CHAPTER I

INTRODUCTION

Saturated hydrocarbons account for one of the largest sources of natural

feedstock materials which traditionally have been used as fuels, lubricants, and
g as been an increase in interest in the

Y

__#
ly ﬂlua s related to pharmaceuticals,

] W‘ Generally, the oxidation

d vigorous conditions such as high

solvents [1]. During the past few Q\

oxidation of inexpensive
(or complexes) to more ﬁ
flavors, fragrances, plasticizer

reaction of this class of

by transition metal salt

I manganese complexes as

catalyst. Development aseq ataly hi ies out these oxidation

s :
hydrocarbons was developed by, I _metal stearate complexes as catalyst
e __,.-F"r - ;l" ;: =~

under mild condmonsrﬂas used in the sygtem [2].

1.1 Classification of cajly ""j

Numerous catalysss known today be cla351ﬁed according to various

criteria: structmﬁ%ﬁtq %%J %l@tw EJsf"' eﬁ%gregatmn. According

to the state of aggregation in which they act, three large groups of catalysts can be

divided: qﬂ' mq}w eﬁﬂlomogeneous
catalysts eﬁn sc tg el.l ere are also intermediate forms

such as homogeneous catalysts attached to solids (supported catalysts), also known as

immobilized catalysts. The well-known biocatalysts (enzymes) also belong to this

class.
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s catalysis, catalysts, starting

materials, and products are pres‘bnr—m the# phase. Homogenous catalysts have

% y ;s which only the surface

geneous catalysts exhibit

a higher degree of d1§fer51on “than ﬁéterog

atoms are active. T -
Due to their ; h degree of dis

a higher activity per umt mass of metal than heterogeneous catalysts. The high
mobility of the ore collisions with
substrate molemﬂéﬂhﬁe’aam can appgaﬂxe catalytlcnazj active center from
any dire ti ﬂ aéf' oring centers.
This all aﬁjﬁ Qﬁaﬁmu[ﬁﬁ (3'1%[)1 ?jonditions.

The most prominent feature of homogeneous transition metal catalysts are
the high selectivity that can be achieved. Homogeneously catalyzed reactions are
controlled mainly by kinetics and less by material transport, because diffusion of the
reactants to the catalyst can occur more readily. Due to the well-defined reaction site,
the mechanism of homogeneous catalysis is relatively well understood. Mechanistic

investigations can readily be carried out under reaction conditions by means of
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spectroscopic methods. In contrast, processes occurring in heterogeneous catalbysis are
often obscure.

Owing to the thermal stability of organometallic complexes in the liquid
phase, industrially realizable homogeneous catalysis is limited to temperature below
200°C. In this temperature range, homogenous catalysts can readily be stabilized or
modified by addition of ligands; considerable solvent effects also occur.

In industrial use, both types of catalysts are subjected to deactivation as a
}e 1.1 summarizes the advantages and

Z

result of chemical or physical proc

disadvantages of the two classes

—

Table 1.1 Comparison of homogeneous d h@s catalysts

Effectivity

Active centers

;;ﬁ,ﬂ% - - Heterogeneous

sl at . only surface atoms

Concentration o =) _ high

Selectivity | lower

Diffusion problems present

Reaction conditions severe (often>250°C)

Applicability wide

Activity loss intering of the metal

du stallites; poisoning
D poisoning

Catalyst properties ¢ L ‘ |

Structure/stoichﬂn% 8 ’}e%ﬂ Wi s w &I ’] fulc:j'med

Modification posgll)ilities high ¢ o low g»
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Catalyst séparation sometimes laborious fixed-bed: necessary
(chemical decomposition,  suspension: filtration
distillation, extraction)

Catalyst recycling possible unnecessary (fixed-bed)

or easy (suspension)

Cost of catalyst losses high low
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The major disadvantage of homogeneous transition metal catalysts is the
difficulty of separating the catalyst from the product. Heterogeneous catalysts are
either automatically removed in the process, or they can be separated by simple
methods such as filtration or centrifugation. In the case of homogeneous catalysts,
more complicated processes such as distillation, liquid-liquid extraction, and ion

exchange must often be used.

1.1.2 The oxidation of alkanes in the K ence of metal compounds [4]

Metal complexes may parﬁg}‘)z}\

1 i i hr. —

alkanes, in reactions of t eﬂh;fp 2 -
1. Direct oxidation underthe re acti

(without the p L

atlon of hydrocarbons, including

FF T

moreover, one type of oxidation @ihan@other For example, in the presence
of an additional electron donor—.st(ﬁ&hmyhmdanon of hydrocarbons of type 3
might become a catallsa ida coupled with the oxidation of the donor if the
transition metal comp x.mvolved in the oxi 'n cycle.

As for the elemaitary mechanism of hydrocarbon actions in the oxidation of
all three types, ?j %ﬁﬂ rocarbon molecule
directly, or by gj:ﬂ nﬁls?jlm ﬂmﬁwould react with the
hydrocarbon mdependentl
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1.1.3 Parficipation of transition metal ions and complexes in the oxidation
of hydrocarbons by molecular oxygen

The oxidation of hydrocarbons by molecular oxygen includes very important
chemical processes known for very long time. Their importance is connected with the
necessity of rational use of hydrocarbons from coal, oil and natural gas. Despite the

great amount of work devoted to this problem, it is far from being completely solved.
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At present its significance, in terms of the urgent necessity of more
economical consumption of natural resources, is increasing with time.

The use of salts and complexes of transition metals creates great possibilities
for solving problems of selective oxidation, as has been demonstrated for a number of

important processes.

1.2 Chain mechanisms of oxidation of alkanes

To explain the molecular ox r ction with organic compounds, Bach
and Engler proposed the so- callc\ at the end of the 19" century. In
accordance with this theorym rez_ist s are peroxides, which are later
transformed into more st . ——

Further investigati orne tﬁhﬂdia'te formation of peroxide.
However, a real mech o:’i}Wrocarbons was elucidated

d the onnatlxn mainly by Semenov and

his co-workers, of the theosy of'bua ehed c ﬁ process

Catalytic and non-ca aly&*‘éﬁt‘dxid’@f hydrocarbons (including alkanes)
is usually a branched chain pr@cES§-MII§1 %&ed
This means that braxFi' each _chain _happens muchd ldter than its termination

(as distinct from non-degene nching ~occurs virtually simultaneously

‘degenerate’ chain branching.

with chain propagation)-and causes by the formation of rather stable intermediate

which is neve nﬁ % ydrocarbon and can

form free radlﬁﬁ E« gr mﬂn tmuﬁlﬁl initiation process.

Hydroperoxides tum out to be the “intermediates=in ll% ’j haSe’ oxidation, thus
g

contimi] 16 pefoRe Hedryd Tob opafativyiob] aibrey NGHEL0-O bord in

hydroperoﬁalde brings with formation of free radicals.
The study of ROOH hydroperoxide produced from hydrocarbons has shown

the structure of R in ROOH to be the same as in the initial RH, which confirms that a
hydroperoxide is formed in the interaction of RO, radicals with the molecule of the

initial hydrocarbon.



RO; + RH > ROOH + R

The evidence for the chain mechanism of hydrocarbon oxidation is primarily
based on the observation of the enhancing effect of light. Ionizing radiation and small
additions of various initiators easily decomposing into free radicals, as well readily
react with free radicals. For some oxidation reactions, RO, radicals involved in the

chain propagation were directly observed by EPR.

hydrocarbon oxidation for tE 2 ;..'\_. St
be neglected.

(0) RH + O,

Chain initiation

(1) R*+ O, .

. } Chain propagation
(2) ROy + RH
(3) ROOH

Chain branching

(3") 2RO,H
(49) R*+ R*
(5) ROy + R* -I ROOF | £ Chain termination

(6) RO,* + RO,*

the branlf:::gscm Hﬂiﬂ@ m ﬁﬂ:jtﬂ Howeve, i princpl,
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Ad1p1c acid, an important intermediate in the production of nylon, is made by
oxidation of cyclohexanone and cyclohexanol. These intermediates, in turn, come
from the oxidation of cyclohexane. They are also intermediate in the production of
caprolactam, which can be polymerized to form 6-nylon directly. In the simplest

model, cyclohexane is converted to cyclohexyl hydroperoxide and some or all of
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hydroperoxide is decomposed to the observed products, cyclohexanol, and

cyclohexanone:
OOH OH
O—0—0-0
1 2 3 4

Oxidative attack on the C-H bonds of cyclohexane 1 is slow and requires
vigorous reaction conditions. In contrast, the hydroperoxide 2, alcohol 3, and ketone 4
are easily oxidized. As a result, the reac‘uZd}ﬁgE erally run with low conversions of
cyclohexane to avoid degradation of the desué@ts.

A typical mdustr@dgtxon Jay be carr—iga_ out by reacting air with a
cyclohexane solution M/

le cobalt(Il) salt-at about 140-165°C and 10
atmospheres in a contin s

! The residence time in the reactor is limited to

achieve up to 10% convession' of the éyelo'ilexane Liquid reaction mixture is with-

drawn continuously and di i ,nreaet%i gyclohexane is recycled to the oxidation

; hexﬂnon@' are sent to another oxidation unit for
AR L]

reactor. Cyclohexanol
conversion to adipic acid scrlbcd bela(}@ or to eaprolactam. Combined yields of

alcohol and ketone are 60- %,-:f converslqn.g;as limited to 6-9%. An alternative

strategy involves maximizing the peroxide j?}[l@_;_composed under conditions which

maximize the yield fiﬂ cyclohexanone and cyclohexanol.{:from the peroxide. In a
- , : =3

process developed by Halcon, considerably higher yieldso‘cin be attained at 10-12%

conversion if boric acid is added to stabilize the cyclohexanol as it is formed. The

borate is believed to react W1th the peroxide 2 to form a_peroxylborate which
subsequently decompose to- the borate ester of. Gyclohexanol from subsequent
oxidation, thereby ‘allowmg the higher conversions, The improved yields are partially
offset by, the addéd-hvestment)and 6pemfiﬁg' cbsts for boric lacid recycle, but this
technology is used by several major aciipic acid products. |

The metal ions probably have no direct part in the conversion of cyclohexane
to cyclohexyl hydroperoxide because this oxidation is a simple radical chain process.
However, the metal ions have a role in controlling the conversion of the
hydroperoxide to cyclohexanol and cyclohexanone. In addition, metal catalyzed

hydroperoxide reactions supply the free-radicals necessary to initiate and maintain the
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oxidation. The metal ion concentration provides some control of the overall reaction
rate. Cobalt and manganese ion catalysts produce both cyclohexanol and
cyclohexanone. Chromium favors the production of cyclohexanone.

The attack of a radical, X., on cyclohexane initiates the oxidation process by
abstracting a hydrogen atom from cyclohexane. The resulting cyclohexyl radical
rapidly combines with O, to form a cyclohexylperoxy radical. When the latter

encounters a cyclohexane molecule, it abstracts hydrogen from a C-H bond in an

endothermic but nonetheless 1mp0rta§\ ’tyh rium reaction. The transfer of H from

C to O produces a primary hydroperoxide, and regenerates a

cyclohexyl radical. The cyd!h;ta éﬁtely trapped by oxygen, shifting

the Haber-Weiss cyc

- ﬁcomposmon of ¢ ydroperoxide.
| ]

2 CyOOH ﬁ-ﬁﬁ—% 69 ﬁw PHOF)S it

Cyor +Cylf — > CyOH + Cy»
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Thqe highly energetic cyclohexyloxy radical abstracts any available hydrogen

atom, primarily from the cyclohexane, which is in large excess, to give cyclohexanol.
The longer-lived cyclohexylperoxy radical is capable of abstracting
a hydrogen atom from cyclohexane despite the endothermic nature of the reaction
because the resulting cyclohexyl radical rapidly combines with an oxygen molecule to
form a more stable cyclohexylperoxy radical combines with an oxygen molecule

thereby driving the equilibrium to the right.



CyOO* + CyH CyOOH + Cy Propagation

Cy +0, > CyoO*

This cycle provides the chain mechanism which accounts for several
cyclohexylhydroperoxide molecules for each initiating event.

The major termination in cyclohexane oxidations at low conversion is the

ylperoxy radicals.
N V y/ Termination
2 L 0]
OFor o s

bimolecular combination of two cycloh

stability of the CyOO- r. anese or cobalt. The ketone
is formed in a triplet st g in iliminescence observed during
cyclohexane oxidation or cy hﬁtkﬁ@&'é eroxide decomposition.

Because the reaction is @@y i 4 continuous manner at steady state,

the initiation and temﬁhatlon reactions musu_aﬁ

one molecule of cycleliéxanol, whereas one cyclohexanol and one
cyclohexanone. This bga.nce explain
ratio of approximately 0.54nsgobalt catalyzedaeactions.

noter ol i <pgition Wifds bikdnd)is e synihess of

cyclododecanoneymd cyclododecangl from cyclododecane. These, compounds are

o S G541 ST o e o

as catalyst!, at 160-180°C and 1-3 atm pressure.

OH
l::jj Co(1I) carboxylate E‘I:I_L/I/ f) |:|':l':(
160-180°%, 1-3 atm

tes. The initiation gives

pserved cydnhexanone to cyclohexanol
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In another example, butane is oxidized by air, in acid solution, catalyzed by
Co(Il) acetate. Reaction conditions are 160-200°C and 60-80 atm. The by-products

are propionic acid, butyric acid and 2-butanone [6].

CH;COOH

160-200°C, 60-80 atm e}

1.4 Product Selectivity

— Y.

A regioselective reamq-s-,bne .)“ direction of bond making or

breaking occurs preferenti tions. Reactions are termed

completely (100%) regi ¢ fnplete, or partially (%),

if the product of the r B { the product of reaction at
: Y = N RN, .
other sites. The discri ‘also-semi- titatively be referred to as high or

low regioselectivity.

”.\-.‘.
stereoselectivity and stereospecific

Stereoselectlvﬂ

1 e
The preferentiat-formationin-a chemical react ion of one stereoisomer over
another when the stéteoi phenomenon is called
enantioselectivity and is qgantltatlvely expressed by the enantiomer excess; when they

are dlasteremsoﬂ su Erﬂge%ﬁme?\*ﬂaﬁ’f fs‘lﬁntnanvely expressed

by the diastereoispmer excess.

AN ANEIAL, e

two or more different functional groups. A reagent has a high chemoselectivity if
reaction occurs with only a limited number of different functional groups. For
example, sodium tetrahydroborate is a more chemoselective reducing agent than
lithium tetrahydroaluminate. The term is also applied to reacting molecules or

intermediates which exhibit selectivity toward chemically different reagents.
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1.5 Literature review on the oxidation of saturated hydrocarbons

There are many chemical models reported which could selectively functionalize
saturated hydrocarbons, especially using transition metal complexes as catalyst in
oxidation reaction.

For instance, in 1988, Geletii and his colleagues reported cyclohexane
oxidation using Cu(II) and Fe(Ill) perchlorate as catalysts. Hydrogen peroxide was
used as an oxidant in pyridine solution. The main product was the ketone, the usual
alcohol / ketone ratio being ca. 0.05:0.15 [7] [

In 1991, Sarneski and his colle@esented that the new cluster
[Mn304(d1py)4(OH2)2](ClO.)..—was partieularly aet»we—for the oxidation of alkanes,
alkenes, and alkylated areﬂ?l's——‘/ ‘alkyl hydroperoxides 1n CH3CN The oxidants used
were TBHP or PhCMeZO‘(N‘«f s:‘ $ ste s could work well even at low temperature

(0°C). Though turnove

not good [8].
In 1992, Mario and h -workers’ dgddressed the use of ruthenium catalysts
catalyzed the oxidation turated hj@o’éarbons Two ruthenium catalysts:

et fgrde sk
oxidation reaction of various —substrates:s’uch as adamantane, cyclooctane,

cyclohexane, hexane . gnd heptine Vanou"'s ox1dants ‘\Lyere namely TBHP and

hypochloride. The mec 2] radical pathway [9].

In 1993, Muzart & orted the use of Cr(VI) complexes to catalyze the oxidation
reaction of adamantane to 1-adamantanol and 2-adamantanone by using TBHP as an
oxidant in benzene. The Selecfivity ratio 9f C5/C5 was'0.23-0.54°}10].

In 1994, Barton and his colleagués bresented a new methodology for the
selective tragsform_aﬁtion, of saturated: hydnocarlions tey jketones pand alcohols.
A crucial aspect of t‘hri‘s new process was that 'no ‘reaction solvent wasTequired since
the Fe(Ill) and Cu(Il) complexes used were completely soluble in hydrocarbon
substrate. Although the rate of the oxidation reaction was slow, the addition
of catalytic amount of pyridine was found to enhance the rate of process and affected
an augmented selectivity towards the formation of ketone [11].

In 1996, Pralhad and his co-workers reported the use of manganese(Il) N,N'-

ethylene bis (salicylideneaminato) and analogous manganese(IT) complexes catalyzed
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oxyfunctionalization of cyclohexane. TBHP was employed as an oxidant. It was
observed that cyclohexane was transformed to cyclohexanol and cyclohexanone in
high yield at room temperature in CH;CN. A pathway involving oxomanganese
intermediate was suggested for the reaction [12].

In 1998, Motowo and his colleagues found the new mixed ligand
chlororuthenium(1l) complexes [RuCI(L)(tpy)]Cl, and [RuCIl(L)(tpm)]Cl, (L= bpy,

dmpa or dmgly; n=0 or 1) were prepared, and the catalytic activity for alkanes
oxidation using m- chloroperbenzoic examined. Alcohol was the main
product: oxidation of adamantane, c}jo?@/' thylbenzene gave hydroxylated
products, 1-adamantanol (Wyclogctan@ or 1-phenylethanol (48%),

respectively [13]. 7 _ ——
In 1999, UlIf i VOt r';‘eportemqise of Fe(lll) and Cu(Il)

complexes to catalyze

(€]

cyclohexane to cyclohexanol wefé:‘gr_t’ly a@ by the acidity of metal oxide when
metal oxide was more ac1dlc pwpéfzy;-ihc}-r@‘?y on oxidation is increased and the
: N

In 1999, Jamé .i:eported the use of ypalladium(Il) to catalyze

rved that adamantane was
transformed to ﬁ f‘uw e use of potassium
persulfate as angurgf ‘ﬁ g—]rﬂa the Ejldjfmﬁj ction; however, the
selectnvxty was still low [1

AN A A UA AT VUV meion o

alkanes bquBHP in the presence of titanium alkoxides produced the corresponding

1
adamantane oxidation m" trlﬂuoroacetlc acid. It was obs

alcohols and ketones. The feature of this reaction was different from titanosilicate,
although tetra-alkoxide structure of titanium alkoxides was similar to titanosilicate.
Other titanium complexes with titanyl or peroxo-titanium groups were not effective.
This oxidation reaction proceeded in radical mechanism. ¢-Butoxyl radical formed

from TBHP and titanium alkoxide started the radical reaction. The evolution of
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oxygen (the decomposition of peroxide) and the abstraction of hydrogen from alkane
to form alkyl radical occurred [17].

In 2000, Hui and his co-worker discovered that cobalt(Il) porphyrin complexes
catalyzed the oxidation of alkanes by oxygen in a mixture of trifluoroacetic acid and
water. Carbon monoxide was required as a coreductant for the oxidations to proceed.
While the turnover rates were slow, the system displays unusual selectivity in the

primary C-H bonds are more reactive than the weaker secondary C-H bonds or C-H

According to previo // er of reports concerning the
selectivities of functionali een addressed. However, no
report was mainly dy > selectivi [“warious types of saturated
hydrocarbons. Thereforeythi L\ the systematic study on the selectivity
of the oxidation of sa v tal stearate as catalysts.

AUEINENINYINg
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