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We present a supramolecular cage platform that offers modular access to distinct levels of metalation within the same

confined, symmetric tris(2-pyridylmethyl)amine (TPMA)-based scaffold. Through a stepwise metalation strategy, well-

defined homodinuclear (ZnZn, CoCo), mononuclear (CoH,4) and heterodinuclear (CoZn, CoCu) complexes can be obtained in

a reproducible manner, overcoming the formation of statistical mixtures typically associated with homoditopic ligands. This

molecular selectivity establishes the cage as a versatile platform to systematically compare how confinement and metal

nuclearity influence reactivity in a shared supramolecular environment. As a proof of concept, the different cages were

evaluated in light-driven hydrogen evolution under visible-light irradiation using [Ru(bpy)s;]** as photosensitizer and

ascorbate as sacrificial electron donor, revealing the mononuclear CoHs complex as the most active catalyst. DFT calculations

suggest that its enhanced activity arises from a confined second-sphere proton relay provided by the protonated, non-

coordinated TPMA moiety. Beyond this case study, these findings establish a versatile platform for probing structure-

function relationships in confined catalysts.

Introduction

Metalloenzymes achieve complex transformations by
positioning one or more metal centers in confined, well-
organized environments, where cooperation and second-
sphere interactions govern reactivity.! Inspired by these natural
architectures, supramolecular chemistry has increasingly
focused on reproducing such confined metal pockets using
synthetic ligands, macrocycles, and cages.>3 By controlling the
spatial arrangement and microenvironment of metal sites,
these systems aim to explore how confinement shapes
reactivity pathways, enabling second-sphere effects or
cooperative interactions that are not generally accessible with
conventional complexes.* Within this context, dinuclear metal
complexes featuring ditopic ligands have attracted attention
due to their distinctive electronic, binding, and catalytic
properties.> Macromolecular ligands such as macrocycles and
cages offer a particularly promising platform for designing these
systems.®8 Through their intrinsic cavities, these architectures
can provide a confined and preorganized coordination sphere
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that modulates the reactivity of embedded metal centers. This
structural control can also enable beneficial features such as
proton relays,® folding,’® or water
preorganization reminiscent of enzyme active sites,! ultimately
enhancing catalytic efficiency.

These considerations highlight a broader synthetic challenge:
symmetric ditopic ligands can in principle host mononuclear,

intramolecular

homodinuclear or heterodinuclear species, but selectively
accessing extremely demanding.
Macromolecular architectures that can stabilize such well-

each state remains
defined metalation states are rare yet particularly valuable, as
they enable direct comparison of distinct reactivity regimes
within a single confined scaffold. Heterodinuclear systems can
combine complementary coordination environments within a
single cavity and exhibit cooperative effects with applications in
biomimetic catalysis, small-molecule activation, and multi-
electron processes.’? In parallel, selectively stabilizing a
mononuclear species in a symmetric ditopic ligand is also
compelling, as the confined geometry can accentuate second-
sphere interactions and other cavity-mediated effects not
typically accessible to conventional complexes.'3 Achieving such
selectivity, however, remains challenging with symmetric
homoditopic ligands, where metal scrambling and statistical
distributions often prevent the isolation of well-defined species.
While strategies such as asymmetric ligands,'#1> stepwise
assembly of building blocks,® or bridging motifs!” have shown
some success, examples of either mononuclear or
heterodinuclear cages derived from symmetric homoditopic

ligands remain scarce and mostly limited to isolated cases.182!
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Figure 1. a) Reaction Scheme for the synthesis of mono-, homo- and heterodinuclear chiral cages from cage S-1. Chloride ligands have been omitted in the schematic representation
for clarity. b) and c) *H NMR (300 MHz, 298 K, CD3CN/D0) titrations spectra of S-1 with increasing amounts of ZnCl, and CoCly, respectively. d) Side and top views of the CoCo cage
as determined by single-crystal X-ray diffraction and associated voids within the honeycomb-like porous framework (probe radius: 1.2 A). Hydrogen atoms, Cl- anions and solvent
molecules are omitted for clarity. Color code: Co, cyan; N, blue; Cl, green; C, grey; voids outside, yellow; voids inside, dark yellow. ZnZn cage structure is displayed in the SI, Figure

$39.

In this context, platforms that allow controlled access to both
mononuclear and heterodinuclear states are especially
valuable, as they not only overcome synthetic challenges but
also provide a unique comparative framework to disentangle
how confinement governs reactivity, whether through
cooperative metal-metal effects or through second-sphere
interactions. We have recently developed a novel approach to
access a hydrolytically stable chiral molecular cage, $-1, based
on the cobalt(ll) tris(2-pyridylmethyl)amine TPMA motif

through a synthetic strategy involving imine dynamic covalent
chemistry combined with [3,3] diaza-Cope rearrangement.2223
This water-soluble architecture has been shown to efficiently
coordinate two identical metal ions, Zn(ll) and Co(ll), through its
two TPMA units resulting in the corresponding homodinuclear
complexes ZnZn and CoCo. These species have found
applications in chiral dicarboxylic acids recognition and in light-
driven hydrogen photosynthesis, respectively.>?*> The CoCo
cage is representative of the broader family of cobalt

Please do not adjust margins
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polypyridyl HER catalysts, known for their abundance and ability
to function under aqueous conditions.?* What remains much
less explored, however, is how confinement and precise
metalation state within a supramolecular scaffold impact their
reactivity.

In this study, we present a sequential metalation strategy that
enables selective access to mononuclear (CoHs) and
heterodinuclear (CoZn, CoCu) complexes within this symmetric
cage scaffold. This approach represents a rare example of well-
defined mono- and heterodinuclear cages derived from a
symmetric homoditopic ligand, overcoming the scrambling
issues typically associated with such systems. The access to
these distinct metalation states provides a rare opportunity to
assess how confinement impacts reactivity. We therefore used
photocatalytic hydrogen evolution under aqueous conditions as
a model transformation, complemented by DFT calculations
that highlight the involvement of second-sphere proton
transfer.

Results and discussion
Homodinuclear Complexes.

As previously described, the cage S-1 coordinates two
equivalents of Co(ll) or Zn(ll) to afford the dinuclear complexes
CoCo and ZnzZn.®2 In the present work, we additionally
obtained single crystals suitable for X-ray diffraction by slow
evaporation of a water-DMSO solution, providing additional
structural confirmation of these species. The structures
closely related three-dimensional arrangement
sharing almost identical cell parameters as well as bond lengths
and angles (Figures 1b, S37 and S39, Tables S6 and S7). In both
structures, the two TPMA units adopt an opposite propeller
conformation, resulting in a C3 symmetry (Figure 1b). Each
metal center adopts a distorted trigonal bipyramidal geometry,
coordinated by four nitrogen atoms from the TPMA ligand and
one chloride anion oriented towards the interior of the cage.
These chlorides are expected to be labile and readily
substituted under the aqueous photocatalytic conditions
employed, and are therefore omitted from the schematic
representation for clarity.2>2¢ The M--M and M-Cl---CI-M
distances are 9.7 A and 5.1 A, respectively (Table S6). Three
DMSO molecules occupy each cage window (Figures S37 and
S39). The packing of the cages in the solid state forms a
honeycomb-like porous framework (Figure 1b and S38).

revealed

Mononuclear Complexes

Upon monitoring ZnZn formation by 'H NMR spectroscopy, a
transient intermediate species was observed in solution. A
titration of S$-1 with increasing equivalents of zinc chloride in a
1:1 mixture of deuterated acetonitrile and water revealed a
gradual decrease in the signals of the free cage, accompanied
by the appearance of new signals attributed to an intermediate
species (Figure 1a). Simultaneously, the signals corresponding
to the dinuclear ZnZn complex began to emerge. Throughout
the titration, all three species (free S-1, the intermediate, and

This journal is © The Royal Society of Chemistry 20xx

Inerganic Chemistry, Frontiers

ZnZn) were clearly observed,
coordination process.

The new signals suggest that the two TPMA units within the
cage become chemically non-equivalent upon coordination of a
single zinc ion, consistent with the formation of a mononuclear
complex. At higher zinc equivalents, this species was fully
converted into the ZnZn complex. To further support this
assignment, a parallel titration was performed using the triflate
salt of S-1 instead of its chloride analogue (Figure S35 and S36).
In this case, the signals of the intermediate species appeared
more distinctly split, providing clearer evidence that the two
TPMA moieties are chemically differentiated. This observation
supports the assignment of the intermediate as a mononuclear
complex in which only one metal center is bound, while the
second coordination site remains unoccupied.

A comparable trend was observed during the titration of -1
with cobalt(ll) chloride. Despite the paramagnetic nature of the
cobalt(ll) center, the intermediate, mononuclear species CoHa
was identifiable in the 0-20 ppm region of the 'H NMR
spectrum. Upon further addition of cobalt, these signals
gradually decreased as the formation of the paramagnetic CoCo
complex progressed. Notably, in contrast to zinc, cobalt
coordination occurred at a significantly slower rate, allowing
exclusive observation of the mononuclear intermediate in
solution when one equivalent of cobalt salt was added with no
detectable signals of either free $-1 or the dinuclear CoCo
complex. This observation indicates a non-statistical
distribution of products and suggests a highly selective and
kinetically controlled formation of the 1:1 complex. The
intermediate remained stable in solution for at least 8 hours
(Figure S29), allowing straightforward characterization by NMR
spectroscopy.

pointing to @, stepwise
DOI: 10.1039/D5Ql02424B

Heterodinuclear Complexes

As shown by the titration studies, the mononuclear cobalt
complex CoHs can be obtained selectively by slow addition of
one equivalent of CoCl, to the cage ligand. Building on this
result, we extended this stepwise strategy by introducing a
second metal center. Addition of one equivalent of ZnCl; to the
preformed CoHs complex led to the formation of a
heterodinuclear CoZn cage. More in detail, monitoring the
reaction by *H NMR revealed the appearance of a new set of
signals corresponding to two chemically distinct TPMA
environments, with equal integration, consistent with a
heterodinuclear complex (Figure S16). This assighment was
supported by ESI-MS analysis, which confirmed the presence of
the CoZn species (Figure S19). The CoZn cage proved stable in
solution, with the characteristic signals of the heterodinuclear
species remaining predominant after two weeks at room
temperature, as determined by 'H NMR analysis (Figure S30). A
slight decrease in peak intensities was observed over this
period, accompanied by the appearance of additional signals
attributed to homodinuclear CoCo and ZnZn species. However,
the CoZn cage remained the dominant species, indicating good
solution stability.

J. Name., 2013, 00, 1-3 | 3
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A similar approach was applied to access the CoCu
heterodinuclear cage. However, due to the paramagnetic
nature of both cobalt(ll) and copper(ll), the formation of this
species could not be monitored by *H NMR spectroscopy. In this
case, mass spectrometry provided the primary evidence for
successful heterometallation (Figure S25); however, the
presence of minor amounts of homometallic species in
equilibrium cannot be excluded, and the isolation of a fully pure
CoCu cage cannot be unambiguously claimed under these
conditions.

Aqueous Hydrogen Photocatalysis

With this series of metal-containing cages in hand, we explored
the potential influence of “cage functional asymmetry” on the
catalytic activity of the Co(ll)-TPMA site for light-driven
hydrogen evolution in water. This study was conducted in
comparison with our previous works on similar complexes.%27-
23 |n these related systems, the photochemical cycle was shown
to proceed via reductive quenching of the excited [Ru(bpy)s]**
photosensitizer by ascorbate, followed by fast electron transfer
to the cobalt center. Specifically, the photocatalytic
performances of freshly prepared ZnZn, CoCo, CoHs, CoZn, and
CoCu were evaluated under visible-light irradiation in aqueous
acetate buffer (1 M, pH = 5) containing 0.5 mM [Ru(bpy)s]?* as
photosensitizer and 0.1 M ascorbate as sacrificial electron
donor (Figure 2). Each catalyst was tested at varying loadings,
and catalytic activities were normalized to the total cobalt
content to ensure valid comparisons (see Table S1 for the
corresponding TON, TOF and QE values).

CoCo
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CoZn
CoCu

e e
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Figure 2. (Left) Schematic representation of the proposed mechanism of photochemical
H, evolution with Ru = [Ru(bpy)s]?* as the sensitizer and HA" = ascorbate as the sacrificial
electron donor; (right) kinetics of H, formation upon continuous irradiation (460-nm LED)
of 1 M acetate buffer solutions (pH 5) containing 0.5 mM [Ru(bpy)s]?*, 0.1 M ascorbate,
and the cage: (top right) [Co] = 50 uM, (bottom right) [Co] = 100 uM.

The homodinuclear ZnZn complex showed negligible catalytic
activity, as expected for a redox-inactive system. Similarly,
control experiments with the empty cage S-1 showed hydrogen
evolution activity comparable with that of a blank sample

4| J. Name., 2012, 00, 1-3

without any added catalyst (Table S2), confirmjpg sthatothe
catalytic activity originates from the Co(IPQ¢etErsrather2thiaR
the organic framework. In contrast, all cobalt-containing cages,
CoCu, CoCo, CoZn, and CoH, exhibited clear hydrogen evolution
activity. Among the dinuclear species, CoCu consistently
showed the lowest performance (QE of 1.7% and 1.4% at [Co] =
100 and 50 pM, respectively), while CoCo and CoZn displayed
similar kinetic profiles. For these latter, a slight inversion of
trend was observed depending on cobalt concentration: CoZn
performed marginally better at 50 uM than CoCo (QE = 1.9% vs.
1.8%; TON = 86 vs. 76), whereas at 100 uM, CoCo showed a
higher initial efficiency (QE = 3.7% vs. 2.6%), but CoZn ultimately
reached a slightly higher cumulative yield (TON = 68 vs. 63).
Taken together, these results indicate that the nature of the
second metal center can influence the catalytic efficiency of the
Co(ll) site, although the effect is subtle. These variations among
dinuclear species may reflect differences in second-sphere
interactions within the confined cavity, such as electrostatic
effects,3° coordination dynamics,3! or water structuring,3? as
proposed in related multimetallic systems.

Notably, the mononuclear cobalt complex CoHa exhibited the
highest catalytic efficiency of the series, with hydrogen
evolution rates appreciably higher than those observed for the
dinuclear species and QEs up to 6% (see Table S1). While
dinuclear catalysts might a priori be expected to benefit from
the presence of two metal centers through cooperative or
synergistic effects between neighboring sites,333* as
demonstrated in various molecular and heterogeneous
systems, no such enhancement is observed at the level of
overall catalytic activity here, indicating that effective
intermetallic cooperation is not operative within the present
cage architecture. For comparison, in our previous study on
related Co-TPMA half-cages, the best catalyst reached a QE of
7.4% at comparable conditions, highlighting that the confined
proton-relay motif remains the decisive factor for enhanced
activity.® A plausible rationale for this result is that the
uncoordinated TPMA arm, protonated under the reaction
conditions, may facilitate second-sphere proton transfer
through a hydrogen-bonded water network confined within the
cage cavity. This hypothesis is consistent with supramolecular
preorganization mechanisms previously proposed in related
synthetic and enzymatic systems.3334 Similar conclusions were
reached in our previous study on related Co-TPMA cages, where
transient absorption experiments confirmed that electron
transfer from the photosensitizer to the cobalt center is rapid
and not rate-limiting.? This provided further evidence that
proton transfer is the key step modulated by the confined
environment, an aspect we further explored through DFT
calculations as detailed below.

Computational Insights into Second-Sphere Proton Transfer
within Co(ll) Cage Catalysts

To gain deeper insights into the catalytic trends observed
experimentally, particularly the superior activity of the
mononuclear CoHs cage and the role of second-sphere
interactions in modulating activity, density functional theory
(DFT) calculations were carried out to model proton transfer

This journal is © The Royal Society of Chemistry 20xx
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and oxidation processes within the cavity of the cages (level of
theory: SMD-PBE1PBE-D3(BJ)/6-311+G(d,p),def2-TZVP // SMD-
PBE1PBE-D3(BlJ)/6-31G(d),SDD).

We first examined the mononuclear CoHs species, which
features a cobalt-TPMA center and a second, non-coordinated
TPMA unit. A fully optimized structure of the cage was
computed, including a hydrogen-bonded cluster of three water
molecules positioned between the metal center and the
protonated tripodal ligand. To reduce computational effort, a
minimal model was designed by deleting the cage’s arms while
maintaining the TPMA ligands frozen in space (see
Computational methods). This configuration is illustrated in
Figure 3, where a proton originating from a pyridinium group is
shuttled through the water network to the Co(l) center,
accompanied by formal oxidation to Co(lll)-H. This process
implies electron donation from Co(l), which can be evaluated by
looking at the involved Intrinsic Bond Orbitals (IBOs) of the
reactant and product complexes (Figure 3). Both a (blue) and B
(green) spin IBOs are initially localized on the metal as atomic d
orbitals; then, they both become part of the Co-H o bond,
supporting the description of the oxidation of Co(l) to Co(lll).
However, only the B spin IBO (green) is mostly localized on the
H atom, while the other IBO remains localized on the metal. This
indicates a strong radical character of H in the product complex,
explaining also the high spin contamination (see Computational
methods). The computed energy profile (Figure S40) reveals
two transition states: the first (TS1) at 8.1 kcal-mol? leads to a
hydronium-stabilized intermediate (7.9 kcal-mol?), and the
second (TS2) at 19.6 kcal-mol? affords the product complex,
which lies 14.1 kcal-mol! above the reactant. Thus, in the
mononuclear cage CoH, the proton-coupled oxidation of Co(l)
to Co(lll)-H is feasible but overall endergonic, setting the stage
for comparison with the dinuclear systems.

Figure 3. Protonation and oxidation of Co(l) to Co(lll)-H in the mononuclear CoHs system.
Structures of reactant (RC) and product (PC) complexes with a (blue) and B (green) spin
IBOs involved in the process. Color code: Co, fuchsia; N, blue; O, red; C, grey; H, white.
Level of theory: SMD-PBEIPBE-D3(BJ)/def2-TZVP // SMD-PBEI1PBE-D3(BJ)/6-
31G(d),SDD.

This journal is © The Royal Society of Chemistry 20xx
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The same approach was extended to hom@z.And
heterodinuclear species. In the presence 6FC30HI)ZAAFH2Eath
as second metal centers, proton abstraction occurs at the water
molecule next to the metal (Scheme 1a), resulting in hydroxide
coordination, while the proton is shuttled directly to Co(l). In
contrast to the mononuclear cage, no stable intermediate was
located, and the process was found to be significantly less
favorable. For full-cage optimizations, the reaction energy of
the product complex lies at 28.0 kcal-mol* for CoZn and 29.0
kcal-mol?! for CoCo, compared to only 9.6 kcal-mol? for CoHa
(Table S5). For CoCu, optimization of the product was not
successful due to the intrinsic instability of Cu(I)OH, indicating
that this pathway is not viable for this system. These results
indicate that the introduction of a second metal perturbs the
hydrogen-bonding network and penalizes the proton relay,
thereby suppressing the reactivity of the confined Co(l) site.

An alternative pathway involving a pre-formed hydronium ion
within the confined water cluster was also evaluated (Scheme
1b). This scenario, consistent with acidic aqueous conditions,
led to lower reaction energies with values of 6.5 kcal-mol? for
CoZn, 7.8 kcal-mol for CoCo, and 8.6 kcal-mol for CoCu (Table
S5). In this case, the relative trend CoZn < CoCo = CoCu is
preserved. However, these values are not directly comparable
to CoHa, as pathway (b) assumes the prior formation and
stabilization of a hydronium ion within the cavity; the
associated energetic and entropic costs are not captured by the
reported electronic energies. Thus, pathway (b) should be
regarded as an acid-assisted scenario that provides qualitative
trends among dinuclear species rather than a direct standard of
comparison to the mononuclear case.

a) N = N = b) N = N/\j

N o N--=Ca'"f;
) WD) ) )
H, H 2l H_h o
) H-0, b H-0
H
H. .H — = H.2 . o
‘0 -G, o-H o-H
H H H H
& H
o-H bH n° °
- -
,ND w@ Ny N@
O Ll X Tt S B
Bewrsa Bhagor -\ gy Bl
N = N = N = N

W' = Co(ll), Zn(ly M= Col), Zn(t), Cu(t)

Scheme 1. Schematic representation of the two protonation/oxidation pathways of Co(l)
to Co(lll)-H, as considered in the DFT study. (a) Proton relay via a hydrogen-bonded
network of water molecules inside the cavity. (b) Acid-assisted pathway mediated by a
hydronium ion.

In the particular case of CoCu, the cage was modeled in the
Co(l)/Cu(l) oxidation state, since the electrochemical reduction
of Co(ll) to Co(l) implies a similar reduction of Cu(ll) to Cu(l). For
this model, both reactions were tested, but any attempt to
optimize the product of Scheme 1a was unsuccessful, likely due
to the instability of Cu(l)OH, which prevents its formation. Thus,
only the second reaction (Scheme 1b) is feasible for the CoCu
case. The computed reaction energy (Table S5) is consistent
with the experimental observation that CoCu is the least active
species among the dinuclear metal systems studied.

Although minimal models tend to overestimate reaction
barriers, optimizations of the full cage indicate a stabilizing
effect arising from cavity confinement. In particular, when the
product complex of the mononuclear CoHs complex is

J. Name., 2013, 00, 1-3 | 5
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optimized within the complete cage, the reaction energy
becomes less disfavored (Table S5).

This behavior is consistent with enthalpic compensation
mechanisms commonly observed in confined catalytic
environments, including enzymatic systems modeled with
constrained minimal structures.3®

Taken together, these results provide a consistent
computational rationale for the experimentally observed
superior performance of the mononuclear CoHs complex.

The presence of a non-coordinated, protonated TPMA moiety
in CoHs enables an efficient second-sphere proton relay
through the confined water cluster, whereas the introduction
of a second metal perturbs this network and penalizes the key
Co-H bond-forming step. The slightly more favorable energetics
calculated for zn(ll) relative to Co(ll) and Cu(l) also correlate
with the subtle relative performance of the CoCo, CoZn and
CoCu catalysts.

Conclusions

In this study, we have addressed the synthetic challenge of
selectively accessing distinct metalation states within a TPMA-
based symmetric cage by developing a stepwise strategy that
affords the mononuclear CoHs complex alongside
heterodinuclear CoZn and CoCu species. This represents a rare
example of controlled mono- and heterodinuclear metalation in
such architectures, thereby overcoming the scrambling issues
typically associated with symmetric homoditopic ligands and
enabling a direct comparison of reactivity regimes within a
single supramolecular platform. Photocatalytic tests in light-
driven hydrogen evolution revealed that CoHa exhibits superior
activity relative to its dinuclear counterparts, consistent with
the proposed role of the protonated, non-coordinated TPMA
moiety in facilitating proton transfer within the confined cavity.
DFT calculations further support this interpretation, suggesting
that second-sphere proton relays and confined water networks
modulate reactivity, and that these features are perturbed
upon introduction of a second metal. By linking structural
control to catalytic performance, this work illustrates how
confinement can be harnessed to disentangle the contributions
of mono- versus dinuclear environments in supramolecular
catalysis. Looking ahead, this metalation strategy could in
principle be extended to other TPMA-binding metal
combinations and transformations, thereby advancing the
design of functional confined catalysts in supramolecular
chemistry and biomimetic catalysis. More broadly, this
approach provides a framework for designing confined catalysts
where cooperative or second-sphere effects can be
systematically probed and exploited, in analogy to enzymatic
active sites.
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