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ABSTRACT: Six novel Ni(II) complexes, namely,
[Ni,(HL))(OAc),] (1), [NiLl,]-H,0-2CH,CN (2),
[Ni,(L?)(L*) (CH,CN)] (3), [Ni,(L*),(H,0),] (4),
[Ni,(L*),(DMF),],2H,0 (5), and [Ni(HL?),]-H,0 (6),
were synthesized by reacting nitrophenol-based tripodal
(H;L') and dipodal (H,L?) Schiff base ligands with Ni(II)
metal salts at ambient conditions. All the complexes were fully
characterized with different spectroscopic techniques such as
elemental analyses, IR, UV—vis spectroscopy, and electrospray

ionization mass spectrometry. The solid-state structures of 2, 3, 5, and 6 were determined using single-crystal X-ray
crystallography. The compounds 1, 3, 4, and § are dinuclear complexes where the two Ni(II) centers have octahedral geometry
with bridging phenoxo groups. Compound 2 is a trinuclear complex with two different types of Ni(II) centers. In compound 3
one of the Ni(II) centers has a coordinated acetonitrile molecule, whereas in compound 4, a water molecule has occupied one
coordination site of each Ni(II) center. In complex S, the coordinated water of complex 4 was displaced by the
dimethylformamide (DMF) during its crystallization. Complex 6 is mononuclear with two amine—bis(phenolate) ligands in
scissorlike fashion around the Ni(II) metal center. The single crystals of 1 and 4 could not be obtained; however, from the
spectroscopic data and physicochemical properties (electronic and redox properties) it was assumed that the structures of these
complexes are quite similar to other analogues. DNA binding abilities and phosphatase-like activities of all characterized
complexes were also investigated. The ligand denticity, coordinated anions/solvents (such as acetate, acetonitrile, water, and
DMF), and cooperative action of two metal centers play a significant role in the phosphate ester bond cleavage of 2-
hydroxypropyl-p-nitropenylphosphate by transesterification mechanism. Complex 3 exhibits highest activity among complexes

1—6 with 3.86 X 10° times greater rate enhancement than uncatalyzed reaction.

B INTRODUCTION

Transition metal complexes of Schiff bases are of immense
interest in homogeneous and heterogeneous catalysis." They
are known to catalyze oxygenation, hydrolysis, transesterifica-
tion, and decomposition reactions.” Among these, the catalytic
cleavage of phosphate esters either by hydrolysis or trans-
esterification process has received considerable attention as an
important biochemical process.® Phosphate esters are negatively
charged species and show good resistance toward cleavage
under neutral conditions. This special feature appears in the
backbones of DNA and RNA. The hydrolytic enzymes such as
polymerases, recombinases, and topoisomerases have two or
three transition metal ions placed close to each other in their
active sites.* These metal ions act as Lewis acid sites and
facilitate catalysis by the cooperative action of two metal ions.®
With the aim to mimic extraordinary catalytic activities of these
enzymes, many binuclear model systems have been studied.®
Model studies using phenoxo-bridged dinuclear metal com-
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plexes remain increasingly significant to recognize the
importance of bimetallic centers.” We have already reported
copper(Il) acetate complexes of some Schiff bases and their
reduced products and found them to have reasonable
catecholase activity.® To continue our work on the bioinspired
coordination chemistry of phenoxo-coordinated metal(1I)
complexes, we synthesized some new phenoxo-bridged
complexes of Ni(II). The catalytic activity of these complexes
toward phosphate ester bond cleavage was explored. The
influence of ligand denticity and coordinated solvents or anions
in the transesterification (catalytic bond cleavage) of organic
phosphate ester was also investigated. Moreover, the binding of
a metal complex to phosphate ester backbone, being a crucial
step in transesterification, stimulated us to evaluate the DNA
binding abilities of all the complexes before carrying out
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phosphate ester bond cleavage studies.” In the present work we
are reporting six new complexes [Ni,(HL')(OAc),] (1),
[Ni;L',]-H,0-2CH;CN  (2), [Ni,(L*)(L*)(CH,CN)] (3),
[Ni,(L*),(H,0),] (4), [Ni,(L*),(DMF),],2H,0 (S), and
[Ni(HL*),]-H,0 (6) (DMF = dimethylformamide) from
nitrophenol-based tripodal and dipodal Schift base ligands.
Although some similar complexes of 1 and 6 are known with
Ni(Il), none of them has ever been used for hydrolytic/
transesterification cleavage studies.'® The choice of nitro-
phenol-based ligand is based on the consideration that easy
deprotonation of nitrophenol in comparison to phenol (due to
lower pK, value of nitrophenol, ie., 7.2 as compared to 10.0 in
case of phenol) will favor the complex formation. As expected,
all the complexes were synthesized without the addition of any
base. However, in case of phenolic ligands the complexation
methods involve the use of some bases for deprotonation
followed by metal complexation.'”"" Further decrease in the
number of coordination sites from tripodal ligand HyL' to
dipodal ligand H,L? (Scheme 1) can favor the solvent or anion
binding (such as water, acetonitrile, DMF, acetate, etc.) to
complete the coordination sites of Ni(I) center. The crystal
structure of complex 2, 3, and § has supported this anticipation.
In contrast to our prediction we also isolated the complex 1 of
tripodal ligand with bidentate-coordinated acetate ion. In spite
of our sincere efforts we were unable to grow the crystals of this
complex and assumed that the structure of complex 1 should
resemble that of an already reported analogous complex. This
argument was further confirmed by similarity in physiochemical
properties (cf. electronic and redox properties) of complex 1
and those reported by Kennedy et al." In case of complex 4 we
were unable to grow the crystal in water again but succeeded in
crystallizing the same compound in DMF as complex S, where
coordinated water of complex 4 was displaced by DMF. We
also isolated and characterized a mononuclear complex 6 to
compare its activity with above-mentioned tri- and dinuclear
complexes (2—S5). Single crystals of 6 were also obtained;
however, they could not provide publishable X-ray diffraction
data. The proposed coordination environment of all the
complexes is also supported with cyclic voltammetry. There-
fore, these complexes are ideal candidates to study the influence
of ligand denticity and exogenous coordinating ligands on DNA
binding abilities and catalytic cleavage of phosphate esters. The
relative DNA binding ability and catalytic activity of these
complexes with appropriate mechanisms are finally reported.

B EXPERIMENTAL SECTION

Materials and Measurements. All solvents were dried by
standard methods. Unless otherwise specified, chemicals were
purchased from commercial suppliers and used without further
purification. calf thymus (CT)-DNA, ethidium bromide (EB), and
biological buffers 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic
acid (HEPES), 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid
(EPPS), tetra-n-butyl ammonium perchlorate (TBAP), 2-(cyclo-

hexylamino) ethanesulfonic acid (CHES), etc., were purchased from
Aldrich. 2-hydroxypropyl-p-nitropenylphosphate (HPNP) was pre-
pared by literature method."

The elemental analyses were performed on Perkin—Elmer 2400
CHN analyzer. The 'H and *C NMR spectra of the ligands were
performed in CDCl; and deuterated dimethyl sulfoxide (DMSO-dg)
with tetramethylsilane (TMS) as an internal reference, on a JNM-
ECS400 (JEOL) instrument operating at 400 MHz for '"H NMR and
100 MHz for '*C NMR. The chemical shifts are reported as & values
(ppm) relative to TMS. The IR spectra were recorded on a Bruker
Tensor 27 spectrometer for the compounds in the solid state as KBr
discs or as neat samples. The absorption spectra were recorded on a
Specord 250 Plus Analytikjena and Agilent UV—vis spectrophotom-
eter. The fluorescence measurements were performed on a
PerkinElmer LS5 Fluorescence spectrophotometer using quartz cells
of 1 cm path length. The slit width for the excitation and emission was
set at 10 nm, and scan speed was maintained at 100 scans per sec
throughout the experiments. Electrospray mass spectra (ESI) were
recorded on ES-MS Q-TOF mass spectrometer.

Syntheses of Ligands. Ligand (H,L') and (H,L?) were prepared
from tris(2-aminoethyl) amine and diethylenetriamine with a slight
modification in the reported methods (Scheme 1).'*'*

Ligand H,L'. Tris(2-aminoethyl) amine (146 mg, 1.0 mmol) was
stirred with 2-hydroxy—5—nitrobenzlaldehyde (534.4 mg, 3.2 mmol) in
the presence of traces of zinc perchlorate in methanol. Color of the
solution changed immediately to yellow, and the precipitates separated
out in quantitative yield. These precipitates were filtered, washed with
methanol, and dried. Yield = 90.2%. mp = 197 °C. '"H NMR (400
MHz, DMSO-dg, ppm): § 2.81 (m, 6H, —CH,), 3.73 (m, 6H, —CH,),
6.45 (d, 3H, Ar), 7.83 (d, 3H, Ar), 8.09 (s, 3H, Ar), 8.54 (s, 3H, -N=
CH).*C NMR (100 MHz, DMSO-d;, ppm) &: 50.0, 50.2, 113.3,
122.5, 128.8, 132.5, 167.3, 177.5. Anal. Calcd (%) for C,,H,,N,O,: C,
54.64; H, 4.59; N, 16.52. Found: C, 54.58; H, 5.51; N, 16.61. Selected
IR (KBr, cm™) 3272 (w), 1655 (s), 1610 (s), 1548(s). ESI-MS (m/z):
5942 [(M + 1)*].

Ligand H,L2 The ligand H,L? was prepared in a similar manner as
H,L', by stirring diethylenetriamine (103 mg, 1.0 mmol) with 2-
hydroxy-S-nitrobenzlaldehyde (367.4 mg, 2.2 mmol) in the presence
of traces of zinc perchlorate in methanol. Similarly, the color of the
solution changed immediately to yellow, and precipitates separated out
in quantitative yield. These precipitates were filtered, washed with
methanol, and dried. Yield = 92.0%. mp = 182—186 °C. "H NMR (400
MHz, DMSO-d,, ppm): § 2.88 (t, 4H, —CH,), 3.63 (t, 4H, —CH,),
6.51 (d, 2H, Ar), 7.96 (d, 2H, Ar), 8.32 (s, 2H, Ar), 8.33 (s, 2H, -N=
CH). °C NMR (100 MHz, CDCl,, ppm): § 48.3, 50.7, 114.4, 122.4,
128.8, 132.0, 133.6, 177.3. Anal. Caled (%) for Cy3H,NOg: C, 53.86;
H, 4.77; N, 17.45. Found: C, 53.78; H, 4.71; N, 17.51. Selected IR
(KBr, cm™) 3250 (w), 1699 (s), 1632 (s), 1542 (s). ESI-MS (m/z):
402.1 [(M + 1)*].

Syntheses of Complexes. [Niy,(HL') (OAc),] (1). To a warm
solution of HyL' (593 mg, 1.0 mmol) in acetonitrile, an aqueous
solution of Ni(OAc),4H,0 (498 mg, 2.0 mmol) was added. The
reaction mixture was stirred at 70 °C for 2 h. Light brown precipitates
were obtained, which were filtered and washed with acetonitrile. Yield:
52%. Anal. Caled (%) for C;H;N,Ni,O5: C, 45.02; H, 3.78; N,
11.86. Found: C, 44.97; H, 3.48; N, 11.39. Selected IR (KBr, cm™):
3480 (W) Vo-mw 3002 (m) Varomatic C—H) 2981(W) l/aliphatic C-H 1633 (S)
Vemr 1558 Vo 0cor 1511 Vg on0, 1471 Vg 0c0r 1310 Vagm oo
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Table 1. Crystal Data and Refinement Parameters of [Ni,L',]*H,0-2CH,CN (2), [Ni,(L?)(L*)(CH,CN)] (3), and

[Niz(Lz)z(DMF)z]QHzO ()

compound 2

empirical formula Css Hss Njg O19 Nig

M, 1457.32
temperature [K] 293(2)
crystal system triclinic
space group PT

a/ [A] 11.8152(5)
b/ [A] 12.1657(5)
¢/[A] 12.5479(5)
a/ [deg] 84.983(2)
p/[deg] 62.572(2)
7/ [deg] 72.841(2)
vV [A%] 1527.14(11)
V4 1

D, [Mg m™?] 1.585
u/[mm™] 1.005
reflections collected 51282

6003/0/440
unique reflections, [Ry,] 6003 [0.1207]
GOE = S, 0.960

final R indices

Ry, wR, [I > 20I]
R, wR, (all data)
Apmax/Apmin [A%]

data/restraints/parameters

0.0460, 0.0916
0.0926, 0.1023
0.405/-0.375

3 5

CysHss Ny, Oy4Ni, CpHsy Ny, Oy Nip
1002.21 1098.36
293(2) 293(2)
triclinic monoclinic
PI P21/n
10.2820(5) 9.4243(6)
11.0297(6) 14.7104(9)
19.1468(10) 18.6857(13)
99.617(2) 90.00
101.878(3) 98.867(2)
98.525(3) 90.00
2057.16(18) 2559.5(3)

2 2

1.616 1.425

1.000 0.813

44082 106740
8014/0/597 5039/0/327
8014 [0.1690] 5039 [0.1014]

0.935 1.016

0.0782, 0.1527
0.2017, 0.1807
0.922/-0.388

0.0400, 0.1025
0.0701, 0.1178
0.753/-0.529

1270 6 c_y 1126 ve_y. ESI-MS (m/z): 6502 [Ni(HL')+1]*
Electronic spectrum [, nm (¢, M™' em™)]: (in DMF) 356 (11
900), 629 (br) (83), 991 (33).

[NisL!,]-H,0-2CH5CN (2). A solution of Ni(NO,),-6H,0 (580 mg,
2.0 mmol) and HsL' (593 mg, 1.0 mmol) in acetonitrile was refluxed
for 3 h to obtain a clear solution. After the completion of reaction, the
solution was filtered to remove any solid particles. Subsequent slow
evaporation of the acetonitrile solution at room temperature resulted
in the formation of brown crystals, which were filtered and washed
with methanol. Single crystals thus obtained were found to be suitable
for X-ray structural studies. Yield: S54%. Anal. Calcd (%) for
CeeHygN (Ni,0,0: C, 47.80; H, 3.87; N, 15.38. Found: C, 47.87; H,
3.82; N, 15.42. Selected IR (KBr, cm™): 3485 (m) vo_y, 3024
Varomatic C—H» 2861 I/aliphatic C-H 1628 (S) Ve=Ny 1582 I/sym ONOy 1308
Vseym N0y 1290 8¢_y, 1188 vi_y. ESI-MS (m/z): 706.2 [Niy(L")]".
Electronic spectrum [4,,,, nm (¢, M™' cm™)]: (in DMF) 319 (15
300), 680 (70), 981(44).

[Nio(L2)(LP)(CH;CN)] (3). H,L* (401 mg, 1.0 mmol) and Ni(NO3),:
6H,0 (290 mg, 1.0 mmol) were added successively to acetonitrile.
The resulting solution was refluxed for 2 h to obtain a clear solution.
The suitable quality crystals were grown directly from the above
solution by slow evaporation method and were then filtered and
washed with methanol. Yield: 42%. Anal. Caled (%) for CigH,e
N,Ni,Oy,: C, 45.54; H, 3.62; N, 16.77. Found: C, 45.60; H, 3.58; N,
16.73. Selected TR (KBr, cm™): 3010 (W) Vpomatic crp 2852 (m)
Valiphatic -1 2310 (W) 6_cs 2295 (s) v_cny 1610 (s) ve—y, 1502
Vom onor 1321050 onoy 1252 (s), 1180 (s) ve_n. ESI-MS (m/z):
503.2 [Ni(L*)+1]". Electronic spectrum [, nm (g, M~ cm™)]: (in
DMF) 325 (12 600), 665 (68), 964 (35).

[Niy(L?),(H,0),] (4). An aqueous solution of Ni(Cl),-6H,0 (238
mg,1.0 mmol) was added to a solution of H,L* (401 mg, 1.0 mmol) in
acetonitrile. The reaction mixture was refluxed at 70 °C giving light
brown precipitates after 1 h. The solution was filtered and dried to
afford a brown powder. Yield: 56%. Anal. Calcd (%) for
Cy6HygN oNi,O,: C, 45.41; H, 4.02; N, 14.71. Found: C, 45.37; H,
4.08; N, 14.79. Selected IR (KBr, cm™): 3390 (m) vg_y, 2792 (w)
Varomatic C—Hy 1682 (S) Ve=Ny 1558 Vsym ONO» 1352 I/asym ONO» 1224 (S)
Sy 1112 (s) ve_yn. ESI-MS (m/z): 458.1 [Ni(L?)+1]*. Electronic

spectrum [A,., nm (g, M™' cm™)]: (in DMF) 327 (11900), 646
(80), 1034 (27).

[NiZ(LZ)Z(DMF)Z]-ZHZO (5). The brown powder of complex 4 was
dissolved in DMF, and suitable quality crystals were grown directly
from the above solution by vapor diffusion with diethyl ether. Yield:
36%. Anal. Calcd (%) for C,H,N,04Ni,: C, 45.93; H, 4.77; N,
15.30. Found: C, 45.98; H, 4.79; N, 15.28. Selected IR (KBr, cm™):
3484(111) V N-w 2978 (m) Varomatic C—Hy 2752 (W) I/aliphatic C-H 1692;
1622 (8) ¥ c_oy 1562 (5) Veny 1510 Vg onor 1312 Vg onoy 1245
Sy 1184 v_y. ESI-MS (m/z): 663.2 {[Ni,(L*)(DME) ,]** +le}.
Electronic spectrum [4,,, nm (¢, M™' cm™)]: (in DMF) 342 (13
600), 690 (br) (42), 960 (29).

[Ni(HL2)2]~HZO (6). To a solution of H,L?> (401 mg, 1.0 mmol) in
acetonitrile (30 mL), an aqueous solution of Ni(OAc),-4H,0 (249
mg, 1.0 mmol) was added. The solution was refluxed for 2 h. A brown
colored solution was obtained, which was filtered and kept for slow
evaporation to get crystalline material. Yield: $8%. Anal. Calcd (%) for
CygHygNoNiO,y: C, 49.28; H, 4.37; N, 15.96. Found: C, 49.32; H,
4.34; N, 15.98. Selected IR (KBr, cm™): 3498 (m) vo_g, 3125 (m)
Varomatic C—H» 2858 (W) Valiphatic C-H 1652 (S) Ve=N» 1590 l/sym ONO»
1388 Vyoym onos 1254 () Scyyy 1116 (s) ve_n. ESI-MS (m/z): 859.7
[Ni(HLZy)Z +1]*. Electronic spectrum [A,,, nm (¢, M™' em™)]: (in
DMF) 364 (12700), 728 (br) (79), 1016 (68).

X-ray Structure Determination. The X-ray diffraction data were
collected on a Bruker X8 APEX I KAPPA CCD diffractometer at 100
K using graphite monochromatized Mo Ka radiation (4 = 0.710 73 A).
The crystals were positioned at 40 mm from the CCD, and the
diffraction spots were measured using a counting time of 10 s. Data
reduction and multiscan absorption were carried out using the APEX
II program suite (Bruker, 2007). The structures were solved by direct
methods with the SIR97 program'® and refined using full-matrix least-
squares with SHELXL-97.'® Anisotropic thermal parameters were used
for all non-H atoms. The hydrogen atoms of C—H groups were with
isotropic parameters equivalent to 1.2 times those of the atom to
which they were attached. All other calculations were performed using
the programs WinGX'” and PARST.'® The molecular diagrams were
drawn with DIAMOND and OLEX2." Final R values together with
selected refinement details are given in Table 1.
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Cyclic Voltammetry. Electrochemical measurements were re-
corded on a BASI EPSILON. All studies were performed in a single
compartment under nitrogen atmosphere at 100 mV s™" scan rate (25
°C), with a Pt disk as the working electrode, Ag/AgCl as the reference
electrode (3 M KCl), and Pt wire as the counter electrode. The
working Pt electrode was polished with basic Al,O;—water slurry and
was washed with ethanol. The solutions for analyses were prepared by
dissolving 10 mg of each complex in S mL of 30% DMF solution along
with tetrabutyl ammonium perchlorate (0.1 M) as the supporting
electrolyte.

DNA Binding. The DNA binding abilities of all the complexes
were examined by UV—vis and fluorescence spectroscopic studies in
50 mM Tris-HCI/NaCl buffered 10% DMF solution at 7.5 pH. The
UV—vis titrations were performed with addition of increasing amount
of CT-DNA (in Tris-HCI/NaCl buffer) to a fixed concentration of
metal complex (100 pM). The concentration of CT-DNA was
calculated from the extinction coefficient (¢ = 6600 M~ cm™) and
absorbance intensity at 260 nm.”® The decrease in the absorbance
intensity with increased amount of DNA was plotted with nonlinear
least-squares fitting analyses. The relative binding properties of
complexes to CT-DNA were investigated with fluorescence spectro-
scopic methods using EB (1.25 uM) bound CT-DNA (25 uM) in SO
mM Tris-HCl/NaCl buffered 10% DMF solution at 7.5 pH. The
decrease in the fluorescence intensity at ~600 nm with an excitation
wavelength of 525 nm was recorded with increasing amounts (0—30
uM) of different metal complexes.

Kinetics Measurements for Phosphate Ester Bond Cleavage.
In all the kinetics studies for phosphate ester bond cleavage, 2-
hydroxypropyl-p-nitropenylphosphate (HPNP) was used as substrate
against all complexes. All the experiments were performed in
spectroscopic grade 30% DMF solution (DMF—H,0, v/v). Doubly
distilled deionized water was used for the buffer preparation. A digital
pH meter was used to measure the pH of different solutions. The 10
mL solution of each buffer salt (0.1 M) (HEPES, pH < 8.0; EPPS, 8.0
< pH < 8.9; CHES, 8.9 < pH < 11.0) was prepared and mixed with an
equal volume of 0.2 M NaNOj; solution (to maintain the ionic
strength). These mixtures were titrated with NaOH (1 M) to get the
desired pH. All the kinetics studies were performed on a UV—vis
spectrophotometer fitted with a thermostated cuvette holder
accessory, using the following conditions: The freshly prepared
substrate solution (5.0 mM) was mixed with complex solution (0.1
mM) in an appropriate buffer. The rates of substrate transesterification
in the presence of different complexes were measured by initial rate
method at pH 8.5. The increase in absorption band (4,,,, 400—410
nm) corresponding to the formation of p-nitrophenolate was recorded
after every 3 min for 1 h. The effect of pH on catalytic activity was
studied in the pH range of 7.0—10.0 using different buffer solutions.
To determine the dependence of the rates on the substrate
concentration and various kinetics parameters, 0.1 mM solutions of
different metal complexes were treated with increasing substrate
concentration (1.25—10 mM) in 30% DMF buffer solution at pH 8.5.
The effect of acetate ion concentration on reaction rate was studied in
the presence of S times of acetate ion relative to substrate
concentration. In all the experiments UV spectra of solutions were
recorded directly after 15 min equilibration time at 30 °C. All the
measurements were recorded twice, and the average values were taken.
The studies were corrected for spontaneous reaction by taking
difference with and without metal complex. The mechanism of HPNP
(2.5 mM) transesterification with complex 3 (0.1 mM) was studied by
*'P NMR spectroscopy in DMSO at pH 8.5, in the presence of 0.1 M
CHES buffer. The formation of cyclic phosphodiester during
transesterification reaction was confirmed by the appearance of a
signal at 17.90 ppm.*!

B RESULTS AND DISCUSSION

Syntheses and Characterization. Phenol-based Schiff
base ligands were stnthesized with slight modification to
reported methods'>'* through the condensation reaction
between tris(2-aminoethyl) amine/diethylenetriamine and 2-

hydroxy-5-nitrobenzlaldehyde in methanol. The reactions of
Schiff base ligands with different nickel salts afforded the
separation of six complexes. All the complexes were fully
characterized with different spectroscopic techniques such as
elemental analyses, IR, UV—vis spectroscopy, and ESI mass
spectrometry (Supporting Information, Figures S1—S12). The
X-ray crystal structures of 2, 3, 5, and 6 were also solved. IR
spectra of all the complexes show —C=N stretching bands in
the range of 1582—1652 cm™". Significant shifts in the ligand
—C=N stretching band clearly shows its participation in
coordination. In complex 1, characteristic IR bands at 1558 and
1471 cm™ were assigned to asymmetric and symmetric
vibrations of coordinated acetate groups. The small separation
Av between Vg, oco and Vg oco (<200 cm™?) suggezsgs a
bidentate chelating mode of coordinated acetate groups.” In
complexes 3 and 4, bands at 2295 and 3390 cm™' show the
presence of coordinated acetonitrile and water, respectively.
Complex § shows a sharp band at 3484 cm™' due to
coordinated DMF.

The absorption spectra of complex 1 in DMF shows the
characteristic features of an octahedral environment around two
Ni(II) ions. The ground state (3A2g) of Ni(I) ion in an
octahedral environment exhibits three spin-allowed transitions
corresponding to 3AZg - 3Tlg (B) (vy), 3Azg - 3T2g (F) (vy),
and *A,, = Ty, (P) () transitions.”® Complexes 1—6 exhibit
weak absorption bands in the range of 629—690 nm and 960—
1034 nm in the visible region. The low intensity (¢ = 27—83
M cm™') and broadness of the absorption maxima are
suggestive of the spin-forbidden transitions. The third high
intensity band (e = 11 800—15300 M~' cm™") at 319—364 nm,
can be ascribed to the ligand-to-metal charge transfer transition.
The high energy band corresponding to *A,, — T, (P) (v3)
transition lies very close to the intense charge transfer band and
has been overlapped. ESI-MS spectrum of nickel(II) complexes
[Ni,(HL')(OAc),] (1), [NisL',]-H,0-2CH,CN (2), [Nip(L?)-
(L)(CH,CN)](3), [Niy(L*),(H,0),] (4), [Niy(L?),(DMF),]-
2H,0 (5), and [Ni(HL?),]-H,0 (6) showed a peak at m/z =
6502 [Ni(HL")+1]", 706.2 [Ni,(L')]*, 503.2 [Ni(L?)+1]*, 458
[Ni(L*)+1]%, 663.2{[Ni,(L,)(DMF),]**+1e}, and 859.7 [Ni-
(HL?),+1]*, respectively. Moreover the proposed formulas of
all the Ni(II) complexes are supported with elemental analyses
and cyclic voltammetry.

Structure Description. (a). [Ni3L72]-HZO.2CH3CN (2). The
compound 2 crystallizes in triclinic crystal system with P1 space
group. The asymmetric unit consists of one trinuclear Ni(II)
complex [Ni;(C,,H,,N-O),] and two acetonitrile, one water
molecule as solvent of crystallization (Figure 1). There are two
crystallographically different Ni(II) centers, namely, Ni(1) and
Ni(2), of which Ni(2) is at the center of symmetry. The nickel
atom has a slightly distorted octahedral coordination around
Ni(1) center with three donor atoms (two phenolate oxygen
atoms and one C=N nitrogen atom) from each tripodal ligand
(H;L'). The maximum deviation from the regular octahedral
geometry is only in cis—N—Ni(1)—O (N2—Nil—04 = 94.64°)
angles, while trans-N/O—Ni(1)—N/O angles are exactly 180°.
In the second Ni(Il) center, Ni(2) metal ion has distorted
octahedral geometry (extent of distortion is more compared to
Ni(1) center); the maximum deviation of cis-N/O—Ni—N/O
angle is 15.54° from the ideal value of 90°. The corresponding
deviation in the trans-N/O—Ni—N/O angle is as high as
14.34°, This distortion in octahedral geometry arises from two
sterically hindered pods of tripodal ligand interacting with
Ni(2) center leaving the third pod free to coordinate to Ni(1)
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Figure 1. ORTEP diagram of [Ni;L',]-H,0-2CH,CN (2) with 40%
probability thermal ellipsoids and the atom-numbering scheme
(hydrogen atoms are removed for clarity).

center. The average Ni—N, Ni—O distances around Ni(II)
octahedrons are comparable to other similar reported Ni(II)
complexes.'” The selected bond lengths and bond angles are
given in Table 2a. In the crystal lattice the different moieties are
held together by weak C—H---O interactions, and all the oxygen
atoms of the nitro groups are involved in hydrogen-bonding
interactions with neighboring moieties (Supporting Informa-
tion, Figure S13). The solvent molecules of crystallization are
proving more robustness to the crystal structure by hydrogen-
bonding interactions with metal complex moieties. The
hydrogen-bonding interactions are shown in the Supporting
Information, Table S1.

(b). [NiZ(Lz)(L3)(CH3CN)] (3). Compound 3 crystallizes in
triclinic crystal system with P1 space group and consists of one
dinuclear neutral Ni(II) complex, [Ni,(C,3H,;;N;Oq)
(C1sH¢NgOg)CH;CN]. Interestingly, dipodal ligands coordi-
nating to Ni(II) are different, in one dipodal ligand (H,L?) the
central nitrogen atom (N6) has undergone nitrosation reaction
(ligand H,L? Scheme 1) during complexation in the presence
of nitrate ion (counterion of Ni(II) salt), while central nitrogen
atom (N1) of other dipodal ligand (H,L?) is involved in
coordination with Ni(II) metal center. The ORTEP diagram
along with atom numbering scheme is shown in Figure 2. In
compound 3, both nickel atoms are hexacoordinated resulting

Figure 2. ORTEP diagram of [Ni,(L*)(L*)(CH,CN)] (3). with 40%
probability thermal ellipsoids and the atom-numbering scheme
(hydrogen atoms are removed for clarity).

in octahedral geometry around metal centers. In Ni(1),
octahedral coordination is completed by three nitrogen and
three phenolate oxygen atoms originating from two dipodal
ligands. Around Ni(2) metal center the octahedral geometry is
completed by two nitrogen, three oxygen donor atoms of two
dipodal ligands, while the sixth position is satisfied by one
acetonitrile ligand. The compound has nearly octahedral
geometry around the metal centerrs, the maximum deviation
of ¢issN/O—Ni—N/O angle is 11.45° from the ideal value of
90°. The corresponding deviation in the trans-N/O—Ni—N/O
angle is as low as 14.7°. The average Ni—N, Ni—O distances
around Ni(I) octahedron are comparable to those of other
related Ni(II) complexes and are given in Table 2b.

In the crystal lattice the Ni(II) moieties are interacting with
each other through number of C—H:-O hydrogen bonding.
The resulting arrangement as shown in Supporting Informa-
tion, Figure S14, propagates toward one direction with help of
hydrogen-bonding interactions between two nitrophenolate
units, which are almost perpendicular to two other nitro-
phenolate units of dipodal ligands. The arrangement is
propagating toward other direction by C—H:--O interactions

Table 2a. Selected Bond Lengths (A) and Angles (deg) for [Ni;L',]- H,0-2CH,CN (2)

bond lengths (A)

Ni(1)-0(1) 2.026(2) Ni(1)-N(2) 2.069(3) Ni(1)-0(4) 2.165(2)
Ni(2)-N(4) 2.001(3) Ni(2)—-N(6) 2.036(3) Ni(2)-0(7) 2.013(2)
Ni(2)-N(3) 2.249(3) Ni(2)-0(4) 2.056(2) N(1)-0(2) 1.230(4)
N(1)-0(3) 1.237(4) N(5)-0(6) 1.231(4) N(5)-0(5) 1.224(4)
N(7)-0(9) 1.225(4) N(7)-0(8) 1.231(4) Ni(1)--Ni(2) 3214
bond angles (deg)
0O(1)-Ni(1)-N(2) 90.29(9) 0(1)-Ni(1)-0(4) 98.79(8) N(2)-Ni(1)-0(4) 85.38(9)
N(4)-Ni(2)-N(3) 78.59(11) 0(4)—-Ni(2)-N(3) 105.53(9) 0(7)-Ni(2)-0(4) 85.87(9)
0(5)-N(5)—-0(6) 1232(3) 0(7)-Ni(2)—-N(6) 89.24(10) N(6)—-Ni(2)—0(4) 170.56(10)
N(4)-Ni(2)-0(7) 96.36(10) 0(7)-Ni(2)-N(3) 167.25(10) N(6)—Ni(2)-N(3) 80.25(10)
N(4)-Ni(2)-0(4) 88.41(10) N(4)-Ni(2)-N(6) 100.16(11) O(1)—Ni(1)—O(4)#1 81.21(8)
0(2)-N(1)-0(3) 123.4(3) 0(5)-N(5)-0(6) 123.2(3) 0(9)-N(7)-0(8) 123.4(4)

10735

dx.doi.org/10.1021/ic501961d | Inorg. Chem. 2014, 53, 10731-10742



Inorganic Chemistry

Table 2b. Selected Bond Lengths (A) and Angles (deg) for [Ni,(L*)(L*)(CH;CN)] (3)
bond lengths (A)

Ni(1)-0(3) 1.995(4) Ni(1)-N(2) 2.092(4) Ni(2)-N(11) 2.043(6)
Ni(1)-N(9) 2.047(5) Ni(1)-N(7) 2.101(4) Ni(2)—-0(9) 2.086(4)
Ni(1)—0(9) 2.052(4) Ni(2)—0(6) 1.987(4) Ni(2)-N(1) 2.109(5)
Ni(1)-0(12) 2.052(4) Ni(2)-N(4) 2.016(5) Ni(2)—-0(12) 2.173(4)
bond angles (deg)
0O(3)-Ni(1)-N(9) 96.27(18) 0(3)-Ni(1)-N(7) 88.12(16) N(11)-Ni(2)-0(9) 95.1(2)
0(3)-Ni(1)—0(9) 174.02(16) N(9)—-Ni(1)-N(7) 96.73(18) 0(6)—Ni(2)-N(1) 170.16(19)
N(9)-Ni(1)-0(9) 89.64(17) 0(9)—-Ni(1)-N(7) 90.26(16) N(4)-Ni(2)-N(1) 80.9(2)
0(3)-Ni(1)-0(12) 92.01(16) 0(12)—Ni(1)-N(7) 86.66(16) N(11)-Ni(2)—-N(1) 88.0(3)
N(9)—Ni(1)-0(12) 171.14(17) N(2)-Ni(1)-N(7) 174.74(18) 0(9)—-Ni(2)-N(1) 98.93(17)
0(9)-Ni(1)—0(12) 82.15(15) 0(6)—Ni(2)—N(4) 89.4(2) 0(6)—Ni(2)—0(12) 98.65(16)
0O(3)—-Ni(1)-N(2) 89.68(16) 0(6)—Ni(2)-N(11) 94.7(3) N(4)-Ni(2)—-0(12) 89.79(18)
N(9)-Ni(1)-N(2) 88.27(17) N(4)—-Ni(2)-N(11) 96.7(3) N(11)-Ni(2)—-0(12) 165.3(3)
0(9)—-Ni(1)-N(2) 91.44(16) 0(6)—Ni(2)—0(9) 90.29(16) 0(9)—-Ni(2)-0(12) 78.55(14)
0(12)-Ni(1)-N(2) 88.63(16) N(4)-Ni(2)-0(9) 168.16(18) N(1)-Ni(2)-0(12) 79.99(17)

between C/N—H and oxygen atoms of nitrophenolate
moieties. Hydrogen-bonding parameters are reported in
Supporting Information, Table S2. The C—H---x interactions
were observed between centroid of nitrophenolate moiety and
C—H of acetonitrile ligand (C—H--Cg = 2.901 A, angle C—H--
Cg = 118.19° where Cg is centroid of ring defined by C4—C9).

(c). [Ni5(L?),(DMF),]-2 H,O (5). Compound $ crystallizes in
monoclinic crystal system with P2,/n space group and consists
of one dinuclear neutral Ni(II) complex,
[Ni,(C,H;;N;O4),(DMF),] with two guest water molecules
in the lattice. The ORTEP diagram along with atom numbering
scheme is shown in Figure 3. In compound §, the nickel atom,

Figure 3. ORTEP diagram of [Ni,(L?),(DMF),]-2H,0 (5) with 40%
probability thermal ellipsoids and the atom-numbering scheme
(hydrogen atom and water molecules are removed for clarity).

which lies on a symmetry center, is hexacoordinated to two
dipodal ligands and one dimethylformamide molecule at the
apexes of an elongated octahedron. Two nitrogen atoms and
one oxygen atom are originated from one ligand, while one
nitrogen atom and one oxygen atom are coordinating to the
Ni(II) center from one pod of other ligand. The
[Niy(C,5H¢NsO¢),(DMF),] complex has nearly octahedral
geometry around the metal center, and the maximum deviation
of the cis-N/O—Ni—N/O angle is 10.43° from the ideal value
of 90°. The corresponding deviation in the trans-N/O—Ni—N/
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O angle is as low as 9.51°. The average Ni—N, Ni—O distances
around Ni(II) octahedron are 2.034 (2), 2.054 (2)A,
respectively. The structural parameters of the complex § with
those of other related Ni(II) complexes'' showed a substantial
agreement for bond lengths and angles as given in Table 2c.

In the crystal lattice the Ni(II) moieties are arranged in
chains running along b-axis where subsequent Ni(II) moieties
are interacting with each other through O—H:-O and C—H:--O
hydrogen bonding (Supporting Information, Figure S15). The
lattice water molecules are acting as linker between two Ni(II)
moieties. The hydrogen bond acceptor groups (oxygen atoms)
originating from nitro groups of the ligands are involved in O/
C—H--O bonding to extend these chains in the three-
dimensional lattice. Hydrogen-bonding parameters are reported
in Table S3 in Supporting Information)

(d). [Ni(HL?),]-H,0 (6). The structure of compound 6 could
not be refined to an acceptable publishable level because of
poor diffraction and solvent disorder. However, the con-
nectivity of mononuclear complex can be clearly established
from these data. An ORTEP representation and crystal data
and refinement parameters of complex 6 is given in Supporting
Information (Figure S16, Table S4). Compound 6 consists of
one mononuclear neutral Ni(Il) complex, [Ni(C,sH;sNO),]
with guest water molecule in the lattice. The Ni(II) ion of the
complex is hexacoordinated with two amine—bis(phenolate)
ligands in scissorlike fashion. The metal center is coordinated
by the phenolate oxygen atoms (Ol and O4) and imine
nitrogen atoms (N1 and N3) of two separate ligands. The fifth
and sixth coordination site of Ni(II) is satisfied by two central
amine nitrogen atoms (N4 and N6) of both the ligands. The
bond angles around Ni(II) show a small deviation from the
octahedral geometry around the metal ion; selected bond
lengths and bond angles are given in Supporting Information,
Table SS.

Electrochemical Properties. To study the redox proper-
ties of the central metal ions, electrochemical experiments were
performed for complexes 1—6 in 30% DMF—H,O solution. In
the negative potential region the complexes 1—5 exhibit two
quasireversible reduction waves at ElPc = —0.61 to —0.9 V and
E* .= —1.03 to —1.58 V corresponding to Ni"Ni"/ Ni"Ni' and
Ni%INiI/ Ni'Ni' redox process (Figure 4 and Supporting
Information, Figure S17). Consequently these observations
suggest a two-step redox process, which was suggested as
follows.
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Table 2c. Selected Bond Lengths (A) and Angles (deg) for [Ni,(L?),(DMF),]-2H,0 (5)
bond lengths (A)

Ni(1)=N(1) 2.020(2) Ni(1)-0(1) 2.039(2) Ni(1)-0(7) 2.126(2)
Ni(1)-N(2) 2.153(2) Ni(1)—-0(6)#1 1.999(2) Ni(1)-N(3)#1 2.069(2)
0(2)-N(4) 1.235(3) 0(3)-N(4) 1.223(3) 0(1)-C(1) 1291(3)
Ni(1)--Ni(1) 5722
bond angles (deg)
0(6)#1-Ni(1)-N(1) 90.26(8) 0(6)#1-Ni(1)-0(1) 92.23(8) N(1)-Ni(1)-0(1) 88.08(8)
N(1)-Ni(1)-N(3)#1 177.02(9) O(1)—Ni(1)-N(3)#1 89.07(7) O(6)#1-Ni(1)—0(7) 173.38(8)
0(1)-Ni(1)—-0(7) 94.12(8) N(3)#1-Ni(1)-0(7) 91.29(8) O(6)#1-Ni(1)-N(2) 88.30(9)
N(1)-Ni(1)-N(2) 82.41(8) O(1)-Ni(1)-N(2) 170.49(7) N(3)#1-Ni(1)-N(2) 100.43(8)
0(7)=Ni(1)-N(2) 85.12(9) O(4)=N(5)=0(5) 122.7(4) 0(4)=N(5)=C(15) 118.6(4)
0O(5)—N(5)—C(15) 118.7(4)
100 - highest negative potential (E',. = —1.09 V). On the other hand
80 - in trinuclear complex 2 the reduction process is fast enough,
leading to the appearance of two redox peaks at E',. = —0.66
= 60 and EzPC = —1.20 V, instead of expected three peaks. A similar
= 404 behavior is also observed in the complexes 3, 5, and 6. The
R electrochemical data of all the complexes is summarized in
E 0 Table 3. In the positive potential region all the complexes (1—
] 1 6) exhibit reversible and quasireversible oxidative responses at
204 — @ E',, = 4012 to +048 V and E’,, = +0.18 to +0.77 V,
4w @ respectively (Supporting Information, Figure S18). A slight
— @ anodic shift was observed in the oxidation waves with decrease
-60 0 . [II 4 -I]|.8 _1'_2 _1'. 6 _'2 in electron density around central metal ion. The observed

Potential (V)

Figure 4. Cyclic voltammogram of complex 1, 2, and 4 (negative
potential region) in 30% DMF—H,0 solution.

The redox behavior of mononuclear complex 6 showed one
irreversible reduction wave at ElPC = —0.65V, corresponding to
Ni"/Ni' redox process. During the redox cycle there is decrease
in the charge of the complex from +2 to +1, which may be
assigned to the reduction of first Ni(II) ion. Conceptually the
reduction of electron density on the central metal ions by
coordinated moieties reduces the metal ion at less negative
potential and vice versa.** Hence the Ni(II) ion in complex 1
reduces at relatively low negative potential (E',. = —0.62 V)
due to lesser electron density on the metal ion (due to
coordinated acetate group) as compared to complex 2 (ElPC =
—0.66 V) with three nitrophenolate coordination sites.
Complex 4 reduces at highest negative potential (E',. =
—1.09 V) due to the presence of coordinated water molecule.
As per literature reportséh the pK, value of coordinated water is
~7.78—8.78 in nickel complexes,; this accounts for the
deprotonation of coordinated water to OH™ ion in complex
4. The highest pK, of OH™ ion (pK, of CH;COO~ <
NO,C¢H,O™ < OH™) leads to the reduction of complex 4 at

redox process in this positive region can be assigned to the
stepwise oxidation of Ni(II) ion.

DNA Binding Studies. The DNA binding aptitude of all
the complexes (100 pM) was studied by performing
absorbance (UV—vis) titrations with CT-DNA (0—50 uM) in
Tris-HCl/NaCl buffered 10% DMF solution at 7.5 pH. UV—vis
absorption titrations showed a gradual decrease in the
absorbance intensity (charge transfer band) of all the
complexes, with incremental addition of CT-DNA (Figure S
and Supporting Information, Figure S19). The strength of
binding is directly related to the extent of decrease in intensity;
with more hypsochromism, stronger will be the binding. The
intrinsic binding constants were also determined from the
titration results with the following equation.

[DNA]/(e, — &) = [DNA]/ (e, — &) + 1/K (&, — &)

where ¢, is the extinction coefficient (charge transfer band) of
Ni(II) complex for a particular DNA concentration, & is the
extinction coefficient of free complex, and &, is the extinction
coefficient of Ni(II) complex in fully bound form. The binding
constants (K;,) for all the complexes are given in Table 4. The
low values of binding constants (~10* M™') suggested the
nonintercalative mode of DNA binding.25 Hence the binding
between complex and DNA is only through electrostatic

Table 3. Electrochemical Data of 1—6 Ni(II) Complexes

reduction process

oxidation process

Bl (V)  EL(V)  E,V) B (V)  ELV) (V) EL (V) EL(V) B (V) B,V By, (V)
1 —0.62 —-0.9 —0.41 —1.03 —1.30 —1.00 +0.48 +0.77 +0.24 +0.32 +0.72
2 —0.66 —0.58 —1.20 —1.18 —-1.12 +0.32 +0.55 +0.22 +0.29 +0.50
3 —0.76 —6.2 —0.71 —1.58 —-1.52 —1.55 +0.33 +0.57 +0.36 +0.23 +0.53
4 —0.90 —0.84 —1.24 —1.21 —1.10 +0.12 +0.66 +0.24 +0.07 +0.61
S —0.82 —0.92 —0.80 —1.24 —1.21 +0.31 +0.57 +0.32 +0.22 +0.55
6 —0.65 —-1.6 —0.53 +0.4 +0.18 +0.32
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Figure 5. Absorption spectral changes at 319 nm (¢ = 15300 M™!
cm™") upon the incremental addition of CT-DNA (0—-50 uM) to
complex 2 (100 M, 1.0 mL) in SO mM Tris-HCl/NaCl buffered 10%
DMF solution (7.5 pH) at room temperature. (inset) Plot of [DNA]/
Ae versus [DNA] obtained by the absorption titration of CT-DNA
with Ni(II) complex.

interactions in which the positive charge of metal ion assists the
complex to interact with negatively charged phosphodiester
backbone of DNA. The binding constants of all the complexes
follow the order 2 > 1 > 3 > § > 4 > 6 (Supporting
Information, Figure S20).

The trinuclear complex 2 showed highest value of K}, among
all the complexes due to structurally more favorable binding.
The presence of three metal centers provides enough rigidity to
the complex that favors the stronger interaction between
complex and DNA than other di- or mononuclear complexes.*®
Moreover the three metal centers in 2 have 6+ charge in
comparison to 4+ or 2+ in other dinuclear and mononuclear
complexes. Complex 1 also showed better binding than
complexes 3—6 due to relatively rigid structure.”” In complex
4, two coordinated water molecules undergo depronation to
OH" ion, and the complex may have less positive charge than
4+, which results in the smaller value of DNA binding constant.
Complex 6 has smallest value of binding constant due to its
mononuclear structure and nonrigid nature. To confirm the
electrostatic nature of DNA binding, the Kj, values of complex 2
were compared in the absence and presence of 100 mM NaCl
solution in 20 mM phosphate buffer at 7.5 pH. A significant
decrease in the binding constant was observed from 1.75 X 10*
to 7.5 X 10° upon NaCl addition (Supporting Information,
Figure S21) due to decrease in the positive charge of the
complex.

Similarly, fluorescence spectral titrations were also performed
to study the binding affinity of tripodal complexes 1—3 for CT-
DNA. As mentioned in Experimental Section, fluorescent
emission of ethidium bromide (EB) is used as optical probe.
The DNA binding affinity of metal complex was compared with
EB-DNA complex. The emission intensity of EB increases
when EB binds to DNA and decreases when EB releases DNA.
The interaction of metal complex to DNA leads to non-
availability of free DNA for EB; as a result, the fluorescence
intensity of EB-DNA complex decreases. Therefore, the

quenching of fluorescence intensity of EB-DNA system in the
presence of metal complex can be used as tool for measuring
the extent of DNA binding. In a typical experiment the solution
of complex was added to EB-bound DNA. Complexes 1 and 2
showed the decrease in the emission intensity of EB-DNA
system at 604 nm. The course of reaction with a solution of 2 is
shown in Figure 6. On the basis of fluorescence curves, I /I

200 1 —o,um 3 R
—5uM
- N 25
2 160 {— 2
« 15 uM -
~ —20pM 1.5 *
£
2 120 A
8 T T T T T d
= 0 025 05 075 1 125
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2
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=
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Wavelength (nm)

Figure 6. Fluorescence spectrum of EB (1.25 uM) bound to CT-DNA
(25 uM) with increasing amounts of complex 2 (0—30 xM) at 604 nm
(Aex = 525 nm) in 50 mM Tris-HCl/NaCl buffered 10% DMF solution
(7.5 pH) at room temperature. (inset) Plot of emission intensity I,/I
vs [complex]/[DNA].

versus [complex]/[DNA] was plotted, where I, is intensity of
EB-bound DNA and I is the intensity of EB-bound DNA upon
addition of complex (Supporting Information, Figure $22). The
K,pp values (apparent binding constant) were also calculated for
complex 1 and 2 using literature method.*®

Kgs[EB] = K

app [complex]

where [complex] corresponds to 50% reduction of emission
intensity of EB-bound DNA, and Kgy = 1.0 X 10’ M, [EB] =
1.3 uM. The emission intensity of EB-bound DNA system was
plotted against different concentration of metal complexes as in
Supporting Information, Figure S$23. The complex concen-
trations corresponding to 50% reduction of emission intensity
were found and further used to calculate the K, for each
complex. The apparent DNA binding constants for 1 and 2
were found as 9.62 X 10° and 14.1 X 10° M/, respectively.
Phosphate Ester Cleavage Studies and Kinetics. There
are a many reports in literature in which labile coordination site
of dinuclear transition metal complex assist the hydrolysis/
transesterification of phosphate esters.’ The deprotonated
metal-bound species such as OH™/H,O provides an appro-
priate nucleophile. The nucleophilic attack of metal-coordi-
nated solvent and formation of cyclic transition state favor the
intramolecular transesterification of HPNP to corresponding p-
nitrophenolate product. The catalytic activity for the trans-
esterification of DNA model substrate, that is, 2-hydroxypropyl-
p-nitropenylphosphate (HPNP), were performed with all the
complexes 1—6 (synthetic models). The catalytic efficiency of
these complexes was determined using the method of pseudo-

Table 4. Binding Constants (K;,) of Complexes 1—6

complex 1 2

K, (M) 1.0 x 10* 1.75 x 10*

8.5 x 10°

4 S 6
2.0 X 10° 42 X 103 5.0 X 10*
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first-order rate constants (k,s) by monitoring the growth of p-
nitrophenolate absorption band (425 nm, ¢ = 1.65 X 10* M
cm™") as a function of time (in 30% DMF solution and pH 8.5
at 30 °C). All the complexes showed activity toward the
transesterification of HPNP. After the addition of substrate to
the solutions of the catalysts 1 to 6, a new band corresponding
to p-nitrophenolate appeared at 425 nm (e = 1.65 X 10* M~
cm™"). The course of a typical reaction with a solution of
complex 3 is shown in Figure 7.

60 min. 24
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=
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Figure 7. Absorption spectra for the transesterification of HPNP (S
mM) in the absence and presence of complex 3 (50 uM) (substrate/
complex = 50:1) in 30% DMF recorded at an interval of 3 min at 30
°C. (inset) Absorption profile due to the formation of p-nitro-
phenolate (4., = 425 nm) on addition of HPNP to complex 3.

The subsequent increase in absorbance of this band is linear
for all the complexes. The initial first-order rate constants for
catalytic phosphate ester cleavage were determined from the
slope of a plot of log[A,/(A, — A,)] versus time (Figure 8). It is

0.9 1
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Figure 8. Plot of log[A./(A, — A.)] vs time to determine the first-
order rate constants for HPNP transesterification reaction.

evident from Figure 8 that the complexes 1, 3, 4, and S exhibit
significant catalytic activity. The activity of all complexes differs
considerably from each other, where complex 3 showed a
maximum activity, and complexes 2 and 6 showed almost
negligible activity.

To determine the dependence of the rates on the substrate
concentration, all the complexes were treated with different
concentrations of HPNP (1.25—10 mM). Initially a first-order
dependence of the substrate concentration was observed. At
higher concentrations, saturation kinetics was found, and first-
order rate kinetics gradually deviated from unity for all the

active compounds (Figure 9). The effect of concentration is
more pronounced for 3 and 4 in contrast to other complexes

7.
6-
» 4 )/
2 3
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0 2 4 6 8 10

[Substrate](mM)

Figure 9. Dependence of rate of reaction on substrate concentration
(0—10 mM) for complex 3 (S0 #M) at 25 °C in 30% DMF (pH 8.5).

(Supporting Information, Figure S24). The dependence of rate
on the substrate concentration suggests a catalyst—substrate
binding to be an initial step in the catalytic mechanism.

The rates of reactions for various substrate concentrations
were fitted to the Michaelis—Menten equation and linearized
by means of Lineweaver—Burk plot (Figure 10) to calculate

10
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Figure 10. Lineweaver—Burk plot for the HPNP transesterification by
complexes 1, 3, 4, and S.

kinetics parameters (Table S) for these complexes. To confirm
the role of complexes in transesterification, the activities of all
the complexes were compared with a blank solution (without
Ni(II) complex). A very low spontaneous rate was observed in
blank solution in the range of 107 s™".

The effect of pH on catalytic activity was also studied in the
pH range of 7.0—10.0 for complexes 3 and 4. The plot of rate
versus pH (Figure 11 and Supporting Information, Figure S25)
shows that the rate of transesterification significantly depends
upon the pH of the solution. The reaction rate increases with
increase in pH and finally gets saturated at higher pH 10. The
complexes show a very low activity at pH 7, which slightly
increases at pH 8 and becomes maximum at pH 9.5—-10.0. The
observed sigmoid-shaped rates versus pH curves are character-
istic of an acid—base equilibrium-controlled kinetics process.
This pH-dependent rate constant suggests that deprotonation
of a metal-bound species favors the generation of catalytically
active nucleophiles. In a typical ester cleavage process for any
complex to act as an efficient catalyst, the incoming substrate
first binds effectively to the catalyst. The substrate further
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Table 5. Kinetics Parameters for the Phosphatase Activity of Complexes

complex rate constant (s™') Vo (M s71) K, (M)
1 3.40 x 107* 6.38 x 107% 5.8 %1073
3 1.32 X 1073 8.73 x 1077 2.8 %1073
4 5.18 x 107* 5.62 x 1077 33 %1073
5 3.50 x 107* 897 x 107% 3.7 %1073

“Discrepancy value of the Lineweaver—Burk plot.

R? ko (s7Y) catalytic efficiency E (M™' s7")
0.9858 6.38 x 107 0.11
0.9904 873 x 1073 3.11
0.9847 5.62 x 1073 1.7
0.9893 8.97 x 107 0.24

Vo (Ms-]) X107

pH

Figure 11. Dependence of the rate of HPNP transesterification on pH
by complex [Ni,(L*)(L*)(CH,CN)] (3). [complex] S0 uM;
[HPNP] = 5.0 mM in DMF—H,0 (30% v/v) at 25 °C.

undergoes nucleophilic attack by the metal-coordinated solvent
generating a cyclic transition state. This transition state finally
helps to cleave the P—O bond followed by the release of
product in the form of p-nitrophenolate ion. Mikkola et al.*’
have reported different catalysis mechanisms for different
model systems, depending upon both the catalyst and the
substrate. The role of coordinated solvent such as water or
alcohol in catalytic mechanism has been explored by many
researchers.®® Herein we report that a coordinated acetonitrile
molecule in dinuclear complex 3 [Ni,(L*)(L*)(NCCH;)]
undergoes deprotonation of a-hydrogen to generate a reactive
nucleophile. A similar nucleophilic behavior of metal-coordi-
nated acetonitrile has also been observed by N. Kumagai et
al>'* and Mayr et al.>'® where the deprotonation of a-hydrogen
of acetonitrile under basic conditions generates a nucleophile
with a high catalytic efficiency. Consistently in complex 4,
deprotonation of coordinated water molecule generates
hydroxide ion that acts as an active nucleophile. In the present
complexes the nucleophilic attack of nickel-coordinated
solvents to substrate results into the formation of cyclic
phosphodiester product that further undergoes transesterifation

to release p-nitrophenolate ion (Scheme 2). The formation of
cyclic transition in the proposed mechanism was supported by
NMR spectroscopy (Supporting Information, Figure $26).
HPNP shows a signal at 5.17 ppm in *'P NMR recorded in
DMSO-d, (pH 8.5 in the presence of 0.1 M CHES buffer). The
addition of 0.1 mM solution of complex 3 to a solution of
substrate (2.5 mM) leads to the appearance of a new signal at
17.90 ppm corresponding to cyclic transition state.”! Intensity
of the substrate signal decreases gradually with progress of
reaction and finally results in the disappearance of substrate
signal at 5.17 ppm, on complete consumption of substrate.
To rationalize the observed relative performance of catalysts,
various factors that affect the structure—activity relationship
have been recognized, such as ligand—metal interaction, metal—
metal distance, type of exogenous ligand, and coordination
geometry around the metal ion.>> Complexes 3 and 4 exhibited
high phosphatase-like activity. A 3.9 X 10° and 2.5 X 10° times
greater rate enhancement was observed for complex 3 and 4,
respectively, in comparison to uncatalyzed reaction (k. = 2.26
X 107 s7'). In these dinuclear complexes coordinated
acetonitrile and water molecule acts as nucleophile to catalyze
the phosphate ester bond cleavage. A medium activity was
observed in complex 5, due to the coordinated DMF, which can
be partially substituted by water molecule in aqueous condition.
Complex 1 shows low phosphatase-like activity due to lack of
appropriate coordinated solvent molecules. Moreover coordi-
nated acetate groups inhibit the catalytic performance as at
higher pH acetate ions are no longer coordinated to the
complexes and are prone to be released during catalytic
reaction. A similar observation has also been reported by
Greatti et al.** To study the effect of acetate concentration on
the catalytic activity, the rate of reaction was monitored as a
function of acetate ion concentration for complex 1. The results
of catalytic activity were compared with and without acetate ion
under similar experimental conditions. It was found that acetate
ion significantly inhibits the catalytic activity, as evident from
the plot of percentage inhibition (percentage inhibition
[(normal activity — inhibited activity)/(normal activity)] X

Scheme 2
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100) versus concentration of acetate ion (Supporting
Information, Figure S27). The mononuclear Ni(II) complex
6 has very low activity due to lack of potential nucleophile and
cooperative catalysis.”* Mononuclear complexes are considered
to be less relevant for mimicking the catalytic activity than their
dinuclear analogues. In dinuclear complexes both the metal
ions participate in the catalytic process; that is, one metal ion
provides the nucleophile and the other cooperatively
participates in substrate binding followed by cleavage. At the
same time, metal—metal distance in the dinuclear complexes
also exhibits a significant influence on the activity, owing to the
fact that a distance of 2.9—3.2 A is appropriate for the
cooperative action.***** Consequently, it is worthwhile to
compare the Ni(II)—Ni(II) distances in complexes 3 and 4 to
explain their relative activity. In complex 3 the Ni(II)—Ni(II)
distance is 3.18 A in comparison to ~5.72 A expected for
complex 4, and as a result latter shows less catalytic activity due
to lack of cooperative action. The negligible activity of complex
2 can be attributed to the rigid ligand—metal interaction with
six bridging oxygen and nonavailability of vacant coordination
site or labile group. This provides high rigidity and stability to
the complex making the system less reactive with low catalytic
activity.

B SUMMARY

A series of tri-, di-, and mononuclear Ni(II) complexes were
synthesized from tripodal and dipodal ligands with variable
denticity. The reduction of denticity from tripodal to dipodal
ligand favors the exogenous binding of solvent or/and anion to
complete the coordination sites of Ni(II) center. The X-ray
crystal structure analysis of complexes 2, 3, and § has reinforced
this expectation. The physiochemical studies of complexes 1
and 4 have confirmed the presence of acetate and water in their
coordination sphere. Complex 4 was crystallized in DMF,
where DMF has displaced the coordinated water as a complex
S. In addition a mononuclear complex 6 has also been
synthesized and characterized to compare its activity with other
tri- and dinuclear complexes. The structures of all the
complexes have also been supported with electrochemical
studies. The influence of ligand denticity and coordinating
solvents/anions on the catalytic activities (DNA binding
followed by phosphate ester cleavage) has been studied.

The DNA binding results show that all the complexes exhibit
DNA binding ability through electrostatic interactions. The
trinuclear complex 2 has highest value of binding constant due
to its rigidity that favors the stronger interaction between
complex and DNA, whereas complex 6 has lowest value of
binding constant due to its mononuclear structure and nonrigid
nature. In complex 4, the deprotonation of two coordinated
water molecules (OH™) decreases the charge on central metal
ion, and as a result a somewhat smaller value of DNA binding
constant was observed. The dinuclear complexes 3 and 4 show
high phosphatase-like activity due to coordinated solvent
molecules that act as the nucleophile to catalyze the cleavage
of phosphate ester bond. However, complex 3 shows higher
activity than 4 due to smaller metal—metal distance that favors
the cooperative action between two metal centers. Complex 1
shows low activity due to the presence of coordinated acetate
group that inhibits the cleavage reaction. The mononuclear
Ni(Il) complex 6 has very low activity due to lack of
appropriate nucleophile and cooperative catalysis. Complex 2
has negligible activity due to strong ligand—metal interaction
and nonavailability of vacant coordination site or labile

10741

coordinating groups. Although binding is an important step
in phosphate ester bond cleavage, the results showed that
complex 2 has lowest cleavage activity in spite of strong
binding. On the contrary, complexes 3 and 4 having
coordinating solvents showed high catalytic activity. Thus, it
can be inferred that binding is an essential but not the only
condition for ester cleavage reactions; however, binding
accompanied by appropriate metal-metal distance and
nucleophilic attack of coordinated solvent, facilitate the
phosphate ester bond cleavage in these complexes.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data in CIF format of complexes 2, 3,
and 5, ORTEP diagrams, kinetics plots, IR, ESI-MS, and NMR
spectroscopic data is available. This material is available free of
charge via the Internet at http://pubs.acs.org. Related crystallo-
graphic information can be obtained from the CCDC via www.
ccde.cam.ac.uk/data_request/cif (CCDC Nos. 1011103,
1018562, and 1011104 for 2, 3, and $, respectively).
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