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ABSTRACT

Geometric helicity, observed in diverse architectures, can be engineered into supramolecular structures using metal coordination,
hydrogen bonding, or macromolecular constraints. The chirality arising from preferential ligand orientation around metal centers
distinguishes between homochiral helicates (all metal centers with the same chirality, A or A) and heterochiral helicates (alternating
A and A chirality). This short review article will concentrate on coordination-driven, tri-nuclear triple-stranded helicates, exploring

both homo-chiral and hetero-chiral versions.
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INTRODUCTION

For the past three decades, metal ion-mediated self-assembled
helical compounds have remained a significant area of research
[1-4]. This enduring interest stems from their potential
applications in diverse fields, including anion sensing,
luminescence, magnetism, chirality, molecular machines, guest
recognition, and DNA binding [5-8]. Additionally, achiral
meso-helical structures have shown considerable promise in
information storage and processing nanotechnology, as well
as in the development of molecular wires and switches [9].
The term “helicates” was first defined by J.-M. Lehn in 1987,
referring to a specific type of metal complex composed of one
or more ligand strands and two or more metal centers [4]. A
decade later, in 1997, Piguet et al. published a prominent
review that categorized helicates based on the number of metal
ions and ligand strands within their structures [1]. Since then,
numerous studies have explored helicate compounds featuring
various metal ions and ligand strands, highlighting their
intriguing applications [10-17]. This article focuses specifically
on tri-nuclear triple-stranded helicates including both homo-
chiral and hetero-chiral examples to illustrate the diversity of
these helical architectures [18-23].

Basics of Helicate Construction

The major challenge in helicate chemistry lies in understanding
the fundamental principles governing self-assembly processes.
Figure 1 illustrates the key principles of helicate construction.
In metal-ligand coordination helical complexes, the helical
axis is defined by the line connecting two or more metal ions.
Ligands form the strands of the helix by complexing with these
metal ions and twisting around the axis.

The three fundamental structural elements are: the metal ion, the
chelating binding site on the ligand, and the bridging unit that
connects these binding sites, coordinating different metal ions.
Metal ions typically exhibit preferred coordination geometries,
defined by their coordination number and spatial arrangement,

such as tetrahedral for Cu/Ag®, octahedral for Fe?"/Co*"/Ni*,
or coordination numbers of 8 or 9 for larger lanthanides. The
coordination preference of the metal ion is the first element of
structural control.

The second element is the ligand’s binding site, defined by
its denticity—the number of atoms that bind to the metal: 2
(bidentate) for bipyridines or catechols, 3 (tridentate) for
terpyridines, and so on. To satisfy the metal ion’s coordination
preference, the total number of atoms bound to the metal is a
crucial factor in helicate formation. For example, a tetrahedral
ion like Cu* requires two bidentate sites to form a double-
stranded helical structure [4]. Conversely, an octahedral metal
center necessitates three bidentate or two tridentate sites for
the formation of a triple or double helix, respectively [18].
Similarly, lanthanide complexes, with their higher coordination
numbers, may require three tridentate sites to achieve a triple
helix via nine-coordinate metal centers [24].

Furthermore, the bridging unit connecting the chelating groups
of the ligand strands plays a vital role in helical structure
formation. Ideally, the bridging unit should be flexible enough to
allow the ligand to wrap around the helical axis, yet sufficiently
rigid to prevent the second binding site from coordinating the
first metal and to ensure the transfer of helical chirality between
adjacent metal centers. These three structural elements can be
systematically varied through synthetic design to control the
formation of desired helical structures.
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Figure 1: Structural components of helical complexes,
highlighting one ligand strand.

UNDERSTANDING HELICATE CHIRALITY

In coordination chemistry, the concept of helicity has roots
tracing back to the early development of Alfred Werner’s
coordination theory. For example, the 1,2-diaminoethane
(en) ligands in [Co(en),]*" can twist either clockwise (A) or
anticlockwise (A) around the complex’s C3 symmetry axis
[25]. Consequently, the chirality of helicates arises from the
helical wrapping of ligands around metal centers.

Dinuclear helicates are classified into two types based on the
chirality at the metal centers. Firstly, homochiral helicates
exhibit the same configuration (either A or A) at both metal
centers [26-28]. Secondly, heterochiral helicates, where the
metal centers alternate between A and A configurations are also
possible [29-31]. These heterochiral arrangements, possessing
a mirror plane at the helicate’s center, result in achiral meso-
forms, known as meso-helicates or mesocates. Therefore, the
deliberate formation of helicate structures with ligands helically
wrapped around homochiral (A or A) metal ions requires careful
selection of bridging ligands and metal ions. Conversely, side-
by-side binding of ligands around metal centers with opposite
chirality (A and A) yields achiral mesocate structures.

Extending dinuclear helicates to trinuclear forms yields two
distinct types. Firstly, homochiral helicates (AAA or AAA)
result from a continued helical wrapping of the ligand strand
along the helical axis as shown in figure 2(a) [18-19]. Secondly,
adding a metal center to a dinuclear mesocate can produce a
trinuclear helicate with alternating A and A chirality (AAA or
AAA) figure 2(b) [20-23]. This odd number of metal centers
renders the overall complex chiral. However, in these cases,
the ligands adopt a parallel, zigzag binding mode rather than
a helical wrap, leading to their classification as side-by-side
helicates.

It’s important to note that when the ligand strand lacks chiral
centers, homochiral helicates typically form as a racemic
mixture of enantiomers (e.g., a 1:1 mixture of AAA and
AAN helicates). Nevertheless, spontaneous resolution during
crystallization can sometimes yield a single helical isomer.

Alternatively, introducing chiral substituents onto the ligand
provides a reliable method for synthesizing specific chiral
helicates (AAA or AAA).

|
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Figure 2: Pictorial representation of Homo-chiral (a) and
Hetero-chiral (b) helicates.

Homo-chiral Tri-nuclear Triple-stranded (M,L,) Helicate:
Researchers have included a number of trinuclear triple stranded
helicates in the literature [1, 18-23]. In this context, one of the
early example is the tris(bypridine) ligand L1, introduced by
Lehn in 1998 (Figure 3) [18]. This ligand forms trinuclear triple
stranded helicates with Ni?* and Fe*'. The corresponding helical
Ni?" complex [Ni3L13]%+ crystallizes with separation of the
enantiomeric helices and was structurally characterized. The
complex [Ni3L13]% consists of three ligand strands wrapped
around three Ni(Il) ions, forming a trinuclear triple-helical
structure, as depicted in Figure 3.

[Ni(L1);]%

Figure 3: Representation of ligand L1 and single crystal
X-ray structure of tri-nuclear triple stranded helicate
[Ni,L1,]° with ligand L1.
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In recent times, Giitz et al. prepared a tris(bipyridine) ligand,
L2, featuring two BINOL (2,2’-dihydroxy-1,1’-binaphthyl)
units, which act as stereogenic centers [19]. This ligand
was synthesized in two enantiomerically pure forms. When
coordinated with iron(II) ions, the (P,P)-L2 enantiomer
undergoes a completely diastereoselective self-assembly
process, yielding a D3-symmetric (A,A,A)-triple-stranded
trinuclear helicate (Figure 4). Similarly, the (M,M)-L2
enantiomer forms the corresponding (A,A,A) helicate.

Figure 4: Representation of ligand L2 and single crystal
X-ray structure of tri-nuclear triple stranded helicate
[Ni3L23]% with ligand L2.

Hetero-chiral Tri-nuclear Triple-stranded (M,L,) Helicate:

Although trinuclear helicates are well-represented in the
literature, the occurrence of side-by-side ligand binding,
characterized by alternating A and A chirality at the metal
centers, is rare. Consequently, only a small number of trinuclear
triple-stranded helicates displaying this specific structural motif
have been reported.

In 2001, Reedijk and co-workers reported the first example of
a trinuclear triple-stranded side-by-side helicate [20]. This was
achieved using an oxo-donor pentadentate ligand L3 reacting
with Mn?" ions (Figure 5). The three Mn?* ions along the helical
axis exhibited alternating A and A chirality, resulting in a racemic
mixture of AAA and AAA isomers within the same crystal space
group. Subsequently, in 2009, Pardo et al. demonstrated side-
by-side binding of three nonplanar C -symmetric tris(bidentate)
ligands L4 around three octahedral Co®" ions [21]. This also
yielded a racemic mixture of heterochiral trinuclear triple-
stranded side-by-side helicates with alternating AAA and AAA
chiralities (Figure 5).

Ghosh and co-workers recently synthesized a linear hybrid tris-
bidentate neutral ligand (20) featuring 2,2’-bipyridine and two
terminal triazolyl pyridine chelating units, linked by a methylene
spacer. This ligand facilitated the formation of a series of
trinuclear triple-stranded homometallic side-by-side helicates
with Fe**, Zn**, Cu®', and Ni*" ions (Figure 5) [22-23]. Notably,
they also reported the first examples of heterometallic trinuclear
triple-stranded side-by-side helicates. The ligand exhibited
self-sorting behavior, selectively forming [Fe,Zn(L5),](OTf),
and [Cu,Zn(L5),](OTf), when exposed to the respective metal

ion combinations. In both homometallic and heterometallic
cases, the helicates formed as 1:1 enantiomeric pairs, resulting
in overall achiral structures.

ML)
M= Fe?*/ Zn?* | Cu?*/ Ni?*

Coy(Ld);

Figure 5: Representation of ligand L3, L4 and L5 and single
crystal X-ray structure of tri-nuclear triple stranded side-by-
side helicate [Co3L43] with ligand L4 and [Fe,L5,]°" with
ligand LS.

CONCLUSIONS

This article reviews the structural features of trinuclear
triple-stranded helicates, encompassing both homochiral and
heterochiral examples. Notably, heterochiral helicates of this
type are significantly less prevalent than their homochiral
counterparts, with only four reported instances. The formation
of these helicates is dictated by steric interactions between
ligand strands, the geometric properties of the ligands and metal
ions, and non-covalent interactions like hydrogen bonding and
n-n stacking. These factors are crucial considerations in the
design and synthesis of novel helicates. Manipulating these
parameters offers a pathway to innovative helical architectures
and the modulation of helicity.
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