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Strong effect of copper(i) coordination on
antiproliferative activity of thiosemicarbazone—
piperazine and thiosemicarbazone—morpholine
hybridst

Felix Bacher,? Orsolya Dém&tér,® Anastasia Chugunova,® Néra V. Nagy,©
Lana Filipovi¢,® Sinia Radulovi¢, Eva A. Enyedy*® and Vladimir B. Arion*?

In this study, 2-formylpyridine thiosemicarbazones and three different heterocyclic pharmacophores
were combined to prepare thiosemicarbazone—piperazine mPip-FTSC (HLY) and mPip-dm-FTSC (HL?),
thiosemicarbazone—morpholine Morph-FTSC (HL3) and Morph-dm-FTSC (HL?), thiosemicarbazone—
methylpyrrole-2-carboxylate hybrids mPyrr-FTSC (HL®) and mPyrr-dm-FTSC (HLS) as well as their copper(i)
complexes [CuClmPipH-FTSC-H)ICL (1 + H)CL, [CuClimPipH-dm-FTSC-H)ICl (2 + H)CL, [CuCl(Morph-
FTSC-H)I (3), [CuCl(Morph-dm-FTSC-H)] (4), [CuClimPyrr-FTSC-H)(H,O)] (5) and [CuCl(mPyrr-dm-
FTSC-H)(H,O)] (6). The substances were characterized by elemental analysis, one- and two-dimensional
NMR spectroscopy (HL'—HL®), ESI mass spectrometry, IR and UV-vis spectroscopy and single crystal
X-ray diffraction (1-5). All compounds were prepared in an effort to generate potential antitumor agents
with an improved therapeutic index. In addition, the effect of structural alterations with organic hybrids on
aqueous solubility and copper(i) coordination ability was investigated. Complexation of ligands HL? and
HL* with copper(i) was studied in aqueous solution by pH-potentiometry, UV-vis spectrophotometry and
EPR spectroscopy. Proton dissociation processes of HL? and HL* were also characterized in detail and
microscopic constants for the Z/E isomers were determined. While the hybrids HL®, HL® and their copper(i)
complexes 5 and 6 proved to be insoluble in aqueous solution, precluding antiproliferative activity
studies, the thiosemicarbazone-piperazine and thiosemicarbazone—morpholine hybrids HL'=HL* as
well as copper(i) complexes 1-4 were soluble in water enabling cytotoxicity assays. Interestingly, the
metal-free hybrids showed very low or even a lack of cytotoxicity (ICso values > 300 yM) in two human
cancer cell lines Hela (cervical carcinoma) and A549 (alveolar basal adenocarcinoma), whereas their
copper(i) complexes were cytotoxic showing ICsq values from 25.5 to 65.1 uM and 42.8 to 208.0 uM,
respectively in the same human cancer cell lines after 48 h of incubation. However, the most sensitive for
HL* and complexes 1-4 proved to be the human cancer cell line LS174 (colon carcinoma) as indicated by
the calculated ICsq values varying from 13.1to 17.5 uM.
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interactions (Fig. S1), pH-dependence of the chemical shifts of various
protons of HL* (Fig. S2), low- (A) and high-field (B) regions of the 'H NMR
spectra HL? at different pH values (Fig. S3), pH-dependence of the chemical
shifts of various protons of HL” in the low- (A) and in the high-field (B)
regions (Fig. S4), pH-dependence of the molar fraction of the E and Z isomers
of HL? (Fig. S5), 3-dimensional fluorescence spectra of HL> and HL* (Fig. S6),
experimental and simulated solution EPR spectra recorded for the copper(i)
- HL* system at 1:1 (A) and 1:2 (B) metal-to-ligand ratio (Fig. S7), calculated
component EPR spectra obtained for copper(i) complexes of HL? and HL* in
frozen solution (Fig. S8), UV-vis spectra of [Cu(EDTA)]*” in the presence of
HL? (Fig. S9), UV-vis spectra of the copper(n) - HL> and HL" systems at
1:1 metal-to-ligand ratio (Fig. S10). CCDC 1052906-1052910. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
c¢5dt01076d

Dalton Trans., 2015, 44, 9071-9090 | 9071


www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c5dt01076d&domain=pdf&date_stamp=2015-04-30
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5dt01076d
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT044019

Open Access Article. Published on 13 April 2015. Downloaded on 5/6/2026 11:43:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Introduction

Thiosemicarbazones (TSCs) are known as potent metal chela-
tors with high affinity for first row transition metals."”> TSCs
and their metal complexes possess a variety of biological activi-
ties, such as antifungal, antiviral, antibacterial, antimalarial
and anticancer.®® The anticancer activity of a-N-heterocyclic
TSCs (HCTs) has been known since the 1950s when 2-formyl-
pyridine thiosemicarbazone (FTSC) showed antileukemic activity
in a mice model.’ To date, the best-studied HCT is 3-amino-
pyridine-2-carboxaldehyde thiosemicarbazone (3-AP or Triapine).
Several clinical phase I and II trials revealed that Triapine is
ineffective against a variety of solid tumors but very promising
against hematologic malignancies such as leukemia.'®*® The
outcome of a recent clinical phase II study including 37
patients with aggressive myeloproliferative neoplasms, with a
response rate of 49% and complete remission in 24% of all
patients, has recently been reported.'® Ribonucleotide
reductase (RNR),”*?" an enzyme catalyzing the reduction of
ribonucleotides to the corresponding 2'-deoxyribonucleotides,
which is the rate determining step in DNA synthesis,>* and
topoisomerase Ila (Topo Ila), an enzyme that controls the DNA
topology during cell division by introducing temporary double
strand breaks have been considered as possible targets for this
class of compounds.”**® New insights into the mechanism of
action for RNR inhibiting HCTs and especially Triapine were
recently reported.”’° The enzymes ATP binding pocket was
suggested as major target for Topo Ila inhibiting HCTs.?" The
reaction of copper(n) with HCTs leading to square-planar com-
plexes markedly enhances the Topo Ila inhibition rate.*”
2-Acetylpyridine thiosemicarbazones possess very high cyto-
toxicity in human cancer cell lines with ICs, values in the
nanomolar concentration range and the ability to destroy the
tyrosyl radical of the mammalian RNR R2 protein under the
slightly reducing conditions typical for tumors.**** However,
high general toxicity and, consequently, the low therapeutic
index along with low aqueous solubility for these and other
related thiosemicarbazones prompted us to design hybrid
systems, based on thiosemicarbazones and other pharmaco-
phores. Recently, we prepared proline-TSC hybrids (3-methyl-
(S)-pyrrolidine-2-carboxylate-2-formylpyridine  thiosemicarba-
zone (L-Pro-FTSC) and 3-methyl-(R)-pyrrolidine-2-carboxylate-2-
formylpyridine thiosemicarbazone (p-Pro-FTSC)) and their
copper(i) complexes.*® These new compounds are highly water
soluble but exhibit very low cytotoxicity, most probably
because of their very low lipophilicity. We decided to extend
our work and use other pharmacophoric groups for attach-
ment at the 6-position of the TSCs pyridine ring, in order to
increase the lipophilicity and modulate the antiproliferative
activity. We attached the six-membered rings methylpiperazine
and morpholine as well as methylpyrrole-2-carboxylate con-
taining a five-membered planar heterocycle. It is well-known
that the attachment of a piperazine moiety on a hydrophobic
scaffold has a favourable effect on its water solubility,>*™°
moreover the piperazine heterocycle is found in a broad variety
of biologically active compounds, some of which are currently
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used in clinical therapy.*®™° Biologically active metal-based
compounds containing a piperazine ring have also been
reported.’®”>* Morpholine is another well-known water-solubil-
izing unit incorporated in structures of biologically active com-
pounds, showing often favorable pharmacologic effects.>® ™ In
particular, a morpholine moiety is also present in the approved
anticancer drugs Gefitinib (against certain breast, lung and
other cancers) and Carfilzomib (against multiple myeloma).>*>°
A series of TSCs with different substituents at position 4 of the
pyridine ring was tested on mice bearing sarcoma 180 ascites
cells. Intriguingly, the 4-morpholino-2-formylpyridine thiosemi-
carbazone was the most effective compound, increasing the
average survival time of tumor bearing mice from 13.8 to 38
days.®® The methylpyrrole-2-carboxylate ring was chosen as
third possible option since it resembles proline.

Herein, we report the synthesis of six new organic com-
pounds, namely HL'®, representing three types of potential
hybrid ligands for transition metals, as well as six copper(u)
complexes all shown in Chart 1. The compounds were charac-
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R = H, X = NCH3, mPip-FTSC (HL")

R = CH3, X = NCH3, mPip-dm-FTSC (HL?)
R = H, X= O, Morph-FTSC (HL3)

R = CHg, X = O, Morph-dm-FTSC (HL#)
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R = H, mPyrr-FTSC (HL®)
R = CHs, mPyrr-dm-FTSC (HL®)

X
ON\E/ST”RZ
LN

N/
7\

/

R = H, X = NCH3, [CuCI(mPipH-FTSC-H)|CI (1+H)CI®

R = CH3, X = NCHg, [CuCKmPipH-dm-FTSC-H)ICI (2+H)CI
R = H, X = 0, [CuCl(Morph-FTSC-H)] (3)

R = CHg, X = O, [CuCl(Morph-dm-FTSC-H)] (4)

/

0 0 X (|)I NR,
S

_ \ \Cu/ _\<

/
\ 7/

R =H, [CuCI(mPyrr-FTSC-H)(X)] (8) X = H,O (or DMF in X-ray structure)
R = CHj3, [CuCI(mPyrr-dm-FTSC-H)(X)] (6) X = H,O

Chart 1 Hybrid ligands and their copper(i) complexes studied in this
work. Underlined numbers indicate complexes studied by X-ray diffrac-
tion. Co-crystallized solvent is not included in the formulas (see Experi-
mental section). “ This complex was crystallized and characterized by
X-ray crystallography as [CuCl(mPip-FTSC-H)]-0.15CH3OH.
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terized by analytical and spectroscopic methods ("H and '*C
NMR, UV-vis, IR) and X-ray diffraction (1-5). Solution equili-
bria of the copper(n) complexes formed with HL> and HL*
were studied by pH-potentiometry, UV-vis and EPR spectro-
scopy and the thermodynamic stability data were compared to
those for other related hybrid and non-hybrid systems. The
antiproliferative activity of four ligands and four copper(u)
complexes has been assayed. The cytotoxicity of 1-4 is mark-
edly lower than that of the parent 2-acetylpyridine and 2-formyl-
pyridine thiosemicarbazones, but significantly higher than
that of thiosemicarbazone-proline hybrids and their copper(u)
complexes making them pertinent for further development as
potential anticancer drugs.

Experimental
Chemicals

2,6-Dihydroxymethylpyridine, 4-methylpiperazine, morpho-
line and methylpyrrole-2-carboxylate were purchased from
Acros Organics. 2-Hydroxymethyl-6-chloromethylpyridine and
6-chloromethylpyridine-2-carboxaldehyde were synthesized
according to published protocols.”® 2-(Chloromethyl)-6-
(dimethoxymethyl)pyridine was prepared as described pre-
viously.>® Solvents were dried using standard procedures, if
required.”” KOH, KCI, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), 2-(N-morpholino)ethanesulfonic acid
(MES), ethylenediaminetetraacetic acid (EDTA) were Sigma-
Aldrich products, while HCl and CuCl, were from Reanal.
CuCl, was dissolved in a known amount of HCI in order to get
the copper(u) stock solution. Its concentration was determined
by complexometric titrations with EDTA.

Synthesis of ligands

1-((6-(Dimethoxymethyl)pyridin-2-yl)methyl)-4-methyl-
piperazine. 2-(Chloromethyl)-6-(dimethoxymethyl)pyridine
(1.82 g, 9.02 mmol) was dissolved in a 1:1 mixture of dry THF
and dry dichloromethane (40 mL) in a 100 mL Schlenk tube.
Methylpiperazine (1.50 mL, 13.53 mmol) and triethylamine
(3.64 mL, 27.06 mmol) were added. The reaction mixture was
stirred at 46 °C overnight. The next day a white precipitate of
triethylammonium chloride was filtered off and washed with
THF. The filtrate was concentrated under reduced pressure to
yield a brown oily raw product. This was purified on a silica
column using chloroform/methanol 4 :1 as eluent. The solvent
was removed under reduced pressure to yield the product as a
yellow oil. Yield: 1.99 g, 79%. "H NMR (500 MHz, DMSO-de) 6
7.82 (t, ] = 7.7 Hz, 1H, CH(sp), 7.41 (d, J = 7.7 Hz, 1H, CH(sp),
7.36 (d,J = 7.7 Hz, 1H, CH(,p), 5.26 (s, 1H, CH(OCHj;),), 3.60 (s,
2H, CH,), 3.30 (s, 6H, (OCH,),), 2.50-2.35 (m, 8H, CHypip),
overlapped with residual DMSO signal), 2.24 (s, 3H, CHjpip))-

4-((6-(Dimethoxymethyl)pyridin-2-yl)methyl)morpholine. To
2-(Chloromethyl)-6-(dimethoxymethyl )pyridine (0.80 g, 3.97 mmol)
in a 1:1 mixture of dry THF and dry dichloromethane (20 mL)
in a 50 mL Schlenk tube were added morpholine (0.52 mL,
5.96 mmol) and triethylamine (1.60 mL, 11.91 mmol). The
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reaction mixture was stirred at 46 °C overnight. The next day a
white precipitate of triethylammonium chloride was filtered
off and washed with THF. The filtrate was concentrated under
reduced pressure to yield a brown oily raw product. This
was purified on a silica column using chloroform/methanol
97.5:2.5 as eluent. The solvent was removed under reduced
pressure to yield the product as a yellow oil. Yield: 0.93 g, 93%.
'H NMR (500 MHz, DMSO-d) 6 7.82 (t, ] = 7.7 Hz, 1H, CHsp),
7.44 (d, J = 7.7 Hz, 1H, CH(sp), 7.36 (d, J = 7.2 Hz, 1H, CH(sn),
5.26 (s, 1H, CH(OCHs,),), 3.63-3.57 (m, 6H, CHamorph), CHa),
3.30 (s, 6H, (OCHs),), 2.44-2.40 (m, 4H, CHy(vorph))-

Methyl 1-((6-(dimethoxymethyl)pyridin-2-yl)methyl)-1H-
pyrrole-2-carboxylate. Sodium hydride (60 wt% dispersion in
mineral oil) (0.10 g, 2.48 mmol) was suspended in dry DMF
(3 mL) in a 25 mL Schlenk tube and cooled to 0 °C. A solution
of methylpyrrole-2-carboxylate (0.31 g, 2.48 mmol) in dry DMF
(4.5 mL) was added dropwise. Then a solution of 2-(chloro-
methyl)-6-(dimethoxymethyl)pyridine (0.50 g, 2.48 mmol) in
dry DMF (2.5 mL) was added slowly. The reaction mixture was
allowed to reach room temperature and then stirred overnight.
The next day the crude mixture was poured into ice water
(about 100 mL) and extracted with ethyl acetate (3 x 50 mL).
The combined organic phases were dried over magnesium
sulfate and the solvent was removed under reduced pressure to
give a yellow, oily raw product. This was purified on a silica
column using a mixture of 1:2 ethyl acetate/hexane as eluent.
The product was obtained after removal of the solvent as a col-
orless oil. Yield: 0.42 g, 58%. 'H NMR (500 MHz, DMSO-d,)
87.76 (t,] = 7.8 Hz, 1H, CH(ay), 7.35 (d, J = 7.7 Hz, 1H, CH(sp),
7.31-7.26 (m, 1H, CHpym), 6.97 (dd, J = 3.9, 1.8 Hz, 1H,
CHpym), 6.60 (d, J = 7.6 Hz, 1H, CH(p), 6.24 (dd, J = 3.9,
2.6 Hz, 1H, CHpym), 5.64 (s, 2H, CH,), 5.24 (s, 1H, CH(OCH,),),
3.65 (s, 3H, COOCH,), 3.31 (s, 6H, (OCH3),).

6-((4-Methylpiperazin-1-yl)methyl)picolinaldehyde. A solu-
tion of 1-((6-(dimethoxymethyl)pyridin-2-yl)methyl)-4-methyl-
piperazine (0.93 g, 3.50 mmol) in water (35 mL) and 12 M HCI
(0.91 mL, 10.92 mmol) in a 100 mL round-bottom flask was
stirred at 60 °C overnight. The next day the reaction mixture
was combined with a saturated aqueous solution of sodium
bicarbonate (about 100 mL) and extracted with dichloro-
methane (3 x 40 mL). The united organic phases were dried
over magnesium sulfate and the solvent was removed under
reduced pressure. The product was obtained as a yellow oil.
Yield: 0.51 g, 67%. "H NMR (500 MHz, DMSO-dg) 6 9.97 (d, J =
0.7 Hz, 1H, CHO), 8.03 (t, J = 7.7 Hz, 1H, CHay)), 7.83 (dd, J =
7.6, 0.9 Hz, 1H, CHy), 7.75 (dd, J = 7.7, 0.9 Hz, 1H, CHay),
3.70 (s, 2H, CH,), 2.48-2.29 (m, 8H, CHypip)), 2.17 (S, 3H, CHypip)-

6-(Morpholinomethyl)picolinaldehyde. 4-((6-(Dimethoxy-
methyl)pyridin-2-yl)methyl) morpholine (0.92 g, 3.65 mmol)
was mixed with water (35 mL) and 12 M HCl (0.95 mL,
11.40 mmol) in a 100 mL round-bottom flask. The reaction
mixture was stirred at 60 °C overnight. The next day the reac-
tion mixture was combined with a saturated aqueous of
sodium bicarbonate (about 100 mL) and extracted with
dichloromethane (3 x 40 mL). The united organic phases were
dried over magnesium sulfate and the solvent was removed
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under reduced pressure. The product was obtained as a yellow
oil. Yield: 0.62 g, 82%. 'H NMR (500 MHz, DMSO-ds) 6 9.98
(d, J = 0.7 Hz, 1H, CHO), 8.04 (t, J = 7.7 Hz, 1H, CHy),
7.87-7.81 (m, 1H, CH(ay), 7.78 (dd, J = 7.7, 1.1 Hz, 1H, CH4y),
3.72 (s, 2H, CH,), 3.64-3.58 (m, 4H, CHymorph)), 2.47-2.42
(rn, 4H, CHZ(Morph))'

Methyl 1-((6-formylpyridin-2-yl)methyl)-1H-pyrrole-2-carbox-
ylate. To a solution of methyl 1-((6-(dimethoxymethyl)pyridin-
2-yl)methyl)-1H-pyrrole-2-carboxylate (0.21 g, 0.72 mmol) in
acetone (5 mL) in a 100 mL round-bottom flask was added
water (25 mL) and the reaction mixture was refluxed overnight.
The next day the solvent was removed under reduced pressure
to yield a white solid, which was further dried in vacuo. Yield:
0.18 g, 100%. '"H NMR (500 MHz, DMSO-dg) 6 9.95 (d, J =
0.7 Hz, 1H, CHO), 7.99 (td, J = 7.8, 0.6 Hz, 1H, CH(ay), 7.82
(dd, J = 7.7, 0.9 Hz, 1H, CHy), 7.36 (dd, J = 2.5, 1.9 Hz, 1H,
CH(pyr), 7.02-6.92 (m, 2H, CHpyrr), CHa), 6.27 (dd, J = 3.9,
2.6 Hz, 1H, CH(py:m)), 5.76 (s, 2H, CH,), 3.66 (s, 3H, COOCH;).

mPip-FTSC-0.2CH;0H (HL'0.2CH3;O0H). A suspension of
6-((4-methylpiperazin-1-yl)methyl) picolinaldehyde (500 mg,
2.28 mmol) and thiosemicarbazide (208 mg, 2.28 mmol) in
dry ethanol (6 mL) in a 25 mL Schlenk tube was stirred at
78 °C overnight. The color of the reaction mixture changed
from yellow/orange to red/purple. The next day the solvent was
removed under reduced pressure and the crude product was
purified on preparative HPLC (water/methanol). The product
was obtained as a pale-green powder after drying in vacuo.
Yield: 0.51 g, 76%. Anal. Caled for C;3H,(NsS-0.2CH;0H
(M 298.81 g mol™): C, 53.05; H, 7.01; N, 28.12; S, 10.73.
Found: C, 53.13; H, 6.88; N, 28.28; S, 10.35. E-isomer: ‘H NMR
(500 MHz, DMSO-dg) 6 11.63 (s, 1H, H?), 8.33 (s, 1H, H’),
8.19-8.09 (m, 2H, H®, H?), 8.06-8.01 (m, 1H, H'?), 7.79 (t, J =
7.8 Hz, 1H, H’), 7.39 (m, 1H, H*), 3.57 (s, 2H, H), 2.35 (m, 8H,
H®% H°, H', H'), 2.15 (s, 3H, H'). "*C NMR (126 MHz,
DMSO0-d,) § 178.80 (Cq, C*?), 158.80 (Cq, C*), 153.13 (Cq, C"),
143.07 (CH, C"?), 137.35 (CH, C°), 123.44 (CH, C%), 118.97 (CH,
C°%), 64.02 (CH,, C’), 55.18 (2CH,, C°, C'°), 53.21 (2CH,, C?,
C'), 46.22 (CH;, C'). Z-isomer: "H NMR (500 MHz, DMSO-d)
5 14.27 (s, 1H, H?), 8.51 (s, 1H, H?), 8.19-8.09 (m, 1H, H?),
8.06-8.01 (m, 1H, H%), 7.64 (d, J = 7.5 Hz, 1H, H®), 7.55 (d, J =
7.6 Hz, 1H, HY), 7.41-7.35 (m, 1H, H'?), 3.70 (s, 2H, H’),
2.49-2.21 (m, 8H, H® H® H'®, H'), 2.15 (s, 3H, H'"). *C NMR
(126 MHz, DMSO-d,) 6 179.34 (Cq, C"%), 157.93 (Cq, C*), 151.62
(Cq, €Y, 139.16 (CH, C°), 133.91 (CH, C'?), 125.26 (CH, C°),
124.18 (CH, C*), 63.79 (CH,, C’), 55.18 (2CH,, C°, C'%), 53.08
(2CH,, C®, C"), 46.22 (CHj;, C'*). For atom numbering and
structures of E and Z isomers see ESI, Scheme S1.1 Solubility
in water >3.3 mg mL™". Electrospray ionization mass spectro-
metry (ESI-MS, methanol), positive: m/z 293 (M + H]'). IR
(attenuated total reflectance (ATR), selected bands, Jiay): 3420,
3258, 3162, 2940, 2802, 1599, 1546, 1446, 1342, 1280, 1146,
983, 924, 832, 789, 732, 684 cm ™', UV-vis in water (52 pM), A,
nm (e, M™* em™"): 315 (30 681).

mPip-dm-FTSC-0.25CH;0H  (HL>-0.25CH;O0H). A  sus-
pension of 6-((4-methylpiperazin-1-yl)methyl)picolinaldehyde
(405 mg, 1.85 mmol) and 4,4-dimethyl-3-thiosemicarbazide
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(220 mg, 1.85 mmol) in dry ethanol (6 mL) in a 25 mL Schlenk
tube was stirred at room temperature overnight. The next day
the solvent was removed under reduced pressure and the
crude product was purified on preparative HPLC (water/metha-
nol). The product was obtained as a yellow powder after
drying in vacuo. Yield: 0.52 g, 87%. Anal. Caled for
C15H,4NgS-0.25CH;0H (M 328.47 g mol™'): C, 55.76; H, 7.67;
N, 25.59; S, 9.76. Found: C, 55.93; H, 7.59; N, 25.90; S, 9.38.
E-isomer: '"H NMR (500 MHz, DMSO-d,) § 11.16 (s, 1H, H?),
8.18 (s, 1H, H'?), 7.84-7.71 (m, 2H, H® H’), 7.39 (d,/ = 7.3 Hz,
1H, HY), 3.57 (s, 2H, H), 3.31 (s, 6H, H'!, H"), 2.47-2.19 (m,
8H, H® H°, H'°, H'"), 2.15 (s, 3H, H'®). "*C NMR (126 MHz,
DMSO0-d,) § 181.10 (Cq, C**), 158.93 (Cq, C*), 153.36 (Cq, C"),
144.32 (CH, C"?), 137.55 (CH, C®), 123.22 (CH, C"), 118.25 (CH,
C°%), 64.04 (CH,, C’), 55.19 (2CH,, C°, C'), 53.20 (2CH?, C?,
Cc'), 46.22 (CH; C'®), 42.83 (2CH; C', C'). Z-isomer:
'"H NMR (500 MHz, DMSO-dg) § 14.89 (s, 1H, H?), 8.05 (t, J =
7.8 Hz, 1H, H°), 7.65 (d, J = 7.7 Hz, 1H, H°), 7.59 (s, 1H, H"?),
7.53 (d, J = 7.7 Hz, 1H, H*), 3.62 (s, 2H, H’), 3.42 (s, 6H, H'*,
H"), 2.47-2.19 (m, 8H, H® H°, H'°, H'Y), 2.15 (s, 3H, H'®).
BC NMR (126 MHz, DMSO-d¢) & 180.62 (Cq, C"%), 157.65
(Cq, C%), 151.94 (Cq, C), 139.25 (CH, C°), 136.62 (CH, C"?),
124.94 (CH, C°), 124.30 (CH, C"), 63.66 (CH,, C’), 55.08 (2CH,,
C?, €', 53.25 (2CH?, C®, C'), 46.18 (CH;, C'°), 40.59 (2CH;,
C", C", overlapped with residual DMSO signal). For atom
numbering and structures of E and Z isomers see ESI,
Scheme S1.f Solubility in water >11.5 mg mL™'. ESI-MS
(methanol), positive: m/z 321 (M + HJ'). IR (ATR, selected
bands, Fmay): 3039, 2929, 2801, 1597, 1542, 1446, 1361, 1156,
821, 711, 618 cm™'. UV-vis in water (51 pM), A, nm (g, M~"
em™"): 216 (20 784), 271sh (14 510), 314 (31 569).
Morph-FTSC-0.3CH;0H-0.1H,0 (HL?.0.3CH;0H-0.1H,0). A
suspension of 6-(morpholinomethyl)picolinaldehyde (300 mg,
1.45 mmol) and thiosemicarbazide (132 mg, 1.45 mmol) in
dry ethanol (5 mL) in a 25 mL Schlenk tube was stirred at
78 °C overnight. The next day the solvent was removed under
reduced pressure and the crude product was recrystallized
from water/methanol (5:1) to give a white powder which was
filtered off, washed with water and dried in vacuo. Yield:
0.37 g, 91%. Anal. Calced for C;,H;;N50,S-0.3CH;0H-0.1H,0
(M 306.78 ¢ mol™'): C, 48.16; H, 6.05; N, 22.83; S, 10.45.
Found: C, 48.11; H, 6.43; N, 23.13; S, 10.66. E-isomer: "H NMR
(500 MHz, DMSO-d,) & 11.63 (s, 1H, H2), 8.33 (s, 1H, H3), 8.16
(m, 2H, H6, H3), 8.08-7.99 (m, 1H, H12), 7.80 (t, J = 7.8 Hz,
1H, H5), 7.42 (d, J = 7.6 Hz, 1H4), 3.66-3.52 (m, 6H, H7, H9,
H10), 2.42 (m, 4H, H8, H11). *C NMR (126 MHz, DMSO-d,)
5178.81 (Cq, C*%), 158.35 (Cq, C*), 153.20 (Cq, C"), 143.03 (CH,
C'?), 137.37 (CH, C°), 123.58 (CH, C"), 119.05 (CH, C°), 66.66
(2CH,, C°, C'), 64.37 (CH,, C’), 53.79 (2CH,, C% C").
Z-isomer: 'H NMR (500 MHz, DMSO-d¢) 6 14.26 (s, 1H, H?),
8.52 (s, 1H, H?), 8.16 (m, 1H, H?), 8.08-7.99 (m, 1H, H’), 7.65
(d,J = 7.5 Hz, 1H, H®), 7.58 (d, J = 7.8 Hz, 1H, H"), 7.39 (s, 1H,
H"), 3.71 (s, 2H, H’), 3.66-3.52 (m, 4H, H®, H'?), 2.48 (m, 4H,
H® H'"). *C NMR (126 MHz, DMSO-d,) § 179.37 (Cq, C"),
157.51 (Cq, C*), 151.68 (Cq, C'), 139.19 (CH, C°), 133.91 (CH,
C'?), 125.31 (CH, C°), 124.30 (CH, C*%), 66.66 (2CH,, C°, C'),
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64.10 (CH,, C’), 53.69 (2CH,, C®, C'"). For atom numbering
and structures of E and Z isomers see ESI, Scheme S1.} Solubi-
lity in water (with 1% DMSO) >1.4 mg mL™". ESI-MS (metha-
nol), positive: m/z 280 (M + H]"). IR (ATR, selected bands,
Pmax): 3462, 3268, 3167, 2816, 1611, 1522, 1452, 1261, 1109,
1067, 850, 645 cm™". UV-vis in water (39 pM), 4, nm (g, M~ cm™):
316 (26 923).

Morph-dm-FTSC (HL*). A suspension of 6-(morpholino-
methyl)picolinaldehyde (300 mg, 1.45 mmol) and 4,4-
dimethyl-3-thiosemicarbazide (173 mg, 1.45 mmol) in dry
ethanol (5 mL) in a 25 mL Schlenk tube was stirred at room
temperature overnight. The next day a white precipitate was fil-
tered off under inert conditions. The precipitate was washed
with dry ethanol (1 mL) and dried in vacuo to give a white
powder. Yield: 0.34 g, 76%. Anal. Caled for C;4H,;N50S
(M 307.42 g mol™): C, 54.70; H, 6.89; N, 22.78; S, 10.43.
Found: C, 54.85; H, 6.92; N, 22.71; S, 10.28. E-isomer: "H NMR
(500 MHz, DMSO-d,) § 11.16 (s, 1H, H?), 8.18 (s, 1H, H'?),
7.84-7.74 (m, 2H, H°, H®), 7.44-7.39 (m, 1H, H"), 3.62-3.53
(m, 6H, H’, H?, H'), 3.31 (s, 6H, H', H'®), 2.45-2.40 (m, 4H,
H® H'). *C NMR (126 MHz, DMSO-d¢) § 181.07 (Cq, C13),
158.49 (Cq, C*), 153.45 (Cq, C,), 144.30 (CH, C"?), 137.58 (CH,
C®), 123.34 (CH, C%), 118.32 (CH, C°), 66.67 (2CH,, C°, C'°),
64.38 (CH,, C’), 53.78 (2CH,, C®, C'"), 42.84 (2CHj;, C"*, C*).
Z-isomer: 'H NMR (500 MHz, DMSO-d,) & 14.88 (s, 1H, H?),
8.05 (t, J = 7.8 Hz, 1H, H>), 7.66 (d, J = 7.7 Hz, 1H, H®), 7.59
(s, 1H, H"), 7.56 (d, J = 7.7 Hz, 1H. H"), 3.63 (s, 2H, H’),
3.62-3.53 (m, 4H, H°, H'?), 3.42 (s, 6H, H", H"), 2.40-2.35
(m, 4H, H'', H®). "*C NMR (126 MHz, DMSO-d,) § 180.61 (Cq,
c"), 157.21 (Cq, C%), 152.00 (Cq, C"), 139.27 (CH, C*), 136.59
(CH, C"), 125.02 (CH, C°), 124.41 (CH, C%), 66.58 (2CH,, C°,
C'), 64.01 (CH,, C’), 53.78 (2CH,, C%, C'), 40.63 (2CH3, C'*,
C", overlapped with residual DMSO signal). For atom number-
ing and structures of E and Z isomers see ESI, Scheme S1.7
Solubility in water >2.6 mg mL™". ESI-MS (methanol), positive:
m/z 308 (M + H]"). IR (ATR, selected bands, Jmay): 2923, 2821,
1593, 1532, 1313, 1145, 1107, 901, 821, 707, 622 cm™*. UV-vis
in water (48 uM), 4, nm (¢, M™" cm™): 216 (19628), 273
(13 430), 315 (21 488).

mPyrr-FTSC (HL’). A suspension of methyl 1-((6-formylpyridin-
2-yl)methyl)-1H-pyrrole-2-carboxylate (0.06 g, 0.24 mmol)
and thiosemicarbazide (0.02 g, 0.24 mmol) in a 1: 1 mixture of
methanol/ethanol (2 mL) in a 10 mL Schlenk tube was stirred
at 78 °C overnight. The next day the solvent was removed
under reduced pressure and the crude product was recrystal-
lized from water/methanol (5:1). The resulting white powder
was filtered off, washed with a water/methanol 1:1 mixture
and dried in vacuo. Yield: 0.06 g, 76%. Anal. Calcd for
C14H15N50,8 (M 317.37 g mol™"): C, 52.98; H, 4.76; N, 22.07;
S, 10.10. Found: C, 52.98; H, 4.65; N, 21.97; S, 10.00. E-isomer:
"H NMR (500 MHz, DMSO-dg) 6 11.66 (s, 1H, H?), 8.35 (s, 1H,
H?), 8.20-8.11 (m, 2H, H? H°), 8.04 (s, 1H, H"), 7.75 (t, ] = 7.9
Hz, 1H, H"), 7.33-7.29 (m, 1H, H®), 7.00-6.92 (m, 1H, H'Y),
6.60 (d, J = 7.7 Hz, 1H, H*), 6.28-6.21 (m, 1H, H'®), 5.64 (s, 2H,
H’), 3.66 (s, 3H, H'®). ">C NMR (126 MHz, DMSO-d;) § 178.84
(Cq, C*), 161.08 (Cq, C"?), 158.54 (Cq, C*), 153.30 (Cq, C),
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142.66 (CH, C"), 137.99 (CH, C°), 131.10 (CH, C°), 121.65
(Cq, C%), 120.41 (CH, C%), 119.08 (CH, C°), 118.61 (CH, C'),
109.05 (CH, C'°), 53.37 (CH,, C’), 51.39 (CH;, C*). Z-isomer:
'H NMR (500 MHz, DMSO-d,) & 14.05 (s, 1H, H?), 8.60 (s, 1H,
H%), 8.24 (s, 1H, HY), 8.00 (t, J = 7.8 Hz, 1H, H°), 7.66 (d, J =
7.6 Hz, 1H, H®, 7.64-7.59 (m, 1H, H’), 7.40 (s, 1H, H"),
6.98-6.91 (m, 2H, H*, H""), 6.28-6.21 (m, 1H, H'?), 5.69 (s, 2H,
H), 3.68 (s, 3H, H'®). *C NMR (126 MHz, DMSO-d) § 179.40
(Cq, C'), 161.08 (Cq, C'?), 157.34 (Cq, C?), 151.83 (Cq, C"),
139.84 (CH, C®), 133.66 (CH, C"), 131.63 (CH, C°), 125.65
(CH, C°), 122.07 (CH, C%), 121.30 (Cq, C?), 118.95 (CH, C'),
109.37 (CH, C'), 53.37 (CH,, C’), 51.47 (CH;, C'®). ESI-MS
(methanol), positive: m/z 340 (M + Na]’), 317 (M + H]").
IR (ATR, selected bands, Umqy): 3561, 3353, 3243, 2972, 1706,
1612, 1530, 1443, 1245, 723, 653, 608 cm™'. UV-vis in metha-
nol (22 pM), 4, nm (e, M™' em™): 204 (13 636), 237 (12 182),
266 (17 227), 324 (25 545), 388 (1227).

mPyrr-dm-FTSC (HL®). A solution of methyl 1-((6-formylpyri-
din-2-yl)methyl)-1H-pyrrole-2-carboxylate (0.18 g, 0.72 mmol)
and 4,4-dimethyl-3-thiosemicarbazide (0.09 g, 0.72 mmol) in a
1:1 mixture of methanol/ethanol (4 mL) in a 25 mL Schlenk
tube was stirred at room temperature for 6 h. The white pre-
cipitate was filtered off, washed with a water/methanol
1:1 mixture and dried in vacuo. Yield: 0.12 g, 47%. Anal. Calcd
for C;6H1oN50,S (M 345.42 g mol™"): C, 55.63; H, 5.54;
N, 20.27; S, 9.28. Found: C, 55.43; H, 5.50; N, 20.06; S, 9.21.
E-isomer: '"H NMR (500 MHz, DMSO-d¢) § 11.18 (s, 1H, H?),
8.17 (s, 1H, H"), 7.79-7.73 (m, 2H, H®, H?), 7.33-7.27 (m, 1H,
H%), 6.96 (dd, J = 3.9, 1.8 Hz, 1H, H'"), 6.69-6.62 (m, 1H, H?),
6.23 (dd, J = 3.9, 2.6 Hz, 1H, H'%), 5.65 (s, 2H, H’), 3.66 (s, 3H,
H'Y), 3.31 (s, 6H, H'®, H'®). '*C NMR (126 MHz, DMSO-d,) &
180.99 (Cq, C'*), 161.06 (Cq, C**), 158.57 (Cq, C*), 153.55 (Cq,
Ch), 144.09 (CH, C"), 138.14 (CH, C°), 131.12 (CH, C°), 121.66
(Cq, C%), 120.34 (CH, C%, 118.56 (CH, C'), 118.35 (CH, C°),
108.96 (CH, C'), 53.40 (CH,, C’), 51.38 (CHj;, C"), 42.76
(2CH;, C", C'°). Zisomer: 'H NMR (500 MHz, DMSO-d)
6 14.71 (s, 1H, H?), 7.99 (t, / = 7.9 Hz, 1H, H%), 7.65 (d, ] = 7.7
Hz, 1H, H®), 7.62 (s, 1H, H"®), 7.40-7.35 (m, 1H, H°), 7.02 (dd,
J = 4.0, 1.8 Hz, 1H, H"Y), 6.49 (d, J = 7.8 Hz, 1H, H"), 6.30 (dd,
J=3.9, 2.6 Hz, 1H, H'), 5.73 (s, 2H, H’), 3.64 (s, 3H, H'), 3.44
(s, 6H, H, H'). *C NMR (126 MHz, DMSO-dg) § 180.60
(Cq, C'), 161.01 (Cq, C'?), 158.01 (Cq, C?), 151.49 (Cq, C"),
140.11 (CH, C°), 136.28 (CH, C"), 131.12 (CH, C°), 124.83
(CH, C°), 121.66 (Cq, C®), 120.10 (CH, C*), 118.94 (CH, C'),
109.49 (CH, C'), 53.40 (CH,, C”), 51.51 (CHj3, C'), 40.60
(C*, C', overlapped with residual DMSO signal). For atom
numbering and structures of E and Z isomers see ESI,
Scheme S1.} ESI-MS (methanol), positive: m/z 368 ([M + Na]'),
346 (M + HJ"). IR (ATR, selected bands, Fmax): 2837, 1693,
1541, 1316, 1252, 1106, 899, 757, 622 cm™'. UV-vis in metha-
nol (28 pM), 4, nm (e, M~' em™): 235 (23 929), 266 (27 321),
321 (21 786), 405 (2757).

Synthesis of the copper(un) complexes

[CuCl(mPipH-FTSC-H)]Cl-0.1H,0 ((1 + H)CI-0.1H,0). To a
solution of mPip-FTSC (HL') (0.05 g, 0.17 mmol) in methanol
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(20 mL) was added a solution of copper(u) chloride dihydrate
(0.03 g, 0.17 mmol) in methanol (5 mL). The reaction mixture
was stirred at room temperature overnight. The next day a
green precipitate was filtered off, washed with methanol and
dried in vacuo. Yield: 0.05 g, 74%. Anal. Caled for
C13H,0C1,CuNgS-0.1H,0 (M 428.66 g mol™): C, 36.43; H, 4.75;
N, 19.61; S, 7.48. Found: C, 36.49; H, 4.74; N, 19.24; S, 7.48.
Solubility in water >13.2 mg mL™". ESI-MS (methanol), posi-
tive: m/z 354 (M — CI]"). IR (ATR, selected bands, Dmay): 3266,
3094, 1613, 1459, 1418, 1158, 1025, 978, 825, 787, 653 cm™'.
UV-vis in water, 4, nm (e, M~" cm™"): 286 (19 545), 392 (10 063)
(measured at 44 pM); 607 (265) (measured at 1.88 mM). X-ray
diffraction quality crystals of the composition 1-0.15CH;0H
were obtained after slow diffusion of diethyl ether into a
methanolic solution of 1 (c # 5 mg mL™") in the presence of a
small amount of triethylamine.
[CuCl(mPipH-dm-FTSC-H)]CI-0.9H,0-0.5CH;0H ((2 + H)
Cl-0.9H,0-0.5CH;0H). To a solution of mPip-dm-FTSC (HL?)
(0.17 g, 0.53 mmol) in methanol (20 mL) was added a solution
of copper(n) chloride dihydrate (0.10 g, 0.58 mmol) in metha-
nol (5 mL) and triethylamine (80.8 pL, 0.64 mmol). The reac-
tion mixture was stirred at room temperature overnight. The
next day the solvent was concentrated under reduced pressure
to about 10 mL. After slow diffusion of diethyl ether green
crystals appeared which were filtered off, washed with metha-
nol and dried in wvacuo. The obtained crystals were of
X-ray diffraction quality. Yield: 0.14 g, 53%. Anal. Caled
for C;5H,,Cl,CuNgS-0.9H,0-0.5CH;0H (M 487.14 g mol™):
C, 38.22; H, 5.75; N, 17.25; S, 6.58. Found: C, 38.23; H, 5.40;
N, 17.37; S, 6.43. Solubility in water >20.2 mg mL™". ESI-MS
(methanol), positive: m/z 382 (M — CI]"). IR (ATR, selected
bands, may): 3458, 3394, 3037, 2690, 1492, 1369, 1311, 1249,
1130, 908, 612 cm™'. UV-vis in water, 4, nm (¢, M~' em™"): 254
(11463), 299 (17 561), 405 (15 366) (measured at 41 pM); 574
(145) (measured at 1.79 mM).
[CuCl(Morph-FTSC-H)]-2H,0-0.2C,H;0H (3-2H,0-0.2C,H;0H).
To a solution of Morph-FTSC (HL?) (0.15 g, 0.54 mmol) in
ethanol (35 mL) were added a solution of copper(n) chloride
dihydrate (0.09 g, 0.54 mmol) in ethanol (5 mL) and triethyl-
amine (75 pL, 0.54 mmol). The reaction mixture was stirred at
room temperature overnight. The next day a green precipitate
was filtered off, washed with ethanol and dried in vacuo. X-ray
diffraction quality crystals were obtained after slow diffusion
of diethyl ether into a methanolic solution of 3 (¢ = 5 mg
mL™"). Yield: 0.20 g, 88%. Anal. Caled for Cj;,H;sCICu-
N;08-2H,0-0.2C,H;0H (M 422.60 g mol™"): C, 35.24; H, 5.06;
N, 16.57; S, 7.59. Found: C, 35.35; H, 4.81; N, 16.42; S, 7.61.
Solubility in water >1.1 mg mL™". ESI-MS (methanol), positive:
m/z 341 (M — CI]"). IR (ATR, selected bands, Jmay): 3431, 3367,
3109, 1677, 1640, 1462, 1419, 1166, 1114, 783, 630 cm™*. UV-
vis in water, 4, nm (e, M™" em™): 284 (20179), 389 (10 893)
(measured at 56 pM); 598 (252) (measured at 2.83 mM).
[CuCl(Morph-dm-FTSC-H)]-0.2H,0-0.6CH;0H (4-0.2H,0-
0.6CH;0H). To a solution of Morph-dm-FTSC (HL?Y) (0.15 g,
0.49 mmol) in methanol (20 mL) were added a solution of
copper(u) chloride dihydrate (0.08 g, 0.49 mmol) in methanol
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(5 mL) and triethylamine (68 pL, 0.49 mmol). The reaction
mixture was stirred at room temperature overnight. The next
day the solvent was removed under reduced pressure to about
10 mL. After slow diffusion of diethyl ether green crystals
appeared which were filtered off, washed with methanol and
dried in vacuo. The obtained crystals were of X-ray diffraction
quality. Yield: 0.21 g, 98%. Anal. Caled for C;,H,,ClCu-
N505-0.2H,0-0.6CH;0H (M 428.23 g mol™'): C, 40.95; H, 5.37;
N, 16.35; S, 7.49. Found: C, 40.84; H, 5.29; N, 16.23; S, 7.57.
Solubility in water >12.9 mg mL™". ESI-MS (methanol), posi-
tive: m/z 369 (M — CI]"). IR (ATR, selected bands, Dmqy): 3499,
2859, 1593, 1359, 1242, 1123, 909, 869, 789 cm™'. UV-vis in
water, 4, nm (e, M~' em™"): 255 (10474), 299 (17207), 405
(15212) (measured at 40 pM); 575 (293) (measured at
1.78 mM).

[CuCI(mPyrr-FTSC-H)(H,0)]-0.2H,0 (5-0.2H,0). To a solu-
tion of mPyrr-FTSC (HL’) (0.05 g, 0.16 mmol) in methanol
(15 mL) was added a solution of copper(n) chloride dihydrate
(0.03 g, 0.17 mmol) in methanol (7 mL). The reaction mixture
was stirred at 60 °C for 1 h and then allowed to stand at 4 °C
for 2 h. A green microcrystalline precipitate was filtered off,
washed with methanol and dried in vacuo. X-ray diffraction
quality crystals were obtained after slow diffusion of diethyl
ether into a DMF solution of 5 (¢ & 5 mg mL™"). Yield: 0.05 g,
71%. Anal. Caled for C;4H;¢CICuN;0;S-0.2H,0 (M 436.98 g
mol™Y): C, 38.48; H, 3.78; N, 16.03; S, 7.34. Found: C, 38.76; H,
3.39; N, 15.75; S, 7.05. ESI-MS (methanol), positive: m/z 379
(IM - Cl — H,0]"). IR (ATR, selected bands, Jmay): 3346, 3105,
1704, 1622, 1463, 1406, 1332, 1253, 1111, 734, 635 cm™'. UV-
vis in DMF, 4, nm (¢, M~" cm™"): 298 (16 447), 326 (13 026, sh),
422 (11474) (measured at 76 pM); 514 (274, sh), 684 (225)
(measured at 2.29 mM).

[CuCl(mPyrr-dm-FTSC-H)(H,0)] (6). To a warm solution of
mPyrr-dm-FTSC (HL®) (0.07 g, 0.20 mmol) in methanol a solu-
tion of copper(u) chloride dihydrate (0.04 g, 0.20 mmol) was
added. The formation of a green precipitate started immedi-
ately and the reaction mixture was allowed to stir at room
temperature overnight. The next day the green precipitate was
filtered off, washed extensively with methanol and dried
in vacuo. Yield: 0.05 g, 55%. Anal. Calcd for C;6H»oCICuN;O3S
(M 461.43 g mol™): C, 41.65; H, 4.37; N, 15.18; S, 6.94. Found:
C, 41.80; H, 4.35; N, 15.04; S, 6.81. ESI-MS (methanol), posi-
tive: m/z 407 (M — Cl — H,0]"). IR (ATR, selected bands, Jmay):
3420, 3006, 1705, 1508, 1377, 1246, 1113, 913, 735, 587 cm™ ™.
UV-vis in DMF, 4, nm (&, M~ cm™"): 306 (13 851), 426 (15 946)
(measured at 74 puM); 519 (435), 648 (256) (measured at
2.21 mM).

pH-Potentiometric measurements

The purity and aqueous phase stability of the ligands mPip-
dm-FTSC (HL?) and Morph-dm-FTSC (HL?*) were verified and
the exact concentrations of the stock solutions prepared were
determined by the Gran method.®® The pH-metric measure-
ments for determination of the protonation constants of the
ligands and the overall stability constants of the copper(u)
complexes were carried out at 298.0 + 0.1 K in water and at an
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ionic strength of 0.10 M (KCl) in order to keep the activity
coefficients constant. The titrations were performed with car-
bonate-free KOH solution of known concentration (0.10 M).
The concentrations of the KOH and the HCI were determined
by pH-potentiometric titrations. An Orion 710A pH-meter
equipped with a Metrohm combined electrode (type 6.0234.100)
and a Metrohm 665 Dosimat burette were used for the pH-
metric measurements. The electrode system was calibrated to
the pH = —log[H'] scale in water according to the method
suggested by Irving et al.®* The average water ionization con-
stant pK,, is 13.76 + 0.01, which corresponds well to the litera-
ture data.®® The reproducibility of the titration points included
in the calculations was within 0.005 pH. The pH-metric titra-
tions were performed in the pH range 2.0-11.5. The initial
volume of the samples was 5.0 mL. The concentration of the
ligands was 2 mM and metal ion-to-ligand ratios of 1:1,
1:1.5, 1:2 and 1:3 were used. The accepted fitting of the
titration curves was always less than 0.01 mL. Samples were
deoxygenated by bubbling purified argon through them for
ca. 10 min prior to the measurements and argon was also
passed over the solutions during the titrations.

The protonation constants of the ligands were determined
with the computer program HYPERQUAD.®*® PSEQUAD®” was
utilized to establish the stoichiometry of the complexes and to
calculate the stability constants (log f(M,L,H,)). f(M,L,H,) is
defined for the general equilibrium pM + gL + rH = M,LH, as
AM,LH,) = [M,LH,J/[MF[L][H], where M denotes the metal
ion (copper(n)) and L the completely deprotonated ligand. In
all calculations exclusively titration data were used from experi-
ments, in which no precipitate was visible in the reaction
mixture.

UV-vis spectrophotometric, spectrofluorimetric and '"H NMR
measurements

A Thermo Scientific Evolution 220 spectrophotometer was
used to record the UV-vis spectra in the 200 to 1050 nm
window. The path length was 1 or 0.5 cm. Stability constants
and the individual spectra of the complexes were calculated by
the computer program PSEQUAD.®” The spectrophotometric
titrations were performed on samples of the copper(in) com-
plexes 2 and 4 of ligands mPip-dm-FTSC (HL?) and Morph-dm-
FTSC (HL*) over the pH range between 2 and 11.5 at an ionic
strength of 0.10 M (KCl) in water at 298.0 + 0.1 K. The concen-
tration of the metal complexes was 2.5 mM. Measurements on
the copper(i) complexes 2 and 4 were also carried out by pre-
paring individual samples, in which the 0.1 M KCl was par-
tially or completely replaced by HCI and pH values, varying in
the range of approximately 1.0-3.0, were calculated from the
HCI content. The conditional stability constants of [CuL] at pH
7.4 (10 mM HEPES) for 2 and at pH 5.6 (10 mM MES) for 4
were determined from competition titrations of the copper(i)
complex of EDTA with the ligands HL? and HL*. Samples con-
tained 50 uM copper(n) ion and 50 uM EDTA, and the concen-
tration of the ligands HL> and HL* was varied in the range of
0-170 puM. Absorbance data recorded after 1.5 h incubation

This journal is © The Royal Society of Chemistry 2015
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time in the wavelength interval from 415 to 450 nm were used
for the calculations.

Three-dimensional fluorescence spectra of the ligands
mPip-dm-FTSC (HL?) and Morph-dm-FTSC (HL*) and their
copper(n) complexes (2 and 4) were recorded at 240-500 nm
excitation and at 300-700 nm emission wavelengths for the
10 pM ligand containing samples in 1 cm quartz cell at pH 7.4
(10 mM HEPES) using 5 nm/5 nm slit widths at 0.1 M (KCl)
ionic strength and 298.0 + 0.1 K.

The pH-dependent 'H NMR studies were carried out on a
Bruker Ultrashield 500 Plus instrument. 4,4-Dimethyl-4-sila-
pentane-1-sulfonic acid was used as an internal NMR stan-
dard. Ligands mPip-dm-FTSC (HL?) and Morph-dm-FTSC
(HL*) were dissolved in a 10% (v/v) D,O/H,O mixture in a con-
centration of 3.0 and 1.5 mM, respectively. The direct pH-
meter readings were corrected according to the method of
Irving et al.®* Spectra of the ligands were recorded using indi-
vidual samples, in which the 0.1 M KCI was partially or com-
pletely replaced by HCI and pH values, varying in the range of
approximately 1.0-2.0, were calculated from the HCI content.

Determination of the distribution coefficients (D)

D54 values of ligands HL'-HL® and their copper(i) complexes
(1-5) were determined by the traditional shake-flask method
in n-octanol/buffered aqueous solution at pH 7.4 at 298.0 +
0.2 K as described previously.®®®® Two parallel experiments
were performed for each sample. The ligands and the com-
plexes were dissolved at 100 pM (~30 uM in the case of HL’
and its complex 5) in the n-octanol pre-saturated aqueous solu-
tion of the buffer (10 mM HEPES) at constant ionic strength
(0.10 M KCl). The aqueous solutions and n-octanol with 1:1
phase ratio were gently mixed with 360° vertical rotation for
3 h to avoid the emulsion formation, and the mixtures were
centrifuged at 5000 rpm for 5 min by a temperature controlled
centrifuge (Sanyo) at 298 K. After separation UV-vis spectra of
the ligands or complexes in the aqueous phase were compared
to those of the original aqueous solutions. Since measurable
amounts of the ligand HL> and its copper(i) complex 5 were
not found in the aqueous phase after partitioning, their
log D, , values were merely estimated.

EPR measurements and deconvolution of the spectra

All continuous wave (CW)-EPR spectra were recorded with a
BRUKER EleXsys E500 spectrometer (microwave frequency 9.85
GHz, microwave power 10 mW, modulation amplitude 5 G,
modulation frequency 100 kHz). The pH-dependent series of
isotropic EPR spectra were recorded in a circulating system, at
room temperature. A Heidolph Pumpdrive 5101 peristaltic
pump was used to transport the solution from the titration pot
through a capillary tube into a Bruker flat cell placed in the
cavity of the instrument. The EPR titrations were performed
over the pH range between 1.5 and 12.0 at an ionic strength of
0.10 M (KCl) under nitrogen atmosphere. Samples contained
1 mM mPip-dm-FTSC (HL?) or Morph-dm-FTSC (HL*) and
1 mM or 0.5 mM copper(u) ions. A 0.1 M KOH solution was
added to the samples to adjust the pH, which was measured
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with an Orion 710A pH-meter equipped with a Metrohm
6.0234.100 glass electrode. For selected pH values (where pre-
dominantly complexes formed) 0.1 mL samples were intro-
duced into quartz EPR tubes and measured individually at
77 K.

Before the simulation, the measured spectra were corrected
by subtracting the spectra of water measured in the same cir-
culating system. A phase correction of —7 degree for the series
of Morph-dm-FTSC (HL*) and —8 degree for the mPip-dm-
FTSC (HL?) containing samples was used to correct the phase
of the spectra which were probably shifted due to the not per-
fectly perpendicular position of the flat cell to the magnetic
field. Both series of the pH-dependent isotropic CW-EPR
spectra were simulated by the “two-dimensional” method
using the 2D_EPR program.”’® The parameters g, AS" copper
hyperfine (Ic, = 3/2) and A} nitrogen (Iy = 1) superhyperfine
couplings have been taking into account to describe each com-
ponent curve. The relaxation parameters, «, 5, and y defined
the linewidths through the equation oy, = a + fM; + yM’,
where M; denotes the magnetic quantum number of the para-
magnetic metal ions. The equilibrium concentrations of the
copper (i) complexes were varied by fitting their overall stability
constants f(M,L,H,) defined in the section of pH-potentio-
metric measurements. For each spectrum, the noise-corrected
regression parameter (R; for the J™ spectrum) is derived from
the average square deviation (SQD) between the experimental
and the calculated intensities. For the series of spectra, the fit
is characterized by the overall regression coefficient R, calcu-
lated from the overall average SQD. The overall regression
coefficient was 0.9933 for the series of Morph-dm-FTSC and
0.9928 for the series of mPip-dm-FTSC. The details of the stat-
istical analysis were published previously.”” The anisotropic
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EPR spectra, recorded at 77 K, were analyzed individually with
the aid of the EPR program.”" In case of copper(i) complexes,
the anisotropic EPR parameters: rhombic g-tensor (g, g, ),
rhombic copper(n) hyperfine tensor (A", Ay", AZY) and
rhombic nitrogen hyperfine tensor (a3, ', a;', for which x, y
and z denotes the directions of the g-tensor) were fitted. For
the description of the linewidth the orientation dependent a, f
and y parameters were used to set up each component spectra.
Since a natural CuCl, salt was used for the measurements,
both the isotropic and anisotropic spectra were calculated as
the sum of the spectra of ®*Cu and ®*Cu weighted by their
natural abundances. The hyperfine and superhyperfine coup-
ling constants and the relaxation parameters were obtained in
field units (Gauss = 107" T).

Crystallographic structure determination

X-ray diffraction measurements were performed on Bruker X8
APEXII CCD and Bruker D8 VENTURE diffractometers. Single
crystals were positioned at 35, 35, 40, 35 and 40 mm from the
detector, and 1645, 1386, 890, 3033 and 2542 frames were
measured, each for 48, 8, 48, 65 and 24 s over 0.4, 0.4, 0.4, 0.5
and 0.4° scan width for 1-0.15CH3;0H, 2-2H,0, 3-0.5(C,H;),0,
4-0.93CH;0H and 5, respectively. The data were processed
using SAINT software.”” Crystal data, data collection para-
meters, and structure refinement details are given in Table 1.
The structures were solved by direct methods and refined by
full-matrix least-squares techniques. Non-H atoms were
refined with anisotropic displacement parameters. H atoms
were inserted in calculated positions and refined with a riding
model. In the crystal structure of 1-0.15CH;OH a partly occu-
pied (15%) co-crystallized methanol molecule position was
found, while in the crystal structure of 3-0.5(C,H;),O half

Table 1 Crystal data and details of data collection for 1.0.15CH3OH, 2:2H,0, 3:0.5(C,H5s),0, 4:0.93CHsOH and 5

1-0.15CH;0H 2-2H,0 3-0.5(C,H;),0 4-0.93CH,0H 5
Empirical formula Ci13.15H10.6CICuUNgOy 155 C,5H,4Cl,CuN4zO,S C14H,,CICuN;0, 5S Ci14.93H,3 7CICUN;504 9,8 C,7H,;CICuN4zO;S
Fw 395.20 490.93 414.42 435.04 488.45
Space group P24/n Pi P24/n P1 Pi
a[A] 7.6944(5) 7.6629(3) 7.7969(6) 9.8676(7) 8.0848(4)
b[A] 17.4966(10) 11.7864(3) 17.4139(14) 12.0982(8) 12.1277(6)
c[A] 13.1409(8) 13.0949(4) 13.145(1) 16.606(1) 12.3563(5)
al°] 72.114(1) 86.450(3) 63.8664(17)
Al 102.615(2) 73.613(1) 103.700(2) 74.015(3) 83.4075(18)
7 [°] 74.311(1) 77.176(3) 73.0771(17)
V[A*] 1726.40(18) 1057.72(6) 1734.0(2) 1858.2(2) 1040.45(8)
Z 4 2 4 4 2
i [A] 0.71073 0.71073 0.71073 0.71073 0.71073
Pealed [€ €M) 1.520 1.541 1.587 1.555 1.559
Crystal size, mm 0.26 %X 0.02 x 0.02 0.17 X 0.10 x 0.04 0.09 % 0.04 x 0.03 0.50 x 0.40 x 0.40 0.10 x 0.08 x 0.06
T[K] 100(2) 100(2) 100(2) 100(2) 100(2)
u[mm™] 1.547 1.407 1.548 1.450 1.310
R ¢ 0.0334 0.0303 0.0424 0.0279 0.0326
WR, b 0.0753 0.0832 0.0950 0.0683 0.0745
GOF*¢ 1.079 1.033 1.011 1.095 1.040

TRy = Y||Fo| = |Fe /X |Fo). P WRy = {X[W(F,> — F2)P) L[W(F2)P]H2 © GOF = {Y[w(Fo* — Fe2)*)/(n — p)}*', where n is the number of reflections and

p is the total number of parameters refined.
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molecule of diethyl ether per asymmetric unit was found to be
disordered over two positions with site occupation factor (s.o.
f.) 0.5:0.5. In the crystal of 4-0.93CH;O0H one molecule of co-
crystallized methanol is disordered over 3 positions with s.o.f.
0.4:0.35:0.25, while the second molecule position is popu-
lated to 85%. The disorder was solved by using SADI instruc-
tions implemented in SHELXL-97, while the atoms involved
were refined with isotropic displacement parameters and the
positions of H atoms were calculated. The following computer
programs were used: structure solution, SHELXS-97 and refine-
ment, SHELXL-97;”> molecular diagrams, ORTEP.”* CCDC
1052906-1052910.

Cell lines and culture conditions

Human cervical carcinoma (HeLa), human alveolar basal
adenocarcinoma (A549), human colon carcinoma (LS174) cell
lines and normal human foetal lung fibroblast cell line
(MRC-5) were maintained as a monolayer culture in the
Roswell Park Memorial Institute (RPMI) 1640 nutrient
medium (Sigma Chemicals Co, USA). RPMI 1640 nutrient
medium was prepared in sterile deionized water, sup-
plemented with penicillin (192 U mL™"), streptomycin (200 ug
mL "), HEPES (25 mM), 1-glutamine (3 mM) and 10% of heat-
inactivated foetal calf serum (FCS) (pH 7.2). The cells were
grown at 310 K in a humidified 5% CO, air atmosphere.

MTT assay

Antiproliferative activity of the investigated ligands and com-
plexes was determined using 3-(4,5-dimethyl-2-thiazolyl)-2,5-2H-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich) assay.”®
Cells were seeded into 96-well cell culture plates (Thermo
Scientific Nunc™), at a cell density of 4000 cells per well
(HeLa), 6000 cells per well (A549), 5000 cells per well (MRC-5)
and 7000 cells per well (LS174) in 100 pL of culture medium.
After 24 h of growth, cells were exposed to the serial dilutions
of the tested compounds. The investigated compounds were
dissolved in sterile water at a concentration of 10 mM as stock
solution (complexes 2 and 4), 5 mM (complex 1), or 2 mM
(complex 3), and prior the use diluted with nutrient medium
to the desired final concentrations (in range up to 300 pM).
Ligands were dissolved in sterile water at a concentration of
10 mM HL' and HL? and 5 mM HL*, while ligand HL? was dis-
solved in 1% DMSO at a concentration of 3 mM. Each concen-
tration was tested in triplicates. After incubation periods of
48 h, 20 pL of MTT solution (5 mg mL™" in phosphate buffer
solution, pH 7.2) were added to each well. Samples were incu-
bated for 4 h at 310 K, with 5% CO, in a humidified atmos-
phere. Formazan crystals were dissolved in 100 pL of 10%
sodium dodecyl sulfate (SDS). Absorbances were recorded after
24 h, on an enzyme-linked immunosorbent assay (ELISA)
reader (Thermo Labsystems Multiskan EX 200-240 V), at the
wavelength of 570 nm. The ICs, value, defined as the concen-
tration of the compound causing 50% cell growth inhibition,
was estimated from the dose-response curve.

This journal is © The Royal Society of Chemistry 2015
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Results and discussion

These studies examined the effects of attachment of methyl-
piperazine, morpholine and methylpyrrole-2-carboxylate to the
pyridine ring of the parent thiosemicarbazone on the aqueous
solubility, lipophilicity, ability to form copper(n) complexes,
their thermodynamic stability in aqueous solution, and anti-
proliferative activity in human cancer cell lines HeLa, A549
and LS174, as well as in nontumorigenic cell line MRC5.

Synthesis and characterization of HL'-HL®

The organic hybrids were synthesized in six steps, as shown in
Scheme S2.f The first four steps were described in detail pre-
viously.®”® The key aldehydes were prepared in two steps.
First, 2-(chloromethyl)-6-(dimethoxymethyl)pyridine (D) was
allowed to react with methylpiperazine or morpholine in THF
in the presence of triethylamine or with methylpyrrole-2-
carboxylate in DMF in the presence of NaH, following a literature
procedure,”’ affording compounds E-G in 79, 93 and 58%
yields, respectively. The aldehydes H-J were obtained by hydro-
lysis of species E-G in acidic aqueous solution or in acetone/
water 1:5 mixture. Finally, condensation reactions of the alde-
hydes with thiosemicarbazide and/or 4,4-dimethyl-3-thiosemi-
carbazide afforded the hybrids HL'-HL® in 47-91% yields.
One- and two-dimensional "H and "*C NMR spectra confirmed
the expected structures for HL'-HL® and the presence of E
and Z isomers in DMSO. The E/Z ratio is 1:0.12, 1:0.66,
1:0.34, 1:0.62, 1:0.27 and 1:0.36 for HL'-HL® respectively,
(measured at a concentration of approximately 10 mM). The
presence of E and Z isomers is typical for thiosemicarbazones
and our data are in good agreement with those reported for
other a-pyridyl-TSCs.”® The purity of HL'-HL® was further evi-
denced by elemental analysis. The positive-ion ESI mass
spectra of HL'-HL® showed strong peaks at m/z 293, 321, 280,
308, 317 and 346, respectively, which were assigned to the [M +
HJ' ion. The lipo-hydrophilic character of the ligands (HL'-
HL’) is discussed in the section Solution Chemistry.

Synthesis and characterization of copper(1) complexes

By reaction of CuCl,-2H,0 with HL' and HL? in methanol two
complexes [CuCl(mPipH-FTSC-H)]Cl-0.1H,0 ((1 + H)Cl-0.1H,0)
and [CuCl(mPipH-dm-FTSC-H)]CI-0.9H,0-0.5CH;0H ((2 + H)-
Cl-0.9H,0-0.5CH30H) were obtained in 74 and 53% yields,
respectively. The formulation of both complexes was in accord
with X-ray diffraction measurements (vide infra) and elemental
analyses. Re-crystallization of the first complex from methanol
in the presence of a small amount of triethylamine led to
crystallization of the complex with deprotonated piperazine
moiety, namely [CuCl(mPip-FTSC-H)]-0.15CH;0H (1-0.15CH;O0H),
the structure of which was established by single crystal X-ray
crystallography. ESI mass spectra of copper(u) complexes with
HL' and HL? showed peaks with m/z 354 and 382, attributed
to [M — CI]" ion. The copper(un) complexes [CuCl(Morph-
FTSC-H)]-2H,0-0.2C,H;0H (3-2H,0-0.2C,H;OH) and [CuCl-
(Morph-dm-FTSC-H)]-0.2H,0-0.6CH;0H (4-0.2H,0-0.6CH;0H)
were prepared in 88 and 98% yields, by reaction of copper(u)
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chloride with HL?® and HL* in ethanol, and methanol, respecti-
vely. The composition of both complexes was confirmed by
elemental analysis, X-ray diffraction data and ESI mass
spectra. The latter showed the presence of peaks at m/z 341
and 369, assigned to [M — CI]" ion. Starting from copper(u)
chloride and HL® and HL® in methanol the complexes [CuCl-
(mPyrr-FTSC-H)(H,0)]-0.2H,0 (5-0.2H,0) and [CuCl(mPyrr-
dm-FTSC-H)(H,0)] (6) were obtained in 71 and 55% yield,
respectively. This was confirmed by elemental analysis and ESI
mass spectra. The latter showed the presence of peaks with
mfz 379 and 407, assigned to [M — Cl — H,0]" ion. Re-crystalliza-
tion of [CuCl(mPyrr-FTSC-H)(H,0)]-0.2H,0 from DMF afforded
the complex [CuCl(mPyrr-FTSC-H)(DMF)] (5) via replacement
of coordinated water molecule by DMF, as was confirmed by
single crystal X-ray diffraction analysis (see section X-ray Crystallo-
graphy). Lipo-hydrophilicity data of the copper(u) complexes
1-5 are discussed in the section Solution Chemistry.

X-ray crystallography

The results of single crystal X-ray diffraction studies of
1.0.15CH;0H, [2 + H]CI-2H,0, 3-0.5(C,H;),0, 4-0.93CH;0H
and 5 are shown in Fig. 1-5. The complexes 1-0.15CH;OH and
4-0.93CH;0H crystallized in the centrosymmetric monoclinic
space group P2,/n, while 2-2H,0, 3:0.5(C,H;5),0 and 5 crystal-
lized in the centrosymmetric triclinic space group P1. The
piperazine-thiosemicarbazone and morpholine-thiosemi-
carbazone hybrid ligands HL', HL* and HL* in 1, 3 and 4 act
as tetradentate monodeprotonated ligands coordinating to
copper(n) via the pyridine nitrogen atom, the azomethine
nitrogen, the thiolato S atom and the piperazine or morpho-
line nitrogen atom, while in [2 + H]CI-2H,O the organic ligand

Fig. 1 ORTEP view of 1 with thermal ellipsoids drawn at the 50% prob-
ability level. Selected bond distances (A) and bond angles (°): Cu—N1
1.959(2), Cu-N2 2.011(2), Cu-S 2.2725(7), Cu—-N5 2.172(2), Cu-Cl
2.4724(7), N2—N3 1.352(3), C7-S 1.749(3), N1-Cu—N2 79.07(9), N2—Cu-
S 83.43(7), N1-Cu—N5 78.60(9), N1-Cu-S 158.26(7), N5-Cu-S 112.56(6),
Cl-Cu—-N196.58(7), Cl-Cu—N2 106.20(7), Cl-Cu-S 100.62(3), Cl-Cu—-N5
95.53(6), N2—Cu—N5 150.35(9).
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Fig. 2 ORTEP view of [2 + H]" with thermal ellipsoids drawn at the 50%
probability level. Selected bond distances (A) and bond angles (°): Cu-
N1 1.9508(13), Cu—-N2 1.9901(13), Cu-S 2.2719(4), Cu-N5 2.2370(13),
Cu-Cl 2.4295(4), N2—-N3 1.3549(18), C7-S 1.7620(16), N1-Cu—N2 79.91(6),
N1-Cu-N5 77.91(2), N2—Cu-S 83.31(4), N5-Cu-S 113.45(4), Cl-Cu-N1
96.25(4), Cl-Cu-N2 109.71(4), Cl-Cu-S 101.600(15), Cl-Cu—-N5 89.22
(4), N1-Cu-S 158.77(4), N2—Cu—-N5 152.23(5).

Fig. 3 ORTEP view of 3 with thermal ellipsoids drawn at the 50%
probability level. Selected bond distances (A) and bond angles (°): Cu-
N1 1.951(2), Cu—N2 2.004(2), Cu-S 2.2711(7), Cu-N5 2.169(2), Cu-Cl
2.4786(7), N2—N3 1.353(3), C7-S 1.744(2), N1-Cu—N2 79.09(8), N1-Cu-N5
78.88(8), N2—-Cu-S 83.37(6), N5-Cu-S 112.30(6), Cl-Cu—N1 96.08(6),
Cl-Cu-N2 107.42(6), Cl-Cu-S 101.66(2), Cl-Cu—N5 93.83(6), N1-Cu-S1
158.09(6), N2—Cu—NS5 150.76(8).

HL? is overall neutral being deprotonated at N3 and proto-
nated at N6. The coordination number of copper(n) is five in
complexes 1-4 and the coordination polyhedron can be
described as a square-pyramid’® (z = 0.13, 0.11, 0.12 and 0.10
(0.07 for another crystallographically independent complex),
respectively). The apical position is occupied by a chlorido
ligand. Three five-membered metallocycles are formed upon
binding of the monodeprotonated ligands (L')™-(L*)~ to
copper(u). Two of them are essentially planar, while the N1-
C1-C8-N5-Cu in 1 and 3, or N1-C1-C10-N5-Cu in 2 and 4 is
markedly distorted. The dihedral angle N1-C1-C8-N5/N1-C1-
C10-N5 used here as a measure of the deviation of the chelate

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 ORTEP view of one crystallographically independent molecule
of 4 with thermal ellipsoids drawn at the 50% probability level. Selected
bond distances (A) and bond angles (°): Cula—N1a 1.9388(17), Cula—N2a
1.9948(17), Cula-Sla 2.2523(6), Cula—N5a 2.1406(17), Cula-Clla
2.5088(6), N2a—N3a 1.358(2), C7a—Sla 1.754(2), Nla—Cula—N2a 79.68(7),
Nla—Cula—-N5a 79.90(7), N2a—-Cula-Sla 83.88(5), N5a—Cula-Sla
111.88(5), Clla-Cula—-Nla 91.49(5), Clla-Cula—-N2a 103.19(5), Clla—
Cula-Sla 103.65(2), Clla—Cula—N5a 93.40(5), Nla—Cula—-Sla 159.83(5),
N2a—-Cula—-N5a 153.91(7). (0.10 and 0.07).

Fig. 5 ORTEP view of 5 with thermal ellipsoids drawn at the 50% prob-
ability level. Selected bond distances (A) and bond angles (°): Cu—N1
2.0912(14), Cu—-N2 1.9820(13), Cu-S 2.2785(5), Cu—-03 2.1852(13), Cu—
Cl 2.3069(4), N2—-N3 1.3641(19), C7-S 1.7387(17), N1-Cu—N2 80.48(6),
N2-Cu-S 83.13(4), O3-Cu-S 97.27(2), Cl-Cu—-N1 98.97(4), Cl-Cu-N2
137.78(4), Cl-Cu-S 94.701(16), Cl-Cu—-03 107.32(4), N1-Cu-S 163.45(4).

ring from planarity is at —28.1(3) and —28.3(3)° in 1 and 3, and
at —29.62(19) and —22.5(3)° in 2 and 4 (for one of the two crys-
tallographically independent molecules), respectively. This is
not surprising if one takes into account the presence of an ali-
phatic carbon atom (C8/C10) in this chelate ring.
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The terminal amine nitrogen N4 of the thiosemicarbazone
moiety is involved as a proton donor in hydrogen bonding to
the nitrogen atom N3' of a neighboring molecule of 1 forming
pairs of molecules as displayed in Fig. S1 and in hydrogen
bonding to Cl1", where i and ii denote the atoms generated by
symmetry transformations —x + 2, -y + 1, —z+1and x + 1, y, 2,
respectively.

The protonated atom N6 acts as a proton donor to the
chloride counterion with N6---Cl2" at 3.0837(14) A, where i
denotes atom positions generated by symmetry transformation
x — 1,y + 1, z, and N6-H---Cl2! 159.5°. Four other hydrogen
bonds are formed between the co-crystallized water molecules
and the chloride counterion.

Unlike, the hybrid ligand HL’ acts as a tridentate mono-
deprotonated ligand binding to copper(u) via pyridine nitrogen
N1, azomethine atom N2 and thiolato atom S. Like in com-
plexes 1-4 the coordination number of the copper(n) center in
5 is five, and the coordination geometry shows a slight ten-
dency to square-pyramidal (z = 0.43), the remaining two places
being occupied by the DMF molecule and the chlorido ligand.
The pyrrol nitrogen atom N5, due to its sp® hybridization
remains unbound to copper(u). Note that sp’-hybridized
proline nitrogen atom in proline-thiosemicarbazone conju-
gates was involved in binding to first-row transition metals
and became a chiral center upon coordination.®

Solution chemistry: proton dissociation processes of ligands
HL? and HL", lipophilicity of ligands HL'-HL’

Morph-dm-FTSC (HL?), which forms the most biologically
active copper(u) complex among the studied ligands (vide
infra), was chosen for the detailed solution equilibrium
studies together with its methylpiperazine analogue, mPip-
dm-FTSC (HL?) (Chart 1) for comparison. Deprotonation pro-
cesses of these ligands were followed in aqueous solution by
pH-potentiometric and "H NMR titrations. Consecutive mul-
tiple pH-potentiometric titrations showed that no ligand
decomposition occurred in the pH range studied (2.0-11.5)
under an argon atmosphere. Morph-dm-FTSC (HL*) possesses
three, while mPip-dm-FTSC (HL?) four functional groups
which, presumably, dissociate. The proton dissociation con-
stants determined by pH-potentiometry are listed in Table 2.
The identical N-terminally dimethylated a-N-pyridyl thiosemi-
carbazone moiety of the ligands is expected to have a relatively
low pK, value for the NyyiqqH" and a significantly higher value
for the NpydrazinicH functional group based on the proton dis-
sociation constants of structurally similar HCTs, such as
2-formylpyridine N*,N*-dimethylthiosemicarbazone (PTSC, pK;:
3.38 and pK,: 10.54) or 3-aminopyridine-2-carboxaldehyde N*,
N*-dimethylthiosemicarbazone (APTSC, pK;: 4.31 and pK:
10.29).%' Taking into account these data we attributed the pK,
of Morph-dm-FTSC to the deprotonation of the morpholinium
ion. It should also be noted that the assignment of the pkK,
values for the methylpiperazine-thiosemicarbazone hybrid is
not so straightforward. The proton dissociation steps of the
ligands studied were assigned to the different functional
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Table 2 Macroscopic and microscopic proton dissociation constants (pK,) of ligands mPip-dm-FTSC (HL2) and Morph-dm-FTSC (HL?) determined
by pH-potentiometry and *H NMR titrations [T = 298 K, / = 0.10 M (KCl)]

Method pKy Pk, PK; PK,
mPip-dm-FTSC pH-metry 1.69 + 0.02 3.29+0.01 7.88 £ 0.01 10.23 £ 0.01
'H NMR Isomer E — 3.59 +0.06 7.94 + 0.01 10.05 = 0.03
H NMR Isomer Z — 2.24 +0.05 7.82 +0.01 >11.5
'H NMR* — 3.33 7.90 10.35
Morph-dm-FTSC pH-metry 2.27 £0.02 5.91 + 0.01 10.18 £ 0.01 —
H NMR Isomer E 2.28 £0.01 6.08 + 0.01 10.14 + 0.01 —
'H NMR Isomer Z <1 5.18 + 0.01 >11.5 —
H NMR” 2.21 5.90 10.30 —
¢ Estimated from the summed concentration distribution curves of the E/Z isomers in Fig. 6B and S4B.
A NHJ S S
H N N H N N
| ] K, ]
P —_— N
A X
s N/ s N/ s s N7
| I | |
H,L2* (E) H,L* (E) HL (E) L (E)
(B)
NH) NHJ BOUSHENUOUS:
N PN Ks P N
,N \NHI - N;I’,“\
s N/ s N/ s s7 N7
| I I I
H,L2* (2) H,L* (2) HL(2) L (2)
Scheme 1 Deprotonation steps of the HzL2* form of ligand Morph-dm-FTSC (HL?) for its E (A) and Z (B) isomers.
groups by careful analysis of the results of the '"H NMR titra-
tions and are shown in Schemes 1 and S3.} S 1.00 [-o-eree--v-g0 o Lo
The pH-dependent "H NMR spectra of Morph-dm-FTSC B 0.75 - E isomer ., et
(HL") (Fig. 7) revealed that most of the proton resonances are g 0.50 e
fairly sensitive to stepwise proton dissociation processes. In ,_7, ’ e (A)
addition, the presence of Z and E isomers was observed. These g 0.25 | zisomer < S
. . . . g ~
were found to be involved in slow interconversion processes 0.00 [F*tevee-t- -y . Rat
with regard to the NMR time scale (¢,,(obs) > ~1 ms) in a wide
pH-range. Their proton resonances were well-separated in 5 1.00 HaL2*
most of the cases. However, the lines tend to broaden at pH < B 0.75
. L ©
~4 due to faster isomerization around the CH'>=N" double E 050
bond. Integrated signals of the different ligand protons 8 0.25 |
belonging to the E and Z isomers were converted to molar frac- g '
tions showing the predominant formation of the E isomer in 0.00
1

the whole pH range, although the ratio of the isomers is
undoubtedly changing due to the deprotonation steps
(Fig. 6A). The E isomer was also found to be the major species
in DMSO-d¢ and its molar fraction (0.62) corresponds well to
that found for aqueous solution (0.61) between pH ~7 and ~9,
where the neutral HL form predominates. Based on the pH-
dependence of the '"H NMR signals (Fig. S21) microscopic
proton dissociation constants could be computed for both Z

9082 | Dalton Trans., 2015, 44, 9071-9090

Fig. 6 pH-Dependence of the molar fraction of the E (red symbols) and
Z (blue symbols) isomers of the ligand Morph-dm-FTSC (HL?) calculated
on the basis of the integrated areas of the signals of the various ligand
protons (A). Concentration distribution curves for the isomeric ligand
species (E: labelled in red; Z: labelled in blue) calculated with the aid of
the microscopic proton dissociation constants (B). [c,. = 1.5 mM; T =
298 K; I = 0.10 M (KCl); 10% D,Ol.
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C21%H,, CO10H, J\C1“v15H3

C8,11H A c8,11H

1.97 CH __ C°H MCH //09’1°Hz
85 83 81 79 77 15 7741 38 35 32 29 26 23

8/ ppm

Fig. 7 Low- (A) and high-field (B) regions of the *H NMR spectra of Morph-dm-FTSC (HL*) at different pH values, red and blue symbols denote the
peaks belonging to the protons of the major E and minor Z isomers, respectively. [c,. = 1.5 mM; T =298 K; / = 0.10 M (KCl); 10% D,Ol.

and E isomers (Table 2). Concentration distribution curves
were calculated based on these data providing the macroscopic
constants as well (Table 2), which are in good agreement with
the results of the pH-potentiometry. The first deprotonation
process was accompanied by significant changes of the chemi-
cal shifts of the C°H pyridine ring proton and C'*'°H; term-
inal methyl protons. The morpholine (C*''H,, C*'°H,) and
C”H, protons were very sensitive to the second deprotonation
step, as were also the pyridine ring protons, while the chemical
shifts of protons of the thiosemicarbazone moiety (C'’H,
C'""H;) remain unaltered during the process. In the pH-
range where the third proton dissociation occurs the signals of
the last mentioned protons were shifted exclusively. These
observed changes strongly support the subsequent deprotona-
tion StePS of the NgyridylH+; I\IfnorpholiniumH+ and N%lydrazinicH
functional groups of both isomers of Morph-dm-FTSC as indi-
cated in Scheme 1. On the other hand, marked differences are
found between the pK, values of the Z and E isomers (Table 2).
Most probably the hydrogen bond between the pyridyl nitro-
gen and the NﬁydrazinicH moiety in the H,L", HL forms of the Z
isomer is responsible for these differences. Namely, it
decreases pK; of the Z isomer via stabilization of the conjugate
base (H,L") as well as pK, due to the diminished n-electron
density in the pyridine ring, which results in an easier deproto-
nation of the anorpholimumH+ group. The pKj; of the Z isomer is
higher than that of the E form, since the dissociation of the
NﬁydmmicH functional group participating in the hydrogen
bonding is more difficult.

The pH-dependent 'H NMR spectra of mPip-dm-FTSC
(Fig. S31) and the changes of the chemical shifts of the various
protons (Fig. S41) were analyzed similarly. Data revealed that
pK; corresponds to the deprotonation of pyridinium nitrogen.
However only the macroscopic constant could be determined
by pH-potentiometry (Table 2) as the "H NMR signals were
fairly broadened in the pH range where this process takes

This journal is © The Royal Society of Chemistry 2015

place and data were not appropriate for calculation. The
second deprotonation step is accompanied by significant elec-
tronic shielding effects in the case of the pyridine ring protons
and a large upfield shift of the C’H, protons. The signals
belonging only to the C'®H; methyl protons are sensitive to
the third proton dissociation process. These changes strongly
indicate that pK, and pK; can be assigned to the deprotona-
tion of the NpiperaziniumH ' and NjiperaziniumH ' groups, respecti-
vely (Scheme S37). Protons of the thiosemicarbazone moiety
were found to be sensitive to the last deprotonation step in
which the NﬁydmmicH releases the proton. Comparing the
microscopic constants of the £ and Z isomers of the methyl-
piperazine-thiosemicarbazone hybrid (Table 2) it can be con-
cluded that the lower pK, (Nf,iperaziniumH+) and higher pkK,
(NﬁydmzinicH) values of the Z isomer are due to the presence of
the hydrogen bond in the H;L*" and HL forms (see the expla-
nations in the case of Morph-dm-FTSC vide supra). At the same
time the isomerization has no effect on the pKj; value since the
NpiperaziniumH' group is quite far from the CH'>=N"' double
bond. The E isomer was found to be predominant in the whole
pH range studied (Fig. S57).

It is worth noting that the pkK, values of the prridy1H+ func-
tional group of the studied thiosemicarbazone-based hybrids
are significantly lower compared to those of ligands PTSC,
APTSC®' due to the electron withdrawing effect of the charged
morpholinium and methylpiperazinium moieties.

Both ligands mPip-dm-FTSC (HL*) and Morph-dm-FTSC
(HL*) possess intrinsic fluorescence. 3-Dimensional fluo-
rescence spectra recorded in aqueous solution at pH 7.4
(Fig. S67) reveal their fairly similar excitation (330 nm) and
emission maxima (420 nm), although the emission intensity of
the morpholine-thiosemicarbazone hybrid is by a factor of
3 higher in comparison to that of HL”.

The lipo-hydrophilic character of the ligands HL'-HL® was
studied at pH 7.4 via the partitioning between n-octanol and

Dalton Trans., 2015, 44, 9071-9090 | 9083
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Table 3 Log D54 values (n-octanol/water) for the ligands HL'-HLS and
for the copper(i) complexes 1-5 [T = 298 K, pH = 7.40 (10 mM HEPES)
and /= 0.10 M (KCl)]

Ligand log D; 4 Complex log D 4
mPip-FTSC HL' -0.07+0.01 1 —1.53 £ 0.09
mPip-dm-FTSC HL> -0.03+0.03 2 —0.95 £ 0.10
Morph-FTSC HL®>  +0.60£0.02 3 -1.15 £ 0.09
Morph-dm-FTSC ~ HL'  +0.61+0.01 4 —0.90 + 0.09
mPyrr-FTSC HL®  >1.8 5 >1.8

water. The log D, values determined by the analysis of the
UV-vis spectra of the aqueous phases before and after separ-
ation are listed in Table 3. The results indicate a slightly
higher lipophilicity of the terminally dimethylated derivatives
(HL?> and HL*) compared to that of the corresponding non-
methylated ligands (HL"' and HL?). Compounds containing the
morpholine moiety (HL* and HL*) possess significantly higher
log D;, values compared to those of the methylpiperazine
derivatives (HL' and HL*) most probably due to the different
protonation states of the ligands at physiological pH. Accord-
ing to the pK, values of the ligands studied (Table 2) mPip-dm-
FTSC (HL?) is partly protonated (74% H,L', 26% HL), while
Morph-dm-FTSC (HL?) is mainly neutral (97% HL, 3% H,L") at
pH 7.4. On the other hand, the methyl ester mPyrr-FTSC (HL?)
is much more lipophilic than the other ligands studied and its
high logD,, value is manifested in a strongly reduced
aqueous solubility compared to that of the corresponding
proline-thiosemicarbazone conjugates (.- and b-Pro-FTSC:
log D, 4 < —1.7).>® It should be also noted that all the ligands
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studied except mPyrr-FTSC (HL®) are more hydrophilic than
Triapine (log D, 4 = +0.85)°° at physiological pH.

Solution chemistry: complex formation equilibria of copper(u)
with ligands HL? and HL" and lipophilicity of the complexes

The main aim of the studies on complexation reactions of
ligands mPip-dm-FTSC (HL?) and Morph-dm-FTSC (HL*) with
copper(1) was monitoring the stability of the complexes 2 and
4 in aqueous solution especially at physiological pH. The
complex formation processes were investigated by the com-
bined use of pH-potentiometric, UV-vis and EPR titrations.
The stoichiometries and cumulative stability constants of the
complexes furnishing the best fits to the experimental data are
listed in Table 4. EPR spectra were recorded at various pH
values at 1:1 and 1:2 metal-to-ligand ratios at room tempera-
ture and at 77 K; the fitted experimental and simulated iso-
tropic spectra are depicted in Fig. 8A, B and S7A, B.f The
simulation of the EPR spectra resulted in the individual iso-
tropic and anisotropic EPR spectra and parameters of the various
species (Fig. 8C, S7C and S8;} Table 5). The EPR measure-
ments at both temperatures revealed the predominant for-
mation of mononuclear mono-ligand complexes in different
protonation states. The proton displacement by the metal ion
due to complex formation is almost complete already at the
starting pH value of the pH-potentiometric titrations (pH ~ 2)
and a negligible amount of free copper(u) was detected by EPR
at this pH, indicating the prominently high stability of the
complexes formed with both ligands. Therefore, conditional
stability constants for [CuL]', which predominates in a wide
pH-range, were determined by competition reactions with
EDTA. The displacement of EDTA from the [Cu(EDTA)]*~

Table 4 Cumulative (log f), derived and stepwise stability constants of the copper(i) complexes of ligands mPip-dm-FTSC (HL?) and Morph-dm-
FTSC (HL?) determined by pH-potentiometry, UV—-vis and EPR spectroscopy [T = 298 K, / = 0.10 M (KCl)]

pH-metry UV-vis EPR

mPip-dm-FTSC log # [CuLH,]** — 27.5+0.1 27.9+0.1

log B [CuLH]2+ 26.53 + 0.01 26.47 = 0.01 26.49 + 0.03

log # [CuL]" 20.26 + 0.03°

log f [CuLH._,] 8.4+0.1 8.4+0.1 7.8+0.1

log # [CuL,H]" 33.43 +0.02 — 33.84 £ 0.06

log B [CuL,] — — 23.71 + 0.08

pK, [CuLH,]** — 1.0 1.4

pK, [CuLH]** 6.27 6.21 6.23

pK, [CuL] 11.9 11.9 12.5

log K [CuL,] — — 3.45
Morph-dm-FTSC log B [CuLH]* 20.9 £ 0.1 20.3 £0.1 20.7 £ 0.1

log g [CuL]" 18.86 + 0.08°

log # [CuLH_,] 7.2+0.1 7.2+0.1 7.0+0.1

log # [CuL,H;* 40.2+0.1 — 39.90 £ 0.08

log  [CuL,] — — 21.71 +0.02

pK, [CuLH** 2.0 1.4 1.8

pK, [CuL]" 11.7 11.7 11.9

log K [CuL,] — — 2.85

“ Determined via the EDTA displacement reactions by the ligand HL? or HL* by UV-vis spectrophotometry. Data for the pK, values of EDTA (0.9; 1.6;

2.0; 2.66; 6.16; 10.24) and log # of the [Cu(EDTA)P*

complex (18.92) are taken from ref. 61 and conditional stability constants of [Cu(EDTA)]*~

calculated for pH 7.4 and 5.6 are 16.06 and 13.61, respectively. Conditional stability constants (log #) of the [CuL]" species: 16.83 + 0.03 (HL?) at pH

7.4 (10 mM HEPES) and 13.79 + 0.03 (HL*) at pH 5.6 (10 mM MES). f3 values of [CuL]" are calculated as = ' x ayg; where oy = 1+ Y8 (H,L) %

9084 | Dalton Trans., 2015, 44, 9071-9090
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Fig. 8 Experimental (black) and simulated (red) solution EPR spectra recorded for the copper(i)—mPip-dm-FTSC (HL?) system at 1:1 (A) and 1: 2 (B)

metal-to-ligand ratios. Calculated component EPR spectra obtained for the different copper(i)—mPip-dm-FTSC (HL?) species (C). [Ciigana = 1.0 mM;
Ccu=1.0mM (A) or cc, = 0.5mM (B); T=298 K; / = 0.10 M (KCL)].

Table 5 EPR parameters of the components obtained for the copper(i) complexes of mPip-dm-FTSC (HL?) and Morph-dm-FTSC (HL*)

Calculated
ISOtI‘OpiC parametersa Al’liSOtI‘OpiC parametersb parametersc
&o AO/G agl/G 8x gyy g Ax7 Ayy Azd/G a)l:l’ aJI:Iy a;\]/G 8oscale Aoycalc/G
Morph-dm-FTSC ~ [CuLH]**  2.1037(2)  68.6(4) 13.8(5) 2.035,2.058,2.216 18.7,30.4,155.9  18.5,13.9,11.9 2.103 70.7
10.7(7) 12.8,15.7, 6
[CuL]® 2.08856(1) 63.3(1) 17.8(1) 2.032,2.053,2.176 8.9, 9.8, 160.1 18.2, 9.6, 8.4 2.087 61.7
11.9(1) 10.4, 15.9, 9.8
8.9(2) 10.4, 15.9, 9.8
[CuLH_,* 2.0953(6)  62.1(8)  9.0(8) 2.05,2.07,2.249 16, 19, 156 8,17, 8 2121  67.7
9.0(8) 15,10, 8
[CuL,H;P**  2.0745(5)  85.5(6) 12.3(8)
12.3(8)
[CuL,] 2.106(2) 53(2) 17(1)
14(1)
mPip-dm-FTSC  [CuLH,]**  2.1026(4)  58.0(5) 17.4(4) 2.035,2.059,2.214 —18.9,30.4,155.7 18.4,14, 12 2.103  58.5
10.3(9) 12, 16.3, 6
[CULHP*"  2.0899(1)  58.3(1) 18.2(1) 2.031,2.055,2.176 4.4, 8.3,155.9 16.9,10.9,10.9 2.087 58.3
11.5(2) 11.3, 16.8,9.7
7.8(2) 11.3, 16.8,9.7
[CuL]® 2.0894(1)  64.2(1) 17.9(1) 2.033,2.053,2.177 6.7, 10.9, 159.2 16.7,9.4,9 2.088  61.1
12.1(2) 11.7,16.7, 10
9.0(3) 11.7,16.7, 10
[CuLH_,J* 2.0959(7)  59(1)  10(1)  2.05,2.07,2.249 16, 19, 156 8,17, 8 2121  67.7
10(1) 15, 10, 8
[CuL,H]"  2.1144(6) 54(1)  15(1)
12(2)
[CuL,J* 2.1118(6)  53(1)  16(1)  2.03,2.05,2.200 25, —11, 150 17,10, 10 2.093 57
12(2) 10,17, 10

“ Uncertainties (SD) are shown in parentheses. ” The experimental errors were +0.002 for g, and gy and £0.001 for g, + 2 G for A, and 4, and +1 G
for A,. “Isotropic values calculated via the equation g, = (gx + g, + g;)/3, and A[MHz] = (4, + A, + A;)/3. ?The signs of the couplings were derived
from a comparison of A, ¢ With the experimental 4, values. ® Higher uncertainties of anisotropic parameters were obtained for minor species.

complex by the ligands were followed by UV-vis spectrophoto- values recorded at 2 > 415 nm were used for calculations of
metry at pH 7.4 and 5.6, in the case of mPip-dm-FTSC the conditional stability constants (logf) of [CuL]’, the
(Fig. S9f) and Morph-dm-FTSC, respectively. Absorbance only species contributing to the measured absorbance.

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 9071-9090 | 9085
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The cumulative stability constants (log ) of [CuL]" were com-
puted (Table 4) taking into account the protonation of the
ligands at these pH values, which were kept constant during
subsequent data evaluation.

In the case of Morph-dm-FTSC, [CuL]" predominates
between pH ~4 and ~10. This is clearly indicated by the un-
altered UV-vis spectra in the wavelength range of both the d-d
(Fig. 9) and CT (Fig. S10Bf) bands. EPR spectra were also
intact in this particular pH range (Fig. S7AT). Based on the
EPR parameters of [CuL]" (Table 5, the superhyperfine coup-
lings to three nitrogen atoms is resolved in the spectra) the
coordination of the ligand via the (S™,N',N*,N°) donor set is
the most probable in solution. The rhombic g-tensor deter-
mined from the anisotropic EPR spectra indicates a strong
rhombic distortion which is probably due to the three conju-
gated five-membered chelate rings formed by the four donor
atoms. The single-crystal X-ray crystallography revealed the
same binding mode for the ligand in 4 in the solid state
(Fig. 4). Upon decreasing the pH complex [CuL]" becomes pro-
tonated and the significant UV-vis (Fig. 9 and S10B) and EPR
(Fig. S71) spectral changes at pH < ~3 indicate the alteration
of the coordination mode. 1,4, values of both the d-d and CT
bands are shifted to the higher wavelengths upon the for-
mation of species [CuLH]** (578 nm — 690 nm, 406 nm —
410 nm, 302 nm — 323 nm). Most likely, the morpholine nitro-
gen is protonated and not involved in coordination in
[CuLH]** as indicated by its higher g, value compared to that
of [CuL]" (Table 5). On the other hand the deprotonation of
[CuL]" observed at pH > ~10, is accompanied by only minor
changes of the UV-vis spectra (see changes at ~256 nm in
Fig. S10Bf). However, the decreasing ligand field (lower A)
supports the formation of a mixed hydroxido complex,
[CuL(OH)], in which the ligand binds through (S7,N*,N*) donor
atoms. A fairly similar deprotonation process of [CuL]" is
characteristic for mPip-dm-FTSC. The formation of [CuLH_,]
(=[CuL(OH)]) could be also admitted at the highly basic pH
values, although additional changes could be detected in the

0.60 1 |
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3]

c

©

£ 0.40 A

)

7]

!

<

0.20 A

0.00 T . .

450 550 650 750 850 950 1050

Al nm

Fig. 9 UV-vis absorbance spectra of 4 recorded in the pH range
11-117. Inset shows the absorbance values recorded at 578 and
690 NM. [Ccomplex = 2.5 MM; T =298 K; / = 0.10 M (KCL); [ = 1 cm].
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neutral and acidic pH ranges. Namely, the inflection point of
the titration curve recorded at 1:1 metal-to-ligand ratio (not
shown here) at pH 6.26 strongly suggests an additional (de)pro-
tonation process which was not observed in the case of
Morph-dm-FTSC. pK, of species [CuLH]** was also calculated
on the basis of the minor changes of the d-d bands of the UV-
vis spectra and the pH-dependent EPR spectra (Fig. 8A). The
data obtained by the three different methods are in good
agreement (Table 4). The similar g, values of [CULH]*" and
[CuL]" (Table 5) indicate the same coordination mode of mPip-
dm-FTSC in these complexes via a (S7,N*,N*N°) donor atoms
both in solution and in the solid state established by X-ray
diffraction (Fig. 2), while the ligand field is slightly increased
(somewhat higher 4,) due to the deprotonation of [CuLH]*".
These results strongly indicate that the process is assigned to
the deprotonation of the N° of the methylpiperazine moiety
which is not involved in the binding to copper(u). The
observed UV-vis spectral changes (Fig. S10A}) and EPR para-
meters (Table 5) at pH < ~3 were found to be similar to those
found for the Morph-dm-FTSC system, thus the (S™,N',N%)
coordination is suggested for [CuLH,]>" in which the methyl-
piperazine N° atom is protonated.

Formation of merely mono-ligand copper(u) complexes for
HL” and HL* was expected. However at ligand excess (cp/ccy >
2) bis-ligand complexes were detected mainly in the basic pH
range. Formation of the neutral bis-ligand complexes [CuL,]
resulted in precipitation which hindered the accurate determi-
nation of their stability constants by pH-potentiometry and
UV-vis spectrophotometry, although these were estimated by
the EPR measurements (Table 4). The EPR data for this kind of
complexes represent quite high g, and low 4, values (Table 5)
and strong rhombic distortion. The ligands in these complexes
coordinate most probably via (S7,N',N*) and (SequatorialsNaxial)
donor sets. The stepwise stability constants log K [CuL,] are
lower by many orders of magnitude than log K [CuL]" indicat-
ing the non-favored formation of the bis-ligand complexes.
Constants for these minor charged bis-ligand complexes such
as [Cul,H;P*" (Morph-dm-FTSC) and [Cul,H]" (mPip-dm-
FTSC) could be calculated by pH-potentiometry as well. The
former complex displays a well resolved solution EPR spectra
with two coordinating N atoms, and large A, value which indi-
cate a symmetrical structure with (S7,N') (S7,N') binding
mode, while the latter one has a similar coordination pattern
as species [CuL,].

It is worth noting that the isotropic g and A values calcu-
lated by averaging the anisotropic values (go,calc and Ag calc in
Table 5) are in relatively good agreement with the corres-
ponding values measured in solution, indicating that the
coordination modes adopted by the ligands in solution are
preserved upon freezing.

Representative concentration distribution curves were calcu-
lated by using the overall stability constants (average values
obtained by the 3 methods) for the copper(u)-mPip-dm-FTSC
(HL?) and copper(in)-Morph-dm-FTSC (HL*) systems at
1:1 metal-to-ligand ratio to represent the complex formation
processes in the pH range studied (Fig. 10). It can be con-

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 Concentration distribution curves for the copper(i)-mPip-dm-FTSC (HL?) (A) and copper(i)—Morph-dm-FTSC (HL*) (B) systems. [c, =

1.0 mM; cc, =1.0 mM; T =298 K; / = 0.10 M (KCL)].

cluded that complexes [CuL]" predominate at physiological pH
even at submicromolar concentrations, although 6% of the
complex is protonated in the case of mPip-dm-FTSC.

In order to compare the copper(n) binding ability of mPip-
dm-FTSC (HL?*) and Morph-dm-FTSC (HL") with other thio-
semicarbazones pCu values (pCu = —log[Cu(u)]; ¢ /ccu = 10; cou =
1 pM) have been computed at physiological pH. The higher
pCu value indicates stronger chelating ability. For mPip-dm-
FTSC and Morph-dm-FTSC pCu values of 17.6 and 17.0 were
obtained, respectively, which are significantly higher than
those reported for tridentate HCTs such as Triapine (11.6) at
pH 7.4 in 30% (w/w) DMSO/H,0% and are comparable to that
of the pentadentate 1-Pro-FTSC conjugate (17.5) in pure
water.>®

Log D5, values were determined for the copper(u) com-
plexes 1-5 and are collected in Table 3 in order to characterize
the hydro-lipophilic character of these species. Comparing
these values to those of the metal-free ligands it can be con-
cluded that the same lipophilicity trend is obtained. Namely,
the terminal dimethylation results in somewhat increased
values and complexes of the morpholine-thiosemicarbazone
derivatives possess enhanced lipophilic character. Note that
the copper(u) complexes are much more hydrophilic than the
corresponding ligands since the positively charged [CuL]
species predominate at physiological pH. Complex 5 is much
more lipophilic than the other complexes, although its log D, 4
value cannot be determined exactly and compared to that of
mPyrr-FTSC (HL?).

Cytotoxicity in cancer cell lines

The antiproliferative activity of the ligands HL'-HL* and the
copper(u1) complexes 1-4 was evaluated for 48 h of continuous
drug action, using colorimetric MTT assay. The study was per-
formed in three human neoplastic cell lines, namely HeLa
(cervical carcinoma), A549 (alveolar basal adenocarcinoma)
and LS174 (colon carcinoma), and one human foetal lung
fibroblast cell line (MRC-5), which was used as a noncancerous
model for the in vitro cytotoxicity evaluation. The results for
the ligands and their copper(i) complexes are summarized in
Table 6 in terms of ICs, values with their standard deviations.

This journal is © The Royal Society of Chemistry 2015

Table 6 Results of the MTT assay presented as ICso values obtained
after 48 h treatment

ICs0 “ [uM] (mean + SD)

Compound HeLa A549 LS174 MRC5

1 38.3+1.7 62.7 + 4.7 16.4 + 4.2 50.6 + 3.5
2 65.1 +5.7 131.3 +3.9 17.4+0.2 38.6 +5.9
3 63.3 +2.7 208.0 + 0.1 17.5+1.6 132.1+9.2
4 25.5 +5.3 42.8+3.7 13.1+2.1 28.3+3.8
HL' >300 >300 >300 >300

HL> >300 >300 >300 >300

HL? >300 >300 >300 >300

HL* >300 >300 15.9+ 0.6 63.2 +4.2

“The sign > (in front of the maximum value of the concentration)
indicates that ICs, value is not reached in the examined range of
concentrations.

The results revealed that compounds 1-4 exhibited significant
antiproliferative activity (IC5, < 100 pM) against all cell lines
used, with complex 4 showing the highest cytotoxic potential.
The most sensitive to the investigated compounds was proved
to be the cell line LS174, as indicated by the calculated ICs,
values varying from 13.1 to 17.5 pM. In contrast, the ligands
showed significantly lower activity than the parent 2-formyl-
and/or 2-acetylpyridine thiosemicarbazones, except ligand
HL*, which exhibited significant cytotoxic activity against both
the MRC5 and LS174 cell lines (63.2 + 4.2 and 15.9 + 0.6 uM,
respectively).

The metal-free 2-formylpyridine thiosemicarbazone (FTSC)
showed high cytotoxicity against human cancer cell lines 41M
(ovarian carcinoma), SK-BR-3 (mammary carcinoma), SW480
(colon carcinoma) and HL60 (leukemia) after 96 or 72 h treat-
ment with ICs, values of 2.9 + 0.6, 3.2 + 0.6, 10.6 + 0.1 and 3.3
+ 0.5 pM, respectively.®>®*
methine hydrogen atom by a methyl group is cell line depen-
dent. While there was no change in antiproliferative activity
for 2-acetylpyridine thiosemicarbazone (APTSC) in the first two
cancer cell lines, a considerable increase was observed against
the other two cell lines (ICso = 0.4 + 0.01 and 0.2 + 0.02 uM).
Terminal N*-dimethylation of FTSC resulted in a very strong

The effect of substitution of azo-
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enhancement of antiproliferative activity reaching ICs, values
of 0.0040 + 0.0009 and 0.0098 + 0.0011 pM in 41M and
SK-BR-3 cells after exposure for 96 h.** The favorable effect of
N*'-dimethylation is also well-documented for other related
a-heterocyclic thiosemicarbazones.®® The coordination of
FTSC to copper(un) was reported to increase or decrease the
activity depending on the cell type.*®®® In particular, [Cu-
(FTSC)Cl,] revealed an increase of cytotoxicity by a factor of 3
in SW480 cells when compared to that of FTSC, while against
HL60 cells the activity of FTSC and the copper(u) complex was
very similar.®* The proline-FTSC hybrids, we synthesized pre-
viously,®® showed a different activity compared to the com-
pounds reported herein. Hybrids that were not methylated at
N* (- and p-Pro-FTSC) and their nickel(u), copper(u) and zinc
(1) complexes lacked activity (ICs, > 300 pM) in both the
studied human cancer cell lines HeLa (cervical carcinoma) and
A549 (adenocarcinoma), as well as in the non-carcinogenic cell
line MRC5 (foetal human fibroblast). The terminally dimethyl-
ated hybrid dm-1.-Pro-FTSC showed moderate to low anticancer
activity with ICs, values of 224.6 + 6.4, 204.3 + 4.8 and 178.4 +
1.5 pM in the HeLa, A549 and MRC5 cell lines respectively.
Complex formation with copper(u) led to an increased cyto-
toxicity with ICs, values of 93.3 + 5.5, 176 + 1.7 and 69.4 + 4.7 pM
in the same cell lines, respectively. Complex formation with
zinc(i) or nickel(n) had no favorable effect on the activity. It
should be also noted that the copper(u) complex of dm-L-Pro-
FTSC showed significant RNR-inhibition activity under reduc-
tive conditions at a concentration of 20 pM.*°

Comparison of ICs, values for 3 and 4 indicates that term-
inal N'-dimethylation enhances the cytotoxicity in accord with
the general trend observed in the literature.*"* In contrast,
the effect is opposite, although also cell type dependent, if the
activity of compounds 1 and 2 is compared. The observed
divergent effects of terminal N'-dimethylation suggest that
structural modifications at the pyridine ring (coupling to
piperazine and morpholine moieties which increases the den-
ticity of the ligands) play an important role in structure-
activity relationships.

Conclusions

The synthesis of new hybrid species as potential ligands for
transition metals permitted the study of the effects of the
methylpiperazine, morpholine and methylpyrrole-2-carboxy-
late attachment to the parent 2-formylpyridine thiosemicarb-
azone on the aqueous solubility, lipophilicity, ability to form
copper(u1) complexes, their thermodynamic stability and anti-
proliferative activity in human cancer cell lines HeLa, A549
and LS174, as well as in nontumorigenic cell line MRC5. The
hybrid species HL® and HL® proved to be almost insoluble in
water precluding any biological investigations. Attempts to
hydrolyze the ester group to -COOH in these two compounds
in order to improve the aqueous solubility and ascertain the
biological potency of new compounds are undergoing in our
laboratory. In contrast, the hybrids HL'-HL* possess excellent
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water solubility. The solution speciation of copper(u) com-
plexes of HL? and HL* has been characterized in pure aqueous
solution via a combined approach using pH-potentiometry,
EPR spectroscopy und UV-vis spectrophotometry. The two
hybrid compounds were found to act as tetradentate ligands in
solution coordinating to copper(n) via the (Npy,N,S™,Nhetero)
donor atoms. This binding mode was confirmed by X-ray crys-
tallography in the case of complexes 1-4. Predominant for-
mation of highly stable [CuL]" complexes was found at pH 7.4
in aqueous solution and based on the stability constants their
decomposition cannot occur even at biologically more relevant
micromolar concentrations. The morpholine derivatives HL?
and HL* possess markedly higher log D, 4 values compared to
those of the piperazine counterparts HL' and HL> most prob-
ably due to the different protonation states of the hybrid
ligands at physiological pH. At the same time they are more
hydrophilic than Triapine. Compounds prepared in this work
were tested for antiproliferative activity in different human
cancer cell lines. Coordination of hybrid ligands HL'-HL* to
copper(u) significantly increased the cytotoxicity in vitro. While
HL'-HL* possess low cytotoxicity with IC5, > 300 pM, their
copper(n) complexes revealed high antiproliferative activity.
The most active compound 4 exhibited ICs, values in the range
13.1-42.8 uM in all three human cancer cell lines. Nevertheless
the toxicity of the most active complex remains considerably
lower when compared to parent 2-formylpyridine and 2-acetyl-
pyridine thiosemicarbazones and their copper(u) complexes
which showed ICs, values in the nanomolar concentration
range and are characterized by very high general toxicity, and,
as a consequence have a low therapeutic index. Further experi-
mental work to get insight into the mechanism of action of
the prepared copper(u) complexes with hybrid ligands is
required to ascertain whether they are really good candidates
for further development as potential anticancer drugs.
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