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Heterogeneous Catalysis

Highly Selective and Efficient Perdeuteration of n-Pentane via H/D
Exchange Catalyzed by a Silica-Supported Hafnium-Iridium
Bimetallic Complex

Andrey V. Pichugov, Léon Escomel, Sébastien Lassalle, Julien Petit, Ribal Jabbour,
David Gajan, Laurent Veyre, Emiliano Fonda, Anne Lesage, Chloé Thieuleux, and
Clément Camp*

Abstract: A Surface OrganoMetallic Chemistry (SOMC)
approach is used to prepare a novel hafnium-iridium
catalyst immobilized on silica, HfIr/SiO2, featuring well-
defined [�SiOHf(CH2

tBu)2(μ-H)3IrCp*] surface sites.
Unlike the monometallic analogous materials Hf/SiO2
and Ir/SiO2, which promote n-pentane deuterogenolysis
through C� C bond scission, we demonstrate that under
the same experimental conditions (1 bar D2, 250 °C, 3 h,
0.5 mol%), the heterobimetallic catalyst HfIr/SiO2 is
highly efficient and selective for the perdeuteration of
alkanes with D2, exemplified on n-pentane, without
substantial deuterogenolysis (<2% at 95% conversion).
Furthermore this HfIr/SiO2 catalyst is robust and can be
re-used several times without evidence of decomposi-
tion. This represents substantial advance in catalytic H/
D isotope exchange (HIE) reactions of C(sp3)� H bonds.

Introduction

Catalytic hydrogen isotope exchange (HIE) reactions are
highly relevant to the industry for the late-stage incorpo-
ration of 2H or 3H into organic substrates.[1,2] This allows,
among other things, the preparation of bioanalytical stand-
ards used for the understanding of toxicity and pharmacoki-
netic properties which are critical for most pharmaceutical
and agrochemical companies.[3–6] HIE of C(sp3)� H bonds is
also relevant for the decontamination of tritium-containing
radioactive waste oils from nuclear facilities,[7–11] or for the
deuteration of organic materials,[12–14] for instance to increase
the performances of OLEDs.[15–19] Besides, perdeuterated
alkanes are useful as solvents and probes for NMR
studies,[20] as analytical standards for improved GC/MS data
analysis,[21] and have received attention to prevent counter-
feiting, for example to identify illegal fuels.[22] Several
homogeneous catalysts have been developed for H/D
exchange reactions of C(sp2)� H bonds,[1,2,23–27] with great
success. However, the successful activation and labelling of
C(sp3)� H is much less established.[2,27] Furthermore, many of
these molecular catalysts suffer from one or more severe
limitations such as (i) the use of sophisticated ligands, (ii)
the need to have orienting functional groups on the
substrate, (iii) the use of hydrogen isotope sources less
relevant than xH2 (x=2,3), (iv) thermal deactivation or (v)
poor solvent compatibility (frequent use of chlorinated
solvents that are poorly adapted for industrial applications).
Heterogenized catalysts can overcome these issues and are
thus valuable to improve HIE technologies, but to date
homogeneous HIE catalysts development largely dominates
the field.[2,27,28] Most known heterogeneous HIE catalysts
contain poorly-defined active sites (typically noble metals on
carbon),[28–35] so it is difficult to draw reliable structure–
activity relationships for rational catalyst improvement.
Perdeuteration of unactivated C� H bonds in alkanes thus
remains a challenging goal: the development of effective
technologies working in neat condition, scalable and com-
patible with continuous flow processes are therefore desir-
able.

The deuterium sources typically used for alkanes HIE
are C6D6,

[36] or iPrOD and D2O under hydrothermal
conditions.[11,30,37–39] Using gaseous D2 or T2 would be
preferred due to their higher isotopic purity, but also for
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atom economy reasons (C6D6 or D2O are prepared from D2)
and the possibility to use a larger range of metal hydride
catalysts, which are often not stable in the presence of water.
Additionally, T2 has a much lower radiotoxicity and higher
stability than T2O, which decomposes by autoradiolysis.[1,40]

The major roadblock preventing the use of 2H2 for alkane
deuteration is the hydrogenolysis side-reaction, which ema-
nates from C� C bond scission and results in a distribution of
smaller alkanes. Alkane hydrogenolysis is commonplace and
well documented for a range of early metal single sites[41–52]

as well as late transition metal heterogeneous catalysts.[53–69]

Competition between HIE and hydrogenolysis processes is
far less scrutinized so far,[70] and selective catalysts able to
label alkanes using D2 or T2 without promoting hydro-
genolysis are lacking to our knowledge.

In continuation of our work on heterobimetallic
catalysts,[71–76] we report a surface organometallic chemistry
(SOMC) approach[77] to prepare a novel, well-defined,
hafnium-iridium catalyst immobilized on silica. While SiO2

supported monometallic hafnium and iridium catalysts
promote n-pentane deuterogenolysis, under the same exper-
imental conditions, the hafnium-iridium analogue is highly
efficient and selective for the perdeuteration of alkanes with
D2, exemplified on n-pentane, without substantial deuter-
ogenolysis.

Results and Discussion

Our group recently reported the preparation of an original
hafnium-iridium polyalkyl polyhydride complex, noted 1
(Scheme 1).[78] We first considered the immobilization of 1
onto a SBA-15 silica support dehydroxylated at 700 °C
(SBA-15700), featuring a low density of surface hydroxyl

groups (ca. 0.5 �Si� OH groups per nm2), required for
ensuring sites-isolation (route A in Scheme 1).[75,77] Upon
treatment of SBA-15700 with a pentane solution of 1 at r.t.,
the characteristic sharp IR band at 3748 cm� 1 (Figure S8),
corresponding to isolated surface silanols ν(OH), disappears
while new signals attributed to metal-hydride stretches[73,79,80]

at 1976 cm� 1 and to ν(CH) stretches of the neopentyl and
Cp* ligands at 2780–2990 cm� 1 appear (Figure 1). 1 equiv. of
neopentane is evolved per grafted Hf, as quantified by GC.
These analyses are consistent with the covalent grafting of
complex 1 onto silica via protonolysis of one Hf� Np group
by a surface silanol, yielding a monopodal surface species,
[�SiOHf(CH2

tBu)2(μ-H)3IrCp*], 2-s. The elemental analysis
for HfIr/SiO2_A (Expected: weight %C 11.57, %H 1.89, %
Hf 8.60, %Ir 9.26 Found: %C 11.28, %H 1.88, %Hf 8.84, %
Ir 9.60) is in excellent agreement with the proposed formula
for 2-s, and corresponds to 0.5 organometallic sites per nm2

of silica, as expected.[75]

The reaction of 1 with 1 equiv. of tris(tert-butoxy)silanol
was also investigated to provide a structural model of the
silica-supported organometallic species 2-s.[73,75,81,82] The pro-
tonolysis reactivity of 1 is well-behaved and yields the
mono-substituted complex [Hf{OSi(OtBu)3}(CH2

tBu)2(μ-
H)3IrCp*], 2 as the sole reaction product detected upon 1H
NMR reaction monitoring. Complex 2 was fully character-
ized by elemental analysis, X-ray crystallography (structure
displayed on Figure 2), NMR (Figures S1 to S3) and IR
spectroscopies (Figure S7). The spectroscopic and structural
features of 2 are for most part unaffected by the substitution
of one neopentyl ligand by one siloxide and match the
spectroscopic data for the surface species 2-s. In particular,
the Hf� Ir distance in 2 (2.6981(8) Å) is similar to that in 1
(2.6773(4) Å),[78] and the metal-hydride stretching signal in
the DRIFT spectrum for 2 (1987 cm� 1) is in the same range
as that for 1 and 2-s (1982 cm� 1 and 1975 cm� 1, respectively).

From these experiments we conclude that (i) the
reactivity of 1 towards Si� OH groups is selective and leads
to monopodal Hf-siloxy species; (ii) the coordination sphere
and geometry of the two metal centers is for most part
unaffected by this ligand substitution.

Two-dimensional (2D) proton double- (DQ) and triple-
quantum (TQ) NMR experiments were applied to confirm

Scheme 1. Preparation of the silica-supported monometallic and heter-
obimetallic catalysts.

Figure 1. Diffuse reflection infrared Fourier transform spectra of
material HfIr/SiO2 prepared via route A (red line) and route B (blue
line).
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the tris-hydride nature of the surface species 2-s in HfIr/
SiO2_A. This spectroscopic method has been previously
applied in our group to successfully distinguish monohy-
dride, bishydride and trishydride surface species.[73,75] Here,
well-defined autocorrelations are observed for the hydride
resonance in both the DQ and TQ correlation spectra
(Figure 3 and S6). In particular, the correlation along the
ω1 =3ω2 line is a clear indication for the presence of a set of
three dipolar-coupled protons. The TQ-SQ correlation
spectrum shows also the expected autocorrelations for the
CH3 groups of the Cp* and tBu moieties, as well as the
expected off-diagonal correlation with the hydrides in agree-
ment with the proposed structure for 2-s.

Extended X-ray absorption fine structure (EXAFS)
experiments at the Hf LIII edge of HfIr/SiO2_A were

performed to confirm the local structure of the surface
species. The best fit (Table S2, reduced χ2 =1.5) gives a first
shell of one oxygen atom at 1.94(1) Å, one iridium atom at
2.68(1) Å and two carbons at 2.10(1) and 2.24(1) Å. All
these distances are in excellent agreement with the metrical
parameters determined by X-ray crystallography on the
molecular model 2 (Figure 2).

The monometallic monopodal silica surface organo-
metallic complex [�SiOHf(CH2

tBu)3] was obtained upon
grafting Hf(CH2

tBu)4 onto SBA-15700 at room temperature
(Scheme 1), as reported previously.[84] The resulting materi-
al, Hf/SiO2, was then treated with a pentane solution of
Cp*IrH4 at room temperature, using a Hf : Ir stoichiometric
ratio of 1 :1, yielding a white material, noted HfIr/SiO2_B.
0.9 equiv. of neopentane is released per surface Hf atom, as
titrated by gas chromatography. This analysis is consistent
with the protonolysis reaction of one neopentyl group from
the hafnium surface species, [�SiOHf(CH2

tBu)3], with
Cp*IrH4, yielding complex 2-s. This is further supported by
the IR spectroscopy analysis of HfIr/SiO2_B which is
identical to that of HfIr/SiO2_A (Figure 1). The 1H and 13C
solid-state NMR spectra of HfIr/SiO2_A and HfIr/SiO2_B
are identical and exhibit the expected signals for the Cp*,
Np and hydride ligands (Figure S4), in agreement with the
proposed structure. The similarity of the IR and NMR
signatures of HfIr/SiO2_A and HfIr/SiO2_B indicates that
the same surface species, 2-s, is obtained using both routes
(A and B), suggesting the equivalence of these synthetic
approaches. This contrasts with our previous work with a
tantalum/iridium system, where strong disparities between
both routes were noticed due to the formation of trinuclear
species in route B,[73] as a result of polyaddition of Cp*IrH4

which seems precluded in the case of hafnium. Note that
neither 1 nor 2 further react with Cp*IrH4, which also
explains why the dinuclear species 2-s is selectively formed
in the present case. For sake of comparison, we also
prepared a monometallic Ir/SiO2 benchmark, through phys-
isorption of Cp*IrH4 at the surface of SBA-15700, as
described previously[72] (Scheme 1).

We then proceeded to evaluation of the catalytic
potential of this new heterobimetallic species towards C-
(sp3)� H/D exchange. The test reaction between n-C5H12

(40 mbar, 1 mmol, 1 equiv.) and D2 (1000 mbar, 25 mmol,
25 equiv.) at 0.5 mol% of catalyst loading (with respect to
C5H12) was used to compare the performances of HfIr/SiO2_
A with aforementioned monometallic analogs Hf/SiO2 and
Ir/SiO2.

In the first series of experiments, the reactor containing
the catalyst portion (as powder) and both reagents in the gas
phase was heated to 250 °C. Under these experimental
conditions, two types of transformations can occur concom-
itantly: i) hydrogen/deuterium exchange of n-pentane pro-
ducing deuteropentanes - named Dx� C5 thereafter and ii)
C� C deuterogenolysis of n-pentane and/or deuteropentanes
forming mixture of lighter deuterated alkanes, named C1� C4

thereafter (see Scheme 2). To get insights into the selectivity
of the process, we quantified the contribution of reactions
(i) and (ii) upon regularly monitoring the gas phase by GC-
MS and GC-FID.

Figure 2. Solid-state molecular structure of 2 (30% probability
ellipsoids).[83] Hydrogen atoms have been omitted for clarity. Selected
bond lengths (Å) and angles (°): Hf1� Ir1 2.6981(8), Hf1� O1 1.916(7),
Hf1� C1 2.20(1), Hf1� C2 2.21(1), Ir1� Cp*centroid 1.843(5),
Hf1� Ir1� Cp*centroid 179.2(3), Si1� O1� Hf1 156.1(5).

Figure 3. Proton SQ-TQ NMR spectrum of 2-s. 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 autocorrela-
tion peak at around (� 11.5 ppm, � 34.5 ppm) is clearly observed.
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The obtained kinetic data are summarized in Figure 4.
The first striking observation is the high HIE activity of the
heterobimetallic catalyst HfIr/SiO2_A: the proportion of
Dx� C5 quickly increases until reaching a value higher than
90% after 3h while C5H12 is rapidly consumed (Figure 4a).
Importantly, almost no deuterogenolysis activity is noticed:
less than 2% of lighter alkanes (from C1 to C4) is observed
in the reaction medium after 3 hours of reaction. Therefore,
HfIr/SiO2_A features a very high selectivity (>99%) for the
H/D exchange of pentane at high conversion of pentane
(95%, see Figure S15). Note that material HfIr/SiO2_B
exhibits the same catalytic performance as HfIr/SiO2_A in
these conditions (Figure S13), confirming that both materials
contain the same surface sites, as suggested by the spectro-
scopic characterizations.

In contrast, the monometallic catalyst Hf/SiO2 exhibits a
moderate pentane HIE activity: the Dx� C5 amount increases
very progressively (40% after 3 hours of reaction, see
Figure 4b). Moreover, an important C� C deuterogenolysis
activity is noticed at the beginning of the reaction (about
40% of lighter alkanes is present in the reaction mixture
after 60 minutes). This deuterogenolysis activity then gradu-
ally drops with time suggesting the rapid deactivation of the
catalyst under these experimental conditions. Note that the
incorporation of hafnium in the silica matrix, via the
formation of inert [(�SiO)4Hf], [(�SiO)2SiH2] and
[(�SiO)3SiH] surface sites, was previously reported.[85] Sim-
ilarly, catalyst Ir/SiO2 displays poor activity and selectivity
towards HIE of n-pentane at 250 °C (Figure 4c). The
proportion of deuteropentanes (Dx� C5) slowly increases up
to 50% within 4 hours and quickly falls after due to
prevailing deuterogenolysis process and complete trans-
formation of all C5 components into shorter alkanes.
Analysis of the deuterium incorporation in pentane (%DI)
in the course of reaction confirms the high HIE activity of
HfIr/SiO2_A system (the maximum equilibrium value, %
DIeq�80%, is quickly reached within 60 minutes) in
comparison with both monometallic precursors (Figure 4d).

STEM analysis of the spent catalysts revealed the
presence of small Ir Nps with a mean size of 1.8�0.3 nm at
the surface of the SBA-15700 support for catalyst Ir/SiO2
(Figure 5a). The gradual formation of these Nps in presence
of D2 is likely responsible for the observed inductive
increase in deuterogenolysis rate. In contrast, no particles
with a mean diameter exceeding 1 nm were discernible on
the images of the spent HfIr/SiO2 catalyst after reaction at
250 °C (Figure 5b), although the surface roughness observed
in the images may imply the generation of small clusters.
Importantly, the heterobimetallic catalyst HfIr/SiO2 showed
some robustness since three catalytic runs were performed
consecutively with identical activity and selectivity (for each
cycle the gas phase was evacuated, fresh portions of n-
pentane and D2 were loaded into the reactor, then the
reaction was run under the same experimental conditions—
see Figure S10). Therefore, whatever the exact nature of the
active sites in HfIr/SiO2, we can confidently conclude that
these are not nanoparticles and are rather robust in these
experimental conditions.

Scheme 2. Two possible pathways in the reaction of n-pentane with D2

in the presence of the catalysts (0.5 mol%) upon heating: i) H/D
exchange of n-pentane yielding deuteropentanes. ii) C� C deuterogenol-
ysis of n-C5H12 and/or deuteropentanes producing lighter
(deutero)alkanes (from C1 to C4).

Figure 4. Catalytic performance of HfIr/SiO2_A (a), Hf/SiO2 (b) and Ir/
SiO2 (c) in deuterogenolysis and HIE of n-pentane (C5H12) at 250 °C,
giving lighter (deutero)alkanes (C1� C4) and deuteropentanes (Dx� C5),
respectively. (d) Evolution of deuterium incorporation in n-pentane (%
DI) during the reaction.

Figure 5. STEM-HAADF micrographs of spent catalysts after reaction at
250 °C: Ir/SiO2 (a), HfIr/SiO2 (b).
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Remarkably, upon initial pretreatment of catalyst HfIr/
SiO2_A at 500 °C in a D2 atmosphere (1 bar, 15 hours),
subsequent utilization in catalysis at 250 °C under the same
experimental conditions results in a reversed activity
pattern. This reversed pattern mirrors that observed for Ir/
SiO2, with significant deutrogenolysis, as illustrated in Fig-
ure 6. Analysis of the spent heterobimetallic catalyst by
STEM shows the clear formation of nanoparticles. This
implies that the heterobimetallic catalyst is unstable at
500 °C, and that the presence of Nps seems to play a key
role in promoting C� C bond cleavage.

A catalytic test was also conducted using molecular
complex 1 as a benchmark. The complex was dissolved in
pentane, added to the reactor, and the solvent was

evaporated. The gas phase (pentane+D2) was then intro-
duced, and the reactor was heated to 250°C. This resulted in
a noticeable change in the catalyst’s appearance, from a
white solid powder to a black oily substance. The catalytic
results showed a significant deuterogenolysis activity (Fig-
ure S16), likely due to the degradation of the complex into
metal nanoparticles.

In order to try to prevent both deuterogenolysis and
catalyst decomposition, the catalytic activity of all materials
was then studied at lower temperature (125 °C). Under these
conditions, the monometallic Ir/SiO2 catalyst turned out to
be inactive (Figure 7c). Such decrease in temperature
allowed improving significantly the performance of Hf/SiO2,
which features a faster deuterium incorporation rate than
that for HfIr/SiO2 at 125 °C (Figure 7d). However, the
monometallic catalyst, Hf/SiO2, is still poorly selective under
these conditions: >50% deuterogenolysis occurred when
maximum deuteration of pentane is reached after 6 h (Fig-
ure 7b). Although slower, the heterobimetallic catalyst HfIr/
SiO2 can, in contrast, reach equilibrium (ca. 80% DI) after
24 hours at 125 °C with 100% selectivity (no deuterogenol-
ysis, see Figure 7a).

It is important to note that the examination of the spent
catalysts through STEM reveals distinct formation of
inactive Ir nanoparticles at 125 °C for Ir/SiO2 (Figure 8a). In
contrast, STEM images recorded for the spent HfIr/SiO2
catalyst (Figure 8b) clearly indicate the absence of such
nanoparticles, in favor of molecular active sites. Post-
catalysis DRIFTS experiments recorded on the spent HfIr/
SiO2 catalyst (Figure S9) clearly show a decrease in intensity
of ν(Csp3� H) bands and the unequivocal emergence of new
ν(Csp3� D), aligning with expectations regarding the deutera-
tion of alkyl ligands within the surface species. Furthermore,
the characteristic ν(Ir� H) vibration displays a decrease in
intensity, indicative of deuteration of the bridging hydrides
in the surface species, without significant alterations in shape
or energy. These observations suggest that the structural
integrity of the active species remains intact during catalysis.
While the appearance of ν(Ir� D) vibrations is anticipated,
unfortunately, their detection experimentally is impeded by
overlap with the strong signal contribution from the ν(Si� O)
bands originating from the silica support.

In these systems, pentane deuteration most likely occurs
through sigma-bond metathesis[86,87] (Scheme S1-a) and/or
heterolytic C� H bond activation across the two metals[74,76]

Figure 6. Left: catalytic performance of HfIr/SiO2_A which was pre-
treated at 500 °C, in deuterogenolysis and HIE of n-pentane (C5H12) at
250 °C. Right: STEM-HAADF micrograph of HfIr/SiO2_A after treatment
with D2 (500 °C, 15 hours) confirming formation of small Nps.

Figure 7. Catalytic performance of HfIr/SiO2_A (a), Hf/SiO2 (b) and Ir/
SiO2 (c) in deuterogenolysis and HIE of n-pentane (C5H12) at 125 °C,
giving lighter (deutero)alkanes (C1� C4) and deuteropentanes (Dx� C5),
respectively. (d) Evolution of deuterium incorporation in n-pentane (%
DI) during the reaction.

Figure 8. STEM-HAADF micrographs of spent catalysts after 125 °C: Ir/
SiO2 (a), HfIr/SiO2 (b).
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(Scheme S1-b). Cleavage of carbon–carbon bonds in the
skeleton of alkanes by d0 group IV metal catalysts is known
to occur through β-alkyl transfer (Scheme S2-a).[88,89] This
elementary step is favored in environments with highly
electron-deficient group IV metal sites, marked by low
electron counts and minimal steric hindrance. Within the
HfIr system described here, the presence of the iridium
center and the bridging hydrides may mitigate the electron
deficiency of the Hf(IV) sites, consequently diminishing the
likelihood of this pathway. Alkane hydrogenolysis activity
and selectivity is also known to be sensitive on the structure
and nanoparticle size of Ir catalysts.[90–92] Indeed, studies
have shown that as particle size decreases below an optimal
diameter (ca. 1.4 nm), alkane hydrogenolysis activity can
decrease significantly.[90] Such structure sensitivity suggests
that the cleavage of C� C bond in alkanes proceeds through
intermediates bound to the surface via multiple metal atoms
on clusters or nanoparticles (Scheme S2-b).[93] While the
minimum ensemble size required for alkane hydrogenolysis
remains uncertain, smaller Ir4 clusters have been found to
exhibit lower hydrogenolysis activity compared to larger Ir
aggregates, as observed in propane hydrogenolysis.[94] Our
findings are consistent with these earlier observations,
indicating that Ir nanoparticles promote deuterogenolysis,
while the well-defined dual-atom molecular species 2-s does
not.

Conclusion

In summary, a SOMC approach was used to prepare a well-
defined heterobimetallic catalyst, HfIr/SiO2, which is highly
efficient for the perdeuteration of alkanes, illustrated here
on n-pentane. Importantly, this HfIr/SiO2 catalyst shows
improved stability and selectivity in thermal conditions
compared to monometallic analogues Hf/SiO2 and Ir/SiO2.
This represents substantial advance in catalytic H/D isotope
exchange reactions of C(sp3)� H bonds.
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