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C opper(ii) com p lexes w ith  2 -e th y lp y r id in e  (1 and 2), 2 -(h yd ro xye th y l)p y rid in e  (3 ) and 2 -(h yd ro xym e th y l) 

pyrid ine  (4 ) have been synthesized and characte rized . A ll ino rg a n ic  co m p o u n d s  have been s tud ie d  by X- 

ray d iffra c tio n , th e rm o g ra v im e try , v ib ra tio n a l and EPR sp e c tro sco p y  as w e ll as th e o re tic a l m e thods. The 

g e o m e try  o f  th e  co m p lexes  1, 3 and 4  ad op ts  nearly p e rfe c t g e o m e try  c lose  to  square p lanar (1, 4 ) o r 

square pyram id (3 ) s te reoch em is try , respectively. T he  d is to rtio n  o f  five  co o rd in a te d  copper(ii) ions in 

c o m p le x  2 ind icates in te rm e d ia te  g e o m e try  be tw een  square pyram ida l and tr ig o n a l pyram ida l ge om etry . 

Further, th e  m a g n e tic  m easurem ents have sh o w n  a n tife rro m a g n e tic  behav iour o f th e  prepared 

com p lexes  in a w id e  range o f  tem pera tu res. T he  a n tife rro m a g n e tic  b e hav iou r o f 2 sho u ld  o rig in a te  fro m  

th e  sup erexch ang e in te rac tions  be tw een  each copper(ii) ion by th e  m ixed  ch lo r id e  and m4-O  ion 

pathways. Besides, th e  w eak a n tife rro m a g n e tic  cha rac te r o f 2 can be also a ttr ib u te d  to  th e  presence o f 

in tracha in  exchange be tw een  d im e ric  un its  th ro u g h  d o u b le  ox ide  ion. in  c o m p le x  3 , s tro ng  

a n tife rro m a g n e tic  c o u p lin g  be tw een  Cu(ii) cen tres in th e  C u2O 2Cl2 m o ie ty  is fo u n d . The c y to to x ic ity  o f 

all co m p o u n d s  was tes ted  in vitro against various ca n ce r ce ll lines: hum an lung a d e n o ca rc in o m a  (A549), 

hum an breast a d e n o ca rc in o m a  (MCF7), hum an p rosta te  ca rc in om a; derived fro m  m e tasta tic  site: brain 

(D U -145) and tw o  n o rm a l ce ll lines: hum an e m b ry o n ic  k idney (HEK293T) and hum an ke ra tinocy te  

(HaCat). F u rthe rm o re , P lu ron ic  P-123 m ice lles loaded w ith  se lected  com p lexes (1 and 3 ) w e re  p roposed 

to  o v e rc o m e  lo w  so lu b ility  and to  m in im ize  sys tem ic  side e ffects. M ore  de ta iled  s tu d y  revealed tha t 

c o m p le x  3 loaded inside m ice lles causes D U -14 5  cells' death w ith  s im u ltan eous  decrease o f 

m ito c h o n d ria l m e m bra ne  p o te n tia l and a high level o f reactive oxyg en species genera tion . The  stab ility  

o f  th e  co m p o u n d s  1 -4  in DMSO was c o n firm e d  by UV-Vis and FT-iR spectra  studies.

Introduction
Several halide or mixed ligand copper, cobalt and manganese 
complexes o f the substituted pyridine and pyridine alcohols 
have appeared in the literature. Some o f them are mononuclear, 
binuclear, and polymeric complexes, which can be used as
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model species for active sites o f biological metalloenzymes.110 
Several halide copper complexes with pyridine (py), including 
isomers as general formula: Cu(py)2X2, Cu2(py)2X4, Cu4(py)4OX6 
and 4-methylpyridine or 2-methylpyridine (2-picoline, 2-pic): 
Cu(2-pic)2Cl2(OH2), and dimeric [Cu(2-pic)2Cl2]2 coordination 
compounds are known.4 Additionally, the chirality o f the square 
planar Pt and Pd complexes with substituted pyridines 
([H2etpy][PtCl3(2etpy)], trans-[PdCl2(2etpy)2], trans-[PdCl2(2- 
mepy)2], cis-[PtI2(2etpy)2]; 2etpy-2ethylpyridine, 2mepy- 
methylpyridine) plays an important role in the interaction 
mechanism o f these complexes with DNA.10’11

A wide variety o f pyridine-based alcohols and their metal 
compounds, i.e. Co(II), Ni(II) complexes have been studied in the 
last years.8 Furthermore, the 2-(hydroxyethyl)pyridine (Hhep) 
could be a good candidate to form coordination species with 
interesting magnetic behaviour ([Ni(C7H8NO)2(H 2O)2](NO3)2, 
[Cu(C7H8NO)2(SO4)]n)8 which we have decided to check for the
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complexes obtained by our group. Nowadays, research on the 
pyridine-based alcohols and their metal complexes focuses on 
the synthesis o f the coordination monomers and polymers, 
which have been useful in catalysis, and modern electronics 
(e.g. OLEDs, organic light-emitting diodes) or species with 
magnetic properties.8 Additionally, the ligand Hhep is an 
outstanding compound, which attracted attention in biology 
and biochemistry with practical applications, i.e. in the 
synthesis o f biologically active complexes.12-15 A great example is 
a gold(m) complex with 2-(hydroxyethyl)pyridine (Hhep) pos­
sessing significant anticancer activity against a human lung 
adenocarcinoma cell line (A549) and human breast adenocar­
cinoma (MCF-7).16“ Additional study o f gold(m) complexes with 
2-(hydroxymethyl)pyridine (Hhmp) revealed that [AuCl3(Hpm)] 
and [AuC12(pm)] complexes retain an appreciable cytotoxicity in 
vitro against the tumor cell lines T-Lymphoblastoid cell line, 
SKOV3 and A2780 Human Ovarian cell line and lines resistant 
to cisplatin12.

The pyridine-based alcohols can form different coordination 
modes with metal ions, i.e. monodentate chelating by N-atoms, 
or chelating and bridging by N,O-atoms in the deprotonated 
form o f such ligands.6 Additionally, 2-(hydroxymethyl)pyridine 
and homologous alcohols have been used in manganese 
chemistry to obtain single molecule magnets (SMMs) type.6 
These ligands are commercially available but they have not been 
employed widely as popular ligands in coordination chemistry. 
In recent years Hhmp (2-(hydroxymethyl)pyridine, 2-pymet) has 
been used in copper coordination chemistry to obtain new 
mononuclear structures with six coordinate Cu(II) ions, where 
pyridine alcohol binds as a chelating ligand. There are only 
a few reports on the structures with the anionic hmp ligand, 
which can form a chelating bridging mode or the polynuclear 
complex.17 In addition, structures with Hhep/hep (2-(hydrox- 
yethyl)pyridine; 2-pyet/deprotonated one) occur less frequently. 
Copper(II) mononuclear complexes with Hhep have been 
synthesized from simple bromide and chloride (CuX2, X =  Br, 
Cl) in methanolic solution. Such examples are polymers [Cu2(p- 
Cl)2(p-hep)2]n (ref. 9) and [Cu2(hep)2Cl2]n, where the centro- 
symmetric dimeric units are stabilized by weak inter-dimer 
interactions arising from bridging Cl ligands to form a poly- 
nuclear chain with di-p-O (from deprotonated ligand, hep) and 
di-p-Cl bridges.5 The biological properties and spectroscopic 
studies o f copper-2-(hydroxyethyl)pyridine complexes, which we 
report here, have not been conducted before. Lah and co­
workers synthesized others copper(II) complexes with the 
neutral forms o f the pyridine alcohols, that have Cu2 (OR)2X2 

core, i.e. [Cu(2-pymet)4Cl2]Cl2-2H2O, [Cu(2-pyet)2Br]Br,2 [Cu2(- 
Hhmp)2Cl4]n 2nCH3OH, and complexes with deprotonated 2- 
(hydroxypropyl)pyridine (hpp) [Cu2 (hpp)2Br2], [Cu4 (hpp)4Br4] 
and [Cu4 (hpp)4Cl4].5 The mechanism o f the deprotonation 
pyridine-based alcohols in complexation is not clear. It is hard 
to explain why complexes with an alkoxide-bridge can be 
formed rather than with a hydroxide-bridge.5 The search 
through the Cambridge crystal Database (CSD) shows some 
metal complexes possessing pyridine-based alcohols, i.e. 
[Co2(p-Cl)2(mpy)4]Cl2-2H2O, [Co(dmpy)2]Cl2, [Co(Cl)4](Hpyet)2 
(where mpy: 2-methanolpyridine, dmpy: 2,6-

dimethanolpyridinie, hpyet: 2-ethanolpyridinium)1 which
confirms that these studies are still valid. Mobin and Moham­
mad obtained the monomeric ionic cobalt(II) complexes,
[Co(hep-H)(H2O)4](SO4 )2  and [Co(hep-H)2 (H 2O)2](NO 3 ) 2  and
rearranged them by heat using the SCSC (Single-Crystal-to- 
Single-Crystal) transformation.7 Besides, the biological proper­
ties were not presented in the previous works.

In this paper, we report the preparation and structural 
characterization (X-ray analysis, FT-IR and Raman spectra, 
thermal studies), magnetic behaviour and biological activities 
o f the four complexes, Cu(II) with 2-ethylpyridine (compounds 1 
and 2) and with 2-pyridineethanol (2-(hydroxyethyl)pyridine), 
and 2-pyridinemethanol (2-(hydroxymethyl)pyridine) complexes 
3 and 4, respectively. Most importantly, two o f them (1 and 2) 
have been synthesized for the first time. Moreover, we have 
focused on completing the incomplete data for the previously 
known and poorly described Cu(II) complexes 3 and 4. Herein 
we discuss and compare the obtained results for 1-4 complexes 
and support them with theoretical calculations.

In this work, the stability o f the compounds in solution was 
confirmed by the results o f the UV-Vis and FT-IR analysis.

An important goal o f our work, following the structural 
characteristics, is to find the relationship between the biological 
activity o f the synthesized complexes and the N-donor ligands 
used. We will also evaluate the effect o f chelation in the case o f 
hydroxyl derivatives o f pyridine ligands on the presented bio­
logical properties. The results presented by us indicate the 
suitability o f selected ligands used in the synthesis with cop- 
per(n) ions for the construction o f functional materials showing 
magnetic and biological properties.

Results and discussion
Synthesis

The general procedure o f synthesis o f the four complexes is 
described in the experimental part and visualized in Scheme 1. 
The synthesis involved mixing methanolic solutions o f cop- 
per(n) salts with ligands and was carried out under reflux or in 
the air and gives expected products. Single crystals suitable for 
crystallographic measurements were determined by the X-ray 
diffraction method.

Scheme 1 S chem e o f synthesis com p lexes  1 - 4 ;  etpy: 2 -e th y lp y rid in e .
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Table 3 Short intra- and intermolecular contacts in 2 (Fig. 4)

D -H -A D-H H -A D -A [A ] D -H -A  [°]

C(1)-H(1)-Cl(6) 0.93 2.65 3.341(4) 131.00

Fig. 1 Molecular structure of [CuCl2 (etpy)2] together with the atom 
numbering. Displacement ellipsoids are drawn at 50% probability level.

Table 1 Selected bo nd  leng ths (A) and angles (deg) fo r  1“

Fig. 2 A view of the crystal packing showing intermolecular p- 
stacking interactions for 1.

Crystal structures o f complexes

All crystal data and structure refinement for complexes 1-4 are 
summarized in Table S1.f

X-Ray analysis revealed that compound 1 crystallizes in the 
triclinic P1 space group and it is composed o f neutral trans- 
[CuCl2 (etpy)2] mononuclear units, where the copper(II) ion is 
four-coordinate with two monodentate pyridine-based ligands

and two chloride anions. The perspective view showing the 
molecular structure together with the atom numbering is pre­
sented in Fig. 1, while the selected bond distances and bond 
angles are summarized in Table 1.

In order to estimate the angular distortion from the square 
planar geometry o f 1, the Okuniewski's (s'4) parameter,18 as well 
as the SHAPE program19 based on Continuous Shape Measures 
(CShM) concept, were used. The shape value (SQ(P)) concerning 
the square planar geometry was found for 0.372, while the 
calculated distance to the ideal tetrahedral geometry is 
following 33.581. The square planar geometry o f metal ion is 
confirmed by Okuniewski parameter (s4' =  0). The Cu-N and 
Cu-Cl bond distances [Cu(1)-N(1) =  1.9935(18) A, Cu(1)-N(1) 
a =  1.9935(18) A, Cu(1)-Cl(1) =  2.2524(6) A, Cu(1)-Cl(1) a =  
2.2524(6) A; (a): 1 — x, 1 — y, 1 — z] are comparable with those o f 
copper(II) compounds with the CuN2X2 chromophore in the 
same geometry.20-23 The coper(n) ions in 1 are well separated 
from each other, the shortest intermolecular metal-metal 
distance being 7.5197(9) A.

The crystal packing analysis24 revealed that the molecules 
trans-[CuCl2 (etpy)2] are linked into dimers through p - p  
stacking with centroid-to-centroid separations o f 3.9021(15) A 
(Fig. 2) (Table 2). No short intermolecular interactions were 
observed.

The complex 2 crystallizes in the monoclinic space group 
P21/n and the crystal structure consists o f tetranuclear mole­
cules [Cu4OCl6 (etpy)4] with well-known [Cu4 (p4-O)(p2-Cl)] core 
(Fig. 3). The compound 2 consists o f a tetrahedron o f Cu(i i) 
atoms held together by one central p4-O ion and six p2-Cl 
anions. Each chloride atom spans the edge o f the tetrahedron, 
while one etpy molecule is bound to each Cu(II) atom via the 
pyridine nitrogen atom. The Cu4(p4-O) tetrahedron is slightly 
distorted and the Cu-O-Cu angles and Cu-O bond length vary 
from 105.97(9)-113.99(10)° and 1.8853(18)-1.9086(19) A, 
respectively. The chloro bridges involving Cl(1), Cl(2), Cl(3), 
Cl(4), Cl(5) and Cl(6) atoms are slightly asymmetrical, with Cu- 
Cl distances ranging from 2.3199(9) to 2.6850(9) A and six Cu- 
Cl-Cu bond angles from 76.48(3) to 79.50(3)° (see Table S2f).

The distortion o f five coordinated copper(II) ions can be 
described by the structural parameter s angular structural index
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Bond lengths [A] Bond angles [°]

Cu(1)-N(1) 1.9935(18) N(1)-Cu(1)-N(1)a 180.0
Cu(l)-N(l)a 1.9935(18) n (1)-Cu(1)-C1(1) 89.89(5)
Cu(l)-Cl(l) 2.2524(6) N(1)a-Cu(1)-Cl(1) 9 0 .1 1 (5 )
Cu(l)-Cl(l)a 2.2524(6) N(1)a-Cu(1)-Cl(1)a 8 9 .8 9 (5 )

Cl(1)-Cu(1)-Cl(1)a 180.00(4)

a Symmetry code: (a): 1 — x, 1 -- y, 1 — z.

Table 2 Short stacking interactions in 1a

a
Cg(i)/Cg(J) Cg(i)/Cg(J) [A] [°] b [°] g [°] Cg(I)-Perp [A] Cg(J)-Perp [A]

Cg(1)/Cg(1)b 3.9021(15) 0 27.34 27.34 3.4661(11) 3.4661(11)

a a =  dihedral angle between Cg(I) and Cg(J); Cg(I)-Perp =  perpendicular distance of Cg(I) on ring J; Cg(J)-Perp =  perpendicular distance of Cg(J) on 
ring I; b =  angle Cg(I) /  Cg(J) vector and normal to ring I; g =  angle Cg(I) /  Cg(J) vector and normal to plane J; Cg(1): N(1)/C(1)/C(2)/C(3)/C(4)/C(5). 
b Symmetry code: (b): 2 — x, 2 — y, 1 — z.

http://creativecommons.org/licenses/by-nc/3.0/


Fig. 3 Molecular structure of [Cu4 OCl6 (etpy)4] together with the atom 
numbering. Displacement ellipsoids are drawn at 50% probability level.

Fig.5 The asymmetric units (top) and one-dimensional coordination 
chain (bottom) of 3. Displacement ellipsoids are drawn at 50% 
probability.

parameter s,25 called also the Addison parameter, it expresses 
the difference between the two largest angles divided by 60. 
Compared to the ideal values o f s =  1 for a trigonal bipyramid 
and s =  0 for a square pyramid, the s1 =  0.77 for Cu(1) indicates 
trigonal bipyramidal geometry, however structural parameters 
for Cu(2), Cu(3) and Cu(4) show intermediate geometry between 
square pyramidal and trigonal pyramidal geometry (s2 =  0.45 
for Cu(2); s3 =  0.32 for Cu(3); s4 =  0.33 for Cu(4)). The coordi­
nation geometries o f the examined complex were also 
compared to two ideal geometries: bipyramidal geometry and 
square pyramidal using Continuous Shape Measures (CShM). 
The shape value concerning bipyramidal geometry was found 
2.873 for Cu(1); 4.300 for Cu(2); 3.201 for Cu(3); 4.929 for Cu(4), 
while the calculated distances to the ideal square pyramidal are 
follow ingfor 5.151 Cu(1); 3.201 for Cu(2); 2.678 for Cu(3); 2.526 
for Cu(4). A similar trend has been observed in literature.26,27

The perspective drawings o f the asymmetric unit and the 
perspective views o f 1D coordination structures o f 3 are pre­
sented in Fig. 5. Their selected bond distances and angles are 
given in Table 4. The X-ray structure o f 3 was reported previously 
(CCDC numbers: 611672 and 1056574) and we will refer to it 
only for comparison.5̂

Fig. 6  Crystal packing diagram of 3. The crystal packing analysis24 

revealed that the chains are stabilized by weak C -H -C l interactions 
(see Table 5, figure).

Table 4 Selected bond lengths (A) and angles (deg) fo r 3“

Bond lengths [A] Bond angles [°]

Cu(1)-N(1) 2 .020 (2) N(1 )-Cu(1 )-O(1 ) 165.39(8)
Cu(1)-Cl(1) 2.2582(7) N(1 )-Cu(1 )-O(1 )c 92.79(8)
Cu(1)-Cl(1)c 2.9381(8) N(1)-Cu(1)-Cl(1) 95.87(6)
Cu(1 )-O(1 ) 1.9388(17) O(1)c-Cu(1)-O(1) 74.53(8)
Cu(1 )-O(1 )d 1.9308(16) O(1 )-Cu(1 )-Cl(1 ) 95.75(5)

O(1 )-Cu(1 )-Cl(1 ) 168.08(6)
Cu(1 )-O(1 )-Cu(1 )d 105.47(8)

“ Symmetry code: (c): —x, 2 — y, —z; (d): 1 — x, 2 — y, —z.

The complex 3 crystallizes in triclinic space group P1 and the 
structure consists o f neutral binuclear [Cu2Cl2(pyet)2] units, 
what results from pairing two mononuclear units related by 
a crystallographic centre o f inversion. The dinuclear moieties 
are further linked through chloride bridge into one
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Fig. 4 Crystal packing diagram of [Cu4 OCl6 (etpy)4 ]. The analysis of the 
crystal packing24 reveals the presence of weak C -H -C l type inter­
actions giving rise to the formation of dimers (figure, Table 3).

Table 5 Short intra- and intermolecular contacts in 3 (Fig. 6 )

D -H -A  D-H H -A D -A  [A] D -H -A  [°]

C(1)-H(1)-C1(1) 0.93 2.62 3.205(2) 1 2 2 . 0 0

C(7)-H(7B)-C1(1) 0.97 2.67 3.286(3) 1 2 2 . 0 0

http://creativecommons.org/licenses/by-nc/3.0/
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Table 7 Short in tra -, in te rm o le cu la r con tac ts , and p - p  stacking 
in te rac tions  in 4a

Fig. 7  M o le cu la r s tru c tu re  o f  4 to g e th e r w ith  th e  a to m  nu m berin g . 
D isp la cem e nt e llipsoids are draw n at 50% p ro b a b ility  level.

Table 6 Selected bond leng ths (A) and angles (°) fo r  4a

Bond lengths [A] Bond angles [°]

Cu(1)-N(1) 1.982(3) N(1)-Cu(1)-N(1)e 180.0
Cu(1)-N(1)e 1.982(3) N(1)-Cu(1)-O(1) 84.22(9)
Cu(1)-O(1) 1.895(2) N(1 )a-Cu(1 )-O(1 ) 95.78(9)
Cu(1)-O(1)e 1.895(2) N(1 )a-Cu(1 )-O(1 )e 84.22(9)

N(1)-Cu(1)-O(1)e 95.78(9)

D-H--A D-H H -A D - A  [A] D -H -A  [°]

O(2)-H(2A) - •
O(2)-H(2B)/

o 
o

CO 
CO

o 
o

cT 
'th

' 

O 
O 2.35

1.92
2.755(4)
2.753(3)

112.00
168.0

C g(I)-Cg(J)
Cg(I)/Cg(J)
[A]

a ß  g 
[°] [°] [°]

Cg(I)-Perp
[A]

Cg(J)-Perp
[A]

Cg(1)/ 3.7429(7) 0 16.46 16.46 —3.5895(1) 3.5895(1)

a Symmetry code: (e): 1 — x, y, —z.

dimensional structure. Each copper(ii) ion is pentacoordinated 
by two bridging chlorides [Cu(1)-Cl(1) =  2.2582(7) A; Cu(1)- 
Cl(1) c — 2.9381(8) A; (c): —x, 2 — y, —z], one pyridine nitrogen 
[Cu(1)-N(1) — 2.020(2) A] and two m-deprotonated hydroxyl 
oxygen [Cu(1)-O(1) — 1.9388(17) A; Cu(1)-O(1) d  — 1.9308(16) A; 
(d): 1 — x, 2 — y, —z] from pyet molecule.

The angular structural index parameter s,25 called also the 
Addison parameter, expresses the difference between the two 
largest angles divided by 60, and it equals 0.045. Compared to 
the ideal values o f s — 1 for a trigonal bipyramid and s — 0 for 
a square pyramid, the s values indicate geometry close to square 
pyramid stereochemistry. As in the previous compounds, the 
coordination geometry o f 3 was also investigated by the 
continuous symmetry measures methodology19’28’29 and the 
shape value (Sq (P)) concerning the square pyramid geometry 
was found 2.829, while the calculated distances to the ideal 
trigonal bipyramid were following 7.444. Two types o f bridges: 
symmetrical Cu2O2 and asymmetrical Cu2Cl2 are twisted to each 
other and the dihedral angles between them are 77.86(1)°. The 
Cu/Cu distances through Cu2O2 and Cu2Cl2 bridges as well as 
the shortest interchain m etal/m etal separation is equal to 
3.0797(5), 3.8043(5) and 6.0321(6) A, respectively.

Cg(1)g

a Symmetry code: (f): 1 — x, y, —1 — z; *a — dihedral angle between Cg(I) 
and Cg(J); Cg(I)-Perp — Perpendicular distance of Cg(I) on ring J; Cg(J)- 
Perp — perpendicular distance of Cg(J) on ring I; ß — angle Cg(I) /  Cg(J) 
vector and normal to ring I; g — angle Cg(I) /  Cg(J) vector and normal 
to plane J; Cg(1): N(1)/C(1)/C(2)/C(3)/C(4)/C(5), Cg(2): N(1)/C(1)/C(2)/ 
C(3)/C(4)/C(5), Cg(3): N(1)/C(1)/C(2)/C(3)/C(4)/C(5), &Symmetry code: 
(g):1/2 — x, —1/2 + y, —z.

The X-ray structure o f 4 was determined in the past (CCDC 
numbers: 615292, ref. 30). Complex 4 crystallizes in monoclinic 
C2/m space group. The perspective view o f the molecular 
structure is shown in Fig. 7.

The copper(n) centre, coordinated to two molecules o f N,O- 
donor ligand via the pyridyl nitrogen atom [Cu(1)-N(1) — 
1.982(3) A; Cu(1)-N(1)e — 1.982(3)A; (e): 1 — x, y, —z] and 
hydroxyl oxygen atom [Cu(1)-O(1) — 1.895(2)A; Cu(1)-O(1)e — 
1.895(2) A; (e): 1 — x, y, —z], adopts a distorted square planar 
geometry (Table 6). The shape value19 (Sq (P)) concerning the 
square planar geometry was found for 0.305, while the calcu­
lated distance to the ideal tetrahedral geometry is following 
33.536. The crystal packing analysis24 demonstrates that the 
molecules o f 4 are linked into supramolecular 3D network by 
O (2 )-H (2A )-O (2 ) [D / A  distance 2.755(4) A; D-H -A angle

Fig. 8 A view o f the crystal packing showing hydrogen bonds and p /  
p  stacking interactions fo r 4. Fig .9 The e xp erim en ta l fre que nc ies  o f  1 -4  com p lexes  in FIR region.
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Table 8 The cha ra c te ris tic  m e ta l-lig a n d s  s tre tch in g  v ib ra tio ns  in FIR 
reg ion  fo r  com p lexes 1-4

n(Cu-N) n(Cu-Cl) n(Cu-OL)

IR Ra Calc. IR Ra Calc. IR Ra Calc.

1 279m n.o. 269 316br n .o .a 336 — — —
245m ov 242 n .o . a 262m 260

2 ov 305m 265b 241br 232br 251b 572s 558m 560b

ov ov 245b ov 305m 305
3 280sh ov 274 354m ov 345 572s 545m 571

211m, br 201m 201 265m 235s 257 323m 320sh 330
4 331s/307s n.o. 338 — — — 509m n .o .a 516

257m n.o. 276 n .o .a 473w 480

a =  is observed on ly in  IR  or Ram an (Ra) spectru m .b =  averaged value o f  
the frequency; n.o. =  no t observed.

112.00°] and O(2)-H(2A)---O(2)f (D / A  distance 2.753(3) A; 
D -H / A  angle 168.0°; (f): 1 — x, y, —1 — z) hydrogen bonds and 
p -p  type interactions with the centroid-to-centroid separation 
o f 3.7429(7) A (Fig. 8, Table 7).

FT-IR and Raman spectroscopy

The FT-IR and Raman spectra o f 1-4 in the middle region are 
shown in Fig. S1 and S2.f Fig. 9 presents the far-infrared region 
o f the discussed complexes absorption. A vibrational assign­
ment o f the experimental spectra was made basing on the 
potential energy distribution (PED) calculated by the FCART06 
program using B3LYP-D3/def2-TZVP level o f the theory and on 
the visualization in GaussView 6 program.31

Firstly, the spectral region from 3080 to 2817 cm—1 recorded 
in the FT-IR and Raman spectra o f all synthesised complexes is 
characteristic o f n(C-H) stretching vibrations, however, in the IR 
spectra, they are presented as weak or medium bands. Next, 
weak bands at 1855 cm- '1 and 1732 cm- '1 in 1 and at 1864 and 
1728 cm- '1 in the FT-IR spectra o f 2 can be assigned to over­
tones. The n(C-C) and n(C-N) stretching vibrations have 
generated the characteristic strong or medium bands in the 
1608-1424 cm- '1 spectral range in FT-IR spectra o f 1-4, very well 
predicted by theoretical calculations. Nevertheless, the N- 
coordination o f 2-ethylpyridine, 2-(hydroxyethyl)pyridine and 
2-hydroxymethylpyridine is confirmed by the presence o f strong 
and medium bands in the frequency range 1484-1424 cm-1 due 
to n (C=N ) stretching vibrations in FT-IR spectra o f the studied 
complexes. The medium or strong peaks in the FT-IR spectra o f 
1-4 at 1033 cm-1 (Raman: 1031 cm-1), 1045 cm-1 (Raman: 
1031 cm-1), 1052 cm-1 (Raman: 1025 cm-1) and at 1038 cm-1 
in Raman spectra o f 4, respectively, can be assigned to the 
characteristic vibrations o f the pyridine ring, “Star o f David” . 
The confirmation o f the coordination o f  the 2-pyridineethanol 
or 2-pyridinemethanol via oxygen atom from -(CH2)2O- and 
-(CH2)O- groups are the strong bands at 1081 cm-1 in the 
Raman spectra o f 3 and at 1058 cm-1 in the Raman spectrum 
(IR: overlapped) o f 4 as well. These bands are caused by 
stretching n(C-O) vibrations, which have higher absorption 
compared to the free ligand.16“ As it is shown in Table S3 in ESI 
materialf the characteristic out o f plane g(C -H ) bending

vibrations generate the strong bands in the 999-700 cm-1 
spectral range o f the vibrational spectra o f these complexes. The 
strong bands at 434 cm-1 (Raman: 435 cm-1), 437 cm-1, 
432 cm-1 (Raman: 412 cm-1) and 419 cm-1 in the FT-IR spectra 
o f 1-4 respectively, are due to the torsion o f the pyridine ring 
atoms (sRpyet).

Fig. 9 shows the information about metal-ligand vibrations, 
which are found in the far infrared spectral range, below 
500 cm-1.

Table 8 is based on the studies o f the spectra supported by 
theoretical calculations, which are particularly helpful in the 
bands assignment o f the new complexes.

Besides, in complex 2 a lot o f the crystal lattice vibrations 
coupled with the p4-O bridged one can be observed, and it is 
problematic to find copper-ligands vibrations as Nakamoto 
describes.32 It is worthwhile to mention the characteristic n(Cu- 
O-Cu) stretching vibrations o f the atoms in p4-O bridge. These 
modes generate the medium bands at 558 cm-1 (calc. 560 cm-1) 
and 305 cm-1 (calc. 305 cm-1) in the Raman spectrum o f 2, 
corresponding to the antisymmetric and symmetric n(Cu-O-Cu) 
stretching vibrations, respectively. To compare, in the FT-IR 
spectrum o f 3 at 572 cm-1 (Raman: 545 cm-1) a band 
assigned to the n(Cu-O-Cu) stretching vibrations is observed as 
well. Furthermore, the calculated frequencies o f these vibra­
tions are in a good agreement with the experimental ones. The 
medium band at 412 cm-1 observed in the Raman spectrum o f 
3, predicted by DFT calculations at 398 cm-1, is due to the 
characteristic S(Cu-O-Cu) bending vibrations like the “p-O 
bridge breathing” . In the Raman spectrum o f 2 the medium 
peak at 305 cm-1 corresponding to the symmetric n(Cu-O) 
stretching vibrations coupled with n(Cu-N) can be found, in the 
FT-IR spectrum this band is overlapped. Additionally, the 
medium band at 323 cm-1 in the FT-IR spectrum o f 3 corre­
sponds to the n(Cu-O) stretching vibrations. In the Raman 
spectrum o f 4 only symmetric stretching vibration (473 cm-1) is 
observed; antisymmetric stretching mode (nas(Cu-O)) generates 
only a band at 509 cm-1 in the FT-IR spectrum o f 4, what is 
expected due to the geometry o f the complex 4.

The assigned bands to the n(Cu-Cl) stretching vibrations 
have higher frequencies than n(Cu-N) stretching for complex 
with pyridine derivatives group. We confirm this fact in our 
vibrational spectroscopic study. The strong and broad peak at 
316 cm-1 in FT-IR spectrum o f 1 is due to the antisymmetric 
nas(Cu-Cl) stretching vibrations, where the calculated frequency 
is 336 cm-1 (100% PED). Moreover, at 262 cm-1 in the Raman 
spectrum o f 1 the medium band assigned to the ns(Cu-Cl) 
stretching vibrations (60% PED) is observed, simultaneously it 
is not found in FT-IR spectrum, due to the square planar around 
the copper(n) ion in 1. Comparing, in the FT-IR spectrum o f 2 we 
can detect only one broad band at 241 cm-1 (calc. 251 cm-1) 
and the corresponding broad peak with a maximum at 
232 cm-1 in the Raman spectrum o f complex 2. In FT-IR spec­
trum o f 3 there are observed two medium bands at 354 cm-1 
and 265 cm-1 (Raman: 235 cm-1) which can be assigned to 
n(Cu-Cl) stretching vibrations. The characteristic n(Cu-N) 
stretching vibrations, where N is from the pyridine ring, 
generate medium bands at 279 cm-1 and 245 cm-1 (in the
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Table 9 T h e rm o a n a ly tica l data fo r  co m p lexes  1 -4

DTG peak T [°C] Temp. range [°C]

Weight loss 

Found

[%]

Calc. Decomposition product

complexl 145 128-156
169 156-196
242 196-260 61.3 61.4 — 2 x 2pyet
595 516-630 21.0 20.9 -2HCl

Total for 1: 128-630 82.3 82.3 Cu as residue product
complex2 217 172-232 23.0 24.0 -6HCl

241 232-240 17.0
581 496-632 31.0 47.0 — 4 2etpy

Total for 2: 172-650 71.0 71.0 3Cu + CuO as residue product
complex3 225 180-385

343 47.7 48.4 — 2 x 2 pyet
581 475-715 19.8 16.0 -Cl2

Total for 3: 172-715 67.5 64.4 2 x CuO as residue product
complex4 295 29-310 42

417 310-540 46 82 — 6H20 + 2 x 2-pyridinemethanol
Total for 4: 29-600 88 82 Cu/CuO

Raman overlapped) in the FT-IR spectrum o f 1. In the Raman 
spectrum o f 2, the medium band at 305 cm-1 is found but in the 
FT-IR, it not be observed. The medium band at 211 cm-1 and 
shoulder at 280 cm-1 in the FT-IR spectrum o f 3 can be assigned 
to the n(Cu-N) stretching vibrations as well. The same mode 
generates the strong band at 307 cm-1 in FT-IR spectrum o f 1.

The vibrational studies confirm the results obtained by the 
X-ray analysis concerning the N-donor type o f coordination o f 
the 2-ethylpyridine to the Cu(II) ion in 1 and 2 and N,O-donor 
type o f  coordination o f the 2-(hydroxyethyl)pyridine to Cu(II) 
in 3 and 2-hydroxymethylpyridine in 4, respectively.

Stability Cu (i i ) complexes in DMSO solution (spectral study)

The investigation o f the stability o f synthesized complexes in 
DMSO solution was made by measuring FT-IR spectra o f 1-4 
after dissolving them in DSMO solvent. The spectra were 
measured at different intervals o f time from 0-96 h and the total 
concentration o f complexes was 2% (the FT-IR spectrum o f 
DMSO was presented by us previously;16“ we present selected 
spectra after 1 h, 24 h and 96 h).The same procedure was carried 
out for the stability studies o f trans-[PtCl2(7AI3CAH)2, trans- 
[PdCl(7AI3CAH)2]+, cis-[PtCl(DMSO)(3Br4Cl7AIH)2]+ and
[AuCl3(2-pyridineethanol)] in DMSO solution.16“-“ In the first 
stage o f determining the influence o f DMSO on the stability o f 
the copper(n) complexes changes in FT-IR spectrum o f the solid 
state 1-4 comparing with these after dissolving them in 
a solvent were found. Immediately after dissolving Cu(ii) 
complexes in DMSO the additional medium bands appear in 
FT-IR spectra; they are assigned to n(CH)DMSO stretching vibra­
tions. Besides, the band o f n(S=O) stretching vibrations in pure 
DMSO recorded at 1042 cm-1 is shifted to the lower intensity in 
solutions o f 1-4 (Fig S3-S8f). For this concentration o f the 
studied complexes, it is normal to see these bands and for 
clarity, and to show the behavior o f 1-4, these DMSO-derived 
bands have not been removed. Actually, in the 1600-600 cm-1 
spectral range the position o f the bands in the IR spectra o f the

title complexes in DMSO remains almost unchanged in 
comparison to the IR spectra o f 1-4 in the solid state. This fact 
can prove that 2-ethylpyridine, 2-pyridineethanol and 2-pyr- 
idinemethanol are not replaced by a DMSO molecule.

The medium bands at 381 and 331 cm-1 in the FT-IR spec­
trum o f pure DMSO are due to scissoring d(SC2) and twisting 
s(SC2) vibrations, respectively. After dissolving 1-4 in DMSO 
solution we can observed some o f them in FT-FIR spectra o f the 
tested complexes. However, we indicate a similar position (only 
slight shifts are observed) o f the marker bands found in the 
solid state complexes 1-4 compared to that in the DMSO 
solution.

Simultaneously, in FIR spectral region can be seen that after 
dissolving 2 in DMSO, it turns into complex 1.

No new band in the 400-500 cm-1 spectral range which 
indicates n(Cu-ODMSO) stretching vibrations was found.32 It 
suggests that the copper(ii) complexes may be stable in the used 
DMSO solution up to 96 hours. This investigation can give only 
qualitative information at that point.

Additionally, we checked the stability o f synthesized 
complexes in DMSO/H2O solution (9 : 1, v/v) at three different 
time points (0 min, 48 h and 96 h). UV-Vis spectra confirmed the 

stability o f the complexes at room temperature (see Fig. S9f).
The studied copper(II) complexes exhibit a d-d absorption 

band (Fig. S9f) in 600-900 nm, in accordance with their coor­
dination cores {CuN2Cl2}, {CuNOCl3}, {CuNO2Cl2}  and 
{CuN2O2}  for 1-4, respectively.1“  The UV-Vis spectra show 
broader band at 855 nm (in 1 and 2), 844 nm (3) and 722 nm (4). 
The higher intensity o f d-d band is observed for 2 and it 
suggests the intermediate geometries between square pyra­
midal and trigonal pyramidal geometry. The visible spectra o f 1 
and 2 in solution are similar to each other, this indicates the 
environment around the copper(II) ion is the same in both 
complexes. Thus, complex 2, when dissolved, turns into 
complex 1. The strong absorption bands in the 200-400 nm for 
the complexes 1-4 are due to the p  /  p * or n /  p *  transitions;
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Fig. 10 T h erm a l de pendenc ies  o f c MT  (open circles) and c M (h a lf-o p e n  circles) fo r (a) 1, (c) 2, (e) 3 and (g) 4 . T he  insets sh o w  th e rm a l 
d e pend enc ies  o f  inverse m a g n e tic  susceptib ility . M a gnetiza tion  as a fu n c tio n  o f th e  m a g n e tic  fie ld  fo r  (b) 1, (d) 2, (f) 3 and (h) 4 . T he  so lid  lines (on 
all graphs) are ca lcu la ted.

the strong bands at 300 nm and 313 nm (4) can be assigned to 
the ligand-metal charge transfer transitions.16“^

Thermal analysis

The suggested decomposition products o f 1-4 are based on 
mass loss calculations. Thermogravimetric, differential thermal 
analysis (TGA, DTGA) curves and corresponding data are illus­
trated in Fig. S10f and Table 9.

Complex 1 begins to decompose at 128 °C. The decomposi­
tion stage between 128 and 260 °C with three endothermic 
effects at 145, 169, 242 °C is related to removal o f the two 2- 
ethylpyridine ligands with a mass loss o f 61.3% (calc. 61.4%).

In the last stage o f thermal decomposition 1 loses two HCl 
molecules from 516 to 630 °C; were found at 21.0% and calcu­
lated at 20.9%, respectively. The obtained residue product is Cu. 
The TG curve for 2 shows that the complex is stable up to 217 °C 
with the first weight loss o f 23.0% (calc. 24.0%) at 172-235 °C 
corresponding to the loss o f six Cl molecules from the coordi­
nation bridge.

In the next stages (the two endothermic peaks at 241 and 581 
°C) the found value o f mass loss is 48.0% due to a release o f 
pyridine ring fragments. The successive mass loss (71.0%) may 
lead to Cu and CuO formation.

Complex 3 begins to decompose at 180 °C, and the decom­
position stage between 180 and 385 °C with two endothermic 
effects at 225 °C and 343 °C is related to removal o f the two 2- 
(hydroxyethyl)pyridine ligands with a mass loss o f 47.7% (calc. 
48.4%). In the last stage o f decomposition 3 loses Cl2 molecules 
from 475 to 715 °C; found at 19.8% and calculated at 16.0%, 
respectively. The obtained residue products are two molecules 
o f CuO.

Complex 4 decomposes in two endothermic processes (the 
first step at 295 °C, the second at 417 °C, respectively). The 
assignment o f these two steps involving the loss o f  the water 
molecules and the 2-pyridinemethanol ligand is problematic; 
therefore we suggest a residual product which can be Cu or its 
mixture with CuO for thermal decomposition o f 4.

Magnetic properties

Magnetic data were acquired with the help o f the SQUID 
magnetometer (MPMS, Quantum Design) at the applied field o f 
B0 — 0.5 T and, after correction to the underlying diamagnetism, 
transformed to the temperature dependence o f the c M T product 
(or effective magnetic moment, (Fig. 10 -  top)). The field 
dependence o f the magnetization per formula unit M 1 — M  mol/ 
NA pB  at the constant temperature is shown in Fig. 10 -  below.

The c M  values for complexes 1, 2 and 4 increase slowly with 
the decrease in temperature, but in the low-temperature region, 
a rapid increase o f molar susceptibility values occurs. Magnetic

Scheme 2 A m o d e l o f exchange cou p ling s  in c o m p le x  2.

Op
en

 
A

cc
es

s 
A

rti
cl

e.
 P

ub
lis

he
d 

on 
28 

Se
pt

em
be

r 
20

22
.

H 
Th

is 
ar

tic
le 

is 
lic

en
se

d 
un

de
r 

a 
Cr

ea
tiv

e 
Co

m
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0 

U
np

or
te

d 
L

ic
en

ce
.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


RSC Advances Paper

Scheme 3  A lte rna tin g  Ising chain.

complex 1 and 4 present similar magnetic behaviour. The value 
o f CM T at room temperature is 0.43 cm3 mol- 1 K (1.87 pB ) for 1 
and 4 a little bit higher than these expected for one Cu(II) ion 
(with S — 1/2 and g a v  — 2.00). The xmT (and/or the effective 
magnetic moment) (Fig. 10a) decreases slowly with lowering the 
temperature to T  — 70 K for 1 and 25 K for 4. Below these 
temperatures, a rapid decrease o f the c M T is registered to reach 
the value xmT — 0.25 cm3 mol- 1 K (1.40 pB ) at 1.84 K for 1 and 
0.32 cm3 mol- 1 K (1.61 pB ) at 1.85 K for 4. This feature indicates 
antiferromagnetic nature o f the exchange interaction. The 
complexes obey the Curie-Weiss law in the 40-300 K tempera­
ture region (Fig. 10, inset). The fitting procedure applied to 
magnetic susceptibility converged to the crystal structure o f 
examined complex. As mentioned in the structural discussion, 
complex 1 contains trans-[CuCl2 (etpy)2] species which are 
linked into dimers through p /  p  stacking with the shorter 
C u -C u  contact 7.489 A. Complex 4 presents mononuclear 
architecture with distorted square planar geometry. In the 
crystal packing the molecules o f  4 are linked into the supra- 
molecular 3D network by O (2 )-H (2A )-O (2 ) and O (2 )-H (2A )- 
O(2) hydrogen bonds and p -p  type interactions with the 
shortest C u -C u  separation o f 7.179 A.

The theoretical analysis ofmagnetic data (Fig. 10a -  line) was 
carried out using the PHI program,33 what allows for the 
simultaneous fitting o f cT(T) and M(H) dependencies. Various 
additional C u -C u  intermolecular interactions transmitted 
through the p - p  stacking are described by the effective zJ 
parameter (where z is the number o f adjacent paramagnetic 
species around a given mononuclear unit). Temperature inde­
pendent paramagnetism (TIP) was also included in the fitting 
procedure.

The least squares fit o f the experimental data by this method 
leads to the following results: g a v (Cu) — 2.13 and zJ — -0.30 cm- 1, 
TIP — 75 x 10- 6 cm3 mol- 1 for 1 and g a v (Cu) — 2.15 and 
zJ — -0.56 cm- 1, TIP — 95 x 10- 6 cm3 mol- 1. The discrepancy 
factor defined as is 3.21 x 10- 5 (1) and 5.42 x 10- 5 (4).

The value o f the zJ parameter suggests that the exchange 
interaction between the nearest Cu(II) centres in the crystal 
lattice in both complexes is antiferromagnetic in nature but very 
weak. These conclusions are also confirmed by the value o f 
magnetization calculated per formula unit M  — M m o l/(NA pB ) 
saturated to M s — 0.98 pB  at 2 K (5 T) (1) and M s — 0.89 pB  at 2 K 
(5 T) (4) (Fig. 10b and h).

In case o f complex 2, the value o f  c M T  (and/or the effective 
magnetic moment) decreases gradually from 1.71 cm3 mol- 1 K 
(3.70 pB ) at 300 K (a little bit higher than expected for the spin- 
only value for four isolated copper(ii) ions with S — | and g  — 
2.00) to 1.06 cm3 mol- 1 K (2.91 pB ) at 20.0 K (Fig. 10c). It is 
typical for systems with predominantly antiferromagnetic 
interactions. In the temperature range o f 20-5 K, a character­
istic plateau observed at xmT ~  1.05 cm3 mol- 1 K [me ff — 2.91 pB ]

corresponds to the isolated ground state S — 1. Below 5 K, 
the product o f c M T further drops down to 0.77 cm3 mol- 1 
K [me ff — 2.48 pB ] at 1.8 K. It indicates the presence o f additional 
intermolecular antiferromagnetic interactions most likely 
between two crystallographically independent complexes 
bridged by C -H -C l type interactions (the shortest C u -C u  
distance is 7.153 A).

The antiferromagnetic behaviour should originate from the 
superexchange interactions between each copper(II) ion by the 
mixed chloride and p4-O ion pathways. The fitting procedure o f 
magnetic data o f 2 (using the PHI program) was based on the 
quadrangle model assuming three different coupling constants, 
J1 and J2 , logically corresponding to the 3 shortest Cu-Cu 
distances (1-3, 1-4, 3-4: J1) 2 longest (1-2, 2-4: J2) and one the 
longest (2-3) (see Scheme 2) as well as intermolecular C u -C u  
contacts described by the zJ' parameter, and the TIP parameter 
(Scheme 2).

The best agreement with the experimental magnetic data for 2 
was obtained with J1 — -27.5 cm- 1, J2 — -14.4 cm- 1, 
J3 — -8.2 cm- 1, g  — 2.21, zJ — -0.74 cm- 1 and TIP — 61 x 10- 6 
cm3 mol- 1, R — S[(cT)exp -  (xT)calc]2/S[(xT)exp]2 — 1.22 x 10- 5. 
The calculated curve matches the magnetic data well.

The magnetization per formula unit M1 — M m o l/(NA p B ) at 
B — 5 T and T — 2.0 K did not reach a saturation plateau 
(Fig. 10d). In such a case the ground state equals S — 2 and the 
magnetization (per {Cu4} unit) should saturate to the value o f 
M s a t  — 4.0 pB. The obtained value at higher magnetic fields is 
much smaller indicating antiferromagnetic exchange coupling 
between Cu(II) ions.

In case o f complex 3 molar, magnetic susceptibility shows 
a sharp maximum at 25 K (Fig. 10e) what is indicative o f strong 
antiferromagnetic coupling between Cu(II) centres in the
Cu2 O2Cl2  moiety.

The corresponding plot o f c M T value (or magnetic moment) 
[per two Cu(ii) centres] vs. temperature shows a decrease from 
0.66 cm3 mol- 1 K (2.30 pB) at 300 K (lower than expected for the 
spin-only value for two isolated coper(ii) ions with S — 1 and 
g  — 2.00) to 0.0026 cm3 mol- 1 K (0.14 pB) at 1.81 K.

The fitting o f magnetic data o f 3 was carried out using the 
Hamiltonian [eqn (1)] (ref. 34) for an alternating Ising chain 
(Scheme 3) modified by molecular field correction [eqn (2)] 
taking into account the two different exchange pathways, 
through double chloride bridge (J1) and double oxide bridge (J2 ) 
and the TIP parameter:

(1)

where S2nz  denotes the z -  component o f  the 2n-th spin in 
a linear chain

(2)

The zero-field susceptibility o f alternating antiferromagnetic 
Ising chain is:
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(3)

The least squares fit o f the experimental data by these 
expressions leads to the following results: g  — 2.19, and J1 =  
-  3.71 cm—1, J2 =  -  3.08 cm —1 and TIP — 59 x 10—6. The 
discrepancy factor is 7.51 10—5. The variation o f magnetization 
versus magnetic field at 2 K (Fig. 10f) confirms strong antifer­
romagnetic exchange coupling between Cu(i i) ions. In such 
a case, the ground state equals S — 1, and the magnetization 
(per {Cu-Cu} unit) should saturate to the value o f M sat — 2.0 mB. 
The obtained value at higher magnetic fields is much smaller.

In complexes 2 and 3 the possible magnetic exchange path­
ways include coupling via double asymmetric chloro bridges 
and symmetric single in 2 or double 3 oxide bridge. Magnetic 
data clearly shows antiferromagnetic character o f this interac­
tion in both complexes (much stronger in 2) which is in line 
with the data presented in the literature for similar systems. 
According to this, the simple magneto-structural correlations 
related the magnitude o f exchange coupling (J) with the value o f 
bridging angle (Cu-C1-Cu) (4 ),4,35,3<ì or (Cu-O-Cu) (^2),36,3y and 
Cu-C1/Cu-O bridge distance (R) particularly expressed by the 4 / 
R ratio, to the more complicated factors such as geometry 
around the paramagnetic centres, 38-40 and angular distortions 
given by dihedral angle (s) between the equatorial planes. For 
98.2° values o f bridging Cu-C1-Cu angle (lower than 90°) in 
complex 3, asymmetry o f the chloride bridge (two different R 
values, one much shorter 2.258 A and the other much longer 
2.938 A) what causes distortion o f the SP geometry and an 
unusually long distance C u -C u  (3.804 A) a weak antiferro­
magnetic coupling is predicted. Additionally this fact also 
confirms the value o f 4 /R ratio equal 33.4 or 43.5, which is in 
agreement with the experimental results (for 4 /R ratio lower 
than 32.6 or higher than 34.8 the exchange interaction is anti­
ferromagnetic and for values falling in between these limits, the 
interactions are ferromagnetic) . 41

Finally, the weak antiferromagnetic character o f 3 can also 
be attributed to the presence o f intrachain exchange between 
dimeric units through double oxide ion. For dimers with planar 
or near planar Cu2O2 cores, the exchange constant (J) varies 
linearly with the Cu-O-Cu angle (4 ). In case o f 3 4  is equal to 
105.5° (higher than border value o f 97.5°), the interaction is 
predicted to be antiferromagnetic (S — 0 ground state). Angular 
distortions o f LCu-O-CuL units may cause that the magnetic 
interaction becomes less antiferromagnetic at a given value o f 4  

as a dihedral angle (d) between the two Cu2O2 planes is reduced 
from 180°.42 In complex 2 the observed stronger antiferromag­
netic coupling is a result o f C u -C u  interaction transmitted 
through the oxide bridge. The 8  value is less than 180° as well as 
large Cu-O-Cu angle (from 105.97 to 111 °) spends the limit 
typical o f such an interaction. In case o f possible Cu-C1-Cu 
magnetic pathway structural parameter suggested ferromag­
netic properties (bridging angle from 76.9 to 79.5° lower than 
90°, short Cu-C1 bridge distances from 2.332 to 2.685 A) what is 
not compatible with the experimental data.

Theoretical computation

To get a more detailed view into magnetic interactions in 
compounds 2 and 4, DFT calculations at the B3LYP-D3/def2- 
TZVP level o f theory were performed to estimate the variation 
o f spin density. The exchange coupling constants J  between the 
paramagnetic Cu(i i) ions were calculated using the “broken 
symmetry” approach, as implemented in ORCA. These J values 
were determined by taking the difference o f the SCF energies 
calculated for the high-spin state (S — 3/2) and the broken- 
symmetry (S — 0) state. The BS state corresponds to configura­
tions in which two unpaired spin-up, a electrons are localized 
on one site and two unpaired spin-down, ß electrons are local­
ized on the other site. The J values (using the H — JS1-S2

formalism) were evaluated using the J — 2(«h s  — « b s )/ 
_  2 _  2 _ 2

( ( S )HS — (S )BS) expression, where « are the energies and {S )

are the average values o f the total spin-squared operator in the 
HS and BS states.

In general, the obtained results are in line with the conclu­
sions reached on the base o f magnetic measurements.

The broken symmetry DFT calculations at the B3LYP-D3 
level performed for the X-ray coordinates o f the structure o f 2 
predicted a strongest antiferromagnetic interaction between the 
1-4 (J  — -18.81 cm-1), 3-4 (J2 — -18.64 cm-1), and 1-3 (J1 — 
-18.61 cm-1) pair o f copper(ii) ions and much weaker between 

1-2 (J2 — -10.55 cm-1), 1-3 (J  — -4.81 cm-1), and 2-3 (J  —
-3.71 cm-1). The spin densities for the high spin states are 
shown in Fig. S11.f The highest Mulliken spin populations are 
at the copper atoms (0.5744-0.5857) and oxygen atom (0.2933) 
while the coordinated chlorine atoms show lower spin pop­
ulations up to -0.041351 (Table S4f). This suggests that a pair 
o f magnetic orbitals, localized on the metal centres as well as on 
the oxygen and the magnetic superexchange interaction 
through the oxygen bridge is more efficient than via chlorine 
ions.

The spin density for the | spin state o f Cu11 in 3 is primarily 
localized on the copper ions (0.5668), but it is important to 
notice that this isosurface shows significant accumulation o f 
spin density on the bridging chlorine atoms (0.1198; 0.0244) 
and oxygen atoms (-0.0538; -0.0351) (Table S4f). The DFT 
calculations showed that coupling between the Cu(II) ions 
should be antiferromagnetic in the nature, stronger through 
chlorine ions (J3 — -2.189 cm-1) than oxygen bridge (J2 — 
-1.783 cm-1) and this finding agrees qualitatively with the

Fig. 11 The EPR spectra  fo r  1 -4  at 295  K to g e th e r w ith  th e  spectra  
s im u la te d  (1 s im -4  sim) using th e  param eters given in th e  text.
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Table 10 H yd ro d yn a m ic  d ia m e te r d e te rm in e d  by DLS tech n ique . Loading c o n te n t and encapsu la tio n  e ffic ie n cy  fo r th e  resu lting  P lu ron ic  P-123 
fo rm u la tio n s  de te rm in e d  by IC P-M S

Form ulation H ydrodynam ic diam eter [n m ] LC ±  SD [% ] EE ±  SD [% ]

U n loaded_M 19.23 ±  0.43 PD I — 0.34 ±  0.12 _ _
Com plex 1M 23.45 ±  0.46 PD I — 0.49 ±  0.11 3.97 ±  0.91 99.21 ±  0.35

Com plex 3M 23.57 ±  0.40 PD I — 0.49 ±  0.07 5.52 ±  1.84 99.41 ±  0.33

Table 11 IC50 [mM] fo r  th e  tested  c o m p o u n d s

24 h

Non-cancerous ce ll lines Cancer ce ll lines

Com pound HEK293T HaCat MCF7 DU145 A549

Com plex 1 > 1000 > 1000 > 1000 > 1000 > 1000
Com plex 1M > 1000 > 1000 994.22 ±  62.6 113.05 ±  42.4 464.69 ±  31.3

Com plex 2 > 1000 > 1000 > 1000 > 1000 > 1000
Com plex 3 > 1000 > 1000 > 1000 124, 23 ±  16.20 > 1000
Com plex 3M > 1000 > 1000 964.21 ±  87.5 71.72 ±  13.2 615.19 ±  45.0

2-Pyrid inem ethanol > 1000 > 1000 > 1000 > 1000 > 1000
2-Pyrid ineethanol > 1000 > 1000 > 1000 > 1000 > 1000
2-Ethylpyridine > 1000 > 1000 > 1000 > 1000 > 1000
Cisplatin 2 1 .0  ± 1.8 13.3 ±  1.1 50.9 ±  2.6 98.28 ±  1.3 56.99 ±  1.3

experimental conclusion and the coupling established within 
the spin model.

EPR spectra

The experimental EPR spectra o f polycrystalline complexes 1-4 
shown in Fig. 11 correspond to the local symmetry o f Cu(II) 
coordination sphere close to axial and an unpaired electron in 
the dx2-y2 orbital.

There is no change in the line shape, line width and reso­
lution as a function o f temperature.

Simulation o f these spectra allowed us to determine the 
exact values o f the g-tensor parameters gz — g y , gx — gy — g t , gav

— 1/3(g|| + 2gt ) a measure o f the interaction between the 
magnetic moment o f the unpaired electron o f Cu(II) ion. The 
smallest g-tensor anisotropy for complex 4 (g y  — 2.200, g t  — 
2.052 and gav — 2.101) corresponds to the planar geometry o f the 
anion with averaged cis-angle o f 90° what is only the third 
known example with square planar geometry examined by
EPR.43

In case o f the rest o f examined complexes the values o f the g- 
tensor are higher: (g y  — 2.209, g t  — 2.059 and gav — 2.109) for 1, 
(g y  — 2.212, g t  — 2.062 andgav — 2.112) for 2 and (g y  — 2.214, g t
— 2.058 and gav — 2.111) for 3 due to the change o f geometry 
from planar to trigonal pyramidal.

Biological properties

Complex 4 turned out to be very toxic towards healthy cells and 
inactive against cancer cells so only 1 and 3 compounds, 
nontoxic towards normal cells, were encapsulated into poly­
meric micelles made o f Pluronic P-123 (PEO-PPO-PEO triblock 
copolymer), using thin-film hydration method (Table 10 and

11).44 Complex 2 after being dissolved in biological medium 
adopts the same structure as compound 1, what was confirmed 
by UV-Vis spectra and FT-IR spectroscopy.

Zeta potential o f stable Complex 1M and Complex 3M 
micelles was determined to be -1.83 ±  0.23 mV and -1.67 ±  
0.33 mV (pH — 7.4), respectively. This slightly negative potential 
results from the uncharged PEO amphiphilic copolymers and it 
is in agreement with our previous results44 and also these o f 
other researchers.45

Cytotoxicity o f the copper(ii) complexes (1, 2, 3), starting 
ligands (2-pyridineethanol, 2-pyridinemethanol, 2-ethyl- 
pyridine) and nanoformulations o f Cu(II) complexes (complex

Fig. 12 Selected im ages o f ca n ce r cells tre a te d  w ith  c o m p le x  1_M in 
IC50 (m agn ifica tion  2 0 .0 0 x , bar 50 mm). T he  green cells w ith  no rm a l 
m o rp h o lo g y  are v iab le  ones (fluo resce in  d iace ta te , FDA), w h ile  ro und 
red cells are dead (p ro p id iu m  iod ide, PI).
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Fig. 13 T im e -d e p e n d e n c y  o f  fina l in tra ce llu la r c o p p e r c o n ce n tra tio n  
expressed as ng Cu per m g p ro te in  a fte r 24 h o f  in cu b a tio n  w ith  the  
HEK293T, HaCat, MCF7, DU145 and A 549  ce ll lines fo r  1 and 3 
com p lexes in c  —  1 mM.

1M, complex 3M) was tested in vitro against various cancer cell 
lines: human lung adenocarcinoma (A549), human breast 
adenocarcinoma (MCF7), human prostate carcinoma; derived 
from metastatic site: brain (DU-145). Additionally, complexes 1­
3 and starting ligands were tested towards two immortalized 
human embryonic kidney (HEK293T) and human keratinocyte 
(HaCat) cell lines. The results o f this assay are shown in Table 
11 together with the results obtained for cisplatin (the reference 
drug). We have chosen these types o f the cells to our investi­
gation because recently published statistics have shown that for 
the past two decades lung, breast and prostate cancer -  are the 
most common cancer types.46

As shown in Table 11, neither the ligand itself or the 
complexes 1 and 2 displayed significant cytotoxicity towards all 
the tested cancer cell lines in concentration below 1000 mM.

All complexes contain copper ion, however, only 3 exhibits 
activity toward DU-145 cancer cells whereas 1 and 2 are inactive, 
what suggests that the chelating ligand also plays a role. The 
enhanced anticancer activity o f complex 3 may result from the 
introduction o f two 2-pyridineethanol molecules, with addi­
tional -OH moiety compared to the second ligand, which, as 
indicated by the results o f the experiments described in the next 
section, increased intracellular copper concentration in cancer 
cells. It is noteworthy that the two tested copper(ii) complexes (1 
and 3) did not exhibit toxicity toward HEK293T and HaCat 
normal cell lines in opposition to 4 which turned out to be 
highly toxic. Therefore, this compound (4) was not subject to 
further biological research. In general, the cytotoxicity o f the 
synthesized complex 3 against the human cancer cell lines 
exhibits similar activity as observed in analogous copper-based 
complexes.47-49“ For example, comparable observations were 
made by Andrew Kellett et al.47 who prepared Cu(ii) complexes 
with several derivatives; one o f the copper complexes was active, 
while the corresponding ligands were not in 24 h o f incubation. 
Results from this study are similar to our data in that there was 
a significant variation in the activity o f the different compounds 
towards human cells. Obviously, several copper(II) complexes 
with much better cytotoxicity against cancer cells have already 
appeared in the literature.49b,c

The use o f liposomal or polymeric formulations loaded with 
chemotherapeutics significantly increases the therapeutic index 
o f many drugs, and provides the intended drug targeting and 
controlled release.50’51 To enhance anticancer properties o f

metal complexes and to control their uptake only by tumor cells 
over the normal ones, we encapsulated metal compounds into 
Pluronic P-123 micelles. O f note, the determined IC50 values for 
complex 1M and complex 3M are one order o f magnitude lower 
than these in case o f the corresponding complexes studied in 
solution for A549 and MCF7 cells, while, in case o f the most 
sensitive line (DU-145), this activity was about 10 times lower for 
complex 1M. In terms o f new drugs development for human 
use, this information is quite important for the safe and effec­
tive use to obtain the desired clinical effect.

To confirm the determined cytotoxicity, viable and dead cells 
were survival stained with fluorescein diacetate (FDA) and pro- 
pidium iodide (PI) after treatment, and the effect was visualized 
under a fluorescence microscope (Fig. 12). FDA was used as 
a versatile fluorescent dye in the form o f a cell-permanent 
esterase substrate. Only in viable cells with suitable enzymatic 
activity fluorescein is intracellularly generated and serves as 
a viability probe, while PI was applied as a red-fluorescent cell 
viability dye, which is excluded from live cells with intact 
membranes, but penetrates dead or damaged cells and binds to 
DNA and RNA by intercalating between the bases.

Searching to correlate the cytotoxic activity o f the complexes 
with their ability to enter the cells, the quantitative assessment 
o f the uptake o f the compounds in cells was performed by 
determining their total Cu content using ICP-MS. The delivery 
o f copper into cells is hampered by several specific and non­
specific proteins which block theirs entrance. However, once 
entering the cells copper complexes are capable o f inducing 
apoptosis.52 A comparison o f the cytotoxicity data depicted in 
Table 11 and the cellular uptake data presented in Fig. 13 
indicates that the antiproliferative effects o f the complexes were 
slightly more pronounced in DU-145 cells than in others cells 
(HaCat, HEK293T, A549, MCF7). As it can be evinced from the 
data reported in Fig. 13, under the same conditions in DU-145

Fig. 14 (A) The  ROS g e nera tion  m o n ito re d  by H2D C F-D A assay in D U - 
145 cells du rin g  s teady incub a tion  w ith  com p lexes  and th e ir c o r re ­
s po nd ing  ligands fo r 24, 4 8  and 72 h in c  —  1 mM. c trl(+ ): H2O 2 as 
positive  c o n tro l and c t r l( - ) :  negative c o n tro l, ce ll w ith o u t c o m p o u n d . 
(B) In flue nce  o f  s tud ied  co m p o u n d s  (IC50) on  in ten s ity  o f  JC -1 0  
flu o re sce n ce  in tre a ted  D U -14 5  cells. A lte ra tio n  in M M P is g iven as an 
em ission ra tio  570 n m /5 3 0  nm . (c trl -  un trea ted  cells, c ip ro flo xa c in  -  
a negative  c o n tro l, ge n ta m ic in  -  a positive  con tro l).
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cells, th e  ce llu lar up take  o f  com plex 1M an d  com plex 3M was 
g rea te r th a n  n o n -encapsu la ted  com plexes. The fact th a t 
co m p o u n d s can  easily en te r a n d  accum ulate  inside cells is very 
im p o rta n t because cellu lar up take  is a  crucial feature for d rug  
effectiveness.

The gen era tio n  o f reactive oxygen species (ROS) h as been  
cited  as a m ajo r con tribu to ry  factor to  th e  h ig h  toxicity a n d  
an tican cer activity o f n u m ero u s  copper com plexes.

In  ad d itio n , tu m o rs  an d  n o rm al cells have m any  d ifferen t 
fea tures, e.g. cancer cells a re  less re s is tan t to  oxidative stress 
th a n  healthy  cells a n d  therefo re  reactive oxygen species (ROS) 
can  be an  effective an ti-tu m o r m odality  a n d  th erapeu tic  ta rget 
for tre a tin g  m alignancies. They can  be p roduced  in  physiolog­
ical processes occu rring  in  the  cells o r gen era ted  as a  re su lt o f 
external factors such  as d rugs, u ltraviolet, ion iz ing  rad ia tio n  or 
m eta l ions a n d  com plexes.51’53 T herefore, to  give in s igh ts  in to  
th e  possib le  m ode o f  ac tion  o f th e  ability  o f com plexes (1 a n d  3) 
a n d  th e ir  ligands (2-pyrid ineethanol, 2-ethylpyridine) to 
genera te  reactive oxygen species w ere s tud ied . ROS g enera tion  
w as detec ted  w ith  th e  app lica tion  o f a  no n flu o rescen t 2',7'- 
d ich lo rod ihydro fluo rescein  d iacetate  (H2DCF-DA) p robe as 
a  ROS detec tor a n d  m o n ito red  by fluorescence spectroscopy. 
The o b ta in ed  resu lts , p re sen ted  in  Fig. 14A, w ere re la ted  to  the 
fluorescence in tensity  o f positive con tro l cells (K(+); in  the 
presence  o f extra H 2O2) a n d  negative con tro l (K (-); con tro l 
u n trea ted  cells).

All co m p o u n d s resu lted  in  th e  p ro d u c tio n  o f th e  a m o u n t o f 
ROS com pared  to  negative con tro l in  th e  o rder com plex 1 > 
com plex 3 > 2 -pyrid ineethanol > 2-ethylpyridyne. Of no te , the 
s tu d ied  com plexes in d u ced  ROS gen era tio n  a t a  significantly  
h ig h e r level th a n  th e ir  u n co o rd in a ted  ligands. The increase in  
ROS sta rted  as early as 24 h  a fter tre a tm e n t a n d  w as detec tab le  
th ro u g h o u t th e  tre a tm e n t a t  all-tim e p o in ts  te s ted  (24, 48, 72 h). 
H ence, it appears  th a t  th e  C u-com plexes u n d e r investigation  
m ay induce oxidative stress in  cells. I t cou ld  be genera lized  th a t 
cytotoxicity o f th e  p re sen t com plexes is m ed ia ted  by or due to 
ROS.

M itochondria l dysfunction  (loss o f m ito ch o n d ria l po ten tial) 
m ain ly  d u rin g  oxidative phospho ry la tion  a n d  th e  an tiox idan t 
GSH dep le tion  is one o f th e  m ajo r sources o f R O S-m ediated cell 
in ju ry  in  cancer. C hanges in  m ito ch o n d ria l m em b ran e  p o ten ­
tia l (DJm)  allow  th e  evaluation  o f  th e  m ito ch o n d ria l func- 
tio n .51’54 B reakdow n o f th e  m ito ch o n d ria l m em b ran e  p o ten tia l 
is associa ted  w ith  th e  o p en in g  o f th e  perm eab ility  o f the 
m em b ran e  tran sitio n  pores, a n d  release o f Cyt-C, A paf (w hich 
can  com bine  w ith  caspase-9 in  th e  cytoplasm ) from  m ito ch o n ­
dria. T his in te rac tio n  usually  triggers a cascade o f executive 
caspases (especially caspase 3 responsib le  for apop to tic  cell 
d eath ).50

H erein , to  designate  th e  significance o f m ito ch o n d ria l 
d iso rder in  ROS p ro d u c tio n  a n d  finally cancer cell dea th  
in d u ced  by Cu(II) com plexes, the  varia tion  in  th e  m ito ch o n d ria l 
m em b ran e  p o ten tia l (MMP) w as m o n ito red  u s in g  th e  JC-10 
p robe (Fig. 14B). G entam icin , w h ich  causes a n  increase in  
MMP a n d  ciprofloxacin w ith  its opposite  effect o n  MMP w ere 
u sed  as a  positive an d  a negative contro l, respectively.

In  th e  p re sen t study, the  decreases in  m ito ch o n d ria l 
m em b ran e  p o ten tia l w ere fo u n d  in  com plexes a n d  ligands 
trea ted  cells, w h ich  fu rth e r ind ica ted  d is ru p tio n  o f m ito ch o n ­
drial m em b ran e  integrity. O f all te s ted  co m pounds , MPM is the 
m o s t significantly  reduced  by the  s ta rtin g  ligands (2-pyr- 
id inee thano l, 2-ethylpyridine), w hile th e  leas t effect is caused  by 
th e  copper com plexes (1 a n d  3) -  th is  tren d  is opposite  to  th a t  of 
ROS genera tion . T hus, o u r foregone conc lu s ion  can  be 
extended , th a t  th e  ROS gen era tio n  a n d  th e  re su ltin g  cell d ea th  
do n o t dep en d  o n  th e  dep le tion  o f MMP.

Conclusions
In  th is  w ork four copper(II) com plexes w ith  2-ethylpyridine (1 
a n d  2) a n d  w ith  pyrid ine alcohols (3 a n d  4) have b een  syn the­
sized an d  characterized  by X-ray analysis, v ib rational spectros­
copy, th e rm a l analysis. M agnetic p ropertie s have been  
p resen ted  as well. All s truc tu ra l s tud ies  have b een  su p p o rted  by 
theo re tica l co m p u ta tio n s a t  th e  B3LYP level o f theory. The 
s tructu re  o f square  p lan a r geom etry  1 is com posed  o f n eu tra l 
trans-[CuCl2(etpy)2] m o n o n u c lea r un its , w here the  copper(II) ion  
is four-coord inate  w ith  two m o n o d en ta te  pyrid ine-based 
ligands a n d  two ch loride an io n s . C om plex 2 crystallizes in  the 
m onoclin ic  space group  P21/n a n d  th e  crystal s truc tu re  consists  
o f te tran u c lear m olecu les [Cu4OCl6(etpy)4] w ith  w ell-know n 
[Cu4(m4-O)(m2-Cl)] core. The A ddison p a ram ete r ca lcu lated  in  3 
a n d  4 confirm s th e  d is to rted  square p lan a r geom etry  o f  Cu 2 +  

ion. The v ib ra tional study confirm s th e  resu lts  o f  th e  X-ray 
analysis co n cern ing  th e  N -donor type o f  coo rd in a tio n  o f th e  2- 
ethylpyrid ine to th e  Cu(II) ion  in  1 a n d  2 a n d  N ,O -donor type of 
coo rd in a tio n  o f th e  2-(hydroxyethyl)pyridine to  the  Cu(ii) in  3 
a n d  2-hydroxym ethylpyridine in  4, respectively. The EPR spectra  
confirm  the  local sym m etry o f Cu(II) co o rd in a tio n  sphere close 
to  th e  axial a n d  a n  u n p a ired  elec tron  in  the  dx2-:y2 orb ital. The 
th e rm a l analysis describes the  stability  o f these  com plexes an d  
we suggest th e  copper o r copper oxide as th e  res idue  p ro d u c t 
after decom position  1-4. The qualitative investigation  o f the 
stability  o f  copper(ii) com plexes in  DMSO so lu tion  by m easu rin g  
UV-Vis a n d  FT-IR spectra  o f 1-4 after d isso lv ing  th e m  in  the 
DSMO solvent w as perfo rm ed . We ind ica te  a  sim ilar p o sitio n  of 
th e  m ark er b an d s  fo u n d  in  th e  so lid  state com plexes 1-4 
com pared  to  th a t  in  th e  DMSO so lu tion . M oreover, no  new  b an d  
in  th e  IR sp ec tru m  w hich  will prove th e  rep lacem en t o f already 
existing  ligands by co o rd in a ted  DMSO m olecule w as observed. 
C onsequently , th e  Cu(II) com plexes are  stable in  th e  u sed  DMSO 
so lu tion  for 96 h o u rs , w h ich  h as b een  exam ined  qualitatively 
(UV-Vis a n d  FT-IR). The an tiferrom agnetic  behav iour o f Cu(ii) 
com plexes is show n an d  th e  in te re s tin g  superexchange in te r­
ac tions betw een each  copper(II) ion  by th e  m ixed ch loride an d  
m4 -O ion  pathw ays in  2 w ere ind ica ted . In  ad d itio n , cytotoxicity 
o f all com plexes w as de te rm ined . C om plex 2 after be in g  d is­
solved in  a b iological m ed iu m  tu rn s  to  co m p o u n d  1, therefore  
th e  cytotoxicity o f 2 is th e  sam e as 1. C om pound  3 exhibits 
m odera te  activity tow ard  DU-145 cancer cells (h u m an  p rosta te  
carcinom a) w hereas 1 a n d  2 are inactive, w h ich  suggests th a t 
th e  ch e la tin g  ligand  also  plays a  role. N otew orthy th e  two tes ted  
copper(II) com plexes (1 a n d  3) d id  n o t exh ib it toxicity tow ard

Op
en

 
A

cc
es

s 
A

rti
cl

e.
 P

ub
lis

he
d 

on 
28 

Se
pt

em
be

r 
20

22
.

H 
Th

is 
ar

tic
le 

is 
lic

en
se

d 
un

de
r 

a 
Cr

ea
tiv

e 
Co

m
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0 

U
np

or
te

d 
L

ic
en

ce
.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/


HEK293T and HaCat normal cell lines. Two (1 and 3) out o f four 
titled complexes were encapsulated into polymeric micelles 
made o f Pluronic P-123, using thin-film hydration method, and 
their cytotoxicity was tested in vitro against various cancer cell 
lines. After this procedure, the determined IC5 0  values for 
complex 1 and 3 are one order o f magnitude lower than these in 
non-encapsulated, and most importantly in the case o f the most 
sensitive line (DU-145), this activity was about 10 times lower for 
1. It could be generalized that cytotoxicity o f the presented 
complexes is mediated by ROS, and the resulting cell death 
depends on the depletion o f MMP. However further, more 
detailed investigations allowing to understand complete mode 
o f theirs action are needed.

Experimental methods
General procedures

CuCl2$2H2O, Cu(CH3COO)2H2O, 2-ethylpyridine, 2-pyr-
idineethanol and 2-pyridinemethanol were purchased from 
Sigma-Aldrich, solvents from Avantor (POCH S.A). All reagents 
were used without further purification.

Preparation of copper(ii) complexes, frans-[CuCl2(etpy)2] and 
[Cu4OCl6(etpy)4] (1 and 2). CuCl2$2H2O (0.1707 g, 1.00 mmol) 
was dissolved in 10 mL o f methanol (complex 1) or in the excess 
solvent for complex 2 (min. 20 mL). The synthesis was con­
ducted at 50 °C in both cases. To the stirred mixtures, 2-ethyl- 
pyridine (230 ml, 2.00 mmol) was added. Immediately after 
adding, the solution change colour from light green to deeper 
green in both cases. The stirring was continued for next 60 
minutes. The resulting violet, large crystals (complex 1) were 
obtained after 5 days; the dark green small crystals o f complex 2 
were noticed two days after synthesis. The crystals o f complexes 
1 and 2 were collected by filtration, washed with methanol and 
diethyl ether. The next step was the process o f air drying o f the 
crystals.

(1):trans-[CuCl2(etpy)2] yield: 0.1325 g, 0.380 mmol (38.0% 
based on CuCl2$2H2O).

Anal. calcd for 1 (348.75 g  mol- 1): C, 48.21; H, 5.20; N, 8.03 
[%] found: C, 47.82; H, 5.06; N, 8.12 [%].

(2): [Cu4OCl6(etpy)4] yield: 0.2275 g, 0.250 mmol (25.0% 
based on CuCl2$2H2O)

Anal. calcd for 2 (911.51 g  mol- 1): C, 36.89; H, 3.98; N, 6.15 
[%] found: C, 37.34; H, 3.96; N, 6.01 [%].

Preparation of copper(ii) complex [Cu2Cl2(pyet)2](3). CuCl2 - 
■ 2H2O (0.1707 g, 1.00 mmol) was dissolved in 8 mL o f methanol 
at room temperature. To the stirred mixtures, 2-pyridineethanol 
(226 ml, 2.00 mmol) was added. Immediately after adding, 
a light green precipitate was obtained. The stirring continued 
for next 60 minutes. The resulting green precipitate was 
collected by filtration, washed with methanol and diethyl ether 
and dried in air. The filtrate was kept for observation; purple 
crystals appeared from it after a week. The next step was the 
process o f air drying o f the crystals.

[Cu2 Cl2 (pyet)2 ] yield: 0.1575 g, 0.356 mmol (35.6% based on 
CuCl2$2H2O).

Anal. calcd for 3 (442.29 g  mol- 1): C, 38.02; H, 3.65; N, 6.33 
[%] found: C, 37.95; H, 3.80; N, 6.15 [%].

Preparation of copper(ii) complex,[Cu(pymet)2 H2O](4).
Cu(CH3COO)2H2O (0.1197 g, 0.500 mmol) was dissolved in 
water (15.00 mL) at room temperature. To the stirred mixture, 2- 
pyridinemethanol (193 ml, 1.00 mmol) was added. Immediately 
after adding, the solution change colour to dark blue, and the 
stirring was continued for next 60 minutes. The resulting blue 
crystals were obtained after 10 weeks and collected by filtration, 
washed with CH 2 Cl2  and diethyl ether. The next step was the 
process o f air drying o f the crystals.

C12H 12CuN2O2■ (4H2O) Yield: 0.0563 g, 0.16 mmol (32% 
based on Cu(CH3COO)2 H2O).

Anal. calcd for 4 (351.84 g  mol- 1): C, 40.96; H, 5.73; N, 7.96 
[%] found: C, 40.43; H, 5.58; N, 7.80 [%].

Elemental analysis was performed on a FLASH 2000 CHNS 
Analyzer.

Electronic absorption spectroscopy was carried out with an 
UV-Vis spectrophotometer (Agilent Technologies, Cary300 UV- 
Vis).

In order to record the UV-Vis spectra the complexes were 
dissolved in DMSO/H2O (9 : 1, v/v) and measured in the inter­
vals 0 (after dissolving), 48 and 96 h. The concentration o f 
compounds was 10- 6 M to record the whole range, and 10- 4 M 
to record d-d bands, respectively.

Characterization of copper(ii) complexes

X-ray analysis. Single crystal X-ray diffraction data o f 1-4 
were collected on a Gemini A Ultra diffractometer equipped 
with Atlas CCD detector and graphite monochromated MoKa 
radiation (a — 0.71073 A) at room temperature. The unit cell 
determination and data integration were carried out using the 
CrysAlis package o f Oxford Diffraction. [Oxford Diffraction, 
CrysAlis PRO, Oxford Diffraction Ltd, Yarnton, England, 2011]. 
The structures were solved by direct methods using SHELXS 
and refined by full-matrix least-squares on F2 using SHELXL- 
2014.55 All non-hydrogen atoms were refined anisotropically. 
The hydrogen atoms were placed in calculated positions refined 
using idealized geometries (riding model) and assigned fixed 
isotropic displacement parameters, d(C-H) — 0.93 A, Ui s o (H) — 
1.2 Ue q (C) (for aromatic); and d(C-H) — 0.96 A, Ui s o (H) — 1.5 
Ue q (C) (for methyl). The methyl groups were allowed to rotate 
around their local threefold axis. Details o f the crystallographic 
data collection, structural determination, and refinement for 1­
4 are given in Table S1.f

The crystal structures have been deposited at the Cambridge 
Crystallographic Data Centre and allocated the deposition 
numbers CCDC 2081700 (1), 2081701 (2), 2081702 (3), 2125621

(4).
Vibrational spectroscopy. ATR FT-IR spectra o f Cu(ii) 

complexes, 2-pyridineethanol, 2-pyridinemethanol, 2-ethyl- 
pyridine and Cu(CH3COO)2 H2O, CuCl2$2H2O were collected 
using a Bruker Vertex 70v Fourier transform infrared spectro­
photometer equipped with an air cooled DTGS detector and 
diamond attenuated total reflection infrared cell at 2 cm- 1 
resolution and 128 scans (for ligands only 16 scans) in the 
middle-infrared (4000-400 cm- 1) and far-infrared (600­
100 cm- 1) regions at room temperature.
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The ATR spectra o f 2% solutions o f copper(ii) complexes in 
DMSO, which were obtained by dissolving 10 mg complexes in 
500 mL DMSO, were measured in the intervals 1, 24, 48, 72 and 
96 h. The procedure was conducted by applying a drop on the 
diamond plate o f the ATR accessory. The measurement 
parameters were the same as before. instrument control and 
initial data processing were performed using OPUS Software (v. 
7.5, Bruker Optics, Ettlingen Germany). The FT-Raman spectra 
o f ligands were collected on a Bruker MultiRam spectrometer 
(Nd:YAG laser with a CW radiation at 1064 nm) equipped with 
a liquid N2 cooled germanium detector at resolution o f 4 cm-1, 
co-addition o f 1024 scans, and laser power values o f 300 mW. 
For all complexes and salts, the spectra were recorded on the 
Bruker dispersive Raman Spectrometer Senterra coupled with 
a confocal microscope with 633 nm and 532 nm lasers, lenses o f 
different focal lengths and a sample stage with an automatic 
shift in the x, y, z directions; enabling in this way spectroscopic 
mapping o f the samples with the positioning accuracy up to 
0.0001 mm. The presented spectra were recorded in the range o f 
4450-45 cm-1 with a resolution o f 9-18 cm-1 using 633 and 
532 nm exciting laser lines and 25 x 1000 pm aperture, 
respectively.

Thermogravimetry analysis. Thermogravimetric analysis 
(TG) was performed on TGA 4000, PerkinElmer. Samples (mass 
~5.00 mg) were measured in presence o f nitrogen in the furnace 
atmosphere at a heating rate o f 10 °C min-1 in the range o f 25­
1000 °C.

Magnetic measurements. Variable-temperature (1.8-300 K) 
direct current (DC) magnetic susceptibility measurements 
under applied field BDC =  0.5 T and variable -  field (0-5 T) 
magnetization measurements at low temperatures were carried 
out with Quantum Design SQUID magnetometer. Raw magnetic 
susceptibility data were corrected for the underlying diamag­
netism and the sample holder. Magnetic measurements were 
carried out by crushing the crystals and restraining the sample 
in order to prevent any displacement due to its magnetic 
anisotropy.

EPR spectra. X-band EPR spectra o f polycrystalline 
complexes were measured at 295 K using a Bruker ELEXYS E500 
Spectrometer equipped with a NMR teslameter and frequency 
counter. The experimental spectra were simulated with the 
Doublet Exact (S =  1/2) computer program written by Dr Andrew 
Ozarowski from NHMFL, Florida University, Tallahassee, USA.

DFT computation. Theoretical calculations were done using 
the ORCA 4.0 suite o f programs56 and Gaussian 09 packet57 
without any symmetry constraints. The X-ray coordinates were 
used. The initial guesses were provided by calculations based on 
the B3LYP-D3 (ref. 58) functional in conjunction with the def2- 
TZVP. Calculations were performed for both “single point” and 
optimized molecules, as it is often done. The changes related to 
the density distribution on atoms and the spin distribution was 
small. in  fact, it can be assumed that the distribution is the 
same. The Chemcraft59 was employed for model preparation 
and visualization o f the results.

Cell lines. MCF7 cell line (human breast adenocarcinoma, 
morphology: epithelial-like, ATCC: HTB-22), A549 cell line 
(human lung adenocarcinoma, morphology: epithelial, ATCC:

CCL-185), human keratinocytes (HaCaT) were cultured in Dul- 
becco's Modified Eagle's Medium (DMEM, Corning) with 
phenol red, supplemented with 10% fetal bovine serum (FBS) 
and with 1% streptomycin/penicillin. DU-145 cell line (human 
prostate carcinoma); derived from metastatic site: brain and 
HEK293T cell line (human embryonic kidney) were cultured in 
minimum essential medium (MEM, Corning) with only 10% 
fetal bovine serum (FBS). Cultures were incubated at 37 °C 
under a humidified atmosphere containing 5% CO2 . Cells were 
passaged using a solution containing 0.05% trypsin and 0.5 mM 
EDTA. All media and other ingredients were purchased from 
ALAB, Poland.

Cytotoxic study in vitro. Since most o f the studied 
compounds are insoluble in aqueous media, therefore they 
needed to be pre-dissolved in DMSO for biological tests. Cyto­
toxicity was assessed by MTT assay performed according to the 
protocols described previously.51 In brief, 1 x 104 cells per well, 
seeded in 96-well flat bottom microtiter plate in 0.2 mL o f 
culture medium. Cells were incubated with the complexes 1, 3, 
4, 2-pyridineethanol, 2-pyridinemethanol and 2-ethylpyridine 
compounds at various ranges o f concentrations (0.01-1 mM) for 
24 hours. In the first approach after that time, solutions o f 
compounds were washed out, cells were washed three times 
with PBS and IC50 values were assessed at once (24 h). Each 
compound concentration was tested in five replicates and 
repeated at least three times. Determined values o f IC50 
(concentration o f a drug required to inhibit the growth o f 50% 
o f the cells) are given as mean + SD (Standard Deviation). 
Furthermore, post-treatment survival assessment o f the treated 
cells was analyzed under a fluorescence inverted microscope 
(Olympus IC51, Japan) with an excitation filter 470/20 nm. For 
this, cells were stained with two versatile fluorescence dyes: 
fluorescein diacetate (FDA, 5 mg mL-1) and propidium iodide 
(PI, 5 mg mL-1) in standard conditions in the dark for 20 min. 
Before visualization dyes were removed and cells were washed 
with PBS twice.

Fluorescence microscopy. Viable and dead cells were detec­
ted by staining with fluorescein diacetate (FDA, 5 mg L-1) and 
propidium iodide (PI, 5 mg L-1) for 20 min and examined using 
fluorescence inverted microscope (Olympus IX51, Japan) with 
an excitation filter o f 470/20 nm. Photographs o f cells after 
treatment with the tested compounds were taken under 
magnification 20 x .

Cellular uptake. HEK293T, HaCat, MCF7, DU145, and A549 
cells at density o f 1 x 106 cells/2 mL were seeded on 6-well 
plates and were incubated with 1 and 3 (1 pM) for 24 h at 
standard conditions (37 °C, 5% CO2). Additional wells were 
incubated with medium alone as negative control. Then, 
compound solutions were removed; the cells were washed twice 
with PBS buffer, and trypsinized. Measurement o f the concen­
tration o f copper ions was carried out using a mass spectrom­
eter (ELAN 6100 PerkinElmer) with an inductively coupled 
plasma (ICP-MS). For analysis collected cells were mineralized 
in 1 mL o f 65% HNO3 at 60 °C for 1 h. The copper content under 
each condition is expressed as ng mg-1 protein. Protein content 
was assessed with Bradford Protein Assay (Thermo
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Scientific™).51 The experiment was repeated at least 3 times and 
the results are presented as mean value + SD.

Generation of reactive oxygen species. Cellular production o f 
reactive oxygen species (ROS) was determined by photometric 
tests using Cyto-ID®Hypoxia/Oxidative Stress Detection Kit 
(Thermo Fisher) and was carried out as described previously.51 
The assay was performed in 96-well plates, where the cells were 
seeded at a density o f 105 cells per 0.2 mL o f medium. The 
experiments were performed in darkness.

Detection of mitochondrial membrane potential (C). Mito­
chondrial membrane potential (MMP) depletion was deter­
mined by JC-10 Assay (Life Technologies, USA). DU-145 cells 
were seeded on 96-well plates at 1 x 104 cells per 0.2 mL. After 
24 h medium was replaced with solutions o f organic and inor­
ganic compounds at IC50 concentration as well as gentamicin 
(0.5 mg mL-1) and ciprofloxacin (10 pg mL-1) as positive and 
negative control, respectively. After that, cells were incubated 
for 24 h at standard condition (37 °C, 5% CO2). Then, they were 
washed twice with PBS buffer and incubated with JC-10 for 1 
hour. Afterwards, emission was measured at two different 
excitation wavelengths (1ex =  540 nm, 1em =  570 nm) and (1ex =  
485 nm, 1em =  530 nm). Results are presented as the intensity 
ratio o f red to green emission (mean + SD).
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