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The kinetic and mechanistic features of alkane oxidations to the corresponding alkyl hydroperoxides
(main primary products), alcohols and ketones (secondary products) in the systems composed of tetra-
copper(II) triethanolaminate catalyst [O�Cu4{N(CH2CH2O)3}4(BOH)4][BF4]2 (1), aqueous hydrogen perox-
ide, acetonitrile solvent and an acid promoter (co-catalyst), have been investigated based on the
combination of experimental kinetic, selectivity, ESR and UV–vis methods. The nature of acid promoter
(hydrochloric, sulfuric, nitric and trifluoroacetic acid) is shown to be a key factor affecting significantly
the rate of alkane oxidation. Although all these acids exhibit noticeable promoting effect, it has been
observed that in the presence of HCl the reaction proceeds extremely rapidly, being one order faster than
those promoted by the other acids, and allowing to achieve the remarkably high turnover frequencies
(TOFs) of ca. 600 h�1. The unusual rate-accelerating role of water has also been disclosed in the oxidation
of cyclohexane catalyzed by 1 + HCl or 1 + CF3COOH systems. Furthermore, uncommon second-order
reaction kinetics with respect to the catalyst have been found. A mechanism of the alkane oxygenation
has been proposed, which includes the formation of hydroxyl radicals attacking the alkane molecule.
Hydroxyl radicals are formed via the interaction between H2O2 and catalytically active Cu(I) species,
the latter being reversibly generated from 1 under the action of an acid, H2O2 and water.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The development of new atom and energy efficient routes for
the selective and green oxidative transformation of saturated
hydrocarbons (main components of oil, natural gas and seabed)
to yield industrially valuable products constitutes a challenge to
various areas of modern chemistry and, in particular, to catalysis
[1–8]. Due to the high inertness of alkanes, their oxidation reac-
tions typically undergo in the presence of metal catalysts [1–4], re-
quire elevated temperatures and pressures, and/or the presence of
strongly acidic reaction media [9–11]. An alternative approach
consists of the development of new bioinspired catalysts that are
capable to transform alkanes efficiently and selectively under rela-
tively mild reaction conditions.
ll rights reserved.
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In particular, compounds of copper (an environmentally rela-
tively acceptable and cheap metal) are known to catalyze oxygen-
ations [1–4,12,13] of hydrocarbons [7–36] with peroxides or
molecular oxygen [37–46] as oxidants. The high activity of Cu com-
pounds can be associated with the effectiveness of copper in par-
ticulate methane monooxygenase (pMMO), an enzyme that bears
a multicopper cluster with N,O-environment and can catalyze the
hydroxylation of alkanes [47,48]. Recently, some of us have re-
ported a series of self-assembled multicopper(II) compounds with
N,O-ligands [30–36,49–51], and applied them as catalysts for (i)
the mild oxidation of alkanes to alcohols and ketones [30–36],
(ii) the aqueous-medium carboxylation of alkanes to carboxylic
acids [52] and (iii) the aerobic oxidation of benzylic alcohols to
aldehydes [53]. It has been found that the tetracopper(II) triethan-
olaminate complex [O�Cu4{N(CH2CH2O)3}4(BOH)4][BF4]2 (1)
(Scheme 1) is one of the most active copper catalysts for the mild
oxidation of cyclohexane [30,31], its activity being drastically
accelerated by the presence of nitric acid additive (co-catalyst),
leading to 39% yields (based on C6H12) of oxygenated products in
a single batch.
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Scheme 1. Structural formula (a) and X-ray crystal structure (b) of compound 1 [30]. On drawing (b) counter ions and H atoms are omitted for clarity. Colour codes: Cu green,
O red, N blue, C cyan, B pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In spite of the progresses achieved in the mild oxidation of al-
kanes with 1 and hydrogen peroxide as an oxidant [30,31], the pro-
moting effects of other acids, reaction kinetics and mechanism
remained unstudied, and thus constitute a main objective of the
current work. Apart from its high activity, the choice of 1 as a
catalyst in the present study is governed by its hydrosolubility,
possibility of recycling, as well as its facile aqueous-medium
self-assembly synthesis from rather cheap and readily available
chemicals [30,31]. Besides, compound 1 possesses a high stability
that is associated with its intricate cage-like structure, where four
copper(II) atoms are clustered through the triethanolaminate l3-O
atoms and l3-B-OH groups, being further stabilized by the ‘‘cen-
tral” l4-O oxo atom [30].

It should be noted that the primary scope of the present work con-
sists of shedding some light on the kinetics and mechanism of alkane
oxidations with 1, and of establishing the role of different acid pro-
motersandwaterinthosereactions,whereastheirdetailedoptimiza-
tion in terms of efficiency and rational consumption of reagents lies
beyond the scope of this study. In fact, it has also been found herein
that under certain reaction conditions a substantial consumption of
hydrogen peroxide oxidant in side reactions (e.g. catalase activity)
isoccurring,beingdependentonthetypeofacidpromoterandtherel-
ative concentrations of all reaction components.

Hence, based on a combination of experimental kinetic and
selectivity studies, ESR and UV–vis spectroscopic methods, we re-
port herein the kinetic and mechanistic features of mild alkane oxi-
dations in the systems composed of 1, aqueous hydrogen peroxide,
acetonitrile and an acid additive (the latter being selected from
hydrochloric, trifluoroacetic, nitric, sulfuric and acetic acids), and
show how the reaction rates are dramatically affected by the type
of used acid co-catalyst. These features include (i) the remarkably
fast oxidation of cyclohexane in the presence of hydrochloric acid
additive (TOFs up to ca. 600 h�1), (ii) the unusual rate-accelerating
role of water and (iii) the uncommon second-order (with respect to
catalyst) reaction kinetics in cyclohexane oxidation.
2. Experimental

2.1. Materials and methods

All chemicals were obtained from commercial sources and were
used as received. Catalyst 1 has been prepared according to the
previously described procedure [30].
The ESR spectra (�196 �C) were recorded on a Bruker ER-200D
spectrometer at 9.3�9.4 GHz, modulation frequency of 100 kHz,
modulation amplitude of 5 G. The dual ESR cavity furnished with
the spectrometer was used. Periclase crystal (MgO) with impurities
of Mn2+ and Cr3+, which served as a side reference, was placed into
the second compartment of the dual cavity. Measurements were
conducted in a quartz finger Dewar filled with liquid nitrogen.
Samples were prepared in quartz ESR tubes (d = 3 mm). For kinetic
ESR studies, the sample was placed in a thermostat at the required
temperature directly in the ESR tube. To stop the reaction, the tube
was immersed in liquid nitrogen, followed by registration of the
ESR spectrum at�196 �C. After the spectrum registration was com-
plete, the sample was again placed in the thermostat. ESR signals
were quantified by double integration with a frozen solution of
copper(II) acetylacetonate as a standard at �196 �C. The relative
accuracy of the quantitative ESR measurements was ±30%.

The UV–vis spectra were recorded (2 min after the components
were mixed) on a Jasco model 7800 UV–vis spectrophotometer at
ambient (ca. 25 �C) temperature.

2.2. Alkane oxidations

The reactions of alkanes were typically carried out in air in
thermostated Pyrex cylindrical vessels with vigorous stirring and
using MeCN as a solvent (CAUTION: the combination of air or
molecular oxygen and H2O2 with organic compounds at elevated
temperatures may be explosive!). Typically, catalyst 1 and the
co-catalyst (an acid) were introduced into the reaction mixture
in the form of stock solutions in water and acetonitrile, respec-
tively. The substrate was then introduced and the reaction started
when hydrogen peroxide (50% in H2O) was added in one portion.
The reactions were stopped by cooling and were analyzed by GC
using a Fisons Instruments GC 8000 series gas chromatograph with
a capillary column 30 m � 0.32 mm � 25 lm, DB-WAX (J&W) (he-
lium was the carrier gas; nitromethane was the internal standard).
Since the oxygenation of alkanes usually gives rise to the formation
of the corresponding alkyl hydroperoxides as the main primary
products, their quantification was performed by a simple method
developed earlier by some of us [54–56]. In our kinetic studies
for precise determination of oxygenate concentrations only data
obtained after reduction of the reaction sample with PPh3 were
usually used, taking into account that the original reaction mixture
typically contained the three products, cyclohexyl hydroperoxide
(as a primary product), cyclohexanone and cyclohexanol.



28 M.V. Kirillova et al. / Journal of Catalysis 268 (2009) 26–38
3. Results

In the present work, we have used cyclohexane as a recognized
substrate model [57], also in view of the importance of the prod-
ucts (i.e. cyclohexanol and cyclohexanone are intermediates in ny-
lon-6,60 and polyamide-6 productions) [57,58], whereas other
alkanes (Table 1) have been applied in the selectivity tests. Hence,
heating a solution of cyclohexane, CyH, in acetonitrile at 50 �C with
50% aqueous hydrogen peroxide in the presence of compound 1
leads to a slow oxygenation of the alkane (Fig 1, curve 1a). As ex-
pected [30–34,36], the reaction is noticeably accelerated if an acid
promoter (ca. 10 equivalents relatively to catalyst) is added. Exam-
ples of the kinetic curves of the reactions co-catalyzed by nitric,
acetic, trifluoroacetic (TFA), sulfuric and hydrochloric acids under
various conditions are shown in Figs. 1 and 2. The oxidation in
the presence of sulfuric acid occurs with an auto-acceleration
and gives finally cyclohexanone as the main product (after PPh3)
(Fig. 2, graph c). Although all tested acids exhibit noticeable pro-
moting effects, we have unexpectedly observed that in the pres-
ence of HCl the reaction proceeds extremely rapidly (Fig. 2, graph
d), being one order faster than those promoted by the other acids,
although under the used conditions the reagents conversion into
the oxygenated products does not increase to values beyond
5�6%. Taking also into consideration that the oxidations occur
rather efficiently in the presence of TFA, the current study focused
on the detailed investigation of the promoting effects of HCl and
TFA.

3.1. Oxidation in the presence of HCl

The oxidation of cyclohexane in the presence of HCl is very fast
and can be completed in ca. 10 min under, e.g. the reaction condi-
tions shown in Fig. 2d. At this time, the reaction mixture contains
(after reduction with PPh3) cyclohexanol and cyclohexanone in
approximately equal concentrations (Fig. 2, graph d). This testifies
[54–56] that cyclohexyl hydroperoxide formed as the primary
product is rapidly decomposed in the course of the reaction to
more stable cyclohexanone and cyclohexanol. Indeed, when cyclo-
hexyl hydroperoxide is present in the reaction solution in rela-
Table 1
Selectivity parameters in the oxidation of alkanes.a

Entry System C(1):C(2):C(3):C(4)

n-Heptane n-

1 1–HCl–H2O2 (MeCN, 50 �C) 1.
2 1–CF3COOH–H2O2 (MeCN, 50 �C) 1.0:8.4:6.7:5.3 1.
3 1–HNO3–H2O2 (MeCN, 50 �C) 1.0:6.5:6.5:5.5
4 Cu(NO3)2–HNO3–H2O2 (MeCN, 50 �C) 1.0:6.7:6.0:4.7
5 VO3–PCA–H2O2 (MeCN, 40 �C)b 1:9:7:7 1:
6 VO3–H2SO4–H2O2 (MeCN, 50 �C)c 1:7:6.5:6.5 1:
7 hm–H2O2 (MeCN, 20 �C) 1:7:6:7
8 FeSO4–H2O2 (MeCN, 20 �C) 1:5:5:4.5
9 Ni(ClO4)4 –H2O2 (MeCN, 70 �C)d 1:6.3:7.2:6.1
10 2-H2O2 (MeCN, 60 �C)e 1:5.5:5.0:4.6
11 NaAuCl4–H2O2 (MeCN, 75 �C)f 1:35:25:23
12 3–MeCO2H–H2O2 (MeCN, 25 �C)g 1:46:35:34 1:

a Reaction conditions for entries 1–3 are similar to those used in the experiments show
mixtures with triphenylphosphine before GC analysis and calculated based on the ratios
after reduction with PPh3 were normalized, i.e., recalculated taking into account the num
reactivities of hydrogen atoms at carbons 1, 2, 3 and 4 of the n-heptane or n-octane chai
primary, secondary and tertiary carbons of branched alkanes. Parameter trans/cis is dete
orientation of the methyl groups. Abbreviations: MCH is methylcyclohexane; cis-DMCH

b PCA is pyrazine-2-carboxylic acid. For this system, see [61,62].
c For this system, see [72].
d In the presence of TMTACN (1,4,7-trimethyl-1,4,7-triazacyclononane). For this syste
e Compound 2 is the complex (2,3-g-1,4-diphenylbut-2-en-1,4-dione)undecacarbony
f For this system, see Ref. [75].
g Compound 3 is the complex [Mn2L2(l-O)3]2+ where L is 1,4,7-trimethyl-1,4,7-triaza
tively high concentration (for examples, see below) the reduction
of the samples with PPh3 gives predominantly cyclohexanol.

The oxidation process is accompanied with changes in the elec-
tronic spectra of the solution (Fig. 3). Addition of HCl to the solu-
tion of 1 and cyclohexane leads to some decrease of the
absorptions with maxima at ca. 750 and 950 nm. When H2O2 is
added, the intensities of the both bands become lower. Among
all the components of the reaction solution, only copper complexes
absorb light in the k region above 400 nm. Hence, the registered
changes in the electronic spectra indicate that the starting complex
is changing in the course of the alkane oxidation reaction, by gen-
erating the active species with the formation of Cu(I) intermediates
(see below). Acetonitrile and chloride ions as a ligands can stabilize
copper(I) complexes towards the oxidation, and we can assume
that the rate constant of the Cu(II) regeneration via the oxidation
of Cu(I) by H2O2 is not high. As a result, the amount of low-valent
copper in the course of the catalytic process can be relatively high.
This conclusion is supported additionally by the ESR method (see
below). The presence at ca. 720 nm of an isosbestic point (as con-
firmed later) at the initial period of the oxidation indicates that the
starting tetramer 1 is transformed in the beginning of the reaction
into only one light-absorbing species. It should be noted that an
unidentified absorbance minimum has also been observed in all
spectra at ca. 945 nm.

The ESR spectra of the reaction solution in the course of the
interaction of 1 with HCl exhibit an anisotropic signal at about
g = 2.13 with peak-to-peak width of 200 G (Fig. 4), being diagnostic
of low-spin S = 1/2 copper(II) complexes, either mononuclear or
multinuclear ones with at least one non-interacting copper atom.
The ESR signal shape in Fig. 4 becomes more symmetric with time
indicating some minor changes in the generated copper(II) com-
plex structure in the course of the interaction with HCl. The total
concentration of the generated copper(II) species grows during
the initial period and becomes approximately stable after 20 min
of the reaction (Fig. 5).

We studied the dependence of the initial rate W0 of cyclohexane
oxidation on the concentration of catalyst 1 (Fig. 6). As compound
1 was introduced into the reaction mixture in the form of a stock
solution in H2O, the water concentration increased on rising the
1�:2�:3� trans/cis

Octane Methylcyclohexane cis-DMCH trans-DMCH

0:4.3:3.7:3.4 1:13:22 0.9 1.0
0:5.1:5.2:4.3 1:5:14 0.8 0.8

0.84 0.85
0.85 0.74

7:7.5:5 1:6:18 0.75 0.8
10:10.5:8.5 1:7:26 0.85 0.90

0.9
1.3

1:7:15
1:4:10 0.9
1:116:255

29:25:24 1:26:200 0.34 4.1

n in Figs. 1 and 2. All parameters were measured after the reduction of the reaction
of isomeric alcohols. The calculated parameters from the concentrations of alcohols
ber of hydrogen atoms at each carbon. Parameters C(1):C(2):C(3):C(4) are relative

n. Parameters 1�:2�:3� are relative normalized reactivities of the hydrogen atoms at
rmined as the ratio of the formed tertiary alcohol isomers with mutual trans and cis
and trans-DMCH are isomers of 1,2-dimethylcyclohexane.

m, see [73].
l triangulotriosmium. For this system, see [74].

cyclononane. For this system, see [64,76].
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Fig. 2. Cyclohexane oxidation with hydrogen peroxide catalyzed by compound 1
(1 mM) in the presence of different acids (10 mM): CH3COOH (a), CF3COOH (b),
H2SO4 (c) and HCl (d). The kinetic curves for the accumulation of cyclohexanol
(curve 1) and cyclohexanone (curve 2) with time obtained after the reduction of the
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acetonitrile (total volume of the reaction solution was 5 mL).
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concentration of 1 (Fig. 6, curve 1). In a special set of experiments,
H2O was added to maintain the constant water concentration
(1.61 M; Fig. 6, curve 2) in all reactions. It can be clearly seen that
in both cases the dependence curves have an S-shape.

Two sets of experiments at different constant concentrations of
water have been carried out to evaluate the dependence of initial
oxidation rate on the concentration of HCl co-catalyst. In the first
set, water concentration was 1.17 M being dependent on the con-
centration of added aqueous HCl (Fig. 7, curve 1). In the second set,
the oxidations were carried out at a higher fixed concentration of
water (4.0 M; Fig. 7, curve 2). As it can be seen from Fig. 7, in both
cases the curves have maxima at the [HCl]0 of 1.50 (curve 1) or 4.50
(curve 2). Such a difference in the maxima position apparently
indicates that the initial reaction rate W0 also depends on the con-
centration of water. This has been confirmed in a separate experi-
ment (Fig. 8), which demonstrates that the increase of the total
water concentration [H2O]total in the reaction mixture from 1 to
4 M leads to a drastic acceleration of the reaction, resulting in
the W0 growth from ca. 15 � 10�6 to 110 � 10�6 M s�1. However,
further augmentation of the [H2O]total above 4 M (optimal value)
is not favourable giving a W0 drop. To our knowledge, such a
rate-accelerating role of water in the reaction of cyclohexane oxi-
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dation is unusual and constitutes an important feature of the pres-
ent system. Although a remarkable accelerating effect of H2O as a
co-solvent in the catalytic oxidation of catechols with a dinuclear
Cu(II) complex has been reported recently [59], such a promoting
role of water with respect to alkane transformations is limited to
single studies [52,60].

The dependence of W0 on the initial concentration of cyclohex-
ane reaches a plateau at [CyH]0 > 0.2 M (Fig. 9), while the depen-
dence on the initial concentration of hydrogen peroxide is linear
at [H2O2]0 < 0.6 M (Fig. 10). The latter figure also features an exam-
ple of remarkably fast oxidation of cyclohexane in the presence of
HCl additive, which is characterized by a very high value of W0 (ca.
135 � 10�6 M s�1). This W0 value is significantly higher than those
typically obtained in the analogous reaction promoted by TFA (see
below), or in the other alkane oxidation systems based on, e.g.,
vanadium [54–56,61,62], iron [63] and manganese [64] catalysts
previously studied by some of us. Yet another feature of the pres-
ent catalytic system (1 + HCl) consists in the very high turnover
frequencies (TOFs) (moles of oxidation products per mol of catalyst
per hour) that reach values of up to ca. 600 h�1 (e.g. under the reac-
tion conditions of Fig. S1a, graph e).

3.2. Oxidation in the presence of CF3COOH

The cyclohexane oxidation in the presence of trifluoroacetic
acid typically proceeds one order slower than that promoted by
HCl, and an auto-acceleration can be clearly seen (Fig. 11, curve
1). In further studies, as the processes occur with auto-accelera-
tion, we measured the maximum rate W0 from the slope of the dot-
ted line (Fig. 11, curve 1a) of the reaction after the lag period. In a
special experiment, all components, except H2O2, were mixed in
the beginning of the reaction and the system was incubated for
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60 min prior to the addition of hydrogen peroxide (Fig. 11, curve 2).
The kinetic curve for the accumulation of oxygenates in this case
was very similar to curve 1. It can be, thus, concluded that heating
of compound 1 and TFA does not lead to the formation of a catalyt-
ically active species. In the second special experiment, the reaction
was incubated with 1, TFA and H2O2 for 30 min prior the addition
of cyclohexane. In this case, the oxidation proceeds much faster
(Fig. 11, curve 3). Based on this experiment, we can conclude that
a catalytically active species is formed in the interaction between
1, TFA and H2O2. Curve 1 shows that the oxidation process stops
after 60 min. However, if we add a new portion of hydrogen perox-
ide the reaction continues and this procedure can be repeated
(Fig. 11, curve 4). This experiment testifies that the catalytic spe-
cies is not deactivated in the course of the oxidation process, being
in accord with the recognized ability of 1 to be multiply recycled
[31].

The oxidation is accompanied with changes in the electronic
spectra of the solution (Fig. 12). Addition of TFA to the mixture
of 1 and CyH leads to some decrease of the absorptions with max-
ima at ca. 750 and 950 nm. When H2O2 is added, the intensities of
both bands become lower. Similar changes can be noticed further
when the oxidation occurs. All changes proceed with an isosbestic
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oxidation with hydrogen peroxide (0.5 M) catalyzed by compound 1 (1 mM) in
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point at ca. 720 nm. The changes in the spectrum are similar to
those observed in the presence of HCl (compare Figs. 12 and 3).
A noticeable difference in the reaction rates for TFA- and HCl-pro-
moted oxidations is apparently the consequence of the higher
coordination ability of chloride anion in comparison with trifluoro-
acetate. Thus, we can assume that Cl– enters into the coordination
sphere of the active copper species increasing its reactivity.

Using ESR spectroscopy, we studied the changes in the total
copper(II) concentration ([CuII]total) in the course of the interaction
of 1 with TFA and H2O2. Concentration [CuII]total increases during
1 h of interaction of 1 with TFA approaching a constant value
(Fig. 13, graph A). Addition of H2O2 at the beginning of the interac-
tion leads to [CuII]total growth only after 10 min of the reaction
(Fig. 13, graph B). H2O2 addition to the sample under conditions
of Fig. 13, graph A, after 10 min of the reaction results in total dis-
appearance of copper(II) complexes in the reaction mixture for
about 20 min, then [CuII]total increases again (Fig. 13, graph C;
Fig. 14). At higher concentration of Cu(II), the same system displays
an ESR spectrum with resolved components at gk = 2.37, g? = 2.08
(see Supporting Information, Fig. S7). These g-values are diagnostic
of copper(II) complexes, either mononuclear or multinuclear with
at least one non-interacting copper atom [65–67].
The dependence of W0 on the concentration of catalyst 1 at var-
iable and fixed concentrations of water exhibits a maximum at
[1] �1 mM (Fig. 15). The maximum can be clearly seen also on
the curve of the W0–[TFA] dependence corresponding to the ratio
[TFA]:[1] = 4 (Fig. 16), what indicates that only one proton is re-
quired to activate each copper triethanolaminate moiety of 1 and
to reach the optimal performance in cyclohexane oxidation. Hence,
it is reasonable to assume that 1 reacts through monoprotonation
of each triethanolaminate ligand with cleavage of the correspond-
ing Cu–O(H)triethanolaminate bond. Rupture of Cu–O bond can also oc-
cur upon protonation of the bridging oxo-ligand. Such cleavages
should promote the reactivity due to the generated metal
unsaturation.

As in the case of the reaction promoted by HCl, the addition of
water also accelerates the oxidation in the system with TFA
(Fig. 17). The important promoting role of water is also evident
from Fig. 18, which shows the kinetic curves at two different con-
centrations of H2O (i.e. 3.27 and 7.00 M), for constant concentra-
tions of all the other reagents. It can be clearly seen that at
higher [H2O] the induction period is short (ca. 10 min), while at
lower [H2O] it is longer and ends after ca. 40 min reaction time.
Similarly to the case of HCl, the dependence of W0 on the initial
concentration of cyclohexane has a plateau at [CyH]0 > 0.2 M
(Fig. 19). The dependence of W0 on the initial concentration of
hydrogen peroxide is linear in the interval 0 < [H2O2]0 < 1 M
(Fig. 20). Although the TFA co-catalyst shows a noticeable promot-
ing effect, it concedes to that of HCl, showing only the maximum
W0 and TOF values of ca. 25 � 10�6 M s�1 (Figs. 18 and 20) and
90 h–1 (Fig. S8), respectively.
4. Discussion

4.1. The nature of the oxidizing species

The mode of dependence of the cyclohexane, CyH, oxidation on
its initial concentration in the presence of HCl (Fig. 9) and TFA
(Fig. 19) is in accordance with the assumption that the oxidation
is induced by an active oxidizing species X which is generated by
the catalytic system. At a high concentration of CyH, the rate of
its oxidation is maximal, it does not depend on [CyH]0 and corre-
sponds to the rate of generation of the oxidizing species. At a
low concentration of CyH, the rate of the alkane oxidation is lower
because not all the generated oxidizing species interact with CyH.
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In the last case, the pathways of interaction between the transient
active oxidizing species with other oxidizable components of the
system become important and they compete with CyH in the oxi-
dation process. Previously we assumed [63,68] that in other our
systems with such a mode of dependence of W0 on [CyH]0 (Figs.
9 and 19), the solvent (acetonitrile) is the substance which plays
the role of a substrate competing with CyH for the oxidizing spe-
cies. Assuming that in the system under consideration acetonitrile
also competes with cyclohexane for the oxidizing species X, we can
create the following kinetic scheme.

H2O2 þ 1 !
Hþ ;H2Oð Þ

X ðiÞ

Xþ CyH ! products ð1Þ
XþMeCN ! products ð2Þ
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Here (i) is the effective reaction of generation of the active species X
by the catalytic system with the rate Wi. The main initial product
formed from cyclohexane is cyclohexyl hydroperoxide. Acetonitrile
is a relatively inert solvent that is successfully used in various oxi-
dative transformations of alkanes [2,3,31]. However, it has been
shown previously [69] that MeCN can be oxidized with the partic-
ipation of hydroxyl radicals affording formaldehyde, formic acid
and CO2. Besides, peroxyimidic acid can be also generated from
MeCN in a basic medium [70]. Nevertheless, under the mild slightly
acidic conditions of the present work, the oxidation of acetonitrile is
not appreciable. Indeed, we have found (see below) that the ratio
between the rate constants of acetonitrile (k2) and cyclohexane
(k1) oxidation is ca. 0.006. The analysis of the kinetic scheme (i),
(1), (2) based on an assumption that the concentration of X is qua-
si-stationary led to Eq. (3) for the cyclohexane oxidation rate.
W0 ¼
d½CyH�

dt
¼ W i

1þ k2 ½MeCN�
k1 ½CyH�

ð3Þ

The ratio of rate constants for the interaction of species X with
MeCN and CyH (k2/k1) characterizes the reactivity of X. This
parameter can be used in the identification of the transient species
X. It should be noted that the kinetic characteristic k2/k1 of the spe-
cies X experimentally measured in accord with Eq. (3) does not de-
pend on the proposed mechanism of the catalytic reaction and
therefore the objective parameter k2/k1 can be used as a measure
of the species X reactivity. It has been shown previously [63] that
for hydroxyl radicals generated in the photolysis of H2O2 the value
of the k2/k1 ratio is 0.01. A similar k2/k1 value has also been ob-
tained for other systems operating with the formation of hydroxyl
radicals [63,71].

The experimental data presented in Fig. 9 for the co-catalysis by
HCl allow us to approximately determine the parameter k2/k1. Con-
centration of cyclohexanol at which the oxidation rate W0 is equal
to ½ of the maximal rate is [CyH]0 = 0.1 M and k2[MeCN]/
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k1[CyH] = 1. As [MeCN] � 17 M, the value k2/k1 � 0.006 is obtained,
being close to the value 0.01 measured in the photochemical gen-
eration of hydroxyl radicals. The dependence of W0 on [CyH]0 for
the case of co-catalysis by TFA allows us to check if there is an
agreement between the experimental data (Fig. 19, curve 1) and
Eq. (3). It can be seen that the dependence of W�1

0 on ½CyH��1
0 is de-

picted as a straight line (curve 2) which is in accord with Eq. (3).
This fact supports the proposed kinetic model. In accordance with
these data, the k2/k1 of 0.012 is estimated, being identical to that
(0.01) [63,71] typical for the reaction mechanisms that proceed
via the interaction of cyclohexane and acetonitrile with hydroxyl
radicals. Thus, on the basis of kinetic data we can conclude that
both catalytic systems under consideration (containing HCl and
CF3COOH) generate hydroxyl radicals as active oxidizing species.
To get an additional support for this proposal, we measured the
selectivity parameters in oxidations of certain linear, branched
and cyclic saturated hydrocarbons. The results are summarized in
Table 1, where the data for some other oxidizing systems are given
for comparison. The regioselectivity parameters determined for the
oxidation, by the systems under consideration (entries 1–3) and
copper nitrate (entry 4), of n-heptane and n-octane are relatively
low, i.e. C(1):C(2):C(3):C(4) � 1:(5–10):(5–10):(5–10). These val-
ues are close to the parameters determined previously for systems
which oxidize alkanes with the participation of hydroxyl radicals
(compare with the parameters summarized in entries 5–9 of Table
1). The corresponding selectivity parameters for the systems that
do not involve active oxygen-centred radicals (entries 9–12) are
noticeably higher. As in the case of linear alkanes, the bond-selec-
tivity parameter (1�:2�:3�) in the oxidation of methylcyclohexane
catalyzed by 1 is close to the corresponding values found for the
systems oxidizing alkanes with hydroxyl radicals (compare with
the parameters summarized in entries 5–10). The oxidation of
cis- and trans-1,2-dimethylcyclohexanes proceeds non-stereose-
lectively as the trans/cis ratios of isomeric alcohols (after reduction
with PPh3) were of ca. 1 (Table 1). The corresponding selectivity
parameters for the systems that do not involve active oxygen-cen-
tred radicals (entries 11 and 12) can be noticeably higher. Thus, on
the basis of the selectivity parameters, we can also assume that the
alkane oxidation reactions catalyzed by compound 1 proceed via
the formation of hydroxyl radicals.
4.2. Effect of added acids

Addition to the reaction mixture of the acids we have tested
(HCl, H2SO4, HNO3 and CF3COOH) leads to a significant increase
of the oxidation rates and changes the kinetic curves (Figs. 1 and
2). Although the role of such acid co-catalysts remains not fully
established, one should mention their expected participation in
proton-transfer steps leading to the activation of 1 via protonation
of ligands (triethanolaminate and/or bridging oxo), and the promo-
tion of unsaturation of the copper centres, as well as in the
enhancement of the oxidizing properties of the metal and of hydro-
gen peroxide (the decomposition of the latter can also be sup-
pressed in acidic medium) [31,33,36]. It should be noted that the
effects of HNO3 and CF3COOH are similar and the reaction rate de-
pends on the acid concentration (Fig. 16). For example, the reaction
rate growths upon increasing the acid concentration from 0 to
[TFA] = 4[1]0, presumably affording catalytically active species
upon reductive transformations with the participation of H2O2

(see below). The decrease of the reaction rate at [TFA] > 4[1]0 is
probably due to the decrease of the equilibrium concentration of
H2O2 as a reducing reagent (HOO–), as a result of shifting the equi-
librium (4) to the left when the acid concentration grows.
H2O2 ¡ HOO� þHþ ð4Þ
Alternatively, the reaction rate drop can be associated with the
decreasing concentrations of copper(II) peroxo complexes formed
as shown by the simplified Eq. (5), in line with increasing acid con-
centration (hereinafter, in all equations involving copper species,
triethanolaminate and l4-oxo-ligands of 1 are omitted for the sake
of clarity).
CuII þH2O2 ¡ CuIIOOHþHþ ð5Þ

The promoting behaviours of other strong (H2SO4 and HCl) and
weak (CH3COOH) acids are not similar and depend on the acid nat-
ure. Thus, we can assume that the role of these acids consists not
only in the protonation of ligands in the starting compound 1,
but also in the formation of an intermediate species with copper
ions and sulfate, chloride or acetate anions. To this regard, the
remarkable promoting effect of HCl can be associated with the rec-
ognized ability of chloride ions to stabilize the Cu(I) oxidation state
through the generation of species with terminal or bridging chlo-
ride ligands [77].
4.3. Formation of catalytically active species

When a low concentration of TFA is used, it is possible to clearly
see an auto-acceleration on the kinetic curves (Fig. 11, curves 1 and
2). This mode indicates that a catalytically active form of the cop-
per catalyst is generated in the beginning of the process upon pro-
tonation of the starting compound 1. ESR is indicative of the
formation of a species with at least one non-interacting Cu(II)
atom. A further step occurring during the auto-acceleration period
is the reduction of the formed Cu(II) species by H2O2 to afford a
Cu(I) species that is stabilized in the acetonitrile solution. The gen-
eration of the active species that oxidizes alkanes occurs in the oxi-
dation–reduction cycle of copper ions by hydrogen peroxide.
Kinetic studies and the selectivity parameters (see above) indicate
that this active oxidizing species is the hydroxyl radical, which is
formed in the Fenton-type reaction of one-electron oxidation of
Cu(I) by hydrogen peroxide with the formation of hydroxyl radical
and Cu(II) (see below).
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4.4. Oxidase versus catalase activities

It is evident from Fig. 11 (curves 1 and 4) that under the used
experimental conditions (given in figure caption) the cyclohexane
oxidation catalyzed by 1 + TFA approaches a plateau after ca.
60 min. This can be associated either with full consumption of
the hydrogen peroxide at this time or with achievement of a sort
of kinetic equilibrium, but not with the deactivation of the catalyst.
This conclusion is supported by the experiment depicted by curve
4, where the addition of a new portion of hydrogen peroxide (in the
concentration equal to that in the beginning of the reaction) to the
reaction mixture after completing the oxidation leads to the addi-
tional formation of the oxygenates in concentrations slightly infe-
rior to that after the first run. Along with a possible decrease of
catalyst activity, the slightly lower concentrations of oxygenates
in those subsequent tests can be associated with the dilution of
the reaction mixture due to the increased water content coming
with the new portions of H2O2. The second and third runs occur
without auto-acceleration which was typical for the first run.
Moreover, the initial compound 1 can be easily recovered in a crys-
talline form from the reaction mixture at the end of reaction in an
amount close to the initial one. This important feature indicates
that the ligands at copper ions are not oxidized in the course of
the reaction and the transformations of complex 1 are reversible,
thus allowing its multiple recycling.

Taking into account that for [CyH]0 > 0.2 M all active species
generated by the system are accepted by the alkane and the sol-
vent (Figs. 9 and 19), we can propose that only a few percent of
H2O2 decompose via the mechanism with participation of hydroxyl
radicals. This is in line with the recognized ability of copper com-
plexes to catalyze H2O2 decomposition [78]. A dependence of the
CyH oxidation rate on [1]0 is close to quadratic at low initial con-
centration of 1 in both systems with HCl (Fig. 6) and TFA
(Fig. 15) co-catalysts. This fact is indicative of uncommon sec-
ond-order (with respect to catalyst) reaction kinetics, revealing
that two copper ions take part in the rate-limiting step of the cat-
alytic generation of hydroxyl radicals. The decrease of the cyclo-
hexane oxidation rate at higher concentration of 1 (>1 mM for
the case of CF3COOH) is apparently due to the decomposition of
substantial amount of H2O2 via the catalase mechanism before
attaining the maximum reaction rate. Indeed, the part of H2O2

which is involved into the CyH oxidation is decreased at high con-
centration of 1 while the part of hydrogen peroxide which decom-
poses via the catalase mechanism increases.
4.5. On the mechanism of the generation of hydroxyl radicals

On the basis of all obtained experimental data, the simplified
catalytic reaction Scheme 2 can be proposed. In the first step a,
the tetranuclear copper complex 1 is transformed, upon proton-
ation by the acid co-catalyst, into a species LCuII that bears at least
one non-interacting Cu(II) atom.

The ESR spectra demonstrate the accumulation of such a type of
species with time (see Fig. 13, graph A). This transformation is
rather fast when using HCl, while the lag period can be seen in
the reaction promoted by TFA. Complex LCuII is not the active spe-
cies towards the alkane because the preliminary incubation of the
catalyst precursor 1 with trifluoroacetic acid does not remove the
lag period (Fig. 11, curve 2).

In the subsequent step b, species LCuII reacts with H2O2 to pro-
duce a peroxo derivative LCuIIOOH which, by reaction with the par-
ent LCuII (step c) gives two reduced LCuI species with a dioxygen
molecule and the proton. This step c is a rate-limiting process
which is responsible for the second-order in respect to the catalyst
precursor 1. It can occur via a LCuIIOOH + LCuII combination with
transfer (reaction (6)) of two electrons from the hydrogen peroxide
anion to the two copper(II) ions.

ð6Þ

The overall (b + c) reaction corresponds to the reduction of two LCuII

molecules by one H2O2 molecule to afford two LCuI (reaction (7)). In
accord with this, the ESR spectra show that the addition of H2O2

leads to the disappearance of LCuII due to its reduction to a Cu(I)
derivative.

LCuII þH2O2 þ LCuII ! 2LCuI þ 2Hþ þ O2 ð7Þ

Species LCuI is believed to be catalytically active, since the incu-
bation of 1 with both TFA and H2O2 eliminates the lag period (see
Fig. 11, curve 3). It reduces H2O2 to produce the hydroxyl radical
with regeneration of LCuII (step d, Scheme 2; reaction (8)).

LCuI þH2O2 ! LCuII þHO� þHO� ð8Þ

The interaction of copper-containing species with hydrogen
peroxide proceeds apparently via the intermediate formation of
unstable peroxo complexes. Various peroxo derivatives of copper
[79] are well known to take part in biological [80–82] and chemical
[83,84] oxidations with the participation of copper ions. It should
be noted that dinuclear copper peroxo complexes [85–89] are
the most common in such transformations, although tetracopper
peroxo compounds are also known [90,91]. It has been recently
shown that the addition of hydrogen peroxide to aqueous solutions
of dicopper complexes produces an intermediate that subse-
quently decays with the concomitant generation of the hydroxyl
radical [92]. Besides, light irradiation is known to enhance the abil-
ity of copper to undergo Fenton-like reactivity with the generation
of hydroxyl radicals [93].

The hydroxyl radical generated in step d (see also reaction (8))
attacks the hydrocarbon molecule, RH, abstracting a hydrogen
atom to produce the alkyl radical (reaction (9)) which rapidly re-
acts with molecular oxygen present in the solution to form the
alkylperoxyl radical ROO� (reaction (10)).

RHþHO� ! R� þH2O ð9Þ
R� þ O2 ! ROO� ð10Þ

The alkylperoxyl radical can be reduced by a Cu(I) ion to the corre-
sponding anion which is further transformed into the main primary
alkyl hydroperoxide product (reactions (11) and (12)).
ROO� þ CuI ! ROO� þ CuII ð11Þ
ROO� þHþ ! ROOH ð12Þ
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The resulting alkyl hydroperoxide would undergo the copper-
assisted homolytic decomposition to yield the alkoxyl RO� and
alkylperoxyl ROO� radicals (reactions (13) and (14), respectively)
[1,3,32,54,94].

ROOHþ CuI ! RO� þ CuII þHO� ð13Þ
ROOHþ CuII ! ROO� þ CuI þHþ ð14Þ

The alkoxyl radicals would form the alcohol (ROH) by H-abstraction
from the alkane (Reaction (15)), while the peroxyl radicals would
dismutate (Reaction (16)) furnishing both the alcohol and the ke-
tone (R0@O) [3,32,54].

RO� þ RH ! ROHþ R� ð15Þ
2ROO� ! ROHþ R0@Oþ O2 ð16Þ

Although to a lesser extent, an alternative metal-free pathway for
the decomposition of ROOH can also take place resulting in the for-
mation of ROH and R0@O [95,96].
5. Conclusions

In the present work, we have further explored the recognized
[30,31] application of the tetracopper(II) triethanolaminate com-
plex 1 for the oxidation of alkanes with hydrogen peroxide under
mild conditions, by reporting the kinetic, selectivity and mechanis-
tic aspects of this transformation. Based on the combination of
experimental kinetic, ESR and UV–vis studies, it has been found
that a slight modification of the type of acid promoter (co-catalyst)
can affect substantially the reaction rate. Hence, although HNO3

and TFA act in a similar way, other strong acid additives such as
H2SO4 and HCl exhibit rather different behaviours. An important
feature of the system promoted by HCl consists in the remarkable
fast oxidation of cyclohexane that is characterized by the very high
values of initial reaction rate W0 (up to ca. 135 � 10–6 M s–1) and
TOF (up to ca. 600 h�1). This high activity enhancement is only ob-
served in the 1 + HCl system, whereas the promoting effect of
hydrochloric acid on other copper complexes [57] or simple copper
salts is comparable to those of other strong acids.

The study also disclosed an unusual promoting role of water
showing that the rate of cyclohexane oxidation in acetonitrile is
strongly dependent on the H2O amount, following an increasing
trend at higher concentrations of water (e.g. W0 = 15 � 10�6 at
1 M H2O versus W0 = 110 � 10�6 M s�1 at 4 M H2O; see Fig. 8). This
contrasts significantly with the majority of state-of-the-art sys-
tems for alkane oxidations where water plays typically an inhibit-
ing role. Such a promoting feature of H2O can be also of potential
practical importance, allowing the use of diluted aqueous solutions
of hydrogen peroxide that are generated in situ. Although not yet
fully established, the role of water in the present work conceivably
consists on the solubilization and activation of catalyst, formation
and stabilization of intermediate aqua- and/or hydroxo Cu com-
plexes, as well as in the facilitation of H-transfer steps, crucial in
the generation of HO� radicals. To this regard, it should be men-
tioned that a ‘‘water-assisted” mechanism has been theoretically
proposed in the [MeReO3]/H2O2/H2O�CH3CN system [60]. Further-
more, an unprecedented hydroxylating role of water has been re-
cently disclosed by some of us and supported by radical trap,
H2

18O and DFT studies in the aqueous-medium carboxylation of al-
kanes to carboxylic acids promoted by compound 1 [52].

Another interesting feature of the present work consists in the
uncommon second-order concerning the catalyst reaction kinetics.
This indicates that in the rate-limiting step two copper species re-
act with one H2O2 molecule to generate hydroxyl radicals which
attack the hydrocarbon. Besides, the kinetic and ESR investigations
pointed out the catalyst precursor nature of 1 which, under the ac-
tion of an acid, hydrogen peroxide and water, is transformed into
catalytically active Cu(I) species. The latter was found to not be
deactivated in the course of alkane oxidation, allowing its multiple
recycling.

The observed features of the 1 + HCl catalytic system should be
taken into consideration in future developments towards exploring
the mild oxidative transformations of other alkanes and employing
cheaper oxidants (air or dioxygen) rather than hydrogen peroxide.
Given the high activity and recyclability of 1, further work is cur-
rently in progress aiming at its heterogenization on various sup-
ports and the establishment of the catalytic potential for alkane
oxidations under heterogeneous conditions.
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