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Abstract—The kinetics of cyclohexane and cyclopentane oxidation by hydrogen peroxide catalyzed by iron
porphyrins (FETPP and FeTDCPP) in acetonitrile solutionsis studied at room temperature by analyzing product
accumulation with the GLC method. The effects of various additives (acetic acid, imidazol e, and hydroquinone)
on the substrate selectivity of the competitive oxidation of C¢H;, and CsH,, are studied. In the
FeTDCPP/H,0,/0,/AcOH/CH;CN system, cyclohexane is oxidized to the corresponding a cohol, ketone, and
hydroperoxide. The fraction of the product (hydroperoxide) formed by the radical mechanism is 20-30%. The
alcohol and ketone are formed by the molecular pathway in aratio of (6-7) : 1. Kinetic parameters of cycloal-
kane oxidation are compared in a biomimetic system with hydrogen peroxide (the shunt system) and the system
based on dioxygen with electron and proton donors. The latter system modeled cytochrome P-450. It is shown
that active species are the samein both systems. The kinetic scheme of the alkane oxidation processis proposed

for the shunt system.

INTRODUCTION

Hydrogen peroxide is a widely used, environmen-
tally friendly oxidant because it contains active oxygen
and the side product of oxidation is water. Unfortu-
nately, the use of this oxidant and dioxygen leads to a
complex and poorly controllable product composition
[1]. However, there are numerous highly selective nat-
ural processes based on these two oxidants [2, 3]. The
design of chemical analogs of such processesis atopi-
cal problem [4, 5]. Current studiesin thefield of hydro-
carbon oxidation catalyzed by synthetic porphyrin
complexes of metals are successful [3, 6].

We proposed and studied a biomimetic system for
alkane oxidation catalyzed by iron porphyrins (FeP) in
acetonitrile solutions. Dioxygen was used in this sys-
tem asan oxidant, which isactivated on an iron porphy-
rin center in the presence of a reducing agent (zinc
powder) and a proton donor (acetic acid) to form com-
plexes capable of attacking C—H bonds [7, 8]. The
kinetic study of cyclohexane oxidation in this system
showed that the addition of methyl viologen increases
therate of product accumulation by more than an order
of magnitude [8]. In the absence of a catalyst in the
reaction mixture, hydrogen peroxide isformed. On this
basis, we proposed that the role of FeP in the presence
of methyl viologen is reduced to the catalysis of H,O,
decomposition. In this work, we tested this hypothesis
by studying the kinetics and substrate selectivity of the
competitive oxidation of cyclopentane and cyclohexane
by hydrogen peroxide catalyzed by FeP,

EXPERIMENTAL

Thereaction was carried out in an air atmosphere at
20°C with stirring by a magnetic stirrer. lron(l11) tet-
raphenylporphyrin  (FeETPP) and meso-tetrakis(2,6-
dichlorophenyl)porphyrin (FETDCPP) chlorides were
synthesized using techniques described earlier [7].
These reagents were added to the reaction mixture in
the form of benzene solutions (50 pl) with necessary
concentrations. Hydrogen peroxide was added to the
mixture either in the form of a 30% agueous solution
(200 pl) in 10-pl portionsevery 5min (in substrate selec-
tivity studies) or intheform of an 18% solution in methyl
tert-butyl ether (instantaneoudly or in portionswith inter-
vals) in all other experiments. The volume of the liquid
phase of the reaction mixture was 1 ml. The volume of
the gas phase was 50 ml. The concentration of cyclopen-
tane was 0.55 mol/I. The concentration of FETPP was
4 x 10~ mol/l. The concentrations of other components
were varied in the following ranges. [FETDCPP] =
(1-10) x 10° mol/l, [C¢H},] = (23-70) x 102 mal/l,
[H,0,] = (1-100) x 10-* mol/l. Acetonitrile was a sol-
vent. The products of cycloalkane oxidation were ana-
lyzed by GLC using a metallic chromatographic col-
umn packed with 10% Carbowax-20M on Celite.

The concentrations of cyclohexyl hydroperoxide,
cyclohexanal, and cyclohexanone in the reaction mix-
ture during cyclohexane oxidation in the system under
study were determined by comparing the results of ana-
lyzing GLC samples with triphenylphosphine (TPP)
that reduced hydrogen peroxide and without TPP,
according to the method described in [9]. The concen-
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Fig. 1. Kinetic curves of product accumulation in cyclohex-
ane oxidation by hydrogen peroxide (samples without TPP):

(L 2) C= S[Pl = (ICH,OH], + [CeH,¢Ol,), (3) C =
[C¢H,OH],, and (4) C = [C¢H (O], [Hy0,] = 0.1 mol/l.
Reaction conditions; [FETDCPP] = 8.4 x 107 molll,
[CgH12lo = 6.0 x 107° mol/l; [AcOH] = 0.1 mol/l. In runs
2-4, 0.1 mol/l H,0, was added after 63 min.

trations of products were calculated according to the
following formulas:

[CeH100] = [CeH 10O 1pp = [1/(1+b)]Z[P], (D
[CeH OOH] = 1.7([CgH100] ,— [CeH100] 1)
= 1.7[(b—a)/(1+a)(1+Db)] Z[P],
[CeH1, OH] = [CgH4, OH]
—0.7([CsH100] , — [CH100] 1ep) 3)
= (Z[P])—[CﬁHloO] —[C¢H;OOH]),

where [C¢H,,0], and [CcH,,OH], are the concentra-
tions of ketone and alcohol, respectively, obtained in
analyses without TPP; [CcH,Olpp and [C¢H, OH]1pp
are the concentrations of ketone and alcohol, respec-
tively, obtained in anayses with TPP, a =
[CeH,,OH]/[CH,(Ol5; b = [CoHy OHlrpp/ [CoH oOlrpp;

and z [ P] = [C¢H;,OH], + [C¢H,(0], = [C¢H; ;OH]pp +
[CeH (Ol rpp

The coefficient equal to 1.7 in Eq. (2) and 0.7 in
Eq. (3) are the experimental ratios of alcohol and
ketone in the decomposition of cyclohexyl hydroperox-
ide in the chromatographic column (0.7 : 1). Thisratio
was independent of the presence of other reactants
present in the system.

Theratio of cyclopentane and cyclohexane reactivi-
ties per one C-H bond was estimated by the method
described in detail in [10] from the substrate selectivity
parameter (5/6) calculated by the formula

(5/6) = L.2([CsH1o] o/[CsH1o] ) ([CsHgO] 4
+[CsHgOH] )/ ([CeH100] , + [CsH1;, OH] ),

where the subscript O refersto theinitial concentrations
of cyclopentane and cyclohexane.

RESULTS

Thesubstrate selectivity of cycloalkane oxidation
in the FeP/H,0,/0,/CH;CN system. The values of
parameters of substrate selectivities in cyclopentane
and cyclohexane oxidation by hydrogen peroxide cata-
lyzed by FeTPP and FETDCPP in an acetonitrile solu-
tion with the additives of 2-methylimidazole and/or
acetic acid and without them in the presence and in the
absence of hydroguinone were calculated by Eq. (4)
(Table 1). It can be seen that the addition of hydro-
quinone to the system without imidazole and AcOH
somewhat decreases the value of the substrate selectiv-
ity parameter (5/6). This parameter was measured reliably
in the case of catadyss by FETDCPP (cf. (5/6)getpepe =
0.59-0.65 without hydroquinone and (5/6)p.rpcpe =
0.46-0.50 with hydroquinone). In the presence of at
least one of the cited additives (imidazole or AcOH),
the addition of hydroquinone to the reaction mixture
does not affect the value of the (5/6) parameter. For al
studied variants (with and without additives), hydro-
guinone weakly affects the rates of formation and the
product ratio of alcohol and ketone (changes smaller

than by afactor of 1.5) for each of the cycloal kanes.

Kinetic curves of cyclohexanol and cyclohexanone
accumulation in cyclohexane oxidation in the
FeTDCPP/H,0,/0,/CH;CN system obtained by GLC
without TPP are shown in Fig. 1. It can be seen that the
overd| initial rate of oxidation product buildup increases
with an increase in the initial concentration of hydrogen
peroxide. Changes in theinitial concentration of iron por-
phyrin in the range of [FETDCPP] = (1-10) x 10> mol/l
weakly affects the oxidation rate. The initial rate of
accumulation of cyclohexane oxidation products

w, =d z [ P]/dt in the range of studied concentrations

of initial reactants is proportional to [H,0,]5>"

[FeP]q >°

In the course of reaction, the rate of oxidation prod-
uct buildup decreases (Fig. 1). The addition of a new
portion of hydrogen peroxide (which is 4 times greater
than the initial one) 63 min after the reaction begins
leads to an increase in the rate of oxidation product
buildup (Fig. 1, curves 2—4). However, the rate of reac-
tion does not reach the value of theinitial rate of oxida
tion product buildup for the same concentration of
hydrogen peroxide in the initial mixture (cf. curves /
and 2 in Fig. 1). The maximal rate U, of CcH,,

and

1 The concentrations of products were obtained by GLC without
TPP.
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accumulation in the studied range of reactant concen-
trations ([C¢H,,] = 0.23-0.70 mol/l, [FeTDCPP] =
(1-10) x 10> mol/l, [H,0,] = (1-20) x 10> mol/l) is
lower thanw,,,, < 10°° mol I-! s!. Thetransition from
hydrogen peroxide addition to the reaction mixture in
the initial moment to the addition of the same amount
of H,0, in the course of the reaction in portions with a
small (ten times lower) concentration results in a
decrease in the rate of oxidation product buildup. The
conversion of cyclohexane is lower than 1%. Both in
the case of one-time addition of hydrogen peroxide and
when it is added in portions in the course of reaction,
iron porphyrin destruction is observed.

Kinetic curves of cyclohexyl hydroperoxide, cyclo-
hexanol, and cyclohexanone accumulation in the
FeTDCPP/H,0,/0,/AcOH/CH,CN system calculated
from experimental data using formulas (1)—(3) are
shown in Fig. 2. It is seen from this figure that an
increase in the concentration of hydrogen peroxide
leadsto a proportional increasein the rate of accumula-
tion of al three products.

Selectivities to the products of cyclohexane oxi-
dation in the FeTDCPP/H,0,/0,AcOH/CH;CN sys-
tem. A relative yield of cyclohexyl hydroperoxide z =
[ROOH]/([ROOH] + [ROH] + [R'Q]) = 0.20-0.27 is
independent of the concentrations of initial reactantsin
the ranges [FeTDCPP], = (1-10) x 10~ mol/l and

[H,0,], = (1-20) x 102 mol/I. The value of z change
very little during the reaction up to the deep destruction
of iron porphyrin, which is accompanied by its decolor-
ation. The ratio between the initial rates of acohol and
ketone formation Wgop/Wro = 6.2—7.0 does not change
with a change in [FeTDCPP],. When H,0, in a high
concentration is added to the system in portions
(0.250 moal/l, 0.025 mol/l every 2 min), about the same
ratio of the yields of cyclohexyl hydroperoxide, alco-
hol, and ketone (25 : 61 : 11) is observed after 50 min
(Table 2) as in the case of one-time addition of
hydrogen peroxide. The extent of iron porphyrin
destruction reaches 90% by that time. Then, the rate
of product accumulation decreases and z increases
during the reaction. After one day, cyclohexyl
hydroperoxide makes up 85% of the cyclohexane
oxidation products. The overall rate of product
accumulation in this case is at most 10 mol I-! s

Cyclohexyl hydroperoxide decomposition in the
FeTDCPP/H,0,/0,/AcOH/CH;CN system occurs with
arelatively low rate constant. When the concentration
of [FETDCPP] ranges from 1 x 10> to 10 x 10~ mol/l,
adecreasein the concentration of CcH,;OOH issmaller
than 10% for 30 min.

Table 1. Substrate selectivity in cycloakane oxidation ([CgH1]g = 0.23 mol/l, [CsH4gl o = 0.55 mol/l)

FeP Oxidant [AcOH], mol/l | [Imidazole], mol/l |[Hydroquinone], mol/l (5/6)

FeTPP 05 0.35 0.05 0 0.45+0.03
H,05 ¢ 0 0 0 049+ 0.01

0 0 0.04 0.45+0.03

0.1 0 0 0.45+0.02

0 0.05 0 0.47 +0.02

0.1 0.05 0 0.46 +0.03

0.1 0.05 0.04 0.47+0.03

FeTDCPP 05 0.35 0.05 0 0.50+ 0.02
0.35 0.05 0.04 0.49 +0.02

H, 05 ¢ 0 0 0 0.62+0.03

0 0 0.04 0.48 +0.02

0.1 0.05 0 0.48 £ 0.02

0.1 0 0 0.50+ 0.05

0 0.05 0 0.49+0.02

0 0.05 0.04 0.48 + 0.02

Note: 2 Complete biomimetic system: 30 mg Zn, 7.5 x 1073 mol/l methyl viologen; 2 x 10~* mol/l FeP [11].
Shunt biomimetic system; 0.2 mol/l H,0, (aqueous 0.02 mol/I added in portions with 5-min intervals).

€4 x 107> mol/l FeP.
410 mol/l FeP.
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Fig. 2. Kinetic curves of product accumulation in cyclo-
hexane oxidation by hydrogen peroxide (calculated
using the results of GLC analysis of the samples with
and without TPP): (1, 2) C6H110H, (3, 4 CﬁHllOOH,
and (5, 6) CgHy0O. Reaction conditions: (1, 3, 5)
[Ho05]g = 0.1 mol/l; (2, 4, 6) [HyO5]g = 0.025 mol/l,
[FETDCPP] = 8.4 x 107> mol/l; [CgH15]o =6 % 10> moal/l;
and [AcOH] = 0.1 mal/l.

DISCUSSION

Earlier, we found compelling evidence [7, 8] that
the FeP/O,/Zn/AcOH/CH,CN system models the
catalytic cycle of natural monooxygenase, cyto-
chrome P-450 (Fig. 3). This cycle is a sequence of
steps for the reductive activation of dioxygen. These
steps are well studied except for those where the
products of complex HR—Fe*O, protonation are
formed via the X—RH intermediate (Fig. 3). The
FeP/H,0,/0,/CH,CN system studied in this work can
be called a shunt system by analogy with biological
systems for hydrocarbon oxidation because it uses a
donor of active oxygen as an oxidant and the catalytic
cycle is shortened (see Fig. 3). First of al, we had to
check if the same species are formed in the shortened
cycle of iron porphyrins (the shunt biomimetic

Table 2. Selectivity of cyclohexane oxidation in the process
when hydrogen peroxide* isadded in portionsto the reaction
mixture (0.25 mol/l H,0,, 0.025 mol/l portions with 5-min
intervals) ([CgHiolg = 0.7 mol/l, [AcOH] = 0.1 moal/l,
[FETDCPP] = 6.0 x 107 mol/l)

—T3[P] x 105 | [ROOH], .
Time, min| =1 20% | IRQOHL | rpon), 06 | [RO], %
50 125 25 64 11
85 161 28 61 11
170 212 35 52 13
1500 | 1233 85 11 4

* 18% H,0, in methyl tert-butyl ether.

FeP/H,0,/0,/CH,;CN system) asin the complete cycle
for the reductive activation of dioxygen (the com-
plete biomimetic FeP/O,/Zn/AcOH/CH,CN system).

Our studies showed (Table 1) that the values of
parameters of substrate selectivity for the shunt system
(5/6)F6TPP = 048—050 and (5/6)F6TDCPP = 059—065 dlf'
fer (inthe latter case for certain) from the values corre-
sponding to the complete system [10]: (5/6)perpp =
0.42-0.48 and (5/6)gerpepp = 0.48-0.52. The addition of
AcOH or imidazole to the shunt system leads to a
decrease in the (5/6) parameter to the values corre-
sponding to the compl ete system (Table 1). In this case,
hydroquinone has virtually no effect on the value of the
substrate selectivity. In the absence of the above addi-
tives, hydroguinone (see Table 1) decreases the (5/6)
parameter to the value of the substrate selectivity in the
complete system (within the experimental accuracy). It
is generally agreed [11] that the parameter of substrate
selectivity determined from the ratio of the rate con-
stants of active intermediate interaction with the C—H
bond in the competitive oxidation of cyclohexane and
cyclopentane is a measure of the partia charge of the
carbon atom in the transition state. For hydrogen atom
abstraction by aradical or aradical ion, thevalue of this
parameter ranges from 0.7-1.2 independently of the
reactant charge. For the electrophilic attack of the pos-
itively charged reactant, the (5/6) parameter is lower
than or equa to 0.5 and this value changed with a
change in the reactant charge. Analysis of our data
shows that, in the absence of additivesin the shunt sys-
tem, the (5/6)g.rpcpp Value is well above 0.5 and close
to the value that is characteristic of hydrogen abstrac-

tion by ‘'OH (1-0.7) [11, 12]. In &l other cases, the
value of (5/6) iscloseto that observed in the case of the
attack by apositively charged reactant. A changein the
(5/6) vdue when substituents are introduced into the phe-
nyl rings of a porphyrin (cf. (5/6)g.rpp @d (5/6)rctpcpr)
points to the fact that, in the shunt system with hydro-
guinone, imidazole, and acetic acid additives, iron por-
phyrin complexes are immediate reactants that attack
akanes.

The structure of iron porphyrin complexesin biomi-
metic systems like those discussed in this paper and in
natural biosystems has not yet been definitively estab-
lished [3]. Without going into details, we denote iron
porphyrin complexes, which attack alkanes in our bio-
mimetic systems, by (PFeO)".

Itislikely that in the shunt system without additives
there are two different active species, the (PFeO)* com-

plexes and hydroxyl radicals. The values of the (5/6)
parameter and the way hydroquinone affects it show

that the main reactant is ‘'OH in the catalysis by
FeTDCPP and the (PFeO)* complex in the catalysis by
FeTPP.

Indeed, when metal complexes react with H,0,, sev-
eral active species can be generated depending on the
KINETICS AND CATALYSIS  Vol. 43
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reaction conditions. hydroxyl radicals and metal oxo
complexes. In the case of the homolytic dissociation of
the O-O bond in hydrogen peroxide coordinated to

metal porphyrin, PM(IV)=0 (M is metal) and OH’
radicals are formed. In the case of heterolytic dissocia-

tion, water and PM(V)=O or P"* M(IV) =O are formed.
Therefore, the first step in the shunt system is the reac-
tion

8 » (PFeO)" + H,0,
(PFe(I1))* + Hzoz{ )
13, (PFe(IV)OH)" + 'OH,
where d and 1 — d are the probabilities of heterolytic

and homolytic dissociation of the O—O bondsin hydro-
gen peroxide.

The probability of heterolytic dissociation of H,0,
in metal porphyrin biomimetic systems is a widely
debated question. Traylor et al. [13] concluded that the
O-O bond in hydrogen peroxide coordinated to iron
porphyrin in proton solvents only dissociates heterolyt-
icaly to form PFe(V)O, which then reacts with either
olefins or a peroxide. Interaction with peroxides (H,0O,
or ROOH) produces radical intermediates (OH", HO,,
RO, and RO,). By increasing the electronegativity of
FeP (by introducing substituents in the porphyrin ring),
Traylor et al. [13] forced dominant interactions of
active species with the olefin and thus increased the
yield of epoxide based on the peroxide to 60-100%.
Others assume that homolysis is the main pathway in,
for instance, the MnTDCPP-H,0, system [6, 14]. The
addition of imidazole to the system changesthe kinetics
and oxidation product composition [14]. The high
activity of thissystemisexplained by adual function of
imidazole: it serves as a nucleophilic axial ligand,
which favors the heterolytic dissociation of the O-O
bond with the formation of PMn(V)O complexes,
and as an electrophilic acid catalyst of this decompo-
sition [14].

In accordance with the above speculation, it is nec-
essary to add the following step to the kinetic scheme
of the processin the shunt system:

(PFe(lI)" + O, + H,0O

y )
(PFeO)” + HZOZ{— an
LY, (PFe(IIN)) " + "OH + HO;.

In this step, hydrogen peroxide heterolyticaly
decomposes into oxygen and water with probability v.
Note that the sequence of steps (1) and (I1) (with prob-
abilities d and y, respectively) model the catalytic cycle
of catalase.

The (PFeO)* complexes formed in the shunt system
by the heterolysis of hydrogen peroxide (l) are the
immediate reactants that attack the C—H bond. As we
showed earlier for the complete system [9], thefreerad-
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Fig. 3. Catalytic cycle of cytochrome P-450.

ical R™ is formed with probability o and the iron por-
phyrin complex with a hydrocarbon is formed with
probability (1 —a):

—a , (PFe(IlN))"+ 'OH + R,
(PFeO)" + RHt (D)
=%, (PFe---O---HR)".

Earlier, we proposed a scheme for the formation of
oxidation products from the (PFe---O---HR)* complex
in the compl ete system, which agrees well with experi-
mental observations[15]. Based on the fact that the spe-
cies are identical, we assume the anal ogous scheme for
the formation of an alcohol and ketone via a nonradical
pathway in the shunt system:

(PFe---O--HR)" —~ ROH + (PFe(ll))",  (IV)

(PFe---O---HR)" + O,

. C V)

—> RO+HO,+H" + (PFe(ll)).

In the presence of oxygen, iron(ll) porphyrin

formed in step (V) produces the (PFe(I1)O,) complex

with a high rate constant. Then, this complex decom-

posesinto aperoxo radical and iron(l11) porphyrinatein
the absence of areducing agent.

The formation of radicals ‘OH and HO, may lead
to FeP destruction

(PFe(lll))” + 'OH(HOz) — H,0(H,0,) + Py (VD)

and to the radical oxidation of alkanes to form hydro-
peroxide in the following reactions:

RH + 'OH(HO,) — R"+H,0O(H,0,), (VI
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R +0, = RO;, (VIID)

RO, +AH — ROOH + A", (IX)

where P, is the product of iron porphyrin destruction
and AH is a hydrogen-atom donor.

AH can be hydrogen peroxide or a substrate:
RO, + H,0, — ROOH + HO,, (IX"
RO, +RH — ROOH +R’. (IX")

Furthermore, it is necessary to consider the forma-
tion of alcohol and ketone via a radical pathway, for
instance, in reactions

RO, + RO, — R'O + ROH + O,, X)
] ‘> P,+ROH,
FeP + RO, (XI)
i—e_ P;+RO,

where FeP is iron porphyrin in the oxidized and
reduced forms, P, and P; are iron porphyrin products,
and ¢ is the probability of alcohol formation in reac-
tion (X1).

According to the above scheme and taking into
account the values of substrate selectivity parameters,
we assume that hydrogen peroxide homolysisin reac-
tions (I) and (1) is the most probable in the shunt sys-
tem containing FeTDCPP without additives. The addi-
tion of a radical trap (hydroquinone, 1H) leads to a
decrease in the steady-state concentration of hydroxyl
radicals due to the high rate constant of the reaction

IH+ OH — H,0+1". (XII)

Asaresult of thisreaction, the balance of active spe-
cies shiftstoward the (PFeO)* complexes and the value
of (5/6) becomes closeto the value in the complete sys-
tem. The same events probably happen in the case of
catalysis by FeTPP, although apparent changes in the
(5/6) parameter are within the experimental error. Thus,
in the absence of imidazole and acetic acid in the shunt
system, the hydrocarbon reacts with both iron porphy-
rin complexes and free radicals.

The addition of acetic acid or imidazole to the shunt
system possibly increases the probability of hydrogen
peroxide heterolysis in reactions (1) and (I1) to values
close to unity. In this case, hydroquinone should not
affect the value of the (5/6) parameter in agreement
with the experiment. To remind, the effect of imidazole
on the probability of hydrogen peroxide heterolysis
with metal porphyrins has been aready studied by
other researchers, who came to the same conclusions
[14]. Therefore, we gave specid attention to the shunt
system with acetic acid, which has not been studied
before.

In the FeTDCPP/H,0,/0,/AcOH/CH,CN system,
cyclohexane forms mainly alcohol (over 60%) and

small amounts of ketone and cyclohexyl hydroperoxide
(Fig. 2). The rate constants of reactions (1X") and (IX")
can be calculated by asemiempirical method according
to the parabolic model of the transition state using ref-
erence data[16]:

k = Aexp(-E/RT),
E = E,—0.5(hN,v, - RT),
E. = f(AH,),
AH, = D;—D;+0.5(hNVv; —Vy),

where E, isthe activation energy that takesinto account
the zero-point vibrational energy of the attacked bond
in a bimolecular reaction; h is the Planck constant; N,
is the Avogadro constant; AH, is the enthalpy of the
reaction in the gas phase under standard conditions that
take into account the difference in the zero-point vibra-
tions of interacting bonds in a bimolecular reaction; D;
and Dy is the dissociation energy of the bonds being
broken (i) and formed (f); v, and v, are the frequencies
of stretching vibrations of these bonds; and f(AH,) is
the function, which can be found in [16]. For reac-
tion (1X"), we obtain the following values using refer-
ence data (see Tables 1.1 and 1.2 in Handbook of Anti-
oxidants [16]) and the above equations:

AH, = AH = 3.5 kJmoal,
E. = 44.87 kJmol,

ke = 10°exp(—25.0/RT) | mol ™" s

For reaction (1X"), we obtain the following value
using Table 2.6 from Handbook of Antioxidants [16]:

ke = 10°exp(—64.2/RT) 1 mol " s,

Using these data, we estimate the ratio of the rate
constants of reactions (1X') and (IX") for the studied
range of the concentrations of substrate and hydrogen
peroxide at 20°C: Wy/Wy. = 103-10°. Thisratio suggests
that reaction (IX") is the main pathway to cyclohexyl
hydroperoxide.

We observed for this system arelatively low rate of
cyclohexyl hydroperoxide decomposition. Therefore,
the products of this reaction do not contribute notice-
ably to the overall amount of alcohol and ketone, and
cyclohexyl hydroperoxide is one of the end productsin
oxidation. Thisisnot surprising if we consider the high
stability of cyclohexyl hydroperoxide compared to
other hydroperoxides. Cyclohexyl hydroperoxide vir-
tually does not dissociate at 70°C in a benzene solution
for 270 h. Slow dissociation begins at 150°C [17].
Rapid dissociation occurs under the reductive condi-
tions. For instance reduction by TPP [18] or hydrogen
in the presence of platinum oxide [17] leads to the
selective formation of alcohol with avery high yield.
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Note that even in the case when hydrogen peroxide

homolysis does not occur in steps (1) and (1), the OH
radicals are formed in step (111) with probability o
according to the kinetic scheme adopted here. How-
ever, the parameter of substrate selectivity shows that
the main reactants attacking the hydrocarbon in the
FeTDCPP/H,0,/0,/AcOH/CH;CN system are the

(PFeO)* complexes, and radicals do not participate
in the formation of oxidation products. Therefore,
step (VII) does not contribute noticeably to the pro-
cess Kinetics.

The presence of both hydrogen peroxide and acetic
acid in the system suggests that acetic peracid can take
part in the formation of active species. However, the
absence of theinduction period on the kinetic curves of
cyclohexane oxidation (Figs. 1 and 2) conflicts with
this assumption. Furthermore, the shunt system with
added imidazole (without AcOH) did not show any
considerable difference from the system with AcOH
(with and without imidazole) in the rate or selectivity
(including the substrate selectivity, see Table 1) of
cycloalkane oxidation. It is likely that the participation
of acetic peracid in the formation of active speciescan be
neglected. The main, and probably the only, step for the
formation of iron porphyrin complexesis the heterolytic
dissociation of hydrogen peroxide viareaction (1).

The radical pathway in this system has the probabil-
ity o and is due to the formation of radicals R" in reac-
tion (111). The concentration ratio of the productsin the

radical pathway (with the subscript r) is determined by
theratio of the rates of steps (1X"), (X), and (XI):

(d[ROOH]/dt): (d[ROH] /dt): (d[R'O] /dt)
= (ky[HOOH]): (ky[RO;] )

+ekyy [PFe]): (kyo[RO,] + (1 —€)kyy[ PFe]).

It follows from Eq. (5) that the ratio of products
formed via the radical pathway should change with a
change in the ratio of initia reactants. However, our
experiments showed that the ratio of all three products
of cyclohexane oxidation remains constant both over a
widerange of theinitial concentrations of reactants and
in the course of reaction (the concentrations of iron por-
phyrin and hydrogen peroxide decrease with different
rates). Because the problem of aradica mechanism is
very important for similar systems, we consider it in
more detail.

For simplicity, let us first consider the case when
reaction (X1) does not contribute to the process kinetics
and the products of theradical pathway are only formed
inreactions (1X") and (X). Using the method of steady-
state concentrations, we obtain

w, = aks[RH][(PFeO)’]

(6)
= Ke[H,0,][RO;] + 2k;o[RO;]%,
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where w, isthe rate of RO, formation.
Let usanalyze Eq. (6). If theinequality k,[H,0,] >
2k,o[RO,] is fulfilled, we arive at the following

expressions for the steady-state concentration of RO,

radicals and the rates of hydroperoxide and ketone
accumulation in the radical pathway:

[RO;] = wy/kg[H,0;],
d[ROOH]/dt = kg[RO,][H,0,] = W, @)
d([R'O])/dt = klo[ROé]2 = k1o(Wp/k9'[Hzoz])2-

For this case, the ratio of the concentrations of
ketone and hydroperoxide is determined by the expres-
sion

d([RO],)/d[ROOH] = kyw,/(Ks[H0.1%).  (8)

If the inequality 2k,,[R O, ] > k,[H,0,] is fulfilled,
we obtain the following expressions:

[RO;] = (Wp/2k10)1/21
d[ROOH] /dt = kg[H,05] (W,/2ky0)*2,
d([RO],)/dt = w,/2,

©)

10
d([RO],)/d[ROOH] = (klowp/2k§.[H202]2)ﬂ2.( :

It follows from Egs. (8) and (10) that theratio of the
hydroperoxide and ketone concentrations remains con-
stant with a change in the concentration of hydrogen
peroxide if the following rate law is correct for w,:

W, = kgr[H,0,1°. (11)

Equation (11) isfulfilled when the steady-state con-
centration of active (PFeO)* complexes is proportional
to [H,0,]?, which isimplausible. Moreover, according
to Eqg. (11), Eq. (7) transforms into

d[ROOH]/dt = kg[H,0,]°
and Eq. (9) transformsinto
d[ROOH]/dt = kg(Kgi/2ky)’[H,0,]¥.  (13)

Equations (12) and (13) were obtained for the two
limits of the ratio of rates of steps (I1X") and (X). Obvi-
oudly, in the transient region, the order of the rate of
hydroperoxide accumulation with respect to H,O,
should be between 1.5 and 2. This conflicts with exper-
imental data. The above analysis suggests that step (X)
does not contribute to the process kinetics and it can be
excluded from consideration.

Let us consider the formation of alcohol and ketone
or one of them viareaction (XI). According to the pro-
posed scheme, we obtain

d[ROH],/d[ROOH] = & ky,[ PFe] /ky[H,0,],

(12)
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d[R'O],/d[ROOH] = (1 —g)ky[PFe] /kg[H,0,] , (14)
d([ROH], + [R'O],)/d[ROOH] = ky;[PFd /ke[H,0] .

According to Eqg. (14), the yield of these products
relative to the yield of hydroperoxide should change
with a change in the ratio of initial reactant concentra-
tions. This fact contradicts experimental findings.
Therefore, reaction (X1) does not contribute to the pro-
cess kinetics and can be neglected. However, the inter-

action of RO, with any iron porphyrin complex to form

hydroperoxide is not ruled out. This reaction will not
affect the process kinetics under steady-state conditions
and its parameters will be taken into account in the
effective rate constant of reaction (1X).

Thus, cyclohexyl hydroperoxide is the only product
of the radical pathway, and its relative yield measures
the contribution of this pathway to the formation of
cyclohexane oxidation products. The acohol and
ketone in this shunt system are only formed via the
molecular pathway. Therefore, it is easy to derive the
expression for the rate of product accumulation viathe
molecular (w,,,) and radical (w,) pathways under steady-
state conditions:

w,, = d([ROH] +[R'O])/dt
= (1-a)k;[RH] (PFeO)",
w, = d[ROOH]/dt = ko[ RO, [AH]
= ak;[RH][(PFeO)].

The overal oxidation rate is described by the equa-
tion

w = w,,+w, = d([ROH] +[R'O] + [ROOH])/d1t6
= ks[RH][(PFeO)™]. (16)

The calculation of the proposed kinetic scheme
givesthe following expression for the concentrations of
active complexes:

8ky[(PFe(111))1[H,0,]
= ky[H,0,][(PFeO)"] + k;[RH] [(PFeO)’].
Let us analyze this equation. If the inequality
ka[H20,] > k3[RH] (13)

is fulfilled, then we obtain the expression for the con-
centration of active species for conditions when the
unproductive interaction with hydrogen peroxideisthe
main reaction for active species consumption:

[(PFeO)’] = 8 (ki/k,)[(PFe(llN)].
Taking into account the material balance condition
[FePlo = [(PFeO)’] + [(PFe(il))’],
we obtain

(15)

(17)

(19)

[(PFe(l1))] = (Ko (3K, + ky))[FeP],,
[(PFeO)] = (3ky/(Bk, + ky))[FeP],.
Then, the rate of product accumulation is

w = ks[RH][(PFeO)"]
= (Ok,ka/ (8K, + k,)) [RH] [FeP],.

21

Equation (21) does not agree with the experimental
dependence of the rate of cyclohexane oxidation on the
concentration of hydrogen peroxide (see Figs. 1 and 2).
Therefore, inequality (18) isnot fulfilled under the con-
ditions of our experiments. This conclusion is sup-
ported by the results of our experimentswhen we added
small concentrations of hydrogen peroxide in portions
in the course of the reaction. The expected increase in
the yield of cyclohexane oxidation products was not
observed.

When the inequality

ks[RH] > k,[H,0,] (22)
is fulfilled and the main reaction of active species con-
sumption is interaction with the hydrocarbon, we
obtain the following expression for the steady-state
concentration of active species:

[(PFeO)’] = 3(ky/ks)[ (PFe(I11)) 1[H,Oz1/[RH] .(23)

Taking into account the material balance equations
we obtain

[(PFe(iN)’]
= (ks[RH]/(0k,[H,0,] + ks[RH]))[FeP],, (24)

[(PFeO)] = (3k{H,O/(8k{H,0;] + ky RH] ))[FeF,.

Then, the rate of product accumulation in cyclohexane
oxidationis

w = ks[RH][(PFeO)"] 25
= (Ok; kg RH][H,0,]/(8k{[H,O,] + kj[RH]))[FeH o.

Unlike Eq. (21), Eq. (25) is capable of explaining
the experimental dependence of the rate of product
accumulation in cyclohexane oxidation on [H,0,] (the
rate order with respect to the peroxide is 0.5-1). How-
ever, in our experiments, we observed the weak depen-
dence of therate on theinitial concentration of iron por-
phyrin (the rate order with respect to iron porphyrin is
0-0.5). This contradicts Egs. (21) and (25). Therefore,
in addition to step (I11), some other reaction where
active species are consumed for interaction with iron
porphyrin or its products should contribute noticeably
to the process kinetics. For instance,

(PFeO)" + (PFe(lI1))" —= (PRe(I1))" + P, (XIII)

KINETICS AND CATALYSIS Vol. 43 No.1 2002
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or
(PFeO)" + (PFeO)" — 2(PFe(ll))" + 0,, (XIV)

where P, is the product of iron porphyrin destruction.

As mentioned above, the use of hydrogen peroxide
as an oxidant usually results in complex and poorly
controllable processes of hydrocarbon oxidation [1].
Under the conditions of our experiments, the scatter of
experimental data was substantial, especially for the
reaction rates. This prevented us from discriminating
between steps (XI11) and (X1V) where active species
were consumed. For simplicity, let us consider the case
when the inequality

kus[ (PFe(I11))'] > ky[H,0,]
+ ks[ RH] + kyu[ (PFeO)]

is fulfilled and the main reaction where active species
are consumed is the reaction with the initial form of
iron porphyrin. In this case, we obtain the expression
for the concentration of active species:

[(PFeO)"] +8 (ky/ks5)[H20] 27)

and for therate of product accumulation in cyclohexane
oxidation

W = 8k ks/kys[RH][H,0,]. (28)

This equation agrees well with experimental depen-
dences of the rate on the concentrations of initial reac-
tants. Therefore, a considerable portion of active spe-
cies should be consumed in the shunt system by the
reaction with FeP and its products. A decrease in the
rate of product accumulation (without changing the
proportion between them) in the course of the reaction
reflects the proportionality between the rate and the
concentration of hydrogen peroxide (Fig. 2) and the
weak dependence on the concentration of FeP, whichis
decomposed in the course of the reaction. The addition
of hydrogen peroxide to the reaction mixture after the
rate decreased by more than an order of magnitude led
to an increase in the reaction rate (Fig. 1, curve 2) to a
value which is somewhat lower than the estimated one
because of FeP destruction. An increase in the concen-
tration of hydrogen peroxide leadsto anincreasein the
destruction of FeP (the color of the solution disap-
pears). When the extent of FeP destruction is high, the
fraction of cyclohexyl hydroperoxide in the oxidation
products startsto increase (Table 2). It islikely that the
products of FeP destruction areincapable of catalyzing
the molecular pathway of cyclohexane oxidation, but
they do catalyze the radical pathway of cyclohexane
oxidation to cyclohexyl hydroperoxide. Because the
radical oxidation of cyclohexane catalyzed by FeP
destruction products depends on many factors, its rate
may change depending on the reaction conditions. This
explains a relatively great scatter of experimenta val-
ues of z = [ROOH]/([ROOH] + [ROH] + [R'Q]) =
0.20-0.27 in the shunt system, which probably reflects

(26)
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the small contribution of radical oxidation catalyzed by
FeP destruction products in some cases.

It follows from Egs. (15) and (16) that the relative
steady-state yield of cyclohexyl hydroperoxideis

z = [ROOH]/([ROOH] + [ROH] +[RO])

= w/w = a. 29)
Note that only one condition should be met to make
Eq. (29) vaid: the contribution of step (V1) to the pro-
cess kinetics should be negligible, because we used this
condition when deriving Egs. (15) and (16).
According to Eqg. (29), thefraction of hydroperoxide
isz=a. Thisvalue should not depend on the concentra-
tions of initial reactants, and this is observed in the
experiments. The probability of cyclohexyl radical for-
mation in the reaction of cyclohexane with active com-
plexes formed in the catalytic cycle of FeTDCPP in the
shunt system is a = z = 0.20-0.27. This coincides
within the experimental accuracy with thevaluesof this
probability obtained earlier for the biomimetic system
with methyl viologen (a = 0.17 = 0.02) and without it
(a =0.20 £0.02) [9]. This is further evidence for the
fact that active iron porphyrin complexes in these sys-
tems areidentical.

The scheme of product formation via the molecular
pathway (steps (1V) and (V)) adopted for the shunt sys-
tem differs somewhat from the scheme of the molecul ar
pathway for the formation of alcohol and ketone in the
complete system. The shunt system lacks the reactions
of the (PFe---O---HR)* complex with the reducing
agent and with the intermediate iron porphyrin species
in the catalytic cycle. The interaction with the interme-
diate forms of iron porphyrin speciesisreflected in the
complete system as an increase in the relative yield of
ketone when the initial concentration of FeP increases
[15]. For the shunt system, the effect of the FeP concen-
tration on the oxidation product ratio is not observed as
expected from the proposed kinetic scheme:

[ROH]/[RO]
= (d[ROH]/dt)/(d[RO]/dt) = k,/ks[O,].

According to Eq. (30), the ratio of alcohol and
ketone formed viathe molecular pathway isonly deter-
mined by theratio of the constants of steps (1V) and (V)
and the concentration of dioxygen. Because all experi-
ments were carried out in an air atmosphere, it is clear
why the ratio Wrop/Wro iS constant (6.2—7.0) in the
shunt FeTDCPP/H,0,/0,/AcOH/CH,;CN system.

The fraction of oxidation products formed via the
radical pathway in the complete system equals a. The
fraction of cyclohexyl hydroperoxide is smaller than o
because the rate of its decomposition is high under
reductive conditions. The addition of an electron-trans-
fer agent (methyl viologen) to the reaction mixture led
toanincreasein therate of cycloalkane oxidation prod-
uct buildup in the complete system by more than an
order of magnitude [8]. In the absence of iron porphy-

(30)
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rin, we found hydrogen peroxide (102 mol/l), which is
formed by the interaction of methyl viologen radical
cation with dioxygen. Based on these results, we con-
cluded that, in the complete system with methyl violo-
gen, active species are largely formed by the reaction of
iron porphyrin with H,0,, which determines the rate of
the process. Therefore, when methyl viologen is added
to the complete system, an increase in the oxidation
rate can be achieved if the rate of iron porphyrin inter-
action with hydrogen peroxide is much higher than the
rate of its reduction. However, the results of this work
showed that the oxidation rate in the shunt system
(<10° mol 1! st when H,0, is added in small portions
during the reaction and when it is added as asingle por-
tion) is comparable with the oxidation rate in the com-
plete system without methyl viologen and an order of
magnitude lower than the value corresponding to the
complete system with methyl viologen. The low oxida-
tion rate at the concentrations of hydrogen peroxide
that are much higher than the maximal [H,0,] value
achievable in the complete system with methyl violo-
gen points to the fact that the high rate of the process
cannot be achieved due to the catalysis of H,0O, dissoci-
aion by the initia FeP form. Thus, the mechanism of
oxygen activation proposed earlier for the complete sys-
tem with the electron-transfer agent (methyl viologen)
was not confirmed in the studies of the shunt system.

Note that the shunt system under study and the com-
plete biomimetic system proposed earlier are good
functional models of monooxygenases, as the rates of
alkane oxidation under mild conditions are close to the
rates of those observed in enzymatic systems. In the
shunt system without AcOH or imidazole additives, the
reaction of hydroxyl radicals with cyclohexane (step
(V1)) contributes noticeably to the process kinetics. In
catalysis by FeTDCPP, a substantial portion of prod-
ucts is formed viathe radical pathway. In the presence
of acetic acid, theradical pathway of product formation
is dueto the formation of alkyl radicals and constitutes
20% in the complete system and 20-30% in the shunt
system. The active speciesin these biomimetic systems
are iron porphyrin complexes, as is the case in natural
heme monooxygenases. Comparison of kinetic param-
eters showed that cyclohexane in these systems is oxi-
dized at rates of the same order of magnitude, whereas
the selectivity is higher in the shunt system. We failed
to obtain ahigh yield of oxidation productsin the shunt
system because the rate of iron porphyrin destructionis
high. Moreover, the complete system is the best model
from the standpoint of reaction mechanism. This sys-
tem models the key process of the monooxygenase
cycle—the activation of dioxygen in the presence of
electron and proton donors. The addition of an elec-
tron-transfer agent (methyl viologen) to the shunt sys-
tem leadsto anincreasein the selectivity of alcohol for-

mation and an increase in the oxidation rate by more
than an order of magnitude. However, the results of this
work show that the mechanism of oxygen activation in
this system remains unclear and calls for further study.
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