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ABSTRACT: Heterogeneous olefin metathesis catalysts exhibit

[l Metrics & More ’ Q Supporting Information

4MEs co-feeding facilitated H-transfers 1 mol.% 4MEs

low active site densities and unpredictable kinetics due to dynamic o )_ o, & co-fesding
active site formation and decay processes. Here, we establish a o )_/’ W Mo o] | ‘
quantitative framework that captures active site generation, W8 \ / \ |

renewal, and decay in olefin metathesis over silica-supported Site Renewal and 0 J chawin o Y 2 |
molybdenum oxide catalysts, enabling a mechanistic explanation of DecayCycle Wi Cycle W %

catalytic behavior and strategies to achieve high, stable activity. \> / \ %

Steady-state active site titrations reveal that 2,3-dimethyl-butene \\ ) / IR
isomers (4MEs) cofeeding increases active site density by up to 2 —os

4.3-fold, directly correlating with enhanced metathesis rates. 4_,\[,,&

Spectroscopic studies demonstrate that 4MEs facilitate Mo(VI) n-4ME -4ME

reduction to Mo(IV) and interact strongly with surface Si—OH

groups, generating labile protons that promote active site formation via a 1,2-proton shift mechanism. Kinetic modeling indicates
that ethylene acts as a decay promoter, shifting kinetic control away from the Chauvin cycle and suppressing metathesis activity.
Comparative studies on catalysts with varying Mo loading reveal that promotion is most effective for dispersed molybdate species,
with a decline at higher Mo loadings. These findings provide a unified mechanistic framework for heterogeneous olefin metathesis,
offering new strategies to enhance active site accessibility, mitigate deactivation, and optimize catalyst design.

B INTRODUCTION

Olefin metathesis plays an important role in both industrial
processes and fundamental research due to its high atom-
economy, minimal byproduct formation, and broad applic-
ability from fine chemical synthesis to large-scale production of
commodity chemicals.'"”> While heterogeneous olefin meta-
thesis is widely accepted to proceed via the Chauvin
mechanism, mvolvmg metal alkylidene and metallacyclobutane
intermediates,”> the nature of the active sites remains
uncertain, and direct spectroscopic detection of alkylidene
species has proven challenging.”” The prevailing hypothesis
suggests that active sites form in situ from isolated metal-oxo

These limitations manifest as deviations from classical
kinetic models, where heterogeneous systems exhibit higher-
than-expected reaction orders and reactants such as ethylene
act as rate-demoting species in cross-metathesis reactions.' "'
To address this gap, we recently proposed that active sites in
silica-supported tungsten oxides undergo a dynamic renewal
and decay cycle alongside the Chauvin cycle, with site
formation governed by a 1,2-proton shift mechanism involving
proximal silanol groups.12 In this framework, cofed substituted
olefins, such as 2,3-dimethyl-1-butene (i-4ME), act as proton
shuttles, accelerating site formation and increasing overall
catalytic activity (Scheme 1A)."*~'* While this promotion

or metal-dioxo precursors upon olefin exposure at elevated
temperatures.”® However, the hlgh kinetic and thermodynamic
barriers associated with activation®” not only result in a low
fraction of catalytically active metal centers but also make site
formation highly dynamic and dependent on reaction
conditions. The transient nature of active sites prevents direct
quantification, complicating kinetic analyses and hindering
rigorous comparisons between different catalyst formulations.
Consequently, the lack of a predictive framework linking active
site population, turnover, and deactivation pathways continues
to limit the rational design of heterogeneous catalysts.*”
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strategy provided key mechanistic insights, a quantitative
understanding of active site populations and their dependence
on reaction conditions remained elusive. A key challenge lies in
the intrinsic instability of metathesis active sites, which renders
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Scheme 1. (A) 1,2-Proton Shift Mechanism on Partially Reduced Supported Metal (Mo or W) Oxides, and (B) Active Site
Renewal and Decay Cycle Through 1,2-Proton Shift Mechanism, Where *O is a Lattice Oxygen of the Support and M is the
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Figure 1. (A) Reaction scheme for the cross-metathesis of ethylene and 2-butenes. (B) The promotional effect in the cross-metathesis of 20% 2-
butenes and 20% ethylene. Conditions: 10 mg catalyst, helium balanced, SO mL/min total flow rate at 180 °C. (C) Reaction process for Mo
ethylidene titration. (D) Propylene production during transition from 20% 2-butenes to 20% ethylene. (E) The kinetic dependence of propylene
production on the partial pressure of 2-butenes. Conditions: 30 mg catalyst, helium balanced, 40 to 90 mL/min total flow rate at 180 °C. Results
for unpromoted conditions are in blue color, and those for promoted conditions with 1% 4MEs cofeeding are in red color.

conventional titration methods inaccurate under steady-state
conditions, as the required inert gas purging disturbs the
dynamic balance of active site renewal and decay. Similar
promotional effects were observed for MoO,/SiO, catalysts,
but whether their activation follows the same mechanistic
pathway as WO,/SiO, remained unresolved.'” Furthermore,
the relationship between active site density and olefin
concentration had not been established, making it difficult to
distinguish between true increases in active site population and
changes in intrinsic turnover frequency.

Here, we resolve these uncertainties by integrating precise
site titration with kinetic modeling on silica-supported
molybdenum oxide catalysts. To enable accurate steady-state
active site titration, we employed a modified steady-state
isotopic transient kinetic analysis (SSITKA) reactor adapted
for nonisotopic titration. This approach circumvents the

limitations of isotopic labeling, including prohibitive cost and
analytical challenges arising from m/z overlap among C,—C,
olefins, though it precludes direct measurement of kinetic
parameters such as surface residence time and turnover
frequency. Leveraging steady-state titrations under standard
and promoted states, we directly quantify metathesis-active site
populations under reaction conditions, revealing that up to
80% of surface Mo centers engage in the Chauvin cycle, which
is a drastic increase over prior estimates that correlates directly
with enhanced metathesis rates. The results demonstrate that
promotion via cofed 2,3-dimethyl-2-butene isomers (4MEs)
systematically increases active site density. Spectroscopic
analyses using near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) and in situ Fourier transform
infrared (FTIR) spectroscopy confirm that, while 4MEs
partially reduce Mo(V/VI) to Mo(IV), their primary function
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Figure 2. Kinetic parameters for olefin metathesis over 1.5% MoO,-SOMC. (A—C) propylene (C;”) self-metathesis, (D—F) ethylene (C,”) and 2-
butenes (C,~) cross metathesis. (G—I) propylene (C;”) self-metathesis with ethylene (C,~) cofeeding, P- for promoted conditions by cofeeding 1%
4MEs and Un- for unpromoted conditions. Conditions: 15 mg catalyst, helium balanced 50 mL/min total flow.

is to facilitate proton transfer via a 1,2-proton shift mechanism
that drives active site formation. Integrating these findings with
kinetic modeling, we establish that 4MEs promote site renewal,
saturating the surface Mo active site population and shifting
the kinetic control of propylene metathesis from the site
renewal and decay cycle to the Chauvin cycle. In contrast,
ethylene accelerates site decay, reversing this effect and
suppressing metathesis activity, providing direct evidence for
its inhibitory role. Together, these insights provide a rigorous
framework for linking active site density, turnover dynamics,
and catalyst deactivation in heterogeneous metathesis. This
work advances our understanding of site generation in Mo-
based metathesis catalysts and establishes selective promotion
as a powerful tool for optimizing metathesis rates.

B RESULTS

Promotional Effect on MoO,-SOMC. We first inves-
tigated the promotional effect of cofeeding 4MEs in the cross-
metathesis of ethylene and 2-butenes (Figure 1A) using a
silica-supported molybdenum oxide catalyst with a 1.5 wt %
Mo loading, synthesized via surface organometallic chemistry

(1.5% MoO,-SOMC)."*~"” This method yields predominantly
monodispersed Mo dioxo species on silica,”> minimizing
complications from metal clusters or interface sites often
present in catalysts prepared by incipient wetness impregna-
tion."” Cofeeding 1% 4MEs resulted in a 4.5-fold increase in
the steady-state rate of cross-metathesis (Figure 1B).

To quantify the promotional effect of 4MEs in the cross-
metathesis, we performed active site titration experiments in a
SSITKA type reactor with low dead volume, ensuring direct
measurement of active site populations under steady-state
conditions (Supporting Information Materials and Methods
and Figure S1).""” Before titration, active sites were generated
by exposing the catalyst to 20% 2-butenes for at least 12 h, a
process that did not produce new olefins. Titration was
initiated by switching the feed from 20% 2-butenes to 20%
ethylene, leading to the exclusive formation of propylene with
>99% selectivity. Propylene was produced both during the
primary titration event and from subsequent catalytic reactions
involving held-up 2-butenes. The linear correlation between
total propylene production and space time confirmed that the
reaction proceeded under differential conditions, allowing us to
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Figure 3. (A)—(D) NAP-XPS data of the Mo 3d region of the 1.5% MoO,-SOMC catalyst subject to conditions labeled in the spectra at 250 °C.
The fitted peaks for Mo(VI) are blue, Mo(V) are yellow, and Mo(IV) are red. Parameters used in peak deconvolution are listed in the Supporting
Table S1. (E) The rate of propylene self-metathesis over 1.5% MoO,-SOMC catalyst after pretreatment under 4% propylene at 550 °C.
Conditions: 10—15 mg catalyst, 30% propylene in a helium balance, S0 mL/min total flow rate at 180 °C. (F) In-situ transmissive FTIR spectra of
the adsorption of C;Hg and 4MEs on 1.5% MoO,-SOMC, and 4MEs on SiO, support at S0 °C. (G) Magnified C—H stretching region of C;H4 on
1.5% MoO,-SOMC. The absorbance difference was relative to the fresh catalyst after pretreatment.

extrapolate to zero space time, where catalytic conversion with
2-butenes is absent. At the y-intercept, propylene formation
reflects only the primary titration event, providing a direct
measure of Mo oxo ethylidene site density on the catalyst
surface. For 1.5% (1.56 X 10™* mol Mo/g.,,) MoO,-SOMC,
we measured 2.8 + 0.4 X 107 mol/g, of propylene from
titration, corresponding to 18 + 3% of surface Mo sites being
catalytically active (Figure 1D). Cofeeding 1% 4MEs increased
active site density 4.3-fold to 12.1 + 0.4 X 107> mol/g,,
corresponding to 77 + 12% of surface Mo centers, far
exceeding the previously reported maximum of ~20% for
supported metal oxides.”””*"

To assess the generality of this effect, we extended the study
to MoO, and WO, catalysts prepared by incipient wetness
impregnation (IWI), a method that typically leads to more
heterogeneous distributions of metal sites compared to the
SOMC approach. A similar increase in active site density with
1% 4MEs cofeeding was observed across 1.4% (1.46 X 107*
mol Mo/g,,,) and 6.6% (6.88 X 10~* mol Mo/g.,.) MoO,-TWI
catalysts (3.0 X 107° to 10.3 X 107° mol/g_, and 4.0 X 1075 to
12.5 X 107° mol/g.,, respectively), as well as 2.9% (1.58 X
10~* mol W/g,,.) WO,-TWI catalysts (1.3 X 107> to 2.5 X 107°
mol/g.,.) (Supporting Figure S3), demonstrating that the site-
enhancing effect of 4ME:s is not limited to MoO,-SOMC, but
extends across different catalyst formulations.

We further examined the influence of 2-butenes partial
pressure on the formation of active sites. The apparent reaction
order in propylene formation during titration was 0.9 with
respect to 2-butenes (Figure 1E). Cofeeding 4MEs shifted the

apparent 2-butenes order from 1 to 0,
mechanistic insights into active site formation.

Kinetics of Self- and Cross-Metathesis on MoO,-
SOMC. To investigate the mechanism underlying the promo-
tional effect of 4MEs cofeeding on supported Mo catalysts, we
performed kinetic studies under differential conditions,
ensuring the absence of mass and heat transport limitations
(Supporting Eq S3—S6). Using the 1.5% MoO,-SOMC
catalyst, we measured an apparent propylene order of 1.4
and an apparent activation energy (Eapp) of 53 kJ/mol for
propylene self-metathesis in the absence of promoter olefin
(Figure 2A,B). In the cross-metathesis of 2-butenes and
ethylene, we observed an ethylene order of 0.3, a 2-butenes
order of 1.6, and an E,,, of 49 kJ/mol (Figure 2D,E).

Cofeeding 1% 4MEs resulted in a 44- to 77-fold increase in
the propylene self-metathesis rate under various conditions,
accompanied by a reduction in the E,,, from 53 to 31 kJ/mol,
a decrease in the apparent propylene order from 1.4 to 0.9, and
a 4MEs order of 0.25 (Figure 2A—C). In contrast, cofeeding
1% 4MEs during the cross-metathesis of ethylene and 2-
butenes resulted in a more modest rate increase of 3- to 6-fold.
The promoted E,,, remained unchanged at 49 kJ/mol, while
the promoted order for 2-butenes decreased to 0.8, the
ethylene order increased to 0.5, and 4MEs exhibited an
apparent order of 0.7 (Figure 2D—F).

The disparity in promotional effects observed while
cofeeding 4MEs across different metathesis reactions was
further investigated by introducing various olefin mixtures
during propylene self-metathesis. Cofeeding 20% 2-butenes to

revealing key
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propylene self-metathesis increased the ethylene production
rate by 4-fold. Adding 1% 4MEs to the propylene/2-butenes
mixture further enhanced the rate by 7-fold relative to the
propylene/2-butenes condition, and by 30-fold relative to the
unpromoted propylene-only condition. In contrast, cofeeding
20% ethylene to the propylene/4MEs mixture suppressed the
promoted 2-butenes formation rate by almost 80% (Support-
ing Figure S4). The suppression was largely reversible, with the
promoted 2-butenes rate recovering to ca. 90% of its original
value upon the termination of ethylene cofeeding.

To further investigate the unchanged E,,, observed in cross-
metathesis, we examined the poisoning effect of ethylene by
introducing varying concentrations of an ethylene cofeed
alongside 1% 4MEs during propylene self-metathesis. As
ethylene concentration increased (Figure 2G—1), we observed
a gradual rise in E,,, from 36 to 52 kJ/mol, approaching the
unpromoted E,,, for propylene self-metathesis. Additionally,
the 4MEs order increased from 0.19 to 0.66, aligning with
values observed in cross-metathesis, while the propylene order
unexpectedly increased to 1.6. Note that ethylene exhibited an
inhibitory effect with a reaction order of —0.48, which helps
explain why its net order remains lower than that of 2-butenes,
even under promoted conditions.

In-Situ Spectroscopic Analysis of the Promotional
Effect. To elucidate how 4MEs cofeeding promotes active site
formation, we conducted a series of spectroscopic studies
comparing the interactions of 4MEs and propylene with
preactivated Mo sites. The promotional effect is expected to
influence one or both of the widely proposed key factors in
active site formation: (1) the reduction of Mo(VI) to lower-
valent preactive Mo sites,'””*™** and (2) the subsequent
formation of metal alkylidene species via different mechanistic
pathways.*>>*® To examine the first factor, we investigated
surface Mo reduction by i-4ME and propylene using near-
ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS). The Mo 3d region in the XPS spectra showed peaks
corresponding to Mo 3d;s;, and Mo 3d;,, for each oxidation
state of Mo (Figure 3A—D). Exposure of the pretreated
catalyst pellet to 0.48 mbar of propylene resulted in a surface
Mo distribution of 26.3% Mo(VI), 43.9% Mo(V), and 29.8%
Mo(IV) (Figure 3A). Increasing i-4ME pressure led to a
monotonic increase in Mo(IV) content to 48.8%, while the
fractions of Mo(VI) and Mo(V) decreased, indicating that i-
4ME more effectively reduces surface Mo than propylene.

To further examine Mo reduction under reaction conditions,
we used in situ diffuse reflectance (DR) UV—vis spectroscopy
to monitor changes in d-d electron transitions of surface Mo
cations. Cofeeding 1% 4MEs during steady-state propylene
self-metathesis produced distinct absorption bands between
300 and 700 nm (Supporting Figure S8). However, the d—d
transitions of Mo(VI) species overlap with z—z* transitions
associated with aromatic surface species.”’ >’ Previous studies
have reported the formation of aromatic carbon deposits on
MoQ,/SiO, catalysts;”” therefore, disentangling the respective
contributions of Mo d—d transitions and #-bonded carbona-
ceous species remains challenging. The absence of distinct C
Is features in the corresponding NAP-XPS spectra suggests
that carbon accumulation is minimal, and the observed spectral
evolution likely reflects changes in Mo electronic structure.

Next, we investigated 4MEs cofeeding on a prereduced 1.5%
MoO,-SOMC catalyst to assess whether factors beyond Mo
reduction contribute to the promotional effect. High-temper-
ature pretreatments under olefins or alkanes have been shown

to enhance olefin metathesis rates by reducing supported metal
oxides.””***" Accordingly, we preactivated the catalyst under
4% propylene at 550 °C for 30 min, minimizing further Mo
reduction by 1% 4MEs at 180 °C. Despite this, introducing 1%
4MEs still enhanced catalytic activity (1.1- to 1.3-fold), albeit
to a lesser extent than on a helium-activated catalyst (Figure
3E).

We used in situ transmissive Fourier transform infrared
(FTIR) spectroscopy to probe surface interactions of 4MEs
and propylene with the pretreated 1.5% MoO,-SOMC catalyst.
The propylene-saturated catalyst surface (Figure 3F, orange
trace) exhibited a weak, broad sp® C—H stretching region
(2800—3000 cm™") and a subtle decrease in the Si—OH (3747
cm™") feature, with no detectable sp> C—H stretching (3000—
3100 ecm™!).*"** Adsorption of 4MEs on 1.5% MoO,-SOMC
(Figure 3F, blue trace) resulted in more pronounced changes
in the Si—OH (3747 cm™") feature, with significantly greater
intensity reduction compared to propylene adsorption. Using
an integrated molar extinction coefficient (IMEC, €) of 1.2—
1.6,>> the estimated Si—OH consumption after 4MEs
adsorption was 22 + 3 umol/g.,, (Supporting Figure S12). A
control experiment with 4MEs adsorption on SiO, -y
(dehydroxylated at 700 °C) showed minimal perturbation of
isolated Si—OH (2.6 & 0.4 umol/g.,,), despite the presence of
perturbed Si—OH groups at 3708 and 3484 cm™' (Figure 3F,
red trace).

To further differentiate the interactions of 4MEs with the
catalyst surface versus the SiO, support, temperature-
programmed desorption (TPD) experiments were performed
on 4MEs-saturated samples (Supporting Figure S13). On
SiO, g, all surface species fully desorbed by 120 °C. In
contrast, on the MoO,-SOMC catalyst, desorption occurred
continuously over a broader temperature range, extending to
significantly higher temperatures than on the support.
Although most surface-bound 4MEs desorbed by 180 °C,
residual IR signals in the C—H stretching region persisted.

B DISCUSSION

In heterogeneous olefin metathesis, olefins fulfill multiple
mechanistic roles. They generate active metal alkylidene
species from preactive sites, undergo metathesis with these
species, and, in specific cases such as ethylene, promote
deactivation.”**® Thus, the population of active sites is
dynamic, continuously renewed and lost under reaction
conditions, which complicates direct quantification. To
approximate the steady-state active site density during cross-
metathesis of 2-butenes and ethylene, MoO,-SOMC was first
exposed to 20% 2-butenes. Although no metathesis products
were detected under flowing 2-butenes, switching the feed to
20% ethylene led to the immediate and selective formation of
propylene. This observation confirms that 2-butenes form Mo
ethylidene species, which do not react productively with 2-
butenes but readily undergo metathesis with ethylene to
produce propylene.

Steady-state titration experiments showed that cofeeding 1%
4MEs increases the Mo ethylidene density by 4.3-fold. This
increase closely matches the 4.5-fold enhancement in the
steady-state rate of cross-metathesis between 2-butenes and
ethylene, indicating that the promotional effect of 4MEs
primarily arises from an increase in active site density.

The apparent 2-butenes order of 0.9 for Mo ethylidene
formation indicates that site generation is kinetically relevant
under unpromoted conditions and helps rationalize previously
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reported olefin orders exceeding the 0—1 range predicted by
the Chauvin cycle. With 1% 4MEs cofeeding, the first-order
dependence on 2-butenes at low concentrations demonstrates
that 4MEs accelerate site formation but do not independently
create active sites. At higher 2-butenes concentrations (>20%),
the order decreases to zero, indicating saturation of Mo oxo
ethylidene coverage, with up to ~80% of surface Mo engaged
in turnover.

Having established the kinetic relevance and saturation
behavior of site formation, we next evaluated the kinetics of the
metathesis reactions under different feed conditions. In the
absence of promoter olefins, the apparent reaction orders of
propylene (1.4) and 2-butenes (1.6) exceed the 0—1 range
predicted by the Chauvin cycle, consistent with their
participation in additional kinetically relevant steps. In
contrast, ethylene exhibits a much lower order (0.3), consistent
with a limited role in site formation. Given that 2-butenes
exhibit a reaction order of 0.9 in Mo ethylidene formation, the
elevated apparent orders of propylene and 2-butenes likely
reflect their dual roles in kinetically relevant active site
formation and metathesis. The low reaction order for ethylene
likely reflects its competing role as a site-poisoning species,
which limits its participation in site renewal or related
pathways.

Cofeeding 1% 4MEs lowers the reaction orders of propylene
and 2-butenes to values consistent with Chauvin cycle
predictions, while 4MEs themselves exhibit nonzero orders
despite not undergoing metathesis. This indicates that 4MEs
participate in kinetically relevant steps involved in active site
formation, substituting for the reactant olefins in these
processes. Notably, the 4MEs reaction orders differ between
the metathesis reactions. Analysis of apparent 4MEs orders
provides insights into whether overall reaction kinetics are
governed by the site renewal and decay cycle or the Chauvin
cycle. On 1.5% MoO,-SOMC, the lower 4MEs order of 0.2 in
propylene self-metathesis implies a less kinetically relevant site
renewal and decay cycle. In previous studies, Griinert et al.
reported that the propylene reaction order ranged from 0.78 to
0.84 on MoO,/Al,O; catalysts, with apparent activation
energies between 30 and 38 kJ/mol.*® These values, which
align with the promoted MoO,-SOMC case (31 kJ/mol),
reflect kinetic control of the Chauvin cycle with minimal
contribution from active site formation. Conversely, in our
previous kinetic study on 3% WO,-SOMC, E,,, decreased
from 156 to 116 kJ/mol with a 4MEs order of 0.8."* The near-
unity 4MEs order suggests that the site renewal and decay
cycle was kinetically relevant, and the observed decrease in E,j,,
likely reflects differing activation barriers for propylene and
4MEs in this cycle.

In promoted cross-metathesis, the 4MEs order of 0.7
suggests that active site formation remains kinetically relevant.
Using SSITKA-derived turnover frequencies to decouple
metathesis turnover from site renewal and decay, Zhang et
al. reported an apparent activation energy of 35 kJ/mol for the
same reaction over a similar MoO,/SiO, catalyst, representing
the intrinsic kinetics of the Chauvin cycle.”” The E,,p, in our
system remains at 49 kJ/mol, indicating that the overall
reaction remains under kinetic control by the site renewal and
decay cycle. Moreover, the unchanged E,,, upon 4MEs
cofeeding suggests that the activation barriers associated with
4MEs- and 2-butenes-assisted site formation are comparable.

Additional evidence arises from promoted propylene self-
metathesis in the presence of cofed ethylene. Introducing 20%

ethylene increases the 4MEs reaction order from 0.2 to 0.7 and
raises the promoted E,,, from 36 to 52 kJ/mol, a value
comparable to the unpromoted E,,, for propylene self-
metathesis. These changes indicate that ethylene reduces the
steady-state population of Chauvin intermediates through a
competitive adsorption or site-blocking mechanism and shifts
the kinetic regime from metathesis turnover to site renewal and
decay. The similarity in E,,, across different olefins further
suggests that, unlike in 3% WO,-SOMC, the barriers
associated with site dynamics involving propylene, 2-butenes,
and 4MEs are comparable on 1.5% MoO,-SOMC.

Kinetic analysis provides a clear basis for understanding why
cofeeding 1% 4MEs leads to a much larger rate enhancement
in propylene self-metathesis than in cross-metathesis. Given
that the promotional effects of 4MEs cofeeding originate from
increases in active site populations, differences in promotional
magnitude across reactions likely reflect variations in the extent
of site population increase. In the absence of promoter olefins,
kinetic data indicate that both propylene and 2-butenes
contribute to active site formation in their respective reactions.
The 4-fold increase in ethylene production rate while
cofeeding 20% 2-butenes to propylene self-metathesis indicates
that 2-butenes are more effective than propylene in facilitating
active site formation. Adding 1% 4MEs to the propylene/2-
butenes mixture further boosts the rate by 7-fold, and by 30-
fold compared to the propylene-only condition. These results
suggest that 2-butenes already drive a higher degree of site
formation than propylene, limiting the additional enhancement
achievable by 4MEs. In addition, the higher ethylene
concentration required in cross-metathesis, compared to that
generated in self-metathesis, exacerbates site deactivation and
could partly account for the smaller promotional effect of
4MEs under these conditions.

Spectroscopic results provide complementary evidence for
the role of 4MEs in promoting metathesis. NAP-XPS confirms
that i-4ME reduces surface Mo(VI) species more readily than
propylene. However, a measurable promotional effect persists
even on prereduced catalysts, indicating that Mo reduction
alone does not account for the observed rate enhancement.
The promoted rate deactivates to the unpromoted level under
standard conditions once 4MEs are removed, suggesting that
their effect depends on continuous cofeeding. Together, these
findings point to an additional mechanistic role for 4MEs
beyond Mo reduction.

In situ FTIR shows that 4MEs interact more strongly with
surface silanol groups than propylene does, particularly with
those perturbed by adjacent Mo centers. Upon 4MEs
exposure, the intensity of these Mo-perturbed Si—OH signals
decreases significantly on the catalyst, whereas similar features
remain largely unchanged on the SiO, support. Prior studies
have shown that metal-perturbed silanols exhibit stronger
Bronsted acidity due to electronic interactions with neighbor-
ing high-valent metal centers.">'***** The selective depletion
of the Mo-perturbed Si—OH upon 4MEs adsorption reflects its
enhanced acidity, which was also supported by CD,;CN
adsorption experiments (Supporting Figure S7) and prior
solid-state NMR studies.'” This acidity enables protonation of
electron-rich olefins like 4MEs, facilitating the formation of
surface-bound carbocations or alkoxides. Such species have
been identified in WO,-SOMC systems by IR and NMR;"*
similar intermediates likely form on Mo-based catalysts as well.
The greater extent of 4MEs adsorption relative to propylene
likely results from both their lower volatility and the stabilizing
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Figure 4. (A) Proposed reaction mechanism for propylene self-metathesis over MoO,/SiO,. Subscript R and 2 (e.g., Kg, Kgg, &y, or L) stand for
propylene, P and 3 for 4MEs, E for ethylene; 73" for site decay rate, and 733 for ethylene-assisted site decay rate. (B) The influence of the ratio
(44/g) of decay rate to propylene-assisted site renewal rate on propylene orders. (C) The estimated fractions of monodispersed surface Mo (S,,)
and Chauvin cycle intermediates (S) on 1.5% MoO,-SOMC. (D) Sum-of-squares error fitting of experimental data to the Michaelis—Menten
equation to determine the ratio of ethylene-assisted site decay rate to propylene-assisted site renewal rate (ﬂEd/g). (E) The simulated effect of

ethylene cofeeding on promoted propylene and 4MEs orders.

effect of methyl substituents, which facilitate positive charge
formation.

Proton transfer has been frequently implicated as the rate-
limiting step in the conversion of Mo dioxo precursors into
catalytically active alkylidene species.*”*' Recent studies on
homogeneous Mo and W organometallic complexes suggest
that proton transfer from proton donors to styrene-bound Mo
and W species is the rate-determining step for alkylidene
formation.'”*** Computational studies further indicate that
proton transfer barriers, from Mo perturbed Si—OH to
propylene adsorbed on Mo(IV) and from Mo isopropyl
complexes to Mo—O—Si bridge oxygens, represent the highest
energy barriers in Mo oxo propylidene formation.”* Based on
these insights, we propose that 4MEs promote the formation of
surface-bound carbocations or alkoxides that, upon desorption,
release labile protons. These protons then drive the 1,2-proton
shift step that enables active site formation, thereby
accelerating alkylidene generation and sustaining high meta-
thesis rates under promoted conditions.

Building upon our kinetic and spectroscopic insights, we
propose a mechanistic framework (Figure 4A) that integrates
the Chauvin cycle with site renewal and decay processes,
providing a unified explanation for the observed kinetic
behavior exceeding Chauvin cycle predictions. The mechanism
begins with partially reduced Mo(IV) (I,), generated through

helium pretreatment at 500 °C, as confirmed by NAP-XPS
measurements and previous studies identifying it as the
preactive site." ™7 Under steady-state reaction conditions,
site renewal (blue pathway) occurs via a 1,2-proton shift
mechanism mediated by proximal silanol groups, generating
Mo oxo alkylidene sites with a reaction order between 0 and 1
for propylene or 4MEs. Alongside site decay pathways (red
dashed line),*** which remain insensitive to propylene partial
pressure (Supporting Figure S7A), this renewal-decay cycle
dynamically regulates the population of Chauvin cycle
intermediates, thereby modulating the steady-state metathesis
rate. Leveraging previous experimental and theoretical
studies,"”*~*" along with the observed propylene reaction
order range (0—2), we propose the proton transfer step
generating the Mo oxo isopropyl intermediate (S*) serves as
the rate-limiting step for site renewal. In this framework, 4MEs
could enhance active site formation by either increasing the
surface coverage of intermediate (I,/;) leading to S* or
lowering the barrier for the proton transfer (k,/k;) forming
S*. In addition, the adsorption of 4MEs on Lewis acidic Mo
sites could also lead to the formation of a surface Mo-alkyl
adduct, which may undergo #-H elimination to generate 4MEs
and a Mo—H species frequently proposed in the literature as a
plausible intermediate in metathesis active site formation. Such
Mo—H species could further promote propylene insertion to
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yield a Mo alkylidene.'****> However, no corresponding Mo—
H features, typically observed between 1600 and 2000
m~.,***" were detected in the FTIR spectra after 4MEs
adsorption, though this possibility warrants further inves-
tigation.

To evaluate the consistency between the proposed
mechanism and experimental trends, we developed a kinetic
model containing two interdependent cycles: an active site
renewal and decay cycle and the Chauvin cycle (Supporting
Information Material and Methods and Section 16). Both
cycles share the same surface network involving metathesis-
inactive species (I;) and active sites (S;). By solving the renewal
and decay cycle, we obtained an analytical expression for the
steady-state active site fraction, S/S,,, where S represents the
concentration of active sites and S, denotes the total number
of surface sites. The rate expression for 2-butenes formation is
then obtained from the Chauvin cycle but weighted by S/S,,
thereby coupling metathesis turnover with the dynamics of site
renewal and decay. All rate expressions were derived
analytically from elementary steps using quasi-equilibrium
and quasi-steady-state approximations, yielding a closed-form
framework that links feed composition, site dynamics, and
observed metathesis rates.

The assumption that all I, sites are chemically identical could
not reproduce the 0.5 decrease in propylene order upon
promotion, indicating that preactive sites are chemically
heterogeneous (Supporting Section 18). Given the renewal
pathway proceeds through a 1,2-proton shift, differences in
silanol acidity are expected to influence site activation. This
motivated us to propose a two-site hypothesis wherein S-sites,
which are sufficiently acidic to be activated by both propylene
and 4MEs, coexist with a-sites with weaker acidity, which
require exclusively 4MEs for activation (Supporting Informa-
tion Material and Methods). Fitting the model to the change in
propylene order upon promotion revealed that pJ-sites
constitute only 3% of S, while a-sites account for 97%.
This distribution is consistent with IR data (Figure 3F), which
showed much stronger interactions of 4MEs with silanols than
those of propylene.

Parameter estimation using experimental data (Supporting
Section 18) revealed that propylene orders (Figure 4B) are
governed by two key factors: the propylene adsorption
constant (Ky) and the ratio of site decay rate to the
propylene-assisted site renewal rate (14 /g). While Ky influences
both promoted and unpromoted conditions through its role in
the Chauvin cycle, 44, determines the steady-state balance of
site renewal and decay, and thus primarily affects the
unpromoted order. The optimal Ky value was estimated
from the promoted order (Supporting Figure S17), and Ay
was screened to match the unpromoted order. At high values
of A4/ where decay dominates over renewal, S/S,, is low, and
the difference in propylene orders upon promotion approached
unity. As ﬁd/g decreases, renewal dominates, S/S,, increases,
and the difference in orders diminishes, reflecting a transition
toward Chauvin control. This trend is consistent with catalysts
with higher Brensted acidity, which enhance the proton-
assisted renewal pathway (ky,, Figure 4A), thereby decreasing
Aqjg At the same temperature as the order measurements,
steady-state titrations show S/S,, of only 8.2% on WO,-IWI
compared to 20.6% on MoO,-IWI, despite similar S, values
(2.9 vs 1.4 wt %), implying that the difference arises from a
higher 14/, on W. With similar promoted propylene orders of
0.9, the higher unpromoted propylene order on WO, (1.9)

relative to MoO,, (1.4) supports the model prediction that
higher A4/, values produce larger order differences upon
promotion.

For the 1.5% MoO,-SOMC catalyst, the experimentally
observed unpromoted propylene order of 1.4 corresponds to a
moderate 44/, value of 1.6. Alternatively, 44/, may be altered by
increasing the rate of generation. In cross-metathesis, the
reduced promotional effect may be due to the natural
promotion ability of 2-butenes, which lead to a higher kR
and therefore a lower A4/, This framework also clarifies why
4MEs appear less effective in cross-metathesis than in self-
metathesis. In cross-metathesis, 2-butenes already provide a
faster renewal pathway (kxR), which lowers 44/, and reduces
the relative impact of 4MEs compared to propylene. At the
same time, ethylene accelerates decay, further limiting the
promotional effect. The higher unpromoted 2-butenes order,
despite lower A4/, can be attributed to this ethylene-assisted
decay pathway, which elevates the apparent olefin order and
partially obscures the role of renewal.

The 4MEs order primarily depends on surface site
dispersion and the titration value of promoted active sites
(77 + 12%). Analysis of the promoter reaction order relative to
site occupancy (S/S,,) (Figure 4C) indicates a site occupancy
of 0.72 + 0.07 for the observed 4MEs reaction order of 0.25 +
0.07, implying a dispersion fraction of 83—100% for the 1.5%
MoO,-SOMC catalyst. A similar order-matching analysis for
the 6.6% MoO,-IWTI catalyst showed reasonable consistency in
the atomic dispersion fraction within the error range of the
promoter reaction order (Supporting Figure S16). These
results validate that the model quantitatively captures the link
between 4MEs kinetics and site availability across distinct
catalyst architectures.

Analysis of catalyst deactivation during ethylene cofeeding
was used to assess whether the observed increases in propylene
and promoter reaction orders could be fully explained by
surface coverage effects on I, and §; sites (Supporting Section
19). The ethylene-assisted decay ratio (4gq/,) was modeled
using a Michaelis—Menten-type expression (Figure 4D),
revealing that ethylene induces kinetic decay steps following
a pre-equilibrium stage. These results point to a dual role for
ethylene as (1) enhancing the saturation of a reactive
intermediate and (2) facilitating secondary decay pathways.
During propylene self-metathesis under differential conditions,
the limited formation of ethylene restricts intermediate
accumulation and minimizes decay. By contrast, ethylene
cofeeding accelerates these deactivation processes, leading to
higher propylene and 4MEs reaction orders. Simulated
reaction orders in the presence of 20% ethylene cofeed were
1.35 for propylene and 0.78 for 4MEs, consistent with the
experimentally determined ethylene reaction order of —0.5
(Supporting Figure $22).

Taken together, the kinetic model provides quantitative
validation of the proposed mechanism across a range of
reaction conditions. It captures the distinct propylene reaction
orders observed under promoted and unpromoted regimes
through a two-site framework grounded in variations in silanol
acidity. The model demonstrates that the relative rates of site
renewal and decay, reflected by the parameter 44, determine
which steps control the overall reaction rate across different
catalysts. It also links the promoter reaction order to the degree
of surface site occupancy, in agreement with independent
titration-based estimates of metal dispersion. Furthermore, the
model accounts for the increase in reaction orders under
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ethylene cofeeding through a kinetic decay pathway modeled
by a pre-equilibrium-limited Michaelis—Menten expression.
Within this framework, the stronger promotional effect
observed in self-metathesis arises from the relatively high 44/,
associated with propylene-assisted renewal, whereas in cross-
metathesis, faster renewal by 2-butenes and simultaneous
ethylene-assisted decay yield lower effective 44/, values and a
smaller relative impact of 4MEs. Collectively, these results
support a unified mechanistic picture in which metathesis
kinetics are governed not only by the intrinsic steps of the
Chauvin cycle but also by the dynamic balance between site
formation and decay.

Finally, comparative studies with MoO,-IWI catalysts
(Supporting Section 20), which contain monomolybdates,
polymolybdates, and MoO; crystalline clusters, show an
inverse correlation between promotional effect and Mo
loading, except for the 14.2% MoO,-IWI catalyst, suggesting
that dispersed molybdate species near Si—OH groups benefit
most from promotion. These findings offer a framework for
optimizing metathesis catalysts through site engineering, with
ongoing efforts focused on refining the interplay between Mo
dispersion, reducibility, and Brensted acidity to further control
site accessibility and stability. Future work will integrate
renewal and decay kinetics across a broader range of catalysts
to develop a predictive approach for tuning metathesis activity
and mitigating deactivation pathways.

B CONCLUSION

This study develops a mechanistic framework for active site
generation, renewal, and decay to elucidate the kinetic
behavior of silica-supported molybdenum oxide catalysts in
heterogeneous olefin metathesis. By combining steady-state
titration, in situ spectroscopy, and kinetic modeling, we show
that substituted olefins (4MEs) promote a 1,2-proton shift
mechanism that accelerates Mo oxo alkylidene formation and
increases active site density by up to 4.3-fold. This promotional
effect significantly boosts the steady-state rate of propylene
self-metathesis, shifting kinetic control from the active site
renewal and decay cycle to the Chauvin cycle. In contrast,
ethylene acts as a decay promoter, accelerating active site
deactivation and returning kinetic control to the site renewal
and decay cycle. In addition, studies on MoO,-IWI catalysts
further demonstrate that the promotional effect is strongest for
dispersed molybdate species and diminishes with increasing
Mo loading and MoOj crystallinity. Together, these results
establish a quantitative link between active site population and
metathesis kinetics, providing a predictive basis for catalyst
design. By elucidating the interplay between site renewal,
decay, and catalytic turnover, this study offers new strategies to
enhance active site accessibility and mitigate deactivation
pathways.
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