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Chemical model of oxidases. Cul-catalyzed oxidation of
secondary alcohols by dioxygen
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Oxidation of secondary alcohols (2-propanol, 2-butanol, and cyclohexanol} by dioxygen,
catalyzed by Cul and o-phenanthroline complexes, in the presence of alkali, was studied, The
conditions under which oxidative dehydrogenation of secondary alcohols result in fast
formation of ketones as the only primary oxidation products were found. Bis-phenanthrolinates
[Cufphen),|* are the active forms of the catalyst. The catalytic tumover humber for
complexes between copper(t) and o-phenanthroline is I to 2 ™1 at room temperature.

Kinetic regularities of the reaction are similar to those of the oxidation of aleohols in the
presence of oxidases. The mechanism of the process is proposed, suggesting that the
oxidation of secondary alcohols occurs vig a concerted two-electron mechanism involving a
stage of formation of the ternary complex [Oy...Cu(phen),*..."OCHRI!R2]. It is significant
for the oxidation mechanism that a hydrogen atom is transferred from the anionic form of 2
substrate to oxygen, which is confirmed by the value of the kinetic isotope effect ky/kp = 2.1.

Key words: oxidation by dioxygen, homogeneous catalysis, copper{l) phenanthrolinates,
2-propanol, models of oxidases, two-electron oxidation, biomimetics,

Oxidation of alcohols to aldehydes or ketones plays
an important role in organic synthesis, Ruthenium!—3 or
coppert—® compounds are used, as a rule, in most
promising catalytic systems of mild and selective oxida-
tion of alcohels to carbonyl compounds by dioxygen.
Copper compounds can be considered as the models of
copper-containing oxidases, which play a substantial
role in biological systems.” ,

The use of ruthenium- and copper-containing cata-
Ivtic systems allows one to achieve a high selectivity in
oxidation of primary and secondary alcohols to alde-
hydes and ketones (up to 98 % with respect to a substrate
consumed). However, the activity of known catalytic
systems, whose measure is the catalytic turnover num-
bers per catalyst species per second {t.n.), is severai
orders of magnitude lower than the activity of oxidases.

It has been shown in our previous works that in
alkaline aprotic media copper(:) complexes with
o-phenanthroline (phen) are capable of catalyzing
oxidation of primary alcohols 1o aldehydes by dioxygen
at temperatures close to room temperature®? with rates
that are several orders of magnitude higher than those
of traditional radical chain oxidation and approach
the rate of enzymatic oxidation. It seems that the reaction
mechanism has many common features with
the mechanism of alcohol oxidation by molecular oxy-
gen in the presence of oxidases.? However, secondary
alcohols almost do not undergo oxidation in strongly
alkaline media in the presence of copper phen-
anthrolinates.?

In this work the conditions for highly efficient
low-temperature oxidative dehydrogenation of secondary
alcohols are established and the mechanism of their
catalytic oxidation by molecular oxygen in the pre-
sence of copper phenanthroline complexes and bases is
studied.

Experimental

Oxidation of secondary alcohols (2-propanol, 2-butanol,
and cyclohexanol) was performed both in the absence of a
solvent and in acetonitrile at 20~30 °C. 2-Propanol-dg was
oxidized in acetonitrile.

Cul and Cul! complexes with phen were prepared by
dissohution of CuCl or Cully+2H,0 and phen in secondary
ajcohols in the 1 1 4 molar ratio. When 2-propanol-dg was
oxidized, CuCl and phen were dissolved in acetonitrile in the
1 : 15 molar ratio. Concentrations and compasitions of Cu!
and Cull phenanthroline complexes were determined spectro-
photometrically!® (extinetion coefficient of catalytically active
Cu! bis-phenanthroline complexes e = 7640 M1 cmlar ), =
430 nm corresponding to the absorption maximum (see
Ref. 11}

Alkali were added to an alcohol solution containing Cul
phenanthrolinate as granules or an alcohol sotution of NaOH
ar KOH (0.5~1.0 mol L71). In the latter case, a concentrated
alkaline solution was injected with a syringe into an oxidation
ceil attached 1o a gasometer. Oxygen absorption began imme-
diately after injection of the alkaline solution. Granules of
NaOH or KOH were added to a solution before stirring, and in
this case the reaction started after stirring and dissolving some
amount of the alkali.
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Reaction rates were controlled by the rates of dioxygen
absorption, consumption of a base, and accumulation of ketones
in the reaction medium. The concentration of ketones was
determined by GLC on a Varian 3400 instrument (10 %
polyethyleneglycol adipinate on Rysorb BLK, column 2 m in
length).

Results and Discussion

Kinetic regularities of catalytic oxidation of secondary
alcohols. Tt has been shown recently® that complexes of
Cu! with phen or 2,2’-dipyridyl (dipy) can catalyze
oxidative dehydrogenation of primary and secondary
alcohols by molecular oxygen in acetonitrile to form
aldehydes or ketones as the main reaction products.
Aromatic alcohols (benzhydrol) are oxidized at the
highest rates, and oxidation rates of aliphatic secondary
alcohols are the lowest. It is assumed that deprotonation
of a substrate by bases (dipy or phen) is an important
stage of the process. However, phen and dipy are weak
bases 12 and cannot efficiently deprotonate alcohols.
Even in the case of easily oxidized benzhydrol, oxida-
tion rates higher than 2+ 1073 mol L™! s7! and values
of t.n. > 3.1073 s7! can hardly be achieved. At the same
time, we demonstrated earlier that the use of copper(1)
complexes with phen and alkali as the cocatalysts makes
it possible to oxidize primary alcohols to aldehydes with
rates that are almost three orders of magnitude higher.8?
Such high differences in the rates of the processes in the
presence and absence of alkali are caused mainly by
different deprotonation degrees of alcohols.

Catalytic oxidation of primary alcohols in the presence
of copper phenanthroline complexes and alkali® can be
performed using secondary alcohols as inert solvents.
For example, benzyl alcohol is oxidized to benzaldehyde
in isopropyl alcohol solution with the selectivity close to
100 %.

The mechanism of oxidative dehydrogenation of pri-
mary alcohols suggested previously? did not allow us to
explain such drastic differences in oxidation rates of
primary and secondary alcohols. In this connection, we
attempted to find conditions that make it possible to
oxidize secondary alcohols in the presence of complexes
between copper and phen.

Alkalinity of a medium is one of the main parame-
ters, which determines the rate and selectivity of alcohol
oxidation in the presence of copper phenanthrolinates.
The effect of alkali on the rate and selectivity of oxida-
tion of secondary alcohols was studied using both Cul
and Cull phenanthroline complexes as the initial form
of the catalyst.

When [alkali]y/[catalyst], ~ 10 (that corresponds to
maximum oxidation rates of primary alcohols), after
adding alkali to the solution the catalyst (Cu! and Cull
phenanthrolinates) is immediately hydrolyzed in
2-propanol solutions, forming a brown precipitate; no
dioxygen absorption is observed.

At the same time, it was found that dioxygen is
absorbed with very high rate even at 20 °C (Fig. 1,
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Fig. 1. Kinetic curves of dioxygen absorption during 2-propanol
oxidation at 20 °C: I, [Cu(phen),]* = 5-1073 mol L7,
KOH = 5-107% mol L~! (instant when a new portion of
alkali is added is indicated by the arrow); 2, {Cu(phen),}?* =
5-1073 mol L™!, KOH (granules) = 0.015 mol L™!;
3, [Cu(phen),}2* = 5-1073 mol L™!, KOH (granules) =
0.030 mol L1 -

curve [), when the equimolar amount of KOH (or
NaOH) is added to a solution of [Cu(phen),]* in
2-propanol.

It follows from the absorption spectra of the oxidized
solutions in the visible region that when an alkali con-
tent in the system is low, the main portion of the
catalyst exists as Cu! bisphenanthroline complexes.

Acetone is the main product of the oxidation of
2-propanol under these conditions. The ratio be-
tween molar amounts of acetone formed and dioxygen
absorbed is close to 2 according to the stoichiometric
equation:

MeCH(OH)Me + 1/2 O, = MeCOMe + H,0, (1)

i.e., the selectivity of acetone formation with respect to
dioxygen absorbed is close to 100 %.

Oxidation of 2-propanol ceases after complete neu-
tralization of the alkali, which is related to either a slow
(compared to the oxidation of alcohol) oxidation of
acetone to acetic acid or to possible side reactions of
direct oxidation of alcoholate ions to acids. Addition of
an equimolar amount (with respect to the catalyst) of a
new portion of the alkali (see Fig. 1, curve I) com-
pletely restores the rate of oxygen absorption. Fractional
additions of the alkali make it possible to maintain a
very high rate of oxidation of 2-propanol to acetone up
to a content of acetone in the solution of >1.5 mol L1
Then the reaction rate decreases substantially due to
accumulation of a considerable amount of water, which
results in hydrolysis of the catalyst and in a decrease in
the stationary concentration of catalytically active
complexes [Cu(phen),]*.
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Under the conditions described, the alkali acts as the
cocatalyst of oxidation, because its consumption is not
greater than 1 mol per 100 mol of acetone formed.

Maximum oxidation rates for 2-butanol and cyclo-
hexanol in the presence of Cul phenanthrolinates and
equimolar amount of alkali are close to that for
2-propanol. However, consumption of alkali during oxi-
dative dehydrogenation of these alcohols is 1 mol per
5 to 10 mol of ketones formed (methylethylketone and
cyclohexanone, respectively). This is related to consider-
ably higher oxidation rates of ketones to acids compared
to that of acetone under the reaction conditions.13:14

The rate of dioxygen absorption and ketone accumu-
lation linearly increases with the stationary concentration
of [Cu(phen),}*. The stationary concentration of
copper(1) phenanthroline complexes increases under the
conditions of oxidation of secondary alcohols with the
concentration of free phen. An increase in the con-
centration of alkali results in an opposite effect: Cul
phenanthroline complexes in strongly alkaline media are
rapidly hydrolyzed to form the precipitate, which is not
involved in the catalytic process. Therefore, oxidation of
secondary alcohols is completely inhibited even at a
five- to tenfold excess of alkali with respect to a catalyst.

Primary alcohols are oxidized at the highest rates in
aprotic solvents (acetonitrile, dimethylformamide), when
the nucleophilicity of alkoxide ions coordinated with
Cul increases substantially, which results in an increase
in the reactivity of alkoxide ions with respect to
dioxygen.%? Unlike oxidation of primary alcohols, the
dilution of 2-propanol with acetonitrile exerts almost no
influence on the reaction rate, which is related to com-
pensation of an increase in the rate due to an increase in
the nucleophilicity of alkoxide ions by a decrease in the
stationary concentration of [Cu(phen),]* as a result of
hydrolysis. With a content of 2-propanol in a mixture
with acetonitrile of < 10 %, inactive copper compounds
precipitate immediately after adding an equimolar amount
of alkali to the solution.

The activity of copper(i) phenanthroline complexes
in oxidative dehydrogenation of secondary alcohols is
considerably higher than that of the majority of known
catalysts and is close to the activity of such enzymes as
oxidases. Under optimum conditions at 20—35 °C, the
value of t.n. is 1—2 s™}. For comparison, in the presence
of one of the most active catalysts for oxidative dehydro-
genation of alcohols in alkaline media, Rulll complexes,
2-propanol is oxidized at 25 °C with the rate of
~15 t.n./days.! Thus, the activity of the {Cul...A™...0,}
system (where A~ is the anionic form of a substrate) is
thousands of times higher than that for other known
chemical systems.

Phenanthroline complexes of Cul! also can be used
as an initial form of the catalyst in the oxidation of
2-propanol in the presence of alkali, but in this case, the
kinetic behavior of the system will be more complicated.
For example, the addition of the equimolar amount of
KOH or NaOH to the solution containing tris-

phenanthroline complexes of Cull results, as observed
previously, in the formation of [Cu(phen),(OH™)]*
complexes (see Ref 10), and the solution remains
neutral, i.e., Cull phenanthrolinates act as one-base
Lewis acids, which neutralize the alkali added, and no
dioxygen absorption occurs.

With twofold excess of alkali with respect to Cull
phenanthroline complexes the oxidation occurs with a
small autoacceleration caused by the Cull — Cul
transition. The induction period is the most pronounced
when granulated alkali is used as the base (see Fig 1,
curve 2). At the initial moment, due to slow dissolution
of the alkali and its neutralization by an excess of Cul!
complexes, the medium remains neutral, the catalyst
exists in the two-valence state, and no dioxygen ab-
sorption is observed. When an amount of KOH dissolved
is greater than that of the initial catalyst, bis-phenan-
throline complexes of Cu! are accumulated in the system
(during several seconds the color of the solution changes
from blue, which is typical of Cull complexes, to bright
red with absorption maximum at 430 nm, which is
related to the formation of [Cu(phen),]*). The absorption
of dioxygen begins after accumulation of rather high
concentrations of Cul bis-phenanthrolinates and the
alkali, which is not bound to copper complexes, and is
responsible for deprotonation of secondary alcohols.

When a large excess of granulated alkali with respect
to the catalyst, Cull phenanthroline complex, is used,
the absorption of dioxygen also begins almost simultane-
ously with the transition of the catalyst to the one-
valence state. Such a transition occurs somewhat faster
than that in the case when a small amount of alkali is
used due to an increase in the rate of KOH dissolution
(see Fig 1, curve 3). However, then a drastic retarda-
tion of the process occurs, caused by alkaline hydrolysis
of Cu! phenanthrolinates at high concentrations of alkali
in the solution.

Oxidation of 2-propanol in the presence of primary and
secondary alcohols. As mentioned above, primary alcohols
are oxidized in 2-propanol in the presence of Cu! phenan-
throline complexes and alkali with a selectivity close to
100 % (see Refs. 8 and 9).

The study of the influence of additives of primary
and secondary aliphatic alcohols on the rate of 2-propanol
oxidation showed that the initial rate of 2-propanol
oxidation in the presence of 2-butanol and cyclohexanol
was almost unchanged (Fig 2, curves /—3). However,
the process ceased due to neutralization of the medium
considerably earlier than pure 2-propanol is oxidized.
This is caused by the fact that oxidation rates of
cyclohexanol and 2-butanol under conditions studied
are comparable with the rate of 2-propanol oxidation,
and the products of their oxidative dehydrogenation
(methylethylketone and cyclohexanone) are oxidized, as
shown previously,13:14 to acids in the presence of copper
phenanthrolinates and bases with higher rates than those
in the case of acetone. It is likely that the differences in
reactivity of acetone and ketones with CH, groups at
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Fig. 2. Kinetic curves of O, absorption during 2-propanol
oxidation without additives (/) and with addition of 5 vol. %
of 2-butanol (2), cyclohexanol (3), ethanol (4), methanol (5),
1-propanol (6), and 1-butanol (7). [Cu(phen),]t =
3.10™3 mol LI, KOH = 3-103 mol L™L, 30 °C.

a-positions to a carbonyl group in catalytic oxidation in
alkaline media are related to substantial differences in
stability of the corresponding carbanions formed in alkali
solutions. 13

At the same time, the additives of even small amounts
of primary aliphatic alcohols (up to 5 vol. %) result in a
drastic decrease both in the initial rate of dioxygen
absorption, WOz, and the total amount of dioxygen
consumed (see Fig 2, curves 4—7). The cessation of
2-propanol oxidation in the presence of primary alcohols
is related to fast neutralization of the medium due to
predominant oxidation of primary alcohols accompa-
nied by the formation of aldehydes, which undergo aldol
condensation in alkaline media followed by fast oxida-
tion of aldols to acids.

Table 1 presents data on a content of acetone in the
solution after the complete neutralization of the added
alkali and a content of acetone formed, A{fMeCOMe],
per mol of alkali consumed in 2-propanol oxidation in
mass and in the presence of additions of 5 vol. % of
primary and secondary aliphatic alcohols. It is seen that
while the initial rate of dioxygen absorption during
2-propanol oxidation decreases only 3—4 times in the
presence of primary alcohols (see Fig. 2), the yield of
acetone with respect to alkali consumed decreases more
than 15 times.

It has been shown previously® that the formation of
adducts between RCH,0™ alcoholate jons and Cu! bis-
phenanthrolinate plays the most important role in the
mechanism of oxidative dehydrogenation of primary
alcohols. It is likely that secondary alcohols are oxidized
via the formation of similar adducts. It can be imagined
that a high efficiency of inhibition of 2-propanol oxidation

Table 1. Effects of additives (5 vol. %) of primary and second-
ary aliphatic alcohols on 2-propanol oxidation

Alcohol A[MeCOMe] A[MeCOMe
added /mol L™! A[KOH]
(5 vol.%)

Without additives 0.29 96.6
2-Butanol 0.13 433
Cyclohexanol 0.09 30.0
Methanol 0.02 6.7
Ethanol 0.03 10.0
1-Propanol 0.02 6.7
1-Butanol 0.02 6.7
Note. [Cu(phen),]*y = 3-103 mol L7!, KOH =

3:1073 mol L7, 30 °C.

by small additives of primary alcohols is related to an
efficient solvation of Cu! phenanthroline complexes by
primary alcohols and to considerably higher stability
constants of adducts formed between [Cu(phen),]* and
alcoholate ions formed by primary alcohols compared to
secondary alcohols. Thus, inhibition of 2-propanol
oxidation is caused by the predominant oxidation of
alcoholate ions of primary alcohols to aldehydes, which,
although occurring at rates lower than the rate of
2-propano! oxidation, results in fast neutralization of the
medium.

Kinetic isotope effect in 2-propanol oxidation. To study
the kinetic isotope effect, the Kkinetics of oxidation of
2-propanol and 2-propanol-dg in acetonitrile were com-
pared. Experiments were carried out with a concentra-
tion of copper complexes of 3-1073 mol L~! and
a considerable ecxcess of free o-phenanthroline
([CuCl]y/[phen]y = 15) for stabilization of catalytically
active Cul bis-phenanthrolinate.

According to the data of spectrophotometry, in the
oxidation of both 2-propanol and 2-propanol-dg, the
concentration of Cul bis-phenanthrolinates before add-
ing KOH was close to 3-1072 mol L., i.e., almost all
catalyst was in the form of Cul. In the course of the
reaction, the comcentration of catalytically active Cul
complexes changed by not more than 10 % in both
cases.

The kinetic isotope effect ky/kp determined from
the ratio of the rates of dioxygen absorption during
oxidation of 2-propanol-hg and -dy was found to be
equal to 2.1 and retained close to 2 during the reaction,
including the period after adding a fresh portion of
alkali.

Mechanism of catalytic 2-propanol oxidation. Analysis
of the experimental data obtained shows that Cu! bis-
phenanthrolinates are catalytically active forms of cop-
per phenanthroline complexes.

The catalytic turnover number per Cul bis-phenan-
throlinate complex is 1—2 s~! under optimum conditions
at 20—35 °C, which is close to that of enzyme-catalyzed
oxidation of organic substances by molecular oxygen.
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The fact that the values of kinetic isotope effects and
regularities of oxidation of secondary alcohols coincide
with those obtained previously for oxidation of primary
alcohols! catalyzed by Cu! complexes allows one to
assume that oxidation of substrates of the both classes
occurs via similar mechanisms.

Formation of the adduct between Cu! bis-phenan-
throlinates and alkoxide ion, {Cul(phen),..."OCHR!R2},
is the first stage of oxidative dehydrogenation of alcoho-
late ions. When the alkalinity of a medium is high, such
an adduct undergoes fast consequent transformations
probably involving the second alcoholate ion, as observed
in the case of ruthenium phenanthrolinates,!® to form a
catalytically inactive brown precipitate during several
seconds. Formation of the precipitate is accelerated as
the donating ability of alcoholate ions increases, for
example, when secondary alcohols are diluted with
aprotic solvents, such as acetonitrile, dioxane, DMF,
etc. In aprotic solvents the catalyst is deactivated at a
lower alkalinity of a medium.

It could be assumed that coordinatively unsaturated
complexes [Cu(phen)]’ are active particles that are
responsible for oxidative dehydrogenation of 2-propanol.
However, according to data of UV analysis, all the
copper exists in one-valence state in the presence of a
large excess of o-phen ([o-phen]/[CuCl,] = 15). The
following condition is fulfilled:

[Cu(phen)] + [Cu(phen),] = [Culp

Since the stability constant of Cu! bis-phenanthroli-
nates (see Ref. 12) is not lower than 107—108 mol™! L,
the stationary concentration of Cu(o-phen) complexes
should not be higher than 1078—10~% mol L™!. When
the oxidation rate Wis ~1073 mol L™! s7!, the number
of catalytic acts in the process of oxidative dehydration
of secondary alcohols per such a particle (t.n.) should be
105—10% per second, which seems improbable for reac-
tions involving molecular oxygen as an oxidant.

It is evident that coordinative saturated [Cu}(phen),]*
complexes participate in the formation of an adduct
with an alkoxide ion according to the scheme suggested
previously for reactions between ruthenium!® and iron1’
phenanthrolinates and various anions (Scheme 1).

The alkoxide ion attacks the molecule of coordinated
o-phenanthroline to position 2 (9), and then the anion
reacts with the Cu™ cation to form a pentacoordinated
adduct. The efficiency of the attack to C(2) depends on
the nature of a dianion and decreases in the series
OEt~ > OMe~ >» OH~ >» CN~ for ruthenium
phenanthrolinates (see Ref. 16).

The obtained values of the Kinetic isotope effect for
catalytic oxidation of i-C;HgO™ (ky/kp ~2) are a forci-
ble argument in favor of the reaction proceeding via a
stage of transfer of a hydride ion from the coordinated
alkoxide ion to O, followed by one-stage formation of
acetone as the main reaction product.

The transfer of hydride ions from alcoholate anions
to several hydrogen acceptors is rather popular both in

Scheme 1
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chemical and biological systems. The transfer of a hy-
dride ion to molecular oxygen is suggested for noncata-
lyzed oxidation of alcohols in strongly alkaline aprotic
media.1® A hydride ion is readily accepted by molecular
oxygen in the processes of catalytic oxidation in alkaline
media, which is confirmed by low values of AG* found
for oxidation of cyclohexanol in the presence of Rulll
(see Ref. 19).

The transfer of a hydride ion from alcohols to ali-
phatic and aromatic ketones are efficiently catalyzed by
ruthenium complexes RuCl,(PPH;);.28:21 The presence
of alkali results in an increase by several orders of
magnitude in the rate of 2-propanol dehydrogenation
due to generating more nucleophilic (compared to
2-propanol) alkoxide ions, which can effectively attack
the ruthenium complex that is responsible for dehydro-
genation.

A distinctive feature of catalytic dehydrogenation of
alcohols in alkaline media in the presence of Cul
phenanthrolinates compared to those described in the
literature is reaction rates that are much higher in our
system (t.n. ~1—2 s7!). For example, when molecular
oxygen is used as the oxidant, t.n. is (2—3)-107% s}
(see Refs. 1 and 6) in oxidation of alcohols to carbonyl
compounds in the presence of ruthenium complexes or
copper dipyridyl complexes. When Rull! complexes as
the oxidants and ketones as the acceptors of hydride
ions are used, t.n. = 0.25 can be achieved (see Ref. 20).
Thus, molecular oxygen is the most active electron
acceptor for catalysis by [Cu(phen),]* complexes in an
alkaline medium, which allows one to speak about a
basically new catalytic system of catalytic dehydro-
genation of alcohols using O, as the oxidant, and the
activity and selectivity of this system are close to those
of enzymatic systems.

The kinetic behavior of the system studied is similar
to that of galactosooxidase, whose active center con-
tains, as known, a Cu™ ion on which alcohol groups of a
substrate are dehydrogenated.22 The analysis of the
mechanism of action of galactosooxidase and chemical
models involving the {Cul—alcohol—O,} system as-
sumes®23 that the first stage of the process is the reac-
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tion between Cu! complexes and O, accompanied by the
electron transfer to form O, and Cul!l ions, and it is
postulated that the active species responsible for
dehydrogenation of alcohol groups is the Culll complex
(see Scheme 2), which oxidizes the alkoxyl group to the
carbonyl group:

Scheme 2
E.Culll
Ho0,
RCH,OH
E.cull oy
RCHO
1
0, E.Cu

It is assumed?? that reactions involving Cull! com-
plexes are rather common in chemical and biological
systems, and difficulties in identification of this particle
are related to a high reactivity and, hence, a low steady-
state concentration of Culll complexes, in particular,
due to a high rate of oxidation of ligands by Cul!l ions.

However, a high stability of o-phenanthroline, which
is not consumed under oxidation conditions even after
several thousands of turnovers, casts doubt on the possi-
bility of participation of both Cu!ll complexes and 05~
radical ions in the process, because the latter readily
react with coordinated molecules of o-phenanthroline
resulting in their deep destruction.24

Kinetic regularities of oxidation of 2-propanol and
other secondary alcohols in the presence of [Cu(phen),]*
and alkali can be easily explained in terms of a synchro-
nous reaction mechanism, whose limiting stage is the
transfer of the hydride ion from the coordinated alkoxide
anion to the O, molecule (Scheme 3) to form the
peroxide ion and ketone. Addition of hydrogen peroxide
shows that H,O, disproportionates to oxygen and water
at a high rate and exerts no effect on either the rate or
the degree of transformation of alcohol.

A direct one-stage transfer of a singlet hydride ion to
oxygen followed by formation of the peroxide anion and
ketone is impossible due to the violation of the spin
conservation rule in such a process. However, partici-
pation of a catalyst, Cu! complexes, in the process of
transfer of electrons and proton from the coordinated
alkoxide anion to the O, molecule can remove the spin
forbiddance for reactions of this type, which is formally
presented in Scheme 3.

It is known that from the thermodynamic viewpoint
oxygen_is one of the strongest two- or four-electron
oxidants. One-electron reduction of oxygen is energeti-
cally unfavorable,2 which explains the relatively low
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rates and the selectivity of such one-electron processes
involving 30,, and the formation of free radicals as
active intermediates, which are typical of the
overwhelming majority of processes of liquid-phase
oxidation. We believe that the catalytic system suggested
is one of the first examples of simple chemical systems,
for which synchronous two-electron reduction of oxygen
is highly probable. This can be confirmed by extremely
high rate constants for reactions involving O, at room
temperatures, which were not described for any other
catalytic systems, and an anomalously high stability of
the catalyst, excluding any possibility of participation of
free radicals in the overall mechanism of the process.
The experimental data obtained allow one to assume
that two-electron reduction of dioxygen is a factor that
determines the high reactivity of active centers of en-
zymes in several enzymatic processes involving O, as the
oxidant, in particular, in reactions catalyzed by oxidases.
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Foundation for Basic Research (Project No. 94-03-
08733a) and the International Science Foundation (Grant
MN4 000).
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