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Abstract:

A total of four new metal complex derivatives ofotwmew ligand<2-(hydroxy(phenyl)-6-
methyl-2H-furo[3,2-c]pyran-3,4-diond_{) and 2-(hydroxyl (2-hydroxyphenyl) -6-methyl-
2H-furo[3,2-c]pyran-3,4-dioneLf) with the metal ions Mn(ll) and Cu(ll) have been
successfully prepared in alcoholic medium. The dewgs obtained are investigated by
spectral studies with the use of FT-IR and UV-whniques, ESR and magnetic
measurements. The IR spectra suggest that the wxggens of the two ligands are
engaged in the bond with the central metal. Thetelric spectra of the complexes and
their magnetic moments provide information aboubrgetries. The molar conductance
measurements showed that the complexes are ndamegfees. Theoretical calculations
invoking geometry optimization and molecular orbdascription HOMO and LUMO are
done using DFT density functional theoryhe experimental results and the calculated
structural parameters, bond distances and angkesgaled a distorted octahedral
geometries around the manganese and copper ¢terdegh the oxygen of the furan ring
for the synthesized complexes ([M{H.0)]JnH,O; M : metal; L: ligand). The
antimicrobial activity of the ligands and their cpiexes was evaluated in vitro against
different bacteria and fungi using agar diffusioethod. The ligands and their complexes
of manganese (Il) and copper (ll) exhibited a sirantifungal activity.Copper and
manganese complexes have different antibacterggdgoties against bacteria. The ligand
L' and there complexes were found to be more actjanat Gram-positive than Gram-

negative bacteria.

Keywords: Heterocyclic ligands; ligand derived from the fuyogn-3,4-dione; Metal complexes; ESR; DFT,
Antimicrobial activity.



1. Introduction:

In recent years, the coordination chemistry of @pfl) with oxygenated and
nitrogenous heterocyclic compounds has attractawsiderable interest. This can be
attributed to their stability, biological activignd potential applications in many areas [1,
2]. Manganese is one of the most important bioregiglis found in the active center of
many enzymes covering the whole range of functibeal[3]. The study of the biological
properties of manganese complexes gains increasiagest since such complexes with
diverse ligands have shown anticancer [4], antdy&dt[5] and antifungal [6] activities.

The oxygen containing hetrocyclic compounds esfigctae pyrones and their
derivatives were used for the preparation of ttegrsimetal complexes with hetrocyclic
system are studied extensively because of theiodimal activities. Pyran-2-ones and
furan-3-ones are important oxygen heterocycles lwhie mostly present in the structure
of a variety of biologically active natural compasn[7-10]. Among organic compounds,
which can serve as ligands, 2-pyrone ring andetsvdtives have received much interest
because of their many interesting features [11kyTdemonstrate a whole spectrum of
bioactivity and have shown antibiotic, antifungeytotoxic, neurotoxic, and phytotoxic
activities. Simple functionalization of the 2-pyeming often leads to compounds with
new biological activity [12-14]. Furan-3-one-comiiig molecules continue to attract
interest, and they have recently reported someabédlanticancer template [15-16].

The different complexes with different types of gisuheterocyclic such as imines,
amines, imidazole groups and ligands containing@e ring play an important role in
biology and medicine areas [17]. These ligands aiten used in medicine, for their
pharmacological properties such as antibacterialigc[18—21]. The metal complexes
with 2-pyrone derivatives are topic of increasingerest in the bioinorganic and
coordination chemistry [22-26]. Indeed, we areredéed in furopyran-3, 4-dione and its
derivatives because of their pharmaceutical andmale importance. They form
coordination complexes with transition metal iokeliCu (1) and Mn (ll). The literature
survey show that there is no work found to be done furopyran-3, 4-diones metal
chelate complexes. Therefore, we are involved ia tloordination complexes of
furopyran-3, 4-diones with transition metal idike Cu (II) and Mn (lI) ions.

On the basis of previous works and more particyleolordination complexes [27-
31], we have synthesized and characterized mangaiisand copper (lI) complexes

obtained from furopyran-3,4-diones derivativesigands.



All synthesized complexes have been satisfactafigracterized by elemental
analysis, magnetic susceptibility measurementhensolid state and various spectroscopic
techniqgues such as: FT-IR, UV-vis. The theoreticedults obtained with the DFT
calculations have been correlated with experimemiatia to confirm the proposed
coordination mode in the copper and manganese exegl At the end of our work, the
antimicrobial activity of the new manganese andpespcomplexes formed with derived
furopyran-3, 4-dione ligands was experimentallylesgd to evaluate their antibacterial
and the antifungal susceptibilities.

2. Experimental:

2.1 Synthesis of ligands:

We have recently published synthesis and struatiMdovel furopyran-3, 4-dione-
fused heterocycles obtained by a one-pot reactienlwmominated dehydroacetic acid and
benzaldehydes under organobase conditions. Thane@@®-[aryl (hydroxy) methyl]-6-
methyl-2H-furo[3,2-c]pyran-3,4-diones were fullyathcterized by 2D NMR spectroscopy
and supported by single crystal X-ray analysis tove the furan-3-one five-membered

ring-closure [32].

Fig.1. Schematic representation of the molecular ungemein the asymmetric unit of ligand. L

Single-crystal X-ray diffraction was performed irder to describe the 3D structure
of the furopyran-3, 4-dione®. Good quality crystals of compouhd were isolated from a
5:2 mixture of hexane—ethanol by a slow evaporasioe °C. X-ray diffraction analysis
revealed the exact structure lof, which is in a complete agreement with the 2D NMR
results[32]. Two asymmetric carbon atomsg(@nd G crystallographic numbering, see

Figure 1) are clearly observed in the crystal stm&c Becausel® crystallizes in



centrosymmetric P1 triclinic space groups, the gelt contains the mirror image of the
organic molecule depicted in Figure 1, leading teofid-state racemic mixture of two
possible enantiomers [(2RS) and (2S,R)]. Two products were selected as ligands (L
and ) in the synthesis of a new Cu (Il) and Mn (lI) quiexes (see figure 2).

Sl (e) w‘& . W

Fig.2. Structure of derived Furopyran-3, 4-dione ligands; (a) Ll: 2-(hydroxy(phenyl)-6-methyl-2H-furo[ 3,2-
c]pyran-3,4-dione an(b) L2 2-(hydroxy(2-hydroxyphenyl)-6-methyl-2H-furo[3@pyran-3,4-dione
optimized with DFT method.

2.2 Synthesis of complexes:

The starting materials for the synthesis of orgastafiic complexes were
purchased from Fluka and Aldrich and were usedawiitipurification. The used salts are
of the type of : MnGl4H,0 and CuGi2H,0.

o [Mn(LY2(H20)5]H20 and [Mn(L?)(H»0),]2H-0:
A solution of MnC}.4H,O (1mmol) in ethanol (6 ml) was added drop wisa solution of

ligand (2mmol) in a hot ethanol (10 ml) in a 1:2tate¢o ligand molar ratio. The resulting
mixture was heated under reflux for about 16 h. dbi@ined complexes were washed with

distilled water and ethanol, dried at 60 °C andlfinstored in vacuum desiccators.

«  [Cu(LY2(H20)2].H20 and [Cu(L?), (H20)5] 2H0:
A solution of CuCJ.2H,O (1mmol) in ethanol (6 ml) was added dropwise toltion of

ligand (2 mmol) in a hot ethanol (10 ml) in a 1:2tal to ligand molar ratio. The resulting
mixture was heated under reflux over 8 h. The olethicomplexes were washed with

distiller water and ethanol, dried at 60 °C analfiynstored in vacuum desiccators.



2.3 Apparatus and characterizations:

Elemental analyses were carried out using a Pdgkiner Analyser 2400. The
melting points were determined with a digital nmedtipoints apparatus using capillary
technique. The molar conductance measurementeafaimpounds (IOM) were carried
out using a JENWAY-4520 conductometer at 25 °C frb@f M solution in DMSO
(Molar conductance of DMSO = 0.4X* cn? mol™). IR spectra were recorded on Perkin
Elmer FT-IR Fourier transform infrared spectrometarthe range 400800 cm', using
KBr disks. Electronic absorption spectra in DMSQusions (10° and 10*M) were
recorded on an UWisible JASCO V-560 spectrophotometer using queels (0.5 cm) in
the 900200 nm range. The ESR measurements were perfomsadution at 115 K and in
solid state at room temperature, on a Bruker EMXcBpphotometer. The magnetic
measurements were carried out using SQUID magnésorme200-300 K range with an
applied field 10,000G.

3. Theoretical calculations:

Quantum Chemical calculations were performed wikiUSSIAN 03 program packaged
[33]. The geometry of the complexes was optimizethg Density Functional Theory
(DFT). All theoretical calculations were carriedtoat gradient corrected DFT using
Becke’s three parameter hybrid method and the Laag¥Parr correlation functional
B3LYP [34-36] combined with LANL2DZ basis set [3B]3 The studied forms of
complexes were characterized as minima (no negaigenvalues) in their potential
energy surface through harmonic frequency analgsid their vibration spectra were
analyzed using Gauss view software [39]. The admih strengthsf), wavelengths(,ay
and Solvent effect on absorption UV-vis spectrumeanavestigated using the TD-DFT on
the fully DFT optimized geometries. The continuurodel (CPCM) was chosen in these

calculations.

4. Antimicrobial Activity of complexes (in vitro):
Microorganisms and culture conditions:

The antimicrobial activities were tested agastsindard strains of Gram-negative
bacteria(Escherichia coliATCC 4157,Klebsiella pneumoniadTCC 25955) and Gram-
positive bacteria Staphylococcus aureuBTCC 6538, Group D StreptococcufATCC



25923), and two yeastLéndida albicansATCC 24433, Candida tropicalis ATCC
10233). The antimicrobial activity of ligands areir complexes was determined by agar
disc diffusion method [40-42]. The molten Muellerintbn Agar for bacteria and
Sabouraud dextrose agar media for fungi was intenil&ith 100 uL of the inoculum (19
CFU/mL) at 40C and then poured into the Petri plate (90 mm)tilSteisc (9 mm: 710
0223, VWR) was saturated with 28 of the test compound with the concentration 5
mg/mL in DMSO and allowed to dry. The disc was thetnoduced on the layer of the
seeded agar plate. For each microbial strain, ivegabntrols were maintained and a
negative effect was observed with DMSO solvent. bheterial and fungal plates were
incubated at 37°C for 24 h and at 28 °C for 48dspectively. Gentamicine (GEN) and
Cefotaxime (CTX) were used as a standard referemcthe case of bacteria while
ketoconazole were used as a standard antifungdl 8 antimicrobial activity was
determined by measuring the diameter of inhibizomes and the values were compared

with the standard antimicrobials.

5. Results and discussion:

5.1Analytical and physical data of the complexes:

The analytical data and physical propsrof the complexes are summarized in
Table 1. The synthesized complexes are totallybdelin DMSO and DMF, partially
soluble in ethanol and methanol. Their molar cotahue data in 78M DMSO solution at
25 °C revealed that they are non electrolyte spddi¢]. The magnetic measurements for
manganese complexes fall in the 4.71-4.88 B.M.eangggesting a high spin Mn (ll) in
an octahedral geometry [49,52] (Table 1). The ofezk magnetic moment in the 1.88—
2.01 B.M. range confirms mononuclear Cu (Il) compadaiwith a s=1/2 spin state and an
octahedral structure [50,56-57,45] ( see Table 1).

Thus, the elemental analyses along with magnetimemb measurements suggest
octahedral complexes. In addition, confirmatiorthe@ proposed structures of the chelates
with metal salt was done using other experimerttalacterization methods namely: UV-
vis, FT-IR and ESR data. The corresponding spextmms results will be detailed in the

spectral sections (see 5.3, 5.4, and 5.5 parts)



Table JAnalytical and physical data of the complexes.

Complexes Exp (Cal)(%) Melting Color Yield (%) A pmso Het
¢ : © W point"c (Q*.cn.mol™) (M.E)
IMn(LD,(H;0);].H,0 |55.89 454 3149 851 256 Brown 51 22 4.71
(55.34)  (4.30) (31.95) 4®
IMn(LD,(H,0);].H,O | 5247 454 35.37 856 263 Brown 63 25 4.88
(52.71)  (4.10) (35.14) (072
[Cu(LY)y(H,0);].H,O | 5358 473 3346 9.1 > 300 Green 58 17 1.88
(53.13)  (4.43) (33.06) 3®
[Cu(L?)(H,0),].H,O | 5235 4.48 34.13 868 > 300 Green 51 21 2.01
(52.06)  (4.05) (34.70) (9.18

* Metal: Manganese Mn or Copper Cu.

5.2 Geometry optimization:

On the basis of the Analytical and physicaluits of these complexes, we suggest that
the ligands are coordinated in a deprotonated fteading to octahedral complexes
(neutral complexes). Selected bond distances, sirahel dihedral angles for the four
complexes are listed in Table S1 (in supplemerdatg Sl). Indeed, according to the DFT
study, the Cu(ll) and Mn (lI) adopt a distortedaiwdral geometry, wheré and |2 act as
a bidentate ligand through both the carbonyl oxyged charged oxygen [Mn63018 =
2.21A and Mn63019 = 2.11 A and Mn63049 = 2.26A Bm3050 = 2.098 A for [MnL
(H20),].H,O complex]; See figure 3. The ligands form a squaemar arrangement of

above donor groups around the manganese ion. Thettver axial sites are occupied by
water molecules.




Fig.3. Structure of [Mn(L"),. (H,0),].H,O complex optimized at DFT method >d

b+

Fig.4. Structure of [Mn(L?),. (H,0),].H,0 complex optimized at DFT method. d.

It is worthy of note that in[Mn(L%, (H0)].H,O complex the Mn63...050 and
Mn63...019 bond lengths (in the charged Oxygen site) shorter than the Mn63...049
and Mn...018 bond lengths (in carbonyl moiety) intiiog that the coordination ability in
deprotonated site of hydroxyl group is strongemtlibat of carbonyl oxygen of both
ligands. Similarly for thgMn(L?),. (H,0),].H,O complexthe Mn65...051 and Mn65...019
bond lengths (in the charged Oxygen site) are teshtran the Mn65...050 and Mn...018
bond lengths. (See the corresponding values inliSH.also noticed from the DFT data,
that the distance of Mn63-050 in first ligandd_shorter than that’lligand (Mn65-019)
in deprotonated site. Hence, the coordination tghii Mn ion of [Mn(L), (H,0),].H»0 is



slightly stronger than that of Mn ion of [Mn{la (H20):].H20. In [Mn(LY), (H:0),].H,0
complex, two aqua (O64+and O67H) molecules are lying in the molecular plane imgra
position with a bond angle of 147.85° (see fig. Tyvo aqua (066K and O69H)
molecules are also lying in molecular plan in [MfL(H,0),].H,0O complex with a bond
of 147.039° (see fig.4). The 0O64Mn63067 and OG6MIEH angles deviate from
linearity (180) indicating a distortion in the bbhpkane.

Fig.5. Structure of [Cu(t),(H,0),].H,0 optimized at DFT method

The same general situation was observed for tbperocomplexes with above
ligands. It is important to note that, in both cepgomplexes, the Cu...O coordination
bond lengths for deprotonated oxygen are also ehtran those of the carbonyl oxygen.
In parallel, the bond lengths of Cu...O (hydrated arore important comparing to those
of manganese complexes and the linearity with agokecules and the metallic central is
more pronounced, this result is justified by thkofwing values of corresponding angles :
064-Cu63-067 (174.209°) and 062-Cu61-065 (171.978%) [Cu(LY)2(H20):].H20
complex and [Cu(f)2(H-0),].H,O complex respectively (see figs. 5,6).

The corresponding calculated structural parametersiressed in the same table

in supplementary information Sl. Subsequently, wieuwated the binding energies of the



four complexes. We followed the same procedure riesstt in the references [45-47].
Thus, the corresponding values of the M(H>0),, Mn(L?)2(H20),, Cu(LH)2(H,0),,
Cu(L?),(H-0), complexes are respectively: -1.2393, -1.23141640 and -1.1723
Hartrees. The examination of these negatives valodgates that the metal-ligands
complexation was thermodynamically favored in alldstigated complexes and the
Mn(LY2(H-0), complex has the highest binding energy (encompgssiordination and
electrostatic bonds).

Fig.6. Structure of [Cu(I.%),(H,0),].H,0 ontimized at DFT method.

5.3 Electronic spectra:

The UV-vis spectra of manganese complexes do natatebands due to d-d
transitions within the metal because the orbitaf thetals are saturated and d-d transitions
are not permitted [48-49]. The absence of d-d tt@mmsband for these complexes suggest

the (+II) oxidation state for manganese ion [50-52]



The spectra of these manganese complexes in DMB@oso(10°M) give a band
at 21186 cnf (472 nm), 22624 cth(442 nm) for the complexes [Mn Yz (H,0),].H-O
and [Mn(L?),(H,0),].H,O respectively, which might be assigned to changmsfer
transition L—M (CT). Intense absorption bands were observed len gpectra of
complexes in the ultraviolet range (see figuresnd 8). They are due to intra-ligand
transitionst — n* and n— z*. The appearance of intra-ligand bands shows Xistesnce
of the ligand within the complex. The suggesteddbémi®) assignments of manganese
(I and copper (II) complexes and molar absorptioefficients are summarized in Table
2. The electronic absorption spectra of the cogpenplexes recorded in DMSO solution
(10°3M) reveal three bands in the visible range, thst fappears in the field 14045-15361
cm® interval, assigned to th?Blg —> ?B,g transition, the second strongest intensity
located around 14740-17857 ¢mregion attributed to th&B,; — “Eg transition [53-
55]. A third band observed in the 22427— 27027 eceyion for these complexes refers to
L—M (CT) band. These transitions are charactergtioctahedral symmetry around the

Cu (I). The characteristics of these bands are summarizédble 2.



Table 2: The main absorbance bands {rim UV-vis spectra and their assignments of maasgarfll) and
copper complexes.

Complexes Wave Number Wave length Molar coefficient Electronic transitions
¥ (cm?Y) 2 (nm) absorption
(¢: 1. mole™.cm™)

[Cu(LY»(H,0),].H-0 44248 226 22500 n— 10
32895 304 12000 n——> 1
22472 445 320 Charge transfer
14045 712 102 Bijg — > B
14749 678 112 2Blg —> %gg

[Cu(L?)»(H»0),].H-0 44643 224 12800 n—
32787 305 5460 n—> 1
27027 370 460 Charge transfer
15361 651 23 By — > “Byg
17857 560 34 By — > “Eg

[Mn(LY),(H,0),].H,0 44248 226 22500 n—>
32895 304 12000 n—> 1
21186 472 423 Charge transfer

[Mn(L?%)(H,0),].H-0 44643 224 12800 n— 1
32787 305 5460 n——> 1
22624 442 312 Charge transfer
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Fig.8. Electronicspectra ofa) L* and(b) [Cu(LY),(H,0),].H,O complex.

5.4 | R spectra and mode of bonding:

The determination of the coordinated atoms was mawdethe basis of the
comparison of the IR spectra of the ligands andehof complexes. Significant wave
numbers are grouped in TableThe engagement of these ligands in the bonds Wwéh t
metal center affects the vibrations of the bondgshef donor atoms (oxygen) with the
neighboring atoms. In the large wavenumber domad033300 crit, a wide band appears
attributed to the vibrations of the O-H bonds ofifation water molecules. The vibration
of the bond (C = @ of the furanone ring has shifted after complexatowards the large
wavenumbers. This result indicates that the oxygfethe furanone ring is involved in the



complexation. The IR spectra of the complexes heracterized by the disappearance of
the vibration band of the O-H bond indicating thepabtonation of the ligand after
complexation and the formation of the neutral campt. Then, the oxygen atoms of the
two ligands are engaged in the bond with the ckmbretal, this is confirmed by the
appearance of new bands of vibrations towardsdteehnergies in the 455 and 411 tm
domain due to the formation of metal-ligand bon88-$9]. The theoretical IR spectra
obtained at the DFT method for the copper and maesgm complexes show a close
resemblance to the corresponding experimental igpdiEinds. On the basis of the results
obtained by spectroscopic investigations we sugtiest the ligands are coordinated in
both sites: deprotonated oxygen and carbonyl mdesgling to neutral complexes. The
ligands coordination sites which are involved imtimg with the metal ions have been
determined by careful comparison of the infrareslogption spectra of the complexes with
those of the parent ligands. The main absorbancdsbia experimental and calculated IR
spectra and their vibrational assignments for fmmmplexes are presented in Table 3. The
experimental and theoretical IR spectra of seleciddn(L),(H-0),].H,O and
[Cu(L?)2(H20),].H,0 complexes are illustrated in Fig.9 and Fig.1Bede spectra were

used to confirm the experimental assignments.

Table 3: The main absorbance bands (rin experimental and calculated FT-IR spectratheit assignments
for four complexes.

Compound Viow’  Wiow® Vi C=Ostr. Pyrone2 Wi C=0 Wi (M-0) Wi (M-O)

Ll

IMn(LY,(H,0),].H:0 3600 3434 (3641) 1752 (1743)1780 (1743) 413 (439) 450 (457)
[Cu(LY)2(H,0)].H:O0 3565 3360 (3226) 1760 (17900783 (1621) 411 (437) 443 (464)

L2

IMn(L)A(H,0).H2O 3554  3411(3267) 1742(1792) 1781 (1798) 422(438) 455 (468
[Cu(LYx(H,0),].H:O 3595 3370 (3173) 1751 (1637) 1785 (1787) 416 (412) 449 (463)

a: H,O Hyd, b: HO coord, (M-O1): oxygen of furanon ring, (M-O2):ygen of deprotonated OH.
The calculated values of main absorbance bandsnalieated in parenthesis.
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Fig.9. Experimental and theoretical IR spectrums of [MHAH,0),].H,O complex

The experimental vibrational frequencies of hydtoxyater group (HO of
coordination) were found in the range 3434-3411' @860-3370 cn for manganese and
copper complexes respectively for both dnd L? ligands. The calculated values are as
follow: 3641 and 3267 cthfor manganese complex and 3226 and 3173 fon copper
complexes (see table 3). A broad band of m(OH) griouthe experimental IR spectra is
observed at 3390 and 3480 tror both ! and L? free ligands. These band are absent in
the spectra of manganese and copper complexesestimgythe deprotonation of the L
and L ligands. The lack of this band in spectra of camps proves a result of complex
formation. This result was also discussed in theegrmental IR investigation. The bands
with medium intensity observed in the range 3208836m"* of the manganese complexes
are attributed to m(OH) of coordinated water. TRpegimental value of C=0 (pyrone-2)
absorption band is in the range 1748-1756 ¢éom both free ligands.

This vibration is shifted to the lower regions hmetMn complexes indicating the
formation of a bond between the metal ion and th® @Qroup, while the theoretical values
are established in the range 1743-1792' @m calculated by B3LYP method. In copper
complexes, the C=0O band absorption appears at &#601751 cl respectively for
[Cu(LY)2(H20),].H,0 and [Cu(®)2(H20),].H-O and their corresponding calculated values



are 1790 cm and 1637 cil. Then, reasonable agreement between the thedratida
experimental results for M-Qand M-Q vibrations bands (as indicated in the same table)
reflects well the suitability of DFT method for shiype of study. Hence, this careful
spectral investigation indicates that both ligamds as a bidentate anion and that the
coordination is through the oxygen donor atomshaf ¢arbonyl group and the charged
oxygen resulting of deprotonated hydroxyl moiety.general, the absorption frequencies
obtained from IR experiment spectrum of the fountBgsized organometallic complexes

and theoretical calculations are in good agreement.

4000 3500 3000 2500 2000 1500 1000 500
|

Theoretical [

) Experimental

Fig.10.Experimental and theoretical IR spectrums of [C}),(H,0),].H,O complex

5.5 Electronic spin resonance (ESR):

5.5.1Manganese complexes:

The ESR spectra of manganese (lI) complexes id stdte at room temperature show a
strong signal centered at g = 2 (Fig. 11), whiclgsociated with | = 5/2 nuclear spin of
*Mn. The resonance at this value is due to Mn(ll) ionsan environment close to
octahedral symmetrylThese spectra confirm that they are high-spin Mph qdbmplexes
[50].
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Fig. 11.ESR powder spectra (d) [Mn(L")»(H,0),].H,0 and(b) [Mn(L?),(H,0),]. H,O

5.5.2 Copper complexes:

The ESR spectra of the copper (Il) complexes wemdrded in solution in the
DMSO at T = 115 K. The parameters gf}, and A/l determined from the experimental

spectra are grouped in Table 4. As hdines are not resolvedfhas not been calculated.
The hyperfine structure is well resolved for tharfeaomplexes (Fig.12). It consists of four
hyperfine lines attributed to the interaction c# gingle electron with the Cu nucleus

(I = 3/2). The values obtained for all the paramsgetghow that the spectra of the two

complexes have an axial symmetry with: g// » ® 2,0023, this order is typical of
monomeric Cu (Il) complexes and indicates thatsingle electron is located on the orbital
dxo—y20f the Cu (Il) ion and confirmed an octahedral gebyn[60-62]. To better define the
nature of the links formed, several Bonding par@mset’ (covalent in-plané-bonding),

B? (covalent in plane-bonding) and/? (covalent out of plane -bonding) were evaluated
using the following formulas:

a? = (A, 10036)+(g, - 20023 +3/7(g,, - 2.0023 + 004]

0'2,82 — [(g// B 2-0023A//] _ K2,,
81,

» _l(g,-200238,]
- - O

a2
4 21,



Where A ¢ is the constant of spin orbit coupling, for copfié. 4o = - 828 cnf, A, and

A are the energies of the transitiorf8;;— °B,g and “B;; — °Eg,

respectively.
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Fig.12. ESR spectra of(a) [Cu(L")»(H,0),].H,O and(b) [Cu(L?),(H,0),].H,0) in DMSO solution at 115 K.

a? andp? respectively represent the metal-ligand bondingupaterss andx in the plane

andy? represents the bondout of plane. The product valueéB? anda®? measure the

covalence of the combinesl andz bonds. They range from 1.0 to 0.25; the first galu

corresponds to a 100% ionic character and the getmma 100% covalent character

respectively [50, 63]. The values obtained for complexes (see Table 4) show a greater

covalent character for the metal-ligand bonds detshe plane. It has been noted that the

a’B? covalent character increases in the Gu<LCu-L* order for the £ and 1? ligands.

This order correlates with the increase in the defif@ct of the R substituent.

Table 4 ESR data of the copper complexes.

Complexes O On Ay a’p’ a%y’ Ky Kg
x10%cm?
[Cu(Ll)z(HzO)z].Hzo 2.31| 2.06 145 0.652 0.514 0.807 0.707
[Cu(Lz)z(HzO)z].Hzo 2.33| 2.06 150 0.760 0.622 0.871 0.788




5.6. Frontier orbital molecular and charge transfer:

For further investigations, energies of HOMO andM® are popular quantum
mechanical descriptors. It has been shown [64] thes$e orbitals play a major role in
governing various chemical reactions, and are aksponsible for charge transfer
complexes. The treatment of the frontier molecuebitals, separately from the other
orbitals, is based on the general principles gamgrthe nature of chemical reactions. The
concept of hard and soft nucleophiles and electlegphas been also directly related to the
relative energies of the HOMO and LUMO orbitalsftSaucleophiles have an elevated
energy HOMO, hard nucleophiles have a small enef@y1O, soft electrophiles have a
low energy LUMO and hard electrophiles have a t@ghrgy LUMO [65]. Thus, HOMO-
LUMO energy gap is an essential stability indicd&8]. The energies of the LUMO and
HOMO for different partners are evaluated in FreseSand for four complexes using DFT
method.

The distribution of charge density of the two fientmolecular orbitals for the free
molecule ligands Land 1? are presented in Fig.13 and 14. As we can sdheifree State
the high density of the HOMO distribution is conttated on pyranone ring group. The
low and high electronic densities are distributedtlte same group in the case of LUMO
orbital [67]. The calculated values of HOMO and LOMenergies of the four complexes
are also presented in the same Fig.13 and 14. Q. of [Cu(LY)»(H-0),] complex is
located on the both pyranone groupement thus thRl@®& located on phenylics moieties.
In [Cu(L?),(H2-0),] the same shape of HOMO and LUMO are obtained.
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The values of the HOMO-LUMO energy gap , estimddthe copper and
manganese complexes are equal to 3.06 eV, 2.992¢8 eV and 3.02 eV respectively
for [Cu(LY)2 (H20)2], [Cu(L?)2 (Hz0)2], IMn(L*)2 (H20)z] and [Mn(L%); (Hz0)] . HOMO-
LUMO turned out is 4.54 ev and 4.04 eV respectielythe L* and L? ligands which is
greater than those of the four complexes. The dseren the HOMO-LUMO energy gap
after complexation explains the potential for cleatgansfer interactions taking place
between both donor-acceptor partners, which mage$gonsible for the bioactivity of the



consequential molecules [67, 68]. The target ligaaghibit an effective intermolecular
charge transfer with metallic ions. Therefore, ve@ say that the complexation doesn’t
affect dramatically the electronic properties oftbligands. In consequence, the greater the

energy gap is, the higher the stability is.

5.7 Analysis of molecular electrostatic potential:

The electrostatic potential that is createthe space around a molecule by its electrons
and nuclei is a very useful property for analyziagd predicting molecular reactive
behavior [69, 70]. The molecular electrostatic ptt¢ surface (MEP) gathers a lot of
information as follow: molecules dipole moments,l@calar shape, and the distribution of
electrostatic potential. It provides an illustratimethod to understand the relative polarity
of a molecule. The sites for electrophilic and eoghilic attacks of the molecules can be
determined with the help of the molecular elecatistpotential. The different values of
the electrostatic potential at the surface areasgted by different colors. The MEP color
scheme reflects the electron-rich and electron-@weas, the meaning is: the blue color
corresponds to the electron deficient or partipthgitive charge, the red color corresponds
to the rich sites in electrons and both intermediedlors: yellow and light blue are
respectively corresponding to the slightly electimaded region and slightly electron poor
region.

Fig.15. The total electron density surface of frédigand



The SCF (Self Consistent Field) of surface electtensity traced with MEP of the
compound is shown in Figure 15. The total electiensity varies between two extreme
limits: -8.158.1Fa.u to +8.158.10 a.u. As can be seen from the Molecular electrigstat
potential map of the free ligand, the negative argiare mainly localized on the oxygen
atoms, 016, 021 and O18 atoms where the correspgpndiectron densities are
respectively: -5.007.19a.u, -7.06.18 a.u, and -7.15.1%a.u and slight electron rich region
for OI9 is -2,50 .18 a.u. As well the most electron deficient regioraisund phenilic
group and the slightly electron efficient regiorareund methylic group where the electron
density is +3.36.10 a.u. Then, the electron density reveals the fglafi the molecule.
The MEP clearly indicates the electron poor regbthe ligand. In parallel, fig.16 shows
the total electronic density of [Cu(l(H,0),] complex (selected). The limit values are
between -6.817.19a.u and +6.817.10a.u. As can be seen, the electron rich regions are

located in carbonyl groups and electron poor regjiarphenilic and methylic groups.

-6.817e-2

6.817e-2

Fig.16. The total electron density surface of [CY§[H,O),] complex.



5.8 Electronic spectra: TD-DFT calculations

Electronic structures are fundamental for the priegation and understanding of the
absorption spectra [46]. The UV-vis absorption #@eevere calculated on optimized
geometries. Then, TD-DFT calculation on the foumptexes in DMSO as selected
solvent have been carried out using UB3LYP/LanL2[@¥el of DFT method. The
Comparison of the theoretical,ax of complexes with the experimental wavelengifax
values is presented in Table 5. The oscillatomgtite (f) which is a dimensionless quantity
was used to express the transition probability loé tCharge Transfer band. The
oscillators’s strengths of the observed transitionsopper (II) complexes are small. This
obtained result is a characteristic of spin allovaed symmetry forbidden d—d transitions
[57]. We can also notice that there is a reasoraipleement between the experimental and
calculated values dfax The experimental and calculated results of UV-spisctral data

were compared in Table 3.

Table 5: Wavelengthd.,.x 0scillators strengthd)(and main electronic transitions of the studiethptexes.

Complexes Aep (NM) Aca (nM) f main electronic transition
[MNn(L H2(H,0)] 472 507 0.0432 Charge transfer
[Mn(L ?)»(H,0),] 442 478 0.0269 Charge transfer
[Cu(LY2(H,0),] 712 675 0.0017 d-d electronic transition
678 602 0.0004 d-d electronic transition
[Cu(L?)2(H,0),] 651 691 0.0006 d-d electronic transition
560 597 0.0008 d-d electronic transition

The theoretical results have shown that TD-DFTudateons, with a hybrid B3LYP
functional in conjunction with CPCM of solvationgiether with a LanL2DZ basis set, was
clearly able to predict the excitation energy ahe absorption spectrum of the studied
molecules. From figures 17 and 18 (for the seled¥td complexes), and taking into
account the maximum absorbance positions, the ateailspectrums of the two selected

complexes showed a good agreement with the expetainesults.
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6. Antibacterial and antifungal activities (in vitro):

The antimicrobial activity of ligands and their mletomplexes has been studied in
vitro against fungi and pathogenic bacteria in DMS8@ performed these tests by the disk
diffusion method; the results are given in Figs.ab@ 20. It is of note that for the activity
of both standard references with the selected bactbe diameters of the inhibition zones
(measured in millimeter at 24 hours) Btherichia coli and Klebsiella pneumoniae
bacteria with cefotaxime are respectively: 35 mmd 28 mm,and thatof Staphylococcus
aureus and group D Streptococcusvith gentamicineis 40 mm. Compared with the
standards data, the tests reveal that the newpaped ligands and their metal complexes



showed an interesting effect against most microusgas. However, the antimicrobial
screening data show that and L? ligands are more active against Gram-positivedsact
than Gram-negative bacteria.

The high resistance of gram (-) bacteria is relabetthe complexity of the cell wall
of these microorganisms which contains a double bnane, unlike the simple membrane
structure of gram (+) bacteria [71]. The mangaresaplex (MnL}) has shown excellent
antibacterial activity against gram-positive baietefStaphylococcus aureugjroup D
Streptococcusand gram-negative bacteridlébsiella pneumanigeand moderate activity
against Gram-negative bactertacherichia coli).

The copper complex with the ligand (Cul') showed an important activity than
that of the ligand t namely an excellent antibacterial activity agaigsam-positive
bacteria $taphylococcus aureugroup D Streptococcdisand a moderate activity against
bacteria Echerichia colj Klebsiella pneumaniaejo Gram negative. The interesting
activity of copper and manganese complexes carxplieed by the theory of chelation
[50, 72]. The Chelation reduces the polarity of tdemtral metal atom due to the partial
sharing of its positive charge with the ligand, g¥hipromotes the penetration of the
complexes by the lipid layer of the cell membran&-76].

The copper and manganese complexes with tHigand exhibit activity relative to
that of ligand E with respect to the bacteria tested. It shoulshted that the Mnt.and
Cul? complexes have a good antibacterial activity paldr to the bacteriungroup D
Streptococcusin general, the copper and manganese complexeeddérom the L ligand
are more active than thé ligand complexes. In addition, the activity stugdiedicated that
MnL! complex exhibited activity better than standard ibaotic Cefotaxime
againstKlebsiella pneumania€rhis is well justified by its diameter of the iblion zones
which reached 36 mm. These results indicate thatype of substitution in the benzoic
ring has a significant influence on antibacterietivaties. This antimicrobial behavior is
related to the electronic effect of the substitag@t].
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The disk diffusion method also allowed us to deteathe antifungal power of the
two ligands and the four complexes with respectCandida albicans and Candida
tropicalis. In these tests, the diameters of the inhibitiones of ketokonazole used as
standard reference f@andida albicansand forCandida tropicalisare respectively 33mm
and 35 mm (see figure 20). Based on standard valesind that the ligands and their
metallic complexes exhibit excellent antifungal ety against candidas previously
mentioned and were more potent than ketokonazoie.pdrallel, the synthesized
coordination complexes showed a clear improveméttteoantifungal tests in comparison
with those of the free ligands.

Therefore, it is clear from Figure 20 that the foamplexes are very active against
both selected candidas (a value of 40 mm for tlue fomplexes). This indicates that the
chelation in the case of manganese and copper eaegplncreases the lipophilic nature of
the nucleus. However, the results relating to tle@sarement of inhibition diameters of
mycelial growth show that the tested ligands aredrtbomplexes have a high antifungal

power.
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Fig. 20.Comparison of antifungal activity of compounds.

In conclusion, the obtained biological tests intkdathat the new synthesized ligands
and their four complexes exhibited a broad specifiawctivity against the tested bacteria
and fungi strains and these encouraging resultsvalls to pave the way for more

advanced biological tests (anti inflammatory, otabts.....).

7. Conclusion:

The synthesis and characterization of new coppearid manganese (lI) complexes with two new
furopyran-3, 4-dione ligands are reported. The Mig-electronic absorption and IR spectral data
of the four synthesized complexes have been compaith the results obtained by theoretical
calculations, the results of these calculationsweltba good agreement with the experimental
results. The ESR spectral data of the copper compléndicate that the complexes have axial
symmetry, which also confirms the oxidation statek the metal ions. The different
characterizations allowed assigning coordination fair the obtained complexes. Elemental
analysis revealed the geometry of these complexessevgeneral formula is [M (L) (H.0),]
.nH;O. The calculated geometric parameters confirmed th®rted octahedral geometry of the
studied complexe&ntibacterial and antifungal activities of liganasd their Cu (Il) and Mn (Il)
complexes were evaluated in vitro against differamtibacterial and antifungal strains.
The antifungal activity of ligands and their metaimplexes gave interesting result. The
chelates and the ligands are found to have anlertealntifungal activity again€andida
albicans and Candida tropicalis This finding indicated to very promising canditas
antimicrobial new products because they  will almostcertainly  be
important in the development of beneficial new drug
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Highlights

The Highlights of research are as follows:

1- Four new metal complex derivatives of two new ligands 2-(hydroxy(phenyl)-6-
methyl-2H-furo[3,2-c]pyran-3,4-dione (L') and 2-(hydroxyl (2-hydroxyphenyl) -6-
methyl-2H-furo[3,2-c]pyran-3,4-dione (L %) with the metal ions Mn(l1) and Cu(l1) have
been successfully prepared.

2- The complexes obtained are investigated by: FT-IR, UV-vis, ESR and magnetic

measurements.

3- Theoretical calculationsinvoking geometry optimization and molecular orbital
description HOMO and LUMO are done using DFT/LAN2DZ density functional
theory.

4- Theantimicrobia activity of the ligands and their complexes was evaluated in vitro
against different bacteria and fungi.



