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An unsymmetrically sandwiched complex was isolated from the
reaction of O3S,-macrocycle with lead(i) perchlorate. The lead(i)
centre is bound to one macrocycle in an endocyclic (face) mode
and the other in an exocyclic (edge) mode, resulting in a di-
capped trigonal prismatic geometry. The edge-to-face sandwich
complex might be associated with the hemispherical lead(n)
coordination.

Metal-ligand interactions play a crucial role in the design and
functional control of metal complexes, metal-organic
frameworks = (MOFs), and various macromolecular
compounds. The precise regulation of such interactions
can impart unique chemical properties and reactivities,
making crown ethers and their derivatives notable for their
ability to selectively bind metal ions.">"* Crown ethers have
attracted much attention due to the preferential endocyclic
(metal-in-cavity) complexation with alkali and alkali earth
metal ions in a good fit mode."* Sometimes, crown ether-type
macrocycles form unusual stoichiometric complexes
including sandwich types with a 1:2 (metal-to-ligand) ratio,
club sandwiches (2:3) and higher-ordered ones.””™* In
general, sandwich-type complexes are formed when the cavity
is relatively small to fully accommodate the metal ion.

On the other hand, various modifications of crown ethers
including donor atoms allow new reactivities and
functionalities.>*>® Thiacrowns (or thiamacrocycles), for
example, form not only endocyclic complexes but also exocyclic
(a metal ion binds outside of the cavity) coordination products
due to the preferential exo-orientation of sulfur donors.”’**
Interestingly, the exo-coordination between sulfur donors (soft
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base) and thiaphilic metal ions (soft acid)** so often provides an
opportunity to construct diverse types of metallosupramolecules
from monomers and cyclic oligomers to polymers as reviewed
by the Lee group.**° In addition, some controllable endo- and
exo-coordination modes®”*® and their applications in preparing
Cu,l, (n = 2 or 4) clusters,* photochemical sensors*®™*® and
chiral inversion®* have been reported.

Considering the contribution of the exo-coordination, the
sandwich-type macrocyclic complexes could be extended to three
types (A-C in Scheme 1, see Fig. S1t) depending on the
combination of the endo- (face) and exo-coordination (edge).
Undoubtedly, type A (face-to-face) is the most common because
large alkali metal ions tend to form this symmetrical
sandwich.">?® Types B and C involve the edge mode, which
appears in the exo-coordinated soft metal complexes of
thiamacrocycles.**® In particular, type C (edge-to-face) complexes
are unsymmetrical because one macrocycle has most of the
donors coordinated in the same plane, while one part of the
donors in the other macrocycle participates in the coordination
environment. Thus, isolating type C complexes is challenging,
especially in a one-pot reaction.

More recently, we have reported a 17-membered O3S,-
macrocycle (L in Scheme 2) as one of the ditopic model ligands
together with its interdonor (sulfur-to-sulfur) distance-
dependent cis-palladium(n) complex and infinite one-
dimensional copper(n) complex.”*® Due to three consecutive

Scheme 1 Sandwich-type macrocyclic complexes with different
coordination modes: (a) type A (face-to-face), (b) type B (edge-to-
edge) and (c) type C (edge-to-face).
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Scheme 2 Chemical structure of a ditopic OzS,-macrocycle (L).

oxygen donors, L has a hard base nature for endo-binding with
hard or borderline metal ions (Scheme 2). Meanwhile, two
sulfur donors could act as soft bases for the exo-binding sites
with soft metal ions. In the present work, we employed the
ligand L to gain a further understanding of non-soft metal
complexations.

We have extended such sandwich-type complexes of
macrocycles with hard and soft metal ions to borderline metal
ions including lead(u) because their complexation behaviours
are important in coordination chemistry, materials science and
biological areas.*”*® Lead(m) may bind to both oxygen and sulfur
donors in L with variable coordination numbers and unusual
coordination geometries. Practically, plenty of hemidirected
lead(n) complexes involving both Pb-O and Pb-S bonds have
been reported so far.**® In this work, we have isolated an
unsymmetrically sandwiched lead(nr) complex of L with an edge-
to-face mode (type C in Scheme 1) as the first non-soft metal
species in this category. The details of our investigations are
presented below.

The O3S,-macrocycle L was prepared as described
previously.®” One-pot reaction of L in dichloromethane with
Pb(ClO,),-3H,0 in acetonitrile afforded a colourless
crystalline product 1 after slow evaporation at room
temperature (yield 32%). X-ray analysis revealed that 1
crystallises in the monoclinic space group P2,/n (Table S17).
Product 1 features a 1:2 (metal-to-ligand) complex of type
[Pb(L),(Cl0,)]C10,4-0.5CH,Cl,-0.5CH;CN that involves one
coordinated anion in the complex part (Fig. 1a). The
asymmetric unit contains one formula unit.

In 1, as shown in Fig. 1a, the complex part [Pb(L),(ClO4)]"
comprises an unsymmetrical sandwich structure in which
both endo-dentate (L) and exo-dentate (Lg) macrocycles are
bonded to the lead(u) centre in an edge-to-face mode (type C
in Scheme 1c). The lead(u) centre is eight-coordinated with
one macrocycle (L,) bound to one side of the metal ion via
the 035, donors (Pb1-S1 2.902(13), Pb1-S2 2.990(12), Pb1-O1
2.854(3), Pb1-02 2.806(3), Pb1-03 2.951(1) A). Interestingly,
the coordination sphere is completed by two exo-dentate
sulfur donors (Pb1-S3 2.902(11), Pb1-S4 3.100(12) A) from
the other macrocycle Ly in an edge mode and one perchlorate
oxygen atom (Pb1-08 2.781(9) A).

The eight-coordinated geometry of 1 can be best described
as a distorted di-capped trigonal prismatic geometry
(Fig. 1b). The trigonal faces of the prism are defined by S1-
S2-S3 and 01-02-08. One sulfur atom (S4) and one oxygen
atom (0O3) cap the corresponding rectangular faces (S1-S3-
08-01 and S2-S3-08-02). Thus, the capping bond lengths of
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Fig. 1 An unsymmetrically sandwiched lead(i1) complex, [Pb(L)>(ClO4)]
ClO4:0.5CH,CL-0.5CHsCN  (1): (a) front view, (b) coordination
environment of the lead() centre, showing a distorted di-capped
trigonal prismatic geometry, (c) side view and (d) space-filling
structure. Non-coordinated solvent molecules are omitted. Each non-
coordinated perchlorate ion in (b-d) is not shown.

Pb1-S4 (3.100(12) A) and Pb1-03 (2.951(1) A) are slightly
longer than those of other Pb1-S (2.902(11)-2.990(12) A) and
Pb1-O (2.781(9)-2.854(3) A) bonds, respectively. Similar to
the Pb-S bonds (2.902 (11)-3.100(12) A), the Pb-Ocper bond
lengths (2.806(3)-2.951(1) A) fall in the longer part of the
literature range for such bonds (2.5-2.9 A).>® The elongated
bond lengths seem to be caused by the steric hindrance
between two macrocycles. Also, these are the typical signs of
a hemidirected complex discussed in the latter part.**™*

Notably, the lead(nm) centre is located 1.00 A above the
average plane of the O3S, donors in L, with a perching
manner (Fig. 1c). In general, the perching position in the
sandwich-type macrocyclic complexes is mainly due to the
larger size of metal ions compared to the macrocyclic cavity.
In 1, however, the perching position of the lead(u) centre is
mainly caused by the exo-coordination of the macrocycle Lg
that lifts the lead(un) centre. Unlike the face-to-face mode,
which shields the metal centre effectively from anions and
solvent molecules, the edge-to-face mode in 1 allows some
open metal space between the two macrocycles
(Fig. 1c and d). Due to this reason, one ClO, ion participates
to the coordination environment (Pb1-08 2.781(9) A), with
another ClO,  ion remaining uncoordinated (Pb1---014
3.243(6) A) (Fig. 1a). The IR spectrum for 1 shows an intense
ClO,~ peak at 1045 cm ™' (Fig. S67).

As mentioned, lead(n) often shows a hemidirected
coordination sphere.**>” Indeed, the eight-coordinated
0,S, coordination environment in 1 occupies only one
hemisphere keeping the other hemisphere unoccupied except
for the lone pair electron (Fig. 2). In our previous work, the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 The hemispherical coordination mode of the eight-coordinated
lead(i) centre in 1.

assembly reactions of lead(un) and zinc(un) with a mixture of
the rod-like 1,4-bis(4-pyridyl)piperazine and V-shaped 4,4'-
sulfonyldibenzoic acid generate a polyrotaxane and a
polycatenane, respectively.’® In this case, interestingly, the
polyrotaxane formation is attributed to the hemisphere
configuration of the lead(u) centre. The Penner-Hahn and
Godwin groups reported the hemisphere coordination of
lead(u) with thiol-rich peptides, which do not induce protein
folding unlike the zinc(n)-analogue, as the origin of the lead
poisoning.*®  Considering the coordination numbers,
elongated bond lengths, anion coordination and steric
configuration, the formation of unsymmetrical sandwich-type
complex 1 might be responsible for the hemispherical
coordination of the lead(u) centre. To the best of our
knowledge, this is the first example of unsymmetrically
sandwiched macrocyclic complexes with non-soft metal ions.
When the analogue product with the soft metal ion shown in
Fig. Sict is involved, this is the second example in the Type
C category (Scheme 1c).

For the understanding of the complexation behaviours of L
with lead(n) perchlorate in solution, we attempted NMR and
ESI-mass experiments. In the 'H NMR titration, the addition of
lead(n) (0-1.7 equiv.) to L induced all of the proton peaks to
shift downfield, reflecting a stable complexation with an
exchange rate being fast on the NMR time scale (Fig. 3a and
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Fig. 3 (a) 'H NMR titration of L (1.0 x 10~ M) with lead(i) perchlorate
in CDCl3/CD3CN (v/v 1:1) and (b) titration curves for each proton in L.
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S37). The titration curves show that the magnitudes of the
chemical shifts follow the order H, > H; > H, > H; > H,,
(Fig. 3b). The larger shifts for H, and H; than those for H, and
H, indicate the more favourable binding of lead(n) to sulfur
donors than oxygens. Above 1.0 equiv., no significant chemical
shifts were observed probably due to the predominant
formation of a 1:1 product in this region.

The stability constant of the complexation was obtained by
HyperNMR software (Fig. S41).>° This complexation could not
be described using a mixed model of the 1:1 and 1:2 ratios
(metal-to-ligand). Instead, a good fit of the data with the 1:1
model yields the logK value of 5.9 + (0.5), indicating the
formation of a typical endocyclic mononuclear lead(n) complex,
unlike the crystal structure. It is not surprising that the crystal
structure differs from that in solution because of the solvation
of the lead(u) with acetonitrile, a dipolar aprotic solvent.

Alternatively, ESI-mass spectroscopy is quite sensitive in
monitoring labile or less stable supramolecules assembled in
solution. The ESI-mass spectrum of L with 1.0 equiv. of
lead(u) perchlorate was dominated by peaks for the 1:1
(metal-to-ligand) complexes such as [Pb(L)(ClO,)]" (m/z 683)
and [Pb(L)(AN),(C10,)]" (m/z 765, AN = CH;CN) (Fig. 4). In the
same spectrum, the formation of both 1:2 and 2:2
complexes is also confirmed by the peaks for [Pb(L),(ClO,)]*
(m/z 1059) and [Pb,(L),(Cl0,);]" (m/z 1465), respectively. This
result indicates that the 1:2 stoichiometric species is less
stable than in the solid state probably due to the influence of
the solvation.

In summary, an unsymmetrically sandwiched 1:2 (metal-
to-ligand) complex with an edge-to-face mode via exo/endo-
coordination was isolated from the reaction of a ditopic O3S,-
macrocycle L with lead(u) perchlorate. In its crystal structure,
the lead(n) centre in a hemisphere configuration adopts an
eight-coordinated di-capped trigonal prismatic geometry with
the elongated Pb-O and Pb-S bond distances matched to
satisfy the steric and electronic conditions required. In
solution, the mononuclear bis(macrocycle) product was
traced by ESI-mass spectroscopy but such evidence was not
observed in the "H NMR titration probably due to the
solvation effect. The knowledge of such a sandwich-type
complex is expected to provide insight into the lead(n)
coordination found in biosystems and materials.

100 [POLYCIO)
683

% 50+
[PB(L)AN)(CIO )
765

/ [PB(L),(CIO))
¥ [M1]6(59 ! [PoALYACIO)
k L 1465
400 600 800 1000 1200 1400 1600
m/z

Fig. 4 ESI-mass spectrum of a mixture of L and Pb(ClO4),-3H,0 in
CH,Cl,/CH3CN (1:1, v/v).
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