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ABSTRACT: We describe the reactivity of well-defined }_J‘H

chromium silicates toward ethylene and propane. The initial ! ﬁs“\? A R;;’:yl /\4/\)"\/\H
motivation for this study was to obtain a molecular understanding t Yy R s SR ——

11 .. e R—H SeSgt N H 8
of the Phillips polymerization catalyst. The Phillips catalyst # - cr—o
contains reduced chromium sites on silica and catalyzes the Cr—0 “é’ PN
polymerization of ethylene without activators or a preformed Cr— o o 550°C -
C bond. Cr" sites are commonly proposed active sites in this t Yy ek AR
catalyst. We synthesized and characterized well-defined elgl.,

chromium(II) silicates and found that these materials, slightly

contaminated with a minor amount of Cr'' sites, have poor polymerization activity and few active sites. In contrast,
chromium(III) silicates have 1 order of magnitude higher activity. The chromium(III) silicates initiate polymerization by the
activation of a C—H bond of ethylene. Density functional theory analysis of this process showed that the C—H bond activation
step is heterolytic and corresponds to a o-bond metathesis type process. The same well-defined chromium(III) silicate catalyzes
the dehydrogenation of propane at elevated temperatures with activities similar to those of a related industrial chromium-based
catalyst. This reaction also involves a key heterolytic C—H bond activation step similar to that described for ethylene but with a
significantly higher energy barrier. The higher energy barrier is consistent with the higher pK, of the C—H bond in propane
compared to the C—H bond in ethylene. In both cases, the rate-determining step is the heterolytic C—H bond activation.

B INTRODUCTION

The activation of small molecules is a common theme in the
petrochemical and commodity chemical industries. For
example, the synthesis and upgrading of small molecules is
central to the Haber—Bosch (N,/H,), Fischer—Tropsch (H,/
CO), methane reforming (CH,/H,0/CO,), and methanol-to-
olefin processes, to name but a few." In addition to these
examples, metathesis, oligomerization, and polymerization of
olefins are also crucial industrial examples that in most cases
rely on the conversion of small molecules (ethylene, propylene,
etc.) to products (olefins, polymers, etc.). Traditionally, the
low-molecular-weight olefins for these processes are synthe-
sized by cracking techniques. However, the current abundance
of low-molecular-weight alkanes in shale gas has caused a
renewed interest in dehydrogenation processes for the
production of olefins. The catalysts used industrially for the
reactions mentioned above will vary from process to process,
although they are exclusively heterogeneous because of the ease
of separating the desired product from the reaction mixture and
the ability of these catalysts to be easily regenerated.
Supported chromium species have a rich history in the
activation of small molecules. Chromium-supported on silica
was the first commercialized ethylene polymerization catalyst,”
a discovery that predates the discovery of Ziegler—Natta
polymerization by roughly 2 years. Related catalysts containing
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chromium on oxide supports are efficient dehydrogenation
catalysts that can convert propane to propene and H,> an
increasingly important process run on industrial scales.” In this
Forum Article, we will describe how these two catalytic
processes are related by similar heterolytic C—H bond
activation steps. We will first summarize the classical and
well-defined chromium silicates for ethylene polymerization
and then show through combined experimental and computa-
tional studies that the well-defined chromium species are also
active in the dehydrogenation of propane.

The Phillips Catalyst: A Historical Perspective. In the
early 1950s, Banks and Hogan, researchers at Phillips
Petroleum, found that chromium oxides supported on silica
(Cr0,/Si0,) catalyzed the polymerization of ethylene in the
absence of activators or cocatalysts to form high-density
polyethylene (HDPE).>® The CrO,/SiO, material, typically
referred to as the Phillips catalyst, was the first commercialized
HDPE catalyst and currently accounts for roughly half of global
HDPE production per year.
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The Phillips catalyst was discovered 2 years prior to Ziegler’s
discovery of the TiCl,/Et,AlCI polymerization catalyst and well
before the generally accepted mechanism for the polymer-
ization of olefins catalyzed by homogeneous transition-metal
complexes was established.® Extensive studies on homogeneous
olefin polymerization catalysts led to the classical insertion
mechanism shown in Scheme 1, a mechanism that probably

Scheme 1. Migratory Insertion Mechanism for Transition-
Metal-Catalyzed Olefin Polymerization
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also applies to the heterogeneous Ziegler—Natta catalyst.” An
unsaturated metal alkyl A is formed by the treatment of a
precatalyst with an alkylaluminum cocatalyst® or by activation
with a Lewis acid” A coordinates ethylene to form B and
undergoes migratory insertion to form C. Repeating the
coordination and insertion of ethylene propagates the polymer
chain. Chain transfer or termination releases the polymer and
regenerates A.'® This general mechanism applies to a large
family of catalysts based on early- and late-transition-metal
metals,”™"" which can be either homogeneous and heteroge-
neous.'> This mechanism also applies to catalysts that
selectively incorporate long -chain branches," stereoselectively
polymerize a-olefins,'* and control the molecular weight
distribution of the polymer.''* The Phillips catalyst polymerizes
ethylene without an activator or a preformed Cr—C bond, a
unique feature among all known olefin polymerization catalysts.

The Phillips catalyst is prepared by impregnating a silica
support with aqueous solutions containing a chromium source,
typically CrO; or Cr(OAc)s, followed by a calcination step at
high temperatures (>400 °C). At this stage, the surface species
are chromate(VI) esters supported on the silica surface
(Scheme 2). At low chromium loadings (<1% by weight),
monomeric Cr'! sites E are usually formed on the silica
surface,"> while dimeric and polymeric species can also be
obtained at higher loadings. Polymerization of ethylene occurs
when E is contacted with ethylene to form “reduced”
chromium species that are the proposed active sites. Because
the Cr"' species must be reduced prior to polymerization
initiation, there is a pronounced induction period for polymer
formation when using CrO,/SiO,. Alternatively, E can be
prereduced by carbon monoxide (CO) at 300 °C to produce a
catalyst that polymerizes ethylene with a less pronounced
induction period.'®

Several leading reviews have shown the difficulty in
determining the active site in the Phillips catalyst.'” Despite
these extensive efforts, the active site of the Phillips catalyst is
unknown. A major challenge in determining the active site in
this catalyst is the presence of only ca. 10% active chromium.'®
Early work by Baker and Carrick showed that ethylene reacts
with chromium(VI) silicate to form aldehydes, ketones, and
predominately Cr"" on the silica surface.' In agreement with
this report, several spectroscopic studies show that Cr' is the
major oxidation state on the surface after treatment with CO.*°
In particular, Cr K-edge X-ray absorption spectroscopy (XAS)
has been used extensively to study the Phillips catalyst, which
showed that isolated species assigned to F are the major surface
chromium site.”"

Several initiation species were proposed based on isolated
Cr" surface sites (F), which are summarized in Scheme 2b. The
common theme in each of these proposals is two-electron
oxidation of Cr" sites to form Cr' organometallic inter-
mediates. For example, oxidative coupling of two ethylene
molecules would form the chromacyclopentane (G), which
could insert ethylene by ring expansion.”” Alternatively, G can

Scheme 2. (a) Reactivity of the Phillips Catalyst®
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%(a) The Cr"-containing silica material (E) is reduced by ethylene or by CO to form predominately Cr" on silica (F). F is proposed to polymerize
ethylene. (b) Proposed structures that initiate polymerization: chromacyclopentane species (G), chromium allyl hydride (H), chromium(IV) vinyl

hydride (I), or chromium(IV) alkyidene (J).
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undergo S-hydride elimination to form chromium allyl hydride
(H), which can insert ethylene into the Cr—H bond to
propagate the polymer.>** The Cr" sites could also activate a
C—H bond of ethylene by oxidative addition to form
chromium(IV) vinyl hydride (I)** or coordinate ethylene and
rearrange to chromium(IV) alkyidene (J).*® Each of these
intermediates could, in princg)le, polymerize ethylene either by
a Cossee—Arlman insertion*® (for H and I) or by a Rooney—
Green mechanism (for J).*’

Although monomeric Cr" surface species are the most
commonly proposed active site in the Phillips catalyst, the low
quantity of active sites indicates that most of the spectroscopic
data are probably related to inactive sites. Indeed, the debate
concerning the active sites in the Phillips catalysts is still
vigorous, and even the oxidation state of the active sites is
controversial. For example, Lunsford et al. showed that
chromium(III) salts supported on silica were competent
polymerization catalysts.”® Organometallic chromium(III) and
chromium(IV) complexes supported on silica are also active in
the polymerization of ethylene.>*** Although Cr! is the
predominant oxidation state in a CO-reduced Phillips catalyst,
these latter studies indicate that higher oxidation state
chromium sites are also competent ethylene polymerization
catalyst precursors. The major challenge in determining the
active site in the Phillips catalyst, and the formation of the first
Cr—C bond, is obtaining a chromium silicate material with a
high percentage of active sites, controlled chromium oxidation
state, and a coordination environment.

Preparation of Well-Defined Cr/SiO, Catalysts. Con-
trolled functionalization of supports with molecular precursors
can give well-defined chromium surface species, a general
method referred to as surface organometallic chemistry.'2*%
Several well-defined chromium surface species have been
prepared using this method,”******" in some cases with the
goal to understand the active sites of the Phillips catalyst.”!
These studies produced catalysts that either already contained a
M—C bond or led to chromium(VI) species after calcination,
which must undergo the complicated reduction to low-valent
chromium discussed above.

Using the thermolytic molecular precursor (TMP) approach
developed by Tilley and co-workers.>"*P32 e synthesized
silica-supported materials containing “ligandless” chromium
silicates with defined oxidation states and nuclearity. This
approach involves grafting of a molecular precursor having
—0Si(O'Bu); ligands onto silica containing a known
concentration of surface silanol groups, followed by thermal
treatment of the grafted complex to eliminate the organic
residues (isobutene and '‘BuOH). We synthesized a well-
defined chromium(II) siloxide [Cr[OSi(O'Bu);],], and grafted
this complex on silica to form [(=SiO)Cr,(0Si(OBu),);], as
shown in Scheme 3. In TMP, removal of the organic groups is
generally accomplished by heating to high temperatures under
air, an approach that led to numerous well-defined oxidation
catalysts.> 3233 We desired materials that contained low-
oxidation-state chromium. Conducting thermolysis of [(=
SiO)Cr,(0Si(OBu););] under vacuum resulted in the release
of C, organics, which forms [(=Si0),Cr,] and conserves the
oxidation state and nuclearity of the molecular precursor.>* In
fact, the X-ray absorption near-edge structure (XANES) of
[Cr[OSi(OBu);],], [(=SiO)Cr,(0Si(0Bu););] and [(=
S$i0),Cr,] contain very similar features, indicating that each
contains Cr", and the coordination environment is similar to
that of the molecular complex in [(=SiO)Cr,(0Si(OBu),);]

5067

Scheme 3. Reaction of [Cr[0Si(O'Bu);],], with Silica
Dehydroxylated at 700 °C (SiO, (799)) To Form [(=
SiO)Cr,(0Si(0'Bu););] and Subsequent Thermal Treatment
To Yield [(=Si0),Cr,]
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and [(=Si0),Cr,]. However, the electron paramagnetic
resonance (EPR) spectrum of [(=Si0),Cr,] indicated the
presence of traces of Cr'" sites (several percent), presumably
resulting from the adventitious oxidation Cr" during
thermolysis.

[(=Si0),Cr,], containing mainly Cr" sites, polymerizes
ethylene with low activity. Poisoning experiments revealed that
only 0.2 equiv of 4-methylpyridine shuts down all polymer-
ization activity, indicating a low amount of active sites in this
material. N,O is a known activator of a CO-reduced Phillips
catalyst,*'¥ which prompted us to investigate the activation of
[(=Si0),Cr,] with N,O. This treatment resulted in a 1 order
of magnitude increase in the initial polymerization rate
compared to [(=Si0),Cr,], and a dramatic increase in the
quantity of active sites (65% active sites according to
quantitative poisoning experiments with 4-methylpyridine).
The resulting polyethylene had a large dispersity b = M,,/M,, =
9.4 (with M, = 5500 g mol™" and M,, = 52000 g mol™"), which
is typical for polymers produced with the Phillips catalyst.

In order to determine the structure of this active catalyst we
treated the molecular [Cr[OSi(OBu);],], complex with N,O,
which resulted in isolation of the chromium(III) dimer K
shown in Scheme 4. We determined the XAS signature of K
[XANES and extended X-ray absorption fine structure
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Scheme 4. (a) Reaction of [(=Si0),Cr,] with N,O Giving the Chromium(III) Dinuclear Species [(=Si0)4Cr,] and (b)

Reaction of [Cr[0Si(O‘Bu);],], with N,O Giving K
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(EXAFS)] and [(=Si0),Cr,] treated with N,O and found
remarkably similar spectral signatures. This result indicates that
[(=Si0),Cr,] reacts with N,O to form the chromium(III)
material [(=Si0)4Cr,] shown in Scheme 4 and established
that Cr'" sites are active, while Cr" sites display low, if any,
polymerization activity.

The higher activity of dinuclear chromium(III) silicates than
chromium(IT) materials is consistent with numerous examples
in homogeneous chemistry.>> However, most studies of the
Phillips catalyst suggest that monomeric chromium sites are
active,'”>?! Using the TMP strategy, we synthesized the
mononuclear chromium(Ill) surface species [(=Si0),Cr]
from thermolysis of [(=SiO)Cr(OSi(O'Bu),), THF], as
shown in Scheme 5. The similar XANES of Cr[OSi-
(O'Bu),];-2THF, [(=SiO)Cr(0Si(O'Bu);), THF], and [(=
Si0),Cr] indicates that the Cr'™ oxidation state is conserved
during the grafting and thermolysis steps.*®

[(=Si0);Cr] polymerized ethylene to form linear poly-
ethylene with rates and dispersities that are similar to those
obtained for the [(=SiO)(Cr,]-catalyzed polymerization of
ethylene. Adsorption of CO on [(=Si0);Cr] gives two v¢o
stretches in the TR spectrum at 2202 and 2188 cm ™!, which are
blue-shifted with respect to free CO. According to labeling
studies, these two vco bands correspond to two different
chromium surface sites and not to symmetric and antisym-
metric vibrations. Consistent with the presence of different
chromium sites in [(=Si0);Cr], roughly 60% of the Cr™
surface sites in [(=Si0),Cr] are active in polymerization.

We turned to ab initio calculations in order to understand the
structure of these different sites. We constructed the two cluster
models shown in Figure 1. The first model 1a contains three
Si—O groups coordinated to a Cr'™" ion, while the second model
1b incorporates an additional siloxane bridge coordinated to
the metal center. The clusters contain six- and eight-membered
siloxane rings that are typically observed in bulk silica.>” We
completed the silicon environments of both clusters with
fluorine, a common approach when using cluster models for
silica.?*?

For all of the calculated stationary points discussed below, we
found that the high-spin state (S = 3/,) is always more stable
than the low-spin one (S = !/,). We calibrated these models by
studying the IR frequency of CO coordinated to chromium in
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Scheme S. Preparation of [(=S$i0),Cr] by Grafting
Cr[0Si(O'Bu);];-2THF onto SiO, (;op) and Subsequent
Thermal Treatment
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1a and 1b. The binding of up to three molecules of CO on 1a is
exoergic (AG = —10.1 kcal mol™"). The corresponding v/co"™™
and vco™™™ in 1a-3CO are blue-shifted by +53 and +46/+50
cm ™" with respect to free CO. In contrast, 1b only binds two
molecules of CO (AG = —8.7 kcal mol™"), and the calculated
CO vibrations are shifted by +58 and +S5 cm™ for the
symmetric and antisymmetric modes. Overall, combined
experimental [+45 cm™ (major) and +59 cm™' (minor)] and
computed frequencies are consistent with the presence of a
tricoordinate chromium(III) species as a major surface species,
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1b-2CO

Figure 1. Cluster models constructed to represent Cr'™ sites in silica

and the corresponding CO adducts.

along with a minor species having the Cr™" ion coordinated to

an additional siloxane bridge. Consistent with these blue-shifted
CO signatures, the chromium centers in both 1a and 1b carry a
partial charge of 1.5+ from natural bond order analysis.

We also modeled the chromium sites using cluster models
terminated with —OH groups, resulting in the cluster models
1a’ and 1b’ (Figure S1 in the Supporting Information, SI). The
CO binding free energies for the carbonyl adducts in the —OH-
terminated clusters are —5.4 and —4.6 kcal mol™" for 1a’ and
1b’, respectively. The CO stretching bands are blue-shifted
with respect to free CO by +42 and +37 cm™' for the
symmetric stretching mode and by +39/+36 and +34 cm ™" for
the antisymmetric stretching mode for 1a’ and 1b’,
respectively. These values are consistent with the experimental
data.

Activation and Polymerization Mechanisms. Both [(=
Si0)4Cr,] and [(=Si0);Cr] still lack a Cr—C bond necessary
to propagate polymerization. We proposed that ethylene reacts
with a Cr'™—O bond by a heterolytic C—H bond activation
mechanism to form chromium vinyl and Si—(u-OH)—Cr
species based on combined experimental and computational
studies (Scheme 6).

Scheme 6. Proposed Mechanism of Ethylene Polymerization
Involving a Heterolytic Splitting of a C—H Bond across a
Cr—O Bond as the Initiation Step

Z
=z
Z ‘//H =z O/H

cr—O — Cr—O0 —> Cr—

We showed that both [(=SiO)Cr,] and [(=Si0),Cr]
polymerize ethylene without an induction period. In addition,
poisoning studies with 4-methylpyridine revealed that most
surface sites (ca. 65%) can initiate polymerization. The quantity
of the active sites in these materials is significantly higher than
that in the Phillips catalysts (<10%) and indicates that the
active site can be detected by spectroscopic methods. The
XANES of [(=Si0)4Cr,] or [(=Si0),Cr] after exposure to
ethylene contains a near-identical edge position relative to
pristine [(=Si0)Cr,] or [(=Si0);Cr], indicating that the
Cr'™" oxidation state is maintained. The polymer produced by
either [(=Si0)(Cr,] or [(=Si0),;Cr] contains both olefinic
and alkyl end groups according to NMR analysis.

We previously proposed that IR spectroscopy could be used
to observe the formation of Si—(u-OH)—Cr. The IR spectrum
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of [(=Si0)4Cr,] and [(=Si0);Cr] contacted with ethylene
contained strong C—H bands associated with polyethylene, a
red-shifted SiOH band interacting with the polymer chain,*
and signals near 3600 cm™" previously assigned to the Si—(u-
OH)—Cr species. 31636 The assignment of Si—(u-OH)—Cr was
based on 51m11ar IR signatures of related species in zeolitic
materials.** However, the IR spectrum of polyethylene contains
combination bands from C—H vibrations at the exact same
frequency as that of the Si—(u-OH)—Cr species.*’ This result
indicates that the IR spectra of [(=SiO)Cr,] and [(=
SiO);Cr] after contact with ethylene are dominated by these
combination bands, making the unequivocal observation of Si—
(u-OH)—Cr species impossible even with deuterium-labeling
experiments.

Using the cluster model of the isolated Cr'" site 1a, we also
investigated their reactivity toward ethylene. Calculations of the
Gibbs free energies were carried out using standard conditions
(25 °C and 1 atm). One or two molecules of ethylene can
coordinate to la with favorable energies (see Figure 2). When

=
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Figure 2. Activation of a C—H bond in ethylene by 1a. The numbers
in parentheses are the Gibbs free energies of the corresponding
intermediates, and those on the arrows are the Gibbs free energies of
the transition states, normalized with respect to la + ethylene. All
energies are given in kcal mol ™",

one molecule of ethylene is coordinated to 1a to form 2, C—H
bond activation occurs with an intrinsic barrier of 41.9 kcal
mol™". The transition state has the typical structural features
associated with o-bond metathesis,** with a wide O—H—
Cethylene angle of about 144° and a C—H distance equal to 1.53
A, consistent with the heterolytic splitting of a C—H bond in
the reaction of 2 to 3. Coordinating two molecules of ethylene
to 1a forms 4. In this case, the activation of a C—H bond of
ethylene has a lower barrier of 36.6 kcal mol™. The transition
state for the C—H bond activation from 4 is qualitatively similar
to that found for 2 with a wide O—H—C,gyen angle of 148°
and a C—H distance equal to 1.48 A, although in this case a
second ethylene ligand is coordinated to the chromium center
at 2.53 A.

Exchanging the F-termination in la by —OH groups does
not noticeably change the energetics of ethylene C—H bond
activation (Figure S3 in the SI).

We also investigated the reactivity of 1b toward ethylene.
The presence of an additional siloxane bridge prevents the
coordination of two ethylene molecules and yields a much
higher C—H bond activation energy barrier (48.4 kcal mol™")
than that found for la. This result suggests that sites
coordinating additional siloxane bridges are inactive in
polymerization, which is consistent with the presence of 60%
of active sites in [(=Si0),;Cr].
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Figure 3. Ethylene polymerization mechanism by 1a. The numbers in parentheses are the Gibbs free energies of the corresponding intermediate, and
those on the arrows are the Gibbs free energies of the transition states, normalized with respect to 1a + ethylene. All energies are given in kcal mol™.
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Figure 4. Free-energy profile for the ethylene polymerization reaction by la. All energies are given in kcal mol ™.

We also investigated the species classically proposed in the
Phillips catalyst shown in Scheme 2 using the tricoordinate
chromium(III) model la. Each surface species in Scheme 2
requires two-electron oxidation at the chromium center, either
oxidative coupling or oxidative C—H activation, which would
lead to chromium(V) intermediates using la. Neither
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chromium vinyl hydride nor chromacycle could be located as
stable minima. Optimization of the chromium vinyl hydride
species from oxidative C—H activation gives the starting
chromium ethylene adduct (2 in Figure 2). Attempts to
optimize the chromacyclic structure of chromium(V) by the
coupling of two ethylene molecules led to a chromium alkyl

DOI: 10.1021/ic502696n
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species, where the terminal CH, group is about 2.7 A away
from the chromium center, indicating that there is no bond
between chromium and that terminal carbon atom (Figure S4
in the SI). This intermediate is 29 kcal mol™" less stable than
separated reactants and therefore unlikely. The difficulty of
finding stable chromium(V) species is not too surprising
considering the positive redox potential for the reaction Cr’* —
Cr** (0.84 V vs NHE).*" Therefore, neither chromium vinyl
hydride nor chromacyclic species are likely intermediates in the
polymerization of ethylene when chromium(III) species initiate
polymerization. These results are also in agreement with the
conservation of the 3+ oxidation state during polymerization, as
observed by XANES.

Figure 3 shows the proposed catalytic cycle for the formation
of an ethylene oligomer catalyzed by la. Two molecules of
ethylene coordinate to 1a to form 4, one of which undergoes
C—H bond activation to form S. Species 5 contains a Cr—C
bond and a coordinated ethylene that can undergo migratory
insertion. After this first insertion, the formation of chromium
butenyl (6) is only 1.8 kcal mol™" above the initial reactants.
Coordination of an ethylene molecule to 6 forms the -
coordinated species 7, which is almost thermoneutral with
respect to la (+0.7 kcal mol™'). All successive ethylene
insertions are exoergic by about 10 kcal mol™' per inserted
ethylene unit, and the intrinsic energy barriers for insertion of
ethylene into chromium alkyl are low, ranging from 9.4 to 14.0
kcal mol™". These energies are typical of M—R-catalyzed olefin
insertion.** The most favorable pathway for chain termination
corresponds to the proton transfer of Cr—(u-OH)-Si to
chromium alkyl, which is the microreverse of the initial C—H
bond activation step on Cr—O sites. Other termination
pathways such as direct chain transfer to monomer and S-
hydride transfer have less unstable intermediates and/or higher
energy barriers than proton transfer.

Figure 4 shows the free-energy profile associated with
initiation, polymer growth, and termination involving three
ethylene insertions. The C—H bond activation of ethylene is
the rate-determining step. The driving force for this reaction is
the highly exoergic ethylene insertion reaction (AG =~ —10 kcal
mol™!) coupled with low barriers (AG* ~ 9—14 kcal mol™! for
each insertion). Proton transfer to terminate the polymer
chains at each chromium alkyl intermediate (red profile in
Figure 4) is associated with a higher transition state than
insertion (AAG¥ = 12 kcal mol™), consistent with polymer
growth over termination.

B RESULTS AND DISCUSSION

Propane Dehydrogenation Catalyzed by Well-De-
fined Chromium(lll) Silicates. The dehydrogenation of
alkanes to alkenes and H, (eq 1) is an increasingly important
industrial process because of the current abundance of low-
molecular-weight alkanes in shale gas.*> Not surprisingly, this
reaction is highly endoergic and requires high reaction
temperatures. In industry, the catalysts are based on either
supported PtSn or Cr/ALO;.*

cat.
SR ——> Z>R + H2 (1)

Two approaches are generally used to overcome the
thermodynamic demands of this reaction, which depend on
whether the catalyst is homogeneous or heterogeneous.
Brookhart and Goldman have shown that homogeneous
(PCP)Ir complexes dehydrogenate alkanes at moderate
temperatures in the presence of olefin scavengers, -either
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added to the reaction mixture or generated in situ.***” The
heterogeneous Cr'"/Al, O dehydrogenation catalyst operates at
high temperatures to overcome the thermodynamic limitations
of the reaction. Cr'"/Al, O, probably activates the C—H bond
in propane by a heterolytic mechanism on a Cr—O site,
forming chromium alkyl species, as shown in Scheme 7, which

Scheme 7. Proposed Mechanism for Propane
Dehydrogenation on Cr'"/AlL, O,

0,Cr—0

is supported by labeling and operando studies of the catalyst.*®
Chromium alkyl then undergoes f-hydride elimination to
release the olefin. The high operating temperatures (>400 °C)
allow for the direct liberation of H,, either by recombination of
a Cr—H and a surface O—H to reform isolated Cr'™" sites or by
o-bond metathesis to regenerate chromium alkyl.**** The C—
H bond activation step proposed in dehydrogenation parallels
the initiation step in ethylene polymerization on well-defined
chromium silicates. This led us to investigate the propane
dehydrogenation chemistry of [(=SiO),Cr].

The reaction of [(=Si0);Cr] with propane in a continuous-
flow reactor (10 mL min™', 20% in argon, 1.5 bar) forms
propene with 72% selectivity. Methane (14%), ethane (2%),
and ethylene (11%) are the other products detected (Figures
$5—S7 in the SI). Propene is produced with an initial turnover
frequency (TOF) of 10.3 h™" at 550 °C and steadily decreases
over 2 h to a TOF of 2.8 h™". The initial rate and steady decay
of activitz over time are also typical of classical Cr™/ALO;
catalysts.” The activity of [(=Si0);Cr] in propane dehydro-
genation is stable for 20 h after this initial rate decrease,
corresponding to a turnover number of 46. All activities and
output ratios can be viewed as an upper limit for the
equilibrium conversion, where coking is not accounted for (a
thermodynamic maximum of 65% of propene is formed at 550
°C in propane dehydrogenation).

Propane Dehydrogenation Pathways. Propane dehy-
drogenation and associated byproduct formation were also
investigated by density functional theory (DFT) calculations
using la as a model for the active sites. The free energies were
calculated using the experimental conditions 550 °C and 1 atm.
The most favorable dehydrogenation pathway catalyzed by 1a
is shown in Figure S. The formation of a chromium propane 7>
H,H,H adduct 12 is highly endoergic,49 with Cr—H distances
between 2.44 and 2.55 A and a Cr—C distance of 2.63 A. The
heterolytic activation of a C—H bond yields chromium(III)
propyl intermediate 13, an endoergic step of about 17 kcal
mol™}, associated with a rather high activation barrier of 57.0
kcal mol™" with respect to the initial reactants (1a + propane).
The transition state associated with the C—H bond activation
step is again typical for a o-bond metathesis step with a wide
04—2H—C angle of 150° and a C—H distance equal to 1.58
A

propane
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Figure S. Dehydrogenation of propane catalyzed by 1a. The numbers
in parentheses are the Gibbs free energies of the corresponding
intermediates, and those on the arrows are the Gibbs free energies of
the transition states, normalized with respect to la + propane. All
energies are given in kcal mol ™",

From the chromium(Il) propyl intermediate, three path-
ways for dehydrogenation were investigated. The chromium
propyl species 13 can undergo f-H elimination to form the
chromium propene hydride surface species 14 (Figure S). This
step is characterized by a late transition state®® containing a C—
C distance of 1.38 A, which is very close to that calculated for
free propene (1.33 A). Although 14 is 14.7 kcal mol™ less
stable than 13, the energy of the transition state from 13 to 14
(+50.7 keal mol™") is lower than the energy of the transition

state from 13 to 12 (+57.0 kcal mol™), indicating that the
reaction can proceed via 14. The subsequent release of propene
forms the chromium hydride species 15. This step is exergonic
by 6.8 kcal mol™'. We could not locate the transition state
associated with propene loss. The formation of H, and
completion of the catalytic cycle take place by proton transfer
from 15 to form a dihydrogen adduct, Cr(H,) (16), a highly
exergonic process by almost 20 kcal mol™". The transition state
is 53.1 kcal mol™" above that of the initial reactants and displays
the typical geometry for proton transfer by a 6-bond metathesis
transition state with a wide O—H—H angle (137°) and a H—H
distance equal to 1.15 A.

Alternative pathways were also calculated (Scheme 8).
Propane could undergo C—H bond activation at the methylene
fragment, leading to 13’. This C—H bond activation is
associated with a slightly lower energy transition state (+55.8
kecal mol™") than the activation of the primary carbon, leading
to 13 (57.0 kcal mol™"). The subsequent -H transfer from 13’
has an energy profile similar to that of 13, showing that the rate
of formation of propene by either pathway will be only
marginally different (Scheme 8a). Other possible pathways that
do not involve stepwise -H transfer, olefin decoordination, and
H, release are energetically much less favored (Figure S8 in the
SI). For example, coupling of the hydrogen atoms in 14 prior to
propene release forms the Cr(H,)(olefin) species 17 and is
associated with a high energy barrier (Scheme 8b). Another
possibility would be the reaction of a propane molecule with 15
to re-form 13 by a o-bond metathesis transition state (Scheme
8c). However, each process is associated with very high
transition-state energies.

These results show that dehydrogenation occurs by S-H
transfer, followed by decoordination of propene, recombination
of Si—(u-OH)—Cr and Cr—H, and release of H,. The overall
thermodynamics for dehydrogenation of propane is calculated
to be +4.5 kcal mol™" at 550 °C, and the rate-determining step
is the first C—H bond activation of propane.

Byproduct Formation Pathways. The formation of
methane, ethane, and ethylene indicates that cracking processes
also occur under experimental conditions. Cracking is

Scheme 8. Alternative Pathways for Dehydrogenation of Propane by (a) Dehydrogenation Pathway through the C—H Bond
Activation of the Methylene of Propane, (b) Direct Coupling of the Hydrogen Atoms in 14, and (c) Regeneration of 13 by o-

Bond Metathesis
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associated with similar elementary steps described for
dehydrogenation (Figures 6 and 7 and Scheme 9), with the

CH Cr..,
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AGcrac= -6.6

Figure 6. Byproduct formation for the reaction of propane with la.
The numbers in parentheses are the Gibbs free energies of the
corresponding intermediate, and those on the arrows are the Gibbs
free energies of the transition states, normalized with respect to la +
propane. All energies are given in kcal mol™".
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Figure 7. Hydrogenation of ethylene by la to form ethane. The
numbers in parentheses are the Gibbs free energies of the
corresponding intermediate, and those on the arrows are the Gibbs
free energies of the transition states, normalized with respect to la +
propane. All energies are given in kcal mol™.

only difference being cleavage of a C—C bond (f-alkyl transfer)
in place of a C—H bond (f-H transfer). The catalytic cycle
starts with 12 and the successive heterolytic activation of a C—
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Scheme 9. Alternative Pathways for the Cracking of Propane
by (a) f-Methyl Transfer Followed by Proton Transfer (b)
Regeneration of 13 via 6-Bond Metathesis
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H bond of propane, yielding 13. From 13, p-alkyl transfer
forms the Cr(ethylene)(CH,;) species 18, an endergonic
process by 11.7 kcal mol™" associated with a transition state
of 60.3 kcal mol™ above separated reactants. 18 releases
ethylene to form 19 through an exergonic process of 18.8 kcal
mol™'. Subsequent proton transfer from Si—(u-OH)—Cr to
Cr—CHj; in 19 forms the methane adduct 20 by a transition
state that is 49.2 kcal mol™" above separated reactants (1a and
propane). Low barrier release of methane regenerates the initial
catalyst (1a).

We investigated alternative pathways to crack propane
(Scheme 9), all of which are similar to the alternative pathways
discussed for dehydrogenation of propane (Figure S9 in the
SI). The transfer of a proton from Si—(u-OH)—Cr to Cr—CHj,
prior to ethylene decoordination (Scheme 9a) or o-bond
metathesis between propane and the Cr—CH; species 19
(Scheme 9b) is associated with much higher energies than f-
Me transfer.

The catalytic cycle for producing methane and ethylene is
thermodynamically favored by —6.6 kcal mol™'. However, f-
alkyl transfer presents a slightly higher overall energy barrier
than the C—H bond activation step (60.3 vs 57.0 kcal mol™),
suggesting that this step is rate-limiting in cracking. This is in
contrast to the dehydrogenation reaction, where the C—H
bond activation is rate-limiting.

The formation of ethane can proceed by two pathways, with
the most favorable one shown in Figure 7; a more complete set
of possibilities can be found in the SI (Figure S10). The
coordination of ethylene generated from the cracking of
propane to 15 forms the n-coordinated species 22, which
inserts ethylene to form the chromium ethyl complex 23. As
expected, the insertion of ethylene into Cr—H is highly
exergonic by 14.2 kcal mol™". Proton transfer from 23 forms
ethane and regenerates la. The associated transition states for
ethylene insertion and proton transfer are 48.2 and 53.4 kcal
mol™" above separated reactants. Alternatively, ethane can be
formed by the direct reaction of ethylene and 13 (Figure S10 in
the SI). However, this pathway is associated with higher energy
intermediates and higher energy barriers than those of the
hydrogenation sequence.

Activation of CH, and H,. Contacting [(=SiO),Cr] with
either H, or CH, at 150 °C does not result in the detection of
reaction intermediates (chromium alkyl or hydride) by IR
spectroscopy under the explored conditions. Consistent with
this observation, the reaction of H, and CH, on Cr'™ sites was
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Figure 8. Most favorable free-energy pathways for dehydrogenation (in green) and cracking (in blue) of propane by 1a. All energies are given in kcal
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calculated to be endergonic by 19.9 and 17.5 kcal mol™,
respectively. The intrinsic barrier to activate H, is 32.9 kcal
mol ™!, while the analogous barrier to activate CH, is 40.6 kcal
mol™". However, if a sufficient thermodynamic driving force is
present, the activation of H, is possible. The hydrogenation of
ethylene [(=Si0);Cr] occurs readily at 70 °C with a 1:1
mixture of ethylene and H,, consistent with the formation of
hydride intermediates.

B DISCUSSION

The Phillips catalyst is an important industrial catalyst for the
production of HDPE. Since the discovery of the Phillips
catalyst in 1951, the catalytically active site has been
controversial. Counter to several proposals inferring Cr'" active
sites, we found that well-defined Cr'" sites are active while Cr!!
sites have poor to no activity. This finding is in agreement with
several reports in homogeneous catalysis showing that
chromium(II) alkyls are active in the polymerization of
ethylene.*®

The well-defined chromium(III) silicates do not contain a
preformed Cr—C bond that is required for olefin polymer-
ization. A mechanism consistent with the NMR of the polymer
and XAS data is the heterolytic activation of a C—H bond in
ethylene to form a chromium vinyl species that can coordinate
and insert ethylene. DFT calculations are in agreement with
this proposal and indicate that tricoordinate chromium(III)
species are the active sites. Including additional interaction
between the Cr' site and an adjacent siloxane bridge in our
model leads to significantly higher C—H bond activation
barriers, suggesting that these sites are inactive in polymer-
ization. The activation of a C—H bond in ethylene is endoergic
and rate-limiting, but coupling with the highly exergonic
ethylene insertion steps makes the chromium system an active
polymerization catalyst. This proposal parallels what was found
for the activation of C—H bonds of methane on y-alumina,’ in
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which tricoordinate AI"'—O sites react with methane through a
heterolytic C—H bond activation step. One major difference is
that the C—H bond activation step is exoergic on AI"'—O sites
and endothermic on Cr'—O sites, which leads to observable
M—CH; surface species on y-alumina and not on the silica-
supported Cr species.

[(=Si0);Cr] also catalyzes the dehydrogenation of propane
with 72% selectivity for propene at 550 °C; the byproducts are
methane, ethane, and ethylene. DFT analysis shows that the
rate-determining step for dehydrogenation is also the C—H
bond activation of propane on a Cr—O site (Figure 8). The
transitions states for f-H- and proton-transfer steps generating
propene and H, and regenerating la are lower in energy than
the microreverse of C—H bond activation. The overall reaction
is slightly endergonic at 550 °C according to calculation by +4.5
kcal mol™".

In contrast, the thermodynamics for the formation of
methane and ethylene byproducts from propane are actually
much more favorable (—6.6 kcal mol™"). However, the key step
determining selectivity is the $-X transfer step (X = H, CHj),
which is more favored for dehydrogenation (X = H) than for
cracking (X = CH;) by 9.6 kcal mol™". These results indicate
that C—H bond activation is rate-determining in propane
dehydrogenation, while f-methyl transfer is likely rate-limiting
for the cracking of propane. However, f-methyl transfer can
compete with the initial C—H bond activation of propane
because the overall energetic difference between the two
transition states is ca. 3 kcal mol™. This difference is small and
indicates that the two processes are competitive, in agreement
with the detection of both dehydrogenation and cracking
products in the gas phase under experimental conditions.

The activation of an H-X bond (X = H, CH,, C,H,, C;H,)
is endoergic in all cases explored here. With the calculated
transition states, we can now compare the activation step for

each substrate. Figure 9 shows the transition states for the
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of the X—H bond, the pK, value, and the gas-phase acidities (AH,

r

°, in kcal'mol™") for all substrates are given below the structures.

activation of C;H,, CH,, C,H,, and H, and gives their energy
compared to separated reactants under standard conditions (25
°C and 1 atm). The barriers of the H-X bond activation step
decrease in the order propane &~ methane > ethylene ~ H,. The
transition-state structures for the activation processes of all of
these substrates are remarkably similar. All of the transition-
state structures contain wide O—H—X angles ranging from
137° to 150° and a H-X distance ranging between 1.15 and
1.55 A. The lowest values are for H, and ethylene, while the
values for saturated hydrocarbons are very similar. In all cases, a
formal four-center o-bond metathesis transition state, con-
sistent with the heterolytic cleavage of the H—X bond, was
obtained.***'>> Analysis of the partial charges in these
transition-state structures indicates that the chromium ion
and the activated C—H bond carry partial positive charges
(atoms in blue), while the oxygen acceptor of the proton and
the “X” group carry a partial negative charge (atoms in red).
The easier activation of Cy,—H over Cy, —H bonds can be

related to the difference of pK, values and the gas-phase
acidities of these substrates (AH,°), which is also consistent
with a heterolytic activation process.”'>*® The slightly
disfavored H, activation on Cr''—O sites in comparison to
ethylene is likely due to the shorter H—H versus C—H bond.

H CONCLUSION

The initial motivation of this endeavor was to obtain a
molecular understanding of the active sites in the Phillips
catalyst. Although numerous studies conclude that isolated Cr"
sites are active in olefin polymerization, we found that well-
defined dinuclear chromium(II) silicates have, at best, poor
activity. In contrast, well-defined Cr'™ sites are active. The
heterolytic C—H bond activation of ethylene forms the first
Cr—C bond in these well-defined Crm-containing materials, as
well as for the CO-reduced Phillips catalyst. The C—H bond
activation step is rate-determining and follows a o-bond-
metathesis-type transition state. The microreverse of the C—H
bond activation (chain transfer) has a higher barrier than the
insertion of ethylene into a chromium alkyl, which leads to
polymer growth.

5075

The chromium(III) silicates also catalyze the dehydrogen-
ation of propane to form propene and H, at 550 °C with rates
that are similar to the industrial catalysts. Dehydrogenation also
occurs by the C—H bond activation of propane on a Cr—O
bond. The transition state also has o-bond metathesis character
and structural similarity to that obtained for the C—H bond
activation of ethylene. The calculated barrier to heterolytic
activation of the C—H bond of propane is much higher than
that found for ethylene, consistent with the higher pK, value for
the C—H bond of propane, as expected for a heterolytic C—H
bond activation process.

These studies establish that silica-supported Cr'" sites can
activate C—H bonds of small hydrocarbons by a o-bond
metathesis mechanism. The highly reactive intermediates
generated by C—H bond activation lead to subsequent catalytic
reactivity in polymerization or dehydrogenation. We expect that
the heterolytic C—H bond activation encountered in these
studies is general and will lead to new materials capable of
activating small molecules by similar or related mechanisms.
We are currently exploring this possibility.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under an inert gas atmosphere using Schlenk (argon), glovebox
(argon), or high-vacuum (107 mbar) techniques. O, and water were
removed from all gases (propane, ethylene, methane, and H,) by
passing them through a copper catalyst (R3-11, BASF) and activated 4
A molecular sieves before use. IR spectra were recorded in
transmission mode on a Nicolet 6700 FT-IR spectrophotometer.
Catalytic experiments under gas-flow conditions were performed in a
flow reactor made of stainless steel SS316 (diameter 1.4 cm)
surrounded by an oven connected via a thermocouple reaching into
the catalyst mixed with SiC (2.5 g). The synthesis of [(=SiO)4Cr,]
and [(=Si0);Cr] and experimental details for the polymerization of
ethylene using these materials were described previously.*'>*®

Propane Dehydrogenation Using [(=SiO);Cr]. [(=Si0),Cr]
(60 mg, 0.011 mmol of chromium) was mixed with SiC (2.5 g) and
placed in a flow reactor. Argon was flowed through the reactor (10 mL
min~"), while the reactor was heated to 550 °C. At this temperature, a
mixture of propane and argon (10 mL min™'; 1:4 propane/argon; gas
hourly space velocity = 353 h™") was passed through the reactor, and
the output gases were monitored by gas chromatography with a flame
ionization detector (FID-GC) for 20 h.
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Reactivity of [(=Si0O);Cr] toward Propane. A disk of [(=
S8i0);Cr] (30 mg, 0.006 mmol of chromium) was contacted with
propane (150 mbar, 310 equiv per chromium) at room temperature
for 30 min, then at 100 °C for 30 min, then at 150 °C for 30 min, then
at 300 °C for 30 min, then at 400 °C for S h, and then at 500 °C for 14
h. The reaction was monitored by IR transmission; after heating at
each temperature, two IR spectra were collected with and without
condensation of the gas phase. After the experiment, FID-GC of the
gas phase was performed, which apart from propane showed methane
(0.02 mmol, 3.2 equiv per chromium), ethane (0.01 mmol, 1.5 equiv
per chromium), ethylene (0.01 mmol, 1.2 equiv per chromium), and
propylene (0.10 mmol, 15.4 equiv per chromium). The gas phase was
then evacuated under high vacuum (10> mbar) for 1 h, and another
IR spectrum was recorded.

Reactivity of [(=SiO);Cr] toward CH, Monitored by IR
Spectroscopy. A disk of [(=Si0);Cr] (30 mg, 0.006 mmol of
chromium) was contacted with methane (150 mbar, 320 equiv per
chromium) at room temperature for 1 h, then at 100 °C for 1 h, and
then at 150 °C for 1 h and monitored by IR transmission spectrometry
after heating at each temperature. The gas phase was evacuated under
high vacuum (10™° mbar) for 1 h, and another IR spectrum was
recorded.

Reactivity of [(=Si0);Cr] toward H,. A disk of [(=Si0),Cr]
(30 mg, 0.006 mmol of chromium) was contacted with H, (150 mbar,
320 equiv per chromium) at room temperature for 1 h, then at 100 °C
for 1 h, and then at 150 °C for 1 h and monitored by IR transmission
spectrometry after heating at each temperature. The gas phase was
evacuated under high vacuum (107 mbar) for 1 h, and another IR
spectrum was recorded.

Hydrogenation of Ethylene with [(=Si0);Cr] Using H,. [(=
S8i0);Cr] on a Grace Sylopol 948 (40 mg, 0.012 mmol of chromium)
was preheated at 70 °C and then contacted with a 1:1 mixture of H,/
C,H, (650 mbar, 680 equiv of H,/C,H, mixture per chromium) for §
h. The gas phase was monitored and analyzed by IR and FID-GC and
GC—mass spectrometry. After 4 h, the gas phase contained, apart from
ethylene and H,, ethane (11 equiv per chromium) and traces of butane
(0.085 equiv per chromium) and hexane (0.022 equiv per chromium).
After the experiment, the surface was characterized via IR and 'H and
BC NMR, which evidenced the formation of polyethylene on the
surface.

B COMPUTATIONAL DETAILS

The theoretical calculations were carried out at the DFT level with the
B3LYP hybrid density functional,”® as implemented in the Gaussian 09
suite of programs.>* All considered reaction pathways were calculated
with the high-spin configuration of the Cr'™ d® ion (S = %/,) because
the doublet is much higher in energy and no spin crossing was
detected in the potential energy surface exploration. Geometries were
obtained through a combination of basis sets (BS1): the LanL2DZ%
effective core potential of Hay and Wadt for chromium and the 6-
?yllG(d,p)56 basis set for all other atoms. The nature of all stationary
points along the potential energy surfaces was confirmed by
computation of the Hessian matrix, obtaining no imaginary
frequencies for minima and only one for transition-state structures.
Intrinsic reaction coordinate calculations were carried out in the C—H
bond activation steps to ensure that the transition states connect
properly with the reactants and products. Gas-phase thermal
corrections were calculated at standard conditions (25 °C and 1
atm) for the ethylene polymerization reaction and at 550 °C and 1 atm
for the propane dehydrogenation reaction, including the formation of
byproducts. These calculations allow us to obtain entropic
contributions in the reaction pathways. Electronic energies were
refined with extended basis sets (BS2): LanL2TZ(f)****" for
chromium and 6-311++G(d,p)***® for all other atoms. Additionally,
Grimme’s D3 dispersion corrections™ with Becke and Johnson
damping® were added to the final energies.
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