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Abstract—The mechanisms and kinetics of practically important redox reactions proceeding under the action
of hydroxy- and aminoalkanesulfinates are analyzed. The general features allowing forecasting of the rates
of reactions involving the above reducing agents are elucidated.

Hydroxy- and aminoalkanesulfinates are widely used The reactions of the second group have zero induc-
as reducing agents in various branches of engineeririgpn period, fractional reaction order with respect to
and technology. The bekhowncompounds, hydroxy- the oxidizing agent, and first order with respect to
methanesulfinate (HMS, technical name rongalite) anthe reducing agent. Addition of formaldehyde also
thiourea dioxide (TUDO, aminoiminomethanesulfinicinhibits the reaction, but to a lesser extent than for
acid), are used in textile industry, production of synthe reactions of the first group. The second group
thetic rubber, stabilizers for polymeric materials, uraincludes reduction of vat dye precursors with sodium
nium salts and salts of transuranium elements, eletydroxy- and aminoalkanesulfinates [8], nickel and
troless metal plating of polymeric materials, and othecobalt salts with HMS and TUDO [9], and ethylenedi-
processes [1]. aminetetraacetatoferrate (FeEDTAvith TUDO [10].

By now the experimental data on the kinetics and The reactions in which formaldehyde exerts weak
mechanisms of redox reactions involving the abover practically no effect on the reduction rate belong
compounds are quite extensive and, in our opiniorto the third group. These reactions are first-order with
sufficient to generalize and elucidate the general feaespect to the oxidizing agent at moderately low tem-
tures. peratures, and a fractional reaction order is observed

with increasing temperature; in all cases, the reaction

Based on an analysis of the concentration depenjer \yith respect to the reducing agent is 1. The ex-
dences of the reaction rates and the effect of various

additives on the reaction rate, the reactions in hand

can be divided into three groups. The reactions of ¢, mM
the first group are characterized by the occurrence of 0.12
an induction period, zero reaction order with respect

to oxidizing agent for a long reaction time, first re-
action order with respect to reducing agent, and abrupt og|
decrease in the reaction rate, even to the point of
complete inhibition, upon addition of formaldehyde.
This group includes reduction of disodium Sifadigo-
tindisulfonate (indigocarmine) with sodium hydroxy-
and aminoalkanesulfinates [2], 2-nitreB/droxy-5-
methylazobenzene (NAB) with HMS and TUDO [3,
4], Direct Red 2C azo dye with HMS and TUDO [5], — )
uranyl acetate with TUDO [6], and iodine, bromine, 20 40 60 80 1007, min
and chlorite ions with HMS and TUDO [7]. Typical  Fig. 1. Concentration of NABC vs. time< of its reduction
kinetic curves characteristic of this group of reactions with HMS. T = 298 K, Cyyg = 0.252 M. Cyaon (M):
are shown in Fig. 1. (1) 0.78, @) 1.74, @) 2.43, and 4) 3.11.

0.04}

1070-4272/01/7410-1715 $25.@02001 MAIK “Nauka/Interperiodica



1716 POLENOV et al.

amples of these reactions are reduction of FeEDTAfrom the corresponding reaction rategsand r, de-
[11] and 4-nitrosodiphenylamine (4NDPA) [12] with termined in experiments with and without addition of
rongalite and ofp-benzoquinone with rongalite and formaldehyde. The rate, for the reactions proceed-
TUDO [2]. ing by two pathways was determined under the con-

Studies of decomposition of HMS and TUDO dition ry = 0, i.e., when anncrease in the concentra-
showed [13, 14] that the induction period is caused b{ion of added formaldehyde did not affect the reaction
the autocatalytic decomposition of molecules of théate. The rategy was evaluated on the basis of exper-
reducing agent, proceeding with rupture of theSC imental data obtained in the absence of formadehyde

bond (with HMS molecules as an example) in neutrapddition, from the difference between the apparent re-
action rater andr,. It should be noted that the ratio

HOCH,SG, = HSG, + CH,0O (1) r,: rg characterizing the contribution of the individ-
, _ ) ual pathways, is governed by the following factors:
or in alkaline medium: (a) chemical nature of the oxidizing and reducing

agents; (b) reaction conditions, primarily temperature
and pH; and (c) process duration.

_ To pass from the induction period to a steady state, | et us consider the effect of each factor separately.
it is necessary to accumulate a sufficient amount obata on the kinetics and mechanisms of reactions in-

decomposition catalysts'dctive sulfur and sulfide), yolving HMS and TUDO are summarized in Tables 1
which are by-products of processes (1) and (2). Whegng 2.

the excess of the reducing agent is sufficiently high, _ ) o
the reactions of the first group proceed in quasi-steady- According to the experimental data, associative
state mode to 90% and higher conversion of the oxilmechanism is of the greatest importance in reduc-
dizing agent. The inhibiting effect of formadehyde istion of FEEDTA with HMS (at a temperature below
caused by a shift to the left of the equilibrium of re-303 K the reaction proceeds completely by the asso-
actions (1) and (2) and the resulting decrease in theiative pathway).

quasi-steady-state concentration of the intermediates, |, requction of organic compounds, the dissociative
anions of sulfoxylic acid (HSPand S§) [1, 2] pathway is dominant. For example, the ratip: r

The kinetic data suggest that the reduction withis 1 : 6 for 4ANDPA [ = 308 K, Cy,on = 1 M), and
derivatives of aminoalkanesulfinic acids proceeds by : 380 for NAB (T = 308 K, Cy,04 = 1 M). Reduc-
two concurrent pathways: with preliminary cleavageion of indigocarmine proceeds completely by the
of the C-S bond, accompanied by the formation ofdissociative autocatalytic pathway.
sulfur-oxygen intermediates by reactions (1) and (2), _ .
and by direct reaction between molecules of the oxi- Ther, : ry ratio depends on the nature of the reduc-

dizing and reducing agents [i.e., with stages (1) an{!9 agent. IBI reduc:ipbn t\.Nith -]I:L:E O, reac_ti(z_ns Wit?h
(2) by-passed]. The first pathway is arbitrarily namecf!! @PPrectablé contribution of thé associalive parn-

the dissociative pathway, and the second, the assof@ @€ less common than in reduction with HMS.
ative pathway [15]. his is apparently caused by the presence of sulfox-

ylates, which are more readily formed under condi-

Thus, as regards the nature of the reducing effections of reduction with TUDO, i.e., in alkaline media.
the reactions of the first group can be classed with . _
dissociative-autocatalytic reactions. The temperature and acidity of the medium govern

_ the degree and rate of cleavage of the reducing agent
For the second group of reactions, the absence @fiplecules and thus affect the ratig: ry. The tem-

the induction period in the kinetic curves suggests thleratyre effect is particularly noticeable in reaction
the reduction rather easily proceeds by the dissociativs FeEDTA™ with HMS [16]. In this process the re-
pathway without accumulation of active sulfur able t04ction proceeds below 303 K by the associative path-
catalyze stages (1) and (2). way (4 = 0), and by both pathways above 303 K

For the third group of reactions, along with the(r,: rg=1: 2.5 atT = 308 K, Cjyys = 6.5x 10° M,
reduction with HSQ@ or SG; anions, there occurs di- pH 10.8).

rect reaction of the oxidizing agent with molecules ;g 4.t is accounted for by stronger temperature
of the initial reducing agent (associative pathway). dependence of the reaction rate in the case of dissocia-

The relative contribution of associative and dissotive mechanism (Table 1), which follows from a com-
ciative pathways to the total process can be estimatqghrison of the activation energié® and E". There-

HOCH,SG; + OH™ = SG& + CHy(OH),.  (2)
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of kinetic studies of the reactions involving sodium hydroxymethylsulfinate

Oxidizing agent Mechanism of the redox process Evaluated kinetic parameters
k
NAB HOCH,SO; + OH- (T_1> SO~ + CH,(OH), = 308 K, Cygop = 0.1-4 M,
o = (0. 32+OO7)>< 106 M1st,
NAB + SC3 ——> BTANO + SC3 k = 8+5 M1s?
k, = (1.2+0.07)x 102 M1st,
Eapp = 40+5 kJ mot?
4ANDPA HOCH,SO; + OH & sog— + CH,(OH), T = 308 K, Cygop = 0.1-2 M,
= (0 47+008)x10‘6 M-Lst
4ANDPA + SG~ it SG3- k © ky, = (13+£4)x 10+,
‘ Eapp = 5414 kI mot?
3 _
Int + SG~ — 4ADPA + SG;
k
ANDPA + HOCHSO; — Int + HOCH,SC3
Int + HOCH,SO; 5, 4ADPA + HOCH,SO;
k
FeEdta HOCH,SG; (T_1> HSO; + CH,0 T = 308 K, pH 10.8 (Robinsen
- Ky ] Britton buffer solution),
FeEdta + HSO;, — FeEdt& + H30, k, = (0.14+0.01)x 10°s7,
K ky : k, = (0.7£0.1)x 10°°,
FeEdta + HSD, —> FeEdt& + SO, + H* k, = 0.55+0.07 MtsT,
ke P _ Ebpp = 21+4 kJ mof?,
FeEdta + HOCH,SG; — FeEdt& + HS0, + CH,0O El = 1008 kJmotl
k
[IC(CO),] HOCH,SG; (T_1> HSO; + CH,O T = 333 K, pH 10.5,
1y k, = 1.03x 10° s,
IC(CO), + HSO; — ICCOCOH + SO, k .k, = 24x 1073,
Eqpp = 114 kJ mot!
k
NiZ*(NiCl,) HOCH,SG; (T_1> HSO; + CH,0 T = 308 K, pH 4.0,
- 6 k, = 108 s,
Ni2* + HSQ; + H,0 ——> Ni + HSO; + 2H* k1—847x102M st
K ky, = 49x102 M1s?
2HSO; —> HS™ + HSQ; kg = 27.6 M1s?,
K k, = 110.9 M1sT,
2HSGQ; —> S8 + S + H,0 Eqpp = 134+ 12 kJ mof?
NiZ* + HS 55 NiS + H' — fast

* (BTANO) BenzotriazoleN-oxide; the reaction proceeds by the dissociative mechanism, contribution of the associative mechanism
is insignificant; (Int) intermediate(4ADPA) 4-aminodiphenylamine;E(gpF) and @Eg})p) apparent activation energies for reactions
proceeding by the associative and both pathways, respectively; (IC) indigocarmine; and (ICCOCOHptaucd indigocarmine.

fore, in all reducing reactions involving hydroxy- and Thereby, the contribution of the dissociative path-
aminoalkanesulfinates, the contribution of the associaway to redox processes involving TUDO increases.
tive pathway must grow with increasing temperatureThe acidity of the medium affects the degree of
dissociation of HMS and other derivatives of sodi-

An increase in pH facilitates cleavage of TUDOum alkanesulfinates in two ways. On the one hand,
molecules by the scheme their dissociation becomes more pronounced with de-
creasing pH, owing to autocatalysis by the products

NHC(SOH)NH, + OH = HSGO;, + (NH,),CO. (3) of decomposition of the reducing agents [13, 14] and,
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Table 2. Results of the kinetic studies of the reactions involving thiourea dioxide

Oxidizing agent Mechanism of the redox process Evaluated kinetic parameters
k
NAB NH,CSO,NH, (T_1> NHC(SO,H)NH, T = 281 K, Cyaon = 0.18 M,
1 K ks © k3 = (9.4+0.8)x 1073,
NHC(SOH)NH, + OH™ —— HSQ; + (NH,),CO | E,p, = 60+5 kJ mott

k
NAB + HSQ; ——> BTANO + HSGy

K
HSG, 2 Decomposition products in the presence
of formaldehyde additive

ks
CHO + HSG &= HOCH,SO;
5

* k
FeEdta NH,CSONH, <T—l> NHC(SO,H)NH, T = 301 K, pH 8.7,
1 ks © kg = (1.7+0.4)x 1074,

k
NHC(SOH)NH, + OH — HSG; + (NH,),CO | E,,, = 110+ 10 kJ mot?

app
k

FeEdta + HSO; —> FeEdt&~ + HSO,
k

FeEdta + HSO, —> FeEdt& + SO, + H*

HSG, L Decomposition products

Kk k
Uranyl acetate | NH,CSONH, <_Tl> NHC(SO,H)NH,
“1
k
NHC(SOH)NH, + H,0 —— H,SO, + (NH,),CO
k
UO3* + H,S0, —> U** + SO, + 20H

K
H,SG, 2 Decomposition products in the presenc
of formaldehyde additive

D

ks
CHO + H,SO, &> HOCH,SOH
5

" In the experiments with formaldehyde additive, the possibility of direct reactidfeBDTA™ with TUDO wasfound, but the con-
tribution of the associative pathway is insignificant.

™ UO,(CH5COO),.

on the other hand, a decrease in pH shifts the equiliposed reduction schemes, (2) goal-seeking control of
rium of reaction (2) to the left, which decreases thehe reduction rates, (3) forecasting of the rates and
contribution of the dissociative pathway when it isselectivity of the reduction depending on the nature
present. It is evident that the first factor plays a deof a reducing agent and an atom or a group of atoms
cisive role in this case. Previously, it has been showto be reduced.

[2] that in the reaction ofp-benzoquinone with .
rongalite the reaction order changes from 1 to a frac- To prove the adequacy of the reduction schemes,

tional value with decreasing pH. It can be suggeste%/e identified the intermediates of the redox reactions
that the contribution of the dissociative pathway of roccﬁemlng by tPe d:jssgmat;]ve pathway, l(stmg polaro-
the reduction increases. graphy. It was found that the quasi-steady-state con-

centration of the intermediate active speciesQfS,
The following problems are very important for SG5-, and SG") varies in parallel with the reduction
both elucidating the general features of the kineticsate [17, 18]. As additional argument, we checked
of the redox processes and solving the practical prokexperimentally in a series of the reactions the kinetic
lems: (1) demonstration of the adequacy of the proequation obtained from the conditions of the quasi-
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steady-state approximaton, which demonstrated a satata can be selected. Therefore, for some of reactions
isfactory agreement between the experimental an@ables 1, 2) we determined not individual constants
calculated reaction rates. but their combinations.

In the general form the reaction rates in the quasi- Of some interest is to compare the rate constants
steady-state mode of many reactions involving HMSf the same stages in different reduction reactions.
and its analogs can be described by the followindt turns out that at 308 K the rate constant of the

equation (in alkaline medium): stage of HMS cleavage involving OHions, k;,
dqc kikoCroCorCon- determined from the kinetic data for reduction

dOX = kl 2-Re ka%'* + KsCredCox (@) of NAB [(0.32+0.07)x 10° Mts?, is close to
g Lkero * keCox the k, value determined for reduction of 4NDPA

where k; is the constant of direct decomposition of[(0.47+0.08)x 10® M™s?. The rate constants
the reducing agent (Redk_, is the constant of the of the stages of HMS cleavage without Okbns
reverse stagek, is the rate constant of the reactioninvolved in the reduction of FeEDTAand indigo-

of the reducing agent with reduction intermediatescarmine are also comparable: (041@.01)x 10° and
andk; is the rate constant of the associative pathwayi 17+0.03)x 105 s, respectively.

The first term in the right-hand side of Eq. (4)  The k, valued for indigocarmine were recalcu-

accounts for the reaction rate by the dissocialivgyieq from 333 to 308 K using the valudg,, =
pathway, and the second, by the associative pathways 4 13 mot® and INPap, = 37. The kinetic parar%peters

For the reactions involving TUDO, the equationsof the reaction of vat dye precursors of varied
for the reaction rates have a more complicated fornstructures with HMS were evaluated in [22]. It was
as a result of the presence of the stage of rearrangshown that for various hydroxyalkanesulfinates the
ment and irreversible decomposition of the reducingate constants of the stages of reaction of the same
agent molecules. However, in many cases, the expevat dye precursor with sulfoxylate anions [which cor-
imental verification of the linear forms of the kinetic responds to constarit, in Eq. (4)] agree within the
equations allows conclusion about the suitability oforder of magnitude. These facts additionally prove
the quasi-steady-state approximation for reductiothe adequacy of the proposed reaction schemes to
processes involving TUDO [4, 6, 10]. experimental data.

In the case of reduction of NAB, Kﬁ,l and N,N' The control of the reduction rate by addition of
derivatives of binaphthylhexylcarboxylic acid diimide, catalysts and formadehyde is only possible when the
we determined the kinetic parameters using the pradissociative mechanism is dominant. For example,
cedures of mathematic simulation with criterial se-cobalt dioximines [23] and sodium sulfide [24] accel-
lection of possible process schemes -[28]. This erate the process. It was found that cobalt dioximines
approach makes it possible to determine the rate coexhibit high catalytic activity in reduction of azo dyes
stants of individual stages or combination of thesewith rongalite and in reductive cyclization of nitro-
estimate errors, and correlate the parameters withizobenzene to give light stabilizer of polymers, ben-
sufficient reliability. zene P. The mechanism of the effect of dioximines
consists in substitution of hydroxymethanesulfinate
anion for one of the axial ligands, with its subsequent
inner-sphere cleavage and release of sulfoxylate anions.
It should be noted that the rate constants of the in-

dividual stages can be reliably determined only wherg:r The effect of sodium sulfide is caused by an in-

the information content of the experimental data cor: ease in the steady-state concentration @‘Smnng

responds to the complexity of the system. When ext-o the inhibition of sodium hydroxyalkanesulfinate

perimental data are scarce and the kinetic model igecomposmon [13].

complex, a large number of parameter sets providing The selectivity of the reduction effect of alkane-
the same adequate description of the experimentallfinates of various structures is well seen in reduc-
tive cyclization of binaphthylhexacarboxylic acid der-

The constants for NAB and Kii, evaluated by the
above procedures, are listed in Table 1.

1 The reduction of Ni* is arbitrarily considered homogeneous
since it yields nickel in the solid state. However, owing to 2 For reduction of N§* ion, this rate constant is four orders of
the irreversibility of the stage of solid nickel formation we can  magnitude higher, which is caused by, first, the difference
use the equations of homogeneous kinetics for mathematical in pH and, second, different character of cleavage of reduc-
description of the process. ing agent molecules, as mentioned above.

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol. 74 No. 10 2001
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Table 3. Kinetic parameters of reduction of transition metal compounds

Oxidant + reductant ky,, (333 K), mirrt Eqpp kJ mor? Inp AHO (298 K), kJ mot!
Co** + HMS 0.08x 1072 74+8 19+1 -56.6
Ni2* + HMS 0.11x 1072 134+ 12 42+ 4 -53.1
CuEdt& + HMS 13.3 189+ 19 71+ 6 1643.9
Co** + TUDO 0.52x 1072 78+ 7 22+1 -56.6
Ni¢* + TUDO 12.5x 1072 149+ 15 51+5 -53.1
CuEdt#& + TUDO 0.96 96+ 10 35+3 1643.9
UOZ* +TUDO 3.1x10% 3945 6+2 -1024.9

ivatives. In this case, the final products of the reactiorthe quasi-steady-state concentration of sulfoxylate an-
in solution are di- and tetraanions of perylenetetracaiions, which, in turn, accelerates formation of products
boxylic acid derivatives [25]. It was shown that thewith four reduced groups.

most probable process is concurrent formation of these
derivatives from the corresponding initial compounds.d
For all of the studied derivatives of binaphthylhexa-
carboxylic acid, the relative yield of the product with
four reduced carbonyl groups increases in the seri
of the reducing agents sodium dimethylaminometh- The kinetic parameters of reduction of transition
anesulfinate < sodium diethylaminomethanesulfinate snetal ions and complex compounds with rongalite
sodium hydroxymethanesulfinate < sodium hydroxy-and TUDO are presented in Table 3. Comparison of
ethanesulfinate < sodium hydroxypropanesulfinate. lthe apparent rate constants and enthalpies of formation
was shown [2] that the stabilities of the first threeof oxidizing agents suggests that these parameters
reducing agents are much the same, whereas intrgary in parallel for both the reducing agents.
duction of alkyl substituent te:-carbon atom drasti-
cally decreases the stability of the reducing agent. Th
rise in the reducing power is due to an increase irE.I

The correlations obtained on the basis of kinetic
ata for reduction of a wide variety of reducing agents
may be useful for forecasting the rates of reduction
eOSf various compounds with rongalite and TUDO.

Figure 2 shows the compensation relation between
e Arrhenius parameters, which is described by the

quation
80: Inp = 0.4F,,, - 12.06 R = 0.987).
60 This dependence is observed for those reactions in
which the dissociative mechanism of reduction is pre-
40} dominant. Therefore, the point with the coordinates
a | Eapp = 21 kJ mof* and Inp = 12, obtained for the re-
= 20k duction of FeEDTA with rongalite proceeding at low
temperatures by the associative pathway, falls out of
3o this dependence. The observed compensation effect
0 _/14 100 200 suggests the occurrence of the limiting stages of the
o 1 mol™ reactions through transition states with similar con-
20t app? figurations [26]. In the stages of decomposition of

reducing agents, transition states are likely to form
by protonation or deprotonation of hydrated mole-
cules, as shown by quantum-chemical calculations for
tautomeric conversion of TUDO as an example [2].

Fig. 2. Correlation between the Arrhenius parameters for
reduction of various compounds with HMS and TUDO.
(p) Pressure and E(aPF) apparent activation energy.
(1) C?* + HMS, (2) Ni2* + HMS, (3) CUEDTAZ +
HMS, (4) NAB + HMS, (5) 4NDPA + HMS, €) IC(CO), +
HMS, (7) Direct Red 2C + HMS, § COEDTAZ™ + HMS,

(9) NIEDTAZ + HMS, (10) Co?* + TUDO, (11) NiZ* +
TUDO, (12) CuEDTAZ + TUDO, (13) NAB + TUDO,
(14 UOZ* + TUDO, (15 IC(CO) + TUDO, and
(16) FeEDTA™ + HMS (by the associative pathway).

In conclusion, it should be noted that the data
presented make it only possible to determine schemes
of stoichiometric mechanisms of the processes. The
existing experimental data are insufficient to come
to reliable conclusions on the structure of transition
states in particular stages.
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