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Mechanistic Investigations via DFT Support the Cooperative 
Heterobimetallic C-H and O-H Bond Activation Across Ta=Ir 
Multiple Bonds 

Iker Del Rosal,a Sébastien Lassalle,b Chiara Dinoi,a Chloé Thieuleux,b Laurent Marona and Clément 
Camp*b 

A rare heterobimetallic oxidative addition of X-H (X = C, O) bonds is reported. DFT suggests that steric constraints around 

the bimetallic core play a critical role to synergistically activate C-H bonds across the two metals and thus explains the 

exceptional H/D exchange catalytic activity of unhindered surface organometallic Ta/Ir species observed experimentally.

Introduction 

In recent years, there is a growing interest in transition metal 

catalysis for the development of heterobimetallic systems able 

to promote original chemical reactivity which differs from, and 

ideally surpasses, that of its two monometallic components.1–9 

Although a diverse range of heterobimetallic systems have 

been described to date, few of them are capable of activating 

substrates across the two metals simultaneously and, in many 

cases, the observed reactivity is localized at one metal centre 

only. This can be explained, in part, by the common use of 

sterically encumbering polyfunctional chelating ligands to drive 

the assembly of the two metals, which restrains the 

accessibility of both metal cores, therefore limiting their 

interest for catalysis.  

Still, rare examples of heterobimetallic oxidative additions 

(HBOA) of H-H,10–15C-X (X = halide,16,17H,18–22OH,23–26 NHR,23–

25), Si-H24 or B-H27 bonds across metal-metal’ bonds have 

emerged in the literature (see Figure 1). These pioneer studies 

highlight the potential of polarized heterobimetallic metal-

metal bonds to promote the cooperative cleavage of strong 

sigma bonds. Yet, there is still an immense lack of knowledge 

on the factors governing these HBOA processes which impedes 

the thoughtful design of novel heterobimetallic complexes for 

targeted applications in catalysis. 

 

 

  

Figure 1. Representative heterobimetallic oxidative additions at metal-metal bonds. 

In the quest for potential candidates to promote 

unconventional C-H bond activations, we identified 

heterobimetallic complexes formed by alkane elimination as 

attractive prospects. This reaction involving a nucleophilic 

metal alkyl derivative and a Brønsted acidic metal hydride 

(Scheme 1) is a useful synthetic tool – yet rarely used – to 

generate original species featuring metal-metal bonds.28–30 We 

hypothesized that such systems might be, by virtue of the 
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principle of microscopic reversibility (Scheme 1), particularly 

well poised to promote the reverse reaction, i.e. the 

heterolytic cleavage of unactivated C-H bonds through unusual 

cooperative metal-metal pathways. 

 

Scheme1. Alkane elimination reaction. 

Based on this mechanistic blueprint we investigated and 

reported in a preliminary study the alkane elimination reaction 

between the tantalum trisalkyl(alkylidene) Ta(CHtBu)(CH2
tBu)3 

and the iridium polyhydride Ir(Cp*)H4 as a method to isolate 

rare examples of heterobimetallic tantalum-iridium complexes 

in solution (complex 1) and immobilized at the surface of silica 

materials (species 2 and 3), shown on Figure 2.31,32 

 

Figure 2. Catalytic H/D exchange reaction, productivity and structure of the Ta/Ir 

catalysts 1-3 (bottom), reproduced according to ref.31 

To our delight, these systems featuring multiple metal-metal 

bonds catalysed the H/D isotopic exchange of arene C-H 

bonds. Evidence for metal-metal synergistic effects was gained 

by comparing the catalytic activity of the tantalum/iridium 

heterobimetallic species 1-3 with that of monometallic 

analogues. Ta(CHtBu)(CH2
tBu)3, Cp*IrH4 and 

[(≡SiO)Ta(CHtBu)(CH2
tBu)2] gave no productive catalysis while 

[(≡SiO)2TaHn] exhibited significantly lower activity in 

comparison with 2-3.31 Moreover, the use of the silica support 

has a drastic impact on the catalytic performances: the 

catalytic activity of the immobilized species 3 rivals those of 

the best catalytic systems known to date,33–35 and is two 

orders of magnitude higher than that of the homogeneous 

analogue, 1.31 It is important to note that this difference in 

activity is not due to deactivation phenomena since 1 is stable 

in the course of catalysis and high conversions (>74%) can be 

reached with catalyst 1 at higher temperature (110°C). 

Experimental 

General considerations. 

The synthesis was performed under an argon atmosphere. 

Glassware was stored in an oven at ∼100 °C for at least 12 h 

prior to use. The solvents were purified by passage through a 

column of activated alumina, dried over Na/benzophenone, 

vacuum-transferred to a storage flask and freeze-pump-thaw 

degassed prior to use. Complex 1 was prepared according to 

the reported literature procedure.31 All other reagents were 

acquired from commercial sources and used as received. 

Preparation of [(ArO)4Ta(H)3IrCp*] (Ar = 2,6-(CH3)C6H3O), 4. 

In an argon-filled glovebox, a colourless solution of xylenol 

(67.4 mg, 0.552 mmol, 4 eq.) in pentane (4 mL) was slowly 

added dropwise to an orange solution of complex 1 (100.2 mg, 

0.138 mmol, 1 eq.) in pentane (4 mL) at room temperature. 

The solution gradually turned from orange to yellow and the 

formation of a beige precipitate was observed. After 19h of 

stirring at room temperature the beige precipitate was 

recovered by filtration and dried under vacuum leading to a 

beige solid. The beige solid was solubilized in a pentane (12 

mL) and toluene (5 mL) mixture and stored at -38°C for 2 days 

leading to colourless crystals. The colourless liquid supernatant 

was removed and the crystals were dried for 2h under vacuum 

leading to [4•toluene] as a white crystalline solid (113 mg, 

0.113 mmol, 82 % yield). Single crystals suitable for X-ray 

diffraction were grown similarly. 1H NMR (25°C, 500MHz, C6D6) 

δ 6.88 (d, 8H, CHAr, J=6 Hz), 6.68 (t, 4H, CHAr, J=6 Hz), 2.40 (s, 

24H, CH3from xylenolate), 1.82 (s, 15H, CH3from Cp*), -10.75 

(s, 3H, Ir-H). 13C{1H} NMR (25°C, 101 MHz, C6D6) δ 161.28 (i-

CAr), 128.33 (m-CAr), 127.35 (o-CAr), 121.09 (p-CAr), 97.11 (Cp*), 

18.62 (CH3xylenolate), 10.41 (CH3Cp*). DRIFT (293K, cm-1) 3063 

(m, νC-H), 3012 (m, νC-H), 2947 (s, νC-H), 2911 (s, νC-H), 2848 

(m, νC-H), 2103 (s, νIr-H), 1587 (s), 1465 (s), 1421 (s), 1383 (m), 

1296 (s), 1267 (s), 1215 (s), 1089 (w), 1027 (m), 880 (s). 

Elemental analysis calcd. (%) for C49H62O4TaIr: C 54.08, H 5.74; 

Found C 54.19, H 5.67. 

DFT calculations 

All DFT calculations were carried out with the Gaussian 09 

suite of programs. Geometries were fully optimized in gas 

phase without symmetry constraints, employing the B3PW91 

functional.36,37 The nature of the extrema was verified by 

analytical frequency calculations. The calculation of electronic 

energies and enthalpies of the extrema of the potential energy 

surface (minima and transition states) were performed at the 

same level of theory as the geometry optimizations. IRC 

calculations were performed to confirm the connections of the 
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optimized transition states. Iridium and Tantalum atoms were 

treated with a small-core effective core potential (60 MWB), 

associated with its adapted basis set38 augmented with a 

polarization function (ζf = 0.938 and 0.790 respectively for Ir 

and Ta). Si atoms were treated with a Stuttgart effective core 

potential39 augmented with a polarization function (ζd = 

0.284).40 For the other elements (H, C and O), Pople's double-ζ 

basis set 6-31G(d,p) was used.41–44 The electronic charges (at 

the DFT level) were computed using the natural population 

analysis (NPA) technique.45 Some reactant intermediates and 

transition states were additionally optimized including solvent 

effect and dispersion corrections (Table S2). More precisely, 

dispersion corrections were treated with the D3 version of 

Grimme’s dispersion with Becke-Johnson damping.46 Solvent 

effect was evaluated by using SMD solvation model.47 Benzene 

was used as solvent. 

Results and Discussion 

In order to better understand the reaction mechanism 

operating in these heterobimetallic systems as well as the role 

of the solid support, DFT calculations (B3PW91) were carried 

out on the H/D scrambling of benzene catalysed by complexes 

1, 2 and 3. The first step of the reaction is the C-H activation of 

benzene and is found to be an HBOA over the Ta=Ir bond 

(Figure 3) with the phenyl interacting with the tantalum centre 

and the hydrogen bridging the Ta-Ir bond. It should be 

mentioned that several other mechanistic possibilities were 

considered and found to be higher in energy (see Figures S5, 

S6 and S7). 

As can be seen, the oxidative addition barrier is decreasing in 

the same order as the experimental activity increases (Figure 

4), namely the homogeneous complex 1 being the least active 

and complex 3 being the most active. The charge distribution is 

of great importance in order to understand the stability of the 

oxidative addition barrier. However, in the present case, as 

illustrated in Figure 3, the charge alteration is almost the same 

with the three complexes. Thus, the origin of the difference on 

the height of the HBOA barriers is unlikely to be electronic, but 

is mostly explained by sterics at the transition state. 

For complex 1, due to the steric hindrance around the 

tantalum centre imposed by the bulky neopentyl (Np) 

substituents, the approach of the substrate is difficult and the 

Ta-Ph distance is long (2.53 Å), inducing a low stabilization of 

the TS. Therefore, the C-H bond has to be strongly activated 

(1.49 Å) in order to get a stabilizing Ir-H interaction (1.82 Å). 

The oxidative C-H addition is thus involving more Ir than Ta 

because of the steric hindrance but this implies to have a 

strongly activated C-H bond which requires energy. On the 

other hand for complex 2, the replacement of one Np group by 

the silica surface allows to reduce the steric hindrance around 

Ta so that the Ta-Ph distance is slightly decreased (2.49 Å). 

Consequently, the CH bond is less activated (1.40 Å) because 

the implication of Ir is reduced (Ir-H distance of 1.89 Å). 

Reducing further the steric hindrance by replacing another Np 

substituent by a simple hydride allows to improve the 

participation of Ta by decreasing the Ta-Ph distance to 2.41 Å 

but also by allowing an H more uniformly bridging the Ta-Ir 

bond (equal Ta-H and Ir-H bond distances of 1.97 Å – note that 

Ta and Ir have different metallic radii of 1.343 Å and 1.260 Å 

respectively).48 

 

Figure 3. 3D representation of the geometry of the transition state of the bimetallic C-H 

activation together with the key distances and the Natural Charges. Complex 1: 

R1=R2=R3=CH2
tBu; complex 2: R1=R2=CH2

tBu and R3=O-Si≡surface; complex 3: R1=CH2
tBu, 

R2=H and R3=O-Si≡surface. 

In brief, the heterobimetallic C-H bond oxidative addition is 

more favourable when the Ta centre is accessible, while the 

iridium centre is crucial to ensure a nucleophilic assistance, 

and this is governed by steric hindrance. Quite importantly, 

this investigation highlights the benefits of the surface 

organometallic chemistry approach,49 which allows access to 

unique unsaturated species not attainable in solution thanks 

to the solid-support. The resulting low steric hindrance in 

these supported heterobimetallic edifices is found to be key 

for reactivity by favouring the HBOA process. This is further 

highlighted by analysing the HOMO of all systems at the 

transition state (see Figures 5 and S8). Indeed, the HOMO is 

clearly describing the formation of the Ta-C bond and of the Ir-

H one in line with donation from a filled d orbital on Ir to the 

CH σ* orbital. The donation from the CH σ orbital to an empty 

d orbital on Ta can also be observed on the HOMO-5 orbital of 

the three complexes. The HOMO and the HOMO-5 of the three 

systems are lying in the same energy range (-0.19 a.u. and -

0.25 a.u., respectively) so that the difference can be safely 

attributed to steric effects. 

Note that this mechanism is reminiscent of the activation of C-

H bonds via 1,2-addition/elimination to multiple bonds in early 

transition metal imides and alkylidenes/alkylidynes.53–63  

 

 

Figure 5. HOMO (left) and HOMO-5 (right) orbital of the C-H activation transition state 

from species 3. 
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Figure 4. Computed enthalpy profile at room temperature for the H-D exchange of benzene catalyzed by complexes 1, 2 and 3. 

 

Following the intrinsic reaction coordinate from the oxidative 

addition TS, it yields the formation of the C-H oxidative 

activation product where the three hydrides were found to 

bridge the Ta-Ir bond. The linear structures with three bridging 

hydrides are slightly favoured by 2.0 to 3.6 kcal/mol with 

respect to the tilted structures with two bridging hydrides and 

one terminal iridium hydride (Figures 6a and S10). As we can 

see on Figure 4, the formation of the C-H oxidative activation 

products is found to be endothermic (by 27.1, 17.5 and 5.5 

kcal/mol respectively for complexes 1, 2 and 3) so that the 

oxidative addition is reversible. Quite interestingly, the 

stability of this product follows the same trend as the oxidative 

addition barrier, the lower the barrier the more stable is the 

oxidative addition product. Even though the oxidative addition 

product is fairly unstable, a rotation of the bridging hydrogens 

is computed to occur easily with barriers that are lower than 

the reverse of the oxidative addition (0.4 vs 11.7 kcal/mol for 

complex 1, 7.8 vs 11.6 kcal/mol for complex 2 and 4.0 vs 13.7 

kcal/mol for complex 3). Thus, in this mechanism, the first key 

parameter is the height of the HBOA barriers. A second key 

parameter is the competition between the reverse of the 

oxidative addition and a rotation of the bridging hydrogens. 

Indeed, the H/D exchange reaction is only possible if this 

rotation occurs. This finding is crucial to explain the H/D 

scrambling observed experimentally. For complex 2 there is 

slight preference for the hydride rotation (7.8 kcal.mol) vs 

reductive elimination of benzene (11.6 kcal.mol), but still a 

kinetic competition between the two reactions. For complex 3, 

the reductive elimination barrier is 13.7 kcal/mol whereas the 

hydrides rotation one is only 3.0 kcal/mol so that the H/D 

exchange is favoured, further increasing the TOF. 

It should be noticed that the inclusion of solvent and 

dispersion effects do not change the conclusion (see table S2 

in ESI).50–52 The inclusion of these effects leads to a decrease of 

the different activation barriers from 6 to 15 kcal/mol and to 

the stabilization of the C-H oxidative activation products from 

5 to 12 kcal/mol. In this case, according to the oxidative 

addition barrier, the homogeneous complex 1 remains the 

least active and complexes 2 and 3 should have a similar 

activity. However, a lower activity is expected for complex 2 

with respect to complex 3, as observed experimentally, due to 

the small barrier for the reverse reaction of the oxidative 

addition (only 4.3 kcal/mol for complex 2 vs 12.4 kcal/mol for 

complex 3), which reduces the efficiency of the hydrides 

rotation for 2 and thus the overall H/D exchange reaction. 

 

Figure 6. Optimized structures for the X-H addition products catalysed by 3 (a, X = C) as 

well as complex 4 (b, X = O) and their relative energies (kcal/mol). 
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Even if the C-H oxidative addition product cannot be trapped – 

since the process is thermodynamically unfavourable and 

reversible – addition of a phenolic O-H bond across the Ta=Ir 

double bond was observed experimentally. Treatment of 1 

with 4 equivalents of 2,6-dimethylphenol yields the tris-

hydride complex [(ArO)4Ta(H)3IrCp*] (Ar = 2,6-(CH3)C6H3O), 4, 

in excellent yields (Scheme 2). 

 

Scheme 2. Heterobimetallic oxidative addition of a O-H bond across the Ta=Ir double 

bond from 1. 

The 1H NMR spectrum for 4 (Figure S1) displays a characteristic 

signal at -10.8 ppm integrating for 3H, corresponding to the 

three hydrides in 4, which are equivalent on the NMR time 

scale at room temperature. Rapid exchange between the three 

hydrides is not unexpected on the basis of literature 

precedents for metal-polyhydride systems.32,64,65 The IR 

spectrum of 4 (Figure S3) shows a distinct absorption at 2103 

cm-1, which is assigned to a Ir-H stretching vibration.31,32,66–68 

The identity of 4 was supported by single-crystal X-ray 

diffraction. The solid-state structure of 4, shown on Figure 7, 

confirms the coordination of four phenoxides to the Ta centre. 

The intermetallic Ta-Ir distance in 2 is quite short (2.5926(2) Å) 

but is elongated by 0.23 Å in comparison with that found in 1 

(2.3559(6) Å), which features a Ta=Ir double bond.31 The close 

Ta-Ir proximity in 4 is most likely the result of the presence of 

bridging hydride ligands, although a metal-metal interaction 

cannot be excluded since the Ta-Ir distance is in the range of 

the sum of the respective metallic radii (2.603 Å; FSR = 0.99)31 

and falls in the range of the few reported Ta-Ir bonds (2.43-

2.85 Å).21,25,31,69,70 The acute tilting of the Cp* ligand with 

respect to the Ta-Ir axis (Ta-Ir-Cp* centroid = 141.3(1)) seems 

to indicate the presence of a terminal iridium hydride as well. 

Even if the hydrides could not be precisely located in the 

Fourier difference map of the crystal structure of 4, hint of 

their presence is thus given by the analysis of the metrical 

parameters. Furthermore this coordination environment and 

geometry in 4 is confirmed computationally (see below). 

 

Figure 7. Solid-state molecular structure of 4 (30% probability ellipsoids). Interstitial 

toluene solvent molecule and hydrogen atoms have been omitted for clarity. Selected 

bond distances (Å) and angles (°): Ta1-Ir1 2.5926(2), Ta1-O1 1.925(2), Ta1-O2 1.907(2), 

Ta1-O3 1.916(2), Ta1-O4 1.926(2), Ta1-Ir1-Cp*centroid 141.3(1) . 

Complex 4 is the result of the classical protonolysis of the 

three neopentyls from 1,31,32,71,72 leading to the formation of 

phenoxides, as well as the HBOA of the fourth equivalent of 

phenol across the Ta=Ir bond. Note that when 1 is treated with 

less than 4 eq. ArOH per Ta site, intractable mixture of species 

are formed, as a result of the competition between the 

multiple protonolysis reactions which leads to a distribution of 

mono-, di- and tri-substituted species along with unreacted 1. 

The mono-substituted complex [{Ta(OAr)(CH2
tBu)2}{IrH2(Cp*)}] 

(OAr = 2,6-(Ph)2-C6H3O), can only be accessed when 1 eq. of 

the more bulky 2,6-diphenylphenol is used in place of 2,6-

dimethylphenol to avoid polysubstitution, as reported 

before.31 

The formation of complex 4 by the HBOA of the fourth 

equivalent of phenol across the Ta=Ir bond has also been 

theoretically studied. As we can see on Figure 8, this reaction 

is kinetically accessible with a low activation barrier (between 

6.4 and 12.6 kcal/mol according to the coordination site of the 

ArOH substrate). At the transition state, the transferred 

hydrogen is bridging the Ta-Ir bond (Ta-H distance of 2.18 Å 

and Ir-H of 1.93 Å) so that the oxidative addition occurs in a 

concerted manner. The formation of 4 is found to be 

exothermic by 18.7 kcal/mol. Overall these computations 

suggest that the O-H addition is mechanistically related to the 

C-H addition described above. The structure of complex 4 was 

analysed in details in order to check the stability of the 

structure when the number of bridging hydride is changed 

from two to three. Computationally, the structures with either 

two or three bridging hydrides were found to be stable with a 

very small energy preference (1.4 kcal/mol which lies within 

the precision of the method) for the bent form with two 

bridging hydrides (Figure 6b and 8) as found experimentally in 

the solid-state. Thus one can conclude that there is an 

equilibrium in solution between the two structures. 

 

Ta1 Ir1
O1

O2

O3

O4
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Figure 8. Heterobimetallic oxidative addition of a O-H bond across the Ta=Ir double 

bond (OAr = 2,6-(Me)2-C6H3O). 

Conclusions 

In summary, a rare concerted heterobimetallic oxidative 

addition process of X-H (X = C, O) bonds across the early/late 

Ta=Ir double bond is supported by experimental and 

computational data. The analysis of the transition state 

structure shows the critical role of the bimetallic core in these 

systems to realize the unusual synergistic activation of C-H and 

O-H bonds. This study also confirms the drastic impact of steric 

effects on the reactivity of heterobimetallic systems, and the 

reactivity trend observed experimentally is reproduced 

computationally. This highlight the benefits of surface 

organometallic chemistry to access unique bimetallic cores 

with low steric profile - which could not be obtained in 

solution - through the use a solid support. We believe that the 

mechanistic understanding of these bimetallic bond 

activations will stimulate progress in the field and will help 

designing a second-generation of systems. Future efforts will 

be devoted in our group to extend this chemistry to other 

couples of metals using a similar alkane elimination synthetic 

methodology to study the impact of the nature of the two 

metals in these heterobimetallic C-H oxidative addition 

processes. 
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