M) Checs tor updates View Article Online

View Journal

CrysttngComm

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: J. pisk, T. Hrenar,
M. Rubi, G. Pavlovi, V. Damjanovi, J. Lovri, M. Cindri and V. Vrdoljak, CrystEngComm, 2018, DOI:
10.1039/C7CE02136D.

% umuﬂ‘Nunmvl‘Uqv.myzms‘Pagasl 184

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

CrystEngComm [

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
&cnmlsﬂw ‘ \\\\\\\ T
o ] Mosibroek, Anionio ronter et al.

ROYAL SOCIETY .
OF CHEMISTRY rsc.li/crystengcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c7ce02136d
http://pubs.rsc.org/en/journals/journal/CE
http://crossmark.crossref.org/dialog/?doi=10.1039/C7CE02136D&domain=pdf&date_stamp=2018-02-13

Page 1 of 14

Published on 13 February 2018. Downloaded by Freie Universitaet Berlin on 13/02/2018 19:22:28.

CREATED USING THE RSC ARTICLE TEMPLA(I:EY\;EE.QQ)C-QEE mVW.RSC.ORGIELECTRONICFILES FOR DETAILS

ARTICLE TYPE

View Article Online

WWW.ISC.OrgHeixs0G0 49 XIOEKAIECRX

Comparative studies on conventional and solvent-free synthesis toward
hydrazones: Application of PXRD and chemometric data analysis in
mechanochemical reaction monitoring

Jana Pisk,” Tomica Hrenar,* Mirta Rub¢i¢,” Gordana Pavlovi¢,” Vladimir Damjanovié,® Jasna Lovrié,*

Marina Cindrié,” Vi§nja Vrdoljak**

Received (in XXX, XXX) Xth XXXXXXXXX 200X, Accepted Xth XXXXXXXXX 200X

First published on the web Xth XXXXXXXXX 200X
DOI: 10.1039/b000000x

Synthesis of hydrazones was performed via both conventional and solvent-free routes using the

corresponding hydrazide (isonicotinic hydrazide, nicotinic hydrazide, 2-aminobenzhydrazide or 4-

aminobenzhydrazide) and appropriate aldehyde (salicylaldehyde , 3-methoxysalicylaldehyde or 4-

methoxysalicylaldehyde). A systematic study dedicated to solvatomorphism or polymorphism

screening resulted in formation of twelve novel crystalline forms, and eight of these were

characterized via the single crystal X-ray diffraction method. In all studied structures, the

molecules were assembled into endless supramolecular chains, discrete rings, chains of rings or

nets. The mechanochemical synthesis employing liquid-assisted grinding was also applied and the

nicotinic- and isonicotinic-based hydrazones were found to form readily from their corresponding

precursors. The chemometric study using principal component analysis for mechanochemical

synthesis monitoring was implemented for the first time to provide an insight on the reaction

profiles. A thoughtful combination of ex situ powder X-ray diffraction method and chemometric

analysis was essential to identify a stepwise mechanism for the hydrazone formation via an

intermediate phase. In five investigated reactions the first principal component accounted for at

least 75% of the total variance, whereas in the case of two reactions this component accounted for

69.72 and 46.23% of the total variance. The hydrazones were also evaluated for cytotoxic activity

in vitro. All compounds exhibited weak to moderate cytotoxicity against THP-1 and no

cytotoxicity against HepG2 cells. Substantial antibacterial activity was obtained against Moraxella

catarrhalis while no growth inhibition of Staphylococcus aureus, Enterococcus faecalis

Escherichia coli was observed.

Introduction

Short- and long-term environmental issues are one of the most
challenging and prominent key points of academy and
industry. The necessity of greener conditions has led to
development of solventless protocols that impose themselves
as the future of sustainable pathways. In this context,
mechanochemistry is suggested as a promising alternative to
classical solution-based synthesis of a wide range of
compounds and as a potential method to obtain novel solid
forms.'™

Most of the mechanistic studies of mechanochemical reactions
are achieved by ex sifu identification of the compounds
obtained after the reaction. Recently presented methods and
techniques have been intended to serve for real time in situ
reaction monitoring, which provided direct insight into the
product formation.*® In situ analysis is highly required and
needed for the air, moisture or CO, sensitive reactions.”!°
Lately, mechanochemistry has gained momentum in synthesis
of active pharmaceutical ingredients (APIs)." It is well known
that aroylhydrazones represent an important group of active
molecules having numerous biological properties.'*”'> The
first synthesis of hydrazones using ball-milling method was
reported by Kaupp and coworkers.'*'” Moreover, Baltas et al.

recently reported solvent-free route for pharmaceutically
attractive phenol hydrazones using a vibratory ball mill.'®

In continuation to our previous work,"”2! we aimed to
investigate synthesis and properties of a series of
aroylhydrazones (Scheme 1). The idea in this work was to test
for the first time the implementation of chemometric analysis
using principal component analysis (PCA) for the
mechanochemical synthesis monitoring.
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Scheme 1 Structures of aroylhydrazones
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This part involved: (1) optimization of the experimental
conditions for the solvent-free synthesis; (2)
monitoring of the synthesis by the powder X-ray diffraction
method (PXRD); and (3) data evaluation using PCA. We
showed how combining analyses based on PXRD technique
and chemometric method easily allow identification of an
intermediate phase and help in generating reaction profiles.
Pseudopolymorphic or polymorphic form outcome is very
important for APIs as they could have different physical and
chemical properties.”” ** Therefore, a systematic study
dedicated to solvatomorphism or polymorphism screening was
undertaken. Since the occurrence of solvated crystalline forms
may not always be of direct significance to a particular
product, the products of desolvation were also obtained and
characterized.

Analytical tools were applied in order to determine properties
of each product (whether it was amorphous or crystalline, a
single form or mixed solid phases, a known form or novel
form, or it was different solvate). All forms were additionally
compared to the ones known from Cambridge Structural
Database (CSD).** We were particularly interested to
investigate the influence of the solvent molecules on
intermolecular interaction patterns and crystal packing
features. In the end, cytotoxic and antibacterial activities of
the obtained compounds against selected human cancer cell
lines and Gram-positive and Gram-negative bacterial strains
were assessed.

ex-situ

Results and Discussion

Solution based synthesis and solid state transformations of
the solvated forms

All hydrazones were prepared by the condensation reaction of
the corresponding hydrazide (isonicotinic hydrazide (1),
nicotinic hydrazide (2), 2-aminobenzhydrazide (3) or 4-
aminobenzhydrazide  (4)) with  aromatic  aldehyde
(salicylaldehyde (a), 3-methoxysalicylaldehyde (b) or 4-
methoxysalicylaldehyde (c)), Table 1, Schemes S1 and S2
(see ESIf). In the case of the 2-amino- and 4-
aminobenzhydrazide it was important to maintain equimolar
amounts of the hydrazide and aldehyde while keeping the
reaction temperature below 40 °C. Under these conditions,
only one condensation reaction occurred while the amine
functional group on phenyl ring remained free.

Investigation of reaction conditions in methanol or ethanol
was carried out comprehensively to explore potential
formation of different crystalline forms. As a result, new
hydrazone forms were achieved and crystal structures of
2b-MeOH, 2c¢-MeOH, 3b, 4a, 4b-MeOH, 4b-EtOH and 4c
were determined by the single crystal X-ray diffraction
method. PXRD patterns allowed the comparison of results
with literature data as well as with those simulated from the
single crystal experiment (Figs. S1-S4, see ESIf). Fast
evaporation under vacuum led to the formation of solvent-free
forms, whereas longer crystallization processes favoured
formation of the solvates either with one methanol (or
ethanol) molecule (2b-MeOH, 2¢-MeOH, 4b-MeOH and
4b-EtOH) or with one water molecule (1¢-H,0, 2a-H,O,
2b-H,0, 2¢'H,0 and 4b-H,0). All hydrates were grown from

DOT: 10.1039/C7CE02136D

an ethanolic solution exposed to atmospheric moisture.
Crystallization from other organic solvents (Table S1) led to
formation of hydrates or unsolvated forms most probably due
to the specific intermolecular interactions formed between
hydrazones or between hydrazone and water molecules.
Before any attempt to perform the desolvation reactions,
thermal stability of the hydrazones was examined (see TG
analysis). Compound 4b-MeOH was the most unstable and we
were not able to obtain its experimental PXRD pattern due to
its very fast transformation to 4b (Figs. S4 and S5, see ESIT).
Crystals of 2b-MeOH and 2¢:-MeOH tend to lose solvent of
crystallization upon grinding (Fig. S2). After prolonged
grinding of 2b-MeOH, 2c¢:-MeOH, and 4b-EtOH at room
temperature a complete desolvation led to formation of the
crystalline forms 2b, 2c¢-I and 4b, respectively, Scheme 2.
These transformations were also followed by the powder X-
ray diffraction methods (Fig. S5).

Table 1 Synthesis of hydrazones.

Hydrazone Solution based Mechanochemical ~ Desolvation
method synthesis of solvates
1a + +
1b + +
1c + +
1c-H,0 +
2a-1 and 2a-I1 + +
2a'HzO + +
2b +
2b'HzO + +
2b-MeOH +
2¢-I and 2¢-11 +°
2C‘H20 + +
2¢:-MeOH +
3a +
3b + +
3c +
4a +
4b + +
4b'HzO +
4b-MeOH +
4b-EtOH +
4c +

* 2a-1 was obtained by the condensation reaction in MeOH; 2a-II was
obtained upon crystallization from acetone and MeCN; 2¢-1 was obtained
upon desolvation from 2¢c-MeOH; 2¢-II was obtained upon dehydration.

Additionally, a thermally induced desolvation of the hydrates
was performed (Scheme 2). The absence of solvent molecule
in 1¢-H,0 resulted in formation of 1¢ (CSD code KUTPOF)
whereas the dehydration of 2¢:H,0 and 4b-H,0 resulted in
the crystalline forms 2¢-II and 4b, respectively, which could
not be obtained directly by the solution based method. In the
case of 2a-H,0 and 2b-H,0 the resulting diffraction patterns
of the unsolvated forms revealed the amorphous nature of the
solids (Fig. S6, see ESIY).
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Scheme 2 Graphical scheme of the dehydration/desolvation
reactions in the solid state

Mechanochemical synthesis

Initially, mechanochemistry was employed in the synthesis of
the isonicotinic- and nicotinic-based hydrazones. The liquid-
assisted grinding technique (LAG) in a ball mill of the starting
reagents in presence of a small amount of methanol was used
in all cases except for the compounds derived from
salicylaldehyde, where reagent was used as a liquid. Five
hydrazones were successfully obtained in such a way, the
unsolvated forms 1a and 1b and monohydrates 2a-H,O,
2b-H,0 and 2¢-H,0. In comparison to the conventional
solution based method, the mechanochemical synthesis
resulted in the quantitative conversion. The powder X-ray
diffraction revealed the complete disappearance of reflections
corresponding to starting compounds after 10-60 min if
reactions were conducted at 25 Hz. The lack of the starting
compounds in the final products was also confirmed by the
FT-IR — ATR spectroscopy.

The diffractograms of samples obtained from the 4-
methoxysalicylaldehyde and isonicotinic hydrazide indicated
a very fast formation of the intermediate (see ESI Scheme
S2%) with significantly lower chemical reactivity.’®*
Afterward, the PXRD patterns revealed the partial
disappearance of the X-ray reflections corresponding to the
intermediate and concomitant appearance of the diffraction
features consistent with those calculated from known crystal
structure of 1¢:H,0. However, formation of the pure product
1c:H,O was not achieved even after 270 min milling time
(Fig. S7).

The aminobenzhydrazone compounds 3a-3¢ and 4a-4c¢ could
not be obtained selectively under the above mentioned
conditions due to formation of by-products (imines or
quinazolinones). Only in the case of 3b, when reaction
proceeded at 10 Hz, formation of the target hydrazone via
mono-functionalisation of the 2-aminobenzhydrazide was
successfully achieved.

DOT: 10.1039/C7CE02136D

Ex-situ reaction monitoring using powder X-ray diffraction
method and chemometrics

One of the main objectives of this work is the application of
chemometric tools for PXRD data analysis obtained by
reaction monitoring. To test feasibility, it was necessary to
develop optimized reaction conditions (frequency, number of
milling balls and the addition of small quantities of solvent)
that provide a suitable reaction progress for ex-sifu monitoring
and chemometric data analysis.

For this purpose, the best conditions were applied and LAG
reactions were conducted using a ball mill operating at a
frequency of 25 Hz (1a and 2a-H,0), 10 Hz (1b, 2b-H,0 and
3b) and 20 Hz (2¢H,0), and 25 pL of methanol and one
milling ball. Performing multiple runs allowed synthesis
progress to be followed ex-situ as a function of time without
disturbing reaction mixture. A sample of the powder obtained
after a particular reaction time was immediately analyzed by
using the PXRD method (no purification of the powder was
performed). Comparison of the patterns of the finally obtained
hydrazones and those calculated from the single crystal X-ray
crystallography studies (Fig. 1) confirmed the composition of
the mechanosyntesized hydrazones. PXRD patterns for ex-situ
monitoring and chemometric data analysis are given in Figs.
2-5 and Figs. S7-S11. They show a comparison of patterns
between the starting materials and reaction progress as a
function of time.
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Fig. 1 PXRD patterns of the mechanochemically prepared hydrazones
(the blue lines) and simulated patterns (the black lines with refcode) of
(a) 1a (50 min reaction), CSD code WEHFEU;* (b) 1b (70 min reaction),
CSD code CANCOK;” (c) 2a-H,0 (90 min reaction), CSD code
IDASUB,* and (e) 2¢-H,0 (150 min reaction), CSD code XIBZOY"¢; (d)
PXRD pattern of the mechanochemically prepared 2b-H,O (the blue line,
70 min reaction) and of the sample obtained by the solution based
method (the black line); (f) PXRD patterns of the mechanochemically
prepared 3b (90 min reaction) and calculated from the crystal structure 3b
(the black line).

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 3


http://dx.doi.org/10.1039/c7ce02136d

Published on 13 February 2018. Downloaded by Freie Universitaet Berlin on 13/02/2018 19:22:28.

CrysttngComm

View Article Online

Al | Q)
AA , f m L @

|
T 0
' (e
£
g N (@

A, A A i(;)

A AM A e A (b)

A Ad A A A4 A I (a)

0o 20 30Ty
260/deg

Fig. 2 (a) PXRD patterns of pure isonicotinic hydrazide (refcode:
INICAC); Ex-situ X-ray diffraction analysis of the 1:1 reaction between
salicylaldehyde and isonicotinic hydrazide after (b) 10 min; (c¢) 20 min;
(d) 25 min; (e) 30 min; (f) 40 min; (g) 50 min; and (h) PXRD patterns of
1a calculated from the deposited crystal structure (refcode: WEHFEU).
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Fig. 3 (a) PXRD patterns of pure nicotinic hydrazide calculated from the
deposited crystal structure (refcode: GIRYEM); (b) PXRD patterns of
pure 4-methoxysalicylaldehyde; Ex-situ X-ray diffraction analysis at
room temperature of the 1:1 reaction between 4-methoxysalicylaldehyde
and nicotinic hydrazide after (¢) 30 min; (d) 50 min; (¢) 70 min; (f) 90
min; (g) 120 min; (h) 150 min and (i) PXRD patterns of 2¢-H,O
calculated from the deposited crystal structure (refcode: XIBZOY; X-ray
study at 150K).
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Table 2 Total variance represented by the first 6 principal components
calculated for a set of PXRD data collected through mechanochemical
syntheses

Component 1a Cumulative 1b Cumulative 3b Cumulative

PC1 82.87 8287 69.72 69.72 4623 4623
PC2 815 91.02 2534 9506 3790 84.13
PC3 450 9552 3.60 98.66 1123 9536
PC4 210 97.62 0.76 99.42 297 9833
PC5 092 9854 056 9998 1.67 100.00
PC6 0.84 9938 0.00 9998 0.00 100.00

2a Cumulative 2b Cumulative 2¢ Cumulative
PC1 8991 8991 89.03 89.03 8949 89.49
PC2 6.19 96.10 483 9386 8.08 9757
PC3 334 9944 247 9633 1.33 98.9
PC4 028 99.72 229 98.62 0.76 99.66
PC5 0.18 999 1.35 9997 0.31 99.97
PC6 0.08 9998 0.00 9997 0.00 99.97

1c¢ Cumulative
PC1 7488 7488
PC2 1588 90.76
PC3 5.46  96.22
PC4 3.10 99.32
PC5 0.68 100.00
PC6 0.00 100.00
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Fig. 4 Time dependence of PC1 scores calculated for a set of PXRD data
collected through mechanochemical synthesis of 1a.
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Fig. 5 Time dependence of PC1 scores calculated for a set of PXRD data
collected through mechanochemical synthesis of 2¢+H,O.
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Fig. 6 Principal component loadings calculated for a set of PXRD data collected through mechanochemical synthesis of 3b.

In general, salicylaldehyde and 4-methoxysalicylaldehyde are
less than the 3-methoxy-substituted aldehyde.
Comparison of the data for 2b-H,0 implies that the reaction
does not proceed any further beyond 10 min of grinding. In
the case of 1b the reaction is almost complete within the first
20 min and after that time only a small additional amount of
product is formed.

According to the analysis of the PXRD patterns (Table 2,
Figs. 4 and 5), the reaction profiles can be well represented
using only the 1% principal component. In each case where the
PC1 describes more than 70% of the total variance, this
reaction profile nicely shows the progress and the end of the
reaction. Investigation of PXRD patterns confirmed that
reactions were completed in the time predicted by the PC1
reaction profiles.

In the case of 1b and 3b formation of a reaction intermediate
was noticed. Total variance described in the first principal
component was less than 70%. For the formation of 1b and
3b, it was 69.72 and 46.23% respectively. These lower values
of the total variance indicate some other types of reactions in
the investigated systems. More probably, the two or even
more consecutive reactions were present and the formation of
the reaction intermediate occurred.

Principal component loadings in 3-dimensional space show a
particular symmetrical "butterfly" pattern (Fig. 6). This
symmetrical pattern along with the principal components
indicates the almost equal importance of the orthogonal
eigenvectors extracted from the original PXRD data. Since
first 2 principal components explain nearly equal amounts of
variance, it is reasonable to expect that two or even more
reactions are occurring simultaneously.

reactive

Molecular structures of 2b-MeOH, 2c¢-MeOH,
4b-MeOH, 4b-EtOH, 4b-H,0 and 4c

The general crystallographic data along with the final data
collection parameters and refinement statistics, selected bond
distances and torsion angles, dihedral angles and hydrogen
bonds geometry are given in Tables 3, S1-S4, see ESIY),
respectively. The asymmetric units of 3b, 4b-MeOH,
4b-EtOH and 4c contain two crystallographically independent
molecules.

The solid-state structures (Fig. 7, Figs. S12-S14, see ESI{)
reveal that all molecules are in the amide tautomeric form
with £ configuration. The -NH and C=0O groups of the amide
fragment exhibit trans spatial orientation, as it is expected due
to spatial demands of substituents leading to van der Waals
repulsion minimization. This can be described also as
synperiplanar conformation considering restricted rotation
around the amide C—N single bond (see the torsion angle N2—
N1-C1-C2 values in Table S2 denoted as7).

The values of torsion angles 7 and ¢, first describing the N-
aroyl substituent rotation and another, describing blocked
rotation around C8—C7 and C8-C9 bonds, predominantly ¢ in
character, in nicotinic hydrazide derivatives and
aminobenzhydrazide derivatives, respectively (Table S2) are
endorsement of the planarity of the central molecular moiety
=N-NH—(C=0)-. The rotation around these bonds (C8—-C7 or
C8-C9) is blocked due to the existence of O-H---N
intramolecular hydrogen bond between the hydroxyl group
and the imino nitrogen atom N2 forming six-membered
pseudoaromatic ring described by the graph-set notation as
S(6) in all structures.

3b, 4a,
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Fig. 7 Mercury-POV-Ray drawing of the asymmetric units of selected
molecular structures of hydrazones: (a) 2b-MeOH; (b) 3b and (c)
4b-H,0. The displacement ellipsoids are drawn at the 50 % probability
level at 296(2) K. The hydrogen atoms are drawn as spheres of arbitrary
radius. Intramolecular hydrogen bonds within asymmetric unit are shown
as pink dashed lines.

The bond distances of =N—-NH—(C=0)— moiety i.e. correlate
with above considerations (ESI Table S2). On the contrary to
the planarity of the central molecular fragment, the molecules are
not planar as a whole which is confirmed by the dihedral angles
between phenyl rings planes (ESI Table S3). The planarity is
more pronounced in nicotinic hydrazide derivatives than in
aminobenzohydrazide derivatives amounting 2.2(1) and 6.1(1)° in
2¢:'MeOH and 2b-MeOH structures, respectively, while in
aminobenzhydrazide derivatives the dihedral angles between
phenyl rings planes are in the range 19.1(1) - 37.0(2)° (Fig. 8).
There is no correlation between the presence of the solvent of
crystallization and molecular planarity due to the possible more
complex hydrogen bonds network with the crystallization
solvents.

Fig. 8 Mercury-POV-Ray rendered view of overlapping diagram for 4-
aminobenzhydrazide-based hydrazones (4b-H,O — red, 4b-MeOH — two
crystallographically independent molecules in dark yellow and green,
4b-EtOH - two crystallographically independent molecules in magenta
and blue). Diagram was constructed by overlapping molecules through
nitrogen and oxygen atoms of central molecular =N-NH—(C=0)—
moiety.

DOT: 10.1039/C7CE02136D

Supramolecular architectures of the eight hydrazones and
role of solvents of crystallization in the supramolecular
assembly

The solid-state structures of eight hydrazones reveal proton
donor/acceptor competition of functional groups in
supramolecular assembly (for detailed description of
supramolecular architecture for each compound see ESIT). It
has been found that in all studied structures, molecules form
endless supramolecular chains, discrete rings, chains of rings
or nets defined by hydrogen bonds.

The frequent supramolecular feature is the appearance of
bifurcation which implicates formation of fused hydrogen
bonded rings or infinite chains of rings as preferable
supramolecular synthons rather than 1D infinite chains. The
bifurcation of atoms of solvent molecules is found for the O4
oxygen atom from solvent molecules of crystallization in the
structures of 2b-MeOH (Fig. 9) and 2¢-MeOH (Fig. S15). In
the crystal structures of nicotinic hydrazide derivatives
2b-MeOH, 2c¢-MeOH the strong proton acceptor such as
pyridine nitrogen atom forms hydrogen bonds exclusively
with alcohols.

Fig. 9 Supramolecular assembly in compound 2b-MeOH. Intramolecular
hydrogen bond O2:-N2 is shown as magenta dashed lines, intermolecular
hydrogen bonds of the O—H-"N and N-H---O type as dark orange dashed
lines, and the weak C—H:--O intermolecular hydrogen bonds as blue
dashed lines. The same colour scheme for hydrogen bonds has been
applied in all crystal structures. Atom-labelling has been applied for non-
hydrogen contact atoms within the unit cell.

Fig. 10 Supramolecular assembly in compound 3b. Infinite chains along
a axis is formed based on two hydrogen bonds: intra N3-HI13N---O1 and
inter N3—H23N---O1. The chains are stacked along b axis.
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Fig. 11 Supramolecular assembly in compound 4a into 3D hydrogen
bonded network.

Carbonyl oxygen atom Ol in 3b, 4a and 2¢-MeOH (Figs. 10,
11 and S24, respectively), hydroxyl O2 atom in 3b and C13
aryl group in 3b (Fig. 10) and —NH amine hydrogen atom in
4b-EtOH and 4b-MeOH (Figs. 12 and S16, respectively)
exhibit bifurcation, too.

The supramolecular function of solvents of crystallization is
interlinking hydrazone molecules via hydrogen bonds with the
carbonyl O1 atom, hydroxyl O2 atom and amine —NH group
(Fig. S17). This function in supramolecular architecture is
significant since water or alcohols molecules exhibit multiple
roles as proton donors and acceptors at the same time. The
role of water molecule as the solvent of crystallization is
different in comparison with the supramolecular role of
methanol and ethanol molecules in 4b-MeOH (Fig. S16) and
4b-EtOH (Fig. 12). While the structures of 4b-MeOH and
4b-EtOH are similar at the level of strong or moderate
hydrogen bonds, the O4 oxygen atom of monohydrate 4b-H,0O
(Fig. 13) possesses multiple roles in hydrogen bond formation
interlinking molecules via hydrogen bonds with the carbonyl
amide O1 atom, hydroxyl O2 atom and amine —NH group (see
ESI for detailed description). Further, the simultaneous acting
as proton acceptor and donor, results in formation of infinite
chains, which is particularly perceived for hydroxyl oxygen
atom (2¢-MeOH, 3b, 4a, 4b-EtOH and 4b-MeOH).

¢

Fig. 12 Supramolecular assembly in compound 4b-EtOH showing
assembling of crystallographically dependent molecules via hydrogen
bonds into sheets.

DOT: 10.1039/C7CE02136D

Fig. 13 Supramolecular assembly in compound 4b-H,O showing water
molecule multiple role in hydrogen bond formation.

A well-known amide group supramolecular pattern of C(4)
infinite chains between carbonyl amide and -NH amide group
defines only 4c¢ supramolecular structure (Fig. 14).

The crystal structures of compounds without crystallization
solvents are dominated with hydrogen bonds including
carbonyl amide O1 atom as proton acceptor with amine rather
than amide group. Methoxy group participates in the
formation of weak hydrogen bonds usually of the C-H---O
type, with amine group (only in 4b-MeOH, 4b-EtOH) or does
not participate at all (4¢).

Fig. 14 Supramolecular assembly in compound 4¢ showing C(4)
supramolecular synthon formed between amide nitrogen atoms and
carbonyl oxygen atoms.

Spectroscopic characterization

The characteristic IR bands, NMR and UV data are given in
ESI. The IR spectra of the hydrazones confirmed the presence
of the carbonyl group of the amide tautomer (Scheme S3, see
ESIt). This is indicated by the intense absorption in the range
of 1690-1620 cm™'. All compounds exhibited a vibration band
at ca. 1610 cm™' belonging to C=Njpyi,. group along with an
absorption band at ca. 2840 cm™ ' attributed to C—H stretching
of the —(C=0)-NH-N=CH- moiety. Additionally, the
medium intensity band observed at ca. 1150 cm ™' is assigned
to N-N stretching vibrations. Finally, the spectra of all
hydrates showed the absorption band at ~3550 cm ' assigned
as O—H stretching which revealed the presence of the
crystalline water molecule.

This journal is © The Royal Society of Chemistry [year]
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Proton and carbon chemical shifts of all hydrazones (Tables
S5-S8, Schemes S4-S7, see ESIt) are assigned by using one
('"H and APT) and two-dimensional NMR experiments in
DMSO-ds (COSY, HMQC and HMBC). The phenyl and py
moieties gave signals in the range 9.09-6.50 ppm. Singlets at
8.70-8.48 ppm, 11.88-10.69 ppm and 12.29-11.62 ppm are
assigned to azomethyne H, OH and N=NH, respectively. The
presence of NH proton signal in all spectra indicates that
neither of the compounds is in the iminol tautomeric form
=N-N=(C-OH)— but in an amide form =N-NH—-(C=0)-
(Scheme S3). Singlets at ~6.5 and ~5.8 confirmed the
existence of “NH, in the spectra of compounds 3a-3¢ and 4a-
4c, respectively. Additionally, the signals of OH, N=NH and
NH, protons are somewhat broadened indicating their
involvement in hydrogen bonding interactions. 'H NMR
spectra of 1b-4b and 1c-4¢ present a singlet at 3.83-3.78 ppm
due to the OCH; group.

In the *C NMR spectra 1a-1¢ and 2a-2¢, the carbon signals of
the pyridine ring due to nitrogen atom are observed at 152.9-
122.0 ppm, whereas the carbon signals of the phenyl ring
substituted with amino group are found at 150.8-113.0 ppm.
Signals appeared in the low field within the range 165.48-
161.52 ppm and 150.01-147.32 ppm are attributed to C4 of
the carbonyl amide group and C1 carbon of the CH=N group,
respectively.

The 'H NMR spectra of isonicotinic- and nicotinic-based
hydrazones 1a-1c¢ and 2a-2c, respectively, showed two sets of
signals with a ratio of intensities ca. 1:0.06 (1a), 1:0.06 (1b)
and 1:0.04 (1¢), 1:0.06 (2a), 1:0.07 (2b) and 1:0.04 (2¢). This
result indicated presence of the E/Z imine isomers in the
solution at 298 K. In the low integrating set of signals there is
an upfield shift of the resonances OH, NH and H-C11 with
respect to the high integrating set.

The UV-Vis spectral data of some investigated hydrazones, in
different solvents, have been reported in the literature.*™** In
the UV-Vis spectra of isonicotinic- and nicotinic-based
hydrazones appearance of the characteristic bands is very
similar for the each aldehyde used. The bands in the range
215-223 nm and 291-333 nm could be assigned to the m-m*
transition of the aromatic rings and intraligand n—m*
transition, respectively.*’ In the case of salicylaldehyde
derivative, additional band at 329 (1a) and 335 nm (2a) that
could be correlated to the charge transfer within the entire
Schiff base molecule. This band is usually due to strong
intramolecular hydrogen bonding between the hydroxyl group
of the salicylidene and the azomethine nitrogen.*” In the case
of hydrazones obtained from aminohydrazidess, bands do not
follow exact similarity pattern as those obtained from
previously mentioned ones. The first band typical for m-m*
transition of the aromatic rings, for hydrazone derived from 2-
aminobenzhydrazide (3a-3¢) appeared in 218-223 nm region,
while for 4a and 4b at 228 and 222 nm, respectively. The
second band for 3a-3c appeared in the region 288-331 nm,
while for the hydrazones 4a and 4b at 333 and 321 nm,
respectively. The third band around 345 nm could be seen in
the case of hydrazones 3a-3¢, but not in the case 4a and 4b.
Hydrazone 4¢ has only one characteristic band at 336 nm.

DOT: 10.1039/C7CE02136D

Thermal analysis

The first mass loss in the TG curves of ligands 1¢-H,O and
2a-H,0, 2b-H,0, 2¢'H,0, 4a-H,0 is related to the water
molecule release (6.0%, 6.8%, 5.7% and 6.1%, 5.8%,
respectively). The melting endothermic peaks of the
anhydrous hydrazones l¢, 2a and 2c¢ are sharp, in narrow
temperature interval, directly implying sample purity. From
DSC measurements, the melting point for unhydrous form 1¢
was at 229 °C (AgeH = 130 kJ mol™), 2a at 184 °C (Ag H =
25 kJ mol™), 2¢ at 143 °C (ApeH = 32 kJ mol™"). For 2b and
4a it is not possible to distinguish the desolvation and melting
processes.

The solvent molecules of the alcohol solvate forms
2b-MeOH, 2c¢-MeOH, 4b-MeOH and 4b-EtOH escape easily
at room temperature. From DSC measurements, the melting
point for unsolvated forms 2b was at 160 °C (A H = 21 kJ
mol™"), 2¢-I was at 168 °C (AgH = 24 kJ mol™!) and 4b at 228
°C (ApH = 37 kJ mol™).

The unsolvated forms crystallized directly from solution have
meting onsets found for 1a at 250 °C (AgH = 40 kJ mol™! ),
1b at 235 °C (AgH = 29 kJ mol™), 1¢c was at 229 °C (AgH =
130 kJ mol ™), 2a at 190 °C (AgH =27 kJ mol ™), 2a-ITI at 185
°C (ApsH = 22 kJ mol™), 3a was 166 °C (AgeH = 26 kJ
mol™"), 3b at 185 °C (ApH = 27 kJ mol™), 3¢ at 157 °C
(AsH =27 kI mol™") and 4¢ at 225 °C (AgH = 30 kJ mol™).

In vitro cytotoxic and antibacterial activity

Cytotoxic activity against THP-1 and HepG2 cells expressed
as ICs and antibacterial activity against S. aureus, E. faecalis,
E. coli and M. catarrhalis bacteria expressed by MIC were
determined for hydrazones la-lc, 2a-2¢, 3a-3c¢, 4a-4c and
their parent hydrazides 1-4 (Table 4).

Tested compounds were found noncytotoxic against HepG2
cell line (ICso > 100 pmol/L) but hydrazones showed weak to
moderate cytotoxicity on THP-1 cells. Parent hydrazides 1-4
were found noncytotoxic against THP-1. Similar cytotoxicity
was previously established for related aroylhydrazones.*

Table 4 Cytotoxic and antibacterial activity data for hydrazones and their
parent hydrazides.

ICso (umol/L) MIC (ug/mL)
Compound S. aureus  E. E. coli M.
THP-1" HepG2 faecalis catarrhalis
la 1736  >100  >256 >256 128 16
1b 11.61 >100 >256 >256 128 8
1c 37.81  >100 >256 >256  >256 4
2a 26.81 >100 >256 >256 64 32
2b-H,0 2533 575 >256 >256 64 16
2¢-H,0 19.41 >100  >256 >256 128 8
3a 20.61 >100 >256 >256 128 8
3b 17.16  >100  >256 >256  >256 8
3c 1542  >100 >256 >256 64 8
4a 62.71  >100  >256 >256  >256 16
4b >100  >100 >256 >256  >256 32
4c 66.51 >100 >256 >256  >256 8
1 >100  >100 >256 >256  >256 256
2 >100  >100 >256 >256  >256 >256
3 >100 >100  >256 >256  >256 256
4 >100  >100 >256 >256  >256 256
Staurosporine  0.33 1.87 - - - -
Azithromycin - — 1 2 0.25 0.06
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From ICs, values of hydrazones obtained on THP-1 cells no
trend is observed when either moiety originating from
hydrazide or moiety originating from aldehyde is preserved.
However, the lowest cytotoxicity was established for
hydrazones 4a-4c¢ containing 4-aminobenzhydrazide (4).

In general, high minimum inhibitory concentrations (MIC >
128 pg/mL) for all of the investigated compounds indicated
no growth inhibition of strains S. aureus, E. faecalis and E.
coli. Hydrazides 1-4 showed no antibacterial activity on M.
catarrhalis strain while hydrazones, with their significantly
lower MIC values, demonstrated selective activity against M.
that can be characterized as intermediate.
However, the anti-M. catarrhalis activity of these compounds
is notably lower when compared to reference antibiotic
azithromycin. Even though all hydrazones displayed similar
MIC values, several observations can be highlighted. When
focused on the influence of hydrazide part of hydrazone,
hydrazones 1a, 1b and 1c¢ derived from para-isomer of
pyridine carbohydrazide (1) have higher antibacterial activity
than corresponding hydrazones 2a, 2b and 2c¢ that contain
meta-pyridine carbohydrazide (2), respectively. In the series
of hydrazones containing amino substituted benzhydrazide (3
or 4), those with ortho-aminobenzhydrazide (3a and 3b) are
found to be more active than their respective para-isomers (4a
and 4b) with the exception of hydrazones 3¢ and 4c. When
comparing the effect of aldehyde moiety on activity towards
M. catarrhalis, the highest activity is exhibited by hydrazones
derived from 4-metoxysalicylaldehyde while those from
salicylaldehyde showed the lowest activity in the case of 1a-
1c and 2a-2c series.

Overall, the results of cytotoxic and antibacterial activity
studies suggest that hydrazones 4c¢ and 1c are the least
cytotoxic and the most potent antibacterial agents making
them the most promising compounds for further
investigations.

catarrhalis

Conclusions

The solution based method results in formation of hydrazones
either in the solvent-free form or as solvates or both,
depending on the reaction or crystallization conditions.
Specific intermolecular interactions between hydrazones or
those between hydrazones and solvent molecules are also
important in the crystallization processes and determine the
structures and compositions of the final products. Eight novel
crystal forms are structurally characterized via the single
crystal X-ray diffraction method revealing the supramolecular
assembling role of solvent molecules of crystallization via
comprehensive analysis of hydrogen bonds patterns in the
solid state. This role is the consequence of the proton
donor/acceptor competition among functional groups of
hydrazones and solvent molecules.

The solid state desolvation route provides an alternative to
the conventional method to achieve crystalline unsolvated
forms. The mechanochemical strategy employing liquid
assisted grinding is demonstrated to be as a successful route
for the preparation of the isonicotinic- and nicotinic-based
aroylhydrazones. Furthermore, by combining the extensive
chemometrical analysis for mechanochemical synthesis

DOT: 10.1039/C7CE02136D

monitoring, by using ex situ PXRD data with the proper
reaction conditions, it is possible to derive a throughout
understanding of the reaction processes on molecular level,
formation intermediates and reaction periods.

The compounds exhibited no cytotoxic activity on HepG2 and
weak to moderate activity on THP-1 cells. No inhibited growth of
S. aureus, E. faecalis and E. coli was observed while substantial
antibacterial activity was obtained against M. catarrhalis.

Experimental section
General remarks

All starting materials and solvents were purchased from
commercial sources and used as received without further
purification or drying. Elemental analyses were provided by
the Analytical Services Laboratory of the Ruder Bogskovi¢
Institute, Zagreb. TG analysis was carried out with a Mettler-
Toledo TGA/SDTAS851e thermobalance using aluminum
crucibles. All experiments were recorded in a dynamic
atmosphere with a flow rate of 200 cm® min~'. Heating rates
of 5 K min"' were used for all investigations. DSC
measurements were carried out with a Mettler-Toledo
DSC823e calorimeter and analyzed by the Mettler STAR®
9.01. software. FT-IR spectra were recorded on a Perkin
Elmer Spectrum Two FTIR Spectrometer using Attenuated
Total Reflectance technique (ATR). NMR spectra were
recorded on Bruker Avance III HD 400 spectrometer
operating at 400 MHz. Compounds were dissolved in DMSO-
d¢ and measured in 5 mm NMR tubes at 298 K with TMS as
an internal standard. The sample concentration was 10 mg/ml.
Electronic absorption spectra of methanol solutions (¢ = 3%
10~ mol dm™) were recorded at 25 °C on a Specord 200
UV/Vis (Carl Zeiss, Jena) spectrophotometer with 1 cm quartz
cells. Yields and analytical data are given in the Supporting
information.

Solution-based synthesis

Hydrazones derived from isonicotinic hydrazide (1la-lc,
1c:H,0) and nicotinic hydrazide (2a, 2a-H,O0, 2b-H,0,
2b-MeOH, 2¢'H,O and 2c¢-MeOH). A  mixture of
salicylaldehyde, 3-methoxysalicylaldehyde or 4-
methoxysalicylaldehyde (5 mmol) and isonicotinic hydrazide or
nicotinic hydrazide (5 mmol) in alcohol (methanol or ethanol
250 mL) was refluxed with continuous stirring for 3 h. Unless
otherwise stated the obtained solution was cooled and
concentrated under vacuum to one third of its volume (see
ESI). It was left at room temperature for a few days. The
obtained crystalline product was filtered and dried in a
dessicator up to constant weight.

Hydrazones derived from 2-aminobenzhydrazide (3a-3c) or
4-aminobenzhydrazide (4a, 4b-MeOH, 4b-EtOH and 4c)

a) Salicylaldehyde dissolved in 40 ml of methanol was added
dropwise to a solution of 2-aminobenzhydrazide (5 mmol in
60 mL of methanol) under stirring maintaining the
temperature between -5 and 0 °C. After 30 min the mixture
was continuously stirred at room temperature for 4 h. The
obtained solution was then concentrated under vacuum to one
third of its volume. The resulting solution was left at room

This journal is © The Royal Society of Chemistry [year]
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temperature for a few days. The obtained crystalline product
was filtered and dried in a dessicator up to constant weight.

b) 2-Aminobenzhydrazide or 4-aminobenzhydrazide (5 mmol)
was dissolved in 60 mL of alcohol. To this stirred solution
was added dropwise a solution of 3-methoxysalicylaldehyde
or 4-methoxysalicylaldehyde (5 mmol) in 40 ml of alcohol at
25 °C. After 30 min the mixture was then heated at 40 °C over
4 h under the continuous stirring. Unless otherwise stated the
obtained solution was cooled and then concentrated under
vacuum to one third of its volume (see ESI). The resulting
solution was left at room temperature for a few days. The
obtained crystalline product was filtered and dried in a
dessicator up to constant weight.

Mechanochemical synthesis

The solid state reactions were carried out using a Retsch
MM200 ball mill. Isonicotinic hydrazide (isoniazide),
nicotinhydrazide, 2-aminobenzhydrazide or 4-
aminobenzhydrazide (1 mmol), and the appropriate aldehyde
(1 mmol of salicylaldehyde, 3-methoxy-salicylaldehyde or 4-
methoxysalicylaldehyde) and methanol (25 pL) were placed
with one 7 mm grinding ball in a 5 mL stainless steel jar.

For the monitoring of the mechanochemical synthesis the
reactions were performed each time starting from the reagents
and were stopped at the end of the desired reaction time. No
purification was performed. Afterwards, samples were
analyzed by PXRD and IR spectroscopy. The reactants were
ground for 50 min at 25 Hz frequency to obtain 1a, 70 min at
10 Hz frequency to obtain 1b, 90 min at 20 Hz frequency to
obtain 2a‘H,0, 70 min at 10 Hz frequency to obtain 2b-H,O0,
150 min at 10 Hz frequency to obtain 3b.

Principal component analysis

Numerical analyses were performed using the second-order
tensor decomposition tool principal component analysis, PCA.
In PCA, the data matrix with mean-centered columns X of
rank r is decomposed as a sum of » matrices &;p; of rank 1.
PCA enables one to find the best linear projections for a high
dimensional set of data in the least-squares sense. Scores t;
represent projections of the original sample points on the
principal component (PC) direction and can be used for
classification or building of probability distributions.
Therefore, each point in score plots represents one sample
PXRD spectra. Loadings p; represent the eigenvectors of data
covariance (or correlation) matrix and can be used for the
identification of variability among the data. In this case the
physical units of principal components loadings are the same
as the intensity wunits in PXRD spectra. The initial
development of PCA goes back to Beltrami** and Pearson,*
whereas the name was introduced by Hotteling.*® More details
on PCA can be found in the literature.*’ Principal component
analysis was used as a dimensionality reduction tool and
performed using a NIPALS algorithm® implemented in our
own program moonee.*>

DOT: 10.1039/C7CE02136D

X-Ray crystallography. Powder diffraction.

The powder X-ray diffraction data were collected by the
Panalytical X’Change powder diffractometer in the Bragg-
Brentano geometry using Cu-K, radiation. The sample was
contained on a Si sample holder. Patterns were collected in
the range of 26 =5 — 40° with the step size of 0.03° and at 1.5
s per step. The data were collected and visualized using the
X'Pert programs Suite.”’ Samples obtained by the
mechanochemical synthesis were used immediately for the
powder X-ray analysis. Samples of unstable solvates obtained
by the solution based method were isolated prior to
measurement to avoid loss of solvent as much as possible.

X-Ray crystallography. Single crystal diffraction.

The data collection was carried in the ® scan mode with a
Oxford Xcalibur diffractometer equipped with 4-circle kappa
geometry and CCD Sapphire 3 detector at different
temperatures: 296(2) K for 2b-MeOH, 2¢-MeOH, 3b, 4a,
4b-H,O0, 4c¢ and at 150(2) K for 4b-MeOH, 4b-EtOH and by
using graphite monochromated Mo-K,, radiation (1 = 0.71073
A). Data collection for all structures has been performed by
applying the CrysAlis Software system,”> Version
1.171.37.35. The Lorentz-polarization effect was corrected
and the intensity data reduced by the CrysAlis RED.*

The diffraction data have been scaled for absorption effects by
the multi-scanning method. Structures were solved by direct
methods and refined on F* by weighted full-matrix least-
squares. Programs SHELXT,” SHELXL> integrated in the
WinGX> software system (Version 2014.1) were used to
solve and refine structures. The C-bound hydrogen atoms
were placed in geometrically idealized positions and
constrained to ride on their parent atoms, with C-H
temperature dependent distances values and with U,(H) =
1.2Uc4(C) or 1.5U((C) for methyl H atoms. A rotating model
was used for the methyl groups. The hydroxy H atoms of the
alcohol molecules and aldehyde part of the ligand molecules
were firstly found in a difference Fourier map and then
refined by restraining by SHELXL DFIX instruction the O—H
bond length to be 0.82 (2) or 0.84 (2) A, for 296(2) K or
150(2) K data, respectively. The isotropic displacement
parameters set to be 1.2 times the equivalent isotropic
displacement parameters of the parent oxygen atoms. The
analogous refinement procedure has been applied for amine
nitrogen and amine atom of amide group (restraints of N-H
distance at 0.86(2) A for 296(2) K and 0.88(2) A for 150(2)
K). The presence of hydrogen atom at amine nitrogen atom of
amide group has been additionally confirmed with the
metrical parameters of amide group.

The absolute structures have been determined for 3b, 4a,
4b-H,0 and 4c¢ with the corresponding Flack parameters (see
Table 4). The molecular geometry calculations were
performed by SHELXL>® and PARST*® programs. Molecular
graphics have been done by program Mercury”’ (Version 3.7).
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Table 3 Crystallographic data for compounds 2b-MeOH, 2¢-MeOH, 3b, 4a, 4b-MeOH, 4b-EtOH, 4b-H,O and 4c¢

Complex 2b-MeOH 2¢-MeOH 3b 4a 4b-MeOH 4b-EtOH 4b-H,0 4c
Chemical formula CisH17N304 CisH17N;04 CisH17N30; Ci4sHi3N;0, Ci6H19N304 C7H21N304 C15H17N30, Ci5HisN;05
M, 303.32 303.32 285.30 255.27 317.34 331.37 303.32 285.30
Crystal system, habit and Monoclinic, Monoclinic, Orthorhombic, Orthorhombic, Monoclinic, Monoclinic, Orthorhombic Monoclinic,

colour

Crystal dimensions / mm®

Space group
Z

Unit cell parameters:
alA

b/A

c/A

al°

e

7°

2N

Deyie /g cm™
4/mm™!

F(000)

Index range

No. of measured,

independent and observed [/

> 20(])] reflections, Riy.

Data / restraints / parameters

R[F? > 20(F)], wR(F?), S

(D) max
Apmax; Apmin/e A{‘

Flack parameter

prism, colourless

0.63 x0.30 x 0.24

P21/}’l
4

8.7634(6)
19.3464(11)
8.8479(7)
90
96.305(7)
90
1491.00(18)
1.351
0.100
640

=-10>11
= 2125
I=-11-10

4751/ 3114/ 1935,

0.023

3114/3/211
0.0529, 0.1304,
1.016
0.004
0.157,-0.146

prism, colourless prism, colourless

042x023x0.11  0.62x0.14 x 0.05

P2i/c P na2,

4 4
15.6285(5) 9.8994(7)
12.4516(4) 6.8199(3)
7.3947(3) 20.3396(15)

90 90
93.187(3) 90

90 90
1436.78(9) 1373.19(15)

1.402 1380
0.104 0.099
640 600
= 175520 — 135513
- 13516 =959
=79 = -17-526
6958/3460/2589,  13177/2797/
0.0237 1834, 0.0625
3460/0/ 210 2797/5/202
0.0449,0.1148, ~ 00335,0.1075,
1.032 1.06
0.001 0.001
0.246, ~0.180 0.160, ~0.203
- 0.4(10)

prism, colourless

0.65 x 0.24 x 0.04

P na2,
4

20.911(2)
5.3366(5)
10.8719(9)
90
90
90
1213.25(19)
1.398
0.097
536
=-27-24
=77
I=-14—14

10403/ 2899/2038,

0.051

2899/5/184
0.0470, 0.0802,
0.99
<0.001
0.149, -0.144

~1.4(10)

prism, colourless

0.20 x 0.18 x 0.04

P21/C
8

18.819(2)
12.3035(8)

15.245(2)
90

113.799(16)
90

3229.6(7)
1.305
0.095
1344
=-24-24
=-15-15
I=-19—-19

31536/7385/5199,

0.0454

5199/10/449
0.0488, 0.1034,
1.02
<0.001
0.223,-0.197

prism, colourless

0.42 x 0.39 x 0.08

P21/C
8

19.2494(10)
12.8121(6)

15.0103(7)
90

112.476(6)
90
3420.7(3)
1.287
0.093
1408

=-19-26
=_17-12
I=-20—19

18940/9062/5122,

0.038

9062/8/467
0.0594, 0.1377,
0.98
<0.001
0.276, -0.245

Plate, colourless

0.400.20 0.02

P na2,;
4

24.185(3)
12.6631(18)
4.7046(8)
90
90
90
1440.8 (4)
1.398
0.10
640
=-32-32
=-16—>17
I=-6—6

6479/3564/1467
0.086

3564/6/218
0.077, 0.109, 0.93

0.001
0.180, -0.190
-0.4(10)

prism, colourless
0.59 x 0.38 x
0.12
Pc
4

11.9715(5)
12.5059(6)
9.3710(4)

90
97.453(4)
90
1391.12(11)
1.362
0.097
600

=-13516
=-17517

I=-12-12

15432/6435/3484
0.049

6435/9/408
0.0552,0.097,
0.97
<0.001
0.154,-0.159

0.2(9)
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Cytotoxicity assay

In vitro cytotoxicity screening of hydrazones la-lc¢, 2a-2c,
3a-3c, 4a-4c and their parent hydrazides 1-4 was performed
on human acute monocytic leukemia (THP-1, ATCC TIB-202)
and hepatocellular carcinoma (HepG2, ATCC HB-8065) cells
MTS assay was used to ascertain cell viability.”® HepG2 cells
were grown in DMEM/F12 medium while RPMI 1640
medium was used for THP-1. Media were supplemented with
10% heat inactivated fetal bovine serum and 1%
antibiotic/antimycotic solution. A total of 5-10* cells were
incubated at 37°C in 5% CO, atmosphere and 90% relative
humidity overnight in microtiter plates with appropriate cell
medium containing hydrazone or hydrazide, previously
dissolved in DMSO. Hydrazone or hydrazide concentration
range of 0.80-100 umol/L was used in the case of HepG2 and
10™-100 pmol/L for THP-1. Wells with medium only (blank),
wells with cells and medium as well as wells with cells,
medium and 1% DMSO served as controls. Wells with cells
and staurosporine applied in concentration range 10°-100
umol/L served as control of MTS test. After incubation, MTS
reagent (CellTiter® Aqueous One Solution Cell Proliferation
Assay; Promega) was added to each well and incubation was
continued for 1 (Hep-G2) or 6 hours (THP-1). The absorbance
of the formed purple formazan was measured at 490 nm using
a microplate spectrophotometer Perkin Elmer Victor-2. The
average ICs, value (the concentration required for 50%
decrease in cell viability) was determined from the cell
viability versus concentration curve with GraphPad Prism
software. All experiments were performed in duplicate.

Antibacterial activity assay

Hydrazones 1a-1c¢, 2a-2¢, 3a-3c, 4a-4¢ and parent hydrazides
1-4 were tested for their in vitro antibacterial activity by the
broth microdilution method against two Gram-positive
Staphylococcus aureus (ATCC 13709) and Enterococcus
faecalis (ATCC 29212), and two Gram-negative Escherichia
coli (ECM 1556) and Moraxella catarrhalis (ATCC 23246)
bacterial strains according to guidelines of the Clinical and
Laboratory Standards Institute.”® E. coli strain is
hypersensitive due to the efflux pump deficiency (TolC-
Tnl0). E. faecalis and M. catarrhalis were grown on
Columbia agar plates with 5% sheep blood while Mueller-
Hinton agar plates were used for S. aureus and E. coli. After
22 h incubation at 37°C, bacterial inoculum was prepared by
direct colony suspension method to a density of 10® CFU/mL,
which corresponds to a 0.5 McFarland standard. All strains
were tested in Mueller-Hinton II Broth (cation-adjusted)
culture medium. Tested compound was dissolved in DMSO
and applied, in the concentration range 0.5-128 pg/mL, to
wells inoculated with bacterial suspension (5-10* CFU/well).
Wells with medium only and wells with medium and bacterial
inoculum were also included for sterility and growth control,
respectively. For antibacterial susceptibility validation
bacteria were also treated with control antibiotic azithromycin
(0.03-16 pg/mL). Results expressed as minimum inhibitory
concentration (MIC) values were determined by visual
inspection after 22 h incubation at 37°C in ambient air. All
experiments were performed in duplicate.
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In this manuscript we describe for the first time the implementation of chemometric analysis for the
mechanochemical synthesis monitoring.
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