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ABSTRACT

The «catalytic conversion of cyclohexanol to cyclohexanone
using a combination of rhodium trichloride trihydrate and ferric
chloride in the presence of molecular oxygen was investigated.
No conversion to «cyclohexanone occurred in the absence of
rhodium trichloride trihydrate, but some degree of conversion
was found in the absence of ferric chloride.. The optimunm
conditions for catalytic oxidation were produced by using a
combination of rhodium +trichloride +trihydrate. and ferric
chloride, and under these conditions the rate of conversion to
the ketone declined steadily, until the mpixture contained
approximately #40% cyclohexanone, ,

For a fixed amount of cyclohexanol and rhodium trichloride
trihydrate it was found that there was an optimum amount of
ferric chloride necessary to produce the maximum  yield in the
shortest possible time, Addition of ferric chloride in excess of
this optimum amount tended to suppress the rate of conversion to
the ketone, . This <can . probably be explained by the additional
production of water and cyclohexene (see below).

Using a cyclohexanol/ferric chloride ratio in the optinum
rande at a given temperature, increasing the rhodium trichlbride
trihydrate concentration beyond a certain 1level did not
significantly increase the final yield, or the reaction rate..

The oxidation reaction occurred under acidic conditiomns,
this acidity being the result of interaction between ferric
chloride and cyclohexanol {and cyclohexanone). The acidity of a

typical system was found to decline rapidly as the reaction



ii

progressed.

Cyclohexene was produced in a side reaction, together with
water, This is presumably the result of cyclohexanol undergoing
an elimination reaction under acidic conditions. Using the
optimum cyclohexanol/ferric chloride ratio at 100degq, the the
cyclohexene content remained at less than 10%, during the course
of the reaction. . Introduction of cyclohexene in amounts in
excess of 20% greatly suppressed the coanversion to
cyclohexanone, presumably due. to strong complexation of the
olefin with a rhodium species, .

Water was produced during the catalytic oxidation in
amounts greater than could be accounted for by production of
cyclohéxéne., This additional  water content of the reaction
mixture in a closed system was 1in good agreement with that

predicted on the basis of the egquation:

The presence of water in the reaction mixture tended to suppress
the cxidation of cyclchexanol to cyclohexanone. .

Using the optimum ratio of components, very little
conversion to the ketone occurred in the presence of oxygen, at
temperatures below SOdeg.,Increasing the temperature from 100deg
to 150deg increased the rate of oxidation but had little effect
on the final yield of cyclohexanone. .,

Oxygen was found to be necessary for catalytic oxidaticn to
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occur. The measured oxygen absorption for a reaction mixture
containing an optimum ratio of components, was found to be din
good agreement with that predicted by the above eguation.

Using an optimum ratio of components in the presence of

oxygen, +the conversion to c¢yclohexanone Was limited to-

apprroximately 40%. This limit was probably due to an
interaction between <cyclohexanone and some active rhodium

species essential for catalytic activity.
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CHAPTER (1)

INTRODUCTION

The homogeneous catalytic oxidation of alcohols to the
corresponding carbonyl compound has been studied using a variety
of transition metal catalysts. .The reaction mechanisﬁ appears to
involve one of' two pathways. It can proceed either by a
catalytic dehydrogenation to produce molecular hydrogen , cr by
oxidation,_ employing oxidizing agents 1in combination with
transition metal catalysts ..

Chloro~-complexes of Rh(ll}|) have been found to catalyse the
dehydrogenation of iso-propyl alcohol to acetone 1, 'Hydrogen gas
is evclved vwhen iso-propyl alcohol. is refluxed at 83deg with
rhodium trichloride trihydrate, concentrated hydrochloric -acid
and lithium chloride,, Rhodium metal is deposited during the
reaction, and the rate of dehydrogenation‘decreases as rhodium
is removed from solution, .

-The mechanism suggested for this dehydrogenation involves
formation of an alkoxide, followed by the transfer of a hydride
ion from the o-carbon atom of the coordinated alkoxide to the
thodium, with liberation of the ketone. The .rhodium hydride
intermediate then either reacts with a proton to form hydrogen

or decomposes to give rhodium metal:

3~ + -
! -
Me CHOH + RhClC — Cl{R:h -QCHMe, + H + Cl

- -

3 . 3
Cl{Rh-OCHI‘JeL _— Cl’,Rh-.H + ﬂeZC—Q



3- . 2-
HC1l + HRhCl_T= H + RhCl,

3—
HRRCl_ — Rh°

The rhodium chloride catalysed dehydrogenation of iso-
propyl alcohol has also been eXamined in the presence of tin
{i1) chloride 2, It was found that the dehydrogenation was
homogeneously catalysed by rhodium-tin complexes without
precipitation of ‘the metal., . £ The ’suggested mechanism followed
thaf above and involved formation of @molecular hydrogen by
reaction of a rhodium hydride intermediate with protons from the
solvent, . However, the pi-acceptor- Sncl; acts as a 1ligand to
rhodium, and is thought to stabilize the hydride intermediate
against decomposition to the metal., K Reported coanversions to
acetcone were low {<10%). .

Dehydrogenation of primary and secondary alcohcls by
homogeneous catalysis to form aldehydes and ketones respectively
has also been investigated more - recently wusing ruthenium and
osmium complexes of the type: | E(OCOR)JCO)(Pth)z}, (R=CE3. CzF(
’ Cefr) 3, . The mechanism suggested again involves B elimination
within an alkoxide to form the corresponding carbonyl compound
and a hydride, Acid attack on the hydride liberates molecular
hydrcgen and regenerates the catalyst. Reported yields appear to
be again generally 1low (<10%) for oxidation of alcochols
proceeding by this dehydrogenation pathway,

The second mechanistic pathway invclves the use Of
oxidizing agents in conjunction with the traansition nmetal

catalysts, . Oxidation of alcohols using tert-butyl hydroperoxide



with either wvanadium. or rutheniunm catalysts,*  and with
chloramine~T wusing ruthenium has been reported S. 6 0Oxidation of
primary and secondary alcohols using ruthenium catalysts in
combination with amine N-oxides at room temperature generally
gives the corresponding aldehyde or ketone in good yield.. (>90%
in scme cases), except in the case of olefinic alcohols 6. .

While the above procedures are obviously useful, they do
require the consumption of expensive organic oxidants, and
clearly the use of molecular oxygen in combination with a
catalytic agent would be more desirable. .

Homogeneous catalytic oxidation of secondary alcohols to
ketones using molecular oxygen with Pd4Cl -NaOAc as catalyst
under mild conditions was recently published while the work
described in this thesis was in progress 7, By measuring the
oxygen uptake, together with . vpc ahalysis, the stoichiometry of

the reported reactions was shown to be:

RYR?*CHOH + 1/201 ———— BR'R''C=0 f-HLO

Yields of ketone were generally over 90%. except for
olefinic alcohols {(e.qg., p-menth-8-en-o0l), which were thought to
poiscn the «catalyst by strong complexation.. In a typical
example, trans 3-3-5-trimethylcyclohexanol (17mmol) was stirred
with P4dCl (0.170mmol)  and NaOAc (8.5mmol) using ethylene
carbonate as solvent at 38deg.. The reaction mixture was
maintained under oxygen at 1latm pressure.  The conversion to
ketone was 98B% after S4hr, . It was found that the water, which

was produced in an equimolar amount with the alcohol consumed,



inhibited the reaction. .

The mechanism suggested = for the catalytic cycle invclves
complexation of the alcohcl to Pd(i{]) ‘-and then deprotonation to
give a Pd(ll) alkoxide followed by the p-hydride transfer from C
to Pd to yield the ketone and a Pd(}]) hydride complex. This is
then thought to be oxidized by  oxygen to give water and
regeneration of the active Pd(ta)'speciés.,

The catalytic oxidation of cyclohexanol to cyclohexanone,
by the Rh(]l1)-Fe(|l])-ol—catalyst system used in the present
work . , could be visualised as proceeding by either or both of
the two mechanistic pathways described above. .,

The first pathway involves oxidation of the alcohol by

molecular oxygen, and its subsequent conversion to water:

OH :
A Cla- FeCls-HCL
+ 20, Rh(ly-FeCs >

+ H,0

This mechanisnm would presumably involve initial
complexation of cyclohexancl with a Rh(1}]}) species followed by
release of a proton from the coordinated alcohol to give a
Rh(j}1)-alkoxide, A B-hydride transfer from carbon to rhodium
would yield cyclohexanone and a Rh(]]) hydride complex which
could be oxidized by molecular oxygen to give water and an
active Rh(1{ 1) species, although 1little 1is known about
interaction of metal hydrides with oxygen 8,

This pathway, which will in future be referred tc¢ as

reaction (1), is illustrated in Fig (1)..



o Oﬁﬁh
Rh" ———

o “RpM
+H

+ RhiH

. n
meMH + 0 > 2RE T O

Fig (1). Mechanism (1).



In the second mechanistic pathway, <cyclohexanol is
catalytically oxidized to cyclochexanone with evolution of

hydrcgen (i.e. .by dehydrogenation):

H 2,0
© RhCls"FeU_"HCl) ’ 4 H,_
Ol ‘

This mechanism would correspond to that shown above, at
least to formation of the Rh({{}) hydride, but then reaction of
the hydride complex with protons produces molecular hydrogen and

the active Rh(|]1) species:
| nt
Rh(|1{)~H '——————Q Rh(l{]) + Hz

In the case of a Rh(]}§)) hydride, there is also the
poSsibility of the reduction of Rh({}}) to Rh(}) by reductive

elimination of a proton:

Rh(If{)-H ——) Rh(1) + H'

Further, there would then:  probably be production of rhodium

metal formed by disproportionation of Rh(}) ®:

2Rh (1) ——Rh{0) + Rh{}1)

Loss of rhodium({§}|) via these reactions would suppress the



catalytic oxidation <cycle. However, in the presence of ircn in
the ferric state, the Rh{|) could presumably be reoxidized to

Rh{]1]), the ferric iron being reduced to the ferrous state:

Rh(]) + 2Fe(il})) ——— 2Fe(li) + Rh(I1})

Regeneration of the iron.(llj) by passing oxygen through
the solution appeared 1likely  since oxidation of Pe(}i) by
molecular oxygen is knogn to occur in agueous systems, and is
dependent on the acidity of ‘the solution..

28+ 2Fe(ll) —2y 2Fe(l11) + 2H,0

The overall process for regeneration of +the Rh(it]) can
thus be represented as:

+

Rh(}) + 2H + 1/202——; Rh(111) + B.O

Although protons are liberated in the first stage of this
mechanism, their concentration would be expected to be small,
particularly as protons are consumed in the re-oxidation of iron
tb .the PFe(]}]]) state; this suggested that this mechanism might
be facilitated by the addition of concentrated hydrochloric acid
to the system., £ The dehydrogemation mechanism is in future
referred to as reaction (2)..

It was dinitially hoped that oxygenm could be used as a

direct oxidant for Rh{(|) 10, but in the absence of Fe{}]}) the



systems were found to be inefficient, .

Use of ®wild conditions is a feature of a homogeneous
catalytic process and can lead to greater product selectivity
vhich can have an important impact on enerqgy and resource
utilization, Homogeneous catalytic oxidation of alcohols would
be of particular significance if it proceeded by dehydrogenation
because of' the economic value of the hydrcgen gas as a fuel,
. especially if the reaction produced a high yield of ketone at
low concentration of catalyst. .

Preliminary unpublished results in this laboratory on the
homogeneous catalytic oxidation of <cyclohexanol tc¢ produce
cyclchexanone using a combination of rhodium trichloride
trihydrate, ferric chloride, and concentrated hydrochloric acid,
with oxygen passing through the sclution at 100-120deg and latn
pressure had shown that a 30% conversion was attained after 6hr.
However, no futher conversion was detected after an additicnal
12hr. This particular system was selected as the primary subject
for detailed investigation and is the main topic of this thesis.
Cyclohexanol was chosen for study because of +the industrial
importance of cyclohexanone, which is produced in 1large
guantities by heterogeneous catalytic oxidative dehydrogenation
of the alcohol at high temperature. .Cyclohexanone is used as a
solvent for cellulose acetate, nitrocellulose, natural resins,
vinyl resins, crude rubber, waxes, fats, shellac and D.D.T. It
is alsoc converted into adipic acid which is wused in the
manufacture of nylon and urethan foams..

The approach to the detailed investigation was:

{1) to find the dependence of the system on such factors as



rhodium concentration, ferric chloride concentration,
concentrated hydrochlcric acid concentration, temperature etc. .
(2) to elucidate the stoichiometry of the reaction by wuhich

oxidation occurs.. .
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CHAPTER (2) -

OXYGEN FLOW SYSTEHNS

2.1 Expeiimental setup

The cyclohexanol sample was placed in a 100ml three-necked
round bottomed flask immersed  in a constant temperature oil
bath. A gas inlet tube passed through one neck and was held in
place by a rubber septum. A condenser system was attached to the
second neck, and the third exit was <closed by a stopper,
enabling samples to be withdrawn using a syringe vhenever
necessary. .

In the early stages of this study, a major difficulty was
found to arise from an inefficient condenser system, which 1led
to significant 1loss of sample, carried out by the oxygen flow. .
The condenser systen finally used was five feet in length, the
upper one third containing small glass beads. The coolant used
was ice-cold water, which was siphoned through the condenser
between two five-gallcn reservoirs. ,

The oxygen entering the flask was dried by being passed
through a column containing .dtierite., The . gas ¥as then
presaturated with cyclohexanol and cyclohexanone by allowing the
oxygen to bubble through a flask containing equal volumes of the
alcohol and ketone. The flask containg the presaturation mixture
was maintained at the same temperature as the oxygen leaving the
condenser system. .

It was found that wusing this arrangement for a typical

reaction system after three hours of rapid oxygen flow, and
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after allowing the condenser to drain, the loss in weight was of
the order of 5%. This could be accounted for by {a) cyclohexanol
remaining in the condenser (cyclohexanol is a viscous ligquid at
room temperature) and (b) loss due to conversion to the &more
volatile cyclohexene.

The oxygen flow was controlled by the valve on the storage
cylinder and the flow rates could be measured by <channeling a
small portion of the flow through ‘a bubbler located between the
supply and the drying column, Using this arrangement, flow rates
could be reproduced by adjusting the regulator until the desired
flow measured in bubbles per second emerged through the bubbler. .

The term rapid oxygen flow used frequently in this section
refers to a reproducible steady stream of oxygen through the
reaction mixture, and is at the same rate in each case.

. The temperature of the reaction flask could be maintained
to within 1degq. .

Presaturation

Before using this experimental arrangement to study the
conversion of cyclohexancl to cyclohexanone, it was important to
‘show that cyclohexanone was not transfered into the reaction
system from the presaturation flask in appreciable gquantities. A
sample of cyclohexagol {20ml, 190mmol) was placed in the
reaction flask at 1004deg. ;Using rapid oxygen flow through the
system after 1/2hr analysis {vpc) showed the solution contained
approximately 1% cyclohexanone. Very little transfer of either
cyclohexanol, or cyclohexanone, would be expected considering
the low vapour pressures at 20deg ({(cyclohexanol ap 24deq, bp

161,5deg. Cyclchexanone mp -16degqg, bp 156degq) ..



12

Analysis of reaction mixtures. .

Samples (1-2pl)were withdrawn by syringe and analysed -using
a Hewlett Packard Research Gas Chromatograph. The column used
was 15% FFAP on CHROM W (high performance), 80-100mesh._ The
column ovel temperature was maintained at 90deq. The fastest
chart speed (2in/min) was used to produce the largest possible
areas. .

Ratios of weights of components in reaction systems were
determined by photocopying the vpc readout, and then accurately
weighing the appropriate sections of paper. .

The weight of a pure compound is proportional to the area
enclosed in the vpc readout corresponding to that compound..
Hence having established the relationships between ratios of
areas and ratios of weights of the corresponding compounds by
injecting standard solutions: {cyclohexanol/cyclohexanone,
cyclchexanol/water, cyclohexanol/cyclohexene), the ratios of
weights of components in a reaction mixture could be determined.

Purity of cyclohexancl

vpc analysis showved +the <cyclohexanol contained 1-2%
cyclohexanone, .This could not have been easily removed: by
distillation as the alcohol and ketone have almost identical
boiling points. Traces of water and cyclohexene were also found
to be present, As water was found to be a product of the
reactions studied it was not considered - necessary to remove

traces of water initially present. .
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Miscibility of 1liquid components

Cyclohexanol, cyclohexanone and cyclohexene are miscible in
all proportiohs., Up_ to 2ml of water is miscible with 20ml
cyclohexanol or 20ml of a solution containing 60% cyclohexanol
and 40% cyclohexanone. Mixtures of cyclohexanol :and concentrated

hydrochloric acid appear miscible in all proportions.

2,2 The cyclohexanol-rhodium trichloride trihydrate
concentrated hydrochloric acid systen. .

The reaction mixture (cyclohexanol 20ml,19%0mmol; rhodiunm
trichloride - trihydrate 0.1283,0.302mmol; - concentrated
hydrochloric acid 0.10ml) was investigated at 100deg with rapid
oxygen flow, . The solution was initially red as the rhodium
trichloride trihydrate dissolved. ,After 1hr the solution was
dark reddish-brown and rhodium metal had been deposited as a
black residuye, The conversion to cycloheXanone was 6% after 1/2
hr and 10% after 1hr, 6 The water content after 1hr was

0.39,17mm01; No cyclohexene was produced, .

2.3 The cyclohexanol-ferric chloride concentrated
hydrochloric acid systen. .

The reaction m@mixture ({(cyclohexanol 20ml,190mmol; ferric
chloride 1.59,9.25nmol; concentrated hydrochloric acid 0.10ml)
was 1investigated at 100deg with rapid oxygen flow. After 1/2hr
no conversibn to cyclohexanone had occurred. The cyclohexene
content was 9%;,The water content was 0.2g9,11mmol. The solution

was initially dark green becoming dark .brown after 1/2hr. .
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The system ({cyclohexanol. 20ml,190mmol; ferric <chloride
4,09,248,7nmol; concentrated hydrochloric acid 0.10ml) was
studied at 100deqg with rapid oxygen flow. Aafter 1/2hr =no
cyclohexanone had been formhed. .There was 20% .cyclohexene present
in the mixture and 0,6g9,33mmol water. .

The system (cyclohexanol 20m1,190mmol; ferric chloride
1..59,9.25nmo0l; concentrated hydrochloric acid 2.0ml) at 100de§
with rapid oxygen flow produced no cyclohexanone after 1,/2hr;
there was 20%. cyclohexeneA in the reaction nixture and
1.19,61nmol water,

It therefore seems that no oxidation of cyclohexancl to
cyclohexanone takes place in the absence of rhodium +trichloride
trihydrate. K Cyclohexene 1is produced by the interaction of
cyclohexanpl with ferric chloride presumably by elimination of

water:

OH

> + H,0

Increasing the ferric chloride content from 1.5g to 4.0g
appears to increase the amount of cyclohexene and water present

in the reaction mixture, .

2.4 The cyclohexanol-rhodium trichloride trihydrate-ferric
chloride~concentrated hydrochloric acid systen

The folleowing section describes in sone detail the
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oxidation of <cyclohexanol to cyclohexanone using a combination
of rhodium trichloride . trihydrate and - ferric chloride, and

constitutes the major part of this thesis,

~2.4a Dependence on initial ferric chloride concentration

A series of experiments was carried out at 100deg using
rapid oxygen flow in which different amounts of ferric <chloride
were initially added to the following system: {cyclohexanol
20m1,190mmol; rhodium trichloride: trihydrate 0.,128q,0.302mmol;
concentrated hydrochloric acid 0.10ml), ,The following initial
weights of ferric chloride vere used: 1.59,9.25mmol;
2.09,12.3mmol; 3.09,18.5mmo0l;  4.0g,28.7mmol; 1.0g9,1.54mno0l;
0.25g,1.54mmol., In each case the solution was initially dark
green, becoming darker as the reaction progressed.  After 3hr the
solutions were dark brown in colour, and contained some dark
solid matter. -The variation in composition was investigated ' for
each mixture over a 3hr period by withdrawing samples at 1/2hr
intervals., Each reacting systenm wvas found to contain
cyclohexanol, cyclohexanone, cyclohexene and water. . The ratio of
weights of the orgamnic components present was determined and
expreéssed as a percentage of the total., The water content was
determined as the total weight and hence the total number of
moles of water present.

-The rate of cyclohexanone formation over a 3hr period is
shown for each amount of ferric chloride present in Graphs (1)~
{6). Inspection of these graphs shows that the initial rate of
reaction and the final yield are both dependent on the weight of
ferric chloride used. . Graphs (1),{2) and {5) corresponding to

1.59, 2.09 and 1.0g of ferric chloride, respectively, are very
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similar and it appears that there exists an optimum range for
ferric chloride addition from 1.0-2.0g.. In each case the
reaction rate declines steadily as time progresses, and the
production of cyclohexanone after 3hr is negligible, at which
time there is approximately 40% cyclohexanone in the mixture. .

When initial quantities of ferric chloride are in excess of
this optimum range, the initial reaction rate is lowered and the
cyclohexanone content after -a 3hr period is reduced. .This is
illustrated in Graphs (3) .and (4) -corresponding to 3.09 and 4,0g
of ferric chloride respectively. .

Graph (6), corresponding to 0.25g ferric chloride, showus
that  for initial weights.of ferric chloride substantially lower
than 1.0g the 1initial reaction rate 1is reduced and the
production of cyclohexanone appears to be teiminated after
1.50hr when the system contains only 20% ketone.

For purposes of coamparison, the results for these systenms
containing 0.25-4,0g ferric chloride are shown together in Graph
{7)« ~ Results for 1.0g, -1.59g and 2.0g lie within the shaded
envelope. .

The system containing 1.5g ferric chloride, i.e..  in the
centre of the optimum range, will hereafter be refered to as
system (1). The experiment using system (1) was repeated under
the same conditions as above to show the reproducibility of the
results. Graph (1a) shows the two sets of data corresponding to
system (1) at 100deg and it can be seen that the points are
reproducible to within 2%.

The experiment using system (1) was repeated using

20.0g9,200mmol  cyclohexanol instead of 20ml,190mmol. After 3hr
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the mixture contained 40% cyclohexanone. The dark brown solution
was filtered, The filtrate weighed 19,99 and the so0lid brown
residue weighed 0.17g after drying. .The residue was insoluble in
acetone but partially soluble in concentrated hydrochloric acid
to give a green-yellow solution and a dark residﬁe.,

Water and cyclohexene

The nature of the vpc readout made it  more difficult to
determine accurately the amount or ratio of these components
present as the chromatograph was operated under conditions most
suited to give accurate alcohol/ketone rTatios.. However, the
measurements corresponding to water and cyclohexene are probably
of sufficient accuracy to reveal trends in their effect on the
oxidation reaction..It was found for this series of experiments
that both the cyclohexene and the water content of the systeams
remained approximately constant during the course of each
experiment. Results for this series are shown in Table (1).

The importance of water and cyclohexene are discqssed in

detail in sections 2,44 and 2. 4e. .

2.4b Dependence on rhodium trichloride trihydrate
concentration

A series of experiments was carried out in which different
initial amounts of rhodium trichloride +trihydrate vwere
introduced into systems containing ferric chloride in the
optimum range.. The experiments were carried out at 100deqg with
rapid oxygen flovw, and each contained (cyclohexanol
20m1,190mmel; ferric chloride  1,549,9.25mmol; concentrated

hydrochloric acid 0.10ml). .
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Table (1)
Weight of ferric #Cyclohexene Hater content
chioride

(9) (mmol) (9) {nmol)
0.25 1.54 1-2 <0.2 <11
1.0 6.17 4-5 0.3 17
1.5 9.25 6-9 0.5-0.7 » 28-39
2,0 12.3 11-13 0.5-0.7 28-39
3.0 18.5 14-16 0.5-0.7  28-39
4,0 24,7 12-14 1.0 56

. Table (1). Variation in water and cyclohexene <content with
ferric chloride concentration for the éystem: Cyclohexanol

(190mmol) , RhCl33HZO (0.302mmol), HC1 (0.10ml), at 100degqg.
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Compositions of systems containing 0.050g9,0.118mmol; and
0.2569,0.604mmol rhodium trichloride trihydrate were studied.
The variation of percentage cyclohexanone in the reaction
mixtures is plotted in Graph (8), together with the
corresponding data for system (1)..

There appears to be a general trend of increased initial
reaction rate and increased conversion to ketone after 3hr as
the initial concentration of rhodium trichloride trihydrate in
the system is raised.

However, the increase in the final yvield of cyclochexanone
on doubling the initial weight of ‘rhodium trichloride trihydrate
from 0.1289 to 0.2569g is small. . The variation in rhodium
trichlceride trihydrate content did not appear. to greatly

influence the cyclohexene content of the reaction mixtures. .

2.4c Dependence on acidity

Acidity scale. .

A scale of acidity in cyclohexanol was established by
employing a combination glass electrode and pH meter. The
acidity of a_homogeneous mixture of 20ml cyclohexanol :and 0.10ml
concentrated hydrochloric acid was arbitrarily fixed at 3.20..
Further additional volumes of concentrated hydrochloric acid
vwere added to the mixture and meter readings taken after
thorough mixing.. Measurements vere tékenk at 20deq and are
presented in Table (2)..

Graph {9) is a plot of the meter readings against the value

Log (total volume HCl / total volume of solution). .This gives a
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Table (2)

Total volume conc HC1

added to 20ml alcohol Log V (HC1) Meter reading
V (HC1) V (Total)

(ml) pX

Q 0.10 2.30 3.20
0.20 2.00 2.975
0.30 1.83 2.825
.40 1.71 2.75
0.50 1.61 2.65
0.60 1.54 2.60
0.75 1.44 2,525
2.00 1. 04 2;30
5.00 0.70 1.95
20.00 0.30 1.70

Table (2). Acitity of cyYclohexanol/concentrated HCl mixtures., .
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straight 1line and thus the system is behaving in a panner
simpilar to the HCl-water system, and the meter readings can be
considered analogous to the pH scale of an aqueous systen. .These
meter readings for cyclohexanol systems are hereafter referred
to as the px, aAll readings werle taken at 20deg. .

Using this scale of: acidity, cyclohexanol has a p¥ of 7.20
and cyclohexancne 8.00. .

In order to have an approximate value of the acidity at the
start of a typical cyclohexanol oxidation, mixtures of varying
amounts of ferric <chloride were added to 260ml, 190mmol
cyclohexanol and 0.10ml concentrated hydrochloric acid and each
mixture heated to 100deqg . for épprOXimately 172hr with rapid
oxygen flow, The mixtures were then cooled to 20deg and the pX
measured, .In each case a residue was present., The results are
shown in Table (3). .

The effect of adding water to these systems was studied
using the solution initially containing 1.5q9,9.25mm0l ferric
chloride., Results are presented in Table ({4)..

The high acidities produced by the ferric
chloride-cyClohexanol systems Presumably arise from egquilibria
of ‘the type:

; I —_— +
Fe(CGH‘pH) —_— Fe(C‘HHOH%;m (Csﬂ“O%\.+ mH

+
—
or Fe(jll) +AxCGBHOH < Fe(lli)(CGBHO) 4+ XH

Addition of ferric chloride to cyclohexanone also produces

solutions of " high acidity.. On mixing 1.50q,9.25mmol ferric
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Table (3)
Weight of ferric chloride pX value
{(9) (mmol)
0.25 1.54 1.70
1.50 9.25 1.70
4.0 20,7 ) 1.70

Table (3). Acidity of cyclohexanol/FeCl_ mixtures.
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Table (4)
Total water added pX value
(ml) {(nmol)
0 0 1.70
0.50 28 2. 45
1.00 56 3.00

Table (4)., Effect of water on acidity of the system:

Cyclchexanol (190mmol), FeCl3 (9.25mmol}), HC1l (0. 10ml).
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chloride and 20ml,190mmol ' cyclohexanone a tarry brown residue
was formed and the solution had a pX value of 0.0. The effect of
adding water to this solution is similar - to the «cyclohexanol
system as shown in Table (5).

The high acidity of the ferric chloride-cyclohexanone
mixture indicates a very strong-interaction involving release of
protons, .Low concentrations of the enol form of cyclohexanone

are known to exist in equilibrium with the keto forum:

o H

The interaction of ferric chloride with cyclohexanone could

be explained in terms of equilibria of the type:

Fe (C(H,OH) ——— Fe(C_H,OH) _(C HO) + uH

Or:

OH m " +
X + Fe :&, + XH

" Interaction between +the carbon-carbon double bond of thg

ring and the metal center is also possible. .
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Table (5)
Total water added pX value

{(ml) {(nmol)

0 0 0.0
0.50 28 1.40
1. 00 56 2.40
2.00 112 3.00

Table {(5). Effect of water on acidity of +the systen:

Cyclohexanone {190mmol), Fecl3 {9.25mmo0l), HC1l (0.710mol).
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It can be readily seen from the above data that water
greatly reduces the acidity of ferric chloride-cyclohexanol and
ferric chloride-cyclohexanone nmixtures. It is reasonable to
conclude that +the interaction between the metal salt and the
alcohol or ketone is much weaker in the presence of water (see
2.4d below). .

A  series of experiments was carried out to determine how
the acidity of a typical reaction mixture varied during the
conversion of cyclohexanol to cyclohexanone. The system studied
in each case had composition {cyclohexanol 20ml, 190mmol; rhodium
trichloride trihydrate 0.1289,0.302nmol; ferric chloride
1.59,9.25mmo0l; concentrated hydrochloric acid 0.10ml), i.e.
System (1) at 100deg #ith rapid oxygen flow, Pour different
mixtures were heated at 100deqg for 1/2hr,1.00hr,1.75hr, and
2.50hr respectively. Each was then cooled +to 20deg and the
acidity measured. The results are shown in Table (6) and are
also represented in Graph (10). .

Analysis of these mixtures at the times indicated above
give compositions in good agreement with the expected values
from Graph (1a). . The above measurements show a steady decrease
in acidity as the % cyclohexanone increases (i.e. as the rate of
oxidation decreases), The change in acidity over a 2.50hr period
is equivalent to the <change in a solution containing 20ml
concentrated - hydrochloric acid in 20ml cycloﬁexanol to a
solution containing less than 0.10ml concentrated hydrochloric
acid in 20ml cyclohexanol.

Final acidity measurements on the corresponding mixtures

containing 3.0g,18.5mmol ferric <chloride and 0.25qg,1.54nmol
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Table (6)
Time pX value
{hrs)

0 1.70
0.5 1.85
1.0 2.10
1.75 2.40
2. 50 3.95

Table (6). Variation of acidity with time for the systenm:
Cyclohexanol (190mmol), RhCl33H19 {0.302mmol), FeCl3 {9.25mmo0l),

HC1 (0.10ml), at 100degq.
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ferric chloride (i.e. ,After 3hr and 1.50hr, respectively, also
give pX values in the range 3.90-4.00, .

These results suggested the possibility of producing an
increased yield by additioﬁ of a large amount of concentrated
hydrochloric acid to the system in an attempt to maintain a high
acidity over a longer period., The system {cyclohexanol
10ml,95mmol; rhodium +trichloride. trihydrate. 0.128g,0.302mmo0l;
ferric- chloride 1.59,9.25mmo0l; concentrated hydrochloric acid
10.0ml) was studied at 100deg with rapid oxygen flow. The
~initial acidity (pX=1.70) fell to pX=2.0 after 1hr, slightly
below the value for system (1) after the same time period (see
Graph 9)., The conversion to cyclohexanone however was only 4%
and the cyclohexene content 28%. .

The system (cyclohexanol 20ml,190mmol; rhodium trichloride
trihydrate 0;1289,0.302mmol; concentrated hydrochloric acid
2.0ml) at 100degvvith rapid oxygen flow was also studied over a
3hr period . .The results are presented in Table (7).« This systen
appears to maintain a constant acidity {(pX=2.30) throughout the
reaction, The rate of cyclohexanone formation is shown plctted
in Graph (10). 1Inspection ' shows this plot is almost linear. .
However the slope is considerably less than the reéction rate
for system (1), at the corresponding PX value (see Graph 10).
These results indicate that other factors besides the acidity
have a significant effect on the conversion of cyclohexancl to
cyclohexanone, and in particular the. wvater and cyclohexene
content of a particular mixture. .

It is also apparent that addition of concentrated

hydrochloric acid to a system containing ferric chloride is
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Table (7)

Time % Cyclohexanone % Cyclohexene Water content pX

{hrs) (9)

0.5 2 14 1.0 2.30
1.0 n 17

1.5 6 21

2.0 8 22 1.5

2.5 10

3.0 10 2.30

Table (7). Variation in cyclohexanone content, cyclohexene
content, water content, and acidity for the system: Cyclohexanol

{190amol), RhCl33H10 (0.302mmol), FeCl, (9.25mmol), concentrated

3
HC1(2.0ml) at 100degq.
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unnecessary to produce an acidic medium as required  for
mechanism {2). Indeed, addition of concentrated hydrochloric
acid imn gquantities between 0.10m1 and 10.0ml to a ferric
chloride-Cyclohexanol mixture probably produces a lowering of pX
value becagse of the water introduced..The additior of 0.10nl
cdncentrated hydrochloric acid to the mixtures studied in 2.4a
would therefore appear to be unnecessary. It may be. predicted
therefore that the difference between mixtures studied in 2.4a
and the corresponding mixtu:es in  which no concentrated
hydrochloric acid is added, would be small, as the amount of
water contained in 0.10ml <concentrated hydrochloric acid is
small. .

The system (cyclohexanol 20ml, 190mmol; rhodium trichloride
trihydrate 0.1289,0.302nmcl;  ferric chloride 1.59,9.25mmo0l) at
1006eg with rapid oxygen flow was studied and compared with the
corresponding system in which 0.10ml concentrated hydrochloric
acid was added, .The resulté are plotted in Graph - {11). It
appears that the initial reaction rate is somewhat higher when
the concentrated hydiochloric acid is omitted, but the final
yield is véry similar (2% higher).

Compariéon of the system (cyclohexanol 20ml,190mmol;
rhodium trichloride trihydrate 0. 128q,0.302mmol; ferric ghloiide
0.25g,1.54mm0l;) at 100deq with rapid oxygen flow, #ith the
cérresponding system initially containing 0.10ml concentrated
hydrochloric acid (Graph.12), illustrates the same trend - a
somewhat higher initial réaction rate but a very similar final
yield of cyclohexanone,

The system (cyclohexanol 20ml,190mmol; rhodium trichloride
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Graph (11). Rates of cyclohexanone formation for the systems:
Cyclohexanol (190mmol), RhC133H10 (O.3OZumol),_Pecy3 (9.25mm0l),

HC1 A: (zero), B: (0.10ml), C: (2.0ml); at 100degq.
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Graph (12). Rata2s of cyclohexanone formation for the systems:
Cvclchexanol (190mmol), RhCl33520 (0.302nmo01l), FeC13 (1.Samqol),

HCl A: (zero), B: {(0,10ml), at 100degq.
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trihydrate 0.12849,0.302mmnol; ferric chloride 2.0g9,12.3mmol) with
rapid .oxygen flow at 100deg is almost identical with the
corresponding system with O0.10ml concentrated hydrochloric acid

introduced initially (Graph 13)..

2.4d Dependence on water content

In the previous section it was suggested that additiom of
large quantities cof conceptrated hydrochloric acid to a reaction
pixture may cause a supression of the.oxidagionvof cyclohexanol
to cyclohexanone, partly because of the introduction of water
into. the system.JTahlek(1) shows that for the -reaction mixture
{cyclohexanol 20ml, 190mmol; - rThodium trichléride trihydrate
0,128g9,0.302nmol; ferric chloride 1.59,9.25mmol; concentrated
hydrochloric acid O0.10ml) at 100deg and rapid oxygen flow the
water content remains approximately constant at approximately
0.69,33mmol,  The effect of-: increasing this water content by
initial addition of 1.0g,56mmol water, and also presaturating
the oxygen with water at 20deg, was studied for the same systenm. .
The production of <cyclohexanone over a 2kr period is shown in
Graph (14). .At the end of this period it can be seen there  was
about 4% cyclohexanone present, at which time the water content
had risen to about 2g9,112mmol..

Another experiment was carried out in which 2.0g,112mmOl
wvater was initially added to System (1) at 100deg with rapid
oxygen flow (no presaturation). The production of cyclohexanone
over a U4,50hr period is shown in Graph (14). After 1.25hr the

water content had fallen to 1g,56mmol. .This was apparently the

result of removal of water by +the flow. As can be seel the
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Graph (13). Rates of cyclohexanone formation for the systenms:

Cyclohexanol (190mmol), RhCl33H10 (0. 302mmo1l), FeCl3 (12.3nm0l),

HC1 A: (zero), B: (0.10ml); at 1004egqg.
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reaction then proceeds to within a few % of the vyield expected
for system (1). The final acidity was px=3.70. .

The effect of addition of water to the types of systenms
studied thus appears to cause a suppression of the initial rate
of production of cyclohexanone, even when +the acidity is
maintained at a high level., It would appear that when a reaction
mixture similar to system (1) contains in. excess of 1g,56mmol
water ~the sSuppression of the oxidation reaction becomes very
significant, The effect of water on conversion to cyclchexanone
may  partly explain the trend in systems containing in excess of
2g,12mmol ferric chloride (see section 2.4a). .In systems of this
type, the oxidation of the alcohcl is suppressed, and this may

in part be due to an increased water content. .

2.4e Dependence on cyclohexene

Cyclohexene is a‘ product  of - the reaction systems being
described. It can be identified by its retention time on the gas
chromatograph and its characteristic unpleasant smell in the
oxygen flow leaving the condenser system.. B It is presumablf
préduced by,elimination_of water from the.alcohol under acidic

conditions:

H - + H,0

Table (1) -shows that for system (1) the cyclohexene content
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remains constant at approximately 6-9% during the reaction.

An experiment was carried out in which system (1) was
investigated at 100deg but the rapid oxygen flow vas
presaturated with CycClohexene at 25deg...Gfaph (15) shows the
variation in the cyclohexanone concentration in the mixture over
a 2hr period., The rate of oxidation for the sanme system‘uith no
presaturation with cyclohexene is also shown. The variation in
cyclohexene content for these two experiments is shown in Graph
(16).. It can be seen vwhen there is -no presaturation, the
cyclchexene content falls steadily from about 9% to about 6% ,
vhereas there is a sieady accunrulation of cyclohexene in the
.mixture when the oxygen is presaturated with the alkene. When
presaturation was employed the reaction system was found to gain
in weight by about 5g after 2hr which is approximately
consistent with a cyclohexene content of 30% (vpc)..

It can be readily seen that increaeing the cyclohexene
content of the reaction miXxture above about 10% has a definite-
suppressing influence on the conversion of alcohol to ketone ..
This influenee may be important in the series of experiments
discussed in section 2.4a, and may partly account for the
suppression of reaction rate in systems containing
3.0q9,18.5mmol, and 4,0g9,24.7mamol, ferric chloride, both of which
appear to contain more +than 10% cyclohexene.  The high
percentages of cyclohexene produced in the systems containing
2ml and 10ml concentrated hydrochloric acid discussed in section
2.bcC (15-22%:and 28% respectively) may also contribute to the
inhibition‘of the oxidation process. .

It 1is possible to speculate about the mechanism by which
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Graph (15). Rates of cyclohexanone formation for the systems:

Cyclohexanol (190mmol), th153H10 (0.302mmol), FeClg (9.2%mmol),

HCl (0.10ml), at 1004degq. A: {no presaturation) ; B:

(rresaturation with cyclohexene).
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Graph (16). Variation in <cyclohexene concentration for the
systems: Cyclohexanol (190amol), RhC133H20 (0.302mmol),
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51.

the cyclohexene inhibits the <conversion of cyclohexanol to
cyclohexanone, and this may be the result of coordination of the

olefin at a rhodium centre, .

2.4f Temperature Dependence

All experiments described so far have been carried out with
the reaction mixture at 100deg. The effect of increased and
decreased temperature on cyclohexanone production was
investigated .by performing experiments using system (1) :with
rapid oxygen flow at 50deg and at 150deg. .The results for these
temperatures are plotted in Graph. (17) together with results for
100deg. = At 50deg the ccnversion proceeds very slowly indeed,
having reached 4% after u4hr, At 150deg the ‘average reaction rate
during the first 1/2hr is almost doubled, but the oxidation
appears to cease after 1hr, when the conversion has reached 35%. .

The system (cyclohexanol 20ml, 190mmol; rhodium trichloride
trihidrate 0.1289,0.3023mol; ferric - chloride- 1.0g96. 17nmol;
concentrated hydrochloric acid 0. 10ml) shows a similar effect on
comparing data at 100deg and 150deq with rapid oxygen flow
- {Graph 18). ,

Similarly for the systen {(cyclohexanol 20ml,190mmol;
rhodium trichloride trihydrate 0.,128q,0.302mmol; ferric chloride
2,09,12.3mmol) with rapid oxygen flow the initial reaction rate
is significantly higher at 150deg compared to 100deq , but the

final yield of cyclohexanone is slightly reduced (Graph 19)..
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Graph (17). Rates of cyclohexanone formation for the systems:
Cyclohexanol (190mmol), BAC1,3E 0O (0. 302&mo0l) , FeC13 (9.25mmol) ,

HC1 (0.10ml),; A: (at 150deq), B: (at 100degq).
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Graph (18). Rates '0of cyclohexanone formation for the systeas:
Cyclohexanol (190mmol), RhC133HzO (0.302mmol}, FeC13 {6.17npoOl) ,

HC1 (0.10ml), A: (at 150deg), B: (at 100deq).
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Graph (19). Rates of cyclohexanone formation for

Cyclohexanol (190mmol), Rhcl3

A: (at 150deqg) B: (at 100deq).

3810 {(0.302mmol), FeCl3

the systems:

(12.,3mmol) ,
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2.4g9 Effect of addition'of a phosphine

It has been found that phosphines frequently have profound
effects on reactions catalysed by rhodium - - complexes and can
coordinate to both Rh{i) and Rh(l1}) centres.

An approximately 1:1 molar ratio of triphenylphosphine,
(PPh3),to-rhodium trichloride trihydrate was produced by adding
0.109,0.380mmol triphenylphosphine to the system {cyclohexanol
20m1,190mmol; rhodium trichloride trihydrate  0,128q,0.,302mmol;
ferric «chloride 2.0g9,12.3mmol;  concentrated hydrochlorié acid
0.10ml) with rapid oxygen flow at 100deq.. The results are
plotted in Graph (20) together with those for the same system in
the absence of the phosphine. It can be seen that addition of a

phosphine does not appear to have a significant effect.

2.4h Attempt to detect hydrogen

It was found that hydrogen could be detected using the " gas
chrcmatograph employing the same column at room temperature.
Hydrogen gave a pen response in the direction opposite to that
for cthe; substances, in particular oxygen and nitrogen. Rhodiun
trichloridé trihydrate 0.1284,0.302mmol; and ferric chloride
1.59,9.25nm0l; were placed in the reaction flaék.,The apparatus
was flushed with hg;ium gas and 20m1,190mm01 cycloﬁexanol
igjected'into the flask, The reaction waixture was heated to
100degqg. Qith noc gas flow-through,the system. No evolution of gas
was seen, and analysis of a sample of gas after 1/4hr showed no
hydrogen present, If reaction (2) were operating, conversion to
cyclohexanone with evolution of hydrogen would be expected to

occur until all the ferric chloride had been reduced to the
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ferrous state, Vpc apalysis of the solution showed that no

conversion to cyclohexanone had occurred.

Z.Qi:Atteﬁpts to increase the final yield of cyclohexanone
St i .

The most successful experimesnts so far‘descrihed produce a
mixturé coptainigg approximately 40% cyclohexanone._‘Variatibns
in 'initial ferric chloride conéentration » -Thodium trichloride
gtriﬁydrate- concentfation, or temperature appear unable to
increase this yield, although higher temperatures produce this
fingl cbmgosion more rapidly,

| An experiment was carried out in which a mixture containing
(cyclohexahol 12ml,115mmol; cyclohexanone 8ml,75mmol) was heated
to 100deqg with rapid oxygen flow.  The composition was
ascertained by vpc 'analysis after ten. minutes when (ferric
chloride:  1.5g,%.25mmol; rhodium trichloride trihydrate
0.128g,0.302mmol; concentrated hydrochloric acid 0. 10ml) were
added., ,A mixture having this composition has a pX =1.20 at‘ LOoOnm
temperature, in between that for the corresponding systems
cqntaining pure cyclohexanol and pure cyclohexanone., . The final
acidity of the reaction mixture after 2hr was pX=2.40. .The final
react?on mixture - contained 4% cyclohexene and 1less than
0.59,6mmolwater.

The variation in cyclohexanone content over the 2hr period
is shcwn in Graph ({21b).., Graph (21a) shows the change in
composition for system (1) at 100deg with rapid oxygen flow over
a 3hr period. It can easily be seen that there is very .little,
if any, further production of the ketone in either systenm

containing over 4#0% cyclohexanone, whether at hiqh acidity
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Graph (21a). Rate of c¢yclohexanone formation for the system:

0

Cyclohexanol (190mmol), RhC133H10 (0.302mmol), FeCl3 (9.25mmol) ,

HC1 (0.10ml), at 100deg.

Graph (21b). Rate of cyclohexanone formation for the system:
Cyclohexanol (115amol), Cyclohexanone (75amol) ,
RhCl33ﬂ10 (0.302muwol), FeCl3 (9.25mmol), HCl (0.10ml), at

100d4eqg.
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(1.20-2.40) or at low acidity (H.O,corresponding to éystem 1.)
It seems reasonable to conclude that the probable reason
_for the oxidation reaction ceasing after reaching a 40%
cyclohexanone.content is that there is an inhibiting intéraction
between the ketone and either the ferric species or the rhodium

species present, .

2.4J The interaction bet¥een rhodium trichloride trihydrate
and cyclohexancne

Rhodium trichloride trihydrate 0;128g;0.302mmol. vas shaken
¥ith cyclohexanone 1.0ml, 10mmol, until it dissolved to produce a
red solution., After leaving overnight, vpc analysis showed only
cyclohexanone, . The mixture was heated in a small glass vial at
100deq for 1/2hr when the solution becane dark brown, with red
oily droplets.

This mixture was added to the system (cyclohexanol
18m1,115mnol; ferric chloride 1.59,9.25nm01; concentrated
hydfochloric acid 0.10ml) and heated at 100degrwith,rapid oxygen
flow. .The composion of the miXture changed from 4% cyclohexanone
(vpc): after five minutes to 14% cyclohexanone after 1.50hr,
(Grapﬁ 22).

These results suggest that the interaction Letween a
rhodium species and cyclohexanone may .be the cause of a .decrease
in the rate of conversion as the cyclohexanone content in the
mixture builds up. Such an interaction may also be responsible

for the apparent 1limit of conversion at approximately 40%.
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2,4k Dependence on oxygen flow

All systems described so far have employed a constant rapid
oxygen flow.,6 In reaction (1) : the molecular oxygen, having
oxidized the alcohcl to the ketone is converted: to water.. In
reaction (2), the oxygen is primarily used to re-oxidize iron
from the ferrous state back to the ferric state,

An experiment was carried out using system (1) at 100deg
without rapid oxygen flow, but with air in the apparatus above
~the scluticn, After 2hr a 6% conversion to the ketone was found.
Following rapid oxygen flow through this mixture at 100deg for
3hr, a conversion to 25% cyclohexanone was found (Graph 23)., .
This reduced yield suggests that on standing, at raised
temperature in the absence of oxygen flow, some interaction
occurs which reduces later catalytic activity; in the presence
of rapid oxygen flow..

An experiment, carried out using system (1) at 100deg.,
éubstituting a rapid flow of dry nitrogen for. oxygen, produces a
5% ccnversion to <cyclohexanone after 1/2hr, and no further
conversion after 1hr., The acidity of the reaction mixture after
ihr h;d fallen to pX=1,95, indicating that the iron was probably
still present in the ferric state,

If the entire 1.59,9.25nm0l1, ferric chloride were converted
to the ferrous state, and the oxidation were proceeding
exclusively by the route involving re-oxidation of Rh(]) to
Rh(l1l) by iron, a conversion of about 5% would be expected
{9.25mmol cyclohexanol= 1,09 (approximately) -i.e. 5% Conversion)
1f réaction {1) was operating exclusively {i.e. oxidation of

cyclohexanol by molecular oxygen producing water), no conversion
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to the ketone would be exéected in tﬁe nitrogen flow experiment. .
Houever, the results of this experiment are by no means
aefinitive as the original solution was not degassed and may
have contained oxygen. Also, the anitrogen used mnay have
contained traces of oxygen, enough to produce a conversicn in
the cider of 5%. The experiment was not repeated taking measures
to completely exclude oxygen because it was decided that futher

investigations should be carried out employing a closed systen.
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2.41 Attempts to determine the.ferrous/ferric ratio

t Reaction (2) involves the conversion of ferric to ferrous
as rhodium is re-oxidized. A possible cause of the limit of
conversion to 40% cycClohexanone was at ohe time thought to be
the complete conversion of almost all the iron present to the
ferrous state with the re-oxidation by molecular oxygen
proceeding very slowly. . This idea was supported by acidity
mreasurements. . Considering system (1) the complete reduction of
ferric chloride 1.59,9.25mmol, to the ferrous state would
produce ferrous chloride 1,.,17g9,9.25mmol, (assuming ferrous
chloride was the species present)., B mixture of (ferrous
chloride 1.179,9.25nn0l; cyclohexanol 12ml1,115mm0l;
cyclohexanone 8ml,75mmol) has a pX value of 4,00, the sSame as
system (1) after 3hr of rapid oxygen flow at 100deg. ,The idea of
conversion to ferrous <chloride is also supported by the
depositing of a solid brown material on the side of the reaction
flask in many experiments, apparently similar in nature to the
light brown colour of anhydrous ferrous chloride..

It was thought that knowledge of the ferrous/ferric ratio
during, and at the end of, a typical oxidation reaction would be
very useful and might indicate something of the mechanisnm
involved. .

A standard - quantitative method te determine the
'cqncentration of ferrous iron present in an agueous solution by
titration involves its oxidation to the ferric state by using
potaséium dichromate as oxidént and N-phenylanthranilic acid as
~indicator., To employ this type of method, it would of course be

essential to remove the alcohol and ketone from a reaction
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mixture, és both are oxidizable by potassium dichromate, and
their presence would lead to erroneous resdlté.f It was found
tﬁat after leaving a reaction mixture on a rotary evaporator for
severgl hours at 100deqg . an o0ily dark brown residue remained.
Heating to 150deq and pumping on a vacuum line 1left a tarry
residue., . Thus it proved very difficult to remove the organic
compépents, again indicating a strong interaction between them
and tﬂg iron species present., It was therefore decided to enploy
a spectophotometric methcd for amalysis. It is well known that
potassium thiocyanate, KSCN, produces a . dark red colouration in
aqueous solution in the presence of ferric iron; Fe (SCN) and/or
Fe(scﬁ) may be extracted intc ether!!, This is a sensitive
gualitative test for ferric iron, and has also been used
previously in gquantitative estimétions.,

Différent weights. of ferric <chloride were nixed with
cyclohéxanol 20ml1l,190mmcl, at room temperature. . The mixture was
then diluted with a 40:60 mixture of acetone and water and
potaséium thiocyanate 6g,62mmol, added. . The mixture wvas shaken
to pfoduce a dark red solution, and made up to 1 litre, using
the séme solvent. After thorough shaking, 10ml of this solution
was éiluted to 250ml.. The absorbances of the diluted soluted
soiutions were measured in the range 460-480nm using a Cary 14
machine,  The absorbances measured are given in Table (8)..

These results indicate there is a direct relatiomship
between the weight of ferric chloride used and the absorbance, .

A solution was similarly prepared using ferrous chloride
1.17g,9.25nmol. The diluted solution had an absorbance maximum

of 0.16 in the range 460-480nm, .



Table (8)

Weight of ferric

Absorbance

chloride (460-480nm)
{9) (nmol)
1.50 9,25 2.16
1.00 6.17 1.36
0.50 3,08 0.69

Table (8). Absorbance of solutions after

cyclohexanol/FeCl_ systens.

3

addition of KSCN
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The technique appeared to be of wuse in determining
apprcximately the ferric content of a reaction mixture. It was
necessary to determine whether  interaction between ferric
chloride and cyclohexanol at elevated temperatures would result
in a change infthe measured absorkance. .

Fgrric chioride 1.5g,9.2$mmol, was heated with cyclohexanol
20ml,190mmol, at 100deqg with rapid oxygen flow for 1hr. . The
mrixture was made up as above and the absorbance measured. .
Inscluble particles were present in the red solution, which had
an absorbance of 0.75, instead of the expected 2.16. .

A similar experimeni using cyclohexanone instead of the
alcohol also produced solid particles in the red solution and an
aksorbance maximum of 0.75 in the region 460-480nm. .

Wheni ferrous chloride 1.,17q,9.25mmo0l, was heated in
cyclohexanol -at 100deqg with tapid oxygen flow for 1hr the
acidity'was‘found to be pX=1.70, and the colour of the solution
was.similat to that of ferrié chloride. in cyclohexanol, . ¥hen the
solutign was mwnade up as abpve and the absorbance measured, the
maximum absorbance in the region 460-480nm was found to be 1.00..

It can be concluded that this technique is-not wuseful for
-quantitative analysis of ferric iron because ‘of interaction
betweeﬁ ferric chloride and cyclohexanolﬁat high temperature.

it also seems probable (but not certain) that ferrous
chloride is converted to ferric chlofide‘on passing molecular
OXygen through a mixture of ferrous chloride and cyclohexanol at
100degq. .

A possible alternative method was considered to bLe a

spectrophotometric analysis for ferrous iron, based on formation
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of the compound potassium ferrous ferricyanide. It has long been
knoun. that on treating a solution containihg Fe(|}) ions with
hexacyanoferrate(}}) a precipitate called Turnbull's blue is
produced. .

Standard solutions were made up by adding known weights of
ferrous chloride to cyclohexanol 20ml,190mmol, diluting the
solution with water and then adding potassium ferricyanide
3.19,9.4mm01l. ,The solutions were then diluted to 1 1litre.
Filtrétion showed all the blue compound had dissolved. .This
intense blue solution was diluted by a factor of 50 and the
ma ximum 'ahsorbance measured Using a Cary 14 instrument in the
region of 690nm. The results are shown in Table (9)..

The results indicate that the absorbance measured is
proportional to the original amount of ferrous chloride used.

A solution. Was made up by mixing ferric chloride
1.59,9.25mmo0l, and cyclohexanol - 20ml, 190mmol; at roonm
temperéture. diluting the . mixture with water and adding
potassium ferricyanide 3.1g,9.4mmol. A green solution was formed
which was made up to 1 litre. A portion was diluted by a factor
of two, and the maximum absorbance measured in the regiocn of
690nm. .

Another solution Qas made up by first heating ferric
chloride 1.59,9.25mmol, and .cyclohexanol 20ml,190mmol, with
rapid oxygen flow at 100deg for 1hr. This mixture was diluted
with water, and potassium ferricyanide 3. 1g9,9. 4mmol, added, to
give a blue-green solution which contained insoluble particles..
This solution was made up to 1 1litre, a portion diluted by a

factor of 50 and filtered. The maximum absorbance was measured
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Table (9)
Weight of ferrous chloride Dilution Absorbance
) (mmol) (690nm)
1.17 9.25 50 1.30
0.585 4,68 50 0.65

Table {9). Absorbance of solutions after addition of KB(CN) to

4

cyclohexanol/FeCll systens.
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Table (10)
Weight of ferric chloride Temp Dilution Absorbance
{9) {(mmol) (d=q) {690nm)
—
1.50 9.25 R.T. 2 0.90
1.50 9,25 100 50 0.44

Table (10). Absorbance of solutions after addition of Kécuk' to

cyclohexanol/FeCl_3systems.



71

in the rTegion of 690nm, and the results are presented in Table
{10) . |

These results show that the method may be of practical use
in an approximately deteCnmination of the ferrous iron content in
systems containing iron and cyclohexanol which have not been
heated. However, as in the thiocyanate case already discussed,
étrong interaction between ferric chloride and cyclohexancl at
high temperature invalidates the method as regards analysis of

the types of reaction mixture under consideration. .
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CHAPTER (3)

CLOSED SYSTEMS

3.1 Experimental setup

The Teaction mixture under investigation was placed in a
25m1 round-bottomed flask containing a magnetic stirrer bar. The
flask was immersed in an oil bath maintained at 100deq, and was
connected to a condenser through which tap water flowed. The top
of the condenser was connected to a manometer by means of thick
kalled rubber tubing. .

The manometer consisted of a uniform - glass tube
approximately 100cm in length and 1cm in cross sectional area,
joined at the lower end to a coil of tygon tubing of smaller
diameter held in position in a large beaker.  The glass tube had
previously been calibrated by filling with wvater from a burette. .
The cther end of the tygon tubing was connected to a narrower
piece of uniform glass tube, approximately 20cm in length, held
in a vertical position adjacent to the lower part of the 100cm
tube., , The manometer was filled with clean mercury such that the
mercury level was visible in the upper part of the short glass
tube. . The systenm coculd be evacuated and filled with oxygen or
nitrogen at latm pressure. .

Gas uptake by a rapidly stirred reaction mikxture could be
measured by allowing the mercury level in the 100cm tube to rise
a certain distance as measured by a scale , then refilling the
system with gas to latm pressure. Normally the mercury level was

allovwed to rise 5.0cm, then returned to its original positicn by
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rapid addition of oxygen until a pressure of latm was restored ..
This cycle could then be repeated as many  times as necessary. .
Under these conditions the pressuré under which a reaction
occurred would vary between 76.0 and 60.0cm Hg. .

At the end of such a series of uptake and refilling cycles,
the shorter glass tube could be raised and the tygon tubing
uncoiled until the mercury. levels in the nanometer were
eguivalent, The volume of gas absorbed at latm corresponding to
the  5.0cm change in mercury level could thus be calculated, and
hence the total volume of gas abSorbed during the course of the
experiment, , The water of the gas in the system was estimated to
be 25deq. .Hence, the volume of gas ébsorbed at ©N.T.P could be
found.

The reaction mixture wvwere initially degassed, then the
system filled to a pressure of 1atm.., Absorbtion due to the
solubility of the gas in cyclohexanol alone was measured, so
that the volume of gas involved in a chemical oxidation ' process
could be calculated, .

The oxygen and nitrogen used in these <closed systenr
experiments was dried by passing through columns containing

drierite and phosphorus pentoxide.,

3.2 The | cyclohexanol-rhodiunm trichloride
trihydrate~-concentrated hydrochloric acid systen

3.2a Reaction under oxygen

The reaction mixture (cyclohexanol 10.0g,100mmol; 'rhodium
trichloride trihydrate 0.064q9,0.,151mmol; concentrated

hydrochleric acid 0.10ml) was investigated at 100deg under
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OXYg€n. The sclution was initially red as the rhodiun
trichloride trihydrate dissol#ed, becoming dark reddish-brown
with time,, No cyclohexene was produced. After 4,25hr the
conversion to cyclohexanone was found to be 8% (vpc)..The oxyden
absorption corresponded to a 7% conversion on the basis of
reaction (1). . The water content at the end of the reaction was
found to be 0.29,11nmol; which agrees reasonably with the amount
expected.assuming reaction (1) i.e..0.14g,8mm0l. -

In the. absence of concentrated hydrochlbric acid é
cyclchexanone content of 6% (vpc) was found after 4,50hr, and

the oxygen absorption corresponded to a 5% conversion. .

3.2b Reaction under helium

The system (cyclohexanol 10q,100mmol; rhodium <trichloride
trihydrate 0.064g9,0.151mm0l; <concentrated hydrochloric acid
0.10ml) was investigated at 100deg under helium., The solution
was initially red, becoming dark brown after five minutes., After
2hr no conversion to cyclohexanone could be detected, {vpc), and
.no evolution or absorption of gas had occurred, At this time the
solution was dark brown and rhodium metal had been deposited as

a black residue.

3.3 The cyclohexanol-ferric chloride systenm
The reaction mixture (cyclohexanol 10.0q,100mmol;ferric

chloride 0.75g,4.63mmol;) was studied at 100deg under oxygen
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After ten minutes the solution was dark green and the mixture
was .found to contain 9% cyélohexene and 0.2q9,71mmol, water.
There was no conversion to cyclohexanone. .The water conversion
corresponds t0 the expected value of 0,169, 9mnol, assuming it is
produced from cyclohexancl by elimination in the formation of
cyclohéxene.”

After 2,50hr the cyclohexene content had risen to 14% and
the water content to  0.4g,22mmol, rather higher +than the
expected value of 0,259, 14nmcl. At this time the solution was
dark brown and solid particles were present., There was no
conversion to cyclohexanone, but there had been some oxygen
absorption beyond +that expected to saturate the cyclohexanol. .
The rather higher than expected water content and oxygen
absorption may be due to some side reactions {(see section 3.4).
The reaction mixture (cyclohexzanol- 10.0g,100nmol; ferric
chloride 2,09,12,.3mmol) waS alSo inVestigated at 100deg under
oxygen, After ten minutes the dark green solution was found to
contain 14% . cyclohexene and 0.5g9,28mmol, water which is higher
thanbthe expected value of 0.,25g,14mmol. No conversion to
cyclohexene was detected., After 2hr the mixture was dark brown
and contained 18% cyclohexene and 0.69g,33mmol, water. As above,
there wvwas a small amount of oxygen absorption beyond that

expected to saturate cyclohexanol. .

3.4 The cyclohexanol-rhodium trichloride trihydrate-ferric
chloride systen
3.4a Reaction under oxygen

The reaction mixture (cyclohexanol 10.0g,100mmol; rhodium
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trichloride trihydrate 0.06u4qg9,0.01518mol1; ferric chloride
0.759,4.63mmnol) was studied at 100deg under oxygen. .This mixture
corresponds to the optimum conditions as determined by the
oxygen flow experiments., Concentrated hydrochloric acid was not
added as this appeared unnecessary. The results are shown in
Grapﬁ {24), which is a plot of oxygen absorption against tinme.
After five cycles (136 minutes), the conversion to cyclohexanone
vas found to be 29% (vpc) and that expected on the basis of
oxygen absorption 32%. The mixture contained 8% cyclohexene, .
After nine cycles (469 minutes).fhe conversion to cyclohexanone
was found to be 40F% (vpc) and the oxygen absorption corresponded
to a 50% conversion. At this time the oxygen absorption had not
ceased, . The water content was estimated to be 0.9q9,50mmol, and
the system had gained in weight by 0.8g. . The expected vwater

content on the basis of the reactions:

"o
+ 40 )
H

(o)
+ H,0
Loy

’
!

> + Ho0
8%

is 0.86g,47.78mmol,, These reactions would predict a gair in

LW

| Oa
=

weight of 0.7g.
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Vpc analysis of 2ul of reaction mixture was compared with
20l of a . (6:4) mixture of cyclohexanol and cyclohexanone, The
ratio of the total areas of vpc readout for the experimental and
knoﬁn mixtures was 1.07. .

The reaction mixture was allowed to absorb oxygen for
another 20hr- at a pressure of approximately latm. The mixture
then contained 37% cyclohexanone and the above ratio had
decreased to 0,875, .

It therefore appears that, as the reaction mixture was
still absorbing oxygen but no futher conversion to the ketone is
séen, another oxidation process is occurring. ,As no  additional
products are detected using vpc analysis, it is possible that
the products of this oxidation pzocess are either 1liguids of
high boiling point or solids, .

The reaction mixtures (cyclohexanol 6.0g9,60mmol;
cyclohexaﬁone 4.0g,41nmnol; rhodiunm trichloride  trihydrate
0.064g9,0.151nmol; ferric chloride - 0.75g,4.63nm01) and
(cyclohéxanone 1Q.0g,102mm01; rhodium trichloride trihydrate
0.064q9,0.151mmnol; ferric chloride were also studied at 100deg
under oxygen, .The results are shown in Graph . {(25) - which showus
that Dboth systems absorb oxygen. .The cyclohexanocl-cyclohexanone
system did not appear to have changed in composition after 6hr
of oxygen absorption (vpc).

The  most probable explanation of this‘oxygen absorption,
with‘ no 'prodhct detected by vpc analysis, appears to be

conversion of cyclohexanol and cyclohexanone to adipic acid:
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O
F 3, COoH
22 COooH

Adipic acid is a solid at normal temperature {(mp 151deq)
and socluble in cyclohexancl., Vpc analysis of a solution of
adipié acid in cyclohexanol showed no peak other than that due
to cyclohexanol, as was expected, .

The literature contains a number of references to the
oxidation of either cyclohexanone or cyclohexanone-cyclohexanol
mixtures by air or oxygen at normal pressure in the temperature
range 60-120deg. . Acetic acid is usually employed as solvent,
together with 'cyclohexane in scme <cases..  The most conmon
catalyst used is manganousS acetate, in conjunction with other
transition metal salts., Yields of adipic acid of about 70% . are
commenly reported after several hours. Other acids are sometimes
reported - as  by-products of the oxidation process, e.g..
glutaric, succinic, valeric and caprylic acid 12, .

For example, an equimolar mixture of <cCycClohexanol and
cyclchexanone with an eéequal weight of cyclohexane <can be
oxidized by oxygen gas using acetic acid as a solvent and a
mixture of Mn, Co and Cu salts as a catalyst at 65-90deq 13,
Good yvields of adipic acid are obtained after 12hr. .

'In another exanmnple, a cyclohexanol-Cyclohexanone
cyclohexane mixture was oXidiZed by oxygen at 60-100deq using

acetic acid as solvent and a mixture of cobaltous acetate and
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vanadyl acetylacetonate as catalyst 14, Adipic acid was obtained
in good yield.

Cyclohexanone, by itself, can be oxidized.inlacetic acid at
80deq by a stream of air using manganese acetate as catﬁlyst to
give adipic acid in 60-70% yield 15,

An attempt was made to isolate adipic acid from a reaction
mixture by extraction with agueous sodiur hydroxide solution,
followed by acidification. No adipic acid was recovered, perhaps
because because of stronqg complexation between“iron and the
acid.

In the closed system experiment using cyclohexanol, a 40%.
yield of cyclohexanone was obtained using vpc analysis of the
mixture., , The oxygen absorption, however, corresponded to a 50%
conversion. This could be explained by assuming that
approximately 2.5% conversion of cyclohexanol to adipic acid had

taken place:

H
+ 20,

> + H,0
40Y

+ {'0 V4 + h,0
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This small conversion to adipic acid is also consistent
¥with the ratio values obtained on vpc analysis of 2ul of
reaction mixture and known solution as described above. The
decrease in ratio from 1.07 to 0.875 after passage of oxygen for
a long period can be explained by conversion of reactants to the
dicarboxylic acid which is not detected by vpc. .The results for
the rapid oxygen flow =system and the closed system are shown

together in Graph (26) for the optimum reaction mixture at
100deg, . It can be seen that the rate of reaction is suppressed
in the closed system., This can presumably be explained by the
steady increase 1im water content in the closed system as the
reaction progresses., .An experiment employing a slow flow of
oxygen through the optimum reaction mixture produced a
conversion of 30% cyclohexanone after 3hr, very similar to the

results for the closed systen. .

3.4b Reaction under nitrogen

The system (cyclohexanol 10.0q,100nmol; rhodium trichloride
trihydrate 0.0649,0.151nmol; ferric chloride 0.75g,4.63mmol) was
investigated under nitrogen at 100deg. After 5hr there had been
no app:eciable'evolution or ~ absorption. . Vpc analysis showed

there had been no conversicn to cyclohexanone. .

3.4c Effect of cycloheXene
The systen {cyclohexanol 8,09;80mmol;_ cyclohexene
2,0924mmol; rhodium trichloride  trihydrate 0.064g,0.151mmol;

ferric chloride 0.75q,4.63mmol) - was studied under oxygen at
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100deg, After 4hr the conversion to cyclohexanone was found to
be U4%..(vpc), and the oxygen absorption corresponded to 4%. The
cyclohexene conversion had increased to 32%. This compares with
a ccnversion to cyclohexanone of 33% after the same period in
the absence of the initially introduced cyclohexene. This result
is ih good agreement with the studies of the effect of

éyclchexene in the oxygen flow systenms.
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CHAPTER ({4) -

RELATED SYSTEHNS

4.1 Use of other metal salts

Other systems were studied in which various metal salts
were substituted for ferric «chloride (e.g mercuric chloride,
cupric chloride, chromic chloride). -All apeared to give inferior
results when compared to the ferric chloride systems already
discussed., ,
| For exanmple, the system (cyclohexanol 20ml, 190mmol; rhodium
trichloride +trihydrate ' 0.128g, 0.302mmol;  cupric chloride
1.50g9,11.6mmcl; concentrated hydrochloric acid 0, 15ml) at 100degq
with rapid oxygen flow gives a 13% yield of cyclohexanone after

1.50hr. (Graph 27).

4,2 The cyclchéxanol-rhodium trighloride trihydrate~ p-
toluene sulphonic acid monchydrate systen

The wexact function of ‘the ferric chloride in the systeas
described in detail in chapters 2 and 3 has not beenbelncidated.»
The change in acidity as the reaction progresses was described
in. section 2.%c. . It was suggested thati the decline in the
reaction rate with time might be related to the appreciable
dedreasev in acidity from pXx=1,70, for a typical reaction
mixture, to pX=3.90 after a 40%: conversion. to cyclohexanone.
Attempts to produce a constant high acidity during the reaction
by addition of large amounts of concentrated hydrochloric acid

were unsuccessful in increasing the final yield or initial
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reaction rate because of the water introduced into the systemn. .

Aqueous systems containing p-toluene = sulphonic acid
monohydrate are known to have high aéidity.f An attempt to
produce a highly acidic medium, in the absence of water, was
made by dissolving p-toluene' sulphonic acid monohvdrate in
cyclchexanol, .

p-Toluene sulphonic acid monohydrate. 0.5q9,2.63mmol, was
added to cyclohexanol 20ml,190mmol, and the solution heated
until the éolid dissolved, After cooling to room temperature,
the résulting sclution had a'px value of 2.20. A solution of
5.09,26.,3mmnol, p-toluene sulphonic acid monohydrate in
20ml,190mmol, cyclohexanol was similarly prepared, and was found
to have an acidity of 2.05.

The system {(cyclohexanol 20ml,190mmol; rhodium trichloride
.trihydrate 0.128qg,0.302nm01;" p-toluene - sulphonic acid
monohydrate 0,509,2.63mmol) - was investigated at 100deg with
rapid oxygen flow. The conversion to cyclohexanone was found to
be <5§ after 1hr.

The system (cyclohexanol 20ml,190mmol; rhodium trichloride
trihydrate 0.128q,0.302mmol; . p-toluene sulphonic acid
monohydrate 5.0g,26.3nmol) was also investigated at 100deg with
fapid oxygen flow, After 2hr there had been no conversion to
cyclohexanone and the reaction mixture contained a large amount
()SO%).cyclohexene.,
| These results suggest that the function of the ferric
chloride might not Solely be to produce a high acidity in the
reaction medium., However, no definite conclusions can be drawn

on the basis of +the results for systems containing p-tocluene
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sulphonic acid monohydrate as this may itself coordinate with an
active rhodium species in some manner, which might inhibit

efficient catalysis.,

4,3 addition of a solvent

It was thought <that addition of a solvent to a reaction
mixture migﬁt improve the yield of cyclohexanone. It was decided
that the solvent added should be miscible with cyclohexanol and
cyclchexanone, be inert to chemical reaction under the
conditions used {(i.e. . not contain oxidizable functional qroups),
and have a boiling point - in the same range as cyclohexanol and
cyclohexanone. , The solvent selected was o-xylene (bp 1dlddeg)..
fhis also had the advantage that its vpc peak did not overlap
with those of the alcohcl and the ketone.,

The effect of addition of 20ml,210mmol o-xylene to system
(1)‘was'studied at 100deg with rapid oxygen flow.. The results
are shown in Graph (28), vwhich appears to have a slight S-shape. .
After 1.50 hr the conversion to cyclohexanone was 40%, ccompared
tc 31% for system (1) at 100deg. However, the rate of conversion
rapidly declines when the cyclohexanone content reaches 42%
after 2hr. Thus a given % conversion to the ketone appears to be
attained more rapidly in the preselice Of an egual volume of o-
XYlene but the final composition remains the same {40%
cyclohexanone). .

An experiment using 60m1,630mmol o-xylene instead of 20ml
was carried out. The results are shown in Graph (28). It can be
seen that +the S-~shape is very pronounced. The % conversion to

cyclohexanone after 2hr has declined from 42% to 30% on trigpling
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the amcunt of o-xylene.

AN

4.4 Oxidation of cyclopentanol

The system (cyclopentanol 20ml1,245mmol; rhodium trichloride
tribydrate 0.1289g,0.302mnmcl; fe;ric chloride 1.59,9.25nn01;
concentrated hydrochloric _acid 0.10ml) was studied at 100deg
using rapid oxygen flow, ., The preséturation mixture contained an
equal volume of cyclopentanol ‘and 'cyclopentanone. .The conversion
to cyclopentanbne was followed over a 2.50hr period and the
results‘a plotted in Graph (29).. It can be seen that the

situation is very similar to the cyclohexanol case. ,
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http://Cyclop.nt.nol

92
CHAPTER 5

SUMMARY OF RESULTS

5.1 Reaction mixtures containing the components:
(cyclohexanol, rhedium trichloride trihydrate, ferric <chloride
and concentrated hydrochloric acid) were studied in the presence
of oxygen., The nature of the reaction in which cyclohexanol was
oxidized to cyclohexanone was investigateds. No conversion to
cyclchexanone occurred in the absence of rhodium trichloride
trihydrate., Some degree of conversion was found in the 'absence
of ferric chloride., The  optimum conditions for conversion to
cyclohexanone were produced by using a combination of rhodium
trichloride trihydrate and ferric chloride. Under such
conditions the rate of conversion to the ketone declined

steadily until the mixture contained 40% cyclohexanone, .

5.2 For a fixed amount of cyclohexanol and rhodium
trichloride trihydrate there is an optimun amount of ferric
chloride ' necessary to achieve the maximum yield  in the shortest
pericd at a given temperature ., Addition of ferric chloride in
excess of this optimum amount tends to suppreés theyrate of
conversion to the ketone. This can probably be explained by the
additional production of water and cyclohexene {see below). The
optimum range for addition of ferric chloride is between 3 and

6mmol per 100mmol cyclohexanol. .
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5.3 Using a cyclohexanol/ferric chloride rTatio in the
optimum range at a given teﬁperature, increasing the rhodiun
trichloride trihydiate concentration beyond a certain level does
not significantly increase the final yield of cyclohexanone or

the reaction rate.

5.4 The oxidation reaction occurs under acidic conditions.
This acidity is the result of the interaction between ferric
chloride and cyclohexanol - {and cyclohexanone).. The acidity
greatly decreases as the reaction progresses. Addition of
concentrated hydrochloric acid‘to-the mixture is unnecessary and
may inhibit the oxidation reaction if added in large amounts due

to the water intrcduced (see below). .

5.5 Cyclohexene is produced in a side reaction together
with water, This is presumably the result of cyclohexanol
undergoing an elimination reaction under acidic conditions.
Using the optimum cyclohexanol/ferric chloride ratio at 100degq,
the cyclohexene content of the reaction mixture is less than
10%. . Introduction of cyclohexene in amounts in excess of 20%
greatly suppresses the conversion to cyclohexanone. This is
presumably due to strong complexation of the olefin with an

active rhodium species.

5.6 Water is Produced during the catalytic oxidation in
amounts greater than can be accounted for by the production of

cyclohexene, ,This additional water content of the reaction
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mixture in a <closed system is in good agreement with that
predicted by reaction (1). The presence of water in the reaction
mixture tends to supress the oxidation of cyclohexanol to

cyclohexanone,

5.7 Using the optimum ratio of components, very little
conversion occurs in the presence of oxygen at temperatures
below 50deq., Increasing the temperature from 100deg to 150deg
increases the rate of oxidation hui does not increase the final

yield of the ketone, .

5.8 Addition of a phosphine to a system containing the
optimum ratio of components in the presence of oxygen, in an
attempt to stabilize possible Rh(]) intermediates, has little

significant effect,

5.9 No hydrogen evolution could be detected when a systen
containing the optimum ratio of components was heated at 100deg

~under helium, This suggests reaction (2) may not be involved.

5,10 No gas evolution.occurs when a reaction mixture is
heated at 100deg undervnitrogen.,ﬂo conversion to cyclohexanone
could be detected.sReaction (2) would enable some conversion to
the ketone to occur until all the iron present in the ferric
state had been reduced to +the ferrous state. Evolution of

hydrcgen would also occur, .
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5.11 Oxygen is necessary for conversion of cyclohexancl to
cyclchexanone to occur., Gas absorption is detected when a
mixture containing an optimum ratio of components at 100deg is
studied in a closed system containing oOxygen., This suggests
reaction (1) is pccurring.”Reaction {2) would give rise to a nhet
evclution of gas, ,The measured volume of oxygen absorption is in

good agreement with that predicted on the basis of reaction (1)..

5.12 Using an optimum ratio of components in the presence
of oxygen the conversion to cyclohexanone is- - limited to
approximately 40%. This 1limit is probably due to an interaction
between cyclohexanone and some active rhodium species essential
for catalytic oxidation. Oxygen absorption continues after
conversion to cyclohexanone has ceased. . This can be accounted
for bty assuming another oxidation process is occurring, probdably

to produce adipic acid. .
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CHAPTER (6)

DISCUSION AND CONCLUSIONS

The oxidation of <cyclohexanol to <cyclohexanone in the
presence of oxygen using a combination of rhodium trichloride
trihydrate and ferric <chloride as catalyst has been shown to

have the stoichiometry:

(-1
RhCly - FeCls-Hel |
+ Lo =13 3 .
2 “a 100 deq > + Ho

A plausible mechanism for this reaction has been discussed
in the introduction, .

The function of the ferric éhloride has not been definitely
established. .As well as being a potent oxidant for Rh({§), it may
be required to produce a highly acidic medium in the absence of
water. However, the results for experiments discussed in section
4,2, employing p-toluene sulphonic acid . monohydrate, in
combination with rhodium trichloride trihydrate, tend to suggest
this might not Dbe the case..It is also possible that it may
contribute to the stabilization lof a Rh(l) . intermediate and
prevent ‘precipitation of rhodium metal, as in the case of the
rhodium trichloride trihydrate-stannous chloride system., The
complex formed between Rh({) and tin(l{|) chloride has been

formulated as: 16
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Cl Sn SnCl

VAW,
VAN

Cl Sn SnCl

The conversion to cyclohexanone appears to be 1limited to
approxieately 40% for ;he rhodiua trichloride trihydrate-ferric
chloride system. This is possibly the result of interaction
betwveen cyclohexanone in the enolized form and the active
rhodium species required for catalytic activity. The
complexation between the enol and rhodium might be expected to
be stronger thanm the <complexation between the alcohol and

rhodium because of the possibility of interaction between the

double bond and the metal centre:

OH
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Interaction between a rhodium.centre and acetone in the enolised
form has also been proposed 17,

Evidence for strong ' interaction between rhodium and a
carbon-carbon double bond is provided by the observation that
addition of cyclohexene to  the rhodium trichloride
trihydrate-ferric chloride-cyclohexanol system can dgreatly
inhibit catalytic oxidatiqn.,strong complexation of olefins has
also been found to poison the «catalyst in the palladium
chloride~-sodium acetate- alcohcl systems..

The rate of dehydrogenation of isopropyl alcohol by rhodium
trichloride trihydrate -lithium chloride - stannous
chloride-concentrated hydrochloric acid was found to be reduced
as the concentration of acetone built up in the mixture but was
restored when the acetone was distilled off. This was attributed
to a competing hydrogenation of the acetone back to the alcohol.

Unfortunately in the present studies, it is not possible to
separate cyclochexanone from cyclohexanol by simple distillation
because of the similarity of their boiling points.nlt would be-
of interest to discover whether the original catalytic activity
of the rhodium trichloride ~trihydrate~ferric chloride,
combination could be restored after renoval of the ketone from a
reaction mixture containipg 60% - cyclohexanol and 40%
cyclohexanone,

Water is produced during the catalytic oxidation of
cyclchexanol to cyclohéxanone by the rhodium trichloride
trihydrate-ferric chloride system in the presence of oxygen. The
accunrulation of water inhibits the catalysis, as has been found

in the palladium chloride-sodium acetate and palladium chloride-
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cupric nitrate systems, This could result from competition
between the water and the alcohol ligands for the rhodium. .

It is difficult to make a meaningful comparison between the
varicus catalytic systems for oxidation of secondary alcohols to
ketones because different alcohols have been studied and at
varying temperatures..  Also, the effect of wvariaticn in
concentration of catalyst on the oxidation process has not been
published in most cases.

However, an attempt has been made to compare the ?catalytic
efficiency' of a number of systems, and the data are presented
in Table (11). The concentration of the catalytic species has
been calculated for each system as mmol of catalyst per 100mmol
of alcohol., The yield refers to the % of ketone present in the
reaction mixtur® at the time indicated, The Yield for system (m) -
has been calculated on the basis of the report

The ?catalytic efficiency?! has been calculated in terms of
the ratios mmol ketone/(mmol catalyst)u and nmol Kketone/ {mmol
catalyst)/(hr)..

The % yields for systems involving dehydrogenation appear
to be lovw (3-10%). Fhether higher yieids of ketone <can be
obtained using these catalytic dehydrogenation methods does not
appear to have been investigated.

Both catalytic efficiency ratios for rhodium trichloride
trihydrate-ferric chloride-oxygen systems compare favourably
with the ratios for other catalytic systens. The ratio mmol
ketone/ (mnmol catalyst) for the rhodium trichloride
trihydrate-ferric chloride-oxygen system at 100deg appears to

increase as the concentration of rhodium decreases. .
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Comparison with the  palladiunm chloride-scdiun
acetate-oxygen system showus thai both ratios are higher for the
rhodium trichloride trihydrate -ferric chloride ~oxygen
combination, particularly when the time factor 1is considered..
However, it should be noted that catalytic oxidation with the pd

system occurs at lower temperature,

It is not clear why dehydrogenation of iso-propyl alcohol
occurs using a combination of rhodium trichloride trihydrate,
lithium chloride and concentrated hydrochloric acid in the
presence of oxygen, whereas no dehydrogenation of cyclohexanol
'was detected using rhedium trichloride trihydrate/concentrated
hydrochloric acid, in the presence of oxygen.. This could
possibly be explained in terms of oxidation potentials for the
conversion of alcOohols to the corresponding carbonyl compounds
as discussed in reference (18)., In this publication it was
suggested that the  greater difficulty of oxidation of
cyclohexanol, compared to other secondary alcohols was related

to its ring structure, .
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Table (11)...
Catalyst Oxidant Alcohol Tenp Time
deg hr
a) RhC13/FeC13 02f1atm)- Cyclohexanol 100 - 2.5
b) ' 19 12 100 0.5
C) (2R ] 49 LN 150 1.0
a . 113 1 100 3.0
e) . e Ve Cyclopentanol 100 2.5
£) Rhcl3 L Cyclohexanol 100 1.0
g) PACl /Cu {NQ,6) 0, (3atm) L 90 2.0
(S 37, 2z
h) PdClt, ¥aOAc Oz(1atm), e 38 56
i) L re Trans 3,3,5, 38 34
trimethyl
cyclohexanol
33.RuC1L(2¢3)3 N-methyl- d-carverol R.T., 2.0
morpholine
N-oxide
k) thlg/Licl/ Dehydrogenation Isopropyl 83 6.0
1) RhClz/LiCl/ 1 81 83 g8
HCl/SnClz
m) Ru(OCOCFs)i 1 sec- 143 0.5
Cco(p hexanol
¢ ¢3)m
Table {11). . Comparison of data for catalytic oxidation of

alcohols,
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Table (11). .Continued

nmol catalyst/ yield mmol ketone/ mmol ketone/

(100mmol alcohol) %ketone (mmol catalyst) {(mmolcatalyst)/

hr
a)+ 0.15 42 280 112
b)* 0.15 14 92 184
c)* 0.15 40 268 268
d) * 0. 059 27 458 153
e) * 0.124 38 306 152
£)* 0.15 10 67 67
q)? 4 2 0.5 0.25
) 88
i)’ 1.0 94 94 2.8
i*® 0.42 91 223 112
k)' 0.035 10 280 47
1Ht 1.15 9 8 0.8
m)? 0.033 .. 3 e 9N 182..

* present vork
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