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Graphical Abstract

Experimental and theoretical studies on isatin-Schiff bases and their copper (11)-complexes.
Syntheses, spectroscopy, tautomerism, redox potentials, EPR, PXRD and DFT/TDDFT

Mohammed Enamullah’, Md. Al-Muktadir Zaman, Mortuza Mamun Bindu, Mohammad K hairul

Islam, Mohammad Ariful Islam
Department of Chemistry, Jahangirnagar University, Dhaka, Bangladesh

The isatin-Schiff bases 3-(o/p-tolylimino)indolin-2-one (HL1 and HL2) react with the copper(Il)
acetate or nitrate to give the bis[3-(o/p-tolylimino)indol e-2-ol ato-k*N,0O] copper(l1) (1 and 2) via

lactam (L)- to enol (E)-tautomerism in solution.
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Experimental and theoretical studieson isatin-Schiff bases and their copper (11)-complexes:
Syntheses, spectroscopy, tautomerism, redox potentials, EPR, PXRD and DFT/TDDFT

Mohammed Enamulléth. Al-Muktadir Zaman, Mortuza Mamun Bindu, Moharad Khairul

Islam, Mohammad Ariful Islam
Department of Chemistry, Jahangirnagar University, Dhaka, Bangladesh
Abstract

The isatin-Schiff bases ®/p-tolylimino)indolin-2-one (HL1 and HL2) react witthe copper(ll)
acetate or nitrate to give th®s[3-(o/p-tolylimino)indole-2-olatox’N,O]copper(ll) ( and 2) via
lactam (L)- to enol (E)-tautomerism in solution. $Rectra show solely the L-tautomer at solid state,
while both tautomers in solutiofH NMR results indicate a dynamic tautomerism ebuidi
between the L- and E-tautomers in solution withyway ratios ofca. 83/17, 60/40, 54/46 (L/E)
within 0.5, 5, 24 h, respectively. Cyclic voltammmag demonstrate two quasi reversible one
electron charge transfer processes for Cu(ll)/Cahd Cu(l)/Cu(0) couples in acetonitrile,
respectively. PXRD patterns at 5-8@26) correspond well to the crystalline nature withicas
degrees of crystallinity for the ligands and compke X-band EPR spectrum shows an intense
broad band at high field region with isotropic matuMagnetic moment valuegie = 1.56 -1.63
4B) indicate paramagnetic nature of the copper@hiplexes with one unpaired electron in
methanol. Optimized structures by DFT show the irdfaelatively stable than E-form by 19.76
Kcal/mol, while compounds HL2 and are slightly stable than HL1 antl by 0.35 and 0.79
Kcal/mol, respectively. Electronic spectra by TDD&{fongly support the experimental results in

methanol.

Keywords: Isatin-Schiff bases; Copper(ll)-isatin Schiff bgdesctam-Enol tautomerism; Redox
potentials; DFT/TDDFT.



1. Introduction

The indoline-2,3-dione (Isatin), a cheap startirgternial for drug syntheses, and isatin-Schiff
bases are particularly important because of tHearmpacological activities including anticancer,
antibacterial, antifungal, antiviral, antileukemend antiprotozoal agents [1,2,3]. In this
connection, many isatin-Schiff bases and theirvd¢iies were synthesized from condensation
of isatin with arylamine [4], hydrazine [5] semibaride [6], thiosemicarbazide [7,8,9,10] and
dithiocarbazate [11], respectively. Indeed, becaidis®ological applications and dependences of
many enzymes reactivities on copper, a large nuwibespper(ll)-isatin Schiff bases complexes
have been reported [7-9,11,12,13].

As part of our recent studies on transition metahplexes withchiral/achiral-Schiff bases
ligands [14-25], we reported syntheses, spectroscdmaracterizations, chiroptical properties
and X-ray structural analyses of the enantiopuagnsSchiff bases of 3-f)-(Ar)-ethylimino}-
1,3-dihydro-indol-2-one (Ar = gHs, 0-/p-MeOGsH4, p-BrCsHs and 1-naphthyl) [26]*H NMR
studies demonstrate a time dependent dynamic tautsm equilibrium between the lactam (L)-
and enol (E)-forms of the isatin-Schiff bases iftugon [12b,26]. Whereas, solid state X-ray
structures show solely the lactam-form [26]. Owuits further explore several intermolecular
hydrogen bonding interactions and/or short contactommon feature of isatin-Schiff bases, at
solid state [4,5,6,10,26]. However, isatin-Schiffsbs readily react with the dinuclear [Rh(u-
0O,CMe)(n*-cod)}L (cod = 1,5-cyclooctadiene) to give the mononuc]Biu(n*-cod){3-((R)-(Ar)-

ethylimino)-3H-indol-2-olato}] complexesia tautomerism in solution [26].

The present endeavor, in continuation, reportgdbalts of syntheses, spectroscopy, lactam-
enol tautomerism, redox potential, EPR, paramagmetind PXRD studies on isatin-Schiff
bases 3d/p-tolylimino)indolin-2-one (HL1 and HL2) and their omplexes big[3-(o/p-
tolylimino)indole-2-olatox®N,O]copper(ll) (L and 2), respectively. Theoretical calculations by

DFT/TDDFT are employed to rationalise the experitakresults.

2. Experimental

2.1. Materials and measurements



IR spectra were recorded on Nicolet iIS10 (Thermerg8ific) spectrometer as KBr discs at
ambient temperature. Electronic spectra were obtainvith the Shimadzu UV 1800
spectrophotometer in methaml25 °C. Elemental analyses were performed onraoKha from
the Elementaranalyensystem&i NMR-spectra were recorded on Bruker Avance 400
spectrometer operating at 400 MHz in CPGt dmso-g at 20 °C. ESI mass (positive mode)
spectrum for compound was recorded on Shimadzu LCMS-2020. The isototridutions
patterns for th&*®°Cu containing ions are visible in the mass spectripsilod" instruments
(BASI) electrochemical analyser was used for rugnayclic voltammograms experiments
containing tetra-N-butyl-ammonium-hexaflorophosgh&TBAP) as supporting electrolyte in
acetonitrile at 25°C. A three-electrode measurement system was udeidh womposed of a
platinum disc working electrode, platinum wire diaxy electrode and Ag/AgCl reference
electrode, respectively. The solution containing sample and TBAP was deoxygenated with
purging nitrogen gas for 10 minutes prior to usarklhg electrode was cleaned with supplied
solution and dried prior to use in each scan tachgay contamination caused by deposition of
the metal. The reproducibility of CV pattern wasecked out at a scan rate of 0.10"Va
acetonitrile. The X-band EPR spectrum was recomedECS-EMX (Bruker) spectrometer in
dmso at 120 K using the diphenylpicrylhydrazine BPP as reference compound. The magnetic
moments valuesi4s«./uB) for the complexes were measured, based on thesEwethod [27], in
methanol at 20C. For measurementH NMR spectra were run using a sealed coaxial inser
containing TMS in acetonesd(0.5%, v/v) as an external standard and Instrunieck.
Cyclohexane in methanol (1.0%, v/v) was used astamal reference compound, and methanol
peaks (i.e., €3 and (H) were used for temperature calibration [27c-f].

2.2. Syntheses of the 3-(o/p-tolylimino)indolin-2-one (HL1 and HL2)

An equimolar amount of Indoline-2,3-dione (Isat{f)294 g, 2.0 mmol) and/p-toludine (0.214
g, 2.0 mmol) were dissolved in 10 mL methanol. Ati@4 drops of concentrated,$0, into
this reaction mixture and refluxed the solution &8 hours. Colour of the solution changed
from red-orange to orange-yellow. Afterwards, restlithe volume of the solvent ta. 50% in
vacuo and left standing the solution for crystallizatiagia. slow evaporation of the solvent at

room temperature. Orange-yellow microcrystals weeeipitated out after 2-3 days, filtered off



and washed the crystals with methanol for threegsig2 ml in each). Dried the microcrystals in
air for 3-4 days and obtained the Schiff bases/gHplylimino)indolin-2-one (HL1 and HL2).

3-(o-tolylimino)indolin-2-one (HL1): Yield: 0.385 g (82%). IR (KBr, ci): 3451vs/br. {H-0),
3241vs {N-H), 3067w ¢C-Ha/), 1748vs ¥C=0) and 1615vC=N). IR (in CHC}, cm™): 3693s,
3688s, 3683s and 3609wd-H), 3439s {N-H), 1746s {C=0), 1734s{C-0O) and 1619s, 1603sh
(vC=N). IR (ATR, cm?): 3234vs {N-H), 3066w ¢C-Ha), 1745vs ¥{C=0) and 1610, 1593vs
(vC=N). 'H NMR (400 MHz, CDC}): & = 2.18 (s, 3H, CkiL, ca. 83%), 2.46 (s, 3H, CHE, ca.
17%), 6.53 (dJ= 7.6 Hz, 1H, HL), 6.77 (t,J = 7.6 Hz, 1H, Hs-L), 6.86 (d,J = 7.6 Hz, 1H, hh-
L), 6.92 (d,J = 8.0 Hz, 1H, K-L), 6.94 (d,J = 7.0 Hz, 1H, HsE), 7.10-7.15 (m, 2H, H 1zE), 7.19
(t,J=7.2Hz, 1H, hL), 7.26 (t,J= 7.2 Hz, 1H, BL), 7.31-3.33 (m, 4H, khzE, Hs L), 7.34 (d,
J=7.6 Hz, 1H, H-E), 7.59 (tJ = 7.6 Hz, 1H, HE), 7.65 (dJ = 7.2 Hz, 1H, H-E), 8.24 (br, 1H,
OH-E, 20%), 8.46 (br, 1H, NH-L, 80%) (L = Lactamdio and E = Enol-form, for proton
numbering see the Scheme 1).

3-(p-tolylimino)indolin-2-one (HL2): Yield 0.376 g (80%). IR (KBr, cm): 3453vs/br. {H-0),
3261vs {N-H), 3046w ¢C-Ha/), 1742vs ¥C=0) and 1613vsvC=N). IR (in CHC}, cn?): 3689s,
3675s, 3610wvO-H), 3439s {N-H), 1745s {C=0) and 1616s, 1595sh@=N). '"H NMR (400
MHz, CDCk): 6 = 2.32 (s, 3H, CHE, ca. 15%), 2.43 (s, 3H, CHL, ca. 85%), 6.79 (tJ= 7.6 Hz,
1H, He-L), 6.83 (t,J = 7.2 Hz, 1H, H-L), 6.94 (t,J = 8.0 Hz, 4H, hh.1214.15E), 6.97 (dJ= 8.0 Hz,
4H, Hi142L), 7.06 (d,J = 7.6 Hz, 1H, BE), 7.14 (tJ = 7.6 Hz, 1H, H-L), 7.26 (d,J = 8.0 Hz,
3H, HizasL+He-E), 7.33 (t,J = 7.6 Hz, 1H, HL), 7.58 (t,J = 7.6 Hz, 1H, BHE), 7.64 (dJ=7.2
Hz, 1H, H-E), 8.41 (br, 1H, OH-Ea. 15%), 8.66 (br, 1H, NH-Lca. 85%).

2.3. Syntheses of the bis] 3-(0/p-tolylimino)indol e-2-ol ato-x*N, O] copper (1) (1 and 2)

Two equivalents of the Schiff base @g-tolylimino)indolin-2-one (HL1 or HL2) (1.0 mmol)
were dissolved in 10 mL methanol and stirred thieitgm for 10 min at room temperature.
Added one equivalent of copper(ll) acetate or tetrsolution (0.5 mmol, dissolved in 10 mL
methanol) into the solution of Schiff base. Theuioh mixture was then stirred foa. 8 hours
at room temperature and colour changed from orgetdiew to dark brown. Reduced the volume

of solvent toca. 70 % in vacuo and left standing this solution for precipitati@m room



temperature. After 4-5 days, dark brown precipitates formed, filtered off and washed two
times with diethyl ether (2 mL in each) followed mmethanol. The precipitate was dried for 3-4
days and obtained dark brown microcrystals bifs[3-(o/p-tolylimino)indole-2-olato-
«°N,O]copper(ll) @ and2).

Bis[ 3-(o-tolylimino)indole-2-olato-x?N,O] copper (1), [Cu(L1)7] (1): Yield: 0.220 g (75%). IR
(ATR, cni™): 3170, 3065WVC-Haromard, 1728vs ¢C-0) and 1612, 1591vsC=N). MS (ESI+)m/z
(%) = 602 (20) [M(HCGH)+NaJ, 556 (10) [M+Na], 473 (100) [(HL1)+H]", 382 (25)
[(HL1),-CeHa(CHg)+H]", 361 (10) [(CuL1l)(CHCO)+2H+H]", 298 (17) [CuLl], 237 (40)
[HL1+H]" and 208 (12) [CulLiCgHi(CH3)+H]" {M = Cu(L1l), = GCgH2N4O,Cu; HL1 =
CisH12N20}. — CgoH22N40,CuBH,0 (588.11): Calcd C 61.27, H 4.80, N 9.53; founé@90, H
4.62, N 9.41.

Bis 3-(p-tolylimino)indole-2-olato-x°N,O] copper(11), [Cu(L2);] (2): Yield 0.210 g (71%). IR (ATR,
cm): 3188, 3061w VC-Haomaid, 1726vs {C-O) and 1614vs, 1595sh vG=N).
= C30H22N40,CuBH,0 (588.11): Calcd C 61.27, H 4.80, N 9.53; foun100, H 4.65, N 9.35.

2.4. Computational method

To rationalize the experimental results, a throagmputational procedure was performed with
the Gaussian 09 software [28]. The gas phase bguilh geometries for both the Lactam (L)-
and Enol (E)-forms for HL1 or HL2 were optimizedtiwDFT using the functional B3LYP and
the basis set LANL2DZ, respectively (Fig. S1). @puations were also carried out in
chloroform with Polarization Continuum Model (PCM) B3LYP/LANL2DZ, respectively. It
has been reported that four-coordinated metal(NPNschiff bases complexes in tetrahedral to
distorted square-planar geometry exhibit inducentality at-metal center, and provide two
possibleA(right)-Cu andA(left)-Cu handed isomers (i.e., opposite configoraat-metal center)
along theC,-symmetry of the molecule [15-24]. Thus, we optiedzboth theA-Cu andA-Cu
configured structures fol or 2 using the functional B3LYP and the basis set 6{8)G
respectively (Fig. 2).

For excited state properties, time-dependent denginctional theory (TDDFT) was
employed using the functionals B3LYP, M06 and tlasi® sets SDD, TZVP, 6-31G(d) on the



optimized structures with B3LYP/6-31G(d) or B3LYP/S, respectively forl. Polarization
Continuum Model (PCM) was incorporated using methaas solvent and 72 excited states
(roots) were considered for calculations (Table. S1)e calculated electronic spectra, from
different combinations of the functionals and thesib sets, are similar in nature with little
shifting of the band maxima\ay) (Figs. 3, S2), strongly support the reliabilitydavalidity of

the methods used for calculations. The best fitgdulated spectra to the experimental spectra
are obtained with B3LYP/6-31G(d)//B3LYP/6-31G(d)dF3). The spectra for both- and/A-
configured structures df were calculated. TDDFT was further employed on lthetam- and
Enol-forms of HL1 at B3LYP/LANL2DZ, respectively ging PCM in methanol) (Fig. S3).
Assignments of excited state properties and madeauibitals (MOs) calculations were carried
out at the same level of theory. The electronicsBpenere generated using the program SpecDis
[29] by applying Gaussian band shape with expoakhélf-widthc = 0.24 eV.

3. Results and discussion

Reaction of indoline-2,3-dione (Isatin) with trep-toludine in presence of 3-4 drops of
concentrated 80O, under reflux affords the isatin-Schiff basesoBa{tolylimino)indolin-2-one
(HL1 or HL2) in methanol. The isatin-Schiff basewlargo tautomerism between the lactam (L)-
and enol (E)-forms in solution, and hence reachhe copper(ll) acetate or nitrate to give the
bis[3-(o/p-tolylimino)indole-2-olatox®N,O]copper(ll), {Cu(L1}] (1) or [Cu(L2)] (2)} (Scheme

1). ESI mass spectrum shows the molecular ion pagksz 556 ([M+Na]) for 1 (Fig. 1).
Indeed, the spectrum is dominated by several i@aggfor the protonated Schiff base ligand at
m'z 473 {[(HL1),+H]'} and 237 ([HL1+H]), and fragmented complex speciesnaz 602
(IM(HCO2H)+NaJ"), 298 ([CuL1]) and 208 ([CuL:CsH4(CHz)+H]").
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3.1. Vibrational spectra and optimized structures

The vibrational spectra for the isatin-Schiff bagé€Br disc) show main characteristics bands at
3246 (HL1)/3261 (HL2) fovN-H, and at 1748 (HL1)/1742 (HL2) cinfor vC=0, suggesting
solely the lactam (L)-tautomer at solid state (F&g, top). The spectra taken in chloroform
solution show bands af. 3439 cri (vN-H) and 1745({C=0) cni* for the lactam (L)-tautomer,
and bands ata. 3690/3608 cr (vO-H) and 1734 cih (vC-O) for the enol (E)-tautomer (Fig.
S4, bottom). The ratio of peaks areas for L/E-tangéis isca. 60/40 withinca. 2 h of dissolution

in solution. The results suggest the existencdsoti the L- and E-tautomers simultaneously in
solution (Scheme 1), as evidenced ¥NMR studies (discussed below). The vibrational
spectrum for HL1 (with lactam-form) from optimizettucture at B3LYP/LANL2DZ shows the
characteristics bands at 3672, 1728 and 1665 @ne tovN-H, vC=0 andvC=N, respectively
(Fig. S5). While the spectrum for HL1 (with enokit) shows bands at 3654 and 1593 tdue

to vO-H andvC=N, respectively (whereN-H/vC=0 bands are absent). As the complexes are
formedvia deprotonation of the enolic-proton (resulting fréematomerism in solution), theN-

H, vC=0 and/orvO-H bands are obviously absent in their spectrg.(S6). Indeed, the
complexes show strong bandaat 1728 (1) and 1726 %) cmi’ for vC-O (Fig. S6). The Schiff
bases further show strong bandsat1615 cni (KBr disc) andca. 1620, 1603 ci (in CHCL)

for vC=N, which are found ata. 1612, 1591 cr (1) andca. 1614, 1595 ci (2) in complexes.
Several weak bands/shoulders are observed at 298D for vC-H both in the Schiff bases

and complexes (Figs. S4, S6).

Optimized structures (gas phase) for the lactam byl enol (E)-tautomers for HL1 or HL2
show the L-tautomer relatively more stable thara@&dmer byca. 19.76 Kcal/mol (Fig. S1).
Similarly, optimized structures in chloroform alsewveal the L-form more stable lwa. 21.33
Kcal/mol. The optimized structures at B3LYP/6-31§5(show both theA-Cu and A-Cu
configured isomers are equi-energetic (i.e., sal@erenic and thermal free energy) fbior 2.
The optimized structure for HL2 (&) with p-tolyl group is slightly stable bga. 0.35 (orca.
0.79) Kcal/mol than HL1 (of) with o-tolyl group due to less steric hindrance (Fig. 2pme
selected bond lengths and angles for the ligandscamplexes are listed in Table 1, which are
comparable to X-ray structural data for HL1 witleteem-form [30]. The computed C8-N2-C9



bond angle ¢a. 127.7°) is higher byca. 10 ° than the X-ray value (117.% in HL1 due to
existing intermolecular hydrogen bonding interaasi@nd short contacts in the crystals [26,30].
The bond angles are lowered by 5-7n 1 or 2 due to steric constraints experienced in the
coordination sphere. In fact, the two ligands diffetheir relative orientations of the aryl- and
lactam-rings, which is reflected by the dihedraglas @/° = angle between the two planes of
the aryl- and lactam-rings) of 57°THL1) and 54.4 (HL2) because of uneven steric hindrances
induced by theo- or p-methyl groups on the aryl-ring (Table 1). Howeutesed values are
significantly lowered by 11-14 than the X-ray value (68.6in HL1) due to intermolecular
hydrogen bonding and short contacts in the crystaalamentioned above. The N2-C8 bond
lengths (1.27-1.294) indicate carbon-nitrogen double bond, while C8-N2-Bond angles
(117.7-127.8°) represent sphybridization of the imino-nitrogen atom (Figs. 81) [26].
Further, the bond angles for O-Cu-€4.(100°) and N2-Cu-N2'da. 104°) comply well with the

distorted tetrahedral geometry for the complexes.

(1, A-Cu isomer)

(2, A-Cu isomer;:+0.79 Kcal/mol)




Fig. 2. DFT optimized structures for the ligands (HL1 and?Hat B3LYP/LANL2DZ and
complexesX and2) at B3LYP/6-31G(d), respectively.

Table 1. Some selected bond lengtid$ &nd angles°} in HL1 and HL2.

Bond lengths (A)/ HL1  (X-ray | HL1 (cal.)* | HL2 (cal.)! | 1 (cal.)? 2 (cal.)?
angles {) structuref*

C7-0 1.212(2) 1.2423 1.2422 1.2838 1.2833
C7-N1 1.362(2) 1.4001 1.4006 1.3055 1.3058
C1-N1 1.412(3) 1.4114 1.4107 1.4100 1.4084
C7-C8 1.503(3) 1.5392 1.5395 1.5325 1.5342
C8-N2 1.276(2) 1.2925 1.2935 1.2955 1.2964
N2-C9 1.431(6) 1.4125 14121 1.4259 1.4206
Cu-0/0! 1.9153 1.9138
Cu-N2/N2' 2.0105 2.0056
C8-N2-C9 117.7(3) 127.78 127.62 122.65 124.13
N2-Cu-N2' 104.13 103.76
O-Cu-O' 98.93 100.20
O-Cu-N2'/N2-Cu-O' 149.00 148.17
N2-Cu-O/N2'-Cu-0O' 86.67 86.69
Dihedral angles{/°) 8 68.62 57.12 54.38 66.00 56.29/52.63

2 From ref. 30} Calculated at B3LYP/LANL2DZ? at B3LYP/6-31G(d) foA-isomer.
% 8/° = Dihedral angles between the two planes of the anylactam-rings.

3.2. Experimental and computed el ectronic spectra (UV-Vis.)

Electronic spectra (UV-Vis.) for the Schiff basesddacomplexes in methanol are identical in
nature (Fig. 3) and feature several bands/shouldel®y 500 nm due to the ligand-centered
n-t/n-m (LL) transitions. A weak broad band, in additii® found at visible region (500-
800 nm) in the complexes (Fig. 3, inset), resultsnf overlapping of metal-ligand (ML) charge
transfer and metal-centered d-d transitions (MM)copper(ll)-core electrons [15,19,26,30].
Excited state properties by TDDFT for the complexiesm different combinations of the
functionals and the basis sets, provide similactspewith little shifting of the bands maxima
(Amax), Which are comparable to the experimental sp€igs. 3, S2). The computed spectra for
L- and E-tautomers of isatin-Schiff bases are atndentical and fit well to the experimental
spectra (Fig. S3). Similarly, spectra # andA-configured structures are essentially identical
for 1 or 2. [15,17-23]. However, there are some discrepaniciethe bands positions\fax

values) between experimental and calculated sp€Eigs. 3, S3 and Table 2) due to certain



drawbacks of TDDFT protocol including overestimatiaf excitation energies, presence of low
energy states with low oscillator strengths, imgrogescription and/or long distance of charge-
transfer processes, etc. [31]. “ In addition, lagkof proper choices of the functionals and basis
sets, gas phase DFT optimizations and limitatidrexperimental spectra including unavoidable
(a) solute and solvent interactions and (b) disgmm-equilibria as found for the labile
tetrahedral/square-planar complexes in solution1f@@2-25,32-33] may contribute to these
discrepancies.”

Some selected and simplified assignments on compgectrum, relevant to the experimental
data, are made based on the orbital and populatiahyses forl (A-Cu isomer) (Table 2)
[15,19,26,30]. A combined band resulting from metal, metal-ligand (ML) and intra-ligand
(LL) transitions (for example) is found at 593 neigse to the experimental band/shoulderaat
600 nm (Table 2), for HOMO to LUMO and HOMO-14 tdJMO transitions with MOs
contributions of 54 and 14 %, respectively. Franti®lecular orbitals HOMO, HOMO-14 and
LUMO, calculated at B3LYP/6-31g(d)//B3LYP/6-31G () methanol, are shown in Fig. 4. The
HOMO orbital is localized on the-electrons moieties of the lactam- and aryl-ringspinetal d-
moieties, while the LUMO is localized mainly on treemoieties of the ary-ring with a very little
d-moieties. The energy gap between these two M®svary narrow AEg = 2.7x10" eV),
involves maximum transitions in the excitations (M854%) [31f]. On the other hand, the
HOMO-14 is localized only on the-electrons moieties of the lactam-ring (no metahaieties),
which transits to LUMO with a high energy gakEQg = 6.10 eV) and involves low transitions in
the excitations (MOs <14%).
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Fig. 3. Experimental electronic spectra for HL1 (0.07 miiaplnd1 (0.15 mmol/L) in methanol
at 25°C, and calculated spectrum fb(A-Cu isomer) at B3LYP/6-31G(d)//B3LYP/6-31G(d) in

methanol.

Table2.
Some selected and simplified assignmeorisl (A-Cu isomer), calculated at B3LYP/6-
31G(d)//B3LYP/6-31G(d) in methanol.

Anm?@ Oscillator MOs Assignment§”
strength (f)  contributions (%}

628 0.0(07 H-23 > L (47), H-16 > L (31) MM, ML

593 (600sh  0.C11Z2 H-14 — L (14), H— L (54) MM, ML, LL

53¢ 0.C157 H-1— L+2(55), H — L+1 (68) MM, ML, LL

446 (380sh 0.131¢ H-3— L (78) MM, ML, LL

322(300sl)  0.209: H-7 — L+2 (45), H-3 — L+2 (10) MM, ML, LL

282 (245) 0.0951 H-14 — L (29), H-10— L (41) ML, LL

269 0.1431 H-12 - L+1 (12), H-10— L+2 (32) ML, LL

2 Experimental values are in parenthedé¢$:= HOMO and L = LUMO:* MM = metal-centered
(d-d), ML = metal-ligand, LL= ligand-centered tritiens; * Z-spin MOs are considered.
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Fig. 4. Frontier molecular orbitals (HOMO, HOMO-14 and LM for 1 (A-Cu isomer),
calculated at B3LYP/6-31g(d)//B3LYP/6-31G(d) in mm&bol (Isovalue 0.02).

3.3. *H NMR studies: Lactam (L) == Enol (E) tautomerism

'H NMR spectra for the Schiff bases are shown irs.FBg 6 and spectral data are summarized
in the experimental section. As mentioned abovatinsSchiff bases undergo a dynamic
tautomerization equilibrium between the lactam @ne enol (E)-tautomers in solution (Scheme
1), and exhibit peaks for both the tautomers siamdbusly [26]. Thus, the methyl protons show
two singlets ab 2.18 (85%) and 2.46 (15%) ppm in HL1 {®2.43 (83%) and 2.28 (17%) ppm
in HL2} within ca. 30 min of dissolution in CD@Jl which correspond to the existences of both
L- and E-tautomers simultaneously (Figs. 5, 6)he OH (enol) and NH (lactam) protons
appear as broad signals&@aB.24 and 8.46 ppm in HL1 (or &8.41 and 8.66 ppm in HL2),
respectively. The spectra further show several ddsibtriplets and multiplets at the rangesof
6.50 - 7.65 ppm, associated to the several arorpations for both forms (see experimental

section).



To study the dynamic tautomerism equilibrium bettee lactam (L)- andnol (E)-forms
as a function of time, we rud NMR spectra at different time intervals of HLZslblution in
CDCl; (Fig. 6). The results show that both the tautoneerexit simultaneously at varying ratios
with dissolution time. Thus, immediately upon dission (within ca. 30 min), the major
tautomer is lactam-formcé. 83%, based on peak integration value) with theomanol-form
(ca. 17%). The lactam-to-enol ratios (L/E) becooae 60/40 within 5 h anda. 54/46 within 24
h of HL2 dissolution in solution. Indeed, no moteange is noted upon further standing of this
solution, suggesting an equilibrium has been estad with almost equal amount of both
tautomers in solution. IR spectra taken in chlonofalso support these results as discussed
above. In accordance with IR spectra at solid stateere solely the lactam-form exits), we
assume the major tautomer to be lactam-form andniner one to be enol-form immediately
upon dissolution (i.e., within 30 min). Howevéid NMR peaks assignments and percentages of
the lactam- and enol-forms are made based on pamdsg peaks integration values for

CHa3/N-H (lactam) and CH (enol) protons at different time intervaksspectively (Fig. 6).

L (CH3)
L
L+E
L |
e L L
L (N-H) (80%) E B & E (CH3)
L] | ¥ L] L] T I T T T L] l Ll T L) T | ¥ L] L] T I L] L I L] Ll T L] I
8.50 8.00 7.50 7.00 6.50 3.0 2.0

Fig. 5. '"H NMR spectrum for HL1 in CDGlat 20°C (L/E = Lactam-/Enol-form).
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Fig. 6. 'H NMR spectra for HL2 at different time intervalsCDCk at 20°C (L/E = Lactam-

/Enol-form).
3.4. Reaction of 1 with NaCN

To check the presence of the isatin-Schiff basgmmamagnetic [Cu(L2) (1), we conducted
a decomplexation reactiona reduction of Cu(ll) to Cu(l) in presence of NaCiN dmso-¢
solution [15,21,23]. This reaction results in thenfiation of diamagnetic [({CN),]> and
deprotonated Schiff base anion {NB") in solution, accompanies a colour change fronk-dar
brown to light-orange (Scheme 2 NMR spectrum of this solution shows a singledat2.11
ppm for the methyl protons in Llwhile no peaks for the ®&- (enol) and/or N (lactam)
protons, as evidenced in the free HL1 (Fig. 5). Eesvy, several peaks associated to the

aromatic protons are found&6.50 - 7.70 ppm in L1



NaCN

[Cul ] (1) ——» [Cul(CN) ] + M
} dmso-dg ) ] SN
(Paramagnetic) (Diamagnetic) ‘ O-Na*
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(Dark-brown N
color solution) (Light-orange (L1"Na")
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Scheme 2. Reaction pathway between [Cu(kl1)1) and NaCN in dmsogd

3.5. Cyclic voltammetry

Cyclic voltammograms fofl and2 weretaken at the range 6f0.8 to 0.4 Vvs. Ag/AgCI at
varying scan rates in acetonitrile atZ%5 respectively (Figs. 7, S7). The forward scanghtwo
strong broad cathodic peaksaat — 0.40 (cl) andca. —0.57 V (c2) at scan rate of 0.10 Vs
correspond to two electrons charge transfer presesfor [CU(L),]%[CU(L),]” and
[Cu'(L)2] /[Cu®(L)2]> couples (L = deprotonated Schiff base), respectively [15332]. On
the other hand, the reverse scan shows two comdspmpanodic peaks &h. 0.03 (al) andca.
-0.45 V (a2), due to two electrons charge transfer procefmefCu’(L),]>/[CU(L)2] and
[Cu'(L)2] /[Cu"(L)2]° couples, respectively. A poor reductive peak onftimevard scan at 0.1 to
0.3 V, in particular with higher scan rates, is doethe electrolyte [21,32]. For comparison
studies, we run CV for the electrolyte (TBAP) archi® base (HL1) plus TBAP solution at the
range of-1.0 to 2.0 Ws. Ag/AgCl at scan rates of 0.10 Vén acetonitrile at 25C, respectively
(Fig. S8). The TBAP solution shows two pairs ofmegeaks Icl'1al' andic2'1a2') at lower
potential (0.5 to 1.0 V) [21,32], while the Schitfhse plus TBAP solution shows extra two pairs
of redox peaksl¢llal andic2/1a2) at relatively higher potential (1.3 to 2.0 Whe results
suggest that the observed redox peaks at the @ng@05 t0o—0.60 V (Figs. 7, S7) are solely
due to [CU(L)2]¥[CU(L)2]” and [CU(L),] /[Cu’(L),]* couples in complexes solution, while no
peaks at this range in Schiff base (HL1) plus TB#Rution (Fig. S8). Thus CV results indicate
two quasi-reversible one electron charge transfecgsses for Cu(ll)/Cu(l) and Cu(l)/Cu(0)
couples, respectively as reported for related cdpip&chiff bases complexes [15,19,25,32].

However, analyses of voltammograms frat varying scan rates demonstrate that both the



cathodic and anodic peaks become more intense shifting to higher and lower potentials,
respectively with faster scan rates. Indeed, alinelationship between the cathodic peak current

(Ic2uA) and square root of scans ratg’qVs™) (Fig. 8) corresponds to a diffusion-controlled

electrochemical process in acetonitrile.

Potential (V) vs. Ag/AgCI
0.4 0.2 0 0.2 0.4 -0.6 0.8
9 ———0T——-r—r—r—rrrrrrr-rrr-s+—r—rr-rrr-r-r-r—r+——
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Cu(l)/Cu(0) (Ic2
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-30

Fig. 7. Cyclic voltammograms fa2 (0.5 mmol dm®) containing TBAP (0.1 mol di) at

varying scans rate{Vs ) in acetonitrile at 25C.
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Fig. 8. Plot of peak current ¢2/uA) vs. square root of scans ratg’t/Vs™) for 2 (0.5 mmol
dm3) containing TBAP (0.1 mol dif)) in acetonitrile at 25C.

3.6. Powder XRD studies

Powder XRD patterns (Fig. 9) for the Schiff baséZHand its complex?) was recorded at
the range of 550° (26) at ambient temperature, which correspond welingeficrystalline nature
with various degrees of crystallinity [33,34,35]or@parision studies of spectral patterns show
the absences of certain intense peaks at Bwafie (<1(P) in HL2, and the presences of several
new and/or slightly shiftted peaks in the complElxe results suggest coordination of the Schiff

bases to the metal(ll) ion, and formation of thenptex with different structure (phase).
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Fig. 9. Powder XRD patterns for the HL2 aBct ambient temperature.

3.7. EPR spectra and paramagnetism

X-band EPR spectrum @in dmso at 120 K (Fig. 10) shows an intense blmatt at high field
region, having isotropic pattern due to tumblingtiom of the molecules [12a,32,33,36]. There
might be some peak broadening effect originatednfrihe dipolar interactions of close
paramagnetic centres. The copper(ll)-complexes witle unpaired electron are essentially
paramagnetic, and show the magnetic moment vajugs= 1.52 () and 1.60/B (2) in
methanol at 20C [19,32,33,36¢], close to the spin-magnetic monf@na single electron.
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Fig. 10. X-band EPR spectrum f@in dmso at 120 K.
4. Conclusions

The bis[3-(o/p-tolylimino)indole-2-olatox®N,O]copper(ll) are synthesized from &4g-
tolylimino)indolin-2-onevia lactam (L)- to enol (E)-tautomerism in solutionoli§ state IR
spectra show only the L-form, while both L- anddgrfis in solution'H NMR results reveal a
dynamic tautomerization equilibrium between theand E-forms in solution, which changes
with time. CV results demonstrate two quasi-re\®@esone electron charge transfer processes for
Cu(I/Cu(l) and Cu(l)/Cu(0) couples in acetongtilrespectively. PXRD patterns correspond
well define crystalline nature with various degreésrystallinity for the ligands and complexes.
X-band EPR spectrum shows an intense broad bahylatfield region with isotropic nature.
Magnetic moment valueg«s ) indicate paramagnetic nature of the copper(lhypkexes with an
unpaired electron. Optimized structures and exatate properties by DFT/TDDFT correspond
well to the experimental results both in solutiondaat solid state. The results could be
interesting for pharmacological and/or biologictlidies of the isatin-Schiff bases and their

copper(ll)-complexes.
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3-(o/p-tolylimino)indolin-2-one (HL1 and HL 2)
Copper(I1)-3-(o/p-tolylimino)indole-2-olate complexes (1 and 2)
Lactam-Enol tautomerism in solution

Redox potentias

DFT/TDDFT calculations



