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Abstract

Data related to an oxygen atom transfer from hydrogen peroxide or organyl hydroperoxide to unsaturated and saturated
hydrocarbons, trisubstituted phosphines, arsines or stibines catalyzed with metal complexes are discussed. A peroxo metal
complex with the non-symmetrically coordinated peroxo ligand resembling the anion of water oxide, H,O 07, is
suggested to play the role of transition state fragment of active species in the reactions mentioned. © 1997 Elsevier Science

B.V.
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1. Introduction

Hydrogen peroxide and organyl hydro-
peroxides belong to the family of the most
important commercially used oxidants [1-10].

The field of oxidative catalysis with these
oxidants and metal complexes as catalysts ranks
among the oldest branches of homogeneous
catalysis and originates from Fenton’s discovery
of the ability of ferrous ion to promote oxida-
tion of organic substrates with hydrogen perox-
ide [11]. For seventy years or so this branch of
homogeneous catalysis was developed mainly
as a part of free radical chemistry [12,13] being
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impacted by the pioneering work of Haber and
Weiss [14] on the mechanism of free radical
formation. Recently, the field of catalysis with
iron complexes has been impacted by the dis-
covery and development of Gif-systems and
related non-aqueous systems [15,16].

Polar (heterolytic) reactions, not involving
free radicals as intermediates, constitute another
wing of peroxide catalytic chemistry. This class
of reactions includes acid—base and transition
metal catalyzed reactions and originates in
Prileschaev’s discovery of alkene epoxidation
with organic peracids [17]:

\C=C/ + RCOOOH — \C——-C/ + RCOOH
TN NG (1)

Until the late 1950s, the field of polar perox-
ide transformations was occupied with reactions
catalyzed by acids and bases. The reactions
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catalyzed with metal salts were exemplified by
the autoxidations involving free radical chain
reactions [1,5,12,18]. As an illustration, the
epoxidation of alkenes with alkyl hydro-

peroxides can be mentioned:
CHy=CH~CH; + ROOH —> CHy—CHCHj + ROH

0
(2)
R = t-Bu or CH(CHy)Ph

The first observation concerning the epoxidation
catalyzed by V,0; was discussed in 1950 within
a scheme involving RO, radical addition across
the C=C alkene double bond [19].

At that time, Milas dihydroxylation of
alkenes, a polar reaction catalyzed by osmium
tetroxide [20~-25], (Eq. (3)), looked like an out-
cast in comparison with the rich family of free-

radical reactions mentioned above.

AN / 0s0, N

7/
Jo=C__ + H0, c—C

7o on (3)

Nowadays the peroxide oxidations catalyzed
by transition metal complexes constitute an area
of intensive studies. The peculiarities of the
oxidations of alkanes, alkenes, arenes, phenols,
organic arsines, stibines, amines and sulfides
were reviewed in Refs. [1-10,25-28]. The se-
lective epoxidations both in catalytic reactions
by alkylhydroperoxides (see Eq. (2)) and in a
stoichiometric way by metal peroxocomplexes
has been the focus of the recent studies because
of their industrial, preparative and basic signifi-
cance. The molecular structures of reaction in-
termediates, e.g., complexes with alkyl hydro-
peroxide monoanion and peroxo dianions as
ligands were resolved with X-ray techniques
[25,29-35]. The bonding between metal atom
and the peroxidic ligands was studied by using
calculations on different levels of theory [35,36].
Despite all those intensive studies, the mecha-
nism of catalyst action in the polar reactions
mentioned above still remains a matter of dis-
cussions [2,5,6,25].

The aim of this paper is to call the reader’s
attention to the conceivable role of peroxidic

oxidant coordination mode in heterolytic oxida-
tions.

2. Hydrogen peroxide and water oxide
2.1. Oxywater

Traditionally the H,0, molecule is consid-
ered as consisting of two HO bars, HO-OH,
rotating around the O-O bond. The geometry
(see Scheme 1) of the H,0O, molecule has been
studied by different techniques. Electric dipole
moments of H,0, molecules [37,38], X-ray
diffraction of crystalline CO(NH,), - H,0, [39],
H,0, [40], and H,0,-2H,0 [41], neutron
diffraction of crystalline H,0, [42] far-infrared
spectra of H,0, [43,44] and D,0, [45] showed
the H,0, molecule to have a skew equilibrium
geometry (Scheme 1, ¢) with an azimutal angle
close to 90°.

A similar structure with dihedral angle of
87.5° and F-O-O angle equal to 109.5° was
found for difluoroperoxide F,0, [46,47]. 0-O
distances are indicated as 1.453 A in H,0, and
1.217 A in F,0, molecules [46,47].

The transitions between the skew-, cis-, and
trans-configurations of H,0O, molecules were
observed by studying H,O, with IR- and mi-
crowave spectra and interpreted as a hindered
rotation around the O-O bond. The energy bar-
riers estimated from IR data, microwave spec-
tra, low-temperature calorimetry, quadrupole
moments, and Fourier coefficients measure-
ments (see Ref. [48] and references therein)
range from 1-10 kcal /mol for the skew — trans
transition and twice as much for the skew — cis
one. Calculations on different levels of theory
[48-50] have been used to study these configu-
ration transitions.

\ \ / \
0—0\ 0—0 0—0\
H H
trans cis skew
a b c

Scheme 1. The geometry of the H,0, molecule.
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Two HOMOs of antibonding type 7y and
my are available for proton bonding with a
peroxo dianion as can be seen from the primi-
tive electronic formula of the O3 unit:
(o) o) (o) (myy) (i)t If both
(my)?* and () orthogonal orbitals are used
for overlaps with the proton 1s vacant functions,
the lowest energy of the system can be tenta-
tively expected for the skew configuration of
the H,0, molecule. The transitions between the
skew-, cis- and trans-configurations of the H,0O,
molecule can be described in terms of proton
movement over the hypersurface constructed of
my and 7y functions of the O3~ unit. During
the process of this migration both protons can
accumulate at the common oxygen atom. This
configuration of the H,O, molecule is known
as water oxide or oxywater, H,0"-O".

The idea of the oxywater form for the H,O,
molecule was forwarded by Linton and Maas
(see Ref. [37]) who measured the dipole mo-
ment of H,0, and found it to have a surpris-
ingly large value of 2.13 D (modern-day value
is 2.26 D [51]). Later on, the observed value of
the dipole moment was shown to be in agree-
ment with the skew configuration of the H,0,
molecule [37,38]. The first theoretical attempt to
investigate the existence of oxywater led to the
energy of the oxywater 4.2 eV higher than that
of the skew H,0, form [49]. This value was
regarded as an upper limit, since the internu-
clear distances were assumed to be equal to
those found for the normal H,O, molecule.
Actually, recent calculations showed the trans-
formation of the skew H,O, into oxywater
molecule to be accompanied by remarkable
changes in bond lengths and angles [52~55].
The reaction (Eq. (4)) seems a sufficiently less
endoergic one than was predicted in Ref. [49]:

H,0, — 00 -49.7 kcal/mole (4)

Oxywater is actually the dioxygen ylide form
of hydrogen peroxide [56].

H-bonding with a protic solvent, e.g. water,
has been found to catalyze H,O, into oxywater

isomerization and stabilize the oxywater
molecule [56,57]. A hypothetical dihydrate of
water oxide (H,0),H,0"-0~ is only 7
kcal /mol higher in energy than the isolated
H,0, and two H,O molecules [53,54].

So the isomerization of solvated hydrogen
peroxide into a cluster containing the oxywater
molecule H-bonded to two water molecules re-
quires 28.9 kcal /mol [55]:

H

\0
A ~H
SN
H,0,(H,0), /0+_?-

-28.9 kcal/mole (5)
H\

“o/—ﬁ

/
H

Even this reduced energy difference between
hydrogen peroxide and oxywater molecules
seems to be too high for liquid phase polar
H,O, chemistry.

Calculations using ab initio MO methods
showed oxidation of ammonia, dihydrogen sul-
fide and dimethylsulfide by H,O, to involve a
1,2-hydrogen shift before oxygen transfer to a
substrate takes place [56]. One or two molecules
of Brgnsted acid reduce the calculated barriers
(50 kcal/mol in the gas phase) by ca. 10
kcal /mol. An increase in the pK, of the acid
catalyst results in a decrease in the activation
energy for the oxygen atom transfer from the
H,0, molecule. In those reaction schemes the
function of the catalyst HA is to remove a
proton from oxygen atom of the oxidant attack-
ing the substrate molecule and to protonate the
second oxygen atom of the H,O, molecule

[56]:
R,E: #
S

0 d
R,E + HOOH + HA—~ /) N | ~REO+ HO + AH
H, H
\A/

(6)

1

where R,E=NH,, H,S, R,S.

The canonical structure 1b with oxywater as
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a constituent fragment of the transition state 1
can contribute to the energy of the state.

R.E: H]# R.E: H
/
0—-0 - o—o"\
— H
H H H
A/ ~.4
1a 1b

However, the calculations [56] showed the
Eq. (6) type reactions and similar processes to
have activation barriers ranging from 36 to 48
kcal/mol. The O-O bond energy in H,0,,
relative to two HO' radicals, is 49.2 kcal /mol
and D, =43.2 kcal/mol as was calculated at
the same level of theory [56].

2.2. Carbonyl oxides, perepoxides and persul-
foxides

Oxywater has never been observed and rather
seldom been considered in the literature. How-
ever, organic chemists are familiar with the
derivatives of the oxywater.

It is generally accepted that the photooxy-
genations of alkenes (Schenck reaction [58],
Scheme 2) involves formation of a perepoxide
(2) [59,60].

The diastereoselectivity and regioselectivity
of the photooxygenation of allylic amines and

H
i 0
~ hv ~ |/
C=C—C 0, —————» C=C—C
/ I T U T ensitizer / | N

Scheme 2. A mechanistic scheme for the Schenck reaction [58].

their acyl derivatives is controlled by the step of
the perepoxide 2 formation involving an 'O,-al-
kene charge-transfer intermediate (exciplex)
[59].

The perepoxide intermediate has been trapped
in the photooxidation of trans-cyclooctene in
the presence of triphenyl phosphite, P(OPh),.
Trans-epoxide and triphenyl phosphate have
been found to be main products of the reaction
[60]:

@)
P(OPh), Oo +(PhO);P=0

No such trapping was observed in the reac-
tion of the cis-alkene. It was suggested that this
difference in the reactivities of two alkenes was
due to the difference in the geometry of corre-
sponding perepoxides. Because of lack a syn-
parallel arranged allylic hydrogen, the rate of
rearrangement of the trans-alkene perepoxide
into the allylic hydroperoxide (Scheme 2, step
‘a’) is slow enough to be rate limiting and
allows the phosphite to trap the perepoxide. In
the cis-cyclooctene, the transition state for H*
abstraction is much lower, and the first step
(perepoxide formation) is rate determining [60].

Photooxidation of dialkyl sulfides [61] is
viewed as involving intermediate persulfoxide
formation [62-64]:

R\ " R\ ?+
V. —
R/S +0, sensitiser R/S 0 (8)

A cyclic sulfide, thietane, has been shown to
undergo photooxidation into the corresponding
persulfoxide (3) as the first intermediate of the
reaction resulting in the sulfoxide and traces of
sulfone formation [63]:

0

[ o
[f v, — 5 — O O
3
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The persulfoxide 3, a short-living intermedi-
ate, was trapped by reacting with diphenyl sul-
fide and diphenyl sulfoxide (both scavengers are
inert toward 1O2 under reaction conditions, see
the following equation).

Ar\ o- Ar\s_o
/S +/ Vo
Ar <>S=O Ar
> (10)
Ar\s-_o Ar\S //0
- Q
ar” a” Yo

Hammett trapping studies with a series of diaryl
sulfoxides and sulfides provided evidence for
the presence of two intermediates with p values
of +1.05 and —1.26 or for the biphilicity of a
single intermediate [63].

Ozonolysis (ozonation, ozonization) of
alkenes (Eq. (11)) is considered to involve at
least three steps (Criegee mechanism [65]).

N /o - /

/
C=C\ + 0 — /C\O/C\ (1 1)

N
/

The first step is a cycloaddition between the
ozone 1,3-dipole and the alkene molecule lead-
ing to a primary ozonide [65,66]:
L
AN
Primary ozonide

(molozonide)
4

C=C/ + 0y —>»

(12)

The reaction is known to involve the alkene—
ozone charge-transfer complex as an intermedi-
ate [67,68].

The unstable molozonide 4 cleaves via cy-
cloreversion to a stable carbonyl compound and
an elusive carbonyl oxide S:

0/0\ .{0_
Ny N RN
c—C —= C=0 + ¢
AT % N (13)

The carbonyl oxide § quickly combines with the
carbonyl compound in another 1,3-cycloaddi-

tion process to produce the observed product of
alkene ozonation:

o-
O*{ \cﬁ/+ \C/O—O\C/

Yot t Ls- /N7 N (14)
VRN

The carbonyl oxides can be readily trapped
by carbonyl compounds, alcohols, and a vinylic
ether [66].

Ozonolysis of alkynes constitutes another im-
portant pathway towards carbonyl oxides [69—
71]. However, the most clean and convenient
method for carbonyl oxide generation is proba-
bly the reaction of diazo compounds with sin-
glet dioxygen [72-74]:

R,R,C=N*=N"+'0,
—-R,R,C=0"-0"+N, (15)

The first direct experimental detection of a
carbonyl oxide has been achieved by using
time-resolved laser spectroscopy [75]. Matrix
isolation [76,77] and laser photolysis [75,78—-80]
have been used to characterize carbonyl oxides.
The spectroscopic characterization of carbonyl
oxides, their structure and reactivity are exten-
sively discussed in the literature [81-84].

3. Oxygen atom transfer

The entitled group of the reactions encom-
passes the oxidations of alkanes, alkenes, halide
ion, organic amines, sulfides, arsines, stibines,
and phosphines [1-10,23-29,35,85-101]. In
these reactions alkanes are transformed into al-
cohols and ketones. n-Donor substrates add one
oxygen atom being converted into organic ele-
ment oxides. Alkene give rise to carbonyl com-
pounds (Wacker-like oxidation by using plat-
inum metal ions as catalysts [25]) or epoxides,
glycols, halohydrines and glycol esters in the
presence of a d° metal compound. The present
discussion is focused on some aspects of the
possible roles of metal atoms in n-donor polar
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substrate oxidations and an alkene into epoxide
conversion.

3.1. General considerations

According to the calculations [55,56], the
more the peroxide fragment in the reactant clus-
ter (e.g. H,0, - H,0, or, generally, H,0, - HA)
resembles water oxide, the lower is the esti-
mated activation barrier for the reaction. This is
illustrated by the comparison of two pathways
for H,S oxidation with H,0, (Scheme 3).

Less activation energy is required for the
rearrangement of the Cluster A (Scheme 3)
containing the oxywater molecule stabilized with
the substrate molecule (H,S) and the acid cata-
lyst (H,0,), than for that of the cluster B of the
same composition, but containing slightly dis-
torted H,0, molecules instead of the H,0"™-0~
structure. In the transition state C the oxywater

molecule is seemingly prepared for the Sy,
substitution reaction, at H-bonded oxygen atoms,
with the H,S molecule as the entering substrate
and H,O as a leaving group.

However, transformation of the H,O,
molecule into the H,0"—0~ structure is always
an energetically unfavorable process. The en-
ergy consumed at this stage makes all mecha-
nisms involving oxywater, as a persistent frag-
ment of the transition state, too costly energeti-
cally [56]. A sufficient part of this expenditure
of energy could perhaps be attributable to the
repulsion between geminal H-atoms of oxywa-
ter. Taking into account this assumption, one
can expect the transition states including, as a
key fragment, a derivative of oxywater in which
both H-atoms are substituted for a transition
metal ion, to be energetically more favorable
than those with oxywater.

Such a metal derivative can be expected to

AE#=12.8 kcal/mol

AE#=45.7 kcal/mol C

Scheme 3. Role of preliminary H-atom transfer for the oxidations of H, S by H,0, dimer (adapted from Ref. [56).
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emerge in oxidations with H,O, catalyzed by
d°-metal complexes. d°-Metal ions are known to
form symmetrical peroxo complexes in which
both metal-oxygen distances are almost equal
[30—34,102]. The metal atom is bound to the
O} entity because of o-, 7~ and possibly
O-donation ability of the latter. The side-on
coordination is preferable though a few exam-
ples of end-on coordination are known [32,34].
Attempts to detect the equilibrium (Egq. (16)) for
the Mo-complex by using 0 NMR measure-
ments have failed [88,102].

+

(0] (0]
- =
M \0_ M \0'

o]
e
M\(‘) = (16)

The failure does not mean, however, that
such an end-on configuration can not be
achieved in the transition state of the oxidation
of a substrate with the metal peroxo complex:

A 'V NMR study showed an oxodiperoxo-
vanadium anion [VO(O37), « (OH,)]” to un-
dergo protonation in aqueous acidic (pH = 0.3-
1) solution forming a peroxo complex contain-
ing coordinated hydroperoxo ligand
[VO(O3~XOOH) - (OH,)] with V-O and
V --- OH distances being different [102]. Ab
initio calculations suggested the hydroperoxo
group to be coordinated unsymmetrically with
protonated oxygen atoms more distanced from
vanadium atom [103]:

O+

Py Z . O
M \o‘ M \0' FHS— M7 N\gy an

Highly bent (M-g), bent (M_o’o) and linear
M-0-0 along with side-on conformations have
been observed for Fe—Q, complexes [104,105].

Significantly non-equivalent metal oxygen
distances were detected in the metal 2-coordi-

nated O3~ unit of tetraperoxides of
chromium(V) and molybdenum(VI) of formula
M(0,);” (M =Cr, n=3; M = Mo, n=2) with
D,, symmetry [106]. So, one may expect a
continuum from the two extremes of a triangu-
lar to a linear end-on coordinated peroxo com-
plex in transition states for the oxidations under
consideration. It is an easy matter to see that,
within the approach under discussion, the
schemes elaborated [54,56] for the reactions in-
volving the hypothetical oxywater molecule as
an oxidant or a fragment of the transition state
can be used as model structures. The following
vectors for the oxidation reactions involving
peroxo complexes can be deduced from the
calculations mentioned above.

(1) The oxygen—oxygen bond is sufficiently
elongated in the oxywater structure in compari-
son with that in hydrogen peroxide (1.5017 Ain
H,07-0" structure instead of 1.468 A in the
starting H,O, molecule according to the
MP2/3-21G ™ level of theory [53]). No such
changes were found by calculations [107] for
methylene carbonyl oxide. Seemingly, the elon-
gation of the oxygen—oxygen bond in the
M=07-0" structure can be expected to be a
function of the nature of the M atom. Its ability
to form a multiple bond with the coordinated
oxygen atom may play an important role. The
more pronounced this tendency, the more stable
the ‘leaving group’ (H,O in the case of oxywa-
ter, M=O group in the case of molybdenum or
vanadium catalysts); correspondingly, the struc-
ture M=O"-O" is better prepared for an oxy-
gen atom transfer reaction. In the hypothesis
[53,54] that oxywater is a hydrate of a singlet
('D) oxygen atom, the complex containing oxy-
water dianion, M=0"-0", should be consid-
ered as a ‘solvate’ of the singlet oxygen atom
where the role of solvating agent belongs to the
metal oxide group M=O:

H_ ..
0:0: M=0;0
H/ e
H_+
00" M=0—0-
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The stronger the metal oxygen bonding, M=0,
the less grounds there are to expect the group to
be a good solvating agent for the O('D) atom.
Typical catalysts like titanium(IV), molybde-
num(VI), and vanadium(V) ions are known to
form multiple bonds with an oxygen ligand by
using the vacancies in the metal-atom valence
shell. Hence, the oxywater derivatives of those
metals can be expected to reveal a tendency
toward oxygen atom transfer to a better solvat-
ing agent like organic sulfides, arsines, and
stibines or alkenes, etc.

(2) The negative charged atom in the canoni-
cal formula of oxywater H,0'-O~ and an
enhanced gas-phase proton affinity of oxywater
(—167.5 kcal/mol for H,0, and -217.1
kcal /mol for H,0"-0" [55]) suggest that oxy-
water is a stronger nucleophyle than hydrogen
peroxide. A peroxidic oxidant acts as an elec-
trophilic reagent because of its o, orbital.
However, in the transition state of the reaction a
back donation involving a vacant asymmetric
orbital of the substrate and filled p-orbital of the
transferring oxygen atom should be expected.
The back donation can contribute to a binding
energy between the reagents and thus lower the
activation barrier [25,56].

Both slightly positive and slightly negative
Hammett p values were observed for a variety
of peroxidic oxidations including reactions in-
volving substituted carbonyl oxides and pere-
poxides [104,107-109]. The Hammett p values
are not always consistent with the Adam probe
[110] with thianthrene S5-oxide for the nucle-
ophilicity and electrophilicity of the reagents:

[o]
2 1 O°
=000 0
XE S xNu S

O=w

(18)
where YO, is a peroxidic oxidant, X; is its
nucleophilicity or electrophilicity measure, Xy,
+Xg =1

This suggests that the initial attack of the
peroxidic oxidant can be governed substantially

by the charge bome by the distal oxygen atom
and the back donation developed as the reagent
approaches.

(3) The computed (QCISD/6-31G*)
LUMO’s levels of H,0,, H,0"—0~ and H,0;
are 0.214, 0.161 and —0.118 au, respectively.
The HOMO’s levels in this row are —0.477,
—0.434 and —0.846 au, respectively [55]. These
data suggest that the oxywater molecule and
hydroperoxonium ion are better electrophilic
reagents than hydrogen peroxide. The resulting
changes in HOMO and LUMO levels of oxywa-
ter make them better mixable with the corre-
sponding levels of a substrate.

Weakening of the O-O bond and appreciable
admixture of O—O ¢ * antibonding character to
the low lying virtual molecular orbitals in a
stable molybdenum peroxo complex was deter-
mined with SCF-MS-Xa MO-calculations
[106]. Analogously, a combination of o * or-
bital of oxywater dianion with corresponding
vacant orbitals of the metal atom can be ex-
pected to enhance the electrophilicity of the
coordinated oxidant.

In this context, oxidation involving an oxy-
gen atom transfer can be considered as Sy,-
substitution of a leaving group (water molecule,
M=0 group, etc.) for another base at the oxy-
gen atom to be transferred. The reaction be-
comes possible if the entering base is a better
nucleophyle than the H,O molecule or M=0O
group leaving the coordination sphere of the O
atom. Back donation from the lone pair of the
transferred oxygen atom to an empty orbital of
the substrate being oxidized and enhanced elec-
trophilicity of the oxidant moiety are considered
to be important vectors for the reactions under
consideration.

3.2. Alkene epoxidation

Complexes with an alkyl hydroperoxide
molecule coordinated to a metal atom [1-8], i.e.
a complex with an alkylperoxo anion [86], and
complexes with a peroxo dianion, 037, as a
ligand were considered to be active interme-
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diates in epoxidation reactions [1-9,25,
29,35,86,96-99,111].

The catalyst, a compound of Mo¥, W¥!, V'V,
or Ti'V, was largely viewed as a Lewis acid, the
principal function of which is to withdraw elec-
trons from the O-O bond of a coordinated
peroxo or alkyl peroxo ligand [2] (See Scheme
4, A).

Hyperconjugation involving vacant p- or d-
orbitals of the metal center and the O—O o-bond
can be added (structure B, Scheme 4) to the
donor—acceptor interaction described by struc-
ture A (Scheme 4). The tendency of a metal
atom to use its vacant d,p-orbitals for 7-bonding
with a coordinated oxygen atom is well known
for the metals of IV-VI groups.

Both A and B (Scheme 4) interactions should
facilitate the transfer of the HO™ cation or, after
its deprotonation, an oxygen atom to an alkene
molecule. If this were the case, a similarity
between metal catalyzed epoxidation reactions
and electrophilic additions across the C=C dou-
ble bond could have been expected.

Actually, in an apparent agreement with the
electrophilic mechanism, the rates of epoxida-
tion increase as the alkenes become more substi-
tuted with alkyl or other electron-donating
groups [2,111]. However, the observed increase
of the reactivity of olefins toward the
TBHP /Mo(CO), system or peracetic acid is
less pronounced than those determined for the
hydration or bromination of alkenes in polar
solvents [112]. Hence, the data available [2,111]
do not show a strong similarity between metal
catalyzed epoxidation and typical ionic alkene

H
0 H\o Q @‘ﬁ'\y
- 1U1<:)—. O/Q* Q ll\ld—o‘
R @ © ‘\R
A B

Scheme 4. Orbital overlap for the metal atom complex with
monodentately coordinated alkyl hydroperoxide. A - o-donor-
acceptor interaction, B — Py -hyperconjugation. The shading refers
to occupancy of the orbitals, and the +, — signs to the symmetry.

Nec” Nemc”
/( O /( N
O 0
H 0 H =R
0=C :D_-M-\XL
R R
6 7

Scheme 5. A comparison of transition states proposed for alkene
epoxidations: 7 — noncatalytic epoxidation by percarboxylic acid,
8 - epoxidation by alkylhydroperoxide catalyzed with a metal
complex X is a monoanion; L — neutral ligand. See for reviews
Refs. [1-4].

reactions in polar solvents. No evidence for a
large charge separation was observed for epoxi-
dation reactions by ROOH /MX , systems (MX,
is a complex of VI-IV group metals) or the
corresponding peroxo complex.

A simulating mechanism that one proposed
for the Prileschaev reaction transition state was
discussed in the literature [1-3] (see Scheme 5).

It is tacitly assumed that the driving force for
the oxygen atom transfer in the Prileschaev
reaction (TS 6) is conjugation:

o) 0 o8
R C// H R-—C/ C/
— haned R.—-
\ 19
Nod Seon N ol

Often, the protocol for the epoxidation with a
percarboxylic acid calls for use of a base and /or
buffer solution to avoid glycol formation. In
such a reaction the anion of the percarboxylic
acid can be expected to be an epoxidizing agent.
The canonical structure 8 of a percarboxylic
anion

O [0}
C// — R C/
R= AN N+ R
o—0 0—0

suggests an analogy between the water oxide
and this epoxidizing agent. The transition state
for epoxidation with the non-protonated peracid
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molecule can involve a canonical structure re-
sembling the oxywater derivative:

on
. o“
\6/ e

/\

A back donation from the negatively charged O
atom to antibonding alkene orbital was sug-
gested to be a stabilizing factor reducing the
activation barrier [113]. As an example, a
scheme of orbital overlaps for ethylene oxida-
tion by the oxywater molecule is shown in
Scheme 6.

The catalyst, e.g. a Mo"' or W"! compound,
is known to coordinate alkanediol monoanions
as ligands under the conditions for industrial
alkenes epoxidation with alkylhydroperoxides
[1,2]. As far as diolate monoanion is a stronger
base than the alkylhydroperoxide, the epoxidiz-
ing agent in the Arco/Halcon process should be
actually a salt of the starting alkylhydroperox-
ide. Epoxidation of this sort, being modeled by
the reaction of ethylene with trihydroxytitanium
hydroperoxide, has been studied by the nonlocal
density functional method [114]. A ? structure,
determined for a vanadium alkylhydroperoxide
complex with X-ray technique [86,96-99,115],
was not found for the titanium complex under
study. However, the titanium—oxygen bond Ti-
OOH was found to be elongated and the tita-

(= Y
@ | (l)‘
o]
H/ \H
(0]
AN
A B

Scheme 6. Orbital overlaps for hypothetical ethylene oxidation
with oxywater molecule. A — acceptor interaction involving va-
cant o " orbital of oxywater and filled 7r-orbital of ethylene. B —
back donation involving a lone pair of distal oxygen atom of
oxywater and empty, 7 *-orbital of ethylene.

Q

Ti

O
g
9

DT@
—0Q
>CcD 3 ‘I\H

Scheme 7. Ethylene 1 *-orbital overlap with the 7 * orbital of
coordinated hydroperoxide anion [114],

nium—distal oxygen distance to be shortened in
the transition state. In other words, the Ti—atom
undergoes a 1,2-shift as the oxygen atom ini-
tially coordinated to the Ti-atom is inserted into
the C=C double bond. Hence, in the transition
state the bonding between the hydroperoxide
anion HOO™ and the Ti atom ion can be de-
scribed in terms of resonance involving titanium
oxywater derivative structure 11 besides the
canonical structures 10 and 9:

TiV TV TV

0 0—0 ~—-'0—>+
7 | I

9 10 1

The ethylene molecule approaches the HOO
bond of the (HO),TiOOH complex in the spiro
fashion with the alkene molecule nearly an-
tiperiplanar to the O—O bond, in a symmetrical
conformation depicted by Scheme 7.

The interaction between the HOMO of the
C,H, molecule and the LUMO of the TiIOOH
fragment was found to dominate in the transi-
tion state. Hence, the epoxidizing complex acts
as an electrophilic species. The LUMO of the
TiOOH fragment is a combination of o * 0O-O
with the d ._,. orbital of Ti atom. The interac-
tion between the HOMO of TiOOH and the
LUMO of C,H,, the 7 (OO bond) back dona-
tion to 7 *(C,H,), contribute to the stabiliza-
tion of the spiro conformation of the transition
state (see Scheme 7).

The chemistry of the platinum group ele-
ments is characterized by m-complex formation
and subsequent insertion reactions [116,117].
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An insertion of an alkene molecule into a
metal—oxygen bond of a peroxo complex (see
Eq. (20)) was proposed to rationalize alkene
epoxidation by peroxo compounds [25,96-99].

/0 \C/ IT[/o\0
M\i + (l: —_— /C\ /
/\ S (20)

M=V, Mo

The scheme is appropriate in the case of d®
metal complexes (Pt", Pd", Rh' [25]). However,
it seems to be doubtful if such a soft base as an
alkene molecule is capable of substitution of an
oxygen or nitrogen centered ligand at such a
hard acid as molybdenum(VI), vanadium(V) or
titanium(IV) ions. No alkene m-complexes of
these ions were isolated or detected with any
physical technique in the presence of alcohols,
amines, or in aqueous solutions.

A free radical mechanism assuming inner
sphere transformation of a V" peroxo complex
into V!V complex containing superoxide anion
O, (see Eq. (21)) was proposed at an early
stage of the epoxidation study [115]:

V(V)<

N/
o} C 0 . Cc
[ v ]
° A A

\/ 21
Ne — V=0 + [To
< &
/AN /A

“ _0—0

There is no strong evidence supporting the in-
volvement of free radicals in the epoxidation
reactions under consideration.

Substantial diradical character has been
claimed for the related organic compounds, e.g.
dioxiranes, RRiC(l [118], and carbonyl oxides
[107]. The carbonyl oxides are known to exhibit
nucleophilic activity in their reactions. The elec-
trophilic properties of these short-living inter-
mediates were attributed to the diradical form
XYC -0-0'[107]. The energy gap between the
more stable zwitterionic state XYC270%*0O~

and the diradical state increases with the de-
crease of Hammett’s sigma (o) constant of the
substituent group Y or X in XYCOO molecule.
All the data support the concept that the reactiv-
ity of carbonyl oxides and related structures
(e.g. gem.-dialkylperoxonium ions,
R'R*’CO*TOH) [108] can be tunable to some
extent through choice of the substituents X and
Y. Carbonyl oxides become zwitterions in polar
solutions. The polar solvents capable of stabiliz-
ing zwitterionic structure contribute to increase
the diradical-polar structure gap [107]. A quan-
tum-chemical calculation by means of CASSCF
and MRDCI ab initio approximations showed
formaldehyde and acetaldehyde carbonyl oxides
in the lowest singlet states can lose an O('D)
atom in rather endothermic reactions (37.7 and
35.5 kecal /mol) correspondingly [119]. In con-
trast to that, the dissociation channel for triplet
states of the carbonyl oxides with OCP) split-
ting are rather strong exothermic reactions
(—38.9 and —39.7 kcal /mol) correspondingly
[119]. It is not surprising that aliphatic carbonyl
oxides are rather bad epoxidizing agents to-
wards electrophilic alkenes.

These experimental and theoretical findings
suggest that the reactivity of inorganic analogies
of carbonyl oxides, namely, metal complexes
with end-on coordinated peroxo dianion,
M=0%"-0", can be varied over a wide range
by changing ligands at the metal center and the
nature of the solvent.

The negative charge borne by the distal oxy-
gen atom in a carbonyl oxide XYC=0"-0" is
rather low, ranging from 0.20 to 0.30 [107].
Interestingly, no or little epoxide is formed by
reacting ozone with alkenes confirming that in-
termediate carbonyl oxides are not capable of
epoxidizing electrophilic alkenes. Only a trace,
if any, of cyclohexene oxide was formed by
reacting carbonyl oxide (from 1,2,3-trioxolane
of trans-di-tert-butylethylene) in neat cyclohex-
ene at 60°C [120]. However, the carbonyl oxide
under study was capable of epoxidizing the
strongly electrophilic tetracyanoethylene
(TCNE) [120). Ozonolysis of alkenes in the
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presence of TCNE produces the epoxide of
TCNE [121]. Analogously, strongly elec-
trophilic fluoroalkenes, e.g. trifluoroethylene,
tetrafluoroethylene, give rise to the correspond-
ing epoxides by reacting with ozone [122-124].
The electron withdrawing groups (EWG) are
favorable vectors for stabilizing the zwitterionic
state of a carbonyl oxide [107]. Alternatively,
EWG substitution at the C=C double bond is a
factor enhancing the electrophilicity of an unsat-

urated substrate. As a result, the epoxidation

F
RFCF=CF, + -0_0+=C:R‘F — RFCF-CF; + RFCF=0
o

(22)

Carbonyl oxide (from benzyl azide and 'O,)
coordinated with Pd" complex has been shown
to epoxidize alkenes [74].

Persulfone formed from (CH,),SO and 'O,
was not effective in epoxidation of a-methyl-
styrene [125]. On the other hand, photochemical
oxidation of propylene in the presence of sulfur
dioxide gives rise to 1,2-epoxypropane [126]:

CH3CH=CH, + 0, + 50, — 1

CH3C§ —}CHZ + [C3H¢SO3)n

(23)

A probable candidate for the epoxidation
agent can be a short-living peroxide of formula
0,S*-0-0" (Egs. (24)-(26)):

0,30, (24)
0,5+'0,-0,8=0*-0" (25)
0,5=010" + CH;CH=CH, —» CH;CI':IO—\CH2 + 50,

(26)

The expected high electrophilicity of the sul-
fur trioxide peroxide, 0,S*-0-0", a good
leaving group, SO,, and seemingly a high capa-
bility of the distal oxygen atom for back dona-
tion are factors exerting control over the epoxi-
dation reaction (Eq. (26)).

3.3. Oxidation of n-donors

The group of reactions under discussion was
the most intensively studied with Mo"!, VYV,
WY compounds [6,87,88,111] and methylrhe-
nium trioxide (MTO) [89-92,127] which was
originally used as a catalyst for hydrogen perox-
ide oxidation of alkenes, alkynes, and ketones
[128,129].

Picolinic vanadium(V) complex containing
anion radical O™ as a ligand has been shown to

be an active species in organic sulfur compound
oxidation by the picolinate vanadium oxodiper-
oxo complex VO(O,)O0,CNC,H,(H,0), in
chloroform solution [86,88]. Free radical and
polar pathways can seemingly compete in the
reactions of vanadium peroxo compounds. The
analogous molybdenum and tungsten peroxo
complexes and MO,HMPT (M = Mo, W) com-
plexes oxidize the organic sulfide p-
CIC,H,SCH; predominantly over the sulfoxide
CsH;SOCH, in the competitive experiments
exhibiting the electrophilic oxidative properties
of the peroxo complexes. A negative Hammett
p constant of — 1.6 was observed in the oxida-
tion reactions of p-XC.H,SCH; with complex
[PMo0,04(0,)];-{Py"-(CH,),sCH,]; support-
ing this conclusion [130].

Oxidation of organic sulfides by hydrogen
peroxide catalyzed by methyl rhenium trioxide
was studied in CH;CN /H,0 at pH 1 and 25°C
[90]. Two peroxo complexes are in equilibrium
with the starting MTO under the conditions of
the oxidation reactions (see Scheme 8).

CH3ReO3

Scheme 8. Equilibrium reactions between MTO and peroxo com-
plexes [89-92].
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Both mono- and diperoxo complexes are ac-
tive in the oxidation reactions, the former being
studied in greater detail [90]. The kinetic study
showed the peroxo complex to undergo a
nucleophilic attack by organic sulfide. The
Hammett p constant for this step was found to
be equal to —0.98 for a series of p-substituted
phenyl methyl sulfides [90]. Notice, that the p
constants observed both in Ref. [130] and Ref.
[90] are below the lower limit found for elec-
trophilic reactions. Thus, the p value of —2.4
was observed for Friedel-Crafts ethylation of
aromatics, —12.1 was found for Br, bromina-
tion in AcOH solution, — 10 for CI, chlorina-
tion and —9 for Friedel-Crafts acetylation
[131]. So, rather low positive charge is devel-
oped at the sulfur atom in the transition state of
the oxidation reaction. Similarly, Hammett p =
—0.63 has been shown for triarylphosphine oxi-
dation by H,0, catalyzed with MTO [89] evi-
dencing little change in charge to develop in the
transition state of the phosphine oxidation. The
comparison of second order rate constants for
triphenylphosphine (7.3 X 10° 1 mol™' s71),
triphenylstibine (5.3 X 10° 1 mol™' s™!) and
triphenylarsine (3.7 X 10° 1 mol~" s~') shows
low sensibility of the reaction (see Eq. (27))
toward the nature of the element (E) undergoing
the oxidant attack:

(o]
I 0
0\” // + EAI'3 — OtR{ + O=EAr;
cH l CH; oH
*om, : (27

where E=P, Sb, and As.

It is to be noticed that the nucleophilic con-
stants (ncy ;) of Et;As (7.1) and Et;P (8.7)
differ sufficiently [132] The ngy, value for
(CH,),S is equal to 5.3. However, the rate of
methylphenylsulfide oxidation [90] is rather
close to that observed for arsine and stibine
triphenyl derivatives. On the other hand, even
smaller difference in ncy ; values for chloride
ion (4.4) and bromide ion (5.8) is accompanied
with much more remarkable changes in the

+ # #
o (\:H3 o ERs 0., ?HJ
" REL | 0t 0.8+
/ [ =6 / | \0 “ER;
OH, OH,
12 (89] 13

Scheme 9. The transition state structures for the triorganyl ele-
ment, ER,, oxidation reactions (E = As, Sb, P).

reactivities of the two ions toward methylrhe-
nium monoperoxo complex: 0.06 1 mol™' s~!
for C1~ and 350 1 mol~! s~' for Br™ [91]. A
rationale for these observations can be that the
back donation of the lone pair of O atom of the
peroxo ligand in the oxidation reaction con-
tributes to the energy of the transition state
much more in the case of the bromide ion than
in that of the chloride ion. This interaction plays
seemingly a sufficient role in the case of oxida-
tion of sulfur, stibine, phosphorus, and arsine
organyls as far as the oxidizing elements have
vacant and comparatively low disposed d-levels.
In all polar reactions under discussion, the per-
oxo group acts as both an electrophilic and
nucleophilic center. Being electronically the
same but sterically very different, ( p-tolyl),P
and (o-tolyl),P have a small difference in rates
[90]. This rather low sensitivity of the organic
phosphine oxidation towards steric require-
ments, in concert with a small Hammett p
slope, suggests that an early transition state is
involved, with little E=0 bond formation [90].
The data was rationalized within a scheme in-
volving a transition state structure 12 (see
Scheme 9).

The important vector for the reaction is pre-
sumably Re—O muitiple bond formation in the
transition state 12. It is easily seen that a small
and quite feasible distortion of the ‘symmetri-
cal’ structure 12 can give rise to the structure 13
with a coordinated oxywater dianion as a con-
stituent fragment of the transition state.

3.4. Activation of dioxygen

Oxygen active multimetal sites have been
found in many biological systems responsible
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for dioxygen reduction processes [133-~141}. The
commonly accepted scheme speculates that cop-
per(D—-copper(l), iron(II)—iron(II), or
copper(I)—iron(1I) sites are involved in a redox
cycle in which the dimetal center is sequentially
oxidized by forming an adduct with dioxygen,
which is a peroxo complex. The peroxo com-
plex oxidizes a substrate and forms an oxide
(M**'M™*!0Q) which is reduced with an ap-
propriate electron donor [133-139,141] (Scheme
10).

Each side of the triangle of Scheme 10 can
consist of several elementary steps. Thus, ac-
cording to kinetic studies of the diiron sites of
methane monooxygenase, the reaction of O,
with the reduced form of MMO, MMO,,, first
results in an intermediate P, which then con-
verts into another intermediate Q. The last inter-
mediate contains two iron atoms in an oxidized
form assumingly above IV and is supposed to
be responsible for the methane into methanol
conversion [142-146]. Different types of oxy-
gen coordination to dimetal sites bridged by
carboxylate groups and/or amino ligands in-
cluding cis- and trans-u-1,2-peroxo- and u-72,
n%-peroxo complexes have been found [133—
141,145-154] (Scheme 11).

The u-n', n'-mode of peroxo group coordi-
nation has been established with X-ray tech-
nique for dioxygen adducts of diiron complexes
modeling non-heme metalloproteins [146-~149].
Both w-n!, n'- [150] and w-n?, m*-coordina-
tions [151-154] have been found for dicopper
peroxo complexes.

The peroxo complexes are thermally unstable

HO  momm

]
2H" 2 \

MI‘H- lem+ 1 0) Mn+1 Mmt 1(02)

SubO Sub

Scheme 10. A hypothetical scheme for dioxygen activation with
dimetal center. M and M’ can be equal metal atoms, e.g. dicopper,
diiron sites, or different metal atoms, e.g. copper /iron sites.

0-0_
0 M'\0 oM™
R
A B
0
w0 M< >M
0
c D

Scheme 11. Peroxide-metal binding modes: (A) end-on monomer;
(B) end-on cis-u-1,2 dimer with a second O bridge; (C) end-on
trans-u-1,2 dimer, (D) side-on w-n%, n* dimer. Adapted from
Ref. [148].

compounds undergoing decomposition in the
temperature range 223-270 K. When
[(LCw, u-n*, 1*0,XCF,S0,), (14) (L =
1,4,7-triisopropyl-1,4,7-triazocyclononane) was
warmed above —70°C without application of
vacuum in CH,Cl, solution, the hydroxo-
bridged compound (LCu),(OH),CF,SO0,),
was formed in 85% yield [155). Decomposition
of the peroxo complex perdeuterated at the iso-
propyl substituent gave rise to an OD bridged
product demonstrating that the H/D atoms of
the bridging hydroxo groups originated from the
isopropyl groups of the triazocyclononane lig-
and. Moreover, quantitative radical coupling of
2,4-di-tert-butylphenol was effected by reaction
with complex 14 at —78°C:

H OH
) éf( s (28)
HO

The u-n?, m*-peroxo dicopper complex
{Cu[HB(3,5-Me, pz),;]},(O,) has been found to
be inert toward PPh, and CO but oxidize cyclo-
hexene to 2-cyclohexene-1-ol and similar prod-
ucts under aerobic conditions with oxygen atoms
of non-coordinated O, being incorporated into
the substrate [156]). Under anaerobic conditions,
phenols and catechol underwent oxidative cou-
pling. Under an O, atmosphere, oxygenation
occurred giving rise to benzoquinones from
phenols. The examples cited above suggest that
the w-n2, m*-coordinated peroxo ligand is fa-
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vorably disposed towards one-electron oxida-
tions.

According to broken-symmetry SCF-Xa-
scattered wave calculations, the charge on the
u-n2, n*-coordinated O~ ligand is less nega-
tive than on the 1,2-u-peroxo group. The
o *(0-0) level of u-n?, m*-coordinated per-
oxo group is reduced in such a way that the
back donation from Cu d-filled orbitals can be
sufficient [157,158]. These data may account for
the electrophilic behavior of a peroxide ligand
bound in a u-n?, n? fashion. A study of the
chemical behavior of dicopper complexes (15,
16, 17) with different modes of peroxo group
coordination has indicated a number of distinc-
tions in the reactivity patterns of u-1,2-coordi-
nated peroxo groups in comparison with those
of a u-n?, n*-coordinated one [159], manifest-
ing the influence of the coordination fashion on
the ligand reactivity.

PY: Cul Cul—\-—PY
ra /
kPY-_ }022) \PY
15
N Cu“——O / Cn—N
<y X, w
S—FPY
PY
16 17
PY = 2-Pyridyl

Reactions of complexes 15 and 16 with PPh,
readily resulted in the stoichiometric displace-
ment of the bound O, ligand producing Cu'-
PPh; complexes. With complex 17, slow but
complete oxygen atom transfer occurred, giving
rise to Ph;PO. Protonation reactions are particu-

larly striking as addition of HBF, or HPF to 15
and 16 gave near-stoichiometric yields of H,0,,
whereas 17 was relatively insensitive to HY.
Even phenols reacted with 15 and 16 mainly as
proton donors. By contrast, one-electron oxida-
tion of 2,4-di-tert-butylphenol to 3,3',5,5'-tetra-
tert-butyl-2,2’-dihydroxybiphenyl occurred
when the former reacted with complex 17. The
peroxo-bridged copper(Il) complex 15 with a
terminal ‘non-symmetrically’ u-1,2-coordinated
peroxo ligand and u-trans-1,2-peroxo-bridged
complex 16 have basic or nucleophilic peroxo
groups. By contrast, the complex 17 exhibits
electrophilic properties of the u-n?, n’-peroxo
group. The reactions of all three complexes with
a carbocation Ph,;C™ were rationalized within a
scheme involving an intermediate formation in
which both Cu atoms are bound to a common
oxygen atom of peroxo ligand [159]:

|

o)

' Cu
Y,
0—0
+ Cu
O—. R
Cu—g” ¥ Cu)o—o—xz* (29)
)
| ou

One can presume that u-1,2-peroxo groups
are protonated or alkylated first and then rear-
ranged to a u-1,1-OOR structure (R =H* or
carbocation). Another possibility is a rearrange-
ment of a complex with a bridging u-peroxo
group into complex with a bridging oxywater
dianion which undergoes subsequent alkylation
or protonation to form a u-1,1-OOR structure.
The last type of HOO™ coordination is known
for Co™ peroxo complexes [160]. The molecu-
lar structure of the u-amido-u-hydroper-
oxobis[bis(ethylene-diamine)cobalt(IID]** ion
was resolved by X-ray technique [160]. The
hypotheses for 1,2-u into 1,1-u-peroxo ligand
isomerization were discussed with the examples
of diiron and dicobalt intermediates [161-165].
Formation of 1,1-u-peroxo complex in the case
of porphyrinato complexes [163,164] can re-
quire rather severe steric congestion [165] but
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seems quite possible in the case of the
dicopper(Il) complexes discussed above. Like
other oxywater derivatives, the 1,1-u-coordi-
nated peroxo ligand should be more strongly
basic than the u-n?, n2-coordinated one. Thus,
the 1,1-u-coordinated peroxo ligand was found
to undergo protgrnation [160]:

Co(En) | | .
Moy ® T T H TN oy’ (30)

4
NI

K ~10" M

The rate constant of dicobalt(IIl) u-amido-u-
1,2-trans-peroxo complex isomerization into a
complex with the 1,1-u-coordinated peroxo lig-
and (see Eq. (31)) [160] in aqueous perchlorate
solution is extremely small (~ 10! s~!) and
the equilibrium depicted by Eq. (31) is shifted
to the left.

3+

/Co(En)\o_l

HN ]  =—= HN oo 31

\ ,
\CO(EA)/O Co(En)

However, both the rate and equilibrium con-
stants of 1,2- into 1,1-u-peroxo group isomer-
ization can be influenced by the nature of the
metal atom, its charge and ligand surrounding.
In this context, one might expect the isomeriza-
tion of copper(Il) complexes to proceed more
easily than that of cobalt(Ill) complexes as far
as coming within a shorter distance of less
charged centers could require less energy con-
sumption.

Dinuclear Cu' complexes of macrocyclic lig-
ands 18-20 react with dioxygen to form the
corresponding copper(Il) peroxo complexes
[166-174].

The oxygenation of the dinuclear copper(I)
complex of ligand 18 results in a rapid hydrox-
ylation of one of the benzene rings of the
macrocycle [166,167]:

H(N_—X:u cé H——O2 HN— c(o\
&N/ \N Q_/

(32)

Oxidation with ' O labeled dloxysgen showed
the incorporation of one atom of ~O into the
aromatic ring of the cyclic ligand 18. Only one
of the arene rings underwent the hydroxylation.
All these data can be rationalized within a
scheme assuming 1,2-u- into 1,1-u-peroxo lig-
and isomerization:

N - N NS 33

The insertion of one oxygen atom into the
aromatic C—H bond of the macrocyclic ligand
can be considered as a transfer of the oxygen
atom from the coordinated oxywater dianion to
the organic substrate:

Ar—H
Ar-O-H
o
or (o) (34)
Nt i
—Cul \Cu{& _— —>Cu‘"( \cmél-

If the resulting copper(Il) oxide is reduced by
an appropriate reagent to the copper(I) complex,
the hydroxylation can become a catalytic. Thus,
Cu' complexes of ligand 19 and 20 with furane
and pyridine bridging groups do not undergo
hydroxylation because of the lack of an appro-
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priate C—H aromatic bond [166,167]. However,
the copper(I/II) complexes with these ligands
act as catalysts in the oxidation of phenols and
catechols as far as complexed Cu" oxide can be
reduced by the substrate under oxidation and
thus the catalyst can be regenerated.

A similar hydroxylation of a non-cyclic lig-
and has been observed [175]. The hydroxylation
of tridentate ligand at benzylic position was
observed by oxidizing copper(I) N,N-bis[2-(2-
pyridyl)ethyl-2-phenylethylamine (Py,Phe)
complex in CH,Cl, solution:

Cu!(OCH;CN),PF L OH (35)

St

21

A Cu” complex with the hydroxylated ligand 21
was obtained. Labeling experiments ('*0,)
showed that the oxygen atom of the OH group
comes from molecular oxygen. The stoichiom-
etry O,:Cu was determined to be 1:2, the yield
of hydroxylation based on the Cu' ion was 50%
[175], in agreement with the expectation accord-
ing to Eqgs. (33) and (34). Numerous examples
of related reactions have been reviewed [162].

A work by Lippard, Newcomb and co-
workers has shown that free carbon radicals are
not involved in the MMO action [176]. More-
over, a particulate form of MMO hydroxylates
with perfect retention of configuration [177].
The oxygen rebound mechanism for hydroxyl-
ation by high valent metal complexes [178] is
under critical discussion now [179,180]. The
hydroxylation mechanism with five-coordinated
carbon atom and ferryl groups was forwarded as
an alternative scheme [180]:

H H #
FeMO +f"'M>C—H — |:Fe'V0—-—____(|J—H:| (36)

In the context of the approach under discussion,
a scheme involving O, coordination by dinu-
clear Fe"-Fe"-center and an isomerization of
the Fe™-Fe™ peroxo complex into correspond-
ing complex with oxywater anion can be specu-
latively proposed. The latter is assumed to react
with a hydrocarbon undergoing monooxidation

(see Eq. (37)).
N y N

e
— Fell ceemeee Fe“\— + 03 —+ — Felll \ ch/_ —
/ /7 o~ N\
[} ROH (37)
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3.5. Decomposition of peroxynitrite

Peroxynitrite, OONO~, and peroxynitrous
acid, HO—ONO, are important biological oxi-
dants produced in vivo via recombination of
superoxide anion O, with 'NO [181,182]. Per-
oxynitrite produced by irradiation of alkali metal
nitrates, €.g. KNQ;, is stable for months in the
solid solution placed in a closed bottle [181]. No
decomposition of OONO™ ions was observed
when a sample of the solid solution was dis-
solved in water at pH 12 in 1 h. However, upon
the acidification to pH <7 the acid ONOOH
(pK, 6.75) disappeared in a few seconds at
room temperature [181]. In neutral aqueous so-
lution with HCO; or CO, absent, peroxoni-
trous acid isomerizes according to:

HOONO — NOj +H* (38)

Peroxonitrous acid and its anion are known
to be very strong oxidants, stronger than H,0,,
being capable of oxidizing I~ and Br~ ions,
aromatic compounds, arsenite, hydrazine, for-
maldehyde and thiocompounds [181-183]. The
products are consistent with the involvement of
free radicals, including HO', as intermediates
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[181]. The presence of free radicals was sup-
ported by the observation that methyl acrylate
was polymerized in solution containing
HOONO, [184]. The yield of HO' from
HOONO was found to be 40% [181]. However,
the homolysis of HO—ONO at ordinary temper-
atures was considered to be too slow to be
involved in oxidations by peroxonitrite and its
acid [185]. The isomerization of HOONO into
nitrate (see Eq. (38)) was another reaction con-
sidered as one involving free radical intermedi-
ates [181,185].

The observed Arrhenius pre-exponential fac-
tor for Eq. (38) is equal to 6.2 X 10'? 57! [185].
This value corresponds to a small positive
change in activation entropy ( + 3 eu) and seems
to be too small for homolytic dissociation in the
gas phase. A reasonable explanation for this
reduction of AS* could have been a cage effect
[185]. If the geminate radical pair is formed in a
solvent cage and the diffusive barrier is high
enough, recombination of HO  and 'NO, to
reform HOONO can compete with the pair sep-
aration and thus reduce the observed efficiency
for the disappearance of HOONO.

Another mechanistic scheme for peroxoni-
trous acid disappearance assumes formation of a
reactive form of this substrate. It is suggested
that normal peroxonitrous acid converted into
an active or excited form, HOONO®, in an
equilibrium reaction:

HOONO =2 HOONO* (39)

The nature of the active intermediate HOONO "
was not refined.

To choose between free radical and molecu-
lar mechanisms of HOONO decomposition the
influence of solution viscosity on the rate of the
reaction was studied [185]. If the free radical
mechanism were correct, the cage return would
be expected to be of importance. Therefore, in
the media of higher viscosity, the radical pair in
a cage will live longer. As a consequence, the
rate of the rearrangement of peroxonitrous acid
to give nitrate must be lower in the solvents of
higher viscosity [185,186].

To test the importance of a free radical route,
a study of the disappearance of HOONO at pH
5 and 7 in aqueous solution containing dioxane
or up to 30% of the poly(ethylene glycol) (PEG)
polymers, PEG 3350 and PEG 8000, was under-
taken [185].

The experiments [185] showed that the vis-
cosity of the solution has little or no effect on
the rate of disappearance of HOONO. Thus, this
study casts serious doubt on the free radical
mechanism for peroxynitrous acid decomposi-
tion.

All the available data can be rationalized
within a scheme involving isomerization of
HOONO into a nitrosoderivative of oxywater:

H
0—0 Iy, Vs
N/ '0—0\ 0
N 0 N 7 (40)

22

Thus, the excited form of HOONO is as-
sumed to be a derivative of oxywater in which
one of the protons is substituted for a nitroso
group. The intermediate 22 can be responsible
for many HOONO oxidations including aro-
matic compound hydroxylation, oxidation of
sulfhydryl groups and thioethers, iodine and
bromine ions. A weak interaction between the
O-atom of the nitrosyl group and H-atom in 22
can contribute to this intermediate stabilization
and lower the activation barrier for its forma-
tion.

The transformation of 22 into nitrate can be
thought of as a molecular rearrangement involv-
ing a 1,2-oxygen atom shift:

o
L+ o+

/o\ > §’ N—O (41)

A §

Another possible pathway is intermolecular
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oxygen atom transfer between excited and nor-
mal HOONO molecules:

H
N _O—OH

o, 00 + N — HONO + O,NOOH
N o

(42)

Many oxidations in the system considered as
containing peroxonitrous acid can be assum-
ingly attributed to the coexistence and joint
action of HOONO and HOONO, oxidants.

The disappearance of peroxynitrous acid
obeys the first-order kinetics suggesting the iso-
merization of the acid into oxywater derivative
22 (Eq. (40)) to be the rate-limiting step. How-
ever, the oxidation of more easily oxidized sub-
strates can follow a kinetic equation of higher
order in substrate concentration. Thus, the oxi-
dation of iodine ions with HOONO is first-order
in the concentrations of both reagents [181,187].
So, a possible mechanism can involve an attack
on iodine ion by the intermediate 22 in a slow

step:
H H_
0~0 + I — =T
o\\N/ 0\\N/O + 0=] (43)

4. Concluding remarks

The data available suggest a peroxidic oxi-
dant to act like a biphilic reagent in reactions
resulting in one oxygen atom transfer from the
oxidant to a substrate molecule. Both electron
acceptor and back donation ability of the oxi-
dant species seem to contribute to the energetics
of the reaction transition state. In this context,
the concept of the asymmetrical coordination of
the oxidant entity in a metal complex can be
used effectively to rationalize the body of the
data available. With such a mode of coordina-
tion, the peroxidic distal oxygen atom, bearing
an effective negative charge, plays the role of
the nucleophilic agent attacking the substrate
molecule. At the same time, interaction between

empty d-orbitals of the metal atom and o~
orbital of the oxidant molecule is expected to
enhance the electrophilicity of the latter. A reac-
tion involving one oxygen atom transfer from
peroxidic oxidant to a substrate molecule is
considered as a nucleophilic substitution at a
singlet oxygen ('D) atom. Within the scheme
under discussion, the leaving group is a rather
strong oxometallyl group, M=0, in the reac-
tion.

The diversity to reaction channels in an
H,0,/metal complex /solvent system may be
attributed to the different modes of peroxide
molecule coordination as well as the variety of
peroxide intermediates. Intermediate complexes
containing such ligands as dioxo dianion O2~,
in the form of peroxo group [26-28] or water
oxide dianion (M=0%-0"), a singlet dioxygen
molecule, trioxo dianion O3, or ozone molecule
[28,188] should be taken into consideration in
parallel with free oxyl or peroxyl radicals.

Acknowledgements

Funding in support of this work was provided
by the INTAS Program (Project 94 /1515. Pro-
ject coordinator — Professor G. Modena, Padova)
and Russian Foundation for Basic Research
(Project 96-03-34101). Helpful comments and
suggestions by Professor Roger A. Sheldon are
greatly appreciated. The paper has been pre-
pared during my stay at Institut fir Technische
Chemie und Petrolchemie der RWTH, Aachen,
as a visiting Professor. I am deeply indebted to
Professor Willi Keim for this opportunity.

References

[1] R.A. Sheldon, J.K. Kochi, Metal-Catalyzed Oxidations of
Organic Compounds, Acad. Press, New York, 1981, ch. 9.

[2] R.A. Sheldon, in: R. Ugo (Ed.), Aspects of Homogeneous
Catalysis, vol. 4, Reidel, Dordrecht, 1981, p. 1.

[3] G.A. Tolstikov, Reaktsii Gidroperekisnogo Okisleniya [Re-
actions of Hydroperoxide Oxidation], Nauka, Moscow, 1976
(in Russian).



20 LI Moiseev / Journal of Molecular Catalysis A: Chemical 127 (1997) 1-23

[4] R.A. Sheldon, in: W.A. Herrmann (Ed.), Topics in Current
Chemistry, vol. 164, Springer-Verlag, Berlin, Heidelberg,
New York, 1993, p. 21. '

[5] G. Franz, R.A. Sheldon, in: Ullmann’s Encyclopedia of
Industrial Chemistry, vol. A18, 1991, p. 261.

[6] G. Strukul (Ed.), Catalytic Oxidations with Hydrogen Per-
oxide as Oxidant, Kluwer Academic Publishers, Dordrecht,
1992.

[7] W. Weigert (Ed.), Wasserstoffperoxid und seine Derivate,
Chemie und Anwendung, Huthing, 1978, Heidelberg, p.
127.

[8] R.S. Drago, Coord. Chem. Rev. 117 (1992) 185.

[9] R.A. Sheldon, in: R.A. Sheldon, R.A. van Santen (Eds.),
Catalytic Oxidation, Principles and Applications, World
Scientific, Singapore, New lJersey, London, Hong Kong,
1995, pp. 1, 151, 175, 234.

[10] K. Dear, in: W.A. Herrmann (Ed.), Topics in Current
Chemistry, vol. 164, Springer-Verlag, Berlin, Heidelberg,
New York, 1993, p. 115.

[11] H.J. Fenton, J. Chem. Soc. 65 (1894) 899.

[12] C. Walling, Free Radicals in Solution, J. Wiley and Sons,
N.Y., 1957.

[13] V. Conte, F. Di Furia, G. Modena, in: W. Ando (Ed.),
Organic Peroxides, J. Wiley and Sons, Chichester, N.Y.
1992, p. 559.

[14] F. Haber, J.J. Weiss, Proc. R. Soc. London A 147 (1934)
332

[15] D.H.R. Barton, J. Molec. Catal. A 117 (1997) 3, and
references therein.

[16] D.T. Sawyer, Oxygen Chemistry, Oxford University Press,
N.Y., Oxford, 1991.

[17] N. Prileschaew, Ber. 42 (1900) 4811.

[18] N.M. Emanuel, E.T. Denisov, Z.K. Maizus, Liquid-phase
Oxidation of Hydrocarbons, N.Y. Plenum Press, 1967.

[19] E. Hawkins, J. Chem. Soc., (1950) 2169.

[20] G.A. Olah, A’. Molnar, Hydrocarbon Chemistry, J. Wiley
and Sons Inc., N.Y. Chichester, Brisbane, Toronto, Singa-
pore, 1995.

[21] J.O. Edwards, in: J.O. Edwards (Ed.), Peroxide Reaction
Mechanisms, J. Wiley and Sons Intersci., N.Y., 1962, p. 67.

[22] N. Milas, S. Sussman, J. Am. Chem. Soc. 59 (1937) 2345.

[23] N. Milas, J. Am. Chem. Soc. 59 (1937) 2342.

[24] N. Milas, S. Sussman, J. Am. Chem. Soc. 58 (1936) 1302.

[25] G. Strukul, in: G. Strukul (Ed.), Catalytic Oxidations with
Hydrogen Peroxide as Oxidant, Klumer Academic Publish-
ers, Dordrecht, 1992.

[26] LI Moiseev, D.I. Shishkin, A.E. Gekhman, New J. Chem.
13 (1989) 683.

[27] N.I. Moiseeva, A.E. Gekhman, L1. Moiseev, Gazz. Chim.
Ital. 122 (1992) 187.

[28] A.E. Gekhman, N.I. Moiseeva, I.I. Moiseev, Russ. Chem.
Bull. 44 (1995) 584.

[29] F. Di Furia, G. Modena, Rev. Chem. Intermediates 6 (1985)
51.

[30] A. Butler, MJ. Clague, G.E. Meister, Chem. Rev. 94
(1994) 625.

[311 J. Muzart, Chem. Rev. 92 (1992) 113.

{32] LL Vol'nov, Peroxocomplexes of Vanadium, Niobium and
Tantalum, Nauka, Moscow, 1987 (in Russian).

[33] M.H. Dickman, M.T. Pope, Chem. Rev. 94 (1994) 569.

[34] J. Xiao, B.D. Santasiero, B.A. Vaartstra, M. Cowie, J. Am.
Chem. Soc. 115 (1993) 3212, and the references therein.

[35] K.A. Jgrgensen, Chem. Rev. 89 (1989) 431.

[36] 1. Bytheway, M.B. Hall, Chem. Rev. 94 (1994) 639,

[37] W.G. Penney, G.B.B.M. Sutherland, Faraday Soc. Discus-
sion, 1934, p. 898.

[38] W.G. Penney, G.B.BM. Sutherland, J. Chem. Phys. 2
(1934) 492.

[39] C.S. Lu, E-W. Hughes, A. Giguére, J. Am. Chem. Soc. 63
(1941) 1507.

[40] S.C. Abrahams, R.L. Collin, W.N. Lipskomb, Acta Cryst. 4
(1951) 15.

[41] L Olovsson, D.H. Templeton, Acta Chem. Scand. 14 (1960)
1325.

[42] W.R. Busing, H.A. Levy, J. Chem. Phys. 42 (1965) 3054.

[43] R.L. Reddington, W.B. Olson, C. Cross, J. Chem. Phys. 36
(1962) 1311.

[44] RH. Hunt, R.A. Leacock, C.W. Peters, K.T. Hecht, J.
Chem. Phys. 42 (1965) 1931.
[45] R.H. Hunt, R.A. Leacock, J. Chem. Phys. 45 (1966) 3141.
[46] N. Wiberg, Holleman-Wiberg Lehrbuch der Anorganische
Chemie, Walter de Gruyter, Berlin, N.Y. 1985, p. 434.
[47] K. Fujimori, in: W. Ando (Ed.), Organic Peroxides, J.
Wiley and Sons, Chichester, N.Y., 1992, p. 319.

[48] Y. Amako, A. Gigure, Can. J. Chem. 40 (1962) 765.

[49] U. Kaldor, L Shavitt, J. Chem. Phys. 44 (1966) 1823.

[50] P. Politzer, R. Bar-Adon, R.S. Miller, J. Phys. Chem. 91
(1987) 3191.

[51] W.S. Schumb, C.N. Sutterfield, R.L. Wentworth, Hydrogen
Peroxide, Reinhold Publishing Cor, N.Y., 1955.

[52] C. Meredith, T. Hamilton, H.F. Schaefer III, J. Phys. Chem.
96 (1992) 9250.

[53] R.D. Bach, J.J.W. McDonall, A.L. Owensby, H.B. Schlegel,
J. Am. Chem. Soc. 112 (1990) 7065.

[54] R.D. Bach, A.L. Owensby, C. Gonzalez, H.B. Schlegel,
J.J.W. McDonall, J. Am. Chem. Soc. 113 (1991) 6001.

[55] R.D. Bach, M.-D. Su, J. Am. Chem. Soc. 116 (1994)
10103.

[56] R.D. Bach, M.-D. Su, H.B. Schlegel, J. Am. Chem. Soc.
116 (1994) 5379.

[57] E. Bosch, .M. Lluch, J. Bertran, Can. J. Chem. 68 (1990)
666.

[58] G.O. Schenck, H. Eggert, W. Denk, Liebigs Ann. Chem.
584 (1953) 177.

[59] H.-G. Br¥nker, W. Adam, J. Am. Chem. Soc. 117 (1995)
3976.

[60] T.H.W. Poon, K. Pringle, C.S. Foote, J. Am. Chem. Soc.
117 (1995) 7611.

[61] G.O. Schenck, C.H. Krausch, Angew. Chem. 74 (1962)
510.

[62] I.-J. Liang, C.-L. Gu, M.L. Kacher, C.S. Foote, J. Am.
Chem. Soc. 105 (1983) 4717.

[63] E.L. Clennan, P. Dobrowolski, A. Greer, J. Am. Chem.
Soc. 117 (1995) 9800.



LI Moiseev / Journal of Molecular Catalysis A: Chemical 127 (1997) 1-23 21

[64] K. Ishiguro, M. Hayashi, Y. Sawaki, J. Am. Chem. Soc.
118 (1996) 7265.

[65] R. Criegee, Angew. Chem. Int. Ed. Engl. 14 (1975) 745.

[66] R.L. Kuczkowski, R. Soc. Chem. Chem. Soc. Rev. 21
(1992) 79.

[67] K.A. Singmaster, G.C. Pimentel, J. Phys. Chem. 94 (1990)
5226.

[68] S. Jonnalagadda, S. Chan, J. Carrido, J. Bond, K.A.
Singmaster, J. Am. Chem. Soc. 117 (1995) 562.

{69] H. Kwart, D.M. Hoffman, J. Org. Chem. 31 (1966) 419.

[70] R.E. Keay. G.A. Hamilton, J. Am. Chem. Soc. 98 (1976)
6575.

[71] A. Hinrichs, V. Ramachandran, R.W. Murray, J. Am. Chem.
Soc. 101 (1979) 1282.

[72] D.P. Highley, R.-W. Murray, J. Am. Chem. Soc. 96 (1974)
3330.

[73] Y. Savaki, H. Kato, Y. Ogata, J. Am. Chem. Soc. 103
(1981) 3832.

[74] H.-S. Ryang, C.S. Foote, J. Am. Chem. Soc. 102 (1980)
2129.

[75] T. Sugawara, H. Imamura, H. Hayashi, A. Sekiguchi, W.
Ando, M.T.H. Liu, Chem. Lett. (1983) 1261.

[76] 1.R. Dunkin, G.A. Bell, F.G. McCleod, A. McCluskey,
Spectrochim. Acta 42A (1986) 567.

[77] G.A. Ganzer, R.S. Sheridan, M.T.H. Liu, J. Am. Chem.
Soc. 108 (1986) 1517.

[78] J.C. Scaiano, W.G. McGimpsey, H.L. Casal, J. Org. Chem.
54 (1989) 1612.

[79]1 Y. Fujiwara, Y. Tanimoto, M. Itoh, H., Tomioka, J. Am.
Chem. Soc. 109 (1987) 1942.

[80] S. Murata, H. Tomioka, T. Kawase, M. Oda, J. Org. Chem.
55 (1990) 4502.

[81] W. Adam, R. Curci, J.O. Edwards, Acc. Chem. Res. 22
(1989) 205.

[82] R.W. Murray, Chem. Rev. 89 (1989) 1187.

[83] RW. Murray, in: J.F. Liebman, A. Greenberg (Eds.),
Molecular Structure and Energetics, Unconventional Chem-
ical Bonding, VCH Publishers, N.Y., 1988.

[84] W. Bunnelle, Chem. Rev. 91 (1991) 335.

[85] D.H.R. Barton, S.D. Beviere, W. Chavasiri, E. Csuhai, D.
Doller, W.-G. Liu, . Am. Chem. Soc. 114 (1992) 2147.

[86] H. Mimoun, in: G. Wilkinson, R.D. Gillard, J. McCleverty
(Eds.), Comprehensive Coordination Chemistry, Oxford,
1987.

[87] F. Ballistreri, G.A. Tomaselli, R.M. Toscano, V. Conte, F.
Di Furia, J. Am. Chem. Soc. 113 {1991) 6209.

[88] V. Conte, F. Di Furia, G. Modena, J. Org. Chem. 53 (1988)
4581.

[89] M.M. Abu-Omar, J.H. Espenson, J. Am. Chem. Soc. 117
(1995) 272.

[90] K.A. Vassell, J.H. Espenson, Inorg. Chem. 33 (1994) 5491.

[91] PJ. Hansen, I.H. Espenson, Inorg. Chem. 34 (1995) 5839.

[92] Z. Zhu, J.H. Espenson, J. Org. Chem. 60 (1995) 7728.

[93] M.J. Clague, A. Butler, J. Am. Chem. Soc. 117 (1995)
3475.

[94] G.E. Meister, A. Butler, Inorg. Chem. 33 (1994) 3269.

[95] O. Bortolini, F. Di Furia, P. Scrimin, G. Modena, J. Molec.
Catal. 7 (1980) 59.

[96] H. Mimoun, in: S. Patai (Ed.), The Chemistry of Functional

Groups, Peroxides, J. Wiley and Sons, Intersci. Chichester,
N.Y. Brisbane, Toronto, Singapore, 1983, p. 463.

[97] H. Mimoun, Pure Appl. Chem. 53 (1981) 2389.

[98] H. Mimoun, Angew. Chem. Int. Ed. Engl. 21 (1982) 734.

[99] H. Mimoun, L. Saussine, E. Daire, M. Postel, J. Fisher, R.
Weiss, J. Am. Chem. Soc. 105 (1983) 3101.

[100] M. Andersson, V. Conte, F. Di Furia, S. Moro, Tetrahedron
Lett. 36 (1995) 2675.

[101] V. Conte, F. Di Furia, S. Moro, Tetrahedron Lett. 35 (1994)
7429.

[102] V. Conte, F. Di Furia, S. Moro, J. Mol. Catal. A 117 (1997)
139.

[103] S. Moro, Ph.D. Thesis, University of Padua, 1996, see in
Ref. 102.

[104] S. Takahashi, K. Ishikawa, N. Takeuchi, M. Ikedo-Saito, T.
Yoshida, D.L. Rousseau, J. Am. Chem. Soc. 117 (1995)
6002.

[105] S. Hirota, T. Li, G.N. Phillips Jr., J.S. Olson, M. Mukai, T.
Kitagava, J. Am. Chem. Soc. 118 (1996) 7845.

[106] M. Roch, J. Weber, A.F. Williams, Inorg. Chem. 23 (1984)
4571.

[107] K. Yamaguchi, K, Takada, Y. Otsuji, K. Mizuno, in: W.
Ando (Ed.), Organic Peroxides, John Wiley and Sons, N.Y.
1992, p. 1.

[108] A.J. Bloodworth, T. Melvin, J.C. Mitchell, J. Org. Chem.
53 (1988) 1078.

[109] A.P. Schaap, S.G. Recher, G.R. Faler, S.R. Villansenor, J.
Am. Chem. Soc., 105 (1983) 1691.

[110] W. Adam, W. Haas, G. Sieker, J. Am. Chem. Soc. 106
(1984) 5020.

{111] F. Di Furia, G. Modena, Pure Appl. Chem. 54 (1982) 1853.

[112] J. March, Advanced Organic Chemistry, Reactions, Mecha-
nisms, and Structure, Fourth ed., J. Wiley and Sons, N.Y.
Chichester, Brisbane, Toronto, Singapore, 1992, pp. 1098,
1184.

[113] K.B. Sharpless, T.R. Verhoeven, Aldrichimica Acta 12
(1979) 63.

[114] Y.-D. Wu, D.K.W. Lai, J. Org. Chem. 60 (1995) 673.

{115] H. Mimoun, M. Mignard, P. Brechot, L. Saussine, J. Am.
Chem. Soc. 108 (1986) 3711.

[116] P.M. Maitlis, The Organic Chemistry of Palladium, Acad.
Press, N.Y. and London, 1971, v. 2.

[117] LI Moiseev, in: R.A. Sheldon, R.A. van Santen (Eds.),
Catalytic Oxidation, Principles and Applications, World
Scientific, Singapore, New Jersey, London, Hong Kong,
1995, p. 203.

[118] W. Adam, L. Hadjiarapoglou, in: W.A. Herrmann (Ed.),
Organic Peroxigen Chemistry, Springer-Verlag, Berlin, Hei-
delberg, N.Y. London, Paris, Tokyo, Hong Kong, Barselona,
Budapest, 1993, P. 45.

{119] IM. Anglada, JM. Bofill, S. Olivella, A. Sole, J. Am.
Chem. Soc. 118 (1996) 4636.

[120] W.A. Pryor, C.K. Govindan, J. Am. Chem. Soc. 103 (1981)
7681.

[121] P.S. Bailey, Ozonation in Organic Chemistry. vol. 1.,
Olefinic Compounds, Acad. Press, New York, 1978.

[122] C.W. Gillies, J.W. Agopovich, J. Am. Chem. Soc. 102
(1980) 7572.

[123] C.w. Gillies, J. Am. Chem. Soc. 99 (1977) 7239.



22 L1 Moiseev / Journal of Molecular Catalysis A: Chemical 127 (1997) 1-23

[124] N.I. Moiseeva, A.E. Gekhman, E.S. Rumjantsev, V.I. Kli-
manov, S.G. Sakharov, LI. Moiseev, Dokl. Acad. Nauk
SSSR (Bull. Russ. Acad. Sci.) 309 (1989) 1136, (in Rus-
sian).

[125] Y. Savaki, Y. Ogata, J. Am. Chem. Soc. 103 (1981) 5947.

[126] T. Sasaki, J. Am. Chem. Soc. 103 (1981) 5947.

[127] J. Espenson, O. Pestovsky, P. Huston, S. Staudt, J. Am.
Chem. Soc. 116 (1994) 2869,

[128] W.A. Herrmann, R.W. Fischer, D.W. Marz, Angew. Chem.
Int. Ed. Engl. 30 (1991) 1638.

[129] W.A. Herrmann, P. Kiprof, K. Rypdal, J. Tremmel, R.
Blom, R. Alberto, J. Behm, R.W. Albach, H. Bock, B.
Solouki, J. Mink, D. Lichtenberger, N.E. Gruhn, J. Am,
Chem, Soc. 113 (1991) 6527.

[130] A. Acoria, F.P. Ballistreri, E. Spina, G.A. Tomaselli, R.M.
Toskano, Gazz. Chim. Ital. 120 (1990) 309.

[131] R. Breslow, Organic Reactions Mechanisms, An Introduc-
tion, N.Y. Amsterdam, 1965, p. 144.

[132] F.A. Carey, RJ. Sundberg, Advanced Organic Chemistry,
Part A, Structure and Mechanisms, Plenum Press, N.Y. and
London, 1984.

[133] A.L. Feig, S. Lippard, Chem. Rev. 94 (1994) 759.

[134] L. Que, Y. Dong, Acc. Chem. Res. 29 (1996) 190.

[135] L. Que Jr., A.E. True, Progr. Inorg. Chem. 38 (1990) 97.

{136] S. Lippard, Chem. Rev. 94 (1994) 759,

[137] J.D. Lipscomb, Annu. Rev. Microbiol. 48 (1994) 371.

[138] A.C. Rosenzweig, C.A. Frederick, S.J. Lippard, P. Nord-
lund, Nature 366 (1994) 537.

[139] M.I. Verkhovsky, J.E. Morgan, M. Wikstr§m, Biochemistry
33 (1994) 3079.

[140] J.P. Collman, P.C. Herrmann, B. Boitrel, X. Zang, T.A.
Eberspacher, L. Fu, J. Wang, D. Rousseau, E.R. Williams,
J. Am. Chem. Soc. 116 (1994) 9783.

[141] 1.P. Collman, P.S. Wagenknecht, J. Hutchinson, Angew.
Chem. Int. Ed. Engl. 33 (1994) 1537.

[142] S.-K. Lee, B.G. Fox, W.A. Froland, J.D. Lipcomb, E.
MYnck, I. Am. Chem. Soc. 115 (1993) 6450.

[143] K.E. Liu, D. Wang, B.H. Huynh, D.E. Edmondson, D.E.
Salifoglon, S.J. Lippard, J. Am. Chem. Soc. 116 (1994)
7465.

[144]) K.E. Liu, AM. Valentine, D. Qiu, D.E. Edmondson, E.H.
Appelman, T.G. Spiro, S.J. Lippard, J. Am. Chem. Soc. 117
(1995) 4997.

[145] K.E. Liu, AM. Valentine, D. Wang, B.H. Huynh, D.E.
Edmondson, D.E. Salifoglon, S.J. Lippard, J. Am. Chem.
Soc. 117 (1995) 10174.

[146] T. Ookubo, H. Sugimoto, T. Nagayama, H. Masuda, T.
Sato, K. Tanaka, Y. Maeda, H. Okawa, Y. Hayashi, M.
Suzuki, J. Am. Chem. Soc. 118 (1996) 701.

[147] Z. Tyeklar, K.D. Karlin, Acc. Chem. Res. 29 (1989) 241.

[148] M.]. Baldwin, D.E. Root, J.E. Rate, K. Fujisawa, N. Kita-
jima, E.I. Solomon, J. Am. Chem. Soc. 114 (1992) 10421.

[149] Y. Dong, S. Yan, V.G. Yong, L. Que, Angew. Chem. 108
(1996) 674.

{150] R.R. Jakobson, Z. Tyeklar, A. Faroog, K.D. Karlin, S. Liu,
J. Subieta, J. Am. Chem. Soc. 110 (1988) 3690.

[151] N. Kitajima, T. Koda, S. Hashimoto, T. Kitagawa, Y.
Moro-oka, J. Chem. Soc. Chem. Commun., (1988) 151.

[152] N. Kitajima, K. Fujisawa, Y. Moro-oka, K. Toriumi, J. Am.
Chem. Soc. 111 (1989) 8975.

[153] N. Kitajima, K. Fujisawa, C. Fujimoto, Y. Moro-oka, S.
Hashimoto, T. Kitagawa, K. Toriumi, K. Tatsumi, A. Naka-
mura, J. Am. Chem. Soc. 114 (1992) 1277.

[154] N. Kitajima, T. Koda, S. Hashimoto, T. Kitagawa, Y.
Moro-oka, J. Am. Chem. Soc. 113 (1991) 5564.

[155] S. Maharata, J.A. Halben, E.C. Wilkinson, L. Que, W.B.
Tolman, J. Am. Chem. Soc. 116 (1994) 9785.

[156] N. Kitajima, T. Koda, Y. Iwata, Y. Moro-oka, J. Am.
Chem. Soc. 112 (1990) 8833.

[157] PK. Ross, EI Solomon, J. Am. Chem. Soc. 112 (1990)
5871.

[158] P.K. Ross, E.I. Solomon, J. Am. Chem. Soc. 113 (1991)
3246.

[159] P.P. Paul, Z. Tyeklar, R.R. Jacobson, K.D. Karlin, J. Am.
Chem. Soc. 113 (1991) 5322.

[160] A.G. Sykes, J.A. Well, in; J.O. Edwards (Ed.), Progr. Inorg.
Chem. vol. 13, 1970, p. 1, and references therein.

[161] R. Davies, M.B. Stevenson, A.G. Sykes, J. Chem. Soc., A
(1969) 1261.

[162] K.D. Karlin, Y. Gultheh, in: S. Lippard (Ed.), Progr. Inorg.
Chem., vol. 35, 1987, p. 219.

[163] R.R. Durand, C.S. Bencosme, J.P. Collman, F.C. Anson, J.
Am. Chem. Soc. 105 (1983) 2710.

[164] RH. Niswander, A.E. Martell, Inorg. Chem. 17 (1978)
2341.

[165] D.-H. Chin, G.N. La Mer, AL. Baich, J. Am. Chem. Soc.
102 (1980) 4344,

[166] A.E. Martell, R.J. Motekaitis, in: 6th Int. Symp. on the
Activation of Dioxygen and Homogeneous Catalysis, April
14-19, 1996, Noordwijkerhout, The Netherlands, p. 35.

[167] R. Menif, A.E. Martell, P.J. Squattrito, A. Clearfield, Inorg.
Chem. 29 (1990) 4723.

[168] R. Menif, A.E. Martell, ]. Chem. Soc. Chem. Commun.,
(1989) 1521.

[169] M.P. Ngwenya, D. Chen, A.E. Martell, J. Reibenspies,
Inorg. Chem. 30 (1991) 2732.

[170] D.A. Rockcliffe, A.E. Martell, J. Chem. Soc. Chem. Com-
mun., (1992) 1758.

[171] D.A. Rockcliffe, A.E. Martell, Inorg. Chem. 32 (1993)
3143.

[172] D.A. Rockcliffe, A.E. Martell, J. Mol. Cat. A 99 (1995)
101.

[173] M. Becker, S. Schindler, R. van Eldik, Inorg. Chem. 33
(1994) 5370.

[174) A.E. Martell, R.J. Motekaitis, R. Menif, D.A. Rockcliff, A.
Llobet, J. Mol. Catal. A 117 {1997) 205.

[175] S. Itoh, T. Kondo, M. Komatsu, Y. Ohshiro, C. Li, N.
Kanehisa, Y. Kai, S. Fukusumi, J. Am. Chem. Soc. 117
(1995) 4715.

[176] K.E. Liu, C.C. Johnson, M. Newcomb, S.J. Lippard, J. Am.
Chem. Soc. 115 (1993) 939.

[177] B. Wilkinson, M. Zhu, N.D. Priestley, H.-H.T. Nguyen, H.
Morimoto, P.G. Williams, S.I. Chan, H.G. Floss, J. Am.
Chem. Soc. 118 (1996) 921.

[178] J.T. Groves, J. Chem. Educ. 62 (1985) 928.

[179] S.-Y. Choi, P.E. Eaton, P.F. Hollenberg, K.E. Liu, S.J.



L1 Moiseev / Journal of Molecular Catalysis A: Chemical 127 (1997) 1-23 23

Lippard, M. Newcomb, D.A. Putt, S.P. Upadhyaya, Y.
Xiong, J. Am. Chem. Soc. 118 (1996) 6547.

[180] A.F. Shestakov, A.E. Shilov, J. Molec. Catal. A 105 (1996)
1.

{181] I.O. Edwards, R.C. Plumb, Progr. Inorg. Chem. 41 (1994)
599.

{182] R.E. Huie, S. Padmaja, Free Radic. Res. Commun. 18
(1993) 195.

{183] S.V. Limar, J.K. Hurst, J. Am. Chem. Soc. 117 (1995)
8867, and references therein.

[184] E. Halfpenny, P.L. Robinson, J. Chem. Soc., A (1952) 928,
939.

[185] W.A. Pryor, X. Jin, G.L. Squadrito, J. Am. Chem. Soc. 118
(1996) 3125.

[186] W.A, Pryor, K. Smith, J. Am. Chem. Soc. 92 (1970) 5403.

[187] M.N. Hughes, H.G. Nicklin, W.A.C. Sackrule, J. Chem.
Soc., A (1971) 3722.

[188] N.I. Moiseeva, A.E. Gekhman, L.I. Moiseev, J. Mol. Catal.
A 117 (1997) 39.



