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Abstract

Three Zn(II), Ni(II) and Fe(III) tetranuclear clusters have been prepared using a new
chromene-based Schiff base ligand (H2L) derived from the condensation of 2-aminophenol and
5-hydroxy-2,2-dimethyl-2H-chromene-6-carbaldehyde. The structures of the tetranuclear clusters
were determined by single crystal X-ray diffraction and mass spectrometric analyses. The
crystallographic data indicates that the Zn and Ni clusters have similar structures [MsL4(THF):]
and contain a defective dicubane core, with each ligand coordinated to one metal ion through
three donor atoms. The iron complex was obtained as a tetranuclear star shaped cluster [FesLs],
consisting of a central Fe(IIl) ion coordinated to six oxygen atoms, with three Fe(III) ions
forming the corners of an equilateral triangle. The metal-mediated DNA cleavage ability of the
free ligand, H>L, was determined using pBR322 plasmid DNA in the presence of Fe, Co, Ni, Cu,
Zn and Cd acetate salts. HoL in combination with the Cu(II) salt resulted in significant DNA
cleavage. The interaction of the ligand with DNA was investigated by UV-Vis titrations and

molecular docking studies, which indicated favorable docking in the minor groove of DNA.

Keywords: Chromene-based Schiff base; tetranuclear zinc, nickel and iron complexes; DNA
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Introduction

Metal complexes of Schiff base ligands are attractive candidates as pharmaceutical agents
due to their ease of preparation, wide structural diversity, and range of biological properties.'™
For example, mononuclear, tridentate Schiff base complexes have been found to possess
anticancer, antioxidant, antiviral, and antibacterial properties, as well as DNA binding activity.>
? These complexes have also been applied as catalysts for organic reactions.'® Similar ligands
have been applied to the synthesis of multinuclear clusters, which may have different properties
than their mononuclear counterparts.!!"!? The structure of a given multinuclear cluster is often
difficult to predict, being influenced by reaction stoichiometry, counterion identity, solvent, and
other factors.!>!13

Multinuclear transition metal clusters form a variety of interesting shapes, including
defective dicubane and star-shaped complexes. The defective dicubane motif describes a
tetranuclear cluster arranged in the form of two cubanes, stacked face-to-face, where each cube is
missing one corner.'* These structures are being explored as catalysts, materials, and molecular
magnets.'>"! Star-shaped tetranuclear complexes derived from ONO ligands contain a central
metal ion coordinated to six oxygen atoms. The remaining three metal ions are each coordinated
to two oxygen atoms and are at the corners of an equilateral triangle.?* Like defective

dicubanes, they have found applications as molecular magnets.?-*

In this study, we report the synthesis of a new chromene-based ONO donor Schiff base
ligand, (E£)-6-(((2-hydroxyphenyl)imino)methyl)-2,2-dimethyl-2 H-chromen-5-ol (Hz2L), and its
use in the preparation of tetranuclear defective dicubane Zn(II) and Ni(II) complexes, as well as
a tetranuclear star-shaped Fe(III) cluster. The DNA cleavage properties of the free ligand in the

presence of acetate salts of iron, cobalt, nickel, copper, zinc and cadmium were also examined.



Finally, DNA binding was studied using both UV-Vis titrations and molecular docking

simulations.
2 Results and Discussion
2.1 Synthesis of ligands and metal complexes

Chromene derivative (1) was synthesized using a published method.?> Ligand H.L was
prepared by acid-catalyzed condensation of 1 with 2-aminophenol. Complexes 3-5 were
prepared by the reaction of equimolar amounts of HoL with the corresponding metal acetate salts,

followed by crystal growth by the diffusion method (Scheme 1).

Synthesis Crystal growth

HO:© Zn(OAc)ZZHQO Pentane ZH4L4(THF)2 (3)

Ethanol THF
OH (l) .
> H2N Ni(OAc),.4H,0 Pentane Ni,Ly(THF), (4)
Ethanol THF
(@) EtOH, AcOH
1 98.7% H,L (2) Fe(OAc), Pentane

Fe,L¢ (5
Ethanol THF 4k )

Scheme 1: Synthesis of metal complexes 3-5 from tridentate ONO ligand, H>L (2).

2.2 Single Crystal X-ray Characterization of Complexes 3-5

Single crystals of the Zn(II), Ni(II) and Fe(III) complexes (3-5) were obtained by vapor
diffusion of pentane into a saturated THF solution of the complex. Structure refinement
parameters for the crystals are shown in Table 1. Interestingly, ligand H>L appeared to favor the

formation of multinuclear clusters in all cases where X-ray-quality crystals could be obtained.



Table 1. Crystallographic data and structure refinement parameters for 3-5.

Zn4L4(THF)2 (3) NisL4(THF): (4) FesLs (5)
Chemical formula C30H76N4014Zn4 C30H76N4Ni4014 C120H114FC4N6021
Formula weight (g/mol) 1578.92 1552.28 2199.57
T (K) 150(2) 100(2) 100(2)
Crystal size (mm) 0.035x 0.038 x 0.187 0.084x 0.142x 0.187 | 0.056 x 0.072 x 0.147
Crystal system monoclinic triclinic monoclinic
Space group P2(1) P-1 C2/c
a(A) 11.2925(8) 10.9075(4) 28.036(2)
b (A) 31.975(2) 17.7587(6) 24.904(2)
c(A) 11.4522(8) 19.3381(7) 15.356(2)
a (%) 90 68.096(2) 90
B(°) 119.368(2) 86.112(2) 99.766(3)°
v (°) 90 84.897(2) 90
V (A% 3603.7(4) 3459.2(2) 10566(2)
YAVA) 2(1) 2(1) 4(0.5)
aale (g/cm®) 1.455 1.490 1.383
u (mm™) 1.384 1.144 0.614
6 Range (°) 3.62 to 26.50 2.15 to 25.50 2.12 to 25.50
Goodness-of-fit on F? 1.031 1.165 1.055

R(F), Ru(F); 1 > 26

0.0345, 0.0655

0.0515, 0.1007

0.0685, 0.1299

2.2.1 Structure of Zn4L4(THF)>, 3

X-ray diffraction analysis of complex 3 revealed the formation of a defective dicubane
tetranuclear Zn cluster, consisting of four Zn(II) ions, four L* ligands, and two coordinated THF
molecules (Fig. 1). Each chromene-aminophenol ligand binds to one Zn center as a tridentate,
ONO pincer-type ligand. Two ligands use their chromene phenolic oxygen atoms (O1, O7) to
bind exclusively to their respective metal center, while the aminophenolate oxygen atoms of

these ligands act as p3 bridging oxygen atoms (O3, O9). In the other two ligands, both the

chomene and aminophenolate oxygen atoms are .




Fig. 1. Crystal structure of complex 3 [Zn4L4(THF).] with ellipsoids drawn at 50% probability.
Hydrogen atoms have been omitted for clarity.

The tetranuclear complex contains two types of zinc centers. Two Zn ions (Znl and Zn3)
are 5-coordinate, each binding to three chromene ligands, while Zn2 and Zn4 are 6-coordinate,
each binding to three chromene ligands and a molecule of THF solvent. The geometry of the 5-
coordinate zinc centers can be described as distorted rectangular pyramidal with an average t
value of 0.47.2° The defective dicubane core structure, Fig. 2, is visually symmetric to inversion
but has enough structural asymmetry to preclude an inversion center. The 5-coordinate zinc
centers have slightly longer Zn-O bonds when compared to the 6-coordinate zinc centers, with
average Zn-O bond distances of 2.005(8) A and 2.109(10) A, respectively. Within the core, the
Zn2-03 and Zn4-09 bonds average 2.268(4) A, while the Zn4-03 and Zn2-09 bonds average
2.020(4) A and the p3 Zn-O bonds average 2.194(7) A while the p2, Zn-O bonds average

2.021(8) A.



Fig. 2. Defective dicubane core of complex 3. Selected bond lengths (A): Zn1-O1: 1.943(3),
Zn1-03: 2.202(3), Zn1-04: 2.068(3), Zn1-012: 1.979(3), Zn2-03: 2.267(3), Zn4-03:2.038(3),
Zn2-013 (THF): 2.210(3).

2.2.2 Structure of NisL4y(THF)>, 4

Analysis of the X-ray diffraction data of the nickel complex, 4, revealed a tetranuclear
defective dicubane similar to the zinc complex, 3 (Fig. 3). However, there are some differences
between the two complexes. The average metal-ligand bond lengths are shorter in the nickel
derivative with average M-O distances of 2.037(13) A for 4 and 2.076(13) A for 3 and average
M-N distances of 1.983(6) A and 2.035(8) A, respectively. The 5-coordinate nickel centers are
also best described as distorted rectangular pyramids but have a lower average t parameter of
0.42 suggesting the nickel centers are a bit closer to a true tetragonal geometry than their zinc
counterparts. A similar defective dicubane formed from two [NiNOs] and two [NiNO4] moieties

was previously reported by Nemec and coworkers, ' with coordinated methanol solvent and a



biphenol Schiff-base ligand having similar average Ni-O and Ni-N bond distances to 4 at
2.045(6) and 1.966(5) A, respectively. It should be noted that when complex 4 was prepared
using a 2:1 ratio of Ni(OAc)4.4H>O : ligand 2, the same complex was obtained as with the

equimolar ratio.

Fig. 3. Crystal structure of complex 4 [NisL4(THF)>] with ellipsoids drawn at 50% probability.
Hydrogen atoms have been omitted for clarity.

2.2.3 Structure of Fe4Ls (5)

X-ray diffraction analysis of complex 5 confirmed the formation of a star-shaped tetranuclear Fes4
cluster (Fig. 4) with a central FeOg unit and three radial FeO4N> units joined to the center
through -0 bridges (Fig. 5). A star complex with identical coordination pattern to 5§ was
obtained by Dutta and Takahashi,?*?! using a salicylaldehyde-derived iminophenolate ligand.

8



The complexes were generated in the presence of Fe(Il) or Fe(Ill) metal salts. As noted by
Takahashi, the central Fe(III) ion is bound to the ligand in a specific manner, i.e. it is coordinated
only to the phenolate that originated from the aminophenol. For the other three iron ions, each is
coordinated to two ligands through the imine nitrogen and the two phenolate ions originating
from both the aminophenol and the chromene. One major difference between complex 5 and the
previously reported structure is that 5 crystallized on a 2-fold rotation axis leading to half the
molecule being symmetry equivalent, which was not the case in the salicylaldehyde derivative.
Unlike 3 and 4, where THF acts as a ligand, the THF solvent molecules are non-coordinated in 5,

packing in voids between the FesLs complexes.

09,
W

Fig. 4. Crystal structure of complex 5 [FesL¢] with ellipsoids drawn at 50% probability.
Hydrogen atoms have been omitted for clarity.
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Fig. 5. Fe4 star-shaped core of complex 5 with ellipsoids drawn at 50% probability. Selected
bond lengths (A): Fel-O1: 2.067(3), Fel-04: 2.092(3), Fe2-01: 1.977(3), Fe2-04: 2.001(3),
Fe2-0O7:2.007(3), Fe3-07:2.068(3).

2.3. Mass Spectrometry Analysis of Chromene-Aminophenol Complexes (3-5)

X-ray diffraction investigates the solid-state structure of molecules but may not give
definitive information about the species present in solution. The soft ionization used in ESI-MS
has been shown to minimize fragmentation and provide insight into the solution-state
composition of polymetallic clusters.!®?” High resolution ESI-MS spectra were collected on
complex 3 dissolved in a mixture of DMSO and methanol (Fig. S5 in supplementary data). The
major peak, at 436.0567 m/z, corresponds to the mononuclear [Zn(HL)(DMSO)]". Traces of
polymetallic clusters were also identified with barely-detectable peaks observed at 795.0887 m/z,
corresponding to [Zn(HL)L(DMSO)], and 1186.0888 m/z, corresponding to

[Zn3(HL)L2(DMSO)(MeOH)]". No peak was observed for the tetranuclear complex in either

10



sample. These results indicate that the tetranuclear zinc complex dissociates mainly to a
mononuclear species in coordinating solvents with a negligible amount of polymetallic clusters
present in solution. This is quite different from the equilibrium of higher-nuclearity polymetallic

species detected by ESI-MS for a similar CusL4 cubane-like complex.?’

ESI-MS was also performed on the nickel and iron complexes under similar conditions
(Figures S6 & S7). Similar to the zinc complex, the major metal-containing species in both
complexes is a solvated mononuclear species with peaks observed at 430.0682 m/z
corresponding to [Ni(HL)(DMSO)]" and 505.0583 m/z corresponding to [FeL(DMSO)]".
However, there are some differences between the complexes. In the nickel derivative, the base
peak is free ligand (296.1330 m/z, [HL]") and nothing larger than a bimetallic cluster was
detected (703.0919 m/z, [Ni2(HL)L]") in any real abundance. In the iron complex, only
mononuclear species were detected at any real abundance with [Fe(HL),(MeOH).]" detected at
708.2288 m/z. These results suggest that the Fe star-shaped cluster may be more prone to
dissociation in solution when compared to the defective dicubane structure found in both the

nickel and zinc cases.

2.4. DNA cleavage studies of 2

The DNA cleavage ability of transition metal complexes has been well documented.?’

We anticipated that ligand 2 would catalyze DNA cleavage in the presence of highly redox-
active metals ions such as Fe and Cu due to the increase in reactive oxygen species (ROS) during
redox cycling in the presence of oxygen.>>*® Attempts to prepare the Cu(II) complex of the

chromene-aminophenol ligand did not produce crystals suitable for structural analysis.
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Furthermore, mass spectrometric data for the ZnsL4(THF)> complex (3) suggested that the
tetranuclear complex is not present in DMSO solution. Based on these two factors, pPBR322
plasmid DNA cleavage was studied using in situ-generated complexes of (2) in the presence of
various transition metal(II) acetate salts (Fe, Co, Ni, Cu, Zn and Cd). The extent of cleavage of
supercoiled plasmid DNA (SC) to open circular ( OC), linear (L) or fragmented forms in the
presence of 2 (1 mM) and metal salts, or metal salts alone, was monitored by gel electrophoresis.
As illustrated in Fig. 6, in the absence of ligand 2, Fe(II) acetate (lane 1) caused cleavage of the
DNA to predominantly the open-circular form compared to the control (lane 7). However, all the
other metals ions (lanes 2-6) showed no cleavage activity. In the presence of ligand 2 (Fig. 7),
both Fe(II) and Cu(Il) acetate (lanes 1 and 4) showed cleavage of pBR322 while the other salts
were ineffective. Based on the observation that the Fe(Il) salt exhibits nuclease activity in the
absence of 2, no conclusions can be made regarding the effect of adding the ligand. However,
these data suggest that complex formation is most likely responsible for the nuclease activity

observed in the presence of Cu(Il). These data are aligned with previous studies involving copper

2 28-29, 34-35

complexes of ligands that are similar to

- OC

- [

= SC
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Fig. 6. DNA cleavage analysis in the presence of metal acetate salts. All lanes contain pBR322
DNA (0.25 pg) and the indicated metal salts at 1 mM. Lane 1: Fe(OAc)2; Lane 2: Co(OAc)y;
Lane 3: Ni(OAc)2; Lane 4: Cu(OAc)z; Lane 5: Zn(OAc)2; Lane 6: Cd(OAc)); Lane 7: DNA
control. OC: open-circular; L: linear; SC: supercoiled.

1 2 3 4 5 6 7

Fig. 7. DNA cleavage analysis of 2 (1.0 mM) in the presence of metal salts. Lanes 1-7 contain
pBR322 DNA (0.25 pg) and the indicated compounds. Lane 1: 2 + Fe(Il); Lane 2: 2 + Co(Il);
Lane 3: 2 + Ni(Il); Lane 4: 2 + Cu(Il); Lane 5: 2 + Zn(II); Lane 6: 2 + Cd(Il); Lane 7: DNA
control

In order to determine the possible mechanism of cleavage by ligand 2 in the presence of
Cu(II) acetate, the cleavage experiment was conducted in the presence of hydroxyl radical
(DMSO and tert-butanol), singlet oxygen (NaN3 and histidine), and superoxide anion (KI and
tiron) scavengers/quenchers (Fig. 8). Similar to Cu(Il) acetate (lane 2), ligand 2 alone showed no
significant cleavage of the DNA (lane 3) relative to the DNA control (lane 1). The addition of
ROS scavengers/quenchers additives (lanes 5-10) did not significantly affect the copper-
mediated cleavage ability of 2 (lane 4). These data suggest that reactive oxygen species do not
play a major role in DNA cleavage, and the mechanism of DNA cleavage may be hydrolytic

rather than oxidative.3¢’
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Fig. 8. The effect of ROS scavengers/quenchers on the cleavage of pBR322 DNA (0.25 ng) by 2
(500 uM) in the presence of copper acetate at 37°C for 1h. HoL 2 (0.5 mM), scavengers and
Cu(OAc)2 (1.0 mM). Lane 1: DNA control; Lane 2: DNA + Cu(OAc); Lane 3: DNA + 2; Lane
4: DNA + 2 + Cu(OAc),; Lane 5: DNA + 2 + Cu(OAc), + DMSO; Lane 6: DNA +2 +
Cu(OAc); + +-BuOH; Lane 7: DNA + 2 + Cu(OAc)> + NaN3; Lane 8: DNA + 2 + Cu(OAc), +
histidine; Lane 9: DNA + 2 + Cu(OAc), + KI; Lane 10: DNA + 2 + Cu(OAc), + tiron.

2.5  DNA binding studies of 2

The DNA absorption band at 260 nm represents T—>m* transitions of the purine and
pyrimidine bases. Intercalation causes conformational changes in the DNA, leading to a
hypochromic shift. In contrast, groove binding leads to damage and uncoiling of the DNA. As
hydrogen bonding interactions between base pairs decrease upon helix uncoiling, the absorbance

of the DNA bases increase, leading to a hyperchromic effect, 28-31-3339-40

The ability of ligand 2 to cleave DNA in the presence of Cu(II) ions suggests interaction
with the DNA. To probe this interaction, a UV-Vis absorbance titration of calf-thymus DNA
(CT-DNA, 89.4 uM) in the presence of increasing amounts of 2 (7.0-43 uM) was performed. As
illustrated in Fig. 9, compound 2 exhibits concentration-dependent hyperchromism upon
interaction with DNA, suggesting that 2 binds to the groove of DNA. The ability of

salicylaldehyde and/or aminophenol-derived Schiff bases to act as groove binders or intercalators

14



is influenced by the nature of the substituents and other structural features. For example, similar
to Schiff base 2, a substituted salicylaldehyde-aminobenzoic acid ONO Schiff base ligand
exhibited groove binding mode.** In contrast, a ONO Schiff base formed by condensation of 2-
aminophenol and 5-chloro-2-hydroxybenzaldehyde displayed intercalative binding mode,* even
though it is more structurally similar to 2 than the aminobenzoic acid derivative. The steric bulk

of the dimethyl pyran ring in Schiff base ligand 2 potentially limits DNA intercalation.

1.2

o
o

Absorbance
o
[<;)

o
'

0.2

230 250 270 290 310 330
Wavelength (nm)

Fig. 9. UV-Vis absorption spectra of CT-DNA (89.4 uM) in the absence and presence of
increasing amounts of 2 (7.0-43 uM) in Tris HCI buffer (50 mM, pH = 7.2). The arrow indicates
absorbance changes at 260 nm with increase in the concentration of 2. a) DNA + 0 uM 2, b)
DNA +7.1 uM 2, ¢) DNA + 14.1 uM 2, d) DNA +21.4 uM 2, ¢) DNA + 28.6 uM 2, f) DNA +
357 uM 2, g) DNA +42.9 uM 2.
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2.6 Molecular Docking Interactions of 2 with B-DNA

In order to further explore the interaction of HoL (2) with DNA, molecular docking
analysis was performed using Autodock Vina. Because of the observed dissociation of the zinc
complex into monosolvated and disolvated monomeric complexes in DMSO, the docking
affinities of H>L, ZnL(DMSO) and ZnLL(DMSO), toward Dickerson-Drew B DNA dodecamer
(PDB ID: 1BNA)* were compared. All three structures were found to dock at the minor groove
(Fig. 10), supporting the data obtained from the UV-Vis binding studies. The free ligand H>L
displayed the highest docking affinity towards DNA, with a stabilization energy of -8.0 kcal/mol.
This docking score is consistent with that of a ONO Schiff base with a similar mode of binding.*”
Generally, greater solvation was found to reduce the stabilization to -7.7 kcal/mol for
ZnL(DMSO) and -6.2 kcal/mol for ZnL(DMSO).. The similar binding position of all three
substrates suggests that H>L facilitates the interaction of the metal with DNA by bringing them

into close proximity through coordination.

The trend in docking affinity for HoL, ZnL(DMSO) and ZnL(DMSO): is further
explained by the 2D interaction maps (Fig. 11). The ligand-DNA complex is stabilized primarily
by hydrogen bonding interactions between the two phenol groups on HzL and the deoxyribose
oxygen atoms of guanine containing nucleotides on different chains, with the phenol groups
functioning as hydrogen bond donors. For ZnL(DMSO), the oxygen that is part of the phenol on
the chromene unit is hydrogen bonded to one guanine residue. However, no stabilizing hydrogen

bonding interaction is observed between ZnLL(DMSO), and the DNA helix.
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Fig. 10. Best docked structure of HoL, ZnLS and ZnLS> in the minor grooves of the DNA
dodecamer duplex of sequence d(CGCGAATTCGCG)2 (PDB ID: 1BNA) in Pymol. S =DMSO

HL ZnlLS v ZnLS,
0 A X =/\>
HN 9 208 3 )

Fig. 11. ProteinsPlus 2D Interaction map of HoL, ZnLS and ZnLS; with DNA. S = DMSO

3. Conclusions

Tetranuclear Zn(II), Ni(II) and Fe(III) complexes of a chromene-based Schiff-base ligand
were synthesized and characterized by X-ray crystallography, and HRMS analysis. The Zn and
Ni complexes were obtained as defective dicubane clusters, while the Fe complex was obtained

as a star-shaped cluster, although the mononuclear complexes predominated in DMSO. Ligand
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HyL facilitated the Cu-mediated cleavage of plasmid DNA. UV-Vis spectroscopic binding
studies and molecular docking analyses suggest that the ligand interacts with DNA by a groove

binding mode.
4. Experimental section
4.1 Materials and Measurements

All reagents were obtained from commercial sources and used without further
purification. pPBR322 plasmid DNA was obtained from Fisher Scientific. Unless specified,
reactions were performed open to air, and organic reactions were monitored by thin-layer
chromatography (TLC) using silica gel plates, developed in 50% ethyl acetate/ hexanes. Plate
visualization was performed under UV light (254 nm) and by staining with cerium-ammonium-
molybdate (CAM) solution. NMR data (‘H, 400 MHz and '*C, 100 MHz) were recorded on a
JEOL 400 MHz instrument (Susquehanna University; NSF MRI: CHE-1625340) using CDCI3
and DMSO-dg as solvents. High resolution ESI-MS data were acquired using a Waters SYNAPT
G2-S QTOFMS system (University of Rhode Island) and an Agilent 6560 ion mobility Q-ToF
mass spectrometer with Agilent Jet Spray dual ESI inlet (Bucknell University; NSF MRI: CHE-
2018547). UV-Vis data were acquired on a Cary 4000 UV-Vis spectrometer. Agarose gels were
visualized with Azure Biosystems ¢300 Western blot imager at 302 nm. Elemental analysis was

performed by Atlantic Microlab, Inc., Norcross GA.

4.2 Synthetic Procedures

4.2.1 Synthesis of Schiff base ligand, H>L (2)

18



The ligand HoL [(E)-6-(((2-hydroxyphenyl)imino)methyl)-2,2-dimethyl-2 H-chromen-5-o0l] (2)
was prepared by the condensation of 5-hydroxy-2,2-dimethyl-2H-chromene-6-carbaldehyde
(1)* (500 mg, 2.44 mmol) and ortho-aminophenol (267 mg, 2.44 mmol) in absolute ethanol (27
mL) with a catalytic amount of acetic acid. After refluxing overnight, the reaction mixture was
cooled, and the ethanol was removed in vacuo. The resulting orange solid was rinsed with water
and dried to afford HoL as an orange powder (711 mg, 99%). The product was determined to be

pure by NMR spectroscopy and was used without further purification.
M.p.: 167-169 °C; IR (ATR), cm™': 1625, 1582, 1528, 1450, 1232, 1209, 1155, 1111. UV-Vis
(DMSO: water, 7:3), Amax (nm): 435, 372.

"H NMR (DMSO-d¢) § 15.06 (broad s, OH), 9.92 (broad s, OH), 8.80
(s, H-10), 7.39 (d, /= 8.0 Hz, H-6') 7.25 (d, J = 8.4 Hz, H-7), 7.06 (t,

J=8.0 Hz, H-4"), 6.92 (d, J = 8.0 Hz, H-3'), 6.85 (t, J = 8.0, H-5")

6.63 (d, J=10.0, H-4), 6.23 (d, J = 8.4, H-8), 5.61 (d, J= 10.0, H-3),
1.36 (s, H-9). 3C NMR (DMSO-de) & 163.9 (C-10), 159.4 (C-5), 158.2 (C-8a), 150.5 (C-2'), 134.3
(C-7), 132.6 (C-1), 127.9 (C-3, C-4"), 120.2 (C-5"), 119.0 (C-3"), 116.8 (C-4), 116.6 (C-4a), 113.1

(C-6"), 109.7 (C-6), 107.9 (C-8), 77.5 (C-2), 28.3 (C-9).

HRESI-MS m/z: caled, for C1sHi1sNO3 296.13; found 296.1296 (M+H").

4.2.2  Preparation of H:L Zinc complex (3)

A warm solution of HoL, 2 (61.5 mg, 0.208 mmol) in ethanol (6 mL) was added dropwise to a

warm solution of Zn(CH3CO2)2-2H20 (45.9 mg, 0.209 mmol) in ethanol (4 mL), with stirring. A
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yellow precipitate was formed as the addition continued. This mixture was refluxed for 1 hour
before being cooled. Filtration of the resulting precipitate followed by rinsing with cold ethanol
gave a yellow solid (53.9 mg). The solid was redissolved in a minimum amount of THF and the
resulting yellow solution was filtered through Celite. The solvent was removed via rotary
evaporation and the resulting solid dried under vacuum yielding a yellow solid (25.0 mg, 20%
yield). Anal. Calcd: C, 60.85; H, 4.85; N, 3.55. Found: C, 61.0; H, 4.85; N, 3.49. Crystals

suitable for X-ray diffraction were obtained from THF by slow diffusion of pentane.

4.2.3 Preparation of H>L Nickel complex (4)

A warm solution of HoL, 2 (62.0 mg, 0.210 mmol) in absolute ethanol (6 mL) was added to a
warm solution of Ni(CH3CO2)2:4H>0 (52.2 mg, 210 mmol) in ethanol (4 mL) and the mixture
was heated under reflux for 1 hour. The mixture was filtered to collect a brown powder (48.5
mg) which was then redissolved in a minimum amount of THF. The resulting red solution was
filtered through Celite and the solvent was removed via rotary evaporation. The resulting orange
solid was dried under vacuum and collected (24.0 mg, 24% yield). Anal. Calcd: C, 61.9; H, 4.93;
N, 3.61. Found: C, 62.2; H, 5.15; N, 3.45. Crystals suitable for X-ray diffraction were obtained

from THF by slow diffusion of pentane.

4.2.4 Preparation of H>L Iron complex (5)

A warm solution of HoL, 2 (61.8 mg, 0.209 mmol) in absolute ethanol (6 mL) was added to a
warm solution of Fe(CH3CO3)2 (36.9 mg, 0.212 mmol) in warm ethanol (4 mL). The reddish
brown solution was heated under reflux for 1 hour, and filtered to afford a dark-colored powder
(45.5 mg). The solid was redissolved in a minimum amount of THF and the resulting solution

was filtered through Celite. The solvent was removed via rotary evaporation and the resulting
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solid dried under vacuum yielding a red-brown solid (14.0 mg). Elemental analysis data were
inconclusive. Crystals suitable for X-ray diffraction were obtained from THF by slow diffusion

of pentane.

4.3 X-Ray Diffraction Crystallography

Single crystals were selected and mounted on a low background MiTeGen loop using Paratone
immersion oil and cooled to the data collection temperature with a stream of dry nitrogen gas.
Data were collected on a Bruker D8 Venture diffractometer with 0.71073 A Mo-Ka microfocus
radiation and a Photon II detector. Unit cell parameters were obtained from 24 data frames, 0.5°
o, and complete data collection strategies were determined for each crystal using the APEX3
suite.*? Full data sets were collected using 0.5° oscillations of ¢ and , and processed using
SAINT.® Each data set was treated with SADABS* absorption corrections based on redundant
multi-scan data. The structures were solved by intrinsic phasing (SHELXT) and refined by least
squares methods on F? (SHELXL) within APEX3.%-*6 All non-hydrogen atoms were refined
with anisotropic displacement parameters and all hydrogen atoms were treated as idealized
contributions using riding models. Additional details of the data collections and refinements are
provided in the Supplementary Information. Crystallographic data are available in CIF format

through the Cambridge Crystallographic Data Centre, deposition numbers 2196040-2196042.

4.4 DNA cleavage studies

The cleavage reaction was carried out in 25 mM Tris—HCI (pH 7.2) buffer containing pBR322

plasmid DNA (1.0 uL, 0.25 ng), metal (II) acetate, [Fe, Co, Ni, Cu, Zn, Cd] (1.0 mM), and H>L
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(1.0 mM). The total volume of the assay mixture was 20 uL.. Samples were incubated at 37 °C
for 1 hour, after which the reaction was stopped by adding of 1x DNA loading dye (5.0 uL) in
pH 8.0 TBE (Tris—borate—EDTA) buffer. Finally, all samples were loaded on 1% agarose gel in
TBE, and electrophoresis was carried in TBE buffer (90V for 90 minutes). The gel was stained
with GelRed for 15 minutes and visualized using an Azure Biosystems Western blot imager at
302 nm. For the mechanistic experiment a concentration of 0.5 mM was used for the ligand 2
and 1 mM for copper acetate and the ROS scavengers and quenchers. The samples were

incubated for 1 h prior to performing gel electrophoresis.

4.5 UV-Vis spectroscopic binding studies

The stock solution of calf thymus (CT-DNA) was prepared by dissolving 13 mg of CT-
DNA in 10 mL of Tris HCI buffer (50 mM, pH = 7.2). The solution was stirred at room
temperature for 14 hours to achieve homogeneity. The UV-Vis absorbance ratio of CT-DNA
solution at 260 nm and 280 nm (A260/A280) was 1.87, indicating that DNA is sufficiently free
from protein.*’ The concentration of CT-DNA was calculated by UV-Vis absorbance at 260 nm
with the extinction coefficient 6600 M 'ecm™!. The stock solution of chromene aminophenol
ligand was prepared in DMSO (5 mM). Absorbance titration experiments were performed in Tris
HCI buffer at room temperature with a DNA concentration of 89.4 uM, and ligand 2
concentration ranging from 7.0 to 43 uM. The Tris-HCI buffer was used as blank control. The
amount of DMSO in the working solution was limited to less than 1%. The test solutions were

allowed to equilibrate for at least 5 min before reading the absorbance measurements.
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4.6 DNA docking studies

The X-ray crystal structure of B-DNA (PDB ID: 1BNA) dodecamer
d(CGCGAATTCGCG); was obtained from the Protein Data Bank (http://www.rcsb.org/pdb).
Polar hydrogens were added and Kollman charges were assigned to the DNA prior to carrying
out docking studies. The free chromene-aminophenol ligand, H>L, and solvated ligands,
ZnL(DMSO) and ZnL(DMSO),, were generated in Avogadro and subjected to energy
optimization using a steepest-descent algorithm. Polar hydrogens were added using Open
Babel software, prior to conversion to pdbqt files. Docking analyses were performed using
AutoDock Tools version 1.5.6 and AutoDock Vina programs.*® The grid box included the
entire B-DNA structure, and nine conformational images were created for each ligand. The
output files for the lowest energy conformers were exported to PyMol for display of the 3D
structure of the DNA-aminophenol ligand complex. The 2D interaction diagrams were

obtained using ProteinsPlus server.
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Appendix A. Supplementary data
'"H NMR, '3C NMR, and IR spectra of compound 2 are available in the supplementary

file, together with additional crystallographic data for complexes 3-5.
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