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The Efficient Oxidation of Alkanes by Hydrogen Peroxide in Pyridine Mixed Solvents
Catalysed by Copper and Other Transition Metal Salts

Derek H. R. Barton,® Dario Doller® and Yurii V. Geletii**?

2 Department of Chemistry, Texas A & M University, College Station, TX 77843-3255, USA
% Institute of Chemical Physics, USSR Academy of Sciences, Chernogolovka, Moscow Region 142 432, USSR

The catalytic activity of Cu", Fe'", Co", Ru", Ni" and other transition metal salts in the oxidation of cyclododecane by H,O,
was studied for several mixed solvent systems PyX-8-H,0 = 2:1:0.09 (volume ratio), where PyX is pyridine (Py) or
substituted pyridines, and 8 = MeCN, Bu'OH or acetone; the highest yield, ca. 25% of alkane conversion and 10% efficiency

for H,O,, was found for Py~MeCN mixtures.

In previous publications we described in detail a family of
chemical systems which share the rare property of functionalis-
ing saturated hydrocarbons under very mild conditions and
with remarkable selectivity, the Gif systems.'™ In their original
form, Gif systems include an electron source or reductant (Fe®
or Zn°® powder), dioxygen (ultimate oxidant) and an iron
complex as the catalyst.” We have found that certain metal
powders could replace the Fe®, with pyridine and a carboxylic
acid (as the reaction solvent) essential to maintain the char-
acteristic Gif selectivity (sec. C-H > tert. C-H = prim. C-H).*
The dioxygen and reductant can be substituted by H,0,, and
either Fe'"' complexes (GoAgg" or GoAgg' systems) or Cu"
complexes (GoChAgg system) are both efficient reaction cata-
lysts."? The side process in all Gif-type reactions is the oxi-
dation of the solvent, ie. pyridine, to hydroxy-pyridines,
bipyridyls, efc.,’ with decrease in the yield of alkane oxidation.
We have found that the oxidation yield can be improved by
substituting part of the easily oxidisable pyridine with a cosol-
vent like MeCN, more resistant to oxidation.? In this study we
examine: (i) the effect of replacing most of the pyridine by
MeCN, Bu'OH or acetone; (ii) the use of substituted pyridines
as the reaction solvent and its influence on the oxidation yield;
and (ii/) the efficiency of different transition metal salts as
catalysts.

The system PyX-S-H,0=2:1:0.09 (volume ratio) was
chosen as the basic solvent mixture. Water was included as a
cosolvent after previous observations showing that its addition
to Cu"-catalysed processes in pyridine resulted in improved
oxidation yields.? To eliminate the influence of the catalyst salt
counterion, a three-fold excess of a strong ligand (2,2'-bipyri-
dyl, 1) was used. Recently, Co" complexes were found to be
efficient catalysts for alkane oxidation by H,O, in Py-
MeCN = 3:1 (molar ratio).® Iron complexes with 2,2"-bipyridyl
have been studied as well, and found to produce efficient
catalysis in Gif-systems.”
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The results of the oxidation of cyclododecane 2 by H,O,in a
Py—MeCN mixture in the presence of different metal salts are
summarised in Table 1. In addition to the salts presented there,
Ce" [(NH,),Ce(NO;)s], Rh" [Rh(OAc),] and Mn"
(MnCl,-4H,0) salts were studied as well, although we did not
find any catalytic activity with these salts. A superior efficiency
was found for Cu" catalysis; the Ni" salt exhibited moderate
activity as far as the reaction yield is considered, but the
reaction was very slow (10 days). The ketone/alcohol ratio
varied from 11.8 for Cu" catalyst to 1.5 for Ru™ catalyst. This
probably reflects the competition of two different pathways for
the intermediate cyclodocedyl-hydroperoxide.®® The observed
yields were not optimised.

At this point it is worth mentioning the efficient oxidation of
cyclohexane by H,0, catalysed by vanadium salts in acetic acid
or trifluoroacetic acid.® The reaction mechanism proposed for
this process does not include the sequence hydrogen atom
abstraction—free alkyl radical formation.®

The effect of using substituted pyridines as the reaction
solvent was examined in the case of the most efficient Cu"
catalyst. We replaced pyridine by 2,3,4-trimethylpyridine, 4-
tert-butylpyridine, 2-chloropyridine, pentafluoropyridine and
quinoline, and have found that in every case the reaction was
much slower than in pyridine. For example, the reaction was
complete in one day in the presence of pyridine, but was not
complete after 2 weeks with other bases. The reaction rate was
remarkably slow when chloro- and fluoro-derivatives were
used. The yields of cyclododecane oxidation after 2 weeks are
given in Table 2. No reasonable correlations were found for the
oxidation yields or rates and some properties of pyridine
derivatives, like basicity or steric hindrance.

When acetonitrile was replaced by acetone or Bu'OH, lower
reaction yields for cyclododecane oxidation were observed
(Table 2).

Cyclododecane oxidation occurs in neat MeCN without any
other cosolvents, but the ratio of ketone to alcohol is about 2: 1.
As alkanes were not very soluble in MeCN, water was not
added to the reaction mixture (except that from H,O, solution).
Nevertheless, at the same concentration of cyclododecane the
oxidation yields in MeCN or MeCN-Py were similar. In the
latter case the reaction rate is about one order of magnitude
higher.

The kinetic isotopic effect (KIE) for competitive oxidations
of equimolar amounts of cyclo-C¢H,, and cyclo-C¢D,, under
Cu'"-catalysis for MeCN-Py-H,O, Bu'‘OH-Py-H,0, MeCN-
(4-Bu'Py)-H,0O and neat MeCN solution has been measured
(Table 2). In every case the value of the KIE obtained was
similar to those found for Gif-type systems, and differed from
those for the oxidation by hydroxyl! radical.?? The KIE value
for the oxidation in MeCN was only slightly lower than that in
the presence of pyridine.

When CBrCl, is added to GoAgg systems the formation of
ketone is diverted to alkyl bromide production with compara-
ble yield.' For the Cu-catalysed process (GoChAgg reaction)
the bromination yield is much lower.” We analysed the possi-
bility of improving the bromination reaction yield by using the
mixed solvent MeCN-Py-H,O. Indeed, 20 mmol of CBrCl;
fully suppressed the oxidation of cyclododecane, leaving cyclo-
dodecyl bromide the only reaction product, but its yield was 6
times less than that for the ketonisation reaction. At lower
CBrCl, concentrations mixtures of ketone and bromide were
observed, the total yield diminishing with increasing amounts
of CBrCl..

In conclusion, replacing most of the pyridine by less oxidis-
able cosolvents like Bu'OH or MeCN does not alter significantly
the unusual chemical characteristics of Gif-type systems. The
oxidation yield increases when acetonitrile is used. However,
substitution of pyridine with its derivatives decreased sharply
the reaction rate, as well as the oxidation yield.
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Table 1 Oxidation of cyclo-C,,H,, (2.0 mmol) by H,0, (9.5 mmol, 30% in H,0), catalysed by different metal salts (0.3 mmol) in the presence of
2,2'-bipyridyl (0.9 mmol) in MeCN-Py-H,O = 2:1:0.09 (volume ratio); total volume 33.0 ml; room temp.

Yield/mmol
Catalyst 2 3 4 3 “/mmol 3/4 3% (%) Mass balance (%)
Cu(ClOy),-6H,0 1.38 0.47 0.04 0.51 11.8 25.5 94.5
FeCl,-6H,0 1.92 0.10 0.02 0.12 5.0 6.0 102.0
RuCl;-H,0° 1.88 0.03 0.02 0.05 1.5 2.5 96.5
RuCl;- H,07 1.62 0.09 0.06 0.15 1.5 7.5 88.5
Co(Ac0),-4H,0 2.01 0.05 0.01 0.06 5.0 3.0 103.5
NiCl, - 6H,0¢ 1.93 0.05 0.04 0.09 1.3 4.5 101.0
NiCl,- 6H,07 1.52 0.18 0.057 0.25 2.6 12.5 88.5

“ Combined yield of ketone plus alcohol. * Chemical yield of ketone plus alcohol based on the total amount of starting material. © After 1 day

reaction time; H,O, was not totally consumed. ¢ After 10 days.

Table 2 Oxidation of cyclo-C,;H,, by H,0, (9.5 mmol, 30% in H,0), catalysed by different metal salts in the presence of 2,2'-bipyridyl

Bu‘OH-Py-H,0 = 2:1:0.09 (volume ratio), 2 = 2.4 mmol, FeCl;-6H,0 or Cu(ClO,),-6H,0 = 0.3 mmol

Yield/mmol
Catalyst 2e 3 4 3,%/mmol 3/4 3 (%) Bal. (%) KIE
Fe' 2.25 0.13 0.03 0.16 43 6.7 100.0 —
Cu" 2.14 0.24 0.02 0.26 12.0 10.8 100.0 2.3
Acetone-Py-H,0 = 2:1:0.09 (volume ratio), 2 = 2.0 mmol

Yield/mmol
Catalyst 2 3 4 3.2 /mmol 3/4 (%) Bal. (%)
Fe™ 1.98 0.05 0.01 0.06 5.0 3.0 102.0
Cu" 1.86 0.16 0.01 0.17 16.0 8.5 101.0
MeCN-PyX-H,0 = 2:1:0.09 (volume ratio), 2 = 1.4 mmol, Cu(ClO,),  6H,0 = 0.4 mmol

Yield/mmol
PyX 2 3 4 3% /mmol 3/4 3¢ (%) Bal. (%) KIE
Py 0.92 04 0.03 0.43 13.0 31.0 96.5 24
2,4,6-Me;-Py 1.29 0.06 0.02 0.08 3.0 5.7 98.0 —
4-Bu'-Py 1.04 0.29 0.02 0.31 14.5 220 96.5 2.5
Quinoline 1.25 0.08 0.01 0.09 8.0 6.5 96.0 —
2-Cl-Py n.d.? 0.1 0.05 0.15 2.0 11.0 n.d.? —
Py-F; 1.3 0.1 0.05 0.15 2.0 11.0 103.5 —
MeCN¢ 0.76 0.17 0.08 0.25 2.0 25.0 101.0 22

“« Recovered cyclo-C,,H,,. * Combined yield of 3 and 4. < Yield based on starting 2.  Not determined. ¢ Neat MeCN, 2 = | mmol.
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