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Introduction

This work describes new strategies for the synthesis of adipic acid (AA), which is an
emblematic example in the context of a more sustainable chemical industry. In fact, the
traditional process for AA synthesis presents some environmental drawbacks; therefore
the research in this area is currently attempting to solve these problems by developing
more friendly technologies. Moreover, in recent decades, companies have begun to
develop a strong awareness of the importance of environmental issues, in part because of
reasons related to the need for environment protection, in part because of economic
issues.

"Green Chemistry" is a trend in the world of chemistry, whose aim is to develop a
more environmentally friendly chemistry, by limit the consumption of non-renewable
natural resources, and finally protect human health.

This awareness is also the consequence of practical negative experiences, sometimes
catastrophic, when the chemical industry affected people and the environment. This was
also caused by the lack of knowledge of the toxicity of some chemicals, of the effect of
chemicals accumulation in living bodies, and in general on environment.

Only more recently Green Chemistry turned into a discipline, with the establishment
of the “Twelve principles”:

1) prevent waste rather than to treat at the end of life;

2) in a chemical reaction maximize the incorporation of the reactants in the

product;

3) use as much as possible materials and substances that are not dangerous for the

environment and human health;

4) produce as much as possible desired and non-toxic materials;

5) use catalytic reactions rather than stoichiometric;

6) minimize the use of solvents and auxiliary reagents or use of less toxic

compounds;

7) optimize the energy efficiency of processes;

8) use as much as possible renewable raw materials;

9) minimize the derivatization of chemicals;

10) substances produced must decompose at the end of life, into non-toxic and non-

hazardous compounds;

11) maximize the control of chemical processes through sampling and control in real

time, especially for hazardous substances;

12) develop inherently safer processes.

The main problem of Green Chemistry is that it is rarely fully applicable; in fact, some
processes follow some of these principles, others cannot follow any of them, because
there are no viable alternatives from the point economic and technical standpoint.
Moreover, it is not sufficient to develop "Green" technologies, the chemistry within must



be "Sustainable". This term includes aspects which are strictly related: economic, social
and environmental development.

The Sustainable development (and chemistry) therefore aims to meet three needs:
the needs of society, the best use of scarce resources and the reduction of impact on
human health and the environment.

On a practical level, the sustainability of a chemical process can be guided by the
twelve principles of green chemistry, but other important factors should also be taken into
account, such as the possibility to make profits and provide labor. Currently, risk reduction
in chemical processes goes through some basic guidelines that in some cases also help to
improve the overall sustainability of the process:

1) Intensification: reduce the size of the equipment while maintaining the same
productivity (continuous reactors rather than batch), and minimize the use of
toxic substances; if necessary it is preferable to produce them and use them in
situ.

2) Substitution: replacement of solvents, reagents and hazardous substances with
less hazardous ones; replacement of dangerous processes with safer ones, use
inherently safer processes.

3) Restriction: try to limit the potential damage caused by an accident introducing
containment structures, diluting the toxic substances or introducing inerts,
increasing controls and safety systems of the plant, etc.

4) Simplification: eliminate as far as possible, the sources of error.

All these rules and principles fit perfectly with the production of AA, both in terms of
pollution abatement systems and implementation of safety devices on existing production
processes, and in terms of more sustainable technologies aimed at replacing those
currently employed.

The aim of my PhD research project was to investigate new and more sustainable
routes, compared to those currently used, for the production of AA. It is very important to
choose the “green” oxidant from both the environmental and economic point of view. In
my project molecular oxygen and hydrogen peroxide were used as oxidants. When
molecular oxygen is used, there are no co-products of oxygen reduction (when O is fully
incorporated in the substrate), while in case of hydrogen peroxide the co-product is water.
Hydrogen peroxide is an expensive oxidizing agent, if compared to air or other
stoichiometric oxidants, but it can be viewed as a green one compared, for instance, to
nitric acid or stoichiometric metal ions (Cr, Mn, etc).

Heterogeneous and homogeneous catalytic systems were studied during my
research. Both catalyst types have advantages. For example, heterogeneous catalysts can
be reused in the reaction after easy separation from the reaction mixture by filtration.
Homogeneous catalysts can be highly selective, and do not show mass-transfer limitation
problems.

My project was divided into two parts:



The two-step oxidation of cyclohexene, where the latter is first oxidized into
trans-1,2-cyclohexanediol (CHD) with aqueous hydrogen peroxide, and then the
glycol is transformed into AA by reaction with molecular oxygen. Various
catalysts were investigated in this process, both heterogeneous and
homogeneous. We also studied the mechanism of CHD oxidation with oxygen in
the presence of different catalysts.

Baeyer-Villiger oxidation of cyclohexanone with aqueous hydrogen peroxide into
e-caprolactone, as a first step on the way to produce AA. Study on the
mechanism of the uncatalyzed (thermal) oxidation of cyclohexanone were also
carried out. Investigation on how the different heterogeneous catalysts affect
the formation of the reaction products and their distribution was done.



Adipic Acid
1. Physical chemical properties

At room temperature and atmospheric pressure adipic acid (AA) is an odorless, sour
tasting white powder. The melting point is 152°C. AA is soluble in polar solvents; with
increasing temperature its solubility in water grows [1].

2. Uses of Adipic acid

AA is a very important chemical intermediate. The main use of AA (63% of its
consumption) is the production of Nylon-6,6 fibers (fishing lines, tires, carpets, home
furnishing, and in tough fabrics for backpacks, parachutes, luggage and business cases) and
resins (electrical connectors, auto parts, and items such as self-lubricating bearings, gears
and cams) (Figure 1).

Nylon-6,6 was first synthesized by Wallace Hume Carothers in 1935 in the
laboratories of DuPont, and after three years DuPont patented the process [1].
n H,N-(CH,),-NH, + n HOOC(CH,),COOH m H-[NH(CH_,),NHCO(CH,),CO],-OH
- (n+ o
Other uses of AA are in the production of polyesters (25%, for polyurethane resins),

plasticizers (7%), as well as resins (2%) and 3% for other applications (cosmetics,
pharmaceuticals products, fertilizers, paper, cement, wax, etc.) [2].

B Nylon-6,6
B Polyesters

Plasticizers
M Resins

Other

Figure 1. AA application

3. Production of Adipic Acid

The global capacity of AA was around 2.8 million metric tons per year in 2006; the
production takes place mainly in Europe and the United States (62%), Asia (18% excluding
Japan) and, to a less extent, in Japan and South America. The overall growth for AA is close



to 3% per year. The most rapidly growing sector is the production of nylon, during the past
decade it has grown by 8-10% per year.
Table 1 shows the main AA producers and their capacity [2].

Table 1. Main producers of AA

Producer Capacity (million tons per year)

Inolex Chem (USA) 0.02

Solutia (USA) 0.40

BASF (Germany) 0.26

Asahi Kasei Corporation (Japan) 0.17

Azot Severodonetsk (Ukraine) 0.03

Lanxess AG (Germany) 0.07

Invista (Koch Ind) (USA, Canada, Singapore, UK) 1.09
Rhodia (now Solvay) (France, Brazil, Korea) 0.54
Radici Chimica (Italy, Germany) 0.15
Rivneazot 0.03

China Shenma Group (China) 0.11
PetroChina Liaoyang Petrochemical (China) 0.14
Xinjiang Dushanzi Tianli (China) 0.08

Taiyuan Chemical Industry (China) 0.05
Shandong Bohui Chemical Industry Group (China) 0.08
Shandong Hongye Chemical Industry Group (China) 0.10

3.1. Current industrial processes

All industrial processes today have in common the final step of oxidation with nitric
acid of an intermediate, which can be either a mixture of cyclohexanol and cyclohexanone
(KA oil or Ol/One mixture), or cyclohexanol only. Thus, while the oxidative cleavage is



carried out always with the same procedures, the synthesis of the intermediate can be
performed following different ways:

e Oxidation of cyclohexane to KA Qil

e Hydrogenation of phenol to KA Qil

e Hydration of cyclohexene to cyclohexanol, whereby cyclohexene is produced by the
selective hydrogenation of benzene.

3.1.1. Oxidation of cyclohexane to KA Oil

Cyclehexane is usually obtained by hydrogenation of benzene or in small amount
from the naphtha fraction. The oxidation of cyclohexane to KA oil was first industrialized by
DuPont in the 1940s. The reaction consists of two steps: oxidation and deperoxidation. The
first step can be done in the absence of catalyst, whereas for the deperoxidation step a
catalyst is needed. The cyclohexane is oxidized into cyclohexylhydroperoxide in passivated
reactors to optimize the concentration of the latter and in the absence of transition metal
complexes to avoid hydroperoxide decomposition. The deperoxidation is performed in the
second reactor where the control of the final Ol/One ratio is achieved by control of catalyst
amount and reaction conditions. The conversion is kept at 5-7% per-pass, in order to limit
the consecutive reactions, because the alcohol and the ketone are more reactive than
cyclohexane. Selectivity to KA Oil is 75-80%, the by-products are carboxylic acids (e.g. 6-
hydroxyhexanoic, n-butyric, n-valeric, succinic, glutaric and adipic acids) and
cyclohexylhydroperoxide. The unconverted cyclohexane is recycled [3, 4].

o OH
: +3/202—>é+©+mo

cyclohexane + % O, - cyclohexanol AHg - 47.4 Kcal/mol;
cyclohexane + O, - cyclohexanone + H,0 AHg - 98 Kcal/mol

The reaction proceeds by the homolytic autoxidation chemistry. Cyclohexanol is
formed from the ROe radical (R=CgH11).

RH (cyclohexane) + Co(lll) = Re(cyclohexyl radical) + Co(ll) + H*

Re + O, > ROOe

ROOe + RH - ROOH (cyclohexylhydroperoxide) + Re

The main role of Co is to accelerate the decomposition of the hydroperoxide, ROOH;
it leads to the formation of alkoxyl or peroxyl radicals (Haber-Weiss mechanism):

ROOH + Co(ll) = ROe + Co(lll) + OH" (dominating in non-polar solvents)
ROOH + Co(lll) & ROOe + Co(ll) + H* (present in polar solvents)
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which matches with:
2RO0OH - ROe® + ROQOe + H,0

In case of high concentration of Co(ll), the latter competes with cyclohexane for the

alkylperoxy radical:
ROOe + Co(Il) - ROOCo(lll)

and instead of a propagation step, a termination step would take place. Therefore in
this case the catalyst may become an inhibitor.

Russell mechanism of secondary cyclohexylperoxy radicals decomposition is a
dominating reaction for the formation of cyclohexanol and cyclohexanone. It first leads to
the coupling of alkylperoxy radical and then reacts by a six-center 1,5-H-atom shift; it is
also a terminating step of the radical chain reaction:

2RO0e S ROOOOR

ROOOOR - CgH110H + CgH100 + O,

Other ways for radical propagation are:

ROe + RH - ROH + Re

ROOH - ROe + «OH

ROe + ROOH - ROH + ROO*

The cleavage of an a C-H bond can give directly cyclohexanone:
ROOH - CgH110 + H,0

Cyclohexanone can also form from cyclohexanol by oxidation [5, 6].

The scheme of the process for the oxidation of cyclohexane with air is shown in
Figure 2. The reaction is performed in three in-series reactors; cyclohexane is fed to the
first one, and air is flown to each one of the three reactors. This allows better control of
the reaction performance and also improves safety. The products are washed with water
and then with caustic solution to decrease the amount of acid impurities. Caustic solution
can be recycled during the process.
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Cyclohexane KA Oil

off-gas i
Acqueous NaOH

l‘

Reactor

Waste Water Caustic Waste  \ j T

High boiling
compounds

Figure 2. Scheme of the process for the oxidation of cyclohexane with air.

There is also another process for cyclohexane oxidation, nowadays adopted in
several plants. The basic principle of this method is the addition of an anhydrous meta-
boric acid as a suspension in cyclohexane, for the first step of oxidation. No other catalyst
is needed. Boric acid reacts with cyclohexanol yielding a borate ester that stabilizes the
product and decreases the possibility to oxidize it into cyclohexanone and degradation
compounds. In this case conversion is 10-15% and selectivity is 90%; molar ratio
cyclohexanol/cyclohexanone is around 10. The borate ester can be easily hydrolyzed back
to boric acid and cyclohexanol with hot water [2].

3.1.2. Hydrogenation of phenol to KA Qil

The process of KA Oil production by phenol hydrogenation has been industrialized by
Solutia and Radici. It has some advantages, such as a less complex equipment needed for
KA production, the possibility to get directly the mixture of the ketone and alcohol and to
control the Ol/One ratio, the high selectivity to the product and the better safety of the
process compared to cyclohexane oxidation, which may reduce investment cost. By
increasing the amount of ketone in the mixture, it is possible to save hydrogen during
phenol reduction, and nitric acid during the oxidation of KA Qil.

3.1.3. Hydration of cyclohexene to cyclohexanol

Cyclohexene can be synthesized by the hydrogenation of benzene.
Thermodynamically this reaction is not favorable. In order to stop the hydrogenation at the
mono-olefin it is necessary to carry out the reaction in the presence of Pt or Ru powder,
coated with a layer of an aqueous solution of zinc sulfate. The reaction is conducted in
benzene, the catalyst is surrounded by the aqueous phase; due to this reason the
compounds which are soluble in aqueous phase are hydrogenated. The reaction product,
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cyclohexene, is less soluble in the agueous phase than benzene, and moves to organic
phase, an event that allows to avoid further hydrogenation. The selectivity to the reaction
product is around 80% with 70—-75% benzene conversion [5]. Then cyclohexene is hydrated
on a ZSM-5 catalyst.

Scheme 1 is summarizes the different industrial processes for the AA production
starting from benzene.

Scheme 1. Current processes for the AA production starting from benzene

3.1.4. Oxidation of KA Oil to AA with nitric acid

The final oxidation of KA oil or cyclohexanol only is carried out using nitric acid in an
excess of at least seven times higher than the stoichiometric molar ratio, in the presence of
an homogeneous catalysts based on Cu(ll) and ammonium metavanadate [4, 7].

(o]
OH
(]
+ 32HNO; — > 4 + 3/4N,0 + 3/4H,0
OH
OH
OH
(0]
+ 2HNO; — = + N,O + 2H,0
OH

Cyclohexanone > AA AHg - 172 kcal/mol
Cyclohexanol > AA  AHg - 215 kcal/mol

The reaction is performed in two in-series reactors; the temperature in the first
reactor is 60-80°C, while in the second one is 90-100 °C with a pressure of 1-4 atm. The
yield to AA is 95% with total conversion of KA oil; the by-products are glutaric acid (with
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selectivity 3%) and succinic acid (with selectivity 2%). Figure 3 shows the simplified flow
sheet of the KA Oil oxidation process with nitric acid.

Off-Gas NOx Absorber and % Chimney

/]\ 1 4 "|  N20 treatment
Nitric Acid from

4

KA Oil NOx absorbtion
—_— p|
— FHEEE >
Reactor Mother Liquor .
Finishing > ‘ quory|Concentrator
Ramctir NOXx ristallizato
Stnpper
Adipic Acid
(to purific and dryng)
Air
o Nitric Acid Recycle
Catalyst [
issolutionJ® | T ) 4
. 8 2 3 Diacids
Nitric Acid  Catalyst Catalyst recover and
Make Up Make Up By-produscts removal ———— Waste

Figure 3. Scheme of the KA Qil oxidation process

The reaction mechanism of KA oil oxidation with nitric acid was investigated in 1963
[8,9] and lately has been revised. The mechanism of the process is shown in Scheme 2. The
first step is the oxidation of cyclohexanol to the ketone, then the latter is nitrosated by
nitrous acid to give 2-nitrosocyclohexanone. This intermediate can transform by means of
different ways. When nitrous acid is present, the nitrosoketone can be hydrolyzed giving a-
diketone and hydroxylamine (Claisen-Manasse reaction). Another pathway is when the
oxime is oxidized by a stronger oxidant to produce a-diketone and nitrogen oxides. a-
Diketone can be further oxidized yielding AA. However, the main pathway is the formation
of 2-nitro-2-nitrosocyclohexanone, that is hydrolyzed to 6-nitro-6-hydroximinohexanoic
acid. Oxidative hydrolysis of the latter gives AA through the formation of an intermediate
adipomonohydroxamic acid. The consumption of HNOs in this case is 2 mol per mole of
cyclohexanone [2].
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HO O HO O
ONO _HO - glutaric acid
succinic acid
|NOH |O \ oH
A
~"HNO!
T H,0 £ 0 \ o
NOH
HNO, HNO, _HNO,
-H,0
-HNO, 2NO \

Scheme 2. Main reactions involved in the mechanism of KA Oil oxidation to AA with nitric acid.

3.1.5. Risks, disadvantages and environmental issues in AA

production

The hazard of the process derives from the use of nitric acid, as it is a strong acid and
a powerful oxidant. For this reason, the plant must be constructed of durable materials,
such as titanium or stainless steel, more expensive than normal steels.

The exothermicity of the reaction may give rise to fires and explosions, given the high
concentration of organic compounds present in the reactor that requires high attention
from the point of view of safety.

From the environmental point of view, the main problem relates to the production of
nitrous oxide, N,O, and nitrogen oxides during the last phase of oxidation with nitric acid.
The nitrogen oxides NO and NO, are the main causes of acid rain and under suitable
atmospheric conditions favor the photochemical smog that leads to the formation of
ozone in the troposphere resulting harmful to living beings. However, NO, can be almost
completely recovered by water adsorption in a multistage column, yielding a nitric acid
solution.

2 NO+029 2 NOZ
3 NO, + H,O0 > 2HN03+ NO

This route allows regain nitric acid which can be reused within the process itself. The
greater cost is in the low temperatures and high pressures needed to maximize the
efficiency of the treatment [2].
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Nitrous oxide is a greenhouse gas due to its strong IR absorption; its emission is
around 300 kg per ton of AA. The estimated atmospheric lifetime of N,O is 150 years. At
the level of the troposphere nitrous oxide acts as a catalyst in the cycles of ozone
destruction, contributing to its decline. Today, only a small part of N,O is produced by
human activities (less than 5%), and within the latter that one deriving from the production
of AA is very low due, to the abatement systems installed in the plants. Today more than
90% of the N,0O generated at AA plants is decomposed before being released into the
environment [2, 10].

3.1.6. Methods for N,O abatement

There are several N,O abatement technologies in order to decrease its emission in
the AA plants.

e (Catalytic dissociation of N,O to N, and Oy;

e Thermal destruction of N,0;

e Conversion of N,O into recoverable NO.
3.1.6.1. Catalytic abatement

Catalytic decomposition is the simplest method to remove N,O because it doesn’t
need any additional chemical compounds. The reaction is highly exothermic (-19.6
kcal/mol) and includes the following steps:

1. NoO +* — N,O*

2. N,O* — N, + O*

3.20* - 0O, +2*

4, NJO+O* > N+ O+ *

where * is the active site of the catalyst [11].

There are several classes of catalysts that can be used in this process: noble metals
(Pt, Au), pure or mixed metal oxides (spinel, perovskite — types, oxides from hydrotalcites),
supported systems (metal or metal oxides on alumina, silica) and zeolites [12].

Since the reaction is highly exothermic, there are several problems to deal with:

v’ the sintering of the catalyst;

v’ the need for special heat-resistant expensive materials for reactors;

v’ troubles regarding the environmental regulation: the NO, formation increases
when the temperature of the catalytic bed is increasing. NOy concentration is limited by
law.

Part of the worked-up and cooled gas is fed back to dilute the N,O stream stemming
from the AA production. This helps to avoid overheating and levels off the heat production
over the entire bed. Typically the inlet temperatures in the reactor are around 450-500°C,
and 700-800°C at the outlet, taking into account an inlet concentration of nitrous oxide of
about 12 %.
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Radici developed the process with a multi-bed reactor (Figure 4) in order to improve
the process of N,O catalytic abatement. The gaseous flow with nitrous oxide is divided into
three flows, that are fed separately to the three catalytic beds [13,14]. The stream from
the third catalytic layer shows residual nitrous oxide content of less than 500 ppm, and is
subdivided into two streams; one is fed to the atmosphere and the second is mixed with
the feed to the first catalytic layer and re-circulated into the process of N,O
decomposition.

Heated Purified Gas:
Off Gas from Low Conc. of
AA Plant: N2O
CT bed
1
I_‘-_
CT bed
2
e
CT bed
3
Went

%q“
AN
Off Gas from }

AA Plant

Water
Steam

Figure 4. Simplified flow sheet of Radici process for N20 catalytic abatement

3.1.6.2. Thermal destruction of N,O

There are two ways to carry out the thermal destruction of N,O, that differ
depending on how the decomposition occurs: either at oxidizing conditions, or as a result
of burning in a reducing flame. In the first case, N,O is oxidized to higher oxides, NO and
NO,, which are then adsorbed in water yielding nitric acid. Nitric acid can be recycled in the
process upstream. In the second approach, sub-stoichiometric combustion conditions are
used, to minimize the formation of nitrogen oxides. The reducing atmosphere is made by
adding an excess of methane to the gas mixture that is fed to the burner (containing O,
and N,0). Excess methane gives an unburned part (CO and H,) that is a reactant for NO,
reduction to nitrogen. The following reactions take place in the reducing method of N,O
thermal abatement.

4N;,0 + CHs - CO; + 2H,0 + 4N,

17



ANO + CH4 = CO, + 2H,0 + 2N,
20, + CH, = CO, + H,0

H,0 + CO, + 2CH, > 3CO + 5H,
N,O = /,0, + N,

3.1.6.3. Conversion of N,O into recoverable NO

The nitrous oxide can be recovered in pure form in order to be sold or to be used as
an oxidant in other downstream processes. The recovery process consists in the absorption
and desorption in appropriate solvents or solid carriers. The sale as such is very limited
because the majority of the market is covered by nitrous oxide generated from the
production of nitric acid, which allows to obtain an even more pure product, with lower
costs of purification. A solution would be to find an alternative use in internal processes
that produce it. An example of downstream integration with the production of AA has
been proposed by Solutia and Boreskov Institute of Catalysis, which involves the use of
N,O as an oxidant for the synthesis of phenol from benzene in the presence of a ZSM-5
zeolite exchanged with Fe (lll), giving a selectivity to phenol as high as 95%. Phenol could
be further hydrogenated to cyclohexanol and used for the synthesis of AA [15] (Scheme 3).

OH OH
COOH
H, HNO, COOH
—_— _— +

O + Fe (I / zeolite

Scheme 3. Scheme of N,0 integration for the synthesis of phenol

However the process has not been put into commercial operation due to rapid
catalyst deactivation, because of tar deposition, low efficiency with regard to N,O and to
the poor economics of the small phenol plants, compared to traditional plants for phenol
production.

A solution developed by BASF provides the reuse of nitrous oxide for the production
of 1,12-dodecanoic acid, in particular in the step of cyclododecatriene oxidation to
cyclododecadienone (Scheme 4).

_ N,O
Butadiene — Cyclododecatriene ——= Cyclododecadienone

H,

HNO
1,12-dodecandioic acid -~ Cyclododecanone

Scheme 4. Process proposed by BASF

18



This process, already operating at the industrial level, generates a much higher yield
compared to the classical process and constitutes a solution to the disposal of N,O [16].

3.2. Alternative ways for the production of AA

Because of the disadvantages and risks related to the use of nitric acid as the oxidant
in the AA production, there is a great interest to develop alternative methods for AA
synthesis. Various substrates can be used as starting reagents for this reaction as well as
different oxidizing agents (O,, hydrogen peroxide - HP, tert-butyl hydroperoxide - TBHP). In
this chapter some alternative processes for the AA production are discussed.

3.2.1. Oxidation of cyclohexane to KA Oil

The literature reports numerous studies about the use of different oxidants for
cyclohexane oxidation to KA Qil or AA in the presence of homogeneous or heterogeneous
catalysts.

3.2.1.1. Homogeneous oxidation of cyclohexane

Many studies regard the use of homogeneous catalysts, alternative to those based
on cobalt currently used in the industrial process, with air as the oxidant. For example,
Keggin type polyoxometalates, systems based on copper, and salts or complexes of iron or
vanadium, have been used. Some of them are able to give cyclohexanol and
cyclohexanone with selectivity similar to those of traditional catalysts, but do not allow to
reach high conversion of cyclohexane. Some of these catalysts, however, require expensive
or less ecological components, others are active only in the presence of certain reagents or
co-reductants, or appear to be not stable, and therefore are not usable at an industrial
level [17,18,19,20].

3.2.1.2. Heterogeneous cyclohexane oxidation

The use of heterogeneous catalysts, despite their lower activity, allows a
simplification and a reduction of the economic and environmental costs, associated to
product purification. Numerous studies have been performed with regard to
heterogeneous catalytic systems either for the oxidation of cyclohexane to KA Qil or even
directly to AA, with different oxidants. Examples are shown below:

a) Gold nanoparticles supported on mesoporous materials, such as SBA-15, MCM-41,
are the catalysts for cyclohexane oxidation to KA Qil in the presence of oxygen (93%
selectivity to the mixture with 18% of substrate conversion). Similar results were obtained
using Au nanoparticles dispersed over the silica, alumina and titania [21,22,23].

b) Cu or Fe phthalocyanines encapsulated in X or Y zeolites catalyze cyclohexane
oxidation to either KA QOil or AA with oxygen at near-ambient conditions. The best results
were obtained with methanol as the solvent: 12.7% of cyclohexane conversion with 41% of
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selectivity to AA in the presence of halogen-substituted phthalocianine of Fe encapsulated
in the X zeolite [24].

c) the use of Ce containing catalysts for cyclohexane oxidation with different oxidants
is also reported. Thus, for example, Ce-exchanged Y zeolite catalyzes the cyclohexane
oxidation with t-BuOOH at 90°C, giving 10% reactant conversion with good selectivity to KA
Qil [25]. Alumina-supported Ce(lV) oxide was used in the oxidation of either cyclohexane or
the mixture of cyclohexane and cyclohexanone with air at 15 atm pressure and 110°C. AA
was obtained with 66% yield, cyclohexane conversion was 38% and cyclohexanone
conversion was 41% [26].

d) Ti-based catalysts were investigated in cyclohexane oxidation with hydrogen
peroxide (HP), t-BuOOH or oxygen. For example, with titanium substituted hexagonal
mesoporous aluminophosphate (Ti-HMA) molecular sieves or Ti-MCM-41 similar
performances were obtained. In the presence of HP as an oxidant the reactant conversion
was 90% with Ti-HMA and 88% with Ti-MCM-41, with selectivity to KA Qil (mainly Ol in
both cases) equal to 95% and 99%, respectively. But acetic acid was used as a solvent in
these reactions, that may favor the leaching of Ti and forms peracetic acid, which acts as
the true final oxidant [27].

e) Cr-based catalysts, such as Cr-MCM-41 and Cr-HMA, also showed good results. In
the presence of Cr-MCM-41 and HP or O,, 99% and 86% of reagent conversion and 93%
and 97% selectivity to KA Oil (mainly Ol) were achieved, respectively [28]. In the case of t-
BUuOOH there was mainly the formation of cyclohexanone; selectivity to KA Oil was 95%,
with conversion 92% [29]. Cr-HMA with HP oxidant gave 100% of selectivity with 94%
cyclohexane conversion [30]. In all these cases, acetic acid was used as the solvent, and
peroxy acetic acid also had a role in increasing the reaction rate.

3.2.2. Oxidation of KA oil
3.2.2.1. Oxygen as the oxidant

The second step of the KA Qil process is carried out using nitric acid as the oxidant, in
the presence of homogeneous catalysts based on cupric nitrate and ammonium
metavanadate. Because of the environmental and economic problems of this passage,
numerous studies have been performed involving the use of oxygen or air as oxidants.

An important example is the technology of Asahi, which developed a process that
uses a catalyst based on manganese acetate and cobalt, with oxygen at atmospheric
pressure or air diluted with nitrogen, at a pressure of 12 atm, with water and acetic acid
80% as solvent, at a temperature of 70°C. With pure oxygen, selectivity to AA was 77%
with total conversion of cyclohexanone, that allows a considerable reduction of costs by
eliminating the step of recycling. The demonstration plant includes three in-series high-
pressure, continuous-stirred, tank reactors which allow to obtain complete conversion. The
process includes different steps for the purification of AA, because the selectivity is lower
compared to that of the nitric acid process, and for the recovery of the solvent and of
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catalyst. In the case of oxygen as the oxidant, there is no need of systems for the reduction
of NO, and N,O. But this pathway has also disadvantages, such as the corrosiveness of
acetic acid, the lower yields of the industrial process and the higher costs of purification of
the product, aspects that make this process not so much favored from the economical
point of view [31].

Another well studied process is the oxidation with air or oxygen of cyclohexanone
with Keggin-type polyoxometalates catalysts. Cyclohexanone conversion shown was 99%,
with 50% selectivity to AA [32], but also in this case the solvent was acetic acid. In other
cases, when a mixture of acetonitrile and methanol was used as the solvent, the ester of
AA was obtained (98% of conversion with selectivity of 54%) [33]. The latter had to be
transformed back to AA, that implies additional costs.

There are also other studies using different catalytic systems, always with the use of
oxygen, but all yields and selectivities reported are much lower than those achieved in the
described processes.

3.2.2.2. Hydrogen peroxide as the oxidant

The oxidation of KA Qil has also been investigated using aqueous hydrogen peroxide

(HP) as the oxidant, in the presence of catalysts (either homogeneous or heterogeneous).
For example:

a. Under homogeneous conditions oxidation of cyclohexanone with HP using acetic
acid or t-butanol solvent gave about 50% AA vyield [34];

b. In the presence of H,WQ,, after 20 hours reaction time the cyclohexanone gave
91% vyield to AA, whereas cyclohexanol showed 87% yield. The reaction was carried out
without any solvent, and 30% aqueous solution of HP was used as the oxidant [35].

3.2.3. Direct oxidation of cyclohexane to AA

The direct oxidation of cyclohexane to AA with oxygen/air might lower the total

investment costs because of:

v removal of one oxidation step;

v removal of HNO; production, treatment, recovery, cleaning and recycle units;

v’ simplification of the abatement system of the air by removal of nitrous oxide and
NO, emissions;

v’ simplification of the wastewater handling by removal of nitrates.

There are several studies involving either the use of homogeneous catalysts based on
complexes of Co, Cu, Mn or Fe (the same catalyst type also used for the oxidation of
cyclohexane to KA Qil), and heterogeneous catalysts.

In 1940s Asahi developed a commercial process that involves the use of Co acetate
with acetic acid as the solvent, under 30 atm of oxygen pressure and at the temperature of
90-100°C. The best selectivity to AA was 75%, with the conversion of cyclohexane ranging
from 50 to 75%; the main by-product was glutaric acid. The good results were obtained
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because of a relatively high concentration of catalyst combined with acetaldehyde or
cyclohexanone, which worked as promoters [36, 37, 38].

Various companies studied the process in order to obtain higher selectivity to AA by
optimizing the reaction conditions and catalyst composition. For example, Gulf performed
the reaction at the same temperature as Asahi, using acetic acid as the solvent, but with
higher concentration of catalyst. Conversion of cyclohexane was 80-85% with selectivity to
AA 70-75% [39, 40]. In the Amoco process, 98% cyclohexane conversion was achieved, with
88% AA vyield. The reaction was performed at 95°C, with 70 atm air pressure ; this patent
describes the addition of controlled amounts of water during the induction period, which is
a key parameter because it depletes the concentration of free radicals [41].

The process, however, was later abandoned due to problems regarding the corrosion
of the materials by acetic acid, the safety issues associated to the use of high pressure
oxygen in the presence of cyclohexane (high risk of flammability), and because the AA yield
was less than that achieved in the DuPont process.

A remarkable result was obtained by Daicel Chemical Industry in collaboration with
Kansai University, which developed a process that involves the use of N-
hydroxyphthalimide (NHPI) as the catalyst for the direct oxidation of cyclohexane with air.
NHPI is a cheap, nontoxic catalyst, that can be easily prepared by the reaction of phthalic
anhydride and hydroxylamine (Scheme 5). A pilot plant producing 30 ton/year of AA with
yields higher than 80% (selectivity 76%) and conversion of cyclohexane of 90% after 6 h of
reaction at 100°C, under 10 atm air pressure was built up in Japan. The use of NHPI
increased the reaction rate but did not increase the selectivity. The reaction required a co-
catalyst such as acetate of Co or Mn, or both, and was conducted in acetic acid or
acetonitrile as a solvent due to the limited solubility of NHPI in non-polar solvents. The
process so far has not been brought to industrial level because it requires large amounts of
catalyst due to the decomposition of NHPI to phthalimide, which cannot be easily recycled
and transformed back to NHPI [42, 43].
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Scheme 5. Oxidation of cyclohexane with NHPI catalyst [2]
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Numerous heterogeneous catalysts have been proposed for the direct oxidation of
cyclohexane, but most of them give cyclohexanol and cyclohexanone as the main products,
while AA remains a minor product. Catalyst that can be used include metal oxide or
cations, and complexes incorporated in inorganic matrices (activated carbon, zeolites,
alumina, silica or alluminophosphates). The activity of these systems is highly influenced by
the type of solvent, from which the polarity of the mixture depends, that is also important
since the hydrophobicity of the support allows a rapid expulsion of the oxidized products.
One negative aspect common to all systems studied is the leaching of the catalyst, which
does not allow to have a completely heterogeneous catalysis, and related problems in the
subsequent purification steps.

3.2.4. Alternative starting materials
3.2.4.1. Butadiene

The synthesis of AA can be performed by methoxycarbonylation of butadiene
according to the process developed by BASF [44]. The process consists of three steps: the
addition of CO and methanol in two steps and a final stage of hydrolysis of dimethyl
adipate to obtain AA (Scheme 6).

Catalyst based on Co in homogeneous phase is used in the presence of pyridine,
which is necessary to avoid oligomerization reactions. The total yield of AA is 72% referred
to butadiene, with product purity of 99.9%; the main by-products are methyl valerate and
dimethyl esters of dicarboxylic acids with four carbon atoms, which could find uses in other
applications. BASF has not continued the development of this process on an industrial
scale for economic and technical reasons, such as, for example, the cost to operate under
pressure ranging from 150 atm for the second step to 300 atm for the first one [45].
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Scheme 6. Methoxycarbonylation of butadiene to AA.

A variant designed by DuPont and DSM consists in hydroxycarbonylation of
butadiene with CO and water at 100°C and 80 atm; this process is more economical from
the point of view of raw materials cost. However, it shows higher catalyst cost and
difficulties in catalyst recovery (Scheme 7) [46].
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Scheme 7. Hydroxycarbonylation of butadiene to AA.

Other variations of methoxycarbonylation have been studied by Rhone Poulenc [47]
and Shell Chemicals [48, 49], which developed a new catalyst able to convert butadiene
into AA with CO and water. Because with this catalyst the mono-olefins are not
carboxylated, the use of crude C4 fractions as starting material is allowed. This new
process, however, was stopped at the level of bench-scale: the main limit for the
industrialization is the use of a complex as homogeneous catalyst, composed of precious
metals and phosphine ligands, which are expensive chemicals.

3.2.4.2. n-Hexane

The oxidation of terminal carbons of linear alkanes is an important challenge of today
catalysis; in particular, the direct oxidation of n-hexane at C1 and C6 atoms would lead
directly to AA (Scheme 8). However, with regard to this synthetic route, it also has the
problem of poor availability of the reagent itself, that derives mainly from cracking plants

in which hexane easily converts to benzene.
0

[o] OH

/\/\/ —_—
HO

Scheme 8. One-step synthesis of AA from n-hexane.

To perform this reaction it is possible to use enzymes fitted with iron active centers;
n-hexane reacts with air giving AA with high selectivity (close to 100%). The attempt to
replicate these properties in non-biological systems for use in industrial plants gave poor
results. Tests were made with chemical systems which involve the use of Mn-porphyrins,
Co and Mn alluminophosphates or supported on zeolites, but AA yields higher than 35%
have been never reached, main by-products being hexanol, hexanal and methyl-butyl
ketone.

3.2.4.3. Cyclohexene

Cyclohexene can be obtained by partial hydrogenation of benzene,
dehydrohalogenation of cyclohexyl halides or partial cyclohexane dehydrogenation. Asahi
studied the process for the hydrogenation of benzene; this process gives good cyclohexene
selectivity , but the problem is catalyst deactivation. The method of dehydrohalogenation
of cyclohexyl halides would have a potential advantage of recycling hazardous halogenate
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compounds. Hydrogen treatment of cyclohexyl chloride using silica supported nickel
catalyst gave 97% cyclohexene selectivity at temperatures between 200 and 300°C [50].

Oxidants studied for cyclohexene oxidation are oxygen, hydrogen peroxide and tert-
butyl hydroperoxide.

3.24.3.1. Oxidation of cyclohexene with oxygen

Prevailing product in the case of cyclohexene oxidation with oxygen in the absence of
a co-reduction reagent is 2-cyclohexen-l-one [51, 52, 53], that may be further
hydrogenated to the cyclohexanone. The reaction follows the autoxidation-type
mechanism forming first cyclohexene hydroperoxide. If the reaction is carried out in the
presence of a co-reducing agent (for example, isobutyraldehyde), high selectivity to the
epoxide is obtained (88-94% with complete conversion of substrate) [54]. Asahi has
proposed the oxidation of cyclohexene with O, using isopolyoxomolybdates. The primary
products were cyclohexene oxide, CHD and 2-cyclohexene-1-ol (Scheme 9); the two former
compounds are intermediates in AA synthesis. After 24 hours at 50°C and 1 atm of oxygen,
37% cyclohexene conversion was obtained with 90% selectivity to the three primary
products [55].
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Scheme 9. Oxidation of cyclohexene with O, [2]

When the system based on Pd (Il) and P/Mo/V heteropoly-compound is used, the
reaction follows a Wacker-type mechanism that is different from the radical-type
autoxidation. The primary product in this case is cyclohexanone, which can be further
oxidized with oxygen to AA. Many systems belonging to this class of catalysts were
investigated. The best results were achieved with Pd(NO3),/CuSO4/H3PMo01,049 in aqueous
solution of acetonitrile at 80°C and 10 atm of oxygen: cyclohexene conversion was 49%
with 97% selectivity to cyclohexanone [56]. More recently, at 80°C and 50 atm of air, using
the same catalyst, >>99% selectivity to cyclohexanone with 80% cyclohexene conversion
were reported [57].
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3.2.4.3.2. Oxidation of cyclohexene with HP or t-BuOOH
3.2.4.3.2.1. Three-step oxidation of cyclohexene to AA

Cyclohexene can be oxidized to cyclohexene oxide using HP or alkyl hydroperoxides
in the presence of either homogenous or heterogeneous catalysts. Catalysts that are active
and selective in this type of reaction could be divided into two groups: (i) microporous and
mesoporous materials, which contain isolated metal ions either incorporated in the
structure of inorganic matrices or grafted to their surface, for example Ti (Ti-HMS, Ti-MCM-
41, Ti-MCM-48), titanium silicalite [58, 59, 60], and (ii) transition metal-exchanged
polyoxometalates [61, 62, 63]. TBA3{PO4[WO(0,),]4}, a polyoxometalate catalyst, is very
active; at 70°Cin 5 h reaction time, using acetonitrile as a solvent with aqueous HP, it gave
almost total cyclohexene conversion with 81% epoxide yield, 10% CHD and less than 5%
cyclohexenol and cyclohexenone [62].

The epoxide can be hydrolyzed to CHD or oxidized without C-C bond cleavage giving
cyclohexanedione. The last step on the way to AA is the oxidative ring opening of the
diketone.

3.2.4.3.2.2. Two-step oxidation of cyclohexene to AA

The two-step oxidation of cyclohexene can be done via CHD. This reaction can be
performed in the presence of metal oxide (KMnQ,, OsO,4) and with TBHP or HP as oxidants.
Osmium-catalyzed dihydroxylation involves Os(V1)/Os(VIIl), a substrate-selective redox
system [64, 65, 66, 67]. N-methylmorpholine N-oxide (NMMO) can be used as the
reoxidizing compound for Os (VI) to Os (VIII).

For the first step of the reaction, transition metal complexes, H,;WO,,
heteropolyacids, CHsReO, zeolites, and hydrotalcites can be used as catalysts, but there is a
problem of low selectivity due to the formation of by-products formed by C-C bond
cleavage [68, 69, 70, 71, 72, 73, 74, 75].

The second step of this process is the oxidative cleavage of CHD that can be
performed with molecular oxygen or with hydroperoxide oxidants. Many studies were
reported with oxygen, such as the oxidation of the diol with aqueous hydrogen peroxide in
the presence of tungstate ions catalysts [76, 77].

In the oxidation of CHD with Ti-containing Y zeolites with hydrogen peroxide, 50%
conversion with 80% selectivity to AA was achieved [78]. The main intermediate in this
reaction was 2-hydroxycyclohexanone, that can be oxidized to AA. AA further reacts with
HP yielding glutaric and succinic acids.

3.2.4.3.2.3. Single-step oxidation of cyclohexene to AA

Noyori has reported the oxidation of cyclohexene with 30% solution of HP in the
presence of small amounts of Na,WOQ;, as the catalyst and CHs(n-CgH17)3HSO4 as a phase-
transfer catalyst (PTC). The reaction proceeds at 75-90°C in the absence of solvent.
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Cyclohexene was oxidized directly to crystalline AA with almost 100% selectivity; the
residual aqueous phase of the mixture could be reused. PTC is needed because
cyclohexene is not soluble in the aqueous phase where the tungstate reacts with HP
forming the anionic peroxo species, the true oxidizing species. The reaction mechanism is

shown in Scheme 10 [79, 80].
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Scheme 10. Direct oxidation of cyclohexene to AA with HP

The results can be improved when an organic acid is used instead of the PTC. AlImost
97% selectivity to AA with total conversion of cyclohexene was achieved with oxalic acid
after 24h reaction time, using an HP:cyclohexene molar ratio of 4.4:1 [81].

Heterogeneous catalysts also have been investigated for the direct oxidation of
cyclohexene to AA with HP. For example, tetrahedral tungstate units incorporated in SBA-
15 or titanium framework-substituted aluminophosphate, TAPO-5. But these systems give
46% and 30% AA selectivity only , respectively, with complete conversion of the reagent
[82, 83]. In case of SBA-15 with incorporated Al and grafted Ti, 80% AA yield was obtained
after 24h at 80°C, with t-BuOOH as the oxidant. The main by-products of this reaction were
CHD, 2-hydroycyclohexanone, glutaric and succinic acids [84, 85].

The oxidation with HP allowed to use milder reaction conditions (temperature and
pressure), but the main problem concerns the cost of HP (4 equivalents of HP are
necessary for cyclohexene oxidation). In fact, the value of AA is lower than the cost of the
HP needed for this oxidation reaction.

3.2.4.4. D-glucose as a starting compound to produce AA

Draths and Frost proposed a two-step synthesis of AA starting from D-glucose [86,
87]. The first step is the conversion of sugar to cis,cis-muconic acid by genetically modified
Escherichia coli. Then muconic acid can be hydrogenated to AA with a catalyst based on Pt
supported on activated carbon, operating at room temperature and 35 bar H,, or with
nanoparticles of Pt-Ru supported on silica at 80°C and 30 bar.
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Scheme 11. Two-step transformation of D-glucose to AA[88]

The vyield of muconic acid for the first step is 25%, that is a good result for a
biotechnological process. In the second step, yield is 95% (with any of reported catalysts).

This route from glucose presents environmental and economic advantages, since it
uses a renewable source that can be obtained even from lignocellulosic biomass, starting
from a low-cost raw material and at the same time providing added value to a waste
compound. The main problem of this route is represented by the cost of the final product,
that is not yet competitive with that of the traditional process. Moreover, process
improvements are needed to make the large-scale production competitive with that one of
the traditional process.

3.3. Conclusions concerning possible synthetic routes to AA

Possible synthetic routes (both conventional and alternative) to AA are summarized
in Scheme 12. There are numerous studies on new processes for AA production , some of
them are "green", but only a few examples are really sustainable in terms of both
environmental and economic viewpoints.

OH

Scheme 12. Summary of the various pathways for AA synthesis [2]
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The main limiting factor is economics. The synthesis from glucose is "green", but the
cost of the final product is still too high. Even the direct synthesis of AA from cyclohexene
perfectly adheres the Green Chemistry principles, but the use of large amounts of HP
makes the process economically uncompetitive. The main obstacle to the other proposed
alternative processes relates to the use of acetic acid as the solvent, that requires
additional costs for handling and special materials.

The more sustainable path would be the one that is able to employ a starting
material of low cost, possibly coming from renewable sources, with air or oxygen as the
oxidizing agent and using water as a solvent, or eventually using no solvent at all.

The search for an alternative process that is sustainable from all these standpoints is
a very active field of research, aimed at both the improvement of the already explored
ways, and the investigation of new synthetic approaches.
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Baeyer-Villiger reaction: Oxidation of
cyclohexanone with hydrogen peroxide

The aim of this part of my research work was to investigate the Baeyer-Villiger
oxidation of cyclohexanone to e-caprolactone (CL) with hydrogen peroxide; the latter can
be oxidized further to AA (Scheme 13).
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Scheme 13. Reaction scheme of cyclohexanone oxidation to AA
4. Baeyer-Villiger reaction

The Baeyer-Villiger (BV) oxidation is one of the most widely used reactions in organic
synthesis. The reaction was discovered in 1899 when Adolf von Baeyer and Victor Villiger
were studying the oxidation of menthone with sodium persulfate and sulfuric acid (Caro's
acid) in the absence of solvent, generating the corresponding lactone [89] (Scheme 14).

Na,S,0g
H,S0,
—_— >
O
H o ) @]

N

Scheme 14. Oxidation of menthone studied by Baeyer and Villiger
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Then this reaction achieved tremendous success thanks to its versatility, that allows
to synthesize a variety of molecules ranging from pharmaceuticals, such as antibiotics,
steroids, pheromones, to fine chemicals and intermediates for the chemical industry.

The basic reaction is the oxidation of a carbonyl group by a peracid with insertion of
oxygen; various substrates can be used for this reaction:

* ketones can be converted into esters,

* cyclic ketones are oxidized to lactones,

* benzaldehydes are transformed into phenols,

* carboxylic acids or anhydrides are used to synthesize diketones.

The Baeyer-Villiger reaction is compatible with a large number of functional groups in
the substrate, it is highly regioselective due to easy prediction of the attitude of the
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migration groups; generally it is also stereoselective: the configuration of migration groups
is saved. Different oxidants are used in this reaction such as m-chloroperoxybenzoic acid,
peroxytrifluoroacetic acid, peroxybenzoic acid and peroxyacetic acid, hydrogen peroxide,
tert-butyl hydroperoxide [90].

The reaction mechanism was shown for the first time by Criegee in the 40s: the first
step is a nucleophilic attack at the carbonyl carbon by the peroxy acid with formation of
the so-called Criegee intermediate; then the migration of one of the two alkyl groups on
the peroxygen occurs, with concomitant release of the carboxylate anion. The second step
determines the overall speed of the reaction (Scheme 15).

The use of organic peracids as the oxidants involves various problems: first,
formation of the corresponding carboxylic acid or its salt in the reaction mixture, which has
to be recovered or eliminated (this means increasing the costs of the process); secondly,
these oxidants are generally expensive and hazardous because of their intrinsic instability.

CO O—OH o
4
R R o—FR’

‘ - R"-OCH

Scheme 15. Mechanism of the Baeyer-Villiger oxidation

One solution is to generate in-situ the peracid by reaction of the corresponding
aldehyde with oxygen, or carboxylic acid and HP, a procedure which, however, is subject to
different constraints from the industrial point of view.

An alternative way is to use a more green oxidant, such as HP in the presence of a
catalyst, which would bring several advantages:

* it is the cheaper and safer than organic peroxyacids traditionally used;

* the active oxygen content is higher;

* the only co-product it generates is water, that implies a simplification of the
subsequent purification steps.

Despite this, HP also has some disadvantages:

* the presence of water in the reaction mixture as a co-solvent or co-product can
lead to the hydrolysis of the ester products;



* HP is a weak oxidant and it needs a catalyst in order to be activated, but different
catalysts show a low selectivity in respect to its activation, and cause the formation of
hydroxy radicals and hydroperoxides;

* the decomposition of HP may develop pure oxygen causing an increase of pressure
that generates problems of safety in the presence of flammable organic species.

For this reason, when HP is used it is important to avoid the accumulation of oxygen,
by working under a stream of nitrogen; the reaction environment should not be
contaminated, and a low concentration of the peroxy compounds should be maintained
[91].

5. &-Caprolactone

e-Caprolactone (CL) is a colorless to yellow liquid with a perceptible odor. It is soluble
in water and miscible with most organic solvents [92].

CL is used for the production of polycaprolactone, a biodegradable polyester with a
low melting point, and as an intermediate for the production of adhesives, paints and
additive for resins and polymers.

Currently CL is produced industrially via the Baeyer-Villiger oxidation of
cyclohexanone with m-chloroperbenzoic acid and peracetic acid [93] (Scheme 16).

CH3COOH + H,0, — > CH,COOOH + H,0

0 (0]

+ CH;COOOH —— + CH3;COOH

Scheme 16. Current industrial processes for CL production

Within this context, many studies have been published in recent years dealing with
synthetic procedures for CL that do not involve the use of an organic peracid, but of an
oxidant with lower environmental impact such as oxygen or HP, in the presence of an
heterogeneous catalyst.

Heterogeneous catalysts that are active in cycloalkanones oxidation with HP can be
divided into four groups:

1. Brgnsted-type acid catalysts (zeolites H-B and USY) [94], alumina [95] and
polyoxometalates [96];

2. Lewis-type acid catalysts based on Sn(IV) [97, 98], Sb(V) [99] or supported
complexes of Pt [100];

3. basic oxides [101];

4. Catalysts based on elements able to promote the formation of Me-OOH species ,
such as Ti(IV) [102, 103].
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The aim of my work was to investigate the mechanism of cyclohexanone
hydroperoxidation, which is the first step in the formation of CL. CL can then be converted
into AA, a reaction which involves the hydrolysis into 6-hydroxyhexanoic acid, and the
oxidation of the latter into AA. These last steps have not been investigated during my PhD

work.

33



6. Experimental Part

Our study of cyclohexanone hydroperoxidation can be divided into three parts:
a) kinetic experiments: the effect of the presence of catalyst on cyclohexanone
conversion;
b) identification of the reaction products;
c) study on the mechanism of cyclohexanone oxidation with HP.

6.1. Catalysts

The catalysts, with some characteristics, used for reactivity experiments are shown in
Table 1. These catalysts were kindly provided by Prof. Oxana Kholdeeva (Ti-MMM amd
SBA-16 materials), Boreskov Institute of Catalysis, Novosibirsk, and Prof. Paolo Pescarmona
(TUD-materials and Ga,0s), University of Leuven, Belgium. They were used either because
some of the elements (Me) incorporated in the structure are known to activate HP and
produce a Me-OOH (hydroperoxo) species, such as in the case of Ti*, or because they
show Lewis acid properties, which is an important feature in hydroperoxidation of ketones.
In fact, the carbonyl is activated by interaction with the Lewis acid; this is the case, for
instance, of Sn* and zr*". The Table also reports literature references where the
preparation and characterization of catalysts is described.

Table 2. Catalysts used for the BV oxidation of cyclohexanone and their characteristics

Surface
Type of support/ Si/Me; Lewis/Bronsted

Catalyst area, BET

framework Content of Me, % (m¥/g) acidity

Mesoporous Ti-silicate

20MB ) .
. with hexagonal 2.7% 1200 Lewis acid 104
(Ti-MMM)
structure
105,
16MB L
. » 1.6% 1147 Lewis acid 106,
(Ti-MMM)
107
MK143(1) L
. » 1.0% - Lewis acid 104
(Ti-MMM)
MK143(3) o
. » 1.8% 1119 Lewis acid 107
(Ti-MMM)

. Mesoporous silica, o
SBA-16 (Ti) X 0.7% 992 Lewis acid
cubic structure

Three-dimensional

Zr-TUD-1 sponge-like 51 651 Lewis acid 108
mesoporous silica
Hf-TUD-1 » 53 715 Lewis acid 108
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Sn-TUD-1 » 54 729 Lewis acid 108
Gazog . . 109,
- 0 155 Lewis acid
nanorods 110
Zeolite HY 15 Brnsted acid
MFI structure (Ti- L
TS-1 o 2.0% Lewis acid 111
silicalite)
6.2. Catalytic measurements of cyclohexanone
hydroperoxidation

Typical conditions used for the reaction were: in a 10 ml pyrex reactor with screw
stopper, a mixture of 0,1 ml H,0, 3 mmol 30% H,0, and 1 mmol cylohexanone was
dropped in; the mixture was then stirred at 50°C for the required time. In the case of
catalyzed reactions, the procedure was the same, but 15mg of the catalyst was added
(except with Ga,03 and Zeolite HY).

6.3. Treatment of the reaction mixture

The treatment of the reaction mixture varies according to the type of analysis to be
performed.

If the sample was to be injected into HPLC instrument, the reaction mixture was
transferred to a centrifuge tube, to which the solution obtained by washing the reactor
with 2 ml of the eluent mixture was added; then the mixture was centrifuged. The
supernatant was then transferred to a 10 ml volumetric flask, and a second washing of the
reactor with additional 2 ml of the eluent mixture was carried out. The mixture was
centrifuged again after transferring the liquid in the first centrifuge tube. After joining the
supernatant fraction in the volumetric flask, a washing of the catalyst with 2 ml of eluent
mixture was carried out. This final solution was joined to the previously centrifuged liquids
in the volumetric flask and made up to volume always with the eluent mixture.

If, however, the mixture had be analyzed with ESI-MS, we added CH30H to dilute it
up to a total volume of 2 ml; then the solution was transferred into a centrifuge tube, and
centrifugation was performed in order to separate the catalyst.

To analyze the mixture by means of NMR, immediately at the end of the reaction a
fraction of the aqueous mixture was extracted with CDCls, and the chloroform extracts
were separated with the aid of a membrane filter and analyzed by means of NMR.

6.4. Analysis of the products

The quantitative analysis of the components of the reaction mixture was carried out
by means of HPLC, while the qualitative analysis was performed with ESI-MS and NMR
spectroscopy.

35




6.4.1. HPLC

The instrument used is an HPLC Agilent 1260 Infinity Quaternary LC Series. The
column used is a Poroshell 120 EC-C18 (2.7 um, 4.6 x 50 mm), thermostated at 25°C. The
injection was done with the calibrated loop 20ul. The elution was carried out under
isocratic conditions with a mixture of 0.01 M H3PO,4:CH3CN=95:5, by volume, eluent flow of
0.5 ml/min. The detector is a DAD (Diode Array Detector), which can record multiple
wavelengths simultaneously.

6.4.2. ESI-MS

The ESI-MS technique is a mass spectroscopy that allows the analysis of ions without
fragmentation of the molecules. The sample is injected into the instrument with a syringe
whose needle is held at a potential difference of a few KV due to an electrode, after which
the solution passes through a capillary where solvent evaporation and gradual
concentration of the charges present in drops occur, up to a limit point in which the
repulsion of the charged particles causes the explosion into smaller droplets. The same
mechanism is repeated several times until obtaining a spray of charged molecules that go
to bind with the ions already present in the initial solution, a combination that allows the
analysis in a quadrupole mass spectrometer. After the analysis a spectrum with the signals
of the masses and their relative intensity is recorded.

By means of this method, it is possible to reduce the fragmentation of large and
thermally labile molecules. To facilitate the evaporation, often volatile organic solvents
such as acetronitrile or ethyl ether are added to aqueous solutions. In order to decrease
the initial size of the droplets, it is possible to add compounds which increase the
conductivity, for example, acetic acid, which also acts as a source of protons facilitating the
processes of ionization. The analysis can be scanned in positive ions or negative ions. In the
first case it is possible to see the signals of the masses plus 1, 23 or 39 mass units
corresponding to addition of a hydrogen, sodium or potassium ion, while for negative ions
the increase of 35 units is due to chlorine ions, or the decrease of 1 unit due to elimination
of hydrogen ion. The instrument used is a Waters - Micromass ZQ 4000.

6.4.3. NMR

Where not otherwise specified, *H and *C NMR spectra were recorded at 25°C on a
Varian Inova 300, at 300 MHz and 75 MHz or Varian Inova 600, at 600 MHz and 150 MHz
respectively. Chemical shifts (8) for *H and *3C are given in ppm relative to residual signals of
the solvents. The following abbreviations are used to indicate the multiplicity: s, singlet; d,
doublet; t, triplet; g, quartet; m, multiplet; bs, broad signal. CDCl; was passed over a short
pad of alumina before use. Coupling constants are given in Hz.

Reactions were performed also in NMR tube. To allow spectroscopical measurements,
NMR tube reactions were run in deuterium oxide at a concentration 20 times lower than
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batch reactions, all other parameters being unchanged. In both cases stoichiometric ratio
between the reactants was 3 molar equivalents of HP compared to cyclohexanone and the
temperature was kept at 50°C. The only effect of this concentration change we observed
was a slower reaction in NMR tube. NMR profiles are the same both for NMR tube and batch
reactions.

6.5. Computational investigations

The computational investigation has been carried out in order to recognize the
reaction course leading from cyclohexanone to the final products.

All of the simulations have been carried out with the Gaussian09 Software [112].

Preliminary calculations have been performed using Density Functional Theory (DFT).
Reactants, intermediates, transition structures and products have been initially optimized
adopting the B3LYP [113, 114] functional and the standard 6-31G(d,p) basis set in the gas
phase. To confirm the nature of the stationary points, vibrational frequencies (in the
harmonic approximation) were calculated for all of the optimized structures at the same
level of theory as geometry optimizations and it was verified that local minima had only real
frequencies, while transition states (TS) were identified by the presence of a single imaginary
frequency corresponding to the expected motion along the reaction coordinate.

Unscaled results from the frequency calculation have been used to compute zero-point
energies and their thermal corrections, enabling for the calculation of the Gibbs free energy
of the system considered.

As for TSs, intrinsic reaction coordinate (IRC) calculations were performed in both
directions (for 100 steps) at the same level of theory in order to investigate the process in
detail. The starting and final structures were then optimized in order to connect the TSs to
complexed reagents and products.

For each reacting situation considered, several conformations (e.g. differing for the
displacement of one or more O-H bonds) have been optimized, and the parameters of the
most stable among these have been used as the starting point for a refinement by adopting
a higher level of theory, viz. using the composite method CBS-QB3 [115] in the gas phase.

The CBS-QB3 is part of the so-called "Complete Basis Set" (CBS) methods of Petersson
and coworkers for computing very accurate energies and involves the following steps:
optimization and frequency calculations performed at the B3LYP/CBSB7 level; single point
calculations performed at CCSD(T)/6-31+G(d’) and MP4SDQ/CBSB4 levels. The total energy is
then extrapolated to the infinite-basis-set limit using pairs of natural-orbital energies at the
MP2/CBSB3 level and an additive correction to the CCSD(T) level.

With both levels of theory (DFT and CBS-QB3), Gibbs free energies (G) obtained in
vacuo have been corrected in order to take into account the solvent (water) effects by
adding the AG of solvation, in turn calculated as recommended by the G09 software. In
particular, this value has been calculated at the B3LYP/6-31G(d,p) level of theory by using
the SMD model by Thrular and co-workers [116]. This is the recommended choice for
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computing AG of solvation, obtained by performing single-point gas phase and SMD
calculations for the system of interest and taking the difference of the resulting energies.

Thermochemical data have been calculated adopting the default options, viz.
temperature: 298.150 K and pressure: 1.00000 atm. The conversion factor between Hartree
and kcal mol™ has been: 1 Hartree = 627.509 kcal mol™. The computed enthalpy, entropy
and Gibbs free energy were converted from the 1 atm standard state into the standard state
of molar concentration (ideal mixture at 1 mol L™ and 1 atm) in order to allow a direct
comparison with the experimental results in water solution. In particular, for conversions
from 1 atm standard state to 1 mol/L standard state, the following contribution needs to be
added to Gibbs free energy: RT In R'T, where R' is the value of Rin L - atm - K- molt[117].
This contribution always cancels out unless a process where a molecularity change (An)
between reagents and products occurs. Accordingly, this contribution should be written as:
An RT In R'T. As an example, in the reaction: A+ B = C, An = -1 and the contribution will be -
RT In R'T (-1.90 kcal mol™ at 298.150 K).

As mentioned, the DFT level of theory has been only adopted for preliminary and
screening purposes, thus all the Gibbs free energies data reported in the text do refer to the
CBS-QB3 level of theory, also including the solvent effect (hereafter named "SMD- CBS-
QB3").
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7. Results and discussion

During our study we checked the reactivity at 50°C of all catalysts shown in Table 2;
we measured cyclohexanone conversion and we determined the reaction products. We
also investigated the uncatalyzed cyclohexanone oxidation with HP.

7.1. Kinetic experiments

Figure 5 shows the result obtained with some of the catalysts listed in Table 2. For
comparison, the behavior shown in the absence of catalyst is also reported.

These catalysts are made of silica-based structures with incorporated Ti. The most
active catalysts from this group were 20MB, 16MB and MK143(3), all belonging to the Ti-
MMM class. The catalyst with the lowest content of Ti, SBA-16, showed the lowest activity
in the reaction. The results show that there is a rough proportionality between the Ti
content in catalysts and the conversion of cyclohexanone. The only exception was TS-1,
which however has a microporous structure, with smaller pores compared to the
mesoporous structure of MMM catalysts. This might affect diffusion of reactants and
hence decrease the reaction rate.

80
—4—SBA-16
60
° —— MK 143(1)
~ 50
s /" = MK 143(3)
B 40
] ~H=—16MB
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g 30 ~#=20MB
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—TS-1
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Time, h

Figure 5. Oxidation of cyclohexanone with HP in the presence of different catalyst and the uncatalyzed
reaction. Conditions: Immol cyclohexanone, 3 mmol H,0, (30% solution), 1ml H,0, 50°C, m(catalyst) =
15mg

Results of the reactions carried out with catalysts containing elements other than Ti
are shown in Figure 6. Some samples are made of the so-called TUD silicate structure,
which can host various types of elements [108]. Moreover, the reactivity of gallium oxide
with a nano-rod morphology, and of a H-Y zeolite (a Bronsted-type acid catalyst) are also
reported. The most active catalyst was gallium oxide. In the presence of Ga,03
cyclohexanone conversion was 80% already after 1 hour of reaction (the amount of gallium
oxide used was 7mg, instead of 15mg employed for other catalysts). It is necessary to take
into account that the distribution of the metal in the TUD silicate structure, either
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homogeneous inside the solid or concentrated at its surface, can greatly affect the
reactivity. The large difference in reactivity of Ga,03; and Me-TUD catalysts can be
explained by the fact that gallium oxide catalyst is in the form of bulk nanorods, thus
presenting a high ratio between the surface area and its volume; moreover, Ga** active
sites are not diluted inside an inert matrix. It is possible that in the case of Me-TUD systems
diffusional phenomena limit the reactivity, while in the case of gallium oxide active centers
are directly accessible to the reactants. From the literature, it is possible to derive the
following scale of Lewis acidity for the investigated catalysts shown in Figure 6: Zr* < Hf**
<Sn* <Ga* [108, 118]. According to this scale, the activity of the catalysts increase with
increasing the Lewis acidity and the most active catalyst is the strongest Lewis acid — Ga>*
Also Zeolite H-Y showed high activity (the kinetic experiments were carried out with
7 mg of this catalyst). The activity of this catalyst, showing only Br¢nsted-type acidity,
might be due to the fact that the protonation of H,0, leads to the formation of a strongly
electrophilic species, showing enhanced reactivity in carbonyl hydroperoxidation.
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Figure 6. Oxidation of cyclohexanone with HP in the presence of different catalyst compared with the
uncatalyzed reaction. Conditions: Immol cyclohexanone, 3 mmol H,0, (30% solution), 1ml H,0, 50°C,
m(catalyst) = 15mg (for Ga203 and Zeolite Y m(catalyst) = 7 mg)

Under these reaction conditions, the formation of e-caprolactone has never been
detected. Probably, the reason lies in the low temperature of the reaction, which limits the
consecutive transformation of the hydroperoxides formed (see below). It is worth noting
however, that in aqueous medium the CL, if formed, would probably be readily hydrolyzed
to produce the 6-hydroxyhexanoic acid. The analysis of the mixtures and identification of
the reaction products is described in the next chapter.

7.2. Identification of the reaction products

Reaction mixtures were first analyzed by means of HPLC. The analysis showed the
presence of only one reaction product, which was then found to correspond to the
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overlapping of several products which could not be separated. Therefore, we used ESI-MS
and NMR spectroscopy for the identification of these compounds.

The ESI-MS and NMR spectra of the mixture obtained with the uncatalyzed reaction
are given in the Figures 7 and 9, respectively.
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Figure 7. ESI MS spectrum of the uncatalyzed reaction mixture. Conditions of the reaction: Immol
cyclohexanone, 3 mmol H,0, (30% solution), 1ml H,0, 50°C, 2 hours

The main peaks identified were those related to cyclohexanone (MW=98 peak at
m/z=121=98+23) while peaks at m/z=155 and m/z=171 could correspond to one
compound with MW=132 (155=132+23, 171=132+39). Moreover, a peak of small intensity
having m/z=137 was shown, which could match a substance of molecular weight equal to
114 (+Na*); the most probable hypothesis is that the signal corresponds to e-caprolactone
(having MW=114), but the latter was not detected by HPLC, probably because of its low
concentration.

To confirm the possible presence of eg-caprolactone and to understand what the
compound with MW=132 is, *C-NMR analysis was carried out on the same mixture, after
extraction with deuterated chloroform (CDCl3).

3¢ NMR clearly shows a quaternary peak around 110 ppm with all other relevant
peaks exactly matching those reported in [119] for the Criegee intermediate, 1-
hydroperoxycyclohexan-1-ol (Figure 8). The molecular weight of this compound is 132.

HO OOH

Figure 8. 1-Hydroperoxycyclohexan-1-ol (Criegee intermediate)
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Figure 9. 'H and *C NMR spectra of the uncatalyzed reaction mixture extracted with CDCl;. Conditions
of the reaction: 1mmol cyclohexanone, 3 mmol H,0, (30% solution), 1ml H,0, 50°C, 2 hours

The signal of the C sp® of CL, which should be located at 177 ppm, was absent in the
NMR spectrum; the question arises why this compound is identified by means of ESI-MS.
One hypothesis that could explain this fact is that the CL is formed starting from the
Criegee intermediate during the injection in ESI-MS instrument.

Next step was the identification of the products of the reactions that were
performed in the presence of catalysts. We managed to isolate the crystals of one of the
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products from the reaction mixture in the presence of the Zeolite H-Y. This solid was
characterized by means of XRD, NMR and ESI-MS techniques (Figures 10, 11, 12).

X,

Figure 10. Structure of the crystals that were obtained from the reaction mixture in the presence of
Zeolite H-Y obtained by means of XRD.

TT.EE
6. 854
l

29.801
.}

0.000

FFEIREY

220 200 ia0 160 140 1z0 100 ao &0 40 20 0 = =1

Figure 11. BCNMR spectrum of the crystals that were obtained from the reaction mixture in the
presence of Zeolite H-Y, dissolved in CDCl;
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Figure 12. ESI-MS spectrum of the crystals that were obtained from the reaction mixture in the presence
of Zeolite H-Y, dissolved in CH;0H

By means of these techniques it was possible to identify the compound. The name of
this compound is 1-[(1-hydroperoxycyclohexyl)hydroperoxy]cyclohexanol, Its molecular
structure is given in Figure 13; it has MW=262 (ESI-MS: peak at m/z=285=262+23).

OOH HOO

OoO—o0O

Figure 13. 1-[(1-hydroperoxycyclohexyl)hydroperoxy]cyclohexane. Crystals that were obtained from
the reaction mixture in the presence of Zeolite H-Y

Further, by means of ESI-MS we could identify other products of the catalyzed
reactions. The list of products is given in Table 3.
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Table 3. Products of catalyzed reactions

Product ‘ Name of the product MW (g/mol) ‘ Letter
HO, OOH
1-Hydroperoxycyclohexan-1-ol
132 a
(Criegee intermediate)
HOO, OOH
1,1- Dihydroperoxycyclohexane 148 b

OH HO, 1-[(1-hydroxycyclohexyl) peroxy]-
CXREX0 S
o—o cyclohexanol

OH HOO 1-[(1-hydroperoxycyclohexyl)
(XX Mo | ¢
o—o peroxy]-cyclohexanol

OOH  HOQ 1-[(1-hydroperoxycyclohexyl)
O30 - |
o—0 hydroperoxy]-cyclohexane

Ho; o;| 1-[[1-[(1-hydroxycyclohexyl) dioxy]
fo cyclohexyl]ldioxy]-cyclohexanol

344 F

dioxy]cyclohexyl]dioxy]- 360 G

@ cyclohexanol
HOO

Q/O_O\Q 1-[[1-[(1-hydroperoxycyclohexyl)
HO Cl)

Q/O_O\Q 1-[[1-[(1- hydroperoxycyclohexyl)
HOO (|)

dioxy]cyclohexyl]dioxy]- 376 H

HOO@ hydroperoxycyclohexane

Identification of the products and their distribution were performed for the reactions
catalyzed with Zr-TUD-1, Hf-TUD-1, Sn-TUD-1, Ga,03, TS-1 and MK-143(1). Since it is not
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possible to make a quantitative analysis of these compounds by means of HPLC, because
the relevant standards are not available and also because most of these molecules cannot
be separated in the chromatographic column, we proceeded with a semi-quantitative
analysis by means of ESI-MS.

The evaluation was carried out taking as reference the peak of tetrahydrofuran
(THF), added as internal standard in a precise amount, and relating the intensity of the
other identified peaks to that one of the standard. To the most intense peaks we
attributed three pluses (+++), and then two or one according to the ratio between the
intensities. A "-" sign has been assigned when a compound is not present in the mixture.

The results of this semi-quantitative analysis are given in Table 4.

Table 4. Results of the semi-quantitative analysis carried out by ESI-MS.
+ + + high concentration; + + medium concentration; + low concentration; - product is absent

Identified compounds

Catalyst Xcnn (%)

a b c d E F H
24 ++ ++ +++ +++ + ++
Zr-TUD-1
41 + + + ++ +++ + + ++
25 ++ ++ +++ +++ + ++ + +
Hf-TUD-1
42 + + - ++ +++ + + ++
33 ++ +++ ++ +++ ++ ++ - -
Sn-TUD-1
75 + ++ - + +++ + + ++
34 + +++ - + ++ + - +
G3203
81 - + - + +++ - - +++
25 ++ ++ + ++ + + + +
MK-143(1)
70 + + - + ++ - + ++
25 ++ ++ ++ +++ - + - -
TS-1
50 + ++ + +++ - + + -

For some catalysts we also calculated the ratios between the peak intensity of the
product and the intensity of the internal standard THF.Catalysts Zr-TUD-1 and Ga,0s; were
studied more in detail, because in the scale of Lewis acidity the former holds the lowest
acidity and the latter the highest Lewis acidity. The results are shown in Table 5.
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Table 5. Results of the semi-quantitative analysis carried out by ESI-MS. The numbers are the ratios between
areas of the peaks of the product and THF.

Identified compounds

Catalyst Xcnn (%)

a b c d e F g h
20 0.7 4.4 2.3 4.6 1 0.8 0 0
Zr-TUD-1 24 0.5 5.3 1.1 7.1 2.2 1.1 0.3 0.3
41 0.2 3.6 0.2 4.6 34 0.6 0.4 1.2
25 0.9 4.8 2.1 7.6 1.5 1 0.3 0

Hf-TUD-1
42 0.1 2.2 0 33 35 0.2 0.6 1.7
33 1 7.4 2.3 8.7 2.5 0.9 0 0

Sn-TUD-1
75 0.2 2.2 0 1.9 3.9 0.1 0.3 1.3
10 0.2 3.7 0 0.6 0.7 0.2 0 0.3
30 0.1 5.1 0 0.9 2.2 0.3 0 0.6
Ga,0; 44 0.1 4.5 0 1.1 35 0.3 0 1.2
64 0 1.4 0 0.2 2 0.1 0 1.2
80 0 0.9 0 0.1 3.5 0 0 1.8

The following considerations can be done based on these semi-quantitative data:

- The compound a (Criegee intermediate) was present in all reaction mixture in low
or medium concentrations;

- The formation of product b seemed slow in the presence of Zr and Hf-based and
MK-143(1) catalysts, while it was faster in the case of Sn and Ga, but the concentration of b
decreased at high cyclohexanone conversion, an event which is typical of a product that is
initially formed and then takes part in subsequent reactions;

- The product ¢ formed quickly in large amount with Zr and Hf-based catalysts, and
with TS-1, and only in a small amount in the case of Sn-TUD-1; ¢ was not detected in the
reaction with Ga,0s. At high cyclohexanone conversion the amount of ¢ in the reaction
mixture decreased, which means that the product is involved in a consecutive reaction
after its formation;

- A similar trend was also shown in the case of compound d, since it remained in low
concentration when cyclohexanone conversion was high;

- Product e was a secondary product for Zr-TUD-1, Hf-TUD-1 and MK-143(1), while its
formation was faster in the case of Sn-TUD-1 and Ga,0s; e did not form in the presence of
TS-1;

- Product f was present in the final mixtures of Zr, Hf and Sn-TUD-1 catalysts and TS-
1, but is not detected in the case of Ga,03and MK-143(1) at high CHN conversions;

- Product g formed in small quantities in all cases, with the exception of gallium
oxide;
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- Product h showed the typical behavior of a secondary product; it formed in a
significant amount in the case of the Ga-based catalyst, and did not form at all in the case
of TS-1.

- Concluding, the Lewis acidity of catalysts affected the product formation. More acid
catalysts, such as Sn-TUD-1 and Ga,0s;, formed a greater amount of the bis-hydroperoxide
and less of the Criegee, and showed the higher rates of transformation of this molecule
into heavier condensed products, which are also bis-hydroperoxides.
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7.3. Study of the mechanism of BV oxidation of
cyclohexanone with hydrogen peroxide

In the analysis of the reaction mixture of cyclohexanone (CHN) oxidation with
aqueous solution of HP by means of NMR spectroscopy, we detected the formation of the
Criegee intermediate (chapter 7.2).

In order to understand the mechanism of formation of this compound from
cyclohexanone, we carried out in-situ NMR-experiments. For these experiments we used
cyclohexanone labeled with B3Cin the carbonyl group, in order to obtain a stronger signal
for this atom.

The first experiment was performed by means of the following procedure: the
mixture contained 25 mg of *C-CHN and 0.75 mL of deuterated water (D,0) was loaded in
the NMR tube. The *C-NMR analysis of **C-cyclohexanone was done, and then we added
80 pL of 30% HP and let the reaction proceed until 55 hours, at 50°C. The same operating
conditions and amounts of reagents were used in all subsequent in-situ NMR experiments.
The concentrations used for these tests were about 1/20th of those used in similar
reactions followed by ESI-MS and HPLC. The spectra were acquired every hour from the
time t=0 (time when we added HP) to 55 hours.

The spectrum recorded before the the addition of hydrogen peroxide is shown in
Figure 14; it clearly shows a B¢ peak at 220 ppm, indicating the presence of the ketone
only.

|

220 200 180 160 140 120 100 BO &0 40 20 o Epm
. 13 13
Figure 14. "C-NMR spectrum of ““C-cyclohexanone

At this point the NMR tube was removed from the NMR instrument, and
immediately HP was added. The tube was placed again in the NMR instrument and a new
spectrum was recorded after a minimum shimming of the instrument. The whole
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operation took no more than 5 minutes. The spectrum recorded just after HP addition is
reported in Figure 15.

ZZ0._302

. - L_L |H

220 200 180 160 140 120 100 a0 &0 40 20 0 FEm

Figure 15. BC-NMR spectrum of the reaction mixture at the time t=0. Temperature 50°C

The NMR spectrum recorded at time t = 0 shows, besides the peak of the carbonyl
carbon in the reagent, a new peak at & = 103 ppm with an intensity equal to that of the *C-
CHN.

b)

L e e s B e e B s B s s e e B L A A e s |
45 40 35 30 25 20 15 Ppm

Figure 16. Comparison between the aliphatic portions of the spectra reported in Figures 14 and 15
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Analysis of the aliphatic portions (Figure 16) of the two 3C NMR spectra reported in
Figures 14 and 15 highlights that that the unknown compound is symmetrical, like
cyclohexanone. In fact, the aliphatic portion of the 13C NMR spectrum prior to the addition
of H,0, (Figure 16a) clearly showed three different signals: one downfield signal for the
two symmetrical C2 and C6 carbons, one signal for the two symmetrical C3 and C5 carbons
and one signal for the C4 carbon. After the addition of HP (Figure 16b) three new signals
appeared in the aliphatic portion of the **C NMR spectrum, indicating that the symmetry of
the starting cyclohexanone was retained in the unknown compound. Moreover, the C2 and
C6 signals of the unknown compound were shifted upfield indicating that they were less
deshielded, meaning that they were now bonded to a C1 carbon, less electrophilic than the
starting carbonyl group.

After HP addition, *C NMR spectra were recorded at regular intervals over 55h. An
array of NMR spectra was obtained (Figure 17). The analysis of this array shows that after
initial fast formation of the unknown with *C peak at 103 ppm, a new compound with a
typical 3¢ shift of 110 ppm slowly started to form and its formation steadily increased over
time. On the basis of both the results obtained from the batch reaction and the fact that
the NMR peak at 110 ppm matches that one obtained by the batch reaction, we can assign
this signal to the Criegee intermediate.

1 . 55h

L s 50h

I

I

I 1 ash
| | o 20h
|
J
|

L A 35h
L e 30h
L it 25h
J . e 20h
N — -
| gy N
i N sh
—— Oh
so 200 sme | ae0 | aae | 1z a0 s e s 20 o ppm

Figure 17. Array of the BCNMR spectra for the reaction of 13C-cyclohexanone with H,0,, taken at regular
intervals over 55h

51



To try to get more insight on the kinetics of the reaction, any single spectrum of the
array above was analyzed, and the peaks at 220, 103 and 110 ppm were integrated
separately. Integration of B3C NMR signals is not an easy and reliable operation, however in
this case integration was performed on signals derived from a carbon atom not in natural
abundance, but on an atom with 99% isotopic abundance and might be useful to
qualitatively spot trends.

The analysis is reported in Figure 18, where are reported the relative intensities of
the starting cyclohexanone (CHN) the unknown (DIOX) and the Criegee. The graph seems
to indicate that cyclohexanone and the unknown were in a ratio about 1:1 and that this
ratio was maintained throughout the course of the reaction. They both steadily decreased
over time while there was a steady and linear increase in the amount of Criegee.

13C-CHN
&0
=Ty 1 - > -
)
£ 30
=
=
20
10
0 5 10 15 20 25
t(h)
o— CHN CHOX, CRIEGEE

Figure 18. Relative amounts of the starting cyclohexanone, unknown and Criegee as determined from
integration of the corresponding Bc signals.

3¢ NMR analysis showed that the unknown compound retains the symmetry of the
starting cyclohexanone and has a characteristic *C NMR peak at 103 ppm. This
information can be paired to that obtained from ESI-MS measurements, that show an
unknown peak at m/z=115, that we supposed to be CL.

Based on these observations, the structure of the unknown compound can be
tentatively assigned to the cyclohexylidene dioxirane (Figure 19). In fact, this compound
retains the starting cyclohexanone symmetry, its C1 is less electrophilic than that of
cyclohexanone, and its mass (114) is in accordance with ESI-MS data.

Moreover, the low temperature *C NMR spectrum of this dioxirane is reported in
the literature [120] and the chemical shift reported there 6 = 104.3 ppm is very close to
what we observed.
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0-0
+H,O0p —— é + Hy0

HO O-OH

110 ppm

Figure 19. Different species observed by BCNMR during the reaction between 13C—cyclohexanone and
H,0,.

The only doubts that were left at this point were the fact that in the JACS paper [120]
it was reported that the dioxirane cannot survive longer than few minutes in CDCl3 at room
temperature. Moreover, we were wondering whether the different solvents used for the
various NMR analyses in the literature and ours solvents (dioxane, CDCls;, D,O) might be
responsible for a dramatic resonance shift, thus altering considerably that basis of our
structure assignment. We therefore did another NMR experiment (Scheme 17). Be.
cyclohexanone was mixed with D,O as usual and then HP was added. As usual- the
unknown compound at 103 ppm immediately formed as a 1 : 1 peak compared to starting
B3C-cyclohexanone. Immediately after (5 min) recording this NMR, the same sample was
extracted with CDCl; and **C NMR spectra were recorded for both the CDCl; layer and the
D,0 layer. The CDCl; layer only contained starting 13C—cylohexanone: no peak was visible in

the region 80-120 ppm. The D,0 layer showed no visible peak (Figure 20).
CDCl, 9

layer
—

220 ppm 220 ppm 103 ppm

o 0 _ only! no trace of
H20, P CDCly both the unknown

D,O extraction and of the 110 ppm compound

_— +

5 min 5 min

roughly 1:1
by '3C NMR L > nothing visible
D,0
layer

Scheme 17. Scheme of the NMR experiment with the aim to check the stability of unknown compound in
organic solvent
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tsmin Solution in DO after extraction with CDCl;

B L e ]

tsmin extracted with CDCl;

tomin ~C-CHN with HP

13
to “C-CHN
220 200 180 160 140 120 100 80 60 40 20 % PP

Figure 20. Bc-NMR spectra of the mixture after 5 min of reaction, extracted solution and solution in
deuterated water after the extraction with CDCl;

In our view, this means that:

e the unknown at 103 ppm cannot be the Criegee, since we know from the batch
reaction that the Criegee can be extracted into CDCl; and it can survive those
conditions;

e in CDCl; the unknown at 103 ppm either reverts back to the starting *C-CHN or is
destroyed;
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e the unknown at 103 ppm must be in some way stabilized by the water
environment, since during the NMR studies we performed in D,0, it remained
present for as long as a whole weekend;

e the unknown compound is the dioxirane of cyclohexanone.

Further investigations were carried out with the aim to understand the mechanism
leading from cyclohexanone to the dioxirane intermediate and further to the final
products.

To determine whether the hydrogen atoms in a position to the carbonyl-group of
cyclohexanone took part in the reaction, we carried out more experiments to verify the
presence of a kinetic isotope effect using both cyclohexanone (CHN) and cyclohexanone
labelled with four deuterium atoms in the a-positions to the carbonyl (D4;-CHN). If the H
atoms in a position were involved in the reaction mechanism, we should note:

1) a decrease in the rate of oxidation of D4-CHN compared to CHN;

2) in the ESI-MS spectra we should see that the deuterium atoms have been

exchanged with hydrogen.

The reactions were conducted using the 30% aqueous solution of HP (CHN:HP = 1:3)
and H,0 as the solvent (CHN:H,O = 1:20), at a temperature of 50°C. ESI-MS spectra were
recorded at time t = 0 h and after 2 hours of reaction. Spectra are given in Figures 21 and
22.

In the ESI-MS spectrum of the reaction mixture at time t=0 (Figure 21) there were
only peaks that corresponds to the D;-CHN (MW=102): m/z = 103 = 102+1 and m/z = 205 =
102*%2 + 1.

100+ 103
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Figure 21. ESI-MS spectrum of the reaction mixture at time t=0, starting compound — D,-CHN
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Figure 22. ESI-MS spectrum of the reaction mixture after 2 hours of reaction, starting compound -
D,-CHN

In the ESI-MS spectrum recorded after 2 hours of reaction, there are the peaks of the
D4-Criegee intermediate (MW = 136, m/z = 159 = 136 + 23), the dioxirane of D4-CHN (MW =
118, m/z = 119= 118 + 1) and D4-CHN (MW = 104, m/z = 103 = 102 + 1; dimer MW = 204,
m/z = 205 = 204 + 1). As can be noted, there are only signals related to species having all 4
deuterium atoms (in a-positions) in the spectrum; this means that the C-D bonds are not
involved in the reaction mechanism.

In order to check whether the rates of oxidation of D,-CHN and CHN were different,
we performed another set of experiments. First, we compared their reactivity at 50°C and
30°C, and calculated the kinetic constants of the reaction. Conditions of reaction were:

e 0.1 mL of CHN/D4-CHN;

e 0.1 mLof H,0;

e 0.34 mL of H,0,;

e 50/30°C.

Comparison of the conversion achieved with D4-CHN and CHN is shown in Tables 6
and 8, and in Figures 23 and 24.

The kinetic constants of the reactions are reported in Table 7 and 9.
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Conversion, %

Table 6. Reactivity of the CHN and D,-CHN at 50°C

Time, hours X (CHN), % X (D4-CHN), %
0.5 15 13
1 23 22
1.5 30 32

Table 7. The kinetic constants of the cyclohexanone oxidation at 50°C

Reagent ‘ k, sec
CHN 5.6-107
D;-CHN 6.7-107
35
°
30 L 2
25
 §
20
- . @ CHN
® ® D4-CHN
10
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0
0 0,5 1 1,5 2
t,h

Figure 23. Conversion of the CHN and D,-CHN at 50°C

Table 8. Reactivity of the CHN and D,-CHN at 30°C

Time, hours X (CHN), % X (D4-CHN), %
0.5 9 -
1 14 9
1.5 24 -
3 - 16
4 - 21

Table 9. The kinetic constants of the cyclohexanone oxidation at 30°C

Reagent ‘ k, sec™
CHN 4.9-10°
D;-CHN 1.4-107
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Figure 24. Conversion of the CHN and D,-CHN at 30°C

The conversion rate for D4-CHN and CHN at 50°C were the same. The values of the
kinetc constants were also very similar. This confirms that there is no kinetic isotopic
effect, and that the a-carbon and hydrogen atoms are not involved in the reaction
mechanism. However, at 30°C the conversion rate for the D,~-CHN was slower than for the
CHN. Probably, in this case we have some inhibition effect due to the steric hindrance of
deuterium atoms.

Another experiment was carried out in order to confirm the absence of the isotopic
effect: we carried out the reaction of an equimolar mixture of D;-CHN and CHN, at 50°C
with HP, and measured reactants conversion by means of GC-MS. Conditions of reaction
were the same, except that in this experiment we used a mixture containing 0.05 mL of D4-
CHN and 0.05 mL CHN. After reaction, we carried out the usual treatment of the reaction
mixture, and finally carried out an extraction of 2 mL of the mixture with CH,Cl,. We also
conducted the same treatment with the starting mixture in order to have a reference
analysis, comparing the GC-MS spectra of the two extracts. We then calculated the ratio
between the two compounds, and we found it to be equal to 1 in both the fresh and used
solutions. In other words, the two compounds reacted exactly with the same rate, which
confirms that the a-atoms are not involved in the reaction mechanism.

Next step was the computational study of the uncatalyzed cyclohexanone oxidation
into dioxirane and other products. The calculations were done in the collaboration with Dr.
Davide Ravelli, University of Pavia.

The study is presented in different sections, the first one focusing on the formation
of the dioxirane, and further two rationalizing the formation of the final products.

58



Dioxirane formation

As for dioxirane formation from cyclohexanone, the theoretical simulations predict a
slightly endergonic process, as indicated in Scheme 18.

0-0

SMD-CBS-QB3 AG = + 1.64 kcal mol™

Scheme 18. The process considered for the formation of dioxirane intermediate and the predicted Gibbs
free-energy change associated with it (solvent effect included)

The mechanism involved in the dioxirane formation was next considered through a
detailed computational simulation. First of all, it must be pointed out that the peculiar
"chair-like" conformation of cyclohexanone offers two non-equivalent faces of the
carbonyl group, thus two distinct trajectories have been considered, one equatorial
(hereafter tagged as "EQ") and one axial (hereafter tagged as "AX"; see Scheme 19).

Axial
Trajeqtory

Equatorial
Trajectory

Scheme 19. The different modes of approach to the cyclohexanone molecule considered in the present
study

The reaction involves a rearrangement of the hydrogen peroxide molecule to give a
water molecule with the concomitant release of an O atom to the carbonyl group. Several
possible pathways were considered based on the role of solvent molecules as proton
relays, i.e. accepting and releasing a proton at the same time, finally resulting in the
reaction above. A different number of water molecules (from 0 to 2) was explicitly
incorporated in the optimization of the structure and then the continuum solvent effect
was included via single point calculations (see Computational part for details).

The first situation examined (hereafter named as "N-0", where N stands for Neutral -
indicating that no charged species is involved - and the number specifies how many water
molecules have been included into the optimization; see Table 10 for details) refers to the
involvement of a single hydrogen peroxide molecule, where the final water molecule
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incorporates the distal oxygen and a H from the adjacent oxygen atom. This process occurs
with an activation Gibbs free energy (AG*) of more than 50 kcal mol™, independently from
the trajectory adopted by the approaching hydrogen peroxide molecule. Next, we
introduced a water molecule acting as a relay system in the optimization (pathway dubbed
as "N-1"), accepting a H from proximal oxygen and releasing another H to the distal one, in
a cyclic TS. Very similar activation energies as those obtained above for N-0 were found
(AG* > 50 kcal mol™). The incorporation of a further molecule of water in the cyclic
transition state in such a way as to obtain a larger ring ("N-2" pathway) resulted in slightly
lower activation energies, in this case around 45 kcal mol™ (ca. 5-10 kcal mol™ lower than
above). We further examined the situation including two molecules of water by considering
different arrangements of the reacting cluster. Thus, we took the TSs from N-1 pathway as
the starting structures and added the second H,O molecule coordinated via hydrogen
bonding to either the distal oxygen (N-2D pathway) or to the carbonyl oxygen (N-2C
pathway). Activation energies consistently around 50 kcal mol™* were again observed.

Table 10. Optimized transition structures for the formation of dioxirane from cyclohexanone under
neutral conditions, involving from 0 up to 2 molecules of water as catalysts. AG* at the SMD-CBS-QB3
level of theory have been reported, taking the difference between the TSs and the complexed reagents;
the values in parentheses refer to the AG* when considering the sum of Gibbs free energies of
cyclohexanone and hydrogen peroxide.

AXIAL Trajectory EQUATORIAL Trajectory

TS N-0ax TS N-Ogq

)
23 9
4
O CJ
AG* =+ 53.00 kcal mol-! AG* = + 52.83 kcal mol-!
(AG* = + 56.02 kcal mol-1) (AG* = + 54.73 kcal mol1)
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AG* = + 55.31 kcal mol-!
(AG* =+ 62.73 kcal mol1)

TS N-1gq

AG* =+ 52.26 kcal mol-1
(AG* =+ 61.29 kcal mol1)

TS N-2ax

AG* = + 46.96 kcal mol-!
(AG* = + 60.85 kcal mol1)

TS N-2gq

-

) 9

AG* = + 44.63 kcal mol-!
(AG* = + 58.77 kcal mol-1)

TS N-2Dax

oD

AG* = + 55.06 kcal mol-1
(AG* = + 68.32 kcal mol-1)

TS N-2Dkq

AG* = + 53.72 kcal mol-1
(AG* = + 67.89 kcal mol1)
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TS N-2Cax TS N-2Cgq

AG* = + 52.48 kcal mol-! AG* = + 49.97 kcal mol-?
(AG* = + 66.25 kcal mol1) (AG* = + 64.72 kcal mol1)

Since hydrogen peroxide is slightly more acidic than water, it is expected to be
partially dissociated in the reaction mixture and a non-negligible amount of the
hydroperoxide anion is expected to be present in solution. Thus, we evaluated the possible
role of this anion by modeling the reaction of cyclohexanone and HOO™ to give the
dioxirane and the hydroxide anion (HO), hereafter tagged as "anionic pathway" (these
paths were dubbed with the letter "A"). First, we examined whether this reaction occurred
either via a two-step mechanism, involving the initial nucleophilic addition of the anion to
the carbonyl to give a tetrahedral intermediate finally evolving into the product, or in a
single step, as reported in Scheme 20.

0-0
T — é . HO
HO.
O
0 —

Intermediate A

Scheme 20. Possible anionic pathways for the formation of the dioxirane intermediate

Indeed, any attempt to locate "Intermediate A" using the DFT approach failed, since
it was not possible to optimize a structure as that reported in Scheme 20 but only a sort of
complex, where a hydroperoxide anion was interacting with the carbonyl (by the way, the
energy of this complex was very similar to the sum of the energies of cyclohexanone and
hydroperoxide anion alone; data not shown). This is a strong indication that the anionic
pathway should follow a single-step mechanism. Adopting the same approach as above, we
devised several situations, where molecules of water have been included in the
optimization to check their role in the reaction. Indeed, it was found that the uncatalyzed
process (tagged "A-0"; no water molecule included) occurred with a markedly lower

62



activation energy with respect to the neutral path described above. Indeed, the axial
trajectory showed an activation energy around 20 kcal mol™, while the equatorial one was
less favorable, around 25 kcal mol™. Again, the effect of introducing a molecule of water in
the role of the catalyst was likewise evaluated. In particular, since no cyclic transition state
could be modeled here, we decided to check the effect of coordination of the distal
oxygen, where the most important structural changes were occurring (pathway dubbed as
"A-1"). This had a further beneficial effect, since a marked decrease of AG* was observed,
with both reaction pathways showing a value around 14 kcal mol™.

Table 11. Optimized transition structures for the formation of dioxirane from cyclohexanone under
anionic conditions, involving from 0 to 1 molecules of water as catalysts. AG* at the SMD-CBS-QB3 level
of theory have been reported, taking the difference between the TSs and the complexed reagents; the
values in parentheses do refer to the AG* when considering the sum of the Gibbs free energies of
cyclohexanone and the hydroperoxide anion

AXIAL Trajectory EQUATORIAL Trajectory

TS A-O/_\x TS A'OEQ

AG* = + 19.33 kcal mol™ A G* = + 25.48 kcal mol™
(A G* = + 34.32 kcal mol™) (A G* = + 35.21 kcal mol™)
TS A-1ax TS A-1gq

A G* = + 14.02 kcal mol™ A G* = + 13.43 kcal mol™
(A G* = + 33.32 kcal mol™) (A G* = + 29.82 kcal mol™)
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Criegee intermediate formation

Next, we shifted out attention on the formation of the Criegee intermediate. This
may be formed either from the starting ketone or from the dioxirane intermediate. The
thermodynamics of both reactions is reported in Scheme 21 and highlights the slightly
exergonic character of both processes.

O 0O-0
+ Hy0O,

\J

+ H,O

AG =-0.94 AG =-2.57
kcal mol™ kcal mol™

HO O-OH

Scheme 21. The processes considered for the formation of the Criegee adduct and the predicted Gibbs
free-energy change associated with them (solvent effect included)

Thus, we explored in details both reaction pathways, adopting the same approach as
above, by inclusion of molecules of water as catalysts in the role of facilitating the
structural rearrangement. As for the formation of the Criegee adduct from cyclohexanone
(hereafter dubbed as pathway "K"), this can be described as the formal addition of a
molecule of hydrogen peroxide to the carbonyl moiety. Indeed, no uncatalyzed pathway
was found (no "K-0" path), while the inclusion of one (K-1) or two (K-2) molecules of water
resulted in the location of the desired cyclic transition states, showing activation energies
around 29 and 23 kcal mol™, respectively (see Table 12). The corresponding anionic
pathway was not investigated, since this would involve the same Intermediate A reported
in Scheme 20 (not observed; see above for details).

64



Table 12. Optimized transition structures for the formation of the Criegee adduct from cyclohexanone
under neutral conditions, involving from 1 to 2 molecules of water as catalysts. AG* at the SMD-CBS-QB3
level of theory have been reported, taking the difference between the TSs and the complexed reagents;

the values in parentheses do refer to the A G* when considering the sum of the Gibbs free energies of

cyclohexanone and hydrogen peroxide.

AXIAL Trajectory EQUATORIAL Trajectory
TS K-1ax TS K-1gq

'

)

AG* = + 29.43 kcal mol™ A G* = + 28.69 kcal mol™
(A G* = + 36.87 kcal mol?) (A G* = +36.96 kcal mol™)
TS K-2ax TS K-2¢q

/J v
e

» ;‘»ﬁt XS

A G* = + 23.44 kcal mol™ A G* = + 23.48 kcal mol™®
(A G* = +36.37 kcal mol™) (A G* = + 35.61 kcal mol™)

Analogously, we evaluated the reaction course from dioxirane to the Criegee adduct.
We initially reasoned that this process involves a simple hydrolysis of the three-membered
ring. In turn, this could occur via breaking of either the O-O or one of the two C-O bonds. As
in the case of cyclohexanone, also here two different approaching modes can be envisaged;
indeed, we named the pathways as axial or equatorial according to the molecule side
involved in the formation of the new O-0 bond (see Scheme 19 above).

As for the O-O breaking pathway, we found several TSs (the corresponding pathways
have been named as "D"), but none of them pertained to the uncatalyzed process (no TS D-0
structure found), while the corresponding situations including 1 or 2 molecules of water,
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acting as proton relays, gave activation energies around 48 and 34 kcal mol™, respectively,
supporting the role of water in facilitating this rearrangement (Table 13).

Table 13. Optimized transition structures for the formation of the Criegee adduct from the dioxirane
under neutral conditions, involving from 1 to 2 molecules of water as catalysts. AG* at the SMD-CBS-QB3
level of theory have been reported, taking the difference between the TSs and the complexed reagents;
the values in parentheses refer to the AG* when considering the sum of the Gibbs free energies of
dioxirane and water

AXIAL Trajectory EQUATORIAL Trajectory

TS D-1ax TS D-1gq

¥
o L 0o o @

AG* = + 47.89 kcal mol™ A G* = + 48.50 kcal mol™
(A G* = + 59.94 kcal mol™) (A G* = +59.55 kcal mol™)
TSD-2x TSD-2¢q

2@
*9,

A G* = + 35.23 kcal mol™ A G* = + 33.48 kcal mol™
(A G* = +52.91 kcal mol™) (A G* = + 50.44 kcal mol™)

In contrast, all the attempts to identify a similar process involving the cleavage of
either of the C-O bonds failed, since the system evolved to the formation of a carbonyl oxide
intermediate (pathway hereafter tagged as "X"; Table 14), independently from the number
of water molecules included in the simulation. Also in this case, the usual axial/equatorial
dichotomy has been observed. Once formed, the carbonyl oxide, which is a valence isomer
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of the original dioxirane, can undergo a hydration reaction to give the Criegee adduct.
Indeed, this process occurs with very low activation energies, in the 10-15 kcal mol™ range
(data not reported).

Table 14. Optimized transition structures for the isomerization of dioxirane to carbonyl oxide. AG* at the
SMD-CBS-QB3 level of theory have been reported, taking the difference between the TSs and the starting
dioxirane

AXIAL Trajectory EQUATORIAL Trajectory

TS XAX TS XEQ

AG* = + 36.87 kcal mol™ AG* = + 36.62 kcal mol™

Bis-hydroperoxide formation

Finally, some hypotheses on the formation of the a,a-bis-hydroperoxide have been
considered. Thermodynamic considerations supported that this product would not arise
from the original ketone, since this would involve two hydrogen peroxide molecules at the
same time, an unlikely process. A more palatable hypothesis was that the bis-hydroperoxide
arose from the dioxirane, via a further step involving a single molecule of H,0,, a process
calculated to be exoergonic, with a AG near -10 kcal mol™.

OH
O O-OH

+ HOp —— )\i

SMD-CBS-QB3 AG = - 8.54 kcal mol™’

0-0

Scheme 22. Possible pathway for the formation of the bis-peroxide

We undertook the same investigation as above in order to describe the opening of the
three-membered ring, but any attempt to describe either the O-O and the C-O bonds
breaking in the presence of hydrogen peroxide and a variable amounts (from 0 to 2) of water
molecules failed. Indeed, we propose a similar behavior as that observed above for the
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Criegee adduct, claiming the involvement of a carbonyl oxide intermediate, that further
undergoes addition of a hydrogen peroxide molecule to give the final bis-hydroperoxide.

To conclude the computational part, a plausible reaction mechanism supported by
both theoretical simulations and experimental data is reported below (see Scheme 23). The
dioxirane results from a sort of nucleophilic addition to the carbonyl by the hydroperoxide
anion. The huge activation energies observed for the corresponding neutral pathway
militates against the intervention by a (neutral) hydrogen peroxide molecule. Experiments
suggest that the dioxirane and the starting ketone are in fast equilibrium with each other,
and both of them may be responsible for the formation of the Criegee adduct. Indeed,
theoretical calculations suggest that addition of hydrogen peroxide to the ketone is more
favored than hydrolysis of the dioxirane intermediate (compare the activation energies of
the pathways "K" and "D"). If operating, the latter path may involve a further intermediate,
viz. the carbonyl oxide. Formation of the bis-hydroperoxide, presumably involves again the
dioxirane, likewise via the carbonyl oxide.

Q Hoo- QP
H,O 2
l 2 2/\ @OI,O

HOO ooH

Hy05

HOO 4H

Scheme 23. Proposed reaction mechanism of the uncatalyzed oxidation of cyclohexanone

In case, when the reaction is carried out in the presence of the catalyst, the Criegee
intermediate and bis-hydroperoxide are further transformed into heavier compounds
(Scheme 24).
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Scheme 24. Reactions that take place in the BV oxidation of cyclohexanone in the presence of

catalyst.

Concluding, some important considerations can be argued based on the reaction

mechanism hypothesized and the role of Lewis-acid catalysts in cyclohexanone

hydroperoxidation:

1.

2.

3.

Cyclohexanone reacts to yield either the dioxirane compound, or the Criegee
intermediate. Indeed, the former species is in equilibrium with the
cyclohexanone, and the equilibrium is established very rapidly.

The dioxirane species may evolve towards the formation of the bis-
hydroperoxide compound. Both the latter and the Criegeee intermediate
undergo successive condensation reactions, leading to different types of heavier
compounds.

The Lewis acidity of the catalyst seems to play an important role in addressing
the transformation of cyclohexanone either to the Criegee or to the dioxirane.
Probably the interaction of the ketone with the Lewis site stabilizes the dioxirane,
shifiting the equilibrium towards an enhanced quantity of this compound.
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The two-step oxidation cyclohexene to
adipic acid via 1,2-cyclohexanediol

This part of my research dealt with the two-step process for the production of AA,
where first cyclohexene (CH-ene) is oxidized to trans-1,2-cyclohexanediol (CHD) with
hydrogen peroxide (HP), and then the latter is transformed to AA with molecular oxygen

(Scheme 25). The research was carried out in collaboration with Radici Chimica Spa and
was patented [121].

Hzoz 3/20
-HZO H*]

Scheme 25. Two-step approach to produce AA starting from cyclohexene
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8. The first step: cyclohexene dihydroxylation

The dihydroxylation of olefins can be performed in the presence of KMnO,4, OsO,4 or
alkylhydroperoxides via the formation of epoxide that is further hydrolyzed into the cis-diol
[122, 123, 124]. Due to the low efficiency of these oxidants, numerous studies have been
carried out in order to find active systems for the transformation of olefins into diols using
HP as the oxidant. Hydrogen peroxide is a strong and “green” oxidant, because the only by-
product it gives is water. The dihydroxylation of olefins with HP can be catalyzed by
complexes of transition metals, for example, polyoxometalates [125], CH3ReO5; [126],
H,WO0, [127, 128], and by various heterogeneous catalysts. The use of heterogeneous
systems, such as zeolites, Ti-B [129], Nb-MCM-41 [130], Ti-MMM and Ce-SBA [131], Ti-
B[132] etc., was investigated, even in the absence of organic solvents. These systems
showed low selectivity to the formation of the diol (<60%) due to the formation of the by-
products epoxides, alcohols, and ketones. It has been reported that it is possible to
increase the yield of the diol until 98% by using a resin-supported sulfonic acid with 30%
aqueous HP at 70°C, without solvent [133]. Cyclohexene epoxide can be formed by two
routes: epoxidation by cyclohexenyl hydroperoxide or by HP [134].

The systems based on tungstate anions are the most studied catalysts to produce the
epoxide, because are more prone to give oxygen transfer rather than disproportionation
[135, 136, 137, 79, 138]. In the dihydroxylation of cyclohexene to CHD, Venturello and
Gambaro achieved 87% vyield to the diol; the reaction was performed at 70°C with both
cyclohexene and catalyst dissolved in benzene and an aqueous solution of HP [70].

In our investigation we used homogeneous tungstic/phosphoric acid catalytic system
and HP as the oxidant.
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8.1. Experimental part
8.1.1. Synthesis of the catalyst

The catalyst for the first step of the process was prepared by the following method:
in the aqueous HP with the required concentration we dissolved tungstic and phosphoric
acids. We investigated the effect of the amount of each component on the selectivity to
CHD.

8.1.2. Catalytic measurements

Catalytic experiments were performed in a three-neck flask of 250 mL volume
equipped with a condenser, magnetic stirrer and thermometer. The solution containing
the catalytic system, HP and Aliquat 336 (a quaternary ammonium salt of octyl and decyl
chains), which was used as a phase transfer agent (PTA), were loaded in the flask and
heated up to 50°C, then left stirring at this temperature for 15-30 minutes. Next,
cyclohexene was added to the mixture dropwise (5g/min); the temperature of the mixture
was controlled by the heating bath to keep the temperature at 70°C. When the
temperature was stabilized, the reaction was conducted for the required reaction time.

We also carried out an experiment using optimal conditions, but changing the
sequence of reactants addition. The results were the same as those obtained with the
standard procedure.

8.1.3. Treatment of the reaction mixture

When the reaction was finished, the reaction mixture was filtered and then divided
into two parts.

The first part was analyzed by means of ionic chromatography in order to determine
the amount of carboxylic acids, and by titration with KMnO,4 in order to determine the
amount of residual HP.

The second part of the solution was loaded into the rotating evaporator to eliminate
water. The resulting solid was weighed and then dissolved in methanol and analyzed by
means of gas chromatography, in order to determine the amount of CHD and of other non-
acid reaction products, such as 2-cyclohexe-1-ol and 2-cyclohexe-1-one.

8.1.4. Analysis of the reaction products

As it was already mentioned before, the mixtures were analyzed by means of ionic
and gas chromatography.
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8.1.4.1. lonic chromatography

The analysis was done with an ionic chromatograph Dionex 2000isp with lonPac ICE
ASle column and suppressor AMMS ICE. As an eluent, we used the 2.5% solution of
octanesolphonic acid in isopropanol.

8.1.4.2. Gas chromatography

For the GC analysis we used a chromatograph Agilent 6850 GC, equipped with FID
detector, PTV injector, and a HP-INNOWax Polyethlene Glycol capillary column, using a
temperature ramp from 50°C to 230°C.
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8.2. Results and discussion

The experiments were carried out with tungstate acid as the catalyst, phosphoric
acid as co-catalyst and Aliquat 336 as phase-transfer agent.

First of all, we studied the role of both PTA and H3PO,4 by varying the molar ratio of
these compounds. The results of these experiments are summarized in Table 15.

Table 15. Effect of the H3PO,4 and PTA on the cyclohexene conversion and selectivity to CHD. Reaction
conditions: T=70°C, HP concentration 7.5 wt.%

H;PO,/ PTA/ CH-ene/ HP/

Entry H,WO, H,WO0, H,WO0,

t,h X (CH-ene), % Y (CHD), %

1 1 0 0.48 100.4 112.6 3.3 82.9 78.1
2 1 0.27 0.74 100 113.1 3.0 100 97.4
3 1 0.5 0 100.4 111.5 3.4 7.6 -

4 1 0.5 0.25 100.3 110.2 2.6 100 90.3
5 1 0.5 0.32 99.5 110.6 2.7 100 96
6 1 0.5 0.5 100.5 110.1 2.7 100 97.2

It can be seen that in the absence of PTA (entry 3) or phosphoric acid (entry 1) the
cyclohexene converted less than using both of these compounds; however, the effect of
PTA was greater than that of H3PO4. Using an equimolar amount of H3PO4 and PTA we
could achieve 97.2% yield of CHD with complete conversion of cyclohexene; the residual
amount of unconverted HP in this case was very low (0.4%). By-products of cyclohexene
oxidation with HP were 6-hydroxyhexanoic, 6-oxohexanoic acids and dicarboxylic acids. We
also performed the experiment with the ratio of the components that corresponds to the
Venturello system stoichiometry (entry 2) [70] and we obtained 97.4% CHD vyield with
complete conversion of the reagent.

When the amount of PTA was decreased, the yield to CHD also decreased and more
carboxylic acid formed; the reaction stopped in the absence of PTA (entry 3). Thus, the
roles of PTA were:

a) transferring the activated form of the catalyst from the aqueous phase containing

HP to the organic phase to oxidize cyclohexene;

b) keeping the CHD in the organic phase, stopping its further oxidation.

From the obtained results it follows that phosphoric acid shows no effect on
selectivity to CHD, but it accelerates the cyclohexene oxidation.

We could achieve almost 100% selectivity to CHD using the molar ration between HP
and cyclohexene equal to 1.1, which is typically used for epoxidation. In literature, a 98-
100% selectivity to the epoxide using 1 eq of HP and the selective formation of AA with 4
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moles of hydrogen peroxide per mol of cyclohexene [139, 140] were reported; the
formation of the CHD was not observed.

To determine the effect of HP, we performed the experiments using different ratios
between HP and cyclohexene and changing the concentration of the HP solution. The
resulted are given in Table 16.

Table 16. Effect of HP concentration on cyclohexene conversion and selectivity to CHD. T=70°C

HsPO,/ PTA/ CH-ene/ HP/ HP conc.,

X (CH-ene), Y (CHD),

Entry H2WOs | WO, H,WO, H,WO0, H,W0, wt.% o' % %
6 1 0.5 05 | 1005 | 1101 | 75 |27| 100 97.2
7 1 0.5 05 |1001 | 1103 | 152 [25| 100 96.3
8 1 0.5 05 |1003 | 1106 | 199 |[26] 100 94.5
9 1 0.5 05 |1009 | 2188 | 77 [28| 100 94.9
10 | 1 0.5 05 | 99.8 | 3272 | 78 [27]| 100 92.7
11 | 1 0.5 05 |100.7 | 2209 | 151 [28] 100 86.6
12 | 1 0.5 0.5 | 1005 | 329.2 20 [27] 100 83.1

We observed a small decrease in the selectivity to CHD when HP concentration was
higher than 7.5% (entry 6-8). In the case of a large excess of HP, but with low
concentration (entry 9-10), there was the same insignificant effect on the selectivity to
CHD; the difference was that a great fraction of HP remained unconverted (39 and 62%).
However, when a large excess of HP with high concentration was used, we observed a
significant effect on the selectivity to CHD, with greater formation of by-products (entry
11-12).

It was not possible to investigate the effect of the temperature due to the fact that
75°C is the reflux temperature of the mixture.

We carried out some experiments in order to determine the effect of phosphoric
acid and PTA on the hydrolysis of cyclohexene epoxide (CEP). The conditions and results of
these experiments are summarized in Table 17.

Table 17. Experiments starting from cyclohexene epoxide. T=70°C, 3 hours

HsPO,/ PTA/ CEP/ HP/ HPconc.,

Entry H,WO, H,WO0, H,WO0, H,WO, H,WO0, wt.%

X (CEP), % Y (CHD), %

13 1 0.6 0.5 100.7 | 109.6 7.7 99.8 82.4
14 1 0 0.5 100.1 | 111.9 7.6 100 84.6
15 1 0.5 0 99.9 111.2 7.5 100 80.2

75



From these results we can conclude that the epoxide hydrolysis is very fast; after 3
hours it was completely converted, and CHD was stable under reaction conditions. In all
the experiments, most of HP remained unconverted (the amount of residual HP was 70-
80%).

The effect of phosphoric acid or PTA on the hydrolysis of the epoxide was
insignificant, with only small difference of CHD selectivity in the experiments carried out in
the absence of either PTA (entry 15) or phosphoric acid (entry 14) (to be compared to the
experiment carried out in the presence of both compounds (entry 13)). The main by-
products were dicarboxylic acids: AA, which was the prevailing one, glutaric acid and traces
of succinic acid (for example, in experiment 13 yield to AA was 7%, with 3.9% of glutaric
acid).

As it was already mentioned, CHD is stable under reaction conditions. But, probably,
this is due to the low temperature of reaction. In order to prove this hypothesis, we
conducted experiments starting from 1,2-cycloheanediol and varying reaction conditions
(temperature, concentration of HP and its amount). The results are given in Table 18.

Table 18. Experiments with CHD as the starting reagent. DA — dycarboxylic acids

H;PO,/ PTA/ CHD/ HP/ HP X(CHD), Y(DA), Y(others),

Entry H,WO,

" t,hT,°C

H,WO, H,WO,; H,WO,; H, WO, wt. % % %
16 1 0.5 0.5 | 1011 | 1111 | 7.6 |3.2]70| 231 6.4 16.7
17 1 0.5 0 100.8 | 1115 | 7.6 |3.1] 70| 195 3.5 16
18 1 0.5 0.5 | 1014 | 3336 | 7.6 29|70 | 17.2 2.8 144
19 1 0.5 0.5 99.7 337 |311|3 |70 | 264 14 12.4
20 1 0.5 0.5 999 | 3321 (31.1|3.1|{90| 97.4 | 91.8 5.6
21 1 0.5 0.5 | 100.5 | 333.7 |31.1| 6 |90 | 974 | 933 4.1
22 1 0.5 0 100.5 | 333.8 |31.1|6.2{90| 98.1 | 93.9 4.2

Under the conditions used for cyclohexene oxidation, CHD was less reactive. Main
products were 2-hydroxycyclohexanone, monocarboxylic acids and some amount of
dicarboxylic acids. At higher temperature (90°C), dicarboxylic acids were the prevailing
products.

The presence of the phase-transfer agent had almost no effect on CHD conversion
(entries 16 and 17 at 70°C and 21 and 22 at 90°C).

Increase of the HP amount at 70°C had no significant effect on CHD conversion
(entries 17, 18). However, when we increased the concentration of HP, while keeping the
ratio CHD:HP=1:3 as in experiment 18, CHD conversion increased and a greater formation
of dicarboxylic acids was shown (entry 19).
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At 90°C, with molar ratio CHD:HP=1:3 and high concentration of HP in the solution,
we observed almost complete conversion of CHD with high selectivity to dicarboxylic acids
(entries 20, 21). Under the same conditions, but without PTA (entry 22), results did not
change; this means that PTA had no effect on CHD oxidation. In all the experiments AA was
the prevailing product; for instance in experiment 22 AA yield was 92.1%, glutaric acid yield
1.6%, succinic acid 0.2%.

From the results obtained we can conclude that temperature is the main parameter
responsible for the oxidation of CHD into dicarboxylic acids. PTA is important only in the
step of cyclohexene oxidation into the epoxide and has no effect on the epoxide hydrolysis
or CHD oxidation.

In summary, the reaction of cyclohexene dihydroxylation into CHD, carried out in the
absence of organic solvent with a catalytic system based on tungstate and phosphoric
acids, and using aqueous solution of hydrogen peroxide as an oxidant and a phase transfer
agent, gave 97.2% selectivity to the diol with complete conversion of cyclohexene. The
only drawback of this process is related to the recovery of both the PTA and the catalytic
system, which is a very difficult operation to do.
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9. The second step: 1,2-cyclohexanediol oxidation

The oxidation of CHD with molecular oxygen was investigated using heterogeneous
and homogeneous catalysts. For this purpose we chose heterogeneous Ru and Au-based
catalysts, and homogeneous Keggin-type P/Mo/V heteropolyacids.

9.1. Ru-based catalysts

Ru-based catalysts are widely used for alcohols oxidation to aldehydes or ketones
[141]. For example, catalysts used include supported Ru, such as Ru-Al-Mg hydrotalcites
[142], Ru-grafted hydrotalcites [143], Ru-Co-hydroxyapatite[144] Ru(OH), as a bulk catalyst
[145] and supported on alumina [146, 147, 148], on magnetite [149], on cerium dioxide
[150] or on titania [151].

Felthouse reported that ruthenium pyrochlore oxides are active catalysts for the
oxidative cleavage of vicinal diols to produce dicarboxylic acids [152]. In the literature
there are numerous studies concerning the oxidation of alcohols to acids using VIII group
metals of [153, 154, 155].

We chose ruthenium hydroxide supported on alumina Ru(OH),/Al,03 as catalyst for
CHD cleavage.
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9.2. Experimental part
9.2.1. Synthesis of the catalyst

Synthesis of the catalyst was done following the method described in the literature
[155].

First y-Al,03 was calcined in static atmosphere at 550°C for 3h. In a beaker
a solution of Ru*" was prepared by dissolving RuCl3-xH,O in 60 ml of water. The
concentrations of the solution were different according to the percentage (by mass) of Ru
that was to be deposited on alumina. Catalysts with 0.6, 1.3, 2.5 and 4.9% of Ru were
prepared. The amounts of Ru that were necessary to obtain the desired catalysts are given
in Table 19.

Table 19. The amount of Ru required for the preparation of catalysts

Content of Ru in catalyst, % ‘ Denotation of the catalyst ‘ Mol of Ru

4.9 Ru-4.9 1.02*107
2.5 Ru-2.5 5.09*%10™
1.3 Ru-1.3 2.56*10™
0.6 Ru-0.6 6.15%10”

After dissolution of RuClsexH,0, 2g of alumina were added to the solution to get a
suspension; then the system was subjected to strong stirring at room temperature during
15 min. The basicity of the suspension was measured with a pH meter. The pH was
adjusted to 13.2 by adding first solid NaOH and then a 1M NaOH solution when the desired
pH was approached. The strongly basic environment serves to activate the surface sites of
the alumina tearing the H" ion to form the Al-O” species. Then the beaker was covered with
a watch glass and the suspension was left under stirring for 24h. Finally, the suspension
was filtered on a Buchner filter, washed with 2 liters of distilled water to remove all traces
of the base and of ions (CI°, Na" and AI**) that were adsorbed on the solid. The catalyst was
then dried in a stove at 120°C for one night; the dark green powder obtained was ready to
use and was stored in a properly labeled glass vial.

9.2.2. Characterization of the catalyst
9.2.2.1. XRD analysis

X-ray diffraction (XRD) patterns of catalysts were recorded on a Philips X'Pert vertical
diffractometer equipped with a pulse height analyzer and a secondary curved graphite-
crystal monochromator, with Ni-filtered CuK, radiation (A = 1.54178A). A 20 range from 5°
to 80° was studied at a scanning speed of 70°/h.
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All samples were characterized by means of XRD. No signals corresponding to either
Ru metal clusters or RuO were found. Therefore, we can suggest that ruthenium species
were highly dispersed on the alumina surface.
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Figure 25. XRD pattern of the Ru(OH),/Al,O; catalyst with 4.9% of Ru

The catalyst after the reaction were also characterized by means of XRD. If we
compare these two patterns, it is clear that catalyst structure did not undergo any
significant change during reaction. Examples of the patterns are given in Figure 25.

9.2.2.2. HR-TEM

High-Resolution transmission electron microscopy (HR-TEM) images were obtained
with a Jeol 3010-UHR instrument (acceleration potential 300 kV, LaB6 filament). Samples
were dry dispersed on lacey carbon Cu grids.

The images obtained by TEM are presented in Figure 26. Pictures show the presence
of nanoparticles of Ru(OH), with the diameter of a few nanometers, and the absence of
crystalline aggregates; these results are in a good agreement with the data obtained by
XRD.

Figure 26. HR-TEM pictures of the Ru(OH),/Al,O3 catalyst (2.5% of Ru)
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9.2.3. Catalytic measurements

The reaction was conducted in a semi-continuous reactor (volume 50 mL) made of
glass, model Blichi Miniclave. The reactor is composed of a glass container of 100 mL
volume, capable of withstanding high pressures (5 bar at 150°C or 10 bar at 100°C) with a
support made of a rigid metal grid, and a cap able to guarantee the sealing, equipped with
the gas lines and the systems of control and safety valves. The scheme of the reactor is
shown in Figure 27.

- R1: Reactor consists of an upper cap for closing, glass vessel of 100 mL volume, the
metal grid as support and protection, and the magnetic stirrer. The heating of the
reactor was made with a silicone oil bath on a manually adjustable heating plate;

- V1: valve for sampling;

- V2: shut-off valve for venting of the reactor;

- V3: shut-off valve of the oxygen line;

- E1: condenser with ethylene glycol cooled to -10°C;

- RD1: rupture disk calibrated at a pressure of 7 bar, connected with a metal tube to
a plastic pail of 3L volume; the latter is submerged in sand;

- PI: pressure indicator to measure the relative pressure, in bar units;

Figure 27. Scheme of the reactor

- Tl: temperature indicator (a thermocouple protected with a teflon sheath) to

measure values of the temperature, in °C;

- Fl: indicator of gaseous flow, consisting of a bubble flowmeter.

Procedure for catalytic experiments is the following: the mixture of the reagent,
catalyst, sodium hydroxide and water is loaded into the reactor; a magnetic stirrer is
placed in the vessel. The reactor is then placed in a silicone oil bath that is heated with an
electric plate, and agitation is started. When the temperature inside the reactor reaches
the required value, we open the valve of oxygen manually; this moment is taken as the
zero time of the reaction.

Typical reaction conditions were:

- 0,6 g of CHD;

- 0,2 g of the Ru(OH), supported on Al,O3 catalyst;
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- 3,0 g of a solid NaOH;

- 50 ml of distilled water;

- oxygen flow 300mL/min;

- temperature 90°C.

In most experiments, sampling of the liquid phase from the reaction mixture was
carried out all along the test time. This procedure involves the following steps:

1) closing the shut-off valve of oxygen inlet feed;

2) opening the valve for sampling;

3) sampling of about 2 mL of the reaction mixture with a glass syringe;

4) closing the sampling valve and opening the valve for oxygen inlet;

5) accurate measurement of the volume drawn with a graduated cylinder, after

leaving the sample cool down to room temperature.

This technique is used when it is necessary to determine yields of the products and

substrate conversion in function of time.

9.2.4. Treatment of the reaction mixture

After sampling, the separation of the catalyst from the liquid phase was done by
centrifugation. The supernatant was then acidified with 85% H3PO, to pH between 2 and 3
(controlled with a pH-meter), and then the mixture was diluted with distilled water to 5 mL
volume in a volumetric flask. The mixture was analyzed by means of HPLC; the acidification
of the liquid sample is necessary because a pH comprised between 2 and 3 lies the optimal
value to obtain a good separation of the peaks in the HPLC chromatogram.

When the reaction was performed without sampling, the separation of the catalyst
was done by filtration. Also in this case, acidification with H3PO4 is necessary.

9.2.5. Analysis of the reaction products

As it was already mentioned before, the mixtures were analyzed by means of HPLC.
We also analyzed some mixture by means of ESI-MS spectroscopy, to identify unknown
compounds.

Description of the analysis is given in a chapter 6.4.
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9.3. Results and Discussion

9.3.1. Influence of pH value

Preliminary experiments were carried out with the aim to demonstrate the need for
highly basic reaction medium. The role of pH was confirmed by experiments made at
increasing pH value, in the presence of the catalyst containing 2.5 wt% Ru.

Results are shown in Figure 28. At pH=5.5 there was no formation of AA, with only
10% of CHD conversion; at pH=10 the reagent conversion reached 20%, but still there was
no AA formed. Only at strongly basic pH=13.4, the CHD (conversion 55%) was oxidized into
AA.

Since further experiments were carried out at a strongly basic pH, it was necessary to
check the stability of Ru(OH),/Al,O3 catalysts under reaction conditions. Results are given
in the next chapter.
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Figure 28. Effect of pH on the AA yield and CHD conversion

9.3.2. Stability of catalysts under reaction conditions

To check the stability of the catalyst under reaction conditions we carried out three
different types of experiments:

e dissolution experiments: to check if the support is stable under strongly basic
reaction conditions;
e leaching experiments: to check if leaching of Ru into the reaction mixture occurs;

e recyclability experiments: to check if the catalyst keeps its initial activity or
deactivates during reaction.
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9.3.2.1. Dissolution of the support

The alumina is an amphoteric oxide and it dissolves in strongly basic medium.
Therefore, the catalyst might be unstable under reaction conditions. To check whether
alumina is solubilized, we weighted the catalyst after reaction and calculated the amount
that had dissolved under typical reaction conditions (5h reaction time, pH=13.4, 90°C). The
results are shown in Table 20.

Table 20. Results of catalyst stability tests

Catalyst Degree of dissolution, %

Ru-4.9 <1
Ru-2.5 <1
Ru-1.3 16
Ru-0.6 31

The degree of dissolution was a function of the Ru content in the catalyst: with
catalysts having the greater Ru loading, the dissolution of alumina during reaction
decreased, and with a loading of 2.5% Ru it became negligible.

These data suggest that the Ru(OH), species are grafted to the Al,05 surface and
protect the latter from dissolution, but this occurs only when the Ru amount is enough to
react with all AI-OH surface groups and entirely cover the alumina surface.

9.3.2.2. Leaching experiments

Leaching experiments were done using this procedure: first, the reaction was carried
out during 3h, then the catalyst was filtered off. Thereafter, the mixture was again loaded
into the reactor, and the reaction was continued for 3 h more in the absence of the
catalyst. Results are shown in Figure 29.
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Reaction with
Ru-4.9 catalyst

Figure 29. Results of the leaching experiments for Ru-4.9
AA - adipic acid, GA - glutaric acid, SA — succinic acid
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This type of experiment was carried out with catalysts Ru-2.5 and Ru-4.9 only,
because they were the only ones which did not undergo dissolution during reaction.

As we can see from Figure 29, the results did not change, and the amount of residual
CHD was the same in both mixtures. For the Ru-2.5 catalyst, we also found no leaching.

9.3.2.3. Recyclability experiments

Recyclability experiments were performed only for Ru-4.9 and Ru-2.5 catalysts. The
procedure was the following: first, the reaction was carried out for 3 h, then the catalyst
was filtered off, washed with water and reloaded with fresh reagents for the 3h more.
There was no deactivation of the catalysts; in fact, both kept the initial activity, as shown in
Figure 30 for catalyst Ru-4.9.
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Ru-4.9 catalyst Ru-4.9 catalyst

Figure 30. Results of recyclability experiments for Ru-4.9
AA - adipic acid, GA - glutaric acid, SA — succinic acid

9.3.3. Reactivity experiments

For all catalysts, we carried out the reactivity experiments and identified the main
reaction products. They were: AA, glutaric acid (GA), succinic acid (SA), and 1-
hydroxycyclopentanecarboxylic acid (HCPA). We also detected the formation of 1,2-
cyclohexanedione (CHDO) in small amount.

Formation of HCPA was confirmed by means of ESI-MS spectroscopy and GC-MS
chromatography. It is known from literature that HCPA forms from CHDO under strongly
basic conditions [156] (Scheme 26).
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Scheme 26. Formation of HCPA from CHDO

CHD conversion plotted in function of time for catalysts with different Ru contents
are shown in Figure 31 and Table 21.

Table 21. Effect of Ru content and time on CHD conversion

OH

OH

N

O

OH™ (pH > 13)

HO

Ru-4.9 Ru-2.5 Ru-1.3 Ru-0.6 Al,03
0,5 24 - 27 26
1 49 43 31 52
3 65 62 76 67
5 77 74 91 80
100
2‘ 80 / —8—Ru-4.9
g-:: 60 - === Ru-2.5
[5)
c —e—Ru-1.3
O 40
4 —fl—Ru-0.6
o
§ 20 —*=Al203
Q \L
O T T T T T
0,0 1,0 2,0 3,0 4,0 5,0
t,h

Figure 31. Effect of reaction time on CHD conversion in the presence of catalysts with different Ru

In all cases, except alumina, conversion of CHD increased with increasing the time of
reaction. The content of Ru did not affect the conversion and already in the beginning of
the reaction (0 h) a conversion of 20% was shown (with alumina 12%). By means of ESI-MS

contents

analysis we found the formation of CHD self-condensation compounds (Scheme 27).
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Scheme 27. Formation of condensation compounds from CHD

Even though the content of Ru did not affect conversion so much, catalysts with 0.6%
and 1.3% of Ru gave a slightly higher conversion of CHD. Probably, this was due to the
dissolution of these catalysts under reaction conditions; therefore, in these cases both
heterogeneous and homogeneous catalysis contributed to CHD conversion.

Yield to reaction products are given in the Tables 22-25 and in Figures 32-35.

Table 22. Effect of reaction time and Ru content in catalysts on AA yield (%)

t,h Ru-4.9 Ru-2.5 Ru-1.3 Ru-0.6

12
9
(=]
= \ —8—Ru-4.9
<
< 6 == RuU-2.5
_g ——Ru-1.3
o 3 —B—Ru-0.6
=
0
0,0 1,0 2,0 3,0 4,0 5,0 6,0

t,h

Figure 32. Effect of reaction time and Ru content in catalysts on AA yield

Table 23. Effect of reaction time and Ru content in catalysts on GA yield (%)

t,h Ru-4.9 Ru-2.,5 Ru-1.3 Ru-0.6

0,5 8 - 5 3
14 14 9 8
17 16 6 14
10 8 6 13
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Figure 33. Effect of reaction time and Ru content in catalysts on GA yield

Table 24. Effect of reaction time and Ru content in catalysts on SA yield (%)

t,h Ru-4.9

Ru-2.5

Ru-1.3

Ru-0.6

15

10

Yield of SA, %

0

—@—Ru-4.9
=d—Ru-2.5
——Ru-1.3
——Ru-0.6

0,0 1,0 2,0

3,0
t,h

6,0

Figure 34. Effect of reaction time and Ru content in catalysts on SA yield

Table 25. Effect of reaction time and Ru content in catalysts on HPCA yield (%)

t,h Ru-4.9

Ru-2.5

Ru-1.3

Ru-0.6

7 6 4
3 13 11 9 7
19 19 13 10
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Figure 35. Effect of reaction time and Ru content in catalysts on HPCA yield

Concerning the formation of AA, there was an effect of Ru content in catalysts on AA
yield. When Ru-0.6 was used, the formation of AA started only after 30 minutes of
reaction, and then increased in the same way as CHD conversion did. The maximum AA
yield of 10% was reached after 3h reaction time, but then the amount of AA started to
decrease, and after 5h the yield was about 5%. The same AA decomposition was also
observed with other catalysts.

The higher AA yield obtained with Ru-0.6 catalyst is likely the result of the dissolution
of catalyst, and the leaching of Ru**. This process needs time to start, leading to the
induction period experimentally observed. However, with catalyst Ru-1.3, the induction
period was not shown, probably because 1.3% of Ru was enough to form AA from the
beginning of CHD conversion.

HCPA, GA, and AA are primary products of the reaction, whereas SA is a secondary
product. The amount of SA increased slowly and only after 3h of reaction, when the
amount of AA and GA started to decrease, SA vyield grew faster. Finally, SA was the
prevailing product in the mixture. The yield of HCPA increased with the reaction time, but
it did not decompose or transform into other products.

The yields of AA, GA, and SA were always high with Ru-0.6 catalyst; this occurred
probably because of the high degree of Ru dissolution in the reaction medium. The activity
of the other catalysts was a function of Ru content (Ru-4.9>Ru-2.5>Rul.3).

We also detected the formation of lighter compounds produced by decomposition of
the main reaction products. Their yield increased with the increase of time. CHDO also
formed, but in a very small amount (yield 0.2%) and only at short reaction time. This result
indicates that CHDO could be either an intermediate compound of the reaction, that very
rapidly transforms into other products, or a minor by-product. But as it was mentioned
above, it is known from the literature that HCPA forms from CHDO under strongly basic
conditions. We did not detect the formation of 2-hydroxycyclohexanone (HCHN), but the
latter could be the precursor of CHDO formation. To understand the role of CHDO in CHD
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oxidation mechanism, and whether HCHN is an intermediate compound, we carried out
experiments using CHDO and HCHN as starting compounds.

9.3.4. Reactivity of the CHDO and HCHN. Study of the reaction
mechanism

First we checked CHDO reactivity in function of the pH of the reaction mixture in the
presence of catalyst Ru-4.9 and oxygen, at T=90°C. Results are given in Table 26. Reaction
products were identified by means of HPLC and ESI-MS.

Table 26. Results of the reactivity experiments starting from CHDO. T=90°C, 3 h reaction time, catalyst Ru-

4.9, 0,

A | e | Other products (ESI-MS)

6-hydroxycaprolactone
6 68 0 traces 0 0 Adipic anhydride
aldol condensate

2,2-dihydroxycyclohexanone

12.9 | 100 0 16 4 19 6-hydroxycaprolactone
aldol condensate

13.4 100 61 2 3 0 6-hydroxycaprolactone
aldol condensate

After 3 hours of reaction at pH 12.9 and 13.4, CHDO conversion was total, whereas at
pH 6 it was 68%. The distribution of products obtained by CHDO oxidation under strongly
basic conditions was very similar to that observed starting from CHD. This fact confirms
that CHDO is a key intermediate in the reaction of CHD oxidation.

At pH 6 and 12.9 there was no formation of HCPA, and yields to the acids were
higher. We also observed the formation of both 6-hydroxycaprolactone and a dimer that
forms by CHDO aldol condensation. 6-Hydroxycaprolactone could form from the dione by
an intramolecular Cannizzaro-type disproportionation. Further this compound can be
oxidized to adipic anhydride, that by hydrolysis forms AA. Actually the presence of adipic
anhydride was detected during CHDO oxidation at neutral pH, but there was no formation
of AA in this case. This means that the anhydride did not hydrolise to AA in neutral
medium, but this reaction indeed occurred at more basic pH, finally yielding AA.

Reactivity of CHDO was checked also in the absence of either the catalyst only, or of
both catalyst and oxygen at 90°C and at 45°C (Table 27), under strongly basic conditions.
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Table 27. Results of the reactivity experiments starting from CHDO. All experiments were
carried out in the absence of catalyst, 3hours, pH=13.4

X,% | HCPA ‘ AA ‘ GA Other products (ESI-MS)
90 Yes 100 38 0 28 0 -
90 No 100 61 0 0 0 -
45 No 78 53 0 0 0 aldol condensate

In all cases HCPA was the prevailing reaction product; it can form from 1,2-
cyclohexanodioneCHDO even in the absence of oxygen and at low temperature. Glutaric
acid formed only in the presence of oxygen; this indicates that this compound was
produced by reaction of CHDO with oxygen, but its formation did not necessitate the
presence of the catalyst.

Putting together all data, we can propose the mechanism of CHDO transformation
(Scheme 28). The CHDO is the key intermediate compound of CHD oxidation, and its
transformations leads to several products, the formation of which occurs under basic
conditions, i.e., HCPA, the aldol condensation product, and 6-hydroxycaprolactone. The
two first compounds are stable, whereas the 6-hydroxycaprolactone transforms into adipic
and glutaric acids; the formation of AA needs the presence of the catalyst to proceed,
whereas GA forms without catalyst through the formation of a Criegee type intermediate.

o Ol CF o)

CHDO
o} O O H,0 \Tﬁo
LTooH =
1/2 o)
g
-2 HOOC{CHQ§COOH
CH(OH),~(CH,),-COOH o GA

120 \
_HA ? Hz())/ 0

HOOC-(CH,),-COOH
AA

Scheme 28. Transformations of CHDO

The effect of the pH value on HCHN reactivity in the presence of catalyst Ru-4.9 is
shown in Table 28.
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Table 28. Results of the reactivity experiments starting from HCHN. T=90°C, 3 h reaction time, catalyst Ru-

4.9,0,
pH X,%  HCPA ‘ AA GA SA Other products (ESI-MS)
12.5 95 0 29 10 traces 6-hydroxycaprolactone
aldol condensate
13.4 | 100 73 9 6 5 )

It is evident that HCHN is a very reactive compound; after 3 hours of reaction it
completely, or almost completely at pH 12.5, converted into products. Under strongly
basic conditions it rapidly transformed with a high selectivity into HCPA and in a small
amount to AA, GA and SA, but at less basic pH it was more selectively converted to AA and
did not form HCPA at all.

We also performed the experiments starting from HCHN in the absence of any
catalyst; results are shown in Table 29.

Table 29. Results of the reactivity experiments starting from HCHN. T=90°C, 3 h reaction time, no catalyst,
0,

pH X,% HCPA AA GA SA Other products (ESI-MS)

10.1 100 0 4 3 0 CHDO (2%)
6-hydroxycaprolactone
12.5 100 0 71 6 3 aldol condensate
CHDO (2%)
134 100 52 20 15 11 Traces

We found that 2-hydroxycyclohexanone is a very reactive compound even in the
absence of catalyst; in fact in all cases it was completely converted after 3h. Under strongly
basic conditions HCPA was the prevailing product, and yields of AA, GA and SA were higher
than those obtained in the presence of catalyst. However, the most interesting results
were obtained at pH 12.5: in the absence of catalyst HCHN transformed with high
selectivity (71%) to AA. Other products found were GA, SA, 6-hydroxycaprolactone, aldol
condensate and CHDO (2%).

Based on results obtained, the reaction scheme for HCHN oxidation was drawn
(Scheme 29).
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Scheme 29. Transformation of HCHN

The hydrogen atom on the aC atom, holding the hydroxyl moiety, can be easily
eliminated giving a radical species, which quickly forms a quaternary carbon by reaction
with O, finally giving a hydroperoxide—hydroxide species [157, 158], resembling a Criegee-
type compound. The latter may dehydrate and rearrange producing the lactone (adipic
anhydride), which as we know is the precursor of AA.

The results obtained from all experiments allowed us to draw some conclusions

concerning the mechanism of CHD oxidation:

1. The reaction takes place only under strongly basic conditions.

2. HCHN is the more selective intermediate compound to produce AA. However, we
never observed it in reaction mixtures. This could happen due to the following
reasons: (a) under strongly basic conditions the oxidative dehydrogenation is very
fast and HCHN is immediately oxidized to CHDO; (b) CHD is oxidized directly to
CHDO because the Ru"™ species coordinates both hydroxyl groups of CHD and
transform them into carbonyls at the same time. And, actually, accordingly to the
literature [159, 160] a similar situation is described with Ru(lV) oxo complexes,
which are able to perform the oxidation of cyclohexene to AA in water solution,
through the formation of CHD.

3. CHDO is formed very fast from CHD, and then quickly transforms into aldol
condensation product, 6-hydroxycaprolactone and HCPA. The first two
compounds need the presence of the catalyst to form, whereas HCPA forms from
CHDO under basic conditions even in the absence of both catalyst and oxygen.
Due to this fact HCPA is one of the prevailing reaction products, but unfortunately
it is not a precursor of AA formation.

4. SA and other lighter compound are formed by decarboxylation and oxidation of
AA and GA.

The overall reaction mechanism is given in Scheme 30.
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Scheme 30. The reaction mechanism of 1,2-cyclohexanediol oxidation with oxygen in the presence of
Ru(OH),/Al,04
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9.4. Au-based catalysts

Experiments with the Ru(OH); catalyst allowed us to conclude the Ru™ species
coordinates both hydroxyl groups of CHD and transform both of them into carbonyls at the
same time, yielding directly CHDO. Moreover, we also found that 2-hydroxycyclohexanone
can be very selectively transformed to AA. Therefore, this indicates that this reaction
requires a catalyst which oxidizes the two vicinal hydroxyl groups in sequence, in order to
obtain HCHN as the first reaction intermediate and allow the latter to become the starting
point for a selective route leading to AA. Moreover, the optimal catalyst should be active
under mildly basic conditions, in order to avoid the fast formation of CHDO, precursor of
HCPA under strongly basic conditions.

From literature, we found that gold-based catalysts do not coordinate both hydroxyl
groups in glycols, and hence show the characteristics which are needed for our reaction.
For example, in the oxidation of 1,2-propandiol, depending on the conditions, Au
nanoparticles either oxidize the primary hydroxyl-group to form lactic acid, or oxidize them
in sequence starting from the secondary hydroxyl group, with the formation of pyruvic
acid, which is then oxidized to acetic acid and CO, [161].

In recent years, the study of gold-based catalysts has grown considerably due to the
experimental evidence that its reactivity increases significantly if gold is used in the form of
nanosized particles.

Several studies have shown that the supported gold nanoparticles are good catalysts
for the liquid phase oxidation of alcohols and diols with oxygen in basic medium. For
example, Christensen et al. have studied gold nanoparticles supported on TiO, and
MgAl,O, in ethanol oxidation to acetic acid with air (150°C, 35 bar of air; selectivity to
acetic acid was 92%) [162, 163] and Au/TiO; in 5-hydroxymethyl-2-furfural oxidation into
2,5-furandicarboxylic acid (FDCA) with oxygen (30°C, 20 bar of oxygen, different amounts
of NaOH; maximum selectivity to FDCA was 71%) [164].

Corma et al. also studied gold nanoparticles supported on ceria and titania in the
oxidation of 5-hydroxymethyl-2-furfural into FDCA with air. The reaction was carried out
under mild conditions (air pressure 10 bar, T 65-130°C) in water as solvent; the selectivity
to FDCA achieved was almost 100% [165].

In this work, gold nanoparticles supported on titania and magnesia have been
synthesized and studied in the reaction of CHD oxidation with oxygen.
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9.5. Experimental part
9.5.1. Synthesis of the catalysts

First, we performed the synthesis of the suspension of gold nanoparticles.

The choice of the method of nanoparticles synthesis is very important because it
allows to modulate their characteristics such as shape, size and its distribution,
composition and degree of agglomeration (in the case of colloidal systems). For this
reason, it is important to follow the method very carefully, in order to ensure
reproducibility of the results.

The suspension of gold nanoparticles was prepared by synthesis in water according
to the method described in the literature and patented [166, 167]; the procedure provides
the reduction of Au (lll) by glucose in a basic environment of NaOH and stabilization of the
nanoparticles with PVP (polyvinylpyrrolidone) for steric hindrance.

HER B OHEE S o H H H OHH O
3 H- C—c—cl:—clz—c—c +60H +2AUY —» 3 - C_C_C_C_c_c +3H,0 + 2AU°
OHOHOHH OH H OHOHOHH OH OH

Scheme 31. Reduction of gold with glucose in basic medium

The alkaline environment is necessary to increase the reducing power of sugar that
allows to obtain smaller particles of gold, because there are more nucleation sites, and the
excess of glucose covers the cluster preventing its aggregation. The addition of PVP allows
to stabilize the suspension.

First, 10mL of the gold-containing solution was prepared by dissolving a measured
amount of HAuCl, to get the concentration of final solution equal to 5-10° mol/L.

The molar ratios of the reagents used for the synthesis of nanoparticles were the
following:

e Au:PVP =1:2.75

e Au:NaOH =1:8

® Au:Glucose = 1:2

The PVP and sodium hydroxide were dissolved in 90 mL of distilled water in a three-
necked round bottom flask. After the solution was heated to 95°C, glucose was added; the
mixture was warmed up to 95°C again. After reaching the desired temperature the solution
of HAuCl; was added. When exactly 2.5 minutes had passed, the reaction was stopped by
fast cooling in bath with ice and water down to room temperature. The final solution
showed a dark red color. To check the quality of nanoparticles it is necessary to measure
the hydrodynamic diameter by DLS (Dynamic light scattering).

The catalysts were prepared by means of Incipient Wetness Impregnation of a
suspension of gold nanoparticles on a support, in our case TiO,, Mg(OH), or MgO.

Before starting the impregnation, the required amount of solution needed to
impregnate the support should be calculated based on the required weight percentage of
metal in the catalyst and the amount of the support to be impregnated. Before the
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impregnation, we concentrated the solution of nanoparticles carrying out a centrifugation
in test tubes fitted with filters of cellulose (50 kDa Amicon Ultra filters (Millipore)) at 1700
rom for no more than 25 minutes, because longer centrifugation time might lead to the
aggregation of nanoparticles.

The Incipient Wetness Impregnation method provides the solution of the metal to
drip on the support until reaching the “point of mud”: the volume of the used liquid is
equal to that of the pores of the support; next step is a drying in oven to remove the
imbibed liquid. We used the same procedure with the suspension of Au nanoparticles. This
procedure should be repeated no more than four times, until the nanoparticle solution is
finished. The catalyst was finally dried in an oven at 120°C overnight, washed for 30
minutes in boiling distilled water to remove the adsorbed PVP, and finally calcined in static
air at 200°C for 3 hours. This treatment is also necessary to prevent the leaching of the
catalyst during its use in the reaction.

Following this procedure, we synthesized catalysts Au/TiO,, Au/Mg(OH), and
Au/MgO containing 1.5 wt% of Au.

9.5.2. Characterization of the suspension of gold nanoparticles by
means of DLS

The DLS (Dynamic light scattering) technique was used for the analysis of the
suspension of gold nanoparticles in order to determine their hydrodynamic diameter, that
is the diameter of the particles in motion in a solution that includes the coordination
sphere and any adsorbed species on its surface (e.g. surfactants, polymers).

The technique is based on the scattering by a laser beam (A = 633 nm) that invests a
colloidal suspension with a particles size between 0.6 nm and 6 m: the Brownian motion of
particles moving with speed inversely proportional to their size. The intensity of the
scattered light after interaction with the particles has a frequency of fluctuation that
depends on their rate of diffusion; therefore, it is possible to derive the size of particles
from the analysis of fluctuations.

Before each measurement, the suspension was diluted (20 drops of the suspension
in 20 mL of distilled water) to avoid the interactions between the particles that may
change the rate of diffusion and therefore the estimation of the size.

The instrument is able to provide a statistical distribution of the nanoparticles size
based on the intensity of scattering. It is possible to obtain two types of size distributions
with respect:

a) to the volume occupied by the particles, or

b) to the number of particles.

During the measurement we can get a curve that shows a distribution of the particle
size and an index of polydispersity of the particle size in the suspension (PDI).

The value of PDI is between 0 and 1: the more the index is close to zero, the more
the size distribution is mono-disperse:

e for the mono-dispersed suspension it is < 0.2;
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e iftheindex is between 0.2 and 0.5, the suspension is average poly-dispersed;

o for values greater than 0.6, the distribution is definitely poly-dispersed.

The instrument Nanoseries Zetasizer (Malvern Instruments) was used for the DLS
analysis.

Synthesized suspension of the gold nanoparticles was characterized by this
technique. Figures 36 and 37 show the results of the analysis.
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Figure 36. Distribution of the nanoparticles size by the intensity
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Figure 37. Distribution of the nanoparticles size with respect to the volume occupied

The average hydrodynamic diameter of the particles was 19 nm with the value of PDI
index of 0.33, which corresponds to an average poly-disperse distribution of the
nanoparticles size.

9.5.3. Characterization of the catalysts

The catalysts were characterized by means of X-ray diffraction (XRD) and High-
Resolution transmission electron microscopy (HR-TEM), in order to determine the size of
the crystallites of Au nanoparticle.
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9.5.3.1. XRD analysis

X-ray diffraction (XRD) patterns of catalysts were recorded on a diffractometer
Gragg/Brentano X'pertPro PANalytical, the X-ray source is a Cu anode (Ka radiation with
A=0.15418 nm). All the samples were analyzed between 5 and 80° 26, with acquisitions of
2s every 0.1° 20. Before analysis the samples were put in the form of powder on a glass
slide and dried at 120°C for a few minutes.

XRD pattern of Au nanoparticles supported on titanium oxide is shown in Figure 38.

Counts

[°2theta]

Figure 38. XRD pattern of Au/TiO,

The reflections in the diffractogram are all relative to the support with the exception
of the weak reflection at 44°26. The latter, as expected, is almost imperceptible due to the
fact that the XRD signals are the more enlarged and flattened when the size of the
crystallites are close to the detection limit of 2-3 nm. In this case, to increase the signal at
44°26 an accumulation for 10s every 0.1°26 from 42 to 46°26 was performed.

To calculate the size of the crystallites we used the Debye-Scherrer equation :

Equation. Debye-Scherrer equation for the determination of the crystallites size of less than micrometer

KA
W,,,, coséd

where:

K = factor of crystallinity (depends on the type of crystal, usually 0.9);

A = wavelength of the used radiation;

W1/2n = width at half height of the reflection;

0 = angle of incidence of the beam on the surface.

Through this equation we calculated an average particle diameter of 6 nm.

In conclusion, as a result of the analysis, it can be stated that the synthesis of the
catalyst has led to Au nanoparticles dispersed on the surface of titania.
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XRD patterns of Au nanoparticles supported on MgO and Mg(OH), are shown in
Figures 39-40. In these cases the detection of the Au reflection was not possible, because
of the presence of strong reflections attributable to MgO or Mg(OH),.
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Figure 39. XRD pattern of Au/MgO
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Figure 40. XRD pattern of Au/Mg(OH),

9.5.3.2. HR-TEM

Analysis by High-Resolution transmission electron microscopy of the samples was
done with a microscope TEM/ STEM FEI TECNAI F20 at 200 keV.

HR-TEM pictures of Au/Mg(OH), catalyst are reported in Figure 41, which show the
presence of Au nanoparticles on the surface of the support.
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Figure 41. HR-TEM pictures of Au/Mg(OH), catalyst

By means of this technique the average size of the supported nanoparticles has been
also measured. For the catalyst based on gold nanoparticles supported on TiO, it was 6.6
nm, and for the Au/Mg(OH), — 6.5 nm.

These data are consistent with results obtained by means of XRD.

9.5.4. Catalytic measurements

The experiments to measure the catalytic activity were carried out in the same
reactor and in the same way as for experiments done with Ru-based catalysts. The
description of the procedure is given in chapter 9.2.3.

9.5.5. Treatment of the reaction mixture
Procedure for the treatment of the reaction mixture is given in chapter 9.2.4.
9.5.6. Analysis of the reaction products

The mixtures were analyzed by means of HPLC and some of them also by means of
ESI-MS spectroscopy.
Description of the analysis method is given in chapter 6.4.
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9.6. Results and discussion

9.6.1. Au/TiO, catalyst

First we carried out some experiments varying the reaction conditions in order to
evaluate the effect of some parameters on the selectivity (S) to AA.

The experiments were conducted by varying one of the following parameters:

e Ratio between Au supported on TiO, and CHD at a constant temperature of 90°C;

e Ratio between NaOH and CHD at a constant temperature of 90°C;

e Temperature.

The main reaction products were AA, GA, SA and we also detected small amount of
the 2-hydroxycyclohexanone (HCHN) and 1,2-cyclohexanedione (CHDO).

9.6.1.1. Effect of the Au:CHD ratio

First, we have determined the optimal ratio between Au and CHD by changing the
amount of loaded catalyst (Table 30). Other reaction conditions were: molar ratio
NaOH:CHD=1:1, T=90°C, 3 hours of reaction time, oxygen flow 300 mL/min.

Table 30. The amount of catalyst and CHD (purity 98%), and the molar ratio Au:CHD used for the
experiments

m(Au/TiO,), g m(CHD),g  Au:CHD, mol/mol
1.1 1 1:100
0.22 1 1:500
0.11 1 1:1000
0.022 1 1:5000

Results of the experiments (yields to the main products and value of CHD conversion)
are given in Table 31. Shown in Figure 42 is a comparison of CHD conversions, value of
yields and selectivity of AA in function of the Au/CHD ratio.

Table 31. Results of the experiments with different ratio Au:CHD

Au:CHD, mol/mol  X(CHD),%  Y(AA),%  Y(GA),%  Y(SA),%  S(AA), %
1:100 70 21 3 1 30
1:500 52 22 3 42

1:1000 35 18 5 3 51
1:5000 33 5 1 0 15
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Figure 42. Results of the experiments with different ratio Au:CHD

The yields to HCHN and CHDO were not higher than 1%.

The best selectivity to AA was obtained using Au:CHD=1:1000 mol/mol. It is also
shown that the conversion of CHD was not much affected by variations in the range
between Au:CHD=1:1000 and 1:5000, while the selectivity to AA was significantly higher in
the first case. The latter reaction mixture was analyzed by ESI-MS and we detected the
formation of CHD self-condensation compounds, which were the primary products formed
at the beginning of the reaction time.

In the case of reactions with ratio Au:CHD=1:100 and 1:500 mol/mol, CHD conversion
was greater, especially in the former case. However, the selectivity to AA was lower,
because of the oxidative degradation reactions that led to the formation of lighter by-
products.

For further experiments, we decided to use the ratio between Au and CHD equal to
1:1000.

9.6.1.2. Effect of the NaOH:CHD ratio

First, we carried out the experiment without NaOH and the results obtained were:
conversion of CHD 30%, no formation of dicarboxylic acid, only HCHN and CHDO formed in
a small amount (yield < 0.5%).

Next step was to perform the experiments by varying the CHD: NaOH molar ratio in
order to determine the best pH value for the reaction mixture (Table 32). Other reaction
conditions were: molar ratio Au:CHD=1:1000, T=90°C, 3 h reaction time, oxygen flow 300
mL/min.
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Table 32. The amount of NaOH and CHD (purity 98%) and the molar ratio NaOH:CHD used for the
experiments

m(NaOH), g m(CHD),g  NaOH:CHD, mol/mol

0.17 1 1:2
0.34 1 1:1
0.50 1 1.5:1
0.68 1 2:1

Results of the experiments (yields to the main products and value of CHD conversion)
are given in Table 33. Figure 43 shows a comparison of CHD conversions, value of yields
and selectivity to AA in function of the NaOH/CHD ratio.

Table 33. Results of the experiments with different NaOH:CHD ratio

NaOH:CHD, mol/mol X(CHD),% Y(AA),% Y(GA),% Y(SA),%  S(AA), %

1:1 35 18 5 51

1.5:1 52 18 7 35

W

2:1 50 15 15 30
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Figure 43. Results of the experiments with different NaOH:CHD ratios

In these reactions HCHN and CHDO were also present in small quantities (yields were
<1%).

The conversion of CHD was not strongly affected by the NaOH/CHD ratio, and the
maximum AA selectivity was obtained with the 1:1 ratio.

For further experiments we used the NaOH/CHD molar ratio equal to 1:1.
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9.6.1.3. Effect of temperature

The last step was to find an optimal value of temperature to perform the reactions
(Table 34). Other reaction conditions were: molar ratios Au:CHD=1:1000, NaOH:CHD=1:1, 3
h reaction time, oxygen flow 300 mL/min.

Table 34. Results of the experiments performed at different temperatures

Temperature, °C  X(CHD), % Y(AA),% Y(GA),% Y(SA),% S(AA), %
60 38 3 0,1 0 8
80 40 9 2 2 22
20 35 18 5 3 51

Figure 44 shows a comparison of CHD conversions, value of yields and selectivity to
AA in function of temperature.

60

60°C 80°C 90°C

Figure 44. Results of the experiments performed at different temperatures

The maximum selectivity to AA was obtained at 90°C, while the conversion of CHD
was not strongly affected by the temperature at which the reaction was carried out. This
phenomenon probably takes place due to the presence of the equilibrium reaction of CHD
etherification. The etherification reaction, which is an exothermal, equilibrium-limited
reaction, prevailed at low temperature (in fact, main products were ethers), while at high
temperature CHD oxidation was kinetically more preferred. The combination of these two
effects led to the result that conversion was substantially independent from the
temperature of reaction.

Thus, we found the optimal conditions to perform experiments:
e 1gof CHD;
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e 0.11 g of Au nanoparticles supported on TiO,, that corresponds to the molar
ratio Au:CHD=1:1000;

e 0.34 g of solid NaOH, that corresponds to the molar ratio NaOH:CHD=1:1;

e 50 ml of distilled water;

e oxygen flow 300mL/min;

e Temperature 90°C.

9.6.1.4. Stability of the catalyst under reaction conditions

To check the stability of the catalyst under reaction conditions we carried out two
types of experiments:
e leaching experiments: to check if a leaching of Au into the reaction mixture had
occurred;
e recyclability experiments: to check if the catalyst maintained its initial activity or
deactivated during the reaction.

9.6.1.4.1. Leaching experiments

Leaching experiments were carried out using the following procedure: first, the
reaction was carried out during 3 h, then the catalyst was filtered off, the mixture was
loaded back into the reactor and the reaction was continued for 3 h more in the absence of
the catalyst. Results are shown in Figure 45.
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HYGA

HYSA

Yields, %

Reaction with Reaction after
Au/TiO, catalyst Au/TiO, catalyst
was filtered off

Figure 45. Results of leaching experiments. T=90°C, Au:CHD=1:1000, NaOH:CHD=1:1

As we can see from Figure 45, the yield of the products did not change and the
amount of residual CHD was the same in the two mixtures. Therefore, the Au/TiO, catalyst
did not undergo any leaching phenomena.
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9.6.1.4.2. Recyclability experiments

Recyclability experiments were performed using the following procedure: first, the 3
h reaction was carried out, then the catalyst was filtered off, washed with water and
reloaded with fresh reagents for the 3 h more of reaction. The procedure was repeated
two times. The results are shown in Figure 46.

35,0
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25,0 -
B X CHD
HY AA
HYGA
HYSA

Reaction with fresh Illeactlon Wltrl Reaction with t\.lvice
Au/TiO, catalyst reloaded Au/TiO,  reloaded Au/TiO,
catalyst catalyst

Figure 46. Results of the recyclability experiments. T=90°C, Au:CHD=1:1000, NaOH:CHD=1:1

A small increase of CHD conversion was detected after the first reloading, but then it
decreased to the value of about 23%. At the same time, the amount of products decreased
after the first use, but then remained stable. Therefore we can conclude that the catalyst
underwent a loss of selectivity after the first use, but then it did not undergo further
deactivation in AA synthesis.

9.6.1.5. Activity of the catalyst as a function of reaction time

We performed the experiments in function of reaction time; reaction products were
AA, GA, and SA; we also detected the formation of small amounts of 2-
hydroxycyclohexanone (HCHN) and 1,2-cyclohexanedione (CHDO) (yields were <1% in all
cases). Results are shown in Table 35 and Figure 47.
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Table 35. Results of the reactivity experiments in function of time. Catalyst Au/TiO,, T=90°C,
Au:CHD=1:1000, NaOH:CHD=1:1, oxygen flow

Time of reaction,h  X(CHD),% Y(AA),% Y(GA), % Y(SA), % S(AA), %

0.5 29 4 1 0 14
1 36 10 2 0,3 28
3 39 18 4 2 46
5 35 24 6 2 69
7 35 25 5 3 71
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Figure 47. Results of the reactivity experiments. Catalyst Au/TiO,, T=90°C, Au:CHD=1:1000,
NaOH:CHD=1:1, oxygen flow

At the very beginning of the reaction (0 h), we observed CHD conversion of 23% due
to formation of CHD self-condensation compounds (Scheme 27). In the reaction mixture
obtained after 3h, the ESI-MS analysis showed the presence of 6-hydroxycaprolactone
besides the other main products. The yield and selectivity of AA increased with increasing
the reaction time, while CHD conversion became constant already after 1 hour. First we
thought that this effect was due to the deactivation of the catalyst, but recyclability
experiments proved the absence of any deactivation phenomenon. Probably during the
oxidation of CHD reaction products were adsorbed on the surface of the catalyst, thereby
blocking the active centers of the catalyst, while during the recyclability experiments
catalyst was washed before each reloading, thus active centers were set free for catalytic
activity again. An alternative explanation is that the formation of the condensation
compound is very rapid, soon reaching the equilibrium, whereas the oxidation is much
slower (as also demonstrated by the slower increase of AA yield). The second reaction
overlaps to the first one, but since the first reaction is at equilibrium, the condensation
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restores the original reactant. The two phenomena of conversion decrease (due to the
reverse formation of CHD from the dimer) and increase (due to the slower oxidation of
CHD) combine, giving a trend of conversion which in overall is constant. This hypothesis is
supported by the fact that the yield to the CHD condensation compound decreased during
time, as demonstrated by ESI-MS analysis of the reaction mixture.

Considering the conditions under which the reaction takes place and the products
identified, probably the mechanism of the reaction was similar to that obtained using
supported Ru(OH)y as a catalyst. If this hypothesis is true, even in this case HCHN or CHDO
should act as key intermediate compounds. In order to better understand the mechanism,
some tests were performed using these two compounds as the starting reagents.

9.6.1.6. Reactivity of the CHDO and HCHN. Study of the reaction
mechanism

The results of the reactivity experiments carried out starting from CHDO and HCHN in
the presence of Au/TiO,, and without any catalyst as well, are presented in Table 36.
Experiments were carried out at 90°C during 3 h, under oxygen flow. In the case of CHDO,
we performed two reactions with different amounts of sodium hydroxide; in the reactions
with Au nanoparticles supported on titanium oxide the molar ratio between Au and
reagent was 1:1000.

Table 36. Reactivity of the CHDO and HCHN in the presence of Au-based catalyst. T=90°C,
Au:reagent=1:1000, 3 hours, oxygen flow

Reagent pH iit/aT'l‘g: X,% Y(HCPA), % Y(AA),% Y(GA),% Y(SA),% S(AA), %
CHDO |125 | + 99 0 14 36 5 14
CHDO | 6.3 + 64 0 9 47 1 15
CHDO |13.4 - 100 38 0 28 0 0
HCHN |125 | + 99 0 73 7 3 74
HCHN |12.5 - 100 0 71 6 3 71
HCHN | 10 - 100 0 4 3 0 4
HCHN |13.4 - 100 52 20 15 11 20

We did not observe the formation of HCPA, because the latter forms from CHDO only
under strongly basic conditions. In the reaction with HCHN we noticed the formation of a
small amount of CHDO, with yield however not higher than 1%.

From the obtained data, we can draw the following conclusions:

e the Au-based catalyst promotes AA formation from CHDO (compared to the
reaction without catalyst), but the yield is low;

® GA is the prevailing product in the oxidation of CHDO;
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e the formation of AA is highly selective when HCHN is used as the reagent; however,
this reaction does not require the presence of the catalyst to occur;

e high selectivity of AA starting from HCHN is guaranteed only in the presence of a
basic environment, but strongly basic pH are not necessary.

Putting together all the data we can conclude that the key intermediate compound in
CHD oxidation in the presence of Au/TiO, catalyst is 2-hydroxycyclohexanone; the latter
allows to get high yield to AA. The data obtained point out that CHDO is a reaction
intermediate which gives rise to several side reactions and only minimally contributes to
AA formation. Using Au/TiO, as the catalyst allowed to perform the reaction at less basic
pH, compared to the Ru-based catalyst, and thereby to avoid or limit the formation of
CHDO.

Proposed reaction mechanism for the aerobic oxidation of CHD catalyzed by Au
nanoparticles supported on titanium oxide is shown in Scheme 32.
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o1 a2 ° H,O HOOC-(CH,),-COOH
. OOH e > o 2- 2/4
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o
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OH HOOC-(CH,);-COOH
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o HOOC-(CH,),-COOH /
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HOOC-CH,-COCH

HOOC-COOH
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Scheme 32. The overall reaction scheme of the aerobic oxidation of 1,2-cyclohexanediol in the
presence of Au/TiO,
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9.6.2. Au/MgO and Au/Mg(OH),

Investigation of the reaction in the presence of Au/TiO, catalyst has shown the need
for a controlled basicity of the reaction environment, in order to activate the hydroxyl group
of CHD and avoid side-reactions. Therefore, it was decided to support the nanoparticles of
Au on magnesia hydroxide and magnesia, which hold a certain basicity (pKa = 10.3).

As in the case of the Au/TiO, catalyst, first we carried out some experiments to check
the effect of some parameters on AA selectivity (S).

The experiments were conducted by changing one of the following parameters:

* Molar ratio between NaOH and CHD at a constant temperature of 90°C;

* Molar ratio between Au and CHD at a constant temperature of 90°C.

The main reaction products were AA, GA, and SA; we also detected small amounts of
2-hydroxycyclohexanone and 1,2-cyclohexanedione.

9.6.2.1. Effect of the NaOH:CHD ratio

First, we performed the experiments by varying the NaOH:CHD molar ratio in order to
understand if the presence of the sodium hydroxide was anyway necessary even with the
basic support, and to determine the best value of pH for the reaction mixture (Table 37).
Other reaction conditions were: catalyst Au/Mg(OH),, molar ratio Au:CHD=1:1000, T=90°C, 3
h reaction time, oxygen flow 300 mL/min.

Table 37. Effect of the amount of NaOH and CHD (purity 98%) used for experiments and of NaOH:CHD

molar ratio
m(NaOH), g m(CHD),g NaOH:CHD, mol/mol
0 1 0:1
0.17 1 1:2
0.34 1 11
0,8 1 2:1

Results of the experiments (yields to the main products and CHD conversion) are given
in Table 38. Figure 48 shows a comparison of CHD conversions and AA yields and selectivity.

Table 38. Results of the experiments with different ratio NaOH:CHD

NaOH:CHD, mol/mol X(CHD),%  Y(AA),% Y(GA),% Y(SA),%  S(AA), %
1:2 18 9 0.4 0.6 50
1:1 18 9 1 1 50
2:1 16 7 2 1 44
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Figure 48. Results of the experiments with different ratio NaOH:CHD

HCHN and CHDO also formed in small quantities (yields <0.1%), except in the case of the
reaction carried out without NaOH (HCHN yield 3 %).

By comparing the results, it can be seen that the basicity of the support did not seem to
be sufficient to activate CHD. However, when NaOH was added the yield of AA significantly
increased. It can then be concluded that even for Au/MgO catalysts the addition of a base is
required in order to activate the reagent. The conversion of CHD was not strongly affected by
the NaOH/CHD ratio, similar AA selectivity was obtained with NaOH:CHD 1:2 and 1:1 ratios.

Therefore, we chose the ratio of 1:1 in order to compare the data obtained with the
Au/TiO, catalyst, which showed the highest AA selectivity (50%) using this ratio.

9.6.2.2. Effect of the Au:CHD ratio

Then we determined the optimal ratio between Au and CHD by changing the amount
of loaded catalyst (Table 39). Other reaction conditions were: catalyst Au/Mg(OH),, molar
ratio NaOH:CHD=1:1, T=90°C, 3 hours of reaction time, oxygen flow 300 mL/min.

Table 39. The amount of catalyst and CHD (purity 98%) used for the experiments and the molar ratio

Au:CHD
m(Au/MgO0), g m(CHD), g Au:CHD, mol/mol
1.1 1 1:100
0.11 1 1:1000

Results of the experiments (yields to the main products and CHD conversion) are given
in Table 40. Figure 49 shows the comparison of CHD conversions and AA yields and
selectivity.
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Table 40. Results of the experiments with different ratio Au:CHD

Au:CHD, mol/mol  X(CHD),%  Y(AA),%  Y(GA),%  Y(SA), % S(AA), %

1:100 28 20 2 2 71

1:1000 18 9 1 1 50
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Figure 49. Results of the experiments with different ratio Au:CHD

The yields to HCHN and CHDO were around 0.1%.

It can be noted that the increase of molar ratio led to an effective increase in AA
production, both in terms of yield and selectivity. However, the improvement was not so
high to justify this molar ratio, which involves the use of more than 1 g of catalyst for each
test.

For further experiments we used the ratio between Au and CHD equal to 1:1000.

9.6.2.3. Stability of the catalyst under reaction conditions

Next step was to check the stability of the catalyst under reaction conditions. we
carried out two types of experiments:

e leaching experiments: to check if the leaching of Au into the reaction mixture
had occurred;

e recyclability experiments: to check if the catalyst maintained its initial activity or
underwent deactivation during reaction.

9.6.2.3.1. Leaching experiments

For the leaching experiments this procedure was used: first, the reaction was carried
out during 3 h, then the catalyst was filtered off, the mixture was loaded back into the
reactor and the reaction was continued for 3 h more in the absence of catalyst. Results for
Au/MgO and Au/Mg(OH), catalysts are shown in Figures 50 and 51, respectively.
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Figure 51. Results of the leaching experiments with Au/Mg(OH),

It is shown that the yield of products did not change; the amount of CHD was the
same in both mixtures. This data indicate that the Au/MgO and Au/Mg(OH), catalysts did

not undergo any leaching phenomena.

9.6.2.3.2. Recyclability experiments

Recyclability experiments were performed following this procedure: first, the 3h
reaction was carried out, then the catalyst was filtered off, washed with water and
reloaded with fresh reagents for 3 h more. The procedure was repeated two times. The

results are shown in Figure 52.
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Figure 52. Results of the recyclability experiments for Au/Mg(OH),

A small decrease of CHD conversion was measured after the first use, but it was within
the error of measurement. The amount of AA increased after the second use. Therefore we
can conclude that the catalyst did not undergo significant deactivation.

9.6.2.4. Activity of the catalyst as a function of reaction time

We carried out the experiments in function of time. We calculated CHD conversion,
yields to the main products and AA selectivity. Reaction products were AA, GA, and SA; we
also detected small amounts of 2-hydroxycyclohexanone (HCHN) and 1,2-
cyclohexanedione (CHDO) (yields were <1% in all cases). Table 41 and Figure 53 report the
results obtained for Au/MgO, Table 42 and Figure 54 report the results obtained for
Au/Mg(OH),.

Table 41. Results of the reactivity experiments. Catalyst Au/MgO,T=90°C, Au:CHD=1:1000,
NaOH:CHD=1:1, oxygen flow

Time of reaction,h  X(CHD), % Y(AA),% Y(GA), % Y(SA), % S(AA), %

0.5 18 2 0.2 0 11
1 19 6 0.5 0.3 31
3 22 15 15 1 68
5 29 21 3 2 72
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Figure 53. Results of the reactivity experiments. Catalyst Au/MgO, T=90°C, Au:CHD=1:1000,
NaOH:CHD=1:1, oxygen flow

Table 42. Results of the reactivity experiments. Catalyst Au/Mg(OH),, T=90°C, Au:CHD=1:1000,
NaOH:CHD=1:1, oxygen flow

Time of reaction,h  X(CHD),% Y(AA),% Y(GA), % Y(SA), % S(AA), %
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0.5 18 0.3 0 0 2
1 19 1 0 0 5
3 18 4 0.3 0.3 22
5 16 6 1 0.5 38
7 18 9 1 1 50
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Figure 54. Results of the reactivity experiments. Catalyst Au/Mg(OH),, T=90°C, Au:CHD=1:1000,
NaOH:CHD=1:1, oxygen flow
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The behavior was not much different from that shown by Au/TiO,; in fact, CHD
conversion first increased rapidly, then more slowly and then finally increased again, which
can be attributed to the overlapping of the two reactions contributing to CHD conversion.
Au/MgO catalyst was more active and more selective to AA than Au/Mg(OH),. Selectivity
to AA in the presence of Au/MgO catalyst was 70%, whereas for Au/Mg(OH), it was 40%
after 5 h reaction time.
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9.7. Polyoxometalates

Next catalysts that we used for the oxidation of CHD with oxygen were
polyoxometalates, in particular Keggin-type P/Mo/V heteropolyacids.

Polyoxometalates (POMs) are polyatomic ions with general formula [M,,0,]”". The ion
consists of oxygen and transition metals, usually of group 5 and 6 at their highest oxidation
states. Also POMs can contain different heteroatoms such as P, Si, V, and in this case they
belong to the heteropolyanions with the general formula of [XMn0,]% (x<m).

The most known structural form for heteropolyacids is the Keggin structure. It has
the general formula [XM1,040]"", where M is the addenda atom (usually Mo or W) and X is
the heteroatom, such as P5+, or B*'. The structure is made of a heteroatom bounded to
four oxygen forming a tetrahedron, surrounded by 12 octahedral MOg-units. Tetrahedron
is linked to each octahedron through the oxygen atoms, and each octahedron is linked to
four adjacent octahedra via an edge and corners forming a bridge -M-0-M- [168].

Figure 55. The structure of heteropolyacid with Keggin structure

In P/Mo/V heteropolyacids, those that we studied, one or two atoms of Mo were
replaced by V atoms and had the formula HsPMo1¢V,049 and H4PMo011VO49 (POMV2 and
POMV1 respectively).

The mixed Mo-V Keggin-type catalytic systems have interesting applications as
oxidation catalysts in reactions carried out with air or molecular oxygen. In fact, their redox
potential is such that they can establish catalytic cycles where the mixed Mo-V POM first is
reduced while oxidizing the substrate, and then is re-oxidized by oxygen. These cycles are
not possible with the vanadate or metavanadate individually, because once reduced they
can no longer be re-oxidized by oxygen.

In addition, the Keggin-type POMs, if prepared properly, can also function as strong
acid systems, and in this way the resulting catalyst presents dual functionality: redox and
acid. However, a big practical disadvantage of this class of compounds is that POMs are
generally soluble in most solvents and the separation from the reaction mixture is very
difficult.

The catalytic activity of POM-V in oxidation reactions and oxidative cleavage is
already known and this type of catalyst is amongst the most active ones [169, 170, 171].
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For instance, Brégeault et al performed the oxidative cleavage of CHD using a P/Mo/V
heteropolyacid catalyst in ethanol at 75°C, and obtained 90% selectivity to the diethyl ester
of AA with 62% CHD conversion[172].
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9.8. Experimental part
9.8.1. Synthesis of the catalyst

The Keggin-type heteropolyacids were synthesized following a procedure described
by Matveev and co-workers [173].

First, we prepared a solution by dissolving V,0s in 5% solution of HP at 4°C during 1
hour. Despite the fact that total dissolution of vanadium oxide was achieved within this
time, we left the mixture in the ice bath overnight. The second solution was prepared by
dissolving MoQO3 and 85% solution of phosphoric acid in excess of water at a temperature
around 100°C (but avoiding boiling). Dissolution of the MoOs took about 15h.

The solution of Mo was heated to 90°C, and then the first solution was added
dropwise to the second one. Resulted mixture was then stirred for 8h at 90°C to evaporate
most of the solvent. Finally, the solution was left at 80°C for a night in order to evaporate
the rest of the solvent. The obtained wet solid was then dried in the oven, at 110°C for 4
hours. The dried solid showed an orange color.

9.8.2. Characterization of the catalyst

The obtained solid was characterized by means of FT-IR spectroscopy in order to
prove the formation of the Keggin structure.

9.8.2.1. FT-IR spectroscopy

Spectrophotometer FT-IR PerKin—Elmer was used for the characterization of the
samples. The instrument was equipped with ATR sampling for the registration of the
spectrum in attenuated total reflectance.

The IR spectrum of POMV2 is shown in Figure 56.
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Figure 56. The FT-IR spectrum of POMV2
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According to the literature, the Keggin-type structure is characterized by some
typical vibration bands, that were also present in our samples [174, 175, 176].

Table 43. Assignment of IR bands to the main vibrational modes of the POM-V2

Wavenumber of the IR band, cm™ Bonding and vibrational mode
1619; 596 Stretching P=0
1058 Asymmetric stretching P-O
957 Asymmetric stretching Mo=0
869; 787 Asymmetric stretching Mo-O-Mo
3500-3000 Crystallized H,0

Between 1100 and 700 cm™ we can note two shoulders (Figure 57):

e at 957 cm due to vibration of VO bond;

e at 1050 cm™ due to a partial shift and widening of the band of PO, due to the
interaction of this group with the atoms of vanadium.

52,
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Figure 57. Magnification of the IR spectrum which ranges from 1100 to 700

In conclusion, the spectrum shows the presence of the bands typical for the Keggin-
type structures based on Mo. The presence of V embedded in the structure is confirmed by
the presence of some shoulders in the IR spectrum and by the intense orange color of the
solid obtained, typical of these compounds.

The same characterization was done for the POMV1 catalyst. The analysis of
obtained data showed that POMV1 also had a Keggin-type structure.
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9.8.3. Catalytic measurements

The experiments to measure the catalytic activity of POMs were performed in the
same reactor and with the same procedure already used for both Ru- and Au-based
catalysts. The description of the procedures used are described in chapter 9.2.3.

Main differences in the use of POMs, compared to the Ru- and Au- based catalyst
were:

e POMs were completely soluble in the reaction mixture;

e NaOH was not added; the reaction medium had acid pH because of the POMs,

which are stable compounds only under strongly acid conditions.

9.8.4. Treatment of the reaction mixture

After the sample had been picked up from the reaction mixture, it was necessary to
separate the catalyst. Since the POMs are soluble, the separation was performed by adding
of a concentrated solution of CsCl to the reaction mixture, with the consequent formation
of a precipitate, consisting of the insoluble cesium salt CssPMo1gV,040 or Cs4PMo011VO40.
After precipitation, the separation of the solid was done by centrifugation. The obtained
mixture could be directly used for the analysis by means of HPLC. For the analysis by
means of ESI-MS, the mixture was diluted with methanol.

To carry out the analysis of the reaction mixture by means of GC-MS, we first carried
out the esterification of the dicarboxylic acids, using the following procedure:

1) 5 mL of the reaction mixture were pulled in a dry 50 mL flask and put in a
rotavapor in order to evaporate the solvent;

2) a solution of 14% BF3; in methanol was added to the flask (reagent for the
formation of methyl esters);

3) the closed flask was heated at 70°C for 1h;

4) The obtained mixture was extracted 5 times with 5 mL of n-hexane;

5) 10uL of decane was added as an internal standard to 25 ml of the extract.

9.8.5. Analysis of the reaction mixture

The quantitative analysis of the components of the reaction mixture was performed
by means of HPLC and GC-MS, while the qualitative analysis was carried out also by means
of ESI-MS spectroscopy.

Description of HPLC and ESI-MS techniques is given in chapter 6.4.

9.8.5.1. GC-MS

The instrument used is a Gas chromatograph Agilent Technologies 6890N coupled to
a mass spectrometer Agilent Technologies 5973 Inert system with ionization filament El
(electron impact) and quadrupole mass analyzer-photomultiplier.
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The capillary column was a Agilent HPS model, consisting of 5% phenyl-95% dimethyl
polysiloxane, length 30 m and diameter of 1.025 mm.

The injector was a splitless, maintained at a temperature of 250°C, while the
separation took place under temperature gradient according to the following program: 2
minutes at 50°C, then ramp 10°C/min up to 250°C.

The mobile phase was an Ar flow, with rate of 1.0mL/min; the injection is performed
by introducing 5uL of solution with a syringe.
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9.9. Results and discussion

First we conducted experiments in order to determine the activity of the POMs
catalysts.

Typical conditions were:

e 2.4gof CHD;

e 0,7 g of catalyst;

e 30 ml of distilled water;

e 90°C;

e oxygen flow 300 mL/min.

9.9.1. Activity of the POMs catalysts

Two reactions were conducted with duration of 3 and 6 hours in the presence of
POMV?2 catalyst, and were analyzed by means of HPLC. We obtained a CHD conversion of
48 and 36%, respectively; however, we did not detect the formation of any product. In
order to understand this incongruence, the ESI-MS analysis of the reaction mixtures was
done. We found peaks with molecular weights that correspond to the esters formed by the
condensation of AA and CHD. Esters are shown in Figure 58.
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Figure 58. Esters of AA and CHD

These data indicate that AA indeed formed; however, in acid medium it fast reacted
with unconverted CHD vyielding the esters. The same problem was also detected in the case
of the POMV1 catalyst.

In order to calculate the amount of the reaction products, we carried out a
transesterification of the reaction mixture with a large excess of methanol (method of this
procedure is described in chapter 9.8.5.1). The resulting mixture was then analyzed by
means of GC-MS and the yield of methyl esters of dicarboxylic acids were calculated.

The results of the experiments with POMV1 And POMV2 are shown in Table 44.
Reactions were carried out at 90°C, during 6 h, with oxygen flow, using water as the
solvent. The conversion of CHD was calculated by means of HPLC whereas the yields to the
dimethyl esters of acids by means of GC-MS.
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Table 44. Experiments with POMV1 and POMV2

Yield to AA, GA & SA dimethyl esters, %

POMV1 6 90 36 12, traces, traces

POMV2 6 90 37 9.5,04,0.1

We did not detect the formation of any of by-products that had formed in the
reaction under basic conditions (with Ru-based catalyst, for example). However, CHD
conversion was higher than the total yield of dimethyl esters. This can be explained by
taking into account the formation of the esters between acids and unconverted CHD: for
each mole of dicarboxylic acid we need one mole of CHD and one or even two moles of
CHD is necessary to form the corresponding esters. To confirm this hypothesis we carried
out an experiment with AA and CHD as reagents without the catalyst, in the absence of
oxygen and in acid medium. We measured a AA conversion of 11% and a CHD conversion
of 14%; moreover, by ESI-MS we detected the formation of the esterification products. We
also detected the formation of CHD self-condensation compounds, which amount
decreased with increasing the reaction time.

In the presence of the POMV?2 catalyst, selectivity to AA was lower and the formation
of the lighter dicarboxylic acids was greater.

As a conclusion we can say that POM catalysts were high selective to AA from CHD
due to the absence of the side-reactions that take place under basic conditions; moreover,
also the formation of lighter compounds was low.

Unfortunately, the use of POMs catalysts leads to some problems. One drawback is
related to the reaction of AA with unconverted CHD giving the corresponding esters; in
order to obtain pure AA it is necessary to perform the hydrolysis of the esters. Another
problem is the solubility of POMs in the reaction medium; the only way to separate the
catalyst is by means of the formation of an insoluble salts the of POMs, which can then be
filtered off. The precipitation was carried out adding large amounts of CsCl. We checked
the activity of the formed salt in the same reaction, but the POM Cs-salt was much less
active than the initial acid POM.

After the reactivity experiments, we performed some tests to understand the
mechanism of CHD oxidation in the presence of POMs.

9.9.2. Reactivity of the CHDO and HCHN. Study of the reaction
mechanism

When we used CHDO as the reagent, complete conversion was achieved after 1 h of
reaction. However, no AA formed, the only products were GA, SA and other degradation
compounds. Worthy of note, that starting from CHD we did not detect the formation of
these compounds in a big amount. This fact indicates that CHDO is not an intermediate
product of the reaction.
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To detect possible reaction intermediates we performed the reaction starting from
CHD, with POMV2 catalyst, but in the absence of oxygen. The color of the catalyst in the
end of the reaction was black, whereas initially it was orange; this means that the POM
was reduced during the reaction and since there was no oxygen fed, it could not be re-
oxidized. We observed the formation of 2-hydroxycyclohexanone (HCHN), which was
produced by oxidative dehydrogenation of CHD, and was not further oxidized to CHDO, but
transformed into AA.

In order to prove that HCHN is the intermediate product for AA formation, we carried
out the experiments using HCHN as the starting reactant. Reaction conditions were:
catalyst POMV2, 90°C, oxygen flow.

Table 45. Results of the experiment with HCHN as the starting compound
X (HCHN), Y (AA), Y(GA), Y (SA),

Other products (detected by ESI-MS)

6-hydroxycaprolactone, condensation
0 32 0 0 0
compounds
0.08 adipic anhydride, 6-hydroxycaprolactone,
o 46 0 5 0 condensation compounds, light
(5min) . o
dicarboxylic acids
0.17 adipic anhydride, 6-hydroxycaprolactone,
- 47 0 10 traces condensation compounds, light
(10 min) . o
dicarboxylic acids
0.33 6-hydroxycaprolactone, light dicarboxylic
] 63 24 12 traces y yeap . & y
(20min) acids
6-hydroxycaprolactone, light dicarboxylic
0.5 79 32 9 traces y yeap . 8 y
acids
1 96 34 4 8 light dicarboxylic acids
2 99.8 34 4 9 light dicarboxylic acids
3 100 32 2 11 light dicarboxylic acids

2-Hydroxycyclohexanone was very reactive, more than CHD, in fact after 1 h of
reaction its conversion was greater than 90%. However, AA started to form only after 20
minutes of reaction, and reached the maximum of 34% after 2 hours. GA formed already
after 5 minutes of reaction, before the formation of AA, which means that the mechanism
of GA formation was different from that leading to AA. SA and other light dicarboxylic acids
formed by consecutive degradation of AA and GA.
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By means of ESI-MS technique we determined the formation of other products, such
as 6-hydroxycaprolactone, adipic anhydride and condensation compounds of HCHN. Adipic
anhydride was detected only during the first 20 minutes of reaction and then it
disappeared forming AA by hydrolysis. The reaction starting from HCHN under acid
conditions (but without the POM) was slower than that one with POMV2; after 3h the
conversion of HCHN was only 15%.

As it was shown in the previous chapter, in the reaction starting from CHD its
conversion was lower than that of HCHN, while the selectivity to AA was higher.

Putting together the results we can conclude that:

e the oxidative dehydrogenation of CHD to 2-hydroxycyclohexanone was slower

than the further transformation of the latter;

e in the oxidation of HCHN, GA formed before AA; therefore the oxidation of HCHN

occurs along two pathways leading to different products;

e The formation of AA showed an induction period due to the slow hydrolysis of

adipic anhydride;

e SA formed by oxidative degradation from both AA and GA.

The proposed mechanism of CHD oxidation under acid conditions using Keggin-type
heteropolycompounds as homogeneous catalysts, is shown in Scheme 33.
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Scheme 33. Mechanism of CHD oxidation under acid conditions using Keggin-type heteropolycompounds
as the catalyst
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Conclusions

The aim of my PhD work was to investigate new catalytic processes, more
sustainable compared to the traditional ones, for the production of adipic acid. Two
processes have been studied, in which various substrates (cyclohexene, 1,2-
cyclohexanediol, cyclohexanone) were used with different oxidants (hydrogen peroxide
and molecular oxygen) in the presence of homogeneous (tungstic acid, Keggin-type
polyoxometalates) or heterogeneous (Ru(OH), supported on alumina, Au-nanoparticles
supported on titanium oxide or magnesium oxide, etc.) catalytic systems.

It was shown that in the two-step process of cyclohexene oxidation into adipic acid
via trans-1,2-cyclohexanediol it is possible to achieve very high selectivity to the glycol. We
could achieve 97.2% yield with complete conversion of the substrate using a stoichiometric
amount of hydrogen peroxide in presence of a phase transfer catalyst; no organic solvent
was used. Regarding the second step of this process, the oxidation of the 1,2-
cyclohexanediol with oxygen into adipic acid, we investigated different catalysts, both
homogeneous and heterogeneous. The use of Ru(OH),-based catalyst for this reaction was
quite problematic because under strongly basic conditions, at which the catalyst is active,
the reaction is poorly selective, due to the simultaneous coordination of both C-OH groups
of the reactant by Ru species and the direct formation of 1,2-cyclohexanedione as the key
intermediate. The latter transforms to by-products which are not precursors for AA
formation. Au-based catalysts are more selective to produce AA because the oxidation of
1,2-cyclohexanediol yields 2-hydroxycyclohexanone, which is oxidized into adipic acid even
in the absence of the catalyst with good selectivity. Keggin-type POMs were quite selective
to adipic acid, but the main drawback of this type of catalyst is related to its recovery.

We studied also the Baeyer-Villiger oxidation of cyclohexanone with aqueous
solution of hydrogen peroxide, at 50°C, as the first step on the way to produce adipic acid,
using several heterogeneous catalysts with different structures and compositions and also
simply by means of thermal activation, that is in the absence of any catalyst. The Lewis acid
properties of the catalysts affected the distribution of products, addressing the reaction
pathway to the formation of either 1-hydroperoxycyclohexan-1-ol (the Criegee
compound), as an intermediate product on the way to e-caprolactone, or 1-[(1-
hydroperoxycyclohexyl)hydroperoxy]cyclohexanol. We also found that cyclohexanone
reacts very rapidly with hydrogen peroxide to yield a dioxirane compound, never reported
before in the literature. The reactant and the dioxirane rapidly equilibrate, and the latter is
likely the precursor for the formation of a bis-hydroperoxide compound.
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