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3Department of Chemistry and Chemical Biology, Cornell University, Ithaca NY, 14853-1301 USA.

4Department of Radiology, The University of British Columbia, Vancouver, BC V5Z 1M9, Canada.

Abstract

As an element-equivalent theranostic pair, lead-203 (293Pb, 100% EC, half-life = 51.92

h) and lead-212 (212Pb, 100% B~, half-life = 10.64 h), through the emission of gamma

rays and an alpha particle in its decay chain, respectively, can aid in the development of
personalized targeted radionuclide treatment for advanced and currently untreatable cancers.
With these isotopes currently being used in clinical trials, an understanding between the
relationship between chelator structure, ability to incorporate the radiometal, and metal-
complex stability is needed to help design appropriate chelators for clinical use. Herein we
report an investigation into the effect of ring size in macrocyclic chelators where pyridine,

an intermediate Lewis base, acts as an electron donor toward lead. Crown-4Py (4,7,13,16-
tetrakis(pyridin-2-ylmethyl)-1,10-dioxa-4,7,13,16-tetraazacyclooctadecane), cyclen-4Py (1,4,7,10-
tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane), and NOON-2Py (7,16-
bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane) were synthesized and
analyzed for their ability to coordinate Pb2*. Metal complex stability was investigated
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via [293Pb]Pb?* radiolabeling studies, 'H NMR spectroscopy, X-ray crystallography, and
potentiometry. With the smallest macrocyclic backbone, cyclen-4Py had the highest radiochemical
yield while, in descending order, crown-4Py and NOON-2Py had the lowest. Thermodynamic
stability constants (logAK) of 19.95(3), 13.29(5), and 11.67 for [Pb(Cyclen-4Py)],
[Pb(Crown-4Py)]2*, and [Pb(NOON-2Py)]?*, respectively, correlated with their radiochemical
yields. The X-ray crystal structure of the least stable complexes [Pb(NOON-2Py)]?* revealed

a hemi-directed Pb2* center, as reflected by a void within the coordination sphere, and
[Pb(Crown-4Py)]* showed an average Pb-N pyridine interatomic distance of >3 A. By contrast,
the crystal structure of [Pb(Cyclen-4Py)]2* showed shorter Pb-N pyridine interactions and in
solution, only one highly symmetric isomer existed for this complex, whereas conformational
flexibility was observed for both [Pb(Crown-4Py)]?* and [Pb(NOON-2Py)]?* at the NMR
timescale. This study illustrates the importance of the macrocyclic backbone size when
incorporating bulky electron-donor groups into the design of a macrocyclic chelator as it affects
the accessibility of the lead to the donor arms. Our results show cyclen-4Py is a promising chelator
for future studies with this theranostic pair.

Graphical Abstract

This paper investigates the effect of macrocyclic ring size in pyridyl containing chelators

for [203/212ph]Ph2* radiopharmaceutical development. An 18-membered N,O4, N4O,, and 12-
membered N, macrocycle were studied and compared for their Pb2* complexation abilities. Of
the three, "a203pp2+ preferred the smallest, “just right” 12-membered cyclen, showing high
radiolabeling yields and a facial solid-state Pb-complex. Further understanding of the structure-
complex stability/radiolabeling ability relationship for Ph2*-chelators will advance the use of this
theranostic pair in clinical settings.

EEEE———— R ————
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Introduction

The bifunctional chelator (BFC) approach is a common strategy employed in the
development of novel radiopharmaceuticals.? More specifically, the BFC approach in the

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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field of radiopharmaceutical development involves tissue-specific delivery of a radioactive
payload through the use of a chelator coordinating a radioactive metal (radiometal) which is
attached via a linker to a biological targeting vector. This vector-chelate-isotope complex

is then injected to selectively seek out and bind its cancer biomarker. In the context

of radionuclide therapy, this highly selective and direct delivery of radiation allows for
reduced side effects on healthy cells compared to existing methods.2 This technique is

also intriguing as it enables a personalized approach to healthcare by pairing both photon-
and particle-emitting isotopes, which in turn allow clinicians to assess radiopharmaceutical
uptake via imaging prior to therapy. This pairing of both a therapeutic and diagnostic form
of a radiopharmaceutical is referred to as theranostics. Use of radiometals that emit cytotoxic
alpha (a) particles, beta (™) particles, or Meitner-Auger electrons (MAEs) are compatible
with therapy, while those that emit photons, through decay processes such as electron
capture (EC) or positron emission (B* decay), are compatible with imaging techniques
single-photon emission computed tomography (SPECT) and positron emission tomography
(PET), respectively.

In order to realize the full potential of theranostic radiopharmaceuticals, the biodistribution
and chemical properties of the isotope pair being used must be very similar, if not

identical. If the biodistribution of the imaging radiopharmaceutical differs greatly from

the therapeutic, an inappropriate treatment method may be chosen with which there can

be adverse effects.3 Chemically matched, or element-equivalent, theranostic isotope pairs,
which are composed of isotopes of the same element, are ideal as the chemical properties of
the isotopes are essentially identical and thus should have identical biodistribution.*® In this
regard, lead-203 (293Pb, t1/, = 51.9 h) and lead-212 (212Pb, t1/, = 10.6 h) are a promising
element-equivalent theranostic pair that is currently being explored for clinical use.® 293ph
decays via electron capture and releases a 279 keV photon with an abundance of 81%,
making it compatible with SPECT imaging. 212Pb emits both beta- and alpha particles (via
its daughter 212Bi), making it compatible with therapy.

Diagnostic and therapeutic radiopharmaceuticals utilizing matched theranostic pairs can
have nearly identical biodistribution as they are able to utilize identical bioconjugates
(chelate-linker-targeting vector) for radiometal chelation, because both radioisotopes are the
same element and will thus share identical coordination properties. This results in the same
molecular properties such as overall charge, hydrophilicity, and same chemical properties
for both imaging and therapeutic drug forms. In addition, the thermodynamic stability of the
complex and its kinetic inertness are critical to the success of the BFC approach. Chelates
can have a significant effect on the pharmacokinetic properties of a radiopharmaceutical,
and in order for one to be effective at coordinating and containing the radiometal, its design
must be tailored to the metal’s chemical properties.”8 In general, there are two broad
chelator categories: acyclic and macrocyclic, both of which have two main components: i)

a backbone which serves as an anchor to connect ii) pendant functional arms containing
electron donor moieties for metal coordination. Macrocyclic chelators have constricted
geometries as their rigid backbones form a pre-organized metal ion binding site resulting

in a decreased entropic penalty and thus an increased thermodynamic favourability towards
complexation when compared to their acyclic counterparts.® This phenomenon is commonly
referred to as the macrocycle effect.? However, macrocycles tend to have slower reaction

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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kinetics requiring elevated temperatures to induce complexation, which can be detrimental
when handling a heat or pH-sensitive targeting vector and thus the choice of chelator type
can depend on the reaction environment.8

The choice of chelating moieties is often based on the hard-soft acid-base (HSAB)

theory, which matches harder (hon-polarizable) acids with harder bases and softer (more-
polarizable) acids with softer bases to result in the most stable coordination complexes.10-12
Pb2* is considered an intermediate Lewis acid and thus should form the most stable
complexes with intermediate Lewis bases, including pyridine and amides. For example,

the structure of the current commercial standard for lead chelation, DOTAM, also known as
TCMC, (1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) employs four
pendant amides where the carbonyl oxygen acts as an electron donor.11:13

In addition to choice of donor moieties, the macrocyclic ring size can greatly affect complex
stability and metal selectivity.? Crown- and aza-crown ethers are attractive backbones

for the design of macrocyclic chelators for radiopharmaceuticals due to their ease of
functionalization and wide variety of potential ring-sizes. With a judicious choice of donor
atoms and ring size, one can design macrocyclic chelates with enhanced selectivity toward
specific metals. Despite this, the understanding of the relationship between structure, metal
selectivity, and complex stability is often limited to the idea of size-match selectivity,
although this has been contested.® However, these trends often do not translate when

donor arms are introduced and can be unpredictable, especially with bulky donor groups,
like pyridine, where steric strain can have a large role in complex formation?; thus these
relationships should be studied on a case-by-case basis. A further understanding of this
relationship can advance not only metal-based radiopharmaceutical development but also the
design of antibiotics!4, ion exchange resins!®, and metal intoxication treatments8, among
others.

The focus of this study is to investigate the effect of macrocyclic backbone

size in pyridyl-containing chelators to identify optimal chelators for [203/212pp]ph2*
radiopharmaceuticals. The optimal chelator will complex 203Pb at a low chelator:metal
ratio with fast kinetics, and be thermodynamically stable and kinetically inert to
prevent transchelation with endogenous metal-seeking biomolecules /n vivo. We
hypothesized pyridyl, an intermediate Lewis base, will form stable complexes with
Pb2*, an intermediate Lewis acid. The outcome of this study provides insights into

the ideal backbone size required for minimal steric strain, which should increase the
thermodynamic favourability of complexation, and be reflected by higher radio-lead
incorporation yields. Results of concentration-dependent 203Pb radiolabeling, kinetic
inertness, and serum stability studies with a panel of pyridyl-containing chelators

have been rationalized based on the solid state Pb-complex structures (elucidated

via X-ray diffraction), solution structures (via *H nuclear magnetic resonance (NMR)
spectroscopy), and thermodynamic stability constants (determined via potentiometric
titrations). The pyridyl-containing chelators and commercial standards investigated in
this study are shown in Figure 1. The 18-membered macrocycles, NOON-2Py (7,16-
bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane) and crown-4Py
(4,7,13,16-tetrakis(pyridin-2-ylmethyl)-1,10-dioxa-4,7,13,16-tetraazacyclooctadecane) have

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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been investigated previously for use as a lead detoxifying agent!”, and as a biomimetic
model of the methane monooxygenase enzyme for alkane functionalization when complexed
to manganese,18 respectively. The 12-membered macrocycle cyclen-4Py (1,4,7,10-
tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane) was synthesized previously

to investigate its coordination of copper, bismuth, and lanthanum9-22, These pyridyl-
containing macrocycles were compared to commercial standard chelators DOTAM and
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid).

Experimental Section

General

All chemicals were purchased from commercial suppliers and used without

further purification. The eighteen membered backbone, 1,10-dioxa-4,7,13,16-
tetraazacyclooctadecane (N4O,, (1)) was synthesized as previously described

with no deviations.23 The eighteen membered backbone, 1,4,10,13-tetraoxa-7,16-
diazacyclooctadecane (N,QOy, (2)) was purchased from VWR (Radnor, PA). The backbone
1,4,7,10-tetraazacyclododecane (Cyclen,(3)), was purchased from TCI. Commercial
chelators DOTA (1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid) and DOTAM
(1,4,7,10-Tetrakis(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane) were purchased from
Macrocyclics Inc. (Plano, TX). Anhydrous solvents were obtained following storage over

3 A molecular sieves activated under heat. Water was purified using a MilliQ purification
system. NMR spectra were obtained using a Bruker 400 (400 MHz), Bruker 500 (500 MHz),
or a Bruker 600 (600 MHz) (Billerica, MA) with signals measured relative to the signal of
the solvent. Mass spectrometry was performed using either an Agilent (Santa Clara, CA)
6210 TOF LC/MS or Advion expression LC-MS (Ithaca, NY) equipped with an electrospray
source. The 203pb utilized for radiolabeling studies was produced as previously described
and received as [293Pb]Pb(OAcC); in 1 M ammonium acetate (NH4OAc).24 Quantification

of 203pp activity per reaction was quantified using gamma ray spectroscopy on an N-type
co-axial high purity germanium (HPGe) gamma spectrometer from Canberra Industries
(Meridan, CT). The gamma spectrometer was calibrated with a 20 mL 152Eu and 133Ba
source.

Chelator Synthesis

The synthetic scheme can be found in the supporting information (Scheme S1).

General procedure—To a stirred suspension of the respective macrocyclic backbone (1
equiv.) and K»,CO3 (5 equiv.) in 10 mL of anhydrous acetonitrile, a 10 mL solution of 2-
(bromomethyl)pyridine hydrobromide (4.5 equiv.) was added dropwise at room temperature
over the course of 10 minutes and left to react for 48 hours. After 48 hours, the Ko,CO3 was
filtered off and the solvent removed by rotary evaporation. The crude red oil was redissolved
in dichloromethane and washed at least three times, or until the aqueous phase was no
longer pink, with equal volumes of saturated sodium bicarbonate. The organic layers were
combined and the solvent removed by rotary evaporation. Further purification, if necessary,
as determined by quality of the 1H NMR spectrum, is described below.

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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4,7,13,16-tetrakis(pyridin-2-ylmethyl)-1,10-dioxa-4,7,13,16-tetraazacyclooctadecane
(Crown-4Py,(4)): The recovered oil was further purified by reverse phase semi-preparative
high performance liquid chromatography using a Phenomenex Luna C18 (250 mm x

100 mm) column at 3 mL/min with the following method: A: H,O with 0.1% TFA, B:
Acetonitrile (CH3CN) with 0.1% TFA; 0-5 min 10% B; 5-20 min 10-100% B, 20-25 min
100% B. The fraction at 11.8 minutes was collected and lyophilized to yield crown-4Py as a
yellow powder (56.9 mg, 48%). 1H NMR (500 MHz, CD,Cl,) 6 8.44 (d, J = 4.76 Hz, 4H),
7.58(td, J=7.7, 1.8 Hz, 4 H), 7.46 (d, J = 7.83 Hz, 4 H), 7.11 (m, 4H), 3.72 (s, 8 H), 3.53
(t,J=5.6 Hz, 8 H), 2.79 (s, 8 H), 2.77 (t, J = 5.8 Hz, 8 H). 13C NMR (125 MHz, CD,Cl,) &
160.6, 148.7, 136.1, 122.7, 121.6, 69.92, 61.49, 53.2. HR-MS calculated for [C35H4gNgO5 +
H]*: 625.3978; found 625.3979.

7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane
(NOON-2Py, (5)): Further purification by HPLC was not required and so a light-yellow
powder was yielded (103.0 mg, 61% yield). 1H NMR (400 MHz, CD,Cl,) 6 8.47 (d, J = 5.0
Hz, 2 H), 7.64 (dd, J=7.8, 1.8 Hz, 2 H), 7.53 (d, J = 7.7 Hz, 2 H), 7.13 (dd, J = 7.1, 5.1

Hz, 2 H), 3.80 (s, 4 H), 3.59 (t, J = 5.8 Hz, 8 H), 3.56 (s, 8 H), 2.82 (t, J = 5.8 Hz, 8 H).

13C NMR (100 MHz, DMSO-dg) 6 159.9, 148.8, 136.6, 122.8, 122.1, 69.8, 69.0, 60.9, 53.9.
HR-MS calculated for [Co4H35N404 + H]*: 445.2815; found 445.2824.

1,4,7,10-tetrakis(pyridin-2-ylmethyl)-1,4,7,10-tetraazacyclododecane (Cyclen-4Py,
(6)): The recovered oil was further purified by reverse phase semi preparative high
performance liquid chromatography using a Phenomenex Luna C18 (250 mm x 100 mm)
column at 3 mL/min with the following method: A: H,O with 0.1% TFA, B: Acetonitrile
(CH3CN) with 0.1% TFA; 0-5 min 10% B; 5-20 min 10-100% B, 20-25 min 100% B. The
fraction at 12.6 minutes was collected and lyophilized to yield cyclen-4Py as a light-yellow
powder (322.5 mg, 69%). 1H NMR (400 MHz, CDsCN) & 8.35 (d, J = 5.1 Hz, 4H), 7.87 (td,
J=17.8, 1.8 Hz, 4H), 7.47 (d, J = 1.2 Hz, 4H), 7.41 (m, 4H), 4.30 (s, 8H), 3.33 (s, 16H). 13C
NMR (100 MHz, CD3CN) & 151.63, 147.81, 139.47, 125.07, 124.43, 56.20, 49.47. HR-MS
calculated for [C3oHoNg + H]™: 537.3454; found 537.3450.

Synthesis of Pb Complexes

**Caution: Perchlorate salts are considered potentially explosive and should be handled with
care.

[Pb(Cyclen-4Py)]2*

To a solution of cyclen-4Py in methanol (1 mL, 22.4 mg, 41.7 pmol), a methanolic

solution of Pb(ClO4),:3H,0 (19.2 mg, 41.7 umol) was added. A yellow solid immediately
precipitated out of solution. The solid was placed in a centrifuge at 10,000 rpm for 2
minutes and the supernatant removed. This process was repeated three times (3 x 500

pL) with methanol, followed by washing with diethyl ether (3 x 500 pL) before drying
under vacuum (18.3 mg, 59.0%). An aliquot was taken for NMR studies and dissolved in
deuterated acetonitrile. The complex was redissolved in dimethylformamide (1 mL) and via
vapour diffusion of tetrahydrofuran, single crystals suitable for X-ray diffraction analyses

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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were obtained. TH NMR (500 MHz, CD3CN) & 7.90 (s, 4H), 7.65 (s, 4H), 7.42 (d, J = 7.7
Hz, 4H), 7.25 (s, 4H), 4.19 (d, J = 15.9 Hz, 4H), 4.01 (d, J = 15.5 Hz, 4H), 3.55 (t, J = 14.1
Hz, 4H), 3.09 (t, J = 13.8 Hz, 4 H), 2.80 (m, 8 H). NMR spectrum found in supplementary
information (Figures S7-10) HR-MS calculated for [C3,H4oNg + Pb]2*: 372.1571; found
372.1578.

[Pb(Crown-4Py)]2*

To a solution of crown-4Py in methanol (1 mL, 15.2 mg, 24.3 umol) a methanolic

solution of Pb(ClO4),-3 Ho0 (11.2 mg 24.3 umol) was added. Immediately, a yellow solid
precipitated out of solution. The washing procedure for this solid was identical to that
described for [Pb(Cyclen-4Py)]2* and the solid was dried under vacuum (20.2 mg, 99.0
%). An aliguot was taken for NMR studies and dissolved in deuterated acetonitrile. The
complex was redissolved in acetonitrile (1 mL) and via vapour diffusion of diethyl ether,
single crystals suitable for X-ray diffraction analyses were obtained. Multiple isomers were
found in solution. NMR spectrum found in supplementary information (Figures S11-14).
HR-MS calculated for [C3gH1gNgO, + Pb]2*: 416.1834; found 416.1834.

[Pb(NOON-2Py)]2*

To a solution of NOON-2Py in methanol (1 mL, 24.4 mg, 54.39 umol) a methanolic solution
of Pb(Cl04),2-3 H,0 (27.5 mg 59.8 umol) was added. Unlike the previous two complexes,

a solid did not precipitate. To this, a solution of NH4PFg (21.1 mg, 129.5 pmol) in

deionized water was added to exchange the perchlorate counterions for hexafluorophosphate
as numerous attempts to form crystals with the perchlorate counterion failed. The solvent
was removed under a steady stream of nitrogen to give a pale yellow solid which was
washed three times with diethyl ether and then dried under vacuum (17.8 mg, 50.2%).

An aliguot was taken for NMR studies and dissolved in deuterated DMSO. The complex
was redissolved in dimethylformamide (1 mL) and via vapour diffusion of tetrahydrofuran,
single crystals suitable for X-ray diffraction analyses were obtained. Multiple isomers were
found in solution. NMR spectrum found in supplementary information (Figures S15-18).
HR-MS calculated for [Co4H36N404 + acetate (CoH305) + Pb]*: 711.2641; found 711.2638.

X-ray crystallography

All crystals were mounted on a 150 mm MiTeGen Dual-Thickness MicroMount using
Paratone oil and measurements were made on a Bruker Photon |1 diffractometer with
TRIUMPH-monochromated Mo Ka radiation (sealed tube) or Cu Ka radiation (Cu-micro
source). The data were collected at a temperature of 298 K in a series of scans in

0.50° oscillations. Data were collected and integrated using the Bruker SAINT software
package (Version 7.46A) and were corrected for absorption effects using the multi-scan
technique (SADABS) or (TWINABS). All structures were solved by direct methods.25:26
All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were placed in
calculated positions but not refined. All refinements were performed using the SHELXTL
crystallographic software package of Bruker-AXS (Version 5.1). The molecular drawings
were generated by the use of POV.27 Additional crystallographic information can be found
in the supplemental information.

Inorg Chem. Author manuscript; available in PMC 2022 August 11.
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pH Potentiometry

Potentiometric titrations were carried out using a Metrohm Titrando 888 titrator controlled
by 7iamo 2.5 software and equipped with a Ross Orion combination electrode (8103BN,
ThermoFisher Scientific) and a Metrohm 806 exchange unit with an automatic burette (10
mL). The titration vessel was fitted into a removable glass cell (* 70 mL) maintained

at 25 °C (pK, = 13.78)28 using a Thermomix 1442D circulating water bath. CO, was
excluded from the setup using a positive pressure of argon, which was passed through

an aqueous 30 wt% KOH solution. Aqueous KOH (0.1 M, BDH Chemicals, Radnor,

PA) and aqueous HCI (0.1 M, J.T. Baker, Phillipsburg, NJ) commercially obtained were
standardized by potentiometric titration against potassium hydrogen phthalate or TRIS base,
respectively. The glass electrode was calibrated before each titration by titrating a solution
of standardized HCI (5 or 10 mM) with standardized KOH. The data were analyzed using
the program Glee?® (version 3.0.21) to obtain the standard electrode potential, slope, and
slope factor. The ionic strength of the titration solutions was maintained at 0.1 M using KCI
(>99.5%, BioUltra, Sigma-Aldrich), and the titration solutions were allowed to equilibrate
for 15 min prior to addition of titrant. Ligand stock solutions were prepared by dissolving
HCI salts of the ligands in pure water and their exact concentrations were determined based
on the end points of the potentiometric titration curves obtained during the protonation
constant measurements. Inductively coupled plasma (ICP) standard solutions (VWR BDH
Aristar) of lead (10,000 pg/mL) in nitric acid (0.5% v/v) were employed as the source of
metal ions in the titrations.

Protonation constant measurements were carried out by titrating an aqueous solution (~ 15
mL) of free ligand (~ 1 mM) and HCI (~ 10 mM) with standardized KOH (0.1 M). The ionic
strength of the solution was maintained at 0.1 M using KCI. The titration method employed
a 0.1 mV/min drift limit with a minimum and maximum wait time of 0 s and 180 s
respectively between addition of KOH aliquots (0.020 mL volume increments). The titration
data within the pH range of 2.2—11.3 were analyzed using Hyperquaa2013 software.30

The protonation constants were calculated from the average of three independent titrations.
Stability constant measurements were carried out by titrating an aqueous solution (~ 15 mL)
of ligand (~ 1 mM), metal (~1 mM), and HCI (~ 10 mM) with standardized KOH (0.1 M).
The ionic strength of the solution was maintained at 0.1 M using KCI. The titration method
employed a 0.1 mV/min drift limit with a minimum and maximum wait time of 0 s and 300
s respectively between addition of KOH aliquots (0.015 mL volume increments). No metal
hydroxide precipitation was observed within the pH range and concentration employed. The
titration data within the pH range of 2.2-11.3 were analyzed using Hyperquaad2013 software.
The stability constants were calculated from the average of three independent titrations.

Radiolabeling

**Caution: 203Pb emits ionizing radiation and should only be used in a facility designed in
accordance with appropriate safety controls.

The chelators DOTA, DOTAM, crown-4Py, NOON-2Py, and cyclen-4Py were dissolved in
deionized water to give 1073 M stock solutions from which serial dilution was used to
prepare chelator solutions from 1074 M — 1076 M. A 10 pL aliquot of the respective chelator,
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or deionized water as a negative control, was further diluted with 80 uL of deionized water
and for 203ph labeling studies, [293Pb]Pb(OAc), (85 kBq, 10 L, 1 M NH4OAc, pH 7)

was added and mixed at ambient temperature to begin the reaction. The instant thin layer
chromatography (iTLC) plate system used to separate the “free/uncomplexed” 203Pb from
the complexed 293Pb was iTLC-SA (iTLC paper impregnated with silicic acid) plates (1.5 x
10 cm, baseline at 1.5 cm; Agilent Technologies) developed with 50 mM EDTA (pH 5.0).
With this system, the complexed 293Pb2* remained at the baseline (Rs = 0) and the free
203pp2* migrated with the solvent front (R¢ ~ 1). At 60 minutes, 10 pL aliquots were spotted
onto the plates and developed. Once dried, radiochemical yields (RCYs) were measured
using a BioScan System 200 Scanner (Washington, DC) and quantified with WinScan
software.

Human Serum Stability

The serum stability of the [203Pb2*][Pb(DOTA)]?~ and [293Pb2*][Pb(DOTAM)]%* complexes
were previously evaluated.24 To perform serum stability studies with cyclen-4Py complex,

a 10 pL aliquot of the 10™* M chelator solution was added to 80 pL of deionized water

and 10 uL of [293Pb]Pb(OAC), (85 kBg,1 M NH4OAc, pH 7). To ensure prior to the start

of the study that the RCY was 100%, a 10 uL aliquot was removed at 60 minutes. Once a
quantitative yield was confirmed as previously described, human serum (90 uL) was added
and incubated at 37°C. At 24-, 48-, and 72-hour time points, an aliquot (10 pL) of the
mixture was removed and spotted onto the iTLC-SA plates, developed, and measured as
previously described to determine the amount of complex intact.

EDTA and Pb Challenge Studies

A stock solution of 20 mM ethylenediaminetetraacetic acid (EDTA) was prepared in H,O
and the pH was adjusted to 7.0 using aqueous sodium hydroxide. A stock solution of 20
mM lead (I1) acetate was prepared in H,0. Preformed [203Pb]Pb2* complexes, prepared

as described above at a chelator concentration of 107 M and RCY >99% after 1 hour

post 203pb addition at ambient temperature, were challenged with 20-fold excess EDTA or
non-radioactive Ph. To the complex solution, an aliquot (10 uL) of the EDTA or Pb solution
was added. At 0.5-, 24-, 48-, and 72-hour time points, an aliquot (10 pL) of the mixture
was removed and spotted onto the iTLC-SA plates, developed, and measured as previously
described to evaluate the Kinetic inertness of the complex.

Results and Discussion

Depending on the radius of the metal cation and macrocycle cavity, three main types of
complexes are formed.3! If the metal cation is of an appropriate size to fit within the cavity,
encapsulating meridional complexes typically result.3! If the metal cation is too large to

be encapsulated, the metal will sit above the cavity and form either a facial or sandwich
complex; with facial complexes forming when the metal is coordinated above the cavity of
a single chelator, while sandwich complexes occur when a single metal atom is complexed
between two individual chelators.3! The radii of the cavity of relevant crown ethers in this
study and Pb2* ionic radii as a function of coordination number (CN), are listed in Table 1.
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Although the structures shown in Table 1 are of the oxygen-rich crown ethers, the radii of
the aza-derivatives of interest to this study should be nearly equivalent as the covalent radii
of oxygen and nitrogen are 0.66 A and 0.70 A, respectively.3# From this table, one can
observe that with a CN of 8, the maximum potential CN found in cyclen-4Py, with an ionic
radius of 1.29 A, Pb2* is too large to form meridional complexes with the chelator and thus
should form a facial complex where the Pb2* sits above the cavity. With crown-4Py and

a possible maximum CN of 10, with an ionic radius of 1.40 A, the Pb2* should be fully
encapsulated in a meridional complex.

With these two pyridyl-containing chelators expected to form two different types of
complexes with Pb2* due to their backbone size, the effect of the size difference of these
macrocycles on their radiolabeling ability was investigated. The 293Pb radiolabeling was
performed in 0.1 M NH4OACc at pH 7 and at ambient temperatures, as these mild conditions
are ideal when working with heat-sensitive biomolecules, including antibodies. The RCYs
were compared to that of DOTA and DOTAM, both commercially available standards,

with DOTAM being widely regarded as the gold standard for lead chelation. Our initial
hypothesis was that crown-4Py would have superior selectivity and metal incorporation
ability, and therefore greater RCYs, over cyclen-4Py due to the larger and more similar
cavity size of the former when compared to the ionic radius of Pb2*.

A summary of RCYs is illustrated in Figure 2. The RCYs for crown-4Py at concentrations
between 104 and 10~/ M were 85.5 + 5.0%, 45.3 + 1.4%, 2.0 + 3.5%, and 0%, respectively.
RCYs for cyclen-4Py at the same concentrations were 99.7 + 0.2 %, 92.8 + 2.5%, 40.8 +
2.0%, and 8.0 + 2.3%, respectively. For DOTA, the RCY's were 99.4 + 0.4%, 98.6 + 0.3%,
10.8 £ 1.8%, and 2.5 + 0.3%, respectively. For the commercial standard DOTAM, RCYs

0f 99.7 £ 0.2%, 99.5 + 0.4%, 51.5 + 8.8%, and 18.5 + 0.1% were observed. Although it

was unsurprising that DOTAM demonstrated the highest RCY's, what was surprising was the
overall low yields for crown-4Py based on our initial hypothesis. At no concentration tested
was the yield quantitative, making it difficult to justify pursuing this chelator in a clinical
setting for either 203Pb or 212ph. Serum stability, EDTA challenge, and non-radioactive

Pb2* challenge studies with cyclen-4Py showed that after 72 hours, 97.0 + 2.8%, 98.1

+ 0.5%, and 98.0 £ 0.4 % of the complex remained intact, respectively, indicating that
[293Pb][Pb(cyclen-4Py)]2* is a highly inert complex compatible with radiopharmaceutical
applications (Tables S1-S3).

Aiming to rationalize the RCYs and understand the structure-radiolabeling ability
relationship of Pb2*-chelators with bulky pyridyl donor groups, the complexes were also
studied by 1H NMR, X-ray diffraction, and potentiometry to determine the thermodynamic
stability and protonation constants. The ability to study Pb complexes with these techniques
is another benefit of this theranostic pair as, unlike an emerging alpha-emitter, actinium-225
(225Ac), stable isotopes of this element exist, including 207Pb, which is NMR active.

The solid-state structures of the PbZ* complexes of cyclen-4Py and crown-4Py, shown in
Figure 3, as well as the Pb2* complexes of their respective cyclen and N4O, backbones
(Figure S19), were determined by X-ray diffraction. Select interatomic distances and angles
of the metal coordination environment are given in Table 2 and 3, respectively.
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As shown in the crystal structure, the crown-4Py complex presents a staggered conformation
with adjacent pyridyl groups nearly 180° to each other while with the Pb2* complex of
cyclen-4Py presents a syn conformation with all four of the pyridyl arms on the same side of
the complex. As expected, crown-4Py formed a meridional complex with Pb2* coordinated
within the ring and cyclen-4Py formed a facial complex with the Pb2* situated above the
ring.

The maximum interatomic distance for a Pb-N interaction to be considered coordinating

is approximately 2.9 A.33 In each of the complexes, both the Pb-O and Pb-N bonds in

the macrocyclic backbone meet this requirement. The shorter average Pb-O interatomic
distance (2.609(3) A) in the crown-4Py N4O, backbone, is reflective of the harder nature

of the oxygen donor compared to its nitrogen counterpart, with an average backbone Pb-

N interatomic distance of 2.770(3) A. Interestingly, the Pb-N bonds in the cyclen-4Py
backbone exhibited an average distance of 2.641(2) A, while the average Pb-Npyr (pyridine
group nitrogen) distance was 2.773(3) A; both substantially shorter than the same
associations observed in the crown-4Py complex, which maintained an average interatomic
distance of 3.015 A. With Pb2* sitting deeper in the macrocyclic cavity of crown-4Py, this
likely negatively affects the accessibility of the lead ion by the pyridine nitrogen atoms,
resulting in longer associations that make coordination less favourable by these bulky donor
groups, and potentially explaining the lower radiochemical yields. With PbZ* coordinated to
cyclen-4Py in an exocyclic manner, the Pb2* sits above the cyclen backbone, making it more
accessible to the bulkier pyridyl groups.

The thermodynamic favourability of cyclen-4Py over crown-4Py Pb-complex formation is
further evinced by the bond angles observed in the five membered ring which form between
the backbone nitrogen atoms, lead, and pyridine nitrogens (N-Pb-Npy). These angles are
summarized in Table 3. To reduce steric strain and consequently increase thermodynamic
favourability, the ideal bond angle of these five membered rings should be ~69°, of which
any deviation suggests an increase in steric strain.3> The average N-Pb-Npy bond angles
for [Pb(Crown-4Py)]2* and [Pb(Cyclen-4Py)]?* are 56.91° and 62.90°, respectively. The
larger deviation from the ideal bond angle in the crown-4Py complex (~12°) compared to
the cyclen-4Py complex (~7°) indicates a larger strain energy in the former compared to
the latter, reducing the Pb-complex thermodynamic favourability and potentially explaining
crown-4Py’s poor metal incorporation ability.

Given the inability of the four pyridyl groups to coordinate Pb in the crown-4Py complex,
it was hypothesized that reducing the number of pyridyl groups from four to two would
reduce both steric strain and the loss of entropy the chelator experiences during complex
formation. As such, the 18-membered N,O,4 backbone chelator NOON-2Py (Figure 1)
was studied. This backbone cavity still possesses approximately the same diameter as
Pb2* at a coordination number of 8, presumably conserving size selectivity. Surprisingly,
macrocyclic NOON-2Py was not able to incorporate the radio-lead under any condition
tested. Investigation into the coordination chemistry was also performed with X-ray
diffraction studies, with the crystal structure shown in Figure 4.
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In literature, steric strain is minimized when the lone pairs of nitrogen atoms in a five-
membered coordination ring are situated so as to produce a M-N association distance of

2.5 A.35 For [Pb(NOON-2Py)]2*, it was found that the average Pb-Np,, interatomic distance
was 2.587(4) A and average N-Pb-Npyr angle of 65.0(1)°, the closest of all the macrocyclic
pyridyl chelators investigated to the ideal literature values, which should suggest that there
is minimal steric strain energy involved in complexation. On this basis alone, one would
have expected NOON-2Py to give rise to the highest 293Pb incorporation yields, however, no
incorporation was observed. Given these results, other aspects of the structure, as well as the
difference between experiments performed at the tracer level versus the macroscopic scale
must be considered to provide insight into these results.

Due to its electron configuration of [Xe]4f145d106s2, Pb2* exhibits an inert-pair effect as

the outermost electrons of Ph2* are not involved in bond formation.3¢ This inert lone pair

of electrons can thus cause a non-spherical distribution of the donating electrons around

the Pb2* and, depending on the chelator, can form a distinct void in the coordination
sphere.38 In this situation, the lone pair is designated as stereochemically active with this
type of geometry referred to as hemidirected.38 When the donating arms are located evenly
throughout the coordination sphere, it is referred to as holodirected coordination.36 The
nature of the coordination is determined heavily by the coordination number and geometry
of the chelator itself. With CNs from 2-5, all complex geometries are hemidirected and from
9-10, all are holodirected, but from 6-8, both geometries are possible.

With a possible CN of 8 for NOON-2Py, holo- or hemidirected coordination is possible for
[Pb(NOON-2Py)]2*. With both pyridyl groups located on the same side of the complex, it
takes on a syrn-like conformation. This syn-like conformation may be due to the presence
of a stereochemically active lone pair that results in hemidirected geometry, causing a large
void in the coordination sphere. A large void in a coordination complex can be an issue

for radiopharmaceuticals as it can allow for coordination by a competing, metal-seeking
endogenous protein or biomolecule 77 vivo.3" However, the thermodynamic favourability
of complexation in the solution state cannot be determined from the crystal structure

and although mass spectrometry has been utilized and can provide information on the
composition of the coordination complex, it cannot provide any information on stability

or how the complex acts in solution. Therefore, investigation by solution state NMR and
potentiometry was necessary.

Literature precedence suggests that in solution, macrocyclic complexes, particularly
polyether complexes, can exhibit dynamic and fluxional behaviour that can make analysis of
NMR spectroscopic data difficult, limiting its utility.3! This fluxional nature was apparent in
the spectrum of the Pb2* complexes of crown-4Py and NOON-2Py, as shown in Figure 5 and
6, respectively. In the 1H NMR spectrum of [Pb(Crown-4Py)]2*, the broadening of the peaks
correlating to both the backbone and pyridine groups indicates that complexes form multiple
isomers in solution, suggesting fluxional coordination which can cause incompatibility /in
vivo. However with [Pb(NOON-2Py)]2*, this behaviour is only evident for the hydrogen
atoms belonging to the backbone (Hy, Hg, Hp), suggesting that the macrocycle undergoes
dynamic changes at the NMR timescale while the coordinating pyridine moieties do not.

For the cyclen-4Py complex, one highly symmetric isomer is observed in solution. All
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methylene hydrogens (He and Hg), shown in Figure 7, are no longer equivalent and are
diastereotopic as they exist in different chemical environments due to the formation of this
complex. A single isomer in solution is advantageous as these complexes tend to be more
stable /n vivo, although this is not a reliable measure of absolute stability. A single isomer
will lower the entropic penalty that the chelators face upon complexation as reorganization is
not continually occurring. Although these NMR studies give insight into what is occurring in
the solution state, the thermodynamic stability in solution can be quantitatively determined
by potentiometry.

The protonation constants (log Kj3) of the pyridyl chelators and the thermodynamic stability
constants (log K ) of the Pb2* complexes were determined by potentiometric titration in
0.1 M KClI, as shown in Table 4 and in Figures S20-23. However, thermodynamic stability
constants alone are not adequate to predict and compare the stability of the complexes under
physiological conditions, and so the more representative conditional stability constant (log
K’pp) and pM values were determined at pH 7.4 and 25°C. The pM values were calculated
at a metal concentration of 1 uM and chelator concentration of 10 uM. The absence of
accurately determined thermodynamic stability constants for Pb-DOTAM in the literature
precluded calculation of conditional stability constants (log K ) and pM values for this
metal-ligand complex, thus herein log Ky for Pb-DOTAM are also discussed.

Of the pyridyl chelators tested, cyclen-4Py has the largest log Ky and pM value

of 19.95(3) and 17.88, respectively. Both the NMR spectrum, that showed one highly
symmetric isomer in solution, and the solid-state structure, that showed Pb2* was easily
accessed by the pyridyl donor groups, can explain the high 203Pb RCY with cyclen-4Py,
suggesting that the smaller cyclen backbone is ideal when incorporating bulky donor groups
into the design of a tailored lead(ll) chelator. These constants and speciation diagrams can
be of great use to predict the ideal pH for radiolabeling and the suitability of a chelator for
a given metal; however, it is important to note that differences can arise at the tracer level
used for radiopharmaceuticals, which may explain why DOTAM had a greater RCY than
cyclen-4Py, but DOTA did not. At the tracer level, the chelator is in excess by orders of
magnitude compared to the radiometal whereas in these studies, the metal:chelator ratio is
either 1:1 or 1:10, a ratio unlikely to be reached with radiolabeling.

Given that this structure-activity relationship study was meant to advance the use of
203pp/212ph radiopharmaceuticals, it would be of great interest to explore if this trend
extends to bismuth (Bi3*) as 212Bi (t1/, = 60.55 min) is the alpha-emitting daughter of
212pp Additionally, non-radioactive Bi3* complexes of cyclen-4Py have been shown to
possess anti-cancer activity in vitro*!; Bi3* complexation20-22 and [213Bi]Bi3* radiolabeling
studies?? have been previously conducted with this chelator and results indicate that further
investigation with this element is justified. Most of all, Bi%*, like Pb2*, has the potential to
possess a stereochemically active lone pair. Additionally, future studies to observe if these
findings can be extrapolated to intermediate Lewis bases with a smaller ionic radius, like
Cu2*, could provide insight on how to optimize chelator design in radiopharmaceuticals to
improve metal selectivity and complex stability.
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Conclusion

In summary, this study has demonstrated that when incorporating sterically hindered
donor groups, pyridines in this study, the presence and size of the macrocyclic

backbone has a significant effect on complex stability and feasibility for use in lead(1l)
radiopharmaceuticals. Through XRD, NMR spectroscopy, and potentiometric titration
studies, it was found that Pb-complexation with smaller backbones (i.e. cyclen) cause the
formation of facial-complexes which are more favourable allowing the metal to be more
available for exocyclic coordination by the bulky donor groups, reducing conformational
flexibility and increasing the thermodynamic favourability of complexation compared

to larger backbones with endocyclic coordination. With larger backbones (i.e. N2Oy),
reducing the number of bulky donor groups can improve accessibility to the metal, but
the 6s2 lone pair belonging to lead, if stereochemically active, can cause a void in the
coordination sphere which can make the chelator incompatible with radiopharmaceutical
applications. This work demonstrates the challenges associated with designing chelators
for Pb-based radiopharmaceuticals. Moreover, cyclen-4Py holds the most promise of these
pyridyl-containing chelators for elaboration into a radiopharmaceutical, as it exhibits high
radio-lead incorporation yields at ambient temperatures and forms a kinetically inert
[293Pb]Pb-complex.
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Figure 1.
Core macrocyclic structures (top row), macrocyclic pyridyl-containing chelators (middle

row), and commercially available chelators of interest (bottom row) investigated in this
study. DA = donor atoms.
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Figure 2.

Radiochemical yields (RCY, %) for 203Pb radiolabeling reactions (conditions = 1 hr, ambient
temperature, and chelator concentrations between 10~4 and 10~/ M) (7= 3 each data point).
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Top view Side view Side view

Figure 3.
X-ray crystal structures of [Pb(Crown-4Py)]%* (top) and [Pb(Cyclen-4Py)]2* (bottom)

complexes with labeled atoms; hydrogen atoms and counter anions were omitted for clarity.
Ellipsoids drawn at 50% probability level.
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03

Top view Side view Side view

Figure 4.
X-ray crystal structure of [Pb(NOON-2Py)]%* complex with labeled atoms; hydrogens and

counter anions were omitted for clarity. Ellipsoids drawn at 50% probability level.
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Figure 5.
IH NMR spectra at 25°C of Crown-4Py showing changes upon Pb2*complexation. Top:

Crown-4Py (500 MHz, CD,Cl,-d5). Bottom: [Pb(Crown-4Py)]2* (600 MHz, CD3CN-d3).
*Residual solvent peak.
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Figure 6.

1H NMR spectra at 25°C of NOON-2Py showing changes upon Pb%*complexation. Top:
NOON-2Py (400 MHz, DMSO-dg). Bottom: [Pb(NOON-2Py)]?* (500 MHz, DMSO-d6).
*Residual solvent peak.
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Figure 7.

1H NMR spectra at 25°C of Cyclen-4Py showing changes upon Ph2*complexation. Top:
Cyclen-4Py (400 MHz, CD3CN-d3). Bottom: [Pb(Cyclen-4Py)]%* (500 MHz, CD3CN-d3).
*Residual solvent peak and water.
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Table 1.

Relevant crown ether cavity and Pb2* ionic radii.

Crown ether Cavity size® | Pb? CN | Pb?* ionic radius®
/_\ 4 0.98
0 0 6 1.19
7 1.23
r=06-075A
(o) (o) d=12-15A
12-crown-4
(\o/\l 8 1.29
[e) le) 9 1.35
10 1.40
E j r=13-16A
d=26-32A

Lo J

18-crown-6
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Select Interatomic Distances (A) in the Metal Coordination Environment in [Pb(Cyclen-4Py)]%+ and
[Pb(Crown-4Py)]2* Complexes

[Pb(Cyclen-4Py)]2*

[Pb(Crown-4Py)]*

Pb(1) — N(1) 2.630(2) 2.806(3)
Pb(1) - N(2) 2.652(2) 2.769(3)
Pb(1) - O(1) n/a 2.613(3)
Pb(1) - O(2) n/a 2.604(3)
Pb(1) - N(5) 2.712(3) 3.113
Pb(1) - N(6) 2.776(3) 2.995
Pb(1) - N(7) 2.781(2) 2.924
Pb(1) - N(8) 2.823(2) 3.026
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Select N-Pb-N Bond Angles (°) in the Metal Coordination Environment in [Pb(Cyclen-4Py)]2* and

[Pb(Crown-4Py)]2* Complexes

Table 3.

[Pb(Cyclen-4Py)]?* | [Pb(Crown-4Py)]?*

N(1) - Pb(1) - N(5) 63.14(8) 55.8(1)
N(2) - Pb(1) - N(6) 64.10(8) 56.72(9)
N(3) - Pb(1) - N(7) 60.90(7) 58.0(1)
N(4) - Pb(1) - N(8) 63.41(7) 57.10(9)
N(1) - Pb(1) - N(4) 68.95(7) nfa

N(2) - Pb(1) - N(3) 69.55(7) n/a

N(1) - Pb(1) - N(2) 68.87(7) 66.8(1)
N(3) - Pb(1) - N(4) 67.74(7) 67.05(9)
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Table 4.

Chelator Protonation Constants and Thermodynamic Stability Constants of Pb2* Complexes. [/= 0.1 M KClI
for NOON-2Py, Crown-4Py, and Cyclen-4Py; | = 0.1 M NaNO3 for DOTAM, 0.1 M Me,NNO338 or 0.1 M

NaCI3° for DOTA]

DOTA%® NOON-2Pyl7 Crown-4Py Cyclen-4Py DOTAMA0

log K, 12.09 7.44 7.91(4) 10.05(4) 7.70(1)
log K, 9.76 6.26 7.33(4) 7.53(2) 6.21(1)
log K; 4559 1.38 4.64() 3.54(7) ;
log K, 4.09 - 4.00(6) 2.23(6) ;
log K.  25.3(1)% 1167 13.29(5) 19.95(3) >19
log ApoL - - 5.22(1) 2.06(9) .
log KppHaL - - 3.50(8) - -
log Kpy* 1564 11.33 12.45 16.93 -
oPb ™ 2099 12.29 13.40 17.88 ;

*
Conditional stability constants (log K’pp) at pH 7.4, 25 °C,and /= 0.1 M

*:

*
pPb values calculated from —log [Pblfree ([Pbltot = 1076 M, [Lltot = 1075 M, pH7.4,25°C,and /=0.1 M)
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