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Abstract Carbon-13 fractionation in the oxidation of sodium propionate of natural isotopic composition with permanganate in
water solution and with manganate in alkaline solution has been investigated and compared with carbon-14 kinetic isotope
effects in the oxidation of (3-C) — and (2-*C) propionate with permanganate. The experimental carbon-13 isotope ratios,
R(BC/2C) . cOrrected for dilution of R(1*C/12C), by carbon dioxide derived from all external sources and by carbon diox-
ide derived from (C-1) and from (C-3) of propionate at its complete and partial oxidations, used for calculation of 1*C_KIE,
provided the carbon-13 isotope effects corresponding to initial oxidation of alpha carbon, which correlate well with (2-14C) KIE
determined previously, (k,/k;; -1)x100 01/2(k,,/k,, -1)x100 01/2(4.6+0.3) at 373 K. The possibility of extension of isotope
ratio measurements, using modern double collector mass spectrometers, from geochemical, biomedical, agriculture and envi-
ronmental research to carbon-13 isotope effects studies in chemical organic reactions is briefly discussed.
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Introduction

Carbonates and oxalates are the final products of oxidation
of propionates with permanganate and manganate in alkaline
medium [14]. This reaction drew therefore attention of radio-
chemists as early as in 1942 [11] in view of the possibility of
using it to reveal the distribution of radioactivity within dif-
ferent possible positions of propionic acid molecule, a fre-
quent isolation in biomolecular studies or for location of
bond cleavage. Unfortunately it appeared soon using 1-, 2-
and 3-1'C and '*C labelled propionates that the radiocarbon
found in carbonates (or in oxalates) originates from different
positions of propionate and only the preferential transform-
ation of a given carbon atom in the propionate into carbonate
or oxalate can be established [3, 9, 15].
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prompted us to investigate tritium and deuterium KIEs in
the oxidation of tritium and deuterium labelled propionates.
A very large deuterium kinetic isotope effect in the oxidation
of [2-D,] propionate, CH,CD,COONa, has been found. Its
large temperature dependence revealed the tunnelling in the
hydrogen transfer from the alpha carbon of propionate to
the oxidizer especially pronounced in alkaline medium [16,
18, 19, 23]. Both the radiocarbon and hydrogen isotope
effects solved the problem of rate determining step in the
oxidation of propionate with Mn(VII) ad Mn(VI) in alkaline
medium. But from experimental point of view both the
above approaches require the access to a radioisotope lab-
oratory and quite expensive isotopically labelled compounds.

In this study we attempted to determine the carbon-13 frac-
tionation in the oxidation of propionate of natural isotopic
composition with permanganate. Propionic acid has three
different positions with three different sets of bonds around
each carbon atom. At complete oxidation of P. we obtained
the average (13C/!>C) carbon isotope ratio for all three car-
bons diluted by isotopic carbons from all "external" sources.
Carbon dioxide obtained at partial oxidation of propionate
should have different ('3C/!?C) ratio due to one primary 3C
KIE caused by the rupture of the C,-H bond and due to the
two secondary 13C KIEs caused by the [13C] methyl and [3C]
carboxyl groups. The primary '3C KIE will result the carbon
dioxide slightly depleted with 13C. In the most favourable cir-
cumstances the non-homogeneous distribution of 3C
between Me- and carboxyl groups might be balanced. The
(13C/*2C) ratio for CH;- and -COO® groups might depend on
the method of synthesis of propionate and differ from C-13
equilibrium thermodynamic distribution which depends on
the number and types of bonds at the isotopic carbon
[3(C-H) + 1(C-C) bond in the Me-group, and the 2(G=0)
and 1(C-C) bond in -CO,® group]. The magnitude of the
secondary 3C KIE highly depends on the structure of the

not change in the TS. then the S.KIE of '*C will be negligi-
ble. Weakening of these bonds will increase the S.13C KIE.
This experiment should show how much the above "man
made" [7, 13] and "natural" complications perturb the final
13C isotope effect determination since the exact 1*C KIE data
are already known (S. denotes: secondary).

Methods and results

The natural abundance of carbon-13 is sufficiently large to
notice its variations in the course of chemical reactions using
modern isotope ratio mass spectrometers [1, 10] now widely
available also in Europe [2, 5, 8, 12]. Nevertheless the mech-
anisms of organic reactions have been and are investigated
using carbon-14 isotope effect methodology [4, 6] applying
liquid scintillation counters for precise determinations of the
specific activities of the 4C labelled substrates and products
of organic reactions at different degrees of chemical conver-
sion [22]. Having already in hands the *C KIE data concern-
ing the oxidation of propionates successively labelled with 14C
in the a- and B-positions with permanganate [20, 21] we de-
cided to explore the possibility of determination of carbon-13

fractionation in the course of oxidation of propionate by
measuring the mean carbon isotope ratios, R(1*C/'2C), of the
cumulative carbon of oxalates and carbonates obtained at
complete oxidation of propionate of natural isotopic compo-
sition and at partially known oxidations of propionate (at
f<1). The determinations of the radiocarbon in carbonates
and oxalates have been replaced in modern *C KIE studies
by measuring the radioactivity of the easy obtained in high
purity crystalline organic derivatives of propionic acid [22]. To
simplify the analytical procedure the carbon dioxide derived
from all external sources was isolated first and its delta (PDB)
determined in the blank experiment reproducing all the ana-
lytical steps applied in the actual isotope effect oxidation of
propionate with permanganate (0.0319 mmoles of cumulative
CO, was derived with delta (PDB) equal to -18.33 and
R(13C/?C) equal to 0.01103122). This correction has been
applied to carbon dioxide derived from carbonates and
oxalates to obtain a correct value of degree of oxidation of
propionate listed in column (4) of Table 1.

The 8(PDB) values listed in column (5) of Table 1 are the
rough uncorrected values provided by a mass spectrometer.
They are smaller (more negative) than 6(PDB) = -34.66 of
carbon dioxide obtained at complete oxidation of propionate
samples with permanganate and with "CrO,/H,PO,/Oleum"
oxidizing solution, and indicate immediately that the heavier
propionate molecules containing 3C are oxidized with small-
er probability than the light P. molecules containing >C.
They indicate also that the carbon-hydrogen bonds are
weakened in the T.S. Nevertheless these (PDB) values are
insufficient to draw more detail mechanistic conclusions con-
cerning the interaction of the organic substrate with the inor-
ganic oxidant. Permanganate can attack all three carbon
atoms in propionate but the earlier kinetic studies of oxida-
tion of propionate with permanganate at different tempera-
tures resulted a straight line Arrhenius temperature depend-
ence of the second order oxidation rate constants which indi-
cates that the oxidation proceeds according to one mech-
anism. The subsequent *C KIE determinations in the oxida-
tion of propionate labelled with “C at C-2 and C-3 positions
successively showed that there is a substantial 1“C, KIE and
the very small (secondary) 14C[3 KIE. The above pure kinetic
and kinetic isotope effect data have been interpreted as indi-
cating that the initial rate determining oxidation step consists
in the effective attack of the oxidizer at the alpha-carbon
which results in rupture of the C,-H bond in the TS. The
subsequent steps are the fast ones and contribute to the
actual distribution of “C(or 13C) between products of the
oxidation of propionate. Within this interpretation of kin-
etics and *C KIEs the depletion of *C in product carbon
dioxide (listed in column (5)) is caused primarily by 3C KIE
in the oxidation of the methylene group (or uniquely), aug-
mented by small secondary *C KIE of isotopic carbons
located in the neighbouring methyl and carboxyl groups. In
this introductory study only the isotopic composition of the
total carbon dioxide obtained at complete and at partial oxi-
dations of propionate has been determined. In the first
approximation we assume that bonding at C-1 and at C-3 is
not weakened (not changed) in the T.S. with respect to the
initial state of the substrate and the carbon dioxide derived
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Table 1. Carbon-13 isotope effect for oxidation of sodium propionate with permanganate.

Temperature °C mmoles of substrate Degree"f" of oxidation Experimentad  R(**C/**C) a carbon Kio/K13

Exp. No. Sodium propionate Oxidizer KM nO, of propionate &PDB)? isotoperatio

@ @ ©) Q) ®) (6) ()

in 10 cm® of water

95.1°C/N-5 2.518 2.101 0.1438 -40.88 0.01061526 (pf) 1.0237
0.01084766 (S0)
95.6/N-14 7.329 4.295 0.1345 -41.64 0.01060409 (pf) 1.0247
0.01084766 (s0)
95.6/N-16 0.9035 3.1589 0.3371 -39.43 0.01066222 (pf) 1.0215
0.01084766 (so)  1.0233+0.0013
90.2/N-3 1.5364 3.114 0.2491 -41.23 0.01060494 (pf) 1.0265
0.01084766 (s0)
80.35/N-2 1.5822 3.1551 0.2828 -42.04 0.01058011 (pf) 1.0300
0.01084766 (s0)
15.3/N-1 2.6554 5.8230 0.02567 -40.73 0.01052556 (pf) 1.0310
0.01084766 (0)
95.05/N-6 CH3;CD,COONa KM nO, 01823 021 0.0105670 (pf) 1.0269
3.1361 2.5723 0.0108233 (so)
CH3CD,COONa KoM nOy4
in 10 cm® of 3M NaOH
0.0105555 (pf)
95.6/N-13 2.1196 3.2767 0.1985 -41.40 1.0283
00108233 (s0)

) 3(PDB) of carbon dioxide obtained at partial (f<1) oxidation of sodium propionate; (pf) — carbon isotope ratios corresponding to carbon
dioxide derived from alpha carbon of propionate; (so) — initial mean carbon isotope ratio in propionate (calculated using mean &(PDB)
equal -34.665). The 3(PDB) values were determined by Europa Scientific 20-20 mass spectrometer with ANCA-TG preparation module
operating in the Reactor Center of the J. Stefan Institute of Ljubljana. The detailed description of the experimental procedure used for
partial oxidations of propionate and for quantitative extraction of cumulative carbon dioxide from the post reaction mixture in vacuum

reactor is given in refs. [16, 18, 19].

from C-1 and C-3 has the same isotopic composition as in the
substrate before its partial oxidation. We calculated the car-
bon isotope ratio R(33C/12C) of carbon dioxide derived from
the methylene carbon at partial oxidations of propionate
(f<1) given in column (6) by correcting the measured values
of 3(PDB) given in column (5) by initial dilution with the car-
bon derived from cumulative external sources and by a sub-
sequent twice dilution of the carbon dioxide corresponding
to the methylene carbon with carbon dioxide derived from
(C-1) and (C-3) positions. The corrected R(13C/!2C) values
given in column (6) were used to calculate the 13C KIEs
given in column (7) with the equation (1)

(1) (ky/kys) = In[1-f(1+R ) / (1+R )] / In[1-f(R /R )
(1+R,) / (1+Rpf)]

In the course of calculations of R values a relation: & %o) =
[(Rsample/RstaHdard) -1] x 1000 was applied as usually. The
assessed (k,/k,;) KIEs are in good agreement with 4C KIE.

In the first approximation the per cent of C KIE = 4.6+0.3
at 100°C (373 K) is roughly twice as large as the per cent of
13C KIE = 2.3320.13 at 96°C (369 K), (k,/k,, -1)x100 O
2(k,,/k,;-1)x100. There are no data on *C KIE in the oxida-
tion of (2-C) (2-D,) propionates, CH,'*CD,COO", with
permanganate and manganate.

The “C KIE studies provide directly the magnitude of the
isotope effect caused by the rupture of the carbon-hydrogen
bond at the given labelled position in the molecule. But
before starting the time consuming '“C KIE research requir-
ing the synthesis of the needed *C labelled compound pre-
liminary 13C KIE study is sufficient to instruct the researcher
about the magnitude of the *C KIE expected or about the
necessity of constructing a fully automatic apparatus to avoid
manual operations and any contact of the alkaline medium
with carbon dioxide containing air and other external
sources of carbon dioxide. The necessity of the detailed
chemical degradation of the given organic compound on the
isotope effect level to reveal the actual distribution of 13C
among all isotopically important positions is also a laborious
task.

Acknowledgments This study was supported by the Polish State
Committee for Scientific Research (KBN) Grant No. C-44/99, by the
Ministry of Science and Technology of the Republic of Slovenia, by the
J. Stefan Institute of Ljubljana and by the Faculty of Chemistry of
Jagiellonian University. Carbon-14 isotope effect studies were support-
ed by the Department of Chemistry and Biochemistry of the University
of Arkansas during the visiting professorship of M.Z.



224

M. Zielinski et al.

References

1.

10.

Barrie A, Clarke MC, Cokayne RA (1982) An organic preparation
system for 13C stable isotope ratio analysis. In: Schmidt HL,
Forstel H, Heinzinger K (eds) Stable isotopes. Proceedings of the
4th Int Conf, Jiilich, March 23-26, 1981. Analytical Chemistry
Symposia Series, vol. 11. Elsevier Sci, Amsterdam-Oxford-New
York, pp 655-659

Duchesne J, Lacroix M, Mosora F (1982) Use of the 13C/12C
breath test to study sugar metabolism in animals and men. In:
Schmidt HL, Forstel H, Heinzinger K (eds) Stable isotopes.
Proceedings of the 4th Int Conf, Jiilich, March 23-26, 1981.
Analytical Chemistry Symposia Series, vol. 11. Elsevier Sci,
Amsterdam-Oxford-New York, pp 399-407

Dudek E (1974) The investigation of oxidation of (2-14C)
propionate with potassium permangate in 2 N KOH medium.
M.Sc. thesis. Division of Nuclear Chemistry, Institute of
Chemistry, Jagiellonian University, Cracow

Dunn GE (1977) Carbon-13 kinetic isotope effects in decarboxylation.

In: Isotopes in organic chemistry. Elsevier Sci Publ Co.,
Amsterdam, pp 1-40

Finnigan MAT (1997) Fully automated '3C-UBT mass spectro-
meter system for the diagnosis of gastric Helicobacter pylori
infection. In: Breath MAT pluss, 28197 Bremen, Germany,

pp 2-11

Fry A (1970) Heavy atom isotope effects in organic reactions
mechanism studies. In: Isotope effects in chemical reactions. Van
Nostrand Reinhold Co., New York, pp 364-414

Kinnunen T, Lassonen K (2000) A density functional study of the
catalytic carbonylation of methanol. In: Catalysis in XXI century
from quantum chemistry to industry. Int Symp, Cracow, Poland,
May 4-7, 2000. P-42, p 76

Klein PD, Klein ER (1982) The commercial feasibility of 1>C
breath tests. In: Schmidt HL, Forstel H, Heinzinger K (eds) Stable
isotopes. Proceedings of the 4th Int Conf, Jiilich, March 23-26,
1981. Analytical Chemistry Symposia Series, vol. 11. Elsevier Sci,
Amsterdam-Oxford-New York, pp 347-352

McKay HAC (1971) Principles of radiochemistry. Butterworths,
London

McKinney CR, McRea JM, Epstein S, Allen HA, Urey HC (1950)
Improvements in mass spectrometers for the measurements of
small differences in isotope abundance ratios. Rev Sci Instrum
21:724-730

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nahinsky P, Rice CN, Ruben S, Kamen MD (1942) Tracer studies
with radioactive carbon. The synthesis and oxidation of several
three carbon acids. ] Am Chem Soc 64:2299-2302
Oesselman J (1991) On the development of automatic sample
preparation devices. In: Sample preparation and sample handling
for gas isotope mass spectrometers. Finnigan MAT Textronica AG,
Switzerland, pp CH-9463
Roy M, Ponceblanc H, Volta J-C (2000) Selective oxidation of light
alkanes (ethane oxidation to acetic acid). In: Catalysis in XXI
century from quantum chemistry to industry. Int Symp, Cracow,
Poland, May 4-7, 2000. Plenary lecture, p 31
Stewart R (1965) Oxidation by permanganate. In: Wiberg KB (ed)
Oxidation in organic chemistry. Academic Press, New York, chapter 1
Zielinski M (1981) Oxidation of (3-14C) propionic acid with
alkaline permanganate. Radiochem Radioanal Letters 47:193-202
Zielinski M (1986) Deuterium isotope effect in the oxidation of
sodium (Z-ZHZ) propionate with manganate and permanganate in
water solutions of sodium hydroxide. Nukleonika 31:81-95
Zielinski M (1986) Studies on isotope effects of carbon-14 and
tritium and on exchanges of tritium in oxidation reactions of
labelled propionates. Inst Nucl Phys Nucl Tech, Academy of
Mining and Metallurgy, Cracow, pp 43-52
Zielinski M (1987) Investigation of the deuterium isotope effect
during oxidation of sodium (2->H,) propionate with permanganate
in NaOH solutions of low ionic strength. Nukleonika 32:3-14
Zielinski M (1988) Deuterium kinetic isotope effect in the
oxidation of sodium (2-D,) propionate in water solutions.
J Radioanal Nucl Chem, Articles 121:499-507
Zielifiski M, Fry A (1984) '4C kinetic isotope effects in the
oxidations of (3-1“C) and (2-1C) propionates with permanganate
in NaOH water solutions. In: Proceeding on 188th ACS National
Meeting, Philadelphia, August 1984
Zielinski M, Fry A (1984) Search for the C-14 isotope effects in
the alkaline permanganate oxidation of carbon-14 labelled sodium
propionates. In: Proceedings on Annual Meeting of the Polish
Chem Soc, Kielce, September 19-22, 1984, pp 183 (s-2/125)
Zielinski M, Kafiska M (1992) Syntheses and uses of isotopically
labelled acid derivatives. In: Patai S (ed) The chemistry of acid
derivatives, vol. 2, suppl B. John Wiley, Chichester, New York,
pp 371-546
Zielinski M, Kaniska M (1992) Syntheses and uses of isotopically
labelled acid derivatives. In: Patai S (ed) The chemistry of acid
derivatives, vol. 2, suppl B. John Wiley, Chichester, New York,
pp 524-528



