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1 C-isotope fractionation in the oxidation of acetic acid, (AA), of natural isotopic compo-
sition with homogeneous solution of chromic anhydride, CrOs, in 85% orthophosphoric
acid has been investigated in the temperature interval 30-90°C and the measured "*C
fractionation factors, located in the range 1.021-1.016, have been compared with the ear-
lier kinetic isotope effect (KIE) data for the oxidation of acetic acids labelled with car-
bon-14 in the carboxyl and in the methyl groups. A comparison of the '*C KIE found to be
of 1.026 for oxidation of *CH;COOH at 51°C with the *C KIE of 1.029 + 0.002 at 45°C
and of 1.0266 at 21°C observed in the oxidation of formic acid of natural isotopic compo-
sition in the gas phase and in liquid phase oxidation respectively has been done also.
These comparisons of the rate isotope effects, kj»/k;3, for acetic acid and for formic acid
oxidation led the authors to conclusion that the cleavage of carbon to hydrogen bond in
acetic acid is the rate determining step and the oxidation of AA proceeds with complete
loss of the *C—'Hbond in the activated state. Two oxidation schemes, both involving the
rupture of the >C—"H bond in the TS have been proposed to rationalise the methyl- and
carboxyl-carbon isotope effects in oxidation of AA with chromic acid-orthophosphoric
acid solution. It has been shown also that the resistance of AA towards oxidation with
Cr(VI) is caused by the higher by 5—6 kcal/mol activation energy relative to the oxidation
of the methylene groups of the aliphatic carboxylic acids similarly as it has been observed
in the oxidation of methyl group of acetate with alkaline permanganate.

Key words: acetic acid, oxidation, chromic anhydride, orthophosphoric acid, kinetics,
carbon-13 isotope fractionation, isotope effects

Acetic acid (AA) is considered to be highly inert in degradations of aliphatic
carboxylic acids with chromium trioxide in acidic media and together with carbon di-
oxide serves to establish the length of aliphatic chain in analytical organic proce-
dures. AA and its water solutions (up to 95%) have been frequently used as the solvent
in studies of the mechanisms of oxidation of alpha-hydroxycarboxylic acids and hy-
drocarbons (even aliphatic hydrocarbons) by chromic acid. Rather strong (“severe”
oxidation conditions of Van Slyke-Folch wet combustion method [1] are applied to
oxidise AcOH. Even in such extreme reactive medium, which contained chromic an-
hydride, oleum, orthophosphoric acid, besides iodine oxides, the '*C and "*C isotope
fractionation in oxidation of AA has been observed [2—5] and the oxidation had to be
carried out up to completion to avoid changes of '*C/"*C and '*C/"*C ratios in carbon
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dioxide obtained at partial oxidation of acetic acid with respect to the initial carbon
isotope ratios of acetic acid. After preliminary study of the carbon and hydrogen iso-
topes fractionation in the oxidation of propionic acid with homogeneous solutions of
chromium trioxide in 85% orthophosphoric acid [6—8] we carried out the short series
of experiments aimed at the assessment of the kinetics and of the '*C KIE’s in the oxi-
dation of AcOH of natural isotopic composition with CrOs/H;P04/H,0O solution in
the 30-90°C temperature interval. The calculation of the '*C fractionation factors in
the case of oxidation of two carbon acetic acid of natural isotopic composition is
somewhat more complicated task than the calculation of '*C fractionation and mass
spectrometric analysis of the oxidation of formic acid, monocarbon compound
[9,10]. Nevertheless, the homogeneous solution of chromic anhydride in 85% ortho-
phosphoric acid is much simpler oxidising medium than the Van Slyke-Folch oxidis-
ing mixture [1-5] and this should facilitate the analysis and interpretation of mass
spectrometric and kinetic data.

EXPERIMENTAL

About 3.2 mmoles of frozen acetic acid (p.a., 80%, produced by P.O.Ch. Gliwice) has been mixed un-
der vacuum with 3 cc of homogeneous solution of 5.05 mmoles of chromium(VI) oxide (Merck reagent
99.9%) in 85% H3PO, (p.a.) and the reaction vessel transferred to ultra thermostat adjusted to tempera-
tures indicated in column (1) of Table 1 for present reaction times. Carbon dioxide extracted from reac-
tion vessel was purified by cryogenic methods and sealed with flame under vacuum in standard glass
tubes for mass spectrometric determinations. The delta(PDB)('*C/'*C) values listed in column (3) have
been determined with Europa Scientific 20-20 mass spectrometer with ANCA-TG preparative modul op-
erating in the Reactor Center of the J. Stefan Institute of Ljubljana. They are related with the carbon iso-
tope ratios, R(”C/IZC), presented in column (4) of Table 1 with equation: (%, = [(Rsampie/Rstandara) — 1] -
1000. The ratios of isotopic ratios, R(13C/1ZC)SO/R(”C/IZC)pf, presented in column (5), indicating that ace-
tic acid molecules containing carbon-13 react at slower rate than light AA molecules containing car-
bon-12 only, have been used to calculate the ratios of specific rate constants (k_;/k ) and (k_;/k 3)
presented in columns (4)—(6) (a and b respectively) of Table 2 using the equation (1) [5]:

1+Q‘%
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where: Q= (13CH3-12COOH/12CH3-13COOH), Rrand Ry are the (13C02/12COZ) ratios of carbon dioxide at
time “t” or at the degree of reaction “f “and at complete combustion of the original acetic acid respec-
tively, R, x_1 is the specific rate constant for oxidation of 12CH,"*COOH (eq. 2), k , that for oxidation of
2CH;"3COOH (eq. 3), and k_; that for *CH;'2COOH (eq. 4).
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k

"2CH,">COOH —» 2 °CO, )
ko

2CH;"*COOH — 2C0, + ®CO, 3)
k3

BCH;"*COOH —» *C0, + *CO, 4

The second order rate constants presented in column (6) of Table 1 have been calculated using equation
(5) corresponding to the stoichiometric equation (6), where “a” and “b” are the initial concentrations of
acetic acid and chromic anhydride respectively, “x” is the concentration of acetic acid that has reacted,
(8x/3) is the concentration of CrO; that has reacted at the same time t, k is the second order rate constant

. 3 -1 -1
expressed in dm” mol™ s .

1 - a _|8a_ kt 5

n 1_& - 3 ( )
3b

3CH;COOH + 8Cr0s/85%H;PO4s —» 6CO, + 8CrPO, + 18H,0 (6)

RESULTS AND DISCUSSION

The kinetic and C-13 results are presented in Table 1 and Table 2.The second or-
der rate constants for oxidation of acetic acid with chromium trioxide in 85%
orthophosphoric acid given in column (6) of Table 1 are by 2—3 order of magnitude
smaller that the rate constants for propionic acid oxidations [6] but they are accessible
for determinations even at 30°C. Their Arrhenius plot (equations 7 and 8)

In(k) = 18.3566 — 11.004/T correl. coef. = 0.9991 @)

k=9.38-10" ¢*"*T dm’ mol' s™ (8)

indicates that the resistance of acetic acid towards oxidation is caused mainly by
higher by about 5—6 kcal/mol activation energy which is compensated only partly by
the higher preexponential factor similarly as it has been observed in oxidation of
methyl group of acetate with alkaline permanganate [7]. The carbon-13 isotope effect
data presented in Table 2 have been calculated by taking a value of 0.988 £.004 for
Bc (k_3/k ;). It has been assumed that the per cent "C kinetic isotope effects for Van
Slyke oxidation of CH;'*COOH and "*CH;COOH isotopomers [4] are twice the cor-
responding "*C per cent isotope effects. The assessed per cent (k /k ;) *C KIE is
about 1.03 £ 0.2 at 90°C. The per cent (k_;/k 3) "*C KIE for *CH;'>*COOH oxidation
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with CrO3/H;POy solution is assessed to be 2.27 £0.02% at 90°C. These per cent Bc
KIE’s increased to 1.5% and to 2.7% respectively with decrease of the oxidation tem-
perature to 32°C but there are no '*C KIE data for low temperature oxidation of
'C-labelled acetic acid molecules. The assessed >C KIE’s do not depend signifi-
cantly on the changes of the value of the ratio Q (defined in eq.1) from 1.0074 to
0.995. In biological samples 1.2% changes of '*C contents corresponding to carbons
of carboxylic and of CH,, groups are observed [11,12]. The "*C KIE of 1.029 +0.002
was observed in the gas phase oxidation of formic acid with bromine [9]. This value is
very close to *C KIE equal 1.026 assessed in our experiment corresponding to oxida-
tion of CH;COOH at 51°C. Thus it is logical to assume that the cleavage of the car-
bon-to-hydrogen bond is the rate controlling step in the oxidation of acetic acid. In the
oxidation of formic acid with uranium peroxide involving also the C—H bond rupture
the (ky./ky3) °C KIE, equal 1.018/at 121°C, increased to 1.022/at 50°C and then to
1.0266/at 21°C. The above mechanistic conclusion require therefore to classify the
measured '*C KIE in the oxidation of CH;'*COOH and the corresponding *C KIE as
the secondary KIE’s. Secondary "C KIE in the oxidation of "*CH;CH,COONa with
permanganate at 100°C was of 0.6 + 0.3% only [7]. "*C KIE in the oxidation of
CH;'*COOH with CrO; in H;PO4/H,SO, was of 1.7 + 0.5%. The corresponding sec-
ondary '*C KIE in the oxidation of CH;'?*COOH should be of (0.5-0.8)%. We propose
the oxidation scheme (9) involving the rupture of the ?*C—H bond in the transition
state as consistent with carbon-13 isotope effect data present in Table 2.

The slight changes of the bonding at the carboxyl carbon, caused by protonation of the

o oo
= ' 2 R. D. step P *
CH;COOH + CrO4/H,CrO, H-C—C7 2 5P, | H—C—C]
0 " OH
| H_
: : o_ O
i [l \\ y
O\\ //O /Cr\
Cr HO OH
HO  OH
_CH,—COOH ©)
200, =—— =<—— <— |0
CT(OH)3

carboxylic group, might increase the secondary '*C KIE and the related secondary *C
KIE resulting the cumulative 13C fractionation, k/k*, of 1.016—1.021 listed in column
(5) of Table 1 for temperature interval 90-30°C. The rate determining isotopic carbon
to hydrogen bond splitting is in agreement also with the eventual internal hydrogen
transfer preceding the enol formation (eq.10), which undergoes then fast oxidation
involving the attack of Cr(VI) at the double bond formed as the result of enolization.
The last internal process may be partly responsible also for the relatively large sec-
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ondary "*C KIE observed in the oxidation of CH;'*COOH found to be greater than the
e secondary isotope effect of 0.6% (k;2/ki4=1.006 + 0.003 at 100°C) observed in
the permanganate oxidation of beta-'*C-labelled propionate, '*CH;CH,COO™ [7].

. OH
slow ste; . 2 . CrO;
CH;COOH oW P, H=¢—C, —> H,C=C, —> 2C0, 10
0 OH OH (10)
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