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T CCDC 1444958-1444963 contain the supplementary crystallographic data for complexes 1 - 6,
respectively. These data can be obtained free of charge from via the Internet at http://pubs.acs.org.
Crystallographic data and processing parameters, and selected bond parameters for compounds 1 — 6 are
summarized in Tables S1 and S2-S7, repectively. Possible hydrogen bonds for compounds 1 and 4 are
given in S8, respectively. The "H and >C NMR spetra for complex 5 are illustrated in Figures S1 and S2,
respectively and atom numbering scheme is shown in Chart S1. The magnetic data of complex 2, and the

incubation data time for complex 3 with DNA, are shown in Figures S3 and S4, respectively.
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ABSTRACT

A series of dinuclear metal(Il)-acetato complexes: [Niz(u—LCIO)(uz—OAc)z](PF6)'3H20 (1), [Nip(p-
LE0)(12-OAC)](CIO,)-CH;COCH; - (2),  [Cua(p-L70)(n2.0Ac)(CIONI(CIO))  (3),  [Cua(p-
LEO)OACL](PF).H,0 (), [Zny(wL7O)(1-OAC](PFg)  (5) and  [Mny(L-O)(no-
OACc):](ClO4)'H,O  (6), where L0 = 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-
chlorophenolate, were synthesized. The complexes were structurally characterized by
spectroscopic techniques and single crystal X-ray crystallography. Six-coordinate geometries with
doubly bridged acetato ligands were found in Ni(II), Zn(I) and Mn(Il) complexes 1, 2, 5 and 6,
whereas with Cu(Il) complexes a five-coordinate species was obtained with 4, and mixed five-, and
six-coordinate geometries with a doubly bridged dimetal core was observed in 3. The magnetic
properties of the complexes 1-4 and 6 were studied at variable temperature and revealed weak to
very weak antiferromagnetic interactions in 1, 2, 4 and 6 (J = -0.55 to -9.4 cm™") and ferromagnetic
coupling in 3 (J = 15.4 cm™). These results are consistent with DET calculations performed at the
B3LYP/def2-TZVP(-f) level of theory. Under physiological conditions, the interaction of the
dinculear complexes 1-5 with supercoiled plasmid ds-DNA did not show any pronounced nuclease
activity, but Ni(Il) complexes 1 and 2 revealed a strong ability to unwind the supercoiled
conformation of ds-DNA. The mechanistic studies performed on the interaction of the Ni(Il)
complexes with DNA demonstrated the important impact of the nickel(Il) ion in the unwinding
process. In combination with the DNA study, the phosphatase activity of complexes 1, 3, and 5 was
examined by the phosphodiester hydrolysis of bis(2,4-dinitrophenol)phosphate (BDNPP) in the pH
range of 5.5-10.5 at 25° C. The Michaelis-Menten kinetics performed at pH 7 and 10.7 showed that
catalytic efficiencies kc./Ky (ke = catalytic rate constant, Ky = substrate binding constant)
decrease in the order: Ni(Il), 1 > Zn(II), 5§ > Cu(Il), 3. Similar trend was also observed with the
turnover numbers at pH = 7. The results are discussed in relation to coordination geometry and

nature of the metal center as well as the steric environment imposed by the compartmental

phenoxido ligand.



http://dx.doi.org/10.1039/c6dt02596j

Page 3 of 37 Dalton Transactions
View Article Online
DOI: 10.1039/C6DT02596J

Introduction

In the last decade, a large number of bi-compartmental phenolate ligands with symmetrical and
asymmetrical pendant chelating arms, including pyridyl and substituted pyridyl groups, attached to
the 2- and 6-positions of the phenol ring were synthesized and structurally characterized. These
ligands due to their ability to bind two identical or different 34 metal ions which are
simultaneously bridged through the deprotonated phenolic group resulted in the formation of
homo- and hetero-dinuclear metal complexes.' In some cases, the presence of hydroxido and
acetate ions may lead to further bridge and hence to doubly or triply bridged dinuclear metal
complexes where the two metal centers are in close proximity in the range of 2.9-4.0 A2 Such
coordination environments around the central metal ions together with the possible existence of
“coordinatively unsaturated” metal ion(s) and center with a “weakly bound” ligand(s) made these
complexes attractive targets to mimic the active sites in the biological systems in order to elucidate
the mechanism and the structural parameters of metalloproteins e.g. hemocyanin,12 metallo-f-

13 . 8,14,15 16,17
lactamases (MPL), ~ catecholase oxidases,” > Mn catalases,

and the phosphodiester
hydrolysis of biomolecules such as purple acid phosphatases, (PAPs), phosphesterases and DNA
nucleases.'”'>'" In addition to the possible use of these compounds in modeling the biological
systems, they provide a wide range of ferro-/antiferro-magnetic coupling between the two
paramagnetic metallic centers (3d°), bridged via the phenoxido group and through other ligands,
which allows to probe the electronic structure of these compounds and compare them with the

natural systems."'""*

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

Recently, dinuclear Zn(II), Cu(Il), Co(I) and Fe(II) based phenolate systems have been
extensively used as “artificial nucleases” to study the catalytic hydrolysis of phosphodiester
compounds where the close proximity and the geometrical nature around the two metal ions as
well possible “cooperativity” may enhance the P-O bond rupture.'>'®?* The P-O bonds in the
phosphodiester linkages of DNA and RNA strands exhibit remarkable stability towards hydrolysis
which is one of the most essential requirements for the survival and maintenance of life.”® Under
physiological conditions, the half-life ¢,/ for the hydrolysis of DNA was estimated to be ~ 130,000
years.”> This unusual stability of the P-O bonds towards hydrolysis in DNA was overcome in
nature by the development of a number of hydrolytic metalloenzymes that efficiently catalyze the
hydrolysis of P-O bonds of the DNA phosphate backbone.?® These metalloenzymes contain metal

3
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ions in their active sites. Therefore, modeling of these hydrolytic enzymes is a fundamental step in
designing “artificial nucleases” capable of competing with natural ones.””™"

Two mechanistic pathways have been found in the DNA cleavage by small metal
complexes. The first mechanism involves oxidative cleavage that occurs via reactive oxygen
species (ROS: reactive singlet oxygen, 'O,; superoxide, O, hydroxyl radical, OH’) and this
requires the addition of external agents such as light, oxidative, and/or reductive species to initiate
the cleavage.”' > Also, this mechanism generates fragments that damage the ribose sugar and/or
nucleic bases of the DNA and hence hamper their use in vivo.”” The second mechanism is the
hydrolytic cleavage that requires the activation of a nucleophile (OH’) in proximity to the

30.32.3839 and this mechanism does not suffer from the drawbacks of the

phosphoester moiety,
oxidative cleavage mechanism because the generated DNA products can be enzymatically
relegated.‘“)'46 However, this raises a question concerning the validity of the substrate compounds
generally used to promote the hydrolysis of simple phosphodiester “model systems” since the
operating mechanism is not necessarily the same and the reactivity might therefore differs
significantly.

In addition to the cleavage of the supercoiled circular dsDNA (SC-form or form I) to the
relaxed open circular form of DNA (OC-form or form II) and/or the linear DNA (L-form or form

III) by small metal(II) complexes,33 -39

it is possible that some of these molecules, especially those
derived from Ni(II), Cu(Il) and Zn(II) can bind DNA in a similar fashion to intercalators and
induce single- or double-strand breaks leading to “unwinding” (i.e. relaxing) of SC-DNA to create
OC- or L-form of DNA.*”! This binding alters the DNA winding lengthens and stiffens. These
structural changes may cause interference in the recognition and function of DNA-binding
proteins.’'

Therefore, we  believe that the bicompartmental ligands  2,6-bis[bis(2-
pyridylmethyl)aminomethyl]-4-substituted-phenol (LX-OH) are suitable candidates to synthesize
relevant dinuclear metal(Il) complexes. The close proximity of the bridged metal ions may allow
their cooperativity and hence enhances the capability of the complexes in promoting the cleavage
of P-O bonds in phosphodiester compounds and DNA. Therefore, herein, we report the synthesis
and structural characterization of six new dinulear compounds with additional acetate bridges,
[Niz(u-L'0)(2-OAc),](PFe)-3H,0 (1), [Niz(n-L<'0)(12-OAc),](C104)-CH;COCH; (2), [Cua(pt-
LEO)(120A)(CION](CI08)  (3),  [Cur(i-L7O)OACR](PF).H:0  (4),  [Znp(u-L O)(no-
4
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OAc):](PFs) (5) and [MHQ(LCI-O)(HQ'OAC)Q](C104)'HQO (6) together with their magnetic
properties (1-5). The bridged p-acetato compounds 1, 3 and S were also selected to study the
hydrolysis of bis(2,4-dinitrophenyl)phosphate (BDNPP) and the DNA cleavage/unwinding. The
reactivity and the mechanistic pathways of these complexes are evaluated and compared to other

related systems.

Results and discussion

Synthesis of the complexes

The reaction of a methanolic solution containing 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-
chlorophenol (LCI-OH)I(a’b) (Chart 1) and two equivalents of M(OAc), nH,O (M =Ni,n=4; M =
Cu, n = 1; M = Zn, n = 2) in the presence of NaClO, or NH4PF¢ afforded the dinuclear complexes
[Ni(u-L<'0)(12-OAc),](PFs)-3H,0 (1), [Nia(p-L'O)(112-OAc),](C104)-CH;COCH;3 (2), [Cua(p-
LY0)(12.0AC)(ClO4)](C104)  (3), [Cuz(u-LY'O)(OAc),](PFs).H,0 (4) and [Zny(u-L7O)(pa-
OAc),](PF¢) (5) in moderate yields (~ 60%) for complexes 1-4 and high yield (90%) for the Zn(II)
complex, 5. [Mny(L“-0)(112-OAc),](C104)-H,0 (6) was obtained in 40% yield by the reaction of
Mn(C104),:6H,0 and LOH in MeOH, followed by the addition of sodium acetate. The
complexes are soluble in MeOH, CH3CN and acetone. However, upon dissolution of the blue
complexes 1, 2 and 4 in CH3CN there is a color change to green. Single crystals suitable for X-ray
structure determination were obtained either directly from the methanolic solutions (3-5) or by

further recrystallization of the complexes from MeOH (1, 6), whereas X-ray quality single crystals

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

for complex 2 were obtained from recrystallization of the complex from acetone. The isolated
complexes were characterized by elemental microanalyses, molar conductivity, IR and UV-VIS
spectroscopy and by single crystal X-ray crystallography.

Chart 1. Structural formula of 2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-chlorophenol

Cl
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The molar conductivities of the synthesized complexes, Ay were measured in CH3;CN and
the values are summarized in Table 1. The values (Ay = 131-167 Q'cm’mol™) reveal the 1:1
electrolytic behavior for complexes 1, 2, 4, 5 and 6. The color change associated with the
dissolution of complexes 1 and 2 in CH3CN is attributed to bond rupture of the bridging acetato
ligand(s) and the formation of the six-coordinate monocationic acetonitrile species [Niz(u-LCIO)(u_
OAc)(OAc)(CH3CN)]" or [Nia(u-L7'O)OAc)(CH;CN),]" without the release of OAc™ ion. In
contrast, the value of Ay =280 Q'cm’mol™” observed for [Cus(p-L'0)(12.0AC)(C104)](C1Oy) (3)
is consistent with an 1:2 electrolyte behavior, attributed to the dissociation of the weakly bound
coordinated perchlorate ligand to produce [Cuy(u-L<'O)(12.0Ac)]*" + 2 ClO4. A similar
conductivity trend was reported for [Cuy(u-L%'O)(u-pz)(Cl04)](ClO4), where pz = pyrazole
anion.'® Four of the synthesized complexes revealed doubly bridged acetate, [Ma(u-L<'0)(pa-
OAc),]" (M = Ni(II) in complexes 1 and 2; M = Zn (II) in 5; M = Mn(II) in 6). With the Cu(II)
complexes two different coordination modes were observed for the acetate anion: a single bridging
acetate in  [Cuy(u-LY'0)(11-OAc)(Cl04)]" (3) and two mono-dentate acetates in [Cup(p-
LCIO)(OAc)z]+ (4), depending on the nature of the counter ion (see X-ray section).
Spectroscopic characterization of the complexes
The IR spectra of the complexes display some common features. Complexes 1, 4 and 6 showed a
broad absorption band over the frequency range 3430-3450 cm’ due to v(O-H) stretching vibration
of the lattice water. The perchlorate complexes 2, 3 and 6 displayed the v(Cl-O) band as a broad
strong absorption over the region 1120-1090 cm™. The split of this band into two or three bands in
complexes 2 and 3, respectively is most likely due to the reduction of the C104 symmetry from T4
to Cs, or Cy, symmetries as a result of the coordination of ClO4 to the metal center as in complex
3 and/or to the involvement of the counter ClO4 ion in H-bonding with the ligand or its presence
in a distorted location. The corresponding hexafluorophosphate complexes 1, 4 and 5 showed a
strong absorption band around 840 cm™ due to v,(P-F). The complexes also displayed a series of
strong to weak intensity bands over the 1610-1440 cm™ region which are attributed to the pyridyl
and C-O of the acetato group moieties.*

The UV-Vis spectral data of the complexes 1-6, recorded in CH3CN, are summarized in
Table 1. The Ni(Il) complexes 1 and 2 display similar spectra with three absorption maxima
located at 960, 655 and 490 nm which indicates the same coordination environment around the

central Ni(II) ions. This spectral pattern is consistent with octahedral geometry around the 3d®
6
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Ni(Il) ion and results from the electronic d—d transitions 3ng(F) — 3Azg(F), T, o(F) 3 Asy(F) and
3Tlg(P) — 3A2g(F), respectively.”® The spectrum of copper(I) complex [Cun(p-
LCIO)(OAC)Q](PF6)'H20 (4) revealed the presence of two maxima at 404 and 670 nm, assigned to
the dy,, dy, — dxz—y2 and dyy — dxz—y2 transitions in a distorted square pyramidal (SP) environment
around the central Cu®" ions.” The corresponding complex [Cuz(u-LClO)(uz_OAc)(C104)](ClO4)
(3) displayed a similar spectral pattern with two maxima at 426 and a broad band around 800 nm.
This is attributed to presence of a distorted trigonal bipyramidal geometry (TBP) around the
central Cu”" ions, [Cuz(u-LCIO)(uz.OAc)]2+ (the weakly coordinated ClO4 ligand in complex 3 is
dissociated in CH3CN as indicated by the conductivity measurements).*®>>¢ The electronic
spectrum of [an(LCI—O)(uz—OAc)z](ClO4)-HZO (6) exhibits a very intense band at 316 nm with a
shoulder around 500 nm (Table 1). The former band results from an M—L CT transition in a
distorted octahedral environment.”* The Zn(IT) complex 5 displays a very strong maximum at 303

which is assigned to an L— M CT transition.”*®

Table 1. UV-Vis Spectroscopic and Molar Conductivity Data for 1-6 in CH;CN.

Complex Amax (Emaxs M'lcm'l) Ay (Q cm® mol™)
[Niy(u-LY'0)(12-OAc),J(PEs)-3H,0 (1) 490 (sh), 645 (11.5), ~960 (25.6,b) 131
[Niy(u-L<'0)(1-OAc),](C104)-CH;COCH; (2) 490 (sh), 644 (7.2), ~958 (22,b) 152
[Cuy(u-L7O)(15.0AC)(C104)](CI04)-2H,0 (3) 426 (465), ~800 (202,b) 290
[Cuy(u-L7'O)(OAC),](PFs)-H 0 (4) 404 (713), ~670 (155.,b) 131
[Zn,(u-L70)(11,-OAc),](PFy) (5) 303 (2610) 132
[Mn,(L“-0)(p1,-OAc),](C104)-H,0 (6) 316 (3550), ~500 (sh) 167

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

The 'H and C NMR spectra of [Zn,(p-L9'O)(1-OAc),](PFs) (5) were measured in
deuterated dimethylsulfoxide (DMS-dg) (Figures S1 and S2, respectively). The spectra did not
confirm the equivalency of the two binding sites as indicated by the appearance of sixteen aromatic
carbon and the corresponding nine proton resonances. This behavior indicates that the two pyridyl
groups within each site are not identical. Moreover, five resonances were observed for the
methylene protons of —N-CH,-py and —-N-CH,-ph where each proton showed two closely related
resonances over the chemical shift region & = 3.69-4.41 ppm indicating that these protons are not
coupled equally. The structure of the complex cation and its atom numbering scheme is illustrated

in Chart S1 (supporting information).
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Crystal structures of the complexes (1-6)

Perspective views of complexes 1 - 6 together with partial atom numbering schemes are given in
Fig. 1. The common features of the six complexes are dinuclear complex cations, bridged by a
deprotonated O1 oxygen atom of a central 4-chloro-phenolate moiety of L0 (Table 2). Each
M(I) center within a dinuclear complex cation is further coordinated to three N donor atoms of
one bis-pyridylaminomethyl-group. Coordination number 6 with distorted octahedral geometry is
completed in compounds 1, 2, 5 and 6 by oxygen atoms of two pu(O,0’)-bridging acetate groups.
The Ni-O/N, Zn-O/N and Mn-O/N bond distances are in the range 2.0097(16) — 2.1297(14),
2.005(3) — 2.228(3) and 2.0903(11) — 2.3319(12) A, respectively. In the crystal structure of 3, the
two Cu(Il) centers are further linked by one p(0O,0’)-bridging acetate group. The axial site of the
distorted square pyramid around the Cul center is occupied by Ol (t-value = 0.20).”’
Coordination number six around the Cu2 center is completed by the O5 atom of a perchlorate
anion [2.781(2) A]. In case of 4 distorted SP geometry around each Cu(Il) center is completed by
O atom of terminal acetate group. Both axial sites are occupied by the bridging phenoxido oxygen
atom Ol (t-values are 0.16 and 0.17, respectively). The dinuclear complex cations co-crystallize
with PF¢/ClO4 counter anions and solvent molecules (CH3;COCH; for 2, water for 1 and 4).
Selected bond parameters and possible hydrogen bonds are presented in Tables S2-S8 (see

supporting information section) for complexes 1-6, respectively.

Table 2. Geomertic parameters of the M-O-M bridges in the dinuclear units of 1 — 6.

Compound MI1---M2 (A) [M1-01-M2 (°) |M1-01 (A) |M2-01 (A)
[Nip(u-L“'0)(1-OA€), [(PFe)-3H,0 (1) 34131(5)  |115.70(7) 2.0097(16) |2.0216(15)
[Niy(u-L70)(1,-OAc),](C1O,)-CH;COCH; (2)|3.4346(3) | 116.43(6) 2.0209(12) |2.0198(12)
[Cus(u-LE0) (12 OAC)(CLO,)](CI0,) (3) 3.5711(6) | 118.83(9) 2.2089(19) |1.9362(19)
[Cuy(u-LE0)(OAc),](PFs)-H,O (4) 3.9388(3) | 128.13(7) 2.1972(14) |2.1826(14)
[Zny(u-LE'0)(1-OAc),](PFs) (5) 3.39358) | 113.71(11) 2.0402)  [2.0132)

[Mny(LY-0)(11,-OAc),](C104)- H,0 (6) 3.45153)  |109.11(4) 2.0903(11) |2.1216(10)

Please insert Fig 1 (p-39) close to here

Magnetic properties
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The experimental magnetic data of complexes 1-4 and 6 are shown in Figs 2-6, respectively. The
room temperature values of the effective magnetic moments of the Ni(Il) compounds (es/ 15 =
4.41 for 1 and 4.45 for 2) can be compared with the expected spin-only magnetic moment /e =
4.00up of two a system with uncoupled spins S; = S, = 1 (g = 2.0). The slightly higher
experimental values are due to angular momentum contribution to the ground state from excited
states. The decrease of t&p/ on cooling is observed for both Ni(I[) compounds, suggesting the
presence of antiferromagnetic exchange, however in compound 1, the decrease of g/ 1s is more
pronounced with a maximum at Ty,.x = 5.4 K in the My, vs. T curve, which demonstrates a
stronger magnetic interaction in 1. The magnetic behavior of the Cu(Il) compounds is different. In
case of 3, s/ s increases upon cooling as a result of ferromagnetic exchange (Figure 4), while
the ses/ s of 4 is almost constant over the whole temperature range (Fig. 5). Finally, the magnetic
behavior of the Mn(Il) compound 6 manifests strong antiferromagnetic exchange by declination of
Mest/ g from the theoretically expected value 8.37 (g = 2.0) for two uncoupled spins S; = S, = 5/2
even at room temperature (&g s = 7.83 for 6) and existence of a maximum located at Ti,,x = 35.0
K in My vs. T curve (Fig. 6). Since all the investigated compounds are dinuclear, the analysis of

the magnetic data was based on the spin Hamiltonian for dinuclear systems of the form.”®

A — — 2 ~ ~
H==J(8,-8,)+ Y. D(8. S} /3)+ u,Bg,S (1)
i=1

~
i,a

where the isotropic exchange (J), zero-field splitting (D) and Zeeman term (g) are incorporated.

The parameter a defines orientation of the magnetic field vector, B, = B(sinécos @, sinésing, cosb).

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

In the case of Mn(II) and Cu(Il) compounds, the magnetic anisotropy was not considered, so the
molar magnetization was calculated as

olnZ
OB

M, ,=N,kT (2)

where Z is the partition function. However, a non-zero D-parameter was necessary in the analysis
of Ni(Il) compounds, and an integral average of molar magnetization was calculated in order to

properly simulate the powder sample signal as

2z pm .
M, =1/ 47[J~0 IO M ,sin8d0d ¢ 3)

For all compounds under investigation, both temperature and field dependent
magnetization data were fitted simultaneously. As a result, the fitted magnetic data which are

9
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depicted by solid lines in Figs 2-6 showed good agreement with the experimental data. In Ni(II)
compound 1, the data was fitted with J = -3.70 cm™, D = +6.38 cm™, g = 2.16, xrp = 4.84x10”
m’mol”, where yrp is a parameter accounting for the temperature-independent paramagnetism.
We have also tried to fit experimental data with a negative D-parameter but without success. In
Ni(II) complex 2, it was possible to make good fits for both negative (J=-1.01 cm™, D =-4.96 cm™
! g=2.17, yrp = 4.80x10” m’mol™ — Fig. 3) and positive (/= -1.20 cm™, D = +2.80 cm™, g =
217, yrip = 4.77x10” m’mol™, Fig. S3) D-parameters. Evidently, the antiferromagnetic exchange
in 1 is stronger than that observed in 2, which can be attributed to small differences in the
coordination environments around the central Ni(II) ions (Table 2) as a result of different solvents
of crystallization in the two complexes. The Cu(Il) ions with S = %2 do not have predisposition for
zero-field splitting, therefore only isotropic exchange was taken into account. This treatment
resulted in J = +15.4 cm™, g = 2.13, xmp = 6.80x10” m’mol™ for 3 and J = -0.55 cm™, g = 2.12,
xTIP = 1.58x10” m’mol™ for 4, thus confirming the significant ferromagnetic exchange in 3 and
almost negligible antiferromagnetic exchange in 4. The magnetic data for the dinuclear Mn(II)
complex 6 was treated with presumption that D =~ 0 cm™, because a large antiferromagnetic
exchange results in an S = 0 ground state, which does not bear any information about D, and
excited states with S > 0 are too high in energy to be used for the identification of magnetic
anisotropy. As a result, the following spin Hamiltonian parameters were obtained for 6: J = -9.40

cm™, g=2.01, yp1 = 0.67%, where yp; is molar fraction of mononuclear paramagnetic impurity.
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Fig. 2. Magnetic data for 1. Left: temperature dependence of the effective magnetic moment
and molar magnetization measured at B = 1 T. Right: isothermal magnetizations measured
at T =2, 5 and 10 K. Open circles: experimental data, solid lines: calculated data using
equation 1, with J =-3.70 cm™, D = +6.38 cm™, g = 2.16, Xrip = 4.84x10° m*mol™.
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Fig. 3. Magnetic data for 2. Left: temperature dependence of the effective magnetic moment
and molar magnetization measured at B = 1 T. Right: isothermal magnetizations measured

at T =2, 5 and 10 K. Open circles: experimental data, solid lines: calculated data using
equation 1, with J =-1.01 cm™, D=-4.96 cm™, g = 2.17, x1p = 4.80 x10®° m®*mol™.
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Fig. 4. Magnetic data for 3. Left: temperature dependence of the effective magnetic moment
and molar magnetization measured at B = 1 T. Right: isothermal magnetizations measured
at T =2 and 5 K. Open circles: experimental data, solid lines: calculated data using equation
1, with J = +15.4 cm™, g = 2.13, xp = 6.80x10°° m°mol™.
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Fig. 5. Magnetic data for 4. Left:. temperature dependence of the effective magnetic moment
and molar magnetization measured at B = 1 T. Right: isothermal magnetizations measured
at T =2 and 5 K. Open circles: experimental data, solid lines: calculated data using equation
1, with J =-0.55cm™, g = 2.12, x7p = 1.58x10™° m®mol™.
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Fig. 6. Magnetic data for 6. Left: temperature dependence of the effective magnetic moment
and molar magnetization measured at B = 0.1 T. Right: isothermal magnetizations measured
at T =2, 5 and 10 K. Open circles: experimental data, solid lines: calculated data using
equation 1 with J =-9.40 cm™, g=2.01, xp = 0.67%.

DFT calculations

Our recent studies on a series of dinuclear doubly bridged Cu(Il) complexes of 2,6-bis[bis(2-
pyridylmethyl)aminomethyl]-4-chlorophenol (L“-OH) and various bridging ligands (OH’,
0,P(OC¢Hs),", CsH3Ny") showed that the DFT calculations of the isotropic exchange parameters J
based on the B3LYP hybrid functional are helpful in understanding the efficiency of magnetic

super-exchange pathways in these complexes.l(b) Therefore, the exchange mechanisms for the

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

complexes under investigation were studied using the same functional."® The calculations were
performed on the molecular cations [Niz(u—LClO)(uz—OAc)z]+ 1 and 2, [Cuz(uz—LCIO)(u—
OAc)(Cl04)]" 3, [Cuy(p-L7'O)OAc),]" 4 and [Mna(p-L<'0)(12-OAc),]" 6 by the aid of the well-
established ORCA 3.0 computational package using the def2-TZVP(-f) basis set. The J-values
were evaluated from the energy difference A, between the high spin (HS) and broken-symmetry
(BS) states

A= Eps- Eps 4)

by both Ruiz’s approach™

JRuiz =2A / [(Sl + S2 )(Sl + S2 + 1)] (5)
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and Yamaguchi’s approach60

Yam __ 2 _ 2
7 _2A/[<S >HS <S >BS:| (6)
where, the following spin Hamiltonian for the dinuclear system was used

H=-J(5-S,) )

Fig. 7. Calculated isodensity surfaces of the broken symmetry spin states for molecular
fragments  [Niy(u-L“'O)(uo-OAc),]" of 1, [Cun(u-LZO)(u-OAc)(ClO,)" of 3, [Cuy(p-
LY0)(OAc),]* of 4 and [Mny(u-L°'0)(u.-OAc),]" of 6 using B3LYP/def2-TZVP(-f). Positive and
negative spin densities are represented by dark blue, and dark red surfaces, respectively.
The isodensity surfaces are plotted with the cut-off values of 0.005 ea, ™. Hydrogen atoms
are omitted for clarity.

The results of the DFT calculations are summarized in Table 3 and the calculated spin

densities for the selected compounds are depicted in Fig. 7. In all cases, the DFT calculations
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resulted in J values (J"* /J7*™) close to parameters extracted from the experimental magnetic data
(J™®), except for the copper(Il) complexes 3 (Cu(Il) ions adopt different geometries, square
pyramidal for Cu(1) and octahedral for Cu(2)), and 4 (the two Cu(Il) ions adopt the square
pyramidal geometries), where the calculations were slightly overestimating the antiferromagnetic
exchange (Table 3). The non-orthogonal magnetic orbitals of the broken symmetry solution with
the highest overlap S,p for the three compounds 1, 3 and 6 are shown in Fig. 8. In the case of the
singly bridged-phenoxido Cu(Il) complex 4 where SP geometries were adopted, the unpaired
electrons reside in dxy.» orbitals, where these magnetic orbitals are well isolated and hence the
magnetic interaction is almost negligible. However, the magnetic orbitals in compound 3 are close
enough and at the same time they are orthogonal, which explains the observed ferromagnetic
interaction in this complex (Fig. 8). The nickel(Il) complexes are octahedral with the unpaired
electrons in d,; and dx.y» orbitals, and to a large extent, the spin density is delocalized on all donor
atoms. The super-exchange pathway should be efficient through the phenoxido and acetato
ligands, but the largest overlap was observed through the phenoxido-bridge (Fig. 8). In Mn(II)
complex 6, where all d-orbitals contain unpaired electrons, a smaller extent of spin delocalization
is observed. Surprisingly, the magnetic orbitals with the highest overlap are located outside the

metal-donor bonds (Fig. 8).

Table 3. DFT-calculated Net Mulliken Spin Densities (p), Expected Values <S*>, Overlap Sap
Between the Corresponding Orbitals and Isotropic Exchange Parameters (J) from High-spin
(HS) and Broken Symmetry (BS) States, Compared with the Experimental Exchange
Parameters, of the Dinuclear Complexes [Nin(U-L<'O)(u2-OAc),]" 1 and 2, [Cuy(u-LE'O) (.-
OAC)(CIO,)]" 3, [Cuy(u-L“O)(OAc),]* 4 and [Mny(ux-L='O)(u.-OAc),]* 6 Using the B3LYP
Functional and Experimental Structural Parameters.

1 2 3 4 6
ASM1/p™SM2) | 1.65/1.65 | 1.65/1.65 | 0.61/0.64 0.62/0.62 4.85/4.85
PSM1)/p(M2) | -1.64/1.64 | -1.65/1.65 | -0.61/0.64 -0.62/0.62 -4.85/4.85
<SThs>/<S7ps> 6.01/2.01 | 6.01/2.01 [ 2.01/1.00 2.01/1.01 30.01/5.00
Sup 0.04841 0.04388 0.02459 0.00468 0.07766
0.03511 0.03374 0.04656
0.02303
0.01745
0.00813
Alem’ -16.514 -7.701 +12.066 -0.279 -195.733
JRE Y (em -5.50/-8.25 | -2.57/-3.85 | +12.1/424.1 | -0.279/-0.558 | -13.0/-15.7
J"%cm’! -3.70 -1.01-1.20 | +15.4 -0.55 -9.40
<(M-Op-M)/° 115.70 116.43 118.83 128.14 109.11
dM-M)/10™" m 3.413 3.435 3.571 3.939 3.452
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Fig. 8. The non-orthogonal magnetic orbitals with highest overlap S, of the broken-
symmetry spin state visualized for [Ni(u-L<'O)(u2-OAC),]" of 1, [Cuy(pu-LZ'0)(uo-OAC)(CIO,)T*
of 3 and [Mn(u-L?'0)(u-OAc),]* of 6. Hydrogen atoms are omitted for clarity.

Interactions of metal complexes with DNA
Some copper(Il), zinc(Il), nickel(Il) and cobalt(Il) complexes have been reported to serve as

. s 25,33-36,39,47,56
efficient artificial nucleases for DNA cleavage.”™ """

In general, it is well established that
the supercoiled circular form of plasmid ds-DNA (SC-form) is cleaved to the relaxed open circular
form of DNA (OC-form), which upon further cleavage results in the formation of the linear DNA
(L-form). In this work, the interaction of the dinuclear complexes 1-5 with DNA has been
investigated under the physiological conditions. The interaction of the copper(Il) (3 and 4) and
zinc(Il) (5) complexes with DNA did not show any nuclease activity as clearly illustrated in Figs 9
and 10, respectively. Also, it emerges that the concentration of the SC-form of plasmid DNA was
decreased without showing any sign of increase neither of the OC-form nor the linear L-form. On

the other hand, the observed effect is not augmented by longer incubation of plasmid DNA with

these complexes. As a model molecule, copper(Il) complex 3 was examined at longer incubation
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time and at different complex concentrations. The gel electrophoretic band pattern remained the
same even if the interaction time was prolonged up to 22 hours (Fig. S4). The observed effects
might be explained by direct competition of these complexes with the ethidium bromide (EtBr)
which was used in the gel electrophoresis; no damaging/cleavage of DNA was noticed neither after
long reaction time nor at high complex concentrations. Replacing the intercalated EtBr from its
binding sites on DNA by zinc(Il) or copper(Il) complexes could lead to the reduction of EtBr

fluorescence on the gel as it has been seen from the decrease of intensities of the individual bands.

Complex 3 Complex 4

300uM  100pM 33 uM 1uM | 300uM  100puM 33 uM 1 M NC sc L-form

Fig. 9. Agarose gel (in TBE buffer with pH 8.4 at room temperature) electrophoresis patterns
for the effect of concentrations of Cu(ll) complexes 3 (leff) and 4 (middle) (11-300 uM) on the
native pUC19 plasmid DNA [the calculated concentration of base pairs (bp) = 23 uM]. NC is
the negative control, SC the supercoiled plasmid DNA, and L-form represents the sample of
native plasmid linearized by Hindlll endonuclease.

Complex 5

300uM  100pM  33uM 11 pM NC sC L-form

Fig. 10. Agarose gel (in TBE buffer with pH 8.4 at room temperature) electrophoresis
patterns for the effect of concentrations of Zn(ll) complex 5 (left) (11, 33, 100 and 300 pM)
on the native pUC19 plasmid DNA [the calculated concentration of base pairs (bp) = 23 puM].
NC is the negative control, SC the supercoiled plasmid DNA, and L-form represents the
sample of native plasmid linearized by Hindlll endonuclease.
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The catalytic activity of DNA was also conducted in the presence of Ni(II) complexes 1
and 2 in a similar fashion as that described for complexes 3-5. The results which are depicted by
the gel electrophoresis in Figure 11 showed that no nuclease activity was observed with the two
complexes. However, unlike the copper(Il) (3 and 4) and zinc(Il) (5) complexes, the nickel(Il)
complexes [Nix(u-L<'0)(1a-OAc),](PF6)-3H,0 (1) and [Nio(u-L<0) (o-
OACc),](ClO4)-CH3COCHj; (2) revealed a strong ability to unwind the supercoiled plasmid dsDNA
and behave as intercalators. Unwinded and partially unwinded plasmid conformations were
observed in the plasmid-DNA gel electrophoresis as a “smear” (Fig. 11). A similar trend was
recently reported by A. Terenzi et al. in the interaction of Ni(II)-salphen complex (salphen = the
anion of N,N-bis-salicylidene-1,2-phenylenediamine) with native DNA.* In addition, the
unwinding activity by the two nickel(II) complexes 1 and 2 was associated by a “smear” of DNA
molecules which is slower than that detected for the OC-form. Perhaps, this could be caused either
by the neutralization of the negative charge of DNA or due to cross-linking of the DNA molecules
or a combination of both effects which led to an increase in their molecular weights and hence
changes in the conformations. The dependence of the total amounts of the plasmid SC-form as a

function of the concentration of the complexes 1-5 is shown in Fig. 12.

Complex 2 Complex 1

300uM  100pM 33uM 11uM300uM  100pM  33puM 11 M NC sc L-form

Fig. 11. Agarose gel (in TBE buffer with pH 8.4 at room temperature) electrophoresis
patterns of the interaction of Ni(ll) complexes 2 (left) and 1 (middle) at different
concentrations (11-300 uM) with the native pUC19 plasmid [the calculated concentration of
base pairs (bp) = 23 uM], where NC is to the negative control, SC is the supercoiled plasmid
DNA, and L-form represents the sample of native plasmid linearized by Hindlll
endonuclease.
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Fig. 12. The graphical interpretation of the concentration-dependent decline in the portion of
the supercoiled plasmid DNA (also referred to as SC-form) in the samples showing the
effective interaction of Ni(ll) complexes with plasmid DNA leading to the formation of
interconnected multiplexes or decrease of the surface charge of the polynucleotide
backbone (or a combination of both). Other complexes showed the ability to quench the
fluorescence of ethidium bromide—plasmid DNA complex, which is evident from the linear
dependence of the decreasing fluorescence of the SC-form with the increasing concentration
of the applied transition metal complex.

In order to understand the mechanistic pathway responsible for the attenuation of the
supercoiled plasmid DNA observed in the fluorescence electrophoreograms for the Ni(Il)
complexes 1 and 2, the interaction of the Ni(Il) complexes was performed in the presence
oxidative scavengers (DMSO and K1), the metal competitor MgSQOs, and the metal chelator EDTA

38,39,46

(the complex/inhibitor molar ratio is 1:1). Therefore, a series of experiments for DNA-Ni(II)

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

interaction were conducted at two different Ni(II) concentrations (33 and 300 uM) in the presence
of these inhibitors (DMSO, KI, MgSO4 and EDTA) and the results are illustrated in Figures 13 and
14. Inspection of these figures demonstrates that MgSO., DMSO and KI had no effect for the
complexes on the DNA structure. However, in case of complex 2, EDTA was able to attenuate the
unwinding of supercoiled plasmid DNA (Figs 14 and 15) at low complex concentration (33 uM).
These results are quantified in Fig. 15 which indicates that nickel(Il) ion is important for the
plasmid DNA unwinding, where the bond between the complexes 1 and 2 with DNA is stronger
than that of Ni(I)-EDTA.
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Complex 2 Complex 1
I I )
MgSO, DMSO MgSO, DMSO MgSO, DMSO
I | | 0 |0 ] 1
300pM 33pM 300 puM 33uM 300uM 33 M 300uM 33uM NC,, NC,, NC,, NC,

Fig.13. The electrophoreogram showing the effect of the addition of hydroxyl scavenger
DMSO and increased ionic strength on the interactions of Ni(ll) complexes 2 and 1 with
plasmid DNA. NC is the negative control with the appropriate concentration of additional
substance. The indicated concentration levels represent both the concentrations of applied
complexes, as well as the concentration of added substances (molar ratio 1:1).

Complex 2 Complex 1
I 1 r 1
EDTA Kl H,0 EDTA K EDTA K H,0

r \r \r i ' ' 1 s 1
300 uM 33 uM 300 yM 33 uM 300 uM 33 uM NC,, NC NC,, NC, 300puM 33puM 300uM 33uM 300pM 33pM  SC

~ — - —

L-form

b

Fig. 14. The electrophoreogram showing the effect of addition of different inhibitors (and
H,O as a positive control) on the interactions of the Ni(ll) complexes 2 and 1 with plasmid
DNA. NC is the negative control with the appropriate concentration of additional substance.
The indicated concentration levels represent both the concentrations of applied complexes,
as well as the concentration of added substances (molar ratio 1:1).
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Fig. 15. The diagram shows the effect of different inhibitors on the decline in the portion of
the supercoiled plasmid DNA (also referred to as SC-form) in the samples showing the
effective interaction of the Ni(ll) complexes 1 and 2 with plasmid DNA (at the 33 uM
concentration level, leading to the formation of interconnected multiplexes). The importance
of transition metal function in the formation of the mentioned superstructures was confirmed
as the portion of the SC-form of plasmid DNA in the group with added EDTA at 33 uM level
differs significantly from the positive control (p < 0.05).

Phosphodiester hydrolysis

The phosphatase reactivity of complexes 1, 3, and 5 was probed with a well-established
spectroscopic assay using the activated phosphodiester BDNPP as a model substrate.?' '
Cleavage of the P-O bond was followed at 25° C by monitoring the hydrolysis product 2,4-dinitro-
phenolate by its strong absorption at 400 nm (e = 12,000 M'lcm'l).63 All measurements were
carried out in 1:1 acetonitrile-buffer mixtures. The pH dependence of the activity was studied by
varying the pH of the multicomponent buffer (pH 5.5 — pH 10.5) in the assay; the plots obtained
for the complexes 1 and 5 are presented in Fig. 16. Complex 3 did not show a significant increase

of the BDNPP hydrolysis rate. The data were fitted to equation 8, which is based on a model for a

diprotic system with two active species.**

Vimax (1+552)

Vo = —F o
[H*] Kaz)
(1+Ka1+[H+]

()
Here, v¢ and is the initial rate and v, is the maximum reaction rate that is reached under given
conditions. The factor v is related to the relative activity of the two active species in equilibrium

(E"S and E™'S); a value of y less than unity corresponds to a more active E"S adduct and a value

21


http://dx.doi.org/10.1039/c6dt02596j

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

higher than one considers the deprotonated adduct E™'S as more active.

vy values are listed in Table 4.
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Fig. 16. pH dependence of the BDNPP (2.5 mM) hydrolysis activity by complexes (0.02
mM) a) 5, and b) 1 (the pH values refer to the aqueous component).

Table 4. Kinetic data: k.ot in (102 s™), Ky in (mM) and k../Ky in (s M) of the BDNPP
hydrolysis (all kinetic studies were done in a mixture of acetonitrile:aqueous buffer = 1:1)%.

Complex pKa(l) pKa(H) Y pr kcat I(M kcal/ I(M
(107 s (mM) (107 sTmM™)
5 530+0.60 | 6.90+031 | 2.52+0.80 | 7 0.48+0.05 |255+0.66 |0.19+028
10.5 | 824+235 | 5428+16.90 | 0.15+0.42
1 6.97+£0.07 | 941 +022 | 5.03+0.74 | 7 2.80£0.13  [021+0.11 13.33+0.56
105 | 64.71+0.81 | 2.81+0.08 | 23.03+0.03

* The pH values refer to the aqueous component; the pH of a 1:1 mixture of buffer and acetonitrile is the same
within the error as in an aqueous solution of the buffer.*

" pH of aqueous buffer solution used for substrate dependence assays (Michaelis-Menten measurements).

The initial rate vs. pH profiles for complexes 1 and 5 showed different shapes. The curve

shape of the nickel(I) complex 1 indicates that three different complex species are present in the

pH range of importance. An active species is generated in a first deprotonation step (pK, = 6.97);

the second deprotonation step (pK, = 9.41) increases its activity further. This behavior is different

from that for the zinc(Il) complex 5, which showed only a slight increase in reactivity over the pH

range from 9 to 10.

The dependence of the BDNPP hydrolysis rate of complexes 1 and 5 on the substrate

concentration was determined at pH 7 and pH 10.5 (Figs 17 and 18). Fitting the resulting data to

the Michaelis-Menten equation provides values for the parameters ke, and Ky, which are listed in
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Table 4 (the catalytic efficiencies kq/Kym have also been determined but the corresponding

standard deviations do not allow a meaningful interpretation in all cases). Comparison of the two

complexes allows an assessment of the impact of the metal center of the catalyst. The zinc(II)

complex 5 shows lower hydrolysis rates compared to the nickel(II) complex (1) at pH 7 and

pH 10.5. Moreover, the substrate affinity of 1 is also higher than that for 5 for both pH values

investigated, resulting in higher catalytic efficiencies. Therefore, the catalytic activity of the

complexes are found to decrease in the order: Ni(Il) > Zn(II) > Cu(Il). This order contrasts the

published results for the phosphomonoester hydrolysis activities of dinuclear copper(Il), zinc(Il)

and nickel(Il) complexes of a macrocyclic ligand.67

a)

1.5x10° o

1.0x10®

v, [Ms]

5.0x10° 4

0.0+

b) 1.50x107

1.00x107

v, [Ms]

5.00x10° 4

0.00

—T—

T T T T T T T

3 4 5 6 ;
[BDNPP], [mM]

o

[BDNPP], [mM]

Fig. 17. Substrate concentration dependence of the BDNPP hydrolysis activity by
complexes (0.04 mM; pH=7)a) 5, and b) 1.
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Fig. 18. Substrate concentration dependence of the BDNPP hydrolysis activity by complexes
(0.04 mM; pH =10.5)a) 5, and b) 1.
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To account for the two observed reactive species, we can propose that in aqueous
acetonitrile and in the presence of BDNPP, the doubly bridged diacetato complex [Mz(u—LCIO)(uz—
OAc),]" one acetate is displaced of one of the acetato groups by BDNPP and two water molecules,
one coordinated to each metal ion; [M2(H-LCIO)(OAC)(HQO)Q(BDNPP)]+ (Scheme 1). At neutral
pH region (pK,; = 6.97£0.07 and 5.3+0.60 for complexes 1 and 5, respectively), a hydroxo
intermediate [MZ(H-LCIO)(OAC)(OH)(HQO)(BDNPP)] is considered to be the predominant species
in solution, where the coordinated cis-hydroxo group attacks in an intramolecular nucleophilic
reaction the phosphorous atom of the mono-coordinated BDNPP, leading to the hydrolysis of
BDNPP and the formation of the product with a bridged-mono-phosphatoester (path A in Scheme
1). A similar dinuclear complex with a bridging p,-phenylphosphate was isolated and structurally
characterized with Cu(H).l(b) In basic medium (pKy; = 9.41+£0.22 and 6.90+0.31 for 1 and 5,
respectively), the second predominant hydroxido species in which the hydroxide and BDNPP are
coordinated to the same metal center undergoes a similar hydrolytic process, resulting in the

generation of 2,4-dinitophenolate and the four-membered chelated monophosphatoester (path B).

NO,

O,N
O\ -0
O,N yAQ 07 N OH,(OH)
2 A/
4 M M/py
NO2 N/ \\o// N +

OuN N\ PY yp\/N
_, * Oxc/io/@/ %

? o o yAQ OH{  OHy(oH) O

P S A y 2/

S 4

>M\ /M/p> BDNPP <\M' /vy “

\pyo p/ Ny~ CHCNIFO NN AN NO,
y py [ yp
\ %, 7 N NO, OH)
°2N‘C§’°\/O
Cl cl y ACO\ OH 0/ \

Cl

Scheme 1. A tentative mechanism for the hydrolysis of BDNPP by the dinuclear metal(ll)

complexes (M = Ni(ll) or Zn(ll)) around the neutral pH region in 1:1 acetonitrile-buffer mixtures.
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The turn over numbers (TONs) of complexes 1, 3, and 5§ were also investigated. The
studies were conducted at pH 7 at room temperature and samples were taken from the assays at
various intervals during the studies, diluted with solvent, and their UV-Vis spectra recorded to
determine the amount of phosphoester hydrolysis. The increase in the absorbance at 400 nm,
associated to the hydrolysis product 2,4-dinitrophenolate, was monitored over time and TON

values calculated after eight days. The resulting data are given in Table 5.

Table 5. TON of the BDNPP hydrolysis at pH 7 with complexes 1, 3 and 5.

Complex TON after 5 days | TON after 8 days

3 1+1 --
1 66+ 1 79+ 1
5 14+1 16+1

In accordance with the kinetic studies the nickel(II) complex shows the highest TON and
the TONs follow the order: Cu(Il) < Zn(IT) < Ni(II). This behavior is in contrast to two principles:
a) the exchange rates of metal-coordinated water molecules increase in the order
Ni(IT) < Zn(IT) < Cu(Il), and b) the acidity of the coordinated water molecules mainly depends on
the electronegativity of the metal ions, as the metal ions considered have the same charge. The
electronegativities follow the order: Zn < Cu~Ni.®” For these reasons, we believe that the
coordination geometry of the metal ions has a significant influence on the reactivity of the

complexes. An interesting observation therefore is that the two Cu(Il) ions in 3 are five- and six-

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

coordinate, respectively, whereas both Ni(Il) ions in 1 and both Zn(Il) ions in 5 are six-coordinate..

Experimental

Materials and Physical Measurements

Bis(2-pyridylmethyl)amine (DPA) was purchased from TCI-America. All other chemicals were
commercially  available and used without further purification.  2,6-Bis[bis(2-
pyridylmethyl)aminomethyl]-4-chlorophenol (L“-OH) was synthesized and characterized as
recently described.'® Infrared spectra were recorded on a JASCO FTIR-480 plus spectrometer as
KBr pellets. Electronic spectra were recorded using an Agilent 8453 HP diode array UV-Vis

spectrophotometer. 'H and “C NMR spectra for zinc(Il) complex were obtained at room
25
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temperature on a Varian 400 NMR spectrometer operating at 400 MHz (‘H) and 100 MHz ("°C).
'H and "*C NMR chemical shifts (0) are reported in ppm and were referenced internally to residual
solvent resonances (DMSO-dg: oy = 2.49, 6¢c = 39.4 ppm). The conductivity measurements were
performed using a Mettler Toledo Seven Easy conductivity meter, calibrated by the aid of a 1413
puS/cm conductivity standard. Elemental analyses were carried out by the Atlantic Microlaboratory,

Norcross, Georgia U.S.A.

Caution: Salts of perchlorate and their metal complexes are potentially explosive and should

be handled with great care and in small quantities.

Syntheses of the complexes

[Niz(u-L0)(u-0Ac),](PF)-3H,0 (I). To a mixture of Ni(OAc),-4H,O (0.100 g, 0.40
mmol) and 2,6-bis[bis(2-pyridylmethyl)amino]-4-chlorophenol (0.112 g, 0.20 mmol) dissolved in
MeOH (25 mL), NH4PF¢ (0.130 g, 0.80 mmol) was added. The resulting solution was heated on a
steam-bath for 10 min, filtered while hot through celite and then allowed to stand at room
temperature. After ca 3 h, the light blue single crystals which separated were collected by
filtration, washed with propan-2-ol and Et,O and then dried at room temperature (overall yield:
120 mg, 61/%). Characterization for 1: Calcd for C36H4,CIFgNi;N¢OgP (MM = 984.52 g/mol): C,
43.92; H, 4.30; N, 8.54%. Found: C, 44.23; H, 4.30; N, 8.57%. Selected FTIR bands (v, cm'l):
3432 (m,b) v(O-H), 1604 (vs) v(C=C); 1422 (m), v(C=N); 845 (vs) vus(P-F). UV- VIS spectrum
{Amaw, nm (e, M'em™)} in CH3CN: 490 (sh), 645 (11.5), ~960 (25.6, b). Molar conductivity in
CH;CN, Ay =131 Q"' ecm® mol.

[Niz(u-L0)(u-0Ac),](ClO)-CH;COCH; (2). To a mixture of Ni(OAc),"4H,0 (0.100 g,
0.40 mmol) and 2,6-bis[bis(2-pyridylmethyl)amino]-4-chlorophenol (0.112 g, 0.20 mmol)
dissolved in MeOH (25 mL), NaClO4 (0.100 g, 0.80 mmol) was added. The resulting solution was
heated on a steam-bath for 10 min, filtered while hot through celite and then allowed to stand at
room temperature. The crude solid which separated was collected by filtration, washed with
propan-2-ol and Et,0O and then dried at room temperature (overall yield: 105 mg, 56%).
Recrystallization of the product from acetone afforded aqua-blue crystals suitable for X-ray
structure determination. Characterization for 2: Calcd for C3;gH4CINipNgO19 (MM = 943.09
g/mol): C, 49.67; H, 4.49; N, 8.91%. Found: C, 48.28; H, 4.32; N, 9.15%. Selected FTIR bands (v,
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cm™): 1604 (vs), 1593 (m) v(C=C); 1430 (s), 1415 (s), v(C=N); 1121 (s), 1095 (s) vas(CI-0). UV-
VIS spectrum {Apax, nm (g, M'lcm'l)} in CH3CN: 490 (sh), 642 (7.2), ~955 (22,b). Ay (CH3CN) =
152 Q' cm® mol™.

[Cuz(ﬂ-LCIO)(ﬂz-OAC)(ClO4)I(ClO4) (3). A procedure similar to that described for 2 was
used but Cu(OAc), -H,0 (0.100 g, 0.40 mmol) was used instead of Ni(OAc), 4H,0. After one day,
the green compound which separated was collected by filtration and was further recrystallized
from MeOH. The green crystals which were collected by filtration, washed with propan-2-ol and
Et;0 and then dried in air (overall yield: 120 mg, 61%). Characterization for 3: Calcd for
C34H33C13CuNgO11 (MM =935.11 g/mol): C, 43.38; H, 3.56; N, 8.99%. Found: C, 43.52; H, 3.72;
N, 8.56%. Selected FTIR bands (v, cm™): 1637 (vs) v(C=C); 1439 (w), v(C=N); 1120 (m), 1108
(m), 1091 (m) v,s(CI-O). UV-VIS spectrum {Am,, nm (g, M'lcm'l)} in CH3CN: 426 (465), ~800
(202,b). Am (CH3CN) =280 Q' cm” mol™.

[Cus(u-L'0)(0Ac),](PF5)-H0 (4). A procedure similar to that described for complex 3
but NH4PF¢ (0.100g, 0.80 mmol) was used instead of NaClO4. The crude solid which was
separated in the following day was collected by filtration. Further recrystallized of the product
from MeOH afforded blue crystals which were collected by filtration, washed with propan-2-ol
and Et,O and dried in air (overall yield: 120 mg, 63%). Characterization for 4: Calcd for
Cs6H33CICuFgNgO6P (MM = 958.25 g/mol): C, 45.12; H, 4.00; N, 8.77%. Found: C, 45.21; H,
4.01; N, 8.76%. Selected FTIR bands (v, cm™): 3432 (s) v(O-H); 1612 (vs) v(C=C); 1587 (s), 1486
(W), 1459 (m), 1445 (s), 1398 (s) v(C=N); 842 (vs) v,s(P-F). UV-VIS spectrum {Ayax, nm (g, M
'em™)} in CH3CN: 404 (713), ~670 (155,b). Ay (CH3CN) =131 Q' cm? mol™.

[an(ﬂ-LCIO)(ﬂg-OAC)z](PF,s) (5). A procedure similar to that described for complex 4
except Zn(OAc),-2H,0 (0.088 g, 0.40 mmol) was used instead of Cu(OAc),-H,O. The crude solid

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

which was separated in the following day was collected by filtration. Recrystallization of the
product from MeOH afforded colorless long needles of X-ray quality. These were collected by
filtration, washed with propan-2-ol and Et,O and dried in air (overall yield: 170 mg, 90%).
Characterization for 5: Calcd for C34H37C13Cu;NgO13 (MM = 943.93 g/mol): C, 50.22; H, 4.46; N,
10.34%. Found: C, 49.93; H, 4.51; N, 10.28%. Selected FTIR bands (v, cm'l): 1604 (vs), 1574 (m),
1465 (m), 1429 (s), 843 (vs). UV-Vis spectrum {Amayx, nm (g, M em™)} in CH;CN: 303 (2610). Ay
(CHsCN) = 132 Q' cm® mol”’. 'H NMR (DMSO-ds, 400 MHz, & in ppm): 2.00 (s, 3H, CHs-
acetate ), 2.50 (s, 2H, H13), 3.34-3.38 (m, 6H, H13a, H13b, H22a, H22b, H11a, H11b), 3.69 (d,
27
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1H, H12a), 3.75 (d, 1H, H12b), 4.07 (d, 1H, H20a), 4.41 (d,1H, H 20b), 6.63 (d, 1H, H7), 6.72 (s,
1H, H16), 7.17 (t, 1H, H4), 7.48 (t,1H, H9), 7.54 (t, 1H, H8), 7.63 (d,1H, H2), 8.03 (t,1H, H3),
8.20 (d, 1H, H10), 8.69 (d,1H, H5). °C NMR ( (DMSO-dg, 400 MHz): 24.84 ( CHs-, acetate),
56.94 (C11), 58.31 (C12), 59.37 (C13), 117.59 (CS5), 121.04 (C10), 122.99 (C9), 124.20 (C3),
124.41 (C8), 125.08 (C4), 129.57 (C9), 138.16 (C2), 139.56 (C7), 145.79 (C18), 147.29 ( C16),
149.60 (C19), 154.44 (C15), 154.72 (C17), 160.55 (C14), 177.80 (-C=O, acetate). The atom
numbering of the complex ion [an(u—LClO)(uz—OAc)z]+ is shown in Chart 1.

an(LCI—O)(ﬂz-OAC)z](ClO4)‘HzO (6). A mixture containing Mn(ClO4),-6H,O (0.150 g,
0.40 mmol) and 2,6-bis[bis(2-pyridylmethyl)amino]-4-chlorophenol (0.112 g, 0.20 mmol)
dissolved in MeOH (25 mL) was heated on a steam bath for 10 min, then NaOAc (0.108 g, 0.80
mmol) was added followed by heating for another 10 min, filtered while hot through celite and
then was allowed to stand at room temperature. In the following day, the off white long needles
which separated were collected by filtration, washed with propan-2-ol and Et,O and then dried at
room temperature (overall yield: 72 mg, 40/%). Anal. Calcd for 6: C;sH33Cl.Mn;NgOj9 (MM =
895.53 g/mol): C, 48.28; H, 4.28; N, 9.38%. Found: C, 47.88; H, 4.16; N, 9.23%. Selected FTIR
bands (v, cm'l): 3448 (w), 1589 (vs), 1427 (s), 1320 (w), 1093 (s). UV-VIS spectrum {Apax, nm (g,
M"em™)} in CH3CN: 316 (3550), ~500 (sh). Ay (CH;CN) =167 Q' cm?® mol™.

X-Ray crystal structure analysis

The X-ray single-crystal data of compounds 1-6 were collected on a Bruker-AXS APEX CCD
diffractometer at 100(2) K. The crystallographic data, conditions retained for the intensity data
collection and some features of the structure refinements are listed in Table S1 (see supplementary
section). The intensities were collected with Mo-K« radiation (A= 0.71073 A). Data processing,
Lorentz-polarization and absorption corrections were performed using APEX, and the SADABS
computer programs.68 The structures were solved by direct methods and refined by full-matrix
least-squares methods on F?, using the SHELXTL® program package. All non-hydrogen atoms
were refined anisotropically. The hydrogen atoms were located from difference Fourier maps,
assigned with isotropic displacement factors and included in the final refinement cycles by use of
HFIX (parent C atom) or DFIX (parent O atom) utility of the SHELXTL program. Molecular plots

were performed with the Mercury program.”
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Magnetic Measurements

Magnetic data of nickel (1 and 2) and manganese (6) complexes were measured with a PPMS
Dynacool VSM magnetometer (7=1.9-300 Kat B=0.1/1 T; B=0-9 T at T=2, 5 and 10 K). The
copper complexes (3 and 4) were measured with a MPMS XL7 SQUID magnetometer (7 = 1.9—
300KatB=1T; B=0-5T at T=2 and 5 K). The magnetic data were corrected for diamagnetic
susceptibilities and the signal of the sample holder.

DFT Calculations

The DFT calculations were performed with the ORCA 3.0.3 computational package.”' The hybrid
B3LYP functional’”” and the polarized triple-( quality basis set def2-TZVP(-f) proposed by
Ahlrichs and co-workers was used for all atoms.” The calculations utilized the RI approximation
with the decontracted auxiliary def2-TZV/J Coulomb fitting basis sets and the chain-of-spheres
(RIJCOSX) approximation to exact exchange as implemented in ORCA.” Increased integration
grids (Grid5 in ORCA convention) and tight SCF convergence criteria were used in all

calculations. The spin densities were visualized with the program VESTA 3.7

DNA study

Interactions of the complexes with plasmid DNA

To determine the nuclease activity of the complexes 1-5, 300 ng (i.e. 23.1 uM of base pairs) in the
20 pL of reaction mixture of the native supercoiled pUCI19 plasmid DNA was incubated with
different concentrations of the tested complexes which were dissolved in 25% (v/v) acetonitrile at

37 °C and allowed to interact for 2 h. Immediately after that, the samples were then quickly cooled

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

to 4 °C and mixed with gel loading buffer [containing 30% (v/v) glycerol, 0.25% (w/v)
bromphenol blue] and subsequently loaded on 0.8% (w/v) agarose gel in TBE buffer (containing
45 mM Tris-borate buffer and 1 mM EDTA) impregnated with 0.15 pg/mL of ethidium bromide
(EtBr). The electrophoreogram was analyzed by the AlphaEaseFC version 4.0.0.34 software
(Alpha Innotech, USA) and the relative amounts of the supercoiled circular (SC-form), single-
strand nicked (OC-form) and linear (L-form) forms were evaluated. The quantification of SC-form
of plasmid DNA was corrected by a factor of 1.47.%

Effect of incubation time on the interaction of complex 3 with plasmid DNA

To evaluate the effect of incubation time on the cleaving activity of the compounds, Cu(Il)

complex 3 was selected as a model compound. The compound was incubated in the concentrations
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of 300 and 30 uM with 300 ng of supercoiled plasmid DNA for 2, 4, 6, and 22 h. After the
incubation, the samples were analyzed by gel electrophoresis as described above.

Effect of oxidative scavengers and inhibitors on the interactions of Ni(II) complexes with
plasmid DNA

The Ni(Il) complexes 1 and 2 were selected for the determination whether their interactions with
supercoiled plasmid DNA could be modulated in the presence of different inhibitors. Therefore,
the ROS scavengers DMSO, and KL**#® the metal competitor MgSQO, and highly efficient metal
chelator EDTA were added in the molar ratio of 1:1 with 300 and 33 uM of the complexes and
these were incubated with 300 ng of plasmid DNA at 37 °C for 2 h in a similar manner as
described above.

Kinetics of the phosphodiester hydrolysis

Phosphodiester hydrolysis activity was probed for complexes 1, 3 and 5. BDNPP was used as a
phosphodiester model substrate in the assay. It was synthesized following a published procedure
with minor modifications.”® Cleavage of BDNPP was followed spectrophotometrically by
monitoring the generated product, 2,4-dinitrophenolate, by its strong absorption at 400 nm (e =
12,100 M'em™). The spectra were recorded at 25 °C with a JASCO V-570 spectrophotometer in a
10 mm or a 2 mm quartz cuvettes. All measurements were carried out in 1:1 acetonitrile-buffer
mixtures and performed in triplicates. The aqueous buffer consisted of 2-(N-morpholino)-
ethanesulfonic acid (MES) (50 mM; pH range: 5.5-6.7), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (50 mM; pH range: 6.8 - 8.2), 2-(cyclohexylamino)ethanesulfonic acid
(CHES) (50 mM; pH range: 8.6 - 10.0), 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (50
mM; pH range: 9.7 — 11.1) and lithium perchlorate (250 mM) for ionic strength control. The
desired pH of the buffers was adjusted by addition of aqueous sodium hydroxide solution.
Subsequent treatment with Chelex® (Chelex 100 sodium form) overnight and filtration with 45
um syringe filters ensured the absence of metal ions in the buffer solutions. BDNPP was initially
prepared as a 15 mM stock solution in acetonitrile and the complex stock solutions were 1 mM in
acetonitrile. The complex was allowed to equilibrate in the acetonitrile-buffer mixture for one
minute prior to addition of the substrate. When the substrate was added to the reaction mixture the
starting hydrolysis activity was monitored in the time between 15 and 195 seconds and analyzed
by linear regression. For each experiment autohydrolysis assays were conducted by measuring the

hydrolysis rate under the same conditions, but without complex, and were substracted form the
30


http://dx.doi.org/10.1039/c6dt02596j

Page 31 of 37 Dalton Transactions
View Article Online
DOI: 10.1039/C6DT02596J

derived data. The pH dependence assays contained the complex at 0.02 mM and BDNPP at 2.5
mM in the cuvette. The substrate concentration dependence assays were 0.04 mM in complex. The
experimental data obtained were fitted by the Origin (OriginLab) program. Studies of the TON
were conducted at 10 uM in complex and 3 mM in BDNPP. Samples were taken at various
intervals during the experiment, diluted with solvent (final concentration: 0.5 nM in complex and
0.15 mM in BDNPP), and their UV-vis spectra were recorded. The increase in the absorbance at
400 nm, assigned to 2,4-dinitrophenolate, was monitored over time and TON values calculated

using the Beer-Lambert Law.

Conclusions

Six  dinuclear metal(Il)-acetato complexes [Niz(u—LCIO)(uz—OAc)z](PF6)-3H20 (1), [Nip(p-
LY0)(12-0AC),](Cl04)-CH3COCH;  (2),  [Cua(u-LY'O)(112-0AC)(ClO4)](Cl0s)  (3), [Cua(p-
LEO)OAC](PFe) HoO  (4),  [Znmy(w-L7O)(12-OAc)](PFs)  (5) and  [Mny(L™-O) (-
0OAC)2](Cl04)-H,0 (6) have been synthesized in order to test their efficiencies in catalyzing the P-
O bonds in DNA and in promoting the hydrolysis of BDNPP. These complexes were structurally
and magnetically characterized. The backbone of all complexes consists of 2,6-bis[bis(2-
pyridylmethyl)aminomethyl]-4-chlorophenolate (L0 linking the two metal ions through the
deprotonated phenolate group, the acetate ligands are further bridging the metal ions in complexes
1, 2, 3, 5 and 6 but are simple monodentate donors in 4. The magnetic measurements revealed

antiferromagnetic coupling for complexes 1, 2, 4 and 6, and ferromagnetic coupling in 3, and these

Published on 21 July 2016. Downloaded by Cornell University Library on 22/07/2016 17:23:00.

results were supported by the DFT calculations.

The hydrolysis of the phosphodiester bis(2,4-dinitrophenol)phosphate (BDNPP), used as a
model substrate for the P-O bond cleavage in DNA, was examined with complexes 1, 3 and 5 over
the pH range 5.5-10.5 at 25 °C. Michaelis-Menten kinetics (pH = 7 and 10.5) showed that catalytic
efficiencies k./Ky decrease in the order Ni(Il), 1 > Zn(Il), 5§ > Cu(ll), 3. Parallel to the
phosphatase reactivity study, the nuclease activity of complexes 1-5 were employed for studying
the supercoiled plasmid ds-DNA cleavage under the physiological conditions. Surprisingly, none
of the complexes showed any sign of cleavage activity but instead only the two nickel complexes 1
and 2 revealed a strong ability to unwined the supercoiled plasmid ds-DNA. These results raise a

question about the validity of a direct comparison model metal complexes used for the hydrolysis
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of phosphodiesters with DNA cleavage, where two mechanistic pathways (hydrolysis and
oxidative cleavage) exist. In addition to the present results, [Zn(TPA)(HzO)]2+ (TPA = tris(2-
pyridylmethyl)amine) was shown to exhibit enhanced phosphodiester hydrolysis rate’’ but the
corresponding catalytic cleavage reaction for DNA was insignificat.46(b)

Comparative studies for supercoiled ds-DNA cleavage efficiency by a number of metal
complexes, when different metals exist in the same coordination environment and are bound to the

same ligand, have been performed.**®4®

For example in the cleavage of DNA by the
structurally characterized hexa-coordinate complexes [M(bpa)(NO;)]", where bpa = N-(2-
ethoxyetanol)-bis(2-picolyl)amine, the efficiency decreased in the order: Cu(Il) > Co(Il) > Zn(Il) =
Ni(I*® and in a comparable study using the five-coordinate [M(TPA)(H,0)]*", the reactivity
order was Co(I) > Cu(Il) >> Zn(II).**® These two sets of data demonstrate that the observed
reactivity is not attributed to a specific metal ion nor to the lability of metal ions.” In addition, our
recent work on the DNA cleavage by a series of sterically hindered TBP Co(Il) complexes derived
from the substituted N4-tripod TPA* and on the dinuclear Cu(II)—bdpaTCl complexes, where
bdpaTCl = 2-chloro-4,6-bis(di-2-picolylamino)-1,3,5-triazine,36 showed that the steric environment
imposed by the ligands around the cental metal ions has a strong influence on supressing the
approach of DNA to the metal center and this may lower or even inhibit the reactivity of DNA

36,39
cleavage.

However, it is important to mention that this may not be the case in the hydrolysis of
simple phosphodiesters as these molecules have a very small size compared to DNA. Therefore,
aside from the mechanistic complications in the DNA cleavage reactions, the observed lack of
reactivity of complexes 1-5 in the DNA cleavage reactions and the observed efficiency by
complexes 1 and S in promoting the hydrolysis of BDNPP may be due to the large steric effect
imposed by the coordinated organic ligands which prohibite the ds-DNA from closely approaching
the metal centers while this presents no problem for BDNPP. In conclusion, careful attention must
be paid for the results in which metal complexes are used to mimic the hydrolysis of simple

phosphodiester compounds as “model systems” for the natural biological phosphoesters, DNA or

RNA.
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Fig. 1. Perspective views of complexes 1 - 6 with partial atom numbering schemes: (a)
[Nio(u-L'0)(H2-OAC):](PF6)-3H,0 (1), (b) [Nia(k-L“O)(-OAC),](CIO,)-CHsCOCH;  (2), (c)
[Cuz(k-L“O) (12 0AC)(CIOL](CIOs) (3), (d) [Cu(k-L“O)OAC)I(PFe)-H:O (4), (e) [Zny(k-

L“'O)(u2-OAC),](PFg) (5) and (f) [Mnz(L-O)(12-OAC)2](ClO4)-H,O (6).
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