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Preface

My journey with metallacrowns began over 20 years ago. As many may know, Vince
Pecoraro was my Ph.D. advisor. It all started one fateful day in the fall of 2000 as
I sat in Vince’s office as he rotated structures of these fascinating molecules on his
computer screen and explained their properties. As a first-semester graduate student,
I did not know much about coordination chemistry, but I was mesmerized by the fact
that these molecules could self-assemble in a solution like Lego bricks. While I had
not officially joined the research group at that point, I was hooked on metallacrowns.
I completed my interviews with the other inorganic chemistry faculty members,
but there was no doubt in my mind which group I wanted to join. In January of
2001, I officially joined Vince’s group and started down this path exploring these
metallamacrocycles.

Since my graduate school days, I have enjoyed watching the field grow as more
and more scientists investigate these captivating molecules. In the early 2000s, there
were other groups beyond our group investigating metallacrowns, though not as many
as today. Two groups from the early 2000s stand out in my memory for their excellent
contributions to the field—Prof. Dimitris Kessissoglou at the Aristotle University of
Thessaloniki and Prof. Francesco Dallavalle at the University of Parma. While I was
a graduate student, I had the honor of working with Prof. Kessissoglou on several
different metallacrowns including an Mn26 metallacryptate. He and his group helped
jumpstart my research concerning the magnetic properties of metallacrowns. Then
in 2015, I had the pleasure of meeting Prof. Dallavalle while I was visiting Matteo
Tegoni at the University of Parma. From those graduate school days, I can also
vividly recall a little piece of paper that resided in Vince’s lab. On one of the student
cubicles, a sign was taped to a bookshelf that read “Metallacrowns—The Wave of the
Future”. Lab lore was that Brian Gibney, one of the first graduate students to work
on the MC project, had placed the sign in the lab. [Brian is also involved in another
piece of lab lore that involves the year 2056, but you will have to ask him about
that one the next time you see him!] While I was in the lab, the graduate students
and postdocs often joked about that little sign, but it also a bit of inspiration for the
metallacrown people to try to take these molecules and find interesting applications.
Personally, I also felt the MC project was a little underappreciated compared to
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Vince’s other projects, especially the manganese project that explored the chemistry
of Photosystem II. While my fellow lab members and I were not competitive with
each other and the lab was a supportive atmosphere, I always had a little “chip on my
shoulder” to prove that MCs were better and deserved more recognition. Thus, it has
been exciting to watch the field expand beyond just a handful of research groups to a
multitude of groups that spans the globe. It has been satisfying to see the applications
and properties of metallacrowns grow and diversify.

The aim of this volume on metallacrown chemistry is to highlight the inter-
esting work being pursued by a variety of research groups and to provide inspiration
for future explorations into this wonderful field. Schneider and Pecoraro begin the
volume by focusing on the host–guest properties of archetypal metallacrowns, in
particular, 12-MC-4 and 15-MC-5 complexes, and how these interactions could lead
to applications such as molecular sensing and catalysis. Melegari and Tegoni then
discuss the NMR characterization of metallacrowns and how the technique can be
used to study the solution behavior of these complexes. Next, Ostrowska, Fritsky,
and Gumienna-Kontecka examine the thermodynamic behavior of nickel, copper,
and zinc metallacrowns and compare the solid state and solution behavior of these
complexes. Following, Głuszyńska and Juskowiak explore the binding affinity of
metallacrowns to various forms of DNA and discuss the analytical techniques needed
to characterize these interactions. Boron then details the advancement of magnetic
applications of metallacrowns including the area of single-molecule magnetism and
how the MC scaffold can be used to systematically alter the magnetic behavior of the
molecules. Next, Jones focuses on nonarchetypal metallacrowns in particular molec-
ular wheels, 12-metallacrown-3 complexes, and inverse crown ether complexes, and
explores the host–guest properties of each structure type. Following, Katkova and
Ketkov describe several water-soluble lanthanide-copper 15-metallacrown-5 systems
and their potential applications such as magnetic resonance imaging agents. Yang,
Dou, and Song then discuss the use of iron, cobalt, and nickel metallacrowns as cata-
lysts for water oxidation and carbon dioxide reduction. Lastly, Lutter and I examine
the recent renaissance in the use of main group elements as the ring metal for metal-
lacrowns. We highlight gallium-lanthanide MCs and their luminescent properties.
As the topics of this volume indicate, indeed metallacrowns will one day fulfill their
destiny and become that “wave of the future”.

Shippensburg, USA Curtis M. Zaleski
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Host–Guest Chemistry of Metallacrowns

Bernadette L. Schneider and Vincent L. Pecoraro

Abstract Host–guest chemistry emerged as a field in the late 1960s beginning in
the context of organic hosts with simple alkali metallic guests and soon expanding
to more complex guests. By the 1980s metallic analogs had been developed that
exhibited similar structures and interactions, but often boasted higher affinities for
molecular recognition. In this article, we will describe the relationship of metal-
lacrowns (MCs) to their organic counterparts, and discuss the importance of both
ring metals and central metals for these metallic complexes to utilize noncovalent
interactions to build up chemical systems of greater complexity. The focus will be on
the subsets of metallacrowns known as 12-MC-4s and 15-MC-5s that bear selective
recognition properties, including particular examples given for MCs with mono- and
dicarboxylate guests to illustrate the selectivity of these systems. Recent efforts to
develop a deeper understanding of host–guest dynamics in solution and in the solid
state can inform the thoughtful design of these systems with molecular sensing,
materials design, or catalytic goals in mind.

1 Molecular Recognition in Macrocycles

Molecular recognition as a concept has co-evolved with the field of host–guest
chemistry as scientists have advanced in understanding the noncovalent interac-
tions that can lead to the formation of a multimolecular complex. Molecular recog-
nition events are ubiquitous in nature with examples such as substrate binding to
an enzyme or chemical stimulus at a cell to propagate a biological signal. Such
molecular docking events are often driven by selective binding of a compatible
chemical motif facilitated by factors such as hydrogen bonding, coordinative or
dative bonding, hydrophobic interactions, or other thermodynamic factors [1, 2]. For
molecular recognition between species, compatibility in size, shape, and chemical
properties are typically found to be important criteria.

B. L. Schneider · V. L. Pecoraro (B)
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1.1 Organic Recognition Agents

Since the development of crown ethers by Charles Pedersen in 1967 [3–5], a multitude
of articles have been published on synthetic organic molecular recognition agents,
e.g., cryptands, calixarenes, cucurbiturils, cyclodextrins, etc. (Fig. 1), demonstrating
their utility in fields such as analytical sensing, phase transfer and extraction, and
drug formulation [6]. Early on, Pedersen found crown ethers could selectively bind
alkali or alkaline earth metal cations via dative bonds to the oxygens of the ring under
ambient conditions, and that the stability of the metal within the cavity was heavily
influenced by the comparative radii of the hole of the polyether ring vs the metal
ion [5, 7, 8]. Further studies revealed that complexation was strongly driven by the
desolvation energy of the target cation, which led certain monovalent cations such as
potassium to have a higher affinity than smaller or more highly charged cations [9,
10]. With cavity radius estimates of 12-crown-4 (12-C-4) ranging around 1.2–1.5 Å
[11], 12-C-4 is selective primarily for the alkali metal cations [12, 13]. However, if
the size of the metal is larger than the size of the cavity, it will sit atop the crown in a
pyramidal geometry as in Li+(NCS−)[dibenzo-12-C-4], with Li+ lying 0.95 Å above
the mean plane of the crown oxygens [14] (Fig. 2), or form a sandwich complex with

Fig. 1 A few examples of organic macrocycles and cavitands used as molecular hosts
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Fig. 2 Structure of
[Li(dibenzo-12-crown-
4)]SCN. Adapted with
permission from Buchanan,
G.W., Kirby, R.A., Charland,
J.P., Ratcliffe, C.I.: J. Org.
Chem. 56, 203–212 (1991).
Copyright 1991 American
Chemical Society [14]

Fig. 3 Structure of
[Na(12-crown-4)2]ClO4,
with uncoordinated
perchlorate anion not shown.
Adapted with permission of
the International Union of
Crystallography [15]

an eight-coordinate alkali metal, for example, the bis(12-C-4) sodium perchlorate
(Fig. 3) [15].

A variety of other molecular recognition agent types have been developed,
including aza- and thiacrown ethers, lariat ethers, and cryptands. The diversifica-
tion of the functional groups in the molecular recognition repertoire broadens the
selective recognition capabilities beyond the alkali and alkaline earth metals. In
the case of azacrowns and thiacrowns, at least one nitrogen or sulfur, respectively,
substitutes for the oxygen of the ring of crown ethers. Replacing the harder oxygen
donor atoms with softer nitrogen or sulfur heteroatoms facilitates the complexation of
more polarizable ions. Nitrogen, since it is less electronegative, has a more available
lone pair than oxygen making aza-macrocycles more compatible with binding many
transition metals [16], whereas sulfur is particularly polarizable, enabling thiacrown
sequestration of soft chalcophilic ions, such as Hg2+, Pb2+, Cd2+, and Ag+ [17].

Meanwhile, both lariat ethers and cryptands form a three-dimensional cavity that
enhances the entropic favorability of encapsulating ions by enabling greater desol-
vation of the ion. Lariat ethers include one or more pendant arms onto a macrocycle,
providing a conformationally mobile axial coordination site that enhances binding
capability [18, 19]. Appending the arm at the nitrogen of an azacrown (nitrogen-pivot
class of lariat ethers) provides better flexibility for the arm to reach the axial site of a
metal ion, as opposed to when the arm branches from a carbon (carbon-pivot), which
is limited by the geometry at the carbon. If the branch ends in an ionized group such
as a carboxylate, counterions become unnecessary for extraction of metal ions into an
organic phase, in particular enabling sequestration of more highly charged species.
Cryptands consist of one or more coordinating bridges across a macrocycle to form
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a pre-organized polycyclic cavity. Cation binding occurs tightly in the crypt of the
typically bis- or tris-macrocycle, which can then strongly attract anionic agents for
ion transport or transfer of a cation/anion pair into an organic phase, with binding
affinities higher than those of simple macrocycles [20, 21]. By moving to these more
highly coordinating or chemically more diverse ligands, the range of ions that may
be sequestered expands to transition ions and lanthanides, which were originally
difficult to recognize with simple crown ethers. Factors affecting the complexation
phenomena demonstrated by these various coordinating agents include the compar-
ative size of the cavity and cation, ligand flexibility, configuration, and the number
and type of donor atoms, as well as energies of solvation of the ligand, cation, and
complex.

1.2 Metallacrowns

Discoveries of metallomacrocyclic complexes such as metallacrowns (MCs), with
self-assembly driven by coordination at metal centers, soon led to investigations of
their capacity as molecular hosts, as well as for various applications such as catalysis,
sensing, and adsorption [22–24]. Metallacrowns in particular have proven capable
of similar, rapid ion recognition chemistry as their organic cousins, the crown ethers,
with stability far exceeding that of the organic crowns [25–27]. The characteristic
metal–nitrogen–oxygen repeat unit of metallacrowns provides an analogous plat-
form to the crown ether’s carbon–carbon–oxygen motif for binding of a central
ion within the pore of the macrocycle, with the selective recognition capabilities of
metallacrowns surpassing their organic analogs (Fig. 4) [26].

1.2.1 Metallacrown Structure

Three characteristics of macrocyclic metal binding often used to draw comparisons
between structures are cavity size, the distance between adjacent chelate atoms, also
described as bite distance, and the distance of the bound ion to the plane formed by
the ethereal or oxime oxygens of the ring. Table 1, originally compiled by Gibney
et al. [28] and here updated with a few additional relevant structures, compares
these parameters for some of the earliest MCs and macrocyclic analogs. The cavity
radii, usually indicating the space available within the macrocycle that is not taken
up by the radii of donor atoms, are often used as comparisons from one molecular
structure to another. However, this approach has a wide range of values depending
on assumptions that are made for the oxygen or nitrogen radii, how the orientation
of these atoms is defined, and the specific geometries in question. Thus, one needs to
recognize that there is a range of uncertainty in the values when comparing between
structures. That being acknowledged, these measurements can still provide useful
comparative information.
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Fig. 4 Comparison of tri-, tetra-, and penta-dentate crown ether, metallacrown, and porphyrin-
based macrocycles

The smallest crown ether, 9-crown-3 (9-C-3), is found vacant, as the cavity size
of 0.25 Å is too small to bind any except the smallest metals. The analogous 9-MC-
3 made with VO3+ ions and salicylhydroximate (shi) mimics the conformation of
the 9-C-3 and is also found vacant [42]. By moving to Fe3+ ring metals, important
differences are observed. The three oxygens of the ring form a cofacial coordination
environment for an octahedral central metal. Additionally, the ring Fe3+ ions have
an open coordination site (that is occupied by oxygen on VO3+ ions). Bridging
acetates are able to fill the open coordination sites on both the central and the ring
Fe3+ ions, stabilizing the structure [34, 43]. Notably, the cavity size of the iron and
vanadium-based 9-MC-3 s at 0.25 Å and 0.35 Å, respectively, are equivalent or very
similar when compared to the 9-C-3 parent. Similarly in 12-MC-4, the structural
comparison indicates that although the ring metals of 12-MC-4 are larger in radius
than the corresponding crown’s carbons, the pore size of 12-MC-4 to 12-C-4 is again
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similar, at 0.5 Å vs 0.6 Å, respectively, observed for the multivalent Mn(OAc)2[12-
MCMn(III)N(shi)-4] [29, 35]. Longer M–N and M–O bond distances within the MC ring
are compensated by a decrease in the M–N–O bond angles at the ring metal so that a
similar cavity radius is maintained, as compared to crown ether, which is constrained
by the tetrahedral geometry of carbons. A distinction from crown ethers is observed in
the chelate rings formed by coordination to the central ion, which are often planar in
metallacrowns but exhibit significant torsion in crown ethers due to the hybridization
found around sp3 carbon atoms. Coordinating bridges like the carboxylates observed
in Fe(OAc)3[9-MCFe(III)N(shi)-3] and Mn(OAc)2[12-MCMn(III)N(shi)-4] and other MC
species are reminiscent of the arms of lariat ethers that sport carboxylate functional
groups. With minimal synthetic investment, the additional coordinating capacity
increases the desolvation of guests and stabilizes the binding of higher valent ions
or guests to rings that have small pore sizes. Another example where the bridging
ligands are critical is Fe(SO4)2[12-MCFe(III)N(shi)-4]−, bridged by sulfates in which
the central Fe3+ fits snugly within the plane of the MC, a conformation that is rare
among 12-MC-4 macrocycles [43, 44].

Considering the components involved in molecular recognition, the deprotonated
hydroximate ligands become formally neutral when bound as part of the [M–N–O]n

ring, however, when they are considered within the context of the full structure,
partial negative charge spills from the oxime oxygen to interact with the central
metal. In contrast, crown ethers with ethereal oxygens are fully innocent, neutral
ligands, resulting in cation binding from simple Lewis adducts. The electron density
at the oxygens in traditional MCs, therefore, can be considered to contribute to the
strength of transition metal binding. Evidence of the MC’s stronger pull on the guest
cation manifests in a sandwich complex consisting of a [12-MCZn(II)N(quinHA)-4] plus
a 12-C-4 unit sharing a Dy3+ ion between them, which shows the Dy–O distances
are over 0.2 Å shorter to the metallacrown than to the crown ether (Fig. 5).

Fig. 5 Side and top images of the crystal structure of DyZn4(quinHA)4(12-crown-4)(py)4. Crown
is displayed oriented on top of the metallacrown. Coordinated pyridine (py) ligands are displayed as
thin lines. Reprinted with permission: Joseph M. Jankolovits, Dissertation, University of Michigan,
2012 [45]
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While conventional crown ethers can only bind cationic species, anion recognition
can be achieved within the central cavity of the metallamacrocycle by inverting the
atom connectivity to direct the metal toward the center of the cavity instead of the
oxygen. These “inverse metallacrowns”, first recognized in the assembly of the ligand
bis(2-pyridyl) ketone oxime (Hpko) and Zn2+, can then bind anionic species tightly
within the central cavity [46]. Aza-metallacrowns, where the repeating unit of the ring
is metal–nitrogen–nitrogen, are another variation on the metallamacrocyclic concept,
several of which have also been shown to bind anions within the center, similarly
termed as “inverse aza-metallacrowns” [47–50]. These are often assembled from
pyrazole or triazole ligands.

An additional variation on the metallacrown archetype comes through the forma-
tion of metallacryptate structures, found with both anion and cation binding,
from similar ligands and metals that form metallacrowns. For example, a metal-
lacryptate was synthesized from bis-(2-pyridyl) ketone that converted in situ to 2,2’-
dipyridylketonediolate (pdol2−) with Mn2+ in alkaline methanol and was character-
ized as a single-molecule magnet [51, 52]. The metallacryptand housing (a three-
dimensional version of a metallacrown) is comprised of four Mn2+ and six Mn3+

and 12 pdol2− that stores an Mn-oxide core of 16 Mn3+ ions (Fig. 6). Other metal-
lacryptates may be formed with shi3−-based ligands that are also common with metal-
lacrowns. An Mn2+/Mn3+ example with pyridyl functionalized shi forms crystalline
porous structures that were characterized for gas adsorption [53]. Several shi-based
metallacryptates of structure type [3.3.1] with an encapsulated lanthanide (Ln) and
stoichiometry LnM6L9 have been synthesized, including an example with Ga3+ as
ring metal that exhibits luminescence [54], and a family of LnFe6(shiH)3(shi)6 metal-
lacryptates, which were characterized for their magnetic properties, with the Dy3+

Fig. 6 a Structure of the metallacryptate, [MnII
4MnIII

22(pdol)12(μ2-OCH3)12(μ3-O)10(μ4-
O)6(N3)6]+, containing a manganese-oxide core of 16 Mn3+ ions. b The tricyclic metallacryptand
macrocycle is emphasized with its inner core removed. Adapted with permission from John Wiley &
Sons [51]
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analog behaving as a single-molecule magnet [55]. Several species of the analogous
Al3+ metallacryptate have also been characterized [56, 57].

1.2.2 Metallacrown Reactivity

An important feature of the analogy of metallacrowns to crown ethers is the ability to
convert one species of metallacrown, e.g., M(12-MCM(III)N(L)-4), into another species,
M’(12-MCM(III)N(L)-4), by displacing the central metal. This capability was quickly
demonstrated in 1991 when (NaCl)2[12-MCMn(III)N(shi)-4] was shown to convert to
Mn(OAc)2[12-MCMn(III)N(shi)-4] in DMF by addition of Mn(OAc)2 (Fig. 7) [25].

Fig. 7 Single-crystal X-ray structures of previously reported MmXn[12-MCMn(III)N(shi)-4]
compounds (side views): a Na2Cl2[12-MCMn(III)N(shi)-4] [28]; b K2Br2[12-MCMn(III)N(shi)-4] [28];
c Mn(OAc)2[12-MCMn(III)N(shi)-4] [35]; d Ca(benzoate)4 [12-MCMn(III)N(shi)-4]2− [59]. Hydrogen
atoms, lattice countercations, and lattice solvent molecules have been omitted for clarity. Reprinted
with permission from Azar, M.R., Boron, T.T., Lutter, J.C., Daly, C.I., Zegalia, K.A., Nimthong, R.,
Ferrence, G.M., Zeller, M., Kampf, J.W., Pecoraro, V.L., Zaleski, C.M.: Inorg. Chem. 53, 1729–1742
(2014). Copyright 2014 American Chemical Society [60]
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Establishing the capability to replace the central alkali or transition metal facili-
tated a great diversification in metallacrown structures. As compared to the analo-
gous organic 12-crown-4, 12-MC-4 structures are notably more versatile at guest
recognition, recognizing transition metals and rare earths as well as alkali metals.
Experiments with substitution of alkali and transition metal salts with Mn+[12-
MCMn(III)N(shi)-4]n+ provided evidence that MC recognition preferred cation/anion
pairs rather than simply cations or anions. That is to say, structures favored a halide
or pseudohalide counter ion (e.g., chloride, thiocyanide) when an alkali metal was
bound, but a carboxylate (e.g., acetate) when manganese was bound [25, 58]. Other
small MCs have similarly shown cation/anion pair selectivity and have been observed
to stabilize reactive species [27].

In contrast to the organic crowns and metallacrowns, nature’s arguably most
famous macrocycle, the porphyrin, has a notoriously slow reaction of metal incorpo-
ration into the macrocycle [61, 62]. In nature, the incorporation of the metal into the
porphyrin ring is mediated by chelatase, a chaperone protein [63–65]. When these
compounds are synthetically produced, the metalation step often requires elevated
temperatures, long reaction times, large excess of metal reagent, or catalytic condi-
tions to incorporate the metal in the ring [66, 67]. Additionally, porphyrin ligands
are noninnocent and affect the oxidation state of the bound metal. As a result, tran-
sition metal binding to a porphyrin typically has exceptionally high stability [68,
69], and thus, the interaction traditionally is not described as host–guest chemistry.
Four-coordinate porphyrins typically prefer transition metals since the pore size is
too small for large metals.

1.3 Binding Larger Metals

Enhanced stability with size matching of the radii of the ring cavity and central metal’s
ionic radius is a unifying thread across macrocycles. Thus, larger macrocycles are
typically required for the lanthanides, actinides, and other large main block metals,
and the modest change in ionic radius caused by the lanthanide contraction across the
period can implicate subtle differences in complex stability. Moreover, the orientation
and symmetry of axially coordinated anions can influence the various structures that
have been observed. While 15-crown-5 still favors the smaller alkali ions, the larger
18-crown-6 is of suitable size to selectively bind lanthanides; however, its binding
conformation wraps the crown around the ion (Fig. 8) [70]. In order to achieve high
kinetic stability with large metals bound to a planar porphyrin-based macrocycle,
Jonathan Sessler devised an expanded porphyrin, named texaphyrins, synthesized via
an easily accessible Schiff base condensation (Fig. 9) [38, 71–73]. These texaphyrins
tend to have greater stability with larger lanthanides, thanks to the larger radius of
the central cavity. Expanding the metallacrown ring from 12-MC-4 to 15-MC-5 is
analogous to the expansion from the tetra-dentate porphyrin to the penta-dentate
texaphyrin (Fig. 4).
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Fig. 8 Representations of
the Ln(H2O)3[18-crown-
6](ClO4)3 complexes with
Ln=Tb3+ (1), Dy3+ (2), Er3+

(3), and Yb3+ (4), illustrating
the wrapped conformation of
the 18-crown-6 macrocycle
around the central ion.
Reprinted with permission
from Maxwell, L., Amoza,
M., Ruiz, E.: Inorg. Chem.
57, 13,225–13,234 (2018).
Copyright 2018 American
Chemical Society [70]

Like texaphyrin, MCs exhibit size preferences for matching the ring size to
the central metal within the lanthanide series. With respect to the 12-MC-4s, the
heterotrimetallic LnIIINaI(OAc)4[12-MCMn(III)N(shi)-4] structures only formed where
Ln was Pr3+ through Yb3+ [60]. These exhibit lanthanide and sodium binding to
opposite faces with four acetates bridging the lanthanide to the ring Mn3+. The larger
lanthanides of this series cause the MC to have increased doming away from the
lanthanide and increased cavity size (MC cavity radius range is 0.58–0.54 Å; Ln
crystal radius is 1.15–1.03 Å; the distance of Ln to ring oxime oxygen mean plane
is 1.70–1.55 Å) (Fig. 10). La, Ce, and Lu variants of the LnIII[12-MCMn(III)N(shi)-
4]3+ do not form, instead yield crystals of the di-sodium species Na2(OAc)2[12-
MCMn(III)N(shi)-4]. The inability to form 12-MC-4 s with the largest and smallest
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Fig. 9 Crystal structure of the water-soluble [Gd(NO3)(CH3OH)2(Texaphyrin-T1)]+. The
structure illustrates the nine-coordinate Gd and planarity of the texaphyrin ring. Hydrogen, unco-
ordinated solvent molecules, and counter anions are omitted for clarity. (Texaphyrin-T1) = 4,5-
Diethyl-10,23-dimethyl-9,24-bis(3-hydroxypropyl)-16,17-(3-hydroxypropyloxy)-13,20,25,26,27-
pentaazapentacyclo[20.2.1.13,6.18, 11.014,19]-heptacosa-1,3,5,7,9,11(27),12,14,16,18,
20,22(25), 23-tridecane. Adapted with permission from the supporting material of Sessler,
J.L., Mody, T.D., Hemmi, G.W., Lynch, V.: Inorg. Chem. 32, 3175–3187 (1993). Copyright 1993
American Chemical Society [38]

Fig. 10 Single-crystal X-ray structure of PrIIINaI(OAc)4[12-MCMn(III)N(shi)-4](H2O)4·6DMF: a
top view and b side view. All atoms comprising the MC ring are labeled in part a, and only the
metal atoms are labeled in part b. Hydrogen atoms and the lattice solvent molecules have been
omitted for clarity. Reprinted with permission from Azar, M.R., Boron, T.T., Lutter, J.C., Daly, C.I.,
Zegalia, K.A., Nimthong, R., Ferrence, G.M., Zeller, M., Kampf, J.W., Pecoraro, V.L., Zaleski,
C.M.: Inorg. Chem. 53, 1729–1742 (2014). Copyright 2014 American Chemical Society [60]



14 B. L. Schneider and V. L. Pecoraro

lanthanides indicates the limits of the motif’s compatibility of host pore size with
guest radius.

With the 15-MC-5 motif, the central lanthanides of the series of nitrate salts of
(LnIII[15-MCCu(II)N(L)-5])3+ can effectively sit within the plane of the macrocycle
instead of resting atop a pyramidal structure. With L = picoline hydroxamic acid
(picHA), the nine-coordinate Eu ion (1.13 Å) matches closely the radius of the cavity
(1.17 Å) and is observed to fit snugly within the MC, with a slight curvature of the
MC plane (induced by preferential solvent binding to one face) (Fig. 11) [36]. With L
= L-phenylalanine hydroxamic acid (pheHA), displacement from the oxime oxygen
mean plane for various polymorphs (Ln = La3+–Tm3+) ranges from 0.68 to 0.19 Å
[74]. Additionally, the higher stability of the larger lanthanides within the (LnIII[15-
MCCu(II)N(L)-5])3+ series is supported by the observation that the 15-MC-5s with the
smallest lanthanides, i.e., Er3+ and beyond, are difficult to isolate in the solid state
[74, 75]. 15-MC-5s have been synthesized with various metals indiscriminate of
oxidation state including lanthanides, Y3+, UO2

2+, Pb2+, Hg2+, Ca2+, Na+, and Ag+,
as has been summarized in a review by Tegoni and Remelli [76].

Fig. 11 Crystallographic
diagram of Eu(NO3)3[15-
MCCu(II)N(picHA)-5], top and
side views. Eu is observed
lying within the plane of the
15-MC-5. Reprinted with
permission from Stemmler,
A.J., Kampf, J.W., Kirk,
M.L., Atasi, B.H., Pecoraro,
V.L.: Inorg. Chem. 38,
2807–2817 (1999).
Copyright 1999 American
Chemical Society [36]
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2 Building up Systems of Greater Complexity

The versatility of hydroxamic acid ligands in coordination chemistry means that
various metals can be utilized in the MC ring. Many recent studies have targeted
the formation of optically transparent MCs as candidates for luminescent biological
imaging, through the use of Ga3+ or Zn2+ in the ring. Similar lanthanide encap-
sulation as that observed with Mn3+-based MCs was obtained using Ga3+ in the
LnIIINaI(OAc)4[12-MCGa(III)N(shi)-4] series (Fig. 12b). The smaller lanthanides are
again favored in crystal structures, in particular, Sm3+ through Yb3+ [77]. The ring
of these heterotrimetallic Ga3+-based MCs were found to be of similar planarity as
mixed valent MnII(OAc)2[12-MCMn(III)N(shi)-4] and slightly more planar than their
LnIIIMI(benzoate)4[12-MCMn(III)N(shi)-4] counterparts.

“Double-decker” MC complexes, sometimes abbreviated by their stoichiometry
Mn+

xGa8L8L’4, may be formed by two [12-MCGa(III)N(shi)-4] rings both chelating to
an octa-dentate Na+ or Ln3+ (Ln = Pr–Yb) and bridged by four hydroxide anions
(Fig. 12a and d) [78–80]. Sometimes these complexes are also characterized as
metallacryptates due to the encapsulation of a guest ion between two rings. These
compounds were observed to remain intact in solutions with some exchange of the
bridging OH− groups for CH3O−. Larger Ga8 complexes may be achieved by incor-
porating bifunctional isophthalate2− anions as bridges across two [12-MCGa(III)N(shi)-
4] rings, each ring chelating an Ln3+ and an Na+ for charge balance (Fig. 12c)
[81]. The bridges on this Ga8 compound are quite stable against breaking up to

Fig. 12 Side (left) and top-down (right) views of some “double-decker” Ga3+/shi MCs based
on the 12-MC-4 motif. a [Na3Ga8(shi)8(OH)4] [78]. b [DyGa4(shi)4(benzoate)4] [77]. c
[Dy2Ga8(shi)8(isophthalate)4] [81]. (d) [NdGa8(shi)8(OH)4] [80]. Solvents of crystallization,
nonintegral counter ions, and hydrogen atoms have been omitted for clarity. Color code: Ga, orange;
Na, violet; Ln, teal; O, red; N, blue; C, grey. Reprinted with permission from Salerno, E.V., Eliseeva,
S.V., Schneider, B.L., Kampf, J.W., Petoud, S., Pecoraro, V.L.: J Phys Chem A. 124, 10,550–10,564
(2020). Copyright 2020 American Chemical Society [80]
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form monomers, unlike smaller mono-carboxylate bridges like trimethyl acetate or
benzoate, which have been observed by NMR to exchange off the ring [82].

The double-decker motif has been found as a guest itself in a complex of S8

symmetry with an overall stoichiometry of LnZn16L16, which is described as a host
(host–guest) complex, where L is picoline hydroxamic acid (picHA) [83]. The struc-
ture, synthesized from picHA, sodium hydroxide, zinc triflate, and lanthanide nitrate
in methanol with added pyridine, consists of a dimer of two concave 12-MC-4s
(Zn4picHA4) each of which is four-coordinate to the same shared guest Ln(III) ion,
which is also surrounded by a belt of 24-MC-8 (Zn8picHA8) acting as an additional
cavitand host (Fig. 13) [83]. The host–guest LnIII(Zn4picHA4)2 can be isolated inde-

Fig. 13 X-ray crystal structure of the host (host–guest) complex, TbIII[12-MCZn(II)N(picHA)-4]2 ⊂
[24-MCZn(II)N(picHA)-8]·(pyridine)8·(triflate)3 shown a perpendicular to the C4 axis, b down the
C4 axis, and c highlighting the MC macrocycle. Color scheme: bronze = [12-MC-4], purple = [24-
MC-8], green = TbIII. Coordinated pyridine ligands are displayed as thin purple lines. Reprinted
with permission from John Wiley & Sons [83]



Host–Guest Chemistry of Metallacrowns 17

pendently, but the 24-MC-8 cannot be, indicating that it apparently is stabilized by its
interaction with the interior structure. This Zn16 complex has excellent luminescent
properties arising from the protection of the Ln from C–H and O–H oscillators on the
ligands and from solvent molecules, but poor solubility. Lanthanides from La3+ to
Yb3+ were all shown by electrospray ionization MS to be stable in solution and stable
against exchange of the Ln3+, indicating the Zn16 motif is less sensitive to lanthanide
size than simple 12-MC-4 or 15-MC-5s. Interestingly, the dianionic picHA ligand has
a chelating motif that typically templates two five-membered chelate rings more suit-
able to form a simple planar 15-MC-5 (Fig. 11), as is often found with Cu2+ and Ni2+

[36, 84]. However, with the square pyramidal Zn2+ ion, the 12-MC-4-based structure
of the Zn16 becomes feasible. Under different stoichiometric proportions and crys-
tallization conditions, these same building blocks are capable of self-assembling into
the more planar 15-MC-5 complex, ruffled to accommodate the square pyramidal
preference of Zn2+ [85].

The structural versatility of the metallacrown motif is underscored by the ability of
(LnIII[15-MCM(II)N(picHA)-5])3+ to achieve stable complexes, with either Ni2+, Cu2+,
or Zn2+, metals of significantly different coordination preferences (examined with
the same ligand and the same central metal Eu3+) [36, 85, 86]. Whereas Ni2+ and Cu2+

are octahedral or Jahn–Teller distorted, respectively, Zn2+ distinctly prefers a square
pyramidal environment, which results in a distortion from planarity of the ring and
manifests as a ruffled structure for the 15-MC-5 [85]. Remarkably, the environment
of the central Eu3+ metal is relatively unperturbed by changing the identity of the
ring metal, having similar Eu-Ohydroximate distances in all three structures. Instead,
the angles and distances of the picHA–M2+ bonds adjust slightly to accommodate
the geometric preference of the ring metal, such that the environment of the central
ion is preserved.

3 15-MC-5 Host–Guest Chemistry

Some of the most detailed host–guest and stability studies on metallacrowns have
been performed using the 15-MC-5 configuration, either with picHA or with
ligands derived from the chiral α-amino acids, e.g., L-phenylalanine hydroxamic
acid (pheHA), L-tyrosine hydroxamic acid (tyrHA), L-tryptophan hydroxamic acid
(trpHA), L-alanine hydroxamic acid (alaHA), etc., which form chiral metallacrowns.
These chiral metallamacrocycles have been found, like other metallacrowns, to act
as strong hosts for a central ion. Coordinating anions add additional complexity
and lead to interesting solution state behavior and the formation of novel solid-state
structures.
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3.1 Central Ion as Guest in 15-MC-5

The 15-MC-5 motif has been examined thoroughly for its affinity for various central
ions. Thermodynamic measurements, mass spectrometry, and computations suggest
that a vacant 15-MC-5 can be formed using Ni2+ and the α-amino hydroxamic
acids (alanine or valine hydroxamic acids) [87]; however, isolation of the vacant
15-MC-5 is elusive. The 15-MC-5, such as that formed using Cu2+ and picHA, is not
stable in the absence of a central ion, instead favoring the formation of a 12-MC-4
structure with stoichiometry M5L4, where a fifth Cu2+ is encapsulated within the
12-MC-4 ring. Although pentanuclear (CuII[12-MCCu(II)N(L)-4])2+ structures with β-
alanine hydroximate [88] or 3-amino-3-hydroximinopropane hydroximate [89, 90]
were published displaying a pattern of six- and five-membered chelate rings, a Cu-
centered [12-MCCu(II)N(L)-4] with the α-amino hydroximates that form a five–five
membered chelate motif has never been crystallized, with only reported instances of
the powder being isolated [91]. Tegoni et al. investigated the mechanism of forma-
tion of the (CuII[12-MCCu(II)N(L)-4])2+ MC in a kinetic and thermodynamic study
and found that dimeric (Cu2HL2)2+ or dinuclear (Cu2L)2+ quickly forms followed
by sequential incorporation of monomers of (CuHL)+ until the 12-MC-4 crown is
assembled, where L2− indicates the doubly deprotonated form of L-alaHA [92]. The
introduction of La3+ is understood to bind to the (CuII[12-MCCu(II)N(L)-4])2+ likely on
the opposing face of the crown from the central Cu2+ and then, with additional ligand,
the structure rearranges to form the more stable (LaIII[15-MC-5])3+. The formation
of the 15-MC-5 from the 12-MC-4 has been observed numerous times with the
introduction of a larger metal ion (e.g., calcium, lanthanide, or uranyl ion) [93, 94].
For (M′[15-MCCu(II)N(picHA)-5])n+, a series of ions with increasing affinity has been
identified, ordered as Na+, Ag+ < Ln3+, Hg2+ < Pb2+ [95]. The order takes into
account geometric and electronic factors, preferring relatively larger central ions and
those that form stronger bonds with the N and O donor atoms of the ring. Similarly, in
(CaII[15-MCM(II)N(picHA)-5])2+, the Ca2+ is easily displaced from the central cavity by
lanthanides or the uranyl ion, even in high excess of Ca2+ (up to ten-fold) [84], with
an order of stability Ca2+ < Ln3+ < UVIO2

2+. The binding of lanthanides to the 15-
MC-5 was further explored with tyrHA and pheHA thermodynamically, and trpHA
kinetically, demonstrating that the stability constant increased with lanthanide size in
a direct displacement reaction of Ca2+ from (CaII[15-MCCu(II)N(L)-5])2+ (Fig. 14) [96,
97]. An 18-crown-6 is unable to displace the central metal from (Mn+[15-MCCu(II)N(L)-
5])n+, where L is an L-alpha amino acid, even in a large excess of crown ether, shown
for the uranyl ion [94] and for calcium and lanthanum [96]. Conversely, the 15-MC-5
is preferentially formed by extracting Ca2+ from a ([Ca ⊂ (18-C-6)](NO3)2) complex
[96].
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Fig. 14 Plot of the log K values of the replacement reaction (CaII[15-MCCu(II)N(trpHA)-5])2+ +
Ln3+ → (LnIII[15-MCCu(II)N(trpHA)-5])3+ + Ca2+ (methanol/water 99:1) as a function of the
Ln3+ ionic radius [41]. Reprinted with permission from Tegoni, M., Furlotti, M., Tropiano, M.,
Lim, C.S., Pecoraro, V.L.: Inorg. Chem. 49, 5190–5201 (2010). Copyright 2010 American Chemical
Society [96]

3.2 15-MC-5 Structures

The α-S-amino hydroxamic acid ligands with aromatic side chains (e.g., pheHA and
tyrHA) are of particular interest due to the amphipathic quality of the resultant MCs.
Due to the chirality of the amino acid-derived ligands and the directionality of the
C–N–O repeating unit within the MC ring, the MCs have opposing hydrophobic
and hydrophilic faces. When crystallized from aqueous solutions, these MCs form
compartments like two hands facing each other, due to the influence of pi-stacking
interactions of the aromatic side chains (Fig. 15) [75, 98]. With tyrHA, a phenolate
oxygen from each MC binds directly to a Cu2+ of the opposing MC (Fig. 16) [98].
In contrast, when the complexes are crystallized from methanolic solutions they
form resolved four-fold helical structures, with the hydrophilic faces of the MCs
oriented toward the interior of the helix, which contain solvent-filled square pores
approximately 11 Å across. Mirror-image helicity (P vs M) could be controlled
simply by using the L or D enantiomer of the α-amino hydroximate (Fig. 17) [99].

3.3 Anion Recognition

Within the 15-MC-5 family, significant efforts have been devoted to understanding
relevant anion recognition capabilities, adding an additional supramolecular level to
the complexity of host–guest interactions. An early result showed that (GdIII[15-
MCCu(II)N(pheHA)-5])3+, sometimes abbreviated GdCu5pheHA5, selectively binds
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Fig. 15 Metallacrowns of La(NO3)3[15-MCCu(II)N(L-pheHA)-5], crystallized from water, come
together to form a dimer reminiscent of two hands facing each other. Copper−water bonds, hydrogen
atoms, and the lattice nitrate and solvent have been removed for clarity. This figure was originally
modified from the supporting material of Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk, K.
M.; Pecoraro, V. L.: Inorg. Chem. 45, 10,022–10,024 (2006), [100], and reprinted with permission
from Zaleski, C.M., Cutland-Van Noord, A.D., Kampf, J.W., Pecoraro, V.L.: Crys. Growth Des. 7,
1098–1105 (2007) Copyright 2007, American Chemical Society [75]

Fig. 16 Crystallographic diagram of the dimer of two MCs of Gd(Cl)[15-MCCu(II)N(L-tyrHA)-5]2+,
demonstrating interactions between the tyrosyl oxygen and the opposing Cu ring metal to bridge
the hydrophobic cavity. Figure adapted with permission from John Wiley & Sons [98]
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Fig. 17 Comparison of the
helical structure of
Sm(NO3)[15-
MCCu(II)N(L-pheHA)-5](NO3)2
and its counterpart made
with D-pheHA with
opposing helicity. The
continuous chain of
Cu–O-Sm–O-Cu–O through
the metallacrowns is
depicted as space-filled
models. Reprinted with
permission from John
Wiley & Sons [99]

nitrate anions to its hydrophobic face and chloride anions to its hydrophilic face
in the presence of both anions in the “hands-hands” dimer formation [98]. Benzoate
may be precipitated selectively via binding with the MC from an aqueous solution
containing sodium salts of benzoate, acetate, and trifluoroacetate. Upon the exami-
nation of binding with dicarboxylate guests, GdCu5pheHA5 was found to bind some
carboxylates preferentially within the hydrophobic cavity formed by two MCs facing
each other [101, 102]. The formation of a compartment was considered to occur when
dimers formed with the “hand-hand” motif in a cylindrical structure, often seques-
tering a guest from the surrounding solvent. In consideration of which types of guests
were preferred, the saturated, aliphatic dicarboxylates, adipate and glutarate were
found to bridge only the hydrophilic faces in the solid state, whereas the aromatic
terephthalate was found to form a continuous chain of alternating MC and guest
(Fig. 18) [101]. An asymmetrical capsule with three isonicotinate guests sequestered
within the hydrophobic cavity, two lying parallel to each other and the third lying
antiparallel was also observed [103]. Species with one or two isonicotinates bound
to an MC were observed by electrospray ionization mass spectrometry (ESI–MS),
but a species with two MCs and isonicotinate was not observed, suggesting that the
capsule-like species of two metallacrowns was not likely found in solution with this
guest. While it was initially suspected that guest unsaturation or aromaticity was a
critical factor for incorporation into the hydrophobic cavity, later calorimetric studies
indicated that the length and shape of the guest were much more important [104].

Therefore, in accordance with supramolecular canon, the length of guest
sequestered and the length of ligand side chains of the MC need to be compatible,
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Fig. 18 Structures of metallacrown dimers linked by dicarboxylates. a (La(adipate)0.5[15-
MCCu(II)N(L-pheHA)-5])2 shows metallacrowns linked by adipate across the hydrophilic faces, and b
(Gd(terephthalate)[15-MCCu(II)N(L-pheHA)-5])2 shows metallacrowns linked by terephthalate across
the hydrophobic and hydrophilic faces. Adapted with permission from Cutland, A.D., Halfen,
J.A., Kampf, J.W., Pecoraro, V.L.: J. Amer. Chem. Soc. 123, 6211–6212, (2001). Copyright 2001
American Chemical Society [101]

neither too long nor too short, in order to maintain the integrity of the hydrophobic
cavity [102, 105, 106]. Short guests, such as fumarate, may bind at an angle,
monodentate to one Gd, since they are too short to span the distance to bind the
second Gd. This causes a distortion of the dimer, preventing the formation of a cylin-
drical compartment in the solid state. Instead, the angle of one MC is tilted and
offset to one side (Fig. 19) [102]. A guest that is too long, such as naphthalene dicar-
boxylate, will still bind to the hydrophobic face, but interferes with the bridging pi
interaction of the MC’s side chains such that the hydrophobic compartment does not
form at all [102]. Both of these disrupt the integrity of the hydrophobic cavity and
increase solvent access to the interior. To form the hydrophobic cavity with these
mismatched guests, longer and shorter ligands, L-homophenylalanine hydroxamic
acid (hpheHA) and L-phenylglycine hydroxamic acid (pgHA) respectively, were
incorporated in the MCs, with hpheHA showing the particular capacity to sequester
the 9.2 Å trans-bithiophene dicarboxylate [106], which had been too long to form a
compartment with pheHA [105].
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Fig. 19 Structures of muconate and terephthalate with (Gd[15-MCCu(II)N(L-pheHA)-5])3+ show
molecular compartments. However, fumarate and 2,6-naphthalenedicarboxylate (naphDC) with
the same MC do not form compartments. Guests on the hydrophilic sites of both metallacrowns of
all compartments were omitted. Reprinted with permission from John Wiley & Sons [102]

3.4 Porous Structures

Using the same kind of dicarboxylate and chiral amphipathic 15-MC-5 building
blocks, a mesoporous solid-state assembly was obtained when the appropriate guest
and lanthanide central metal was used [107]. With saturated seven- and eight-carbon
aliphatic dicarboxylates and LaCu5pheHA5, each of the four oxygens of the dicar-
boxylate guest binds to a Cu2+ ring metal on the hydrophilic face of a separate
adjacent MC, which draws four MCs together into a tetramer cage around the guest
(Fig. 20a, b). A pair of these bowl-shaped tetramers interlock through pi interac-
tions of their externally facing hydrophobic side chains to form an octamer around
a hydrophilic channel (dimensions 8.9 Å × 14.6 Å) that allows access to a chamber
of ~2300 Å3. The packing of the crystal lattice reveals that pi interactions at the
hydrophobic faces of the octamers (Fig. 20c) orient the MCs into a hexagonal lattice
containing solvent-filled cavities more than 2.4 nm in diameter, to which access
is gained through the hydrophilic channel (Fig. 20d). Although the cavity collapsed
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Fig. 20 Packing of the porous structure formed by the interaction of La(NO3)2.5[15-
MCCu(II)N(L-pheHA)-5](OH)0.5(H2O)3.5 with the seven carbon saturated dicarboxylate (C7DC),
pimelate. a Two tetrameric bowls, generated by pimelate bridges, interlock yielding a hydrophilic
octameric MC cavity. View (b) illustrates the opening to the hydrophilic cavity, which could serve
as an access route for guest molecules into the structure. Color scheme: green and blue: tetrameric
MC bowls dimerizing through π–π interactions; purple and red: C7DC. c View illustrating the
hydrophobic contacts between octameric compartments that generate the packing motif observed
in view (d). Color scheme: blue: MC framework; green: lanthanum; orange: copper; purple and
red: C7DC. View (d) displays how six octametallacrown compartments are connected via π–π

interactions on their external hydrophobic faces to generate the channel in its interior. Metal ions
are displayed with their CPK radii. Water molecules and unbound guests were removed for clarity
of all images. Reprinted with permission from John Wiley & Sons [107]
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upon dehydration, likely indicating critical hydrogen bonding interactions from water
molecules, chromophoric dye molecules could be absorbed and sequestered within
the cavities [107].

Planar MC units of LnCu5GlyHA5 with meta- and para-phthalate bridges, where
GlyHA is the doubly deprotonated form of glycine hydroxamic acid, have also been
found to crystallize into porous structures with large void volumes [108–110]. This
group of structures, synthesized by combining the sulfate salt of LnCu5GlyHA5

MCs with m- or p-benzene dicarboxylate to instigate anionic metathesis, has
resulted in various structures, including 1D coordination chains, discrete multi-
decker units, and coordination chains interspersed with discrete complex ionic
units (Fig. 21). Structure formation exhibits dependency on the lanthanide iden-
tity. Although complete dehydration caused the structural collapse, activation could
be achieved by partial drying at moderate temperature (130 °C) under vacuum. In
particular, GdCu5GlyHA5 with m-phthalate absorbed methanol in a manner char-
acteristic of microporous sorbents [108] while sorption studies of other structures,
including the analogous Eu compound [109] and some Cu5L4 type MCs (with L=3-
amino-3-hydroximinopropane hydroxamic acid) [89, 90] were suspected of signifi-
cant structural rearrangement upon absorption of methanol or ethanol. The magnetic
properties of these compounds were also studied in detail. Structural changes such as
solvation effects that result in a change in magnetic behavior can provide a foundation
for the development of chemical sensors.

3.5 Measuring Guest Affinities

Although the various solid-state structures provide a wealth of geometric informa-
tion, the strength of guest binding must be probed in solutions via binding assays,
measured for example by isothermal titration calorimetry (ITC) [111, 112], electro-
chemistry [113, 114], or spectroscopy [115]. Studies with monocarboxylates have
indicated reversible binding, with examples ranging in the order of 102 M−1 for
acetate or benzoate[113, 115], 103 M−1 for ferrocene carboxylate (Fig. 22) [113],
and 104 M−1 for the fluorescent probe coumarin 343 [115], which is a carboxylated
coumarin derivative. Often the strength of guest binding increases as lanthanide size
decreases, primarily attributed to the increase in Lewis acidity of the lanthanide (Gd,
Dy, etc.) [111, 113]. In the case of binding a second guest, the binding constant is
always lower than that of the first event. When the early and late lanthanides are
compared, the second binding event tends to be stronger for the early lanthanides
than for the later ones [111]. This is consistent with crystal structures that show La3+

and Nd3+ as nine-coordinate, binding two guests both on the hydrophobic face (with
a third possibly binding on the hydrophilic face), whereas eight-coordinate Gd3+ and
Dy3+ bind the second guest on the hydrophilic face [111]. Modest enantioselectivity
has been observed for S- over R-enantiomers of mandelate, but adjusting the MC side
chain can lead to enhancements in selectivity, with pgHA and hpheHA both showing
greater enantioselectivity than does the pheHA MC analog [112, 114]. Guests with
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Fig. 21 Examples of
assemblies formed between
(LnIII[15-MCCu(II)N(GlyHA)-
5])3+ and 1,3 benzene
dicarboxylate (abbreviated
m-bdc) based on X-ray
structures. For clarity,
hydrogen atoms and both
coordinated and lattice water
molecules are omitted from
the figures. a Ln = Eu forms
a one-dimensional
coordination polymer. b Ln
= Pr forms a discrete
quadruple-decker unit. c Ln
= Nd forms a 1D chain
[NdCu5(GlyHA)5(H2O)5(m-
bdc)]n

n+, together with
discrete complex anions
[NdCu5(GlyHA)5(H2O)4(μ-
CO3)(m-bdc)]−. Adapted
with permission from
Pavlishchuk, A.V., Kolotilov,
S.V., Zeller, M., Lofland,
S.E., Thompson, L.K.,
Addison, A.W., Hunter,
A.D.: Inorg. Chem. 56,
13,152–13,165 (2017).
Copyright 2017 American
Chemical Society [109]

variation of substitution at the alpha carbon (phenylalanine, phenylacetate, mande-
late, etc.) allowed for a comparison of guests with variation in the electron density
localized at the carboxylate binding motif [112]. A general trend in the strength of
carboxylate binding is zwitterion (e.g., amino acid) < monoanion < dianion (e.g.,
adjacent hydroxide). The addition of an additional electron-rich atom near the Lewis
acidic lanthanide site likely enhances the binding affinity.

One of the persistent challenges of host–guest chemistry with MCs has been
determining whether the MC compartment, which is often observed in the solid state,
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Fig. 22 Two ferrocenecarboxylate anions (FcC−) are encapsulated in the hydrophobic cavity of
(LaIII[15-MCCu(II)N(L-pheHA)-5])3+. One is bound monodentate to a copper ring metal with eclipsed
cyclopentadienyl rings. The other is bound bidentate to lanthanum with staggered cyclopentadi-
enyl rings. Unbound or Cu-coordinated solvent, nitrate, and hydrogens were removed for clarity.
Reprinted with permission from John Wiley & Sons [113]

stays together in a solution. Measurements of the thermodynamics of dicarboxylate
binding with (GdIII[15-MCM(II)N(L-pheHA)-5])3+ showed that the dicarboxylate guest
templates formation of the compartment in solution via an equilibrium of the dimer
MC–guest–MC (2:1) compartment with the monomeric MC–guest (1:1) complex
and free MC [104]. In support of earlier crystallographic evidence with short guests,
guests that were too short (oxalate, maleate) were observed to only form a complex of
one MC bound with one carboxylate (1:1), implying an inability to span the distance
across the cavity. With longer species of suitable length (terephthalate, trans–trans
muconate, adipate, fumarate), the free energy (ΔG) of the first complexation event to
form the 1:1 species, was found to be lower than the ΔG of the second complexation
event to form the 2:1, implying that a cooperative solvophobic effect drives the
formation of the dimeric compartment.

Recently, a study of muconate binding to (LnIII[15-MCM(II)N(L-pheHA)-5])3+ with
various lanthanides has indicated the surprising result that the identity of the
lanthanide influences whether or not the dimeric compartment can form. MCs with
the early and late lanthanides (La, Nd, Sm, and Ho) were found only to form the 1:1
species, whereas the intermediate lanthanides (Eu, Gd, and Dy) were able to partic-
ipate in the formation of the 2:1 dimeric compartment (Fig. 23) [116]. A balance
of lanthanide size (which influences its placement on either face of the MC) and
stability of the lanthanide within the MC ring is required for the MC to favor the
formation of the 2:1 compartment. Therefore, the formation of the compartment
with the Gd analog has the highest stability since the lanthanide lies reasonably
well within the MC plane and the MC ring has a high affinity for Gd. In contrast
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Fig. 23 Stability constants
for first and second
complexation events of
muconate guest (Muc) with
MC host according to
lanthanide species ionic
radius [41]. Selected
lanthanides Sm3+ through
Ho3+ with ionic radii of
eight-coordinate species.
Black squares: K1 values to
describe the equilibrium MC
+ Muc � (MC)Muc; Open
circles: K2 values for MC +
(MC)Muc � (MC)2Muc.
Adapted with permission
from John Wiley & Sons
[116]

to the increasing stability observed with larger lanthanide size for simple seques-
tration of the lanthanide within the MC ring (Fig. 14), the preference for interme-
diate lanthanides in forming more complex assemblies on the supramolecular level
previously had not been observed.

4 Conclusion

Various aspects of the host–guest chemistry of metallacrowns have been discussed,
from structural characteristics to stability and reactivity. Metallacrowns and metal-
lacryptates consistently have been shown to control the organization of material
into supramolecular assemblies with unique properties. Different guest ions pref-
erentially bind based on structural, electronic, and chemical considerations of the
macrocyclic ring. A repeating theme is observed as simple metallacrowns can be
modularly modified to build larger, more complex assemblies. Peripheral coordina-
tion sites, those that are not involved directly in bonds forming the MC ring or central
metal to oxime, are utilized on both ring and central metals to obtain new structures,
as has been observed for several series of metallacrowns, such as with Ga, Zn, or
Cu. Complexes can take the form of a single macrocycle often with carboxylates
binding or bridging the central metal and ring metals; two macrocycles can share a
single central metal between them with the coordination sphere of the ring metals
completed by bridging hydroxides or a belt of other stabilizing ligands; or sometimes
two or more macrocycles, each binding a central metal, are bridged by longer dicar-
boxylates to form large assemblies. Exceptional affinities of the metallamacrocyclic
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ring for the central metal can enable a higher level of supramolecular interaction, as
observed in the host (host–guest) structure of the belted-dimer of LnZn16picHA16 or
(host–guest)2–guest interactions as in the dicarboxylate guest-induced dimerization
of LnCu5pheHA5. The metallamacrocyclic hosts confine guest ions or molecules and
influence their environment or spatial arrangement, which dictates physical proper-
ties, such as enhanced lanthanide luminescence through the elimination of nearby
C–H, N–H, or O–H oscillators (e.g., solvent molecules that can dissipate excitation
energy through nonradiative processes) as observed for Zn and Ga structures, or
altered light absorption as observed when encapsulated dye molecules were shielded
from the surroundings within the octameric 15-MC-5 assembly. These diverse host–
guest metallacrown assemblies achieve chemistry that is not easily obtained with
traditional covalent assemblies. A significant amount of recent work has built on the
modularity of MCs to obtain familiar constructs that take advantage of the unique
electronic and coordinative properties of lanthanides and produce insights into subtle
transitions or differences across the lanthanide series. The understanding gained
regarding MC stability and guest binding, both in solution and in the solid state,
will continue to influence synthetic approaches to target particular supramolecular
objectives, such as sensing, extraction, formulation, and catalysis.
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Aspects of NMR Characterization
of Metallacrowns

Matteo Melegari and Matteo Tegoni

Abstract Metallacrowns (MCs) are self-assembled metallamacrocycles that confine
a significant number of metal ions and organic ligands in a small molecular volume.
These assembled structures present a cavity that can selectively encapsulate specific
metal ions which provide MCs with peculiar spectroscopic features and reactivity.
Also, MCs can bind inorganic and organic anions allowing their use in strategies of
molecular recognition. For these reasons, including remarkable stability and inert-
ness toward disassembly and the presence of paramagnetic ions in their structure,
MCs possibly are among the most interesting metallamacrocyclic complexes known
to date. The elucidation of dynamic processes of ligand and solvent exchange in
solution is pivotal in the study of MCs as potential probes in biological imaging,
as nanoshuttles for drug delivery or in molecular recognition and sensing. In this
chapter, we will present and discuss representative examples of NMR investigations
of metallacrowns reactivity, dynamics of assembly, and cations/anions binding. The
strategies and conditions employed in the 1D NMR characterization of MCs will be
discussed along with the most recent PGSE approaches. Also, we will discuss how
the paramagnetic nature of these complexes opens a window into the study of their
structure in solution through NMR.

1 Introduction

Metallacrowns are the inorganic analogues of organic crown ethers and are char-
acterized by a (M–N–O)n cyclic connectivity that closely resembles the (C–C–O)n

one present in the parent organic macrocycles (Fig. 1) [1–4]. The structural simi-
larity between these two classes of molecules stands principally in the presence of
an oxygen-rich cavity into which metal ions can be encapsulated. The assembly of
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Fig. 1 a Scheme of a crown ether (15-C-5), b Scheme of a metallacrown ring (15-MC-5), c Scheme
of a 15-MC-5 complex where the ligand and core metal are reported (L-alaninehydroxamate as
ligand, the MC ring is highlighted in blue)

these molecules occurs spontaneously in solution and it requires the presence of
a central (core) metal ion which templates the MC formation, and polyfunctional
ligands which bridge between the (ring) metal ions (usually d-transition metals) that
compose the metallamacrocyclic framework (Fig. 1c) [5, 6].

The most studied metallacrowns have been assembled using hydroxamic acid
derivatives and in particular aminohydroxamic acids or salicylhydroxamic acid
(Fig. 2) [1, 2, 4–7]. The use of aminohydroxamic acids and related ligands is very
convenient since the completely deprotonated hydroxamate group can act as a (O,
O−) chelating group on one ring metal and it provides with the additional N− donor
atom required to form the (M–N–O)n metallacrown connectivity [4–6]. An addi-
tional donor group of the ligand (i.e., NH2 in aminohydroxamates or a deprotonated
phenolic OH in salicylhydroxamates) coordinates to a fourth equatorial coordina-
tion position of the ring metal. While the equatorial positions on the ring metals
saturate upon metallacrown assembly and ring closure, axial coordination positions
remain available on the metals on both sides of the metallacycle. These sites are of
paramount importance to determine peculiar structural and functional properties of
metallacrowns such as the coordination of anionic ancillary ligands or the formation
of helicates in the solid state [6, 8–12].

Hydroxamic Ligands
α-Alaha: L-alaninehydroxamic acid; Leuha: α-L-leucinehydroxamic acid; Pheha:
α-L-phenylalaninehydroxamic acid; Tyrha: α-L-tyrosinehydroxamic acid; Picha:
2-picolinehydroxamic acid; Mha: L-mandelohydroxamic acid; Trpha: α-L-
tryptophanhydroxamic acid; β-Alaha: β-L-alaninehydroxamic acid; Shi: salicylhy-
droxamic acid; Nha: 3-hydroxy-2-naphthylhydroxamic acid; Anha: anilinehydrox-
amic acid.

The nature and length of the spacer between the hydroxamic function and the
aminic, pyridyl or phenolic functions are the most important features determining
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Fig. 2 Scheme of α and β-hydroxamic acids. All chiral ligands, if not otherwise stated, refer to
(S)-isomers. Ligands are in their fully deprotonated form on the hydroxamic function when they
form MC complexes

the dimension and the stability of the assembled MC architecture. In Fig. 3 is repre-
sented the principle that underlies the relationship between the dimension of the
MC framework (e.g., 12-MC-4 versus 15-MC-5) and the distance between the two
coordination donor groups. β-Amino- or β-hydroxohydroxamates bridge between
two metal centers generating an angle between the bisectors of the chelating systems
of ca. 90°, while this angle is close to 108° for α-hydroxamates. The result is that



40 M. Melegari and M. Tegoni

Fig. 3 Conceptual
representation of the
“metallacrown structural
paradigm”, a Four-fold
axially symmetrical MC
framework assembled using
β-hydroxamates (highlighted
in blue), b Five-fold axially
symmetrical MC framework
assembled using
α-hydroxamates (highlighted
in blue), c Conceptual
representation of a
face-differentiated MC
assembly, d Structure of a
face–differentiated MC:
{Eu(III)(NO3)(OH)[15-
MCCu(II)Pheha-5]}(NO3)

the former ligands are appropriate to assemble 12-MC-4 complexes, while the latter
form planar 15-MC-5 (Fig. 3b). This principle was first rationalized by Pecoraro
and coworkers in the 1990s and later named by us as the “metallacrown structural
paradigm” [5, 6, 13].

As analogs of crown ethers, since the isolation of the first metallacrowns by
Pecoraro and coworkers in the late 1980s, and early 1990s, the question related to
the functional properties in a solution of these assemblies arose. On one hand, it was
interesting to study the metal recognition properties of metallacrowns, in particular
related to the ability of specific metal ions to template the assembly of the MC
architecture [6, 14–17]. In this context, the possibility of selectively removing or
substituting the core metal in favor of a different one was also explored [18, 19].
On the other hand, the isolation of face-differentiated metallacrown architectures
characterized by bulky ligand substituents residing all on one face of the planar MC
framework prompted the study of their molecular recognition properties (Fig. 3c,
d). In this context, 15-MC-5 complexes and especially those assembled using Pheha
proved to be extraordinary hosts for organic carboxylates, able to recognize lipophilic
versus hydrophilic guests and capable of forming stable dimeric capsules [8–10,
20–25]. Further details on face-differentiation and its implications are provided in
Sect. 2.2. Finally, it is worth to point out that in the literature other assemblies related
to metallacrowns were isolated, such as aza-metallacrowns or inverted metallacrowns
[1, 26, 27]. However, the studies of the structural and functional properties of these
latter complexes with NMR are few. The discussion in this chapter is therefore limited
to metallacrowns to give a comprehensive view of the impact of the NMR technique
on the elucidation the chemistry of these compounds [1, 26, 27].

To study the above-mentioned phenomena and properties, spectroscopy tech-
niques such as UV–visible and circular dichroism were often used. However, these
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techniques could basically be applied only to MCs of open-shell d-transition metals
such as copper(II), manganese(II/III) or nickel(II), or to MCs bearing specific chro-
mophores/fluorophores [6]. Therefore, with the need to monitor processes that
involve subtle structural changes in MC architecture but that often have minor effects
on optical properties, NMR has also been used. From mono- to multidimensional
analyses, to sophisticated pulsed-gradient techniques, NMR has been employed to
analyse a number of phenomena that range from the core and ring metal substitution,
to the rearrangement of the macrocyclic scaffold, and to the host–guest interaction
with organic guests. These studies are the subject of this chapter.

Importantly, most of the metallacrowns studied by NMR in solution are para-
magnetic. In the NMR analysis of MCs, this has been both a disadvantage and a
great advantage depending on the system or on the properties under investigation.
If on one hand, the fast proton relaxation in some systems made difficult or even
prevented the detection of 1D, 2D or pulsed-gradient spin echo (PGSE) signals
[15, 28, 29], for other MC assemblies the paramagnetic shift allowed to obtain inter-
esting structural information in solution [30]. The latter studies have been possible in
particular for metallacrowns containing heavier lanthanides, since these ions possess
large magnetic anisotropies that provide with significant dipolar contributions to the
chemical shifts, in turn very sensitive to the proton position in the molecular structure
[31, 32].

In this chapter, we will first briefly introduce the pulsed-gradient spin echo NMR
technique and some details on the theory of the relationship between the structure
of Ln-containing complexes and the observed proton chemical shift. The studies
of the chemistry of metallacrowns using NMR presented along this chapter will
focus on the core metal substitution and molecular architecture rearrangement of
MC systems containing in particular Mn(III) or Cu(II), the study of host–guest inter-
actions between 15-MC-5 and organic carboxylates, and the study of the structure
in solution of Ln(III)/Mn(III) or Ln(III)/Cu(II) metallacrowns.

Abbreviations and acronyms
MC: Metallacrown; NMR: Nuclear Magnetic Resonance; ALM: “all lanthanides”
method; PGSE: Pulsed-Gradient Spin Echo; DOSY: Diffusion Ordered Spec-
troscopy; FID: Free Induction Decay; LIS: Lanthanide Induced Shift; ITC:
Isothermal Titration Calorimetry; FAB: Fast Atom Bombardment; BzO−:
benzoate; OAc−: acetate; TFA−: trifluoroacetate; MeOH: methanol; DMF: dimethyl-
formamide; DMSO: dimethylsulfoxide; TMS: tetramethylsilane.

1.1 Pulsed-Gradient Spin-Echo NMR

Pulsed-gradient spin-echo (PGSE) is an NMR experiment connected with diffusion-
ordered NMR spectroscopy (DOSY) [33, 34]. The power of PGSE lies in the discrim-
ination of the signals of different substances present in the same NMR sample on the
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basis of diffusion coefficients [35, 36]. Treatment in detail of the theoretical back-
ground of this experiment can be found in the literature [34, 37]. Here we briefly
describe the fundamentals of PGSE and a few aspects that are relevant for the analysis
of metallacrowns.

The diffusion coefficient of a molecule depends on several factors including its
effective dimension and shape, the temperature, and the solvent. The Stokes–Einstein
equation relates the diffusion coefficient D of a species with its hydrodynamic or
Stokes radius rS:

D = kT

cπηrS
(1)

where k is the Boltzmann constant, η the viscosity of the solution, and c a numerical
factor (in the 4–6 interval for many medium-sized to large analytes) which depends
on the size and shape of the molecule [35, 36]. As for the estimation of the c factor,
Wirtz and coworkers have proposed an empirical equation which takes into account
the hydrodynamic radii of both the analyte and a standard molecule of comparable
size [38, 39].

A PGSE experiment (Fig. 4) starts with the excitation of nuclear spins, after
which a linear gradient along the z-axis of amplitude G is applied for a time δ.
Since the gradient field sums up with the external field, during the δ interval the
transverse magnetization of the different spins evolves with a precession frequency
that depends on its position along the z-axis. The result is that these transverse
magnetizations of the spins are dephased during δ. The analytes are left diffusing in
solution (for a time that may last a few hundred milliseconds) and then a spin echo
180° pulse is applied, again followed by a linear gradient along the z-axis. During
this second δ interval, followed by a delay diffusion time of the same duration as the
previous one, spin transverse magnetizations are rephased. Complete rephasing is
obtained only if the analytes do not change their positions along the z-axis during the
two Δ intervals (separation between pulses). The larger the molecule, the lower the
diffusion and hence the more pronounced is the rephasing of the spin magnetizations.
Conversely, the more the analytes translate along z during Δ (small molecules), the
less rephasing is obtained resulting in a reduction of the detected signal (Fig. 4b).
In a PGSE experiment, a series of spectra are collected by changing G and keeping
constant all other acquisition parameters: by plotting the NMR signal intensities as a
function of G2 an exponential decay of the signal is observed (Fig. 4c). Since small
molecules diffuse faster than larger ones, the effect of diffusion is more pronounced
for the former. Indeed, the larger the size of the molecule (large rS , small D) the less
pronounced is the decay of the signal by increasing G, while the opposite is observed
where the molecular size diminishes [37].

The observed intensity of the NMR signals at the end of the PGSE pulse sequence
has an exponential dependence on δ, Δ and D, as follows (for a classic PGSE
experiment):
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Fig. 4 a Representation of the PGSE pulse sequence. The effect on focused transverse magneti-
zation of the spins along the z-axis in the absence and in the presence of diffusion is represented
(refocused and not refocused, respectively), b Representation of the decay of signal intensity as a
function of G2 for a large (left) and a small (right) molecule, c Intensity values as a function of G2.
The exponential decay for a molecule of small dimensions (open circles) is more pronounced than
that of a large molecule (dots). G: amplitude of pulsed-gradient; δ: duration of pulsed-gradient; Δ:
separation between pulses; I (2τ ,0): signal intensity at the end of the PGSE pulse sequence with no
gradient field applied

I(2τ,G) = I(0,0)exp

(−2τ

T2

)
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3

)
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)
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where γ is the gyromagnetic ratio of the observed nuclide (see caption of Fig. 4
for the other parameters). In this equation, I (0,0) is the intensity of the signals after
a standard 90°–Free Induction Decay (FID) pulse sequence. If a series of spectra
are collected using different gradient G strengths and using the same acquisition
parameters including Δ and δ, the equation reduces to:

I(2τ,G) = I(2τ,0)exp
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−γ 2δ2
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� − δ
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)
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)
= I(2τ,0)exp
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)
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The observed I (2τ ,G) values as a function of the gradient strength G (known for
each experiment) can be fitted using I (2τ ,0) and θ as fitting parameters.

To calculate D of an analyte it is very convenient to use an internal standard
of known hydrodynamic radius rS. Actually, the decay of intensity I (2τ ,G) of both
the analyte and the standard can be obtained from the same dataset, leading to the
two exponential decay parameters θan and θstd , respectively for the analyte and the
standard (e.g., Fig. 4c). If the diffusion coefficient of the standard is known, that of
the analyte can be straightforwardly obtained from the equation:

θan

θstd
= Dan

Dstd
(4)

More importantly, if the hydrodynamic radii of the standard substance and of the
solvent are known, that of the analyte can be determined from the same θan and
θstd parameters using an iterative process as described by Zuccaccia and Macchioni
[35, 36].

It is necessary to underline a few aspects of PGSE data that are relevant in the
analyses of metallacrowns. The first aspect relates to the chemical exchange effect
observed when MCs were used as guests for molecular recognition. For instance, 15-
MC-5 form dimeric adducts with dicarboxylates of formula (MC)2(dicarboxylate),
where monomers (MC) are in equilibrium with dimers under fast-exchange condi-
tions. Under these circumstances, the observed diffusion coefficient is the average
over the molar fractions of the D values of the individual monomeric and dimeric
species [28]:

Dobs = χmonomer Dmonomer + χdimer Ddimer (5)

It is worth noting that for a dimerization process (i.e., a change in molecular
volume of a factor of 2) the average molecular radius and the D value are expected
to vary by a factor of the cube root of 2 (=1.26). That means that to observe an
rS that increases by a factor of two the molecular volume has to increase 8 times.
Assuming a reaction between an MC and a small guest such as a carboxylate, the
diffusion coefficient of the metallacrown does not change to a large extent, while that
of the small guest does and in the adduct it may be approximated to that of the MC
host. Provided the experimental setup that allows it, it is very convenient in PGSE
to examine the spins of the guest rather than those of the host, since in the former
case the interaction between a small guest and the large MC host can be more easily
detected [22, 28].

A second aspect important for the study of MCs relates with the attenuation of the
observed signal due to relaxation, in particular for paramagnetic MCs. The intensity
at zero gradient field I (2τ ,0) observed at the end of the PGSE sequence differs from that
observed immediately after the 90° pulse of a factor exp(-2τ /T2) (Eqs. 2 and 3). This
factor considers the transverse relaxation of the magnetization during the 2τ duration
of the experiment. In standard PGSE experiments, the 2τ interval is constant while
the amplitude G of the gradient is varied so that the transverse magnetization effects
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are normalized along the experiment. However, the pulse sequence may often last up
to hundreds of milliseconds and therefore complete signal decay due to paramagnetic
relaxation may occur before the FID is even at zero G strength. This in turn may
prevent the detection of signals of fast-relaxing protons [28].

A third aspect relates with the shape and size of the analyte in relationship with its
hydrodynamic radius. Following Eq. 1, the larger the size of a molecule in solution
the lower its diffusion coefficient D. However, even assuming a perfect spherical size
for an analyte, the molecular van der Waals radius is often overestimated through
the calculation of an empirical rS. This happens because the analytes are solvated in
solution and therefore they diffuse together with their solvation sphere, resulting in
an rS apparently larger than the actual one for the compound [37, 40]. This effect
is more relevant for protic solvents or solvents with high polarity, for which not
only the analyte–solvent but also the solvent–solvent intermolecular interactions are
significant [40]. Along with this, it must be considered that the prolate or oblate
shape of the molecule in terms of shape factor may impact its diffusion [35, 41, 42].
This aspect is more critical for large oblate molecules (disk-like) than for small to
medium-sized prolate ones (cigar-like), and thus this effect can be relevant for planar
MCs in solution. However, there are structural features of MCs observed in the solid
state which may render less oblate (more spherical) the molecular architectures of
metallacrowns in solution, such as the presence of anions coordinated to the two faces
of the MC plane and the tendency of flexible side groups to wrap around coordinated
guests [22, 43].

1.2 1H-NMR of Paramagnetic Complexes

The presence of a paramagnetic ion in a complex produces a shift in the observed
proton resonances of the ligands (δobs) that is the sum of a diamagnetic and a para-
magnetic contribution (δdia and δpara respectively) [32]. The paramagnetic term can
be further split into two contributions: the first one (pseudocontact or dipolar shift,
δPC) results from the dipolar interactions between the nuclear magnetic moment of
the NMR nucleus and the electron magnetic moment of unpaired electron(s). This
contribution depends on the spatial position of the proton under examination with
respect to the paramagnetic center. The second contribution (contact or Fermi shift,
δcon) results from the presence of non-zero electron density of unpaired electrons on
the observed protons, an effect often referred to as through-bonds scalar coupling
[44].

δobs(i) = δdia(i) + δ para(i) = δdia(i) + δPC(i) + δcon(i) (6)

Both contributions to the paramagnetic shift decrease with increasing distance
between the resonating nucleus and the paramagnetic center. However, in the absence
of significant electron delocalization, δcon is usually negligible when the probed
nucleus is more than four bonds away from the paramagnetic center. The result is
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that for paramagnetic centers which provide a large dipolar contribution (e.g., heavier
lanthanide(III) ions), the δpara term of protons far from the metal ion almost equals
the δPC contribution.

The abundance of paramagnetic centers in MCs (either ring or central metals)
makes NMR a unique technique in the study of the structure of those complexes
and (thermo)dynamic phenomena in solution. Not all MCs could be studied in detail
using this technique since some paramagnetic metal ions experience long electron
relaxation rates and therefore their presence produce NMR signals that are invariably
wide. However, MCs of metal ions such as manganese(III) or lanthanides(III) which
have shorter electron relaxation rates could be extensively studied through NMR, as
discussed in Sect. 5.

1.3 1H-NMR of Lanthanide Complexes

Due to the large spin–orbit coupling of the 4f electrons, the electron relaxation
times are short for most lanthanides and this in turn allows the observation of quite
sharp proton NMR resonances [45, 46]. The NMR analysis of lanthanide-containing
complexes is therefore a useful method for the extraction of crucial structural infor-
mation in solution. This information often pivots around the determination of the
δPC contribution which is tightly related to the structure of the compounds. For this
reason, lanthanides are commonly used as NMR shift reagents and as probes for the
extraction of structural information of molecules of large dimensions [47].

For complexes containing one lanthanide ion as the only paramagnetic center, δpara

is usually reported as Lanthanide Induced Shift (LIS). In a mononuclear lanthanide
complex of axial symmetry of order 3 or above, Bleaney’s theory states that the δPC

experienced by an observed proton i is related to the structure of the complex through
Eq. 7 [31, 32, 48–51].

δPC
Ln (i) = CJ (Ln) · BLn · G(i) = CJ (Ln) · BLn · 3cos2θi − 1

r3
i

(7)

where θ i the angle between the principal magnetic axis of the complex and the line
passing through the paramagnetic center and the i-proton, and ri is the distance
between the i-proton and the paramagnetic center (Fig. 5). The other parameters in
Eq. 7 are the following: CJ (Ln) is the Bleaney’s constant for the lanthanide ion under
examination, and BLn the lanthanide ligand field splitting parameter. The G(i) term
equals 3(cos2θ i-1)/ri

3 and is named geometric term.
The value of δPC depends on both the CJ (Ln) and G(i) parameters. In fact, G(i)

has a positive value if θ i is lower than the magic angle (ca. 55°) while it has a negative
value if θ i is higher than the magic angle. Besides that, the value and sign of δPC

is then determined by Bleaney’s constant, which is positive for prolate Ln(III) ions
(leading to δPC to have the same sign of G(i)) and negative for oblate ones (δPC with
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Fig. 5 Schematic
representation of the
geometric parameters ri and
θ i in relation to the position
of the Ln(III) ion and proton
i. The principal
magnetization axis coincides
with the symmetry axis Cn of
the metallacrown for n > 3.
The reported structure is that
of {Na(I)Pr(III)(OAc)4[12-
MCMn(III)Shi-4](H2O)4}.
Light green: Pr(III), Purple:
Mn(III), Yellow: Na(I)

opposite sign of G(i)). It is therefore evident that the analysis of δPC provides data
on the relative location of protons in a paramagnetic molecule, opening a window
on the acquisition of structural information of the complex in solution.

Thanks to their similarity in ionic radius, lanthanide(III) ions often form isostruc-
tural complexes. Based on this property, a powerful strategy to calculate the δcon

and δPC contributions from δpara, named “all lanthanides” method” (ALM), has been
developed by Di Bari and coworkers [46]. The applicability of this method has three
main requirements. First, the complexes must be axially symmetrical and have a
greater than threefold symmetry [46, 52]. Second requirement is for δFC to be negli-
gible over δPC (although ALM was applied also to cases which do not strictly fulfill
this condition), while the third requirement is that a diamagnetic reference complex
should be available to estimate with precision the diamagnetic contribution to the
observed chemical shift (δdia). Y(III) complexes were widely used in the literature
as diamagnetic references since they are usually isostructural to the lanthanide series
[53, 54]. La(III) and Lu(III)-complexes are alternatives to Y(III): however, at least
in MC chemistry the structure of La(III) complexes is often different from that of
the other lanthanides as a consequence of its largest ionic radius in the series, and
therefore Y(III) is preferred. A description of the theoretical basis and applications
of the ALM can be found in the literature [30, 46], while here we just briefly remark
a few key aspects relevant to MC analysis. Also, an application of this method in
the analysis of MCs is reported in Sect. 5.1. Here we just put in evidence that for
its nature the ALM is general in its application principles and does not depend on
the reported values of the Bleaney’s constants or of the crystal field parameters for
the classes of compounds analysed. This is particularly important for data treatment
since the Bleaney’s theory and constant values have to be used with caution, as
recently underlined [55].

Let us assume to have a series of isostructural MC complexes of different
lanthanides including that of Y(III). If the NMR resonances are assigned to the
corresponding protons in the structure, then the δpara terms for each proton i can be
calculated using the following equation:
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δ
para
Ln (i) ∼= δobs

Ln (i) − δobs
Y (i) (8)

with the δpara available, ALM data treatment allows to obtain a parameter Mi which
is proportional, for each i-proton position in the structures, to its G(i) parameter. The
following relationship between Mi and G(i) applies [30, 46].

Mi

M j
= G(i)

G( j)
(9)

where i and j are two different proton positions in the structure. Without going into
details (some of them will be described for metallacrowns in Sect. 5) it is clear
from Eq. 7 that having available the information on δpara and Mi means to possess a
quantitative tool for the determination of the structural parameters θ i and ri for each
proton in the structure. Possibly, more importantly, Eq. 9 can be used either way which
means to obtain structural information using NMR data or to confirm the assignments
of NMR resonances using known structural data. In this chapter, we will show a
remarkable example present in the literature of this type of analyses. Also, we will
show that in MCs containing lanthanide(III) ions and other paramagnetic transition
metals the LIS is not the only contribution to the overall δpara, and nevertheless, for
some complexes, it could be calculated and analysed in quite detail.

Finally, one aspect related to the NMR analysis of Ln(III)-containing MCs is the
presence of ring metals that can be paramagnetic. Assuming in first approximation
that the ring metals are strongly coupled together, δpara may be dominated by the
paramagnetic features of the [Mring]n system, and the effect of a core paramagnetic
(i.e., lanthanide) ion may act as a second-order perturbation [15, 16, 29, 30, 56–60].
Perhaps most interesting, the coupling between two paramagnetic metals or systems
results in an enhancement of the electron relaxation rate, with the consequence that
relatively sharp proton NMR signals were observed for MCs containing Cu(II) and
even Gd(III) [8, 16, 30, 61, 62].

2 Interaction of Metallacrowns with Inorganic
and Organic Anions

Over the past three decades, elegant and often straightforward strategies based on
proton NMR allowed to elucidate aspects related to the binding of anions to metal-
lacrowns in solutions. The methodologies evolved from the use of 1D 1H-NMR exper-
iments to study the affinity for inorganic halides of Mn(III) MCs to the exploitation of
PGSE techniques to study the binding of carboxylates to Cu(II) 15-MC-5 complexes
and related dimerization equilibria. The most important aspects of these studies are
summarized here.
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2.1 Interaction of Mn(III) Metallacrowns with Anions

MC scaffolds such as [12-MCMn(III)Shi-4] or [12-MCMn(III)Nha-4] have been known for
many years for their remarkable stability in solution [4, 5, 63]. These complexes can
encapsulate relatively small Mn(II) and Li(I) in their cavity, while larger Na(I) and
K(I) cations are coordinated side-on to the cavity rather than encapsulated. Therefore,
these 12-MC-4 complexes form 1:1 adducts with Mn(II) or Li(I) cation as core
metals, while with Na(I) or K(I) 2:1 core metal/MC adducts were often observed.
In the latter complexes, the two core cations interact with the four-oxygen cavity on
different sides of the MC plane and their structures are reported in Fig. 6 [5, 63–66].

The structure of the {Mn(II)(OAc)2[12-MCMn(III)Shi-4]} complex is known since
1989 and is reported in Fig. 6a [66]. The two acetate anions are coordinated on the
same side of the MC mean plane, acting as bidentate ligands which bridge between
one ring Mn(III) and the core Mn(II). The 1H-NMR spectrum of the complex presents
multiple resonances in the −30 to + 60 ppm range [5, 63, 66]. With the isolation of
deuterated derivatives of the Shi ligand, it was possible to clarify that the resonance
of the acetate CH3 group is at ca. + 50 ppm [63]. This peculiar peaks distribu-
tion (acetate protons in the downfield shifted region of the spectrum, Shi protons
in the upfield region) suggested that the two sets of protons are located in space
regions which experience pseudocontact shift contributions of opposite signs [5,

Fig. 6 Structures of a {Mn(II)(OAc)2[12-MCMn(III)Shi-4]}, b {Li(I)[12-MCMn(III)Shi-4]}I3, c
{(Na(I)Cl)2[12-MCMn(III)Shi-4]}, d {(K(I)Br)2[12-MCMn(III)Shi-4]}. Light violet: Mn, Pink:
Li/Na/K, Purple: I, Green: Cl, Gold: Br
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63]. This qualitative analysis has been recently reexamined quantitatively [30], and
it is described in Sect. 5.

Pecoraro and coworkers clarified through proton NMR experiments that
{Mn(II)(OAc)2[12-MCMn(III)Shi-4]} in DMF solution and in the presence of sodium
acetate maintains coordinated the carboxylate anions, which are however in rapid
exchange with those in solution. Addition of sodium trideuteroacetate (TFA) allowed
to observe the loss of the acetate signal in less than 30 s, thus leading to the conclusion
that acetates are labile ancillary ligands [5, 64]. Conversely, the addition of deuter-
ated Shi to {Mn(II)(OAc)2[12-MCMn(III)Shi-4]} did not exhibit any change in peak
intensity, allowing to establish that the Shi ligands are not exchanged in this solvent
[5]. Also, 1H-NMR analysis of the {Mn(II)(OAc)2(pyridine)6[15-MCMn(III)Shi-5]}
complex revealed that slow but complete conversion of the 15-MC-5 framework into
the 12-MC-4 one occurs in DMSO solution. This is likely due to the dissociation of
the pyridine molecules around which the stability of the 15-MC-5 species pivots. In
the absence of pyridine to stabilize the non-planar 15-MC-5 species, conversion to
the stable 12-MC-4 was observed by proton NMR in 48 h [67].

Proton NMR experiments were used to study the relative affinity of {Li(I)[12-
MCMn(III)Shi-4]}+, {(Na(I))2[12-MCMn(III)Shi-4]}2+ and {(K(I))2[12-MCMn(III)Shi-
4]}2+ for halides. These experiments were carried out by recording the 1H chemical
shift of the Shi protons which resonate, for all the examined MCs, in the −12 to
−24 ppm window. Protons H3, H4 and H5 were observed in this spectral window
while the signal of proton H6 resonates downfield of tetramethylsilane (TMS) (posi-
tive ppm), a region often covered by solvent signals (proton labels are reported in
Fig. 7a) [5, 63]. The signals have a width of ca. 1 ppm due to the fast relaxation
induced by the paramagnetic center, and nevertheless, the signals are narrow and
separated enough to observe appreciable changes in the chemical shifts which for
the peak of proton H4 are of the order of 2 ppm upon anion exchange. Proton NMR
spectra of {Li(I)[12-MCMn(III)Shi-4]}+ with different anions are represented in Fig. 7
[63].

Fig. 7 a Scheme of the
deprotonated Shi ligand
(labels assigned to the
protons in the NMR spectra
are reported), Proton NMR
spectra of Shi protons of
{Li(I)[12-MCMn(III)Shi-4]}+

with b I3
−, c TFA−, d Br−

and e Cl− as counteranions.
The H6 proton resonances
are not observed in this
spectral window. Adapted
with permission from [63].
Copyright 1996 American
Chemical Society
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The approach used by Pecoraro and coworkers started with the analysis of the
crystal structure of {Li(I)[12-MCMn(III)Shi-4]}+ with I3

− as the counterion, which
showed that the latter is not coordinated to the MC entity (Fig. 6b) [5, 63]. Under the
reasonable assumption that triiodide anion remains uncoordinated when the complex
is dissolved in DMF, 1H-NMR titrations of the MC with Cl− and Br− obeying the
following equilibria were studied:

{
Li(I)

[
12 − MCMn(III)Shi − 4

]}+ + nX− = {
Li(I)Xn

[
12 − MCMn(III)Shi − 4

]}(n−1)−

where X− = Cl− and Br−, and n = 1 or 2. As a result of these binding assays,
{Li(I)[12-MCMn(III)Shi-4]}+ was found to have an affinity for chloride which is at
least 3 orders of magnitude higher than that for bromide [5, 63].

The determination of the affinity for anions of disodium and dipotassium
complexes of [12-MCMn(III)Shi-4] could not be performed using the same strategy
described above for the Li(I) MC since for Na(I) and K(I) the MC devoid of
coordinated anions is not available. Therefore, to determine the relative affinity of
{(Na(I))2[12-MCMn(III)Shi-4]}2+ and {(K(I))2[12-MCMn(III)Shi-4]}2+ for Cl− and Br−
a series of 1H-NMR competition experiments were carried out. In these experi-
ments, solutions of {(Na(I)Br)2[12-MCMn(III)Shi-4]} and {(K(I)Br)2[12-MCMn(III)Shi-
4]} (Fig. 6c, d) were titrated with chloride ions [5, 63]. The successive equilibria
acting in these systems were:

{
(MBr)2

[
12 − MCMn(III)Shi − 4

]} + Cl−

= {
M2BrCl

[
12 − MCMn(III)Shi − 4

]} + Br−{
M2BrCl

[
12 − MCMn(III)Shi − 4

]} + Cl−

= {
(MCl)2

[
12 − MCMn(III)Shi − 4

]} + Br−

where M is either Na(I) or K(I). Chloride ions compete with both coordinated bromide
ions, with a log K of substitution above 4 and 3.2 respectively for the first and the
second anion substitution steps with M = Na(I). The log K determined for M = K(I)
are only slightly lower than those of Na(I) [5, 63].

Overall, the result of these studies is two-fold: on one hand for each core cation
examined, the coordination of chloride was found favored over that of bromide. Based
also on the results of the crystallization trials in the presence of different anions, the
relative binding order for anions to {Li(I)[12-MCMn(III)Shi-4]}+ was found to be Cl− >
Br− > TFA− > I3

−. Also, there is a dependence of the affinity on the core metal used,
which finds sodium metallacrowns more prone to bind anions than potassium ones.
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2.2 Interaction of Copper(II) 15-MC-5
with Monocarboxylates

The concept of face-differentiation is well established in the chemistry of metal-
lacrowns [5, 6, 8, 9, 22, 43, 68–70]. This concept relates with the different geometric
nature of the two faces of a planar MC of chiral ligands, which result in a different
affinity of the two faces for guests like anions that may coordinate to the metal-
lacrown (Fig. 3b, c). This structural concept can be visualized as follows: when
chiral ligands (e.g., Pheha) are used to assemble a MC framework (e.g., that of a 15-
MC-5) the ligands provide with a cyclic (M–N–O)n connectivity and therefore result
iso-oriented (Fig. 3b). As a consequence, the side chains of the ligand molecules
all lie on the same side of the metallacrown (Figs. 3c and 8) [4, 5, 8]. The obtained
15-MC-5 assumes the shape of a hand where the palm is the MC and the fingers
are the residues. Following this simple but remarkable structural observation, the
step was short into making the hypothesis that the presence of hydrophobic residues
on one side of the complex could render the same side more prone to interact with
lipophilic ligands such as aromatic carboxylates [8].

The first qualitative observation that benzoate ions tend to bind on the hydrophobic
side of amphiphilic {Ln(III)[15-MCCu(II)Pheha-5]}3+ dates back to 2001 [8, 9]. Since
then, many observations of this preference for lipophilic organic anions were reported

Fig. 8 Representation of
face–differentiated
{Eu(III)(OBz)2[15-
MCCu(II)Pheha-5]}(OBz). The
three benzoate anions are
represented in black.
Orange: Cu, Turquoise: Eu
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[20, 25, 68–71]. In 2009, two studies appeared in which the affinity of {Ln(III)[15-
MCCu(II)Pheha-5]}3+ complexes for benzoate (BzO−) and other monocarboxylates
were determined (Ln = Gd and Eu) [22, 43]. In one of the two studies 1H-NMR,
fluorescence and UV–vis absorption were used to determine the binding constant of
acetate, benzoate and coumarine 343 to {Eu(III)[15-MCCu(II)Pheha-5]}3+. The binding
constant of benzoate to the MC determined using 1H-NMR is 363 M−1, which is
consistent with that determined by luminescence and absorption studies (389 and
447 M−1, respectively) [22]. Also, these values compare fairly well with those
determined by Pecoraro and coworkers using isothermal titration calorimetry (ITC)
and cyclic voltammetry for the same MC assembly of other lanthanides as core
ions which were found in the 370–760 M−1 range [43]. In the crystal structure of
{Eu(III)(OBz)2[15-MCCu(II)Pheha-5]}(OBz) three benzoate anions counterbalance the
triple positive charge of the MC (Fig. 8): out of these, one is bidentate bound to the
core Eu(III) on the hydrophobic face (possibly the primary binding site in solution),
one is coordinated to a Cu(II) in axial position on the hydrophilic face, and the last one
is non- coordinated [22]. 1H-NMR data evidenced however that all three benzoate
ions are under fast- exchange conditions in solution.

To determine the binding constant of acetate and benzoate to {Eu(III)[15-
MCCu(II)Pheha-5]}3+, solutions of the carboxylates (as sodium salts) in D2O were
titrated with a solution of the metallacrown up to ca. 1:1 molar ratio (Fig. 9). Traces
of acetone were used as the internal standard for chemical shift and PGSE data [22].
The metallacrown is a paramagnetic host, and nevertheless, the benzoate and acetate
proton signals could be observed during the course of the titrations despite the line
broadening. For each addition of host to the guest, the chemical shift of the latter
was recorded along with the PGSE decay parameters of both the guest and acetone.
The change in chemical shift and the change of the ratio between the exponential
parameters (θguest/θacetone) upon addition of the host were treated together by non-
linear least square regression assuming fast-exchange conditions [22]. As for PGSE
data the equation used was the following (see also Eq. 4):

Fig. 9 The a PGSE spectra for the titration of acetate with {Eu(III)[15-MCCu(II)Pheha-5]}3+ in D2O,
and b Plot of the intensities normalized over those at G2 = 0. Signals of protons of benzyl groups
of {Eu(III)[15-MCCu(II)Pheha-5]}3+ (8.2 ppm, squares), of acetone (2.2 ppm, circles) and of acetate
(1.8 ppm, triangles) are represented. Images drawn using original experimental dataset available
from the authors [22]
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θobs
guest

θobs
acetone

= Dobs
guest

Dacetone
= D f ree

guest

Dacetone
χ

f ree
guest + DboundtoMC

guest

Dacetone
χboundtoMC

guest (10)

where θ are the experimental PGSE decay parameters at each titration point and
χ the molar fractions of the free and bound guest to the MC. Dfree

guest /Dacetone

were determined by the analysis of a solution of guest alone (acetate or benzoate).
Dbound to MC

guest /Dacetone, although it could be considered as a fitting parameter, was
put equal to DEuMC /Dacetone which was determined independently by the PGSE anal-
ysis of the metallacrown host {Eu(III)[15-MCCu(II)Pheha-5]}3+ using the observable
signals of aromatic protons of Pheha [22]. The procedure used led to the determi-
nation of the two binding constants that resulted 98 and 363 M−1 for acetone and
benzoate, respectively [22].

2.3 Formation of Dimeric Capsules

The possibility of copper(II) metallacrowns to form dimeric capsules has been estab-
lished a few decades ago, for both 12-MC-4 and 15-MC-5 [8, 9, 21, 24, 72–74]. This
facile dimerization is allowed by the presence of out of plane coordination positions
on both copper(II) and, for 15-MC-5, on the core lanthanide(III) ion which often
presents a coordination number of 8 or 9. The presence of anions that may coordi-
nate to these positions and at the same time bridge between two MC units indeed
triggers the formation of dimers of MCs.

Among the first isolated dimeric capsules obtained using bifunctional organic
linkers was the adduct between {Gd(III)[15-MCCu(II)Pheha-5]}3+ and isonicotinate
as a guest, reported in Fig. 10 [24]. In the following years, the aggregation into

Fig. 10 Representation of
the {(isonicotinate)3 ⊂
{Gd(III)[15-MCCu(II)Pheha-
5]}2}3+ adduct. The
isonicotinate ions are
represented in black.
Orange: Cu, Turquoise: Gd
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Fig. 11 Pictorial representation of the formation equilibria of capsules of a {Ln(III)[15-
MCCu(II)Pheha-5]}3+, b linear dicarboxylate, c and d are 1:1 and 2:1 MC:dicarboxylate adducts,
respectively. Adapted with permission from [23]. Copyright 2017 American Chemical Society

dimers, trimers and even more complex superstructures was studied, exploring the
possibility to use MCs as building blocks for preparing functional materials and
MOF-like architectures [1, 75, 76]. The possibility to form isolated dimers remains
however fascinating, since the presence of bulky side residues such as phenyl rings
may lead to capsules into which guests can be accommodated and remain isolated
from the environment. Ultimately, this may open the possibility to devise vessels for
the delivery of pharmaceuticals or nanoreactors of dimensions of few Angstroms.

The first quantitative thermodynamic study on the speciation of dimeric compart-
ments in solution dates back to 2017 when Pecoraro, Arena and coworkers clarified,
using ITC and electrospray ionization mass spectrometry (ESI–MS), the relation-
ship between the nature of the guest dicarboxylate and its capacity to prompt the
formation of dimeric {Gd(III)[15-MCCu(II)Pheha-5]}2(dicarboxylate)4+ (Fig. 11) [23].
The most important result of this study was the observation that linear dicarboxy-
lates such as terephthalate, muconate, adipate and fumarate trigger the formation
of dimeric compartments with similar formation constants, although with different
enthalpic and entropic parameters along with the series.

More recently, a follow-up study took into account the formation of dimeric
capsules of {Ln(III)[15-MCCu(II)Pheha-5]}3+ with different core metals (Ln = La,
Nd, Sm, Eu, Dy, Ho) and muconate as the guest [28]. Perhaps surprisingly, ITC
data revealed that only the MCs of lanthanide ions of specific dimensions (namely
Eu, Gd and Dy) give rise to dimerization with muconate. To confirm this observa-
tion PGSE titrations with muconate of solutions of {Nd(III)[15-MCCu(II)Pheha-5]}3+,
{Sm(III)[15-MCCu(II)Pheha-5]}3+ and {Eu(III)[15-MCCu(II)Pheha-5]}3+ were performed
using DMSO as the standard. Naked-eye examination of diffusion data revealed that
the largest decrease of the diffusion coefficient of the MC (DMC) is indeed observed
for {Eu(III)[15-MCCu(II)Pheha-5]}3+, while the diffusion coefficient for Sm(III)- and
Nd(III)-containing MCs experiences a much smaller decrease. This observation fully
supports the ITC finding that out of these three MCs only that of Eu(III) forms dimers.
Through a quantitative data analysis, the D’obs = θMC /θDMSO values obtained from
the titrations were least-square fitted using the following equation:
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D′
obs = (

D′
monoMC · %monoMC + D′

1:1 · %1:1 + D′
2:1 · %2:1

)
/100 (11)

where D’ in the parentheses are D/DDMSO values of the individual monomeric MC,
1:1 and 2:1 MC/muconate adducts, respectively. The molar fractions of each species
at each point of the titrations were obtained from ITC speciation. Using this approach,
PGSE data allowed first to calculate D’1:1 for the {Nd(III)[15-MCCu(II)Pheha-
5]}(muconate)+ and {Sm(III)[15-MCCu(II)Pheha-5]}(muconate)+ species, that do not
form 2:1 species. In the approximation that the two latter complexes have the
same D’ of {Eu(III)[15-MCCu(II)Pheha-5]}(muconate)+, the D’ of the {Eu(III)[15-
MCCu(II)Pheha-5]}2(muconate)4+ capsule could be calculated. Overall, this analysis
showed that {Eu(III)[15-MCCu(II)Pheha-5]}3+ experiences an increase in its diffusion
coefficient of a factor of 1.14 with respect to that of the monomer, compared to
the theoretical 1.26 expected for a dimerization. Solvation effects may explain this
difference: actually, for the molecular volume expected for these dimeric species
the hydrodynamic radii differ by only 0.07 Å, a value accounted for with the rear-
rangement of solvation water molecules around the MC molecules. Another possible
reason for this observed behavior may reside in the fact that monomeric {Ln(III)[15-
MCCu(II)Pheha-5]}3+, as an oblate molecule, has a diffusion coefficient smaller than that
expected for a spherical one of equivalent volume. In this perspective, the increase
of hydrodynamic radius upon dimerization is apparently smaller than previewed.

Perhaps surprisingly—although they are broad—the proton signals of
{Gd(III)[15-MCCu(II)Pheha-5]}3+ were clearly observed. The observation of quite
narrow signals is a consequence of the coupling between the ring [Cu(II)]5 para-
magnetic system and the core metal which results in a faster electron relaxation
rate for both Gd(III) and Cu(II), and in turn into narrow NMR signals [61, 62].
Also, the PGSE experiment setup reported in this paper is almost the reverse of
that previously described for the analysis of the binding of acetate or benzoate to
{Eu(III)[15-MCCu(II)Pheha-5]}3+. On one hand, the guest was added to the solutions
of MCs in order to overcome solubility issues. On the other hand, the PGSE decay
of the signals of the MC host was monitored instead of monitoring that of the guest
and therefore the host needed to be present in the titrand sample. Finally, the data
treatment aimed at determining the hydrodynamic radii of the individual species
starting from a known speciation, rather than doing the other way around (deter-
mining K of binding by measuring D values). Overall, these aspects underline that
PGSE NMR techniques can be fruitfully exploited also to study equilibria involving
paramagnetic metallacrowns and to determine many of the parameters that describe
these host–guest complexation processes.

3 Metal Exchange Equilibria

A metallacrown construct presents two different types of metal ions (ring and core
metal), and the substitution can in principle involve either or both. NMR resonances
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tightly correlate to the nature of the (paramagnetic) metals and the overall structure
of the complex and therefore the exchange of either or both ring and core metal ions
was found to produce significant differences in the spectra. Metal exchange reactions
of MCs were therefore deeply studied through NMR and the most abundant literature
is on [12-MCMn(III)-4] and [15-MCCu(II)-5] constructs, which are described here.

3.1 Metal Exchange in Manganese(II/III) 12-MC-4
Complexes

Possibly and not surprisingly the first question when looking at metallacrown struc-
tures is if they possess a functional behavior similar to those of crown ethers in
terms of core metal exchange and metal ions recognition [66]. Indeed, starting
as early as 1990, Pecoraro and coworkers studied in detail the capacity of the
[12-MCMn(III)Shi-4] framework to encapsulate Li(I), Na(I), K(I) and Mn(II) [5, 63–
65]. The first studies were carried out using {(Na(I)Cl)2[12-MCMn(III)Shi-4]} which
was quantitatively converted into {Mn(II)(OAc)2[12-MCMn(III)Shi-4]} by addition
of 1 eq. of manganese(II) acetate [65]. The reaction was monitored over time
using 1H-NMR, and representative spectra are reported in Fig. 12. Titrations of
{(Na(I)Cl)2[12-MCMn(III)Shi-4]} and {(Li(I)Cl)[12-MCMn(III)Shi-4]} with different
couples of cations/anions also provided the first indication that MCs tend to recog-
nize ionic pairs (anion and cation simultaneously) rather than cations or anions
individually.

1H-NMR and Fast Atom Bombardment (FAB) analyses showed that the cavity of
[12-MCMn(III)Shi-4] has a stronger preference for Li(I) over Na(I) and K(I) [5, 65]. In
particular, by reacting {(AB)2[12-MCMn(III)Shi-4]} complexes with LiCl (where AB
is Na(I)Cl, K(I)Cl, Na(I)Br, or K(I)Br) the product was in all cases {(Li(I)Cl)[12-
MCMn(III)Shi-4]}. Similar experiments performed using Na(I) added to the metal-
lacrowns encapsulating K(I) demonstrated an overall Li(I) > Na(I) > K(I) preference
[5]. Furthermore, when these results were combined with the results on binding
affinity for anions the order of preference of the [12-MCMn(III)Shi-4] framework for
ionic pairs was found as follows: Mn(II)(OAc)2 > Li(I)Cl2− > Li(I)Br2

− > Li(I) >
(Na(I)Cl)2 > (Na(I)Br)2 > (K(I)Cl)2 > (K(I)Br)2. As observed during anion substitu-
tion experiments (Sect. 2.1), the NMR signals of the aromatic protons were always
observed in the −12 to −24 ppm region irrespective of the encapsulated cation. The
H3 and H4 were also resolved enough to appreciate changes in their chemical shift
of the order of 2–3 ppm (Figs. 13 and 7 for labels). Finally, 1H-NMR titrations with
15-C-5 or 18-C-6 of Li(I), Na(I) and K(I) complexes of [12-MCMn(III)Shi-4] showed
that only K(I) can be removed from the MC cavity and only in excess of crown ether,
which allowed to assess that the affinity of [12-MCMn(III)Shi-4] complexes for alkali
metals is higher than that of the parent organic counterparts.

In terms of the mechanism of metal exchange, FAB and 1H-NMR data demon-
strated that this core metal substitution proceeds by direct metal exchange and no
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Fig. 12 1H-NMR spectra of
a {(Na(I)Cl)2[12-
MCMn(III)Shi-4]}, b
{(Na(I)Cl)2[12-MCMn(III)Shi-
4]} added with
manganese(II) acetate, and c
{Mn(II)(OAc)2[12-
MCMn(III)Shi-4]}. Adapted
with permission from [65].
Copyright 1991 American
Chemical Society

disassembly of the complex take place [5, 63]. In particular, the addition of Li(I)Cl
to a mixture of {(Na(I)Cl)2[12-MCMn(III)Shi-4]} and {(Na(I)Cl)2[12-MCMn(III)Nha-4]}
(ligands represented in Fig. 2) led to the appearance of the signals related solely to
{(Li(I)Cl)[12-MCMn(III)Shi-4]} and {(Li(I)Cl)[12-MCMn(III)Nha-4]} [5]. The absence
of proton NMR signals attributable to mixed ligand species confirmed FAB data that
no MC disassembly occurs during these processes. Also, NMR experiments carried
out in both DMF, and DMF/acetonitrile mixtures evidenced that the metal exchange
process occurs in the minute time scale and in the slow-exchange regime from an
NMR point of view. As a further confirmation of the inertness of the [12-MCMn(III)Shi-
4] ring framework to ligand exchange, potassium was removed using 18-C-6 from
the MC cavities of a mixture of {(K(I)Br)2[12-MCMn(III)Shi-4]} and {(K(I)Br)2[12-
MCMn(III)Nha-4]} without observing disassembly and subsequent ligand mixing of
the core metal vacant [12-MCMn(III)Shi-4] [5].
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Fig. 13 1H-NMR spectra of
a {(K(I)Br)2[12-
MCMn(III)Shi-4]}, b
{(Na(I)Br)2[12-
MCMn(III)Shi-4]}, and c
{Li(I)Br2[12-MCMn(III)Shi-
4]}−. Labelling scheme is as
reported in Fig. 7. The H6
proton resonances are not
observed in this spectral
window. Adapted with
permission from Ref. [63].
Copyright 1996 American
Chemical Society

3.2 Metal Exchange in Copper(II) 12-MC-4 and 15-MC-5
Complexes

Cu(II)-containing MCs are possibly some of the most studied metallacrown
constructs in literature [1, 4, 6, 77]. For its hard-soft behavior and its intrinsic prop-
erty to form stable complexes among divalent cations (Irving–Williams series), the
use of copper(II) as the ring metal is very convenient for the assembly of both 12-
MC-4 and 15-MC-5 of α-hydroxamates [1, 4, 6, 63, 77]. Ni(II) has been also used to
assemble structurally similar MCs, but less studies on those constructs were released
in the literature [78–80]. The most common ligands used to study the processes of
formation, metal substitution and framework expansion of Cu(II) metallacrowns are
reported in Fig. 2, with Picha, Pheha, Tyrha and Leuha the most frequently used in
these studies [5, 15, 16, 19, 23, 28, 29, 56–60, 81]. In Fig. 14a schematic summary of
processes of metal exchange and framework rearrangement studied through 1H-NMR
on 15-MC-5 and 12-MC-4 complexes of Cu(II) are represented. The description of
framework expansion processes is reported in Sect. 4.
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3.2.1 Ring Metal Exchange

{Ln(III)[15-MCM(II)Picha-5]}3+ complexes (M = Cu, Ni) can be easily isolated by
reacting Picha with Cu(NO3)2 or Ni(NO3)2 in the presence of Ln(NO3)3 in a basic
environment. Additions of Ni(NO3)2 to a solution of {Ln(III)[15-MCCu(II)Picha-5]}
resulted in no changes in the 1H-NMR spectra in DMSO, proving that the Cu(II) MC
is the most stable complex among the two [59]. Conversely, the addition of Cu(NO3)2

to a solution of {Sm(III)[15-MCNi(II)Picha-5]}3+ led to the formation of {Sm(III)[15-
MCCu(II)Picha-5]}3+ after a month. NMR data established that the metal substitu-
tion process involves the formation of mixed {Sm(III)[15-MCNi(II)xCu(II)5-xPicha-5]}3+

complexes (x = 0 − 5), and that small quantities of {Cu(II)[12-MCCu(II)Picha-4]}2+
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�Fig. 14 Representation of the processes followed by NMR regarding metal exchange reactions and
framework expansions of Cu(II) 12-MC-4 and 15-MC-5- with α-hydroxamates. The experimental
conditions (ligand, solvent, equivalents of metal, percentage conversion and reaction time) are also
reported along with the reference to the literature. For simplicity, we reported the structure of the
12-MC-4 and 15-MC-5 complexes of an aliphatic amino-hydroxamate. Picha and Pheha, DMSO,
excess Cu(II), partial conversion for Sm(III), Dy(III) and Yb(III), no conversion seen for La(III),
Ce(III), and Pr(III) (a) [58]; Picha and Pheha, DMSO, 1 eq. of Ln(III), complete conversion after
30 days at room temperature or 2 days at 323 K (b) [58]; Leuha, MeOH and H2O, 1 eq. of UO2

2+,
complete conversion, no signals in the starting 12-MC-4 (c) [15]; Leuha, MeOH, 1 eq. of UO2

2+,
near complete conversion (d) [15]; Leuha, MeOH, 1 eq. of Nd(III), 15% conversion after 2 weeks
(e) [15]; Picha, DMSO, 1 eq. of La(II) or Sm(II), 70% conversion for La(III) and 63% for Sm(III),
equilibrium after 55 days at 323 K (f ) [60]; Picha, DMSO, 1 eq. of Yb(III), no conversion (g) [60];
Picha, DMSO, excess Ni(II), no conversion after 3 weeks (h) [59]; Picha, DMSO, 1 eq. of Cu(II),
almost complete conversion with small quantities of 12-MC-4 (i) [59]; Picha, DMSO, 1 eq. of
Ln(III), complete conversion for La(III) and Sm(III), partial conversion for Er(III) and Yb(III) with
small quantities of 12-MC-4, equilibrium after 5 days at 323 K (j) [60]; Picha, DMSO, 1 eq. of Pb(II)
or Hg(II), complete and fast conversion (15 min) (k) [60]; Picha and Pheha, DMSO, 3.5 or 5 eq. of
Ni(II), complete conversion (l) [58]; Picha, DMSO, 1 eq. of Pb(II) or Hg(II), 40–70% conversion for
Pb(II) depending on the starting Ln(III), partial conversion for Hg(II) (m) [60]; Leuha, MeOH and
H2O, 10 eq. of Ca(II), no conversion (n) [15]; Trpha, MeOH/H2O 9:1, 1 eq. of Ca(II), conversion
at pH > 4.5, followed through UV–vis spectroscopy (o) [19]

and {Ni(II)[12-MCNi(II)Picha-4]}2+ are present as byproducts [59]. Perhaps expected
by the Irving–Williams series, the [15-MCCu(II)Picha-5] species ultimately resulted
thermodynamically more stable than the analogous Ni(II) construct [82].

3.2.2 Core Metal Exchange

The first NMR study of core metal exchange reactions in MCs was performed by
Lisowski and coworkers on {Cu(II)[12-MCCu(II)Picha/Pheha-4]}X2 complexes, where
and X is Cl− in the case of Pheha and either NO3

− or HSO4
− for Picha [59]. From the

1H-NMR spectra of the complexes in DMSO, four resonances for Picha and the eight
for Pheha were indeed observable as expected for four equivalent ligands related by
a four-fold axial symmetry of the complexes in solution. The addition of different
amounts of Ni(NO3)2 to solutions of {Cu(II)[12-MCCu(II)Picha/Pheha-4]}2+ in DMSO
led to the appearance of a new set of four 1H-NMR signals for Picha complexes
and of eight signals for Pheha associated to {Ni(II)[12-MCCu(II)Picha/Pheha-4]}2+ [58].
The presence in the solution of this species was confirmed through ESI–MS. Inter-
estingly, these data ruled out the formation of mixed ring metal complexes (e.g.,{
Cu(II)

[
12 − MCCu(II)xNi(II)4-xPicha/Pheha − 4

]}2+
, x = 0–4) (see Sect. 3.2.1). Rather,

NMR and ESI data suggest that core transmetallation occurred:

{
Cu(II)

[
12 − MCCu(II)Picha/Pheha − 4

]}2+ + Ni(II)

= {
Ni(II)

[
12 − MCCu(II)Picha/Pheha − 4

]}2+ + Cu(II)
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Lisowski and coworkers extensively studied by 1H-NMR, the transmetallation
processes in Cu(II) 15-MC-5 complexes to determine the relative stabilities of the
{M[15-MCCu(II)-5]}n+ constructs for different Mn+ ions. The addition of Pb(NO3)2 to
solutions of {Ag(I)[15-MCCu(II)Picha-5]}+ and {Na(I)[15-MCCu(II)Picha-5]}+ in DMSO
showed the fast appearance of a set of resonances associated to the {Pb(II)[15-
MCCu(II)Picha-5]}2+ complex and the disappearance of the resonances of the reac-
tants. Conversely, the DMSO 1H-NMR spectra of {Ln(III)[15-MCCu(II)Picha-5]}3+

after the addition of Pb(NO3)2 showed only a 40–70% conversion to {Pb(II)[15-
MCCu(II)Picha-5]}2+ complex depending on the encapsulated lanthanide(III) ion. More
in detail, higher yields of conversion were observed when the starting complex
contained heavier lanthanides [60]. A similar behavior was observed also for Hg(II),
although the low thermal stability of {Hg(II)[15-MCCu(II)Picha-5]}2+ prevented the
collection of accurate NMR data [60]. This different conversion yield through the
lanthanide series was further explored by addition of La(III) and Sm(III) salts
to solutions of {Yb(III)[15-MCCu(II)Picha-5]}3+ in DMSO. The gradual growth of
the 1H-NMR signals of {La/Sm(III)[15-MCCu(II)Picha-5]}3+ complexes could be
observed in 55 days at 323 K, with final yields of conversion of 70% for La(III)
and 63% for Sm(III) [60]. The reverse reactions could not be observed, showing
that the stability indeed decreases through the lanthanide series due to both the
lanthanide contraction and a higher Lewis acidity of the ions. Finally, further proof
of the higher stability of Cu(II) 15-MC-5 complexes with lighter lanthanides was
obtained by studying transmetallation processes using {Na/Ag(I)[15-MCCu(II)Picha-
5]}+ as the reactants to obtain {Ln(III)[15-MCCu(II)Picha-5]}3+ species. While the
complete metal exchange was observed for lighter La(III) and Sm(III) ions, the
addition of Er(III) and Yb(III) resulted only in the formation of small amounts of
the pentanuclear {Cu(II)[12-MCCu(II)Picha-4]}2+ [60]. Overall these results consis-
tently prove that Cu(II) 15-MC-5 are more prone to the complexation of lighter
(bigger) lanthanide ions compared to heavier (smaller) ones. This behavior is in
agreement with what reported in the previous experiments and was later quantita-
tively proved by studying the thermodynamic stability of {Ln(III)[15-MCCu(II)Pheha-
5]}3+ and {Ca(II)[15-MCCu(II)Pheha/Trpha-5]}2+ complexes using spectrophotometric
titrations [19, 58, 59].

Binnemans and coworkers finally proved through 1H-NMR that {U(VI)O2[15-
MCCu(II)Leuha-5]}2+ is stable against the addition of 18-C-6 (up to 10 equivalents)
in MeOH and H2O solutions, and the same behavior was observed for {Ca(II)[15-
MCCu(II)Pheha/Trpha-5]}2+ by Tegoni and coworkers. This in turn proved that MC assem-
blies are more selective than crown ethers in the complexation of uranyl ions [15,
17]. Slow core transmetallation was observed upon addition of Nd(III) to the uranyl
MC resulting in 15% metal exchange for 1 equivalent of lanthanide added in MeOH
solutions. Conversely, complete conversion of {Nd(III)[15-MCCu(II)Leuha-5]}3+ into
{U(VI)O2[15-MCCu(II)Leuha-5]}2+ could be observed by adding 1 equivalent of uranyl
ions to the lanthanide complex [15]. No transmetallation was observed adding Ca(II)
[15].

In conclusion, 1H-NMR studies on Cu(II) MCs of α-aminohydroxamates provided
with a general order of stability of the assembly with different core metals as follows:
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Pb(II)/U(VI)O2
2+ > Hg(II), Ln(III) (lighter) > Ln(III) (heavier) > Ca(II) > Ag(I), Na(I)

> K(I). Unfortunately, to date, no data has been reported on the relative stability of
15-MC-5 complexes of Pb(II) compared to that of the uranyl ion. Overall, these
experiments remarkably show the versatility of 15-MC-5 species to form complexes
with cations of different charges combined with fine size discrimination properties.

4 MC Rearrangements and Ligand Exchange

4.1 MC Expansion

As described in the introduction and as represented in Fig. 3, for geometric reasons β-
hydroxamic acids preferentially form 12-MC-4 constructs while α-hydroxamic acids
prefer to form 15-MC-5 constructs (metallacrowns structural paradigm). However,
the formation of the latter expanded frameworks is observed only for α-hydroxamic
acids in the presence of a large central metal ion capable of being encapsulated
in a 5-oxygens cavity (e.g., UO2

2+, Ln(III) or Ca(II)) [7, 81, 83–86]. Conversely,
in the absence of a large core metal, 12-MC-4 frameworks are formed in which
the core and ring metal ions are the same (i.e., {Cu(II)[12-MCCu(II)Picha/Pheha-4]}2+,
Figs. 3 and 14) [8, 15, 58, 72, 87–89]. β-Hydroxamic acids or their analogs (e.g.,
Shi and Nha) behave differently and 12-MC-4 complexes are selectively assembled
in the presence of Cu(II) or Mn(II/III) ions forming {Cu(II)[12-MCCu(II)L-4]}2− and
{Mn(II)[12-MCMn(III)L-4]}2+ species, respectively. Although less selective, the same
phenomenon was also observed with Ni(II) [87]. Here we present a summary of the
most relevant studies of MC expansion and ligand exchange equilibria that have been
performed using NMR.

The rearrangement process of {Cu(II)[12-MCCu(II)Picha/Pheha-4]}2+ complexes into
{M[15-MCCu(II)Pheha/Picha-5]}n+ (n = 1–3) triggered by the addition of large core
cations (Ln(III) and U(VI)O2

2+) was studied by 1H-NMR in DMSO or MeOH.
Upon addition of 1 equivalent of Ln(III) ions to Cu(II)[12-MCCu(II)Picha/Pheha-4]X2

in DMSO, where X is NO3
− for Picha or Cl− for Pheha, the result is the formation

of {Ln(III)[15-MCCu(II)Picha/Pheha-5]}3+ in 30 days at room temperature or 2 days at
323 K, according to the following reaction [58]:

5
{
Cu(II)

[
12 − MCCu(II)Picha/Pheha − 4

]}2+ + 4 Ln(III)

= 4
{
Ln(III)

[
15 − MCCu(II)Picha/Pheha − 5

]}3+ + 5 Cu(II)

For Ln(III) ions like samarium(III) or heavier (i.e., Dy(III) and Yb(III)) the reac-
tion is reversible. Actually, the addition of Cu(NO3)2 to solutions of {Ln(III)[15-
MCCu(II)Picha-5]}(NO3)3 in DMSO produced the appearance of the signals of the
starting {Cu(II)[12-MCCu(II)Picha-4]}(NO3)2. Conversely, this reaction did not take
place when lighter lanthanides were added (La(III), Ce(III) and Nd(III)) [59].
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These observations were again explained by considering that the cavity of the [15-
MCCu(II)Picha-5] framework has a size more suitable for the encapsulation of larger
lanthanide ions than smaller ones (as previously reported in Sect. 3.2.2).

The observations obtained by Binnemans and Parac-Vogt on the rearrangement
of {Cu(II)[12-MCCu(II)Tyrha-4]}2+ and {Cu(II)[12-MCCu(II)Leuha-4]}2+ into 15-MC-5
triggered by Ln(III) and uranyl ions provided further confirmation on this behavior.
However, it is interesting that differently from Picha, for both 12-MC-4 complexes
of Tyrha and Leuha, no 1H-NMR signals were detected [15, 29]. The reasons for
these observations are still unclear. Beyond ligand exchange equilibria that may
result in broad NMR signals, one possible explanation relates with the non-planar
conformation of the {Cu(II)[12-MCCu(II)-4]}2+ species of α-aminohydroxamates.
The hypothesis is that the different nature of the side chain and the different solvents
used for NMR analysis result in maybe subtly different conformations of the 12-
MC-4 structure which impact the nature of the magnetic coupling of the [Cu(II)]4

system of the MC ring and therefore the electron and proton relaxation rates.
Finally, NMR studies of {Na(I)[15-MCCu(II)Picha-5]}+ and its analog of Ag(I) in

DMSO further highlighted the ability of MCs to discriminate the size of the core
metals: while {Ag(I)[15-MCCu(II)Picha-5]}+ and {Na(I)[15-MCCu(II)Picha-5]}+ can be
isolated by addition of Ag(I) and Na(I) as nitrate salts respectively to a solution
containing {Cu(II)[12-MCCu(II)Picha-4]}2+, the same behavior was not observed for
the larger K(I) [60]. Interestingly and accordingly with these observations, the use
of NaOH as a base for the deprotonation of Picha led to the assembly of {Na(I)[15-
MCCu(II)Picha-5]}+ whereas the use of KOH generated the {Cu(II)[12-MCCu(II)Picha-
4]}2+ construct [58].

4.2 Ligand Exchange in Copper(II) Metallacrowns

The rates of ligand exchange in MC systems were observed to be very depen-
dent on the ring metal ions involved and the dimension of the cavity. For
instance, inertness towards ligand exchange reactions was earlier reported for
{Cu(II)[12-MCCu(II)Shi/Anha-4]}2+ complexes [90]. Conversely, the complexes of [9-
MCV(V)OShi/Nha-3] were proved to be labile in solution, possibly a consequence of the
absence of a stabilizing central ion in the cavity [91].

A detailed 1H-NMR study of ligand exchange processes was reported in
2005 by Binnemans and Parac-Vogt on {Nd(III)[15-MCCu(II)Tyrha/Pheha-5]}3+ [16].
When mixed together in MeOH, the 1H-NMR spectrum of a solution of
{Nd(III)[15-MCCu(II)Tyrha-5]}3+ and {Nd(III)[15-MCCu(II)Pheha-5]}3+ showed signals
corresponding to the two individual complexes. However, some of the peaks changed
into multiplets after 2 days at 310 K [16]. To confirm that these observations are
related to ligand exchange, the 1H-NMR spectrum of a solution obtained by mixing
Pheha and Tyrha with Cu(II) and Nd(III) ions in MeOH was recorded. The resulting
spectra were indeed extremely similar to the one of the mixture of {Nd(III)[15-
MCCu(II)Tyrha-5]}3+ and {Nd(III)[15-MCCu(II)Pheha-5]}3+ after 2 days [16]. Perhaps
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more importantly, the ESI–MS analysis showed a statistical distribution of ligands in
{Ln(III)[15-MCCu(II)(Tyrha)x(Pheha)5-x-5]}3+ complexes (x = 0–5), in turn revealing that
no ligand is preferred over the other for the formation of the metallamacrocycle and
no mutual ligand recognition is expected in the construct. This observation is consis-
tent with the crystal structures of the two homo-ligand complexes which show that
no significant intramolecular interactions other than steric hindrance are observed
between the ligands [16].

5 Ln(III)/Mn(III) and Ln(III)/Cu(II) MCs: Insight
on Their Structure in Solution

The quantity of NMR information on MCs is vast and still, perhaps surprisingly, the
potential of using 1H-NMR data to extract structural information of these complexes
in solution has been explored in detail only very recently [30]. We will discuss
here the results of these analyses performed on Ln(III)/Mn(III) 12-MC-4 complexes,
and the reasons why the same studies can not be performed straightforwardly on
Ln(III)/Cu(II) 15-MC-5 complexes.

5.1 Ln(III)/Mn(III) 12-MC-4 Complexes

The 1H-NMR characterization of manganese(II/III) MCs dates as early as 1989
when the first MC complexes were discovered and isolated [5, 63, 64, 66]. However,
despite the large number of MCs containing different transition and rare-earth
metals isolated since then, a systematic analysis aimed at correlating the struc-
ture in the solution of the MC complexes with the paramagnetic features of the
assembly was reported only in 2017 by Zaleski, Tegoni and coworkers [30]. This
analysis was carried out on heterotrimetallic {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-
4]} complexes. The study started from the isolation in the solid state of twelve
isostructural {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-4](H2O)4} complexes (Ln = Pr-
Yb except Pm, and Y). The structure of the Y(III) complex is reported in Fig. 15.
The analysis of proton NMR spectra of these complexes allowed to clarify the para-
magnetic effects along the Ln(III) series on the protons of both Shi and acetate
ligands. Although not crystallographically four-fold symmetrical in the solid state,
four equivalent Shi ligands are present in the solution as a consequence of structural
adaptations and fluxionality, as previously observed in the literature for Mn(III) MCs
[5, 63, 64, 66]. Finally, NMR data allowed to establish that the bridging carboxy-
lates are not dissociated in solution, being held in position by coordination to the
lanthanide ions which are 8-coordinated [30].

In the 1H-NMR spectra of the diamagnetic {Na(I)Y(III)(OAc)4[12-MCMn(III)Shi-
4]} three out of the four non-equivalent Shi protons are located in the -15 to -25 ppm
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Fig. 15 a Representation of the [12-MCMn(III)Shi-4] scaffold, b General X-ray crystal structures
of {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-4](H2O)4} complexes (Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Y). Green: Ln(III); Purple: Mn(III); Yellow: Na(I). Adapted with permission
from [30]. Copyright 2017 American Chemical Society

range, while the fourth proton is located downfield of TMS (Fig. 16). Also, for
all compounds of the {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-4]} series the signals of

Fig. 16 1H-NMR spectra of
the {Na(I)Ln(III)(OAc)4[12-
MCMn(III)Shi-4]} complexes
in CD3OD. The encapsulated
lanthanide ion is indicated on
the left. The spectrum of the
Y(III)-MC is also reported.
All spectra were recorded in
CD3OD at 298 K. Reprinted
with permission from [30].
Copyright 2017 American
Chemical Society
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the acetate protons are also in the positive ppm window, (see Fig. 7 for labels).
These signals are in the same spectral windows as those observed for the same MC
framework encapsulating alkali metals [5, 63, 64, 66]. Perhaps more importantly,
Fig. 16 shows that all MCs of the series present NMR spectra with the same spectral
pattern, with more pronounced differences for the heavier lanthanides compared to
lighter ones (Fig. 16). It is therefore evident that the paramagnetic effects provided
by the [Mn(III)]4 coupled system of the metallacrown impart a first order effect
on the chemical shift, while the presence of the lanthanide provides a second-order
perturbation. Overall, this allowed establishing naked-eye a direct correspondence
between all signals along the series of spectra which simplified further data analysis
(Fig. 16) [30].

The 1H-NMR data analysis aimed at extracting the information on the contact
and pseudocontact shift contributions was carried out through the “all lanthanides”
method (ALM), using the spectral information of the MC of heavier lanthanides
(Tb–Yb). In this analysis, the diamagnetic and paramagnetic shift contribution of the
[Mn(III)]4 system were considered constant along the lanthanide series and equal
to those experienced in {Na(I)Y(III)(OAc)4[12-MCMn(III)Shi-4]}. The analysis of the
pseudocontact shift contribution showed that among the prolate ions Tb(III) provides
with the greatest shift (ca. 15 ppm downfield on H6), while the oblate Tm(III) shifts
H6 of ca. 16 ppm upfield.

The pseudocontact shift values were used to gain information on the structure and
dynamic effects experienced by the protons of the Shi and bridging carboxylates,
which we briefly described here. Although domed, the MC scaffolds deviate only
slightly from planarity, and therefore all aromatic Shi protons locate at θ i ca. 120°
(direction Ln-H with respect of the pseudo-four-fold symmetry axis, Figs. 17 and
5). As a consequence, the geometric terms (see Eq. 7) present negative values which
result in δPC contributions to have a sign opposite to that of the Bleaney’s constant of

Fig. 17 Representation of {Na(I)Tm(III)(OAc)4[12-MCMn(III)Shi-4](H2O)4}. The centroid of the
protons of the CH3 groups is indicated as the red sphere. θ i and ri values for the centroid and
for the protons of the methyl groups are reported in green and blue respectively. The z-axis is
approximated as coincident to the Na(I)···Ln(III) direction. Green: Tm(III); Purple: Mn(III); Yellow:
Na(I). Copyright 2017 American Chemical Society, reprinted with permission from [30]
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the Ln(III) ion under examination (Eq. 7). The chemical shifts of Shi protons agree
with this interpretation.

In these complexes, for each of the heavier lanthanides, a downfield shift of the
signal of the CH3 group (compared to the Y(III)-MC) is accompanied by an upfield
shift of the Shi protons signals. This phenomenon occurs as a consequence of the fast
rotation of the methyl group around the C–C axis leading to the CH3 protons averagely
residing at a θ i value lower than the magic angle. In fact, the simple evaluation of
the position of the centroid of the 3 protons was not accurate enough since the θ i

value resulted higher than the magic angle. Rather, averaging over the three proton
positions of the CH3 group allowed to calculate positive (3cos2θ i-1)/ri

3 terms that
explain the experimental observations. The (3cos2θ i-1)/ri

3 term depends on the Ln–
Hi distance ri and therefore by rotating around the C–C bonds the proton positions
corresponding to θ i value lower than the magic angle are those at a lower distance
from the lanthanide. These positions dominate over the others in the calculation of
the geometric term which results in a positive value.

Two interesting NMR observations were reported for these complexes. The first
arose from the examination of the signals for the Gd(III) complex. Actually, in
{Na(I)Gd(III)(OAc)4[12-MCMn(III)Shi-4]} the proton NMR signals are clearly observ-
able and with line widths of ca. 103 Hz. Similar to what was observed for the
{Gd(III)[15-MCCu(II)Pheha-5]}3+ complex, the coupling between the paramagnetic
[Mn(III)]4 ring system and Gd(III) induces an enhancement in the electron relax-
ation rate of the latter. This in turn corresponds to a decrease in the electron relaxation
time τ e which has been estimated for this metallacrown into ca. 10−10 s, compared
to 10−9 − 10−8 s usually reported for Gd(III) complexes [54, 92]. This enhanced
electron relaxation rate results in unusually narrow proton NMR signals. The second
interesting observation is that in deuterated methanol the sodium ion dissociates from
the four oxygens cavity of {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-4]} while the Ln(III)
ion does not as it is blocked in site by the bridging acetates. Sodium dissociation
has been actually proved by 23Na NMR data: signal bandwidths for Y(III)-, Pr(III)-,
Tb(III)-, and Yb(III)-MCs show signals with line widths between 27 and 30 Hz,
which compare well with 17 Hz measured for NaCl in methanol. Conversely, much
larger line widths in the range of 120 − 500 Hz were observed for Na(I) adducts
with 18-C-6 and 15-C-5 demonstrating that sodium is actually non-coordinated to
the scaffold [93–95].

Finally, it is worth noting that the B0
2 parameters calculated for the complexes

with heavier lanthanides should be considered only as rough estimates of the actual
one, and caution has to be placed when extracting physico-chemical parameters on
the basis of Bleaney’s constants [55].

5.2 Ln(III)/Cu(II) 15-MC-5 Complexes

We tried to explore if the strategy of extracting structural information from pseudo-
contact contributions could be applied also to {Ln(III)[15-MCCu(II)Picha-5]}(NO3)3
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complexes, using proton NMR data reported in the literature [81]. In this series of
complexes, the chemical shifts of the aromatic protons are at ca. 95, 37, 35 and
11 ppm for protons Ha, Hb, Hd and Hc, respectively (see Fig. 18).

We have treated the 1H-NMR data of {Ln(III)[15-MCCu(II)Picha-5]}(NO3)3 by
considering {La(III)[15-MCZn(II)Picha-5]}(NO3)3 as a diamagnetic reference to calcu-
late δpara shifts (reported in Fig. 19) that are to a first approximation given by the
sum of the paramagnetic shifts of the [Cu(II)]5 system and of the core Ln(III):

Fig. 18 The a Structure of the deprotonated Picha ligand (labels assigned to the protons in the
NMR spectra are reported), b 1H-NMR spectra of {La(III)[15-MCCu(II)Picha-5]}(NO3)3. From left
to right the resonances were assigned to Ha, Hb, Hd and Hc. Adapted with permission from [81].
Copyright 1999 American Chemical Society

Fig. 19 Plot of the core
metal radius of {Ln(III)[15-
MCCu(II)Picha-5]}(NO3)3
(reported in
picometers) versus the
calculated δpara of the four
Shi protons, see Eq. 12. Ha
(black squares), Hb (red
circles), Hc (green triangles)
and Hd (blue upside-down
triangles)
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δobs
Ln,Cu(i) − δobs

La,Zn(i) ∼= δ
para
Ln,Cu(i) ∼= δ

para
Cu (i) + δ

para
Ln (i) (12)

If we examine the plot in Fig. 19, we see that the δpara shifts increase with a
monotone trend along the lanthanide series, which means that there is a progressive
downfield shift with decreasing ionic radius. It is therefore evident that, differently
from what was observed for {Na(I)Ln(III)(OAc)4[12-MCMn(III)Shi-4]} complexes, in
{Ln(III)[15-MCCu(II)Picha-5]}(NO3)3 the presence of the Ln(III) paramagnetic ions
almost negligibly affects the observed chemical shift values. We can therefore deduce
that the contribution of the [Cu(II)]5 system dominates in δpara by orders of magnitude
over that of the core lanthanides ion (i.e., δCu

para > > δLn
para).

When plotted, the δpara values correlate almost linearly with the ionic radii of the
Ln(III) ions (Fig. 19) [96]. This trend possibly relates either to a change in the confor-
mation of the MC scaffold for different core metals or to a change in the magnetic
coupling between the paramagnetic ions in the [Cu(II)]5 system, also depending
on the different core metals. On one hand, we can actually predict that the confor-
mation of the {Ln(III)[15-MCCu(II)Pheha-5]} scaffold is impacted by the dimension
of the coordinated core lanthanide, resulting in slightly different conformations for
different Ln(III) ions and hence different geometric terms G(i) [14, 19, 77]. On the
other hand, a clear correlation between the Cu–Cu distances and the crystal radius of
the core Ln(III) ion was observed in {Ln(III)[15-MCCu(II)Pheha-5]}(NO3)3 by Peco-
raro and coworkers [14]. Both these structural differences likely impact the magnetic
coupling in the [Cu(II)]5 system, as previously stated, indeed preventing a straight-
forward determination of the Ln(III) pseudocontact contributions through methods
such as ALM. It will be interesting in the future to deepen the study on {Ln(III)[15-
MCCu(II)Tyrha-5]}(NO3)3 complexes to understand if some structural information can
be extracted from the pseudocontact contribution to the chemical shift provided by
the [Cu(II)]5 system.

6 Conclusions

The use of the NMR technique has been essential in the development of the chemistry
of metallacrowns. While this technique has been initially used to clarify the stability
of these complexes in solutions, it turned soon clear that it could be used to study
a number of the other processes that are unique to MCs. Selective encapsulation
of specific metals on the basis of their dimensions and charge, or the mechanism
of self-assembly and framework expansions are just examples of the processes that
have been elucidated using NMR. Through NMR characterization it has also been
possible to take advantage of the paramagnetic nature of MC that allowed, only
quite recently, to start the study of the structure of metallacrowns in solution. For
all these reasons it may be concluded not only that NMR is fully appropriate for the
study of MCs, but that the latter can become paradigmatic metallamacrocycles that
can be studied with a number of spectroscopic techniques, from optical methods to
advanced NMR experiments.
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Influence of the Hydroxamate Ligands’
Structure on the Thermodynamic
Properties and Structure
of Metallacrown Complexes

Malgorzata Ostrowska , Igor O. Fritsky and
Elzbieta Gumienna-Kontecka

Abstract Establishing the solution stability of metallacrowns (MCs) and their selec-
tivity for metal ions are essential for the design of functional compounds and mate-
rials based on MCs scaffolds. Optimization of ligands leading to the development of
chelators forming MCs that have high stability across a broad pH range is of partic-
ular interest in the perspective of potential use of MCs when specific pH conditions
are required, i.e., selective binding of anions and cations. The significance of the
influence of the ligand structure, the nature of metal ions and axial ligands on the
formation of the MCs with different topologies and stability are discussed on the
basis of case studies of the group of aromatic hydroxamate derivatives with addi-
tional nitrogen donor atom in α-position with respect to the hydroxamate function—
o-picolinehydroxamic (PicHA), quinolinehydroxamic acid (QuinHA), and pyrazy-
lohydroxamic acid (PyzHA), together with β-functionalized hydroxamate deriva-
tive—ethylphosphonohydroxamic acid (PAHEt) and malonomonohydroxamic acid
(MACZ). The comparison between the species isolated in solid state and those
presented in solution is a valuable addition necessary to understand better the influ-
ence of the ligand structure (aromaticity, bulkiness), as well as subtle factors such
as axial ligands (symmetricity of disposition vs. MC plane, denticity, size etc.) and
solvation effects, on the formation of MCs.
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1 Introduction

Derivatives of hydroxamic acids functionalized in the α, β, or γ position with respect
to the hydroxamate function are one of the most extensively studied ligands capable
of forming MCs (Fig. 1) [1–3]. Among these, the aminohydroxamic acids are the
most widely described in the literature (Fig. 1). Hydroxamic acids able to form MCs
having donor groups other than the amino group are represented by several examples
only, e.g., heterocyclic α-functionalized hydroxamic acids (PicHA, QuinHA, and
PyzHA) or β-hydroxamic acids with not typical substituents, like carboxylic or
phosphonic groups (MACZ or PAHEt, respectively) (Fig. 1) [3–8]. Moving beyond
the widest group of aminohydroxamate derivatives allows us to extend knowledge
about the influence of the ligand structure on the formation of MC complexes with
different topologies and stability [4, 5]. A deeper understanding of the relationship
between the structure of ligands and the type of metal ions in terms of the stability
of MCs is important in the perspective of their use as biomedical materials, such

Fig. 1 Representation of α-, β- and γ-functionalized hydroxamic acids forming MC species in
solution and/or in solid state. Abbreviations used: GlyHA = glycinehydroxamic acid, α-AlaHA
= α-alaninehydroxamic acid, ValHA = valinehydroxamic acid, LeuHA = leucinehydroxamic
acid, MetHA = methioninehydroxamic acid, PheHA = phenylalaninehydroxami acid, TrpHA
= Tryptophanhydroxami acid, PicHA = picolinehydroxamic acid, QuinHA = quinolinehydrox-
amic acid, PyzHA = pyrazinehydroxamic acid, β-AlaHA = β-alaninehydroxamic acid, Asp-β-
HA = Aspartic-β-hydroxamic acid, MACZ = malonomonohydroxamic acid, PAHEt = ethy-
lophosphonoacetohydroxamic acid, GABAHA = γ-aminobutanoichydroxamic acid, Glu-γ-HA =
glutamic-γ-hydroxamic acid
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as contrast agents, selective metal ion chelators, or fluorescent probes [1, 2, 9–11].
In addition, the thermodynamic stability of MC complexes in solution and their
presence in a wide range of pH is important due to the reactivity of these complexes
in the processes of formation of MCs containing Ln(III) ions, which have the most
promising applications [12–15]. The design of new ligand classes leading to the
development of MCs with high stability over a wide pH range is of particular interest
for their potential applications when specific pH conditions are required, i.e., selective
binding of anions and cations [16–19].

Of course, to construct novel MCs with predictable stabilities and prearranged
architectures and conformations, diverse features should be considered, among
others, the size (particularly, bulkiness), geometry of the ligand molecules and their
aromatic components, their basicity, the stereochemical preferences of the central
ions, the nature, denticity, and size of possible apical ligands, along with the pick
of solvent and effects of solvation. All the above factors influencing the inclina-
tion of the ligand to form MC complexes in solution, as well as in solid state,
will be discussed herein. To illustrate the discussion we will compare selected
aromatic hydroxamic acids possessing an additional nitrogen donor in α-position
to the hydroxamic group—PicHA, QuinHA, and PyzHA, and β-functionalized
hydroxamic acids—MACZ and PAHEt, to simple aminohydroxamic acids.

2 Hydroxamate Derivatives as Ligands for MCs

Hydroxamic acids may be regarded as ligands with a high binding affinity to a range
of transition metal ions. Their ability to tightly bind metal ions is strongly associated
with their properties: basicity, additional donor groups present in their structure,
as well as geometry or aromatic character [20–22]. The broadening of knowledge
explaining the influence of hydroxamate ligand structure on the formation of MCs
might provide space for the design of new effective chelators.

2.1 Acid–Base Properties

Hydroxamic acids may be regarded as weak acids in which the dissociation process
may proceed via several possible routes (Fig. 2a). Depending on the tautomeric
form in which they are present in the solution, hydroxamic acids contain one or two
easily replaceable protons. The keto tautomer, which is predominant under acidic
conditions, behaves as a monobasic acid, while the enol (iminol) form, which is
more stable in alkaline media, may dissociate two protons [20, 22]. While the metal
is present in the solution, the second step of proton dissociation of keto form can be
observed (Fig. 2a). Moreover, each of the tautomers can exist as E and Z isomers,
with better stability than the first one in the solid state, and the second under aqueous
conditions with stabilization by hydrogen bonds (Fig. 2b) [23–25]. The existence of
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Fig. 2 Possible dissociation pathways of hydroxamic acid (a) with the representation of E/Z
isomers (b)

several anionic forms broadens the coordination possibilities of hydroxamate ligands,
however, all depend on the ligand structure [22].

Hydroxamic acids, as weak acids, typically dissociate in an aqueous solution
with a pKa value of the N–OH proton of the order 8.5–9.4. However, as it was
shown through the years, this can vary depending on the ligand structure and
substituents, ranging from ~7 for o-nitrobenzohydroxamic acid to ~11.3 for N-
phenyl-N-butyrohydroxamic acid [26]. Starting from the simplest, monohydroxamic
acids, an obvious influence of the ligand structure on the pKa value is observed (Fig. 3,
Table 1).

Modification of the simplest AHA via the introduction of an aromatic substituent
in BHA, increases acidity from 9.27 to 8.69. Similarly, N-methyl substitution of
AHA results in an enhancement of acidic properties of MAHA (pKa = 8.70). The
acidity of N-substituted acetohydroxamic acids can be rationalized by a network of
intramolecular hydrogen bonding involving the N–H donor and CO acceptor groups,

Fig. 3 Representation of monohydroxamic acids. Abbreviations used: AHA = acetohydroxamic
acid, BHA = benzohydroxamic acid, MAHA = N-methylacetohydroxamic acid, iPAHA = N-
propylacetohydroxamic acid, PhAHA = N-phenylacetohydroxamic acid
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Table 1 Proton dissociation constants (pKa) of selected monohydroxmic acids [27]

Ligand AHA BHA MAHA iPAHA PhAHA

pKa 9.27 8.69 8.70 9.26 8.47

I = 0.2 M KCl, T = 25 °C

additionally to hydrogen bonding between hydroxamic acid and water molecules.
Elongation of the N-substituted alkyl chain by one additional –CH2 group in iPAHA
(pKa = 9.26) compensates for the acidity increase observed in MAHA (pKa = 8.70),
due to an increase in the electron-donating properties of longer aliphatic chain. On
the other hand, the electron-withdrawing character of N-phenyl group in PhAHA,
affects the electron density of the hydroxamic group and increases the acidity of the
ligand (pKa = 8.47) (Table 1) [27].

The derivatives with an additional easily deprotonable group in the structure
possess even more complicated acid–base properties. In this group, aminohydrox-
amic acids are the most widely studied; their acid–base behavior was comprehen-
sively described in excellent reviews and therefore here we only mention its most
important aspects [3, 22]. The simplest aminohydroxamic acids may dissociate two
protons: under acidic pH, they are in fully protonated state (H2L+) with one proton on
the amino group and one on the hydroxamate group. Because of the similar basicity
of the two groups, the protons dissociate in overlapping processes (Table 2) [3, 22,
28]. The determination of dissociation macroconstants by pH-13C NMR spectro-
metric titrations allowed us to distinguish the basicity of the two groups. Overall, in
solution for most α-aminohydroxamate derivatives, the hydroxamate group is more
basic than the amino group, while for β- and γ-derivatives the opposite tendency
is observed (Table 2) [28–30]. The situation may be different in solid state. As was

Table 2 Proton dissociation constants (pKa) of the selected hydroxamic acids

Ligand GlyHAa α-AlaHAa ValHAa LeuHAa MetHAb PheHAc/d TrpHAd PicHAe/f

pKa1 7.42 7.33 7.21 7.30 6.87 7.18/7.05 7.35 1.85/2.07

pKa2 9.18 9.15 9.22 9.16 8.87 9.83/10.75 10.82 8.29/9.64

Refs. [29] [32] [29] [29] [33] [34, 35] [34] [7, 36]

Ligand QuinHAf PyzHAe/f β-AlaHAa Asp-β-HAa MACZc PAHEt GABAHAa Glu-γ-HAa

pKa1 2.10 1.93/2.04 8.38 2.02 3.3 9.54 8.70 2.14

pKa2 9.64 7.80/9.14 9.74 8.24 9.3 10.22 8.59

pKa3 9.50 9.63

Refs. [4] [4] [32] [32] [6] [5] [30] [37]

a I = 0.1 M KCl
b I = 0.2 M KCl
c I = 0.1 MKNO3
d I = 0.1 M KCl, MeOH/H2O (9/1 v/v)
e I = 0.1 M NaCl
f I = 0.1 M NaCl, MeOH/H2O (80/20 w/w), T = 25 °C
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shown for the structure of GlyHA, the ligand isolated from a neutral solution contains
a deprotonated hydroxamate group, while its amino group remains protonated [31].

For derivatives with a side-chain donor, an additional step of deprotonation may
be observed, and in certain cases, this can affect the basicity of the hydroxamate
group. For example, Asp-β-HA and Glu-γ-HA possess an additional carboxylic
group, which deprotonates with pKa of 2.02 and 2.14, respectively; however, this
dissociation process does not influence the amino and hydroxamate groups. Simi-
larly, in the case of β-hydroxamic acids MACZ and PAHEt, the dissociation of
carboxylic and ethyl phosphonic groups, respectively, did not affect the dissociation
constants of amino and hydroxamic groups which stay very close to parent hydrox-
amate or amino derivatives [5, 6] (Table 2). The influence of the structure of the
ligand on the basicity of the hydroxamate group is much more visible in the case of
aromatic hydroxamate derivatives. PicHA, QuinHA, and PyzHA ligands lose the
first proton (from the pyridine, quinoline, and pyrazine nitrogen atoms, respectively)
under acidic conditions (pKa ~ 2). In each case, the electron-withdrawing character
of the aromatic ring reduces the electron density of the hydroxamate group and facil-
itates the dissociation of O–H proton, resulting in a lower value of the dissociation
constant of this group (pKa = 8.29 for PicHA and 7.90 for PyzHA) (Table 2) [4,
36]. In addition, a second nitrogen in the aromatic ring of PyzHA reduces consid-
erably the basicity of the ligand (PyzHA is ca. 3 times (0.5 log units) less basic
than QuinHA and PicHA). Of importance, these ligands and their metal complexes
are hardly soluble in water, and therefore were studied in MeOH/H2O mixture. This
allowed us to clearly observe and discuss the influence of the nature of solvent on
the acid–base properties of the ligands. It is rather typical that MeOH/H2O mixture
affects the hydroxamic acid dissociation constants increasing their value by over 1
log unit, but it shouldn’t be overlooked herein [7, 38, 39]. The same behavior was
previously observed also for α-aminohydroxamic acid ligands [34].

3 Self-assembly of Metallacrown Complexes

3.1 Metallacrown Structural Paradigm

As it is widely known, MCs can be obtained by self-assembly of a proper number
of coordination units of hydroxamic acids, functionalized in α, β, or γ position with
respect to the hydroximate function, and metal ions [2, 3]. When designing new
ligands capable of forming an MC, one should keep in mind the “metallacrown
structural paradigm”, which shows the geometrical preferences of the ligands for
the formation of a given type of MC complex (Fig. 4) [9, 10]. Following the
“metallacrown structural paradigm”, ligands with an additional donor group in the
β position prefer the formation of 12-MC-4, while α-hydroxamate derivatives are
suitable ligands for the self-assembly of 15-MC-5. Looking at the building units of
the respective MCs, one can see that the 12-MC-4 framework is based on the square
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Fig. 4 Schematic representation of the building blocks of 12-MC-4 and 15-MC-5 complexes

structure, while the 15-MC-5 framework is based on the pentagon structure, which is
reflected in the geometric preferences of the β- and α-hydroxamate ligands (Fig. 4).

In recent years, numerous papers indicate deviations from the paradigm, showing
for example that α-hydroxamic acids, despite theoretically too short a chelating
arm to form 12-MC-4, proved to form complexes of this type with Cu(II) or Zn(II)
ions [3, 4, 7]. The formation of both 12-MC-4 and 15-MC-5 complexes of Ni(II)
ions with α- and β-aminohydroxamic acids, specifically α-AlaHA, β-AlaHA, and
ValHA, as well as aromatic hydroxamate derivatives QuinHA has also been observed
[4, 40, 41]. These unexpected behaviors result probably from the balance of two
main factors, the preference of metal cation to achieve an appropriate coordination
environment and the tendency of α-hydroxamate to the formation of 15-MC-5 only
when the cavity of MCs could be occupied by a suitable metal ion. As it was shown,
when no adequate ions are present in the solution, α-hydroxamate ligands form with
Cu(II) ions only 12-MC-4, not, as predicted, 15-MC-5. But, when Ca(II), Ln(III)
or UO2

2+ cation is introduced to the solution, a rearrangement of 12-MC-4 scaffold
to 15-MC-5 is observed [42–44] (Fig. 5). For heavier Ln(III) ions this process is
reversible. The diversity of coordination patterns observed in isolated complexes
and in thermodynamic studies confirms the potential of α- and β-hydroxamic acids
and makes them very promising ligands in the coordination chemistry of MCs. The
power of “metallacrown structural paradigm” is underlined by the thermodynamic
properties of MCs (vide infra).

4 Thermodynamic Properties of Metallacrown Complexes

Thermodynamic studies on the self-assembly of MCs in solution provide a valu-
able set of information on the thermodynamic stability of MCs and their integrity
depending on pH. These are two key points to the design and isolation of new MCs
in terms of their potential functional application.
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Fig. 5 Representation of the processes involving the conversion of 12-MC-4 species of α-
aminohydroxamates into 15-MC-5 species. Adapted with permission from Tegoni, M., Remelli,
M.: Metallacrowns of copper(II), and aminohydroxamates: Thermodynamics of self-assembly and
host–guest equilibria, Coord. Chem. Rev. 256, 1–2, 289–315 (2012) [3]. Copyright 2012 Elsevier

4.1 Cu(II) Complexes

Comparison of thermodynamic stability of 12-MC-4 Cu(II) complexes of hydrox-
amate ligands shows that their formation is thermodynamically favored for β-
derivatives, and the differences in the stability constants values reach up to 9 orders of
magnitude in their favor (Table 3). The thermodynamic stability of the 12-MC-4 order
is β > α > γ, in agreement with “metallacrown structural paradigm” [3]. The extensive
review concerning thermodynamics of self-assembly of Cu(II)/aminohydroxamate
MCs was prepared by Tegoni and Remelli [3], nevertheless, to have a complete view,
the most crucial issues needed for the discussion are summarized below.

Starting from α-hydroxamate ligands, stability constants (logβ) of MCs deter-
mined by potentiometric titrations in aqueous solution fall in the range of 38.78 for
MetHA and 44.4 for PheHA (Table 3). The difference of almost 6 orders of magni-
tude between MetHA and PheHA MCs is explained by solvation effects or electronic
factors related to the structure of the PheHA, as well as weak, or lack of interactions
between thioether sulfur of MetHA and Cu(II) ions [35, 45]. These examples clearly
visualize the influence of different functionalization of aminohydroxamates, espe-
cially the presence of aromatic function, on the stability of MCs. In addition, looking
at α-hydroxamate ligands with only aliphatic side chain, e.g., α-AlaHA, R,S-ValHA,
and LeuHA, it can be concluded that changes in the length of the non-coordinating
alkyl side chain are irrelevant to the stability of MCs [30, 32]. It should be underlined
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Table 3 Complex formation constants (logβ) for 12-MC-4 complexes of Cu(II) and α-, β- and
γ-hydroxamic acids. Standard deviations are reported in parentheses

12-MC-4 ([Cu5(LH-1)4]2+/2−) Ligand Z log β I References

α-hydroxamic acids

{Cu(II)[12-MCCu(II)N(GlyHA)-4]}2+ GlyHA 39.96(3) 0.1 M KCl [29]

42.75(4) 0.1 M
KNO3

[35]

{Cu(II)[12-MCCu(II)N(α-AlaHA)-4]}2+ α-AlaHA 40.16(1) 0.1 M KCl [32]

40.01(16) 0.2 M KCl [45]

{Cu(II)[12-MCCu(II)N((R,S)-ValHA)-4]}2+ (R,S)-ValHA 40.25(3) 0.1 M KCl [29]

{Cu(II)[12-MCCu(II)N(LeuHA)-4]}2+ LeuHA 39.44(3) 0.1 M KCl [29]

{Cu(II)[12-MCCu(II)N(MetHA)-4]}2+ MetHA 38.78(10) 0.2 M KCl [45]

{Cu(II)[12-MCCu(II)N(PheHA)-4]}2+ PheHA 44.42(3) 0.1 M
KNO3

[35]

51.58(9) 0.1 M KCl,
MeOH/H2O
(9/1 v/v)

[34]

{Cu(II)[12-MCCu(II)N(TrpHA)-4]}2+ TrpHA 52.37(11) 0.1 M KCl,
MeOH/H2O
(9/1 v/v)

[34]

{Cu(II)[12-MCCu(II)N(PicHA)-4]}2+ PicHA 38.65(13) 0.1 M KCl [36]

44.31(5) 0.1 M NaCl,
MeOH/H2O
(80:20 w/w)

[4]

{Cu(II)[12-MCCu(II)N(QuinHA)-4]}2+ QuinHA 43.56(7) 0.1 M NaCl,
MeOH/H2O
(80:20 w/w)

[4]

{Cu(II)[12-MCCu(II)N(PyzHA)-4]}2+ PyzHA 39.4(2) 0.1 M NaCl,
MeOH/H2O
(80:20 w/w)

[4]

β-hydroxamic acids

{Cu(II)[12-MCCu(II)N(β-AlaHA)-4]}2+ β-AlaHA 49.39(7) 0.1 M KCl [32]

46.66(6) 0.2 M KCl [46]

{Cu(II)[12-MCCu(II)N((R)-Asp-β-HA)-4]}2− (R)-Asp-β-HA 50.70(3) 0.1 M KCl [32]

{Cu(II)[12-MCCu(II)N((R,S)-Asp-β-HA)-4]}2− (R,S)-Asp-β-HA 50.31(16) 0.2 M KCl [47]

{Cu(II)[12-MCCu(II)N(MACZ)-4]}2− MACZ 33.93(3) 0.1 M
KNO3

[6]

{Cu(II)[12-MCCu(II)N(PAHEt)-4]}2− PAHEt 31.18 (3) 0.1 M NaCl [5]

γ -hydroxamic acids

{Cu(II)[12-MCCu(II)N(GABAHA)-4]}2+ GABAHA 36.72(6) 0.1 M KCl [30]

{Cu(II)[12-MCCu(II)N(Glu-γ-HA)-4]}2− Glu-γ-HA 39.76(7) 0.1 M KCl [37]
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that although thermodynamic stability of Cu(II) 12-MC-4 of α-aminohydroxamate
ligands can be influenced by the introduction of aromatic function to the ligand
structure, it has no impact on the range of pH of MCs presence in solution. As it is
shown, pH-dependent distribution diagrams of Cu(II)/α-aminohydroxamate systems
are almost identical, except Cu(II)/MetHA system in which coexistence of dinuclear
and MC species has been proposed, with 12-MC-4 species present in a narrow pH
range of about 4–6 (Fig. 6).

Fig. 6 Representative distribution diagram of the Cu(II)/GlyHA (a), Cu(II)/α-AlaHA (b),
Cu(II)/(R,S)-ValHA (c), Cu(II)/LeuHA (d), Cu(II)/MetHA (e), Cu(II)/PheHA (f) systems,
Cu(II):L = 1:3, [Cu(II)] = 1 mM. Drawn on the basis of potentiometric data from Refs. [29,
32, 35, 48]
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When comparing the thermodynamic properties of MCs one should keep in mind
the critical role of the solvent in the formation of MCs. Some of Cu(II)/α-hydroxamate
systems were studied in the organic solvent to avoid precipitation of insoluble species
[4, 7, 34]. The comparison of the values of MCs stability constants for PheHA and
TrpHA ligands determined in MeOH/H2O (9/1 v/v) solvent mixture, to logβs of other
α-aminohydroxamic acids determined in an aqueous environment, clearly show the
increase of the former by about 8–11 orders of magnitude (logβ = 51.58 for PheHA
and 52.37 for TrpHA) (Table 3). The same trend of stabilization of MCs in organic
solvent was observed for PicHA ligand; logβ values of [Cu5(LH−1)4] in H2O and
in MeOH/H2O (80/20 w/w) solutions are 38.65 and 44.31, respectively. As it was
discussed by Tegoni et al., those differences can be attributed to structural and solva-
tion effects. In contrast to PheHA, where despite higher thermodynamic stability of
12-MC-4 in a mixed solvent, the distribution diagrams for the systems measured in
H2O and MeOH/H2O (80/20 w/w) are almost the same, for PicHA the stabilization
of MC in the organic solvent is observed in a broad pH range (Fig. 7). However,
the comparison of stability constants points to the higher thermodynamic stability of

Fig. 7 Representative distribution diagram of the Cu(II)/PheHA, Cu(II):L = 1:3, [Cu(II)] = 1 mM,
I = 0.1 M KNO3 (a), I = 0.1 M KCl, MeOH/H2O (80/20 w/w) (b), Cu(II)/PicHA, Cu(II):L = 1:3,
[Cu(II)] = 1 mM, I = 0.1 M KCl (c), I = 0.1 M NaCl, MeOH/H2O (80/20 w/w) (d). Drawn on the
basis of potentiometric data from Refs. [4, 36, 34, 35]
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MCs formed by α-aminohydroxamate than by heterocyclic ligand. The same trend
is observed when comparing logβ values of [Cu5(LH−1)4] of PicHA and AlaHA
ligands in H2O solution; they are 38.65 and 40.16, respectively. Lower stability of
Cu(II) 12-MC-4 with PicHA in relation to AlaHA was ascribed to (i) the diverse
nature of the donor moieties (pyridyl versus amino), and (ii) more taut structure of
the heterocyclic PicHA 12-MC-4 than corresponding 12-MC-4 of AlaHA.

PicHA was the first ligand-forming MCs in such a broad range of pH, and was
the inspiration for the extension of this class of ligands by the modification of its
structure into QuinHA and PyzHA (Fig. 1). Comparing the stability constants of
Cu(II) 12-MC-4 complexes formed by PicHA, QuinHA and PyzHA ligands, one
can see that the stability for the first two ligands is similar with the difference in logβ

values of only 0.75 units (Table 3). The stability constant of the 12-MC-4 complex
formed by PyzHA ligand is significantly lower compared to QuinHA and PicHA
(logβ difference 4.16 and 4.91, respectively) (Table 3). Lower stability of Cu(II)
12-MC-4 complexes with PyzHA may result from stronger π-acceptor properties
of the ligand and lower basicity of the hydroxamate moiety (Table 2). The slightly
lower logβ value (�logβ = 0.75) for 12-MC-4 QuinHA, as compared to PicHA,
may be a consequence of an additional aromatic ring in QuinHA structure, affecting
its flexibility. Steric factors may cause smaller PicHA to come closer to Cu(II) ions
than QuinHA, so that PicHA MC backbone may be less stressed. Though, when 12-
MC-4 is formed, the aromatic rings of the four QuinHA ligands are likely to be more
closely related compared to the complex with PicHA. In addition, Cu(II)/QuinHA
is the first example of the system with the presence of only one, 12-MC-4, complex
dominating in solution over the entire pH range (Fig. 8). Considering the information
from speciation studies, it might be that the van der Waals interactions of π-electron
clouds and hydrophobicity of the structure play a crucial role, with methanol solvent
stabilizing the [Cu5(LH−1)4]2+ complex over the entire pH range at the expense of
mononuclear CuL and CuL2 complexes [4]. As it was for PicHA, also QuinHA

Fig. 8 Representative distribution diagram of the Cu(II)/QuinHA, Cu(II):L = 1:3 (a) and
Cu(II)/PyzHA (b), [Cu(II)] = 1 mM, I = 0.1 M KCl, I = 0.1 M NaCl, MeOH/H2O (80/20 w/w).
Drawn on the basis of potentiometric data from Ref. [4]
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and PyzHA ligands form MCs characterized by definitely lower stability constants
compared to aminohydroxamate systems (Table 3) which are assigned to the different
nature of both ligand groups, especially the difference in their flexibility. The location
of the donor nitrogen atom in the aromatic ring decreases the flexibility of the ligand.
Sp2 hybridization of all atoms included in the ligand results in a higher tension
of the 12-MC-4 backbone of QuinHA, PicHA, and PyzHA ligands compared to
PheHA and TrpHA. When comparing the stability of the complexes formed by
aromatic derivatives to the aminohydroxamate ligands, one must remember also the
differences in the acid–base properties of the ligands (Table 2). The lower basicity
of the donor nitrogen atoms of the aromatic rings, as compared to the amine moiety,
undoubtedly influences the differences in the stability of the formed complexes.

Despite all the factors described above, which decrease the logβs of the complexes
of QuinHA, PicHA, and PyzHA ligands, it is undeniable that the dominance of MCs
for all three ligands is much wider than for the aminohydroxamate derivatives, and
so far QuinHA is the only known ligand forming the 12-MC-4 complex with Cu(II)
ions stable in the entire pH range. This may suggest that when designing ligands
capable of forming MCs over a wide pH range, we do not need to look for those
that will form the highest-stability MC complex expressed as logβ. The widening of
the pH range of the presence of the MC in solution may result from a decrease in
the stability of mononuclear complexes present at higher pH, which may cause their
destabilization.

Discussing MCs of β-aminohydroxamate ligands, first one should notice higher
stability of Cu(II) 12-MC-4 complexes compared to those formed by corresponding
α-aminohydroxamates (Table 3). The comparison of the logβ values for α-AlaHA
andβ-AlaHA ligands reveals about 9 orders of magnitude difference (40.16 vs. 49.39)
[32]. Considering the fact that the deprotonation constants for both derivatives are
similar, the difference in the thermodynamic stability of MCs they create reflects
the strength of the “metallacrown structural paradigm”. A significant difference
is also clear when analyzing the species distributions of complex forms for both
ligands (Figs. 6b and 9a). Complex {Cu(II)[12-MCCu(II)N(β-AlaHA)-4]}2+ dominates the
pH range 4–9, binding 100% of Cu(II) ions present in solution.

Another β-hydroxamate ligand illustrating the discussed subject is MACZ (Fig. 1)
[6]. This is the first example of a ligand with a carboxyl group as an additional func-
tional group at the β position instead of an amino group. The relatively low stability
constant for the 12-MC-4 complex (logβ 33.93, Table 3) is a consequence of the less
effective binding ability of the carboxyl group compared with an amino group present
in the aminohydroxamate complexes. The thermodynamic stability of this complex
is comparable to that of the 12-MC-4 complexes formed by γ-derivatives (Table
3). However, despite the low value of the stability constant of the [Cu5(LH−1)4]2−
complex, it is present as the dominant form in solution in almost the entire pH range;
because of the easily deprotonating carboxylic group, the formation of the complex
begins slightly above pH 3. Similar behavior was noticed for PAHEt ligand, the first
example was the MC forming hydroxamate ligand, having an additional ethylphos-
phonate group in the β-position with respect to the hydroxamate group (Fig. 1)
[5]. Although the stability of the formed MC complex is relatively low (logβ =
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Fig. 9 Representative distribution diagram of the Cu(II)/β-AlaHA, I = 0.1 M KCl (H2O) (a),
Cu(II)/MACZ, I = 0.1 M KNO3 (H2O) (b) and Cu(II)/PAHEt, I = 0.1 M NaCl (H2O) (c),
Cu(II):L = 1:3, [Cu(II)] = 1 mM. Drawn on the basis of potentiometric data from Refs. [5, 6, 32]

31.18), PAHEt also offers the formation of 12-MC-4 in a broad pH range. All the
above underline that the pH range of the formation of MCs and their overall stability
depend on the peripheral chelating group with respect to the hydroxamate unit. When
properly chosen, it can tune the thermodynamic properties of the MC assembly.

The formation of 12-MC-4 complexes by γ-aminohydroxamate ligands deviates
from the “metallacrown structural paradigm”. Elongation of the space between the
hydroxamate and amino groups leads to the formation of a 7-membered chelate ring,
resulting in lower stability of the resulting complexes (Table 3).

4.2 Ni(II) Complexes

The control of the geometry of the MCs scaffold through the appropriate choice
of metal ions is particularly important in the context of their practical applications.
Therefore, apart from the most widely researched chemistry of Cu(II) complexes,
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additional attention has recently been focused on the investigation of the possibility
of MCs formation with the use of other metal ions, e.g., Ni(II) and Zn(II).

Studies on the behavior of α-aminohydroxamate ligands, α-AlaHA and ValHA
in the presence of Ni(II) ions have shown that under appropriate experimental condi-
tions, both 12-MC-4 and 15-MC-5 (with no metal ion in its central cavity, the so-
called “vacant” MC) are formed [41]. The formation of both types of MCs strongly
depends on the metal-to-ligand molar ratio, M(II):L, and occurs when the ratio is
equal to or less than 1: 2. For solutions where the molar ratio M(II):L is higher than
1:2, only the formation of mononuclear complexes is observed. Such a relationship
has never been observed in the case of MCs containing Cu(II) ions. Similar behavior
was recorded for β-AlaHA ligand, for which the formation of both Ni(II) 12-MC-4
and 15-MC-5 was also noted, both with slightly lower thermodynamic stability than
for the two previous ligands, and the predomination of 15-MC-5 over the 12-MC-4,
which deviates from the “metallacrown structural paradigm” [40] (Table 4, Fig. 10).

In the series of aromatic hydroxamate derivatives, some differences in the thermo-
dynamic stability and MCs formation dependency on the metal-to-ligand molar ratio
have been noted, depending on the ligand. The coexistence in the solution of both
Ni(II) 12-MC-4 and 15-MC-5 is observed only for QuinHA ligand [4]. The differ-
ences in the behavior of QuinHA, PicHA, and PyzHA ligands in relation to Ni(II)

Table 4 Complex formation constants (logβ) for 12-MC-4 and 15-MC-5 complexes of Ni(II) and
α- and β-hydroxamic acids. Standard deviations are reported in parentheses

12-MC-4 ([Ni5(LH-1)4]2+)
15-MC-5 ([Ni5(LH-1)5])

Ligand logβ I References

{Ni(II)[12-MCNi(II)N(α-AlaHA)-4]}2+ α-AlaHA 15.51(5) 0.1 M KCl [41]

{Ni(II)[15-MCNi(II)N(α-AlaHA)-5]} α-AlaHA 13.53(8) 0.1 M KCl [41]

{Ni(II)[12-MCNi(II)N(ValHA)-4]}2+ ValHA 15.57(5) 0.1 M KCl [41]

{Ni(II)[15-MCNi(II)N(ValHA)-5]} ValHA 13.9(1) 0.1 M KCl [41]

{Ni(II)[12-MCNi(II)N(β-AlaHA)-4]}2+ β-AlaHA 9.32(6) 0.1 M KCl [40]

{Ni(II)[15-MCNi(II)N(β-AlaHA)-5]} β-AlaHA 8.30(6) 0.1 M KCl [40]

{Ni(II)[15-MCNi(II)N(PicHA)-5]} PicHA 14.92(11) 0.1 M KCl [36]

{Ni(II)[15-MCNi(II)N(PicHA)-5]} PicHA 26.13(14) 0.1 M NaCl,
MeOH/H2O (80/20
w/w)

[4]

{Ni(II)[12-MCNi(II)N(QuinHA)-4]}2+ QuinHA 19.35(3) 0.1 M NaCl,
MeOH/H2O (80/20
w/w)

[4]

{Ni(II)[15-MCNi(II)N(QuinHA)-5]} QuinHA 20.43(7) 0.1 M NaCl,
MeOH/H2O (80/20
w/w)

[4]

{Ni(II)[15-MCNi(II)N(PyzHA)-5]} PyzHA 11.73(9) 0.1 M NaCl [4]

{Ni(II)[15-MCNi(II)N(PyzHA)-5]} PyzHA 19.03(10) 0.1 M NaCl,
MeOH/H2O (80/20
w/w)

[4]
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Fig. 10 Representative distribution diagrams of the Ni(II)/α-AlaHA, Ni(II):L = 1:1.5, I = 0.1 M
KCl (H2O) (a), Ni(II)/ValHA, Ni(II):L = 1:1.5, I = 0.1 M KCl (H2O) (b), Ni(II)/ β-AlaHA,
Ni(II):L = 1:1.5, I = 0.1 M KCl (H2O) (c), Ni(II)/PicHA, Ni(II):L = 1:2, I = 0.1 M KCl (H2O)
(d), Ni(II)/PicHA, Ni(II):L = 1:2, I = 0.1 M NaCl, MeOH/H2O (80:20 w/w) (e), Ni(II)/QuinHA,
I = 0.1 M NaCl, MeOH/H2O (80:20 w/w) (f), Ni(II)/PyzHA, Ni(II):L = 1:2, I = 0.1 M NaCl,
MeOH/H2O (80:20 w/w) (g), Ni(II)/PyzHA, Ni(II):L = 1:2, I = 0.1 M NaCl (H2O) (h), [Ni(II)]
= 1 mM. Drawn on the basis of potentiometric data from Refs. [4, 36, 40, 41]
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ions are conditioned by many factors related to steric effects depending on the size of
the ligands, the ability of π-electron clouds to interact with each other, and solvation
effects. The formation of solely 15-MC-5 in the Ni(II)/PicHA system is rationalized
by the lower flexibility of the ligand compared to aminohydroxamate derivatives,
preventing the formation of 12-MC-4, as well as stabilization of the square planar
Ni(II) coordination sphere, reflected by a higher logβ value compared to the 15-
MC-5 complexes formed by α-AlaHA, ValHA, and β-AlaHA ligands (Table 4). The
behavior of PyzHA ligand is very similar to PicHA, with slightly lower thermody-
namic stability ensuing, with differences in the structure and acid–base properties
of ligand. For both ligands, the metal-to-ligand molar ratio dependency of MCs
formation is observed. Both coordination preferences of Ni(II) ions and geometry
of PicHA and PyzHA disfavor the formation of 12-MC-4 species at the expense of
rearrangement to most thermodynamically favored 15-MC-5. Looking at QuinHA,
the strong preference of the ligand for the formation of MC species in solution is easy
to note. A slight modification in the structure of PicHA results in the first example of
the ligand for which the formation of MCs is observed regardless of the Ni(II):L ratio.
The higher tendency of the Ni(II)/QuinHA pair to form MCs may be related to the
higher hydrophobicity of ligand structure. Higher stability of the complex formed by
PicHA ligand, by ~6 orders of magnitude compared to Ni(II)/QuinHA, may be due
in part to the absence of the 12-MC-4 form in the solution of this ligand. Regardless
of the higher stability of the Ni(II)/PicHA MC, it reaches a maximum of 40% of the
Ni(II) ions present in solution, while for QuinHA this form makes up almost 100%
which further underlines the unique tendency of QuinHA to form MCs (Fig. 10).
In all of the present cases, the 15-MC-5 complex dominates the 12-MC-4 which is
either present in a narrow pH range, or not at all. It once again demonstrates the
difficulties in obtaining 12-MC-4 complexes using α-functionalized hydroxamates,
and the influence of not only ligand structure but also geometrical preferences of
metal ions on the type of MCs.

If one would like to compare the stability of the 12-MC-4 complexes formed
by Ni(II) ions to those formed by Cu(II) ions with the described ligands, it can be
seen that the Ni(II) MC complexes are definitely less stable; it can be explained by
the lower affinity of Ni(II) ions for the donor O and N atoms compared to Cu(II).
Moreover, Ni(II) ions prefer a square-planar geometry, while significant distortion
from the plane is observed in the X-ray structures of the 12-MC-4 complexes (vide
infra).

4.3 Zn(II) Complexes

Studies on the formation of Zn(II) MCs in solution are limited to just a few exam-
ples of hydroxamate ligands, i.e., α-AlaHA, PicHA, and PyzHA in water [36], and
PicHA, QuinHA, and PyzHA in MeOH/H2O (80/20 w/w) solution [4]. In water
solution in all cases, 12-MC-4 complex formation has been noted. The thermody-
namic stability of Zn(II) 12MC-4 is the lowest among all three discussed metal ions,
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and they are present in solution in equilibrium with mononuclear complexes (Table
5, Fig. 11). Comparing stability constants (logβ) of QuinHA and PicHA 12-MC-4
complexes, one can see that they are close to each other, with the slightly lower
stability of the Zn(II) complexes of the former ligand (Table 5). Therefore, unlike for
the previous metal ions, the presence of the additional aromatic group in the QuinHA
ligand structure does not seem to affect significantly the stability of the Zn(II) MC
complex. More rigid structure of PicHA ligand compared to α-AlaHA results in
higher thermodynamic stability of 12-MC-4, but causes the destabilization of this
complex in favor of the mononuclear species (Table 5, Fig. 11). When comparing
the stability constants of 12-MC-4 Zn(II)/PyzHA to PicHA α-AlaHA and (all in
H2O solvent) much lower stability of Zn(II)/PyzHA is evident. Very unusual and
difficult to explain behavior has been reported for Zn(II)/PyzHA system in a mixed
solvent, where the 15-MC-5 complex is present (Table 5) [4]. This behavior could
be due to a strong influence of the solvent on the ligand and its complexes. It should
be mentioned that, in absence of Ln(III) ions, Zn(II) 15-MC-5 complexes were not
isolated in the solid state to date.

Table 5 Complex formation constants (logβ) for 12-MC-4 complexes of Zn(II) and α-hydroxamic.
Standard deviations are reported in parentheses

12-MC-4 ([Zn5(LH-1)4]2+)
15-MC-5 ([Zn5(LH-1)5])

Ligand log β I References

{Zn(II)[12-MCZn(II)N(α-AlaHA)-4]}2+ α-AlaHA 6.79(10) 0.1 M KCl [36]

{Zn(II)[12-MCZn(II)N(PicHA)-4]} 2+ PicHA 9.63(5) 0.1 M KCl [36]

{Zn(II)[12-MCZn(II)N(PicHA)-4]} 2+ PicHA 14.22(13) 0.1 M NaCl,
MeOH/H2O
(80/20 w/w)

[4]

{Zn(II)[12-MCZn(II)N(QuinHA)-4]} 2+ QuinHA 13.94(6) 0.1 M NaCl,
MeOH/H2O
(80/20 w/w)

[4]

{Zn(II)[12-MCZn(II)N(PyzHA)-4]} 2+ PyzHA 1.37(14) 0.1 M NaCl [4]

{Zn(II)[15-MCZn(II)N(PyzHA)-5]} 2+ PyzHA 6.78(3) 0.1 M NaCl,
MeOH/H2O
(80/20 w/w)

[4]
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Fig. 11 Representative distribution diagrams of the Zn(II)/α-AlaHA, Zn(II):L = 1:3, I = 0.1 M
KCl (H2O) (a), Zn(II)/PicHA, Zn(II):L = 1:3, I = 0.1 M KCl (b), Zn(II)/PicHA, Zn(II):L =
1:3, I = 0.1 M NaCl, MeOH/H2O (80:20 w/w) (c), Zn(II)/QuinHA, Zn(II):L = 1:3, I = 0.1 M
NaCl, MeOH/H2O (80:20 w/w) (d), Zn(II)/PyzHA, Zn(II):L = 1:3, I = 0.1 M NaCl (H2O) (e),
Zn(II)/PyzHA, Zn(II):L = 1:3, I = 0.1 M NaCl, MeOH/H2O (80:20 w/w) (f), [Zn(II)] = 1 mM.
Drawn on the basis of potentiometric data from Refs. [4, 36]
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5 Structural Studies

5.1 MC Complexes Based on Hydroxamates Functionalized
with O-Donors in β-Position

Among the reported structures of hydroxamate 12-MC-4 compounds, most were
based on the ligands with an additional nitrogen-containing donor function in β-
position with respect to the hydroxamic group, or on salicylhydroxamic acid [2,
49], in which the supporting function is the phenolic group. The latter represent
the only examples (even though numerous) of structurally characterized 12-MCs-4
based on the hydroxamate ligands with the oxygen-containing supporting function
[1, 2, 11]. Thus, the 12-MC-4 complexes with MACZ and PAHEt represent the first
examples of the hydroxamate MCs containing the carboxylic or the phosphonate
groups, respectively, as supporting donor functions.

According to the results of speciation studies, and in full agreement with
the “metallacrown structural paradigm” (Fig. 4), reactions of copper(II) salts
with MACZ and PAHEt with an addition of a certain amount of alkali
(to ensure the target pH range favorable for MC formation) resulted in the
formation of 12-MC-4 complexes. In both cases, the development of anionic
MC complexes was expected. In order to obtain MACZ-containing MC
complex, [Cu(en)2(H2O)2]2+ nitrate was added to MACZ reaction mixture which
afforded crystallization of [Cu(en)2(H2O)2]n[Cu(en)2(H2O)(μ-H2O){Cu5(MACZ-
3H)4(H2O)3}2]n·20nH2O (1) [6]. The attempts to synthesize and isolate pentanuclear
12-MC-4 coordination compounds were performed in water or mixed solvents solu-
tions in the pH range 4–9 (in which 12-MC-4 is dominating species, according to the
results of the solution complex formation study of PAHEt). Various starting cupric
salts were taken in 1:1 or 5:4 metal-to-ligand ratio, and both inorganic and organic
bases were used. Crystals of {Na4(H2O)6(Ac)[Cu5(PAHEt-3H)4(Ac)]}2·3H2O (2)
suitable for X-ray analysis were obtained with the use of Cu(II) acetate and NaOH
[5].

In the crystal structure of 1, the pentanuclear 12-MC-4 units form double-
decked 10-nuclear complex anions [Cu5(MACZ-3H)4(H2O)3]2

4− (Fig. 12a) which
are linked by the [Cu(en)2(H2O)2]2+ complex cations into perpetual anionic chains
{Cu(en)2(H2O)(μ-H2O)[Cu5(MACZ-3H)4(H2O)3]2}n

2n− on account of the bridging
coordination of the apical water molecule. The structure also contains the centrosym-
metric complex cations [Cu(en)2(H2O)2]2+ (to balance the negative charge of the
anionic chains) and solvate water molecules. The structure of 2 comprises 2D-
coordination polymeric nets containing the dimerized bis(12-MC-4) anionic units
{[Cu5(PAHEt-3H)4(Ac)]3−}2 (Fig. 12b) linked with eight Na+ cations, two acetates
and 12 water molecules partaking in Na+ cations coordination, and water molecules
of solvation [5, 6].

The decacopper complex anion [Cu5(MACZ-3H)4(H2O)3]2
4− in 1 (Fig. 12a)

incorporates two pentanuclear 12-MC-4 moieties united across the faces into
the double-layered dimeric structure because of coordination of the hydroxamate
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Fig. 12 Structure of decanuclear bis(12-MC-4) units in complexes with β-functionalized hydrox-
amates: a [Cu(en)2(H2O)2]n[Cu(en)2(H2O)(μ-H2O){Cu5(MACZ-3H)4(H2O)3}2]n·20H2O (1); b
{Na4(H2O)6(Ac)[Cu5(PAHEt-3H)4(Ac)]}2·3H2O (2). Colour scheme: cyan = Cu, red = O, blue
= N, grey = C, orange = P

and the carboxylate oxygen atoms (Cu–O = 2.731(3) and 2.613(3) Å, respec-
tively) of one 12-MC-4 in apical positions to the metal ions of a second MC [6].
Related condensed copper MC compounds with β-alaninehydroxamate [50] and 3-
hydroxyiminobutanehydroxamate [51] have been reported as well. The four Cu–O
contacts between MCs fragments bring about a fairly stable dimer. In 2, two 12-
MC-4 pentacopper moieties are organized into the centrosymmetric double-decked
decacopper complex anion (Fig. 12b) due to two pairs of extended due to Jahn–Teller
distortion apical Cu···O bonds made by one ring and one core Cu(II) ions with two
hydroximate oxygens of the translational pentacopper unit (Cu–O = 2.439(3) and
2.976(3) Å, respectively). The shortest interdeck Cu···Cu separations are 3.625(1)
and 3.508(1) Å for 1 and 2, respectively [5, 6].

The pentanuclear 12-MC-4 units in 1 and 2 (Fig. 13b, c) comprise five copper
atoms and four triply charged ligand anions monodeprotonated by the carboxylic or
the phosphonate groups, respectively, and doubly deprotonated by the hydroxamic
function. Each anion links three copper atoms (two rings and one core ones). The
binding mode of the ligand can be defined as {(N,O); (O′,μ-O′′)} bis(chelating)-and-
bridging. On account of the realization of (N,O)-birding mode of the hydroxamic
function, a cyclic 12-MC-4 (–Cu–N–O–)4 array constitutes a cavity arranged by four
hydroxamic oxygens and integrates the fifth metal ion. The ligand anions are bound
to two metal ions forming two condensed, six- and five-membered, chelate rings with
a joint C–N(hydroxamate) edge. While the carboxylate and the phosphonate groups are
incorporated in the six-membered chelates, the hydroxamate oxygens bind another
metal ion with the formation of the five-membered chelate. In 1 and 2, the N–O
hydroxamate oxygens indicate both μ2- and μ3-bridging modes (in the later cases
being coordinated to the metal ions of the translational pentacopper fragment within
the decanuclear dimeric moieties (Fig. 12a, b)). Thus, in the case of μ3-bridging
mode, the hydroxamic oxygen atoms exhibit both out-of-plane and in-plane bridging.
In 2, the acetate co-ligand is bound in a (O,O′)-bridging fashion to two (both ring
and core) metal ions. The Cu···Cu distances within the pentacopper MC modules
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Fig. 13 Structure of pentanuclear 12-MC-4 units in complexes with β-functionalized hydroxa-
mates in: a [Cu5(β-AlaHA-2H)4](ClO4)2·5H2O [49]; b [Cu(en)2(H2O)2]n[Cu(en)2(H2O)(μ-
H2O){Cu5(MACZ-3H)4(H2O)3}2]n·20H2O (1) [6]; c {Na4(H2O)6(Ac)[Cu5(PAHEt-
3H)4(Ac)]}2·3H2O (2) [5] (down-side views). Colour scheme: cyan = Cu, red = O, blue =
N, grey = C, orange = P

between the core and ring metal ions are 3.2100(7)–3.3366(7) Å and 3.1657(7)–
3.3115(6) Å for 1 and 2, respectively, and these between the ring copper ions are
4.5634(7)–4.6204(7) Å and 4.5674(7)–4.6128(7) Å for 1 and 2, respectively [5, 6].

The common feature of structures of both 1 and 2, and earlier reported 12-MCs-4
based on β-aminohydroxamic acids, is essentially non-planar overall conformation
of the metallamacrocylic molecules which differs this subgroup of 12-MCs-4 from
those based on salicylhydroxamic acid showing nearly planar conformations [2]. The
comparison of copper(II) 12-MC-4 complexes with β-AlaHA, MACZ and PAHEt
revealed similar conformational features. The 12-MC-4 fragments indicate ruffled
conformations in all three cases (Fig. 13). The deviations of MCs from planarity
are due to dissimilar, irregular conformations of the bimetallic and the chelate rings
composing the MC fragment. Thus, in 2, two out of four six-membered chelate rings
involving phosphorus atoms show almost common envelope conformation with the
phosphorus atoms deviating from the chelate planes by 0.553(4) and 0.570(4) Å,
respectively, while two other six-membered chelates exhibit a twist-skewed envelope
conformation with oxygen and carbon atoms residing outside their chelate planes
by 0.630(3) and 0.525(6) Å, respectively, by the reverse faces of the MC plane
(Fig. 13c) [5]. Similar irregularities in conformations of bimetallic rings and chelates
and mutual disposition of copper and hydroximate oxygen atoms are observed in
[Cu5(β-AlaHA-2H)4](ClO4)2·5H2O and 1 (Fig. 13a, b) [6, 49].

In 1 and 2, the central atoms in the MC are situated in different spatial environ-
ments. In 1, four metal ions within the MC unit indicate a distorted square-pyramidal
coordination and one ring metal ion a distorted octahedral surrounding with elongated
apical bonds. The equatorial plane of the core metal ion is defined by four oxygens
of the hydroxamate functions indicating the bridging mode. The four-ring copper
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ions have a mixed donor array in their basal environment formed by three oxygens
belonging to the carboxylate and the hydroxamate functions and one hydroxamate
nitrogen (Cu–N = 1.939(3)–1.953(3) Å). Of note, the Cu–O bond lengths with the
hydroxamate and the carboxylate oxygen atoms (1.892(3)–1.935(3) Å) are notice-
ably shorter than those with the carbonyl oxygen atoms (1.949(3)–1.982(3) Å). The
apical positions are occupied either by water molecules (Cu–O = 2.401(3)–2.585(3)
Å) or by the out-of-plane bridging μ3-hydroxamate or μ-carboxylate oxygens of the
adjoining MC unit within the decacopper dimer (Cu–O = 2.731(3) and 2.613(3) Å,
respectively) [6].

In 2, out of four ring Cu ions, two exhibit a distorted square-planar environment,
whereas the other two a somewhat distorted square-pyramidal coordination. This
dissimilarity is manifested in significantly shorter basal Cu–O distances in the case
of the central atoms with coordination number 4. The Cu–N and Cu–O bond distances
in the equatorial planes are in the range 1.863(3)–1.955(3) Å and 1.863(3)–1.955(3)
Å, respectively, and are normal for copper(II) 12-MCs-4 [1, 11]. The core copper
atom is in a distorted octahedral environment of six oxygen donors. Its basal plane is
defined by four hydroximato oxygens, while the apical sites are settled by the oxygen
atoms of the hydroximic and acetate groups belonging to the adjoining pentacopper
module [5]. The basal Cu(core)-O distances are in the range 1.881(3)–1.916(3) Å in
1, and 1.894(3)–1.968(3) Å in 2 [5, 6]. On the whole, the geometrical characteris-
tics observed are similar to those seen in earlier described hydroxamate 12-MCs-4
[9, 49, 51].

In 1, the carboxylate groups are coordinated monodentately to metal ions, which
makes it possible for the involvement of the second carboxylate oxygen into a copper-
oxygen bond with an additional copper ion with the attainment of different bridging
functions of the carboxylic group. This would open an opportunity to obtain the
coordination compounds of higher nuclearity by application of the pentanuclear
anionic MCs as metaloligands in reactions with metal solvato or complex cations
with labile monodentate ligands. Complex 1 showcases a spectacular case of such an
opportunity: a self-association resulting in the formation of the 12-nuclear anionic
assemblies with their subsequent uniting into the 1D-polymeric strand [6]. This
case apparently shows that the specific propensity of hydroxamates to form stable
pentametallic MCs can be exploited for preparing big nuclearity assemblies, where
the MC complexes themselves can be utilized as construction modules in the reactions
with coordination compounds.

Due to the presence of the exo-disposed ethoxy and phosphoryl residues of the
phosphoester functions in 2, the 12-MC-4 moieties can act as metalloligands toward
additional central atoms; the exo-binding of Na+ ions results in the production of
2D-coordination polymeric network. The four Na+ ions in the unit cell of 2 are
linked with the 10-nuclear bis(MC) fragment in different fashions: (i) in a bidentate
mode via the P–O and C=O functions of two adjacent PAHEt residues bound to the
same ring copper atom thus forming CuO2Na heterobimetallic rings, and (ii) in a
monodentate mode via the phosphoryl function with accompanying coordination to
the apical oxygen of the acetate ligand, thus creating CuO2Na ring with the same
copper atom as well (Fig. 14). Of note, one of the bidentately coordinated to MC Na
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Fig. 14 Sodium cations
coordination in the structure
of
{Na4(H2O)6(Ac)[Cu5(PAHEt-
3H)4(Ac)]}2·3H2O (2) [5].
Colour scheme: cyan = Cu,
magenta = Na, red = O, blue
= N, gray = C, orange = P

cations is also monodentately bound to the neighboring decanuclear fragment via
the phosphoryl group, thus uniting two bis(12-MC-4) moieties [5].

In conclusion, the introduction of the multidonor, potentially bridging, O-
containing carboxylate or phosphomonoester group into β-position to the hydroxa-
mate function has a serious impact on the thermodynamic stability (that is decreased)
and pH range of existence (that is broadened) of 12-MC-4. Notwithstanding,
compared to 12-MC-4 based on other known β-functionalized hydroxamic acids,
it actually does not influence their structural and conformational parameters. Yet,
additional donor atoms not taking part in the formation of the MC framework bring
a pronounced ability for the association to the 12-MC-4 complexes thus enhancing
their metal-binding ability and making them promising building blocks for higher
nuclearity oligomeric and polymeric structures.

5.2 MC Complexes Based on α-Functionalized
Hydroxamates

According to the “metallacrown structural paradigm” (Fig. 4), α-functionalized
hydroxamates are the ligands of choice to construct 15-MCs-5 containing frame-
work appropriate for incorporating lanthanides and other cations with large ionic
radius (e.g., UO2

2+, Pb2+, Ca2+), β-functionalized hydroxamic analogues are more
convenient for the preparation of 12-MCs-4 with a cavity suitable for incorporations
of smaller metal ions, e.g., 3d-metals (Fig. 15a) [2, 50]. α-functionalized hydroxa-
mates are capable to form also 12-MC-4 having the core 3d-metal ions (Fig. 15b),
such MCs are still significantly less stable as compared to the complexes based on
β-aminohydroxamates as their formation occurs despite the “metallacrown struc-
tural paradigm”; such 12-MCs-4 are readily reorganized into 15-MCs-5 on reaction
with larger metal cations [2]. Certainly, the juxtaposition of the stability constants
observed for [Cu5(L–H)4]2+ of β- and α-alanine hydroxamates (HL), demonstrates
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Fig. 15 12-MC-4 with α- (a) and β-functionalized (b) hydroxamates and collapsed 6-MC-2
(c) structures

9 orders of magnitude difference in favor of the β-functionalized derivative (49.39
vs. 40.16, Table 3) [32].

Despite numerous solution complex equilibria studies suggesting the formation of
12-MC-4 species in systems containing 3d-metal ions and α-functionalized hydrox-
amates (in the absence of larger cations that could serve as ring metal ions templating
the formation of 15-MC-5 according to MC structural paradigm), attempts to isolate
the corresponding complexes in a crystalline state and to confirm their structure by
single-crystal X-ray analysis were unsuccessful for many years. Only in 2013, the
first structurally characterized 3d-metals 12-MCs-4 with α-functionalized hydroxa-
mates have been reported, namely, Zn and Ni-containing MCs with QuinHA and Zn
MC with PicHA [52]. Later, Cu 12-MC-4 with QuinHA has been reported as well
[4]. Thus, unlike 12-MC-4 3d-metals complexes with β-functionalized hydroxamates
and 15-MC-5 3d-/large metal ion complexes with α-functionalized hydroxamates,
having numerous reported structures, this type of MCs is represented by only a few
examples of structurally characterized compounds. The difficulties with isolation in
the solid state can be connected with significantly diminished stability of 12-MC-4
complexes with α-functionalized hydroxamates having 12 fused 5-membered chelate
and bimetallic rings which evidently brings about significant sterical tension in the
corresponding species and thus contributes to the overall decrease of thermodynamic
stability. In the course of crystallization of the complexes, an equilibrium between
solution and solid phases can take place that facilitates the degradation of sterically
strained molecules into stable ones in the crystalline state (as it can take place on the
crystallization of collapsed MCs, vide infra). Also, analysis of species distributions
diagrams for 3d-metal systems with α-functionalized hydroxamates (Figs. 6, 7 and
8) reveals that 12-MC-4 species exist only in a quite narrow pH range (usually at a
pH around 5) and their maximal total abundance as a rule does not exceed 80–85%.
The only exception is QuinHA, which produces 12-MC-4 species with Cu(II) ions
which are dominating and the only existing species in a wide pH range, i.e., 3–11
(Fig. 8a) [4]. As evidenced by later studies, peculiarities of ligand structure can play
a critical impact on complex formation, and in the case of QuinHA, a bulky bicyclic
aromatic moiety facilitates 12-MC-4 formation, and probably hinders the formation
of other species typical for 3d-metal—α-functionalized hydroxamate systems.
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Fig. 16 Molecular structure of copper(II) complexes with PicHA containing collapsed metal-
lacrowns moieties: a tetranuclear complex cation [Cu4(PicHA-H)2(PicHA-2H)2]2+ in 3; octanu-
clear complex cation [Cu8(PicHA-H)4(PicHA-2H)4(DMSO)4(ClO4)2]2+ in 4; dodecanuclear frag-
ment [Cu12(PicHA-H)6(PicHA-2H)6(ClO4)4]2+ in 5 [53]. Axial ligands are displayed as thin lines
in the ball and stick diagrams for clarity. Colour scheme: cyan = Cu, red = O, blue = N, gray = C

Tegoni et al. in 2008 with the help of the DFT calculations predicted that the
homometallic 3d-metals 12-MCs-4 can exist as non-planar, cap-shaped complexes
[29], that should be quite strained, as they contain 12 fused five-membered chelate
and bimetallic rings. It is not clear that they can retain the structure upon transfer
from solution to crystalline state.

Numerous attempts to crystallize PicHA-based 12-MC-4 complexes in
all cases resulted in obtaining of collapsed 6-MC-2 complexes or higher
nuclearity structures containing collapsed 6-MC-2 motif [4, 53]. Thus,
syntheses of [Cu5(PicHA-H)]2+ followed by crystallization from various
solvents (DMF, DMSO, methanol) in all cases resulted in the isolation of
collapsed 6-MC-2 compounds with different degrees of self-association of
tetranuclear collapsed moieties: [Cu4(PicHA-H)2(PicHA-2H)2](ClO4)2·2DMF
(3), [Cu8(PicHA-H)4(PicHA2H)4(DMSO)4(ClO4)2](ClO4)2·2DMSO (4),
{[Cu12(PicHA-H)6(PicHA-H)6(ClO4)4]}n(ClO4)2n·3nH2O (5), respectively
(Fig. 16) [53].

The structures of 3, 4, and 5 comprise the tetracopper [Cu4(PicHA-
H)2(PicHA-2H)2]2+ (3), double-decked 8-nuclear [Cu8(PicHA-H)4(PicHA-
2H)4(DMSO)4 (ClO4)2]2+ (4) and triple-decked 12-nuclear [Cu12(PicHA-
H)6(PicHA-2H)6(ClO4)4]2+ (5) double-charged complex cations, perchlorate
anions and the lattice molecules of solvents. The metal-containing cations of 5 are
linked into 1D coordination polymeric strands. As the complexes 3–5 are virtually
similar within the tetracopper moieties, we dwell upon a more detailed description
of 3 containing isolated collapsed 12-MC-4 units.

The complex cation in 3 (Fig. 16a) adopts a virtually planar conformation, with
the non-hydrogen atoms setting outside the mean plane by no more than 0.256(6) Å,
and contains four copper atoms and four hydroxamic residues, arranged in such a
fashion that they produce collapsed 12-MC-4 sequence. The core part of the collapsed
MC involves the six-membered dicopper ring, with the Cu(2)···Cu(2A) distance of
3.909(2) Å. Six five-membered chelates, two of which contain two copper ions, are
joined to the edges of the central hexagonal fragment. In the five-membered dicopper
chelate rings, the two metal ions are united by two bridges: the monoatomic (–O–)
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and the heterodiatomic (–N–O–), resulting in the Cu(1)···Cu(2) contact = 3.333(1) Å.
The other intercopper separations in the tetranuclear complex are: Cu(1)···Cu(1A)
= 7.141(2), Cu(1)···Cu(2A) = 4.693(1) Å. Each copper atom is tetracoordinated
and finds itself in a distorted square-planar surrounding), as in the supramolecular
packing, the shortest Cu···O intermolecular separations are >3 Å.

Two of the hydroxamic ligands in the collapsed MC moieties in 3–5 are
doubly deprotonated by the hydroxamate N and O atoms, while two others are
N-monodeprotonated. Importantly, in the latter the hydroxamic groups exhibit not
the hydroxamate but in the hydroximate structure, which is manifested not only
by the correspondent N–O, C–N and C–O bond distances, but also by placement
of the hydrogen atoms on the carbonyl (not the oximate) oxygens. As such, the
C–O bond distances in the doubly charged ligands anions in 3 (1.287(1) Å and
1.295(10)) are apparently shorter when compared with the corresponding values in
the singly charged ligands (1.326(7) Å and 1.322(11)), even though the oxygens
of the former are coordinated. The discrepancy in the N–O distances is even more
distinct: 1.395(6)–1.418(9) Å in the (PicHA-2H) residues, against 1.340(5)–1.371(9)
Å in the (PicHA-H) residues in 3–5. The latter value is usual for the bridging oximate
function, and the former—for the hydroxamate group. The C–N distances are also
evidently distinct for the two pairs of ligand residues and are longer for the doubly
deprotonated ones. Notably that doubly and monodeprotonated ligand residues are
coordinated in different fashions. While the monodeprotonated residue binds one
metal ion with the help of two nitrogens and connects it with another metal ion
forming the (–N,O–) hydroxamate bridge, in the doubly deprotonated residue, the (–
N,O–) bridging between copper atoms is accompanied by chelate formation through
the C=O oxygen. Moreover, the hydroxamic oxygen in (PicHA-2H) exhibits μ-
bridging function, so that the ligand residue bridges three metal ions. It should be
mentioned the μ2-(N,O) bridging mode of the hydroxamic function observed in
(PicHA-H) has never been registered before in the coordination compounds with
hydroxamic acids [53].

In 4, the equatorial Cu–N and Cu–O distances are longer (sometimes by ca. 0.04 Å)
as compared to the corresponding values found in 3 and 5. This is probably due to
the involvement in the dimeric structure, which causes a substantial deviation of Cu
atoms from the equatorial plane towards the apically bound DMSO molecules. An
additional outcome of this is a more corrugated conformation of the tetranuclear unit
in 4 (the largest deviation from the mean plane is 0.452(3) Å for bridging hydroximato
oxygen atom) [53].

Whereas in 3 the tetracopper collapsed MC moieties can be considered as
isolated, in 4 they are associated with the double-decked dimers, and in 5—into
1D-coordination polymeric strands featuring the tris(collapsed MC) cations. In 4,
two tetracopper collapsed MC units are joined in the double-decked octacopper
complex cation due to two elongated Jahn–Teller apical contacts between copper
atoms and the C=O oxygens of the adjacent tetranuclear unit (Cu···O = 2.627(3) Å).
The “interdecked” Cu···Cu distance is 3.441(1) Å (Fig. 16b). The octacopper complex
cations also include apically coordinated molecules of DMSO and perchlorate ions.
In 5, three planar tetracopper moieties are arranged into the triple-decked associate
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on account of elongated (2.628(4)–2.777(4) Å) apical Cu···O “interdecked” bonds
(Fig. 16c). Extra Cu···O apical contacts (2.989(4) and 2.864(4) Å) further unite the
assembled 12-nuclear cations into the 1D-coordination polymeric strand.

Worth noting that each tetracopper collapsed MC moiety in 3–5 involves two
uncoordinated O–H groups near the potentially μ3-bridging hydroxamic oxygens,
so that they both create a vacant chelating unit. In the case of α-aminohydroxamates
in which the amino nitrogen atom is not involved in the cyclic fragments, such
binding has been observed before in the 28-nuclear helicate complex communicated
by Pecoraro et al., in which the tetracopper collapsed MC units are aggregated by
copper(II) ions bound to two such (O,O′)-chelating bidentate compartments of the
adjacent collapsed MC moieties [54].

Structures 3–5 represent the first cases of the solely hydroxamic-based copper(II)
12-MCs-4 with a collapse of the macrocyclic framework. The collapsed 12-MC-4
complex is produced because of sophisticated processes of decomposition of essen-
tially tense, thermodynamically unfavorable pentacopper PicHA-containing 12-MC-
4. Thus, the collapsed 12-MCs-4 illustrate a common, stable structural pattern that
can be formed under miscellaneous conditions.

The results of structural studies of 3–5 open opportunities to study the reactivity
of collapsed MC complexes which opens several attractive options: (i) formation
of oligonuclear associates and MOFs proceeding due to the apical binding of the
metal ions, as observed in [53]; (ii) the diversity of reorganization processes, specif-
ically brought about by species capable to “open” the cavity of collapsed MCs (e.g.,
lanthanide cations); (iii) the application of the collapsed 12-MCs-4 as construction
modules for preparing discrete higher nuclearity assemblies via coordination of the
vacant peripheral oxygen atoms, as it was observed in the 28-nuclear helicate complex
[54].

The latter possibility has been realized recently in the course of another attempt
to crystallize 12-MC-4 based on PicHA [4]. Synthesis conducted in ethanol was
followed by crystallization of the complex with the help of slow diffusion of diethyl
ether vapor, which afforded isolation of the 1D-coordination polymer [Cu10(PicHA-
2H)8(H2O)4(ClO4)3]n(ClO4)n·4nH2O (6) comprising decanuclear blocks (Fig. 17)
[4]. Isolation of this compound as well as of collapsed MCs 3–5 (for which the

Fig. 17 Molecular structure of [Cu10(PicHA-2H)8(H2O)4(ClO4)3](ClO4)·4H2O (6): a collapsed
MC unit with two exo-chelated copper(II) ions; b decanuclear unit; c 1D-polymeric motif. Apical
ligands are shown as thin lines in the ball and stick diagrams for the sake of clarity. Colour scheme:
cyan = Cu, red = O, blue = N, gray = C [4]
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corresponding species have not been detected in solution) could result from adjusting
relevant conditions of crystallization, which could not be reached in the course
of solution speciation studies (neat organic solvent). This implies the presence of
not only complex solvent conditioned solution equilibria (involving the penta- and
tetranuclear species), but presumably also between the phase of growing crystals and
solution [4].

Structure 6 is ionic and comprises decacopper complex cations [Cu10(PicHA-
2H)8(H2O)4(ClO4)3]+, perchlorate counterions, and water molecules of solvation.
The decanuclear cation, nevertheless, indicates a dimeric arrangement that is not
based on a pentacopper 12-MC-4 fragments but is instead featuring two collapsed
MC Cu4(PicHA-2H)4 units linked by two chiral capping copper atoms exo-chelated
to the external vacant (O,O′) donor compartments of each tetracopper collapsed MC
unit (Fig. 17a). A related exo-coordination of a fifth copper atom to the collapsed
MC fragment has been noticed in a 28-nuclear double-stranded metal helicate on the
base of L-norvaline hydroxamic acid [54].

The general arrangement of the decacopper moiety can be characterized as a
double-decked associate featuring two collapsed MC sheets, which are united with
two edge crossbars (Fig. 17b). Remarkably, each collapsed MC unit indicates not a
planar, but strikingly twisted conformation that can be described as a “canted blade”.
This peculiarity importantly discerns the regarded structure from those watched in
copper collapsed MCs based on PicHA (3–5), in which substantially planar confor-
mations of the complex cations are detected [53]. This distinctness is also manifested
by an essentially twisted conformation of the core six-membered dicopper ring of
each collapsed MC sheet. Two collapsed MC sheets are linked by elongated apical
bonds Cu–O = 2.9038(2), 2.8633(2), and 2.7919(2) Å with μ3-bridging coordination
of the hydroxamic oxygens [4]. Evidently, this twist furnishes the required room for
exo-coordination of “peripheral” copper ions.

Both “peripheral” Cu(II) ions are in the distorted octahedral surrounding. Their
polyhedra are formed by six oxygen atoms, with four of them belonging to the outer
(O,O′) chelating units of two different collapsed MC decks. The two remaining
cis-situated coordination sites are occupied by two water molecules or by a water
molecule and the carbonyl oxygen atom of the translational molecule. Such cis-
bis(chelate) coordination of the terminal Cu atoms gives rise to the configuration
chirality of both centers, in the basic decanuclear unit both of them indicate the
� absolute stereochemical configuration. For both Cu(II) ions, their coordination
spheres are severely distorted.

Organization of the decanuclear subunits into the 1D-coordination polymeric
chains proceeds as follows. First, two chiral decanuclear subunits form a centrosym-
metric dimer due to two long axial contacts Cu–O(carbonyl) = 2.7274(2) Å. Next,
a similar axial interaction of the “peripheral” Cu ions between the centrosym-
metrically related bis(decanuclear) dimers unites them into a 1D-polymeric motif
(Cu–O(carbonyl) = 2.5623(2) Å) (Fig. 17c).

In the case of QuinHA, the formation of collapsed MCs is expected to be highly
implausible or even impossible because of the unfavorable mutual sterical disposition
of the quinoline rings and the hydroximate OH groups which in the case of planar
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structure should approach very close to each other (cf. Fig. 17a, b). Here, degrada-
tion of 12-MC-4 into collapsed structure could be thermodynamically unfavorable
because of an additional aromatic ring in the ligand. This can be a reason for additional
stabilization of the pentanuclear 12-MC-4 structure with QuinHA, as the possible
pathways of degradation and rearrangement into a stable planar collapsed structures
are eliminated. Indeed, recent studies of isolated QuinHA-containing metallacrowns
with 3d-metal ions revealed the formation of pentanuclear 12-MC-4 complexes; there
were no reports about collapsed MCs with this ligand [4, 52] (Fig. 18).

Three 12-MC-4 complexes based on QuinHA have been obtained: NiII[12-
MCNi

II
,QuinHA-4](NO3)2 (7) [52], CuII[12-MCCu

II
,QuinHA-4](NO3)2 (8) [4] and

ZnII[12-MC Zn
II

,quinHA-4](BF4)2 (9) [52] (Fig. 19 a–c). The structures 7–9 consist of

Fig. 18 Comparison of PicHA (a) and QuinHA (b) collapsed MCs

Fig. 19 Structure of pentanuclear complex cations in 12-MCs-4 with QuinHA and PicHA:
a NiII[12-MCNi

II
,quinHA-4](NO3)2 (7) [52]; b CuII[12-MCCu

II
,quinHA-4](NO3)2 (1) (8) [4]; c

ZnII[12-MC Zn
II

,quinHA-4](BF4)2 (9) [52]; d ZnII[12-MC Zn
II

,picHA-4](BF4)2 (10) [52] (down-
side views). Axial ligands are displayed as thin lines in the ball and stick diagrams for clarity.
Colour scheme: green = Ni, cyan = Cu, yellow = Zn, red = O, blue = N, gray = C



Influence of the Hydroxamate Ligands’ Structure … 107

pentanuclear complex molecules exhibiting a 12-MC-4 topology, with their metal-
lamacrocyclic cavities formed by four ring metal ions and four doubly deprotonated
QuinHA ligands. The centers of the cavities are occupied by the fifth core metal
ion coordinated by four hydroximate oxygen atoms. As ligands forming fused 5-
membered chelate rings prefer the planar pentagonal topology found in 15-MC-
5 type MCs, the complexes are highly concave in order to close a cyclic system
comprising 12 fused 5-membered rings. This strain leads to a significant distortion
from planarity, resulting in a bowl-shaped MC conformation.

The bowl shape conformation of 12-MC-4 with copper atoms in the ring situ-
ating far above the basal ligand plane was foreseen by Tegoni et al. for {Cu(II)[12-
MCCu(II),α-aminoHA-4]} [29]. The diameter of the cupped face of 8 is almost 17.8 Å
and its extent is 4.26 Å, which is close to the values noticed in zinc 12-MC-4 9 (18.7
and 4.8 Å, respectively) but imply less noticeable indentation of copper(II) 12-MC-4.
Next, the extent of the cupped face is much larger in the copper(II) and zinc 12-MCs-
4 than in the nickel(II) complex (1.29 Å), the flattest in the set of 12-MCs-4 based
on QuinHA. The core cavity radius of copper 12-MC-4 is 0.60 Å which matches
properly to the ionic radius of copper(II) ion with coordination number 5 (0.65 Å),
but yet smaller, so that the core copper atom is situated only insignificantly above
the mean plane of the oxygen donor atoms (OMP) by 0.142(5) Å which is much
smaller deviation than in the nickel(II) and zinc(II) MCs (0.38–0.39 Å). Nonethe-
less, the copper(II) complex is much more hollowed than the nickel(II) MC and
resembles the zinc(II) complex by its conformation. This is reached by significantly
shorter Mring-Mring distances (4.571(1) vs. 4.82–4.83 Å in nickel(II) and zinc(II)
MCs) which offsets the impact of small dislocation of the core copper atom from
OMP. Namely, in the case of the copper(II) complex its bowl is more obtuse than in
nickel(II) and zinc(II) metallamacrocycles. On contrary, the ring copper atoms are set
noticeably away from the mean planes defined by their basal donor atoms (N2O2) by
0.300(3) Å. The radius of the metallamacrocyclic cavity of the copper(II) complex
is smaller than that of zinc(II) MC (0.65 Å), and greater than the nickel(II) complex
(0.57 Å), which is in agreement with the values of ionic radii of the regarded metal
ions (Table 6). The molecular structure of the copper(II) complex indicates incli-
nations from planarity intermediary between those of the nickel(II) and zinc MCs
(Table 6, Fig. 20), accurately as foreseen, which presents direct experimental proof
for the systematic bowling of the {M(II)[12-MCM(II),α-aminoHA-4]} topology [29].

Interestingly, upon similar synthetic conditions used for the preparation of 9
(methanol/pyridine solvents mixture, crystallization with the help of slow diffu-
sion of Et2O), PicHA-containing Zn(II) 12-MC-4 ZnII[12-MC Zn

II
,PicHA-4](BF4)2

(10) has been obtained [52]. Unlike Cu(II)—PicHA systems, in the case of zinc,
the pentanuclear 12-MC-4 species does not undergo degradation to tetranuclear
collapsed structure. The greater stability of ZnII[12-MC Zn

II
,PicHA-4]2+ relative to

the Cu(II) and Ni(II) analogs were inferred and attributed to the square-pyramidal
Zn(II) geometry being better complementary with the concave 12-MC-4 topology
[52]. The geometrical parameters and the shape of 10 are essentially similar to those
seen in 9 (Fig. 19d, Table 6). The central Zn(II) rests 0.325 Å above the OMP, notice-
ably less than in the case of Ni(II) and Zn(II) QuinHA-containing 12-MCs-4. The



108 M. Ostrowska et al.

Ta
bl

e
6

St
ru

ct
ur

al
pa

ra
m

et
er

s
fo

r
N

i(
II

),
C

u(
II

),
an

d
Z

n(
II

)
12

-M
C

-4
co

m
pl

ex
es

w
ith

Q
ui

nH
A

an
d

P
ic

H
A

[4
,5

2]

{N
i(

II
)[

12
-M

C
N

i(
II

),
Q

ui
nH

A
-4

]}
2+

(7
)

{C
u(

II
)[

12
-M

C
C

u(
II

),
Q

ui
nH

A
-4

]}
2+

(8
)

{Z
n(

II
)[

12
-M

C
Z

n(
II

),
Q

ui
nH

A
-4

]}
2+

(9
)

{Z
n(

II
)[

12
-M

C
Z

n(
II

),
P

ic
H

A
-4

]}
2+

(1
0)

M
ri

ng
co

or
d.

no
6

5
5

5

av
M

ri
ng

-O
hy

dr
ox

am
(Å

)
1.

99
5

1.
96

9
2.

06
8

2.
06

9

av
M

ri
ng

-O
ca

rb
on

yl
(Å

)
2.

17
5

1.
96

7
2.

00
6

2.
00

1

av
M

ri
ng

-N
hy

dr
ox

am
(Å

2.
02

3
1.

93
8

2.
02

1
2.

02
7

av
M

ri
ng

-N
(P

y)
(Å

)
2.

16
2.

04
4

2.
16

2.
15

av
M

ri
ng

-O
/N

so
lv

en
t

(Å
)

2.
13

8
2.

74
2.

04
1

2.
04

4

av
M

ri
ng

-M
ri

ng
(Å

)
4.

81
3

4.
57

1
4.

82
2

4.
81

3

M
ri

ng
-O

M
P M

C
a

0.
38

0
0.

30
0

0.
68

2
0.

70
7

av
M

c-
O

hy
dr

ox
am

(Å
)

1.
96

5
1.

95
8

2.
04

1
2.

05
7

M
c-

O
M

P M
C

a
0.

39
0.

14
0.

37
5

0.
32

5

M
c

co
or

d.
no

5
6

5
5

M
c

io
ni

c
ra

di
us

(Å
)

0.
63

0.
65

0.
68

0.
68

C
en

tr
al

ca
vi

ty
ra

di
us

b
0.

57
0.

60
0.

65
0.

67

a
O

xy
ge

n
m

ea
n

pl
an

e
fo

r
th

e
at

om
s

in
th

e
ce

nt
ra

lc
av

ity
b

C
av

ity
ra

di
us

is
ca

lc
ul

at
ed

as
th

e
av

er
ag

e
di

st
an

ce
fr

om
th

e
ox

yg
en

at
om

to
th

e
ce

nt
ro

id
of

th
e

hy
dr

ox
am

at
e

ox
yg

en
at

om
s

m
in

us
th

e
io

ni
c

ra
di

us
of

an
ox

yg
en

at
om

(1
.3

6
Å

)
[5

2]



Influence of the Hydroxamate Ligands’ Structure … 109

Fig. 20 Structural overlay of {Ni(II)[12-MCNi(II),QuinHA-4]}2+, {Cu(II)[12-MCCu(II),QuinHA-4]}2+

and {Zn(II)[12-MCZn(II),QuinHA-4]}2+. Axial ligands are omitted for clarity. Colour scheme: green
= Ni, cyan = Cu, yellow = Zn, red = O, blue = N, gray = C

diameter of the concave cavity in 10 is about 14 Å which is above 4 Å less than in
9, while its depth (4.5 Å) is comparable with that observed in 9 (4.8 Å). Due to the
larger size of the QuinHA molecule, the concave bowl indicates larger dimensions
(i.e., maximal width and depth) [52].

The most interesting observation coming from the comparison of the three struc-
tures of QuinHA complexes is the pronounced distinctness in the extents of concavity
of their metallamacrocylic cores. Thus, nickel(II) and zinc MCs exhibit quite similar
geometrical characteristics (like average Mring-donor bond lengths and Mring···Mring

distances, Mcent···OMP separations), nevertheless, they indicate different extents of
concavity. At the same time, copper(II) and zinc MCs resemble each other by their
conformations but are quite distinct in geometrical characteristics (zinc MC indicates
importantly longer Mcent-O and Mring-N/O bond lengths and Mring···Mring distances).
Apparently, the conformation of the most planar of nickel(II) MC is determined by
the octahedral coordination of the ring nickel atoms bearing apical pyridine ligands
on both faces of MC. As a result, the basal planes of the ring nickel(II) ions are
essentially more flat than in the case of the pentacoordinated copper(II) and zinc
ions. If Addison τ5 parameters will be applied for the equatorial planes of the ring
Ni(II) ions to estimate the degree of their inclination from the planarity (τ5 = (β
− α)/60, where β > α are the two largest valence angles for five-coordinated metal
centers, this parameter allows the distinction between trigonal–bipyramidal (τ = 1)
and square-pyramidal geometry (τ = 0) [55], the values in the range 0.008–0.027
will be received, while in the case of copper(II) and zinc ring ions τ5 = 0.129 and
0.04–0.30 (av. 0.188), respectively. Hence, almost planarly disposed basal donor
atoms of nickel(II) ions comprising the 12-MC-4 sequence, accomplish substan-
tially more planar overall geometry of the molecule. This is achieved on account of
a considerable increase of the Ocarbonyl–NiII–NquinHA-pyridyl outer bond angles values
till 120.60°–123.59° (in regular octahedron they are equal to 90°) while in copper(II)
and zinc complexes the corresponding angles are only 103.23° and 98.69°–102.85°,
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respectively. More concave conformation of the nickel(II) MC would result in close
non-covalent contacts between the adjacent apical pyridine ligands. It is likely that
the pentacoordinated geometry of the core nickel(II), unusual for this ion, is induced,
as the addition of an extra apical ligand on the hollow face would bring about unfavor-
able sterical interaction between the pyridine molecules. In the cases when the ring
metal ions indicate square-pyramidal pentacoordinated coordination (Cu(II), Zn(II))
usual for these metals, the complexes adopt a convex geometry with the apical pyri-
dine ligands placed on the protuberant face of MC frameworks due to the occupancy
of two sides of the basal plane by an unequal number of apical donors.

This example illustrates the critical impact of apical ligands on MC geometry.
The identical and/or symmetrical placement of apical donors in respect to the metal-
lamacrocyclic plane promotes its more planar geometry. Asymmetric, unilateral, or
opposite arrangement of the apical ligands causes declinations from planar confor-
mation and thus boosts the degree of indentation of the MC core. Thus, adjustment
of apical ligands in coordination spheres of both ring and central metals can play
an important role in the realization of specific conformations of MCs. Interestingly,
similar effects of disposition of axial ligands (pyridine molecules) have been observed
for 15-MC-5 having Cu(II) as ring metal with different core ions (Ln(III), Ca(II),
Pb(II), Hg(II)) indicating a concave conformation [56]. On the contrary, analogous
complexes having Ni(II) as a ring metal with the same central metals, exhibited
nearly planar conformations, as the ring Ni(II) ions indicated typical for them octa-
hedral geometry with equal distribution of axially coordinated pyridine molecules
between two sides of the MC plane [44]. While unilateral/bilateral disposition of the
axial ligands coordinated to the ring metals conditions to a great extent the overall
conformation of MC (planar, concave), symmetric or asymmetric disposition of the
axial ligands relative to the core metal ion is responsible for its relative position with
respect to the oxygen mean plane of MC (in plane disposition, “sunrise” or “partially
open umbrella” conformation) [57].

One can conclude that the type of the formed MC is determined first of all by the
size of the chelating unit (i.e., by location of the donor substituent in α- or β-position to
the hydroxamate function) and radius of the core metal ion, non-covalent interligand
interactions (imposed by the ligand structure) and solvent nature in some cases can
cause a critical impact on the type of the formed MC. The position of the core metal
ion in the macrocyclic cavity and overall MC conformation is determined first of
all by the number and denticity of the axial ligands coordinated to both core and
ring metal ions and by the nature of the latter, and only secondarily by geometrical
correspondence between the ionic radius of metal ion and size of the macrocyclic
cavity.

6 Metallacrowns Building Blocks

As MCs are self-assembled complexes, when the proper conditions (metal-to-ligand
molar ratio, pH, etc.) are used, they do not need any precursor to form spontaneously
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in solution. In 2013, Pecoraro et al. proposed a possible assembly pathway for the
formation of the 12-MC-4 complex as the thermodynamically favored product, and
the extension to the formation of 15-MC-5 was reported in 2019 by Ostrowska et al.
(Fig. 21) [4, 52]. The presented pathway of the formation of MCs was constructed on
the basis of the structural data obtained to date for Cu(II), Ni(II), and Zn(II) complexes
with PicHA, as the most widely studied hydroxamate ligand able to form MC, as
well as solution speciation studies. Starting from the appropriate amount of metal ion
and ligand, the first polynuclear intermediate is the 6-MC-2 (Fig. 21b) isolated in the
solid state as {[Zn4(PicHA)2](OAc)4(DMF)2}. In the next step, two more hydroxa-
mate ligands are incorporated into the structure, leading to [M4(PicHA)4] complex
(Fig. 21c). Next, the available solution metal ion coordinates to the carbonyl oxygen
of hydroxamate ligand resulting in the pentanuclear exo-coordinated non-12-MC-
4 (Fig. 21d) which is then reorganized into the 12-MC-4 complex. The pentanu-
clear exo-coordinated non-12-MC-4 complex is probably an important participant
of equilibria, and not just a transient short-lived species, whose presence depends on
organic solvent content. The two last isomeric species, 21d and 21e, might not be
distinguished in the solution. The rearrangement of the 12-MC-4 is the last step of
the mechanism and leads to the formation of 15-MC-5 complex (Fig. 21g). Taking
into account the complexity of the solution equilibrium, as well as the low activation
energy of the formation and breaking of atomic bonds, the assembly of MCs could
reasonably proceed through multiple pathways and consist of more intermediates
(not only poly- but also mononuclear), but one could be sure that the proposed final
products—12-MC-4 (in case of Cu(II) and Zn(II)) or 15-MC-5 (for Ni(II)) are the
most thermodynamically stable polynuclear species characterized by the speciation
studies.

Summary

In summary, in this chapter, we have showcased hydroxamic acids as very versatile
and powerful ligands with a wide range of opportunities for MCs formation. The solu-
tion thermodynamic and solid-state studies discussed for selected ligands show that
the formation of MC complexes, their stability, structure, topology, and conformation
depend on numerous factors. Apart from the nature and geometrical preferences of
the metal ions, the MCs will be influenced by the ligand structure, geometry, size,
bulkiness, aromaticity, denticity, and basicity of binding groups. Of importance, even
fine structural alterations in peripheral, non-donor residues of otherwise very similar
hydroxamic acids can have a pronounced impact on complex formation behavior
and structure of complexes crystallized in solid state. The solvents and solvation
effects, as well as the nature of axial ligands cannot be neglected when designing the
synthesis and isolation schemes of new MCs with pre-defined properties.

The development of this research area with many examples presented here and
in the literature clearly shows that further extension of knowledge on the structure
and thermodynamics of the MCs formation is awaited. A profound understanding of
the correlation between the stability of the MC species, the structure of the ligands,
and the type of metal ions, as well as the conditions of their formation, is especially
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Fig. 21 Scheme of a possible assembly pathway of the formation of 12-MC-4 and 15-MC-5
complexes. The central M(II) ion is displayed in green, the core M4L2 ligands are displayed in
red, and the exogenous ligands in the M4L4 are displayed in blue. Adapted with permission from
Ostrowska, M., Toporivska, Y., Golenya, I.A., Shova, S., Fritsky, I.O., Pecoraro, V.L., Gumienna-
Kontecka, E.: Explaining How alpha-Hydroxamate Ligands Control the Formation of Cu(II)-,
Ni(II)-, and Zn(II)-Containing Metallacrowns, Inorg. Chem. 58, 24, 16,642–16,659 (2019) [4].
Copyright 2019 American Chemical Society



Influence of the Hydroxamate Ligands’ Structure … 113

important to take full advantage of the potential of these refined compounds and make
progress in possible applications of MCs as functional materials or their precursors.
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Metallacrowns as DNA Binders

Agata Głuszyńska and Bernard Juskowiak

Abstract tMetallacrowns (MCs) due to the enormous structural diversity have found
great interest in many areas of fundamental studies and applications. One such funda-
mental study is research concerning the interaction of MCs with DNA in order to
elucidate their potential biological activity. In the earlier reports, most studies have
focused on the binding of various MCs (e.g., inverse-9-MC-3, 15-MC-5, or 36-
MC-6) with double-stranded DNA. In recent years, new reports appeared about the
interaction of MCs (e.g., 12-MC-4, 15-MC-5) with different structural forms of
tetraplex DNA known as G-quadruplexes (G4 DNA). Published results have shown
that the MC/G4 interactions are dependent on the structure and the net charge of
the metallacrown as well as on the particular G4 topology. The research carried
out on the group of diverse G-quadruplex structures can demonstrate whether the
tested MC compounds are expected to serve in the future as agents in anticancer or
gene therapy or as fluorescent probes for structural investigation of G4 DNA or for
detection of trace amounts of DNA. The chapter presents the results of the investiga-
tion concerning the binding affinity of MCs to various DNA structures using several
analytical techniques e.g., UV–Vis spectrophotometry, spectrofluorescence, circular
dichroism spectroscopy, and gel electrophoresis.

1 DNA as a Target for Ligand Binding

Completion of the Human Genome Project has brought about great interest in the
ligands entering into specific interactions with DNA, both in the bioanalytical aspect
(detection and diagnosis of gene sequences or their mutant analogues) and biomedical
aspect (new formulations and strategies for the treatment of cancer, viral infections or
genetic diseases). Most classical ligands interact with double-stranded DNA, which
often is the target for testing the activity of new drugs and compounds with potential
biological properties. In recent years attention has been paid to the special role of the
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triple-stranded DNA helix (triplex) and four-stranded DNA (quadruplex) in cellular
processes [1, 2]. Intensive research devoted to developing selective ligands capable
of interacting with these DNA structural forms has been initiated [3–10]. Guanine
quadruplexes (G-quadruplex, G4, G4 DNA) are non-canonical, folded single- or
multi-stranded nucleic acid structures formed from co-planar arrangements of four
guanines (G-tetrads), which are stabilized by Hoogsteen-type hydrogen bonds in
the presence of selected metal cations (Na+, K+) (Fig. 1). The G4 structures can
be further stabilized by small organic ligands [3–10]. Depending on the number of
strands forming G-quadruplexes, single-, two- or four-molecular quadruplexes can
be distinguished. G-quadruplexes show a large structural polymorphism, resulting
from different directionality of the strands, G-tetrad arrangement, or the orientation
of the loops. Nucleotides in strand domains that do not participate in tetrads form
different types of loops that connect tetrads, for example lateral, diagonal, external
called propellers or loops in the shape of a V (Fig. 1a–c). All these factors influence
the G-quadruplex topology, but the final topology is also affected by the type of
cation and its concentration, solution pH, temperature, added solvents or ligands.

The syntheses of new ligands specifically interacting with particular DNA struc-
tural forms fit into the trend of research dealing with DNA as a molecular target in the
development of anticancer and antiviral drugs, also involved in the regulation of gene
expression. Investigation of the processes of such interactions and determination of
mechanisms of the above processes should provide interesting experimental material

Fig. 1 Structure and schematic illustration of G-tetrad (a); Schematic illustrations of typical
intramolecular G-quadruplex structures: antiparallel (b), parallel (c) and hybrid (d)
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for the design of effective DNA ligands that are potentially active in anticancer or
antiviral therapy. Such ligands can be useful as fluorescence probes for structural
studies of DNA or detection of trace amounts of nucleic acids. Studying the interac-
tions of ligands with DNA structures such as G-quadruplex bearing the sequence of
human telomeric DNA is very important in the context of cancer research. Telom-
erase, an active enzyme in cancer cells that secures them an unlimited number of
replications and “immortality” [11], can be inhibited by ligands interacting with
G-quadruplexes [3–5]. The study of the ligand’s interaction with G-quadruplexes
possessing the sequences of human proto-oncogenes is also very important in the
context of research on transcriptional changes by the formation of G-quadruplexes
in the promoter region of genes (Fig. 2) [12–14].

The ability of the ligands to form complexes with triple- and tetra-stranded DNA
is the first indication of their potential anticancer properties. Since the first litera-
ture report on the biological activity of G-quadruplexes (inhibition of human telom-
erase) in 1997 [16], the number and variety of “G-quadruplex” ligands with potential
anticancer properties has increased significantly [3–10]. Due to the confirmation of
the hypothesis about the formation of quadruplex structures in vivo, many research
groups are still interested in this topic [17–20].

Small organic compounds can non-covalently interact with double-stranded DNA
through minor groove binding, intercalation, or electrostatic interactions [21–23].
The structural elements of ligands that bind to the minor groove of double-stranded
DNA (dsDNA) are usually non-fused aromatic rings (benzene, pyrrole, furan, pyri-
dine, etc.) connected by single bonds, which allows free rotation of rings around
them. These ligands also are able to adapt to the curvature of the small groove (e.g.,
DAPI, Hoechst 33,258, netropsin, distamycin, berenil) [21]. Due to the differences
in the sequence of deoxyribonucleic acids, the properties of their minor grooves are
not always the same. The minor groove in the region of GC-rich sequence has less

Fig. 2 Schematic representation of the inhibitory effect of G4 ligand on telomerase activity and
the effect of G4 ligand on transcription, by the formation of G-quadruplex in the promoter region
of the gene. Reproduced with permission from [15]
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electronegative potential and is shallower and wider than that in the region of AT
sequence (the amino group of guanine creates a steric hindrance in the minor groove).
Therefore, the ligands that bind to the minor groove are selective for AT sequence.
Another type of interaction with the double-stranded DNA is intercalation. Typical
intercalators are planar fused aromatic systems with neutral or cationic substituents,
allowing the insertion of ligand between neighboring base pairs. It has been reported
that some compounds can bind to the minor groove of AT-rich sequences and inter-
calate in GC-rich ones. Such a duality of interaction has been reported for berenil,
Hoechst 33,258, DAPI or lexitropsin [22, 23].

Sometimes, the ligands of structures typical for intercalating compounds (flat
chromophore) bind to the minor groove of DNA rich in AT sequences forming more
energetically favorable and more stable ligand-minor groove complexes than those
formed by intercalation. Among the compounds showing the duality of interaction
with double-stranded DNA depending on the sequence are carbazole derivatives [24].

The positively charged ions and some simple organic compounds can interact
with the DNA helix, being a negatively charged polyelectrolyte, by condensing on
its outer region as a result of nonspecific interactions, mainly electrostatic in nature.
This type of interaction, like binding to a minor or major groove, does not require any
helix conformational changes, although the ligand may induce structural changes in
the complex formed.

The large structural polymorphism of G-quadruplexes creates the possibility of
specific recognition of G4 by small ligands through various binding modes. Planar
ligands can interact with G-quadruplex structures by π–π stacking interactions
with the external G-quartet motif, comprising four guanine bases hydrogen bonded
together in a very stable in-plane layout (end-stacking) and/or by binding to grooves
or backbone of G4s by nonspecific interactions mainly of the electrostatic nature. The
compact architecture of G-quadruplex DNA formed by stacking the planar G-tetrads
on top of each other resulted in a stable, rigid and energetically favorable structure,
the distortion of which would require a great expenditure of energy. Therefore, most
ligands, potential intercalators to double-stranded DNA are unable to insert between
G-tetrads and interact with the external tetrads of G4 DNA. However, there are liter-
ature reports about the possibility of creating stable intercalated complexes of G4
DNA with porphyrin molecules [25]. Some ligands may facilitate the folding and/or
stabilization of G4, others may destabilize them by unfolding, which can influence
various biological processes [1].

2 Analytical Techniques for Studying Ligand/DNA
Interactions

Among experimental techniques used to study interactions between DNA structures
and ligands, the most popular are spectroscopic techniques such as molecular absorp-
tion, fluorescence and circular dichroism spectroscopy, or less frequently used mass
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spectrometry and nuclear magnetic resonance. At the same time, complementary
techniques such as X-ray crystallography, surface plasmon resonance (SPR) spec-
troscopy, calorimetric techniques (such as differential scanning calorimetry (DSC)
and isothermal titration calorimetry (ITC)), viscosity measurement or electrophoresis
have found application.

UV–visible spectroscopy is a very useful instrumental method for studying inter-
actions of DNA with ligands due to the availability of spectrophotometers and the
simplicity of experiments. Since the intense absorption band of deoxyribonucleic
acid occurs in the UV range (~260 nm), the analysis of DNA-ligand interactions in
this region is not convenient since most ligands also absorb in the UV region. Fortu-
nately, typically used ligands have additional long wavelength maxima of absorption,
characteristic for a given chromophore. Changes in the spectra in the visible range of
the ligand in the absence and the presence of DNA may be manifested by the hypo-
or hyperchromic effect with a shift in the absorption maximum. The magnitude of
these changes provides qualitative information about the strength of the ligand-DNA
interaction, but also allows to receive quantitative data such as stoichiometries and
binding constants. For the typical intercalation binding modes, red shifts (at least
15 nm) and large hypochromicities (at least 35%) are generally observed and these
values are determined for long pieces of duplex DNA [26, 27].

At the same time, the course of the spectrophotometric titration experiment
can provide valuable information about the equilibrium between free and DNA-
complexed ligands. The appearance of a clear isosbestic point for recorded titration
spectra indicates the presence of only two forms of the compound—free and bound
ligand. At this point, both forms exhibit the same molar absorption coefficient. The
lack of such a point may be caused by sample dilution during spectrophotometric
titration or light scattering due to increasing DNA concentration. The lack of a clear
point may also be the result of the complex modes of ligand-DNA interactions.
Unfortunately, if the value of the molar absorption coefficient of the ligand is too
low, the application of spectrophotometry to study binding equilibria and analysis
of the titration results is difficult since it requires the use of high concentration of
reagents (e.g., metallacrowns represent this type of ligands). In such cases, other
analytical techniques, based on direct and indirect methods, should be used.

In the study of the interaction of ligands with DNA, the UV–Vis spectroscopy
very often provides information about the thermal stabilization (or destabilization)
of the nucleic acid structure by the ligand under investigation. Determination of
thermal stability of DNA formed in the presence of each ligand is compared to that
for DNA alone. Briefly, the effect of ligand can be assessed by recording melting
profiles (Tm) based on changes in absorbance as a function of temperature at 260 nm
for double-stranded DNA and 295 nm for G-quadruplex structures [28]. UV–Vis-
monitored melting experiments are more often carried out with duplex DNA than
with G4 DNA because the temperature induced hyperchromicity (at 260 nm) for
duplex DNA is much higher than hyperchromicity (at 260 nm) or hypochromicity
(at 295 nm) for G-quadruplex DNA. In the case of ligands stabilizing a specific DNA
structure, an increase in Tm of the ligand-DNA complex is observed compared to
DNA alone, while when Tm is lower, the ligand destabilizes the DNA structure.
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One of the most important methods for studying interactions of DNA with ligands
is fluorescence spectroscopy. Fluorescence methods are characterized by high sensi-
tivity, accuracy and selectivity. The wide use of fluorescence is due to the possibility
of studying the interactions of fluorescent ligands (direct method as e.g., titration
of the ligand with DNA) and ligands that do not possess such properties (indirect
methods as e.g., fluorescent intercalator displacement (FID) assays or methods for
measurement of the ligand quenching effect on the Tb3+/G4 luminescence). Using
the fluorescence titration experiments, the binding affinity of ligands to DNA can
be studied. FID is especially useful for the systems, in which ligands show no fluo-
rescence properties, or their spectral properties are not so efficiently affected by
interaction with DNA and when the ligands’ molar absorptivity is low [29, 30].

Fluorescence intercalator displacement assay is a technique to study the selec-
tivity of ligands to different structures of nucleic acids. It belongs to the family of
the indicator- displacement assays (IDAs) [31]. The idea of the technique is very
simple—an indicator non-covalently bound to the receptor is displaced by a more
strongly binding competitive analyte introduced to the system (Fig. 3). In the FID
method, it is necessary to select the appropriate dye.

The most often used are two well-known compounds: ethidium bromide (EtBr)
and thiazole orange (TO). First of them is widely used to stain DNA in gel elec-
trophoresis. This intercalating agent has carcinogenic properties, and shows a weak
fluorescence quantum yield in aqueous solution and 25-fold enhancement of fluo-
rescence upon dsDNA binding. EtBr shows high affinity to double-stranded DNA
and low affinity to G-quadruplex DNA [32]. Thiazole orange (TO, free dye quantum

Fig. 3 The scheme of dye binding with double-stranded and G-quadruplex DNA. The fluorescence
of the dye is greatly increased while bounded with DNA (a). In the presence of Ligand, dye is
displaced from nucleic acid and the fluorescence of the system decreases (b)
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yield 2 × 10–4 [33]) performs well as a light-up fluorescent probe in applications
with higher order nucleic acids. TO binds with a much higher affinity to triplex and
G-quadruplex DNA structures than to the double-stranded DNA [34]. It is generally
accepted that the binding mode of TO with double-stranded DNA relies on intercala-
tion, while with G-quadruplex via the end-stacking interaction with external guanine
tetrad [35].

If during the titration experiment of the EtBr/dsDNA complex with a ligand of
interest (λex = 540 nm, λem = 600 nm) a successive lowering of this intense emission
band is observed with subsequent additions of tested ligand, then one can confirm
the replacement of the EtBr dye from the complex by the competitive compound
[36]. Similarly, if such an effect is observed in a related experiment with the TO/G4
DNA complex (λex = 480 nm, λem = 530 nm), it also confirms that TO is replaced
by the competing analyte.

Another indirect approach is based on the quenching effect of the ligand on the
luminescence of the G4/Tb3+ complex [37]. This lanthanide ion is able to mediate
the formation of a G-quadruplex structure (binding constant of 5 × 106 M−1) [37].
In aqueous solution emission of Tb3+ ion is very weak due to the quenching by water
OH oscillators. In the presence of DNA, luminescence is enhanced as a result of the
formation of the Tb3+/G4 complex (shielding of Tb(III) ion). The highest lumines-
cence is observed at a fourfold molar excess of Tb3+ ions [37]. The Tb3+ ion, being
a template, is wrapped with the oligonucleotide strand. As result, it is located in the
central G4 channel and is protected against quenching by water molecules. Addition-
ally, an efficient energy transfer takes place from the nucleic bases (energy donor) to
the terbium ion (acceptor) (λex = 290 nm, λem = 548 nm). This effect increases the
intensity of Tb luminescence bands and was already used in bioanalytical applications
[38, 39].

Another very important technique that provides insight into DNA structural
features is circular dichroism (CD) spectroscopy. CD is used to determine the abso-
lute molecular structure of molecules (configuration), as well as to study the chiral
conformation of molecules and macromolecules, in particular, peptides, proteins,
and nucleic acids [40]. CD measurements are used in the study of conforma-
tional changes of DNA, such as denaturation, B/A or B/Z form transformation,
and distinction of double-stranded DNA from triple- or four-stranded forms. This
method has found wide application in the study of nucleic acid interactions with
small molecules (ligands or drugs) containing chromophores. Circular dichroism
spectroscopy provides valuable information concerning the formation, stability and
topology of DNA molecules. This is also an excellent technique for the determina-
tion of ligand binding mode with duplex and G-quadruplex DNA. In most cases the
studied ligands are achiral, so they do not exhibit CD activity in solution. However,
when they bind to a chiral host such as DNA, CD negative or positive signals can
be induced (ICD) in the long wavelength region where ligands possess absorption
bands. The shape and intensity of the ICD band of the bound ligand is a valuable
diagnostic of the orientation of the chromophore with respect to the longitudinal axis
of the DNA base pairs. The intercalated chromophore should exhibit a negative ICD
for an electron transition polarized parallel to the long axis of the base pair plane,
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while a positive ICD is expected for orthogonal orientation. In many cases, the inter-
calation to dsDNA and end-stacking interaction to G4 DNA results in a complicated
ICD spectrum. It is often the effect of the multiple binding geometries of ligands,
whose low intensity positive and negative bands cancel each other out as a result of
overlapping. Therefore, for such interactions, these ICD bands are invisible or only
weak induced negative bands are observed. [41, 42].

A strong positive ICD band indicates ligand binding to the minor groove
of the double-stranded DNA [43]. Groove binding for G4 DNA is generally
indicated by the presence of a small positive induced CD signal [44]. Some-
times, G-quadruplex/ligand assemblies generate strong induced exciton CD signals,
suggesting binding of aggregated ligand complex or complexes [43]. The large
magnitude of such signals may also suggest complex formation in more than one
groove. Therefore the lack of positive induced signals rather excludes the groove
binding of ligands to double-stranded and G-quadruplex DNA structures.

In the study of the interaction of ligands with DNA, circular dichroism spec-
troscopy can also be used to get information about the stabilization (or destabiliza-
tion) of the nucleic acid structure by the studied ligand. Determination of thermal
stabilization of DNA structure formed in the presence of ligand versus that for DNA
alone is realized by recording melting profiles (Tm) [45]. The melting profiles are
recorded using the temperature dependence of ellipticity at the wavelength corre-
sponding to the maximum of a CD band characteristic for a particular DNA structure:
for duplex at 275 nm and for G-quadruplex depending on topology (at 265 nm for
parallel structure and 295 nm for antiparallel or hybrid structures).

Another technique exploited to study DNA/ligand interaction is gel elec-
trophoresis (GE). GE approach allows the separation of molecules according to their
size, shape, and charge [46]. In DNA/ligand studies by GE, a supercoiled plasmid
DNA or calf-thymus DNA (ctDNA) are often used. Carrying out a gel electrophoresis
experiment for supercoiled plasmid DNA in the presence of ligand one can obtain
proof for intercalation binding mode since intercalated ligand unwinds supercoiled
DNA, thus producing species with different electrophoretic mobility. Additionally,
such an approach may answer the question whether the compound possesses nuclease
activity, i.e., is it capable of cleaving a supercoiled DNA into nicked forms. When
supercoiled form [CC] of plasmid DNA (pDNA is cleaved by the ligand, additional
bands on the electrophoregram appear that correspond to the relaxed (open circular,
[OC]) or linear [LC] forms of plasmid DNA.

An additional technique that allows to confirm the intercalation of test compounds
to DNA is viscometric titration. Intercalation requires appropriate local helix
unwinding so that the planar intercalator can slip between the base pairs. This process
is accompanied by an effective elongation of the DNA strand, in proportion to the
number of intercalated ligand molecules. The viscosity of the biopolymer solution
is directly correlated with the conformation of the polymer chain and thus with its
length. Therefore, an increase in the relative viscosity of the DNA solution as a func-
tion of increasing ligand concentration is evidence of the formation of intercalation
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complexes, since ligand binding to the minor groove does not change the conforma-
tion of the DNA helix. Both linear and circular DNA can be used in these measure-
ments. The latter is based on the effect of intercalation on the super-helical structure
of DNA, the process that was also exploited in GE experiments described above.
Supercoiled circular DNA has a compact, quasi-linear structure. The complexation
of successive intercalator molecules causes the thread to unwind and eliminate super-
coils. Thus, the supercoiled DNA relaxes and changes its hydrodynamic contour. This
process is accompanied by marked changes in the viscosity of the solution.

3 Metallacrown Complexes with DNA

The DNA ligands, which are small organic molecules, include a subgroup of those
containing metal ions in their structure. Literature reports from recent years indi-
cate that complex compounds of ruthenium, copper, platinum, titanium, vanadium,
rhodium or cobalt interact with DNA by different binding modes [47–49]. Litera-
ture reports from the last ten years have indicated that the ligands containing the
bivalent metal ions Cu(II), Pt(II), and Zn(II) in their structure showed enhanced
binding affinity and selectivity to various G-quadruplexes of DNA [50–52]. Triva-
lent metal complexes advised as G4 ligands also showed specific binding affinities
[51, 53]. Not only d-block metal ions are used to form G-quadruplex ligands. Also,
the lanthanide metal complexes have found applications for the detection of nucleic
acids and G-quadruplexes [54].

One of the groups of metal complexes are metallacrowns (MCs), inorganic
analogues of organic crown ethers, consisting of metal ions (from transition (d) to
lanthanide (f) elements) and bridging organic ligands. Since the discovery of the first
MC by Pecoraro and Lah [55, 56], various types of metallacrowns from 8-MC-4 to 60-
MC-20 have been developed, with the connections of the rings consisting of several
motifs: [M–N–O], [M–N–N], [M–N–C–O], and [M–N–C–N] [57–60]. Numerous
structures have been also reported, in which MCs are stacked and combined to form
dimeric, one- (1D), two- (2D), or three-dimensional (3D) assemblies [60]. The struc-
ture of MC compounds with a central cavity favors encapsulation of cations or anions.
This capability to form complexes with different species depends on the orientation
of atoms in the metallacrown ring.

Although there are scientific reports concerning the ability of metallacrowns to
bind to biomolecules such as double-stranded DNA [61–67], studies on the interac-
tion of MCs with higher order DNA structures come only from the research group
of Juskowiak [68–70].



126 A. Głuszyńska and B. Juskowiak

3.1 Metallacrowns as Double-Stranded DNA Ligands

In 2003, the first literature report about the impact of four metallacrowns on
plasmids pUC19 and pTZ18R isolated from E. coli XL1, has been published
[61]. The following MCs were examined: three tetranuclear vacant metallacrowns
with mixed ligand composition [12-MCNi(II)N(Hshi)2(pko)2-4](SCN)2(dmf )(CH3OH)
1, [12-MCNi(II)N(Hshi)2(pko)2-4](NNN)2(dmf )(CH3OH) 2, [12-MCNi(II)N(Hshi)2(pko)2-
4](OCN)2(dmf )(CH3OH) 3, and a pentanuclear mixed ligand [Ni(AcO)2][12-
MCNi(II)N(shi)2(pko)2-4] (H2O) 4 metallacrown (Fig. 4).

Nickel compounds have been found to show a wide spectrum of biological activity
[71]. Nickel, due to its chemical nature, can form covalent bonds with DNA nucle-
obases through nitrogen and oxygen atoms, or through phosphate oxygens. There-
fore, the authors investigated the influence of the synthesized Ni(II) MCs on the
integrity and electrophoretic mobility of nucleic acids. The pentanuclear mixed
[Ni(AcO)2][12-MCNi(II)N(Hshi)2(pko)2-4] (H2O) 4 metallacrown did not affect the elec-
trophoretic mobility of supercoiled or relaxed pDNA regardless of the concentration
used (up to 1.2 mM). The three tetranuclear metallacrowns altered pDNA mobility to
form high molecular weight concatamers (DNA molecules made of identical sections
connected with each other on the head–tail principle) at low concentrations or precip-
itates at higher concentrations. The latter phenomenon may be related to the bridge
formation between guanine–Ni(II)–guanine, because a similar effect for Ni(II) ions
interacting with guanine in poly(dG-dC) even at very low concentrations (0.5 mM)
has been reported [72]. In the tested metallacrowns the distance between two square
planar nickel atoms of 4.8 Å (vide infra) may favor Ni (II) interaction with DNA,
thereby altering pDNA mobility.

Copper is an element used both in the process of hematopoiesis and in the produc-
tion of connective and bone tissue. Being a component of many enzymes, it plays an

Fig. 4 Drawings showing
the connectivity pattern and
the arrangement around the
nickel ions for the
metallacrown Ni(OAc)2[12-
MCNi(II)N(shi)2(pko)2-4] 4.
Reproduced with permission
from [61]
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important role in lipid metabolism and the proper functioning of nervous tissue, as in
the cellular respiration pathway. Copper compounds can generate the formation of
reactive oxygen species (ROS), e.g., hydroxyl (OH) and superoxide (O2

−) radicals
that might damage biomolecules like DNA, proteins, and lipids. That ability of copper
compounds increases significantly in the presence of oxidants, such as e.g., hydrogen
peroxide [73]. The syntheses of copper inverse metallacrowns 9-MC-3: inverse-{(μ3-
OH)[9-MCCu(II)N(PhPyCNO)-3] (2,4,5-T)2}, (2,4,5-TH = 2,4,5-trichlorophenoxyacetic
acid) 5 (Fig. 5a) [74], inverse-{(μ3-OCH3)[9-MCCu(II)N(PhPyCNO)-3](Cl)(ClO4)} 6
(Fig. 5b) [75] and inverse-{(μ3-OH)[9-MCCu(II)N(PhPyCNO)-3](CH3OH)2(ClO4)2} 7
(Fig. 5c) [75] have been reported and their interaction with calf-thymus DNA has been
investigated using UV–Vis spectrophotometry, fluorescence, and gel electrophoresis
[62].

The inverse motif of these metallacrowns is constructed by the repeating pattern
[–O–N–M–], as in the regular motif of the metallacrown ring, but the metal atoms are
oriented towards the center of the cavity. Cations can be accommodated in the central
cavity of regular metallacrowns, whereas the inverse metallacrowns can bind anions.
The absorption band of copper complexes at ~345 nm, changed dramatically upon
the addition of ctDNA, and strong hypochromicity (40–55%) with small red or blue
shifts (�λ = 3–10 nm) were observed (Fig. 6). High values of hypochromicity and
red shifts indicated strong stacking interactions between the aromatic chromophore
and the base pairs of DNA, characteristic of intercalative binding mode [22, 23].

At the same time, for the long wavelength maxima of absorption spectra at about
650 nm, characteristic of d–d absorption band of copper complexes, the gradual
hypochromism and a blue shift were observed. There was also a new band at around
980 nm with the simultaneous appearance of an isobestic point at ~910 nm (Fig. 7).
It may be related to the interaction of inverse-{(OH)[9-MCCu(II)N(PhPyCNO)-3]}-DNA
with ctDNA by intercalation leading to hydrolytic cleavage of DNA, that may be
assigned to the presence of the hydroxyl group in the inverse metallacrown ring.

The indirect fluorescent method, fluorescence intercalator displacement assay
(FID), with ethidium bromide (EtBr), was also used to confirm the DNA binding

Fig. 5 X-Ray crystal structures of inverse-{(μ3-OH)[9-MCCu(II)N(PhPyCNO)-3] (2,4,5-T)2} 5
(a), inverse-{(μ3-OCH3)[9-MCCu(II)N(PhPyCNO)-3](Cl)(ClO4)} 6 (b) and inverse-{(μ3-OH)[9-
MCCu(II)N(PhPyCNO)-3](CH3OH)2(ClO4)2} 7 (c). Reproduced with permission from [74] and
[75]
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Fig. 6 Absorption spectra in the UV region of inverse-{(μ3-OH)[9-MCCu(II)N(PhPyCNO)-3] (2,4,5-
T)2} 5 (a), inverse-{(μ3-OCH3)[9-MCCu(II)N(PhPyCNO)-3](Cl)(ClO4)} 6 (b) and inverse-{(μ3-
OH)[9-MCCu(II)N(PhPyCNO)-3](CH3OH)2(ClO4)2} 7 (c) in the absence and presence of increasing
amounts of ctDNA. [complex] = 2.5 × 10–5 M, R = [DNA]/[complex]. Arrows show the absorbance
changes upon increasing ctDNA concentration. Reproduced with permission from [62]

Fig. 7 Absorption spectra in the Vis region of inverse-{(μ3-OH)[9-MCCu(II)N(PhPyCNO)-3] (2,4,5-
T)2} 5 (2) (a), inverse-{(μ3-OCH3)[9-MCCu(II)N(PhPyCNO)-3](Cl)(ClO4)} 6 (b) and inverse-{(μ3-
OH)[9-MCCu(II)N(PhPyCNO)-3](CH3OH)2(ClO4)2} 7 (c) in the absence and presence of increasing
amounts of ctDNA. [complex] = 5 × 10–4 M, R = [DNA]/[complex]. Arrows show the absorbance
changes upon increasing ctDNA concentration. Reproduced with permission from [62]

of MCs. This fluorescent dye non-covalently bound to the double-stranded ctDNA
was competitively displaced by all tested metallacrowns. At low molar ratios of
MCs, quenching of the ctDNA-EtBr fluorescence was observed. At higher molar
ratios of MCs: DNA, the enhancement of EtBr fluorescence was observed, with the
shift of the emission maximum and the appearance of an additional shoulder on
the emission band. Authors speculated that it may be due to the re-intercalation of
EtBr between base pairs with the simultaneous formation of new DNA complexes.
These results are consistent with those obtained in spectroscopic titration studies of
copper(II) complexes with DNA. The quenching efficiency for each MC complex was
evaluated by the Stern–Volmer constant, Ksv. The values of the Ksv constants indicate
strong interaction of the complexes with DNA, which confirms the results obtained
with the use of UV–Vis absorption spectroscopy. The ability of the metallacrown
complexes to affect DNA cleavage was also investigated by gel electrophoresis. The
nuclease activity of MCs was checked using supercoiled plasmid pET29c DNA. All
MC complexes, at low cluster concentrations, were capable of binding to plasmid
DNA. At higher cluster concentrations compounds showed pronounced chemical
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nuclease activity causing the complete degradation of pDNA. The strong chemical
nuclease activity of inverse-{(μ3-OCH3)[9-MCCu(II)N(PhPyCNO)-3](Cl)(ClO4)} 6 and
inverse-{(μ3-OH)[9-MCCu(II)N(PhPyCNO)-3](CH3OH)2(ClO4)2} 7 may be comparable
to that of enzymatic nucleases.

Other inverse-9-metallacrown-3 compounds that interact with calf-thymus DNA
by intercalation were also identified: [inverse-{(μ4-O)[9-MCCu(II)N(PhPyCNO)-
3]}(NO3)]2, 8 (Fig. 8a) and inverse-{(μ3-OH)-[9-MCCu(II)N(PhPyCNO)-
3](dicl)2}·MeOH·0.5H2O 9 (Fig. 8b), accommodating dicl– (diclofenac) or
NO3

– anions.
The interaction of metallacrowns 8 and 9 with ctDNA was monitored by the

use of UV–Vis and fluorescence spectroscopy, DNA viscosity measurements, and
electrochemical technique [63]. The interaction was first investigated using visible
absorption spectral titrations. The UV–Vis spectra of the free MCs in the range from
260 to 420 nm exhibit two absorption bands centered at about 280 and 340 nm,
these bands can be assigned to the intraligand transition of the coordinated groups
of the ligands [76]. Absorption titration spectra of MC complexes with increasing
amounts of ctDNA were different from the initial spectra. Upon addition of ctDNA,
both the bands of [inverse-{(μ4-O)[9-MCCu(II)N(PhPyCNO)-3]}(NO3)]2 8 at 288 nm and
340 nm were red-shifted (2 nm) and blue shifted (7 nm), respectively. The additional
effect observed during these experiments was the slight (up 8%) and a more intense
(~30%) hypochromism, respectively for the short- and long wavelength bands. In the
UV spectrum of inverse-{(μ3-OH)-[9-MCCu(II)N(PhPyCNO)-3](dicl)2}·MeOH·0.5H2O
9, the band at 287 nm presents a significant hyperchromism, while the changes in
the band at 347 nm are comparable to the changes of long wavelength bond of the
first complex and are accompanied by blue shift and hypochromic effect.

Fig. 8 The molecular structures of complexes 8 (a) and 9 (b). Primed (‘) atoms are generated by
the symmetry operation: –x, –y, 1 – z (a). The dashed yellow lines indicate intramolecular hydrogen
bonds (b). Hydrogen atoms are omitted for clarity. Reproduced with permission from [63]
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The investigation of MC-DNA interaction was also monitored using the FID
method with ethidium bromide as a fluorescent dye. To the EtBr-DNA complex,
showing an intense fluorescence emission band at 592 nm, metallacrown portions
were added. The observed quenching (up to 79.8% for 8 and 61.5% for 9) suggested
that complexes 8 and 9 could displace EtBr from EtBr–DNA complex, indicating an
interaction with double-stranded DNA by intercalation (Fig. 9).

The fluorescence quenching data were also analyzed by the Stern–Volmer equa-
tion [36]. A linear Stern–Volmer plot with MCs proved the displacement of EtBr
from EtBr–DNA complex by each tested compound. The viscosity of ctDNA solu-
tion in the presence of subsequent additions of the MC complexes significantly
increased. This change in viscosity due to the increase in the DNA length confirmed
the interaction of MCs with ctDNA by intercalation. Cyclic voltammetry was also
used to study the interaction of inverse-9-metallacrown-3 compounds with ctDNA.
This technique works well for studies on the electroactive ligands with DNA. When
a metal complex intercalates between DNA base pairs, the electrochemical potential
will show a positive shift, while in the case of electrostatic interaction the potential
will turn in a negative direction. Simultaneous occurrence of negative and positive
shifts of two independent potentials shows that the molecule can bind to DNA in
two modes—through intercalation and electrostatic interactions [77, 78]. The addi-
tions of ctDNA to the MC complexes resulted in a decrease in the current intensity,
which may indicate the existence of an equilibrium mixture of free and DNA bound
complexes on the electrode surface. Increasing amounts of ctDNA caused a positive
shift of the cathodic and the anodic potentials. Thus, all conducted experiments have
shown that most likely there is an intercalation mode of interaction between the MC
complexes and ctDNA.

The inverse-[9-MC-3]-metallacrowns manganese complexes were also reported
to interact with double-stranded DNA [64]. The hexanuclear complexes

Fig. 9 Plot of EB relative
fluorescence intensity at λem
= 592 nm (%) versus r (r =
[complex]/[DNA]) (150 mM
NaCl and 15 mM trisodium
citrate at pH = 7.0) in the
presence of complexes 8 and
9 (up to 20.2% of the initial
EtBr–DNA fluorescence
intensity for 8 and 38.5% for
9). Reproduced with
permission from [63]
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[inverse-{(μ3-O)[9-MCMn(III)N(sao)-3](dicl)2}(CH3OH)6]2, 10 and [inverse-{(μ3-
O)[9-MCMn(III)N(sao)-3](indo)2}(H2O)4]2, 11 [79], with the non-steroidal antiin-
flammatory drugs (NSAIDs) as ring ligands: sodium diclofenac (Nadicl) and
indomethacin (Hindo) and in the presence of salicylaldoxime (H2sao), have been
synthesized and studied as potential intercalators to double-stranded DNA (Fig. 10).

Manganese was chosen as the metal whose complexes show biological activity:
anticancer, antimicrobial, antifungal, or antioxidant [64]. CtDNA was chosen as the
molecular target and the interactions with Mn MCs were studied using UV–Vis spec-
troscopy, competitive studies with ethidium bromide and DNA-viscosity measure-
ments. The maxima of absorption spectra at ~290 and ~380 nm, characteristic for
intraligand transitions of the coordinated groups of NSAID ligands, changed dramat-
ically upon the addition of ctDNA, and the bathochromic shifts (�λ = 2–8 nm) and
hypochromicity (17–35%) were observed. The bathochromic shifts occurred only
for λmax = 289 nm and 314 nm, respectively for complexes 10 and 11, because
the long wavelength maxima of absorption at ~380 nm disappeared during the titra-
tion experiments. Generally, similar changes were observed in the UV–Vis spectra of
both complexes upon the addition of ctDNA with less pronounced hypochromism for
complex 11. The observed spectral changes—hypochromism and red shifts, indicated
π-π stacking interaction between DNA bases and the aromatic chromophore of MC
complexes that is, probably interaction by intercalation. The values of DNA-binding
constants (Kb) for the DNA-MCs were calculated by the Wolfe-Shimer equation
[80]. The obtained binding parameters were relatively high. The Kb constant for
complex DNA/11 (1.10 (±0.08) × 106 M−1) was 20-times higher than Kb constant
for complex DNA/10 (5.34 ± 0.11 × 104 M−1) and 10-times higher than the Kb

constant calculated for classical intercalator EtBr (1.23 ± 0.07 × 105 M−1) [81].
The indirect competitive studies for complexes of 10 and 11 with ethidium bromide

Fig. 10 [9-MC-3]
metallacrown ring found in
the structures of complexes
10 and 11. Reproduced with
permission from [79]
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Fig. 11 Fluorescence
emission spectra (λex =
540 nm) for EB-DNA ([EB]
= 20 μM, [DNA] = 26 μM)
in buffer solution in the
absence and presence of
increasing amounts of
complex 10 (up to the value
of r = 0.22). The arrow
shows the changes of
intensity upon increasing
amounts of 10. Reproduced
with permission from [64]

were performed in order to examine whether the MCs interact with ctDNA by inter-
calation binding mode. The addition of each non-fluorescent compound to ctDNA-
EtBr conjugate caused quenching of EtBr fluorescence, which was related to the
displacement of EtBr from the MC complexes (Fig. 11).

Another method used to clarify the binding mode of MCs was viscosity measure-
ments. The addition of the tested compounds to the DNA solution resulted in a
significant increase in the relative DNA viscosity. Such changes are associated with
an increase in the overall DNA length due to intercalation. Thus, the results obtained
using three different analytical techniques suggested that intercalation was the most
possible DNA binding mode for these manganese MCs.

Metallacrowns with the 15-MC-5 structure have also been tested as potential inter-
calators in the interaction with ctDNA. The six complexes {La(III)(OAc)(H2O)2[15-
MCCu(II)N(glyha)-5](H2O)4}·2NO3·5H2O 12 (Fig. 12), {Gd(III)(OAc)(H2O)[15-
MCCu(II)N(glyha)-5](H2O)3}·2NO3·5H2O 13, {Tb(III)(OAc)(H2O)[15-MCCu(II)N(glyha)-
5](H2O)4}·2NO3·4H2O 14, {Pr(III)(NO3)(H2O)2[15-MCCu(II)N(glyha)-
5]10(H2O)}·2NO3·8H2O 15, {Nd(III)(NO3)(H2O)2[15-MCCu(II)N(glyha)-
5](H2O)2}·2NO3·7H2O 16 and {Sm(III)(NO3)(H2O)2[15-MCCu(II)N(glyha)-
5](H2O)2}·2NO3·6H2O 17 (glyha2− = dianion glycinehydroxamic acid) were
investigated by fluorescence and circular dichroism (CD) spectroscopy [65].

The studies showed that all examined MCs displaced EtBr from the EtBr-
DNA system, which is manifested by the quenching of the system’s fluorescence
and proved the intercalation of metal complexes to DNA. The data were also
analyzed through the Stern–Volmer equation and the obtained values of K sv for
tested complexes suggest a strong intercalation interaction [82], compared to other
complexes [62]. The complexes showed comparable DNA binding ability except for
the {Tb(III)(OAc)(H2O)[15-MCCu(II)N(glyha)-5](H2O)4}·2NO3·4H2O 14 compound.
Among the examined MCs, Tb(III) complex presents higher rigidity and bigger
steric hindrance, because of the smallest radius of Tb(III) ion. It is a disadvantage
for the intercalation DNA binding because the compound is not flat, contrary to



Metallacrowns as DNA Binders 133

Fig. 12 The molecular
structure of complex 12.
Reproduced with permission
from [65]

well-known intercalators. CD spectroscopy has been used to clarify the effect of the
complexes on the double-stranded DNA helix. The CD spectrum of ctDNA in Tris
HCl buffer (pH 7.2) is dominated by a strong positive band at 275 nm and a strong
negative at 245 nm, due to base stacking and right-handed helicity of B-DNA form
[83]. In general, the addition of ligand does not affect the positions of CD peaks,
but a decrease in the intensity of CD signals suggests ligand-dependent perturbation
of DNA structure (Fig. 13). Such effects were observed for tested MCs and these
changes suggested that the DNA helix conformation was disturbed by intercalation
binding of MC complexes to ctDNA [84, 85].

Fig. 13 CD spectra of
100 μM ctDNA in the
absence and presence of
0.2 μM complexes 12–17.
Reproduced with permission
from [65]



134 A. Głuszyńska and B. Juskowiak

Fig. 14 Molecular structure
of complex 18. Hydrogen
atoms are omitted for clarity.
Reproduced with permission
from [66]

With ctDNA also interact manganese15-MC-5 metallacrowns hosting tolfe-
namic acid (Htolf) and naproxen (Hnap) as anionic ligands (belonging to NSAIDs
family). Metallacrowns {Mn(II)(tolf)2[15-MCMn(III)N(shi)-5](py)6} 18 (Fig. 14) and
{Mn(II)(nap)(Hsal)[15-MCMn(III)N(shi)-5](py)6} 19, (where H2sal = salicylic acid)
were synthesized and studied in the presence of DNA [66].

DNA-binding studies of these hexanuclear complexes with the use of UV–vis
spectroscopy, viscosity measurements, and EtBr-based competitive FID were carried
out. For these MCs, the results of UV–Vis spectroscopy did not provide conclusive
evidence of binding mode to DNA. In the UV–Vis spectra, the band at λmax = 258 nm
derived from ctDNA changed slightly with the increasing concentration of MCs.
Authors speculated that this may indicate the formation of new associates between
DNA and complexes as a result of their interaction [86]. Changes in the intraligand
bands of the compounds were also observed. For complex 18, a hyperchromism at
294 and 340 nm was observed in the presence of ctDNA, but for complex 19 only very
low hypochromism was visible. The Kb constants of the complexes were calculated
by the Wolfe-Shimer equation and their values were in the range reported for other
metal-NSAID complexes. However, it was necessary to use other methods in order
to clarify the DNA-binding mode [87]. The DNA viscosity measurements of ctDNA
solution in the presence of increasing amounts of the complexes were conducted.
The addition of complex 19 resulted in a significant increase in the relative DNA-
viscosity, while the changes of DNA-viscosity in the presence of compound 18 were
not so intense (Fig. 15a).

The observed changes in the DNA viscosity under the influence of complex 19
may be related to the intercalation of this compound between the ctDNA base pairs.
Probably complex 18 interacted with DNA via, for example, DNA grove-binding or
electrostatic interaction, because in the case of such interactions the relative DNA-
viscosity may be decreased or remain unchanged [88]. Another method used for
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Fig. 15 Relative viscosity (η/ηo)1/3 of ctDNA (0.1 mM) in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0) in the presence of compounds 18 and 19 at increasing amounts
(r = [complex]/[DNA]) (a). Plot of EtBr-DNA relative fluorescence intensity at λem = 592 nm
(I/Io, %) versus r (r = [complex]/[DNA]) in buffer solution (150 mM NaCl and 15 mM trisodium
citrate at pH 7.0) in the presence of compounds 18 and 19 (quenching up to 44.8% of the initial
EB-DNA fluorescence for 18, 30.6% for 19) (b). Reproduced with permission from [66]

interaction studies between MC and ctDNA was the FID method with EtBr as a
fluorescent indicator (Fig. 15b). The observed magnitude of the quenching of the
EtBr-DNA conjugate band at 592 nm was higher for compound 19 and less intense
for complex 18, which confirmed the DNA-viscosity measurements.

Also 36-metallacrown-6 complex Cu(II)(CN)2)(PF6)[36-MCCu(II)N(L)-6]·0.5H2O
20 (Fig. 16) (l = 1,4,7-triisopropyl-1,4,7-triazacyclononane) interacts with double-
stranded ctDNA as reported by Yang et al. [67].

The interaction between the MC and ctDNA was first investigated using spec-
trophotometric titration. The UV spectrum of the free MC exhibited two absorption
bands at 232 nm and 298 nm assigned to the intraligand π–π* transitions. Upon

Fig. 16 Diagram showing the perspective view of complex 20 with atom labels (a) from c axis and
(b) from a axis. Reproduced with permission from [67]
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Fig. 17 Absorption spectra of complex 20 with increasing calf-thymus DNA (ctDNA). The arrow
shows the absorbance changes with increasing DNA concentration. The concentration of the
compound was 20 μM, r = [ctDNA]/[compound] = 0–0.6 (a). Fluorescence emission spectra
(excited at 305 nm) of the ctDNA–EtBr system (2.5 μM EtBr, 100 μM ctDNA) in the absence
and presence of complex 20 with increasing concentrations of complex—0 to 4 μM (from top to
bottom) (b). Reproduced with permission from [67]

addition of ctDNA, the bands were red-shifted (7–12 nm) and 20% hypochromism
was observed (Fig. 17a). Such spectral changes were attributed to the intercala-
tion with DNA. This speculation was confirmed by the fluorescence titration of the
ctDNA-EtBr system with MC complex. The emission intensity of EtBr was quenched
with an increasing concentration of MC, suggesting that metallacrown can displace
DNA-intercalated EtBr molecules (Fig. 17b).

3.2 Metallacrowns as G4 DNA Ligands

Studies on the interactions of metallacrown compounds with higher order DNA
structures were started only a few years ago. The idea of using metallacrowns as
G-quadruplex ligands were based on the structural fitting of planar or almost planar
compounds to the external G-quartet of the G-quadruplex.

The interactions of two pentacoordinate lanthanide (III) metallacrown complexes
containing phenylalanine hydroxamic acid (pheHA) and copper(II) ions Eu(III)[15-
MCCu(II)N(pheHA)-5] 21 and Tb(III)[15-MCCu(II)N(pheHA)-5] 22 with human telomeric
G-quadruplex DNA (G4 22HT) were investigated at first. A variety of direct and
indirect analytical techniques were used in the research, such as CD, UV–Vis and
fluorescent spectroscopy (Fig. 18) [68].

Circular dichroism spectroscopy is a powerful method for the determination of
binding modes of ligands to nucleic acid structures. The application of this method
provided valuable information on the influence of the examined MCs on the structure
of the telomeric G-quadruplex (G4 22HT). Typically, in studies of ligand-G4 interac-
tions, ligands have no optical activity, so they do not exhibit CD activity in solution.
However, in this case, the incorporation of chiral hydroxamic acid molecules into a
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Fig. 18 Schematic representation of studied metallacrowns Eu(III)[15-MCCu(II)N(pheHA)-5] 21 and
Tb(III)[15-MCCu(II)N(pheHA)-5] 22. Reproduced with permission from [68]

metallacrown skeleton, caused the tested compounds to exhibit CD activity. There-
fore, the metallacrown reference CD spectra were subtracted from those for MC/G4
systems. The G4 22HT in sodium solution showed a positive signal at about 290 nm
and a negative signal at 260 nm, which suggested a typical antiparallel G-quadruplex
structure [89]. The successive decrease of both signals was observed after the addi-
tion of both MC ligands, leading to the complete reduction of CD bands at a higher
G4:MC concentration ratio (1:10) (Fig. 19). However, it was excluded that observed
spectral changes were caused by residual copper ions. Copper(II) exhibited a notice-
able decrease in CD signals in the G4 spectrum at a much higher concentration than
that resulting from possible dissociation or destruction of MC compounds.

Fig. 19 CD differential spectra of 22HT titrated with Eu(III)[15-MCCu(II)N(pheHA)-5] 21 (a) and
Tb(III)[15-MCCu(II)N(pheHA)-5] 22 (b) in 10 mM cacodylate buffer, pH 7.2 and 100 mM NaCl.
Ratio DNA/MC equals 1:0 (solid line), 1:2.3 (long dash), 1:6.8 (dash-dot line), 1:10 (dotted line).
Reproduced with permission from [68]
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Reasonable thermal stability of free MCs in an aqueous solution was proved in
the wide temperature range using UV–Vis spectroscopy. This allowed us to carry out
G-quadruplex melting experiments. Determination of thermal stabilization of G4
22HT DNA formed in the presence of each MC, compared to that of G4 DNA alone,
confirmed the results of CD titration experiments. The investigated MC compounds
destabilized the 22HT G-quadruplex structure (�Tm = −16 and −20 °C, respec-
tively for compounds 21 and 22). This effect could be caused by the destabilizing
action of free Cu(II) ions in solution and/or by unfavorable steric interactions of large
MC planes with external G-tetrads. Because the tested MCs do not possess spec-
tral properties necessary for direct monitoring of binding interactions with nucleic
acids (they have low molar absorption coefficients and are non-fluorescent), the indi-
rect fluorescence competition methods were used. One of them was the FID assay
based on changes in emission of a G4-bound fluorescent dye thiazole orange (TO).
TO molecules undergo replacement from the G4-TO complex with MC competing
compound and fluorescence of the system decreases [35]. During the experiments,
fluorescence quenching of the G4 22HT-TO system was observed under the influ-
ence of subsequent MCs additions (Fig. 20). A small difference in binding affinity
for compounds 21 and 22 was noticed. This indicates that the nature of the central
lanthanide ion in metallacrown core is not the key factor influencing the MC–DNA
interactions.

In the case of FID experiments, the obtained results should be analyzed very
carefully, since a potential cause of TO fluorescence disappearance may not only be
caused by simple ligand replacement. Also, other processes could affect the fluores-
cence intensity of TO that are not considered by most researchers. One can mention
fluorescence quenching of bound TO molecules by MC or free copper ions, as well
as the destabilizing effect of metallacrowns on the G4 structure. The end-stacking
interaction of MC with external guanine tetrad was postulated as shown from thiazole
orange replacement in these FID experiments. To study the binding of DNA ligands
containing metal cations in their structure a new Tb3+–G4 luminescence quenching

Fig. 20 Fluorescence spectra recorded in FID experiment for metallacrowns 21 (a) and 22 (b).
Arrows indicate increasing concentration of particular metallacrown. Reproduced with permission
from [68]
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Fig. 21 Quenching effect of MC 21 (a) and MC 22 (b) on the emission band for Tb(III)-
22HT quadruplex (λex = 290 nm, λem = 548 nm). Arrows indicate increasing concentration of
metallacrown. Reproduced with permission from [68]

assay was proposed and evaluated. The quenching effect of MCs on the emission
band for Tb(III)-G4 22HT system was observed (λem = 548 nm). (Fig. 21).

Decreased emission of terbium luminescence with subsequent additions of MC
can be caused by the quenching effect of metallacrown bound to the G4–Tb(III)
complex, as well as the unfolding of the G4 structure induced by metallacrown
binding. Fluorescence quenching Stern–Volmer plots were also analyzed, and the
Stern–Volmer quenching constants (Ksv), which can be interpreted as the associa-
tion constants (Kas) were calculated (3.9 × 105 M−1 and 4.6 × 105 M−1 for MCs 21
and 22, respectively). The obtained quenching parameters can be regarded as asso-
ciation constants because the association of MC to G4–Tb(III) luminophore causes
quenching of Tb luminescence according to a static mechanism. These values were
higher by ca. 50% than the KMC values obtained from the FID assay, and the differ-
ences between Kas and KMC were explained by different experimental conditions
used in both assays.

Interactions of a human telomeric (22HT) G-quadruplex as the molecular target
with the luminescent Sm(III)[12-MCGa(III)N(shi)-4] 23 (Hshi–salicylhydroxamic acid)
metallacrown was recently examined (Fig. 22).

Miscellaneous approaches were used in this study: CD spectroscopy (CD titra-
tions and CD melting profiles), fluorescence spectroscopy (fluorescence titration of
Sm(III)[12-MCGa(III)N(shi)-4] with G4/Na+, fluorescence competition (FID assay and
the method based on Tb3+/G4 luminescence quenching by MC) [69]. The 12-MC-4
type complex has structural features (the size, shape, and bonding of cations) that
make it an excellent candidate for precise molecular recognition of G4s. Sm(III)[12-
MCGa(III)N(shi)-4] metallacrown 23 possesses a nearly planar geometry with four
benzoate anions, which are perpendicular to the ring plane [90]. This creates the
opportunity for the interaction of the opposite side of the Sm(III)[12-MCGa(III)N(shi)-
4] with the external G-tetrad of G4. Although achiral reagents were used for the
synthesis of this metallacrown, weak negative bands at about 230 and 310 nm were
observed in the CD spectrum of MC, which was consistent with the position of the
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Fig. 22 A ball and stick model of a G-tetrad with Hoogsteen-type base pairing and Na+ cation
coordinated in a central cavity (a). A simplified molecular structure of Sm(III)[12-MCGa(III)N(shi)-4]
23 (b). A side view of the Sm(III)/(benzoate)4[12-MCGa(III)N(shi)-4]. The metallacrown encapsulates
a central samarium ion with four gallium ions (ring metal), four salicylhydroxamates (shi3−), and
four benzoate bridges (c). Reproduced with permission from [69]

absorption bands in the UV spectrum of MC. This peculiarity was explained by the
existence of the SmMC complex in two optical isomeric forms caused by the order of
joining of atoms in the ring (A isomer: the M–N–O–M–N–O– linkage and C isomer:
the M–O–N–M–O–N–linkage). Therefore, to accurately assess the interactions of
MC with G4, the subtraction of metallacrown CD spectrum was applied to obtain
adifferential CD spectra. The decrease of a strong positive band at 290 nm and a
negative one at 260 nm up to 30–40%, characteristic for antiparallel G-quadruplex
structure, was observed after the addition of metallacrown at higher concentration
(6.9 and 12.4 MC equiv.) (Fig. 23a).

Fig. 23 CD spectra of G-quadruplex 22HT with increasing concentration of Sm(III)[12-
MCGa(III)N(shi)-4] (equivalents of 23: 0—black line, 2.3—red line, 6.9—green line and 12.4—yellow
line) (a). Normalized melting profiles of G-quadruplex in the absence (solid line) and in the presence
of 1 equiv. (long dash line), 2.3 equiv. (dash-dot line), 6.9 equiv. (dotted line), and 12.4 equiv. (short
dash line) of MC 23. Profiles were plotted using normalized CD signals at 295 nm vs. temperature
(b). Conditions: 10 mM sodium cacodylate buffer, pH 7.2, 100 mM NaCl (a, b). Reproduced with
permission from [69]
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It should be emphasized that the G4 DNA showed much higher stability in the
presence of Sm(III)[12-MCGa(III)N(shi)-4] 23 compared to Ln15-MC-5 complexes:
Eu(III)[15-MCCu(II)N(pheHA)-5] 21 and Eu(III)[15-MCCu(II)N(pheHA)-5] 22 [68]. This is
probably a consequence of a better fit of the G4 tetrad and 12-MC-4 plane, especially
if one takes into account the high positive charge (+3) of Ln15-MC-5, which favors
destabilizing electrostatic interactions with the negatively charged DNA molecule.
To determine the thermal stability of G4 22HT DNA formed in the presence of
metallacrown, CD melting measurements were taken. At lower ratios of MC (1 and
2.3 equiv.), the Tm values of G4 were slightly lower compared to the Tm of free
22HT/Na+ quadruplex.

In the case of higher concentrations of Sm(III)[12-MCGa(III)N(shi)-4] 23 (6.9 and
12.4 equiv.), the melting temperature decreased by 11 °C and 22 °C, respectively
(Fig. 23b). The hysteresis between the melting and annealing curves was observed,
which suggested the presence of irreversible or very slow processes connected with
the folding of the G4/Sm(III)[12-MCGa(III)N(shi)-4] system. However, in this case, the
metallacrown emission spectra confirmed, that disruption of the 23 complexes at
higher temperature appeared to be irreversible. It should be noted apparent discrep-
ancies in the results obtained from CD melting study. The melting temperature of
G-quadruplex with 6.9 equiv. of MC has decreased by 11 °C, while no such large
changes were observed in the CD spectra. Authors speculated that increased temper-
ature caused the loss of benzoates from the MC complex. When the 23 is in excess,
the generation of highly positive charged MC form (after benzoate dissociation)
inhibits the appropriate G-quadruplex folding. It seems very likely that at the higher
molar ratio of MC, when the external quartets of G4 DNA have been saturated (end-
stacking binding mode), the interactions between the DNA phosphate groups and
MC complexes may result in another external binding mode, which may destabilize
the antiparallel structure of G4.

Fluorescence titration experiments of Sm(III)[12-MCGa(III)N(shi)-4] 23 with G4
DNA were possible to be carried out because Ga3+ ions do not disturb the lumines-
cence transitions of samarium ions, thanks to fully occupied 3d orbitals of gallium
ion. In addition, the spatial structure of MC 23 protects the samarium ion from
CH and OH oscillator quenching, giving a strong luminescence enhancement effect
(Fig. 24). However, the emission spectra of 23 (1 μM) in buffer solution showed a
gradual increase in the emission band of shi ligand and a simultaneous decrease in
the luminescence bands of samarium.

This observation indicated that Sm(III) luminescence is associated with energy
transfer from the shi ligand to the central samarium ion. Luminescence quenching
effect of the Sm(III)[12-MCGa(III)N(shi)-4] 23 may be caused by the release of benzoate
ligands and an attack of water molecules. The release of shi is presumably mediated
by excitation of shi that activates bond oscillation in the coordination sphere of
Sm(III). The obtained results showed that the photo-induced dissociation processes
in 23 were partially reversible, which ruled out the possibility of total destruction of
the metallacrown. This is in line with previous reports, which showed that coordinated
anions may dissociate from 12-MC-4 complexes, whereas the metallacrown ring and
centrally trapped metal ions are resistant to dissociation or decomposition [91–94,
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Fig. 24 Spectra of 1 μM
Sm(III)[12-MCGa(III)N(shi)-4]
23 in buffer (λex = 309 nm)
recorded in 4 min time
intervals. Arrows indicate
intensity changes in emission
bands with time. The inset
shows detailed changes in the
spectral region of samarium
luminescence. Reproduced
with permission from [69]

94]. The shi ligand-focused photoreaction likely affects coordination bonds around
Sm(III) and enables quenching of Sm luminescence by water molecules.

Therefore, the direct fluorescent titration method could not be used for the quanti-
tative binding study of samarium MC with nucleic acids and provided only qualitative
evidence for the interaction between Sm(III)[12-MCGa(III)N(shi)-4] and G4 DNA. To
confirm the interaction of 23 with G-quadruplex DNA the use of indirect fluorescent
methods was necessary. One of them was a method based on the quenching effect
of the ligand on the luminescence of the G4/Tb3+ system. The G4/Tb3+ system was
titrated with an increasing concentration of 23. Initially the strong Tb3+ luminescence
band at 540 nm gradually decreased under the influence of successive portions of
MC, which was the evidence for the interaction of the metallacrown with the G4/Tb3+

complex (Fig. 25).

Fig. 25 Quenching of the Tb(III) emission band of the G4–Tb3+ system by consecutive additions of
Sm(III)[12-MCGa(III)N(shi)-4] 23. Experimental conditions: [G4] = 1 μM, [Tb3+] = 4 μM, [MC] =
0–14 μM; 10 mM Tris–HCl buffer, pH 7.0; λex = 290 nm. Arrows indicate increasing concentration
of metallacrown (a). Plot of I0/I versus increasing concentration of metallacrown 23 (b). Reproduced
with permission from [69]
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The Stern–Volmer plot showed an upward curvature. The positive deviation of
the quenching plot was observed at higher concentration ratios and the G4 destabi-
lizing effect has been confirmed by the CD titration experiments. The fluorescence
quenching data were analyzed by the Stern–Volmer equation and Ksv = 3.9 ± 0.3 ×
105 M−1 was calculated considering only the rectilinear range of the S–V plot. This
value was close to those obtained for 15-MC-5 compounds—3.9 × 105 M−1 and 4.6
× 105 M−1 for Eu(III) 21 and Tb(III) 22 [15-MCCu(II)N(pheHA)-5], respectively. Similar
values of the G4 binding constants for both the 12-MC-4 and 15-MC-5 complexes
may suggest the same type of binding mode, which is unlikely. The pentacoordi-
nate lanthanide (III) metallacrown copper complexes have a charge of +3, which
promotes electrostatic interactions with negatively charged DNA. In the case of the
Sm(III)[12-MCGa(III)N(shi)-4] 23, which is a monoanion, the expected effect is repul-
sion from DNA. The fact that a trivalent cationic MC complex binds to G4 with a
similar affinity as a monoanionic MC indicates that the mechanism of the interac-
tion is not just charge-based. It is highly probable that this difference stems from
the perfect match of the Sm 12-MC-4 23 shape and size to those of the G-tetrad,
which results in binding to G4 by an end-stacking mode. On the other hand, the
polycationic Ln 15-MC-5 21 and 22 probably interact with the negatively charged
phosphate groups by Coulombic forces.

The second indirect method applied to study Sm(III)[12-MCGa(III)N(shi)-4]-DNA
interactions was the G-quadruplex FID assay. The replacement of TO from TO/G4
complex by the competing 23 was observed (Fig. 26).

The metallacrown concentration required to reduce the TO/G4 fluorescence signal
by 50% (MC50%) was estimated to be 5.3 ± 0.3 μM. This value was used to calculate
the binding constant for the 23/G4 complex of 1.3 ± 0.2 × 105 M−1, suggesting a
moderate binding affinity. Simultaneously, this binding constant is lower than that
obtained by Tb3+/G4 luminescence quenching that can be explained by different
experimental conditions in both assays.

Fig. 26 Spectra of 0.25 μM G4 containing 0.5 μM TO in the presence of increasing concentrations
of MC 23 in 10 mM sodium cacodylate buffer, pH 7.2 and 100 mM NaCl (a). Plot of the TO displace-
ment percentage against concentration of the metallacrown (b). Reproduced with permission from
[69]
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Fig. 27 Molecular structure
of Cu(II)[12-
MCCu(II)N(PyrAcHA)-4] 24.
Reproduced with permission
from [70]

Another 12-MC-4 metallacrown Cu(II)[12-MCCu(II)N(PyrAcHA)-4] 24 was reported
to show very interesting properties, causing conformational rearrangements of G-
quadruplex topology (Fig. 27) [70].

The dianionic ligand (2-pyridylacetylohydroxamate) and divalent copper(II) ions
form a 12-MC-4 ring with a neutral charge that incorporates a central Cu(II) cation
giving an overall charge of 2+ to the MC complex. The Cu(II)[12-MCCu(II)N(PyrAcHA)-
4] 24 metallacrown adopts a quasi-planar conformation that is reminiscent of the
porphyrin ring structure, known as the G-quadruplex ligand. These structural features
favor interactions with negatively charged G-tetrads. This MC does not possess any
fluorescence properties and is inactive in CD spectroscopy. As the molecular targets,
G-quadruplexes formed by oligonucleotides with the sequence of human telom-
eric DNA (22HT) and human proto-oncogene c-MYC were chosen. Telomeric DNA
sequence forms G-quadruplex with different topologies depending on the used mono-
valent cation, sodium or potassium. In Na+-containing buffer the nuclear magnetic
resonance (NMR) spectroscopy confirmed the creation of an antiparallel basket-type
G-quadruplex structure possessing two lateral and one diagonal loops [95]. The CD
spectrum shows the major positive signal at 295 nm with a negative signal at 265 nm
and a smaller positive signal at 240 nm. In K+-containing solution, depending on
the analysis method used, two entirely different structures for the same sequence
were obtained. The crystallographic investigations of the solid sample obtained in
the presence of K+ showed a parallel structure [95], while the solution study with
the use of NMR spectroscopy in presence of K+ buffer showed the existence of two
so-called hybrid-1 and hybrid-2 G-quadruplex structures [96, 97]. The typical CD
spectrum characteristic of a mixed-type hybrid structure (one sidewise loop and two
lateral loops) shows a strong positive band at 293 nm, a shoulder at ~270 nm, and a
weak negative band at ~240 nm[96].

The CD spectrum of G-quadruplex c-MYC in K+ solution is dominated by a
strong positive band at 260 nm and a smaller negative band at 240 nm, typical for
the parallel G-quadruplex structure with three sidewise loops [40].
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The CD titrations of these three pre-folded G-quadruplexes with Cu(II)[12-
MCCu(II)N(PyrAcHA)-4] 24 metallacrown indicated different interactions with particular
G4 topologies. In the case of antiparallel G4 (22HT/Na+), even at large excess of MC
(18-fold) the G-quadruplex was not destroyed as indicated by the unaffected char-
acteristic positive band at 295 nm (Fig. 28a). The CD profile of G4 22HT recorded
in K+ solution revealed that the addition of metallacrown increased marginally with
the main CD band at 295 nm and creates a negative band at 265 nm (Fig. 28b). These
changes suggested the transformation of the hybrid G4 structure to the antiparallel G-
quadruplex. A comparison of CD spectra of MC/G4 22HT complexes in the sodium
and potassium environments indicates that both have a very similar structure. The
influence of the metallacrown on the third of the examined G4 topologies was also
noticeable. Additions of MC decreased the strong positive band at 265 nm (up to 75%
at 18 equiv.), and to a lesser extent influenced the small negative band at 240 nm char-
acteristic for the parallel topology (Fig. 28c). The obtained results indicated strong
structure-dependent interactions of Cu(II)[12-MCCu(II)N(PyrAcHA)-4] 24 with G4s. The
examined metallacrown binds specifically to the telomeric sequence, with stabiliza-
tion of the antiparallel G4 topology and destabilization of the parallel c-MYC G4
structure.

Thermal stabilization of G4s DNA formed in the presence of metallacrown ligand
was also tested. The temperature-dependent changes in the CD spectra were very
interesting. Melting was monitored at the wavelength of 295 nm (characteristic posi-
tive CD signal antiparallel and hybrid G-quadruplex telomeric structures) and at
265 nm where the positive band of parallel topology occurs. The melting temper-
ature of antiparallel G-quadruplex has grown up to the maximum already in the
presence of 1 equivalent of MC (�Tm of +14 °C) and higher MC excesses improve
this effect only by +1 °C (Fig. 29a). The reversibility of the spectral changes was
observed in melting experiments, both upon heating and cooling runs (Fig. 29b).

Interestingly, addition of Cu(II)[12-MCCu(II)N(PyrAcHA)-4] to the hybrid G-
quadruplex resulted in a decrease in melting temperature monitored at 295 nm by 6
and 5 °C in the presence of 1 and 6.9 equivalents of MC, respectively (Fig. 30a).

Fig. 28 CD spectra of 2 μM 22HT/Na+ (a), 2 μM 22HT/K+ (b) and 2 μM c-MYC/Na+ (c) in the
presence of increasing concentration of Cu(II)[12-MCCu(II)N(PyrAcHA)-4] 24. Conditions: 100 mM
of salt, 10 mM sodium cacodylate buffer, pH 7.2. DNA/MC ratio: 1:0 (black line), 1:2.3 (red line),
1:6.7 (green line), 1:12 (brown line), 1:18 (blue line). Reproduced with permission from [70]
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Fig. 29 Normalized CD melting profiles for 22HT/Na+ [2 μM] in the presence of Cu(II)[12-
MCCu(II)N(PyrAcHA)-4] 24 registered in the heating mode. DNA:MC ratio: 1:0 (black line), 1:1 (red
dashed), 1:2.3 (green dashed), 1:6.9 (blue dashed) (a). CD spectra recorded at 25 °C before (long
lines) and after (dash-dot lines) full melting experiment (heating and cooling cycles) for 22HT/Na+

[2 μM] in the presence of metallacrown at different ratios (b). Conditions to all: 10 mM cacodylate
buffer, pH 7.2, 100 mM NaCl. Reproduced with permission from [70]

Fig. 30 Normalized CD melting profiles for 22HT/K+ [2 μM] in the presence of Cu(II)[12-
MCCu(II)N(PyrAcHA)-4] 24 registered in the heating mode. DNA:MC ratio: 1:0 (black line), 1:1 (red
dashed), 1:6.9 (blue dashed) (b) CD spectra before (solid lines) and after (dash-dot lines)melting
temperature experiment for 22HT/K+ [2 μM] in the presence of different G4:MC ratios (a). Condi-
tions to all: 10 mM cacodylate buffer, pH 7.2, 100 mM KCl. Reproduced with permission from
[70]

The opposite effect was observed for the melting plot recorded at 265 nm, which
indicated the transformation of the hybrid form into a parallel structure with an
increase in Tm by 16 °C. This conformational transformation of the MC 24-G4
22HT/K+ system appeared to be irreversible upon cooling (Fig. 30b). Moreover,
this transformation was kinetically controlled since the MC caused this topolog-
ical change not only upon heating but a similar effect was observed after longtime
incubation (13 days, 312 h) of the sample at room temperature (Fig. 31).
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Fig. 31 Conformational
changes of the hybrid
structure (G4 22HT/K+) in
the presence of Cu(II)[12-
MCCu(II)N(PyrAcHA)-4] 24
(1:1 ratio) with ongoing time
of incubation at room
temperature. Conditions:
10 mM cacodylate buffer, pH
7.2, 100 mM KCl.
Reproduced with permission
from [70]

The stabilizing effect of 24 on the parallel structure of G4 DNA was confirmed
by the MC 24/parallel G4 complex of c-MYC, for which Tm appeared to be quite
high and was estimated as above 80 °C. The obtained value was more than 27 °C
higher compared to the Tm of 52.5 °C calculated for c-MYC G4 in the absence of
MC.

Due to the poor spectroscopic properties of 24 metallacrown (very low molar
absorptivity and lack of fluorescence), the G4 FID assay was used for the study of
interactions of Cu(II)[12-MCCu(II)N(PyrAcHA)-4] with telomeric G4 DNA in sodium
solution (Fig. 32). Each addition of metallacrown 24 decreased the fluorescence
intensity of the TO-G4 complex as a result of the displacement of thiazole orange
from the complex (Fig. 32a). The concentration of Cu(II)[12-MCCu(II)N(PyrAcHA)-4]

Fig. 32 Fluorescence spectra of G4:TO complex in the presence of increasing concentration of
Cu(II)[12-MCCu(II)N(PyrAcHA)-4] 24. Conditions: 0.25 μM G4, 0.5 μM TO, 10 mM sodium cacody-
late buffer, pH 7.2 and 100 mM NaCl (a). Plot of TO displacement percentage from G4:TO complex
by metallacrown. Red line indicates 50% decrease of TO emission (b). Reproduced with permission
from [70]
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required to decrease the emission of thiazole orange by 50% was determined as
0.26 μM (Fig. 32b).

Assuming a 1:1 stoichiometry for both G4-TO and G4-MC complexes, the
binding constant (KMC) of 3.9 ± 0.4 × 106 M−1 was calculated for the complex
between 22HT/Na+ G-quadruplex and Cu(II)[12-MCCu(II)N(PyrAcHA)-4]. Although the
copper(II) ions with unfilled d orbitals present in MC structure were suspected to
quench the fluorescence of TO in FID assay by electron transfer (charge transfer
complexes), this effect was neglected since no new CT band nor spectral band shifts
were observed in FID experiment. Thus, the changes in fluorescence intensity should
be ascribed to the release of thiazolium orange from the G-quadruplex. To further
prove the strong interaction of Cu(II)[12-MCCu(II)N(PyrAcHA)-4] with antiparallel 22HT
G4 structure, an additional indirect method based on MC effect on the Tb(III)-
G4 luminescence was applied [68]. Luminescence of the G4:Tb3+ system titrated
with Cu(II)[12-MCCu(II)N(PyrAcHA)-4] was quenched after each addition of MC that
suggested the interaction between MC 24 and G4 (Fig. 33).

Using the Stern–Volmer equation, the association constant of 24 to G4 was calcu-
lated as Kas = 6.4 ± 0.5 × 105 M−1. Binding results for Cu(II)[12-MCCu(II)N(PyrAcHA)-
4] indicated slightly higher affinity to 22HT G-quadruplex than those reported
for other metallacrowns: Ln (III) 15-MC-5 21 Eu(III)[15-MCCu(II)N(pheHA)-5] and
22 Tb(III)[15-MCCu(II)N(pheHA)-5] (3.9 – 4.6 × 105 M−1) [68] and Sm(III)[12-
MCGa(III)N(shi)-4] 23 (3.9 ± 0.3 × 105 M−1) [69]. The difference in binding affinity
between Sm(III) 23 and Cu(II) 24 12-MC-4 complexes can be explained by the
different structural features of both MCs. Copper metallacrown 24 possesses a planar

Fig. 33 Quenching of the luminescence bands of Tb3+/G4 complex by consecutive additions of
Cu(II)[12-MCCu(II)N(PyrAcHA)-4] 24. Conditions: [22HT] = 1 μM, [Tb3+] = 4 μM, [MC] = 0–
9.4 μM; 12 mM Tris–HCl buffer, pH 7.0, λex = 290 nm. Arrow indicates increasing concentration
of metallacrown. Inset: Plot of I0/I vs. increasing concentration of MC. Reproduced with permission
from [70]



Metallacrowns as DNA Binders 149

square shape structure [91], while Sm(III) 12-MC-4 23 exhibits a bowl-shaped struc-
ture [90]. Most probably, this bowl-like geometry somehow limits the MC/G-tetrad
interactions in the case of the last one. Concluding, the differences arise from the
structural features of the MC compounds and the positive net charge of the metal-
lacrown facilitates the interaction with negatively charged G-tetrad of G4 DNA via
electrostatic interaction. The ligands interact with G4s DNA via π–π stacking and
groove/loop interactions. Although the main binding mode of the ligands seems to be
the π–π stacking with external G-tetrads, other interactions like electrostatic ones
and H-bonds also play a substantial role. The effectiveness of end-stacking inter-
actions is demonstrated for the ligands having a large flat aromatic surface. The
introduction of a positive charge on the ring system of the chromophore improves
the binding affinity to the anionic backbone and/or to the negative central channel of
the G-quadruplex. In the case of metal complexes, the arrangement of metal over the
central channel of G4 can additionally improve electrostatic stabilization. In addi-
tion, the positive net charge of the ligands may be associated with the side chains
of the cationic substituents that bind to the grooves and loops through electrostatic
interactions, contributing to the improvement of G4 DNA/ligand stability.

4 Conclusions

The development of DNA binding compounds gives opportunities to manipulate and
tune cellular processes. Through ligand-DNA interactions, one can affect replication,
transcription, regulation of gene expression, or other processes. The advantages of
introducing metal ions inside an organic skeleton to get DNA-interacting ligands
such as metallacrowns are miscellaneous. Metal chelation may cause the following
effects: (i) impart certain specific chemical or physical properties to the ligand, (ii)
cause ligand flattening, thus facilitating intercalation to dsDNA and increasing the
affinity to an external G-quartet of G-quadruplex, (iii) improve the interaction with
the negatively charged biopolymer by introducing additional charge into the ligand
molecule, or (iv) reduce the electron density of the surrounding aromatic system.

Many different techniques have been used to study the interactions of compound
with DNA structures. These methods are simple or complicated, they have their own
advantages and disadvantages. Usually, more than one method is needed to obtain
complete information about ligand/DNA interactions. However, it is important to
remember that various disturbing processes may accompany the observed effects of
the experiments. For example, in the case of FID experiments not only the simple
ligand replacement should be considered as a potential cause of dye fluorescence
disappearance. Also, other processes such as fluorescence quenching of bound dye
molecules by MC or free metal ions, as well as the destabilizing effect of metal-
lacrowns on the DNA structure, could affect the fluorescence intensity of the dye. The
participation of quenching phenomena is especially important for studying ctDNA
(multiple binding) but is not considered by most researchers. Although variety of
conventional techniques was used to study MC/DNA interactions, still there is a need
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to implement more advanced techniques for this purpose. One can advise the devel-
opment of new DNA/MC binding protocols based on mass spectrometry (ESI MS,
MALDI TOF MS), isothermal titration calorimetry (ITC), surface plasmon resonance
(SPR), quartz microbalance (QCM), or microscale thermophoresis (MST).

Unquestionably, metallacrowns display a great biomedical potential and surely
further study will be focusing on the biotechnology and medical applications.
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Magnetic Metallacrowns: From
Randomness to Rational Design

Thaddeus T. Boron III

Abstract Early single-molecule magnets (SMMs) featured 3d metal ions and
mixed 3d/4f ions in interesting geometric arrangements. While these coordination
compounds had interesting molecular magnetic behaviors, they lacked structural
predictability, making it difficult to systematically control their physical properties.
Metallacrowns allow for the rational design of SMMs by selecting appropriate metal
ions and ligands with predictable coordination environments. This design strategy
allows chemists to systematically vary multiple physical properties, including the
number of magnetic centers, pseudo-symmetries, and connectivity between magnetic
centers. Additionally, the cavity of metallacrowns offers a unique opportunity to
systematically investigate how structural deformations, pseudo-symmetries, and
intrinsic magnetic properties of different metal ions affect the overall magnetic
properties. In this chapter, we will explore the progression of the use of metal-
lacrowns as SMMs from the first known Mn–lanthanide “pseudo”-metallacrown in
2004 to “true” metallacrowns recently reported. The progression from early pseudo-
metallacrowns to “true” metallacrowns follows a general trend of minimizing the
number of magnetic centers and controlling the overall geometry of the structure. This
geometric control and selective modification to the structure have allowed chemists
to explore the roles that the intrinsic properties of lanthanides, structural distortions
around lanthanide ions, and ligand-choice have on the overall magnetic behavior.

1 Introduction

In the 1980s and 1990s, interest in the properties of molecular magnets began to
grow with the discovery of a manganese-containing coordination compound that
showed unique magnetic properties [1–3]. The manganese-containing compound,
[Mn12O12-(caboxylato)16], often referred to as Mn12(OAc), (OAc = acetate), demon-
strated magnetic behavior that originated from the molecule, rather than from bulk-
magnetic properties, providing physicists and chemists with an opportunity to study
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the transition from nano-to bulk properties [2]. This compound is generally recog-
nized as the first single-molecule magnet (SMM). It was realized that SMMs, or their
single-chain and single-ion analogues, could be utilized to build a new generation of
spintronic devices, capable of high-density information storage, quantum computing,
or magnetic refrigeration [4].

1.1 Molecular Magnetism

Molecular magnets, such as single-molecule magnets (SMMs), single-ion magnets
(SIMs), or single-chain magnets (SCMs), show superparamagnetic behavior that
originates from the individual molecule (or ion)’s overall spin and Ising-type magne-
toanisotropy [5, 6]. Superparamagnetism is similar to paramagnetism in that it origi-
nates from the magnetic moments of residual unpaired electrons in a compound. The
key difference between paramagnetism and superparamagnetism is the size of the
magnetic domain, that is, the region of space where magnetic moments align to mini-
mize the energy of repulsion. In superparamagnets, the size of the magnetic domain
is comparable to the size of the individual molecule, where in paramagnets—the
magnetic domain is significantly larger [6].

Unlike paramagnetism, however, below a critical temperature, superparamagnets
display “blocked” magnetic behavior. This blocked behavior results from the Ising-
type magnetoanisotropy, which typically only allows one of two different magnetic
moment orientations that are anti-parallel to each other. This orientation preference
creates an energy barrier that separates the two different orientations. To overcome
this energy barrier, either thermal energy or a coercive field must be applied. The
time required for the relaxation over the energy well is described by the Arrhenius
equation:

τ = τ0e
K V

kB T (1)

where τ is the relaxation time, τ0 is a length of time characteristic to the material, K is
the molecule’s magnetic anisotropy, V is the molecule’s volume, kB is the Boltzmann
constant, and T is the temperature of relaxation [6].

The KV term in the equation above is also directly related to a molecule’s spin and
anisotropy. In many manuscripts, the magnetic properties of an SMM are described
by a spin Hamiltonian:
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where g is the Landé factor, β is the Bohr magneton,
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H is the applied external
magnetic field, Ŝ is the spin operator, D is the axial anisotropy eigenvalue, Ŝz is the
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spin operator along the z-axis, E is the equatorial anisotropy eigenvalue, and Ŝx and
Ŝy are the spin operators along the x and y-axes, respectively. The full equation can
be derived and the interested reader is invited to read Chapter 2 of Gatteschi, Sessoli,
and Villain’s Molecular Nanomagnets [6] or Girerd and Journaux’s Chapter 7 on
molecular magnetism in Que’s Physical Methods in Bioinorganic Chemistry [7]. For
axially symmetric cases in zero-field, the spin Hamiltonian can be simplified to

H
∧

= gβ
⇀

H S
∧

+ DS
∧2

z (3)

The reader may notice that the first term is the Zeeman splitting Hamiltonian.
Thus, for a molecular magnet with Ising-type anisotropy, the Hamiltonian may be
reduced to

H
∧

= DS
∧

z
2

(4)

with a corresponding eigenvalue Ueff of
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for integer and non-integer spins, respectively, and where Ms is the microspin state
values from the Ŝz operator. The overall sign of the magnetoanisotropy eigen-
value D must be negative to ensure that the spin states with the largest magnitude
have the lowest overall energy values. A positive D eigenvalue correlates to easy-
plane anisotropy and would give the smallest magnitude microspin states as the
lowest overall energy.

This splitting of the magnetic spin states creates bistable ground states separated by
the eigenvalue Ueff . This eigenvalue Ueff is the effective height of the energy barrier
to spin reversal (Fig. 1). Thus, the earlier equation describing the time required to
scale the energy barrier can be modified to correlate to the energy of the barrier:

τ = τ0e
Uef f
kB Tc (7)

where Tc now specifies a critical temperature, in Kelvin, related to the thermal relax-
ation over the energy barrier described by Ueff . Unlike paramagnets, superparam-
agnets (and specifically SMMs, SIMs, and SCMs for our interests) will maintain a
magnetic orientation below this critical temperature. This energy barrier and the size
of the particles involved is what makes molecular magnets so intriguing as potential
data storage devices. If a single molecule could maintain its magnetic orientation at
a high temperature, then the particle could potentially be used to store information
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Fig. 1 The effective energy
barrier, Ueff , separates the
spin states of the molecular
magnet. The height of the
energy barrier is dependent
on the overall spin of the
molecule, Ms, and the
anisotropy of the molecule,
D

based on the spin orientation. Because of the small size of the particle, a significantly
larger amount of information could be stored in the same overall space.

1.2 Synthetic Strategies for Preparing Molecular Magnets

Two synthetic strategies exist for preparing molecular magnets. The first approach
is a “top-down” approach, where one employs a bulk material with known magnetic
behavior and attempts to sufficiently shrink the material such that the crystalline
size and the magnetic domain size are similar. A second approach, a “bottom-up”
approach, attempts to prepare new materials that have the potential to display the
desired properties. In 1998, Aromi and co-workers discussed four advantages of the
bottom-up approach. These included that since the magnetic materials are synthe-
sized and isolated from the solution, they often produce a particle with a single,
well-defined size. As the molecules are often prepared from ionic salts, the periph-
eral ligands can potentially be modified easily by changing the identity of the starting
materials. Due to the fact that they are often isolated from common organic solvents,
they can potentially be processed in common solvents, making them ideal candi-
dates for future applications, such as deposition and preparing of films. Lastly,
molecular magnets prepared from a bottom-up approach are sub-nanoscale [8]. This
sub-nanoscale can also lead to mono-disperse particles, that reduce potential inter-
molecular interactions [9]. The compounds that we will discuss below, including
metallacrowns, feature a bottom-up synthetic scheme.
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Regardless if a “top-down” or “bottom-up” approach is pursued for molecular
magnets, it is relatively apparent that the synthetic strategy should attempt to maxi-
mize the spin, Ms, and/or the magnetoanisotropy, D, in Eqs. 5 and 6. While increasing
spin seems to be the obvious solution to quickly increasing the energy barriers
of molecular magnets, computational chemists have suggested that this increase
does not have the desired effect. In 2007, Waldmann proposed that earlier efforts to
increase the spin values of molecular magnets, the so-called “golden rule” of SMM
development, were misdirected [10]. Additionally, Waldmann proposed that in cases
of strongly coupled spin and anisotropy values, such as the case for lanthanide ions,
Eq. 5 would also fail. So while it seems apparent that increasing the spin value Ms

in Eq. 5 will lead to an exponential increase in the thermal energy barrier, Wald-
mann found that because the projection coefficients of the zero-field-splitting tensor
D (and therefore D itself) scale with spin as Ms

−2
, the energy barrier seemed to

increase linearly with spin [10]. Instead, Waldmann suggested that SMM proper-
ties could be improved by either increasing the number of magnetic centers in the
molecule or to focus on the anisotropy term.

In 2009, Ruiz, Neese, Kortus, and co-workers used density functional theory
(DFT) to examine the magnetoanisotropy of mononuclear transition metal
compounds [11]. The authors looked at the zero-field splitting parameters of trig-
onal Jahn–Teller distortions, Bailar twists, Berry pseudorotations, and planarization
of tetrahedral compounds. The authors found that Jahn–Teller distortions, such as
those found in high-spin MnIII, produced relatively large D values, with the sign
determined by the contraction/elongation of the octahedral coordination environ-
ment. Bailar twists of d5 ions with trigonal prismatic geometry also produced large,
negative D values. A Berry pseudorotation of d5 ions led to either positive (tetragonal
pyramid) or close to zero D values for trigonal bipyramidal compounds. Lastly, during
the conversion of tetrahedral compounds to square planar for d5 ions, a maximum
negative anisotropy value was obtained in the middle of the pathway. Ruiz, Neese,
and Kortus also suggested that it could be possible to link multiple magnetic centers,
ensuring that their Jahn–Teller axes were parallel to one another. However, the authors
cautioned that this strategy was most efficient for smaller molecules (trinuclear)
versus larger molecules (pentanuclear) [11].

1.3 Single-Molecule, Single-Ion, and Single-Chain Magnets

Single-molecule, single-ion, and single-chain magnets, in principle, behave as super-
paramagnets. There are, however, a few distinguishing features that warrant discus-
sion. Briefly, we will outline key differences between the three before giving some
representative examples of each.

Single-molecule magnets tend to serve as the “archetype” of molecular nanomag-
nets, and it is often easier to identify how single-ion or single-chain magnets differ
from SMMs. A single-ion magnet possess a residual charge typically due to a differ-
ence in charge between the magnetic ion and ligands present. Single-ion magnets
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are governed by similar relaxation pathways as SMMs. The key difference is that
SMMs are molecular in nature, while SIMs are ionic in nature.

Single-chain magnets have two key distinguishing features. First, single-chain
magnets must behave as a one-dimensional Ising-type ferro- or ferrimagnet and the
ratio between intra- and inter-chain interactions must be larger than 104 [12, 13].
Second, because single-chain magnets possess multiple magnetic centers and the
environment of the spin-centers differs based on location, different relaxation modes
exist for SCMs and these modes are best modeled by Glauber dynamics [14]. When
a relaxation process begins in an SCM, it can occur at either the end of the chain
or within the chain. A magnetic center at the end of the chain only interacts with
one other magnetic center and will have half the barrier-to-reversal when compared
to a magnetic center located within the chain. A magnetic center located within the
chain has two neighbors with which it interacts, doubling the energy barrier as the
reversal process must overcome both coupling interactions. Once a spin flips, the
relaxation process can propagate throughout the chain in a zero-energy fashion or it
will reverse, i.e., return to the original orientation, if there is not enough energy to
overcome the magnetic coupling between neighbors. A third relaxation pathway for
SCMs also exists. In this pathway, the magnetization of the entire chain reverses in
a single step, rather than in a cascade. This collective reversal is only observed for
small chains at low temperature.

1.3.1 Mn12 Acetate, the Archetypical Single-Molecule Magnet

Perhaps the most well-studied SMM is the Mn12(OAc) and its derivatives. First
identified in 1980 by Lis (Fig. 2) [15], its utility as an SMM was expounded upon
by Caneschi, Gatteschi, and Sessoli, beginning in 1991 [1, 16]. The compound is

Fig. 2 Mn12(OAc) was the
first identified
single-molecule magnet.
Color scheme:
orange—MnIII;
green—MnIV; red—oxygen;
gray—carbon. Hydrogen
atoms excluded for clarity
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composed of eight MnIII ions surrounding a MnIV-oxo cubane core. The magnetic
properties have been well-studied for this compound and the interested reader is
invited to read one of the many original manuscripts, reviews, or books on the
compound [5, 6, 17, 18]. In subsequent years, the effect of modifying the carboxylate
bridges has been examined [19, 20] as well as deposition onto surfaces [21, 22]. It
was found from out-of-phase magnetic susceptibility measurements that the effective
barrier to energy relaxation was 68 K, with a spin value Ms = ±10 and an magneto
anisotropy D of −0.47 cm−1 [17]. However, due to tunneling [18, 23, 24] and other
relaxation pathways, the functional energy barrier was actually closer to 7 K [20].
Remarkably, despite being the first synthetically prepared SMM, Mn12OAc was the
highest performing SMM in terms of blocking temperature for the next decade.

1.3.2 Bis(Phthalocyaninato)-Terbium Compounds
and Lanthanide-Containing Polyoxometalates as Representative
Single-Ion Magnets

Bis(phthalocyaninato)-lanthanide compounds are relatively well-known, and in
the 1990s were considered possible candidates for a diverse range of material
applications, including electrochromic display materials [25], molecular semi-
conductors, [26] or non-linear optical applications [27]. In 2003, Ishikawa and
co-workers reported the magnetic properties, finding that the tetrabutylammo-
nium bis(phthalocyaninato)-terbium(III) ([Pc2TbIII]−TBA+) and the dysprosium(III)
analog ([Pc2DyIII]−TBA+) displayed frequency-dependent slow-magnetic relax-
ation, a hallmark of single-molecule magnetism (Fig. 3a) [28–30]. As the only
magnetic site in the compound was the lanthanide ion, these bis(phthalocyaninato)-
lanthanide compounds ushered in a new area within the broader field of molec-
ular magnetism, the area of single-ion magnetism. The terbium(III) analog, excit-
ingly, showed a functional energy barrier of about 40 K at 997 Hz. The calculated
barrier height for the terbium compound was about 230 cm−1, while it was only
28 cm−1 for the dysprosium analog [28]. In subsequent studies, Ishikawa proposed

Fig. 3 [Pc2Er]− a and [Er(W5O18)2]9− b are shown. Hydrogen atoms are omitted for clarity in both
structures. In addition, for [Er(W5O18)2]9−, potassium ions are omitted for clarity. Color scheme:
teal—ErIII; red—oxygen; blue—nitrogen; light blue spheres—W; gray—carbon
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that the ligand field around the lanthanide affected the stability of the ground states
[29]. This was further supported by a 2007 report published by Takamatsu on the
bonding/anti-bonding properties relationship between the ligand and the metal [31],
helping confirm that the magnetic properties were molecular in nature and not due
to intermolecular interactions.

Coronado, studying lanthanide-containing polyoxometalates (POMs), further
developed the new branch of molecular magnets. Examining different lanthanide
POMs where the POM itself contained diamagnetic ions, Coronado and co-workers
found that deviations from an ideal square anti-prism (idealized D4d symmetry)
and the separation between ligand-planes coordinated to the lanthanide affected
the magnetic properties [32, 33]. Coronado measured the skew angle, the angle
between the square ligand plane above and below the central lanthanide ion, as well
as the separation between the two ligand planes. When Coronado compared the
structural properties of analogous POMs and phthalocyaninato compounds. For the
[Er(W5O18)2]9− POM (Fig. 3b), the axially compressed square anti-prism with a
skew angle of 44.2° displayed SMM-like behavior, while the [Pc2Er]− analog, with
an elongated anti-prism and a skew angle of 41.4°, did not show SMM-behavior [33].

Rinehart and Long summarized the effect structural modifications had on
lanthanide SIM behavior in an excellent 2011 Chemical Science manuscript. Rine-
hart and Long summarized that terbium(III), dysprosium(III), and holmium(III) ions
had an electron cloud best described as short, but wide (oblate), while erbium(III),
thulium(III), and ytterbium(III) ions had taller, narrow electron density clouds
(prolate) (Fig. 4). For oblate ions, maximum anisotropy occurred when the ligand
field was above or below the electron cloud, while for prolate ions, ligands located
equatorially maximized anisotropy [34]. Tong and co-workers continued the inves-
tigation of symmetry and crystal field played on lanthanide SMMs in a 2018 Chem-
ical Society Review [35]. The review highlights specific point groups that may help
suppress quantum tunneling of magnetization by removing transverse crystal field
parameters.

Fig. 4 Predicted shapes of the lanthanides. Reproduced with permission from the Royal Society
of Chemistry, Rinehart and Long [34]
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1.3.3 Cobalt-Radical Chains, the First Single-Chain Magnets

Caneschi and co-workers identified the first single-chain magnet in 2001, roughly
48 years after Glauber hypothesized their existence [36]. The first reported SCM was
a one-dimensional chain made of a coordinated cobalt(II) ion and an antiferromag-
netically coupled organic radical. The compound, [Co(hfac)2(NITPhOMe)], where
hfac− is hexalfuoroacetylacetonate and NITPhOMe is 4′-methoxy-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide, had alternating Co(hfac)2 and NITPhOMe
subunits [37, 38]. The chain showed frequency-dependent behavior below 17 K with
a calculated energy barrier of relaxation of 154 K.

2 Metallacrowns

Metallacrowns are the inorganic analogs of crown ethers [39]. Using multidentate
ligands to coordinate multiple-metal ions, metallacrowns (MCs) are macrocyclic
structures that can be easily modified by metal or ligand choice, affording a wide
range of regular, polygon-shaped structures [40, 41]. If a hydroxamic acid is utilized
as the ring ligand, an [M–N–O] repeat unit is formed. The oxygen atoms from the
hydroximate face toward the center of the ring, forming an oxygen-rich cavity that
is capable of participating in electrostatic interactions with cations and serving as a
Lewis base.

The naming convention used for MCs closely mimics that of crown ethers. Coor-
dinated metals and ligands are listed first, followed by the total ring size are numer-
ically identified, then MC for metallacrown and the elements or ligands found in
the MC ring, and finally followed by the number of oxygen atoms in the ring. The
general nomenclature is McX[12-MCMrZ(L)-4McX[12-MCMrZ(L)-4]Y, where Mc is
the central metal, X is an anion serving as a bridge between the ring metal and the
central metal, Mr is the ring metal, Z is the non-oxygen heteroatom in the ring, L
is the ring ligand, and Y is any uncoordinated anion necessary for charge balance
of the MC. This may sometimes be abbreviated as [12-MC-4], MX[12-MC-4], or
M[12-MC-4] for the sake of simplicity. Derivatives where the ring-oxygen atoms are
substituted for nitrogen atoms exist and are known as azametallacrowns (aza-MCs)
[42–44]. If the ring metal faces the central cavity, rather than the oxygen atoms, the
central area becomes Lewis acidic, allowing for anion recognition, and is classified
as an “inverse metallacrown” [45].

2.1 Structural Control of Metallacrowns

Formation of MCs depends on a number of factors, including ligand choice, metal
choice, solvent, overall stoichiometry, crystallization conditions, and central metal
identity. Of these factors, ligand/metal choice and stoichiometry are often the easiest
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to understand and provide a good “starting point” when thinking of preparing new
MCs. When considering the many different possibilities for ring ligands and ring
metals, it is often useful to consider the charges that the ligand and metal ion will
take upon coordination. For instance, selecting a trivalent cation and trivalent anion
will allow a neutral MC-ring to be isolated. However, it should be noted that this
is not a “hard and fast” rule; copper(II) has been found to form MCs with trivalent
ring ligands [39]. Next, considering the angle between the chelating atoms of the ring
ligand and the preferred geometry of the ring metal can help predict the final shape of
the MC. Ring metals that prefer planar or octahedral geometries tend to coordinate
better with ligands that have binding sites that are also planar. The presence of
axial elongation via a Jahn–Teller axis may also promote MC formation or provide
selectivity for axial ligands that coordinate the ring metal to the central ligand.

Two common magnetic metallacrowns have a 12-MC-4 or a 15-MC-5 geometry
and serve as excellent archetypes for MC structure and nomenclature (Fig. 5). If the
target metallacrown is a 12-MC-4, one would want to select a ring ligand and ring
metals that encourage completing a full circle in four repeat units. A classic example
is M 12-MCMnIII(N)shi-4, a 12-membered ring with MnIII and salicylhydroximate as
the ring ligand [46]. Salicylhydroxamic acid (H3shi) is a triprotic ligand and the
fully deprotonated ligand possesses two binding pockets, one a six-membered ring
formed by the phenolate oxygen and the imine nitrogen and the other a five-membered
ring from the hydroximate oxygen and a carbonyl oxygen. These two pockets are
orthogonal to each other, creating a 90° internal angle. If a metal that prefers a square
planar or octahedral geometry is used, such as manganese(III), given the correct
stoichiometries (1 central metal:4 ring ligand:4 ring metal), a relatively square-shaped
12-MC-4 can be formed by repeating the ligand—ring metal subunit four times.
On the other hand, a ligand that creates two binding sites 108° apart, such as the
hydroxamic acid derivative of S-tyrosine [47] or the hydroxamic acid derivative of
phenylalanine [48], and a ring metal such as copper(II) may produce a 15-membered
ring with 5 repeat units. Thus, if one equivalent of gadolinium(III) nitrate (Gd(NO3)3)
is added to a dimethylformamide solution of five equivalents of copper(II) acetate and
picoline hydroxamic acid (picHA), Gd(NO3)3[15-MCCuII(N)picHA-5] can be isolated
in a 76% yield [49]. It has been found that the stoichiometric ratios between the metals
and ligands or the presence of multiple coordinating solvents can affect the identity
of the isolated metallacrown. Under certain conditions, lanthanides can interrupt the
ring formation of the MC and lead to unexpected structures. Modifying ligand/metal
stoichiometry or doping the solution with an additional coordinating solvent can lead
to the formation of different MCs. For instance, using H3shi, which often yields 12-
MC-4 structures, has been shown to yield 9-MC-3 [50], 14-MC-5 [51], or 15-MC-5
[52] geometries depending on the stoichiometry of the ligand, ring, and central metals
or the presence of a competing coordinating solvent. Additionally, non-traditional
MC-types, such as 28-MC-10 [53] or 22-MC-8 [54], have also been produced despite
using solvents and metal/ligand stoichiometries previously shown to produce more
“traditional” MC architectures. We will discuss some of these structures in more
depth as we investigate the SMM properties of different MC structures.
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The magnetic properties of a metallacrown originate from the metal ions used in
its construction. When selecting metal ions, recall that at least one metal ion should
have unpaired electrons to impart magnetic behavior on the entire ring. Therefore, it
merits discussing some of the more commonly used metal ions and why these ions
may be of interest. We will differentiate between ring metal ions and the central metal
ion. It should also be noted that the ligands used affect the magnetic coupling between
the metal ions. The impact of ligand choice on SMM behavior will be specifically
addressed in the section on M 12-MCMnIII(N)shi-4 properties as the magnetic coupling
is not simply a ligand-controlled property, but a structural property as well.

2.1.1 Common Ring Metal Ions Used in Single-Molecule Magnetic
Metallacrowns

Ring metal ions used for magnetic metallacrowns can fall into one of two categories—
paramagnetic ring ions or diamagnetic ring ions. Paramagnetic ions may include high
spin MnIII, [51, 55–59] FeIII, [60] and CuII [49, 60]. Manganese(III) is of particular
interest due to its relatively high intrinsic anisotropy, a relatively large spin value
(for a d-group element), and its directional abilities due to the presence of a Jahn–
Teller axis. Copper(II) is also of interest due to its magnetic directing abilities as well
as its intrinsic anisotropy and directional abilities arising from a Jahn–Teller axis.
Some commonly used diamagnetic ions include GaIII and ZnII [61, 62]. Some ions,
such as CoIII have been used as the ring metal for magnetic MCs. CoIII is unique
because depending on the ligand environment, it may be high spin or low spin, an
application used in many spin-crossover materials [13]. When salicylhydroxamic
acid was employed as a ring ligand, CoIII adopted a low spin diamagnetic state [60].

While it may seem advantageous to use anisotropic paramagnetic ions, such as
MnIII or CuII as the ring metal, antiferromagnetic coupling through the ring ligands
can lead to an overall diamagnetic contribution from the ring. For instance, in 12-
MC-4 rings, it has been found that the ring metals are antiferromagnetically coupled
regardless of the metal or ligand used [55, 58, 63–66]. Thus, while one may attempt
to introduce paramagnetic metals into the 12-MC-4 framework, the orthogonality of
the ligands and magnetic orbitals often counteracts the intended increase in spin.
One potential pathway to avoid the cancelation of spin is to use the magnetic
director approach. Happ and co-workers utilized CuII as a central metal in a CuII

12-MCFeIII(N)shi-4 system. Happ reported that because CuII has a dx
2

-y
2 magnetic

orbital, experienced strong antiferromagnetic coupling with the ring metals, and is
located within the MC plane, it was able to enforce a high spin ground state through
enhanced radial proportion interactions [67]. Another way that a diamagnetic ground
state may be minimized is by employing MC rings that have an uneven rotational
element. For instance, in a recently reported inverse 9-MC-3, strong antiferromag-
netic coupling was found within the CuII triangles, leading to spin frustration in the
overall compound [68].
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Fig. 5 Careful selection of the ring ligands and metals allows for the predictable formation of
metallacrowns

2.1.2 Common Central Metal Ions Used in Single-Molecule Magnetic
Metallacrowns

One of the unique possibilities offered by metallacrowns is the ability to systemati-
cally vary a single component without dramatically changing the structure (Fig. 6).
In the 12-MCMnIII(N)shi-412-MCMn

III
N(shi)-4 system, numerous alkali [69], alkaline

earth [70, 71], transition metals [46, 58], and lanthanides [57, 59, 70, 72] have been
encapsulated in the central cavity. In each of the cited cases, the structure of the
12-MCMn

III
N(shi)-4 remains relatively constant, perhaps only “ruffling” or “doming”,

depending on the size of the central ring. For instance, when a larger ion, such as CaII,
YIII, or a lanthanide(III) is present, the MC ring tends to dome slightly such that the
oxygen atoms of the ring are directed towards the central atom. The degree of “dom-
ing” also was affected by the alkali counteraction. For instance, the DyIIINa(OAc)4

12-MCMnIII(N)shi-4 was slightly less domed than the DyIIIK(OAc)4 12-MCMnIII(N)shi-4,
reflecting the steric interactions between the MC ring and the counteraction [59]. For
many of the di-alkali compounds, the two alkali metals on either side of the MC ring
lead to identical attractive forces on both sides of the MC ring. This equal attraction
results in the MC itself remaining relatively planar. These structural changes in the
ring are a direct result of the central metal that has been selected as the constituents
of the ring remain constant. These slight structural changes can lead to perturbations
to the magnetic coupling within the ring due to slight changes in the orbital overlap.
Unfortunately, this is not an area that has been studied in significant depth.
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Fig. 6 Four different 12-MCMnIII(N)shi-4 are shown. a) Mn(OAc)2 12-MC-4; b) Ca(OBz)4 12-M-
C4; c) Y(OAc)4(WO8) 12-MC-4; d) Dy(OAc)4 K 12-MC-4. Color scheme: orange—MnIII; green—
MnII; light green—CaII; light blue—WV; aqua—YIII; teal—DyIII; gray—carbon; red—oxygen;
blue—nitrogen. Hydrogen atoms and solvent molecules omitted for clarity

In recent years, there has been an increased interest in using lanthanides in molec-
ular magnets. Lanthanide ions, in general, have large magneto-crystalline anisotropy
values, making them ideal candidates for SMMs [73]. Unlike d-block elements,
where the spin and orbital momentum quantum values can be separated from one
another, in f -block elements it is best to consider the spin–orbit quantum number J
rather than the total number of unpaired electrons. This coupling also makes it more
difficult to use the simple assumptions that are often employed with d-elements [34].

In the case of lanthanides, the crystal field tends to perturb the spin–orbit quantum
number, as opposed to the opposite as found in transition elements. For instance, in
the phthalocyaninato lanthanide sandwich complexes, the TbIII analog showed SMM
behavior but when TbIII was used in a polyoxometalate, the resulting compound did
not show SMM behavior. The TbIII ion has a significant anisotropy value, but as a
non-Kramers doublet ground state (i.e., even value for J), it requires rigorous axial
symmetry to produce a bistable ground state [74]. When TbIII was employed in
the axially elongated ligand environment found in the phthalocyaninato compound,
the crystal field environment created by the phthalocyanine ligands was conducive to
SMM behavior. This was because the electron density of the TbIII ion is oblate and the
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ligand field of the phthalocyanine ligands was located above and below the TbIII xy-
plane [34]. When TbIII was introduced in a relatively compressed ligand environment
found in the polyoxometalate framework, this crystal field inhibited SMM behavior.
However, when a prolate ion, ErIII was introduced into the polyoxometalate, the
compressed crystal field led to the observation of SMM behaviors [33].

3 Pseudo-Metallacrowns with Single-Molecule Magnetic
Properties

Here, we will outline some important pseudo-metallacrowns that show single-
molecule magnetic behavior. We differentiate between “true” MCs and “pseudo-
MCs” based on whether the structure follows the M–N–O or M–N–N repeat of
traditional MCs and aza-MCs. The first reported Mn-4f compound to show single-
molecule magnetic properties was a pseudo-metallacrown identified by Zaleski and
co-workers in 2004 [53]. These pseudo-MCs continue to be of interest to the field,
as they have shown interesting magnetic properties.

3.1 28-MC-10: DyIII
6MnIII

4MnIV
2, the First Mn-4f

Single-Molecule Magnet

In 2003, Osa and co-worker reported the first 3d/4f SMM, using copper(II),
terbium(III), and dysprosium(III) as the metals [75, 76]. These tetranuclear
compounds showed out-of-phase AC magnetic susceptibility, but did not
have magnetic hysteresis. In 2004, Zaleski and co-workers reported the first
Mn-4f single-molecule magnet, attempting to harness the large, intrinsic
magnetoanisotropy associated with MnIII ions and 4f ions [53]. Using ligands
commonly used in MCs, Zaleski prepared a 28-MC-10 with the chemical formula
[LnIII

6MnIII
4MnIV

2(H2shi)4(Hshi)2(shi)10(CH3OH)10(H2O)2]·9CH3OH·8H2O,
where LnIII was GdIII, TbIII, or DyIII (Fig. 7). The MC ring was comprised of six
LnIII, four MnIII, and two MnIV ions. While an M–N-O repeat unit is present in
the ring, the lanthanide ions are connected through oxygen atoms, and due to a
pseudo-inversion center in the molecule, the M–N–O pattern is not a repeated cycle.
Also, there is no central ion in the compound, rather six LnIII ions that are connected
through oxo-bridges from Hshi2− ligands in a chair configuration analogous to
the chair confirmation of cyclohexane. The oxidation states of the Mn ions were
determined through charge balance and bond length considerations—the MnIII ions
possessed clear Jahn–Teller axes while the MnIV ions were relatively symmetric.
Two of the LnIII ions were eight-coordinate while a third was nine-coordinate. The
shape of the lanthanide ions were not described in the text.
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The authors compared the properties of the DyIII and TbIII analogs, finding that
only the DyIII version showed slow magnetic relaxation. Though not mentioned in
the manuscript, researchers have hypothesized that the Kramers doublet (i.e., non-
integer) ground state possessed by the spin–orbit quantum number J of DyIII makes it
an ideal lanthanide to use for SMMs. Dysprosium(III), by virtue of a Kramers double
ground state, always has a degenerate ground state, while non-Kramers doublets,
such as TbIII, must have strictly axial crystal field symmetry to produce a degenerate
ground state [34].

3.2 22-MC-8: DyIII
4MnIII

6Displays Slow Magnetic
Relaxation

If the filtrate from the preparation of LnIII
6MnIII

4MnIV
2 described

above was allowed to sit longer, a “daughter” compound,
[LnIII

4MnIII
6(H2shi)2(shi)6(sal)2(O2CCH3)4(OH)2(CH3OH)8]·4CH3OH, where

LnIII=DyIII or HoIII, sal2−=salicylate, which was derived in situ from the hydrolysis
of salicylhydroxamic acid (Fig. 8) [54]. The molecule possesses an inversion center,
with two unique LnIII and three unique MnIII ions. In this compound, all LnIII ions
were eight-coordinate and the MnIII ions possessed clear Jahn–Teller distortions.
The compound looks as if a 12-MC-4 was being formed before one of the LnIII

ions and the third MnIII interrupted the M–N–O repeat pattern. The result is that a
pseudo-MC with two unique planes of metal ions—three MnIII and two LnIII ions
sit on one plane and the other metal ions sit on a symmetry-generated plane.

It was found that both HoIII
4MnIII

6 and DyIII
4MnIII

6 showed slow magnetic relax-
ation in the solid phase, but only DyIII

4MnIII
6 retained slow magnetic relaxation in

a frozen solution. This implied that the DyIII analog was an SMM while the HoIII

analog was possibly a spin glass or magnetic ordering in the solid phase due to
intermolecular interactions. This observation also agrees with the observation that
Kramers doublets often show SMM-like behavior while non-Kramers doublet ions
do not show SMM behavior unless oriented in the appropriate geometry.

3.3 16-MC-6: DyIII
4MnIII

4 Displays Slow Magnetic
Relaxation

Recently, Lutter and co-workers published a DyIII
4MnIII

4 compound
that showed slow-magnetic relaxation [77]. The compound,
[DyIII

4MnIII
4(OH)2(O2C2H3)3(shi)4(H2shi)4(Hsal)3(DMF)4]·3DMF (Fig. 9), was

structurally similar to the DyIII
4MnIII

6 compound discussed above. The molecule
possesses an inversion center, with two symmetry generated MnIII

2/DyIII
2 planes.

The two MnIII ions begin to form an MC, using the prerequisite M–N–O connectivity
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with a DyIII encapsulated in the center. However, the second DyIII ion is incorporated
into the ring, interrupting the Mn–N–O repeat pattern, but rather creating a DyIII–O–
MnIII–N–O–MnIII–N–O repeat pattern. Both DyIII ions are eight-coordinate and the
two MnIII ions are six-coordinate with a Jahn–Teller distortion. The encapsulated
DyIII ions formed a DyIII

2(μ3-OH)2 core. The LnIII–O–MnIII–N–O–MnIII–N–O-
repeat pattern found in the DyIII

4MnIII
4 compound is remarkably similar to that

found in the LnIII–O–MnIII–N–O–MnIII–N–O-repeat pattern found in LnIII
4MnIII

6.
Indeed, the main difference between the metal connectivity of the two seems to be

the absence of two MnIII ions. This is also manifested in the magnetic susceptibility:
the dc magnetic susceptibility of the DyIII

4MnIII
4 is about 6 cm3 K mol−1 smaller

(two idealized high spin d4 centers) than the DyIII
4MnIII

6 compound. Similar to
DyIII

4MnIII
6, DyIII

4MnIII
4 showed slow-magnetic relaxation, and in the solid state

did not show a maximum in the susceptibility versus temperature out-of-phase ac
susceptibility plot. A diluted frozen solution ac susceptibility measurement was not
taken on the DyIII

4MnIII
4 compound.

3.4 26-MC-8: Lanthanide Choice Leads to Different
Magnetic Responses

In the same paper, Lutter and co-workers reported that using LnCl3,
Mn(OAc)2, H3shi, and salicylic acid in DMF led to the formation of
[LnIII

6MnIII
2MnIV

2(shi)6(Hshi)4(H2shi)2(Hsal)4(DMF)8], where LnIII may either be
GdIII or DyIII (Fig. 10) [77]. This compound featured a [LnIII–O–LnIII–O–N–C–O–
MnIII–N–O–MnIV–N–O] connectivity that was repeated twice, producing a 26-MC-8
that encapsulated two LnIII ions. The encapsulated GdIII ion was found to be nine-
coordinate, while the two GdIII ions found in the ring were eight-coordinate. These six
lanthanide ions were bridged by oxygen atoms, leaving the lanthanides in a pseudo-
six-membered chair configuration, analogous to that found in the LnIII

6MnIII
4MnIV

2

compound cited above. Both manganese ions were six-coordinate, but one pair
possessed a clear axial elongation, helping the authors to assign them as high spin
MnIII and the other pair, because of the similar bond lengths as MnIV.

The DyIII
6MnIII

2MnIV
2 compound showed slow-magnetic relaxation, but did

not display a maximum above 2 K. This was similar to DyIII
6MnIII

4MnIV
2, the

first Dy/Mn SMM reported [53]. Unlike the DyIII
4MnIII

4/DyIII
4MnIII

6 pair, the dc
magnetic susceptibility of DyIII

6MnIII
2MnIV

2 was not simply two high spin MnIII

ions smaller than DyIII
6MnIII

4MnIV
2, suggesting that other factors were affecting the

magnetic behavior. These possible factors include slight differences in the geom-
etry/connectivities of the metals, leading to different coupling constants between the
metal ions.

While not a major topic in this chapter, it is worth mentioning that
GdIII

6MnIII
2MnIV

2 showed magnetocoolant properties through the magnetocaloric
effect [78, 79]. Briefly, the magnetocaloric effect is a thermal equilibrium that exists
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Table 1 A comparison of magnetocaloric effect behaviors of Mn/Gd containing compounds.
Reprinted from Polyhedron, 2021, J. C. Lutter, T. T. Boron, III, K. E. Chadwick, A. H. Davis,
S. Kleinhaus, J. W. Kampf, C. M. Zaleski, V. L. Pecoraro, “Identification of slow magnetic relax-
ation and magnetocoolant capabilities of heterobimetallic lanthanide-manganese metallacrown-like
compounds”, 115,190, Copyright (2021) with permission from Elsevier [77]

Compound description –�Smg
[J kg−1 K−1]

Theoretical
maximum,
–�Smg
[J kg−1 K−1]

Percentage
(%) of ideal
magnetic
entropy

Conditions

GdIII
4MnIII

4 calix[4]arene 19.0 37.1 51 4 K, 7 T

GdIII
9MnII

9 phosphonate cage 28.0 57.0 49 3 K, 7 T

GdIII
6MnII

4 phosphonate cage 33.7 41.8 81 3 K, 7 T

GdIIIMnIII
2 clustera 13.5 45.79 29 3 K, 9 T

GdIIIMnIII
2 clustera 20.39 37.91 54 3 K, 9 T

GdIIIMnIII
2 clustera 19.73 36.64 54 3 K, 9 T

GdIIIMnIII
2 clustera 31.75 38.14 83 3 K, 9 T

GdIIIMnIII
2 clustera 19.0 44.48 43 3 K, 9 T

GdIII
6MnIII

2MnIV
2 compound 18.89 35.66 53 4 K, 7 T

abased on computational magnetic coupling values

between the heating/cooling of a material and an applied magnetic field. In magne-
tocoolants, an external magnetic field is applied to a magnetic sample, causing the
magnetic moments to align with the field. The sample then absorbs heat from the
surroundings, causing the magnetic moments to become randomly oriented due
to entropy [80, 81]. Interestingly, the qualities that make good magneto coolants
often conflict with the desirable qualities of an SMM. For instance, magnetocoolants
benefit from easily accessible excited states and metal ions that are isotropic [78].
Thus, it is relatively rare for a family of compounds to show both SMM and magne-
tocoolant behavior. Lutter and co-workers reported that the GdIII

6MnIII
2MnIV

2 had
a maximum gravimetric magnetic entropy change of 18.89 J kg−1 K−1 at 7 T, which
was about 53% of its maximum theoretical value (35.66 J kg−1 K−1). This percentage
performance has only been bested by two other Gd/Mn compounds reported at that
time (Table 1) [77].

3.5 14-MC-5: The Development of Planar Metallacrowns
as SMMs

The above MCs showed interesting magnetic properties but were not highly effi-
cient in regards to performance to metal count. That is, while the above compounds
contained numerous magnetic centers, some with large intrinsic anisotropy values,
the resulting compounds did not have high blocking temperatures. It has been
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proposed that, unfortunately, large compounds “accidentally” cancel the anisotropy
tensors of the magnetoanisotropy ions [82]. Alternatively, with many magnetic ions
present, the compounds lack a large separation between the ground and excited spin
states [77].

Inspired by Waldmann’s hypothesis and recognizing that MCs offered a unique
opportunity to control the structures of the resulting SMMs, Boron, and Pecoraro
attempted to design planar MCs with the intention of aligning magnetoanisotropy
vectors of the final product. The resulting compound was a newly identified
type of pseudo-planar MC, the LnIII(OAc)(NO3)2 14-MCMnIIILnIII (μ-O)(μ-OH)N(shi)-5
compound, where LnIII was YIII, GdIII, TbIII, DyIII, and HoIII (Fig. 11) [51]. The Ln
14-MC-5 was structurally interesting because it closely mimics a traditional MC;
there was an [LnIII–O–N–MnIII–O–N–MnIII–O] repeat in the compound. However,
rather than a rotational axis as found in “true” MCs, there was a mirror plane running
down the middle of the molecule. There was also an encapsulated LnIII ion. The
Mn ions possessed clear axes of elongation, suggesting a Jahn–Teller distortion.
These axes all pointed roughly parallel to one another and perpendicular to the MC
plane. The LnIII ion in the ring was slightly tilted out of the plane of the MC, while
the encapsulated LnIII was seven-coordinate, forming a pentagonal bipyramid. Note
that the geometries of these two LnIII differ from the geometries found in the bis-
phthalocyaninato lanthanide and lanthanide polyoxometalate compounds discussed
above. Therefore, it is difficult to predict how the coordination environment perturbed
the magnetic properties.

It was found that the anisotropic lanthanides, i.e., TbIII, DyIII, and HoIII all showed
frequency-dependent slow magnetic relaxation, with DyIII having an energy barrier
above 2 K. Using YIII 14-MC-5, Boron and co-workers demonstrated that the MnIII

ions were strongly antiferromagnetically coupled, though a coupling constant could
not be calculated. The lack of SMM-like behavior in the YIII 14-MC-5 compound
suggested that the MnIII ions in the ring were not sufficient for providing the SMM
behavior on their own. Adding an isotropic but high spin GdIII ion did not produce
SMM-like properties either, suggesting that the SMM properties of the LnIII 14-MC-
5 required a magnetoanisotropic lanthanide to confer the desired properties. It was
found that DyIII 14-MC-5 had an effective energy barrier of 16.7 K and τ0 = 4.9 ×
10–8 s while the TbIII and HoIII analogs, while having frequency-dependence, did not
have a maximum above 2 K.

In a 2014 Journal of the American Chemical Society article, Deb and co-workers
utilized magnetic Compton scattering to probe the spin structure and orbital inter-
actions of the YIII 14-MC-5, GdIII 14-MC-5, and DyIII 14-MC-5 compounds [83].
Magnetic Compton scattering allowed for a direct investigation of the spin-polarized
orbitals and was the first known application of magnetic Compton scattering to molec-
ular materials. Deb and co-workers were able to determine the contributions each
metal ion orbital made to the overall magnetic properties of the respective 14-MC-5.
The results suggested that there was a small orbital contribution, and subsequently, a
small molecular anisotropy contribution, to the magnetic moment of the YIII 14-MC-
5 compound. This suggests that while aligning the Ising-type anisotropy vectors of
the MnIII occurred due to the planar geometry of the 14-MC-5, the anisotropy vectors
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were not additive. Investigating the GdIII 14-MC-5 compound revealed ferromagnetic
exchange between the MnIII ions and the central GdIII ion which competed with weak
antiferromagnetic coupling between the MnIII ions themselves. The DyIII 14-MC-5
compound featured a spin-only moment dominated by the DyIII contributions while
the MnIII contribution was smaller than that found in the GdIII 14-MC-5 analog. The
total magnetic moment of DyIII 14-MC-5 was significantly larger than the spin-only
contribution, which suggested a major contribution from the DyIII orbital magnetic
moment [83].

Song and co-workers reported a [LnIII 14-MC-5]2 dimer, that is, two LnIII 14-
MC-5 compounds that were bridged by two oxo-groups and two methoxy groups,
where LnIII were EuIII, GdIII, TbIII, and DyIII (Fig. 12) [56]. The resulting dode-
canuclear compounds retained the LnIII–O–N–MnIII–O–N–MnIII–O repeat unit, with
a LnIII encapsulated in the central cavity. The oxidation states of the MnIII were
assigned based on the presence of a Jahn–Teller distortion and bond valence sum
calculations. Both LnIII ions in the [LnIII 14-MC-5]2 dimers were eight coordinates.
The compounds showed long-range ordering, forming a one-dimensional network
through π-π stacking. When Song compared the [LnIII 14-MC-5]2 dimer to the
comparable monomer, it was found that the ring LnIII was further out of the MC
plane in the monomer than in the dimer (1.734 Å versus 0.113 Å), while the central
LnIII ions were more comparable (0.300 Å and 0.402 Å, respectively). Additionally,
the dimer showed a higher planar structure than the monomer.

The magnetic properties of the [LnIII 14-MC-5]2 dimer compounds showed that
the measured dc susceptibility values were lower than the expected susceptibility, but
were roughly twice as much as the comparable 14-MC-5 compounds. Only the [DyIII

14-MC-5]2 dimer showed slow-magnetic relaxation, but unlike the DyIII 14-MC-5
compound the dimer did not have a maximum in the out-of-phase ac susceptibility
measurement. This prevented the calculation of an energy barrier. However, the [DyIII

14-MC-5]2 dimer had a circular best-fit for the Cole–Cole plot of the in-phase versus
out-of-phase AC susceptibility, a hallmark of SMM behavior. Song and co-workers
suggested that the difference in magnetic behavior between the monomer and the
dimer was the planarity of the MC and its effects on the magnetic coupling within
the ring. The monomer LnIII 14-MC-5 was slightly less planar than the dimer, which
could possibly weaken the antiferromagnetic coupling between the metal ions. They
also suggested that antiferromagnetic coupling between the two 14-MC-5 units could
reduce the SMM behavior of the dimer [56].

3.6 12-MC-4, 16-MC-6, and 20-MC-7: Using Diamagnetic
Ring Metals to Probe Lanthanide Coupling

In 2015, Chow and co-workers published a LnIII
2GaIII

4 16-MC-6 using salicylhy-
droxamic acid, Ga(NO3)3, Ln(NO3)3, where LnIII = GdIII, TbIII, DyIII, ErIII, YIII, and
a diluted YIII

0.9DyIII
0.1 stoichiometry, and a mixed methanol/pyridine solvent [84].
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The compound featured a GaIII–N–O–GaIII–O–LnIII–O–N–GaIII repeat unit with
no encapsulated LnIII ions (Fig. 13). The GaIII and LnIII ions form a pseudo-chair
configuration. GalliumIII is a diamagnetic, isotropic metal ion and adopts octahe-
dral geometries in the compound. The LnIII ions are eight-coordinate in a trigonal
dodecahedral geometry. Chow and Pecoraro hoped that the GaIII ions would serve
to isolate the LnIII and reduce intermolecular dipolar interactions.

Examining the dc magnetic properties, it was found that for GdIII, TbIII, and DyIII

displayed antiferromagnetic dipolar interactions between the LnIII ions while the ErIII

analog showed ferromagnetic dipolar interactions. In an attempt to understand why
ErIII differed from the other LnIII ions, Chow and co-workers determined the Natural
Spin Orbitals for the magnetic axes. These orbitals allowed them to predict how
the magnetization for a given direction of the magnetic field. The authors found that
there was a 10 times stronger overlap of the Natural Spin Orbitals for the DyIII

2GaIII
4

compound compared to the ErIII
2GaIII

4, but admitted it was difficult to provide a much

Fig. 13 A LnIIIGaIII
6 metallacryptand with visible/near-infrared luminescence and slow-magnetic

relaxation. The MC-type ring is highlighted. Color scheme—beige—GaIII; aqua—TbIII; red—
oxygen; blue—nitrogen; gray—carbon. Hydrogen atoms and solvent molecules omitted for clarity.
The out-of-phase AC susceptibility showed frequency-dependent slow magnetic relaxation in the
presence of a 750 Oe applied DC field. AC susceptibility data reproduced from John Wiley and
Sons with permission, Lutter et al. [62]
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more quantitative conclusion. The authors also noted that the DyIII and TbIII analogs
had easy-axis magnetic orientations while the ErIII analog had an easy plane.

When looking for SMM behavior, Chow and co-workers found that the
DyIII

2GaIII
4 compound had an opening in the hysteresis curve at zero field. Lowering

the sweep rate led to the observation of quantum tunneling. The authors noted that an
opening in the hysteresis loop at low temperatures has not been observed in antiferro-
magnetic coupled binuclear DyIII compounds before. The authors posited that a few
residual molecules were in a ferromagnetic excited state even at the lowest tempera-
ture. The authors also noted that two unique relaxation pathways in the DyIII

2GaIII
4

compound existed, with two different thermal energy barriers. One of the relaxation
pathways was due to an excited state that existed at lower temperatures with a thermal
energy barrier of 18 K and τ0 = 3.6 × 10–6 s. The second pathway was assigned to
isolated DyIII ions with a relaxation barrier of 26 K and τ0 = 6.8 × 10–6 s.

This work led to a study of a LnIIIGaIII
6 metallacryptand where LnIII = PrIII,

NdIII, SmIII–YbIII, which could be considered a 20-MCGaIIIN(shi)-720-MCGa
III

N(shi)-7
(Fig. 14) [62]. The metallacryptand featured a GaIII-N-O repeat with an encapsulated
LnIII ion. Lutter and co-workers reported that the key differentiating factor between
the metallacryptand and other Ga/H3shi-based MCs was the stoichiometry. Using a
gallium to lanthanide to salicylhydroximate ratio of 6:1:9 yielded the desired metal-
lacryptand. Two of the GaIII ions were five-coordinate square pyramidal while the
other four adopted distorted octahedral geometries. Two of the GaIII ions adopted a
�-chirality while the other two adopted a �-chirality in an alternating fashion. Alter-
nating stereochemistry is not unprecedented in MCs; a variety of metals, ligands, and
MC shapes have been identified [52, 85, 86]. The central LnIII is nine-coordinate and
best described as a tricapped trigonal prism.

By using GaIII, a diamagnetic metal ion and a LnIII ion, Lutter et al. were able to
create a bi-functional material, as lanthanide compounds are known to be luminescent
[87–89]. Diamagnetic metal ions have been shown to be effective in increasing the
quantum yield of luminescent materials [88, 89], while many Ln-based polyoxomet-
alate SIMs have utilized diamagnetic ions for structural rigidity. The DyIIIGaIII

6

compound showed slow magnetic relaxation in an out-of-phase AC susceptibility
experiment with a maximum above 2 K at the examined frequencies. The compound
had an effective energy barrier of 12.7 K and a τ0 of 3.6 × 10–6 s [62].

While not employing diamagnetic metal ions, Rentschler and co-workers prepared
an analogous LnIIIFe6 [3.3.1] metallacryptand, (LnIII = GdIII, DyIII, TbIII, and YIII)
[90]. According to the authors, this was the first reported Fe/Ln/shi3− metallacryptand
and only the second Fe/Ln/shi3− MC reported [91]. Using charge balance, BVS
(bond valence sum), and bond lengths, the six Fe ions were assigned a 3+ oxidation
state. These six FeIII ions were in distorted octahedral environments. The DyIIIFeIII

6

analog showed frequency-dependence below 5 K, consistent with SMM behavior,
but no maxima in the χ′′ susceptibility versus temperature plot were observed. The
application of an 800 Oe external applied field allowed the group to collect sufficient
data to fit the Debye function and extract an effective energy barrier of 10.4 K and
a τ0 of 2.08 × 10–6 s. These data were not appreciably better than the DyIIIGaIII

6
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metallacryptand reported by Lutter et al., suggesting the presence of the paramagnetic
ring metals may not appreciably improve SMM performance.

4 Single-Molecule Magnetic Metallacrowns

Like pseudo-metallacrowns, employing traditional MCs has proven useful for
advancing the field of 3d/4f SMMs. In this section, we will focus on some key
traditional MCs that have been used in the SMM field. Many of these compounds
were originally published in the 1990s and later reexamined for SMM properties.
Additionally, many of these compounds have been investigated concurrently with
pseudo-MCs or metallacryptands. That is to say, traditional MCs have not “phased
out” pseudo-MCs. Rather, we separate pseudo—from traditional MCs strictly for
issues of clarity.

4.1 12-MC-4s

Many different 12-MC-4s have been investigated as potential SMMs. For the interest
of clarity, we will break down the 12-MC-4 family into two categories: manganese-
based 12-MC-4s and cobalt-based 12-MC-4s. These 12-MC-4s could also be broken
down into d-metal only MCs and d,4f -MCs. We will explore some of these different
MCs and highlight key properties.

4.1.1 Manganese-Based 12-MC-4s

The following 12-MC-4s discussed feature MnIII ions in the MC ring. The ring
ligand will be salicylhydroxamic acid (H3shi). When deprotonated, the shi3− ligand
is ideal for constructing a relatively planar 12-MC-4 ring—the two binding pockets
associated with shi3− are orthogonal. The ring ligand also favors the formation of a
tri-cation that can adopt either an octahedral or square pyramidal geometry, which
is complementary to a MnIII ion.

[Mn(OAc)2 12-MCMn
III

N(shi)-4](DMF)6

One of the first MCs identified, [Mn(OAc)2 12-MCMnIIIN(shi)-4] was identified as an
SMM in a Chemical Review in 2007 [40], with the properties further detailed in a
2011 Inorganic Chemistry article [55]. The Mn 12-MC-4 compound features four
high spin MnIII ions in the MC ring and an encapsulated MnII ion in the central
cavity. The four MnIII ions possess Jahn–Teller axes. These axes seem to be roughly
parallel to one another and perpendicular to the MC ring. The central MnII is also in
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an unusual trigonal prismatic geometry rather than an octahedral. The Mn 12-MC-4
compound seems to check the boxes related to the desired properties of an SMM
with high anisotropy values as detailed by Waldmann and Ruiz, Neese, and Kortus
above: a relatively small molecule using four highly isotropic metals where there is
a high probability of aligning their magnetoanisotropy vectors.

Zaleski and co-workers studied the solid and solution phase properties of Mn 12-
MC-4. They found that the ring MnIII ions were antiferromagnetically coupled to one
another (J = −6.3 cm−1) and the ring MnIII ions were weakly antiferromagnetically
coupled to the central MnII ion (J′ = −4.2 cm−1) (Fig. 15). This led to a ground spin
state of Ms = 1/2 with an excited state Ms = 3/2 that was 2 cm−1 higher in energy.
The anisotropy values for MnII and MnIII were calculated from the field-dependent
magnetization data and fitted to different local spin Hamiltonians using the above
coupling constants J and J′. The calculated anisotropy parameter for MnII was D =
+1 cm−1 with g = 2.0 cm−1 and the calculated anisotropy parameter for MnIII was D
= −3.0 cm−1 and g = 1.98 cm−1. The magneto anisotropy value for MnIII was well
within the expected parameters [92, 93], but the magneto anisotropy value for MnII

was higher than expected (typical D values for an octahedral MnII is 0.1–0.2 cm−1)
[94]. This was attributed to the fact that the MnII ion was in a trigonal prismatic
geometry rather than a typical octahedral geometry [95].

It was hoped that the presence of anisotropic ring MnIII ions and an unexpectedly
anisotropic central MnII ion would lead to SMM behaviors. The solid-state out-
of-phase AC magnetic susceptibility data showed weak frequency dependency, a
hallmark of SMM behavior. However, there was no maximum above 3 K. A single
crystal of Mn 12-MC-4 was mounted to a micro-SQUID. The micro-SQUID allowed
the authors to investigate the low-temperature properties of the Mn 12-MC-4 as a
function of the direction of the applied external field. Zaleski and co-workers reported
a small hysteresis below 1 K with a sweep rate of 0.07 T/s.

Knowing that the 12-MCMn
III

N(shi)-4 structural type had previously shown struc-
tural integrity in solution, Zaleski and co-workers dissolved Mn 12-MC-4 in DMF
and froze the resulting solution. The hope was that by dissolving and freezing the
compound, any intermolecular interactions between MCs would be minimized. The
results of this experiment were that maxima in the ac susceptibility versus tempera-
ture frequency-dependent studies were observed above 2 K at multiple frequencies,
allowing the authors to identify the thermal energy barrier (14.7 cm−1) and a τ0 of
1.4 × 10–7 s. Using a Li{Li(Cl)2[12-MC-4]} complex, where one Li+ is encapsu-
lated rather than MnII revealed that the observed magnetic behavior was not exclu-
sively from the ring. The ring exhibited antiferromagnetic coupling (J = -4.0 cm−1)
between the MnIII ions, no coupling to the central Li+, and a g value of 1.9. Addition-
ally, no frequency-dependent AC magnetic susceptibility responses were observed,
suggesting that the central MnII was responsible for the observed SMM properties.
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[Ln(OAc)4 M 12-MCMn
III

N(shi)-4]

In an effort to expand the known central metal ions encapsulated in the 12-
MCMn

III
N(shi)-4 framework, Azar, Pecoraro, Zaleski, and co-workers published

a study on the preparation and structural characterization of 12 LnIII(OAc)4

Na+ 12-MCMnIIIN(shi)-412-MCMn
III

N(shi)-4 containing compounds, where LnIII =
PrIII, SmIII, EuIII, GdIII, TbIII, DyIII, HoIII, ErIII, TmIII, YbIII, and YIII and an
additional DyIII(OAc)4 K+ 12-MCMnIIIN(shi)-4 [57]. Like the previously reported
12-MCMnIIIN(shi)-4 compounds, the MC ring remained charge neutral. However, the
inclusion of a trivalent Ln ion and four acetate counterions resulted in a negatively
charged moiety. The inclusion of a monovalent alkali metal produced a charge-neutral
compound as well as the first reported heterotrimetallic MCs.

Azar and co-workers determined that the 12-MC-4 retains a relatively domed
shape with four Jahn–Teller distorted MnIII ring metal ions (Fig. 16). The encapsu-
lated central lanthanide caused slight changes to the size of the MC cavity and the
degree of “doming” of the MC. Larger LnIII ions, such as PrIII, caused the central
cavity to be slightly larger (0.58 Å) and a larger axial coordination angle for the ring
MnIII ions (103.95°) as opposed to the slightly smaller YbIII ion, which had a smaller
cavity radius (0.54 Å) and axial coordination angle for the ring MnIII ion (101.69°).
Substituting K+ for Na+ did not appreciably change the cavity radius (0.56 Å), as
it fell within the observed range for the other LnIII Na+ 12-MC-4 compounds. This
substitution did result in a slightly more planar 12-MC-4 compound as measured
by the axial coordination angle of the ring MnIII ions. When K+ was bound on the
face opposite of the DyIII ion, the angle about the MnIII ions was on average 101.35°
while the angle was 102.40° for the Na+ compound. Additionally, the K+ ion was
further from the oxime O MC mean plane than the Na+ ion (2.21 Å versus 1.90 Å),
as may be expected for a larger cation [57]. Azar and co-workers also reported that
the encapsulated LnIII ion was in a distorted square antiprismatic geometry, similar
to those found in the bis(phthalocyaninato) terbium and lanthanide polyoxometalate
compounds discussed above, suggesting that these compounds may have interesting
magnetic properties to be investigated.

(Bu4N)[Y(OAc)4 12-MCMn
III

N(shi)-4(MeOH)4]
and (Et4N)5[Y(OAc)4[WV(CN)8] 12-MCMn

III
N(shi)-4](WO4)0.5

In 2016, Song, Dou, and co-workers published two YIII-containing 12-
MnMn

III
N(shi)-4 compounds, (Bu4N)[Y(OAc)4 12-MC-4(MeOH)4] and

(Et4N)5[Y(OAc)4[WV(CN)8] 12-MC-4](WO4)0.5 [58]. These two compounds
featured YIII coordinated in the center of the 12-MC-4 ring with four acetate
bridges between the central atom and the ring MnIII ions. One compound had four
methanol groups coordinated on the ring MnIII opposite the acetate groups while
the other included an octacyanotungstate [WV(CN)8] in place of four coordinated
solvent methanol ligands, producing [Y(OAc)4[WV(CN)8] 12-MC-4](WO4)0.5. The
12-MC-4s maintained their “bowl” shape and [Mn–N–O] connectivity, but there
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were slight changes in the MC planarity (Fig. 17). In both compounds, a Jahn–Teller
distortion was identified for each ring Mn ion. The average distance between the ring
MnIII ions was approximately the same for the two compounds (4.639 Å) and the
separation between the encapsulated YIII ion and the MnIII mean plane (1.851 Å) was
also nearly identical. The only major deviation observed was in the Mn-N–O-Mn
torsion angle: the torsion angle of the octacyanotungstate was 4.59° larger than
the YIII-only containing MC [58]. Comparing the three Y(OAc)4 M 12-MC-4
compounds, one can see that the three compounds are relatively bowl-shaped, but
the Y(OAc)4 W(CN)8 12-MC-4 appears slightly less concave compared to the other
two, presumably due to the size of the W(CN)8 anion.

At the end of the 2011 Mn 12-MC-4 paper, Zaleski and co-workers stated that
alternate ground states were available if the coupling between the magnetic ions could
be perturbed [55]. Song, Dou, and co-workers identified a potentially interesting
manipulation; using the competition between the two coupling constants J and J′
to bring about a spin-frustrated system. As before, the coupling between the MnIII

ions was represented by J and the coupling between the ring MnIII and the WV

ion was represented by J′. Computational studies suggested that a very strong J ′
value compared to J would lead to a ferromagnetically polarization of the spin
values, creating a stabilized ground state with a large S value (Fig. 18). Song et al.
proposed that because the four-ring metal ions were antiferromagnetically coupled,
the central metal would become spin-frustrated due to the divergent coupling pattern
with the ring. Testing this hypothesis, the authors found that the [Y(OAc)4 12-MC-
4]− retained antiferromagnetic coupling between the ring MnIII ions and did not
display SMM behavior. However, the introduction of the [WV(CN)8] resulted in
ferromagnetic coupling between the MnIII ions. The authors proposed that this was
due to the coupling of the MnIII ions and the paramagnetic WV ion, creating a
spin frustrated compound with a Ms ground spin state of 11/2. This in turn led to
SMM behavior in the Y(OAc)4[WV(CN)8] 12-MC-4 compound. The same group also
demonstrated that the octacyanotungstate anion could be used to prepare single-chain
magnets, albeit these SCMs were not MC-based [96].

[DyX4M 12-MCMn
III

N(shi)-4]

Also in 2016, Boron, Pecoraro, and Zaleski published the synthesis and structural
and magnetic properties of a family of [DyX4M 12-MCMnIIIN(shi)-4] compounds,
which were X = acetate, salicylate, benzoate, or trimethylacetate, and M = Na+

or K+ [59]. The authors, inspired by their earlier work with Ln(OAc)4 M 12-MC-4
and Mn(OAc)2 12-MC-4, hoped that by selecting the Kramers doublet DyIII ion and
modifying the counteranion, they could modify the SMM properties.

Structurally, these compounds were similar to those previously reported by Azar
et al. The ring MnIII ions possessed Jahn–Teller axes that were roughly perpendicular
to the MC plane. The benzoate-containing MCs had a more ruffled shape, whereas the
acetate and salicylate-based MCs had a more bowl shape (Fig. 19). This ruffling or
bowling can be observed in the angle of the Jahn–Teller axes, where the angle of the
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Fig. 18 Cao and co-workers
studied the ratio of J′ to J,
finding that when J′ value
was very large, a large spin
state ground state could be
stabilized in
Y(OAc)4[W(CN)8]
12-MC-4. The top plot
shows a J′/J ratio with
ferro-/antiferromagnetic
coupling constants, while the
bottom shows J′/J ratios
with the
antiferro-/antiferromagnetic
coupling constants.
Reprinted with permission
from F. Cao; R.-M. Wei; J.
Li; L. Yang; Y. Han; Y. Song;
J.-M. Dou. Ferromagnetic
Polarization: The Quantum
Picture of Switching On/Off
Single-Molecule Magnetism.
Inorg. Chem. 2016. 55,
5914–5923. © 2016
American Chemical Society
[58]

axis that coincides with the Jahn–Teller distortion is on average larger in the benzoate
MCs compared to the other MCs. Regardless of the distortions to the MC ring, the
central DyIII ions were encapsulated in a slightly compressed square antiprism with
roughly 45° angles between the upper and lower oxygen ligand planes (Table 2). The
distance separating the central DyIII ion from the oxime MC mean plane was highly
dependent on the identity of the bridging ligand, ranging from 1.51 Å to 1.63 Å, with
acetate being the furthest from the plane (1.63 Å or 1.59 Å, Na+ and K+, respectively)
and salicylate being closest (1.51 Å or 1.53 Å, Na+ and K+, respectively).

Exploring the magnetic behavior, all of the compounds had similar DC magnetic
susceptibility and dc magnetization responses, as one may expect from compounds
composed of the same magnetic centers. The observed dc susceptibility at 300 K was
very close to the anticipated magnetic susceptibility of four independent MnIII ions
and one DyIII ion. However, only the Dy(Hsal)4 M 12-MC-4 compounds showed
frequency out-of-phase ac susceptibility behavior. The authors ruled out that struc-
tural changes in the DyIII ion were responsible, as the compression ratio (distance
separating ligand planes created by the two MC oxime oxygen planes divided by the
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Fig. 19 Dy(ben)4 Na 12-MC-4 (red) is overlaid on Dy(OAc)4 12-MC-4 (gray), highlighting the
slight difference between bowling and ruffling of the MC ring. The position of the oxime planes
has been minimized between the structure. Figure reprinted with permission from T. T. Boron, III;
J. C. Lutter; C. I. Daly; C. Y. Chow; A. H. Davis; R. Nimthong; M. Zeller; J.W. Kampf; V. L.
Pecoraro. The Nature of the Bridging Anion Controls the Single-Molecule Magnetic Properties of
DyX4M 12-Metallacrown-4 Complexes. Inorg. Chem. 2016. 55, 10,597–10,607. © 2016 American
Chemical Society [59]

Table 2 The ratio of the
distance separating the two
ligand planes above and
below the central DyIII to the
average oxime ligand square
edge length are relatively
consistent across the series.
Table adapted with
permission from T. T. Boron,
III; J. C. Lutter; C. I. Daly; C.
Y. Chow; A. H. Davis; R.
Nimthong; M. Zeller; J.W.
Kampf; V. L. Pecoraro. The
Nature of the Bridging Anion
Controls the Single-Molecule
Magnetic Properties of
DyX4M 12-Metallacrown-4
Complexes. Inorg. Chem.
2016. 55, 10,597–10,607. ©
2016 American Chemical
Society [59]

Dy(Hsal)4 K/Dy(Hsal)3(OAc)K 12-MC-4 Compression ratio

Dy(Hsal)4Na 12-MC-4 0.98

Dy(OAc)4 K 12-MC-4 0.98

Dy(OAc)4 K 12-MC-4 0.98

Dy(OAc)4Na 12-MC-4 0.96

Dy(ben)4Na 12-MC-4 0.99

Dy(ben)4 K 12-MC-4 0.98

Dy(trimethylacetate)4Na 12-MC-4 0.97
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Fig. 20 Bridging ligand pKa values for DyX4M 12-MC-4 seem to correlate with SMM behavior:
the lowest pKa values led to SMM behavior. Figure reprinted with permission from T. T. Boron,
III; J. C. Lutter; C. I. Daly; C. Y. Chow; A. H. Davis; R. Nimthong; M. Zeller; J.W. Kampf; V. L.
Pecoraro. The Nature of the Bridging Anion Controls the Single-Molecule Magnetic Properties of
DyX4M 12-Metallacrown-4 Complexes. Inorg. Chem. 2016. 55, 10, 597–10, 607. © 2016 American
Chemical Society [59]

average edge-length of the oxygen ligand planes) about the DyIII ion remained rela-
tively constant across the series (Table 2). Recall that this compression ratio along
with the skew angles had been found to be important in understanding the magnetic
behaviors of the [Pc2Ln]− and Ln POM SIMs described earlier.

The authors proposed that the onset (or loss) of SMM-like behavior correlated to
the pKa of the bridging ligands (Fig. 20). Boukhvalov and co-workers had suggested
that the electronic properties of bridging ligands in Mn12 derivatives could modify
resulting SMM behaviors. Boukhvalov used accumulated electronegativity values
(AEN) to quantify the structural changes of the ligand through various substitu-
tions to different carboxylates studied [19]. However, AEN fails to account for the
induction effect nor electronic effects of aromatic compounds. The result was that
for the DyX4M 12-MC-4 series, AEN did not properly describe the SMM behav-
iors. However, using pKa as a measure of electron density from the ligand did seem
to correlate to the perturbations in magnetic behavior. The ligand with the lowest
pKa, salicylate, showed the strongest SMM properties. As the pKa increased and the
electron-withdrawing ability of the ligand changed, SMM properties were lost. The
countercation, then seemed to “fine-tune” the SMM behavior, likely by affecting the
electron density in the MC oxime oxygen ring, as the K+ analog showed slightly
stronger frequency dependence than the Na+ compound (Fig. 21).

Combining the findings of the Y(OAc)4[W(CN)8] 12-MC-4 and DyX4M 12-MC-
4, one can see that slight modifications to the composition of the MC can affect
the overall magnetic behavior. One can modify the coupling constants between the
magnetic centers by careful selection of the bridging ligand or countercation. If
lanthanides exhibited a stronger magnetic exchange with other elements, extrapo-
lating the findings of Song et al. one may have expected a more dramatic change in the
magnetic properties of the DyX4M 12-MC-4 compounds. However, lanthanides, due
to their contracted f -orbitals are not tremendously efficient at magnetically coupling
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to other ions. However, it is becoming apparent that lanthanides can, and do, magnet-
ically couple to other ions, especially under conditions commonly encountered in
SMM research.

Liu and Tong continued the work of Dy 12-MC-4 compounds by utilizing the
MCs as “building blocks”, creating a double layer and trimeric triangular assem-
blies [97]. The MC subunits were connected via bidentate dicarboxylate ligands.
These connector ligands coordinated the ring MnIII and central LnIII ion on two
different MCs. By using bridging ligands with a 120° bite angle (isophthalic acid,
4,4′-oxybis(benzoic acid)), the group was able to produce a double-layer dimer.
When the bridging ligand was modified to have a bite angle of 180° (terephthalic acid,
[1,1′-biphenyl]-4,4′-dicarboxylic acid), a trimeric triangular compound was isolated.
As was observed in the DyX4M 12-MC-4 structures, antiferromagnetic exchange
dominated the interactions between the MnIII ions. The AC magnetic susceptibility
did not show frequency dependence without an applied external DC field. Upon
the application of a 1000 Oe applied field, only the oxybis(benzoic acid) bridged
(Dy[12-MC-4])2 showed frequency-dependent out-of-phase behavior. No maxima
in the out-of-phase susceptibility were observed above 2 K, but using the Debye
model, the effective energy barrier could be estimated to be between 25.5 and 30.9 K
with τ0 = 1.2 × 10–8 to 4.7 × 10–8 s. The authors hypothesized that the asym-
metry of the charge distribution and the angles between the ligands accounted for the
difference in the magnetic behavior of the (Dy[12-MC-4])x compounds compared
to [LnPc2]− compounds [97]. While the authors did not comment on the differences
in magnetic behavior compared to other DyX412-MC-4 compounds, it is possible
that because the linkers placed the individual MCs either directly across from one
another or on vertices of an equilateral triangle, the anisotropy of each individual
MC was effectively canceled by the other MCs in the system.

4.1.2 Cobalt-Based 12-MC-4s

Cobalt-based metallacrowns are a developing field, but an interesting field for molec-
ular magnetism. Cobalt is able to stabilize different oxidation states, and under certain
conditions, different spin states (high-spin/low-spin) states, making them interesting
materials for spin-crossover compounds [13]. Cobalt(II)-containing compounds have
shown slow-magnetic relaxation in a variety of geometries and in the presence of
many different heteroatoms commonly used as MC ligands (nitrogen and oxygen),
making them intriguing candidates as molecular magnets. Rentschler and co-workers
published an in-depth review on cobalt-based 12-MC-4s in a 2015 Coordination
Chemistry Reviews article [60]. We will briefly summarize some of these key devel-
opments and encourage the interested reader to refer to this review and included
references.

Rentschler and co-workers found that using a [CoII
2(H2O)(piv)4(HPiv)4]

precursor, where piv− is pivalate, with the appropriate stoichiometric ratios of sali-
cylhydroxamic acid and either pyridine or 3-picoline, various 12-MCCo

III
N(shi)-4

compounds could be isolated. These compounds featured CoIII in the ring with a
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[CoIII–N–O] repeat unit. The ring CoIII ions are all octahedral; four coordination
sites along the equator of the CoIII ions come from two different shi3− ligands. The
remaining two positions on CoIII are along an axis and are trans to one another.
For two of these CoIII ions, both axial positions are occupied by solvent molecules.
The remaining two ring CoIII ions have one coordination site occupied by a solvent
molecule and the other by a bridging carboxylate. The bridging ligand can occupy
one side of the MC, like the ligands found in Mn(OAc)2 12-MCMnIIIN(shi)-4 in a
pseudo-C2-rotation fashion, or may be in a new fashion and trans to one another
through a pseudo-inversion center through the encapsulated CoII central atom.

The geometry of the central CoII ion varied from example to example. CoII(piv)2

12-MCCoIIIN(shi)-4 has one shi3− ligand perpendicular to the MC plane and the
remaining three shi3− ligands in the MC plane. The two bridging pivalate ligands are
trans to one another and on the same face of the MC ring in a trans-syn arrangement.
The result is that the central CoII ion is in what is best described as a distorted trigonal
prism. In CoII(boa)2 12-MCCoIIIN(shi)-4, the bridging 2-benzoxazolinate ligand (boa)
ligands from the ring CoIII atoms in a trans-anti fashion for the CoII, resulting in a
slightly elongated octahedral geometry for the central CoII. The equatorial ligands
on the CoII are the oxime oxygens from the MC ring.

The authors also identified that for this family of MCs, the two bridging ligands
could be different (Fig. 22). A CoII(boa)(piv) 12-MCCoIIIN(shi)-4 compound featured
both pivalate and 2-benzoxazolinate ligands in a syn-cis geometry. One of the shi3−
ligands is almost perpendicular to the MC ring, while the remaining ligand lies
along the MC plane. The central CoII adopts a distorted octahedral geometry. A
CoII(NO2)(piv) 12-MCCoIIIN(shi)-4 again had one shi3− almost perpendicular to the
MC ring with the remaining three roughly in the MC plane. The bridging nitrite and
pivalate ligands are on the same face of the MC and are trans to one another, giving
a syn-cis arrangement. The central CoII, coordinated to four oxime ligands from the
MC ring and the nitrite oxygen and pivalate carboxylate take on a strongly distorted
trigonal prism. In the [Li[CoII(μ2-Piv)(Piv)[12-MCCoIIIN(shi)-4](pip)5]]2 compound,
the bridging pivalate anions are on adjacent CoIII ions. This arrangement, along with
an additional pivalate anion bridging a CoIII ion to a LiI cation (which bridges to
another MC) results in a non-planar MC geometry. The central CoII is best described
as a strongly distorted octahedron, with two pivalate bridges and four oxime oxygens.

These MCs are unique in that one of the shi3− ligands in four of the five reported
MCs is pointed out of the plane. In other 12-MC-4 compounds prepared with the
shi3−, the four ligands were all roughly in the same plane. The authors noted that the
ring CoIII ions were in the low spin d6 configuration and there was no Jahn–Teller
distortion present in the MC ring. Thus, the orientation of the one shi3− ligand likely
is due to a minimization of Coulombic repulsions.

Examining the magnetic susceptibility of the CoII(boa)(piv) 12-MCCoIIIN(shi)-4,
CoII(NO2)(piv) 12-MCCoIIIN(shi)-4 and [Li(CoII(μ2-piv)(piv)[12-MCCoIIIN(shi)-4]]
compounds, the authors found that the DC magnetic susceptibility was relatively
consistent for a mononuclear high spin CoII compound. The compounds revealed a
partially unquenched orbital moment, meaning that the observed room temperature
susceptibility was almost double that expected of an S = 3/2 spin center (χMT = 3.03,
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Fig. 22 Five unique CoII 12-MCCoIIIN(shi)-4 compounds were identified but only three were
magnetically characterized, a CoII(piv)(boa) 12-MC-4; b CoII(NO2)(piv) 12-MC-4; and c
Li[CoII(μ2-piv)(piv) 12-MC-4]. Color scheme: orange—CoIII; light green—CoII; lavender—LiI;
red—oxygen; blue—nitrogen; gray—carbon. Hydrogen atoms and solvent molecules omitted for
clarity. Structures republished with permission from Happ et al. [60]

3.23, and 3.15 cm3 K mol−1, expected χMT = 1.876 cm3 K mol−1). Additionally,
trigonal prismatic CoII ions are known to have large, negative magnetoanisotropy
values [98, 99]. Therefore, these three cobalt-based MCs seemed to be excellent
candidates to study for SMM behavior. The Co(boa)(piv) and Co(NO2)(piv) analogs
showed frequency-dependence in the out-of-phase ac magnetic susceptibility, though
they did not display a maxima. Applying a weak DC field (1500 Oe) resulted in all
three compounds displaying frequency-dependent behavior. The magnetic behavior
was compared to other CoII SMMs and the observed behavior of the three MCs was
consistent with the behavior of other CoII-based SMMs [98, 100, 101].
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4.1.3 Other 12-MC-4 Structures of Interest

Before moving on from this interesting architecture, we should pause to mention
that there are other 12-MC-4 structures using different metal ions that have been
investigated as SMMs. These include SMMS or SIMs utilizing zinc(II) or copper(II)
as ring metals.

Zinc-Based 12-MC-4 Structures

In 2015, Tong and co-workers reported two YbIII 12-MCZnIIN(quinHA)-4 “half-
sandwich” SMMs, where quinHA is quinaldichydroxamic acid. The main struc-
tural differences between the two were the use of either pyridine or isoquino-
line as a crystallization solvent [61]. The compound was deemed a half-sandwich
because previous work by Jankolovits and co-workers had prepared and charac-
terized an LnZn16 compound where a lanthanide ion was sandwiched between
two (12-MCZnIIN(picHA)-4)2 metallacrowns, which was further wrapped by a
24-MCZnIIN(picHA)-8 host [87]. Later, Trivedi and co-workers reported the quinHA
analogs of the LnZn16 compounds (though no magnetic data was presented)
[88]. Jankolovits et al. also prepared an Ln 12-MCZnIIN(picHA)-4 double-decker
or “sandwich” compound where two 12-MC-4 rings encapsulated the central
lanthanide and Ln 12-MCZnIIN(picHA)-4 half-sandwich compounds [102]. For the YbIII

12-MCZnIIN(quinHA)-4 “half-sandwich” compounds, the YbIII ions were encapsulated
by eight oxygen ligands, four from the oxime oxygens in the MC ring and another four
from coordinated DMF solvent molecules, in a slightly distorted, axially compressed
square antiprism. The 12-MC-4 ring featured a [Zn–N–O] repeat unit, in a bowl shape
(Fig. 23).

Recall from Long and Rinehart that this environment should be optimal for later
lanthanide ions to show SMM behavior. The room-temperature DC magnetic suscep-
tibility of the two compounds was consistent with a single, isolated YbIII ion. Both
compounds showed frequency-dependent out-of-phase AC magnetic susceptibility
in the presence of a 600 Oe applied dc field. The applied DC field was required
to avoid magnetic quenching due to quantum tunneling. The group found that the
isoquinoline analog had an effective energy barrier of 22.7 K and a pre-exponential
factor of 3.90 × 10–7 s, while the pyridine structure had an energy barrier of 12.6 K
and τ0 of 3.92 × 10–7 s. No reason was given for the difference in observed Ueff for
the compounds and it was noted that the observed energy barriers were several times
smaller than the energy gaps calculated from the emission spectra [61].

Gallium(III)-Based 12-MC-4s

In 2019, Rentshcler and co-workers reported a DyIII(n-Bu4N) (μ-
OH)4[12-MCGaIIIN(shi)-4]2 sandwich compound, where two 12-MCGa

III
N(shi)-4

metallacrowns encapsulated a DyIII ion (Fig. 24). Four hydroxide ligands were
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Fig. 24 The Na3(μ-OH)4 [12-MCGaIIIN(shi)-4]2 (left) and Dy(μ-OH)4 [12-MCGaIIIN(shi)-4]2 (right)
are structurally similar. The inclusion of a DyIII ion removed the requirement of external Na+ cations
for charge balance as well as introducing interesting magnetic and optical properties. Color scheme:
beige—GaIII; aqua—DyIII; purple—Na+; red—oxygen; blue—nitrogen; gray—carbon. Hydrogen
atoms and solvent molecules omitted for clarity

coordinated to the GaIII ions on the two MC rings. A n-Bu4N+ cation was
present for charge balance [103]. This compound was structurally similar to a
Na3((CH3)2NCHO)6(μ-OH)4 [12-MCGaIIIN(shi)-4]2 MC reported by Pecoraro and
co-workers in 1993 [104]. Unlike the earlier reported MC, the DyIII [12-MC-4]2

featured a paramagnetic central metal. The GaIII-based 12-MC-4s acted as a
magnetic diluter, helping to isolate the DyIII ions from each other. Rentshcler and
co-workers investigated the coordination environment of the DyIII ion, looking at
the skew angles and degree of compression/elongation of the square antiprism. The
DyIII ion was encapsulated in an 8-coordinate square antiprism. The coordination
environment was slightly elongated and the skew angle between the ligand planes
averaged 36.40°, consistent with a distorted square antiprism.

Long and Rinehart suggested that elongated square antiprisms would provide
an ideal environment for the oblate DyIII ion. In their investigation, Rentschler and
co-workers used the computer program SIMPRE to calculate the population percent-
ages of the magnetic microstates. They reported that the ground-state wave function
consisted mainly of the | ± 11/2〉 microstate (79%) pointed along the easy axis with
a large contribution from the next excited state (| ± 13/2〉). This distribution was
similar to those reported in other D4d DyIII-based SIMs, such as Pc2Dy [105] and
Dy(W5O18)2]9− [106]. The application of a 1000 Oe field led to an observed Ueff of
39.00 ± 0.04 K and a relaxation time τ0 = 2.3(5) × 10–8 s [103] (Fig. 25).

In another 2019 paper, Shao and co-workers described the preparation and isola-
tion of a Dy 12-MCGaIIIN(nha)-4 that featured a non-planar MC ring. The group used
3-hydroxy-2-napthanoic hydroxamic acid, a triprotic ligand similar to salicylhydrox-
amic acid, in a 4:4:1 stoichiometric ratio with gallium(III) nitrate and dysprosium(III)
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Fig. 25 The Arrhenius plot under an applied dc field of 1000 Oe and the Cole–Cole plot for Dy(μ-
OH)4 [12-MCGaIIIN(shi)-4]2 reveal SMM behavior. Reproduced with permission from the Royal
Society of Chemistry, Anthanasopoulou A et al. [103]

Fig. 26 Dy 12-MC-4 had an extremely bowled geometry. Color scheme: beige - GaIII; aqua—DyIII;
red—oxygen; blue—nitrogen; gray—carbon. Hydrogen atoms and solvent molecules omitted for
clarity

nitrate in a methanol, pyridine, water solvent system (Fig. 26) [107]. The resulting
metallacrown was bowled, with the six-coordinate GaIII ions being crystallograph-
ically inequivalent. The compound had pseudo-D3 symmetry with the central DyIII

ion being approximately 1.814 Å above the Gd4 plane.
Examination of the magnetic properties revealed that Dy 12-MCGaIIIN(nha)-4 under-

went three different relaxation pathways depending on temperature. At high temper-
atures, the relaxation process corresponded to an activated mechanism, or an Orbach
process. At low temperatures, the magnetic relaxation was temperature-independent,
probably corresponding to quantum tunneling of magnetization, and the third process
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Fig. 27 CuII 12-MCCuIIN(shi)-4 (top) and CuIICl2 12-MCFe
III

N(shi)-4 (bottom) are ruffled MCs.
Color scheme: orange—FeIII; copper—CuII; red—oxygen; blue—nitrogen; gray—carbon; green—
chlorine. Hydrogen atoms and solvent molecules omitted for clarity

at intermediate temperatures that were not fully identified [107]. Fitting the high-
temperature relaxation pathway, Shao and co-workers reported an effective energy
barrier of 26.4 K and a τ0 of 2.2 × 10–6 s, while if the whole process is fitted, the
Ueff became 26.2 K and the relaxation time τ0 was 2.97 × 10–6 s. Recall that the
energy barrier of the Dy(μ-OH)4 [12-MCGaIIIN(shi)-4]2 was 39.0 K and the relaxation
time was two orders of magnitude smaller (2.3 × 10–8 s). One possible explanation
is that in the Dy 12-MCGa

III
N(nha)-4 compound, the DyIII anisotropy vector was not

aligned with the threefold axis of the molecule, though the authors indicate that addi-
tional studies are required to better understand the anisotropy properties or to further
expound on the magnetic properties of Dy 12-MCGaIIIN(nha)-4 [107].

12-MC-4s with Other Paramagnetic Ring Metals

In 2016, Elmers published a study on CuII 12-MCMN(shi)-4, where M=Cu or Fe,
that showed potential as SMMs [108]. Copper and iron MCs with salicylhydrox-
amic acid are relatively well-known [39, 50], but their SMM potential has not been
extensively examined. Structurally, these MCs have a similar connectivity to their
12-MCMn

III
N(shi)-4 cousins, with an [M–N–O] repeat unit (Fig. 27). In the CuIICl2

12-MCFeIIIN(shi)-4, the ring FeIII ions are relatively planar. Two of the FeIII ions are
six-coordinate, with four equatorial positions occupied by nitrogen or oxygen atoms
from two different shi3− ligands, with the axial positions occupied by two DMF
solvent molecules. These two six-coordinate FeIII ions are trans to one another. The
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remaining two FeIII ions are five-coordinate square pyramidals. Again, the equatorial
positions are occupied by the heteroatoms of two different shi3− ligands. The fifth
position (axial) is a chloride anion in a trans-anti arrangement.

Elmers and co-workers examined the magnetic properties of the CuIICl2
12-MCFeIIIN(shi)-4 and CuIICl2 12-MCCuIIN(shi)-4 compounds using X-ray magnetic
circular dichroism spectroscopy and SQUID magnetometry. From an earlier study,
Happ and Rentschler had found that the FeIII ions preferred to be in a high spin
state at room temperature. Lowering the temperature led to an increase until 40 K,
before the susceptibility began to decrease. Happ and Rentschler suggested that this
decrease could potentially be due to significant zero-field splitting values associ-
ated with the square pyramidal FeIII ions present, though intermolecular interactions
between adjacent MCs could not be ruled out [67]. Interestingly, strong antiferro-
magnetic coupling between the central CuII and ring FeIII forces the ring FeIII ions
to behave in a ferromagnetic fashion [108]. When examining the AC susceptibility,
the group did not report any frequency-dependent behavior, but hoped that subtle
changes in the MC framework could lead to SMM behavior.

In 2021, Rentschler and co-workers prepared, isolated, and characterized a Tb
[12-MCNiIIN(shi)-4]2 dimer compound (Fig. 28) [109]. This MC was analogous to the
[Pc2Tb]− compound first described by Ishikawa and co-workers in 2003. The two
12-MC-4 units formed an almost ideal square antiprism about the central TbIII ion.
The two 12-MC-4 rings were relatively planar and separated by 3.321 Å. The TbIII

ion sat slightly closer to one MC ring (1.35 Å) than the other (1.63 Å). This could
be because the closer MC ring had a piperidine ligand coordinated to two NiII ions,
while the other MC was in close, but non-coordinating interactions, with acetate
and piperidine ligands, affecting the electron density associated with each MC ring.
Because the NiII ions are either square planar or square pyramidal in geometry, there
is no need for a bridging ligand, such as hydroxide, as found in many of the analogous
GaIII-based sandwich 12-MC-4 compounds.

Investigation of the magnetic properties revealed fast quantum tunneling of
magnetization under zero-field conditions. Fitting the susceptibility data to the Arrhe-
nius equation and taking into consideration quantum tunneling and Raman relax-
ation pathways, the authors reported an effective energy barrier of 346 K and a τ0

of 2.53 × 10–8 s. When an external magnetic field was applied to suppress this
quantum tunneling, an effective energy barrier of 585 K and τ0 = 3.11 × 10–10 s
was observed. The authors noted that there were two unique molecules in the crystal
structure that could potentially impact the magnetic response. They also note that this
result presents an interesting pathway for additional ligand modification to adjust the
magnetic properties of the NiII-based 12-MC-4 sandwich compounds [109].

4.2 15-MC-5s

The 15-MC-5 architecture was first recognized by Kessisoglou in 1994 [52]. In
1999, Stemmler and co-workers described the creation of planar 15-MC-5 s using
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Fig. 28 The Gd(NO3) 15-MCCuIIN(picHA)-5 was the first planar 15-MC-5. Color scheme: copper—

CuII; aqua—GdIII; red—oxygen; blue—nitrogen; gray—carbon. Hydrogen atoms and solvent
molecules omitted for clarity

CuII as ring metals and α-amino hydroxamic acids (Fig. 28). These 15-MCCuIIN-5
compounds were capable of binding lanthanides in the central cavity [49]. Because
of the odd number of atoms in the ring, there would be a distinct possibility of
observing spin-frustration from the ring should antiferromagnetic coupling be the
dominant coupling force. Indeed, in the La(NO3)3 15-MCCuIIN(picHA)-5 compound, a
low-temperature magnetic susceptibility correlating to an S = ½ was observed. The
Gd(NO3)3 15-MCCu

II
N(picHA)-5 showed ferromagnetic coupling between the central

GdIII and the ring CuII ions.
In a follow-up paper in 2006, Zaleski and co-workers studied the Ln

15-MCCuIIN(S−pheHA)-5 structures as potential SMMs [110]. Interestingly, depending
on the solvent, the authors reported isolating dimers of 15-MC-5 in a “hand-holding”
formation, creating a hydrophobic pocket, or in a helix that resulted from a carbonyl
oxygen atom from one MC binding to a CuII ring ion of an adjacent MC (Fig. 29)
[47, 111]. Using a chiral α-amino hydroxamic acid afforded a chiral helix, with the
ligand chirality affecting the helix’s pitch—the S-pheHA affording the (+) pitch and



206 T. T. Boron

Fig. 29 The TbIII[12-MCNiIIN(shi)-4]2 dimer compound suggests a promising future for NiII-based
MC sandwich compounds. Color scheme: green—NiII; aqua—TbIII; red-oxygen; blue—nitrogen;
gray—carbon. Hydrogen atoms, solvent piperidine, and acetate ligands omitted for clarity

the R-pheHA producing the (–) pitch. Zaleski noted that the MC geometry allowed
the five CuII ions, regardless of solvent, to be roughly planar with one another and
allowed their Jahn–Teller axes to align perpendicular to the MC plane [110]. The
authors also noted that in 2006 there were only a few examples of chiral SMMs [112,
113], providing an opportunity to further expand on chiral SMMs and to explore the
magnetochiral effect first observed in 1997 [114].

Zaleski and co-workers noted that the susceptibility of the Dy 15-MC-5 and Ho
15-MC-5 showed decreases from room temperature to 5 K, which they contribute
to the depopulation of higher spin states and not magnetic exchange, as the large
spin–orbit coupling values of the studied lanthanides made it difficult to extract
exchange constants. Both the dimers and the helices of Dy 15-MC-5 and Ho 15-MC-
5 polymorphs showed frequency-dependence below 4.5 and 6.0 K, respectively, at
the studied frequencies. To rule out spin-glass behavior, the dimers were dissolved
in methanol. Mass spectrometry had previously supported that the MCs retained
their connectivity, but that the helices were only a solid-state packing effect and
the structure was lost in solution. The Dy 15-MC-5 retained frequency-dependent
behavior, but the Ho 15-MC-5 analog did not, suggesting that the observed solid-state
behavior was likely due to spin glass behavior and/or magnetic ordering. Zaleski and
co-workers noted that the helical Dy 15-MC-5 did not show enhanced AC suscep-
tibility properties, suggesting that the helical Dy 15-MC-5 should be considered a
chain of SMMs rather than an SCM [115].

Since 2006, numerous papers have presented the magnetic properties of other
15-MC-5-based compounds. In the interest of balancing the competing interests of
brevity with covering the topic with some degree of completeness, we will focus on
a few of the more recent examples of Ln encapsulated 15-MCCu

II-5 compounds. We
would like to point to some potentially interesting review articles on the magnetic
properties of 15-MC-5s in general that can help supplement this text [116, 117].

Several of the 15-MC-5 s that we will discuss utilize CuII as a ring metal.
Copper(II) prefers octahedral or square pyramidal geometry, allowing for relative
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planar pentagonal MCs employing amino-acid-based hydroxamic acid ring ligands.
This geometry has been exploited for other applications, such as molecular recog-
nition [87, 118, 119]. The use of CuII provides a paramagnetic ring metal (d9) that
due to the odd number of metals in a pentagonal arrangement is forced into a spin-
frustrated coupling situation with the other CuII ions. Additionally, the 15-MC-5
framework of planar CuII-based MCs is ideal for encapsulating a lanthanide ion in
the central cavity [120–122].

4.2.1 Ln 15-MCCuIIN(quinHA)-5s

In 2018, Liu and co-workers published the magnetic studies on a
DyIII(sal)2[15-MCCuIIN(quinHA)-5](pyridine)5, where sal = the deprotonated salicy-
laldehyde anion compound [123]. The MC was slightly ruffled, with a DyIII ion
encapsulated in the 15-MC-5 ring. Two salicylaldehydes coordinate to either face
of the DyIII ion through the phenoxide groups while the equatorial planar features
five donor atoms from the ring ligand hydroximate groups. The authors noted that
the strong axial crystal field around the central DyIII provided a large Ising-type
magnetoanisotropy value.

Investigating the magnetic properties with the isostructural YIII analog, the group
observed relatively strong antiferromagnetic coupling between neighboring CuII

ions; –44 cm−1 for the interactions between adjacent CuII ions with coordinated
pyridine ligands on the same face and –68 cm−1 for adjacent CuII ions with coordi-
nated pyridine ligands on opposite faces. It was determined that the ring had an S = ½
ground state with an excited ½ state separated by approximately 51 cm−1. The DyIII

ion had a weak ferromagnetic coupling with the ring CuII ions (+0.88 cm−1). The
DyIII 15-MC-5 compound showed interesting single-molecule magnetic behavior.
Three unique relaxation pathways were identified. A true Orbach relaxation pathway
for the crystal field states of DyIII ion led to a Ueff of 623 cm−1. Meanwhile, the
second and third relaxation pathways matched the relaxation from the first and second
excited states predicted by the exchange pathway calculations (5.2 and 38.7 cm−1,
respectively).

In a follow-up 2019 Dalton Transactions article, the group
investigated the magnetic properties of a structurally similar
EuIII(sal)2[15-MCCuIIN(quinHA)-5](pyridine)5 compound (Fig. 31) [124]. Structurally,
the compound was very similar to other Ln [15-MC-5] compounds, including the
DyIII analog described above. Investigating the magnetic properties of the MC,
the authors reported similar Cu coupling parameters as described above, while the
coupling between the central EuIII and the ring CuII ions was set to 0 cm−1. The
compound showed frequency-dependent out-of-phase magnetic susceptibility with
an Ueff of 14.8 cm−1 and a τ0 of 1.2 × 10–7 s, which was smaller than the calculated
energy difference between the ground and the first excited state. Therefore, the
authors assigned the relaxation pathway to a Raman-like process, suggesting that
the relaxation process in the MC was based solely on the Cu5 MC ring.
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Fig. 31 The Sm(NO3)3 15-MCCuIIN(pheHA)-5 was able to form different crystal structure types
depending on solvent conditions—a “clasped hands” structure (left) and a helix (right). Color
scheme: copper—CuII; aqua—SmIII; red—oxygen; blue–nitrogen; gray—carbon. Hydrogen atoms,
nitrate counter ions, and solvent molecules were omitted for clarity. A light green guideline is added
to help demonstrate the helix

In 2021, Liu, Chilton, and Tong described a process of using a single hydroxide
linker to bridge two DyIII [15-MCCuIIN(quinHA)-5 compounds [125]. The DyIII ions
were in compressed pentagonal bipyramidal geometries, while all but one CuII ion
had a square pyramidal geometry. The unique CuII ion belonged to the sandwich
compound and was square planar. The authors hypothesized that the DyIII anisotropy
vector of the DyIII ion was perpendicular to the MC plane and that by using a
single hydroxide bridge, they could potentially ferromagnetically couple the two
units together and align the anisotropy vectors of the DyIII ions in the same direction.

Both the monomer and the dimer compounds showed antiferromagnetic coupling
between the ring CuII ions and depopulation of the DyIII Stark levels. Below 28 K,
there was evidence of ferromagnetic coupling between the DyIII and CuII ion in
the monomer. Below 40 K, there appeared to be ferromagnetic coupling between
the two DyIII ions in the dimer. The monomer compound showed butterfly-shaped
magnetic hysteresis while the dimer compound showed open magnetic hysteresis
without a loss of magnetization at zero field. The authors proposed that this was due
to the axial dimerization, as the anisotropy vectors of the DyIII ions were roughly
colinear. The effective energy barrier of the monomer Dy[15-MCCuIIN(quinHA)-5] was
625 cm−1 and a τ0 = 2.0 × 10–11 s with no applied external field. For the dimer,
(Dy[15-MCCuIIN(quinHA)-5])2, the Ueff decreased to 582 cm−1 and τ0 = 5 × 10–11 s.
The authors indicated that these are the largest observed for d-f SMMs [125].

4.2.2 Ln 15-MCCuIIN(pyzHA)-5s

A similar compound, Tb(H2O)3 [15-MCCuIIN(pyzHA)-5](H2O)3, was prepared and
characterized in 2019, where pyzHA is pyrazine hydroxamic acid [126]. The MC
again had three CuII ions in square pyramidal geometries and two CuII ions in square
planar geometries. The TbIII ion was encapsulated in the metallacrown and featured
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two water molecules on one face and an additional water molecule coordinated on
the other face (Fig. 32). Interestingly, two adjacent 15-MC-5 are connected through a
hydrogen-bonding network. The hydrogen adjacent to a nitrogen atom in the pyrazine
hydroxamic acid ligand is close enough to interact with a non-coordinated triflate
ion. This triflate ion can then hydrogen bond with another hydrogen atom on a new
15-MC-5’s pyrazine hydroxamic acid ligand. These complicated interactions led to
a 1-dimensional network.

The authors found that upon cooling the sample, antiferromagnetic coupling
between the ring CuII ions could be observed until approximately 6 K. Below 6 K,
a rapid increase in χMT was observed likely due to depopulation of the TbIII Stark
levels or ferromagnetic coupling between the TbIII and CuII ions. Investigating the
out-of-phase magnetic susceptibility, Zhang and co-workers found that the compound
showed frequency-dependent out-of-phase magnetic susceptibility. However, there
was no observed maximum above 2 K, which the authors contribute to the presence
of quantum tunneling of magnetization. To minimize the impact of tunneling, the
group applied an external dc field of 1000 Oe, allowing them to observe an effective
energy barrier of 5.42 K and a pre-exponential τ0 of 8.09 × 10–7 s.

Continuing their work, but now employing GdIII and DyIII in addition to TbIII,
the authors explored the possibilities of creating 2- and 3-dimensional frame-
works (Fig. 33). These structures were the first reported 2- and 3-dimensional [15-
MCCu

II
N(pyzHA)-5] networks presented in the literature [127]. The authors reported

that the five CuII ions remained square pyramidal in geometry. Three of the CuII ions
coordinated solvent methanol molecules while the other two were coordinated to
a nitrogen atom on a neighboring metallacrown’s pyrazine ring ligand. The central
LnIII ion was found to be eight coordinate with five atoms from the MC ring and
the remaining three ligands from H2O ligands. The coupling between the GdIII[15-
MC-5] rings created two voids—one large (7.3569 Å × 20.2994 Å) with “irreg-
ular symmetry” [127] and one smaller (7.1598 Å × 7.1428 Å). The size of the
larger void was found to vary across the series. Nitrogen sorption isotherm studies
suggest that despite having two voids in the crystal structure, these compounds are
not microporous solids.

Investigation of the magnetic properties suggested weak antiferromagnetic
coupling between adjacent CuII ions in a single MC subunit around 14 K. Slight
increases in susceptibility for the TbIII and DyIII 15-MC-5 units below 14 K were
also observed, as was observed in the TbIII [15-MC-5] compound discussed above
[126]. It was found that the compounds all displayed weak intermetallic ferromag-
netic coupling at low temperatures. It was hypothesized that this interaction might
be due to LnIII-CuII magnetic coupling. The TbIII and DyIII structures both displayed
frequency-dependent out-of-phase magnetic susceptibility, but neither showed a
maximum above 2 K. Under a 1000 Oe applied magnetic field, all three showed
slow magnetic relaxation. The authors suggested that in the case of the GdIII struc-
ture the change in magnetic behavior suggest that the 2-dimensional network changes
the magnetic behavior as other monomers GdIII 15-MC-5 compounds have not shown
SMM-like behavior [49, 128].
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Fig. 32 Tb(H2O)3 [15-MCCuIIN(pyzHA)-5] demonstrated a frequency-dependent relaxation

pathway with an effective energy barrier or 5.42 K and τ0 of 8.09 × 10–7 s. Color scheme: copper—
CuII; aqua—TbIII; red—oxygen; blue—nitrogen; gray—carbon—yellow—sulfur; lime—fluorine.
Hydrogen atoms, solvent molecules, and non-coordinated triflate groups are omitted for clarity

Fig. 33 Dy [15-MCCuIIN(pyzHA)-5] forms a network solid. Two voids are formed, with the larger
one shown. Due to the irregular shape of the cavity, it is not an efficient microporous solid. Color
scheme: copper—CuII; aqua—DyIII; red—oxygen; blue—nitrogen; gray—carbon; yellow—sulfur;
lime—fluorine. Hydrogen atoms, solvent molecules, and non-coordinated triflate ions have been
removed for clarity. Dotted lines indicate connections to neighboring MCs
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Fig. 34
Dy(OAc)(H2O)[15-MCCuIIN(glyHA)-5]
has an interesting
bell-shaped geometry. Color
scheme: copper—CuII;
aqua—DyIII; red—oxygen;
blue—nitrogen;
gray—carbon. Hydrogen
atoms, solvent molecules,
and non-coordinated nitrate
ligands were omitted for
clarity

4.2.3 Ln 15-MCCuIIN(glyHA)-5s

When glycine hydroxamic acid was used as the ring ligand, Li and Dou reported
a bell-shaped Dy(OAc)(H2O)15-MCCuIIN(glyHA)-5 compound (Fig. 34) [129]. The
five CuII ions were five-coordinate square pyramidal. The four planar positions were
coordinated by the glycinehydroxamic acid ligands while the axial position was
coordinated by a water molecule. The orientation of the axial ligand switched with
the neighboring CuII ion having the water molecule pointing in the opposite direction.
The DyIII ion remained in the middle of the 15-MC-5 ring and was 8-coordinate.
Five of the coordination sites were occupied by donors from the MC ring. Two
coordination sites were from an acetate ligand. On the opposite face was a single
water molecule. The presence of hydrogen bonding led to a 2-dimensional network.

Investigation of the magnetic properties suggested antiferromagnetic coupling
between the ring CuII ions upon cooling at room temperature. A sharp decrease
between 18 and 4 K was attributed to the strong spin–orbit coupling of the DyIII

ion as well as the depopulation of the Stark levels. Below 4 K, a slight increase is
observed, which was assigned to the ferromagnetic coupling between the CuII and
the DyIII ion. In an ac magnetic field, the compound showed frequency-dependent
out-of-phase magnetic susceptibility, but no maxima were observed both with and
without an applied external magnetic field up to 2000 Oe [129].

Song and Dou showed that Ln [15-MCCuIIN(glyHA)-5] compounds could be linked
via diamagnetic [Fe(CN)5NO]2− linkers, creating new dimer and coordination poly-
mers [120]. These heterotrimetallic compounds were able to be prepared and isolated
in a one-pot procedure. Whether a dimer or coordination polymer was isolated
depended on the size of the encapsulated Ln—the larger LaIII, PrIII, and NdIII

producing the dimers, while SmIII, GdIII, TbIII, DyIII, and HoIII gave coordina-
tion polymers. As was previously shown by Ln(OAc)4 M [12-MCMnIIIN(shi)-4],
Y(OAc)4(WO8) [12-MCMnIIIN(shi)-4], and Y(OAc)4[W(CN)8][12-MCMnIIIN(shi)-4],
metallacrowns are capable of producing heterotrimetallic compounds using metallic
linkers [57, 58]. Perhaps one of the unique benefits of the MC architecture compared
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to other coordination compounds is its ability to form predictable compounds from
mixtures of metals.

Regardless, this utilization of trimetallic 15-MC-5 building blocks linked by
diamagnetic connectors is a relatively unexplored area and one that could poten-
tially be of interest to the field. Song and Dou suggested that diamagnetic linkers
can mediate superexchange interactions and modify the magnetic properties, such
has been observed in Prussian blue [130]. Indeed, the authors report that the inclu-
sion of the [Fe(CN)5NO]2− linker sufficiently modified the geometry of the DyIII ion
to induce ferromagnetic interactions between the DyIII and CuII ions. Of the eight
compounds produced, the TbIII and DyIII 15-MC-5 polymers were tested for SMM
behavior. Only the DyIII 15-MC-5 polymer demonstrated frequency-dependent out-
of-phase magnetic susceptibility, albeit in the presence of a 2000 Oe external field,
likely due to quantum tunneling of magnetization. The observed effective energy
barrier for the DyIII 15-MC-5 chain under an applied 2000 Oe external field was
9.14 K and the pre-exponential term, τ0 = 3.69 × 10–6 s.

Closing Remarks

Since the first reports of SMMS almost 30 years ago, the field of single-molecule
magnets has grown exponentially. Some of the most consequential findings in the field
are related to metallacrowns. From the first Ln-Mn SMM to systematic approaches,
MCs have served a major role, demonstrating unique adaptability within the field.
Most reported SMMs have been “one-offs”, where the compound is serendipitously
prepared and shows interesting properties. However, the fields of polyoxometa-
lates, metallowheels, and metallacrowns have shown that a systematic approach can
provide the field with a deeper, richer understanding of the origin of the underlying
phenomenon. Indeed, the work on the bisphthalocyaninato-lanthanide, lanthanide-
containing polyoxometalates, and metallacrowns have revealed the importance of
the coordination environment around the lanthanide.

In the past 30 years, the idea that lanthanides are relatively magnetically exchange
inert due to their contracted f -orbitals has been dispelled, at least at the low temper-
atures studied in the field of molecular magnetism [73]. This richer understanding
of lanthanide chemistry can pay major dividends in the design of new SMMs and
other functional materials. Chemists should now consider the connectivity around
lanthanide ions and if an exchange pathway may exist between the relevant magnetic
orbitals. Predicting a priori the exchanges and the properties will likely remain diffi-
cult due to spin–orbit coupling found in lanthanides, the S term is not a “pure”
quantum number, and is better understood as a J-term [73].

Metallacrowns have demonstrated the ability to control the structure and orienta-
tion of magnetic centers. The works of Waldmann, Ruiz, Neese, and Kortus suggested
that a rational design approach for SMMs could lead to improved magnetic behavior.
Waldmann suggested that increasing the number of magnetic centers, rather than
improving the observed magnetic behavior would have a minimal effect. Instead,
Waldmann suggested focusing on improving the anisotropy SMMs [10]. Ruiz, Neese,
and Kortus suggested linking anisotropy vectors, such as Jahn–Teller axes, could lead
to an increase in molecular magnetoanisotropy. They also suggested that this coupling
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would be most efficient in smaller molecules, such as trinuclear compounds [11].
Metallacrowns are uniquely equipped to examine these theoretical predictions.

Metallacrowns’ ability to take on predictable geometries allows researchers to
prepare compounds with a set number of magnetic centers and to arrange those
magnetic centers in a predefined orientation. This has provided researchers the ability
to study how geometric control can affect coupling and magnetic properties. It has
been observed that some of the best SMM-MCs are those that have highly anisotropic
metal ions, such as lanthanides and manganese(III) ions in a planar geometry. This
planarity allows the possibility to align the anisotropy vectors. Researchers have also
shown that they can fine-tune the properties of these magnetic properties by slightly
varying ligand environments. Zaleski and co-workers showed how placing a normally
isotropic metal ion (MnII) in a distorted orientation can lead to exciting magnetic
properties [55]. Song and co-workers showed how introducing a paramagnetic WV

ion to the 12-MCMn
III

N(shi)-4 could turn a molecule with a diamagnetic ground state
and antiferromagnetic coupling between ring MnIII ions into an SMM with ferromag-
netically coupled ring MnIII ions by changing the ratio between coupling constants
[58]. Boron and co-workers demonstrated that changing the bridging ligand between
the central DyIII ion and ring MnIII ions in the 12-MCMn

III
N(shi)-4 could affect observed

SMM behavior but have little effect on the magnetization or magnetic susceptibility
[59]. Employing diamagnetic metal ions, such as ZnII or GaIII coupled with lanthanide
ions provides an opportunity to prepare SIM-like magnets [61, 62, 84].

Larger MCs still have an interest in the field. The first observed LnIII/Mn SMM
was a member of the extended MC family. Recently, it was shown that by substituting
GdIII for DyIII in an LnIII

6MnIII
2MnIV

2 could turn a molecule with SMM behavior
into a magnetic refrigerant [77]. These MCs indicate that in the future, potentially
multifunctional MCs could be easily prepared by simply modifying one component.

We have attempted to provide a background on the work of researchers in the field
and provide a rationale for some of the decisions or directions taken by researchers.
We hope that we have inspired the reader to continue to examine the field of MC-
based SMMs. We believe that the future of magnetic MCs is bright with the field
only being limited by access to starting materials and the creativity and time of the
researcher. New ligands can be prepared to create new geometries and orientations
of MCs. These ligands could also potentially modify the coupling between magnetic
centers. Numerous paramagnetic ions could be introduced as either ring metals or as
central ions. Linking MCs into chains of SMMs or into larger geometries could lead
to interesting magnetic behaviors. Using diamagnetic ring metals and paramagnetic
central ions could lead to interesting SIM compounds or nonlinear optical materials.
Fundamental studies of magnetic exchange pathways between Ln ions and d-group
metals can also be undertaken. New spectroscopic techniques for the field can be
tested with MC-based SMMs, allowing for a deeper understanding of the source of
magnetic behaviors.
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Beyond the Metallacrown: Controlling
First- and Second-Order Coordination
Spheres Towards Discrete and Extended
Architectures

Leigh F. Jones

Abstract The global aim of this review chapter is to highlight how synthetic
chemists are able to manipulate pre-selected metallacrowns at both their first
and second-order coordination spheres towards the production of novel discrete
host–guest complexes. We will begin by discussing how the flexible functionality
afforded to metallacrowns allows a degree of control with respect to their second-
order coordination spheres and strongly encourages complementary interactions
with target substrates towards the production of discrete host–guest complexes.
We will show how these findings have led to a plethora of interesting new mate-
rials with applications in (for example) molecular sensing, molecular magnetism
and quantum computing. We will also discuss the strategic first-order coordination
sphere modulation of select 12-MCCu(II)-4 metallacrowns towards the construction
of pre-determined extended architectures.

1 An Introduction to Discrete Host–guest Assemblies
Centred on Metallacrown Host Units

This chapter aims to provide evidence on the importance and versatility of metal-
lacrown complexes as host units in both discrete and more elaborate host–guest
architectures. Discussions are centred around four distinct but related areas of work
beginning with the role of F− bridges in metallacrowns (Sect. 6.1) before progressing
to the elegant manipulation of trinuclear organometallic 12-MCM(III)-3 (M = Ru, Rh,
Ir) host metallacrowns and their remarkably selective Na+, Li+ and F− ion sensing
in solution (Sect. 6.2). Section 6.3 focuses on the selective sequestration of environ-
mentally relevant anions using host metallacrowns before turning the spotlight onto
the strategic replacement of labile ligands to form pre-designed extended network
architectures comprising 12-MCCu(II)-4 metallacrown building blocks. We conclude
by highlighting (and distinguishing between) the rise of inverse metallacrown and
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Inverse Crown Ether (ICE) complexes. We will also discuss the evolution of their
anionic siblings, Metal Anionic Crowns (MACs). Upon close inspection of the struc-
tures described here, it will become apparent that although traditional metallacrowns
comprising –[M–N-O]n– linkages are presented (e.g. the [M(II)5] (M = Cu, Ni) 12-
MCCu(II)-4 metallacrowns in Sect. 6.3), the majority of architectures discussed in this
chapter are best described as non-archetypal MCs. For instance, the metal centres
within the Inverse Crown Ether complexes described in Sect. 6.4 are bridged by just
one atom, while the cavitands and homo- and heterometallic wheels described in
Sect. 6.1 require a combination of one-atom F-bridges and –[M–N-N]n– (azamet-
allacrowns) or –[M–O–C–O]n—linkages (wheels). In a similar vein, –[Cu–N-N]n

– (aza-MC) pathways are observed within the 18-MCCu(II)-6 (Sect. 6.3.1) and triple-
decker inverse 12-MCCu(I)-pz-4 complexes (Sect. 6.4.1). Likewise, the organometallic
12-MCM(III)-3 (M = Ru, Rh, Ir) metallacrown host complexes of Sect. 6.2 each exhibit
–[M–N–C–O]n– bridges and therefore also represent non-traditional MC topologies.
It should also be noted here that the metallacrowns (and non-archetypal analogues)
discussed in this chapter are by no means exhaustive and were selected to represent
a wide variety of different species with disparate physical properties. With these
thoughts in mind, it would be remiss not to mention the pioneering metal coronate
work of Saalfrank and co-workers [1]. Likewise, the solid-state hosting abilities
of the family of pseudo metallocalix[6]arene [M7] (M = Ni(II) [2a]), Zn(II) [2b]
and Co(II/III) [2c] complexes, whose body-centred hexagonal core topologies could
easily be described as body-centred metallacrowns, would not look out of place in
this work [2].

2 Fluoro-Centred Host Metallacrowns and Their Guest
Enticing Abilities

We begin by looking at the vital role μ-F− ions play as building blocks in metal-
lacrown host units, not only in preserving their structure but in their ability to
partake in strong intermolecular interactions with various guest moieties towards
producing novel host–guest architectures. Discussions predominantly centre on two
disparate families of complexes; hexanuclear [Cu(II)6] azametallacrowns and homo-
and heterometallic ‘ring’/metallacrown complexes.

2.1 Hexacopper Fluoro Azametallacrown Cavitands as Hosts
for Cationic Guests

In 2007, Halcrow and co-workers demonstrated that the reaction of anhydrous CuF2

and the ligand 3{5}-(pyrid-2-yl)-5{3}-(tert-butyl)pyrazole (LH) along with nBu4

OH gave rise to the complex [Cu(II)6(μ-F)6(μ-L)6(H2O)2]·8CH2Cl2, whose crystal
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structure revealed a planar ring-like {Cu(II)6(μ-F)6}6+ core (Fig. 1a) [3]. Each of the
distorted square pyramidal Cu(II) centres connect through η1:η1:η1-μ bridging L−
moieties (resulting in –[Cu–N–N]n– linkages) to give rise to the azametallacrown
(or double-bowl) topology observed in [Cu(II)6(μ-F)6(μ-L)6(H2O)2]·8CH2Cl2. The
inward pointing positioning of the F− bridging anions along with the absence of a
centrally bound guest moiety made this complex an ideal host candidate for various

Fig. 1 a ChemDraw representation of the [Cu(II)6(μ-F)6(μ-L)6] azametallacrown (R = tert-butyl).
The dashed lines represent the longer apical Cu-F bonds at the metal centres. Crystal structures
of the azametallacrown complexes b [K ⊂ Cu(II)6(μ-F)6(μ-L)6(CH2Cl2)2]F0.6(HF2)0.4·3.5CH2
Cl2 (Colour code: light blue (Cu), dark blue (N), brown (K), green (Cl) and grey (C)); c [(NH4
) ⊂ Cu(II)6(μ-F)6(L)6(CH2Cl2)2]·HF2·5.6CH2Cl2·0.4((C2H5)2O) and d [(H3N(CH2)6NHCO2)2
⊂ Cu(II)6(μ-F)6(μ-L)6].1.6H2O·3.8CHCl3 (L = N-(6-aminohexyl)carbamic acid). Figures a and
b reproduced with permission from [3]. Copyright 2007 John Wiley and Sons. Figures c and d
reproduced with permission from [4]. Copyright 2008 John Wiley and Sons
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guest units. To this end, the replacement of base nBu4OH with NaOH and KOH
give rise to the azametallacrown cavitands [(Na) ⊂ Cu(II)6(μ-F)6(μ-L)6(CH2Cl2
)2]HF2·3.2CH2Cl2·0.66((C2H5)2O) and [(K) ⊂ Cu(II)6(μ-F)6(μ-L)6(CH2Cl2)2]F0.6

(HF2)0.4·3.5CH2Cl2, respectively. In both cases the alkali metal ions lie at the centre of
the host molecule and are bound through six Na+/K+· · · F electrostatic interactions
(Fig. 1b). Attempts at the incorporation of Li+ and Cs+ guests were fruitless and
highlight that Na+ and K+ ions represent the optimal spatial fit with respect to the
[Cu(II)6(μ-F)6(μ-L)6(H2O)2]·8CH2Cl2 host molecule. The double-bowl molecular
cavities in all three complexes showed similar dimensions (base × rim × height):
2.1(1) × 5.6(6) × 6.5(2) Å ([Cu(II)6]), 1.9(1) × 5.0(4) × 6.8(2) Å ([(Na) ⊂ Cu(II)6

]) and 2.2(1) × 4.7(2) × 6.4(1) Å ([(K) ⊂ Cu(II)6]).
It was predicted that the positioning of the inward facing bridging F− anions

within the host planar molecular wheel was deemed primed to aid the molecular
docking of H-donor guest species through H· · · F interactions. This was proven
correct when further investigations into the hosting dexterity of the [Cu(II)6(μ-
F)6(L)6(H2O)2]0.8CH2Cl2 azametallacrown revealed an ability to accommodate
both NH4

+ (in [(NH4) ⊂ Cu(II)6(μ-F)6(L)6(CH2Cl2)2] ·HF2·5.6CH2Cl2·0.4((C2H5

)2O) and MeNH3
+ (in [(CH3NH3)2 ⊂ Cu(II)6(μ-F)6(L)6]Cl2·0.67H2O·3CH2Cl2)

along with the zwitterionic forms of the amino acids glycine, L-alanine and β-
alanine in the form of the complexes: [(gly)2 ⊂ Cu(II)6(μ-F)6(μ-L)6]·2H2O·6CH2

Cl2, [(L-ala)2 ⊂ Cu(II)6(μ-F)6(μ-L)6]·5H2O·3CH2Cl2 and [(β-ala)2 ⊂ Cu(II)6(μ-
F)6(μ-L)6]·2H2O·8CHCl3, respectively [4]. Attempts at linking the [Cu(II)6(μ-F)6

(μ-L)6] azametallacrown host units through the introduction of 1,6-diaminohexane
(towards producing a +NH3(CH2)6NH3

+ dicationic connector unit) gave a surprising
result in the form of the complex [(H3N(CH2)6NHCO2)2 ⊂ Cu(II)6(μ-F)6(μ-L)6

]·1.6H2O·3.8CHCl3. Here, the N-(6-aminohexyl)carbamic acid guest moieties were
produced in situ via atmospheric CO2 fixation and observed in their zwitterionic
form (Fig. 1d).

Variable temperature magnetic susceptibility measurements on [Cu(II)6(μ-F)6

(μ-L)6(H2O)2]·3CH2Cl2, [(Na) ⊂ Cu(II)6(μ-F)6(μ-L)6(CH2Cl2)2]HF2·CH2Cl2 and
[(K) ⊂ Cu(II)6(μ-F)6(μ-L)6(CH2Cl2)2]F0.6(HF2)0.4 each exhibited relatively weak
antiferromagnetic exchange between the Cu(II) metal centres and S = 0 ground
spin states (J-values in the −15.0(1) to −13.5(1) cm−1 range). X-band EPR spectra
obtained between 115 and 293 K from all siblings were identical (a broad isotropic
peak centred at g = 2.13) and typical for a magnetically coupled hexametallic copper
complex. Moreover, these findings confirmed that guest accommodation has no
discernible effect on the magnetic structure of the original [Cu(II)6(μ-F)6(μ-L)6

(H2O)2]·8CH2Cl2 host azametallacrown.

2.1.1 Mixed Valence Cobalt Azametallacrown Anion Hosts

Halcrow and co-workers then began investigations into the cobalt coordination
chemistry of the ligand 3{5}-(pyrid-2-yl)-5{3}-(tert-butyl)pyrazole (LH) and these
studies gave rise to a family of mixed valent hexacobalt azametallacrowns of general
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formulae [(X)2 ⊂ Co(III)3Co(II)3(μ-OH)6(μ-L)6](X)
(
X = CIO−

4 or CF3SO−
3

)
and

[(Y)2 ⊂ Co(III)2Co(II)4(μ-OH)6(μ-L)6]·nH2O
(
Y = BF−

4 , PF−
6 or SbF−

6 ; n ≈ 2
)

[5], whose structures bore similarities with the previously reported fluoro azamet-
allacrown cavitands (previous section). For instance, the core in each complex
comprised a planar hexagonal array of a combination of distorted octahedral
(Co(III)/Co(II)) and distorted tetrahedral (Co(II)) cobalt centres linked by a combi-
nation of η1:η1:η1 μ-bridging L− ligands (to give –[Co–N–N]n– linkages) and μ-
bridging OH− ions (as opposed to μ-F− anions). Likewise, the pyrazole ligands sit
alternately above and below the {Co(II/III)6(μ-OH)6}m+ plane to produce the double-
bowl aza-12-MCCo(II/III)-6 metallacrown topology with dimensions commensurate
with their F-bridged hexacopper counterparts (~2.1 (base) × ~5.5 (rim) × ~6.0 Å
(height)) (Fig. 2a). The H-acceptor counter anions employed in this work (e.g. ClO4
− and SbF6

−) were specifically selected to interact with the μ-OH− ions lying within
the anion host azametallacrown and this was proven to be the case, giving hydrogen
bond distances commensurate with literature values (e.g. O–H· · · O-ClO3 = 1.97–
2.08 Å in [(ClO4)2 ⊂ Co(III)3Co(II)3(μ-OH)6(μ-L)6](ClO4) and O–H· · · F-SbF5 =
1.95 Å in [(SbF6)2 ⊂ Co(III)2Co(II)4(μ-OH)6(μ-L)6]·2H2O).

The metal oxidation states in [Co(III)3Co(II)3(μ-OH)6(μ-L)6](X)3 (X = ClO4
−

or CF3SO3
−) and [Co(III)2Co(II)4(μ-OH)6(μ-L)6](Y)2nH2O (Y = BF4

−, PF6
− or

SbF6
−; n ≈ 2) were assigned using a combination of Bond Valence Sum (BVS)

analyses (giving values of ~2 and ~3–3.5 for the 4- and 6-coordinate cobalt centres,
respectively), charge balancing considerations and variable temperature magnetic
susceptibility measurements (χMT vs. T; Fig. 2c) (vide infra). From this data,
Halcrow and co-workers were able to confirm the presence of weak antiferromag-
netic coupling between the four paramagnetic Co(II) centres in the sibling complexes
[Co(III)2Co(II)4(μ-OH)6(μ-L)6](Y)2nH2O (Y = BF4

−, SbF6
−; n ≈ 2) and extremely

weak/negligible exchange between the paramagnetic Co(II) centres in analogues
[Co(III)3Co(II)3(μ-OH)6(μ-L)6](X)3 (X = ClO4

− or CF3SO3
−); as expected due

to their separation induced by the alternating {–Co(II)-Co(III)–}3 array observed
in their molecular structure. In all cases, the rapid decline in χMT product at lower
temperatures was indicative of zero-field splitting effects as expected when observing
high spin Co(II) centres [5].

ESI–MS, NMR and UV/Vis/NIR solution studies on siblings [(X)2 ⊂ Co(III)3

Co(II)3(μ-OH)6(μ-L)6](X) (X = ClO4
− or CF3SO3

−) registered the sole presence of
their cationic {Co(III)3Co(II)3(μ-OH)6(μ-L)6}3+ units but more than one significant
component was observed in each [(Y)2 ⊂ Co(III)2Co(II)4(μ-OH)6(μ-L)6]nH2O (Y =
BF4

−; PF6
−; SbF6

−; n ≈ 2) solution. Cyclic voltammetry studies were undertaken for
all species using MeCN as a solvent and the [nBu4N]BPh4 (0.1 M) base electrolyte.
An irreversible {Co(II/III)6}3+/{Co(II/III)6}2+ reduction was observed at Epc = −
1.09 ± 0.06 V (vs. Fc/Fc+; v = 100 mVs−1) for just the [(X)2 ⊂ Co(III)3Co(II)3

(μ-OH)6(μ-L)6](X) (X = ClO4
− or CF3SO3

−) species, while a second irreversible
reduction was observed for all five siblings at Epc = −1.40 ± 0.05 V (Fig. 2d).
The [nBu4N]X (X = ClO4

−; CF3SO3
−) and [nBu4N]Y (Y = BF4

−; PF6
−; SbF6

−) base electrolytes were subsequently employed in a secondary CV study of the
[(X)2 ⊂ Co(III)3Co(II)3](X) (X = ClO4

− or CF3SO3
−) and [(Y)2 ⊂ Co(III)2Co(II)4
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Fig. 2 a Schematic of the 12-MCCo(II/III)-6 anion host azametallacrown. b Crystal structure of the
cation [(ClO4)2 ⊂ Co(III)3Co(II)3(μ-OH)6(μ-L)6]+. Dashed lines represent H-bonding interactions
between the guest ClO4

− ions and the anionic host (e.g. O8(H8)…O110A = 2.06 Å, O9(H9)…O104
= 2.08 Å and O10(H10)…O109 = 1.97 Å). c Plots of variable temperature magnetic susceptibility
(χMT) studies on azametallacrowns [(ClO4)2 ⊂ Co(III)3Co(II)3(μ-OH)6(μ-L)6](ClO4) (◯) and
[(SbF6)2 ⊂ Co(III)2Co(II)4(μ-OH)6(μ-L)6].2H2O (•). d Cyclic voltammograms of the compounds
[(ClO4)2 ⊂ Co(III)3Co(II)3(μ-OH)6(μ-L)6](ClO4) and [(SbF6)2 ⊂ Co(III)2Co(II)4(μ-OH)6(μ-L)6
]·2H2O carried out in MeCN solutions at room temperature (0.1 M base electrolyte;ν=100 mV s−1).
Figures reproduced with permission from [5]. Copyright 2009 John Wiley and Sons

].
nH2O (Y = BF4

−, PF6
−; SbF6

−; n ≈ 2) siblings (0.1 M conc. in MeCN). Two
irreversible reductions were also observed in these experiments but pertinently, all
five siblings exhibited a first reduction at Epc =−1.13 ± 0.05 V and was subsequently
attributed to the [Co(II/III)6]3+/[Co(II/III)6]2+ couple. Although the [(X)2 ⊂ Co(III)3

Co(II)3](X) (X = ClO4
− or CF3SO3

−) complexes exhibited a strong {Co(III)3Co(II)3

}3+/{Co(III)3Co(II)3}2+ reduction under both experimental conditions, it became
clear that the [(Y)2 ⊂ Co(III)2Co(II)4] (Y = BF4

−, SbF6
−) complexes only exhibited

this first reduction process in the presence of excess anion; that is, when the [nBu4

N]Y base electrolyte was employed. These findings implied that the [Co(III)2Co(II)4

]3+ species was stabilised by in-cavity anion binding. Halcrow and co-workers further
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concluded that there was a clear trend that the more strongly associating anions (ClO4
− and CF3SO3

−) give rise to the formation of the [Co(III)3Co(II)3(μ-OH)6(μ-L)6

]3+ azametallacrown unit whereas the less strongly interacting anions (BF4
−; PF6

−; SbF6
−) support [Co(III)2Co(II)4(μ-OH)6(μ-L)6]2+ assembly. Such observations

were supported on the grounds that the coordination of anions within {Co(II/III)6

}m+ azametallacrown cavities would stabilise the higher + 3 charge (Coulombic
considerations).

2.2 Guest Binding Within F-bridged Octametallic
16-MCCr(III)-8 [Cr8] Metallacrowns

The cyclic structure in [Cr(III)8(μ-F)8(O2-CtBu)16] (Fig. 3a) was formed from the
reaction of CrF3·4H2O and pivalic acid and was first determined, along with a detailed
electron density distribution map (EDD), from synchrotron X-ray structure factors
collected at 16(5) K [6]. The ring structure was shown to comprise eight Cr(III) metal
ions (each of distorted octahedral geometries) connected through a combination of
μ-bridging F− and −O2-CtBu carboxylate ligands, whose positions alternated above
and below the {Cr(III)8} plane to form an 16-MCCr(III)-8 metallacrown topology
(see Figs. 3 and 4). Using the previously garnered EDD data, electrostatic potential
(EP) distribution calculations on [Cr(III)8(μ-F)8(O2-CtBu)16] showed that there was

Fig. 3 a Crystal structure of the complex [Cr(III)8(μ-F)8(O2-CtBu)16]. b Isosurface plot of the
electrostatic potential in [Cr(III)8(μ-F)8(O2-CtBu)16]. Surface at −0.54 ea−1 (red) and −0.3 ea−1

(yellow). Crystal structures of [(DMF) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] (c), [(MeCN)2 ⊂ Cr(III)8(μ-
F)8(O2-CtBu)16]·THF (d) and [(DMF)(DMA) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16].4tBuOH (e) repro-
duced by the author. The guest molecules are Space-fill represented. Colour code: green (Cr), blue
(N), red (O), yellow (F) and grey (C). Figures reproduced with permission from [6]. Copyright 2002
John Wiley and Sons
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Fig. 4 Crystal structures of the host–guest adducts [(SO2)0.85 ⊂ [Cr(III)8(μ-F)8(O2-CtBu)16] (a),
[(Cl2) ⊂ [Cr(III)8(μ-F)8(O2-CtBu)16] (b and d) and [(CO2)0.79 ⊂ [Cr(III)8(μ-F)8(O2-CtBu)16] (c).
Colour code: green (Cr), red (O), yellow (F), orange (S), pale green (Cl) and grey (C). Dashed lines
represent various host–guest interactions as discussed in the main text. Figure a reproduced with
permission from [12]. Copyright 2019 Royal Society of Chemistry. Figures b and d reproduced
with permission from [9]. Copyright 2018 Royal Society of Chemistry. Figure c reproduced with
permission from [7]. Copyright 2017 John Wiley and Sons

a funnel shaped region of negative electrostatic potential as illustrated by the red
region in Fig. 3b. The connotations of these findings were discussed in great detail
and concluded that accurate predictions could be made with respect to suitable guest
candidates for inclusion within the 16-MCCr(III)-8 metallacrown host. To this end it
was anticipated that neutral molecules would not bind strongly but an extended linear
molecule with a permanent dipole would be stabilised at both ends of the molecule
through asymmetric placement within the molecular cavity, where the positive and
negatively charged electrostatic regions sit inside and outside the cavity, respectively.
Likewise, small positive cations were predicted to be stabilised upon cavity ingression
however no such adducts were obtained experimentally.

To probe these forecasts a series of solvent accommodated complexes were
synthesised in the form of [(DMF) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] (DMF = dimethyl-
formamide), [(DMA) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] (DMA = dimethylacetamide;
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Fig. 3c), [(DMF)(DMA) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16]·4tBuOH (Fig. 3e) and
[(MeCN)2 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16]·THF (MeCN = acetonitrile; THF =
tetrahydrofuran; Fig. 3d). Before we discuss these complexes in detail, we must
revisit the crystal structure of the original host. Upon closer inspection of the 16-
MCCr(III)-8 metallacrown, Larsen and co-workers found there was effectively an open
side of the molecule (with a minimum entry distance of 7.273(4) Å) and a more ster-
ically hindered (closed) side with a minimum entry gap of 4.027(4) Å (measures
as the C· · · C distance of adjacent pivalate methyl carbon atoms). More pertinently
and through close inspection of the siblings [(sol)xCr(III)8(μ-F)8(O2-CtBu)16] (x =
1–2; sol = DMF, DMA, MeCN), it was found that the more screened side of the
molecule could be opened through methyl group rotation to produce a more strained
host structure and was proposed to be compensated for via improved host–guest and
host-solvent interactions. For instance, it was found that the DMF guest in [(DMF)
⊂ Cr(III)8(μ-F)8(O2-CtBu)16] sat at the open end of the metallacrown with slight
changes to the opening diameters (open side = 7.45 Å; closed side = 3.95 Å).
Moreover, the DMF was found to be positioned perfectly for stabilisation by the
nucleophilic cavity. The larger DMA guest were located further away from the mean
{Cr(III)8} plane in [(DMA) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] when compared to its
DMF counterpart, while the presence of the extra methyl group results in a different
docked orientation.

Interestingly, the 16-MCCr(III)-8 metallacrown host was found to have significantly
distorted in order to accommodate the DMF and DMA guests in [(DMF)(DMA)
⊂ Cr(III)8(μ-F)8(O2-CtBu)16]·4tBuOH. Here the DMA and DMF moieties were
located at the open and closed sides of the host molecule, respectively. More specifi-
cally, the DMA and DMF methyl groups were found to be 2.83 Å and 1.03 Å above
and below the {Cr(III)8} plane, respectively (Fig. 3e). The host distortions were
manifested by an expanded closed side (shortest Cα-Cα cross-opening distance of
8.907(5) Å; Cα = alpha pivalate C atoms) and a similar opening size for the open side
of the molecule (shortest Cα-Cα cross-opening distance = 9.126(5) Å). As shown in
Fig. 3d and postulated by Larsen and co-workers, the guest acetonitrile molecules
in [(MeCN)2 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16]·THF entered the cavity from both sides
with the positively polarised CH3– ends of the MeCN guests sitting within the metal-
lacrown cavity at a distance of only 0.56 Å above the {Cr(III)8} plane. The disordered
THF solvents of crystallisation were located interstitially.

In a similar vein although over a decade later (2017–2019), the Winpenny group
undertook elaborate studies concerning the potential solid-state encapsulation of
various neutral guest molecules within the 16-MCCr(III)-8 metallacrown [Cr(III)8(μ-
F)8(O2-CtBu)16]. The first example of their success came in the form of the CO2

absorbed complex [(CO2)0.79 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16], which was produced
when crystals of the host species were exposed to CO2 at 290 K for 2 h [7]. Single-
crystal X-ray diffraction studies on the resultant material confirmed successful molec-
ular cavity docking of the guest substrate, albeit situated slightly away from its centre.
More specifically, the CO2 carbon atom sits 1.31 Å above the {Cr(III)8} mean plane
and is bound through numerous C· · · F interactions (see dashed lines in Fig. 4c),
all of which are situated on the same side of the ring. DFT studies confirmed the
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origin of these interactions to be electrostatic between the μ-F− anions (partial −
ve charge) and the central CO2 carbon atom (partial +ve charge) and provided C-F
interactions commensurate to those obtained via X-ray diffraction studies (3.224–
3.352 Å vs. 3.19–3.39 Å, respectively). Thermogravimetric analysis (TGA) on [(CO2

)0.79 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] further confirmed CO2 absorption by showing a
gradual mass loss of 1.96% (in the 52–200 ºC range) consistent with the loss of 1 ×
CO2 per [Cr(III)8] metallacrown. Moreover, combined TGA and Differential Scan-
ning Calorimetry (DSC) studies produced a CO2 binding energy (heat of absorption)
value of 45(1) kJ mol−1, a value commensurate to that observed elsewhere and indica-
tive of significant host–guest binding [8]. An absorption isotherm study on [Cr(III)8

(μ-F)8(O2-CtBu)16] (N2; 77 K) confirmed this material to be classified as non-porous
by exhibiting a saturation capacity of 17 cm3 g−1 at a partial pressure (P/P0) of 0.9.
A comparative adsorption study (1 bar; 288 K) showed that the 16-MCCr(III)-8 metal-
lacrown absorbs 12 times as much CO2 than N2. It was also noted that a minimum
pressure of 0.04 bar was required to activate CO2 absorption, as often observed for
non-porous materials.

These extremely promising results were rapidly followed up by the successful
absorption of the halogens Cl2, Br2 and I2 in the form of the host–guest complexes
[(Cl2) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16], [(Br2) ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] and [(I2)
⊂ Cr(III)8(μ-F)8(O2-CtBu)16] (Fig. 4b, d) [9]. Again, these complexes were formed
through exposing crystals of the host 16-MCCr(III)-8 metallacrown to the required
halogen albeit under different conditions (Cl2 and Br2 = 16 h at rt.; I2 = 1 week at
50 ºC). Single crystal X-ray diffraction studies showed successful (albeit disordered)
guest molecular cavity ingression in all three complexes, giving rise to the shortest
X· · · F distances of 2.852(3) Å (X = Cl), 2.78(1) Å (X = Br) and 2.84(1) Å (X
= I). The X2 bond distances when encapsulated were found to be 1.889(5) Å (Cl2
), 2.185(10) Å (Br2) and 2.576(4) Å (I2) and were each shorter than X2 gas phase
distances (Cl2 = 1.99 Å; Br2 = 2.28 Å and I2 = 2.67 Å) [10, 11]. Halogen occupation
was further evidenced through Raman spectroscopy, giving peaks at 495 cm−1 ((Cl2
) ⊂ Cr(III)8) (red-shifted from 540 cm−1), 554 cm−1 ((Br2) ⊂ Cr(III)8) (red-shifted
from 611 cm−1) and 212 cm−1 ((I2) ⊂ Cr(III)8) (slight red-shifted from 214.5 cm−1).
The red shift was attributed to the donation of electron density from the μ-F− anions
to the halogen when partaking in X· · · F host–guest interactions. Halide release rates
for all three complexes were measured using single crystal X-ray diffraction by
measuring guest halogen occupancy changes during heating (350 K) and cooling
cycles (collected at 200 K). It was found that the release rate was dominated by the
size of the guest molecule ([Cl2 ⊂ Cr(III)8] > ([Br2 ⊂ Cr(III)8]) > ([I2 ⊂ Cr(III)8]).
That is, the smaller the guest molecule, the faster its release.

By 2019, Vitórica-Yrezábal and co-workers had successfully demonstrated the
reversible uptake of SO2 and H2S within the host 16-MCCr(III)-8 complex, giving
rise to the species [(SO2)0.85 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] (Fig. 4a) and [(H2S)0.79

⊂ Cr(III)8(μ-F)8(O2-CtBu)16] [12]. Subsequent heating of these materials brought
about guest release with no change in crystallinity (or quality of single crystals),
despite the toxic nature of both guest molecules. Akin to the siblings [(X2) ⊂ Cr(III)8

(μ-F)8(O2-CtBu)16] (X = Cl, Br and I), the guest SO2 and H2S moieties showed
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crystallographic disorder (over three and two sites around the S atom, respectively).
In the crystal structure of [(SO2)0.85 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16] all three different
guest SO2 positions had the S atom lying 1.78 Å above the mean plane of the [Cr(III)8

] metallacrown. The shortest S· · · F distances were found at distances varying from
3.326(3) to 3.786(4) Å. Likewise, the S· · · F distances in [(H2S)0.79 ⊂ Cr(III)8(μ-
F)8(O2-CtBu)16] ranged from 3.667(1) to 4.077(2) Å, while the central S atom was
located 2.517 Å above the [Cr(III)8] mean plane. Both sets of S· · · F distances were
found to be longer than the sum of their van der Waals and indicated negligible
S· · · F interactions in both cases. These weak interactions were corroborated when
experimental binding energies (using DSC experiments) of 26 kJ mol−1 ([(SO2) ⊂
Cr(III)8]) and 14 kJ mol−1 ([(H2S) ⊂ Cr(III)8]) were obtained.

DFT studies centred on the modelling of both complexes showed excellent agree-
ment with their crystal structure data, including the off-centre positions of both guest
molecules with respect to their host cavities (unlike the central position taken up
by CO2 in [(CO2)0.79 ⊂ Cr(III)8(μ-F)8(O2-CtBu)16]) (Fig. 4c). For instance, the
displaced SO2 positions were attributed to an energy penalty that the guest O atom
would have to compensate when crossing the partially negative electrostatic potential
region at the centre of the 16-MCCr(III)-8 metallacrown, as previously postulated by
the Larsen group when discussing guest solvent (DMF, DMA and MeCN) positions
within the [Cr(III)8(μ-F)8(O2-CtBu)16] host [6]. A similar scenario was attributed to
the off-set H2S positions, this time concerning the energy penalty required for the
partially negative guest S atom to infiltrate the central metallacrown cavity.

2.3 Heterometallic [Cr(III)7M(II)] (M = Mn, Fe, Co, Ni, Zn,
Cd and Mg) Metallacrowns (and Variations
on the Theme)

The magnetic data obtained from the now well studied [Cr(III)8(μ-F)8(O2-CtBu)16]
metallacrown was indicative of antiferromagnetic exchange between the Cr(III) metal
centres and an inevitable S = 0 ground spin state. It was proposed by Winpenny and
co-workers that the successful replacement of a single Cr(III) metal centre in [Cr(III)8

(μ-F)8(O2-CtBu)16] with a metal ion with a different spin would produce a new ring
structure with a non-zero ground state. These aspirations were soon realised when the
family of analogues [R2NH2][Cr(III)7 M(II)(μ-F)8(O2-CtBu)16] (where M = Mn, Fe,
Cd; R = Me, Et, nPr, nBu, n-octyl) were successfully synthesised using two different
synthetic routes [13]. Further investigations rapidly gave rise to a vast family of homo-
and heterometallic rings of general formula [R2NH2][Cr7M(μ−F)8(O2−CR′)16](M
= Mn, Fe, Co, Ni, Zn, Cd, Mg; R = Et, nPr and R′ = various (circa 14) carboxylates)
along with analogous {V(III)7M(II)} (M = Zn and Ni; R = nPr; R′ = tBu) and
{Fe(III)7M(II)} (M = Mn, Fe, Co, Ni, Zn, Cd; R = Et, nPr; R′ = tBu, CMe2Et, CH2

CtBu) assemblies [14]. As well as allowing charge neutrality, the secondary ammo-
nium counter cations are routinely located within the 16-MCCr(III)-8 metallacrown
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and are held in position through multiple hydrogen bonding interactions in conjunc-
tion with the inner cavity μ-F− bridging anions. Interestingly, the heterometallic
16-MC-8 metallacrown [H3NnPr ⊂ Cr(III)7Co(II)(μ-F)8(O2-CtBu)16] was found to
selectively extract Cs+ ions (over Na+, K+ and Rb+ species) from water into an organic
dichloromethane layer to give [Cs ⊂ Cr(III)7Co(II)(μ-F)8(O2-CtBu)16] [15].

2.3.1 Linking [Cr(III)7Ni(II)] Metallacrowns Towards Dimers
and Beyond

Building upon their recent findings concerning the facile introduction of
guest alkylammonium species within heterometallic host rings, the Winpenny
group soon confirmed that the coupling of [Cr(III)7M(II)] units could be
achieved through the utilisation of diamine counter cations. The first successful
example required the incorporation of 1,8-diaminooctane (1,8-daoH2) into
the structure of [1,8-daoH2][Cr(III)7Ni(II)(μ-F)8(O2-CtBu)16]2 (Fig. 5a). Since
this breakthrough more elaborate ways of coupling have been successfully

Fig. 5 Crystal structures of the linked 16-MC-8 homo- and heterometallic metallacrowns
a [1,8-daoH2][Cr(III)7Ni(II)(μ-F)8(O2-CtBu)16]2, b {[EtNH2CH2py][Cr(III)7Ni(II) (μ-F)8(O2
CtBu)16]}2 [Cu(II)(NO3)2(H2O)] and c) {[NH2Pr2][Cr(III)7Ni(II)(μ-F)8 (O2CtBu)15 (Nic)]}2
{Cu(II)(NO3)2(H2O)}]. d The sixty-metal ring of rings complex [Ni(II)12(chp)12 (O2CMe)12(H2
O)6 {[NH2Pr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(Nic)]}6] (chpH = 6-chloro- -hydroxypyridine)
comprising two heterometallic ring complexes threaded onto an organic axle. Colour code: green
(Cr), purple (Co), lilac (Ni), orange (Cu), red (O), blue (N), yellow (F), brown (Cl), dark grey (C)
and light grey (H). Many H-atoms have been omitted for clarity. e A [3]-rotaxane comprising a
space-fill represented organic thread running through two [Cr(III)7Co(II)(μ-F)8(O2CtBu)16(H3O)]
rings. Colour code: light blue (Cr), purple (Co), red (O), blue (N), yellow (F), dark grey (C) and
light grey (H). Figures a–c reproduced with permission from [18]. Copyright 2011 John Wiley and
Sons. Figure d reproduced with permission from [17]. Copyright 2013 John Wiley and Sons. Figure
e reproduced with permission from [23]. Copyright 2009 Springer Nature
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explored by the Winpenny group. For example, using the ammonium cation
EtNH2CH2py to template [Cr(III)7Ni(II)] formation also allows the external
facing pyridine functional group to connect to mono- (e.g. -{Cu(II)(NO3

)2(H2O)}-); bi- (e.g. -{Cu2(O2CtBu)4}-); tri- (e.g. -{Fe(III)2Co(II)(μ3-O)(O2

CtBu)6}-) or hexametallic (e.g. -{Mn(II)4Mn(III)2(μ4-O)2(O2CtBu)10}-) nodes
towards the extended oligomeric complexes {[EtNH2CH2py][Cr(III)7Ni(II)(μ-F)8

(O2CtBu)16]}2[Cu(II)(NO3)2(H2O)] (Fig. 5b), {[EtNH2CH2py][Cr(III)7Ni(II)(μ-
F)8(O2CtBu)16]}2[Cu(II)2(O2CtBu)4], [16], [Fe(III)2Co(II)(μ3-O)(O2CtBu)6{[NH2

Pr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(O2C-C5H4N)]}3] and [{Mn(II)4Mn(III)2(μ4

-O)2(O2CtBu)10{[NH2Pr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(O2CC5H4N)]}4] [17].
A tandem investigation focusing on other ways to link [Cr(III)7(M(II)] rings found

a successful route centred along their connection through their bridging carboxy-
late ligands located at the periphery of the rings. Indeed this was successful and
although forcing conditions were required, the monosubstitution of a pivalate ligand
within [Cr(III)7Ni(II)(μ-F)8(O2-CtBu)16] metallacrowns was indeed realised to give
complexes of general formula {[NH2Pr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(O2CR)].
The inert nature of the Cr(III) centres means that this substitution is regioselective
and occurs only at the M(II) metal site as required. For instance, substituting with
isonicotinic acid (NicH) allows a pyridine functional group to protrude away from the
ring while being attached to the mainframe. From here, Winpenny and co-workers
were able to employ mono- and bimetallic bridging metal units in the dimerization
of the 16-MC-8 metallacrowns. This is exampled in Fig. 5c, with the complex {[NH2
nPr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(Nic)]}2{Cu(II)(NO3)2(H2O)}][18].Usingthe
same general synthon, an even more elaborate aggregation of six [Cr(III)7Ni(II)] rings
connected to a single [Ni(II)12(chp)12(O2CMe)12(H2O)6(THF)6](chpH=6-chloro-2-
hydroxypyridine) wheel to give the ring of rings structure [Ni (II)12(chp)12(O2CMe)12

(H2O)6{[NH2Pr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)15(Nic)]}6] (Fig. 5d). Here, the six
terminal THF molecules were simply substituted by the isonicotinate N-donor atoms
of the six [Cr(III)7Ni(II)] metallacrowns to give the final extended architecture [17].

2.3.2 Heterometallic [Cr(III)7Ni(II)] Metallacrowns as Qubits Towards
Quantum Information Processing (QIP)

While classical computers rely on the manipulation of binary units (bits; where 0
is ‘off’ and 1 is ‘on’), quantum computers require the use of quantum bits (qubits),
each representing a superposition of 0 and 1. These qubits can take the form of (for
example) electron spin or the polarisation of a photon and when grouped together into
more complex arrays (quantum entanglement), these superpositions can be used to
solve complex mathematical problems and effectively process information (Quantum
Information Processing). With these thoughts in mind, Winpenny and co-workers
decided that their {Cr(III)7Ni(II)} ring system was an ideal candidate as a molecular
qubit due to its: (1) two-tiered S = ½ ground spin state (ms = ± 1/2), (2) high
chemical stability [13] and (3) ability to be chemically integrated into more complex
multi-qubit architectures as introduced in Sect. 6.3.1 [18].
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Weak magnetic communication between the spins (from each S = ½ {Cr(III)7

Ni(II)} qubit) is a prerequisite for quantum entanglement and thus quantum infor-
mation processing. Indeed, such inter-ring interactions have been observed exper-
imentally (using elegant EPR measurements) on a number of architectures where
the individual {Cr(III)7Ni(II)} qubits are connected through a variety of inorganic
and organic moieties including {Cu(II)} (itself a qubit) and {Cu(II)2} units [16],
{Co(II)(terpy)2} units [19], boronic acid-capped clathrochelate complexes [20] and
divergent diimines (e.g. 4,4′-bipyridine) [21]. Despite initial concerns that coherence
times would be reduced due to hyperfine interactions within each {Cr(III)7Ni(II)}
qubit, pulsed EPR measurements on [NH2

nPr2][Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]
proved these fears unfounded with (for instance) extremely competitive phase-
coherence times (T2) of 0.55 μs (at 1.8 K) and 3.8 μs (at 1.8 K) for its perdeuterated
analogue [22]. Indeed, more recent studies on a number of related architectures, each
comprising {Cr(III)7Ni(II)} qubit building blocks, have also demonstrated long spin
coherence times (e.g. Tm ~ 800 ns in the inorganic–organic hybrid [3]-rotaxane {[H2

R][Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]2} (R = Ph-CH2-CH2-NH-CH2-(C6H4)3-CH2-
NH-CH2-CH2-Ph; see Sect. 6.3.3 below) [20]) and an ability to control and fine
tune inter-qubit interactions as required when assembling useful QIP components.
Indeed, in 2016 Ferrando-Soria and co-workers successfully integrated {Cr(III)7

Ni(II)} qubits into assemblies deemed suitable for either CNOT or
√

iSWAP quantum
logic gates, depending on the choice of linker employed to attach the individual ring
moieties [19].

2.3.3 Threading the Needle: Heterometallic Rings as Components
in Rotaxanes and Molecular Shuttles

In 2009, a fruitful collaboration between the Leigh and Winpenny groups led to a
family of elegant organic–inorganic rotaxanes centred around employing organic
axles that allow the templation and therefore threading of [Cr(III)7Co(II)(μ-F)8(O2

-CtBu)16] and [Cr(III)10Cu(II)2(μ-F)8(O2-CtBu)16] rings to produce the targeted
rotaxane superstructures [23]. Each dumbbell shaped organic molecular axle was
specifically equipped with bulky end groups to prevent de-threading while the number
of inorganic rings incorporated was readily directed by the number of templating
dialkylammonium groups integrated into the organic moieties. The result was the
impressive generation of a number of rotaxanes comprising varying numbers of
axles and threads as depicted by (for instance) the multi-ring (2 × {Cr(III)7Co(II)})
[3]-rotaxane in Fig. 5e, the 1 × ring ({Cr(III)7Co(II)2}) 1 × axle [2]-rotaxane in
Fig. 6a and the double axled multi-ring (2 × {Cr(III)10Cu(II)2}) [4]-rotaxane shown
in Fig. 6b. In the solid state, each ring was found to partake in short F· · · H-N interac-
tions (~2.0 Å) with the ammonium functional groups of the molecular axles situated
at the centre of their cavities. NMR studies on two members of this family confirmed
structural preservation in a number of solution (e.g. CDCl3, C2D2Cl4) and rapid ring
rotation about their molecular axles. Remarkably, significant chemical shifts (up to
45 ppm) of the organic axle protons were observed and attributed to the paramagnetic
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Fig. 6 a Schematic of a [2]-rotaxane comprising one organic axle and one {Cr(III)7
Co(II)} ring. b Crystal structure of a multi-ring double-axle [4]-rotaxane represented in
wire-stick ({Cr(III)10Cu(II)2} rings) and space-fill mode (organic axles). Crystal structure
of the [3]-rotaxane [cis-{Cu(II)(hfacac)2}AH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2] (c); the [5]-
rotaxanes [{Cu(II)(O2CtBu)2}DH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2]2 (d); the [4]-rotaxane
[Fe(III)2Co(II)(μ3-O)(O2CtBu)6{BH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}}3] (e) and [{Cu(II)(NO3
)2}{CH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2}2] (f) along with the proposed structure of the
[7]-rotaxane [{Fe(III)2Co(II)(μ3-O)(O2CtBu)6}{CH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2}3] (g;
determined using SAXS). (h) Crystal structure of the [4]-rotaxane [Cr(III)Ni(II)2(μ3-F)(O2
CtBu)6]{(BH)[Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]}3 and (i) the [3]-rotaxane [Cr(III)Ni(II)2(μ3-
F)(O2CtBu)6(THF)]{(BH)[Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]}2. Figures a and b reproduced with
permission from [23]. Copyright 2009 Springer Nature. Figures and c-g reproduced with permission
from [25]. Copyright 2016 Springer Nature. Figures h and i were reproduced with permission from
[24]. Copyright 2010 American Chemical Society
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Co(II) ions present within the {Cr(III)7Co(II)} rings. Similarly, NMR studies on the
[2]-rotaxane depicted in Fig. 6a, comprising a single heterometallic {Cr(III)7Co(II)}
ring threaded onto an axle containing two dialkylammonium binding sites, showed
slow back and forth shuttling (between the two binding sites) when compared to
the more rapid ring rotation about the thread axle. Subsequent 2-D exchange spec-
troscopy experiments derived a rate of exchange of 1.2 ± 0.5 s−1 (at 330 K in C2

D2Cl4), corresponding to a shuttling free energy of activation of �G‡ = 19.3 ±
0.2 kcal mol−1, a value found to be at least 10 kcal mol−1 higher than the free
energy activation associated to the spinning of the heterometallic ring about the
molecular thread [23]. These observations were attributed to the fact that for these
heterometallic rings to simply spin around the axle, they only require the partial
breaking of existing NH· · · F hydrogen bonds before forming the next interaction
with a neighbouring μ-F− ion (i.e. moving from a short NH· · · F bond to a longer
interaction). However, for the ring to move along the organic axle requires complete
disassociation of all ring· · · axle NH· · · F interactions before translation towards
the second binding site further along the thread. A natural extension to this work
was reported in 2010 when Ballesteros and co-workers successfully threaded new
heterometallic [Cr(III)7 M(II)(μ-F)8(O2-CtBu)16] (M = Mn, Fe, Co, Ni, Cu) rings
to produce a library of hybrid organic–inorganic [2]-rotaxanes and pseudo rotaxanes
using improved synthetic efficiency [24].

Apart from the elegant synthesis, aesthetic beauty and molecular shuttle behaviour
of such hybrid inorganic–organic rotaxanes, it was not lost on Winpenny and co-
workers that they have also forged a viable approach towards the controlled self-
assembly of multiple qubits in the form of their S = ½ {Cr(III)7M(II)} moieties. This
was indisputably proven with the design and implementation of new organic axles
(e.g. 2-phenyl-N-{[4′-(pyridin-4-yl)-(1,1′-biphenyl)-4-yl]methyl}ethanamine (A)
and 4-phenyl-N-(4-(pyridin-4-yl)benzyl)butan-1-amine (B)), this time comprising
a pyridyl functional group at one end of their structures. This vital addi-
tion allowed the association of multiple threaded axles using connecting metal
complex nodes as exampled by the three qubit assemblies [cis-{Cu(II)(hfacac)2

}AH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2] (Fig. 6c) and [Fe(III)2Co(II)(μ3-O)(O2

CtBu)6{BH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}}3] (Fig. 6e) [25]. Moreover, by
employing the elaborate organic threads N1-(4-(methylthio)benzyl)-N12-(4-
(pyridin-4-yl)benzyl)dodecane-1,12-diamine (C) and N1-(4-(methylthio)benzyl)-
N12-(pyridin-4-ylmethyl)dodecane-1,12-diamine (D), Fernandez and co-workers
were able to congregate four and five qubit systems in the form of the
[5]-rotaxanes [{Cu(II)(NO3)2}{CH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2}2] (Fig. 6f)
and [{Cu(II)(O2CtBu)2}DH2{Cr(III)7Ni(II)(μ-F)8(O2CtBu)16}2]2 (Fig. 6d). Almost
7 nm in length, both architectures were constructed to comprise four {Cr7(Ni(II)}
rings threaded onto an extended axle forged from the connection of two C/D units
using a Cu(II) moiety ({Cu(II)2(O2CtBu)4} and {Cu(II)(NO3)2}, respectively). This
work reached a crescendo upon the successful combination of seven potential qubits
in the form of the [7]-rotaxane [{Fe(III)2Co(II)(μ3-O)(O2CtBu)6}{CH2{Cr(III)7

Ni(II)(μ-F)8(O2CtBu)16}2}3] (Fig. 6g). Although no crystal structure was obtained,
Small-Angle X-ray Scattering (SAXS) was subsequently employed to confirm its
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production by producing a model comprising a central triangular {Fe(III)2Co(II)}
unit connected at each of the three metal sites by six doubly threaded {Cr(III)7

Ni(II)} rings. Pulsed EPR measurements on these multi-qubit assemblies showed
no detrimental effect on the phase memory. Double Electron–Electron Resonance
Spectroscopy (DEER) was then employed to successfully demonstrate that the
qubit· · · qubit interactions were deemed suitable for the propagation of two-qubit
quantum logic gates. More recent investigations by Lockyer and co-workers have
shown how a family of [2]-rotaxane {Cr(III)7Ni(II)}-Cu(II) assemblies may be
considered candidate elementary units as building blocks towards larger assemblies
for quantum information processing [26]. Here, the {Cr(III)7Ni(II)} heterometallic
rings would represent a processing unit (S = ½) while the Cu(II) units (through their
I = 3/2 nuclear spin) would embody the quantum memory and introducing quantum
error correction; a prerequisite in the operation of a quantum computer.

2020 saw Lockyer and co-workers divulge the successful design and synthesis
of even more elaborate rotaxane architectures in the form of the [4]-rotaxane
[Cr(III)Ni(II)2(μ3-F)(O2CtBu)6]{(BH)[Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]}3 and the
[3]-rotaxane [Cr(III)Ni(II)2(μ3-F)(O2CtBu)6(THF)]{(BH)[Cr(III)7Ni(II)(μ-F)8(O2

CtBu)16]}2 (where B = py-CH2CH2NHCH2C6H4SCH3) (Fig. 6h, i) [27]. The
[3]- and [4]-rotaxane assemblies each comprises a central {Cr(III)Ni(II)2(μ3-F)(O2

CtBu)6} unit connected to three and two [2]-rotaxane [Cr(III)7Ni(II)(μ-F)8(O2

CtBu)16] moieties, respectively. Continuous wave Electron Paramagnetic Resonance
studies on both assemblies confirmed internal antiferromagnetic coupling and S =
½ ground states for both {Cr(III)Ni(II)2} and {Cr(III)7Ni(II)} components and thus
discounted scrambling of the metal ions within both polymetallic units (in each
case). A combination of Atomistic Molecular Dynamic Simulations (AMDS), SAXS
studies and DEER measurements (the latter revealing {Cr(III)7Ni(II)· · · Cr(III)7

Ni(II)} interactions) were then employed to prove the solution stability of both
supramolecular architectures. Both the [3]- and [4]-rotaxanes showed more extended
calculated structures and attributed to longer inter-ring distances than observed in the
solid state. These observations were found to be more pronounced for the [4]-rotaxane
[Cr(III)Ni(II)2(μ3-F)(O2CtBu)6]{(BH)[Cr(III)7Ni(II)(μ-F)8(O2CtBu)16]}3.

3 Organometallic 12-MCM(III)-3 (M = Ru, Rh, Ir)
Metallacrown Hosts

We present in this section a body of work emanating (predominantly) from the
Severin group concerning the design and synthesis of a family of 12-MCM(III)-3 (M
= Ru, Rh, Ir) metallacrown host complexes, whose molecular cavities demonstrate
selective accommodation of cations (Na+/Li+) and F− anions in the solid and solution
state as evidenced below.
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3.1 Redox Responsive 12-MCM(III)-3 (M = Ru, Rh)
Metallacrown Li+ and Na+ Receptors

This work began in 2001 when Piotrowski and co-workers discovered that reac-
tion of [(cymene)2Ru(III)2Cl4], 3-hydroxy-2-pyridone (C5H5NO2) and a suitable
base (Cs2CO3 or K2CO3) brought about the self-assembly of the trimetallic
complex [(cymene)3Ru(III)3(C5H3NO2)3] [28]. The structure comprised a trian-
gular core topology where the distorted tetrahedral {(cymene)Ru(III)}2+ centres were
connected by η1:η1:η1 μ-bridging doubly deprotonated C5H3NO2

2− ligands to forge
a core topology comprising –[Ru(III)–N–C–O]n– linkages (Fig. 7a). The result was a
structure best described as a metallamacrocycle whose Ophen donor atoms positioned
above the plane of the macrocyclic ring provided the perfect platform for the accom-
modation of cationic guests. Indeed this was found to be the case when treatment of
[(cymene)3Ru(III)3(C5H3NO2)3] with excess LiCl or NaCl (in methanol followed
by extraction from CHCl3) produced the 12-MCRu(III)-3 metallacrown complexes
[(MCl) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] (M = Li, Na) (Fig. 7b) in quantitative
yields. X-ray crystallographic studies on both complexes confirmed the docking of
the metal chloride guests at the three juxtaposed Ophen donor atoms of the bridging
pyridonate ligands, giving Li–O and Na–O bond distances of 1.95 Å and 2.23 Å,
respectively along with M-Cl values of 2.42 Å (M = Li) and 2.53 Å (M = Na). Both
the [(LiCl) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] and [(NaCl) ⊂ (cymene)3Ru(III)3(C5

H3NO2)3] complexes were found to be highly stable in non-polar organic solvents
(such as benzene) and this stability was quantified using competition experiments
with crown ethers. For instance, it was shown that despite the use of a large excess
(tenfold) of 18-crown-6; Na+ ions preferentially complexed to the 12-MCRu(III)-3
[(cymene)3Ru(III)3(C5H3NO2)3] receptor and indicated a stability over 3 orders of
magnitude higher than that of the [Na ⊂ crown-ether] adduct in CDCl3. Likewise,
similar results were obtained using 18-crown-6 and 12-crown-4 with each losing
out to the 12-MCRu(III)-3 host when competing for Li+ ions. Similar studies (again in
CDCl3) using the 2,2,1- and 2,1,1-cryptands (affinities with Na+ and Li+ ions, respec-
tively) indicated dominant [(LiCl) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] and [(NaCl)
⊂ (cymene)3Ru(III)3(C5H3NO2)3] complexation. The Li+ and Na+ affinity of the
[(cymene)3Ru(III)3(C5H3NO2)3] metallamacrocycle was further evidenced by its
ability to successful extract LiCl and NaCl from water (2 M), giving the resultant
host–guest complexes in quantitative yield. Furthermore, the ionophore behaviour
of the 12-MCRu(III)-3 host complex was observed electrochemically by producing a
shift in the peak potential (450 ± 50 mV in anodic direction) upon metal chloride
binding thus highlighting potential use as an ion-selective sensor (Fig. 7c).

This work expanded rapidly with the formation of a family of analogous [(arene)3

M(III)3(C5H3NO2)3] (M = Ru, Rh; arene = C6H6, C6Me6, C6H3Et3 and Cp*)
complexes with structures differing in the type of arene ligand employed and/or
metal centre selected. Akin to the solid and solution state behaviour of the orig-
inal 12-MCRu(III)-3 metallacrown [(cymene)3Ru(III)3(C5H3NO2)3], these trimetallic
metallacrown architectures allowed the guest coordination of various metal halides
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Fig. 7 a ChemDraw representation of the synthetic route towards the incorporation of MCl (M =
Li, Na) within a host 12-MCRu(III)-3 metallacrown. b and c Two perspectives of the crystal structure
of the [(NaCl) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] adduct. Colour code: light blue (Ru), red (O) dark
blue (N) and grey (C). Hydrogen atoms omitted for clarity. d Cyclic voltammograms (in 1:1 CH2
Cl2/MeCN) of the 12-MCRu(III)-3 host metallacrown [(C6H3Et3)3Ru(III)3(C5H3NO2)3] (Ag/AgCl
reference electrode and glassy carbon working electrode; v = 4015 mV sec−1) along with the
corresponding Li+ bound [(LiCl)(C6H3Et3)3Ru(III)3(C5H3NO2)3] adduct. A significant shift of
the first peak potential was observed upon Li+ binding. Figures a and b were reproduced with
permission from (2001) [28]. Copyright 2001 American Chemical Society. Figure c reproduced
with permission from [29]. Copyright 2001 John Wiley and Sons
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(e.g. [(MX) ⊂ (C6H6)3Ru(III)3(C5H3NO2)3] (MX = LiCl, NaCl, NaBr and NaI and
[(LiCl) ⊂ (Cp*)3Rh(III)3(C5H3NO2)3], amongst others) and exhibited solution state
affinities for Li+ and/or Na+ ions that were in-line with those of cryptands. Such
binding affinities were again assessed using competition and extraction experiments
along with cyclic voltammetry and (rather neatly) differentiated using colourimetric
studies [29].

3.2 The Accommodation of F-containing Guests Within
12-MCM(III)-3 (M = Ru, Rh, Ir) Metallacrowns

The Severin groups expanded their investigations into the binding abilities of their
12-MCM(III)-3 (M = Ru(III), Rh(III)) metallacrown host units by successfully synthe-
sising the Ir(III) analogue [(Cp*)3Ir(III)3(C5H3NO2)3] [30]. It became apparent that
unlike the Rh(III) analogue, the Li+ complexation reaction was slow (over 1 h to
form [(LiCl) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] with a pseudo first-order rate constant of
k = 5.8 × 10–4 s−1) when compared to the rather rapid (<8 min) formation of [(LiCl)
⊂ (Cp*)3Rh(III)3(C5H3NO2)3]. It was therefore proposed that [(Cp*)3Ir(III)3(C5H3

NO2)3] may be employed as a F− sensor. To this end, the guest encapsulation of
LiF in the form of [(LiF) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] was successfully executed
via anion exchange of [(LiCl) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] and KF (Fig. 8a, b).
Representing the first structurally characterised complexation of molecular LiF, the

Fig. 8 a Schematic description of the anion exchange route towards the target [(LiF) ⊂ (Cp*)3
Ir(III)3(C5H3NO2)3] 12-MCIr(III)-3 metallacrown. b Schematic representation of a typical F− ion
receptor with a Li+ ion binding site. c Various viewing angles of the crystal structure and associated
space-fill representations of host complex [(Cp*)3Ir(III)3(C5H3NO2)3] (top) and the host–guest
complex [(LiF) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] (bottom). Colour codes: light blue (Ir), red (O), dark
blue (N), green (F), Grey (C), white (H). Figures reproduced with permission from [30]. Copyright
2002 John Wiley and Sons
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Li-F unit is bound within the cavity using three Ophen donor atoms sitting above the
plane of the macrocyclic ring and provide the perfect platform for the accommo-
dation of the Li+ centre to give Li–O distances of 1.97–2.02 Å and a Li-F distance
of 1.76 Å. The resultant F− position at the cavity opening allows the occurrence of
four short C-Harene· · · F contacts (range = 2.15–2.28 Å) that no doubt enhance the
stability of the resultant host–guest adduct (Fig. 8c). In order to establish whether a
Li+ bound 12-MCIr(III)-3 metallacrown would be a F− sensor candidate, the complex
[(LiBF4) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] was successfully synthesised towards subse-
quent receptor experiments (replacing loosely bound BF4

− with F− ions). Indeed,
1H NMR studies on this complex showed that the BF4

− ion was not Li+ coordinated
in solution and thus the more likely [(Li+) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3(solv)x]BF4

species was proposed in solution (solvent = CDCl3/CD3CN). These observations
allowed the authors to test F− receptor selectivity through competition experiments
with [(LiBF4) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3], NBu4X (X = Cl−, Br−, I−, NO3

−) and
NBu4F·3H2O in a ratio of 1:100:2. Despite the large excess of X− in solution, 1H
and 7Li NMR studies indicated exclusive formation of [(LiF) ⊂ (Cp*)3Ir(III)3(C5H3

NO2)3] in all cases (with selectivity >1.6 × 103).
Differential pulse voltammetry studies on a solution comprising [(LiBF4) ⊂

(Cp*)3Ir(III)3(C5H3NO2)3] gave rise to a first oxidation peak potential of 890 (±3)
mV (against Ag/AgCl in 0.1 M tBu4NBF4). The introduction of a five-fold excess
of NBu4F brought about a marked difference in the first oxidation peak potentials
of �E = −203 mV (in CHCl3:CH3CN (2:1)) and �E = −191 mV (in CHCl3:CH3

CN:CH3OH (4:2:1)). Identical experiments using an excess of NBu4X (X = F−,
Cl−, Br−, NO3

−, HSO4
− and ClO4

−) showed no significant differences in the resul-
tant peak potentials, thus demonstrating a viable signal output for F− binding and a
fluoride sensor compatible with protic solvents. Lehaire and co-workers then went
on to further demonstrate the facile incorporation of both molecular LiF and LiFHF
within the host–guest complexes [(LiF) ⊂ (cymene)3Ru(III)3(C5H3NO2)3]·H2O (a),
[(LiFHF) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] (b), [(LiF) ⊂ (Cp*)3Rh(III)3(C5H3NO2

)3] H2O (c) and [(LiFHF) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] (Fig. 9) [31]. Once again,
these target complexes required in-situ production through the initial isolation of
the precursors [(LiBF4) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] and [(LiBF4) ⊂ (Cp*)3

M(III)3(C5H3NO2)3] (M = Rh, Ir) followed by F−/FHF− anion exchange (using KF
and [Et4N]FHF, respectively). As observed in the previously discussed 12-MCIr(III)

-3 metallacrown, the location of the Ophen macrocyclic ring donor atoms within this
family were show to form adept docking station for the guest LiBF4, LiF and LiFHF
molecules.

Following on from these successes, the Severin group then focused their atten-
tions on the successful stabilisation and subsequent solid state incorporation of the
poorly soluble Na2SiF6 to give the [(Na2SiF6) ⊂ {(cymene)3Ru(III)3(C5H3NO2)3}2]
complex (Fig. 10b) [32]. The low solubility of Na2SiF6 necessitated the initial isola-
tion of the complex [(NaBF4) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] (Fig. 10a) followed
by replacement of the weakly bound BF4

− anions with SiF6
2− (using (Et4N)2SiF6)

through a salt metathesis reaction. The complex [(Na2SiF6) ⊂ {(cymene)3Ru(III)3
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Fig. 9 Crystal structures of the 12-MCM(III)-3 (M = Rh(III) and Ir(III)) metallacrowns [(LiF) ⊂
(cymene)3Ru(III)3(C5H3NO2)3]·H2O (a), [(LiFHF) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] (b), [(LiF)
⊂ (Cp*)3Rh(III)3(C5H3NO2)3]·H2O (c) and [(LiFHF) ⊂ (Cp*)3Ir(III)3(C5H3NO2)3] (d) along
with their corresponding space-fill representations (e–h, respectively). Colour codes: light blue (Ir),
red (O), dark blue (N), green (F), grey (C), white (H). Figures reproduced with permission from
[31]. Copyright 2002 American Chemical Society
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Fig. 10 Molecular structures of [(NaBF4) ⊂ (cymene)3Ru(III)3(C5H3NO2)3] (a) and [(Na2SiF6)
⊂ {(cymene)3Ru(III)3(C5H3NO2)3}2] (b). c Space-fill representation of the complex [(Na2SiF6)
⊂ {(cymene)3Ru(III)3(C5H3NO2)3}2]. Hydrogen atoms and arene ligand side-chains were omitted
for clarity in Figure a. Colour codes: light blue (Ru), red (O), dark blue (N), green (B), yellow (Na),
pink (F) grey (C), white (H). Figures reproduced with permission from [32]. Copyright 2002 Royal
Society of Chemistry

(C5H3NO2)3}2] was characterised using a combination of NMR studies (19F, 13C,
1H) and single-crystal X-ray diffraction.

The Severin group then went on to fine tune structural aspects of their trin-
uclear [M(III)3] (M = Ru, Rh, Ir) 12-MCM(III)-3 host complexes. More specifi-
cally and in order to improve solubility of the target metallacrowns, a piperidino
group was attached to the original trimetallic metallacrown forming ligand (3-
hydroxy-2-pyridone) to give the new ligand 3-hydoxy-4-piperidino-methyl-2-(1H)-
pyridone (LH2) (Fig. 11a). Indeed, it was subsequently shown that reaction of
LH2 with [(arene)M(III)Cl2]2 (where arene = C6H6, p-MeC6H4

iPr, C6H5CO2Et and
Cp*) under neutral pH conditions (phosphate buffer employed) produced the novel
complexes [(C6H6)3Ru(III)3(L)3] (Fig. 11b), [(p-MeC6H4

iPr)3Ru(III)3(L)3], [(C6H5

CO2Et)3Ru(III)3(L)3] and [(Cp*)3Ir(III)(L)3] in >95% yields [33]. As expected, the
introduction of the piperidino group did not impinge on the formation of the target
metallamacrocyclic structures (under neutral conditions) and was found to be signif-
icant in promoting selective Li+ complexation in water under the same conditions
with respect to siblings [(C6H6)3Ru(III)3(L)3], [(p-MeC6H4

iPr)3Ru(III)3(L)3] and
[(C6H5CO2Et)3Ru(III)3(L)3] (no alkali metal ion complexation was observed for
[(Cp*)3Ir(III)(L)3]). Although all three complexes showed admirable affinities for
Li+ ions, most impressive was the performance of [(p-MeC6H4

iPr)3Ru(III)3(L)3]
when it was shown (through 1H NMR studies) to have a Li+ binding constant 3
orders of magnitude higher than classic crown ethers (K = 2.3 × 103 M−1) and
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Fig. 11 a Schematic description of the general synthetic route employed to form the target 12-
MCM(III)-3 (M = Ru, Ir) metallacrown host receptors. b Crystal structure of the metallacrown
[(p-MeC6H4iPr)3Ru(III)3(L)3] (where LH2 = 3-hydoxy-4-piperidino-methyl-2-(1H)-pyridone).
Colour code light blue (Ru), red (O), dark blue (N) and grey (C). All hydrogen atoms have been
omitted for clarity. Figures reproduced with permission from (2003) [33]. Copyright 2003 American
Chemical Society

an extremely competitive Li+/Na+ selectivity of 10,000:1, making this complex one
of the most selective Li+ ionophores around. The authors proposed that substrate
binding was enhanced via the two-electron donating alkyl side-chains belonging
to the arene ligands in [(p-MeC6H4

iPr)3Ru(III)3(L)3]. Indeed, subsequent computa-
tional studies carried out on the 12-MCRu(III)-3 complex [(C6H6)3Ru(III)3(C5H3NO2

)3] and the original 12-crown-3 (crown ether) found that the O-donor atoms of the 12-
MC-3 complex were in possession of a higher negative charge than their crown ether
counterparts, thus supporting their proficient cation (Li+ and Na+) binding ability.
Moreover, analysis of the complex [(cymene)3Ru(III)3(C5H2ClNO2)3] (where C5H2

ClNO2 = 5-chloro-2,3-dihydroxypyridine) showed that the introduction of a chloro
electron withdrawing group effectively reduced Li+ and Na+ affinity by approxi-
mately 2-orders of magnitude [34]. Interestingly, none of the receptors was able to
bind K+ or Cs+, thus highlighting the how their receptor site cavities are ideal in
terms of size and shape for Li+ and to a lesser extent, Na+ ions.

3.3 Selective Li+ Ion Detection in Water and Serum

Following on from these successes, it was decided that the incorporation of fluorescent
dihydroxypyridine ligands within such trimetallic 12-MCM(III)-3 hosts would allow
an alternative physical ‘handle’ towards producing a fluorescent Li+ chemosensor.
To this end, Rochat and co-workers, using extensive synthetic efforts (6 steps
in total), successfully integrated pyrene, dansyl and methoxycoumarin functional
groups within the 3-hydroxy-2-pyridone framework and synthesised the target
host metallacrowns [(cymene)3Ru(III)3(pyrene-C5H3NO2)3], [C6H5CH2NMe2H)3
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Ru(III)3(dansyl-C5H3NO2)3] and [(C6H5CH2NMe2H)3Ru(III)3(methoxycoumarin-
C5H3NO2)3] (Fig. 12a, b) [35]. The first complex showed strong indicators for
Li+ binding, however its poor solubility in polar solvents hampered its progress.
Indeed, these findings catalysed the introduction of the arene tertiary amine groups (to
improve solubility) and the dansyl- and methoxycoumarin-dihydroxypyridine groups
(to reduce lipophilicity). The subsequent results made for pleasant reading when
1H NMR studies on aqueous solutions of [(C6H5CH2NMe2H)3Ru(III)3(dansyl-C5

H3NO2)3] and [(C6H5CH2NMe2H)3Ru(III)3(methoxycoumarin-C5H3NO2)3] in the
presence of various concentrations of LiCl both indicated strong Li+ affinities, while
further studies provided association constants (Ka) of 5.0 ± (0.5) 103 and 8.3 ± (0.3)
102 M−1, respectively. Importantly in biological terms, similar studies using NaCl
solutions gave rise to a Ka value of 6 ± (3) 10–1 M−1, thus pointing to a significant
Li+ selectivity over Na+ (3 orders of magnitude).

Fluorescence studies on [(C6H5CH2NMe2H)3Ru(III)3(dansyl-C5H3NO2)3]
showed significantly quenching when compared to the free dansyl-hydroxypyridine

Fig. 12 a General synthetic routes to the fluorescent dansyl- and methoxycoumarin-
dihydroxypyridine ligands. b Schematic representation of the Li+ binding within the 12-MCRu(III)
-3 host metallacrown. c Relative fluorescence studies for solutions of [C6H5CH2NMe2H)3Ru(III)3
(methoxycoumarin-C5H3NO2)3] with various amounts of LiCl (� and ▲) and NaCl (●). Data
shown as � and ● were obtained in water (100 mM phosphate buffer, pH 8.0). The data represented
by the ▲ symbols were obtained in serum (proteins removed prior to analysis). Figures reproduced
with permission from [35]. Copyright 2009 Royal Society of Chemistry
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ligand as expected upon Ru(III) complexation. Despite this, the observed signal
(centred on 547 nm; λex = 360 nm) increased in intensity upon Li+ addition.
However, due to its limited solubility in water, it was decided that the more water
soluble [C6H5CH2NMe2H)3Ru(III)3(methoxycoumarin-C5H3NO2)3] complex
would be carried forward for more detailed fluorescence measurements. Indeed,
an increase in the fluorescence signal (centred on 480 nm; λex = 382 nm) was
observed upon LiCl addition and kinetic data was fitted using a 1:1 binding model
using the WinEQNMR fitting program, giving a Ka value (7.4 ± (0.6) 102 M−1) in
good agreement with NMR studies (Fig. 12c) [36]. As previously mentioned, the
striking selectivity for Li+ over Na+ ions allowed the possibility of employing [(C6

H5CH2NMe2H)3Ru(III)3(methoxycoumarin-C5H3NO2)3] as a Li+ ion chemosensor
in biological samples. Indeed, this turned out to be the case when fluorescence
studies in serum (once large proteins were removed to avoid signal masking) showed
concentration dependent increases in fluorescence in the biologically relevant
(0–3 mM) concentration range. Subsequent fitting of the data gave an extremely
competitive association constant (Ka) of 8.3 ± (0.6) 102 M−1.

Due to the difficult and time-consuming efforts required to produce the aforemen-
tioned 12-MCRu(III)-3 Li+ fluorometric chemosensors, Gao and co-workers decided
to investigate the non-covalent incorporation of fluorescent moieties in order to
side-step such synthetic hurdles. Here the 12-MCRu(III)-3 metallacrown [(cymene)3

Ru(III)3(L)3] (where LH2 = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid)
was successfully employed as a ditopic receptor in conjunction with both a Li+ ion
and a fluorescent dye (8-hydroxy-1,3,6-pyrenetrisulfonate; HPTS) (Fig. 13a, b). It
was predicted that any communication between the two guests would modulate fluo-
rescence properties. Remarkably, this was proven to be the case when addition of Li+

ions to an aqueous solution comprising the host 12-MCRu(III)-3 metallacrown: HPTS
adduct (bound at the arene ligands) resulted in a change in fluorescence. Fitting of
these data using a 1:1 binding model gave a Ka value of 2.3 ± (0.2) × 103 M−1,
a value commensurate with the aqueous Li+ binding event with [(cymene)3Ru(III)3

(L)3] (LH2 = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) alone (Fig. 13c).
Similar fluorescence enhancement effects were obtained using mixtures of depro-
teinized serum and buffered water (3:1) in the biologically relevant 0.5–1.5 nM
concentration range (Ka = 1.2 ± (0.1) × 103 M−1) [37].

Recent (2018) studies by Katsuka and co-workers on the structurally related 12-
MCRu(III)-3 complex [(3,5-dimethylanisole)3Ru(III)3(2,3-pyridinediolate)3] devised
an efficient Extraction-Spectrophotometric methodology for Li+ quantification in
saline water [38]. It was found that sub-ppm Li+ extraction was enhanced through
the use of the picrate anion (other anions were also investigated) and actioned through
the complexation of the ion-pair, thus forming the [(Li-pic) ⊂ (3,5-dimethylanisole)3

Ru(III)3(2,3-pyridinediolate)3] complex.
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Fig. 13 a ChemDraw schematic of the Li+ bound adduct of [(cymene)3Ru(III)3(L)3] (where
LH2 = 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) (Complex 1). b Crystal structure of
[(cymene)3Ru(III)3(L)3]. c Plot of fluorescence emission (at 510 nm) versus [12-MCRu(III)-3] addi-
tion (0–1000 μM) on a 50 μM solution of HPTS (λex = 462 nm). The solid line is the best-fit using
a 1:1 binding model. Figures reproduced with permission from [37]. Copyright 2010 John Wiley
and Sons
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3.4 The Role of a 16-Membered Metallacrown
in the Interconversion of Two Nanocages

In 2012, Kilbas and co-workers employed the 16-membered metallacrown
[(cymene)2Ru(III)2(L1)2(MeCN)2] (L1H2 = 3,4-dimethoxyfuran-2,5-dicarboxylic
acid) in conjunction with the N-donor ligand tetra(4-pyridylphenyl)ethylene (L2)
towards the self-assembly of two coordination cages in the form of the octanuclear
[(cymene)8Ru(III)8(L1)8(L2)2]·23CHCl3 and the tetranuclear [(cymene)4Ru(III)4(L1

)4(L2)]·4CH2Cl2 complexes (Fig. 14). Furthermore, it was found that these complexes
were interconvertible through solvent-induced rearrangements using two closely
related solvents (CHCl3 and CH2Cl2) to give the octanuclear and tetranuclear species,
respectively. It was proposed that these observations were due to the incorporation of
the {(cymene)2Ru(III)2(L1)2} metallacrown building blocks (10.14a), whose ability
to provide solvent specific binding sites allowed such nanostructure interconversion
[39].

Fig. 14 a Schematic describing the synthesis of the 16-membered macrocycle [(cymene)2Ru(III)2
(L1)2(sol)2] (sol = H2O/MeCN; LH2 = 3,4-dimethoxyfuran-2,5-dicarboxylic acid) along with
its resultant crystal structure (b). Crystal structures of the interconvertible nanocages [(cymene)4
Ru(III)4(L1)4(L2)].4CH2Cl2 (c) and [(cymene)8Ru(III)8(L1)8(L2)2].23CHCl3 (d). Colour codes:
light blue (Ru), red (O), grey (C), green (Cl). Figures reproduced with permission from [39].
Copyright 2012 Royal Society of Chemistry
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4 Controlling the First Coordination Sphere Towards
Selective Binding and Topology Control

The ability to control the first coordination sphere of any molecule opens up endless
possibilities in terms of the design and construction of more complex hierarchies
whose physical properties may be inherited from their building blocks towards
targeted physical behaviour. We present here examples of how such endeavours
can be implemented with respect to metallacrown units towards (for example)
the self-assembly of 1- and 2-D extended networks or their employment as anion
scavengers.

4.1 Hexametallic 18-MCCu(II)-6 Pertechnetate
and Perrhenate Scavengers

In 2016, Vázquez-López and co-workers demonstrated the versatile anion binding
ability of an aza-[18-MCCu(II)-N(2ph)-6] framework. More specifically, it was found
that reaction of a number of Cu(II) salts in the presence of 2-piconyl hydrazine (2phH)
and a suitable solvent gave rise to the corresponding solid-state host–guest complexes
of general formula [Cu(II)6(2ph)6(sol)x(anion)y](6−y)+ (sol = H2O, DMF; anion =
ClO4

−, BF4
−, NO3

−, SiF6
2− and SO4

2−) (Fig. 15) [40]. The metal centres within the
[Cu(II)6(2ph)6]6+ structure are connected through the η1:η1:η1:η1 μ-bridging 2ph−
ligands and results in repeating –[Cu–N–N]n– units within the ring-like topology that
is ideal for the incorporation of guest species through a combination of direct metal
coordination and H-bonding interactions. These findings encouraged investigations

Fig. 15 General schematic of the hexametallic [18-MCCu(II)-N(2ph)-6] azametallacrowns first
published by Rodríguez-Hermida and co-workers. The additional ligands (solvents and anions)
have been omitted from the central figure for clarity. Figure reproduced with permission from [40].
Copyright 2016 John Wiley and Sons
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into the anion trapping of the pertechnetate (TcO4
−) and perrhenate (ReO4

−) species.
Indeed, strong evidence of their successful adsorption was obtained after aqueous 24 h
mixing of [Cu(II)6(2ph)6](BF4)6 or [Cu(II)6(2ph)6](NO3)6·5H2O when the resultant
precipitates were isolated and assessed using IR, EDS (energy-dispersive X-ray) and
pXRD (for ReO4

−) or 99Tc NMR (for TcO4
−). Although similar studies using MnO4

− and CrO4
− showed no evidence of trapping behaviour, the ability to successfully

immobilise the environmentally sensitive species ReO4
− and TcO4

− promoted these
hexametallic complexes as potentially viable functional materials.

4.2 Pentanuclear 12-MCCu(II)-4 Metallacrowns as Building
Blocks Towards 1- and 2-D Extended Networks

In 2013, McDonald and co-workers synthesised the pentanuclear 12-
MCCu(II)-4 metallacrowns [Cu(II)5(L1)4(MeOH)4](ClO4)2 (Fig. 16a) and
[Cu(II)5(L2)4(MeOH)4](ClO4)2·H2O using the hydroxamate ligands 2-
(dimethylamino)phenylhydroxamic acid (L1H2) and 2-(amino)phenylhydroxamic
acid (L2H2) [41]. Both complexes exhibited a planar body-centred square array of
Cu(II) centres comprising a combination of distorted square planar and distorted
square-based pyramidal geometries, depending on the number of terminal MeOH
ligands bound to the metallacrown. The singly deprotonated L1

− and L2
− hydrox-

amates were found to connect the outer Cu(II) centres to one another through the
η1:η1:η2:η1 μ3-bonding motif while their Ooxime donor atoms stabilised the central
metal site. Upon close inspection of these structures, it soon became clear that there
were opportunities to take advantage of the coordinative flexibility and/or vacant
coordination sites of the Cu(II) ions along with the potential for substitution of
the terminally bound methanol ligands. This was indeed the case when through
introduction of pyridine (1 cm3; 12.4 mmol) to the synthon gave rise to the analogous
complex [Cu(II)5(L1)4(py)2](ClO4)2·py (Fig. 16b), while the addition of excess
pyridine (5 cm3; 62.0 mmol) produced the 12-MCCu(II)-4 metallacrown [Cu(II)5

(L1)4(py)6](ClO4)2 (Fig. 16c). The successful conservation of the {Cu(II)5(L1)4

}2+ 12-MCCu(II)-4 core upon addition of pyridine to give products [Cu(II)5(L1)4

(py)2](ClO4)2·py and [Cu(II)5(L1)4(py)6](ClO4)2 was by no means a formality
as exampled by Lisowski and co-workers, when they found that the addition of
pyridine to the 12-MCCu(II)-4 complex [Cu(II)5(picha)4](NO3)2 (where picha =
2-picolinehydroxamic acid) resulted in a change in topology in the form of the linear
trinuclear complex [Cu(II)3(picha)2(py)5(NO3)2] [42].

ESI–MS and UV–vis studies on each of these discrete 12-MCCu(II)-4 metal-
lacrowns demonstrated solution stability with respect to their {Cu(II)5(L1-2)4}2+

cores (Fig. 17a). Taking advantage of this solution stability and building upon
the initial success in manipulating the primary coordination spheres of the Cu(II)
centres, McDonald and co-workers correctly predicted that the self-assembly of
larger extended architecture comprising pentametallic 12-MCCu(II)-4 nodes could
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Fig. 16 Crystal structures of the 12-MCCu(II)-4 metallacrowns [Cu(II)5(L1)4(MeOH)4](ClO4)2
(a), [Cu(II)5(L1)4(py)2](ClO4)2

.py (b) and [Cu(II)5(L1)4(py)6](ClO4)2 (c). d Crystal structure of
a single {Cu(II)5} node within the extended network {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n
. e Structure of three {Cu(II)5} nodes linked into 1-D arrays by 4,4′-bipyridine linkers. The *
symbol shows the points at which the 1-D rows are connected (via 4,4′-bipy ligands) to form the
2-D sheets in {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n. Hydrogen atoms, counter anions and
solvent molecules have been omitted for clarity. f Top-view and perpendicular g views of a single
2-D sheet of {Cu(II)5} nodes connected into an [4,4] grid array in {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4
)2·(H2O)}n. H-atoms, counter anions and solvent molecules have been omitted for clarity. Colour
code: green (Cu), red (O) dark blue (N) and grey (C). Figures reproduced with permission from
[41]. Copyright 2013 Royal Society of Chemistry

be achieved through the simple addition of suitable linear connector ligands. This
was soon realised when the introduction of the ditopic ligands 4,4′-bipyridine
(4,4′-bipy) and 4,4′-azopyridine (4,4′-azp) to the synthon employed to form the
discrete complex [Cu(II)5(L1)4(MeOH)4](ClO4)2 formed the 2-D extended network
{[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n and the 1-D coordination polymer
{[Cu(II)5(L1)4(4,4′-azp)2(MeOH)2](ClO4)2}n. Likewise, the reaction of pyrazine
(pz) in conjunction with [Cu(II)5(L2)4(MeOH)4](ClO4)2·H2O gave rise to the 1-
D chain {[Cu(II)5(L2)4(pz)2(MeOH)3](ClO4)2·MeOH}n. The extended architec-
ture observed in {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n comprises chains of
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Fig. 17 a TOF–MS-ES+ spectrum of {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n using a H2O–
MeCN solvent matrix. The peaks at m/z = 514.46 and 1129.87 correspond to the {Cu(II)5(L1)4
}2+ and [{Cu(II)5(L1)4} + {ClO4}]+ species, respectively. b Magnetic susceptibility (χMT) data
obtained for complexes [Cu(II)5(L1)4(MeOH)4](ClO4)2 (�), {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2
·(H2O)}n (◯) and {[Cu(II)5(L2)4(pz)2(MeOH)3](ClO4)2·MeOH}n (�). The solid lines represent
the best-fits for the data using the spin-Hamiltonian in Eq. 1 and the model given inset. Figures
reproduced with permission from [41]. Copyright 2013 Royal Society of Chemistry
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{Cu(II)5} units each connected by two axially bound ditopic 4,4′-bipyridine ligands.
A third dipyridyl ligand then connects these individual chains to form covalent 2-D
sheets of [4,4] grid topology (Fig. 16g). The ClO4

− counter anions act as molecular
mortar by connecting the disparate 2-D sheets and are locked in position through
extensive hydrogen bonding. Replacing 4,4′-bipyridine with 4,4′-azopyridine (4,4′-
azp) allowed the self-assembly of the 1-D coordination polymer {[Cu(II)5(L1)4(4,4′-
azp)2(MeOH)2](ClO4)2}n. The connectivity change (1-D vs. 2-D) was assigned to
the trans conformations of the –N = N– 4,4′-azopyridine bridges that leads to the
observed zig-zag chain topology. The step-like 1-D chain in {[Cu(II)5(L2)4(pz)2

(MeOH)3](ClO4)2·MeOH}n demonstrated that shorter pyrazine connector ligands
would produce the expected extended topology while bringing the individual {Cu(II)5

} metallacrowns closer together in the process. Interestingly, however this was only
achieved using the 2-(amino)phenylhydroxamic acid (L2H2) as no discernible prod-
ucts were obtained via the 2-(dimethylamino)phenylhydroxamic acid (L1H2). This
observation was attributed to sterics effects; where the less bulky –NH2 fragments
in L2H2 (cf. -NMe2 groups in L1H2) allowed the individual {Cu(II)5} units to come
close enough together to form the coordination polymer.

Variable temperature magnetic susceptibility studies (χMT vs. T) on
the discrete metallacrown [Cu(II)5(L1)4(MeOH)4](ClO4)2 and the extended
networks {[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n and {[Cu(II)5(L2)4(pz)2

(MeOH)3](ClO4)2·MeOH}n were indicative of strong intramolecular antiferromag-
netic exchange between the Cu(II) ions and S = ½ ground spin states in all three mate-
rials. All three crystal structures highlighted two separate magnetic exchange path-
ways between the constituent Cu(II) centres. The first (J1) represented the Cu(II)outer

–Cu(II)outer pathway (comprising one Cu(II)–N–O–Cu(II) bridge with angles ranging
from 160.46° to 177.04°), while the second (J2) characterised the exchange between
the Cu(II)outer–Cu(II)inner ions representing both the Cu(II)–N–O–Cu(II) pathways
(angles ranging from 21.25° to 48.16°) and one Cu(II)–Ooxime–Cu(II) bridge (angles
ranging from 113.47° to 121.56°). Using the model given in Fig. 17b and the
isotropic spin-Hamiltonian given in Eq. 1, the best-fit parameters obtained for the
three complexes are given in Table 1. Fitting the magnetic data of the 1-D coor-
dination polymer {[Cu(II)5(L2)4(pz)2(MeOH)3](ClO4)2·MeOH}n required a Curie–
Weiss parameter (θ ) to account for the intermolecular exchange propagated via the
axial pyrazine connector ligands.

Ĥ = − 2J1(Ŝ1 · Ŝ2 + Ŝ2 · Ŝ3 + Ŝ3 · Ŝ4 + Ŝ4 · Ŝ1)

− 2J2(Ŝ1 · Ŝ5 + Ŝ2 · Ŝ5 + Ŝ3 · Ŝ5 + Ŝ4 · Ŝ5)

+
∑

i=1=5

{
μB BgŜi

}
(1)

where: Ŝ = spin operator, J = pairwise isotropic magnetic exchange between consti-
tutive metal centres; μB = Bohr magneton; ~B the external static magnetic field; g
= isotropic g-factor of the metal ions; i and j = indices referring to the constituent
metal ions (n = 5).
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Table 1 Magnetic exchange parameters obtained from a family of [Cu5] 12-MCCu(II)-4 metal-
lacrown complexes [41]

Complex J1 (cm−1) J2 (cm−1) Curie–Weiss
constant (θ, K)

[Cu(II)5(L1)4(MeOH)4](ClO4)2 −139.77 −295.31 –

{[Cu(II)5(L1)4(4,4′-bipy)3](ClO4)2·(H2O)}n −48.81 −85.68 –

{[Cu(II)5(L2)4(pz)2(MeOH)3](ClO4)2·MeOH}n −86.04 −145.15 −0.23

Note g-value fixed at 2.15

Building upon this work, 2019 saw the Jones group investigate the coordination
chemistry of novel functionalised mono- and ditopic hydroxamic acids. One such
target ligand was (N-hydroxy-2-((2-hydroxy-3-methoxybenzyl)amino)benzamide
(LH3) and was successfully synthesised via the one-pot Schiff base coupling and
selective imine reduction of 2-amino-phenylhydroxamic acid and ortho-vanillin
using the reducing agent sodium triacetoxyborohydride [43]. Surprisingly and despite
the elaborate nature of this ligand, its Cu(II) ligation gave rise to the 12-MCCu(II)-
4 metallacrown [Cu(II)5(LH)4(MeOH)2(NO3)2]·3H2O·4MeOH (Fig. 18a–d) [44].
Here the pentametallic core was constructed by four doubly deprotonated LH2−
ligands, each exhibiting the η1:η2:η1:η1:η1 μ3-bridging mode (Fig. 18d). The planar
{Cu(II)5(LH)4}2+ core was formed via Cu(II) binding at the near planar hydroxamate
groups of each LH2− ligand, as observed in previous 12-MCCu(II)-4 metallacrowns.
However, unlike other analogues, it was noted that the deliberate addition of the
phenolic group provided each ligand with a natural angular topology and allowed
these phenolic groups to twist away from the {Cu(II)5(LH)4}2+ plane. The result of
which was a final topology whereby each phenolic unit was positioned in an alter-
nating up-down-up-down arrangement with respect to the 12-MCCu(II)-4 inorganic
core. Furthermore, these phenolic groups were therefore able to provide long contacts
with the four outer Cu(II) ions. It was also noted that two-terminal MeOH ligands
effectively sat in a pocket provided by the LH2− phenolic groups (Fig. 18c).

Magnetic susceptibility measurements on [Cu(II)5(LH)4(MeOH)2(NO3)2]·3H2O·
4MeOH produced a room temperature χMT product of 1.49 cm3 mol−1 K and was
indicative of the early onset of intramolecular antiferromagnetic exchange between
the Cu(II) metal centres (Fig. 18f). This was supported by a continued decrease in
magnetic susceptibility upon cooling. Simultaneous fitting of the magnetic suscep-
tibility and magnetisation data was carried out using the PHI program, the isotropic
spin-Hamiltonian in Eq. 2 and the model given in Fig. 18e [45]:

Ĥ = −2
n∑

i, j>i

Ŝi Ji j Ŝ j + μB

n∑

i=1

�Bgi Ŝi (2)

where Ŝ = spin operator and J = pairwise isotropic magnetic exchange between
constitutive metal centres. The best-fit parameters obtained were J1 = −115.33 cm−1
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Fig. 18 a The inorganic core in [Cu(II)5(LH)4(MeOH)2](NO3)2·3H2O·4MeOH (a) accompanied
by its crystal structure as viewed perpendicular (b) and parallel (c) to the {Cu(II)5} plane. All
terminal methanol ligands were removed for clarity (apart from in Fig. c). d The bonding motif
employed by the LH2− ligands (dark line) shows the elongated Cu–O interaction at a distance of
2.502 Å (Cu2–O3). e The magnetic exchange coupling model employed to fit the data in [Cu(II)5]. f
χMT versus T plots obtained from polycrystalline samples of [Cu(II)5] (�) along with the complexes
[Fe(III)2(2-aphH)4Cl2]·2MeCN (▲) and [Co(III)Co(II)6(2-aphH)8(2-aph)2(MeOH)4(NO3)2]NO3
·3.5H2O·14MeOH (●) (2-aphH2 = 2-(acetoxy)phenylhydroxamic acid). Measurements taken in the
T = 300–2 K temperature range and in an applied field (B) of 0.1 T for [Fe(III)2] and [Co(III)Co(II)6
], and 0.5 T for [Cu(II)5]. g Magnetisation (M/μB) vs. B (T) data obtained from a polycrystalline
sample of [Cu(II)5] measured in the 2–7 K temperature range and 0–7 T magnetic field range.
Figures reproduced with permission from [44]. Copyright 2019 Royal Society of Chemistry

and J2 = − 83.03 cm−1 and gCu(II) = 2.14. The J-values obtained were commensurate
with those observed in other similarly bridged Cu(II) complexes [41, 46] and gave
rise to an isolated S = 1/2 ground spin state.
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4.2.1 Just Add Water: Deviations from 12-MC-4 Metallacrown
Formation

Investigations by McDonald and co-workers on the Ni(II) coordination chemistry of
2-(dimethylamino)phenylhydroxamic acid (L1H2) led to the synthesis of the [Ni(II)5

] 12-MCNi(II)-4 metallacrowns [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and [Ni(II)5

(L1)4(py)5](ClO4)2·H2O, whose planar {Ni(II)5(L1)4}2+ cores were akin to their
Cu(II) analogues as described in Sect. 6.3.2 (Fig. 19a–d). Although both complexes
comprise the metallacrown core, structural differences between these siblings were
observed in terms of the metal coordination spheres. More specifically, the Ni(II)
ions in [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH possess a combination of diamag-
netic distorted square planar geometries and paramagnetic square-based pyramidal
and octahedral arrangements. Likewise, the addition of pyridine at the axial Ni(II)
sites in the structure of [Ni(II)5(L1)4(py)5](ClO4)2·H2O effectively converted the
majority of the square planar Ni(II) ions to square-based pyramidal and octahedral
geometries, thus effectively introducing more paramagnetic centres and activating
additional magnetic superexchange pathways within the metallacrown [47].

In order to ascertain the magnetic nature of the square planar and square-based
pyramidal Ni(II) ions within [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and [Ni(II)5

(L1)4(py)5](ClO4)2·H2O, DFT calculations were employed using a varying combi-
nation of spin states (s = 0 vs. s = 1) to confirm their electronic structures. As illus-
trated in Fig. 20a, the outcome from these studies confirmed that three Ni(II) centres
within [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and four metal sites in [Ni(II)5(L1

)4(py)5](ClO4)2·H2O were paramagnetic in nature and from this a suitable model
for the fitting of the magnetic data was produced. From these foundations, vari-
able temperature magnetic susceptibility measurements were then performed on
powdered microcrystalline samples of [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and
[Ni(II)5(L1)4(py)5](ClO4)2·H2O and produced room temperature χMT values of 3.55
cm3 mol−1 K and 3.43 cm3 mol−1 K, respectively. These values were lower than
expected for three (3.63 cm3 mol−1 K) and four (4.84 cm3 mol−1 K) non-interacting,
paramagnetic Ni(II) centres (g = 2.2) and suggested antiferromagnetic exchange.
These thoughts were supported by the steady decrease in their χMT products upon
declining temperatures and indicative of dominant intermolecular antiferromagnetic
exchange in both complexes. The steeper χMT versus T curve in [Ni(II)5(L1)4

(py)5](ClO4)2·H2O suggests stronger antiferromagnetic exchange between the Ni(II)
centres compared to those in [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH (showing a
more shallow χMT versus T curve). The models given in Fig. 20b were employed to
fit the magnetic properties of both pentametallic complexes. The isotropic magnetic
exchange parameter (J1) was employed to represent the interactions between the
central Ni(II) ion and the surrounding paramagnetic metal centres and more specif-
ically associated with 1 × Ni(II)–O–Ni(II) and 1 × Ni(II)–O–N–Ni(II) interaction.
The second (J2) characterised the exchange around the outer ring of the 12-MCNi(II)-4
metallacrown, between the peripheral Ni(II) metal centres connected through Ni(II)–
O–N–Ni(II) interactions. The best-fit parameters obtained were J1 = −3.51 cm−1

(in [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH) and J1 = −16.87 cm−1 and J2 = −
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Fig. 19 Crystal structures of [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and [Ni(II)5(L1)4(py)5
](ClO4)2·H2O as viewed perpendicular (a, b) and parallel (c, d) to their pentametallic 12-
MCNi(II)-4 metallacrown cores, respectively. Polyhedral representations of the crystal structures
of [Ni(II)7(L1H)8(L1)2(H2O)6]SO4·15H2O (e) and [Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2O)2](ClO4
)2

.2MeOH·18H2O (f). Hydrogen atoms have been omitted for clarity. Colour code: light blue (Ni),
red (O), dark blue (N), grey (C). Figures reproduced with permission from (2014) [47]. Copyright
2014 Royal Society of Chemistry
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Fig. 20 a All possible total spin (s) configurations of the individual Ni(II) metal ions in the 12-
MCNi(II)-4 metallacrowns [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH and [Ni(II)5(L1)4(py)5](ClO4
)2·H2O (right), with their respective energies (kJ mol−1). b Schematics describing the models used
to fit the experimental data for [Ni(II)5(L1)4(MeOH)4](ClO4)2·2MeOH (left) and [Ni(II)5(L1)4
(py)5](ClO4)2·H2O. c χMT versus T plots obtained for complexes [Ni(II)5(L1)4(MeOH)4](ClO4)2
·2MeOH (�), [Ni(II)5(L1)4(py)5](ClO4)2·H2O (◯), [Ni(II)7(L1H)8(L1)2(H2O)6]SO4·15H2O (♦)
and [Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2O)2](ClO4)2·2MeOH·18H2O (�). The solid lines represent
best-fits of the experimental data. Figures reproduced with permission from [47]. Copyright 2014
Royal Society of Chemistry

7.83 cm−1 (in [Ni(II)5(L1)4(py)5](ClO4)2·H2O), with S = 1 and S = 2 ground spin
states, respectively (Fig. 20c).

Interestingly, the introduction of water to the reaction of Ni(II)SO4·6H2O, L1H
and NaOH in methanol resulted in a change in topology and an increase in nucle-
arity in the form of the heptametallic complex [Ni(II)7(L1H)8(L1)2(H2O)6]SO4·15H2

O(Fig.19e).Likewise, thenonametalliccomplexes[Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2

O)2]SO4·29H2O and [Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2O)2](ClO4)2·2MeOH·18H2O
(L2H2 = 2-(amino)phenylhydroxamic acid; Fig. 19f) were produced in the same
vein, using Ni(II)SO4.6H2O and Ni(II)(ClO4)2.6H2O precursors, respectively. Both
complexes were found to comprise μ-bridging H2O ligands along with singly (L2H−)
and doubly (L2

2−) deprotonated hydroxamate ligands and thus clearly defined the role
water played in their synthon. Indeed, this simple synthetic tweak could allow the
synthetic chemist to navigate around the formation of the common and often stable
metallacrown cores.

Magnetic susceptibility studies on [Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2O)2](ClO4)2·
2MeOH·18H2O were indicative of dominant antiferromagnetic exchange (Fig. 20c),
while the data obtained from the heptanuclear complex [Ni(II)7(L1H)8(L1)2(H2O)6

]SO4·15H2O suggested a combination of ferro- and antiferromagnetic coupling
between the Ni(II) centres. The structural complexity of both complexes prevented
detailed analysis of their susceptibility data due to the sheer number of different
intramolecular magnetic interactions observed within both moieties. Therefore, the
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magnitude of the exchange was instead estimated by using simpler models. For both
complexes, attempts were made to fit the susceptibility data with just one J value,
while assuming all Ni(II)· · · Ni(II) interactions were of similar magnitude. A suitable
fit was obtained for [Ni(II)9(μ-H2O)2(L2)6(L2H)4(H2O)2](ClO4)2·2MeOH·18H2O
using this approach, affording a J1 value of −5.27 cm−1 (g fixed at 2.2). However,
that was not the case for [Ni(II)7(L1H)8(L1)2(H2O)6]SO4·15H2O and so two J-values
were required. To this end, J1 described the Ni(II)–O–Ni(II) magnetic pathways while
the J2 parameter described the more elaborate Ni(II)–O–N–Ni(II) bridges. Applying
this model gave rise to the best-fit parameters J1 = +0.64 cm−1 and J2 = −8.94 cm−1

(g fixed to 2.2) (Fig. 20c).

4.3 Inverse Metallacrowns and Inverse Crown Ether
Complexes

Attention now turns to a family of complexes that are structurally related to metal-
lacrowns in the form of inverse metallacrowns and Inverse Crown Ether (ICE)
complexes. More specifically, inverse metallacrowns simply possess metal ions that
are oriented towards the centre of the molecule (a position favoured by O and N-donor
atoms in traditional metallacrowns). Inverse Crown Ether complexes, on the other
hand, possess the exact opposite arrangement to classic crown ethers with respect to
their Lewis acidic and Lewis basic sites (see Sect. 6.4.6).

4.4 Triple Decker Inverse 12-MCCu(I)-pz-4
Azametallacrowns

In 2017, Guo and co-workers developed the solvothermal synthesis (DMF/EtOH
(v/v—1:5); 160 °C) of a family of triple-decker complexes of general formula {(MX)2

[Cu(I)4(pz)4]3} (MX = NaCl, NaBr, NaI, KCl, KBr, KI and Hpz = 4-nitropyrazole)
[48]. Each complex comprises three [Cu(I)4(pz)4] inverse 12-MCCu(I)-pz-4 azametal-
lacrown units connected into the triple layered array via incorporated halide anions
(X = Cl, Br and I) and represent rare examples of metallacrown based multi-decker
architectures [46a, 49]. The {Cu(I)4(pz)4} inverse azametallacrown units comprise
four Cu(I) centres arranged into a square-motif through four singly deprotonated
μ-bridging pz− ligands (Fig. 21a) to forge the required –[Cu–N–N]n- linkages. The
halide anions sit in-between the inverse azametallacrown units and are held in posi-
tion through six weak Cu(I)· · · X interactions (e.g. Cu(I)· · · Cl distances in [(NaCl)2

[Cu(I)4(pz)4]3] lie in the 2.593(2)–2.920(3) Å range) and give rise to T-shaped three
coordinate geometries at the metal centres (Fig. 21b, c). The charge balancing M+

(M = Na, K) cations lie at the periphery of the structures.
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Fig. 21 a Crystal structure of the {Cu(I)4(pz)4} inverse azametallacrown core. Side-on view (b) and
top view (c) of the triple-decker structure comprising three azametallacrowns sandwiched by two
Cl− ions (green spheres). Colour codes: purple (Cu), red (O), light blue (N), Cl (green) and black
(C). d Solid-state PL spectra of {(KI)2[Cu(I)4(pz)4]3 (red line) and 4-nitropyrazole (Hpz; black
line). e Solution state PL studies of {(KI)2[Cu(I)4(pz)4]3 when introduced to different aqueous
concentrations of Ag+ (0.05 (top), 0.10, 0.15, 0.20, 0.25, 0.30, 0.35. 0.40, 0.45, 0.50, 0.55 and
0.60 mM (bottom)). Figures reproduced with permission from [48]. Copyright 2017 American
Chemical Society

After preliminary solid-state measurements were conducted (Fig. 21d), solution
state luminescence studies were carried out on [(KI)2[Cu(I)4(pz)4]3] in order to probe
any potential fluorescence sensing properties. It was found that emission intensities
decreased linearly upon increasing Ag+ addition (0 to 0.6 mM) with a limit-of-
detection (LOD) of 114 μM (Fig. 21e). Similar studies on analogues [(KCl)2[Cu(I)4

(pz)4]3] and [(KBr)2[Cu(I)4(pz)4]3] also showed promising Ag+ detection with LODs
of 65.6 and 74.4 μM, respectively. Using cyclic voltammetry studies, all three of these
complexes were also found to be excellent electrocatalysts for the reduction of nitrile.
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4.5 An Inverse 9-MCCu(II)-3 Metallacrown as Host
to an Anti-Inflammatory

Investigations into the Cu(II) coordination chemistry of the ligand phenyl 2-pyridyl
ketoxime (PhPyCNOH) by Tarushi and co-workers initially produced the complex
[Cu(II)3(μ3-O)(PhPyCNO)3(NO3)]2 (Fig. 22a) [50]. The inorganic core in this
hexametallic complex comprises two fused {Cu(II)3(μ3-O)(PhPyCNO)3(NO3)}
units where the singly deprotonated oxime ligands bridge the Cu(II) centres via
the η1:η1:η1 μ-bonding motif. Furthermore, a single μ3-O2− anion sits in the centre
of the moiety while also providing a longer contact to the second {Cu(II)3} unit (Cu–
O ~2.29 Å). A single NO3

− anion sits on one face of each triangular unit and satisfies
charge balancing requirements. The result in a topological sense is the formation of
an inverse 9-MCCu(II)-3 motif, where the metal centres of the repeating –[Cu–N–
O–]n– units are oriented towards the centre of the cavity. Indeed, this topology has
been observed in a large family of structurally related [Mn(III)3] [51] and [Mn(III)6

] [52] Single-Molecule-Magnets, themselves constructed using various function-
alised salicylaldoxime ligands. Interestingly and as predicted, the anti-inflammatory
sodium diclofenac (diclH) was readily incorporated into the 9-MCCu(II)-3 frame-
work in the form of the single-tiered complex [Cu(II)3(μ3-OH)(PhPyCNO)3(dicl)2

]·MeOH·0.5H2O (Fig. 22b). In this complex a μ3-OH− lies at the centre of the
{Cu(III)3} core and partakes in hydrogen bonding with the two singly bound diclofe-
nate ligands situated above and below the metallacrown unit. An intramolecular H-
bond is observed between the proton of the central μ3-OH− ion (H51O) and the
juxtaposed unbound carboxylate oxygen atom (O32) at a distance of 1.97 Å. Indeed
this same O atom along with its equivalent located on the other side of the {Cu(II)3}
core (O41) partake in intra-ligand H-bonding with nearby imino groups at a distances
of 2.19 Å (N31(H31N)· · · O32) and 2.33 Å (N41(H41N)· · · O41) (Fig. 22b).

Variable temperature magnetic susceptibility (χMT vs. T) studies on [Cu(II)(μ3

-OH)(PhPyCNO)3(dicl)2] MeOH·0.5H2O indicated significant intramolecular anti-
ferromagnetic exchange between the three Cu(II) centres. Attempts at fitting these
data using both a 1 × J-model (assuming an equilateral triangular {Cu(II)3} array)
and a 2 × J-model (assuming an isosceles triangular {Cu(II)3} motif) were deemed
unsatisfactory with emphasis on the lower temperature region (Fig. 22c, d). An
alternative model incorporating antisymmetric exchange terms was successfully
employed to fit the low temperature magnetic susceptibility and magnetisation data,
giving the following parameters: gxy = gz = 2.0 (fixed), G = 28(1) cm−1, δ = 32(1)
cm−1 (TIP = 120 × 10–6 emu mol−1) (Eq. 4). EPR studies confirmed the triangular
{Cu(II)3} motif was retained in solution and highlighted the presence of isosceles
(or lower) magnetic symmetry as well as confirming the presence of antisymmetric
exchange through the observed geff values of 1.17 and 1.78.

Ĥ = −2J12

(
Ŝ1 · Ŝ2

)
− 2J13

(
Ŝ1 · Ŝ3

)
− 2J23

(
Ŝ2 · Ŝ3

)
(3)
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Fig. 22 Crystal structures of the inverse 9-MCCu(II)-3 metallacrowns [Cu(II)3(μ3-O)(PhPyCNO)3
(NO3)]2 (a) and [Cu(II)(μ3-OH)(PhPyCNO)3(dicl)2]·MeOH·0.5H2O (b). Colour codes: light blue
(Cu), dark blue (N), red (O), green (Cl) and grey (C). Dashed lines represent intramolecular H-
bonding (N31(H31N)…O32 = 2.19 Å; N41(H41N)…O41 = 2.33 Å and O51(H51O)…O32 =
1.97 Å). c Main figure: Variable magnetic susceptibility (χMT) versus field studies on [Cu(II)(μ3
-OH)(PhPyCNO)3(dicl)2] MeOH·0.5H2O (•). The solid line represents the fitting results described
in the main text (Eq. 3). Upper-inset: Low temperature fitting (solid lines) of χMT versus T data at
500 G. The solid lines represent the line of best-fit using the spin-Hamiltonian in Eq. 4. Lower-inset:
Fitting (solid lines) of the low temperature χMT versus T data at various external magnetic fields
(1.0, 2.0, 3.0, 4.0 and 5.0 T). The solid line of fit obtained using the spin-Hamiltonian in Eq. 4. d
Magnetisation data for [Cu(II)(μ3-OH)(PhPyCNO)3(dicl)2] MeOH·0.5H2O (0–6.5 T field range)
at a temperature of 2 K. The dotted line represents the brillouin function for a ST = ½ system with g
= 2.00. The solid line represents the product of a modified magnetisation formula with incorporated
antisymmetric terms. Figures reproduced with permission from [50]. Copyright 2016 John Wiley
and Sons

Ĥ = − 2J0

(
Ŝ1 · Ŝ2 + Ŝ2 · Ŝ3

)
− 2J1

(
Ŝ1 · Ŝ3

)

+ G
([

Ŝ · Ŝ2

]
+

[
Ŝ2 · Ŝ3

]
+

[
Ŝ3 · Ŝ1

])
.

+ gz cos θ + (
gxy sin θ

)
β Ĥ

(
Ŝ1 + Ŝ2 + Ŝ3

)
. (4)
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where J0 and J1 = isotropic exchange interactions (due to symmetry lowering); G
= antisymmetric exchange vector parameter for a two-centre interaction (for more
extensive detail please refer to reference 50).

UV-spectroscopy, viscosity measurements, cyclic voltammetry and competi-
tive binding studies (with ethidium bromide (EB) intercalator) on [Cu(II)3(μ3-
O)(PhPyCNO)3(NO3)]2 and [Cu(II)3(μ3-OH)(PhPyCNO)3(dicl)2] MeOH·0.5H2O
in conjunction with CT (Calf Thymus) DNA were indicative of strong binding
through intercalation [50]. Both complexes also demonstrated binding with both
Bovine Serum Albumin (BSA) and Human Serum Albumin (HSA) with binding
constants of 1.22(±0.08) × 105 and 1.11(±0.07) × 105 M−1 ([Cu(II)3]2) and
2.16(±0.10) × 105 and 2.46(±0.15) × 105 ([Cu(II)3]), respectively. These values
were found to be commensurate with previously reported metal-NSAIDs (NSAID
= non-steroidal anti-inflammatory drug) complexes and strongly suggested that the
presence of the metallacrown topology did not significantly affect binding affinity
towards biomolecules.

4.6 Inverse Crown Ether Complexes and Their Solid-State
Hosting Abilities

This section focuses on the seminal work of Mulvey and co-workers centred on the
design and synthesis of a novel family of organometallic complexes that were coined
Inverse Crown Ether (ICE) complexes. These complexes were named as such due
to the reversal of the roles normally observed in crown ethers. More specifically,
inverse crown ether complexes each comprise s-block metal centres within their ring
structures and these motifs capture O, C or H containing anions at its core (Fig. 23), as
opposed to the reverse scenario within traditional crown ether complexation. Mulvey
and his team went on to show how other metals could be integrated into these ring
systems along with their remarkable ability to deprotonate a range of organic guest
substrates such as arenes and metallocenes (vida infra). We will begin with the
discovery that under the correct circumstances, inverse crown ether complexes are
effective oxygen scavengers.

Fig. 23 (Left) Generalised
structure of an Inverse
Crown Ether complex.
(Right) A schematic of the
[12]-crown-4 crown ether.
Figure reproduced with
permission from [55].
Copyright 1999 Royal
Society of Chemistry
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4.6.1 Oxide and Peroxide Accommodating Inverse Crown Ether
Complexes

In 1998, Kennedy and co-workers documented the elegantly deliberate introduction
of molecular oxygen within the inverse crown ether complexes [(O) ⊂ Li(I)2Mg(II)2

(tmp)4] (tmp = 2,2,6,6-tetramethylpiperidine) (Fig. 24a) and [(O2)x(O)y ⊂ Na(I)2

Mg(II)2(hmds)4] (x = 0.68 and y = 0.32; hmds = 1,1,1,3,3,3-hexamethyldisilazane)
[53]. In both cases a near planar 8-MC-4 inverse crown topology has been formed
by alternating Li(I)/Na(I) and Mg(II) metal centres connected through four amine
ligands. These cationic {Li(I)2Mg(II)2(tmp)4}2+ and {Na(I)2Mg(II)2(hmds)4}2+

cores achieve charge neutrality by accommodating the guest oxide/peroxides. This
work was rapidly followed by the synthesis of the analogue complex [(O2)x(O)y ⊂
Li(I)2Mg(II)2(hmds)4] (x = 0.715(7) and y = 0.285(7)), obtained from the dinuclear
[Li(I)Mg(II)(hmds)3] starting material [54]. The following year (1999), Kennedy and
co-workers expanded on this family of complexes by introducing K+ metal centres
within the inverse crown ether core in the form of the 8-MC-4 inverse crown coordina-
tion polymer [(O2) ⊂ K(I)2Mg(II)2(hmds)4]∞ [55]. The octagonal rings comprising
an alternating {K(I)-N-Mg(II)-N}2 topology connect through four singly deproto-
nated μ-bridging hmds− ligands and surrounds distorted square planar peroxide
guest molecules. The individual {(O2) ⊂ K(I)2Mg(II)2(hmds)} units are connected
into 1-D chains through intermolecular K· · · CH3(SiMe2) interactions.

In 2008, the Mulvey group further expanded on this family of inverse crown ether
complexes by successfully incorporating the first transition metal ions (in place of the
Mg(II) centres observed in previous analogues) into their inorganic core topology
in the form of [(O) ⊂ Li(I)2Mn(II)2(tmp)4] as shown in Fig. 24b [56]. Attempts
at synthesising the Na(I) analogue to this structure were fruitless until the ligand
tmp was replaced with 1,1,1,3,3,3-hexamethyldisilazane (hmds) to give the inverse
crown ether complex [(O) ⊂ Na(I)2Mn(II)2(hmds)4]. The analogous structures in
[(O) ⊂ Li(I)2Mn(II)2(tmp)4] and [(O) ⊂ Na(I)2Mn(II)2(hmds)4] exhibit the now
familiar near planar octagonal 8-MC-4 inverse crown ether topologies comprising
alternating M(I) (M = Li(I) and Na(I)) and Mn(II) ions whose metal centres are
connected by μ-bridging tmp− and hmds− ligands, respectively. In both cases the
eight membered rings surround a guest oxide (O2−) anion of distorted square planar
geometry to give M–O (M = Na(I) and Li(I)) bond distances of 1.9334(6) and
2.3262(6) Å, respectively and Mn(II)–O bond distances of 1.9368(3) and 1.9272(2)
Å, respectively.

4.6.2 Metal Anionic Crowns (MACs): Anionic Inverse Crown Ether
Complexes

These findings further piqued interest in such complexes and swiftly resulted
in the introduction of a new sub-class of ICE complex in the form of the
anionic Metal Anionic Crowns (MACs). More specifically, it was found that reac-
tion of n-Butylsodium, hmds and (−)-spartene gave rise to the rather surprising
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(but entirely reproducible) species [Na(I)2(hmds)((−)-sparteine)2][(OH) ⊂ Na(I)4

(hmds)4] (Fig. 24c) [57]. The [Na(I)2(hmds)((−)-sparteine)2]+ cation comprises
two {Na(I)((−)-spartene)}+ units connected through a single μ-bridging hmds−
moiety. Each Na(I) centre exhibits distorted trigonal planar geometries. The
charge balancing [(OH) ⊂ Na(I)4(hmds)4]− anion comprises a near perfectly
planar 8-MC-4 inverse crown ether topology giving rise to a Na(I)4N4 ring and
stabilised through μ-bridging hmds− ligands. Within this inorganic core lies a
disordered OH− guest anion, held in position through Na–O bonds with mean
distance of 2.336 Å. In a similar vein, 2011 saw Kennedy and co-workers
subsequently demonstrate through a variety of synthetic pathways the successful
encapsulation of both Cl− and Br− anions within the lithium lithiate MACs
[{2(R,R)-tmcda}Li(I)][Cl ⊂ Li(I)5(hmds)5], [Li(I)2(μ-Cl)(Me6-tren)2][Cl ⊂ Li(I)5

(hmds)5] and [{2(R,R)-tmcda}Li(I)][Br ⊂ Li(I)5(hmds)5] (hmds = 1,1,1,3,3,3-
hexamethyldisilazide; tmcda = N,N,N′,N′-(1R,2R)-tetramethylcyclohexane-1,2-
diamine; Me6-tren = tris[2-dimethylamino)ethyl]amine) [58]. As demonstrated in
Fig. 24d, each member exhibits a star shaped near planar {Li(I)5(μ-hmds)5} ring that
surround their five coordinate halide guests. Interestingly and presumably due to size
considerations, the bromine atom in [{2(R,R)-tmcda}Li(I)][Br ⊂ Li(I)5(hmds)5] was
found to sit 0.4 Å above the planar Metal Anionic Crown. Attempts at I− incorpora-
tion instead gave rise to the coordination polymer [{Li(I)2(μ-hmds)2}{Li(I)2(μ-I)2

(R,R)-tmcda}2]∞, whose {Li(I)2(μ-hmds)2} and {Li(I)2(μ-I)2(R,R)-tmcda} units are
connected through Li· · · I intermolecular interactions.

4.6.3 Site Selective Deprotonation of Arene Guest Moieties
Accommodated Within Cationic Inverse Crown Ether Complex
Hosts.

In further developments upon this theme, Armstrong and co-workers discovered that
the combination of nBuNa, Bu2Mg and 2,2,6,6-tetramethylpiperidide (tmp) (1:1:3)
gave rise to a 12-membered cationic [(Na(I)4Mg(II)2(tmp)6]2+ host complex that
was able to template the site selective double deprotonation of guest benzene ([C6H4

]2−) and toluene ([C6H3CH3]2−) moieties (added in excess) to give a new family of
inverse crown ether complexes in the form of [(C6H4) ⊂ (Na(I)4Mg(II)2(tmp)6] and
[(C6H3CH3) ⊂ (Na(I)4Mg(II)2(tmp)6] (Fig. 24e) [59]. Close scrutiny of these crystal
structures showed a severely distorted 12-atom {N6Na(I)4Mg(II)2}2+ core topology
with a single guest arene sitting approximately perpendicular to the mean plane of the
ring structure and bound at the 1,4-positions through four Na-C bonds (including 2 ×
π bonds) and two Mg-C bonds (effectively replacing the C–H bonds stripped from
the guests upon their metalation) (Fig. 24e). This discovery was rapidly followed
by the synthesis of an unprecedented 24 membered [(KNMgN)6]6+ ring structure
that remarkably was shown to houses six singly deprotonated benzene ([C6H5]−)
and toluene ([C6H4CH3]−) guests in the form of the complexes [(C6H5)6 ⊂ K(I)6

Mg(II)6(tmp)12] and [(C6H4CH3)6 ⊂ K(I)6Mg(II)6(tmp)12], respectively [60]. Due
to the sheer size of this cyclic structure, each guest moiety lies away from the central
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cavity and is held in position by a combination of ispo Mg-C σ bonds and K-C π

bonding interactions.
In 2007, Carella and co-workers successfully replaced the Mg(II) ions in the previ-

ously reported inverse crown ether complex [(C6H4) ⊂ (Na(I)4Mg(II)2(tmp)6] with
paramagnetic Mn(II) centres to produce the analogous complex [(C6H4) ⊂ Na(I)4

Mn(II)2(tmp)6]. This complex represented the first example of transition metal incor-
poration within the host unit of an inverse crown ether complex [61]. These findings
were further exploited by Alborés and co-workers with the successful inclusion of
Cr(II) and Fe(II) centres within the inverse crown ether complexes [(C6H4)Na(I)4

Cr(II)2(tmp)6] and [(C6H4)Na(I)4Fe(II)2(tmp)6] (Fig. 25a) [62]. Akin to previous
inverse crown complexes housing arene guest anions, in all three cases the doubly
deprotonated [C6H4]2− guest lie approximately orthogonal to the plane of the inverse
crown ether host unit and are locked into position through both M-C (M = Cr(II),
Mn(II) and Fe(II)) and Na-C bonding interactions located at the 1,4-arene carbon
sites.

Variable temperature magnetic susceptibility (χMT) measurements on complexes
[(C6H4) ⊂ Na(I)4Mn(II)2(tmp)6], [(C6H4) ⊂ Na(I)4Fe(II)2(tmp)6] and [(C6H4) ⊂
Na(I)4Cr(II)2(tmp)6] each showed a decreasingχMT product with decreasing temper-
ature indicative of varying degrees of antiferromagnetic exchange between the
paramagnetic transition metal centres. Fitting of the magnetic data using the spin-
Hamiltonian given in Eq. 5 gave rise to the magnetic exchange parameters J = −
0.70 cm−1 ([(C6H4) ⊂ Na(I)4Mn(II)2(tmp)6]), −2.28 cm−1 ([(C6H4) ⊂ Na(I)4Fe(II)2

(tmp)6]) and −12.09 cm−1 ([(C6H4) ⊂ Na(I)4Cr(II)2(tmp)6]) (Fig. 25c).
The stronger antiferromagnetic coupling between the Cr(II) ions in [(C6H4) ⊂

Na(I)4Cr(II)2(tmp)6] was attributed to the stronger overlap between the magnetic
orbitals and the benzene orbitals as confirmed using DFT calculations [62].

Ĥ = −2J
(

Ŝ1 · Ŝ2

)
(5)

(
Ŝ1 = Ŝ2 = 5/2

)
when M = Mn(II); Ŝ1 = Ŝ2 = 2 when M = Fe(II) and Cr(II).

4.6.4 Pre-Inverse Crowns as Templates Towards Inverse Crown Ether
Complex Formation

In 2014, Martínez-Martínez and co-workers successfully synthesised the monoalkyl-
bisamido magnesiates [Na(I)Mg(II)(tmp)2

nBu] and [K(I)Mg(II)(tmp)2
nBu] in a

solvent free crystalline form [63]. Moreover, the latter was found to exist in three
polymorphic forms (depending on hydrocarbon solvent employed). Namely, a helical
polymer with an infinite −K–N–Mg–N− chain, a tetramer comprising a 16-atom
(K(I)NMg(II)N)4 ring and a related hexameric 24-atom (K(I)NMg(II)N)6 ring struc-
ture. Both magnesiates were found to dissolve in hydrocarbon solvents and devoid
of solvent ligation and were therefore likely candidates as precursors to inverse
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Fig. 25 Crystal structures of a [(C6H4) ⊂ Na(I)4Fe(II)2(tmp)6] and b [(C6H4) ⊂ Na(I)4Mn(II)2
(tmp)6]. c Magnetic susceptibility (χMT) vs. temperature (K) plots obtained from polycrystalline
samples of [(C6H4) ⊂ Na(I)4Mn(II)2(tmp)6] (�), [(C6H4)Na(I)4Fe(II)2(tmp)6] (�) and [(C6H4
)Na(I)4Cr(II)2(tmp)6] (◯). The solid lines represent the best-fit of the magnetic data. Figures a and
c reproduced with permission from [62]. Copyright 2009 John Wiley and Sons. Figure b reproduced
with permission from [61]. Copyright 2007 John Wiley and Sons

crown ether complexes. This was indeed found to be the case when reaction of
[Na(I)Mg(II)(tmp)2

nBu] and [K(I)Mg(II)(tmp)2
nBu] with benzene and toluene each

gave previously obtained inverse crown ether complexes ([(C6H3R)6 ⊂ Na(I)4

Mg(II)2(tmp)6] and [(C6H3R)6 ⊂ K(I)6Mg(II)6(tmp)12] (R = H, Me) using a much
improved procedure and enhanced yields, thus supporting the premise that metala-
tion was enhanced via the template effect. Moreover, the reaction of both magnesi-
ates with naphthalene ([C10H8]) gave rise to the entirely new complexes [(2-C10H7

)6 ⊂ K(I)6Mg(II)6(tmp)12] and [(1,4-C10H6) ⊂ Na(I)4Mg(II)2(tmp)4(tthp)2] (tthp
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= 2,2,6-trimethyl-1,2,3,4-tetrahydropyridide), respectively. Representing the first
naphthalene-based inverse crown complex, the structure in [(2-C10H7)6 ⊂ K(I)6

Mg(II)6(tmp)12] (Fig. 26a, b) comprises a macrocyclic 24-atom {K(I)NMg(I)N}6

ring system whose puckered nature allows extensive interaction with the singly
deprotonated (and thus metalated at the 2-position) [C10H7]− guests bound to a
single Mg(I) centre and held in position through a number of π-interactions with
juxtaposed K(I) metal sites. The structure in [(1,4-C10H6) ⊂ Na(I)4Mg(II)2(tmp)4

(tthp)2] (Fig. 25c) is entirely different to that of its K(I) analogue. Here a 12-atom

Fig. 26 Crystal structures of the inverse crown complexes [(2-C10H7)6 ⊂ K(I)6Mg(II)6(tmp)12] (a
and b) and [(1,4-C10H6) ⊂ Na(I)4Mg(II)2(tmp)4(tthp)2] (c). Colour code: orange (K), brown (Na),
lime green (Mg), blue (N), red (O), green (Cl) and black/colourless (C). The dashed lines in figures
a and b represent K…C interactions. The dashed lines in c illustrate Na…C interactions. Figures
were reproduced with permission from [63]. Copyright 2014 Royal Society of Chemistry
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{Na(I)4Mg(II)2N6}2+ cyclic structure is forged through a combination of μ-bridging
tmp− and tthp− ligands, the latter being formed in-situ (and reproducibly) through
the loss of methane from two of the six amide (tmp−) ligands. Once again, the guest
naphthalene units (this time unexpectedly doubly deprotonated at the 1,4-positions)
lie orthogonal to the host architecture and partakes in a number of Na-C π-bonds
(bond range: 2.674–3.265 Å) and Mg-C σ-bonds (mean distance = 2.220 Å) to
stabilise the resultant structure.

4.6.5 Selective Deprotonation and Tetrametalation of Metallocene
Guests Within Host Inverse Crown Ether Complexes

Usingthestericallydemandingdiisopropylamine(iPr2N)ligandinsteadof1,1,1,3,3,3-
hexamethyldisilazide (hmds) or 2,2,6,6-tetramethylpiperidine (tmp), Mulvey and co-
workers demonstrated how the cationic 16-MC-8 inverse crown [Na(I)4Mg(II)4(iPr2

N)8]4+ was able to encapsulate metallocene derived [M(II)(C5H3)2]4− (M = Fe, Ru,
Os)guestmoieties in theguiseof thesiblings: [{M(C5H3)2}⊂Na(I)4Mg(II)4(iPr2N)8]
(M = Fe(II), Co(II), Os(II)) (Fig. 24f) [64]. The severely puckered host inverse crown
ether unit is forged through an alternating array of Na(I) and Mg(II) ions separated
and connected through eight singly deprotonated μ-bridging iPr2N− ligands. Inter-
estingly, the incorporation of the guest metallocenes represented a new, effective and
controlled route towards regioselective tetrametalation through their exclusive depro-
tonationat the1,1′,3and3′ cyclopentandienyl (Cp)positions.TheCpringsof theguest
metallocenes lie perpendicular to the plane of the [Na(I)4Mg(II)4(iPr2N)8]4+ inverse
crown hosts and are held in position through a number of M-C (M = Na(I), Mg(II))
interactions with mean bond lengths of 2.670 Å and 2.153 Å, respectively [65]. Inter-
estingly and unlike the benzene and toluene containing inverse crowns (e.g. [(C6H5)
⊂ K(I)6Mg(II)6(tmp)12] and [(C6H4CH3) ⊂ K(I)6Mg(II)6(tmp)12]), the Mg-C bonds
in [{Fe(C5H3)2} ⊂ Na(I)4Mg(II)4(iPr2N)8] were found to tilt away from the plane of
the aromatic ring at angles of 63.1° and 58.4° for the two independent Mg–C bonds.
NMRstudiesonallsiblingsconfirmedsolutionstability inarenesolvents,whilefurther
variable temperature measurements indicated the existence of two distinct intercon-
verting conformers (‘Z’ ↔ ‘W’ shaped). 2-D [1H, 1H] Exchange NMR spectroscopy
(EXSY) studies clearly demonstrated that slow exchange took place in each solu-
tion with exchange rates (at 300 K) of 0.4 ± 0.1 s−1 in [{Fe(C5H3)2}Na(I)4Mg(II)4

(iPr2N)8] (forward and reverse had the same rate); 0.32 ± 0.04 s−1 (minor to major)
and 0.12 ± 0.01 s−1 (major to minor) in [{Ru(C5H3)2}Na(I)4Mg(II)4(iPr2N)8]); 0.45
± 0.05 s−1 (minor to major) and 0.16 ± 0.02 s−1 (major to minor) in [{Os(C5H3)2

}Na(I)4Mg(II)4{iPr2N}8]. Variable temperature 1H NMR studies confirmed fluxional
behaviour in all three members, giving coalescence temperatures of 370 K ([{Fe(C5

H3)2}Na(I)4Mg(II)4(iPr2N)8]), 350 K ([{Ru(C5H3)2}Na(I)4Mg(II)4(iPr2N)8]) and
355 K ([{Os(C5H3)2}Na(I)4 Mg(II)4 (iPr2N)8]) [65].
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5 Concluding Remarks

It is hoped that this chapter has successfully showcased a number of archetypal and
non-archetypalmetallacrowns (andazametallacrowns)aswell as InverseCrownEther
complexes, each aesthetically beautiful in their own way while crucially differing in
their structural form (e.g. size, shape and topology). Indeed, it is these differences that
allow such materials to possess their unique resultant properties. More specifically,
these individual families are each endowed with definitive physical and electronic
characteristics that allow their controlled engagement with other moieties such as
guest ions and molecules (e.g. Na+, K+, F−, ReO−

4 , TcO−
4 , O2−, O2−

2 , arenes and
metallocenes) or (if required) their pre-designed aggregation into extended network
architectures such as 1-D and 2-D coordination polymers or oligomers comprising
viable qubits towards potential Quantum Information Processing. Investigations into
the enhancement and expansion of these themes continue at a pace and will no
doubt produce even more novel functional and multifunctional metallacrown derived
materials over the coming years.
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Abstract Among numerous metallacrowns, the 15-Metallacrown-5 (15-MC-5)
systems represent an exceptional class of heterometallic 3d–4f coordination
compounds with unique structures and properties. This chapter considers the advan-
tages of aminohydroximate Ln(III)–Cu(II) 15-MC-5 complexes for the develop-
ment of water-soluble aqua metallamacrocyclic compounds. In these complexes, the
nearly planar neutral metallamacrocycle consists of five [Cu(II)–N–O] repeat units
with five hydroximate oxygen atoms surrounding the central Ln3+ ion, the open
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1 Introduction

Since the first description of polynuclear metallamacrocyclic complexes named as
metallacrowns (MCs) in 1989 by Pecoraro [1], the 15-Metallacrown-5 presented
as an exceptional class of heterometallic 3d–4f coordination compounds with
novel topologies. While there are several excellent reviews available in the liter-
ature that extensively describe their fascinating architecture and potential applica-
tions in various research fields [2–9], the present chapter focuses on water-soluble
lanthanide(III)–copper(II) 15-MC-5 complexes bearing aminohydroximate ligands.
In these complexes, the planar metallamacrocycle consists of five [Cu(II)–N–O]
repeat units with five hydroximate oxygen atoms surrounding a lanthanide central
metal. The great fundamental interest of coordination chemists in Ln–Cu complexes
is driven by the numerous coordination possibilities of the combination of Cu and Ln
metal ions, which differ through their chemical and structural preferences [10]. The
importance of water-soluble 15-MC-5 complexes is stimulated also by their biomed-
ical prospects [9, 11–16]. Copper is a bioessential element, which plays significant
role in many biochemical processes in living organisms [17]. On the other hand,
lanthanides are used in a number of medical diagnostic techniques [18]. The hydrox-
amic acids and their derivatives are widely employed as particularly constituents
of antibacterial, antifungal, anticancer agents, and specific enzyme inhibitors [19].
Furthermore, the beautiful structures of 15-MC-5 metallacrowns continue to reflect
a remarkable capability of tailoring metal and ligand choice toward a large number
of applications. It should be noted that water as a solvent represents a highly active
medium for molecular solvation due to its polar character and hydrogen-bonding
ability. This chapter provides a review on the synthetic approaches to the water-
soluble 15-MC-5 complexes, the structural features of these systems, the processes
of their formation and decomposition, the relaxivity properties relevant to the MRI
applications, and pH-dependent spectroscopic properties in solution.

2 15-MC-5 Structural Paradigm

The aminohydroxamic acids present molecular systems that showcase the elegant
design strategy based on the chelate ring geometry named as 15-MC-5 Structural
Paradigm [4, 20, 21]. The aminohydroximate ligands form subunits with a 108°
internal angle (Scheme 1) that is ideal for realizing a flat pentagonal ring (Fig. 1).

Thus, α-aminohydroximate 15-MC-5 complexes with the Cu(II) ring metal ions
represent an intriguing class of fivefold symmetric heteronuclear metallamacrocyclic
compounds which has received widespread interest in recent years due to their excep-
tional structures characterized by single-crystal X-ray diffraction analysis (Table 1)
[22–56]. However, to describe the process of MC formation, many additional factors
including the size and reactivity of the chosen metal, coordination abilities of the
ligands, as well as reaction conditions should be considered.
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Scheme 1 Rationale for the formation of pentagonal 15-MC-5 bearing α-aminohydroximate
ligands: Glycinehydroximate (R = H); Alaninehydroximate (R = CH3); Phenylglycinehydroxi-
mate (R = C6H5); Phenylalaninehydroximate (R = C6H5CH2); Homophenylalaninehydroximate
(R = C6H5CH2CH2); Tyrosinehydroximate (R = C6H4OH)

Fig. 1 The flat pentagonal ring images in typical crystal structures of 15-MC-5 metallacrowns
based on a glycine-, b alanine-, and c phenylalaninehydroximate ligands. Color code: purple (Ln),
brown (Cu), red (O), blue (N), and gray (C)

2.1 Computational Study of the Formation Process

The processes of the 15-MC-5 formation in the solution phase have been investigated
by methods of quantum chemistry [58]. A 15-MC-5 Y(III)–Cu(II) complex based on
glycinehydroximate ligands was selected as the model compound. The replacement
of the lanthanide(III) cation with the lighter rare earth Y(III) ion is widely used
for computational modeling of electronic structures of lanthanide complexes. The
Y(III) ionic radii are close to Gd(III) ionic radii (1.04 and 1.06 Å, respectively)
[59]. Note that glycinehydroxamic acid is the simplest example of aminohydroxamic
acids. The optimized structures of GlyhaH2 (1a), N- and O-deprotonated monoanions
(hydroxamates) GlyhaH (1b, 1c), and dianion (hydroximate) Glyha (1d) are shown in
Fig. 2 together with the atomic charges calculated within the frames of the Quantum
Theory of Atoms in Molecules (QTAIM) [60].
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Fig. 2 The optimized
structures of
glycinehydroxamic acid
GlyhaH2 (1a), N- and
O-deprotonated monoanions
GlyhaH (1b and 1c,
respectively), and dianion
Glyha (1d). The atomic
QTAIM charges are
indicated in parentheses. The
bond lengths are given in Å.
Adapted from Ref. [58] by
permission from Springer
Nature Customer Service
Centre GmbH: Springer, ©
2018

Both optimized bond lengths and Wiberg indices obtained from the Natural Bond
Orbital (NBO) calculations (Table 2) testify for a single bond character of C–C, C–
N(amine), and N–O in GlyhaH2 and the corresponding monoanions and dianions.
The C–N(imine) and C–O bond orders are larger (1.2–1.6). In neutral [GlyhaH2], the
bond order of C–N(imine) is lower than that of C–O, while in the fully deprotonated
ligand [Glyha]2− the situation is reversed (Table 2). The QTAIM analysis supports
the formation of the negatively charged N,N- and O,O-chelating sites [58].

Taking into account the structure of anions of glycinehydroxamic acid, three
coordination sites, (O,O)Cu(O,O), (N,N)Cu(O,O), and (N,N)Cu(N,N) can partici-
pate in the formation of coordination compounds. According to the DFT calcula-
tions (Fig. 3), the most stable structures of the glycinehydroxamate copper chelates
contain the (N,N)Cu(N,N) coordination sites. This agrees with the X-Ray structure

Table 2 The bond orders in glycinehydroxamic acid and its anions obtained by the NBO analysis
(Wiberg bond indexes)

Bond [GlyhaH2] [GlyhaH]− [GlyhaH]− [Glyha]2−

C–C 0.982 0.969 0.972 0.965

C–N(amine) 1.012 1.013 1.001 0.994

C–N(imine) 1.252 1.551 1.356 1.603

C–O 1.528 1.305 1.395 1.233

N–O 1.009 0.970 1.089 1.069

Adapted from Ref. [58] by permission from Springer Nature Customer Service Centre GmbH:
Springer, © 2018
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Fig. 3 The optimized structures of the glycinehydroxamate Cu(GlyhaH)2 complexes (2a–h). The
angles are given in degrees. The calculated enthalpy and free energy changes relative to 2d are given
in kcal/mol. Adapted from Ref. [58] by permission from Springer Nature Customer Service Centre
GmbH: Springer, © 2018

Fig. 4 The optimized structures of trinuclear Cu(II) glycinehydroximate complexes (3a–e). The
calculated enthalpy and free energy changes are given in kcal/mol. Adapted from Ref. [58] by
permission from Springer Nature Customer Service Centre GmbH: Springer, © 2018

of Cu(GlyhaH)2 [61] which corresponds to the 2a isomer, the experimental geometry
being close to that predicted by DFT [58].

The orders of relative stabilities of hydroxamate species 2a–h and cationic
glycinehydroximates 3a–e are different (Figs. 3 and 4). In the latter case, the varia-
tions in the electronic energy and enthalpy are similar. However, the Gibbs energy
changes in a different way. For instance, the 3a system bearing the cis-(O,O)Cu(O,O)
site is favorable by the electronic energy and enthalpy. On the other hand, the 3d
species containing the trans-(N,N)Cu(N,N) fragment possesses the lowest Gibbs
energy. The increased contribution of entropy to the relative stabilities of such systems
is, therefore, evident.

According to these calculations, the most stable oligomers of copper chelates
should start their growth from the (N,N)Cu(N,N) coordination sites via a sequential
formation of the (N,N)Cu(O,O) moieties in different directions. However, the pres-
ence of a central lanthanide ion specifically prevents the growth of linear and zigzag
oligomers based on the copper chelates and provides the dominant growth of the
(N,N)Cu(O,O) units forming the desired metallamacrocyclic structure (Fig. 5).

The predicted 15-MC-5 structure (Fig. 6) represents the neutral metallacyclic ring
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Fig. 5 The calculated
enthalpy and free energy
changes (kcal/mol) for the
heterometallic Y(III)–Cu(II)
fragments. Adapted from
Ref. [58] by permission from
Springer Nature Customer
Service Centre GmbH:
Springer, © 2018

Fig. 6 The structures of the
Y3+[15-MC-5] ion and
[15-MC-5] scaffold
optimized at the
B3LYP/DGDZVP (PCM)
level of DFT. Adapted from
Ref. [58] by permission from
Springer Nature Customer
Service Centre GmbH:
Springer, © 2018
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Table 3 Comparison of calculated and X-ray crystal structural parameters for the glycinehydrox-
imate Y(III)-Cu(II) complexes

Distances [Å] and angles [°] Calculated Y[15-MC-5] (from
Ref. [62])

SC-XRD
Y(OAc)[15-MCCu(II)Glyha-5]
(from Ref. [22])

C–C 1.499–1.500 1.505–1.515

C–N(amine) 1.474–1.476 1.472–1.493

C–N(imine) 1.299–1.302 1.285–1.304

C–O 1.270–1.272 1.287–1.302

N–O 1.367–1.370 1.387–1.415

Cu–N(amine) 2.025–2.032 2.008–2.039

Cu–N(imine) 1.987–1.905 1.893–1.911

Cu–O(carbonyl) 1.930–1.935 1.924–1.966

Cu–O(oxime) 1.932–1.945 1.935–1.976

Y–O(oxime) 2.346–2.425 2.372–2.410

O(oxime)–Cu–N(imine) 90.3–91.6 88.3–91.3

O(oxime)–Y–O(oxime) 71.8–73.2 70.5–74.2

since the positive (+2) charges of the copper(II) ions are balanced by the negative
(−2) charges of the aminohydroximate ligands. The Y(III) ion is encapsulated at the
center of the structure with the formal (+3) positive charge. The calculated structure
of Y(III)–Cu(II) complex agrees well with the geometry obtained from the X-ray
diffraction experiment for Y(OAc)[15-MCCu(II)Glyha-5] [22] (Table 3).

The N–O, C–C, and C–N(amine) bond lengths in Y3+[15-MC-5] agree well with
the single bond character assumed on the basis of the Wiberg indices of 0.98–1.03
(Table 4) [62]. This also correlates nicely with the previous computational analysis of
the individual Glyha ligand [58]. The bond orders for the C–O and C–N(imine) bonds
are close to 1.3. and 1.5, respectively, which is indicative of the higher π-contribution
to the C–N(imine) bonds compared to the C–O bonds in 15-metallacrowns-5.

The large covalent contribution to the ligand bonds is indicated by the QTAIM
parameters at the Bond Critical Points (BPCs): the high electron densities ρ(rc)
(0.252–0.375 a.u.) and negative values of Laplacian ∇2ρ(rc) (Table 4). For the
classification of bonding interactions, the potential to kinetic energy density ratio
|V (r)|/G(r) can be used as well [63, 64]. Ionic bonds considered as closed-shell
interactions in QTAIM are characterized by |V (rc)|/G(rc) < 1. The 1 < |V (rc)|/G(rc)
< 2 values correspond to intermediate interactions and |V (rc)|/G(rc) > 2 to covalent
bonds. The intraligand interactions are covalent (|V (rc)|/G(rc) > 2.30, see Table 4).
The |V (rc)|/G(rc) ratios decrease on going from C–N(amine) (3.34) to C–N(imine)
bonds (2.92–2.97) indicating an increase in the charge separation which agrees with
the C(sp2) atoms being more positive than C(sp3). The Y–O, Cu–O, and Cu–N inter-
actions are characterized by rather low Wiberg indices (0.22–0.39) and BCP electron
density ρ(rc) (0.037–0.112 a.u.), the corresponding ∇2ρ(rc) values are positive (Table
4). The |V (rc)|/G(rc) = 1.002–1.021 ratios at the Y–O(oxime) BCPs lie between the
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Table 4 NBO and QTAIM (a.u.) parameters of Y3+[15-MC-5]

Bond Wiberg index ρ(r) ∇2ρ(r) |V (r)|/G(r)

C–C 0.98 0.269–0.270 −(0.743–0.742) 5.071–5.080

C–N(imine) 1.47–1.48 0.374–0.375 −(1.207–1.186) 2.922–2.972

C–N(amine) 0.99 0.252–0.254 −(0.590–0.582) 3.339–3.343

C–O 1.31–1.32 0.363–0.365 −(0.583–0.572) 2.300–2.310

N–O 1.02–1.03 0.337–0.340 −(0.433–0.422) 2.495–2.504

Y–O(oxime) 0.24–0.26 0.041–0.049 0.167–0.206 1.002–1.021

Y–O(aq) 0.22–0.24 0.037–0.045 0.160–0.196 0.968–0.992

Cu–O(oxime) 0.29–0.31 0.090–0.093 0.420–0.440 1.190–1.194

Cu–O(carbonyl) 0.33 0.092–0.093 0.436–0.444 1.194–1.196

Cu–N(imine) 0.39 0.110–0.112 0.429–0.441 1.265–1.269

Cu–N(amine) 0.31–0.32 0.083–0.085 0.300–0.305 1.242–1.244

Adapted from Ref. [62] by permission from Springer Nature Customer Service Centre GmbH:
Springer, © 2019

intermediate and ionic types of the contacts. The Cu coordination bonds are less
polar than Y–O (|V (rc)|/G(rc) = 1.190–1.269), the Cu–O interactions being more
polar than Cu–N [62].

The presence of the positive Y3+ ion at the center of the metallacrown leads
to charge redistribution in the [15-MC-5] scaffold, higher electron density being
accumulated on the O(oxime) atoms. Correspondingly, the O(oxime) QTAIM
charges become more negative when one goes from the “empty” [15-MC-5] scaf-
fold (−(0.678–0.677)e) to the yttrium complex Y3+[15-MC-5] (−(0.775–0.765)e).
Accordingly, the negative charges on the peripheral O(carbonyl) atoms decrease from
−(0.150–0.149)e to −(0.132–0.131)e, while the positive charges on the Cu atoms
increase from 0.991–0.992e to 1.039–1.047e (Table 5).

Table 5 The QTAIM atomic
charges (e) of complex
Y3+[15-MC-5] and “empty”
scaffold [15-MC-5]

Atom Y3+[15-MC-5] [15-MC-5] scaffold

C(sp3) 0.273–0.275 0.273–0.274

C(sp2) 1.291–1.296 1.257–1.258

N(amine) −(0.965–0.964) −(0.972–0.971)

N(imine) −(0.673–0.667) −(0.683–0.680)

O(carbonyl) −(1.132–1.131) −(1.150–1.149)

O(oxime) −(0.775–0.765) −(0.678–0.677)

Cu 1.039–1.047 0.991–0.992

Y 2.367 –

Adapted from Ref. [58] by permission from Springer Nature
Customer Service Centre GmbH: Springer, © 2018
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3 Synthetic Approaches to Aqua Complexes

The first reported glycinehydroximate Eu(III)–Cu(II) metallacrown has been
prepared in water by the one-step reaction of glycine hydroxamic acid with copper
acetate and europium(III) nitrate in the presence of tetraethylammonium hydroxide
[31]. It was supposed that nitrate binding in a bidentate mode to the central Eu3+

ion can effectively compete with carboxylate guests, whereas the acetate ions have
not been seen to bind to the metallacrown.The second glycinehydroximate Gd(III)–
Cu(II) complex structurally characterized by X-ray analysis, has been synthesized
in an aqueous solution by the two-step method [34]. The Ln(III)–Cu(II) sulfate
complexes were synthesized by the addition of the sodium glycinehydroximate
aqueous solution to the solution of Cu(II) sulfate and Ln(III) nitrate [27]. Thus,
it could be expected that the different species are formed depending on the reaction
conditions and on the Ln(III) and Cu(II) salt used.

Following these results, using Cu(II) acetate, glycinehydroxamic acid, and Ln(III)
nitrate in water, various Ln(III)–Cu(II) (Ln = La, Nd, Eu, Y) complexes were isolated
and characterized (Fig. 7).

It is interesting that the CH3COO− anion coordinated to the central Ln3+ cation
results in a larger deviation of the metallacrown from the planar geometry compared
to the complexes bearing NO3

−. An H-bonded specific network is responsible for
this effect [22, 24, 32]. The crystal structure reveals the presence of hydrogen bonds
involving the acetate and amine fragments of the neighboring Eu(OAc)[15-MC-5]
molecules (Fig. 8). The acetate anion bound to the central metal ion also forms
hydrogen bonds with the water molecules attached to the Cu2+ ions. The charge
neutrality of the system is achieved due to the NO3

− ions located in the lattice. It is
important to note that they do not interact with the Cu2+ ions [32].

Note, that the attempts to investigate the role of water in the syntheses of various
glycinehydroximate metallacrowns lead to some different types of aqua complexes:
monoaqua, diaqua, triaqua, and tetraaqua [8] (Scheme 2). All of these complexes are
stable and well soluble in water.

The tetraaqua Ln(III) metallacrowns have been successfully synthesized using
LnCl3, Cu(CH3COO)2, and glycinehydroxamic acid in water in the absence of nitrate

Fig. 7 Molecular structures of glycinehydroximate Ln(III)–Cu(II) (Ln = La [22], Nd [22], Eu
[32], Y [22]) complexes. All hydrogen atoms, uncoordinated NO3

−, and solvate water molecules
are omitted for clarity
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Fig. 8 Fragment of complex Eu(OAc)[15-MC-5] (XUDWAW) packing. (30% thermal ellipsoids
probability) Hydrogen atoms are omitted for clarity. Redrawn from Ref. [32] with permission from
Elsevier © 2014

Scheme 2 Synthetic route to aqua Ln(III)–Cu(II) 15-MC-5 complexes

anion [33]. Why is it especially interesting? Because such unique planar disk-like
structures with an increasing (up to four) number of exchangeable water molecules
on a paramagnetic (e.g. Gd3+) ion have potential applications in magnetic resonance
imaging (MRI). It’s well known, that the free Gd(III) ion is toxic, and in order to
ensure safe clinical use, it is chelated by organic ligands such as DOTA or DTPA.
But in general, the polyamino-polycarboxylate ligands are octadentate, therefore,
only one H2O molecule can bind to the free coordination site left. Historically, the
design of new efficient contrast agents was directed to increase the hydration number
(parameter q in Solomon-Bloembergen-Morgan theory [65]). The efforts to increase
the q value lead to only limited success since the complexes became less stable [66]. In
addition, the development of specific high-field MRI contrast agents is also in demand
since the classic Gd(III) contrast agents decrease substantially their relaxation effi-
ciency as magnetic field strengths increase [67]. The Ln(III) metallacrowns bearing
a metallacycle formed by various aminohydroxamic ligands (glycine, α-alanine, α-
phenylalanine, and α-tyrosine) and increased number of coordinated water molecules
(q = 3–4) (Scheme 3) represent good examples to demonstrate the influence of the
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Scheme 3 Synthetic route to the aqua (q = 3,4) aminohydroximate Ln(III)–Cu(II) 15-MC-5
complexes. Adapted from Ref. [23] by permission of John Wiley and Sons, © 2018 John Wiley &
Sons, Ltd.

ligand structure on the water coordination surrounding of the central Ln(III) ion. All
of these complexes are well soluble in water and stable in the air [23].

3.1 Structures of Aminohydroximate Ln(III)–Cu(II)
15-MC-5 Aqua Complexes

According to X-ray diffraction investigations, in the tetra- or tri-aqua aminohydroxi-
mate Ln(III)-Cu(II) complexes, the bond lengths and angles are typical for 15-MC-5
metallacrowns (Table 6). The Ln3+ ion with the coordination number of 9 (e.g. La3+)
is surrounded by five oxygen atoms of the ring and four water molecules (Fig. 9).
Three water molecules are located on one side of the metallacrown ring and one
H2O species lies on the opposite side. The Ln–O (aq) distances are not equal and
change from 2.5 to 2.6 Å. Moreover, four Cu(II) ions are also coordinated by the
water molecules.
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Fig. 9 Molecular structures of aqua aminohydroximate La(III) and Gd(III) complexes based on the
Glyha, Alaha, Pheha, and Tyrha ligands. All hydrogen atoms, uncoordinated Cl− ions, and solvate
water molecules are omitted for clarity. Adapted from Ref. [23] by permission of John Wiley and
Sons, © 2018 John Wiley & Sons, Ltd.

It should be noted that due to the different nature of the 15-metallacrown-5
species, complexes form different packing motifs in crystals, wherein numerous
intermolecular interactions with solvated water molecules are revealed. The main
motifs as shown in Figs. 10, 11, 12 and 13 are centrosymmetric dimers (in the
case of the glycinehydroximate species), one-dimensional chains with a staggered
orientation (for the alaninehydroximate species), a jaw-type sandwich (for the pheny-
lalaninehydroximate species), and two-dimensional chains with parallel stacking of
the 15-MC-5 rings (for the tyrosinehydroximate species).

4 Solution-State Behavior

The remarkable feature of water-soluble Ln(III)–Cu(II) 15-MC-5 complexes is the
deep blue color (Fig. 14). Accordingly, the electronic absorption spectra of these
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Fig. 10 Fragment of crystal
packing of Ln(H2O)4[15-
MCCu(II)Glyha-5](Cl)3
(QEXTEV). The dashed
lines show the short contacts.
Reproduced from Ref. [23]
by permission of John Wiley
and Sons, © 2018 John
Wiley & Sons, Ltd.

Fig. 11 Crystal packing of
Ln(H2O)4[15-MCCu(II)Alaha-
5](Cl)3 (QEXTIZ).
Reproduced from Ref. [23]
by permission of John Wiley
and Sons, © 2018 John
Wiley & Sons, Ltd.

Fig. 12 Fragment of crystal
packing of Ln(H2O)4[15-
MCCu(II)Pheha-5](Cl)3
(QEXTOF). Reproduced
from Ref. [23] by permission
of John Wiley and Sons, ©
2018 John Wiley & Sons,
Ltd.
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Fig. 13 Crystal packing of
Ln(H2O)4[15-MCCu(II)Tyrha-
5](Cl)3 (QEXTUL).
Reproduced from Ref. [23]
by permission of John Wiley
and Sons, © 2018 John
Wiley & Sons, Ltd.

Fig. 14 Complex
La(H2O)4[15-MCCu(II)Pheha-
5](Cl)3 in the powdered
form. Reproduced from Ref.
[43] by permission of John
Wiley and Sons, © 2019
Wiley–VCH Verlag
GmbH & Co. KGaA,
Weinheim
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Fig. 15 Isosurfaces
(isovalue 0.03) and energies
(eV) of molecular orbitals in
complexes {Y(H2O)3[15-
MCCu(II)Glyha-5]}3+ and
{Y(H2O)3[15-MCCu(II)Pheha-
5]}3+ calculated at the
B3LYP/DGDZVP level.
Reproduced from Ref. [69]
by permission from Springer
Nature Customer Service
Centre GmbH: Springer, ©
2019

complexes show a broad band in the visible region with a maximum at 575 nm (ε =
406 M−1 cm−1) which is attributed to the Cu(II) d–d transition [22, 32, 43].

For comparison of the aminohydroximate complexes, a DFT study of Y(III)–
Cu(II) 15-MC-5 based on the Glyha and Pheha ligands was performed using the
B3LYP functional and split valence double basis set DGDZVP with polarization
functions [68, 69]. As shown in Fig. 15, orbital analysis predicts the energy gap of
2.38 eV between the β-LUMO and the highest occupied MO containing contributions
of the copper 3d orbitals (β-HOMO-10) in the Pheha complex. A similar value
(2.34 eV) was found for the glycinehydroximate analogue, where it corresponds to
the β-LUMO and β-HOMO energy difference. This energy gap is in good agreement
with the position of the d–d absorption band at 575 nm (2.16 eV). The α- and
β-orbitals of Y(III)–Cu(II) Pheha-metallacrown, which are close in energy and lie
between HOMO and HOMO-10, are localized on the benzyl substituents. Thus,
the introduction of the PhCH2 group increases the energies of both occupied and
vacant orbitals of the metallamacrocycle, as a result of the electron-donating effect
of substituents [69].

The stability of tetraaqua La(III)–Cu(II) phenylalaninehydroximate complex
(JOWGOU) at various pH was confirmed by recording UV absorption spectra in
H2O (pH 6.8), ammonium buffer (pH 9.2), and acetate buffer (pH 3.8) [43]. No
change in the absorption band intensities or positions was observed even after 24–
48 h. On the other hand, the electronic absorption spectra of this type of complex
are pH-sensitive. As shown in Fig. 16, the absorption bands become weaker as pH
decreases [43].

In acidic media, a colorless solution is formed from the dark blue complexes. No
further absorbance variations are detected for pH values below 3.3. At the same time,



Water-Soluble 15-Metallacrown-5 Complexes … 299

Fig. 16 The pH-dependent UV-visible spectrum of complex La(H2O)4[15MCCuPheha-5](Cl)3
(2.5 mM) in aqueous solution at room temperature. The arrow indicates the intensity variations
at different pH values. Reproduced from Ref. [43] by permission of John Wiley and Sons, © 2019
Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim

in conrast to the experiments with the Ca(II)–Cu(II) [15-MC-5] complexes [70], the
absorption band at ca. 640 nm typical for the Cu[12-MC-4] disassembly species
[71, 72] did not appear. These observations are in accord with the previous poten-
tiometric and calorimetric investigations of various acidic Ln(III)–Cu(II) [15-MC-5]
solutions detecting only the Ln(III) ions [73]. The discoloration can be associated
with the protonation of the aminohydroximate ligands in La(H2O)4[15MCCuPheha-
5](Cl)3. [43] The presence of an isosbestic point at ca. 750 nm can be a result of the
[CuL] fragment transformation to [CuLH]. The addition of a base causes the original
solution to return to a blue color. The reversible color change testifies for the ligand
protonation rather than for the complex disassembly proposed for the alaninehydrox-
imate system [73]. Flexible gelatin films were prepared from aqueous solutions of
gelatin and La(III)-Cu(II) 15-MC-5. This demonstrates a rare example of incorpo-
ration of such type of metallamacrocyclic complexes into a polymeric matrix.. The
color of gelatin films, doped with Ln(III)–Cu(II) 15-MC-5, changes when exposed
to acidic or alkaline atmospheres. The film color variations (Fig. 17) are reversible
and easily monitored with the naked eye [43].

To provide theoretical insights into the reversible halochromic effect associated
with protonation/deprotonation of the hydroximate ligands, the DFT modeling was
performed for cationic species {La(H2O)4[15-MCCu(II)Pheha-5]}3+ [43]. The calcu-
lated Cu–N, Cu–O, and La–O interatomic distances in this molecule correlate very



300 M. A. Katkova and S. Yu. Ketkov

Fig. 17 Color reversibility of the gelatin film dyed with La(H2O)4[15MCCuPheha-5](Cl)3 upon
exposure to acidic-alkaline gaseous atmospheres. Reproduced from Ref. [43] by permission of John
Wiley and Sons, © 2019 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim

well with the experimental single-crystal X-ray diffraction data (JOWGOU). The
DFT calculations show that the N1–C1–C2–N2 dihedral angle is distorted on proto-
nation from 12.76° to 43.61° as a result of the tetrahedral surrounding of the proto-
nated N1 atom (Fig. 18). The protonation also leads to a ~ 0.1 Å increase in the
La–O3 distances [43].

Molecular orbital analysis of the model 15-metallacrowns-5 reveals a decrease in
the β-HOMO -β-LUMO energy gap �Eβ on protonation (Fig. 19). The energy gap
between the frontier β-orbitals of La[15-MCCu(II)Pheha-5]3+ (2.28 eV) correlates well
with the absorption spectrum revealing a band at 2.16 eV. The computed decrease in
the �Eβ value by 0.55 eV (from 2.28 to 1.73 eV) on going from La[15-MCCu(II)Pheha-
5]3+ to La[15-MCCu(II)Pheha(H)-5]4+ agrees well with the experimental redshift of the
absorption band from 575 to 800 nm which corresponds to the 0.61 eV decrease in
the electronic transition energy [43].

Fig. 18 Optimized geometries of the model metallacrowns La[15-MCCu(II)Pheha-5]3+ (a) and
La[15-MCCu(II)Pheha(H)-5]4+ (b) and their fragments (c, d). Reproduced from Ref. [43] by permission
of John Wiley and Sons, © 2019 Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 19 Isosurfaces of the frontier molecular orbitals (isovalue 0.025) obtained for optimized struc-
tures of the La[15-MCCu(II)Pheha-5]3+ (a, b) and La[15-MCCu(II)Pheha(H)-5]4+ (c, d) ions. Reproduced
from Ref. [43] by permission of John Wiley and Sons, © 2019 Wiley–VCH Verlag GmbH & Co.
KGaA, Weinheim

4.1 Toward MRI Applications

Pecoraro and co-workers first described the potential advantage of the 15-MC-5
metallacrown scaffold for MRI applications [31]. Binnemans and co-workers demon-
strated [34] that the 1H NMR relaxation dispersion profiles of bis-aqua (q = 2) Gd(III)
aminohydroximate metallacrown complexes are similar to the typical line shapes of
the classic contrast agents derived from the Gd(III) chelates. For this metallacrown,
the experimental water proton longitudinal relaxivities (r1) in the range of 0.24 mT–
1.4 T appear to be twice higher than those of Magnevist™ (Gadolinium DTPA dimeg-
lumine salt). This difference was assigned to the presence of two H2O molecules in the
Gd(III) first coordination sphere in bis-aqua metallacrown complexes compared to
one H2O molecule in Gd–DTPA. The high relaxivity properties (r1 > 9.3 s−1 mM−1)
of tetraaqua 15-MC-5 complexes [33] at 4.7, 7, and 9.4 T make them suitable for
the development of useful high-field MRI contrast agents which can be applied in
biological imaging.

In the 15-MC-5 systems, the paramagnetic effect can be provided by two different
paramagnetic ions, Cu(II) and Ln(III), coordinated by the water molecules. To
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exclude the paramagnetic component from the Ln(III) ion, the complexes of diamag-
netic La(III) were chosen, therefore, the paramagnetic effect of complexes should
result exclusively from the Cu(II) ions. It was found that the Cu(II)-based relax-
ivity values of complexes Ln(III)–Cu(II) are negligible [33]. Among the param-
agnetic lanthanide ions (Ce(III), Pr(III), Nd(III), Sm(III), Eu(III), Gd(III), Tb(III),
Dy(III), Ho(III), Er(III), Tm(III) and Yb(III)), the largest paramagnetic effect would
be expected for the Gd(III) ion due to its unique symmetric high-spin electronic
ground state (S = 7/2) (Fig. 20).

As compared with the commercial contrast agent Magnevist, the tetraaqua Gd(III)
glycinehydroximate complex displays only small differences between relaxivities at
the 4.7 T, 7 T, and 9.4 T magnetic fields (Fig. 21) [33].

Note that the relaxivity of the tetra-aqua Gd MC complex decreases in the presence
of an excess of lactate anions (Fig. 22). According to X-ray analysis, the bidentate
lactate ligand and the water oxygen in the Gd lactate metallacrown (WUZNUC) lie
at the apical positions of the Gd(III) coordination environment [22]. The Gd–O(aq)
distance to the bottom coordinated water is slightly shorter than that found for the
tetraaqua complex.

As mentioned above, in all these structures, the Ln(III) ion coordination sites
are open for the inner-sphere water molecules due to the specific ligand environ-
ment provided by the metallamacrocycle ring. According to the X-ray diffraction
experiments and DFT calculations, the Ln–H(aq) distances (2.96–3.10 Å) are similar
to those in commercial contrast agents and in the hydrated Gd(III) ion (3.1 ± 0.1 Å)
[74]. The calculated changes in enthalpy that correspond to the removal of an H2O

Fig. 20 Influence of the
central metal ion on the
relaxivities r1 (18 °C) of
Ln(H2O)4[15-MCCu(II)Glyha-
5](Cl)3 at 9.4 T in water
(based on the previously
reported data [33])
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Fig. 21 Comparision of
relaxivities of Magnevist and
Gd(H2O)4[15-MCCu(II)Glyha-
5](Cl)3

Fig. 22 The change of
relaxivity ongoing from
Gd(H2O)4[15-MCCu(II)Glyha-
5](Cl)3 to the 15-MC-5
complex with lactate.
Adapted from Ref. [33] with
permission from Elsevier ©
2015

molecule from the nine-coordinated Ln(III) ion in metallacrowns, �Hsol, are rather
small (ca. ± 1 kcal/mol), which provides a facile exchange of the upper water
molecules forming the H2O triad (Fig. 23) [23]. The �Hsol value is not sensitive
to the substituents in the [15-MC-5] metallacycle.

Assuming that the relaxivity of the complexes depends mainly on the inner-sphere
molecules the r1 and r2 values presented in Table 7 suggest that the molecular weight
and the number of the H2O molecules are directly bound to the Gd(III) ion or ligand
substituents have little effect [23]. Therefore, an increase in the number of the H2O

Fig. 23 Enthalpies �Hsol
(kcal/mol) of water
detachment from the Y(III)
metallacrowns in solution.
Hydrogen atoms except
those of Me and H2O in the
B3LYP/DGDZVP optimized
structures are omitted.
Adapted from Ref. [23] by
permission of John Wiley
and Sons, © 2018 John
Wiley & Sons, Ltd.
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Table 7 High field relaxivities (18 °C, 9.4 T), hydration number, and molecular weights of selected
Gd(III)–Cu(II) aminohydroximate complexes

Complex q MWMC (Da) r1 (s−1 mM−1) r2 (s−1 mM−1)

Gd(H2O)4[15-MCCu(II)Glyha-5](Cl)3 4 987 11.5 11.6

Gd(H2O)4[15-MCCu(II)Alaha-5](Cl)3 4 1057 14.8 12.3

Gd(H2O)4[15-MCCu(II)Pheha-5](Cl)3 3 1420 13.9 14.2

Gd(H2O)4[15-MCCu(II)Tyrha-5](Cl)3 3 1500 12.2 12.2

Adapted from Ref. [23] by permission of John Wiley and Sons, © 2018 John Wiley & Sons, Ltd.

molecules involved in the exchange, as well as the modification of ligand substituents
may not be enough to achieve the highest relaxivity in such metallamacrocyclic
complexes. As a rule, a significant contribution to the high relaxivity of various
systems is made by a rich hydration shell formed by strong hydrogen bonds between
bulk H2O molecules and complexes. [75, 76]. Such a rich hydration shell with close
contacts between water molecules and the 15-MC-5 scaffold is a typical feature of
the metllacrowns considered.

The enhanced relaxivities of these complexes at ultra-high field (9.4 T) suggest
their use as a model for the design of efficient high-field MRI contrast agents. The
Gd glycinehydroximate MC complex was applied as a contrast agent for high-field
MRI of ischemic stroke in mice [8] and the Gd alaninehydroximate MC complex was
used to create contrast in mouse kidneys [23]. The injection dose for Gd MC used
was tenfold lower than the Gd-DTPA dose typically used in clinics [23]. Note that
the imaging of the anatomically complex kidney of smaller animals such as mice is
extremely difficult because of the poor intrinsic contrast without a contrasting agent
(Figs. 24 and 25).

Fig. 24 Investigation of Gd(H2O)4[15-MCCu(II)Glyha-5](Cl)3 as a contrast agent for high-field MRI
of ischemic stroke in mice: a pre-scan without injection of Gd MC; b MR image scanned after
injection of Gd MC; c MR image scanned after 10 min injection; d MR image scanned after 20 min
injection. Reproduced from Ref. [8] by permission from Springer Nature Customer Service Centre
GmbH: Springer, © 2018
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Fig. 25 MR images of Gd(H2O)4[15-MCCu(II)Alaha-5](Cl)3 injected mouse kidneys scanned at
9.4 T with different timing: a pre-scan without injection of Gd MC; b MR image scanned immedi-
ately after injection of Gd MC; c MR image scanned 40 min after injection of Gd MC. Reproduced
from Ref. [23] by permission of John Wiley and Sons, © 2018 John Wiley & Sons, Ltd.

4.2 Toward Hydrothermal Single-Source Precursors
of Nanomaterials

Among the water-soluble Ln(III)–Cu(II) aminohydroximate metallacrowns, the
simple glycinehydroximate complexes are presented as the primary model for
studying the thermal stability [25, 29]. Compared with other glycinehydroximate
complexes [29], the complexes based on Glyha, Alaha, and Pheha display similar
thermal decomposition behaviors [26]. TG-DSC-MS studies revealed that the decom-
position of these complexes proceeds through two major stages. The first ill-defined
step with a weight loss of 4–5% within 80–150 °C temperature range is associ-
ated with the loss of lattice water molecules. The second stage consists of a sharp
exothermic dip at 210–250 °C depending slightly on the nature of the central Ln
ion (Table 8). The enthalpy of the exothermic process is (−150)–(−200) kcal/mol
[29]. Therefore, the Ln(III)–Cu(II) complexes have potential application as a single-
source precursor for the low-temperature growth of nanostructured cerium–copper
mixed oxides under mild hydrothermal conditions.

Table 8 The influence of the
central metal ion on the
enthalpy �H and temperature
T max corresponding to the
exothermic dip on the
TG-DSC diagrams [29] for
glycinehydroximate
Ln(III)–Cu(II) 15-MC-5
complexes
Ln(H2O)4[15MCCuGlyha-
5]Cl3

Ln �H, (kcal/mol) T max, (K)

Y −156.8 520.7

La −180.5 495.3

Ce −202.5 495.9

Pr −152.2 514.3

Nd −149.5 520.6

Sm −162.6 517.4

Eu −160.8 516.0

Gd −158.8 521.9

Dy −160.6 521.1
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Fig. 26 SEM images of the
as-grown silica nanowires.
Reproduced from Ref. [49]
with permission from
Elsevier © 2017

It is interesting to note that the hydrothermal treatment of a silicon plate with a
Ce(III)–Cu(II) metallamacrocyclic compound at 190 °C for 24 h leads to the forma-
tion of bamboo-like silica nanowires with an average diameter of 30–50 nm and a
length of 15–20 mm (Fig. 26) [49].

With an idea to explore the unique properties of cerium(III) 15-MC-5 metal-
lacrowns, the water-soluble Ce(III)–Cu(II) aqua-complexes bearing aminohydrox-
imate (Glyha, Alaha, and Pheha) ligands have been tested for preparing a
new nanocomposite hybrid material containing multi-walled carbon nanotubes
(MWCNTs) and copper/ceria oxides. Relatively mild conditions of hydrothermal
synthesis provide MWCNTs being not damaged when obtaining the oxide nanopar-
ticles with a high degree of crystallinity and controllable morphology [25]. An addi-
tional crucial factor in the processing of nanocomposites consists of an efficient
formation of MWCNT dispersions. Nanotubes tend to form bundles and ropes as
a result of a strong van der Waals attraction [77]. Oppositely charged or non-ionic
surfactants (e.g., sodium cholate or dodecylbenzene sulfonate and cetyltrimethylam-
monium bromide) can be employed in order to neutralize these attractive forces.
However, the use of traditional surfactants suffers from their unpredictable influence
on the toxicity in addition to their irreversible adsorption on the surface, resulting
in undesirable changes in the properties of the final material [78]. The water-soluble
Ce(III)–Cu(II) aqua-MC complexes bearing aminohydroximate (Glyha, Alaha, and
Pheha) ligands appear to display dispersing properties with respect to MWCNTs in
water (Fig. 27) [79]. Thus, Fig. 27a, b shows the vials of the aqueous MC-MWCNT
dispersions at different time intervals after sonication. As indicated by the different
colors of the vials, the amount of nanotubes remaining in the supernatant depends on
the nature of the Ce(III)–Cu(II) 15-MC-5 derivatives. The phenylalanine derivative
is well recognized among glycine and alanine 15-MC-5 as a good dispersant for
MWCNTs. As shown in Fig. 27c, the aqueous phenylalanine derivative-MWCNT
dispersion was quite stable over one month. Additionally, the suitability of these
Ln(III)–Cu(II) derivatives for MWCNT dispersion and exfoliation in water has been
investigated by optical density measurements and scanning electron microscopy.
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Fig. 27 Vials containing
aqueous dispersions of (left
to right) pristine MWCNT,
MC(1)-MWCNT,
MC(2)-MWCNT,
MC(3)-MWCNT, after
sonication (a), after 30 days
(b), and after centrifugation
for 20 min at 6000 rpm (c).
Metallacrown Ce(III)–Cu(II)
bearing Glyha (MC(1)),
Alaha (MC(2)), and Pheha
(MC(3)) ligands. Adapted
from Ref. [79] with
permission from Elsevier ©
2017

The superiority of phenylalanine metallacrown can be attributed to the efficient π–π

interaction between the phenylalanine groups of metallacrown and the carbon rings
of MWCNTs [79].

The Ce(III)–Cu(II) phenylalanine metallacrown was used as a unique single-
source precursor for a facile one-pot, surfactant-free, and template-free synthesis
of nano- and mesocrystals with intriguing structures and morphologies (Fig. 28)
[26]. The first two microphotographs (Fig. 28a, b) show that the product consists
of a large number of necklace-like nanostructures. Spherical particles of CeO2 in
the form of flakes penetrated by carbon nanotubes were investigated using SEM
and TEM. Figure 28c–t show exotic nanostructures of hydrothermally grown copper
oxides. The nanoparticles of cerium and copper oxides have been synthesized using
polynuclear metallamacrocyclic 15-MC-5 complexes and MWCNTs as precursors
via the simple hydrothermal method without any surfactant or capping agents in
water at 190 °C [26].
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Fig. 28 SEM images of cerium (a, b) and copper (c–t) oxides obtained in the hydrothermal
synthesis on the basis of water-soluble phenylalanine Ce(III)–Cu(II) 15-MC-5 complexes. Repro-
duced from Ref. [26] by permission of John Wiley and Sons, © 2019 Wiley–VCH Verlag GmbH &
Co. KGaA, Weinheim

5 New Similarities and Analogues: Bi(III) Versus Ln(III)

Based on the idea that the identical charges and close ionic radii of Bi3+ and La3+

cations open up the possibility for the development of Bi(III)-based metallacrowns, a
novel example of Bi(III)–Cu(II) hydroximate metallamacrocyclic complex of the 15-
MC-5 type has been synthesized [80, 81]. The single-crystal X-ray analysis revealed
the classic metallamacrocyclic molecular geometry with the neutral ring formed by
five [Cu(II)–N–O] repeating units, the Bi3+ ion being encapsulated within the central
cavity by the five hydroximate O atoms (Fig. 29).

However, DFT calculations reveal weaker donor–acceptor interactions between
the metallamacrocycle and the central Bi3+ ion compared to the La(III)–Cu(II)
complex. A larger deformation electron density (DED) is accumulated at the axial
positions of the pentagonal pyramid formed by the ligand environment of the Bi3+ ion
which results in the smaller effective positive charge on this metal ion and the smaller
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Fig. 29 The molecular
structures of Bi3+ and Ln3+

tyrosinehydroximate
15-metallacrowns-5.
Reproduced from the open
access article [81] (© 2022
by the authors; licensee
MDPI, Basel, Switzerland)

negative charges on the oxime O atoms [81]. This effect explains the preferable coor-
dination of the negative OH− species instead of the H2O molecule, as well as the
unusual structure with the six-coordinated central ion. Significant π-contributions
to the interactions between the central ion and metallamacrocycle were revealed for
both Bi(III) and La(III) complexes. The larger DED concentration at the axial posi-
tions of Bi3+ and the π-interactions are nicely visualized by the DED isosurfaces
(Fig. 30).

To conclude, following our interest in water-soluble 15-Metallacrown-5
complexes, this new example not only enriches the structural diversity of the 15-
MC-5 family, but also offers another approach to the discovery of new polynuclear
metallamacrocyclic complexes with unconventional structures and properties.

Concluding Remarks

The synthetic strategies providing a basis for the design of water-soluble 15-MC-5
systems together with the results of quantum chemical modeling were reviewed. The

Fig. 30 Deformation electron density isosurfaces at 0.01 a.u. in the region of the central ion and
the five oxime oxygen atoms for [Bi(15-MCCu(II)Tyrha-5)]3+ (left) and [La(15-MCCu(II)Tyrha-5)]3+

(right). The isosurfaces are built at the same scale. Reproduced from the open access article [81] (©
2022 by the authors; licensee MDPI, Basel, Switzerland)
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relative stabilities of the metallacrowns under consideration were found to depend
on the Cu(II) and Ln(III) coordination surroundings as well as on the ligand mutual
orientations. New opportunities for the potential applications of the water-soluble 15-
MC-5 (including MRT contrast agents) are associated with well-defined stable struc-
tures bearing an increasing number of water molecules in the Ln(III) inner-sphere.
Low-temperature decomposition of metallacrowns leads to the new nanomaterials
based on metal oxides. With the use of synthetic strategies discussed, water-soluble
15-MC-5 systems with some central-cavity metal ions other than lanthanides can be
obtained.
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Metallacrown-Based Catalysts for Water
Oxidation and CO2 Conversion

Hua Yang, Jianmin Dou, and You Song

Abstract The problems of the world energy crises and anthropogenic climate
change demand renewable energies substitute for fossil energy. The conversion of the
earth-abundant small molecules, such as H2O and CO2 into energy-rich/value-added
compounds serves as the optimal choice to solve energy issues. And a promising
strategy is to split water into hydrogen and oxygen to achieve the storage of the
excess renewable energies. In nature, the oxidation of water in photosystem II is
efficiently catalyzed by a multinuclear Mn4CaO5 cluster, oxygen-evolving complex
(OEC), which is recognized as a highly active and robust catalyst to supply rapid
multielectron transfer and smooth O–O bond formation. Thus, the natural enzymes
for small-molecule conversions have encouraged many researchers to pursue this
project, and the earth-abundant transition metal ions such as Mn, Fe, Co, and Cu-
based multinuclear metal complexes have been widely explored. As a result, the
multinuclear metal complexes with definitive structures and coordination environ-
ment of metal centers have been recognized as promising candidates for developing
efficient artificial catalysts for redox. Metallacrowns (MCs), a kind of metallamacro-
cycle complexes, have the unique feature, definitive structures, and rich metal ions
in such a small volume and display the interestingly catalytic activity of water oxida-
tion and carbon dioxide conversion. The detailed description is given in the following
text.
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1 Water Oxidation

Water oxidation process (2H2O → O2 + 4H+ + 4e−) is thermodynamically and
kinetically unfavorable due to its requirement for the transfer of four electrons and
the formation of an O–O bond [1–5]. Consequently, it is crucial for the develop-
ment of highly active and stable artificial catalysts for water oxidation. In this field,
the metal clusters electro/photocatalysts have attracted more and more attention [6–
9]. Metallacrowns as one outstanding family of metal clusters have definitive and
charming structures and display various physical–chemical properties, such as bioac-
tivity, molecular recognition, catalysis, single-molecule magnets, and so on [10].
They also showed excellent catalytic performance as electro/photocatalysts in water
splitting. Masaoka S. and co-authors [11, 12] synthesized a series of pentanuclear
scaffold complexes [M5(μ3-O)(μ-L)6]3+ through 3,5-bis(2-pyridyl)pyrazole (Hbpp,
LH) ligand and their derivatives. The scaffold structures display a triangular [M3(μ3-
X)] core (M = Fe, Co, Zn, Mn; X = O2

− or OH−) wrapped by two [M(μ-bpp)3]
units (Fig. 1). Herein, the [FeII

4FeIII(μ3-O)(μ-L)6]3+ ([Fe5]) complex was discussed
as a representative. In the trigonal–bipyramidal structure, the triangular [Fe3(μ3-
O)] core can be regarded as a 9-MC-3 structural type with [M–N–N] repeat unit, a
feature of azametallacrown (azaMC), which is an extension and the second class of
MCs. At the apical positions, two iron ions are hexa-coordinated by three L− ligands
to display distorted octahedral geometries, while the triangular three iron ions are
penta-coordinated through two L− ligands and an O2− anion to form distorted bipyra-
midal geometries. So, the coordinative unsaturated triangular metal ions and the
coordinative saturated apical metal ions likely exhibit multiple redox-active centers.

The cyclic voltammogram (CV) of [Fe5] in acetonitrile revealed one reversible
reduction wave (E1/2 = −0.55 V, versus ferrocene/ferrocenium, Fc/Fc+) and four
reversible oxidation waves (E1/2 = 0.13, 0.30, 0.68, and 1.08 V), corresponding to

Fig. 1 a ORTEP drawings (50% probability ellipsoids) of the structure of cationic moiety of
[Fe5(μ3-O)(μ-L)6(BF4)3] (left, hydrogen atoms are omitted for clarity) and b the core struc-
ture highlighting the azametallacrown connectivity between the iron centers. (HL = 3,5-bis(2-
pyridyl)pyrazole.) Color scheme: O = red, C = gray, N = blue, and Fe = green
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Fig. 2 a CVs of [Fe5] (0.2 mM) in an acetonitrile solution containing Et4NClO4 (0.1 M) at a scan
rate of 10 mV s−1. b CVs of [Fe5] (0.2 mM) in acetonitrile solution containing Et4NClO4 (0.1 M)
at a scan rate of 10 m V s−1 with 5 M of H2O (red line) and without water (black line, the same
data as in a). (Reproduced with permission from [11])

five sequentially one-electron transfers in true each of the iron ion FeIII/FeII couples
(Fig. 2a). Thus, the existence of five irons in [Fe5] complex makes it to demon-
strate the high redox flexibility and attain the high potential to generate four-electron
oxidized species. Notably, a large irreversible anodic current (catalytic current)
appeared in the profile of the CV when water was added into the system with the
potential corresponding to the [FeIII

5]/[FeIIFeIII
4] redox couple, indicating an elec-

trocatalytic active site for O2 evolution from water (Fig. 2b). Controlled potential
electrolysis (CPE) was conducted to quantify the evolution of O2 from water with a
faradaic efficiency of 96% based on a 4e− process. In electrocatalytic reactions, the
pseudo-first-order rate constant κcat, corresponding to the turnover frequency (TOF)
value, was also used to evaluate catalytic activity, and the resulting TOF value can
be deduced from Eq. (1) [13–16].

icat

ip
= 2.242ncat(

κcat RT

F
)1/2v1/2 (1)

where icat is the catalytic current, ip is the peak current measured in the absence
of substrate, ncat is the number of electrons involved in the catalytic reaction, F is
Faraday’s constant, κcat is the effective first-order rate constant, R is the universal gas
constant, T is the temperature in Kelvin, and v is the scan rate. The limiting currents
were kept unchanged as the scan rates in the range of 1.6–2.6 V s−1 (Fig. 3a), and a
linear relationship was observed through the plot of the ratio of icat to ip as a function
of the inverse of the square root of the scan rate (Fig. 3b). The slope of the plot
gave the TOF value of 1,900 s−1 for water oxidation of [Fe5], which is about 1,000
times greater than that of reported other iron-based water oxidation catalysts [17–
23]. Furthermore, the obtained TOF and TON (turnover number) values from the
controlled potential electrolysis (CPE) are 140–1,400 s−1 and 106–107 in 120 min,
respectively. These values illustrate [Fe5] complex can serve as an efficient and
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Fig. 3 a CV of [Fe5] (0.2 mM) in an acetonitrile/water (10:1) mixed solution containing Et4NClO4
(0.1 M) at scan rates of 0.2–2.6 V s−1. b A plot of the ratio of icat to ip as a function of the inverse of the
square root of the scan rate v, showing the linear relationship. Data obtained from the measurements
with the scan rates (in V s−1) of 1.6, 1.80, 2.00, 2.20, 2.40, and 2.60 were used for the calculation
of the TOF. (Reproduced with permission from [11])

robust molecular catalyst for water oxidation. This also reveals a signal that the
earth-abundant metal complexes will be the potential candidates for the oxidation of
water in the future.

A possible catalytic cycle of [Fe5] was forwarded based on the electrochemical
measurements and illustrated in Fig. 4. The results revealed that a four-step, one-
electron oxidation process occurred and accompanied the transfer of an electron from
the initial [FeII

4FeIII] state (S0 in Fig. 4) to the completely oxidized [FeIII
5] state (S4).

The substrate water molecule linked the S4 state to form a [FeIII
5(OH2)] species (A in

Fig. 4), where a FeIII ion in the triangular core possessed a hexa-coordinated geom-
etry. Another water molecule attacked on with sequential or simultaneous deproto-
nation, and a bis-oxo mixed-valence [FeII

2FeIII(FeIV = O)2] species (B in Fig. 4) was
formed, confirmed at an energy minimum by the calculation. Note that the charge
delocalization from triangular core FeIII ions to the apical iron ions led to the forma-
tion of the FeIV = O unit in the angular core. Then, the peroxo species (C in Fig. 4)
was generated between the co-facial oxo group in B, in which O–O bond formation
occurred. The quantum chemical calculation also revealed that the O–O bond forma-
tion process smoothly proceeded in an intramolecular fashion in [Fe5] [24]. Finally,
O2 was released from C to regenerate the initial S0 state, and the whole catalytic
cycle was completed. Later, Najafpour M.M. carried out a series of experiments to
investigate the true catalyst for water oxidation in the presence of [Fe5] complex.
The result revealed that [Fe5] was not stable, and its decomposition led to the forma-
tion of Fe oxide, which was possible one candidate as the true catalyst for water
oxidation.[25]

Although [Fe5] has high activity and stability as a robust and efficient molecular
catalyst for water oxidation, the relatively large onset potential is a drawback. There-
fore, decreasing onset potential remains a challenge. Recently, two new complexes
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Fig. 4 Catalytic mechanism of [Fe5] for O2 evolution from water. (Reproduced with permission
from [11])

[Fe5–Me] and [Fe5–Br] (Fig. 5a, b) have been synthesized through Me-Hbpp and Br-
Hbpp ligands with the 4-position of the Hbpp ligand replaced by electron-donating
Me- and electron-withdrawing Br-groups, and the catalytic activity has been explored
and compared with the parent [Fe5] [26]. [Fe5–Me] and [Fe5–Br] demonstrated
the same structural motifs as [Fe5], and the bond distances between Fe–N did not
change significantly after the introduction of the substituents (either methyl or bromo

Fig. 5 ORTEP drawings of the cationic moieties of a [Fe5–Me](PF6)3 and b [Fe5–Br](BF4)3.
c CVs of 0.2 mM solution of [Fe5–Me] (red line), [Fe5–Br] (blue line), and [Fe5] (black line).
Measurements were carried out in MeCN solution containing 0.1 M TBAP under Ar at a scan rate
of 10 mV s−1. Working electrode, glassy carbon; counter electrode, Pt wire; reference electrode,
Ag/Ag+. (Reproduced from [26] with permission from the Royal Society of Chemistry)
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groups). The redox properties of [Fe5–Me] and [Fe5–Br] complexes were investi-
gated through CV in dry MeCN with 0.1 M Bu4NClO4 under an Ar atmosphere. The
results exhibit the five reversible redox processes, similar to that of [Fe5] (Fig. 5c),
indicating that the introduction of substituents on the ligands has no influence on
the electron transfer ability of the pentanuclear iron scaffold. Noteworthy, all the
redox waves of [Fe5–Me] were shifted to more negative potential relative to those of
[Fe5], whereas the redox waves of [Fe5–Br] were positively shifted. These trends are
consistent with the electron-donating and electron-withdrawing nature of the methyl
and bromo substituents. This result reflects that the substituents on the ligands can
tune the redox potentials of the pentanuclear iron complexes.

In order to investigate the water oxidation of [Fe5–Me] and [Fe5–Br], the elec-
trocatalytic activities were examined in a solution containing 0.2 mM complexes
and 5 M H2O. The result showed a large irreversible current in the >1.0 V region
(Fig. 6). CPE confirmed the catalytic activity of the water oxidation, and the faradaic
efficiencies of water oxidation reactions based on 4e− process were 92 and 86%
for [Fe5–Me] and [Fe5–Br], respectively. TOF and TON values were 300 s−1 and
2 × 106 for [Fe5–Me], as well as 20 s−1 and 1 × 105 for [Fe5–Br], respectively,
which were lower than those of [Fe5], but higher than those of the other reported
iron complexes for water oxidation [17–21].

Carefully comparing the CVs of [Fe5–Me] and [Fe5–Br] complexes in the pres-
ence of H2O, it was found that the electrochemical behavior was different. For
[Fe5–Me], the large irreversible current deriving from the catalytic water oxidation
appeared at a potential close to the fourth redox couple (1.08 V) (Fig. 6a). The onset
potential (Eonset) was determined to be 1.09 V with a corresponding overpotential
(η) of 0.65 V at pH = 5. The large catalytic current of [Fe5–Br] was observed at
a more negative potential than that of the fourth redox couple (1.27, Fig. 6b), and
the Eonset and η were 1.15 and 0.71 V, respectively. These values indicated that two
pentanuclear iron complexes likely possessed different catalytic mechanisms. In the

Fig. 6 CVs of 0.2 mM solutions of a [Fe5–Me] and b [Fe5–Br] in acetonitrile containing TBAP
(0.1 M) in the absence of H2O (black lines) and the presence of 5 M H2O (pH = 5, red lines). The
CVs were measured using a GC electrode under an Ar atmosphere at a scan rate of 10 mV s−1.
(Reproduced from [26] with permission from the Royal Society of Chemistry)
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case of [Fe5–Me], the Eonset was situated in a slightly more positive potential than
the E1/2 of the fourth redox couple (1.01 V). This means the combination of four-
electron oxidized species (S4 state) with one water molecule triggered the catalysis
of water oxidation. The electron-donating nature of methyl substituent promoted the
formation of the S4 state at a more negative potential, which makes [Fe5–Me] to have
a smaller Eonset than that of the [Fe5] complex. So, a similar catalytic mechanism is
proposed as that of [Fe5] (Fig. 4). The catalytic current for [Fe5–Br] (Eonset 1.15 V)
was observed between the third (0.87 V) and fourth (1.27) redox waves. This showed
that the three-electron oxidized species combined one water molecule to undergo a
chemical reaction and further were oxidized at 1.15 V under a concerted chem-
ical and electrochemical process to initiate the catalytic reaction. Thus, a possible
catalytic mechanism for [Fe5–Br] was proposed as in Fig. 7. First, a sequential,
stepwise three-electron oxidation process occurred, where the electronic structures
underwent from S0, S2 to S3 states. But, different from the oxidation of S2 to S3

states in [Fe5] and [Fe5–Me], the oxidation of S2 to S3 states in [Fe5–Br] involved a
two-step intramolecular electron transfer process, namely the oxidation in the trian-
gular core and the reduction at the apical position occurred simultaneously. So, the
S3 state exhibited three FeIII ions in the triangular core, which was different from
that of [Fe5] and [Fe5–Me]. Then, one water molecule attacked on the fully oxidized
[Fe3(μ3-O)] core of the S3 state and coupled with a one-electron oxidation process to
form the water-bound Fe5(OH2) species (A). Similar to that in Fig. 4, A generated B
and C; lastly, O2 was released from C, accompanying the catalytic process returned

Fig. 7 Catalytic mechanism of [Fe5–Br] for O2 evolution from water. (Reproduced from [26] with
permission from the Royal Society of Chemistry)
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to the initial S0 state. In this mechanism, the formation of the S4 state was bypassed
in [Fe5–Br], which can be proved by the lower onset potential in [Fe5–Br]-catalyzed
process, compared with [Fe5] catalysis. Therefore, based on the aforementioned
discussion, we can conclude that the tuning of electron structures can control the
catalytic reaction, while the substituents not only influence the redox potentials but
also change the reaction mechanism.

A tetranuclear, grid nickel complex [NiL]4·4(NO3) ([Ni4]) with metallacrown-like
topology and [Ni–O] repeat unit was synthesized through bis-[(E)-N′-(1-(pyridin-2-
yl)ethylidene)]carbohydrazide ligand (HL) (Fig. 8). The asymmetric unit of [Ni4]
complex contains a carbohydrazone ligand, which is coordinated to the NiII ion as
a mono-negative ligand, and a nitrate anion is located beside the complex. In the
[Ni4] unit, each NiII ion is hexa-coordinated, distorted octahedral geometry where
the coordinated atoms come from two perpendicular carbohydrazone ligands. The
ligands in the mer configuration link NiII ions with the oxygen atoms shared by
adjacent NiII ions to exhibit a symmetrical molecular square. The Ni–N and Ni–O
bond lengths are in the normal range of reported NiII complexes. The adjacent Ni–Ni
distances are 3.927 Å and the bond angles subtended of Ni–O–Ni are 137.36(15)°.
The electrocatalytic activity of water oxidation was investigated in the presence of
water with Fluorine-doped tin oxide (FTO) as the working electrode and graphite
as the auxiliary electrode (Fig. 9). No oxidation/reduction peaks were observed in
pure acetonitrile (Fig. 9a). Under the above condition, adding water, the current
of water oxidation increased, accompanying the water oxidation reaction started at
1.6 V and a significant change occurred at 0.12, 0.73, and 1.20 V (Fig. 9b). For
the potential ranging from −0.3 to 1.8 V and in the presence of acetonitrile/water
(1.5/10) and LiClO4 (0.1 M), the continuous CV measurement exhibited a significant
change (0–1.0 V) in catalytic current, indicating that this complex was unstable and
decomposed into a Ni oxide compound on the electrode (Fig. 9c). The amperometry
showed that the FTO used in the measurement after washing displayed higher activity
than a fresh FTO for water oxidation in KOH (0.1 M) (Fig. 9d). This result likely

Fig. 8 a The asymmetric unit of the grid tetranuclear complex [NiL]4·4(NO3). b Molecular struc-
ture of [Ni4L4]4+ in the crystal structure (the nitrate anions are eliminated for clarity; Symmetry
codes: (i) −x + 1/2, y, −z + 1/2; (ii) x, −y + 1/2, z + 1/2; (iii) −x + 1/2, −y + 1/2, z. (Reproduced
with permission from [27])
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Fig. 9 CVs of [Ni4] (0.08 mM) in 20 mL acetonitrile containing LiClO4 (0.10 M) electrolyte. a The
effect of adding water on [Ni4] during CVs in acetonitrile containing LiClO4 (0.10 M) electrolyte.
b The continuous CVs of [Ni4] in LiClO4 (0.1 M) in acetonitrile/water (10/1.5) in the range of
(−0.3 V)–(1.8 V). c The continuous CVs of [Ni4] in acetonitrile/water (90/10) (electrolyte: LiClO4
(0.10 mM)) (0.10 M) in the range of (−0.4 V)–(2.0 V). d The amperometry of the operated FTO
after operation for 2 h at 1.8 V in the presence of [Ni4] (blue) compared to a fresh FTO (black)
in KOH (0.10 M) at 1.15 V versus Ag/AgCl. e Scan rates were 50 mV s−1. The electrochemical
experiments were performed using fluorine-doped tin oxide (FTO) and graphite as the working and
the auxiliary electrode, respectively. f A proposed model for water oxidation in the presence of
[Ni4]. (Reproduced with permission from [27])

indicates that the true catalyst comes from the surface of the electrode. The decrease
of current is derived from the leaking of the catalyst into the solution. Adding the ratio
of acetonitrile/water to 90/10, the catalytic current showed a significant increase in
water oxidation, which illustrated a conversion occurring relating to the high amount
of acetonitrile (Fig. 9e). The electrode after water oxidation by the [Ni4] complex was
investigated through various physical–chemical methods, and a proposed model for
water oxidation was shown in Fig. 9f. The result showed that the decomposition of
the [Ni4] complex, a Ni oxide compound on the electrode, could serve as a contributor
to the water oxidation reaction under the observed catalysis [27].

An exceptionally stable octacobalt-cluster-based metal–organic framework
[Co8(OH)6(bdt)6(H2O)2] ([Co8], H2bdt = 1,4-Benzenedi(1H-1,2,3-trizaole)) with
perfect facing-facing double-deck 12-MC-4 azametallacrown (azaMC) structural
type was reported and the enhanced water oxidation catalysis was investigated
under electro-/photodriven, respectively. [Co8] cluster consists of a face-centered
fcu network, connected to 12 adjacent ones through linear exo-tetradentate linkers
to display cubic topology, and with the help of the linkers of 2-connected bdt2−, it
further forms a 3D porous framework (Fig. 10). In [Co8] cubic structure, the hydroxyl
anion at each face connects four coplanar CoII ions to form a {Co4(μ4-OH)} unit,
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Fig. 10 a The structure of [Co8(μ4-OH)6(Rtrz)12] (Rtrz− = 1,2,3,-triazolate group) cluster
(hydrogen atoms are omitted for clarity). b The network topology (octanuclear cluster and bistria-
zolate ligands are simplified as violet polyhedra and blue sticks, respectively). c 3D coordination
framework (CoN3O3 units are shown as violet polyhedra) of [Co4-bdt]. (Reproduced from [28]
with permission from the Royal Society of Chemistry)

where each CoII ion is located in a hexa-coordinated CoN3O3 coordination envi-
ronment, and the adjacent CoII ions are bridged by N–N donors from the terminal
triazole groups to demonstrate 12-MC-4 azaMC structural type. The photodriven
water oxidation experiment showed an initial TOF of 3.05 ± 0.03 S−1 under the
condition of [Ru(bpy)3](SO4) as the photosensitizer and Na2S2O8 as the sacrificial
electron acceptor with the Clark-type oxygen electrode used to detect in situ the
amount of evolved O2 dissolved in the solution (Fig. 11a). The stability of the struc-
ture made the TOF remain 3.05 S−1 after 12,000 runs in the photocatalytic water
oxidation reaction (Fig. 11b). The electrochemical measurements (Linear sweep
voltammetry, LSV) revealed a four-electron process and an overpotential of 352 mV
at 2.0 mA cm−2[28].

Fig. 11 a Kinetics of O2 formation in the photocatalytic system using [Co4-bdt] as the catalyst. b
O2 production profiles of the repeated photocatalytic water oxidation reactions using [Co4-bdt] as
the catalyst. Reaction conditions: [Ru(bpy)3]SO4 (0.03 mmol), catalyst (0.5 nmol), borate buffer
(pH = 9, 2 mL), Na2S2O8 (0.1 mmol), LED light (λ = 450 ± 5 nm), and 25 °C. (Reproduced from
[28] with permission from the Royal Society of Chemistry)
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2 CO2 Conversion

The excessive use of fossil fuels discharges massive carbon dioxide into the atmo-
sphere and also causes serious environmental pollution issues. To mitigate the energy
crisis and greenhouse effect, several categories, such as CO2 capture, storage, and
conversion, have been considered to reduce CO2 emissions. Although various cata-
lysts, including noble metals and their derived products, metal oxides, single-atom
catalysts, Mxenes, carbon-based materials, and so on, have been reported for CO2

utilization, the metal complexes with distinct structure and coordination number still
have attracted considerable attention from the researchers for CO2 electroreduction
or photoreduction.

A pentanuclear cobalt complex [CoII
5OH(bpp)6](BF4)3 ([Co5], Hbpp = 3,5-bis(2-

pyridyl)pyrazole) exhibits the same molecular scaffold as [Fe5] with Co ions substi-
tute for Fe ions in trigonal–bipyramidal geometries, where two [Co(μ-bpp)3] units
are located at the apical positions (Fig. 12a) [29]. Two apical Co ions are in hexa-
coordinated environment with distorted octahedral geometries, while triangular three
Co ions display penta-coordinated, distorted trigonal–bipyramidal geometries. The
average distance between the Co ion and central O atom in the triangular core is
2.009(4) Å, which is larger than that of the [Fe5] complex (1.961(3) Å), indicating
that the central bridging moiety is OH−, not O2−, observed in [Fe5]. Under the Ar
atmosphere, the CV profile displayed two reversible oxidation waves (CoIII/CoII)
and three reversible reduction waves (CoII/CoI), which indicated [Co5] has redox
properties suitable for reductive reactions. Therefore, under the CO2 atmosphere,
a large irreversible current was observed at about Epc = −2.5 V, and the intensity
of the irreversible current significantly increased in the presence of trifluoroethanol
as a proton source (Fig. 12b). Meanwhile, the production of CO2 reduction was
confirmed as CO, H2, and HCOOH through the controlled potential electrolysis.
Furthermore, a CO2-saturated solution, containing [Co5], sacrificial electron donor

Fig. 12 CVs of 0.2 mM solutions of a [Co5] (blue line) and [Fe5] (orange line) under Ar atmo-
sphere. b [Co5] under Ar (blue line), CO2 (gray line), and CO2 in the presence of 10% trifluo-
roethanol (red line) in acetonitrile containing 0.1 M TBAP. The CVs were measured using a GC
electrode at a scan rate of a 100 or b 50 mV s−1. c Photocatalytic production of CO in the presence of
30 μM [Co5] (red line) and in the absence of [Co5] (blue line) in a CO2-saturated DMA/TFE (17:3,
v/v) solution containing 150 μM Ir(ppy)3 and 0.1 M BIH. (Reproduced from [29] with permission
from the Royal Society of Chemistry)
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1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH), and photosensi-
tizer Ir(ppy)3 (Hppy = 2-phenylpyridine), was irradiated for 4 h through wavelength
420 nm visible-light, and a resultant production CO (0.18 μmol) was obtained with a
maximum TON of 58.4 (Fig. 12c). The isotopic labeling experiments also confirmed
that CO originated from the CO2 reduction[29].

A 12-MC-4 azametallacrown complex [Ni4(L)4(μ-OH)4)](ClO4) ([Ni4], L = 3,6-
di(pyrazol-1-yl)pyridazine) was constructed and exhibited a 12-membered macro-
cycle with four NiII ions coplanar and linked together through –N–N– bridging groups
to achieve Ni–N–N repeat unit in the ring (Fig. 13a) [30]. Two neutral tetradentate
ligands are in a cis-isomer arrangement to surround one Ni atom, except that, two
hydroxide groups also bridge the same Ni atom. Thus, the coordination atoms of
the Ni atom consist of four nitrogen atoms (N1, N3) of two ligands and two oxygen
atoms (O1) of hydroxide bridging groups to form hexa-coordinated, distorted octa-
hedral geometries. The CV measurement showed that a reduction peak (Epc = −
1.46 V) was observed under the Ar atmosphere, which was attributed to NiII/NiI

redox couple (Fig. 13b). In the presence of CO2, a new reduction peak and a current
enhancement appeared at Epc = −1.71 and −1.97 V, respectively, and an irreversible
reduction peak (−2.25 V) was observed (Fig. 13b). These results showed that NiI

centers, reduced product of NiII ions, were formed, then, CO2 bond to the NiI species.
CPE experiments displayed a detected amount of CO of 0.17 μmol with a charge
passing approximately 1.59 C for comparison of a blank (1.35 C). The result suggests
the bimetallic synergistic effect between Ni centers in [Ni4] structure enhances the
selectivity for CO2 to CO conversion. In other words, the [Ni4] structure may possess
a more suitable environment and stability for the CO2 reduction reaction [31]. While
the current enhancement may be attributed to CO2 interaction with [Ni4] complex

Fig. 13 a X-ray crystal structure of 12-MC-4 nickel complex [Ni4(L1)4(μ-OH)4](ClO4)4 with
thermal ellipsoids (50% probability). Hydrogen atoms and four ClO4

− anions are omitted for clarity.
b CVs of 0.5 mM 12-MC-4 [Ni4] complex with 0.1 M TBAP in 2 mL DMF under Ar atmosphere
(black line) and CO2 (dashed line) at scan rate of 100 mV s–1. (Reproduced with permission from
[30])
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and hydrogenation of the aromatic N-heterocyclic ligand under reduction conditions
[32].

Two multiple MCs-type complexes {Na(H2O)4[SmZn16(picha)16(Py)8] (OTf)·
4MeOH· 12H2O} ([SmZn16]) and {H[DyZn16(picha)16(Py)8](OTf)4·4MeOH·12H2O}
([DyZn16]) have been reported [33, 34]. These two complexes are isostructural and
have overall S8 symmetry. Herein, only [DyZn16] was discussed. In the crystal
structure of [DyZn16], a 24-MC-8 unit encapsulates two concave 12-MC-4 subunits,
which are linked by an eight-coordinated DyIII ion to form a sandwich configuration
(Fig. 14). Interestingly, the two complexes displayed different catalytic activity.
[SmZn16] exhibited excellent catalytic performance in the catalytic conversion of
CO2 to cyclic carbonate with a percent conversion up to 96.3% and selectivity
of 98.7%, whereas [DyZn16] acted as an efficient catalyst for the Knoevenagel
condensation reaction with yield up to 97.2%.

(a) (b)

(c) (d)

Fig. 14 a The Crystal structure of [DyZn16(picha)16(Py)8]3+. (All hydrogen atoms and free ions
are omitted for clarity). b Metal core of [DyZn16]. c Top view of the inner MC ring about the central
Dy3+. d Side view of the inner MC ring about the central Dy3+



330 H. Yang et al.

3 Summary

In summary, in this chapter, we have shown the structures and catalytic activity
of a series of metallacrown electro/photocatalysts for water oxidation and CO2

conversion. Metallacrowns possess definitive and charming structures and rich metal
centers exhibiting coordinative saturated or unsaturated. Depending on the unique
feature of metallacrowns, they may display multiple redox-active centers. Although
[M5] complexes had a similar pentanuclear scaffold structure, where the triangular
[M3(μ3-O)] cores were wrapped by two [M(μ-L)3] units, different CV profiles
and catalytic activity have been observed due to the change of metal centers and
substituting groups on ligands. For example, [Fe5] complexes can act as electro-
catalysts and exhibit efficient catalytic activity for water oxidation. But the effect of
electron-donating and electron-withdrawing substitutes on ligands led to two distinc-
tive catalytic reaction mechanisms. Metal cobalt ions substitution of iron ions in [Fe5]
formed a new [Co5] complex, which could reduce CO2 to CO under photoirradia-
tion in the presence of a photosensitizer. Meanwhile, the other structural type metal-
lacrown catalysts also exhibited excellent catalytic performance in water oxidation
or CO2 conversion fields. Therefore, taking full advantage of the earth-abundant tran-
sition metal ions and controlling the ligands to design the desired metallacrowns for
high efficient and robust catalysts can be realized. And it is possible to formulate mult-
inuclear metallacrown catalysts for water oxidation or small-molecule conversion to
mitigate the energy crisis and solve the environmental issue.
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A Structural Examination
of Metallacrowns with Main Group
Elements in the Ring Positions

Jacob C. Lutter and Curtis M. Zaleski

Abstract The aim of this chapter is to highlight recent metallacrown chemistry that
utilizes main group elements in the metallacrown ring. Since the first vanadium-based
9-MC-3 was reported in 1989, metallacrown structures have traditionally included
transition metal ions in the ring position of metallamacrocycles. These metals have
imparted attractive properties to the metallacrowns such as molecular magnetism,
catalysis, molecular recognition, and selective guest binding. While one of the first
described metallacrowns in 1993 contained the main group element gallium in the
ring positions, a 12-MC-4 dimer, little research was directed to these types of elements
until recently. Not only has gallium now been incorporated into the metallacrown
ring, but the elements aluminum, indium, tin, lithium, sodium, silicon, and tellurium
have also been used to generate archetypal metallacrowns with a M–N–O repeat unit
and/or azametallacrowns with a M–N–N repeat unit. The resulting metallacrowns
have interesting properties including single-molecule magnetism, luminescence, and
bioactivity. This chapter will examine the structural diversity of metallacrowns that
can be achieved with main group elements and will feature some of the interesting
properties and applications of these molecules.

1 Introduction

Since the first reports of metallacrowns (MCs) by Pecoraro in 1989, the field has
been dominated by structures that contain transition metal ions in the ring positions
of the macrocyclic molecules [1, 2]. These ions can impart particularly interesting
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magnetic properties such as single-molecule magnetism and magnetorefrigeration
as the unpaired electrons of the ring transition metal ions often couple with a para-
magnetic central metal ion, typically either a transition metal or lanthanide ion. In
addition, the multiple oxidation states of the metal ions and preferable coordination
numbers of particular ions have led to a plethora of structure types and motifs with a
variety of applications including catalysis, selective anion binding, bioactivity, proton
relaxation enhancement, and luminescence [2–4]. Indeed, the remarkable chemistry
of transition metal ions is fully utilized with metallacrown chemistry. However, the
use of main group metal ions in the ring positions of MCs has largely been over-
looked. In 1993, Lah, Pecoraro, and coworkers described a gallium-based MC and
it is one of the first reported MC structures [5]. Then it was not until the early 2000s
that main group MCs were again described though the research seemed in a more
sporadic fashion with solitary reports. However, in the past 10 years, there has been
a more consistent and systematic research approach dedicated to MCs with main
group metal ions in the ring position.

One area of interest for the main group metallacrowns is lanthanide-based lumi-
nescence. Since the prototypical example in 2016, there have been publications that
explore more elaborate compositions that consistently use GaIII as the ring metal
[6]. The metallacrown frameworks generally perform well as “antenna” to sensi-
tize the weakly absorbing f –f transitions of central LnIII ions [7]. Furthermore,
gallium-based metallacrowns are of interest since they may sensitize both visible
and near-infrared emitting lanthanide ions. Examples of these metallacrowns come
in a few different configurations including an archetypical 12-MC-4, a bent 12-MC-
4, dimerized sets of archetypical 12-MC-4s, and even a [3.3.1.] metallacryptate [6,
8–11]. These structures have been examined for their photophysical properties and
have been elaborated for further application. Functional groups including ethynes,
maleimides, and iodines have been attached to the dimerized 12-MC-4s to allow for
specific coupling of molecules of interest to the MCs, or to enhance the capability
of these compounds to provide X-ray computed tomography contrast in conjunction
with the LnIII emission [12, 13]. Other luminescence applications such as lumines-
cent nanothermometry and white light emission have also been explored and open
up even more possibilities for further study of metallacrown complexes within this
field [14, 15].

Another intensely investigated topic of metallacrown research is molecular
magnetism. Transition metal metallacrowns have been consistently explored thanks
to the paramagnetism of such ions [16]. However, the main group metallacrowns have
showed facile routes for the study of lanthanide ion magnetic phenomena. By placing
diamagnetic main group elements in the ring, the magnetism of the central lanthanide
ion can be studied in an MC framework without complicating factors of magnetic
exchange between the central and ring metal species. Trivalent lanthanide ions in
particular have a large amount of magnetic anisotropy thanks to the unquenched
spin–orbit coupling that is of general interest within the field of single-molecule
magnets [17]. Metallacrowns and metallacrypates with lanthanide ions in eight- or
nine-coordinate geometries have been studied as single-ion magnets to explore the
relationship of the ligand field to the barrier for slow magnetization relaxation [10,
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11, 18]. One example, a 16-MC-6, also provided an opportunity to study the inter-
action of two LnIII ions in close proximity that had some interesting cooperative
relaxation processes [19].

Thanks in part to these motivating factors, there has been a renaissance in these
types of metallacrowns where gallium, aluminum, tellurium, or tin have been incorpo-
rated into the ring positions. In addition, there have been reports with gallium, indium,
aluminum, silicon, tin, lithium, and sodium-based azametallacrowns, MCs with a
nitrogen–nitrogen bridge between the metal centers. Main group ions have distinct
chemistry from the transition metal ions that dominate metallacrown research.
Varying extents of Lewis acidity and bonding covalency contribute to a wide range
of never-before-seen structural motifs with bespoke –[M–N–O]– or –[M–N–N]–
repeating units. The aim of this chapter is to highlight the recent advancements in
the main group chemistry of metallacrowns, with a focus on the structural aspects of
these compounds.

Please note that many of the figures in this chapter were generated using Mercury
software from crystallographic data in CIF format (available from the Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk) [20]. Figures with crystallo-
graphic representations have hydrogen atoms and lattice solvent molecules omitted
for clarity. In cases where the geometry about a metal center was ambiguous, contin-
uous shape measure (CShM) values were determined with the SHAPE (version 2.1)
software [21–23]. Typically, CShM values below or near 1.0 indicate minimal distor-
tions from the ideal shape, and values between 1.0 and 3.0 indicate that the designated
geometry is distorted from the ideal but the assignment is still valid, while values
over 3.0 indicate significant distortions from an ideal shape [22, 23].

2 Gallium-Containing Metallacrown Complexes

The main group archetypical metallacrown complexes are largely represented by
structures that feature trivalent gallium ions as the ring metal. The first example of
such a structure was reported in 1993 by Lah, Penner-Hahn, Pecoraro, and coworkers
as a set of two 12-MCGaIIIN(shi)-4 faces that bind to three monovalent sodium ions
(Fig. 1) [5]. The two MCs are connected by four μ-−OH anions that bridge between
the ring GaIII ions of adjacent MCs. The gallium ions are five-coordinate with square
pyramidal geometry (CShM range from 0.226–0.407). Each GaIII ion binds two κ2-
salicylhydroximate (shi3−) ligands in a trans fashion in the basal plane, where one
shi3– binds with the imino nitrogen atom and the phenoxide oxygen atom while
the other shi3– binds with the oxime and carbonyl oxygen atoms of the ligand. The
shi3– ligands provide the N–O bridges between the GaIII centers; thus, the shi3–

ligands form the framework of the metallacrowns. The coordination of the GaIII ions
is completed by a μ-−OH anion in the apical position. One sodium ion is captured
inside the dimer by binding the central cavity of each MC and is eight-coordinate with
cubic geometry (CShM = 0.757). The coordination is fulfilled by the eight oxime
oxygen atoms of the shi3− ligands that provide the MC framework. The remaining

http://www.ccdc.cam.ac.uk
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Fig. 1 ORTEP diagram from crystallographic data for the Na2

{
Na0.5

[
12-MCGaIIIN(shi)-4

]
2

}

(μ − OH)4 compound. Reprinted (adapted) with permission from [5]. Copyright 1993 American
Chemical Society

two sodium ions cap the ends of the dimer by binding to the central cavity opposite
of the encapsulated sodium ion. Each sodium ion is seven-coordinate with a face-
capped octahedral geometry (CShM = 2.783). The coordination is comprised of
four oxime oxygen atoms of four shi3– ligands and three carbonyl oxygen atoms of
three N,N-dimethylformamide (DMF) molecules. For about two decades after this
report, gallium-containing metallacrowns would remain absent from the frontier of
the field. However, since 2015 there has been a renaissance of gallium-containing
metallacrown complexes as more metallacrown research has focused on lanthanide
ion magnetism and lanthanide-based luminescence using encapsulated trivalent rare-
earth ions (LnIII) [3, 4]. The closed shell 3d10 valence electron configuration of GaIII

has become an attractive choice thanks to its diamagnetic and optically silent nature
for such applications.

2.1 Gallium 12-MC-4 Structures

One of the first compounds to be reported in this new era
of trivalent gallium metallacrown research was an archetypical{
LnIII

[
12-MCGaIIIN(shi)-4

]
(C7H5O2)4

}
(C5H6N) reported by Eliseeva, Petoud,

Pecoraro, and coworkers in 2016 [6]. This metallacrown is comprised of one LnIII

ion, four GaIII ions, four shi3–, and four benzoate ligands (Fig. 2). The authors
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Fig. 2 Representation of the {LnIII[12-MCGa
III

N(shi)-4]}– compound from crystallographic data;
side view (left) and down the pseudo-four-fold axis (center). Isolation of the dysprosium ligand
field (right). Aqua = dysprosium, orange = gallium, blue = nitrogen, red = oxygen, and gray =
carbon. Reprinted (adapted) with permission from [6]. Copyright 2016 American Chemical Society

reported the crystal structure for the dysprosium analogue that has pseudo-four-fold
symmetry. The DyIII ion is in an eight-coordinate square antiprism geometry
binding to the oxime oxygen of the four shi3– and a carbonyl oxygen of four
benzoate ligands. The square antiprism has an average torsion angle of 41.72°.
Two of the GaIII are in five-coordinate square pyramidal geometries and the other
two GaIII are in six-coordinate octahedral geometries. The five-coordinate GaIII

ions have two κ2-shi3– bound to the basal positions where one shi3– binds with
the imino nitrogen and the phenoxide oxygen and the other binds using the oxime
and carbonyl oxygens. The apical position is occupied by a carbonyl oxygen from
the benzoate. For the six-coordinate GaIII ions, two κ2-shi3– bind in the equatorial
positions where one uses the imino nitrogen and phenoxide oxygen, and the other
uses the oxime and carbonyl oxygen atoms. The axial positions are occupied by a
carbonyl oxygen from benzoate and a solvent molecule either pyridine or methanol.
The metallacrown itself is not planar but instead domed or bowled. This feature
leads to the molecule having convex and concave sides of the central cavity. Due to
the large ionic radius of the central lanthanide ion, it is situated on the convex side
of the central cavity rather than lying in the plane of the cavity. Similar structural
features were reported by Boron, Pecoraro, Zaleski, and coworkers in 2014 and
2016 for the related LnIII[12-MCMnIII(N)shi-4] molecules with MnIII ions in the ring
positions [24, 25]. The LnIII[12-MCGaIII(N)shi-4] molecules demonstrate the ability
to sensitize emission from many trivalent lanthanide ions including Sm, Eu, Tb, Dy,
Ho, Er, Tm, and Yb. The Dy and Sm analogues had emissions in both the visible
and near-infrared (NIR) regions. Moreover, the YbIII version of the MC possesses
rather a strong emission in the NIR with an observed quantum yield of 5.88% in the
solid state.

Another variation of a bent LnIII[12-MCGaIII(N)shi-4] has been reported with the
general composition of LnGa4(shi)4(H2shi)2 by Eliseeva, Petoud, Pecoraro, and
coworkers in 2020 [8]. The authors reported crystallographic data for both the
terbium and ytterbium analogues of the compound (Fig. 3). The authors observed
a clear difference in the structure of both analogues, likely due to the difference in
ionic radius between TbIII and YbIII. The terbium analogue has a nine-coordinate
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Fig. 3 Top row: representation from crystallographic data for the bent 12-MC-4 terbium analogue
(left), the 12-MC-4 component (center), and isolation of the terbium ligand field (right). Bottom
row: representation from crystallographic data for the bent 12-MC-4 ytterbium analogue (left),
the 12-MC-4 component (center), and the ytterbium ligand field (right). Purple = terbium, aqua
= ytterbium, yellow = gallium, blue = nitrogen, red = oxygen, and gray = carbon. Reprinted
(adapted) with permission from [8]. Copyright 2020 Royal Society of Chemistry

tricapped trigonal prism geometry around the terbium, where the ion is bound to the
oxime oxygen of all four shi3– ligands as well as both H2shi–, the carbonyl oxygen
of a H2shi–, and two oxygens from a bound bidentate nitrate anion. Each GaIII is in
a unique ligand field, where three GaIII ions are six-coordinate octahedra, and one
GaIII ion is best described as a five-coordinate square pyramid (CShM = 1.379).
The gallium coordination pattern about the MC ring is octahedral with � stereoiso-
merism, octahedral with trans configuration, octahedral with � stereoisomerism, and
then square pyramidal. The gallium ion in a propeller conformation with � chirality
is bound to the oxime and carbonyl oxygens of a κ2-shi3– and one κ2-H2shi– as well
as the imino nitrogen and phenoxide oxygen of a κ2-shi3–. For the trans configura-
tion gallium ion, two κ2-shi3– are opposite of each other where one is bound using
the oxime and carbonyl oxygens while the other is bound using the imino nitrogen
and phenoxide oxygen. The coordination is completed by two axially bound trans
pyridine molecules. The gallium ion with a propeller conformation with � chirality
is connected to the oxime and carbonyl oxygens of a κ2-shi3–, the imino nitrogen
and phenoxide oxygen of another κ2-shi3–, the oxime oxygen of a κ2-H2shi–, and a
pyridyl nitrogen atom. The square pyramidal gallium ion is bound to two κ2-shi3–

ligands in the basal position using the oxime and carbonyl oxygens of one and the
imino nitrogen and phenoxide oxygen of the other and contains a pyridyl nitrogen
in the apical position.

The smaller ionic radius of the YbIII ion compared to TbIII leads to significant
structural differences [26]. A comparison of average bond lengths for each analogue
shows that the terbium analogue has an average Tb–O bond length of 2.420 Å while
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the ytterbium analogue has an average Yb–O bond length of 2.296 Å. Also, the
YbIII is in an eight-coordinate trigonal dodecahedral geometry comprised of the
four oxime oxygens of shi3– ligands and the oxime and carbonyl oxygens of the
two H2shi– ligands and does not have the nitrate bound. The authors attribute this
absence to the slight difference in coordination behavior between the lanthanide
ions in the central cavity of the metallacrown. The four GaIII ions are in similar
coordination environments to those in the terbium analogue, where three are in
six-coordinate octahedra and one is in a five-coordinate geometry best described
as a square pyramid (CShM = 0.915), with a similar—propeller �, trans octahe-
dral, propeller �, square pyramidal—pattern about the MC ring as described for
the terbium analogue above. In addition, the coordination spheres are analogues to
their counterparts in the terbium analogue. In both molecules, the 12-MCGaIII(N)shi-4
ring, with H2shi2– ligands bridging between the ring metal ions and the central LnIII

ion, is “bent” to a greater degree than the 12-MCGa
III

N(shi)-4 structures with benzoate
bridging ligands between the GaIII and LnIII ions. In the benzoate MCs, the phenyl
rings of neighboring shi3– ligand almost lie in the same plane, while in the H2shi2–

MCs, the phenyl rings of adjacent shi3– are almost 90° relative to each other (Figs. 2
and 3). Like the flatter benzoate 12-MCGa

III
N(shi)-4, this bent H2shi2– metallacrown

was able to sensitize emission from a wide range of LnIII ions including Tb, Dy, Ho,
Er, and Yb. However, this scaffold had generally smaller quantum yields, likely due
to the proximity between the LnIII ion and the N–H oscillators from H2shi– ligands.

In 2019, an analogous structure was reported by Shao and coworkers for a dyspro-
sium compound that uses 3-hydroxy-2-napthanoic hydroxamic acid (H3nha) rather
than H3shi (Fig. 4) [18]. This DyIII analogue is more like the TbIII analogue structure
reported for the shi-containing compound than the YbIII analogue. The DyIII is in
a nine-coordinate tricapped trigonal prism ligand field geometry comprised of six
oxime oxygens from four nha3– and two H2nha– ligands, a carbonyl oxygen from
a H2nha–, and two oxygens from a bidentate nitrate anion. Once again, three GaIII

Fig. 4 a Representation from crystallographic data for the bent DyIII/nha 12-MC-4 compound, b
isolated DyIII ligand field, and c schematic of H3shi and H3nha ligands. Aqua = dysprosium, tan
= gallium, blue = nitrogen, red = oxygen, and gray = carbon
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ions are in six-coordinate distorted octahedral ligand fields and the fourth GaIII ion
is in a five-coordinate square pyramidal geometry (CShM = 1.218). The identity of
the atoms that bind to each gallium is the same for each equivalent gallium as the
TbIII/shi3− analogue except that the atoms come from nha3– ligands rather than shi3–

ligands. The GaIII centers also follow an ordering of—propeller �, trans octahedral,
propeller �, square pyramidal—about the MC ring, leading to the bent 12-MC-4
structure. However, the extent of bending is slightly different between the shi3– and
nha3– analogues. Measurement of the average GaIII–LnIII–GaIII angle using only
the gallium ions with ligands that are folded downwards reveals that the TbIII/shi3–

analogue has an angle of 97.02°, the YbIII/shi3– analogue has a similar angle of
97.28°, and the DyIII/nha3– analogue has a slightly more acute angle of 95.32°. This
metric suggests that the nha3– analogue has a more severe bend in the structure than
its shi3– counterparts. The authors studied the magnetic behavior of this species and
were able to determine that the compound is a single-molecule magnet. Values for an
effective barrier (Ueff) of 26.2 K with a pre-exponential factor (τ0) of 2.97 × 10–6 s
were determined from the fitting of experimental data collected with an applied field
of 800 Oe to quench quantum tunneling of the magnetization.

2.2 Gallium 12-MC-4 Dimer Structures

The bowled LnIII[12-MCGaIII(N)shi-4] structure with benzoate has also been synthe-
sized such that two of the metallacrowns can be linked to form a dimerized struc-
ture when benzoate anions are replaced by a dicarboxylate anion. The prototypical
example of such a metallacrown with gallium was reported in 2018 by Eliseeva,
Petoud, Pecoraro, and coworkers [9]. This compound is comprised of two 12-MC-
4 s that contain one LnIII, four shi3–, and four GaIII in each metallacrown that are
connected by four isophthalate (iph2–) linkages (Fig. 5). The authors reported crys-
tallographic data for the dysprosium analogue that shows a rather curious case of
disorder in the refined structure where two metallacrowns appear superimposed on
top of one another. Metallacrowns will form the –[M–N–O]– motif such that the
ordering is either clockwise or anticlockwise about the z-axis [27]. So, the disorder
observed with this metallacrown is likely due to indiscriminate pairing of clockwise
and anticlockwise isomers as the dimers assemble and pack in the crystal lattice. The
DyIII ion is in an eight-coordinate square antiprismatic geometry comprised of four
oxime oxygens from shi3– and four carbonyl oxygens from the iph2– ligands. The
square antiprism has an average torsion angle of 49.28°. The GaIII ions are distributed
such that two of the ions are in six-coordinate octahedral ligands fields while the other
two are in five-coordinate square pyramidal ligand fields (CShM = 0.330 and 0.536).
The six-coordinate GaIII ions bind the two κ2-shi3– ligands in the equatorial positions
using a combination of the imino nitrogen and phenoxide oxygen of one κ2-shi3– and
the oxime and carbonyl oxygens of another. The axial positions are occupied by a
carbonyl oxygen from iph2– and an oxygen from a solvent molecule, either water
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Fig. 5 Representation from crystallographic data for the 12-MC-4 dimer compounds; side view
(left) and top-down view (right). Teal = dysprosium, yellow = gallium, blue = nitrogen, red =
oxygen, and gray = carbon. Reprinted (adapted) with permission from [9]. Copyright 2017 John
Wiley and Sons

or N,N-dimethylformamide. The five-coordinate GaIII ions are connected to two κ2-
shi3– in the basal positions that have the same binding configuration as the κ2-shi3–

ligands of the six-coordinate GaIII ions. The apical position for both ions is occupied
by a carbonyl oxygen from iph2– anion. This dimerized scaffold was able to sensitize
LnIII emission across the visible and near-infrared from ions including Pr, Nd, Sm,
Tb, Dy, Ho, Er, and Yb. Compared to the monomeric metallacrown, this scaffold
has a smaller quantum yield likely due to Ln–Ln self-quenching effects. However,
the inclusion of larger ions such as PrIII and NdIII is rather exciting for metallacrown
species.

After this prototypical report, several variations of this structure type have been
synthesized and described. In 2019, Pecoraro and coworkers reported a method for
orthogonal functional group incorporation onto the shi3– and iph2– anions [12]. The
MC framework ligand can be modified to introduce an ethynyl functionality in the
fourth position of the benzene ring to produce 4-ethylnylsalicylhydroximate (eshi3–).
The ethynyl group allows for the coupling of azide-containing organic molecules to
the MC ligand via copper-catalyzed alkyne-azide cycloaddition. In addition, the iph2–

anion was modified to possess a maleimido group giving 5-maleimidoisophthalate
(miph2–). This portion of the MC then may undergo coupling with thiols via a Michael
addition (Fig. 6). To demonstrate the coupling capability, the eshi3–-based MC was
coupled with benzyl azide and the miph2–-based MC was coupled to cysteamine as a
proof of concept. Electrospray ionization time-of-flight mass spectrometry confirmed
complete coupling to all eight eshi3– or all four miph2– moieties of the MCs, and
UV–visible absorbance and SmIII luminescence experiments were performed to
ensure that LnIII sensitization was preserved after each of the coupling reactions.
The structure for the SmIII analogue with the eshi3– and unfunctionalized iph2– was
reported and differs from the original metallacrown in a few minor ways (Fig. 6).
First, the ethynyl version was reported with sodium countercations from sodium
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Fig. 6 a Schematic of the copper-catalyzed alkyne-azide cycloaddition and Michael addition
performed on the metallacrown’s ligands, and b representation from crystallographic data of the
octaethynylmetallacrown. Teal = samarium, pink = gallium, purple = sodium, blue = nitrogen,
red = oxygen, and gray = carbon. Reprinted (adapted) with permission from [12]. Copyright 2019
Elsevier

hydroxide used in the synthesis rather than ammonium countercations from ammo-
nium hydroxide in the dimer with only nonfunctionalized ligands. The sodium binds
below the metallacrown in a nine-coordinate capped square antiprism geometry using
four oxime oxygens from the eshi3– in the 12-MC-4, four water molecules that are
also bound to the GaIII ions in the ring (one of these water molecules is 50% disordered
with a N,N-dimethylformamide molecule), and one solvent water molecule that was
refined with half occupancy. Due to the four bound solvent water molecules, each
GaIII is in a six-coordinate octahedral ligand field, where two κ2-eshi3– bind using
the familiar combination of imino nitrogen with phenoxide oxygen, and the oxime
and carbonyl oxygens in the equatorial position. The axial positions are occupied
by a carbonyl oxygen from iph2– and a bound water molecule. Also, the curious
case of disorder from indiscriminate clockwise and anticlockwise metallacrowns is
not observed in this data set. The SmIII ion does not have significant changes in its
ligand field geometry compared to the DyIII ion in the original version beyond slight
differences expected from the change in ionic radii of the LnIII ions.

In addition, Eliseeva, Petoud, Pecoraro, and coworkers reported a version of the
dimer scaffold that incorporated iodine atoms onto the shi3– and/or iph2– ligands
in 2020 (Fig. 7) [13]. Four compositions are mentioned in the article, such that
each has differing amounts of iodine atoms on the MC scaffold from 0 to 12 in
increments of four. The tetraiodo scaffold has iodine on the iph2– anions only (in
the fifth ring position), the octaiodo version has iodine on the shi3– anions only (in
the fourth ring position), and the dodecaiodo composition has an iodine on each
ligand. Each composition was examined for its photophysics and for X-ray attenu-
ation as a step toward a bimodal imaging agent. The authors report structural data
for the SmIII analogue of the tetraiodo and the octaiodo compound with sodium
countercations. The tetraiodometallacrown is reminiscent of the ethynyl version
reported in 2019 where the metal ions bind in essentially the same equivalent ligand
field geometry and donor atom composition (Fig. 7). The systematic disorder from
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Fig. 7 Schematic of the iodine-containing ligands (a), representations from crystallographic data
of the tetraiodometallacrown (b), the octaiodometallacrown with sodium below the ring (c), and the
octaiodometallacrown with sodium on the side of the ring (d). Teal = samarium, pink = gallium,
green = sodium, blue = nitrogen, red = oxygen, purple = iodine, and gray = carbon. Reprinted
(adapted) with permission from [13]. Copyright 2020 John Wiley and Sons

combinations of clockwise and anticlockwise metallacrowns is observed in this data
set. The octaiodometallacrown crystallized with sodium countercations; however,
two distinct binding environments for the sodium were observed on two separate
dimer metallacrown molecules (Fig. 7c, d). One of these binding sites is familiar
where the sodium binds below the metallacrown ring, but this time the ion is in an
eight-coordinate square antiprism geometry. The sodium ion connects to four oxime
oxygens from the iodinated shi3– ligand, three solvent waters that are also bound to
GaIII ions, and the carbonyl oxygen of one solvent N,N-dimethylformamide molecule
that is bound to a GaIII ion as well. The geometries and ligand environments of GaIII

and SmIII ions do not deviate significantly from the structures of the dimers previ-
ously discussed. The second binding mode for the sodium countercation is in a
six-coordinate octahedral geometry that is on the side of the 12-MC-4 ring. The
ligand field consists of a carbonyl oxygen from an 4-iodoshi3–, a phenoxide oxygen
from another 4-iodoshi3–, a carbonyl oxygen from iph2–, and three carbonyl oxygens
from solvent N,N-dimethylformamide molecules such that solvent and metallacrown
oxygen atoms are separated into a fac-type isomer. Since the sodium ion is not below
the metallacrown ring, the GaIII ions have a mixture of five- and six-coordinate ligand
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fields as was observed in the original scaffold. Two of the four GaIII ions have octa-
hedral geometry where the equatorial positions are occupied by two κ2–4-iodoshi3–

that bind using the imino nitrogen and phenoxide oxygen or the carbonyl and oxime
oxygens, while the axial positions are occupied by a carbonyl oxygen from iph2– and
a solvent oxygen from water or N,N-dimethylformamide. The remaining two GaIII

ions are in square pyramidal ligand fields (CShM = 0.269 and 0.410) where the basal
positions are occupied by two κ2–4-iodoshi3– ligands using the same binding modes
as described for the octahedra, and the apical position is occupied by a carbonyl
oxygen from an iph2– anion. Neither composition observed in this data set to display
the disorder from clockwise and anticlockwise pairings. The iodo-metallacrowns
were examined for their X-ray attenuation coefficient and there was a linear rela-
tionship between X-ray attenuation and the amount of iodine atoms in the structure.
This observation speaks to the capability to tune the metallacrowns’ attenuation
predictably, based on rational design tenets that are possible with metallacrown
synthesis. Plus, the LnIII and GaIII contribution to X-ray attenuation suggest that
such compounds could perform rather well prior to iodine incorporation. Emission
from YbIII was observed for each compound, and the overall quantum yields

(
QL

Y b

)
decreased as the iodine content increased, but the observed lifetimes (τobs) remained
constant (Table 1). The authors also noted that the intrinsic quantum yields (QY b

Y b)

increased as iodine content increased, and sensitization efficiency (ηsense) decreased
with iodine content (Table 1). So, the trend in overall quantum yield is a combination
of both parameters as the iodine atoms affect each compound.

In 2019, Rentschler and coworkers reported another dimerized “double-decker”
gallium-containing 12-MC-4 structure that captures one DyIII ion between two
12-MCGaIII(N)shi-4 frameworks (Fig. 8) [11]. This dimer resembles the first gallium
12-MC-4 dimer, reported in 1993, that captured one sodium ion between two 12-
MCGa

III
N(shi)-4 metallamacrocycles, and two additional sodium ions were bound to

the dimer on the outer faces of the MCs [5]. In the dysprosium-containing dimer, both
12-MC-4 frameworks are connected to the central DyIII ion via the oxime oxygens of
the shi3– ligands. Each GaIII ion of a MC is connected to a GaIII ion on the other MC
via a μ-–OH anion, which is analogous to the sodium double-decker compound. The
DyIII ion has an eight-coordinate square antiprism geometry (CShM = 1.175) with
an average torsion angle of 36.52° that is comprised of the eight oxime oxygens of
the shi3–. This geometry is different from the encapsulated sodium of the analogous

Table 1 Photophysical properties of ytterbrium–gallium dimeric 12-MC-4 compounds in DMF
solution with increasing iodine content

Number of iodine atoms per dimer τobs (μs) τrad (μs) QY b
Y b (%) QL

Y b (%) ηsense (%)

0 51.1(2) 295 17 8.6(1) 51

4 51.3(1) 230 22 8.32(4) 37.8

8 50(2) 270 18 4.5(1) 25

12 51(1) 170 30 4.13(8) 13.8

Reprinted (adapted) with permission from [13]. Copyright 2020 John Wiley and Sons
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Fig. 8 Representation from crystallographic data for the “double-decker” dimerized metallacrown
complex from a side view (a) and from a top-down view (b). Aqua = dysprosium, pink = gallium,
blue = nitrogen, red = oxygen, and gray = carbon

dimer, which had a cubic geometry. Each of the four GaIII is in five-coordinate ligand
fields that are best described as square pyramidal geometries (CShM values range
from 0.213 to 0.600). The basal positions are occupied by two κ2-shi3– that bind
with either the imino nitrogen and the phenoxide oxygen or the oxime and carbonyl
oxygen atoms, and the apical position is occupied by a μ-–OH anion. Of the exam-
ples with eight-coordinate square antiprism LnIII ligand fields, the one presented in
this compound is distinct from other gallium 12-MC-4 compounds. Table 2 summa-
rizes common metrics for this ligand field geometry, and this double-decker dimer
is unique where the LnIII is equidistant from oxime oxygen mean plane of each face,
has equivalent “magic angles” of 54.3°, is significantly less twisted with respect to
the average torsion angle, and also has a nearly perfect compression factor of unity
for a cubic antiprism, where the compression factor is the ratio between the height
and average side length of the prism. The authors characterized this compound as a
single-molecule magnet via alternating current susceptibility measurements with a
1000 Oe applied field. The data were fit using an Arrhenius relationship to have an
effective barrier (Ueff) of 39.00 K with a pre-exponential factor (τ0) of 2.27 × 10–8 s.

In addition to these reports, there is also a publication that describes the use
of each version of the DyIII/GaIII 12-MC-4 scaffolds with shi3– as a source of
white light emission. In 2020, Eliseeva, Petoud, Pecoraro, and coworkers describe
how each compound has varying relative intensities of blue and yellow light
emissions that may combine to act as a white light source [14]. The authors
investigated the archetypical DyIII(benzoate)4[12-MCGaIII(N)shi-4] with sodium
and pyridinium countercations, the bent DyIII(H2shi−)2[12-MCGaIII(N)shi-4], the
dimerized {DyIII[12-MCGaIII(N)shi-4]}2(iph)4, as well as the double-decker Dy(μ-
OH)4[12-MCGaIII(N)shi-4]2. The emissions that were examined for composite white
light emission were the π–π emission originating from the ligand and sharp bands
corresponding to DyIII 4F9/2 → 6HJ (J = 15/2, 13/2, and 11/2) transitions. Both the
CIE color coordinates and the correlated color temperature (CCT) were measured
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for each of the metallacrowns. Due to slight differences in relative band intensi-
ties and crystal field effects on the Dy3+ ion, each of these compounds showed
slightly different behavior. Based on the results, the authors concluded that the
{DyIII[12-MCGaIII(N)shi-4]}2(iph)4 dimer was the closest to white light emission.

2.3 Non-standard Gallium-Containing Metallacrowns
and Metallacryptates

In addition to these various examples of gallium-containing metallacrowns, there
have been a few other compounds that do not fit the metallacrown archetype exactly,
yet still are metallamacrocylic –[M–N–O]–containing molecules. One example of
these non-standard metallacrowns is a compound with the general composition of
Ln2Ga4(shi)4(Hshi)2(H2shi)2 that was reported by Percoraro, Mallah, and coworkers
in 2015 (Fig. 9) [19]. This compound is a 16-MC-6 where the ring is formed by –[Ga–
N–O–Ga–N–O–Ln–O–Ga–N–O–Ga–N–O–Ln–O]– atoms (LnIII = Gd, Tb, Dy, Er,
or Y) and includes both gallium and lanthanide ions in the MC ring. The sequence
differs from a standard metallacrown by two –[Ln–O–Ga]– “stutters” that omit a
nitrogen atom. The compound lies on an inversion center such that the asymmetric
unit is half of the molecule. The LnIII has an eight-coordinate trigonal dodecahedral
geometry (SHAPE 2.1 analysis) comprised of the carbonyl and oxime oxygens of a
κ2-shi3–, carbonyl and phenoxide oxygen atoms of a κ2-Hshi2–, two oxime oxygens
from separate shi3– ligands, an oxime oxygen from a H2shi–, and an oxygen from a
solvent molecule. There are two distinct GaIII centers and both have six-coordinate
octahedral geometries. One GaIII ion is bound to the imino nitrogen and oxime
oxygen of a κ2-shi3–, the carbonyl and oxime oxygen of another κ2-Hshi2–, and the
carbonyl and oxime oxygens of a κ2-H2shi– in a propeller conformation. This GaIII

Fig. 9 Highlighted
16-MC-6 motif in the
Ln2Ga4(shi)4(Hshi)2(H2shi)2
compound from
crystallographic data. Aqua
= dysprosium, tan =
gallium, blue = nitrogen, red
= oxygen, and gray =
carbon
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center is � chirality in the asymmetric unit, and the symmetry generated gallium
center has � chirality. The other GaIII ion is attached to two trans shi3– ligands in
the equatorial plane bound to the carbonyl and oxime oxygens of one κ2-shi3– and
to the imino nitrogen and phenoxide oxygen of another κ2-shi3–. The coordination is
completed by the two trans axial pyridine molecules. The pyridine molecules are at
a torsion angle of 96.46°. The shi3– ligands form the MC plane of the molecule, the
Hshi2– are perpendicular to this molecular plane and bind on opposite faces of the
MC, and the H2shi– molecules are twisted about 40° with respect to this molecular
plane. The DyIII

2Ga4 structure was studied as a single-molecule magnet and yielded
interesting observations. First, there are two distinct relaxation processes where one
has independent relaxation of the DyIII ion with a barrier of 26 K, and the other
process is a coupled pathway where the DyIII ions are interacting with a barrier of
18 K with a 2000 Oe applied field. This coupled relaxation pathway was an interesting
observation since weakly interacting paramagnetic species are useful for quantum
computing. To explore an isolated DyIII relaxation in the 16-MC-6 ligand field, a
compound diluted with YIII was synthesized so that no DyIII ions were likely to be
proximal. This compound had an effective barrier (Ueff) of 31 K with no applied field
and of 107 K with an applied field of 750 Oe. This value is rather large for a single
DyIII ion in an applied field.

Another example of a non-standard structure is actually considered a metal-
lacryptate, analogous to organic cryptand ligands just as metallacrowns are related
to crown ethers. This compound was reported in 2019 by Eliseeva, Petoud, Pecoraro,
and coworkers and is comprised of one trivalent lanthanide ion (Pr, Nd, or Sm–Yb),
six GaIII ions, seven shi3–, one Hshi2–, and one H2shi– (Fig. 10) [10]. One pyridine
molecule completes the coordination sphere of a GaIII. The authors reported the
crystal structure for the terbium analogue, which will be used for discussion here.
The metallacryptate motif is comprised of the TbIII, six GaIII, and seven shi3– such
that the six GaIII form a ruffled 18-MC-6 with six of the shi3–. However, two of
the GaIII are connected by the seventh shi3– such that the overall –[M–N–O]– motif
resembles a [3.3.1] cryptand (Fig. 10c, d). The Hshi2– and H2shi– act as capping
ligands spanning ring GaIII ions and the central TbIII ion. The TbIII ion is in a nine-
coordinate spherical tricapped trigonal prismatic ligand field (CShM = 1.122) though
the geometries of a spherical capped square antiprism (CShM = 1.173) and muffin
(CShM = 1.508) are comparable. The nine oxygen atoms about the TbIII ion are
exclusively comprised of the oxime oxygen atoms from seven shi3–, one Hshi2–,
and one H2shi– ligands. Two of the GaIII ions are five-coordinated with a square
pyramidal geometry (CShM = 0.538 and 0.784), while the rest of the gallium ions
are in six-coordinate octahedral geometries with propeller conformations. The two
five-coordinate GaIII ions have the same basal ligand environment and are bound to
two trans κ2-shi3– ligands with the imino nitrogen and phenoxide oxygen from one
ligand and with the oxime and carbonyl oxygens of the other ligand. The apical posi-
tion is occupied by either a nitrogen atom of a pyridine molecule or the phenoxide
oxygen of the Hshi2– ligand. The octahedral GaIII either binds three κ2-shi3– ligands
or two κ2-shi3– as well as a κ2-H2shi– in a propeller confirmation with either � or �

stereoisomerism. The geometry pattern of the GaIII centers about the ruffled 18-MC-6
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Fig. 10 a Representation from crystallographic data for the metallacryptate, b highlight of the
MNO motif, c the isolated metallacryptate motif, and d organic cryptand for comparison. Aqua =
terbium, tan = gallium, blue = nitrogen, red = oxygen, and gray = carbon. Reprinted (adapted)
with permission from [10]. Copyright 2019 John Wiley and Sons

ring is—square pyramid, � octahedron, � octahedron, square pyramid, � octahe-
dron, and � octahedron. This metallacryptate demonstrates both lanthanide-based
luminescence and single-molecule magnetic properties for certain LnIII analogues.
Emission from LnIII including Pr, Nd, Sm, Tb, Ho, Er, and Yb was observed via
sensitization from the ligand. Quantum yields and observed lifetimes are suppressed
compared to the previous Ln/Ga 12-MC-4 structures likely due to the presence of
N–H oscillators near the LnIII. The Dy, Nd, and Yb analogues showed out-of-phase
magnetic susceptibility from alternating current experiments in an applied field. Of
these analogues, only the DyIII version displayed quenching of quantum tunneling
of the magnetization with an applied field. For the Dy version, an effective barrier
(Ueff) of 12.7 K with a pre-exponential factor (τ0) of 3.6 × 10–6 was observed in the
presence of a 750 Oe applied field.
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3 Other Main Group Metallacrown Complexes

In addition to the copious examples of gallium(III) metallacrowns, several other main
group ions have been utilized to generate MCs including aluminum, tellurium, and
tin. Aluminum is a rational choice since it resides in the same group as gallium and
thus should have similar chemistry. Alternatively, tin demonstrates the ability to use a
fifth-period metal ion that is a rather uncommon component for metallacrown rings.
Lastly, tellurium represents not only another example of a fifth-period ring element,
but also an interesting foray into an element that has less metallic character and leads
to peculiar guest encapsulation.

3.1 Aluminum-Containing Metallacrowns
and Metallacryptates

The first report of aluminum-containing metallacrowns by Zaleski and coworkers in
2020 included both monomeric and dimeric variations of the LnIII[12-MCAlIII(N)shi-4)]
motif that includes aryl carboxylate bridges and sodium as a countercation [28]. The
monomeric species uses benzoate as the aryl bridge, and crystallographic data for
LnIII = Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y were reported. The dimeric species
uses isophthalate to link the MCs, and crystallographic data for Ln = Eu, Gd, Tb, Dy,
Ho, Er, Yb, and Y were reported. Moreover, just as the gallium–lanthanide structures
are luminescent, the aluminum–lanthanide monomers and dimers also emit light in
the visible and near-infrared regions [29]. To date, the dimeric terbium–aluminum
metallacrown has the highest quantum yield value (43.9%) in the solid state of any
terbium-metallacrown. Regarding the structures, each of these structure types has
slight nuances that the authors describe in full detail based on the identity of the
LnIII in the central cavity. For the sake of comparison to the gallium structures, our
discussion will focus on the structure of the dysprosium analogues.

The monomeric DyIII[12-MCAlIII(N)shi-4] has the DyIII and NaI ions on opposing
sides of the MC ring as is typical for a heterotrimetallic form of this motif (Fig. 11).
The DyIII is in an eight-coordinate square antiprism geometry comprised of four
oxime oxygens of shi3– and four carbonyl oxygens of benzoate ligands. The square
antiprism has an average torsion angle of 42.86°. The NaI is in a nine-coordinate
capped square antiprism comprised of four oxime oxygens from shi3–, four solvent
water molecules, and one solvent N,N-dimethylformamide molecule that is disor-
dered about a two-fold axis. Each of the AlIII ions is in six-coordinate octahedral
ligand fields with two κ2-shi3– in the equatorial position using the imino nitrogen
and phenoxide oxygen or oxime and carbonyl oxygen atoms, and the axial positions
are occupied by a carbonyl oxygen from benzoate and a solvent water molecule.
Overall, this structure is rather reminiscent of the GaIII analogue, with the caveat
that the GaIII version has a pyridinium countercation. Thus, the GaIII ions are five-
coordinate as they do not contain a solvent molecule bound in an axial position as
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Fig. 11 Representation
from crystallographic data of
the monomeric aluminum
12-MC-4 compound. Teal =
dysprosium, pink =
aluminum, purple = sodium,
blue = nitrogen, red =
oxygen, and gray = carbon

observed for the AlIII ions. In addition, the smaller ionic radius of AlIII compared to
GaIII (0.675 and 0.76 Å, respectively) [26] requires a slightly different positioning of
the shi3– ligands. As a result, this MC is slightly less bowled than the GaIII analogue
according to the difference in the distance between the oxime oxygen and ring metal
ion mean planes, 0.309 Å for the AlIII MC and 0.317 Å for the GaIII MC. Finally, the
smaller AlIII ion also contracts the metallacrown cavity where the distance between
cross-cavity oxime oxygen atoms is approximately 3.64 Å for the AlIII MC, and the
same metric is approximately 3.74 Å with the GaIII MC. This difference in cavity size
may explain the absence of reports of LnIII larger than EuIII with the AlIII structure
that are observed with the GaIII version.

The AlIII dimeric scaffold uses shi3– and iph2– ligands with sodium counterca-
tions. There are some of the same structural peculiarities as seen with the gallium
analogues including whole molecule disorder and two binding modes for NaI ions
(Fig. 12). The sodium countercation is either below the metallacrown ring in a nine-
coordinate capped square antiprism or bound to the side of the ring in a six-coordinate
fac-octahedron. The nine-coordinate ligand field is comprised of four oxime oxygens
from shi3–, four solvent waters, and one solvent N,N-dimethylformamide. The six-
coordinate ligand field consists of a phenoxide oxygen from shi3–, a carbonyl
oxygen from shi3–, a carbonyl oxygen from iph2–, and three oxygens from N,N-
dimethylformamide molecules. The DyIII analogue has the sodium ion in the nine-
coordinate position. The DyIII ion is in an eight-coordinate square antiprism ligand
field geometry with an average torsion angle of 43.36° comprised of four oxime
oxygens of shi3– and four carbonyl oxygens of iph2– ligands. The AlIII ions are all
in six-coordinate octahedra with the same donor atoms as the monomeric version
of the dysprosium containing metallacrown. Once again, the smaller ionic radius
of aluminum affects the extent of the bowling of the structure, where the oxime
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Fig. 12 Representations from crystallographic data for the {Al[12-MCAlIII(N)shi-4}2(iph)4Na2
compound with a the sodium ion bound below the MC ring and b the sodium ion bound to the side
of the MC ring. Teal = dysprosium (a) or europium (b), pink = aluminum, purple = sodium, blue
= nitrogen, red = oxygen, and gray = carbon

oxygen mean plane to aluminum mean plane distance is 0.352 Å, compared to the
0.370 Å of the mean plane difference for the gallium version. The cavity size is also
contracted from a 3.76 Å cross-cavity oxime oxygen distance in the gallium version
to an oxime oxygen distance of 3.67 Å in the aluminum version. Again, no LnIII

larger than EuIII is reported for this scaffold, likely due to cavity size restrictions
from an approximately 0.1 Å difference between the versions.

Just as was the case for gallium MCs, aluminum-containing compounds are
not restricted to the archetypical structural motifs. In 2020, Zaleski and coworkers
reported aluminum metallacryptates that can also form extended structures in the
solid state [30, 31]. The discrete compound is a [3.3.1] metallacryptate with pyri-
dinium countercations that is reminiscent of the gallium version reported in 2019.
The compound is composed of one LnIII (Ln = Gd, Dy, or Yb), six AlIII, seven shi3–,
two H2shi–, two pyridine, and two water solvent molecules. One of the H2shi– is
disordered with an Hshi2– that binds in a similar fashion as observed for the gallium
metallacryptate. Each of these analogues is isostructural, and this discussion will use
the DyIII example (Fig. 13). The encapsulated DyIII is in a nine-coordinate capped
square antiprism geometry comprised of seven oxime oxygen atoms from shi3– and
two oxime oxygen atoms from H2shi–. Each of the AlIII is in six-coordinate octahe-
dral ligand fields with various donor atom arrangements. Two of the AlIII ions have a
trans configuration of the ligands, while the other four have propeller configurations
with either � or � stereoisomerism. The AlIII ions have a similar geometry pattern
to that of the gallium metallacryptate, where the pattern about the ruffled 18-MC-6
is trans, �, �, trans, �, � (Fig. 13). The main difference between the aluminum
and gallium metallacryptates is that the equivalent Ga ions to the trans Al ions are
square pyramidal.

The dysprosium [3.3.1] aluminum metallacryptate was also synthesized with
sodium countercations that showed two distinct coordination-polymeric 2D sheets
in the solid state [30]. The metallacryptate core is slightly altered from the discrete
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Fig. 13 Representation from crystallographic data of a the DyIII metallacryptate and b the –[Al–
N–O]– motif. Teal = dysprosium, pink = aluminum, blue = nitrogen, red = oxygen, and gray =
carbon

compound where the H2shi– are now Hshi2– that enable binding to sodium ions on
the exterior of the compound, and acetate ligands are included in some of the metal
coordination sites. Two polymorphs of the 2D sheets are reported, where one crystal-
lized in Cc and the other in Pc (Fig. 14). The Cc formulation has one metallacryptate
within the repeating unit of the coordination polymer, such that each unit is connected
to four neighboring compounds. Four sodium ions located at the periphery of each
metallacryptate and not part of the MC structure contribute to the linkage between
each metallacryptate and four neighboring metallacryptate units. The 2D sheet in
Pc features a repeating unit with two metallacryptate moieties that use six sodium
atoms to form the intermetallacryptate linkages to four dimeric neighbors. In each
dimeric unit, the two metallacryptates are enantiomers of each other.

Fig. 14 Extended structures from crystallographic data for a the single metallacryptate repeat
unit in Cc and b the paired metallacryptate repeating unit in Pc. Yellow = dysprosium, green =
aluminum, light blue = sodium, dark blue = nitrogen, red = oxygen, and gray = carbon. Reproduced
under an open-access license from Ref. [30]
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3.2 Tellurium-Containing Metallacrowns

The first appearance of the metalloid tellurium in the MC ring that follows the
–[M–N–O]– motif of metallacrowns was published in 2010 by Vargas-Baca and
coworkers [32]. The ring was formed in situ upon the reaction of 1-tert-butyl-1-(β-
(N,N-dimethylcarbamoyl)-telluride)but-1-en-3-one with hydroxylamine-O-sulfonic
acid to form a macrocyclic set of four 1,2-chalcogenazole oxides (Fig. 15). The
structure is described as a “boat” conformation with S4 symmetry for the 12-MC-
4 where the 1,2-tellurazole orientation alternates between “up” and “down” about
the MC ring. VSEPR treatment of the Te suggests that it has four valence groups,
three σ-bonds to a carbon, nitrogen, and oxygen as well as one lone pair, to form
a T-shaped geometry from a square planar configuration such that each lone pair
is pointed toward the MC cavity. From this prototypical design, several different
host–guest elaborations were explored.

The Vargas-Baca group began to introduce these elaborations in 2016 and 2017
with several guests including PdII, tetrahydrofuran, and even a C60 buckyball, as
well as further alterations to the telluride precursor. They reported structures that
use a 3-methyl-5-phenyl-1,2-tellurazole 2-oxide building block that has surprising
air and moisture tolerance, where the tert-butyl of the first MC is replaced by a
phenyl, or 5-phenyl-1,2-tellurazole 2-oxide building blocks [33, 34]. The authors
demonstrated the ability to synthesize 12-MC-4 and 18-MC-6 compounds with both
precursors, however; only the 3-methyl-5-phenyl-1,2-tellurazole 2-oxide building
block was used for guest encapsulation and therefore will be the focus for discussion.
The 3-methyl-5-phenyl-1,2-tellurazole 2-oxide building block was recrystallized in
various solvent mixtures that lead to three distinct structures. The first example
was in either a combination of acetonitrile and dichloromethane or acetonitrile and
chloroform and the result was an analogous S4 12-MC-4 construct to the tert-butyl

Fig. 15 Reaction scheme for the formation of the tellurium metallacrown. The product is a repre-
sentation from crystallographic data. Orange = tellurium, blue = nitrogen, red = oxygen, and gray
= carbon
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Fig. 16 Representation from crystallographic data of a the 12-MC-4, b the polymer, and c the
18-MC-6 from the 3-methyl-5-phenyl-1,2-tellurazole 2-oxide building block

compound (Fig. 16). The second was recrystallized from benzene and formed a
helical polymer rather than a macrocycle (Fig. 16). The third of these structures
was recrystallized in a dichloromethane and n-hexane mixture that resulted in 18-
MC-6 with S6 symmetry (Fig. 16). While the polymer is too constrained for guest
encapsulation, the 12-MC-4 and 18-MC-6 both have examples of guest binding in
the solid state.

The 12-MC-4 is able to incorporate two guests, a C60 molecule or a PdII with BF4
–

counteranions (Fig. 17a, b), while the 18-MC-6 encapsulates two tetrahydrofuran
molecules (Fig. 17c). The 12-MC-4 observed with the C60 guest molecule was formed
from the diffusion of the telluride in dichloromethane with a solution of C60 in
tetrachloroethane. This metallacrown has a slightly different orientation than the
apo12-MC-4 where there are asymmetric faces. These faces result from the bias of
the ligand to point all of the Te atoms’ lone pair toward the same face of a “bowled”
structure. The C60 guest is situated between two 12-MC-4s, such that it associates
with both faces of this metallacrown using Van der Waals interactions. In the case

Fig. 17 Representation from crystallographic data for the a 12-MC-4 with the C60 guest, b the
12-MC-4 with PdII, and c the 18-MC-6 with tetrahydrofuran. Teal = palladium, orange = tellurium,
blue = nitrogen, red = oxygen, and gray = carbon
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of PdII binding, the “boat” conformation returns and the PdII is encapsulated in the
central cavity. Each Te atom forms a bond with the PdII to form a four-coordinate
square planar ligand field. The Te atoms have four bonds and are best described as
a see-saw shape. This observation is rather exciting since there are few examples
of metallacrowns that bind a heavy transition metal cation, and the metallacrown is
also technically an inverse metallacrown since the Te atoms bind to the central guest.
The 18-MC-6 was also recrystallized from tetrahydrofuran, and in this case, two
solvent tetrahydrofuran molecules are situated above and below the central cavity
of the MC. Each of these examples highlights the range of possible guests with a
tellurium metallacrown.

In 2019, more metal ion guests were introduced to the tellurium MCs including
PtII, RhIII, CuI, AuI, and AgI [35, 36]. The PtII MC was formed using a 3-methyl-
5-(3,5-di-tert-butylphenyl)-1,2-tellurazole 2-oxide precursor to form a 12-MC-4
(Fig. 18b). The PtII is bound in the central cavity to each Te atom to form a square
planar complex. The Te atoms have four bonds and are in a see-saw shape. In addi-
tion to the host–guest compound, the authors also observed an apo-18-MC-6 MC
with 3-methyl-5-(3,5-di-tert-butylphenyl)-1,2-tellurazole 2-oxide. The RhIII 12-MC-
4 was formed using 3-methyl-5-phenyl-1,2-tellurazole 2-oxide and each of the four
Te atoms bound to the RhIII (Fig. 18a). Again, the Te is in a see-saw geometry
with its four bonded partners. The RhIII has a six-coordinate octahedral ligand field
comprised of the four Te in the equatorial position and two chloride anions in the
axial positions.

The CuI- and AuI-containing 12-MC-4 s were formed using the 3-methyl-5-
phenyl-1,2-tellurazole 2-oxide subunit. The 12-MC-4 with CuI has the Cu ion in
the central cavity much like the RhIII, PtII, and PdII MCs; however, the CuI is five-
coordinate with a square pyramidal geometry (CShM = 1.129; Fig. 19a). The four
Te atoms from the MC fill the basal positions and the apical position is occupied
by an oxygen atom from a trifluoromethanesulfonate anion. The Te atoms are in
the familiar see-saw configuration. The 12-MC-4 with AuI has a different binding

Fig. 18 Representations from crystallographic data for a the RhIII metallacrown and b the PtII

metallacrown. Teal = rhodium, black = platinum, orange = tellurium, blue = nitrogen, red =
oxygen, and gray = carbon
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Fig. 19 Representations from crystallographic data of a the CuI 12-MC-4 (green = copper, orange
= tellurium, dark yellow = sulfur, pale yellow = fluorine, blue = nitrogen, red = oxygen, and gray
= carbon), b the AuI 12-MC-4 (yellow = gold, orange = tellurium, lime green = chlorine, blue
= nitrogen, red = oxygen, and gray = carbon), and c the AgI 18-MC-6 (white = silver, orange =
tellurium, dark yellow = sulfur, pale yellow = fluorine, blue = nitrogen, red = oxygen, and gray
= carbon)

motif for the transition metal (Fig. 19b). In this case, two AuI ions bind to the MC,
each on opposing sides of the ring. The AuI ions are two-coordinate and linear,
where one ligand is Te atom from the MC and the other is a chloride anion. The
Te atoms that bind to AuI connect to four atoms in a see-saw geometry, while the
unbound Te atoms have three bonds in a T-shape. The AgI-containing metallacrown
is an 18-MC-6 composed of the 3-methyl-5-(3,5-di-tert-butylphenyl)-1,2-tellurazole
2-oxide unit (Fig. 19c). Each 18-MC-6 has four AgI ions that bind in two unique
positions. The first position is in the metallacrown cavity such that the silver ion is
in a four-coordinate-tetrahedral ligand field. Two metallacrown Te atoms and two
oxygen atoms from trifluoromethanesulfonate anions comprise this ligand field. The
second site is on the exterior of the metallacrown such that the silver ion is in a three-
coordinate trigonal planar ligand field comprised of a Te from the MC, an oxygen
from a trifluoromethanesulfonate anion, and an agostic interaction with a C–H bond
from the phenyl ring of the precursor ligand.

3.3 Tin-Containing Metallacrowns

The final set for discussion of the main group element archetypical metallacrowns
features tin(IV) ions in the metallacrown ring. To date, there are two reports that
contain SnIV metallacrown complexes from Dou and coworkers in 2010 [37, 38].
The initial report describes vacant 12-MC-4 compounds comprised of three organ-
otin centers (R–Sn, R = ethyl, butyl, or phenyl) as the ring metal with shi3– as the
framework ligand (Fig. 20). Unlike most 12-MC-4 compounds, these tin-based MCs
do not contain a metal ion bound to the central MC cavity. Each six-coordinate octahe-
dral ring SnIV ion is bound to two κ2-shi3– in a propeller conformation using the oxime
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Fig. 20 Representation from crystallographic data for a the ethyl organotin 12-MC-4, b the butyl
organotin 12-MC-4, and c the phenyl organotin 12-MC-4. Brown = tin, blue = nitrogen, red =
oxygen, and gray = carbon

and carbonyl oxygen atoms of one shi3–, the imino nitrogen and phenoxide oxygen
atoms of another shi3–, and the coordination is completed by a pyridyl nitrogen atom
and a carbon from the organotin precursor. There are two unique tin(IV) sites in the
MC ring, where the stereoisomerism alternates between � and � chirality about the
ring. These 12-MC-4s are also considered to be ruffled structures due to the alter-
nating chiral octahedra. The adjacent shi3– are close to a 90° twist with respect to one
another, and the SnIV ions are not on the same plane since the “vertical” shi3– cause a
step-ladder configuration. Shortly after this introductory report, Dou and coworkers
expanded on these organotin metallacrowns by using 5-chlorosalicylhydroxamic acid
as the framework ligand (Fig. 21). While the structure does not change significantly
with the introduction of the chlorine atoms, the authors do note an interesting appli-
cation for these metallacrown compounds. The chloro-organotin compounds were
soluble in DMSO/H2O mixtures, and in vitro exposure of cancer cells including Bel-
7402 and HeLa cells to the chloro-organotin MCs indicated mild tumor-inhibition.
The 12-MCSnIVN(5CI−shi)-4 with ethyl groups bound to the tin centers had an IC50

Fig. 21 Representations from crystallographic data for a the ethyl organotin 12-MC-4 with an
aryl chlorine and b the butyl organotin 12-MC-4 with an aryl chlorine. Brown = tin, lime green =
chlorine, blue = nitrogen, red = oxygen, and gray = carbon
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(the concentration where cell viability decreases by half) value of 15.38 μM for Bel-
7402 cells and 12.04 μM for HeLa cells. The butyl version 12-MCSnIVN(5CI−shi)-4
gave comparable IC50 values of 15.20 μM for Bel-7402 cells and 11.18 μM for HeLa
cells.

4 Azametallacrown Complexes with Main Group Elements

Related to the archetypical metallacrowns with a N–O bridge are a class of macro-
cyclic molecules known as azametallacrowns (azaMC) with a N–N bridge between
the metal centers. These inorganic molecules extend the analogy of MCs to azacrown
ethers that contain a nitrogen instead of an oxygen atom in the cyclic repeat unit of
the organic macrocycle [39]. Many of the same p-block metals that have been used
for archetypical MCs have also been used to synthesize azametallacrowns including
aluminum, gallium, and tin. However, indium and silicon have also been used to
generate p-block element azaMCs as well as the s-block metals lithium and sodium.

4.1 Gallium and Indium Azametallacrowns

Just as Lah, Pecoraro, and coworkers reported the first gallium MCs, Lah and
coworkers reported the first gallium azametallacrowns. In a series of structures
with similar but slightly differing pentadentate N-acylsalicylhydrazide ligands,
Lah and coworkers reported four 18-MC-6 structures where the hydrazide N–
N group of the ligand bridges the GaIII ions and generates a macrocycle
with six gallium ions per structure (Fig. 22) [40]. The four different ligands
used were N-formylsalicylhydrazide (H3fshz), N-acetylsalicylhydrazide (H3ashz),
N-propionylsalicylhydrazide (H3pshz), and N-lauroylsalicylhydrazide (H3lshz)
(Fig. 23). The GaIII ions are six-coordinate with octahedral geometry. The coordina-
tion is composed of two triply deprotonated N- acylsalicylhydrazidate ligands and one
monodentate solvent molecule (methanol or ethanol). One N-acylsalicylhydrazidate
ligand binds in a tridentate fashion and provides three atoms (one nitrogen and
two oxygen atoms) in a meridional arrangement, while the second ligand binds
in a bidentate mode and provides two atoms (one nitrogen and one oxygen). In
addition, the binding of the ligands produces chelate rings, and each GaIII ion
has a propeller configuration. The stereoconfigurations of the GaIII ions alternate
between the � and � enantiomers about the MC ring. Though the metallamacro-
cycle has a disk shape, the six GaIII ions are not in a plane but form a chair
conformation. The four different ligands used to generate the metallamacrocycles
only vary in the side chain of the carbonyl carbon atom: a hydrogen atom for N-
formylsalicylhydrazide (fshz), a methyl group for N-acetylsalicylhydrazide (ashz),
an ethyl group for N-propionylsalicylhydrazide (pshz), or a (CH2)10CH3 group for
N-lauroylsalicylhydrazide (lshz). In the reported structures, the length of the flexible,
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Fig. 22 X-ray crystal structure of the vacant azametallacrown 18-MCGaIII -6 with the ligand N-
acetylsalicylhydrazide. The stereoconfigurations of the GaIII ions alternate between � and � about
the MC ring. Green = gallium, red = oxygen, blue = nitrogen, and gray = carbon

Fig. 23 Sketch of the hydrazide-based ligands used to construct gallium(III) and indium(III)
azametallacrowns: N-formylsalicylhydrazide (H3fshz), N-acetylsalicylhydrazide (H3ashz), N-
propionylsalicylhydrazide (H3pshz), N-lauroylsalicylhydrazide (H3lshz), N2-trans-cinnamoyl-
2-hydroxy-3-naphthoylhydrazide (H3cnhz), N2-cyclopentylcarbonyl-2-hydroxybenzoylhydrazide
(H3cphhz), and N2-cyclopentylcarbonyl-2-aminobenzoylhydrazide (H4cpahz)
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Fig. 24 X-ray crystal
structure of the vacant
azametallacrown
18-MCGaIII -6 with the ligand
N2-trans-cinnamoyl-2-
hydroxy-3-
naphthoylhydrazide. The
stereoconfigurations of the
GaIII ions alternate between
� and � about the MC ring.
Green = gallium, red =
oxygen, blue = nitrogen, and
gray = carbon

linear alkyl chains did not affect the size of the metallamacrocycle as an aza18-MC-6
compound was generated in each instance. If the side chain of the pentadentate ligand
is switched to a bulkier trans-cinnamoyl group [N2-trans-cinnamoyl-2-hydroxy-3-
naphthoylhydrazide, H3cnhz], a similar GaIII aza18-MC-6 is produced (Fig. 24) [41].
The GaIII are still octahedral with a similar coordination sphere as described above.
In addition, the GaIII ions maintain their propeller configuration, and the stereocon-
figurations alternate between � and � about the MC ring. Besides the differing larger
side chain, this hydrazide ligand has a naphthoyl group instead of a phenoxyl group.
The steric increase in this region of the ligand also did not affect the size of the macro-
cycle. However, changing the pentadentate ligand so that the side chain is a bulky
cyclopentyl group results in a larger metallamacrocycle [42]. For the two similar
ligands, N2-cyclopentylcarbonyl-2-hydroxybenzoylhydrazide (H3cphhz) and N2-
cyclopentylcarbonyl-2-aminobenzoylhydrazide (H4cpahz) ligand, the carbon adja-
cent to the carbonyl carbon atom is bonded to two carbon atoms and an aza24-MC-8 is
generated with both instances (Fig. 25). For the ligands of the aza18-MC-6 molecules,
the carbon atom adjacent to the carbonyl carbon atom is only connected to one other
carbon atom. Furthermore, the slight variations of the two ligands can lead to different
stereoconfigurations for the metal centers. The ligand N2-cyclopentylcarbonyl-2-
hydroxybenzoylhydrazide contains a hydroxyl group in the second position of the
phenyl ring of the ligand, and the resulting aza24-MC-8 has octahedral GaIII ions
with a similar coordination sphere as the GaIII ions discussed above, where one ligand
binds in a meridional fashion, one ligand binds bidentate, and a solvent molecule
completes the coordination sphere. In addition, the GaIII stereoconfiguration alter-
nates between � and � about the MC ring as in metallamacrocycles discussed above.
However, if the hydroxyl group in the second position of the phenyl ring is changed to
an amino group as in the ligand N2-cyclopentylcarbonyl-2-aminobenzoylhydrazide,
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Fig. 25 X-ray crystal
structure of the vacant
azametallacrown
24-MCGaIII -8 with the ligand
N2-cyclopentylcarbonyl-2-
aminobenzoylhydrazide. The
stereoconfigurations of the
GaIII ions alternate between
mer and � about the MC
ring. Green = gallium, red =
oxygen, blue = nitrogen, and
gray = carbon

the stereoconfigurations of the GaIII ions change (Fig. 25). This ligand is only doubly
deprotonated as compared to others that are triply deprotonated. This difference in
deprotonation causes the N2-cyclopentylcarbonyl-2-aminobenzoylhydrazide ligand
to bind in a slightly different fashion to the GaIII ions. While all of the GaIII ions of
the azaMC ring are six-coordinate octahedrons, all do not have a propeller config-
uration. Half of the GaIII ions are surrounded by two N2-cyclopentylcarbonyl-2-
aminobenzoylhydrazide ligands, and both ligands bind in a tridentate fashion with a
meridional stereoconfiguration. For the other GaIII ions, two ligands bind in a biden-
tate fashion and the coordination sphere is completed by two solvent molecules
(in some instances, monodentate nitrate anions can replace the solvent molecules).
These octahedra are in a propeller configuration with � chirality. As in the other struc-
tures, the stereoconfigurations alternate about the MC ring in a pattern of meridional
(mer)–�.

Expanding upon the gallium azaMCs, Lah and coworkers incorporated indium
into the metallacycle [43]. As these two metals are in the same family, indium
also generated azaMCs with N-acylsalicylhydrazide ligands. Using the ligand N2-
cyclopentylcarbonyl-2-aminobenzoylhydrazide with indium though did not generate
an aza24-MC-8 as described above. In the gallium azaMCs, the bulky cyclopentyl
group generates the larger metallamacrocycle. However, with indium, only the
smaller aza18-MC-6 macrocycle was produced (Fig. 26). As in the other structures,
the InIII ions are six-coordinate and the InIII ions have alternating meridional–� stere-
oconfigurations. The alternation stereoisomerism pattern of the InIII ions is analogous
to the GaIII ions discussed for the larger aza24-MC-6 molecule with half of the InIII

ions binding two ligands in a tridentate meridional fashion and the other InIII ions
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Fig. 26 X-ray crystal
structure of the vacant
azametallacrown
18-MCInIII -6 with the ligand
N2-cyclopentylcarbonyl-2-
aminobenzoylhydrazide. The
stereoconfigurations of the
InIII ions alternate between
mer and � about the MC
ring. Green = indium, red =
oxygen, blue = nitrogen, and
gray = carbon

with a � propeller configuration with two ligands binding bidentate and the coor-
dination sphere completed by either solvent molecules or nitrate anions. While the
hexanuclear macrocycle is enthalpically unfavorable compared to the octanuclear
system due to the increased ring strain of the hexanuclear system, the hexanuclear
macrocycle is entropically favored due to fewer components needed to construct the
ring. In addition, the authors believe that the ability of the indium(III) ions to have a
larger tolerance for a distorted geometry compared to gallium(III) ions allows the InIII

ions and the resulting smaller azaMC to compensate for the additional ring strain of
the hexanuclear system compared to a potential octanuclear indium-azaMC. Overall,
through the systematic alternation of macrocycle components in the described azaMC
systems, Lah and coworkers eloquently demonstrate that careful ligand design and
metal choice can lead to predictable control of not only the size of the macrocycle
but also the stereoconfiguration of the metal centers (Table 3).

4.2 Other p-Block Azametallacrowns—Aluminum, Silicon,
and Tin

To date, only one aluminum azametallacrown has been reported, an aza9-MC-3 that
also captures an aluminum ion in the central cavity (Fig. 27) [44]. The ring AlIII ions
are four-coordinate with a tetrahedral shape and are bridged by the hydrazido groups
of the ligand 1,1,4,4-tetramethyl-2,3-diazabutadiene. Each ring AlIII ion is bound
to two hydrogen atoms and two nitrogen atoms of different hydrazido ligands. The
aluminum(III) ion captured in the central cavity is six-coordinate and bound to each
nitrogen atom of the MC ring. The geometry of the central AlIII ion is extremely
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Table 3 Comparison of ligand and metal ion type and the resulting azaMC size and metal ion
stereoconfiguration

Ligand Ring
metal

azaMC size Stereoisomer
pattern of the
metal ions
around the MC
ring

N-formylsalicylhydrazide (H3fshz) GaIII 18-MC-6 ��…

N-acetylsalicylhydrazide (H3ashz) GaIII 18-MC-6 ��…

N-propionylsalicylhydrazide (H3pshz) GaIII 18-MC-6 ��…

N-lauroylsalicylhydrazide (H3lshz) GaIII 18-MC-6 ��…

N2-trans-cinnamoyl-2-hydroxy-3-naphthoylhydrazide
(H3cnhz)

GaIII 18-MC-6 ��…

N2-cyclopentylcarbonyl-2-hydroxybenzoylhydrazide
(H3cphhz)

GaIII 24-MC-8 ��…

N2-cyclopentylcarbonyl-2-aminobenzoylhydrazide
(H4cpahz)

GaIII 24-MC-8 mer–�…

N2-cyclopentylcarbonyl-2-aminobenzoylhydrazide
(H4cpahz)

InIII 18-MC-6 mer–�…

Fig. 27 X-ray crystal
structure of the
azametallacrown
AIIII

[
9-MCAIIII -3

]
with the

ligand 1,1,4,4-tetramethyl-
2,3-diazabutadiene. The
central AlIII ion binds to
each N atom of the MC ring.
Green = aluminum, blue =
nitrogen, gray = carbon, and
white = hydrogen

distorted, likely due to geometric constraints of the diaza ligand. The geometry can
best be described as a hexagon (D6h) with a CShM value of 13.270. The next lowest
CShM value (14.136) is that of an octahedron (Oh). Both values clearly indicate
the geometry of the central aluminum ion is distorted from any ideal shape. The
compound is stable in benzene as the 27Al NMR spectrum indicates the presence of
both six- and four-coordinate aluminum centers.

Four silicon inverse aza9-MC-3 compounds have been reported, all with the same
structure, [{SiH(μ-pz)2}3-μ3-O]+, where pz– is a deprotonated 3,5-dimethylpyrazole
(Hpz) anion (Fig. 28) [45, 46]. The differences in the structures are the lattice
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Fig. 28 a Top view and b
side view of the X-ray crystal
structure of the inverse
azametallacrown 9-MCSiIV -3
with an μ3-oxide anion
bound in the central cavity.
Two 3,5-dimethylpyrazate
anions bridge between each
SiIV center. Six
3,5-dimethylpyrazolate
anions provide the N–N
bridges between the SiIV

centers. Green = silicon, red
= oxygen, blue = nitrogen,
gray = carbon, and white =
hydrogen

molecules or the counteranion. In the three structures reported by Kroke and
coworkers, the unbound counteranion is chloride but the lattice molecules are either a
protonated 3,5-dimethylpyrazole, chloroform, or toluene. For the structure reported
by Wagler and Bitto, the unbound counteranion is a [Si2Cl4H2(μ-H)(pz)2]– unit,
and a toluene molecule is located in the lattice. In all four structures, the pyrazolate
anions provide the N–N bridge between the SiIV centers, and two pyrazolate anions
bridge between each SiIV center to form the aza9-MC-3 framework (Fig. 29). A μ3-
oxide is captured in the central cavity and binds to each ring SiIV center; thus, the
macrocycle can be considered an inverse metallacrown as an anion is bound in the
central cavity. Each SiIV is six-coordinate with octahedral geometry (CShM values
range from 0.879 to 1.315). The equatorial plane of the coordination sphere consists
of four nitrogen atoms for four different pz– ligands and the axial direction consists
of the μ3-oxide anion and a terminal hydride anion.

Four tin azaMCs have been reported thus far. In 2007, Ma and coworkers reported
two closely related aza12-MC-4 compounds with the same Schiff-based ligand
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Fig. 29 X-ray crystal structure of the inverse azametallacrown 12-MCSnIV -4 with two μ3-oxide
anions bound in the central cavity. The ligand 4-thiophenelideneamino-1,3,4-thiadiazole-2-thione
provides the N–N bridges between the SnIV ions. Green = tin, red = oxygen, blue = nitrogen, gray
= carbon, and yellow = sulfur

4-thiophenelideneamino-1,3,4-thiadiazole-2-thione that provides the N–N linkage
between the ring SnIV ions (Fig. 29) [47]. The only difference between the structures
is the lattice solvent molecule: water or methanol. The geometry of the SnIV centers
alternates around the ring between a six-coordinate significantly distorted octahe-
dron (CShM = 4.219 and 4.229) and a five-coordinate trigonal bipyramidal shape
(CShM = 0.909 and 1.323). The MCs can be considered inverse MCs as two oxide
anions are captured in the central cavity. Each oxide anion forms a μ3-bridge between
one five-coordinate and two six-coordinate SnIV ions. The six-coordinate SnIV ions
are surrounded by two μ3-oxide anions and two nitrogen atoms from two different
ligands in the equatorial plane and two methyl groups along the axial direction. The
coordination of the trigonal bipyramidal SnIV centers is completed by one μ3-oxide
anion and two methyl groups in the equatorial plane and two nitrogen atoms from two
ligands in the axial positions. In addition, the S atoms of the SN2C2 five-membered
rings of the ligand form long S…S interactions (3.370 Å for the water version and
3.384 Å for the methanol version) that leads to a two-dimensional grid structure
(Fig. 30).

Two vacant tin aza24-MC-6 compounds have been reported by Kuang and
coworkers in 2020 (Fig. 31) [48]. Both MCs are very similar with the analogous
ligands bis(5-chlorosalicylaldehyde) carbazide and bis(5-methylsalicylaldehyde)
carbazide used as the framework ligands for the molecule with the carbazide groups
providing the N–N linkages between the SnIV centers. Each MC consists of three
six-coordinate and three five-coordinate SnIV ions with the coordination modes alter-
nating about the MC ring. The six-coordinate tin centers have severely distorted octa-
hedral geometry (CShM values range from 5.313 to 6.458), while the five-coordinate
centers are distorted trigonal bipyramids (CShM range from 1.347 to 2.242). The
octahedral geometry of the SnIV center is completed by a nitrogen atom and two
oxygen atoms of one ligand in the equatorial plane, the oxygen and nitrogen atoms
of a second ligand in the equatorial plane, and two n-butyl groups along the axial
direction. The five-coordinate geometries consist of two nitrogen atoms and one
oxygen atom from the same ligand and two carbon atoms from n-butyl groups. The
n-butyl groups and one of the nitrogen atoms lie in the equatorial plane and the
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Fig. 30 The azametallacrown 12-MCSnIV -4 forms a two-dimensional sheet via S…S interactions
(3.370 Å, represented by the dashed lines) of the ligand. Green = tin, red = oxygen, blue = nitrogen,
gray = carbon, and yellow = sulfur

Fig. 31 X-ray crystal
structure of the vacant
azametallacrown
18-MCSnIV -6 with the ligand
bis(5-chlorosalicylaldehyde)
carbazide. The coordination
geometry of the SnIV ions
alternates between trigonal
bipyramidal and octahedral
about the MC ring. Green =
tin, red = oxygen, blue =
nitrogen, gray = carbon, and
purple = chlorine

oxygen atom and the other nitrogen atom comprise the z-axis. As previous organotin
compounds have shown biological activity, the herbicidal properties of the latter two
azaMCs were tested on several plant species. Both MCs inhibited the growth of the
tested plants as determined by stem and root growth measurements.
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4.3 Alkali Metal Azametallacrowns—Lithium and Sodium

While p- and d-block-based MCs, with either a N–O or N–N linkage, are quite
common, MCs with s-block metals in the ring are relatively rare. To date, only
lithium and sodium have been incorporated in the MC ring positions. The first
of these lithium MCs was reported in 2000 as a mixed-metal aza12-MC-4 with
alternating LiI and AlIII ions in the ring with a –[Li–N–N–Al–N–N]– repeat unit
that recurs twice to generate the metallamacrocycle (Fig. 32) [49]. Four pyrazolate
anions provide the N–N linkage. The azaMC can be considered an inverse MC as
two hydride anions are captured in the central cavity. Each hydride forms a μ3-bridge
between two LiI ions and one AlIII ion. Each LiI is four-coordinate by binding to
two nitrogen atoms of different pyrazolate anions and to two hydride anions. Each
AlIII is also four-coordinate by binding with two nitrogen atoms of different pyra-
zolate anions, a hydride, and a carbon atom of a tris(trimethylsilyl)methyl group,
C(SiMe3)3. Then, in 2002, Russell and coworkers reported two similar lithium-
only aza12-MC-4 compounds (Fig. 33) [50]. Both contain bis(imido)phosphine
dianion [RP(N–N = CPh2)2]2– ligands, which provide the N–N bridge between the
LiI ions. The difference between the two structures is the R group of the dianion,
as it is either a n-butyl or phenyl group. There are two coordination geometries
for the LiI ions about the ring, and the geometries alternate about the MC ring.
Two of the LiI ions are two-coordinate with a distorted linear geometry (CShM

Fig. 32 X-ray crystal structure of the inverse azametallacrown 12-MCLiI/AlIII -4 with two μ3-
hydride anions bound in the central cavity. Each μ3-hydride bridges between two LiI ions and
one AlIII ion. The ligand pyrazolate bridges the N–N bridges between the metal centers. Reprinted
with permission from [49]. Copyright 2000 Elsevier
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Fig. 33 X-ray crystal
structure of the vacant
azametallacrown 12-MCLiI -4
with a bis(imido)phosphine
dianion as the bridging
ligand between the LiI ions.
The coordination geometry
of the LiI ions alternates
between bent and tetrahedral
about the MC ring. Yellow =
lithium, red = oxygen, blue
= nitrogen, gray = carbon,
and orange = phosphorous

= 1.918 and 1.972). The LiI ion binds asymmetrically to two nitrogen atoms of
different bis(imido)organophosphine dianions. In addition, the LiI ions form long-
range contacts (~2.5 Å) with carbon atoms of a nearby phenyl ring of the ligands and
with the phosphorus center (~2.6 Å). The other two LiI ions are four-coordinate with
tetrahedral geometry (CShM = 1.352 and 1.525). The coordination is completed
by two nitrogen atoms from the same bis(imido)organophosphine dianion and two
oxygen atoms of solvent tetrahydrofuran (THF) molecules.

In 2015, the Schelter group demonstrated that they could stabilize cerium in the
4 + oxidation state with either LiI or NaI ions in the second coordination sphere of
the cerium(IV) ion [51]. Using the ligand N,N ′-diphenylhydrazine, which provides
the N–N bridges between the LiI (Fig. 34) or NaI (Fig. 35) ions, an aza12-MC-4 can
be generated with either four LiI or four NaI in the MC ring and a CeIV captured in
the central cavity of the macrocycle. In both versions of the azaMC, the CeIV ion is

Fig. 34 X-ray crystal
structure of the
azametallacrown
CeIV[12-MCLiI -4] with the
ligand
N,N ′-diphenylhydrazine.
The central CeIV ion binds to
each N atom of the MC ring,
and each LiI is
three-coordinate with
trigonal planar geometry.
Yellow = lithium, aqua =
cerium, blue = nitrogen, and
gray = carbon
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Fig. 35 X-ray crystal
structure of the
azametallacrown
CeIV

[
12-MCNaI -4

]
with the

ligand
N,N ′-diphenylhydrazine.
The central CeIV ion binds to
each N atom of the MC ring,
and each NaI is
five-coordinate with square
pyramidal geometry. Yellow
= sodium, aqua = cerium,
blue = nitrogen, and gray =
carbon

bound to all eight nitrogen atoms of the MC ring, and the geometry about the CeIV

ion is severely distorted from any ideal shape. In the lithium version of the azaMC,
the CeIV geometry is best described as an octagon (CShM = 10.588), while in the
sodium version, the CeIV geometry is that of a triangular dodecahedron (CShM =
11.993). It is likely the coordination mode of the alkali metal ion affected the position
of the nitrogen atoms about the CeIV ions and these distortions lead to a change in
the shape about the central CeIV ion. In the lithium version of the azMC, the four
LiI ions are three-coordinate with trigonal planar geometry (CShM = 2.167–2.653)
and bind to two nitrogen atoms of two different N,N ′-diphenylhydrazine ligands and
to the nitrogen atom of a pyridine molecule. In the sodium version of the macro-
cycle, the four NaI ions are five-coordinate and bind to two nitrogen atoms of two
different N,N ′-diphenylhydrazine ligands and to two nitrogen atoms of two pyridine
molecules. Furthermore, each NaI ion forms a fifth long interaction (~2.8–2.9 Å)
with an additional nitrogen atom of one of the N,N ′-diphenylhydrazine ligands to
give a severely distorted square pyramidal geometry (CShM = 10.693–12.523). This
change in geometry about the alkali metal ion likely leads to a change in geometry
for the central CeIV ion. Subsequent work by the Schelter group produced lithium
versions of the azaMC with substituted N,N ′-diarylhydrazine ligands: N,N ′-bis-
(4-chlorophenyl)hydrazine (Fig. 36), N,N ′-bis-(3,5-dichlorophenyl)hydrazine, and
3,3′,5,5′-tetrakis(trifluoromethyl)hydrazobenzene [52]. When electron-withdrawing
substituents were placed on the phenyl rings of the ligand such as chlorine or trifluo-
romethyl groups, the expected aza12-MC-4 was synthesized with a CeIV ion captured
in the central cavity. However, if electron-donating substituents such as methyl groups
were placed on the ligand, the cerium(IV)-containing azaMC could not be isolated.
The cerium(IV)-containing azaMC may have been briefly stable in solution, but it
quickly decomposed to brown, unidentified CeIII products. As in the first lithium–
cerium azaMC structure, the LiI ion are three-coordinate with either trigonal planar
or vacant tetrahedron geometry (confirmed with SHAPE 2.1). While the CeIV ions
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Fig. 36 X-ray crystal
structure of the
azametallacrown
CeIV

[
12-MCLiI -4

]
with the

ligand N,N ′-bis-(4-
chlorophenyl)hydrazine. The
central CeIV ion binds to
each N atom of the MC ring,
and each Li+ is
three-coordinate with
trigonal planar geometry.
Yellow = lithium, aqua =
cerium, blue = nitrogen,
gray = carbon, and purple =
chlorine

are eight-coordinate as in the above structure, the CeIV ions though have a distorted
triangular dodecahedron geometry (CShM = 11.760–12.900). This change in geom-
etry from octagon for the first lithium–cerium azaMC to triangular dodecahedron
is likely influenced by the bulkier substituted N,N ′-diarylhydrazine ligands and the
bulkier coordination about the LiI ion. In the original cerium–lithium aza12-MC-
4 with N,N ′-diphenylhydrazine, the lithium coordination is completed by a pyri-
dine molecule; however, in the structures with the substituted N,N ′-diarylhydrazine
ligands, the pyridine molecule is replaced by a bulkier diethyl ether molecule. Thus,
the steric bulkiness of both the diethyl ether molecules and the substituted N,N ′-
diarylhydrazine ligands likely influence the geometry about the central CeIV ion.
Not only did the substitution of the phenyl rings of the ligand affect the structural
geometry of the azaMCs, but the electron-withdrawing groups also affected the elec-
trochemical properties of the azaMCs. For the azaMC complexes with the electron-
withdrawing ligands, it was determined that they were easier to reduce from CeIV to
CeIII compared to the azaMCs containing the unsubstituted N,N ′-diphenylhydrazine
ligand.

Two sodium-based azaMCs have been reported thus far with both structures
being a vacant metallamacrocycle. The first reported sodium azaMC was a 12-MC-4
(Fig. 37), and the structure of this compound has been reported by two groups, both
in 2012 [53, 54]. The ligand N-(5-phenyl-1,3,4-oxadiazol-2-yl)-p-nitrobenzamide
provides the N–N bridge between each sodium ion of the MC ring. Each NaI ion is
five-coordinate with a distorted square pyramidal (CShM = 1.388) geometry and a
N2O3 coordination environment. Two ligands provide four of the five coordinating
atoms about each NaI ion while the oxygen atom of a solvent methanol molecule
completes the square pyramidal geometry. A larger vacant aza18-MC-6 was reported
in 2014 by Otten and coworkers (Fig. 38) [55]. A formazanate ligand, which contains
a [N–N–C–N–N] backbone, provides the N–N linkage between the sodium ions. In
this MC, each sodium ion is four-coordinate with a N3C coordination environment
and a severely distorted shape. The lowest CShM value is for that of a square (9.126)
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Fig. 37 X-ray crystal
structure of the vacant
azametallacrown
12-MCNaI -4 with the ligand
N-(5-phenyl-1,3,4-
oxadiazol-2-yl)-p-
nitrobenzamide. Each NaI

ion has a square pyramidal
geometry. Yellow = sodium,
red = oxygen, blue =
nitrogen, and gray = carbon

Fig. 38 X-ray crystal
structure of the vacant
azametallacrown
18-MCNaI -6 with a
formazanate anion as the
bridging ligand between the
NaI ions. Each NaI ion has a
severely distorted square
geometry. Yellow = sodium,
blue = nitrogen, and gray =
carbon

with the next lowest being that of a see-saw (15.959). Each sodium ion is bound
to two nitrogen atoms and a phenyl carbon atom of one formazanate ligand, and
the coordination is completed by a nitrogen atom of a second formazanate ligand.
1H-NMR of the compound in benzene does not clearly indicate if the compound is
stable in solution; however, based on its sparing solubility in benzene, the authors
believe the metallamacrocycle dissociates in solution.
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5 Conclusion

This renaissance of research into main group element-containing metallacrowns
showcases several important tenets of this field of research. First, the familiarity
of compounds such as the GaIII 12-MCshi-4 with benzoate bridging ligands with
reported MnIII structures speaks to the ability to redesign known metallacrown scaf-
folds rationally by changing the ring metal. This concept is demonstrated over and
over throughout the course of this chapter. We also highlighted how amenable known
metallacrown structures are to minor alterations of the organic ligand. The bent
gallium 12-MC-4 scaffold is possible with both shi3– and nha3–, and the dimer-
ized Ln2[12-MCGaIII -4]2 has been redesigned to include iodo, ethynyl, or maleimido
functional groups. In addition, both the 16-MC-6 and [3.3.1] metallacryptate struc-
tures are rare in the metallacrown literature and represent exciting possibilities with
respect to the wide scope of serendipitous structures that remain undiscovered. The
introduction of the tellurium metalloid to the metallacrown analogy results in a new
class of compounds where an inverse metallacrown binds metal cations in the central
cavity. Overall, these main group metallacrowns and azametallacrowns demonstrate
an amazing scope of possible compounds with potential application in a variety of
fields including imaging, magnetism, and medicine.
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