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Abstract—The catalytic activities of nitrogen-containing cobalt complexes, polymer (AN-251 anion
exchanger)-supported cobalt complex, and a polymer—salt composition containing molybdenum salt and non-
ionogenic water-soluble polymers were compared in the oxidation of a-pinene.

Oxidation of a-pinene with oxygen attracts
researchers attention, for it utilizes an accessible and
ecologically clean oxidant [1]. This reaction leads to
practically important oxygen-containing compounds
which can be obtained with a fairly high selectivity,
especialy in the presence of transition metal salts and
complexes [2]. However, analysis of published data
shows that the results of using transition metal com-
pounds as catalysts should be considered with some
criticism [3]. In particular, insufficient attention was
given to possible isomerization of the substrate and
formation of active radical intermediates. For example,
in the presence of dibromo(4-methylpyridine)cobalt(l1)
[(4-MeCsH4N),CoBr,] at 72°C, the yield of verbenone
in the crude product attained 76% (the conversion of
a-pinene was complete); with (4-MeCsH4N),CoCl, as
catalyst (65°C), the conversion of a-pinene was 53%,
the yield of verbenone was as low as 12%, and 10%
of verbenol and 26.5% of 2,3-epoxypinane were
obtained. Presumably, the formation of the latter is
responsible for the poor yield of verbenone. In the
above cases, the oxidation of a-pinene was carried out
by bubbling air or oxygen at a flow rate of about 40—
60 ml/min. On the other hand, oxidation of a-pinenein
the presence of cobalt(ll) abietate in a static system at
room temperature [4] was accompanied by gradual
decrease in the rate of oxygen absorption (which was
controlled using a gas burette), and addition of 10 fresh

portions of the catalyst was necessary to keep the
process running. Here, the yield of verbenol was
26.5%, and the yield of verbenone was 11%.

Kuznetsova et al. [5] reported on the oxidation of
a-pinene with a 1:2 oxygen—hydrogen gas mixture in
the presence of a two-component heterogeneous
catalytic system based on platinum metals and hetero-
polycompounds. The authors showed that the reaction
involves severa types of active intermediates having
a radical or eectrophilic nature. For example, such
heteropolycompounds as PWy; and especialy PWyTi
and PWpZr are capable of producing peroxy inter-
mediates which are responsible for the transformation
of akenesinto epoxy derivatives,; heteropolytungstates
containing Fe, Mn, Cr, and Co, as well as compounds
like PMo,, and PMoy,_ Vv, giverise to radical oxygen
species which promote alylic oxidation.

The activity of a series of homogeneous catalysts
and immobilized molybdenum and cobalt salts and
complexes in the oxidation of a-pinene can be es
timated by the rate of oxygen absorption under static
conditions [6]. We previously reported on successful
peroxide oxidation of anthracene with the use of
acetylacetonato VO(Il) and Co(ll) complexes im-
mobilized on chloromethylated styrene—divinylben-
zene copolymer [7, 8] and of metallic molybdenum
with polyvinyl alcohol [9]. It seemed reasonable to
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Catalytic activity of homogeneous and polymer-supported heterogeneous catalytic systems® (50°C)
I?lgn Catalyst” o-pi ne'r\w/le(ils?nrl \r/aetrlw?—metal Vo, ol I mir™* Vo “Wx 10°

1 CoSdlen 1:3.03:0.0095 0.00149 4.975 13.1

2 Co(acac), 1:3.03:0.0095 0.00126 4.2 10.6

3 (2-MeCsH;4N),CuCl, 1:3.03:0.0096 0.000612 2.05 5.3

4 (2-MeCsH4N),CoCl, 1:3.03:0.0096 0.00182 6.3 153

5 AHM (4.5%) + PVA 1:0:0.0031 0.000063 0.67 0.075
6 AHM (4.5%) + PVA + UV 1:0:0.0031 0.00013 13 0.13

7 AHM (9%) + PVA 1:0:0.0063 0.000109 0.88 0.08

8 AHM (9%) + PVA® 1:0:0.0042 0.00013 0.99 0.11

9 AN-251 + CoCl, 1:3.03:0.021 0.00021 0.337 0.375

2 v is the initial oxidation rate, Vg, is the specific oxidation rate, mol I min™ [M]™; and W, is the reduced oxidation rate, m*(Oy) x

g™ (M) mol™(a-pinene) s.

® AHM stands for ammonium heptamolybdate, and PVA, for polyvinyl acohol.

¢ Reused catalyst.

examine the activity of polymer-supported hetero-
geneous catalysts with a view to elucidate the pos-
sibility for their repeated use. As such polymeric
catalysts we used cross-linked wide-pore styrene—
2-methyl-5-vinylpyridine copolymer (which is a large-
scale product) containing adsorbed Co(Il) and Cu(ll)
ions and a heterophase polymer—salt composition con-
sisting of polyvinyl acohol and ammonium hepta
molybdate (NH4)sM 0,054 -4H,0 (an aqueous sol ution).
Both these systems can readily be separated from the
oxidation products.

A possible catalytic activity in redox reactions of
compositions including water-soluble non-ionogenic
polymers and oxygen-containing molybdenum, tung-
sten, and vanadium salts was noted in several publica-
tions [10, 11]. An important specific feature of these
systems (which are used as solutions, gels, films, or
grains) is the occurrence therein of reversible photo-
chemical reactions leading to partial reduction of
d-metals under UV irradiation, which makesit possible
to control the catalytic process with participation of
molecular oxygen.

The results of our kinetic studies showed that,
among the examined homogeneous systems, the
catalytic properties of 2-methylpyridine Co(ll) com-
plexes ensure the highest initial rate vy of a-pinene
oxidation (see table). Their activity changes in the
following series. (2-MeCsH4N).CuCl, < Co(acac), <
CoSden < (2-MeCsH4N),CoCl,. The initia parts of
the logc = f(r) plots (Fig. 1) are close to linear,
indicating that pseudofirst-order equation (1) (see

below) can be applied to estimate (at least roughly) the
kinetics of a-pinene oxidation with molecular oxygen.
The data of volumetric and titrimetric (iodometry)
analyses showed a considerable discrepancy which
attained ~40%. Presumably, this is the result of partial
decomposition of hydroperoxides in the presence of
transition metal ions.

A common criterion of the efficiency of homo-
geneous and polymer-supported heterogeneous catal-
ysts under the given oxidation conditions is the
specific rate of oxidation, which is caculated by
dividing the initial reaction rate vo by the molar
concentration of metal ions (M) in solution. Some
difference between the reaction volumes with the use
of a farly large amount of the catalyst based on
polyvinyl acohol (without solvent addition, for in
the presence of acetonitrile as solvent coagulation of
polyvinyl alcohol occurs) and those of homogeneous
systems formally leads to higher initial concentration
of oxygen in the reaction solution and hence to lower
values of the specificinitial oxidation rate.

Although the amount of the substrate was the same
in al experiments, the substrate-to-metal ion molar
ratio was varied over a wide range. Therefore, it was
more reasonable to compare the specific initia rates of
oxidation of different samples in the presence of
polyvinyl acohol-based catalysts only with each other.
For example, twofold increase of the concentration of
ammonium heptamolybdate in polyvinyl acohol (from
45 to 9 wt %) leads to only ~20% increase in the
specific initial oxidation rate. On the other hand, UV

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 40 No. 6 2004



792

logc

0.49

0.48

0.47

Time, h

Fig. 1. Variation of the concentration of oxygen (logc) with
time in the presence of (1) cobalt(I1) complex with 2-methyl-
pyridine, (2) cobalt(ll) complex with 1,2-bis(salicylidene-
amino)ethane, and (3) polymer (AN-251)-supported CoCl,
complex.

irradiation of the reaction mixture containing the same
sample over a period of 2 h results in more than 90%
increase of the specific initial rate. An anaogous
situation was observed when so-called reduced oxida-
tion rate W (m*/s), which is related to 1 g of the metal
and 1 mol of the substrate, was used as parameter
characterizing the catalytic activity. Here, the rate of
oxidation in homogeneous catalytic systems was
considerably higher, while the reduced oxidation rates
for heterogeneous polymer-supported catalysts were
fairly similar. It should be noted that the catalyst
containing 9% of ammonium heptamolybdate can be
reused without loss of catalytic activity (seetable).

While performing the oxidation under UV irradia-
tion, we found that the consumption of oxygen
increased after the UV lamp was turned off (with
account taken of the temperature conditions). Simul-
taneously, the optical density D (A 740 nm) of the
catalytic solution increased (Fig. 2). The optical dens-
ity depends on the concentration of polymer—salt com-
plexes containing partialy reduced Mo [10, 11]. Their
concentration can increase as a result of reduction of
Mo ions in the dark due to greater stability of radical
ions whose formation and disappearance are controlled
by dynamic equilibrium under UV irradiation. The
character of variation of the optical density indicates
the occurrence of a “pulsating” reaction. Probably, the
catalytic activity of such compositions depends on the
concentration ratio of the initial metal ions [M(VI)]
and the reduced species.
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Fig. 2. Variation of the optical density D (Specol-11) of
solutions containing 2 wt % of polyvinyl acohol and 1 wt %
of ammonium heptamolybdate at 0°C. Down and up arrows
correspond to the moments of turning UV lamp off and on,
respectively.

Thus, the oxidation of a-pinene under the given
mild conditions is characterized by low conversion of
the substrate and good selectivity for verbenol (accord-
ing to the GLC data); verbenone is formed in trace
amounts. Polymer-supported metal-complex catalyst
can be used repeatedly. The results confirmed the
previoudy presumed catalytic activity of a composi-
tion based on polyvinyl alcohol and ammonium
heptamolybdate and the possibility for controlling
the catalytic process by UV irradiation. Prolonged
periodical UV irradiation and barbotage technique are
necessary to raise the substrate conversion. The oxida-
tion catayzed by metal complexes immobilized on
a poly(vinylpyridine) matrix should be performed
under pressure, for barbotage technique could lead to
mechanical degradation of samples.

EXPERIMENTAL

The optical densities of solutions were measured on
a Specol-11 spectrophotometer. Ultraviolet irradiation
was generated using an HGOK-125 lamp. Samples
were analyzed by GLC on an LKhM-8MD gas
chromatograph equipped with a thermal conductivity
detector; a 3000x1.5-mm steel column was packed
with Chromaton N-AW (0.16-0.20 mm) which was
preliminarily washed with an acid and impregnated
with 15% of Apiezon L as stationary liquid phase.

The catalytic activity in the oxidation of o-pinene
with molecular oxygen was determined using a glass
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reactor consisting of two parts where particular com-
ponents of the reaction mixture (substrate and catalyst)
could be stored without mixing until preliminary
operations were complete. The reactor was hermetic-
aly sealed and purged with oxygen (5 times), the
components were mixed, and the reaction was carried
out by continuous shaking at 50°C, measuring the
amount of absorbed oxygen. The resulting mixture was
then analyzed by GLC. All origina kinetic data for
a nonzero-order reaction were treated in a simplified
version using pseudofirst-order equation (1):

C. = Coexp(—k1), (@)

where ¢y and ¢, are, respectively, the initial and current
concentrations of oxygen, and k is the rate constant.
Thefirst derivative

V; = 0C/0T = —C K exp(—KT) 2

was extrapolated to T = 0 to obtain the initial reaction
rate vo. The current oxygen absorption measured by
a gas burette was converted into the consumed oxygen
concentration in an oxygen-saturated sol ution:

C. = (n[OZ] max — n[OZ]I)/VR'

Here, N[O,] max 1S the maximally possible amount of
absorbed oxygen (moal), n[O]. is the current amount of
absorbed oxygen (measured by a burette), and Vg is
the volume of the reaction solution. The substrate
conversion was also monitored by iodometric titration
(formation of hydroperoxides) [12].

Copper(I1) and cobalt(ll) complexes with 2-methyl-
pyridine were synthesized by the procedure described
in[13].

Dichlorobis(2-methylpyridine)copper (1)
(2-MeCsH4N),CuCl,. A solution of 11.617 g
(0.0681 mal) of CuCl,-2H,0 in 25 ml of ethanol was
added to a solution of 15.828 g (0.17 mol) of 2-methyl-
pyridine in 25 ml of ethanol, heated to 50°C. After
cooling, 15.215 g (0.0475 mol) of the complex was
isolated. Yield 70%. Found, %: C 42.98; H 4.14;
N 8.58. C1,H14Cl,CuN,. Calculated, %: C 44.04;
H 4.40; N 8.73.

Dichlorobis(2-methylpyridine)cobalt(l1)
(2-M eCsN4N),CoCl,. Found, %: C 44.10; H 4.31;
N 8.26. C;,H14Cl,CoN,. Calculated, %: C 45.59;
H 4.46; N 8.86.
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Cobalt(I1) complexes with a commercial sample of
styrene—2-methyl-5-vinylpyridine copolymer (AN-251)
were prepared by heating (50°C) a required amount
of the anion exchanger with 3 equiv of CoCl, over
aperiod of 24 h. The product was washed in a Soxhlet
apparatus and dried. Cobalt(ll) complexes with 1,2-bis-
(salicylideneamino)ethane (CoSalen) were prepared by
the procedure reported in [14]. Polymer—salt composi-
tions containing polyvinyl alcohol and ammonium
heptamolybdate were prepared as described in [10, 11].
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