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Abstract

Copper(ll) complexes synthesized from the prodwétsondensation of S-methyl- and S-
benzyldithiocarbazate with 2,5-hexanedione (SMHD&t®l SBHDH2 respectively) have
been characterized using various physicochemidaim@ntal analysis, molar conductivity,
magnetic susceptibility) and spectroscopic (infdarelectronic) methods. The structures of
SMHDH2, its copper(ll) complex, CuSMHD, and theated CuSBHD complex as well as a
pyrrole byproduct, SBPY, have been determined bglsicrystal X-ray diffraction. In order
to provide more insight into the behaviour of themplexes in solution, electron
paramagnetic resonance (EPR) and electrochemicgleriexents were performed.
Antibacterial activity and cytotoxicity were evatad. The compounds, dissolved in 0.5%
and 5% DMSO, showed a wide range of antibactegtVity against 10 strains of Gram-
positive and Gram-negative bacteria. Investigatiofsthe effects of efflux pumps and
membrane penetration on antibacterial activityragorted herein. Antiproliferation activity
was observed to be enhanced by complexation wihe Preliminary screening showed Cu
complexes are strongly active against human beesstocarcinoma cancer cell lines MDA-
MB-231 and MCF-7.
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1. Introduction

Effective treatment of multi-drug resistant (MDRRpdberial infections has become
increasingly challenging as the efficiency of theaikble antibiotic arsenal is reduced,
resulting in increased frequency of therapeutiltifai[1, 2]. Over-expression of efflux pumps
can contribute to resistance of bacteria by expnl®f structurally unrelated compounds
causing a decrease in the intracellular concentratif antibiotics [3, 4]. It is essential to
understand efflux-mediated resistance in bactpagiogens to develop efficient antibacterial
agents circumventing this mechanism. In additi@ralpel concerns relating to acquired drug
resistance as well as the serious side-effectatafaancer drugs in the midst of the increasing
rate of cancer diagnoses drives the effort to agvéletter alternatives [5, 6]. Due to their
many tunable functionalities, dithiocarbazate couomus are exciting candidates for

exploration and potential development as antimi@and cytotoxic agents.

Sulphur-nitrogen chelating agents derived from SA&ryl esters of dithiocarbazic acid
have been extensively investigated in recent ykargheir cytotoxicity [7, 8], antibacterial
[9], antiamoebic [10], anfitrypanosoma cruZil1l] and antiMycobacterium tuberculosid2]
activities. Considerable attention continues taiven to these and related Schiff bases [13-
16], since their properties can be modulated byothicing different substituents through
condensation of various S-substituted dithiocarteaeaters with a wide array of aldehydes
and ketones. In many cases, the bioactivities nbua dithiocarbazate derivatives have been
shown to differ widely although there may be onligle modifications in their molecular
structures [8]. Since these ligands possess bothrii@ogen and soft sulfur donor atoms they
are capable of coordinating with a wide range ahsition and non-transition metal ions
forming metal complexes with interesting physicoof@ml and enhanced biological
properties [17-19]. The wide diversity of structralisplayed by macrocyclic and
macroacyclic Schiff bases [20] results in varioosrdination abilities that could potentially
lead to applications ranging from diagnostics terdipeutics [21-22]. As part of our ongoing
exploration of these interesting properties, weestigated the synthesis and characterization
of some macroacyclic bis(dithiocarbazato) Schiffdsaand their Cu(ll) complexes. Copper
complexes derived from the analogues thiosemicatbahave also been subjected to
intensive research [23-26] and appear to be vdigiazit antimicrobial [27] and anticancer
[28] agents. The copper(ll) complexes of quadridentNNSS donor ligands reported in the
literature are also known to be neutral, stableg0'®) compounds that easily cross cellular
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membranes [23, 29]. Thus, copper ion was a logicaice for complexation in our search for

effective metallodrugs.

The main aim of the present work is to explore thelogical potential of newly
synthesized bis(dithiocarbazato) ligands and tii(ll) complexes by determining their
potencies against different bacterial strains esging a multi-drug resistance phenotype and
the effect of efflux pumps and membrane penetratontheir antibacterial activity. In
addition cytotoxicity assays against two breastearell lines was carried out to determine
the effect of complexation with copper upon thevétgt of the ligands against these cells.
Whereas syntheses of many dithiocarbazate compdwadsbeen reported in the literature,
reports on the bioactivities [30], crystallograpBeR and electrochemistry [31, 32] of Cu(ll)
bis(dithiocarbazate) complexes are limited. To tgvesuch compounds with effective
pharmacological activity, it is essential to oriexffort towards correlating the biological
activities of this class of compounds with theilid@nd solution structures as well as their
physicochemical properties to identify the optimgeometry about the Cu ion. This goal can
be achieved through the synthesis of a graduatedssef ligands designed to reveal the

mode of bioaction.
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2. Results and Discussion

2.1. Synthesis and characterization

The synthesis of S-substituted dithiocarbazates wadormed as previously
described [33, 34]. Carbon disulfide and hydraziere reacted in basic ethanol. After
workup, the dithiocarbazate produced was direatigcted with methyl iodide or benzyl
chloride to afford S-methyldithiocarbazate (SMDT&) S-benzyldithiocarbazate (SBDTC),
respectively. Schiff bases were then prepared $light variation of the method described by
Ali et al. [35]. The respective S-substituted dithiocarbazaaed 2,5-hexanedione were
condensed in 2:1 ratio (Scheme 1). The initialnaptis to synthesize the ligand SBHDH2
with prolonged heating followed by purification ogi column chromatography were
unsuccessful. NMR, ESI, elemental analysis andleiongystal X-ray diffraction confirmed
cyclization to a pyrrole derivative. We postulabatt bis(dithiocarbazate) indeed formed but
was then hydrolyzed to mono(dithiocarbazate) arukei®yldithiocarbazate [36, 37] with
subsequent cyclization of the mono(dithiocarbaztte) pyrrolevia the Paal-Knorr reaction.
To our knowledge, this is the first pyrrole deriviedm a dithiocarbazate reported although
there are two recent reports of formation of pwrdbyproducts upon reaction of
thiosemicarbazone with 2,5-hexanedione [38, 39].cddraged by the remarkable
pharmacological properties of functionalized pyeso[40, 41], we tested the compound for
its antimicrobial activity, the results of whicheamdiscussed below. The Schiff base,
SBHDH2, was finally obtained using either of thédwing two methods: stirring the dione
and SBDTC at room temperature for 30 minutes ofitg#or only 5 minutes after which the
white precipitate formed immediately. SMHDH2 wasithyesized without the complication
of side-reaction occurrence. The precipitate wasystallized to afford pure SMHDH2 (70%
yield).

Cu(ll) complexes with NNSS coordination were ob¢ginfrom the reaction of
copper(ll) acetate with an equimolar amount of thspective ligand (in acetonitrile for
SBHDH2 and methanol for SMHDHZ2). The complexes wsotated by filtration with yields
of 77% and 73% for CuSMHD and CuSBHD, respectivBlack crystals were grown from

acetonitrile.
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Scheme 1. Synthesis of the copper complexes derived frorfditisocarbazate) ligands. a)
CS, KOH, EtOH, 0°C, 1 h; b) CHi or PhCHCI, EtOH, 0°C, 5 h; c¢) for SMHDH2 (2,5-
hexanedione, EtOH, 79°C, 1 h), for SBHDH2 (2,5-m@dione, EtOH, 79°C, 5 min) and d)
for CuSMHD [Cu(OAc)- H,O, MeOH, 65°C, 1 h], for CuSBHD [Cu(OAg)acetonitrile, r.t.,
1 h].

2.2. Characterization of the complexes in the ssiade

The characteristic infrared bands of the S-sulistitulithiocarbazate ligane(N-H)
at ca. 3129 cnt and v(C=S) atca. 1050 cnt disappeared upon formation of the Cu(ll)
complexes. In additions(C=N) of the azomethine bond shifted to lower epettp11 cnt
and 1606 cm for CUSMHD and CuSBHD, respectively) and a secofd=C) band in
complexes containing anionic dithiocarbazate mesetippeared [42]. The hydrazinic band,
v(N-N), at ca. 828 cni* in the free ligandalso shifted upon complexation, to higher
(CuSBHD) and lower (CuSMHD) wavenumbers. These miagi®ons confirm deprotonation
of the Schiff bases with coordination through tlz®raethine nitrogen atom. Th€CSS)
bandca. 985 cni* (ligand) splits into two components at 1000-955"ampon complexation.
The presence of this band and the absence of tl& l&amd in the spectra of the metal
complexes provide additional evidence of the co@tion of the Schiff base to the metal in
its thiolate form [43, 44]. To confirm the 1:1 sthiometry, the complexes were also
characterized by elemental microanalyses for wkiehanalytical data were found to agree
with the formulations proposed for the complexes e&pected for paramagne8id’ ions, the
magnetic susceptibility values measured at roonp&ature for the CuSMHD and CuSBHD
complexes (1.66 B.M and 1.48 B.M, respectively)gasy a square-planar environment (spin-
only value 1.73 B.M) [44, 45]. The slightly low weds observed can be attributed to

interaction between Cu(ll) ion centers [46, 47Hwtortion in the Cu(ll) environment [48].

Crystals of SBPY, SMHDH2, CuSMHD and CuSBHD suigafdr single crystal X-
ray diffraction were obtained; crystallographic alaire given in Table 1. As mentioned in
Section 2.1, the pyrrolyl derivative, SBPY, is &lzed product obtained during an attempted
synthesis of SBHDH2. The molecular structure oPSBs shown in Fig. 1a. In SBPY, the
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central CNS, chromophore is planar (r.m.s. = 0.0490 A) and fomlitsedral angles of
88.49(4) and 68.14(4)° with the pyrrolyl and pheriygs, respectively. As the rings lie to the
same side of the molecule, opposite to the thidhet8m, the overall conformation is best
described as being U-shaped. The dihedral angkeekeatthe rings is 60.874(6)° indicating a
splayed relationship. The thione-S1 and amine-hkhataresynwhich might be expected to
lead to an eight-membered {...HNCS$ynthon in the crystal packing. Nevertheless, the
most prominent feature of the crystal packing is flormation of N-H..1t (pyrrolyl)

interactions, Fig. 1b, which lead to the formatadrcentrosymmetric dimeric aggregates.
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Fig. 1. (a) The structure of SBPY, showing its atom-lahgll scheme, and (b) the
supramolecular dimer sustained by N—.(pyrrolyl) interactions.

SMHDH2 (Fig. 2) crystallises about a crystallognaptentre of inversion located at
the mid-point of the C3-C3bond indicting the molecule has amti disposition of the
dithiocarbazate residues; symmetry operation i, 2-¥, 1-z. The conformation about the
hydrazone bond iE. The entire molecule is planar with the r.m.s.tfee 18 non-hydrogen
atoms comprising the entire molecule being 0.038vAh the maximum deviations being
+0.061 A for the S2 atom.
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Fig. 2. (&) The structure of SMHDHZ2, showing its atom-Kibg scheme. Unlabelled atoms
are related by the symmetry operation 1-x, 2-y, & (b) supramolecular chain mediated
by N-H...S hydrogen bonds via centrosymmetric eightrbered {...HNCS} synthons.
[N1-H1n...S1 = 2.64(2) A, N1...S1 = 3.455(2) A, and lengt H1n = 156(3)°; symmetry
operation i: 2-x, 2-y, 2-z]

The doubly deprotonated SMHD species functions egradentate pE, donor in its
complex with copper(ll). The molecular structure @SMHD is shown in Fig. 3 and
selected geometric bond lengths (A) and angle®(*his, CuSBHD, and for SMHDH2 are
given in Table 2. To a first approximation, the emembered ring may be described as
having a half-chair conformation where the C4 atibes 0.9317(16) A above the plane
defined by the Cu, N2, N3, C2, C3 and C5 atoms;st.rs 0.1373 A with maximum
deviations 0.1590(6) A for Cu and -0.1595(10) A @2. The two five-membered chelate
rings have similar conformations. The S1-containing is an envelope with the flap atom,
Cu, lying 0.7857(16) A above the least-squares ekefined by the remaining four atoms
(rm.s. = 0.0119 A). The S3-containing ring is ddesably more planar but can still be
described as having an envelope conformation with @ing the flap atom. In this
description, the Cu atom lies 0.2103(18) A outlwd plane defined by the four remaining
atoms which has a r.m.s. of 0.0043 A. There iseardtiistortion away from the ideal square
planar geometry as is commonly observed in sevanbeezd rings having two hydrazone
bonds [49]. In CuSMHD, the angle between the twe-fnembered chelate rings is 46.10(2)°
and the range of angles subtended at the Cu at@#.89(3)° for S1-Cu—N2 to 164.90(4)°
for S1-Cu—N3.
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Fig. 3. The structure of CuUSMHD, showing its atom-labgjlstheme.

The availability of the crystal structure of SMHDHéhables a comparison of the
geometric parameters in the free molecule andsicabrdinated dianion in CuSMHD. Two
quite distinct differences are noted in the bondgths collected in Table 2. First and
foremost, there has been a significant elongafddg A, of the formally C1=S2 thione bond
in SMHDH2 once this atom is complexed to Cu. Sebtgnthere has been a notable
reduction, 0.05 A, of the amine C1-N2 bond in SMHDIdonsistent with the formation of
an imine bond in the complex. The reorganisatioreleictron density around the NES
residue results in contraction of the S—C-S angtk woncomitant expansion in the angles
involving the double bonded nitrogen atom, Tabl&!# crystal packing diagram reveals that
the molecules stack in columns aligned along trexib-with no directional interactions
between them.

The molecular structure of CuSBHD (Fig. 4a and @&blshows the same features as
CuSMHD, consistent with the notion that the natofehe S-bound substituent, methyl or
benzyl, does not exert a significant effect upom gtructure. This observation is highlighted
in the overlay diagram shown in Fig. 4b. The sewvembered ring in CuSBHD has a half-
chair conformation with the C4 atom lying 0.9970(£0above the plane defined by the Cu,
N2, N3, C2, C3 and C5 atoms; r.m.s. = 0.2078 A witiximum deviations 0.2432(7) A, for
Cu, and -0.3012(10) A, for N3 indicating that tluiselate ring is more distorted than in
CuSMHD. The S1-containing five-membered chelatg rman envelope with the flap atom
being the Cu atom which lies 0.7703(19) A above ld#@st-squares plane defined by the
remaining four atoms (r.m.s. = 0.0004 A), as is $%echelate ring with the Cu atom lying
0.423(2) A above the plane of the four remainiraat (r.m.s. = 0.0027 A). In CuSBHD, the
angle between the two five-membered chelate risg48i93(4)°, and the range of angles
subtended at the Cu atom is 84.35(4)° for S3—CueN35.08(4)° for S1-Cu—N3, marginally
broader than observed in CUSMHD, Table 2.
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Fig. 4. (a) The structure of CuSBHD, showing its atom-lafig scheme, and (b) overlay
diagram of CuSMHD (red image) and CuSBHD (blue).e Ttomplex molecules are
overlapped so that the S1, Cu and S3 atoms areideint.

The molecular packing of CuSBHD also resembles tiaCuSMHD in that columns of
molecules are evident, aligned along the a-axisvévyer, the CuSBHD molecules are linked
by a combination of C-H...S and C-Hrt.(phenyl) interactions. Geometric parameters
characterising the intermolecular interactions apeg in the crystal structure of CuSBHD:
C4-H4a...S4= 2.83 A, C4...S4= 3.7647(16) A, and angle at H4a = 158° for i:-L&+y, -V4-

z; C4-H4b...S8=2.84 A, C4...S3= 3.6946(19) A, and angle at H4b = 145° for ij; 1xy, -

z; C18-H18...S4 = 2.86 A, C18...S% = 3.6811(17) A, and angle at H18 = 145° for iij: x
1%y, -Ya+z; C3-H3a...Cg(C17-C22) 2.89 A, C3...Cg(C17-C22¥F 3.6538(17) A, and
angle at H3a = 135°.

The four-coordinate structures described hereCia6BHD and CuSMHD, with the
dianions in the iminothiolate form, are consisterth literature precedents [15, 16, 49-52].

10
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Tablel

Crystallographic and refinement details for SBPMHDH2, CuSMHD and CuSBHD

Compound SBPY SMHDH?2 CuSMHD CuSBHD
Formula GaH16N2S, CioH18NaS4 C1oH16CUNsS CooH24CUNsS
Formula weight 276.41 322.52 384.05 536.23
Crystal colour/habit Colourless plate Yellow needle Black prism Black prism
Crystal dimensions/mm 0.04 x 0.20x 0.21 0.0360.24 0.04x0.12x0.18 0.11 x 0.22 x 0.28
Crystal system monoclinic triclinic monoclinic maztioic
Space group P2:/c P1 C2/c P2:/c

alA 9.2991(4) 5.1646(5) 24.6441(8) 10.7937(1)
b/A 15.9635(8) 7.2792(8) 7.9100(2) 18.8337(2)
c/A 9.4848(5) 10.7840(12) 16.8972(6) 11.8412(2)
al® 90 100.652(9) 90 90

pl° 96.155(1) 90.751(9) 111.167(4) 103.410(1)
y° 90 107.305(10) 90 90

VIA3 1399.87(12) 379.39(7) 3071.62(18) 2341.51(5)

Z 4 1 8 4

DJg cm?® 1.312 1.412 1.661 1.521

F(000) 584 170 1576 1108

w/mm* 0.364 5.662 1.956 1.308
Measured data 19199 4869 19072 58909
Radiation Mok CuKa MoKa MoKa

0 range/°® 2.5-27.5 4.2-71.6 2.6-27.5 2.2-27.5
Unique data 3207 1455 3490 5353
Observed datd & 2.05(1)) 2722 1197 3291 4827

R, obs. data; all data 0.032; 0.041 0.046; 0.055 19).0.021 0.028, 0.032

a, b in weighting scheme 0.030, 0.621 0.078, 0.048 0.032, 2.432 0.050, 1.156
Ry, obs. data; all data 0.071; 0.075 0.121; 0.130 0.054, 0.055 0.077, 0.080
Residual electron density

peaks/e A 0.30, -0.26 0.43,-0.28 0.37,-0.31 0.67, -0.47

11
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Table?2

Selected geometric parameters (A, °) for SMHDH2SKIHD and CuSBHD

Compound SMHDH2 CuSMHD CuSBHD
Parameter

Cu-S1 — 2.2480(4) 2.2458(4)
Cu-S3 — 2.2523(4) 2.2659(4)
Cu—-N2 - 2.0555(12) 2.0704(13)
Cu-N3 1.9792(12) 1.9927(14)
C1-S1, S2 1 655(3), 1.763(3) 1.7373(14), 1.7579(14)7354(16), 1.7573(17)
C6-S3, S4 1.7380(14), 1.7533(14) 1.7404(16),6D{55)
N1-C1, N2-C2 1 339(3), 1.281(3) 1.2892(19), 1.29@x1( 1.286(2), 1.292(2)
N1-N2 1.391(3) 1.4182(16) 1.4181(18)
C5-N3, C6-N4 - 1.2872(18), 1.2887(18) 1.285(2)36(2)
N3-N4 - 1.4073(16) 1.4019(18)
S1-Cu-S3 - 92.795(14) 91.655(15)
S1-Cu-N2 - 84.89(3) 85.26(4)
S1-Cu-N3 - 164.90(4) 175.08(4)
S3-Cu-N2 - 148.04(3) 148.89(4)
S3—Cu-N3 - 85.76(4) 84.35(4)
N2-Cu—-N3 — 104.21(5) 99.65(5)
C1-N1-N2 119.2(2) 113.22(11) 113.38(12)
C2-N2-N1 117.0(2) 112.01(11) 112.92(13)
C5-N3-N4 — 115.20(11) 115.88(13)
C6—N4-N3 — 112.83(11) 112.70(12)
S1-C1-S2 123.83(16) 113.87(8) 111.63(9)
N1-C1-S1 122.7(2) 127.49(11) 128.34(13)
N1-C1-S2 113.51(18) 118.63(11) 120.01(12)
S3-C6-S4 - 113.94(8) 113.16(9)
N4-C6-S3 - 127.17(11) 126.59(12)
N4-C6-S4 - 118.89(10) 120.23(12)
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2.3. Solution characterization of the complexes

The UV-Vis absorption spectra of the compoumd®MSO (25uM and 1 mM) are
given in Figure 5. Both complexes showeérz* andn—z* intra-ligand transitions at 272
nm, 295 nm and 338 nm anddad band at approximately 600 nm that can be attribtibe
Jahn-Teller distortion from square planar geom¢dy]. The presence of the—8Cu(ll)
LMCT band at ~400 nm in the spectra of both metathglexes is strong evidence that the
metal ion is coordinated to sulphur [43, 53].

1.2
| CuSBHD
1.0 CuSMHD 200 .‘
' SBHDH2 175 |
—_ —— SMHDH2_ 5] | ——CuSMHD
=. 08— SBPY : 1.25] | ——CuSBHD
m ] =
S 1,00
§ 0.8 = 075
8 ; = d-d transition
2 S 0501 N
o 0.4- 4 600 nm
a <t (.25
- }
< ] 0.0+
0.2 q 400 450 500 550 600 650 700 750 800
{ Wavelength (nm)
0.0

300 400 500 600 700 800
Wavelength (nm)

Fig. 5. UV-Vis spectra for all compounds (281, DMSO). The insert shows tlted band of
the Cu complexes (1 mM solutions).

That the ligands and their corresponding compldreestable at physiological pH is
an important prerequisite for evaluation of thawldgical activity. The molar conductance
values for the complexes in DMSO were in the rahgel3Q™* cn? mol?, indicating that
there is essentially no dissociation in that savi&é]. To more precisely evaluate their
stability, reverse phase HPLC experiments wereop@éd. The ligands and their complexes
were eluted on a C18-column with a gradient inaeasconcentration of C4N in H,O
(from 5% to 100% over 30 min), containing 0.1 % TtBAmaintain pH. The compounds were
detected at 220 and 280 nm. The chromatogramsegbuhfied ligands showed three peaks
that could correspond to the expected ligand, tydrdtyzed hydrazone and the pyrrole
byproduct whereas the complexes showed only thgdespeak of the copper complexes (see
Supplementary Data). It is noteworthy that the hydne bond stability significantly

increased upon metal-complexation under acidic itond suggesting that complexation
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could be used as a means to protect the ligand diegradation that might occur in biological

systems before free ligand could reach its target.
2.4. Electron Paramagnetic Resonance (EPR)

The EPR spectra recorded in DMF (Figure 6) arechipof distorted square planar
Cu(ll) complexes having axial symmetry with the aimpd electron mainly in thel,.,
orbital. The spectra also exhibit partially resol\superhyperfine features. Tgevalues for
all the complexes are similar to those previousiyported for analogous Cu(IDS;
complexes [16, 24, 55]. Kivelson and Nieman [56, $iggested thag, values higher than
2.3 are indicative of a predominantly ionic chagadior metal-ligand bonds, wheregg
values smaller than 2.3 reveal metal-ligand borfdsr@dominantly covalent character, as is

the case here (see Table 3). In addition, theivelgtsmallg) value (~2.20) suggests a strong

nitrogen character in the singly occupied molecotdital. The equation below [42, 58] was

used to calculate the molecular orbital coefficsent (in-planes-bonding):
o?= (A;/0.036) + ¢ - 2.0036) + 3/ 7d— 2.0036) + 0.04

An o value of 0.5 indicates complete covalent bondimgile 1.0 suggests complete ionic
bonding. The observed value of 0.64 for the presentplexes is evidence that these copper
complexes have some covalent character, as sudgast@e. EPR spectroscopy is sensitive

to angular distortions at the Cu(ll) centre, pafacly those involving distortions from planar

to tetrahedral geometry which generally result mhearease i\; and an increase i [53].

The empirical factor f (g/4,) [59, 60] is a measure of deviation from idealipedmetry. Its
value ranges between 105 and 135fensquare planar complexes, depending on the eatur
of the coordinated atoms, while, for tetrahednalctres, values from 160 to 242 cm suggest
a moderate to considerable tetrahedral distortiosolution as well as in the solid, CuSBHD
displays a slightly higher degree of tetrahedratattion than CuSMHD. Both are slightly
more distorted than analogues, probably due to éxténded carbon backbones [16, 24, 55].
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Fig. 6. EPR spectra of CuSBHD and CuSMHD recorded at aowave frequency 9.50

GHz, power 0.25 mW, modulation amplitude 0.2 mT,dulation frequency 100 kHz, and
time constant 164 ms, at 50 K. Samples were prdparBMF (1 mM).

Table 3
EPR parameters measured from the spectra of CuSBtdBCuSMHD in DMF

ol g2

e TR S A
CUSMHD 2.15 2.06 460 (153) 1410.64
CuSBHD 2.16 2.05 451 (150) 1430.64
[a] MHz (x10' cmih) [b] cm

2.5. Electrochemistry

As redox properties have been linked to SOD andcamter properties of metal
complexes [61, 62], we describe herein the eleb&oical properties of Cu(ll) bis(dithio
carbazate). Figure 7 shows the profile of the Gudimplexes obtained with SMHDH2 and
SBHDH2 at scan rate 100 mV's Both complexes undergo an irreversible one-aectr
reduction atE,. = -0.328 and -0.285 V/(AgCl/Ag and ¥Ec = 0.563 V), respectively,
coupled with oxidation aEy,= 0.069 and 0.129 V/(AgCI/Ag). These waves can ssgaed
to the irreversible oxidation/reduction of Cu(ll)M@) [52]. The ligands were found to be
redox innocent. The irreversible nature of the evpyentered redox waves contrasts with the
quasi-reversible reduction previously reported GATSM and CuAATSM analogues [50,
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51]. The loss of reversibility observed in this Wwis most likely related to differences in the
geometric rearrangement about the Cu(ll)/Cu(l) iomghis ligand system with two carbon
atoms between the two hydrazone functions. Thel}Qd(l) redox potentials of CuSMHD
and CuSBHD are also more positive than those re@ddr previous examples. The ease of
deformation seems to favour reduction. The diffeeeim redox potential between CuSMHD
and CuSBHD may be rationalized by induction duth#ostronger electron-donating effect of

the methyl group compared to benzyl [63].

As mentioned above, the oxidation proceeding ahdrigpositive potential has
previously been assigned to the copper(lll/ll) pedmuple. It is interesting to note the
occurrence of an additional peak, which can bebated to the reduction of a species
produced by the second oxidation. However, thereaifithis oxidized complex has not been

determined.

50-
40
30-
20-
10-

CuSBHD
CuSMHD

IlpA

=104
=20
=304

45 40 05 00 05 10 15
E/V Vs AgCl/Ag

Fig. 7. Cyclic voltammograms of the Cu complexes (1.7 miMpanhydrous deoxygenated
DMF containing 0.1 M tetrabutylammonium hexafludnopphate as the supporting

electrolyte. Working electrode: glassy carbon; ¢euelectrode: Pt wire; reference electrode:
AgCl/Ag, scan rate: 100 mV/s. All sweeps were atéd in the direction of the arrow.

16



417
418

419

420
321
422

423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

Table4
Electrochemical data for CuSMHD and CuSBHD vs AéGl/

Cu(ll)/Cu(l) _ cu(ll)/Cu(lly
EodV EpdV EpdV  EpdV

CuSMHD -0.328 0.069 0.195 0.899
CuSBHD -0.285 0.129 0.357 0.870

Biological evaluation
3.1. Antibacterial activity

The free Schiff bases and their metal complexeg wested for their ability to inhibit
the growth of ten strains of Gram-negative and Gpasitive bacteria (Table 5). The effects
of a membrane permeabilizing agent and efflux pumpse investigated in an attempt to
correlate the activity of the compounds with thpenetration into the bacteria and the

resistance mechanisms of the bacteria.

One of the limitations of this class of compounsigheir poor solubility in agueous
solution. The universal solvent DMSO has been usechany studies to pre-dissolve the
compounds for biological assays. However, it haanlbghown that DMSO solutions (1% to
10%) considerably affect the growth of fungi anda=ous cells, and, at 15%, DMSO
effectively eliminates the growth of certain ba@d64-66]. DMSO has also been reported to
decrease membrane rigidity, thus facilitating meanbrdiffusion of exogenous species [67-
70]. As DMSO is used in this work to encourage aisson of the compounds and since
there is no rule of thumb for the amount of DMSCbheoused for antibacterial assay, it was
essential to examine the influence of DMSO conegioins on the growth curve of the
selected bacterial strains. The minimum inhibititazoncentration (MIC) values were
determined at 0.5% and 5% (v:v) DMS®e found that the growth oA. baumanniiandP.
aeroginosa is inhibited by DMSO at a concentration of only 5%us preventing
determination of MIC at this concentratiohhe growth ofE. coli and E. aerogenegsee
Supplementary Data) was also affected by DMSO atBi¥erences were observed between
MIC values against the mutated straihscoli AcrAB- andE. aerogene298 TolC- obtained
in the presence of 0.5% or 5% DMSO for certain males, in particular, CuSMHD.
Additional MIC values determined for CuUSMHD usingBO 50%, 30% and 20% (2.5%,
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1.5% and 1% final v.v DMSO) were all higher tharB32M while with 5% of DMSO, the
MIC values were in the range of 1-2 and 0.5-1 pMirsgtE. coli AcrAB- andE. aerogenes
298 TolC-, respectively. Because of the effect 83D on bacterial growth, we are unable to
confirm whether the value truly reflects the spectntimicrobial activity of the tested
compound and not a synergetic effect involving teepound and DMSO. MIC values
recorded using 0.5% DMSO are used for discussidheofole of membrane permeabilizing
agents and efflux pumps since DMSO at this conagotr was shown not to interfere with
bacterial growth.

Since it has been reported that low permeabilitythed outer membrane and the
efficiency of efflux pumps [3, 4] are prime factdmpiting intracellular activity of potential
antimicrobial compounds, it is expected that thespnce of a substance known to increase
membrane permeability, such as polymyxin B nonagep{PMBN) [71], would act
synergistically to improve uptake of the compounasier study and consequently would
affect their antimicrobial efficiency in a positiveanner. The compounds were tested in the
presence and absence of sub-inhibitory concentiaij/5 of the MIC value) of PMBN. In
the absence of PMBN only SMHDH2 was active agadinststrains tested (MIE€ 64 uM).
SMHDH2 showed moderate activity agailsstaureusHowever, up to 3-fold improvement
in activity (MIC values) was observed for the ongacompounds SMHDH2, SBHDH2 and
SBDP in the presence of PMBN against both Gram#negand Gram-positive bacteria.
These results imply that apparent lack of actiwgs due to the inability of the compounds to
efficiently permeate the bacterial membrane. SMHD#H@wed a broad range of moderate
activity against various strains. It was most d@ffecagains€. coli AcrAB-, A. baumannii, P.
aeruginosaand S. aureus(MIC values ~16 pM), thus making it a potentiatiamcrobial
agent in the presence of PMBN. These results ateunexpected since many previous
reports have shown that the biological activityd@ghiocarbazato compounds can be greatly
modified by the presence of different substituetse enhanced activity observed for
SMHDH2 compared to its S-benzyl analog is conststath the observation that the Schiff
base prepared from 2-benzoylpyridine with S-metitlyidcarbazate (SMDTC) was a highly
effective inhibiter of E. coli and S. aureus whereas that prepared with the S-
benzyldithiocarbazate (SBDTC) analog showed nwiggti72].
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ACCEPTED MANUSCRIPT

478 Table5
479 Antibacterial activity.
480
Minimum Inhibitory Concentration (MIC) pM)
Compound Gram- Gram+
. A. K. P. S.
E. coll E. aerogene baumannii pneumoniae aeruginosa enterica S. aureus
AG100 AG100A EA289 EA294 EA298 ATCC ATCC
WT AcrAB- AcrAB+ AcrAB- TolC- 19606 11296 PAO1 SL696 SA1199
% DMSO 0.5 5 0.5 5 0.5 5 0.5 5 0.5 5 0.5 0.5 5 0.5 0.5 5 0.5 5
SMHDH2 32 64-32
+PMBN 32 16 32-16 16-8 32 32-16 64-32
CuSMHD
+PMBN
SBHDH2
+PMBN 32-16  64-32
CuSBHD
+PMBN
SBPY
+PMBN
Cu(Ac),
+PMBN
481
482 Colour code: MIC values or average MIC valae®4 uM = red<10 uM = green, in between 64 uM and 10 uM = cokmsl MIC values
483 higher than 64 pM indicate poor activity.
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The role of efflux pumps was investigated using ptoeleted strains of Gram-negative
E. coliandE. aerogenesBoth SMHDH2 and SBPY seemed more active (16 put3huM,
respectively) towards the isogenic strain in witiod AcrAB pump was deleted as compared
to wild-type E. coli. No significant activity was observed for SMHDH2 the presence or
absence of efflux pump fd. aerogenesSBPY, on the other hand, showed differences in the
MDR clinical isolate EA289 over expressing AcrABletx pump and on its AcrAB- and
TolC- derivatives, EA294 and EA298, with improvernén MIC from > 64 uM to 32 pM.
These results confirmed that SBPY and SMHDH?2 acegeized by the efflux pumps and
expelled from the bacteria, thus limiting their d&etivity. Both SMHDH2 and SBHDH2
showed activity towards Gram-positi$e aureusTypically, antibacterial molecules are more
active toward Gram-positive than Gram-negative dract[73, 74], because the additional
outer membrane of the latter organisms impairdaws down the drug uptake. It has often
been reported in the literature that bioactivityadigand is enhanced by metal complexation
[49, 60], but in our case, the formation of the mepcomplexes induces a loss of antibacterial
potency of the compounds. A similar loss in acyivivas previously reported for
palladium(ll) and platinum(ll) complexes of acetdbehiff bases [7]. This can be explained
by the lower solubility of the metal complexes or the lower stability of the hydrazone
moiety in the case of the free ligands. As noteavabhydrolysis of the ligands occurring in
aqueous solution at specific pH, may lead to reagqtroducts that can be responsible for the
toxicity. Since these observations strongly suggest enhancement of antibacterial activity
can be expected as a result of increasing solakalitd membrane diffusion, efforts are

currently being made to significantly improve tlggiaous solubility of these compounds.

3.2. Cytotoxic assay

Cytotoxicity was evaluatenh vitro against two breast cancer cell lines MDA-MB-231
(human breast carcinoma cells not expressing nuekteogen receptors) and MCF-7 (human
breast carcinoma cells expressing nuclear estregmptors). Measurements were carried out
using MTT assay [75] which is based on the metab@duction of tetrazolium salt to form
water insoluble formazan crystals. DMSO was used @asgative control in the assay. There
was no perceptible precipitation of the compoufiti& concentrations required to inhibit the

growth of cancer cells by 50% (#§} are given in Table 6.
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Table6

Cytotoxic assay results.

1Csc (LM)
MCE-7 MDA-MB-231
SMHDH2 138.90 9.61
SBHDH2 9.69 1.05
CuSMHD 2.60 2.34
CuSBHD 1.49 0.71
Tamoxifen 11.20 13.40

Both ligands displayed at least 9-fold better tayxitcowards MDA-MB-231, indicating
that ligand toxicity is not only mediated by nuclestrogen receptors. The stronger toxicity
exhibited by SBHDH2 may be related to facilitateéfugion into cells resulting from its
comparatively higher lipophilicity [12]. Complexati of the Schiff base ligands with
copper(ll) has been found to produce synergisfiece on the antiproliferative activities of
some parent ligands [76] and here the complexewesth@ marked cytotoxicity with Kg
values < 5.0 uM towards both cell lines. Like tlgahds, the complexes are also more active
towards MDA-MB-231 cells, suggesting that their itity does not involve estrogen
receptors. For both cell lines, the benzyl substtucomplex CuSBHD showed slightly
higher 1Go values. Although a definitive structure-activitglationship cannot be deduced
since only a limited number of compounds was testdubervations indicate that the
enhanced activity of CuSBHD may be linked to higletlular uptake resulting from
increased lipophilicity as suggested above for lihand. Redox potential may also be a
discriminating factor since its higher redox poitginteans that reduction of Cu(ll) is easier,
and consequently a higher content of Cu(l) couldédreerated. Cu(l) is prone to participate in
Fenton-type reactions that produce reactive oxygpecies (ROS), which can damage

biomolecules within cells [62].

4. Conclusions

This study provides new insight into the structuedéctrochemical and biological aspects
of macroacyclic Cu(ll) complexes derived from Sthited dithiocarbazate. All the
compounds exhibited good cytotoxicity toward MDA-MB1 and MCF-7 breast cancer cell
lines. Their low antibacterial activity can be telhto poor bacterial penetration and limited

solubility, both of which should be amenable to ioy@ment by further functionalization of
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the ligands. The anticancer activity of the ligam@ds enhanced by complexation with Cu(ll).
Expanding the carbon backbone between the hydranoreties resulted in further distortion
from square planar geometry in both the solid statkin solution as well as a positive shift
in the Cu(ll)/Cu(l) reduction potential. A higheeduction potential could be related to the
production of reactive oxygen species resultinghm enhanced bioactivity observed in this
present work. Taking into consideration the serisigle effects and the poor efficacy of
clinical reference drugs, as well as the appearariceesistance during treatment, these
complexes are potentially useful lead candidatesttie development of new therapeutic
agents to treat cancer and bacterial infectionsaduition, this work underlines the need to
consider the concentration of DMSO used to dissoclwapounds, since DMSO may pre-
sensitize the bacterial cells to the tested comgeuReduced uptake of compounds due to
low permeability of the outer cell membrane and diffeciency of efflux pumps were also
shown to be issues to be addressed in subsequd@sstWith these considerations in mind,
our group is attempting to improve antimicrobialaanticancer activities of compounds in
this family by exploring the design and synthesisaonew generation of S-substituted
dithiocarbazate derivatives and their metal comgaex

5. Experimental

5.1. Materials-instrumentation-physical measureraent

All chemicals and solvents were of analytical gramled were used as received.
Chemicals: Potassium hydroxide (Merck), hydraziniwdroxide (Merck), carbon disulfide
(Sigma Aldrich), 2,5-hexanedione (Merck), and caofipeacetate monohydrate (Analar). The
IR spectra were recorded in the range of 550-4000 on a Perkin-Elmer 100 series FT-IR
spectrophotometer in ATR mode. Magnetic suscefitibitas measured with a Sherwood
MSB-AUTO instrument at room temperature. All susd®iities were corrected for the
diamagnetic contribution using Pascal’s constantrddnalyses were carried out using either
a LECO CHNS-932 analyzer or performed at the CNB8-gur-Yvette and Vernaison,
France). The molar conductance of &2 solution of each metal complex in DMSO was
measured at 29°C using a Jenway 4310 conductietgnand a dip-type cell with platinized
electrode. The UV-Vis spectra were recorded onry @0 Bio spectrophotometer (200-800
nm) or Perkin Elmer Lambda 45 with a 1 cm opticathpquartz cuvettéH NMR and*®C
NMR spectra were recorded using Bruker DRX300 spewtters. The chemical shifts
(o/ppm) were calibrated relative to residual solveignals Electrospray-ionization mass

22



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610

spectra (ESI-MS) were recorded with a Finnigan 9%8$% in the BE configuration at low
resolution. Electron paramagnetic resonance (ERREtsa were recorded on an X-band
Bruker Elexsys 500 spectrometer equipped with d@imoeous flow helium cryostat (Oxford
Instruments) and a temperature control system fielklkmodulation frequency was 100 kHz.
The spectra were all recorded under nonsaturatomglitons. Cyclic voltammetry (CV)
measurements were recorded under argon using a @Bfrochemical analyzer (CH
Instruments, Inc). The working electrode was a gylasarbon disk; a Pt wire was used as
counter electrode and the reference electrode wag€f€Il/Ag. Immediately before
measurements were taken, the working electrode eeasfully polished with alumina
suspensions (1, 0.3 and 0.@5, successively), sonicated in an ethanol bath thed
carefully washed with ethanol. Test solutions wemepared using 100 pL of the complexes
in anhydrous deoxygenated DMF (0.01 M) with 0.5 nof tetrabutylammonium
hexafluorophosphate (0.1 M) as the supporting elbde (total volume 0.6 mL). Ferrocene
was used as internal reference: the ferrociniumoéene one-electron redox process occurs
atE;»= 0.508 V (DMF) vs AgCI/Ag with scan rate = 0.1 VP-HPLC analysis was carried
out using a Waters HPLC system that consisted afmabination of a dual wavelength UV-
Vis absorbance detector (Waters 2487) and a bipanyp (Waters 1525) equipped with an
analytical cell for reaction monitoring or purityhecking connected to Breeze software.
Analytical HPLC measurements were performed usm@d@E C18 column (250 x 4.5mm)
packed with spherical 5 um particles of 300 A psize. Experiments were carried out at a
flow rate of 1 mL mift at room temperature. Injection volume was 50 phample

concentration was approximately 1 mg L

5.2. Preparation of ligands and metal complexes
5.2.1 Synthesis of SBHDH2

A modification of the method described by Adi al. [35] was used to synthesize
SBHDH2. 2,5-Hexanedione (0.587 mL, 0.005 mol) wadsleal to a hot solution of S-
benzyldithiocarbazate (1.983 g, 0.01 mol) in abso&thanol (150 mL) and the mixture was
further heated for 5 min. The white precipitatenied was immediately filtered off, washed
with cold ethanol and drieth vacuoover silica gel to yield the expected Schiff bégeld
0.997 g, 42%). Elemental analysis fofld,sN4S,: Calc. C 55.66, H 5.52, N 11.80; Found C
54.79, H 5.59, N 11.75'H NMR (300 MHz, DMSO-d6) 12.18 (s, 2H), 7.39 -7.20 (m,
10H), 4.40 (s, 4H), 1.96 (s, 6HYC NMR (75 MHz, DMSO-d6) 197.16, 158.26, 137.15,
129.15, 128.41, 127.05, 37.56, 34.05, 17.74.vIkem™) = 3147 (m, b), 1640 (w), 1054 (s),
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981 (m), 828 (m). UV-Vis in DMSQlnaxnm (loge in L moltcm™) = 276 (4.32), 308 (4.41),
~360 (3.32, sh). RP-HPLC: {Rmin) = 15.3, 18.3, 22.4. Molar conductivityt (ohmi*
cn’mol™®) = 6.86.

5.2.2 Synthesis of SMHDH2

2,5-Hexanedione (0.587 mL, 0.005 mol) was added swolution of S-methyldithio
carbazate, SMDTC (1.222 g, 0.01 mol) dissolveddhdthanol (150 mL). The mixture was
heated while being stirred to reduce the volumén&y. The white precipitate formed from
the mixture kept at 4°C overnight was filtered affashed with cold ethanol and dried
vacuoover silica gel (yield 1.129 g, 70%). The compouwvas recrystallized from methanol
and crystals suitable for X-ray diffraction anadysvere obtained from the same solvent.
Elemental analysis for {gH1sN4Ss: Cale. C 37.24, H 5.63, N 17.37; Found C 37.861.87,
N 17.84.'H NMR (300 MHz, DMSO-d6p 12.13 (s, 2H), 2.57 (s, 4H), 2.43 (s, 6H), 2.00 (s,
6H). **C NMR (75 MHz, DMSO-d6)% 198.95, 157.63, 33.97, 17.77, 16.94. iRcm ™) =
3111 (m, b), 1628 (m), 1046 (s), 988 (m), 827 (NYV-Vis in DMSO: imaxNm (log € in
L moltcm™) = 276 (4.25), 305 (4.373360 (2.75, sh). RP-HPLC:{Rmin) = 6.4, 11.1, 18.7.
Molar conductivity: 4 (ohmi*cn?mol™?) = 3.58

5.2.3. Synthesis of CuSBHD

CuSBHD was prepared by adding copper(ll) acetataampdrate (0.020 g, 0.0001
mol) in acetonitrile (20 mL) to a solution of SBHRHO0.047 g, 0.0001 mol) in acetonitrile
(150 mL) at room temperature. The solution wagsestifor an hour and then concentrated to
reduce the volume before being placed at 4°C ogbtniThe product was filtered off and
recrystallized from acetonitrile (yield 0.039 g,%B Black crystals of diffraction quality
were crystallized from acetonitrile after severaysl through slow evaporation at 4°C.
Elemental analysis for £HosCuNsS,: Cale. C 49.27, H 4.51, N 11.85; Found C 49.40, H
4.63, N 10.46. ESI-MSm/z = [M+H]" Calc. 536.04, Found 536.02; [M+NaTalc. 558.02,
Found 558.01; [M+K] Calc. 573.99, Found 573.98; [2M+3HCalcd. 1073.08, Found
1073.04. IRy (cni™) = 1629 (m), 1606 (w), 992 (s), 955 (s), 857 (BY-Vis in DMSO: Amax
nm (loge in Lmol*cm™) = 275 (4.37)~294 (4.26, sh)=340 (4.01, sh)=400 (3.55, sh),
~600 (2.45, sh). RP-HPLC:{Rmin) = 28.5. Magnetic momenjt (B.M.) = 1.48. Molar
conductivity: 4 (ohm*cm? mol™) = 13.01.
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5.2.4. Synthesis of CUSMHD

CuSMHD was prepared by adding copper(ll) acetat@ahgpdrate (0.200 g, 0.001
mol) in methanol (20 mL) to a hot solution of SMHRHKO0.322 g, 0.001 mol) in methanol
(100 mL). The reaction was heated until the voluediuced to half and then placed at 4°C
overnight. The product was filtered off and recajisted from acetonitrile to afford 0.296 g
of CUSMHD (yield 77%). Black crystals of diffractioquality crystallized from acetonitrile
after several weeks through slow evaporation amré@mperature. Elemental analysis for:
C10H17CuN,Ss: Calc. C 31.27, H 4.20, N 14.59; Found C 31.35}.B#4, N 14.64. ESI-MS:
m/z = [M + H]" Calc. 383.97, Found 383.96; [M+NaTalc. 405.96, Found 405.94; [M+K]
Calc. 421.93, Found 421.92. IR:(cn?) = 1628 (m), 1611(w), 1000 (s), 964 (s), 821 (m).
UV-Vis in DMSO: imaxnm (loge in Lmol ™t cmi™) = 273 (4.34)~294 (4.24, sh)340 (3.99,
sh),=400 (3.49, sh¥3600 (2.43, sh). RP-HPLC:1Rmin) = 23.3. Magnetic moment:(B.M.)
= 1.66. Molar conductivity:1 (ohm* cm? mol™) = 12.80.

5.2.5. Synthesis of SBPY

SBPY was a side product from thaeitial attempt to synthesize SBHDHZ2 using
prolonged heating. Single crystals of diffractionality were obtained from DMSO and
analyzed by single crystal X-ray diffraction. ESBMwz = [M + H]* Calc. 277.08, Found
277.08; [M + Naf Calc. 299.07, Found 299.084 NMR (300 MHz, DMSO-d6)s (ppm) =
12.29 (s, 1H), 7.45 — 7.20 (m, 5H), 5.69 (s, 2HA54(s, 2H), 2.00 (s, 6H}’C NMR (75
MHz, DMSO-d6):6 (ppm) = 204.09, 136.30, 129.02, 128.55, 127.48,5( 104.34, 38.17,
10.99. IR:v (cm™) = 3264 (m), 2917 (w), 1055 (s), 972 (w), 828 (W)-Vis in DMSO: Amax
nm (loge in L mol™ cm™) = 282 (4.02). RP-HPLC:-Rmin) = 22.3.

5.3. Biological studies
5.3.1. Antimicrobial assay

5.3.1.1. Bacterial strains, culture media and cheats

The bacteria used in this study are listed in TableThe microorganisms studied
included reference (from the American Type Cult@ellection) and clinical (Laboratory
collection) strains of Gram-negative bacteEacherichia coli, Enterobacter aerogenes,
Acinetobacter baumannii, Klebsiella pneumoniae,udsenonas aeruginosand Salmonella
enterica serotype Typhimuriumas well as Gram-positive straitaphylococcus aureus.
EA289 is arE. aerogene&AN® (susceptible to kanamycin, MDR isolate that exhibictive
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716

efflux of norfloxacin and AcrAB-TolC pump overprochion), EA294 and EA298 derived
from EA289 and deleted of AcrA and TolC, respedyijé7]. AG100 is arkE. coli Wild Type
(WT) and AG100A is its KAN (resistant to kanamycin) derivative, deleted of & and
hypersensitive to chloramphenicol, tetracycline paitlin and nalidixic acid [78]. Strains
were grown at 37°C on Mueller-Hinton medium 24 lopito any assay. Mueller-Hinton
broth (MHB) was used for the susceptibility testlyyxin B nonapeptide (PMBN) was
obtained from Sigma-Aldrich and the culture mediwas purchased from Becton Dickinson.

Table 7: Bacterial strains.

685
Bacteria 686
strains Features References
Escherichia coli 688
AG100 Wild-typeE. coliK-12 | [78] 689

AG100A AG100AACrAB::KANT [ [78]  °°
Enterobacter aerogenes ZZ;
KAN sensitive 693
EA289 derivative of EA27 [77] :g;‘
EA294 EA289 AcrA::KAN [77] 696
EA298 EA289 TOIC:KAN | [77]  cor
Acinetobacter baumannii 699
ATCC19606| Reference strain - ;gl
Klebsiella pneumonia 702
ATCC12296| Reference strain - ;84
Pseudomonas aeruginosa 705
PA 01 Reference strain - ;87
Salmonella entericaerotype Typhimurium ;89
SL696 Wild-type, metA22, 710
trpB2, strAi20 [79] 711
Staphylococcus aureus 712
SA1199 Wild-type clinical, [80] 713
methicillin-susceptible 714
715

KANR, resistance to kanamycin
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5.3.1.2. Determination of bacterial susceptibility

The respective minimum inhibitory concentrationsI@y of the samples against
targeted bacteria were determined using the microaln method (CLSI) [81].
Susceptibilities were determined in 96-well micaipbk with an inoculum of 2 x 1@fu in
200 pL of MHB containing two-fold serial dilutiorsf samples. MICs were determined in
the presence of 5% or 0.5% of DMSO. In the firdegaa 20x concentration range of each
compound was prepared in DMSO 100%. In the secasd,@ 200x concentration range of
each compound was prepared in DMSO 100% and tHetedliwith HO to obtain a 20x
concentration range in DMSO 10%. 10 ul was added9%® pl of inoculum reducing the
DMSO concentration to 0.5%. The MICs of samplesewtatermined after 18 h incubation at
37°C, following addition (5Qul) of 0.2 mg/mL iodonitrotetrazolium (INT) and ingation at
37°C for 30 minutes. MIC is defined as the lowesnple concentration that prevented the
color change of the medium and exhibited complatebition of microbial growth. The
sample dilution range was from 0-128 uM. Samplesevtested alone or in the presence of
PMBN at 1/5 of its direct MIC (51.2 mg/L or 102.4gfh final concentration). All assays
were performed in duplicate or triplicate.

5.3.2. In vitro cytotoxicity testing

MCF-7 (human breast cancer cells possessing nuetgergen receptor) and MDA-
MB-231 (human breast cancer cells without nuclesirogen receptor) were obtained from
the National Cancer Institute, U.S.A. Both celleknwere cultured in RPMI-1640 / DMEM
(High glucose) (Sigma) medium supplemented with 1f@tal calf serum. The cells were
plated into 96-well plates at a cell density of 8Q&@lls/well. After incubation for 24 hours,
the medium was discarded and the cells were ringthdPBS solution. 200 pL of a series of
concentrations (50.0, 25.0, 10.0, 5.0, 1.0 andpd\g for each sample was added to each
well. The plate was incubated for another 72 hoGsgotoxicity was determined using the
microtitration of 3-(4,5-dimethylthiazol-2-yl)-2 8phenyltetrazolium bromide (MTT) assay
(Sigma, USA) as reported by Mosmann [75]. MTT golut(20uL, 5 mg/mL) was added to
each well. The plate was wrapped with aluminiunh &id incubated for 4 h after which the
MTT solution was discarded leaving formazan crgstaD0 pL of DMSO was added to each
well to dissolve the formazan. The effect of thenpound on cell line viability was measured
on an automated spectrophotometric plate readeddhMR X Il Elisa microplate reader) at a
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test wavelength of 570 nm. Cytotoxicity was expeesas 1Go, i.e. the concentration that
reduced the absorbance of treated cells by 50%refiénence to the control (untreated cells).
ICs50 values were determined from the plotted absorbadate for the dose-response curves.
Controls that contained only cells were includeddach sample. Tamoxifen was used as the

cytotoxic standard.

5.4. X-ray crystallography

X-ray diffraction measurements for SBPY were perfed at 100 K on a Bruker
Kappa X8 APEXII CD diffractometer with graphite nawhromatised MoK radiation A =
0.71073 A). Correction for absorption was basedaanulti-scan technique [82]. Intensity
data for SMHDH2, CuSMHD and CuSBHD were measuredl®@ K on an Oxford
Diffraction Gemini CCD diffractometer employing leér Cuka (SMHDH2),A = 1.54184 A,
or MoKa radiation (CuSMHD and CuSBHD). Corrections for @ipsion were based on a
multi-scan technique [83]. The structures were eIy direct methods and refined using
anisotropic displacement parameters, H atoms inridieg model approximation and a
weighting scheme of the form = 1/[c*(F.?) + &P + bP] whereP = (F,* + 2F%)/3) F? using
SHELX programs [84] through the WinGX interface [86rystal data and refinement details
are collected in Table 1. The molecular structwteswn in Figs 1-4 were drawn with 70%
displacement ellipsoids using ORTEP-3 for Windo85][ The overlay diagram, Fig. 4b, was
drawn with QMol [86] and the crystal packing diagsawith DIAMOND [87].
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Appendix A. Supplementary data

Supplementary data related to this article carobed at ......

Crystallographic data for the structures reporteateim have been deposited with the
Cambridge Crystallographic Data Centre, CCDC No57085 for SBPY, 1057066 for
SMHDH2, 1057067 for CuSMHD and 1057068 for CuSBHDBopies of this information
may be obtained from the Director, CCDC, 12 Uniava® Cambridge CB2 1EZ, UK (fax:
+44-1223-336033; E-mail: deposit@ccdc.cam.ac.uittpr//www.ccdc.cam.ac.uk).
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Highlights

e Cu(II) complexes of dithiocarbazato 2, 5-hexanedione Schiff bases were
synthesized.

e Structures of four compounds were determined by single crystal X-ray
diffraction.

e Compounds were active toward 10 Gram—positive and Gramnegative bacterial
strains.

e Effects of efflux pumps and membrane penetration on activity are reported.

e Cu complexes are strongly active against MDA-MB-231 and MCF-7 cancer cell lines.



