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Abstract

Chelation therapy is the primary treatment strategy for heavy metal intoxication; however, clinically
used chelators, such as ethylenediaminetetraacetic acid (EDTA), exhibit poor selectivity for toxic
metals over endogenous ions like Ca** and Zn**. EDTA and related chelators are anionic at
physiological pH and not cell-permeable. Here, we investigated the diaza-18-crown-6-based ligand
NOON-2py (7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane) for its
ability to protect cells from heavy metal toxicity. NMR spectroscopy showed that NOON-2py forms
complexes with Zn**, Cd*, and Hg** with similar conformations, whereas the Pb** and Ca*
complexes attain different conformations. This result was corroborated by X-ray crystallography,
which revealed the Cd** and Hg** complexes to be isomorphous, with both ions fully encapsulated
in the diaza-18-crown-6 and the pendent pyridyl arms binding from opposite faces. By contrast, the
Zn** crystal structure revealed a dinuclear species with two metal ions per ligand, and the Ca**
structure showed this ion to sit on top of the 18-membered macrocycle. Further characterization of
the Cd** complexes was provided by perturbed angular correlation (PAC) spectroscopy. Two
distinct conformations of [Cd(NOON-2py)]** were identified and based on density functional
theory (DFT) calculations, these species were assigned to different 8/A stereoisomers. Stability
constants (log Ky ) showed NOON-2py to be remarkably selective for ~Cd*, Hg*, and Pb*,
attaining values of 11.08, 21.46, and 11.67, respectively. For Ca?* and Zn**, the log Ky values of
3.62 and 6.83 are substantially smaller, reflecting a good thermodynamic selectivity of this chelator
for the toxic metal ions. In vitro studies using HEK293T cells demonstrated that NOON-2py can
preserve cell viability in cells treated with toxic concentrations of Cd*, Hg*, and Pb*.
Fluorescence microscopy studies in HeLa cells using the Cd**- and Pb**-responsive fluorescent
sensor Leadmium Green showed that NOON-2py can sequester intracellular deposits of these ions,
reflecting the ability of this chelator to permeate cell membranes. Cd** and Pb** adsorbed on
hydroxyapatite could be removed by NOON-2py within 15 min, suggesting that this chelator might



be valuable for the removal of these metal ions from bone. These results highlight the promise of
NOON-2py as a new candidate for heavy metal decorporation that warrants further investigations
in vivo.

Keywords: mercury, cadmium, lead, macrocycles, chelators

conformations

A diaza-18-crown-6 chelator appended with pyridyl pendant arms achieves highly stable, selective
chelation of toxic heavy metals, Cd**, Hg**, and Pb**, and demonstrates in vitro sequestration of
these metals, offering promise for chelation therapy.



1. Introduction

Cadmium (Cd*"), mercury (Hg?*), and lead (Pb*") are naturally occurring, highly abundant metals
that are detrimental to human health.'~* Exposure to these heavy metals can occur via ingestion of
contaminated foods or water, use of cigarettes or other tobacco sources, or inhalation of smoke from
industrial fires or wildfires.*® The damaging effects of heavy metal poisoning can vary
dramatically, depending on exposure levels and duration, with symptoms ranging from nausea,
birth defects, cognitive decline, to even death.” Heavy metal exposure is extremely prevalent;
currently, 1 in 3 children globally have elevated blood Pb levels (>5 ug/dL).* Annually, since 2021,
over 1.5 million deaths have been attributed to the effects of heavy metal poisoning by Cd**, Hg*,
and Pb**®

At the cellular level, these divalent metal ions exhibit similar chemical properties as endogenous
calcium (Ca®) and zinc (Zn*").*>!° Consequently, Cd**, Hg**, and Pb** leverage Ca?* trafficking
pathways, causing notable perturbations to mitochondrial function that dysregulate cellular
processes and trigger apoptosis.''™"* Additionally, these heavy metals strongly bind cysteine and

methionine residues on proteins,'>"’

in accordance with their soft-to-borderline properties within
Pearson’s hard-soft acid-base theory.'*" Their high sulfur affinity contributes to their efficient
capture by metallothioneins, and their subsequent delivery by this protein to the kidneys, resulting
in their pronounced nephrotoxicity.”® This impaired kidney function causes the depletion of
electrolytes, primarily Ca*, which exacerbates the bone decalcification and demineralization
triggered in cases of Pb** and Cd** poisoning.”'"** Cd** and Pb** are also implicated in reproductive,
cardiovascular, thyroid, and neurodegenerative disorders,”*** and Hg** is a known neurotoxin.?”*
Given the perturbative effects of these metals on Ca*, treatment for heavy-metal toxicity must not
further decrease concentrations of labile pools of key endogenous metal ions to avoid causing

downstream damage characteristic of electrolyte depletion.?"*

To treat the effects of these toxic metal ions, chelation therapy is the most effective approach.?-*
This strategy employs metal-binding chelators, which sequester and remove toxic metal ions via
different excretion pathways.?' Currently, there are 11 FDA-approved chelators for the treatment of
Cd*, Hg*, or Pb* poisoning.*® The most commonly prescribed are ethylenediaminetetraacetic acid
(EDTA), dimercaptosuccinic acid (DMSA), and diethylenetriaminepentaacetic acid (DTPA)
(Chart 1).*° Among these chelators, EDTA is considered to be the gold standard. Its multiple donor
atoms and flexible acyclic structure give rise to its remarkably high binding affinity for a wide range
of metal ions. These effective metal-binding properties, however, present problems for its use in
chelation therapy because it also binds and removes endogenous metal ions that are needed for
normal biological function.?'*? Consequently, EDTA treatment can cause significant side effects,
including severe dehydration, hypocalcemia, and hypotension.?’**** In addition, EDTA can
increase Cd** and Pb* levels in the kidneys through the reuptake pathways, compounding
nephrotoxicity.”’** Lastly, at physiological pH, EDTA is anionic and impermeable to cell



membranes, preventing it from removing toxic metal ions from intracellular environments and
tissues.*'** Therefore, efforts to design more effective chelating agents that exhibit better selectivity
for  toxic metal ions and improved cell permeability are needed.
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Chart 1. Chelators discussed in this work.

Toward this goal, several chelator design strategies have been employed for the sequestration of
Cd*, Hg**, and Pb*, including the use of macrocyclic chelators with multiple sulfur donors
designed to stabilize these soft metal ions.*>*® Furthermore, recent interest in the *""Hg, ***Pb, and
*12Pb radionuclides for nuclear medicine has led to novel selective chelators for Hg** and Pb*.%"=
Although many of these chelators have been studied individually with Cd**, Hg**, or Pb**, most of
them have not been investigated for their abilities to uniformly bind all of these metal ions. In this
context, one of the major advantages of EDTA is that it is capable of decorporating all three toxic
metal ions, Cd*, Hg**, and Pb**.*'*? This broad-spectrum use of EDTA makes it effective in the
clinic, where it can be prescribed to patients presenting with symptoms of heavy metal poisoning
without needing to identify the specific ion. Thus, a chelator with broad-spectrum, high affinity for
toxic heavy metals over endogenous metals would be a valuable clinical tool.

In targeting such a chelator, it is noteworthy that a common feature of Cd**, Hg**, and Pb**, which
distinguishes them from endogenous metal ions, is their large 6-coordinate ionic radii of 0.95, 1.02,
and 1.18 A, respectively.* In this context, the well-known chelator macropa (6,6'-((1,4,10,13-
tetraoxa-7,16-diazacyclooctadecane-7,16-diyl)bis(methylene))dipicolinic acid) (Chart 1) exhibits
a distinct preference for binding large over small metal ions.”®*~*" This binding preference is driven
largely by its diaza-18-crown-6 macrocyclic core. As expected, macropa binds weakly to the
endogenous Zn* ion (log Kz, = 9.23),* which has a small 6-coordinate ionic radius of 0.75 A®
Perhaps unsurprisingly, macropa binds the large Pb** ion very effectively (log Kp,. = 16.23),* and
this efficacy has prompted researchers to investigate macropa for nuclear medicine applications



involving radioisotopes of this metal ion.”®* An investigation of the coordination chemistry of
macropa with Cd**, however, revealed that it formed a weak complex (log Kcq. = 8.95) and gave rise
to a polymeric structure, where the Cd** center attained a 7-coordinate geometry that was not fully
encapsulated in the macrocycle.* Hg** has not yet been studied by macropa, but we hypothesize the
soft nature of this ion would be unfavorably matched to the chemically hard carboxylates of the
pendent picolinate arms. These prior results prompted us to investigate an alternative to macropa
that could stably and selectively bind the three evaluated toxic metal ions, Cd**, Hg**, and Pb*, over
endogenous metal ions like Ca** and Zn*". Toward this goal, we investigated the previously reported
chelator NOON-2py (7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane)
(Chart 1).4040

Like macropa, NOON-2py conserves the diaza-18-crown-6 macrocycle, maintaining its preference
for binding to large metal ions.*’ In place of the anionic picolinate donors, NOON-2py employs
pendant pyridyl groups, which are expected to be less effective donors for the chemically hard Ca**
ion. In addition, the fewer donor atoms of NOON-2py compared to macropa should also stabilize
the Cd** ion, which preferably attains coordination numbers of 7 or fewer. Lastly, the use of charge-
neutral pyridyl groups increases the lipophilicity of this chelator over macropa and EDTA,
potentially improving its ability for passive uptake in cells, marking a distinct advantage over
anionic chelators. In this study, we evaluated the efficacy of NOON-2py and macropa as chelating
agents for Cd**, Hg**, and Pb*, in comparison to the endogenous metal ions Ca** and Zn?**, and their
applications for the in vitro protection of human cells from these toxic metal ions.

2. Results and Discussion
2.1. Ligand and complex synthesis

The syntheses of NOON-2py and macropa have been previously reported.**>*-* NOON-2py is
synthesized in a one-step alkylation of 2-bromomethylpyridine onto the macrocycle core 1,10-
diaza-18-crown-6. NOON-2py was initially isolated as a dark oil, but after repeated extraction of
the oil with hot hexanes, large pale-yellow crystals of the anhydrous free base form of this chelator
were obtained from the mother liquor. Macropa was prepared as the 2HCI salt dihydrate, following
the previously reported methods.”* The syntheses of the Cd*, Hg*, Pb*, Ca*, and Zn*
complexes were afforded by treating an aqueous solution of NOON-2py or macropa with the nitrate
salts of these metal ions in aqueous solution. The complexes were isolated by lyophilization and
further purified by crystallization. The Cd*, Hg**, and Pb** complexes with NOON-2py formed
rapidly and quantitatively at room temperature in water and remain stable in solution and in solid
state for over one year. The complexes were isolated as colorless solids that were characterized by
elemental analysis and mass spectrometry. Within their mass spectra, the Cd**, Hg**, Pb*, and Ca*
complexes revealed the major ion peak to have an m/z value corresponding to the [ML]** species.
Notably, within the mass spectrum of the Zn** complex, the major ion peak exhibited an m/z value



that could be assigned to the dinuclear [M,L(NO;),]** species, suggesting that NOON-2py can
accommodate two Zn** ions.

2.2. Nuclear magnetic resonance (NMR) spectroscopy of NOON-2py and macropa complexes

To characterize the complexes in aqueous solution, a combination of one-dimensional, two-
dimensional, heteronuclear, and variable-temperature NMR spectroscopy was used. The '"H NMR
spectra of the NOON-2py ligand and its complexes of Cd**, Hg**, Pb**, Ca**, and Zn** are shown in
Figure 1.
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Figure 1. 'H NMR spectra (500 MHz, T = 25 °C, D,0, pD = 5.5) of [top to bottom] NOON-2py
(purple), [CA(INOON-2py)]** (dark blue), [Hg(NOON-2py)]** (light blue), [Pb(NOON-2py)]**
(green), [Ca(NOON-2py)]** (yellow), and [Zn(NOON-2py)]** (red). All metal complex spectra
were acquired from a mixture of 1 equiv. M(NO;),-nH,0O with 1 equiv. NOON-2py ligand. Asterisks
denote residual dimethyl formamide (DMF) in the sample. Spectra are calibrated to acetonitrile
internal standard at 2.06 ppm (not shown).



The '"H NMR spectrum of NOON-2py reveals four resonances in the aromatic region arising from
the H atoms on the pyridyl pendent arms. In the aliphatic region, a singlet at 3.81 ppm corresponds
to the methylene CH, groups that connect the pendent pyridyl groups, and two triplets and a singlet
are attributed to the protons on the macrocyclic ring. These resonances and those of the “C{'H}
NMR spectrum (Figures S1-S2) were fully assigned using an array of 2D NMR spectroscopic
methods like '"H-"H COSY, 'H-"*C HMBC, and 'H-"*C HSQC (Figures S3-S6). The "’N chemical
shifts of the ligand were also determined using "H-""N HMBC spectroscopy (Figure S7). This
spectrum revealed the "N resonances of the nitrogen atoms on the pyridine to be at 298.6 ppm and
the tertiary nitrogens of the macrocycle to be at 41.8 ppm (Table 1).

Table 1. NMR spectroscopic data for NOON-2py and investigated metal complexes.*

Compound 'H py-ortho 'H CH,-arm "N py-N N tertiary- Metal
6 (ppm)” o (ppm)” S (ppm)° N 6 (ppm)
O (ppm)*

NOON-2py 8.45 3.78 298.6 41.8 n.a.?
[CA(NOON-2py)]** 8.73 4.18 258.1 28.7 32.1¢
[Hg(NOON-2py)]* 8.58 4.20 250.8 38.0 -1053/
[Pb(NOON-2py)]**  8.50 4.53 300.3 59.2 -20242
[Ca(NOON-2py)]** 8.50 4.05 285.0 n.o." n.a.?
[Zn(NOON-2py)]** 8.82 4.61 243.9 n.o." n.a.’

“All spectra were acquired at 25 °C in D,0 (pD = 5.5). "Referenced to tetramethylsilane (8 = 0 ppm)
based on an internal standard of MeCN at 2.06 ppm. ‘Referenced to NH;(/) at & = 0 ppm. “Not
applicable. °‘Cd-113 NMR signal referenced to a 0.1 M Cd(ClO,), in D,0O external sample at d =0
ppm. ’Acquired with "H-""Hg HMBC NMR spectroscopy; referenced to HgMe, at & = 0 ppm,
verified with a saturated HgCl, in D,O external sample at & = —1550 ppm. ¢Pb-207 NMR signal
referenced to PbMe, at d = 0 ppm, verified with an external sample of 1 M Pb(NO;), in D,O atd =—
2960 ppm. "Not observed under these experimental conditions.

The Cd** complex of NOON-2py was characterized by multinuclear NMR spectroscopy as well,
applying multi-dimensional spectroscopy to fully assign 'H, '*C, and "N resonances (Figures S8—
S13). Upon complexation of Cd**, the '"H NMR spectrum revealed a deshielding of the aromatic
pyridine-based resonances, as well as diastereotopic splitting of the aliphatic resonances (Figure
1). This diastereotopic splitting, which is characteristic of complex formation, arises when the CH,
protons become inequivalent, as distinguished by whether they attain an axial or equatorial
positioning.”" Although all of the CH, resonances on the macrocycle show this type of splitting, the
CH, methylene resonances of pendent pyridyl group remain as a singlet. This result suggests that
the protons on this methylene group are equivalent, at least on the NMR timescale. Another



noteworthy feature in the 'H NMR spectrum of this complex is the observation of 'H-'"*Cd
coupling. The I = %2 '"*Cd nucleus has a natural abundance of 12.22%, and consequently "H-'"*Cd
coupling appears in the form of satellite peaks (Figure S8). '°Cd satellites are present on the 'H
resonances of protons on the ortho position of the coordinating pyridyl group and also within the
CH, methylene protons. The '"H-'"*Cd coupling constants are *Jc.y = 8 and 16 Hz for the ortho and
methylene protons, respectively. Additionally, the *C{'H} NMR spectrum (Figure S9) also reveals
the presence of '“Cd satellite peaks. *C-'"Cd coupling is observed on the "C resonances
corresponding to the meta and ortho protons on the pyridine pendant arms, and these have **Jcqc
values of 54 and 80 Hz, respectively. The "N NMR chemical shifts of the complex were also
measured, using 'H-"N HMBC NMR spectroscopy (Figure S14). The tertiary amine "N chemical
shift is 28.7 ppm, whereas the pyridine nitrogen resonates at 258.1 ppm (Table 1). Notably,
compared to the free ligand, the pyridine nitrogen is shifted 40.5 ppm upfield, whereas the tertiary
amine only shifts upfield by 13.1 ppm upon coordination to Cd**. The more significant perturbation
of the pyridine "N chemical shift may reflect a stronger interaction of the pyridyl nitrogen donor
atoms with Cd** compared to the tertiary amine nitrogen. This result is consistent with the *Jcay
coupling observed for the 'H NMR resonances corresponding to the pyridyl ortho and methylene
hydrogen, but not within the protons residing on the macrocycle.

Lastly, the 'Cd NMR chemical shift of the complex was measured via both a direct 1-D
experiment and a 2-D "H-""Cd HMBC NMR spectrum (Figures S15-S16). Both of these methods
revealed the complex to possess a '?Cd NMR chemical shift of 32.1 ppm (Table 1). This value is
comparable to related Cd** complexes containing pyridine as a ligand.”*>* The 'H-'"Cd HMBC
NMR spectrum showed the most intense cross peaks with the pyridine ortho proton and the
methylene CH, group, consistent with our observation of ''*Cd satellites for these resonances within
the "H NMR spectrum. Overall, these spectra indicate successful complexation of Cd** by NOON-
2py in a conformationally locked, symmetrical geometry.

The multinuclear NMR spectra of the Hg** complex of NOON-2py were obtained and fully
assigned using 2D NMR techniques (Figures S17-S22). The '"H NMR spectrum of [Hg(NOON-
2py)]** is similar to that of the Cd*, revealing distinct diastereotopic splitting of the aliphatic
protons and deshielding of the aromatic peaks (Figure S17). Also analogous to the Cd** complex is
that the CH, methylene protons remain as a singlet, revealing their equivalence on the NMR
timescale. Given the 16.8% natural abundance of the I = ¥ '’Hg nucleus, several resonances in the
'H NMR spectrum also show satellite peaks, arising from 'H-'’Hg coupling. The ortho hydrogens
on the pyridine pendent arm exhibit a coupling constant *Juu of 74 Hz, whereas the methylene
CH, resonances display satellite peaks with a *Juymu = 20 Hz. Like the Cd** complex, the
heteronuclear coupling constant is smaller for the methylene compared to the pyridine protons. The
magnitude of these coupling constants and the absence of coupling with other protons on the
macrocycle suggest that the Hg* ion is interacting more strongly with the two pyridine donors.
Hg** often exhibits a stable linear 2-coordinate geometry,” thus the stronger interaction with the



pyridine donors on both sides of the macrocycle to give a pseudo 2-coordinate geometry is
expected. These features are also manifested in the X-ray crystal structure (vide infra). Like the "H
NMR spectrum, the *C{'H} NMR spectrum of this complex (Figure S18) also reveals the complex
to be symmetric, as reflected by the equivalency of resonances from the pyridine arms, indicating
their chemically equivalent positioning. This complex was also amenable to characterization by 'H-
SN HMBC NMR spectroscopy (Figure S23). These data revealed the pyridine nitrogen to have a
N chemical shift of 250.8 ppm and the tertiary amine nitrogen to have a chemical shift of 38.0
ppm (Table 1). These values are 47.8 and 3.8 ppm upfield from those of the free ligands,
respectively. In comparison to that of the Cd** complex, the pyridyl nitrogen chemical shift is 7.3
ppm more shielded, and the aliphatic nitrogen chemical shift is 9.3 ppm less shielded. Thus, the
nitrogen donors of the pyridine groups are more significantly perturbed in the Hg* complex
compared to the Cd** complex. This result may suggest that Hg** interacts more strongly with these
pyridines, while exhibiting weaker binding to the equatorial amines compared to the Cd** complex.

This result is consistent with the preferred linear coordination geometry of Hg**.*®

Lastly, the '”Hg NMR spectroscopy of this complex was investigated. The '*’Hg chemical shift can
span a wide range of values (3000 to 500 ppm), reflecting the ability of "?Hg NMR spectroscopy
to be a sensitive probe for the interactions of this metal ion with different types of donor atoms.**¢
' Although we were unable to acquire a direct 1-D "Hg NMR spectrum of this complex,
presumably due to significant line-broadening caused by fast relaxation afforded by coupling to the
quadrupolar "N nuclei,”” 'H-""Hg HMBC NMR spectroscopy was used to detect the '“Hg
chemical shift of this compound at —1053 ppm (Figure S24). This chemical shift is comparable to
related Hg** complexes with four nitrogen donor atoms and substantially further downfield from
that of aqueous Hg(NOs),, which resonates at —2500 ppm.****% The HMBC spectrum also showed
clear strong correlations between the 'Hg center and the ortho pyridine H atoms and the

methylene CH, atoms, consistent with the satellite peaks observed in the '"H NMR spectrum.

Although the Pb** complex of NOON-2py was previously studied by NMR spectroscopy,® we
reinvestigated the NMR characterization of this complex (Figures S25-S30). A key distinction
between the '"H NMR spectrum of the Pb** complex, compared to the Cd** and Hg** complexes, lies
within the aromatic region where clearly resolved individual signals are observed for each of the
four protons on the pyridine. In addition, the aliphatic region shows the characteristic diastereotopic
splitting, but the resonances themselves are substantially broadened relative to the Cd** and Hg**
complexes. This broadening is most likely due to increased conformational flexibility of this
complex. In addition, the methylene protons of the pendent pyridyl group remain as singlets, most
likely reflecting fast arm rotational dynamics. 'H-""N HMBC NMR spectroscopy was also used to
study this complex (Figure S31). The pyridine "N resonance appeared at 300.3 ppm and the
aliphatic tertiary amine "N shift appeared at 59.2 ppm (Table 1). The aromatic shift is only 1.7
ppm downfield from the free ligand, whereas the aliphatic "N shift is 17.4 ppm downfield relative to
the free ligand. The greater perturbation of the tertiary amine chemical shift compared to the



pyridine chemical shift is in contrast to our observations for the Cd** and Hg** complexes. This
result suggests that Pb** interacts more strongly with the tertiary amines within the macrocycle
compared to the pendent pyridine donors, marking a distinction from the coordination modes of
this ligand with Cd** and Hg**. Finally, the *’Pb NMR spectrum of this complex was measured
(Figure S32). Both the 1-D **’Pb and 2-D 'H-*’Pb HMBC NMR spectra (Figure S33) revealed a
27Pb NMR chemical shift at —2024 ppm, with the HMBC exhibiting cross-peaks with the ortho and
meta pyridine protons, the methylene protons, and the aliphatic protons adjacent to the nitrogen
heteroatoms and between the oxygen heteroatoms.

The NMR spectra of [Ca(NOON-2py)]**, which were fully assigned with 2D methods (Figures
S34-S38), reveal distinct features compared to the heavy metal complexes discussed above. The 'H
NMR spectrum of this complex reveals similar chemical shifts within the aromatic region as those
found within the spectra of the Cd** and Hg** complexes, in which two of the four resonances are
overlapping. In the aliphatic region, the sharp singlet at 3.97 ppm corresponds to the methylene
CH, on the pendant arms, whereas the macrocyclic CH, resonances are broad and lack
diastereotopic splitting. These features reflect the conformational flexibility and dynamics of the
complex, suggesting that it is less rigid than the heavy metal complexes discussed above. The 'H-"N
HMBC NMR spectrum (Figure S39) could only successfully detect the "N resonance of the
pyridine donor, which resonated at 285.0 ppm (Table 1). This value is shifted by 13.6 ppm relative
to the free ligand.

Lastly, the NMR spectra of the NOON-2py complex of the endogenous ion Zn** were measured. As
for other complexes, all spectra were assigned with an array of 2-D NMR techniques (Figures S40—
S44). The '"H NMR spectrum of a 1:1 mixture of Zn* and NOON-2py revealed the characteristic
diastereotopic splitting in the aliphatic region, albeit with an unusual broadening of the methylene
peak. The aromatic region of this spectrum is similar to that of the Cd**, Hg**, and Ca** complexes.
In contrast to the other complexes investigated, however, the addition of an excess of Zn** (> 200
equiv.) led to a significant change in its NMR spectroscopic properties (Figure S45-S48). In the
presence of excess Zn**, the 'H NMR spectrum is shifted from that of the 1:1 mixture but still shows
diastereotopic splitting within the aliphatic regions. Notably, the pyridyl methylene resonance
appears as a sharp singlet within this solution. Based on the M:L stoichiometry, as well as
crystallographic and potentiometric titrations (vide infra), this species is assigned as the 2:1
complex [Zn,(NOON-2py)]**. As for the other complexes, the "N chemical shifts of these
complexes were measured with '"H-"N HMBC NMR spectroscopy (Figure S49). The resonances
of the pyridyl nitrogens, which occur at 243.9 ppm, are shifted upfield from the free ligand by 54.7
ppm (Table 1). This large shift signifies strong interactions with the pyridine donors. Similar to the
Ca** complex, the Zn** complex "H-'""N HMBC also only shows peaks corresponding to the pyridine
nitrogen. The absence of resonances from the aliphatic tertiary amines might be due to intensity
loss from signal caused by fluxional behavior of the complex, as evidenced in part by the fact that
NOON-2py is a weaker binder for Ca®* and Zn**.



The NMR spectra of macropa and its complexes of these metal ion complexes were also studied for
comparison to the NOON-2py system (Figures S50-S55). Among these complexes, those of Pb*,
Cd*, and Zn** have previously been probed by NMR spectroscopy.* The '"H NMR spectra of the
Ca”* and Cd** macropa complexes reveal no diastereotopic splitting within the aliphatic region. The
other complexes of Pb*, Hg**, and Zn** show minor diastereotopic splitting, but the resonances
within the aliphatic region are broad. Collectively, these results signify a greater conformational
lability of the macropa complexes of these metal ions compared to those of NOON-2py.

2.3. X-ray crystal structures of NOON-2py and macropa complexes

Single crystals of NOON-2py and its complexes with Cd**, Hg**, Ca**, and Zn** were obtained and
analyzed by X-ray diffraction (XRD) to determine their structures. The crystal structure of the Pb**
complex of NOON-2py was previously reported, but its data are included and discussed here for
comparison.” The crystal structure of the free base NOON-2py (Figure 2a, Table S1) reveals an
open conformation of the macrocycle. NOON-2py has been previously crystallized as the
protonated species in a cocrystal with two [Na(NOON-2py)]* complexes,* but never before as the
free base ligand.

Figure 2. Crystal structures of (a) NOON-2py, (b) [CdA(NOON-2py)]*, (c) [Hg(NOON-2py)]*, (d)
[Pb(NOON-2py)(OH,)]** from ref. 40, (¢) [Ca(NOON-2py)(OH,)]**, and (f) [Zn,(NOON-2py)
(NO;),]. Thermal ellipsoids are drawn at the 50% probability level. Solvent, non-coordinating



counter ions, and hydrogen atoms are omitted for clarity. Atom colors are as follows: C = grey, N =
blue, O =red, Cd = yellow, Hg = light grey, Pb = dark grey, Ca = green, Zn = slate. For [Ca(NOON-
2py)]**, only one of the two complexes within the asymmetric unit is shown.

The crystal structure of [CA(NOON-2py)]** as its nitrate salt (Figure 2b, Tables S2-S3) reveals
this complex to adopt a conformation in which the Cd** center is fully encapsulated in the
macrocycle with the pyridine pendant arms positioned axially above and below the plane of the
macrocycle. In this conformation, the Cd* center is 8-coordinate and coordinatively saturated. The
overall conformation of the macrocycle upon coordination can be described using the & and A
notation,®* which convey the chirality found within each five-membered chelate ring. For this
structure, the NOON-2py attains the (300)(80A) conformation. The N—Cd—N interatomic angle of
the pyridine nitrogens is 162.62°, marking a deviation from perfect linearity. Consequently, this
structure indicates that the CH, methylene H atoms are inequivalent in the solid-state, a feature that
was not observed within the 'H NMR spectrum of this complex, which shows resonances for these
protons that appear as a singlet. The Cd-N interatomic distances are shorter for the pyridine
nitrogens compared to the aliphatic coordinating nitrogens (2.312 and 2.278 A vs. 2.432 and 2.469
A). This result is consistent with the "N NMR chemical shift data, which shows more significant
perturbation of the pyridine N chemical shifts compared to those of the tertiary amines.

The crystal structure of [Hg(NOON-2py)]** is isomorphous to that of the [Cd(NOON-2py)]**
complex, crystallizing with the same coordination geometry, space group, and nearly identical unit
cell parameters (Figure 2¢, Tables S4-S5). Like within the Cd* structure, the Hg** ion attains an 8-
coordinate geometry, with the two pyridines binding from above and below the macrocycle plane
with a non-linear pyridine-Hg—pyridine interatomic angle of 164.46°. The Hg-N distances
between the pyridine donors are 2.183 and 2.191 A, shorter than the tertiary amine Hg—N distances
of 2.566 and 2.595 A. These results are consistent with the larger perturbation of the "N chemical
shifts of the pyridine nitrogen compared to the very minimal change in the "N chemical shifts of the
tertiary amines. The difference in Hg—N distances between the axial pyridines and equatorial
amines is also significantly larger than that observed within the isomorphous Cd** complex. The
differences between the average of the two aromatic M—N bonds between the Cd** and Hg*
complexes are Ad = 0.108 A, and the differences between the average of the two aliphatic M-N
bonds between the Cd** and Hg** complexes are Ad = -0.130 A. The much stronger axial Hg—N
interactions compared to Cd—N interactions may be a consequence of the strong preference for the
Hg?* ion to attain a linear 2-coordinate geometry.” Lastly, the macrocycle conformation attains a
mixture of the (830)(ddA) and (83d)(d0AA) forms, which are both present as reflected by
crystallographic disorder, consistent with the symmetry observed in the '"H NMR spectrum.

The structure of [Pb(NOON-2py)(OH,)]** (Figure 2d) was previously determined by X-ray
crystallography.®® The structure adopts a conformation in which the Pb** ion is slightly above the



plane of the macrocycle and both pyridine pendant arm donors are positioned above the plane of the
macrocycle, on the same face of the Pb* ion. In the axial position below the plane of the
macrocycle, there is an inner-sphere water molecule bound. The Ca* complex of NOON-2py
crystallizes in a similar conformation as the Pb** complex (Figure 2e, Tables S6-S7). In this
structure, which contains two structurally similar complexes within the asymmetric unit, the Ca**
ion sits on top of the diaza-18-crown-6 macrocycle, and the two pendent pyridine groups bind on
the same face. In addition, an inner-sphere water ligand interpenetrates through the macrocycle,
leading to a 9-coordinate Ca** center. The axial Ca—OH, distances of the complexes are 2.342 and
2.348 A. The pyridine Ca-N distances range from 2.577 to 2.610 A, whereas the Ca—N distances
with the tertiary amines are longer, ranging from 2.716 to 2.738 A. The Ca—O distances of the
macrocycle ethers range from 2.552 to 2.637 A. Finally, the chirality of the macrocycle
conformation is identical in both complexes in the asymmetric unit. The macrocycle attains the
A(OMD)(OAD) conformation identical to the Pb** complex of NOON-2py, where A signifies the
pendent arm helical chirality. The two complexes in the asymmetric unit are connected by a
network of hydrogen-bonding water molecules and nitrate counterions between the two axially
positioned waters.

Crystals grown from a mixture of Zn(NO;), and NOON-2py were revealed by X-ray diffraction to
be the dinuclear complex, [(NO;),Zn(NOON-2py)Zn(NOs),] (Figure 2f, Tables S8-S9). In this
structure, the symmetry-equivalent Zn** ions attain a 6-coordinate distorted octahedral geometry.
The coordination sphere is completed by two monodentate nitrates, the pyridine nitrogen, the
tertiary amine nitrogen, and two of the macrocycle ether oxygens. This structure shows that the
Zn** ions bind on the exterior of the macrocycle, reflecting the hypothesized size mismatch between
the macrocycle core and metal ionic radius. The asymmetric unit only contains half the macrocycle
and one coordinated Zn atom. Although there is disorder within the nitrate ligands, the Zn—-O
distances (2.061-2.031 A) are clearly much shorter than the Zn—O distances (2.405-2.361 A)
arising from the macrocycle ethers. Importantly, this dinuclear crystal structure is consistent with
our observation by NMR spectroscopy, where the addition of greater than two equivalents of Zn**
led to the formation of this complex.

For comparison, a discussion of previously reported crystal structures of the macropa complexes of
Zn**, Cd*, and Pb** is warranted.* For the Cd** structure, the metal ion is not fully incorporated
into the macrocycle, but instead forms a polymeric structure where the 7-coordinate Cd** ion is
bound to two picolinate arms of adjacent ligands, one nitrogen and one oxygen on the macrocycle,
and a chloride ion. The Zn** structure of macropa reveals a 5-coordinate structure, where the
primary coordination sphere comprises two bidentate picolinate arms and a water molecule. In this
case, the Zn* ion resides above the diaza-18-crown-6 macrocycle, which forms hydrogen-bonding
interactions with the bound water. Lastly, the crystal structure of the Pb** complex of macropa
shows an ideal interaction. In this complex, the 10-coordinate Pb** ion sits on top of the macrocycle
with both pendent picolinate arms binding from the same face. The structures of both the Zn** and



Cd** macropa complexes reveal that these metal ions are not appropriately matched to this ligand,
based on their ionic radii and preferred coordination numbers, whereas the Pb* is suitable. Thus,
macropa is a good ligand for Pb* but not Cd*, limiting its potential use for sequestering toxic metal
ions. By contrast, NOON-2py forms discrete 1:1 complexes with both Pb* and Cd**, marking a
potential advantage of this ligand for broad-spectrum heavy metal removal as verified by
potentiometric studies described below.

2.4. Perturbed angular correlation (PAC) spectroscopy and density functional theory (DFT)
analysis

To further characterize the Cd** complex of NOON-2py, we used perturbed angular correlation
(PAC) spectroscopy. This method relies on the use of a suitable radioisotope to measure the angular
correlation between two sequentially emitted gamma photons. This correlation reveals information
on the coordination environment of the radioactive metal ion within around a 3—5 A radius. In this
case, ''"Cd is particularly suitable for this application based on its decay properties that lead to
sequential gamma photon emission through a transient nuclear excited state with an appropriate
lifetime. This method has previously been applied for bioinorganic chemistry, where the '''"™Cd
nucleus has been substituted into Zn metalloproteins.®” - In this work, we demonstrate the use of
PAC spectroscopy as a tool for the evaluation of this small-molecule system, specifically in the
elucidation of conformers that explain the discrepancy with the symmetry observed for the
methylene peaks by '"H NMR and the asymmetry observed for the methylene protons by XRD.

Five parameters (A, 7, w,, 0, and I1/r,) can be determined for each '''"™Cd site (Table 2). Of these
parameters, two of them, the nuclear quadrupole interaction (NQI) strength, w,, and the asymmetry
parameter, #, directly reflect the structure at the metal site.®” In an axially symmetric structure, 7 is
0, whereas for maximally non-axially symmetric complexes, this value is 1. Both w, and # can be
calculated for a given molecular structure using first principles quantum mechanical methods or
using semi-empirical models.” The amplitude of the signal, A, depends on properties of the nuclear
decay and on the sample-detector geometry.®” If more than one structure at the site of the PAC
probe is present, the relative amplitudes will, in general, directly reflect the relative population of
the different sites.

The linewidth of the Fourier-transformed data is affected by structural variations at the site of the
PAC probe from one molecule to the next, reflected in the relative peak width 6. Thus, 0
qualitatively reflects the structural flexibility at the site of the PAC probe. Dynamics similarly
affects the PAC signal, and is reflected in the parameter //z,, where 7, is the rotational correlation
time of Brownian tumbling.”

For a spin 5/2 nucleus, which is the case for the relevant nuclear level of '''™Cd, one NQI manifests
itself as three peaks in the Fourier transform of the PAC data. The frequencies of the three peaks are
not independent, because the sum of the two lowest frequencies must add up to the third: w;+ w, =



3. For samples with randomly oriented molecules, which is the case in solution and powder
crystals, the intensity distribution of the three peaks from each signal is such that the lowest
frequency peak (w,;) has the highest intensity, the second (w,) has intermediate intensity, and the
third (w;) has the lowest intensity.®’
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Figure 3. '''"Cd PAC spectroscopy data for [CA(NOON-2py)]** complexes. (a) Experimental data
(colored data points with error bars) and fitted perturbation function (black line). Samples are, in
descending order, the microcrystalline sample, frozen solution at —196 °C with 1 equiv. Cd**, frozen
solution at —196 °C with 0.1 equiv. Cd**, solution at 20 °C with 1 equiv. Cd**, and frozen solution at
—196 °C with no chelator added. (b) Fourier transformed data (colored line) and fit (black line). (c)
Decomposition of the '''™Cd PAC signal from the [Cd(NOON-2py)]** samples in frozen solution (-
196 °C) into two NQIs. Top: Fourier transform of the sum of the experiments recorded on the
[CA(NOON-2py)]** in frozen solution, with data shown as the blue line and the fit shown as the
black line; bottom: decomposition of the fit into the two constituent NQIs. NQI1 (dashed line) was
fit with w, = 0.240 rad/ns and # = 0.688, and NQI2 (solid line) was fit with w,=0.263 rad/ns and # =
0.92, see Table 2.

The PAC spectra of [CA(NOON-2py)]** were investigated in both the solid-state as well as in frozen
and room temperature solutions. The frozen (—196 °C) solution-phase measurements were carried
out using both a 1:1 and 1:10 metal-to-ligand ratio, giving nearly identical results with both
conditions and allowing their data to be added to improve signal-to-noise. An analogously made
solid-state sample was confirmed to be microcrystalline and of the same polymorph as the single-
crystal X-ray structure discussed above via powder X-ray diffraction (Figure S56). [Cd(NOON-
2py)]** was confirmed to be stable across a range of pH values (5.5-9) used in the PAC
experimental procedure (Figure S57). As a comparative control, the PAC spectrum of free aqueous
Cd** was also measured in frozen solution, revealing a significantly different spectrum from any of
the NOON-2py-containing samples. Lastly, an additional experiment was conducted on a 10:1
NOON-2py-to-Cd** sample in aqueous solution at 20 °C. These data displayed the expected



exponential decay signature of the perturbation function, reflecting rapid rotational diffusion of the
complex.

The PAC spectrum of the solid microcrystalline [Cd(NOON-2py)]** revealed a single NQI,
characterized by w, = 0.236 rad/ns with 7 fixed at 1.0. By contrast, the complex in frozen aqueous
solution is more complex and cannot be fitted reliably with only one NQI. Qualitatively, this
conclusion is based on the fact that the second peak (w,) is more intense than the first peak (w;), and
these intensities are in conflict with PAC theory for a single NQI for randomly oriented
molecules.” These data, instead, are best analyzed with two NQISs, as illustrated in Figure 3¢, and
the fitted parameters are presented in Table 2. One NQI (NQI1, w, = 0.240 rad/ns, n = 0.688) is
easily identified, because all three peaks are observed at 0.35 rad/ns, 0.45 rad/ns, and 0.80 rad/ns,
and they obey the physical requirement of w;+ w,»= ws. The frequency, w, = 0.240 rad/ns, is similar
to the frequency observed for the microcrystalline sample, but the asymmetry parameter, 7, is
significantly smaller than that of the microcrystalline sample. The key implication of these frozen
solution PAC spectra is that the complex is present in two distinct conformations under these
conditions.

Table 2. Summary of parameters fitted to '"""Cd PAC data for [Cd(NOON-2py)]** in the
microcrystalline state and in frozen solution. Two NQIs, NQI1 and NQI2, reflecting two co-existing
species, were fit to the PAC data recorded for [CA(NOON-2py)]* in solution.

Wo n 0 I/r, A X’
Experiment

(rad/ns) X100 (us™) X100
Microcrystalline ~ 0.2360(4) 1.0 1.2(4) 3(1) 5.0(3)" 0.82
NQI1 (=196 °C)  0.240f 0.688(8)  6.4(7) 2.2(4) 9.0(6) 0.81
NQI2 (=196 °C)  0.263(2) 0.92(1) 1.4(8) 2.2(4) 1.8(3) 0.81

“Fixed. "Lower total amplitude, A, than the other experiment due to a shorter sample-detector
distance.

To probe the identity of the two conformations in more detail, variable-temperature NMR
spectroscopy of [CA(NOON-2py)]** was carried out. As noted above, the room-temperature NMR
spectra of this complex convey the presence of a single isomer that is fairly rigid based on
diastereotopic differences between macrocycle proton resonances. Notably, the pyridyl methylene
CH, resonance appears as a singlet, reflecting an arm-wagging motion that is fast on the NMR
timescale. An analysis of this complex by '"H NMR spectroscopy in methanol-d, at temperatures as
low as —80 °C revealed a general broadening of the aliphatic resonances, including the methylene
CH, group (Figure S58). This result suggests that at this temperature the resonances start to



deconvolute into distinct conformations, like those observed by PAC spectroscopy. In any case, the
inability to fully resolve these distinct species even at —80 °C reflects the very fast rate of their
interconversion, which is uniquely probed by PAC spectroscopy.

To investigate the two possible conformations in more detail, density functional theory (DFT) was
employed. Specifically, we sought to optimize the geometries and determine the relative free energy
values (AG) of the different conformers of [Cd(NOON-2py)]** with different combinations of d and
A chelate ring chirality. The energies of these conformers are collected in Table S10. Geometries
with a single 8/A switch on the macrocycle in comparison to the crystal structure of the [Cd(NOON-
2py)]** complex were the most stable. Attempts to optimize conformational geometries with many
alterations of the d/A stereochemistry led back to geometries that matched the crystal structure, with
the exception of the (8d0)(0AA) and (888)(AdA) conformations for which stable local minima could
be identified. With these different conformation geometries, their PAC parameters were calculated
with DFT (Table S11). The NQI parameters of the (868)(0A)) conformer (w, = 0.251 rad/ns, 1 =
0.63) match the experimental values well for NQI1. This result suggests that this is the major
conformer observed by PAC spectroscopy. The other species, NQI2, can be reasonably assigned to
the (300)(d0M) conformer (w, = 0.241, n = 0.87), consistent with the crystal structure of the
complex. These assignments are based on the similarity in the # and w, PAC parameters and the
relatively low energy of these conformations. Overall, PAC spectroscopy was used to identify the
presence of two conformations of [Cd(NOON-2py)]** in solution, while only a single species could
be detected by both NMR and XRD. As shown by DFT, these conformations are very close in
energy and consequently are also likely to interconvert very rapidly in solution. Thus, PAC
spectroscopy can resolve these energetically and chemically similar conformations that could not be
identified with X-ray diffraction or NMR spectroscopy alone.”

2.5. Thermodynamic stability constants

To evaluate the potential of NOON-2py for the selective binding of the toxic heavy metal ions,
Cd*, Hg*, and Pb*, over the endogenous Ca®* and Zn** ions, the stability constants (log Kyy) of
these complexes were determined via potentiometric titrations.



Table 3. Protonation constants of NOON-2py, macropa, and EDTA and thermodynamic stability
constants of their Cd*, Hg**, Pb**, Ca**, and Zn*" complexes in solution.

NOON-2py macropa* EDTA®
log K, 7.46(3), [7.44]° 7.52 10.17
log K., 6.22(3), [6.26]° 7.03 6.11
log K3 1.96(1), [1.38]° 3.58 2.68
log K.4 2.47 2.00
log K5 1.50
log Kcar 11.08(2) 8.95 16.39
log KCdHL 6.03 2.90
log Ky 21.46(3)¢ 9.08(1) 21.50
log Kygni. 6.15(12) 3.10
log Kpu1 11.67¢ 16.23 17.88
log KPbHL 2.86
log Kca. 3.62(5) 5.25 10.61
log K71 6.83(2) 9.23 16.44
log KZnHL 6.77 3.00
log Kzamo1 2.89
log Kan]_ 869(7)
pCd 11.73 9.57 14.62
pHg 25.00 9.72 19.73
pPb 12.29 17.11 16.37
pCa 6.01 6.24 8.84
pZn 7.48 9.86 14.68

“Ref 44. "Ref 7. ‘Ref 49. All constants evaluated were determined at I=0.1 M KNO; or I1=0.1 M
KCl at T = 25 °C. “The model for the log Ky, determination included the stability constants for
HgCl, species as follows: 1og Kygcir = 6.72, 10g Kiecn = 13.23, 10g Kieers. = 1.0, 10g Kiygciar = 1.97.7
“‘Ref. 40 pM = —log [M**];.. Calculated for 10 uM total ligand and 1 uM total metal at pH 7.4 and 25
°C. Values in parentheses are the standard deviation between three replicates.

Prior to determining metal complex stability constants, accurate values for the protonation
constants of NOON-2py are required. The protonation constants of this ligand were previously
measured by potentiometric titrations,” and these values are shown in Table 3. Here, we
investigated NOON-2py by potentiometric and UV-vis titrations (Figures S59-S61). The first two
protonation constants measured by the potentiometric titrations are 7.46 and 6.22, and they



correspond to the deprotonation of the tertiary amines on the macrocycle. These values are
consistent with the previously reported first and second protonation constants of this ligand as
determined by potentiometric titrations.” However, this earlier study also reported a third
protonation constant with a value of 1.38. Within our potentiometric titrations, however, the
electrode is calibrated only between a pH range of 2.2—11.3. Consequently, our attempts to include
this third acidic protonation constant in our model gave unreliable values ranging between 1.2 to
2.5. To more accurately determine this third protonation constant, UV-vis titrations in the acidic pH
range of 1.30 to 2.48 were carried out. These data reliably converged to a value of 1.96, slightly
larger than the previously reported value. Using these protonation constants, the stability constants
were determined.

The potentiometric titrations of Cd**, Hg*, Ca**, and Zn** were performed using potassium nitrate
(0.1 M) as the supporting electrolyte and HNO; as the titrant. The use of nitrate and HNO; was
chosen over KCI and HCI to avoid having to account for the non-negligible binding constants of
Zn** and Hg** with the halides.” " The potentiometric titration data of the Cd** and Ca** complexes
were best fit with a single 1:1 ML species (Figures S62-S63), and the resulting log Ky values are
collected in Table 3. For the Zn** titrations, however, the data were best fit via the inclusion of a 2:1
M,L species in the solution equilibria. Notably, this stoichiometry is consistent with both our
crystal structure and NMR spectroscopy studies of this complex (Figure S64).

Attempts to carry out potentiometric titrations with Hg** and NOON-2py were unsuccessful with
KNO; as the supporting electrolyte, as quantitative complex formation was found even at the lowest
pH value (~2) of our titration. From these potentiometric titrations, a lower limit for the
[Hg(NOON-2py)]** log Ky value was estimated to be 20. In an attempt to circumvent this issue, we
carried out an NMR titration with HNOj; in a low pH regime. Even at pH = 0.54, however, the
complex remained intact (Figure S65). To solve this problem, we carried out a potentiometric pH
titration using HCI in the presence of 0.1 M KCI as the supporting electrolyte. Under these
conditions, we could leverage the competitive equilibrium for the formation of HgCl, in order to
titrate over conditions in which complex dissociation is observed. Analysis of the pH
potentiometric titration under these conditions with the inclusion of the HgCl* and HgCl,
formation constants within our model led to satisfactory refinement, enabling us to determine the
log Ky, value of 21.46 (Figure S66). This approach of using the competitive equilibrium involving
Cl- was further verified by NMR spectroscopy. The adjustment of a solution of [Hg(NOON-2py)]**
to pH 2.2 and below with HCI enabled detection of free ligand (Figure S67).

Because the stability constant of the Hg** complex of macropa has not yet been determined, we also
investigated this system by potentiometric titration. These data revealed the Hg** complex of
macropa to be significantly less stable than that of NOON-2py. Consequently, log Ky and log
Kwiy values could be accurately obtained via fitting of the potentiometric data with KNOj; as the
supporting electrolyte and HNO; as the titrant (Figure S68). The log Ky value of the Hg** complex



of macropa (9.08) is significantly smaller than that of the NOON-2py complex, reflecting the poor
affinity of macropa for this metal ion.

A comparison of the stability constants of NOON-2py, macropa, and EDTA under physiologically
relevant conditions can be made using pM values, the —log[M].. under the previously reported
conditions of 1 uM M** and 10 uM L at pH 7.4.*° As shown in Table 3, the pM values of NOON-
2py for Cd**, Hg**, and Pb** are 11.73, 25, and 12.29, respectively. Importantly, these pM values are
substantially greater than those for Ca** and Zn**, which only reach values of 6.01 and 7.48,
respectively. This result indicates that NOON-2py has a remarkable selectivity for toxic metal ions
over these endogenous ions. By comparison, EDTA exhibits poor selectivity between Zn** (pZn =
14.68) and Cd**, Hg**, and Pb**, for which the pM values are 14.62, 19.73, and 16.37, respectively.
This property is consistent with some of the known toxic side effects of EDTA that arise from
depletion of biological Zn** levels.*'”” Macropa, on the other hand, exhibits a very high selectivity
for Pb** (pPb = 17.11) over the other metal ions studied here. These results suggest that macropa
would be a promising candidate for Pb** decorporation. However, the poor selectivity of macropa
for Cd** and Hg?** over Zn** and Ca®* suggests that it would not be effective for removing these other
two toxic metal ions. In this context, the data obtained for NOON-2py suggest that NOON-2py
could be valuable as a broad-spectrum decorporation agent for Cd**, Hg*, and Pb*".

2.6. Cytotoxicity, cell viability protection, and cell uptake

Based on the good selectivity of NOON-2py for Cd**, Hg**, and Pb*, it was evaluated in a series of
in vitro cell assays to determine its ability to protect cells from heavy metal-mediated toxicity. First,
the cytotoxicity of the free ligands and uncomplexed metal ions was measured in HEK293T cells, a
human kidney fibroblast cell line that is relevant due to the known nephrotoxicity of Cd*, Hg*, and
Pb**.22* After treating HEK293T cells with various doses of these metal ions for 48 h, the (4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine their
ICs, values, which fall within the range of 0.5-10 uM (Figures S69-S71, Table S12). The
cytotoxicity of the free ligands NOON-2py, macropa, and EDTA was also measured; both EDTA
and macropa are non-toxic at concentrations greater than 1 mM, whereas the ICs, value of NOON-
2py was found to be 64 uM (Figures S72-S74, Table S12). The mild toxicity may also be
attributed to the increased lipophilicity of NOON-2py compared to macropa and EDTA, enabling
greater uptake of the chelator into the cells. Although NOON-2py is more cytotoxic than both
EDTA and macropa, its 1Cs, value is still larger than typical concentrations applied for
decorporation, both in vivo and in vitro. For example, we roughly calculated that with an
administered dose of 1000 mg/m? and a 0.3 partition coefficient for the kidneys,*' assuming average
body surface area of 1.73 m* and water content of 42 L, that the maximum concentration of EDTA
in the kidneys would be 33 uM. In this context, NOON-2py is still a viable decorporation agent
when used at appropriately low doses.
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Figure 4. Cell viability of HEK293T cells treated (top) simultaneously or (bottom) with a 1-hour
preincubation with Cd*, Hg**, or Pb**, then with either EDTA, macropa, or NOON-2py to evaluate
chelator protective effects through cell viability (%). Top: Cell viability of HEK293T cells treated
simultaneously with (a) Cd** (green), (b) Hg** (blue), or (c) Pb** (purple) and chelator. Bottom: Cell
viability of HEK293T cells treated with (d) Cd** (green), () Hg** (blue), or (f) Pb** (purple) one
hour prior to treatment with chelators. Statistical analysis was performed using the Welch’s t-test,
where denotations are as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, ns = no statistical
significance.

We next investigated the ability of these chelators to protect against the cytotoxic effects of Cd*,
Hg*, and Pb* in HEK293T cells. Their cytoprotective effects were assessed via two distinct
protocols. In the first protocol, cells were treated with the metal salt at a concentration of 0.2 uM,
then immediately with the chelator at a concentration of 1 uM, and then incubated for 48 h prior to
assessing their viability with the MTT dye (Figures 4a—c). In the absence of chelator, the metal



ion-treated cells exhibited a reduction of cell viability by approximately 50%. In the presence of the
chelators, however, significant recoveries of the cell viability were observed. Of note, macropa was
less effective for protecting cells from Hg* compared to NOON-2py and EDTA. This result is
consistent with the lower stability constant and weaker binding of Hg** by macropa, compared to
these other chelators (Figure 4b). Additionally, both NOON-2py and macropa were more
protective against Pb** compared to EDTA (Figure 4¢). Importantly, NOON-2py exhibited broad
efficacy in ameliorating the toxic effects of all three metal ions, Cd**, Hg**, and Pb*, consistent with
the large stability constants of these complexes.

For the second protocol, cells were pretreated with 0.2 uM of the metal ion for 1 h, prior to
administering 1 uM of the chelator (Figures 4d—f). Under these conditions, the chelator would
need to remove, immobilize, or detoxify intracellular metal ions, as opposed to the first protocol,
where the chelators could act by sequestering the extracellular metal ions. For cells treated with
Cd** under these conditions, NOON-2py and macropa were able to improve cell viability. The
effects of NOON-2py, which retained the cells at close to 100% viability, however, were more
significant than the minor effects of macropa. EDTA exhibited no protective effects. The improved
activity of NOON-2py, compared to macropa, is consistent with its higher affinity for Cd**, whereas
the inability of EDTA to protect cells may be a consequence of its impermeability to the membrane.
For Hg**-treated cells, both EDTA and NOON-2py were able to protect cells in a statistically
significant manner. Macropa, by contrast, was ineffective. This result reflects the poor affinity of
macropa for Hg*. The ability of EDTA to protect cells under these conditions, however, is
unexpected given its cell impermeability. Lastly, for cells preincubated with Pb*, those treated with
NOON-2py and EDTA had significantly improved cell viability compared to those treated with
macropa (Figure 4e). This result is unexpected when only considering relative stability constants
for Pb*, indicating that other factors must be at play in the biological setting. Collectively, these
results show that NOON-2py is uniformly able to protect cells against all three toxic metal ions
Cd*, Hg*, and Pb**. Furthermore, because NOON-2py is effective in pretreated cells, these data
also suggest that this chelator is cell-permeable.

To assess if treatment with chelators alters the cell uptake or efflux of metal ions, this property was
investigated with inductively coupled plasma optical emission spectroscopy (ICP-OES). For this
assay, cells were treated with 20 or 50 uM of Cd** or Pb**, and then incubated with 100 uM of the
chelator. The protein content of the cells was then determined with the bicinchoninic acid (BCA)
assay, and the metal content was measured by ICP-OES. For this assay, intracellular concentrations
of Cd** and Pb** were amenable to detection by ICP-OES (Figures S75-S77). The ability of
NOON-2py to sequester Cd** and Pb** in vitro was evaluated in comparison to macropa and EDTA.
As shown in Figure S75, only NOON-2py treatment led to a statistically significant (p < 0.01)
decrease of Cd** in the cell lysates, as reflected by a 22% lower concentration of this metal relative
to the control. By contrast, none of these chelators were able to diminish intracellular Pb**. In
relation to the cytotoxicity data, where NOON-2py was shown to be protective, these results



indicate that this chelator elicits this effect via intracellular sequestration of the metal ions, rather
than active efflux.

2.7. Fluorescence microscopy

Cadmium Lead

No M

No chelator §

+ NOON-2py
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Figure 5. Fluorescence microscopy images of HeLa cells dosed with either control media + 25 uM
sodium pyrithione (No M), 50 uM of M** + 25 uM sodium pyrithione in media (No chelator), or 50
uM of M** + 25 uM sodium pyrithione media, then treated with 100 uM chelator-containing media
(+ chelate). Cd** treatment groups are shown on the left. Pb** treatment groups are shown on the
right. Cells were stained with Leadmium Green (1 pg/mL), MitoTracker Red (0.5 pg/mL), and
Hoechst dye (5 pg/mL). Scale bar indicates 300 pm.



To further evaluate the effect of chelators on intracellular metal levels, fluorescence microscopy
studies were performed using the Cd*- and Pb**-selective fluorescent sensor Leadmium Green
(ThermoFisher). This commercially available probe has previously been leveraged to detect labile
Cd** and Pb* in live cells.”®® For these microscopy studies, HeLa cells were used in place of
HEK?293T because of their better adherence to the glass microscopy slides. The HelLa cells were
incubated in media containing Hoechst dye, MitoTracker Red, and Leadmium Green before being
washed and given either Cd**- or Pb**-containing media (Figures S78-S79) supplemented with the
ionophore sodium pyrithione.***? The cells were then washed, incubated with media in the absence
or presence of the different chelators for 5 min, and then imaged by widefield fluorescence
microscopy. As shown in Figure 5, both Cd**- and Pb**-treated cells exposed to NOON-2py exhibit
significantly less green fluorescence than those of the cells in the absence of a chelator. Evaluation
by this method showed qualitatively that NOON-2py was able to sequester intracellular Pb** and
Cd** by the near total decrease in Leadmium green fluorescence intensity. Macropa and EDTA were
also evaluated and still showed green fluorescence after dosage. To quantify these changes more
accurately, pixel intensity was measured using ImageJ and the corrected total cellular fluorescence
(CTCF) was determined for the green channel. As shown in Figures S80-S81, the NOON-2py
pixel intensity matches that of the metal-free control samples for both the Cd** and Pb** treated
cells, indicating complete intracellular sequestration of these metal ions.

In the Cd*-treated group, fluorescence intensity levels within cells treated with macropa were
significantly lower than those not treated with a chelator. However, EDTA displayed no statistically
significant difference from the positive control fluorescence intensity, indicating it has little to no
interaction with Cd* inside the cell. This result is consistent with the lack of cell permeability of
EDTA due to its anionic charge at physiological pH. In the Pb*-treated groups, both EDTA and
macropa were only able to partially diminish the fluorescence intensity of this probe, demonstrating
that under these conditions, they can still sequester Pb*, but less effectively than NOON-2py.
Overall, these studies show that NOON-2py chelates both intracellular Pb** and Cd** with greater
efficacy than macropa and the commonly prescribed EDTA.



2.8. Hydroxyapatite desorption
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Figure 6. Hydroxyapatite desorption data for (top, green) Cd* and (bottom, purple) Pb**. Bars
represent the amount of Pb** or Cd** present in HEPES buffer (pH = 7.4). The metal ions were
allowed to adsorb on HAP for 3 h, prior to being treated with 40 mM of each chelator for the time
point indicated.

As a final in vitro assessment of the suitability of NOON-2py for heavy metal removal, it was
investigated for its ability to remove Cd** and Pb** from hydroxyapatite (HAP). HAP is the Ca**
phosphate mineral that is the major inorganic component of bone.* During cases of Cd** and Pb**
poisoning, these metal ions displace Ca** in the bone.?"** To determine if NOON-2py and macropa
can subsequently remove Pb** and Cd** from the bone, we used an established in vitro assay (Figure



6).4%% Both Cd** and Pb* were adsorbed onto HAP by mixing solutions of these metal ions with
solid HAP in HEPES (2-[4-(2-hydroxyethyl)piperazin- 1-yl]ethanesulfonic acid) buffer. Adsorption
of these metal ions was confirmed by ICP-OES (Figure S82), which revealed that nearly none of
the metal ions remained in solution after mixing for 3 h. Once these metal ions were fully adsorbed,
the HAP was further incubated in the absence or presence of 40 mM of the chelators for either 15
min or 3 h, after which the solution was measured for metal content by ICP-OES. For the HAP
samples that were not treated with any chelator, no leaching of either Pb** or Cd** from the HAP was
observed over the experiment duration. By contrast, all three chelators quantitatively removed Cd**
from HAP within 15 min. For Pb*, however, EDTA was significantly less effective than both
macropa and NOON-2py. Even after 3 h, EDTA could only remove 62.8% of the Pb** from the
HAP, whereas macropa and NOON-2py removed 93.4 and 82.1%, respectively, after the same
amount of time. The ability of all chelators to remove Cd** from HAP is most likely a consequence
of the lower affinity of this metal ion for this phosphate-based material. Pb*, by contrast, adsorbs
more strongly to HAP, limiting the applicability of these chelators.?”#* Lastly, the observation that
EDTA is less effective at removing Pb** from HAP compared to NOON-2py and macropa is in
apparent contradiction to its larger Pb** stability constant. However, a likely contributing factor to
the better efficacy of NOON-2py and macropa is their poor affinity for Ca**, which EDTA can bind
well and likely outcompetes this ligand for Pb** within this assay. This same effect is not observed
for Cd* because it has a relatively weaker binding affinity to HAP.¥ Thus, the selectivity of NOON-
2py for toxic heavy metal ions marks an advantage for its use for their removal from bone.

3. Conclusion

In this work, we evaluated NOON-2py as a chelator for the binding and detoxification of Cd**, Hg*,
and Pb*. This chelator leverages the diaza-18-crown-6 macrocycle to select for large metal ions,
while also employing pendent pyridyl groups to stabilize metal ions of intermediate chemical hard-
soft acid-base properties. Through X-ray crystallography, we identified the versatile coordination
modes of NOON-2py. The largest ions studied, Ca** and Pb*, attain a conformation where the ions
sit on top of the macrocycle, and the pendent pyridyl arms bind on the same face. For the smallest
ion, Zn**, crystallography revealed two of these ions to bind NOON-2py, but on the outside of the
macrocycle, conveying a size mismatch. Lastly, the Cd** and Hg** complexes attain a conformation
where both ions are fully encapsulated by the macrocycle, and the pendent pyridyl arms bind at
opposite faces. Notably, NMR spectroscopy verified the different conformations identified in the
crystal structures. In addition, stability constant measurements reveal an apparent correlation
between metal complex stability and the coordination mode of NOON-2py, as the most stable
complexes were those of Cd**, Hg*, and Pb*. Additionally, we demonstrated the use of PAC
spectroscopy for probing the Cd** complex of NOON-2py. PAC spectroscopic studies enabled us to
individually detect nearly isoenergetic conformations of the complex, which were otherwise
unresolvable by other spectroscopic techniques.



In investigating the ability of NOON-2py to protect cells from heavy metal toxicity, our in vitro
studies revealed a good efficacy of this chelator, which is presumably a consequence of its poor
affinity for endogenous metal ions like Ca** and Zn?**. Although the cytotoxicity studies show that
NOON-2py could generally protect cells from the cytotoxicity of Cd*, Hg*, and Pb*, there
remains some ambiguity on its cellular mechanism of action, especially in comparison to EDTA
and macropa. For example, NOON-2py was ineffective at decreasing the concentration of these
metal ions in cells, but fluorescence microscopy studies using a Cd**- and Pb**-specific sensor
indicated that it could decrease the availability of labile forms of these metal ions. This result
suggests that NOON-2py is cell-permeable, marking a distinct advantage over the anionic chelator
EDTA. Further studies are needed to assess the in vivo properties of NOON-2py, as
pharmacokinetic properties like biodistribution and circulation half-life are expected to play a
critical role for any downstream clinical applications of this chelator.

4. Experimental
4.1. General considerations

All reagents were obtained from commercial suppliers, including Sigma-Aldrich, VWR Chemicals,
Ambeed, Beantown Chemicals, and ThermoScientific. They were used as received, without
additional purification. The organic solvents used for reactions were of ACS grade or higher (Fisher
Chemical). Solvents denoted as dry were obtained following storage over preactivated 3 A
molecular sieves. Deuterated solvents were used from Cambridge Isotope Laboratories. Ultrapure
water with a resistivity of 18.2 MQ-cm was obtained using an Elga Purelab Flex 2 water purification
system. ESI-MS data were obtained on a Shimadzu LC-MS (LC-2060 3D coupled with LCMS-
2050 model). The molecular ions are reported as mass-to-charge (m/z) ratios. Elemental analyses
(C, H, N) of organic compounds were measured by Atlantic Microlab Inc. (Norcross, GA). The
results are given in weight percentages.

4.2. Ligand and complex synthesis

The chelators macropa and NOON-2py were synthesized following previously described

procedures.**4>°

NOON-2py

The synthesis of NOON-2py was performed with a modified procedure based on prior literature
reports.*** 1,10-Diaza-18-crown-6 (504 mg, 1.92 mmol, 1 equiv.) and triethylamine (3.52 mL,
2.57 g,25.4 mmol, 13.2 equiv.) were dissolved in EtOH (60 mL), and the solution was heated to 80
°C. Then, 2-(bromomethyl)pyridine hydrobromide (1.35 g, 5.32 mmol, 2.77 equiv.) was added
portion-wise to the solution over 10 minutes. Upon addition, the reaction turned bright red. After 24
h, the resulting dark brown solution was removed from the heat and then cooled on ice for 4 hours.
Colorless crystals of triethylamine were removed from the solution using vacuum filtration and



washed with cold EtOH. The filtrate was concentrated to dryness to obtain a brown oil. The brown
oil was suspended in 5—10 mL of boiling hexanes. The mixture, while hot, was filtered through a
Nylon 0.2 pym syringe membrane. This process was repeated on the residual oil 5 times. The
resulting cloudy filtrate was cooled in a 5 °C refrigerator overnight. The hexanes was removed under
reduced pressure to yield a yellow oil. The yellow oil was dissolved in water and lyophilized
overnight to yield a pale white solid. The pale white solid was redissolved in hot hexanes and cooled
to room temperature to afford crystals (800 mg, 93% yield). 'H NMR (500 MHz, D,0O, pD =5.5) 8
8.46 (d, J=5.0Hz, 2H), 7.84 (t,J = 7.2 Hz, 2H), 7.50 (d, J = 8.9 Hz, 2H), 7.39-7.36 (m, 2H), 3.81
(s, 4H), 3.65 (t, J = 5.7 Hz, 8H), 3.62 (s, 8H), 2.85 (t, J = 5.7 Hz, 8H). "C{'H} NMR (126 MHz,
D,O, pD =5.5) 8 157.27, 148.80, 138.62, 125.44, 123.81, 119.68, 70.16, 68.86, 60.37, 53.66, 1.42.
[ESI-MS] found m/z 222.9 [M+2H]*, 445.1 [M+H]*, 467.0 [M+Na]*; calculated m/z 223.1
[M+2H]*, 445.2 [M+H]*, 467.3 [M+Na]*. Anal. Calcd for (CpH3N,0,): C, 64.84; H, 8.16; N,
12.60. Found: C, 65.04; H, 8.21; N, 12.49.

[Cd(NOON-2py)](NO3),

NOON-2py (400 mg, 900 umol, 1 equiv.) was dissolved in 0.3 mL of ultrapure water.
Cd(NOs),-4H,0 (277 mg, 897 umol, 1 equiv.) was dissolved in 0.3 mL ultrapure water. The Cd*-
containing solution was added dropwise to the NOON-2py solution, and the pH of the mixture was
adjusted to 5.5 with 1 M HCl and 1 M NaOH. Immediately after pH adjustment, the reaction
mixture was filtered and lyophilized overnight. The complex was isolated as a tan powder. The
powder was dissolved in DMF, and large colorless crystals of this compound were obtained by
allowing the vapor diffusion of tetrahydrofuran (THF) into this solution (462 mg, 92.1% yield). The
NMR spectra of these crystals were measured in D,O with a small amount of added MeCN as a
chemical shift reference. "H NMR (500 MHz, D,O, pD =5.5) 8 8.75-8.70 (m, 2H), 8.12 (td, /= 7.7,
1.5 Hz, 2H), 7.64 (d, J = 7.5 Hz, 4H), 4.18 (s, 4H), 3.84 (dt, J = 11.7, 4.2 Hz, 4H), 3.69-3.63 (m,
4H), 3.47 (ddd, J=11.9, 9.6, 3.0 Hz, 4H), 3.32 (ddd, J = 13.6, 9.6, 3.8 Hz, 4H), 3.25-3.19 (m, 4H),
2.98 (dt,J=13.7,3.7 Hz, 4H). "C{'H} NMR (126 MHz, D,O, pD =5.5) 8 155.92, 155.84, 155.77,
149.99, 141.60, 125.69, 125.63, 125.58, 125.42, 125.37, 125.32, 68.57, 65.58, 57.86, 57.34, 1.47.
[ESI-MS] found m/z 2782 [ML]*; calculated m/z 278.5 [ML]*. Anal. Calcd for
([Cd(CyH3N,O4)](NOs),): C, 42.36; H, 5.33; N, 12.34. Found: C, 42.36; H, 5.37; N, 12.25.

[Hg(NOON-2py)I(NOs),

NOON-2py (25.9 mg, 58.3 umol, 1 equiv.) was dissolved in 0.3 mL of ultrapure water.
Hg(NOs),-H,O (16.5 mg, 60.8 umol, 1.04 equiv.) was dissolved in 0.3 mL ultrapure water. The
solution of Hg** was added dropwise to the NOON-2py solution. A white solid precipitated out of
the solution. The reaction mixture was immediately centrifuged, and the supernatant was isolated.
The solid was washed with 1 mL H,O and centrifuged. The supernatants were combined, filtered,
and lyophilized. The complex was isolated as a yellow powder. The powder was dissolved in
MeOH, and colorless crystals were afforded from this solution via the vapor diffusion of Et,O (37



mg, 98.4% yield). The NMR spectra of these crystals were measured in D,O with a small amount of
added MeCN as a chemical shift reference. 'H NMR (400 MHz, D,O, pD =5.5)58.58 (d, /=54
Hz, 2H), 8.32-8.19 (m, 2H), 7.80 (t, J = 7.7 Hz, 4H), 4.20 (s, 4H), 3.69 (d, J = 8.8 Hz, 4H), 3.57 (d,
J=9.7Hz,4H), 3.41 (q,J = 11.6 Hz, 8H), 3.12-2.92 (m, 8H). "C{'H} NMR (126 MHz, D,0, pD =
5.5) 8 155.10, 150.35, 143.03, 127.07, 126.12, 126.11, 119.68, 68.46, 65.45, 59.21, 59.19, 59.14,
55.32, 1.41. [ESI-MS] found m/z 323.0 [ML]*; calculated m/z 323.6 [ML]**. Anal. Calcd for
([Hg(CyH36N4O4)](NOs),): C, 37.48; H, 4.72; N, 10.93. Found: C, 37.18; H, 4.59; N, 10.64.

[Pb(NOON-2py)|(NO3),HBr-NaNO;

NOON-2py (12.2 mg, 27.4 umol, 1 equiv.) was dissolved in 0.3 mL of ultrapure water. Pb(NO3),
(10.9 mg, 32.9 umol, 1.2 equiv.) was dissolved in 0.3 mL ultrapure water. The solution of Pb** was
added dropwise to the NOON-2py solution, and the pH of the mixture was adjusted to 5.5 with 1 M
HCIl and 1 M NaOH. Immediately after pH adjustment, the reaction mixture was filtered and
lyophilized. The complex was isolated as a white powder (17 mg, 95.1% yield). The NMR spectra
of the powder were measured in D,O with a small amount of added MeCN as a chemical shift
reference. 'H NMR (500 MHz, D,O, pD =5.5) 6 8.49 (d, J = 5.3 Hz, 2H), 7.89 (td, J = 7.7, 1.7 Hz,
2H), 7.59 (d, J =7.9 Hz, 2H), 7.42 (t, J = 6.5 Hz, 2H), 4.52 (s, 4H), 3.84 (t, J = 8.3 Hz, 4H), 3.65
(dd, J = 15.1, 8.6 Hz, 4H), 3.41 (s, 4H), 3.33-3.24 (m, 4H), 3.14 (d, J = 20.2 Hz, 8H). “C{'H}
NMR (126 MHz, D,0, pD =5.5) 6 159.95, 148.82, 140.35, 124.35, 124.08, 119.68, 69.63, 68.53,
64.87, 58.64, 1.40. [ESI-MS] found m/z 326.0 [ML]**; calculated m/z 326.6 [ML]?*. Anal. Calcd for
([Pb(C,;H36N,0,)](NO;),-HBr-NaNOs) C, 30.61; H, 3.96; N, 10.41. Found: C, 30.54; H, 3.89; N,
10.12.

[Ca(NOON-2py)](NO,),-4H,0

NOON-2py (26.3 mg, 59.2 pmol,1 equiv.) was dissolved in 0.3 mL of ultrapure water.
Ca(NO3),-4H,0 (9.9 mg, 60.3 umol, 1 equiv.) was dissolved in 0.3 mL ultrapure water. The solution
of Ca®* was added dropwise to the NOON-2py solution, and the pH of the mixture was adjusted to
5.5 with 1 M HCI and 1 M NaOH. Immediately after pH adjustment, the reaction mixture was
filtered and lyophilized. The complex was isolated as a hygroscopic yellow oil. Colorless square
plate crystals were afforded by slow evaporation of a DMF solution of this compound (28 mg,
97.7% yield). The NMR spectra of these crystals were measured in D,O with a small amount of
added MeCN as a chemical shift reference. "H NMR (500 MHz, D,O, pD =5.5) 8 8.51-8.49 (m,
2H), 7.72 (td, J=7.7, 1.7 Hz, 2H), 7.28 (td, J = 7.5, 2.7 Hz, 4H), 4.05 (s, 4H), 3.72 (s, 8H), 3.24 (s,
8H), 3.07 (s, 8H). “C{'H} NMR (126 MHz, D,O, pD = 5.5) d 157.57, 148.49, 138.60, 123.12,
122.99, 69.09, 67.80, 63.65, 57.13. [ESI-MS] found m/z 242.0 [ML]*, 546.0 [ML(NOs)]*;
calculated m/z 242.1 [ML]** 546.2 [ML(NO>)]*. Anal. Calcd for ([Ca(C,:H3N,O.)](NO3),-4H,0):
C, 42.35; H, 6.52; N, 12.35. Found: C, 42.72; H, 6.62; N, 12.55.

[Zn,(NOON-2py)(NO3),]-MeOH



NOON-2py (25.9 mg, 58.3 umol, 1 equiv.) was dissolved in 0.3 mL of ultrapure water.
Zn(NO;),-6H,O (17.6 mg, 59.2 umol, 1.02 equiv.) was dissolved in 0.3 mL ultrapure water. The
solution of Zn** was added dropwise to the NOON-2py solution, and the pH of the mixture was
adjusted to 5.5 with 1 M HCl and 1 M NaOH. Immediately after pH adjustment, the reaction
mixture was filtered and lyophilized. The complex was isolated as a tan powder. The NMR spectra
of these crystals were measured in D,O with a small amount of added MeCN as a chemical shift
reference. The resulting NMR spectra showed the presence of multiple species, as described in the
Results and Discussion, which converged to a single compound upon the addition of an extra 1.2 eq
of Zn(NO;),-6H,0. Colorless, needle crystals were afforded through vapor diffusion of THF into a
solution of the complex in MeOH (29 mg, 97.6% yield). 'H NMR (500 MHz, D,0) 6 8.74 (dd, J =
5.2,1.4Hz,2H), 8.15(td, J=7.8, 1.6 Hz, 2H), 7.71-7.63 (m, 4H), 4.53 (s, 4H), 3.73-3.63 (m, 4H),
3.54 (t, J = 8.0 Hz, 4H), 3.40-3.28 (m, 4H), 3.31-3.23 (m, 4H), 3.15 (s, 4H), 3.10-3.01 (m, 4H).
PC{'H} NMR (126 MHz, D,0) & 156.06, 148.82, 143.45, 127.07, 125.65, 69.73, 66.20, 61.79,
57.22. [ESI-MS] found m/z 254.1 [ML]*, 348.7 [M,L(NO;),]**; calculated m/z 254.1 [ML]*, 348.1
[M,L(NO;),]*. Anal. Calcd for ([Zny(C,H;36N,0,)(NO3),]-MeOH): C, 35.10; H, 4.71; N, 13.10.
Found: C, 35.52; H, 4.49; N, 13.38.

4.3. NMR spectroscopy

NMR measurements were performed on either a Bruker Avance III HD 400 MHz with a room-
temperature SmartProbe or a Bruker Avance NEO 500 MHz with a 5 mm CryoProbe Prodigy BBO
probe with z-axis pulse field gradient (PFG). Low-temperature NMR measurements were
performed on a Varian Unity Inova 500 MHz with a 5 mm Varian broadband probe. 'H and "*C
chemical shifts (8) are reported in parts per million (ppm) relative to tetramethylsilane at d = 0, and
were referenced using residual protic impurities in deuterated solvents (dy = 7.26 ppm; 8¢ = 77.2
ppm for chloroform and 8y = 2.06 ppm; 8¢ = 1.47 ppm for MeCN) as internal references. '*Cd and
27Pb NMR were referenced using the substitution method. '*Cd chemical shifts are reported
relative to an external sample of 0.1 M Cd(ClOy,), at 8 = 0 ppm. **’Pb chemical shifts are reported
relative to PbMe, at d = 0 ppm, verified with an external standard of 1 M Pb(NO;), in D,O atd =—
2960 ppm. ""Hg NMR chemical shifts are reported relative to HgMe, at 0 ppm, verified with an
external standard of saturated HgCl, in D,O set at & = —1550 ppm.”® °N chemical shifts are reported
relative to NH;(/) at 8 = 0 ppm. NOESY NMR spectroscopy was done with a 0.5 s mixing time. All
experiments were done at 25 °C unless otherwise specified. The following abbreviations were used
throughout: s = singlet, d = doublet, t = triplet, dd = doublet of doublets, etc., m = multiplet.
Coupling constants (J) are given in Hz. NMR data were analyzed with MestReNova version 15.0.0-
34764.

4.4. Stability and protonation constant measurements

UV-Vis spectra were recorded on a Shimadzu UV-1900 UV-vis spectrometer with a 1-cm quartz
cuvette. The protonation constants of NOON-2py were determined by UV-Vis spectroscopic



titrations with a batch method. A set of solutions (15-20 samples) containing NOON-2py adjusted
to different pH values was prepared. All samples were maintained at low pH (1.30 < pH < 2.48),
and the pH was adjusted with standardized HCI (0.1 M). Under these conditions, pH cannot be
accurately measured with the glass electrode; pH values were calculated directly from the
concentration of HCl used in each sample. The ionic strength was fixed at 0.1 M with KCI. The pH-
dependent spectroscopic data were analyzed with HypSpec 2014 software.”’ The absorption band
from 200-300 nm was used for analysis, and the molar extinction coefficients for all HyL species (i
= 0-3) were deduced in the fitting. Three independent titrations were performed. Temperature was
maintained at 25 °C by a Quantum Northwest TC1 temperature controller.

Potentiometric titrations were carried out using a Metrohm Titrando 888 titrator equipped with a
Ross Orion combination electrode (8103BN, ThermoFisher Scientific) and a Metrohm 806
exchange unit with an automatic burette (10 mL). This titration system was controlled by Tiamo
(ver. 2.5) software. The titration vessel was fitted into a removable glass cell (~70 mL), and the
temperature was maintained at 25 °C using a Vevor recirculating chiller. CO, was excluded from the
vessel before and during the titrations by an argon flow, which was passed through an aqueous 30 wt
% KOH solution. Carbonate-free KOH (0.1 M, VWR Chemicals BDH®) was standardized by
potentiometric titration against potassium hydrogen phthalate (KHP). HCI (0.1 M, ThermoFisher
Scientific) was standardized by potentiometric titration against Tris (base form). Tris and KHP
were heated at 100 °C in a VWR lab oven for 1 hour to remove any residual water prior to
calibration of the KOH and HCI solutions. Titration solutions were maintained at a constant ionic
strength of 0.1 M with KNOj; or KCI and were equilibrated for 15 minutes prior to the addition of
titrant. The electrode was calibrated before each titration by titrating a solution of standardized
0.1012 M HNO; or 0.1001 M HCI with standardized KOH, and the data were analyzed using the
program Glee97 (ver. 3.0.21) to obtain the standard electrode potential and slope factor.” Titrations
were not performed until the standard potential error was <0.1.

Ligand stock solutions were made by dissolving the elementally pure solid ligand in ultrapure H,O,
and their exact concentrations were determined based on the end points of the potentiometric
titration curves obtained during the protonation constant measurements. The concentrations
determined from titration curves matched the concentrations calculated from the ligand masses
using molecular weights obtained from elemental analysis results. M** stock solutions were made
by dissolving the corresponding M(NO;), hydrate salts (99.999% purity or higher) in ultrapure
water. Concentrations of metal in solutions were confirmed by manual titration with a 0.1 M
solution of CaNa,EDTA using xylenol orange as the indicator. The solutions were inspected
throughout the titrations for signs of the precipitation of metal hydroxides. Data points from the
titration curves were excluded from analysis if any precipitate was observed. These titration data
were refined with Hyperquad2013 software to determine protonation and stability constants.” The
data points within the pH range of 2.2—11.3 were used for analysis. Three titrations for each
stability constant determined were carried out. Hydrolysis constants for all metal hydroxide species



and water hydrolysis constants were included in the models.”**” Between each data point, the
method enabled up to 900 s for equilibration to account for complexation and protonation kinetics.

4.5. X-ray diffraction

Single-crystal X-ray crystallographic data and powder X-ray diffraction data were collected on a
Rigaku XtalLAB Synergy Dualflex diffractometer equipped with a HyPix-Arc 100 detector and a
Mo Ka X-ray source (A =0.71073 A) for all crystals except the Ca** complex, for which a Cu Ka X-
ray source (A = 1.54184 A) was used. The crystal was mounted on a cryoloop under NVH oil, and
all data were collected at 100.00(10) K using an Oxford nitrogen gas cryostream. Data were
collected using w scans with 0.5° frame widths. Data collection, cell parameter determinations,
integration of the data frames, and final cell parameter refinement were conducted using the
CrysAlis™ program.”® Absorption correction of the data was carried out using the SCAL3
ABSPACK method.” Structure determination was done using ShelXT with intrinsic
phasing.'® Structure solutions and refinements were performed using OLEX2 (version 1.5).'"
Disorder in the Hg** and Zn** structures was modeled with linked occupancies and using the
restraints SADI, DELU, SIMU, and RIGU for the interatomic distances and ellipsoid size
parameters. In the Ca* structure, the DFIX command was used on all water molecules to set the O—
H interatomic distance to 0.84 A. The calculated diffraction pattern spectrum was simulated in
Mercury (version 2025.3.1) based on the single crystal X-ray diffraction data of the [Cd(NOON-
2py)1(NO;), complex. Platon was used to evaluate the Ca** structure with NOON-2py with the
ADDSYM function to probe for higher symmetry.'® This analysis suggested that no obvious space
group change was needed.

4.6. Perturbed angular correlation spectroscopy
4.6.1. Preparation of samples for "'"Cd PAC spectroscopy

"mCd was produced and separated from the target as described previously,” leading to a solution of
ca. 100 MBq '""Cd in 50 pL ultrapure water at the start of the sample preparation.

All samples were prepared by mixing 5-40 uL of the '''™Cd solution with 10 uL Cd(NO;),-4H,0
solution (of the appropriate concentration; 1.13 M or 0.113 M). Next, ultrapure water was added to
get a total volume of 150 pL, and this solution was mixed with 150 pL 76 mM NOON-2py in
ultrapure water (or 150 pL ultrapure water in the reference experiment with no chelator present). pH
was adjusted with NaOH to a final value in the interval 5-9 (measured using pH paper). The
samples were then frozen in liquid nitrogen. The sample with 38 mM NOON-2py and 37 mM Cd*
was measured first at —196 °C, then thawed and measured at 20 °C.

The microcrystalline sample was prepared in the same manner up to and including the point where
pH was adjusted. Next, the sample was evaporated to dryness by a flow of argon and warming to ca.
50 °C for ca. 90 min, re-dissolved in 500 uL DMF, and filtered through a 0.22 ym nylon syringe



filter. Roughly half of the '''"™Cd activity was lost in the filter. Next, the [CA(NOON-2py)]* complex
was precipitated out via the addition of 50 puL incremental additions of THF. Additional precipitate
stopped being observed after a total volume of 750 uL THF was added; however, an additional 150
uL of THF was added at this point. The sample was centrifuged for 1 min in a small Eppendorf
centrifuge, the supernatant removed, 1.5 mL of THF was added, centrifuged again for 1 min, the
supernatant removed, and the sample was dried for ca. 15 min. A very small amount of white
precipitate was formed and measured in the PAC instrument at room temperature.

4.6.2. PAC instruments and data analysis

An analogue PAC setup was used, equipped with six BaF, detectors.'™ The time resolution was 0.9
ns and the time-per-channel was 0.562 ns. All experiments were carried out with a distance of 36.0
mm from the sample center to the detector housing, except the microcrystalline sample, for which
the distance was 14.6 mm (due to lower count rate).

Data analysis was carried out with the Prelude32 and Winfit programs using 400-800 data points
(excluding the first 5 points due to systematic errors in these). A Lorentzian line shape was assumed
to account for line broadening, given by the parameter d, due to a static distribution of electric field
gradients (EFGs). Fourier transformation of the data and fits were carried out using 400 points and
a Kaiser-Bessel function with the window parameter equal to 4. Baseline correction for all 30
individual coincidence spectra for each experiment was done using channels —858 to —957 with
respect to f,, with the 30 values of 7, determined using data recorded for Cd** in aqua regia.

4.6.3. Rotational diffusion of the [Cd(NOON-2py)]** complex in solution derived from the
mCq PAC data

The spectrum at 20 °C displays the expected exponentially decaying perturbation function,
reflecting rapid Brownian tumbling (rotational diffusion).

The decay constant, A (= 10.7(7) us™), is related to the PAC parameters by®’:

2

A:2.8wgrc(1+%)

Assuming that the PAC parameters recorded at —196 °C represent those present at 20 °C, and using
only the major species (w,= 0.240 rad/ns, and # = 0.67), the rotational correlation time, 7., may be
calculated to be 58 ps.



Applying the Stokes-Einstein-Debye relation, the theoretical rotational correlation time for a
molecule with molecular mass, MM = 573.58 g/mol, may be estimated, assuming a density of p =1
g/cm?, and that there is no hydration shell of the (uniform sphere) tumbling species:

L _&V_&m _ MM
° kT kTp kTIpN,

Where ¢ is the viscosity (= 0.001 Pa-s for water at 20 °C), k is Boltzmann’s constant, and 7 is the
absolute temperature (=293 K), and m = MM/N,, where N, is Avogadro’s number. This gives a
theoretical estimate of the rotational correlation time of 235 ps, which is of the same order of
magnitude as the experimentally derived 58 ps. The difference between the experimental and
estimated theoretical 7. may be due to the rather crude assumptions made above or to intramolecular
dynamics, which is (of course) an integral part of the experimental value.

4.7. Computational details

DFT calculations for the optimization of the isomers of the [CA(NOON-2py)]** species were
performed using the ORCA program package.'®'"” Geometry optimizations and vibrational
frequency calculations were carried out using the PBEO hybrid generalized gradient approximation
functional.'®® """ Dispersion interactions were accounted for using the atom-pairwise D4 dispersion
correction.''™""* Scalar relativistic effects were included via the zeroth-order regular approximation
(ZORA).'" For all atoms but Cd, the def2-TZVPP basis set was employed in conjunction with
ZORA recontracted basis sets.''® The Coulomb fitting auxiliary basis SARC/J was used to
accelerate integral evaluation.'®'"® For Cd, a segmented all-electron relativistically contracted
basis set, developed by Pantazis et al. for use with ZORA, was employed.'"

Solvent effects were modeled using the conductor-like polarizable continuum model with water as
the dielectric medium (e = 78.4 at 298K).'**'?! Geometry optimizations were followed by analytical
frequency calculations to confirm that all stationary points are minima and to prevent any
imaginary frequencies. All calculations were performed with tight self-consistent field (SCF)
convergence criteria and a maximum of 750 MB of memory per core, using parallel execution over
12 processors. Modifications of the [Cd(NOON-2py)]** coordinate system, specifically changing
the d/A geometries around the macrocyclic ring, were done in GaussView (version 6.0.16). The
quantum chemical calculations of the EFG of the optimized [Cd(NOON-2py)]** isomers and
crystal structure were carried out with the ADF program package'**'* at the level of the spin-orbit
zeroth-order regular approximation (SO-ZORA),"*!>>1%7127 ysing the PBEO functional,''*'*® the
ZORA-QZAP basis set'” "' on Cd, O, N, and the ZORA-TZ2P basis set on C and H, and a Gaussian
model for the nuclear charge distribution. The counterion was removed from the structure, so the
total charge of the complex was 2+ (and the spin was 0). Possible linear dependencies in the basis
set were removed with the DEPENDENCY keyword. The EFGs of the selected [Cd(NOON-



2py)]** species optimized by DFT were calculated as previously described, and a nuclear
quadrupole moment of 0.664(7) barns’ was used to determine wj.

4.8. In vitro studies
4.8.1. Cytotoxicity assays

HEK?293T cells were seeded in 96-well plates with ~2000 cells per well and incubated overnight at
37 °C in 5% CO, atmosphere. On the following day, the culture media, Dulbecco’s modified Eagle
medium (DMEM) + 10% fetal bovine serum (FBS), was removed, and cells were treated with
media containing varying concentrations of the test compounds and further incubated for 48 h. The
media was removed, and cells were incubated in DMEM containing 20% 5 mg/mL MTT for 4 h.
Following incubation, the media was removed, and the purple formazan crystals were dissolved in
200 pL of dimethylsulfoxide (DMSO). The absorbance at 570 nm of each well was measured using
an Agilent BioTek Synergy HTX plate reader. The average absorbance of control cells was set to
100% viability, and the average absorbances of treated cells were normalized to the control
absorbance. Data were plotted as percent viability versus log[concentration]. The data was fit to a
logistically function on OriginPro (2026 Learning Edition) to determine ICs, values. Data are
reported as the average of five independent biological replicates + SD.

4.8.2. Coincubation assays

HEK?293T cells were seeded in 96-well plates with ~2000 cells per well and incubated overnight at
37 °C in 5% CO, atmosphere. On the following day, the culture media was removed, and cells were
treated with media containing 0.2 uM M(NO;),-nH,0 salt (M = Cd, Hg, Pb), and then either
immediately or after 1 hour, treated with 1 uM chelator (NOON-2py, macropa, or EDTA) in media.
The cells were then further incubated for 48 h. The media was removed, and cells were incubated in
DMEM containing 20% 5 mg/mL MTT without FBS for 4 h. Following incubation, the media was
removed, and the purple formazan crystals were dissolved in 200 pL. of DMSO. The absorbance at
570 nm of each well was measured using an Agilent Biolek Synergy HTX plate reader. The average
absorbance of control cells was set to 100% viability, and the average absorbances of treated cells
were normalized to the control absorbance. Data is reported as the average of three independent
biological replicates + SD.

4.8.3. Metal removal assay — cadmium

HEK?293T cells were plated on 100 mm x 20 mm petri dishes 72 hours prior to the experiment and
cultured in growth media (DMEM + 10% FBS). Cells were then washed with 3 mL of phosphate
buffered saline (PBS) and dosed with 10 mL growth media containing 20 uM Cd(NOs),-4H,0.
Control groups were dosed with 10 mL growth media containing no Cd**. Cells were incubated for
3 hours and then washed with 3 mL of PBS. Cells were then incubated with 10 mL of 100 uM of
chelators (NOON-2py, macropa, EDTA, or DMSA). Control groups were dosed with 10 mL of



growth media with no chelators. Cells were then incubated for an additional 3 hours. After
incubation, the cells were removed from the petri dishes using 3 mL trypsin and transferred to
centrifuge tubes with 3 mL growth media. Cell pellets were isolated and washed with 3 x 1 mL
PBS. Cells were then treated with 300 uL. cold CHAPS lysis buffer (1% w/v) and shaken on ice for
30 minutes. The lysates were then aliquoted (3 x 10 pL) and their protein content was determined
through BCA assay and referenced to a calibration curve of bovine serum albumin ranging from 0 to
2000 pg/mL. A 100 uL quantity of lysate was added to 2900 uL of 2% HNO; and Cd content was
determined by ICP-OES (Avio220 Max, PerkinElmer).

4.8.4. Metal removal assay — lead

HEK293T cells were plated on 100 mm x 20 mm petri dishes 48 hours prior to the experiment and
cultured in growth media (DMEM + 10% FBS). Cells were then washed with 3 mL of PBS and
dosed with 10 mL growth media containing 50 uM Pb(NO;),. Control groups were dosed with 10
mL growth media containing no Pb*. Cells were incubated for 24 hours and then washed with 3 mL
of PBS. Cells were then incubated with 10 mL of 100 uM of chelators (NOON-2py, macropa,
EDTA, or DMSA). Control groups were dosed with 10 mL of growth media with no chelators. Cells
were then incubated for an additional 3 hours. After incubation, the cells were removed from the
petri dishes using 3 mL trypsin and transferred to centrifuge tubes with 3 mL growth media. Cell
pellets were isolated and washed with 3 x 1 mL PBS. Cells were then treated with 300 pL cold
CHAPS lysis bufter (1% w/v) and shaken on ice for 30 minutes. The lysates were then aliquoted (3
x 10 pyL) and their protein content was determined through BCA assay and referenced to a
calibration curve of bovine serum albumin ranging from O to 2000 pg/mL. A 100 pL quantity of
lysate was added to 2900 puL of 2% HNO; and Pb content was determined by ICP-OES (Avio220
Max, PerkinElmer).

4.8.5. Leadmium green fluorescence assay

HeLa cells were plated at a density of 1.0 x 10° cells/plate on 35 mm poly-D-lysine-coated glass-
bottom dishes 24 hours prior to the experiment. The cells were then washed with 1 mL growth
media (DMEM + 10% FBS) and incubated with Leadmium Green, AM dye (1 pg/mL) (Invitrogen,
ThermoFisher Scientific), Hoechst dye (5 ug/mL), and MitoTracker Red (0.5 pg/mL) at room
temperature for 30 minutes. After incubation, the cells were washed with 2 x 1 mL growth media
and dosed with growth media containing 25 uM sodium pyrithione and 50 uM either
Cd(NO;),-4H,0 or Pb(NOs), for 5 minutes. Control plates were dosed with media containing only
25 uM sodium pyrithione. After 5 minutes, appreciable green fluorescence was observed. Cells
were washed with 2 x 1 mL growth media and then incubated with growth media containing 100
uM of chelator (NOON-2py, macropa, EDTA, or DMSA). In the presence of the chelator, the cells
were imaged using an EVOS M5000 Fluorescence Microscope (ThermoFisher Scientific) at 10x
magnification. The visualized channels were imaged using a GFP (Green Fluorescence Protein)
LED light/filter cube (470/22 nm Ex; 510/42 nm Em), DAPI (4',6-diamidino-2-phenylindole) LED



light/filter cube (357/44 nm Ex; 447/60 Em), and Texas RED LED light/filter cube (585/29 nm Ex;
624/40 nm Em). Results are reported as the average corrected total cellular fluorescence (CTCF) of
8 individual cells in 6 different areas of the dish. The corrected total cellular fluorescence of
individual cells was calculated using the following equation: CTCF = ID — (A*FB), where 1D is the
integrated fluorescence density of the selected cell, A is the area, and FB is the mean fluorescence
of the background reading. Images were processed in ImageJ (version 1.54g).

4.8.6. HAP Desorption assay

This in vitro desorption experiment was designed to demonstrate and compare the thermodynamic
possibility of NOON-2py, EDTA, and macropa to desorb Cd** and Pb** from HAP to further
support the experimental performance of the ligand removing Cd** and Pb** from bones.

Cadmium stock solutions were obtained by dissolving 30.9 mg of Cd(NO;),-4H,O in 50.0 mL
HEPES buffer solution (pH = 7.4). Similarly, lead stock solutions were obtained by dissolving 33.5
mg Pb(NO;), in 50 mL HEPES buffer (pH = 7.4). The chelator stock solutions were made by
dissolving the chelators (17.9 mg NOON-2py, 14.8 mg CaNa,EDTA, and 28.5 mg
macropa-2HCI-2H,0) in 1.0 mL buffer solution. The samples labeled in Figure 6 as “no HAP”
contained 2.0 mL Pb** or Cd** stock solution and 0.1 mL buffer solution. The samples labeled “no
chelator” in Figure 6 contained 2.0 mL of Pb** or Cd** stock solution, 2 mg HAP, and 0.1 mL buffer
solution. The samples “+ NOON-2py”, “+ EDTA”, “+ macropa” contained 2.0 mL Pb or Cd stock
solution and 2 mg HAP initially. All solutions were mixed with a Lab Fish Orbital Shaker at 200
rpm for 3 hours. The samples “no chelator (0 min)” were then filtered in 5 mL syringes (BD
syringes, Franklin Lakes, NJ) using a nylon 0.2 um syringe filter and collected. To the “+ chelator”
samples, after 3 hours of shaking, 0.1 mL of chelator solution was added to the Cd-HAP or Pb-HAP
solutions. The “+ chelator (15 min)” samples were shaken for 15 minutes, and then the HAP was
filtered off via syringe filter as previously noted and collected. The “+ chelator (3 h)” solutions were
shaken for 3 hours before filtration. The Cd and Pb contents were determined by ICP-OES
(Avio220 Max, PerkinElmer).

Mercury stock solutions were also made using 34.9 mg Hg(NOs),-H,O in 50 mL HEPES buffer (pH
= 7.39). However, mercury showed no adherence to the HAP over 6 hours, consistent with its
known inability to bind to bone. Thus, chelator-containing studies were not pursued with mercury.
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