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Jiti BAREK, Antonin BERKA and Alena POKORNA-HLADIKOVA

Department of Analytical Chemistry,
Charles University, 128 40 Prague 2

Received April 27th, 1981

Galactose was found to be oxidized by manganese(III) sulphate according to the equation

OHC—(CHOH),—~CH,0H + 10 Mn** + 5H,0 —
— 5HCOOH + CH,O + 10Mn?* + 10HT.

The kinetics of the reaction was studied and its mechanism suggested. A procedure was worked
out for indirect titrimetric determination of galactose based on its oxidation with excess manga-
nese(I1I) sulphate and potentiometric retitration of the unreacted reagent with iron(1I) sulphate.

As part of a systematic study of oxidation of organic substances by trivalent manga-
nese compounds, the present work deals with the reaction of galactose with manga-
nese(1l) sulphate. So far, attention has been paid to the oxidation of glucose by the
diphosphate complex of trivalent manganese® and of glucose and saccharose by man-
ganese(I1I) acetate?; neither of the reactions, however, has found analytical use.
Information concerning the oxidation of related organic substances by compounds
of trivalent manganese can be found in the reviews#; details of reactions of mono-
saccharides with other oxidants arc given in the monographs®~7, references to their
analytical applications, in the monographs®-°.

EXPERIMENTAL

Reagents and Apparatus

Solutions of manganese(I1I) sulphate of various concentrations in systems of sulphuric acid and
manganese(Il) sulphate were prepared as described previouslym. The titre of 0-1m iron(Il) sul-
phate was determined daily using dichromate. Solutions of galactose of various concentrations
were prepared by dissolving a precisely weighed amount of the substance of reagent grade purity
in distilled water and diluting to 1 litre. Their titre was checked periodatometrically'®. Aqueous
system of 100 pg formaldehyde per 1 ml of solution containing, in addition, sulphuric acid and
manganese(II) sulphate in concentrations 4:8 and 0-8 mol 1”1, respectively, was obtained by dilu-
tion of the stock solution with distilled water and addition of the appropriate amounts of suj-

* Part XX in the series Oxidation of Organic Substances by Trivalent Manganese Com-
pounds; Part XIX: This Journal 46, 2509 (1981).
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phuric acid and manganese(II) sulphate. The titre of the formaldehyde stock solution was de-
termined by the sulphite method'2. 10% aqueous solution of chromotropic acid and saturated
solution of 2,4-dinitrophenylhydrazine in 2M hydrochloric acid were also used. All the chemicals
used were of reagent grade purity.

The potentiometric titrations were carried out by means of a TTT ic valve voltmeter and an
ABU 1b automatic burette (both Radiometer, Copenhagen) using a system of a platinum indicat-
ing electrode and a saturated calomel reference electrode. The polarographic measurements were
performed by employing an OH 102 polarograph (Radelkis, Budapest) in an all-glass thermo-
stated vessel using a mercury dropping indicating electrode and a saturated calomel reference
electrode. The solutions were freed from oxygen by nitrogen stream. The spectrophotometric
measurements were carried out on a Specord UV VIS instrument (Zeiss, Jena) using cells of the
optical path length 1 cm.

Study of the Reaction Stoichiometry

Consumption of the oxidant. For monitoring the time course of consumption of manganese(I11)
sulphate, 5 ml of 0-01M galactose solution was added to 20 ml of a 0-05m manganese(I11) sulphate
solution containing sulphuric acid and manganese(11) sulphate in concentrations 6 and 0-1 mol .
0T 1, respectively. After stirring, the reaction mixture was allowed to stand at room temperature
and after a preselected time period the unreacted manganese(IlI) sulphate was determined by po-
tentiometric titration with 0-1M iron(IT) sulphate. A blank experiment was run in parallel, and the
consumption of the oxidant (in mol per 1 mol of galactose) was calculated from the difference
in the consumptions in the blank experiment and the determination.

Detection of the formaldehyde formed. 15 ml of 0-01M galactose solution was added to 60 ml
of the above-mentioned 0-05M manganese(I1T) sulphate solution. After 60 minutes’ standing
at room temperature, the unreacted oxidant was removed by adding 1 g of oxalic acid. 80 ml
of saturated solution of 2,4-dinitrophenylhydrazine was then added, the precipitate separated
was collected, washed, and dried, and its melting point was determined.

Determination of the formaldehyde formed. A modification of the chromotropic acid method
was used'®. For obtaining the calibration plot, portions of 1-0, 1-2, 1-4, 1-6, 18, and 2-:0 ml
of solution containing 100 ug formaldehyde in 1 ml and sulphuric acid and manganese(1I)
sulphate in concentrations 48 and 0-08 mol 171 were placed in ground-in test tubes. To each
of them were addded 1 ml o 10% aqueous solution of chromotropic acid and, after shaking, 10 ml
of concentrated sulphuric acid. The test tubes were heated for 30 min on boiling water bath,
and after cooling down to ambient temperature, their contents were transferred quantitatively
into 100 ml volumetric flasks and diluted to volume with distilled water. The absorbances of the
solutions were measured in 1 cm cells at 570 nm. In the experiments with galactose, 5 ml of 0-02m
galactose was added to 20 ml of 0-075M manganese(I1I) sulphate solution in 6ém sulphuric acid
and 0-1m manganese(Il) sulphate. After 60 minutes’ standing at room temperature, the excess
reagent was removed with 1 g of oxalic acid, | m! of the solution was transferred into a ground-in
test tube, and further was proceeded as in the case of the calibration curve plotting. The ab-
sorbance was measured at 570 nm and the amount of the formaldehyde formed was read from the
calibration graph.

Study of the Reaction Kinetics

10 ml of a fresh solution of galactose in a system containing sulphuric acid and manganese(Il)
sulphate and, occasionally, perchloric acid or sodium sulphate; was thermostated in the polaro-
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graphic vessel and freed from oxygen by nitrogen purging. One ml of 0-01M manganese(I11) sul-
phate solution in a system of sulphuric acid and manganese(II) sulphate, also thermostated
and freed from oxygen, was added by means of a microsyringe, and the scanning was activated.
Nitrogen was supplied for additional 30 s to ensure good mixing of the solution; then the bubbling
was discontinued and nitrogen was brought above the solution level. The concentration of trivalent
manganese was determined polarographically applying the voltage of 0 V, at which — as has been
verified — the current is directly proportional to the manganese(III) sulphate concentration.
The initial concentrations of the components were calculated from the concentrations of the
substances in the galactose and manganese(I1I) sulphate solutions.

Detection of Free Radicals as Intermediates

The procedure was analogous to that used in'. To a stirred mixture of 50 ml of 0-01m galactose
and 50 ml of acrylonitrile was slowly added 100 ml of 0-:05M manganese(I1I) sulphate in sulphuric
acid (6 mol I_l) and manganese(11) sulphate (0-1 mol 1™ 1) system. The polymer separated was
collected on an S 4 glass filter, washed with water and dried in a dessicator, and its infrared
spectrum was scanned in a nujol mull.

RESULTS

Reaction Stoichiometry

The time dependence of the consumption of the oxidant was found as follows:

Time, min 5 30 60 90 120 240 1200
Degree of oxidation, mol/mol 865 9-84 998 997 998 1010 10-05

These data indicate that in the conditions applied, the reaction proceeds quantitatively
and stoichiometrically, 10 mol of the oxidant being taken up per 1 mol of galactose.

The melting point of the isolated 2,4-dinitrophenythydrazone was 166—167°C,
which agrees well with that of the authentic formaldehyde derivative (167 —168°C)
as well as with the tabulated data'®.

By spectrophotometric determination of the formed formaldehyde with chromo-
tropic acid, 660 pg of galactose was found to give rise to 110 pg of formaldehyde,

which corresponds to the formation of 1 mol of formaldehyde from 1 mol of galac-
tose.

These facts give evidence that galactose is oxidized by manganese(I11) sulphate
according to the equation

OCH—(CHOH),—CH,0H + 10 Mn** + 5H,0 —

— SHCOOH + CH,0 + 10Mn?* 4 10H", (4)
the products being subject to no further oxidation.
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Reaction Kinetics

Dependence of the reaction rate on the manganese(1l1) sulphate concentration.
The time dependence of the limiting diffusion current of trivalent manganese was
measured for the initial concentrations Cypaqmy = 0:91 mmol 17, Cey,,0, = 9-10
mmol 17}, Cyayy = 0-1 mol17*, [H*] = 59 mol 17!, [HSO; ] = 61 mol 1" *. (The
[HSO; ] and [H™*] values were calculated based on the known concentrations of sul-
phuric acid and manganese(II) sulphate assuming a complete dissociation of the for-
mer to the Ist degree).) In these conditions, the concentrations of all of the com-
ponents except trivalent manganese can be regarded as constant during the reaction.
The plot of In I, vst (where I, is the limiting diffusion current of trivalent manga-
nese in time f) was a straight line, hence in the conditions applied the reaction under
study is a 1st order reaction with respect to manganese(]l]) sulphate. The slope of
the straight line, tg o, afforded the pseudo-first order rate constant k' = —tgo =
= 0-26 min™'.

Dependence of the reaction rate on the galactose concentration. In the same
manner and in the same conditions as above, the pseudo-first order rate constant
was calculated applying a 10— 30 fold excess of galactose with respect to trivalent
manganese. The values obtained were as follows:

Ceghiyyop mmol 171 45 91 136 182 227 273
&, min~! 014 026 045 053 063 077

With regard to the nature of this deper.dence, the inverse rate constant was plotted
against the inverse total concentration of galactose. A straight line was obtained
with the slope of 0-032 min mol 1! and 1/k’ intercept of 0-25 min.

Dependence of the reaction rate on the concentration of hydrogensulphate ions.
Again in the same manner, the pseudo-first order rate constant was measured for
various concentrations of sulphuric acid, the hydrogen ion concentration being
held constant at 5-9 mol1™! by adding perchloric acid. The following dependence
was established:

[BSO; ], mol 1=t 21 31 41 51 61
K, min™! 0-59 045 035 0-30 0-26

The inverse rate constant was plotted against the HSO] ion concentration to give
a straight line with the slope of 0-56 min I mol™! and the 1/k" intercept of 0-5 min.

Dependence of the reaction rate on the concentration of hydrogen ions. The
pseudo-first order rate constant was determined also in dependence on the hydrogen
ion concentration; the concentration of hydrogensulphate ions was held constant
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H*], moll™ 09 1-9 2:9 39 4-9 59
k', min™* 0-104 0-129 0-150 0-170 0-200 0-256

at the level of 6:1 mol1™" by adding sodium sulphate. The values were as follows: J
The dependence of k' on the concentration of H* ions gives a straight line plot, |
with the slope of 23-8 I mol™* min~' and the k" intercept of 0-082 min~'. |

Dependence of the reaction rate on the concentration of manganese(Il) ions. ‘
The pseudo-first order rate constant was determined for different concentrations |
of manganese(ll) ions, added in the form of manganese(ll) sulphate. The concentra-
tion of HSO, ions was held at a constant value of 6-1 mol1~* by using additions
of zinc sulphate, which does not affect the reaction rate. The following values were
measured: ‘

Cytagury Mol 171 0:02 004 0-06 0:08- 0-10 |
! |

k’, min 0-35 0-32 030 028 0-26

The inverse rate constant was plotted against the manganese(Il) ion concentration.
A straight line was obtained, with the slope of 1-30 min I mol™* and the 1/k’ inter-
cept of 2:6 min.

Dependence of the reaction rate on temperature. Again in the same manner
and in the same conditions, the temperature dependence of the pseudo-first order
rate constant was established for the range of 20—40°C. The data are given in Ta-
ble I.

The plot of log k' vs 1/T, where T is the absolute temperature, is a straight line
with the slope tg @ = —4-25. 10 deg, which yields the activation energy of the reac-

TasLe I
Dependence of the rate of reaction (4) on temperature. Initial concentrations: Cyyy(yqry = 0:91
mmol 177, Ceoyyy0, = 91 mmol 17, [HY 1= 59 mol 17!, [HSOg 1= 61 mol 17}, Cyppyy =
=01 moli™!
. 3 ,
T -k_1 ]0_/1T log k’ Tlogk
K min K K
293-16 0-26 341 —0-580 -169-9
298:16 0-48 3-35 —0-319 — 951
30316 0-82 330 —0-090 - 272
308-16 1-29 325 +0-111 + 342
313-16 2:00 319 +0310 + 970
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tion, E = —2-303 R tga = 81-4 kJ mol™'. The values of T log k" were also plotted
against the absolute temperature to give a straight line with the slope of tg o = 13-5,
which — equated with log A — yields the frequency factor value of A = 3-16.
.10*3 min™ !,

Free radicals as reaction intermediates. Based on their ability to initiate radical
polymerization of acrylonitrile, free radicals were proved to form during the reaction;
the infrared spectrum of the polymer exhibits bands due to the stretching vibrations
of OH groups.

Analytical Application of the Reaction

Taking into account the fact that the rate of oxidation of galactose by manganese(III)
sulphate increases with increasing acidity and decreases with increasing concentra-
tion of manganese(]l) ions, a procedure is suggested for the determination of galactose
with this reagent as given below. Lower concentrations of manganesc(l]) ions should
be avoided because of the lowered stability of the reagent'®, higher concentrations
of sulphuric acid could not be applied because of the poor solubility of manganese(1I)
sulphate in concentrated sulphuric acid.

Procedure: 5 ml of aqueous solution containing 4— 14 mg of galactose is added
to 20 ml of 0-05M manganese(I1I) sulphate in a solution containing also sulphuric
acid and manganese(l]) sulphate in concentrations 8 and 0-04 mol1™ 2, respectively.
The mixture is shaken and allowed to stand for 2 h at room temperature. The unreact-
ed reagent is then determined by potentiometric titration with 0-1m iron(II) sulphate
solution. A blank experiment is run in parallel, and the amount of the substance is
calculated from the difference in the consumption of iron(1I) sulphate in the blank ex-
periment and in the determination.

One ml of 0-1M iron(II) sulphate corresponds to 1-802 mg of galactose. The ac-
curacy and the reproducibility of the determination are apparent from the data
of Table II.

DISCUSSION

Based on the reaction kinetics established and on the analogy with the oxidation

of monosaccharides with periodic acid’®'”, a mechanism can be suggested for the

oxidation of galactose with manganese(11]) sulphate, involving a reversible formation

of a complex of the oxidized substance with the oxidant, which in the rate-deter-

mining step decomposes giving rise to a free radical of the type HOCH,—(CHOH);—
. +

—CHOH and a CH=O jon. The former than is rapidly oxidized to HOCH,—
+
*'(CH'OH)3¥CHO, and the CHO ion reacts with water to yield HCOH. This step
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is triply repeated, giving successively rise to hydroxyaladehydes always one carbon
shorter. The glycolaldehyde thus formed is ultimately oxidized'® to formaldehyde
and formic acid. The positive effect of H* ions on the reaction rate can be explained
in terms of a reversible formation of the protonized form of galactose, preferably
attacked by the trivalent manganese. The observed retardation by manganese(ll)
ions can be explained by the reversible formation of a galactose complex with bivalent
manganese, associated with a decrease in the equilibrium concentration of free
galactose in the system. The mechanism suggested can be represented by the equa-
tions

Ky
HOCH,(CHOH),CHO + H* =—= HOCH,(CHOH),CHOH" (B)
HOCH,(CHOH);—CH—CH3+
HOCH,(CHOH),CHO + Mn(HSO)?" =——= é)H c”> +
N S
Mn
+ HSO,~ (]
HOCH,(CHOH);—CH—CH |4+
K |
HOCH,(CHOH),CHOH® 4 Mn(HSO,)?* =—= (.‘)H OH| +
N4
Mn
+ HSO,~ (D)
"HOCH,(CHOH);—CH—CH |2+
Ka
HOCH,(CHOH),CHO + Mn?* —= OH é (E)
pe
n

TanLe 11

Accuracy and reproducibility of the indirect determination of galactose with manganese(I11)
sulphate

Added  Founde ~ Standard

deviation
mg mg
mg
4-505 4-514 0-03
9-010 9-:087 0-02
13-515 13-502 0-02

4 Average of 7 determinations, from which the standard deviation was also evaluated.

Coliection Czechoslovak Chem. Commun. [Vol. 47] [1982]



‘Oxidation of Organic Substances by Trivalent Manganese Compounds 2473

HOCH,(CHOH),—CH—CH |3+
HOCH,(CHOH),CHOH* + Mn?* —— OH OH ()

N S
Mn

HOCH(CHOH),—CH—CH |3+
| 1 3

. +
> HOCH,(CHOH);—CHOH + HCO + Mn?*

OH O
N4
Mn
@)
HOCH,(CHOH),—CH—CH |4+
| | k
OH OH —
N/
Mn
. +
——> HOCH,(CHOH),—CHOH + HCO + Mn?* 4+ H* (H)
ha +
HCO + H,0 — HCOOH + H n

HOCH,(CHOH);—CHOH + Mn** — HOCH,(CHOH);CHO + Mn?* + H*. (J))

OHCH,(CHOH),CHO then is oxidized analogously to OHCH,(CHOH),CHO
and further via OHCH,(CHOH)CHO as far as OHCH,CHO, which in turn is
oxidized to CH,0 and HCOOH by the mechanism described previously'.

The total concentrations of sulphuric acid, bivalent manganese, galactose, and
trivalent manganese are given by the relations

Cuso,- = [HSO3 | + [Mn(HSO,)**] (1
Cuwrr = [Mn?*] @
Cs = [MnG2*] + [MnGH**] + [G] + [GH™] (3)
Cumo+ = [Mn(HSO,)**] + [MnG**] + [MnGH*"], (4)

where the C’s are the total analytical concentrations and the bracketed symbols are
the equilibrium concentrations of the various species; G stands for galactose and
GH™ for its protonized form.

In the conditions applied, where the concentration of sulphuric acid exceeds
substantially that of trivalent manganese, the term [Mn(HSO,)**] in Eq. (I) can be
neglected; the terms [MnG>*] and [MnGH**] in Eq. (3) can be neglected as well,
with regard to the fact that galactose is present in a molar excess of an order of magni-
tude with respect to trivalent manganese.
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The equilibrium constants K, through K of the reactions (B)—(F) are given
by the relations

K,[G][H*] = [GH"] 6)
K.[G][Mn(HS0,)**] = [MnG**][HSO; ] ©
KA[GH*][Mn(HSO,)*] = [MnGH**][HSO; ] )
K,[G][Mn™*] = [MnG**] ®
K[GH*][Mn?*] = [MnGH**]. )

Provided that the rate-determining step of the reaction is the decomposition of the
complex of the oxidized substance or its protonized form with the oxidant, the reac-
tion rate can be written as

v = —d[Mn**]/d: = nk,[MnG**] + nk,[MnGH*"*], (10)

where n = 10 is the number of electrons exchanged in the reaction.
Dividing Eq. (6) by Eq. (7) and substituting from Eq. (5) we obtain

[MnG>*] = K,[MnGH**]J(K,K,[H*]). (11)
Furthermore, [MnGH?**] from Eq. (7) is
[MnGH**] = K,[GH*][Mn(HSO,)?*]/[HSO; ] ; (12)
[GH*] from Egs (3), (5), (8) and () is

[GH*] = K,[G][H*] = K,Co[H*]/(K,[Mn**] + K,K[H*][Mn?*] +
+K[H + 1) (13)

and [Mn(HSO,)?*] can be expressed from Eqs (4)—(7), (13) as

[Mn(HSO,)2*] = Cym- — K,[G][Mn(HSO,)?*]/[HSO;] —
— K3[GH*][Mn(HS0,)?*]/[HSO;] =
= Cypps-HSOF (K, [Mn?*] + K,Ks[H*][Mn*] +
+ K, [H*] + DJ{[HS07] (K, [Mn2*] + K, K [H*][Mn2*] +
+ K\[H*] + 1) + K,Cq + K,K;Cg[H*]} . (14)
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Substituting from the relations (11)—(14), (1), (2) into the equation for the reaction
rate, (10), we obtain
v = n(k,K,[K,K3Cy+ + k3) K;K3C6Ch+Crns+ [{Criso,-(KaCynz+ +
+ K K5Cy+Cppzv + K Cys + 1) + K2Cq + K K3C6Cy+} (15)

which finally can be transformed into

b = nCq(k,Ks + k3K, K3Cp+) Coans+{ Citsos-(KaCatnz+ + KK sCysCpnzs +
+ K Cy+ + 1) + Co(K, + K \K;Cy)} . (16)

This relation is valid provided that the concentrations of the Mn?* and HSOj
ions in the solution are in a high excess with respect to the concentration of galactose,
which, in turn, is present in a sufficient excess with respect to trivalent manganese;
these conditions have been met in all experiments.

When all the components in the solution are in an excess of orders of magnitude
with respect to trivalent manganese and, consequently, their concentrations remain
practically constant, Eq. (/6) can be written in the form

v=k'Cyps+ » (17)

where

k' = nCq(k,K, + IK K3Cy+)[{Cuso,-(KsCrtaz+ + K K5Cpys+Cpoa+ +
+ K, Cy+ + 1) + Co(K2 + K K3Cy)}. (18)

The direct proportionality (17) is in accordance with the experiment, in which the
reaction under study was found to be 1storder with respect to trivalent manganese.
Eq. (18) can be re-arranged to the form

1)k = Cuso,-(KaCynz+ + K KsCpy+Cpinz+ + K Cyv + 1)[nCqlk, Kz +
+ koK K3Cys) + (K + K (K3Cys)n(k Ky + kK K3Cys) (19)

For constant concentrations of Mn?*, H*, and HSO; ions, this relation is one
of the type 1/k’ = (a,[b,)[C + ¢,/by, where ay, by, and ¢, are constants, and is
in agreement with the experimentally found linear dependence of 1/k"on1/Cg; also,
the validity of this relation is a corroboration of the assumption that the mechanism
of the oxidation involves a reversible formation of the complex of galactose with
trivalent manganese.
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For constant concentrations of galactose and H* and HSO; ions, relation (19)
is one of the type 1/k’ = (a,/b;) Cyn2+ + ¢2/by, Where a,,b,,and ¢, are constants.
This relation, too, is in agreement with the experimentally found linear dependence
of 1/k" on Cyypa+.

1f the concentrations of galactose and H* and Mn** ions are held constant, Eq. (19)
can be written as 1/k’ = (bs/a3) Cuso,- + ¢3/as, where aj, by, and c, are constants.
Again, this relation is consistent with the experimentally established linear dependence
of 1/k” on Cyso,-.

Finally, if the concentrations of galactose and of Mn?* and HSO; ions are as-
sumed to be constant, Eq. (18) can be re-arranged

1/k" = {Cuso,~(KaCun2+ + K KsCp+Cpin2+) + Cuso,-(K Cy+ + 1) +
+ CoK; + KK3CoCu»} [nCo(k K5 + kK K;Ciis) . (20)
For a low degree of galactose protonation (K, < 1), the terms involving K, can be
neglected in the numerator against Cygo,- (Which is as high as 6:1 mol171), so that
we can write
1/k" = {Cuso,-(KsCpn2+ + 1) + K,C} [nCo(k Ky + kK, K3Cyo) =
= a,/(bs + caCu-+), (21)

or k' = byla, + (csfa,) Cy+, wWhere a,, b,, and ¢, are constants. The linear de-
pendence of k" on Cy+ again has actually been observed.

An analogous mechanism can be assumed also for the oxidation of other aldoses
by manganese(11T) sulphate; the reaction rates will be, of course, different. This fact
may be utilized for a kinetic analysis of mixtures of aldoses consisting in their
oxidation by manganese(lll) sulphate.
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