiyl radical+ thiourea— neutral dimer radical 6 10°dm® mol~t st
14 (thioureay*™ + O, — [(thiourea)O,]* 1.2x 10°dm*molts™?
—14 [(thiourea)Oy]* — (thiourea)™ + O, 2x 10Ps?
21 (thiouregy* + O~ — 2thioureat O, 4.5x 10°dm* molt s
21 (Mey(thiourea))™ + Oy~ — 2Mey(thiourea)+ O, 3.8x 10°dm*mol~tst
22 (thioureay** + N3~ — 2thiourea+ N3 4 x 1°dm*molts™?
23 (Mey(thiourea))™ + PhO™ — 2Mey(thiourea)+ PhO 3.0x 10°dm*mol~1st

eq 6, where), is the absorbance at 400 nm in thiourea solution
of 2 x 102 mol dm2 andA is the absorbance (corrected for
G(*OH) according to ref 23) at a given concentration of thiourea. |

AJA =1+ K '[thiourea] * (6)

(Ao /A)-1

In Figure 4, the term A/A) — 1 is plotted against the

reciprocal of the thiourea concentration. From the reciprocal 0s

value of the slope of this linear pldts = 5.5 x 10° dm® mol~* A

is obtained for thiourea. The corresponding valu&ef= 7.6

x 10* dm? mol~* for tetramethylthiourea (cf. Figure 4) is lower —

0.5 1.0 1.5

than that of thiourea, indicating that, in this case, the equilibrium s s
[Substrate]”" / 10° dm” mol

reaction 5+5 is less favorable toward the formation of the

secondary, dimeric radical cation. Figure 4. Dependence of the termA¢A) — 1 at 400 nm A for
The fact that, for thiourea, the relationship shown in Figure thiourea) and at 450 nn@for tetramethylthiourea) on the reciprocal

4 retains its linear appearance near a concentration of 0 of substrate concentration in the pulse radiolysis eDMNaturated

suggests that the spontaneous deprotonation of the radical catiosolution of thiourea and tetramethylthiourea solution«(@0~° to 2 x

1 of thiourea does not significantly contribute to its disappear- 10~ mol dnr) at pH 6.6.

ance. This implies, on the basis of a comparison of the rates of

reactions 5 and 7, that the lower limit of th&pof 1 should be

in the vicinity of 6. A K, value of 5+ 2 has been estimated

on thermochemical grounds.

Bimolecular Decay of the Dimeric Radical Cation.In the
absence of additives that are reactive toward these intermediates,
the decay of the absorption near 400 nm exhibits second-order
kinetics. The fact that these intermediates carry unit charge of
the same sign is corroborated by the behavior of the bimolecular

@

E‘;H_{ZS —_ gﬁs- + H decay rate constantsk,2vhich show the characteristic depen-

NH, 7D NH, dence on the ionic strength(added electrolyte, NaClkpand

1 fulfill expression 8&° (Figure 5).

With the values ofks and Ks obtained above, we have log(k/k,) = 1.02z,u™I(1 + u*'?) (8)

simulated the reaction sequence33for the absorbance build-
up of the dimeric radical catio (cf. Scheme 1, R= H) at The slope of the plot in Figure 5 is positive and near unity,
400 nm (cf. Figure 1 inset). The best fit (solid line in the inset indicating that the numbers of the electric chameand z
of Figure 1) was obtained witks = 1.2 x 10'° dm™2 mol~? (expression 8) of the reaction partners are unity and of the same
sLk=6x10s1 ks=5.0x 10°dm3mol s andk s sign, in agreement with a bimolecular decay as proposed in

= 9.1 x 10° s1, as well as with the assumption that the reaction 9.
absorption coefficient at 400 nm of the monomeric radical cation

1 is about 10% of that o2. These results support the above °NR; o °NR: ®NR;  °NR, IRz
hypothesis that the reaction of the OH radical with the thioureas 2 GSTSC —oes (oSS v 2 058
NR, NR, O NR, NR; NR,

leads first to an adduct, albeit a short-lived one (reaction 3).
On the other hand, a simulation which pretends direct formation

of the ion pair, leaving out the OH adduct altogether, shows a  Taking G(total radicals)= 6.4 x 10~ mol J-1 (this includes
build-up kinetics with a much shorter lag phase that does not the contribution from the primary H atoms), a bimolecular decay
match the experimental data shown in the Figure 1 inset. rate constant of® = 9.0 x 108 dm® mol~ s71 (1.3 x 10° dm?
Although such a simulation has to date not been carried out :
in the case of tetramethylthiourea, a similar mechanism can beSogz%gé’rfme'gg':ofégéf”m' D. J.; Harrelson, J. A., Jr. Am. Chem.
assumed since the build-up behavior of the intermediate at 450" (29) |in, S. H.; Li, K. P.; Eyring, H. IrPhysical Chemistry. An Adnced

nm resembles that from thiourea. Treatise Eyring, H., Ed.; Academic Press: New York, 1975; pp5B.
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Figure 6. Transient absorption spectra obtained in the pulse radiolysis Figure 8. Conductance change in,8-saturated solution of thiourea
(6 Gy/pulse) of an BD-saturated solution of thiourea 2 10-2 mol (2 x 1073 mol dnm3) at 20us after the pulse®) and at the end of the

dm3) at pH 11.9. Initial spectrum@), 1 us after the pulse. Final OH-induced transformationv(, cf. Figure 7) (4 Gy/pulse).
spectrum @), 13 us after the pulse. Inset: dependencekgsfs of
absorption decay at 400 nm on hydroxide concentration. Scheme 2

mol~t s7! for the tetramethyl derivative) is obtained under YH, ONH2 o NH)
conditions (neutral, salt-free) where the ionic strength is very Fos N;ZS—S—IEHZ
low (« < 10°6 mol dm3). 2
Transformation of the Radical Cations (Monomer and
Dimer) in Basic Solution. With basic solutions of tetrameth- (10/-10)
ylthiourea, the UV spectrum and the conductance signal do not
change as the pH is varied (within a range of pH17..2). In ® ® o
contrast, in basic solutions of thiourea above pH 10, the E}_{é — Estgs EH of gﬂsis—gl{
absorption at 400 nm decays rapidly by first-order kinetics NH, NH, NH, (11-11)  NH, NH,
within a time where the bimolecular decay of the intermediates 1 3 4
is still relatively minor. At the end of this transformation, a
new species Withmax at 510 nm é = 750 dn? mol~1 cm™) is
observed (Figure 6). The rate of the absorption decay at 400
nm is proportional to the OHconcentration (Figure 6, inset). OH® D
From the slope of this plot, the bimolecular rate constant5.9 (12-12) NH,
10" dm?® mol~? s1 is obtained. 5
These optical detection results, and the conductivity ones
described below for thiourea, are summarized in Scheme 2. Thevalue to a negative value in the course of this transformation.
OH™-induced 400-nm absorption decay is ascribed to the For comparison, in tetramethylthiourea solution at identical pH
reaction of OH with the secondary, dimeric radical cati@n the corresponding change is much smaller and is due to the
to give the neutral species (reaction 10), since under these bimolecular decay only (Figure 7).
conditions (high thiourea concentration) the absorption near 400 In Figure 8, the initial conductance gain and final conductance
nm (due to2) is already fully developed at the end of the pulse. loss in basic solutions of thiourea are shown over a range of
Conductance measurememtiso reveal that, in basic solu-  pH values. It appears that, at pH 10, a neutral species, e.g.,
tions, the radical cation of thiourea shows a pronounced the dimeric radicaB, is formed as the initial conductance gain
difference from that of tetramethylthiourea. In Figure 7, the decays to zero within about 10 ms. At pH 10, the initial
actual conductance change following an electron pulse in conductance gain decays rapidly and attains a negative value.
thiourea solution at pH 10.8 is shown to decrease from a positive At pH 11.4, the net loss in conductance reaches a value of

oH®

S

(13/-13) || NH;~C-NH,

-—
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Figure 9. Competition plot of the reactions of the radical catibn

with OH™ and with thiourea. The absorban&eat 400 nm was taken

1 us after the pulse<2 Gy/ pulse) in NO-saturated solution of thiourea
(2 x 104-2 x 1072 mol dn¥) at pH 10.8-12. A, is the absorbance at
400 nm at neutral pH.

[02]/ 10" mol dm™
Figure 10. Dependence okqps Of the disappearance, extrapolated to
zero dose, of the thiourea dimeric radical cation, monitored at 400 nm,
on the oxygen concentration in®/O,-saturated solution of thiourea
(10°% mol dn3) at pH 6.6. Inset: Pulse radiolysis of,®/O, (9:1
v/v)-saturated solution of thiourea (4 1074 mol dn12) and sodium
formate (102 mol dn3) at pH 6.6. Dependence &f,s of absorbance

G(—OH") ~ G(OH); i.e., the neutral specie3 consumes 1 decay at 400 nm on superoxide concentration.

molar equiv of OH. The explanation for this is that a further

deprotonation, e.g., reaction 11, takes place to give the dimericy , = 1.4 x 105 sY) is only ~60% of the value at pH 11.9. As
radical aniord. Obviously, such a deprotonation reaction is not ¢gn pe judged from Figure 8, at pH 10.3, the dimeric thiyl radical
possible in the case of tetramethylthiourea, where only the 3 js only partially deprotonated, and the lower absorbance at
bimolecular decay is observed (Figure 7). The new species with510 nm observed under these conditions lends additional support
/‘Lmax at 510 nm observed at the end of Olhduced transforma- to our assumption that the neutral Spec%and 5 do not (Or

tion (cf. Figure 6) at pH> 10.5 can thus be attributed to the  only weakly) absorb at this wavelength and that the species with

dimeric radical anior. ) o _ _ Amax @t 510 nm can be attributed to the dimeric radical arion
Parallel to the reaction of OHwith the dimeric radical cation Reactions of the Dimeric Radical Cations with Q. In the

2 (r ion 1 here is also the reaction of OMith th .
m(()r:a(?n(’:ltecr)ic rz;)(ii’cgl ec:tiostl ?osoi\teeth: a;lcgt?'[ralothiol r;di(t:ag presence of & the rate of decay of the absorption at 400 nm
. X . give ne I Y . in thiourea solution at neutral pH is slightly faster than that in

(reacg(_)n 12), ‘_’(‘;h'Ch V\:c'” comp(_ete W'th_ d!mehr f(;rmat;]on (Lea_Ct_'in the absence of oxygen. The rate constant of the reaction of O
5)b' In t;rect ewﬂenci or reacgon 12isint 'eh act that the |n||t_||a with the dimeric radical cation is obtained by extrapolating the
absorbance of at 400 nm decreases with increasing OH  ohqened first-order decay rate constants to zero radical con-
concentration. By measuring the absorbaAa 4.00 nm (_at 1 . centration. This is repeated at varioug €ncentrations. The
us af_ter the pu_Ise to m|n|m|ze_loss due to reac_tl_on 10) in basic intercepts so obtained are plotted versus thee@ncentration
fnogit'?]':: gf :PSIOslfcr)eZ’ V‘{Seztifénfa‘iléhﬁ( Cgr%pseg“%ﬁft ET;W” (Figure 10). From the slope of the latter plot, a bimolecular
valug ofke = 5.0 xploggdmf“ mof-L 3*12 ost)';ainéd ébovekg _ rate constant oky4 = 1.2 x 107 dm® mol~ s™1 is obtained.
28 1P gmg ol-lsLis calculated. This value is muchlf”nigher It is assumed that the reaction with fdvolves the formation
than that of the equivalent reaction of the din2efi.e., kjo = Of. a peroxyl radlcall (rgactlon 14.)' The intercept210° s, .
5.9 x 107 dm® mol-! %, see above) and correspolnds more Figure 10) could signify the existence of a reverse reaction
cl.osely to what is expec’ted for such reactions (—1_4) and mlght be interpreted ks, 4 (a reversibility of peroxyl

) radical formation, even at room temperature, has been observed

To elucidate the fate of the neutral thiyl radidal condi- . o
tions were chosen such that, at sufficiently low thiourea n o.ther cases, C.f' rgfg 3(83). The behavior in the tetrameth-
ylthiourea case is similar (not shown).

concentration>99% of the radical cation$ react with OH

to give 5, and <1% of 1 react with thiourea to giv@. Thus, in o

a 2 x 1075 mol dnv3 thiourea solution at pH 11.9, only the ]?‘izsgszl?“‘l 0 Wlfzs_s_b»‘_‘%_o.
build-up of absorption at 510 nnkdys= 1.3 x 1P s71), but no EIRZ f& (14/-14) ffmz ,(f,Rz

absorption at 400 nm is observed. Nevertheless, the resulting 2
absorption at 510 nm is identical to the corresponding absorption
obtained in 4x 10~ mol dn2 thiourea solution (also at pH
11.9), where half ol will react to give4 through the reactions

5, 10, and 11. These results indicate that the thiyl radical
subsequently reacts to gidevia an addition to thiourea to give
the neutral dimeric thiyl radicad (reaction 13), followed by
the deprotonation reaction 11 to gi#eThe value okgps= 1.3

x 10 s~ for the build-up at 510 nm may be attributed to the  (30) Tamba, M.; Simone, G.; Quintiliani, Mnt. J. Radiat. Biol.1986
pseudo-first-order rate constant of reaction 13, as the deproto-50. 595-600.

nation reaction 12 is not rate-determining at this high pH. This Chgml)égzngéxgsﬂﬂ%‘:\;* Schuchmann, H.-P.; von Sonntag, Bhys.
gives ki3 &~ 6 x 10° dm® mol™! s, similar in order of \ ' X

Radical cations usually do not show reactivity towargdad
the time scale of pulse radiolysis; in the present case, there is
reactivity (k14), but it is moderate compared to that of other
radicals, where rate constants above di®® mol~* s are the
norm for the formation of peroxyl radicals (cf. ref 34).

~
~

_ (32) Pan, X.-M.; von Sonntag, &Z. Naturforsch.199Q 45h 1337
magnitude tdks.

Furthermore, in a 2« 107> mol dnm3 thiourea solution at

pH 10.3, the build-up of absorbance at 510 nm observed at the

end of the OH-induced transformation (3@s after the pulse,

1340.

(33) Fang, X.; Pan, X.; Rahmann, A.; Schuchmann, H.-P.; von Sonntag,
C. Chem. Eur. J1995 1, 423-429.

(34) von Sonntag, C.; Schuchmann, H.-PPleroxyl Radicad; Alfassi,
Z. B., Ed.; Wiley: Chichester, 1997; pp 17234.
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Puzzlingly, in the presence of oxygen, thiourea may decom-
pose with very highG values under certain conditionS(ele-
mental sulfur) values of up to about 10mol J! have been
observed in oxygenated solutions under conditions of very low
dose rate (10* Gy s™%) and relatively high thiourea concentra-
tion (1 M).2 The mechanism of this chain reaction is unknown.
It is conceivable that this chain process is mediated by sulfur
peroxyl radicals. This kind of radical may be quite reactive (cf.

refs 35-37). In the present case, such radicals may be generated

via reaction 15. It is tempting to speculate that reactions 16
20 come into play as well.

QWHZ NH, @wﬂz NH,
(—$—5—¢-0-0" —=> (=5-0-0" + (=8
NH, NH, as NH; NH,
@ [©]
NH; . H‘ﬂ'h NH; TI‘IHz
¢-$-0-0" + =8 ———> (50" + (=50
i (16) !
NH, NH, 2 NH,
Qhﬂ’iz 2 WH 6‘ 2
¢—$-0°" + =5 ———= C-SOH + (s
i 17) !
NH, NH, NH, NH,
= i
C=S=0 —— C—S—OH
w09
Eﬁls—OH — > N=C-—NH; + HSOH

19)

z

2

2HSOH —— &
(20)

+ 2 H,0

The formamidinium sulfinyl radical cation may be expected
to be an even stronger oxidant than the primary radical cation
1 (reaction 17). Cyanamide is a major product in thee@sisted
oxidative degradation of thiouré&® There is evidence that
hydrogen hydroxysulfide (HSOH) is labile with respect to
decomposition (reaction 20) into water and sufur.

Reaction with the Superoxide RadicalSuperoxide radicals
[G(O7) = 5.6 x 1077 mol J™1] and the dimeric radical cation
of thiourea2 [reactions 3-5, G(2) = 7.2 x 10~8 mol J™1] were
generated side by side in,®/O, (9:1 v/v)-saturated solution
of sodium formate (16 mol dm3) and thiourea (4x 104
mol dn3) at pH 6.6. The removal of the dimeric radical cation
of thiourea2 by O,*~ (reaction 21) was monitored by the decay
of its absorption at 400 nm at various*Oconcentrations (dose

Wang et al.

3 '
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Figure 11. Reaction of the thiourea®) and tetramethylthiourea)
radical cation with azide, monitored by the disappearance of the
absorption at 400 nm (thiourea, Omol dnv3) and at 450 nm
(tetramethylthiourea, 16 mol dn13) in N,O-saturated solution at pH
9-10, ~3 Gy/pulse.

corresponding value d; for tetramethylthiourea is 3.8 10°
dm® molt s,

Reaction with Azide. The oxidation of thiourea derivatives
with the oxidizing radicals Gt~, Bry’~, and SQ@~ has been
reported, while their oxidation by f;lwas not observed, except
in the case of the thiourea-related compound thiosemicarba-
zide 1516 even though one would have expectes (deduction
potential, 1.33 V/° to be strong enough to oxidize thiourea;
estimates of values for the reduction potentials of some thioureas
are reported and fall in the vicinity of 1.1 % We have exposed
thiourea and tetramethylthiourea to the azide radical and also
have not observed any effect. This raises the question of the
existence of the reverse reaction, i.e., reaction 22.

MR2o NRz 9 IR .
?=s_ = ——»22 (F=S + N3
NR; NR; @ NR;

This is, indeed, observed. From a plotkgfs of the absorption
decay near 400 nm versus the azide concentration (Figure 11),
one determineky, = 4 x 10° dm® mol~1 s~1 for thiourea and
10° dm® mol~! s71 for tetramethylthiourea. This indicates that
the thiourea radical cations are fairly strong oxidants. The
intercept in Figure 11 is due to the contribution of termination
reactions to the decay. The existence of a reverse reaction would
also add to the intercept in Figure 11. However, any sizable

rate dependent) (Figure 10, inset). From the slope of the linearcontribution by a reverse reactiort 22) can be ruled out since

NR2o IRz -0

?:S—S:? —

NR; NR, @D
2

e
2 ?=S + 0Oy
NR»

plot in the Figure 10 inset, a bimolecular rate constark.pf=
4.5 x 10° dm® mol~! s71 is obtained. A< is present at one-
eighth of the concentration of £, the contribution of the
bimolecular decay o to the slope in the Figure 10 inset is
negligible. The intercept at zero,O concentration observed
in the Figure 10 inset reflects the reaction2ivith O,. The

(35) Schuchmann, H.-P.; von Sonntag, CPieroxyl RadicalsAlfassi,
Z. B., Ed.; Wiley: Chichester, 1997; pp 438@55.

(36) Asmus, K.-D. InActive Oxygens, Lipid Peroxides, and Antioxidants
Yagi, K., Ed.; Japan Sci. Soc. Press: Tokyo/CRC Press: Boca Raton, FL,
1993; pp 57-58.

(37) Schmeich, C.Antioxid. Health Dis.1995 2, 21-47.

(38) Schenck, G. O.; Wirth, HNaturwissenschafteh953 40, 141.

(39) Heinze, EJ. Prakt. Chem.N. F. 1919 99, 109-179.

the 400-nm absorption decays to zero (not shown); a reversibility
would be reflected in the existence of a nonzero “plateau”.

The absence of reactivity of the azide radical (reduction
potential 1.33 V4° toward thiourea compared to the presence
of reactivity’>1® shown by Bg~ (1.66 V), *OH (1.9 V), and
Cly~ (2.3 V) (cf. ref 40) suggests that the reduction potential
of the thiourea dimer radical cation is bracketed by 1.33 and
1.66 V. However, in another context, the azide radical has been
shown to be unreactive toward dimethyl sulfide with respect to
radical adduct formation, even though a species (iodine atom)
with a very similar reduction potential does form an add¥ct;
quite often, oxidation reactions proceed via the heterolysis of
intermediate adducts and not via direct electron transfer. In fact,
the sequence of reactions 3 and 4 presents another example of
this case.

(40) Wardman, PJ. Phys. Chem. Ref. Date989 18, 1637-1755.
(41) Merenyi, G.; Lind, J.; Engman, . Phys. Chenml996 100, 8875~
8881.
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Oxidation of Phenolate lon by the (Dimeric) Tetrameth- base if the pH of the solution is above neutral. Similar
ylthiourea Radical Cation. In an N;O-saturated solution of  observations, the production of elemental sulfur in particular,
tetramethylthiourea (f® mol dnm~3) containing phenol (2. have been reported in the base-catalyzed decomposition of

1074=10"% mol dn3) at pH 11, the absorption spectrum of certain substituted formamide disulfides and related com-
the dimeric radical cation (cf. reactions-8) with Ayax at 450 pounds** This decomposition proceeds after deprotondtion
nm observed Ls after the pulse disappears rapidly. At the end where possible. The decomposition of the homologous com-
of this process, a new species withax at 385 and 402 nm,  pound derived from tetramethylthiourea must take a different
characteristic of the phenoxyl radid&l*3is observed. Thé&ps course, presumably via hydroxide addition at higher pH.

of the absorption decay at 450 nm is proportional to the phenol  General Importance of the Thiourea Radical Cation in
concentration. From the slope of this linear plot (data not Thiourea Oxidation. The radiolytic oxidation of thioureas to
shown), the bimolecular rate constant of the oxidation of the corresponding formamidinium disulfides represents a special
phenolate to phenoxyl radical by the radical cation of tetra- case within a whole class of oxidation reactions leading to the

methylthiourea (reaction 2&3 = 3.0 x 10® dm® mol-1s1is same dimer (cf. ref 22 and references therein), among them
obtained. anodic oxidatiorf? oxidation via nitrosatiod® where the
. . intermediate S-nitroso cation may be expected to lose nitric
- N(CH: o_xidg by homolysig¢® and action by_oxid_ants sqch as ch_Iorine
(CH”’I?’:SﬁS:ITI( 2 . 5 b=s  + dioxide*” or methylene blué® In radiolysis, the intermediacy,
(CHs)2N N(CH3)2 @3 N(CHy)» over a large pH range, of the dimeric thiourea radical cation

has now been unequivocally established. It can be fairly assumed

Final Products. There is circumstantial eviden®ethat that this species plays a dominant role in many of these other
essentially the only primary product of thiourea radiolysis in processes as well.
aqueous solution is the formamidinium disulfide. The formation . . .
of elemental sulfur and other products such as guanidylthiourea, Acknowledgment. Th's wor.k IS dedlqated to Dr. K. U.
guanidine, cyanamide, and dicyandiamide that have been!Nd0ld on the occasion of his 70th birthday. It has been
observed in thiourea radiolytic systems in the p&stan in supported by the European Commission, Project No. F14P-
most cases be explained through the rearrangement and subsé&P95-0011.
quent hydrolytié* or oxidative degradation of the primarily — jA983275B
formed formamidinium disulfide. » (44) Fromm, E Liebigs Ann. Cheml906 348 144-160.

The formamidinium disulfide dication is stable under acidic (45) Williams, D. L. H.J. Chem. Soc., Perkin Trans1®77 128-132.

conditiond*?2but begins to undergo hydrolysis to the unstable ~ (46) Schulz, U.; McCalla, D. RCan. J. Chem1969 47, 2021-2027.

(47) Rabai, G.; Wang, R. T.; Kustin, Knt. J. Chem. Kinet1993 25,
(42) Land, E. J.; Porter, G.; Strachan,TEans. Faraday Socl961, 57, 53—-62.

1885-1893. (48) Bhagava, R.; Mishra, K. KPhosphorus, Sulfur, Silicoh991 63,
(43) Bansal, K. M.; Fessenden, R. \Radiat. Res1976 67, 1-8. 71-79.




