Published on 18 July 2013. Downloaded by University of Tennessee at Knoxville on 15/09/2014 17:48:29.

Dalton
Transactions

Cite this: Dalton Trans., 2013, 42, 12495

Received 26th April 2013,
Accepted 5th June 2013

DOI: 10.1039/c3dt51095f

RSCPublishing

Ligand dependent self-assembly of hydroxido-bridged
dicopper units templated by sodium iont

Avijit Sarkar,? Alok Ranjan Paital,® Rais Ahmad Khan,? Farukh Arjmand,®
Valerio Bertolasi,© Corine Mathoniére,®¢ Rodolphe Clérac™® and Debashis Ray*?

Crown-ether like interaction of two neutral [Cu,(p-OH)(u-L")] (HsL' = 2-(2'-hydroxyphenyl)-1,3-bis[4-
(2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazolidine) fragments, around a central Na* cation as self-assembly
template, led to the formation of [Na{Cu,(u-OH)(u-L")},]CIO, (1). Di-tert-butyl group substituted HsL?
{2-(3,5-di-tert-butyl-2-hydroxyphenyl)-1,3-bis[4-(3,5-di-tert-butyl-2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-
imidazolidine} conversely yields only [Cu,(u-OH)(u-L?)]-1.5H,0 (2), by discarding aggregation around the
Na* ion. The crown-ether type aggregate 1 exhibits ferromagnetic interactions within the double oxido-
phenoxido [Cu,] fragments and weak antiferromagnetic interactions are mediated by the O---Na*---O
bridges. Complex 2 registers only weak antiferromagnetic interactions within the oxido-phenoxido
bridged [Cu,] entity. UV-visible and emission titration spectroscopy establish the interaction of cationic
complex 1 with calf thymus DNA in Tris buffer and it cleaves supercoiled pBR322 DNA from in situ

www.rsc.org/dalton generated ROS.

Introduction

Crown ethers are cyclic covalent compounds consisting of
rings containing ether groups and have been known as size-
specific cation-binding species for over 40 years." The in-
organic structural analogues of crown ethers, popularly known
as metallacrowns, are coordination compounds formed from
self-assembly of several metal ions and oximate based
ligands.? Study of crown ethers and metallacrowns can greatly
enrich our knowledge of host-guest chemistry as both of these
are good host molecules. In many cases, the metal-organic
cyclic frame does not exist without the incorporation of guest
cation, which plays the role of a cation template.* For the
construction of transition-metal based cage-like compounds
with interesting structures and properties, the template reac-
tion has been extensively used. It is worth noting that in most
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of the cases these systems would not have formed without this
template approach.>® Use of Na™ or other similar cations as a
template for the assembly of two dinuclear units requires,
besides transition-metal ions such as Cu®", phenolate based
ligands capable of both coordinating and bridging the Cu**
ions and interacting with the templating cation. Anions such
as Cl7, N;7, HO™ or O®” can instead interact through direct
coordination with metal ions having at least one vacant coordi-
nation site and can function as coordinating nucleating
groups for the newer metal-ligand assembly.” ' Thus syn-
thetic coordination chemistry that facilitates controlled aggre-
gation around these anions to generate polynuclear complexes
is of great interest. Involvement of double hydroxido bridges
for a tetranuclear Cu, assembly has been studied by us on a
piperazine based ligand.'" The role of the ligand structure,
the fine-tuning of reaction conditions and the nature of the
bases are crucial to generate water-derived HO™ and O~
groups and to control the aggregation process. The Cu, com-
plexes considered so far as models to study magnetic exchange
interactions,’”™* DNA binding and cleavage," oxidation of
catechols,"'®'” and act as hydrolytic agents for glycosides'®
can also be used as building motifs for the construction of
newer tetra- and polynuclear assemblies.'>* In general, the
assembly of two dinuclear units leads to four types of Cu,
aggregates, namely tetrahedron, cubane, partial dicubane and
stepped cubane.’ We have shown that the O>~ anion can func-
tion as a nucleating group for Cu,(p,-O) aggregate formation
from the assembly of two Cu, units bound to different ligand
systems.>*>® While trying to isolate and study newer forms of
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such assemblies, we have been interested to explore the
reactivity of the dinucleating heptadentate phenol based
ligands H;L" {Chart 1: n = 1 for 2-(2"-hydroxyphenyl)-1,3-bis[4-(2-
hydroxyphenyl)-3-azabutenyl]-3-enyl]-1,3-imidazolidine)*®  and
n = 2 for 2-3,5-di-tert-butyl-2-hydroxyphenyl)-1,3-bis[4-(3,5-
di-tert-butyl-2-hydroxyphenyl)-3-azabutenyl]-1,3-imidazolidine)*”}
with Cu(u) ions.

In addition, Cu(u) complexes have been reported to serve as
potential pharmacological agents and as potential anticancer
and cancer-inhibiting agents.”*** Numerous examples of
mixed-ligand Cu(u) complexes, which strongly bind and
cleave DNA, exhibit prominent anticancer activities and regu-
late apoptosis. Various studies demonstrated that multinuclear
Cu(n) complexes can promote DNA cleavage significantly by
selectively oxidizing deoxyribose or nucleobase moieties.*® The
copper centers in multinuclear complexes act synergistically to
cleave DNA with higher efficiency or selectivity.>’*® Therefore,
nuclearity is considered as a crucial parameter for DNA clea-
vage.*>*® Design of multinuclear copper complexes with suit-
able recognition elements in the ligand scaffold for binding
and cleavage of DNA has drawn considerable attention in
recent years.

Herein, two copper(n) complexes are reported: (i) [Na{Cu,-
(w-OH)(p-LY)},]ClO, (1), which contains a central Na* template
bound to two facial O; halves from each tris-phenol based
ligands, and (ii) [Cuy(p-OH)(u-L*)]-1.5H,0 (2), obtained from
the tert-butyl substituted analogue of the former ligand inhi-
biting aggregate formation around the cationic template.
These complexes have been synthesized, isolated and charac-
terized crystallographically. Their magnetic properties and
interaction with DNA have been also examined.

33-35

Experimental section
Materials and physical methods

All the starting chemicals and solvents were analytically pure
and used without further purification. 2-(2-Hydroxyphenyl)-
1,3-bis[4-(2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazolidine
(H;L")*” and 2-(3,5-di-tert-butyl-2-hydroxyphenyl)-1,3-bis[4-(3,5-
di-tert-butyl-2-hydroxyphenyl)-3-azabut-3-enyl]-1,3-imidazolidine)
(H5L?)*® were prepared as previously described. All other chemicals
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and solvents were reagent grade materials and were used as
received without further purification. The elemental analyses
(C, H, N) were performed with a Perkin-Elmer model 240C
elemental analyzer. FTIR spectra were recorded on a Perkin-
Elmer Spectrum RX1 spectrometer. The solution electrical con-
ductivity and electronic spectra were obtained using a Unitech
type U131C digital conductivity meter with a solute con-
centration of about 107 M and a Shimadzu UV 2450UV-vis
spectrophotometer, respectively. For the DNA binding study,
electronic spectra were recorded on a UV-1700 PharmaSpec
UV-vis spectrophotometer (Shimadzu). Emission spectra were
determined with a Hitachi F-2500 fluorescence spectropho-
tometer. Magnetic susceptibility measurements were obtained
with the use of a Quantum Design SQUID magnetometer
MPMS-XL. This magnetometer works between 1.8 and 400 K
for dc applied fields ranging from —7 to 7 T. Measurements
were performed on microcrystalline samples of 12.57 mg and
18.51 mg for 1 and 2, respectively. The magnetic data are
corrected for the sample holder and the diamagnetic contri-
butions. Cleavage experiments were performed with the help
of Axygen electrophoresis supported by Genei power supply
with a potential range of 50-500 V, visualized and photo-
graphed by a Vilber-INFINITY Gel documentation system. DNA
binding experiments that include absorption spectral studies,
fluorescence studies and cleavage experiments conform to the
standard methods*'™** and practices previously adopted.***’
Standard error limits were estimated using all data points.
Caution! Perchlorate salts are potentially explosive, only a
small amount should be prepared and handled with proper care.

Synthesis

H;L' and H;L? ligands. Two tris-phenol based ligands were
prepared from the single-step Schiff-base condensation reac-
tions of salicylaldehyde (5.89 mL, 15 mmol) and 3,5-di-tert-
butyl-2-hydroxybenzaldehyde (11.91 g, 15 mmol) with triethyl-
enetetramine (0.74 mL, 5 mmol) in MeOH (30 mL) for 2 h, as
reported previously.>”*

[Na{Cu,(p-OH)(p-LY)},]JClO, (1). To a yellow dichloro-
methane solution (15 mL) of H;L' (0.50 g, 1.09 mmol) a
MeOH solution (10 mL) of NaOH (0.174 g, 4.36 mmol) was
added dropwise followed by another MeOH solution (5 mL) of
Cu(ClO,),-6H,0 (0.80 g, 2.18 mmol) with stirring at ambient
temperature in air. The resulting green solution was stirred for
1 h during which no solid product separated. The green solu-
tion was then evaporated in air at ambient temperature and
after about 6 h a green precipitate appeared. The deep green
solid was isolated by filtration through a G4 glass frit, washed
with water followed by ethanol and hexane and dried under
vacuo over P,0;o. Green plate-like single crystals suitable for
X-ray analysis were obtained from an acetonitrile solution after
6 days. Yield: 0.54 g, 75%. Anal. Calc. for C5,H5cN3O;,NaClCu,
(1321.66 g mol™): C, 49.07; H, 4.27; N, 8.48. Found: C, 48.98;
H, 4.35; N, 8.56%. Selected FTIR bands: (KBr, cm™*, vs = very
strong, s = strong, m = medium, w = weak): 3447 (vs) 2371 (vs),
1635 (vs), 1458(s), 1313 (s), 1049 (m), 775 (m), 625 (w). Molar
conductance, Ay (DMF solution): 130 Q™' em® mol ™. UV-vis
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spectra [Amax/nm (¢/L mol™* em™)]: (CH;CN solution) 600
(410), 397 (24 160), 358 (26 460).

[Cu,(p-OH)(p-L*)]-1.5H,0 (2). To a MeOH solution (20 mL)
of H;L? (0.79 g, 1 mmol), another MeOH solution (5 mL) of
Cu(ClO,),-6H,0 (0.74 g, 2 mmol) was added dropwise with
magnetic stirring during 15 min. After 30 min, a MeOH solu-
tion (5 mL) of NaOH (0.16 g, 4 mmol) was added slowly to the
previous solution during 10 min. The reaction mixture was
then stirred for another 30 min. A deep green solid was separ-
ated from the resulting green solution on solvent evaporation
in air. The product was collected by filtration through a glass
frit and washed thoroughly with water. The compound was
finally dried in vacuo over P,O,0. Green single crystals suitable
for X-ray analysis were obtained from CH3;OH after one week.
Yield: 0.54 g, 75%. Anal. Calc. for CsiH;sCu,N;0,4-1.5H,0
(963.26 g mol™*): C, 63.59; H, 8.27; N, 5.82. Found: C, 63.32; H,
8.17; N, 5.88%. FTIR (KBr, cm™"): 3448(br), 2371(m), 1629(s),
1459(s), 1167(s). Molar conductance, Ay (CH3;CN solution)
3 Q7' em® mol ™. UV-vis spectra (CH3CN), [Ama/nm (&/L mol ™"
em™ )]z 660 (144), 392 (3285), 253 (15 281), 234 (16 827).

Results and discussion
Synthesis and characterization

The ligands H;L' and H;L?> were prepared (Scheme S1 in ESIT)
following a literature procedure,”””® and their reactions
with Cu(u) salts systematically investigated. Reaction of
Cu(ClO,),-6H,0 with H;L' in MeOH in the presence of NaOH
provided [Na{Cu,(p-OH)(pw-L')},]ClO, (1, Scheme 1). Use of
NEt; in MeOH or the absence of NaOH did not provide the

R R

HO'

R R=H,H,L'
R='Bu, H;L?

Scheme 1 Reaction of Cu(ClO,),-6H,0 with HsL' and HsL? in MeOH in the
presence of NaOH: Reagents and conditions: i 2HsL” + 4Cu(ClO4),6H>0 +
8NaOH in MeOH, room temp.
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H,O0 bridged [Cu,] complex. The complex precipitated directly
from the reaction mixture as a green solid in ~75% yield. The
preparation of complex 1 is summarized in eqn (1), accounting
for the trapping of Na' from the added NaOH during
synthesis.

2H;L" + 4Cu(ClO,), - 6H,0 + 8NaOH
— [Na{Cu,(p-OH)(p-L")},]ClO, + 7NaClO, + 30H,0 (1)

The microanalytical and solution electrical conductivity
data in DMF are consistent with the formula [Na{Cu,(u-L")-
(u-OH)},]ClO, for 1. However no sign of formation of neutral
hydroxido-bridged species [Cu,(p-OH)(u-L')] was observed,
perhaps because of the higher solubility of monocationic 1,
which crystallizes with a central Na" ion to assemble a pair of
neutral [Cu,(p-OH)(p-L")] units around it (vide supra). To esta-
blish the role of steric crowding on the ligand backbone for
crown-ether like coordination of two tris-phenolate fragments
around Na', a reaction has been carried out with H;L? under
similar reaction conditions. The green complex [Cu,(p-OH)-
(1-L*)](2) (Scheme 1) was directly synthesized in ~75% yield in
MeOH medium under aerobic conditions at room temperature
by stirring a reaction mixture of Cu(ClO,),-6H,0, H;L*> and
NaOH in 2:1:4 molar ratio for 1 h. The synthesis of 2 from
H;L? is summarized in eqn (2).

H;L? + 2Cu(ClO,), - 6H,0 + 4NaOH
2O [Cuy (p-OH) (p-L?)] + 4NaClo, + 15H,0  (2)
The microanalytical and solution electrical conductivity
data confirm the dinuclear entity for 2.

Description of structures

Single crystals suitable for X-ray structure determination were
obtained by slow evaporation of saturated CH;CN and MeOH
solutions of 1 and 2 after 6 days and one week, respectively.
The crystallographic data are summarized in Table 1 and
selected bond lengths and bond angles are collected in
Table 2.

[Na{Cu,(p-OH)(p-LY)},]ClO, (1). The molecular structure of
1 is shown in Fig. 1, and important bond lengths and bond
angles are given in Table 2. Compound 1 crystallizes from a
MeCN solution in the trigonal R3 space group. The double
asymmetric unit contains one tetranuclear complex and one
perchlorate anion. The absence of [Cu,(p-OH)(p-L')] as an
independent dinuclear species suggests that the assembled
heteropentametallic [NaCu,] species is stable as a discrete
molecule in the solid state. The tetranuclear complex consists
of two deprotonated [L']>~ ligands, each of them delivering a
set of N,O; donor atoms to the [Cu,] complex that assembles
around a central Na' ion located on a centre of symmetry.
Electroneutrality of the complex is ensured by one uncoordi-
nated ClO,” anion available from the metal salt. Two hydro-
xido groups complete the coordination environments around
each Cu(n) site (Fig. 1 and 2). The Na' ion at the center of the
complex is surrounded by four Cu(u) ions organized in a
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Table 1 Crystallographic data for 1 and 2

Compound 1 2

Formula C54H56Ng0gCuy-Na™-ClO,~  Cs1H;6N,0,Cu,-1.5H,0
M,/g mol™ 1321.67 1093.41
Space group R3 Cc2/c

Crystal system Trigonal Monoclinic
alA 35.6139(6) 23.2607(12)
b/A 35.6139(6) 19.7554(10)
/A 11.4732(1) 28.1663(14)
al® 90.0 90.0

pl° 90.0 101.913(2)
y/° 120 90.0

VIA® 12 602.4(3) 12 664.3(11)
T/K 295 295

Z 9 8

D /g em™ 1.567 1.010
F(000) 6084 4120
p(Mo-Ka)/em™  16.22 7.11

Rint 0.0328 0.0804
Obsd reflns 5018 6417

[ > 20(1)]

R(F%) 0.0427 0.0664
(obsd reflns)

WR(F?) (all reflns) 0.1356 0.2023

No. of variables 379 561

GOF 1.047 0.992
Apmaxmin/e A7 0.798; —0.614 0.628; —0.367
CCDC No. 651162 840821

rectangular geometry with short and long Cu---Cu distances at
3.018 and 6.088 A and the longest diagonal Cu---Cu distance is
6.789 A (Fig. S1, ESIT). Two Cu(u) ions are held together by one
fully deprotonated heptadentate [L']*~ ligand through bridging
central imidazolidine and phenoxido moieties and one
exogenous p-HO™ group derived from H,O of solvent media.

Table 2 Selected interatomic distances (A) and angles (°) for 1 and 2

View Article Online

Fig. 1 View of the cationic [Na{Cuz(pfOH)(pr))z]+ unit in 1 with atom-num-
bering scheme. H atoms are omitted for clarity. Color code: Cu brown, N blue,
O red, C gray.

The N30, coordination environments around the Cu(u) ions
are between square-pyramidal (sp) and trigonal-bipyramidal
(tbp) (v is 0.187 and 0.617 for Cul and Cu2, respectively).”® The
only clearly identifiable apical position of Cul is occupied by
02 (Cul-02, 2.364 A), the central bridging phenoxido oxygen
atom (p-Opyp) of the ligand, which takes, by contrast, a basal
position of Cu2 (apical-basal bridging, a,b; Cu2-02, 2.163 A).
In turn, the bridging hydroxide oxygen atom (p-Opyq) binds
to the short basal position of Cu2 (at 61.7% thp geometry)
(Cu2-04, 2.028 A) and also uses a shorter basal site of Cul
(basal-basal, b,b; Cul-04, 1.919 A) (Chart 2). Complexes
featuring a [Cu,(p-Opp)(1-Onya)] moiety having a (a,b + b,b)

1 2

Cul-N1 1.921(3) Cu2-03 1.919(2) Cul-04 1.958(3) Cul-02 2.196(3)
Cul-04 1.919(2) Cu2-N4 1.940(3) Cu2-04 1.942(3) Cu2-02 1.906(3)
Cul-01 1.935(2) Cu2-04 2.028(2) Cul-01 1.909(3) Cu2-N4 1.933(4)
Cul-N2 2.130(3) Cu2-N3 2.085(3) Cul-N1 1.924(4) Cu2-03 2.094(3)
Cul-02 2.364(2) Cu2-02 2.163(2) Cul-N2 2.131(3) Cu2-N3 2.291(4)
Cul-Na1l 3.4003(3) Cu2-Nal 3.3945(4) Cul-Cu2 3.0150(8)

Cul-Cu2 3.0184(5) Na1-01 2.619(2)

Nal-02 2.315(2) Na1-03 2.601(2)

N1-Cul-04 165.7(1) 03-Cu2-N4 94.4(1) 01-Cu1-03 102.1(1) 03-Cu2-02 130.7(1)
N1-Cul-01 92.8(1) 03-Cu2-04 89.6(1) 01-Cul-04 90.2(1) 02-Cu2-04 91.0(1)
04-Cul-01 91.7(1) N4-Cu2-04 139.9(1) 01-Cul-N1 91.9(1) 02-Cu2-N3 144.7(2)
N1-Cul-N2 84.1(1) 03-Cu2-N3 176.8(1) 01-Cul-N2 168.6(1) 02-Cu2-N4 91.0(2)
04-Cul-N2 91.1(1) N4-Cu2-N3 83.6(1) 03-Cul-04 81.5(1) 03-Cu2-04 84.6(1)
01-Cul-N2 176.9(1) 04-Cu2-N3 93.5(1) 03-Cul-N1 105.8(1) 03-Cu2-N3 84.6(1)
N1-Cu1l-02 108.7(1) 03-Cu2-02 91.0(1) 03-Cul-N2 89.3(1) 03-Cu2-N4 99.9(1)
04-Cu1-02 84.6(1) 04-Cu2-02 87.6(1) 04-Cul-N1 171.8(2) 04-Cu2-N3 92.3(1)
01-Cu1-02 92.3(1) N4-Cu2-02 132.1(1) 04-Cu2-N2 92.3(1) 04-Cu2-N4 172.0(2)
N2-Cu1-02 89.1(1) N3-Cu2-02 88.7(1) N1-Cul-N2 84.1(2) N3-Cu2-N4 81.6(2)
N1-Cul-Nal 111.90(8) 03-Cu2-Nal 49.61(7) Cu1-03-Cu2 89.3(1) Cul-04-Cu2 101.3(1)
04-Cul-Nal 81.27(7) N4-Cu2-Nal 130.83(9)

01-Cul-Nal 50.08(6) 04-Cu2-Nal 80.08(7)

N2-Cul-Nal 131.65(7) N3-Cu2-Nal 130.50(8)

02-Cul-Nal 42.83(5) 02-Cu2-Nal 42.42(5)

Cu1-02-Cu2 83.51(7) Cul-04-Cu2 99.73(10)
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Fig. 2 View of the atom connectivity within the [NaCu,] rectangular core with
the phenoxido and hydroxido bridges in 1. Each phenoxido bridge (O2) joins
the apical position of one copper (Cul) atom with the basal position of the
other (Cu2). Color code: Cu brown, N blue, O red.

------------- N4
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Chart 2

distribution are not very common in the literature of copper
complexes. Important parameters are the Cu-Op,—Cu and
Cu-Oyyq-Cu angles, which are 83.5 and 99.7°, respectively.
Twisting of the imidazolidine ring containing chelating arms
makes the ligand flexible which in turn supports asymmetrical
coordination environments around two copper(u) ions within
the binuclear unit. C8-C9-N2-C12 (imidazolidine) and
C20-C19-N3-C12 (imidazolidine) torsion angles on either
side of the ring are 90.02 and 173.15°, respectively, for the
basal-apical phenolate bridge. The particular arrangement
of the ligand around the two Cu(u) ions results in the for-
mation of a [-O-Cu-O-Cu-O-] moiety properly disposed
to provide two O; facial units for a distorted octahedral

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Molecular view of the neutral dinuclear [Cu(p-L?)(u-OH)] unit in 2 with
atom-numbering scheme. H atoms are omitted for clarity. Color code: Cu brown,
N blue, O red, C gray.

coordination environment around the central Na“ cation,
responsible for the stability of the [NaCu,] assembly. The dis-
tances of six oxygen atoms from Nal fall within the interval
observed on other metallacrowns or metallacryptates.*®™®
The tetranuclear [Cu,L'(OH)]---Na*---[Cu,L'(OH)] assembly is
further held together by means of n—n interactions established
between terminal phenyl rings of the two ligands where the
distances between the calculated centroids of the interacting
phenyl rings are 3.596 A (Fig. S2 in the ESIT). The face-to-face
orientation of the O donors of each ligand in [Cu,L'(OH)] in
staggered form is responsible for the generation of the cavity
during packing in which the Na* ion fits nicely (Fig. S31). The
uncoordinated perchlorate anion is disordered. The particular
face-to-face orientation of the [Cu,] units along with perchlo-
rate anions is responsible for the existence of cavities.

[Cuy(p-L*)(p-OH)|-1.5H,0 (2). A green block-like single
crystal obtained by slow evaporation of a MeOH solution of
complex 2 was used to determine the molecular structure by
X-ray crystallography. It crystallizes in the monoclinic C2/c
space group. The molecular structure of 2 is depicted in Fig. 3,
and the relevant metric parameters are collected in Table 2.
The asymmetric part of the unit cell contains one neutral
[Cu,(L*)(OH)] unit, a water molecule in general position and a
water molecule in special position on a twofold axis. The [L*]>~
ligand in 2 is arranged as in 1, providing N,O, donor sets
around the copper atoms that include a p-phenoxido bridge
originating from its central pendant arm bound to the imida-
zolidine ring. A single hydroxido group occupies the fifth
coordination site around each Cu(n) (Fig. 3).

The hydroxide bridge gives an intradimer Cu---Cu distance
of 3.015 A that is similar to the shortest intradimer Cu---Cu
distance found in 1. The pentacoordinated N3O, coordination
environments around the Cu(u) ions are between square-pyra-
midal (sp) and trigonal-bipyramidal (¢bp) (r is 0.060 and 0.470
for Cul and Cu2, respectively).”® The Cu-O distances in the
bridging region indicate that the oxido bridge is practically
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Chart 3

symmetrical (Cu1-O4 = 1.958 A; Cu2-04 = 1.942 A) whereas
the phenoxido bridge is particularly unsymmetrical (2.196 and
2.094 A). Therefore, the [Cu,(p-Opy)(i-Onya)] moiety has a
similar (a,b + b,b) distribution to that found in 1. This phen-
oxido bridge may be considered as an apical-basal one with
respect to a sp-tbp (47% tbhp geometry) [Cu,] complex (Chart 3).
Important parameters are the Cu-Op,~Cu and Cu-Opyg-Cu
angle, which are 89.3 and 101.3°, respectively. Two tridentate
ONO halves of the ligand binds differently with Cul and
Cu2 making N-Cu-O angles of 168.6 and 144.7°. The particu-
lar arrangement of the ligand around the two Cu(u) ions
results in a [-O-Cu-O-Cu-O-] arrangement which is entirely
different from that obtained in case of complex 1. Instead of a
O3 facial arrangement these O atoms (01, O2 and O4) remain
in an angular orientation not suitable for coordination of Na*
in a metallacrown like assembly. The tertiary amine nitrogen
atoms of the imidazolidine ring form longer Cu-N bonds of
2.131 and 2.291 A, respectively. The [Cu,0,] diamond stacks
over the imidazolidine pentagon at 2.657 A. The presence of
seven water solvates and one methanol molecule within the
crystal lattice demonstrate the role of these molecules for crys-
tallization. No compound with higher nuclearity is seen with
these molecules. The space-filling models indicates the distri-
bution of water molecules at the surface of the Cu, dinuclear
complex (Fig. S4, ESIT).

IR spectroscopy

The characteristic bands of the [L']’” and [L’]*~ ligands
appear clearly on the FT-IR spectra of the two complexes. The
Uc—n stretching bands are observed at 1624 and 1638 cm™ for
1 and 2. Moreover, strong and broad absorption bands are
observed at 3435 and 3314 em™' due to the Joy stretching
mode of the HO™ bridging groups.*® As expected, this band is
missing in the spectra of the free ligands. The strong single
band for 710, at around 1108 cm ™" for 1 suggest the presence
of uncoordinated perchlorate anions.>°

Electronic spectra

The complexes in CH3CN solutions show multiple bands in
the 200-900 nm region. The ligand-field spectra of the com-
plexes show broad absorption bands (1), with maxima at
600 nm (¢ = 406 L mol™ em™) and 668 nm (& = 152 L mol "
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em ™) for 1 and 2, respectively. The intense absorptions below
400 nm at 269 nm (¢ = 15990 L mol ™" cm™') and 253 nm (e =
21000 L mol™" em™") are dominated by the metal ion bound
ligand-based absorptions for 1 and 2, respectively. Spectra of
these complexes also show shoulders at 370 nm (¢ = 5560 L
mol™ em™) and 392 nm (¢ = 4640 L, mol ™' em™") respectively,
due to HO™ — Cu(u) and/or PhO~ — Cu(u) ligand-to-metal
charge transfer (LMCT) transitions."*

Magnetic properties

The solid-state magnetic properties of 1 and 2 have been inves-
tigated by dc susceptibility measurements down to 1.8 Kat 0.1 T
(Fig. 4). For 1, the T product at room temperature is 1.6 cm® K
mol ™", that is slightly higher than the theoretical value of
1.5 em® K mol™" (with g = 2) expected for four isolated para-
magnetic Cu" ions (d°, S = 1/2). Upon cooling, the 4T product
first increases to reach a value of 1.81 cm® K mol™ at 16 K,
and then decreases to reach a value of 1.53 cm® K mol™ at 2 K.
This indicates that dominant ferromagnetic interactions occur
between Cu" ions in the compound. The low-temperature be-
havior is the result of weaker intra-molecular antiferro-
magnetic exchange interactions between the paramagnetic
centers. For 2, the yT product at room temperature is 0.84 cm®
K mol™, that is slightly higher than the theoretical value of
0.75 cm® K mol ™" (with g = 2) expected for two isolated para-
magnetic Cu" ions (d°, S = 1/2). Upon cooling, the 4T product
is first stable then starts to decrease slightly below 20 K to
reach the value of 0.78 cm® K mol™" at 2 K. This behavior indi-
cates weak antiferromagnetic interactions between the Cu(u)
ions.

Keeping in mind the structure of 1, the magnetic pathways
are expected to be more efficient in the double oxido-

2,_
1.8}

1.6
14
1.3

Cu2

1F Cu2 “
0.8 7

xT /cm3 K mol!

(0 )5 J E—— Loiiauiieg Leviuesy Leiuniiiy Lotissin I
0 60 12 180 240 300

T/K

Fig. 4 Temperature dependence of the xT products for 1 and 2 at 1000 Oe
(with y defined as molar magnetic susceptibility equal to M/H per mole of
complex). The red solid lines are the best fits of the experimental data using
tetramer and dimer spin models (see main text), respectively.
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phenoxido bridged [Cu,] units compared to the ones existing
through the Na bridge. Therefore, 1 can be described as a
rectangle with two exchange constants, J; in the double
oxido-phenoxido bridged [Cu,] pairs and J, through the
Na bridge in all the other Cu(u) pairs, as shown in Fig. 4. The
following Heisenberg isotropic spin Hamiltonian has been
used to describe the exchange interactions in 1:

H = —2J1(Scu1 - Scuz + Scur’ - Scuz’) — 2J2((Scur + Scuz)

: (SCul’ + SCuZ’)) (3)

The application of the van Vleck equation®® allows the
determination of the low-field analytical expression of the
magnetic susceptibility:>

_ 2Nupge,

View Article Online

Cu(n) dinuclear core.”® More surprising are the antiferro-
magnetic interactions observed in 1 at low temperature which
are found to be larger in intensity than the antiferromagnetic
interactions found in 2, as observed with the bigger J, absolute
value compared to J. For 1, they are attributed to exchange
interactions through the Na bridge despite the long distances
between the Cu(ir) ions (between 6 and 7 A). Nevertheless, it is
worth noting that these J, interactions are certainly overesti-
mated by our model, as their estimations also contain the
effects of the intermolecular interactions.

Interaction of complex 1 with DNA

The binding characteristics of the cationic complex 1 with
DNA have been examined by electronic absorption
spectroscopy. The neutral complex 2 has not been studied.

2exp(2/1/ksT) + exp((4]1 — 2/2)/ksT) + 5exp((4/1 + 2J2)/ksT)

xT
(4)

This model is able to reproduce the experimental data of 1
with the following parameters gc, = 2.05(3), Ji/kg = +12.9(2) K
and J,/kg = —1.0(2) K. The positive sign of J; implies that the
two oxido-phenoxido Cu dinuclear units in 1 possess an Sy = 1
spin ground state whereas the other magnetic interactions
between the Cu(u) ions are antiferromagnetic and weak consi-
dering the negative and small J, value.

To reproduce the experimental magnetic data in 2, a simple
dinuclear S = 1/2 spin model has been applied with the follow-
ing Heisenberg isotropic spin Hamiltonian (eqn. (5)) giving
the analytical expression of the magnetic susceptibility
(eqn (6)):

H = —2J(Scu1 - Scu2) (5)

_ 2Np3gl, 1

- ks 3+ exp(—2//kgT)

(6)

The best fit of the yT vs. T for 2 and the best set of para-
meters obtained using eqn (5) and (6) are gg, = 2.11(1), J/kg =
—0.25(1) K. The negative sign of the J parameter implies that
the Cu dinuclear unit in 2 possesses an St = 0 spin ground
state.

The difference in the exchange couplings found in the
oxido-phenoxido bridged [Cu,] pairs, J; and J for 1 and 2,
respectively, can be explained by structural differences in the
[Cu,(4-Opn)(1-Onya)] moiety. Generally speaking for the Cu"
ions, the magnetic interactions mediated through their apical
positions are much weaker than those mediated by bridges co-
ordinated on the basal sites. Therefore, if one considers only
the magnetic pathways that involve equatorial bonds around
each Cu" ions, the complexes 1 and 2 may be viewed as two
almost isolated Cul-Cu2 dinuclear units with a single hydro-
xido bridge with Cu-Opyq—Cu angles of 99.7 and 101.3°,
respectively. Therefore, the change from ferromagnetic to anti-
ferromagnetic coupling between 1 and 2 is related to the
opening of the Cu-Oyyq—Cu angle favoring the orbital overlap
between the Cu(u) ions, as is well-known in the hydroxido

This journal is © The Royal Society of Chemistry 2013

The binding to DNA leads to marked changes in the electronic
spectra of this type of complexes,®® as the complex/DNA assem-
bly via covalent and/or non-covalent interactions®>”° is
expected to perturb the ligand based electronic transitions of
the complexes. Both ‘hyperchromism’ and ‘hypochromism’
can be observed, where the former suggests the rupture of the
secondary structure of DNA, while the latter is characteristic of
complex intercalation®” attributed to the interaction between
the electronic states of the chromophore in the complex and
those of the DNA bases,”® while the red shift is associated with
the decrease in the energy gap between the highest occupied
and the lowest unoccupied molecular orbitals (HOMO and
LUMO) after binding of the complex to DNA.>® The existence
of a red-shift is also indicative of the stabilization of the DNA
duplex.’* The absorption spectra of 1 in the presence and in
the absence of CT DNA (at a constant concentration of com-
plexes, 0.16 x 10~* M) are shown in Fig. 5. Complex 1 displays
bands at 269 and 362 nm, corresponding to the n-n* transition
and LMCT bands, respectively. Upon increasing the concen-
tration of CT DNA, a concomitant increase in absorption inten-
sities is observed with hyperchromism of 55-60% in the intra-
ligand region and of 20-22% in the LMCT region with a sig-
nificant red shift of 2-4 nm. The hyperchromism along with
substantial red shift for compound 1 unambiguously revealed
the active participation of aromatic chromophores via partial
intercalation, in addition to favorable electrostatic interaction
of the cationic core to the polyanionic phosphate backbone of
the DNA double helix.®® These changes in spectra can be
ascribed to strong binding interaction leading to the alteration
in the conformation of DNA.®"®> Furthermore, the spectral fea-
tures are also evocative of an end-stacking binding mode and
could involve supplementary interactions with DNA loops and
phosphate backbone. To evaluate quantitatively, the binding
strength of compound 1 with CT DNA, the intrinsic binding
constant, K, was determined with eqn (7) by monitoring the
changes in absorbance of the n-n* bands with increasing
concentration of CT DNA, where [DNA] represents the
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Fig. 5 Absorption spectra of 1 in a 5% DMF-5 mM Tris-HCI-50 mM NacCl
buffer at pH 7.2 in the absence (R = 0) and presence of (R = 25) of increasing
amounts of CT DNA.
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Fig. 6 Emission spectra of 1 in DMF, in the absence and in presence of CT DNA
in 5 MM Tris-HCI-50 mM NaCl, pH = 7.2, at room temperature.

concentration of DNA, ¢,, & and ¢, are the apparent extinction
coefficients A,pg/[complex], the extinction coefficient for free
metal complex and the extinction coefficient for metal
complex in the fully bound form, respectively.

[DNA]/|6'3 - £f| = [DNA]/|£b - Sf‘ + 1/Kb‘€b — €f| (7)

In the plots of [DNAJ/e, — &¢ vs. [DNA], K, is given by the ratio
of the slope to the intercept. The intrinsic binding constant of
1 was found to be 0.9 x 10* M.

Complex 1 is luminescent in DMF and Tris-HCl buffer
around 395-398 nm at room temperature, when excited at 364
and 391 nm, respectively. The luminescence spectra of 1 in the
absence and presence of CT DNA are depicted in Fig. 6. Upon
subsequent addition of CT DNA (0 to 0.33 x 10~* M), there was
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significant enhancement in the fluorescence intensity without
apparent change in the shape and position of the emission
bands. Although the emission enhancement cannot be
regarded as a criterion for binding mode, it is related to the
extent to which the complex gets into the hydrophobic
environment inside the DNA and reduces the accessibility of
solvent molecules to complex. Hydrophobic interactions
between the complexes and polyelectrolyte may induce changes
in the excited state properties either due to electrostatic associ-
ation or partial intercalation.*?

Furthermore, the cationic complexes usually bind to DNA
non-covalently as the cationic core of the complexes exerts a
strong electrostatic attraction to the anionic phosphate back-
bone of DNA, thus precluding substantial overlap with the
base pairs leading to higher emission intensity indicative of
electrostatic binding to the DNA. It is interesting to note that
an increase in emission intensity yields the electrostatic associ-
ation. The intercalative mode of binding depends upon the
ligand characteristics such as (1) planarity of ligand, (2) extent
of aromatic n-system available for stacking, and (3) depth of
ligand which can penetrate into the double helix. On the other
hand, electrostatic interaction would be more sensitive to the
charge of the metal ion, ligand hydrophobicity, and size of the
complex.®® The CT DNA binding constant of the complex 1
was obtained as K = 1.02 x 10* M™! with a mean standard devi-
ation of +0.05.

In order to examine the ability of the compound to displace
3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide (EB)
from the EB-DNA complex, a competitive EB binding study
has been undertaken with fluorescence experiments.®>®® EB is
a phenanthridine fluorescence dye and is known as a typical
indicator of intercalation.®” It can form soluble complexes
with nucleic acids emitting intense fluorescence in the pres-
ence of CT DNA due to the intercalation of the planar phenan-
thridinium ring between adjacent base pairs on the double
helix.®® The changes observed in the spectra of EB on its
binding to CT DNA are used for the interaction study between
DNA and metal complexes.®’

Upon the addition of 1 (0-40 pM) to CT DNA pretreated
with EB ([EB]/[DNA] = 0.1) in a 5% DMF-5 mM Tris-HCI-
50 mM NacCl buffer at pH 7.1, the emission intensity of DNA-
bound EB decreases. The emission intensity in the absence
and presence of both the complexes with EB-DNA are depicted
in Fig. 7. As there is significant quenching of the EB-induced
emission intensity, thus the partial intercalative mode for the
complexes cannot be ruled out. The Stern-Volmer constant
Kgy is often used to evaluate the quenching efficiency for each
complex and varies with the experimental conditions, where,
I, and I are the emission intensities in the absence and pres-
ence of the complex, respectively.

I,/I =1+ Kgy[complex] (8)
The Kgy value for complex 1 was found to be 1.4 x 10* M.

Change in the electrophoretic mobility of plasmid DNA on
agarose gel is commonly taken as an evidence for direct DNA-
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Fig. 7 Emission quenching spectra of 1 with increasing concentration of
quencher EB in the absence and presence of CT DNA in Tris-HCl buffer at pH 7.2
at room temperature. Arrow shows the intensity changes with the increasing
concentration of EB.
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Fig. 8 The cleavage pattern of the agarose gel electrophoresis for pBR322
DNA (300 ng) by 1 (10-50 uM) after 1 h incubation time (concentration-
dependent).

metal interactions. Alteration of the DNA structure causes
retardation in the migration of supercoiled DNA and a slight
increase in the mobility of open circular DNA to a point where
both forms comigrate. The DNA cleaving ability of complexes
was demonstrated initially by a plasmid relaxation assay, in
which the conversion of super-coiled form (Form I, SC) to
nicked circular (Form II, NC) or linear open circular (Form III,
LC) DNA were monitored. A concentration-dependent DNA
cleavage by compound 1 was performed in which supercoiled
pBR322 DNA (300 ng) was incubated with increasing concen-
tration in 5% DMF-5 mM Tris-HCl-50 mM NaCl buffer at pH
7.2 for 1 h and then subjected to gel electrophoresis. The elec-
trophoretic pattern observed for compound 1 with the increase
in concentration of the complex (10-50 pM), indicates plasmid
DNA was converted from Form I to Form II, while no conver-
sion to Form III was observed. The amounts of Form I DNA
decreased whereas those of Form II increased to more than
80% at a concentration of 50 pM (Fig. 8).
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Fig. 9 Agarose gel electrophoresis pattern for the cleavage of pBR322 DNA
(300 ng) by 1 in the presence of DNA minor groove binding agent DAPI and
major groove binding agent methyl green at room temperature after incubation
for 30 min.
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Fig. 10 Agarose gel electrophoresis pattern for the cleavage of pBR322 DNA
(300 ng) by 1 in the presence of standard radical scavengers at room tempera-
ture after incubation for 30 min.

DNA recognition elements (groove binding) minor groove
binding agent, DAPI and major groove binding agent, methyl
green’®’"! were used to probe the potential interacting site of
compound 1 with supercoiled pBR322 DNA. The supercoiled
PBR322 DNA was treated with DAPI or methyl green prior to
the addition of complex. The patterns presented in Fig. 9
demonstrated that 1 shows preferential selectivity towards the
major groove of the DNA helix.

The comparative cleavage reactions were carried out to
predict the cleavage mechanism of pBR322 plasmid DNA by 1
in the presence of various radical scavengers (Fig. 10) such as
DMSO, tert-butyl alcohol as OH™ radical scavenger,”” NaN; as
'0, scavenger,”® and superoxide dismutase (SOD) as super-
oxide anion radical (O, ) scavenger.®® The cleavage pattern
observed showed significant inhibition of cleavage in all the
cases viz. NaN3z, DMSO, TBA, SOD with complex 1.

X-Ray crystallography

The crystal parameters and other experimental details of the
data collection for 1 and 2 are summarized in Table 1. In each
case, a crystal of suitable size was selected from the mother-
liquor and mounted on the tip of a glass fiber and cemented
using epoxy resin. Single-crystal data of complex 1 were col-
lected on a Nonius Kappa CCD diffractometer using graphite-
monochromated Mo-Ka radiation (1 = 0.7107 A) at 295 K. Data
sets were integrated with the Denzo SMN package’* and cor-
rected for Lorentz-polarization and absorption” effects. The
structure was solved by direct methods (SIR97)’® and refined
by full-matrix least-squares methods with all non-hydrogen
atoms anisotropic and hydrogens included on calculated posi-
tions, riding on their carrier atoms. The H4 hydrogen of the
hydroxo group was located on a difference Fourier map and
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refined isotropically. The ClO,” anion was found disordered
and was refined with occupancy of 0.5. Each oxygen was
refined isotropically over two sites. All calculations were per-
formed using SHELXL-97"7 in the WINGX system of pro-
grams.”® Single-crystal data of the complex 2 were collected on
a Bruker APEX II CCD X-ray diffractometer using graphite-
monochromated Mo-Ka radiation (4 = 0.7107 A). Data were
collected at 295 K. The refinement was performed using full-
matrix least squares with non-hydrogen atoms refined aniso-
tropically, except the methylic groups belonging to three dis-
ordered tert-butyl groups which were refined isotropically over
two sites. To increase stability of refinement, a system of
restraints to the tert-butyl geometries was employed. The
hydrogen atoms were geometrically fixed on calculated posi-
tions, riding on their carrier atoms. The H4 hydrogen of the
hydroxo group was located on a difference Fourier map and
refined isotropically. During the refinement it was possible to
localize and refine only two water molecules, one in general
position and the latter on a special position on a twofold axis.
However, because the presence of an ill-defined region of
residual density, the refinement was far from satisfactory.
For this reason the program SQUEEZE was used to cancel out
the effects of the disordered solvent. SQUEEZE is part of
the PLATON program system’® and attempts to remove
mathematically the effects of disordered solvent.
The graphics were generated using Diamond 3.1e software.

Conclusions

Homotetranuclear copper complexes have become a promising
class of coordination cage in which variation of the metal salt,
ligands or experimental conditions lead to a variety of struc-
tural motifs showing characteristic magnetic and biological
properties. In this work use of an imidazolidine-based unsub-
stituted tris-phenolate ligand leads to a Na' mediated assem-
bly of two neutral [Cu,L'] complex fragments in 1. The di-tert-
butyl group substituted analogue H;L?, on the other hand con-
firms the independent existence of the neutral [Cu,(OH)(L?)]
components in complex 2, indicating the role of steric-crowd-
ing on the ligand part for Na* templated self-aggregation reac-
tion. Complex 1 showed ferromagnetic interactions in the
double oxido-phenoxido [Cu,] moiety and complex 2 showed
weak antiferromagnetic interactions within the same frag-
ment. These results demonstrate the templating role of the
Na' cation that changes the geometry of the hydroxido
bridges. Complex 1 in solution showed evidences of binding to
CT DNA as investigated through a variety of techniques and
registered efficient cleavage by oxidative mechanism supported
by ROS quenching experiments. Formation of other self-
assembled coordination cages with other cationic species and
bridging groups is under investigation.
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