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The stoichiometry, kinetics, and mechanisms of the redox reactions of
thallium(III) sulfate with crotonaldehyde and methacrolein in aqueous solution
of sulfuric acid or binary water—dioxan mixture have been studied. A molecule
of crotonaldehyde or methacrolein is oxidized by the TI(III) ions in two
consecutive one-electron steps to give 2,3-dihydroxybutyraldehyde or 2,3-di-
hydroxyisobutyraldehyde. The redox reaction is governed by the rate equation
-d[TI(1I1))/d¢t = k[TI(II)]*[S] where n =0—2. The zero reaction order with
respect to the TI(III) ions may be explained by slow enolization of the hydrated
crotonaldehyde and methacrolein which is the rate-determining step and
precedes the proper redox step.

Bbu1a u3yyeHa crexHoMeTpusi, KHHETHKA U MEXaHU3Mbl OKHCIIUTENBHO-BOC-
CTaHOBHTENbHbIX peakuuii cynsdata Tamnusa(IIl) c KPOTOHOBBIM aNnbAErUAOM
¥ METAKPOJIEMHOM B BOJHOM PacTBOPE CEPHON KMCIIOTHI MM B GUHApHO# cMecH
BOAAa—[HOKCaH. MoJieky/ibl KPOTOHOBOTO ajbAETMAa M METaKpOJEHHAa OKHC-
asitorest vonamu TI(IIT) B AByx mocnefOBaTENbHBIX OOHO3JIEKTPOHHBIX CTYIE-
HAX [J0  2,3-purugpokcuOyTupanbieruga M - 2,3-RMruapOKCHH306yTHD-
anbaerufga. PeakumM BOCCTAHOBJIEHMS OTBEYAaeT YPAaBHEHHE CKOPOCTH
-d[TI(II])}/dt = k[TI(IID)]"[S], rae n = 0—2. Hyneroii NOPAKOK peakLyH O
MOHaM Talausd OODBACHAETCS MENJECHHOH 3HONM3aUMeHd THAPaTUPOBAHHOIO
KPOTOHOBOTO ajbErWia U METAKPOJIEMHA, KOTOPas MpPENLIECTBYET, KaK CTY-
NeHb, ONpefesionas CKOpocTb, CTYIIEHH CaMOrO OKHCIIEHHS.

The thallium(III) ions in aqueous solutions are rather strong oxidizing agents,
the standard redox potential of the TI(IIT)—TI(I) system at 25°C being 1.25 V
[1, 2]. However, it significantly depends on the pH value and the presence of
complex-forming ions [3]. The relatively strong oxidation effects of the TI(III) ions
are also employed in oxidations of unsaturated organic substances, e.g. olefins,
carbonyls, etc. [4—6]. In particular, the weight of the papers published by Henry
[7—9] should be emphasized. The oxidation of alkenes in aqueous solutions affords
two characteristic types of products, i.e. carbonyl compounds (aldehydes and
ketones) and vicinal diols. This reaction is to be described by the following reaction
scheme
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TP*+CH,=CHR+H,0 — H"+[TICH,CH(OH)R]*"

CH,;COR+TI"+H"
[TICH,CH(OH)R]** W< (A)
*” ¥ CH,(OH)CH(OH)R + TI* + H*

Some «,B-unsaturated carbonyl compounds, Ar—CH=CH-Br and
CH,=CH-CN, are not subject to oxidation by the TI(III) ions [4, 10]. Sometimes,
the oxidation can be performed at a higher temperature by extending the reaction
time which, however, gives rise to a mixture consisting of hardly definable products
[11].

Watanabe et al. [12, 13] studied the oxidation of unsaturated aliphatic aldehydes
R'CH=CR’CHO (R', R*=H, Me) by the TI(III) ions in aqueous solution of acetic
acid or alcohols (R’OH, R*=C,—C; alkyl). On the basis of this study, they have
revealed that the oxidation does not take place on olefinic carbon atoms but the
carbonyl group is oxidized to carbonyl group and the compound R'CH=CR*CO,H
or R'CH=CR’CO,R? arises. Since the acids or esters formed are monomers of
different polymers, we have taken a resolution to investigate these reactions
kinetically in more detail in order to elucidate their mechanism [14]. The kinetics of
oxidation of crotonaldehyde and methacrolein by the TI(III) ions is also studied in
this paper from the view-point of an extensively conceived research into the
influence of binary mixtures on kinetics and mechanism of redox reactions.

Experimental
Kinetics

The kinetics of oxidation of crotonaldehyde and methacrolein by TI(III) sulfate in
aqueous solution of sulfuric acid was studied polarographically by recording the time
dependence of the limiting diffusion current of cathodic wave of the TI(III) ions at the
potential of 0 V against the potential of the 1 M mercurosulfate electrode. A vibrating
platinum electrode with the frequency of 50 Hz (12 mm length and 0.5 mm width) was used
as an indication electrode. The measurements were carried out on a polarograph OH 102
(Radelkis, Budapest). A temperature-controlled Kalousek vessel served as electrolytic
vessel. The temperature was held constant by means of a thermostat U 10 (Medinger,
Dresden) (£0.05°C).

Chemicals

The solution of TI(IIT) sulfate was prepared by electrochemical oxidation of 107> M
solution of T1,SO, (200 ml) (anal. grade chemical, Lachema, Brno) in 1 M or 0.1 M-H,SO,
(anal. grade chemical, Lachema, Brno) in an electrolyzer of the volume of 250 ml at room
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temperature. This electrochemical oxidation was performed by means of the Winkler
electrodes the cathodic and anodic space of which was separated by a fritted glass disc S 4.
The voltage used was equal to 2.0 V, the solution was electromagnetically stirred and the
duration of electrolysis was 4 or 5h. Thus the 8.1 x10™*M solution of TL(SO,), in
1 M-H,SO, or 1.5x107>M solution of TL(SO,), in 0.1 M-H,SO, was obtained. The
concentration of the TI(III) ions was determined by titrating the iodine liberated in the
reaction between the TI(III) ions and KI with a standard solution of Na,S,0, [15].

Crotonaldehyde (pure, Fluka AG, Buchs SG) was distilled in a Vigreux column in
nitrogen atmosphere. The fraction with the boiling point of 104—105°C was collected.
Methacrolein (pure, Institute of Macromolecular Chemistry, Czechoslovak Academy of
Sciences, Prague) was distilled in a Vigreux column in nitrogen atmosphere. The fraction
with the boiling point of 68—69°C was collected. The substances were preserved in nitrogen
atmosphere in a refrigerator [16]. The preparation of the solutions of crotonaldehyde and
methacrolein and the manipulation of them as well as the measurements themselves were
carried out in nitrogen atmosphere. No solution older than 24 h after distillation was used.

Redistilled water was used for preparing all solutions. Other chemicals and solvents used
were anal. grade chemicals (Labora, Brno). The stoichiometry of reactions was determined
by polarometric titration.

Results

The redox reaction of the TI(III) ions with crotonaldehyde or methacrolein
proceeds in 0.1 M sulfuric acid at 17.5°C as a zero-order reaction with respect to
the TI(ITI) ions for 7.5 X 10™* M-T1,(SO.); in the 1.5 X 107>—6.5 X 10~> M concen-
tration region of crotonaldehyde and in the 5.5 107°—6.5 X 10~ M concentra-
tion region of methacrolein. At lower concentrations of the substrate, the partial
reaction order grows from the value of nnun=0 to the value nnam=1—2
(Table 1).

For the above concentration regions of crotonaldehyde and methacrolein the
equation of the reaction rate may be expressed as follows

~d[TI(IID)]/d¢ = k[TIID)]’[S] = k[S] (1)

where [S] is the concentration of substrate, i.e. crotonaldehyde or methacrolein.
For the measured value of the limiting diffusion current, it holds

I = x[TI(TIT)] 2)
and thus
~ D= wk[$)=k*5] 3)
or -
I=—-k [S]f+Io (4)
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Table 1

Reaction order with respect to TI(IIT) and with respect to substrates
7.5%107* M-T1,(SO,);; 0.1 M-H,SO,; t =17.5°C

Concentration Reaction Reaction
of crotonaldehyde  order with respect  order with respect Rate constant
mol dm™ to TI(III) to substrate

6.5x1072
5.5x107?
45x107?
3.5x107?
2.5%x107?
1.5%x107?
7.5x107
55x%x107
2.5%x107?
1.5x107?

k=1.09x10"s""

k’'=0.58 dm’ mol™* s™*

N ===, 000000
P e e b e b b e b

k"=473.3 dm® mol*s™"

Concentration Reaction Reaction
of methacrolein order with respect  order with respect Rate constant
mol dm~> to TI(III) to substrate

6.5%x107?
5.5x107
4.5x107?
3.5x107
2.5%x107?
1.5x1072
7.5%x107
5.5x10°
2.5x10°
1.5x107?

k=33x10"°s""

k'=1.5%x10"2dm’ mol™'s™*
k"=60 dm® mol~2s™"

N—=, OO0 ODOO
el e T e T e e TR SN

The measured dependence of the limiting diffusion current on time is really linear
and the value of the rate constant k may be determined from the slope of the
graphical representation of this dependence.

Provided the concentration of crotonaldehyde is lower than 1.5x 107> M and
that of methacrolein is lower than 5.5 X 107> M, the value of n varies between
1 and 2 according to the concentration of the substrate (Table 1).

The value of the measured rate constant is independent of ionic strength and
even does not change with concentration of the HSOj; ions. The dependence of the
rate constant k on concentration of the H;O" ions can be expressed by the
following equation

k = ko + ngO*’[HEIO*’] (5)
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The values ko=3.28%X1072s™" and ku,or=2.28x 107> dm’ mol™' s™* valid for
crotonaldehyde and k,=2.33 X 107> s™" and ky,o+=1.1 X 107* dm’ mol ™" s valid
for methacrolein were found by the method of least squares.

In order to ascertain that the investigated reaction follows the radical mecha-
nism, we studied the effect of a monomer added (acrylonitrile) on reaction rate.
Thus we observed a decrease in reaction rate. The value of the experimental rate
constant decreased by 6% for crotonaldehyde (at 1.1 10™' M concentration of
acrylonitrile) and by 16% for methacrolein (at 1.1 x 10" M concentration of
acrylonitrile).

Particular attention was paid to the influence of the binary water—dioxan
mixture on experimental rate constant. The results of kinetic measurements are
given in Table 2. They may be interpreted by plotting log k against the mole
fraction of dioxan or the reciprocal value of dielectric constant (Fig. 1). On the
basis of the Eyring equation, we determined the pertinent activation parameters,

Table 2

Variation of rate constant with temperature in the water—dioxan mixture
7.5%107* M-T1,(SO.);; 0.1 M-H,SO,

. K M
t/°C “ kx10*s™! kx10°s™!
17.5 0 9.3 33
25 0 12.0 6.3
30 0 14.3 10.4
35 0 16.7 15.8
17.5 0.039 6.9 2.7
25 0.039 8.4 4.5
30 0.039 9.8 6.5
35 0.039 11.5 8.5
17.5 0.063 5.7 24
25 0.063 7.0 3.6
30 0.063 8.4 5.0
35 0.063 9.6 6.5
17.5 0.094 4.7 2.1
25 0.094 55 2.7
30 0.094 6.5 3.8
35 0.094 8.1 54
17.5 0.174 3.8 1.5
25 0.174 4.2 1.9
30 0.174 4.8 2.5
35 0.174 6.0 2.8

K — crotonaldehyde, M — methacrolein, x — mole fraction of dioxan.
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log k T T T T

-2.7
-2.8
-29
-3.0
-3.1
-3.2
=33

-3.4

= 3.5 1 1 1 1
10 15 20 25 3.0 1076

Fig. 1. Variation of the logarithm of rate constant of the redox reaction of the TI(III) ions with
crotonaldehyde with the reciprocal value of dielectric constant in the water—dioxan mixture.
Temperatures: 1. 35°C; 2. 30°C; 3. 25°C; 4. 17.5°C.

Table 3

Activation parameters in the water—dioxan mixture
7.5%x107* M-TL,(SO,);; 0.1 M-H,SO,

AH*, kJ mol™* AS*, JK ™' mol™
x
K M K M
0 22.2 64.5 —226 —-108
0.039 19.3 46.1 —-238 -173
0.063 19.9 39.8 -238 -195
0.094 20.3 37.1 —-238 -206
0.174 15.7 24.5 -256 -252

K — crotonaldehyde, M. — methacrolein, x — mole fraction of dioxan.

i.e. activation enthalpy AH* and activation entropy AS* (Table 3) by the method
of least squares.

Discussion

The characteristic feature of the kinetics of oxidation of crotonaldehyde and
methacrolein by the TI(III) ions is a change in the partial reaction order with
respect to concentration of the TI(III) ions in the interval nnam = 0—2. The zero
reaction order is observed at the concentration ratio of substrate to the TI(III) ions
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¢s: cnam >3 for methacrolein and c¢s: cnany>>10 for crotonaldehyde. The zero
reaction order was also observed in the oxidation of acrolein by the TI(III) ions [14]
as well as in the oxidation of unsaturated aldehydes by the Mn(III) ions [17].

That fact may be explained as follows. The unsaturated aldehyde, for instance
crotonaldehyde, is subject to the acid-catalyzed hydration in aqueous solution of
sulfuric acid to give the hydrated enol form (E) which is in equilibrium with the
corresponding keto form (K)

+

co H
CH,—CHQ:H—<{+H+ 2 CH,—CH=CH—C//O (B)
“H
O-H
CH,—CH=CH—C’O =

“H

2 CH,~CH=CH-CH-OH = CH,—CH-CH=CH-OH

(©)

CH,~CH-CH=CH-OH+H,0 = CI-I;—('ZH—CH=CH—OH+ H* (D)
OH

o)
% Vi
CH,—CH-CH=CH-OH 7’{: CH,— CH—CHZ—C\/ (E)
| - | H
OH OH
(E) (K)

In the presence of the TI(III) ions, an oxidation of the hydrated enol form takes
place in the solution

l I 2H,0

CH,—CH-CH=CH-OH + Tr’** 5 l’CH,-—CH—CH%CH—OH]3+ —

OH OH Tl
_OH
—— CH,-CH-CH-CZOH+TI" +2H" (F)
2H,0 I \H
OH OH
l—nzo
P
CH,—CH-CH—C\H
OH OH
‘Redox reaction (F) obeys the rate equation
' -d[TI(TID)}/d¢ = k'[TI(UD](E] 6)
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The observed partial zero reaction order may be explained on the assumption that
the rapid redox step (F) is preceded by a slow enolization which is likely to be the
rate-determining step. In the major part of the reaction progress we may assume
a steady state obeying the equation

d[E

el )
Then it holds
k_[K] - k'[EJ[TI(IID)] =0 (8
and thus
[E). = k_[K)/k'[TI(IID)] )

If we insert stationary concentration (9) for the concentration of the enol form into
rate eqn (6), we obtain

AT ¢ k) (10)

Eqn (10) shows that the reaction is of the zero order with respect to the TI(III) ions
and the product k_[K] is a constant provided the substrate is present in sufficient
excess.

At the concentration ratio of substrate to the TI(III) ions c¢s:cnamy=1 (for
crotonaldehyde and methacrolein as well), we observe that the reaction order with
respect to the TI(III) ions is equal to two. In this case, the concentration of
substrate is no more sufficient for establishment of a steady state and the oxidation
of substrate, e.g. crotonaldehyde, must proceed in two consecutive steps

/OH k
CH,—CH—CH=C'\ TP*"+H,0. S
| H
OH

OH
| _OH
CH,—cl:H-CH—c\H

OH +TP*+H" (G)
_OH
CH,—-CH-CH-C-H
I . \OH
OH
(R)
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OH
, |. _OH
CH;—(IJH—CH~C;g
H
k
R+ TP +H,0 < OH +TP +H* (H)
_OH
CH,—CH-CH-CZH
| ] OH
OH OH

l—-HZO
/O
CH,—(IZH—CH—C\
H
OH OH

ITP* — TI'+TP* (I

The above reaction scheme leads to the kinetics of the second-order reaction with
respect to the TI(III) ions if k, = 2k,, as it is, for instance, in saponification of the
glycerol ester diacetate [18]. The radical mechanism is also indicated by the
experiments with acrylonitrate as well as by the relatively low value of activation
enthalpy. The partial first order observed at the concentration ratio of substrate to
the TI(III) ions ¢s : cnam = 1.6—>5 for crotonaldehyde and at the concentration ratio
1.6 for methacrolein corresponds to an interstage between the two above-men-
tioned cases.

The observation that the reaction rate does not practically depend on ionic
strength is in agreement with the above mechanism. The observed influence of the
hydrogen ions is obviously related to the acid-catalyzed hydration and enolization
of crotonaldehyde and methacrolein.

The experiments concerning the influence of the binary water—dioxan mixture
show that the plot of the logarithm of rate constant against 1/¢ is linear in the
interval of the values of dielectric constant 61.8—78.8 for crotonaldehyde and
56—78.8 for methacrolein. The deviation from linearity at higher concentrations of
dioxan may be due to a change in solvation of the TI(III) ions as well as a change in
hydration rate of substrate. By using the Amis relation [19], we determined the
value of critical distance r =0.33 nm for crotonaldehyde and r=0.48 nm for
methacrolein from that linear progress. This value is likely to correspond to the
distance between the TI(III) ions and the double bond in the intermediary s
complex.
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