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Abstract

4-acyl-5-pyrazolones are a class of compounds that combine the properties of the pyrazolone ring
with that of diketones, affording an O,0-chelating ligand with biological features. Since the first
synthesis by Jensen in 1959 they have been the subject of a multitude of studies concerning their
tautomeric forms, their biological properties, and their coordination chemistry towards a variety
of metal centres. Furthermore, the readiness of the structural modifications they can undergo
pushed researchers to explore many different variations tailoring the substituents to optimize their
coordination with the metals and to vary their properties. In particular, one interesting variant of
4-acyl-5-pyrazolones is obtained by condensation with hydrazine or amine to afford N,O-chelating
Schiff base ligands. This class of ligands retains all the characteristics of their synthon and
additionally, they show enhanced coordination features due to the presence of one or more nitrogen
atoms. In Chapter 1 an introduction to these compounds is reported together with a comprehensive
state-of-the-art of their metal complexes, involving zinc, copper, and molybdenum. Chapter 2
deals with the synthesis and characterization of Schiff base ligands and the study of their
tautomerism in solid state and solution. The ligands have then been utilized to synthesize the
respective zinc(ll) complexes of composition [Zn(HL")2], they were fully characterized and the
structures of two ligands and three complexes were determined by X-ray diffraction, showing that
complexes 1 and 2 have a monomeric nature, while complex 4 exists as one-dimensional
coordination polymer. DFT calculations on proligands, anions and complexes were exploited to
confirm the experimental result and rationalized the polymeric nature of complex 4 and the
presence of two water molecules coordinated on complexes 3 and 5. The antimicrobial activity of
the compounds was investigated against Escherichia coli and Staphylococcus aureus. Complexes
4 and 5 demonstrated good efficiency, the latter probably for its ligand containing aliphatic and
fluorinated substituents. Similarly, in Chapter 3 two hydrazone ligands were synthesized,
characterized and reacted with Zn(ll) and Cu(ll) affording four complexes of formula
[Zn(HLY)2(MeOH)2], [Cu(HLY)2], and [M(HL?)2]. DFT and XRD studies determined that the free
proligands exist in the NH,NH tautomeric form, [Zn(HL)2(MeOH),] has an octahedral geometry
with two apical methanol molecules, [Cu(HL?),] adopts a square planar geometry, and the two
[M(HL?);] are octahedral with the ligands acting as tridentate O,N,N-donors in planar
conformation. All the compounds were tested against the parasite Trypanosoma brucei and
Balb3T3 cells obtaining powerful results, from the ligand H.L! and its Zn complex, showing a

high selectivity index. For this reason, the mechanism of action of these two compounds has been



investigated, indicating a strong impact on the CTP (cytidine triphosphate) pools, making it likely
that CTP synthetase is the targeted enzyme. Chapter 4 is focused on the theoretical study of the
mechanism of molybdenum-catalyzed deoxydehydration (DODH) of vicinal diols to alkenes. The
mechanism has been investigated employing DFT calculations and considering [Mo(O)2(QM®).]
as a catalyst, where Q¢ is an O,0-donor pyrazolone-based ligand, and PMe; as a reductant. Two
different pathways have been analysed differing in the order of the main steps of the reaction. The
lowest energy profiles were calculated for both, and the data obtained suggest that the second
pathway is energetically preferred. Finally, In Chapter 5, a list of activities aimed at improving the
efficiency of the processes of TechPol srl, acompany active in the field of technopolymer molding,
is reported. The activities carried out have optimized the use of recycled materials in a circular
economy perspective, investigating the nature of the problems encountered and confirming that

the main cause was the material used.
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Chapter 1. Introduction

1.1 Pyrazolone fragment and B-diketones

[-diketones are a class of molecules that arouse interest since the birth of coordination chemistry.
From the first preparation of acetylacetone by Claisen™ this class of molecules have been
employed as a ligand for the synthesis of many metal complexes. After many years they are still
utilized and much effort has been put into their functionalization in order to achieve ligands and
complexes with finely tunable physical-chemical properties, such as thermal stability,
luminescence or magnetic and electronic properties. Furtherly transition-metal derivates of these

ligands show interesting catalytic features, with the B-diketones behaving as spectator donors.

In the meanwhile, another important scaffold that attracted great attention is pyrazolone. By now
pyrazolone has become a well-known synthon for the preparation of a multitude types of molecules
in particular for the fields of pharmaceutical chemistry, coordination chemistry and functionalized
materialst?! (but also in other research fields, see Figure 2), in fact, many biological active species
in a wide-ranging spectrum of properties, e.g. anticancer, antioxidant, antibacterial etc., bear
pyrazolone scaffolds in their structures®®8. One important feature of the pyrazolone is that the
hydrogen on the C4 carbon can be substituted with another moiety to implement another donor
atom, thus affording a new class of chelating ligands that can be tailor-made to accomplish
efficient coordination of a certain metal ion. One of the most employed precursors bearing a
pyrazolone scaffold, also for the purpose of this thesis, is the edaravone (3-methyl-1-phenyl-5-
pyrazolone, Chart 1). This molecule itself boasts relevant biological features®!? Both
compounds are still deeply investigated resulting in a great number of publications issued every

year (Figure 1).
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Figure 1. Number of publications per year using “[diketone OR acylpyrazolone” as query.
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Figure 2. Research areas related to “[-diketone OR acylpyrazolone”.

Chart 2. Structure of Edaravone (3-methyl-1-phenyl-5-pyrazolone).

1.2 Class of 4-acyl-5-pyrazolone

When the edaravone is reacted on the C4 carbon with an acyl moiety a novel family of enolizable
ligands are obtained, named 4-acyl-5-pyrazolone, that displays the pyrazolone ring fused to
another donor arm, thus affording a chelating ligand, first synthesized by Jensen in 195901
combining the coordination properties of the diketones and the biological features due to the
presence of the pyrazolone ring. In fact, in the next years, several papers appeared regarding the
biological properties of acylpyrazolonel*4H20],
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Chart 3. Generic structure of a 4-acyl-5-pyrazolone (left) and generic structure of an acylpyrazolone starting from edaravone (4-
acyl-3-metyl-1-phenyl-5-pyrazolone).

1.2.1 Ligand synthesis

The most effortless way to obtain the 4-acyl-5-pyrazolone is through the reaction between the
specific acyl chloride and the 1-phenyl-3-methylpyrazol-5-one (Chart 4), the latter obtained easily
via condensation of phenylhydrazine and acetoacetate. The reaction proceeds through the acylation
of the C4 carbon atom on the pyrazolone ring in basic environment (using calcium hydroxide) and
utilizing refluxing thf or dioxane as solvent. Successive treatment with acid water affords the

precipitation of the compound generally with high yields*3211[22]

m 1) Ca(OH), o
NG o o 2) HCI 2N N/ \
e v
@ R cl refluxing Dioxane, 5h

Chart 4. Synthetic procedure of a general 4-acyl-5-pyrazolone starting from 1-phenyl-3-methylpyrazol-5-one.

Different synthetic routes can be followed if the initial pyrazolone is not the 1-phenyl-3-
methylpyrazol-5-one, in fact the general substituent R, R? and R® (see Chart 3) can be changed in
order to adjust the electronic and steric feature of the molecule. In the literature there are many
example of studies where different groups apart from the phenyl moiety are employed in position
R[231261 - Among them it is noteworthy the introduction of a pyridine ring, offering an additional
donor atom and thus allowing a potential O2,N-tetradentate ligand, with two couples of chelating
moieties facing in opposite direction[?®l. In the same way and for the same purpose is possible to
find acylpyrazolone bearing a different group than the methyl group in position R2 271281 Apyway,

the most explored functionalization is the acyl substitution in R®, An enormous group of different
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acyl chloride have been applied to provide a large number of acylpyrazolones with different and
particular characteristics. The implementation of a heteroatom, aliphatic groups, aryl groups,
bridging groups or combination of them can in fact results in ligands with very different structures
and coordination features?-1“3l. Furthermore, another possible functionalization may be the
substitution on the N2 atom, that is, the antipyrine. This class of molecules though will not be
taken in consideration in this work, however exhaustive information about it can be found on the

review by Raman et al.*4],

1.2.2 Tautomerism

One important feature of this class of molecules is their different tautomeric forms. In fact, 4-
acylpyrazolones can assume up to six tautomeric forms (Chart 5) and different studies have been
reported about the interconversion from one form to another. For example, one paper describes the
interconversion in solution between OH and NH forms, through an NMR study in which the
molecules give rise to averaged sets of signalst*. Usually, the chelating forms A, B, E and F are
more stable in non-polar solvents like CDClIs, while in more polar solvents like DMSO a mixture
of the NH and OH tautomers can be found. Single-crystal X-ray studies on the solid state have
showed also that most stable tautomer can depend on the solvent of crystallization. For example
in various works the ligand crystallizes from chloroform in the enol form BM-BU while if
recrystallized in polar solvent like methanol it assumes the amino diketonic form C, stabilized by
a intermolecular N-H---O network®l. In some cases, the proligand can also be stable in an
uncommon zwitterionic formP?., The tautomeric form that a proligand assumes is important

because it can influence its mode of coordination and the way it crystallizes.
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Chart 5. Scheme of the different tautomeric forms that a generic acylpyrazolone can assume.

1.2.3 Modes of coordination

Acylpyrazolones display various modes of coordination depending on the most stable tautomeric
form and on the ionic state. In the neutral form, the modes of coordination that the ligand can
employ are four (Chart 6). The first mode is the O2-bidentate chelating where the ligand is in its
enolic form. The enolic H can be utilized in a intermolecular interaction as found in Uhlemann et
al.B®¥l with an external water molecule. In this tautomeric form the ligand can also coordinate a
metal atom with the N2 atom on the pyrazole ring. In this case the enolic H is employed in a
intramolecular hydrogen bonding™*. Considering the di-keto-amino form the neutral ligand can
also use the O-chelating moiety to coordinate the metal and placing the proton on the N2 atom.
An alternative to the latter mode has been observed in which the proligand in the O2-diketo form

chelates the metal, but the proton is located on the C4 atom of the ring.

When treated with a base like KOH or also reacted directly with M(CHsCOQ), the proligand can
be deprotonated and the number of different modes of coordination increases (Chart 6). In the
anionic form the most common mode of coordination is the O»-bidentate mode, in which the metal
is chelated by the two oxygens of the ligand. However, the metal atom is not placed halfway
between the oxygen due to the different donating power of the two carbonyl oxygen of the ligand,
in fact two different M-O bond distances have been observed (Chart 6, E)SM%61 |n some
derivatives of alkaline earth metal a tetradentate bridging n*-coordination mode has also been

described (Chart 6, F)*"}581. A monodentate O-coordination can also occur as reported by Mahon
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et al.’®1 where the other oxygen and the nitrogen are involved in a intermolecular H-bonding
network that stabilizes the geometry (Chart 6, G). The acylpyrazolonates can also utilize both the
amino and ketonic moieties to act as a bridge between two metal centers, in a tridentate N,O,O-
coordination mode (Chart 6, H)®%-®2 |n some other derivates this can also occur with the
coordination of just one oxygen, thus a bridging bidentate N,O-coordination mode (Chart 6, 1)12,
Another more unusual coordination mode where the ligand acts as a bridge has been reported by
Pettinari et al.[%3, in which the Pb coordinated with a O.-coordination mode interacts with the
phenyl group of another molecules. When the phenyl in R position is replaced by another
substituent with an additional donor group, like the pyridine, further coordination modes become
accessible. In fact, the ligand can coordinate the metal center in a N>-chelating mode or also in a
tridentate N,N,O- or tetradentate N,N,O,O- coordination mode bridging two metal atoms (Chart 6,
K, L and M),
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Coordination modes of the neutral ligand
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Chart 6. Different possible coordination modes of neutral and deprotonated acylpyrazolone ligands.
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1.2.4 Biological properties

As stated before, acylpyrazolones are famous for a variety of applications. However, in the recent
years they stand out mostly for their biological properties and pharmaceutical application,
therefore here some of the recent works on this field will be reported. Most of the biological
features are surely due to the pyrazole ring, in fact the precursor itself of the 4-acyl-5-pyrazolones,
edaravone, displays some biological properties, like antipyretic and analgesic activity©-17%,
About the 4-acyl-5-pyrazolones, they have been tested in the whole range of biological properties,
from anti-inflammatory to antimicrobic and also anticancer. Moreover, some studies demonstrated
the importance role of the acyl moiety at C4 through computational analysist”*-1%l while another
paper investigated the difference in the activity based on the tautomeric form that the molecule
assumesl’. A different paper reports the anti-inflammatory properties of two ligands, while in a
further work different ligands have been essayed as iron chelators, to be used in the treatment of
iron excess in hereditary iron overload disease or in acute iron intoxication’®l. Several works
reported the antimicrobial activity of the ligands against different human pathogenic bacteria like
Bacillus subtilis, Escherichia coli, Staphylococcus epidermis, Staphylococcus aureus and
Pseudomonas aeruginosa. While some ligands showed potent activity, other resulted totally
inactive against all strains’®1781._ One more paper essayed the fungicidal and insecticidal activities
of some acylpyrazolones showing that they are active against many strains, but ineffective against
a few othersl”®l. Finally, there are a limited set of works regarding the anticancer activity of the 4-

acylpyrazolone, reporting a moderate-to-low or totally ineffective activity! 611,

1.3 Class of Schiff Bases

We have already seen how 4-acyl-5-pyrazolones can be modified by choosing a different acyl
chloride to change the acyl moiety. However, any acylpyrazolone can be furtherly modified by a
condensation reaction on the carbonyl of the acyl group. One typical reaction consists in the
formation of the Schiff bases. By definition Schiff bases are compounds with general structure
R!R2C=NR? where R® is an alkyl or aryl group. Often this type of compounds bear an extended
conjugated system and in fact there are many reports about their optical properties and
consequently applications like photochromic materials, optical switches, fluorescent probes for
metal ions or doping agent®?-®4, In particular, when using the 4-acyl-5-pyrazolone as starting

material we obtain pyrazolone-based Schiff bases with a N,O-chelating ability. In this way all the
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advantages and properties of the 4-acylpyrazolone are retained in the final compounds. In fact, in
the literature it is possible to find many papers regarding the properties of this class of ligands and
their relative metal complexes as well as their applications as anticancer[®2-1°®l antimicrobial

agents(®¢ %9 catalyst!9-1192 and optical devices or dyest31-111,

Following the same line stated before, in this work we will focus on the Schiff bases prepared
starting from 1-phenyl-3-methylpyrazol-5-one reacted with the wanted acyl chloride. In this way
we will obtain compounds where the azomethine C=N-R fragment is on the position C4 of the
pyrazole ring and the N2 atom unsubstituted.

1.3.1 Classes and synthesis

Synthesizing a pyrazolone-based Schiff base it is possible to obtain various types of ligands. To
make things clear it is useful to divide the “pyrazolone-based ligand” family into six sub-classes,
following the classification proposed by Casasi**?l, as illustrated in Chart 7. The general route
involves the condensation reaction between the 4-acylpyrazolone with the hydrazine of choice

(Chart 8). The nature of the hydrazine determines the sub-class of the final compound.

» Class (I). 4-aminoalkylidene-5-pyrazolones, also called B-ketoamine, are prepared reacting
the acylpyrazolone with a substituted aminel**3H114],

» Class (Il). 4-acylhydrazone-5-pyrazolones, prepared using acylhydrazones as
reactant!151116],

> Class (l11). 4-diazo-5-pyrazolones, obtained using a diazonium salt™7],

» Class (IV). 4-hydrazone-5-pyrazolones, synthesized using an alkylhydrazone or an
arylhydrazonel**®l,

» Class (V). 4-thiosemicarbazone-5-pyrazolones, prepared via condensation with an
alkylthiosemicarbazide or arylthiosemicarbazide®,

» Class (VI). 4-semicarbazone-5-pyrazolones, obtained via condensation with an

alkylsemicarbazide or arylsemicarbazidel**®,

As we shall see later, class | and class 1V, that is, 4-aminoalkylidenes and 4-hydrazones are the
two most investigated classes, with many papers regarding their synthesis and properties. The

other classes have been less explored up to now.
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Chart 7. Classes of Schiff bases starting from 4-acyl-5-hydrazone synthon.

HoN—Rsg
S
0 / R \ /
Rs R~ {__OH
R Ra / 1. MeOH \ J
N 5 . ] 0 2. Catalitic Ac.acid i
WSO L Do \ BRefvon
.C N —
| 3. Reflux N\ \ / R4 N \
Ry 4. HCI 2N R Rs y N Rs
HN—R \
\ HQR: /‘ 5 / H
— ~ H.N
2 N\N o)
|
R4 |
\\_7 H, LR«Rs ,_//

Chart 8. General synthetic route starting from a substituted pyrazol-5-one leading to the relative 4-acyl-5-pyrazolone and finally
to the corresponding Class | or Class IV Schiff base.

11



Chapter 1. Introduction

1.3.2 Tautomerism

It’s plain to expect that as implementing an additional moiety to a 4-acylpyrazolone, also the
number of possible tautomers will increase. Compounds belonging to class I (4-aminoalkylidene-
5-pyrazolones) still present only four tautomeric forms (Chart 9), in detail: imine-ol (A), imine-
one (B and C), amine-one (D). The latter form (D) was proved to be the most stable in the solid
state by many X-ray diffraction studiest®3®41%81 Additional studies demonstrated that this form is
also preferred in solution™% and in gas phase, thanks to DFT studies that also confirm that the D
form is both kinetically and thermodynamically favorable*?!l. Class Il and Class Il have been
much less explored. The few papers that dealt with this two classes reported that the most stable

form in the solid state is the keto form[22}-[126]

RS = RS = RS = R3
R
R =" R =" RE () =" R )N )
I\ (A = ] 7 s
N o~ Ny o N o N. o)
| D |
R’ R’ R’ R’
A B c D

Chart 9. Tautomeric forms of class | Schiff base (4-aminoalkylidene-5-pyrazolone).

Chart 10. Tautomeric forms of class 1V Schiff base (4-hydrazone-5-pyrazolones).

12



Chapter 1. Introduction

The presence of two acidic hydrogen atoms in class 1V, 4-hydrazone-5-pyrazolones, allows these
molecules to assume up to eight tautomeric form (Chart 10). Also in this case a general preference
for the keto-amine form (A) has been found™?-131 even if sometimes other forms have been
found to be preferred, like the keto-imine form!*32l, Curiously, some papers reported also that an
uncommon zwitterionic form can be isolated and it is stable in the solid statel!!81133] |n solution,
combined studies of DFT calculations and NMR analysis confirmed the imino-ol (E) form to be
prevalent. Class V and Class VI also exhibit more than one acidic hydrogens leading to several
tautomeric forms (Chart 11). It has been demonstrated that in the solid state the keto form (F) is
observed[*?"1341-136] for Class V, even if examples of structural studies of other forms can be
found(®M13711138] - Apout the molecules belonging to Class VI, much less investigation has been
carried out regarding their structural features. The few papers present in the literature suggest that
they mainly adopt the enol tautomeric form (J)13e-141,

R® H R® ) H R® H R® D A
2 N N« 2 N N\R R2 (H N N\R R2 (H N N\R
R . R R . =\ =\
JN ST R JN R NS Rs N R
N s E‘H N D F N 3 N -
N O N O N o H N O
b b b i’
A B QA D
R3 |-l| R3 hl |-1| 3 |_l| ° IT‘ |_l|
N. N N« 2 NN« 2 N ~
R?2 — R R2 —\ R R — R R — R
v R v R v Rs
N— E‘H N— : N \ 5 N \ -
iy N O iy N7 O ‘N o) ‘N~ OtH
b b b b
E F G H

=QorS

Chart 11. Tautomeric forms of class V (4-thiosemicarbazone-5-pyrazolones) and class VI (4-semicarbazone-5-pyrazolones)
Schiff bases.

1.4 Nomenclature

To keep things simple, in the literature a symbolism has caught on for referring to this class of

molecules. In this work this same symbolism will be used. HQRR2R3 jndicates the most general
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acylpyrazolone, where R, R?, and R® are the three substituents indicated in Chart 12. Usually
when R! = phenyl and R? = methyl they are omitted, thus only the substituent on the acyl moiety,
R3, is specified. For example, HQM® denotes an acylpyrazolone where R = Ph; R? = Me and R® =
Me, so 4-acetyl-5-methyl-2-phenyl-3-pyrazolone. When the acylpyrazolone is deprotonated, the H
is removed, like in QVe. If the R! and R? groups are not the phenyl and methyl substituents they
have to be specified. HQMeMeMe for example represents an acylpyrazolone where all the three

substituent are methyl groups.

Me

R® Ve o Me
R? B o ){ Me o
AN, =0 L el N{N\ OH
o

HQR1,R2,R3 HQMe HQMe,Me,Me

=z

Chart 12. Structure of a generic acylpyrazolone (left); HQMe where the phenyl and methyl substituent are omitted (center) and
HQMeMeMe where every substituent is specified (right).

A similar set of rules applies for the symbolism used for Schiff’s bases. The general abbreviation
is HaLRLRZR3R4 (Chart 13): the letter n indicates the number of acidic hydrogens capable of
undergo deprotonation. R* and R? like for the acylpyrazolone are omitted if they represent the
phenyl and methyl substituents on pyrazole ring. R is the substituents on the ex-acyl moiety while
R* is the substituent due to the new amino moiety. It is important to note that this symbolism does
not specify the class of Schiff bases, so that HLR*R® could represent in the same way a 4-
aminoalkylidene-5-pyrazolone o a 4-diazo-5-pyrazolone bearing the same substituents. This

should be clarified at the beginning of the work to avoid misunderstanding.
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R ® Q
R2 _N/R4 Me>_fN/R4 Me =N
O\ 7\

N

|
R1
HLR1.R2,R3,R4 HLR3.R4 HLPh.Ph

Chart 13. Structure of a generic Schiff base (left), HLR*R* where the phenyl and methyl substituent are omitted (center) and
HLP"P"where the methyl and phenyl moieties are omitted while the R3 (phenyl) and R4 (phenyl) substituents are specified.

1.5 Coordination Chemistry of Transition Metals

Among all the blocks of the periodic table, transition metals are classically the ones on which there
is significant and sustained focus in the field of coordination chemistry. In particular, the first row
of the d-block is the center of attention because it contains the lighter and usually more abundant
and accessible elements of this block. This focus is justified by the fact the d-block elements
exhibit stable oxidation states where the nd shell remains partially filled. This characteristic
behavior is what confers them their chemical and physical properties. Metal ions that belong to
this block readily undergo oxidation or reduction thus offering different chemistry even for the
same element as a result of the differing d electrons present in the different oxidation states, which

must be considered separately.

Furthermore, d-block elements exhibit a significant distinction among the first row, particularly,
the second row and the third row. Lighter d-block elements tend to prefer O-, N- or halide ion
donor groups, while heavier atoms lean towards coordination by ligands containing heavier p-
block elements such as S- and P-donors. Higher oxidation states are much more stable for 4d and
5d series than for the 3d series. For example, the Il and Il oxidation states are of a major
importance in the 3d series, but they are irrelevant for the 4d and 5d series. In contrast, the 4d and
5d rows are more likely to exhibit metal-metal bonding and, as a result, polynuclear compounds

are more prevalent for metals of these two rows.

In this chapter, we will examine the most interesting state of the art of pyrazolone-based complexes
of copper, zinc and molybdenum, that are the three metals which the future chapters will
concentrate on. The research will primarily focus on the properties of interest. More extensive and

inclusive reviews on the argument can be found in the literature421-1144],
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1.5.1 Complexes of Cu

Copper is one of the most abundant elements in earth’s crust and also an essential trace element
nutritionally, being among the most abundant metals in human body, although it can be toxic in
large quantities. Copper shows a rich coordination chemistry, primarily in the monovalent (+1)
and divalent (+2) oxidation states. Compounds of copper have been used extensively in a wide
range of applications, including as catalysts, fungicides, pesticides and also pigments. Copper
complexes are known in oxidation states ranging from 0 to +4, although the +2 and +1 oxidation
are by far the most common, with the divalent state predominating. The coordination numbers and
geometries of copper complexes vary with oxidation state. For the spherically symmetric Cu' d*°
ion, the common geometries are two-coordinated linear, three-coordinate trigonal planar and four-
coordinate tetrahedral, although some distortion from ideal geometries are observed particularly
with chelating ligands. Cu' compounds are diamagnetic and colourless. The Cu'" ion with d°
configuration is commonly found in a tetragonal coordination environment although four-
coordinate tetrahedral and planar complexes are also known. Additionally, five-coordinate trigonal
bipyramidal and square-planar complexes have been reported, as well as a small number of
three-, seven-, and eight-coordinate complexes. Most of the Cu'' compounds are blue or green in
colour because of the d-d absorption in the 600-900nm region, with exception for compounds
exhibiting charge-transfer bands. Cu' ion is classified as a soft acid. Its preference for softer ligands
is quite apparent in the homoleptic complexes, for instance the halides. The Cu''ion is smaller and
harder than the Cu' ion, thus it interacts more strongly with water molecules and it is more stable
in aqueous solutions. In fact, Cu'' ion is classified as a borderline hard acid, thus its coordination
chemistry is dominated by nitrogen- and oxygen-donating ligands, followed by chloride- and

sulfur-containing speciest*4%,

The coordination chemistry of copper with pyrazolone-based ligands are one of the most extended.
Since the first report on copper acylpyrazolonate in the compound [Cu(Q"),] (Chart 14) by Caruso
et al.l“®l many other derivatives have been synthesized and reported, like the compounds
[Cu(Q)2(H20)2] where Q = QMe QP" and QR eni4e1 A study by Uzoukwu et al. 4% investigated
the effect of the variable chain length on the 4-acyl moiety using Q™", QV¢, QF, Q™, QBY, QP as
ligands. They showed bathochromic shift of the Q absorption upon coordination. Also the stability
of the C=0 bond decreases while the Cu-O bond increases as the chain on the substituents in Q
grows in length. The compounds [Cu(Q™"),] and [Cu(Q")2(MeOH),] have been structurally

characterized. The first one shows a distorted square-planar geometry, whereas the geometry of
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the second one is distorted octahedral with the methanol in the axial positions™. Studies on a
large number of complexes of the [Cu(Q)2] and [Cu(Q)2(L)] type, where L = bipy or phen, have
been reported and demonstrated that the additional donor atoms present on the heterocycle on the
acyl moiety of the ligands Q™ and Q™" has essentially no effect on the structure of the complexes,
the coordination happens through always both carbonyl arms of the ligandst*>1-1531, The same
studies investigated also the reactivity of the complexes towards an excess of PR3, observing the
reduction of Cu(ll) to Cu(l) and obtaining a series of [Cu(Q)(PR3)2] (Chart 14) compounds. They
showed a distorted tetrahedral coordination where the distortion increases as the steric hindrance
in 4-acyl moiety of Q and mainly in phosphine substituent increases. A study about the volatility
of these compounds showed they are volatile in a narrow range of temperature®>4, while studies
on thermal decomposition demonstrated that the melting points decrease linearly by increasing the
molecular weight of the complexes. Compound [Cu(Q"®)2(H.0)] (Chart 14) have been
investigated showing a square-pyramidal structure with the two hydrogen of the apical water
involved in an intermolecular H-bonding network with pyridinic hydrogen atoms of two vicinal
complexes*>]. Dinuclear mixed-ligand complexes of formula [Cu(haph)2(HQ)]. have been
obtained by reaction between the metal precursor and ligands HQ = HQ™, HQM®, HQ®, HQ™. The
geometries proposed are octahedral with the HQ acting as neutral bridging bidentate donor ligands.
Tetradentate ligands H2QnQ have been used to attain different Cu(ll) complexes whose
stoichiometry and structure are affected by the polymethylene chain length n. For n = 1-7 the

complexes are dimeric species, while for greater values the complexes are monomeric!*°6,

Chart 14. Structure of [Cu(Q™)] (left); [Cu(Q)(PRs)2] (center); [Cu(Q""®)2(H20)] (right), the dashed lines represent
intermolecular interactions.

Various complexes of formula Cu(Q). have been synthesized and showed the expected square
planar geometry with the ligand in anti-configuration. These compounds proved to have an
antibacterial activity against a Gram positive strain, but not to the Gram negative®™l. A series of
mixed ligand complexes of type CUNCS(Q"*M®é)(N-N) with N-N = phen or bipy (Chart 15) showed
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square-pyramidal geometries and the capacity to interact with calf thymus DNA through
intercalation. Additionally, they are cytotoxic against human lung cancerous cell line (A549)58],
A complex synthesized by Bochkarev et al., [Cu(Q™")(dpephos)] (Chart 16), revealed a classical
tetrahedral structure with O,O-chelating Q™ and P,P-chelating dpephos, while the complex
[Cu(Q™®")(dpephos)] (Chart 16) contains an unexpected three coordinate copper atom with a n'-
coordination of HQ™®" through the N atom of the pyrazole ring!*>?l. The complexes show also a
dual emission and they are capable to generate electroluminescence of yellow-orange colours.
Complexes of copper(l) Cu(Q)(PPhs)2 with different ligands showed a tetrahedral copper
environments and fluxionality in chloroform where they dissociate into Cu(Q)(PPhs) fragments
and free PPh3“®l. Copper complexes of 4-acetyl-1-aryl-3-methylpyrazole-5-ones have been
synthesized and tested as potential antibacterial and antifungal agents. The complexes were found
to possess effective antibacterial activity against Gram-positive and Gram-negative bacteria. Also
the antifungal activity was very close to the standard antifungal drugs(*®”l. A series of pyrazolone
based mixed-ligand Cu(ll) complexes were synthetized and characterized. The crystallographic
data show that the Cu(ll) ion is pentacoordinated by three nitrogens (one from a thiocynate and
two from 2,2’-bipyridyl) and two oxygen donors from the chelating ligand. Two complexes
exhibited a square-planar geometry while the third one showed a slightly distorted square-planar
structure. The free ligands and the three Cu(Il) complexes have been tested for their DNA binding,
finding out that the compounds bind to CT-DNA via intercalation and the binding affinity
increases in Cu(ll) complexes. In addition, the synthesized metal complexes exhibit anti-cancer
activities altering the Mitochondrial Membrane Potential causing mitochondrial dysfunction!*6],
Another series of transition metal complexes of 4-acetyl-3-methyl-1-phenyl-2-pyrazoline-5-one
has been characterized and tested as catalyst for epoxidation of cyclooctene. The highest catalytic
activity was found for Cu(ll) complex at the optimized condition, also with very high selectivity
for epoxide product!*®?l, In another research novel bidentate 4-aroyl-5-pyrazolone ligands were
synthesized and reacted with copper(Il) ina 1:2 metal to ligand ratio. The resulting complexes are
mononuclear and the proposed geometry distorted square-planar, even if no crystallographic data
were obtained*®3l, In a different study a mixed-ligand Cu(ll) complex of formula
[Cu(Q)(bipy)(OH.)]CIOs was synthesized and its battery-like behavior tested. The complex
demonstrated excellent activity and a high capacity for three-electrode construction!*$4, Four
Cu(1l) mixed ligand complexes of formula [Cu(Q)(N-N)(NO3)], where N-N = phen or bipy (Chart
15), have been reported by Jadeja et al. The ligands are coordinated in a bidentate manner and Cu

ion in the complexes is penta-coordinated by two nitrogen atoms and the oxygen donors. The
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compounds were screened for anti-cancer activities towards human lung carcinoma (A549) and
human lung epithelial cells (L132) obtaining encouraging resultsi*®®l. Lastly, a study reported the
synthesis of a pyrazolone-based ligand, isolated in the NH amino diketone form. The relative
Cu(Il) complex was crystallized and the structure observed via XRD, presenting a distorted square

planar coordination geometry with two chelating ligand molecules!*66],

NO,
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Chart 15. Left: structure of CUNCS(QP™M€)(N-N), where N-N = phen or bipy; Right: Structure of Cu(Q)(N-N)(NOs)] where N-N =
phen or bipy, R = H or CHz and R! = CH3 or Napthayl.
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Chart 16. Structure of [Cu(Q'®)(dpephos)] (left) and [Cu(Q™™")(dpephos)] (right). The coordination mode of the ligand depends
on the different steric hindrance due to the acyl moiety.

Also for what concern the Schiff bases, copper is one of the most explored metals. Several
complexes with generic formula of CuL-nH2O and Cu,L-6H>O have been prepared and the
suggested geometry is tetrahedral!*®”], while other complexes (1-4, Chart 17) showed square planar
environments. The structure of complex 5 was resolved revealing a pseudo-tetrahedral geometry.
This compound showed an intense absorption in the red region of the spectrum due to ligand-to-
metal charge transfer transition!*®8l. Complexes prepared using ligands with bulky substituents
display distorted tetrahedral geometries due to Jahn-Teller effect!'®®l. Complex of Cu(ll) and 4-

aminoalkylidene-5-pyrazolone, 6, has been reacted with excess of triphenylphosphine affording a
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reduction of the copper center to Cu(l) in a tetrahedral environment with the chelating Schiff base
and two PPhs[*%2l, The hydrate complex 7 shows a square pyramidal geometry!*’%. Octahedral
dihydrate complexes have also been reported with two molecules of water at the axial position!",
A complex of Cu(ll) with a Schiff base bearing a long aliphatic chain on N1 atom of pyrazole was
synthetized and characterized showing it exists in square planar structurel*”2-11741 Complex 8
instead has been shown to exists in a distorted square planar geometry and displayed a moderate
catalytic activity. The same group reported the synthesis of other complexes, 9-12, and the study
on the relationship between their structure and the catalytic efficiency: the presence of bulky and/or
electron withdrawing substituents in N-R position favor higher activities*"51176],
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Chart 17. Molecular structure of complexes 1-6.

Other octahedral dihydrate complexes synthesized by Thakar et al. show moderate antibacterial
activity™”’l. Also octahedral complexes 13 and 14 with tridentate Schiff base donors showed a
moderate antibacterial activity and antifungal activity®. In the same way other complexes
reported by Sunitha et al. proved an antibacterial and antifungal activity, but only the complexes
showed the antibacterial behavior, the free ligands being not active at all'*’®l, Two complexes, 15

and 16, were synthesized with different metal-to-ligand ratio, respectively 1:1 and 1:2, due to a
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different aromatic spacer in the ligand. The complexes have then been tested as copper extractors
from an aqueous phase to non-aqueous phase with the ligands*”®!. The complex prepared by Cheng
et al. displays a octahedral environment bearing a tridentate Schiff base ligand, a bidentate nitrate
and a molecule of water. It showed scavenging activity against hydroxyl radical and
cytotoxicity™, A series of complexes prepared using neutral ligands displays a octahedral

geometry with the chloride in trans position and the chelating ligands in the equatorial plane[8ll,

Cu \ cut L N
] =
N >0~ Sn= N, =07 Sy= o Do
N N 4 N N N_
O ﬁ o <
0 L _
7 8, R =-3Me-Ph 13, X=NH,,z=0
9, R =-4Me-Ph 14, X=0,z=2-
10, R = -4NO,-Ph
11, R =-Ph
12, R = -1-naph

Chart 18. Molecular structure of complexes 7-14.

A series of different complexes of copper are reported to possess antibacterial activity['82, A
mixed-ligand complex bearing a tridentate 4-acylhydrazone-5-pyrazolone and a bidentate bipy
was shown to exists in a trigonal bipyramidal geometry!*83l, Complex 17 has shown antimicrobial
activity inhibiting the growth of gram-positive B. cereus, M. luteus and S. aureus. It also displayed
cytotoxic activity!*84. Other Cu(ll) 4-acylhydrazone-5-pyrazolone complexes have also shown a
cytotoxicity against cervical cancer HelLa cell. They are reported to exist in square pyramidal
geometryt™6l. The thermal behavior of the square planar complex 18 have been investigated: the
decomposition occurs through the loss of pyridine molecule followed by the decomposition of the
anionic ligand and formation of copper(ll) oxide residuel*®!. A series of diaquo copper(ll)
complexes was synthesized by Kandil, containing Schiff bases bearing an azidosulfo substituent.
They were characterized analytically and spectrally and showed octahedral structuresteel,
Complexes of copper(ll) were synthesized using 4-diazo-5-pyrazolone ligands containing a

pyridine or antipyrine moiety. The first was found to have a polynuclear nature where each ligand
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act as bridge between two six-coordinated Cu atoms in a distorted octahedral environment. The

latter instead are mononuclear with a square planar geometry completed by a chloride!*8"],
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Chart 19. Molecular structure of complexes 15 and 16. The ligand to metal ratio is different due to the different aromatic spacer.

Two complexes, 19 and 20, of copper(ll) where synthesized by Koval’chukova et al. using two
similar 4-diazo-5-pyrazolone ligands, one bearing a oxygen whereas the other a sulfur atom on the
C3 position. Despite the similarity they show different coordination environments: the O,N-
bidentate displays a pseudo-octahedral CuN4O- core while the S,N-bidentate complex exists in a
square pyramidal CuNsS, geometry88l. Abdel-Latif’s research group studied the electronic
structure and nonlinear optical parameter of two complexes using DFT. They showed trigonal
bipyramidal and square pyramidal structures!*®?, Two series of 4-diazo-5-pyrazolone copper(ll)
complexes were synthesized using 1:1 and 1:2 metal to ligand ratio. The first series showed a
square planar geometry while the second a trans octahedral geometry!*®l, Complex 21 was
synthesized and essayed for its antifungal and antimicrobial activity, showing only a moderate
efficiency against E. coli and a weak antitumor activity*®t], Complex 22 synthesized with a 4-
hydrazone-5-pyrazolone ligand showed an antiferromagnetic coupling due to weak intermolecular
exchange interaction between copper(ll) ions of molecules connected via a H-bonding through
uncoordinated acetate ion oxygen atom and hydrazone NH group™®l. Three other complexes of
the same family have been synthesized and found to build zigzag polymer chains linked by
intermolecular H-bonds*®3l, Different thiosemicarbazone-5-pyrazolone ligands have been used to
prepare monohydrate square planar complexes where the ligand coordinated the metal center in a
O,N,S-tridentate way!**¥l. Two ligands of the same class have been reacted in their neutral form to

afford the relative complexes as polymeric chains with a bridging chlorine atom and a square
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pyramidal geometry on copper. Moreover they show a significant cytotoxic activity against several
tumor cell lines™™®1. An unusual coordination mode has been found for a pyrazolone-based ligand
bearing a thiosemicarbazone moiety on the N1 of the pyrazole, affording the trigonal bipyramidal
hydrate Cu(ll) complex 23 capable to interact with DNA through an intercalative binding
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Chart 20. Molecular structure of complexes 17-20. The coordination mode of complexes 19 and 20 varies only for the different
donor atom, respectively O and S.

A metal complex of Cu(ll) with Schiff base derived from amino-antipyrine was synthesized. The
crystal structure showed the complex is mononuclear with the Cu ion 4-coordinated in a square
planar environment. The anticancer effect of ligands and complexes were investigated and the
biological activity results illustrate that both compounds are active**’l. Two Schiff base ligands
prepared by a condensation reaction between sulfanilamide and the respective acylpyrazolone

were used to synthesized two Cu(ll) complexes. According to experimental data obtained the
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proposed geometry by the author is octahedral with two molecules of the bidentate keto-imine
ligand and two molecules of water. A moderate to low antibacterial and antioxidant activity have
been exhibited by the compounds!*®®. A novel ligand, hetarylhydrazone, has been synthesized by
condensation of 2-hydrazino-4,6-dimethulpyrimidine with 1-phenyl-3-methyl-4-formylpyrazol-5-
one and reacted with CuClz and Cu(ClOa4)2 obtaining two different complexes. In both compounds
the coordination unit is a trigonal bipyramid, but copper chloride gives mono-nuclear complex
[Cu(HoL)CI2]'H2O - while  the copper perchlorate yields the polymeric  structure
([Cu(HL)(CH30H)]CI04)at*%1. An additional study reported the synthesis of three new Schiff base
ligands obtained by the condensation reaction of phenylhydrazine and dinitrophenylhydrazine with
4-acetyl and 4-benzoyl pyrazole isolated in their keto imine form. The relative Cu(ll) complexes
are shown to be octahedral with two molecules of ligands coordinating the metal ion through the
azomethine nitrogen C=N and the keto oxygen C=0, plus two molecules of water. The compounds
have shown low antibacterial activity, but good antioxidant activity, with the metal complexes
having a better bioactivity overall*3!, In another research a series of mixed-ligand complexes were
prepared from 9-antrhraldehyde, 4-aminoantipyrina and 1,10-phenanthroline and metal chlorides.
The experimental analysis revealed that the compounds possess octahedral geometry with
monomeric nature. The biological potential of the compounds was screened by biological
evaluation studies: the compounds are bound to the DNA through an intercalated pathway. The
antimicrobial screening remarked the complexes as excellent antipathogenic screeners. Also the
compounds shown an admirable anticancer skill. Among them, the copper complexes are more

efficient than the other metal complexes2%%,

H = \7 OH
N:N /) =N N - N
N / o 7/ N, N
/ .
\ ~ S 0
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Chart 21. Molecular structure of complexes 21-23.
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Two new Cu(ll) Schiff base complexes were synthesized by Poormohammadi et al. from the
condensation of 2,5-dimethylaniline or 3,5-dimethylaniline with 4-acetyl-3-methyl-1-phenyl-5-
pyrazolone. The crystal structure of one of the complexes was determined revealing a distorted
square planar or distorted tetrahedral geometry. The ligands and complexes show considerable
antibacterial activity against the studied bacteria even if the ligands demonstrated a higher
antibacterial activity than the relative complexes. This could be rationalized based on their steric
effects?%ll. A new tetradentate N,O, type Schiff bases ligand and its related copper complex is
reported in an additional paper. The crystal structure of the complex CuL was obtained showing
that copper has a slightly distorted square planar coordination geometry. Additionally, since the
ligand can exist in different tautomeric forms, the conformational and geometrical aspects were
investigated computationally by DFT methods and suggest that the amine-one is the more
thermodynamically stable tautomeric form in the gas and solvent phase?°?. Xi et al. reported a
new 4-acylpyrazolone derivative ligand and two related complexes fully characterized. Reaction
of the ligand HL with CuCl, resulted in a mononuclear compound with tetra-coordinated
quadrilateral plane [Cu(HL)CI]. When reacted with Cu(OAc;) instead, a dinuclear Cu(ll)
compound with chemical formula [CuzL2(CH30OH)]-CH3OH was obtained and the coordination
geometry of Cu(ll) is a square pyramid with the units bridged via the salicylhydrazide hydroxyl
group of the ligand by replacing the chloride anion with acetate. The compounds were tested for
their biological activity and they demonstrated how the steric hindrance of the compound plays
pivotal role in DNA binding[?®. The azo-coupling reaction of phloroglucinol with a 5-pyrazolone
amino-derivative led to the isolation of a HsL! ligand, presented in the hydroxy-azo tautomeric
form. Nitrosation of this ligand afforded a second ligand described as trioxo di-hydroxylamino
hydrazone. The authors claim that according to EPR spectra, the Cu-complex of the first ligand
exhibited distorted tetragonal symmetry associated with the dx.y» ground state, and the
corresponding complex of the second ligand was described by a cubic symmetry of the
coordination medium. All the compounds showed coloristic activity towards wool, polyamide and
polyacetate fibers?®Yl, Lastly, Burlov et al. synthesized a Schiff base ligand by condensation of 5-
hydroxy-3-methyl-1-phenylpyrazole-4-carbaldehyde with N,N-diethylethylendiamine. The ligand
coordinate the Cu(ll) ion in a bis(chelate) way and the pentacoordinated complex assumes a

distorted tetragonal pyramidal structuref?%l,

In conclusion, the coordination chemistry of copper(ll) with pyarzolone-based ligands is very rich
in terms of number of compounds synthesized and of potential applications, while copper(l)

remains poorly investigated.
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1.5.2 Complexes of Zinc

Zinc is a relatively recent arrival among the common metals even if it plays a vital role in both
industry, mainly extracted as sulfide ZnS and carbonate ZnCOs, and biological spheres. In fact it
has been shown to be essential for all life forms where it generally plays either a catalytic or a
structural role. Even for the human body zinc is essential under many aspects like strong immune
system, bone metabolism and proper wound healing. More than 30 clinical disorders have been
documented to be related to a zinc deficiency in the diet, however also an excess of zinc could
have a negative impact on the system. For this reason many zinc compounds and complexes have
been developed with therapeutic purposes. The coordination chemistry of zinc is undoubtedly
dominated by the +I1 oxidation state, while under the point of view of the coordination numbers
in its compounds zinc is very versatile and it can range from 2 to 8. The filled d shell confers no
crystal field stabilization on Zn?* thus the coordination number and stereochemistry are determined
by the size of the Zn?* cation and the steric hindrance of the ligands. Generally tetrahedral and
octahedral geometries are commonly found in complexes, the former in particular are readily
formed with halides and O-donors ligands. When chelating ligands are involved, distortions from
regular geometries are widespread. Lately, zinc complexes assumed considerable importance in
the generation and self-assembly of 1-. 2- and 3-D infinite structures. Zinc complexes of amino
acid, peptide, nucleotide and nucleoside ligands are instead of obvious biological significance.
N,O-donors Schiff bases are powerful ligand and many examples of their zinc complexes are
known. An interesting feature is that these ligands readily exert a stereochemical control over the
complex and thereby provide many examples of unusual geometry about the central ion,

illustrating once more the coordination flexibility of zinc[2%!,

The first compounds found in literature regarding the synthesis on Zn(ll) complexes with
acylpyrazolone ligands are studies reported in 1981 about complexes of the type [Zn(Q)2(H20):]
with Q = QMe, Q™ QCFs. They were hypothesized to be six-coordinate with the two O,-chelating
ligands and two molecules of water in the coordination spherel?222071 " The complex
[Zn(Q"P)2(H20)] (Chart 22) reported by Mickler et al. presents instead a five-coordinate Zn in a
square pyramidal environment with the two O.-chelating Q ligands in the equatorial plane and the
water molecule in the apical position?®l. In the same way the compound [Zn(Q™")2(dmf)2] (Chart
22) has been synthesized and characterized. The ligand coordinates the zinc through the two
oxygens and it presents a octahedral geometry?®l, Removing the solvent molecules, i.e.

[Zn(QP"),], makes the geometry distorted square-planar?t?l, Other derivatives of the same type

26



Chapter 1. Introduction

have been reacted with N-donors L (L = phen, bipy, trime, tmeda) yielding an exchange reaction
with the solvent molecule affording [Zn(Q)2(L)] with a six-coordinated zinc in a distorted
octahedral environment!l. A similar study with different ligands has also been reported by
Marchetti in which the reactivity of the compounds has been tested towards N2-donor ligands. In
this case the compounds have been shown to exist in square-pyramidal structures due to the steric
hindrances of the N-donor ligandsf?'2. Compounds of the type [M(Q)2(solvent)] were synthesized
reacting Zn(OAc). with HQ and then subsequently subjected to a condensation reaction with
diamines to afford Schiff bases metal derivates [M(L)(H20)2], where the zinc has a six coordinate
environment. This compound reacts with CuCl> and Cu(ClO4). breaking the C=N bond in the
Schiff base donor affording [Cu(Q)2] and [Cu(en)2](ClO4). Moreover, [Zn(L)(H20).] reacts with
phen and Hmimt substituting the water molecules with phen, whereas reaction with CdCl affords
the exchange of the metal center(?*3l,

Chart 22. Molecular structure of [Zn(Q),(H,0)] (left), [Zn(QPh),(dm{),] (center) and [Zn(QPh),] (right).

A work submitted about the complexes Zn(Q™")2(ROH). where R = Me or Et described the
complexes as distorted octahedral structures with the solvent molecules in trans position[?#l, Other
derivatives in which Q = Q®" or Q" displayed ICAM-1 inhibitory activities(?l. Other zinc
heteroleptic complexes of formula Zn(Q)2(N-N) where N-N is 4,4’-dinonyl-2,2’-bipyridine are
active against three different human cancer cells. An additional study proved that complexes
Zn(Q)2(H20)2 where Q = QPN QMe QFt or QP have the same octahedral structure while
complexes Zn(Q)2(H20) where Q = QF or QP":C!Etexist as five-coordinated structures with water
in axial position and Q ligands in anti-configuration. Zn(Q®"2(phen) instead is octahedral with the
chelating phen ligand (Chart 23). All of these compounds form adducts with DNARSL The
complex Zn(Q"®)2(H20) (Chart 24) reported by Xu et al. adopts a square pyramidal geometry with

apical water molecule, but unexpectedly the Q ligands are in a syn-configuration. It exhibits
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antibacterial activity and a purple emission as result of fluorescence from the intraligand emission
excited statel?2®l, Metal complexes of 4-acyl-5-pyrazolones, both homoleptic and heteroleptic with
1,10-phenantroline were prepare and screened for their biological activity. Zn complexes showed
powerful antifungal activity close to the standard drugsf?'’l. In a different study novel 4-acyl-5-
pyrazolones ligands have been prepared by acylation of pyrazolone derivatives with 4-chloro
benzoyl chloride.

W0 Et ‘
Nz \/N \_\C znzm0— Moy
B\
"\ \ Noy>=0”” \o‘j_/&

Q®, X=H

R= Ph4NO, Me, Et, Pr QPh3C|,Et, X = Cl

Chart 23. Molecular structure of Zn(Q),(H20): (left), Zn(Q)2(H,0) (center) and Zn(QEt),(phen) (right).

The relative Zn(1l) complexes have been synthesized and characterized showing a mononuclear
six-coordinated Zn ion center with a classical octahedral geometry. Both the ligands and
complexes exhibited antimalarial activity®®l. In another paper a series of zinc(ll) complexes
bearing aliphatic groups in the acyl moiety of the ligands were prepared to evaluate the influence
of a long alkyl chain and cyclohexyl substituent on their anticancer activity. Two complexes
exhibited penta- and hexa-coordination with the coordination sphere completed by solvent
molecules. Other two complexes instead proved to exists in the expected hexa-coordination form,
with two nitrogen atoms of the chelated N2-donor ligand and the oxygens of two HQR ligands. The
complexes were tested in vitro toward the human breast cancers cell line MCF-7, displaying an
inhibitory activity with high anti-proliferative and pro-apoptotic effects. In particular the complex
bearing bipyridine as chelating N,N-donor ligand gave the most interesting results?*®l, Three novel
heteroleptic Zn(Il) complexes containing 8-hydroxy quinoline and different pyrazolone base
derivatives, [Zn(Q")(quinoline)], have been studied for their photoluminescence ability (Chart 24).
The complexes showed good photoluminescence properties with the maximum emission range

from 475 to 490 nm with a quantum yield of 0.45 to 0.51, an absorption range of 272-281 nm and
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high thermal stability. With these characteristics they are suitable for cheap light emitter for
organic light-emitting diodes®???. A similar study describes the synthesis of other three Zn(ll)
heteroleptic metal complexes with 8-hydroxyquinoline and pyrazolone-derivates ligands. The
complexes showed a photoluminescence in the range of 540-549 nm. Moreover, via theoretical
studies, the authors proved the significant contribution of ligands to tune the emission in the case
of Zn(l1) complexes?22],

H,0 H
' O\Z /o,
n \
O"/"'Zn"“‘O — N \O /N,N

"R

R =-H, p-CH3, o-Cl

Chart 24. Molecular structure of [Zn(QFe),(H,0)] (left) and [Zn(Q")(quinoline)] (right).

Two acyl pyrazolones have been synthesized and used to prepare three different zinc(ll)
complexes with other N,N-donor ligands like bipy and phen. All the complexes showed a distorted
octahedral coordination geometry with four coordination sites being occupied by the two acyl
pyrazolones and two coordination sites by the N,N-donor. The complexes have been screened for

antimalarial activity, one complex in particular showed encouraging resultsf??2,

The zinc coordination chemistry has been largely explored also in relation to Schiff bases.
Compounds reported with 4-aminoalkylidene-5-pyrazolone possess a tetrahedral geometry!?23,
Marchetti et al. reported the synthesis of a series of complexes prepared by reacting the zinc
bis(acylpyrazolone) with the appropriate diamine. The reactivity of one of these compounds
towards metal acceptor was investigated: with CdCl2 in hot DMF, zinc is replaced by cadmium,
while using CuCl. in hot DMF leads to the breaking of the C=N bonds in the tetradentate N2,O5-
ligand, with the formation and precipitation of the parent Cu(acylpyrazolonate).. Additionally, a
similar phenomenon occurs when the compound reacts with phen affording
[Zn(acylpyrazolonate)(phen)] after the breaking of the same bond C=N['3l, Complex 24 assumes
a octahedral geometry and shows low florescence in solution, increased upon complexation with

Ag" through the available nitrogen atoms of the pyrazole ring[??4l. Similarly a complex based on a
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tetradentate Schiff base with an uncoordinated NH group displays a fluorescent enhancement when
complexed with zinc, respect to the free ligand, suggesting a potential fluorescent sensor!%4,
Complexes 25 and 26 involve a five-coordinated zinc center, but the former is mononuclear while
the latter is a dinuclear compound with intermolecular Zn-O interactions. Complex 25 shows a
strong fluorescence in solid state and aqueous solution, complex 26, instead, only a moderate
emission in solid state??, Complex 27 has been structurally characterized and shown to interact
with DNA. Moreover, it displayed antioxidant and cytotoxic activity against lung cancer A549
cells??6l. Complex 28 have been synthesized in both anhydrous or solvated (acetonitrile or ethanol)
forms. It exhibits tunable luminescence from blue to yellow by varying the excitation wavelength.
Additionally, the intensity of the emission in solid state can be changed modifying the crystal
solvent molecules. This effect has been rationalized by TD-DFT studies demonstrating the
decisive role of intermolecular interactions??”1. Additional photoluminescence studies have been
performed on complexes based on analogous 4-formylpyrazolone Schiff base, complexes 29-35
(Chart 26), exhibiting high photoluminescence activity in the blue range®1. A Zn(1l) mixed-
ligand complex containing a bipyridine and a O,N,O-tridentate 4-acyllhydrazone-5-pyrazolone
ligand have been synthesized and proved to be octahedral with a molecule of methanol completing
the coordination sphere??81. Another complex has been found to be polynuclear in the solid state
thanks to Zn-N interaction of nicotinic moiety in the Schiff base pyrazolone, with water and DMF
completing the octahedral surroundings of the metal centers*%l. The study reported Zhang et al.
describes the synthesis of two compounds, complexes 36 and 37 (Chart 27), with the same
synthetic procedure, but affording a mononuclear and a polynuclear compounds. The first contains
a mono-deprotonated tridentate 4-acylhydrazone-5-pyrazolone ligand plus an acetate group and
an ethanol coordinated. In the second one instead the tridentate pyrazolone is doubly deprotonated
and the coordination environment in completed by an ethanol molecule and the N atom from a
pyrazolone ring of a neighbour unit, affording a 1D network!??®, Two tetracoordinate zinc(I1)
complexes containing deprotonated 4-diazo-5-pyrazolone ligands with a diastereotopic isopropyl
substituent were demonstrated to display a slow R = S inversion of the tetrahedral configuration

due to steric overcrowding!®°l,
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Chart 25. Molecular structure of complexes 24-26

Another complex structurally characterized was prove to exist in a pseudo-tetrahedral
geometry™'7l while a series of complexes containing azo ligands displayed both octahedral and
tetrahedral geometries?®!. Two other complexes, 38 and 39 (Chart 28), bearing a O,N,O-tridentate
4-diazo-5-pyrazolone monoanionic ligands are reported to possess a tetrahedral geometry, with a
chloride completing the fourth coordination site®l. The same result has been obtained for
complex 40 with a tridentate dianionic ligand and a molecule of ethanol®l, Two series of
complexes with metal to ligand ratio of 1:2 and 1:1 respectively, were investigated theoretically
by DFT analysis. The first series is reported to possess five-coordinated zinc centers with water
molecules in apical position. In the second series the zinc is six-coordinated by a N,O-chelating
ligand, three water molecules and a hydroxyl group!?321. Another series of nine Zn(l1) complex was
synthesized by Gusev et al. based on Salen-type tetradentate N2O: ligands derived from 1-phenyl-
3-methyl-4-formyl-5-pyrazolone. They studied the photoluminescence properties of the
compounds and found out that the electronic states of the diamine moieties can effectively
modulate the photophysical properties?®3. Two novel ligands were synthesized by association of
acylpyrazolones and benzhydrazide. On complexation with Zn(ll) acetate dihydrate complexes
with distorted octahedron framework are afforded. The structural analysis of the compounds
showed that the ligands are stable in the diketo form, while intramolecular hydrogen bonds in the
complexes give rise to dimers. The complexes also exhibit excellent antimalarial activity and their

MIC values are found higher than the standard drug Quinine[?34,
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Chart 26. Molecular structure of complexes 27-35.

In another study a Schiff base ligand has been used to prepare the zinc coordination compound in
an attempt to determine the vibrational properties using infrared and Raman spectroscopy
combined with density functional theory methods. The comparison of experimental and theoretical
spectra allowed to assign most of the normal modes of the crystal?®!. Two new 4-acylpyrazolone
derivatives were synthesized by Shaik et al. affording one homoleptic zinc complex [Zn(L1)2]-
DMF and two mixed ligands complexes [Zn(L?)(bpy)(OAc)] -EtOH and [Zn(L?)(phen)(DMF)].
X-ray diffraction studies suggested a distorted octahedral environment around the zinc through
coordination of O,N,O-chelating 4-acylhydrazone-5-pyrazolone ligands for two complexes, while
a distorted square pyramidal geometry was found for the third complex. All compounds exhibited
decent outcomes in in vitro antimalarial activity!?*®l. A novel ligand prepared by the condensation
of 3-formyl-6-methyl chromone and thiosemicarbazide (HMPM) has been used to synthesized the
zinc complex 41 of formula [Zn(HMPM)4Cl]. Single crystal XRD permitted to reveal that the
complex possesses a hexadentate slightly distorted octahedral coordination geometry with four
HMPM ligand molecules serving as four independent monodentate ligands through their
pyrazoles’ sp? nitrogens along with two chloride ions in a near trans disposition. In vitro and in
silico studies suggested a potential antimicrobial and antidiabetic activity for both the ligand and

the complex[?%],
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Chart 27. Molecular structure of complexes 36 and 37.

A novel mononuclear complex of Zn(1l) using a pyrazolone-derived Schiff base ligand has been
reported. The complex adopts a octahedral arrangement around the central metal ion. The study
reveals also that the complex binds with CT-DNA via an intercalation mode. Moreover the
antimicrobial activity against a set of bacterial and fungal strains reveals that the compound
exhibits better activity than the free ligand!?®], Refluxing equimolar amounts of 2,2’-bipyridine
and a N,N,S-tridentate basic form of a Schiff base ligand L with the adequate metal acetate,
Garnovskii et al. reports the synthesis of the corresponding mononuclear mixed ligand zinc
complex of formula [M(L)bipy](CH3sCN)]. The X-ray diffraction data of the compound shows that
it adopts a trigonal bipyramidal geometry with {MN4S} coordination mode[?*!. Lastly, in a recent
study quinolyl-3-pyrazole and quonlyl-6-pyrazole azomethines were synthesized as precursor for
zinc complexes, and their atomic structure was determined by DFT calculation. Theoretical and
experimental data on the bond lengths within the metal coordination sites are in good agreement.
Additionally photo- and electroluminescent properties of the complexes have been investigated:

the maximum occurs around A = 478 nm for both compounds!?41,
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Chart 28. Molecular structure of complexes 38-40.

41

Chart 29. Molecular structure of complex 41, [Zn(HMPM),Cl].

1.5.3 Complexes of Molybdenum

Molybdenum compounds play a significant role in industry catalysis. During the last decade the
inorganic and coordination chemistry of molybdenum has expanded substantially mostly thanks
to the introduction of a versatile range of polydentate ligands and the development of the chemistry
and catalytic applications of a range of complexes. Molybdenum is a truly versatile element and
the full measure of its coordination chemistry is matched by few other elements. While dioxo-
Mo(IV) complexes are very rare and almost invariably adopt trans-octahedral structures, the
molybdate(1V) ion, [MoQ4]?% is tetrahedral, stable and inert under basic conditions, but it is readily
protonated on acidification. Many dioxo complexes of Mo(V1) are used in oxidation catalysis as

enzymes, and in metal oxide surface modes as sensor and drugs, prepared by ligand addition,
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exchange, and/or metathesis using cis-[MoO-]?* precursors such as [MoO2Xz], where X = halide.
The oxo groups are invariably cis in order to maximize donation into empty metal orbitals and
usually have four- or six-coordination. The four-coordinate species [M0O2X>] are tetrahedral and
X is almost always a m-donor ligand. Five-coordination in dioxomolybdenum(V1) chemistry is
rare, but examples included trigonal bipyramidal and square-pyramidal geometries. The majority
of dioxo-Mo(VI) complexes have distorted octahedral geometries, with the weakest w-donor
ligands being trans to the oxo ligands, whereas stronger r-donor ligands are mutually trans and cis

to the oxo groups, due to the strong trans influence of the n-donor oxo ligands[?*,

An octahedral molybdenum(Il) derivate has been synthesized by Maurya et al. of formula
[Mo(NO)(CN)3(HQ™)(H20)]. Two different v(C=0) absorption bands have been detected in the
IR spectrum, the lower one for the cyclic and the higher one for exocyclic carbonyl groups?#],
Two other complexes of structure [MoO2(QF")2] and [M0oO2(Q¢“%)(Q“L")] (Chart 30) have been
studied. The X-ray analysis showed the two oxo groups in cis position and a distorted octahedral
geometry for both. The peculiarity of the latter is the presence of the Q®°%” ligand, in which an
ethoxy moiety is introduced in the acyl moiety due to a deprotonation reaction between the

complex and the solvent!243],

Chart 30. Molecular structure of [MoO2(Q)2] (left) and [MoO2(QCC")(QCCk™] (right).

A series of complexes of type MoO,(Q). where Q = Q%Y, QF*°?, Q"¢ and Q"P¢ (Chart 31) have been
synthesized and showed catalytic activity on deoxygenation of epoxide substrates to alkene in
toluene, employing PPhs as oxygen acceptor. The possible isomers, due to asymmetric ligands,
have also been studied by DFT calculation founding the isomer with the two acylpyrazolones in
cis position to be the most stable from an energetic point of view!?*l. In a recent paper,

oxidoperoxido-molybdenum(VI) complexes containing acylpyrazolonate ligands were obtained.
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A series of complexes of general formula PhsP(Mo(0)(02)2(QR)] were obtained with one
equivalent of the ligand in the presence of PhsPCI. Instead, neutral complexes [Mo(O)(02)(QR)]
were formed using two equivalents of HQR. Some of the complexes were selected to investigate
their catalytic activity in epoxidation of selected alkenes and oxidation of selected sulphides. Other
complexes were tested as catalyst precursors in the deoxygenation of selected epoxide substrates
to alkenes. Complexes PhsP(Mo(0)(02)2(QR)] were shown to be poor catalyst precursors while
the homoleptic complexes [Mo(0)(02)(QR).] showed good activity in all the studied reactions!?4°!,
Finally, a novel series of mixed-ligand complexes of dioxomolybdenum(VI) of the general
formula [MoO2(8-hq)(H20)] (Chart 31) has been synthesized starting from [MoO2(acac).]. Based
on experimental and theoretical data pseudo-pentagonal bipyramidal structures have been
proposed by the authors for the complexes. Biological studies have been carried out proving the

complexes as potent antibacterial agents2461,
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Chart 31. Molecular structure of MoO2(QR)z (left) and [MoOz2(8-hg)(H20)] (right).

A series of Schiff bases complexes have been reported by Maurya et al. using
dioxomolybdenum(lV) and 4-aminoalkylidene-5-pyrazolone ligands. Based on the ligand they
obtain mononuclear compounds 42-44 and 45-46 (Chart 32) with four-, five- and six-coordinated
Mo centers. Additionally, ligands bearing a bridging group large enough not to hinder the bis-
chelating possibility afforded dinuclear complexes 47 and 48[2471. The same ligands have also been
used to synthesized dinitrosyl molybdenum(Il) complexes. The two nitrosyl groups have been

demonstrated to be in trans position to each other in all complexes!?48l,
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42, R = 3-Me-Ph 45, X = Q

43, R = 4-Me-Ph

44, R = 4-EtO-Ph 46, X = @

Chart 32. Molecular structure of complexes 42-48

Another series of similar complexes has been obtained using dioxomolybdenum(VI) and Schiff
base ligands where the phenyl group in the imino moiety is replaced with a methyl or a propyl
group?49L2501 Complexes of cis-dinitrosylmolybdenum(Il) were reported with a N,O,N-tridentate
ligand created by condensation of antipyrine to the imino nitrogen atom. The complexes are
octahedral with the sixth position occupied by a water molecule?>®, Oxomolybdenum(V)
complexes were reported and shown to have a distorted octahedral geometry with the ligands
acting as N,O-bidentate donors, despite the additional and potential donor group -OH?l, An
additional series of dioxomolybdenum(IVV) complexes have been reported and demonstrated to
display the typical octahedral geometry with the oxo ligands in cis position!®2l, Complexes 49-52
have been synthesized using dioxomolybdenum(V1) and 4-acylhydrazone-5-pyrazolone ligands.
They have been tested as catalysts in the oxidation of secondary alcohols with H20; as oxidant, in
liquid phase conditions and microwave irradiation!?>21, Another series of dioxomolybdenum(V1)
complexes 53-56 and of oxoperoxomolybdenum(VI) 57-60 with the same kind of ligands have
been reported and investigated also with X-ray diffraction techniques. Also their catalytic potential

have been examined in Hantzsch reaction using H2O> as oxidant in solvent free conditions!??],
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49 R =Ph

50, R = 4-pyridyl
51, R = 3-pyridyl
52, R = 2-furyl

53, R=Ph

54, R = 4-pyridyl
55, R = 3-pyridyl
56, R = 2-furyl

Chart 33. Molecular structures of complexes 49-60.

57, R=Ph

58, R = 4-pyridyl
59, R = 3-pyridyl
60, R = 2-furyl
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Synthesis of novel Schiff base ligands and their
zinc(ll) complexes. Evaluation of their biological
activity as antimicrobials.



Chapter 2. Introduction

2.1 Introduction

It has been previously pointed out in the general introduction that the pyrazolone fragment plays
a crucial role as a structural element in a variety of compounds that display a wide range of
biological activity. As a result, pyrazolone-based ligands, such as acylpyrazolones or Schiff base
compounds, maintain and potentially enhance this important characteristic. The coordination
chemistry between these ligands and metals is a field of ever-increasing interest(*214211143] The
complexation process alters the steric and electronic properties of the ligands, leading to novel or
improved characteristics. Numerous metal complexes containing elements such as
titanium[146]'[254]'[255], ruthenium[15],[93],[94],[256]—[259], platinum[26°], tin[261]7[263] and silver[52]*[264]'[265]
have been observed to exhibit promising anticancer and antibacterial activity. The purpose of the
work described in this chapter is aimed to examine and rationalize the role of different hydrazone
substituents in determining the nuclearity and antibacterial activity of the ligands and the

corresponding zinc(11) complexes.

The discussion reported in this Chapter is adapted from the corresponding work: Marchetti, F.,
Pettinari, R., Verdicchio, F., Tombesi, A., Scuri, S., Xhafa, S., Olivieri, L., Pettinari, C.,
Choquesillo-Lazarte, D., Garcia-Garcia, A., Rodriguez-Diéguez, A., & Galindo, A. (2022). Role
of hydrazone substituents in determining the nuclearity and antibacterial activity of Zn(ii)
complexes with pyrazolone-based hydrazones. Dalton Transactions, 2022, Volume 51, Issue 37,
Pages 14165 — 14181.
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2.2 Experimental section

2.2.1 General procedures

All reagents were purchased (Aldrich) and used without further purification. All solvents were
purified by conventional methods and stored under nitrogen. All reactions and manipulations for
the syntheses of proligands HoL" and their interactions with zinc acetate dihydrate were carried
out in the air. The samples for microanalyses were dried in vacuo to constant weight (20 °C, ca.
0.1 Torr). Elemental analyses (C, H, N) were performed in-house with a Fisons Instruments 1108
CHNS-O Elemental Analyser. Melting points are uncorrected and were recorded on a STMP3
Stuart scientific instrument and on a capillary apparatus. IR spectra were recorded from 4000 to
200 cm ™! with a PerkinElmer Spectrum 100 FT-IR instrument. *H, *°F, and **C NMR spectra were
recorded with a 500 Bruker AscendTM (500 MHz for H, 470.6 for °F, 125 MHz for *C)
instrument operating at room temperature relative to TMS. Positive ESI-Mass Spectra were
obtained with a Series 1100 MSI detector HP spectrometer, using acetonitrile as mobile phase.
Solutions for electrospray ionization mass spectrometry (ESI-MS) were prepared using reagent
grade methanol and obtained data (masses and intensities) were compared to those calculated by
using the IsoPro isotopic abundance simulator version 2.1. Peaks containing zinc(ll) ions were

identified as the highest peak of an isotopic cluster.

2.2.2 Synthesis of proligands

The proligands HzL! and HoL® were synthesized and characterized as previously reported:!

whereas H,L?, HoL* and H,L® are new and their synthesis and characterization is reported below.

H,L2. The proligand H,L? was synthesized by mixing (5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-
4-yl)(phenyl)methanone (m.w. 278.3, 278 mg, 1 mmol) and 4-methylbenzenesulfonohydrazide
(m.w. 186.2, 186 mg, 1 mmol) in ethanol at reflux and stirring the reaction mixture for 4 h. The
product precipitated out from the hot solution as the reaction proceeded. After cooling, the product
was filtered off and recrystallized from ethanol to give a brown solid (325 mg, 78%). H,L? is
soluble in DMSO, DMF, acetone, acetonitrile, chlorinated solvents and slightly soluble in hot
methanol. M. p.: 230-232 °C. Anal. Calculated for C2sH22N4OsS (m.w. 446.5): C, 64.56; H, 4.97,
N, 12.55; S, 7.18%. Found: C, 64.38; H, 5.01; N, 12.38; S, 7.09%. IR (cm™): 3496w br v(N—
H---0), 3160w br v(N— H), 3080w br v(C—H aromatics), 1632 v(C=0), 1611, 1582 v(C=C), 1538
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v(C=N), 1535 v(C-N), 1301 vas(SO2), 1165vs vs(SO2), 1089m v(N-N). *H NMR (CDCl; with
0.05% v/v TMS, 500 MHz, 298 K): 1 1.61 (s, 3H, H20), 2.19 (s, 3H, H19), 6.82 (d, 2H, H17,17"),
7.20 (sbr, 1H, N4 - H), 7.25 (t, 1H, H9), 7.36 (d, 2H, H12,12"), 7.45 (t, 2H, H8,8), 7.58 (m, 3H,
H13,13°, H14), 7.90 (d, 2H, H7,7°), 8.15 (d, 2H, H16,16°). 3C NMR (CDCls, 125 MHz, 298 K):
8¢ 14.5 (C20), 30.9 (C19), 99.6 (C4), 111.6 (C17,17°), 120.4 (C7,7°), 126.1 (C9), 126.2 (C16,16),
127.7 (C12,12°), 129.1 (C8,8"), 129.6 (C13,13"), 131.9 (C14), 137.5 (C6), 141.0 (C15), 147.5
(C3), 150.1 (C18), 158.7 (C10), 159.3 (C5), C11 not observed. {*H,*N}gs-HSQC NMR (CDCls,
51 MHz, 3J(N-H) = 3 Hz, 298 K): o 117.3 (N4). {*H,"*N} gs-HMBC NMR (CDCls, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 5y 189.8 (N1), 217.7 (N2), N3 not observed. ESI-MS (+) CHsCN (m/z,
relative intensity %): 447 [35] [HsL?]"; 469 [100] [H2L? + Na]*; 485 [30] [H2L? + K]*; 916 [15]
[2H,L2 + Na]*.

H,L*. The proligand H.L* was synthesized from 1-(5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-
yl)-2-phenylethan-1-one (m.w. 292.3, 292 mg, 1 mmol) and (4-nitrophenyl)hydrazine (m.w.
153.4, 153 mg, 1 mmol) following the same procedure used for H,L? (80 °C, reaction time 4 h).
The product precipitated out from the hot solution as the reaction proceeded. After cooling, the
product was filtered off and recrystallized from ethanol to give a brown solid (308 mg, 72%). HoL*
is soluble in DMSO, DMF, acetone, acetonitrile, chlorinated solvents and slightly soluble in hot
methanol. M.p.: 229-231 °C. Anal. Calculated for C2sH21NsO3 (m.w. 427.5): C, 67.44; H, 4.95;
N, 16.38%. Found: C, 67.23; H, 4.83; N, 16.11%. IR (cm™1): 3184w br v(O—H---N), 3135 br v(N—
H), 3062w br v(C-H aromatics), 1615 m v(C=0), 1593s, 1584s v(C=C), 1530 m v(C=N) and
vas(NO2), 1376 m v(C-N), 1325s vs(NO3), 1108s v(N-N). *H NMR (CDClswith 0.05% v/v TMS,
500 MHz, 298 K): 612.41 (s, 3H, C3-CHg), 4.11 (s, 2H, H11), 6.49 (s, 1H, N4-H), 6.63 (d, 2H,
H17,17), 7.14 (d, 2H, H13,13), 7.24 (m, 4H, H14,14, H15, H9), 7.43 (t, 2H, H8,8), 7.98 (d, 2H,
H7,7), 8.04 (d, 2H, H18,18), 12.40 (sbr, 1H, O—H). 3C NMR (CDCls, 125 MHz, 298 K): 6c16.9
(C3-CHg), 33.8 (C11), 100.9 (C4), 112.0 (C17,17), 119.7 (C7,7), 125.2 (C9), 126.0 (C18,18),
127.8 (C15), 128.1 (C13,13), 129.1 (C8,8), 129.5 (C14,14), 134.3 (C12), 138.7 (C6), 141.9 (C19),
147.2 (C3), 151.5 (C16), 165.4 (C10), 167.1 (C5). {*H,**N}gs-HSQC NMR (CDCls, 51 MHz,
3)J(N-H) = 3 Hz, 298 K): 5n 98.9 (N4), 140.6 (N3). {*H,*N} gs-HMBC NMR (CDCI3, 51 MHz,
3] (N-H) = 3 Hz, 298 K): 5n 288.9 (N2), 98.9 (N4), 140.6 (N3), 379.4 (NO2), N1 not observed.
ESI-MS (+) CHsCN (m/z, relative intensity %): 428 [100] [HsL*]*; 450 [30] [H2L* + Na]*; 491
[15] [H2L* + MeCN + Na]*; 878 [10] [2H2L* + Na]*.
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H,L®. The proligand H.L®was synthesized from 1-(5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-
yl)-3,3-dimethylbutan-1-one (m.w. 272.3, 272 mg, 1 mmol) and
4-(trifluoromethyl)phenylhydrazine (m.w. 176.1, 176 mg, 1 mmol) following the same procedure
used for HoL2 (80 °C, reaction time 4 h). The product precipitated out from the hot solution as the
reaction proceeded. After cooling, the product was filtered off and recrystallized from ethanol to
give a white solid (323 mg, 75%). H.L® is soluble in DMSO, DMF, acetone, acetonitrile,
chlorinated solvents, diethyl ether and slightly soluble in hot methanol. M.p.: 213-214 °C. Anal.
Calculated for Ca3H2sF3N4sO (m.w. 430.5): C, 64.17; H, 5.85; N, 13.02%. Found: C, 64.01; H,
5.68; N, 12.87.%. IR (cm™): 3239 m br v(O—H---N), 3068w br v(N-H), 1615s v(C=0), 1577s
v(C=C), 1524 m v(C=N), 1312vs vs(CF3), 1163, 1112 vas(CF3), 1120vs v(N-N), 1065vs vs(CFs).
'H NMR (CDCl3 with 0.05% v/v TMS, 500 MHz, 298 K): 841.11 (s, 9H, H13,13,13), 2.49 (s, 3H,
H19), 2.83 (s, 2H, H11), 6.58 (s br, 1H, N4-H), 6.79 (d, 2H, H15,15), 7.22 (t, 1H, H9), 7.45 (t,
2H, H8,8), 7.50 (d, 2H, H16,16), 8.01 (d, 2H, H7,7), 12.83 (s br, 1H, O—H). **C NMR (CDClIs,
125 MHz, 298 K): 8¢ 17.6 (C19), 30.6 (C13,13,13), 34.7 (C12), 39.0 (C11), 100.4 (C4), 113.0
(C15,15), 119.6 (C7,7°), 124.0q (Nc-r = 271.3 Hz, C17), 124.2q (Ncr = 271.3 Hz, C18), 125.2
(C9), 126.9q (*Jc_r = 3.9 Hz, C16,16°), 128.9 (C8,8"), 138.0 (C6), 147.0 (C3), 148.9 (C14), 164.9
(C10), 169.6 (C5). F NMR (CDCI3): §, —=61.77. {*H,">N} gs-HSQC NMR (CDCls, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 5 143.8 (N3), 99.7 (N4). {*H,"*N} gs-HMBC NMR (CDCls, 51 MHz,
3J(N-H) = 3 Hz, 298 K): 6n 191.4 (N1), 285.8 (N2), 143.8 (N3), 99.7 (N4). ESI-MS (+) CHsCN
(m/z, relative intensity %): 431 [95] [H3L°®]*; 453 [100] [H2L® + Na]*; 469 [15] [H2L® + K]*; 494
[15] [H2L® + MeCN + Na]*; 884 [20] [2H.L® + Na]*.

2.2.2 Synthesis of complexes

[Zn(HLY)Z], (1). Complex 1 was synthesized by mixing Zn(O2CCHs)2-2H,0 (0.022 g, 0.1 mmol)
and the proligand H.L! (0.074 g, 0.2 mmol) in 30 ml of methanol. A yellow solid slowly
precipitated from the solution. After 24 h the suspension was filtered off, the precipitate was
washed with Et,O and dried to constant weight under reduced pressure. It was recrystallized from
dichloromethane/n-hexane. It is soluble in DMSO, DMF, acetonitrile, acetone, and chlorinated
solvents. Yield 86%. M.p. 320 °C decomposes. Elemental Analyses Calculated for
Ca4H36N1002Zn (m.w. 802.2): C, 65.88; H, 4.52; N, 17.46. Found: C, 66.06; H, 6.42; N, 17.13%.
Awm (in acetonitrile) = 4.0 Q1 cm? mol™X. IR (cm™): 3351 m v(N-H), 1612s v(C=N), 1595vs
v(C=N), 1567s v(C=C), 1536s v(C=C), 1509 m v(C=0), 1092 m v(N-N), 410 m v(Zn—N), 364s
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v(Zn-N), 321s v(Zn—0). *H NMR (CDCls): 84, 1.50 (s, 6H, H20), 6.31 (d, 2H, H16), 6.58 (t, 2H,
H18), 7.01 (t, 2H, H17), 7.21 (t, 4H, H8,8°), 7.34 (t, 2H, H14), 7.49 (s, 2H, N4 - H), 7.58 (d, 4H,
H12,12°), 7.70 (t, 4H, H13,13"), 7.80 (d, 4H, H7,7°), 7.90 (d, 2H, H19). 3C NMR (CDCls): &c,
15.3 (C20), 96.6 (C4), 108.7 (C16), 114.9 (C17), 120.6 (C7,7°), 123.7 (C9), 128.2 m
(C8,8,12,12°), 129.8 m (C13,13’,14), 133.3 (C11), 134.6 (C6), 138.5 (C18), 139.8 (C3), 144.9
(C19), 152.0 (C15), 154.6 (C10), 162.2 (C5). {*H,*N}gs-HSQC NMR (CDCls, 51 MHz, 3J(N-H)
=3 Hz, 298 K): on 132.9 (N4). {*H,"*N} gs-HMBC NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298
K): dn N1, N2, N3 and N5 not observed. ESI-MS (+) CH3CN (m/z, relative intensity %): 432 [20]
[Zn(HLY]*; 801 [80] [Zn(HLY)(H2LY)]*; 823 [70] [Zn(HLY), + Na*].

[Zn(HL?);], (2). Complex 2 was synthesized by mixing Zn(O2CCHs)2-2H,0 (0.022 g, 0.1 mmol)
with the proligand H.L? (0.089 g, 0.2 mmol) in 30 ml of methanol, with a procedure similar to that
of 1. It is soluble in DMSO, DMF, acetonitrile, acetone, chlorinated solvents, and methanol. Yield
76%. M.p. 241-242 °C. Elemental Analyses Calculated for CagHs2NgOeS2Zn (m.w. 956.4): C,
60.28; H,4.43; N, 11.72; S, 6.71. Found: C, 60.53; H, 4.40; N, 11.57; S, 6.73%. Awm (in acetonitrile)
= 6.0 Q' cm? mol ™. IR (cm™): 3062w br v(N-H), 1592 m v(C=N), 1562s v(C=0), 1528 m
V(C=C), 1522 v(C=N), 1481vs vas(SO2), 1475 v(C-N), 1164vs vs(SOz), 1079 m v(N-N), 551s
v(Zn-N), 430 m v(Zn—0). *H NMR (CDCl3 with 0.05% v/v TMS, 500 MHz, 298 K): 8n 1.22 (s,
3H, H20), 2.45 (s, 3H, H19), 6.61 (sbr, 1H, N4 - H), 6.78 (d, 2H, H17,17°), 7.19 (d, 2H, H12,12"),
7.24 (t, 1H, H9), 7.42 (t, 2H, H8,8"), 7.45 (m, 3H, H13,13”, H14), 7.83 (d, 2H, H7,7”), 7.98 (d, 2H,
H16,16°). *C NMR (CDCls, 125 MHz, 298 K): 8¢ 15.4 (C20), 21.7 (C19), 98.3 (C4), 121.3 (C11),
125.0(C17,177),127.2 (C9), 128.6 (C7,7°), 128.7 (C16,167), 129.4 (C12,12"),129.9 (C8,8"), 130.2
(C13,13), 132.1 (C6), 133.5 (C14), 139.0 (C15), 145.0 (C3), 149.0 (C18), 162.8 (C10), 167.6
(C5). {*H,®*N} gs-HSQC NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): dn 151.1 (N4).
{*H,*®*N} gs-HMBC NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): 5n 192.9 (N1), 276.4 (N2),
N3 not observed. Stability Test: compound 2 was dissolved in DMSO-dg and its *H NMR spectrum
immediately recorded. After 5 days the spectrum was unchanged. ESI-MS (+) CHsCN (m/z,
relative intensity %): 957 [30] [Zn(HL?)(H.L?]*; 979 [30] [Zn(HL?). + Na']; 1467 [30]
[Zn2(HL?)3).

[Zn(HL3)2(H20)2], (3). Complex 3 was synthesized by mixing Zn(O2CCHs)2-2H20 (0.022 g, 0.1
mmol) with the proligand H2L2 (0.083 g, 0.2 mmol) in 30 ml of methanol, with a procedure similar
to that of 1. It is soluble in DMSO, DMF, acetone, acetonitrile, chlorinated solvents and slightly
soluble in methanol. Yield 83%. M.p. 232-236 °C. Elemental Analyses Calculated for
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CaeHa0N1008Zn (m.w. 924.2): C, 59.65; H, 4.35; N, 15.12. Found: C, 59.40; H, 4.23; N, 14.89%.
Aw (in acetonitrile) =9.0 @t cm? mol ™. IR (cm™): 3314 m v(H20), 3190w br v(N—H), 3062w br
v(N-H), 1598s v(C=N), 1575 m v(C=0), 1558 m v(C=C), 1526 m v(C=C), 1480vs vas(NO2),
1319s, 1300vs vs(NO2), 1110 m v(C-N), 961 m v(N-N), 511 m v(Zn-N), 4755 v(Zn-0). *H NMR
(CDCl3): 8y, 1.57s (4H, H20); 1.27s (6H, H19); 6.31 (sbr, 1H, N4 - H), 6.68 (d, 2H, H17,17"),
7.14 (d, 2H, H12,12°), 7.25 (t, 1H, H), 7.41 (t, 2H, H8,8"), 7.45 (m, 3H, H13,13’, H14), 7.77 (d,
2H, H7,7°), 7.97 (d, 2H, H16,16°). 3C NMR (CDCls): 8¢, 15.2 (C19), 98.5 (C4), 112.6 (C17,17"),
125.7 (C7,7°), 126.2 (C9), 126.7 (C16,16°), 127.7 (C14), 128.8 (C12,12), 129.2 (C8,8"), 130.6
(C13,13"), 133.0 (C6), 140.9 (C15), 150.8 (C18), 162.2 (C11), C3, C5 and C10 not observed.
{*H,"5N}gs-HSQC NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): 3 125.2 (N4). {*H,5N} gs-
HMBC NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): 5n 197.4 (N1), N2 and N3 not observed.
ESI-MS (+) CH3CN (m/z, relative intensity %): 478 [25] [Zn(HL3)]*; 891 [50] [Zn(HL®)(H2L®)]*;
913 [20] [Zn(HL3), + Na'].

[Zn(HL*)2]n, (4). Complex 4 was synthesized by mixing Zn(O,CCHs),-2H-0 (0.022 g, 0.1 mmol)
with the proligand H,L* (0.085 g, 0.2 mmol) in 30 ml of methanol, with a procedure similar to that
of 1, however it immediately precipitates from the solution. It is soluble in DMSO, DMF, acetone,
acetonitrile, and chlorinated solvents. Yield 85%. M.p. 251-253 °C. Elemental Analyses
Calculated for C4gHsoN1006Zn (m.w. 918.2): C, 62.78; H, 4.39; N, 15.25%. Found: C, 62.44; H,
4.20; N, 15.06%. Am (in acetonitrile) = 6.0 Q1 cm? mol ™. IR (cm™): 3275 m v(N-H), 3075w br
v(N=H), 15935 v(C=N), 1566s v(C=0), 1520 m v(C=C), 1478vs vas(NO2), 1321vs, 1303s vs(NOy),
1100 m v(N-N), 548 m v(Zn—-N), 430 m v(Zn—0). *H NMR (CDCls): &1, 2.29s (s, 3H, H20), 4.15
(s, 2H, H11) 6.14 (sbr, 1H, N4 - H), 6.44 (d, 2H, H17,17*), 7.02 (d, 2H, H13,13"), 7.25 (m, 3H,
H9, H8,8°), 7.41 (m, 3H, H14,14°, H15), 7.77 (d, 2H, H7,7°), 7.93 (d, 2H, H16,16°). °C NMR
(CDCI3): 6c, 17.3 (C20), 35.9 (C11), 98.6 (C4), 112.4 (C17,17°), 121.2 (C7,7°), 125.6 (C13,13"),
125.9 (C16), 127.4 (C9), 127.8 (C8,8’), 127.9 (C12), 128.8 (C14,14), 128.9 (C15), 129.3
(C18,18°), 134.8 (C6), 141.0 (C3), 151.2 (C19), 162.5 (C10), 178.3 (C5). {*H,**N} gs-HSQC
NMR (CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): 6n N4 not observed. {*H,®°N} gs-HMBC NMR
(CDCls, 51 MHz, 3J(N-H) = 3 Hz, 298 K): dn N1, N2 and N3 not observed. ESI-MS (+) CHsCN
(m/ z, relative intensity %): 492 [20] [Zn(HL*)]*; 919 [40] [Zn(HL*) (H2LY]*; 941 [30] [Zn(HL*),
+ Na'].

[Zn(HL®)2(H20)2] (5). Complex 5 was synthesized by mixing Zn(O2CCHs)2-2H20 (0.022 g, 0.1

mmol) with the proligand H2L?® (0.086 g, 0.2 mmol) in 30 ml of methanol, with a procedure similar
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to that of 1. Itis soluble in DMSO, DMF, acetone, acetonitrile, chlorinated solvents, and methanol.
Yield 92%. M.p. 154-156 °C. Elemental Analyses Calculated for CssHs2FsNgO4Zn (m.w. 960.0):
C, 57.53; H, 5.46; N, 11.67%. Found: C, 57.15; H, 5.42; N, 11.38%. Awm (in acetonitrile) = 11.0
Q' em? mol™. IR (cm™): 3540w br v(H20), 3304w v(N-H), 1593s v(C=N), 1565s v(C=0), 1525
m v(C—N), 1321vs vs(CF3), 1100s vas(CF3), 1064s vs(CF3), 981 v(N-N), 549 m v(Zn-N), 425 m
v(Zn-0). 'H NMR (CDCls with 0.05% v/v TMS, 500 MHz, 298 K): 8 0.97 (s, 9H, H13,13°,13"),
1.60s (s, 2H, H20), 2.33 (s, 3H, H19), 2.82 (s br, 2H, H11), 5.98 (s br, 1H, N4 - H), 6.43 (d, 2H,
H15,15°), 7.24 (t, 1H, H9), 7.35 (d, 2H, H16,16°), 7.46 (t, 2H, H8,8), 8.01 (d, 2H, H7,7°). 13C
NMR (CDCls, 125 MHz, 298 K): 8¢ 18.0 (C19), 30.4 (C13,13’,13”), 34.7 (C12), 40.6 (C11), 99.2
(C4), 114.3 (C15,15°), 120.4 (C7,7°), 123.5q (Jcr = 33.0 Hz, C17), 124.2q (Nc_r = 271.3 Hz,
C18), 125.2 (C9), 126.4q (3Jc_r = 3.9 Hz, C16,16’ ), 128.7 (C8,8"), 139.0 (C6), 147.8 (C3), 149.1
(C14), 161.9 (C10), 180.1 (C5). *F NMR (CDCls): 8¢, —61.45. {*H,**N} gs-HSQC NMR (CDCls,
51 MHz, 3J(N-H) = 3 Hz, 298 K): &n 120.0 (N4). {*H,N} gs-HMBC NMR (CDCls, 51 MHz,
3J(N-H) = 3 Hz, 298 K): dn 274.1 (N2), N1 and N3 not observed. ESI-MS (+) CHsCN (m/z,
relative intensity %): 925 [20] [Zn(HL®)(H2L%)]".

2.2.3 Structural characterization by X-ray diffraction

X-ray data collection of suitable single crystals was done on a Bruker D8 VENTURE area detector
equipped with graphite monochromated Mo-Ka radiation (A = 0.71073 A) by applying the c-scan
method. The data reduction was performed with the APEX3 suite?%%1 and corrected for absorption
using SADABSI?®7], The final structures were solved using SHELXT!2%8 and refined on F2 by a
full-matrix least-square technique using anisotropic displacement parameters?%° by means of the
Olex2 v1.3 crystallographic package and the SHELXL-2018 program!28l, All hydrogen atoms
were included as fixed contributions riding on attached atoms with isotropic thermal displacement
parameters 1.2 or 1.5 times those of the respective atom. In complex 2, due to the disorder within
the voids, the SQUEEZE procedure implemented in PLATON program was used during the
refinement and two crystallization methanol molecules were removed from the structure. In
addition, in this structure, one phenyl ring is disordered over two alternate positions, so it was
refined with occupancies of 40% and 60% for all atoms and anisotropic displacement parameters

of the ring.
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2.2.4 Theoretical calculations

The electronic structure and geometries of the proligands H2L?, HoL* and H,L>, their tautomers
and anions, [HL"]", and their zinc complexes were investigated by using density functional theory
at the B3LYP level?"%271 For the proligands and their corresponding anions the 6-311G** basis
set was used for the optimization, while for the Zn complexes the optimization was carried out
using 6-311G*. Molecular geometries were optimized without symmetry restrictions. Frequency
calculations were carried out at the same level of theory to identify all stationary points as minima
(zero imaginary frequencies) and to provide the thermal correction to free energies at 298.15 K
and 1 atm. Solution-phase SCF energies were calculated by a single-point calculation on the in
vacuum optimized structure using the CPCM solvation model in chloroform%¢l, Gibbs free
energies in chloroform solution were estimated from the equation Gsolv = Esolv + (Ggas — Egas). The
GIAO method was used for the NMR calculations (*H, **C and N NMR isotropic shielding
tensors), which were carried out at the 6-311 + G(2d,p) level of theory. The computed IR spectra
were scaled by a factor of 0.961%6712681. The DFT calculations were executed using the Gaussian

09 program packagel?%],

2.2.5 Antibacterial activity

The antibacterial activity of the ligands H,L'-H,L®> and of the Zn(Il) complexes 1-5 was
investigated against Gram-positive bacteria, Staphylococcus aureus (S. aureus) ATCC 25923 and
Gram-negative, Escherichia coli (E. coli) ATCC 25922. Bacteria were grown aerobically at 37 °C
overnight using Tryptone Soya Broth (OXOID) as the growth medium. Bacteria proliferation was
monitored by measuring the increase of optical density in the culture suspension at 600 nm
(OD600). The enriched culture (log phase) obtained was further diluted to 106 CFU mL™
concentration. A preliminary bacterial growth inhibition (BGI) analysis was carried out by using
the Agar diffusion method with a fixed concentration of 2 mg mL™* of the ligands and 4 mg mL*
of the Zn(11) complexes (both corresponding to ~5 pmol mL™2). A loop full of the given test strain
(E. coli and S. aureus) was inoculated in 10 mL of N-broth (nutrient broth) and incubated for 24 h
in an incubator at 37 °C in order to activate the bacterial strain. The various compounds were
weighed into Eppendorf content and suspended in autoclaved physiological solution, to which 1
mL of the enriched culture was then added (reaching the concentration of 106 CFU mL™?) and kept

on an IKA KS 130 BASIC platform shaker for 24 hours at slow speed. The final solution was
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included uniformly into Petri dishes containing Plate Count Agar (OXOID). Adopting the same
procedure, a strain without treatment were used as negative control. The tests were carried out at
different time intervals (0, 2, 4, 8, 12, 24 hours) for viability measurements over time. The bacterial
viability was reported as Growth Rate (%) using the following formula: Percentage of cell viability
(%) = (CFU t/CFU to) 100 (where to is the time zero at the beginning of the experiment and tx is
a specific time in hours of the experiment). The growth curves of E. coli and S. aureus without

antibacterial agents were also measured as blanks?’2l. All tests were done in triplicate?”3l,

2.2.6 Reactive oxygen species (ROS) detection assay

To better evaluate the antibacterial activity of such compounds, the test for ROS measurement was
carried out against the compounds 4 and 5, that showed better bacterial inhibition. To quantify the
ROS generated in our system, the 2’,7’-dichlorofluorescein diacetate (DCFDA) assay was
performed. The test protocol is based on the spread of 20 uLL of DCFDA in the bacterial cultures
in the range of 1-3 x 106 CFU mL™! for 30 minutes at 37 °C. Then 10 pL are added to the
Eppendorf containing 4 mg of 4 and 5 respectively, suspended in 1 mL of physiological solution.
100 uL of each Eppendorf were transferred to a 96-well plate in triplicate in the dark and ROS
generation was assessed for the first two and four hours. Maintaining the same procedure, an
untreated sample strain was used as a control (blank). Fluorescence from each sample well was
read using the FLUOstar Omega fluorescence cytometer from BMG LABTECH at 485/20 nm and
528/20 nm wavelengths for excitation and emission respectively. The average of the triplicate was

calculated and reported as the intensity of fluorescence in arbitrary unit (a.u.).

2.2.7 Propidium iodide (PI) — viability assay

To assess the viability of bacteria treated with compounds 4 and 5, the fluorescent P1 staining assay
was carried out, since it allows to evaluate the level of damage related to membrane permeability.
A suspension (106 CFU mL™) of E. coli and S. aureus, treated with 4 mg of compounds 4 and 5,
were incubated for a period of 24 h at 37 °C. After 4 h, 8 h, 12 h, and 24 h, 100 pL of the content
was transferred in triplicate into 96-well plate in the dark and 1,5 pL of Propidium lodide (PI) was
added in each well. Maintaining the same procedure, an untreated sample strain was used as a
control (blank). Fluorescence emitted by the cells was read using the FLUOstar Omega
fluorescence cytometer from BMG LABTECH at 485/20 nm and 528/20 nm wavelengths for
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excitation and emission respectively. The average of the triplicate was calculated and reported as

the intensity of fluorescence in arbitrary unit (a. u.).

2.2.8 Confocal laser scanning microscopy (CLMS) study

To determine the damaging effect of 4 and 5 on the cell membranes of S. aureus and E. coli, CM
analysis was carried out with LIVE/DEAD® BacLight™ Bacterial Viability Kits (Invitrogen),
which utilize mixtures of SYTO®39 green-fluorescent nucleic acid stain and propidium iodide (PI)
red-fluorescent nucleic acid stain. Briefly, a bacterial suspension in the range of 1 x 108 CFU mL ™
(~0.03 OD670) for E. coli and 1 x 107 CFU mL™* (~0.15 OD670) for S. aureus were treated with
4 mg of 4 and 5 during the logarithmic growth phase for 4 h. After the incubation period,
suspensions were concentrated by centrifugation at 10000g for 10-15 minutes, then the
supernatant was removed, and the pellet resuspended in 0.85% NaCl solution. Afterwards, equal
volumes of Syto-9 and Propidium iodide were added to all samples and incubated for 15 min in
the absence of light. Samples were then fixed between a slide and an 18 mm square coverslip to
observe the fluorescence under confocal microscope (Nikon ECLIPSE Ti). The control assay was
conducted without treatment. The excitation/emission maxima for these dyes are about 480/500
nm for SYTO 9 stain and 490/635 nm for PI.

2.2.9 Scanning electron microscopy (SEM) study

The morphology of the bacterial cells after treating with 4 and 5 was determined by SEM (Sigma
300, Zeiss) operating at 15.0 kV, Bruker. For SEM sample preparation, log phase cells of E. coli
and S. aureus (106 CFUs) were incubated with 4 mg of complexes 4 and 5 for 4 hours at 37 °C.
After incubation period, bacterial strains were centrifugated (2000g x 5 min), washed thrice with
physiological solution and fixed with 200 pL of 2.5% (v/v) glutaraldehyde solution for 2 hours on
glass slide. The fixed pellets were washed twice with physiological solution, then were immersed
in a solution with increasing concentrations of ethanol (10, 30, 50, 70, 90 and 100%), 5 min for
each concentration. After drying, samples were placed on aluminium stubs using self-adhesive

carbon conductive tab and chrome-coated. The untreated bacterial cells were taken as control.
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2.3 Results and discussion

2.3.1 Synthesis and spectroscopic characterization of proligands

Proligands H.L" (n = 1-5) have been prepared following the general procedure described in the
introduction by reaction of 4-acyl-5-pyrazolones and monosubstituted hydrazones in ethanol at
reflux and stirring for 4 h, illustrated in Chart 34. Proligands H.L! and HzL® were previously
reported by our research group and fully characterized in combination with (arene)Ru(ll)
acceptors?’4l. Proligands H.L?, HoL* and H,L® instead are new. All the compounds have been
characterized by means of 'H-NMR, BC-NMR, ®N-NMR, {*H,'H}-COSY, {!H,:*C}-HSQC,
{*H,®C}-HMBC, IR spectroscopy and ESI-MS spectroscopy.

R RN > RN >
o R2 VR — VR
HN-N"" 7
7\ H I H 7\
N H - N 0 N
‘N~ O ‘N0 ‘N~ O

EtOH at reflux

;
H,L! H,L? H,L®
R1
R2

_H
o 0
N/ S o

Chart 34. Synthetic procedure for HoL — HzL® proligands. In principle they can exist in two tautomeric forms 1 or II.

The compounds form as sharp melting solid, soluble in DMSO, DMF, chlorinated solvents,
acetone, acetonitrile, and alcohols and only slightly soluble in diethyl ether. In principle the

compounds can exist in two different tautomeric forms (I and Il in Chart 34) depending on the
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electronic features of the two substituents R and R? and on the solvent of crystallization*441, In
particular, HzL! is reported to exist in the solid state as uncommon zwitterionic form, whereas

H.L3 adopts a N-H,0-H tautomeric form in both solid state and chlorinated solutionf?"4],

16 17

15 16

H,L4 H,L5

Chart 35. Tautomeric forms in the solid state of HoL! — H2L® proligands with numbered atoms.

The novel proligands H,L?, HoL* and H,L® were proved to exist in the N-H,N-H tautomeric form
(tautomer | in Chart 34). For the solid state, this is confirmed by the X-ray structures of H.L.2and
HL* (that will be discussed in the X-ray diffraction section) and by the IR spectrum of HoL®. From
the infrared spectra of the proligands characteristic bands were identified and assigned to the
relative mode of vibration also by comparison with computed IR spectra (discussed in the DFT
study section). In particular, asymmetric and symmetric stretching modes of the sulfonyl SO;
group of HoL?were assigned to the bands at 1301 and 1165 cm™2 27512781 (Figure 3), the asymmetric
and symmetric stretching modes of nitro group NO, of H,L3and H,L* 2771278l were assigned to
the bands in the range of 1490-1530 cm™ and 1325-1331 cm™ (Figure 4) and the asymmetric and
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symmetric vibration modes of CF3 group of HzL®were assigned to bands at 1312, 1163, 1112 and

1065 cm™ 27912801 (Eijgure 5). Finally the typical v(N-N) mode for all proligands was identified in
the range 1040-1120 cm* (118112361,
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Figure 3. IR spectrum of proligand HzL2.

40
4000

3500 3000

2500 2000 1500 1000 500400

cm-1

Figure 4. IR spectrum of proligand HoL*.
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Figure 5. IR spectrum of proligand HaL5.

'H and ¥C NMR were assigned based on the 'H-'H, and one-bond and long-range H-1*C
couplings, seen in the {*H,'!H}-COSY, {*H,*C}-HSQC, and {*H,*C}-HMBC. Additionally,
indirect >N NMR chemical shifts were assigned based on the {*H,*N}-HSQC and {*H,'°®N}-
HMBC for both proligands and complexes 1-5 (see Chart 35 for atoms numeration). Figures 6-12
report all the NMR characterization for the ligand H,L? with assigned resonances as example.
Although for H,L? only one NH resonance was observed at 7.20 ppm, the N-H,N-H tautomeric
form observed in the X-ray is assumed to be preserved also in solution (see DFT studies), even if
in the {*H, ®N}-HSQC NMR only the N4-H direct coupling was displayed. The {*H, *N}-HMBC
spectrum instead allowed to assign the signals of N1, N2 and N4, but also in this case not that of
N3. The proton NMR spectra of proligands H,L*and H.L® in deuterochloroform display broad
resonances at 12.40-12.83 and 6.50-6.80 ppm, due to the two types of NH groups, in accordance
with the prevalence in solution of N-H,N-H tautomer I. Additionally, in this case the {*H, °N}-
HSQC spectra show the direct coupling signal of both N3-H and N4-H furtherly confirming the
hypothesis about the tautomeric form. In the {*H, ®N}-HMBC spectrum, for H,L*, as for HzL?,
all the nitrogen atoms could be assigned but the N3, that it is not observed. For HoL? instead also
the N3 can be observed in the spectrum. About H,L? it is also possible to see one single resonance
in the F-NMR suggesting the absence of any other non-reacted species. Furtherly, its *C-NMR

spectrum shows the effect of the coupling between the F atom with the adjacent C atoms: in fact
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it is possible to find three quartets with a gradually larger J value from the farther C16 to the closer

C18 atoms (see Figure 100 and Figure 101 Supplementary Information).
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Figure 6. *H NMR of proligand HzL2in CDCls at 298 K.
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Figure 12. {*H, *N}-HMBC of proligand HzL? in CDCl3 at 298 K.

2.3.2 Synthesis and spectroscopic characterization of complexes

Complexes 1-5 were synthesized by interaction of Zn(O.CCHz)2-2H.0O with the proligands HoL",
in methanol at room temperature, affording a precipitate that after 24 hours was filtered, washed
with Et,O and dried. The product was then recrystallized from dichloromethane/n-hexane. The
compounds are sharp melting solids soluble in most organic solvents, and in the case of 2, 3and 5
also quite soluble in methanol, while not soluble at all in water and ethers. All the compounds have
been characterized by means of H-NMR, C-NMR, ®N-NMR, {*H,'H}-COSY, {!H,3C}-
HSQC, {*H,1*C}-HMBC, IR spectroscopy and ESI-MS spectroscopy.
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Chart 36. Synthetic procedure for the preparation of complexes 1-5.

All analytical and spectral data are in accordance with the formulation of complexes proposed in
Chart 37: while 1 and 2 are mononuclear anhydrous [Zn(HL?Y),] and [Zn(HL?),] species, complex
3 and 5 were isolated as diaqua [Zn(HL")2(H20)2] compounds, with two water molecules in the
zinc coordination sphere. Unexpectedly, complex 4 is a monodimensional coordination polymer
with formula [Zn(HL*)2]». While complex 3, structurally similar to 4, is quite soluble in methanol
and is isolated as a precipitate from methanol only after few hours of reaction, 4 is not soluble at
all in methanol, from which it immediately precipitates. The recorded melting point of 4 is higher
than that of 3 of about 20 °C, in accordance with a different solid-state structure. Conductivity
measurements in acetonitrile indicated that complexes 1-5 are stable and do not dissociate in

solution at room temperature.
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Chart 37. Proposed chemical structures of complexes 1-5.

The IR spectra of 1-5 provide valuable information about the nature of the functional group
coordinated to the zinc atom. However, the spectra of proligands are quite complex, especially in
the 1500-1650 cm™ region for the presence of C=0, C=C, and more than one C=N in their

structure, thus definitive assignment are not straightforward. An attempt to assign some bands has

on the basis of previous literature on similar chemical systems and DFT calculations.
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The v(C=0) band at 1641 cm for the free proligand H.L! is shifted upon coordination, which
suggests involvement of the keto group of a pyrazolone ring in coordination?”#! (Figure 13). The
strong bands falling between 1626 and 1600 cm™ in the spectra of the other free proligands, which
are characteristic of the v(C=N) azomethine group, are shifted to lower wavenumbers in the spectra
of complexes, implying the coordination of the ligand through azomethine nitrogen[281-12831,
Additionally, a medium and broad band at circa 3300-3400 cm™ in the spectra of dihydrate
complexes 3 and 5 confirms the presence of water in the zinc environment (Figure 15 and Figure
17). By contrast, in the IR of 4 a medium and sharp band was found at 3275 cm™ assigned to v(N-
H) (Figure 16). Finally, the formation of a new band in the low frequencies regions 520-580 cm™
and 430-470 cm™ is attributed to v(M-N) and v(M-O), respectively.
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Figure 13. IR spectrum of complex 1.
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Figure 17. IR spectrum of complex 5.

The electrospray ionization (ESI) mass spectra of 1-5 in positive ion mode, recorded in acetonitrile,

show the typical isotopic patterns expected for Zn and display main peaks that corresponds to the
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species [Zn(HLM]" arising from dissociation of one ligand and/or [Zn(HL")(H.L")]" due to

protonation of one ligand in the zin complex or also to [Zn(HL"), + Na]".

'H and *3C chemical shifts in the NMR spectra of complexes 1-5 display the expected shift of
those resonances due to proton and carbon atoms close to N and O donor atoms involved in
bonding to zinc, as showed in NMR spectra of 2 reported as example in Figures 18-21. In the case
of polynuclear complex 4, it can be assumed that in chloroform the weak intermolecular Zn-Opitro)
interactions are easily broken and mononuclear species are present in solution. The disappearance
of resonances at 12.60-12.89 ppm, but the persistence of those at 6.50-6.80 ppm confirms
deprotonation of proligands and presence of hydrazide N-H upon coordination of the ligands to
zinc. Unfortunately, no N NMR chemical shift was observed for complex 4 and only some
indirect >N NMR chemical shifts of 1-3 and 5 were detected (see Table 1), but not those of N3
atoms directly coordinated to zinc (and also N5 for complex 1). However, those of vicinal N4 were
clearly identified to lower fields for complexes 2, 3 and 5, in accordance with deshielding upon
coordination. Complexes 1-5 are stable in DMSO-ds and do not undergo any dissociation, as

established by NMR studies and demonstrated in Figure 22.
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Figure 18. *H NMR of complex [Zn(HL?)2] (2) in CDCls at 298 K.
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Table 1. N chemical shifts (ppm) in free proligands and complexes 1-5 obtained with {*H,**N} HSQC and HMBC NMR
experiments as numbered in Chart 35.

Ligands N1 N2 N3 N4 N5
HoL! n.o. n.o. n.o. n.o. n.o.
HoL2 189.8 271.7 n.o. 117.3 -
HoL3 190.1 271.6 n.o. 117.0 369.9
HoL4 n.o. 288.9 140.6 98.9 379.4
HoLS 191.4 285.8 143.8 99.7 -
Complexes

1 n.o. n.o. n.o. 132.9 n.o.
2 192.9 276.4 n.o. 151.1 -

3 197.5 n.o. n.o. 125.2 n.o.
4 n.o n.o n.o n.o n.o
5 n.o. 274.1 n.o. 120.0 =

2.3.3 X-ray structural characterization

The structures of proligand H,L? and H,L*, together with complexes 1, 2 and 4, were determined
by single-crystal X-ray diffraction. Selected bond distances and angles are shown in Table 2 and
Table 4. The crystallographic data are given in Table 5. Although both proligands show a similar
scaffold based on pyrazolone, hydrazone and phenyl fragments, their molecular structure are
different since HzL2 crystallizes in monoclinic C2/c space group and HzL*does in P-1 (Figure 23).
The structures of proligands are nonplanar since the phenyl ring is turned with respect to the
pyrazolone plane by 26.5(3)° and 17.8(3)° in HoL?and HoL*, respectively. The torsion angles in
hydrazone group are -92.6° for HzL? (S-N-N-C) and -126.9° for H,L*(C-N-N-C). The hydrazone
N-N bond distances for all measured compounds are in the range of 1.397(3)-1.432(4) A, being
slightly higher for metal complexes. Proligand molecules are stabilized within the crystal through
hydrogen bonds between two molecules. In both proligands the intermolecular interaction occurs
between the hydrogens of hydrazone (N3 and N4) and the oxygen of the pyrazolone (O1) (see
Table 3).
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H,L2 H,L*

Figure 23. Molecular structures of ligands HzL2 and HaL*,

Table 2. Selected bond distances (A) and angles (°) of proligands H2L? and HL*.

Bond Distance (A) Bond Angle (°)

H,L?

Cl-N1 1.418(3) C2-C1-N1 119.4(2)
C7-N1 1.369(3) 01-C7-N1 125.5(2)
C7-01 1.254 (4) C8-Cl1-C12 123.1(2)
c8-Cl1 1.382(4) N3-C11-C8 117.6(2)
C9-N2 1.307(3) C7-N1-N2 112.07(19)
N1-N2 1.403(3) Cl1-N3-N4 122.3(2)
Cl1-N3 1.332(3) N3-N4-S1 113.66(17)
N3-N4 1.397(3) Cl9-C18-S1 119.7(2)
N4-S1 1.677(2) N4-S1-C18 108.10(12)
Cc18-s1 1.755(3)

HoL4

Cl-N1 1.424(2) C2-C1-N1 120.52(15)
C7-N1 1.371(2) 01-C7-N1 125.90(15)
C7-01 1.258(2) C8-Cl1-C12 124.43(15)
c8-Cl1l1 1.397(2) N3-C11-C8 117.81(16)
C9-N2 1.313(2) C7-N1-N2 112.09(13)
N1-N2 1.4007(19) Cl1-N3-N4 120.83(15)
Cl1-N3 1.332(2)

N3-N4 1.389(2)
C22-N5 1.456(2)
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Table 3. Hydrogen bonds distances (A) and angles (°) for proligands HzL? and HoL*.

D-H---A D-H H---A D---A Angle
H,L2
N3-H3A - - -0l 0.88 2.05 2.706(3) 130.4
N3-H3A - - -0l 0.88 2.24 2.833(3) 124.1
N4-H4A - - 01 0.81(3) 2.38(3) 2.925(3) 125(3)
H,L*4
C2-H2 - - -01 0.93 2.32 2.913(2) 121.4
N4-H4A - - -01 0.87(2) 2.01(2) 2.8564(19) 162 (2)
N3-H3A - - -0l 0.89(2) 1.94(2)  2.6662(19) 138.0(19)

Regarding the coordination compounds, complex 1 is based on ligand (HLY)", 2 is based on (HL?)"
and crystallization methanol molecules, and 4 is formed by the coordination of (HL*) ligand
(Figure 24). 1, with general formula [Zn(HL?Y).], crystallizes in the triclinic space group P-1. The
asymmetric units consist in one Zn(l1) ion and two monoanionic (HL?)" ligands. The metal center
exhibits a distorted octahedral coordination environment, ZnO2,N4. Zn-O bond distances are in the
2.049(2)-2.051(2) A range, while Zn-N bond distances range from 2.132(2) A to 2.151(2) A. Each
ligand is coordinated by the oxygen of pyrazolone, one nitrogen of hydrazone and the nitrogen of
pyridine rings. The structures of 1 consists of a monomer where neither hydrogen bonds nor van

der Waals interactions exist.

Complex 2 consists of a monomer as well that crystallizes in the monoclinic C2/c space group
with general formula [Zn(HL?),]-2MeOH. The asymmetric unit contains half of a Zn(l1) ion and
one (HL?)" molecule. Each Zn(I1) ion shows a tetrahedral ZnO2N2 geometry formed by two oxygen
atoms from pyrazolone and two nitrogen atoms from hydrazone of two different monoanionic
(HL?) ligands. The Zn-O bond distance is 1.958(3) A whereas the Zn-N bond length is 1.998(4)
A. Due to the disorder within the voids, the crystallization methanol molecules were removed from

the structure.
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Table 4. Selected bond distances (A) and angles (°) of complexes 1, 2 and 4.

Bond Distance (A) Bond Angle (°)
Complex 1
Znl-N3A 2.151(2) N3B-Znl-N3A 171.98(9)
Znl-N3B 2.143(2) N5A-Znl1-N3A 76.33(9)
Znl-N5A 2.132(2) N5A-Znl1-N3B 97.47(9)
Znl-N5B 2.142(2) N5SA-Zn1-N5B 92.74(9)
Znl-0O1lA 2.051(2) N5B-Znl1-N3A 98.99(9)
Znl-01B 2.049(2) N5B-Znl1-N3B 76.00(9)
OlA-Znl1-N3A 87.22(8)
01A-Zn1-N3B 98.96(9)
O1A-Znl-N5A 163.54(8)
01A-Znl1-N5B 90.30(9)
01B-Znl-N3A 98.05(9)
01B-Znl1-N3B 87.25(9)
01B-Znl-N5A 92.94(9)
01B-Znl1-N5B 162.88(8)
01B-Znl-01A 88.80(8)
Complex 2
Znl-01 1.958(3) 01-Znl-01 97.6(2)
Znl-N1 1.998(4) 01-Znl-N1 119.19(11)
0l1-Znl-N1 96.95(12)
01-Znl-N1 96.94(12)
01-Znl-N1 119.19(11)
N1-Znl-N1 125.0(2)
Complex 4
Znl-N3 2.069(3) N3-Znl-N3 180.0
Znl-01 2.004(3) N3-Znl-02 89.09(12)
Znl-02 2.342(3) N3-Znl-02 90.91(12)
01-Znl1-N3 88.44(12)
01-Znl-N3 91.56(12)
01-Znl-01 180.0
01-Znl-02 84.67(11)
01-Znl-02 95.33(11)
02-Znl-02 180.0

Finally, complex 4 crystallizes in the triclinic P-1 space group and the structure consists of a
monodimensional coordination polymer with general formula [Zn(HL*)].. The asymmetric unit
shows half of zinc(l1) ion and one monoanionic (HL*)" ligand. Each central atom is coordinated to
four different ligand molecules by showing an octahedral ZnO4N. geometry formed by two oxygen
atoms of pyrazolone ring, two oxygen atoms from nitro group and two nitrogen atoms pertaining

to hydrazone moiety. The oxygens of pyrazolone occupy the basal plane of the octahedron together
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with nitrogen bonds, with Zn-Opasai bond distances of 2.004(3) A and Zn-N bond length of 2.069(3)
A. On the other hand, the oxygen atoms pertaining to nitro groups are situated at the apical position
with a Zn-Oapical bond distance value of 2.342(3) A. Each proligand molecule coordinates to two
Zn(ll) ions. This disposition of the ligands creates chains that propagate along b axis. Within
chains, stacking interaction between nitrophenyl moieties occurs, with a centroid-to-centroid
distance of 4.155 A. Only one intramolecular hydrogen bond helps to stabilize the structure
between the nitrogen of the hydrazone (N4) and the oxygen from pyrazolone (O1) of two different
ligand molecules, with a N4-H4A--O1 distances of 2.786(4) A.

Figure 24. Molecular structures of complexes 1, 2 and 4.
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Table 5. Crystallographic data and structure refinement details of proligands H2L? and HzL* and complexes 1, 2 and 4.

Compound H,L? H,L*
Formula C24H24.4N404.2S C24H21N503
CCDC 2158177 2158178
M;, (g mol?) 468.13 427.46
Crystal system Monoclinic Triclinic
Space group C2/c P-1
a(A) 24.3936(19) 8.8530(8)
b (A) 10.9327(7) 9.6590(8)
c(A) 17.3895(12) 12.8829(12)
a(?) 90 85.651(3)
B(°) 92.135(4) 74.757(3)
v(°) 90 78.819(3)
Vv (A3 4634.3(6) 1042.34(16)
z 8 2
T (K) 120(2) 293(2)
Pealc (g cm™3) 1.342 1.362
F (000) 1968 448
i (Mo Ka) (mm™) 0.179 0.093
GoF on F? 1.007 1.068
Final R indexes [l R: =0.0500; R; =0.0451;
> 20(1)] wR; =0.1102 wR; =0.1020
Final R indexes R: =0.0820; R: =0.0674;
[all data] wR, =0.1249 wR; =0.1116
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Compound Complex 1 Complex 2 Complex 4
Formula CasH3sN1002Zn  CsoHsoNgOsSZn CagHaoN10OsZn
CCDC 2158179 2158180 2158176
M; (g mol?) 804.21 1022.48 918.27
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 C2/c P-1
a(A) 9.8944(6) 17.44(3) 9.8009(8)
b (A) 11.3405(6) 13.34(2) 9.9718(9)
c(A) 18.1843(10) 22.28(4) 12.2060(12)
a(?) 89.300(2) 90 88.090(3)
B(°) 86.246(2) 105.95(3) 70.399(3)
v (%) 67.2918(18) 90 73.834(3)
v (A3 1878.02(18) 4987(16) 1076.97(17)
z 2 4 1
T (K) 100(2) 273.15 298(2)
Pealc (g cm™3) 1.422 1.362 1.416
F (000) 836 2136 476
K (Mo Kat) (mm-
; 0.708 0.637 0.634
GoF on F? 1.060 1.048 1.017
Final R indexes R; =0.0561; R; =0.0561; R; =0.0739;
[1>20] wR; = 0.1450 wR; = 0.1367 wR; =0.1476
Final R indexes R;=0.0731; R1=0.0773; R; =0.1479;
[all data] wR; =0.1538 wR; = 0.1585 wR; =0.1765

2.3.4 Theoretical studies

Tautomers | and Il of proligands H,L?2, HoL* and H2L® (Chart 38) have been investigated using
density functional theory (DFT) at the B3LYP/6-311G** level of theory, while theoretical studies
on proligands H.L! and H.L® have already been reported in the past?#l. For all the ligands
tautomer I showed to be the most stable in gas phase and in chloroform solution, even if the energy
differences are small and comprised in the range of ca. 0.6 — 5.7 kcal/mol (see Table 6 for more
precise data). The comparison between the computed and experimental *H, *C and ©®N NMR
spectral data showed a better fit for tautomer I, proving to be the observed species. In particular,
the values for *H and *3C are very similar for both tautomers (R? = 0.98-0.99), while R? values

from N-NMR are entirely different, in favor of tautomer NH,NH, as shown in Figure 25.
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Chart 38. Tautomeric forms of proligands considered in the DFT study.

The calculated structural parameter of tautomer | for proligands HL2 and HoL* are in agreement
with those observed from the X-ray diffraction on the crystals (see Figure 26). In particular the
experimental C=0 bond distance of 1.254 A (for H2L?) is well reproduce by the calculation with
a value of 1.242 A for tautomer | vs 1.321 for tautomer 11, confirming the proposed assignment.
Finally, the calculated infrared spectra of I fit well with the experimental ones (see Figure 27 and

Table 7), furtherly supporting the discussed assignment.

73



Chapter 2. Results and Discussion

Table 6. Energies (Hartree) and relative energy differences (kcal/mol) for the tautomers of proligands HzL?, HzL* and HL>.

H,L2 HoL* H,L®
Tautomer | Tautomer Il Tautomer | Tautomer Il Tautomer | Tautomer Il
5 2 o o5 ¢ e
25 0 2 E 0 S, G ame gk
<2 °%,0 ..:.).,:\3. ;‘ pL R 91‘»‘ Q.::.«,%, o.: ‘?J‘:{J‘I,J .,:‘,%“i )
A S R N S AR RIS AN O
ML U7 M ’ > "% Be %
e ,‘: J 2 Pl
E -1770.946848 -1770.937687 -1426.865589 -1426.864598 -1485.635608 -1485.630883
Eo -1770.526114 -1770.517408 -1426.450842 -1426.450241 -1485.187451 -1485.183379
Et -1770.497523 -1770.48903 -1426.423841 -1426.423223 -1485.158598 -1485.154414
H -1770.496579 -1770.488085 -1426.422897 -1426.422279 -1485.157654 -1485.153470
G -1770.590327 -1770.58033 -1426.513320 -1426.512049 -1485.250309 -1485.245797
AE 0.0 5.7 0.0 0.6 0 3.0
AG 0.0 6.3 0.0 0.8 0 2.8
AE(cHcl) 0.0 6.6 0.0 2.8 0 4.3
AG(cHcl) 0.0 7.1 0.0 2.9 0 4.2
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Figure 25. Comparison of the calculated (tautomer I) and experimental *H, *C and **N NMR spectra of H2L5.
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Figure 26. Comparison of selected bond distances of H2L2 and HoL*: calculated tautomers | and 11 (italic) and experimental.
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Figure 27. Comparison of experimental (black line) and calculated (tautomer I, red line) IR spectrum of HoL5,

Table 7. Selected stretching assignments of the IR spectrum of HaL5,

IR band (cm™) Experimental Calculated
v(N3-H) 3064 3062
v(C=N2) 1524 1530
v(C=0) 1615 1618
vas(C-F) 1315, 1065 1274, 1084
vs(C-F) 1163 1127

In order to study the coordination capabilities of the proligands, their anionic forms have been
optimized as well. For all [HL"] anions the charge localization reflects the deprotonation of
tautomer 1, showing a shorter C=0 bond than C-N bond (~1.23 A vs ~1.30 A). The molecular
orbitals (MOs) mostly involved in the coordination to the metal center for anions [HL?],, [HL®],
[HL*] and [HL®]" are shown to be HOMO-2 and HOMO-8/-9/-10 (depending on the species), these
being respectively the in-phase and out-of-phase contributions of o type. Other minor
contributions are present with orbitals localized on the N or O atom. Concerning [HL!]" many
different contributions have been found due to its O,N,N-tridentate hapticity (Figures 28-30). The
optimized structures of the anions show some differences with the structure they assume upon
coordination, as we will see later in the discussion. The most noticeable difference is the

conformation of the phenyl moiety (X group on Chart 38): in the optimized anion the phenyl ring
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is positioned on the same plane of O and N atoms, while in the complex it orientates
perpendicularly. Secondly, in the complex, ligand HL? directs its SO group towards the metal
center and in a similar fashion ligand HL* directs its NO, group to perform an intermolecular
interaction. For these reasons single-point calculations have been carried out on the ligands with
the geometries found in the optimization of their respective complexes. In this case the MOs
involved are more clearly identified in HOMO-2, HOMO-4, HOMO-6 and HOMO-8 for [HL]",
HOMO-1 and HOMO-4 for [HL*]". For [HL?] instead, the designation of the orbitals becomes
more blurred as more combinations of contributions arise. Finally, the weak interactions of [HL?]"
and [HL*] are probably performed respectively through the HOMO-13 and HOMO-12 molecular
orbitals.
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Optimized [HL']
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Single point calculation of [HL*]" from the optimization of 1.

HOMO-6

Figure 28. MOs of anionic ligand [HL']" involved in the coordination to metal centers.
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Optimized [HL?]"
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Figure 29. MOs of anionic ligand [HL?]" involved in the coordination to metal centers.
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Optimized [HL*]
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Figure 30. MOs of anionic ligand [HL*] involved in the coordination to metal centers.

Complexes 1-5 were also analyzed by DFT using the 6-311G* basis set. Complex [Zn(HLY),] is
reproduced well by the calculations, showing an excellent match between calculated and
experimental data obtained from the XRD analysis as reported in Table 8. The optimized structure

is also consistent with the experimental infrared and NMR data (R? correlation value = 0.9908).

The geometry optimized for complex 2, [Zn(HL?).], slightly differs from the experimental
crystallographic data at this level of theory. In fact, the calculation tends to overestimate the
interaction between Zn and O of the SO group, resulting in a Zn-Oso, distance of 2.277 A against
the experimental value of 2.770 A. This could be addressed to some reticular interactions not taken
into account by the optimization method. Due to this difference the optimized structure resembles
more a distorted octahedral geometry than the tetrahedral geometry reported experimentally.
Nonetheless, other structural parameters (also reported in Table 8) and NMR spectra correlation

(R? = 0.9904) demonstrate a good match between the two structures.
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Table 8. Comparison of selected experimental and calculated structural parameters of complexes [Zn(HLY)2] and [Zn(HL?)z].

[Zn(HLY)]
Bond distances (&) and Experimental Calculated
angles (°)

N3a-Zn 2.151 2.178

N5a-Zn 2.132 2.183

Oa-Zn 2.051 2.053

N3z-Zn 2.144 2.176

N5g-Zn 2.142 2.183

Os-Zn 2.049 2.053

Cc-0 1.270 1.262

C-N3 1.310 1.318

N3a-Zn-N5, 76.34 75.98
N3a-Zn-N5g 98.99 100.32
N3a-Zn-0a 87.21 86.67
Oa-Zn-0p 88.80 94.47
Oa-Zn-N53 90.3 88.71
Oa-Zn-N5a 162.5 162.62

[Zn(HL?)]
Bond distances (A) and Experimental Calculated
angles (°)

N-Zn 1.998 2.109

O-Zn 1.958 2.032

Osoz—zn 2.770 2.277

Cc-0 1.275 1.270

C-N 1.330 1.317

N3-N4 1.432 1.403

C4=C10 1.425 1.425

O-Zn-N 96.94 90.12

0-Zn-0so2 163.26 167.74

As already discussed in the X-ray structural characterization, complex 4, [Zn(HL?%] arranges in a

monodimensional polymeric structure. In order to investigate its structure, we optimized the

geometries of the monomer [Zn(HL*),] and of the dimer [Zn(HL*).]2, both with coordinated water

and without, and of the trimer [Zn(HL*)2]s. The optimized monomer structure presents a quite
perfect square planar geometry with bond distances of 2.017 A (Zn-N) and 2.021 A (Zn-0O) and

the two nitrophenyl groups placed pointing out the metal coordination plane with an angle of

116.05° (N-N-Ph) In the dimer and in the trimer the complex arranges in a moderately distorted

square planar geometry with longer Zn-N and shorter Zn-O bonds. Considering the intermolecular
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interaction in trans position of the metal with the NO> groups, the metal environment is octahedral
with Zn-Ono. distances of 2.367 A and 2.3860 A. In the dimer and in the two terminal molecules
of the trimer the distortion is accentuated and the Zn-Ow.o bond distance is 2.247 A. The energies
of the optimized structures were then used to investigate the readiness of the polymerization
process. The results suggest that, without considering the water molecules, the dimerization
process is favorited with AEres; = -29.2 kcal/mol and AGres; = -7.9 kcal/mol. This gives a further
proof that the polymerization process is accessible. Instead, if we consider the coordinated water
the process becomes a little disadvantaged with AEres; = 12.5 kcal/mol and AGrea; = 4.8 kcal/mol.
However, the comparison of the experimental NMR spectrum with the computed one obtained
from the optimized monomer with coordinated water provides an optimal correlation (R? value of
0.9991). Given the presence of the water signal in the experimental NMR and that it integrates
perfectly 4, one could reckon that the complex is formed bearing the coordinated water which gets

then removed during the crystallization process while the polymer is formed.

The optimized structure proposed for complex 3, [Zn(HL®)2] presents a octahedral geometry with
two water molecules coordinated in trans position. The geometry is similar to the monomer of
complex [Zn(HL*).] with bond distances of 2.076 A (Zn-0), 2.073 A (zZn-N) and 2.236 A (Zn-
Own:0) and angles of 87.81° (N1-Zn-O1) and 92.19° (N1-Zn-O2). The negative charge on the ligands
is more localized on the oxygen reflecting the different bond lengths of C=0 (1.269 A) and C=N
(1.320 A). To rationalize the octahedral geometry it has been decided to also optimized the
structure without the coordinated water and the tetrahedral arrangement of the complex as well.
The energy evaluation between the structures reveal that the proposed structure is the most stable
with an energy difference of 32.2 kcal/mol (AE) for the structure without water and of 28.1
kcal/mol (AE) for the tetrahedral structure. This suggests that a certain amount of steric hindrance
is responsible for the octahedral geometry. Nevertheless, the experimental infrared spectrum
displays a good correlation with the one calculated, but in the fingerprint region some similarities
can be found with the calculated spectrum for the tetrahedral structure (Figure 31). Therefore it
might be possible to have a small percentage of the Td structure while most of the molecules
assume the Oh geometry with water coordination. The calculated NMR spectrum instead is very

well correlated to the experimental NMR with a R2 value of 0.995.

Also for complex [Zn(HL®)z], 5, the proposed structure has a octahedral geometry with two
molecules of water coordinated in trans position. Like for the previous complex, the structure has

been optimized both with and without coordinated water. In this case the computation of the
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structure with no water converges spontaneously toward a distorted tetrahedral geometry without
finding other local minima. The two structures have an energy difference of 30.9 kcal/mol (AE)
and 6.8 kcal/mol (AG), the octahedral one being the most stable. The structural parameters of the
ligand remain almost unaltered with C=0 bond distances of 1.279 A and C=N bond distances of
1.331 A Ligand-to-metal bond distances instead differ: 1.986 A - 2.001 A (Th, Zn-N); 1.943 A -
1.975 A (Th, Zn-0) and 2.084 A (Oh, Zn-N); 2.048 A (Oh, Zn-0). Comparing the experimental
infrared spectrum with the calculated ones, similarities can be found for both geometries and to
the same extent (Figure 32). In the same way, the experimental NMR data fit well with both the
computed spectra, exhibiting satisfying correlation values of R2on = 0.9945 and R2t = 0.9942
(Figure 33). As before, the data suggest that a partial formation of the Th species could occur

during the synthesis of the complex.
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Figure 31. Comparison of experimental (black line) and calculated (octahedral - red line, tetrahedral — blue line) IR spectra of
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Figure 32. Comparison of experimental (black line) and calculated (octahedral - red line, tetrahedral — blue line) IR spectra of

[Zn(H2L5)].
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Figure 33. Comparison of the calculated and experimental *H and **C NMR spectra of complexes 3 (top), 4 (middle) and 5

(bottom).
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Figure 34. Representation of optimized structures of complexes.
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2.3.5 Antibacterial activity

To evaluate the antibacterial activity of the ligands H2L! - H2L® and of the Zn(1l) complexes 1-5,
Gram-positive S. aureus and Gram-negative E. coli were selected as models. In the following
discussion, bactericidal activity is defined as the reduction of bacterial growth = 99.9% within
18-24 hours of inoculation, while bacteriostatic activity is associated with a reduction of bacterial
growth maintained stable between 90% and 99%, within 18 and 24 hours of inoculation?84, The
number of viable cells was used to calculate the growth rate which numerically corresponds to the
inverse of the killing rate, a parameter used to define whether a substance exhibits a bactericidal
or bacteriostatic action[2641,

The results illustrated in Figure 35 showed that all tested ligands and complexes did not achieve
stable antibacterial activity against E. coli within 24 h, except 4 and 5. In particular, complex 4
needs 24 hours to achieve good performance, while 5 achieves 93% reduction of viable cells within
the first 2 hours of exposure, then increasing to 99.99% after 24 hours. By contrast, all tested
ligands and complexes showed good bacterial killing properties against S. aureus. In detail, ligands
are able to inhibit the growth of bacterial cells within 24 hours while compounds 1-5 showed good
performance with over 80% of bacterial death in the first 4 hours. Going deeper into the analysis
of the results, it can be seen that the ligands HoL3 and H.L*, whose structures differ only in the
acyl fragment, with a phenyl and a benzyl respectively, show a different efficiency as antibacterial
agents, with HoL* more active than H,L3against both bacterial strains tested. Consistent with these
results, complex 4, which differs from 3 being polynuclear rather than mononuclear, is more
powerful than 3, especially against E. coli. Furthermore, 5 showed a bactericidal performance after
the first two hours of inoculation and it was able to maintain the performance achieved during all
treatment periods. In general, the performances of all compounds are more homogeneous towards
S. aureus, both in terms of efficiency and time. A growth inhibition between 95% and 99% of S.
aureus was achieved by compounds 1-5 within the first 8 hours of treatment, showing clear
bacteriostatic activity, Furthermore, 1 and 2 showed bactericidal activity within 12 hours of
treatment, 3 and 4 within the first 8 hours, and 5 withing the first 2 hours, with 99.99% growth
inhibition which remains stable even 24 hours after the test. Significantly, a different behavior was
observed towards E. coli, since 99.9% inhibition of bacterial growth was observed only by
complex 5 after 8 hours, which was maintained even 24 hours after treatment, showing both

bacteriostatic and bactericidal activity. Generally, other Schiff base complexes reported in the
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literaturel?®-2871 display an enhanced bactericidal effect than the free ligands, according to the

Overtone’s concept?®® and the chelation theory?®,
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Figure 35. Percentage reduction of viable E. coli cells (top) and S. aureus cells (bottom) exposed to ligands H2L*—H-L5(left) and
Zn(11) complexes 1-5 (right) within 24 hours. Blank corresponds to untreated bacterial cells growth (C = blank).

2.3.6 Reactive oxygen species (ROS) detection assay

To comprehend the possible mechanism of action of the Zn(Il) complexes, the most effective
compounds 4 and 5 were subject to further investigation through the ROS assay against E. coli
and S. aureus. To detect the amount of reactive oxygen species (ROS) generated, the 2°,7’-
dichlorofluorescein diacetate (DCFDA) was used as a reagent. This reagent is deacetylated by
cellular esterase to a non-fluorescent compound, which is subsequently oxidized by ROS to 2°,7°-
dichlorofluorescein (DCF). The resulting compound, DCF, is highly fluorescent and is detected
by excitation / emission fluorescence spectroscopy at 485 nm / 535 nm. The increased generation
of free radicals leads to greater stress for the bacterial cell and the increase in the fluorescence

intensity in the first hours (2 h, 4 h) of treatment (as depicted in Figure 36) confirmed the
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generation of ROS in both bacterial strains after incubation with compounds 4 and 5. The
fluorescence signal of the untreated bacterial suspension (the blank) was negligible, in agreement

with a generation of free radicals in both E. coli and S. aureus cells.
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Figure 36. Formation of ROS in E. coli (left) and S. aureus cells (right) exposed to Zn(Il) complexes 4 and 5 for 2 and 4 hours.
The data are represented as the mean + SD of at least three separate experiments.

2.3.7 Propidium iodide (PI) — viability assay

The viability test was conducted to assess the membrane damage of E. coli and S. aureus bacterial
cells caused by compounds 4 and 5, using the fluorescent Pl dye. Pl binds DNA and freely
penetrates the cell membranes of dead or dying cells, but not the membranes of viable cells,
allowing for the evaluation of the damage in terms of permeabilization. The quantification of the
damage on the bacterial cell, following treatment with compounds 4 and 5, was performed at
various time intervals (4 h, 8 h, 12 h, 24 h) as reported in Figure 37. The red fluorescence emission
was determined with respect to the untreated bacterial suspension (the blank). In general, it is
possible to observe a moderate increase in fluorescence intensity within the first 12 hours, which
remains higher compared to the blank even after 24 hours of treatment by both compounds against
both bacterial strains, with a superior efficiency of complex 5 with respect to complex 4, thus
demonstrating the ability of Zn(Il) complexes to alter the permeability of the cell membrane by

disrupting it and leading to the death of the bacterium.
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Figure 37. Percentage of PI fluorescent emission for E. coli (left) and S. aureus cells (right) exposed to Zn(Il) complexes 4 and 5
for 4, 8, 12 and 24 hours. The data are represented as the mean + SD of at least three separate experiments.

2.3.8 Confocal laser scanning microscopy (CLSM) study

To further determine the overall viability of the bacterial cells the CLSM was performed.
According to the LIVE/DEAD BacLight Bacterial Viability Kits, the SYTO 9 stain generally
labels all bacteria in a population, while propidium iodide penetrates only bacteria with damaged
membranes, causing a reduction in the SYTO 9 stain fluorescence when both dyes are present.
Thus, with an appropriate mixture of both strains, bacteria with intact cell membranes stain
fluorescent green, whereas bacteria with damaged membranes stain fluorescent red. The images
obtained under the confocal microscope show in Fig 38a and c, respectively, the untreated E. coli
and S. aureus cells, which clearly appear to produce green fluorescence. In Figure 38b and d,
corresponding respectively to the E. coli cells treated with complex 4 and the S. aureus cells treated
with complex 5, it is possible to observe a large number of bacterial cells marked with red
fluorescent material. These results revealed that after treatment with complexes 4 and 5, the cell
membrane of both bacterial strains is severely damaged, thus confirming the results obtained from

previous assay.
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Figure 38. Confocal laser scanning microscopy (CLSM) images of (a) E. coli control, (b) E. coli treated with complex 4; (c) S.
aureus control; (d) S. aureus treated with complex 5.

2.3.9 Scanning electron microscopy (SEM) study

The images obtained from scanning electron microscopy (SEM) analysis reveal the morphological
alterations of the bacterial cells following the treatments with complexes 4 and 5. In Figure 39a it
is possible to observe the control sample of the S. aureus, having a round appearance with a rigid
cell wall. After treatment with complex 5 (Figure 39b), the cells appear significantly smaller and
have vesicular structures. In Figure 39c instead is reported the control sample of E. coli, having a
classic morphology with a rod shape and smooth surface, following treatment with complex 4

(Figure 39d), the cells appear to have lost their regular surface layer and exhibit deformation and
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clustering. The SEM results clearly reveal the damage of the membrane permeability of bacterial

cells thus confirming the results of the previous tests carried out.

In conclusion, all zinc(ll) complexes have been found to significantly enhance the antimicrobial
activity against both E. coli and S. aureus. Complexes 4 and 5 were found to exhibit the most
notable performance, with the latter being able to completely inhibit the growth of both bacterial
strains within just two hours after contact. One possible explanation for the greater efficacy of
Zn(1l) complexes against S. aureus compared to E. coli is attributed to the different cell wall
structures of these bacteria, with the cell wall of Gram-negative bacteria being thicker and more
resistant. Additionally, the different nuclearity of the zinc complexes and the structures of the
ligands may also play a role in the distinctive activities observed. For instance, complex 4 is a
polynuclear compound, where the nitro groups of the ligand (HL*) interact with zinc atoms of
vicinal units, as evidenced by the structural characterization. On the other hand, complex 5, which
is the only compound with an aliphatic neopentyl group instead of an aromatic one on the R!
position and a trifluoromethyl on the hydrazone fragment, is believed to have improved lipophilic
behavior, which contributes to its excellent bacterial killing ability by facilitating the crossing and
disruption of the bacterial cell membrane. The results of the viability assay appear to support this
hypothesis, and the results of the ROS detection tests provide evidence of the formation of highly
reactive radicals associated with membrane dysfunction and cellular destruction. These findings
are further confirmed by CLSM and SEM studies.
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Figure 39. Scanning electron microscopy (SEM) images of (a) S. aureus control, (b) S. aureus treated with complex 5, both at
magnification 100.000; (c) E. coli control at magnification 25.000; (d) E. coli treated with complex 4 at magnification 40.000.

2.3 Conclusions

In this chapter, a detailed examination of the synthesis and characterization of new hydrazone-
pyrazolone ligands was performed. The X-ray studies on the free ligands HzL? and HzL* showed
that they existed in the NH,NH tautomeric form, which was a significant finding. Based on this
discovery, five new zinc(ll) complexes were synthesized and characterized both in the solid state
and in solution. Complexes 1 and 2 were found to be mononuclear anhydrous compounds, while
complexes 3 and 5 were determined to exist as mononuclear diaqua compounds. One particularly
interesting result was obtained from the X-ray studies on complex 4, which showed that it was a
polynuclear species assembled through involvement of nitro groups of the ligand (HL?*) in
interactions with zinc atoms of vicinal units. However, these interactions were found to be very

weak and long, with a Zn-O distance of 2.342(3) A, as compared to the Zn-O distance of the
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carbonyl oxygen of the pyrazolone moiety, which was equal to 2.004(3) A. This evidence provided
insight into how such weak interactions of nitro groups can be easily broken even in chlorinated
solutions, where complex 4 is soluble, or how they can be replaced by molecules of water or
alcohols during synthesis in methanol, as in the case of complex 3, which was isolated as a

molecular diaqua compound.

To further understand the behaviour of pyrazolone-based hydrazones as ligands in coordination
chemistry, a theoretical DFT study was conducted. This study was used to rationalize the structures
experimentally found, such as the polymeric nature of complex 4, as well as to support the
spectrochemical assignments, such as IR and NMR spectroscopy. Finally, exploration of the
antibacterial potential of both free ligands and zinc(ll) complexes revealed that coordination to
zinc(I1) significantly improved the efficiency against both Gram-negative and Gram-positive
bacteria. Among all the complexes studied, the polynuclear Zn(11) complex 4 and the mononuclear
dihydrate Zn(I1) complex 5 with the hydrophobic-substituted ligand displayed exceptional activity
against both bacterial cell lines.

In conclusion, the results of this study not only shed light on the synthesis, characterization and
behaviour of hydrazone-pyrazolone ligands and zinc(11) complexes, but also provided new insight

into their potential for use as antimicrobial agents.
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Chapter 3. Introduction

3.1 Introduction

Parasitic protozoal diseases, including trypanosomiasis, are listed by the World Health
Organization (WHO) as part of 17 neglected tropical diseases which are defined as “a diverse
group of communicable diseases that prevail in tropical and subtropical conditions”?®°l, These
diseases are referred to as “neglected” primarily because there is little financial incentive to
develop drugs for a patient population that cannot afford them. Consequently, there few or no
reason for “for-profit” companies to invest in research and development of drugs that will not
result in high financial returns. Therefore, much of the drug discovery and hit-to-lead optimization
for these diseases is performed in academic laboratories without the financial, personnel, and
technical resources of a pharmaceutical company. To make matters worse, the absence of vaccines
and, in some cases, the emergence of resistant parasite strains underlines the importance of the
successful track record of antiprotozoal drug discovery. The disease is characterized first by a
hemolymphatic stage (also known as early stage or stage 1), in which parasite is present in the
blood and in the lymphatic system and patients present general flu-like symptoms. In the second
or late stage (also known as meningo-encephalic stage or stage 2), parasites will penetrate the
blood-brain barrier, invade the perivascular areas, and subsequently infiltrate the white and gray

matter of the brain.

Only a few drugs are effective and registered so far for the treatment of human African
trypanosomiasis (HAT), such as suramin and pentamidine, and all of them have a certain level of
toxicity?®1-2%1 More recently, another drug, named fexinidazole, has been discovered as
effective against HAT and listed as essential medicine by WHO!?%, |t is effective both in early
and late stage of the disease, unlike suramin, which is used only in the early stage of HAT[2941[2%],
Although it delivers all these advantages, fexinidazole shows a significant toxicity profile:
neutropenia, body weight loss, reduction in food intake, psychotic disorders, tremors, and

dizziness. Therefore, novel scaffolds or new drug entities are urgently needed.

Hydrazones and their metal complexes have been thoroughly investigated over decades for their
antioxidant, anti-inflammatory, anticonvulsant, analgesic, antimicrobial antiparasitic,
antitubercular, anti-HIV, and anticancer behaviour, raising great interest in the field of medicinal
chemistry[?%l. It is known that pyrazolone is also a structural motif with a broad-spectrum of
pharmacological feature, including antimicrobial, antitumor, anti-inflammatory, antioxidant,

antitubercular, antiviral, lipid-lowering, antihyperglycemic, and protein inhibitory activities?®’].
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Previous studies underlined the wide biological activities of a series of Zn(Il) complexes with
acylpyrazolones, displaying antiproliferative activity against human breast cancer cells?®®, and of
pyrazolone-based hydrazones as anticancer multitarget agents?7412%°1, Moreover, some Cu(l1) and
Zn(ll) complexes with acylpyrazolones and acylhydrazone-5-pyrazolones were reported in
literature and found to display in vitro antimalarial activity with considerable inhibitory effects
against Plasmodium falciparum82%1  Based on these findings, two new pyrazolone-based
hydrazones and their corresponding Zn(ll) and Cu(ll) complexes have been synthesized and
screened against T. brucei and mammalian Balb/3T3 cells. The most active and selective metal
complex containing a Zn(Il) center was further investigated to identify the mechanism of action
and the possible target, focusing the study on the peculiar nucleotide metabolism of T. brucei. In
particular, it is not able to synthesize purines and must recover them from the host%! while
concerning pyrimidine synthesis and metabolism1, the parasites behave normally for uridine
nucleotides and in a similar way for cytidine nucleotides since they are produced through a unique
de novo pathway involving the CTP synthetase (CTPS) enzyme inside the parasite. The complete
dependence on CTPS for the production of CTP makes trypanosomes vulnerable to inhibitors of

this enzymel302],

The discussion reported in this Chapter is adapted from the corresponding work: Marchetti, F.,
Tombesi, A., di Nicola, C., Pettinari, R., Verdicchio, F., Crispini, A., Scarpelli, F., Baldassarri,
C., Marangoni, E., Hofer, A., Galindo, A., & Petrelli, R. (2022). Zinc(ll) Complex with
Pyrazolone-Based Hydrazones is Strongly Effective against Trypanosoma brucei Which Causes
African Sleeping Sickness. Inorganic Chemistry, 2022, Volume 61, Issue 34, Pages 13561-13575.
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3.2 Experimental section

3.2.1 General procedures

All reagents and solvents were purchased from Sigma-Aldrich Chemical Co and were of analytical
grade and used as received. Thin-layer chromatography (TLC) was run on silica gel 60 F254 plates.
The final compounds were characterized by *H NMR, *F NMR, *C NMR, MS, and elemental
analyses. *H NMR and *C NMR spectra were recorded with the 500 Bruker Ascend (500 MHz
for H, 470.6 for '°F, and 125 MHz for 3C) instrument operating at room temperature. The
chemical shift values are expressed in & values (ppm), and coupling constants (J) are in Hertz;
tetramethyl silane (TMS) was used as an internal standard. Proton chemical data are reported as
follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet,
dt = doublet of triplets ,q = quartet, dq = doublet of quartets, and m = multiplet, brs = broad singlet)
coupling constant (s), and integration. The presence of all exchangeable protons was confirmed by
addition of D,0. *H NMR and *C NMR spectra were assigned with the aid of {*"H-'H} COSY,
{*H-'3C}-HSQC, and {*H-*C}-HMBC NMR techniques. Indirect *>°N NMR chemical shifts were
assigned based on the {*H-*N}-HSQC and {*H-*N}-HMBC NMR techniques. Mass spectra
were recorded on an HP 1100 series instrument. All measurements were performed in the positive
ion mode using atmospheric pressure electrospray ionization (API-ESI). Elemental analyses (C,
H, and N) were determined on the Thermo Fisher Scientific FLASH2000CHNS analyzer and are
within 0.4% of theoretical values. Melting points are uncorrected and were recorded on the STMP3

Stuart scientific instrument and on a capillary apparatus.

3.2.2 Synthesis of proligands

General Procedure for the Synthesis of H,L* and H.L2. The acylpyrazolone ligand 5-hydroxy-
3-methyl-1-phenyl-1H-pyrazol-4-yl)(phenyl)methanone (HQB") was synthetized following a
procedure previously reported in literaturet**3l. A mixture of HQ®" (1.0 equiv) and the appropriate
hydrazine (1.0 equiv) in methanol (10 mL) containing 5—10 drops of glacial acetic acid was heated
to 80°C, and the reaction was monitored by TLC (CH3CIl/MeOH 96:4 v/v). A precipitate slowly
formed from the hot solution, and after completion, the reaction mixture was placed at 4 °C
overnight. The obtained precipitate was filtered, redissolved in ethanol (10 mL) and recrystallized
from slow evaporation of the solution, to give a light yellow solid which was collected by filtration

and dried to a constant weight.
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H.L'. The proligand H.L! was synthesized from 5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-
yl)(phenyl)methanone (HQB") (500 mg, 1.710 mmol) and 4-trifluormethylphenylhydrazine (301
mg, 1.710 mmol), following the general procedure previously described (80°C, reaction time 2 h).
Yield: 68%, 531 mg, 1.18 mmol. HzL! is a yellow powder soluble in DMSO, acetone, acetonitrile,
alcohols, diethyl ether, and chlorinated solvents. Melting point: 195—196°C. Analysis calculated
for C2sH21FsN4O; C, 66.66; H, 4.70; N, 12.65%. Found: C, 66.20; H, 4.60; N, 12.77% .IR (cm™):
3214w v(N-H), 3063w v(C—H aromatic), 3130-2700wbr v(O—H), 1619vs v(C=N), 1590vs
v(C=N), 15345 v(C=C), 14955 v(C=C), 1488vs v(C=C), 1327vs v(C—F), 1317vs v(C—F), 1112vs
v(C—F), 1064s v(N-N). *H NMR (CDCls, 500 MHz, with 0.05% v/v TMS, 298 K): 81 12.39s (1H,
O-H), 7.97d (2H, 3J=8.7 Hz, H7 and H7"), 7.50—7.35m (4H, H8, H8’, H18 and H18"), 7.27—7.22m
(3H, H14, H14' and H15), 7.22—7.17m (1H, 3J= 8.7 Hz, H9), 7.16—7.10m (2H, H13 and H13"),
6.66d (2H, %)= 8.2, Hz, H17 and H17’), 6.36s (1H, N-H), 4.13s (2H, H11), 2.38s (3H, H21).
BBC{'H} NMR (CDCls, 125 MHz, with 0.05% v/v TMS, 298 K): 8¢ 164.2 (C5), 161.8 (C10), 145.2
(C3), 143.4 (C16), 138.5 (C6), 134.4 (C12), 129.19 (C14 and C14°), 128.9 (C8 and C8’), 127.9
(C13 and C13°), 127.4 (C15), 126.7q (}Jcr = 3.9 Hz, C18 and C18"), 125.0 (C9), 123.7q ((Jcr =
32.9 Hz, C19), 124.2q (YJc-r = 270.6 Hz, C20), 119.5 (C7 and C7°), 112.6 (C17 and C17°), 100.1
(C4), 33.5 (C11), 16.7 (C21). **F{*H} NMR (CDCls, 125 MHz, with 0.05% v/v TMS, 298 K): 5¢
61.7. {*H,’>N} gs-HSQC NMR (CDCls, 51 MHz, 3J~-1) = 3 Hz, 298 K): dn 96.2 (N4). {*H,"*N}
gs-HMBC NMR (CDCls, 51 MHz, 3Jn-1) = 3 Hz, 298 K): 6n 284.9 (N2), 140.6 (N3), 96.2 (N4),
N1 not observed. ESI-MS(—) CH3sCN (m/z, relative intensity %): 449 [100] [HL!]". UV—visible
(CH3CN, 10°° M): 248 nm (n—7*), 299nm (n—7*).

H,L?. The proligand HoL? was synthesized from (5-hydroxy-3-methyl-1-phenyl-1H-pyrazol-4-
yD)(phenyl)methanone HQ®" (385mg, 1.374mmol) and 2-hydrazinopyridine (150mg, 1.374
mmol), following the general procedure previously described (80°C, reaction time 2 h). Yield:
65%,333 mg, 0.85 mmol). H.L? is a brown powder soluble in DMSO, acetone, acetonitrile,
alcohols, diethyl ether, and chlorinated solvents. Melting point: 240—241°C. Analysis calculated
for C23H21Ns0; C, 72.04; H, 5.52; N, 18.26%. Found: C, 71.96;H, 5.41; N, 18.33%. IR (cm™):
3301wbr v(N—H), 3057w v(C—Haromatic), 3027w v(C—Haromatic), 1615s v(C=N), 1592vs v(C=N),
1538m v(C=C), 1488m v(C=C), 1472m v(C=C), 1009m v(N-N). *H NMR (CDCls, with 0.05%
v/v TMS, 500 MHz, 298 K): 8w 12.54s (1H, O—H), 8.10d (1H, 3] = 5.0 Hz, H,0), 8.04d (2H, 3J =
7.8 Hz, H7,7"), 7.49t (1H, %) = 7.4 Hz, H18), 7.42t (2H, 3J = 7.8 Hz, H8,8"), 7.31t (2H, %) = 7.6 Hz,
H13,13"), 7.26-7.21m (3H, H14,14,15), 7.19t (1H, H9), 6.82t (1H, 3J = 7.3 Hz, H19), 6.56d (1H,
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3) = 8.3 Hz, H17), 4.22s (2H, H11), 2.42s (3H, H21). 13C NMR(CDCls, 125 MHz with 0.05% v/v
TMS, 298 K): 8¢ 167.1 (C5), 165.7 (C10), 157.9 (C16), 148.2 (C20), 147.0 (C3), 138.9 (C6), 138.5
(C18), 134.6 (C12), 129.2 (C14,14°), 128.8 (C13,13"), 128.1 (C8,8"), 127.3 (C15), 124.6 (C9),
119.3 (C7,7"), 117.2 (C19), 106.8 (C17), 100.2 (C4), 33.6 (C11), 16.8 (C21). {*H,"°N} gs-HSQC
NMR (CDCls, 51 MHz, 3Jn-1m = 3 Hz, 298 K): n N4 not observed. {*H,*N} gs-HMBC NMR
(CDCls, 51 MHz, 3J~-n) = 3 Hz, 298 K): dn 286.9 (N2), 139.4 (N3), N4, N1 not observed. ESI-
MS(—) CHsCN (m/z, relative intensity %): 382 [100] [HL?]". UV—visible (CHsCN, 10 M): 260
nm (n—7n*), 304 nm (n—=*, >C=N-), 372 nm (n—=t*, py).

3.2.3 Synthesis of Zn(Il) and Cu(ll) complexes

[Zn-(HLY)2(MeOH);] (1). A solution of Zn(OOCCHj3)2-2H20 (29 mg, 0.133 mmol) in water (5
mL) was added to a solution of HzL! (120 mg, 0.166 mmol) dissolved in methanol (15 mL). The
mixture was stirred at reflux, and within an hour, a light yellow precipitate formed, which was
removed by filtration, washed with a EtOH/H20 (60:40 v/v) solution and shown to be complex 1.
It is soluble in DMSO, DMF, acetonitrile, acetone, diethyl ether and chlorinated solvents. Yield =
86%, 118mg, 0.114 mmol. Melting point: 139—140°C. Analysis calculated for Cs2HagFsNgOsZn;
C, 60.73; H, 4.70; N, 10.90%. Found: C, 60.68; H, 4.67; N, 10.81%. IR (cm™): 3299m v(N-H),
3.134wbr v(O—H:--N), 3060w v(C—Haromatic), 1603s v(C=N), 1576s v(C=N), 1532w v(C=C), 1506s
V(C=C), 1479m v(C=C), 1322vs v(C—F), 1103vs v(C—F), 1065s v(N-N), 550m v(Zn—N), 472s
v(Zn—0). *H NMR (CDCl3 with 0.05% v/v TMS, 500 MHz, 298 K): &1 7.84d (4H, 3] = 8.0 Hz,
H7 and H7), 743t (4H, % = 7.8 Hz, H8 and HS), 7.34-7.23m (12H,
H14,H14' H15,H18,H18",H19), 7.03d (4H, 3] = 6.6 Hz, H13 and H13'), 6.46d (4H, 3] = 8.3 Hz,
H17 and H17'), 5.98s (2H, N—H), 4.17s (4H, H11), 3.44s (6H, MeOH), 2.28s (6H, H21), 1.30s
(4H, MeOH). BC{*H} NMR (CDCl; with 0.05% v/v TMS, 125 MHz, 298 K): 8¢ 177.7 (C5),
162.6 (C10), 149.1 (C3), 148.1 (C16), 138.5 (C6), 135.3 (C12), 129.1 (C14 and C14"), 128.7 (C8
and C8'), 127.9 (C13 and C13"), 127.0 (C15), 126.3q (3Jc—r = 3.4 Hz, C18 and C18"), 125.6 (C9),
124.3q (Mcr = 271.3 Hz, C20), 123.1q (3Jc-r = 32.3 Hz, C19), 119.5 (C7 and C7"), 114.1 (C17
and C7'), 98.3 (C4), 35.7 (C11), 17.3 (C21). ®*F{*H} NMR (CDCls, 125 MHz, with 0.05% v/v
TMS, 298 K): 8¢ 61.4. {*H,’°N} gs-HSQC NMR (CDCls, 51 MHz, 3Jn-n) = 3 Hz, 298 K): dn
117.3 (N4). {*H,"*N} gs-HMBC NMR (CDCls, 51 MHz, 3Jx-1) = 3 Hz, 298K): dn 276.4 (N2),
N3, N4, N1 not observed. ESI-MS(+) CHsCN (m/z, relative intensity %): 965 [100]
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[Zn(HLY)(H2LY)]"; 987 [40] [Zn(HLY)? + Na]*; 1479 [30] [Zn2(HLY)s]". UV—visible (CH5CN, 1073
M): 249 nm (n—n*), 299 nm (n—n*), 388 nm sh (LMCT).

[Zn(HL?)7] (2). A solution of Zn(OOCCHs3)2-2H,0 (29 mg, 0.133 mmol) in water (5 mL) was
added to a solution of H,L? (120 mg, 0.313 mmol) dissolved in methanol (15 mL). The mixture
was stirred at room temperature and within an hour a light yellow precipitate formed, which was
removed by filtration, washed with a EtOH/H20 (60:40 v/v) solution, and shown to be complex 2.
Yield: 78%, 102mg, 0.122 mmol. It is soluble in DMSO, DMF, acetone, acetonitrile, and
chlorinated solvents. Melting point: 172—174 °C. Analysis Calculated for CssHsoN1002Zn; C,
66.55; H, 4.86; N, 16.87 %. Found: C, 63.65; H, 4.72; N, 15.64%. IR (cm™'): 3316w v(N—H),
3187wbr v(N—H), 3056w v(C—Haromatic), 1614s v(C=N), 1593 v(C=N), 1570s v(C=N), 1055m
V(N-N), 540m v(Zn—N), 444s v(Zn—0). *H NMR (CDCl3 with 0.05% v/v TMS, 500 MHz, 298
K): 8 8.05d (*H, 3J = 8.0 Hz, H20), 7.73 (2H, d, 3] = 8.0 Hz, H7 and H7"), 7.55 (1H, s, N-H), 7.50
(2H, d, ] = 7.8 Hz, H13 and H13'), 7.44 (3H, m, H15, H14 and H14"), 7.38 (2H, d, 3] = 7.6 Hz,
H18), 7.15 (2H, t, 3] = 8.0 Hz, HS8 and HS8"), 6.99 (1H, t, 3] = 8.0 Hz, H9), 6.52 (1H, t, 3] = 7.6 Hz,
H19), 6.33 (1H, d, 3] = 8.0 Hz, H17), 4.41 (2H, dbr, H11), 2.42 (3H, s, H21). 3C NMR (CDCls
with 0.05% v/v TMS, 125 MHz, 298 K): 8¢ 165.5 (C5), 162.2 (C10), 152.6 (C16), 146.7 (C20),
144.6 (C3), 139.0 (C6), 138.5 (C18), 134.6 (C12), 129.8 (C15), 128.8 (C14,14"), 128.2 (C8,8),
128.0 (C13,13"), 124.6 (C9), 119.3 (C7,7"), 115.4 (C19), 109.3 (C17), 97.6 (C4), 35.4 (C11), 17.2
(C21). {*H,"°N} gs-HSQC NMR (CDCls, 51 MHz, 3Jn-n) = 3Hz, 298 K): dn 130.2 (N4). {*H,*N}
gs-HMBC NMR (CDCls, 51 MHz, 3Jn-n) = 3 Hz, 298 K): 8n 51.2 (N5), N3, N2, and N1 not
observed. ESI-MS(+) CH3sCN (m/z, relative intensity %): 829 [70] [Zn(HL?)(H.L?)]*; 851 [100]
[Zn(HL2), + Na]*; 1276 [55] [Zn2(HL?)s]*. UV-visible (CHsCN, 1075 M): 266 nm (z—n*), 305
nm (n—*, >C=N-), 371 nm (n—*, py), 406 nm sh (LMCT).

[Cu(HLY),] (3). A solution of Cu(OOCCHs3)2-2H20 (26 mg, 0.133 mmol) in water (5 mL) was
added to a solution of H,L! (120 mg, 0.166 mmol) dissolved in methanol (15 mL). The mixture
was stirred at room temperature, and immediately a red precipitate formed, which was removed
by filtration, washed with a EtOH/H20 (60:40v/v) solution, and shown to be complex 3. It is
soluble in DMSO, DMF, acetone, and chlorinated solvents. Yield: 63%, 80 mg, 0.084 mmol.
Melting point: 205—208°C. Analysis calculated for CsoHsoCuFsNgO2; C, 62.40; H, 4.19; N,
11.64% .Found: C, 62.19; H, 4.24; N, 11.32%. IR (cm™!): 3294m v(N-H), 3026w v(Carom—H),
3028w v(Carom—H), 1614m v(C=N), 1601m v(C=N), 1588m v(C=N), 1575m v(C=C), 1516vs
v(C=C), 1489vs v(C=C), 1327vs v(C—F), 1103vs v(C—F), 1065s v(N—N), 540m v(Cu—N), 510s
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v(Cu—0). ESI-MS(+) CH3sCN (m/z, relative intensity %): 963 [15] [Cu(HLY)(H2LY)]*; 1067 [20]
[Cu(HLY)(H2LY)(MeOH)2(MeCN)]*. UV-visible (CHsCN, 107° M): 259 nm (n—n*), 278 nm
(n—=w*), 392 nm sh (LMCT).

[Cu(HL?)2] (4). A solution of Cu(OOCCHs3)2-2H20 (31 mg, 0.157 mmol) in water (5 mL) was
added to a solution of H,L2 (120 mg, 0.313 mmol) dissolved in methanol (15 mL). The mixture
was stirred at room temperature, and immediately a brown green precipitate formed, which was
removed by filtration, washed with a EtOH/H20 (60:40 v/v) solution, and shown to be complex 4.
It is soluble in DMSO, DMF, acetone, acetonitrile, and chlorinated solvents. Melting point:
181-182°C. Analysis calculated for C4sH40CuN10O2; C, 66.69; H, 4.87; N, 16.91%. Found: C,
66.23; H, 4.75; N, 16.86%. IR (cm™): 3297wbr v(N—H), 3062w v(N—H), 3030w v(C—Haromatic),
1617m v(C=N), 1588m v(C=N), 1572v(C=N), 1528m, 1508m v(C=C), 1071m v(N-N), 546m
v(Cu—N), 508s v(Cu—0O). ESI-MS(+) CHsCN (m/z, relative intensity %): 828 [100]
[Cu(HL?)(H2LA)]*; 1274 [75] [Cua(HL?)s]*. UV-visible (CHsCN, 1075 M): 256 nm (n—n*), 305
nm (n—7n*, >C=N-), 378 nm (n—=n*,py), 414 nm sh (LMCT).

[Cu(QBM)] (5). Complex 5 is obtained with a procedure similar to that of 3 but leaving the reaction
mixture under stirring for 24 h, during which the red precipitate slowly converts to dark green. It
is soluble in DMSO, DMF, acetone, and chlorinated solvents. Yield: 86%, 74 mg, 0.114 mmol.
Melting point: 264-266°C. Analysis calculated for C3sH30CuN4Og; C, 66.91; H, 4.68; N, 8.67%.
Found: C, 66.55; H, 4.57; N, 8.71%. IR (cm™): 3065w v(Carom—H), 3037w v(Carom—H), 1604s
v(C=0), 1590s v(C=N), 1575vs v(C=C), 1532m v(C=C), 1486vs v(C=C), 510s, 400m v(Cu—O).
ESI-MS(+) CH3CN (m/z, relative intensity %): 647 [100] [Cu(QB")(HQ®M]".

3.2.4 Structural characterization by X-ray diffraction

Single-crystal X-ray diffraction data of proligands HzL! and H,L? and complexes 1 and 5 were
collected at room temperature with the Bruker-Nonius X8APEXII CCD area detector system
equipped with a graphite monochromator with radiation Mo Ka(A= 0.71073A). Data were
processed through the SAINT reduction and SADABS absorption software%1204 Stryctures
were solved by direct methods and refined by full-matrix least-squares based on F? through the
SHELX and SHELXTL structure determination packagel®®3l. All non-hydrogen atoms were
refined anisotropically. Fluorine atoms F(2) and F(3) of the —CF3 group in complex 1 are found to

be disordered in two positions and refined with an occupancy factor of 0.80 and 0.20, respectively.
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Both sets of atoms were refined anisotropically. Hydrogen atoms were included as idealized atoms
riding on the respective carbon, nitrogen, and oxygen atoms with bond lengths appropriate to the
hybridization. H(1a) and H(4a) hydrogen atoms in H,L? were located in the best difference map
and refined isotropically. Constrains and restrains have been applied on the N5/C(23) pyridine ring
(refinement with idealized geometry and thermal motion restrains) in order to fix a slight disorder.

All graphical representations have been obtained by using the Olex2 software package!3%!,

3.2.5 Theoretical calculations

The electronic structure and geometries of the proligands H.L! and HL?, their tautomers and
anions, [HL]™ and [HL?]", and zinc and copper complexes were investigated by using DFT at the
B3LYP level?©M271 For the proligands and their corresponding anions, the 6-311G** basis set
was used for the optimization, while for the Zn and Cu complexes, the optimization was carried
out using6-311G*. Molecular geometries were optimized without symmetry restrictions.
Frequency calculations were carried out at the same level of theory to identify all of the stationary
points as minima (zero imaginary frequencies) and to provide the thermal correction to free
energies at 298.15K and 1 atm. Solution-phase SCF energies were calculated by a single-point
calculation on the in vacuum optimized structure using the CPCM solvation model in
chloroform[%®l. Gibbs free energies in chloroform solution were estimated from the equation Gsolv
= Esolv + (Ggas—Egas). The GIAO method was used for the NMR calculations (*H-, **C-, and °*N
NMR isotropic shielding tensors) which were carried out at the 6-311++G** level of theory. The
computed IR spectra were scaled by a factor of 0.96[26712681 The DFT calculations were executed

using the Gaussian09 program packagel?®%!.

3.2.5 Cell culture and Cytotoxicity determinations.

The biological assays have been conducted in collaboration with Prof. Anders Hofer, Department
of Medical Biochemistry and Biophysics, Umea University, Umea, Sweden. T. brucei TC221
bloodstream forms and mouse embryonic fibroblast Balb/3T3 cells (ATCC no CCL-163) were
cultivated in a vented plastic flask at 37°C with 5% CO.. For T.brucei, the growth medium was
Hirumi’s modified Iscoves medium (HMI)-9 supplemented with 10% (v/v) fetal bovine serum
(Thermo Fischer Scientific Gibco, Waltham, MA, USA), whereas the Balb/3T3 cells were grown

in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) supplemented with 10% (v/v) heat-
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inactivated fetal bovine serum, glutamine (0.584 g/L), and 10 mL/L 100 x penicillin—streptomycin
(Gibco)BE107] The synthetic compounds tested were dissolved in DMSO and serially diluted
with growth medium in white 96-well microtiter plates. 20,000 bloodstream forms of T. brucei
cells were added to each well in the final volume of 200uL. In the case of mammalian cells
(Balb3T3), 2000 cells/well was added, with similar results. To avoid any damage to the cells, the
concentration of DMSO in the solution was never higher than 1% (no cell growth inhibition was
observed with this concentration of DMSO). Cell viability was verified by a drug-free control for
each compound. The plates were incubated for 48 h in the 5% CO: incubator; then, 20uL of 0.5
mM resazurine (Sigma-Aldrich) was added to each well, and the plates were incubated for an
additional 24 hours before the fluorescence was measured with the Synergy H4 microplate reader
(excitation wavelength 530 or 540 nm and emission wavelength 590 nm). The half-maximal
efficacious concentration (EC50) values were calculated on the log inhibitor versus the response
curves by non-linear regression using the GraphPad prism 5.2 software (GraphPad Software, Inc.,

La Jolla, CA, USA).The procedure was repeated three times to make data reliable.

3.2.6 Determination of NTP and dNTP pools by HPLC

The bloodstream form of T. brucei (strain 221) was maintained at 37 °C and 5% CO> in Hirumi’s
modified Iscove’s medium (HMI)-9 medium and Serum Plus containing 10% fetal bovine serum.
Trypanosomes (50 mL), harvested in the late logarithmic phase, were chilled on ice for 5 min
before being collected and centrifuged at 4000 rpm for 5 min at 4°C. Subsequently, the pellet was
resuspended in 1 mL of culture medium, transferred to an Eppendorf tube, and centrifuged at
14000 rpm for 1 min at 4°C. The NTP, NDP, dNDP, and dNTP pools were not affected by the
time on ice (5 min), the centrifugation time (varied between 5 and 15 min), the centrifugation
speed (varied between 4000 and 14000 rpm), or how many washings in culture medium were made
(3 times). After the medium wash, the collected trypanosomes were disintegrated by pipetting
them up and down in 720 pL of ice-cold 0.6 M trichloroacetic acid containing 15 mM MgCl.. The
resultant solution was centrifuged at 14,000 rpm for 1 min at 4°C, and the supernatant was
extracted twice with 1.13 the volume of Freon (78% v/v)-trioctylamine (22% v/v) or
chloroform—trioctylamine. 400 pL of the resulting solution was transferred and centrifuged in a
pre-washed Eppendorf tube with a 5 kDa filter (Nanosep 3k Omega, Pall Life Sciences). The
sample was purified on a WAX cartridge properly prewashed, and the collected solution was

evaporated to dryness in a Speedvac (Savant) and dissolved in 200 pL of water. This fraction was
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used for quantification of nucleotides and deoxynucleotide diphosphates and triphosphates by a
150 x 3 mm C18-WP HPLC column (Chromanik Sunshell)*%], The analyses were performed on
a 150 x 2.1 mm Sunshell C18-WP 2.6 um column (ChromaNik Technologies Inc), at 30 °C using
a mobile phase of 43% solution A and 57% solution B. Solution A contained 5.8% (v/v)
acetonitrile, 23 g/L KH2PO4, and 0.7 g/L tetrabutylammonium bromide (TBA-Br) adjusted to pH
5.6 with KOH, while solution B contained 5.8% (v/v) acetonitrile and 0.7 g/L TBA-Br. All
reagents and solvents were of HPLC grade. The size of the sample loop was 100 pL, and the flow
rate was 1.2 mL/min. The peaks were detected by their absorption at 270nm with a UV-2075 Plus
detector. Nucleotides were quantified by measuring peak heights and areas and comparing them

to a standard curve.
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3.3 Results and discussion

3.3.1 Synthesis and spectroscopic characterization of proligands and complexes

The precursor used to synthesized the proligands described in this chapter is 1-(5-hydroxy-3-
methyl-1-phenyl-1H-pyrazol-4-yl)-2-phenylethanone, HQ®", and it was prepared following a
procedure previously reported in literature**l, The proligands H.L" were synthesized by reacting
an equimolar amount of HQB" and the appropriate hydrazine, in detail 1-(4-
trifluoromethylphenyl)-hydrazine for the preparation of the proligand HL! and 2-
hydrazinopyridine to afford the proligand H.L?, in methanol with the addition in traces of glacial
acetic acid, as illustrated in Chart 391441, All the compounds have been characterized by means of
H-NMR, BC-NMR, N-NMR, {'H,H}-COSY, {'H,3C}-HSQC, {'H3C}-HMBC, IR
spectroscopy and ESI-MS spectroscopy.

/©/CF3 H — @
n N‘@CF3 N \ JARY J
{ H,N /

7 NH 2 N

, /
o} HaN 7 NH
i MeOH, AcOH R o MeOH, AcOH i
N\N O N N\N (0]
H,L' HQB" H,L?

Chart 39. Synthesis procedure for proligands HzL! and HzL? from precursor HQ®".

The two proligands are air-stable in the solid-state and soluble in most organic solvents. In their
solid state IR spectra shown in Figures 40-41, it was possible to assign the strong bands in the
range of 1618-1614 cm™ to v(>C=N-) of the azomethine fragment, while those in the range of
1593-1532 cm™ were assigned to the vibrational mode v(C=N) of the pyrazolone ring and, for
H.L2, also of the pyridine ring!2831B00-3111 " Additional strong bands at around 1320 cm™and 1100
cmtin the IR spectra of HoL! were assigned to the asymmetric and symmetric stretching vibrations
of CF3 group!?%, while those falling in the range of 1009-1064 cm™ are typical of the stretching
v(N-N)[1281274] The band found at 3211 cm™, due to the vibration mode v(N-H), and the broad

absorption in the range of 3130-2700 cm™, which is typical of v(N-H--O) involved in
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intramolecular H-bonding, led to the conclusion that proligand HoL! exists in the N-H,N-H
tautomeric form, as shown in Chart 40 as further confirmed by the X-ray diffraction study
discussed later in this chapter. In a similar manner, the broad band centered at 3301 cm™ in the
infrared spectrum of H.L? is in accordance with a N-H,N-H tautomeric form, also shown in Chart
40, and contrarily to an analogous pyridine-containing proligand, differing only in the C10
substituent bearing a phenyl moiety as a replacement for the benzyl moiety in H,L2, that was
isolated in a N5-H,N4-H zwitterionic form[11€],

H,L' H,L2

Chart 40. Soild-state structure of H2L* and H2L? with numbered C and N atoms.
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Figure 40. IR spectrum of Hal %,
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Figure 41. IR spectrum of HoL2.

The H and C NMR chemical shifts were assigned based on *H-'H and one-bond and long range
'H-13C couplings, observed in {*H-'H}-COSY, {*H-*C}-HQSC and {*H-*C}-HMBC. Moreover,
indirect N chemical shifts were assigned based on {*H -®N}-HSQC and {*H-*N}-HMBC for
the free proligands H.L! and H,L?, giving support to the hypothesis that in solution the two
proligands appear mostly in the N-H,O-H tautomeric forms. In Figures 42-49 the full NMR
characterization is shown with the labelled resonances as example. In fact, for both proligands it
is possible to observe only one resonance in the {*H-"®*N}-HSQC corresponding to the N4-H
coupling. The other N atoms were assigned based on the resonance of the {*H-*N}-HMBC
spectrum, expect for N1 that remains not observed. For HzL?!, similarly to the case of HoL® in the
previous chapter, it is possible to observe a single resonance in the *°F NMR spectrum, as well as
the 3C-1°F coupling resonances in the *C NMR spectrum, affording the set of the three

characteristic quartets corresponding to C18, C19 and C20.
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Figure 45. Magnification of > C{*H} NMR spectrum in CDCls at 298 K of HaL.
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Figure 48. {*H,*N}-HSQC spectrum in CDCls at 298 K of HzL%.
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Figure 49. {*H,'N}-HMBC spectrum in CDCls at 298 K of HaL™.
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The metal complexes 1-4 were prepared by reacting metal acetate hydrate and the appropriate
proligand using methanol as solvent and stirring the mixture for 1-2 hours at room temperature,
affording a solid precipitate that get filtrated and dried (Figure 50). The basic anionic form of the
ligand [HLY] coordinate Zn(ll) and Cu(ll) in a chelating x-N,O bidentate fashion, affording
complexes [Zn(HLY)2(MeOH),] (1) and [Cu(HLY)2] (3), whereas the basic anionic form of the
ligand [HL?]" coordinates the Zn(Il) and Cu(ll) atom in a chelating x-O,N,N tridentate fashion,
affording complexes [Zn(HL?),] (2) and [Cu(HL?).] (4). The structures of 1 and 3, with the two
N,O-chelating ligands in the anti-configuration, have been proposed on the basis of analogous
zinc(I1) and copper(11) complexes previously reported in the literature with other non-symmetric
pyrazolone-based hydrazones***l. Complexes 1-4 are air-stable in the solid state and are soluble
in most organic solvents, but not in alcohols and water. The solid-state infrared spectra of 1-4
display a shift of the band relative to the v(C=N) stretching for the azomethine fragment and for
HL? also of the pyridine ring, to lower wavelengths with respect to those observed for the free
proligands, in accordance with coordination to the metal center of the N atom of hydrazide
fragments and for 2 and 4, also N of the pyridine. The v(N-H) stretching produce a sharp band at
circa 3300 cm™ in the IR spectra of complexes 1-4 at higher wavelengths than in the free
proligands. Moreover, the IR spectrum of 1 produces a broad band at 3134 cm™ due to the v(O-
H-*N) of extensive intermolecular H-bonding involving coordinated methanol molecules and
pyrazolone N2 atom of neighboring molecules, which is a structural feature observed also in many
other pyrazolone-based metal complexesi42-1441 (Figure 51). In the IR spectra of 1 and 3, the
stretching modes of the CFs group in the chelating HL! were identified at circa 1320 cm™, 1100
cm* and 1065 cm, unchanged from the free proligand. In the far-IR region of 1-4, some medium

absorptions in the rage of 550-400 cm™ were tentatively assigned to v(M-N) and v(M-
O)[229],[236],[312]_
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Figure 50. Synthetic procedure and chemical data of complexes 1-4.
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Figure 51. IR spectrum of [Zn(HLY)2(MeOH).] ().

The *H and 3C NMR spectra in deuterated chloroform of Zn(ll) complexes 1 and 2 are in
accordance with the expected structures containing the N,O-chelating (for 1, Figures 52-56) and
N,N,O-dichelating (for 2, Figures 143-147 in Supporting Information) ligands, confirming the

existence of complexes in solution with the ligand signals downfield-shifted with respect to the
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corresponding signals in the free ligand spectrum. In principle, the geminal methylene protons of
the benzyl moiety in proligand HzL? (H11 in Chart 40) should undergo diastereotopic splitting in
complex 2 due to the stereochemistry of the zinc center. In fact, the broad resonance of the CH>
group appears as two overlapped signals in the 'H NMR spectrum of 2 (Figure 143 in Supporting
Information). In addition, by recording the *H NMR spectrum of 2 in dimethylsulfoxide (DMSO),
the expected AB quartet of the geminal methylene protons is clearly observed. The {*H,1°N}-
HSQC and {*H,"*N}-HMBC of H,L! and complex 1 in chlorinated solvents are quite interesting:
in fact, even if the N3 resonance at 140.6 ppm in the free HoL! is not observed for the complex 1,
the N4-H resonance shifts from 96.2 ppm to 117.3 ppm and that of N2 from 284.9 ppm to 276.4

ppm upon coordination to zinc.
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Positive ESI-MS spectra recorded in acetonitrile show similar patterns for all complexes 1-4, with
main peaks due to [M(HL") (H2L")]* arising from protonation of one ligand, or [M(HL")2 + Na]*,

as well as to clusters [M2(HL")s]".

The UV-visible spectra of the ligands and complexes 1-4 were obtained in chloroform solution at
concentrations of 10 and 10”° M, in the range of 200-700 nm at room temperature. The spectra of
the two ligands HoL' and H.L? exhibit two bands between 245 nm and 304 nm due to a ligand-
centered m-* transition localized on the aromatic rings and the n- m* transitions within the >C=N-
N chromophore8323 |n addition, the band observed at 370 nm in the H.L? spectrum can be
ascribed to m—m* transition of pyridine rings present in the ligand structure (Figure 58)E4. In the
spectra of metal complexes, the bands due to =—n* and n—n* transitions are almost unchanged,
with the exception of Cu(ll) complex 3; however, the band due to the pyridine ring undergoes a
bathochromic shift upon coordination in the spectrum of Cu(ll) complex 4. Shoulders around 406-
414 nm are present attributed to ligand to metal charge transfer (LMCT) transitions. In the spectra
of complexes 1 and 3 (Figure 57) the bands due to LMCT transition appear as shoulders at 388 nm
and 392 nm, respectively. As expected there are no d-d transitions in complex 1 and 2 due to the
d*® configuration of Zn(11). However, no absorption attributable to d-d transition has been observed

also for Cu(ll) complexes 3 and 4, even upon increasing the solution concentration to 10 M.

1
HZL

1Zn(HL"),(MeOH),] (1)
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T T T T T T 1
250 300 350 400 450 500 550 600 650 700
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Figure 57. UV-Vis spectra of ligand HzL* and Complex (1), (3) in CHCls 10° (a) e 1073 (b).
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Figure 58. UV-Vis spectra of ligand HzL2 and complexes (2), (4) in CHCls 10.s M (a) and 10-*M (b).

Finally, when the synthesis of complex 3 is performed at room temperature, leaving the reaction
mixture under stirring for 24 hours, or under reflux, the red precipitate that corresponds to complex
3 slowly converts to a dark green color precipitate (Figure 59). This green substance was
investigated spectroscopically and with single crystal X-ray analysis which confirmed the
degradation of the coordinated HL? to the corresponding precursor acylpyrazolonate QB" ligands,
by loss of the (4-(trifluoromethyl)phenyl)hydrazine moiety. The new complex obtained is
indicated as [Cu(QB")] (5). The infrared spectrum of 5 displays strong absorptions at 1604 cm™,
1590 cm™ and 1574 cm™ due to v(C=0), v(C=N) and v(C=C). In the far region of the spectrum
the bands at 510 cm™ and 401 cm™* were assigned to the stretching of the bond v(Cu-O).
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[CU(HL1 )2] (3) (4-(trifluoromethyl)phenyl)hydrazine [Cu(HQBn)z] (5)

Figure 59. Decomposition pathway of complex 3 to complex 5.
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3.3.2 X-ray structural characterization

The X-ray single crystal molecular structures of proligands HzL! and H.L? and of complex 1, with
the atomic numbering scheme are reported in Figures 60a,b and Figure 61. Selected bond distances
and angles are reported in Table 9, while details of data and structural refinements are reported in
Table 15 and Table 16 in Appendix. Both proligands HzL! and H.L? are found in the solid
crystalline state, in the N—H,N—H,C=0 tautomeric form, crystallizing, in the case of HzL? in the
triclinic space group, differently from the monoclinic phase already reported originating from the

unexpected zwitterionic form[2*e1315],

(®)

Figure 60. Ortep view of the asymmetric unit content HzL! (a) and HzL? (b) with the atomic numbering scheme and
intramolecular N-H---O hydrogen bond (ellipsoids at the 40% level).

Figure 61. Ortep view of the asymmetric unit content of [Zn(HL*)2(MeOH)2] (1) with the atomic numbering scheme (ellipsoids at
the 40% level).
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Within both ligands, the C(3)—O(1) bond distances of 1.264(3) and 1.253(2) A, respectively, are
similar to the C=0 double bond found in similar pyrazolone-based hydrazones in the same
tautomeric form™. Confirming this, the bond distances N(1)—C(1) and N(2)—C(4) are very near
to the C=N double bond. The hydrazone N—N bond distances are similar in the two proligands
HoL! and HoL? (Table 9). In both cases, the overall structure is not planar, with the major
distinctive difference related to the orientation of the hydrazone fragment, with a C—N—-N—-C
torsion angle of 149.5(2) and —94.7(3)° in HoL! and HL?, respectively. The intramolecular
hydrogen bond between the N—H and C=0O carbonyl groups are observed [N(1)---O(1) and
N(1)-H(1a) £0(1) of 2.670(3) and 2.703(3) A, 139 and 137(3)° in H,L! and HL?], as typically
formed in these types of ligands. In the case of HoL?, the oxygen atom of the C=0 group is also
involved in intermolecular hydrogen bonding involving the second N atom of the —NH group of
benzylhydrazone (N(4)—H(4a)---O(1)). Moreover, n—n interactions between pyridine rings are a
further structural feature in the 3D crystal packing of the H,L? proligand (Figure 62).

Figure 62. Crystal packing view of HzL? showing N-H---O intramolecular and intermolecular hydrogen bonds and 77z
interaction between the pyridine rings.

The X-ray crystal structure analysis of complex 1 confirmed its neutral nature and therefore the
general formula [Zn(HL!).(MeOH),]. Complex 1 co-crystallized with one methanol molecule in
the asymmetric unit (Figure 61). Additionally, in complex 1, the zinc ion, located on the symmetry
inversion center, is hexa-coordinated with two N,O bis-chelated H,L?! ligands and two oxygen
atoms belonging to methanol molecules. The oxygen and nitrogen atoms of the chelated HL?
ligands lie in the same plane with bond distances at the zinc ion comparable with those found in

analogous complexes. The distances between the zinc ion and the oxygen atoms of the methanol
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molecules are relatively elongated with respect to the other Zn—O distances (Table 9). Most of the
intermolecular interactions are attributable to methanol molecules both coordinated and co-
crystallized (Figure 63a). In particular, the co-crystallized methanol molecules act as both
hydrogen bond donors and acceptors, with the formation of O—H—N and O—H—O interactions with
the nitrogen atom N(3) of the pyrazole ring and the hydrogen atom of the coordinated methanol
molecule [O(3)---N(2)' 2.828(4) A, O(3)-H(3)2N(2) 161°,i=—x+1,-y+1,—z+2; O(2)---O(3)"
2.698(4)A, O(2)-H(2)20(3) 157°, ii =x, y — 1, z]. The X-ray single crystal molecular structure of
complex [Cu(Q®").] (5) confirmed the degradation of the coordinated H.L® ligands to
acylpyrazolones and their O.-chelation to the Cu(ll) ion. As reported in Figure 63b, the four-
coordinated Cu(ll) ion, sitting on the symmetry inversion center, is found in a distorted square
planar geometry, with the two chelated ligands arranged in anti-conformation. As reported in Table
9, bond distances and angles are similar to those reported for analogous four-coordinated Cu(ll)
complexes containing two bidentate pyrazolonates™>71*661, The overall planar central metal core
is characterized by a dihedral angle between the best mean planes passing through the chelated
six-membered and pyrazole rings of 3.7(1)°, while the rotationally free phenyl rings C(6)—C(11)
and C(14)—C(18) show dihedral angles with respect to the chelated six-membered ring of 16.1(1)
and 71.4(1)°, respectively.

Figure 63. Crystal packing view of 1 showing N-H---O hydrogen bonds involving both coordinated and lattice methanol
molecules (a) and ortep view of the asymmetric unit content of complex [Cu(Q®")2] (5) with the atomic numbering scheme
(ellipsoids at the 40% level).
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Table 9. Selected bond distances (A) and angles (deg) in proligands HzL* and H.L? and complexes 1 and 5;

i=—x+2 -y —z+2ii=-x —y+2-z+2.

LIGANDS HoL* HoL?
N(1)-N(4) 1.401(3) 1.400 (3)
N(1)-C(1) 1.335(3) 1.318(3)
C(1)-C(2) 1.401(3) 1.400 (3)
C(2)-C(3) 1.438(3) 1.436(4)
C(2)-C@4) 1.451(3) 1.435(4)
C(3)-N(3) 1.390(3) 1.371(3)
C(3)-0(1) 1.264(3) 1.256(3)
N(2)-N(3) 1.412(3) 1.399(3)
N(Q2)-C(4) 1.309(3) 1.304(3)
N(3)-C(6) 1.416(3) 1.418(3)
COMPLEXES 1 5
M-O(1) 2.008(2) 1.893(1)
Zn—N(1) 2.100(3)
Cu-0(2) 1.931(1)
Zn—0(2)solv 2.223(2)
N(1)-N(4) 1.420(4)
N(1)-C(1) 1.302(4)
0(2)-C(1) 1.268(2)
C(1)-C(2) 1.435(4) 1.420(3)
C(2)-CQ) 1.417(4) 1.404(3)
C(2)-C(4) 1.425 (4) 1.438(3)
C(3)-N(3) 1.359(4)
C(3)-0(1) 1.281(4) 1.276(2)
O(1)~Zn—N(1) 87.9(1)
O(1)~Zn—0(2) 85.7(1)
O(1)~Zn—N(1) 92.1 (1)
N(1)-Zn—0(2)' 89.0(1)
O(1)-Cu-0(2) 94.0 (1)
O(1)~Cu-0(2)" 86.0(1)
0(2)—Cu-0(1)" 86.0(1)
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3.3.3 Theoretical DFT analysis

Tautomers | and Il of proligands H.L" (Chart 41) were examined using density functional theory
(DFT) at the B3LYP/6-311G** level of theory. In both cases, the energy differences between them
are small (for example, ca. 2 kcal/mol for HoL! in gas phase; see Table 10 for other data). In
solution, tautomer 1 is the predominant species according to experimental NMR data (see the
discussion in the section “Results and discussion” of the present Chapter). This is corroborated by
the calculation of the NMR for tautomer | of HyL!. The comparison of the computed *H and **C
NMR spectra with the experimental data is good, while a poorer fit for these spectra was found for
tautomer 11 of HoL! (see Figure 64). However, in the solid-state the observed species is tautomer
I1. The comparison of selected structural parameters of the tautomer 11 of HoL! with those from X-
ray data is good (see Figure 65), which confirms the proposed assignment. In particular, the
experimental C=0 bond distance of 1.264 A is well reproduced by calculations (1.241 A for Il
versus 1.327 A for tautomer 1). Furthermore, the calculated IR spectrum of tautomer Il of HpL*
fits well with the experimental solid-state IR and confirms the assignments previously discussed

as illustrated in Figure 66 and Table 11.

Chart 41. Representation of tautomeric forms | and 11 of the two proligands.
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Table 10. Energies (Hartree) and relative energy differences (kcal/mol) for the tautomers of proligands HzL* and HaL?.

H,L! H,L2
Tautomer | Tautomer Il Tautomer | Tautomer Il
§ 24 sfr RS
oo B T eo iR T34

J A <

N 4 e .

L XX
E -1559,445250 -1559,449708  -1238,350939 -1238,354998
Eo -1559,028991 -1559,032877  -1237,951191 -1237,954410
Et -1559, 000852 -1559,004778  -1237,926833 -1237,930083
H -1558,999908 -1559,003833  -1237,925889 -1237,929139
G -1559, 093531 -1559,097074 -1238,00875 -1238,012944
AE 0,0 -2,8 0,0 -2,5
AG 0,0 -2,2 0,0 -2,6
AE(CHCls) 0,0 -4,4 0,0 -4,2
AG(CHCls) 0,0 -3,8 0,0 -4,3

To gain information on the coordination capabilities of the ligands in metal complexes 1-4, the
anions [HL!]" and [HL?]" were also optimized. The bonding localization of [HL!] agrees with the
deprotonation of tautomer 11 showing a shorter C=0 bond (1.232 A) than the C-N bond (1.303 A).
Evidently, these distances change upon coordination, as we will discuss later in this section. The
molecular orbitals involved in the coordination to the metal atom for the HL? ligand are HOMO-
2 and HOMO-3, with a minor contribution of HOMO-9 (Figure 67), these being MOs in which
the lone pairs of the N and O donor atoms take part in the in-phase and out-of-phase contributions
of o type that afford the M-O and M-N bonds. These MOs were compared with those obtained
from the single-point calculation of the HL? ligand with the geometry found in the optimization of
complex 1. In this case, the in-phase and out-of-phase combinations are clearly detected in

HOMO-1 and HOMO-3 (also shown in Figure 67 for an appropriate comparison).
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Experimental 13C chemical shift (ppm)

. Comparison of the calculated (tautomer 1) and experimental *H and **C NMR spectra of HaL!,
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Figure 65. Comparison of selected bond distances of HoL': calculated tautomers I and 1 (italic) and experimental.

Concerning the [HL?]  anion, its structure is again consistent with the deprotonation of tautomer Il
with a shorter C=0 bond (1.242 A) than the C-N bond (1.296 A). The anion does not show the
planar conformation expected in complexes 2 and 4 and, for this reason, their molecular orbitals
from the single-point calculation of the HL? ligand were analyzed with the geometry found in the
optimization of complex 2. The MOs involved in the coordination to the metal are HOMO-1,
HOMO-2, HOMO-3, HOMO-4 and HOMO-6 (Figure 68). The lone pair of the oxygen atom is
distributed between HOMO-1 and HOMO-2, the out-of-phase combinations of both N lone pairs
appear at the HOMO-3 and HOMO-4, while the HOMO-6 is clearly the in-phase combination of
both N lone pairs.

Complexes 1-5 were also analyzed by DFT. The resulting optimized structures of these complexes
are shown in Figure 69. The selected combination of the method and basis sets provides a good
structural description of these complexes according to the good comparison of the calculated and
experimental structural parameters of complex 1 (Table 12). The HL? ligands exhibit delocalized
C-O and C-N bonds (1.279 and 1.315 A, respectively) in agreement with experimental values and
the two six-membered metallacycles [Zn(HLY)] show an envelope conformation with an angle

between the ligand and molecular planes of 30.3° (experimental 30.9°).
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Figure 66. Comparison of the experimental (blue line) and calculated (tautomer 11, red line) IR spectrum of HoL! (cm™?).

Table 11. Selected stretching assignments of the IR spectrum of HaL.

IR band (cm™)

v(N-H)
v(C=0)
V(C=N)pyrazole
vs(C-F)
v(N-N)
vas(C-F)

Experimental

3211
1620
1534
1320
1064
1100

Calculated
3181
1626
1537
1278
1141, 1128
1086
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Optimized [HL']

HOMO-2 HOMO-5 HOMO-9

Single point calculation of [HL]" from the optimization of 1.

.

HOMO-3

Figure 67. Molecular orbitals of anionic ligands [HL]" involved in the coordination to metal centers.

130



Chapter 3. Results and Discussion

Single point calculation of [HL?]" from the optimization of 2.

HOMO-4 HOMO-6

Figure 68. Molecular orbitals of anionic ligands [HL]" involved in the coordination to metal centers.

The proposed optimized structure of 1 also gives a calculated NMR that matches well with
experimental *H and **C NMR spectra (R? value of 0.9971 in the correlation shown in Figure 70).
To rationalize the observed trans disposition of methanol molecules in 1, also the hypothetical
complex [Zn(HL),] without these solvent ligands has been optimized. The resulting structure is
square planar (Figure 71), which is unexpected for a four-coordinated d°® complex. This fact
suggests that the adoption of such a geometry is mainly due to steric reasons. This is confirmed by
optimizing the related complex [Zn(HL3);], where the HL® ligand is like HL!, but the
p-trifluoromethylphenyl substituent is replaced by a methyl group. Optimized [Zn(HL®);] is
tetrahedral and is 5.8 kcal/mol (AG) more stable than the square planar structure (Figure 71).
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Consequently, the presence of the p-trifluoromethylphenyl group in HL! causes enough steric
pressure to impede the adoption of the expected d'’-tetrahedral arrangement of [Zn(HLY),],
explaining the trans-(MeOH). geometrical configuration observed in 1. A square planar structure
closely related to that found for [Zn(HL?).] was optimized for complex [Cu(HLY).], 3. The six-
membered metallacycles within the [M(HLY)] moiety display an envelope conformation in both
cases and the angle between the ligand and molecular planes is quite similar in both complexes
(29.5° and 28.8° for Cu and Zn, respectively). A minor difference found is the M-O and M-N bond
distances, which are slightly longer for zinc (2.029 and 2.013 A, respectively) than those for copper
(1.950 and 1.987 A, respectively), in agreement with its higher ionic radius!3€l,

Complexes 2 and 4 have an analogous formulation, [M(HL?).], but their optimized structures
showed some differences. In 4 it is clearly appreciable the Jahn-Teller effect with two distances,
Cu-O and Cu-Npy of 2.204 and 2.399 A, respectively, which are longer than the other Cu-O and
Cu-Npy (2.045 and 2.000 A, respectively) and longer than those observed for Zn complex 2 (Zn-
0: 2.045 and 2.053 A; Zn-Nyy: 2.183 and 2.191 A). Furthermore, the planes defined for the HL?
ligand formed different angles in both complexes. This angle between the two planes is 83.9° for
the Zn derivative, close to the regular angle of 90° for an ideal octahedral geometry, while for the
Cu complex is more distorted with respect to such a geometry, 72.9°. As occurred with complex
1, the proposed calculated structure of 2 provides an excellent NMR prediction for this complex,
according to the correlation of experimental and calculated *H and 3C NMR parameters (R? value
of 0.9991 in the correlation shown in Figure 70). Complex 5 was also optimized and shows a
square planar structure, which is typical for related four-coordinated copper-acylpyrazolonate
complexes**3, Again, a good comparison of the calculated and experimental structural parameters

of this complex was found (Table 13), which is common for these [Cu(QR)2] complexes!*42],
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Figure 69. Optimized structures of complexes 1-5
Table 12. Comparison of selected experimental and calculated structural parameters of complex 1.

Bond distances (A) and angles (°) Experimental Calculated
Zn-0 1.989 2.050
Zn-N 2.116 2.088
Zn-OMeOH 2.285 2.270
C=0 1.277 1.279
C-N 1.303 1.315
N-N 1.444 1.424
C-C 1.445 1.432
C'prrazol 1430 1430
0-Zn-0 180.0 180.0
N-Zn-N 180.0 180.0
Owmeor-ZN-Owmeon 180.0 180.0
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Figure 70. Comparison of the calculated and experimental *H and *3C NMR spectra of complexes 1 (top) and 2 (bottom)
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Figure 71. Optimized structures of complexes [Zn(HL)2] and [Zn(HL3)-].
Table 13. Comparison of selected experimental and calculated structural parameters of complex 5.
Bond distances (A) and angles (°) Experimental Calculated
Cu-O 1.931 1.936
1.893 1.919
C=0 1.268 1.271
1.276 1.272
C-N 1.354 1.367
N-N 1.401 1.392
Cc-C 1.404 1.406
C‘prrazol 1 . 4 2 O l . 4 35
O-Cu-0O 180.0 180.0

3.4 Cytotoxicity studies

Both the free ligands HoL! and H,L? and the metal complexes 1-4 were assayed in vitro on T.
brucei and Balb/3T3 cells (mammalian cells), and interesting results were obtained, schematized
in Table 14. ECso values were calculated with the GraphPad Prism 5.2 software and the selectivity
index was calculated by the correlation of the obtained values for T. brucei versus the mammalian

reference cells. First of all, H2L? was slightly more active against T. brucei than HzoL! (ECso =
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0.189 vs 0.213 puM), but also more cytotoxic, having and ECso value of 0.4665 uM against
mammalian cell, compared to 12.51 pM for HoL'. From the S, it is clear that the safety profile of
H.L! is much better than the HzL? profile, and the latter seems to strongly affect both parasitic and
mammalian cells. As evident from the data reported in Table 14, also Zn and Cu complexes of the
proligand H,L (1 and 3) are less toxic than Zn and Cu complexes of the proligand H,L? (2 and 4).
Therefore, the selectivity index is very low for 2 and 4 (SI = 2.065 and 1.345, respectively) and
much higher for 1 and 3 (SI > 100 and 7.586, respectively). This is in line with the results above
which HzL! is always much more specific than H,L?, regardless of whether it is complex or not.
The interesting results obtained for HoL!and its complexes 1 and 3 pushed the research to furtherly
focus on these compounds. In particular, 1 seems to be more active than H,L*, and it also maintains
a good safety level since Sl is greater than 100. Because of the derivation of complex 1 from H,L?,
it is logical to suppose that the type of action of these two compounds against T. brucei could be

the same.

Table 14. Activity of tested compounds on T. brucei TC221.

COMPOUND ECso T. BRUCEI TC221 (MM) BALB/3T3 Sl

HoL* 0.231 £ 0.008 12.51 + 1.354 55

HaL? 0.189 + 0.038 0.465+ 0.013 2.460
1 0.084 + 0.005 12.322 + 0.346 >100
2 0.169 + 0.038 0.349 £ 0.109 2.065
3 4347 + 2.610 32.977 + 0.347 7.586
4 12.763 + 4.060 17.163 + 3.448 1.345
SURAMIN 0.023 + 0.0008 43.912 + 1.438 >100

3.4.1 Mechanism of action

Among the complexes tested, 1 is the most convincing, thus, for this reason, a detailed
investigation about the mechanism of action of compound 1 and its precursor HoL! sparked
interest. The study was conducted by measuring the cellular nucleotide pools, which gives
information of nucleotide-metabolizing enzymes and energy metabolism and redox status
(NADPH is required by ribonucleotide reductase). Untreated T. brucei NTP, dNTP, and ADP
pools were measured by HPLC and compared to the pools of parasites treated with H.L* and

complex 1. For the analysis, the method by Ranjbarian et al was applied %, The procedure started
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by adding 5 uM of the drug tested to 50 mL of a T. brucei culture (10° logarithmically growing
cells per mL) and incubating the parasites for 1 hour before extracting the NTPs, dNTPs, NDPs,
and dNDPs from them with trichloroacetic acid and quantifying the nucleotides with HPLC. From
these experiments, it was possible to evaluate changes in nucleotide pools between non-treated
trypanosomes and those treated with H.L!and 1. A striking difference between the drug-treated
and non-treated cells was the levels of CTP and dCTP. In fact, although CTP and dCTP are low
also in T. brucei cells without treatment (~2% of the total NTP pool), they are much lower in
parasites treated with HoL' and especially with the Zn complex 1 (Figure 72a). The CTP pools
were decreased to 25% in the cells treated with HoL* and 6% in the cells treated with complex 1,
as compared to control cells. This result is in accordance with the results obtained in Table 14;
complex 1 is more active than HoL! (ECso value is lower), and it is therefore logical that if CTP is
affected by the treatment with HoL?, this effect is much stronger with complex 1. No obvious effect
was observed on the other NTPs or ADP (Figure 72b). From this results, it can be assumed that
the target of these compounds could be CTPS. Indeed, CTPS is the enzyme responsible for the de
novo synthesis of CTP from UTP, which is the only pathway of synthesis of CTP in T. brucei*%Z,
The low CTP level could also be a reason why less dCTP is produced. CTP and other NTPs in the
cell are in equilibrium with the corresponding diphosphates. Consequently, it will be less CDP
substrate for ribonucleotide reductase to make dCDP from dATP, dGTP and dTTP levels increased
in trypanosomes treated with 1 (Figure 73). This could be a consequence of the low dCTP pools,
leading to that the other deoxynucleotides accumulate in the cell as the DNA polymerase is not
able to synthesize DNA because of the lack of dCTP. The inhibition of DNA synthesis lead to

growth inhibition.

To further investigate the different activities between Zn(Il) complexes 1 and 2, their stability in
DMSO-ds was evaluated through an NMR study within 48 hours. While the *H NMR of complex
2 remains unchanged after 48 hours, confirming its stability in DMSO, in the case of complex 1,
some modifications have been immediately observed after dissolution. In fact, the appearance of
a resonance due to free MeOH at 3.16 ppm confirms its replacement in the zinc coordination
environment by deuterated DMSO molecules. Moreover, the geminal CH; of the benzyl group in
(HLY) affords three different signals, two of them undergoing diastereotopic splitting, in
accordance with the presence of a trans and two cis isomers, containing a chiral zinc center, in
equilibrium with each other. Furthermore, by comparison with the spectrum of the free H,L* ligand

in DMSO-ds, no ligand release was observed. In conclusion, complex 1 in DMSO replaces
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methanol with DMSO molecules in the zinc environment and

t undergoes trans-cis
interconversion without any decomposition.
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Figure 72. (a) Differences in CTP and dCTP pools in non-treated cells and cells treated with HzL' and 1 (both of them at a

concentration of 5 uM for 1 hour). (b) Differences in NTP pools in non-treated cells and cells treated with HzL* and 1 (both of
them at a concentration of 5 uM for 1 hour).
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Figure 73. Increased deoxynucleotide pools in cells treated with 5 M of HoL and 1 for 1 h (compared to deoxynucleotide pools
in non-treated control cells).
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3.5 Conclusions

To summarize, in this chapter two novel pyrazolone-based hydrazones H,L! and HoL2 and their
Zn(11) and Cu(ll) complexes 1-4 have been described. The compounds were fully characterized
both in the solid state and solution, together with a bis(acylpyrazolonate)copper(ll) species (5)
arising from the decomposition of the complex [Cu(HL?).] (3). All ligands and metal complexes
were structurally characterized both in solid state and solution and investigated as potential
antitrypanosomal agents, and the overall results of this study shed light on the biological properties
of this new series of compounds as a relevant source of bioactive substances, which can serve as
possible lead candidates for further antiprotozoal drug development. The exhibited
antitrypanosomal activity of HoL! and its Zn(I1) complex 1, revealed through biological in vitro
assays, is an important result also because a very low cytotoxicity has been detected. An important
outcome is the finding of mechanism of action. The analysis of NTP and dNTP pools clearly
revealed that CTP is severely affected by H,L! and its Zn(Il) complex 1. T. brucei lacks salvage
pathways for CTP synthesis, and the preliminary results on the purified T. brucei CTPS indicate
that it is the targeted enzyme of the Zn(Il) complex 1, whereas HoL! seems inactive by itself. The
effect of HoL' on the CTP/dCTP pools may possibly come from that it is chelated by naturally
occurring metals in the trypanosomes or the growth medium. Accordingly, the Zn(ll) chelated
complex 1 had a stronger effect on the CTP and dCTP pools than HzL!. CTPS was previously
found to be a good target in T. brucei because, in contrast to the situation in mammalian cells, the
inhibition of this enzyme cannot be rescued by cytidine (or cytosine) in the surrounding medium.
The parasite was therefore sensitive to the CTPS inhibitors 6-diazo-5-oxo-L-norleucine (DON)
and a-amino-3-chloro-4,5-dihydro-5-isoxazoleaceti acid (acivicin)®%?, However, DON and
acivicin are both glutamine analogues, and in mammalian cell, they also affect other glutamine-
requiring enzymes / pathways such as de novo purine biosynthesis (DON) and GMP synthase
(acivicin). Indeed, they were originally tried out as anticancer drugs, and the selectivity against the
trypanosomes is dependent on nucleosides / nucleobases in the growth medium that selectively
rescues the mammalian cells. In contrast, the drugs investigated here are from another class of
compounds and have a high selectivity against the trypanosomes with almost no effect on the
mammalian reference cells. Since then, improved version of acivicin have been produced with
higher selectivity against T. brucei CTPSEY], Experience from studies on mammalian cells has

shown that it is possible to achieve much higher selectivity against CTPS over other cellular
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enzyme by using cytidine / uridine analogues such as cyclopentenyl cytosine. However, these
analogues need to be phosphorylated in the cell to achieve their function as CTPS inhibitors, and
T. brucei lacks uridine-cytidine kinase. All drugs developed against the T. brucei CTPS have
therefore so far been glutamine analogues. In contrast, the drugs investigated here are from another
class of compounds. Furthermore, they have a high selectivity against the trypanosome with almost

no effect on the mammalian reference cells.
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Chapter 4. Introduction

4.1 Introduction

Biomass conversion is the process of converting plant-based materials into useful chemicals and
fuels. The process typically begins with the pretreatment of the biomass, which involves breaking
down the complex structures of the plant material to make the sugars and other molecules inside
more accessible. This can be done through a variety of methods, such as mechanical grinding,
chemical treatment, or exposure to heat and pressure. Next, the pretreated biomass is fermented to
produce a variety of intermediates, such as ethanol, butanediol, and acetic acid. These
intermediates can then be converted into added-value chemicals through further chemical
processing and distillation. For example, ethanol can be converted into ethylene and propylene,
which are used to make plastics and other industrial materials. Finally, the remaining biomass can
be used as a source of energy through direct combustion or gasification to produce heat and
electricity. Overall, the goal of biomass conversion is to produce high-value chemicals and fuels

while minimizing waste and maximizing the use of renewable resources.

Biomass conversion is important because it allows us to utilize such plant-based materials, which
are abundant and renewable, as a source of chemicals and fuels. The importance of this process
resides in the possibility to reduce our dependence on fossil fuels, which are non-renewable and
contribute to climate change. Additionally, using biomass as a feedstock for chemicals and fuels
can help create new economic opportunities in rural areas, where many plants are grown. The
impact of biomass conversion on society can be significant. For example, it can lead to the
development of new, sustainable technologies that can create jobs, reduce the cost of chemicals
and fuels, and decrease greenhouse gas emissions. It can also help to improve the energy security
of countries by reducing their dependence on imported fossil fuels. Moreover, using biomass
conversion to produce biofuels can lead to a reduction of air pollution and greenhouse gas
emissions, which is important for the public health and the environment. Overall, the development
and implementation of biomass conversion technologies have the potential to have a positive
impact on society by creating new economic opportunities, improving energy security, and

reducing environmental impacts.

With this premise, chemical reactions capable of reducing the oxygen content from biomass-
derived compounds such as glycerol and sugar alcohols are in increasing demand®!8l. In particular,
the metal-catalyzed deoxydehydration (DODH) of vicinal diols into alkenes is one of most
promising research field®'°l, Metal-catalyzed diol dehydration is a widely studied chemical

process in which a diol (a molecule containing two hydroxyl groups) is converted into a carbonyl
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compound, such as a ketone or an aldehyde, and ultimately in the corresponding alkene, through
the removal of water. This process has been widely utilized in the synthesis of various organic
compounds, including fine chemicals and pharmaceuticals. Transition metal catalysts, such as
titanium, zirconium, and vanadium, have been shown to be highly effective in promoting the diol
dehydration reaction. The mechanism of the metal-catalyzed diol dehydration process typically
involves the formation of a metal-alcoholate intermediate, which then loses water to form the
carbonyl product. The mechanism can be further divided into two pathways, namely the direct and
the indirect pathways. The direct pathway involves the formation of the metal-alcoholate
intermediate through the coordination of the diol to the metal catalyst, followed by water
elimination to form the carbonyl product. The indirect pathway, on the other hand, involves the
formation of the metal-alcoholate intermediate through the coordination of one of the hydroxyl
groups of the diol to the metal catalyst, followed by the nucleophilic attack of the other hydroxyl
group on the metal-coordinated alkoxide to form the carbonyl product. The choice of the transition
metal catalyst, reaction conditions, and the nature of the diol substrate greatly influence the
outcome of the diol dehydration reaction. For instance, titanium catalysts have been shown to be
highly effective in promoting the diol dehydration reaction, particularly for the conversion of 1,2-
diols to aldehydes. Zirconium catalysts, on the other hand, have been shown to be highly effective
in promoting the diol dehydration reaction, particularly for the conversion of 1,2-diols to ketones.
Vanadium catalysts have been shown to be effective in promoting the diol dehydration reaction of
both 1,2-diols and 1,3-diols. The first report of this type of overall transformation is to be found
more than a century ago when Sabatier and Gaudion reported allyl alcohol as one of the products
from conversion of glycerol on copper?9, The factors of the recently heightened interest in this
field is due to the introduction of catalytic deoxydehydration of diols and polyols to alkene found
to be stereospecific, and the increased availability of glycerol as a byproduct of biodiesel, thus
routes were sought to convert glycerol to chemicals. Additionally, more recently another
motivation stems from the attempt to use the carbohydrate fraction of lignocellulosic biomass,

meaning transforming the large number of OH groups present in sugar into other functionalities.

Although different transaction metals like molybdenum!244:1321 and vanadium2?! complexes have
been reported as catalysts, rhenium derivatives are the most investigated catalysts for DODH.
Given the fact that the final extrusion of the olefin from a diolate leads to oxidation of the metal
with an increase of valence by two and formation of a dioxide complex many compounds used as
starters of the catalytic cycle are characterized by the dioxido structural motif, for example

perrhenate ReO4™ or the Cp"ReOs, the first rhenium compound used for DODH reported by Cook
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and Andrews, using PPh; as reductant®2%]. By now, a large number of substrates has been tested
like, for example, “model” diols used to demonstrate characteristic of the DODH mechanism.
Similarly, many reductants have been successfully tested and employed: target properties of the
reductants are effectivity, sustainable sourcing and recyclability, large scale availability, and
separability from the reaction mixture. Triphenylphosphane remains a commonly used strong
reductant. Speaking about the mechanism of the reaction, it is not yet completely clear, but there
IS some consensus on the fact that the steps of the catalytic cycle are principally similar for the
three most reported metals (rhenium, molybdenum and vanadium) and that the product forming
step of deoxydehydration is extrusion of the olefin from a glycolate with increase of the metal
oxidation state by +2. The other steps leading to this intermediate are still under debate and may
depend on the nature of reductant and catalyst. From a thermodynamical point of view, one can
subdivide the reaction into three thermodynamic contributions: the transformation of the substrate,
the elimination of a molecule of water, and the oxidation of the reductant. The transition from diol
to olefin requires a great step up in terms of Gibbs energy of formation, implying a large
endergonic contribution to the overall reaction. The elimination of water slightly alleviates this
issue, but a big contribution is needed by the reductant to provide a thermodynamic driving force.

As a consequence the reductant must be strong and easily accept oxygen.

As previously mentioned, rhenium is the most investigated metal in this field, but given its rarity
and resulting high price, alternatives are being sought. Some promising results have been obtained
with molybdenum and vanadium. In particular, the choice of molybdenum resides on the
similarities between oxorhenium(VI1) and oxomolybdenum(V1) complexes, thus one can expect
that molybdenum’s ability to cycle between the two oxidation states +1V and +VI could make it a
viable substitute. In addition, over-hydrogenation of alkene to alkane when using H> as reductant
could probably be avoided as molybdenum is expected to be a poorer hydrogenation catalyst than
rhenium. Amongst the molybdenum complexes viable for this application, acylpyrazolone-based
complexes have aroused interest for their ability to chelate and stabilize the metal by creating a n-
conjugated system, obtaining stable complexes compatible with high oxidation states and harsh

reaction conditions{?44],
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HO OH [Mo(0),(QR),]

>——/ + PPh'; > / + OPPh3 + Hzo

0 Ph
P Toluene, 110 °C

Chart 42. Example of an overall DODH reaction, using PPhs as reductant and a dioxomolybdenum(V1) complex with
acylpyrazolonate ligands as catalyst[®24],

A considerable amount of publication on molecular DODH catalysis include computational
chemistry with the aim to better understand the mechanism lying behind every single step. DODH
catalysis by molybdenum compounds was computationally investigated by Fristrup et al.?% using
one molecule of MoOs or MoOCl> as the model, methanol as solvent, and B3LYP and implicit
solvation model as methods. Luppet et al. computed the free energy profile for alkene extrusion
from a monodiolate and from a bisdiolate complex formed from MoOs and 1,2-propanediol,
finding the activation energies to be comparable. Moreover, they investigated the effect of the
temperature on the entire cycle with propanediol as substrate and as reductant®?®!, Dethlefsen et
al compared the free energies of the reduction of molybdenum(VI) to molybdenum(IV) starting
from MoOs and found that 1,2-propanediol and isopropyl alcohol were more effective if the diolate

had already formed®,

From such studies on the reaction mechanism, three main stages of the process have been generally
identified:

1. The activation of the diol by condensation to the metal complex.
2. The reduction of the metal center by and oxygen atom transfer to the reductant.

3. The extrusion of the alkene from diolate.

In this Chapter, a computational study on the mechanism of a Mo-catalyzed deoxydehydration of
vicinal diols is reported, based on the work of Hills et al.[*4l in which they synthesized and tested
the catalytic activity of a series of novel acylpyrazolonate [Mo(O)2(QR)2] compounds towards the
deoxygenation of selected epoxide and deoxydehydration of selected vicinal diols to alkenes,
employing PPhs as oxygen acceptor. Their compounds showed moderate catalytic activity with a
yield up to 55% for the DODH of vicinal diols.
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4.2 Experimental section

The electronic structure and geometries of the model compounds were computed using density
functional theory at the B3LYP level@7°:32%61 ysing the effective core potential LANL2DZ basis
set for Mo and 6-31G** basis set for the other atoms. Molecular geometries of all model complexes
were optimized without symmetry constraints. Frequency calculations were carried out at the same
level of theory to identify all of the stationary points as transition states (one imaginary frequency)
or as minima (zero imaginary frequencies) and to provide the thermal correction to free energies
at 298.15 K and 1 atm. In some cases, a structure was considered a minimum in spite of a very low
imaginary frequency (< 10 cm™), possibly due to the use of an insufficiently large integration
grid®271, Solution-phase SCF energies of intermediates and transition states were calculated by a
single point calculation of the vacuo optimized structure using the CPCM solvation mode in
toluenel?®®l. Gibbs free energies in toluene were estimated from the equation Gsoiy = Esolv + (Ggas —
Egas). The energy profile are presented in terms of relative free energies, derived from
thermochemical analysis. The DFT calculations were performed using the Gaussian 09 suite of

programs!26°1,
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4.3 Results and discussion

In order to efficiently compute the energies of the intermediates, a series of exemplification were
made. First, the substrate was considered to be a simpler ethanediol, the PPhs reductant was
substituted by a PMegz, the reaction conditions were considered to be at 298 K, and as catalyst two
model compounds were used, first a molybdenum complex with a simple acylpyrazolone ligand
where all the substituents are hydrogens, namely [Mo(0)2(Q™""),] (where Q""" = 4-formyl-1H-
pyrazol-5-olate), and then the calculations were repeated employing a more computational
demanding complex [Mo(0O)2(QM®),] (where QM® = 4-acetyl-3-methyl-1-phenyl-1H-pyrazol-5-
olate), illustrated in Chart 43.

1 2 L
NN NN _cn,
? J—H ? § ~CHs
O - —
[Mo] —— 1\/[\()( [Mo] —— Mo\

Chart 43. Molecular structure of the two compounds considered for the energy calculations; (1) the simpler model
[Mo(0)2(Q™H)] and (2) the more complex [Mo(O)2(Q"®).].

Taking in consideration the three stages of the process mentioned earlier (activation of the diol,
reduction of the metal center, and alkene extrusion), two different pathways have been proposed
and investigated by DFT calculation and their respective lower energy profile were found. The
two pathways differ for the order of the steps involving the diol activation and the oxygen atom
transfer: in pathway A (Chart 44), the diol activation by condensation takes place before the
oxygen atom transfer to the phosphane reductant, while the opposite situation occurs in pathway

B (Chart 44), where the reduction of the metal center by the phosphane from molybdenum(V1) to
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Chart 44. Pathway A and pathway B of the catalytic cycle theoretically investigated.
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molybdenum(IV) species occurs before the diol condensation. Both pathways have in common the

final step corresponding to the ethylene extrusion from the molybdenum glycolate species.

Energetically speaking, the profiles of the two models of the catalyst (Chart 43) are pretty similar,
although in the second model the energies of the intermediates are averagely higher, especially
those of the transition states, even if certain intermediates are stabilized. This can be rationalized
considering the additional steric hindrance of the catalyst in the second model, particularly in the
transition states where the metal center is even more crowded. The only difference that could be
worth mentioning is an issue found in the simpler model at the transition state TS(2-3). Optimizing
the structure with a positive displacement along the reaction coordinates should result in the
intermediate 3, however the initial optimization resulted in a reaction path in which the diol reacts
with the ligand rather than coordinating the metal. This problem was resolved adjusting the
structure of the transition state, but it could represent a possible alternative reaction path leading
to the formation of by-products. Nevertheless, with the second model of the catalyst this
phenomenon didn’t arise, probably due to the more hindered ligand that prevents the approach of
the diol molecule. For these reasons, here the discussion will be focused on the second model.
Other possible routes in the DODH such as the oxidative cleavage of the diolate ligand or an
alternative radical mechanism were not investigated. In the same way the disproportionation
reaction between Mo(1V) and Mo(VI) that yields the catalytical inactive species Mo(V) has not
been taken in consideration; although this reaction can cause a lower efficiency of the catalysis, it

is not of interest for the purposes of the analysis of the catalytic mechanism.

4.3.1 Description of pathway A.

The schematic representation of pathway A is illustrated in Chart 44, while the relative Gibbs free
energy profile is reported in Figure 74 and 75 together with that of pathway B for comparison. The
optimized structures of the intermediates are illustrated in Figure 76. The zero energy reference
was taken as the energy of the reagents before the reaction takes place (OHCH.CH.OH +
[Mo(0)2(QMe),] + PMes). The first step of the cycle (intermediate 2) consists in the approaching
and interaction of the ethylene glycol towards the catalyst, 1. The condensation occurs through the
subsequent transition state TS(2-3): the H atom is transferred from the diol to one of the oxo group
of the Mo complex, while the same oxygen of the diol moves towards the metal center. As a

consequence, the acceptor oxo group elongates to 1.832 A (vs 1.705 A of the other double-bonded
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oxo group) and at the same time it moves aside increasing the Oqg-Mo0-Ooxo angle from 99.88° in
of the distorted SBP geometry in 1 to 135.45° in TS(2-3), in order to accommodate the diol. The
proton is placed halfway the Ooxo and the O of the diol with Ooxo-H distances of 1.170 A and Ogiol-
H of 1.241 A. This step requires to overrun an energy barrier of AG = 31.68 kcal/mol and it is the
highest barrier of the cycle. The condensation terminates in 3 with the complex assuming a
pentagonal bipyramidal geometry. The newly formed coordination bond displays a length of 1.981
A while the Mo-OH bond length reaches 1.931 A. The acyl-pyrazolone opposed to the reaction
site tilts out of the plane, probably due to an energetic and/or overlapping factor. The compound
then rearranges to the lower energetic (AG = -3.12 kcal/mol) conformer 4: the diol assumes the
anti-conformation pointing the terminal OH group toward the hydroxy ligand. Also the complex
as a whole alters its geometry toward a highly distorted capped octahedron, thus causing a
shortening of the Mo-Ouioi bond to 1.903 A. The stabilization is also due to a partial formation of
a intramolecular hydrogen bond between the terminal hydroxyl group of the glycol (Ogio-H =
0.976 A) and the hydroxo group (Ooxo-H = 0.972 A); at this stage the hydrogen bond length
—O-H---O is of 1.828 A. This interaction drives the cycle through the next transition state TS(4-
5) with a small energetic barrier of AG = 17.16 kcal/mol, where the terminal oxygen of the glycol
draws in the metal center (Mo-Ouiol = 2.383 A) and simultaneously it transfers the proton to the
hydroxo ligand, also pushing it down and away from the molybdenum (Mo-OH = 2.242 A). The
proton is located quite halfway the two oxygens (1.201 A and 1.999 A). This proton transfer results
in the complete removal of the water molecule from the coordination sphere of the intermediate 5,
repristinating the pentagonal bipyramidal geometry. The coordination of the second oxygen of the
1,2-ethanediol affords the formation of a diolate ligand with a dihedral angle Mo-O-C1-C2 of
30.50° and Mo-Odiol bond distances of 1.960 A and 1.964 A. We weren’t able to locale a transition
state with the water still coordinated to the metal center. The structure then keeps rearranging
making minor adjustments in order to furtherly lower the energy, settling in intermediate 6. The
cycle continues with the reductive oxygen atom transfer: firstly the phosphane places itself around
the site of reaction, in the opposite direction of the diolate. One acylpyrazolone leans downward
to allow the drawing in of the PMes (6b). The actual oxygen atom transfer begins after surpassing
the energy barrier of AG = 30.63 kcal/mol in the transition state TS(6-7): the phosphane moves
toward the remaining oxo group with the phosphorous 2.052 A distant from the oxygen and at the
same time the Mo-Ooxo double bond elongates to 1.793 A. The oxygen atom transfer involving a
Mo complex and a phosphine as reductant has already been studied both computationally®? and

experimentally®2°1330] The formation of the P=0 bond is completed in 7, with a bond length of
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1.540 A, that results in a huge energy gain of AG = 32.50 kcal/mol. The phosphine oxide remains
still coordinated to the metal via the oxygen with metal-oxygen distance of 2.129 A, consequently
the molybdenum reduces to Mo(1V). The structure then starts rearranging in 7b shifting from the
pentagonal bipyramidal geometry to a capped trigonal prismatic partially relieving the steric
pressure: the phosphine oxide recedes with the oxygen at 2.309 A from the metal center while diol
rotates by about 90° positioning itself perpendicularly to the plane it was lying. The complete
removal of the phosphine oxide in 8 allows the complex to achieve a octahedral geometry, gaining
a great energy decrease from the reduction of the previously crowded environment (AG = -6.67
kcal/mol). All the ligands move closer to the metal center. The last step of the cycle involves the
ethene extrusion through TS(8-1). The transition states passes through a concerted mechanism!®31l
characterized by the weakening of the C—O bonds of the diol (1.846 A vs 1.426 A in 8) and the
strengthening of Mo—O and C—C bonds, respectively 1.787 A vs 1.928-1.933 A and 1.416 A vs
1.530 A. Additionally the hydrogens on the forming ethene lay out on the C=C plane, reflecting
the adoption of the sp? hybridization by the carbon atoms. Finally the completed removal of the

ethene affords the regeneration of catalyst 1, passing through an energy barrier of 24.75 kcal/mol

4.3.2 Description of pathway B

The schematic representation of pathway B is reported in Chart 44, while the relative Gibbs free
energy profile is reported in Figure 74 and 75. The optimized structures of the intermediates are
illustrated in Figure 77. The zero energy reference was taken as the energy of the separate reagents.
In pathway B the first step of the mechanism involves the oxygen atom transfer from the catalyst
1 to the reductant agent, PMea. Initially, PMes approaches the catalyst passing by the local minima
1c to finally reach the TS(1-9), where the P—O bond starts forming with a length of 2.042 A and a
bond angle P-O—Mo of 128.16°. The transition state is also characterized by an elongated Mo=0
(1.819 A) compared to the other (1.701 A). The energy required to overcome this barrier, in
toluene, is equal to 15.27 kcal/mol, smaller than the barrier present in pathway A for the same
process. Moreover the addition of the PMes group implies a great gain in energy of -37.02 kcal/mol
in intermediate 9. As said, the transition state results in the intermediate 9 where the P—O bond is
completed formed. The compounds preserve the octahedral structure with an elongated O-Mo
bond (2.225 A). The P-O bond distance is 1.531 A and the PMes is placed at angle P-O-Mo of

125.36°, almost above the remaining oxo group. The subsequent dissociation of the phosphine
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oxide push the compounds into a ligand rearrangement that yields firstly to intermediate 9b, where
the OPMes group stands still in the whereabouts of the metal center and finally to intermediate 10,
where it assumes a distorted square based pyramidal structure with the Mo atom slightly elevated
from the square plane. The two acylpyrazolone ligands are place parallelly in opposed directions
and their oxygen form the four points of the base of the pyramid, while the oxo group is the vertex.
Additionally all the ligands move closer to the metal center. The process goes on with the
approaching of the diol to the oxo group in the intermediate 11 to achieve the transition state
TS(11-12), surpassing the energetic barrier of 31.28 kcal/mol, the greatest barrier involved in this
pathway. In this transition intermediate the diol is in its chair conformation with the hydrogen of
one of the OH group positioned closer to the oxo group on the metal (Ooxo-H 1.045 A and 1.534
A Ouioi-H). At the same time one of the two acylpyrazolone ligands tilts placing itself vertically
with respect to the previous square planar plane. This rearrangement is due to the simultaneous
coordination of the diol, Mo-O 2.183 A, that affords a distorted octahedral structure, with the oxo
group leaning towards the diol. This transition state ends with the reaching of intermediate 12 in
which the diol is fully coordinated to the metal center (Mo-O 1.941 A) and the hydrogen completed
transferred to the oxo group (O-H 0.972 A). This intermediate shows a standard octahedral
geometry that quickly shifts to the energetically favorited intermediate 13 where the diol rotates
pointing the hydroxy group towards the Mo-OH, positioning the diol hydrogen at a distance of
1.840 A (HOwmo-Odiol). This positioning leads to the transition state TS(13-14): the hydrogen of the
diol approaches the hydroxy group on the metal center positioning halfway, while the second
oxygen of the diol starts advancing closer the molybdenum Mo-Ogioi 2.224 A compared to the
distance of 1.951 A of the other already coordinated oxygen. One of the ligand rotates a little to
make room for the approaching oxygen, moving towards a pentagonal bipyramidal structure. The
rearrangement leads to intermediate 14, that assume a capped octahedral geometry with the diol
coordinated with both oxygens (Mo-O of 1.935 A and 1.981 A). The hydrogen transfer affords a
coordinated water molecule with a distance from the metal center Mo-OH; of 2.291 A. In the
intermediate 14b the water molecule moves further away Mo-OH, = 2.466 A and it finally get
removed in intermediate 8 where the compound reassume a more favorable octahedral geometry.
From intermediate 8 the catalyst is regenerated passing through the transition state TS(8-1), that

is, the extrusion of the ethylene with the same mechanism as described in pathway A.
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4.3.3 Comparison between the two pathways

To propose a valid mechanism for the molybdenum catalyzed reaction we have compared the
energies of both pathways. In Table 17 are reported the energies related to the three main stages
of the reaction (diol activation, oxo-transfer and alkene extrusion) and that of the water formation
process, both in gas phase and toluene solution. Additionally other energies have been taken in
consideration in order to reach a more detailed discrimination between the pathways32113331, The
alkene extrusion step is the same in both pathways, thus it has the same energy barrier of 24.75
kcal/mol. The diol activation also has comparable energy barriers, 31.68 kcal/mol for A and 31.28
kcal/mol for B, even if it take places in a less hindered environment in pathway B. However, the
major differences that discern the two pathways are given by the processes of oxo-transfer and
water formation, both having a lower energy barrier in B. In particular the oxo-transfer process
takes place in TS(6-7) in A with a barrier of 18.1 kcal/mol in toluene and TS(1-9) in B with a
barrier of 15.3 kcal/mol in toluene. The higher barrier for the pathway A can be due to the presence
of the diolate ligand in TS(6-7) while the molybdenum in TS(1-9) is coordinatively unsaturated.
In the same way, the water formation requires to overcome a barrier of 17.16 kcal/mol in toluene
in A, TS(4-5), while a barrier of 14.01 kcal/mol in toluene in B, TS(13-14). Also in this case the
reason may be found in the steric hindrance, the presence of the oxo group in TS(4-5) forces the
compound to pass through a octa-coordinated transition state, while in TS(13-14) the compound
is a epta-coordinated system. Furtherly considering also the other parameters we can see that the
relative energy of the highest transition state is 49.36 kcal/mol in toluene for A, TS(6-7), while
just 26.85 kcal/mol in toluene for B, TS(1-9). The highest barrier instead is related to the activation
of the diol, a step with comparable energy for both pathways, as stated before. Finally, the
differences between the system in gas phase and in toluene phase are not so marked. Most of the
intermediates are slightly stabilized in toluene, like TS(11-12) that is lowered from 26.85 kcal/mol
in gas phase to 24.66 kcal/mol in toluene solution, although some are very slightly destabilized
like TS(1-9) that moves from 25.48 kcal/mol in gas phase to 25.67 kcal/mol in toluene solution.
Taking into account these information we can support the hypothesis that the molybdenum
catalyzed DODH mechanism proceeded along pathway B, that is, with the oxo transfer process

preceding the diol activation.
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Table 15. Comparison of computed barriers and selected energies for pathways A and B in the DODH of ethylene glycol with

PPhs catalyzed by [Mo(0)2(QY®):].

Path A Path B
Transition Gas Toluene = Transition Toluene
) Gas phase )
state phase solution state solution
AG (kcal/mol) AG (kcal/mol)
Diol activation TS (2-3) 31.29 31.68 TS (11-12) 30.69 31.28
Water formation TS (4-5) 17.02 17.16 TS (13-14) 13.99 14.01
Oxo-transfer TS (6-7) 19.6 18.1 TS (1-9) 16.5 15.3
Alkene extrusion TS (8-1) 24.62 24.75 TS (8-1) 24.62 24.75
Energies Energies
. . TS (11-12)
Highest TS relative
TS (6-7) 49.83 49.36 gas TS (1- 25.68 26.85
energy
9) tol
Highest barrier TS (2-3) 31.29 31.68 TS (11-12) 30.69 31.28
Maximum relative
AG between 48.2 52.8 28.9 30.3

intermediates
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Figure 74. Catalytic profiles of pathways A and B for the DODH ethylenediol with PPhs catalyzed by [Mo(O)2(QM®).], in vacuo.
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Figure 75. Catalytic profiles of pathways A and B for the DODH ethylenediol with PPhs catalyzed by [Mo(0)2(QY¢)], in
toluene.
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Figure 76. Structures of the optimized intermediates and transition states of pathway A (1-7b).
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Figure 77. Structures of the optimized intermediates and transition states of pathway B (8-14b).
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4.4 Conclusions

In summary, a DFT investigation of the mechanism of the molybdenum-catalyzed
deoxydehydration of vicinal diols has been carried out, using PMes as reductant and an
acylpyrazolone-based molybdenum complex as catalyst, in gas phase and toluene solution. Two
different pathways of the catalytic cycle have been explored: in pathway A the diol activation by
condensation on the catalyst take place before the oxygen atom transfer to the phosphane, whereas
in pathways B the opposite situation happens, that is, the reduction of molybdenum(VI) to
molybdenum(1V) by the phosphane reductant and only then the condensation of the diol occurs.
The two pathways have in common the final step involving the alkene extrusion, that occurs with
a energy barrier of 24.75 kcal/mol. Surprisingly, the two pathways share also the same energy
barrier of ~ 31 kcal/mol for the diol activation. In fact, even if in pathway A the diol condensation
takes place in the TS(2-3), where the molybdenum(IV) is sterically more hindered, while in
pathway B it occurs in the more optimal environment of TS(11-12), the energy required for this
step appears to be unrelated to the coordination environment and oxidation state of the metal. The
steps that discern the two hypothetical catalytic cycles in favor of pathway B are the oxo-transfer
process and the water formation. These data, together with the other energy values, in particular
the highest transition state relative energy, support the hypothesis that pathway B is the preferred
mechanism for the Mo-catalyzed DODH reaction. The current investigation has the potential to
serve as a foundation for additional experimental studies to verify the obtained results, as well as
computational efforts aimed at expanding the array of substrates, reductants, and catalysts utilized

as models.
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Chapter 5. Introduction

5.1 The company: TechPol

Techpol srl is a company founded over 40 years ago with its main headquarters located in Morro
d’Alba, Marche, Italy. Throughout its growth journey, the company has specialized in the
production of thermoplastic materials through injection molding, particularly technopolymers. The
company’s motto is "metal replacement technology" and indeed its flagship sector is the
automotive industry where their designed and printed products replace under-the-hood parts,
thanks to the use of specific technopolymers with high chemical-physical characteristics resulting
in several advantages such as lower production costs and reduced product weight compared to the
corresponding metal product. The know-how gained over the years has allowed the company to
stand out in the market, maintaining the highest quality and technological standards and becoming
in 1996 an OEM supplier for the Audi-Volkswagen group. Today the company produces about 80
million pieces annually using a total of 2,100 tons of polymer material and generating 15,000 kg

of waste annually.

The production process begins with the design, in collaboration with the customer who requests
the order, of the mold and the injection parameters to be applied based on the geometry of the
piece and the material used. In this phase, simulations are also carried out using specific software
of the molding process in order to predict critical steps and optimize production values and times.
The next step is the actual molding, in which the designed mold is installed in one of the fifty
presses available and the chosen polymer material is conveyed inside the press. One of the
company’s strengths is the molding of bi-component parts thanks to the use of bi-material
machines capable of printing two different materials simultaneously. In addition, the entire
molding process, from the insertion of the material to the removal of the piece, is fully automated
allowing to always comply with the required quality standards. The process continues with the
assembly or processing of the pieces, also in this case completely automated thanks to robots
designed over time, in fact the company has an internal robotics and automation department that
creates ad hoc assembly and control equipment for each product using state-of-the-art
technologies. The instruments, equipped with collaborative robots for the handling of the pieces,
allows for dimensional and accessory presence checks through the use of vision systems, control
sensors and other error-proof technologies. Finally, the pieces are packaged and shipped to the
customer. An additional confirmation of the quality of the products is provided by the quality

system that according to the company’s vision defines policies, business functions, customer
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relations and the continuous improvement of processes, guaranteeing compliance with the highest

quality standards and customer satisfaction.

Finally, the company has developed and is characterized by an increasingly greater sensitivity
towards the environmental sustainability of its processes and products. The plants and machines
are managed with particular attention to energy efficiency, aiming for maximum containment of
consumption and reducing the environmental impact of the entire production process to a
minimum. The theme of the circular economy is also the subject of attention from the design of
new products, considering the life cycle analysis (LCA), from production to disposal, an integral
part of the project context, for the selection of materials and technologies. In this way, the company
intends to contribute to the reduction of pollution due to the accumulation of waste plastics,
determined by incorrect design and management of the disposal phase in the product life cycle,
which today has become one of the main issues for the preservation of the sea and the quality of
water in general. The culture of recycling, where grinding is allowed, is a fundamental principle
established by contract, a responsibility that concerns the entire life cycle of the product, a design
culture that is applied to each project. The sustainability supply chain is completed with a constant
replacement of the machinery and the progressive transition from hydraulic to hybrid to electric:
an upgrade that takes place on a constant basis, an investment in terms of energy savings,
optimization of consumption with a significant improvement for the quality and safety of the

working environment.

TECH-POL

Figure 78. Logo and establishment of the company Techpol.
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5.2 The materials: Technopolymers

Technopolymers are a class of advanced engineering polymers that are known for their exceptional
mechanical and chemical-physical properties. These properties make them suitable for a wide
range of industrial applications, particularly in the automotive, aerospace, and medical industries.
Technopolymers are formed through the polymerization process of monomers. The
polymerization process can be done through various methods, such as condensation, addition, and
ring-opening polymerization. In condensation polymerization, monomers are linked together
through the removal of small molecules such as water, alcohol, or ammonia. This process results
in the formation of long chains of polymer molecules and the production of by-products such as
water or alcohol. Examples of technopolymers produced through condensation polymerization
include polyamide (nylon) and polyester. In addition polymerization, monomers are linked
together through the addition of chemical groups to the monomers, without the production of by-
products. This process results in the formation of long chains of polymer molecules. Examples of
technopolymers produced through addition polymerization include polyethylene and
polypropylene. Ring-opening polymerization, monomers containing ring-like structures are
opened up to form long chains of polymer molecules. This process is usually initiated by a catalyst,
and the resulting polymer has a different chemical composition than the monomer. An example of
technopolymer produced through ring-opening polymerization is polyoxymethylene (POM). After
the polymerization process, the technopolymers are usually shaped into pellets or granules, which
are then used in the manufacturing process. The polymerization process can be done in batch or
continuous, and it can be done using various types of reactors, such as stirred tank, tubular, or gas-
phase reactors. The final properties of the technopolymer depend on the type and composition of
the monomers used in the polymerization process and the conditions of the polymerization process,
such as temperature, pressure, and catalysts used. Therefore, the chemical and mechanical

properties of technopolymers can be tailored to specific industrial applications.

One of the main characteristics of technopolymers is their high resistance to mechanical stress.
This is due to their high tensile strength and modulus of elasticity, which are significantly higher
than those of traditional polymers such as polyethylene and polypropylene. Technopolymers also
have a high resistance to thermal degradation, making them suitable for use in high-temperature
applications and a wide range of chemical environments. They are resistant to a wide range of
chemicals, including acids, bases, and organic solvents, making them ideal for use in harsh

environments. They are also resistant to UV radiation, making them suitable for outdoor
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applications. The reason behind their great mechanic and chemical-physical properties is the heavy
addition of different types of additives. Additives are substances that are added to technopolymers
during the manufacturing process in order to improve certain properties or to impart specific

characteristics. Common additives used in technopolymers include:

1. Fillers: Fillers are substances that are added to technopolymers to improve their mechanical
properties, such as stiffness, strength, and thermal stability. Common fillers used in
technopolymers include glass fibers, carbon fibers, talc, and clay. These fillers are typically
added in the form of powders and are mixed with the polymer melt before the injection
molding process.

2. Lubricants: Lubricants are added to technopolymers to reduce friction and improve the
flow of the polymer melt during the injection molding process. This improves the surface
finish of the finished parts and reduces the wear on the injection molding machine.
Common lubricants used in technopolymers include stearates, waxes, and fatty acids.

3. Stabilizers: Stabilizers are added to technopolymers to protect them from degradation
caused by heat, light, and other environmental factors. These additives help to improve the
thermal stability and UV resistance of the technopolymers. Common stabilizers used in
technopolymers include antioxidants, UV absorbers, and heat stabilizers.

4. Colorants: Colorants are added to technopolymers to provide a specific color or appearance
to the finished parts. Colorants can be added in the form of pigments or dyes and can be
mixed with the polymer melt before the injection molding process or can be added to the
surface of the finished parts through painting or coating.

5. Flame Retardants: Flame retardants are added to technopolymers to improve their fire
resistance properties. Common flame retardants used in technopolymers include

halogenated compounds, phosphorus compounds, nitrogen compounds and some minerals.

The additives are typically added to the polymer melt before the injection molding process, and
the amount of additive used can range from less than 5% to more than 35% of the total weight of
the polymer. The additives are mixed with the polymer melt using specialized equipment such as
a mixing machine, or a blender. The mixing process is carefully controlled to ensure that the
additives are evenly distributed throughout the polymer melt. Once the additives are mixed with
the polymer melt, it is then fed into the injection molding machine where it is shaped into the
desired form. It’s important to note that not all additives are compatible with all types of

technopolymers, and care must be taken when selecting the appropriate additive for a specific
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application. Additionally, the use of certain additives may have an impact on the environmental
and health safety, so it’s important to consider the potential risks and benefits of using specific
additives in technopolymers. The process of injection molding is widely used for the production
of technopolymer parts. Injection molding is a manufacturing process in which a thermoplastic
material is heated, mixed, and then injected into a mold where it cools and solidifies to take the
shape of the mold. This process allows for the production of parts with complex geometries and
high precision, making it particularly suitable for the production of technopolymer parts.

Figure 79. Schematic representation of the molding process; the green arrow indicates the good final product while the red
arrow indicates the waste production from non-conformity products and excess materials.

When it comes to disposal, technopolymers can be recycled through mechanical recycling process,
where the material is ground, cleaned, and then remolded into new products. However, it should
be noted that not all technopolymers are recyclable and it depends on the specific polymer and its
composition. Other technopolymers should be disposed of as hazardous waste due to their
chemical and physical properties. It’s important to note that recycling and disposal of
technopolymers can be challenging as they may not be compatible with traditional recycling
methods and may require specialized techniques and facilities. In addition to recycling,
technopolymers can also be disposed of through energy recovery, where they are burned in
controlled conditions to generate heat or electricity. This method is considered to be the most
environmentally friendly way to dispose of technopolymers as it reduces the amount of waste sent

to landfills and produces energy in the process.

In conclusion, technopolymers are a class of advanced engineering polymers that have exceptional
mechanical and chemical-physical properties. They are formed through the polymerization process

of monomers and are suitable for a wide range of industrial applications. The process of injection
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molding is widely used for the production of technopolymer parts. However, when it comes to
disposal, it’s important to consider the specific polymer and its composition and various options
such as recycling, energy recovery and disposal as hazardous waste. This thesis aims to provide a
detailed study on technopolymers, their characteristics, applications, production process, disposal

options and the sustainability of their usage.

MMT platelets

Polymer matrix /\
/7 ; Vs /-

Polymer/MMT nanocomposite Chopped glass fiber Hybrid composite

Figure 80. Example of a technopolymer material: in this case the polymer matrix with MMT (montmorillonite) platelets as
additive gets furtherly filled with short glass fibers that orientate along the direction of the flow[334],

5.3 The aim: circular economy

The circular economy is an innovative economic model that aims to redefine traditional economic
growth and development by prioritizing the sustainable use of resources. This model is based on
the idea that instead of the traditional linear economy, in which resources are extracted, used, and
discarded, the circular economy aims to keep resources circulating in the economy for as long as
possible. This is achieved through a combination of design, production, and consumption
strategies that prioritize the reuse, repair, refurbishment, and recycling of materials and products.
The circular economy is a regenerative economic model that promotes the use of closed-loop
systems, in which waste products from one process are used as inputs for another. This approach
allows for the efficient use of resources and minimizes waste and pollution. For example, in a
circular economy, waste heat from industrial processes could be captured and used to heat
buildings, and organic waste could be used to generate energy and fertilizer. This not only reduces
the reliance on virgin materials but also reduces the amount of waste that goes to landfill. In

addition, the circular economy prioritizes the use of renewable energy sources and the application
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of digital technologies to optimize resource use and improve efficiency. This can lead to significant
environmental and economic benefits, including reduced greenhouse gas emissions, improved
resource efficiency, and increased economic competitiveness. The circular economy has the
potential to create new business opportunities and jobs, particularly in the areas of design,
manufacturing, and recycling. This can lead to the development of new products and services, as
well as the creation of new jobs and industries. The circular economy also promotes the concept
of circular design, which is the process of designing products and services that can be easily
disassembled, repaired, refurbished, and recycled. This approach encourages the use of durable
and long-lasting products, which can reduce the need for frequent replacements and repairs. This
can lead to cost savings for consumers and businesses, as well as reduced environmental impacts
from the extraction and disposal of raw materials. Furthermore, the circular economy also
promotes the concept of circular procurement, which is the process of sourcing materials, products,
and services that are consistent with the principles of the circular economy. This approach
encourages the use of sustainable and environmentally friendly products and services, which can

reduce the environmental impact of business operations and improve the reputation of businesses.

In conclusion, the circular economy represents a fundamentally different approach to economic
growth and development, one that prioritizes the long-term sustainability of both the economy and
the environment. By promoting the efficient use of resources, reducing waste and pollution, and
creating new business opportunities and jobs, the circular economy can provide significant
economic and environmental benefits. It is an approach that is gaining increasing attention and
support, as governments, businesses, and individuals recognize the need for a more sustainable

and resilient economic system.
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Figure 81. Schematic representation of the idea of circular economy: optimizing the recycling of materials and / or energy the
waste production is minimized (image credit to snam.it).

One example of the application of the circular economy in the field of polymer molding is the use
of recycled plastics in the production process. This approach reduces the need for virgin materials
and minimizes the environmental impacts associated with the extraction and disposal of raw
materials. In the traditional linear economy, plastic waste is often treated as a waste product and
sent to landfills or incinerated. However, in a circular economy, plastic waste is viewed as a
valuable resource that can be used to produce new products. This is achieved through the process
of plastic recycling, which involves the collection, sorting, and processing of plastic waste to
produce recycled plastic pellets that can be used as raw materials in the production of new
products. The use of recycled plastics in the production of new products not only reduces the
demand for virgin materials but also reduces the environmental impacts associated with the
extraction and disposal of raw materials. Additionally, it also helps to reduce the amount of plastic
waste that ends up in landfills or the environment, which can have negative impacts on ecosystems
and human health. In the polymer molding industry, the use of recycled plastics can lead to
significant cost savings for manufacturers, as well as improved environmental performance. For
example, manufacturers can use recycled plastic pellets as raw materials in the production of
products such as plastic bottles, containers, and automotive parts. In addition, manufacturers can
also use digital technologies such as traceability software and lifecycle assessments to optimize
the use of resources and improve the environmental performance of their operations. This can lead

to improved efficiency and reduced environmental impacts throughout the entire life cycle of the
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product. Overall, the use of recycled plastics in the polymer molding industry is a clear example
of how the circular economy can be applied in practice to promote the efficient use of resources,
and reduce waste and pollution. It is an approach that has the potential to provide significant
economic and environmental benefits, and it is an approach that is gaining increasing attention and

support in the industry.

However, although the use of recycled plastics in the polymer molding industry have many
benefits, it also comes with some disadvantages. One potential drawback of using recycled plastics
in the polymer molding industry is the lower quality of the recycled materials compared to virgin
materials. Recycled plastics may contain impurities, such as additives and contaminants, that can
affect the properties of the final product. This can lead to reduced performance and quality of the
final product, which may not meet the standards required by customers. Another potential
drawback is the higher cost of processing and cleaning recycled plastics compared to virgin
materials. The recycling process can be more complex and time-consuming, which can increase
the cost of production. Additionally, the cost of cleaning and purifying recycled plastics to remove
impurities may also be higher than the cost of using virgin materials. This can make the use of
recycled plastics less cost-effective for manufacturers. Furthermore, the availability and
consistency of recycled materials can also be a challenge, as the quality and quantity of recycled
materials can vary depending on the source and collection methods. This can make it difficult for
manufacturers to secure a reliable supply of recycled materials, which can affect their production
schedule. Hence, it is of grave importance for manufacturers to carefully consider the quality of
the recycled materials, the percentage to add, and the effects it can lead to the properties of the

final product.
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5.4 The project: analyses and problem solving

In order to allow the company to operate in accordance with the principles of the circular economy,
a database of the mechanical and chemical-physical properties of the materials used and their
recycled counterpart was created in order to compare the characteristics, allowing for optimization
of the percentage of reground material that can be incorporated into the polymer mix through
targeted research lines, separate from the ordinary production line. The mechanical tests were then
carried out by the company on the final printed product. Similarly, analyses were conducted
following non-conformities or specific requirements of the company, to determine that the cause
was not related to the material itself, but to other factors like the molding process or the geometry
of the product. These analyses aimed to ensure a better understanding of the pure and recycled

material, its properties and its limitations.

5.4.1 Creation of the polymer database

To create a viable database of the properties of the materials utilized by the company, a pareto
diagram has been designed concerning the costs and the materials. It appears that 70 % of the total
cost incurred by the company comes from 17 commercial polymers. Thus, a series of analyses

were carried out on these 17 materials and the results stored in the database, namely:

- Themogravimetric Analysis (TGA), to analyze the degradation profile, both in N2 or O
atmosphere (exemples in Figures 82 and 83);

- Differential Scanning Calorimetry (DSC), to analyze various parameters of great
importance to describe the behavior of the material such as glass transition temperature
(Tg), melting temperature (Tm), crystallization temperature (Tc), and the relative
enthalpies;

- Onset Oxidation Temperature (OOT), to estimate the temperature required to start the
oxidation of the material;

- Infrared Spectroscopy (IR), to know the chemical nature of the material;

- Rheometric analysis, to obtain mechanical information on the material, for example

viscosity or the elastic module.
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The database obtained has a great value because it allows to compare from time to time the
properties of a recycled or novel material to the respective standard. In this way one could guess

the behavior of such material before utilizing it.
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5.4.2 Study on the difference between a virgin and regrind material

The study aimed to analyze the difference between two products: the first molded using a virgin
polyphtalamide (PPA) filled at 35% with glass fiber (sample V) and the second one molded using
the same material with a 70% of it already being molded and reground (sample V+R).

As expected from the IR analysis no difference are found between the two product, as the regrind
process does not modify the chemical nature of the material. From the TGA analysis it is possible
to see that the two-degradation profile are very similar, but with slight differences:

e The initial part of the graph ranging from 30°C to 350°C shows slightly more pronounced
weight loss for sample. This part of the graph corresponds to the release of volatile species
such as moisture and low molecular weight additives such as lubricants. In sample V+R,
the reground material may have already lost some of these components in the first molding
process, unlike sample V, which therefore shows greater release here. However, the
difference is less than 1%, so it could be insignificant in the process.

e The degradation process of sample V ends at 483°C (but continues to lose weight slowly),
while the degradation of sample V+R ends at 496°C and stops completely. The
representation of the first derivative (DTG) shows, however, in both cases a single peak
(i.e. a single degradation step) with the same shape, it can be excluded that the reground

material portion degrades at different temperatures than the virgin material.

The DSC analysis was carried out in three scans: the first heating scan to nullify the thermal history
of the material, the controlled cooling and the second heating scan for analysis, as reported in
Figures 84 and 85. Considering the second scan (green lines), the material does not exhibit thermal
differences due to degradation as both the Tg and Tm are the same for both samples. However, it
should be noted that on the first scan (blue line), sample V+R shows much more pronounced
relaxation processes compared to sample V (region 30 - 175 °C). This is because the reground
material portion has more stored stress from two molding processes, while sample V has

undergone only one molding process.
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Figure 85. DSC scan of sample V+R (reground material).

In conclusion, from a chemical point of view, the two samples do not show any differences, while
some small differences can be found in thermal analyses. Based on the results of the DSC, a
mechanical type analysis could be useful. In case of substantial differences or problems in
molding, it might be worth trying to treat the reground material before molding, keeping it at

temperatures higher than its Tg (> 136°C) to relax the stress accumulated in the previous molding.
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5.4.3 Study of a yellowing phenomenon

Some products following the molding process show yellowing, likely due to temperature
fluctuations during molding or prolonged exposure to high temperatures, resulting in slight
material oxidation. In order to ensure the absence of excessive degradation, infrared spectroscopy,
thermogravimetry (TGA) and differential scanning calorimetry (DSC) analyses were carried out
on two samples, one good and one yellowed, comparing their results. The samples chosen for
analysis are shown in Figure 86.

Figure 86. Photo of a good sample (left) used as standard, and of a yellowed product (right).

From the IR analysis it can be clearly seen that the two spectra are completely identical, all the
peaks fall at the same wavelength and there are no additional peaks on the spectrum of the yellowed
sample that can be correlated to the formation of any degradation compounds. The
thermogravimetric analysis conducted in an inert atmosphere at 10°C/min shows that the
degradation profile of the samples is essentially identical, consisting of an initial weight loss due
to the release of volatile species (water, plasticizers, lubricants, etc.) followed by the degradation
of the polymer matrix that occurs within the range of 350-500°C in a single step. Both samples
show a post-degradation residue equal to 31.9% of the initial weight (Figure 87). The DSC
analyses were conducted in an inert atmosphere by initially heating the sample above the Tm to
nullify its thermal history, cooling it and then performing a second heating scan. The rate is
10°C/min for both heating and cooling. Again in this case, the graphs of the two samples are very
similar. Considering the second heating scan, the two samples have the peak of melting very close
(261.16 vs 259.75 °C) and the heat of fusion is the same (31.6 J/g). Therefore, there are no

differences in thermal behavior.
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Figure 87. TGA analysis of the yellowed sample.

Analyzing the obtained results, variations in the chemical composition and thermal behavior of the
discolored sample can be excluded. Presumably, given the transparent coloration of the piece, a
minimal material oxidation results in a significant color change. However, the amount of oxidized

species is so low that it does not affect the chemical characteristics of the material.

5.4.4 Study of a product with a burnt surface

The study aims to investigate the thermal-structural properties of a product printed with
Polyphenylene sulfide with 40% glass fiber, which presents slight burns in localized areas, through
a comparison with the results obtained from a reference sample of the same piece. The IR analysis
was carried out directly on the surface of the piece. The graph shows a complete overlap of the
spectra of the sample and the reference. The chemical structure of the two samples is therefore the
same, the sample is not degraded. To perform the thermal analysis with DSC, the two samples
were mechanically ground to obtain a fine powder to maximize the contact surface and therefore
the thermal conductivity. About 9 mg of sample were used, in N2 flow (20 ml/min) and performing
three scans (heating, cooling, heating) from 30°C to 330°C with a T rate of 10°C/min. For each
sample, the glass transition temperatures, the heat of fusion, and the degree of crystallinity were

calculated. In particular, the degree of crystallinity was calculated by applying the equation:
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m

X 100
AHY (1 —x)

Xc (%) =

Where:

» dHn is the heat of fusion calculated by integrating the area of the fusion peak;
» X s the weight percentage of glass fiber (0.4);

« dHnr? is the theoretical heat of fusion of 100% crystalline material, equal to 80 J/g.

The degree of crystallinity is important because it has a great influence on the chemical and
mechanical properties of thermoplastics, the crystalline phase increases the stiffness and tensile
strength of the piece, while the amorphous phase increases the ability to absorb impacts. Changes
in crystallinity can result in significant alterations in the mechanical properties of the material.
Considering the second heating run, i.e. once the thermal history of the sample has been nullified,
the two samples have the same T4 and the same degree of crystallinity. Therefore, the burned
material has not undergone structural degradation. The IR analysis and especially the thermal
analysis with DSC do not reveal any difference between the two samples, as they show exactly the
same IR spectrum, same Tg and same degree of crystallinity. From the results obtained, it is

understood that the burned part does not have any appreciable degradation.

5.4.5 Study of the heat exchange difference

The aim of the investigation is that to confirm that a product printed with a commercial polymer
“Xydar” has an higher thermal conductivity than the same products printed using the commercial
polymer “Durethan”. For each of the two materials, a piece of identical dimensions has been
printed. Given the size of the piece, only a portion of the body was considered for the analysis.
This portion was cut from the main body and drilled on the upper face to allow the insertion of the
sensor. The hole was made in the same position for both samples and with a depth of 12 mm, equal
to half the total thickness of the piece. The experimental setup involves the sample placed on the
preheated plate at 100°C. The sensor for temperature detection is inserted into the upper hole. To
improve contact with the sample, thermal paste was applied both on the bottom surface and inside
the hole. To further increase adhesion above the sample, a weight of 1 kg was placed. As soon as
the sample comes into contact with the plate, a 15-minute timer is started and the temperature is

recorded every 30 seconds. Plotting the recorded temperature against the elapsed time, it can be
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seen that the Xydar sample heats up more quickly and reaches an equilibrium temperature of 60°C
against the 46°C of Durethan (Figure 88).
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Figure 88. Recorded temperature vs time for the two samples.

The equation that describes the heat flow through a material is:

0 AT
t d

With:

* Q= quantity of heat (J);

o t=time (3);

« 1 = coefficient of thermal conductivity (W / m*K);

« AT = temperature difference between the two faces (K);

« d = distance between the two faces (m) (that is between the contact surface and the hole).

With the type of analysis adopted, it is not possible to quantify the amount of heat exchanged (Q),
but it is possible to calculate the ratio between the conductivity of Durethan (Ap) and that of Xydar
(Ax). Considering the equilibrium situation, it can be assumed that the amount of heat exchanged

is the same for both materials (Qo = Qx), therefore:

Sy AT} SyATy

= Ay———t
D dD X dX
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Considering that the time is the same for both the samples and approximating the surface and the

distance between the two faces identical for both the samples, the equation simplifies in:
ADATD == AXATX
Thus:

Ay AT

From the previous graph it is possible to calculate the AT:

e ATp=100-46=54°C
e ATx=100-60=40°C

Ax 54_135
Ap 40
Ay = p X 1.35

From the test performed, it is found that the sample of Xydar material is actually a better thermal
conductor, with the relative value of the thermal conductivity coefficient (1) equal to 1.35 times

the coefficient of Durethan.

5.4.6 Study of an unknown material

The aim of the study is that to identify the chemical natural of two unknow materials. The
thermogravimetric analysis of both samples shows that there is an initial loss of volatile substances
(likely plasticizers) starting at 280°C, while the actual degradation begins at around 350°C.
Burning the sample in an inert atmosphere results in a loss of 58% of the initial weight, which
makes up the polymer matrix. Moving to an oxidative atmosphere results in an additional 11%
weight loss, which is composed of the organic residue (degradation products and organic
additives), leaving a final residue of 30% in weight, composed of glass fibers. In the thermogram
of the second material, it can be seen that the degradation curve is composed of two phases, this
suggests the presence of two different components. In the first sample, this phenomenon is not

noticed, but being slightly marked it could be a consequence of differences in variables in the two
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analyses (amount of sample, heating rate, etc.). The DSC analysis shows a flat profile with the

glass transition at 140°C for both samples, indicating a completely amorphous structure.

The IR analysis of the two samples initially gave a 70% match with PPO/PS for one sample and a
match with a silicone polymer for the other. However, upon repeating the test a second time, it
was noted that the signal varied slightly depending on how the piece was positioned. Therefore,
several tests were carried out for both samples, observing that for both samples at least one
spectrum highlighted the characteristic Si-O signals. However, on average, the spectra always
show the same peaks and especially, comparing the two materials, the recorded signal is the same
for both materials. Although the match is only 70%, the most likely hypothesis is that of PPO/PS,
in fact, even interpreting the spectrum, the peak frequencies are in agreement with those expected
by the PPO and PS molecules superimposed. The IR analysis of the inorganic residues instead
showed the presence of glass fibers. Elemental analysis allows determining the weight percentage
of hydrogen, carbon, nitrogen and sulfur through the combustion of the sample. The analysis was
carried out on both samples showing that the percentage of carbon and hydrogen are the same in
both and equal respectively to 60% and 5%. The rest is due to oxygen and inorganic fillers. The

data obtained therefore confirm that both materials were printed with the same polymer.

By using the electron microscope, it was possible to both observe the surface morphology of the
sample (Figure 89) and investigate the chemical nature of the matrix and fillers (EDX analysis,
Figure 90). Both samples were subjected to analysis and in addition, a granule of a glass fiber-
reinforced polyamide 6,6 was used as a reference to compare the morphologies. In this case as
well, no differences were found between the two materials. From the photographs obtained, it is
clearly visible that the glass fibers are well embedded in the polymer matrix, but in the points
where the sample was cut or scratched, the broken fibers emerge overlapping the surface of the
resin. This would explain why in some points the IR signals related to the Si-O bond were more

intense.

178



Chapter 5. Results and Discussion
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Figure 89. Pictures obtain from the SEM analysis showing the glass fibers at different magnitudes.

The EDX analysis was performed on different points of the surface of the samples. The results
show that the atomic composition percentage is the same in the two samples and is composed of
carbon (~86%) and oxygen (14%), in line with what one might expect following the PPO/PS
hypothesis, as the PPO monomer contains an oxygen atom. Analyzing a more homogeneous point,
the presence of other elements such as sodium, magnesium, aluminum, silicon, and calcium was
found. The presence of these metals is due to various filler minerals, in addition to the treatment
of glass fibers. In fact, E-glass fibers, the most common, include the addition of an alkali metal
(such as sodium) and minerals such as CaO and MgO. In addition, inorganic fillers used to improve
the properties of polymer materials include various minerals such as CaSiO3, CaCOs, Al.O3,
Al>Si>05(0OH)4, MgOH, and various types of mica. In fact, focusing the signal on a filler particle,
the values of C, O and Ca increase, suggesting the presence of calcium carbonate among other

fillers.
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The analysis of the elements on the surface reveals important information about their distribution.
As expected, carbon (blue) is present in a homogeneous manner throughout the sample except on
the fibers. Oxygen (light blue) is more intense on the glass fibers, as the Si/O ratio is 1/1 in the
fibers, but it is also present throughout the rest of the sample, both in fillers and in the polymer
structure. Finally, silicon (purple) is only present on the fibers.
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Ch 1™ MAGLI50x HV: 15KV WD:B.3m . TR Ch1 MAG: 150x HV: 15KV WD:8.3mm
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Figure 90. EDX analysis of the sample showing the distribution of carbon (blue), oxygen (light blue), and silicon (purple).

Assuming that the two materials were made of the same polymer and based on the PPO/PS
hypothesis, an attempt was made to solubilize the sample in chloroform, which is a solvent capable
of solubilizing both PPO and PS. The sample was cut into small pieces to facilitate dissolution
and, in fact, the sample completely dissolved. The solution thus prepared was filtered and used for
proton NMR analysis. The resulting spectrum was interpreted based on the spectra of the two pure
polymers found in literature and on the simulated spectra of the respective monomers (styrene for

PS and 2,6-dimethylphenol for PPO). In this way, it was possible to attribute all signals to the two
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molecular structures, thereby confidently confirming the chemical nature of the polymer: a blend
of PPO and PS where PPO is the major component. As reported in literature, in fact, PPO is hardly
used alone due to its high glass transition temperature (210 °C), high viscosity and low oxidative
stability. For this reason, it is often sold in the form of a blend with another polymer in order to
make it more workable, almost always with PS because it is completely compatible35-13381 The
most well-known blend commercially is the NORYL family from Sabic, which also includes the

resin loaded with 30% glass fibers.
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Figure 91. Molecular structure of polyphenyloxide (PPO) (left) and polystyrene (PS) (right).

The set of analyses carried out, especially the NMR and SEM analyses, have proved that the two
samples are composed of the same type of polymer, a blend of PPO/PS reinforced with 30% glass

fiber, where PPO is the main component.
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5.5 Conclusions

The analyses conducted on the materials allowed to resolve occasional problems encountered
during the molding process, verifying the conformity of the final piece and suggesting the nature

of the problem.

- It has been proved that using a certain percentage of regrind material, the performances of
the product are not altered, even though additional mechanical analysis would be useful.

- In case of yellowing phenomena, variation in the chemical composition and thermal
behavior of the discolored sample have been excluded, the amount of oxidized species is
too low to affect the chemical characteristics of the material.

- The analysis conducted on a burn surface demonstrated that the burned material has not
undergone structural degradation, thermal analysis do not reveal any difference between
the samples: the burnt part does not present any appreciable degradation such as to
invalidate the structural properties.

- Probing the heat exchange of two different materials it has been proved that one polymer
is actually a better thermal conductor than the second, by a value of 1.35.

- The set of analyses led on a unknown material permitted to expose the chemical nature of
the polymer, being a PPO/PS blend with 30% glass fibers.

Additionally, the creation of the database including information about the properties of the
polymers employed by the company allowed to compare new materials with the one in stock or
even the recycled materials with virgin ones. In this way it is possible to reduce potential problems

arising during the molding process, making sure the polymer used meet the defined standards.
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Figure 92. *H NMR of proligand HzL*in CDCls at 298 K.
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Figure 93. {*H,'H}-COSY of proligand HzL*in CDCls at 298 K.
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Figure 94. *C{*H} NMR of proligand H2L*in CDClIs at 298 K.
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Figure 97. {*H-N}-HSQC of proligand HzL*in CDCls at 298 K.
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Figure 99. *H NMR of proligand HzL®in CDCls at 298 K.
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Figure 101. Magnification of the *C{*H} NMR of proligand H2L® in CDClIs at 298 K.
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Figure 104. F{*H} NMR of proligand H2L%in CDCls at 298 K.
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Figure 105. *H NMR of complex [Zn(HL')2] (1) in CDCls at 298 K.
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Figure 107. {*H,*®N}-HSQC of complex [Zn(HL")2] (1) in CDCls at 298 K.
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Figure 109. 3C{*H} NMR of complex [Zn(HL®)2(H20)] (3) in CDCls at 298 K.
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Figure 110. {*H,*C}-HSQC of complex [Zn(HL®)2(H20)-] (3) in CDCls at 298 K.
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Figure 111. {*H,**C}-HMBC of complex [Zn(HL3)2(H20)2] (3) in CDCls at 298 K.
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Figure 112. {*H,"*N}-HSQC of complex [Zn(HL®)2(H20):] (3) in CDCls at 298 K.
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Figure 114. 'H NMR of complex [Zn(HL*)2] (4) in CDCls at 298 K.
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Figure 115. 3C{*H} NMR of complex [Zn(HL*)2] (4) in CDCls at 298 K.
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Figure 117. {*H,**C}-HMBC of complex [Zn(HL4)2] (4) in CDCls at 298 K.
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Figure 119. 3C{*H} NMR of complex [Zn(HL®)2(H20)] (5) in CDCls at 298 K.
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Figure 120. Magnification of *C{*H} NMR of complex [Zn(HL%)2(H20)2] (5) in CDCls at 298 K.
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Figure 121. {*H,**C}-HSQC of complex [Zn(HL®)2(H20)2] (5) in CDCls at 298 K.
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Figure 122. {*H,2*C}-HMBC of complex [Zn(HL5)2(H20)2] (5)in CDClIs at 298 K.
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Figure 123. F{*H} NMR of complex [Zn(HL®)2(H20)2] (5) in CDCls at 298 K.

198



Supplementary Information. Appendix Chapter 2

N4 120,0

I

N2 274,1

) B

|

.

Figure 125. {*H,"*N}-HMBC of complex [Zn(HL®)2(H20)z] (5) in CDCls at 298 K.
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Figure 124. {*H,"N}-HSQC of complex [Zn(HL®)2(H20)2] (5)in CDCls at 298 K.
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Figure 133. FIR spectrum of [Cu(HL')2] (3).
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Figure 135. F{*H} NMR spectrum in CDCls at 298 K of HaL.
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Figure 137. {*H,*H}-COSY spectrum in CDCI3 at 298 K of H,L2,

205



Supplementary Information. Appendix Chapter 3

-r @ g @me NR=me Mo @ o & &
58 & L] RRA RNARA 25 g 8 % .
07 \ 2] s | i I I 1
c131%
c14,14
c8g
7.7
c1s ca
c9
c19 c11
c17 [
c20 |
c12
c3 c18
ce 1 ca
|
c16 )
cwo |
cs
| ML 9, "
: T T T T T T T
160 140 120 10 80 60 40 20
f1 (ppm)
H 13041 H 2
Figure 138. “C{*"H} NMR spectrum in CDClIs at 298 K of HaL*.
H21
' H11
H13,13 H14,14',15
H7,7" H8,8 \
HZ?‘J Hls* HO g HY7 J
-0
o
B ! 20
a |
a3
o
a0
leo
80
o= 100
~
b L]
N 1
~ o —
© o ) 0 120
[ S P '
% %) ]
Pe———— ® w@
oY ™ o
st oy
G a 0
i 0o
o" @
5
s
- r . - T - -
8 7 6 4 3 2

5
f2 (ppm)

Figure 139. {*H,*3C}-HSQC spectrum in CDClIs at 298 K of HaL 2,
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Figure 140. {*H,**C}-HMBC spectrum in CDCls at 298 K of Hzl2.
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Figure 141. {*H,"*N}-HMBC spectrum in CDCls at 298 K of Hzl2.
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Figure 142. *F{*H} NMR spectrum in CDCls at 298 K of [Zn(HLY)2(MeOH):] (1).
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Figure 143. *H NMR spectrum in CDCls at 298 K of [Zn(HL?)2] (2).
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Figure 144. 3C NMR spectrum in CDCl3 at 298 K of [Zn(HL?)2] (2).
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Figure 145. {*H,*3C}-HSQC spectrum in CDClIs at 298 K of [Zn(HL?)] (2).
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Figure 146. {*H,>N}-HSQC spectrum in CDCls at 298 K of [Zn(HL?)2] (2).
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Figure 147. {*H,"*N}-HMBC spectrum in CDCls at 298 K of [Zn(HL?)] (2).
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Table 16. Details of data collection and structure refinements for proligands HzL! and HzL2.

HalLy H,L,
formula C2s5 H21 N4 O F3 C23 H21 Ns O
Mr 450.46 383.45
crystal size [mm] 0.40 x 0.20 x 0.04 0.30x0.20x 0.14
crystal system Monoclinic Triclinic
space group P2i/c P-1
a[A] 11.153(3) 8.9495(4)
b [A] 22.940(6) 9.9398(5)
c [A] 9.084(3) 12.5083(6)
a[°] 90 112.787(2)
Al 97.324(16) 91.215(2)
7[° 90 102.879(2)
V [A%] 2305.1(11) 992.86(8)
VA 4 2
pcald [gcm®] 1.295 1.283
4 [mm1] 0.098 0.082
@ range [°] 2.429 10 24.974 2.269 to 25.016
data collected 33167 10490
unique data, Rint 4001, 0.0758 3474, 0.0267
obs. data [I > 20(1)] 2155 2525
no. Parameters 326 271
restraints 0 48
R1 [1>2sigma(l)] 0.0543 0.0478
wR2 [all data] 0.1455 0.1496
GOF 1.001 1.026
Table 17. Details of data collection and structure refinements for complexes 1 and 5.
1 5
formula Cs4 Hse Fs Ns Os Zn Cs6 Hzo N4 O4 Cu
Mr 1092.43 646.18
crystal size [mm] 0.40 x 0.20 x 0.06 0.40 x 0.20 x 0.10
crystal system Triclinic Triclinic
Space group P-1 P-1
a[A] 9.941(3) 6.4458(2)
b [A] 11.872(4) 9.3271(4)
c [A] 12.109(5) 13.4708(5)
a[°] 95.200(17) 110.043(2)
BI°] 101.884(17) 96.231(2)
v[°] 105.333(16) 95.695(2)
vV [A3] 1332.6(8) 748.21(5)
VA 1 1
pcald [gcm®] 1.361 1.434
u [mm?] 0.539 0.778
@range [°] 2.303 1o 25.678 3.258 10 26.372
data collected 11965 15703
unique data, Rint 5012, 0.0642 3045, 0.0260
obs. data [l > 20(1)] 2600 2627
no. Parameters 362 206
restraints 0 0
R1 [1>2sigma(l)] 0.0543 0.0341
wR2 [all data] 0.1314 0.0931
GOF 0.942 1.057
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