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The Role of Peroxide Derivatives of the Elements in the Selective
Catalytic Oxidation of Organic Substances

1.V.Spirina, V.P.Maslennikov, and Yu.A.Aleksandrov

Various mechanisms of the selective action of catalysts in the liquid-phase oxidation of organic substances are discussed. It is
shown that the high selectivity of the autoxidation of organic substances catalysed by compounds of transition and non-
transition elements is due to the interaction of the substrate being oxidised with the peroxide derivative of the element formed
via the reaction between oxygen or the hydroperoxide product and the catalyst.
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I. INTRODUCTION

The oxidation of hydrocarbons and other organic substances
by molecular oxygen is one of the principal ways of synthe-
sising oxygen-containing chain compounds: aliphatic acids
and alcohols, phenols, ketones, epoxides, etc. According to
the ideas which have developed, this process is assigned to
the class of degenerate-branched chain reactions; it leads to
the formation of a large number of intermediates and final
products.!™® The development of methods for the selective
conversion of the petroleum raw material into oxygen-con-
taining compounds under mild conditions is at present one of
the most important tasks in chemical science.* As a rule, in
order to increase the selectivity, the oxidation process is
carried out in the presence of catalysts such as the salts of
constant- and variable-valence elements, metal complexes,
Lewis acids, etc. The study of the detailed mechanisms and
kinetics of the above catalytic processes is therefore espe-
cially important for the solution of the problem of increasing
selectivity.

The autoxidation of hydrocarbons in the presence of vari-
ous catalysts has been the subject of numerous investigations
and has been discussed in detail in a series of reviews and
monographs. %51 various mechanisms have been proposed
in the literature for the action of catalysts in the liquid-phase
oxidation of hydrocarbons. The increase of process selec-
tivity in the presence of the catalyst is usually explained
either by the milder reaction conditions, which is caused by
the formation of a complex between oxygen or the hydroper-
oxide and the catalytic additive, and the subsequent decom-
position of this complex with generation of free radicals, or
by the appearance of new non-radical stages in the reaction
of oxygen or the hydroperoxide activated in a complex with
the catalyst.’™1!

One of the mechanisms of the catalysis of oxidation reac-
tions of organic compounds by derivatives of various elements,
which ensures a high selectivity, involves the interaction of
the substrate being oxidised with the peroxide derivative of
the element formed via the reaction between oxygen or the
hydroperoxide product and the catalyst. %13

1. CATALYSIS OF FREE-RADICAL CHAIN OXIDATION
REACTIONS OF HYDROCARBONS

The catelytic action of variable-valence metal compounds in
chain oxidation reactions of hydrocarbons has been investi-
gated in detail and is widely used. 2:3:5710 The most important
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details of the mechanism of these reactions have been
reliably demonstrated. Thus it is generally recognised that
metal compounds can participate in any stage of a degenerate-
branched chain oxidation reaction of a hydrocarbon: initiation,
chain propagation, or chain branching.2:%87:1

The principal radical formation reaction in the oxidation
chain initiation stage in the presence of a catalyst is the acti-
vation of oxygen and the interaction of the resulting oxygen-
containing metal (M) complex with the hydrocarbon: 6711

M + O2 = M(n+1)+o;.-
M(n+1)+0;'— + RH — M** + HO:_. +R.

The free-radical chain oxidation of hydrocarbons is cata-
lysed via this mechanism by low-valence complexes of iridium,
rhodium, ruthenium, osmium, platinum, etc.'*7:®, The occur-
rence of this type of initiation has been demonstrated using
inhibitors in relation to the oxidation of ethylbenzene in the
presence of nickel bis(acetylacetonate)l7 and has been con-
firmed in a study of the oxidation of cumene catalysed by
o-phenanthroline complexes of copper.?

The commonest method for chain branching in oxidation by
compounds of various elements presupposes catalysis of the
homolytic decomposition of the primary hydrocarbon oxidation
products, namely hydroperoxides.?

The catalysis by variable-valence metals is based on one-
electron oxidation-reduction reactions between metals ions
and the hydroperoxide: 23511

ROOH + MM'-—»RO' + M(M-IH- + HO™ ;
ROOH+ M™** _s RO, + M™ 4 H* .

It has been shown!?’ 1722 that Lewis acids and compounds
of alkali and alkaline earth metals can also induce the radical
decomposition of hydroperoxides. The mechanism of the
catalytic action of Lewis acids and constant-valence metal
salts in the autoxidation reactions of hydrocarbons has been
inadequately investigated. The existence of two alternative
pathways has been postulated: the homolysis of the hydro-
peroxide bound in a complex with the catalyst and the bimo-
lecular interaction of this adduct with a second hydroperoxide

molecule: 2%3%-22

R e e

ROOH. Ct— RO 4 HOCt;
ROOH.Ct 4+ ROOH — RO" + H,0-Ct + RO, .
where Ct is a Lewis acid or a constant valence metal ion.

Furthermore, radicals may be generated in the interaction of
the complex with the substitute being oxidised, for example .

styrene:!® . .
ROOH -Ct 4 H,C—CHC,H, — ROCH,CHC,H, + HOt .
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The ability of boron compounds to increase the yield of
secondary alcohols in the liquid-phase autoxidation of paraf-
fins has been known for a long time.?* However, the mech-
anism of this process has not been treated unambiguously.
According to some investigators,2*” 2%, the complex formation
reaction between the catalyst and the hydroperoxide acceler-
ates the reaction of ROOH with formation of free radicals ini-
tiating new chains:

| ROn-E‘i— Roo---l‘s— |
ROOH 4+ B—==| | | for | | | |~RO+ OH+B—
| HO H |
(Y
The preferential formation of alcohols in the oxidation of
alkanes catalysed by boron compounds takes place, according
to Wolf et al.,?” as a result of the decomposition of the hydro-
peroxide coordinated to the catalyst induced by solvent radi-
cals:
RO (HO') +-R'H—ROH \H,0) + R”

’

[ . |
)+ R"— R'CH + 113—. ..OR—R'OH + 113— +'OR

Thus the primary step in the catalytic initiation and branch-
ing of oxidation chains is complex formation between the cata-
lyst and oxygen or the hydroperoxide product, which leads
to the activation of the oxidant. The catalyst makes it pos-
sible to carry out the oxidation at high rates under milder
conditions. However, there is no significant increase in the
selectivity of the process as a result of its being achieved via
a free-radical mechanism.?® The mixture of oxidised products
contains in this case various oxygen-containing substances.

111. MOLECULAR SELECTIVE CATALYTIC OXIDATION
REACTIONS OF HYDROCARBONS

1. The Mechanisms of the Selective Catalytic Oxidation of
Hydrocarbons with Participation of the Catalyst—Hydroper-
oxide Complex

In the autoxidation reactions of hydrocarbons, catalysts not
only influence the rate of oxidation but also change the ratios
of the products formed in the reaction, increasing the pro-
cess selectivity. Thus the catalytic acceleration of the
decomposition of organic hydroperoxides by copper, cobalt,
nickel, chromium, molybdenum, and vanadium compounds
increases the content of ketones in the reaction mixture.?®~3*
In this case the radical decomposition is accompanied also by
the molecular decomposition of the hydroperoxides, whose
contribution can reach 90%. Both pathways in the catalytic
decomposition of hydroperoxides involve the formation of the
same catalyst—hydroperoxide complex.?2%327%* The molecular
decomposition is an example of the manifestation of the "cage
effect": some of the radicals formed in the solvent cage
interact with the metal ions affording molecular products,
while others are released into the surrounding space:®"213"

—— M™OH + RO ;

M** 4+ ROOH == [M"* .ROOH] —» {M™OH, RO’) -—L
- molecular products.

In the study of the decomposition of organic hydroperoxides
catalysed by cobalt, chromium, vanadium, boron, molybdenum,
titanium, etc. compounds the oxidation of the hydrocarbon
used as the solvent has been observed, which leads to an
increased content of alcohols or ketones in the reaction mix-
ture. % According to Sheldon and Van Doorn,*® up to 50%
of cyclohexanol and cyclohexanone in the products of the
decomposition of t-butyl hydroperoxide in cyclohexane in the
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presence of variable valence metal stearates and acetylaceto-
nates is formed as a result of radical processes:
- . —/\.0: .
C O +tmo - >3 >0,

2 <:>-oo-_* =0+ >-omto,.

However, it has been shown®® that the oxidation of nonane
and cyclohexane by t-butyl hydroperoxide, catalysed by
transition metal compounds and involving the formation of
ketones and cyclohexanol, proceeds without the participation
of free t-butoxy-radicals.

According to Pek Lak Von et al.,*® only a small proportion
of the radicals (10—15%) formed in the decomposition of the
hydroperoxide bound in a complex with borate are released
into the surrounding space and ensure the initiation of the
oxidation process. The preferential accumulation of alcohols
in this instance takes place as a result of the non-radical
decomposition of the complex of the hydroperoxide with the
catalyst in its bimolecular interaction with the paraffin:

| [
'——I!Z- ROOH + R'H — ROH 4 R'OH -+ }?—— (1)

It has been sug’gested"0 that the catalysis of the oxidation
of hydrocarbons by boron trioxide proceeds via an electro-
philic substitution mechanism:

10 b on
|
ByO, + ROOH + R'H—~B B —m {z L *w —
o7\ NN ~NH
.’. ?_R‘ OR
H—Q
\R '8 (2)

— ROBO + HBO, + R'OH.

According to Eqns. (1) and (2), the increased yield of alcohols
is caused by the formation of two alkanol molecules—one from
the hydroperoxide and the other directly from the paraffin.
The participation of hydrocarbons with a labile C—H bond in
the decomposition of cumenyl hydroperoxide catalysed by
cobalt acetylacetonate has been described.** A mechanism
has been proposed according to which the hydroperoxide
forms a coordinate bond with the catalyst and there is simul-
taneous activation of the hydrocarbon forming part of the
composition of the solvate shell of the adduct. The ternary
complexes formed decompose via a non-radical mechanism:

H
|
(acac), Co cl)x-lx — (acac); Co - Hy0+ ROR’ |

RO---R’

H (3)

!

(acac)y Co---?-ufl’ — (acac); Co 4 ROH + R’OH
RO---H

The contribution of molecular decomposition to the overall
reaction of the hydroperoxide depends on the nature of the

. solvent and increases with decrease of the strength of the

C—H bonds in the hydrocarbon. Thus cumenyl hydroper-
oxide reacts to the extent of 40% via the molecular pathway
in ethylbenzene.*® Since methylphenylmethanol was not

detected among the reaction products, the authors*! believe
that the process proceeds via the mechanism (3).

Thus the significant increase of the selectivity of the autoxi-
dation of hydrocarbons occurs when, together with the homo-
lytic decomposition of the hydroperoxide bound in a complex
with the catalyst, there is a possibility of its reaction via the
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molecular mechanism. The molecular pathway in many
instances is an example of the "cage effect”. Certain cata-
lysts are capable of involving the hydroperoxide in an oxida-
tion reaction via the C—H bonds of the hydrocarbon, which
leads to an increased yield of oxygen-containing products.

It has been suggested* that this process represents molecular
interaction of the catalyst—hydroperoxide complex with the
solvent.

The high selectivity of the catalytic epoxidation of olefins
by hydroperoxides is also caused by the molecular character
of the process. This is indicated by the lack of influence by
oxygen on the rate of epoxidation, the passivity in this reac-
tion of catalysts reacting with hydroperoxides to form free
radicals, and the stereospecificity of the catalytic epoxidation.
The absence of a single point of view on the mechanism of
this process is noteworthy; only the involvement in it of the
metal in the highest oxidation state is not open to doubt.®%24%:46

According to some investigators,®»3%:%2748 the catalytically
active species in these processes is the complex of the cata-
lyst with a hydroperoxide molecule, with the aid of which
oxygen is transferred to the olefin. Thus a mechanism has
been proposed for the epoxidation of cyclohexene by t-butyl
hydroperoxide in the presence of vanadyl acetylacetonate,**
according to which the first stage involves the rapid activa-
tion of the metal by the hydroperoxide, i.e. the transition of
the metal to the highest valence state. This is then followed
by the rapid and reversible formation of an active complex of
the catalyst with a hydroperoxide molecule. The complex
formation reaction induces the heterolysis of the O—O bond
with transfer of the hydronium cation to the substrate. The
elimination of a proton and its transfer to the alkoxide anion,
bound to the complex, lead to the formation of the olefin
oxide and the catalyst—alcohol complex. The interaction of
this complex with the hydroperoxide entails ligand exchange
and the regeneration of the active species: **

i/

VO (acac)y +~ROOH —» V—
N

o

o
I/ i R
v + ROOH 2 >v-.-o<

N ~ OH

[¢]
R /N N
ol 4 ;QH0/| | \“...

“OR
/
R

H&| |+—v ‘OR-—»O/[ +—\'---0/ ;

v
\J R N1 R

I N
=v---0{ +R00H:~v~--o< + ROH |
/ H / OH

An analogous mechanism has been proposed®® for the epoxi-
dation of cyclohexene by t-butyl hydroperoxide catalysed by
Mo(CO)¢. According to Sheldon,*? catalysts based on tung-
sten(VI), vanadium(V), and titanium(IV), act in the same
way. '

From the parallel variation of the electron-accepting prop-
erties of the catalytic additive and the rate constants for the
epoxidation reaction, it has been suggested?’>3%:*7:*8 that the
function of the catalyst is to withdraw electron density from
the oxygen atoms of the peroxide bridge, i.e. the catalyst
acts in this instance as a Lewis acid. Two probable mecha-
nisms have been proposed for the reaction of the catalyst—
hydroperoxide complex with the olefin.? For compounds
containing the M=0 fragment, the process proceeds via a
cyclic transition state:

i

Russian Chemical Reviews, 56 (7), 1987

OH
\N N VA,
\‘n — 7 ¢ .
\ OR
n/ \%‘
The second mechanism has been proposed for compounds con-

taining the M—OX (X = H, R) group, which acts as a proton
acceptor: 3%

(0.4 (o]
>I<\H — XOH + >JI<OR + A
? (I)\/
S

The epoxidation of olefins by alkyl hydroperoxides in the 1
presence of metaborates has been explained analogously:?7"*7™ |

P

RO 0 OR RQ OR

g~ N\g~ \B/O\B/ {
[ ] ﬁ :
o o ~ 0
\}‘3/ \E/O +

ro” t\OR’ 2 or
! | j
H—O H :

0

Consequently the molecular conversion of the hydroperoxide
coordinated to the catalyst in the reaction with the saturated
or unsaturated compound to form oxygen-containing products
can be the cause of the high selectivity of the catalytic autoxi-
dation of hydrocarbons and the epoxidation of olefins. The
formation of complexes of the hydroperoxide with the compounds
of transition and non-transition elements used as catalytic
additives has been demonstrated by kinetic and physicochem- :
ical methods. »11:22:26:32  pgyeyer, the numerous experimental ]
data obtained do not conflict with the hypothesis that per- 5
oxide derivatives of the elements participate in selective cata-
lytic processes.

2. The Involvement of Peroxide Derivatives of the Elements
in Selective Catalytic Processes

(a) The formation of intermediate alkyl peroxide derivatives
of the elements in the liquid-phase catalytic oxidation of
hydrocarbons.

According to Mimoun'? and Spirina et al.,!® organoelemental
peroxides play an active role in the hydroperoxide epoxidation :
of olefins and their conversion into ketones, catalysed by
added compounds of non-transition and transition elements. §

Thus in the middle 1970s, it was suggested®®-*! that, in the
epoxidation of olefins in the presence of molybdenum and vana-
dium compounds, the accumulation of the peroxides of these
elements may be a result of the reactions of the correspond-
ing molybdenyl and vanadyl derivatives with the alkyl hydro-
peroxide:

AT, ST e 4

(o} (o}

I |

M 4+ ROOH=M—OO0OR ;
M=Mo, V.

The higher reactivity of allyl alecohols compared with olefins
and their high syn-selectivity indicate the participation of the
peroxides of transition elements in the catalytic epoxidation
of unsaturated compounds.“?52755 In this case one of the

i
1
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ligands in the organo-metallic peroxides is substituted by the
allyloxy-fragment and the epoxidation takes place intramolec-
ularly, the disposition of the reacting fragments favouring
the formation of the syn-epoxyalcohol:

o] 0

N Hy == \"/\“

v OR + e V. OR —

/NS S W4
L 0 o .2

%Y
()]
Q
f LH ] o g
—> —V—0R T

—V—OR +
| .
L

The high stereoselectivity of the epoxidation of aryl-alco-
hols by t-butyl hydroperoxide in the presence of tri(t-but-
oxy)aluminium is caused also by the participation of organo-
elemental peroxides in this process, whose mechanism is
assumed to be analogous to Scheme (4).°°

From the results obtained in a number of studies,® ¢’ the
catalytic cycle illustrated in Scheme I has been proposed to
explain the epoxidation of olefins and allyl alecohols by hydro-
peroxides, catalysed by molybdenum, vanadium, and boron
compounds.!? It is suggested that the active species in the
reaction are the organometallic peroxides (A). The process
involves the formation of a complex of the unsaturated com-
pound with the peroxide of the given element (B), which is
accompanied by the peroxymetallation of the substrate. This
reaction proceeds via the formation of a five-membered per-
oxometallocyclic intermediate (C), which decomposes to the
epoxy-compound and the alkoxy-derivative of the metal (D).

The interaction of the alkyl hydroperoxide with compound (D).

leads to the regeneration of the initial organoelemental per-
oxide (A).

However, the occurrence of the stage involving the forma-
tion of compound (B) in catalysis by boron compounds is in
our view extremely unlikely, since, according to Nesmeyanov
and Sokolik,®! the addition of an alkene to an organoboron
compound is possible only at the boron—carbon bond at tem-
peratures in excess of 100 °C. The olefin is not inserted in
the boron—oxygen bond.

The possibility of the formation of intermediate peroxide
derivatives of vanadium and cobalt in catalytic liquid-phase
oxidation reactions of hydrocarbons has been postulated®?:%3
from kinetic data obtained in the study of the reactions of
t-butyl and cumenyl hydroperoxides in the presence of cobalt
and vanadium acetylacetonates.

Scheme I
L M—X
+ROOH
-HX
L,M—O00R
(A)
~ROH=—, g —
S \—t
+ ROOH
L,M—OR ;
T
777
D) )
L,M—OOR
W ®)
’ \/
LISV
ol
?—o M=Mo,V,B .
R
©)
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According to Makin et al.,®* the interaction of borates with
hydroperoxides leads to the establishment of the equilibrium

ROOH+B (OR’),==B (OOR) (OR’), + R'OH (5)

Direct proof of the formation of alkyl peroxide derivatives of
boron, vanadium, molybdenum, and tungsten in the reactions
of alkyl peroxides with the derivatives of these elements and
their participation in selective oxidation reactions has been
obtained. 772
The study of the interaction of a mixture of t-butyl hydro-
peroxide with the organoborane RmB(OR');-p, wherem =0 — 2,
R = C,H,, CgH,,, or CgHs, and R' = C,Hy *57%% or with deri-
vatives of quadrivalent or quinquevalent vanadium [V(OC,.
.Hg), and VO(OC,Hy-1),1°%7° by IR and 'H NMR spectroscopy
demonstrated that the alkoxy-group is exchanged for the
alkylperoxy-fragment in the system. It is preceded by com-
plex formation between the reactants. Depending on the
nature of the organo-elemental compound, the process takes
place during a fraction of a second or over a period of several
minutes. The, yield of the alkyl peroxide derivative of the
element for the equimolar reactant ratio at 20 °C is between
10 and 90%.°577° Organoelemental peroxide derivatives of
boron, aluminium, silicon, vanadium(V), and cobalt(III) have
been obtained by a reaction analogous to reaction (5).1%8%73-7
The study of the oxidation of alkanes by t-butyl hydroper-
oxide catalysed by boron, aluminium, silicon, titanium, vana-
dium, and palladium compounds!®®%76=8% demonstrated that at
50—160 °C paraffins are converted into oxygen-containing
products—aliphatic alcohols and ketones, in nearly quantita-
tive yields (Table 1).

Table 1. The yields of the products of the oxidation of
paraffins by the system t-butyl hydroperoxide—derivative of
the element (in moles per mole of the peroxide which has
reacted).

. Yield
i Chp» - ini iti Ca, o X
Paraffin N{lp Element-containing additive Ivf £°C | alka- | alka- Refs
nols | nones
Dodecane 0.10 | (C;H0\B 0.10 | 150 | 0.48 | — [76]
Octane 0.10 | (C;HF,01,B 0.10 | 130 | 0.98 | — [30]
Pentane 0.40 | (1-C4Hg0)3Al 0.01 50 | — 10491 (77]
Nonane 0.10 (C,H.&.Sx 0.10 160 | 0.84| — 180]
Nonane 0.10 | (CH.0)Si 0.05 | 140 | 0.42{ 0.11 | ({80]
Octane 0.10 | (CH,O\Ti 0.005 | 60 | 0.02]0.29] [79]
Octane 0.12 (t-C4H88) VO 0.02 50 — | 0.30 | 69, 78]
Octane 0.10 | (CF;CO0)Pd 0.01 60 — 10401 [79]

Notation: cpp is the concentration of t-butyl hydroperoxide
and cy the concentration of the additive.

The oxidation of hydrocarbons by alkyl hydroperoxides in
the presence of catalysts—alkoxy— or acyloxy-derivatives of
the elements—can be achieved in the catalytic cycles illustra-
ted in Scheme II. The boron and silicon compounds in cycle
a catalyse mainly the conversion of paraffins into secondary
alcohols. Cycle b operates in the catalysis of the oxidation
of hydrocarbons by derivatives of aluminium, titanium, vana-
dium, and palladium, which leads to aliphatic ketones. The
oxidising agents in this process are the organoelemental per-
oxide (A), which interacts with the C—H bonds of the sub-
strate to form organoelemental compounds containing a fragment
of the hydrocarbon oxidised (B), and the alcohol corresponding
to the hydroperoxide. The element-containing derivative (B)

gives rise to the oxidation product (the alcohol or ketone)
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under the influence of the excess hydroperoxide and the ini-
tial organoelemental peroxide is regenerated. The operation
of Scheme II has been confirmed also by the fact that the
products of the oxidation of paraffins by the alkyl hydroper-
oxides—organoelemental compound system (with the equimolar
reactant ratio) contain no free alcohols or ketones, with the
hydrocarbon skeleton corresponding to the initial alkane.’®’®°

These compounds are formed either when an excess of the
hydroperoxide is used or as a result of the hydrolysis of the
reaction mixture.

Scheme 11
a

+R’CHR®  —ROH

+ ROOH _R'oy

(A) s/ N
OE

\ (B)
E =B,si;
R! = alkyl

acyl ’ +ROOH
RVC \H
+R2CH, R —ZROH

+2ROOH —2R'OH

E(or )iLLE(OOR) \ / N

k/—/m

R’ +2RO0H
R’ cu B — \
-H,0 }/

E=A1LTi,V,Pd; R=alkyl, acyl.

In order to confirm the participation of organoelemental
peroxides in catalytic oxidation processes, a detailed study
- has been made*¥®%7578% of one of the stages in the catalytic
autoxidation of hydrocarbons—the thermal decomposition of a
series of alkyl peroxide derivatives of boron, aluminium, sili-
con, vanadium, and palladium in solutions in paraffin. It
was found that the peroxides of these elements interact with
hydrocarbons to produce in the hydrolysed reaction mixture
high yields of the oxidation products identical with the oxy-
gen-containing compounds obtained in the hydroperoxide oxi-
dation of alkanes catalysed by non-peroxide derivatives of
the elements (Tables 1 and 2).

The character and structure of the peroxide derivative and
also its state in solution determine the composition of the
hydrocarbon reaction products. Thus boron and silicon
monoperoxides oxidise paraffins with a high selectivity to
organoelemental compounds, which affords secondary aliphatic
alcohols after hydrolysis.®”® The introduction into the mol-
ecule of the peroxide of the given element of one or two addi-
tional alkylperoxy-groups leads to the accumulation of aliphatic
ketones together with alcohols in the hydrolysed reaction
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mixture.’%79-81 The oxidation of alkanes by aluminium,

vanadium, or palladium peroxide leads to the preferential
formation, under mild conditions, of element-oxyderivatives,
which hydrolyse to the isomeric ketone.7?78°

Table 2. The yields of the products of the oxidation of
paraffins by element peroxides (in moles per mole of the
peroxide which has reacted, after the hydrolysis of the reac-
tion mass).

Yield
Paraffin Peroxide* ¢ * | £°C | salkyl- alka- Refs.
alcohols | nones
Dodecane (C,H,0),BOOR 0.10 | 150 | 0.48 - [79}
Octane (C3H3F,0),BOOR 0.10 | 130 | 0.98 — {80
Nonane C.H,B(OOR), 0.05 { 140 | 1.66 0.45 | [81]
Octane (C,H;0),Al00R 0.02 70 - 0.01 (771
Octane (tZ4H906),A100R 0.04 { 70 — 0.45 | [77}
Nonane (C:H0)3SiO0R 0,08 | 160 0.84 -— 80}
Nonane (CsH,y0),5i(O0R), 0.05 | 140 0.83 0.22 | [80}
Octane (t-C4HgU)7 V(0)OOR 0.03 20 — 0.42 69}
Octane CF3;C(0)OPdOOR 0.002{ 80 - 0.50 79}
*R = t-C,Hg.

**[nitial peroxide concentration.

The peroxides of elements are capable of more than the oxi-
dation of saturated hydrocarbons at the C—H bond. They
interact with alkenes to form olefin oxides and methyl
ketones,1%71,72:82787 thay oxidise ethers to acetals®® and
alcohols to aldehydes and ketones; 7% they hydroxylate
aromatic and unsaturated compounds®®®%?° and they lead to
the ring expansion in cyclic acetals, converting them into diol
monoethers®! (Table 3).

Table 3. The yields of the products of the oxidation of
organic substances by element peroxides (in moles per mole
of the peroxide which has reacted, after the hydrolysis of
the reaction mass).

Peroxide* Substrate 1,c Product Yield | Refs.
(C4Hy0),BOOR Dibutyl ether 90 | Acetals of butyr- 0.56 88]
aldehyde
(CH,0),BOOR Anisole 90 |:0- and p-methoxy- 0.99 | [90}
phenols
(C4H,0);BOOR Butyl phenyl 90 |10- and p-butoxy- 0.97 | [88]
ether i phenols
(C(H,0);BOOR Toluene 90 |o- and p-cresols 0.80 | [90]
(C4H,0),BOOR Mesitylene 90 |Mesitol 0.85 [90]
(C4H,0),BOOR Oct-1-ene 120 |i1,2-Epoxyoctane 0.97 | [82]
(CsHyF0);BOOR Mesitylene 80 | Mesitol 0.99 {90
(C4Hs0)5SiO0R Mesitylene 450 |} Mesitol 0.06 [80
)sS5iO0R Oct-l-ene 150. | 1,2-Epoxyoctane 0.08 {80]
and s-octeny! 0,46
alcohols
CF3C(0)OPdOOR Oct-1-ene 20 | Hexyl methyl 0.90 | [84—86]
| ketone
(PPhy),Pt(CH,)OOR Oct-1-ene 80 [Hexyl methy! 0.80 | {87]
ketone
(CHy),GaOOR Hex-1-ene 120 |1,2-Epoxy- 0.80 | [83]
hexane
*R = t-C,Hs.

The data described above make it possible to explain fairly
reliably the decrease of the rate of reaction observed in the
autoxidation of alkanes in the presence of boron-containing
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additives, with simultaneous increase of the yield of second-
ary alcohols.?? The alkyl hydroperoxide accumulated in the
autoxidation of the paraffin reacts with the catalyst to form
an organoboron peroxide. The probability of chain branch-
ing in the oxidation process then diminishes, because the
homolytic decomposition of the boron peroxide proceeds at
higher temperatures than the decomposition of the corre-
sponding alkyl hydroperoxide. The molecular reaction of
the organoboron peroxide with the initial alkane is accompa-
nied by the formation of secondary alcohols, which increases
the selectivity of the oxidation reaction.

(b) The mechanisms of the oxidation of organic compounds
at the C—H bond by dlkyl peroxides and peroxo-complexes of
thecelements.

In the study of the interaction of organoelemental peroxides
(Table 2) with organic compounds it has been observed that
the oxidation of the substrate is accompanied by the disap-
pearance of peroxide oxygen.»®%76781  Analysis of the com-
position of the products of the decomposition of the element
peroxides in various organic solvents and also the character
of their accumulation show that the element peroxides react
via two parallel pathways in solutions in organic compounds:

1) via the oxidation of the solvent:

EOOR + HR' - EOR' + ROH;
2) homolytically with dissociation of the peroxide bond:
EOOR - EO” + OR.

The interaction of an organoelemental peroxide with the
hydrocarbon used as the solvent was observed for the first
time in the thermal decomposition of t-butylperoxytriethyl-
stannane in n-dodecane. *2

The kinetic parameters of the oxidation of organic sub-
stances by organoelemental peroxides and of the homolytic
decomposition of peroxide compounds have been deter-
mined . ®°782:8%,30  The activation energy for the homolytic
cleavage of the peroxide bond is significantly higher (by 10 to
20 keal mol™!) than the activation energy for the interaction
of element-containing peroxides with organic compounds.
The decrease of the yield of the oxidation products with
increase of the process temperature is consistent with this
finding.13

It has been demonstrated by a thermochemical method that
the reaction of organoelemental peroxides in solutions in
ethers and in unsaturated and aromatic compounds proceeds
via the preliminary formation of a complex of the peroxide
with a solvent molecule. The constants for the complex for-
mation reactions of t-butylperoxydi(butoxy)borane with
organic substances, calculated by the method of Becker et
al.,®® range from 0.16-to 0.35 litre mol~! (at 20 °C).%%°* The
1:1 complex formed then decomposes as a result of the oxi-
dation of the organic substrate or homolytically, generating
two hydroxy-radicals,!3:80:88:30

As stated above, organoelemental peroxides interact with
the organic substances being oxidised to form element alk-
oxide derivatives of the substrate. When the reactions pro-
ceed via a free-radical mechanism, these compounds can
accumulate only on decomposition of the organoelemental per-
oxide compound induced by solvent radicals R'*:

EOOR +R'" > EOR'+RO".

However, the reaction rate constant is independent of the
initial peroxide concentration and remains unchanged when
inhibitors of free-radical reactions (galvinoxyl, ionol) are
introduced into the system.3%%%8%% Fyrthermore, as the
process temperature is reduced, the yield of oxidation prod-
ucts increases. Consequently, hydroxy-derivatives of the
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elements, containing the substrate radical, appear in reac-
tions involving the oxidation of organic compounds by organo-
elemental peroxides in the absence of the induced decomposi-
tion of alkyl peroxide derivatives of the elements. They are
formed via the molecular mechanism (6) or the cryptoradical
mechanism (7):
EO—OR ,
EOOR = HR' - [ é, [—i] ] —-EOR’ + ROH

(6)

——EOR' + ROH ;
EOOR + HR' - {EO'+ R + ROH}— . $P]
__.EO" + R" -+ ROH

The rate of release of radicals from the solvent cage is then
correlated with the variation of the viscosity of the medium.'°
The study of the influence of the viscosity of the medium on
the interaction of t-butylperoxydi(butoxy)borane with a
series of hydrocarbons ranging from hexane to hexadecane at
150 °C%° revealed that a change in solvent viscosity from
0.168 to 0.532 cP does not affect the kinetic parameters and
the yield of the products of this reaction (Table 4). The
data in Table 4 support the molecular mechanism, but they
can also arise.from a cryptoradical process when the cage
effect is manifested in this reaction to an inadequate extent.

Table 4. The influence of the viscosity of the medium n on
the oxidation of alkanes by t-butylperoxydi(butoxy)borane at
150 °C and an initial peroxide concentration of 0.10 M,?°

7
Hydrocarbon n150, cP 105k g5, 71 W, mol mol'l lli?mkxg’g‘-ls-l
Octane 1.168 3.0 0.48 3.0
Decane 0.249 31 0.46 3.3
Dodecane 0.339 3.2 0.48 31
Tridecane 0,380 31 0.45 33
Hexadecane (0 532 33 0.47 3.2

Notation: W is the yield of s-alkyl alcohols, keff the effective
rate constant for the disappearance of the peroxide oxygen,
and kgx the rate constant for the oxidation of alkanes.

In the study of the oxidation of mesitylene by t-butylper-
oxydi-(1,1, 3-trihydrotetrafluoropropoxy)borane in magnetic
fields with an induction of 0.05-0.4 T, it was observed that
the yield of mesitol diminishes by 5-15% compared with the
yield in the Earth's magnetic field.?® This effect can be
explained as follows. The peroxide investigated reacts via
two parallel pathways in solutions in organic substances: via
the oxidation of the substrate and homolytically with formation
of two hydroxy-radicals. Themagnetic field acts on the
liquid-phase radical reactions at the stage involving the
recombination of two radicals in the cage. The rate of tran-
sition of the radical pairs from the singlet to the triplet state
and the fraction of these states and ultimately also the yield
of the product of the recombination within the cage depend or
the induction of the magnetic field. In the oxidation of
mesitylene by an organoboron peroxide, which proceeds via
a cryptoradical or molecular mechanism, the yield of mesitol
is independent of the induction of the magnetic field. On
the other hand, the rate of the parallel process in which radi-
cals are released from the cage (via the triplet state) varies
with the induction, which leads to the observed magnetic
effect.

Thus the results obtained in the study of the influence of
the viscosity of the medium and of the magnetic field on the
oxidation of organic substances by element peroxides indicate
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the molecular character of the interaction of organoelemental
peroxides with organic substrates.

The molecular mechanism of this process has also been
confirmed by data for the oxidation of aromatic compounds
by element peroxides. In the study of the hydroxylation
of toluene and mesitylene by organoelemental peroxides at
90 °C#%%%25 no products of the interaction of the radicals EO" |
and RO’ with the CH, groups of the aromatic compounds were
detected in the reaction mixtures. The mechanism of the
action of element-containing peroxides in the reaction with
aromatic derivatives is analogous to the mechanism of the
hydroxylation of the latter by organic hydroperoxide (or
hydrogen peroxide)—Lewis acid systems, i.e. an electrophilic
substitution reaction obtains in the given instance:!%°%9%%

Rl

? i
' |
EOOR + Q—»EOOI}@——- —H | Q + RoK;
i B,
R

E=B, Si; R =1-CH,; R'=CH,, OCH;, OC,H,.

Consequently, in many cases the active oxidising agents in
the chtalytic autoxidation of organic substances are organo-
elemental peroxides formed as a result of exchange between
the intermediate in the oxidation of hydrocarbons (a hydro-
peroxide) and the catalytic additive. Alkyl peroxide deri-
vatives of the elements oxidise organic compounds with forma-
tion of products whose composition is identical to that obtained
using peroxide forms of these elements as the catalyst.*375-82:%0
The high selectivity of the catalytic oxidation is caused by
the interaction of the element peroxides with organic com-
pounds via a molecular mechanism.

The compounds of certain transition elements, used as cata-
lysts of the autoxidation of hydrocarbons, are capable of
binding molecular oxygen with formation of peroxo-complexes
of the metals. 2% The peroxide character of the oxygen
coordinated to the metal is indicated by IR spectroscopic data
for these compounds™®® and also by the finding that the per-
oxo-complexes can be obtained both by the reaction of hydro-
gen peroxide with derivatives of elements containing the M=0O
bond'?%~%° and as a result of the direct interaction of molec-
ular O, with the metal complex.>'? Furthermore, hydrogen
peroxide was evolved in the hydrolysis by strong acids of the
adducts of molecular oxygen and palladium and platinum com-
plexes.!?

Like the alkyl peroxide derivatives of the elements, the
peroxo-complexes of metals participate in the catalytic oxidation
of saturated hydrocarbons®-811,16718,99=101 43 grenes.* 9101
The mechanism of the interaction of the oxygen complex of
the metal with the hydrocarbon depends on the nature of the
metal complex and the substrate being oxidised; it can be of
the free-radical, cryptoradical, or molecular type. The
involvement of the peroxo-complexes of metals in the radical-
chain oxidation of hydrocarbons, described above (Section
11), does not lead to a significant increase of the process
selectivity.

The covalent and anionic oxoperoxo-complexes of vana-
dium(V) of the type VO(0,)(0O—N)L;L, or [VO(0,)(Pic),] A*L
(where O - N = pyridine-2-carboxylate, Pic = picoline-2-
carboxylate, L,, L, = H,0, MeOH, or hexamethylphosphor-
amide, and A* = H* or PPh}) in aprotic media under mild
conditions, epoxidise olefins and hydroxylate aromatic hydro-
carbons to form phenols and hydroxylate alkanes to form
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alcohols and ketones in yields up to 50, 60, and 25% respec-
tively.®® The peroxo-complexes of vanadium(V) differ
sharply in their reactivities from the analogous molybdenum(VI)
compounds. 57588 The vanadium complexes are active only
in aprotic solvents, epoxidise olefins non-stereospecifically,
and behave as hydroxylating agents. From experimental
data, the authors®® suggested that peroxovanadium(V) com-
plexes are homolytically converted into the reactive VIV\ /O'
. (0]
species in aprotic media. This distinguishes them from the
peroxo-complexes of rhodium and molybdenum, investigated
elsewhere, "% which interact with olefins via the 1, 3-dipolar

addition of the fragment M* 0.
\O/

A cryptoradical mechanism has been suggested®® for the
reaction of peroxovanadium(V) complexes with hydrocarbons:

R R _ -
(-
¥ H v(“O_O\C/R v'=0 & R . R H
@) SN\ H\/H H:O;R ’
o
. N
L R .
ot
: O [ =]
v w . v ~-V=0 .
V\l N T | 2@ @ ; ®
S—u 0—0, s
L——— v(" N V=0_ >o_on
© < .
L >

The peroxochromium complex Ph ;POCrO(0O,), in the mixed
alkane—methylene chloride—t-butyl alcohol solvent oxidises
saturated hydrocarbons to alcohols and carbonyl compounds
at room temperature. It has been suggested that the mech-
anism of this reaction is described by an equation analogous
to that for pathway (c) in Scheme (8).'°* A characteristic
feature of the mechanism proposed®®°! is the combination of
the stages involving the reduction of the metal in the peroxo-
complex to M(N-1)+00" and the formation of a new radical
species as a result of the interaction of this radical with the
olefin or arene [see formula (8), pathways (a) and (b). In
its interaction with the paraffin, M(n-1)+00" is converted
into the metal hydroperoxide M{(""1)*OOH and an alkyl radical
[see formula (8), pathway (¢)]. These intermediate com-
pounds are then oxidised to vanadium (V) or chromium(VI)
derivatives and oxygen-containing organic products.

The one-electron oxidation-reduction reactions with parti-
cipation of the transition metal ion and the hydroperoxide in
the catalytic oxidation of hydrocarbons are well known. Fur-
thermore, it has been shown’’ that derivatives of quadrivalent
vanadium and t-butyl hydroperoxide, taken in 1:1 propor-
tions, react with one another at room temperature to form .
vanadium(V) compounds. The re-reduction of the latter to
vanadium (IV) derivatives under these conditions takes place
to an extent not greater than 5%. Consequently, in the oxi-
dation of organic substances by peroxo-complexes of vana-
dium and chromium, the occurrence of oxidation-reduction
reactions of the type M* + M(n~1)* » MI* is unlikely.

In our view the oxidation of hydrocarbons by peroxo-com-
plexes of vanadium and chromium with formation of olefin
oxides as well as alcohols and phenols probably proceeds
without the participation of radicals.

Thus the high selectivity of the catalytic liquid-phase oxi-
dation of organic substances is due to the interaction via a
molecular mechanism of the peroxide derivatives of the ele-
ments with the C—H bonds of the substrate being oxidised.
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(c) The mechanisms of the interaction of peroxide deriva-
tives of the elements with olefins. According to Aleksandrov
et al.,”»72 t-butyl hydroperoxide epoxidises olefins at a high
rate and with a quantitative yield in the presence of com-
pounds of the type Cp,MX, (where Cp = cyclopentadiene,

M = Mo or W, and X = Cl, Br, or I). The epoxidising agent
in this process is the metal peroxide formed on oxidation of
the initial molybdenum or tungsten compound. The process
is described by the scheme:

Cp.MX, + ROOH — (M)* (QOR)" ;
(M)* (OOR)™ + >:<—$(M)+ (OOR)" . >—;< ;
>=C o ort 3K
(M)* = [CpMX,}*

(M)*{OORy)” -

Alkyl peroxide derivatives of molybdenum of the type [Cp,.
.MoX,]* (OOR)™.ROOH have been synthesised by the reac-
tion of biscylopentadienylmolybdenum halides with t-butyl
hydroperoxide and their high reactivity in the epoxidation of
cyclohexene has been demonstrated.”

As stated above (Table 3), the alkyl peroxide derivatives
of boron, silicon, and gallium interact with alkenes to form
olefin oxides. The alkyl peroxide derivative of the element
reacts with the olefin bimolecularly and the epoxidation takes
place as a result of the interaction of the electrohpilic per-
oxide oxygen atom with the m electrons of the double bond in
the alkene.!® The reaction is preceded by the formation of

a complex between the reactants:®% %"
» <I)\
EOOR + }={ ==EOOR"}={ — BN | —EoR+ XA s
v._‘v Y
™\

E =B, Si, Ga, Mo, W .

The possibility of the formation of transition states of this
type has been confirmed by quantum-chemical calculations 02293
The reactivity of the peroxides of different elements in the

epoxidation reaction is determined by the electrophilic char-
acter of the peroxide oxygen atoms, which is in its turn
related to the acid properties of the heteroatom of the organo-
elemental compound. The heteroatom, which has an occupied
p or d orbital, interacts with the unshared electron pairs of
the peroxide oxygen atoms, which renders the latter more
electrophilic and hence more reactive in relation to olefins.
There is no information about the electrophilicity of organo-
elemental peroxides in the literature, but one can postulate
that it is correlated with the variation of the acidity of the
full oxides of these elements. According to Sheldon and
Van Doorn®® and Tanabe,’’* the properties of the oxides of
the elements as Lewis acids weaken in the sequence MoO,; >
Gay0; > V,05 > B,O; >8Sn0, » Si0,. The above data for the
reactivities of molybdenum, gallium, and boron peroxides in
the epoxidation of olefins are consistent with this series.
Among the oxides of the elements enumerated, the weakest
Lewis acid is Si0,. Consequently silicon peroxide should not
epoxidise olefins effectively. Indeed, on interaction with
oct-1-ene, t-butylperoxytributoxysilane forms not more than
0.1 of a mole of octene a-oxide per mole of the peroxide which
has reacted, while t-butyl-peroxydibutoxyborane epoxidises
oct-1-ene quantitatively under analogous conditions (Table 3).%°
The peroxide derivatives of Group VIIIB elements, whose
electrophilic character is weak, convert a-olefins into methyl
ketones (Table 3). Thus palladium(II) and platinum (II)

t-butylperoxycarboxylates oxidise a-olefins to the corre-
sponding methyl ketones at 20 °C in dry benzene over a
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period shorter than 10 min (the olefin: peroxide ratio is 50)

in 90% yield.® "% Aldehydes or other ketones are not
formed. g-Olefins are oxidised very slowly or not at all,
forming a stable m-allyl complex on substitution of the t-butyl-
peroxy-group at the metal by the olefin:

CH,

RCO,M—00C,Hy-t + /\/\R‘—’ RCO, ‘§
1

R

+t-CH;0H *

Platinum (II) t-butyl peroxides of the type trans—(PRa)Pt(Rl)—
0OQC,Hg-t (where R, = CH,;, CF,, or an arene) are also effec-
tive in the oxidation of oct-1-ene to 2-octanone (80 °C, 16 h,
yield of ketone 80%).%’

The mechanism of the conversion of a-olefins into ketones
by organic peroxide derivatives of palladium and platinum can
be represented, according to the authors,?*~%7 by a cycle
analogous to the catalytic cycle in the hydroperoxide epoxi-
dation of unsaturated compounds in the presence of molyb-
denum and vanadium derivatives!? (Scheme III).

Scheme IIT
M—00l
ROH (A) + R'CH=CH,
ROOH (
H R'
W
M—OR i
M—O0OR .
(D) (B) B
R'CCH, 1{ N
R
<0
|
R
M=Pt Pd; ©)
R=1t-CH, .

The key stage in this mechanism is the peroxymetallation
process, which is preceded by the coordination of the olefin
to the metal (B). The intermediate five-membered adduct
(C) formed decomposes with cleavage of the O—C bond, which
is followed by the B-hydride transfer with formation of methyl
ketone and the t-butoxy-derivative of the metal (D). In the
presence of an excess of the hydroperoxide, the t-butoxy
group is substituted by the t-butylperoxy-group and the ini-
tial metal peroxide is regenerated.

The peroxymetallation process in the epoxidation of olefins
and their conversion into ketones by metal peroxo-complexes
has been justified in detail,12:58-60,205-108  The peroxo-com-
plexes of molybdenum and tungsten of the type L,M0oO(0,),
(where L are organic ligands with very pronounced electron-
donating properties) epoxidise olefins in organic solvents with
a high selectivity (the yield of the epoxide can reach 50— 90%
relative to active oxygen).®® The reaction takes place in two
stages: the reversible coordination of the olefin to the metal
is followed by the irreversible transfer of oxygen to the ole-
fin. - It is assumed? that the oxygen transfer takes place via
a cyclic mechanism involving the 1, 3-dipolar addition of the
peroxo-complex to the olefin with formation of a five-membered
metallocyclie compound, which is converted into the epoxide
and the dioxo-complex of the metal:

0
ll " A
I>I\< +\-_/ |>I‘/l l\}l+ \9 _—
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678
09 o o 9
NN N\ N
T r)/T)// — 0/ =T /c\:/(( . @
c—cC

/NI

The exchange of the ligand for the olefin in complexes of
this type has been confirmed by analysis of the NMR spectra.l®’
Kinetic measurements'’s have shown that the rate of the pro-
cess is determined by the stage in which the olefin is coordi-
nated to the metal. The results of experiments using the
[ %0 ]-labelled peroxomolybdenum complex have shown?® that
exclusively peroxo-oxygen, and not oxo-oxygen atoms as
suggested previously,"*® are transferred to the olefin.

A mechanism of the epoxidation of olefins by peroxo-com-
plexes of metals, involving a three-membered transition state,
has been proposed!®® as an alternative to Scheme (9):
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It has been observed®® that, in the presence of copper per-
chlorate or nitrate, rhodium complexes in alcoholic solutions
at room temperature catalyse the selective conversion of ole-

fins containing the double bond at the end of the carbon chain

into methyl ketones on treatment with molecular oxygen. The
active species in the reaction, whose mechanism is illustrated
in Scheme (10), are olefinic cationic complexes of rhodium (A),
capable of activating molecular oxygen with formation of the
peroxide complex (B). This compound is converted into the
peroxometallocycle (C), which decomposes to the ketone and a
rhodium compound containing the Rh=0 bond after the migra-
tion of the proton to the neighbouring carbon atom:

i . CHe=CHR: CR,CH,OH3 CuXy AR X(CH.=GHR) 0, = (')
RE™Cls 2oy o i-cadis -HGT XicH= xr\
(A) P
. IR
H\c i
"
0 (B)
xny/- (\0 (10)
Ny

C C—R — XRk=0 + CH,CR

X==Clo,, NO,

To demonstrate the validity of this mechanism, Igersheim
and Mimoun®? synthesised the peroxorhodium complexes [Rh(As.
.Ph;),0,1*A™, where A~ = ClO7 or PFg, and investigated
their interaction with unsaturated compounds. It was found
that these complexes react with a-olefins at room temperature
in methylene chloride in an atmosphere of argon with forma-
tion of methyl ketone, whose yield reached 85%. When the
{ *®0 }-labelled peroxorhodium complex is used, methyl ketones
containing the labelled oxygen atom in the carbonyl group are
formed. ®°

The mechanism represented by Egqns.(9) and (10) requires
the coordination of the substrate and an oxygen moléecule to
one metallic centre. The necessity for the coordination of
the olefin is confirmed by the fact that the peroxorhodium
complex {RhO,[Ph,P(CH;),PPh,],;}ClO,, containing two phos-
phine ligands and not having a free coordination site, is
inactive in the reactions with a-olefins.®” It has been
shown!?®11? that the rhodium complex RhCl(CgH;,), with two

Russian Chemical Reviews, 56 (7), 1987

unsaturated ligands absorbs one mole of oxygen with forma-
tion of the peroxo-complex. The coordinated oxygen of the
latter oxidises quantitatively the coordinated cyclo-octa-1,5-
diene to a ketone at 150 °C in cyclohexene. Furthermore, it
has been observed®’®:111:112 that oxygen adducts of the type
(Ph,;P), MO,, where M = Ni, Pd, or Pt, in solutions in
methylene chloride readily combine with electrophilic olefins.
This results in the formation of stable peroxometallocycles in
a high yield. It has been demonstrated by NMR and IR
spectroscopy that these products are analogous to those
formed in accordance with Scheme (10).5%,105107

It has been suggested that dioxirans are reactive inter-
mediates in the oxidative reactions of olefins on treatment
with oxygen, ozone, and hydroperoxides with participation of
catalysts (compounds of different elements and also peroxy-
acids).!*? The formation of dioxiran, present in the form of
a stable zwitterion in the case of peroxyacids, has been con-
firmed by indirect data:!!?

...-H HO
R_//) -,_{ - HO>/\,O — >E/O\0_ —
\0/0 R” MO R

The transfer of oxygen to organic substrates takes place in
two stages. A charge-transfer complex between the nucleo-
philic substrate (for example, the olefin) and the electro-
philic carbon atom of the dioxiran or the metal of the peroxo-
complex is formed initially in the slow reversible stage. In
the second stage, the coordinated substrate adds to the
nucleophilic terminal oxygen atom and a cyclic peroxide is
formed and then decomposes to the corresponding products:

X—Y

g T |
b X=Y —=- . 0

x /D * =N/ o
o

0o

HO
Neoot
R o

— products;

A = carbon, metal.

Thus the catalytic reactions involving the oxidation of
unsaturated compounds by oxygen and hydroperoxides take
place via a non-radical mechanism and with a high selectivity.
The peroxide derivatives of the elements—alkyl peroxides and
peroxo-complexes—play an active role in these reactions. The
interaction of the peroxide derivative of the element with the
olefin takes place via intermolecular nucleophilic attack by the
peroxide oxygen atom, coordinated to the organoelemental
compound of the alkene. There is no unanimous view con-
cerning the structures of the transition states in this process.
The nature and yield of the products of the oxidation of the
unsaturated compound and also the activity of the peroxide
derivative of the element in its reaction with the olefin are
determined by the electron-accepting properties of the heter-
oatom in the organoelemental compound.

1V, CONCLUSION

An increase in the selectivity of the liquid-phase oxidation
of organic compounds by molecular oxygen can be achieved
by employing compounds of different elements as catalysts.
The multiplicity of the catalytic system is responsible for the
absence of a single mechanism of the catalytic oxidation of
hydrocarbons. However, it has been established firmly
that the selectivity of the oxidation of organic compounds
increases when the process proceeds without the participation
of free radicals and the obligatory activation of the oxidant.
The oxidant is in many cases activated as a result of the for-
mation of peroxides of different types, which accumulate in
the reaction mixture as a consequence of the addition of oxy-
gen to the metal complex or the exchange between the primary
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oxidation product (hydroperoxide) and the ligands of the cat-
alytic additive. The peroxo-complex or the alkyl peroxide
derivative of the element interact with the organic substance
by a molecular mechanism, effecting with a high selectivity
the direct transfer of oxygen to the hydrocarbon.

The activation of the substrate as a consequence of its
coordination to the catalyst in selective catalytic oxidation
reactions of organic substances has been reliably demonstrated
for unsaturated and aromatic hydrocarbons. However, the
necessity for the activation of the C—H bonds of alkanes in
their selective oxidation needs experimental confirmation.
According to Shilov and Shteinman,**®" in homogeneous
systems alkanes can be activated by their oxidative addition
to a transition metal complex.

Since the discovery of the activation of alkanes in aqueous
solutions of platinum (II) complexes by Shilov and co-workers,*$
numerous examples of the activation of the C—H bonds of par-
affins by iridium, rhodium, ruthenium, and rhenium com-
pounds*®~11% and also by complexes of the type of the Ziegler—
Natta catalyst'?? have been discovered. However, hitherto
such activation has not been observed in autoxidation pro-
cesses. On the contrary, there exist data which permit the
claim that the activation of the alkane via its oxidative addi-
tion to the transition metal complex is not an essential condi-
tion for the selective conversion of the substrate into an oxy-
gen-containing product.

Thus it is known that iridium compounds of the type IrX,
.(CO)PPh;, where X = Cl or Br, activate the O, molecule with
formation of the peroxocomplex and catalyse the autoxidation
of ethylbenzene to acetophenone and of p-xylene to p-toluic
aldehyde.* It has been shown recently that the iridium com-
plex ns—Cs(Cl-Ia)S[P(CHa)a]Ir(Hz) activates alkanes and arenes
with formation of hydridoaryl and hydridoalkyl derivatives of
iridium.*'® However, treatment of the compounds obtained
with oxygen or hydrogen peroxide leads only to the reductive
elimination of the unchanged hydrocarbon molecule:

R
75-Cs (CHy){ P (CHy)s) lr< —Or o B, 148.C, (CHy)s [P (CHy),] Ir] + RH
H
R=CH3’ CH,C (CHa)a» CsHuv Ccﬂs .

Furthermore, in the selective oxidation of hydrocarbons by
the alkyl peroxide derivatives of non-transition elements
(boron, aluminium, silicon, etc.), it is difficult to imagine
that the alkanes are activated as a result of oxidative addi-
tion.

Consequently, the decisive factor in this process is the
activation of the oxidant. The high selectivity of the oxida-
tion of organic substances with participation of peroxide deri-
vatives of the elements is caused, from our point of view, by
the special state of the peroxide bond in the alkyl peroxide
or peroxo-complex molecule "activated" by the heteroelement.
Thus the activation of the O—O bond can lead to the formation
of the oxiran ring, which facilitates the electrophilic attack
by the peroxide oxygen on the nucleophilic organic substrate?
or promotes the molecular interaction of the peroxide with the
C—H bonds of the substance oxidised, which proceeds in a
cyclic activated state.!?® ‘
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