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STUDIES ON THE OXIDATION OF HYOROXYPYRIDINES WITH CERIUM
PERCHLORATE IN PERCHLORIC ACIU MEDIUM

The effect of the concentration of various reagents on the
rate of hydroxypyridlnes oxidation with cerxum (1V) in aqueous
solutions of perchloric acid was studied by way of omperometric
determinotion of cerium ions concentration in samples of the
reacting mixtures using titrated solution of sodium oxalate. The
stoichiometry of thf; reactions was determined and it wa3 found
that they proceed in several stages. In the case of 2-hydroxypyrl-
dine oxidation an intermediate product was isolated and it was
shown that the reaction rate is limited by the decomposition rate
of the complex substrata with cerium ions and by the decomposi-
tion r~te of the complex with the Intermediate product. On this

the kinetic parameters of these processes were calculated.

The prosem investigation is part of a series of studies on
the oxidation of aromatic compounds by cerium perchlorate [l1-4j.
The pyridine ring is basically resistant to oxidation and, 93 O
rule, the reaction yields appropriate N-~oxides [5=>3]. On the
other hand, when persulfates [9, 10]. Fenton a reagent [Ilj , or
oxygen in statu nascendi [X2\ are used, a cleavage of the pyridi-
ne ring takes place. This has also been observed in the course of
anode oxidation on nickel [I3j> The authors of the above-mentio-
ned papers report a number of intermediate products, with the
reaction mechanism involved being similar. In order to establish
the stoichiometry of the reaction and to determine its Kkinetic
parameters, oxidation of pyridine derivatives was carried out
using cerium perchlorate as the oxidizer [14-17] in a perchloric
acid solution. Considering the reaction medium employed [h ] > 1
mole/dfii® one can assume that the oxidized compounds occur mainly
as protonized forms [18]:
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0.1 and 0.85 mole/dm solutions of cerium perchlorate in 2.0
mold/dm5 perchloric acid solution were prepared in accordance
with Smi th and G etz [I5]. The titer of the sol&tion
was determined by the amperometric method using 0.05 mole/dm so-
dium oxalate solution [19, 20]. Perchloric acid determinations in
cerium perchlorate solution were made alkacimetrically after ce-
rium (1IV) had been reduced with sodium oxalate solution [21] The

sodium oxalate solution employed in cerium (IV) determinations
was prepared from weighed samples.

The perchloric acid ussd (p-p-a), whose concentration was
10.62 mole/dm , was manufactured by VE8-LABOR*»Chemle Apolda.
Preparations of 2-, 3- and 4-hydroxypyridine (lobe Chem.) were
purified by repeated crystallization from water-ethanol mixture
(70 wt %).

The melting temperatures of these compounds after crystalli-
zation and drying at 328 K under reduced pressure were»

2-hydroxypyridine - 378.5 - 379.5 K,

3-hydroxypyrildine - 401-402 K,

4-hydroxypyrldine - 419.5-420.5 K.

The ground solutions of these compounds (0.1 and 0.01 »ole/
/dm3) were obtained by dissolving appropriate weighed eaaples In
a laboratory flask. All solutions were prepared using water tri-
ply distilled under laboratory conditions.
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Procedura employed

The stolchiometry of the oxidation of the above compounds
with cerium perchlorate was established iIn two ways.

1. Samples of the reduoing agants containing 2 x 10-5,
5 x 10"4 and 10 4 mole of the compounds studied were poured into
laboratory flasks, acidified with perchloric acid 1in an amount
that yielded its concentration of 1 mole/dm3, and a predetermined
amount of cerium perchlorate was added; cerium perchlorate was in
excess relative to the reducing agent, and the overall volume of
the mixture was 0.1 dm3. The reaction was carried out at 340 K.
Samples of the reaction mixture were taken every 30 min and ce-
rium (1IV) concentration in them was determined amperometrically
using titrated solution of sodium oxalate [19, 20]. After ca. 5
hra the concentration practically stopped changing.

2. 2 mmole portions of 0. US molasdm3 cerium perchlorate were
added to a solution containing 1 mmole of the compound under in-
vestigation and 1 mole/dm3 of perchloric acid. The temperature of
the solutions was 343 K. Each successive portion of cerium per-
chlorate was added after the previous one had been reacted. The
time required for a given portion to be reduced was recorded. In
order to determine the dependence of the reaction rate on the
concentrat ion of the different reagents, solutions were prepared
in laboratory flasks containing appropriate amounts of cerium
perchlorate, perchloric acid and water. The amount of water was
selected In such a wav that the volume of the mixture, together
with the reducing age-t, was 0.1 dm3. Following thermostating at
323 K, an appropriate amount of the reducing agent was added.
From the reaction mixture samples of 0.01 dm3 were taken at sui-
table time intervals aid cerium (IV) concentration “ws determined
emperometrically using titrated sodium oxalate solution.

Results and conclusions

The results of stoi.biometry investigation (Tab. 1, 2) in-
dicate that oxidation of pyriaine-2, pyridine-4 and 3-hydroxypy-
ridine with cerium percMorate is connected with 18-electron

transformations.



Determination of the atoichiometry of hydroxypyridine oxidation
with cerium perchlorate. Five determinetiono ware made for each
amount of oxidized compound

Compound Number Molar oxldlzer- Molar ratio of the

of mmol -reducer concen- amount of oxidized

tration ratio Ce+4 to the amount

of the reducer
0.2 60 11 18.03 < 1
pyridon»2 0.5 50 «1 17.97 i1
1.0 40 > 1 17.96 1 1
0.02 60 11 18.02 11
3-hydroxy- 0.05 50 1 18.09 t1
pyridine 4 49 40 « 1 17.98 |11
0.02 60 11 17.86 1 1
pyridon-4 0.05 50 :1 17.96 1
0.10 40 -1 17.92 t 1
Table 2

Reduction time of the given portion of cerium perchlorate

Sample Number of Pyridon-2 3-hydroxy- Pyridon-4
number mmoles of pyridine
eerie chlo-
ride added
at -one time
1 2 "3 4 5
1 2 immediately immediately 3 min
2 2 immediately immediately 6
3 2 immediately immediately 13 min
4 2 1 min 0.10 min 23 min
5 2 4 min 0.33 min 37 min
0 2 17 min 1 min 50 min
7 2 36 min 1 min 100 min
8 2 92 min 2 min 220 min



Table 2 (cont.)

1 2 3 A 5
9 2 210 min .5 min ca. 360 min
10 2 Ee concentra- Ce+4 concert« Ce concen-

tion practical- +trotion pra- tration pra-
ly does not ctically do- ctically do-

change es not chan- ss not chan-
ge ge
The end products of these processes were found to be Co.n,

HCOOH and NH~+. Under the experimental conditions, the formic
acid that arises does not become oxidized by cerium ions [21, 22}

Considering the above data, oxidation of the compounds under
study with cerium perchlorate can be written as follows i

CgHgNO* o 18Ce+4 ¢ 9H20—- » ACO2 * HCOOH ¢ W 1F*" + + 18Ce*3

The results of kinetic investigations are presented 1in Fig«.
1-3-

The percentages of the reacted cerium (IV) required for the
oxidation of a given amount of the reducing vgent are indicated
on the ordinate. Plots Ic, 2c and 3c depict the time dependence
of tile degree of oxidation for mixtures in which the initial ce-
rium perchlorate concentration wa3 equale to the product of tho
electronicity of tha process and reducer concentration. The plots
obtained show that a two-fold increase of the reducer concentra-
tion gives rise to an almost two-fold increase of the reaction
rate. Thus, for example, during 60 min of 3-hydroxypyridine oxida-
tion 0.69 x 10-3 mole Ce (IV) beoame reduced, where the initial
concentrations of 3-hydroxypyridine and cerium perchlorate were
4.444 x 10"4 and 4 x 10*1 mole/dm*" respectively. On the other
hand, for Initial concentrations of 8.889 x 10 and 4 x 10 mo-
le/dm3 respectively, the amount of Ce (IV) that became reduced
was 1.39 x 10“3 mole. It follows that an increase irt tho cerium
perchlorate concentration has practically no effect on the rea-
ction rate.

Nor does the reaction rate depend on the perchloric acid son-
centration: an increase in its concentration from 1 to 4 nolo/
/dm3 accelerates the process by only ca. 5 per cent, and that ac-
celeration can be attributed to increased ionic strength.
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Fig 2. Degree of cerium perchlorate oxidation - 3-hydroxypyridine,
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Tha kinetics of the oxidation of the compounds under study
are complex, because in tha coursa of the first 10 roin of tho
nrocees about 60 per cant of the required cerium CIV) became re-
duced in tha reaction with 3-hydroxypyridine, about 50 per cant -
in the reaction with pyridona-2, and between 25 and 30 par
cent - in the reaction with pyridone-4, whil« during the next
10 min only 10 per cent of cerium (IV) undergo reduction.

We were unable to determine the effect of the oxidizer and
reducer concentration on the reaction rate under conditions of

logCc..t
Lee ood—— 35—t - — fn
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- Plot of igpo Ce(lV)  Ct Ca (1)) * £ (p ~ Pyridon

Initial concentration (mole/dm )

ce (1V) Pyridon-2
X 8 . 10~-2 8.809 . 10~-3
o4 . 1072 2.222 . 10“3
o8 . IQ-2 1.778 . 10“4

A4 _ 10"2 8.889 . 104



Fig. 5. Plot of Ig (CQ Ce (ly) - C{ Ce {ly)) - f(t) - 3-hydroxy-

pyridine .
Initial concentrations
Ce (V9 3-hydroxypyridine
x g . IO 8.889 . 10"3
o 4 . 10"2 2.222 . 1013
pe . Ho° 1.778 . 10f4
A4 . 10"* 0.689 107%

oxidizer insufficiency because 60-80 per cent of cerium perchlo-
rate undergo oxidation almost Immediately (even at 273 K).

It follows from the dependences of the logarithm of cerium
(1IV) concentration on time (Figs. 4-6) that the processes of py-
ridone-2 and 3-hydroxypyridine oxidation proceed in two stages,
while pyridone-4 oxidation is probably a three-stage process.

We succeeded in determining the electronicity of the diffe-
rent stages of the process for pyridone-2 and 3-hydroxypyridine.



Fig. 6.Plot of 1&(CU Ce(dV) - Ct Ca(lV))" f(-> Pyridon-4,
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Fig. 7. UV spectrum of the reaction mixture for pyridon-2
Oxidizer-reducer concentration ratio
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Wz-spactrum of pyridon-2

Figures 7, 8 and 9 depict the UV spectra for oxidizer-reducer ra»
tios of 2 - I, 4 -1 &<id 6 : 1 (reducer concentration 10~4 mole/
/d:a3, HCIU4 concentration - 1 mole/dtn3) following complete redu-
ction of cerium (1V), using cerous perchlorate solution as refe-
rence {whose concentration wiis equal to the initial concentration
of cerium pcrchiorate and HCIO™ - 1 mole/dm3).

In the case of pyrldone-2 and 3-hydroxypyridine oxidation, an
increase of the oxidizer-reducer concentration ratio iIs accompa-
nied by decay of the 270 nm absorption band, while the local ma-
ximum at 220 rm shifts towards longer wavelengths to disappear
almost completely for the 6 1 1 ratio. In the case of pyrldone-4
oxidation, on the other hand, probably because of the relatively
small differences in the rates of the different stages, it is
impossible to unequivocally determine the electronicity of the



Fifl. 8. UV spectrum of the reaction mixture for 3-hydroxy-

pyridine
Uxidizer-reductor concent ration ratio
2 2 t1
4 4 :1

6 6:1
Wz-spectrum of 3-hydroxypyridine

reaction stages since regardless of the oxidizer-reduoer ratio
the post-reaction mixture will contain pyridone-2 and inter edia-

te products.
In view of the above, and considering the fact that follonring

mixing of pyridone-2 or ¢-hydroxypyridine solutions.there appears
a deepening of cerium perchlorate colour which recodns after some
time, the oxidation mechanism of these compounds may be represen-
ted aa:

CBHONO * Ce*4 *=a= complex

complex ¢ 5 Ce*4 rapidly A + 6 Ce+J

A + 12 Ce*4 end products + 12 Ce*3



Fig, 9. UV spectrum of the reaction mixture for pyridon-4
oxidizer-reductor concentration ratio
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Basing of.the results obtained, and adopting the assumption -
often made in the literature [1, 4, 23, 24] that oxidation of or-
ganic compounds by cerium ions involves formation of complexes
before transfer of unnaired electrons, one can say that these
processes are limited by the concentration of pyridone-2 and 3-
-hydroxypyridino complexes with cerium ions, the concentration of
the intenaediate products (which arise in six-electron trans-
formations) with cerium ions, as well as the rate of electron
transfer inside the complexes. For that reason the kinetic equa-
tion of the* oxidation of these compounds can be represented asi

\ A o«

-—=-" —-" a6 x Kj x[complex I] t 12 * x {complex 11T U=



where and & ere rate constants o" electron transfer inside
the first and second complex respectivsly, and the concentret lons
of the complexes are described bys

[comolex ) [complex I1]

ssF*FM wW&“FT d 1

Assuming that the equilibrium of tha process of complex for-
mation becomes establishes very quickly, a computer analysis was
carried out using an Udra-1305 computer.

The values of -d,, . (dt for appropriate t) at which the
“Co*4

concentration of cerium (IV) was measured while the reaction was

in progress were determined by differentiating the function

cica »exp [((a tbt + ¢) : (gt * 1)] over time. The coeffi-

cients a, b and g were obtainad using the least squares method,
while ¢ was calculated from the initial cerium perchlorate con-
centration. For nine seriea of measurements performed for each
of the compounds under investigation (dit furent initial oxidizer
and reducer concen*-ratione) the most likely values of the stabi-
lity constants for the complexes as well os the ate con-
stants of electron transfer inside the» were obtained by tabula-
ting relation (1) (the values selected were those which exhibited
the least deviation from the experimental points). They aret for
pyridone-2 - 13 « 0.018 d®3/mole, Kj - 0.025 sec”1,P2 % 0.009 dm3
/oole, » 0.008 sec-1, for hydroxypyrldlne -3 « 0.023 dm3/ mo-
le, K m 0.036 sec”1l, 2 “ 0.017 uo3/mole, m 0.007 sec"l1l, with
the error involved in their determination being estimated ati25&.

In the case of pyridone-2 oxidation, the mechanism assumed
was confirmed by the isolation of Intermediate products (obtained
in & six-electron transformation). These products were isola-
ted in the following wayi tho post-reaction mixture (initial Ce
(IV) pyridone-2 concentration ratio of 67Tl) was neutralized by
means of KHCO™. Then, following removal of the sediment (KCION
and CeiOH)", water was evaporated under reduced pressure. It
turned out that in the final stage of water evaporation (tempe-
rature -330 K, pressure-20 hP) maleic acid imide sublimation



gets iIn, and formie acid distils off. After those compounds had
been removed, the mixture contained aaleic acid, ammonium maleate,
and a small quantity of unidentified compounds.

If in the final stage of neutralization NH™HCOj was used
Instead of KHCO”™, and if sublimation is carried out at a higher
temperature (ca. 350 K), then after sublimation of amide no

maleic acid or any of its derivatives was found in the mixture.
The yield of the imide obtained in this way (relative to pyrido-
ne-2) was ca. 50%. <

The results presented above permit the conclusion that the
intermediate product (A) of the oxidation of pyrldone-»-2 with ce-

rium perchlorate is one of the following there compoundsi ma-
leic acid (ammonium ion is also formed), maleic acid amide or
imide (the least two compounds arise in protonlzed form). The

first stage of the process can thus be presented in tha follo-
wing form»

complex 1 & 5Ce*4 — A ¢ HCOOH & 6Ce+3

The present study was carried out as part of project MR 1-11.
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BADANIA NAD REAKC3AMI UTLENIANIA HYDROKSYPIRYDYN NADCHLORANEM
CERO.VYM W SRODOWISKU KWASU NADCHLOROWEGO

Okreslono wptyw etfzen poszczegdlnych reagentéw na szybkosc¢
reakcji utleniania +v-droksyptrydyn ceren (1V) w wodnych roztwo-
rach kwasu nadchlorowego droge amperometrycznego oznaczania ste-
menia jonow cerowych w prébkach mieszanin reagujacych za pomoca
o fanowanego roztworu szczawianu sodowego.

Wyznaczono stechiometrie reakcji ¢raz ustalono. Za reakcje



przebiegaj9 kilkuetapowo. W przypadku utleniania 2-hydroksypiry-
dyny wydzielono produkt posredni 1 wykazano, Ze szybkos¢ rozpadu
kompleksu substratu z jonami cerowymi i szybkos$¢ rozpadu komplek-
su z produktem posrednia limituje szybkos¢ reakcji. Na tej pod-
stawie wyliczono parametry kinetyczne tych procesoéw.

Muoiuuiffl Araaiaic, Ora««ona* Konueapoiciit

HCCIIISUOBAHHTT PISAKUH4 OKHOIKHHH OKCHHHPHAHHOB T1EPXJIOPATOM
UEPMH B GPRiUS JMOPHOfl KMCJIOTH

Houm=*uu miilm KtywaaTpana* it(UMUz . paarearoB
u. osapacu u u tnu o*e«n*p«***gji Towiil Xtapc« (IV) » mogmuk pa-
otBspaz zzepsol mmomoth nyr»u aunapausypagacKoro snpag*Knx ksrush-
rpaqit u m gapa« a noMonk« zazpoaajutuz paoraopsa oaeajtata Karpa«.
Onpazaiaaa cxexaoM*xpju pasam«, a tum yaraasazsao, h»S paaxg«a
nperasasr a*jaegji«iatazj»*a..

B aijntas tusiuu 2.-o*camipm**a auzassu npeuaayYsgauft npogjntt
« sfFlaapyaaas, «to OKopsctk paaauaa zaaaTHpsaaaa opspecooM paona<a
ksmiuskcsb afipaaocaanuiz gspasa (IV) aoyOctparoa a *axaa gspisu (V)
m opouasjrrs™auM npsjyztsii. Ha »*aK ooaoss paoco.vi*aau k Karta tacics®
napausrpu 3tax npsuacoss.



