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ABSTRACT: Extensive chlorination of γ-Al2O3 results in the
formation of highly Lewis acidic surface domains depleted in
surface hydroxyl groups. Adsorption of methyltrioxorhenium
(MTO) onto these chlorinated domains serves to activate it as
a low temperature, heterogeneous olefin metathesis catalyst
and confers both high activity and high stability. Character-
ization of the catalyst reveals that the immobilized MTO
undergoes partial ligand exchange with the surface, whereby
some Re sites acquire a chloride ligand from the modified
alumina while donating an oxo ligand to the support. More
specifically, Re LIII-edge EXAFS and DFT calculations support
facile ligand exchange between MTO and Cl−Al2O3 to
generate [CH3ReO2Cl

+] fragments that interact with a
bridging oxygen of the support via a Lewis acid−base interaction. According to IR and solid-state NMR, the methyl group
remains intact, and does not evolve spontaneously to a stable methylene tautomer. Nevertheless, the chloride-promoted
metathesis catalyst is far more active and productive than MTO/γ-Al2O3, easily achieving a TON of 100 000 for propene
metathesis in a flow reactor at 10 °C (compared to TON < 5000 for the nonchlorinated catalyst). Increased activity is a
consequence of both a larger fraction of active sites and a higher intrinsic activity for the new sites. Increased stability is
tentatively attributed to a stronger interaction between MTO and chlorinated surface regions, as well as extensive depletion of
the Brønsted acidic surface hydroxyl population. The reformulated catalyst represents a major advance for Re-based metathesis
catalysts, whose widespread use has thus far been severely hampered by their instability.

■ INTRODUCTION

Olefin metathesis is practiced on a large-scale in Shell’s Higher
Olefins Process (SHOP), Phillips’ neohexene process, and ABB
Lummus’ Olefins Conversion Technology (OCT).1 The
supported Mo and W oxides used as catalysts in these gas-
phase applications require elevated operating temperatures. For
example, the SHOP metathesis catalyst (MoO3/γ-Al2O3)
operates at 100−200 °C, while the WO3/SiO2 catalyst used
for OCT and the neohexene process requires at least 400 °C.2,3

Re2O7 is the only oxide that, when dispersed on a suitable
support, shows metathesis activity below 100 °C, making it
better suited for liquid-phase metathesis involving heavier
olefins. It is used in producing α,ω-diolefins such as 1,5-
hexadiene and 1,9-decadiene by ethenolysis of cycloolefins in
Shell’s FEAST (Further Exploitation of Advanced Shell
Technology) process,4 as well as in Axens’ Meta-4 Process
for the production of propene from ethene and 2-butenes.5

However, the relatively low activities (TOF < 0.01 s−1) and
especially productivities (TON < 100) typical of such catalysts1

have been major obstacles to their widespread use. Fast
deactivation is a particularly severe issue.6 Commercialization of
Re-based catalysts is also hampered by the high cost of Re, the
high metal loading required, and the volatility of Re2O7 (which
results in metal loss during catalyst regeneration by
calcination).
The acidity of the catalyst support is a key factor in the

activation of dispersed Re oxide precatalysts: various reports
have claimed either Brønsted7,8 or Lewis9−11 acid sites to be
necessary. Since both types of acidity occur together in many
oxide supports, the issue has long been controversial. Higher
activity was observed upon replacing the typical γ-Al2O3
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support by organized mesoporous alumina (OMA) with greater
Lewis acidity10,12,13 (although this claim has been chal-
lenged).14 Catalysts based on supported methyltrioxorhenium
(MTO) have been proposed as more active alternatives to
supported ReOx catalysts,

15 facilitated by the development of
efficient methods for MTO synthesis.16−18 MTO can also be
generated (or regenerated) in situ from inorganic perrhenates
by treatment with a methylating agent, such as SnMe4 or
AlMe3.

19 In solution, MTO requires activation by a Lewis
acid20 such as AlCl3 (in combination with SnMe4) or
AlClxMey.

21 However, deposition of MTO on an acidic oxide
such as SiO2−Al2O3,

19,22−26 niobia,23,27,28 zeolite Y,29 γ-
Al2O3,

23,30 or OMA26,31,32 is even more effective. Interaction
with purely Brønsted acidic supports such as K10-montmor-
illonite or sulfated Al2O3 does not yield an active catalyst.33

While strong Brønsted acid sites appear to be ineffective in
activating MTO,33 their presence has been implicated in
decreased selectivity and deactivation.25 MTO is completely
inactive for metathesis in the presence of weakly acidic
SiO2.

24,33

Unlike conventional Re2O7/γ-Al2O3 catalysts which develop
appreciable metathesis activity only at near-monolayer cover-
ages (typically ≥10 wt % Re), MTO-based catalysts are very
active at low Re loadings (<3 wt %).34 Furthermore, supported
MTO-based catalysts (including those in which MTO is
formed in situ by reaction of supported perrhenates with
SnMe4)

19 are effective as heterogeneous catalysts for the
metathesis of olefins bearing polar substituents.22 For example,
MTO-based catalysts catalyze the selective metathesis of
triacylglycerols from seed oils,35 in contrast to Grubbs’-type
catalysts which favor the formation of insoluble cross-linked
polymers.36,37 Conventional oxide-based heterogeneous cata-
lysts (MoO3/γ-Al2O3, WO3/SiO2, and Re2O7/γ-Al2O3) are
inactive toward functionalized olefins.
While MTO is even more active when associated with SiO2−

Al2O3 relative to γ-Al2O3, the high intrinsic Brønsted acidity of
SiO2−Al2O3 promotes undesired side-reactions, including
olefin isomerization and oligomerization.24,33 The metathesis
activity of MTO/γ-Al2O3 can be enhanced by addition of
promoters such as ZnCl2.

26,33,38,39 Initially, both the Lewis
acidic metal ion and halide ions were deemed necessary,33 and
they were shown to cause both the fraction of active Re sites, as
well as the average per-site activity, to increase.38

As the preceding assessment demonstrates, improving
heterogeneous catalysts by varying their composition and/or
the method of preparation remains a highly empirical activity.
Rational design implies a fundamental understanding of the
effects of such changes at the molecular level. The transition
aluminas, which present a variety of surface OH groups (weak
and strong Brønsted acid sites, as well as Brønsted basic sites)
and a range of Lewis acid sites, have intrinsically heterogeneous
surfaces.40 Thus, grafted MTO exemplifies a supported
organometallic catalyst with highly nonuniform sites, and a
very low fraction that are metathesis-active. Even supports with
less diverse Al coordination environments, such as high silica-
content silica−aluminas, give nonuniform active sites. Thus,
MTO supported on SiO2−Al2O3 showed identical activity
toward propene regardless of whether the Re loading was 1.0 or
10 wt %.25 Finally, despite general agreement that terminal
carbenes must be present in the active sites, such species have
yet to be identified for any supported ReOx- or MTO-based
catalyst. Catalysts prepared by grafting high-valent Re
alkylidenes41 onto oxide surfaces15,42 are possibly more uniform

and therefore easier to characterize, however their exotic
ligands and single-use nature make them poorly suited to large-
scale, continuous processing of olefins.2,43,44

Chlorination of γ-Al2O3 and/or the use of chloride-
containing Re(V) complexes has been reported to enhance
the metathesis activity of supported perrhenate catalysts.14,45,46

Highly chlorinated aluminas with high Lewis acidity and low
Brønsted acidity have long been used as catalyst supports in
large-scale hydrocarbon reforming processes.47 In this study, we
grafted MTO directly onto highly chlorinated γ-alumina (Cl−
Al2O3) in order to explore the effect on the structure of the
grafted sites, their activity and stability.

■ RESULTS AND DISCUSSION
Catalyst Synthesis. Supported MTO catalysts are ex-

tremely hygroscopic, and must be assembled and handled
without exposure to air. They were prepared by subliming
volatile MTO at reduced pressure and room temperature onto
a dry, high surface area oxide support. First, γ-Al2O3 was
calcined in air at 450 °C for 4 h to remove adsorbed
hydrocarbons and carbonates, then dried in vacuo (ca. 10−4

Torr) at 450 °C. This material has a total surface hydroxyl
density of ca. 2.0 OH nm−2.48−50 Chlorinated alumina was
prepared by exposing calcined and dried γ-Al2O3 to a stream of
CCl4 at 300 °C prior to a second drying at 450 °C, to produce
the material denoted Cl−Al2O3. After evacuation at 450 °C, it
contains 4.0 wt % Cl, corresponding to a surface density of 3.8
Cl nm−2. Chlorinated and unchlorinated catalysts were
prepared by exposing either γ-Al2O3 or Cl−Al2O3, respectively,
to MTO vapor at room temperature. Both materials contain
2.3−2.4 wt % Re.

Effect of Chlorination on Propene Metathesis Activity.
Olefin metathesis activity was first assessed in kinetics
experiments performed in a batch reactor. Low-pressure, high
purity propene was used as the reactant, to facilitate
comparison to previously reported rate constants. Using
propene/Re = 250, the kinetics of the approach to equilibrium
were observed to be pseudo-first-order, Figure 1. For MTO
grafted onto γ-Al2O3, the apparent second-order rate constant
for propene homometathesis was obtained by normalizing kobs
by the amount of Re, resulting in k = 540 s−1 (molRe)

−1 at 0 °C
(Table 1). For comparison, MTO/SiO2−Al2O3 is ten times
more active (k = 5590 s−1 (molRe)

−1) under the same
conditions.25 As we and others have reported,26,33,38,39 addition
of ZnCl2 causes the metathesis activity of supported MTO to
increase dramatically, resulting in an activity comparable to that
of MTO/SiO2−Al2O3. The second-order rate constant
increases with the loading of ZnCl2, Table 1.
Propene homometathesis activity increases even more

dramatically when MTO is grafted onto Cl−Al2O3. For the
conditions shown in Figure 1, the half-life is 0.5 min at 0 °C,
compared to more than 17 min for MTO/γ-Al2O3 (both
containing 2.4 wt % Re). This represents a ca. 30-fold rate
enhancement due to chlorination of the support. Furthermore,
although the Cl content of the CCl4-modified Al2O3 (4.0 wt %)
is comparable to that of a highly ZnCl2-promoted catalyst (Al/
Zn = 16, 5.0 wt % Cl), the apparent second-order rate constant
is considerably larger, at 18,250 s−1 (molRe)

−1. This finding
strongly suggests that chloride, not Zn2+, is principally responsible
for the activity enhancement. Very similar kinetic results were
obtained when the reactor was evacuated for an hour and fresh
propene was added, confirming the reproducibility of the
measurement and the stability of the catalyst (at least over short
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time periods). Ethene and 2-butenes represent 99% of the
products (ethene/2-butenes ≈ 1.0) at all times during the
reaction; only traces of higher olefins were detected by GC
(<1%).
The number of active sites was probed by the active site-

counting method of Chauvin and Commereuc.51 The catalyst
was first exposed to 2-butenes (a mixture of cis and trans) at
room temperature to generate ethylidene active sites, followed
by several hours of evacuation and exposure to ethene, also at
room temperature. The amount of propene liberated in the
second step corresponds to the number of active sites present,
provided the evacuation period is long enough to remove
adsorbed butenes (which could result in significant over-
counting). Based on the average of several independent
experiments, ca. 2% of Re sites are active on unmodified γ-
Al2O3, while 12−16% of Re sites are active on Cl−Al2O3. Thus,
the estimated active site fraction increases 6−8-fold. However,
since the overall activity increases ca. 30-fold, we infer that

chlorination of γ-Al2O3 enhances both the number of active
sites and the average per-site activity. This in turn implies that
at least some of the active sites present on Cl−Al2O3 are
distinct from those present on γ-Al2O3.

52

Nature of chlorinated γ-Al2O3. In order to understand the
role of the modified catalyst support in this dramatic rate
enhancement, we investigated how chlorination changes the
surface properties of γ-Al2O3, via its effect on the number and
distribution of surface hydroxyls as well as the surface
acidity.53,54 The extent of chlorination is known to depend
on the identity of the chlorinating agent and the reaction
conditions. Mild chlorination with HCl leads only to
replacement of surface OH groups,55 while use of CCl4 and
more severe reaction conditions causes replacement of lattice
oxygen atoms as well,56 eventually generating volatile AlCl3 by
etching of the surface. The high surface density of chloride (3.8
Cl nm−2) in our Cl−Al2O3 relative to its initial hydroxyl
coverage (ca. 2.0 OH nm−2) implies that chlorination involves
not only the replacement of terminal and bridging hydroxyls,
but also many bridging oxygens (Al−O−Al), Scheme 1.
Although computational modeling reported the presence of
bridging chlorides to be unlikely at low Cl loadings and/or high
hydroxyl densities,54 fluorination of alumina was shown to
result in incorporation of both terminal and bridging
fluorides.57

IR spectra of γ-Al2O3 and Cl−Al2O3 are compared in Figure
2. The unchlorinated support shows the characteristic
stretching modes typically assigned to terminal (basic) OH
groups at 3790 and 3773 cm−1, while bridging (acidic) OH
groups appear at 3730, 3693, and 3676 cm−1.48 The former
tend to be more reactive toward condensation and
substitution,58 and previous theoretical work has shown that
the most energetically favorable reaction of γ-Al2O3 with HCl
involves the replacement of terminal OH groups by Cl.59 As
expected, chlorination of γ-Al2O3 leads to major changes in the
O−H stretching region of the IR spectrum. The bands
attributed to terminal OH groups disappear, while those
attributed to bridging hydroxyls are significantly attenuated. A
small peak at 3730 cm−1 remains visible, as well as a very broad
band centered at 3500 cm−1 arising from a hydrogen-bonded
network. There is no evidence for appreciable amounts of
residual H2O or AlCl3 (Figure S1).60 The presence of strong
Lewis acidity, and the lack of appreciable Brønsted acidity, were
verified by pyridine adsorption (Figure S2).
The 1H MAS NMR spectrum of γ-Al2O3 (dehydrated and

partially dehydroxylated at 450 °C) in Figure 3a consists of two
main signals at 1.8 and −0.3 ppm, assigned to doubly bridging
(μ2-OH) and terminal (μ1-OH) hydroxyl groups, respectively.
Chlorination induces significant changes. The 1H MAS NMR

Figure 1. Comparison of kinetic profiles for metathesis of propene
(circles) and olefin product formation (ethene+2-butenes, squares),
catalyzed by MTO supported on γ-Al2O3 (black, 2.4 wt % Re) and on
Cl−Al2O3 (green, 2.3 wt % Re, 4.0 wt % Cl) in a constant-volume
batch reactor. Conditions: 67 mbar propene (C3/Re = 250), 0 °C, 10
mg catalyst. Solid lines are nonlinear least-squares curve fits of the
appropriate form of the integrated first-order rate equation, n = n∞ +
(1 − n∞)e

−kobst or n = n∞(1 − e−kobst), with two variable fit parameters
(n∞, kobs).

Table 1. Comparison of Apparent Second-Order Rate
Constantsa and Initial Turnover Frequenciesb for Gas-Phase
Propene Homo-Metathesis at 0 °C, by Supported CH3ReO3

catalyst
k/s−1

(molRe)
−1

TOFinitial/
s−1

MTO/γ-Al2O3 (2.4 wt % Re) 540c 0.20
MTO/SiO2−Al2O3 (1.0 wt % Re) 559025 2.1
MTO/ZnCl2/Al2O3
(3.0 wt % Re; Al/Zn = 48)

335038 1.2

MTO/ZnCl2/Al2O3
(3.0 wt % Re; Al/Zn = 16)

838038 3.1

MTO/Cl−Al2O3 (2.3 wt % Re; 4.0 wt % Cl) 18 250c 6.6
aFor a reversible reaction such as olefin metathesis, the apparent rate
constant includes contributions from the forward and reverse rate
constants. bCalculated from the apparent second-order rate constants,
as rates (in mol propene converted per mol Re per s) at t = 0 s (see
the Supporting Information). cThis work. Conditions: constant-
volume batch reactor, 67 mbar propene, 0 °C, 10 mg catalyst (2.3−
2.4 wt % Re), C3/Re = 250.

Scheme 1. Possible Reactions Occurring during Extensive
Chlorination of γ-Al2O3 (m, n Refer to Al Coordination
Numbers of 4, 5, or 6)
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spectrum of Cl−Al2O3 in Figure 3b comprises three main
features: a broad asymmetrical signal with a maximum at 2.6
ppm and extending up to 6 ppm (assigned to μ2- and μ3-OH
groups), and two weaker but sharper signals at 1.4 and 0.4 ppm.
In order to assign these signals, we resorted to heteronuclear

(1H−27Al) solid-state NMR. The 1H−27Al D-HMQC MAS
spectrum correlates the 27Al and 1H signals. It confirms the
persistence in Cl−Al2O3 of tetra-, penta- and hexa-coordinated
aluminum sites (denoted AlT, AlP and AlH, respectively),

distinguished by their characteristic chemical shift ranges
(Figure S3). The main Al2-μ

2-OH pattern resembles that
observed for γ-Al2O3 evacuated at 450 °C (Figure S4), but with
downfield shifts in the 1H dimension of ca. 1.2 ppm. A
significant difference is the disappearance of the characteristic,
strongly quadrupolar-coupled signal of the terminal AlTOH
groups (1H: −0.4 ppm). The only type of residual terminal
hydroxyl is the AlHOH, located at 0.4 ppm in the 1H spectrum.
The major residual proton-containing sites of Cl−Al2O3,
namely, the μ2-OH groups, are correlated with all three types
of Al in order of abundance AlH > AlT > AlP. The μ

3-OH groups
(1H: 3.5−6 ppm) correlate with AlH and AlT, as observed in our
previous study of γ-Al2O3.

61 Interestingly, the proportion of μ2-
OH sites decreases relative to μ3-OH sites. These findings
demonstrate that the hydroxyl sites most affected by
chlorination are μ1-OH and μ2-OH sites. The residual
hydroxyls have structural types similar to those of γ-Al2O3. It
has been suggested that some of the strongly interacting
hydroxyls are located subsurface,62 which would make them
more resistant to chloride replacement.

Fate of MTO on Cl−Al2O3. No methane evolution was
detected by either gas phase IR or GC during the grafting
procedure. Upon interaction of MTO with Cl−Al2O3, new IR
bands appear at 2993, 2905, 1369, and 1212 cm−1, Figure 2.
The first two are assigned to the asymmetric and symmetric
stretching of the methyl group, while the latter two are its
asymmetric and symmetric deformation modes. All frequencies
are blue-shifted slightly compared to those of crystalline
MTO.24,63 Similar observations have been made for MTO
interacting with a variety of oxide supports,24,27,33,52 and
confirm that the methyl group is preserved during grafting. No
perturbation of the O−H stretching modes is detected by IR in
Figure 2c, suggesting that MTO neither interacts with existing
surface hydroxyls nor generates new ones. (Previously, we
observed “new” OH stretching intensity in the IR spectrum of
MTO/SiO2−Al2O3, but only at high MTO loadings. It was
inferred to be caused by H-bonding between pre-existing
surface hydroxyls and the oxo ligands of MTO, rather than
formation of new OH groups.)24,25 Vibrations characteristic of
either terminal (ReCH2) or bridging (Re-CH2−Al) carbenes
are not observed (nor have they been for any other MTO/
oxide support combination).
The 1H MAS NMR spectrum of MTO/Cl−Al2O3 is

presented in Figure 3c. The principal new contribution,
which we assign to Re-CH3, is centered at 3.3 ppm. 1H−1H
DQ-SQ MAS NMR confirms this assignment, since intense on-
diagonal signals are indeed observed from 3.1 to 3.9 ppm,
Figure S5. The chemical shift for the most abundant Re site
reflects changes in metal coordination that induce significant
methyl deshielding relative to that of molecular MTO in CDCl3
(2.64 ppm).24 A second, weaker methyl signal is present at 2.9
ppm according to the 13C−1H HETCOR (see Figure 5 and the
corresponding discussion below), although it is not resolved in
Figure 3. Its chemical shift is similar to that of MTO/SiO2−
Al2O3 (2.8 ppm)24 and MTO/γ-Al2O3 (2.6 ppm, Figure S6).
There is no evidence for either Re-CH2−Al (expected at ca. 9
ppm)64 or ReCH2 (expected at 13−14 ppm).65

Comparison to the 1H MAS NMR spectrum of Cl−Al2O3
(Figure 3b) shows how MTO grafting perturbs the hydroxyl
network. The main change is the attenuation of the signal at 1.4
ppm, assigned to μ2-OH. The other μ2-OH groups (2.5−8.5
ppm, with extremely long relaxation times) are relatively
unperturbed, as is the broad signal centered at 0.4 ppm, due to

Figure 2. Transmission IR spectra of γ-Al2O3: (a) after pretreatment
in vacuo at 450 °C (black); (b) after extensive chlorination (Cl−
Al2O3, 4.0 wt % Cl, red) and subsequent dehydration at 450 °C; and
(c) after grafting of MTO (2.5 wt % Re) onto Cl−Al2O3 (green). The
insets show weak CH3 stretching (d) and deformation (e) modes
(baseline-corrected).

Figure 3. 1H MAS NMR spectra of (a) γ-Al2O3 and (b) Cl−Al2O3
(4.0 wt % Cl), both dehydrated at 450 °C, as well as (c) MTO/Cl−
Al2O3 (18.8 T, spinning speed 20 kHz). T and H denote tetra- and
hexacoordinated Al, respectively; m, n, p refer to total coordination
numbers of 4, 5, or 6. Note: the intensities are not normalized.
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residual μ1-OH sites. The 1H−1H DQ-SQ MAS NMR
spectrum of MTO/Cl−Al2O3 shown in Figure S5 reveals
correlations within the hydroxyl network reminiscent of γ-
Al2O3 (e.g., proximity of different types of μ2-OH groups, and
of μ2-OH and μ3-OH; self-correlation of μ1-OH).61 This
indicates that part of the surface of Cl−Al2O3 retains the
structure of γ-Al2O3. MTO grafted in these regions appears to
interact with μ2-OH groups selectively, among the various types
of surface hydroxyls amenable to observation (manifested in
the decreased signal intensity at 2.5 and 1.4 ppm relative to that
of the 0.4 ppm signal assigned to AlHOH). The broader
implications of this observation will be the subject of future
investigations.
The 2D 1H−27Al D-HMQC MAS NMR spectrum of MTO/

Cl−Al2O3 is shown in Figure 4. It shows two remarkably
distinct, major patterns. The first, in the range 1.5−3.5 ppm in
the 1H dimension, is due mostly to μ2-OH. The μ3-OH signals
(1H: 3.5−6 ppm) correlate with AlH and, to a lesser extent, AlT.
The regions of Cl−Al2O3 that are largely unaffected by grafting
are highlighted by the dashed rectangles in Figure 4. These
signals are partially masked by the second major pattern (solid
rectangle in Figure 4). It includes the 1H chemical shifts of
Re−CH3, and correlates with all three types of Al (relative
proportions: AlH ≈ AlT > AlP). Careful analysis of the 1H
dimension in the Re-CH3 region shows that the low chemical
shift region correlates with AlT/AlH, the high chemical shift
region with AlP/AlH. In the light of the analysis below, these
pairwise correlations suggest strong interactions between Re
and a bridging oxygen (AlnOAlH, n = T or P) of the surface (see
proposed structure in Scheme 3).
The 13C cross-polarization (CP) MAS spectrum of 13C-

labeled MTO supported on Cl−Al2O3 consists of a broad signal
between 25 and 50 ppm, with two resolved maxima at 30 and
37 ppm, Figure 5a. It is strikingly simple compared to the

complex spectrum of MTO on unmodified γ-Al2O3 (Figure
S7). 1H−13C HETCOR confirms the presence of two CH3
environments in MTO/Cl−Al2O3, Figure 5c. The minor 13C
signal, at 30 ppm (corresponding to the 1H signal at 2.9 ppm),
is assigned to MTO coordinated to Lewis acid sites, and is
similar to signals reported on both SiO2−Al2O3 and γ-
Al2O3.

24,52 Proposed structures for this site are shown in
Scheme 2, where the multiple Lewis acid−base interactions
resemble those found for ReO4

− interacting with SiO2−Al2O3
and γ-Al2O3.

66 Since the 13C chemical shift of MTO is just 19
ppm in CDCl3,

63 it is apparent that the interactions with Lewis
acid sites result in strong downfield shifts. The major 13C signal,
at 37 ppm (corresponding to the 1H signal at 3.2 ppm), has not
been reported previously, and is presumably associated with the
new Re sites present on Cl−Al2O3. Although CP-MAS NMR is
not fully quantitative, we estimate the relative proportion of the
two sites to be ca. 70:30 in favor of the new signal (Figure S8).
Finally, we considered whether the higher 1H chemical shift

of the protons in MTO grafted on Cl−Al2O3 relative to
molecular MTO could indicate formation of a “ReOCH3” site.
A methoxide should also give rise to 13C NMR signals in the
range 65−75 ppm,68,69 where we observe no such signals.
Curiously, a 13C signal was reported at 64−65 ppm for MTO/

Figure 4. Solid-state NMR of MTO/Cl−Al2O3: (a)
27Al projection,

(b) 1H MAS, and (c) 1H−27Al D-HMQC MAS NMR (18.8 T,
spinning speed 20 kHz, recycle delay 2 s, recoupling time 500 μs).

Figure 5. (a) 13C CP MAS, (b) 1H MAS NMR, and (c) 13C−1H
HETCOR spectra of MTO supported on Cl−Al2O3 (2.4 wt % Re; 4.0
wt % Cl; (a, c) 7.05 T, spinning rate 10 kHz; (b) 18.8 T, spinning rate
20 kHz.

Scheme 2. Previously Proposed Structures, with Observed
NMR Chemical Shifts, for Intact MTO Grafted onto SiO2−
Al2O3 (A)

25 and γ-Al2O3 (B),
52,67 as Well as a Proposed

Methylene-Bridged Structure on γ-Al2O3 (C)
52,67

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b06953
J. Am. Chem. Soc. 2016, 138, 12935−12947

12939

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06953/suppl_file/ja6b06953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06953/suppl_file/ja6b06953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06953/suppl_file/ja6b06953_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b06953/suppl_file/ja6b06953_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b06953


γ-Al2O3, where it was assigned52 to a bridging methylene [Re-
CH2−Al] arising from spontaneous methyl tautomerization
(represented by structure C in Scheme 2). This possibility can
be completely excluded for MTO/Cl−Al2O3 based on the 13C
and 1H NMR spectra (Figures 3c and S7), since there are no
signals in the corresponding regions. Hence, only Re-CH3
groups are present in detectable quantities, consistent with the
IR spectrum in Figure 2.
Coordination Environment of MTO Grafted onto Cl−

Al2O3. The nature of the ligands bound to Re in MTO/Cl−
Al2O3 was investigated by analysis of the Re L-edge X-ray
absorption spectrum. The Re LI- and LIII-edge energies (12 539
and 10 540 eV, respectively),70,71 as well as the intense
whiteline at the Re LIII-edge,

71,72 are consistent with the
presence of Re(VII) (Figures S9 and S10). The strong pre-edge
feature at the Re L1-edge implies the absence of an inversion
center.66,71 The Re LIII-edge EXAFS shows a broad peak
between 1.0 and 1.5 Å in R-space, very similar to the spectrum
of MTO/γ-Al2O3 (Figure 6a), as well as to spectra reported for
MTO/SiO2−Al2O3,

24 and MTO/zeolite Y.73 It arises due to
scattering by light atoms (C, O) located in the first
coordination sphere of Re. However, for MTO/Cl−Al2O3,
the intensity of this peak is significantly suppressed, Figure 6b,
consistent with fewer light atoms and/or more extensive
destructive interference between these paths. In addition, there
is a prominent new feature at ca. 2 Å, whose location and
intensity suggest a heavier scatterer, such as Cl.
In spite of evidence for severe heterogeneity in MTO/γ-

Al2O3 based on the 13C CP-MAS spectrum NMR (Figure S7),

a successful EXAFS curve fit was achieved using a very simple
model, Figure S11. Three short ReO bonds have an average
distance of 1.721 Å, Table 2. A longer Re−O path was
combined with the Re−C path because of their similar
distances and scattering amplitudes, resulting in an average
distance of 2.14 Å. The long Re−O interaction presumably
involves an oxygen associated with γ-Al2O3 (as in Scheme 2,
structures A and B), but the distance is much shorter (and
chemically more plausible) than a previously reported value
(2.47 Å).52 Because the average long Re−C/O distance reflects
contributions from two slightly different paths, we cannot infer
a significant elongation of the Re−C bond relative to CH3ReO3
(2.06 Å).63 There is no evidence for an even longer Re−O path
(structure B), but a nonbonded Re−Al single-scattering path
was successfully refined at 3.13 Å, comparable to the distance
reported earlier for MTO interacting with the Lewis acidic Al
sites of SiO2−Al2O3 (structure A).

24 The distance is physically
reasonable, and the weak intensity is expected for a relatively
long scattering path in a heterogeneous material.
For MTO/Cl−Al2O3, a satisfactory curve fit was obtained

using a two-site model that accounts for the presence of two
different Re species, as required by the 13C CP-MAS NMR
spectrum (Figure 5). The first site is the same one used to fit
the EXAFS of MTO/γ-Al2O3, while the second site has
undergone O−Cl exchange. In order to limit the number of
variables in the fit, the fractional contributions of the two sites
were correlated by the parameter α, representing the number of
oxo ligands exchanged for chloride. Thus, α represents the
fraction of grafted MTO interacting with Lewis acid sites on γ-
Al2O3 unperturbed by the presence of Cl, while (1-α)
represents the fraction of sites with a Re−Cl path.
The curve fit is shown in Figure 6c (R-space) and Figure S12

(k-space), with curve fit parameters in Table 2. The two
contributing sites have the same ReO distance, 1.69 Å, which
is insignificantly different from that of molecular MTO (1.71
Å),63 and comparable to values reported here and in the
literature24,52 for MTO grafted onto both SiO2−Al2O3 and γ-
Al2O3. Similarly, the Re−C distance, 2.08 Å, is hardly affected
by the surface interaction or by the presence of chloride. The
fraction of sites bearing a chloride ligand, (1-α), is 0.5.
Considering the typical uncertainty in EXAFS coordination
numbers (ca. 20%), this value is consistent with the estimated
70% abundance of the new site according to 13C CP-MAS
NMR (peak at 37 ppm, Figure 5a). In both contributing sites,
the interaction of MTO with the support appears to involve a
long Re−O path (combined in the fit with the Re−C path due
to their similar distances). Thus, the curve fit supports the
presence of a major new species derived from MTO, identified
as [CH3ReO2Cl

+]. The long Re−O distance attributed to the
surface interaction (ca. 2.08 Å) is intermediate between that
expected for an anionic alkoxide ligand and a neutral ether
ligand (e.g., 1.859 and 2.323 Å, respectively, in [ReO3(κ

2-
OC(CH3)2)C(CH3)2OCH3)]).

74 It is consistent with adsorp-
tion of a formally cationic [CH3ReO2Cl

+] fragment at an
anionic [Al−O−Al−] site.
At 2.33 Å, the short Re−Cl distance is characteristic of a

terminal Re−Cl bond. The analogous bond distances in
ReOCl4 and ReOCl4(THF) are 2.26 and 2.30 Å, respec-
tively.75,76 Longer Re−Cl bonds may reflect increased steric
crowding, as in ReO3Cl(THF)2 (2.43 Å), or an anionic
complex, as in CH3ReO3Cl

− (2.63 Å).77 Bridging chlorides in
well-defined molecular complexes exhibit significantly longer
distances as well: for example, 2.54 Å for a complex with a

Figure 6. Comparison of EXAFS FT magnitudes in k3-weighted,
nonphase-corrected R-space, for MTO grafted onto (a) γ-Al2O3 (2.4
wt % Re, black), or (b) Cl−Al2O3 (2.4 wt % Re, 4.0 wt % Cl, green).
Spectra are displayed on the same y-scale, but are offset vertically for
clarity. (c) Curve-fit (lines) of the EXAFS data for MTO/Cl−Al2O3
(points), is shown for both the imaginary component and the FT
magnitude, with curve-fit parameters in Table 2.
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[Re(μ-Cl)(μ-CO)Zn] core,78 and 2.71 Å for a complex with a
[Re2(μ-Cl)2] core.79 We were unable to refine a long Re−Al
path, suggesting that the bridging interaction is nonrigid (in
contrast to Re(μ-X)2Al, X = O and/or Cl). In the absence of
such rigidity, variability in the Re−Al distance between sites
would result in destructive interference between single-
scattering paths and suppression of the EXAFS intensity.
Ligand Exchange on Cl−Al2O3. The spectroscopic

characterization results described above suggest a profound
modification of MTO as a result of its interaction with Cl−
Al2O3. For example, the EXAFS indicates the presence of two
different Re-containing species: (1) intact MTO, interacting via
the oxo ligands with Lewis acid sites present on the γ-Al2O3
surface (similar to structure A in Scheme 2), and (2) a
chlorinated version, interacting via Re with Lewis basic sites.
However, the short Re−Cl distance (2.33 Å) and decreased
number of short ReO paths in the second site are not
consistent with chloride abstraction leading to [CH3ReO3Cl]

−,
but rather with chloro-oxo ligand exchange leading to a
supported [CH3ReO2Cl

+] fragment interacting with an anionic
surface oxygen. There is ample literature precedent for chloride
abstraction in the molecular chemistry of Re complexes,
including the reaction of perrhenate with (CH3)3SiCl in THF
to give [ReO3Cl(THF)2],

75 and the reaction of Re2O7 with
thionyl chloride to give [ReO3Cl]2(SO2Cl2)].

80 In the presence
of stabilizing Lewis bases and PPh3, MTO has been shown to
abstract chloride from (CH3)3SiCl and eliminate an oxo ligand,
as OPPh3.

81,82 Such reactions may resemble the reactions of
MTO with Cl−Al2O3. It is also relevant to this work that, while
solutions of MTO alone do not catalyze olefin metathesis, their
“activation” by AlCl3

83 likely involves Cl−O exchange.21

Proposed structures for the grafted sites based on the
preponderance of spectroscopic evidence are shown in Scheme
3. Coordination of intact MTO to unchlorinated regions of the
surface via multiple Lewis acid−base interactions, as in species

D, is associated with the 13C NMR signal at 30 ppm, by analogy
to structure A (Scheme 2). Its long Re−O(Al) and rigid Re−Al
paths are consistent with the EXAFS. Coordination of MTO to
a chlorinated region of the surface results in Cl−O exchange,
affording species E. In accord with the EXAFS, this site features
a short Re−Cl bond, a long Re−O bond, and no well-defined
Re−Al path. It is tentatively associated with the new 13C NMR
signal at 37 ppm (supported by DFT calculations, see below).
The proposed ligand exchange leading to E is reminiscent of
observations made with early olefin metathesis systems based
on tungsten. For example, [WO(OCH2

tBu)2(CH2
tBu)2] reacts

with AlCl3 to form a bimetallic adduct [W(OAlCl3)
(OCH2

tBu)2(CH2
tBu)2] featuring a W−O−Al bridging inter-

action,84 which evolves to [W(OCH2
tBu)2(CH

tBu)Cl2] and
generates “(AlOCl)n” as an incompletely characterized side-
product.85

To confirm the exchange of oxygen for chloride at ReO,
we grafted 17O-enriched MTO onto Cl−Al2O3 and charac-
terized the resulting material by 17O MAS NMR. The chemical
shift of ReO is observed at ca. 800 ppm, Figure S13a,
consistent with the reported value for MTO (803 ppm).86 The
spectrum of MTO/Cl−Al2O3 in Figure S13c is devoid of such
signals. However, supported metal-oxo species can be difficult
to observe by solid-state 17O MAS NMR, due to their large
chemical shift anisotropies, and the presence of a distribution of
sites which further broadens signals and prevents their efficient
observation.87 Nevertheless, a signal is visible at 13 ppm, with a
shoulder at 50 ppm. Both are assigned to oxygen associated
with the alumina support, i.e., Al−O-X (X = Al, H), by
comparison to the spectrum of 17O-enriched γ-Al2O3 (Figure
S13b). The appearance of these signals is consistent with the
proposed ligand exchange between Re17O and Al−Cl,
resulting in 17O incorporation into the alumina surface.

Impact of Chlorination on Catalyst Stability. To
investigate the impact of chlorination on catalyst lifetime, a
flow reactor study was performed with 1 bar propene at 10 °C.
The flow rate was adjusted to 1.92 mol C3H6 s

−1 (mol Re)−1 to
ensure less than equilibrium conversion (33.7%),88 in order to
assess catalyst deactivation. The TOF measured at 15−20 min
on-stream for MTO/Cl−Al2O3 is 0.57 s−1, which is
approximately three times higher than that of MTO/γ-Al2O3
under the same conditions (0.20 s−1). This activity enhance-
ment is consistent with the batch reactor results in Figure 1,
although the difference is clearly more pronounced at the much
shorter reaction times sampled in the batch reactor.
Figure 7 compares cumulative turnovers (TON) for the two

catalysts. After 37 h on-stream, TON for MTO/γ-Al2O3
reached a plateau at 4.6 × 103, while the value for MTO/

Table 2. Curve-Fit Parametersa for the Re LIII-Edge EXAFS of Supported MTO

catalyst path Nb R (Å) 103 σ2 (Å2)

MTO/γ-Al2O3 ReO 3 1.721 (0.004) 2.4 (5)
Re−C/O 2 2.14 (0.01) 4 (1)
Re−Al 1 3.13 (0.03) 6 (3)

MTO/Cl−Al2O3 ReO 2.5 (0.1) 1.69 (0.01) 3 (1)c

Re−C/O 2 2.08 (0.04) 9 (5)
Re−Cl 0.5 (0.1) 2.33 (0.02) 3 (1)c

aS0
2 and ΔE0 were refined as global fit parameters, returning values of (0.9 ± 0.4) and (3.9 ± 1.9) eV, respectively for MTO/γ-Al2O3 (2.4 ≤ k ≤ 14

Å−1; 1.0 ≤ R ≤ 3.3 Å), and (0.90 ± 0.08) and (0 ± 1) eV, respectively, for MTO/Cl−Al2O3 (3.0 ≤ k ≤ 14.0 Å−1; 1.0 ≤ R ≤ 2.4 Å). bFor the single-
site model used to represent MTO/γ-Al2O3, all coordination numbers (N) were fixed at integer values, to give physical meaning to σ2 values. For the
two-site model used to represent MTO/Cl−Al2O3, coordination numbers were constrained as follows: NReO = (2+α); NRe−C/O = (2); NRe−Cl = (1
− α). cConstrained to the same value.

Scheme 3. Structures Proposed in This Work, and Their
Assigned NMR Signals, for MTO Interacting with
Unchlorinated (D) and Chlorinated (E) Regions of the Cl−
Al2O3 Surface
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Cl−Al2O3 was an order of magnitude higher (38 × 103). After
150 h, TON for the Cl-promoted catalyst exceeded 1.0 × 105,
and was still rising when the test ended after 150 h. For MTO/
γ-Al2O3, the activity decreased rapidly: conversion declined
from its initial value of 10% to less than 3% after just 5 h on-
stream (Figure S14). At the end of the test (after 37 h), the
conversion was 0.6%. In contrast, the more active MTO/Cl−
Al2O3 catalyst initially shows ca. 30% conversion, declining to
10% (i.e., equivalent to the initial activity of MTO/γ-Al2O3)
only after 60 h. Even after 150 h, the conversion remained
above 5%. The stability of the MTO/Cl−Al2O3 catalyst is
exceptional, relative to all other reports for supported Re-based
catalysts. A stronger interaction of MTO with the chlorinated
regions of Cl−Al2O3 may retard bimolecular deactivation
processes, but it is also likely that the absence of nearby
Brønsted acidic sites prevents deactivation by protonolysis. In
contrast, the level of surface dehydroxylation apparently does
not affect either the activity or the number of active sites for
propene metathesis in MTO/γ-Al2O3 catalysts when the
support is thermally pretreated in vacuum at temperatures
between 500 and 1000 °C.89 Thus, the enhanced performance
of MTO/Cl−Al2O3 is a direct consequence of chlorination, and
not an indirect result of the dehydroxylation that accompanies
this modification of the support.
For both MTO/γ-Al2O3 and MTO/Cl−Al2O3, the meta-

thesis products are comprised of equimolar amounts of ethene
and 2-butenes. The evolution of the trans/cis isomers of 2-
butene provides further confirmation of catalyst stability. In
olefin metathesis, stereoselectivity arises due to differences in
the relative stabilities of metallacyclobutanes.90 Thus, the
[1e,2e] isomer, with two adjacent methyl substituents in
equatorial positions in the metallacyclobutane ring, is energeti-
cally favored over the [1e,2a] isomer, with one equatorial and
one axial methyl substituent, Scheme S1. At low conversion,
there is a kinetic preference for cis-2-butene arising from the
[1e,2e] intermediate, while at higher conversion, further
metathesis results in via cis−trans isomerization which causes
the ratio to approach its thermodynamic value (4.4 at 10 °C).91

Consequently, the trans/cis ratio tends to decrease as a function
of time on-stream due to catalyst deactivation. The evolution of
the trans/cis ratios in the 2-butene products with time on-
stream is compared for MTO/γ-Al2O3 and MTO/Cl−Al2O3 in
Figure 8. Severe deactivation of MTO/γ-Al2O3 is accompanied
by a rapid decrease in the trans/cis ratio of the 2-butenes as the
experiment proceeds, starting at 3.0 but eventually stabilizing at
1.0 after 37 h. For MTO/Cl−Al2O3, the initial ratio is 3.3, and

is still 2.4 even after 150 h. This is consistent with higher
conversion throughout the experiment compared to the
nonchlorinated catalyst, and agrees with results reported for
other d0 catalyst systems.92−100 Thus, the high activity and
stability of MTO/Cl−Al2O3 do not come at the expense of
stereoselectivity.

Computational Investigation of Ligand Exchange
between MTO and Al2Cl6. We performed DFT calculations
for some proposed surface species, in order to test our
assignments of their 13C and 1H NMR shifts, to corroborate
our EXAFS and 17O NMR results, and to provide preliminary
evidence of thermodynamic plausibility of Cl−O ligand
exchange. While several periodic59,101,102 and cluster103−105

computational models for the various facets of partially
dehydroxylated γ-Al2O3 surfaces have been proposed, their
relevance to high surface area aluminas remains controver-
sial,106,107 and there is as-yet no direct experimental
evidence62,108 for a key structural feature of these computa-
tional models, i.e., highly coordinatively unsaturated tricoordi-
nate Al atoms, which calculations have deemed responsible for
their ability to activate MTO.89 Structural models for the
surface of chlorinated alumina are even less well-developed.
Digne et al. constructed a periodic model,54 but incorporated
Cl only in terminal positions replacing nonbridging hydroxyl
groups. They pointed out that more extensive chlorination
must involve the formation of “AlCl3”-like domains via strong
surface reconstruction.
Since none of the model systems described above are

consistent with a heavily chlorinated and likely reconstructed
alumina surface, our calculations used an extremely simple
Al2Cl6 cluster instead. As is the case for computational models
of γ-Al2O3, it is not clear that this cluster geometry is
representative of the highly chlorinated regions of an Al2O3
surface, whose oxygen content is greatly reduced. However, the
structure of Al2(μ-Cl)2Cl4 does include both bridging and
terminal chlorides (Figure S15 and Table S1). While we are
aware that we cannot properly model the chlorinated alumina
surface with this compound, it is nevertheless possible
(particularly in the absence of a more sophisticated model for
the surface of chlorinated alumina) to use it to confirm
reactivity patterns regarding the oxo-chloride exchange
chemistry proposed here on the basis of experimental evidence.
It is noteworthy that Al2Cl6 has been shown to activate MTO
for olefin metathesis in solution,83 likely via oxo-chloride ligand
exchange.21

Scheme 4 shows the structures and relative free energies of
two adducts Ia and IIa between MTO and Al2Cl6 in which a

Figure 7. Comparison of productivity for MTO/Cl−Al2O3 (green)
and MTO/γ-Al2O3 (black), in propene metathesis in a flow reactor.
Conditions: 10 °C, 1 bar, 1.92 mol C3H6·s

−1·(mol Re)−1.

Figure 8. Selectivity comparison of selectivity during propene
metathesis catalyzed by MTO/γ-Al2O3 (left) and MTO/Cl−Al2O3
(right), in a flow reactor. Conditions: 10 °C, 1 bar, 1.92 mol C3H6·s

−1·
(mol Re)−1.
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bridging Cl ligand and a terminal oxo ligand have been
exchanged between Al and Re to give structures with a bridging
O ligand between Al atoms and terminal Re−Cl bond,
consistent with the EXAFS and 17O NMR results described
above. An investigation of alternative adducts with Re−O−Al
bridges and no Re−Cl bonds yielded higher free energy
structures (IIIa, IVa, and Va in Scheme S2), and no stable
structures with a Re−Cl−Al bridge. In structure Ia, oxo ligands
of the (formally anionic) [CH3ReO3Cl

−] fragment form
bridges to two Al sites of the [Al2Cl5

+] cluster, resulting in a
slight elongation of the Re−O distances (to ca. 1.80 Å, Table
S2). In structure IIa, the (formally cationic) [CH3ReO2Cl

+]
fragment interacts with a bridging oxygen of the [Al2Cl5O

−]
cluster, resulting in a single, long Re−O distance of length 1.94
Å which approximately matches the value obtained in the
EXAFS curve fit.

The calculated 13C NMR chemical shifts for species Ia and
IIa (43 and 40 ppm, respectively) occur at higher frequencies
compared to those of the O-bound adducts IIIa, IVa and Va
without Re−Cl bonds (27 ≤ δ ≤ 35 ppm, Scheme S2). The
predicted difference, while small, corroborates the assignments
for the experimentally observed shifts of 37 and 30 ppm for the
chlorinated and unchlorinated Re sites of MTO/Cl−Al2O3,
respectively (Figure 5a). The predicted 1H signals of Ia and IIa

(Table S3) also shift to slightly higher frequencies, as observed
experimentally (Figure 4).
While the predicted spectra and structures of Ia and

especially IIa corroborate several experimental observations,
Ia is predicted to be slightly more stable than IIa. We assign no
significance to the small difference in computed adsorption
energies; we emphasize that Al2Cl6 is an extremely simple
model and is unlikely to predict adsorption energies for
chlorinated alumina accurately. At best, the model demon-
strates that structures Ia and IIa are plausible, with IIa being
consistent with more of the spectroscopic evidence than Ia.

Origin of the Initiating Carbene Ligand. We also used
DFT to examine carbene formation by tautomerization,
involving proton transfer from the methyl ligand to an oxygen
associated with the chlorinated Re sites. Tautomerization by
proton transfer from the methyl group in free MTO to an oxo
ligand of Re is prohibitively far uphill.109 However, proton
transfer to one of the bridging oxygens (AlORe) of Ia to give Ib
is nearly isoenergetic (Scheme 4). Likewise, proton transfer
from the methyl group in IIa to create a bridging hydroxyl in
IIb (bond lengths in Table S7) is nearly isoenergetic. In
contrast, proton transfer to a terminal oxo ligand of Re to give a
terminal hydroxyl is highly unfavorable for MTO on the Al2Cl6
cluster, with or without Cl ligand exchange (Scheme S3).
Since MTO/Cl−Al2O3 appears to have a much higher

fraction of active sites than other supported MTO-based
metathesis catalysts (vide supra), we sought further evidence
for the appearance of a carbene ligand under reaction
conditions, using 13C NMR spectroscopy. Typical 13C NMR
chemical shifts for terminal Re alkylidenes lie in the range 250−
310 ppm, and the unstable methylidene complex [Re(CH2)
(CH2

tBu)(CtBu) (bpy)OTf] has a 13C chemical shift of 258
ppm in C6D6.

65 The computed values for methylidenes Ib and
IIb are similar (Scheme 4). When MTO/Cl−Al2O3 was treated
with CH3

13CHCH2 (70 mbar at 0 °C for 60 min), a 13C
signal was observed at 246 ppm by CP/MAS NMR (Figure
S16). However, a blank experiment without MTO confirmed
that the signal is present when propene adsorbs on Cl−Al2O3.
A similar signal observed when propene was adsorbed on HY
zeolite was assigned to a methyl-substituted cyclopentenyl
cation.110 It is therefore unlikely to be the signal for a terminal
carbene on Re.
Supported analogues of Ib and IIb, if present, are therefore

not abundant enough to be spectroscopically observable. In
studies of MTO/γ-Al2O3, it has been suggested that they
rearrange to give dormant, bridging methylidenes (Scheme 2,
structure C).52 However, the absence of any IR, 13C NMR, or
1H NMR signals for such species in the much more active
MTO/Cl−Al2O3 catalyst demonstrates that bridging carbenes
are not present here either, nor is there a reason to invoke
highly energetic tricoordinate aluminum sites to form them.89

This finding is consistent with previous experimental results for
the very active MTO/SiO2−Al2O3 catalyst,

25 and with our DFT
predictions that conversion of either Ib or IIb to Ic is
significantly uphill (Scheme 4). Finally, our DFT calculations
show that terminal methylidenes are less stable than the
corresponding rhenacyclobutane intermediates formed in their
reactions with C2H4 or C3H6, Scheme S4, therefore the
metallacycles are the likely resting states under reaction
conditions. Since calculated 13C chemical shifts for the
rhenacyclobutanes lie in the region 20−50 ppm, they are
difficult to distinguish from signals for adsorbed olefins and
oligomers (Figure S16).

Scheme 4. DFT-Optimized Structures for MTO after Ligand
Exchange with Al2Cl6, with Computed NMR Chemical
Shifts, for Both Methyl and Methylene Tautomersa

aNumbers beside the arrows represent standard free energy changes in
kJ/mol, computed at 298 K.
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■ CONCLUSIONS AND PERSPECTIVES

MTO adsorbed on chlorinated alumina, which simultaneously
supports and activates the organometallic fragment, is the first
example of a highly active and long-lived low temperature Re-
based heterogeneous metathesis catalyst. The increased fraction
of active sites and increased per-site activity measured at short
reaction times, as well as the increased overall activity and
stability measured at long reaction times, in conjunction with
spectroscopic measurements which indicate a high degree of
site uniformity, require that the active sites differ both
quantatively and qualitatively from those of previously reported
supported catalysts based on oxides of Re and their
organometallic derivatives. They are also valuable for being
simple to prepare, with no need for exotic spectator ligands, or
even for a preinstalled carbene. These are major advances for
supported Re-based metathesis catalysts, for which wider
industrial implementation has been severely hampered by
stability issues.
A variety of complementary spectroscopic techniques (IR,

multinuclear solid-state NMR, and X-ray absorption), with
additional support from DFT modeling, demonstrate that the
coordination environment of MTO is modified by its grafting
onto Cl−Al2O3, although the methyl group initially remains
intact. Formulation of a new site as cationic [CH3ReO2Cl

+]
interacting with an anionic [AlOAl−] surface site formed by
ligand exchange between MTO and the chlorinated alumina
surface (Scheme 5) is consistent with the experimental and
computational evidence presented above. The activation of
MTO by Cl−Al2O3 thus bears a resemblance to single-site
olefin polymerization catalysts, in which ligand exchange with a
Lewis acidic cocatalyst generates an electrophilic (usually,
cationic and coordinatively unsaturated) active site.111 Interest-
ingly, Lewis acids such as AlCl3, GaBr3 and B(C6F5)3 are also
known as cocatalysts for molecular metathesis precatalysts of
Mo, W and Re, both “classical” (formed in situ) and “well-
defined” (isolated as alkylidenes).112−116 In many of these
systems, the cocatalyst has been suggested to perturb the active
site electronic structure via halide ligand substitution, and/or
coordination of the Lewis acid to an oxo ligand, in addition to
ligand abstraction.

The discovery of a heterogeneous metathesis catalyst that is
both highly active and productive at low temperatures suggests
new directions in the development of effective catalysts for the
metathesis of nonvolatile and functionalized olefins. In
particular, there is evidence that chlorination enhances the
activity of other types of heterogeneous metathesis catalysts,
including those based on perrhenates and molybdates.14,45,46

We note that halogenated oxides have already proven to be
effective support-activators for single-site olefin polymerization
catalysts.117,118

■ EXPERIMENTAL METHODS
Catalyst Preparation. The γ-Al2O3 (Strem, BET surface area ca.

200 m2 g−1) was calcined at 450 °C in air for 4 h, then evacuated at the
same temperature under dynamic vacuum (0.1 mbar) overnight. This
partially dehydrated and dehydroxylated alumina was chlorinated in a
stream of CCl4-saturated N2 (Praxair, 99.5%, 10 mL/min) in a fixed-
bed reactor at 300 °C for 1 h. The resulting Cl−Al2O3 was evacuated
at 200 °C for 3 h, then at 450 °C overnight. Both unchlorinated and
chlorinated aluminas were modified with MTO (98%, Sigma-Aldrich)
by sublimation into the reactor at room temperature and 0.0001 mbar.
Periodically, the solid was shaken vigorously to promote uniform
deposition of MTO. After grafting, the catalyst was evacuated
overnight at room temperature to remove physisorbed material.

Re loadings were determined by quantitative extraction, followed by
UV spectrophotometric analysis as described previously.24 Cl loading
was quantified using bomb combustion/ion chromatography by
Columbia Analytical (Tucson, AZ).

Active Site Counting. The number of active sites was evaluated in
a 120 mL batch reactor, according to a previously described method.51

There is considerable uncertainty involved in this measurement, due to
strong retention of olefins on the surface: thus, insufficiently long
evacuation times can lead to overestimation of the active site count,
while excessive evacuation times may undercount them as a result of
decomposition of the active sites. Consequently, trends are only
significant for materials subjected to identical measurements, and
absolute values should be regarded with caution. In a typical,
optimized procedure, a 100 mg sample was loaded into the reactor
inside an Ar-filled glovebox. After evacuation and cooling to 0 °C, 2-
butenes (160 mbar, mixture of cis/trans isomers, Sigma-Aldrich,
≥99%) were admitted into the reactor and allowed to react for 3 h.
Following evacuation at room temperature for 30 min, the addition of
2-butenes was repeated to ensure complete reaction. After evacuation
at room temperature overnight, ethene (160 mbar, Praxair, containing
0.5% propane as internal standard) was introduced into the reactor
and allowed to react for 3 h at 0 °C. The amount of propene released
was analyzed by GC-FID.

Spectroscopic Characterization. For IR analysis, self-supporting
pellets (5 mm diameter, 6 mg) were pressed inside an Ar-filled
glovebox. Spectra were also recorded inside the glovebox using a
Bruker Alpha-FT-R spectrometer in the range 4000−400 cm−1,
accumulating 32 scans with 4 cm−1 resolution. Pyridine adsorption was
performed in situ in an air-free Pyrex cell equipped with two IR-
transparent KBr windows. A self-supporting pellet of Cl−Al2O3 (15
mg, 15 mm diameter) was pressed inside an Ar-filled glovebox and
transferred into the in situ Pyrex cell. IR spectra were collected using a
Shimadzu IRPrestige-21 spectrometer in the range 4000−400 cm−1

with 4 cm−1 resolution, accumulating 32 scans.
For solid-state NMR analysis, the highly air-sensitive samples were

packed into 3.2 or 4 mm zirconia rotors inside an Ar-filled glovebox,
and sealed with tightly fitting Kel-F caps. 1H MAS NMR, 1H−1H DQ-
SQ MAS NMR and 1H−27Al D-HMQC MAS NMR spectra were
acquired on a Bruker Avance III 800 spectrometer (1H, 800.13 MHz;
27Al:, 208.50 MHz). For 1H NMR experiments, the spinning frequency
was 20 kHz, the optimized recycle delays were 1200 s (Cl−Al2O3) and
2 s (MTO−Cl-Al2O3), and 16 scans were collected using a 90° pulse
excitation of 3.75 μs. 27Al MAS NMR spectra at 18.8 T were acquired
at a spinning frequency of 20 kHz in 3.2 mm rotors. D-HMQC
experiments were set up with a 27Al spin echo selective to the central
transition, with pulses of 7.25 and 14.5 μs, and a 1H π/2 pulse of 3 μs
on either side of the 27Al π pulse. A recycling delay of 2 s was used.
The number of scans for each t1 increment was set to 512. The SR421
dipolar recoupling scheme119 was applied for 500 μs. Two-dimensional
(2D) 1H−1H Double Quantum Magic-Angle Spinning experiments
were performed at 20 kHz spinning speed using the R122

5 symmetry-
based recoupling scheme,120 applied for 116 μs at a radio frequency
field strength of 40 kHz. A total of 16 transients were summed for each
of the 300 t1 increments, with a recycling delay of 2 s.

17O MAS NMR spectra were recorded at 18.8 T (17O: 108.5 MHz)
in 3.2 mm rotors using either a single pulse or a central transition-

Scheme 5. Proposed Activation of MTO by Cl−Al2O3
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selective Hahn echo sequence, at a magic-angle spinning frequency of
20 kHz. Chemical shifts are reported in ppm with respect to TMS
(tetramethylsilane), Al(H2O)6

3+, and H2O as external references in 1H,
27Al, and 17O NMR, respectively. 13C NMR measurements were
performed at room temperature on a Bruker AVANCE 300 NMR
spectrometer operating at 75.4577 MHz with a spinning rate of 10
kHz. To enhance sensitivity in 13C CP-MAS NMR experiments,
isotopically labeled 13CH3ReO3 (>99%

13C) was prepared according
to a literature procedure.81 13C CP-MAS spectra were recorded using a
1H 90° pulse length of 3.5 μs, a contact time of 3 ms, an acquisition
time of 21 ms, a recycle delay of 2 s, and high power proton
decoupling during detection. 1H and 13C chemical shifts are referenced
to tetrakis(trimethylsilyl)silane at 0.25 and 3.52 ppm, respectively.
X-ray absorption spectra at the Re LI (12,527 eV) and LIII (10,535

eV) edges were collected at beamline 4−1 of the Stanford Synchrotron
Radiation Lightsource, which operates at 3.0 GeV with a current of
500 mA. Samples were mounted in a He-filled cryostat at 15 K to
minimize sample decomposition, and spectra were acquired in
fluorescence mode using an Ar-filled Lytle detector. MTO was diluted
(2 wt %) in BN (Sigma-Aldrich) to minimize self-absorption. Data
were analyzed using the Demeter software package.121 After
subtraction of a linear pre-edge function, data were normalized by
the edge height. A smooth, third-order polynomial approximating the
absorption background of an isolated atom was subtracted to yield
χ(k). The data were then k3-weighted and Fourier-transformed. The
number (N), distance (R), and mean-squared displacement (σ2) of
scattering atoms were assessed by nonlinear fitting with least-squares
refinement in R-space using the EXAFS equation122 as implemented in
the Artemis software package.121

Catalytic Testing. Low pressure batch reactions were performed
in a 120 mL tubular Pyrex reactor immersed in a water bath at 0 °C.
Ten mg catalyst was transferred to the reactor in an Ar-filled glovebox.
Propene (67 mbar, Praxair, 99.8%) was first purified by passage
through dried molecular sieves (13X) and BTS catalyst (Sigma-
Aldrich), then admitted into the evacuated reactor. Reaction products
were analyzed by GC-FID (Shimadzu GC-2010) with separation on a
capillary column (Supelco Alumina Sulfate plot, 30 m x 0.32 mm). The
small amount of propane that is present as an impurity in the propene
was used as the internal standard.
Flow reactions were carried out in a fixed-bed stainless steel reactor

(1/4′′ tube) operated in the up-flow configuration at 1 bar. The
catalyst was loaded into the reactor in an Ar-filled glovebox and
isolated using a 4-way valve, to allow extensive purging of the tube
before passing the feed (pure propene) through the catalyst bed. The
reactor was immersed in a constant temperature bath at 10 °C. The
flow rate was controlled by a Brooks (5850S SMART) mass flow
controller. To facilitate direct comparison of catalysts, the molar flow
rate was held constant by adjusting the catalyst quantity and the
propene flow rate. The products were analyzed by online GC (HP
6890), with separation by capillary column (50 m, KCl/Al2O3) and
FID detection. Conversion and selectivity were calculated from the
carbon balance obtained directly from the FID signals, according to
eqs 1 and 2:

= ×conversion %
mol propene converted
mol propene introduced

100%
(1)

= ×x
x

selectivity (for product ) %
mol of product ( )

mol propene converted
100%

(2)

■ COMPUTATIONAL METHODS
All calculations began with a simple Al2Cl6 cluster model (Figure S15),
containing both terminal and bridging Cl atoms. Three terminal
chlorides of the cluster were fixed in space at optimal locations for the
Al2Cl6 cluster. The fourth terminal chloride (Cl3) was allowed to
move freely to enable its reaction with MTO. Bond angles and lengths
are summarized in Tables S1 and S2. All calculations were performed
with the ωB97X-D density functional123 in Gaussian 09. The TZVP

basis124 was used for all light atoms, while the aug-def2-TZVP
basis125,126 as custom-optimized by Hwang et al.127 was used for Re
(aug-def2-TZVP is the def2-TZVP basis with a second f-orbital added,
and with exponents of both f-primitives reoptimized to minimize the
energy of perrhenate, ReO4

−; it also uses an effective core potential to
treat relativistic effects for Re).128 A sample input file is included in the
Supporting Information.

Computed free energies are reported at 298.15 K and include
translational, rotational, and vibrational contributions for MTO.
Models meant to represent surface species, including the Al2Cl6
cluster and its MTO adducts, include only vibrational contributions.
The 13C and 1H NMR chemical shifts in Tables S3 and S4 were
calculated using the GIAO method,129,130 with calibration curves
constructed from the computed shielding values and experimental
chemical shifts of a series of well-known molecular Re compounds131

(Figures S17, S18 and Tables S5, S6).
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M.; Basset, J.-M.; Copeŕet, C. J. Catal. 2008, 253, 180.
(31) Onaka, M.; Oikawa, T. Chem. Lett. 2002, 31, 850.
(32) Oikawa, T.; Ookoshi, T.; Tanaka, T.; Yamamoto, T.; Onaka, M.
Microporous Mesoporous Mater. 2004, 74, 93.
(33) Oikawa, T.; Masui, Y.; Tanaka, T.; Chujo, Y.; Onaka, M. J.
Organomet. Chem. 2007, 692, 554.
(34) Kotov, S. V.; Finkel’shtein, E. S.; Chernykh, S. P.; Shabalina, T.
N.; Tyshchenko, V. A.; Milovantseva, V. I. Kinet. Catal. 2006, 47, 460.
(35) Pillai, S. K.; Abidli, A.; Belkacemi, K. Appl. Catal., A 2014, 479,
121.
(36) Tian, Q.; Larock, R. J. Am. Oil Chem. Soc. 2002, 79, 479.
(37) Biermann, U.; Metzger, J. O.; Meier, M. A. R. Macromol. Chem.
Phys. 2010, 211, 854.
(38) Tovar, T. M.; Stewart, S. M.; Scott, S. L. Top. Catal. 2012, 55,
530.
(39) Pillai, S. K.; Hamoudi, S.; Belkacemi, K. Appl. Catal., A 2013,
455, 155.
(40) Popoff, N.; Mazoyer, E.; Pelletier, J.; Gauvin, R. M.; Taoufik, M.
Chem. Soc. Rev. 2013, 42, 9035.
(41) Schrock, R. R. Chem. Rev. 2002, 102, 145.
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(72) Fröba, M.; Lochte, K.; Metz, W. J. Phys. Chem. Solids 1996, 57,
635.
(73) Malek, A.; Ozin, G. Adv. Mater. 1995, 7, 160.
(74) Herrmann, W. A.; Wojtczak, W. A.; Artus, G. R. J.; Kühn, F. E.;
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