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Since the invention and industrialization of the Haber-Bosch
NH3 process, almost all technical heterogeneous catalysts have been
developed by empirical “trial-and-error” experiments. The enormous
progress of surface science and theory provides fundaments for
designing catalysts. A key challenge remains, however, the
identification and realization of active sites for desired functions.
Such sites are dynamical minority species in an “active matrix”.
They form through reaction of the active matrix with reactants and
are capable of regenerating themselves in each catalytic cycle.

For styrene synthesis from ethylbenzene, the exothermic oxidative
dehydrogenation (ODH) is an energy-saving candidate for an industrial
process.1 Carbon materials including cokes, pyrolyzed polyacrylonitrile,
molecular sieves, activated carbons, and graphite are as efficient as
metal catalysts.2-5 Recent studies revealed that carbon nanomaterials
with graphitic structure provide high activity over a long period of
time due to the controlled homogeneity of the support structure and
the chemical uniformity of the active sites.6-8 On the basis of ex situ
and quasi in situ characterizations, the structures of active sites have
been proposed to consist of diketone- and/or ketone-like groups, which
are initially generated during the synthesis and maintained in their
oxidation states by contact with the reactant O2.

9,10 Mechanistic
investigations suggest that breaking C-H bonds may be kinetically
limiting in the reaction sequences.6 Styrene desorbs from the surface,
while the produced hydrogen is oxidized to water. However, so far,
there is still no direct evidence for the chemical structure of the active
sites. We report herein the unique activity of a phenanthrenequinone
based cyclotrimer with R-diketone subunits, serving as a model catalyst
with excellent performance and as a molecular analogue to the carbon-
based systems. A potential approach toward tailoring the active sites
in a catalyst is thus demonstrated in the area of heterogeneous catalysis.

The macrocyclic trimer (MCT, 3) was synthesized via a
nickel(0)-mediated Yamamoto-type coupling reaction,11,12 as de-
picted in Figure 1. After bromination under light illumination and
subsequent recrystallization,13 the commercially available phenan-
threnequinone, 1, was converted into the 3,6-dibromophenanthrene-
quinone, 2, an orange needle-like crystal. Further Yamamoto
coupling reaction of compound 2 and subsequent purification (see
Supporting Information) produced the MCT oligomer as an
insoluble powder with an overall yield of 84%. The poor solubility
of the oligomer precluded direct structural verification by solution
1H and 13C NMR. The macrocyclic structure was evidently
confirmed by MALDI-TOF mass spectrometric characterization,
while no obvious signal of other oligomers was detected (Figure
S1).14 The R-diketone structure was further supported by elemental

analysis (Figure S2) and infrared spectra (data shown later). The
high yield of MCT in the synthesis may arise from the intrinsic
angle of the phenanthrenequinone unit, as well as from the poor
solubility in common organic solvents serving as the driving force
during the crystallization process. A similar analysis has been
reported for the synthesis of the macrocyclic trimer of dialkyl
substituted phenanthrene.11,12 As the consequence of the macrocycle
formation, the melting point of the compound increased above 410
°C after trimerization. Such a high melting point certainly benefits
the application of MCT oligomer as a heterogeneous catalyst.

The performance of MCT oligomer was tested in a quartz microre-
actor under atmospheric pressure. Figure 1A shows the catalytic
function of MCT at 350 °C along with the time-on-stream. The sample
was immediately active and quickly reached a steady state, in which
the reaction rate and styrene selectivity remained above 0.34 mmol
g-1 h-1 and 86%, respectively. Increasing the O/C ratio from 2 to 5
enhanced the reaction rate to 0.44 mmol g-1 h-1 at constant styrene
selectivity (83%). COx was the major byproduct. The time-independent
carbon balance of 100 ( 4% indicated oxidative stability of the
hydrocarbon catalyst. A comparison in performance between MCT
and nonmolecular catalysts15-22 is shown in Figure 1b, in which the
activity was represented by the amount of styrene generated per square
meter of BET surface area per hour (µmol m-2 h-1). MCT exhibits
already at low temperature the highest activity of 84.5 µmol m-2 h-1,
which is up to 47 times the activity of other catalysts including metal
phosphates and oxides.

Kinetic parameters were derived in a differential reactor without
mass and heat transport limitations (Figure S3). The reaction rate
(R) displays (Figure 1c) a positive dependency on the partial
pressures of ethylbenzene and O2 (Pi), revealing reaction orders of
0.39 and 0.25 for ethylbenzene and O2, respectively. An activation
energy (Ea) of 77.4 kJ mol-1 was calculated from the slope of an
Arrhenius plot (Figure 1d). All kinetic parameters are close to those
determined from carbonaceous materials in previous studies,6

confirming the similarity of both mechanism and structure of active
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Scheme 1. Schematic Synthesis of the MCT Oligomera

a Compounds: (1) phenanthrenequinone, 1; (2) 3,6-dibromo-phenan-
threnequinone, 2; and (3) macrocyclic trimer of phenanthroquinone, MCT,
3. Bromination: Br2, nitrobenzene, 100 °C; Yamamoto coupling: bis(cy-
clooctadiene)nickel, cyclooctadiene, 2,2′-bipyridine, DMF, 75 °C.
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sites (Table S1). Under the same conditions, MCT gives an areal
rate 5-9 times those of the nanocarbons. The superior activity can
be thus related to the abundance of diketone groups for styrene
formation. The nonzero reaction orders for both reactants indicate
the matched rates for the organic transformation and the oxidation
of hydrogen in contrast to systems where lattice oxygen decouples
the regeneration of the active site from the organic transformation.

The MCT sample after ODH reaction was studied by using
nitrogen physisorption (BET surface area 5 m2 g-1), scanning
electron microscopy (SEM) with EDX (only C, O, Figure S2),
temperature-programmed oxidation/thermogravimetric analysis (TPO/
TG), and transmission infrared spectroscopy. The solid-state
MALDI-TOF mass spectrometric characterization on fresh and
reacted samples shows that the molecular structure changed to a
negligible degree (Figure S1). No obvious difference in the color
of the substance can be found after reaction. TPO results reveal a
weight loss less than 1% at the reaction temperature (Figure 2a) to
indicate the oxidative stability of the molecule. The profiles of the
produced CO2 and H2O (Figure 2b) show no additional features
that could point to additional carbon structures from coke deposition
or decomposition of the molecular catalyst. The peak profiles of

TPO and related DSC signals remained unchanged, but the positions
shifted slightly being consistent with a modification of crystallinity
of the material during thermal stress in the reaction. The IR spectra
(Figure 2d)23,24 reveal retention of the terminating geometry (CdO
bonds above 1550 cm-1 and CsH ones below 1000 cm-1) and
only slight modification of the crystal packing as felt sensitively25

by the CsC stretch vibrations between 1000-1500 cm-1 in
agreement with the thermal analysis data. A negligible change in
long-range ordering is observed in the XRD patterns (Figure S4)
of MCT before and after catalysis.

In summary, we have shown that MCT is a suitable model to
study ODH catalysis under conditions being rather severe for a
molecular catalyst. Its outstanding performance confirms the
previous hypothesis that the carbon-catalyzed ODH process may
be mediated by diketone- and/or ketone-like functional groups.
Potential application is possible by supporting the molecular active
component in submonolayer amounts.
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Figure 1. (a) Reaction rate (mmol g-1 h-1) and styrene selectivity on MCT
oligomer. Conditions: 20 mg, 2.1%EB, O/EB ) 2-5, 12.5 mL min-1, 350
°C. (b) Comparison of activities with typical catalysts in literature. Dependencies
of reaction rate on partial pressures of each reactant (c) and temperature (d).

Figure 2. (a) TG/DTG/DSC profiles and (b) evolution of CO2 and H2O
during TPO/TG of MCT samples before and after ODH reaction. Conditions:
10 mg, 21%O2 in Ar, 100 mL min-1, 5 K min-1. (c) Infrared spectra of
fresh MCT sample and the one after ODH.
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