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This perpective delves into the emerging field of matere bonds, a novel type of noncovalent interaction
involving group 7 elements such as manganese, technetium, and rhenium. Matere bonds, a new member
of the 6-hole family where metal atoms act as electron acceptors, have been shown experimentally and
theoretically to play significant roles in the self-assembly and stabilization of supramolecular structures
both in solid-state and solution-phase environments. This perspective article explores the physical nature
of these interactions, emphasizing their directionality and structural influence in various supramolecular
architectures. Recent studies have expanded the understanding of matere bonds beyond classical metal—
ligand coordination, highlighting their potential in crystal engineering and catalysis. This perspective
article also examines the occurrence of matere bonds in biological systems, particularly within manga-
nese-containing proteins, where they contribute to the structural integrity and catalytic activity.
Theoretical and computational analyses, including molecular electrostatic potential surfaces and density

Received 26th November 2024,
Accepted 2nd January 2025

DOI: 10.1039/d4dt03302g

functional theory, further elucidate the properties and applications of matere bonds, offering new insights
for the design of advanced materials and biomimetic systems. This comprehensive overview underscores
the versatility of matere bonds, paving the way for future innovations in supramolecular chemistry invol-
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Introduction

Supramolecular chemistry," which extends beyond the tra-
ditional confines of covalent bond formation, is focused on
the study of noncovalent interactions® and the self-assembly®
processes that emerge from them. At the core of this discipline
is crystal engineering,® which leverages these interactions to
design and synthesize new crystalline materials with tailored
properties. Noncovalent forces, including hydrogen bonding,’
van der Waals interactions,® n-x stacking,7 and electrostatic
interactions,® play crucial roles in the organization of mole-
cular components within a crystal lattice. These interactions
not only determine the structural integrity of supramolecular
assemblies but also enable the creation of complex architec-
tures that can be precisely tuned for various applications in
materials science,’ catalysis,'® and molecular recognition.'* By
harnessing these weak yet directional forces, researchers in
supramolecular chemistry and crystal engineering continue to
innovate in fields ranging from drug design to the develop-
ment of novel functional materials.”™"

The o-hole concept has become a crucial framework for
understanding and exploiting noncovalent interactions invol-
ving elements from groups 14 to 18.* A c-hole is an electron-
deficient region that occurs along the extension of a covalent
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bond, leading to an anisotropic distribution of electron
density and, in most cases, creating a region of positive electro-
static potential. This phenomenon is particularly prominent in
heavier p-block elements, such as germanium and tin in group
14 (tetrel bonds),"® arsenic and antimony in group 15 (pnicto-
gen bonds),"* selenium and tellurium in group 16 (chalcogen
bonds),"® and bromine and iodine in group 17 (halogen
bonds),"® all of which act as o-hole donors. c-Hole inter-
actions, including halogen, chalcogen, pnictogen and tetrel
bonding, are pivotal in supramolecular chemistry and crystal
engineering, providing directionality and specificity in mole-
cular assembly processes.'” These interactions are integral to
the formation of highly ordered supramolecular structures and
are increasingly being used in the design of functional
materials, molecular recognition systems, and supramolecular
catalysts. In catalysis, o-hole interactions contribute to the
stabilization of transition states and intermediates, enhancing
both catalytic efficiency and selectivity.'® As our understanding
of o-hole interactions deepens, their applications continue to
expand, offering new avenues for innovation in the design and
synthesis of advanced materials and catalysts."’

Furthermore, o- and z-hole interactions involving post-tran-
sition elements of groups 11 and 12, known as regium and
spodium bonds,***' have gained significant attention, particu-
larly from a computational perspective and for their unique role
in crystal engineering.>> Regium bonds involve elements such as
copper, silver, and gold (group 11), while spodium bonds are
formed by zinc, cadmium, and mercury (group 12).>*
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These interactions arise from electropositive regions on the
surface of these metal atoms, often located opposite a metal-
ligand bond or perpendicular to a molecular framework (e.g.,
square planar Au(i) or trigonal Hg(u) complexes), leading to
directional noncovalent interactions with electron-rich species
such as lone pairs, anions, or n-electron systems. Regium and
spodium bonds contribute to the stabilization and structural
integrity of supramolecular assemblies, offering novel path-
ways for designing complex architectures with enhanced
functionality.>*>* These interactions are particularly impor-
tant in the development of materials with unique electronic,
optical,® and catalytic properties.’® As research in this area
progresses, the ability to use these interactions opens new pos-
sibilities in the design of innovative supramolecular systems
with applications across various fields, from materials science
to molecular electronics.

Noncovalent interactions involving transition metals are a
pivotal aspect of supramolecular chemistry, significantly con-
tributing to the diversity and functionality of supramolecular
assemblies.”” Transition metals, with their unique electronic
configurations and variable oxidation states, participate in a
wide range of noncovalent interactions, such as metal-r inter-
actions®® and metallophilic interactions.*® In crystal engineer-
ing, these metal-mediated interactions allow precise control
over molecular geometry and packing, facilitating the develop-
ment of materials with tailored properties.>® In supramolecu-
lar catalysis, transition metal interactions are employed to acti-
vate substrates, mediate electron transfer, and stabilize reac-
tion intermediates, thereby enhancing the efficiency and
selectivity of catalytic processes.’’ As we gain a deeper under-
standing of these interactions, their potential applications
broaden, unlocking fresh avenues for innovation in materials
science and molecular design.

Sigma-hole interactions involving metals are another criti-
cal component of supramolecular chemistry, especially in the
context of specialized noncovalent bonds such as osme,*
matere,*® wolfium,* and erythronium bonds.*> These inter-
actions are characterized by electron-deficient regions (sigma-
holes) on the metal atoms, enabling directional and specific
noncovalent interactions with electron-rich species. For
instance, osme bonds, primarily involving osmium, signifi-
cantly influence the geometry and stability of cocrystals, par-
ticularly in complexes where osmium tetroxide interacts with
nitrogen or oxygen nucleophiles, leading to short and linear
Os--N/O contacts.’® Matere bonds, observed in compounds
containing manganese, technetium, and rhenium, contribute
to the stabilization of supramolecular structures and play a
crucial role in fine-tuning catalytic properties.>*” The study of
these metal-centered o-hole interactions continues to expand
the possibilities for designing new materials with tailored
properties.

It is worth noting that the diverse range of noncovalent
interactions involving heavier main group elements and tran-
sition metals has been referred to as “secondary bonding” in
the literature for many years. The term “secondary-bonding
interactions” was first introduced by Alcock in 1972.%° to
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describe interactions that are longer than typical single bonds
but shorter than the sum of van der Waals radii. These inter-
actions have also been described using various terms, includ-
ing soft-soft, closed-shell, nonbonding, semi-bonding, non-
covalent, weakly bonding, and c-hole interactions.

This perspective article provides a comprehensive overview
of recent advances in the study of matere bonds, focusing on
their physical nature and the progress made in understanding
their role in both solid-state and solution-phase systems. We
begin by exploring the fundamental principles governing
matere bond formation, including the electronic and struc-
tural factors that contribute to their strength and directional-
ity. This foundational understanding sets the stage for a
detailed discussion of how matere bonds have been harnessed
in various supramolecular architectures, with a particular
emphasis on their applications in solid-state chemistry. The
perspective article then shifts focus to the stability of matere
bonds in solution, as proposed by DFT calculations. By exam-
ining these recent developments, this perspective article aims
to shed light on the versatility and potential of matere bonds
in advancing the field of supramolecular chemistry, offering
insights that could pave the way for future innovations in
material design, catalysis, and molecular recognition.

Discussion
Physical nature

Scheme 1a illustrates a comparison between c-holes in typical
p-block elements and those in the MaO,” molecule (Ma =
matere atom). In elements of groups 17 to 15, the anisotropy
of electron density arises inherently from the element itself,
due to the coexistence of lone pairs and c-holes within the
same atom. The number of c-holes increases from 1 to 3,
while the number of lone pairs decreases from 3 to 1 as one
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Scheme 1 (a) Comparison of typical c-hole distribution in elements
from groups 17 to 15 with the anisotropy of electron density in MaO,4~
anions. (b) Previously reported noncovalent donor—acceptor inter-
actions in matere derivatives.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4DT03302G

Open Access Article. Published on 06 January 2025. Downloaded on 11/2/2025 10:48:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

moves from group 17 (halogens) to group 15 (pnictogens). In
contrast, the anisotropy in the MaO,~ anion results from the
proximity of the oxygen atoms and their tetrahedral arrange-
ment around the metal center, rather than being an intrinsic
property of the matere atom. This distinction underscores a
key difference between halogen, chalcogen, and pnictogen
bonding compared to matere bonds.

As mentioned earlier, matere bonds were initially described
in the context of permanganate, pertechnetate, and perrhenate
anions.>® However, subsequent research has extended the
concept to include other oxidation states and geometries, as
illustrated by the [TcNCl,]~ compound shown in Scheme 1b.*”

To understand the geometric requirements of matere
bonds, visualizing molecular electrostatic potential (MEP) sur-
faces is an invaluable computational tool. Fig. 1 presents the
MEP surfaces of several model systems. For the naked MaO,~
anions (Ma = Mn, Tc, Re), the electron density distribution is
anisotropic, revealing four regions (c-holes) where the MEP is
at a maximum. These negative c-holes help explain the geome-
try adopted by the anions as they approach each other,
working to minimize electrostatic repulsion. However, when
the anion is coordinated to a metal center, such as Mg%, the
MEP at the o-hole becomes positive, as demonstrated by the
MgCl(ReO,4) model system shown in Fig. 1b.

Other rhenium(vi) compounds with positive c-holes are
illustrated in Fig. 1d-f. For instance, in the perrhenate
ammonium salt, electron transfer from the anion to the cation

o-hole (a) (b) 12.3
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Fig. 1 MEP surfaces of permanganate, pertechnetate and perrhenate
(a), perrhenate coordinated to Mg?* (MgCLl(ReO4)) (b), [TcNCl,]™ (c), per-
rhenate ammonium salt (d), perrhenate methyl ester (e) and methyl-
trioxorhenium(vi) (f). Energies in kcal mol™. Red is used to represent
nucleophilic regions and blue for electrophilic ones.
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dramatically impacts the o-hole value, shifting from —90.4 kcal
mol™" in the naked anion to +13.2 kcal mol™" in the salt. The
perrhenate methyl ester exhibits positive c-holes at the metal
center, with a value of +19.5 kcal mol " opposite the Re-OCH;
bond. Similarly, methyltrioxorhenium(vi), shown in Fig. 1f,
has a c-hole value of +25.1 kcal mol™* opposite the Re-CH;
bond. Fig. 1c depicts the MEP surface of the [TcNCl,]|™ anion,
where negative values dominate, as expected. However, a o-
hole opposite the Tc=N bond, corresponding to the MEP
maximum (-56 kcal mol™), is clearly visible. This suggests
that an electron-rich atom would likely approach opposite the
Tc=N bond. Overall, the MEP surfaces in Fig. 1 indicate that
matere bonds should exhibit strong directionality, as the o-
holes are small and flanked by electronegative atoms, necessi-
tating precise alignment of the nucleophile along the c-hole
direction.

In addition to MEP surfaces, matere bonds are often charac-
terized using Quantum Theory of Atoms in Molecules
(QTAIM)*® and Noncovalent Interaction (NCI) plots.>® The
presence of a bond critical point (BCP) and bond path con-
necting the nucleophilic atom with the group 7 element is a
clear indication of interaction, whether attractive or repulsive.
QTAIM analysis is typically paired with NCIplot analysis, which
visualizes noncovalent contacts by representing regions of
reduced density gradients (RDG). The RDG isosurfaces are
colored according to the sign of the second Hessian eigenvalue
(42), with negative values indicating attractive interactions and
positive values indicating repulsive interactions. The color
scale used commonly ranges from blue (strongly attractive) to
green (weakly attractive), and from red (strongly repulsive) to
yellow (weakly repulsive). Fig. 2 presents the QTAIM/NCIplot
analysis of two matere anion---anion dimers, representing
examples from the literature®**” on Re and Tc. In both cases, a
BCP (depicted as a small pink sphere) and a bond path (shown
as dashed lines) connect the rhenium or technetium with the
lone pair donor atom, confirming the existence of matere
bonds. Additionally, green RDG isosurfaces, coinciding with
the BCPs, further characterize the matere bonds. Notably, in
the case of the tetrahedral ReO,” anion, part of the RDG iso-
surface appears yellow, indicating O---O repulsion, which cor-
relates with the reduced accessibility of the c-hole.
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Fig. 2 Combined QTAIM (BCPs in pink, bond paths as dashed bonds)
and NClplot analysis of the anion---anion dimers of ReO4~ (a) and
[TcNCLlI™ (b).
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It is noteworthy that the dimerization energies are generally
repulsive due to the strong coulombic repulsion between the
anions. However, the matere bond itself is attractive, as evi-
denced by the negative sign of 4, in both dimers.

Another valuable computational tool for analyzing matere
bonds is natural bond orbital (NBO) analysis,*® which charac-
terizes the interaction from an orbital perspective and provides
insights into charge-transfer effects. NBO analysis also helps
confirm the o-hole nature of the interaction. Unlike typical
coordination bonds, where the d-orbitals of the metal center
participate in metal-ligand bonding, noncovalent interactions
involve the antibonding c-orbital as the acceptor and the lone
pair (LP) of the nucleophile as the donor orbital. Fig. 3 illus-
trates two examples evidencing the LP — o* nature of the
matere bond.

In addition to NBO analysis, another effective methodology
for identifying the electron donor and acceptor atoms in any
pairwise interaction involves examining the electron density
(ED) and electrostatic potential (ESP) functions along the bond
path connecting the two atoms.*' It has been demonstrated
that the minimum of the electron density function is displaced
toward the electron acceptor atom, while the minimum of the
electrostatic potential function is displaced toward the electron
donor atom. Fig. 4 presents two examples corresponding to
the same complexes shown in Fig. 3, allowing for direct com-
parison. In both cases, the ReO;CH;---ACN adduct and the
[TeNCl,]™ dimer, the minimum of the ESP is displaced toward
the nitrogen atom, and the ED minimum (position of the
bond critical point, BCP) is displaced toward the transition
metal. This confirms the electron donor role of the nitrogen
atom and the electron acceptor role of the transition metal. It
is worth noting that this computational tool is particularly
useful in confirming the roles of interacting atoms in anio-
n---anion complexes, where the role of the transition metal as
an electron acceptor might seem counterintuitive.

Matere bond in crystal engineering

In a 2021 study by Daolio et al.,** the concept of matere bonds
was introduced as a novel type of noncovalent interaction
involving group 7 tetroxide anions, such as perrhenate, per-
technetate, and permanganate. The research provided both
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Fig. 3 Plot of the NBOs involved in the donor—acceptor interaction in
ReO3CHs---acetonitrile (a) adduct and [TcNCl,]~ dimer (b) with indication
of the E® energies.
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Fig. 4 ED vs. ESD plots in ReO3CHz---ACN adduct (top) and [TcNCl,]™
dimer (bottom). The plots are computed along the bond path connect-
ing the N-atom to the metal.

experimental and theoretical evidence supporting the exist-
ence of these c-hole interactions, where the metal atom in the
Mn/ReO,” anion acts as an electron acceptor. The study uti-
lized single-crystal X-ray analyses, MEP surfaces, QTAIM, and
NCI plots to demonstrate that oxygen atoms from adjacent
anions can act as electron donors, forming supramolecular
anionic dimers or polymers. This discovery expanded the
understanding of o-hole interactions and introduced the term
“matere bond” to categorize these interactions, distinguishing
them from classical metal-ligand coordination bonds.

Fig. 5 illustrates the X-ray structures reported by Daolio
et al,” highlighting the geometric characteristics of matere
bonds. In the MnO,~ salt (NAPWAG), self-assembled anion
dimers are formed, with two Mn---O matere bonds observed,
measuring 3.447 A, significantly longer than typical coordi-
nation bonds. In the NAPWEK structure, the matere bond is
notably directional, with an angle of 177.1°, formed between
the rhenium (Re) atom of the ReO,” anion and the oxygen
atom of the carboxylic group in the betaine counterion. In per-
rhenate melaminium salt (NAPVUZ), the nucleophile is the
oxygen atom of another anion and the Re---O matere bond
forms quite linear polyanionic infinite chains (the O-Re:--O
angle is 177.7°).

This study is particularly relevant as it underscores the sig-
nificance of matere bonds in forming anion-anion inter-
actions strong enough to drive the self-assembly of supramole-

This journal is © The Royal Society of Chemistry 2025
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NAPWAG

NAPVUZ

Fig. 5 Partial view of the X-ray structures of NAPWAG (a), NAPWEK (b)
and NAPVUZ (c). Distances in A.

cular structures, even in the presence of electrostatic repulsion.
The researchers observed that heavier elements, such as
rhenium, form shorter and more directional matere bonds
compared to lighter elements like manganese, consistent with
general trends in c-hole interactions. Additionally, theoretical
calculations suggested that matere bonds might exist in solu-
tion, particularly at high concentrations, despite the repulsive
forces between like-charged anions.

In a 2022 study, Gomila and Frontera®® explored the
concept of matere bonds in comparison with multivalent
halogen and chalcogen bonds through three case studies (see
Scheme 2). The study employed X-ray crystallography and DFT
calculations to analyze matere bonds, using a neutral Re(vu)
system as the matere bond donor, rather than the perrhenate
anion used in previous work. This research compared matere
bonds with well-established o-hole interactions, such as
halogen and chalcogen bonds, highlighting both the structural
similarities and the unique electronic properties of the c-holes

o P oo vy
RO—R? """""" o RO——S? .......... o\ RO—C\l .......... fo)
(o Re—OR [e RN Se—OR [oREE CI-—OR
o o o o oo
HETRUT WABPAR KUCRAD
—4.2 kcal/mol -5.0 kcal/mol —1.7 kcal/mol

Scheme 2 Self-assembled dimers dictated by matere (HETRUT),*
chalcogen (WABPAR)** and halogen (KUCRAD)*® bonds. The dimeriza-
tion energies are indicated.
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involved. The o-hole nature of the matere bonds in the three
examples from Scheme 2 was confirmed using various compu-
tational tools, including MEP surfaces, NCI plots, and NBO
analysis, underscoring their significance in the solid state.

This study further demonstrates that matere bonds in
neutral Re(vi) compounds are structure-directing and have a
strength comparable to multivalent and chalcogen bonds, and
stronger than halogen bonds (see Scheme 2). The study also
demonstrated that the c-holes present opposite to the Re=0O
and Re-O bonds significantly contribute to the directionality
of the interaction, dictating the formation of two-dimensional
assemblies. This research further shows that these interactions
are not merely a consequence of crystal packing but have an
inherent structural influence, as evidenced by the consistency
between the experimental and theoretical geometries.

In a 2023 study by Burguera et al,’” the significance of
matere bonds in technetium compounds across various oxi-
dation states (+7, +6, +5, and +3) was thoroughly explored. The
study extends the concept of matere bonds, initially associated
with rhenium and manganese in the +7 oxidation state, to
technetium derivatives. Using a combination of the Cambridge
Structural Database (CSD) and density functional theory (DFT)
calculations, the researchers demonstrated the structure-
directing role of matere bonds in X-ray structures of techne-
tium, particularly in cases involving anion-anion interactions.
Some of these X-ray structures are illustrated in Fig. 6. For
instance, the solid-state structure of AZEMUO® (see Fig. 6a)
revealed several N-H---O hydrogen bonds (HBs) connecting the
pertechnetate to pyridinium cations, similar to the NAPWAG
perrhenate structure in Fig. 5a. In addition to these charge-

o /
o TG \3.614

168.9°
AZEMUO
(b)
2.710 2.626
180° 178.9°

SODWIR10

LINJOJ

Fig. 6 Partial view of the X-ray structures of AZEMUO (a), SODWIR (b)
and LINJOJ (c). Distances in A.
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assisted HBs, linear O-Tc---O contacts were established.
Specifically, two symmetrically equivalent O-Tc:--O matere
bonds form a parallelepiped-shaped dimer with an O-Tc::-O
angle of 168.9° and a distance almost identical to the sum of
the van der Waals radii [ Y R,aw(Tc + O) = 3.60 A].

An interesting structure is represented in Fig. 6b, where
anion---anion matere bonds propagate the [TcNCl,]” anion
into an infinite 1D assembly.”’” In this example, the lone pair
on the N-atom of one tetrachloro-nitrido-technetate anion
points to the Tc-atom of the next anion, opposite the Tc=N
bond. This 1D assembly is flanked by catena-((p,-18-crown-6)-
cesium) counterions, which are not shown for clarity. Similar
1D anion---anion assemblies have recently been observed in
nitrido-osmium(vi) complexes,®*” which present similar
square-pyramidal geometries. Another noteworthy X-ray struc-
ture is shown in Fig. 6¢, where tetracyanidonitridotechnetium
(v) interacts with 4-cyanopyridine (refcode LINJOJ),*® establish-
ing a directional Tc---N matere bond. In this case, the dianion
[TeN(CN),]* acts as an electron acceptor. In the original work,
the authors considered the Tc atom to be six-coordinated, with
the 4-cyanopyridine as an axial ligand. However, the Tc---N
separation is longer than the sum of the covalent radii of tech-
netium and nitrogen atoms (YR.. = 2.18 A), and the
N(nitride)-Tc-C angles are approximately 100°, supporting the
predominantly noncovalent nature of the Tc---N(py) inter-
action. This assumption was further confirmed theoretically
using QTAIM and NClIplot analyses.

The study concludes that matere bonds play a crucial role
in directing the structure of technetium compounds, even
across different oxidation states. The research provides com-
pelling evidence that these noncovalent interactions signifi-
cantly influence the assembly of supramolecular structures,
particularly through anion-anion interactions. This work not
only broadened the scope of matere bonds beyond rhenium
but also opened new avenues for their application in materials
science and coordination chemistry.

In a 2023 study by Calabrese et al.,*® the role of o-hole inter-
actions in the catalytic behavior of methyltrioxorhenium(vu)
(MTO), a widely used organometallic catalyst, was investigated.
The research highlights how Re---N/O matere bonds contribute
to the catalytic efficiency of MTO in various reactions, includ-
ing olefin epoxidation. The study combines experimental data
from X-ray crystallography with theoretical analyses to demon-
strate the presence and significance of these interactions. Four
crystalline adducts of MTO with nitrogen and oxygen Lewis
bases were synthesized and characterized, revealing short
Re---N/O contacts consistent with strong c-hole interactions.
These findings suggest that the catalytic performance of MTO
is not solely dependent on its traditional coordination chem-
istry but is also significantly influenced by noncovalent inter-
actions, which enhance the stability and reactivity of the cata-
lyst under various conditions.

Fig. 7 presents the X-ray structures of three representative
co-crystals, corresponding to trimeric adducts assembled via
short Re:-N/O matere bonds. In co-crystals XEXWIK and
XEXXEH, these adducts are assembled through Re---N matere
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2.448
178.4°

2.447
176.9°

XEXXEH

Fig. 7 Partial view of the X-ray structures of XEXWIK (a), XEXWOQ (b)
and XEXXEH (c). Distances in A.

bonds formed opposite to the H;C-Re bond (Fig. 7a and c).
These interactions are much shorter than the Y R,qw of the
involved atoms (~2.45 A). The C-Re---N angles are almost
linear, as is typical in c-hole interactions. Co-crystal XEXWOQ
displays the matere bond at the extension of an O-Re bond,
with a much shorter distance (2.286 A), consistent with the
higher electronegativity of the O-atom compared to the methyl
group. In XEXWOQ, the O-Re---O angle (169.2°) is less linear
than in the other two cases. Importantly, the formation of
these adducts does not result in a pronounced distortion of
the O-Re-O angles, so the tetrahedral geometry is substantially
maintained.

The conclusions drawn from this study underscore the
crucial role of c-hole interactions in the catalytic mechanisms
of methyltrioxorhenium(vi) (MTO). The Re:--N/O matere
bonds observed in the crystalline adducts play a key role in sta-
bilizing the catalyst and promoting selective self-assembly pro-
cesses, even in competitive environments where other nonco-
valent interactions are present. DFT analysis supported the o-
hole nature of these matere bonds, revealing significant
orbital contributions that suggest partial covalent character,
consistent with the short matere bond distances. This research
indicates that these interactions are not merely structural arti-
facts but are fundamental to the catalytic activity of MTO, par-
ticularly in processes such as olefin epoxidation, where ligand-
accelerated catalysis is critical.

In 2023, Xu et al.*® conducted an in-depth investigation of
non-covalent matere bonds in a series of organic perrhenates,
utilizing advanced spectroscopic techniques such as ultrahigh-
field rhenium-185/187 solid-state NMR (SSNMR) and zero-field
nuclear quadrupole resonance (NQR). The study aimed to
directly probe and characterize matere bonds in perrhenates,
where the rhenium atom acts as an electron acceptor in a o-

This journal is © The Royal Society of Chemistry 2025
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hole interaction. The researchers focused on three perrhenate
salts, i.e. melaminium perrhenate, betaine perrhenate, and
methylimidazolium perrhenate, known to exhibit matere
bonds (see some of them in Fig. 5), and compared them with
two control samples, pyridinium perrhenate and acetylcholine
perrhenate, which do not exhibit these interactions.

The findings revealed that the quadrupolar coupling con-
stants of rhenium are lower in the matere-bonded samples
compared to the control samples, suggesting a significant
influence of matere bonds on the electronic environment of
the rhenium centers. Additionally, the study shows that matere
bonds contribute to structural distortions in the ReO, tetra-
hedra, which in turn affect the observed NMR parameters.
Despite the complexity of the spectra due to large quadrupolar
interactions, the researchers successfully demonstrated the
potential of NMR and NQR spectroscopy as powerful tools for
studying non-covalent interactions, even in systems with
strong quadrupolar coupling. The study provided new insights
into the role of matere bonds in determining the structural
and electronic properties of perrhenates, paving the way for
further exploration of these interactions in other systems using
NMR and NQR instead of more conventional X-ray analysis.

In 2024, Grodler et al.”° investigated the structural and elec-
tronic properties of matere bonds in a series of newly syn-
thesized pertechnetate complexes with the general formula [M
(H20)4(TcO,),], where M = Mg, Co, Ni, Cu, or Zn. The study also
included a perrhenate compound, [Zn(H,0),(ReO,),], for com-
parative purposes. These complexes feature octahedral coordi-
nation geometries, with pertechnetate or perrhenate ions
serving as axial ligands. The key finding is that these complexes
exhibit strong and directional Tc---O matere bonds, which play a
crucial role in forming one-dimensional (1D) supramolecular
polymers in the solid state (see Scheme 3, green-colored paralle-
lepipeds). These 1D polymers are further linked into two-dimen-
sional (2D) layers through additional matere bonds (see
Scheme 3, pink parallelepipeds), highlighting the structure-
directing influence of matere bonds in these systems.

The study utilized various theoretical and computational
approaches to characterize the nature of these interactions.
The results revealed that matere bonds are best described as o-
hole interactions, with their strength varying based on the

o o
HZO\ :QHz Jo e

H,Q OHp o
o O
~ )

o,

0w ilo0—Ni—o—¢

°a,;) H,0 ;\OHZ ¢ HZO/ oH, d
Te—0—M—0—Tc 0
o H,0 OH, d M= Mg, Co, Ni, Cu, Zn
Scheme 3 Schematic representation of the 2D layer observed in the
solid state of [M(H,0)4(TcO4),] compounds, where M = Mg, Co, Ni, Cu,

Zn.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Perspective

metal center, which influences the o-hole intensity at the Tc or
Re atoms.

A recent study investigated the formation and character-
istics of matere bonds in four newly synthesized pentacoordi-
nated manganese(m) complexes.”® These complexes, derived
from Schiff base ligands, feature chloride, azide, or thio-
cyanate ligands in the apical position. The research combined
single-crystal X-ray diffraction, Hirshfeld surface analysis, and
density functional theory (DFT) calculations to explore the
supramolecular assemblies in the solid state and characterize
the Mn---O interactions. These interactions, identified as
matere bonds, are noncovalent interactions driven by c-hole
phenomena, with the manganese atom acting as an electron
acceptor. This type of interaction is unprecedented in square
pyramidal manganese complexes and highlights the unique
behavior of group 7 elements in forming directional and non-
covalent bonds that influence the self-assembly of these com-
plexes into supramolecular dimers.

The study also emphasized that matere bonds significantly
contribute to the stabilization of supramolecular dimers, with
interaction energies ranging from -8 to —11 kcal mol™,
depending on the nature of the axial ligand (see Fig. 8). While
these bonds are weaker than coordination bonds, they play a
crucial role in defining the structural arrangement of the com-
plexes. These findings open up new avenues for the design of
supramolecular materials using noncovalent interactions
involving pentacoordinated manganese(mr) complexes.

In 2024, Burguera et al.>® investigated the occurrence and
characteristics of matere bonds involving manganese centers
within biological systems. The research was based on an exten-
sive search of the Protein Data Bank (PDB) and complemented
by DFT calculations. The study identified noncovalent inter-
actions between Mn centers and protein residues, particularly
focusing on interactions with tyrosine (TYR), serine (SER), and
histidine (HIS) residues. These interactions are characterized
as matere bonds, where the Mn atoms serve as c-hole donors,
interacting with electron-rich lone pairs on oxygen or nitrogen
atoms from the amino acids.

One selected example, shown in Fig. 9, corresponds to the
pyruvate carboxylase (PC) enzyme from Staphylococcus aureus,

Cl

Cl

Fig. 8 Representation of the self-assembled observed in the solid state
of pentacoordinated Mn(i1) compounds, where X = Cl, N3, NCS.
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HIS771

3BG5 &N ]

Staphylococcus aureus

Fig. 9 Left: Ribbon representation of the PDB structure 3BG5. Right:
Ampilification of the active site with indication of the matere bond inter-
action between a Mn(i) centre and a pyruvate (PYR) molecule. Distance
in A,

as studied by Xiang and collaborators.”® PC catalyzes the
biotin-dependent production of oxaloacetate, playing a key role
in gluconeogenesis and other cellular processes. It consists of
biotin carboxylase (BC), carboxyltransferase (CT), and biotin-
carboxyl carrier protein (BCCP) domains. The CT domain,
which contains a bound Mn?" ion, facilitates the transfer of an
activated carboxyl group to pyruvate, forming oxaloacetate.
This Mn>" ion is coordinated to HIS771, HIS773, LYS741, and
ASP572 residues in a seesaw configuration. A nearby pyruvate
molecule interacts noncovalently with the Mn>" ion, specifi-
cally through the oxygen of its carbonyl group at a distance of
3.371 A, with an interaction angle of 161.1°.

The overall findings combining the PDB search and theore-
tical calculations revealed that matere bonds in proteins are
geometrically distinct compared to those in the X-ray struc-
tures shown in Fig. 5. Regardless, the analysis of the entire
PDB, focusing on preferred distances and angles, suggests that
matere bonds play a significant role in stabilizing protein
structures. The study particularly highlights the presence of
matere bonds in various biologically relevant Mn-containing
proteins, including manganese superoxide dismutase
(MnSOD), where these bonds may influence the enzyme’s cata-
lytic activity and stability. Theoretical analyses further sup-
ported the noncovalent nature of these interactions, demon-
strating that matere bonds contribute to the overall supramole-
cular architecture of proteins. This research provides valuable
insights into the role of transition metal-based noncovalent
interactions in bioinorganic chemistry, with implications for
understanding protein-metal interactions and designing bio-
mimetic materials.

Matere bond in solution

Several interactions enable the formation of anion---anion
adducts by effectively balancing the coulombic repulsion
between like charges. For instance, it has been shown that the
attractive force localized in the hydrogen bond region between
protic hydroxyanions (e.g., HCO;~, HSO,~, and H,PO,") facili-
tates the formation of dimers that can be stable.”
Additionally, halogen bonding is responsible for the presence
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of infinite chains in crystalline solids formed through anion
self-assembly.>® The stability of anion---anion adducts formed
by polyatomic anions from groups 2, 11-13, 15, and even
18 has been explained by the anisotropic distribution of elec-
tron density within the anions.>®

For Group 7, two anion---anion dimers have been analyzed
in the literature. One example is the ReO,~ dimer,*® with the
computed energy profile in water (interaction energy vs. dis-
tance) shown in Fig. 10 (top). For comparison, the energy
profile in the gas phase is also included. In the absence of
counterions, the dimer is not stable in the gas phase, and the
monomers separate to infinity (inset graph in Fig. 10, top).
However, in water, the ReO, ---ReO,  dimer is energetically
favorable, as the two separate monomers are less stable than
the dimer by 0.7 kcal mol™". The minimum occurs at a dis-
tance of approximately 4 A, with a small barrier of 1.4 kcal
mol ™. These results suggest that the electrostatic repulsion in
anion---anion interactions can be balanced by a suitable
environment, allowing these interactions to exist in solution
even without counterion participation, as demonstrated in
saturated phosphate solutions.

The second example corresponds to the [TcNCl,]”™ dimer
(Fig. 10, bottom).?” Similar to the ReO,” case, the dianionic
[TeNCl,]™-+-[TeNCl,]™ dimer is not stable in the gas phase, and
the monomers separate to infinity. It is important to note that
the [TcNCl,]™---[TcNCl,]” polymeric chain in the solid state is
stabilized by surrounding cations, which influence the 1D
assembly. This effect is mimicked by the continuum solvation

Eint (kcal/mol)

A Clau - _acl
45 —gas phase \\\T ’,
_ 151 E gasp crrgel
E 25 '
= 10 1 54 . r . s N
3] 2 6 10 14
S d, A Cl\“l’C|
< 0] CI\““'T X
= @
L
0
—5.0 kcal/mol = in water
-5+ T T T : , —
0 3 5 7 9 1" 13 15
d, A

Fig. 10 Energetic profiles obtained by varying the interatomic distance
(d) in the ReO, ---ReO,4~ (top) and [TcNCl4]™--[TcNCly]~ (bottom)
dimers at the PBE0-D3/def2-TZVP level of theory.
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model and the dielectric constant (¢) of water. As a result, the
energy profile reveals the existence of a minimum with a
Tc--N distance of 2.670 A, close to the experimental distance
of 2.710 A (Fig. 6b). In this case, the dimer is more stable
(=5.0 kecal mol™") compared to the ReO,~ dimer. This result
confirms that the electrostatic repulsion in the [TcNCl,]™--
[TeNCl,]™ dimer can be counterbalanced by a suitable environ-
ment, indicating that this matere bond is also possible in solu-
tion. Similar results have been reported for the [Aul,] -
[Aul,]” dimer®” and the [I5]"-+-[I5]” dimer.”®

Summary and outlook

This perspective explores the emerging field of matere bonds,
a novel type of o-hole interaction involving group 7 elements,
such as manganese, technetium, and rhenium. These bonds,
characterized by their directionality and strength, have been
shown to play significant roles in stabilizing supramolecular
architectures in both solid-state and solution-phase environ-
ments. Furthermore, their potential applications in catalysis
and material design have been highlighted, demonstrating
their versatility and relevance in supramolecular chemistry.

Future research should address several key areas to further
advance our understanding and utilization of matere bonds.
First, experimental challenges in studying matere bonds in
biological systems, particularly within manganese-containing
enzymes and proteins, must be overcome. Second, the appli-
cation of matere bonds in novel catalytic designs offers signifi-
cant potential. Investigating their ability to stabilize transition
states, mediate electron transfer, or enhance substrate binding
could pave the way for innovative catalytic processes.

Additionally, expanding the scope of matere bonds to other
group 7 derivatives with diverse oxidation states and geome-
tries could uncover new interactions with unique properties.
Further theoretical and computational studies are crucial to
refine the understanding of their electronic and structural fea-
tures, particularly in solution-phase systems where their behav-
ior remains less explored. By addressing these challenges and
opportunities, future work will undoubtedly unlock new possi-
bilities for matere bonds in materials science, catalysis, and
biological applications.
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