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Abstract

This review describes examples of remarkable acceleration of metal-catalyzed oxidation reactions by certain additives. In
some cases, reactions proceed 2 or 10 times more rapidly in comparison with the process in the additive’s absence, in other
cases, reactions become possible only in the presence of the additive. Varying ligands at the metal center or additives, one can
not only dramatically improve yields of oxygenates but also control the selectivity of the reaction. Understanding mechanisms
of the additive’s action is very important for search of new efficient catalysts and catalytic systems. Additives considered in
the review can play roles of the ligands at metal ion or proton or electron transfer reagents and they mimic certain enzymes
(the active center or its environment). Often the mechanism of the effect of additives on the reaction rate and the product yield
is unknown, and the main aim of the review is to attract investigator’s attention in creating new efficient catalytic systems,
which contain not only a metal ion but also a necessary “additive”.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction complexes occur at relatively low temperatures and
can be selective.

Chemical inertness of alkanes (saturated hydro- The oxidation of hydrocarbons with dioxygen and
carbons may be called the “noble gases of organic donors of an oxygen atom such as hydrogen perox-
chemistry”) causes great difficulties in their selective ide (H2O), alkyl hydroperoxides as well as iodosyl-
activation, especially under mild conditions. Only benzene and other compounds, is an important field,
in the past decades, the vigorous development of since some industrial processes are based on these re-
metal-complex catalysis allowed the beginning of actions. They may be a basis for creating new tech-
an essentially new chemistry of saturated hydrocar- nologies for direct selective transformations of alkanes
bons[1,2]. Transformations of hydrocarbons under and aromatics into valuable oxygen-containing prod-
the action of metal-complex catalysts seem to be a ucts. Examples of such oxidations are known when the
very promising field. Indeed, in contrast to almost all reaction either proceeds noticeably less efficiently or
presently employed processes, reactions with metal does not occur at all if certain additives are not present

in the reaction mixture. The additives which often are
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amines can mimic the protein environment around the
enzyme reaction cent¢B—12]. It is very interesting
that in many cases only particular specific molecules
can play roles of efficient co-catalysts and even very
similar compounds turn out to be much less reactive
or completely inactive in the catalysis. In this brief re-
view, we will consider examples of various catalytic
reactions when addition of certain compounds in small
amounts dramatically enhances the reaction rate and
the product yield. These reactions are mainly oxida-
tion of saturated hydrocarbons but the oxidative trans-
formations of other compounds will be also described.
It should be noted that mechanisms of the additives’
action are not usually known although the authors ten-
tatively proposed mechanistic explanations.

2. Estimation of alkyl hydroperoxide content by
GC analysisof thereaction solution samples before
and after reduction with triphenylphosphine

In 1992, we demonstrateld 3,14] that H,O» oxi-
dations of alkanes catalyzed by some transition metal
complexes give substantial amounts of the correspond-
ing alkyl hydroperoxides in addition to usually smaller
concentrations of alcohols and ketones. We used a
very simple method which we developed in our ear-
lier works devoted to the alkane oxidations with®p
[1,2,14-16]as well as by air under visible light ir-
radiation[13,17-21] This method is based on com-
parison of the chromatograms of the reaction solu-
tion made before and after the treatment of the sample
with triphenylphosphine (PRBh If PPhs is insoluble
in the reaction mixture, for example in water solution,
other reducing agents, such as NaBét NgS;03
can be used. One of the merits of this method, which
was used later by other authdi2—-25] is the pos-
sibility to estimate the concentration of the alkyl hy-
droperoxide formed from the alkane in the presence
of an excess of an oxidant §8,, alkyl hydroperox-
ide or metal peroxide). It is reasonable to describe this
method before discussion of various oxidations that
afford mainly alkyl hydroperoxides.

We have found13-21]that if an excess of solid
PPh is added to a solution of the alkane oxidation
products 10-20 min before the GC analysis, the re-
sulting chromatogram differs drastically from that of a
sample not subjected to the reduction with p.PFhe
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Fig. 1. Typical chromatograms of a reaction mixture obtained in
the metal-catalysed #D, oxidation of cyclohexane. After the re-
duction with PPB, the cyclohexanol peak rises while the inten-
sity of the cyclohexanone peak decreases which testifies that in
reality the reaction mixture contains cyclohexyl hydroperoxide as
the main product (the amount of cyclohexanol in chromatogram
b corresponds to the sum of cyclohexyl hydroperoxide and cy-
clohexanol really present in the reaction mixture) and only very
small amount of cyclohexanone (its real concentration can be de-
termined from chromatogram b).

example is as shown iRig. 1 After the reduction, the
cyclohexanol peak rises markedly while the intensity
of the cyclohexanone peak decreases. Usually the sum
of alcohol and ketone concentrations in the reduced
sample is approximately equal to the total concentra-
tion of products in the solution untreated with BPh
(Scheme 1 These results can be explained by the fact
that the mixture of the products of the reaction under
consideration contains cyclohexyl hydroperoxide as
the main component. Cyclohexyl hydroperoxide can
totally decompose in the chromatograph to produce
mainly cyclohexanol and cyclohexanone according to
the scheme:

CgH1100H — CgH110OH 4+ CgH100 + - - - (2.1)
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Scheme 1. The GC analysis of the mixture obtained in the alkane oxidation. This method allows to estimate real concentrations of the
alkyl hydroperoxide, ketone (aldehyde) and alcohol present in the reaction solution.

The cyclohexanone:cyclohexanol ratio in decomposi- hexyl hydroperoxide, really present in the solution at
tion of Eq. (2.1)can vary depending on the proper- a given moment can be estimated quantitatively. The
ties of the particular chromatograph (the material of cyclohexanol:cyclohexanone ratio from the cyclo-
the injector, columns, the stationary phase, etc.) being hexyl hydroperoxide decomposition, which is specific
roughly around 1:1. Since, a reaction affords not only for the particular chromatograph, can be determined
cyclohexyl hydroperoxide but also certain amounts of by injecting a sample of pure alkyl hydroperoxide
cyclohexanone and cyclohexanol, the chromatogram or analyzing the cyclohexanol:cyclohexanone ratio in
obtained for the “native” reaction solution will give the initial period of the reaction when the alkyl hy-
amounts of the ketone and alcohol in accordance with droperoxide is the sole product. In order to determine
Eq. (2.1)plus amounts of these products really present the concentrations of all components of the reaction
in the reaction mixture. mixture in the oxidation of various alkanes, it is nec-
Alkyl hydroperoxides are known to be readily and essary to measure the ketone:alcohol ratio separately
quantitatively reduced by PRIo yield corresponding  for the decomposition of each isomer of the formed
alcohols. In the case of cyclohexyl hydroperoxide, the alkyl hydroperoxide. Principally, it is possible to do
reaction gives cyclohexanol: this if the reaction time is short enough and only

isomeric hydroperoxides are present in the solution.
CoH1100H + PPy — CoH110H + OPPR (2:2) This method can be used also for the qualitative de-

After treatment of the reaction solution with PPh  termination of the alkyl hydroperoxide because the
the GC analysis will give the amount of cyclohex- difference between the chromatograms of the reaction
anone which corresponds to the real concentration solution samples before and after the reduction with
of this product in the reaction solution. The amount PP can unambiguously testify the formation of an
of cyclohexanol will correspond to the sum of real alkyl hydroperoxide in the course of the reaction.
concentrations of cyclohexyl hydroperoxide and cy-  In some of the cases, the sum of all products deter-
clohexanol. Thus, by comparing the data of chro- mined before the reduction of the reaction sample is
matographic analysis of the reaction solution before noticeably lower than that calculated from the chro-
and after reduction with PBhthe amounts of cyclo-  matogram obtained for the reduced sample. It can be
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Fig. 2. The GC analysis of the products ofheptane oxida-
tion with the “0,—H,0,-VO3~—PCA” reagent in acetonitrile at
23°C (3h) before (a) and after (b) the reduction of the reaction
mixture with PPR: peaks are attributed to heptanal (1), 2-, 3-,
and 4-isomers of heptanone (2-4, respectively), 1-, 2-, 3-, and
4-isomers of heptanol (5-8, respectively), 1-, 2-, 3-, and 4-isomers
of heptyl hydroperoxide (9-12, respectively); peaks 13-15 are
from unidentified peroxide products.

due to the partial decomposition of the alkyl hydroper-
oxide with C—C bond splitting to afford products other
than expected ketone and alcohol. More interestingly,
using a quartz-lined injector and quartz columns in
the GC, it is possible to find peaks due to alkyl hy-
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Fig. 3. The kinetics of cyclohexane (0.61 mold#) oxygenation
by H,O, (0.42moldnT3) in acetonitrile at 40C catalyzed by
Pd(OCOCE); (1.0 x 10~3 mol dn3).

even in this case, it is more convenient to estimate the
real concentrations of all products by comparing chro-
matograms before and after treatment with £2Pn
example of an alkyl hydroperoxide accumulation with
time is as shown irfrig. 3 [14]

It should be noted in conclusion of this section
that in studies on alkane oxidations, it is necessary
to reduce the reaction solution with PPprior to the
GC analysis in order to know the precise values for
the product concentrations. Indeed, if we operate with
data obtained before the reduction, we could dimin-
ish the real concentrations because some amount of
the alkyl hydroperoxide can give a separate peak and
some decomposition of this alkyl hydroperoxide can
occur in the chromatograph to produce various deriva-
tives which will not be included into a sum of all prod-
ucts. For example, C—C bond splitting can occur. On
the other hand, a reaction betweenQ4 and a hy-
drocarbon can proceed in the GC at high temperature
yielding products which are not really produced in the
reaction solution.

3. Aminoacids as co-catalysts

droperoxides. These peaks disappear completely after3.1. Oxidations by the* O,—H;O,—vanadium

the treatment of the solution with PRhwhile peaks of
the corresponding alcohols growig. 2) [26]. Since,
some (ca. 10-15%) decomposition of alkyl hydroper-
oxide occurs during the “direct” GC determination,

derivative—pyrazine-2-carboxylic acid” reagent

In the absence of any additives soluble vanadium
complexes do not catalyze alkane oxidation with
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H>05 in acetonitrile solution. However, the situation
can be dramatically changed if pyrazine-2-carboxylic
acid (PCA) is added. We have described the reagent
“O2—HyOr—vanadium complex—PCA” which effi-
ciently oxidizes saturated hydrocarbons in MeCN at
temperatures 20—7@ [14,26—45] The following sol-

uble vanadium derivative have been used as catalysts:
vanadate-anion in the forfiBusNVO3, or VOSQ,,

Concentration, ¢x 10% mol dm™2
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200 600 1000 1400 2000

Time, min
Fig. 4. The kinetics of KO, oxidation of cyclohexene

(0.47 moldn73) catalyzed by V@~ (1.0 x 10~*moldni3) and
PCA (40 x 10~*mol dn3) in acetonitrile at 23C.
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Scheme 2. Cyclic aminoacids which were tested as co-catalysts in
vanadium-catalyzed D, oxidation of cyclohexane.

VCl3, VO(acac), the first complex salt being the best
catalyst. The maximum oxidation rates were attained
for the ratios [V]:[PCA] = 1:4 to 1:10. As it was
shown by the method described in the previous sec-
tion, at low temperatures in acetonitrile, the predomi-
nant product of the alkane oxidation is the correspond-
ing alkyl hydroperoxide, and alcohols and ketones
or aldehydes are formed simultaneously in smaller
amounts. This alkyl hydroperoxide then slowly de-
composes to produce the corresponding ketone and
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alcohol. It has been demonstrated that the atmosphericpicolinic and imidazole-4,5-dicarboxylic acids, while
oxygen takes part in this reaction; in the absence of imidazole-4-carboxylic,  pyrazole-3,5-dicarboxylic
air, the oxygenation reaction does not proceed. The and  5-methyl-2-phenyl-1,2,3-triazole-4-carboxylic
oxidation ofn-heptane by the reagent under consider- acids are almost inactive&s¢heme 2
ation exhibits low selectivity, C(1):C(2):C(3)(@) ~ In the system under discussion, the catalytic hy-
1:6.2:6.2:5.3, where the C(1):C(2):C(3):C(4) parame- droxyl radical generation is presented $themes 3
ter is relative (and normalized, i.e. calculated, taking and 4 It has been shown by the kinetic analysis that the
into account the number of hydrogen atoms at each interaction between vanadate anion and PEpdaH)
carbon) reactivities of hydrogen atoms at carbons 1-4 molecule results in the formation of dioxo compléx
of the chain of non-branched alkanes. This parameter of vanadium(V) bearing only one pca ligand. Com-
is close to that found for the oxidation ofheptane plex 1 can coordinate kD, molecule and this pro-
by H,O, in MeCN under UV irradiation {1:7:7:7). cess is presented by step 1Ssheme 4The follow-
Cyclohexene affords a mixture of oxygenategy( 4) ing transformation is the reduction of vanadium(V)
[34]. Methane, ethane, propaneputane and isobu-  to vanadium(lV) by a HO, molecule. This reaction,
tane can be also readily oxidized in acetonitrile by the which is a rate-determining stage, corresponds to a
same reagent. In addition to alkyl hydroperoxides as hydrogen atom abstraction by an oxo ligand of V(V)
the primary oxidation products, alcohols, aldehydes complex which gives hydroperoxyl radical, HO@nd
or ketones, and carboxylic acids are obtained with oxo-hydroxy V(IV) derivatived. It was assumed that
high total turnover numbers anc,8; efficiency. the reduction occurs in two steps: proton transfer from
While the oxo complex [V(Q)pca)]~ (where pca coordinated HO> to one of the two oxo ligands with
is PCA anion), used as tetrabutylammonium salt, it- simultaneous formation of a new covalent V-O bond
self catalyses the #D, alkane oxidation, if free PCA  (step 2) and the subsequent homolysis of this V-OOH
is added to the reaction mixture, the rate is noticeably bond (step 3). The second,8, molecule adds to a
higher. It has been demonstrated recently by lwasamavacant site of comple® forming in step 4 the V(IV)
and co-workers that the vanadium complex with picol- complex5. Other proton transfer (step 5) results in the
inic acid, VO(pic), encapsulated into the NaY zeolite formation of dihydroxy-hydroperoxy V(IV) derivative
retains solution-like activity in the liquid-phase oxi- 6. Complex6 decomposes via the homolysis of the
dation of hydrocarbongl6,47] It is also important to O-0 bond in the hydroperoxy ligand (step 6), generat-
emphasize that although certain aminoacids which are ing a free hydroxyl radical. This reaction seems to be
similar to PCA can play the role of co-catalysts, the favorable because it leads to an oxygen-centred radi-
oxidation rates and final product yields are lower for cal V(IV)-0° (7a) which is a mesomeric form of the

vV—OH —
o)
H-0-0
\
HO ROO®

0, ROOH  H,0

v'V—OH o=
/ [
H-O --0, 0
; \\ HOO
. RH
H0> ) ( _0-0-H <,
0=V"-0-H o=w
SoH H20,

Scheme 3. Catalysis by vanadium complex of hydroxyl radical generation and RH oxidation.
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Scheme 4. Proposed catalytic cycle which involves proton transfer from the vanadium-coordip@gedblecule to the oxo ligand with
participation of the pca ligand.

stable oxo vanadium(V) compleXtf). The formation generation of hydroxyl radicals, which we have found
of a stable species can be “a driving force” for the lib- for the “O,—H,0,—n-BusNVO3—PCA” reagent, is

eration of hydroxyl radicals. Mesomeric forfia can played in living organisms by aminoacids of peptides
be considered as exited state of spe@legxisting in or free aminoacids of various cell components. Thus,

the ground state. we can conclude that processes which occur under
It was proposed that in this process the pca ligand the action of the described reagent mimic some bio-
plays the role of “a robot-manipulator’'s arm” facili- logical reactions and this reagent can be considered

tating the proton transfer within the vanadium com- as a biomimetic system.
plex [37]. The nitrogen atom of the pca ligand can The vanadium-based reagent described previously,
be de-coordinated from vanadium and abstract a pro- apparently has some mechanistic similarities with
ton from the coordinated D, molecule to form a  the “Fe(lll)-Fe(I)-H0," system, as well as with
pyridinium base which, after rotation of “the robot's Fenton’s reagent (i.e. “Fe(Il)—<HD>” system). It is in-
arm”, approaches anotherO ligand of the complex  teresting to compare the reactive efficiencies of these
and protonates it to produce —OH ligand. reagentg37] (for the accelerating effect of various
Vanadium(V) derivatives are known to play in some additives in Fe-induced oxidations, s€ections 3.3
biological systems the role of catalysts for hydroxyl and 3.3. The stoichiometric Fenton (Fe(ll)-=&,)
radical generation due to which these compounds aresystem is transformed gradually into the catalytic
toxic. Possibly, the accelerating role of PCA for the “Fe(lll)-Fe(Il)-H,O," system in the course of the
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H>0, decomposition according t&qg. (3.1)
Ho0, + FE¥ — HOO® + HT + Fé¥* (3.1)

with the effective rate constakg i = 2 x 10-4dm?
mol~1s 1 at 25°C and [Hf] = 1.0x 102 mol dm 3.

HOO® + HOO® — H0, + Oy,
k=24x10°dm*mol~ts! (3.12)

In this scheme for the decomposition 0§®b to pro-
duce Q@ and HO, reactions (3.4) and (3.5) are the

Both Fe-containing systems operate in aqueous chain initiation steps, reactions (3.6), (3.7) and (3.10)

solution (see p. 430 ofl], and [48-52) at room

are the chain propagation steps and reactions (3.8),

temperature. The modified and complemented chain (3.11) and (3.12) are the chain termination steps. Note

Haber-Weiss mechanisnf1,52] contains stages
(3.2)—(3.12):

Fer + H,0 = Fe(OH)%t + HT,
K =2 x 10 3moldm™3 (3.2)

Fe** + Ho0p = Fe(OOH)?+ + H™,
K=2x10"3 (3.3)

Fe(OOH)*t — F&t + HOO",
k=16x103s1 (3.4)

Fe'' (OOH)?t +Fd" (OH)?t — 2F€t+H,0 + Oy,
k =5.0dn mol~ts! (3.5)

FEt + Hy0, — FET + HO® + HO ™,
k = 68dnPmol~tst (3.6)

HO® + H,O, — H,O + HOOC®,
k=17 x 10" dm*mol~ts™® (3.7)

HOO® + F&t — HOO™ + Fe*t,
k=21x10°dm®molts?! (3.8)

HOO® = H* + Ox°,
K =13 x 10°moldm™2 (3.9)

Fet +0,°” - Fé + 0y,
k=4x1dm>mol~ts? (3.10)

FEt + HO® — Fe™ + HO™,
k=51x 18 dm*mol~ts?t (3.11)

that in the case dEq. (3.2)concentration of HO is in-
cluded intoK. In general, the catalytic V-PCA-based
system has many mechanistic similarities with the
catalytic “Fe(lll)—Fe(I)-H0O2" system, in both the
cases, in the key step the interaction ofGJ with

a low-valent form of the metal complex affords hy-
droxyl radicals.

The hydroxyl radical generation by the ‘catalytic’
“O2—Hy0>—n-BusNVO3—PCA” reagent is less effi-
cient than that by the ‘stoichiometric’ “Fe(I1)<,"
system (Fenton’s reagent). Indeed, the rate constant
for reaction (3.6) in water at 25 (68 dn¥ mol~1s1)
is higher than the effective rate constant for the cy-
clohexane oxygenation with the V—PCA-containing
reagent (0.44 démol~1s1 at 40°C). Let us com-
pare, however, the activities of the peroxyl complex
Fe''(OOHYt (Eq. (3.4) and the analogous vana-
dium(V) peroxy derivative V(PCA) bO, in the
monomolecular decomposition reactions to generate
active species. The constant for the vanadium com-
plex decomposition is 0.4$ at 40°C, whereas, the
corresponding value for the iron compoukgls =
1.6 x 10°3s! at 25°C. Using the valueFs4 =
22 kcalmot®, we can estimatés4 ~ 1072s 1 at
40°C. Thus, it can be concluded that the activity of
the vanadium complex with PCA in the generation
of radicals in acetonitrile solution is more than one
order of magnitude higher than that of Fe(lll) ion in
acidified aqueous solution. It should also be noted that
unlike the classical radical-chain oxidation of alkanes
with molecular oxygen[1,53,54] the oxygenation
with the V-PCA-containing reagent under discussion
proceeds at relatively low temperature and gives rise
to the formation mainly of alkyl hydroperoxides.

3.2. Some other reactions co-catalysed by
pyrazine-2-carboxylic acid

Alkanes can be oxidized by 4@, in acetonitrile
using tetran-butylammonium salts of the vanadium-
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Table 1

Oxidation of hydrocarbons by #D, in MeCN catalyzed by the CiReQ;—PCA system

Substrate Products (mmol di¥) TON? o:p ratio
Ketone Alcohol ROOH

Cyclohexane 0.55 4.89 7.18 126

Cyclooctane 3.75 4.87 20.48 291

n-Heptane C(1) C(2) C(3) C4) 134

Carbonyl derivative 0.21 0.16 0.45 0.20

Alcohol 0.04 0.85 1.15 0.54

Alkyl hydro-peroxide 0.54 3.62 3.90 1.71

Benzene Phenol (3.04) 31
Quinone (0.60)

Toluene o-Cresol (9.05) 149 25:75

p-Cresol (3.08)
Benzaldehyde (0.50)
Benzyl alcohol (1.10)
Benzoic acid (0.39)

Benzyl hydroperoxide (0.80)

Ethylbenzene o-Ethylphenol (4.96) 160 30:70
p-Ethylphenol (2.14)
Acetophenone (1.06)
1-Phenylethanol (2.57)
1-Phenylethyl hydroperoxide (5.35)

Real concentrations of all products were calculated from the GC analysis before and after treatment of the reaction samples with PPh
aThe turnover number of the catalyst, moles of all detected products per 1 mol sReTh.

containing polyphosphomolybdate [PM&O40]4~ Very recently we found that $0, oxidizes alka-
as catalyst[55]. The oxidation of alkanes gives nes in acetonitrile at room temperature if dinuclear
rise to the corresponding alkyl hydroperoxides as iron complex with 1,4,7-triazacyclononane (TACN),
the main products, which slowly decompose in the compoundll (Scheme 5[59-61] (which is a model
course of the reaction to produce the corresponding for O»-transporting proteins hemerythrins, structures
ketones (aldehydes) and alcohols. It turned out that 9 and 10 [62,63)) is used as a catalyst. PCA acceler-
the total yield of the reaction products in the pres- ates the oxidatiofi64]. Analogous picolinic acid en-
ence of PCA is almost unchanged (with the PCA:V hanced65] the catalytic activity of compled2 (see
ratio being 10). However, the initial reaction rate [66—73) in the alkane oxidation with yD5.

is higher in this case. PCA accelerates the hydro-

carbon oxidation catalyzed by GReG; (Table 3.3. The effect of additives and ligands in the

[56]. Addition of 2,2-bipyridine to the reaction solu-  oxidations by Fenton’s reagent

tion completely inhibits the formation of oxygenated

products. Employing a+()-camphor derived PCA Bianchi et al. developed a new iron-based catalyst
as a potential co-catalyst in the @ReQs-catalyzed  for the oxidation of benzene to phenol in a biphasic
oxidation of methyl phenyl sulfide with urea,@, system[74]. Full system consists of FeSTH,0,

adduct, the corresponding sulfoxide was obtained H,0, (i.e. Fenton's reagent), GEOOH, HO, or-
with an e.e. of 15%[57]. Purine derivatives were ganic solvent (acetonitrile, acetonesoctane, etc.),
selectively oxidized to the corresponding oxides penzene and, finally, heterocyclic aminoacid as
by the catalytic system MeReGH,Oz, the best  co-catalyst. Among various heterocyclic additives
yield being obtained in the presence of PCA (Taple 2 5-carboxy-2-methylpyrazind-oxide was
[58]. the most efficient co-catalyst. 1,2-Dihydroxybenzene
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Table 2
Hydroxylation of benzene by 4D, in biphasic system catalyzed
by FeSQ

Additive H, Oz Selectivity (%)
conversion (%) ~———
H»0O, Benzene
None 7 38 33
Picolinic acid 13 15
Pyridine-2,6-dicarboxylic acid 2 <1
Quinoline-2-carboxylic acid 90 33
PCA 78 70 81
Pyrazine-2,3dicarboxylic acid 90 52 78
5-Carboxy-2-methyl- 94 78 85

pyrazineN-oxide

was found to improve the oxidation while 2Ripyri-
dine inactivate the system. It is important that in the
reported biphasic system, only a negligible amount
(<1%) of biphenyl was detected, whereas, in the
classical Fenton oxidation the yield of this product is
8-39%.

It is reasonable to consider, in this section, another
publication despite it describes the effect of ligands
other than aminoacids on a Fenton-type reagent. In a
very recent study, Ménage and co-workers have found
[75] that the reactivity of iron complexes as catalysts
in HoO> oxidations can be tuned by modifying the
simple monodentate ligand. Compl&x (with ligands
X = Cl) behaves as a typical Fenton reagent yielding
the hydroxylated polydentate N-ligantb (Scheme
6). The oxidation of cis-1,2-dimethylcyclohexane
catalyzed byl3 gave an equimolecular mixture of
ciss and trans-1,2-dimethylcyclohexanol. Complex
14 (X = MeCN) functions through metal-based
mechanism leading to the formation of compound
16. The oxidation of cis-1,2-dimethylcyclohexane
led in this case to the catalytic formation @& and
trans-1,2-dimethylcyclohexanol in a 10:1 ratio. The
participation of free hydroxyl radicals in the latter
case is unlikely. The authors explained the differ-
ence between complexd8 and 14 in the reaction
with H>O2 by the presence of labile sites only in
14. These sites allow the binding of2B®, molecule
to the metal center leading to the formation of an
iron-peroxo species followed by the homolysis which
gives a caged radical pair:

Fe—O-OH— [Fe'V=0°0OH]



G.B. Shul’pin/Journal of Molecular Catalysis A: Chemical 189 (2002) 39-66 49

Me Me

\q}% Meo: ; ,

\—/,,/

13 X=Cl

14 X =MeCN

Hx02

OMe

; OMe MeO ; OMe
B

&

X =MeCN MeO, OMe
ENYAR
N NZ

=y

zZ
b

Scheme 6. Two different oxidative pathways in the ligand oxidation depending upon the metal complex structure.

It has been proposed that the complé8 re-
acts with BHO, through an outer-sphere electron
transfer resulting in the formation of the hydroxyl

radical.

Table 3

3.4. Gif-systems and picolinic acid

Alkane oxidations by so-called Gif-systems (see re-
views [76—79] and some of the recent publications
[80-83) occur in pyridine in the presence of a car-

Effect of added carboxylic acids on oxygen and ketone formation POXYliC acid and are catalyzed by complexes of tran-

from cyclooctane in the Gif oxidatidn

Additive O, (mmol) Ketone
(mmol)
None 1.70 0.25
Acetic acid 1.67 0.12
Benzoic acid 1.43 0.15
PCA 0.13 0.86
Pyrazine-2,3-dicarboxylic acid 0.45 0.90
Pyridine-2,6-dicarboxylic acid 0.04 0.35
Picolinic acid 0.06 1.28
5-CarboxypyridineN-oxide 0.22 1.39
Quinaldic acid 2.01 0.00
Quinoline-3-carboxylic acid 1.45 0.26
Isoquinoline-1-carboxylic acid 0.05 1.57
Isoquinoline-3-carboxylic acid 0.13 1.42
Quinoline-8-carboxylic acid 1.68 0.21

aConditions: FeQ-6H,O (1 mmol), additive (4 mmol), cy-
clooctane (20 mmol), kD, (4 mmol), pyridine (33 ml).

sition metals (mainly iron). If dioxygen is used as an
oxidizing reagent, a reductant must also take part in

(pic) Fe'"

17

Scheme 7. The tentatively proposed mechanism for the accelerating
role of picolinic acid in Gif oxidations.
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the reaction. HO», was also employed as an oxygen
atom donor. It has been found that “the addition of pi-

G.B. Shul’pin/Journal of Molecular Catalysis A: Chemical 189 (2002) 39-66

of these processg95,96] For example, in a mod-
elling system, specie$9 (Scheme B which is ca-

colinic acid and a number of its congeners increases pable of activating the O-O bond to oxidize alka-

the rate of oxidation up to 50-fold84—-86] It should

be, however, emphasized that Gif-systems exhibit very
low efficiency in respect to a catalyst: the turnover
number (i.e. total number of moles of all products
per 1 mol of the catalyst (TON)) attains usually only
2-3. As can be seen froffable 3 [85] the oxygen
formation is almost completely suppressed by adding
a few equivalents of picolinic acid in the solution.
The authors tentatively proposed that the decomposi-
tion of intermediatel7 (Scheme Yyields ketonel8.
However, “the decomposition df7 would occur via

a nine-membered transition state, which is of course
a disfavoured procesg85]. Due to this the authors
postulated decomposition with the aid of the second
iron-picolinate.

4. Nitrogen-containing bases in alkane and
olefin oxidations

4.1. Therole of bases in biological and biomimetic
oxidations

The active centers of certain oxidizing enzymes
contain metal ions surrounded with various “ligands”
which are often parts of peptide aminoacids (see, e.g.
a book[1], reviews[2-6,63,87—89fand some recent
publications[90-94). Protonation and deprotonation
of the metal-containing species are essential for hydro-
carbon oxidations and often constitute the key steps

(0]
O/ (@] 0
N.. » | \\\“.N Base l,> (\‘ N
SN, — TN
N | N N | N
oG O
19 20

Scheme 8. Transformations of two forms of metal peroxide com-
plex.

nes, is transformed under the action of a base into
specie0 which is unreactive towards such substrates
[95].

Many oxygenases contain the heme prosthetic
group. For example, four coordination sites of the
iron-ion involved in the active center of cytochrome
P450 are coupled by nitrogen atoms from the por-
phyrin molecule and the fifth position is occupied by a
sulfur atom from the cysteine molecule. The catalytic
cycle proposed for alkane oxidation by dioxygen in
the presence of cytochrome P4B02,97-100]is as
shown inScheme 9Some stages involve the protona-
tion or deprotonation of the sulfur residue. It has been
recently demonstrated that the thiolate ligand facili-
tates the O—0 bond cleavage by P450 enzyjhes].

In other enzymes, such as catalases and peroxidases,
the fifth position is occupied by a nitrogen atom of
the histidine molecule. Metal porphyrins were used
as catalysts in the simulation of heme monooxyge-
nases. For example, in modeling cytochrome P450
porphyrin complexes of iron(lll) as well as of man-
ganese(lll), chromium(lll), and ruthenium(lll) were
usually employed as models of active centers of en-
zymes[1,2]. Important role of protonation and depro-
tonation with participation of residues surrounding
the active center was statdii02—117] Protonated
bases take part in the cleavage of the oxygen—oxygen
bond in peroxided118-121] (see Scheme 9 The
reaction of iron porphyrinates with peroxides can pro-
ceed[122] either as heterolytic cleavage or homolyti-
cally.

4.2. Effect of imidazole in
metallopor phyrin-catalyzed reactions

In 1982, Oae et al. reported the ability of imidazole
(Im) to accelerate the S-oxygenation of thioethers by
H,0, catalyzed by iron porphyrinatgd23] and in
the mid of 1980s, Mansuy et dl124] and Mansuy
and co-workers discovered that in the presence of
imidazole or its derivatives manganese-porphyrins
catalyze the epoxidation of alkenes and hydroxyla-
tion of alkanes by alkyl hydroperoxides anc®)
[125-127] Later, the effect of imidazole and its
derivatives on the rate of hydrocarbon oxidation with
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various oxygen atom donors was studied for the is tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrinate,
catalysis by Mn-porphyrinfl28—-133] Fe-porphyrins

[134,135] as well as by other manganeg&36]
and iron[137] complexes. It has been showWh4]
that the oxidation of cyclohexane with ;B> in
CH3CN-CH,Cl> in the presence of LMnCI, where L

N
B
21 N

H

Scheme 10. The role of imidazole in metalloporphyrin-catalyzed oxygenations.

and imidazole at room temperature gave cyclohexyl
hydroperoxide as the main product. The interactions
of imidazole and its derivatives with various metallo-
porphyrins were investigated 38—144] A compari-

son of imidazole and thiolate anion coordinated with
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iron porphyrin complexes as models for cytochrome
P450 was madgl45].

In order to evaluate the mechanistic role of imi-
dazole, compoun@l, which contains an imidazole
bound to the metal, was used as a catalyst in epox-
idation [146]. It turned out that in the presence of
complex 21 (Scheme 1P no epoxidation by hHO»
occured. However, the addition of 10 equivalent of
imidazole to the reaction mixture led to the forma-
tion of the expected epoxide. It was concluded that
the role of imidazole as an Mn-ligand only is not
sufficient for epoxidation to take place. When simi-
lar chiral basket-handle manganese porphyrin which
did not contain the imidazole moiety was used, no

G.B. Shul’pin/Journal of Molecular Catalysis A:
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Scheme 11. The enhanced reactivity of complex [E&(PP)Q]~,

epoxidation occurred in the presence or absence ofwhere RoTPP is 5,10,15,20-tetrakis(pentafluorophenyl)porphyri-

imidazole in excess. The authors assumed that imida-

zole plays two roles in the oxidations: as a Mn-ligand
(enriches the metal center and favors an heterolytic
cleavage of the O—0 bond of,@, molecule) and as a
base catalyst (facilitates the removal of a proton from
H>O, and departure of §D to generate a Mn(\yO
specie22).

nate, in the menadione stoichiometric epoxidation in the presence
of DMSO.

authors proposed that coordinated as an axial lig-
and DMSO pushes the trianglularly bound peroxo
complex open and makes the peroxo ligand much

Manganese porphyrins have been also reported tomore nucleophilic $cheme 1L It has been shown

catalyze the olefin epoxidations by Nal@147] or
m-chloroperoxybenzoic aciflL48] in the presence of
1-methylimidazole. It is interesting that in the alkane
oxidation with iodosylbenzene (PhIO) catalyzed by
iron porphyrin, addition of excess imidazole to the
system results in a decrease in the alcohol yield which
is due to the formation of the hexacoordinated com-
plexes PorphFelm[149].

4.3. Effect of some other bases in
metallopor phyrin-catalysed oxidations

In the presence of free cysteine or histidine,
the efficiency of stereoselective cholesterol oxi-
dation to 3,5a-cholestandiol is markedly higher
[150]. Sodium boron hydride and molecular oxy-

recently [152] that the reactivity of iron porphyrin
catalysts in epoxidation and hydroxylation reactions
is influenced by the nature of anionic axial ligands.
The oxidation of complex Fe(lll)(tdcpp) (tdcpp is
5,10,15,20-tetrakis(2,6-dichlorophenyl)porphyrinate)
with  p-nitroperoxy benzoic acid or pentafluo-
roiodosylbenzene at—90°C in CHyCl, gave
O=Fe(IV)(tdcpp) w-cation radical[153]. However,

in the presence of a small amount of methanol this
reaction produced a new type of high-valent oxoiron
porphyrin which is a high spin complex of either an
O=Fe(V) porphyrin or*O—Fe(IV) porphyrin. The au-
thors proposed that the ligation of methanol causes
the destabilization of iron’s d-orbitals. It is interesting
that the hydroxylation of aromatic hydrocarbons with
H2>0, catalyzed by manganegepolynitroporphyrins

gen were used as an oxidation system. The profiles occurs only in the presence of ammonium mande-

of the rate constant dependencies on aminoacid
concentration differed in shape: curves with sat-
uration in the case of histidine and curves with

pronounced maximum for cysteine. Addition of

DMSO to the stoichiometric epoxidation of mena-

dione with complex [Fe(loTPP)Q] ~, where RoTPP

is 5,10,15,20-tetrakis(pentafluorophenyl)porphyrinate,
enhances the reactivity of the porphyfits1]. The

late [154]. Finally, the oxidation of light alkanes
catalyzed by metal complexes including metallo-
porphyrins in solution[155-157] is promoted by
group 1 metal azide$l55]. It has been proposed
that a possible reason for high activity of azido com-
plexes of first row metals in the coordination sphere
of electron deficient porphyrins is an azide shunt
(Scheme 1p
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Scheme 12. The accelerating effect of metal azides on the oxidation
of light alkanes catalyzed by metal complexes.

4.4. Hydrocarbon oxidations in the presence
of heterocyclic amines. another examples

Pyridine is one of the necessary components of
Gif-systems, however, it has been demonstrated that
this amine can be largely substituted by acetoni-
trile as the solvent with the use of a small amount
4-tert-butylpyridine as the heterocycle base. As a
result increased efficiency and greater number of
turnovers was attaingd 58—160]

Sobkowiak and co-workers have found that the
cyclohexene oxidation withtert-butyl hydroperox-
ide in pyridine—acetic acid mixture (2:1) catalyzed
by manganese(lll) complexes gives predominantly
2-cyclohexen-1-one if bipyridine, picolinic acid or
PPh oxide is present in the reaction mixtufe61].

It is interesting that Schiff-base complexes produce
under these conditions (in the absence of added lig-
ands) 2-cyclohexen-1-one, 2-cyclohexen-1-ol and the
epoxide in almost equal yields. The oxidation of
cyclohexene using the same oxidant in benzene cat-
alyzed by CrQ gave the epoxide, 2-cyclohexen-1-ol
and 2-cyclohexen-1-one in the ratio of 3:1:40. Pyri-
dine and imidazole were found to have negative ef-
fects on the yield of epoxidgl62]. It turned out that
more generally pyridine-derived additives alter the
behavior of this systerfi63]. Monodentate pyridines
and trans-chelated bidentate bipyridines retard the
decomposition otert-butyl hydroperoxide (with the
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Table 4
Decomposition of various hydroperoxides

Hydroperoxide Catalyst Pyridine effect
Ethylbenzene hydroperoxide Ru(lll) Acceleration
Cyclohexyl hydroperoxide Mn(IlT) Acceleration
Benzyl hydroperoxide Cu(ll), Cu(l) Acceleration
Cumyl hydroperoxide Fe(ll) Retardation
Cumyl hydroperoxide Co(ll) Retardation
tert-Butyl hydroperoxide Cr(VI) Retardation
tert-Butyl hydroperoxide Rh(l) Inhibition
Cumyl hydroperoxide Ir(l) Inhibition

formation oft-BuOC® andt-BuO® radicals) and arrest
the epoxidation reaction shifting the product selectiv-
ity towards allylic oxidation. It is worth noting that
cis-chelated bipyridines accelerate the decomposition
of this hydroperoxide. Pyridine effects on hydroper-
oxide decomposition depends on the catalyab(e 49

and co-catalystTable 5 [163].

Cyclohexene can be epoxidized by®} if insol-
uble polynuclear manganese(lll)-Schiff base com-
plexes are used as catalysts and imidazole plays the
role of co-catalys{164]. It has been recently shown
that the addition of 1-10 mol% of 3-cyanopyridine
increases the efficiency of the alkene epoxidation with
H2>05 catalyzed by methyltrioxorheniufi65]. Meu-
nier and co-worker§l66,167]showed that the alkene
epoxidations with sodium hypochlorite catalyzed by
metal porphyrins are strongly accelerated if small
amounts of pyridines are added. Pyridines can be
replaced by 4imidazolylacetophenonfl68,169] A
large improvement of asymmetric yield was observed
by adding 2-methylimidazole to the epoxidation of
(E)-1-phenylpropene by PhIO catalyzed by complex

Table 5
Initial rates of thetert-butyl hydroperoxide decomposition catal-
ysed by CrQ@ in the presence of some additives (82, 22°C)

Additive (mol%) Relative initial rate

cis-1,2-Bis(2-pyridyl)ethylene (1%) 0.12
2,6-Lutidine (2%) 0.38
3,5-Lutidine (2%) 0.50
3-Picoline (2%) 0.58
Pyridine (2%) 0.65
None 1.00
Pyridine (1%) 1.05
2,2-Bipyridine (1%) 72.0

1,10-Phenathroline (1%) 73.0
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23 [170,171] The authors assumed that the change Ho05 ; )
in asymmetric induction is due to the conformational [LFe"'X?* === [LFe(n'-OOH)**
change of the skeleton of (salen)manganese(lll) com- X =CI', HO, RO" purple
plexes and of C-3 and C-3ubstituents accompanied
by coordination of a donor ligand. Base (ammonia,
triethylamine, pyridine) Acid (HCI)
Ph Ph
7 + O |+
1re" | o |re|
o] L
PFe 1n-0-0 n'-0-0

blue

Scheme 13. The reversible deprotonation of purple Fe(lll)-
hydroperoxide complex ions to give transient blue species,

In the HO, oxidation of alkanes, including iron(l1l)—peroxide cqmp_lex: L= N—ethyH\l,N’,N’—trisSZ—E)yr_idyI—
methane and ethane, in acetonitrile catalyzed by ;nyifgz:?ﬁ;m;tlr‘];dﬁ? ;siar(ﬁtr:ge(ngztggenzw"\' N-tris(2-
OsCB, the yield of products is significantly enhanced ' '
if a nitrogen-containing heterocycle is addgd2].

The alcohol:ketone ratio for the products depends on
the nature of the heterocycle: it was found to be 5.4 for
2,5-dichloropyridine and only 0.2 for pyridine. More-
over, whereas, the oxidation afis-decalin occurs
without retention of the configuration (thteans.cis
ratio of the products being more than unity), in the
presence of pyridine the reaction becomes more stere-
oselective, therans.cis ratio decreasing with increas-
ing pyridine concentration. The 4@, oxidation of
ethane and other alkanes catalyzed BCHD, [173]

is accelerated but insignificantly (ca. 15%) if pyridine
is added to the reaction solution. Alkylhydroperoxides
or iodosylbenzene oxidize saturated hydrocarbons if a
manganous salt is used as catalyst and in the presenc
of 2,2-bipyridine as co-catalydil74]. Finally, addi-
tion of 1,4,7-trimethyl-1,4,7-triazacyclononane to the
reaction solution accelerates the alkane hydroperoxi-
dation with HO> (in acetonitrile at 70C) catalyzed

by Ni(ClO4)2. The analysis of bond selectivities in the

aromatic compounds catalyzed by the “non-heme iron
complex—hydroquinone— system. It is interesting
that added pyridine greatly affected not only the NIH
shift but the selectivity (the aromatic ring:side chain
ratio). The authors proposed LFef0 as an active
species. Pyridine acts as a deprotonating reagent,
and the lower NIH value in pyridine in comparison
with that in acetonitrile may be due to the enhanced
de-deuteration before migration. Heterocyclic N-bases
probably play the role of proton transfer reagent in
many of the oxidation reactions as discussed previ-
ously. In some cases, however, a base can deprotonate
a reactive species which leads to its inactivation. an
%xample has been demonstrated9nheme 8 An
analogous mutual transformation of protonated and
deprotonated forms of iron(lll)-hydroperoxide com-
plex is as shown ifscheme 13 [177]

oxidation of normal heptane [C(1):C(2):C(3)8 = Table 6
1.0:6.3:7.2:6.1] and 3-methylhexane °(2°:3° = Oxidation of toluene by oxygen in the presence of acetylacetone
1:5:50) testifies that the process proceeds with partici- or phenanthroliré
pation of hydroxylgadica|§1-75]- The HO, oxidation Products Phenanthroline Acetylacetone
catalyzed by Pt@F~ at 70°C (1°:2°:3° = 1:7:180)
and Cu(ClQ); at 38°C (1:2%:3° = 1:13:330) Pro-  peroaicahycs O °
ceeds in acetonitrile more selectively in the absence Benzoic acid 111 0
of any additive[175]. Benzyl benzoate 2.77 0
The high values of the NIH and Me-NIH shifts  Bitolyls 0.06 5.0

were observed[176] in the monooxygenation of aReaction at 120—20CC in neat toluene.
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Table 7
Oxidation of toluene
Additive Turnover Isomer distribution (%)

frequency

(h—l) 2,2 2,3’ 2,4/ 3,3 3,4 414
Acetylacetone 20 1 58 26 8 6 2
Phenanthroline 1.4 03 15 7 18 38 21
2,2-Bipyridine 1.9 2 54 17 13 12 2

The nature of added chelating ligands plays a very
important role in the oxidation of alkylbenzenes cat-
alyzed by palladium salts. Thus, palladium acetate

in the presence of acetylacetone transforms under

oxygen atmosphere toluene exclusively into isomeric
bitolyls. However, when phenanthroline is added
instead of acetylacetone only side-chain oxidation
occurs while activation of the ring carbons is minimal
(<1%) (Table § [178]. It is interesting that methyl
benzoate under these conditions gives exclusively
dimers even if phenanthroline is used as co-catalyst.
Variation of added ligands dramatically changes not
only the aromatic ring:side chain ratio and the product
yield but also the distribution of dimer isomers. For
example, in the oxidation of methyl benzoate, ligands
with strong trans influence (phen, bipy) direct the
oxidative coupling away from R/-isomers (V = 2,

3, or 4) (Table 7 [179].

Concentration, ¢ x 10% mol dm ™2

Time, hours

Fig. 5. Formation of bitolyl isomers in the reaction obPtCl
with toluene in CECOOH-H0O (4.5:1) at 90C.
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The stoichiometric reaction betweernpPiClk and
toluene in CECOOH-H0 which gives isolable in-
termediater-tolylplatinum(IV) complexeg§180-182]
can be a close model of the Pd-catalyzed coupling.
It is worthy noting that in the reaction with P2,
it was observed that, together with the ‘expected’
3,3-, 4,4-, and 3,4-bitolyl isomers, a large amount
of the ‘surprising’ 2,3 and 2,4-bitolyls is formed
after a long induction periodH{g. 5. The products
of ortho-substitution relative to the methyl group
are apparently formed on interaction pfeta- and
para-platinated toluenes with free toluene present in
the solution.

4.5. “ Heterocyclic base plus acid” as an electron
transfer agent

Alkanes and olefins can be oxygenated by oxygen
if manganese[183-186] or iron [187-189] com-
plexes (including porphyrinates) are used as cat-
alysts and zinc powder as reducing agent. Acetic
acid provided protons in the oxidation of zinc metal.
One of the interesting features of these reactions
is that they require either alkylviologen dication
(i.e. N-alkylated 4,4bipyridine) [185-187] or a
nitrogen base (1-methylimidazo[183], pyridine
[183,188,189pr 2,2-bipyridine[188]). It is clear that
the nitrogen-containing heterocycle in the presence
of acetic acid exists in the equilibrium with its proto-
nated form. The protonated N-base will play the role
(in addition, possibly, to other functions, for example
the proton transfer) of an electron transfer agent like
methylviologen. One can assume that a protonated
(by acetic acid) pyridine is a species which takes
part in the Gif oxidations as an electron mediator.
We have found recently190] that gold complexes
catalyze alkane oxidation with atmospheric oxygen
in acetonitrile in the presence of Zn—-@EIOOH re-
ducing couple and either methylvilogen or pyridine
(or 2,2-bipyridine) as well as with BHO,. Vanadium
complexes catalyze the hydroxylation of benzene and
cyclohexane in acetonitrile by air in the presence
of such reductants as Zn—-GBOOH and ascorbic
acid [191]. The reaction proceeds efficiently only
if all of the following additives are present: pyri-
dine, PCA, acetic acid. It is interesting that irradia-
tion (A>310nm) of an air-saturated solution of an
alkylbenzene (or even cyclohexane) in acetonitrile
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[192] or acetic acid[193] in the presence of cat-
alytic amounts ob-phenanthroline or 2;2ipyridine

and sulfuric acid gives oxygenated products (ben-
zaldehyde from toluene). Some analogous systems
do not need either a catalyst or an electron transfer
reagent. Thus, cyclohexene can be epoxidized by
the “Op,—Zn-benzoic anhydride—BI' system which
does not need the presence of a metal-complex cat-
alyst [194]. Additionally, alkane oxidation with the
“02—Zn—-CRCOOH—-vanadium complex” system de-
scribed by Yamanaka et al. occurs in the absence of
a N-basgq195].

5. Acceleration of oxidations with proton donors
5.1. H20o-Mn(1V) complex—carboxylic acid system

Manganese-containing enzymes as well as syn-
thetic manganese-containing complexes are known
to catalyze very efficiently decomposition of,8;
(catalase activity; see booK496-198] and recent
papers [199-202). Adding the baseg203-205]
particularly imidazole[206,207] accelerate signifi-
cantly the HO, decomposition catalyzed by man-
ganese (as well as by-oxo-bridged diiron[208])
complexes. The photosynthetic water oxidation en-
zyme contains a polynuclear manganese core in the
oxygen-evolving center (OEC) (see bodR89-212]
reviews [213—220]and recent paperR20-227). It
is worthy noting that 4-methylimidazole (which is a
model compound of histidine residue in biological sys-
tems[228]) remarkably increases the electrocatalytic
activity of water-oxidation model systen(i13,229]
4-Methylimidazole plays the role of a mediator for
the charge hopping between the catalysts. Another
electron acceptor, methylvilogen (MVY) was em-
ployed in the photochemical Ru—Mn-based systems
mimicking OEC and whole photosystem Il (see, for
example[230]). Many complexes of manganese have
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Scheme 14. Manganese-containing catalysts of alkane oxidations

been used as models of enzymatic processes. It haswith H0 or t-BuOOH.
been reported that high-valent manganese complexes

catalyze various oxidation reactiofg31-242] and
active in stoichiometric oxidation243,244]

Recently, we discoverd@45—-248lthat the catalytic
activity of the manganese(IV) salt [LMpfO)sMnL]-
(PRs)2 (L = 1,4,7-trimethyl-1,4,7-triazacyclononane,
TMTACN) (complex24, Scheme 1}Yin the oxidation

of saturated hydrocarbons withp8, (in acetonitrile

at room temperature) increases dramatically if small
amount of a carboxylic acid is added to the reac-
tion solution. The reaction yielding in the beginning

predominantly alkyl hydroperoxides is accompanied
by oxygen evolution from biO,. In the absence of a
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Table 8
Oxidation of n-hexane with HO, in acetonitrile catalyzed by
complex24 in the presence of co-catalydts

Additive Hexanones Hexanols TONP
(mol dni3) (mol dm3)
Acetic acid 0.240 0.03 1350
Propionic acid 0.134 0.02 770
Trifluoroacetic acid 0.056 0.013 345
Formic acid 0 0 0
Acetic anhydride 0.065 0.016 405
Methanesulfonic acid 0.007 0.001 40

aReaction conditions: hexane (0.4 moldf), complex 24
(0.2x 1073 mol dm3), additive (1.0 mol dm?®), n-hexane (0.4 mol
dm~3), H,O, (1.0moldnT3), 20°C, 1h. The concentrations of
the products in the reaction solution before reduction withsPPh
are given.

b The turnover number of the catalyst (the sum of moles of all
products per mole of catalyst).

carboxylic acid compoun@4 in acetonitrile solution
at 25°C does not catalyze either the alkane hydroper-
oxidation (oxygenase activity) or the decomposition of
H>0O, to molecular oxygen and water (catalase activ-
ity). Surprisingly, in the presence of a carboxylic acid
(in low concentration, 0.05-0.5 mol dr), the very
efficient oxidation of the alkane occurs; acetic acid
being the most convenient co-catalyst in this reaction,
although other carboxylic acids such as propionic or
trifluoroacetic acids can be usetaple § [245].

The hydroxylation of some alkanes containing ter-
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Fig. 6. Decomposition of k0, (0.25 mol dnT3) in MeCN at 25°C
catalyzed by comple24 (5 x 10~ mol dm3): the dependence of
the O evolution rate on [CHCO,H] in the absence (curve 1) and

in the presence of cyclohexane (0.46 moldin(curve 2), as well

as the analogous dependence for the initial rate of the cyclohexanol
and cyclohexanone (after PPheduction) accumulation (curve 3)
are shown.

“H202—compound 24-MeCQH” system oxidizes
very efficiently secondary alcohols to the correspond-
ing ketones in acetonitrile solution as well as epoxi-

tiary C—H bonds proceeds stereoselectively, thus, the dizes olefins and oxygenizes sulfides. We have found

oxidation of the two decalin isomers gives (after treat-
ment with PPB) alcohols hydroxylated in the tertiary
positions, thecis:trans ratio being~2 in the case of
the oxidation oftis-decalin, and thérans.cisratio be-

ing ~30 in the case of the oxidation tfans-decalin,

i.e. in the latter case the reaction is stereospecific.
Alkyl hydroperoxides in the course of the reaction
are transformed gradually into the corresponding
carbonyl compounds and alcohols. Higher and light

that under the same conditions dinuclear Mn(IV)
derivatives25 and 26 as well as mononuclear com-
plex 27 are almost inactive in the alkane oxygenation.
Complexe24-26 exhibits moderate catalytic activity

in the alkane oxidation witkert-butyl hydroperoxide,

in the case of compleX4 the reaction being also
accelerated by acetic acid added in small concentra-
tion. The oxidations withtert-butyl hydroperoxide
proceed non-stereoselectively and seem to occur via

(methane, ethane, propane, normal butane and isobu-a different mechanisri247].

tane) alkanes can be easily oxidized by this system

at room temperature, at°C and even at-22°C.

It is worthy noting that the oxygen evolution in the
“H202—complex24—-MeCQH” system proceeds even

Turnover numbers of 3300 have been attained and at very low concentration of added acetic acid and in
the yield of oxygenated products is 46% based on the the presence of cyclohexane in the reaction mixture,

alkane. The site selectivity of threheptane oxidation
is C(1):C(2):C(3):@4) = 1.0:45.6:35.3:34.7 which is
noticeably higher than that for the oxidation by the
reagent “Q—-H,O,—vanadium complex—PCA”. The

the initial rate of this process attains a maximum at
[CH3COOH] ~ 0.1moldnT3). The initial rate of

the formation of oxygenates grows monotonously
with increase in the acetic acid concentration, and at
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[CH3COOH] > 0.3moldnT3, the yield of the oxy-
genated products is higher than that of the molecular
oxygen evolvedKig. 6) [249].

Addition of a very small amount (1& 10~>mol
dm3, i.e. two equivalents ofin-BusNOH relative
to complex24) to the reaction solution containing
acetic acid (0.05mol dr?) gives rise to the growth
of the & evolution rate and, simultaneneously to
the almost complete inhibition of the hydrocarbon
oxygenation Fig. 7, curve 1g). Addition of four
equivalents of the base leads to further enhance-
ment in the catalase activity at the expense of the
alkane oxidation: after 20 min, the concentration of
oxygenates Kig. 7, curve 2h) is 85 times less than
that in the experiment in the absencemBusNOH
(Fig. 7, curve 2f). The rate dependencies for both
the oxygen evolution and the alkane oxygenation are
second order for b, at its relatively low concen-
tration.

It can be proposed on the basis of the results de-
scribed previously that in the first step of the process
acetic acid protonates one of the oxygen bridges be-
tween two manganese(lV) centers, resulting in the
formation of a vacant site at one Mn(IV3¢heme 1p
The complex then adds onex8&, molecule, acetate
anion being the proton acceptor (step 2). The hy-
droperoxo derivative9 eliminates hydroperoxyl rad-
ical to afford catalytically active Mn(lll) and Mn(1V)
species30. Steps 4 and 5 lead to the formation of
dihydroperoxo complex of Mn(lll) and Mn(IV)32.
Acetate anion and acetic acid (both in low concen-
trations) catalyze the formation and decomposition
of complex 32 yielding H,O and Q (catalase path-
way) and derivative37. If acetic acid is present in
higher concentration, the protonation of -OOH ligand
in 32 can occur and dinuclear Mn(¥p derivative
34 is formed. Oxo derivatives of Mn(V) have been
shown previously to take part in oxidation processes
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Fig. 7. Decomposition of kD, (0.25 mol dnT3) in MeCN at 25°C

and have been characterized in some of the cases byin the presence of cyclohexane (0.46 moftinand CHCOOH

spectroscopy and even isolatft50-258] It should

be noted that Mn(\§O intermediates (also dimers)
were proposed to take part in photosynthetic water
oxidation [213,259,260] The high-valent oxoman-

(0.05mol dnT3) catalyzed by comple4 (5 x 10~°mol dmi3).

The kinetic curves are presented for (1) the &volution and

(2) for the sum cyclohexanol and cyclohexanone (after sPPh
reduction) accumulation (curves a) in the absence of any ad-
ditive, in the presence ofm-BusNOH at various concentra-

ganese species abstracts a hydrogen atom from theions: (b) 10x 103, (c) 40x 1075, (d) 58 x 10~°moldm3,

alkane, RH (step 9) to produce an alkyl radicat, R
and Mn(IV)-hydroxy-Mn(lV)-hydroperoxy deriva-
tive 36. Finally the alkyl radical R and hydroperoxy

ligand HOO combine in the solvent cage to give

(e) of TMTCAN (10 x 10-°moldm3), (f) of acetic acid
(J[CH3COzH] = 0.05 mol dn13) as well as simultaneously of acetic
acid ([CHsCO,H] = 0.05 mol dnT3) and ofn-BusNOH at various
concentrations: (g) 1& 1073, (h) 20x 10~>moldm 3, or (i) of
TMTCAN (10 x 10~° mol dn3).
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Scheme 16. Possible TMTACN ligand assistance in the proton transfer betweglOCHH and the OOH ligand.

the reaction product, alkyl hydroperoxide, ROOH.
This process is similar with the main recombina-
tion step between Rand HCO to produce ROH in
the “oxygen-rebound mechanism” (p. 483 [f]).
Previously, we suggested such a possibility for the
light-induced iron-catalyzed alkane oxidations with
molecular oxygen (p. 414 di]), [18,261] The alkyl
radicals can partially leave the solvent cages and re-
act with molecular oxygen (R+ O — ROC"). The
recombination reaction within the solvent cage with
partially leaving of the alkyl radicals to the solution
explains the partial retention of configuration in the
hydroperoxidation of alkanes having tertiary C-H
bonds.

It is likely that the TMTACN ligand plays a crucial
role in the formation of a catalytically active species,
since manganese complexes bearing other similar lig-
ands (e.g. bipyridine, salen, porphyrinate) are almost
inactive under the same conditions. We can tentatively
assume that the ligand containing tertiary nitrogen

atoms assists in the proton transfer stages, for example

from the carboxylic acid to the oxygen of the peroxy
ligand at the manganese cent&clieme 16 Such a
transformation can proceed via a five-membered tran-
sition state38.

5.2. Effect of Na oxalate/oxalic acid buffer
in Mn(l1)-catalyzed epoxidation

De Vos et al. reported that a catalytic amount of an
oxalate/oxalic acid buffer strongly enhances the cat-
alytic activity of the system “MnS@-TMTACN—-H;-

02" in epoxidation reactiong262]. Trifluoroacetic
and especially acetic acid turned out to be very poor
co-catalysts (the product yields were 15 and%,
respectively). Addition of fumaric acid, oxalic acid
and sodium oxalate gave 57, 94 and 70%, respec-
tively. However, the best results (>99%) were obtained
when HC>04 (1.5pumol) and NaCy04 (1.5pmol)
were added to 0.666 mmol of 1-hexene angdnol
MnSO,—TMTACN. The mechanism of the reaction
has not been discussed.

5.3. Co-catalytic effect of lipophilic carboxylic
acids and heterocyclic bases

Italian group found synergistic effect of lipophilic
carboxylic acids and heterocyclic axial ligands in
hydrocarbon oxygenations by >B, catalysed by
manganese porphyrif263—-267] Thus, oxidation of
alkanes is strongly accelerated by addition of small
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amounts of lipophilic carboxylic acids and hetero- of methane by sulfuric acid to a methanol derivative at
cyclic bases. According to the authors’ proposal, the >70% one-pass yield based on methane. Remarkably,
reaction proceeds via a Mn(®0 species which is  dichloroi-2-[2,2-bipyrimidyl])platinum(ll)  turned
formed from Mn(lll) in the presence of a carboxylic out to be very stable in concentrated sulfuric acid at
acid. relatively high temperature and was among the most
effective catalysts for methane conversion.
5.4. Oxidation with heteroaromatic N-oxides
catalyzed by Ru porphyrins
6. Concluding remarks
Higuchi and co-workerq268,269,272] Higuchi
et al.[270], Higuchi[271] developed highly efficient One of the most important questions of chemistry
oxygenation reactions which used ruthenium por- js ‘why’ certain reactions do occur while many other
phyrin complexes as catalysts. Alkanes and other C-H chemical processes, which look quite nice on paper,
compounds can be oxidized by aromabkoxides  are unknown in reality? The answer (quite ironical of
(usually by 2,6-dichloropyridiné¥-oxide) in the pres-  course) might be: ‘all reactions’ which we can imag-
ence of strong mineral acids. The authors assumedine could be realized in flasks, chemical reactors or
that HCI plays two different roles: (i) converts the in living cells; we need only to find proper catalysts
dioxo derivatives of ruthenium porphyrins into the and proper ‘additives’ as co-catalysts. However, the

complexes coordinated with the Cl ligand; and (i) ac-  only problem is how can we learn ‘what’ catalysts and
celerates the deoxygenation ifoxide by the ruthe-  wyhat additives.

nium porphyrin. It should be noted that more recently
Groves et al.[273] and Che and co-workeri74]
demonstrated that alkanes can be oxygenated with Acknowledgements
2,6-dichloropyridineN-oxide in the absence of strong
acids if carbonyl (5,10,15,20-tetrapentafluorophenyl-

porphyrinato)ruthenium(ll) - or - Ru(V)(Porph)(®) v Fyjiwara, Y. Ishii, T. Higuchi, Yu. N. Kozlov, J.R.

where Porph=5,10,15,20-tetrakis[@4R 5R,85)-1, Lindsay Smith, B. Meunier, Y. Nishida, R.A. Peri-
2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracen- ,n, \j. schuchardt, A.E. Shilov, A.A. Shteinman, G.
9-yllporphyrin are used as catalysts. ' ' ’ '

The author thanks Profs. J.-M. Bregeault, R.H. Fish,

Suss-Fink for helpful discussions and reprints as well

as the Russian Basic Research Foundation for support.
5.5. Some other systems

Very recently, Hage and co-workefa75] demon-
strated that in catalytic oxidation of primary and
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