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Abstract: Catalytic reactions involving C-H bond activations are central to the chemical industry. One such
example, alkane dehydrogenation, has recently become very important due to shortfalls in propene production
and a large supply of cheap propane. However, current technologies are inefficient and have only moderate
selectivity. In order to understand how to improve currently used catalysts, we must know more about the me-
chanism by which propane is dehydrogenated. We show here that Co(i) sites on silica are good catalysts for
the dehydrogenation of propane, having high activity and selectivity that is reasonably stable over the course
of 10 h. Mechanistic investigations of this catalyst show that the main activation mechanism is most likely C-H
activation by 1,2 addition.
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Introduction

A large number of chemical and pet-
rochemical processes rely on hetero-
geneous catalysts to carry out the desired
transformation. Many of these processes,
including hydrocracking, alkane dehydro-
genations, and possibly even olefin poly-
merizations,[!l involve C-H activation at
some point in the catalytic cycle to carry
out the desired reaction. In addition, C-H
activation is often the rate determining step
in these reactions and, thus, in order to im-
prove the performance of the current state
of the art catalysts used in industry, we
need to understand more about how C-H
activations on these catalysts happen.

One such reaction is the dehydroge-
nation of light alkanes, such as ethane
and propane, that have recently become
central to the petrochemical processes.
This resurgence of interest is due to rising
propene demand, falling propene produc-
tion, and large amounts of cheap propane
obtained from shale gas.['d However,
alkane dehydrogenation is a challenging
reaction for a variety of reasons. For one,
it is highly endothermic, meaning it must
be performed at high temperatures (550-
750 °C) in order to obtain high equilib-
rium concentrations (Scheme 1, reaction
(1)). Secondly, at these temperatures coke
formation (reaction (2)) and cracking (re-
action (3)) are in competition with the de-
sired dehydrogenation reaction, lowering
the yield. A good catalyst for the reaction

must be stable to the high temperatures
necessary for reaction and must be very
selective to avoid coke formation and to
give optimal yield.

The current catalysts for propane de-
hydrogenation are inefficient (due to their
need for frequent reactivation, vide infra)
and have only moderate selectivity.[?! One
such catalyst consists of CrO, dispersed on
alumina and is synthesized through impreg-
nation of silica with CrO; in water followed
by calcination under flow of synthetic air
at 500 °C.13 This catalyst gives propene
with 89% selectivity. However, due to coke
formation the catalyst deactivates after
only seven minutes on stream.[44] Thus,
every seven minutes, the catalyst must be
regenerated through a calcination step in
order to remove the coke from the surface.
Therefore, finding an alternative catalyst
with better properties, in particular stabil-
ity, would be advantageous.

Hock and coworkers have shown that
when [Co(NH,),]Cl, in aqueous solution is
adsorbed onto silica at high pH (9-10) and
then calcined, the result is Co(1r) sites dis-
persed across the surface of silica.l’! They
reported that while this catalyst has rather
low activity for propane dehydrogenation,
it produces propene with up to 95% selec-
tivity with very little coke formation. If the
activity of this catalyst could be improved,
then this would represent a significant im-
provement to the current state of the art and
would go a long way toward improving the
efficiency of this process.
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The rate of propane dehydrogena-
tion on heterogeneous catalysts like these
is thought to be controlled by the rate of
C-H activation. Thus, before improving
the catalyst, we must understand how to in-
crease the rate of C—H activation. This re-
quires knowledge of the mechanism of the
reaction. However, the mechanism of C-H
activation on these catalysts is unknown
due to the difficulty of studying reaction
mechanisms on heterogeneous surfaces.
For instance, heterogeneous catalysts often
have a very low percentage of active sites
on the surface (<10%), which makes it
difficult to understand the structure of the
active sites.[®] We need a better synthetic
method in order to have a higher percent-
age of active sites, so that we may study the
structure of the active sites. We can then use
this material for mechanistic investigations
of various C—H bond activation processes.

‘We have shown previously that Surface
Organometallic ~ Chemistry (SOMOC)I
combined with the thermolytic molecu-
lar precursor (TMP)I8! approach allows
the synthesis of transition-metal sites on
silica surfaces in a controlled way.[1b-c.e.9]
This involves using silica dehydroxylated
at 700 °C (SiO,,,) having chemically
equivalent SIOH groups statistically spaced
(~1 nm apart) on the surface. Reacting met-
al complexes having basic ligands with this
material results in release of the ligand plus
a metal surface bond (Fig. 1). If the metal
complex is ligated by tris-tertbutoxysilox-
ide ((Bu0),SiO- or TBOSO-) as in TMP,
the grafted species can be treated under
vacuum at high temperature (300-500 °C)
to lose all the organic fragments, result-
ing in a material that is only ligated by the
silica surface itself. The materials so syn-
thesized have properties and reactivity that
mimic those of the industrial catalysts after
which they are modeled.!'bc€l We showed
that grafting Cr precursors by this method
resulted in a material that had very similar
reactivity to the Phillips catalyst for ethyl-
ene polymerization.['’<] However, unlike
its industrial counterpart, this new material
with Cr had 60% active sites on the surface.
We also showed that this material is active
for propane dehydrogenation, meaning that
these catalysts are stable up to the harsh
conditions of the reaction.l'®l Thus, we

opted for the same strategy to make well-
defined Co sites on the surface and study
their reactivity toward C—H bonds.

As outlined in our recent paper,!'0 we
synthesized the dimeric Co,(OTBOS), (1)
molecular precursor by reaction of 2 equiv.
TBOSOH with Co(HMDS) (THF).!'!l The
molecular structure is shown in Fig. 1 (top).
Reaction ofa greensolutionof 1 with SiO,
produced a blue solid containing 0.28 mmol
Co g, and released 1 equiv. of TBOSOH
per surface Co. IR spectroscopy showed
consumption of almost all the surface OH
groups and new C—H stretching and bend-
ing bands. This grafted material (2) retained
roughly one TBOS ligand per surface Co
suggesting that monomeric Co centers were
present on the surface. Heating of material
2 under high vacuum at 500 °C resulted in
the complete loss of all alkyl groups from
the surface and regenerated some surface
silanols as seen in the IR spectrum (Fig. 1
(bottom)).

Characterization of the surface Co sites
in materials 2 and 3 was carried out with a
variety of techniques. The electronic spec-

tra of materials 2 and 3 were all similar
and characteristic for high-spin tetrahedral
Co(1) sites. The electronic spectra of 2 and
3 differed significantly from that of 1, sug-
gesting a change in coordination environ-
ment. However, all three of these materials
were EPR silent even at 4 K, most likely
due to fast relaxation due to coupling of
the ground state with low lying excited
electronic states.l'2l We further confirmed
the assignment of high-spin Co(1r) through
the use of X-ray absorption spectroscopy.
The Co K-edge X-ray absorption near edge
spectra (XANES) of 1-3 (Fig. 2) show that
all materials have nearly the same pre-edge
and edge energies and intensities, suggest-
ing that they all have similar oxidation
states and local structures. In addition,
fitting the extended X-ray absorption fine
structure (EXAFS) spectrum showed that
each Co had, on average, four oxygen near-
est neighbors, supporting the assignment
of these structures as tetrahedral.

We also noticed in the EXAFS spec-
trum of 2 and 3 that there were unidentified
peaks at longer distances most likely be-
longing to some heavier atom than oxygen.
Attempts to determine the identity were in-
conclusive and close contacts between both
Co—Co and Co-Si could plausibly explain
this observation. In order to determine the
identity of this nearby heavy atom, we
turned to a technique known as Wavelet
Analysis.[3! In traditional EXAFS, fitting
a Fourier transform of the interference
pattern (called k-space, a function of en-
ergy) creates a new plot called R-space (a
function of distance). This allows the user
to measure distances of nearest neighbor
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Fig. 2. Wavelet Analysis of EXAFS data of 1-3.

atoms from the excited atom. A wavelet
transform is an alternative to a Fourier
transform and creates a two-dimensional
plot of k-space versus R-space. In this two-
dimensional plot, cross peaks show how
different sections of the interference pat-
tern contribute to different intensities in the
energy dimension. Thus, it is possible to
identify the scattering partner of a specific
peak in R-space by where its contribution
to the interference pattern is in k-space.
Our wavelet analysis shows that 1 has a
strong cross peak at the correct position
for Co—Co scattering paths. However, this
peak is not present in 2 and 3, supporting
our assignment of these surface structures
as monomeric. Thus, we can say confi-
dently that 2 and 3 consist of monomeric
high-spin tetrahedral Co(1r).

Now that we had identified the struc-
ture of the Co(11) sites on the surface we
tested the reactivity of these species toward
C-H bond activation. We found that 3 was
indeed a catalyst for the dehydrogenation
of propane. The results are shown in Fig. 3.
At 550 °C, 3 dehydrogenates propane to
produce propene with a maximum selec-
tivity of 89% and maximum turnover fre-
quency of 12 h''. The activity of the cata-
lyst decayed to 5 h! after 10 h on stream.
However, the selectivity had the opposite
trend. In the first hour of reaction the cata-
lyst formed large amounts of coke, and as
coke formation slowed the selectivity of
the reaction rose until reaching a maxi-
mum point of 89% selectivity that slowly
but steadily decreased until the end of the
10 h experiment. The catalyst recovered
after the reaction consisted of 11-12 wt%
C in the form of nanotubes and contained a
broad distribution of Co nanoparticles that
were created during catalysis.

We now attempted to understand more
about the mechanism of this process on
material 3. Due to the deactivation of the
catalyst, kinetic measurements were not
possible. However, we were able to glean
some mechanistic information from other
extra-kinetic probes. It is common for
transition-metal complexes to activate

C-H bonds through C-H bond homolysis
processes such as proton-coupled electron
transfer (PCET) or hydrogen atom transfer
(HAT).[141 However, it is also common for
other mechanisms such as oxidative addi-
tion or 1,2-addition to be active. In order
to test for the possibility that homolytic
mechanisms are active, we compared the
TOF of 3 for propane dehydrogenation
with the TOF for isobutane dehydrogena-
tion. If a homolytic mechanism were ac-
tive, the tertiary C—H bond in isobutane
should react about twice as fast as a sec-
ondary C—H bond in propane at 550 °C.U>!
However, since there are two secondary
C-H bonds in propane and only one ter-
tiary C-H bond in isobutane, the TOF of
isobutane dehydrogenation and propane
dehydrogenation would be equal if a ho-
molytic mechanism was active. However,

mechanisms like oxidative addition and
1,2-addition are selective for primary C-H
bonds.!% Thus, if a heterolytic mechanism
were active we would expect that the ratio
of the TOFs for the two reactions would
be proportional to the number of primary
C-H bonds in each molecule, roughly 1.7.
When we measured the initial TOF for iso-
butane dehydrogenation we found that it
was 1.6 times higher than that of propane
at 550 °C, suggesting that a mechanism
like oxidative addition or 1,2-addition is
active (Scheme 2).

Distinguishing between oxidative ad-
dition and 1,2-addition mechanisms has
been more difficult. Oxidative addition
usually requires a low-coordinate electron-
rich metal center and metal centers that do
C-H bond oxidative addition are usually
very reactive toward oxidants. However,
catalyst 3 is not reactive toward common
oxidants such as I, and O,. In contrast,
1,2-addition requires that metal centers be
quite Lewis acidic. Our catalyst does in-
deed bind Lewis bases such as water, THF,
and CO. Furthermore, the CO stretching
frequency of CO bound to 3 is blue shifted
with respect to free CO (2184 cm™). This
suggests that the main bonding interac-
tion of CO to the Co sites on the surface
is Lewis acidic/basic in nature with no or
very little T-backbonding from the metal to
CO.07 This all suggests that the main C-H
activation mechanism is 1,2-addition and
not oxidative addition.

In order to take a closer look at the
mechanism, we decided to investigate the
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reverse reaction, namely the hydrogena-
tion of propene catalyzed by 3. We found
that hydrogenation was catalyzed by 3 at
temperatures as low as 50 °C without de-
activation of the catalyst. We found that the
rate law of the reaction was first orderin H,
pressure and showed saturation behavior in
propene pressure. Changing from H, to D,
gave an isotope effect that was tempera-
ture dependent and varied from 1 to 2.7 but
approached 1 at high temperature. When
para-hydrogen was substituted for ortho-
hydrogen, as in a para-hydrogen induced
polarization (PHIP) experiment,[!8! polar-
ization transfer was observed from H, to
propane. This means that both H atoms in a
new product propane molecule came from
the same molecule of H,. All of this sug-
gested a mechanism similar to what we had
proposed for propane dehydrogenation.
This mechanism involves pre-equilibrium
binding of both H, and propene to the ac-
tive site, followed by splitting of H, and in-
sertion of propane (Scheme 3). If this hap-
pens by a 1,2 addition, that means that this
mechanism is the microscopic reverse of
the one shown above for dehydrogenation.
We have shown that the catalyst 3 is a
selective catalyst for the dehydrogenation
of alkanes like propane, consistent with
previous reports. We have also shown that
this catalyst does so with relatively high
activity. Mechanistic studies of this cata-
lyst suggest that the rate-determining step
of the reaction is C-H activation, which
probably goes through a 1,2 addition type
mechanism.[!2192.0] The same type of mech-
anism was also observed for methane acti-
vation by low coordinate aluminum sites
on alumina surfaces.[29] This mechanism is
consistent with the Lewis acidic character
of the active site. We were able to rule out
several other mechanisms, such as radical
based H atom abstractions. Future work
will go toward increasing the stability of
this catalyst under reaction conditions.
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