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Abstract
The 3-amino-4,6-dimethylH-pyrazolo[3,4-b]pyridine ligand and its Mn(ll), RY(

Fe(lll), Cr(ll), Ru(lll), Hf(IV), Zr(IV) and UO(ll) metal complexes were synthesized and
characterized by means of elemental analysis, igpesttidies and thermal investigation. Also,
the theoretical studies that done by Spartan '14l.M1software supported the experimental
studies. The infrared data suggest that the ligagawtdinates to the metal ions as a neutral
monodentate moiety through nitrogen atom of amimmug. The complexes are formed with 1:2
and 1:3 (M:L) molar ratios. All complexes posseseetahedral geometry except the Pd(Il)
complex that presents a square planar geometrymithenalyses (TGA and DTG) of ligand
and its metal complexes are performed in ordedémtify the external solvents molecules and
thermal stability ranges of the complexes. The &§ diffraction studies suggest orthorhombic
structure of P type lattice for Pd(ll) complex andnoclinic structure of P type lattice for Cr(lll)
and Zr(1V). Theoretical calculations are performeaorroborate the experimental results. Some
theoretical parameters are reported in order topementhe reactivity of the compounds. The
cytotoxic activity of the ligand and its Pd(Il) amu(lll) complexes is evaluated against breast
MCEF-7 cell line. Pd(ll) complex presents a highetivaty. The synthesized ligand and its Pd(ll),
Cr(lll) and Zr(IV) metal complexes also are screkfw antibacterial activity. The ligand and its
tested complexes has weak activity towards a Grasitipe bacteria and no activity towards

Gram-negative bacteria except Pd(Il) complex.
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1. Introduction

Pyrazol and pyridine rings are fused to give ddferpyrazolopyridine ring systems [1].
4,6-dimethy-l-1H-pyrazolo[3,4-b]pyridine-3-amine ithe most important pyrazolopyridine
derivative that is used as versatile precursor tepgre several heterocyclic derivatives
(fluorescence dyes, Schiff base, hydrazide and ejc.A number of heterocyclic compounds
containing pyrazolopyridine systems have been &ssolCwith several pronounced medicinal
and biological activities as anxiolytic, antivirahd anti-inflammatory agents [2-9]. Also, in
coordination chemistry, pyrazolopyridine derivaivean be used as ligands coordinating to
metals in the different ways. The amidine moietNFEH-NH,) of these molecules is a
favorable site of coordination found in some metatomplexes with biological applications.
Also, their transition metal complexes have différapplications and are used for anticorrosion
protection of stainless steel in aggressive meki [

Along with transition metals, inner transition nigtaan offer remarkable physico-chemical
properties and have applications both in the tdogiwal field (sensor devices, optical fibers,
lasersgtc.) and in the medical field (in diagnosis and thgyaThe potential of inner metal complexes
for this type of applications is mainly dependemttiee metal center, chromophore and on the nature
of the ligands [11,12]

The present work explores experimentally and thealéy the coordination behave of 3-
amino-4,6-dimethyl-H-pyrazolo[3,4-b]pyridine towards some transitiordanner metal ions.
The structure of synthesized metal complexes [(MnRd(Il), Fe(lll), Cr(ll1), Ru(lll), Hf(IV),
Zr(IlV) and UQ(I)] is elucidated using elemental analysis, spEct magnetic, molar
conductance measurements and thermogravimetricysamahs well as XRD studies. The
cytotoxicity activity of ligand and its Pd(Il) andu(lll) complexes is evaluated against breast
MCF-7 cell line also, the antimicrobial activity done for ligand and its Pd(ll), Cr(lll) and
Zr(IV) metal complexes. The geometry of ligand atgl metallic complexes was obtained

through Semi-Empirical (PM3) calculations.




2. Experimental

2.1. Materialsand M ethods

All chemicals are of analytical grade (BDH, SigmaAddrich) and are used as received
without further purification. Micro analytical datd (C, H, N) are performed on a Perkin Elmer-
2400 elemental analyzer at Main Defense Chemichbtatory, Egypt. Mn(ll) and Fe(lll) ions
are assayed by complexmetric titration [13]. HoweRe(ll), Ru(lll), Hf(1V), Zr(IV), Cr(lll) and
UO,(Il) ions are evaluated by gravimetric analysiseTdhloride ions are estimated by Mohr's
method [13]. Infrared spectra of solid potassiumntide samples are recorded on a Nicolet FT-
IR spectrophotometer in the range 4000-400.citH NMR spectra are measured in DM$6®sn
a Varian Gemini 200 NMR spectrophotometer at 300zMFhe electronic absorption spectra are
obtained in Nujol mulls using a Perkin Elmer Lamidaspectrophotometer. Molar conductance
measurements of metal complexes are determined NtS@ solution (16 M) at room
temperature using a type CD6N Tacussel conductrméte thermogravimeteric investigation
(TG/DTG) are diagrammed under a heating rate d€A@in, nitrogen atmosphere and a flowing
rate of 20 mL/min by using a Shimadzu DAT/TG-50rthal analyzer. A Johnson Matthey
magnetic susceptibility balance using Gouy methad@m temperature is employed to measure
the magnetic susceptibility values. Diamagneticrextions are calculated using Pascal’s
constants [14]. The effective magnetic moments caieulated frompes =2.84Ky™" T)2
equation. Fast Atom Bombardment (FAB) mass spéatrthe ligand and some metal complexes
are recorded on a Shimadzu Qp-2010 Plus spectroraet&l-Azhar University, the Regional
Center for Mycology and Biotechnology. Powdesray diffraction for some complexes are
registered by using an-iy diffractmeter equipped with a graphite monoatator in the range
of (20 = 590°) by nickel separated Cukradiation § = 1.54060 A°). The theoretical quantum
chemical calculations are done by Spartan '14 Misaftware. The cytotoxicity is carried out at
Medicinal Technology Center, Medicinal Researchitui®, Alexandria University. However,
the antibacterial activity of samples is evaluatedhe Regional Center for Mycology and
Biotechnology at Al-Azhar University, respectivelyMelting points are measured by using
Stuart melting point apparatus.

2.2. Preparation of 3-Amino-4,6-dimethyl-1H-pyrazolo[3,4-b]pyridine (HL) ligand




The ligand was prepared as reported [15,16]. Thanagycetamide reacts with
acetylacetone in n-butanol on boiling and in preseaf a few drops of pipridine to give 2-
hydroxy-2,6-dimethylpyridine-3-carbonitrile (1). &tompound (1) was treated with phosphorus
oxychloride (POG) to give 2-chloro-4,6-dimethylpyriine-3-carbonigri(2). The compound (2)
was reacted with hydrazine hydrate in boiled n-botato give 3-amino-4,6-dimethylH-
pyrazolo[3,4-b]pyridine. The melting point of theoduct is 273°C. The reactions steps for
synthesis of 3-amino-4,6-dimethyHipyrazolo[3,4-b]pyridine are shown in Schemel

Insert Scheme 1 and its caption here
2.3. Preparation of metal complexes

The complexes are prepared by adding an etharaiitian of appropriate metal chloride
salts (Mn(l1), Pd(I1), Fe(ll1), Cr(lll), Ru(lll), H(IV), Zr(IV)) and UO,(1l) nitrate toan ethanolic
suspension solution of ligand with molar ratio (PM}. The reaction mixture is refluxed for
hours with magnetically stirring. The products eoeled, filtered off, washed several times with
ethanol and dried in vacuum desiccator over antuglrGaCj). The melting points of all

complexes are higher than 360°C
2.4. Biological Activity

2.4.1. Antitumor Activity

The MTT (3-(4,5-dimethylthiazol-2-yl)-2.5-diphengitazolium bromide) assay is a
colorimetric method which was used to measure thble cells without the need for counting
the viable cells [17,18]. This method is based banging the yellow MTT salt to insoluble
purple Formazan using active cell line (MCF-7). sThssay is utilized to measure thevitio
cytotoxicity or cytostatic activity of drugs on téhes. Evaluation of cytotoxicity of HL ligand
and some of its metal complex@2d(Il) and Ru(lll))was tested against breast MCF-7 cell line.
These cell lines are cultured in (75 3neulture flasks using Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% (v/v) fetal by serum (FBS). Then 3x10
cells/well are maintained and incubated at 37°C4f@n in a moist atmosphere containing 5%
CO,. The growth medium must be changed every otherud#l the use of cell lines. The test
compounds and a positive control compound (doxcmpiare dissolved in dimethyl sulfoxide
(DMSO) and then diluted with }® to prepare a series of concentrations (1.56253.6.25,
12.50, 25.0, 50.0 and 10@g/mL). The cells were washed twice and treated vatth

concentrations of the test compounds and re-inedbfatr 48h. Then cytotoxicity is determined
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using MTT assay. 20 of MTT solution (5mg/mL) in PBS (phosphate-bu#drsaline) together
with 200 uL of freshly complete media are added to each amd re-incubated for four hours at
37°C. Following the incubation process, the medigmremoved and the insoluble purple
Formazan crystals have been formed in each wedn,ThOO mL of DMSO solution containing
20 mM HCI is added to each well and re-suspendéit the crystals have been dissolved. The
optical density is determined at 490 nm using dwletric method. This experiment is repeated
in triplicate [19]. The quantity of the colored piect is directly proportional to the number of
live cells in the culture. The results are exprdsa€l Cs, (a dose of compound that inhibits cell
growth by 50%) which is calculated from cell viatyilpercent.
0D (Optical density)of sample well

o y
Cell Viability% 0D (Optical density)in controll well 100

2.4.2. Antimicrobial Activity

Antimicrobial activity is done onHL) ligand and some of its metal complexes against two
positive bacteria §aphylococcus aureus and Bacillus subtilis) and two negative bacteria
(Escherchia coli and Pseudomonas aeruginosa). The antimicrobial activity of the tested
compounds is evaluated by means of paper disksiiffumethod (9 mm) on Muller Hinton agar
[20]. Fresh culture of tested organisms are clearsény sterile cotton on the surface of prepared
Muller Hinton agar. The samples are freshly dissdlin DMSO. 10QuL of prepared samples
was loaded separately on paper disk and left ainyiing. The loaded discs are added to the
surface of cultured petri dishes and kept for twark at 4C to allow the diffusion of dissolved
compounds into agar. The antibiotic control used rindu assay is Tri-
Methoprim/Sulphamethoxazole (SXT) [(1.25/23.75)mc@hen the plates are transferred to
incubator at 37°C for 24 hrs. After incubation, dhiameter of inhibition zone is measured in

millimeter (mm) [21].

3. Results and discussion
Characterization of the ligand and its metal complexes

Table 1 represents analytical data of ligand asdniétal complexes. The data shows that
the ligand coordinated with different metal ions separate the complexes with 1:2 and 1:3
(M:L) molar ratios. The molar conductance valuesheestigated complexes are in the range of
5-24 Q™ cn? mol* indicating the non-electrolytic nature of all coeyes and the anions are
directly attached to central metal ion in the camatlon sphere [21-25]. All the solid metal
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complexes are stable, non-hygroscopic and partgsdlyble in most organic solvents such as

chloroform, methanol, ethanol, acetonitrile, DMRElaompletely soluble in DMSO.

Insert Table 1 and its caption here

3.1. Mass spectra of theligand and some of its complexes

The FAB spectrum of the ligand (Figure 1) showsuaate parent molecular ion peak at
m/z 162 amu, matched with the theoretical molecwi@ight. The spectrum gives other
successive degradation peaks at m/z 147, 132, 10%, 90, 76.08, 62 and 48 amu,
corresponding to [@47N4]*, [CeHaN4]", [CeHaN3]", [CsHaN2]*, [CeHaN]", [CsHN]*, [CaHN]*
and [C]", respectively (Scheme S1).

Results of microanalyses and mass spectra of tineple@es 2-8 suggest that their
molecular formula are [Pd(HETI,]).H,O.2EtOH, [Fe(HL)CI,(OH)].4.5H,0.3.75EtOH,
[Cr(HL)5Cl3].3EtOH, [Hf(HL),Cl,].4H,0.1.5EtOH, [Zr(HL)Cl4].H,0.3EtOH and
[UO2(HL)2(NO3),].H20.3EtOH by giving the parent molecular ions at 613.21(Calc. 611.87),
887 (Calc. 885.43), 785 (Calc. 783.15), 785 (CaB6.36), 714 (Calc. 713.65) and 950 (Calc.
949.05), respectively. Moreover, additional pegiggear due to fragmentation of complexes that
result from rupture of different bonds inside thelecules, Figure 1.

Insert Figure 1 and its caption here
3.2. ']HNMR spectra of theligand and its Pd(l1), Hf(1V) and UO(l1) complexes

The 'H NMR spectrum of ligandeveals singlet signal at 11.70 ppm assignableNts) (
proton [26]. Also, it shows signal characterizegtotons of (NH) group at 5.05 ppm [27]. The
C-methyl protons signal appear as a singlet arouB@d-2.53 ppm [8]. The aromatic protons
appear at 6.56 ppm. It is easy to detect the mddeonding of ligand with metal ions by
comparing thetHNMR spectrum of ligand with that of its complexesntaining diamagnetic
metal ions (Pd(Il)Hf(1V), and UOy(Il)). The spectra of complexes display that all sigrae
shifted to low frequency relative to free ligandpdh complexation, the NHsignal of ligand
exhibits shift in the range of 4.18-5.05 ppm refatio free ligand at (5.05 ppm), referring to its
participation in chelation. The pyrazolo (NH) grommpPd(ll) complex appear as a broad nature
due to intra hydrogen bonding of nitrogen atomyfcine ring (N.....H-N) and also cannot seen
in UOy(Il) and Hf(IV) complexes due to the acidic proton the hetero atom may be interacted

or exchanged with the solvent molecules [28]. Thethyl and aromatic protons exhibit slightly
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shift due to change the environment. TRAIMR spectral bands and their assignments aradliste
in Table S1.
3.3. Infrared spectra of (HL) ligand and its metal complexes

The main spectral bands and their assignmentsgahdi are given in Table S2 and
represented by Figure S1. The IR spectrum of ligiisglays fundamental spectral bands located
at 3397, 3290, 1623, 1312, 1074 and 491" @haracterized t@wadNH>), Vsy(NH2), 3(NHy),
v(C-NH,), (NH,) rocking overlapped with pyrazol ring breathingdaNH,) wagging,
respectively [29]. Also, the different vibration d® @, , y) of NH; v(C=N) andv(N-N) of
pyrazol ring are characterized by bands at 3190431458, (771,656); 1607 and 1127 %m
respectively [30, 31]. The stretching, deformatemd bending vibrations modes of C-H of
methyl groups are associated with the bands apaedR971; 2890), 1407 and 826 ¢m
respectively. The spectrum of ligand gives band8@40; 1520), 1023 and (615,579) tmefer
to stretching, breathing and bending of C-H in plahpyridine ring, respectively [32].

The infrared spectral bands of free ligand are pamed with that of its complexes to
infer the mode of bonding between ligand and met&bn. The infrared spectral bands of all
complexes, except Ru(lll), show that thg(NH,) and §(NH) undergo shift towards higher
wavenumber by 14-59 and 19-21&nrespectively relative to that of free ligand Kflea S2).
Also, thev(C-NH;) and p(NH;) of the ligand display changes in their shapes positions
indicating the participation of nitrogen atom ofiamgroup in chelation. The infrared spectra of
complexes give new band (absent in ligand) appdaréte range of 526-558 chassignable to
v(M-N) [33,34]. The IR spectrum of UQI) complex shows a band at 920 tmwvhich is
assigned t@(O=U=0) [35]. Also the appearance of two bands4#9and 128&m™ assignable
to vadNO3), vs(NO3), respectively indicating that NOgroup coordinates as a monodentate
moiety [36].

Also, thev(C=N), v(N-N) of pyrazol ring and pyridine ring bendingand out of plane are
associated with very slight shift in their positiobhis ruled out the non-involvement of the
nitrogen atoms of imine, NH and pyridine ring inocdination to metal ion. The observed shift
of (v, 8) of (NH) group and some bands of pyridine ringeaftomplexation assigned to the
existence of inter \ intra molecular hydrogen bogdiB7].

The above arguments prove that the ligand behaves reeutral monodentate one and

coordinates with metal ions through nitrogen atdraroino group. This was due to (MHyroup




had higher neucleophilicity than that of (C=N) groAlso, the monodentate character of HL
behaves as similar to reported for some multideriigand [38].

Insert Table 2 and its caption here

3.4. M agnetic measurements of metal complexes and electronic absor ption spectra of (HL)
ligand and its metal complexes

The magnetic moment values per metal ion at roampégature and the Nujol mull
electronic absorption bands with their assignmémtghe ligand and its metal complexes are
collected in Table S3 and represented in Figure S2.

The spectrum of ligand gives four bands at 330, 3@® and 463 nm assignedsteor*
and na* transitions, respectively [39,40]. In complexds band observed at 463 nm in the
spectrum of ligand assigned tomh-transition suffered a red shift to 465-480 nm doea
combination of LMCT with d-d transitions [41,42].

The spectrum of the Mn(Il) complex displays bro&drsg and weak bands at 480 and 652
nm assigned t6A;,~"E, ('D) (v3) and®A1,—*T14 (*G) (vy) transitions, respectively. Also, the
higher energy band overlapped with LMCT transitidrhese transitions are conducted to
octahedral stereochemistry around Mn(ll) ion. Tihesesved low magnetic moment value 1.83
B.M assigned to low-spin octahedral complex [43].

The Pd(Il) complex gives electronic spectral baatlg65 and 668 nm in a strong and
weak feature, assigned t8;4—'Eq(vs) and’A;4—'Asq(vs) transitions, respectively which are
relevant to square planar geometry around Pd(ltaihen [44].

The Fe(lll) complex reveals spectral bands at 6% 248 nm due t8A;,—"E,(*G) and
®A1—"T2(*G) transitions, concerning to octahedral compleke Tobserved low magnetic
moment value (3.04 B.M) suggests the existencegbi-low spin crossover [45]. This occurs in
octahedral complexes with between 4 and 7 electespscially iron can be either high spin or
low spin depending on the size strength of thenligésalue ofA), the two states have similar
energies and can coexist in measurable amountgidibbeéum [46]. The observed spectral bands
of Cr(lll) complex near 480 and 678 nm due Ya(F)—'Tig(p) and *Axy(F)—*T2oF)
transitions, respectively indicating octahedral rgetry around Cr(lll) ion. Also, the magnetic
moment value (4.0 B.M) is an evidence octahedrattire[47].

The spectrum of Ru(lll) complex gives electroniedpal bands at 671, 755 nm in broad
and weak nature characterized’f,—"A»y and “Tog—*Aq4 transitions, respectively. Thes

1.78 B.M confirming low spin octahedral complex 48




Based on elemental analysis and electronic speftthamagnetic Zr(1V), Hf(IV) and
UO,(Il) points to octahedral geometry.

The infrared spectra and electronic absorptiontspledata as well as the magnetic moment
values for the metal complexes established thegzegbstructures as shown in Figure S3.
3.5. Thermal analysisfor ligand (HL) and its metal complexes

The thermogravimetric study is used to identify thpe of solvents and describe the
behavior of thermal decomposition. The thermogramves and thermoanalytical data of ligand
and its metal complexes are collected in Figura@#i Table 3, respectively.

The TG curve of the ligand displays thermal stapiliithout weight loss up to 16,
relevant to the absence of solvent. After that, Ti& curve shows progressive weight loss
98.29% in 164-400°C range due to complete pyrolgdisigand. The pyrolytic process take
place fastly in one step and associated with stsitayp DTG peak afnex = 282C leaving
carbon residue (0.25 C). The calculated weightel®ss ligand is convenient with TG weight
loss of molecule as gases at given temperatureergd8j. The mechanism pathway of thermal
decomposition showed in Scheme 2.

The thermogram of [Mn(HIgCl,.(H20)].1.5H0 indicates the loses of one mol of
hydrated water molecule in the temperature rand25ef81C with TG weight loss 2.42 %. The
thermal decomposition of unhydrous complex achieneithree stages within 181-266, 266-345
and 345-54 ranges. These stages are characterized by TGhwesses 28.07, 33.35 and
19.97% due to loss of one mol of pyrazolopyridinesp0.5 mol of chlorine gas, removal of
second mol of pyrazolopyridine, 0.5 mol of chlorgees plus three mols of carbon and evolution
of three mol of nitrogen and eight mol of hydroggases additional to 2.5 mol of carbon,
respectively. The first and the second decompesitages are associated with two strong sharp
DTG peaks withTm = 248 and 30Z, while the third stage shows weak broad DTG pesdks
Twex= 377 and 42€, respectively. The DTG pattern (Figure S4) déswithe thermolysis of
complex took place fastly in the first and secotayes with progressive nature and with nearly
similar degradation pathway. The thermolysis preagsls with formation of 0.5MB3+2.5C as
a final thermal decomposition product [50]. The heusm of thermal decomposition pathway
illustrated in Scheme 2.

Insert Scheme 2 and its caption here

The thermograms and thermoanalytical data of theptexes [Pd(HL)CI,].H.O.2EtOH,
[Cr(HL)3Cl3].3EtOH and [Ru(HLJCI3].9.5EtOH reveals that these complexes are decosdpos
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by nearly similar pathway. The TG patterns showgielosses in the temperature range of 25-
202C due to release of some solvent of crystallizatisfter that the Pd(ll), Cr(lll) and Ru(ll)
complexes start decomposition at 202, 194 andCl4thd ended at 727, 604 and &4
respectively. The thermolysis processes are acésingal mainly through two continuous stages.
The first decomposition stage characterized byreggéd weight losses 29.06, 25.40 and 35.54%
within 202-354, 194-308 and 146-3T83 respectively. Those weight losses are equivaient
removal of (0.5 mol of G), (0.5 mol of C} +1.5 mol of Ggony) and (one mol of GH 4 mol of
EtOH) additional to decomposition of one mol pydapgridine moiety, respectively. The
second thermal decomposition stage of Pd(Il), §rdhd Ru(lll) assigned by an estimated TG
weight losses 42.08, 48.74 and 44.61% up to 724,601 644C, respectively, concerning to
complete ligands pyrolysis as well as removal st ohloride Table 3. The DTG curve of Cr(lll)
complex gives two sharp peaks wilhe = 243 and (380, 508), respectively, whereas Pd(ll)
shows sharp peaks @ =303 and (392, 456). However the Ru(lll) displays medium;
shoulder and weak peaksTatx =190, 239, 318 and (427, 542 and &l)4corresponding to first
and second decomposition stages, respectivelyDTli& curves deduced that the decomposition
of Cr(lll) complex achieved through two definiteadfied processes. However, the Ru(lll)
complex is decomposed through overlapped or diffysecesses, while the first decomposition
stage has definite process whereas second stagevédapped process for Pd(ll) complex. All
decomposition processes leading to formation ofametides namely PdO, (0.5 £ + 5C)
and 0.5 RpOs; [51,52]. The events of the thermal decompositiathway of Pd(ll) complex is
taken as representative example and is suggestadeaseme 3.

Insert Scheme 3 and its caption here

The thermogram pattern of [Fe(HOl> (OH)].4.5H0.3.75EtOH shows that the removal
of solvents of crystallization is in the temperatuange of 25-23€. This step subdivides into
two steps in the temperature ranges of 25-127 &7d287C and associated with TG weight
losses 6.59 and 20.60% assignable to removal &fhd@ of EtOH and 4 mol of $#D plus 2.5
mol of EtOH, respectively. The low onset tempemtaf removal of 1.25 EtOH indicating that
the solvent is in lattice voids, whereas the redtents involves in lattice structure to raise the
thermal stability of complex up to 2%7. This step accompanied with weak and medium DTG
peak Tra=102 and 18&, respectively. Then the complex starts decomiposithrough two
overlapped continuous stages within temperaturgerafi 237-413C with Tye,=300, 332C and
419-651C with Tye= 480, 577 C, respectively. These steps characterized by Ti@hwvéosses

10




12.25 and 48.25% due to dechloronation process nel®val of two mol of (CkiH,) and
complete pyrolysis of ligand, respectively. Therthal decomposition processes ends with
formation of (0.5Fg0; + 2.5C) as final product [53]. (Scheme 4) shows tmechanism of
thermal decomposition pathway of [Fe(HC),(OH)].4.5H0.3.75EtOH complex.

Insert Scheme 4 and its caption here

It is obvious from the thermogram patterns that (IfHi).Cls].4.H,O.1.5EtOH and
[Zr(HL) .Cl4].H,0.3EtOH have nearly similar behavior, indicatinigattthey are iso-structurally
and isothermally. TG curves show TG weight losshim temperature range of 25-196°C due to
removal of some solvents of crystallization. Aftieat the TG curves register progressive weight
losses 47.92 and 55.56% in the temperature rarfg@g%354 and 196-362°C for Hf(IV) and
Zr(IV) complexes, respectively due to release i onol of ligand and pyrolysis of the second
one to eliminate 2Ngas along with dechloronation and some of latsickvents. The process
associates with a sharp strong DTG peaks Withi=254 and 262°C, respectively and
accomplishes through a narrow temperature ranggsfisd that thermolysis started rapidly.
This step followed by the final decomposition stepeach Hf(IV) and Zr(IVV) complexes which
occurred within 354-700 and 362-700°C ranges asdaated with a weak broad diffused DTG
peaks 394, 453, 500 and 390, 432, 503°C, respéctiVhis step is characterized by weight
losses 10.73 and 12.22% denoted to release ofG5t75}, gas) and (7C+2fgas), respectively
leaving oxygen molecule raised from rest solventnyttallization to form M@ contaminated
with carbon atoms as a final thermolysis produdt35]. The thermal decomposition pathway of
Hf(IV) complex is taken as representative examptsheme 5.

Insert Scheme 5 and its caption here

The thermal decomposition of [UML)3(NO3),].3.75H,0 shows TG weight loss 2.95% in
the temperature range of 23-i69due to removal of 1.5 mol of hydrated water, boer the
rest of water removed with the decomposition of ptax where it was involved in lattice [56].
The weight loss 7.15% within 169-2@with DTG sharp peak &t.=185C corresponding to
removal one mol of nitrate group plus 0.25 mol attev molecule. The second strong DTG peak
in the temperature range of 202-291with Tw=285C and associated with TG weight loss
21.26% attributed to elimination of one mol of ghas well as two mol of lattice water
molecules. The observed TG weight loss 9.22% egtundorough a broad temperature range of
291-500C equivalent to release of one mol of nitrate amo mol of methyl groups. After that
the TG curve exhibits inflection at 5@ up to 741C with 30.88% weight loss raised from
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complete ligand pyrolysis leading to formation oDJas a final product [57]. Scheme 6
describes the thermal decomposition processes gflyGomplex.

Insert Scheme 6 and its caption here

The thermal analysis of all complexes carried audan nitrogen gas and the solvent of
crystallization were responsible for the formataimrmetal oxides as final products from thermal
decomposition [58].

Insert Table 3 and its caption here

3.6. XRD Analysis

X-ray powder diffraction analysis of Pd(ll), Cr(iland Zr(IV) metal complexes is carried
out to determine the type of crystal system anic&aparameters. As shown in Figure S5. X-ray
diffractograms of these metal complexes show gotehse peaks indicating high crystallinity
[59]. The results obtained from computational da&dlected that Pd(Il) complex had
orthorhombic structure of P type lattice while @j(land Zr(1V) complexes have monoclinic
structure of P type lattice. Moreover, using thiéraiction data, the mean crystallite sizes of the
complexes (D) are determined according to the $ehequation (D = 089(Bcod)), wherel is
X-ray wavelengthf is Bragg diffraction angle, an@lis the full width at half maximum of the
diffraction peak [59]. The average crystallite sizg# complexes are found to be 83-113 nm.
Cr(lll) and Zr(IV) metal complexes are in nano-siZee values are given in Table 4.

Insert Table4 and its caption here
3.7. Molecular modeling of (HL) ligand and its metal complexes

Molecular modeling is carried out to understand thdes” that described chemical
behavior of compounds and demonstrated the bettemetrical structure forlL ligand [51].
Also, numbering of the ligand skeleton is obseraed shown in Figure S6.

Spartan '14 V1.1.4 software is employed to carrytba quantum chemical calculations.
Semi-Empirical (PM3) calculations are performed.oTeifferent model structures are built for
[Fe(HL)sCl>(OH)] and [Pd(HL)CIl,] complexes through nitrogen atom of Ngroup (Figures S
7,9) or C=N (pyrazole) (Figures S 8,10). The datdable 5 showed the total energy of the two
proposed structures for Fe(lll) and Pd(ll) compkexe which, the ligand coordinates through
NH, group are smaller than that the values where aoatet through C=N group. This is a

better agreement with the experimental data (Fgy6ré,9).
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Insert Table5 and their caption here
Quantum chemical parameters such as the highesipiecc molecular orbital energy
(Eromo), the lowest unoccupied molecular orbital energyuo), energy gapAE) and other
parameters that give a valuable information aboairéactive behavior, such as electronegativity
(), chemical potentialy), global hardness)j and softnesso] [60] are calculated quantitatively

to depict the reactivity of the ligand and some ptaxes Table 6.

Absolute hardness)( and softnesso are important properties to measure the molecular
stability and reactivity. In a complex formatiorsggm, the ligand acts as a Lewis base while the
metal ion acts as a Lewis acid. Metal ions are goitls and thus soft base ligands are most
effective for complex formation. A hard moleculestalarge energy gap and a soft molecule has
a small energy gap. Soft molecules are more reattign hard ones because they could easily
offer electrons. Ligand has higher softness It is more reactive and easily giving electréas

metal and possess high ability for complexation.

Global hardness and softness are important pregeiti measure the molecular stability
and reactivity. The hardness values (Table 6) sthaw|[Fe(HL3Cl,(OH)] and [Pd(HL)CI;] are
less harder than ligand, so the complexes haghehipotential chemical resistance to change
the number of electrons among the ligand. Also(HEgs;Cl,(OH)] has higher value of global
softness which indicated that the complex showegtgr reactivity than its ligand. The energy
gap AE) is directly involved with hardness/softness ah&mical species. A lower value AE
made two complexes more reactive or low kinetidistg than their ligand. Computed the
electrophilicity indexes were measured the staddilin energy when the system acquires an
additional electronic charge from the environmédiiom thewo values (Table 6), the order of
electrophilicity as following: [Fe(HLgCI,(OH)] > Ligand > [Pd(HL),Cl;]. [Fe(HL)sCl,(OH)]
had the highest value of electrophilicity, whiclosled its high ability to accept electrons (the

most reactive compound).

Insert Table 6 and its caption here
3.8. Biological Activity
3.8.1. Antitumor activity

The cytotoxic activity of the ligand and its Pd(lind Ru(lll) complexes is evaluated

against breast MCF-7 cell line. The cytotoxicitytbé tested compounds is expressed! 8y,
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the biological screening results of tested compeunditro are listed in Table 7 and compared
with the activity of doxorubicin as a referenceglru

Pd(Il) complex shows high activity relative to fregand and Ru(lll) complex. Cytotoxic
activity of the complexes may be attributed to teatral metal atom as explained by Tweedy's
chelation theory [51]. The cytotoxic activity of raplexes resulted from the binding of metal
ions with DNA and forming cross links, these birgltaused distortion of the helical structure of
DNA and by this DNA replication inhibited. It seertizat the nature of the metal ion had an
effect on the biological behaviour. The Pd(Il) cdexpshows high activity rather than other
tested compounds under the same experimental corsliOn screening, it is observed that Pd-
3-amino-4,6-dimethyl-H-pyrazolo[3,4-b]pyridinds more toxic than Ru-3-amino-4,6-dimethyl-
1H-pyrazolo[3,4-b]pyridine against the studied caflel This occurred because of the slow
ligand-exchange of Ru(lll) compounds, due to thghhiendency of Ru(lll) ion to form strong
bonds with ligand and it can bind with other bioewlles in the cell rather than DNA. Also, the
square planar geometry around Pd(ll) ion, madelPidth more flexible for reaching to DNA
rather than the restricted octahedral Ru(lll) i6fh-p3].

Insert Table 7 and its caption here

3.8.2. Antimicrobial Activity

Using the paper disk diffusion method, the ligamdl some of its metal complexes are
evaluated for their antimicrobial activities. Thu)ese compounds are screened against
Staphylococcus aureus; Bacillus cereus as a Gram-positive bacteria am$cherichia coli;
Pseudomonas aeruginosa as Gram-negative bacteastale(B). The ligand and its tested
complexes have weak activity towards a Gram-pasitiacteria and no activity towards Gram-

negative bacteria except Pd(Il) complex has obskeaetivity toward$?seudomonas aeruginosa.

Insert Table 8 and its caption here
Conclusion

Mn(ll), Pd(Il), Fe(lll), Cr(lll), Ru(lll), Hf(IV), Zr(IV) and UQGy(1l) metal complexes of 3-
amino-4,6-dimethyl-H-pyrazolo[3,4-b]pyridine ligand are prepared. SpctiR, UV-visible,
'H NMR and mass spectra), magnetic and thermalesuminfirm the structure of the ligand and
its metal complexes. IR spectra show that the tdgemordinates to all metal ions as a neutral
monodentate moiety through nitrogen atom of amimoug. The ligand to metal (L:M)

stoichiometry is found to be 2:1 and 3:1. The etedt absorption spectra along with magnetic
14




measurements suggest octahedral geometry for rhesized metal complexes, except Pd(ll)
complex. The X- ray diffraction studies suggesthorhombic structure of P type lattice for
Pd(ll) complex and monoclinic structure of P typtite for Cr(lll) and Zr(IV). Theoretical
calculations are performed to support the experiategasults. Pd(Il) complex presents a higher
antitumor activity against MCF-7 cell line. The #yesized ligand and its Pd(ll), Cr(lll) and
Zr(IV) metal complexes also are screened for antdyal activity.
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Elemental analyses Found/(Calcd.)% .
No. F.W. (g/mol) ) A
Color C H N Cl M
HL 162.26 59.31 6.19 33.95 - - -
CgH1oN4 Buff (5924) (621) (3434) - - -
1 [Mn(HL) 5Cl5(H,0)].1.5H,0 657.54 43.80 5.28 25.69 10.63 8.20 8
Cp4H33N1,0, sMNCl, Light brown (43.84)  (5.37) (25.56) (10.80) (8.36)
2 [Pd(HL),CI,].H,O.2EtOH 611.87 39.19 5.48 21.19 11.59 17.39 13
CaoH34NgO3PdCh Yellowish brown  (39.26) (5.61) (18.31) (11.23) (17.22)
3 [Fe(HL)sCl,(OH)].4.5H,0.3.75EtOH 885.43 42.94 7.11 20.12 7.70 6.83 16
Ca1 Hez N120g ,-€Ch Dark brown (42.78) (7.17) (19.54) (8.16) (6.31)
4 [Cr(HL)sCl3].3EtOH 783.15 46.41 6.54 22.12 14.80 7.10 11
CaoHagN1,03 CrCly Deep buff (46.02)  (6.17) (21.56) (13.58) (6.63)
5 [Ru(HL)sCl;].9.5EtOH 1131.87 45.56 7.92 14.74 9.52 11.21 17
CazHg7N1209 sRU Ch Black (45.59)  (7.69) (14.84) (9.41) (11.11)
6 [Hf(HL) ,Cl4].4H,0.1.5EtOH 786.36 28.80 5.12 16.54 18.27 22.90 24
C1oH37NgOs Hf Cly Deep yellow (29.04) (4.75) (14.40) (18.05) (22.72)
7 [Zr(HL) »Cl4].H,0.3EtOH 713.65 37.38 5.37 16.20 18.97 12.12 17
CaHaoNgO,ZrCly Yellowish green  (37.02)  (5.64) (15.70) (19.87) (11.78)
8 [UOL(HL)5(NOs),].3.75H,0 949.05 39.71 4.41 21.34 - 25.57 5
CoiH37 N14041 74U Yellow (39.83)  (4.00) (20.75) - (25.08)
Tablel

Analytical and Physical Data &fL Ligand and Its Metal Complexes
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No. Compound v NH, (asym) v(NH)  3(NHy), 3(NH)  v(C-NHy), Pyrazol ring y(NH) Pyring Py ring bending p NH, v(M-N)
+

breathing+ bending,in out-of- plane
v NH; (sym) v(C=N) v(N-N) roking(NH), plane
Py ring
HL 3397s 3190m 1623, 1459m  1312m 1074s 772w 615s 435w 491m -

3290m 3114sh  1607sp 1407s 1127w 1023m 656w 579w

1 [Mn(HL) 5Clz(H20)].1.5 HO 3396w 3191w 1637s,  1455s  1308m 1054s 779s 621m 442sh 500w 544w
3275w 3101w 1603s  1419m 1122w 1024sh 653m 587m

2 [Pd(HL),Cl;].H,0.2EtOH 3433w 3202w 1637m, 1445m 1303sh 1084m 775m 608sh 442w 498w 542w
3304b.m 3102vw 1607w 1415w 1120w 1033m 643m 582m

3 [Fe(HL)sCl,OH].4.5.H:0. 3378sh 3202m  1647s, 1445m 1298sh 1082w 770m 615m 441w 480m 546w
3.75 EtOH 3324b.s 3159w 1614w  1386m 1127m 1035m 654w 576w

4 [Cr(HL)sCl3].3EtOH 3397s 3193m - 1454s  1315m 1068m 769s 616m 438w 494w 547w
3296s 3104m  1606s 1412s 1122w 1027m 653m 581w

5  [Ru(HL)sCl:].9.5EtOH 3409b.s - - 1444s 1300w 1079m 775sh 624m 424w 488w 536w
3294b.s 2986w  1598s 1398 1121w 1038s 624m 581vw

6 [Hf(HL) .Cl4].4H,0 1.5EtOH 3383w 3202s  1652s, 1437m 1293w 1093s 773m 615m 436sh 477m 539w
3324s 3083sh  1609m 1400 1041m 650m 578w

1132w

7 [Zr(HL)Cls].H,O 3EtOH. 3417m 3201s  1642s, 1444s  1302sh 1076v.w 764m 604m 436sh 475w 537w
3327s 3153w 1604w  1383m 1123w 1036m 651w 581sh

8  [UO,(HL)3(NO,);].3.75.H0O 3398s 3206s  1647s, 1434s 1295m 1071vw 773m 610m 443sh 481w 526w
3322s 3093w 1605m  1387s 1134w 1036m 663w 573w

s: strong, m:medium, w:weak, b:broad, b.m: broadioma, v.w: very weak, sh: shoulder, and b.s: brstaoing

Table 2.

Infrared Bands (cih) and Their Assignments for ligand (HL)and Its Meta Complexes
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No. Compound TG range DTG peak Mass Loss % Assignment Ts
(°C) (°C) Found (°C)
Calcd.
HL. 25-164 - - - Stable 164
164-400 282 98.29 98.53 Ligand pyrolysis®
At 400 - 1.63 1.45 0.25C"
1 [Mn(HL) 5 Cly(H,0)].1.5H,0 25-181 34-67 2.42 2.32 loss of one mol D@ 181
181-266 248 28.07 27.63 loss of (one mol of P.Py+0.5 mol of &£f*
266-345 302 33.35 33.11 loss of (one mol of P.Py+0.5 mol of £8mol of C)
345-542 377,428,498 19.97 19.77 loss of (3 mol of Ngas+8 mol of Hgas+2.5 mol of C)
At 542 - 16.53 16.58 0.5 Mn,O; +2.5C"
2 [Pd(HL),Cl,].H,0.2EtOH 25-202 45,148 8.42 8.58 loss of (one mol kD .0.75 mol of EtOHJ*"” 202
202-354 303 29.06 29.70 loss of (one mol of P.Py+0.5 mol of Lf”
354-727 392, 456 42.08 41.71 loss of (one mol of NK+2.75 mol of H +0.25 mol of HO+2.5 mol of
C+0.5 mol of C}+ ligand pyrolysis)”
At 727 - 20.48 20.00 PdQ"
3 [Fe(HL)Cl, OH)].4.5.H0.3.75EtOH 25-127 102 6.59 6.44 loss of 1.25 mol of EtOH 237
127-237 186 20.60 20.90 loss of (4 mol of HO+2.5 mol of EtOH)
237-419 300,332  12.25 12.30 loss of (one mol of G¥2 mol of (CH+H,)) @
419-651 480, 577 48.25 48.69 loss of (2 mol of L+ ligand pyrolysis)
At 651 - 12.09 12.15 0.5Fe0,"
4 [Cr(HL)Cl3].3EtOH 25-194 43 8.47 8.81 loss of 1.5 mol of EtOF 194
194-308 243 25.40 25.47 loss of (one mol of p.py+0.5mol of &i1.5mol of C)*
308-604 380, 508 48.74 48.27 loss of (2mol of ligand +one mol of NHone mol of CJ+1.5 mol of
C+4.5mol of H)
At 604 - 17.39 17.37 0.5Cr0; +5C"
5 [Ru(HL)5Cl3].9.5EtOH 25-146 45 9.11 9.05 loss of 2.25 mol of EtOK 146
146-378 190,239,318 35.54 35.42 loss of (4 mol of EtOH+one mol of P.Py+one mol ¢f)&?
378-644 427,542,614 44.61 44.64 loss of (0.5 mol of Gk3 mol of C+1.75mol of FD+4.5 mol of H+2
mol of ligand+one mol of Nb 9
At 644 - 11.21 11.11 0.5RyO;"
6 [Hf(HL) ,Cl,].4H,0.1.5EtOH 25-179 46,115 "10.8 11.07 loss of (1.5 mol of EtOH+ one mol of,8] 2 179
179-354 254 47.92 48.10 loss of (one mol of kFD+2mol of Ch+2mol of N+one mol of ligand)
354-700 394,453,500 10.73 10.65 @
At 700 - 30.54 30.22 loss of (5.75mol of C+ 7mol of @

HfO+2.25C"

@ -Dehydration™ :Desolvation® :Decomposition and :final residue

Table 3. TGA Analysis ofHL Ligand and Its Metal Complexes

27




No. Compound TG range DTG peak  Mass Loss % Assignment Ts
(°C) (°C) Found Calcd. (°C)
7  [Zr(HL),Cl,].H,O.3EtOH 25-196 49 953 9.67 Loss of 1.5 mol of EtOH 196
196-362 262 55.56 55.62 Loss of (0.5 mol of EtOH+ 2 mol of €#one mol of ligand +2 mol
362-700 390, 32,503 12.22 12.33 of N,+7 mol of H) ©?
Loss of (7mol of C+2 mol of jj @
At 700 - 22.69 22.31 ZrO,+3cC"”
8  [UOy(HL)3(NOs),].3.75.H,0 23-169 56 2.95 206 Lossof1.5molof D™ 201
169-202 185 715 7.91 Loss of (one mol of Ng-0.25 mol of HO)
202291 285 21.26 20.9 Loss of (one mol of ligand +2 mol of,8) ©
291-500 - 9.22 9.71 loss of (one mol of Ng-2mol of CH,) ©
500-741 614 30.88 31.01 complete ligand pyrolysi&
At 741 - 285 28.47 UO,"

@ :pehydration® :Desolvation® :Decomposition ané :final residue

Table 3. Continued
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Comple» ad) b (A) c(A) D Crystal structur

[PA(HL),CIl,].H,O.2EtOF 9.57¢ 16.37¢ 17.43¢ 11z Orthorhombi
[Cr(HL)sCl3].3EtOH 6.552 16.43¢ 13.14: 83 Monoclinic
[Zr(HL) .Cl4].H,0.3EtOF 8.76 4.89: 25.86: 97 Monoclinic
Table 4.

XRD Parameters of Pd(ll), Cr(lll) and Zr(IV) Compks

Parameter Fe(lll)-NK Fe(ll)-C=N Pd (I)-NH Pd (I)-C=N
Enomo (eV) -5.15 -6.62 -5.84 -7.86
ELumo (eV) -2.31 -1.05 -0.61 -1.33
AE (eV) 2.84 5.57 5.23 6.53
Dipole Momen 14.02 7.14 2.13 1051
(debye)
Energy (KJ.mot) 638.95 858.88 696.95 890.9
Tableb.

Energy gapAE (eV), Dipole Moment (debye) and Total Energy (Hdl') of The Two
Proposed Structure Computed at Ground State LevieMB Calculation

Evomo Ewumo  AE X u n c 0
Compound
ligand -7.97 -0.33 7.64 4.15 -4.15 382 0.26 2.25
[Fe(HL)s(OH)Ch] 515 231 284 373 373 142 070 4.90
[PA(HL,Cl] 584 -061 523 323 -323 216 038 1.98
Table6.

Quantum Chemical Parameters of Compounds Calcutgt&M3 Method
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Compoun ICso (Mg/mL)

Doxorubicir 39.1¢
HL 55.1¢
[PA(HL).CI] 34.8¢
[Ru(HL)sCl3].9.5EtOF 54.3:
Table7.

Cytotoxic Activity of HL Ligand and its Pd(ll) and Ru(lll) Complexes on &t
MCF-7 Cell Line

Bacterial strai

Gram (+ Gram -)
Compound s B £ B
Aureus Cereus Cali Aeruginosa

HL 12 8 - -
[PA(HL),CI,] 16 13 - 13
[Cr(HL)sCl3).3EtOH 10 6 - -
[Zr(HL)Cly).H,O.3EtOF 11 7 - -
SXT 25 36 27 19
control 7 5 - -
Table8.

Antibacterial Activity ofHL Ligand and Some of its Metal Complexes
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Scheme 3. Thermal decomposition of Pd(l1) complex
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Figure 1. Mass spectra of (HL) ligand and some of its metal complexes
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* Mn(l11), PA(I1), Fe(l11), Cr(l11), Ru(l11), HfE(1V), Zr(1V) and UO(I1) metal complexes
of 3-amino-4,6- dimethyl-1H-pyrazol o[ 3,4-b]pyridine are prepared .

* The IR suggests that the ligand coordinates to the metal ions as a neutrd
monodentate

moiety .

* All complexes possesses octahedral geometry except the Pd(I1) complex.

*Theoretical calculations are performed to corroborate the experimental results.

*Pd(11) complex presents a higher antitumor activity.



