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ABSTRACT: A novel heterobimetallic tantalum/iridium hydrido complex, [{Ta(CH2
tBu)3}{IrH2(Cp*)}] 1, featuring a very 

short metal-metal bond, has been isolated through an original alkane elimination route from Ta(CHtBu)(CH2
tBu)3 and 

Cp*IrH4. This molecular precursor has been used to synthesize well-defined silica-supported low-coordinate heterobime-
tallic hydrido species [≡SiOTa(CH2

tBu)2{IrH2(Cp*)}] 5 and [≡SiOTa(CH2
tBu)H{IrH2(Cp*)}] 6 using a surface organometallic 

chemistry approach (SOMC). The SOMC methodology prevents undesired dimerization as encountered in solution and 
leading to a tetranuclear species [{Ta(CH2

tBu)2}(Cp*IrH)]2, 4. This approach therefore allows access to unique low-coordi-
nate species not attainable in solution. These original supported Ta/Ir species exhibit drastically enhanced catalytic perfor-
mances in H/D exchange reactions with respect to (i) monometallic analogues as well as (ii) homogeneous systems. In 
particular, material 6 promotes the H/D exchange between fluorobenzene and C6D6 or D2 as deuterium sources with excel-
lent productivity (TON up to 1422; TOF up to 23.3 h-1) under mild conditions (25°C, subatmospheric D2 pressure) without 
any additives. 

INTRODUCTION 

A current frontier in organometallic chemistry is the co-
operative activity between two distinct metal centers to in-
duce new reactivity pathways and foster original transfor-
mations not possible with monometallic species.1–3 In par-
ticular, molecular edifices associating early and late transi-
tion metals featuring a polar metal-metal interaction are 
particularly promising to promote the heterolytic cleavage 

of strong, unactivated apolar bonds (H-H, C-H, NN etc.) 
and could open attractive opportunities for unprecedented 
reactivity in catalysis.4–6 While a diverse array of molecular 
early/late organometallic species have been synthesized, 
their reactivity in catalysis is largely underexploited. Alt-
hough we note a stimulating resurgence of interest for this 
field in the past few years, catalytic applications of 
early/late heterobinuclear metal complexes are still very 
limited to date.7–16 This can, in part, be explained by the 
common practice of using bulky polydentate bridging lig-
ands in order to direct the assembly of the two metals and 
stabilize the resulting  edifices but this also prevents sub-
strates to bind across the two metals and thus limits the 
range of accessible metal-metal synergistic effects. 

One possible strategy to overcome this limitation and 
access low-coordinate systems would be (i) to target 
early/late heterobimetallic systems with simple ligands, as-
sembled through metal-metal bonds, in combination with 
(ii) a surface organometallic chemistry (SOMC)17 approach. 
Indeed, the anchoring of molecular complexes to the sur-
face of a solid support through SOMC can afford low-coor-
dinate organometallic species not accessible in solution 
and featuring unique molecular structures and reactivity, 
among which alkane metathesis and N2 splitting promoted 
by tantalum hydrides supported on silica are flagship ex-
amples.17–20 

To date, the vast majority of SOMC studies have however 
focused on monometallic species.17 Silica-supported d-
block heterobimetallic species are remarkably rare and so 
far limited to a handful of early/early transition metals spe-
cies (groups 4, 5 and 6) obtained through stepwise grafting 
of two independent monometallic molecular precursors.21–

25 Ni(II) complexes were supported onto alkyl-aluminum 
functionalized silicas to generate olefin polymerization ac-
tive catalysts.26–28 The thermal decomposition of heterome-
tallic late metal clusters on metal oxide supports was also 
described.29,30 The lack of supported early/late heterobime-
tallic systems is – in part – due to the difficulty to access 



 

such edifices in a controlled manner, which requires smart, 
designated precursors and synthetic strategies to combine 
two metal centers with different chemical properties on a 
single solid support. Indeed, the methodologies classically 
employed for immobilizing both metal categories (early vs 
late) are often orthogonal, which may explain why the syn-
thesis of well-defined supported early/late heterobimetal-
lic complexes have been so far unexplored. Oxophilic early 
transition metal derivatives (for eg. tantalum species) are 
usually grafted directly onto the surface of an oxide mate-
rial (for eg. silica) via protonolysis of a metal-X bond (X = 
alkyl or halide) with surface hydroxyl groups (for eg. silanol 
≡Si-O-H) and subsequent formation of a strong metal-O 
bond (for eg. siloxy ≡Si-O-metal) and release of H-X. In the 
case of late metals such as iridium or ruthenium, the metal-
oxygen bond is much weaker and can lead to uncomplete 
grafting, leaching or formation of undesired metal nano-
particles.31–33 To circumvent these issues, functionalized 
metal oxide supports are generally preferred. Tailored hy-
brid silica matrices containing regularly distributed N-het-
erocyclic carbenes have been developed in our group and 
used to access single-site heterogeneous catalysts based on 
Ru- or Ir-NHC units.33–36 Recently, the groups of Delferro 
and Conley also reported the use of acidic sulfated metal 
oxides to support iridium sites active in alkanes transfor-
mations37,38 and well-defined Ni and Pd catalysts for olefin 
polymerization.39,40 

Thus, the type of supports conventionally used for irid-
ium and ruthenium on one hand and tantalum on the 
other hand are different, and as a result these metals can-
not be easily combined using two independent monome-
tallic precursors on a single support. 

To address this issue, we report here a new modular syn-
thetic approach exemplified on a heterobimetallic Ta/Ir 
system. First, a robust molecular precursor featuring a 
Ta=Ir double bond to ensure proximity between the two 
metals is formed. Then Ta chemistry is used to establish 
strong Ta-siloxide bonds with silicon oxide materials in or-
der to anchor the Ta/Ir species at the silica surface, ulti-
mately yielding well-defined early/late heterobimetallic 
supported catalysts. The atomic-scale structure of these 
original Ta/Ir complexes is characterized in detail and elu-
cidated through a combination of techniques including 
high-resolution solid-state NMR spectroscopy and peri-
odic DFT calculations. Furthermore, we demonstrate that 
these original supported Ta/Ir species exhibit drastically 
enhanced catalytic performances in H/D exchange reac-
tions with respect to the monometallic analogues as well 
as the corresponding homogeneous systems. 

 

RESULTS AND DISCUSSION 

HETEROBIMETALLIC COMPLEXES IN SOLUTION 

Alkane elimination resulting from the reaction between 
a nucleophilic metal alkyl derivative and a Brønsted acidic 
metal hydride species is an efficient and clean - yet seldom 
used - synthetic methodology to access metal-metal 
bonds.41–43 This led us to investigate the reactivity of the 
tantalum tris-neopentyl neopentylidene complex 

Ta(CHtBu)(CH2
tBu)3

44 towards the iridium tetrahydride 
complex Cp*IrH4.45 The reaction is carried out in a 1:1 stoi-
chiometric ratio in pentane at room temperature and af-
fords quantitatively the heterobimetallic complex 
[{Ta(CH2

tBu)3}{IrH2(Cp*)}], 1 with evolution of one equiv-
alent of neopentane as quantified by NMR spectroscopy 
(Scheme 1). 

Scheme 1. Alkane elimination synthesis of the Ta-Ir 
heterobimetallic species 1. 

 

The identity of 1 was confirmed by infrared (IR) and 
multi-nuclei (1H, 13C) solution NMR spectroscopies, ele-
mental analysis and X-ray diffraction studies. In the 1H 
NMR spectrum (recorded in a toluene-d8 solution) the hy-
dride resonance appears as a high-field singlet at δ = -12.0 
ppm. At the lowest temperature reached (228K), the spin-
lattice relaxation time (T1) measured for the hydride pro-
tons in 1 is 677 ms, and the minimum spin-lattice relaxa-
tion time T1min is estimated to be 430 ms for a temperature 
of 203K, which is in agreement with a classical iridium di-
hydride (versus a dihydrogen complex).46,47 The IR spec-
trum of 1 exhibits a M-H stretching vibration signal at 
2056 cm-1 which supports a terminal iridium hydride de-
scription. For comparison, the terminal Ir-H stretching fre-
quency of Cp*IrH4 is 2150 cm-1 45 and that of Cp*Ir(CO)H2 
and Cp*Ir(PMe3)(CH3)H are 2131 and 2090 cm-1 respec-
tively48–50 while the absorption due to bridging hydride lig-
ands typically occurs at lower wavenumbers, for instance 
at 936 cm-1 in {[Cp*Ir]2(μ-H)3}{PF6}.51 
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Figure 1. Solid-state molecular structures of 1 (top), 2 
(middle) and 3 (bottom). Ellipsoids are represented with 
50% probability. tBu groups from the OSi(OtBu)3 ligands 
and hydrogen atoms have been omitted for clarity. The 
asymmetric unit of 3 comprises of two crystallographic 
independent molecules of which only one is shown. Se-
lected bond distances (Å) and angles (°) for 1: Ta1-Ir1 
2.3559(6), Ta1-C1 2.113(12), Ta1-C2 2.126(12), Ta1-C3 2.134(12), 
Ir1-Cp*centroid 1.936(1), Ta1-Ir1-Cp*centroid 151.3; for 2: Ta1-Ir1 
2.3992(6), Ta1-O1 1.881(8), Ta1-O2 1.886(7), Ta1-C1 2.159(12), 
Ir1-Cp*centroid 1.937(1), Ta1-Ir1-Cp*centroid 154.4 ; for 3: Ta1-Ir1 
2.386(6), Ta1-O1 1.871(2), Ta1-C1 2.136(6), Ta1-C2 2.168(4), 
Ir1-Cp*centroid 1.946(1), Ta1-Ir1-Cp*centroid 151(2). 

Single crystals suitable for X-ray diffraction were grown 
upon sublimation of compound 1 (40°C under 10-5 mBar). 
The most salient feature of the solid-state structure of 1, 
shown on Figure 1, is the metal-metal bond. Of the handful 
known complexes featuring a tantalum iridium/rhodium 
interaction,52–54 complex 1 has the shortest Ta-Ir distance 
(2.3559(6) Å) reported to date, which is 0.25 Å less than the 
sum of the respective metallic radii (Ta: 1.343 Å; Ir: 1.260 Å; 
sum = 2.603 Å).55 The formal shortness ratio (r = 0.905)56 is 
below unity which is indicative of a multiple metal-metal 
bond order, as confirmed by our orbital analysis (see be-
low). The Ta center is nearly tetrahedral (CNp-Ta-CNp an-
gles from 107.5(5)° to 108.6(6)° ; Ir-Ta-CNp angles from 
104.3(4)° to 115.1(3)°) and the Ta-CNp bond lengths (average 
value 2.21(1) Å) are as expected for neopentyl groups.57,58 
Even if the hydrides could not be located in the XRD Fou-
rier Map, hint of their presence is given by the marked tilt-
ing of the Cp* ligand with respect to the Ta-Ir bond (Cp*cen-

troid-Ir-Ta angle of 151.3°), as a result of the three-legged pi-
ano-stool coordination geometry around the Ir center, 
which is archetypal of Cp*Ir complexes. 

Quantum chemical calculations using density functional 
theory (DFT), followed by the complete active space self-
consistent field (CASSCF) method were performed on 1 to 
get deeper insights into its molecular and electronic struc-
ture (see SI for computational details). The geometry of 
complex 1 optimized in benzene at the PBE0/def2-TZVP 
level of theory with the SMD implicit solvation model is in 
excellent agreement with the experimental X-ray single 
crystal structure: the Ta–Ir bond distance of 2.366 Å, is 
within 0.01 Å of the corresponding value in the crystal 
structure, and the Ta–Ir–Cp*centroid angle of 150.2° is within 
1°. The structure contains two terminal Ir–H hydrides with 

bond distances of 1.615 and 1.618 Å, giving rise to two Ir–H 
vibrations computed at 2148 and 2186 cm-1 and associated 
with the in-phase and out-of-phase stretching modes, in 
good agreement with the experimental value of 2056 cm-1. 
The Ta–Ir metal-metal bonding was quantified in terms of 
effective bond order (EBO), defined as (ηb-ηa)/(ηb+ηa), 
where ηb is the occupation number for the bonding natural 
orbital, ηa is the occupation number for the corresponding 
antibonding natural orbital. The molecular orbitals form-
ing the active space of 1, along with their corresponding 
occupation numbers are given in Figure S28. The EBO 
analysis shows the σ and π effective bond orders of 0.93 
and 0.94 respectively, thus indicating the same strength of 
the two bonds. As a result, the total bond order for complex 
1 is 1.87, suggesting a double Ta–Ir metal-metal bond. 

Scheme 2. Protonolysis reactivity of 1. 

 

In order to anticipate the reactivity of 1 with surface si-
lanol groups and to provide a structural model of the im-
mobilized species, we investigated the stoichiometric reac-
tion of 1 with molecular silanols and phenols. Metal deriv-
atives of the bulky tris(tert-butoxy)siloxide ligand can, in a 
first approach, be considered as models for silica-sup-
ported organometallic catalysts.59–65 Treatment of 1 with 2 
equivalents of HOSi(OtBu)3 leads to the clean formation of 
[{Ta(OSi(OtBu)3)2(CH2

tBu)}{IrH2(Cp*)}] 2, resulting from 
the protonolysis of two Ta-neopentyl bonds (Scheme 2). 
Surprisingly, when the same reaction is performed with 
only 1 equiv. HOSi(OtBu)3, a 1:1 mixture of 1 and 2 is ob-
tained and no evidence of the mono-substituted product is 
found. Complex 2 was fully characterized by elemental 
analysis, multi-nuclei liquid state NMR and IR spectrosco-
pies. Its solid-state structure, shown on Figure 1, was deter-
mined by single-crystal X-ray diffraction. The spectro-
scopic and structural features of 2 are for most part unaf-
fected by the substitution of two alkyls by two siloxides. 
From this experiment we can draw three main conclusions: 
(i) the Ta-Np bond in 1 is preferentially cleaved by the Si-
OH groups, (ii) the iridium coordination sphere remains 
nearly identical and (iii) the mono-substituted species is 
not stable in solution. 

In order to better mimic the first coordination sphere of 
the immobilized surface species, which is monopodal (see 
below), we tried to isolate a molecular species having only 
one oxygen and two remaining alkyls bound at Ta. We thus 
turned our attention to the reactivity of 1 towards phenol 

Ta1
Ir1

O1

C2 C1



 

derivatives featuring various steric profiles, which was 
found to be key in this protonolysis reactivity. 2,6-Di-tert-
butyl-p-cresol does not react with 1, even after prolonged 
heating (up to 110°C), most likely due to the large steric 
hindrance imparted by the tBu groups. In contrast, when 1 
is treated with 1 equivalent of 2,6-Di-methylphenol a mix-
ture of mono-, di- and tri-substituted species is obtained, 
along with unreacted 1. In that case, the steric profile of the 
phenol derivative is probably too low to avoid polysubsti-
tution. Gratifyingly, the reaction of 1 with 1 equivalent of 
2,6-Diphenylphenol cleanly provides the desired species 
[{Ta(OAr)(CH2

tBu)2}{IrH2(Cp*)}] 3 (OAr = 2,6-(Ph)2-
C6H3O), which was isolated in 96% yield (Scheme 2). The 
1H NMR spectrum for 3 is in agreement with the proposed 
formula, with the hydride resonance integrating for 2H 
found at δ = -11.3 ppm. The introduction of the aryloxy lig-
and induces some rigidity and loss of symmetry, as re-
flected by the 1H resonances for the tantalum-bound meth-
ylene groups from the two neopentyl ligands (Ta-CH2) ap-
pearing as two diastereotopic doublets integrating for 2H 
each, with distinct chemical shifts and strong 2JHH cou-
plings (0.08 and -0.11 ppm, 2JHH = 14.4 Hz). The IR spectrum 
for 3 displays two bands attributed to Ir-H stretches (in-
phase and out-of-phase modes) at 2094 and 2054 cm-1, (see 
Figure S24) which is similar to what was found for the sup-
ported species (see Figure 2). The solid-state structure of 3 
is shown in Figure 1-bottom. The metrical parameters of 3 
are for most part similar to those in 1, with the exception 
of the Ta=Ir bond which is slightly elongated from 
2.3559(6) Å in 1 to 2.386(6) Å in 3. Overall the geometries 
and coordination environments of both metals in 1, 2 and 
3 are very similar. 

Dihydrogen treatment of 1 (1 bar, 80°C) affords the tetra-
nuclear complex [{Ta(CH2

tBu)2}(Cp*IrH)]2, 4 (Scheme 4). 4 
formally results from reductive elimination of 1 equivalent 
of neopentane per Ta center (corroborated by 1H NMR 
analysis) from the heterobimetallic precursor 1 followed by 
dimerization. The resonance of the hydride ligand in 4 is 
observed at δ = -10.6 ppm by 1H NMR. Integration of the 1H 
NMR signals shows a 1:1 Cp*:hydride ratio, which is in 
agreement with a iridium monohydride formula. The IR 
spectrum for 4 displays a sharp signal at 2090 cm-1 which is 
characteristic of a terminal iridium-hydride stretch. 

Scheme 4. Formation of the tetranuclear species 5 
upon H2 treatment of 1. 

 

Definite evidence for the structure of 4 was obtained by 
single-crystal XRD. In the solid-state, complex 4 exists as a 
tetramer forming a Ta2Ir2 planar core featuring an inver-
sion point at the center of the heterometallacycle core (Fig-
ure 4). The Ta2Ir2 core adopts a diamond geometry with 0° 
Ta−Ir−Ta−Ir torsion angles, Ta1−Ir1−Ta1# and Ir1−Ta1−Ir1# 
angles of 76.07(1)° and 103.93(1)°, respectively. The Ta-Ir 
bonds (2.4443(3) Å and 2.4575(4) Å) are very short (alt-
hough slightly longer than in 1 and 2) and the formal short-
ness ratio (r = 0.94) is below unity which denotes multiple 
metal-metal bonding in this compound. As in 1, the Cp* 
ligand is tilted with regard to the Ta-Ir bond and the Ta–

Ir–Cp*centroid angle is 136.69(1). The terminal hydride lig-
and was located in the Fourier difference map close to irid-
ium and slightly points towards the core of the molecule as 
a result of the iridium three-legged piano-stool coordina-
tion geometry. The XRD data thus confirms the terminal 
coordination mode of the hydrido ligand in 4, in agreement 
with IR spectroscopic measurements. The tantalum alkyl 
bonds are as expected,58 and the Ta centers adopt a 
pseudo-tetrahedral geometry. 

 

Figure 4. Solid-state molecular structure of 4. Ellipsoids 
are represented with 50% probability. Hydrogen atoms 
(except Ir hydrides) have been omitted for clarity. Se-
lected bond distances (Å) and angles (°) : Ta1-Ir1 2.4443(3), 
Ta1-Ir1# 2.4575(4), Ta1…Ta1# 3.0202(5), Ir1…Ir1# 3.8609(4), 
Ta1-C1 2.140(7), Ta1-C2 2.164(7), Ir1-Cp*centroid 2.021, Ta1-Ir1-
Ta1# 76.07(1), Ir1-Ta1-Ir1# 103.93(1), Ta1-Ir1-Cp*centroid 
136.69(1). 

The DFT optimized structure of complex 4 (Figure S30) 
is in excellent agreement with the XRD structure. The two 
Ta-Ir distances are equal to 2.465 Å and the Ta–Ir–Cp*cen-

troid angle is 137.3. The two Ir–H bonds have bond lengths 
of 1.614 Å, which are virtually the same as the Ir–H dis-
tances in complex 1, and are associated with a single vibra-
tional frequency computed at 2180 cm-1. 

As noted above, the structure of 4 can be viewed as re-
sulting from reductive elimination of neopentane from 1, 
followed by dimerization of the putative low-coordinate 
intermediate. At first glance, it is striking that dihydrogen, 
which is not consumed in the reaction balance, promotes 
reductive elimination and leads to a species containing less 
hydrides. A possible pathway to account for the formation 
of 4 begins with the sigma-bond metathesis of a Ta-Np 
group resulting in a tris-hydride species (Scheme 4), which 
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then reductively-eliminates H2 in a bimolecular process 
leading to dimerization. Such hypothesis is supported by 
the reactivity of the surface-organometallic analogous spe-
cies (see below). 

The tetranuclear cluster 4 is thermally stable, even in the 
presence of H2, and does not undergo sigma-bond metath-
esis of the remaining Ta-Np groups nor dissociation to a 
dinuclear species, at least up to 110°C under 800 mbar of H2 
for 24h. Surprisingly, 2 does not react upon exposure to H2, 
even after prolonged heating (24h, 110°C). Although we do 
not have a clear explanation, hydrogenolysis of a tantalum-
neopentyl bond in 1 therefore appears much easier than in 
2 or 4. Unfortunately, complex 3 does not react with H2 at 
room temperature, and is unstable upon gentle heating 
(50°C) under argon or H2 atmospheres to yield intractable 
mixture of species. 

 

SURFACE ORGANOMETALLIC CHEMISTRY 

The SBA-15 silica support was dehydroxylated under 
high-vacuum (10-6 mBar) at 700°C, yielding a material 
(namely SBA-15700) featuring a low density of surface hy-
droxyl groups (ca. 0,54 ≡Si-OH groups per nm2), required 
for ensuring sites-isolation. This SBA-15700 material still 
contains high loadings of reactive surface silanols per gram 
(c.a. 4.86x1020 sites.g-1) due to the high surface area of this 
mesoporous silica (895 m2.g-1, see SI). The high loading of 
surface ≡Si-OH groups is essential for an in-depth charac-
terization of the grafted organometallic species by ad-
vanced 13C and 1H Magic Angle Spinning (MAS) solid-state 
NMR techniques (see below). 

Scheme 3. Preparation of the silica-supported hetero-
bimetallic species 5. 

 

Upon treatment of SBA-15700 with a pentane solution of 1 
at r.t., the characteristic sharp IR band at 3747 cm-1 corre-
sponding to isolated surface silanols disappears while new 
signals attributed to ν(C-H) stretches of the neopentyl and 
Cp* ligands at 2960-2860 cm-1 and signals assigned to ν(Ir-
H) stretches at 2064 and 2037 cm-1 appear (Figure 2). 1 
equiv. of neopentane is evolved per grafted Ta, as quanti-
fied by GC. These analyses are consistent with the chemical 
grafting of the precursor onto silica via protonolysis of one 
Ta-Np group by a surface silanol, yielding a monopodal 
[≡SiOTa(CH2

tBu)2{IrH2(Cp*)}] species 5. Unlike what seen 
in solution during the synthesis of 2, it is important to note 
that the formation of a bipodal species is not possible on 
SBA-15700 which features merely isolated Si-OH groups. 
The Ta loading (9.3 wt %) corresponds to 0.54 Ta sites per 
nm2 of silica. This is in agreement with the titrated amount 
of surface silanol groups for SBA-15700, and indicates full 

consumption of the surface silanol groups as also con-
firmed by the disappearance of the ν(OH) stretching band 
by IR (Figure 2). The elemental analysis (Expected: %C 12.6, 
%H 2.1, %Ta 9.5, %Ir 10.1 Found: %C 12.6, %H 2.0, %Ta 9.3, 
%Ir 10.1) is in excellent agreement with the proposed for-
mula for 3. 

 

Figure 2. Diffuse reflection infrared Fourier transform 
spectra of SBA-15700 (green line) and compound 5 (red 
line) recorded on powder materials under argon. 

The 1H solid-state NMR spectrum of 5 (Figure 3b, 1D 
trace above the 2D spectrum) shows two main intense sig-
nals at 2.2 and 0.9 ppm assigned to the CH3 groups of the 
Cp* and Np moieties respectively, along with a broad sig-
nal at -11.5 ppm corresponding to the iridium hydrides, by 
analogy with the molecular precursor 1. The peak at 2.2 
ppm also includes the resonance of the CH2 protons of the 
Np moiety. The 13C CP-MAS NMR spectrum of 5 (Figure 3a) 
displays four resonances at 107.5, 93.9, 33.5 and 9.1 ppm, 
assigned to the CH2(Np), C(Cp*), CH3(Np), and CH3(Cp*) 
carbons respectively, in agreement with the proposed 
structure. 

Two-dimensional (2D) proton double-quantum (DQ) 
and triple-quantum (TQ) NMR spectroscopy techniques 
were used to confirm the bis-hydride nature of the iridium 
site of 1.66 The DQ and TQ experiments yield 2D spectra 
with (ω1, ω2) correlations between respectively pairs and 
triplets of dipolar coupled (i.e., spatially close) protons. 
The DQ frequency in the indirect ω1 dimension corre-
sponds to the sum of the two single-quantum (SQ) fre-
quencies of the two coupled protons and correlates in the 
ω2 dimension with the two individual proton resonances, 
while the TQ frequency in the ω1 dimension corresponds 
to the sum of the three SQ frequencies of the three coupled 
protons and correlates with the three individual proton 
resonances. Thus, the observation of a DQ or TQ peak im-
plies a close proximity between the two or the three pro-
tons in question. In particular, two or three equivalent pro-
tons (or two or three protons having the same chemical 
shifts) will give rise to an autocorrelation peak located 
along the ω1=2ω2 or the ω1=3ω2 line of the 2D spectrum. 
Two-dimensional DQ and TQ correlation experiments can 
thus be applied to unambiguously determine the number 
of hydride protons attached to the metal centers. Proton 
multiple-quantum NMR spectroscopy was previously ap-
plied to successfully distinguish zirconium monohydride 
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and bishydride surface species67 or to identify methyl 
groups in surface tantalum complexes.68 The DQ spectrum 
of Figure 3b shows an autocorrelation along the ω1=2ω2 line 
at around (ω1, ω2) = (-11.5 ppm, -23 ppm) confirming the 
presence of two hydride protons. Conversely, the TQ cor-
relation spectrum (Figure S17) does not display any auto-
correlation for the hydride resonance along the ω1=3ω2 
line, as expected for a set of two isolated coupled protons. 
The DQ-SQ and TQ-SQ correlation spectra have in addi-
tion the expected auto-correlations for the CH3 groups of 
the Cp* and Np moieties, as well as the expected off-diag-
onal correlations with the hydride protons (see SI for a de-
tailed interpretation). 

 

Figure 3. Solid-state NMR characterization of 5: (a) 13C-
NMR CPMAS spectrum (125 MHz, 4 mm probe, 10 kHz 
MAS frequency). (b) Proton SQ-DQ NMR spectrum (700 
MHz, 2.5 mm probe, 18 kHz MAS frequency). The trace 
above the 2D plot corresponds to the one-dimensional 
1H-NMR spectrum. The dotted blue line is the ω1=2ω2 di-
agonal. The dotted red circle underlines the autocorrela-
tion of the hydride resonance. The spectrum has been 
zoomed by a factor 4 in the hydride region to clearly 
show the corresponding correlations: the auto-correla-
tion at around (-11.5 ppm, -23 ppm) and the correlation 
between the hydrides and the neopentyl CH3 protons at 
around (-11.5 ppm, -10.5 ppm). The experimental condi-
tions are described in detail in the experimental section. 
The SQ-TQ correlation spectrum of 5 is shown in Figure 
S17. 

As stated previously, one great advantage of the SOMC 
approach is the possibility to access organometallic species 
with unprecedented molecular structures that cannot be 
accessed in solution, for e.g. low-coordinate metal species 

featuring unique reactivity.17 In the present case, we postu-
lated that the anchoring of 1 at the surface of silica would 
prevent the unwanted dimerization seen in solution lead-
ing to 4, and afford unique heterobimetallic hydrido spe-
cies not reachable otherwise. Accordingly, we explored the 
reactivity of 5 towards H2. 

Scheme 5. Preparation of material 6 from 5. 

 

Under dihydrogen atmosphere (800 mbar, 105°C, 10h), 
the silica-supported species 5 is converted into 
[≡SiOTa(CH2

tBu)H{IrH2(Cp*)}], 6 (Scheme 5) with release 
of 1 equiv. of neopentane per surface Ta, as titrated by GC. 
Here again, as for 1, only 1 neopentyl ligand undergoes hy-
drogenolysis at this temperature. IR monitoring of the 
solid shows a decrease in intensity of the ν(C-H) stretches, 
in agreement with the evolution of neopentane, and the 
appearance of new bands around 1800 cm-1 (Figure 5). This 
signal, which disappears upon H2-D2 exchange and is re-
stored upon re-exposure to H2 (see Figure S27), is at-
tributed to a ν(Ta-H) vibration mode issuing from a tanta-
lum hydride species. For comparison, the previously re-
ported silica-supported tantalum hydride species, 
[(≡SiO)2TaHx], shows a characteristic IR band in the 1800 
cm-1 region.69 Importantly, we do not detect ν(Si-H) 
stretches (expected around 2200-2300 cm-1) which might 
arise from opening of the neighboring siloxane bridges and 
hydrogen transfer to the surface silicon atoms. This phe-
nomenon is well-documented for monometallic early tran-
sition metal hydrides species supported on silica,67,70 but 
does not occur in the present system under this set of ex-
perimental conditions. 

 

Figure 5. Infrared spectra of 5 (red line) and 6 (blue line) 
recorded in transmission on pelleted materials under ar-
gon. The SBA-15700 signal has been substracted to remove 
contribution from the support. 
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The 1H solid-state NMR spectrum of 6 (Figure 6b, 1D 
trace above the 2D spectrum) is very similar to the one of 
5. It displays two intense signals at 2.2 and 0.9 ppm as-
signed as previously to the CH3(Cp*) and CH2(Np), and to 
the CH3(Np) moieties respectively. We note that their in-
tensity ratio is different, because the hydrogenation reac-
tion leads to the release of some of the neopentyl ligands. 
The hydride signal appears as a broad resonance ranging 
from -10 to -15 ppm. The 13C CP MAS NMR spectrum of 6 
(Figure 6a) displays four resonances at 106.9, 93.9, 33.3 and 
8.9 ppm, assigned to the CH2(Np), C(Cp*), CH3(Np), and 
CH3(Cp*) carbons respectively, which agrees with the pro-
posed structure. The proton DQ and TQ spectra (Figures 
S20 and 7b) of 6 show elongated autocorrelations along re-
spectively the ω1=2ω2 and ω1=3ω2 diagonals, indicating the 
presence of three dipolar-coupled hydride protons. Addi-
tional auto- and off-diagonal correlations with the ali-
phatic resonances are observed (see Figure S21 for detailed 
assignements). Thus, the proposed structure for 6 is con-
firmed by proton multiple-quantum NMR experiments. 
The elongated shapes of the auto-correlations observed for 
the hydride resonances in both DQ and TQ correlation 
spectra reflect the inhomogeneous nature of the line 
broadening due to slight structural heterogeneity (likely 
originating from the support), as well as the presence of 
correlated chemical shift distributions.71,72 We note that 
fast exchange on the NMR time scale between Ta-H/Ir-H 
hydrides is very likely to occur, which would lead to the 
observation of a distribution of average chemical shifts. 

 

Figure 6. Solid-state NMR characterization of 6: (a) 13C-
NMR CP spectrum (125 MHz, 4 mm probe, 10 kHz MAS fre-
quency), (b) Proton SQ-TQ NMR spectrum (700 MHz, 2.5 
mm probe, 18 kHz MAS frequency). The trace above the 
2D plot corresponds to the one-dimensional 1H-NMR 
spectrum. The dotted blue line corresponds to the 
ω1=3ω2 diagonal. The dotted red circle underlines the au-
tocorrelation of the hydride resonance. The experi-
mental conditions are described in detail in the experi-
mental section. The SQ-DQ correlation spectrum is 
shown in Figure S20. 

EDX analysis showed a uniform distribution of Ta and Ir 
in the material (1.00 ± 0.06 Ir:Ta ratio – see Figure S41) and 
elemental analysis (Expected: Ir:Ta ratio = 1.0, C:Ta ratio = 
15.0, Found: Ir:Ta ratio = 1.0, C:Ta ratio = 13.1) is in good 
agreement with the proposed formula for 6. 

 

 

Figure 7. DFT optimized structures of the silica-sup-
ported complexes 5 (top) and 6 (bottom – model 6a; 
model 6b in SI). Selected bond distances are given in Å. 
Ta is represented in blue, Ir in green, Si in yellow, O in 
red, C in grey and H in white. 

Periodic DFT calculations were used to gain further in-
sights into the structures of the silica-supported species 5 
and the complex 6 formed after exposure of 5 to H2 (see SI 
for computational details). Figure 7 (top) shows the most 
stable structure of 5. The Ta/Ir complex is anchored to the 
silica support through one Ta–O–Si interface bond (Ta–O 
bond is 1.90 Å, Si–O bond is 1.62 Å). The Ta=Ir bond dis-
tance remains virtually unchanged upon deposition on sil-
ica. The Ir–H vibrational stretching modes were computed 
at 2056 and 2165 cm-1, which is 92 and 21 cm-1, respectively 
red-shifted as compared to the corresponding vibrations in 
the unsupported complex 1. Furthermore, two putative 
structures were obtained for the trihydride species 6. 



 

Model 6a (Figure 7-bottom) has one terminal Ta–H hy-
dride bond of 1.785 Å and two Ir–H terminal hydride bonds 
of 1.619 and 1.643 Å. The Ta=Ir metal-metal bond length in 
model 6a is 2.355 Å, virtually the same as in the dihydride 
precursor. Model 6b (Figure S31 in SI) contains three bridg-
ing Ir–H–Ta hydrides and a longer Ta-Ir distance of 2.595 
Å, and is 29.3 kcal.mol-1 less stable than model 6a. The M–
H vibrational frequencies of 6a are computed at 1803 (Ta-
H), 2042 (Ir-H) and 2149 (Ir-H) cm-1, in good agreement 
with the experimental values (see Table 1), as compared to 
those for model 6b (1705, 1741 and 2018 cm-1). Taken in con-
cert, these experimental and computational analyses are 
consistent with the proposed formula 
[≡SiOTa(CH2

tBu)H{IrH2(Cp*)}] for 6, although the partial 
formation of fully hydrogenated species cannot be ruled 
out. 

Table 1. Selected structural parameters along with M–H 
stretching frequencies obtained at the PBE0/def2-TZVP 
level. Experimental data are given in italic.  

Compound 
Ta–Ir (Å) 

Ir–H 
(Å) 

Ir–Ta–Cp*cen-

troid (deg) 
ν(M–H) 
(cm-1) 

1 2.366 

2.3559(6) 

1.615 

1.618 

150.2 

151.3 

2148 

2186 

2056 

4 2.465 

2.4443(3) 

2.4575(4) 

1.614 137.3 

136.7 

2180 

2090 

5 2.370 1.621 

1.645 

151.1 2056 

2165 

2037 

2064 

6a 2.355 1.619 

1.643 

148.6 1803 

2042 

2149 

1778 

1800 

1890 

2060 

 

H/D EXCHANGE CATALYTIC ACTIVITY 

Complex 1 is stable in the solid-state and in hydrocarbon 
or ethereal solvents solutions up to 150°C for several hours. 
Although stable, complex 1 exhibits H/D exchange reactiv-
ity. When a C6D6 solution of 1 is heated at 70°C, concomi-
tant disappearance of the 1H NMR signals and appearance 
of 2H NMR signals corresponding to the hydrides are ob-
served (Figure S7). Note that the same phenomenon also 
occurs for the neopentyl and Cp* ligands. This indicates 
that complex 1 can cleave C-D bonds of C6D6 which ulti-
mately leads to deuterium incorporation at every ligand 
positions in 1. 

Scheme 6. Catalytic H/D exchange of fluorobenzene. 

 

In light of this observation, we investigated the catalytic 
H/D scrambling between C6D6 and C6H5F (Scheme 6). Hy-
drogen Isotope Exchange (HIE) reactions are the most fun-
damental C-H functionalization processes, yet highly rele-
vant for the industry for the direct incorporation of deuter-
ium or tritium into organic substrates.73–75 Using 6 mol% of 
1, 74% conversion is reached after 24h at 110°C. Under the 
same experimental conditions, the siloxy and phenoxy de-
rivatives, 2 and 3, as well as the tetrameric complex 4 dis-
play some catalytic activity, but all these species are less 
active than 1 (Table 2, entries 2-4 and Figure S35). 

Table 2. Catalytic performances in hydrogen/deuter-
ium exchange between C6D6 and C6H5F. 

en-
try 

catalyst loading 
(mol%) 

T 
(°C) 

time  
(h) 

conver-
sion (%) 

1 1 6 110 24 74 

2 2 6 110 24 8 

3 3 6 110 24 45 

4 4 6 110 24 58 

5 1 6 70 24 2 

6 5 6 70 24 70 

7 6 6 70 3 100 

8 6 0.2 70 24 70 

9 6 0.06 70 24 63 

10 6 0.06 70 61 90 

11 [(≡SiO)2TaHx] 6 70 24 37 

12 6 6 25 3 97 

The reactions were performed in sealed glass containers using 0.077 
mmol C6H5F in 0.58 mL C6D6. Conversions were determined using 1H 
and 19F NMR spectroscopy. 

For sake of comparison, the starting monometallic pre-
cursors Ta(CHtBu)(CH2

tBu) and Cp*IrH4 were also tested 
for this reaction but were found almost inactive. Note that 
Ta(CHtBu)(CH2

tBu) does not exhibit any catalytic activity 
at temperatures varying from 25°C to 110°C whereas 
Cp*IrH4 is catalytically inactive at 70°C and further decom-
poses above 110°C to form a black deposit of Ir(0) particles 
(observed by TEM and EDX, see Figure S43) showing some 
H/D exchange activity after an induction period. Indeed, 
this deposit allows reaching a conversion of only 28% after 
24h at 110°C. Therefore, the heterobimetallic species 1 ex-
hibits enhanced activity and stability with respect to the 
corresponding monometallic precursors that we attribute 
to metal-metal synergy. The state of the art Crabtree’s irid-
ium catalyst, [(COD)Ir(PCy3)(Py)][PF6], which is one of the 
most popular catalyst for HIE reactions,73–75 was also tested 
and found catalytically inactive under these experimental 
conditions most likely due to its poor solubility in apolar 
solvents. 



 

 

Figure 8. Conversion of fluorobenzene as a function of 
reaction time using: [{(CH2

tBu)3Ta}(Cp*IrH2)] complex 1 
(●); [(≡SiO)2TaH] monometallic benchmark material (♦); 
[≡SiOTa(CH2

tBu)2{IrH2(Cp*)}] material 5 (■); 
[≡SiOTa(CH2

tBu)H{IrH2(Cp*)}] material 6 (▲). The H/D 
exchange experiments were carried out in C6D6 at 70°C 
with 6 mol% of Ta. 

The catalytic activity of the supported species 5 and 6 is 
substantially enhanced compared to that of the molecular 
analogues 1, 2, 3 or 4, and was thus scrutinized at lower 
temperature (70°C). 70% conversion is achieved after 24h 
using material 5 as catalyst, while the best homogeneous 
heterobimetallic catalyst, 1, only promotes 2% conversion 
under the same set of experimental conditions (Table 2 en-
tries 7 vs 6). This drastic increase of catalytic performances 
upon grafting on support is remarkable because it involves 
only minor structural changes in the metals first coordina-
tion spheres upon immobilization. The increase in activity 
is even more dramatic in the case of 6. Indeed, 98% con-
version is reached with 6 within 1h of reaction whereas 1 
only yields 1% conversion and 5 18% conversion after an ex-
tended reaction time of 3h (Figure 8). Silica-supported 
mononuclear zirconium and tantalum hydrides are re-
ported to promote H/D exchange reactions.76,77 We thus 
tested the monometallic silica-supported tantalum species 
[(≡SiO)Ta(CHtBu)(CH2

tBu)2]78 and [(≡SiO)2TaHx]70 as 
benchmarks for this reaction. [(≡SiO)Ta(CHtBu)(CH2

tBu)2] 
is inactive, while [(≡SiO)2TaH] has a low activity (7% con-
version after 3h at 70°C, Table 2 entry 11), much lower than 
that of the supported heterobimetallic species 5 and 6 (Fig-
ure 8). This represents a two orders of magnitude increase 
in activity when compared to (i) the homogeneous Ta/Ir 
systems as well as to (ii) the monometallic Ta supported 
systems. The unique molecular structure of the heterobi-
metallic hydride 6, which cannot be attained in solution, is 
most likely at the origin of such high reactivity. 

Finally, the productivity and robustness of the heteroge-
neous catalyst 6 was evaluated using high substrate/cata-
lyst ratio to determine the maximum accessible TON. After 

61 hours at 70°C with as little as 0.06 mol% of the sup-
ported catalyst 6 (Table 2, entry 10), a TON of 1422 and a 
TOF of 23,3 h-1 are found. At the same time, 6 is also active 
in mild conditions (25°C) affording a conversion of 97% af-
ter 3 hours (6 mol% catalyst, Table 2 entry 12). Examination 
of the site selectivity established that the C-H activation 
occurs at similar rates at the ortho, para and meta positions 
and ultimately 100% deuterium incorporation is achieved 
after 2,6h at 70°C with 6 mol% catalyst. Importantly, the 
catalytic solid 6 was analyzed by HRTEM prior and after 
catalysis, excluding the formation of metal nanoparticles 
(see Figures S41 and S42). Split tests were carried out and 
no further conversion was detected after removal of the 
catalytic material by filtration, which indicates the absence 
of active metal species in solution. To further assess the ab-
sence of metal leaching during the catalytic tests, the reac-
tion supernatants were analyzed by ICP and no traces of 
metal (<0.001 wt% Ir, <0.02 wt% Ta) were detected. This 
result confirms that the catalytic reaction occurs at the 
metal surface sites of the material, without any contribu-
tion of homogeneous pathways. 

 

Figure 9. Deuterium labelling of representative arenes. 
Percentages in parentheses correspond to the extent of 
deuterium incorporation at the designated positions. * 
reaction was carried out at 70°C. 

D2 gas can be used as a more attractive isotope source in 
place of C6D6. Exposure of a n-pentane solution of C6H5F to 
a D2 atmosphere (800 mbar) in the presence of a catalytic 
amount (1 mol %) of 6 leads to fast and extensive H/D ex-
change (92% conversion after 24h at 25°C). The substrate 
scope is not limited to fluorobenzene, and catalyst 6 is ef-
fective for H/D exchange with a variety of functionalized 
arenes (Figure 9). The catalyst is selective for sp2 hybrid-
ized C-H bonds, while no deuterium incorporation is ob-
served in sp3 C-H bonds under mild conditions (25°C to 
70°C). This site-selectivity pattern has been reported pre-
viously for several H/D exchange catalysts.38,73,79,80 Quite 
remarkably, catalyst 6 is not deactivated by primary 
amines, and promotes deuterium incorporation at the 
arene ring of benzylamine. Extensive deuteration is also 
found at the N-position with this substrate. This catalytic 
system is therefore particularly robust and versatile. These 
preliminary H/D exchange data involving D2 gas and 6 are 
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thus very promising since efficient deuterium incorpora-
tion is achieved under mild conditions, without any addi-
tives, and using a heterogenized catalyst that can be easily 
separated from the products upon filtration. The catalytic 
performances of compound 6 reported in this work rivals 
those of the best catalytic systems known to date for this 
H/D exchange reaction.38,73–75 

 

CONCLUSION 

In this contribution we reported a novel synthetic meth-
odology to access highly reactive early/late heterobimetal-
lic species, exemplified on a heterobimetallic Ta/Ir system. 
Through a surface organometallic chemistry approach, 
well-defined silica-supported low-coordinate Ta/Ir hy-
drido species were accessed and thoroughly characterized 
through a combination of techniques including advanced 
solid-state NMR studies. This approach allows access to 
unique low-coordinate species not achievable in solution 
by preventing undesired dimerization leading to the for-
mation of higher nuclearity clusters. These original sup-
ported Ta/Ir species exhibit drastically increased catalytic 
performances in H/D catalytic exchange reactions with re-
spect to (i) monometallic analogues as well as (ii) homoge-
neous systems. In particular, material 6 promotes the H/D 
exchange between fluorobenzene and C6D6 or D2 as deu-
terium sources with excellent productivity (TON up to 
1422; TOF up to 23,3 h-1) under mild conditions (25°C, sub-
atmospheric D2 pressure) without any additives. Extension 
of this methodology to an expanded set of metal/metal 
couples to demonstrate the broader applicability of this 
strategy is currently underway in our laboratory. 

 

EXPERIMENTAL SECTION 

General considerations. Unless otherwise noted, all 
reactions were performed either using standard Schlenk 
line techniques or in an MBraun inert atmosphere glove-
box under an atmosphere of purified argon (<1 ppm 
O2/H2O). Glassware and cannulæ were stored in an oven at 
∼100 °C for at least 12 h prior to use. Toluene and n-pentane 
were purified by passage through a column of activated 
alumina, dried over Na/benzophenone, vacuum-trans-
ferred to a storage flask and freeze-pump-thaw degassed 
prior to use. Deuterated solvents (THF-d8, toluene-d8 and 
C6D6) were dried over Na/benzophenone vacuum-trans-
ferred to a storage flask and freeze-pump-thaw degassed 
prior to use. Fluorobenzene was freeze-pump-thaw de-
gassed and stored over molecular sieves (4Å) prior to use. 
Cp*IrH4

45 and Ta(CHtBu)(CH2
tBu)3

44 were prepared using 
literature procedures. The SBA-15 mesoporous silica was 
synthesized81 and dehydroxylated17 at 700°C according to 
the reported procedures (see SI for details). All other rea-
gents were acquired from commercial sources and used as 
received. D2 and H2 gases were dried and deoxygenated 
over freshly regenerated R311G BASF catalyst/molecular 
sieves (4Å) prior to use. For the synthesis and treatment of 
surface species, reactions were carried out using high-vac-
uum lines (10-5 mBar) and glovebox techniques. n-pentane 

was dried and stored over NaK, freeze-pump-thaw de-
gassed and vacuum-transferred directly into the reaction 
vessel. 

IR spectroscopy. Samples were prepared in a glovebox 
(diluted in KBr for 1, 2, 3 and 5; pure for 4 and 6), sealed 
under argon in a DRIFT cell equipped with KBr windows 
and analyzed on a Nicolet 670 FT-IR spectrometer. FT-IR 
(transmission) reactions monitoring under H2 or D2 atmos-
phere were performed on pelleted solids mounted in a cell 
fitted with CaF2 windows and designed for in-situ reactions 
under controlled atmosphere with a Nicolet 6700-FT-IR 
spectrometer. 

TEM and STEM-HAADF were used to understand the 
structural and morphological characteristics of the cata-
lysts by using a MET JEOL 2100F (FEG) microscope at the 
“Centre Technologiques des Micro-structures”, CTµ Ville-
urbanne, France; equipped with an Oxford Instruments 
Energy-Dispersive Spec-troscopy (EDS) SDD detector. 

Elemental analyses were performed under inert atmos-
phere either at the School of Human Sciences, Science 
Center, London Metropolitan University or at Mikroana-
lytisches Labor Pascher, Germany.  

X-ray structural determinations. Experimental details 
regarding XRD measurements are provided in SI. CCDC 
1936789-1936792 contain the supplementary crystallo-
graphic data for this paper. These data are provided free of 
charge by the Cambridge Crystallographic Data Centre. 

NMR Spectroscopy. Solution NMR spectra were rec-
orded on Bruker AV-300, AVQ-400 and AV-500 spectrom-
eters. Chemical shifts were measured relative to residual 
solvent peaks, which were assigned relative to an external 
TMS standard set at 0.00 ppm. 1H and 13C NMR assign-
ments were confirmed by 1H−1H COSY and 1H−13C HSQC 
and HMBC experiments. The spin−lattice relaxation time 
(T1) measurements were recorded on a temperature range 
from -45°C to 25°C. The values were measured using the 
180°-τ-90° method (inversion-recovery). 14 values of τ were 
measured for each temperature, in the range of 1 ms to 4s. 
The carbon-13 solid-state NMR spectra were obtained on a 
Bruker 500 MHz wide-bore spectrometer using a double 
resonance 4-mm MAS probe, while the proton solid-state 
NMR spectra were obtained on a Bruker 700 MHz narrow-
bore spectrometer using a double resonance 2.5-mm MAS 
probe. The samples were introduced under argon in a zir-
conia rotor, which was then tightly closed. Dry nitrogen 
gas was used to spin the samples to avoid sample degrada-
tion. The 13C spectra were obtained from cross polarization 
(CP) from protons using a linear ramped CP to optimize 
the magnetization transfer efficiency. A proton radio fre-
quency (RF) field of 70 kHz in the center of the ramp was 
applied, while the RF field on carbon-13 was adjusted for 
optimal sensitivity. 

For all the proton multiple-quantum experiments, the 
spinning frequency was set to 18 kHz. The 2D proton DQ-
SQ correlation spectra were recorded according to the fol-
lowing general scheme: excitation of DQ coherences, t1 
evolution, and reconversion into observable magnetiza-



 

tion, Z-filter, and detection. DQ excitation and reconver-
sion were achieved using the POST-C7 pulse sequence.82–84 
The length of the POST-C785 excitation and reconversion 
block was set to 160 μs (corresponding to seven basic 
POST-C7 cycles). Quadrature detection in ω1 was achieved 
using the States-TPPI method.86 A recycle delay of 1.5 s was 
used. A total of 80 t1 increments of 96 μs with 384 scans 
each were recorded. The total experimental time for the 
DQ experiments was 12 h. The 2D proton TQ -SQ correla-
tion spectra were recorded according to the following gen-
eral scheme: excitation of TQ coherences, t1 evolution, re-
conversion into observable magnetization, Z-filter, and de-
tection.87–91 TQ excitation was achieved by the sequential 
application of first a 90° proton pulse followed by a DQ 
POST-C7 pulse sequence as previously described in the lit-
erature. The length of the POST-C7 excitation and recon-
version block was set to 160 μs (corresponding to seven 
basic POST-C7 cycles). Quadrature detection in ω1 was 
achieved using the States-TPPI method.86 A recycle delay 
of 1.5 s was used. A total of 128 t1 increments of 32 μs with 
288 scans each were recorded. The total experimental time 
for the TQ experiment was 15 h. 

 

Synthesis of [{Ta(CH2
tBu)3}{IrH2(Cp*)}] 1. A colorless 

pentane solution (30 mL) of Cp*IrH4 (300 mg, 0.91 mmol, 
1 eq.) was added dropwise to a dark-brown pentane solu-
tion (30 mL) of Ta(CHtBu)(CH2

tBu)3 (420 mg, 0.91 mmol, 
1 eq.). The reaction mixture turned red and was stirred at 
room temperature for 2h. Volatiles were removed under 
vacuum affording pure 1 as an orange powder (650 mg, 
0.90 mmol, 99%). Single crystals of 1 suitable for X-ray dif-
fraction were grown upon sublimation under 10-5 mbar 
vacuum. 1H NMR (400 MHz, 293K, toluene-d8) δ = 2.16 (s, 
15H, Cp*), 1.28 (s, 27H, tBu), 0.18 (s, 6H, Ta-CH2), -12.03 (s, 
2H, Ir-H). 1H NMR (300 MHz, 293K, C6D6) δ = 2.18 (s, 15H, 
Cp*), 1.32 (s, 27H, tBu), 0.23 (s, 6H, Ta-CH2), -11.97 (s, 2H, 
Ir-H), 1H NMR (300 MHz, 293K, THF-d8) δ = 2.20 (s, 15H, 
Cp*), 1.18 (s, 27H, tBu), 0.10 (s, 6H, Ta-CH2), -12.34 (s, 2H, 
Ir-H); 13C{1H} NMR (101 MHz, 293K, C6D6) δ = 122.16 (Ta-
CH2), 94.15 (C5Me5), 35.02 (C(CH3)3), 34.37 (C(CH3)3), 10.50 
(C5Me5). DRIFT (293K, cm-1) ν = 2950 (s, νC-H), 2898 (s, νC-

H), 2859 (s, νC-H), 2751 (s, νC-H), 2056 (s, νIr-H), 1457 (s), 1390 
( s), 1380 (s), 1361 (s), 1255 (s), 1229 (m), 1069 (m), 1031 (s), 
1004 (s), 980 (s), 932 (s), 915 (m), 768 (s), 779 (s), 757 (s), 
614 (s). Elemental analysis calcd (%) for C25H50IrTa: C 41.48, 
H 6.96; found: C 41.66, H 7.00. 

Synthesis of [{Ta(OSi(OtBu)3)2(CH2
tBu)}{IrH2(Cp*)}] 

2. To a toluene solution (5 mL) of complex 1 (46 mg, 
0.06 mmol, 1 eq.) was added dropwise a toluene solution 
(5 mL) of [HOSi(OtBu)3]2 (33 mg, 0.12 mmol, 2 eq.) at room 
temperature. The solution was stirred 18 hours at 70°C 
leading to a pale yellow solution. Volatiles were removed 
under vacuum affording a yellow powder. The crude prod-
uct was dissolved in the minimum amount of pentane and 
stored at -40°C for 3 days to yield yellow crystals of 2 (55 
mg, 0.05 mmol, 80%). Single crystals suitable for X-ray dif-
fraction were obtained similarly. 1H NMR (400 MHz, 293K, 
C6D6) δ = 2.33 (s, 15H, Cp*), 1.52 (s, 54H, OtBu), 1.36 (s, 9H, 
CH2

tBu), 1.13 (s, 2H, Ta-CH2), -11.64 (s, 2H, Ir-H). 13C NMR 

(101 MHz, 293K, C6D6) δ = 93.28 (C5Me5), 92.77 (Ta-CH2), 
72.91 (OC(CH3)3), 34.97 (CH2C(CH3)3), 32.99 (CH2C(CH3)3), 
31.61 (OC(CH3)3), 11.08 (C5Me5). DRIFT (293K, cm-1) ν = 2973 
(s, νC-H), 2930 (m, νC-H), 2898 (m, νC-H), 2871 (w, νC-H), 2022 
(m, νIr-H), 1472 (m), 1388 (s), 1364 (s), 1240 (s), 1191 (s), 1061 
(s), 1027 (s), 1004 (s), 934 (s), 831 (s), 805 (m), 703 (m). Ele-
mental analysis calcd (%) for C39H82O8Si2TaIr: C 42.26, H 
7.46; found: C 42.42, H 7.43. 

Synthesis of [{Ta(OAr)(CH2
tBu)2}{IrH2(Cp*)}] (OAr = 

2,6-diphenyl-phenoxy) 3. A pentane:toluene solution 
(8 mL, 7:1) of 2,6-diphenylphenol (69 mg, 0.28 mmol, 1 eq) 
was added at room temperature to a 4 mL pentane solution 
of complex 1 (200 mg, 0.28 mmol, 1 eq.) under vigorous 
stirring. The reaction mixture was stirred for 2 hours at 
room temperature yielding an orange solution. The vola-
tiles were removed in vacuo to yield 3 as an orange powder 
(238 mg, 0.27 mmol, 96 %). Single crystals suitable for X-
Ray diffraction were grown from a saturated solution of 3 
in the minimum amount of pentane stored at -40°C for 5 
days. 1H NMR (400 MHz, 293K, C6D6) δ = 7.73 (dd, 
3JHH = 7.7 Hz, 4JHH = 1.4 Hz, 4H, HAr), 7.33 (m, 3JHH = 7.7 Hz, 
4H, HAr), 7.23 (d, 3JHH = 7.8 Hz, 2H, HAr), 7.18 (tt, 
3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 2H, HAr), 6.94 (t, 3JHH = 7.7 Hz, 
1H, HAr), 2.04, (s, 15H, Cp*), 1.05 (s, 18H, tBu), 0.08 (d, 
2JHH = 14.4 Hz, 2H, Ta-CH2), -0.11 (d, 2JHH = 14.4 Hz, 2H, Ta-
CH2), -11.33 (s, 2H, Ir-H). 13C NMR (101 MHz, 293K, C6D6 ) 
δ = 156.35 (CAr), 139.74 (CAr), 133.33 (CAr), 130.83(CAr), 130.76 
(CAr), 128.89 (CAr), 127.67 (CAr), 122.66 (CAr), 111.96 (Ta-CH2), 
94.18 (C5Me5), 34.91 (C(CH3)3), 33.58 (C(CH3)3), 10.81 
(C5Me5). DRIFT (293K, cm-1) 3053 (m, νC-H), 3022 (m, νC-H), 
2951 (s, νC-H), 2892 (s, νC-H), 2854 (s, νC-H), 2762 (m, νC-H), 
2094 (s, νIr-H), 2054 (s, νIr-H), 1453.2 (s), 1415.2 (s), 1381.8 (m), 
1359.1 (m), 1246.4 (s), 1083.2 (m), 1029.0 (m), 918.0 (s), 803.5 
(w), 758.9 (s), 715.1 (m), 702.6 (m), 612.2 (w). Elemental 
analysis calcd (%) for C38H52OIrTa: C 50.66, H 5.85; found: 
C 50.83, H 5.84. 

Synthesis of [{Ta(CH2
tBu)2}(Cp*IrH)]2 4. Complex 1 

(150 mg, 0.21 mmol, 1 eq.) was introduced in a 150 mL 
Schlenk flask and 6 mL of toluene were added at room 
temperature leading to a bright red solution. The solution 
was frozen in liquid nitrogen and vacuum was applied to 
the flask (10-5 mBar). A H2 atmosphere (750 mBar, 22 eq.) 
was then introduced at room temperature. The mixture 
was then heated at 80°C for 18 hours. The color turned 
from red to dark brown. The volatiles were removed under 
vacuum affording a dark yellow powder. Recrystallization 
from a pentane/toluene (3/1) saturated solution at -40°C 
yielded 4 as yellow crystals (45 mg, 0.04 mmol, 35%). Sin-
gle crystals suitable for X-ray diffraction were grown simi-
larly. 1H NMR (400 MHz, 293K, C6D6) δ = 2.16 (s, 30H, Cp*), 
1.49 (s, 36H, tBu), 0.66 (d, 2JHH =13Hz, 4H, Ta-CH2), -0.68 
(d, 2JHH =13Hz, 4H, Ta-CH2), -10.63 (s, 2H, Ir-H). 13C NMR 
(101 MHz, 293K, C6D6) δ = 123.22 (Ta-CH2), 97.38 (C5Me5), 
35.89 (C(CH3)3), 34.88 (C(CH3)3), 10.51 (C5Me5). DRIFT 
(293K, cm-1) 2948 (s, νC-H), 2901 (s, νC-H), 2858 (s, νC-H), 2747 
(m, νC-H), 2689 (w, νC-H), 2090 (s, νIr-H), 1460 (s), 1381 (s), 1357 
(4), 1233 (s), 1079 (w), 1028 (m), 982.7 (w), 936 (m), 754 (m). 
Elemental analysis calcd (%) for C40H76Ir2Ta2: C 36.86, H 
5.88; found: C 37.21, H 5.85. 



 

Preparation of [≡SiOTa(CH2
tBu)2{IrH2(Cp*)}] 5. SBA-

15700 (734 mg dehydroxylated at 700°C under 10-5 mBar vac-
uum for 10 hours, 0.58 mmol of OH, 1.0 eq.) is charged in 
one compartment of a two-sided Schlenk reaction vessel 
equipped with a sintered glass filter and complex 1 
(492 mg, 0.68 mmol, 1.2 eq.) is placed in the other com-
partment. The double-Schlenk vessel is then evacuated (10-

5 mBar) and dry pentane (15 mL) is added to 1 via vacuum 
distillation. The red solution of complex 1 is transferred 
through the frit to the SBA-15700 powder and stirred at 
room temperature for 2 h upon which time the material 
turns pale yellow. After the reaction the pale red superna-
tant is filtered away from the solid. The solid is washed 
with fresh pentane and the supernatant is removed again. 
This procedure is repeated 6 times to ensure removal of 
any unreacted 1. The volatile components are then con-
densed in a 6.7 liters round bottom flask, propane (2.9 
mmol) is introduced as internal standard and the neopen-
tane evolved during the grafting is quantified by G.C. (0.58 
mmol, 1.0 eq). The resulting pale yellow powder is dried 
under vacuum (10-5 mBar) for 2 hours at room temperature 
to yield 1.1 g of compound 5. 1H MAS SSNMR (500 MHz, 
293 K) δ = 2.2 (Cp*), 0.9 (CH2

tBu), -11.5 (Ir-H). 13C CPMAS 
SSNMR (126 MHz, 293 K) δ = 107.5 (C5Me5), 93.9 (Ta-CH2), 
33.5 (tBu), 9.1 (C5Me5). DRIFT (293K, cm-1) ν = 2954 (s, νC-H), 
2905 (s, νC-H), 2866 (s, νC-H), 2769 (w, νC-H), 2064 (s, νIr-H), 
2037 (s, νIr-H). Elemental analysis calcd (%) for 5: C 12.60, H 
2.07, Ir 10.13, Ta 9.54; found: C 12.49, H 2.01, Ir 10.2, Ta 9.27. 

Preparation of [≡SiOTa(CH2
tBu)H{IrH2(Cp*)}] 6. 

Compound 5 (195 mg, 0.1 mmol of Ta) was placed in a 
480 mL Schlenk flask and the argon atmosphere was re-
placed by a hydrogen atmosphere (950 mBar, 180 eq./Ta) 
at room temperature. The reactor was heated at 105°C for 
10 hours and the solid material turned from pale yellow to 
brown. The gas phase was sampled to quantify by GC anal-
ysis the evolution of neopentane resulting from the hydro-
genolysis of neopentyl ligands (0.9 Np/Ta). Compound 6 is 
obtained as a brown powder (141 mg). 1H MAS SSNMR (500 
MHz, 293K) δ = 2.2 (Cp*), 0.9 (CH2

tBu), -10.0 to -15.0 (br, 
Ir-H). 13C CPMAS SSNMR (126 MHz, 293K) δ = 106.9 
(C5Me5), 93.9 (Ta-CH2), 33.3 (tBu), 8.9 (C5Me5). DRIFT 
(293K, cm-1) ν = 2955 (s, νC-H), 2909 (s, νC-H), 2866 (s, νC-H), 
2060 (br, νIr-H), 1890 (s), 1800 (s, νTa-H), 1778 (s, νTa-H). Ele-
mental analysis calcd (%) for 6: C 9.78, H 1.59, Ir 10.43, Ta 
9.80; found: C 8.51, H 1.25, Ir 10.70, Ta 9.78. 

Treatment of 6 under D2. In an argon glovebox, mate-
rial 6 (10 mg) was pelleted and the pellet was mounted in a 
cell (300 mL) equipped with CaF2 windows and designed 
for in-situ reactions monitoring under controlled atmos-
phere. Vacuum (10-5 mBar) was applied to the vessel and D2 
(700 mBar) was then introduced into the cell at room tem-
perature. A FT-IR (transmission) spectrum was recorded 
after 10 min at 25 °C. The spectrum showed a disappear-
ance of the νTa-H bands around 1800 cm-1. The D2 atmos-
phere was then evacuated (10-5 mBar) and replaced with a 
H2 atmosphere (700 mBar). After 10 min at 25°C reappear-
ance of the νTa-H stretches around 1800 cm-1 was observed 
in the FT-IR spectrum (Figure S27). 

General procedure for catalytic hydrogen-deuter-
ium exchange reaction. 

(a) Using C6D6 as deuterium source: In a typical ex-
periment, complex 6 (3.3 mg, 0.005 mmol of Ta) was 
charged in a J. Young NMR tube and dissolved (or sus-
pended for supported catalyst) in a stock solution com-
posed of fluorobenzene (7.4 mg, 0.077 mmol), hexame-
thyldisiloxane (5.8 mg, 0.036 mmol) as internal standard 
and C6D6 (0.58 mL). The reaction was then heated at 70°C 
inside a NMR spectrometer and periodically monitored by 
1H NMR and 19F NMR spectroscopy. 

(b) Using D2 as deuterium source: In a typical ex-
periment, compound 6 (5.5 mg, 0.003 mmol of Ta) was 
charged in a 25 mL J. Young sealed glass vessel equipped 
with a magnetic stir bar and suspended in a stock solution 
of fluorobenzene (35.8 mg, 0.373 mmol) in n-octane 
(0.30 mL). The vessel was transferred outside of the Ar at-
mosphere glovebox and connected to a high-vacuum line. 
The suspension was frozen in liquid nitrogen and the Ar 
atmosphere was removed under dynamic vacuum. 800 
mBar of D2 were then introduced to the vessel and the so-
lution was then thawed and stirred at 25°C for 24 hours. 
After the desired time reaction, the glass vessel was opened 
to air. The catalyst was removed by filtration through a 
glass microfiber filter. The filtrate was analyzed using 
quantitative 1H NMR, 2H NMR and 19F NMR spectroscopy 
in CD2Cl2 (0.3 mL). 

Split Test: Compound 6 (9.8 mg, 0.005 mmol Ta) was 
charged in a J. Young NMR tube and suspended in a stock 
solution of fluorobenzene (8.2 mg, 0.085 mmol) and hexa-
methyldisiloxane (6.4 mg, 0.039 mmol) as internal stand-
ard in C6D6 (0.58 mL). The solution was heated in a 70 ± 
2°C silicone oil bath and periodically monitored by 1H NMR 
and 19F NMR spectroscopy. After 5 hours reaction (30% 
conversion) the NMR tube was transferred to the Ar at-
mosphere glovebox. The supported catalyst was removed 
by filtration through a dry glass microfiber filter and the 
filtrate was transferred into another J. Young NMR tube 
which was again heated in a 70 ± 2°C silicone oil bath and 
periodically monitored by 1H NMR and 19F NMR spectros-
copy. No further conversion (30%) of fluorobenzene was 
observed after 48 hours. Analysis of this liquid filtrate by 
ICP showed the absence of Ta and Ir metals in solution. No 
metal nanoparticles were detected upon analysis of the 
spent solid catalyst by TEM. 

Computational Details. Complexes 1 and 4 were opti-
mized at the PBE092/def2-TZVP93 level of density func-
tional theory (DFT) using the Gaussian 09 software pack-
age.94 Quasi-relativistic Stuttgart-Dresden pseudopoten-
tials were used for Ta and Ir.95 Additional benchmarking 
was performed with the following functionals: BP86, 
B3LYP, PBE, TPSS, TPSSh, M11 and M11L as well as basis sets 
cc-pVTZ and def2-TZVPP, along with LANL2DZ pseudopo-
tentials on Ta and Ir (Table S2 in the Supporting Infor-
mation). Solvent effects of benzene were taken into ac-
count using the SMD implicit-solvation model.96 Fre-
quency calculations on optimized geometries ensured that 
structures were minima (zero imaginary frequency) on the 
potential energy surface. 



 

Complete active space self-consistent field (CASSCF)97 
method was used to analyze the nature of the metal–metal 
bond employing the MOLCAS 8.1 package98 at the 
DFT/PBE0/def2-TZVP optimized geometry of complex 1. 
Relativistic all electron ANO-RCC basis sets of triple-zeta 
quality (VTZP) were used for all atoms with the following 
contractions: 8s7p5d3f2g1h for Ta and Ir, 4s3p2d1f for C and 
3s2p1d for H.99,100 Scalar relativistic effects were included 
using the Douglas-Kroll-Hess Hamiltonian.101 The com-
plete active space contains ten electrons in ten active or-

bitals (10/10), comprising the  and  Ta-Ir bonding orbit-
als and the corresponding antibonding orbitals, as well as 

the  Ir-H bonding and antibonding orbitals. The compu-
tational costs arising from the two-electron integrals were 
drastically reduced by employing the Cholesky decompo-
sition (CD) technique102–104 combined with the Local Ex-
change (LK) screening.105 

Periodic DFT calculations using the Vienna Ab-initio 
Simulation Package (VASP)106,107 were performed to further 
assess the structures of 5 and 6. A plane-wave basis set with 
an energy cutoff of 400 eV was employed, along with the 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional.108 The long-range weak dispersion interactions 
were taken into ac-count using the semi-empirical vdW 
method of Grimme DFT-D3.109 The electron-ion interac-
tions were described by the projector augmented wave 
(PAW) method110 in the implementation of Kresse and 
Joubert.111 The atomic positions were optimized until the 
forces on all atoms were smaller than 0.02 eV Å-1 and the 

SCF convergence criteria is below 110-5 eV. The Brillouin 
zone integration was sampled at the Г-point, which is suf-
ficient considering the size of the unit cells and the insu-
lating nature of SiO2. The structure of hydroxylated silica 
with low coverage of OH groups (1.75 nm-2) was taken from 
the literature.112 A sufficiently large empty space between 
the two surfaces of the slab was chosen in the c-direction 
(c = 15 Å) to avoid periodic artefacts resulting from inter-
actions between the top and bottom surfaces. The vibra-
tional frequencies were obtained within the harmonic ap-
proximation using the central finite difference method 
with 0.015 Å displacements in each Cartesian direction. 
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