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Abstract: Saturated hydrocarbons are transformed into their corresponding homologous carboxylic acids by
treatment with iron pentacarbonyl and hydrogen peroxide in pyridine-acetic acid. A mechanism for this reaction is
proposed . Attention is also directed to a new and convenient procedure for the determination of carbon monoxide.
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Gif oxidation systems, based on H»O> or on superoxide, convert saturated hydrocarbons regioselectively
and chemoselectively into ketones.!.2 For a limited conversion (20-30%) the yield is high. Recently two
manifolds have been recognized:3 the Felll-FeV manifold, in which much of the earlier work was carried out, and
the Fell-Fe!V manifold. For both manifolds, the selectivity pattern and the kinetic isotope effect (K.1.E.) were
identical. However, in the Felll-FeV manifold radical chemistry was exceptional. In the Fell-Fe!V manifold carbon
radicals were formed after the initial attack of the activated iron species on a secondary position of the saturated
hydrocarbon. Hydroxyl radicals, at least in the solvent pyridine or pyridine-acetic acid, were not involved in this
chemistry.# From our earlier work we postulated the initial formation of an Fe!V or FeV-carbon bond. All the Gif
type chemistry that we have carried out could be interpreted as Fell or Felll based with activation by H20». In fact
it sufficed to titrate for Fell versus Felll to understand in which manifold one was working. The reactions in the
Fell-FelV manifold were significantly faster than those in the Felll-FeV analogue.

Recently> we reported that saturated hydrocarbons could be selectively carboxylated at secondary positions
using carbon monoxide-H20» in the presence of (MeO)sP and Fe!ll trispicolinate. The function of (MeO)3P in the
presence of H>O» was to reduce the Felll to Fell. The Fell was then activated by reaction with the HyO» to furnish,
by reaction with the hydrocarbon, the FelV-carbon bond which by insertion of CO and hydrolysis afforded the
carboxylic acid. In the presence of methanol the methyl ester was formed.

Although this work with carbon monoxide gave superior results to those we had published before, it
seemed to us that the use of Fe(CQ)s and H2O» would be more convenient experimentally even though it was
without precedent.

Iron pentacarbonyl (2 mmol) was used as a source of the carbonyl group for the formation of carboxylic
acids. Starting from the saturated hydrocarbon (20 mmol) the hydrogen peroxide was added (5x2 mmol each 15
min) in pyridine-acetic acid (30-3ml). Under these conditions, up to 2.4 mmol of cyclohexane carboxylic acid was
obtained from cyclohexane as well as some coupling products with pyridine (Tablel). The titration® for Fell
showed the presence of Fell and Felll in the system and we were able to detect and quantify some Fe(CO)s at the
end of the reaction (500 MHz NMR).?
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Table 1
1 2 4 3 Fell Felll Fe(CO)5
= —— —
2.37 traces 0.24 0.22 0.33 1.30 0.38

Cyclohexane 20 mmol, Fe(CO)5 2 mmol, HO2 5x2 mmol each 15 min, Pyridine 30 mi, Acetic acid 3 mi,
under argon at 0°C and then up to RT. All the results are in mmol.

A kinetic study using the same conditions as in Table 1, showed that the formation of cyclohexane
carboxylic acid was relatively fast (t1/2~30 min). Coupling products to pyridine indicative of radical chemistry,
were also formed. Ketone production began only when the other reactions had ceased, just as we observed before
in the change from the Fell-FelV to the Fel-FeV manifold.3.5 The presence of a carboxylic acid was necessary, as
is characteristic of Gif chemistry.3 The best results were obtained in the usual 10:1 pyridine:acetic acid mixture
with a 1:10 ratio of Fe(CO)s to hydrocarbon.

As in the previous systemS (Felll trispicolinate/(MeO)3P/Ho0,/CQ), the adamantane selectivity gave
predominant carboxylation in the secondary position, C%C3=0.6 (Table 2). A mass balance of 97% was
obtained. It is worth noting the stability of the different carboxylic acids formed under the reaction conditions:
blank experiments starting from 2 mmol of the acid 1 or 8 showed that the reaction was, as expected, irreversible.

Table 2 Adamantane Selectivity

Substrate 7 8 9 10 11 12 13 14 15

Adamantane| 0.195] 0.08 ] 0.035| 0.034{ 0.059] 0.24} 0.24| 0.053] 0.033
Adamantane 10 mmol, Fe(CO)s 2 mmol, HyO; 5x2 mmol each 15 min, Pyr 30 mi, AcOH 3 ml, under argon 0°C to RT.
All the results are in mmol.

The kinetic isotope effect for cyclohexane versus perdeuterocyclohexane was equal to 2.1, which was similar
to the typical value of both manifolds. These caracteristics showed that this system responded to the main criteria
of other Gif systems. The gas formed during the reaction was characterized and quantified in order to better
understand the reaction mechanism. The carbon dioxide was quantified by bubbling through 2 traps of barium
hydroxide solution. As far as the determination of carbon monoxide was concerned, severals methods are
described in the literature. The best known consists in passing carbon monoxide through I;0s at high
temperature.® Another uses a ruthenium complex® to trap quantitatively CO.

We decided to examine more economic, room temperature procedures for the determination of carbon
monoxide. In each case we examined the oxidation of CO to give CO, which, as mentioned above, was readily
determined by precipitation as BaCO3. We considered the use of chlorine water, which should react with carbon
monoxide to furnish phosgene readily hydrolysed to carbon dioxide. However, this reaction was too slow.

The reaction of carbon monoxide with chlorine was one of the famous chain reactions cited in the nomination
of Hinshelwood and Semenoff for the Nobel Prize of 1956. Semenoff wrote a monumental text!0 where this
reaction was initiated by visible light. With this text in mind carbon monoxide was bubbled through a solution of
chlorine water with irradiation by a tungsten lamp. The phosgene formed was immediately converted into CO> in
presence of water, and then swept out to be trapped with barium hydroxide. The appropriate blank experiments
were carried out. It seems to us that this method for the quantification of CO is more practical, economic and

convenient than those used previously.!!
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In the Fe(CO)s-H2O» system, only carbon monoxide and carbon dioxide were produced (Table 3). There
was no indication of a catalase reaction producing oxygen. Formation of CO» and CO occurs even in the absence

of acetic acid and was proportional to the amount of H»O7 added.

Table 3 Formation of carbon monoxide and carbon dioxide in the presence and absence of acetic acid

Conditions CO» (00 Total of gas
Pyr 33 mi 3.25mmol {225 mmol | 5.5 mmol

Pyr30ml + AcOH3mi |2.05mmol |2.44mmol |4.6 mmol

Cyclohexane 20 mmol, Fe(CO)s 2 mmol, HyOp 5x2 mmol each 15 min, under argon at 0°C to RT.

The preliminary studies so far reported suggested that this new reaction took place in the Fell-FelV manifold.
In accordance with our prior experiments3 we added nitrite, chloride, bromide and azide ions to the reaction
(Table 4). Major coupling products with chloride and with azide were seen. The amounts of chloride and azide
relative to carboxylation depended on the concentration of chloride and azide anions as expected.3 The addition of
ascorbic acid increased slightly the yield of chloride, suggesting again that the reaction takes place in the Fell-FelV

manifold.3

Table 4: Inhibition of the carboxylation by addition of a salt and formation of alkyl derivatives

salt 1 [ 2 4 S

none 2.09 n.d. 0.08 J0.12 0.11
NaNO> [0.40 0.10 (X=NO3) |n.d. n.d. n.d.
LG 0.18 1.49 (X=CD) n.d. 0.45 0.22
LiBr 0.75 021 (X=Br) _|0.07 0.15 0.08
NaNs3 0.08 2.21 (X=N3;, | 0.81 0.11 0.05

Cyclohexane 20 mmol, Fe(CO)s 2 mmol, HoO3 5x2 mmol each 15 min, salt 20 mmof, Pyr 30 ml, AcOH 3 mli,
under argon, 0°C to RT. All the results are in mmol. n.d.: not detected.

It now possible to propose a mechanism for this interesting new reaction which is in accord with the
experimental facts. First, in a blank experiment, it was shown that there was no reaction between carbon radicals
produced by photolysis of a Barton PTOC ester!2 and Fe(CO)s. The latter was recovered quantitatively. So the
function of HyOp must be, in part, to remove carbon monoxide coordinated to Fe® (Scheme 1) to furnish
FeO(CO)4. In principle, this might react with a saturated hydrocarbon according to the elegant work of Field.13
However, the experimental facts are better explained by the Fell-FelV manifold. So the Fe%(CO)4 species must
react further with loss of CO or CO5 (or both) to fumish (CO)3Fell=0. A second oxidation with loss of CO/CO5
would furnish the Fe!V oxenoid species which could be written as (CO)2FelV(=0);. However it is more probable
that it is (CO)2FelV(OH)(OAc)=0. The usual insertion reaction would give (CO) Fe!V-CgH|1(OH)(OAc), the
species that fragments into cyclohexyl radical and (CO)2Fell(OH)2(OAc). This radical formation explains the
coupling with pyridine and the formation of chloride, azide and derivatives.3 However, the cyclohexyl radical
could not react with CO under the conditions of our experiments> so the carboxylic acid must come about in a
different way. There are several possibilities, but the least complicated would be for the cyclohexyl radical to react
with a CO of the species (CO)Fell(OH)»(OAc) to afford the species (CO)FelV-CO-CgH;1(OH)2(OAc). By
hydrolysis this would furnish the carboxylic acid and an Fell species whilst with methanol, the corresponding
methy] ester (0.13 mmol) and the same Fel species could result.

Thus all the experimental facts can be explained satisfactorily.
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Scheme 1: Proposed mechanism
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