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nic coupling in linked bis(cubane)
cobalt-oxo clusters

Vincent J. P. Maddi ab and T. Don Tilley ab

A family of cobalt-oxo bis(cubane) complexes wherein each subunit is derived from the Co4O4 cubane,

a known water oxidation catalyst, was synthesized. Both 4,40-bipyrdine and pyrazine were demonstrated

to serve as viable bridging ligands. Through an analysis of their half-wave splitting potentials, it was

determined that pyrazine-bridged bis(cubane)s exhibit inter-cubane electronic coupling, and that this

coupling may be tuned through ligand substitution. Electrostatic contributions to the half-wave splitting

potentials were evaluated and found to result in “non-conformist” behavior related to the ion-pairing

ability of the electrolytes.
Introduction

Research on catalysts for the oxygen evolution reaction (OER),
motivated by the goal of creating an articial photosynthesis
system, has focused on multimetallic cooperativity as playing
a key role in overcoming the intrinsic challenges associated
with a four-electron, four-proton oxidation process.1–6 This
pertains to the Mn4CaO5 cluster of the oxygen-evolving complex
(OEC) for water oxidation in photosystem II,7 and to heteroge-
neous metal oxide catalysts such as cobalt oxyhydroxide
(CoOOH).8–11 Several metals working in concert are essential for
accumulating and storing the multiple oxidizing equivalents
(electron holes) required to drive the four-electron splitting of
water.12 Thus, an important challenge for understanding and
studying this process is the establishment of a detailed mech-
anism, which has proven difficult given the complexity of the
process.

The tetracobalt-oxo cubane Co4O4(Py)4(OAc)4 is a compelling
model system for the study of multimetallic cooperativity in
water-oxidation catalysis. It bears a structural resemblance to
the active edge site in layered CoOOH and has demonstrated
competence in the conversion of hydroxide to molecular
oxygen.13–17 In this regard, the oxidized (CoIII3Co

IV) cubane has
been established as an early intermediate in water splitting and
has therefore been subjected to substantial interrogation.18–20

Previous studies on establishing an in-depth mechanistic
understanding of water-oxidation mediated by the cobalt-oxo
cubane21–28 indicate that a key mechanistic step in solution is
the disproportionation of two mono-oxidized cubanes to form
a highly oxidized intermediate that then rapidly proceeds to the
ifornia, Berkeley, California 94720, USA.

erkeley National Laboratory, Berkeley,

767
O–O bond-forming step (Scheme 1).29 Accordingly, modeling
and modifying this high-valent intermediate, or the electron-
transfer reaction that proceeds it, are potentially of great
scientic interest. Moreover, such studies into the role of
electron-transfer processes in water-oxidation catalysis might
provide insight into the mechanism of hole accumulation in
heterogenous materials, as has been investigated in hematite
catalysts.30

Ligand substitutions have allowed electrochemical access to
a doubly oxidized cubane (formally CoIII2Co

IV
2 or CoIII3Co

V) at
Scheme 1 Proposedmechanism for reduction of the oxidized cubane
by hydroxide through a highly oxidized intermediate preceded by
a disproportionation (highlighted).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of MePy-OAc-bipy bis(cubane).
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potentials as low as 0.8 V vs. Fc/Fc+.31 Unfortunately, a doubly
oxidized cubane has not yet been isolated. A reasonable strategy
for accessing and studying the behavior of more highly oxidized
clusters would be the linkage of multiple clusters to create
systems that can bear a larger redox load but have overall
similar degrees of charge distribution. Such expanded clusters
would be valuable synthetic targets given the multi-electron
nature of water-oxidation.

An important consideration in the design of expanded
cobalt-oxo clusters would be to ensure efficient electronic
communication between the units. Without such communica-
tion each subunit would behave independently, and neither
would be able to access the full redox breadth of the assembly;
thus, for an expanded cobalt-oxo cluster, it is essential to
initially establish the existence of electronic coupling.

Beginning with the Creutz–Taube ion, mixed-valent species
have served as valuable tools for studying electron-transfer
reactions and electron delocalization in binuclear species and
in multimetallic clusters.32–34 Electrochemistry is an established
tool for estimating electronic coupling, especially for systems
where the mixed-valent state (in which electronic coupling can
be measured directly from their intervalence charge transfer
bands) cannot be isolated. In general, the half-wave potential
splitting, DE1/2, the difference between the rst and second
redox potentials in a mixed-valent species, is proportional to the
electronic coupling between the donor and acceptor sites.35

Electrochemistry, however, is not a direct measure of electronic
coupling and such data must be handled with care in the
absence of other corroborating evidence.

The study presented here describes the synthesis of
expanded cobalt-oxo cubanes possessing ditopic bridging
ligands and various additional ligand sets. Electrochemical
studies on these complexes allow assessment of the extent of
electronic communication between the two cubane units. The
presence of inter-cubane electronic coupling indicates that
these bis(cubane)s display multi-electron chemistry that serves
as a model for the encounter complex involving electron
transfer between clusters in catalytic oxidation chemistry. The
ready accessibility of the doubly oxidized state also indicates the
potential utility of bis(cubane)s as electrocatalysts with
enhanced charge storage properties.

Results and discussion
Synthesis and characterization of cobalt-oxo bis(cubane)s

The Co4O4 cubane platform possesses signicant synthetic
versatility, providing routes to symmetrically and unsymmetri-
cally substituted cubes via “self-assembly” from CoII, pyridine
and HOOH reactants, as well as by substitution of the dative, L-
type, and anionic, X-type, ligands.31 Therefore, it was presumed
that a dimer in which two Co4O4 cubanes share a common
bridging bidentate ligand should be accessible. Further, based
on previous work involving cubane porous frameworks wherein
bridging tris(carboxylate) donors were shown to be prone to
decomposition, it was reasoned that bridging L-type donors,
binding through the pyridine positions of the cubane, would be
the preferred type of bridging ligand.36
© 2026 The Author(s). Published by the Royal Society of Chemistry
Initial attempts to prepare a bis(cubane) began with use of
4,40-bipyridine (bipy) as a bridging ligand. When a solution of the
4-methylpyridine (MePy) substituted cubane, Co4(m3-O4)(OAc)4(-
MePy)4, was heated to 80 °C and one equiv of bipy in acetonitrile
was added dropwise over 5 h followed by an additional 13 h of
heating, a color change from forest green to rust red was
observed. The desired bis(cubane) product Co8(m3-O4)8(OAc)8(-
MePy)4(m2-bipy)2 (MePy-OAc-bipy) was isolated by column chro-
matography followed by crystallization from a solution of CH2Cl2
layered with pentane to give red crystals of MePy-OAc-bipy bi-
s(cubane) in 33% yield (Scheme 2). The dimeric nature of this
product was veried by HR-ESI-MS and the symmetry about the
bipy ligand in the 1H NMR spectrum. Similar results were ob-
tained using both the pyridine (Py)- and DMAP-substituted
mono-cubanes; however, in these cases poor chromatographic
separations precluded isolation of pure product.

Inspired by the body of work employing pyrazine (Pyz) as
a bridging ligand in multimetallic systems,37,38 it was chosen as
the next target for the coupling of two cubane units. The Co4(m3-
O4)(OAc)4(MePy)4 cubane and three equivalents of Pyz were di-
ssolved in acetonitrile and sealed in a pressure vessel which was
then immersed in an 80 °C oil bath. Aer heating for 18 h, the
mixture was ltered and the resulting red solid was washed
three times with acetonitrile to yield pure Co8(m3-O)8(OAc)8(-
MePy)4(m2-Pyz)2 (MePy-OAc) bis(cubane) in 45% yield (Scheme
3; hereaer all bis(cubane)s discussed will possess Pyz bridges,
unless otherwise stated). The dimeric structure was corrobo-
rated by HR-ESI-MS and a 1H NMR spectrum showing a single
Pyz resonance. Previous reports have indicated that substitution
of the cubane's L-type ligands occurs primarily when pKa(L0H

+)
> pKa(LH

+) where L is the outgoing ligand and L0 is the incoming
ligand.35 The modestly high yield of the pyrazine-bridged bi-
s(cubane) seems to run counter to this trend (pKa-MePy = 6.02;
pKa-Pyz = 1.1).39,40 Because no yield could be obtained when
more solubilizing ligands like 4-tertbutylpyridine were used it is
hypothesized that precipitation of MePy-OAc from the reaction
mixture provides a driving force for the ligand exchange equi-
librium. Further, it was found that a judicious choice of solvent
favoring precipitation of the bis(cubane) relative to its mono-
meric precursor allowed for the isolation of six bis(cubane)s via
this dimerization strategy (Scheme 3). Notably, this procedure is
not applicable to cubanes possessing pyridine ligands with
Chem. Sci., 2026, 17, 9760–9767 | 9761
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Scheme 3 Synthesis of Pyz bis(cubane)s.
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electron withdrawing substituents such as 4-cyano-, 4-tri-
uoromethyl-, or 4-acetyl-pyridine. When subjected to these
dimerization conditions, a rust-red precipitate containing
cubane subunits (by FT-IR analysis) formed but could not be
solubilized in available solvents suggesting that they may
correspond to oligomeric products.

Several additional bis(cubane)s that could not be synthe-
sized by this dimerization strategy were instead prepared by
leveraging the fact that benzoate-substituted bis(cubane)s have
poor solubility in protic solvents compared to their acetate-
substituted analogues (Scheme 4). For example, when a solu-
tion of the MePy-OAc bis(cubane) and 12 equiv. of benzoic acid
in methanol was heated to reux for 4 h, a red precipitate
formed and was puried chromatographically and by crystalli-
zation from CH2Cl2 layered with pentane to give the MePy-BzO
bis(cubane) in 16% yield.

In total, a library of nine bis(cubane) complexes encom-
passing different bridging ligands and a broad range of donor
ligands was prepared using strategies of dimerization and X-
type ligand substitution.

Electrochemical studies

Cyclic voltammograms (CVs) were collected on each bis(cubane)
to obtain qualitative information regarding the extent of
Scheme 4 Post-synthetic modifications of bis(cubane)s.

9762 | Chem. Sci., 2026, 17, 9760–9767
electronic coupling between the two cubane cores (Fig. 1a).
Initial experiments were conducted with a 100 mM solution of
tetrabutylammonium tetrakis(pentauorophenyl)borate ([n-
Bu4N][BArF20]) as the electrolyte in CH2Cl2 (see SI for details). In
all cases a reversible event was observed for both the [Co(III)4O4–

Pyz–Co(III)4O4]
8+/[Co(IV)Co(III)3O4–Pyz–Co(III)4O4]

9+ (E1) and
[Co(IV)Co(III)3O4–Pyz–Co(III)4O4]

9+/[Co(IV)Co(III)3O4–Pyz–Co(IV)
Co(III)3O4]

10+ (E2) redox couples. The two cubane units are
assumed to proceed through sequential oxidations with
a mixed-valent intermediate (Fig. 1b). Values for rst and
second redox potentials, E1 and E2, were determined through
differential pulse voltammetry (DPV) due to improved resolu-
tion compared to the cyclic voltammograms (Fig. 1c). Values are
compiled in Table 1.

Despite their hypothetical accessibility based on the
electrochemical data, no bis(cubane)s in the mixed-valent
[Co(IV)Co(III)7O8]

9+ state could be isolated for intervalence
charge transfer (ICVT) band analysis. The use of spectroelec-
trochemistry also proved fruitless in the positive identication
Fig. 1 (a) CV of the MePy-OAc bis(cubane) with 100 mM [n-Bu4N]
[BArF20] in CH2Cl2. (b) Schematic representation of the sequential
oxidation of the two cubane units assuming intercubane electronic
coupling. (c) DPV of theMePy-OAc bis(cubane) with 100mM [n-Bu4N]
[BArF20]in CH2Cl2. See SI for further samples.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Redox potentials of Bis(cubane)s calculated from DPV with
[n-Bu4N][BArF20]

Bis(Cubane) E1 (mV) E2 (mV) DE1/2 (mV)

MePy-OAc-bipya 272 — —
DMAP-OAc 252 419 167
MePy-OAc 371 539 168
MePy-BzO 372 532 160
MePy-ClBzO 477 625 148
MeOPy-OAc 371 531 160
MeOPy-BzO 438 590 152
MeOPy-MeOBzO 323 477 154
MeOPy-(MeO)3BzO 427 586 159

a Only one redox wave identied.
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of an IVCT band (see SI). However, the electrochemical data was
further analyzed to assess the existence of inter-cubane elec-
tronic coupling.

The half-wave potential splitting, DE1/2, calculated as the
difference between E1 and E2, is an established measure for the
degree of electronic interaction (electronic coupling) between
identical, interconnected, redox-active moieties in mixed-valent
systems with well-dened donor, acceptor, and bridge sites
such as the two cubane cores in the bis(cubane).34 Larger values
of DE1/2 arise from greater stabilization of the mixed-valent state
which is typically assumed to be the result of resonance stabi-
lization accompanying increased electronic coupling.34,41 Values
for DE1/2 for bis(cubane)s are compiled in Table 1.

In the case of the MePy-OAc-bipy bis(cubane) only a single
redox wave was observed, but use of the Randles–Sevcik equa-
tion determined that this corresponds to a net two-electron
[Co(III)4O4–bipy–Co(III)4O4]

8+/[Co(IV)Co(III)3O4–Pyz–Co(IV)Co(III)3-
O4]

10+ couple (Fig. 2). Therefore, with bipy as a bridging ligand
the two cubane cores are electronically independent and exhibit
negligible inter-cubane hole delocalization in the singly
oxidized state. Longer donor–acceptor distances correlate to
weaker electronic coupling and weaker electrostatic interac-
tions (vide infra) and thus it is expected that the bipy-bridged
system exhibits a DE1/2 value smaller than those of Pyz-
bridged analogues.42

As was previously reported in the case of monomeric
cubanes,35 more donating ligands lead to a cathodic shi in E1
Fig. 2 CV of the MePy-OAc-bipy bis(cubane).

© 2026 The Author(s). Published by the Royal Society of Chemistry
while more withdrawing ligands lead to an anodic shi
implying that E1 is a good proxy for overall ligand donor ability.
In mixed-valent systems it is predicted that more strongly
donating ligands raise the energy of the d-orbital manifold
closer to the p* orbitals of the bridging ligand which then
lowers the energy barrier for electron transfer.43 A lower barrier
to electron transfer corresponds to stronger electronic coupling,
a net stabilization of the mixed-valent state compared to the
doubly-oxidized state, and hence an increase in DE1/2.35,41

Therefore, a good correspondence between E1 (i.e., ligand donor
ability) and DE1/2, as is observed in the bis(cubane) system
(Fig. 3), should be indicative of electronic coupling. This
observed trend is similar to that reported by Kubiak and
coworkers for their mixed-valent pyrazine-bridged bis(m3-oxo-
centered triruthenium-acetate) clusters.37,44

While half-wave splitting potentials are frequently used as
proxies for electronic coupling (Hab), DE1/2 is dependent on
several additional factors. Eqn (1) shows the relation between
DE1/2 and the free energy of comproportionation, DGc, while
eqn (2) shows the several variables which comprise DGc and
thus can inuence DE1/2.

−DGc = nFDE1/2 (1)

DGc = DGres + DGstat + DGind + DGex + DGel (2)

In eqn (2), the term of chief interest is DGres which represents
electronic coupling. The terms DGstat (the statistical contribu-
tion), DGind (the inductive contribution), and DGex (the
magnetic exchange contribution) are constant or generally
assumed to be constant across similar systems.45–48 In a so-
called “conformist” system, the three aforementioned terms,
in addition to DGel, the electrostatic contribution arising from
energy required to bring two charges into close proximity, are
relatively unchanged as the resonance term is varied and thus
there should be a linear correlation between DE1/2 and Hab.35

However, there are many examples of “non-conformist”
behavior which must be taken into account: some complexes
are known to show large values of DE1/2 with minimal electronic
Fig. 3 Comparison of half-wave potential splitting and E1 with [n-
Bu4N][BArF20] electrolyte showing a linear correlation. Blue circles
represent acetate functionalized bis(cubane)s and yellow diamonds
represent benzoate functionalized bis(cubane)s.

Chem. Sci., 2026, 17, 9760–9767 | 9763

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09713d


Fig. 4 Comparing the CV data in [n-Bu4N][BArF20] (gold) and in [n-
Bu4N][PF6] (blue) for (a) acetate and (b) benzoate functionalized MePy
bis(cubane)s with a Pyz bridge.
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coupling, and other series of related complexes have been
observed to show large changes to electronic coupling with
minimal changes to DE1/2.35

Many of the above mentioned “non-conformist” behaviors
arise from changes in the electrostatic term, DGel, which is
sensitive to medium effects such as solvent and electrolyte.
Previously, Lang and coworkers identied “non-conformist”
behavior in a series of diferrocenyl functionalized pyrroles that
was traced to increased electrostatic repulsion resulting from
increased charge localization with more electron withdrawing
ligands. By comparing half-wave splitting potentials with direct
optical measurements of electronic coupling, Lang and
coworkers were able to demonstrate that complexes with larger
values of DGel experience large changes to DE1/2 when changing
to an electrolyte with stronger ion pairing which better “shields”
the electrostatic repulsion.49 Electrostatic contributions can
therefore be gauged (and thus non-conformist behavior ruled
out) by varying the electrolyte (e.g., changing [n-Bu4N][BArF20] to
[n-Bu4N][PF6]) and determining the value of DDE1/2 (dened as
DE1/2[BArF20] – DE1/2[PF6]).

Electrochemical measurements (CV and DPV) were con-
ducted on each bis(cubane) in a CH2Cl2 solution containing
250 mM [n-Bu4N][PF6] as the electrolyte (see SI for details). The
results of these measurements are shown in Table 2.

The large variance in DDE1/2 immediately suggests a signi-
cant electrostatic inuence on values of DE1/2. One source of
this wide range should be attributed to the different hydrody-
namic radii of the different bis(cubane)s. DOSY NMR shows
that, as representative samples, the MePy-ClBzO bis(cubane)
has a slower diffusion coefficient (5.78× 10−10 m2 s−1) and thus
larger hydrodynamic radius than the MePy-OAc bis(cubane)
(6.43 × 10−10 m2 s−1). A comparison of acetate-functionalized
and benzoate-functionalized bis(cubane)s as a whole indicates
that the latter generally have smaller values of DDE1/2 (Fig. 4).
Following the electrostatic model of Barrière,50 this is to be ex-
pected; analytes with larger radii have larger distances between
their charged centers and the counterion experiencing less
coulombic stabilization and electrostatic shielding from ion-
pairing. For further analysis it is thus appropriate to separate
the acetate- and benzoate-functionalized bis(cubane)s.

When E1 is plotted against DE1/2 in the [n-Bu4N][PF6] series
(Fig. 5), a much stronger correlation between ligand donor
Table 2 Redox potentials of Bis(cubane)s calculated from DPV with
[n-Bu4N][PF6]

Bis(Cubane) E1 (mV) E2 (mV) DE1/2 (mV) DDE1/2 (mV)

MePy-OAc-Bipya 291 — — —
DMAP-OAc 293 420 127 40
MePy-OAc 407 492 85 84
MePy-BzO 453 593 140 20
MePy-ClBzO 597 718 121 27
MeOPy-OAc 424 494 70 90
MeOPy-BzO 453 600 147 5
MeOPy-MeOBzO 387 533 146 8
MeOPy-(MeO)3BzO 588 680 92 67

a Only one redox wave identied.

9764 | Chem. Sci., 2026, 17, 9760–9767
ability and the potential splitting is observed. This supports the
assumption that the electronic coupling between the two
cubane cores has a greater dependence on the ligand choice
than the electrochemical data collected with just the [n-Bu4N]
[BArF20] electrolyte would suggest. Once the bis(cubane) radii
are considered, complexes with less electron-donating ligands
have larger values of DDE1/2 implying that, as in the case of
Lang's diferrocenyl complexes, these ligands result in greater
partial positive charge on the donor–acceptor moieties and thus
greater electrostatic repulsion resulting in somewhat “non-
conformist” behavior.
Fig. 5 Comparison of half-wave potential splitting and E1 with [n-
Bu4N][PF6] electrolyte showing a linear correlation. Blue circles rep-
resenting acetate functionalized bis(cubane)s and yellow diamonds
representing benzoate functionalized bis(cubane)s.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Changes in benzoate-functionalized Bis(Cubane) electro-
chemistry as a result of changing electrolyte

Bis(Cubane) DE1 (mV) DDE1/2 (mV)

MeOPy-BzO 21 5
MeOPy-MeOBzO 64 8
MePy-BzO 82 20
MePy-ClBzO 120 27
MeOPy-(MeO)3BzO 161 67
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One outlier with the [n-Bu4N][PF6] electrolyte is the MeOPy-
(MeO)3BzO bis(cubane) (Fig. 6). This complex exhibits the
largest DDE1/2 value of all the benzoate bis(cubane)s despite
having relatively more electron-donating carboxylates than its
nearest neighbor with respect to E1, the MePy-ClBzO bi-
s(cubane). A closer analysis suggests that radius and electron-
donor ability are not the only factors at play when deter-
mining the electrostatic contribution to DE1/2 and that other
structural factors related to the trimethoxy groups may be
relevant (vide infra).

In addition to having the largest DDE1/2 value, the MeOPy-
(MeO)3BzO bis(cubane) also has the largest change in its rst
oxidation potential between electrolytes, DE1 (E1[PF6] − E1[BArF20]),
when compared to the other benzoate-substituted bis(cubane)s.
Eqn (3) shows the relationship between E1 and the association
constant between the singly-oxidized bis(cubane) and the elec-
trolyte anion (KA) relative to the oxidation potential in the ideal-
ized absence of ion-pairing ðE�

1Þ.51

E1 ¼ E
�
1 �

RT

F � lnð1þ KACAÞ (3)

in this equation, R is the universal gas constant, T is tempera-
ture, F is Faraday's constant, and CA is the concentration of the
electrolyte anion. If it is assumed that K[BArF20] is both relatively
similar across each bis(cubane) and is smaller than K[PF6], then
DE1 should serve as a good proxy for K[PF6], with a larger value
for DE1 corresponding to stronger ion association (Table 3).
This analysis indicates that the MeOPy-(MeO)3BzO bis(cubane)
experiences stronger ion pairing than the other benzoate bi-
s(cubane)s. Stronger ion-pairing leads to stronger shielding of
the electrostatic repulsion in the doubly oxidized form and this
explains the unusually high value of DDE1/2.

The combined electrochemical data collected with both [n-
Bu4N][BArF20] and [n-Bu4N][PF6] electrolytes provides strong
evidence for the existence of electronic coupling between the two
cubane cores in the bis(cubane) system. Because DGres is known
to generally depend on ligand donor properties, a positive
correlation (as opposed to no correlation or a slope of zero)
between the ligand donor ability (E1) and DE1/2 is strongly
indicative of an increasing (and thus non-zero) DGres across the
series. The electrostatic term,DGel, is already accounted for in the
analysis and it is improbable that DGind or DGex could be
responsible for the large magnitudes of change observed with
ligand modication. Thus, it can be concluded that the
Fig. 6 Structure of theMeOPy-(MeO)3BzO bis(cubane) containing 28
methoxy groups.

© 2026 The Author(s). Published by the Royal Society of Chemistry
bis(cubane) system behaves in a fashion similar to that of the
analogous mixed-valent pyrazine-bridged bis(m3-oxo-centered
triruthenium-acetate) clusters of Kubiak et al., albeit with
smaller magnitudes of electronic coupling, as might be expected
when moving from second to rst-row transition metals.52
Conclusions

A family of bis(cubane) complexes was synthesized and exam-
ined electrochemically to determine the extent of cluster-cluster
interaction. As with previously reported mono-cubanes, the bi-
s(cubane) system is synthetically versatile and can be tuned
electronically with ligand substitution. The degree of electronic
coupling can be tuned via ligand substitution with more
strongly donating ligands leading to stronger coupling. Future
work will seek to increase electronic coupling by modifying the
bridging ligand as well as attempting to build larger clusters
capable of greater charge storage. The presence of electronic
coupling opens the door to many future investigations with
respect to water-oxidation at the bis(cubane) including electron-
transfer rate measurements, hole-coupling studies in highly
oxidized bis(cubane)s and kinetic studies that would seek to
relate the magnitude of electronic coupling to the rate of water
oxidation. Furthermore, because the bis(cubane) could bypass
intermolecular electron transfer in water-oxidation, a detailed
kinetic analysis comparing it to the mono-cubane could aid in
determining if the PCET step leading to the high-valent,
formally Co(V) intermediate proceeds in a stepwise or
concerted fashion and could possibly yield signicant rate
acceleration in the bis(cubane) case.17,29,53 Towards these ends,
the synthesis and isolation of a doubly-oxidized bis(cubane) is
subject to ongoing investigation.

In addition to directly modifying the electronic properties of
the cubane core, the various ligands on the bis(cubane) enable
modulation of other factors affecting electrochemistry of the
bis(cubane). Electrostatic factors such as ion-pairing were
shown to be signicant contributors to half-wave potential
splitting in these complexes and are highly dependent on ana-
lyte size. More strongly coordinating anions could lower the
barrier to forming the high-valent intermediate and thus
further promote catalysis. The sensitivity of the bis(cubane)
redox chemistry to medium effects such as solvent polarity and
counterion pairing ability can also be leveraged towards other
oxidative transformations, particularly C–H bond activations,
which have already been studied for a related mono-cubane.54,55

The ability to activate strong C–H bonds is limited by the bond
Chem. Sci., 2026, 17, 9760–9767 | 9765
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dissociation energy of the resultant m3-O–H bond which is, in
turn, dependent on the cubane oxidation potential. The sensi-
tivity of the bis(cubane) redox potential to medium effects
implies that its reactivity can be tuned through a judicious
choice of solvent and counterion enabling more selective
substrate oxidations.

Overall, the bis(cubane) system described here provides
a discrete, molecular set of electronically coupled multimetallic
clusters that afford many future opportunities to increase the
understanding of hole transport, storage, and utilization for
multi-electron oxidative processes.
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