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1.1 The History of C-H Activation.

Since the end of the 1960s a new challenge has arisen in the field
of homogeneous catalysis, that of homogeneous activation of saturated

hydrocarbons by metal complexes. Activation, put simply, is the process

by which a chemically stable bond (e.g. the saturated C-H bond) is made
to regio- or stereospecifically react with other reagents (e.g. dioxygen)
with which it would not easily (or at all) react under normal
circumstances. The development of coordination chemistry and catalysis
had lead to increased interest and subsequent success in the activation of
various molecules by metal complexes, such as dioxygen, dihydrogen,

olefins, aromatic compounds (hydrocarbons), carbon monoxide, and

dinitrogen. Activation of a certain molecule by a metal complex usually
means that the molecule or its part becomes a ligand in the coordination

sphere of the complex which then undergoes a subsequent chemical
transformation to the desired product. This transformation may involve
a chemical pathway which the unactivated substrate would not use. A
few examples of "desirable" reactions are: (i) conversion of methane

(natural gas - in plentiful supply) to methanol (liquid fuel) or other
useful compounds, (ii) conversion of other alkanes (e.g. from crude oil)
into industrially useful chemical feedstocks, (iii) conversion of benzene
to phenol, and (iv) conversion of cyclohexane to adipic acid (see section

1.7).
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For some time saturated hydrocarbons remained outside of this

process, which involved all the other classes of organic and inorganic
substances. At the same time, an increasingly urgent challenge involves
the great resources of natural gas that necessitate the creation of new
selective activation processes involving methane, which constitutes its

primary part. At the same time, the activation of methane (which has
the highest C-H bond energy of all alkanes) and its analogs is an

interesting theoretical problem, since the absence of double or triple
bonds, lone pair electrons, and the strength of covalent C-H and C-C a-

bonds in alkanes constitute natural difficulties in the search for desirable

systems. C-H and C-C bond strengths for a selective number of alkanes
are shown in table 1.1.1 below.

C-H bond strength

(kJ mob1)

C-C bond strength

(kJ mob1)

Isobutane

Ethane

Methane 438

420

401

N/A

376

425

Cyclohexane 399 346

Table 1.1.1 - Bond Strengths In Some Alkanes.
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In 1968 J.Halpern1, one of the then leading specialists in

homogeneous catalysis, described the task as "to develop a successful

approach for activation of C-H bonds, particularly saturated

hydrocarbons, this problem being at present one of the most important
and challenging in the entire field of homogeneous catalysis." The
chemical inertness of alkanes is well known and is reflected in one of

their old names, "paraffins" (from the Latin parum affinis - without

affinity). Reactions involving alkanes usually require particularly active

reagents, e.g., strong oxidants, superacids, free atoms, radicals, and

carbenes, or require high temperatures or other sources of energy (e.g.

photochemical energy sources).
In the 1960s it was ultimately realised that it should be possible to

activate the C-H bond of alkanes towards facile conversions to useful

products. The reasons being defined in the following:
1. The G-bond in molecular hydrogen is not weaker than the G-C-

H bond in alkanes. However, multiple examples of homogeneous H2

activation are known, for example in H-D exchange or hydrogenation.
Therefore an analogy with H2 activation could be used in the search for

alkane catalytic reactions in solution2.
2. A number of metal complexes (MLn or M) are capable of

reacting with substances containing "activated" C-H bonds, e.g., C-H
bonds in aromatic hydrocarbons or in the a-position to double bonds.
The C-H bond is being cleaved in this reaction and an M-C bond is
formed. Therefore the C-H bond energy, which in aromatic compounds
is often higher than in some alkanes, does not prevent the reaction.
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3. A "nonactivated" aliphatic C-H bond of an organic ligand of a
metal complex may be involved in the reaction of the complex when it
is present in a suitable position in the ligand. The result of the reaction
is often cyclometallation. This reaction indicates the possibility of a

similar reaction (perhaps at high temperatures) of free alkanes.
4. Since the 1930s facile alkane reactions at the surface of metals

and oxides have been known, in which the C-H bond is definitely
cleaved, e.g., in H-D exchange with D2. Similar reaction may be

visualized in homogeneous solutions, at least for polynuclear complexes

(complexes containing more than one transition metal atom - see later).
5. Enzymatic oxidation is known including hydroxylation of C-H

bonds in saturated hydrocarbons catalysed by metalloenzymes. For

example, methane monooxygenase catalyses methane oxidation under
ambient conditions primarily to methanol. Mechanistic investigation of
these processes may help to use a biomimetic approach to create similar

purely chemical catalytic systems.

Beginning in the 1960s, investigations directed to the activation of
alkanes and to the discovery of new catalytic reactions involving the

participation of metal complexes were conducted, these fall into two

categories (i) activation of the C-H bond which then will react with
other reactants, and (ii) activation of another reactant (e.g. dioxygen)
which then will react with the C-H bond3. We will look at both of these

areas in turn. Throughout this study we will be restricting ourselves to

looking at reactions involving oxygenation of the C-H bond.
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1.2 Activation of the C-H Bond by a Metal Centre.

In the 1960s, although no examples were known, it was postulated
that the following equilibrium could exist,

even if the equilibrium is shifted to the left due to the strength of the C-
H bond compared to the M-R and M-H bonds.

It had been shown4 that simple platinum(II) complexes, e.g.

PtCl42-, catalyse the H-D exchange of aromatic hydrocarbons, not only

on the aromatic parts of the molecule, but also on the non-aromatic side

chains, so work was undertaken to see if similar behaviour could be

observed with alkane substrates. In 1969 the first C-H activation of this

type was observed, methane and ethane both catalytically exchanged
their H atoms for deuterium of the solvent (deuterated water / acetic

acid) at 90-120°C in the presence of a chloro complex of

platinum(II)3'5.
Other reactions of alkanes in the presence of platinum complexes

were soon observed. Platinum(IV) complexes turned out to be capable
of oxidising alkanes in the presence of Pt(II), which acts as an

electrophile to alkanes, to alkyl chlorides and primary alcohols, e.g.,

R

LnM + RH LnM
/
\

H

H2PtCl6 + CH4
Pt(H)

H2PtCl4 + CH3CI + HC1

H2PtCl6 + CH4 + H20
Pt(II)

H2PtCl4 + CH3OH + 2HC1
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Dehydrogenation proceeds in the case of cyclohexane,

3H2PtCl6 + C6H12 » C6H6 + 6HC1 + 3H2PtCl4

These were the first examples of alkane homogeneous functionalisation

catalysed by electron-rich complexes.
Further investigations of alkane H-D exchange in Australia4,

Britain6 and the U.S.S.R.2, concluded the following: (i) H-D exchange
and oxidation by H2PtCl6 involve the same intermediate, which is an

alkylated complex of Pt(II): RPtClL2 (where L is H2O or HOAc). (ii)

Formation of this complex is the rate determining step, (iii) Among the
Pt(II) complexes, both positive PtClL3+, and negative PtCl3L~ ions are

active towards alkanes, as is uncharged PtCl2L2, but symmetrical

PtL42+ and PtCl42~ are inactive, (iv) Introduction of "softer" ligands

slows down the reaction, (v) Steric factors are involved, i.e. isolated

methyl groups are most active, tertiary C-H bonds are not active at all.
It was found that other transition metals were also catalytically

active to alkanes. For example coordinatively unsaturated Ir(I) and

Rh(I) complexes were found in 1982 to oxidatively add alkanes to form

alkyl hydrido M(III) complexes in hydrocarbon solutions (square d8
M(I) complex —> octahedral d6 M(III) complex)7'8. These reactions are

best performed at low temperatures due to photochemical effects
(photochemical elimination of H2 inducing formation of sufficiently
active particles to react with the C-H bond at low temperatures)3.
Square planar Pt(II) complexes, however, remain unique, since as a

result of particularly high Pt-C bond energy they are apparently more

active towards alkanes in water solution than complexes of any other
metal.
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1.3 Autoxidation of Alkanes in the Presence of Air (O?).

1.3.1 Formation of Alkyl Hydroperoxide.

I I
—C-H +02 C-O-OH

I I
The initial products of the autoxidation of alkanes are generally

the corresponding hydroperoxides formed by a free radical chain
mechanism. The reactivities of various C-H bonds decrease in the order

tertiary > secondary > primary. Indeed, alkanes containing a tertiary C-
H bond can generally be selectively oxidised to the corresponding

hydroperoxides with molecular oxygen in the temperature range

between 100-140°C. The autoxidation is usually carried out without a

metal catalyst, but a radical initiator such as di-tert-butyl peroxide or

the hydroperoxide itself is added. The yield of hydroperoxide is related
to the oxidizability of the substrate - higher rates of termination (e.g. by
radicals reacting with other radicals) leading to lower yields of the

hydroperoxide. Alkyl hydroperoxides are difficult to obtain selectively
from the autoxidation of primary and secondary C-H bonds owing to

the high rates of termination of primary and secondary alkylperoxy
radicals9 (radical-radical reactions). For a particular hydrocarbon, the

selectivity to hydroperoxide is related to the kinetic chain length (KCL),
which is inversely proportional to the rate of chain initiation (Rj).

MRH]
V-pi _ 1

(2kt)ll2Ri112
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When the kinetic chain length is high, the rate of oxidation of the alkane

(sometimes to a variety of products) is roughly equal to the rate of

hydroperoxide formation. The selectivity to hydroperoxide is

correspondingly high (e.g. when the KCL is 50, the predicted selectivity
to hydroperoxide is 98%, that is 100-100/50)9. In practice, a

compromise is struck between rate and selectivity; i.e. in order to

achieve a practical and useful rate of oxidation, a certain degree of

selectivity is sacrificed. Hydroperoxide selectivities also decrease with

hydrocarbon conversion as a result of the increased competition from

secondary processes as the alkane is depleted. Thus, hydrocarbon
autoxidations are generally carried out to less than 20% conversion.

The autoxidation of isobutane to tert-butyl hydroperoxide(TBHP)

(CH3)3CH + 02 - (CH3)3COOH

has been thoroughly studied,10-15 since the product is an important
initiator for radical polymerisations and an oxidant in metal-catalyzed

epoxidations. Both liquid10'1 M3-15 an(j vapour-phase10'13'14 processes

have been described for the selective oxidation of isobutane to TBHP.

The reaction is carried out in the absence of a metal catalyst, usually
between 100° and 140°C. At low rates of initiation and low conversions,

selectivities higher than 90% can be achieved10. Under practical
conditions, however, the selectivity to TBHP drops to ~65%11.
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Hydrogen bromide (2-4% relative to isobutane) has been used to

catalyse the vapour phase autoxidation of isobutane12. Under these

conditions, bromine atoms act as radical initiators and propagating

agents:

i /
—C-H + Br* —C{ + HBr

I X
/ I

—c? +o2 c-o-o
x I

I I
—C-o-o* + HBr - —C-O-OH + Br* etc.

Under these conditions, selectivities to TBHP of 70% were

observed at conversions of isobutane as high as 90%12. Small amounts
of bromo compounds are formed as impurities. Unfortunately, mixtures

containing HBr are strongly corrosive and limit the materials of
construction.

Other tertiary alkanes can be selectively oxidised in the liquid

phase to the corresponding hydroperoxide16'17, but we shall not look at

any of them in detail here. Selectivities to hydroperoxides can often be
increased by carrying out the autoxidation in a polar solvent such as a

nitrile9'18.
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1.3.2 Alcohol and Ketone from Alkane.

ah Ah \
A A ^ xc=oH ' OH /

tert-Alkyl hydroperoxides formed in the autoxidation of tertiary
alkanes can be selectively reduced to the corresponding alcohol by

aqueous sodium sulphite19 or by catalytic hydrogenation20. tert-Alkyl
hydroperoxides also decompose thermally to give the corresponding
alcohol and dioxygen via a free radical chain process:

ROOH RO + HO

RO + R02H R02* + ROH

/ 2RO* + Oo
2R02» f

^ R00R + 02

For long kinetic chain lengths, the overall reaction is:

2R02H - 2ROH + 02

For example, the thermal decomposition of TBHP yields tert-BuOH and

oxygen in almost quantitative amounts. The chain decomposition of

alkyl hydroperoxides can also be initiated by metal catalysts at ambient
temperature9, and is also catalysed by selenium21 and boron22
compounds.
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The conversion of alkanes to alcohols should be accomplished in
one step, in principle, by carrying out the autoxidation under conditions
in which the hydroperoxide is simultaneously decomposed (i.e. high

temperatures and metal catalysts). However this method often leads to

substantial amounts of ketone via b-scission of the intermediate alkoxy

radicals, e.g.,

The formation of acetone from isobutane is facilitated at higher

temperatures and in the presence of metal catalysts.
In the autoxidation of alkanes containing secondary C-H groups,

ketone production occurs at low conversions, predominantly via self
termination of secondary alkylperoxy radicals, e.g.

At higher conversions, the alcohol is oxidised further to the ketone,
which is itself susceptible to further oxidation to carboxylic acids. It is

possible, therefore, to obtain high selectivities to alcohols and ketones

only at low conversions of alkane (usually <10%).

(ch3)3co (ch3)2=o + ch3

11



Selectivities to alcohols can be improved by carrying out alkane
autoxidations in the presence of stoichiometric amounts of boric acid

(H3BO3), metaboric acid (HBO2), or boric anhydride (B2O3)23. The
boron compound reduces the intermediate hydroperoxides to the

corresponding alkyl borates, dioxygen and water24, e.g.

6R02H + B203 2(RO)3B + 3H20 + 302

It is also conceivable that intermediate alkylperoxy radicals are

intercepted by boron (III) compounds, e.g.

(RO)3B + R02* (R02)(R0)2B + RO

The alkylperoxyboron (III) compounds are subsequently converted to

alkyl borates. The alkyl borates are hydrolysed in a later step to the

corresponding alcohol and boric acid, which is recycled to the oxidation
reactor9.

12



1.3.3 Carboxvlic Acid Formation.

R-CH2-CH2-R' RCOoH + R'C02H

The alcohols and ketones formed as primary products of alkane
oxidations can be oxidised further to carboxylic acids by cleavage of
their C-C bonds as shown in the simplified reaction sequence below.

RCH2-CH2R' -RCH-CH2R' -RCCH2R' -RC02H + R'C02H
OH O

The reaction can be carried out in multiple stages or in a single stage

under conditions in which the alcohol or ketone intermediates are

oxidized further. Under these forcing conditions, the formation of

carboxylic acid can also occur by the fragmentation of intermediate

alkoxy radicals.

H
I A RCHO RC02H

R-C-CH2R'—+ +

^ R'CH2. R'COoH

Acetic acid is produced commercially by the liquid phase
autoxidation of n-butane25 at 180°C and 60 bar in the presence of a
cobalt (acetate) catalyst in acetic acid as a solvent. Acetic acid is

produced with a selectivity of 57% at greater than 90% conversion of n-
butane25. The by-products include formic acid, acetaldehyde, methanol,
acetone, methyl ethyl ketone, and various esters.

13



Since then, high concentrations (~0.2M) of a cobalt (II) acetate

catalyst have been employed with methyl ethyl ketone as a promoter for
the autoxidation of n-butane in acetic acid at 100°-120°C and 20 bar

pressure26. At butane conversions of approximately 80%, acetic acid is

produced with 84% selectivity. The major by-products are propionic
acid, n-butyric acid, and methyl ethyl ketone. Under these conditions (in
contrast to the reaction at low cobalt concentrations), the reaction

proceeds by the direct oxidation of the n-butane by Co(III). The

sequence of steps is shown below.

The autoxidative process for the manufacture of acetic acid has
been largely superceded by the rhodium-catalysed carbonylation of
methanol, i.e.27

ch3oh + co —[rh] » ch3co2h

14



Hanotier and co-workers28 similarly found that alkanes were

readily oxidised by Co(III) in acetic acid at ambient temperatures with

strong acid promoters, such as sulphuric or trifluoroacetic acid. In the

presence of dioxygen, ketones are formed in high yield. For example,

n-heptane afforded a mixture of heptanones in 80% overall yield.

+ O9
[Conil

CI3CCO2H, 25''C

78%

15%

7%

Interestingly, tertiary alkyl C-H bonds were oxidised in both systems at

significantly lower rates compared to secondary alkyl C-H bonds26'28.
Cobalt acetate is also used in the industrial production of adipic acid
from cyclohexane (see section 1.7).
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1.4 Activation of Dioxygen - Chemical Models of Biological Systems.

The construction of chemical models of biological alkane
oxidation is another approach in the search for new ways of alkane
activation and functionalization. Nature is known to overcome

successfully the difficulties of activation in chemically inert

hydrocarbon molecules, molecular oxygen being the primary oxidant.

Monooxygenases are enzymes that catalyse oxidation in coupled

processes, which involve C-H bond hydroxylation (or epoxidation in the
case of olefins) and simultaneous oxidation of NADH or NADPH

according to the equation:

RH + 02 + 2e + 2H+ ROH + H20

All known alkane monooxygenases are multiprotein complexes
that consist of an oxygenase enzyme and a reductase enzyme, and there
is also sometimes a third protein that is somehow involved in the
electron transfer. The basic oxygenation process is carried out by the
action of the oxygenase enzyme subsequent to the reaction of its
associated cofactor with O2 and the reducing agent. In bacteria these

enzymes enable the organisms to oxidise alkanes and to use the alkane
carbon skeletons as a source of carbon and energy for cell growth and

reproduction. In animals, the oxygenases have more restricted functions
such as specific oxygenations of sterols in steroid biosynthesis. They are

also important in the detoxification of drugs and other foreign materials
in animals. The best known and most widely distributed enzymes of this

type are the cytochrome P-450 systems.
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1.4.1 Cytochrome P-450 Systems.

The cytochrome P-450-dependant monooxygenases have become

particularly well known since 195829. They contain an iron porphyrin

complex in the enzyme active centre. Cytochrome P-450 is the base for
various monooxygenases functioning in different living organisms from
bacteria to mammals.

The cofactor for the oxygenase enzyme in the cytochrome P-450

monooxygenase multienzyme complexes is iron protoporphyrin IX, or
heme. The reductase enzyme is a flavoprotein that transfers reducing

equivalents in one-electron units from NADH or NADPH to the

oxygenated heme in a process that leads in several steps to the

oxygenating species at the active site of cytochrome P-450. Extensive

spectroscopic and kinetic studies of many systems3 T32 have lead to the

generalised scheme below (P=porphyrin).

ROH

P+FeIV0(RH)
HoO

2H4

PFe 022"
(RH

PFein
RH

PFeO
(RH)

PFem(RH)

PFe (RH)

O,

Scheme 1.4.1 The Mechanism of Cytochrome P-450.

The process begins with the binding of the substrate, followed by
17



the transfer of one electron to heme, the binding of O2, and the transfer

of a second electron to oxygenated heme. The peroxyferric heme then

undergoes a transformation to the oxygenating heme in a reaction that is

accompanied by the cleavage of the peroxy ligand and the elimination of
water. The oxygenating species of heme is short-lived and extremely

reactive, so reactive that its structural formulation has taken a long time
to deduce and is still not thoroughly understood. The most widely
discussed and generally accepted structure is an oxoiron(IV) 7t-cation

radical, in which the cation and radical centre is located in the

macrocyclic heme ligand and stabilised by delocalisation32'33.
In the oxygenation of a substrate, the oxygenating species of

cytochrome P-450 is thought to react directly with an alkane hydrogen
bonded to carbon, as shown below, to abstract the hydrogen atom in a

first step.

-H + -a

Felv
\

HO

Fe"
\

■OH

Fe111
\

N+ N+ N:

This is followed immediately by a second step, in which the substrate
radical abstracts a hydroxyl radical from the iron in heme. The
mechanism is known as the rebound mechanism of oxygenation, since
the second step, the rebound, irreversibly follows the first step32.

1,4.2 Methane Monooxygenase.
As well as cytochrome P-450 systems, there are also bacterial co-

hydroxylases that catalyse selective hydroxylation of alkane methyl

groups and methane monooxygenase, which hydroxylates methane and
its analogs, methane being the most reactive. Iron is present in the
reaction centre but unlike cytochrome P-450, it resides in the nonheme

surrounding30'3.



The methane monooxygenases (MMO) found in methanotropic
bacteria consist of a binuclear ji-0 bridged nonheme diiron centre

bound by histidine and carboxylate amino acid residues, the structure of
which has only recently been determined using x-rays37 (see Fig 1.4.1

overleaf). These bacteria use methane as their sole source of carbon and

energy. The reaction is as follows:

CH4 + 02 + NADH + H+ MMQ>- CH3OH + H20 + NAD+

The initial product methanol is then further oxidised (dehydrogenated)
to formaldehyde. Methanol dehydrogenase contains the recently
discovered oxidation cofactor methoxatin, now known as

pyrroloquinoline quinone. Methane monooxygenase appears in two

forms in methanotrophic bacteria: one that is membrane-bound and one

that is soluble in cytosol. Little is known about the membranous

enzyme. The soluble methane monooxygenases from Methylococcus

capsulatus and Methylosinus trichosporium have been partially
characterised and consist of three proteins as follows30'34-38. The
oxygenase (component A) consists of three different subunits, with two

copies of each (v<2$2l2)- The oxygenase cofactor is a q-oxodiiron

complex with an associated organic radical that is thought to reside with
an amino acid side chain. The reductase (component C) is a flavoprotein
that also contains an iron-sulphur cluster (Fe2S2). This protein interacts
with NADF1 and transfers electrons to the oxygenase. A small protein

(component B) is a coupling factor that facilitates electron transfer from
the reductase cofactor to the oxygenase cofactor.

19



Fig 1.4.1 The Active Site of Methane Monoxygenase (reduced form)37.

Little is known about the mechanism by which the p-oxodiiron
complex in the oxygenase activates O2 to generate an oxygenating

species. The reduced form of the cofactor reacts with O2 to form a

species that is chemically capable of oxidising substrates; however the
structure and chemical properties of the oxygenating species are still
under investigation and are not well understood. Understanding and
perhaps mimicking the mechanism for CH4 conversion to CH3OH,

within this enzyme, under ambient conditions offers a considerable

challenge and potential reward to the bioinorganic chemistry. Lippard37
recently proposed the following mechanism.

O

Fe" Fe" - Fe111 Fe
11

Fe"1 ROH

Scheme 1.4.2 - Proposed Mechanism of MMO Oxidation37.
20



MMO is capable of oxygenating a wide variety of substrates

including alkanes, alkenes and aromatic hydrocarbons to alcohols,

epoxides and phenols respectively30. Research has shown32'39 that both
radical and carbocationic intermediates occur in the oxygenation
mechanism. These intermediates can be connected by electron transfer,
where the electron acceptor is most likely an oxygenated form of the
cofactor q-oxodiiron. The carbocations are oxygenated, presumably by
the oxygenated cofactor. This mechanism differs from that for

cytochrome P-450 by the involvement of a carbocation derived by
electron transfer from a radical intermediate; carbocations have never

been implicated in the rebound mechanism of cytochrome P-450
reactions. An understanding of the chemical reactivity at p-oxodimetal

complexes is still unfolding; and progress in this field will be required
to develop a complete picture of the function of this cofactor in

oxygenation reactions32. Hemerythrin, an oxygen carrying protein, is
believed to be closely related to the way MMO takes up O2.

1.4.3 Chemical Models for MMO.

Various attempts to model the structure and function of methane

monooxygenase (before x-ray evidence was available) have been

reported. In these systems a binuclear iron complex was either
introduced into the reaction mixture as a catalyst40'41 or postulated as

an active intermediate formed in situ during O2 activation by a

mononuclear iron complex42'43. One such complex that has
demonstrated a certain degree of catalytic activity is (1), which was

developed as a synthetic analogue of hemerythrin. This catalyst (0.030
mmol), with zinc (as an electron donor, 0.5g) and acetic acid (as a
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proton source, 0.05 ml), in CH2CI2 solution (20ml) at room

temperature and in an oxygen atmosphere at latm. pressure has been
observed to catalyse the oxidation of saturated hydrocarbons to alcohol
and ketone products, with a catalytic yield of approx. 250% (see table

below)40.

The system shows no reaction in the absence of either zinc or acetic
acid. This system, and many like it, behave in a manner similar to

methane monooxygenase, but no system has yet attained as high a

selectivity or turnover. Interestingly, recent research has shown that
binuclear complexes of iron are ten times better at monooxygenation of
alkanes than mononuclear ones44. A number of trinuclear p-oxo central
iron complexes have also been investigated as catalysts for hydrocarbon

oxygenation, and these will be the discussed in section 1.5.

Substrate Secondary Alcohol Secondary Ketone Tertiary Alcohol

or Epoxide
Adamantane 50% 108% 248%

Cyclohexane 99% 84% N/A

Cyclohexene 54% 73% 20%

Table 1.4.3 - Oxidation of Hydrocarbons Using (1) as a Catalyst.

(Product percentages given relative to the catalyst)
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1.4.4 The Undenfriend System.

In 1954, during his studies on cytochrome P-450, Undenfriend45
observed that addition of ascorbic acid to some liver enzyme systems

enhanced the oxidation process. He soon discovered that some iron salts,
in the presence of ascorbic acid and oxygen (from the air), were able to

oxidize aromatic compounds to phenolic compounds. The studies have
shown that ascorbic acid itself is not the active intermediate, but that the

active intermediate is formed by the reaction of ascorbic acid with

hydrogen peroxide (see section 1.6), which is formed when ascorbic
acid is oxidised by iron(II) salts. The mechanism is shown below.

HO C-
H2

+ 2Fe2+ OH OH

2Fe+ + 2H+ + 02 2Fe2+ + H202

Scheme 1.4.4 - Production of H2O2 in the Undenfriend System.

The reactions are carried out in a phosphate buffer at pH 5.5 as

ascorbic acid breaks down at higher pH's. The usual reaction set up

would be: ascorbic acid (142 jimols), iron sulphate (15 pmol), EDTA
(80 pmol), substrate, e.g. tyramine, acetanilide or quinoline (60 pmol),
in 3 ml of buffer solution. These would be shaken together at 35°C in 1
atm. pressure. The oxidised products can be separated and identified by
GC-MS. EDTA is not essential to the mechanism of the reaction, but it

has been found to enhance the rate.
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1.5 The Gif System.

Throughout the past decade, much interest has been shown in the
so called "Gif" system, developed by Barton and co-workers for the

catalytic oxygenation of hydrocarbon substrates46-48'51"55. Their

preliminary experiments showed that pyridine in the presence of iron

powder, oxygen, and a carboxylic acid (acetic acid, tartaric acid, citric

acid, etc.) at ambient temperature, was a highly efficient oxidising
system and moreover attacked selectively secondary CH2, rather than

tertiary CH positions46. Originally a catalytic amount of hydrogen

sulphide was added as a ligand for iron, but this in fact this served only
to catalyse the dissolution of the iron powder by a surface effect47. The
reactions were usually monitored at 30°C. No oxidation is observed
above 80°C, and below -20°C the reaction is very slow48. The system

does not function in the absence of the carboxylic acid which is believed
to play a role as an initiator for the reaction (see later). The most

advanced form (highest yields, greatest selectivity) of the iron powder

system is called the Gif III system.

Early work, using the spherically symmetrical hydrocarbon
adamantane (2) (see overleaf), showed that the Gif III system oxidises
the substrate in a completely different way to that of iron porphyrin-
based systems such as cytochrome P-45049. The ratio of C2/C3, where
C2 is the total of the oxidised products at the secondary position, and C3
is the total of the tertiary alcohol formed, gives a measure of the

selectivity of the reaction. Adamantane if attacked non-selectively would
have a C2/C3 of about 3. Attack of adamantane by oxygen based radicals

e.g. »OH is known to give a ratio of about 0.1550. The Gif III system
with adamantane exhibits a C2/C3 selectivity ratio of 3.7rf, which has
been cited as evidence for a non-radical mechanism46.

24



Although there was significant attack at the tertiary position in
adamantane (2), no tert-alcohol was detected following the oxidation of

isopentane (3) and of methylcyclohexane (4). (Both of these alcohols are

stable to the reaction conditions.) The pattern of hydroxylation of (3)
and (4) by cytochrome P-450 is also different (oxidation of (3) using

cytochrome P-450 produces the tert-alcohol with 92.5% selectivity, the

secondary alcohol with 5.8% selectivity and the primary alcohols with
1.7% selectivity, and oxidation of (4) produces the tert-alcohol with
88.7% selectivity, the secondary alcohols with 11.2% selectivity and the

primary alcohol with 0.2% selectivity)49.

An important achievement was the isolation of a crystalline
trinuclear iron carboxylate cluster (5), FenFe2inO(OAc)6py3 5, from

the reaction mixture (see fig 1.5.1 overleaf)51. This was formed in
solution in the Gif III system and has been proposed to be the active

catalyst or a precursor of it. An effective catalytic system was ultimately

developed using (5) added as a catalyst, called the Gif IV system. The
reactions take the following form: The substrate (2mmol), solvent

[pyridine (28ml), acetic acid (2.3ml), with or without water (1.8ml)],
iron catalyst (7pmol), and zinc powder (1.3lg, 20mmol) are placed in a

125ml conical flask and stirred at room temperature under a static

pressure of oxygen, provided by a balloon, or under a flow of air or

oxygen blown over the surface of the reaction mixture, or simply with
the flask open to the air52.
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Turnovers of over 3000 have been observed in this system (see table

below)52.

afv0/Vo
AAA.
R O ♦ O R

(5)

Fig 1.5.1 - The Gif IV Catalyst.

OH

Zn powder
20 mmol

+

+ HOAc
4 mmol

+

Catalyst
(5)

Fig 1.5.2 - Reaction of Gif IV System Using Adamantane as a Substrate.

(5) xl0-3 tertiary secondary secondary Total C2/C3 Turnover
mmol alcohol alcohol ketone %

300 1.45 2.3 6.0 9.75 5.7 0.65
18 1.4 2.0 8.2 11.6 7.3 12.9
3 0.5 1.75 5.5 7.75 14.5 51.7
0.8 0.7 3.4 5.6 9.7 12.8 242
0.2 1.4 5.8 6.0 13.2 8.4 1320
0.054 0.7 4.6 3.8 9.1 12.0 3370

Table 1.5.1 - Selectivities and Turnovers of the Gif IV System Using
Adamantane as a Substrate.
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After the discovery of this efficient catalytic system, further

experiments demonstrated its specific regio- and chemoselectivity.
Oxidation of trans- 1,4-dimethylcyclohexane, a symmetrical

hydrocarbon with primary, secondary and tertiary positions gave ketone
as major product (91% selectivity), along with small quantities of

aldehyde (15.5% overall oxygenation). No other appreciable oxidation

products were detected (GLC analysis)52.

■ . CHO

Zn, HOAc, air
^ ^

Fe cat, py, RT

14.2% 1.3%

A whole range of transition metals are known to form trinuclear

complexes similar to (5) and this led to an investigation of a range of
these as possible Gif IV catalysts. Of these only the ruthenium analogue
of (5) showed any activity and, in particular, complexes of cobalt,

nickel, and manganese were completely inactive47.
The chemoselectivity of the Gif system has always been a subject

of interest. At the outset, the Gif system was oxidizing hydrocarbons
selectively in the presence of H2S, normally considered to quench
radicals very efficiently. It was then found that diphenylsulphide was

hardly oxidised under conditions when cyclohexane gave ketone

product. Also there was little difference between the reactivity of

cyclohexane and cyclohexene, a very unusual finding and completely
without precedent in other oxygenating systems. Furthermore,

cyclohexene was oxidized in the allylic position and no epoxidation was

seen47. A quite unusual oxygenating mechanism appeared to be
involved.
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Information regarding the fate of the oxidation products in this
reaction medium would have mechanistic implications. Thus, incubation
of cyclohexanol under the usual conditions (see page 22) gave only 14%
of ketone (cyclohexane gives 21% of ketone under the same conditions).
This indicated that the main pathway leading to ketones probably did not

involve the alcohol as an intermediate, a proposal which found further

support from the failure of simple alcohols (methanol, isopropanol,
tert-butanol) to alter the course of the reaction, even when present in
considerable excess47.

Extensive research using adamantane, radical traps (e.g. BrCCbj)

and carbon-iron bond 'traps' (e.g. diphenyl diselenide) has shown that
oxidation reactions occurring at the tertiary positions usually involve

radicals, whereas oxidation reactions at secondary positions involve the
formation of an iron-carbon bond and do not involve radicals53'54. An

observed delay in the production of the ketone in some Gif-type

systems55 led to the discovery of cyclohexyl hydroperoxide as an

intermediate. The so called "GoAgg" were systems developed as second

generation oxygenating systems involving the use of iron salts in
pyridine / acetic acid, with reduced forms of oxygen (i.e. O2" and / or

H2O2) as a direct replacement for O2 / reducing agent. They are

believed to be mechanistically related to the Gif III and Gif IV systems

(see page 27).
To explain the chemoselectivity of the Gif-type systems Sawyer56

has recently proposed a bound radical pathway based on a so-called

"oxygenated Fenton" mechanism specific for promoting selective
oxidation at secondary positions (see section 1.6).

A number of experiments using perdeuterated cyclohexane48
revealed that only the carbon centre undergoing the oxidation is
involved in the activation process, with the Gif systems. Furthermore it
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is an irreversible process in the sense that the substrate and the

oxygenated products (ketone or alcohol) do not undergo hydrogen

(deuterium) exchange with the medium. With these experimental

findings it was evident that alcohols are not formed from the reduction
of ketones47. A kinetic isotope effect of 2.5 was obtained from

competitive oxidation of cyclohexane and its perdeutero analogue54.
This value differs from those of cytochrome P-450 (KIE=7.5) and its
models based on formation of an active Fev=0 form57. However, the

KIE is comparable with that found for a number of non-porphyrin-
based systems58 [e.g. Fe2+ / EDTA / ascorbic acid / O2 (the
Undenfriend system* )45, Fe2+ / 2-mercaptobenzoic acid / O2 (Ullrich's

system)59, trialkylphosphite / hv / O260 and Sn2 + / sodium

pyrophosphate / O261], but not with alkoxy or peroxy radical

chemistry62.
The role of pyridine in the Gif systems is not fully understood. It

is certainly a good solvent, but it may also be involved in the reaction as

a base, a ligand, or a precursor of ligands to iron. Its reduction by zinc
could provide an efficient means of one electron reduction of oxygen by

functioning as an electron transfer agent. It has been shown that one
electron reduction of oxygen (O2 —» O2") occurs readily in pyridine in
the absence of H+. In the presence of H+, the product is H2O263 (see

section 2.7). Pyridine N-oxide has also been proposed as the active

oxygenating reagent in the system64 but this has been disproved by
further research47. It remains possible that pyridine could be involved
in a number of roles within the oxidation process.

Various experiments have been carried out to see if pyridine can

be replaced by other solvents in the Gif system (e.g. triethylamine,

piperidine, N,N-dimethylaniline, formamide, acetonitrile and

+ See section 1.4.4
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dimethylsulphoxide)47, in every case, poorer selectivity (C2/C3~l) and
poorer yields of oxidised products (-0.5%) were observed. Even
solvents structurally and chemically close to pyridine (e.g. 2,3- and 4-

methylpyridine, 2,4,6-trimethylpyridine, 2-fluoropyridine, 4-

phenylpyridine, quinoline, isoquinoline and pyridazine) were less
efficient47. The conclusion is that pyridine is a requirement for the Gif

systems. The proposed mechanism of the Gif system is shown below.

Fen=C:
/

\

o2

°=<
Ketone

F n °2 + e ^ Feni-0-0H
+ H

► Fen=0

R=H
, Major

\
I

/

chr

R=H
Minor

:c*-h

02

\
chooh
/
Hydroperoxide

R=CH2

r=h/o2
Minor

\0H
Fe" I

00 ch

etc

ho-ch

Sec-alcohol

—c'-cho-

02 etc

—c-ch2-
l
oh

Tert-alcohol

Scheme 1.5.1 Proposed Mechanism of the Gif IV System47.

Barton and coworkers65 also developed the Gif-Orsay (Go)
electrochemical system in which the zinc powder is replaced by a

mercury pool cathode. This system was found to possess a coulombic

yield for cyclohexanone production from cyclohexane of up to 50%. It
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appears that zinc powder is not required by Gif-type systems as the basis
of its specific surface chemistry, more it functions by possessing a

suitable reduction potential - possibly for generation of H2O2 (from O2)

or the Fe(II) form of the catalyst (see section 1.6). A specific interaction
with pyridine is also not implied by the success of the Go system.

More recently, three more Gif-type systems have been developed:

GoAggI, GoAggll and GoAgglll.* The GoAggI system consists of

pyridine-acetic acid with stoichiometric quantities of an Fe(II) salt and
KO2 under argon66. The GoAggll system differs in that the "oxidant" is
now H2O2 and the catalyst is FeCl3 or any simple Fe(III) salt66. The
final one, GoAgglll, uses an Fe(III) salt with H2O2 in the presence of

picolinic acid or other special ligands67. The picolinic acid was found to

have a marked effect on the rate of oxidation (50-fold) while at the

same time maintaining the Gif-type selectivity for oxidation at

secondary C-Fl bonds. This system being seemingly a variation of some

Fenton-type systems, provided the first indication that a special form of
Fenton chemistry could be operating in the Gif-type systems.

Among possible candidates, superoxide has been highly favoured
as an active form of oxygen in the Gif systems48. This proposal was
based on the successful replacement of dioxygen and reductant by KO2

and enhancement of the oxidation yields in the presence of quinones,
which would be expected to increase superoxide concentration by acting
as an electron transfer reagent68. H2O2 is also a likely intermediate
formed by zinc reduction in pyridine-acetic acid mixtures69, and we

shall consider the possible mechanisms involving this intermediate in
section 1.6.

* The system names are geographical in origin with Gif (or G) being derived from Gif-
sur-Yvette, O is for Orsay and Agg is for 'Aggieland', the places these systems were
developed. ~
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Scheme 1.5.2 Proposed Mechanism of the GoAgg System.

System Catalyst Oxidant s-alcohol s-ketone t-alcohol t-pvridvl C2/C3

(mmol) (mmol) % % % %

GoAggI Py4FeCl2 K02 0.0 2.7 1.8 0.9 1.0

(2.55) (4.5)

GoAggll FeCl3 H202 0.5 7.7 4.0 6.0 0.82

(1.12) (9.7)
Product Selectivities

%
Efficiency Turnovers Alcohol Ketone

GoAggUI Fe(PA)2 H202 71% 23 94 6

(0.9) (56)

Table 1.5.2 - Selectivities and Turnovers of the GoAgg Systems Using
Adamantane (GoAggI & II) and Cyclohexane (GoAggUI).
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1.6 Oxidation by Hydrogen Peroxide.

The mild oxidizing action of hydrogen peroxide is considerably
enhanced in the presence of certain metal catalysts71"79. The best known
of these reagents is Fenton's reagent, which consists of ferrous salts in
the presence of hydrogen peroxide. The iron(II)-catalyzed

decomposition of hydrogen peroxide is commonly thought to proceed
via a free radical chain process involving hydroxyl radicals as transient
intermediates9.

Fe11 + H202 FemOH + HO* (1)

Fem + H202 Fe11 + H02* + H+ (2)

Fe11 + HO* *► FemOH (3)
Fem + H02* -—Fem + 02 + H+ (4)
HO* + H202 ► H20 + H02* (5)

Since reaction 4 is energetically more favourable than reaction 2, the

catalytic decomposition proceeds via the sequence of reactions in eqs 1,

4, and 5. In the reaction of metal ions with alkyl hydroperoxides, the
reaction analogous to that in eq 4 is energetically unfavourable.

In the presence of organic substrates, the hydroxyl radicals

produce organic free radicals as in eq 6, which can undergo
dimerisation, oxidation by Fe(III), or reduction by Fe(II).

RH + HO* R* + H20 (6)
R* + Fem ► [R+] + Fe11 Products (7)

R. + Fe11 [R-] + Fe111 H2° » RH (8)
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Reaction 6 is competitive with reactions 3 and 4, the latter leading to the

nonproductive decomposition of hydrogen peroxide. Thus the yields of
oxidised substrates are often low, which severely limits the synthetic

utility of Fenton's reagent9.
The classical redox reactions of iron(II) and iron(III) with

hydrogen peroxide (eqs 1-4) have been augmented recently by the
realization that ferryl species can be formed by the further reaction of

hydroxyl radicals, i.e.

Fem + HO 0=FeIV + H+

The high formal oxidation state of iron in these transient species (either
IV or V) leads to reactive oxidants capable of many possible oxidation
reactions9.

Substrate radicals (R*), which yield relatively stable carbenium
ions (e.g. those with ot-OH or a-OR substituents and tert-alkyl radicals),
are efficiently oxidized by Fe(III). With the latter, a small amount of

Cu(II) added to the system enhances oxidation, since Cu(II) is much
more effective than Fe(III) in the oxidation of alkyl radicals via electron
transfer.

Fenton's reagent has been used for the conversion of

hydrocarbons to carboxylic acids in the presence of carbon monoxide7^.

RH + CO + H202 RC02H + H20
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The hydroxyl radical can add to unsaturated substrates such as

maleic acid to afford the a-carboxyalkyl radical, which is readily
reduced by Fe(II) to malic acid77.

chc02h hochcooh fell h0chc02hHO* + 11 | 2 \e. ► |
CHC02H *CHCOpH H CH2C02H

Other radicals derived from ketones afford relatively stable
anions and are reduced by Fe(II). Interestingly, when the above reaction
is carried out in the presence of methanol, a y-lactone is formed via the

following steps77.

H20 + *CH2OH

co2h

Fenton's reagent has also been used for the hydroxylation of
aromatic hydrocarbons to the corresponding phenols79.

h°-+<0)_^ HK3—h°^0^ +Fe"+H+
However yields are generally low (<20%) and biaryls are formed as

byproducts via dimerisation of the intermediate hydroxycyclohexadienyl
radicals9.

HO* + CH3OH

CHCOpH
•CHoOH + || 2

chco2h
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In acetonitrile / water solution (9:1), Fenton reagents have shown

pronounced regio- and stereoselectivity in the hydroxylation of

cyclohexanol to cyclohexanediols. The major product is the cis-l,3-diol,
which is formed in greater than 90% stereoselectivity. The active
oxidant is believed to be an oxoiron(IV) species, formed either by the

rearrangement of an iron(II) hydroperoxide,

O-^Fe1' [Q] 0=Felv
OH OH

or from the reaction of Fe(III) with a hydroxy radical80.

Fem + HO 0=Ferv + H+

The formation of the cis-1,3-diol was formulated as an intramolecular

process, as shown below.

The stereoselective formation of the cis-1,3-diol was explained81 by a

directed oxidation of the incipient alkyl radical by the proximate

iron(III), involving either a ligand transfer or an electron transfer

process. In the latter, competition for the incipient carbonium ion by
water could account for the less than 100% stereoselectivity9. (This
appears to be similar to the oxygen rebound mechanism of cytochrome
P-450.)
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Recent research by Sawyer56 has shown that for a variety of
Fenton reagents [Fen(PA)2*, Fen(bipy)22+, Fen(OH2)62+L with

hydrogen peroxide or an alkyl hydroperoxide (e.g. t-BuOOH) present,
with molecular oxygen (i.e. the flask is open to the air), and a variety of
substrates, the substrate dimer (R-R) and ROOR are not observed as

reaction products (these are the major products of *OH reactions, with
saturated hydrocarbons, in the absence of O2 and in the presence of O2

respectively). This indicates that free radicals may not be the active
intermediate in these Fenton systems. Other recent research82'83 clearly
shows that free HO* is not the dominant reactant, and that with highly
stabilised iron(II) complexes [Fen(DETAPAC) and Fen(EDTA)] a

nucleophilic adduct [(EDTA)FenOOH + H30+; "bound HO*"] reacts

directly with the substrates83. Another study finds product profiles that
are inconsistent with free HO* as the dominant reactive intermediate for

a biological Fenton reagent84.
The FeII(PA)2 complex in combination with HOOH is an effective

Fenton reagent for organic substrates85 and has reactivities and product

profiles that are within the same mechanistic framework as those for
traditional aqueous Fenton reagents77. The proposed "bound radical"
mechanism of the reaction of this complex with cyclohexane, in

pyridine / acetic acid solvent, is shown overleaf.

* This system is essentially the GoAgg III system - See section 1.5 37



Fen(PA)2 + HOOH
py

HOAc [(PA)2FenOOH + pyH+] 2(PA)2FeinOH

0=o+0°h
+ Fen(PA)2

<^)-py + 2H20
+ Fen(PA)2

02 + 2H20
+ Fen(PA)2

Scheme 1.6.1 Proposed mechanism of Fenton and "Oxygenated Fenton"
Reactions with Cyclohexane.

Recently, Sawyer86 has proposed an alternative type of Fenton
reaction to explain reaction profiles not consistent with free *OH or

alkyl radical generation. The proposal is of reagents wherein the *OH
and / or alkyl radical remain bound to the Fe centre, either in the form
of, or deriving from the hydroperoxide, which, in the presence of O2 is
known as the "oxygenated Fenton mechanism". An understanding of the
bound radical intermediates involved in this reaction may the
elucidation of the processes taking place in Gif-type oxidations. A
scheme of the "oxygenated Fenton" mechanism is shown overleaf.

Classical Fenton-type chemistry cannot be occuring in the Gif-

type systems, since the postulated FeIV=0 forms (see page 34) would be

expected to lead to the epoxidation of olefin substrates which does not

occur in the Gif systems. It is recalled that cyclohexene undergoes

"allylic oxidation". A Fenton-like mechanism induced by free »OH
would be incompatible with the regioselectivity of the Gif system.

Furthermore «OH is known to be readily captured by pyridine70.
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| LFe111—O" + OH}
n

"Bound radical"

LFe11 O O H + pyH+]

"Bound alkyl radical" LFe11—ott o—h

LFe11—O— C :X.
\,

+ h2o

+ LFe11

+ LFe11

Scheme 1.6.2 - Proposed "Oxygenated Fenton" Reaction Mechanism.
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In the "oxygenated Fenton Mechanism", a bound alkoxy radical is
generated, which, in the presence of O2 (the oxygenated pathway), leads

ultimately to ketone product wherein the O atom derives from the
bound atmospheric O2. In the early stages of the reaction (high H+

concentration), the alkyl hydroperoxide appears as a detectible product.
As the H+ is used up, the hydroperoxide reinteracts with the FenI-OH
form of the catalyst to generate ketone. The mechanism also allows for
a separate route to alcohol production via the bound alkoxy
intermediate. The formation of alkyl pyridine products is also accounted
for by pyridine attack at the electrophilic carbon of the bound alkoxide
as the H+ decreases.

The formation of 3-hydroxypyridine in the GoAgg systems with
H2O2 is accounted for by the proposal of more electrophilic behaviour
in the bound OH radical. Free *OH, as in "classical" Fenton chemistry

gives 2- and 4-hydroxypyridine products (the sites for nucleophilic
attack on pyH+).

H

r/\

'N
I
H

N'
I
H

H
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1.7 Oxidation of Cvclohexane to Adipic Acid.

One of the main areas of interest in the activation and

functionalisation of hydrocarbons is the oxidation of cyclohexane to

adipic acid. (The oxidation of cyclohexane is so important, that there is
an entire book devoted to this subject87.) Adipic acid is of vital
commercial importance as it is one of the two chemicals which are

required to make nylon 6.6. There are two ways of making adipic acid
from cyclohexane, either in a one or two stage process. In the two stage

process, the cyclohexane is initially oxidized to a mixture of

cyclohexanol and cyclohexanone, which is then further oxidized to

adipic acid in a single step. For example in the Du Pont process, nitric
acid is used as the oxidant in the presence of Cu(II) and V(V) salts as

catalysts at 75-80°C88'89. The reaction sequence is undoubtetly

complex88. One possible pathway involves nitrosation of the

cyclohexanone followed by oxidation of the resulting cyclohexane-1,2-
dione or its monoxime with V02+. The resulting V02+ is reoxidised by

nitric acid. The role of the Cu(II) is less clear88 (it may be involved in
the nitrosation - there are many examples of Cu(II) catalysed

nitration89).

[O]

O O

k^.C02H h2°
The yield of adipic acid is 92% under these conditions90.
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An alternative process involves the air oxidation of

cyclohexanone91, or a mixture of cyclohexanol and cyclohexanone92, in
acetic acid at 75-85°C in the presence of manganese (II) acetate as the

catalyst. The selectivity to adipic acid is 90% at conversions of 40-

When high concentrations of cobalt (II) acetate are employed as

catalyst, the direct oxidation of cyclohexane to adipic acid can be
carried out at 90°C in acetic acid93-95. (Compare the oxidation of n-
butane to acetic acid.) Adipic acid is obtained in 70-75% selectivity at

80-85% conversion of cyclohexane. Similar to the oxidation of n-

butane, the reaction involves Co(III) as the chain transfer agent in a

direct reaction with the cyclohexane substrate93.

It would be industrially desireable to develop a catalyst which
would promote the oxidation of cyclohexane to adipic acid under mild
conditions (ideally room temperature and atmospheric pressure). To
date, no such catalyst has been developed.

45%91.

<» +o2 -<[>00.
Ooo. + Co11 + HOCo111

•

<»0+ Co111 - + C°n + H+
00-

C>0+02 * Cco'h
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2. Experimental Work.

2.1 Aims of the Research.

The aims of this research project were:
1. To investigate further the iron based Gif IV system and compare

with its ruthenium based analogue.
2. To investigate any further reactions occurring in the Gif IV

system over longer time periods (i.e. possible further oxidation of
ketone / alcohol to carboxylic acids).
3. To see if the Gif IV system could be improved / modified by

addition of other reagents, or by replacement of the pyridine by another
solvent.

4. To investigate oxygenations catalysed by the Gif system regarding
substrates other than cyclic hydrocarbons.
5. To investigate the fate of either the iron or the ruthenium catalyst

during turnover in the presence of the various Gif components in order
to gain a mechanistic insight into the likely active species / components

present.
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2.2 Experimental Section.

2.2.1 Instrumental Analysis.

All GC-MS analyses were conducted using capilliary glass
columns on a Hewlett Packard 5890 gas chromatograph connected to a

Finnigan Mat Incos 50 mass spectrometer. Typical run conditions were;

injection at 60°C, temperature increments by 20°C per minute, and
holds at 300°C when this temperature is attained.

Gas chromatography was conducted using a Hewlett Packard 5750
G gas chromatograph. The 1.5mm i.d. glass column was packed with
10% FFAP supported on 80/200 chromosorb, the column temperature

was kept constant at 100°C, the injection port at 200°C and the flame
detector at 250°C. Sample volumes of 2pl were generally employed.

Integration was carried out using a Spectrophysics Model 4100

integrator.
All uv/vis spectra were recorded in 1.0cm quartz cuvettes using a

Perkin-Elmer Lambda 5 uv/vis spectrophotometer. Mass spectra were

recorded using an A.E.I. MS 50 mass spectrometer.

2.2.2 Reagents and Solvents.

All chemicals were used as supplied unless otherwise stated.

Cyclohexane (HPLC grade 99.7%) was purchased from May & Baker,

cylohexanone (99.8%) and cyclohexanol (99%) were purchased from
Aldrich, pyridine (99+%), glacial acetic acid (99.1%), nitric acid
(69.7% in H2O) and zinc powder (99+%) were purchased from Fisons.
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The triiron acetate complex [FenFe2mO(OAc)6(py)3.5] had been

synthesised previously in the laboratory96 by the following procedure.
60g (0.30mol) of FeCl2-4H20 were dissolved in 200 cm3 of water

in a 2-litre round bottomed flask. To this solution was added a

suspension of 111.4g (0.63mol) of Ca(CH3C02)2-H20 in 178cm3 of

water and 378cm3 (6.3 mol) of glacial acetic acid. The mixture was

heated at 70°C for ~6 hours. After this the mixture was cooled to room

temperature and the black crystalline solid collected by filtration. This
was washed twice with 50cm3 of 0.08 M acetic acid and dried under a

high vacuum. This solid was identified as being
[FenFe2in0(0Ac)6(Fl20)3 ] by elemental analysis.

8.5g of the [FeIIFe2III0(0Ac)6(H20)3] was added to 50cm3 of

pyridine saturated with nitrogen. The mixture was kept stirring for ~20
minutes, after which the black crystalline solid was collected by
filtration and dried under a high vacuum. This solid was again identified
by elemental analysis to be [FenFe2mO(OAc)6(py)3.5].

The triruthenium complex [RuIIRu2III0(0Ac)6(py)3] was

prepared according to the method of Legzdins et al.97 a solution of
RUCI3.XH2O (2g) and sodium acetate trihydrate (4g) in glacial acetic
acid (50cm3) and ethanol (50cm3) was refluxed for 4 hours. The

solution was then cooled to -30°C for 4 hours and the precipitate of
sodium acetate and sodium chloride was removed by filtration. The
filtrate was evaporated on a rotary evaporator, dissolved in methanol,
filtered and again evaporated. The resulting complex was recrystallised
from a methanol-acetone mixture. Elemental analysis confirmed the
complex to be [Ru30(0Ac)6(H20)3]0Ac.
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This complex (0.50g) was dissolved in methanol (5cm3) and

pyridine (2cm3) was added. The solution was heated on a steam bath for
5 minutes, was then cooled to room temperature and sodium perchlorate

monohydrate (0.125g) in methanol (2cm3) was added. The blue

precipitate was removed and dried over silica gel. The complex was

identified as being [Ru3ni0(0Ac)6(py)3]C104 by elemental analysis and

uv/vis measurements in solution (pyridine).

0.25g of the perchlorate was dissolved in 5cm3 of pyridine and
cooled to 0°C in an ice bath. Hydrazine (65% in water) was added

dropwise with stirring until a green solid was observed as a suspension.
A few further drops of hydrazine were added, and the solution was

stirred for 15 minutes. The green complex was filtered and washed with
water, methanol and ether. This complex was identified by elemental
analysis to be [RunRu2inO(OAc)6(py)3].

46



2.2.3 Catalytic Air Oxidations Under Gif IV Conditions.

Unless stated otherwise, typical Gif IV catalytic runs were carried
out in one litre conical flasks, open to the air at room temperature. The
mixture was vigorously stirred throughout using a magnetic follower.
The typical reaction composition was as follows :

Pyridine 80ml
Substrate (e.g. cyclohexane) 20ml
Distilled water 3ml

Zinc powder 5g

Catalyst 0.02g
Glacial acetic acid 10ml

(There is a catalyst : substrate ratio of 1 : 5700)
The acetic acid was added last as the initiator to the reaction. The

experiments were left stirring over 2-4 day periods and the pyridine
and substrate were topped up as necessary to compensate for

evaporation from the solution.
Some runs were conducted at elevated temperatures as follows:

The conical flask was fitted with a double surface condenser in order to

reduce loss of the reagents. This was ultimately found to decrease the

yields of the oxidised products. As a result it became necessary in these

experiments to blow air over the surface of the solution.
At the end of the run time the reaction mixtures were quenched

by neutralising with 6M aqueous sulphuric acid (to pH=4), and the

resulting mixture extracted using ethyl acetate or diethyl ether (ethyl
acetate was ultimately found to be far superior to ether for extracting
the organic components). Combined extracts were dried using

anhydrous sodium sulphate, filtered to remove the drying agent, and

evaporated to dryness (Biichi rotavapor RE 111) to leave a residue. For
47



GC analysis of possible carboxylic acid products it proved necessary to

"derivatise" the residue by pretreating with acidified ethanol

(esterification) prior to removal of solvent and extraction with diethyl
ether. The components of the mixtures were then analysed by GC-MS
and identified by computer comparison of the mass spectra of each of
the component peaks in the GC with a vast library of authentic mass

spectra. Peaks were only identified as due to a specific component when
there is a high probability that the unknown is what the computer

claims. (The computer compares the mass spectrum of the peak being

analysed with all the spectra in the library, it then assigns various
numerical values to the criteria of "purity", "fit" and "RFfit". If the
values of all these criteria are 1000 then the peak is an exact match with
the library entry. Computer matches are believed if the peak exhibits

high purity, >950, and reasonably high fit, >900. If the computer values
are slightly lower than desired, the computer match may still be

accepted if it seems reasonable that the proposed product is produced by
the reaction being studied.)

In the vast majority of cases independant verification of isolated
reaction products, e.g. using lH N.M.R. was not readily achievable.
However, where possible, reaction products were identified by matching
RF values under identical conditions with those from GC traces from

pure samples of the possible reaction products.
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2.3 A Comparison of Iron and Ruthenium Gif IV Systems.

Recent research in out laboratory96 has concerned investigations
into the iron based Gif IV system (Fe30(0Ac)gpy3 5) and its ruthenium

analogue based on the corresponding p-oxo triruthenium(III,III,II)

complex Ru30(0Ac)6py3. The mthenium system was also found to be

active in catalysing hydrocarbon air oxidation in pyridine / acetic acid,

e.g. cyclohexane to a mixture of cyclohexanol and cyclohexanone, but
differed from the iron based Gif IV system in the following ways:

1. A significantly lower total overall yield of ketone / alcohol is

produced by the ruthenium Gif system.
2. The ratio of ketone to alcohol is much lower in the ruthenium

system than in the iron system, such that the alcohol is now the major

product. The yield of alcohol is however comparable between the two

systems.

3. Preliminary uv-visible investigations in the presence of zinc

powder and acetic acid in pyridine indicate that the RuHUnjI mixed
valence state is the steady state form of the catalyst during the initial

stages of turnover.
In this work we have sought to quantitatively compare the two

systems by monitoring the yields of ketone and alcohol products as a

function of time. For this purpose, the runs were directly sampled by
GC analysis in the pyridine / acetic acid solvent. Product yields were

obtained by peak area integration standardised against known

component mixtures run under identical instrumental conditions. The
results are listed in Table 2.3.1 and illustrated graphically in Figure
2.3.1.
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CvclohexanoneCvclohexanolCatalyst
CatalystTime/hrsmmolselectivitymmolselectivityTurnover Fe30(0Ac)6(py)3.52.524.4893.171133 6.034.1856.8415100

Ru30(0Ac)6(py)32.50.96441.35562.4 6.03.09385.186219.6
Table2.3.1

-ProductionofKetoneandAlcoholFromCyclohexaneUsingtheIronand RutheniumGifIVSystems. (Conditionsasdescribedinsection2.2.3)



RunTime(hrs)

Figure2.3.1-ProductionofKetoneandAlcoholFromCyclohexaneUsingtheIronandRutheniumGifIVSystems.



Figure 2.3.1 shows thar the iron based Gif IV system, at least
under these conditions, is superior to the ruthenium system in terms of
overall yield of oxidised products. This is in agreement with the

previous work of Powell96. After six hours the yields of alcohol

product are comparable between the two systems and, in the case of the
ruthenium system, is the dominant product over the timescale studied.
However the following other observations were made:
1. In the iron based Gif IV system the yield of ketone and alcohol

reaches a maximum value after six hours and thereafter falls off. The

ruthenium system however shows a gradual rise in product yield over

the entire 24 hour period studied.
2. After 12 hours, the alcohol produced by the ruthenium system

exceeds the maximum amount of alcohol produced by the iron system.

3. The ruthenium system is selective to the alcohol eventually (after
24 hours) producing approximately twice as much alcohol as ketone, the
iron system is selective to the ketone producing five times as much
ketone as alcohol.

With regard to the first observation, Barton et.al.47etc- have, to
date, not reported any evidence of further reactions involving the
ketone and alcohol products under Gif conditions; their studies having
been largely confined to an 18 hour reaction timescale.

We were intrigued as to whether this behaviour represented
further air oxidation of the ketone / alcohol product mixture in the

presence of the iron acetate catalyst. In particular a certain amount of
excitement would be generated if one of the products proved to be

adipic acid. We therefore set out to characterise the presumed further
reaction products resulting from ketone / alcohol in the presence of the
iron Gif IV system over time periods of 2-4 days.
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2.4 Analysis of the Iron Gif IV System Over an Extended Time Period.

During previous studies on the Gif IV system Khan98 reported
that after extended periods of time (>3 days), significant amounts of

adipic acid were obtainable from the Gif system reaction mixture

following 6M aqueous sulphuric acid quenching and extraction using

ethyl acetate. It was furthermore proposed that the adipic acid

(produced in yields of ~lg from 20ml of cyclohexane) was formed

directly from cyclohexane without involving either cyclohexanone or

cyclohexanol as a reaction intermediate (since corresponding runs

conducted using these as substrates produced no adipic acid after the
same time period). The proposed mechanism for adipic acid production
involved formation of an eight membered diperoxy ring intermediate
which splits to give the dialdehyde and ultimately adipic acid. The
mechanism is shown in scheme 2.4.1 below.

CCOOHCOOH

Scheme 2.4.1 Proposed Mechanism For Adipic Acid Production Under
Gif IV Conditions.
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The reaction conditions for Khan's experiments were as described in
section 2.2.3.

Because of the significance of these alleged observations it was
viewed necessary to conduct an independant investigation of these

findings. Initial investigations revealed, in addition to the main ketone /
alcohol products, trace amounts of ethanedioic, butanedioic,

pentanedioic and hexanedioic (adipic) acids (analysed as their ethyl
esters following ethanol pretreatment of the reaction residue), along
with traces of [l,l'bicyclohexyl]-2-one (see appendix 1.1). These
results were not however reproducible. A GC-MS study of the

products from Gif runs under the typical conditions frequently showed

only the ketone and alcohol products (see appendix 1.2) as reported by
Barton et. al.47etc- When the extracted organic components from the
Gif experiments were evaporated to dryness, a small amount of solid
residue was found to remain. When this had been washed with ethanol

and acetone a small quantity of a white solid (~mgs) could be isolated.
This was identified by mass spectroscopy to be a long chain ketone, and

certainly not consistent with any form of dioic acid.
We altered the conditions to see if slight variations in

temperature (up to 45°C), stirring rate, exposure to the air (by

restricting / increasing airflow over the flask) and variations in the
ratio of reagents could produce the desired results and account for the

previously observed products. Under increased airflow and elevated

temperature, small traces of 2-hexen-l-ol and butanedioic acid were

observed along with the usual ketone / alcohol products from

cyclohexane substrate (see appendix 1.3).
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After a number of repeated attempts (and much frustration), it
was concluded that the findings of Khan of significant quantities of

adipic acid resulting over a 2-4 day period could not be verified.
There was however continued interest in the apparent fate of the

ketone / alcohol products over the extended time periods. It was thus
decided to perform various experiments to see if further reactions
could be detected involving cyclohexanol and cyclohexanone as

substrates. Using cyclohexanone substrate, under the usual Gif IV

conditions, the products formed after a four day period are

cyclohexanol, 1-hexanol, butanedioic acid, cyclopentanone,

cyclobutanone, various long chain alkynes, octahydrodibenzofuran (see
later) and minute traces of adipic acid (see appendix 1.4). From

cyclohexanol substrate, under the usual conditions, the products formed
are cyclohexanone, 2-hexen-l-ol, and [l,l'bicyclohexyl]-2-one. It is
clear now from these studies that both of the major products,

cyclohexanol and cyclohexanone, can derive from each other, to some

extent, under the Gif IV conditions. Thus a common route linking both
must be present to account for this in the Gif IV mechanism. In each
case the ketone is the favoured product.
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2.4.1 The Gif-Nitric Acid System.

It had been previously noted that in the industrial process for the
manufacture of adipic acid from cyclohexanone, nitric acid was used to

cause functionalisation of the carbon a to the ketone group. It was thus
decided to investigate whether the addition of nitric acid (up to 5cm3 of
12M per 80cm3 of pyridine) could alter the selectivity of the Gif IV

system towards the production of adipic acid. The addition of nitric
acid to the reaction vessel (using ketone / alcohol mixture as a

substrate) consistently produced significant (but still not synthetically

useful) amounts of adipic acid (identified by GC-MS), along with two

different bicyclic products, shown below (see appendix 1.5).

[1,1' Bicyclohexyl]-2-one Cyclohexanone-2-cyclohexylidene

The addition of small amounts of nitric acid in solution (1cm3
12M nitric / 80cm3 of pyridine) produced significant amounts of both

cyclic products plus a trace of octahydrodibenzofuran (appendix 1.6),

which is a further oxidation product of the cyclohexylidene. Further
nitric acid (3cm3 12M per 80cm3 of pyridine) produced only the

cyclohexylidene and its ring closed oxidation product.
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Further addition of nitric acid (5cm3 12M per 80cm3 of pyridine)

finally gave the ring closed product along with adipic acid in small but

significant yields (~mgs) (see appendix 1.7). Traces of cyclohexane

carboxylic acid are also observed. Despite these findings, synthetically
useful yields of adipic acid have yet to be produced under Gif
conditions. Nitric acid may combine with pyridine to form pyFI+ NO3-,
which could be involved in the reaction as an oxidant. Various

experiments were tried using metal nitrate salts (e.g. Zn(NC>3)2 and

Cu(NC>3)2), but no adipic acid could be detected in contrast to the use

of pyH+ NO3-.

In section 1.7 we saw that the commercial production of adipic
acid goes via the following scheme:

OH

"C02H
^ vq2

,C02H h2°

NOH

Scheme 2.4.2 - Industrial Production of Adipic Acid.

We have seen that the Gif system is able, under ambient
conditions, to catalyse the reaction from cyclohexane to cyclohexanol
and cyclohexanone. Can the Gif system be made to catalyse any of the
other steps in scheme 2.4.2 ?
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To this end we set up an experiment using cyclohexan-l,2-dione
as a substrate. This would test whether the Gif IV system could
substitute for the V02+ reagent in scheme 2.4.2. The iron-based Gif IV

system would be commercially cheaper than the expensive vanadium

reagent despite its recycling in the industrial process. Under Gif IV
conditions (pyridine 50 cm3, acetic acid 5cm3, water 3cm3, zinc 2g,
Gif catalyst O.Olg and substrate lg, in a 250cm3 conical flask, over a 3

day reaction period) the major product was found (by GC-MS, see

appendix 1.8) to be adipic acid (-30% conversion) along with other

ring opened products of the dione (no good library match, but from
examination of the unknown spectra the products are likely to be

straight chain diols).
We now have shown that the Gif system is capable of catalysing

steps 1 and 5 of the scheme below, and step 4 is spontaneous",so the

challenge remaining is somehow to get the Gif system to catalyse steps

2 and 3, or to find some way of performing these steps in the Gif
reactor. If this can be achieved, it may prove possible to produce adipic
acid in reasonable yields at room temperature using modifications of
the Gif IV system.

Scheme 2.4.3 - Gif System Production of Adipic Acid.
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2.5 Further Modifications to the Iron Gif System.

One of the problems with the Gif system is the requirement for

pyridine. We were therefore interested in ways of modifying the basic
Gif system composition in the hope that a more versatile catalytic

system could be produced. The Gif-nitric acid system showed some

promise in generating small but significant quantities of adipic acid
from cyclohexanone / cyclohexanol as substrate. However it was felt
that other modifications might include substituting the zinc reductant in
the presence of acetic acid for ascorbic acid or the direct use of a

reduced form of oxygen such as KO2. The role of H2O2 has already
been discussed in the context of the GoAgg I and III systems and with

regard to possible oxygenated Fenton mechanisms.

2.5.1 Potassium Superoxide.

It has been reported100 that potassium superoxide can be used for
the direct conversion of cyclohexanone into adipic acid under ambient
conditions, and its use has already been described in the GoAggI system.
It would be of interest therefore to see what part (if any) KO2 could

play in the Gif IV system. When KO2 (1 .Og) was added in place of the
zinc powder and acetic acid under the normal Gif IV conditions,
reaction with cyclohexanone gave rise to significant amounts of the

bicyclic products and the ring closed product as previously observed in
the Gif-nitric acid system. However no adipic acid was observed (see

appendix 1.9).
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2.5.2 Ascorbic Acid.

Ascorbic acid is well established to be a good reductant45etc-,
particularly when buffered around pH 6101, the likely pH of the

pyridine / acetic acid mixtures employed. The use of ascorbic acid as a

reductant (or the precursor to a reductant) has been described with

regard to the Undenfriend and related catalytic systems (see section

1.4.4). We decided to try a number of Gif runs using ascorbic acid
added in the presence and absence of zinc powder and acetic acid.

Replacement of zinc and acetic acid by ascorbic acid in the normal Gif

experiment using cyclohexane as substrate, gave evidence of ketone and
alcohol products with the ketone as the dominant product. However in
contrast to the normal Gif IV system, the Gif-ascorbic acid system did
not lead to a fall off in the yields of ketone and alcohol over extended
time periods of >10 hours (see fig 2.5.1) and the selectivity of the

system is almost 1:1 (for the system using no zinc or acetic acid)

compared to 5:1 for the Gif IV system. The maximum yield of ketone

produced using 2.0g ascorbic acid was found to be slightly more than a

third of that of the normal Gif IV system employing 5.0g of zinc

powder and 10cm3 of acetic acid in 80cm3 of pyridine, the maximum

yield of alcohol using 2.0g of ascorbic acid is however comparable to

the Gif IV system (see table 2.5.1 overleaf and appendix 1.10).
The findings here indicate that although pyridine seems to be

essential to maintain Gif activity and selectivity, the zinc reductant, as
also shown by the success of the Gif-Orsay electrochemical system47,
can be replaced by other reductants having similar reduction potentials.
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ZincPowderAceticAcidAscorbicAcidCvclohexanolCvclohexanone (g)(cm3)(g)(mmol)(mmol) 5.0

10.0

2.0

4.04

7.40

5.0

0.0

2.0

1.54

2.90

0.0

10.0

2.0

1.73

2.70

0.0

0.0

2.0

2.79

3.28

5.0

10.0

0.0

-4.50*

-20.00

Table2.5.1-ProductionofKetoneandAlcoholintheGif-AscorbicAcidSystems.
(*Thesefiguresareapproximateastheserunswerecarriedoutwithaslightlydifferentratioofreagents.)



Time(hrs)

Fig.2.5.1-ProductionofKetoneandAlcoholintheGif-AscorbicAcidSystem.



2.6 Activity of the Gif IV System Towards Substrates Other Than

Cyclic Hydrocarbons.

The partial success in certain modifications of the Gif system
towards oxidation of cyclohexanone and cyclohexan-l,2-dione prompted

investigations into other possible substrates.

2.6.1 Cvclohexan-1.4-dione.

In a normal Gif IV experiment, 5.0g of cyclohexan-l,4-dione was

used and the reaction analysed after two days. The major products were

p-quinol (-70% selectivity) and p-quinone (-20%). The mechanism of
these reactions will be discussed in section 2.8.2 (see appendix 1.11).

o o OH

Conditions I

Y Y Y
O O OH

Fig 2.6.1 Products from the Gif IV System Using Cyclohexan-l,4-dione
as Substrate.
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2.6.2 Tetrahvdrofuran.

It was of interest to see if the Gif IV system could catalyse

oxygenation in cyclic products which are more "active" than

cyclohexane due to heteroatoms in the ring (the activity of the Gif

system to more activated carbon rings, such as cyclohexene, is already
well reported47etc.) To this end we looked at the oxidation of

tetrahydrofuran (THF) under Gif conditions, to see if y-butyrolactone
was the major product. After two days the products formed (analysis by

GC-MS) were y-butyrolactone (34% selectivity), 2-methyl-2-propanal-
1,3-dioxolane (21%), hexanoic acid (20%) and cyclohexanol (15%) (see

appendix 1.12). Overall yields cannot be reported as the amount of THF
which evaporated during the reaction period is not known. No
mechanism has, as yet, been proposed for the reaction to the three

unexpected products.

Fig. 2.6.2 Products From Gif System Using THF as a Substrate.

The formation of C-6 products from a C-4 precursor is certainly
a surprise in this reaction and may have to be verified by independant
means in due course. The lack of selectivity to the y-butyrolactone was

disappointing. It remains to be established whether this was due to a

number of different reaction paths open to the THF under Gif
conditions or further reaction involving the y-butyrolactone. This will
be achieved in future work by following the course of a reaction with

periodic GC (or GC-MS) samples.



2.7 Acetone as a Solvent.

A number of studies have reported attempts to replace pyridine
either partially or completely within the Gif system. Barton47 reported
that of all the solvents investigated as either replacements or diluents for

pyridine in the Gif system, acetone was the only solvent which did not

destroy the Gif selectivity. We thus decided to briefly study the Gif IV

system using acetone as the solvent. Using a half pyridine / half acetone

solution, the Gif IV selectivity remains the same as those of the pure

pyridine based Gif IV system. However the yields are found to be

approximately half those of the latter. In further Gif runs using acetone

as the only solvent for the system, interesting findings were obtained

despite the lower overall yields. Under these conditions the alcohol is

produced in slightly greater yield than the ketone, also there are traces

of three other products (separated by GC, see appendix 1.13), one of
which has the same retention time as the bicyclic product (bicyclohexyl-

2-one) observed earlier (see section 2.4). However because of the

quantities involved, neither of the other products have been fully
characterised.

Use of acetone as solvent precipitated copious quantities of the
now poorly soluble zinc acetate. During work up this was filtered off
and the resulting mixture was concentrated by evaporation (Biichi).
After several days a clear crystalline solid (not zinc acetate) was

observed to have formed in the flask, which was removed and washed

with acetone. Attempts have been made to characterise this solid; *H
n.m.r. shows a feeble triplet at 80.5, something (at least a triplet) at

81.7 and a triplet at 82.8 (there is also a singlet at 84.7 probably due to

water in the deuterium oxide solvent). These *H n.m.r. features were

ultimately traced to silicone grease. C,H,N microanalysis of the solid
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however showed no carbon, hydrogen or nitrogen in the compound.
The melting point of the solid is higher than the upper limit of the

melting point apparatus (340°C), but the solid appeared to change
between 280 and 300°C. Study of the mass spectrum of the solid
revealed nothing of benefit. Unfortunately due to time constraints, this
characterisation was unable to be completed, and the composition of the
solid is still unknown.
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2.8 Conclusions.

2,8.1 Studies of the Iron Gif IV System Over Extended Time Periods.

There are further reactions taking place in the iron Gif IV system

after most of the zinc powder has been used up, the nature and
mechanism of these reactions has not yet been fully established. It would
be desirable if these further reactions led ultimately to adipic acid from

cyclohexane, but this process has not been confirmed after much study
of the system, under a variety of conditions. It has been shown that
several of the necessary steps in the production of adipic acid from

cyclohexane can be carried out under Gif IV conditions, and it may be
that with minor alterations to the Gif IV system, it may be possible to

perform the remaining steps.

Bicyclic products are often observed in small quantities among

the Gif IV reaction products particularly in the Gif-nitric acid system.

These are formed by the reaction of cyclohexanone (formed in the Gif
IV system from cyclohexane) with cyclohexanol, to produce [1,1'

bicyclohexyl]-2-one, or from the reaction of cyclohexanone with itself
to produce cyclohexanone-2-cyclohexylidene. The latter product can
also undergo a ring-closing reaction to form octahydrodibenzofuran.
The likely mechanisms of these reactions are now discussed.
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H+

HOH

HoO Octahydrobibenzofuran

Scheme 2.8.1 - Formation of the Bicyclic and Ring-Closed Products in
the Gif IV Reaction.

[1,1' Bicyclohexyl]-2-one
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Formation of the cyclohexanone-2-cyclohexylidene occurs by
reaction of the enol form of cyclohexanone with the keto form under
acid catalysis followed by the elimination driven by conjugation.
Formation of [l,l'-bicyclohexyl]-2-one involves attack of the enol on

cyclohexanol followed by the elimination of water. The formation of

octahydrodibenzofuran involves initial oxidation to alcohol at a

nonactivated carbon position of cyclohexanone-2-cyclohexylidene,
attack by the acid to form the diol, and subsequent loss of water to form
the ring closed product.

69



2.8.2 Modifications to the Gif IV System.

The Gif-ascorbic acid system shows different selectivities and
reactivities to the Gif IV system. When ascorbic acid is used to replace
zinc powder and acetic acid the system exhibits a ketone to alcohol

selectivity of almost 1:1, which is rarely seen among the Gif-type

systems. The ratio of oxidised product to reagents used in the Gif-
ascorbic acid system seems more favourable to the ratio for the standard
Gif IV system and this may prove to be a less expensive catalytic system

for the production of ketone and alcohol from alkane substrates.
The Gif system can be used to convert tetrahydrofuran into

y-butyrolactone as expected, however the lack of selectivity in this
reaction is disappointing.

The Gif catalyst appears to function slightly in pure acetone

solvent, producing trace amounts of ketone and alcohol, along with
other unidentified products from alkane substrate. Dilution of the

pyridine in a standard Gif IV run with acetone results in a lowering of
the yield in proportion to the amount of acetone added, the selectivity is
retained.
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The driving force of the Gif IV catalysed reaction of

cyclohexan-l,4-diol is the aromatisation of the C6 ring.

Fig. 2.8.2 - Mechanism of Quinol and Quinone Production from

Cyclohexan-1,4-dione.

The likely mechanism of oxidation of the 1,4-dione probably involves
initial oxidation to alcohol at an unactivated carbon position followed by

dehydration to give the cyclohexene-l,4-dione. This can either
tautomerise to give the p-quinol or can be further oxidised at one of the
other nonactivated carbon positions to give the alcohol, which

undergoes dehydration resulting in the quinone. It appears that the
mechanism of this reaction is completely different to the reaction of

cyclohexan-l,2-diol which gives adipic acid as major product.
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3. Electrochemical Study of the Gif IV system.

Despite the considerable number of reported investigations into
the Gif systems and their analogues by Barton and others over the past 7

years or so surprisingly little work has been performed regarding the
electrochemical properties of the system. Voltammetric measurements,

particularly techniques such as cyclic voltammetry, can under
favourable conditions give useful mechanistic information as well as

indications as to the fate of the various component forms of the system.

Of particular interest to the possible mechanisms proposed for the Gif

system is the fate of the triiron acetate catalyst itself during the Gif
turnover as well as the role played by O2, O2" and H2O2 in the overall

reaction. The triiron acetate catalyst is not amenable to study by NMR
or on the basis of discernable electronic spectral changes. Mossbauer

Spectroscopy has proved a useful probe for Fe11 and Fe111 species in
solution but is not amenable to monitoring of the fate of Fe-containing

species in a rapidly turning-over catalytic cycle. Flowever cyclic

voltammetry potentially offers a direct monitor of the fate of the iron
catalyst in the presence of the Gif components particularly H2O2, O2"

and zinc powder in pyridine-acetic acid mixtures in addition to some

indication as to the fate of the O2 derived components. Further

encouragement is also gained by the knowledge that pyridine is a good
solvent for voltammetric measurements and moreover the

electrochemical behaviour of both dissolved O2 and H2O2 in pyridine is

well understood having been extensively investigated by Sawyer102 and
others.
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3.1 Experimental details.

Cyclic voltammetric measurements were conducted at RT (~20°C)

using a standard three electrode cell design (see figure 3.1) employing a

glassy-carbon disk working electrode (area 0.1 cm2), platinum wire
counter electrode and an Ag/AgCl reference electrode immersed in a

salt bridge of the solvent / background electrolyte mixture. The

potential to the working electrode was controlled using a Princeton

Applied Research Model 170 Electrochemistry System with built in

ramp generator and 'Houston' X-Y plotter. The potential was monitored
with a Fluke model 8010A.high impediance digital voltmeter. A

compensation of between 600 and 900mV was applied across the

working and reference electrode p.d. in order to overcome distortions
in the current response waves due to iR drop.

Ag/AgCl ref

Pt wire
counter

electrode

electrolyte
salt bridge

magnetic
follower

glassy-carbon
working electrode

Fig. 3.1 - Basic Design of Electrochemical Cell for Cyclic Voltammetry
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The solvent throughout was HPLC grade pyridine (20 cm3) containing
0.1M BU4NPF6 as the background electrolyte. Deoxygenation of the

solution was performed using a stream of argon gas. Glassy-carbon was

preferred as the working electrode surface to e.g. platinum owing to the

necessity to work in solutions containing acetic acid which, at the
concentrations required, severely restricted the cathodic limit available
on platinum due to the highly positive hydrogen overvoltage. Using

glassy-carbon the overvoltage in the presence of acetic acid was

extended by about 1.0V to -1.5V vs Ag/AgCl. As a result it was possible
to observe oxygen reduction waves in the presence of H+. Cleaning and

polishing of the glassy-carbon disk between scans with fine grade
alumina powder permitted satisfactory reproducibility in repeated c.v.

experiments.

3.2 Results.

The individual response curves obtained from a cyclic
voltammetric study of the components of the Gif IV system under
different conditions is now described below. We were interested to

analyse carefully the behaviour of the different components of the

system individually and collectively. The initial experiments concerned
the electrochemistry of O2, O2" and H2O2 in pyridine solvent in the

presence and absence of acetic acid. The results are shown in figures
3.2.1 - 3.2.9
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3.2.1 Cyclic Voltammetrv of Dissolved O9 (from air) in Pyridine.

(a) Pure pyridine (figure 3.2.1).

Previous work has shown that the concentration of O2 from the

air in pyridine solution at RT is around 1.6mM. Scanning cathodically
from close to the resting potential (0.0V) to -1.5V reveals a quasi-
reversible reduction process at -0.89V vs Ag/AgCl corresponding to the
one electron reduction of O2 to O2". Further reduction to O22" occurs at

~-2.0V. Scanning anodically from 0.0V to +2.0V reveals an irreversible
oxidation wave at + 1.35V which becomes two waves at +1.24V and

+1.65V if an initial cathodic scan to -1.5V is performed first. The
+1.35V process is believed due to oxidisable background impurities in
the pyridine / electrolyte mixture whereas the process at + 1.65V is
believed due to oxidation of products formed by reaction of some O2"
with these solution components over the scan timescale.

lb) Addition of Acetic Acid (1 part to 10 parts of Pyridine! (Figure
3.2,2).

As expected this leads to an irreversible reduction wave for

oxygen at -0.87V vs Ag/AgCl corresponding now to 2e- reduction to

H2O2 according to (1).

02 + 2e" + 2H+ - H202 (1)

The reduction of H+ is now seen to occur beyond -1.4V.
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(c) Addition of H2O2 (Absence of Acetic Acid) (Figure 3.2.3).

H2O2 in pyridine evolves O2 continually which can be seen in an

enhanced O2 to O2" redox wave. In addition, oxidation of H2O2 is

observed as a broad anodic wave centred around +1.5V. Deoxygenation
with argon gas reduces the intensity of the O2 to O2" redox wave but
doesn't remove it completely indicating that the rate of O2 production
from the reaction of H2O2 with pyridine was comparable to the rate of

deoxygenation. The O2 evolution process is accompanied by a gradual

'yellowing' of the pyridine solution. The reduction of H2O2 at -1.25V
vs Ag/AgCl has been shown103 to give rise to H2 and O2" (2) and (3).

H202 + e" H02- + 1/2 H2 (2)

H202 + HCV ~ 02" + H20 + OH- (3)

In pyridine the OH» is efficiently trapped further promoting (2) and (3).

(d) Addition of HpO? (presence of acetic acid).

H2O2 is stable towards evolution of O2 in pyridine in the presence

of acetic acid and is characterised by the appearance of the broad
oxidation wave around +1.5V vs Ag/AgCl. This strongly supports HO2",

formed in significant amounts in pyridine alone, as the likely reactant in
the O2 evolving process. The mechanism probably involves formation
and dismutation of HC>2# (4) and (5).

H02- + pyr ^ HO,' + pyr" (4)

H02" + HOy + pyr 02 + HOy + pyrH+ (5)
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(e) Addition of Zinc to Pyridine - Acetic Acid Mixtures (Figures 3.2.4 -

3.2.6).

In order to investigate the effect of zinc a sample of zinc powder

(0.5g) was added to 20 cm3 pyridine containing 2 cm3 of acetic acid.
The stirred mixture was monitored in constant contact with air over a

24 hour period while the zinc dissolved. The first cv scan, figure 3.2.6,

immediantly after the addition of the zinc showed that all of the
dissolved O2 from the air had been quantitatively removed. The interest
therefore was whether significant quantities of H2O2 were being

produced given its involvement in some of the GoAgg systems and in
the oxygenated Fenton mechanism. The initial cv scan showed no

discemable evidence of H2O2 in the reaction mixture (no evidence of a

broad oxidation wave centred around +1.5V). This might partly be due
to the difficulty in detecting H2O2 at the low levels (~l-2 mM) probably

present since the electrochemical processes involving H2O2 are not very

distinctive and moreover other processes (e.g. see figure 3.2.1) are

often present in the vicinity of the broad +1.5V oxidation wave. The
fate of the reaction mixture was however monitored over both a 24

hour and a 7 day period open to the air in order to observe whether
significant quantities of H2O2 built up as O2 from the air was

continuously reduced. After 24 hours a distinct 'yellowing' of the
solution was noticed and the resulting cv showed a number of poorly
resolved irreversible oxidation waves at -+1.0V and -+1.5V (major)

with a further broad wave at -+2.0V. With time a deep 'brown' colour

developed which correlated with an increase in intensity of the broad
oxidation waves observed in the region +1.0V to +2.5V. In particular
the gradual appearance of the oxidation wave at +1.0V, observed only
after the addition of zinc powder, correlated with the increased

'browning' of the solution over >1 day periods.
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(f) Addition of zinc to solutions of HoOo in pyridine / acetic acid.

In separate experiments the stability of solutions of H2O2 in

pyridine / acetic acid mixtures to the addition of zinc powder was

monitored. The results are shown in figures 3.2.7 - 3.2.9. The H2O2 is

completely removed by the presence of the zinc over a period of 10 - 15
minutes as monitored by the disappearance of the broad oxidation wave

for H2O2 near +1.5V vs Ag/AgCl. The half life is estimated between 3-

4 minutes at 20°C. This experiment was repeated twice more following
the deliberate addition of further aliquots of H2O2 (to produce a lOmM
solution in each case). In each case loss of H2O2 from these mixtures

was also accompanied by a gradual 'yellowing' of the pyridine solution
as had been seen above in the absence of added H2O2. The appearance of

a poorly resolved oxidation process around +1.0V was also a feature
seen previously in solutions of H2O2 in pyridine / acetic acid following

an initial cathodic scan to -1.5V. This indicated an assignment to

products stemming from the reduction of H2O2 in pyridine103. The

gradual 'yellowing' in the pyridine solutions was also accompanied by
an increase in intensity of the oxidation wave, figures 3.2.8 and 3.2.9,

present already in the original pyridine solutions ( at -+1.5V) in the
absence of added zinc, see e.g. figure 3.2.1. This feature increased in
intensity as more H2O2 was consumed by the zinc. These observations

appear to be consistent with the generation and then consumption of
H2O2 generated via reduction of dissolved O2 in pyridine / acetic acid

by zinc powder and therefore has implications as to the likely
mechanisms operating in Gif type systems, see over.
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3.2.2 Cyclic Voltammetrv of the Triiron Acetate Catalyst.
TFegOfCbCCHg^fpy^ 5I Under Gif IV Conditions (figures 3.2.10 to

3.2.13).

(a) FegOfCbCCFhlglpvlg 5 in Pyridine / Cb / Acetic Acid.

The cv response curves for a ImM solution of
[Fe30(02CCH3)6(py)3.5] in pyridine on glassy-carbon is shown in

figures 3.2.10 to 3.2.12. A reversible one-electron oxidation process

(AEp 60mV at slow scan rates) from the Fe3III>III,II to the Fe3III'HI,III
form is observed at +0.025V vs Ag/AgCl. In the absence of dissolved
O2 an irreversible reduction wave is additionally seen at -0.9V, figure
3.2.10. The number of electrons involved is not known such that this

process could correspond to reduction to either the Fe3ni'H,II Gr

Fe3n'H>n states. Whichever is the case the product complex is clearly
unstable on the cv timescale in pyridine solution and may be involved
with loss of the triangular 'basic acetate' structure. This observed cv

behaviour may have implications later as to the fate of the triiron

catalyst in the presence of zinc powder under Gif IV conditions. In the
presence of O2, figure 3.2.11, an irreversible O2 reduction wave is
observed at -1.28V which masks the much smaller triiron complex
reduction wave. This shows that O2" is being spontaneously

disproportionated in the presence of the triiron catalyst, the height of
the O2 reduction wave being roughly twice the height of the O2 to O2"
wave and similar to the reduction wave for O2 found in the presence of
acetic acid.

The conclusion is that O2 is reduced by a 2e_ process to the

peroxide level in pyridine in the presence of Fe30(02CCH3)6(py)3 5

and that free O2" can only have a fleeting lifetime under these conditions
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in the presence of this species. The addition of acetic acid (1 part per 10

parts pyridine) under air-free conditions does not alter the cv responses

of the triiron complex except that the irreversible reduction wave for
the complex at -0.9V is now twice the height of the one-electron
oxidation wave, figure 3.2.12, implying reduction of
Fe30(02CCH3)6(py)3 5 to the Fen3 state.
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(b) Addition of HoCU to Fe30(02CCH3)6(pv)3 5 in Pyridine-Acetic acid

The addition of an excess of H2O2 (5mM) to a solution of

Fe30(02CCH3)g(py)3 5 above in pyridine-acetic acid under air-free

conditions resulted in an immediant colour change from greenish-brown

(Fe3m>ni,II form) to reddish-brown (Fe3nI'HUn form) concurrent with

a shift in rest potential to -+0.25V, figure 3.2.13. At the same time two

new cathodic waves appeared at ~-0.25V and -0.6V. The original two
waves of the triiron acetate complex can still be seen at -0.0V and at —

0.95V. A closer examination of the new cathodic wave at -0.25V

showed it to be coupled to an anodic wave around -0.1V. The broad
irreversible oxidation wave of free H2O2 can be seen at +1.5V. The

conclusion here is that changes to the triiron catalyst occur upon the
addition of H2O2 in pyridine-acetic acid although not all of the original

complex is destroyed. One possibility is that some of the
Fe30(02CCH3)6(py)3.5 complex is destroyed in the oxidation to the

Fe3III'III,III form by the H2O2 giving a new iron species responsible for
the additional cathodic processes. A second possibility is an equilibration
reaction of the Fe3III'in,III form with further H2O2 to generate the
additional iron species. In further experiments zinc powder was added
prior to the addition of H2O2 in the hope of further mimicking the Gif
IV conditions while at the same time attempting to preserve the
Fe30(02CCH3)6(py)3 5 complex in its reduced Fes111'11-!! form

throughout. Unfortunately the addition of zinc powder to solutions of
Fe30(02CCH3)6(py)3 5 in pyridine causes other effects (see below).

In conclusion, a reaction between H2O 2 and

Fe30(02CCH3)6(py)3 5 occurs in pyridine / acetic acid mixtures
involving oxidation of some of triiron complex to the Fe3III'in,III form
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together with the formation of new electroactive iron-containing species
one of which cannot be ruled out as being the active Gif catalyst.



fc") Addition of zinc powder to solutions of Fe30(CbCCH3Wpv)3 5jn

pyridine / acetic acid.

The results of this experiment are shown in figures 3.2.14 and
3.2.15. The addition of zinc powder to a solution of the triiron complex
in the presence of air causes a colour change in the solution over a

period of ~1 hour from greenish-brown (Fe^Fe^^O complex) to a

more paler greenish-yellow colour (Fe?). The rest potential shifts to lie
between -0.6Vand -0.8V. The resulting cv after 6 hours stirring with
zinc is shown in figure 3.2.15. A number of new cathodic waves are

observed in the region around -0.5V to -0.7V in addition to waves for
the original triiron acetate complex around 0.0V and -0.9V. The
features observed are remeniscent of those obtained following the
addition of H2O2 to the triiron complex in the absence of zinc, figure
3.2.13. New anodic processes, at +0.25V and +0.5V, are also in evident

following the addition of zinc to the triiron complex and grow with
time over a 24 hour period, figure 3.2.15. Neither of these processes is
seen in the absence of the triiron complex. Further poorly resolved
anodic processes in the region +1.0V to +2.5V also appear with time

accompanied by a darkening of the solution. These are believed to

correspond to the same features seen following the addition of zinc to

pyridine / acetic acid in the absence of the triiron complex.
In conclusion, a change to the nature of the iron species occurs

upon addition of zinc powder to solutions of Fe30(02CCH3)6(py)3 5 in

pyridine / acetic acid mixtures. Some of the resulting cv features are

remeniscent of those observed following the addition of H2O2 to

solutions of the triiron complex implying that some of the products may

stem from reaction with H2O2 generated by reduction of dissolved O2
in the presence of the zinc powder.
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(d) Addition of Zinc Powder to Solutions of Fe3(XCbCCH3Wpy)3 5Jn

Pyridine-Acetic Acid in the Presence of Cvclohexane Substrate.

The addition of cyclohexane (5 cm3) did not cause any

discernable changes to the cv responses seen in the above mixtures
containing Fe30(02CCH3)6(py)3 5 and zinc powder in pyridine / acetic
acid over periods of up to 3 days.

At this point it was decided to record cyclic voltammograms for
solutions of cyclohexanone and cyclohexanol in the above pyridine /
acetic acid mixtures in order to evaluate the potential region where
these reaction products are electroactive. It was subsequently found that
both of these products, like cyclohexane, are electroinactive at the

glassy-carbon electrode in the voltage range -1.5V to +2.5V in pyridine
/ acetic acid / 0.1M BU4NPF6. Thus cyclic voltammetry does not offer a

window for monitoring the oxygenation of hydrocarbon substrates e.g.

cyclohexane directly in 'Gif-type' reactions.
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3.3 General Conclusions from the Cyclic Voltammetric Experiments.

Some general conclusions can be made regarding the findings of

cyclic voltammetric experiments on the Gif IV system.

1. H2O2 only has a half life of around 3-4 minutes in pyridine /

acetic acid mixtures in the presence of a stirred suspension of zinc
powder. (H2O2 is itself unstable in pure pyridine solution continually

evolving O2).

2. Both H2O2 and zinc powder react with Fe30(02CCH3)g(py)3 5 in

pyridine / acetic acid mixtures resulting in new electroactive iron-

containing species, one of which cannot be ruled out as being the active
Gif catalyst. In the case of H2O2, the changes are accompanied by
oxidation of some of the triiron complex to the Fe3ni'HI,III form. In the

case of zinc a colour change to a more pale greenish-yellow iron-

containing species is seen prior to the gradual development of an intense
brown colour as the Gif reactions proceed due to background reactions

involving pyridine. The formation of new hitherto uncharacterised

iron-containing complexes is clear from these solutions and may

correspond to chemical reduction by zinc at the irreversible reduction

process at -0.9V seen in cv's of the triiron acetate complex alone.

3. The browning of the Gif reaction solutions has been traced to

reactions occurring in pyridine following the addition of the zinc. The

highly coloured products are likely to derive from OH» trapping by the
pyridine solvent producing 'polymeric' species of the type (Py-OH)n.
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As the brown coloration develops cyclic voltammograms reveal a

number of new oxidation processes occurring around +1.0V and at

>+1.5V, both oxidation processes occurring at significantly more

negative potentials that the electro-oxidation of pure pyridine (>+2.5V).
Both processes have been traced to the electrochemical oxidation of

products from subsequent reactions involving the generation of free
OH* via reduction of H2O2 by zinc.

4. Superoxide ion (02~*), generated readily upon electrochemical
reduction of dissolved O2 in pyridine solvent alone, has only a fleeting
existence in the presence of Fe30(02CCH3)g(py)3 5, the presence of the
triiron complex causing O2 to be reduced in a clean 2e_ process to the

peroxide level. It is unlikely therefore that 02"* can be an active long
lived component of the Gif IV system.

3.4 Implications for the Mechanism of the Gif IV System. Selective for

Oxygenation of Secondary C-H Bonds to Ketone.

The electrochemical reduction of H2O2 in pyridine at -1.0V vs

NHE has been shown to yield the O2" ion (6) (ESR evidence) 103 in

addition to OH* which is efficiently trapped by the pyridine as before

leading to a brown hydroxy polymer. In the presence of the iron
complex (whichever form is present) and acetic acid the O2" would be
effectively disproportionated to yield O2 and reform H2O2. The loss of
H2O2 from a suspension of zinc powder in pyridine / acetic acid
strongly implies reduction of H2O2 by the zinc to produce O2 and OH*

by the above scheme. Thus zinc behaves as a kind of heterogeneous
'Fenton reagent' towards H2O2. It has been shown that oxygenation of
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e.g. cyclohexane does not occur from these mixtures in the absence of
the iron catalyst. Moreover there is no evidence of cyclohexyl radical
derived species in the absence of the iron catalyst. Thus pyridine acts as

a highly efficient OH* radical trap in these mixtures. In the presence of
the iron catalyst however a different type of mechanism must be

operating. The success of the Gif related GoAgg systems based on Fe(II)
complexes and H2O2 in retaining the Gif selectivity towards secondary

CH bond oxygenation to mainly ketone product and allylic oxygenation
of cyclohexene would imply by analogy a kind of 'Fenton'
mechanism56'86 rather than involving a high valent Fe=0 species as

proposed by Barton47etc. However free hydroxyl radicals cannot be
involved as all the evidence shows that they are efficiently trapped by

pyridine in these reactions. If the pyridine is removed then the Gif

selectivity is lost implying interference from reactions involving a flux
free OH* radicals. The indications are that a special type of mechanism
is operating stemming from the reaction of H2O2 with the triiron

catalyst in the presence of zinc / pyridine acetic acid. The likely
mechanism is the oxygenated Fenton mechanism, scheme 1.6.2 (page

40) proposed by Sawyer86 wherein a bound OH* radical is effectively

produced on the iron complex which then interacts with the substrate to

produce a bound alkoxy radical. Further reactions then occur, in the
absence of O2 to generate the alcohol (minor product), or in presence of

O2 (bound) to generate a bound alkylperoxy radical and eventually the
dominant ketone product. The requirement for oxygen for efficient
turnover to generate ketone product in both Gif and GoAgg systems is
clear from labelling studies104 and from our work which has shown that
the Gif IV system works most efficiently in an open flask allowing a

continuous take up of O2 from the air as the oxygenation reaction

proceeds. The clear requirement in the Gif scheme is for a highly labile
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Fe(II) complex possessing reactive vacant sites allowing substitution by
O2. Fe30(C>2CCH3)6(py)3 5 itself would not appear to be a good

candidate for such a scheme implying that the active catalyst is more

likely to be a related species perhaps a labile mononuclear Fe(II)-

acetate-pyridine complex capable of undergoing the rapid substitution
reactions desired including the binding of an O2 molecule. The success

of the FeII(picolinate)2 complex in the GoAgg III system demonstrates

this requirement102. In the electrochemical studies we have verified that

changes to the nature of the iron species occur in the presence of either
H2O2 and/or zinc under Gif IV conditions, one of these iron containing

species could conceivably be the active Gif catalyst. A further insight
into the nature of the catalyst and the Gif mechanism as a whole would

surely be gained from an understanding of the nature of the iron

containing species resulting from reaction of Fe30(02CCH3)6(py)3 5

with zinc powder in pyridine / acetic acid. Surprisingly this seems not to

have been fully investigated and is planned in further work in our

laboratory.
From preliminary electrochemical results regarding the

behaviour of Ru30(02CCH3)6(py)3 under Gif IV conditions there is
evidence of the expected more robust nature of the triruthenium acetate

analogue105. For example O2" is not disproportionated on the cv

timescale in the presence of Ru30(02CCH3)6(py)3 in contrast to its

rapid disproportionation in the presence of the iron analogue. The
mechanism of O2" disproportionation normally involves inner-sphere
attack by O2" to produce a bound superoxo complex prior to the
electron transfer steps. In the case of the triruthenium complex this

presumably does not occur at least on the cv timescale. Other 'closed-
shell' substitution 'inert' complexes such as ferrocene demonstrate
similar inactivity towards disproportionating O2". In separate studies it
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has been shown that pyridine exchange on the triruthenium complex
occurs with a half life of ~10-5 sees.106 at 20°C in contrast to

corresponding exchange on the triiron complex which requires fast

monitoring techniques. The triruthenium analogue has been found to

participate in Gif-type oxygenations e.g. on cyclohexane but

interestingly is selective towards the alcohol. The triruthenium complex
also demonstrates evidence of slower turnover. Within the oxygenated
Fenton scheme, page 40, this is readily explained by slower ligand
substitution rates and an inability, within the surviving intact
triruthenium complex, to create a vacant site for the binding of O2. The

electrochemical results have further shown that if redox potentials are

important then the trimthenium acetate complex should be as active as

the iron complex towards Gif oxygenation and perhaps show the same

selectivity. A reversible Ru3ni.HI,II to Ru3ffl.IH.ni oxidation wave is
seen for the triruthenium complex around +0.1V vs Ag/AgCl close to

the potential for the corresponding process on the triiron analogue.
However unlike the triiron complex the Ru3ffl.ni,II to Ru3III.II,II
reduction process is reversible occurring at -1.3V. Taken altogether the
above findings imply that the difference between the behaviour of the
two trimetal acetate complexes towards Gif-type oxygenation is rather
more due to the differing kinetic inertness of the two complexes under
the solution conditions. Work in progress is seeking to establish further
the stability of the triruthenium complex under Gif conditions (i.e. the
presence of H2O2 and/or zinc powder). Early indications are that
solutions of Ru30(02CCH3)6(py)3 in pyridine / acetic acid do survive
the addition of zinc without evidence of degradation of the trinuclear
'basic' acetate structure in contrast to the triiron analogue.
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3.5 Cyclic Voltammetrv of Cvclohexane-l,2-dione in Pyridine Acetic
Acid - Relevance to the Final Step in Scheme 2.4.3 (page 59).

The results here are shown in figure 3.2.16. Cyclohexane-1,2-
dione possesses a broad irreversible oxidation wave near to the
corresponding process for H2O2 around +1.5V. By scanning initially in
a cathodic direction to generate O2" in the presence of cyclohexane-1,2-
dione it was shown that O2" reacts with the dione substrate with the
amount of O2" consumed directly proportional to the amount of the
dione present. A 1:1 stoichiometry of reaction of dione with O2" was

implied. It was further demonstrated that a direct reaction and not

disproportionation involving O2" was relevant since the height of the
reduction wave for O2 was unaltered upon the addition of dione, figure

3.2.16. From scan rate variations over the same voltage window (0.0 to

-1.5V) the return wave for O2" grew in intensity relative to the O2
reduction wave as the scan rate was increased in range 0.1 - 2.0V s~l
giving an estimate for the half life of the O2" - dione reaction as

between 5-10 sees. It has not yet been established whether one of the
reaction products is adipic acid. However the electroactivity of the dione
on glassy-carbon allows a potential window for further studies of
possible Gif-type catalysis of the final step of scheme 2.4.2, the
oxidative ring cleavage of dione to give adipic acid.
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Possible Future Work.

It would be interesting and possibly useful to continue to look for
further reactions in the Gif IV system and to determine their nature and
mechanisms. If a simple route to adipic acid formation from

cyclohexane can be found, the use of the system may be very profitable.
The possible role of nitric acid in the production of adipic acid using the
Gif system still demands some attention even though yields of adipic
acid produced by this method are not high.

There is also the possibility of much mechanistic information

being learnt from studying the Gif IV system in other solvents e.g.

acetone, and with a variety of other substrates. Future work in this

department will study the activity of the Gif IV system towards
aromatic and aryl compounds, an area which so far has not been

sufficiently researched. The Gif-ascorbic acid system will also be
further studied in this department.

The electrochemistry of the ruthenium complex is currently being
studied so that, by comparison with the Gif IV catalyst, we may gain an

insight into the reasons for the differences in selectivity between the two

systems. It is also possible to follow the Gif catalysed reaction of
various substrates (e.g. cyclohexan-l,2-dione) using cyclic voltammetry
and this may give further insight into the mechanism of Gif catalysed
oxidations.
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Appendix 1.1 - Initial Investigations (Unreproducible results)



Appendix 1.2 - Ususal Gif IV GC (Solvents, Ketone and Alcohol)



3:42 7:23 11:05

Appendix 1.3 - Results Under Increased Airflow and Elevated
Temerature



Appendix 1.4 - Products from Cyclohexanone Substrate
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Appendix 1.5 - Products of The Gif-Nitric Acid System



Appendix 1.6 - Small Amounts of Nitric Acid in Solution



Appendix 1.7 - Greater Amounts of Nitric Acid in Solution



Appendix 1.8 - Products Using Cyclohexan-1,2-dione as Substrate
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Appendix 1.9 - Products Formed When KO^ is in Solution



Appendix 1.10 - The Gif-Ascorbic Acid System



Appendix 1.11 - Products Using Cyclohexan-l,4-dione as Substrate
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Appendix 1.12 - Products Using Tetrahydrofuran as Substrate



Appendix 1.13 - GC Trace of the Gif IV System in Acetone Solvent



Appendix 2. Graphs.
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Appendix 2.1. Ketone and Alcohol Production Using Iron Gif System.

Appendix 2.2. Ketone and Alcohol Production Using Ruthenium
System.
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Appendix 2.3. Alcohol Production (Both Systems).
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Appendix 2.4. Ketone Production (Both Systems).
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Appendix 3.1 - uv / vis Spectra of the Ruthenium Trimer
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Appendix 3.2 - Mass Spectrum of the Unknown White Solid
from the Gif IV system - Ketone



Appendix 3.3 - NMR of the Unknown White Crystals
from the Acetone Run


