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Abstract: Due to the different crystallization methods, two Hg(II) complexes of a 19-membered
NO2S2-macrocycle (L) and its oxidized ligand (HLox), exhibiting different stoichiometries, were pre-
pared. First, mercury(II) iodide reacts with L to afford a dinuclear metallacycle complex [Hg2(L)2I4]
(1) in which the mercury(II) exists outside the macrocyclic cavity. Meanwhile, the slow diffusion
reaction gave an unusual pseudo-square planar-induced mercury(II) complex, which shows three
separated parts with the formula [Hg2(HLox)I5]2[HgI2] (2). There are two complex cation units that
are exo-coordinated, along with one unit consisting of a metal cluster anion. Surprisingly, L was
oxidized in the disulfoxidized form (HLox) in this condition. NMR titration was used to monitor both
the structural and binding characteristics of the complex formed between L and mercury(II) iodide in
a solution.

Keywords: thiamacrocycle; mercury iodide; dimeric complex; exocyclic coordination; sulfoxidation

1. Introduction

Macrocyclic ligands play a critical role in supramolecular coordination chemistry due
to their specific ability to selectively bind and self-assemble with particular metals or guest
molecules [1–16]. This selectivity is the result of their unique structure, which forms a cyclic
cavity that can accommodate specific species. Traditionally, the majority of macrocyclic
ligands have been employed for endocyclic coordination, where the metal is located within
the cavity. However, there is a sulfur-containing macrocycle known as thiamacrocycle that
exhibits a preference for exocyclic coordination, meaning the metal binds to the exterior
of the cavity rather than being encapsulated inside it [4]. This preference arises from the
positioning of sulfur atoms, which tend to point towards the outside of the cavity [17–20].
The ability of thiamacrocycles to undergo exocyclic coordination has proven to be ad-
vantageous in creating both discrete and polymeric metallosupramolecules with unusual
structures [21,22]. Discrete metallosupramolecules are distinct, well-defined entities, while
polymeric metallosupramolecules form extended structures. In their previous research, the
authors of this text reported on the synthesis of both discrete and network supramolecular
complexes using thiamacrocycles’ exo-coordination [23–28]. These complexes not only
have intriguing structures but also show promise as photophysical sensors, making them
attractive for potential applications in sensing and related fields.

Recently, we reported endo-coordinated metal complexes of 19-membered NO2S2-
macrocycle (L) [29–31]. Encouraged by these findings, we were intrigued to expand our
investigations into the creation of exo-coordinated complexes involving L. In this work,
by using the mercury(II) iodide, we successfully synthesized exo-coordination complexes
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(1 and 2) depending on the metalation methods. In particular, compound 2 shows an
unusual pseudo-square planar-induced mercury(II) complex, which has Hg-Osulfoxide bonds
formed by the oxidation of L to HLox (Scheme 1).
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Scheme 1. (Left) Macrocycle ligand, L and (right) its oxidized form (Lox).

2. Experimental Details
2.1. General

All chemicals and solvents used in the syntheses were of reagent grade and were used
without further purification. Elemental analyses were carried out on a LECO CHNS-932 ele-
mental analyzer. The FT-IR spectra were recorded using a Varian 640-IR FT-IR spectrometer
with KBr pellets. Thermogravimetric curves were collected in a TA Instruments TGA-Q50
thermogravimetric analyzer. Samples were heated at a constant rate of 10 ◦C min−1 from
room temperature to 700 ◦C in a continuous-flow nitrogen atmosphere. The ESI mass
spectra were obtained by using a Thermo Scientific LCQ Fleet spectrometer. NMR spectra
were recorded using a Bruker DRX 300 spectrometer. The powder X-ray diffraction (PXRD)
experiments were performed in a transmission mode with a Bruker GADDS diffractometer
equipped with graphite-monochromated Cu Kα radiation (λ = 1.54073 Å). The crystal
structure of the crystallized samples of 1 and 2 were determined by single-crystal diffrac-
tion methods at the Korea Basic Science Institute (KBSI, Western Seoul Center, Republic of
Korea). All single crystals were picked up with paratone oil and mounted on a Bruker D8
Venture PHOTON III M14 diffractometer equipped with a graphite-monochromated Mo
Ka (λ = 0.71073 Å) radiation source and a nitrogen cold stream (−100 ◦C).

2.2. Preparation of [Hg2(L)2I4] (1)

HgI2 (28.1 mg, 0.062 mmol) in methanol (1.0 mL) was added to a solution of L (10.0 mg,
0.021 mmol) in dichloromethane (1.0 mL) in a vial (10 mL). Slow evaporation of the solution
afforded a colorless crystalline product 1 suitable for X-ray analysis, which was obtained in
the tube after 5 days. Yield: 38%. Mp: 179–182 ◦C. Anal. calc. for C58H54Hg2I4N2O4S4: C,
37.05; H, 2.89; N, 1.49; S, 6.82. Found: C, 37.22; H, 2.78; N,1.53; S, 6.74%. Mass spectrum
m/z (ESI): 814.15 for [Hg(L)I]+.

2.3. Preparation of [Hg2(HLox)I5]2[HgI2] (2)

HgI2 (28.1 mg, 0.062 mmol) in methanol (1.0 mL) was layered to diffuse slowly into
a solution of L (10.0 mg, 0.021 mmol) in dichloromethane (1.0 mL) in a capillary tube
(i.d. 5 mm). The colorless crystalline product 2 suitable for single crystal X-ray diffraction
analysis was obtained in the tube after 6 months. Yield: 10%. Mp: 196–198 ◦C. Anal. calc.
for C58H56Hg5I12N2O8S4: C, 19.55; H, 1.58; N, 0.79; S, 3.60 Found: C, 19.36; H, 1.53; N, 0.83;
S, 3.38%. Mass spectrum m/z (ESI): 846.19 for [Hg(Lox)I]+.

2.4. X-ray Crystallographic Analysis

Data collection, integration, and crystal size measurement were performed with
SMART APEX3 (Bruker, 2016) and SAINT (Bruker, 2016) [32,33]. The absorption correction
was performed by a multi-scan method implemented in SADABS [32]. The structure was
solved by direct methods and refined by full-matrix least-squares on F2 using SHELXTL
with ShelXle [34]. All the non-hydrogen atoms were refined anisotropically, and the
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hydrogen atoms were added to their geometrically ideal positions. Relevant crystal data
collection and refinement data for the crystal structures are summarized in Table 1.

Table 1. Crystal and Experimental Data and Refinement Parameters of 1 and 2.

1 2

Formula C58H54Hg2I4N2O4S4 C58H56Hg5I12N2O8S4
Formula weight 1880.05 3563.03
Temperature (K) 173(2) 173(2)
Crystal system Triclinic Triclinic
Space group P-1 P-1
Z 1 1
a (Å) 10.8122(2) 9.8757(4)
b (Å) 12.4339(3) 12.2733(5)
c (Å) 12.5499(3) 17.2275(7)
α (◦) 107.122(1) 98.794(2)
β (◦) 109.305(1) 96.499(2)
γ (◦) 99.581(1) 93.098(2)
V (Å3) 1455.21(6) 2044.87(14)
Dcalc (g/cm3) 2.145 2.893
2θmax (◦) 52.00 52.00
R1, wR2 [I > 2σ(I)] 0.0317, 0.0648 0.0717, 0.2302
R1, wR2 [all data] 0.0357, 0.0669 0.0998, 0.2538
Goodness-of-fit on F2 1.078 1.060
Independent reflections 5737 [Rint = 0.0329] 7934 [Rint = 0.0337]
Reflections collected 24044 30574

CCDC 2282620-2282621 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (accessed on 23 July 2023) (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

3. Results and Discussion
3.1. Structural Description of the Mercury(II) Complex 1

First, a colorless crystalline product 1 was obtained by slowly evaporating a mixed
solution of L and HgI2 in dichloromethane/methanol. Crystal 1 crystallizes in the tri-
clinic space group P-1 with the formula [(Hg2I4)L2] and adopts a 2:2 dimeric complex
(Figures 1 and S1, see in Supplementary Materials). The asymmetric unit of 1 contains one
ligand, one mercury atom, and two iodide ions. The cyclic dimeric structure is formed
through an inversion center. The mercury(II) center is four-coordinated, being bound to
two bridging sulfur atoms in L and two iodide atoms. The coordination geometry of Hg(II)
can be described as a see-saw (saw-horse) geometry (Figure S3 and Table S1). In 1, the bond
distances of Hg–S (Hg1-S1 is 2.8014(13) Å and Hg1-S2A is 3.0054(13) Å) are longer than the
normal range of Hg–S (2.5–2.8 Å), which is less than the sum of the van der Waals radii of
3.53 Å (Hg = 1.73, S = 1.80 Å) [35]. Meanwhile, the bond distances of Hg–I (av. 2.634 Å) are
within the normal range.

3.2. Structural Description of the Mercury(II) Complex 2

A dichloromethane solution for L was allowed to diffuse slowly to a methanol solution
of HgI2 in a capillary tube (i.d. 5 mm). The colorless crystalline product 2 was obtained
in the tube after 6 months. Crystal 2 crystallizes in the triclinic space group P-1 with
the formula [Hg2(HLox)I5]2[HgI2], composed of two exo-coordinated Hg(II) complexes
[Hg2(HLox)I5]2 and a linear [I-Hg-I] metal cluster (Figures 2a and S2). The asymmetric
unit of 2 contains one Lox, two and half Hg atoms and six iodide anions. Surprisingly,
L was oxidized in the disulfoxide form (HLox) in this condition. In particular, a hydrogen
atom was added to the nitrogen atom by charge balance. It is relevant to the above

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
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that we have previously reported the air-oxidation of sulfur donors to disulfoxides in
the macrocyclic ligands. [26,36] Due to these past examples, we conclude that HLox was
generated by air-oxidation.
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Figure 2. Crystal structure of 2, [Hg2(HLox)I5]2[HgI2]: (a) view of the three-separated parts, (b) the
pseudo-square planar geometry of the Hg(II) center in the metal cluster unit [∠I6−Hg3−I6A 180.0◦]
and (c) the intermolecular interaction between the pyridine ring and sulfoxide t[N1-H1A···O4 (blue
dashed lines): 1.863 Å; N1···O4 2.699 Å].

In the mercury(II) complex part, there are two crystallographically independent Hg(II)
atoms (Hg1 and Hg2). The Hg1 atom has a four-coordinated tetrahedral structure with
three iodine ions and one sulfoxide oxygen atom (O3) from HLox [Hg1-O3 2.499(11) Å].
Meanwhile, the Hg2 ion has a three-coordinated structure with three iodine ions [av. Hg2-I
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2.715 Å]. The coordination geometry of the Hg2 atom can be described as a distorted
trigonal planar geometry (105.97(5)-139.92(5)◦).

The linear (I−–Hg2+–I−) metal cluster in 2 is located between the two Hg(II) complexes.
The metal cluster has a weak interaction with the adjacent Hg(II) complexes, resulting in a
pseudo-square planar geometry [S2-Hg3-S2A 180◦] (Figure 2b). The distance between the
Hg3 atom and the S2 atoms in 2 is 3.553 Å, which although being less than the sum of van
der Waals radii of both ions is much higher than the usual bond length [35]. The interaction
of Hg3 and S2 atoms forms an unusual pseudo-square planar-induced mercury(II) complex
(Figure S4 and Table S2).

Besides the sulfoxidation of the ligand of 2, the ligand Lox was protonated rather than
neutral, resulting in the formation of hydrogen on the pyridine. The hydrogen stabilizes
the structure by hydrogen bonding with intramolecular sulfoxide oxygen. Due to the
intramolecular interaction, the distance between O4 and H1A is 1.863 Å, slightly shorter
than the general distance (Figure 2c) (the angle of C13-S1-C14 is 95.49◦ and the angle of
C21-S2-C22 is 101.61◦). As a result, the sulfoxide O4 has some difficulties in the formation
of coordination bonds between Hg1.

The documented sulfoxidation of L upon its complexation with mercury(II) iodide
was further validated through an IR study (Figure 3). In the IR spectrum of 2, a distinct
peak at 1006 cm−1 was identified and attributed to the stretching mode (νS=O) of the
sulfoxide group.
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3.3. Thermal Stability of 1 and 2

TGA experiments were conducted to explore the thermal stability of compounds 1
and 2, as shown in Figures S7 and S8. The samples were subjected to gradual heating at a
consistent pace of 10 ◦C per minute, starting from ambient temperature and progressing
up to 700 ◦C, all within an uninterrupted flow of nitrogen gas. The TGA curves unveiled
a slight disparity in the thermal stability between 1 and 2. The TGA profiles for both
complexes 1 and 2 demonstrate that there is no degradation of organic ligand molecules
until temperatures reach 215 ◦C and 210 ◦C, respectively, consistent with the tight, well-
packed solid-state structures. Upon further elevating the temperature to approximately
400 ◦C, decomposition of the complexes ensued.

3.4. Solution Study of the Complexation by NMR Titration

A 1H NMR titration experiment was conducted to gain further insights into the com-
plexation behavior of L in a solution state with HgI2. The experiment was performed
in a mixture of CDCl3/CD3OD (1:1), as shown in Figure 4. As HgI2 (ranging from
0 to 3.0 equiv.) was incrementally introduced to L, the signals corresponding to aliphatic
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protons (H2 and H3) experienced a downfield shift, indicating rapid ligand exchange on
the NMR time scale (Figure 4c). Notably, the downfield shifts for H2 and H3, which are
adjacent to the S donor, can be attributed to the strong binding of mercury(II) to the S
donors. Conversely, the lack of change for H1, located near the O donor, suggests no signif-
icant contribution of the O donors to the coordination with the mercury(II) center. These
findings affirm that the mercury(II) ion is primarily stabilized by the sulfur donors, and
the involvement of the −O−NPy−O− segment is minimal, aligning with the observations
in the solid state. The titration curves reveal a multi-step complexation process, yielding
two or more coexisting species depending on the mole ratio. This is a consequence of the
sulfur donors’ ability to interact with multiple mercury(II) ions as the concentration of
mercury(II) increases.
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4. Conclusions

In summary, we report the assembly and structural characterization of supramolecular
mercury(II) iodide complexes with 19-membered macrocycle (L) and the disulfoxide form
(HLox). Depending on the metalation conditions (slow evaporation and slow diffusion) with
HgI2, two exo-coordinated complexes, which show different topologies and stoichiometries,
were obtained. In particular, the slow diffusion method in the capillary tube gave an
unusual mercury(II) complex which shows three-separated parts (two exo-coordinated
complexes and a metal cluster). Also, L was oxidized in the disulfoxide form (HLox)
in this condition. The results demonstrate that different crystallization methods can be
utilized for the fabrication of emerging varieties of macrocyclic complexes with different
topologies. The significance of macrocycles in supramolecular chemistry lies in their ability
to generate large cyclic structures. The macrocycles hold a pivotal position in the realm
of supramolecular chemistry due to their unique and diverse properties such as selective
binding, host–guest chemistry, self-assembly, molecular machines, catalysis, drug design,
and so forth. We believe that because the study of giant rings in supramolecular chemistry
opens up exciting avenues for creating sophisticated functional materials, understanding
molecular recognition processes, and developing innovative technologies across various
scientific disciplines. Currently, an ongoing study is being conducted to explore these and
related systems further, along with their potential applications.
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Figure S2. Thermal ellipsoid plot (50% probability) of 2; Figure S3. Packing structure of 1, [(Hg2I4)L2]
along (a) a-axis, (b) b-axis and (c) c-axis; Figure S4. Packing structure of 2, [Hg2(HLox)I5]2[HgI2]
along (a) a-axis, (b) b-axis and (c) c-axis; Figure S5. PXRD patterns for 1; Figure S6. PXRD patterns
for 2; Figure S7. TGA curve of 1; Figure S8. TGA curve of 2; Figure S9. 1H NMR spectra of (a) L and
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