
Ditopic ligand effects on solution structure and redox 
chemistry in discrete [Cu12S6] clusters with labile Cu–S 

bonds

Journal: Nanoscale

Manuscript ID NR-ART-06-2024-002615.R1

Article Type: Paper

Date Submitted by the 
Author: 12-Jul-2024

Complete List of Authors: Trenerry, Michael; University of Minnesota Twin Cities, Chemistry
Bailey, Gwendolyn; University of Minnesota Twin Cities, Chemistry

 

Nanoscale



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Ditopic ligand effects on solution structure and redox chemistry in 
discrete [Cu12S6] clusters with labile Cu–S bonds
Michael J. Trenerry and Gwendolyn A. Bailey*a

Copper chalcogenide nanoclusters (Cu–S/Se/Te NCs) are a broad and diverse class of atomically precise nanomaterials that 
have historically been studied for potential applications in luminescent devices and sensors, and for their beautiful, mineral-
like crystal structures. By the “cluster-surface” analogy, Cu–S/Se NCs are prime candidates for the development of nanoscale 
multimetallic catalysts with atomic precision. However, the majority of studies conducted to date have focused exclusively 
on their solid-state structures and physical properties, leaving open questions as to their solution stability, dynamics, and 
reactivity. Herein, we report the first detailed interrogation of solution structure, dynamics, electrochemistry, and 
decomposition of Cu–S NCs. Specifically, we report the detailed NMR spectroscopy, diffusion-ordered spectroscopy, MALDI 
mass spectrometry, electrochemical and stoichiometric redox reactivity studies, and DFT studies of a series of [Cu12S6] 
clusters with labile Cu–S bonds supported by monodentate phosphines and ditopic bis(diphenylphosphino)alkane ligands 
PPh2R (R = Et, -(CH2)5-, -(CH2)8-). We find that the ligand binding topology dictates the extent of speciation in solution, with 
complete stability being afforded by the longer octane chelate in dppo (1,8-bis(diphenylphosphino)octane) according to 1H 
and DOSY NMR and MALDI-MS studies. Furthermore, a combined electrochemical and computational investigation of 
[Cu12S6(dppo)4] reveals that the intact [Cu12S6] core undergoes a quasireversible one-electron oxidation at mild applied 
potentials ([Cu12S6]0/+: –0.50 V vs Fc0/+). In contrast, prolonged air exposure or treatment with chemical oxidants results in 
cluster degradation with S atom extrusion as phosphine sulfide byproducts. This work adds critical new dimensions to the 
stabilization and study of atomically precise metal chalcogenide NCs with labile M–S/Se bonds, and demonstrates both 
progress and challenges in controlling the solution behaviour and redox chemistry of phosphine-supported copper 
chalcogenide nanoclusters. 

Introduction
Base metal sulfides are some of Nature’s most ancient and 
ubiquitous catalysts capable of cooperatively activating and 
converting small, traditionally inert molecules into valuable 
products.1–5 Understanding and controlling the interaction of small 
molecules at the surface is important for tailoring the reactivity of a 
system, e.g. towards improved selectivity, turnover, and 
robustness.6,7 Unfortunately, the factors governing activity and 
selectivity are often elusive and complex, sometimes varying 
according to subtle differences in material preparation, crystallinity, 
or composition.8,9 

In this context, metal chalcogenide nanoclusters (NCs) have shown 
significant promise for development of earth-abundant, 
multimetallic catalyst systems with atomistic control.10–12 These NCs 
capture the essential features of bulk metal chalcogenides, including 
their highly delocalized electronic structures and flexible 
configuration of multimetallic active sites.13–25 Additionally, their 
discrete, atomically precise structures confer some distinct 
advantages. First, NCs feature well-defined arrangements of surface 

ligands that can be tuned to manipulate active site steric 
environments, secondary coordination sphere interactions, and NC 
electronic character. Additionally, the configuration and number of 
core atoms can be known precisely and varied systematically to 
improve catalyst performance.9,26–29 Finally, NCs incorporate a higher 
density of active surface sites, leading to higher turnover frequencies 
relative to analogous surfaces. For example, Besenbacher and 
coworkers showed that [Mo3S13]2– NCs supported on highly ordered 
pyrolytic graphite catalyzed the hydrogen evolution reaction with 
roughly an order of magnitude greater turnover frequency than 
either amorphous or nanocrystalline MoS2.9 Similarly, Zang and 
coworkers evaluated the electrocatalytic CO2 reduction activity of a 
thiolate-supported ditetrahedron-shaped Cu8 cluster, finding that 
the Faradaic efficiencies for generation of formate exceeded that of 
an isomeric cube-shaped cluster by up to 1.5-fold.28 In related 
studies, the photocatalytic activity of thiopyrimidine-supported Cu6 
clusters for CO2 reduction to CO was enhanced by the presence of 
the thiopyrimidine group, which acted as a proton relay.30 Clearly, 
there is enormous potential to develop multimetallic catalysts with 
unprecedented control via changes to the NC core composition, size, 
morphology, active site structure, ligand configuration, and ligand 
structure. 

While extensive research has focused on understanding and 
developing catalytically active NCs of M–S/Se where M = Fe, Mo, W, 
and others,3,9,31–38 examples of Cu–S/Se NCs remain rare.39–42 This is 
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despite recent compelling evidence that S/Se-modified Cu phases are 
highly active for electrocatalytic CO2 reduction (eCO2R) to high-value 
liquid products.43–51 According to these reports, the incorporation of 
chalcogenide improves product selectivity by shutting down the 
formation of H2 and boosting the production of formate, methane, 
acetic acid, and C2-C3 alcohols. Still, the origins of product selectivity, 
including the mechanistic details of catalyst turnover and structural 
requirements for selective turnover, are under debate.44–46,49–53 
Moreover, facile and dynamic changes to the surface structure under 
catalytic conditions further complicate tuning by modification of 
catalyst structure.46,49,50,53 Discrete NCs of Cu-S/Se have the potential 
to offer improved understanding and rational control over 
multimetallic architectures, and they are accessible in a wide range 
of core configurations and sizes that rival the structural complexity 
of the bulk solids.54–56 While such flexibility facilitates the 
identification of specific, discrete active sites, it also presents a 
challenge due to the inherent Cu–S/Se bond lability and hence 
cluster instability.57–60 Indeed, most studies of Cu-S/Se NCs have 
focused exclusively on their synthesis and solid-state properties, 
including their crystallographic structures and 
photoluminescence.54–56,61,62 Better understanding of the solution 
behavior and redox properties of discrete Cu-S/Se NCs is needed to 
inform the development of robust molecular congeners of 
catalytically active bulk surfaces. 

To this end, the [Cu12S6] core configuration presents an interesting 
test case. One of the earliest derivatives, [Cu12S6(PEt3)8] (1•PEt3), was 
reported to decompose in solution at –20 °C as evidenced by the 
brown colour of diethyl ether solutions from which violet crystals of 
1•PEt3 were isolated.57 In contrast, ditopic 
bis(diphenylphosphino)alkane ligands such as dppo and dppt (1,8-
(bis(diphenylphosphino)octane and 1,5-
bis(diphenylphosphino)pentane, respectively) appear to impart 
some stability, according to rare electronic absorption and emission 
studies in THF.58,59 For [Cu12S6(dppo)4] (1•dppo, Figure 1), bright red 
phosphorescence was observed with emission maxima centered at 
640 and 655 nm (ex = 350 and 455 nm, respectively), consistent with 
an intact [Cu12S6] core.59 For [Cu12S6(dppt)4] (1•dppt), however, the 
solution spectrum exhibited an additional emission maximum 
centered at 750 nm (ex = 425 nm) not present in solid-state spectra, 
consistent with at least partial speciation. While suggestive, these 
studies can only confirm the presence of intact clusters and cannot 
necessarily detect other species that may have formed in solution. 
Moreover, the details of the solution structure, dynamics, and origin 
of improved stability for 1•dppo remain unclear. 

Herein, we present a systematic study of solution structure, 
dynamics, and redox properties of [Cu12S6] clusters 1 via 1H/31P{1H} 
NMR and diffusion-ordered spectroscopy, MALDI-MS, and 
electrochemistry. These studies unequivocally confirm that 1•dppo 
remains fully intact in THF-d8 solutions and reveal previously 
unrecognized subtleties in the stabilization of [Cu12S6] by dppo, 
including the retention of a rigid, conformationally locked ligand 
configuration in solution and the potential role of bridging CH---S 
interactions in stabilizing the ligands in place. In addition, combined 
electrochemical, computational (DFT), and stoichiometric oxidation 
studies reveal that 1•dppo can support a chemically reversible 
[Cu12S6]0/+ redox couple—an important prerequisite for 

electrocatalytic studies. However, chemical oxidation rapidly triggers 
intramolecular S atom transfer and elimination of the supporting 
dppo ligands as phosphine sulfide products (dppoS and/or dppoS2) 
alongside cluster decomposition. Combined, these studies shed light 
on the structural vulnerabilities of the [Cu12S6] core and emergent 
design principles of Cu-S/Se NCs as discrete molecular analogues of 
some of the leading multimetallic catalysts for eCO2R to valuable 
products. 

Results and Discussion
Solution structure of [Cu12S6] clusters 1

According to the crystallographic metrics, the [Cu12S6] core of 
clusters 1 consists of a stretched S6 octahedron interpenetrated 
within a Cu12 cuboctahedron, where the cuboctahedron is axially 
elongated due to phosphine coordination at the eight Cu edge 
sites.61 The result is an overall prolate core configuration with two 
axial Cu4S pyramids (blue squares, Figure 1) separated by a central 
Cu4S4 equator (yellow squares). In the solid state, dppo and dppt 
bind to the [Cu12S6] core in one of two preferential coordination 
modes: in 1•dppo, the longer octane linker bridges diagonally across 
each Cu5S2 face (avg. dCu–Cu=5.06 Å), while in 1•dppt, the pentane 
linker is too short to bridge in this coordination mode and is thus 
confined to binding adjacent Cu sites within the axial Cu4S pyramid 
substructures (avg. dCu–Cu=2.86 Å).59 

Figure 1. Structures of [Cu12S6] clusters 1 supported by alkyl 
diphenylphosphine ligands: ball and stick diagrams and cartoon 
representations of 1•PPh2Et (top right), 1•dppt (bottom left), and 
1•dppo (bottom right) showing ditopic ligand binding mode 
(adapted from reported crystallographic data59,61). Colour scheme: 
grey (C); orange (P); blue (Cu); yellow (S). H atoms omitted for clarity. 
PPh2Et: diphenylethylphosphine; dppt: 1,5-
bis(diphenylphosphino)pentane; dppo: 1,8-
bis(diphenylphosphino)octane.
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Prior solution characterization of clusters 1 is confined to the room-
temperature electronic absorption and photoluminescence 
excitation/emission spectra for 1•dppt and 1•dppo in THF, as noted 
above.59 To better understand the unusual stability of 1•dppo, we 
performed detailed 1H, 31P{1H}, and diffusion-ordered spectroscopy 
(DOSY) NMR studies in THF-d8. Remarkably, the NMR data for 
1•dppo not only confirms that the [Cu12S6] core is conserved in 
solution but indicates a highly symmetrical, locked ligand 
configuration. Thus, the 31P{1H} and 1H NMR spectra of 1•dppo 
reveal a single set of dppo resonances distinct from those of the free 
ligand, consistent with ligand binding in a C4 symmetry about the 
cluster core. Notably, each pair of geminal protons within the octyl 
chain of dppo is split into distinct diastereotopic signals CHaHb (Figure 
2a; bottom), suggesting constrained ligand rotation upon binding. 
This effect is most pronounced for the  and  methylene protons, 
which are more rigorously locked into different chemical 
environments facing towards or away from the [Cu12S6] core. 

Figure 2. Top: (a) 1H NMR spectrum (THF-d8, 400 MHz) of 1•dppo 
showing a conformationally locked ligand configuration about 
[Cu12S6] (‡THF solvent, *residual pentane). Bottom: truncated 
crystallographic structures of 1•dppo showing CH---S interactions 
and representative distances with (b) Ph o-CH; (c) -CHa. Colour 
scheme: dark grey (cisoid Ph-C); light grey (transoid Ph-C); orange (P); 
blue (Cu); yellow (S); white (H). H atoms are omitted except cisoid Ph 
o-CH and octane -CHa, which are shown interacting with S.

Likewise, the two Ph rings in each PPh2R group are rendered 
chemically inequivalent, resulting in two distinct sets of o, m, and p-
CH signals (Figure 2a; top). Of note, one set of o-CH signals is shifted 
significantly downfield at 8.45 ppm (vs. 7.45 ppm in the free ligand), 
suggesting that these protons may be directly interacting with the 
core. However, we see no evidence of close CH---Cu interactions in 
the crystallographic metrics,  suggesting that the Cu is too far to 
participate in an anagostic interaction63 (CH---Cu: 3.10–3.27 Å for 
one set of o-CH). In contrast, the o-CH---S contacts between the 
cisoid Ph pointed towards the cluster and apical Cu4S are short (CH--
-S: 2.78 ± 0.20 Å; ∠142–164°;59 Figure 2b). These distances fall in the 
lower range of CH---S contacts found in the crystal structure 

database for metal complexes of group 11 and may reflect an 
attractive CH---S interaction (typical CH---S: 2.84–3.40 Å; ∠144–180° 
& 117–135°).64 Short CH---S contacts are also observed in the crystal 
structures of 1•dppt and 1•PPh2Et (1•dppt: 2.92 ± 0.21 Å; 1•PPh2Et: 
2.87 ± 0.12 Å), although these clusters do not remain intact in 
solution (vide infra). 

Similarly, one diastereotopic -CHaHb signal is shifted downfield at 
2.71 ppm (vs. 2.02 ppm in free dppo), consistent with weaker but still 
appreciable CH---S interactions with the central sulfides, as reflected 
in the crystallographic metrics (CH---S: 3.18 ± 0.23 Å, ∠117 ± 4°; 
Figure 2c). By contrast, the -CHb signal is shifted substantially 
upfield at 0.15 ppm (versus 2.02 ppm in the free ligand), suggesting 
a possible CH---Cu agostic interaction. However, close CH---Cu 
contacts were not observed with any of the neighbouring Cu in the 
crystallographic coordinates (average CH---Cu: 3.12 ± 0.18 Å; range 
2.77–3.84 Å), perhaps reflecting the impact of crystal packing and/or 
solvent effects on the interaction of -CHb with the cluster core. 

In comparison, the solution 1H NMR signals for samples of 1•dppt 
and 1•PPh2Et are broadened and shifted slightly upfield, but 
otherwise show little change relative to the respective free ligands, 
consistent with fluxional coordination to electron-rich Cu(I) centers 
(1/2 21.3 Hz and 17.3 Hz, respectively, for the most downfield signal; 
Figure 3b). Solution-phase equilibria with smaller clusters and/or 
monometallic species is confirmed by the 1H DOSY NMR spectra, 
which reveal significantly larger diffusion coefficients than expected 
for the intact clusters, indicating a smaller radius on average for 
these fluxional species (e.g. 1•PPh2Et, Figure 3b: D = 11.0×10-10 m2/s; 
rDOSY = 4.3 Å; cf. rXRD = 8.8 Å estimated from the XRD structure; see 
the SI for details). These results contrast the 1H DOSY NMR spectrum 
of 1•dppo, which exhibits a single uniform and exceptionally small 
diffusion coefficient for all non-solvent 1H NMR signals in close 
agreement with the expected value for an intact cluster (Figure 3a: D 
= 5.1×10-10 m2/s; rDOSY = 9.4 Å; cf. rXRD ≈ 9.4 Å).59 Further evidence for 
the intact [Cu12S6] core was obtained by MALDI-MS analysis, in which 
samples were dropcast from THF solutions and cocrystallized with 
the charge-transfer matrix anthracene (base peak: [Cu12S6(dppo)2]•+ 
m/z 1919.5 Da, expected 1919.4 Da; see Figures S1–S2 for details). 
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Figure 3. 1H DOSY NMR spectra (THF-d8, 400 MHz) of (a) 1•dppo and 
(b) 1•PPh2Et showing the unique ability of the dppo ligand to arrest 
speciation of the [Cu12S6] cluster core. Dashed line in (b) indicates the 
calculated diffusion coefficient for intact 1•PPh2Et based on the 
crystallographic structure.61

Combined, these studies shed light on the unique ability of the dppo 
ligand to stabilize and enforce rigidity of the [Cu12S6] core. Clusters 1 
are inherently unstable structures that speciate spontaneously in 
solution due to the lability of core Cu–S bonds. By contrast, the rigid, 
conformationally locked ligand configuration in 1•dppo is likely 
responsible for its improved core stability. The dppo ligand spans 
diagonally across each [Cu5S2] cluster face of 1•dppo and in doing so, 
supports the cluster along all 3 axes (Figure 1 above). This includes 
stabilizing the weaker Cu–S linkages that extend between the axial 
Cu and equatorial S, which are notably elongated in the 
crystallographic coordinates (Cu–S: 2.36-2.40 Å, vs. 2.14-2.27 Å in the 
apical and equatorial linkages, see SI for details).59,61 In contrast, the 
shorter pentyl linker of dppt permits binding at only adjacent apical 
Cu sites, leaving the vulnerable Cu–S bonds liable for breakage. These 
studies emphasize the importance of long, ditopic linkers in 
buttressing the vulnerable axes of labile Cu–S/Se NCs and ultimately 
ensuring solution stability. Moreover, they demonstrate that while 
CH---S interactions may play a stabilizing role in locking the dppo 
ligand in place, they are likely not the primary cause of the stability 
of 1•dppo.  

Solution electrochemistry studies

The distinct stability of 1•dppo presents an opportunity to study the 
solution-phase electrochemistry of the [Cu12S6] core. Thus, 1•dppo 
exhibits an irreversible reduction with cathodic peak potential at –
3.2 V vs Fc0/+, suggesting that partial Cu(0) character may be 
electrochemically accessible though transient in the [Cu12S6] core 
(red trace, Figure 4). We also observe a quasireversible redox couple 
at –0.50 V vs Fc0/+, which we assign to the one-electron oxidation of 
the [Cu12S6] core ([1•dppo]0/+; red trace, Figure 4). Further, 
irreversible oxidation events occur at potentials more positive than 
–0.25 V vs. Fc0/+ (dotted pink trace). Scanning beyond –0.25 V also 
causes the cathodic return wave of the [1•dppo]0/+ redox couple to 
become diminished, indicating that 1•dppo is highly sensitive to 
oxidizing conditions and likely degrades following loss of more than 
one electron. The free dppo ligand similarly undergoes irreversible 
oxidation at mildly anodic potentials (blue trace), with a smaller pre-
wave feature beginning at –0.2 V vs Fc0/+ that aligns with the onset 
of irreversible oxidations in 1•dppo. However, a sharp increase in 
current is only observed at potentials of 0.5 V and higher, whereas in 
1•dppo the irreversible features are cathodically shifted by ca. 250 
mV. We thus conclude that the degradation of 1•dppo ultimately 
stems from oxidation of the composite cluster, rather than its 
supporting ligands exclusively, at distinctly milder conditions.

We next targeted the putative oxidized cluster [1•dppo]+ via 
chemical oxidation using [Cp*2Fe][PF6] (Cp* = 
pentamethylcyclopentadienyl; E1/2: –0.44 V in THF). [Cp*2Fe]+ was 
chosen as a mild oxidant to avoid over-oxidation of the [Cu12S6] core 
and ensuing decomposition. Nevertheless, by 1H and 31P{1H} NMR we 
observe the complete disappearance of 1•dppo only upon the 
addition of two equivalents of oxidant (Figure 5a). This change is 

accompanied by the growth of new, diagnostic 31P NMR signals at ca. 
41.8 and 42.0 ppm and a downfield 1H NMR signal at 7.95 ppm. 
Assignment of these spectral features as 1,8-
bis(diphenylphosphino)octane sulfides (Ph2RP=S: dppoS and/or 
dppoS2), presumably originating from oxidation of the parent dppo 
ligand, is confirmed by independent synthesis (see the SI for details). 
A broad 31P NMR signal ranging from -7 to -9 ppm and a 1H NMR 
multiplet at ~7.4 ppm also grow in with additional equivalents of 

oxidant. We assign these signals to remaining dppo ligands bound to 
the Cu sites of cluster degradation products.

Figure 4. Cyclic voltammograms (top) and differential pulse 
voltammograms (bottom) of 1•dppo (1 mM concentration, red and 
dotted pink traces) and free dppo ligand (5 mM concentration, blue 
trace). Collected at 20 mV/s in THF with 100 mM 
tetrabutylammonium hexafluorophosphate ([Bu4N][PF6]) 
electrolyte. 

Figure 5. (a) Reaction of 1•dppo with [Cp*2Fe][PF6] (b) 
Concentrations of 1•dppo (red trace) and phosphine sulfide products 
dppoS1-2 (black trace), expressed in terms of phosphorus atom 
equivalents, are plotted versus equivalents of [Cp*2Fe][PF6] added. 
(c) 1H NMR spectra (THF-d8, 400 MHz) collected for 1•dppo with n 
equivalents of [Cp*2Fe][PF6] added. Diagnostic o-CH proton signals 
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used to construct the plot in part (b) are highlighted for both 1•dppo 
(red) and phosphine sulfides dppoS1-2 (grey).

By quantitative 1H NMR measurements (Figure 5b), we find that the 
oxidation of 1•dppo with two equiv [Cp*2Fe]+ yields ca. 1 phosphine 
sulfide group per starting cluster. Importantly, the conversion of 
phosphine to phosphine sulfide is a two-electron oxidation and is 
thus consistent with the complete disappearance of 1•dppo after the 
addition of two equivalents of oxidant, as well as the electrochemical 
measurements above indicating loss of reversibility following 
oxidation by more than one electron. Overoxidation in the presence 
of the comparatively mild oxidant [Cp*2Fe]+ may reflect either 
spontaneous disproportionation of the putative one-electron 
oxidized species [1•dppo]+ or slight overoxidation under the reaction 
conditions. Minor growth of phosphine sulfide continues following 
the addition of >2 equivalents of [Cp*2Fe][PF6], suggesting a reaction 
between the remaining sulfides of cluster decomposition products 
and residual dppo and/or dppoS. Interestingly, phosphine sulfide is 
also observed as a byproduct following air oxidation of solution 
samples of 1•dppo, indicating that this decomposition pathway is 
also active under aerobic conditions. 1H DOSY analysis of the air-
oxidized species reveals that the products formed on air oxidation 
correspond to species that are smaller than 1•dppo itself (Figures 
S21 and S22).

Electronic structure calculations

Geometry optimization and electronic structure calculations were 
carried out using density functional theory (DFT) to probe the nature 
of redox events and degradation under oxidizing conditions. We 
performed these calculations on the model species [1’•PPh2Et]0/+/2+ 
in which the dppo ligands are truncated as separate PPh2Et ligands 
for the sake of computational cost. Importantly, the relative 
orientations of phosphines are preserved from 1•dppo, making the 
structure of 1’•PPh2Et distinct from 1•PPh2Et. The highest occupied 
molecular orbitals of 1’•PPh2Et span a narrow energetic window and 
primarily depict antibonding interactions between Cu sites and 
neighboring atoms (Figure 6). These orbitals are relatively 
delocalized across the [Cu12S6] core but are best categorized as 
having predominantly Cu-P *, equatorial S3p, and apical S3p 
character. Importantly, the HOMO and HOMO-1 of 1’•PPh2Et 
comprise a pseudo-degenerate pair featuring prominent Cu-P σ* 
interactions between apical Cu sites and binding phosphines, as well 
as minor Cu-Cu σ* interactions between apical and central Cu sites. 
Minor electron density is also placed on apical sulfides, which are out 
of phase with neighboring Cu and P sites.

Electronic structure calculations of the oxidized clusters [1’•PPh2Et]+ 
and [1’•PPh2Et]2+ reveal broadly similar trends, with predominantly 
Cu-P and Cu-Cu * character in the frontier orbitals. Accordingly, 
oxidation constricts the [Cu12S6] core in [1’•PPh2Et]+ and 
[1’•PPh2Et]2+, giving overall shorter Cu-Cu and Cu-S bond lengths and 
conferring substantial partial positive charge to the P atoms (Table 
S6). Collectively, these effects prime the phosphines for interaction 
with nearby bridging sulfides, which we infer to be strongly 
nucleophilic based on the prominent S3p character of the next highest 
energy-occupied molecular orbitals (e.g., HOMO–1 and HOMO–2 of 
[1’•PPh2Et]2+; Figure 7). This results in facile nucleophilic attack of a 
nearby sulfide, culminating in net loss of sulfur and phosphine as a 

phosphine sulfide and decomposition of the sulfur-deficient 
[Cu12S5]2+ core.
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Figure 6. Calculated molecular orbital diagram (DFT: BP86/def2-SVP) 
for the truncated model complex [1’•PPh2Et] showing the highest 
occupied molecular orbitals. 

Figure 7. (a) Proposed pathway for decomposition of [Cu12S6] via 
oxidative P=S bond formation. (b) Calculated HOMO–1 and HOMO–
2 (DFT: BP86/def2-SVP) of [1’•PPh2Et]2+ showing significant S3p 
orbital character on nearby bridging sulfides.

The oxidative decomposition behavior of 1•dppo is reminiscent of a 
similar pathway observed for the phosphine-supported copper 
hydride cluster [(PPh3)6Cu6H6], which also exhibits a reversible one-
electron oxidation (E1/2 = 1.01 V vs Fc0/+) and an irreversible second 
oxidation event (Epa= –0.57 V vs Fc0/+).65 Treatment of [(PPh3)6Cu6H6] 

with two equivalents of [Cp2*Fe]+ results in net hydride loss to yield 
[(PPh3)6Cu6H5]+, presumably via deprotonation of the putative 
dicationic intermediate [(PPh3)6Cu6H6]2+.66 In both [(PPh3)6Cu6H6] and 
1•dppo, structural changes to the cluster core occur only following 
two-electron oxidation and ensuing group transfer, either of a sulfur 
atom or a proton. These results are also in line with recent studies of 
the highly oxidized, all-ferric iron-sulfur clusters [Fe4S4(SAr)4]0, which 
to date have been only isolated in the presence of bulky thiolate 
ligands that presumably protect the core from decomposition via 
bimolecular pathways (e.g., Ar = 2,6-bis(mesityl)phenyl; E1/2 
[Fe4S4(SAr)4]1–/0: –0.19 V vs. Fc0/+).67,68 Thus, the oxidative sensitivity 
of metal-sulfur clusters is likely a more general phenomenon that 
necessitates judicious application of ligands that modulate the 
electronic structure towards greater inherent robustness of oxidized 
states. For example, Mankad and coworkers have employed 
electron-rich, ditopic formamidinate and triazenide ligands to 
support reduction and disproportionation of N2O by [Cu4S] clusters 
via a [Cu4S]3+/4+ redox couple (E1/2 = –1.28 V vs. Fc0/+).23,40,42 [Cu4S]2+ 
clusters supported by ditopic bis(diphenylphosphino)amine ligands 
also promote reduction of N2O to N2, but require a protic methanol 
solvent for activation.41 Similar strategies are likely to be effective for 
higher nuclearity copper-sulfur clusters such as [Cu12S6] and are 
currently being explored in our laboratories.

Conclusions
We report herein the first detailed study of solution structure, 
dynamics, and electrochemistry of [Cu12S6] NCs with varied 
monotopic and ditopic supporting phosphine (PPh2R) ligands. 
Importantly, these clusters bear labile Cu–S bonds and thus present 
a stringent test case for the ability of ditopic ligands to stabilize 
vulnerable cluster configurations. Our studies rigorously 
demonstrate that the longer octyl linker in [Cu12S6(dppo)4] 1•dppo 
results in striking robustness as demonstrated by solution 1H, 31P{1H}, 
and DOSY NMR studies in THF-d8, in contrast to shorter linkers or 
monotopic phosphines in other structurally related clusters. In 
addition, while the 1H NMR and crystallographic data indicate the 
presence of relatively strong CH---S interactions in 1•dppo, these 
interactions do not appear to be solely responsible for the unique 
stability of 1•dppo and instead may assist by enforcing a rigid ligand 
conformation about [Cu12S6]. These results are important 
considering recent evidence supporting the significance of CH---SR 
interactions (R = alkyl, aryl; S = monovalent or divalent sulfur) in 
controlling the behaviour of enzymes, metal complexes, and 
supramolecular assemblies.64 In contrast, the role of CH---S 

interactions in stabilizing cluster assemblies bearing bridging S2– 
ligands has been studied in far less detail.64 

Moreover, our in-depth electrochemical investigations have 
demonstrated the [Cu12S6] core of 1•dppo to be redox-active, 
exhibiting a quasireversible [Cu12S6]0/+ redox couple at mildly 
oxidizing potentials (–0.50 V vs. Fc0/+). Unfortunately, attempts at 
isolating this putative oxidized species resulted in facile S atom 
transfer and elimination of dppo supporting ligands as phosphine 
sulfides (Ph2RP=S) with ultimate decomposition of the cluster. 
Collectively, these results underscore both challenges and 
opportunities in leveraging Cu-S/Se NCs for electrocatalytic studies. 
First, labile ligands such as phosphines must be reinforced by 
multitopic binding, ideally across multiple axes of the core. Second, 
while one- and two-electron oxidations are electrochemically 
accessible at mild potentials, the oxidized clusters are unstable 
entities that decompose via extrusion of Ph2RP=S. This inherent 
limitation of phosphine-supported Cu-S/Se NCs highlights the 
importance of new cluster discovery towards extending truly 
functional, catalytic behavior to the atomically precise nanoscale. 
Specifically, there is a need to explore alternative, tailor-designed 
ligand sets that resist both speciation and decomposition via S-atom 
extrusion by leveraging the effects of specific ditopic ligand 
coordination modes explored in this work in combination with other 
features, such as stronger ligand binding to Cu sites and local steric 
environments that favor cluster core morphologies with different 
arrangements of bridging sulfides.
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