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An iridium pincer complex {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4) is
immobilized in a propyl bromide-functionalized microporous
polymer network using the concepts of surface organometallic
chemistry. The support material enables the formation of
isolated active metal sites embedded in a chemically robust and
highly hydrophobic environment. The catalyst maintained high

porosity and – without prior activation – exhibited high activity
in the continuous-flow dehydrogenation of cyclohexane at
elevated temperatures. The catalyst shows a stable performance
for at least 7 days, even when additional H2O was co-fed, owing
to its hydrophobic nature.

Introduction

Alkanes can be extracted from various sources, including
natural gas, mineral oil, coal, and biomass. Some of these
alkanes (C9–C19) are utilized as fuels, but abundant leftover
alkanes have poor application. In comparison, low molecular-
weight alkenes and aromatic compounds are essential key
intermediates in the synthesis of a multitude of fine chemicals
or polymers on an industrial scale. Therefore, the conversion of
alkanes to high-value alkenes or arenes is of great commercial
interest.[1] Dehydrogenation reactions are realized industrially
on a large scale at high temperatures (400–600 °C) utilizing solid
metal catalysts, however with low product selectivities as well
as little energy efficacy.[2] Since their discovery, molecular
catalysts featuring tridentate pincer ligands are widely explored
and are applied for versatile reactions, such as hydrogenation,
coupling, hydrogen transfer, aldol and Michael reactions as well
as dehydrogenation or even tandem reactions involving alkane
dehydrogenation.[3–12] In the field of alkane dehydrogenation
iridium pincer complexes have received great interest due to

their high activity as well as regioselectivity for the formation of
terminal olefins, enabled by the relatively mild reaction temper-
ature of around 240 °C compared to currently applied industrial
processes.[13]

Combining homogeneous and heterogeneous catalysis by
immobilizing a molecular catalyst onto suitable supports has
been investigated widely in recent years. Thereby, the advan-
tages of homogeneous as well as heterogeneous catalysis are
combined and well-defined materials with uniform active sites
of equal activity towards the reactants can be made accessible
for new catalytic applications.[14,15] Molecular pincer catalysts
have been immobilized on different supports, mainly on silica
and metal oxides[2,13,16–23] as well as metal-organic
frameworks[24–28] or even microporous polymer networks,[29] but
the resulting materials were mostly investigated for stoichio-
metric transformation,[30] coupled with metathesis[31] or transfer
dehydrogenations,[2,32] whereas direct dehydrogenations remain
underexplored.[13,22] Besides the high porosity and chemical
robustness, the advantage of using a microporous polymer
network (MPN) as support material is the tunable environment
of the catalyst, as the polymer backbone can be versatilely
functionalized.

Herein, the immobilization of an organometallic iridium
pincer complex on a post-modified high-surface-area MPN is
presented (Scheme 1), as well as its application in a catalytic
continuous-flow dehydrogenation reaction. The novel MPN
provides an inert environment with isolated anchor points for
the immobilization of the metal-organic complex, ensuring the
formation of a single-site catalyst.

We and others have recently shown the immobilization of
iridium pincer complexes.[23,29] In these examples the complex
has been conveniently anchored via the Ir center to OH-
functional groups present on the surface of the support,
yielding immobilized Ir(III) pincer complexes, which showed
high activity in the hydrogenation of alkenes. However, such
catalysts will not be active in the, industrially more important
back reaction, i. e. the endothermic dehydrogenation of alkanes.
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For the latter reaction, the central iridium atom of the pincer
catalyst cannot be anchored directly to the support material, as
for an effective dehydrogenation reaction an Ir(I) catalyst is
required to ensure an Ir(I)-Ir(III) couple.[13] Therefore, the pincer
complex has to be anchored to the support via the organic
ligand.[2] In this study, a synthesis route for the immobilization
of a potassium phenolate substituted pincer catalyst onto a
propyl bromide-functionalized MPN is presented (Scheme 1).
Notably, the catalyst synthesis includes three post-synthetic
modification steps on the pre-formed MPN, but can be carried
out with high efficiency.

Results and Discussion

In our previous work, we developed a synthetic route to
provide a highly porous polymer network with isolated, reactive
hydroxy functionalities as anchor points for further post-
synthetic modifications.[29] To create such an OH-functionalized
network, tris(4-bromophenyl)-methanol[33] was synthesized and
converted into 4-hydroxyphenyl-tris(4-bromophenyl)methane 1.
To avoid possible interactions with the utilized metal species
during polymerization, the hydroxy group was protected by
methylation to yield 4-methoxyphenyl-tris(4-bromophenyl)-
methane 2. Subsequently, the protected monomer (2) was
successfully converted to a methoxy functionalized micro-
porous polymer network MPN� OMe with a SABET of 1014 m2g-1

using nickel-mediated Yamamoto polymerization.[34] To recover
the hydroxy group the methylated polymer MPN� OMe was
quantitatively deprotected by successive treatment with BBr3
and H2O to yield a microporous polymer MPN� OH with a SABET
of 911 m2g� 1 (Figure 1a).

As an anchoring point of an iridium pincer complex via its
ligand, a small chain alkyl bromide needed to be introduced to
the microporous polymer network. In order to find out a
suitable chain length, which reacts efficiently with the phenolic
OH groups of the polymer, but is sufficiently short not to block

the pores of the polymer network, 1,2-dibromoethane, 1,3-
dibromopropane and 1,4-dibromobutane were tested in the
reaction with the model compound 4-tritylphenol using differ-
ent reaction protocols. Low yields and slow conversion were
obtained when introducing the bromoethyl chain. On the
contrary, a reaction protocol using potassium carbonate and
18-crown-6 gave high conversion rates for the respective
bromopropyl and bromobutyl ethers after reflux in acetone,
respectively. Therefore, the same reaction protocol was applied
for the post-synthetic modification of the MPN� OH polymer.
For both chain lengths, a nearly quantitative conversion of the
hydroxy groups of the microporous polymer was obtained,
yielding in the formation of MPN� OC3Br and MPN� OC4Br.
13C CP/MAS-NMR spectroscopy confirmed the successful attach-
ment of the bromoalkyl chains since new signals in the region
between 27 and 32 ppm could be identified as the signals for
the aliphatic carbons of the alkyl chains. Furthermore, a low-

Scheme 1. Synthesis of methoxytetraphenylmethane polymer MPN-OMe, post-synthetic modification towards hydroxy functionalized MPN-OH and alkylated
MPN-OC3Br and subsequent immobilization of iridium pincer complex {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4) yielding MPN-OC3-[Ir].

Figure 1. a) Ar sorption analysis at 87 K of MPN� OMe (black), MPN� OH
(red), MPN� OC3Br (purple) and MPN� O� [Ir] (blue). b) Optical images of
MPN� OMe, MPN� OH, MPN� OC3Br and MPN� OC3� [Ir].
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field shift of the CAr� O signal from 154 to 157 ppm is observed,
which also proves the assumed conversion of hydroxy to ether
groups (Figure 2a [MPN� OC3Br]; Figure S1 [MPN� OC4Br]).
Additionally, the complete conversion of the OH group to the
respective bromoalkyl ether was confirmed by FT-IR, where the
characteristic band around 3500 cm� 1, corresponding to O� H
stretching, disappeared (Figure S4). Both functionalized polymer
networks maintained their microporous characteristics and
exhibit a SABET determined from Ar sorption experiments of
796 m2g� 1 for MPN� OC3Br (Figure 1a) and 781 m2g� 1 for
MPN� OC4Br (Figure S5). Such a decrease of the SABET is
expected due to the increase in molecular weight of the
repeating units, plus the partial pore blockage of dangling
bromoalkyl chains. As both chain lengths yield comparable
results, further post-modification steps were carried out on
MPN� OC3Br.

For anchoring the pincer complex onto the support, a
potassium phenolate substituted pincer catalyst was prepared
in the next step. The tridentate iridium pincer complex {p-KO-
C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4) was synthesized according to the
literature (Scheme S2).[2]

Then, {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4) was added to a
suspension of MPN� OC3Br in THF under inert conditions. While
stirring for 3 days under C2H4 atmosphere the polymer swelled
and its color turned from beige to red (Figure 1b). Filtration,

extensive washing and drying in vacuum yielded the immobi-
lized iridium pincer complex MPN� OC3� [Ir] (Scheme 1). To
explore the binding situation of the immobilized pincer
complex on the MPN support, a model compound featuring the
repeating unit of the porous polymer was synthesized and
analyzed by 1H and 13C liquid state NMR as well (supporting
information).

The successful immobilization of the iridium pincer complex
was again confirmed by solid-state NMR spectroscopy (Fig-
ure 2a). In the 13C CP/MAS-NMR spectrum additional peaks in
the aromatic region at 168, 160, and 92 ppm are observed
attributed to the aromatic backbone of the pincer ligand. In
addition, the signal at 28 ppm can be assigned to the methyl
groups of the tert-butyl moiety and the signal at 41 ppm can be
assigned to the quaternary tert-butyl carbon atom. The signal at
35 ppm can be equally assigned to the center aliphatic carbon
of the C3-alkyl chain and the coordinated C2H4 molecules.
When compared to the model compound, the signal at 67 ppm
can be assigned to oxygen-connected aliphatic carbons of the
alkyl chain. The peak broadening of the aromatic signal at
131 ppm is presumably due to an overlap with the spinning
sideband of the signal of the tert-butyl methyl groups at
28 ppm. Small amounts of residual THF can be assumed due to
the relatively sharp signals at 25 and 67 ppm. The 31P MAS-NMR
spectrum further confirms that the pincer ligand stays intact
after immobilization as its chemical shift of 179 ppm closely
resembles the value of the molecular complex and the
designed model compound (Figure 2b).

After immobilization of the iridium pincer catalyst, the
porosity of MPN� OC3� [Ir] was evaluated by low-pressure
argon sorption studies. The material exhibits still a microporous
character and the SABET was determined to be 360 m2g� 1. A
decrease of SABET was expected due to the addition of the
iridium complex with its bulky functional groups, which
increases the weight of the repeating units and occupies the
free volume of the MPN. Also, the apparent pore size calculated
from the adsorption isotherm decreased after catalyst immobi-
lization from 0.65 for MPN� OC3Br to 0.58 nm for
MPN� OC3� [Ir] (Figure S7).

X-ray photoelectron spectroscopy (XPS) analysis of the
iridium pincer complex, {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4), and
the immobilized iridium pincer complex, MPN� OC3� [Ir], were
conducted to provide further evidence for the anchoring of the
catalyst onto the polymer. The molecular metal-organic com-
plex shows two peaks in the O 1s core-level spectrum at 532.0
and 533.3 eV, which both are in the binding energy range of
organic oxygen compounds (Figure 3a). Additionally, the char-
acteristic doublet at 131.6 eV in the P 2p spectrum can be
assigned to the P� O species. In the Ir 4 f spectrum, two different
species with characteristic doublets at 60.6 and 63.7 eV, as well
as 61.9 and 65.0 eV, can be detected. The set of lower binding
energy can be attributed to the unchanged Ir(I) complex, while
the peaks for higher binding energy are in the range of Ir(III)
species.[29] This oxidation is most likely resulting from the
transfer of the catalyst sample to the XPS measurement
chamber and is limited to the outer surface of the material. In

Figure 2. a) Demethylation, post-synthetic modification and immobilization
of Ir pincer complex monitored by 13C CP/MAS-NMR spectroscopy:
MPN� OMe (black), MPN� OH (red), MPN� OC3Br (purple) and immobilized Ir
pincer complex MPN� OC3� [Ir] (blue). b) 31P MAS-NMR spectroscopy of
pincer complex {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4) (top), molecular model
compound (middle) and immobilized iridium pincer complex MPN� OC3� [Ir]
(bottom). Asterisks denote spinning sidebands.
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addition, the elemental ratio between iridium and phosphorus
was determined as 2 :1.

After the anchoring of the catalyst onto the surface of the
microporous polymer network, the O 1s signals slightly shifted
to 531.5 and 532.8 eV (Figure 3b). With the absence of a metal-
oxygen species at lower binding energies it can be concluded,
that the pincer complex is bound via the organic phenyl group
rather than the iridium metal center. The P 2p spectrum and Ir
4 f spectrum stay nearly identical to that of the molecular pincer
catalyst. The extra peak at around 70 eV in the Ir 4 f spectrum
can be assigned to the Br 3d signal originating from KBr which
is the side product of the substitution reaction of the anchoring.
Finally, the elemental ratio for iridium and phosphorus in the
porous polymer catalyst MPN� OC3� [Ir] stays 2 :1, which
confirms again the successful anchoring of the intact iridium
pincer complex onto the porous polymer. In addition, the
immobilization of the iridium pincer catalyst on the bromoalkyl
modified model compound resulted in identical binding
energies in the O 1s, P 2p and Ir 4 f spectra MPN� OC3� [Ir]
(Figure S11).

The iridium content was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) with a value of
7.9 wt%, indicating a functionalization degree of 41%. A
spherical morphology of the MPN is seen by scanning electron
microscopy (SEM). Elemental mapping shows the homogeneous
distribution of iridium and phosphorus within MPN� OC3� [Ir]
(Figure 3c). Following the results from solid-state NMR, XPS and
SEM, it can be concluded, that the molecular iridium pincer
complex has been successfully immobilized onto the micro-
porous polymer support.

The immobilized iridium pincer complex was tested in the
catalytic dehydrogenation of cyclohexane to benzene. Gaseous
cyclohexane was used in a continuously operated experimental
setup to enable simultaneous convenient temporal resolution
with adequate experiment duration. To increase the bed height
and to avoid potential hot spots, the porous polymer was
mixed with SiC as inert material in a 1 :9 mass ratio.

Two measurements with different temperature programs
were conducted. The initial temperature ramp experiment was
designed to find a suitable reaction temperature for the
following isothermal stability test. In the first experiment, the
catalyst was initially heated to 200 °C with a temperature ramp
of 20 Kmin� 1. Subsequently, the activity of the catalyst was
determined by holding at this temperature for 15 min. Then,
with 4 Kmin� 1 heating ramps followed by holding the temper-
ature for 15 min, the temperature was increased in steps of
20 °C within the stability window of MPN� OC3� [Ir] to 340 °C
(Figure 4a). The second measurement, using fresh catalyst
material, consisted of heating with 5 K/min to 300 °C and
holding for more than seven days (Figure 4b). An induction
period is observed within the first 30 hours in which the activity
of the catalysts is continuously rising. This might be due to an
expansion of the highly cross-linked network during time,
increasing the accessibility of active sites.

During both measurements, leakage (i. e. N2, H2O, O2),
combustion (COx), and partial dehydrogenation (cyclohexene)
were not detected in a significant amount in comparison to the
reference baselines. Consequently, total benzene selectivity is
perceived. The feed consisting of argon, hydrogen, and
cyclohexane was subject to minor fluctuations, but without
impact on the formation of benzene. The co-feeding of hydro-
gen ensures a sufficient H2 partial pressure for activating the
catalyst to a dihydride complex in a plausible associative

Figure 3. a) O 1s, P 2p and Ir 4 f XPS spectra of {p-KO-C6H2-2,6-[OP(t-Bu)2]2}
Ir(C2H4). b) O 1s, P 2p and Ir 4 f XPS spectra of immobilized iridium pincer
complex MPN� OC3� [Ir]. (Light grey – measured spectra; red line – fitted
spectra; green and blue lines – fitted signals. c) Scanning electron
microscopy and energy dispersive X-ray spectroscopic elemental mapping of
MPN� OC3� [Ir]. Yellow belongs to iridium, blue belongs to phosphorus.

Figure 4. a) Catalytic dehydrogenation of cyclohexane. Temperature ramp
measurement: Benzene formation rate depending on the catalyst bed
temperature, heating with 4 K/min and holding for 15 min between 200 °C
and 340 °C in steps of 20 °C. b) Isothermal stability measurement: Benzene
formation rate at 300 °C for 168 h (figure neglects heating with 5 K/min to
300 °C). c) The rates of benzene formation during the steady regimes of each
temperature step between 280 and 380 °C (except 380 °C in cycle 1) were
averaged for each temperature. The temperature-rate pairs were used in an
Arrhenius plot to determine the apparent activation energy of the
dehydrogenation of cyclohexane to benzene of (108.9�6.8) kJmol� 1.
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reaction mechanism, when performing temperature screening
experiments starting with zero conversion.[35] Additionally, the
hydrogen feed could also prevent possible C� H bond activation
of the support by the iridium pincer complex. Furthermore, no
benzene or other organic products could be detected in a
reference reaction without the feed of cyclohexane, excluding
that products are detected due to a decomposition of the
polymer network or ligand.

The temperature ramping dehydrogenation of the
MPN� OC3� [Ir] catalyst showed an increased formation of
benzene, which is elevating with increasing temperature (Fig-
ure 4a). At 200 °C the yield of benzene in the dehydrogenation
reaction was low. With increasing temperature the conversion
of cyclohexane raised stepwise to a steady-state with a turnover
frequency (TOF) of 6.3 molh� 1mol[Ir]

� 1 at 340 °C. It is noteworthy
that these temperatures are not accessible with unsupported
molecular dehydrogenation catalysts, since the highest temper-
atures for those is considered 200–240 °C due to thermal
instability.[36] Ramping the catalyst to temperatures beyond the
stability window of the microporous dehydrogenation catalyst
up to 400 °C led to a further increase in activity, with the
highest benzene formation rates peaking as high as
99.5 molh� 1mol[Ir]

� 1 at a cyclohexane conversion of more than
50%. However, the initial rates at those temperatures are
declining already within the 15 min holding phase (Figure S12).
These results are in full agreement with findings from Sheludko
et al. that the thermal decomposition product of the supported
catalyst is retaining activity, even though at lower conversion
rates.[13] Notably, the catalytic activity of the iridium pincer
species is not affected by a co-feed of water (Figure S12, last
cycle). This can be explained by the highly hydrophobic
environment, which is provided by the microporous polymer
network. This renders a further advantage of MPNs compared
to other conventional, hydrophilic supports such as silica. The
analysis of the temperature dependence of the reaction rates
results in an apparent activation energy of (108.9�6.8) kJmol� 1

(Figure 4c and supporting information), which is in accordance
to simulations on Pt(111) surfaces.[37–39] The additionally per-
formed Eyring plot confirms the activation enthalpy to be
slightly higher than 100 kJmol� 1 and revealed a positive
activation entropy of (55.0�2.4) kJmol� 1K� 1 (Figure S14).

The following isothermal long time catalyst test showed –
after an induction period of 24 h – a stable dehydrogenation of
cyclohexane to benzene at a rate of 11.4 molh� 1mol[Ir]

� 1 (Fig-
ure 4b), which relates to a conversion of 4.4% of the theoretical
maximum conversion based on thermodynamic simulations
(Figure S15). This activity is comparable to reported silica-
supported metal nanoparticle catalysts for the dehydrogenation
of cyclohexane.[40–42] Additionally, the catalyst showed long-
term stability with a turnover number higher than 1600. It
should be noted, that the catalyst activity was stable for more
than 7 days and no decrease in reaction rate was detected. The
catalyst was analyzed after the long-term experiment using
SEM and EDX analysis. The elemental mapping revealed, that
both iridium and phosphorus are still distributed throughout
the catalyst material (Figure S16).

Conclusion

In summary, herein we present a multi-step post-synthetically
modified MPN as catalyst for the continuous flow dehydrogen-
ation of cyclohexane to benzene. An iridium pincer complex
was immobilized on an alkylated microporous polymer network
with a resulting Ir content of 7.9 wt%. The successful immobili-
zation of the intact pincer catalyst could be confirmed by solid-
state 13C and 31P NMR spectroscopy. X-ray photoelectron
spectroscopy validated the presence of the expected oxygen,
phosphorus, and iridium species. Homogeneous distribution of
iridium and phosphorus was confirmed by scanning electron
microscopy. After immobilization, the SABET decreased from 796
to 360 m2g� 1 due to the increased specific weight but without
loss of the microporous characteristics. The catalytic perform-
ance was demonstrated in the continuous flow dehydrogen-
ation of cyclohexane, where the material showed high long-
term stability at a TOF of 11.4 molh� 1mol[Ir]

� 1, which - to our
knowledge - was not yet reported for the catalytic dehydrogen-
ation of cyclohexane using an anchored metal organic catalyst.
We believe that this highly tunable class of materials ensures
the formation of single-site catalytically active species inside a
chemically robust, inert, and hydrophobic polymer, offering
ample opportunity for the field of surface organometallic
chemistry due to the ability of the formation of tuned environ-
ments for the catalyst.

Experimental Section
Materials and methods. All chemicals were of reagent grade and
used as received, and all experiments were carried out under Ar
atmosphere if stated in the procedure. 11B MAS, 13C{1H} CP/MAS and
31P MAS measurements were carried out using a Bruker range
Avance 400 MHz solid state spectrometer operating at a spinning
rate of 10 kHz. Physisorption measurements were conducted at
87 K and Argon as sorption agent at relative pressures up to p/p0=

0.9 using an Autosorb-iQ-MP from Quantachrome. X-ray photo-
electron spectra were measured on a K-Alpha™+X-ray Photo-
electron Spectrometer System (Thermo Scientific). Scanning elec-
tron microscopy images were recorded via ZEISS Gemini SEM 500
using NanoVP mode operating at 15 kV. For the energy dispersive
spectroscopy, Bruker Quantax XFlash 6 j60 detector was used.

Catalyst preparation. Hydroxytetraphenylmethane polymer
MPN� OH was synthesized in accordance with a reported
procedure.[29]

MPN� OC3Br. Polymer MPN� OH (525 mg, 1.58 mmol), K2CO3

(294 mg, 2.13 mmol) and a few crumbs of 18-crown-6 were
suspended in acetone (60 mL). 1,3-Dibromopropane (0.98 mL,
9.62 mmol) was added via syringe and the reaction stirred at reflux
for 3 days. After cooling down to room temperature the mixture
was filtered off and the off-white precipitate washed with abundant
amounts of water, acetone, THF and methanol. The product was
purified via Soxhlet extraction from methanol overnight and dried
at 80 °C in vacuum for 6 h to yield MPN� OC3Br as off-white
powder. Yield, 620 mg (1.37 mmol repeating units, 87%). 13C{1H}
CP/MAS-NMR (100 MHz): δ=157, 146, 138, 131, 125, 113, 64, 32,
27 ppm.

The potassium phenolate substituted pincer catalyst {p-KO-C6H2-
2,6-[OP(t-Bu)2]2}Ir(C2H4) was prepared according to the literature.

[2]
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MPN� OC3� [Ir]. Polymer MPN� OC3Br (225 mg, 0.50 mmol) was
added to a Schlenk flask and evacuated overnight. Under Ar
atmosphere pincer catalyst {p-KO-C6H2-2,6-[OP(t-Bu)2]2}Ir(C2H4)
(400 mg, 0.60 mmol) and THF (80 mL) were added. The THF
suspension was degassed by three freeze-pump-thaw cycles. The
flask was refilled with ethylene gas at � 78 °C. The reaction stirred at
65 °C for 3 days. After cooling down to room temperature the
solvent was removed via filtration under Ar atmosphere and the
orange solid was washed with THF (6×20 mL) to remove the excess
of metal precursor. The volatiles were removed under high vacuum
(10� 3 mbar), and the orange solid was dried under high vacuum
(10� 3 mbar) overnight. Drying in vacuum overnight (14 h) yielded
the product as a red powder. 13C{1H} CP/MAS-NMR (100 MHz): δ=

168, 160, 157, 146, 138, 131, 126, 114, 92, 67, 64, 41, 35, 28, 25 ppm.
31P{H} CP/MAS-NMR (162 MHz): δ=179 ppm.

The model compound Tritylphenolate Pincer Complex (10) was
synthesized similar to MPN� OC3� [Ir] but using 4-(3-bromo-
propyloxy)tetraphenylmethane (9) as a representative unit of the
polymer MPN� OC3Br (see SI).

Procedure for the dehydrogenation of cyclohexane using
MPN� OC3� [Ir]. The catalytic performance was examined in a
tubular fixed bed reactor (tapered quartz tube with a 4 mm inner
diameter) with Swagelok Ultra-Torr fittings and Quick-Connects
ensuring gas tightness against atmospheric oxygen and moisture.
The reactor was placed vertically in a programmable oven (HTM
Reetz). The feed of Argon (29 mL/min, 99.999%, Air Liquide) and
hydrogen (1 mL/min, 99.999%, Air Liquide) was controlled by mass
flow controllers (MFCs, Bronkhorst EL-FLOW) which were calibrated
by a flow meter (Analyt-MTC). Argon was bubbled into a doubled
walled gas-washing bottle (length 24 cm, frit VitraPOR filter plate
with porosity 3) filled with cyclohexane (99.5%, Roth) which was
held at 15 °C by a thermostat (Lauda Eco RE620). Argon, hydrogen
and cyclohexane were used without further purification. The
calibration of the cyclohexane feed was conducted measuring the
evaporated volume of cyclohexane depending on the time. The
decrease in cyclohexane volume in the gas-washing bottle or the
difference in residence time of the Argon bubbles within the gas-
washing bottle is neglectable. To ensure a stationary feed
composition, the MFCs were run one hour in advance of the actual
measurement. The feed composition was analysed by a mass
spectrometer (GAM 200, InProcess Instruments) with a time
resolution of 0.95 measurements of all the 11 channels per second
detecting minimal fluctuations. The gas species and their respective
channels (mass per charge ratio, m/z) are listed in Table S1.
Cyclohexane and cyclohexene were measured via two channels
due to overlapping molecular fractions. To calibrate the signals, a
reference measurement excluding MPN� OC3� [Ir] was conducted at
room temperature receiving the signal intensities correlated to zero
cyclohexane conversion. The catalyst material (15.5 mg of
MPN� OC3� [Ir] diluted with SiC (1 : 9 mass related, VWR, 100–
500 μm) was mixed and placed on quartz wool (Roth) which was
stabilized on the taper under inert conditions. With a bed height of
0.5 cm and a tube diameter of 4 mm, the residence time was 0.5 s.
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