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Abstract—The effects of the composition of a heterogeneous catalytic system based on Fe,SO, -

7H,0,

picolinic acid (pyridine-2-carboxylic acid), and pyridine and system preparation procedures on the selectivity
of oxidation of 1,3-dimethyladamantane (1,3-DMA) with an aqueous 30% hydrogen peroxide solution in an
aqueous acetonitrile solvent at room temperature and ambient pressure were studied. The yields of 1,3-DMA
oxidation products were increased from fractions of a percent in initial experiments to the tens of percent under
new catalytic conditions of final experiments. It was found that three different mechanisms can occur in the test
system under various conditions; conceivably, these are radical, ion—molecule, and radical-cation mechanisms.
In the first case, a statistical mixture of the products of 1,3-DMA oxidation at tertiary and secondary C—H bonds
was formed. In the second and third cases, oxidation occurred only at secondary and tertiary C—H bonds,
respectively. Unlike the first two cases, the selectivity of 1,3-DMA oxidation to a tertiary alcohol under condi-
tions of the Gif-type test system corresponds to the selectivity of biological oxidation and, to the best of our

knowledge, is the first example of this kind.
DOI: 10.1134/S0023158406040185

INTRODUCTION

In 1972, Breslow was the first to introduce the term
biomimetic chemistry designating a special area of
organic chemistry that attempts to reproduce naturally
occurring reactions and enzymatic processes in order to
enhance the power of organic chemistry [1]. The main
goal of studies in this branch of organic chemistry was
to achieve high reaction selectivity, which approaches
the selectivity of naturally occurring enzymatic reac-
tions. As compared with the problem of reproducing
the regioselectivity and stereoselectivity of naturally
occurring reactions, other special features, including
high rates, of these reactions were considered less
important. This fact was reflected in the title of a more
recent review of Breslow [2]: “Biomimetic Control of
Chemical Selectivity.”

The commonly used term biomimetic generally
refers to any aspect in which a chemical process imi-
tates a biochemical reaction [2]. In this context, atten-
tion should be focused primarily on the selectivity of
processes.

The reproduction of the structure and operation of
biological catalytic centers for the oxidative functional-
ization of hydrocarbons using chemical methods has
been designated as biomimetic oxidation [3-5].

An attractive feature of the oxidative biotransforma-
tion of saturated hydrocarbons, which occur in consid-
erable amounts in gases, petroleum, and gas conden-
sates, consists in the possibility of using mild condi-
tions (room temperature and ambient pressure) because
the currently available industrial processes for the con-
version of the above hydrocarbon raw materials are
associated with high energy consumption [6—8]. At the
same time, alternative technologies are now unable to
meet competition in the oxidation of saturated hydro-
carbons. They primarily belong to basic research ori-
ented to studies of their capabilities, reaction mecha-
nisms, and factors affecting selectivity [9, 10]. There-
fore, any new reports on the appearance of much more
simply organized and readily available chemical sys-
tems that efficiently operate under ordinary laboratory
conditions have attracted considerable interest. These
systems (in essence, model systems) are often accom-
panied by the epithet biomimetic even in the absence of
a correspondence with the selectivity of naturally
occurring processes in simulated biological systems.

Such an ambiguous situation [7, 8, 11-15], which
was referred to as paradoxical [14, 15], takes place in
the oxidation of saturated hydrocarbons in catalytic
systems known as Gif systems [7, 8, 13]. Various
researchers detected different selectivities in oxidation
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Fig. 1. Comparison between (a) the biological oxidation of saturated hydrocarbons RH and (b) the Gif-type oxidation of RH exem-
plified by methane and hydrocarbons from the adamantane series. The catalytic centers of enzymes are represented in simplified

forms (see the text).

processes performed under uniform experimental con-
ditions. In this paper, attention is focused on the fact
that the selectivity of neither of the Gif systems studied
previously corresponded to the selectivity of processes
with the participation of biological materials.

Figure 1 shows that alcohols (tertiary alcohols in the
case of adamantane hydrocarbons) are formed in the
oxidation of saturated hydrocarbons in the presence of
Pseudomonas bacteria [9] or enzymes (mononuclear
monooxygenase containing cytochrome P450 or binu-
clear methane monooxygenase (MMO) [3, 4, 7, 8]).
The selectivity of the processes is as high as 100%. The
structures of electron-compensated (electrically neu-
tral) catalytic centers of the oxidation of saturated
hydrocarbons (RH) with oxygen or hydrogen peroxide
are represented in a simplified form. We have restricted
ourselves to the images of a mononuclear iron—porphy-
rin ring in the case of the catalytic center of cytochrome
P450 or the most stable fragment of a binuclear com-
plex containing four carboxylate groups (-COO") and
imidazole rings in the case of the catalytic center of
MMO. In both cases, we gave the reduced forms of cat-
alytic centers containing the (six-coordinated) iron ions
Fe?*, because these forms are responsible for the fixa-
tion of oxygen and other oxidizing species. In order to
No. 4 2006
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indicate the catalytic center of MMO, a fragment of its
reduced form (MMOH,.,) was used. In the reproduc-
tion of the spatial arrangement of ligands in the struc-
ture of the MMOH, catalytic center, the presence of an

additional O-Fe?* bond and water molecules in the
coordination sphere of the second ion of iron is usually
shown [3].

In 1983-1984, Barton was the first to combine
reagents required for catalysis in a reaction volume
based on the composition of the catalytic center and the
catalytic cycle of monooxygenases containing cyto-
chrome P450. These reagents are iron powder as a
source of iron ions and as a reducing agent (a source of
electrons), a carboxylic acid (a source of protons),
molecular oxygen (an oxidizing agent), and pyridine as
a solvent and nitrogen-containing ligand. It was found
that organometallic complexes that catalyze the oxida-
tion of C—H bonds in saturated hydrocarbons are spon-
taneously formed in this chemical system under ambi-
ent room conditions [7, 11-13].

However, it was found that, under new catalytic con-
ditions, the oxidation selectivity of adamantane as a test
hydrocarbon at secondary C—H bonds was higher than
that at tertiary bonds by a factor of 22 (Fig. 1). In this
case, ketones were primarily formed, and correspond-
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ing alcohols did not serve as the precursors of these
ketones. The formation of the second product (a tertiary
alcohol) was related to the simultaneous occurrence of
a side radical reaction. Thus, according to Barton, it fol-
lows that, ideally, the Gif-type oxidation, as well as bio-
logical oxidation, should be characterized by 100%
selectivity. Under an attack of oxygen-containing radi-
cals on adamantane, tertiary C—H bonds are primarily
oxidized along with secondary C—H bonds (the value of
3°: 2° normalized to a C—H bond is 6.7 [7]). On this
basis, a conclusion on the nonradical mechanism of
oxidation was made and a hypothesis on the participa-
tion of the ferroxo complex Fe’*=0 in catalytic pro-
cesses was formulated (by analogy with the catalytic
cycle of monooxygenase containing cytochrome P450).

Thus, the problem of the assignment of new cata-
lytic systems to biomimetically operating systems
appeared since the early studies by Barton, because the
main oxidation products (ketones) were other than
alcohols (tertiary alcohols in the case of adamantane)
[7, 11-13]. These products were not formed by well-
known free-radical mechanisms. As a possible reason
for the unusual selectivity of the oxidation of saturated
hydrocarbons at methylene groups, Barton postulated
that intermediate complexes with the iron—carbon (in

more exact terms, iron-methylene) Fe>*=C< bond are
formed from the ferroxo complex Fe>*=0.

Subsequently, it was demonstrated that almost all
the types of reagents in the given chemical system can
be varied over a very wide range with the retention of
the ability to oxidize an organic substrate to ketones [7,
11-13]. In particular, Fe** or Fe** salts and various
ligands, carboxylic acids, and solvents (in combination
with pyridine) can be used as starting compounds, and
hydrogen peroxide and other oxidizing agents can be
used in place of oxygen. Experiments with various
reducing agents and even metal ions were performed.
As aresult of this breadth, the concept of the Gif system
became ambiguous and was replaced with the even
more ambiguous concept of the Gif-type system, and
several trivial abbreviations were introduced in order to
denote various versions of the Gif systems [7, 13].

In order to systematize the study of various Gif sys-
tems, we tentatively subdivided all of the known and
conceivable versions into four groups from the stand-
point of the positional oxidation selectivity of C—H
bonds in saturated hydrocarbons. As a criterion, we
used the characteristic values of the 3° : 2° ratio normal-
ized to a C—H bond for the oxidation of tertiary (posi-
tion 3°) and secondary (position 2°) C—H bonds in ada-
mantane (see Fig. 1). The first group consists of all of the
systems in which the specific Gif effect occurs: the
selective oxidation of methylene groups into keto groups
without intermediate alcohol formation (3° : 2° < 0.3)
[7, 11-13]. The second group consists of the systems in
which the nonselective (statistical) radical oxidation
of tertiary C—H bonds primarily occurs along with the
oxidation of secondary C—H bonds (3 < 3°:2°<7)
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[7, 14, 15]. The third group consists of the systems in
which the decomposition of hydrogen peroxide to oxy-
gen rather than the oxidation of a hydrocarbon is
observed [12]. The systems with the selective oxidation
of saturated hydrocarbons to alcohols (to a tertiary
alcohol in the case of adamantane) (3° : 2° > 10-50) [3,
4, 7, 9] should be assigned to the fourth group. The
intermediate values of 3° : 2° =0.3-3 and 7-10 may be
indicative of the occurrence of a few (most likely, two)
parallel reaction paths in the system.

From the standpoint of positional selectivity, the
fourth group could pretend to be classified with biomi-
metically operating systems. However, conditions
under which the biomimetic oxidation of substrates
occurs in the framework of Gif systems are currently
unknown. Thus, in the past two decades (1983-2003),
considerable factual information and methodological
experience has been accumulated in studies on the oxi-
dation of saturated hydrocarbons in so-called Gif sys-
tems. However, this experience resulted in moving
away from the initial goal: to find and study biomimet-
ically operating chemical systems, primarily, from the
standpoint of process selectivity. The aim of this work
was to fill the above gap.

EXPERIMENTAL

1,3-Dimethyladamantane (1,3-DMA) was chosen as
a substrate to be oxidized because its structure contains
all of the types of C—H bonds (primary, secondary, and
tertiary). The advantages of 1,3-DMA over adamantane
are the following: the former contains three (rather than
one) types of (positionally different) methylene groups;
under ambient room conditions, 1,3-DMA is a liquid,
which is easier to operate than solid adamantane; and
1,3-DMA is better soluble in acetonitrile. Moreover,
considerable experience in the oxidation of 1,3-DMA
under various conditions has been accumulated in our
laboratory [9, 16-18]. For catalytic experiments,
1,3-DMA of 99% purity was taken. It contained
approximately equal amounts (1%) of 1,2- and 1,4-
dimethyladamantanes as impurities.

Two main procedures were used in this study for
preparing the catalytic system. In standard experiment
no. 1, solid reagents (iron(Il) sulfate (FeSO, - 7H,0;
1.39 g, 5 x 107 mol), picolinic acid (C4qHsNO,; 1.23 g,
10 x 1073 mol), and ascorbic acid (CiHgOg; 1.761 g, 1 X
10~* mol)) were added to a solvent mixture containing
27 ml of acetonitrile, 4 ml of distilled water, and
0.08 ml (1 x 10~ mol) of pyridine (CsHsN). After the
formation of a reddish brown precipitate, 0.5 ml (2.7 X
10~ mol) of 1,3-DMA (C,,H,,) was introduced into the
heterogeneous (solution/precipitate) system and oxi-
dized with 0.4 ml (4 x 107 mol) of a 30% hydrogen
peroxide solution for 1 h (four 0.1-ml portions at regu-
lar intervals of 15 min) under ambient room conditions.
After this lapse of time, the organometallic complexes
of the reaction mixture were decomposed with 30 ml of

KINETICS AND CATALYSIS  Vol. 47

No. 4 2006



ON THE SELECTIVITY OF THE BIOMIMETIC OXIDATION

distilled water, and the liberated 1,3-DMA and its con-
version products were extracted with the use of 15 ml
of diethyl ether. The resulting extract was analyzed by
chromatography—mass spectrometry (GC-MS). For
this purpose, a high-resolution Finnigan MAT 95 XL
instrument (ionization energy, 70 eV; cathode current,
1 mA; mass range, 20-800 amu; resolution, 1000;
source temperature, 200°C; scan rate, 1 s/decade) and
an HP 6890+ chromatograph (capillary column 30 m in
length and 0.25 mm in diameter with an SE-30 station-
ary liquid phase) were used. Helium was used as a car-
rier gas (split ratio of 1 : 30); temperature programming
was as follows: from 30 to 120°C at a heating rate of
5 K/min; then, to 270°C at a rate of 10 K/min and an
exposure of 10 min at 270°C.

A change from the initial conditions (experiment
no. 1) to new standard conditions (experiment no. 13)
was performed by removing ascorbic acid from the
composition of reagents and decreasing the amount of
water from 4 to 1 ml. The second difference was that
the phases of a heterogeneous catalytic system were
separated by centrifugation (MPW-340 centrifuge
(Poland); 2000 rpm; time, 15 min) before the stage of
oxidation. After the separation of solution, the sedi-
ment, which was predried in a desiccator over concen-
trated sulfuric acid, was taken for the oxidation of
1,3-DMA. Acetonitrile (27 ml) dried with fused cal-
cium chloride was used as a solvent. The other condi-
tions of catalyst preparation, oxidation reaction, and
product separation and analysis were the same as in the
first procedure (standard experiment no. 1). Special fea-
tures of experiment nos. 2—12 and 14, as well as other
experiments related to either experiment no. 1 or no. 13,
are specified in the Results section as they first appear.

Because we started a study of the capabilities of a
new catalytic system with previously unknown proper-
ties, we solved several methodological problems that
appeared successively in the course of this study (these
problems are typical of catalytic studies of this kind).
First, we determined that the test catalytic system is a
heterogeneous (solution/precipitate) rather than homo-
geneous system. Thereafter, we revealed the roles of
individual phases in the reactions of 1,3-DMA oxida-
tion. Second, at a fixed reaction time, we tested the
occurrence of postreaction processes that can affect the
composition of final products, which were monitored.
Third, we determined the effect of catalysis and partic-
ular components that are necessary or additional for the
occurrence of the effect of catalysis. Fourth, catalytic
conditions were optimized in order to reach the highest
selectivity of 1,3-DMA oxidation at tertiary C-H
bonds. Fifth, the effect of the amount of an oxidant
added on the selectivity of oxidation processes was
studied. It is our opinion that the above list of method-
ological problems successively solved in the course of
this study will considerably assist the reader in perceiv-
ing the entire sequence and logical structure of the
results reported below.
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RESULTS
The early experiments demonstrated that a solu-
tion/precipitate  heterogeneous catalytic  system

occurred in acetonitrile. Several series of experiments
(see Figs. 2—4 and Tables 1-3) were performed to
determine the roles of phases and individual compo-
nents of the solution/precipitate heterogeneous system
based on iron, picolinic acid, and pyridine in the oxida-
tion of 1,3-DMA with hydrogen peroxide in acetoni-
trile under room conditions. Along with the oxidation
of 1,3-DMA to ketones, a tertiary alcohol, and second-
ary alcohols, the alkylation of acetonitrile and pyridine
by 1,3-DMA was observed in the test system. The alky-
lation of picolinic acid did not occur. Figure 3 summa-
rizes the structural formulas of parent 1,3-DMA, its
oxidation products, and alkylation products. Tables 1
and 2 systematize the yields of oxidation and alkylation
products with respect to the relative concentration of
the parent hydrocarbon in the extract.

A comparison between data (Figs. 2, 3; Table 1) on
the relative concentrations of oxidation products and
the products of pyridine alkylation with 1,3-DMA in a
standard experiment (no. 1) without phase separation
and 1,3-DMA oxidation only in solution (experiment
no. 2) or only at the precipitate (experiment no. 3) sug-
gests that pyridine alkylation products were mainly
formed in solution, whereas 1,3-DMA oxidation prod-
ucts were mainly formed at the precipitate. The oxida-
tion of 1,3-DMA only in solution (experiment no. 2), as
well as in standard experiment no. 1, resulted in equal
ratios between the yields of four pyridine alkylation
products. In this case, the total relative yields (~60 X
107 of these products were also equal and higher than
the total relative yield of oxidation products by a factor
of 7-20. In contrast, in the oxidation of 1,3-DMA only
at the precipitate (experiment no. 3), the total relative
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Fig. 3. Structural formulas of parent 1,3-DMA and its oxidation and alkylation products under initial standard conditions (experi-

ment no. 1).

yield of oxidation products (143 x 10™) increased by
two orders of magnitude, whereas the total yield of
pyridine alkylation products decreased by an order of
magnitude (4.7 x 107#). In this case, the ratio between
1,3-DMA oxidation channels at tertiary and secondary
positions normalized to a C—H bond remained unaf-
fected (3° : 2° = 6[3°]/[2°] ~ 8). This fact suggests that

oxidation reactions also occurred at the precipitate in
the standard experiment (no. 1). This conclusion was
supported by the selective oxidation of 1,3-DMA at
secondary positions in the case of hydrocarbon oxida-
tion only in solution (experiment no. 2), in which the
ratio is 3°/2° = 0.06. Different selectivities in the oxida-
tion of 1,3-DMA primarily at tertiary positions (at the
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Fig. 4. Experiment no. 14: (a) products of 1,3-DMA oxidation by hydrogen peroxide at (I) tertiary and (II) secondary C—H bonds;
(b) general reaction scheme of the mono- and dioxygenation of 1,3-DMA with hydrogen peroxide under new conditions. See the

text for details.
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Table 1. Relative concentrations (x10~#) of 1,3-DMA* oxidation and alkylation products in the catalytic system based on

FeSO, - 7TH,O/picolinic acid/Py/H,0, in CH;CN/H,0O

Experiment no.**
Compound mlz Retention time, s
1 2 3 4 5
Fraction of 1,3-DMA 136 ~300 1.0 1.0 1.0 0.53 0.47
1,3-DMA oxidation products
Ketones 178 ~500 0.6 0.3 62.0 12.0 14
Tertiary alcohol 180 ~460 1.5 0.1 81.0 8.5 0.8
Secondary alcohols ~490 0.5 8.1 - 5.7 -
Ratio*** 3°/2° 8.18 0.06 7.86 2.88 3.42
1,3-DMA alkylation products
With acetonitrile | 1,3-DMA-CH,CN | 203 ~700 1.7 0.3 - 12.0 0.6
1,3-DMA-NC,H, | 205 ~800 3.1 0.3 0.3 - 1.6
With pyridine 1,3-DMA-Py 241 ~750 9.2 21.0 3.7 28.0 19.0
~800 4.2 4.2 1.0 13.0 14.0
(1,3-DMA),—-Py 403 ~1000 31.0 37.0 - 200.0 71.0
~1040 18.0 - - 290.0 -

*The 1,3-DMA content was used as an internal standard.

**For experiment numbering and specification, see Fig. 2 and the text; nos. 1-3, extraction immediately after completion of an experi-

ment; nos. 4 and 5, extraction after a day.

*#**The ratio 3°/2° = 6[3°]/[2°] between 1,3-DMA oxidation products without consideration for alkylation products.

precipitate) and secondary positions (in solution) sug-
gest the occurrence of at least two different mecha-
nisms of hydrocarbon oxidation in the test system. The
same conclusion follows from an analysis of the struc-
tures of two fundamentally different products of acetoni-
trile alkylation with 1,3-DMA (see Fig. 3 and Table 1).
The product with m/z 203 corresponds to the recombi-
nation of neutral C-centered 1,3-DMA and acetonitrile
radicals, and it is related to the loss of two hydrogen
atoms from parent molecules. The product with
m/z 205 corresponds to the addition of an acetonitrile
molecule to 1,3-DMA at the nitrogen atom with the
retention of the total mass of parent molecules. This
addition mode corresponds to the interaction of aceto-
nitrile with the tertiary C—H bond of the adamantane
structure activated in the radical cation [19, 20].

The possibility of postreaction catalytic transforma-
tions was tested using the following simple experiment:
Immediately after performing a standard experiment,
the solution (extraction no. 4) and precipitate (extrac-
tion no. 5) containing reaction products were separated.
The extraction was performed a day after phase separa-
tion. The samples were kept under room conditions
away from light. It can be seen in Table 1 that 1,3-DMA
was distributed between phases in approximately equal
proportions. A common effect of keeping sample nos. 4
and 5 for a day consisted in an increase in the amount

of 1,3-DMA oxidation and alkylation products by an
order of magnitude both in solution and at the precipi-
tate. We related this effect to the occurrence of postre-
action catalytic transformations. This also follows from
the total change rather than retention of the value
3°:2°=8.18 for experiment no. 1; in experiment no. 4
or 5, this value decreased in much the same manner to
2.88 or 3.42, respectively. We related postreaction cat-
alytic transformations to the presence of a large amount
of unreacted hydrogen peroxide in the system. A radical
mechanism corresponds to slower postcatalytic reac-
tions because the ratio 3° : 2° is ~3. In all of the other
experiments, the decomposition of metal complexes
with water in the reaction mixture and the extraction of
1,3-DMA oxidation products were performed immedi-
ately upon completion of the reaction.

A number of test experiments were performed in
order to determine the roles of particular components
and the presence of the effect of catalysis in the test het-
erogeneous system for 1,3-DMA oxidation with hydro-
gen peroxide in acetonitrile. It was found that FeSO, -
7H,0, picolinic acid, and pyridine are the main compo-
nents of the system. Upon the removal of at least one of
them, oxidation and alkylation products were not
formed in the course of reaction for 1 h under the same
conditions. Ascorbic acid and water are additional com-
ponents; the systems retained the ability to oxidize

KINETICS AND CATALYSIS  Vol. 47
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Table 2. Relative concentrations (x10~#) of 1,3-DMA* oxidation and alkylation products under changes of reagent concen-
trations and procedures used for the preparation of the catalytic system

Compound - Rgtri réti;)n Experiment no.**
’ 1 6 7 8 9 | 10 [11] 12 13 14
1,3-DMA oxidation products
Ketones 178 ~500 06| 1.7|33.0] 34|23 | 15| - 85 | 73.0{2060.0
Tertiary alcohol 180 ~460 1.5 1.5(19.0| 31|14 (19| - |39.0 {400.0| 860.0
Secondary alcohols ~490 05| - - | 16| - - |- - - 29.0
Ratio®** 3°/2° 8.18| 529 346| 3.72| 3.65| 7.60| — |27.53|32.88 2.47
1,3-DMA alkylation products
With acetonitrile| 1,3-DMA-CH,CN | 203 ~700 1.71100| - | 35| - - | -1 - - -
1,3-DMA-NC,H, | 205 ~800 31| - - - - - |- - - -
With pyridine | 1,3-DMA-Py 241 ~750 9.2(38.0|13.0| 78 | - - | -1 - - -
~800 421100 35|05 | - - |- - - -
(1,3-DMA),—-Py 403 ~1000 3101610 46|39 | - - | =1 - - -
~1010 - |16.0| 0.8 0.1 | - - |- - - -
~1040 18.0 (10.0 | 1.5 09 | - - | -1 - - -
Varied concentrations****
Asc %1073 mol 10 1 0 (10 |10 0 |0 |O 0 0
H,0 mL 4 4 4 1 0 0 |1 1 1 1
H,0, mL 04| 04| 04]104)04|041]04] 04 | 04 2.0

*The 1,3-DMA content was used as an internal standard.
**For experiment numbering and specification, see the text.

*#*The ratio 3°/2° = 6[3°]/[2°] between 1,3-DMA oxidation products without consideration for alkylation products.
#ixFixed concentrations: FeSOy - 7H,0, 0.5 x 107> mol; Py, 1 x 107> mol; picolinic acid, 1 x 10~ mol; 1,3-DMA, 2.7 x 10~ mol.

Table 3. Ratio (%) between 1,3-DMA and its oxidation products (alcohols and ketones) under new standard conditions (ca-
talysis on a reddish orange precipitate dried over H,SO, (conc)) according to chromatographic data

Experiment no. | 1,3-DMA | (2°) total secondary alcohols and ketones | (3°) tertiary alcohol | Ratio* 3°/2° | H,O,, ml
13 58 4 38 57.0 0.4
14 24 44 32 4.2 2.0

* The ratio 3°/2° = 6[3°]/[2°] between 1,3-DMA oxidation products.

1,3-DMA in the absence of these components. Hydro-
gen peroxide (without organometallic complexes) did
not oxidize 1,3-DMA under the conditions chosen.
Thus, indeed, the effect of catalysis was observed in the
test Gif-type system.

In order to determine effects on the selectivity of
1,3-DMA oxidation and alkylation processes, we per-
formed experiments with various concentrations of addi-
tional components (ascorbic acid and H,O) (Table 2,
experiment nos. 1, 6-10) and somewhat modified exper-
imental procedures (Table 2, experiment nos. 11-14).
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At a fixed amount of water added (4 ml) with respect
to standard experiment no. 1, the concentration of
ascorbic acid (Asc) was decreased by an order of mag-
nitude (experiment no. 6), whereas [Asc] = 0 in exper-
iment no. 7. It can be seen in Table 2 that the decrease
in the concentration of ascorbic acid by one order of
magnitude did not cause a considerable increase in the
yield of alkylation products at an almost unchanged
amount of oxidation products (3.2 X 10~ in place of
2.6 X 10*). However, the complete removal of ascorbic
acid increased the yield of oxidation products by an
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order of magnitude (52 x 10 in place of 2.6 x 10~ or
3.2 x 10™#) and decreased the yield of pyridine alkyla-
tion products with 1,3-DMA by a factor of 3-6 (23.4 X
10~*in place of 62.4 x 10~ or 135.0 x 107#). As the con-
centration of ascorbic acid was decreased, the 3° : 2°
ratio decreased: 8.18, 5.29, and 3.46 for experiment
nos. 1, 6, and 7, respectively. The experimental results
indicate that, in standard experiment no. 1, ascorbic
acid actively inhibited both alkylation and oxidation
processes. Ascorbic acid acts as an interfering factor
rather than serves as a necessary component for per-
forming oxidation. Subsequently, we abandoned the
introduction of ascorbic acid as a reducing agent into
the system.

At a fixed ascorbic acid amount (10 x 1073 mol), we
varied the amount of water added: 4, 1, and O ml in stan-
dard experiment no. 1 and experiment nos. 8 and 9,
respectively. As can be seen in Table 2, as the concen-
tration of water was decreased, the yield of alkylation
products decreased (to zero at 0 ml of H,0O). The yield
of oxidation products passed through a maximum
(8.1 x 10~*at 1 ml of H,0). In experiment no. 9, as well
as in experiment no. 10, the structure and catalytic
properties of the precipitate changed at O ml of H,O (in
the presence of 10 x 10~ mol of ascorbic acid). The
color of the precipitate became white. In all of the other
experiments, the precipitates were reddish orange. At
the same time, the 3° : 2° ratio in experiments with 0
and 1 ml of H,O was the same (~3.7, which corre-
sponds to the occurrence of radical reactions). By this
is meant that, most likely, the products of 1,3-DMA
oxidation in the presence of a standard concentration of
ascorbic acid have the same origin and are mainly
formed in solution.

Unlike experiment no. 3, in which only the precipi-
tate was taken for oxidation reaction, the total amount
of oxidation products (3.4 x 10#) did not increase con-
siderably in experiment no. 10 with the complete
removal of H,O (0 ml) and ascorbic acid (0 mol).
Therefore, based on the results of experiment nos. 3 and
8, we modified the catalyst preparation procedure and
reaction conditions (with respect to standard experi-
ment no. 1) by maximally decreasing an excess amount
of water in the system in order to improve the selectiv-
ity and product yield in the oxidation of 1,3-DMA with
hydrogen peroxide.

First, we repeated the separation of the reaction sys-
tem into a solution and a precipitate followed by the
independent oxidation of 1,3-DMA in them. Unlike
experiment nos. 2 and 3, ascorbic acid was not intro-
duced and only 1 ml of H,O was added in place of 4 ml
in subsequent experiment nos. 11 and 12. The precipi-
tate exhibited a stable reddish orange color.

Upon the separation of the solution and the precipi-
tate, excessive water passed into solution. As can be
seen in Table 2, oxidation and alkylation products were
completely absent from the solution thus prepared upon

VASIL’EVA et al.

1,3-DMA oxidation (experiment no. 11). Thus, the
residual amount of water in solution was insufficient for
the formation of catalytic complexes. In the oxidation
of 1,3-DMA on the precipitate, which was freshly sep-
arated from solution, to which 27 ml of acetonitrile was
added, only oxidation products were formed; in this
case, a tertiary alcohol was predominant (experiment
no. 12). In this experiment, the ratio 3° : 2° =27.53 dra-
matically increased, as compared with the ratio
3°:2°= 7.86 in analogous experiment no. 3 (see
Table 1), in which the precipitate was formed in the
presence of ascorbic acid and 4 ml of H,O. Even better
results were obtained in the oxidation of 1,3-DMA on
the precipitate (as in experiment no. 12), which was
predried in a desiccator over concentrated H,SO, for a
day (experiment no. 13). The reddish orange color of
the precipitate remained unchanged. The yield of 1,3-
DMA oxidation products increased by an order of mag-
nitude, whereas the 3° : 2° ratio increased to 32.88.

An increase in the amount of water, which was
introduced together with the oxidant H,O, (2 ml of a
30% solution), by a factor of 5 resulted in the degrada-
tion of the catalytic centers of 1,3-DMA oxidation at
tertiary C—H bonds and in the formation of new cata-
lytic centers of 1,3-DMA oxidation at secondary C-H
bonds (experiment no. 14). This follows from the fact
that a further increase in the yields of 1,3-DMA oxida-
tion products was accompanied by a dramatic decrease
in the 3° : 2° ratio to 2.47.

A detailed analysis of the percentage ratios between
the parent hydrocarbon 1,3-DMA and the total amount
of secondary alcohols and ketones (position 2°) or a ter-
tiary alcohol (position 3°) in experiment nos. 13 and 14
was performed using not only ion currents with speci-
fied values of m/z (Tables 1, 2) but also, additionally,
chromatographic data (Table 3) because the yields of
oxidation products became as high as tens of percent.
As can be seen in Table 3, the concentrations of the ter-
tiary alcohol in experiment nos. 13 and 14, in which 0.4
and 2.0 ml of an aqueous 30% H,0O, solution, respec-
tively, were used, were practically equal (38 and 32%,
respectively). On going from 0.4 to 2.0 ml of the H,0,
solution, the consumption of 1,3-DMA increased
because of the oxidation of the parent hydrocarbon at
secondary C-H bonds. In experiment nos. 13 and 14,
the products of 1,3-DMA oxidation at the position 2° or
the residual amounts of 1,3-DMA accounted for 4 and
44 or 58 and 24%, respectively. Because the aqueous
H,0, solution was added in four 0.5-ml portions at reg-
ular intervals of 15 min, the percentage of the tertiary
alcohol (32-38%) may indicate that this alcohol was
formed in the first 15 min of the reaction (the amount of
H,0, in the first portion (0.5 ml) was close to the total
H,0, content (0.4 ml) used in experiment no. 13). This
hypothesis was supported by a direct experiment
(0.5 ml of an aqueous 30% H,0, solution; reaction time
of 15 min). Next, in experiment no. 14, water affected
the catalyst structure and the selectivity of oxidation
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changed: oxidation occurred at position 2° rather than
3°. The overall effect was that the 3° : 2° ratio decreased
from 57.0 in experiment no. 13 to 4.2 in experiment no.
14 (according to data in Table 3).

More detailed information was obtained by varying
the added amount of the hydrogen peroxide solution
from 0.2 to 4 ml. On the addition of 0.2 ml of H,0,, the
detected amount of the tertiary alcohol was half as large
as that with 0.4 ml (experiment no. 13); correspond-
ingly, the consumption of 1,3-DMA was smaller. Con-
sequently, at the initial stage of oxidation (0-0.4 ml of
the solution of H,0,), the yield of the tertiary alcohol
was a linear function of the amount of the oxidant
added (Fig. 4a, D).

As the added amount of the H,0O, solution was
increased, starting with 0.4 ml, the fraction of the prod-
ucts of 1,3-DMA oxidation at secondary C—H bonds
increased. In all cases, the chromatograms exhibited
two groups of three peaks, which generally retained a
characteristic ratio between each other. The first group
(with shorter retention times) corresponded to three
secondary alcohols, and the second group corre-
sponded to three ketones (see Fig. 4a, II). On the aver-
age, the A : B : C ratios between the peaks of secondary
alcohols and ketones were close to 1 : 4.6 : 1 and
1:3.6: 1, respectively. These ratios between oxidation
products correspond to the ratio 1 : 4 : 1 between the
numbers of C—H bonds for three types of methylene
groups in 1,3-DMA. This is consistent with the assign-
ment of chromatographic peaks with respect to reten-
tion times and with the fragmentation of molecular ions
in mass spectra. The ratio between the concentration of
ketones in the extract and the concentration of second-
ary alcohols also remained almost constant and, on
average, equal to 1.4.

As the added amount of the H,0O, solution was
increased above 2 ml, the chromatogram clearly exhib-
ited a new group of peaks due to heavier products of
1,3-DMA oxidation. The majority of the most intense
new peaks were identified based on an analysis of mass
spectra, retention times, and peak intensity ratios.
These peaks corresponded to the products of the further
oxidation of monooxygenated 1,3-DMA oxidation
products: a tertiary diol and a set of other diols, ketoal-
cohols, and diketones (see Fig. 4b). The total yield of
1,3-DMA dioxygenation products was higher than 10%
upon the addition of 4 ml of the hydrogen peroxide
solution.

As the added amount of the H,0O, solution was
increased above 3 ml, the intense evolution of gas (oxy-
gen) bubbles came into play; that is, the third type of
Gif systems took place.

Thus, as a result of this study, we found new condi-
tions for the reaction of 1,3-DMA oxidation with
hydrogen peroxide in the presence of complexes based
on iron, picolinic acid, pyridine (Py), and water. The
conversion of the parent hydrocarbon increased from
fractions of a percent in initial standard experiment

KINETICS AND CATALYSIS  Vol. 47

No. 4 2006

619

no. 1 to the tens of percent in new standard experiment
no. 13 and experiment no. 14. The selectivity of
1,3-DMA oxidation processes increased to 100%
because the products of acetonitrile and pyridine alky-
lation by 1,3-DMA were completely absent under new
conditions. In principle, the selective oxidation of 1,3-
DMA at tertiary C—H bonds can be changed to the
selective oxidation of 1,3-DMA at secondary C-H
bonds within the framework of a single catalytic system
by varying the amount of water present in the system.

From the formal standpoint of the positional selec-
tivity of oxidation processes, all of the four types of Gif
systems, which were systematized in the Introduction,
were implemented in the course of this study under var-
ious conditions but within the framework of a single
catalytic system. In particular, the first case of biomi-
metic oxidation, the selective oxidation of 1,3-DMA to
a tertiary alcohol, was implemented.

DISCUSSION

The unusual selectivity of 1,3-DMA oxidation at
tertiary rather than secondary C—H bonds found in this
study is inconsistent with either of the two alternative
mechanisms proposed previously. According to Barton,
in the nonradical mechanism with a Fe**/Fe>* reaction
path, the oxidation of saturated hydrocarbons (RH)
with hydrogen peroxide occurs selectively at secondary
C—H bonds [7, 11-13]. The three-electron oxidation of

RH with XO™", where X = Py, results in analogous
selectivity (according to published hypotheses and data
[7, 21, 22], which are consistent with the results of
Ryzhakov [23]). In the radical oxidation of RH with
hydrogen peroxide via a Fe**/Fe** reaction path accord-
ing to Barton [7, 11-13] (in accordance with the results
obtained by Stavropoulos with coworkers [14, 15]), the
tertiary and secondary C—H bonds of RH are nonselec-
tively oxidized simultaneously by the same mechanism
(the ratio 3° : 2° is ~3). Thus, in the occurrence of rad-
ical reaction paths, the oxidation of tertiary C—H bonds
in saturated hydrocarbons, in particular, adamantane, is
only predominant over the oxidation of RH at second-
ary C—H bonds rather than positionally selective, as in
our case (the ratio 3° : 2° = 57 for experiment no. 13),
where the oxidation of 1,3-DMA at tertiary and second-
ary C—H bonds certainly occurred at different catalytic
centers via two different mechanisms.

In this context, it was necessary to find a new selec-
tive mechanism for 1,3-DMA oxidation that occurs
exclusively at tertiary C—H bonds (100%). Based on
data on the oxidation of 1,3-DMA and the structure and
reactivity of its radical cation under model radiation-
chemical conditions, we believe that a radical-cation
mechanism occurred under new catalytic conditions
(experiment no. 13). According to this mechanism, the
key step is the insertion of an oxygen atom into the acti-
vated tertiary C—H bond of the 1,3-DMA radical cation.
Figure 5 illustrates a conceivable mechanism of the
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RADICAL-CATION OXIDATION

100% selectivity of the oxidation of tertiary C—H bonds in 1,3-DMA
(position 3)

(Py) (Py) (Py)
B e \/ H
_}\:éfﬁ)&, H s+ H —1§8+- -0
N\ —F\e ==0 o~ /
n=2,3 N
CH; . CH3ﬁj __ CHy
(1 2)
CH; CHj CHj

Fig. 5. Mechanism proposed for 1,3-DMA oxidation at tertiary C—H bonds (with the participation of the pyridine molecule).

selective biomimetic oxidation of 1,3-DMA to a ter-
tiary alcohol under new standard conditions of experi-
ment no. 13, which consists in the intermediate forma-
tion of the 1,3-DMA radical cation (step (1)) and the
concerted insertion of the oxygen atom (oxene) into the
activated radical cation.

The structure of the 1,3-DMA radical cation was
determined by EPR spectroscopy and supported using
PM3 semiempirical quantum-chemical calculations
[24]. In the 1,3-DMA radical cation, one tertiary C-H
bond is selectively elongated (by 0.04 A) and, conse-
quently, weakened. In condensed media, this bond can
be selectively involved in the subsequent chemical
transformations; in particular, it can undergo deproto-
nation to form a neutral tertiary radical. In advancing
our hypothesis, we used the well-known empirical rule:
the deprotonation of a radical cation occurs at sites with
the greatest spin density (with 100% selectivity) [25],
as well as the results of EPR-spectroscopic studies [24].
In the EPR spectra, the greatest isotropic hyperfine-
interaction constant (a;,,(H) = 143 G (1 G = 0.1 mT))
corresponds to the hydrogen atom of a weakened ter-
tiary C—H bond in the 1,3-DMA radical cation [24].

In addition to the selectivity of 1,3-DMA oxidation
to a tertiary alcohol under new standard conditions
(experiment no. 13), the hypothesis on the intermediate
formation of the 1,3-DMA radical cation allowed us to
explain other two unusual facts found in this work: the
formation of a product with m/z = 205 by the addition
of an acetonitrile molecule to 1,3-DMA in initial stan-
dard experiment no. 1 and the selectivity of processes
and the composition of four products of the alkylation
of pyridine by 1,3-DMA radicals in the above experi-
ment no. 1.

We related the above three cases of the chemical
behavior of the 1,3-DMA radical cation with a rapid
reaction of the 1,3-DMA radical cation with the cata-
lytic center of the precipitate, a slower reaction of the
1,3-DMA radical cation that escaped into the bulk sol-
vent with the acetonitrile molecule, and a reaction of
the deprotonation products of the 1,3-DMA radical cat-

ion (neutral tertiary radicals of 1,3-DMA that escaped
into the bulk solvent) with pyridine molecules, respec-
tively (Fig. 6).

The first two cases were briefly discussed above.
Our concepts of the radical-cation mechanisms of the
oxidation of 1,3-DMA and the alkylation of acetonitrile
by 1,3-DMA are considered elsewhere [24]. Here, we
consider in more detail the reaction of pyridine alkyla-
tion by the saturated hydrocarbon 1,3-DMA.

Each particular component of the catalytic test sys-
tem can perform several functions. Pyridine is a neces-
sary constituent of the catalytic system. Along with the
role of a ligand, which forms a complex with the Fe?*
ion, it is an effective scavenger of free carbon-centered
radicals [7, 14, 15]. Previously, it was reported that
cyclohexylpyridine accounted for 77% of the total reac-
tion products in the oxidation of cyclohexane in some
Fe?*/H,0, systems, in which free-radical Fenton-type
mechanisms occur [7]. In the case of standard experi-
ment no. 1 (see Table 1), four products of pyridine alky-
lation by 1,3-DMA (see Fig. 3) accounted for 89% of
the total reaction products. At the early stage of this
work, attention was not focused on the analysis and
identification of the products of pyridine alkylation by
1,3-DMA because it was necessary to find new condi-
tions for selective oxidation rather than alkylation. The
results obtained in the selective oxidation of 1,3-DMA
to a tertiary alcohol, hypothetically, with the intermedi-
ate formation of the 1,3-DMA radical cation, under
new standard conditions (Tables 2, 3, experiment
no. 13) allowed us to give a new look at the selectivity
of pyridine alkylation by 1,3-DMA under initial stan-
dard conditions (Table 1, experiment no. 1).

Previously [14, 15], a reaction scheme, which is
shown in Fig. 7, was proposed for the alkylation of
pyridine protonated at nitrogen by adamantyl radicals
with the intermediate formation of radical-cation com-
plexes. Four products (¢2, t4, s2, and s4) were formed
in the radical activation of the C—H bonds of adaman-
tane. In the cases when only two products were
observed in place of the four products (two tertiary
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OH
+-\ _
[0] CH;/|'—/H *e CH;
(a) CH;

Rapid insertion of the O atom into the tertiary C—H bond
of the 1,3-DMA radical cation, which occurs at the precipitate

OH

CH,

H N=CHCH;,
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CH; CH; CH3
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radical cation escaped into the bulk solvent
on the precipitate Py
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The tertiary radical of 1,3-DMA
escaped into the bulk solvent

Fig. 6. Reactivity of the 1,3-DMA radical cation associated with (a) the rapid insertion of the [O] atom of the catalytic center into
the tertiary C—H bond of the 1,3-DMA radical cation, which occurs at the precipitate and slower processes of the escape of (b) the
1,3-DMA radical cation and (c) the neutral tertiary radical of 1,3-DMA into the bulk solvent.
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Fig. 7. Alkylation of pyridine protonated at nitrogen with adamantyl radicals with the intermediate formation of radical-cation com-
plexes according to Stavropoulos and coauthors [14, 15] with the radical activation of the C—H bonds of adamantane in a Gif-type
system.
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Fig. 8. Structures of the products of pyridine mono- and dialkylation by the tertiary radicals of 1,3-DMA based on the consecutive

reaction scheme of pyridine dialkylation product formation.

products 2 and ¢4 and two secondary products s2 and
s4), these were tertiary products ¢2 and t4. The parallel
addition of an alkyl radical at the second and fourth
positions of the pyridine ring is typical [7, 14, 15].

In our experiment (no. 1), only two monoalkylated
products and two doubly alkylated products were
present. This fact allowed us to unambiguously inter-
pret them as the addition products of tertiary 1,3-DMA
radicals at the 2- and 4-positions of the pyridine ring.
Figure 8 specifies the ratios of 2.2 : 1 and 1.7:1
between products in the pairs of pyridine mono- and
dialkylation by tertiary 1,3-DMA radicals based on the
data of experiment no. 1 (see Table 1). The ratio of
2.2:1 between the monoalkylation products with
retention times of ~750 and ~800 is close to the ratio of
2 : 1 between the numbers of equivalent positions in the
pyridine ring (2, 6, and 4). The reaction scheme in
Fig. 8 indicates that the two dialkylation products cor-
respond exactly to the two monoalkylation products.
The monoalkylation product with the retention time of
~800 s can add another tertiary 1,3-DMA radical only
at the 2- or 4-positions of the pyridine ring to result in
a product with the retention time of ~1040 s.

The monoalkylation product with the retention time
of ~750 s can add another tertiary 1,3-DMA radical at
either of the nonequivalent positions (6 and 4) of the
pyridine ring to result in two dialkylation products with
the retention times of ~1000 and ~1040 s. The ratio of
1.7 : 1 between the two last-named pyridine dialkyla-
tion products was formed from the ratio of 2.2 : 1
between the initial pyridine monoalkylation products
with the addition of a tertiary 1,3-DMA radical at the

6-position of the pyridine ring in the mono precursor
with the retention time of ~750 s, which is more effec-
tive than the addition at the 4-position by a factor of 10.
Taking into account small contributions of the tertiary
alcohol and the products of acetonitrile alkylation by
1,3-DMA, which also add to the tertiary carbon atom of
1,3-DMA in both a product with m/z 205 and, likely, a
product with m/z 203, and the trapping of two tertiary
1,3-DMA radicals by a pyridine ring (products with m/z
403), the fraction of the tertiary C—H bond activation
products of 1,3-DMA in experiment no. 1 is 99%,
whereas the fraction of the secondary C—H bond activa-
tion products of 1,3-DMA is only 1%. This high selec-
tivity of the formation of tertiary 1,3-DMA radicals can
also be understood with consideration for the interme-
diate formation of the 1,3-DMA radical cation, the
deprotonation of which selectively leads to the tertiary
1,3-DMA radical. In this case, the selective formation
of the tertiary 1,3-DMA radical-pyridine protonated at
the nitrogen atom pair can be reproduced by a reaction
scheme (Fig. 9) with the participation of the 1,3-DMA
radical cation without the subsequent discussion by
analogy with the reaction scheme in Fig. 7.

Thus, in all of the studied modifications of standard
conditions (experiment nos. 1 and 13), tertiary C-H
bonds were selectively activated in 1,3-DMA. This
selectivity of the activation of C—H bonds in adaman-
tane or another saturated hydrocarbon in the catalytic
system based on Fe?*/H,0, in the presence of picolinic
acid, pyridine, and water in acetonitrile or other sol-
vents was not described previously. Reports on the for-
mation of dialkylpyridinium compounds in similar cat-
Vol. 47  No. 4
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Fig. 9. Formation of the products of pyridine monoalkylation by the tertiary radicals of 1,3-DMA with consideration for the inter-

mediate formation of the 1,3-DMA radical cation.

alytic systems (experiment no. 1 etc.) are also unknown
to us.

It is our opinion that the unusual selectivity of reac-
tions, including the alkylation of 1,3-DMA by pyridine,
under the test conditions was related to the intermediate
formation of the 1,3-DMA radical cation. An analysis
of published data showed that the 1,3-DMA molecules
are the most readily ionizable chemical species in our
catalytic system (PI, = 9.155 eV, according to data
obtained by photoelectron spectroscopy in a gas
phase) [26].
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