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Modelling the binding of cytotoxic dinuclear
nickel complexes to two neighboring phosphate
esters of DNA using dicarboxylate ligandsf

Thomas Riediger, Maximilian Bohm, Michael Kapiza, Anja Stammler, Jan Oldengott
and Thorsten Glaser (=2 *

The cytotoxic complex [(Htom®™MENI"(OAC)}LI(OAC) (Hotom®™Me = 2 7-bis(di(6-methylpyridine-2-yl-
methyl)aminomethyl)-1,8-naphthalenediol) is supposed to bind in the aquated form [(Htom® ™)
{Ni"(OH,)231%* to two neighboring phosphate diesters of the DNA backbone. To further support this
intended molecular mode of action, difunctional ligands in the form of the dicarboxylates succinate and
glutarate are used here to mimic two neighboring phosphates of the DNA backbone. The complex
[(Htom® ™Me){Ni"(OAC)}I(OAC) is treated with 3 equiv. HCl to protonate the acetates providing presumably
[(Htom® ™M) {Ni"(OH,),},1**, which is reacted with the dicarboxylates yielding the complexes [(Htom®™Me)
{Ni"(u-succ)Ni"* and [(Htom®Me)}{Ni"(u-glut)Ni"}I* confirmed by single-crystal X-ray diffraction. The ste-
rical constraints of the dicarboxylates enforces shorter Ni---Ni distances demonstrating the flexibility of
the coordination compartments despite the rigid 1,8-naphthalenediol backbone. These steric constraints
by the pull effect of the organic spacers affect the Ni'-ligand bonds and are reflected in FTIR and
UV-Vis-NIR spectroscopic but not magnetic signatures. The comparison to a related Cu" complex indi-
cates a severe impact of the 6-methyl groups of the pyridine donors on the relative orientation of the
anticipated phosphate binding sites in these complexes. The consequences for a rational strengthening of

the binding to DNA and hence increase of the cytotoxicity by possible ligand modifications are discussed.

Introduction

Cisplatin® and related complexes are a potent class of anti-
cancer drugs.” It is supposed that a platinum-based complex
fragment binds to the nucleobases of DNA that interferes with
cellular processes leading finally to apoptosis. Although many
new platinum-based complexes were synthesized and tested,
several types of cancer cannot be treated with cisplatin-based
drugs and there is a development of resistance of cancer cells
towards cisplatin-based drugs.® The serious toxicity of
platinum-based anticancer drugs stimulated research for more
biorelevant metal ions especially of the first row.*

In order to allow a new and different molecular mode of
action, we intended to coordinate not to the nucleobases but
to the phosphate diesters of the DNA backbone. To increase
the binding affinity to the oxygen atoms of the phosphate
diesters, our ligand design was based on the multivalence-
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principle.® The binding should occur to two neighboring phos-
phate diesters of the DNA backbone by molecular recognition
with two phosphate binding sites held by a rigid backbone at
the distance of two neighboring phosphate esters in the DNA
backbone of 6-7 A. Sterical demand around the phosphate
binding sites should prevent the binding to the less exposed
nucleobases. These design guidelines led to the new family of
2,7-disubstituted 1,8-naphthalenediol ligands with bulky
pendant arms in the 2,7-position (Scheme 1).° Indeed, the
complexes [(Htom®™¢){Cu"(OAc)},](OAc) and [(Htom®™¢)
{Ni"(OAc)},](OAc) bind to DNA, interfere with DNA synthesis
in PCR at lower concentrations than cisplatin, and kill human
cancer cells more efficiently than human stem cells of the
same proliferation rate.” We have shown a preferential binding
of phosphate diester models that exchanges the coordinated
acetates.®® Infrared multiple photon dissociation (IRMPD)
spectroscopy'® showed the binding to the phosphates in
nucleobases and high resolution ultra-high vacuum atomic
force microscopy (HR-UHV-AFM) provided strong evidence for
the binding of the complexes to the phosphate diesters of the
DNA backbone."

Despite this evidence, a direct proof of the intended
binding mode of the dinuclear complexes to two neighboring
phosphate diesters of the DNA backbone is still missing. To

This journal is © The Royal Society of Chemistry 2025
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Scheme 1
substituted 1,8-naphthalenediol ligand.

further support this binding mode, we thought to use difunc-
tional ligands, i.e. ligands that exhibit two binding sites to
better model two neighboring phosphate diesters of the DNA
backbone. In a first attempt, we used glutaric acid (pentane-
dioic acid, H,glut). However, the reaction of [(Htom®™¢)
{Cu"(0OAc)},](OAc) with glutaric acid did not provide the
intended dinuclear complex [(Htom®™*}{Cu"(p-glut)Cu"}]*
with an intramolecular glutarate bridge but the tetranuclear
macrocycle [{(Htom®™¢)Cull},(p-glut),]**, where the two car-
boxylate donors of one glutarate do not bind to the Cu" ions
of the same dinuclear complex fragment [(Htom®™¢)Cul]**
but to two of these fragments.'® Here, we present the success-
ful reaction of the difunctional ligands glutaric acid and succi-
nic acid (butanedioic acid, H,succ) with [(Htom®™¢)
{Ni"(OAc)},](OAc) providing the dinuclear complexes
[(Htom® ™M UNi"(p-glut)Ni"}]*  and  [(Htom®*™){Ni"(u-succ)
Ni"}]*, respectively, (Scheme 2) where the two intramolecularly
bridging dicarboxylates mimic the molecular recognition of
the complex fragment [(Htom®™*)Nil']>* with two neighboring
phosphate sites of DNA.
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Scheme 2 Synthesis of complexes.
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Intended molecular recognition of two neighboring phosphate diesters of the DNA backbone by dinuclear complexes with a 2,7-di-

Experimental section

Solvents and starting materials were of the highest commer-
cially available purity and used as received. The complex
[(Htom®™°)}{Ni"(OAc)},](OAc) was synthesized according to the
procedure reported previously.”

[(Htom®*™€){Ni"(p-succ)Ni"}]|(BPh,)-2CH;CN

A solution of hydrochloric acid (557 pmol, 3.0 equiv.) in MeOH
(6 mL) and H,O (2 mL) was added to a dark green solution of
[(Htom®™°){Ni"(OAc)},](0AC)-9H,0 (206 mg, 188 pmol, 1
equiv.) in MeOH (10 mL) at 40 °C, which resulted in a light
green solution. After stirring for 30 minutes at 40 °C, the solu-
tion was added to a solution of NaBPh, (391 mg, 1.14 mmol,
6.1 equiv.) in MeOH (4.5 mL) and H,O (0.5 mL) at room temp-
erature. The resulting precipitate was isolated and complete
precipitation was enforced by adding H,O to the filtrate. The
combined solids were washed with H,O and redissolved in
CH;CN (13.3 mL) and H,O (0.7 mL). A solution of NEt;
(54.0 pL, 390 pmol, 2.1 equiv.) and succinic acid (23 mg,
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195 pmol, 1.0 equiv.) in CH;CN (13.3 mL) and H,O (0.7 mL)
was added. The solution was stirred at ambient temperatures
for 15 minutes and filtered. Diffusion of Et,O into the filtrate
provided dark green crystals, which were suitable for single-
crystal X-ray diffraction. The crystals were filtered off and
washed three times with Et,O. Yield: 228 mg (179 pmol, 95%).
ESI-MS (pos. mode, CH;CN): m/z = 869.1 [(Htom®™}{Ni"(p-
succ)Ni"}]*. IR (KBr): ¥#/em™ = 3055 m, 3033 m, 2999 w, 2984
w, 2923 w, 2846 w, 2247 w, 1951 w, 1885 w, 1827 w, 1770 w,
1608 s, 1579 s, 1541 s, 1468 s, 1450 s, 1400 m, 1370 m,
1335 m, 1308 w, 1299 w, 1273 w, 1244 w, 1166 m, 1138 w, 1121
w, 1099 w, 1085 w, 1056 m, 1032 w, 1016 w, 1000 w, 970 w,
892 m, 828 m, 791 m, 750 m, 734 s, 707 s, 612 m, 512 w, 452
w. UV-Vis-NIR (2,2,2-trifluoroethanol): ¥/ecm™ (¢/M~* ecm™) =
42 800 (47 400), 37 700 (18 700), 36 600 (14 400), 30 900 (5100),
29300 (8000), 28200 (10 500), 22 300 (42), 21200 (37), 20 900
(38), 20000 (27), 19500 (28), 16 800 (24), 12 600 (11), 10 300
(27).  Anal.  caled for [(Htom®™°}Ni"(p-succ)Ni"}]
(BPh,)-2CH;CN (C,,H,;BNgNi,O): C 67.95, H 5.62, N 8.81%.
Found: C 68.06, H 5.81, N 8.60%.

[(Htom®*™){Ni"(p-glut)Ni"}](BPh,)-2CH;CN

A solution of hydrochloric acid (296 pmol, 3.0 equiv.) in H,O
(6 mL) was added to a dark green solution of [(Htom®™¢)
{Ni"(OAc)},](OAc)-5H,0-0.1ACN (102 mg, 99.4 pmol, 1 equiv.)
in H,O (10 mL) at 40 °C. The resulting light green solution was
stirred for 10 minutes at 40 °C, cooled to ambient temperature,
and added to a solution of NaBPh, (204 mg, 596 mmol, 6.0
equiv.) in H,O (5 mL). The precipitate was filtered off, washed
with H,O0, redissolved in CH3CN (15 mL), and treated with a
solution of NEt; (29.0 pL, 209 pmol, 2.1 equiv.) and glutaric
acid (13.8 mg, 105 pmol, 1.1 equiv.) in CH;CN (5 mL). After
addition of H,O (1 mL) the mixture was filtered. Slow diffusion
of methyl tert-butyl ether into the filtrate provided dark green
crystals, which were suitable for single-crystal X-ray diffraction.
The crystals were filtered off and washed three times with
Et,0. Yield: 68 mg (53 pmol, 53%). ESI-MS (pos. mode,
CH:CN): m/z = 883.1 [(Htom® ™M }Ni"(p-glut)Ni"}]", 442.1
{[(Htom®*™)Ni" (u-glut)Ni"}]" + H'}**. IR (KBr): ¥/em™ = 3158
w, 3114 w, 3054 m, 3030 m, 2998 w, 2983 w, 2928 w, 2907 w,
2845 w, 2248 w, 2004 w, 1951 w, 1885 w, 1826 w, 1769 w, 1608
s, 1579 s, 1530 s, 1468 s, 1449 w, 1437 w, 1399 s, 1370 m,
1335 m, 1304 m, 1286 w, 1274 w, 1244 w, 1225 w, 1203 w, 1185
w, 1165 m, 1139 m, 1121 w, 1098 w, 1085 w, 1056 m, 1032 w,
1017 m, 1000 w, 968 m, 937 w, 922 w, 885 w, 860 w, 832 m,
791 m, 749 w, 734 s, 708 s, 669 W, 660 W, 644 W, 624 w, 611 m,
561 w, 512 m, 489 w, 453 w, 438 w. UV-Vis-NIR (Z,Z,Z-triﬂuor-
oethanol): ¥/em™ (¢/M™* em™) = 42900 (46 000), 38400
(17 700), 37 700 (17 600), 36 500 (13 200), 30 900 (4990), 29 300
(7880), 28200 (10270), 22300 (30), 21300 (27), 20900 (28),
20000 (19), 19600 (21), 16400 (21), 12590 (11), 10180 (30).
Anal. caled for [(Htom®™}Ni"(p-glut)Ni"}](BPh,)-2CH;CN
(C,3H,3NgO6BNi,): C 68.15, H 5.72, N 8.71%. Found: C 67.84,
H 5.76, N 8.57%.
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Crystal structure determination

Single-crystals were removed from the mother liquor, coated
with oil, and measured at 100(2) K on a Bruker KAPPA APEX II
four-circle diffractometer equipped with 4K CCD detector.
MoKa radiation with a focusing graphite monochromator was
used to measure the crystals. Absorption was corrected
numerically for [(Htom®™¢){Ni"(p-glut)Ni"}](BPh,)-2CH;CN
and using equivalent reflections for [(Htom®™<){Ni"(p-succ)
Ni"}](BPh,)-2CH;CN. Corrections were performed with the
program SADABS-2016/2."* The structures were solved and
refined vs. F> with the programs SHELXT/L'* using OLEX2."?

The hydrogen atom between O1 and O3 was found and
refined, all other hydrogen positions were generated for all
structures. [(Htom®™€){Ni"(j-succ)Ni"}](BPh,)-2CH;CN shows
pseudo-symmetry along a C, axis through C5 and C6, while
[(Htom*™*}Ni"(p-glut)Ni"}](BPh,)-2CH;CN  shows pseudo
C-centration.

CCDC numbers 2445426-2445427t contain the supplemen-
tary crystallographic data for this paper.

Other physical measurements

Infrared spectra (400-4000 cm™') of solid samples were
recorded on a Bruker Vertex 70 as KBr disks. ESI mass spectra
were recorded on a Bruker Esquire 3000 ion trap mass spectro-
meter equipped with a standard ESI source. Elemental ana-
lyses were carried out on a HEKAtech Euro EA analyzer.
UV-Vis-NIR absorption spectra were measured on a JASCO
V770 spectrophotometer at 20 °C. Magnetic susceptibility data
were measured on powdered samples in the temperature range
2-300 K by using a SQUID magnetometer (Quantum Design
MPMS XL-7 EC) with a field of 1.0 T. Variable-temperature vari-
able-field (VIVH) measurements were performed in various
static fields (1-7 T) in the range 2-10 K with the magnetization
equidistantly sampled on a 1/T temperature scale. For calcu-
lations of the molar magnetic susceptibilities, ym,, the
measured susceptibilities were corrected for the underlying
diamagnetism of the sample holder and the sample by using
tabulated Pascal’s constants. The susceptibility data were ana-
lyzed using the program package JulX written by Eckhard Bill
for spin-Hamiltonian simulations and fittings of the data by a
full-matrix diagonalization approach. Magnetic moments were
obtained from numerically generated derivatives of the eigen-
values of eqn (1), and summed up over 16 field orientations
along a 16-point Lebedev grid to account for the powder distri-
bution of the sample.

Results and discussion
Synthesis

We have recently shown that the coordinated acetates in the cyto-
toxic complex [(Htom®™*)}{Cu”(OAc)},](OAc) can be de-co-
ordinated by protonation delivering HOAc resulting in the
complex [(Htom®™°){Cu"(OH,)},]**.'® Moreover, we have shown
that the reaction of the dicopper complex [(Htom®™)
{Cu"(OH,)},** in CH5CN with a mixture of glutaric acid and NEt;

This journal is © The Royal Society of Chemistry 2025
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provided the tetranuclear macrocycle [{(Htom®™)Cull},(p-
glut),]**." In order to evaluate the influence of the metal ion on
the coordination mode, we thought to use the also cytotoxic
dinickel complex [(Htom®™€)}{Ni"(OAc)},](OAc) to obtain upon
protonation the corresponding aqua complex [(Htom®™)
{Ni"(OH,),},]** for the reaction with dicarboxylic acids.

The reaction of [(Htom®™)}{Ni"(OAc)},](OAc) with 3 equiv.
of HCI in a mixture of MeOH/H,O provides after addition of
NaBPh, a precipitate. Based on our previous results, this pro-
cedure should deliberate the coordinated acetates and protonate
the free acetates to acetic acid providing presumably [(Htom®™®)
{Ni"(OH,),},](BPh,);. This precipitate was redissolved in CH;CN
with a small amount of H,O. Reaction with 2.1 equiv. NEt; and
either 1 equiv. succinic acid or glutaric acid provides the com-
plexes [(Htom®™}Ni"(p-succ)Ni"}|(BPh,) and [(Htom®™}{Ni"(p-
glut)Ni"}](BPh,), respectively (Scheme 2).

The FTIR spectra of [(Htom®™¢){Ni"(p-succ)Ni"}](BPh,) and
[(Htom®*M}Ni"(p-glut)Ni"}](BPh,) and for comparison of
[(Htom®™°){Ni(OAc)},](BPh,)” (Fig. 1 and S1f) are almost
superimposable and show the characteristic bands of the co-
ordinated pyridines at 1608 and 1579 cm ™. Slight but signifi-
cant differences were observed for the stretching modes
V,5(CO,”) and 14(CO,”) in the ranges 1530-1540 and
1450-1470 cm ™", respectively (Fig. 1). The differences A(vqs—vs)
of 78 em™" for OAc™, 62 cm™" for glut>”, and 91 em™" for
succ’®” indicate a bidentate binding mode of the carboxylates
but with slight structural variations."” [(Htom®™¢){Ni"(j-succ)
Ni"}](BPh,) shows one extra band at 892 cm™" that might be
characteristic for the succinate ligand.

Structural characterization

The complexes [(Htom®™}Ni"(p-succ)Ni"}|(BPh,)-2CH;CN
and [(Htom®™)}Ni"(p-glut)Ni"}](BPh,)-2CH;CN  crystallize
with one complex in the asymmetric unit, i.e. without crystallo-
graphically imposed symmetry although the two complexes are

relative transmission

— [(Htom®™e}{Ni"(--succ)Ni"}(BPh,)
— [(Htom®M}Ni" (z-glut)Ni"}}(BPh,)
[(Htom®MeyNi'(OAC)},](BPh,)

1200 1000 800

viem™!

1600 1400

Fig. 1 FTIR spectra of [(Htom®™e}Ni"(u-succ)Ni"}(BPhy), [(Htom®™e)
{Ni"(u-glut)Ni"}1(BPh,), and  [(Htom®Me}Ni'(OAc)},I(BPh,)  for
comparison.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Molecular structures of (a) [(Htom®™e){Ni"(u-succ)Ni"}]* in
single-crystals of [(Htom®™®){Ni"(u-succ)Ni"}](BPh,)-2CHsCN and (b)
[(Htom® ™M){Ni" (u-glut)Ni"}]* in single-crystals of [(Htom® Me){Ni"(u-glut)
Ni"}1(BPh,4)-2CHsCN. Hydrogen atoms except those bound at oxygen
atoms have been omitted for clarity.

close to C, symmetry (Fig. 2). The overall molecular structures
are very similar with the N; binding pockets coordinating
facially to the Ni" ions. The octahedral coordination environ-
ments are completed by bidentate carboxylates and the
naphthalenediolato donors.

The coordination around the Ni' ions differs slightly for
the two complexes. To evaluate the influence of the organic
spacer, these variations are analyzed using the molecular
structure of [(Htom®™*}{Ni"(OAc)},](BPh,)” with monodentate
acetates as reference. Fig. 3 shows on the left side truncated
structures including selected bond lengths and on the right
side an orientation viewing from the top of the acetates with
the naphthalene unit almost perpendicular to the projection
plane. Differences in bond lengths are emphasized only if they
are outside the + 3¢ range (Table 1).

The coordination of the carboxylates is the same for all
three complexes (central coordination site A as defined in ref.
9). The Ni1-Ni2 distance is 5.72 A in [(Htom®™¢){Ni"(OAc)},]"
(Fig. 3e), that decreases only slightly in [(Htom®™*}{Ni"(p-glut)
Ni"}]* to 5.69 A (Fig. 3c) but strongly to 5.12 A in [(Htom®™¢)
{Ni"(u-succ)Ni"}]" (Fig. 3a) indicating that the shorter ethylene
spacer of succinate exerts a strong pull effect on the two co-
ordinated carboxylates. This pull effect is also nicely reflected
by the distance between the carbon atoms of the methyl
groups of the acetates of 3.78 A in [(Htom®™¢)}{Ni"(OAc)},]"
(Fig. 3f, carbon atoms highlighted in dark grey). This distance

Dalton Trans., 2025, 54, 9984-9991 | 9987
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Fig. 3 Comparison of the molecular structures of (a) + (b) [(Htom®™®){Ni"(u-succ)Ni"}]* in single-crystals of [(Htom®™){Ni'"(u-succ)Ni"}]
(BPh4)-2CH3CN, (c) + (d) [(Htom®™Me){Ni"(u-glut)Ni"}]* in single-crystals of [(Htom®™Me}{Ni"(u-glut)Ni"}I(BPh4)-2CH3CN, and (e) + (f) [(Htom®™e)
{Ni"(OAC)},]" in single-crystals of [(Htom®™Me)}{Ni(OAc)},1(BPh,)-CH,CL,.” Left side: Molecular structures with selected bond lengths (A) and with the
pyridine donors truncated for clarity. Right side: View from the top of the carboxylate ligands with the naphthalene units oriented almost perpen-
dicular to the projection plane. The methyl groups of the acetates in (f) and the corresponding carbon atoms in (b) and (d) are highlighted with

larger spheres and dark grey filling.

decreases for the corresponding carbon atoms by insertion of
a bridging methylene unit in [(Htom®™¢){Ni"(p-glut)Ni"}]" to
2.63 A (Fig. 3d) and more extremely by connecting those two
methyl groups to one ethylene bridge in [(Htom®™*){Ni"(u-
succ)Ni"™}]" to 1.53 A. This increased pull effect of the organic
spacers also affects slightly the mean Ni-O"*"" bond length
that decreases from 2.11 A in [(Htom®™¢){Ni"(OAc)},]" to

9988 | Dalton Trans., 2025, 54, 9984-9991

2.09 A in [(Htom*™){Ni"(p-glut)Ni"}]" and to 2.07 A in
[(Htom®™}Ni"(u-succ)Ni"™}]". The mean Ni-O“® bond
lengths are slightly longer for the carboxylate oxygen atoms co-
ordinated trans to a pyridine. This asymmetry in the mean Ni-
0™ distances (0.03 A in [(Htom®™){Ni"(OAc)},]") almost
vanishes in [(Htom®™){Ni"(p-glut)Ni"}]* but increases signifi-
cantly to 0.08 A in [(Htom®™¢){Ni"(u-succ)Ni"}]". It is interest-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Selected interatomic distances (A) and angles (°)

[(Htom®*™e){Ni"(p-succ) [(Htom®*™e){Ni"(p-glut)

NiH}T NiII}]+
Ni1 Ni2® Ni1 Ni2?
Ni1-01 2.0585(9)  2.0787(9)  2.1027(9)  2.0780(9)
Ni1-N1 2.0779(11)  2.0784(11)  2.0608(11)  2.0623(11)
Ni1-N2 2.0873(11)  2.0868(11)  2.0924(11)  2.0882(11)
Ni1-N3 2.0819(11)  2.0775(11)  2.0681(10)  2.0726(10)
Ni1-061 2.0648(9)  2.0636(9)  2.0898(9)  2.0870(9)
Ni1-062 2.1465(10)  2.1499(10)  2.0932(9)  2.0940(9)
Nit.--Ni2 5.5239(4) 5.6904(4)
01-Ni1-N1 89.90(4) 89.25(4) 90.72(4) 91.61(4)
01-Ni1-N2 165.63(4)  164.85(4)  167.50(4)  167.81(4)
01-Ni1-N3 92.33(4) 92.41(4) 89.86(4) 90.59(4)
01-Ni1-061  85.96(4) 86.02(4) 86.05(4) 87.55(4)
O1-Ni1-062  85.77(4) 85.36(4) 85.74(4) 85.90(4)
N1-Ni1-N2 79.91(4) 79.56(4) 79.97(4) 80.02(4)
N1-Ni1-N3 82.49(4) 83.50(4) 83.84(4) 82.67(4)
N1-Ni1-061  166.50(4)  166.63(4)  162.68(4)  162.87(4)
N1-Ni1-062  104.16(4)  104.44(4)  99.68(4) 99.67(4)
N2-Ni1-N3 96.31(4) 96.39(4) 97.34(4) 97.06(4)
N2-Ni1-061  101.63(4)  102.59(4)  100.36(4)  97.82(4)
N2-Ni1-062  86.93(4) 87.56(4) 87.62(4) 86.78(4)
N3-Ni1-061  110.49(4)  109.16(4)  113.12(4)  114.45(4)
N3-Ni1-062  173.06(4)  171.70(4)  174.39(4)  175.82(4)
061-Ni1-062  62.75(4) 62.75(4) 63.14(4) 63.20(4)

“The numbering scheme of the Ni2 side or molecule has been
adapted according to the Ni1 side.

ing to note, that these asymmetries correlate with the differ-
ence of the vibrational modes A(v,s—vs) of the carboxylates,
which is the largest for succinate and the smallest for gluta-
rate. Thus, the carboxylate stretching modes reflect the pull
effect of the organic spacers.

Magnetic properties

The magnetic data of both complexes are shown in Fig. 4. The
effective magnetic moment, ¢, is almost temperature inde-
pendent but decreases slightly below 30 K. This behavior can
be attributed to a weak antiferromagnetic interaction or to
zero-field-splitting or to a combination of both but cannot be
differentiated from the simulation of u.g vs. T alone. However,
the variable field-variable temperature (VIVH) magnetization
data show a nesting behavior of the isofield lines indicating
the presence of significant zero-field splitting.'® The simul-
taneous simulation of the peg vs. T and the VIVH data allows
to analyze these contributions. Therefore, we have simulated
and fitted the magnetic data using the spin-Hamiltonian

(eqn (1)

2 2
H=-288+Y D&+ gusSiB (1)

i=1 i=1
The first term is the isotropic HDvV exchange Hamiltonian,
the second term the local axial zero-field splitting, and the last
term the local Zeeman Hamiltonian. The simultaneous simu-
lation and fitting provided the parameter sets given in Fig. 4.
Please note that the signs of D; correspond only to the fits pro-
vided but are not determined by these powder measurements.
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Fig. 4 Temperature-dependence of the effective magnetic moment,
de,  Of (a)  [(Htom®™Me)Ni"(u-succ)Ni"}(BPh,)-2CH;CN  and  (b)
[(Htom® Me){Ni"(j-glut)Ni"}](BPh,)-2CHsCN: and variable-field variable-
temperature (VTVH) magnetization data in the insets. The solid lines
correspond to spin-Hamiltonian fits with the following parameter sets:
(@) J» = —=0.075 cm™, g; = 2.26, D; = 3.50 cm™, yrp = 50 x 107¢ cm®
mol?, (b) Ji = =0.20 cm™, g; = 2.235, D; = 4.00 cm™, y;, = 150 x 107°
cm?® mol~t. Contributions from xmip Were subtracted from experimental
and simulated data.

Both complexes exhibit very small antiferromagnetic exchange
and a moderate zero-field splitting parameter. There is no cor-
relation between the exchange coupling constant J and the
slight variation of the Ni-O"*P" bond lengths, which should
mainly influence the exchange pathway.

UV-Vis-NIR spectroscopy

The UV-Vis-NIR spectra of [(Htom®™€){Ni"(-succ)Ni"}](BPh,)
and [(Htom®™°}Ni"(p-glut)Ni"}](BPh,) are shown with
[(Htom®™°)}Ni"(OAc)},](OAc) as reference in Fig. 5. The
spectra exhibit above 25000 cm™ the typical 1 — n* tran-
sitions and below 25000 cm™" the typical d-d transitions of
Ni'". Although the differences are not tremendous, the *A,4(F)
— *Tyy(F) and *An(F) — *Ty,(F)" are slightly shifted to higher
energies for [(Htom®™®)Ni"(p-succ)Ni"}]* (10280 and

Dalton Trans., 2025, 54, 9984-9991 | 9989
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Fig. 5 Electronic absorption spectra of [(Htom®Me}{Ni"(u-succ)Ni"}]
(BPhy) and [(Htom®™Me){Ni"(u-glut)Ni"}I(BPh,) in 2,2,2-triflucroethanol
and of [(Htom®™e)}{Ni"(OAc)}.l(OAc)” in CH3CN for comparison. 2,2,2-
Trifluorethanol was used as solvent as (i) those two complexes were not
soluble enough in CH3zCN for concentrated solutions required for
measuring the d—d transitions and (i) we have had a good experience
previously'® with 2,2,2-trifluoroethanol as a slightly polar solvent
without strong coordinating properties.

16770 ecm™") than in [(Htom®*™){Ni"(p-glut)Ni"}]* (10 180 and
16400 cm™), and [(Htom®™°){Ni"(OAc)},]" (10060 and
16100 cm™'). This higher ligand field in [(Htom®™}{Ni"(u-
succ)Ni"}]" correlates with the shorter Ni-O™P® bond lengths
and the stronger Ni-O“" asymmetry (one shorter Ni-O®*"
bond) induced by the shorter ethylene spacer between the two
coordinated carboxylates. Extraction of the Racah parameter B
from these transitions®® provides 850 cm™' for both
[(Htom®* M UNi"(p-glut)Ni"}]" and [(Htom®*™}Ni"(0OAc)},]" but
940 em™" for [(Htom®™°}Ni"(p-succ)Ni"}]". The significantly
higher value for [(Htom®™¢){Ni"(y-succ)Ni"}]" indicates an
overall lower covalence of the Ni"-ligand bonds, i.e. the higher
covalence of the shorter Ni-O"*P" is overcompensated by the
other bonds leading an overall lower covalence of the Ni' ion.

Conclusion

It is assumed that the cytotoxicity of the dinuclear complex
[(Htom®™M*}{Ni"(OAc)},](OAc) is based on the substitution of
the acetates by H,O ligands in aqueous media forming the
complex [(Htom®™){Ni"(OH,),},]*" and that after electrostatic
attraction by the polyanionic DNA the complex fragment
[(Htom®*™*)Nil']** binds to two neighboring phosphate diesters
of the DNA backbone. This molecular mode of action has been
mimicked by protonation of the acetates forming presumably
[(Htom®™°}Ni"(OH,),},]** that reacts with the difunctional
donors succinate and glutarate providing the anticipated com-
plexes [(Htom®™){Ni"(p-succ)Ni"}]" and [(Htom®™€){Ni"(p-
glut)Ni"}]", respectively. The comparison of the molecular
structures of these two complexes with that of [(Htom®™*)
{Ni"(OAc)},]" as reference demonstrates a pull effect of the
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organic spacer that is stronger the shorter the spacer is. FTIR
and UV-Vis-NIR spectroscopies reflect the induced changes on
Ni" coordination environment indicating the potential to serve
as spectroscopic probes. The coordination compartments
show enough flexibility to compensate for this pull effect
demonstrating the flexibility despite the rigid 1,8-naphthalene-
diol backbone.

It seems to be worthwile to speculate on the origin of the
different complexes obtained from [(Htom®™*)MIT** with glu-
tarate for Ni"" (dinuclear complex with intramolecularly brid-
ging glutarate) and Cu" (tetranuclear complex with intermole-
cularly bridging glutarates).”> Ni" ions with this donor set
prefer six-coordination enforcing the carboxylates to bind in a
bidentate fashion, while the Jahn-Teller active Cu" ions prefer
five-coordination with monodentate carboxylates. The
6-methyl groups of the pyridine donors exhibit sterical strain
on ligands coordinated cis to the pyridine with the 6-methyl
group pointing to these ligands.>! As a consequence, the Nj
binding pockets prefer a facial binding to the Ni" ions with
bidentate carboxylates but a meridional binding to the Cu"
ions with monodentate carboxylates (Fig. 6).” This results in
an orientation of the acetates in the Ni" complexes turned
towards each other (distance between the two carboxylate
carbon atoms of 4.16 A), while those in the Cu" complexes are

Fig. 6 Molecular structures of (a) [(Htom®Me){Ni"(OAc)},I* and (b)
[(Htom®Me){Cu"(OAC)},]* to demonstrate the influence of the 6-methyl
groups of the pyridines on the coordination mode of the N3 ligand com-
partments and hence on the relative orientation of the acetates to each
other.

This journal is © The Royal Society of Chemistry 2025
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turned away from each other (distance between the two carbox-
ylate carbon atoms of 9.46 A). The latter seems not only to be
unfavorable for the intramolecular bridging mode of a dicar-
boxylate model but also for the intended coordination to two
neighboring phosphate diesters of the DNA backbone. Thus,
this study shows a severe impact of the 6-methyl groups of the
pyridines on the coordination mode of the metal ions that
could enforce sterical constraints for the binding to two neigh-
boring phosphates of the DNA backbone and hence weaken
the binding affinity. To prevent these sterical constraint from
the beginning, the dinuclear Cull and Nifl complexes without
6-methyl groups (i.e. [(Htom)MY]**) could enhance the binding
affinity to the DNA backbone enhancing the cytotoxicity.
Corresponding studies have been started in our lab.
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