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Accessing Ta/Cu Architectures via Metal-Metal Salt Metatheses: 

Heterobimetallic C–H Bond Activation Affords µ-Hydrides 

Michela L. Maiola and Joshua A. Buss* 

 

Abstract: We employ a metal-metal salt metathesis strategy to 

access low-valent tantalum-copper heterometallic architectures (Ta–

µ2-H2–Cu and Ta–µ3-H2–Cu3) that emulate structural elements 

proposed for surface alloyed nanomaterials. Whereas cluster 

assembly with carbonylmetalates is well precedented, the use of the 

corresponding polyarene transition metal anions is underexplored, 

despite recognition of these highly reactive fragments as storable 

sources of atomic Mn–. Our application of this strategy provides 

structurally unique early-late bimetallic species. These complexes 

incorporate bridging hydride ligands during their syntheses, the origin 

of which is elucidated via detailed isotopic labelling studies. 

Modification of ancillary ligand sterics and electronics alters the 

mechanism of bimetallic assembly; a trinuclear complex resulting from 

dinuclear C–H activation is demonstrated as an intermediate en route 

to formation of the bimetallic. Further validating the promise of this 

rational, bottom-up approach, a unique tetranuclear species was 

synthesized, featuring a Ta centre bearing three Ta–Cu interactions. 

Alloyed nanomaterials are a focal point of catalyst 

development in contemporary materials science due to the 

diversity of morphologies and the synergistic effects accessible 

when combining disparate metals.[1] Moreover, nanoalloyed 

catalysts offer significant cost benefits as the more precious 

component often emulates, or surpasses, its bulk reactivity as a 

diluent in a less-expensive host.[2] An underexplored class of 

nanoalloys feature early-late transition metal pairings,[3] which, as 

a result of the distinct metallic components, include polar 

interactions that demonstrate heightened reactivity toward small 

molecule activation.[3a,4] However, as the compositional 

complexity of the catalyst increases—particle size, metal identity, 

metal ratio, and mixing pattern—so too do the mechanistic 

possibilities, limiting fundamental studies of bond activation 

processes and leaving catalyst development empirically driven.[5] 

Reactivity at surfaces commonly occurs at defect si tes 

comprised of a handful of coordinatively unsaturated metals.[6] In 

this way, small molecular clusters can emulate features of these 

active sites, serving as structural models, functional mimics, or 

both (Fig. 1A).[7] This “cluster-surface analogy”[7b,8] was initially 

proposed in the 1970s, but the structural fidelity and surface-

likeness of the molecular compounds was limited by a lack of 

rational synthetic methods.[9] Cluster complex synthesis has been 

described as “something of a black art”[10] and has largely relied 

on self-assembly, particularly when targeting heteromulti-

metallics.[9a,10-11] To date, well-defined, bottom-up synthetic 
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Figure 1. Atomically precise homogeneous metal clusters can inform 

structure/activity relationships at heterogeneous active sites (A) but the rational 

synthesis of molecular clusters remains a challenge. The metal-metal salt 

metathesis is a proven method in multimetallic complex synthesis (B), yet 

remains underexplored from precursors devoid of carbonyl ligands (C). 

approaches for the construction of low oxidation state, metal-

metal bonded clusters remain scarce.[11b,11c,12] New 

methodologies for mixed-metal cluster syntheses are needed to 

access more accurate models of intricate metallic surface 

topologies. 

A potentially versatile solution is the metal-metal salt 

metathesis—a reaction between anionic and cationic metal 

fragments. This approach allows for the selective construction of 

metal-metal bonds both from monometallic building blocks and in 

pre-formed clusters (Fig. 1B).[10-11a,13] More recently, this strategy 

has been leveraged to rationally access bi- and multi-metallic 

complexes with a wide array of structural diversity.[14] However, 

most examples have focused on carbonyl decorated precursors 

that can demonstrate attenuated reactivity and are often 

recalcitrant to ligand substitution following cluster assembly.[13a,15] 
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Wolf and coworkers realized main-group/transition metal bond 

construction using a cyclooctadiene (COD) stabilized cobaltate 

synthon,[16] a promising precedent demonstrating dissociation of 

the COD ligand during the reaction sequence (Fig. 1B).[16b] We 

hypothesized that a metathesis protocol employing homoleptic 

arene-supported metalates[17] could provide controlled synthetic 

access to unprecedented surface-like clusters and ultimately 

elucidate structure-function relationships in nanoalloyed catalysts. 

Herein, we disclose the assembly of unusual tantalum/copper 

multimetallic constructs accessed through a CO-free metal-metal 

salt metathesis (Fig. 1C). Detailed isotopic labelling studies shed 

light on unexpected cooperative C–H activation that occurs en 

route to bimetallic products. These species serve as rational 

precursors for higher nuclearity cluster preparation, facilitating the 

synthesis of a highly-reduced tetranuclear tricopper tantalum 

complex. The success of this approach validates, for the first time, 

the use of arene-stabilized anionic synthons in the predictable 

preparation of low-valent transition metal cluster compounds 

absent chelating or pre-templating supports. These should 

ultimately serve as robust and modular models for nanoalloy 

catalyst active sites. 

To interrogate the assembly of clusters via super-reduced 

precursor addition, we sought to explore reactions between Ellis’ 

tris(naphthalene) tantalate ([Ta(naph)3]–)[18] and carbene copper 

chlorides (Scheme 1). [19] In related salt metatheses with 

CpM(CO)2 fragments, N-heterocyclic carbene  supported coinage 

metals have demonstrated preferential stability relative to their 

phosphine analogs.[14h,20] This property, in combination with the 

thermal stability and diffuse orbitals of the tantalum monoanion, 

was anticipated to engender successful metal-metal bond 

construction. Addition of SIMesCuCl to a dimethoxyethane  

solution of [Ta(naph)3]– resulted in the gradual formation of a 

bright orange species. The resonances of the bound naphthyl 

ligands provide a responsive spectroscopic handle, informing 

compound symmetry and speciation.[21] 1H nuclear magnetic 

resonance (NMR) spectroscopy showed the maintenance of four 

naphthyl signals, in a relative 2:1 integration with the SIMes 

ancilliary ligand. The resonances for the tantalum-bound ring 

Scheme 1. Synthetic pathway to mixed Cu/Ta di- and trinuclear complexes 

preceding from an arene-supported metalate via metal-metal salt metathesis. 

Figure 2. Single-crystal XRD structures (50% thermal anisotropic displacement 

ellipsoids) of 1a (A) and 2b (B). In each case, hydrogen atoms are omitted for 

clarity. Bond metrics (in Å) are provided for both the Ta–Cu bond and η4-

naphthyl C–C bonds in 1a. 

shift significantly downfield from the tantalate starting material 

(δTHF = 4.44 & 3.88 vs. 3.78 & 2.81, for [H1,2] & [H3,4], 

respectively),[22] consistent with diminished δ-back donation into 

the naphthyl π-system.[18] Additionally, the 1H NMR spectrum 

evidenced an unexpected high field signal at –7.51 ppm 

(tetrahydrofuran-d8 (THF-d8); relative integration of two), 

suggesting the presence of hydride ligands. Taken together, 

these data suggested a dinuclear composition with a bis(µ-

hydride) heterobimetallic diamond core (1a). 

Single-crystal X-ray diffraction (SCXRD) analysis confirmed 

the formulation of 1a (Fig. 2).[23] The structure features two 

naphthalene rings with distinct hapticities, demonstrating both a 

more buckled η4 (∠137.7 ° ) and a more planar η6 (∠156.6°) 

tantalum-arene interaction. The metrical parameters of the former 

closely resemble those of the tantalate starting material,[18] but 

both are consistent with the lessened back-bonding inferred 

spectroscopically, demonstrating diminished disruption of 

aromaticity in the Ta-bound rings. Despite apparent asymmetry in 

the solid-state, the naphthyl ligand coordination mode is fluxional 

in solution, wherein both rings are spectroscopically equivalent on 

the NMR timescale. The Ta–Cu distance, 2.654(1) Å, is close to 

the sum of the single-bond covalent radii of Ta and Cu (2.58 Å)[24] 
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and is significantly shorter than other reported examples of Ta–µ-

H)2–Cu motifs (viz. 2.84 Å).[25] In fact, 1a has the shortest Ta–Cu 

distance reported to date.[26] 

To interrogate the origin of the bridging hydride ligands, we 

first explored the role of solvent. Repeating the synthesis of 1a in 

THF-d8 resulted in partial deuteration of the bimetallic core (1a-

d1), as confirmed by 1H and 2H NMR spectroscopy (Fig. S44). 

Utilizing [Ta(naph-d8)3]– in proteo tetrahydrofuran (THF) failed to 

afford any deuterides in 1a; however, the perdeuterated bimetallic 

was generated when both naphthalene and solvent were 

isotopically labeled. These results are consistent with one hydride 

originating from a homolytically weak solvent C–H bond. The 

source of the second hydride involves a naphthyl C–H bond 

activation event, presumably with simultaneous H/D exchange. 

Further insight was gleaned by altering the identity of the 

copper synthon’s carbene ligand. Reaction of [Ta(naph)3]– with 

sterically more encumbering SIPr (Lb, Scheme 1),[19b] led to the 

formation of a C1 symmetric species with fifteen upfield shifted 

naphthyl signals (δ = 6.7 – 2.7 ppm; Fig. S16) and a hydride 

resonance (δ = –4.73) in the 1H NMR spectrum. The 1H/13C 

heteronuclear single quantum coherence spectrum identified five 

naphthyl 13C resonances lacking 1H cross-peaks, suggesting one 

naphthyl C–H bond as the source of the hydride ligand. SCXRD 

provided a decisive structural assignment.[23] The tantalum center 

retains two arene ligands, with the same η4/η6 hapticities 

observed in 1a (albeit in a staggered orientation), but one ring 

concomitantly features a Cu–C sigma bond (1.896(7) Å). The Ta 

coordination sphere is completed by a µ-Cl ligand and a SIPrCu 

fragment (Ta–Cu = 2.861(1) Å). The spectroscopically identified 

hydride ligand was not discernable in the Fourier map. 

Considering the low-valent nature of these multimetallics, we 

anticipated that more π-acidic cyclic (alkyl)(amino)carbene 

ligands (viz. Scheme 1, inset) might better stabilize critical 

reaction intermediates.[27] Interaction of [Ta(naph)3]– with 
EtCAACCuCl[19a] affords a highly soluble C1 symmetric species 

that has evaded crystallographic characterization but bears 

spectroscopic features analogous to 2b. Fifteen distinct naphthyl 

proton signals and a distinct hydride resonance (δ = –4.52) 

corroborate a heterotrinuclear composition, 2c, with a 

naphthalene bridging between the copper (Cu–C σ-aryl) and 

tantalum (Ta η6-arene) centers. Complexes 2b and 2c represent 

the products of a formal metal-metal salt metathesis, C–H 

activation, and LCuCl coordination sequence that may provide 

insight into the generation of the bimetallic species observed as 

the direct reaction product of the SIMes congener. 

The deuteride complexes, 2b-d16 and 2c-d16, were readily 

prepared from reactions of SIPrCuCl and EtCAACCuCl with 

[Ta(naph-d8)3]–, respectively, further corroborating the presence 

(2H NMR spectroscopy) and source (C–H activation of the Ta-

bound naphthalene ring)[28] of the hydride ligand (Scheme 2). 

Prior experiments suggested the second hydride in 1a originates 

from solvent (vide supra). To probe this further, 2b-d16 was 

dissolved in toluene-d8; no reactivity was observed at room 

temperature. Heating the reaction mixture to 110°C for 10 hours 

yielded a new species with a 2H NMR signal at –7.23 ppm. 

Repeating this experiment either in toluene or from 2b gave the 

mixed isotopolog, and full characterization by NMR spectroscopy 

and SCXRD corroborated the generation of Ta/Cu bis(µ-hydride) 

complex, 1b. Similar reactions with 2c-d16 did not provide the 

desired dideuteride; however, addition of an atmosphere of D2 to  

Scheme 2. Synthetic pathway to access the deuterated SIPr and EtCAAC 

trinuclear complexes (2a/b-d16), and subsequent reactions to probe hydride 

sources in 1b and 1c. 

a benzene solution of 2c-d16 at room temperature cleanly yielded 

1c-d18. Crossover-type experiments confirm one hydride 

originates from H2/D2, and suggest that naphthalene C–H 

activation is reversible—a proton is incorporated into the ring 

when treating 2c-d16 with H2.[29] This was not observed for 2b, but  

the interpretation of this result is complicated by both the 

generation of free naphthalene and the observation of 

naphthalene exchange under the more forcing reaction conditions. 

Whereas these comparisons provide synthetic access to a 

conserved series of related bimetallics, the reaction mechanisms 

en route to each product are distinct. These reactivity manifolds 

appear sensitive to both carbene sterics (i.e., SIMes vs. SIPr) as 

well as electronics (i.e., SIMes vs. EtCAAC), though in each case, 

the data suggest one hydride results from bimetallic activation of 

a naphthyl ring. The solid-state structures of the bimetallic 

series—1a, 1b, and 1c—are similar; however, the hydride ligands 

for both 1b and 1c were discernable in the Fourier map (Fig. S46 

& S47).[23] One notable spectroscopic discrepancy between the 

complexes is the clear presence of a minor component in 

crystalline samples of 1c. A second hydride resonance is 

observed at –5.33 ppm, along with additional signals 

corresponding to bound naphthyl peaks. Upon closer inspection, 

these same characteristic peaks were detected in the 1H NMR 

spectra for 1a and 1b, albeit to a lesser extent (1a: ca. 15% 

[broad], 1b: ca. 3%, 1c: ca. 22%). Variable temperature NMR 

spectroscopy showed convergence of the distinct signatures of 

these two components upon heating, affording data consistent 

with an exchange process that is intermediate on the NMR 

timescale at 80 °C (Fig. S32). We hypothesize that the minor 

species, based both on the number of peaks and their chemical 

shifts, is a Cs coordination isomer of 1 (demarcated 1*) resulting 

from a Ta-arene ring slip to a staggered Ta(naph)2 confirmation 

(Scheme 1).[30] This process is more prevalent with sterically less 

congested complexes (1a and 1c) than for the carbene ligand with 

bulkier substituents, as the Cs isomer directs one naphthyl ring 

toward the carbene N-aryl groups. In this way, the metal-arene 
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interactions in these complexes prove quite dynamic, 

demonstrating both binding mode interconversion (η4 ↔ η6) and 

isomerization (C2v ↔ Cs) in solution. 

Recognizing that complex 1a is formally more oxidized than 

[Ta(naph)3]– and bears similarly accepting ligands (coinage metal 

LM+ fragments are competent π-acceptors),[31] we targeted 

reduction chemistry as a means of rationally proliferating cluster 

nuclearity. Attempts to isolate reduction products have thus far 

been unfruitful; however, addition of potassium graphite (KC8) to 

a thawing THF solution of 1a, followed by in situ quenching with 

additional SIMesCuCl did result in productive salt metathesis 

chemistry. A new hydride resonance (δ = –3.38) and dramatically 

Figure 3. Synthetic pathway for mixed Cu/Ta cluster 3 (A), single crystal XRD 

structure of the complete TaCu3 complex (B), and a truncated depiction (side 

view) of the (naph)2Ta-(µ-H2)-Cu3 core (C). Thermal anisotropic displacement 

ellipsoids are shown at the 50% probability level and non-hydride H-atoms are 

omitted for clarity. The hydride H-atoms were resolved in the Fourier map and 

refined freely.             + 

upfield-shifted naphthyl protons (cf. δ = 1.43 & 1.79) were 

observed in the 1H NMR spectrum of this new product, 3a, 

consistent with a conserved, but more activated, (naph)2Ta–(µ-

H)2–Cu core. Relative integration revealed a stoichiometry of 

three SIMes units per pair of naphthyl ligands, suggesting 

successful installation of two additional Cu carbene motifs. The 
13C{1H} NMR spectrum exhibited both two low-field carbon 

resonances (δ = 157.27 & 146.96) in the region characteristic of 

η4-napthalene species[18,21b] and signals consistent with three 

chemically distinct SIMes moieties, reflecting a descent in 

symmetry from the C2v structure adopted by 1a. 

A SCXRD study confirmed the TaCu3 stoichiometry, revealing 

a T-shaped tetranuclear core for 3a (Fig. 3).[23] The trans-SIMes 

units adopt orthogonal orientations, rationalizing the three 

ancillary ligand environments inferred spectroscopically. The 

hydrides were discernable in the Fourier map and bind in a µ3-

ηTa:ηCu:ηCu fashion. The Ta–Cu distances are similar (ca. 2.63 

Å) and all three are slightly contracted relative to 1a. The Ta–Cnaph 

bonds display a long-short-short-long pattern reported previously 

for sterically encumbered group 4 metalate dianions,[32] reflecting 

crowding between the carbene mesitylene units and the naphthyl 

rings. Indeed, neither 3b (SIPr) nor 3c (EtCAAC), both of which 

would have sterically larger diisopropylphenyl substituents, have 

been accessed to date. The most notable structural feature in 3a 

is a short Cu–Cnaph contact of 2.341(ave.) Å between the flanking 

copper centers and the Ta-bound naphthyl groups. The C–C 

bonds around the ring are also asymmetric, with a statistically 

significant elongation on the side proximal to Cu (1.484 vs. 1.479 

Å). Taken together, these solid-state metrics are most consistent 

with a µ2-η4Ta:η1Cu binding mode for naphthalene. In this way, 

3a represents a rare example of an arene bridging ligand in a 

heteromultimetallic complex, and a particularly unusual instance 

of asymmetric M-arene-M′ bonding.[33] 

To explore the nature of the bonding in the cores of 1 and 3, 

we conducted density functional theory studies of truncated 

analogs (referred to henceforth as 1′ and 3′, respectively) 

optimized at the PBE0/def2-TZVP-D3 level of theory.[34] For 1′, 

Wiberg bond indices (WBI)[35] indicate Ta-centered M–H bonding, 

an electronic structure that was likewise inferred from orbital 

analysis (Fig. 4A). The frontier orbitals display Ta–H bonding 

character with significant Cu–H antibonding contribution. Orbitals 

with in-phase 3c2e bonding overlap are all lower in energy, 

facilitated in part by symmetry-allowed p/d mixing on both metals. 

These considerations were bolstered by Quantum Theory of 

Atoms-In-Molecules (QTAIM) analysis,[36] which identifies bond 

critical points between the metal centers and the bridging hydride 

ligands.[37] The electron localization functions for the Ta–H bonds 

are nearly double that of the Cu–H bonds, corroborating Ta-

centered hydrides. No bond critical point is identified between the 

metal centers, and both Natural Population Analysis (NPA) and 

the sub-unity Wiberg bond index suggest the M–M′ interaction has 

non-negligible ionic character (qTa = –0.04 and qCu = 0.37). This 

electronic structure is reminiscent, but much less polarized, than 

heterobimetallic Fe–Cu and Mo–Cu complexes that lack hydride 

bridges and have bona fide M–M bonds.[14h] 

The bonding situation in 3′ is more complex (Fig. 4B). Ta-

centered hydrides (cf. HOMO‒3) share bond paths with both 

adjacent copper centers (QTAIM) and similar bond indices were 

determined throughout the core (WBI). A notable distinction is 

seen in the QTAIM analysis, which identifies bond critical points 

between the metal centers, supporting increased metal-metal  
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Figure 4. Select calculated Wiberg Bond Indices, QTAIM bond paths, and 

molecular orbitals for (naph)2Ta-(µ-H2)-Cu (A) and (naph)2Ta-(µ-H2)-Cu3 (B) 

compounds. Isosurfaces are displayed at a 0.04 eA-3 level. 

bonding character relative to 1′. Additionally, the NPA charges—

qTa = –0.81 and qCu = 0.47(ave.)—reflect both the more reduced 

nature of the cluster and increased ionicity in the metal-metal 

bonding. The close Cu-Cnaph contact is reproduced 

computationally, and, despite being adjacent to the naphthalene 

C–H bond, displays a Cu–C2p backbonding interaction in 

agreement with the µ2-η4Ta:η1Cu bonding prescribed above. 

Computed WBI for the bridging arene carbon (Cnaph) indicate a 

dominant Ta-arene interaction (0.53ave.) with non-negligible Cu-

arene character (0.14ave.). 

In summary, we have successfully demonstrated the use of 

an arene-supported metallate, understudied sources of reactive 

Mn–, in a metal-metal salt metathesis protocol. This route provides 

a rational means of forging unusual, low-valent early-late 

heterobimetallic compounds. However, rather than mirroring the 

chemistry of carbonyl metallate analogs, the naphthalene ligated 

synthons undergo bimolecular C–H bond activation, generating 

bridging hydride ligands. Isotopic labeling studies and a 

comparison of sterically and electronically dissimilar carbene 

ancillary ligands establish the arene as the source of one hydride 

in the resultant Ta-(µ-H)2-Cu core. Following formation of the 

initial bimetallic, subsequent reduction facilitates further in situ salt 

metatheses, in a sequence that rationally builds cluster nuclearity 

en route to a T-shaped heterotetranuclear cluster. Expanding this 

chemistry to new metal pairings, efforts to capitalize on 

naphthalene exchange,[21a] and exploration of the reactivity of 

these atypical multimetallic compounds is underway in our 

laboratory. 
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