
INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Cite this: Inorg. Chem. Front., 2025,
12, 4449

Received 3rd February 2025,
Accepted 2nd April 2025

DOI: 10.1039/d5qi00334b

rsc.li/frontiers-inorganic

Low-valent tantalum/gold clusters: oxidation,
protonation, and C–H activation†

Michela L. Maiola and Joshua A. Buss *

Gold-based catalysts are topical heterogeneous and molecular species, the chemical diversity of which

can be expanded through heterometal doping. Herein, we leverage a carbonyl-free metal–metal salt

metathesis protocol to access rare examples of low-valent tantalum/gold multimetallics. The initial reac-

tion between [Ta(naphthalene)3]
− and gold(I) synthons affords a trimetallic monohydride cluster (2).

Whereas dihydrogen addition to 2 results in deauration en route to a Ta–µH2–Au complex (1), oxidative

transformations—either addition of chemical oxidants or cluster protonation—conserve the trimetallic

core, even in the absence of a polynucleating ligand. The resultant series of compounds provides experi-

mental anchors for computational interrogation of polarized metal–metal interactions as a function of

metal identity, formal oxidation state, and ligand sphere. The electronic structure of these clusters show-

cases significant Ta–arene covalency, even at higher oxidation states, rationalizing a recalcitrance to

undergo ligand substitution. Furthermore, the addition of in situ generated Au+ to 2 results in an arene C–

H activation process, highlighting that the naphthalene ligands in these complexes are simultaneously

substitutionally inert and prone to functionalization.

Introduction

The synthesis of heterometallic gold clusters flourished in the
1980s,1,2 during which time their relevance to surface catalysis
was emphasized as the so-called cluster-surface analogy
gained prominence.3,4 Synthetically, many of these species
were accessed via addition of Au(I) precursors to existing clus-
ters or via salt-metatheses with polycarbonyl metallates
(Fig. 1A).2,5–15 In spite of the diversity of cluster architectures
accessed in this way, the thermal reactivity of the resultant
species is markedly distinct from that of heterogeneous active
sites.16–18 Contrasting the latter, in which highly reactive, coor-
dinatively unsaturated fragments are responsible for substrate
binding and activation,19,20 the carbonyl ligands commonly
found in low-valent molecular systems stunt their reactivity via
electronic attenuation and coordinative saturation.17 Focus
therefore shifted to using these platforms to explore the elec-
tronic structure of metal–metal bonding and the impact of
metal ion identity on bonding modes.2,12

Higher valent heterometallic gold fragments, particularly
those bearing bridging hydride ligands, have likewise been

explored as informers of electronic structure and fundamental
reactivity trends relevant to higher nuclearity gold-based nano-
particles and materials.21–36 Distinct from the preparations of
low-valent clusters, these bi- and trimetallic compounds are
often accessed by addition of aurous precursors bearing labile

Fig. 1 Established synthetic routes to heterometallic gold coordination
complexes. Low-valent mixed-metal gold complexes are generally
accessed via salt-metatheses with transition metal polycarbonyls (A).
High-valent M/Au compounds are routinely prepared via treatment of
hydride or alkyl complexes with appropriate gold(I) precursors (B).

†Electronic supplementary information (ESI) available: Synthetic and compu-
tational details; spectral data. CCDC 2409547–2409550, 2432513 and 2432514.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d5qi00334b
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or strongly Brønsted-basic ligands (Fig. 1B).21,24,26,29,31–36 This
strategy is effective for the generation of mid- to high-oxidation
state complexes that often feature bridging hydride ligands.
Quite recently, Camp and coworkers disclosed a salt-meta-
thesis synthesis of Ta(V)/Au(I) complexes bridged by unsatu-
rated Ta–C bonds, in which bimetallic cooperativity enables
unusual ketenyl formation via deoxygenation of CO2.

22 There
is a scarcity of literature, however, disclosing low-valent early–
late heteromultimetallic species, compounds with formal
valencies that more accurately mirror a heterogeneous surface.

In heterogeneous catalysis, the multicomponent reactivity
of either gold and a non-innocent support or heterometallic
gold catalysts is well-established.37,38 These effects are particu-
larly important for imparting gold with atypical reactivity.39–41

Hydrogen spillover—the exchange of surface hydrogen atoms
between metals or between gold and a support—is a critical
mechanistic phenomenon leveraging bimetallic or metal/
support cooperativity.42–47 Both the intrinsic metal–metal
interactions and their influence on the electronic structure of
bridging hydride ligands is central to understanding this
process, a key step toward the rational design and implemen-
tation of improved heterometallic catalysts that coordination
chemistry is uniquely suited to address.28,48

In line with our group’s interest in using well-defined mole-
cular clusters as models of surface active sites,49,50 we recently
reported an enabling synthetic methodology for the formation
of early–late heterobimetallics.51 Our approach addressed a
longstanding challenge in bottom-up mixed-metal cluster syn-
thesis, facilitating a rational, stepwise increase in cluster
nuclearity and providing access to a series of bi-, tri-, and tetra-
metallic carbene-supported Ta/Cu compounds (Fig. 2A).

Herein, we expand the scope of the carbonyl-free metal–metal
salt metathesis to include the synthesis of carbene-supported
heteromultimetallic gold clusters. Taking advantage of the
more accessible redox properties of gold, we demonstrate oxi-
dation and protonation chemistry, subsequently targeting
naphthalene substitution (Fig. 2B). Contrasting analogous
reaction conditions with copper, the major product of the
initial salt metathesis reaction is a TaAu2 trimetallic species
featuring unsupported Au–Au and Au–Ta bonds. Redox chem-
istry, informed by cyclic voltammetry studies, generates two
novel Ta/Au clusters. Both single crystal X-ray diffraction
(SCXRD) and density functional theory (DFT) studies provide
structural and electronic comparisons across Ta/Au trimetal-
lics, highlighting changes in metal–metal bonding as a func-
tion of ligation and redox state. This work showcases the versa-
tility of the salt metathesis strategy for rationally accessing rare
low-valent mixed-metal complexes absent electronically de-
activating, strongly π-acidic carbonyls.

Results and discussion
Ta/Au mixed-metal cluster synthesis and reactivity

Building on our previous work, Ellis’ tris(naphthalene) tanta-
late ([Ta(naph)3]

−)52 was treated with one equivalent of cyclic
(alkyl)(amino)carbene gold chloride (EtCAACAuCl)53 in di-
methoxyethane (DME). Distinct from the analogous reaction
with carbene-supported cuprous salts, the initial metathesis
produced a mixture of bimetallic (EtCAACAu)H2Ta(naph)2 (1)
and trimetallic (EtCAACAu)2HTa(naph)2 (2) complexes in 13%
and 30% yield, respectively (Fig. 3A). The incorporation of
hydride ligands during the salt metathesis reaction aligns with
our findings from the Ta/Cu chemistry, where detailed isotopic
labeling experiments showed that the hydride ligands were
sourced from both naphthalene and solvent during the for-
mation of the bis(µH) diamond core.54 Compounds 1 and 2
can be separated based on differential solubility, with the
former readily dissolving in aliphatic solvents.

The bimetallic complex 1, best described as a TaIAuI

species, was fully characterized via nuclear magnetic reso-
nance (NMR) spectroscopy and SCXRD. The 1H NMR spectrum
of 1 reveals a mixture of both a symmetric (C2v) major species
(δµH = −2.78 ppm) and an asymmetric (Cs) minor species (δµH
= –1.48 ppm), assigned to coordination isomers with syn- and
anti-naphthalene rings, respectively. This structural phenom-
enon was likewise observed for the copper congeners, in which
the proportion of the anti-isomer correlated inversely with the
steric profile of the carbene ligand. For 1, the anti-isomer is
favored more so than in the isostructural copper analog (34%
vs. 22%), consistent with the larger radius of Au. Despite being
the minor species in solution, complex 1 preferentially crys-
talizes in an anti-naphthalene conformation. SCXRD analysis
reveals a Ta–Au distance of 2.8536(2) Å, longer than the only
previously reported low-valent Ta–Au contact (2.7202(2) Å),55

but decidedly shorter than a recently disclosed alkylidyne-sup-
ported Ta–Au separation (2.9462(3) Å).22 The formal shortness

Fig. 2 Synthesis of early–late heterometallic hydride complexes via
carbonyl-free metal–metal salt metathesis. Our prior disclosure investi-
gated the metathesis, hydride origination, and reductive chemistry of Ta/
Cu compositions (A). This work expands the chemistry to gold, showcas-
ing the effect of oxidation and protonation state on metal–metal
bonding (B).
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ratio (FSR)56 of the Ta–Au contact (1.05) resides on the upper
range of a covalent single bond, reflecting the key role the
hydrides play in stabilizing the heterobimetallic core
(vide infra).

The structure of 2 was likewise interrogated via a combi-
nation of solution spectroscopy and SCXRD.57 The 1H NMR

spectrum displays broad, but diamagnetic, resonances at 5.83,
4.79 and 3.12 ppm, accounting for sixteen protons of the Ta-
bound naphthyl rings. The presence of a single hydride was
supported by a broad high-field singlet at −1.79 ppm (THF-d8,
25 °C) with a relative integration of one. The breadth of these
signals is attributed to a ring slip isomerization process—
interconversion of syn- and anti-conformations—that is inter-
mediate on the NMR timescale at room temperature. Cooling
the sample to −80 °C, the hydride singlet sharpens (ΔFWHM =
106 Hz at 25 °C vs. ΔFWHM = 16 Hz at −80 °C), and the three
naphthalene peaks split into sixteen distinct signals with rela-
tive integrations of one proton each, supporting this hypoth-
esis (Fig. S25†). Notably, the hydride chemical shift (PhMe-d8,
−80 °C: δ = −1.29 ppm) is similar to that of the related µH
motif in 1anti, which, in combination with the inferred C1 sym-
metry, suggests that the anti-isomer of 2 is thermodynamically
preferred in solution. Even so, trimetallic 2 crystallizes with a
syn-naphthalene geometry, featuring both supported (Ta1–
Au1: 2.8760(3) Å) and unsupported (Ta1–Au2: 2.8255(3) Å)
mixed-metal bonds (Fig. 3B). The hydride ligand in 2 was not
discernable in the Fourier map; however, the combined struc-
tural and spectroscopic data, particularly the orientation of the
naphthyl rings, are consistent with a Ta1–µH–Au1 structure. A
more in-depth discussion precluding alternative structures is
presented in the ESI.† The naphthyl rings are rotated 60.66(5)
degrees relative to the M3 centroid, biasing the cluster edge
featuring the unsupported Ta–Au bond. The Au1–Au2 distance
of 2.7400(3) Å is significantly shorter than a related heterotri-
metallic cluster generated from salt metatheses between
Collman’s reagent [Fe(CO)4]

2− and PPh3AuCl (cf. 2.93 Å)15 and
is very similar to the Au–Au distance in a previously reported
Au2Nb complex (2.736 Å),35 which bears a formal Au–Au bond.
This coinage metal–coinage metal bond is a notable difference
in the salt metathesis chemistry of copper and gold. The
former generates a trimetallic complex upon reaction with [Ta
(naph)3]

− with no Cu–Cu interaction, a σ-bound copper aryl,
and a second copper center bridged to tantalum by both a µH
and µCl (cf. Cu2TaHCl; Fig. 2A). With gold, the trimetallic fea-
tures a direct Au–Au bond, which we attribute to both the auro-
philicity of gold and its more favorable reduction (relative to
copper).

Early metal-doped coinage metal surfaces are of significant
interest within the context of apolar bond activation. Biener
and coworkers recently analyzed H/D exchange on a titanium
doped Cu(111) surface through a combined experimental and
computational effort.58 This work, and others,45,59–63 purport a
mechanism in which the heterometal (i.e. Ti) serves as the site
of H2 activation due to its higher affinity to bind H2 as com-
pared to copper, which only weakly interacts with H2. The
molecularly adsorbed H-atoms are then proposed to migrate
away from the active site and onto the coinage metal (i.e. spil-
lover). Against this backdrop, we were keen to explore H2 reac-
tivity with complexes 1, 1Cu, and 2.

Addition of 1 atm. of H2 gas to a THF solution of complex 2
results in deauration, yielding the bimetallic dihydride 1
(Fig. 3A). This chemistry is reminiscent of the reactivity

Fig. 3 Synthetic pathway to (A) and solid-state structures of (B) mixed
Ta/Au bi- and trimetallic hydride complexes. SCXRD structures are
shown with thermal anisotropic displacement ellipsoids at a 50% prob-
ability level and non-hydride H atoms omitted for clarity. The hydride
H-atoms in 1 were resolved in the Fourier map; their locations were
refined freely and their Uiso values were treated with a riding model.
Bond metrics for the bimetallic cores are reported in Å.

Inorganic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2025 Inorg. Chem. Front., 2025, 12, 4449–4458 | 4451

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 9
:5

0:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00334b


observed between the EtCAAC-supported copper/tantalum tri-
metallic, Cu2TaHCl, and H2, despite the significant structural
differences described above. Whereas H2 addition (1 atm.) to 1
does not result in conversion to a new species, H/D exchange
was observed when treating 1 with D2. Room temperature
addition of D2 gas affords a mixed hydride/deuteride diamond
core, 1H/D, which, upon heating to 45 °C, is fully deuterated
within 24 hours.64 This is in stark contrast to the copper con-
gener, 1Cu, which shows no discernable H/D exchange, even
after heating to 65 °C (Fig. S25–27†). The heightened reactivity
of the tantalum/gold complexes is attributed to the decreased
steric pressure around the metal centers (corroborated by the
increased propensity for naphthalene isomerization) and more
covalent Ta–µH–Au bonding (vide infra). Both of these features
are envisioned to promote D2 interaction with the low-valent
Ta center in the tantalum/gold heterobimetallic. Despite the
high degree of naphthalene activation, there was no evidence
with either H2 or D2 for (partial) reduction of the Ta-bound
arene rings.

Oxidation versus protonation

Toward our goal of substituting the naphthalene rings for
surface-catalysis-relevant small molecules,52,65 we hypoth-
esized that a more oxidized Ta center would better facilitate
naphthalene exchange and pursued cyclic voltammetry (CV)
studies of both 1 and 2. The CV of 1 showed an apparent
quasi-reversible two-electron oxidative feature at −0.66 V
coupled with re-reductions at −0.83 V and −2.33 V (vs. Fc/Fc+;
Fig. S31†). The electrochemistry of 2 displayed two overlapping
quasi-reversible oxidations at −1.18 V and −1.10 V (vs. Fc/Fc+;
Fig. 4). Square wave voltammetry (SWV) better resolved these
CV features, clearly displaying two events; however, the second
oxidation event passes attenuated current as compared to the
first, consistent with a chemical change occurring on the time-
scale of the electrochemical measurement.66 The reductive
sweep of the SWV is symmetric, with features at −1.10 V and
−1.18 V (vs. Fc/Fc+), suggesting no chemical changes occur

during reduction. Encouraged by the apparent reversibility of
the oxidation features for 2, we explored chemical oxidations
of this cluster with ferrocenium tetrakis[3,5-bis(trifluoro-
methyl)phenyl]borate (FcBArF).

To take advantage of diamagnetic 1H NMR handles, a two-
electron oxidation was targeted first. The addition of two
equivalents of FcBArF to 2 in thawing DME resulted in for-
mation of an oily, orange solid. 1H NMR spectroscopy revealed
chemically inequivalent naphthalene rings with a total of eight
naphthyl proton peaks, each with a relative integration of two,
ranging from 7.27 to 3.25 ppm. Both the EtCAAC ligand and
BArF anion presented a relative integration of two, consistent
with an intact, doubly oxidized trimetallic complex,
[(EtCAACAu)2HTa(naph)2]

2+ (3, 72% yield, Scheme 1). Upon oxi-
dation to a putative TaIAuI

2 trimetallic, the hydride shifts from
a broad peak at −1.79 ppm (2) to a sharp singlet at +1.45 ppm
(3). Although this complex has thus far eluded crystallization,
the proposed formulation is supported by a full suite of homo-
and hetero-nuclear 2D NMR spectroscopies (see ESI† for
additional discussion).

A single-electron oxidation of 2 was targeted via the
addition of one equivalent of FcBArF in thawing DME.
Surprisingly, the resultant red-brown product remained dia-
magnetic; two high-field hydride resonances (−4.33 and
−5.33 ppm, each with a relative integration of one proton)
were observed in the 1H NMR spectrum. These data are con-
sistent with a one-electron oxidation of 2, followed by a hydro-

Fig. 4 Cyclic voltammogram (blue) and square wave voltammogram
(yellow) of 2. The tail of the arrow designates the open-circuit potential.
The arrowhead indicates the direction of the scan.

Scheme 1 Either oxidation or protonation of complex 2 affords intact
cluster architectures in distinct redox states. The solid-state structure of
4 is shown with thermal anisotropic displacement ellipsoids displayed at
the 50% probability level and both non-hydride H-atoms and counter-
ions are omitted for clarity. The hydride H-atoms were resolved in the
Fourier map; their locations were refined freely and their Uiso values
were treated with a riding model.
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gen atom abstraction by the open-shell cluster, yielding a for-
mally TaIAuI

2 trimetallic dihydride complex [(EtCAACAu)2H2Ta
(naph)2]

+ (4, 36% yield, Scheme 1).67 Hydrogen atom transfer
to the singly oxidized trimetallic is in agreement with the
observed electrochemical/chemical behavior in both the SWV
and CV of 2 (vide supra). To further corroborate the structural
identity of 4, we targeted an independent synthesis through
protonation of 2 with Brookhart’s acid (HBArF).68 Addition of
one equivalent of HBArF to 2 in thawing toluene produced the
same spectral features as the single electron oxidation, further
supporting a dihydride cation assignment for 4.

The structure of 4 was verified through a SCXRD study, in
which both hydride ligands were resolved in the Fourier map
and refined freely (Scheme 1). Contrasting the core of 2, 4 fea-
tures a significantly elongated Au–Au distance of 3.944 Å,
expanding to provide room for the second µH ligand. The
hydride-supported Ta–Au distances also lengthen upon oxi-
dation to an average of 2.9713(4) Å. However, the average Ta–
arene bond distances in 4 (Ta–Cave = 2.366 Å and 2.376 Å, for
the η4 and η6 naphthyl groups, respectively) are very similar to
1 and 2 (2.348(4)/2.373(4) Å and 2.352(5)/2.411(5) Å for the η4/
η6 Ta–Cave distances in 1 and 2, respectively). Correspondingly,
naphthalene exchange reactions with myriad substrates across
the four multimetallic complexes (1–4) have thus far proven
unsuccessful, either showing no reaction, resulting in intract-
able decomposition, or forming the bimetallic complex, 1
(Table S1†).

Density functional theory calculations

Whereas oxidation did not render the Ta-bound naphthyl
groups labile, the heteromultimetallic series provides a means
of exploring the effects of metal identity, redox state, and
hydride content on metal–metal bonding. We conducted
density functional theory calculations for complexes 1, 1Cu, 2,
3, and 4. The full structures of 1 and 1Cu were optimized at the
PBE0-D3(0)/def2-TZVPD level of theory for Ta and Au/Cu, and
at the PBE0-D3(0)/def2-SVPD level of theory for all other
atoms.69–72 The full structures of 2, 3, and 4 were optimized at
the PBE0-D3(0)/def2-SVPD level of theory. In all cases an
effective core potential was applied to Ta and Au. Salient DFT
findings are summarized in Fig. 5.

The Wiberg bond indices (WBI)73 for 1 and 1Cu both show
Ta-centered M–H bonding, however, the bridging hydrides are
more symmetric in the Ta/Au bimetallic. Concomitantly,
Natural Population Analysis (NPA) charges and the Ta–M′
WBIs are consistent with greater covalency for the heavier
metal pairing. Quantum Theory of Atoms-In-Molecules
(QTAIM) analysis74 shows no Ta–M′ bond critical points,
suggesting the bimetallic is supported by 3c2e bonding
through the μ2-hydride. Analysis of the frontier molecular orbi-
tals, which, in spite of the different naphthalene orientations
are nearly identical for both the gold and copper congeners,
lends additional veracity to the supported nature of the bi-
metallic core. The HOMOs for each 1 and 1Cu have Ta 5dz2
parentage and reflect δ-backbonding into both of the naphthyl

rings. Similar Ta–arene interactions dominate the lower energy
frontier molecular orbitals (Fig. S35†).

The optimized geometries of 2, 3, and 4 were used to
inform electronic structure comparisons across the trimetal-
lics, as well as support the locations of the hydride ligands
inferred from the SCXRD data. Comparing the structure of 2 to
the two-electron oxidized 3 reveals an elongation of the Au–Au
and supported Ta–Au distance of approximately 0.1 Å each.
Despite this longer Au–Au distance, QTAIM analysis still pre-
scribes a bond critical point between the Au centers.
The unsupported Ta–Au bond remains quite similar in
both 2 and 3 and likewise displays a bond critical point
between the metals. For 2, the HOMO−2 captures this direct
Ta–Au bond, in which a Ta 5d orbital engages in σ-bonding to

Fig. 5 Calculated HOMOs, Wiberg bond indices, and natural population
analysis charges for 1 and 1Cu (A). Select frontier molecular orbitals, as
well as select optimized bond metrics, for 2, 3, and 4 (B). QTAIM bond
critical points are represented by red circles. Orbital isosurfaces are pre-
sented at a 0.04 e Å−3 level and energies, relative to the HOMO, are pro-
vided parenthetically.
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the unsupported Au-center (and the µH on the opposite side
of the cluster). The Au–Au bonding interaction is likewise clear
in the orbital analysis (HOMO−7; Fig. S36†) of 2. The Ta–Au
interaction is present in the HOMO−1 of the oxidized cluster,
3. In agreement with the weaker Au–Au contact intuited from
the bond metrics, no significant orbital overlap is observed
between the coinage metals. Consistent with the demonstrated
recalcitrance to undergo substitution (vide infra), the HOMOs
of both 2 and 3 are dominated by Ta–arene backbonding.

The dihydride complex, 4, is the most structurally distinct
trimetallic. Upon protonation, the Au–Au distance increases
dramatically (3.880 Å) and the Ta–Au bonds, now both featur-
ing 3c2e hydride bridges, are approximately symmetric. There
are no formal M–M bonds in this cluster; QTAIM demonstrates
bond critical points exclusively located between M–H inter-
actions. The degradation of direct M–M bonding in 4 is postu-
lated to correlate with experimentally observed instability.
Complex 4 decomposes as a solid at room temperature after
approximately one week and is only stable in solution at room
temperature on the timescale of a few hours. This thermal
decomposition leads to intractable mixtures.

The average Ta–arene bond distances for the optimized
structures were compared across the five complexes
(Table S2†). In agreement with the SCXRD data, no significant
difference between Ta–arene bond distances is observed,
suggesting that coinage metal identity (Cu vs. Au) and cluster
charge do not significantly impact Ta–arene bond strength.
The HOMOs for all five compounds show significant Ta–arene
bonding character, as do lower energy frontier molecular orbi-
tals (vide supra). These calculations support the robustness of
the Ta–arene interactions, even in the more oxidized struc-
tures, as inferred experimentally from the unsuccessful
naphthalene exchange experiments.

Arene C–H activation

In an effort to leverage aurophilicity to increase cluster
nuclearity,35,75 trimetallic 2 was treated with one equivalent of
both EtCAACAuCl and NaBArF (a net addition of carbene-sup-
ported Au+), affording a dark red solid in 89% yield. The 1H
NMR spectrum of this product was consistent with a C1 sym-
metric diamagnet featuring two hydrides (δ = −3.16 and
−5.89 ppm), three carbenes, and one BArF counter anion.
SCXRD revealed the complex as the C–H activated cluster
[(EtCAACAu)3H2Ta(C10H8)(C10H7)]

+, 5, in which the second
hydride is sourced from auration of one of the Ta-bound
naphthyl rings (Scheme 2). This result highlights the strong
Ta–arene interaction, which renders the naphthyl ring prone
to functionalization, and recalcitrant to substitution.
Moreover, the coinage metal σ-aryl adduct is reminiscent of
our previously reported Ta/Cu trimetallic, Cu2TaHCl (cf.
Fig. 2A), in which one copper center activates a naphthalene
C–H bond during the initial salt metathesis reaction, and may
follow a similar mechanism to related heterobimetallic arene
C–H activations reported in the literature.51,76,77 A comparison
of the SCXRD structures of 4 and 5, which both feature
TaAu2H2 cores, shows little difference in the average Ta–Au dis-

tances (2.98 vs. 3.06 Å for 4 and 5, respectively), suggesting
that arene substitution has minimal effect on the M–M
bonding in the core. A significant discrepancy between the
complexes, however, is their solution stability; 5 is stable in
THF solution at 40 °C for at least 24 hours. Adding H2 (1 atm.)
at room temperature, however, does impose a transformation,
converting 5 to the bimetallic dihydride complex 1, with con-
comitant loss of two equivalents of gold. This transformation,
though unproductive in terms of accessing higher nuclearity
mixed-metal compounds, is analogous to what was observed
for closely related Cu2TaHCl. Holistically, the strength of the
Ta–arene backbonding renders these ligands simultaneously
inert to substitution and prone to functionalization, complicat-
ing further cluster evolution from these well-defined hetero-
multimetallic platforms.

Conclusions

In summary, we have successfully demonstrated the versatility
of arene-supported metalates in metal–metal salt metatheses
through the synthesis of rare low-valent Ta/Au heteromultime-
tallic clusters. Contrasting analogous reactions with copper,
carbene-supported gold(I) synthons generate a trimetallic
cluster, 2, upon reaction with [Ta(naph)3]

−. Both SCXRD data
and electronic structure calculations corroborate both sup-
ported (µH) and unsupported Ta–Au bonding in the trimetallic
core. Cluster 2 can activate H2, but dissociates gold in the
process, generating a bimetallic species featuring a Ta–(µH)2–

Scheme 2 Synthesis and H2 reactivity of tetranuclear complex 5. The
solid-state structure of 5 is provided with thermal anisotropic displace-
ment ellipsoids displayed at the 50% probability level. BArF anion and
non-hydride H-atoms are omitted for clarity. The hydride H-atoms were
resolved in the Fourier map; their locations were refined freely and their
Uiso values were treated with a riding model.
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Au core. This compound, adds to the scarce examples of Ta/Au
mixed metal complexes, and demonstrates notable structural
and reactivity differences in comparison to related Cu analogs.
Furthermore, despite the absence of a chelating ancillary
ligand framework, trimetallic 2 proves robust, remaining intact
through CV-informed chemical oxidation and protonation
reactions. Redox chemistry and cluster protonation perturb the
Ta–Au bonding, but ultimately seem to have little effect on the
lability of the Ta–arene interactions. Further attempts to
increase cluster nuclearity highlight the activated nature of the
Ta-bound arene rings, resulting in C–H auration en route to
the tetranuclear dihydride compound 5. Towards the goal of
installing labile ligands on the apical metal center, studies to
expand our carbonyl-free salt metathesis protocols to homolep-
tic polyhydrido metalates are underway in our laboratory.
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