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1. INTRODUCTION AND AIMS

Nowadays, almost 95% of the available pharmaceuticals contain chiral compounds. The
enantiomers of the optically active molecules may have different physiological effects, thus
their enantioselective synthesis is one of the essential goals of synthetic chemistry. Chiral
resolutions and the application of optically active starting compounds are outdated processes
compared to the modern, high-efficiency catalytic methods, using only a small amount of
chirality source. Among the optically active molecules, chiral alcohols have a major role as
intermediates in the pharmaceutical industry. An excellent example is the (R)-3’,5'-
bis(trifluoromethyl)-phenyl-ethanol, which is an important building block of aprepitant, an
antiemetic, used in chemotherapy or post-operational periods. Similar ketones with various
properties can be obtained in metal-catalysed asymmetric transfer hydrogenations. To
stereoselectively promote these reactions, several synthetic ligands were developed in the
past decades, although environmental protection and sustainability demand the
reconsideration and adjustment of these methods. The application of natural, biodegradable
chiral ligands, green solvents and easily available reagents, which do not generate hazardous
by-products has opened new paths towards environmentally benign approaches. In addition,
alternative energy transmissions are getting more and more popular for promoting organic
synthetic processes. These methods allow significant shortening of the reaction time and
numerous reactions can be carried out neat as well.

Based on the thorough study of the literature, the main goal of our work was to develop
an environmentally benign catalytic system, using a natural and biocompatible chiral ligand,
in aqueous media. The easily available chitosan with advantageous characteristics, obtained
by the deacetylation of chitin, was chosen as the chiral ligand of the applied Ru-catalyst.
Besides investigating the structure of the complex and the reaction mechanism, we aimed to
optimise the reaction conditions to develop a universally applicable catalytic method for
obtaining optically pure alcohols. To achieve an environmentally friendly system, not only
aqueous media was applied, but we planned to carry out the reactions using alternative

energy transitions, thereby reducing the necessary amount of solvent and the reaction time.




2. EXPERIMENTAL

In our research we used compounds from commercial sources, other ketones and
alcohols used as starting molecules and the chitosan polymers were prepared based on
procedures found in the literature. The magnetically stirred asymmetric transfer
hydrogenations (deuterations) and oxidative kinetic resolutions were carried out in glass
reactors, while for the mechanochemical reactions a Retsch MM 400 mixer mill was used.
After the appropriate reaction time, the products were separated from the mixtures by
dissolving them in ethyl acetate. The raw products were analysed by GC-MSD and GC-FID, the
conversions and enantiomeric excesses were determined based on the chromatograms with
t 1% reproducibility. The alcohols were separated by column chromatography or
recrystallization. The purified products were analysed by 'H, ?H and *3C NMR spectroscopy.
The pre-prepared complex was studied by SEM, SEM-EDX and IR spectroscopy the pre-catalyst
formed in a solution was analysed *H NMR spectroscopy.

The deacetylation of chitin was carried out in 20 cm? glass reactors, immersed in a
heated oil bath. The degrees of deacetylation of the product chitosans were determined by
'H NMR, IR and UV-Vis spectroscopy. The average molecular weights of the polymers were
calculated based on viscosity measurements, the degree of crystallinity and the apparent

crystallite size were determined by X-ray diffractometry.




3. NOVEL SCIENTIFIC RESULTS

T1. We have developed an environmentally benign catalytic system for the transfer
hydrogenation of acetophenone derivatives and carbocyclic ketones, using chitosan as a
chirality source.

Chitosan had been applied in several catalytic systems, however in many cases, the polymer
only had the role of heterogeneous support, or just the modified derivatives of the
polysaccharide were effective. Our research is the first study of the asymmetric transfer
hydrogenation of various acetophenone derivatives in aqueous media, using HCOONa as
hydrogen donor and chitosan as the chiral ligand of the ruthenium catalyst, without further
structural modification of the biopolymer. We also examined the applicability of this natural
ligand in the reaction of carbocyclic ketones, which provided increased enantioselectivity due

to more directed coordination of the compounds with rigid structures [1].

T2. We have succeeded in carrying out the synthesis of heterocyclic chiral alcohols by Ru(ll)-
chitosan catalysed asymmetric transfer hydrogenations.

The scope of the catalytic system was extended to heterocyclic ketones. 4-Chromanone and
4-thiochromanone derivatives gave full conversions and up to 97% enantiomeric excesses, by
applying the natural chirality source (Scheme 1.) [1]. Great results were obtained in the
asymmetric transfer hydrogenation of quinolinone derivatives too, using the developed
catalytic system. Our work also included the preparation of bicyclic ketones bearing a
heteroatom in each ring. These compounds provided outstanding results in the Ru(ll)-chitosan
catalysed system as well (Scheme 1.). It is important that optically pure amino alcohols with

similar structures were previously obtained using only enzyme catalysis [2].
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Scheme 1. Outstanding results obtained in the Ru(ll)-chitosan catalysed transfer
hydrogenations of heterocyclic ketones




T3. We have investigated the formation and working mechanism of the Ru(ll)-chitosan
complex.

Based on the transfer hydrogenation of various ketones, we drew conclusions about the
interactions in the probable transition state. Our results demonstrated that the rigid structure
of the carbocyclic ketones has a positive effect on the enantioselection. The outstanding
conversion and enantiomeric excess values obtained in the reaction of heterocyclic ketones
led to the conclusion that the heteroatom may form secondary bonds with the functional
groups of the chitosan, thus directing the coordination, hence the hydrogen transfer. Although
the nitrogen-containing compounds can deactivate the catalyst, a protecting group or a
substituent near the N atom can hinder the strong Ru-N interaction (Scheme 2.). Our
conclusions on the bond formations in the intermediate state and the reaction mechanism
were supported by the results achieved in oxidative kinetic resolutions. Besides these, we also
carried out a detailed study of the Ru(ll)-chitosan complex by various spectroscopic methods
to learn more about the interactions between the metal centre and the biopolymer ligand

[1,2,3].

Scheme 2. A possible structure of the Ru(ll)-chitosan complex, the interactions formed
in the six-membered pericyclic intermediate and the secondary bonds
between the heteroatom and the biopolymer ligand

T4. We have prepared and characterised a unique chitosan series, then we studied the effect
of the polimers’ properties on the asymmetric transfer hydrogenations.

In our study we synthesized 23 chitosan polymers with different degree of deacetylation —
molecular weight — degree of crystallinity — apparent crystallite size values by applying various
hydrolysis conditions. Compared to the studies published so far, these series of chitosan

polymers are unique and provided a great opportunity to investigate the effect of the




structural characteristics of the biopolymer on the reactions. The degree of deacetylation of
the chitosan can affect its complex-forming ability. The molecular weight, hence the chain
length of the polysaccharide may have a major role in the formation of a chiral environment
around the active centre. To study these phenomena, we carried out the transfer
hydrogenation of 4-chormanone and 3’-trifluoromethyl acetophenone using the biopolymers
synthesized by us. These chiral ligands provided outstanding enantioselectivity in every
reaction, however, based on changes in the achieved conversions it was observed that these
properties of the polymer have a major effect on the formation of the active complex. We
came to the conclusion that although the presence of the amino groups is essential, the best
results were obtained with chitosans having a degree of deacetylation between 80-95% and
an average molecular weight fitting in the 210-230 kDa range. The degree of crystallinity and

the apparent crystallite size of the chitosans did not affect the reactions [3].

T5. By using the prepared chitosan series, we have carried out the first chitosan-complex
catalysed oxidative kinetic resolutions.

In this reaction, we also observed enantiodifferentiation using the Ru(ll)-chitosan complex. In
the aspect of the degree of deacetylation, we observed similar changes to the transfer
hydrogenations, however, we concluded that the molecular weight had a major role in the
enantioselection. Probably not just the directly coordinating monomers are responsible for
the high stereoselectivity, but the chiral environment formed by the polymer chain also

contributes to the appropriate coordination of the ketone to the active centre [3].

T6. We have carried out the first asymmetric catalytic transfer hydrogenations in a ball mill.
Our study is the first, which investigates the asymmetric transfer hydrogenations carried out
in a ball mill. The application of the Noyori-lkariya-type complex in aqueous media is well
known, however among the environmentally friendly implementations, our process induced
via mechanochemical energy transmission proved to fill a gap, thus besides the Ru(ll)-chitosan
complex, we also applied this catalyst during our mechanochemical studies. After the
optimisation of the reaction conditions, we extended the scope of the reaction to various
acetophenone derivatives, carbo- and heterocyclic ketones. It is important to highlight that
the results of the mechanochemical reactions in some cases exceeded those achieved in
magnetically stirred transfer hydrogenations, besides reaction time was also reduced

significantly [4,5].




T7. We have investigated the synthetic applicability of the Ru(ll)-chitosan catalysed systems
at larger scales.

As the environmentally benign implementations are gaining importance in the industrial
processes, we have studied the practical applicability of both magnetically stirred and
mechanochemical reactions by carrying out the transfer hydrogenations with 1-8 mmol
ketones, achieving a fourfold to thirty-fourfold increase. Good conversions can be obtained
even at larger scales, with similar enantiomeric excess values to the ones achieved in the 0.25
mmol reactions. The chiral alcohols were isolated from the product mixtures in good vyields
corresponding to the chosen purification methods. The optical purity of the solid products
could be enhanced by recrystallization (Scheme 3.) [1,2,5].
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Scheme 3. Results achieved in the study of the practical applicability of the Ru(ll)-chitosan catalysed
systems (MS: magnetically stirred, MC: mechanochemical, Y..: yield after recrystallization,
Y yield after column chromatography, ee., ee.: enantiomer excesses achieved after
recrystallization or column chromatography)
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