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Development of thiacrown ligands for
encapsulation of mercury-197m/g into
radiopharmaceuticals†
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The theranostic pair mercury-197m and mercury-197g (197m/gHg, t1/2 = 23.8 h/64.14 h), through their γ
rays and Meitner–Auger electron emissions, have potential use as constituents in radiopharmaceuticals to

treat small metastatic tumours. However, the use of this pair of nuclear isomers in radiopharmaceuticals

requires the development of suitable [197m/gHg]Hg2+ chelators as currently there is a lack of established

ligands for radiometals in the field. Herein, this work studies the natHg/197m/gHg coordination of three thia-

crown 18-membered N2S4 macrocycles with pendant arms of varying chemical “softness”. Following the

synthesis and characterization of the N2S4 ligand series (6,6’-((1,4,10,13-tetrathia-7,16-diazacyclooctade-

cane-7,16-diyl)bis(methylene))dipicolinic acid (N2S4-Pa), 7,16-bis(pyridin-2-ylmethyl)-1,4,10,13-tetrathia-

7,16-diazacyclooctadecane (N2S4-Py) and 7,16-bis(2-(methylthio)ethyl)-1,4,10,13-tetrathia-7,16-diazacy-

clooctadecane (N2S4-Thio)), Hg2+ complexes were studied through mass spectrometry, nuclear magnetic

resonance (NMR) spectroscopy, and density functional theory (DFT) calculations, revealing successful

complexation of all ligands with the Hg2+ ion. Radiolabeling studies demonstrated the effect of the

pendant arm on [197m/gHg]Hg2+ coordination, as N2S4-Thio and N2S4-Py had the highest radiochemical

yield, similar to that of previously reported N-benzyl-2-(1,4,7,10-tetrathia-13-azacyclopentadecan-13-yl)

acetamide (NS4-BA), while N2S4-Pa had the lowest. The complex integrity of [197m/gHg][Hg(N2S4-Py)]
2+

and [197m/gHg][Hg(N2S4-Thio)]
2+ in both human serum and glutathione was notably lower compared to

the [197m/gHg][Hg(NS4-BA)]
2+ complex. However, the [197m/gHg][Hg(N2S4-Py)]

2+ and [197m/gHg][Hg(N2S4-

Thio)]2+ complexes remained above 70% intact over 82 h when competed against biologically relevant

metals (ZnCl2, FeCl3, CuCl2, MgCl2 and CoCl2), suggesting the selectivity of the ligands for Hg2+. This

study illustrates the importance of the macrocyclic backbone size and electron-donor groups of the

donor pendant arms in the design of chelators for 197m/gHg-radiopharmaceuticals, as both affect the radi-

olabeling properties and complex inertness.

Introduction

Theranostic radiopharmaceuticals in nuclear medicine con-
tinue to attract interest as these radioactive drugs have the
potential to both image (via diagnostic scans) and treat dis-

eases such as cancer (via therapeutic radiation) simultaneously
in one treatment dose. In particular, mercury-197m and
mercury-197g (197m/gHg, t1/2 = 23.8 h/64.14 h) are a promising
pair of radioactive isomers for incorporation into a chemically
matched theranostic agent as they can be used as a diagnostic
agent by single-photon emission computed tomography
(SPECT) imaging and as a therapeutic via decay emissions of
gamma rays [197mHg: 133.98 keV, I = 33.5%] and cytocidal
Meitner–Auger electrons (MAEs) [average yield/decay = 42.6],
respectively.1–4 Chemically matched theranostic agents are not
only beneficial for the synthesis of radiopharmaceuticals (as
both isotopes can use the same chelator) but also beneficial
for biodistribution as their chemical structures and charges
are identical. Thus, clinicians can accurately monitor the dis-
tribution and the therapeutic efficacy of radiopharmaceuticals
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via imaging, allowing for the development of personalized
treatment options.2

One of the key components of an inorganic radiopharma-
ceutical is the bifunctional chelate (BFC), which joins the
radiometal to a biomolecule/targeting vector, allowing for site-
specific delivery of the radiopharmaceutical to diseased cells
while minimizing the effect of radiation on adjacent tissues.5

The BFC method is attractive due to the ability to perform all
the synthesis of the chelate and biomolecule before the
addition of the radionuclide, saving many half-lives of radioac-
tivity.6 Radiopharmaceuticals require the administration of
only trace amounts (ng–pg) of radionuclide, allowing for tra-
ditionally toxic metals such as Hg2+ to be used for theranostic
purposes without concerns of chemical toxicity.1,7

Presently, there are few selective and stable chelating
ligands suitable for 197m/gHg radiopharmaceutical use. Our
previous work demonstrated commercial chelators DOTA and
DOTAM (aka TCMC) as unsatisfactory for [197m/gHg]Hg2+ incor-
poration.8 Consequently, our work seeks to develop custom
ligands for this exotic radiometal pair that matches the coordi-
nation chemistry by considering Pearson’s hard–soft acid–base
(HSAB) theory.9 To this end, we developed and identified the
sulfur-rich chelator N-benzyl-2-(1,4,7,10-tetrathia-13-azacyclo-
pentadecan-13-yl)acetamide (NS4-BA) (Fig. 1) as a suitable can-
didate to complex the “soft” radiometal ion [197m/gHg]Hg2+.10

NS4-BA exhibited quantitative complexation of [197m/gHg]Hg2+

in 60 min, at 80 °C and 37 °C at a ligand concentration of 10−4

M, with the resulting radiometal-complex displaying promis-
ing inertness when challenged against human serum and glu-
tathione.10 In developing a second generation of sulfur-con-
taining macrocyclic chelators, we sought to incorporate an
additional pendant arm into our NS4 ligand backbone to
improve encapsulation and shielding of the radiometal from
in vivo competitors, which we hypothesized would improve the
inertness of the radiometal-complex. To do so, alterations to
the backbone were made to incorporate an additional amine
for pendant arm functionalization, resulting in an increase in
the backbone size from a 15- to an 18-membered ring. A
derivative of this 18-membered N2S4 macrocyclic scaffold alkyl-
ated with 7-hydroxyquinoline (TTBQ; Fig. 1) was previously

studied in the environmental mercury sensing literature and
was found to rapidly and selectively chelate Hg2+ at sub-µM
concentrations within a pH range of 5.5–7.5, attaining an
association constant (Ka) of 13 020 ± 520 M−1.11 Most recently,
the N2S4 scaffold equipped with picolinic acid arms [6,6′-
((1,4,10,13-tetrathia-7,16-diazacyclooctadecane-7,16-diyl)bis
(methylene))dipicolinic acid (N2S4-H2Pa aka H2S4macropa)]
was investigated by our groups with intermediate radiometals
[203Pb]Pb2+, [111In]In3+ and [213Bi]Bi3+ and showed success for
both [111In]In3+ and [213Bi]Bi3+ incorporation.12

We hypothesize that N2S4-Pa
2− may also have a higher

affinity for softer (radio)metals such as Hg2+. Two additional
pendant arms have been selected for this study, pyridine and
thioether arms, resulting in 7,16-bis(pyridin-2-ylmethyl)-
1,4,10,13-tetrathia-7,16-diazacyclooctadecane (N2S4-Py) and
7,16-bis(2-(methylthio)ethyl)-1,4,10,13-tetrathia-7,16-diaza-
cyclooctadecane (N2S4-Thio), respectively (Fig. 1). The intro-
duction of pyridyl and thioether pendant arms into the cyclen
(N4) backbone has been demonstrated to exhibit high
affinity for intermediate (e.g. [203Pb]Pb2+ and [64Cu]Cu2+/+) and
soft (e.g. [111Ag]Ag+) radiometals, forming highly stable
complexes.13–19 The N2S4 ligand series (N2S4-Pa, N2S4-Py, and
N2S4-Thio) allows investigation of the effects of both the soft-
ness of pendant arm donor atoms and the macrocyclic ring
size in comparison with our previously developed NS4 ligand
on [197m/gHg]Hg2+ radiolabeling and complex stability. With
this work, we aim to expand the library of chelators for
[197m/gHg]Hg2+ for future optimization and development of
Hg-radiopharmaceuticals.

Herein, we describe the synthesis and characterization of
the ligands, followed by the investigation of the Hg2+ coordi-
nation chemistry via nuclear magnetic resonance (NMR) spec-
troscopy accompanied by density functional theory (DFT) cal-
culations to aid in elucidating the theoretical structure and
bonding. [197m/gHg]Hg2+ radiolabeling studies were under-
taken with radio-mercury produced on a medical cyclotron.20

Subsequently, kinetic inertness of the resulting Hg-complexes
was investigated through a series of in vitro assays against com-
petitors such as human serum, glutathione (GSH) and biologi-
cally relevant metals (ZnCl2, FeCl3, CuCl2, MgCl2 and CoCl2).

Fig. 1 The previously studied NS4-BA (left), the mercury sensing TTBQ chelator (middle), and the novel N2S4 chelator series studied within bearing
thioether (N2S4-Thio), pyridine (N2S4-Py), and picolinic acid (N2S4-H2Pa) pendant arms, ranked based on their chemical “softness” (right).
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Experimental
Materials and methods

All solvents and reagents were purchased from commercial sup-
pliers and used as received unless otherwise noted. Ultrapure
concentrated hydrochloric acid (HCl, 99.99% trace metal grade,
37%), sodium hydroxide (NaOH, 99.99% trace metal grade,
pellets), ammonium acetate (NH4OAc, 99.999% trace metal
basis), dimethyl sulfoxide (DMSO), L-glutathione (GSH), metal
salts (ZnCl2, FeCl3, CuCl2, MgCl2 and CoCl2) and human serum
were purchased from Sigma Aldrich (St Louis, MO). A Millipore
system (Direct-Q® 3UV with Pump, 18 MΩ cm−1) was used to
obtain ultrapure water. Deuterated solvents used for NMR ana-
lysis were purchased from Sigma or Cambridge Isotope
Laboratories Inc and exhibited an isotopic purity between 99.9%
and 99.8%. Solvents noted as “dry” were obtained following
storage over 3 Å molecular sieves under an argon atmosphere.
All NMR spectra were recorded on a Bruker AVANCE III 600 MHz
QCI cryoprobe, Bruker AVANCE III 500 MHz, or Bruker AVANCE
III 400 MHz instruments. Chemical shifts are reported in parts
per million (ppm) and are referred to as the residual solvent
peak. Multiplicity is reported as follows: s = singlet, t = triplet, m
= multiplet, and br = broad peak. The coupling constants ( J) are
reported in hertz (Hz). High-resolution electrospray-ionization
mass spectrometry (ESI-HRMS) was performed on an Agilent
6210 time-of-flight instrument (TOF). Semi-preparative high per-
formance liquid chromatography (HPLC) was performed using
an Agilent Technologies 1100 system equipped with a quatern-
ary pump, and a UV-vis detector monitoring at 254 nm, a
Phenomenex Luna column (5 µm, C18, 100 Å, 150 × 10 mm),
and a fraction collector were used for the analysis and semi-prep
purification of N2S4-Py. Preparative HPLC was performed using
an LC-20AP pump coupled to an SPD-20AV UV-vis detector
monitoring at 270 nm (Shimadzu, Japan), and an ES Industries
Epic Polar preparative column (10 μm, 120 Å, 25 cm × 20 mm)
and a fraction collector were used for the analysis and semi-prep
purification of N2S4-Pa. The radiolabeling of ligands was moni-
tored using silica-impregnated instant thin-layer chromato-
graphy paper (iTLC-SG, Agilent Technologies, Santa Clara, CA,
USA). Data were analyzed on an Eckert & Ziegler AR-2000 TLC
scanner and processed using the Eckert & Ziegler WinScan soft-
ware (Hopkinton, USA). A Capintec CRC-55tR dose calibrator
well counter set at 197gHg calibration (calibration number: 197)
was used to measure activity; Capintec activity readings were
cross-referenced with the gamma spectrometer value to ensure
accuracy in the reading values. The Capintec dose calibrator was
used to measure the activity before radiolabeling reactions. A
Bio-Rad Mini-PROTEAN Tetra Vertical Electrophoresis Cell
instrument was used for all sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) measurements with
4–20% Mini-PROTEAN® TGX™ Precast Protein Gels. The
SDS-PAGE gel electrophoresis reagents, including the MW stan-
dards, TGS buffer, Laemmli sample buffer, and Bio-SafeTM

Coomassie stain, were all purchased from Bio-Rad. All work
with radionuclides at TRIUMF was undertaken in shielded fume
hoods to minimize dose to experimenters (and special precau-

tions were used to prevent contamination) under nuclear energy
worker (NEW) status earned by attending TRIUMF’s Advanced
Radiation Protection course and passing the final exam.

Caution: [197m/gHg]Hg2+ produces ionizing radiation and
should be handled in laboratories approved and equipped for
radioactive work using safe lab practices. Experiments should
only be carried out by trained personnel.

Caution: Mercury is a toxic heavy metal, and its compounds
should be treated accordingly.

Synthesis and characterization of N2S4 and derivatives

1,2-Ethanedithiol, chloroacetyl chloride, aminoethanethiol
hydrochloride, dimethyl 2,6-pyridinedicarboxylate, 2-chlor-
oethyl methyl sulfide and 2-(bromomethyl)pyridine hydrobro-
mide were commercially obtained and used without further
purification. Methyl 6-(chloromethyl)picolinate21 and a solu-
tion of freshly prepared 1,10-diaza-4,7-dithiadecane22 were syn-
thesized following reported procedures. The N2S4 macrocycle
synthesis was accomplished through modified procedures fol-
lowed by Randhawa et al.12

N,N′-((Ethane-1,2-diylbis(sulfanediyl))bis(ethane-2,1-diyl))
bis(2-chloroacetamide) (1). In a 100 mL flask under argon,
K2CO3 (9.2 g, 67 mmol, 4 eq.) and the prepared 1,10-diaza-4,7-
dithiadecane22 (3.00 g, 16.6 mmol, 1 eq.) in 40 mL of dry di-
chloromethane were added. The flask was then cooled to 0 °C
and stirred. Using an addition funnel, chloroacetyl chloride
(∼4 mL, 50 mmol, 3 eq.) diluted in 10 mL of dry dichloro-
methane was added to the reaction slowly over 30 min. During
the course of 3 h at 0 °C, the formation of a substantial
amount of white precipitate was observed. The reaction was
then quenched by the addition of ice cold MilliQ water to the
reaction until HCl gas evolution subsided. The solution was
then filtered, and the precipitate was washed with cold di-
chloromethane, ether and MilliQ water and dried under
vacuum to yield 1 as a white solid (3.35 g, 60%) which was
used without any purification. ESI-HRMS m/z calcd for
[C10H18Cl2N2O2S2 + H]+ 333.027; found 333.002 [M + H]+. 1H
NMR (400 MHz, CDCl3) δ 7.08 (s, 2H), 4.09 (s, 4H), 3.54 (q, J =
6.5 Hz, 4H), 2.80 (s, 4H), 2.76 (t, J = 6.8 Hz, 4H). 13C{1H} NMR
(101 MHz, CDCl3) δ 166.09, 42.61, 39.10, 31.77, 31.41.

1,4,10,13-Tetrathia-7,16-diazacyclooctadecane-6,17-dione (2).
Compound 2 was prepared from a suspension of 1 (3.33 g,
10.0 mmol, 1.00 eq.), 1,2-ethanedithiol (990 mg, 10.5 mmol,
1.05 eq.), and K2CO3 (5.54 g, 40.0 mmol, 4.00 eq.) in aceto-
nitrile (600 mL). The solution was vigorously stirred under
argon for 48 h at reflux. Once completion was verified by MS,
the solvent was removed under vacuum. The residual solid was
then washed with water, until the water layer was neutral,
ensuring that all the excess K2CO3 was removed. The product
was extracted from the precipitate using boiling chloroform
(4 × 50 mL), and organic phases were collected and dried over
Na2SO4. After filtration, the solvent was removed in vacuo to
yield compound 2 as a white solid (1.80 g, 51% yield).
ESI-HRMS m/z calcd for [C12H22N2O2S4 + NH4]

+ 372.091; found
372.101 [M + NH4]

+. 1H NMR (400 MHz, CDCl3) δ 7.23 (s, 2H),
3.54 (q, J = 6.2 Hz, 4H), 3.28 (s, 4H), 2.90 (s, 4H), 2.86 (s, 4H),
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2.79 (t, J = 6.5 Hz, 4H). 13C{1H} NMR (101 MHz, CDCl3)
δ 168.96, 38.91, 36.14, 32.92, 32.12, 31.81.

1,4,10,13-Tetrathia-7,16-diazacyclooctadecane (3). Compound
3 was synthesized following the modified literature procedure
for similar macrocycles.23 Under an argon atmosphere, excess
borane tetrahydrofuran complex solution (1 M, ∼30 mL,
30 mmol, 5.4 eq.) was added to a suspension of 2 (2.0 g,
5.64 mmol, 1 eq.) in dry THF (300 mL). The reaction was
refluxed overnight under argon. After cooling the suspension
to room temperature, the reaction was slowly quenched with
water (15 mL) during which the solution turned homogeneous.
Volatiles were removed under vacuum. The white solid
obtained was suspended in 6 M HCl (20 mL) and refluxed for
3 h to obtain a homogeneous solution. The reaction mixture
was cooled to 0 °C and basified (pH > 10) by slow addition of
an aqueous solution of 10% NaOH (500 mL). The product was
extracted using chloroform (3 × 30 mL), and organic phases
were collected and dried over Na2SO4. After filtration, volatiles
were removed under vacuum to yield a light-yellow oil which
solidified upon standing. The crude product was purified by
recrystallization from hot ether to yield 3 as a white solid
(1.68 g, 91% yield). ESI-HRMS m/z calcd for [C12H26N2S4 + H]+

327.106; found 327.094 [M + H]+. 1H NMR (500 MHz, CDCl3)
δ 2.88 (t, J = 5.8 Hz, 8H), 2.82–2.76 (m, 16H), 1.78 (s, 2H). 13C
{1H} NMR (101 MHz, CDCl3) δ 48.07, 32.81, 32.48.

6,6′-((1,4,10,13-Tetrathia-7,16-diazacyclooctadecane-7,16-diyl)
bis(methylene))dipicolinic acid H2S4macropa (N2S4-H2Pa). The
N2S4-H2Pa macrocycle synthesis was accomplished through
procedures followed by Randhawa et al.12 To a solution of
methyl 6-(chloromethyl)picolinate24 (638 mg, 3.44 mmol,
2 eq.) and 3 (505 mg, 1.72 mmol, 1 eq.) in CH3CN (50 mL) was
added Na2CO3 (∼1.1 g, 10.3 mmol, 6 eq.) and the reaction
mixture was refluxed overnight. After cooling to room tempera-
ture, the reaction mixture was filtered, and the filtrate evapor-
ated under vacuum to yield a light-yellow oil. The oil was redis-
solved in 4 M HCl (15 mL) and the reaction mixture was
heated at 90 °C overnight. After cooling to room temperature,
the volatiles were removed under vacuum at 60 °C. The light-
yellow waxy residue thus obtained was purified by reverse-
phase preparative high-performance liquid chromatography at
14 mL min−1 with the following method: A: H2O with 0.1%
TFA, B: MeOH with 0.1% TFA; 0–5 min 10% B, 5–25 min
10–100% B. Analytically pure fractions were combined, and
volatiles were removed under vacuum. The residue was redis-
solved thrice in 4 M HCl (10 mL) and evaporated to dryness to
remove residual TFA. The resulting white solid was redissolved
in pure water (2 mL) and filtered and the filtrate was lyophi-
lized to yield H2S4macropa (N2S4-H2Pa) (680 mg, 53% yield).
ESI-HRMS m/z calcd for [C26H36N4O4S4 + H]+ 597.170; found
597.128 [M + H]+. 1H NMR (500 MHz, D2O) δ 7.89 (t, J = 7.7 Hz,
2H), 7.79 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.6 Hz, 2H), 3.83 (s,
4H), 2.85–2.71 (m, 24H). 13C{1H} NMR (126 MHz, D2O)
δ 173.23, 157.27, 153.24, 138.38, 125.80, 122.42, 59.25, 53.15,
31.65, 28.28.

7,16-Bis(pyridin-2-ylmethyl)-1,4,10,13-tetrathia-7,16-diaza-
cyclooctadecane (N2S4-Py). To a solution of 2-(bromomethyl)

pyridine (386.98 mg, 1.53 mmol, 2.5 eq.) and 3 (200 mg,
0.612 mmol, 1 eq.) in CH3CN (10 mL), K2CO3 (338.6 mg,
2.45 mmol, 4 eq.) and KI (10.13 mg, 0.061 mmol, 0.1 eq.) were
added. The reaction mixture was heated at 60 °C overnight
under argon. After cooling to room temperature, the mixture
was evaporated under vacuum, then washed with water and
brine (2 × 5 mL each) and extracted using dichloromethane
(3 × 30 mL). Organic phases were collected and dried over
Na2SO4. After filtration, volatiles were removed under vacuum
to yield a light-yellow oil. The recovered oil was further purified
by reverse-phase semipreparative high-performance liquid
chromatography at 4.5 mL min−1 with the following method:
A: H2O with 0.1% TFA, B: acetonitrile (CH3CN) with 0.1% TFA;
0–0.5 min 0% B; 0.5–10 min 0–100% B, 10–11 min 100% B.
The fraction at 6.04 min was collected and lyophilized to yield
N2S4-Py (70 mg, 23% yield) as a yellow solid. ESI-HRMS m/z
calcd for [C24H36N4S4 + H]+ 509.190; found 509.195 [M + H]+.
1H NMR (600 MHz, CD3CN) δ 8.64 (d, J = 4.3 Hz, 2H), 7.89 (td,
J = 7.7, 1.8 Hz, 2H), 7.49 (d, J = 7.8 Hz, 2H), 7.46 (dd, J = 7.7,
5.0 Hz, 2H), 4.43 (s, 4H), 3.47 (t, 8H), 2.98 (t, 8H), 2.81 (s, 8H).
13C{1H} NMR (151 MHz, CD3CN) δ 159.82, 148.82, 136.35,
122.98, 122.03, 60.13, 54.03, 32.15, 29.57.

7,16-Bis(2-(methylthio)ethyl)-1,4,10,13-tetrathia-7,16-diaza-
cyclooctadecane (N2S4-Thio). To a stirring solution of 2-chlor-
oethyl methyl sulfide (84.6 mg, 0.765 mmol, 2.5 eq.) and 3
(100 mg, 0.306 mmol, 1.0 eq.) in CH3CN (5 mL), K2CO3

(169.27 mg, 1.22 mmol, 4.0 eq.) and KI (5.08 mg, 0.031 mmol,
0.1 eq.) were added. The reaction mixture was heated to 60 °C
overnight under argon. After cooling to room temperature, the
mixture was evaporated under vacuum, then washed with
water and brine (2 × 5 mL each) and extracted using dichloro-
methane (3 × 30 mL). Organic phases were collected and dried
over Na2SO4. After filtration, volatiles were removed under
vacuum to yield a light-yellow oil. Flash chromatography of the
resulting residue (silica; dichloromethane–EtOAc 9 : 1, Rf =
0.09) gave N2S4-Thio (66 mg, 45% yield) as a white crystalline
solid. ESI-HRMS m/z calcd for [C18H38N2S6 + H]+ 475.144;
found 475.161 [M + H]+. 1H NMR (600 MHz, CDCl3) δ 2.81 (s,
8H), 2.78–2.73 (m, 12H), 2.70–2.67 (m, 8H), 2.62–2.58 (m, 4H),
2.13 (s, 6H). 13C{1H} NMR (151 MHz, CDCl3) δ 54.37, 54.17,
32.76, 31.97, 30.62, 15.94.

Preparation of non-radioactive natHg2+ complexes for NMR
studies

The natHg2+ complexes for NMR characterization were prepared
via the addition of 50 µL of a ligand solution (10−2 M, in
DMSO-d6) and 5 µL of HgCl2 (10−1 M, in DMSO-d6), resulting
in an equimolar metal-to-ligand ratio. The solutions were then
diluted up to 450 µL in DMSO-d6 for NMR studies. Complex
formation was confirmed by ESI-HRMS. These complexes were
used in variable temperature and time dependent complex-for-
mation experiments where the NMR of the solution was per-
formed at 1 h, 6 h and 24 h post addition of the metal to the
ligand solution. All data were collected using the standard
Bruker parameters and processed using the MestReNova
14.1.2-25024 software.
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[natHg(N2S4-Pa)]. ESI-HRMS m/z calcd for [C26H34N4O4S4Hg +
H]+ 797.125; found 797.166 [M + H]+. 1H NMR (600 MHz,
DMSO-d6) δ 8.12 (dt, J = 14.3, 7.6 Hz, 4H), 7.79 (d, J = 7.4 Hz,
2H), 4.65 (s, 4H), 3.03 (s, 8H), 2.83 (s, 8H). [8H are missing
from the integration as this proton peak is under the DMSO-d6
solvent signal; this has been confirmed by the 1H–1H homo-
nuclear correlation spectroscopy (COSY) and 1H–13C hetero-
nuclear single quantum coherence (HSQC) data]. 13C{1H} NMR
(151 MHz, DMSO-d6) δ 139.69, 125.13, 128.04, 55.88, 54.26,
47.31, 24.47 (assigned by HSQC, 4 quaternary carbons
missing, 2 aromatic and 2 carbonyl).

[natHg][Hg(N2S4-Py)]
2+. ESI-HRMS m/z calcd for

[(C24H36N4S4Hg)2+ + Cl−]+ 745.121; found 745.111 [M + Cl]+. 1H
NMR (600 MHz, DMSO-d6) δ 8.66 (d, 2H), 8.51–8.47 (m, 1H),
8.01 (s, 1H), 7.78 (s, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.43 (t, J = 7.2
Hz, 1H), 7.29 (s, 1H), 3.85 (s, 4H), 3.10–2.69 (m, 24H). 13C{1H}
NMR (151 MHz, DMSO-d6) δ 148.56, 139.50, 137.89, 137.24,
128.18, 124.94, 123.33, 122.03, 49.87, 45.99, 36.93, 36.61,
35.64, 33.37, 30.78, 30.46, 29.17, 28.19, 27.55, 26.25, 24.31
(assigned by HSQC, 2 quaternary aromatic carbons missing).

[natHg][Hg(N2S4-Thio)]
2+. ESI-HRMS m/z calcd for

[(C18H38N2S6Hg)2+ + Cl−]+ 711.075; found 711.078 [M + Cl]+. 1H
NMR (600 MHz, DMSO-d6) δ 3.03–2.57 (m, 32H), 2.10 (s, 6H).
13C{1H} NMR (151 MHz, DMSO-d6) δ 52.97, 33.88, 31.94, 30.97,
30.00, 29.67, 27.41, 15.44 (assigned by HSQC).

DFT calculations

DFT calculations were performed using the Gaussian 16 soft-
ware for all geometry optimizations, frequency analysis, and
thermodynamic data that were extracted.25 Calculations were
performed with the Becke three parameter, Lee–Yang–Parr
(B3LYP) functional with the triple-ζ 6-311G** basis set for all
the main group elements in the novel sulfur backbone deriva-
tives (H, C, N, O, S) and were corrected with Grimme’s dis-
persion correction along with Becke–Johnson damping (D3-
BJ).26–29 The Stuttgart Dresden (SDD) small-core effective core
potential (ECP) along with the respective SDD basis set was
used for Hg to include scalar relativistic effects.30 Structures
were optimized in water using the polarizable continuum
model (PCM).31 All conformers were created by constructing
all possible stereochemically unique backbone/sidearm combi-
nations manually and optimizing them at the molecular mech-
anics (MM) level of theory using the universal force field (UFF)
and the default parameters in the Avogadro software.32

Structures were then re-optimized using the B3LYP level of
theory with hybrid basis sets (6-311G**/SDD) until all possible
chemically reasonable structures were obtained. Vibrational
frequency calculations were performed at the optimized geo-
metries to ensure that minima were obtained and to obtain
solvated thermochemistry data. The Gibbs free energy of sol-
vation was used to estimate the aqueous stability of each con-
former in solution using the gas phase Gibbs energy and the
Gibbs energy of solvation (eqn (1)):33

Gsoln ¼ Ggas þ ΔGsolv ð1Þ

These energies were calculated with the zero-point energy
correction and scaled by 0.967, the corresponding scaling
factor for B3LYP-6-311G** calculations.34 More details on the
calculations of these values are given in ESI Tables S1–3.†
Geometry optimizations were performed without imposing any
symmetric constraints. Structures were visualized using the
Mercury software package.10

Production of mercury-197m/g

The production of [197m/gHg]Hg2+ was achieved through proton
irradiation of natural gold (Au) targets via the 197Au(p,
n)197m/gHg nuclear reaction at the TR13 (13 MeV) cyclotron at
TRIUMF – Canada’s particle accelerator center, following pre-
viously published procedures, with calculated rates of pro-
duction of 4 MBq µA−1 h−1 for 197mHg and 2.9 MBq µA−1 h−1

for 197gHg.20 Briefly, Au targets were prepared by the addition
of 200–270 mg of Au foil to a 10 mm diameter indent
(0.25 mm deep) of a tantalum backing (1 mm in thickness)
and melted thereon in a furnace at 1250 °C (Rd-G – RD Webb
Company – Natick MA, USA). Following proton irradiation (4 h,
30 µA, 13 MeV), the Au target was dissolved in aqua regia
(3 mL), and the solution was then loaded onto a prepared
column of LN resin (5 g, 25 mL reservoir). 197m/gHg2+ was
eluted in 6 M HCl (4 mL) while the 197Au was retained on the
resin. The 197m/gHg2+ solution matrix was then exchanged to a
0.1 M HCl solution by multiple steps of evaporation and recon-
stitution. The final activity ranged from 90 to 140 MBq of
197m/gHg2+ obtained as HgCl2 in 250–350 μL of 0.1 M HCl. The
radionuclide purity was evaluated using gamma (γ)-ray spec-
troscopy on an N-type co-axial high-purity germanium (HPGe)
gamma spectrometer (CANBERRA, Mirion Technologies, Inc.,
San Ramon, CA, USA), calibrated with a 20 mL 152Eu and 133Ba
source. Samples were prepared by mixing aliquots of
197m/gHg2+ activity (1.2 MBq) with deionized water in a 20 mL
glass vial to make a 20 mL sample and measured at a distance
of 150 mm from the detector for 10 min, ensuring that dead
times were below 10%. Spectra were analyzed using the Genie-
2000 software, using the 133.98 keV (Iγ = 33.5%) and 164.97
keV (Iγ = 0.2618%) γ-lines of 197mHg, and the 77.35 keV (Iγ =
18.7%) γ-line of 197gHg for activity calculations. The radionucli-
dic purity was >99%.20

[197m/gHg]Hg2+ radiolabeling studies. The ligands N2S4-Py,
N2S4-H2Pa and N2S4-Thio were made up as stock solutions
(10−3 M) in deionized water or a DMSO–water mixture. A serial
dilution was used to prepare ligand solutions at 10−4, 10−5 M,
10−6 M, and 10−7 M in water. An aliquot (10 μL) of each ligand
solution (or water, for negative controls) was diluted with
ammonium acetate buffer (1 M; pH 7) such that the final reac-
tion volume was 100 μL after the addition of activity. [197m/gHg]
HgCl2 (1–1.2 MBq, 3–10 μL) was mixed gently to begin the radi-
olabeling reaction at 80 °C or room temperature. Complex for-
mation was monitored for each reaction by acquiring the non-
isolated percentage radiochemical yield (%RCY) at 1 h. This
was achieved firstly by extracting an aliquot (10 μL) of the reac-
tion solution and quenching it with an equal volume of dimer-
captosuccinic acid (DMSA) solution (50 mM, pH 5, 10 μL). The
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quenched solution was gently mixed and analyzed by spotting
a portion (10 μL) of the mixture onto the bottom of an iTLC-SG
plate (1 cm × 10 cm, baseline at 1 cm) and then developed
using DMSA solution (50 mM, pH 5) as the mobile phase.
Under these conditions, the [197mHg]Hg2+-complexes remain at
the baseline (Rf = 0), while the unchelated, ‘free’ 197m/gHg2+

migrates towards the solvent front (Rf = 1). TLC plates were
analyzed on an Eckert & Ziegler AR-2000 TLC scanner and pro-
cessed using the Eckert & Ziegler WinScan software.
Radiolabeling yields were calculated by integrating the peaks
in the radio-chromatogram. *Note: Although ammonium
acetate is not an ideal buffer at pH 7, it is commonly used for
radiolabeling reactions. In our previous work,10 we found that
a 1 M ammonium acetate buffer at pH 7 was the most effective
for 197m/gHg radiolabeling reactions, outperforming other pH 7
buffers such as HEPES and PBS.

Stable metal competition assay

To solutions of [197m/gHg][Hg(N2S4-Py)]
2+, [197m/gHg][Hg(N2S4-

Pa)], or [197m/gHg][Hg(N2S4-Thio)]
2+ (prepared as described

above) or radiolabeling controls (deionized water instead of
the ligand) was added 10 µL of a 10 mM metal solution of bio-
logically relevant metals (ZnCl2, FeCl3, CuCl2, MgCl2 and
CoCl2) in water. The final solution contained a 10-fold excess
of the stable metal to the chelators and a 106-fold excess of the
stable metal to 197m/gHg2+ in solution. The mixtures were incu-
bated at room temperature (RT) over 82 h. The proportion of
the intact radiolabeled complex was monitored over the course
of 82 h using iTLC-SG and DMSA solution (50 mM, pH 5) as
the mobile phase. Under these conditions, uncomplexed
197m/gHg2+ resulting from stable metal transchelation traveled
to the solvent front (Rf = 1) while intact [197m/gHg][Hg(N2S4-
Py)]2+, [197m/gHg][Hg(N2S4-Pa)] or [197m/gHg][Hg(N2S4-Thio)]

2+

remained at the baseline (Rf = 0).

Glutathione (GSH) competition assay

GSH competition assay procedures closely followed those pre-
viously developed by our group.10 [197m/gHg][Hg(N2S4-Py)]

2+,
[197m/gHg][Hg(N2S4-Pa)], and [197m/gHg][Hg(N2S4-Thio)]

2+ (pre-
pared as described above) or radiolabeling controls (deionized
water instead of the ligand) were added to a 50 mM
L-glutathione (GSH) solution (1 : 22 v/v GSH : reaction solution
dilution), and the mixtures were incubated at 37 °C over 24 h.
The final GSH concentration was chosen to mimic in vivo con-
ditions within cells (2.12 mM).35 The proportion of the intact
radiolabeled complex was monitored over the course of 24 h
using iTLC-SG and L-glutathione (50 mM) as the mobile phase.
Under these conditions, uncomplexed 197m/gHg2+ resulting
from GSH transchelation traveled to the solvent front (Rf = 1)
while intact [197m/gHg][Hg(N2S4-Py)]

2+, [197m/gHg][Hg(N2S4-Pa)],
or [197m/gHg][Hg(N2S4-Thio)]

2+ remained at the baseline
(Rf = 0).

Human serum stability assay

[197m/gHg][Hg(N2S4-Py)]
2+, [197m/gHg][Hg(N2S4-Pa)], and

[197m/gHg][Hg(N2S4-Thio)]
2+ (prepared as described above) or

radiolabeling controls (deionized water instead of the ligand)
were diluted in human serum (1 : 1 v/v dilution), and the solu-
tions were incubated at 37 °C over 72 h. The metal-complex
stabilities were monitored over 72 h using SDS-PAGE. At each
time point, an aliquot (10 μL) of the reaction mixture was
mixed with Laemmli sample buffer (10 μL) and was directly
loaded onto the SDS-PAGE gel. The SDS-PAGE was run at
ambient temperature and 150 V until the dye front reached the
resolving gel (1 h). Following electrophoresis, the gel was
scanned with the radio-TLC scanner to determine the percen-
tage of the intact complex. The same protocol was used with
‘free’ [197m/gHg]Hg2+ and each of the 197m/gHg2+-complexes
diluted in phosphate-buffered saline (PBS) (5 µL;1 : 1 v/v
dilution) to assess their electrophoretic mobility.

Results and discussion
Synthesis and characterization of the N2S4 ligand series

The N2S4 macrocyclic backbone was synthesized using modi-
fied procedures adapted from our previous work (Scheme 1).12

First, 1,2-bis(2-aminoethylthio)ethane was synthesized via the
addition of aminoethanethiol hydrochloride to dibromoethane
under inert and basic conditions following procedures by
Khanmohammadi et al.22 The product was then kept under an
inert atmosphere until ready for use, to limit its reaction with
carbon dioxide in the atmosphere. Subsequently, chloroacetyl
chloride was added to 1,2-bis(2-aminoethylthio)ethane under
basic conditions, producing 1. Without purification, cycliza-
tion of 1 was carried out immediately after isolation to avoid
degradation of the acyl chlorides, with 1,2-ethanediothiol
yielding 2 in 51% yield. The carbonyls on macrocycle 2 were
reduced utilizing BH3-THF, yielding the N2S4 backbone (3) in

Scheme 1 Synthetic procedures for the N2S4 macrocyclic backbone.
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91% yield. Following the synthesis of the backbone, alkylation
of the secondary amines (with methyl 6-(chloromethyl)picoli-
nate, 2-(bromomethyl)pyridine or 2-chloroethyl methyl sulfide)
was undertaken (N2S4-H2Pa required an additional de-
protection step of the methyl esters) following previously
reported procedures yielding N2S4-H2Pa, N2S4-Py and N2S4-
Thio (Scheme 2). All ligands and intermediates were character-
ized by NMR and MS (reported in Fig. S1–S12†). Overall, start-
ing from the N2S4 macrocycle (3), the three chelators were pre-
pared in yields between 23–53%; the relatively low chemical
yields could be attributed to losses during HPLC purification
of the final chelators.

Synthesis and characterization of non-radioactive Hg2+

complexes

To investigate the solution coordination chemistry and
binding efficiency of the N2S4 ligand series with Hg2+, the
metal complexes were prepared by the addition of the ligand
and metal in a deuterated DMSO solution to form a 1 : 1 equi-
valent metal-to-ligand complex. All complexes were then
characterized via NMR spectroscopy (reported in Fig. 2 and
S13–S23†) and high-resolution mass spectrometry (HRMS)
(Fig. S24–26†). 1H NMR acquisitions were performed at several
time points (1, 6 and 24 h at 25 °C) after solution preparation
to observe time-dependent complex formation (Fig. S14, S17
and S21†). MS and NMR confirmed all complexes formed
within an hour upon addition of the metal to the ligand. MS
spectra demonstrated a 1 : 1 metal–ligand complex with the
corresponding unique Hg isotope distribution pattern
(Fig. S24–26†). Upon complexation, downfield shifting in the

macrocyclic backbone resonances of [Hg(N2S4-Py)]
2+ (δ 2.72 →

2.91 ppm) and [Hg(N2S4-Thio)]
2+ (δ 2.68 → 2.74 ppm) were

observed. Downfield shifting in the pendant arm methylene
proton resonances of [Hg(N2S4-Py)]

2+ (δ 3.79 → 3.85 ppm) and
the CH3 singlet of the thioether in [Hg(N2S4-Thio)]

2+ (δ 2.06 →
2.10 ppm) at 25 °C can also be observed. The downfield shift-
ing of proton resonances close to donor atoms, which interact
with the metal center, is indicative of metal–ligand binding
due to the electron-withdrawing effects of the electron-
deficient metal. Furthermore, the proton resonances associ-
ated with the macrocyclic backbone (δ ∼2.5–3.2 ppm) for both
[Hg(N2S4-Thio)]

2+ and [Hg(N2S4-Py)]
2+ resulted in peak broad-

ening indicative of a fluxional complex occurring on the NMR
timescale and/or the existence of different isomers in solution.
The NMR spectra of [Hg(N2S4-Py)]

2+ and [Hg(N2S4-Thio)]
2+

were also investigated at 45 °C (Fig. S18 and S22,† respectively)
in which coalescence of the macrocyclic backbone proton reso-
nances was observed upon increasing the temperature to
45 °C, further suggesting the presence of a fluxional species in
solution at ambient temperature. However, some spectral
broadness was still observed and is likely attributed to the loss
of symmetry of the N2S4-Py and N2S4-Thio chelators upon
metal complexation.

Characterization of the carbon peaks assigned by HSQC
(13C NMR signals too weak for assignment) provides evidence
of the formation of an asymmetric complex. The [Hg(N2S4-
Py)]2+ HSQC spectrum at 25 °C displayed 21 carbon peaks; 8
aromatic and 13 aliphatic carbon peaks, suggesting that all the
carbons, except the pendant arm CH2 carbons, are in non-
equivalent chemical environments upon complexation. The

Scheme 2 Synthetic procedures of the N2S4 derivatives N2S4-H2Pa, N2S4-Py and N2S4-Thio.
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HSQC spectrum of [Hg(N2S4-Thio)]
2+ at 25 °C also suggests an

increase in asymmetry upon complexation, agreeing with the
DFT structure proposed below; of the 12 carbons within the
macrocyclic backbone, 5 unique carbon resonances are
present upon complexation, compared to the symmetric
ligand for which 3 different chemical environments were
observed. An additional 3 signals were assigned to the
thioether pendant arms.

In contrast, the formation of the [Hg(N2S4-Pa)] complex
demonstrated enhanced rigidity with respect to the free ligand
as the backbone proton resonances alter from a broad singlet
to two more defined singlets upon complexation (Fig. 2).
Symmetry can be observed in the complex as the HSQC NMR
exhibited 7 carbon signals: 3 aromatic, 1 pendant methylene,
and 3 macrocycle peaks, indicating that the chemical equiva-
lence of the carbons on the ligand is preserved upon metal
complexation.

Challenge assays between the natHg-complexes and the soft-
donor ligand DMSA (dimercapto succinic acid) were also
attempted to assess dissociation kinetics of the Hg-complexes;
however, due to overlapping of proton resonances in the N2S4
chelators and DMSA, the NMR spectra were difficult to eluci-
date, and no conclusions could be drawn. Instead, competition
assays at the radiotracer scale using [197m/gHg]Hg-labeled che-
lators were conducted to discern the inertness of the com-
plexes (see below).

Density functional theory calculations

Density functional theory (DFT) calculations were performed
to aid in elucidating the aqueous solution structure of the
three Hg2+-N2S4 complexes. All possible conformers were gen-
erated and optimized, producing the Gibbs energies in the gas

(ΔGgas) and solution (ΔGsoln) phases (Tables S1–S3†). Each
conformer is assigned their configuration by first cis or trans,
orientating the pendant arm relative to each other, where cis
indicates the two pendant arms are on the same face of the
complex, resulting in a facial complex. In comparison, trans
indicates the two arms are situated on opposite sides of the
complex, resulting in a meridional complex. Delta (δ) and
lambda (λ) assignments refer to the “twist” of the ethylene
groups in the macrocycle’s 6-membered chelate rings upon
metal complexation (δ/λ; clockwise/counterclockwise). The
X-ray crystal structure of the Hg2+ complex with the N2S4 back-
bone without any pendant arms ([Hg(N2S4)]

2+) has been
reported in the literature to form a 6-coordinate complex with
all the N2S4 donor atoms of the macrocycle.36

The thermodynamically stable gas-phase (ΔGgas) [Hg(N2S4-
Py)]2+ structure is a 6-coordinate complex (configuration 5;
Fig. 3) in a cis (δ,λ,δ,λ,λ,λ) configuration (Table S1†) where the
four sulfur atoms of the N2S4 macrocycle form a triangular
prism with the two pyridines capping either side of the vertex
(N2S4 coordination), satisfying the coordination sphere of the
Hg2+ cation. The backbone amines weakly interact outside the
sphere at distances of 3.000 and 2.985 Å. This structure pro-
vides optimal orientation of the thioether backbone groups,
enabling access to the bulky pyridine pendant arms while lim-
iting steric and electrostatic repulsion.37 However, conformer 9
(Fig. 3) becomes the true energy minimum when the solvation
effects are considered (ΔGsoln). This structure adopts a 6-coor-
dinate cis (λ,λ,δ,δ,λ,δ) distorted octahedral arrangement, with 3
of the backbone sulfurs (dS1–Hg = 2.724 Å, dS2–Hg = 2.925 Å,
dS3–Hg = 2.773 Å), the two pyridines (dN3–Hg = 2.435 Å, dN4–Hg =
2.539 Å), and one of the backbone amines (dN4–Hg = 2.693 Å),
all strongly interacting in the coordination sphere of Hg2+,

Fig. 2 1H NMR spectra of N2S4-Py, N2S4-Thio and N2S4-H2Pa, and their natHg2+ complexes (600 MHz, DMSO-d6, 25 °C).
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given by the covalent radii of N and S of 0.71 Å and 1.05 Å,
respectively.38 The next nearest low energy structure
(Table S1,† conformer 6) is 4.7 kJ mol−1 higher in energy than
conformer 9. Gibbs energy differences up to 5 kJ mol−1 can be
present in solution,39 suggesting that conformer 9 will be the
main configuration in solution; however, conformer 6 may be
present in solution as a minor product. Conformer 9 exhibits
C1 symmetry, agreeing with the designation observed in the
NMR spectra of [Hg(N2S4-Py)]

2+ (vide supra, Fig. 2). The differ-
ence in the lowest energy conformation between the gas (con-
former 5) and solution phases (conformer 9) is likely due to
the macrocyclic ligand solvation effect40 and the hydrophobic
effect.41 The hydrophobic effect results in the aggregation of
hydrophobic particles to minimize entropic destabilization of
water molecules.42 Thus, the tighter arrangement of the pyri-
dine pendant arms in the solution phase structure (conformer
9, bond angle of Npyridine–Hg–Npyridine: 76.05°), relative to the
gas phase structure (conformer 5, bond angle of Npyridine–Hg–
Npyridine: 78.12°), results in the tighter orientation of the back-
bone in the solution phase (conformer 9) which minimizes
interactions between the polar water and the non-polar macro-
cyclic backbone (Fig. 3).

The lowest energy gas phase configuration of [Hg(N2S4-
Thio)]2+ (conformer 11; ΔGgas = 0.0 kJ mol−1) adopts a 6-coor-
dinate distorted octahedral complex with the backbone in a cis
(λ,δ,δ,δ,λ,δ) orientation (Table S3† and Fig. 4), wherein the
mercury cation is strongly coordinated by all four backbone
sulfurs and both thioether arms (S6 coordination) with an
average Hg–S interatomic distance of 2.835 Å (dS1–Hg = 2.939 Å,
dS2–Hg = 2.857 Å, dS3–Hg = 2.861 Å, and dS4–Hg = 2.696 Å, dS5–Hg

= 2.961 Å, dS6–Hg = 2.698 Å; Table S4†). This structure adopts
the most diffuse orientation for all the sulfur heteroatoms,

maximizing the interatomic S–S distances to accommodate
sulfur’s relatively large covalent radius while minimizing the
S–Hg bond distances. However, as was seen in the case of
[Hg(N2S4-Py)]

2+, solvation effects play a role in the metal-
complex geometry in solution. The calculated lowest energy
conformation of [Hg(N2S4-Thio)]

2+ in solution becomes confor-
mer 7 with the backbone in a cis (δ,λ,δ,λ,δ,λ) arrangement. The
complex adopts a five-coordinate distorted trigonal pyramidal
arrangement with three backbone sulfurs and both pendant
arm sulfurs coordinated (S5 coordination). This configuration
forms a tight binding pocket with both pendant arms on the
same face with an average Hg–S bond distance of 2.788 Å
(dS1–Hg = 2.941 Å, dS2–Hg = 2.767 Å, dS3–Hg = 2.596 Å, dS5–Hg =
2.658 Å, dS6–Hg = 2.787 Å; Table S5†), resulting in a hydro-
phobic compartment42 shielding and excluding solvent from
the complex cavity, increasing the stability as a result of the
hydrophobic effect. Conformer 7 can also be defined as having
a C1 symmetry, which agrees with the [Hg(N2S4-Thio)]

2+ NMR
spectral observations (vide supra, Fig. 2).

Within the [Hg(N2S4-Pa)] structures, a universal energy
minimum (ΔGsoln, ΔGgas = 0.0 kJ mol−1) conformer exists, and
conformer 7 (cis (δ,δ,λ,δ,δ,δ)) demonstrates strong coordi-
nation with the picolinic acid heteroatoms (dO1–Hg = 2.471 Å,
dO2–Hg = 2.380 Å, dN2–Hg = 2.524 Å, dN3–Hg = 2.450 Å) and one of
the backbone sulfur atoms (dS1–Hg = 2.659 Å), while weak inter-
actions are observed with another sulfur donor (dS2–Hg =
3.480 Å). Along with conformer 7, the solution phase structure
optimization of [Hg(N2S4-Pa)] gave two other unique low
energy structures, conformers 9 and 3 (Table S5†) with relative
Gibbs energy in solution of 1.6 kJ mol−1 and 3.6 kJ mol−1,
respectively. The energy differences are small enough that all
conformers could be present in solution. Conformer 9 (cis
(λ,λ,δ,δ,δ,λ)) (ΔGgas = 0.6 kJ mol−1, ΔGsoln = 1.6 kJ mol−1),
demonstrates Hg2+ strongly interacting with the picolinic acid
pendant arms (dO1–Hg = 2.445 Å, dO2–Hg = 2.431 Å, dN2–Hg =
2.482 Å, dN3–Hg = 2.442 Å), and two sulfur atoms (dS1–Hg =
2.756 Å, dS4–Hg = 2.731 Å), differing from the coordination of
conformer 7. Conformer 3 (cis (λ,δ,δ,δ,λ,δ)) has a Gibbs energy
in solution of 3.6 kJ mol−1 and adopts the same binding motif
as conformer 7 (dO1–Hg = 2.378 Å, dO2–Hg = 2.413 Å, dN2–Hg =
2.444 Å, dN3–Hg = 2.417 Å, dS1–Hg = 2.737 Å, dS4–Hg = 3.095 Å),

Fig. 3 Lowest-energy B3LYP-6-311G**/SDD optimized geometry of the
Hg-N2S4-Py complex in the gas phase (conformer 5) and in solution
(conformer 9). Hydrogen atoms were omitted for clarity. The Npyridine–

Hg–Npyridine angles (Npyridine = N2 and N3) are indicated in orange.

Fig. 4 Lowest energy B3LYP-6-311G**/SDD optimized geometry of the
N2S4-Thio Hg-complex in the gas phase (conformer 11) and solution
phase (conformer 7). Hydrogen atoms were omitted for clarity.
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but differs in that the two picolinic acids are flush with the
metal–ligand plane instead of perpendicular. Conformer 3 is
the only conformer with significantly higher gas phase Gibbs
energy (ΔGgas = 33.6 kJ mol−1) compared to the solution phase
(ΔGsoln = 3.6 kJ mol−1), suggesting that the structure benefits
the most energetically from solvation. As the picolinic acids
are flush with the backbone, a binding pocket is created,
increasing the stability due to the hydrophobic effect. The
three lowest energy structures are all stereochemically unique;
however, they form the same arrangement in space with slight
changes in the overall conformation of the sulfurs in the back-
bone, as conformers 7 and 9 interact with two opposing sulfur
atoms, while conformer 3 interacts with two sulfur atoms adja-
cent to the nitrogen. All three strongly interact with the 4 pico-
linic acid chelating heteroatoms (carboxyl oxygen and pyridine
nitrogens), resulting in a rectangular plane that is symmetri-
cally capped by two of the sulfurs in the backbone that are
flush with this plane (Fig. 5). The presence of the three confor-
mers in solution is consistent with the [Hg(N2S4-Pa)] NMR
(vide supra, Fig. 2), producing two backbone resonances with
low resolutions as a result of the presence of multiple species
in solution with similar coordination environments. The
mercury strongly prefers binding to picolinic acid over the
sulfur backbone in all three structures, possibly due to their
strong electrostatic attraction and decreased steric torsion,
which would be required to introduce additional macrocyclic
sulfur atoms into the Hg2+ coordination sphere.

Radiolabeling

[197m/gHg]Hg2+ concentration-dependent radiolabeling experi-
ments with the novel sulfur-rich derivatives (N2S4-Py, N2S4-
Thio and N2S4-Pa

2−) were conducted at both 80 °C and 25 °C
(1 h incubation time, Fig. 6) at pH 7 in 1 M NH4OAc. The
results were compared to our previously reported NS4-BA chela-
tor, which exhibited the highest radiomercury incorporation
yields for a chelator reported to date.10 While both N2S4-Py and
N2S4-Thio demonstrated quantitative incorporation yields
(>95%) at 10−4 M, N2S4-Pa

2− was only able to achieve a radio-
chemical yield (RCY) of 26 ± 1% at the same concentration. At
10−5 M ligand concentrations, N2S4-Py maintained a high RCY
of 86 ± 2%, while N2S4-Thio dropped to 65 ± 5%. However, at
final ligand conditions of 10−6 M and 10−7 M, labeling of N2S4-
Py and N2S4-Thio was comparable exhibiting RCYs of 17 ± 7%
and 12 ± 9% at 10−6 M and 6 ± 2% and 6 ± 1% at 10−7 M,
respectively. Compared to the NS4-BA [197m/gHg]Hg-radiolabel-
ing results, both N2S4-Py and N2S4-Thio ligands perform simi-
larly. However, on average, NS4-BA attains a slightly higher
RCY at all ligand concentrations under the same conditions.
At 25 °C, a dramatic decrease in the radiomercury incorpor-
ation capabilities of N2S4-Py and N2S4-Pa

2− was observed,
resulting in an RCY of 37 ± 3% and 33 ± 0.2% at 10−4 M,
respectively. However, N2S4-Thio at 10−4 M remains able to
complex radio-mercury quantitatively at room temperature, fol-
lowed by a sharp drop in RCY with decreasing ligand concen-

Fig. 5 B3LYP-6-311G**/SDD optimized geometries of the (N2S4-Pa)
2− Hg-complex: conformer 7 (A; ΔGsoln = ΔGgas = 0.0 kJ mol−1), conformer 9

(B; ΔGsoln = 1.6 kJ mol−1; ΔGgas = 0.6 kJ mol−1), and conformer 3 (ΔGsoln = 3.6 kJ mol−1; ΔGgas = 33.6 kJ mol−1) (C). Hydrogen atoms were omitted
for clarity.
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tration (12 ± 3% and 5 ± 4% at a final ligand conc. of 10−5 and
10−6 M, respectively).

Although the complexation of Hg2+ with all ligands was suc-
cessful at the macroscopic scale, the radiolabeling results
revealed the true influence of the pendant arms on the com-
plexation of [197m/gHg]Hg2+. Differences in complexation at
macroscopic (NMR) and microscopic (radiolabeling) scales are
commonly observed and could be attributed to the trace
amount of the (radio)metal at the radiolabeling scale com-
pared to the chelator in solution (Cligand = Cmetal = ∼10−2 M for
NMR, vs. Cligand = ∼10−3–10−7 M and Cradiometal = ∼10−9 M in
radiolabeling studies). General trends demonstrated that
increasing the softness of the pendant arms increases the
ligand’s ability to complex [197m/gHg]Hg2+. The decrease seen
in the RCY of N2S4-Py at 25 °C may be a result of the activation
barrier of complex formation due to the bulkiness of the
pendant arms. Interestingly, the ligand derivative with picolinic
acid pendant arms did not yield qualitative radiolabeling under
any conditions studied, regardless of the strong electrostatic
interactions provided by the carboxylic acids—the trend
suggesting that the principle of Pearson’s HSAB theory heavily
impacts the ability of the ligand to complex [197m/gHg]Hg2+ and
that N2S4-Pa

2− is not a suitable chelator for 197m/gHg-radiophar-
maceutical development. However, the low RCY can also be
attributed to the known affinity of N2S4-Pa

2− to form metal ion
complexes with other intermediate metals (e.g. Bi3+ and In3+),
and any non-radioactive metal impurities in the radiolabeling
mixtures may significantly compete for radio-Hg complexation.

Kinetic inertness of radiolabeled complexes

Developing kinetically inert ligands for Hg2+ complexation is
challenging due to the labile nature of the cation. The in vitro
kinetic inertness of the [197m/gHg][Hg(N2S4-Py)]

2+ and

[197m/gHg][Hg(N2S4-Thio)]
2+ complexes was assessed against

human serum, L-glutathione (GSH) and stable biologically rele-
vant metals (ZnCl2, FeCl3, CuCl2, MgCl2 and CoCl2) over time
(Fig. 7). The kinetic inertness of the radio-mercery complexes
against endogenous proteins found in human serum at 37 °C
over 72 h was determined via sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) using previously estab-
lished procedures.8,10 Within 1 h of incubation with human
serum, both [197m/gHg][Hg(N2S4-Py)]

2+ and [197m/gHg][Hg(N2S4-
Thio)]2+ had significantly dissociated resulting in 71 ± 1% and
76 ± 2% intact complex remaining, respectively. After the
initial drop in the intact complex, the rate of transchelation
decreased dramatically over the 72 h incubation period culmi-
nating with 65 ± 2% and 60 ± 2% intact complex remaining for
[197m/gHg][Hg(N2S4-Py)]

2+ and [197m/gHg][Hg(N2S4-Thio)]
2+,

respectively. Compared to our previously reported [197m/gHg]
Hg-NS4-BA complex, both N2S4 complexes were relatively less
inert over the investigated timeframe (24 h).

Kinetic stability was also assessed against GSH, as the most
abundant thiol-containing small molecule in mammalian cells
(millimolar concentrations), with a known affinity for Hg2+.
GSH was incubated with the [197m/gHg]Hg2+-complexes so that
the final concentration would mimic in vivo within cell concen-
trations (2.12 mM)35 at 37 °C, and complex inertness was ana-
lyzed over 24 h by radio-iTLC. [197m/gHg][Hg(N2S4-Py)]

2+ and
[197m/gHg][Hg(N2S4-Thio)]

2+ remained 86 ± 0.4% and 78 ± 0.4%
intact over 1 h, and 73 ± 0.4% and 75 ± 3% intact over 3 h,
respectively. However, after 24 h, the complex integrity dimin-
ished to 32 ± 5% for [197m/gHg][Hg(N2S4-Py)]

2+ and 44 ± 3% for
[197m/gHg][Hg(N2S4-Thio)]

2+. Both 197m/gHg-labeled N2S4 deriva-
tives were significantly less inert in GSH compared to the pre-
viously reported 197m/gHg-NS4-BA complex, which remained
∼90% intact over 3 days.10

Fig. 6 Non-isolated radiochemical yields (RCYs) for [197m/gHg]HgCl2 (∼1 MBq) radiolabeling of N2S4-Py, N2S4-Thio and N2S4-Pa
2− (1 M NH4OAc, pH

7), at various ligand concentrations at 80 °C (A) and 25 °C (B) (1 h reaction time, 100 µL reaction, and n = 3). [197m/gHg][Hg(NS4-BA)]
2+ 80 °C labeling

data are reproduced from Randhawa et al.10
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The kinetic inertness of the [197m/gHg][Hg(N2S4-Py)]
2+ and

[197m/gHg][Hg(N2S4-Thio)]
2+ complexes against a mixture of

biologically relevant metals (ZnCl2, FeCl3, CuCl2, MgCl2 and
CoCl2), which were added in a 10-fold excess compared to the
ligand and 106-fold excess compared to the radiometal, was
assessed. The reaction was incubated at 25 °C and monitored
by radio-iTLC for over 82 h. [197m/gHg][Hg(N2S4-Thio)]

2+

remained 86 ± 3% intact, while [197m/gHg][Hg(N2S4-Py)]
2+

remained 73 ± 7% intact at 82 h. The relatively high inertness
of the Hg-complexes in this metal competition assay is not
surprising due to the ligand backbone’s high selectivity for
Hg2+ compared to other metals, as demonstrated in the
literature.11

Throughout all three kinetic inertness assays performed,
both [197m/gHg][Hg(N2S4-Py)]

2+ and [197m/gHg][Hg(N2S4-Thio)]
2+

performed similarly, suggesting that their pendant arms do
not play a significant role in altering the relative inertness of
the resulting 197m/gHg-complex. However, both complexes
exhibited inferior kinetic inertness compared to that of the
[197m/gHg][Hg(NS4-BA)]

2+ complex.

Conclusion

This work illustrates the effects of both the softness of
pendant arm donor atoms and the macrocyclic ring size on
[197m/gHg]Hg2+ radiolabeling and complex stability. Following
the synthesis and characterization of the N2S4 ligand series,
Hg2+ complexes were studied through mass spectrometry,
nuclear magnetic resonance (NMR) spectroscopy, and density
functional theory (DFT) calculations, investigating the impact
of the donor atoms and ring size on the metal coordination
chemistry. NMR revealed successful complexation of the Hg2+

ion, suggested by the broadening and downfield shifting of
proton resonances close to donor atoms involved in metal
coordination. Furthermore, DFT calculations supported the
coordination observed via NMR. The lowest energy confor-
mations yielded pendant arms in the cis geometry for all com-
plexes. [Hg(N2S4-Thio)]

2+ resulted in a 5-coordinate complex
(distorted trigonal pyramidal), while both [Hg(N2S4-Py)]

2+ and

[Hg(N2S4-Pa)] resulted in a 6-coordinate complex with the dis-
torted octahedral arrangement in solution. The DFT calcu-
lations displayed the solvation effect influence on the lowest
energy conformation and further uncovered the impact of the
ring size on metal coordination. The ability of all the donor
atoms in the backbone to interact with the Hg2+ metal atom
simultaneously was found to be highly thermodynamically
unfavorable due to significant steric strain on the backbone,
due to the larger ring size. Within the [Hg(N2S4-Thio)]

2+ and
[Hg(N2S4-Py)]

2+ computed structures, the metal is situated
asymmetrically in the ligand backbone, resulting in a highly
asymmetric complex, as seen by NMR. However, the [Hg(N2S4-
Pa)] complex attains strong coordination between the picolinic
acid donor arms because of their electrostatic interactions; the
calculations revealed 3 low energy conformers with the same
coordination sphere, which agrees with the NMR data.
Moreover, radiolabeling studies confirmed the true trends in
the pendant arm effect on [197m/gHg]Hg2+ coordination demon-
strating that the soft thioether pendant arms have the highest
affinity for [197m/gHg]Hg2+, followed by the pyridine arms. The
[197m/gHg][Hg(N2S4-Py)]

2+ and [197m/gHg][Hg(N2S4-Thio)]
2+ com-

plexes remained above 60% intact over 72 h when incubated in
human serum and above 30% intact over 24 h when incubated
in GSH, respectively. Notably, the kinetic inertness of the N2S4
complexes was inferior compared to the previously reported
[197m/gHg][Hg(NS4-BA)]

2+ complex. The [197m/gHg][Hg(N2S4-
Py)]2+ and [197m/gHg][Hg(N2S4-Thio)]

2+ complex integrity was
also tested against biologically relevant metals (ZnCl2, FeCl3,
CuCl2, MgCl2 and CoCl2) at 37 °C, in which they remained
above 73% intact over 82 h, suggesting selectivity of the
ligands for Hg2+. Although the N2S4 ligand series demonstrates
selective labeling for radio-Hg at both 80 and 25 °C, the
complex stability was relatively poor compared to the
[197m/gHg][Hg(NS4-BA)]

2+ complex. The results suggest that the
future development of [197m/gHg]Hg2+ bifunctional chelators
should concentrate on the smaller 15-membered ring scaffold
for radiopharmaceutical incorporation. Although the N2S4
series is not optimal for [197m/gHg]Hg2+, these chelators may
be suitable for larger soft radiometals such as [111Ag]Ag+,
[199Au]Au+ and [201Tl]Tl+.

Fig. 7 Kinetic inertness of [197m/gHg][Hg(N2S4-Py)]
2+ and [197m/gHg][Hg(N2S4-Thio)]

2+ against (A) human serum, (B) glutathione with comparison to
the formerly reported NS4-BA and (C) stable biologically relevant metals (ZnCl2, FeCl3, CuCl2, MgCl2 and CoCl2) at 37 °C (n = 3) over time.
[197m/gHg][Hg(NS4-BA)]

2+ stability data are reproduced from Randhawa et al.10
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